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Summary

The present doctoral project falls within the framework of the “Programma Operativo
Nazionale Ricerca e Innovazione 2014-2020” (PON R&I), an initiative of the Italian
Ministry of University and Research aimed at promoting and supporting research projects
focused on themes related to environmental sustainability and technological innovation.
In this context, green topics play a central role, representing not only a response to global
challenges such as climate change and environmental protection but also an opportunity
to develop sustainable and circular approaches in production sectors.

One particularly significant aspect is the management of wild game meat, especially wild
boar, which, as reported worldwide, is an issue expected to intensify due to the continuous
growth in wild animal populations. However, this situation also presents an opportunity
to develop sustainable supply chains that add value to this food resource, turning a
management challenge into an asset for the territory and for human nutrition, as an
integrated protein source.

Simultaneously, the management of agro-industrial by-products, often viewed as critical
from an environmental standpoint due to the amount of waste produced and its high
pollutant potential, offers opportunities for innovative reuse. Some of these by-products
contain bioactive compounds of great interest, such as polyphenols, which could be used
to improve meat quality. Applying these substances could enhance hygienic
characteristics and extend the shelf life of game meat. Furthermore, it would promote
environmental sustainability by integrating the reuse of by-products into a circular
economy approach and reducing the impacts associated with their disposal, transforming
them into useful technological resources for the food sector. In this perspective, the
project combines the importance of green topics with a practical and innovative approach
to managing wild boar meat quality, demonstrating how environmental and ecological
issues can be addressed through sustainable and integrated solutions.

As a first step, it was necessary to study and select the by-products to be used based on
their availability and accessibility, evaluating their potential antimicrobial activity in vitro
(paper: Roila, R., Branciari, R., Primavilla, S., Altissimi, C., Perioli, L., Valiani, A.,
Pagano, C., Veneziani, G., Ranucci, D. (2023). Revalorization of agrifood industry by-

products: natural extracts as a sustainable strategy to enhance food safety. In XXIII



CONGRESSO NAZIONALE CIRIAF-Sviluppo Sostenibile, Tutela dell'Ambiente e
della Salute Umana. Morlacchi Editore University Press.; paper: Roila, R., Primavilla, S.,
Ranucci, D., Galarini, R., Codini, M., Giusepponi, D., Altissimi, C., Valiani, A.,
Casagrande-Proietti, P., Branciari, R. (2024). Measuring the antimicrobial activity of
natural extracts against food spoilage bacteria to enhance food hygiene: preliminary in
vitro results. Acta IMEKO, 13(2), 1-5). Simultaneously, it was essential to explore the
potential risks associated with wild boar, particularly concerning foodborne bacteria
(paper: Altissimi, C., Noé-Nordberg, C., Ranucci, D., Paulsen, P. (2023). Presence of
foodborne bacteria in wild boar and wild boar meat—a literature survey for the period
2012-2022. Foods, 12(8), 1689).

Following the in vitro evaluations, studies on wild boar carcasses were performed, using
both lactic acid, currently permitted in the European Union only for bovine carcasses, to
assess its effects on hygienic characteristics (paper: Roila, R., Altissimi, C., Branciari, R.,
Primavilla, S., Valiani, A., Cambiotti, F., Cardinali, L., Cioffi, A., Ranucci, D. (2022).
Effects of spray application of lactic acid solution and aromatic vinegar on the microbial
loads of wild boar carcasses obtained under optimal harvest conditions. Applied
Sciences, /2(20), 10419.), and an in situ model to simulate experimentally contaminated
carcass surfaces, evaluating the effect of the polyphenolic extract deemed most promising
based on the in vitro studies (paper: Altissimi, C., Roila, R., Primavilla, S., Branciari, R.,
Valiani, A., Ranucci, D. (2024). Surface carcass treatment with olive mill wastewater
polyphenolic extract against Salmonella enteritidis and Listeria monocytogenes. in vitro
and in situ assessment. Italian Journal of Food Safety, 13:12403).

Finally, tests were carried out on the application of polyphenolic extracts from olive mill
wastewater to game meat, evaluating various application methods and their effects on
hygienic, physico-chemical, and qualitative characteristics (paper: Altissimi, C., Roila,
R., Ranucci, D., Branciari, R., Cai, D., Paulsen, P. (2024). Preventing microbial growth
in game meat by applying polyphenolic extracts from olive mill vegetation water. Foods,
13(5), 658; paper: Altissimi, C., Ranucci, D., Bauer, S., Branciari, R., Paulsen, P. (2024).
Physico-chemical quality traits and microbiological condition of burger patties from wild
boar meat with added polyphenolic extracts from olive mill vegetation water. Submitted

article).



Among the various extracts tested, the most promising was the powder polyphenolic
extract derived from olive mill wastewater, as it demonstrated moderate antimicrobial
efficacy and good antioxidant activity on meat, showing significant potential for
industrial applications on wild boar meat.

Further studies are needed to assess the effects of polyphenolic extracts on specific
pathogenic microorganisms on the meat and to evaluate the applicability of this approach

on carcasses as a method for decontamination or enhancing hygienic standards.
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Chapter 1 - General introduction

The transition towards sustainability is a strategic priority across all sectors, driven by
increasing consumer awareness of environmental issues and supported by significant
investments at both national and European levels. Programs such as React-EU and the
“Programma Operativo Nazionale Ricerca e Innovazione 2014-2020” (PON R&I) have
mobilized substantial resources to promote green innovation, circular practices, and
digital transformation. These initiatives not only aim to reduce environmental impact but
also to foster research and development, including the financing of doctoral programs
focused on innovative sustainability approaches. Such investments highlight the critical
role of research and education in addressing global challenges and advancing the
transition to a circular economy.

The application of the circular economy model in the food industry involves concerted
efforts from companies, governments, and consumers. Transforming by-products into
value-added resources offers tangible economic benefits, reduces pollution, and meets the
growing demand for sustainable products. Modern consumers are increasingly inclined
towards green products and are more conscious of the environmental impacts of their
purchasing choices, prioritizing items that are environmentally friendly, including
recyclable packaging materials, and produced with ethical and sustainable practices (Boz
et al., 2020; Wunderlich & Smoller, 2019). As a result, the food industry must address
these demands by adopting practices that minimize environmental impact across the
entire production and distribution chain. However, this approach demands substantial
investments in research, development, and the implementation of appropriate
technologies.

The transition to a circular economy also requires regulatory frameworks that support
sustainability initiatives, particularly in the food sector. For example, the European
Union's Circular Economy Action Plan aims to accelerate the transition to a regenerative
growth model that benefits both the economy and the environment (European
Commission., 2020). This plan emphasizes waste prevention, improved resources use,
and support for the valorization of by-products across various industries, including the
food sector. By promoting innovation and encouraging the adoption of sustainable
practices, such frameworks can play a key role in achieving a more resilient and

environmentally friendly food system.



Aligning with these initiatives enables the food industry to not only meet regulatory
expectations but also respond effectively to the growing consumer preference for ethical
and eco-friendly products. The valorization of bioactive compounds, for instance,
provides health and nutritional benefits, enhancing production efficiency and creates new
markets as well. Achieving this transformation requires both public policy support and
the adoption of innovative technologies that optimize the extraction and transformation
processes of by-products. Such transformations rely on a collaborative approach
involving governments, private enterprises, and academic institutions to build a resilient,
green, and sustainable food system that addresses both environmental and socio-
economic challenges.

In this context, the objective of this doctoral project (PON R&I action IV.5 on green
topics) has been to explore two emerging and environmentally impactful issues: the
management of food industry by-products and the increasing population of wild game.
Through a circular economy approach, the aim was to transform these challenges into
valuable resources, demonstrating how environmental problems can be addressed while

generating new opportunities.

1.1 Food industry by-products

The management of food industry by-products has become one of the foremost
environmental challenges of the modern age. Each year, millions of tons of waste are
generated during food production and processing. Traditionally, these residues have been
disposed of in landfills or incinerated, leading to high costs and significant environmental
impacts, including greenhouse gas emissions (Narasimmalu & Ramasamy, 2020). On the
contrary, the circular economy model offers a sustainable and innovative alternative,
repurposing by-products and reintegrating them into the value chain. This approach
intend to minimize waste production by extending the life cycle of resources (Blomsma
& Brennan, 2017). The valorization of food by-products, by transforming waste into
valuable resources through innovative and biotechnological processes, enables to mitigate
both environmental and economic impacts while generating new source of revenue

(Rajkovi¢ et al., 2020).



Food industry residues, such as peels, seeds, and other by-products, often contain valuable
bioactive compounds like polyphenols, terpenes, aldehydes, carotenoids, and flavonoids
that can be recovered and utilized in various industrial sectors (Gémez-Garcia et al., 2021;
Reguengo et al., 2022). If not managed properly, these agro-industrial by-products can
cause significant environmental issues due to their composition. Organic decomposition
in landfills produces methane, a greenhouse gas, while incineration releases toxic
substances into the air, further contributing to climate change (Narasimmalu &
Ramasamy, 2020). Moreover, wastewater rich in organic compounds and nutrients can
cause eutrophication in waterways and marine environments, promoting harmful algae
growth and reducing biodiversity (Smith & Schindler, 2009). Additionally, the
accumulation of organic residues in soil can alter its structure and negatively affect
biodiversity by impacting both flora and fauna (Bardgett & Van Der Putten, 2014).
Therefore, conventional methods of managing food waste through landfilling or
incineration are unsustainable, leading to harmful emissions with negative impacts on
public health, air quality, and climate change (Goémez-Garcia et al., 2021). Implementing
a circular economy model in the food industry encourages to progressively transform by-
products from previous production cycles into valuable resources, thus reducing
environmental impacts and adding value. This approach not only reduces the amount of
generated waste but also promotes the production of resources in a more sustainable and
responsible manner. For instance, by-products rich in polyphenols, essential oils,
carotenoids, and peptides can be used in high-value sectors like cosmetics, dietary
supplements, and pharmaceuticals (Reguengo et al., 2022).

The circular economy represents an innovative paradigm, as opposed to the traditional
linear economic model based on extraction, production, consumption, and disposal
towards a sustainable system where resources are reused and regenerated trough the
principles of “reducing, reusing and recycling” materials to minimize waste and

maximize resource efficiency (Kirchherr et al., 2017).

1.1.1 Agro-industrial by products and their applications

Food by-products, such as peels, seeds, and pulp residues, are rich in valuable bioactive

compounds like polyphenols, flavonoids, and carotenoids, which possess antioxidant,



antimicrobial, and health-promoting properties (Faustino et al., 2019). These compounds
help counteract free radicals and reduce inflammation and therefore they could find
application in the pharmaceutical and nutraceutical sectors (Radha et al., 2024). For
instance, polyphenols extracted from citrus and grape peels have been studied for their
ability to reduce inflammation and protect cells from oxidative stress, which is a major
cause of chronic diseases (Reguengo et al., 2022).

Agro-industrial by-products have significant potential for energy recovery and resource
reuse. Food waste can be processed through anaerobic digestion or composting,
transforming organic waste into biogas or organic fertilizers. These processes contribute
to waste reduction and nutrient recycling, providing ecological solutions for waste
management and supporting more sustainable agricultural production (Narasimmalu &
Ramasamy, 2020).

A promising application for agro-industrial by-products is their use as natural additives
and preservatives in the food industry (Bouarab Chibane et al., 2019). The olive oil
industry generates a significant amount of by-products, depending on the production
technique and they can be found in solid or liquid form, such as olive leaves, olive
pomace, olive pit and wastewaters. These by-products are recognized for their high
concentrations of various phenolic compounds, along with other organic components like
pectins, insoluble dietary fibers, proteins, sugars, and nitrogenous substances (Galanakis,
2018). The main phenolic compounds of olive industry by-products are 3,4-
dihydroxyphenylethanol (3,4-DHPEA or hydroxytyrosol), p-hydroxyphenylethanol (p-
HPEA or tyrosol) and secoiridoids derivatives, in particular, the dialdehydic form of
decarboxymethyl elenolic acid linked to 3,4-DHPEA or p-HPEA (3,4DHPEA-EDA or p-
HPEA-EDA, respectively), widely studied for their antioxidant and antibacterial activity.
Due to their potential antioxidant and antimicrobial activities, these by-products can serve
as a valuable strategy in the food industry as natural preservatives. The growing interest
in these substances has encouraged scientific research and the study of these by-products
and their bioactive compounds in meat (Balzan et al., 2017; Barbieri et al., 2021;
Munekata et al., 2020), fish (Cedola et al., 2017; Khemakhem et al., 2019; Martinez et
al., 2019), and dairy products (Ferguous et al., 2023; Palmeri et al., 2019; Roila et al.,

2019). Several studies have also explored the use of bioactive compounds in active



packaging to delay lipid oxidation and extend shelf life of foods (Amaro-Blanco et al.,
2018; Moudache et al., 2016, 2017).

Another industry with a significant impact on by-product generation is the tomato
processing sector. In this case, the by-products, mainly peels and seeds, are rich in
bioactive substances such as lycopene, [-carotene, glycoalkaloids and phenolic
compounds. These by-products have been studied as colorants, natural preservative, or as
functional ingredients to enhance texture and nutritional value or to delay lipid oxidation
and extend the shelf life of food products (Dominguez et al., 2020; Faustino et al., 2019).
Especially in the meat industry, tomato by-products can be used in different forms such
as powders, pastes or oleoresins as natural alternative to synthetic antioxidants and
colorants. Tomato powder or paste added to meat patties or sausages has been shown to
improve redness while delaying oxidation and discolouration during storage (Dominguez
etal., 2020; Kim et al., 2013; Savadkoohi et al., 2014). This is especially valuable because
oxidation can lead to off-flavors and reduced nutritional value in meat. Moreover,
lycopene is heat-stable, meaning that it retains its antioxidant and colorant properties even
during the cooking process (Dominguez et al., 2020).

Other agro-industrial by-products worth mentioning are those generated from the coffee
production chain. These by-products include pulp, husks, parchment, and spent coffee
grounds, and they contain valuable bioactive compounds such as chlorogenic acids,
alkaloids, diterpens and other secondary metabolites (de Melo Pereira et al., 2020). These
by-products can be repurposed as an excellent natural fertilizer or as a supplement for
animal feed (Iriondo-DeHond et al., 2020). Spent coffee grounds, a common widely
available by-product of coffee preparation can be used in the production of biofuels,
bioplastics, and as adsorbent materials (Iriondo-DeHond et al., 2020). Additionally, spent
coffee grounds have applications in cosmetics as natural exfoliants and in skincare
products due to their antioxidant properties (Campos-Vega et al., 2015).

Recent in vitro studies evaluated the use of spent coffee grounds in the food sector as a
natural antimicrobial, although the results have been mixed (Diaz-Hernandez et al., 2022;
Jiménez-Zamora et al., 2015; Sousa et al., 2015). A common challenge across all by-
products is the difficulty in comparing studies and their outcomes due to variables such
as extraction methods, the types and quantities of bioactive compounds present, and their

interactions with other substances.



1.1.2 Application of bioactive compounds in the meat industry

The meat industry faces ongoing challenges related to quality preservation, safety, and
consumer demand for natural and sustainable solutions. Agro-industrial by-products can
be used as natural additives, preservatives, or functional ingredients, helping to reduce
the use of synthetic additives while enhancing product quality and shelf life. Plant-derived
bioactive compounds can contribute to microbial control in meat products, offering an
alternative to synthetic preservatives such as nitrates and nitrites. In this chapter, we will
explore some practical examples.

Rosemary is commonly used as a spice and flavouring agent in meat products. Its essential
oil contains around 15 bioactive compounds and research highlights its antimicrobial
properties. Rosemary ethanol extracts have been shown to reduce L. monocytogenes in
beef by 2 log CFU/g after 9 days of refrigeration at 4 °C (Soyer et al., 2020). In chicken
meat, 5 mg/mL of rosemary essential oil has reduced the growth of coliform, aerobic,
lactic acid, and anaerobic bacteria by 0.87—1.75 log CFU/g after 24 hours at 18 °C, while
decreasing S. Enteritidis by over 2 log CFU/g at 18 °C and less than 1 log CFU/g at 4 °C
(Stojanovi¢-Radic¢ et al., 2018). Additionally, applying 0.2% rosemary essential oil with
modified atmosphere packaging has inhibited the growth of S. Typhimurium and L.
monocytogenes in poultry filets under refrigeration for 7 days, with minimal impact on
sensory properties. However, its antibacterial effects on L. monocytogenes were limited,
with only a 0.1 log CFU/g reduction on the first day of storage (Kahraman et al., 2015).
Oregano is another plant widely used in Mediterranean foods and researches highlight its
potential in food preservation. Oregano essential oil, containing carvacrol (42.94%) and
thymol (17.40%), was tested on black wildebeest Biceps femoris muscles stored at 2.6 +
0.6 °C, showing slower bacterial growth for total viable count, lactic acid bacteria and
coliform counts throughout storage in the treated group compared to control (Shange et
al., 2019). In vacuum-packed minced beef, a combination of 0.2% oregano essential oil,
0.5% caprylic acid, and 0.1% citric acid reduced lactic acid bacteria by 1.5 log CFU/g
and psychrotrophic bacteria and L. monocytogenes by over 2.5 log CFU/g stored at 3 °C
over 10 days (Hulankova et al., 2013).

Tomato, melon and carrot by-products were investigated by Ricci et al., (2021) for their
antimicrobial activity against spoilage microorganisms in minced meat and ready-to-eat

vegetables products. Notably, the fermented tomato by-product extract was tested in



minced pork meat, where it allowed to effectively maintained a lower total microbial lad
compared to the control. Moreover, at concentrations of 1.6% and 2.4%, its antimicrobial
activity was comparable to that of sodium lactate/sodium diacetate, a widely used
preservative in meat preservation (Ricci et al., 2021).

In addition to antimicrobial properties, bioactive compounds derived from agro-industrial
by-products demonstrate remarkable antioxidant activity, which plays a critical role in
preserving meat quality. For example, pomegranate by-products, including juice and rind
powder extract, showed superior antioxidant performance compared to synthetic
butylated hydroxytoluene (BHT) in cooked chicken patties, protecting against oxidative
rancidity and lipid degradation (Naveena et al., 2008). Similarly, grape pomace was
successfully incorporated into raw beef patties, significantly inhibiting lipid oxidation due
to its high polyphenolic content (Garcia-Lomillo et al., 2017). Another study highlighted
the use of peanut skin extract, rich in phenolic acids and flavonoids, which effectively
delayed lipid oxidation in cooked chicken patties (Munekata et al., 2015) and preserved
the sensory attributes of salami (Larrauri et al., 2013).

Olive oil industry by-products have been studied for their potential as functional
ingredients in meat products. Hayes et al. (2010) reported that an extract derived from
olive leaves effectively inhibited lipid oxidation in beef patties stored under both aerobic
and modified atmosphere packaging, significantly delaying the development of rancid
odours (Hayes et al., 2010). Furthermore, studies have highlighted the efficacy of olive
leaf extract in reducing lipid oxidation during storage in various meat products, such as
frankfurter type sausages (Alirezalu et al., 2018), cooked pork sausages (Hayes et al.,
2011), and pork patties (Hayes et al., 2010). Research has also explored the use of olive
industry extracts in meat products for their antimicrobial activity. Veneziani et al. (2017)
demonstrated the antimicrobial potential of a purified extract from olive mill wastewater
in fermented salami, where the addition of 0.15% of the extract significantly inhibited L.
monocytogenes growth after 45 days (Veneziani et al., 2017). Fasolato et al. (2015)
investigated the use of a crude phenolic concentrate from olive mill wastewater as a
preservative for chicken breast. Samples dipped in the solution for 60 seconds before
packaging showed delayed growth of Enterobacteriaceae and Pseudomonas spp.,

extending shelf life by at least two days. Additionally, treated samples exhibited



significantly lower lipid oxidation (TBAR values), improved odour, and a slight
yellowing of the surface color compared to controls (Fasolato et al., 2015).
These examples underscore the practical use of agro-industrial by-products as

sustainable, natural alternatives to synthetic antioxidants in meat products.



1.2 Wild boar: population and meat characteristics

1.2.1 The rise of wild boar populations: ecological, economic, and public health

implications

The global population of wild ungulates, especially wild boars, has increased dramatically
during the last decade leading to a range of environmental, economic, public health, and
social challenges (Massei et al., 2015; Tack, 2018).

Several factors may affect wild boar population dynamics and growth. Firstly, it is
important to consider the species-specific traits that distinguish these ungulates,
particularly their high level of adaptability. This characteristic allows wild boars to thrive
in a wide range of habitats, from semi-arid environments to marshes, forests, alpine
grasslands and more recently even in urban environments, where they have access to
anthropogenic wastes (Cahill et al., 2012; Castillo-Contreras et al., 2021; Colomer et al.,
2024).

Another key factor that has significantly contributed to wild boar spread worldwide is
their high reproductive output, due to their high fertility and prolific rate (Fonseca et al.,
2011; Massei et al., 2015).

Animal-related factors, combined with the phenomenon of rural depopulation,
reforestation and climate change resulting in increasingly mild winters, have facilitated
the exponential growth of wild boar populations, leading them, in some cases, to venture
into urban areas in search of food.

Especially in regions where natural predators of wild boars are absent, wildlife
management plans have become the primary means of controlling these expanding
populations. Historically, hunting has been the main factor in regulating wild boar
numbers and remains the most significant cause of mortality for this species (Keuling et
al., 2013). However, practices like animal releases for hunting purposes, along with
baiting and supplementary feeding, have contributed to the demographic growth of these
animals. Despite this, the number of hunters has either declined or remained steady in
several countries, making recreational hunting insufficient to curb the growth of wild

boars and mitigate their impact (Massei et al., 2015).



The uncontrolled growth of wild boar populations has led to significant damage to
agricultural crops, generating economic losses, while also negatively affecting
ecosystems and biodiversity (Amici et al., 2012). Additionally, wild boars pose a public
safety risk, particularly as they increasingly cause road accidents, adding further concerns
for communities affected by their expanding presence (Sdenz-de-Santa-Maria & Telleria,
2015).

Wildlife can transmit or act as reservoirs for various pathogens harmful to humans,
livestock and domestic animals via direct contact with wild animals, through
contaminated food or indirectly through contaminated environment (Fredriksson-
Ahomaa, 2019). Regarding wild boars, their potential role in spreading several bacterial
(e.g., Mycobacterium spp., Salmonella spp., Brucella spp.) (Fredriksson-Ahomaa et al.,
2020; Varela-Castro et al., 2020), viral (e.g., Hepatitis E virus, African swine fever virus)
(Fanelli et al., 2022; Ruiz-Fons et al., 2008), and parasitic (e.g., Trichinella spp.,
Toxoplasma gondii) (Fichi et al., 2015; Lizana et al., 2021; Rostami et al., 2017) diseases
has been documented. Their increasing numbers and geographical spread pose a
significant health risk, particularly for zoonotic diseases. Moreover, they also serve as
carriers for several important infectious diseases affecting livestock such as African swine
fever, classical swine fever, and Aujeszky’s disease, with substantial economic
repercussions for the swine industry in several countries (Meier et al., 2015; Postel et al.,
2018; Schulz et al., 2017).

In 2023, African swine fever (ASF) spread to new regions within the EU and non-EU
countries. It was reported for the first time in Croatia, Sweden, Bosnia and Herzegovina,
and Kosovo, and re-emerged in Greece and Italy. The same year saw the highest number
of ASF outbreaks in domestic pigs since the disease entered the EU in 2014, with 1,929
outbreaks in the EU and 2,528 in non-EU countries, particularly in Croatia, Romania,
Bosnia and Herzegovina, and Serbia. ASF outbreaks in wild boar increased by 9%
compared to 2022, with 7,855 cases reported (European Food Safety Authority (EFSA)
et al., 2024). Outbreaks in wild boars can quickly spill over into domestic pig populations,
posing a continuous threat to pig farms and leading to severe economic issues in the pork
industry due to the high mortality rate and the trade restrictions that follow ASF

outbreaks.
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This underscores the need to manage and properly control wild boar population, which
will naturally result in a greater availability of wild boar meat. For example, in Italy, a
comprehensive plan for the period 2023-2028 has been developed to mitigate the risk of
African swine fever spread. This extraordinary eradication program involves the capture
and culling of approximately 612,000 wild boars per year across the national territory.
The plan is regionally distributed based on categories of criticality (Commissario
Straordinario alla Peste suina africana, 2024).

The upcoming challenge will be to develop commercial strategies to effectively enhance
the value of this meat and its related products, for example establishing local supply

chains that deliver high-quality and traceable products to consumers.

1.2.2 Wild boar meat: composition and nutritional characteristics

Wild boar meat is traditionally associated with the culinary heritage of certain regions or
specific territories, albeit due to its nutritional and quality characteristics, it could also
satisfy the demands of the modern consumer (Niewiadomska et al., 2020).

The nutritional profile and chemical composition of wild boar meat possess peculiar
qualities that distinguish it from other meats, especially when compared to domestic pork.
Wild boar meat is characterized by high protein content, ranging from 22% to 26%, and
low total lipid content, which is typically between 2% and 5% depending on cut, season
and animal’s diet (Sales & Kotrba, 2013). In addition to a low overall lipid content, the
fats present are predominantly unsaturated fatty acids, known for their beneficial and
positive impact on health (Di Bella et al., 2024; Vigano et al., 2019). In particular, wild
boar meat contains high levels of omega-3 and omega-6 polyunsaturated fatty acids
(PUFAs), which play a crucial role in cardiovascular health by reducing blood lipid levels
and modulating inflammatory responses. Moreover, the meat exhibits a favorable ratio of
monounsaturated fats, which are known to positively influence cholesterol levels, thereby
reducing the risk of heart disease (Ciobanu et al., 2022; Di Bella et al., 2024). The
polyunsaturated/saturated fatty acids (PUFA/SFA) ratio in wild boar meat is notably more
favorable compared to that of conventionally farmed pork, primarily due to the animal’s
natural diet, which includes acorns, roots, and other vegetation. Studies have shown that

wild boars consuming acorns-rich diets, especially in Mediterranean regions, show higher
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levels of oleic acid and PUFAs, further improving the PUFA/SFA ratio (Di Bella et al.,
2024; Sales & Kotrba, 2013; Schley & Roper, 2003).

Furthermore, wild boar meat is rich in essential minerals such as iron, zinc, and
phosphorus, which are crucial for various physiological processes, including oxygen
transport, immune function, and bone health. It also contains notable amounts of vitamins,
particularly B-complex vitamins like B12, B6, niacin, and riboflavin, which play key
roles in energy metabolism and maintaining nervous system function (Sales & Kotrba,
2013). Additionally, wild boar meat offers a higher concentration of micronutrients
compared to pork, which enhances its value as a nutrient-dense food source (Sales &
Kotrba, 2013). This composition makes it a suitable choice for consumers seeking natural
and nutrient-rich dietary options.

In addition to nutritional and quality aspects, modern consumers’ opinions are
increasingly becoming more favorable towards game meat, particularly due to its ethical
characteristics since it comes from animals born and raised in their natural habitats, free

from any pharmacological treatments (Niewiadomska et al., 2020).

1.2.3 Game meat harvesting: methods and hygienic characteristics

Game meat, particularly wild boar, presents highly variable hygienic, sanitary, and quality
characteristics that are closely related to pre-harvest and post-harvest procedures.

Game meat production, typically carried out in the wild, encounters challenges in
upholding strict hygiene standards due to possible suboptimal environmental conditions,
where animals are more prone to contamination during hunting and following related
practices (Gomes-Neves et al., 2021). The production chain itself is unique, involving
several stages where different individuals are responsible for ensuring the safety and
quality of the meat. Several factors such as hunting method, hunter's expertise,
environmental conditions and the evisceration process can significantly affect the hygiene

of the carcass and, as a result, the overall quality of the meat.

1.2.3.1 Hunting methods

In Europe, especially in Italy, the most common methods for hunting wild boar include

driven hunts, stalking, and still hunting. The most traditional and widely practiced method
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is drive hunting, a collective hunting performed during hunting season, where wild boar
is chased by dogs and run towards shooters in fixed positions. This type of hunt involves
a large number of participants and typically lasts for several hours. During the chase, the
boar experiences considerable stress, and multiple shots are frequently needed to bring
the animal down.

Stalking is a more targeted and scaled-down version of drive hunting, typically involving
fewer hunters and a single leashed dog used to guide wild boars toward designated
positions.

Still hunting, on the other hand, is a completely different approach, characterized by a
quieter and less invasive method that could be performed all year round as control
management. The hunter positioned in a strategic location, often a blind or elevated spots,
waits for the wild boar to pass, usually during the twilight hours. Only few hunters without
dogs are involved. This method significantly reduces the animal’s stress, as it involves no
pursuit, and usually, one-shot ethical killing can be performed.

Trapping is another effective population management tool, complementing traditional
hunting (Torres-Blas et al., 2020). It entails the use of various types and sizes of traps,
such as cages, enclosures, drop-net and corral traps, designed to lure wild boars inside

with bait.

1.2.3.2 Factors affecting the hygienic quality of wild boar carcasses and meat

In Italy, wild game carcasses or meat may be used for personal consumption by the hunter,
sold directly in small quantities to final consumers or local retailers, or commercialized
through an authorized game-handling facility (Conferenza Stato Regioni 25 marzo 2021
- Linee guida in materia di igiene delle carni di selvaggina selvatica, s.d.).

Different regulations apply depending on the final use, with various roles along the supply
chain responsible for ensuring the hygienic quality of the product. In case of personal
consumption and direct supply, the hunter is primarily responsible. For personal
consumption, no specific regulations apply; however, for direct supply, Regulation (EC)
178/2002 and Regulation (EU) 1375/2015, regarding Trichinella monitoring are required
(Regulation (EC) 178/2002, s.d.; Regulation (EU) 2015/1375, s.d.). Wild game intended
for commercial sale must be processed and inspected by veterinarian officers at an

authorized game-handling establishment, in compliance with Regulation (Regulation
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(EC) 853/2004, s.d.). In this case, the carcasses may first be taken to a collection center,
where they are weighted, eviscerated, and refrigerated without skinning, before being
transfered to a game-handling establishment.

The timing and environmental conditions under which bleeding and evisceration
procedures occur are critical to achieving carcasses with high hygienic quality. The
environmental temperature during harvesting is a critical factor that significantly impacts
hygiene parameters of wild boar carcasses. Even when carcasses are transported to the
collection centers within five hours from shooting, higher ambient temperatures can
accelerate microbial growth (Ranucci et al.,, 2021). Studies have shown that lower
environmental temperatures, particularly those below 15 °C, enable to rapidly lower the
body temperature of the animal, thereby limiting microbial proliferation (Ranucci et al.,
2021; Stella et al., 2018). Conversely, when harvesting occurs in warmer conditions, the
slower cooling rate can contribute to higher bacterial loads of the carcass if neither
immediate nor rapid refrigeration is applied. For this reason, proximity to a collection
center, where carcasses can be promptly cooled, is essential for maintaining a high
hygienic standard, especially in warmer climates or for population control activities,
which can occur nearly year-round.

Research highlights that inadequate hygiene practices, such as eviscerating wild boar
carcasses directly on the ground or washing the carcass skin and interior surfaces post-
evisceration, can significantly influence and compromise the microbiological quality of
the final product (Mirceta et al., 2017).

It 1s therefore crucial that evisceration and skinning procedures must be performed by
properly trained operators, since there are critical steps to avoid the rupture of the
gastrointestinal trait and to prevent contamination from the skin or any other source of
contamination (Orsoni et al., 2020).

Additionally, both the time elapsed between shooting and evisceration and the handling
methods performed can substantially affect the microbial load present on game meat
carcasses (Avagnina et al., 2012; Orsoni et al., 2020). Moreover, Orsoni et al., 2020
identified a correlation between the microbiological contamination of wild boar carcasses
and the animal's weight, suggesting that, since weight and age are strictly related, older
boars may carry a higher contamination risk and thus require even more care during

handling to minimize contamination.
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The skill level of hunters also significantly impacts the final quality of the meat.
Inexperienced hunters may require multiple shots to bring down the animal, increasing
the risk of abdominal shots and gastrointestinal rupture, which can lead to contamination
and associated hygienic issues. However, the hunting method itself can contribute to these
risks; certain hunting techniques such as drive hunting, make such situations more likely,
regardless of the hunter’s expertise or accuracy.

In the European Union, there are no specific microbiological standards set for wild boar
carcasses. Consequently, the pork carcass standards outlined in Regulation (EC)
2073/2005 on food safety are often used voluntarily to evaluate microbiological quality
in wild boar meat (Regulation (EC) 2073/2005, s.d.). According to this regulation, testing
for aerobic colony count, Enterobacteriaceae counts and the presence of Sa/monella spp.
on different sampling sites of pork carcasses is required to monitor the processing
hygiene. Several studies have assessed the hygienic quality of wild boar carcasses,
highlighting a wide variability in results influenced by all the factors discussed earlier.
Using Regulation (EC) 2073/2005 as a reference, specifically the limits for pork carcasses
regarding aerobic colony count and Enterobacteriaceae count, some studies report low
microbial levels on wild boar carcasses that would be considered acceptable under these
standards (Atanassova et al., 2008; Avagnina et al., 2012; Orsoni et al., 2020; Ranucci et
al., 2021; Stella et al., 2018). Conversely, other research has found microbial counts that
would be deemed unacceptable due to high levels of contamination (Mirceta et al., 2017,

Peruzy et al., 2019, 2022).
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Chapter 2 — Research activities

Aims

The aim of this thesis is to enhance the hygienic quality of wild boar carcasses and meat
through the use of bioactive compounds derived from food industry by-products. The
need to control wild boar population density, either through hunting or population
management activities, will result in an increased availability of wild boar meat. This
surplus could be utilized effectively by establishing local supply chains. The use of
extracts from food industry by-products could be a strategy to improve the value of this
meat, promoting sustainability and circular economy principles, while enhancing
hygienic and quality traits.

As a first step, it was necessary to assess the main microorganisms regarding wild boar
meat. A review of the literature and field sampling allowed the evaluation of the hygienic
quality of wild boar meat and the identification of key pathogens, with particular focus
on zoonotic agents that may pose a health risk to humans.

Simultaneously, in vitro studies were conducted to evaluate the antimicrobial efficacy of
various extracts derived from food industry by-products by determining the minimum
inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC). The
most promising extract, among those studied, turned out to be a polyphenolic extract
obtained from olive mill vegetation waters from the olive processing industry and
therefore it was then used to assess its potential application on carcasses against
pathogenic bacteria. Since direct experimental contamination of carcasses with pathogens
is not feasible in a slaughterhouse environment, the evaluation was conducted with an in
situ model to simulate the carcass surface. The samples were experimentally
contaminated with two pathogens, one Gram-positive (Listeria monocytogenes) and one
Gram-negative (Sa/monella Enteritidis), and the bactericidal or bacteriostatic effect of the
polyphenolic extract was evaluated.

After this initial phase of in vitro studies, the research shifted its focus to carcasses and
meat.

According to European legislation, post-slaughter treatments with substances other than

water are allowed only after specific approval from the European Commission. Currently,
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the use of 2-5% of lactic acid solution sprayed on bovine carcasses is the only approved
treatment. In this context, an assessment of the effect of spraying lactic acid and aromatic
vinegar solutions on the surface of wild boar carcasses was performed to evaluate the
possible improvement of the hygienic level.

The project initially aimed to apply the most promising polyphenolic extract, among those
tested, to the surface of wild boar carcasses to evaluate its potential effectiveness in
improving hygienic characteristics, with a view toward possible regulatory approval.
However, due to organizational reasons and supply chain considerations, it was not
possible to conduct these trials. Instead, the research focused on applying these extracts
directly to the meat to assess their impact on hygienic and qualitative characteristics.
Finally, studies regarding the evaluation of the potential application of polyphenolic
extracts on game meat were carried out, exploring different application methods,
formulations, and concentrations. In particular, research focused on the use of
microencapsulated and non-encapsulated polyphenolic extracts obtained from olive mill
vegetation water on game meat (wild boar, roe deer, red deer) with varying microbial
contamination levels. The impact of the concentration and application method of
polyphenolic extracts on hygiene indicators and spoilage microorganisms was assessed.
Moreover, the application of polyphenolic extracts from olive mill wastewater was also
studied on minced meat products, such as wild boar patties. The aim of the study was not
only to evaluate the antimicrobial effect of the extract but also to assess its impact on

physico-chemical properties, lipid oxidation and the product's shelf life.
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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
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advisable to focus on the efficacy of current game meat inspection and food safety

management systems.

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
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
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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
(1) 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 relevance
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
transmitted via the handling, processing, and consumption of porcine meat and meat

products.
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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 organizations
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.

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 \Y n y 499 58 441 116 735 6.3
Aujeszky’s Disease \Y/ n y 108 43 65 86 108 1.3
CSF \Y% n y 158 54 104 108 173 1.6
Foot and Mouth Disease \Y/ n y 35 13 22 2.6 3.7 14
Porcine Respiratory and

Reproductive Syndrome \ n y 62 27 35 54 58 11
West Nile Fever \Y/ n y 17 4 13 0.8 22 27

Hepatitis A \ y f 0 0 0

Influenza \ y f 0 0 0
Japan Encephalitis \ y y 21 6 15 12 25 21
Rabies \ y f y 19 6 13 12 22 18
Paratuberculosis B n y 9 7 14 03 0.2
Bacillus anthracis B y y 3 2 04 02 04
Borrelia B y f 30 9 21 18 35 19
Brucella B y m y 95 36 59 72 98 14
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Campylobacter B y m 22 7 15 14 25 18

f(C.
Clostridium B y botul(inum) 0 0 0

Francisella B y y 12 6 6 1.2 10 08
Leptospira B y f 55 17 36 34 60 18
Listeria B y m 12 9 06 15 25
Q-Fever B y y 23 7 16 14 27 1.9
Salmonella B y m 80 25 55 50 92 18
St. aureus B y * 27 10 17 2.0 2.8 14

m (M.

bovis),
Tuberculosis B y f (others) 214 97 117 194 195 1.0
Verotoxinogenic E. coli B y m 27 10 17 2.0 2.8 14
Yersinia B y f 40 13 27 26 45 17
Cryptosporidium P y f 18 5 13 10 22 22
Cysticercus P y f y 9 2 7 04 12 29
Echinococcus P y m y 47 12 35 24 58 24
Toxoplasma P y f 90 35 55 7.0 9.2 1.3
Trichinella P y m y 167 67 100 134 167 12

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 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 (5.

abortus, B. melitensis, and B. suis), and as regards small ruminant livestock, 20 member
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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
enterocolitica 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
published; 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) Italy RBT
13.5% (58/434) B.spp. sera i mpania) ELISA [30]
0.53% (2/374) B. spp. sera Italy (Tuscany) RBT, CFT [31]
Italy
0
6.2% (35/570) B. spp. sera (Sardinina) ELISA [32]
15% (19/126) B. suis sera Italy (Central) serology [33]
Spain
0
59.3% (121/204) B. spp. sera (Extremadura) ELISA [34]
9.4% (45/480) B. suis sera Serbia RBT, ELISA [35]

biovar 2
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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;
visceral organs from 5
9% (8/87) B. spp. blood Finland seropos. animals available, in  [39]
4 of which B. suis biovar 2
was detected
RBT, CFT, ELISA, data
13.3% (139/1044) B. suis sera Latvia corrected for O9-cross- [17]
reactivity
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]
Brazil
0% (0/61) B. spp. sera (Santa [43]
Catarina)
0.49% (1/205) B.spp.  blood Brazil Feral pigs; SFGEOT';’QV (BAPA 1
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) ab(?r.tus sera (Oklliliﬁma) BAPA, RIV, FPT [47]
2.95% (7/238) B.suis  sera "?;S;:;"J;a RBT, CFT [48]
9.6% (8/83) B.suis  blood Qﬁg;:;!ﬁ ) 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]
b B gmds
1% . epididymides taly

2.2% b|02v ar fetuses pooled (Tuscany) DNA [29]
0% (0/287) livers, spleens
0.83% (2/240) B. spp. inner organs Denmark culture [52]
culture
3.8% (7/180 . PCR; confirmed
10.5% 219/182)) B. spp. tonsils Netherlands as B. suis biovar [37]
2
22% (19/87) B. suis faeces USA. Feral pigs, PCR [53]
(Georgia)
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B. suis

1.3% (5/389) biovar cropharyngeal ltaly culture [54]
) lymph nodes
B. suis reproductive Spain
3.7% (7/188) biovar P P culture, PCR [34]
) organs (Extremadura)
0% (0/238) B. spp. blood A(‘;lséw;a 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
Campylobacteriosis. 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 immunocompromised 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 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.
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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.

Preval/frequency Species Matrix  Country Comment Ref.
51.8% (29/56) Campylobacter spp.  faeces Italy [63]
50%(38/76) Campylobacter spp. Italy Campylobacter spp. with [66]
40.8%(31/76) C. lanienae faeces levels up to 10 3 CFU/g was
detected in 39.5% animals.
66% (188/287) Campylobacter spp. faeces Spain Onfe _isol.ate was identified as  [57]
C. jejuni
60.8% (79/130)  Campylobacter spp. 4% WB had both C. [59]
46.2%(60/130) C. lanienae lanienae and C. coli, and 1%
16.9% (22/130) C. coli had both C. lanienae and C.
0.8% (1/130) C. hyointestinalis faeces Spain hyointestinalis.
0% (0/130) C. jejuni All the isolates were
resistant to at least one
antimicrobial agent
considered
38.9% (49/126)  Campylobacter spp. [58]
69.4% (34/49) C. lanienae faeces Spain
16.3% (8/49) C. coli
4.1% (2/49) C. jejuni
19.51% (8/41) Campylobacter spp. Spain [61]
4.88% (2/41) C. coli faeces
0% (0/41) C. jejuni
43.8% (53/121)  Campylobacter spp. Five (16%) and 6 (29%) [67]
25.6% (31/121) C. lanienae isolates of C. lanienae and
17.4% (21/121) C. hyointestinalis faeces Japan C. hyointestinalis,
0.8% (1/121) C. jejuni respectively, were resistant
to enrofloxacin
22.1% (71/321) C. hyointestinalis faeces Japan [60]
12.5% (31/248)  Campylobacter spp. [56]
9.7% (25/248) C. hyointestinalis faeces Japan
1.2% (3/248) C. lanienae
0.8% (2/248) C. coli
3.5% (13/370) C. coli USA C. coli was significantly [68]
1.6% (6/370) C. jejuni faeces more frequent (P =.008) in
female feral pigs
0% (0/87) C. jejuni faeces USA [53]
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16.7% (5/30) Campylobacter spp.  carcass Italy [63]
11.1% (4/36) Campylobacter spp.  carcass Italy [62]
0% (0/28) Campylobacter spp. meat Italy [64]

WB = wild boars.

3.2.3. Coxiella burnetii—Q-Fever

Coxiella burnetii is a gram-positive short-rod bacterium that grows aerobically within but
also outside of host cells. It can form spores and persist under dry and acidic conditions.
The bacterium is not only excreted via effluents, but several tick species can act as vectors
for the pathogen. Infection of humans can occur via contact with effluents, ingestion of
contaminated food, and inhalation of aerosolized pathogens, but also by tick bites.
Infection causes a feverish disease (Q-fever) with pneumonia, followed by affections of
the heart, liver, and spleen. In the EU, human cases are notifiable. Data indicate that the
number of human cases as well as prevalence in animals is declining. However,
monitoring of farm and wild animals is not harmonized in the EU [15]. At least 347 of
the 460 confirmed human cases of Q-fever in 2021 were acquired within the EU, and the
pathogen was prevalent in 5.2%, 5.9%, and 16.5% of samples from cattle, goats, and
sheep, respectively. Since not all member states submitted data, the reported percentages
are not necessarily representative of the EU [15]. Studies conducted on C. burnetii and
wild boar can be grouped into three categories: (1) those on ticks collected from wild boars
or from hunters or dogs in frequent contact with wild boars; (i1) those on serum or spleen
samples from wild boar; and (ii1) 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].
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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 Italy PCR [74]
5.1% (6/117) b'ggss"f ltaly (Central) PCR [72]
0.48% (2/411) ticks Italy (South) 11K Co"eCtez;;m hunters and 1,
0% (0/40) feeding ticks ticks Spain PCR [75]
0% (0/489) questing (Northwest)
ticks
Spain -
0,
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 highly
0% (0/167) spleen Spain populated area [76]
0% (0/8) serum Kenya antibodies Serology (ELISA) [41]
0% (0/67) blood Brazil [77]
5% (4/79) ticks Thailand PCR [78]
18.3% (19/104) Se;%rgso'c 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 temperatures [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
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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.

Table 6. Presence of Listeria sp. in wild boar, 2012-2022.

Preval /
revalence Species Matrix Country Comment Ref.
frequency
L.m. serogroup IVb,
serovar 4b; resistant to
0. 35% (1/287) L. monocytogenes rectal swabs Italy .. . [85]
cefoxitin, cefotaxime
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]
a
26.7% (8/30) Listeria spp. carcass Y environmental
0% (0/30) L. monocytogenes carcass temperature
1 d
48% (63/130) L. monocytogenes P 'een an Finland [39]
kidneys
Liver or tonsils
2459 or faeces or Positive in at least one
(12'/490) L. monocytogenes  intestinal lymph  Germany of the different [81]
nodes, caecum matrices studied
content
14.3% (7/49) L. monocytogenes tonsils Germany [81]
. The same animal
Liver and lted positive f
resulted positive for
2% (1/49) L. monocytogenes  intestinal lymph  Germany u P . [81]
L.m. in all the matrices
nodes and

analyzed

41



caecum content

and faeces
51.8% (14/27) Listeria spp. tonsils
40.7% (11/27) . monocytogenes tonsils Spain [82]
0% (0/27) . monocytogenes faeces
37.3% (28/75) Listeria spp. faeces Japan [67]
0% (0/75) . monocytogenes
0% (0/72) . monocytogenes carcass Italy [86]
65% (24/37) Listeria spp.
24% (9/37) . mon‘ocytogenes game meat cured Ttaly L. <10 cfu/g [84]
32% (12/37) L. innocua sausages
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 immune
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 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
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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 Dofiana National Park (Spain) [132] to near 0% in the USA [137].
The prevalence of MTC isolation in tissue and organs, considering 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].
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Despite the role of wild boar as a reservoir for MTC and the possible transmission
through food [11], wild boar meat and meat products as a source for human infection
are reported only by Clausi et al. [142]. In this study, PCR tests revealed the presence
of MTC DNA on the carcass surface of wild boar without TBLL, but no Mycobacterium
spp. could be isolated. Clausi et al. [142] added lymph nodes with active TBLL (M.
bovis) to meat batter during sausage processing. Although live bacteria could be
isolated only at day 23 after the contamination of the sausages (neither before nor

after), bacterial DNA was detected (PCR) throughout the entire study period (end of

sampling at day 41). When M. bovis (105 CFU/g) was directly added during sausage
manufacturing, it was isolated for up to 22 days of ripening. When meat surfaces were
experimentally contaminated with M. bovis, the bacterium could be recovered after
frozen storage for over 5 months [142]. The role of wild boar meat and derived raw
meat products could therefore be further investigated, even if other authors consider

meat a negligible source of human infection [117].

Table 7. Seroprevalence of MTC in wild boar, feral pigs, and warthogs, 2012-2022.

Prevalence/

Species Country Area Comment Ref.
frequency

Sampling in 2019-2020
Test used: bovine purified
16.7% (5/30) MTC Malaysia Selangor protein derivative (bPPD)-  [127]
based indirect in-house
ELISA
Sampling in 2010-2016
Test used: in house
validated enzyme-linked [139]
immunosorbent assay
(ELISA)
Sampling in 2012-2017
Test Used: Indirect ELISA
INgezim Tuberculosis DR [92]
kit based on recombinant
M. bovis protein (MPB83)
Several Sampling in 2006-2013
2.4% (16/278) MTC Portugal County Test used: bPPD-based [95]
indirect in-house ELISA

Basque

. .
17% (326/1902) MTC Spain Country

Campania

10.6% (46/434) MTC Italy Region

uMhkuze
Nature Sampling in 2013-2015
. South Reserve in Test used: Indirect PPD
0,
49.0% (49/100)  M.bovis i Kwa-Zulu ELISAand TBELISA- 10
Natal, VK®

Marloth Park

44



on the

southern
border of
Kruger
National Park
in
Mpumalanga
Sampling in 2011-2013
Test used: bPPD-based
indirect in-house ELISA
Montes de .
Toledo and Prevalence was obtained
87.7% (36/41) MTC Spain Dofiana adding the number of [132]
] animals with lesions at
National Park
necroscopy to the number
of positive serological
samples
Sampling in 2007-2015
National Test used: bPPD-based
0,
0.0003% (1/2735) MTC USA survey indirect ELISA [137]
Geneva, L
Mittelland Sampling in 2008-2013
2.4% (18/743) MTC Switzerland ’ Test used: bPPD-based [109]
Jura, Thurgau, . . .
. indirect in-house ELISA
Tessin
Sampling in 2000-
58 2004/2009-2010
0
5.9% (123/2080) MTC France Departments Test used: bPPD-based [144]
indirect ELISA
. Sampling in 2010-2012
0,
(222/'i()/;7) MTC Spain Asg‘;:?csi:”d Test used: bPPD-based  [111]
indirect ELISA
67.7% (87/130) MTC Spain Andalusia Sampling in 2006-2010 .}, o,

Test used: MPB83-ELISA

Table 8. Prevalence of Mycobacterium spp. in wild boar, feral pigs and warthog organs

and tissues, 2012-2022.

Prevalence/

Species Country Area Comment Ref.
frequency

37.7% M. bovis Brasil Rio Grande do Sampling in 2013-2019 [91]

(29/77) Sul Test used: DNA extraction

from
lungs, lymph nodes, liver,
spleen and kidney followed
by PCR
1.1% MTC Spain Basque County Sampling in 2010-2019 [89]
(10/894) Test used: isolation from

lymph nodes followed by real
time PCR and spoligotyping

of the isolates
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Positive cultures were
detected only form head
lymph nodes

2.8% MTC Switzerla Canton of Sampling in 2017-2018 [119]
(5/176) (mainly M. nd Ticino Test used: isolation from
microti) lymph nodes + direct PCR
followed by MALDI-TOF
MS identification
High prevalence of N-MTC
identification (57.4%)
38.2% M. caprae Poland Bieszczady Sampling in 2011-2017 [116]
(21/55) Mountains Test used: isolation form
region lymph nodes followed by
PCR and spoligotyping of the
isolates
QZSII;/;S Mycobacterium Spain N tD oﬁalns K Tei'f1 Lnszg?g\jlzzui??:sigclt?on [133]
( ) spp. ational Par for TBLL.
1.6% Samplimg 2014-2016
(8/495) . . .
Culture Aquitaine, Cote Test used: isolation or direct
. PCR form lymph nodes
M. bovis France d’Or and followed by spoligotyping of [94]
4.4% Corsica the isolates
(17/386)
PCR
Sampling in 2015
Test used: Intradermal
47.1% M. bovis South Greater Kruger Tub:;;;ﬂ:z dT\fvsz:rgg) on [97]
(16/34) ' Africa National Park .
Lymph nodes bacterial
culture followed by PCR
identification
Sampling in 2011- 2017
. Test used: Lymph nodes
2.4% . National scale e lowed by
(180/7634) M. bovis France (11 at-risk PCR identification [98]
areas) Detected in 7 of the 11 at-risk
areas
uMhkuze
Nature ReServe  gampling in 2013-2015
in Kwa-Zulu
Natal. Marloth Test. used: Lymph nodes
37.0% M. bovis South ParI; on the bacterial culture followed by [96]
(25/67) ' Africa PCR identification
southern border
of Kruger
National Park in
Mpumalanga
6.8% Mycobacterium Italy Sicily Teita Tszgf]g\]/gui??:sigclt?on [100]
(19/280) spp. )

for TBLL.
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Tissue samples with TBLs
were cultures followed by
PCR identification.

M. bovis was isolated from
one sample

16.2% Mycobacterium  Portugal  Idanha-a-Nova Sampling in 2006-2016 [129]
(647/3963) spp.

Test used: Visual inspection
for tuberculosis-like lesions
(TBLL). Considered positive
when at least in one organ or

lymph node showed TBLs
Sampling in 2011-2015
0 .
(322'/37?2 9) MTC Spain Castillay Leon Test used: Lymph nodes

bacterial culture followed by [134]
PCR identification
Sampling in 2011-2015

2.5% _ South Gyeonggi Test used: Lymph nodes and
(3/118) M. bovis Korea Province lung bacterial culture [102]
followed by PCR
identification
Sampling in 2009-2013
Test used: first screening by
38.3% . visual inspection fgr TBLL
(16/41) M. bovis Portugal  Castelo Branco (41/192 had lesions). [105]
Tissue samples with TBLs
were cultures followed by
PCR identification.
Sampling in 2010-2013
Test used: Lymph nodes and
0 . . .
%g /54/; Mycots)ggerlum Slovenia  Different areas “\:%rl Iz%:;:;@ ;ucltllque [130]
identification.
No MTC were isolated
Sampling in 2008-2013
13.5% M. caprae Hungary South-Western Test used: bacterial culture
(36/267) '

Hungary followed by PCR [117]
identification.
Sampling in 2012-2013
Test used: Lymph nodes

33.9% . _ . _ bacterial. cuItL_Jr.e fqllowed by
(18/58) M. bovis Spain Sevilla province PCR |def1t|f|ca'F|on and [108]
spoligotyping.
The study was performed on
wild boar piglets
Test used: bacterial culture of
(gZ;) M. bovis Brasil Pantanal area unspecified feral pigs tissues

followed by PCR [145]
identification
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8.5%

(51/602) Sampling in 2006
PCR o Lombardia Test used: Lym-ph nodes
M. microti Italy Region histology, bacterial culture,  [123]
5.8% direct PCR, direct RFLP
(35/602)
RFPL
7.5%
(23/307)
Culture
Sampling in 2007-2011 (only
64.2% Lombardia wild boar with TBLL)
(197/307) M. microti Italy Region Test used: Lymph nodes [123]
PCR histology, bacterial culture,
direct PCR, direct RFLP
55.0%
(169/307)
RFPL
Sampling in 2008-2012
Test used: Visual inspection
59% Mycobacterium . Ciudad Real for TBLL in lymph nodes
(1512/2562) spp. Spain province an_d organs. [146]
Generalised TBLs were
detected in 51% of the
subjects
Sampling in 2008-2012
Test used: lymph nodes and
organs culture followed by
2.59% . Asturias and PCR identification and [111]
MTC Spain . . . .
(33/1275) Galicia spoligotyping of the isolates
Number of M. bovis isolates
=19 and M. caprae isolates
=14
. Geneva, Sampling in 2009-2011
Switzerla .
3.64% nd and Th_urgowa, Test L_Jsed: lymph nodes and
(6/165) MTC Liechten _Samt Gall,. tonsil c.ultur_e .foll.owed by [124]
stein Grisons, Tessin, PCR identification and
Liechtenstein spoligotyping of the isolates
Sampling in 1997-2007
37.3% . New . Test used: Lymph nodes
(293/785) M. bovis Zealand Different areas culture followed by PCR [114]
identification
Sampling in 2006-2010
Test used: Culture of pool
88.9% . . . homogeneate of lymph nodes
(16/18) M. bovis Spain Andalusia and lungs followed by PCR [115]

and spoligotyping of the
isolates
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Test used: Culture and PCR
13.3% M. bovis Italy of swab samples on muscle
(2/15) ' surface of wild boar without
TBLL
Metadata analyses from
2010-20109.

Test used: gross pathology
and culture
Reproduction number (Ro)
defined considering
prevalence in the host
species, MTC excretion in
infected host species,
abundance of the host
species, transmission rate to
host species

[143]

Spain
and 29 sites
Portugal

Mycobacterium

8.7 Ro spp

[138]

3.2.6 Salmonella
Salmonellosis is an enteric infection caused by species of the Salmonella genus other than
Salmonella Typhi and Salmonella Paratyphi. Salmonellac 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 (254 °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],12:1:-), S. Infantis, and S. Derby
[15,150].
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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 Sa/monella 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. Sa/monella 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, Sa/monella
spp. were not detected. However, it was not possible to specify if wild boar had been the
source of Sa/monella since the salami were made with 50% wild boar meat and 50% pork

meat.

Table 9. Prevalence of Salmonella spp. in wild boar, feces, lymphatic tissues, and inner

organs, 2012-2022.

Prevalence/

Species Matrix Country Comment Ref.
frequency
3.1% Salmonella Feces Serbia S. Enteritidis was the main [163]
(13/425) spp. serotype identified
0.2% Salmonella Mesenteric
(1/425) spp. lymph nodes
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3.1% S. enterica Feces Spain Serotype identified were [59]
(4/130) monophasic S. Typhimurium, S.
Bardo, S. Enteritidis
35.6% Salmonella Faeces Italy 46.7% (42/90) animals were [164]
(32/90) spp. positive in faeces or lymph
17.8% Salmonella  Lymph nodes nodes, of which 11.9% (5/42)
(16/90) spp. were positive at the same time in
both matrices. S. Abony, S.
Newport, S. Agona, S. Derby, S.
Hermannswerder, S. Saintpaul,
S. Elomrane, S. Salamae were
identified.
7.8% (5/64) Salmonella Mesenteric Italy Campionamenti da game- [165]
Spp. lymph nodes handling establishment, game
4.7% (3/64) Carcass collection point, mattatoio
Salmonella
spp.
6% Salmonella Liver Italy Sampling in 2013-2017. [166]
(260/4335) spp. Isolated strains belonged to all
six Salmonella enterica
subspecies and the main serotype
was S. enteritidis.
4.18% Salmonella  Liver or spleen Italy S. diarizonae, S. houtenae, S. [85]
(12/287) spp. or rectal swab Newport, S. Kottbus, S. London,
S. Infantis, S. Rubislaw were
identified.
2.4% Salmonella faeces Germany  S. Enteritidis, S. Typhimurium, S.  [167]
(13/552) Spp. Stanleyville, were identified.
5% (6/130)  Salmonella Spleen and Finland [39]
spp. kidney
0% (0/115)  Salmonella faeces Denmark [52]
spp.
15.9% Salmonella mesenteric Italy Three animals were positive in [168]
(30/189) spp. lymph nodes both samples.
3.2% Salmonella Faeces
(6/189) spp.
18.69% Salmonella Tonsils Spain Sampling in 2010-2015 [169]
(40/214) spp. From 148 wild boars the 3
5.06% Salmonella  Submandibular matrices were collected in the
(21/415) spp. lymph nodes same animals and 27.02%
(40/148) of them were positive to
Salmonella spp. (31/148 tonsils,
2.98% Salmonella Faeces 12/148 lymph nodes, 2/148
(25/838) spp. faeces) but none of them were
positive in the three samples
simultaneously.
7% (4/57) S. enterica Faeces Italy S. Thompson and S. Braenderup [63]
3.5% (2/57)  S.enterica Mesenteric were identified.
lymph glands
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43.9% Salmonella Faeces USA Sampling from 2013 to 2015. [170]
(194/442) spp. Main serovars identified were S.
Montevideo, S. Newport and S.
Give.
5% (1/21)  Salmonella Faeces Portugal [171]
spp.
5.1% Salmonella Tonsils Sweden  S.enterica and S. diarizone were  [172]
(9/175) spp. lleocaecal identified.
1.8% (1/56) Salmonella  lymph nodes
spp.
1.1% (1/88)  Salmonella Faeces
spp.
33.3% (1/3)  Salmonella Tonsils Argentina  Tonsils carried both S. Gaminara [173]
spp. and S. Newport, while only S.
33.3% (1/3)  Salmonella Tongue Gaminara were isolated from
spp. tongue.
5% 2/40 S. enterica Faeces Spain Salmonella enterica serotype [61]
Anatum and Corvallis were
isolated.
7.4% Salmonella Faeces Japan S. enterica subsp. enterica [67]
(9/121) spp. serovar Agona (3), S. Narashino
(2), S. Enteritidis (1), S. Havana
(1), S. Infantis (1), and S.
Thompson (1) were obtained.
0.3% Salmonella Faeces Spain One animal was positive in both [57]
(1/333) spp. carcass and faeces samples.
S. Bardo, S. Montevideo, S.
Arizonae Il (16:i,v:1,5,7) and S.
Typhimurium were identified.
10.8% Salmonella Faeces Italy S. enterica subsp. salamae 11, S. [162]
(54/499) spp. enterica subsp. Diarizonae Il b,
S. enterica subsp. houtenae 1V
and S. Fischerhuette were the
most common isolated.
24.82% Salmonella Faeces Italy Sampling from 2007 to 2010 [174]
(326/1313) spp. S. enterica subsp. enterica was
the main serovar isolated (79.5%)
15.4% Salmonella Faeces Spain [175]
(33/214) spp.

Table 10. Prevalence of Salmonella spp. in wild boar meat and carcasses, 2012—-2022.

Prevalence/frequency Species Matrix Country Comment Ref.
Salmonella
2.7% (1/36) spp. Meat
0% (0/36) Salmonella  Carcass Italy [62]
spp.
Salmonella S. Veneziana, S. Kasenyi, S.
0
35.7% (10/28) spp. Meat Italy Coeln, S. Manhattan. S. [64]
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Thompson, and S. Stanleyville
were identified
Salmonella Two S. Stanleyville and one S.

0,
2:5% (31121) spp. Carcass Italy Typhimurium were identified. [176]
1.1% (1/90) Sa'?;);e"a Carcass Italy [164]
0% (0/37) Salmonella Meat ltaly Meat cut sampled were fillet [177]
spp. and legquarter.
Salmonella S. Stanleyville, monophasic S.
31.82% (7/22) s Meat Italy Typhimurium, and S. Kasenyi ~ [178]
Pp- were identified
0% (0/30) S.enterica  Carcass Italy [63]
0% (0/128) Sa'?;;e"a Meat  Japan [179]
Salmonella
1.4% (3/210) Spp. Skin .
1.9% (4/210) Salmonella  Carcass Serbia [180]
spp.
4.55% (1/22) Salmonella Meat Italy Me_at _cut sampl_ed was [181]
Spp. Longissimus dorsi muscle.
1.29% (4/333) Salmonella  Carcass Spain One animal was positive in both [57]
Spp. carcass and faeces samples.
0% (0/72) Salr:;:ella 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].
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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.

Table 11. Prevalence of MRSA on wild boar mucosal membranes and in lymphatic

organs, 2012-2022.

Prevalence/

Species Matrix Country Comment Ref.
frequency
36.9% S.aureus  nasal swab  Germany  MRSA were not detected [189]
(41/111)
33% (30/90)  S. aureus oral and Portugal 7 isolates showed resistance to at least one of the antibiotics ~ [185]
nasal swab tested; 1 MRSA CC398 (spa-type t899) was identified
32.2% S.aureus  nasal swab  Portugal Isolates were resistant to all antimicrobials tested, with the [190]
(57/177) exception of trimethoprim-sulfamethoxazole and
vancomycin
17.8% CoPS nasal swab Spain 74.5% isolates were susceptible to all the antimicrobials [191]
(66/371) S. aureus analyzed, 19.6% were resistant to penicillin and 9.8% were
13.7% MRSA resistant to streptomycin
(51/371)
1.96%
(1/51)
17.67% MSSA Skin and/or Spain [187]
(126/713) nasal swabs
6.8% S.aureus nasal swabs Germany  No antibiotic resistance were detected [192]
(8/117)
3.2% S. aureus lymph Italy MRSA were not detected [188]
(23/697) nodes
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0.87% MRSA nasal swab  Germany [167]
(5/577)

0.86% MRSA skin and Spain 8 isolates were identified from 7 positive animals: 3 from [186]
(7/817) nasal swabs nasal swabs and 5 from skin swabs. One 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.

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
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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/

Species Matrix Country Comment Ref.
frequency
14% (8/56) STEC (stx2) faeces Portugal Culture and PCR, WGS  [200]
6.9%
(37/536) STEC faeces Germany Culture, PCR [167]
1.9% (9/474) STEC 0157 Faeces Japan Culture, PCR [201]
6.5% Italy
(13/200) STEC Faeces (Tuscany) Culture, PCR [202]
1.2% (3/248) STEC Faeces Japan Culture, PCR [56]
28.3% Culture, PCR; includes
(43/152) STEC Faeces Poland STEC and AE-STEC [203]
4.8% (1/21) STEC Faeces Portugal Culture, PCR [204]
3.33% (3/90) STEC faeces Spain Culture, PCR [205]
3.4% (4/117) E. coli 0157 faeces Spain Culture [206]
E. coli Tonsils .
0 l
0% (0/88) O157-H7 lymphnodes, faeces Finland Culture, PCR [172]
0% (0/121) STE(C:) 2%157’ faeces Japan Culture, PCR [67]
0% (0/301) STEC 0157 faeces Spain Culture, PCR [57]

Table 13. Prevalence of Shiga toxin-forming E. coli in wild boar meat and carcasses.

Prevalence/

Species Matrix Country Comment Ref.
frequency
42.9% STEC(stx1+ Italy Culture, PCR (27/28
(12/28) stx2+eae) Meat (foreleg) (Campania) eae positive) [64]
0% (0/128) STEC Meat Japan Culture [179]
0% (0/310) STEC 0157 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

56



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].

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
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from 0% to 4.4%). The presence of the pathogen in such tissues could be considered
during carcass processing to avoid the spread of the microorganism to the meat.
Nonetheless, in wild boar, in contrast to the domestic pig, the head is removed during
carcass dressing at cervical vertebrae level, thus the laryngeal and pharyngeal area is
removed from the carcass at an early stage of the processing chain.

The presence of Y. enterocolitica on carcass surfaces ranges from 0% to 85.7%. Such a
wide range could be due to different sampling methods and areas, but also to differences
in the hygienic level of the process. The same might hold true for muscles, where the
prevalence ranges from 0% to 71%. The wide range of prevalence denotes that, although
wild boar can harbour microorganisms in the intestines and tonsils, the procedures to
obtain the meat are relevant to prevent contamination of muscles. In this perspective, the
training of the personnel, the presence of suitable structure and equipment, the correct
hygienic procedure implementation, and standard sanitation operating procedures are of
paramount importance.

Another important aspect that emerged from the literature survey is that the bio- type most
frequently observed in wild boar is 1A, the least pathogenic but also the most underrated

of the Y. enterocolitica biotypes.

Table 14. Prevalence of Yersinia enterocolitica in wild boar, feral pigs and warthog.

Prevalence/

Country Area Matrix Comment Ref.
frequency
0% (0/107) Italy Valle Faeces Sampling in 2015-2018 [214]
d’Aosta Test used: PCR
Region
85.7% Carcass Sampling in 2019
(12/36) Test used: bacterial isolation
64.3% Italy Campania Tonsils and SYBR green PCR-assay [62]
(9/36) Region for ystA and ystB genes. 12
71.4% Muscle animals carried ystB gene, and
(10//36) 3 animals both ystA and ystB
genes
0.01% Tunisia Ariana, Faeces Sampling in 2018-2020 [215]
(2/110) Bizerte, Test used: bacterial isolation
Manouba, and biochemical identification
Nabeul and
Siliana
Parma and Carcass and Sampling in 2020
0% (0/64) Italy Bologna Mesenteric Test used: bacterial isolation  [165]
province lymph nodes and biochemical identification
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Sampling in 2013-2018
Test used: bacterial isolation,
Serotyping and Real Time

(1226./64?90) Italy II;Iegguigr? Liver PCR for 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,
biochemical identification.
18.8% Tuscany and Real Time PCR for
(54/287) Italy Region Rectal swab .\{lrul.ence 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.
Sampling in 2016
56.4% Blood Test used: seroprevalence
(102/181) 12 out of 19 ELISA test.
Finland regions [39]
Test used: Organs: real-time
16.9% Spl_een and PCR based on SYBRGreen
(22/130) kidneys .
for ail gene.
Sampling in 2017-2019
6.2% - .
(19/305) Faeces Test useg: bgcterllal. |sqlat|on,
Parma and biochemical identification and
Italy Piacenza Real Time PCR for virulence  [217]
3.3% provinces Mesenteric Genes.
(10/305) lymph nodes All isolates belonged to
biotype 1A
Sampling in 2014-2016
Test used: bacterial isolation,
biochemical identification.
(ch')/lg:g Japan Not specified Faeces Preval:e(nec;;:qsi;esr;%rlted for [218]
97.4% of the Y. enterocolitica
isolates belonged to biotype
1A
Sampling in 2017
Test used: bacterial isolation,
biochemical identification,
13.6% Campania and Real Time PCR for
(3/22) Italy region Muscle virulence Genes. [178]
All isolates present only ystB
gene.
6.7% (6/90) Faeces Sampling in 2014-2016
14.0% 13 counties Tonsils Test used: bacterial isolation,
(19/136) Sweden in southern and Real Time PCR for ail [219]
4.4% (4190) Sweden Mesenteric gene.
lymph nodes
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Sampling in 2013-2014
Test used: bacterial isolation,

12 out of 16
25.3% . and multiplex PCR for ail,
(110/434) Poland PO!ISh Rectal swab yStA and ystB genes. [220]
regions 92.5% of the isolates belong
to biotype 1A
Sampling in 2013-2014
Tuscany L .
0% (0/42) Italy Region Muscle Test used: bacterial isolation,  [181]
and biochemical identification
65.9% Czech Moravian Sampling in 2013-2014
(89/135)  Republic  Regions Blood Test used: ELISA [221]
Sampling in 2013
Swab samples Test used: bacterial isolation,
55.50% North-East from tonsils and.bioci.wemical ider?tification
(11/20) Poland Poland _ area, biotyping, serotyplrlg a}nd [222]
peritoneum and molecular characterisation.
perineum 90.5% of the isolates belong
to biotype 1A
Sampling in 2001-2012
33.3% . Basque . Test used: bacterial isolation,
(24172) Spain Country Tonsils biochemical identification and [223]
molecular characterisation.
Sampling in 2013-2014
Test used: bacterial isolation,
MALDI-TOF identification,
15-3% Germany Lower Tonsils Real Time PCR for virulence  [224]
(17/111) saxony Genes.
89.55% of the isolates belong
to biotype 1A
Faeces and Sampling in 2010-2011
20.5% Sweden Central |y|r|§8rfa:§§|es Tzztdu:l?l.tit;)allgie;(a::sg? tall?ln [219]
(18/88) Sweden and gene.
Tonsils
Sampling in 2010-2012
Test used: bacterial isolation,
(zlggg") Spain g:jg;‘; Tonsils and biochemical identification ~ [225]
and direct real time PCR with
new enrichment protocol.
Tonsils and Sampling in 2008-2012
0% (0/3) Argentina  San Luis city tongue Test used: bacterial isolation  [173]
and biochemical identification
Sampling in 20122013
14.8% Viterbo Test used: bacterial isolation,
(34/230) Italy Province Muscle and multiplex PCR for ail [157]
gene.
Sampling in
Up\?:lrlilusa Test use_d: bc?lcteri_al_ iso_lation,
4.2% (3/72) Italy Piedmont Carcass biochemical identification and  [86]
. molecular characterisation for
Region

inv, ail and yst genes.
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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
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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 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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Abstract

Recently, there has been a growing interest in the use of natural antimicrobial agents able
to limit the growth of food-borne bacteria, and therefore enhance food safety. The aim of
this work was to investigate the antibacterial properties of different natural extracts from
different natural matrices and by-products such as saffron petals, olive mill wastewater,
spent coffee grounds, M. oleifera, G. simplicifolia. The antibacterial activity was assessed
determining the MICs and MBCs against two microorganisms crucially involved in food
safety: S. aureus and E. coli. The results suggest that olive mill wastewater,

M. oleifera and saffron petals extracts could represent a valuable natural alternative to
conventional preservatives largely adopted in food production. Further studies are needed

to define the most suitable applications in the food industry.
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1. Introduction

The growth of undesired microbial population such as pathogenic and spoilage
microorganisms affects the safety, the quality and the shelf life of food products impacting
on consumer health and thus on the economic and public health service. Particularly,
according to the European Center for Disease Control -European Food Safety Authority
report on zoonoses, during 2019-2020, 8261 food- borne outbreaks occurred leading to
69,480 cases of illness, 5534 hospitalizations and 94 deaths [1, 2]. Moreover, microbial
food spoilage is an issue of global concern as it means the original nutritional value,
texture and flavour of the food are damaged and therefore it becomes undesirable or
unacceptable for human consumption due to changes in sensory characteristics. It has
been estimated that not less than 25% of all food produced is lost in post-harvest or post-
slaughter phases due to undesired microbial activity [3].

Chemical antimicrobials have widely been employed at an industrial level to inhibit the
microbial development in foods in order to improve its safety and shelf-life [4]. The
scientific community and food industry have recently been urged to look for viable
alternatives to the chemical antibacterial frequently employed in food preservation as a
result of a greater understanding of the effects of diet on human health [5]. The use of
these compounds indeed, although strictly regulated [6], is considered with mistrust by
consumers, because of the potential long-term harm to their health they could cause [7,
8]. However, the worries about the safety of synthetic preservatives led the food industry
to search for new additives from natural sources.

In this perspective, vegetable extracts are worthy of investigation as rich in bioactive
molecules, such as polyphenols, terpenes, aldehydes and flavonoids as alternatives to
synthetic preservatives. More recently high interest has been also oriented towards agri-
food by-products that can still provide a high amount of bioactive compounds, which
could be exploited in several productive sectors, including food industries. The circular
economy model in the agri-food sector, with particular attention to the reuse and
valorization of wastes and by-products, is particularly relevant for the scientific
community and this good practice is in continuous evolution [9]. Europe plays a leading
role in this research field, thanks to the primary involvement of the Member States, policy
makers and stakeholders [9]. An improved science based understanding of the effects of

natural derived bioactive compounds on the growth and activity of spoilage
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microorganisms in foods is crucial for the development of safe and eco-friendly
preservation strategies and subsequent improvement of food hygiene and reduction of
losses due to spoilage. This study aims to report an overview of the preliminary results
obtained through the in vitro antimicrobial testing of different natural and by- products
extracts on two microorganisms crucially involved in food safety namely S. aureus and
E. coli. The extracts considered in this study were obtained from: saffron petals, olive

mill wastewater, spent coffee grounds, M. oleifera, G. simplicifolia.

2. Materials and Methods

2.1 Extracts
Saffron petals are a rich source of bioactive compounds such as crocins and safranal,
which have been shown to possess significant antimicrobial activity against a range of
pathogenic microorganisms. Olive mill wastewater contains high levels of phenolic
compounds such as hydroxytyrosol and oleuropein, which have been found to inhibit the
growth of a variety of microorganisms. Coffee grounds contain various compounds such
as caffeine, chlorogenic acid, and trigonelline, which have shown potential as natural
preservatives against spoilage bacteria. M. oleifera, commonly known as the horseradish
tree, contains several bioactive compounds such as niazimicin and quercetin, which have
been found to possess antimicrobial activity against pathogenic microorganisms. G.
simplicifolia, also known as the African wild mango, contains a compound called Irvingia
gabonensis, which has been shown to have antimicrobial properties against various

bacteria and fungi.

2.2 Microorganisms
Reference strains Staphylococcus aureus (WDCM 00034) and Escherichia coli (WDCM
00013) were bought from Microbiologics, St. Cloud, MN, USA.

2.3 Broth microdilution method
Considering the results of the agar well diffusion test, to quantitatively determine the
antibacterial activity of phenolic extract the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) were determined. MICs/MBCs were

measured using a standard broth microdilution technique, according to Clinical
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Laboratory Standards Institute (CLSI) guidelines [33]. The bacterial suspensions used for
the assay were prepared adjusting the number of bacteria to 10° CFU/mL with fresh
Mueller-Hinton broth (Biolife Italiana s.r.l., Milan, Italy). Aliquots of each suspension
were added to 96-well microplates (Starlab International GmbH, Hamburg, Germany)
containing the same volumes of two-fold serial dilution of the extracts. Moreover, three
controls were set up: these included antibiotic control (with benzylpenicillin sodium salt;
Sigma-Aldrich, St. Louis, MO, USA), organism control (with culture medium and
bacterial suspension) and negative control (with culture broth and the extract solution at
the same concentration tested). The plates were incubated for 24 h at 37 °C under aerobic
conditions. MIC was defined as the lowest concentration of extract that produced no
bacterial growth when compared to time 0 wells. The MBC was determined by
subculturing the broths used for MIC determination. A quantity of 10 pL of broths culture
of the wells, corresponding to the MIC and to the higher MIC concentrations, was plated
onto fresh 5% Sheep Blood agar dishes (Microbiol s.r.l., Cagliari, Italy) and then
incubated for 24 h at 37 °C, under aerobic conditions. The MBC was represented as the
smallest amount of extract that was capable of killing the bacterial inoculum,

demonstrated by the total absence of growth.

3. Results
As shown in Table 1 olive mill wastewater is the extract that shows higher antimicrobial
efficacy towards the two microorganisms tested. M. oleifera showed an even lower MIC
and MBC values albei only against S.aureus corroborating the outcome reported by other
authors in literature according to which gram positive bacteria can be more sensitive to
polyphenolic compounds [10]. Saffron petals extract, like olive mill wastewater, shows
its effects against both bacteria but at much higher MIC and MBC values. Concerning
spent coffee grounds and G. simplicifolia the results show that ant the tested

concentrations this two extract did not show any antibacterial activity.
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Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal

concentration (MBC) of different extracts against S.aureus and E.coli.

Staphylococcus aureus

Escherichia coli

Extract MIC MBC MIC MBC
(mg/ml) (mg/ml) (mg/ml) (mg/ml)

Olive mill 15.6 313 15.6 15.6

wastewater

Saffron petals 250 250 250 500

M. oleifera 6.25 12.5 - -

Spent coffee - - - -

grounds

G. simplicifolia

4. Conclusion

These preliminary results reported in this study suggest that olive mill wastewater and M.

oleifera extracts have the potential to be exploited in food industry for their antimicrobial

activity. Despite the higher MIC/MBC values, saffron petals extract could represents

valuable source of active compounds, to be used as alternatives to conventional

preservatives. It is crucial to consider the green and eco- friendly nature of the tested

extracts that confer to this approach high sustainability value. Future studies are needed

to evaluate possible applications in the food industry, aiming to improve the quality of

foodstuff and to protect consumers’ health.
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Abstract

Food products are prone to microbial contamination able to affect their safety and quality
attributes and their nutritional value. The interest in the potential use of bioactive
compounds deriving from natural matrices, especially agro-industrial wastes, as
alternatives to classical food preservatives has rapidly increased. In the present study a
food grade olive mill wastewater polyphenolic extract and a commercial mix were
characterised and their antioxidant and antimicrobial capacity were assessed. The
antimicrobial activity was preliminary assessed in vitro by agar well diffusion,
subsequently by microdilution method to define the minimum inhibitory and bactericidal
concentration. The olive mill wastewater polyphenolic extract registered a higher
antioxidant capacity [(13.3 £ 1.0) 102 pgTE/(100 g)] and antimicrobial efficacy (max
MBC value 0.2500 g/mL) compared to commercial mix with wide potential application

in food industry.
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1. Introduction

Food products are characterised by high susceptibility to microbial contamination with
several potential consequences on safety and quality attributes as well as on the reduction
of the nutritional aspects [1]. To counteract this phenomenon, chemical additives with
different activities such as antimicrobial and antioxidant, are commonly added to food
stuff. Synthetic preservatives, indeed, are widely employed in the industry during food
production to decrease or eradicate the unwanted presence of microorganisms and so
extend the shelf life of food products [2], [3]. Despite the fact that food additives are
strictly regulated (Regulation (EC) No.1333/2008, s.m.i.) [4], consumers are sceptical of
chemical substances that are purposefully added to foodstuff due to the possibility of
long-term negative effects on human health [5].

Recently, however, the interest in bioactive substances derived from natural matrices,
particularly agro-industrial wastes, as substitutes for conventional food preservatives has
remarkably increased. These substances may represent a novel approach to prevent
Foodborne illnesses and limiting food waste[6]-[8].

Fruit and vegetable processing does produce a high amount of waste, but reusing those
wastes in the food business could help to solve the environmental, economic and social
issues [6], [9]. Also, since these bioactive chemicals have the capability to limit the
growth of microorganisms that cause food spoiling, their use in food manufacturing may
have a favourable impact on food safety [7]. To effectively contain microbial
contamination along the food production chain, for instance, the use of natural
antibacterial agents defines a valuable and sustainable alternative method [10], [11]. For
instance, olive oil by-products can be exploited as a source of bioactive molecules that
might be suitable for improving food hygiene [1], [12]. Olive oil by-products are
characterised by several hydrophilic phenols, particularly represented by secoiridoids,
whose precence has been revealed only for plants belonging to Oleaceae family, that seem
to be able to inhibit the growth of several Gram-positive and Gram-negative bacteria and
to express high antioxidant properties as well [12]. The recovery of the high-value
bioactive compounds from the olive mill wastewater could enable the possible
exploitation of this agro-industrial waste, enhancing the economic and environmental
sustainability of the agro-industrial sector, especially considering its high generation rate

(49 % of total mass) [1], [11]. In order to protect public health and reduce the significant
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economic and social effects of food waste, it is crucial that competent authorities and the
scientific community continue to focus on ensuring food hygiene and safety for
consumers [1].

The present study aimed to compare the antibacterial activity of a commercial mix used
as an ingredient in meat product formulations with a food grade polyphenolic extract from
olive mill wastewater. To determine the antibacterial activity the agar well diffusion was
preliminarily applied. Then the microdilution method was used to determine the
minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC). The study targeted spoilage microorganisms strongly related to food hygiene.

2. Material and Methods

2.1 Extracts
The crude olive mill wastewater phenolic extract (PE) used was obtained by means of a
membrane filtration process using fresh olive mill wastewaters. To obtain a stable powder
formulation, the extract was subjected to spray drying after their combination with
maltodextrins as carrier matrix (1:1dw) [13].
The beetroot commercial mix (CM) is represented by a fine powder intended to be added
to hamburger meat batter functioning as stabilizing agent (MecImport GroupSrl, Perugia,

Italy).

2.2 Polyphenols determination by LC-QTOF

Two aliquots of the extract were collected and diluted 50 and 500-fold, respectively, with
a mixture of acetic acid 0.025 %/methanol 90/10 (v/v). After filtration, both aliquots
were injected. Liquid-Chromatography Quadrupole Time-Of Flight spectrometry (LC-
QTOF) was applied to determine twelve polyphenols. The equipment consisted of an
ExionLC™ coupled to a 6600+TripleTOF™ (ABSciex, Foster, CA, USA) equipped with
an electrospray ionization source operating in negative mode (ESI-). Chromatographic
separation was carried out on an Acquity BEH C18 (150 mm X 2.1 mm, 1.7 pm, Waters,
Milford, MA, USA).

Water with 0.025 % aceticacid (A) and methanol/ACN 90/10 v/v % (B) were used as
mobile phases. The gradient started with 0 % of B (1min); the percentage of B was

increased to 20 % in 10 min, followed by an increase to 50 % B in 4 min and another one
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to 100 % in 1 min. After 4 min, B percentage was reported to initial conditions (0 %) in
1 min. Finally, the system was re-equilibrated for 5 min (run time: 26 min). The column
temperature was set at 40 °C and the autosampler temperature was kept at 25 °C. Flow
rate and injection volume were 0.25 mL/min and 10 pL, respectively. Compressed air was
used as GS1 (55 arbitrary units) and GS2 (55 arbitrary units), whereas nitrogen was the
curtain gas (40 arbitrary units). The spray voltage was set at —4.5 kV and interface source
temperature at 450°C. Single infusions of each analyte were carried out to optimize
declustering potential (DP) and collision energy (CE). Theprecursor ([M-H+]) and

fragmentions acquired in MRMHR mode are listed in Table 1. Mass error was < 5 ppm.

Table 1. Analyte Retention Times and monitored ions.

RT Molecular Precursor  Fragment

Analyte ] DP (V) CE (V)
(min) formula (m/z) (m/z)
Hydroxytyrosol 9.2 C8H1003 153.0557 123.0455 -80 -14
Hydroxytyrosol-D4 9.2 C8H6D403  157.0808 125.0588 -80 -15
Tyrosol 11.9 C8H1002 137.0608 119.0520 -90 -18
Vanillic acid 13.3 C8H804 167.0350 152.0111 -70 -15
Vanillin 14.9 C8H803 151.0401 136.0166 -60 -14
p-Coumaric acid 154 C9H803 163.0401 119.0500 -60 -14
Verbascoside 16.4 C29H36015 623.1981 161.0251 -90 -38
Oleuropein 17.3 C25H32013 539.1770 307.0824 -100 -27
Pinoresinol 174 C20H2206  357.1344 151.0410 -80 -20
Luteolin 17.5 C15H1006  285.0405 133.0293 -110 -36
Oleuropeinaglygone 17.6 C19H2208  377.1242 307.0824 -80 -14
Apigenin 17.7 C15H1005  269.0456 117.0343 -110 -35

2.3 Antioxidant capacity of extracts
The antioxidant capacity was evaluated using the Oxygen Radical Absorbance Capacity
method (ORACFL). To do this, one gram of each extract was mixed separately with a
buffer solution with a pH of 7.2, containing 13.19 g of K2ZHPO4 and 10.26 g of KH2PO4
dissolved in 900 mL of deionized water. This mixture was homogenised using an Ultra-
Turrax homogenizer (Ultra Turrax T25 Basic, IKA Labortechnik Janke & Kunkel GmbH,

Stavfen, Germany) for one minute, followed by two minutes of vortexing. After
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homogenization, the samples were centrifuged at 6000 rpm for 20 minutes at a
temperature of 4°C. The resulting supernatant was then used to determine the antioxidant
capacity through the ORACFL method. The ORACFL method measures antioxidant
capacity by comparing it to a reference standard, Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid, obtained from Sigma-Aldrich, Steinheim,
Germany). This comparison is based on the rate of fluorescence decay of a probe when
exposed to a radical oxygen species (ROO). The ORACFL assays were carried out
through a FLUO-star OPTIMA microplate fluorescence reader (BMGLABTECH,
Offenburg, Germany) with an excitation wavelength of 485 nm and an emission
wavelength of 520 nm. The results are reported as micrograms of Trolox equivalents (TE)

per 100 g of the sample.

2.4 In vitro measurement of antibacterial activity — Agar well diffusion

Extracts’ antibacterial activity was determined by the agar well-diffusion method against
different food spoilage bacteria. In particular Escherichia coli, Pseudomonas fluorescens,
Pseudomonas aeruginosa, Lactobacillus plantarum subsp. plantarum, Lactobacillus
sakei subsp. sakei, Lactococcus lactis strains were bought from Microbiologics, St.Cloud,
MN, USA, while Shewanella putrefaciens and Brochothrix thermosphacta derived from
Istituto Zooprofilattico Sperimentale dell’ Umbria and Marche “Togo Rosati” (IZSUM)
collection isolated from meat samples.

For each organism, a suspension with a turbidity of 0.5 McFarland in a 0.9 % sterile saline
solution was prepared. Subsequently, 100 pL of this suspension were evenly spread onto
each quadrant of Mueller-Hinton agar (MHA) or Mueller-Hinton agar supplemented with
5 % defibrinated sheep blood (MHAB) plates (manufactured by Oxoid Limited,
Basingstoke, UK) using a swab [1]. Circular holes with a diameter of 7 mm were created
in the agar plates by removing a portion of the medium with a sterilized cork borer.
Subsequently, 50 puL of an extract solution in sterile demineralised water (with a
concentration of 1000 mg/mL) were introduced into these holes. The plates were then
incubated under conditions suitable for the growth of each specific bacterial strain. After
the designated incubation period, the presence and size of the inhibition zone were

assessed using a measuring gauge in millimeters [14], [15].
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2.5 Minimum Inihibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) determination

The investigation into the antibacterial properties of the extracts was extended through
the determination of MICs/MBCs for the specific microorganisms of interest.
MICs/MBCs were assessed using the standard broth microdilution method, following the
guidelines established by the Clinical Laboratory Standards Institute (CLSI) [16]. To
carry out this procedure, bacterial suspensions were prepared, adjusting the bacterial
count to 105 CFU/mL by diluting them in fresh Mueller-Hinton broth with 5 % blood
(supplied by Biolife Italiana s.r.l., Milan, Italy). Aliquots of each suspension were added
to 96-well microplates (manufactured by Starlab International GmbH, Hamburg,
Germany) containing equal volumes of two-fold serial dilutions of the extract, ranging
from concentrations of 0.5 to 0.0039 g/mL. Three control groups were established: an
antibiotic control (using benzylpenicillin sodium salt from Sigma-Aldrich, St. Louis, MO,
USA), an organism control (comprising culture medium and bacterial suspension), and a
negative control. Subsequently, the plates were incubated under the best growth
conditions of each bacterial strain. The MIC was defined as the lowest concentration of
the extract that exhibited no bacterial growth when compared to the wells at the start of
the incubation period [17]. The MBC was determined by transferring samples from the

broths utilised for MIC determination onto culture media.

2.6 Statystical analysis
The data obtained from the agar well-diffusion test underwent statistical analysis using
an analysis of variance (ANOVA) model as implemented in SAS software (SAS Institute
Inc., Cary, NC, USA, 2001). In order to elucidate any noteworthy differences in means

(with a significance level of p < 0.05), Tukey's post-hoc analysis was applied.

3. Results and Discussion

3.1 Polyphenols determination by LC-QTOF
Table 1 reports the Analyte Retention Times and monitored ions assessed by means of
LC-QTOF. The chemical composition of this olive mill wastewater extract is in line with
that of other extracts obtained from similar products already reported in the literature

[17]-[19].
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The most representative bioactive compounds belong to the class of phenols. Specifically,
hydroxytyrosol (3,4-DHPEA) and tyrosol (p-HPEA) are phenolic alcohols, verbascoside
is a hydroxycinnamic acid’s derivative, the caffeic acid, the p-coumaric acid, and the
vanillic acid are phenolic acids and derivatives. The luteolin is a flavone and the
pinoresinol a lignans, verbascoside is a secoiridoid.

Due to their properties, these phenolic compounds can be adopted by the pharmaceutical
sector as well as in cosmetics and medicine and as nutraceutical products and antioxidants
in foods [20], [21]. The specific content of the major phenolic compounds in olive mill
wastewater spray dry extract was 13.0£1.0, 2.2+0.3 and 0.59+0.01 mg/g for
hydroxytyrosol, tyrosol, and vanillic acid, respectively. Notably, hydroxytyrosol and
tyrosol are known to have numerous biological activities, proved both in vitro and in vivo

[22].

3.2 Evaluation of antioxidant capacity of extracts

A higher antioxidant activity was found in the PE in comparison with CM containing
ascorbic acid and beetroot (532 + 4) and (13.3 £ 0.1) 102 pugTE/100g in CMandPE,
respectively). The high antioxidant activity registered in the PE is in accordance with
previous studies that refer to the powerful antioxidant activity of olive phenolic
compounds [21], [23].

Oxidation has been demonstrated as the main non-microbial cause of food quality
deterioration. For instance, oxidative deterioration is capable of limiting food
acceptability and shortening its shelf-life by causing discoloration, the development of
off-flavours and the formation of toxic compounds. Recently, great interest has been
addressed to natural antioxidants that can be used as technological strategies applying
antioxidants directly into food products or by coating packaging materials with natural
extracts to improve the oxidative stability of the products, therefore avoiding or reducing
the use of chemical compounds [23]. Another approach is represented by the dietary
manipulations in which antioxidant compounds, or their metabolites, are introduced into

the food (milk, muscle or egg) via feed [24].
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3.3 Measurements of the in vitro antibacterial activity — Agar well diffusion
PE and CM were evaluated qualitatively and quantitatively for their in vitro antibacterial
activity against the chosen bacteria based on the presence or absence of inhibition zones

(Figure 1).

Figure 1. Example of inhibition halos obtained on Mueller-Hinton agar in the screening
test for B. Termosphacta exposed to crude olive mill wastewater phenolic extract (a) and
commercial beetroot mix (b) L. Plantarum exposed to crude olive mill waste-water

phenolic extract (c) and commercial beetroot mix (d).

A preliminary assessment utilized the agar well-diffusion technique to conduct a
screening test. Table 2 displays the measurement of inhibition zones (in millimeters) for
each microorganism. It demonstrates that the polyphenolic extract displays antimicrobial
activity against all the tested microorganisms. As shown in Table 2 at the highest extract
concentration (1 g/mL), the greater effect was registered for P. fluorescens (halo of 23.80
mm), while the lowest was registered for L. Sakei with a halo of 8.15 mm (p < 0.05).

Totally absent antibacterial activity was observed, instead, for beetroot commercial
extract against Gram-negative and positive bacteria targeted in the study as no inhibition

halos were measured (Figure 1 and Table 2).

Table 2. Inhibition halos obtained for PE and CM for the different strains tested. Values

are expressed as means =+ standard deviation.
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Olive mill wastewater extract (PE) Positive

Control
Concentration lg/mL 0.5¢g/mL  0.25g/mL 0.13g/mL ggﬂgf ig'c'“e
E. coli 17.7+0.6 13.0+£0.7 9.0+1 - 33.2+0.5
S. putrefaciens 16+£1.0 8.7+£0.6 - - 20.6 £0.6
P. fluorescens 240%1.0 17.8+05 14.0%1 115+02 347+01
P. aeruginosa 16.5+£0.3 124+£05 8.2+0.1 - 30.0+1.0
B.termosphacta 19.7+£0.6 150+00 11606 - 28.0+1.0
L. plantarum 10.3+0.6 - - - 20.2+0.6
L. sakei 8.1+0.5 - - - 19.0+£3.0
L. lactis 19.0£1.0 10.0+£1.0 - - 26.1£0.4
Commercial mix (CM)
E. coli - - - -

S. putrefaciens - - - -
P. fluorescens - - - -
P. aeruginosa - - - -
B.termosphacta - - - -
L. plantarum - - - -
L. sakei - - - -
L. lactis - 5 - i

3.4 Minimum Inihibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) determination measured on PE and CM extract

The obtained results, reported in Table 3, highlight MIC/MBC values for PE ranging from
0.0156 g/ml to 0.2500 g/ml suggesting an antibacterial activity against the assayed strains,
that seem to be exerted more efficaciously towards Gram-positive bacteria. These
preliminary results confirm the outcome of previous studies testing the antimicrobial
activity of different microorganisms relevant in food production where, on average,
Gram-positive bacteria show lower MIC/MBC [25]. Furthermore, as expected, the CM
extract didn’t show relevant antimicrobial activity at the concentrations tested in the
study.
In particular, attention has been oriented towards the microbial food spoiling process, in
fact, despite chill chains, chemical preservatives, and a more in-depth understanding of
microbial food spoilage, it has been estimated that 25 % of all foods produced globally is
lost post harvest or post slaughter due to microbial spoilage [26].
Consequently, both consumers and producers of food products are looking for natural
ingredients and efficient formulation strategies to improve the shelf life of final products
[27]. It is important to consider, however, that the efficacy of a natural extract against

microbial growth depends not only on its chemical composition and the extraction
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technique, but it is also strongly related to the specific sensitivity of microbial species and

further studies are needed to better explore this aspect [1], [19].

Table 3. Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of the olive mill wastewater extract (PE) and of commercial mix

(CM).

PE (mg/mL) CM (mg/mL)

MIC MBC MIC MBC
E. coli 15.6 15.6 > 500 > 500
S. putrefaciens 15.6 15.6 > 500 > 500
P. fluorescens 15.6 31.3 > 500 > 500
P. aeruginosa 15.6 31.3 > 500 > 500
B. termosphacta 15.6 15.6 > 500 > 500
L. plantarum 125 250 > 500 > 500
L. sakei 62.5 62.5 > 500 > 500
L. lactis 62.5 125 > 500 > 500

4. Conclusions
The results demonstrate the in vitro efficacy of the tested polyphenolic extract against the
growth of both Gram positive and negative undesired spoilage microorganisms, defining
preliminary threshold values for future application on food models. Further studies are
needed to address the main challenges in the use of natural antimicrobial such as its low

stability, adverse effects on sensory properties, low solubility, high needed doses.
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Abstract

In recent years, there has been an increased interest in substances that could inhibit or
reduce microbial growth in food products. Olive oil industry by-products, due to bioactive
compounds with potential antimicrobial properties such as polyphenols, could be used in
carcass treatment to enhance hygienic and quality traits. The assessment of the
antimicrobial efficacy of bioactive molecules against pathogens should be determined
with in vitro and in situ models since it is not possible to evaluate it directly on carcasses
at the slaughterhouse. This study aimed to evaluate the effect of an olive mill wastewater
polyphenolic extract against Salmonella Enteritidis and Listeria monocytogenes,
simulating carcass surfaces using bovine dermis samples that were experimentally
contaminated with the selected pathogens. The minimum inhibitory concentration and
minimum bactericidal concentration were first determined for S. Enteritidis and L.
monocytogenes. In situ, bactericidal activity assessment was performed using 20 cm2
derma samples contaminated with 5 Log CFU/20 cm2 of S. Enteritidis and L.
monocytogenes in separate trials. Treatment with the polyphenolic extract was not
effective for either microorganism. In order to establish the bacteriostatic activity of the
polyphenolic extract, suspensions of about 2 Log CFU/20 cm?2 of S. Enteritidis and L.
monocytogenes were used. Polyphenolic extract treatment was not effective against

Salmonella, while for Listeria it allowed microbial growth to delay (around 1 Log
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CFU/cm?2 difference at 3, 7, and 14 days between treated and con- trol groups). Further
investigations are needed to evaluate the application of polyphenolic compounds on

carcass surfaces and their effects on sensory traits.

1. Introduction

Regarding meat safety, the European Union promotes a preventive approach based on the
“Hazard Analysis and Critical Control Points” (HACCP) system and good hygiene
practices to avoid potential contamination and microbial growth (European Parliament
and Council of the European Union, 2004a). Food business operators are not permitted
to use any substance other than potable water to remove surface contamination from
products of animal origin unless specifically authorized for that purpose (European
Parliament and Council of the European Union, 2004b). Currently, only lactic acid can
be used to reduce microbial surface contamination on bovine carcasses (European
Commission, 2013). Regardless, its use should not be considered a substitute for good
hygienic practices during slaughtering procedures (EFSA, 2011). Several authors have
highlighted the potential of various substances and compounds to limit microbial
development (Dakheli, 2020; Gonzalez-Fandos et al., 2020; Han et al., 2020; Roila et al.,
2022). Olive oil industry by-products are regarded as a source of bioactive molecules such
as polyphenols that, due to their antimicrobial and antioxidant capacity (Foti ef al., 2021),
might be used to treat carcasses to enhance hygienic and quality traits.

Furthermore, it is crucial to evaluate the effectiveness of these compounds not only
against hygiene parameters but also against pathogenic microorganisms. Friedman et al.
(2013) investigated the effect of ten nutraceutical powders derived from the food industry,
including olive pomace and olive juice powder, against four major foodborne pathogens
(Salmonella enterica, Escherichia coli O157:H7, Listeria monocytogenes, and
Staphylococcus aureus) using a quantitative bactericidal activity assay, highlighting the
possible use of these substances due to their inhibitory activity. Tomalok ef al. (2022)
pointed out the potential use of organic acids such as lactic, acetic, and glycolic acids in
swine slaughterhouses due to the reduction of S. enterica serotype Choleraesuis and L.
monocytogenes artificially inoculated in pork jowl fat. The assessment of the

antimicrobial effect of bioactive compounds against pathogens cannot be carried out
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directly on carcasses at the slaughterhouse through their experimental contamination, and
therefore in vitro and in situ models must be used.

This work aimed to evaluate, through an in situ model consisting of portions of bovine
dermis experimentally contaminated with S. Enteritidis and L. monocytogenes, the
bactericidal and bacteriostatic efficacy of a polyphenolic extract from olive mill

wastewaters.

2. Materials and Methods
Olive mill wastewater polyphenolic extract
The polyphenolic extract used in this study is a commercial extract derived from olive oil
mill wastewater. It originates from pressed olive pulps (Olea europaea L.), and the final
product is obtained in powder form through freeze-drying and pulverization processes.
The extract consists of 15.7 mg/g total polyphenols, of which hydroxytyrosol (12.9 mg/g),
tyrosol (2.22 mg/g), and vanil- lic acid (0.59 mg/g) are the main compounds.

Minimum inhibitory concentration and minimum bactericidal concentration

The evaluation of the antibacterial activity of the olive mill wastewater polyphenol extract
was assessed by minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) on S. enterica subsp. enterica serovar Enteritidis and L.
monocytogenes, using both ATCC strains (S. Enteritidis WDCM 00030 and L.
monocytogenes WDCM 00021) and a S. Enteritidis wild strain isolated from food
samples. MICs/MBCs were deter- mined using a standard broth microdilution method
(Clinical and Laboratory Standards Institute, 1999) as in the procedure described by
Primavilla et al. (2022), properly modified.

The MIC was defined as the compound’s lowest concentration at which no visible
bacterial growth occurred. The broths used for MIC determination were subcultured to
determine the MBC, as the lowest concentration of extract resulted in a reduction of
99.9% of the bacterial inoculum. MIC/MBC values of the most resistant bac- terial strain
were used as a reference to establish the concentration of extract to be applied in the in

Situ tests.

112



Sampling preparation

Fresh bovine skin was obtained from a local slaughterhouse, and samples of about 20
cm?2 (4x5 cm) were collected. For each sample, the surface layer was removed, and derma
samples were exposed to UV light under a UV cabinet for 2 hours (1 hour for each side).
UV treatment efficacy was determined through aerobic colony count using Plate Count

Agar (Biolife Italiana, Milano, Italy) incubated at 30°C for 72 hours.

In situ assessment of bactericidal activity

Bovine skin dermis samples were placed into sterile petri dish- es and experimentally
contaminated with Salmonella enterica subsp. enterica serovar Enteritidis WDCM 00030
(Figure 1).

A bacterial suspension of 0.5 McFarland (108 CFU/mL) in 0.9% sterile saline solution
was prepared, and serial decimal dilu- tions were performed to achieve a final
concentration of 5 Log CFU/mL. The suspension was inoculated on the surface of each
sample in an amount as to obtain a final concentration of about 5 Log CFU/20 cm2, evenly
distributed through a disposable L-shape spreader and left for 30 minutes under aseptic
conditions to allow the attachment of bacteria. Samples were then divided into two
experimental groups: a group treated with the polyphenolic extract and a control group.
A solution containing 0.25 g/mL of olive mill wastewater polyphenol extract was
prepared and 0.5 mL was inoc- ulated on the surface of the samples, while for the control
group sterile demineralized water was used. Polyphenolic extract solution and water were
both evenly distributed over the respective samples with disposable L-shape spreaders
and left for 30 minutes under aseptic conditions. Samples were then stored at 4°C and
ana- lyzed after 0, 3, 6, 12, and 24 hours from the treatment. The experiment was repeated
three times and performed in triplicate. The same procedure was adopted to assess the

bactericidal activity of the polyphenolic ectract towards L. monocytogenes WDCM 0021.

In situ assessment of bacteriostatic activity

The evaluation of bacteriostatic activity was conducted similarly to that of bactericidal
activity. In this case, dermis samples were artificially contaminated with a suspension of
S. Enteritidis to obtain a final concentration of about 2 Log CFU/20 cm2. A solution

consisting of 0.125 g/mL of olive mill wastewater polyphenolic extract was set up, and
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0.5 mL was inoculated onto the sample sur- face. Samples were stored at 4°C, and
microbiological analyses were determined after 0, 3, 7, 14, and 21 days from the
treatment. The experiment was repeated three times and performed in triplicate. The same

methodology was used with L. monocytogenes WDCM 0021.

Microbiological analyses

Salmonella spp. enumeration was performed on Chromogenic Salmonella Agar Base with
Salmonella selective supplement (Biolife Italiana, Milano, Italy) and incubated at 37°C
for 18-24 hours, while L. monocytogenes enumeration was determined according to the
ISO 11290-2:2017 (ISO, 2017) procedure, using Agar Listeria according to Ottoviani and
Agosti (ALOA, Biolife Italiana, Milano, Italy) with ALOA Enrichment Supplement and
ALOA selective supplement and incubated at 37°C for 24-48 hours. Counting results

were reported in terms of Log CFU/cm?.

Figure 1. Bovine dermis samples

Statistical analysis

Data were analyzed using the general linear model procedure of SAS (SAS Institute, Inc.,
Cary, NC, USA, 2001) by an analysis of variance (ANOVA), with treatment and time as
fixed effects. Tukey’s test was used to identify the differences in the means and was
deemed significant at p<0.05. The growth parameters of the two pathogens considered
were evaluated using the predictive microbiology software = Combase
(https://browser.combase.cc/DMFit.aspx, accessed on June 2023) with the DMFit tool,
by which parameters such as lag phase duration and maximum growth rate were
determined using Baranyi and Roberts (1994) model. A one-way ANOVA model with
treatment as a fixed effect and Tukey’s test (p<0.05) were used to analyze the fitted data.
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3. Results
Determinations of minimum inhibitory concentra- tion and minimum bactericidal
concentration
MIC and MBC results are shown in Table 1. Salmonella strain isolated from food samples

(wild strain) was more resistant compared to ATCC strains.

Table 1. Minimum inhibitory concentration and minimum bactericidal concentration

against Salmonella Enteritidis and Listeria monocytogenes.

Microorganism MIC (mg/mL) MBC (mg/mL)
Salmonella Enteritidis WDCM 0030 15.6 31.3
Salmonella Enteritidis (Wild strain) 62.5 125
Listeria monocytogenes WDCM 0021 15.6 15.6

MIC, minimum inhibitory concentration, MBC, minimum bactericidal concentration.

Evaluation of the bactericidal activity

Results from the in sifu bactericidal assessment showed no bactericidal action of the
polyphenolic extract against the two pathogens considered in this study. The initial
microbial load of S. Enteritidis was 4.07 Log CFU/cm? and the final load at 24 hours was
3.68 Log CFU/cm? for the control group and 3.98 Log CFU/cm? for the treated group,
with treatment and time factors not statistically significant (p>0.05). Similarly, L.
monocytogenes had an initial microbial concentration of 3.76 Log CFU/cm? and final
values at 24 hours of 4.17 Log CFU/cm? and 3.59 Log CFU/cm? for the control and
treated groups, respectively, with treatment and time factors not statistically significant

(p>0.05).

Evaluation of the bacteriostatic activity

Similar to the assessment of bactericidal activity, the polyphenolic extract did not
determine a bacteriostatic effect against S. Enteritidis. The starting microbial load was
1.22 Log CFU/cm? and the final values at 21 days were 1.29 Log CFU/cm? and 1.46 Log
CFU/cm? for the control and treated groups, respectively, with no significant differences

(p>0.05).
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Regarding L. monocytogenes, the outcomes of the polyphenolic extract’s bacteriostatic
efficacy are illustrated in Figure 2 and Supplementary Table 1.

Statistical analysis showed significant differences between treated and control groups at
3, 7 and 14 days after treatment. More specifically, a difference of 1.19 Log CFU/cm?,
1.25 Log CFU/cm? and 1.31 Log CFU/cm? was observed between the groups at T1, T2,
and T3 days from treatment, respectively. Furthermore, the polyphenolic extract
application allowed a delay in microbial growth, maintaining the same microbial load at
both TO and T1 day from treatment (p<0.05). No significant difference was reported
between the groups at T4.
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Figure 2. Effect of olive mill wastewater polyphenolic extract application against Listeria
monocytogenes (initial inoculums 2 Log CFU/20 c¢cm?). C, control; T, treated with
polyphenolic extract; TO, T1, T2, T3, T4, 0, 3,7, 14, 21 days from treatment, respectively.

Different letters indicate statistically different mean values (p<0.05)

Data regarding L. monocytogenes were analyzed with the ComBase software, and the
resultant estimated growth curves are presented in Figure 3. The DMFit tool was used to
calculate the growth parameters, reported in Table 2. Results showed a significant
difference in the lag phase (K), which was longer in treated samples compared to the
control group. Over time, the growth curves tend to approximate the same microbial load,

although a statistically significant difference was obtained between the final values.
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Figure 2. Estimated growth curves of Listeria monocytogenes using the DMFit tool. C,

control; T, treated with polyphenolic extract.

Table 2. Output parameters estimated by the DMFit program for Listeria monocytogenes
growth rate (initial inoculums 2 Log CFU/ 20cm?).

C T
Initial value (Log CFU/cm?) 1.48 £0.22 1.39+0.17
£ (h) 9.70 £ 15.032 55.57 + 26.65°
w_max (Log CFU/cm?/h) 0.0230 + 0.0046 0.0216 £0.0108
Final value (Log CFU/cm?) 7.26 +£0.25° 6.81£0.272
R? 0.995 £+ 0.002 0.974 £+ 0.003
SE of fit 0.184 +0.023 0.370+0.021

C, control; T, treated with polyphenolic extract; 1 _max, specific maximum growth rate;
£, lag phase; R?, adjusted R-square statistics of the fit; SE, standard error of fit. Different

letters in the same row denote significant differences (p<0.05).

4. Discussion
Results regarding in vitro antibacterial activity against Sa/monella are in line with those
achieved by Liu et al. (2017) using an olive leaf extract, while, concerning L.
monocytogenes, the same authors reported higher values compared to the present study.
Guo et al. (2019) obtained a MIC of 1.25 mg/mL of an olive oil polyphenol extract against

L. monocytogenes and demonstrated the ability of the extract to inhibit microbial growth

117



by reducing intracellular adenosine triphosphate, cell membrane depolarization, protein
and DNA decrease, and cell fluid leakage due to cell morphology destruction.

Regarding Salmonella, our findings differ from those of Guo et al. (2020), who reported
MIC of 0.625 mg/mL of an olive oil polyphenol extract, although it is not feasible to
compare MIC values of different extracts with diverse phenolic compounds and
concentrations. Even though the polyphenolic extract used in this study demonstrated a
bactericidal and bacteriostatic effect in vitro towards the two pathogens considered, this
has not been confirmed in situ.

Regarding S. Enteritidis, the polyphenolic extract did not exert any bactericidal or
bacteriostatic effect in situ. Different authors report an in vitro bactericidal and
bacteriostatic effect of polyphenols from olive mill vegetation water or leaves against
Salmonella, much higher than other foodborne pathogens, including Listeria (Fasolato et
al., 2015; Liu et al., 2017). Furthermore, Salmonella is growing slowly under
refrigeration conditions (4°C) in meat (Pradhan et al, 2012), not allowing a full
evaluation of bacteriostatic effects. Nonetheless, a bacteriostatic effect against S. enterica
was reported for activated coating with tyrosol on sliced tofu, experimentally
contaminated and stored at 10°C, mainly when other antimicrobial substances were added
(bacteriocins and benzoic acid) (Viedma et al., 2016).

Concerning L. monocytogenes, the polyphenolic extract did not allow the death of the
microorganism; however, bacteriostatic activity was detected. As a matter of fact, the
olive mill wastewater extract seems to slow down the growth of L. monocytogenes,
especially in the early stage of growth. The polyphenolic extract concentration used in
this study enabled the delay of microbial growth by about 1 Log CFU/cm? up to 14 days
from treatment. Furthermore, after 21 days from treatment, the treated group achieved the
same Listeria concentration that the control group reached after 14 days.

This study confirmed both in vitro and in sifu that Gram-positive bacteria are more
sensitive to polyphenolic compounds com- pared to Gram-negative bacteria, as widely
highlighted in the literature (Seow et al., 2014; Fasolato et al., 2015; Oulahal and
Degraeve, 2022).

Several compounds, such as weak acids, phenols, and essential oils, have been studied to
evaluate their ability to reduce the microbial load of carcasses (Dakheli, 2020; Gonzalez-

Fandos et al., 2020; Sallam et al., 2020; Kannan et al., 2021; Roila et al., 2022). Due to
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their potential bacteriostatic capacity to slow down and delay the growth of L.
monocytogenes, olive mill wastewater polyphenolic extracts might be applied to
carcasses as a preventive approach to reduce surface contamination and microbial growth.
The use of bioactive compounds such as polyphenols may be considered a valid strategy
to prevent microbial growth on carcasses and could be considered in the HACCP system
and critical control point definition. Furthermore, the use of these substances to prevent
possible microbial development is part of the perspective endorsed by the European
Union due to their bacteriostatic action, which therefore does not disregard the use of

good hygienic slaughtering practices and a proper starting hygienic level of carcasses.

5. Conclusions

Olive mill wastewater polyphenolic extract revealed a bacteriostatic ability against L.
monocytogenes by limiting microbial growth over time under refrigerating conditions.
These findings point out the possible application of polyphenolic extract to delay carcass
surface contamination. In addition, the use of natural extracts derived from food industry
by-products represents a sustainable approach and allows the valorization of waste
materials.

In this study, the polyphenolic extract treatment was ineffective regarding S. Enteritidis,
either a bacteriostatic or bactericidal effect. Nevertheless, further studies are needed to
investigate the efficacy of this by-product against these pathogens, considering different
concentrations of polyphenols. However, studies regarding the application of
polyphenolic extracts to carcass surfaces are needed to assess their effects on quality and

sensory traits.
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Abstract

Solutions of lactic acid 2% and aromatic vinegar were investigated for microbial load
reduction on the surfaces of wild boar carcasses. The animals were hunted and processed
according to production specifications to obtain the best hygiene for carcasses. The
solutions were sprayed on carcass surfaces after skinning, and sites of 5 x 5 cm were
sampled 2 h and 48 h post-treatment, with the carcasses under refrigeration conditions.
The values of the microbial loads were lower for lactic-acid-treated sites, compared with
control, after both 2 and 48 h. Nonetheless, the differences in the microbial loads were
only higher than 1 Log/CFU 25 c¢m? for the aerobic colony count. The aromatic vinegar
resulted in lower values than in controls only after 48 h for the aerobic colony count,
Staphylococcus count, and Lactobacillus count, with values always below 1 Log/CFU 25
cm?. The implementation of a lactic acid solution could represent a valuable strategy to
reduce microbial growth on wild boar carcasses, thus becoming a relevant critical control

point in this peculiar and niche meat production process.

1. Introduction
The European Union policy on meat safety is based on the implementation of good

hygienic practices and the HACCP system to prevent the contamination of meat and,
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therefore, microbial growth. According to EC regulation, indeed, if the procedures during
slaughtering are correctly adopted, the hygienic level of the carcasses would be high, and
there would be no need for decontamination strategies [1].

It is clear that the EU approach, reflected in the regulatory framework, is based on the
prevention of meat contamination limiting further treatments. EC Regulation 853/2004
states that food business operators (FBOs) shall not use any substance other than potable
water on food surfaces and, therefore, also on carcasses [1]. Nonetheless, the European
legislation establishes that post-slaughtering treatments with substances other than water
could be performed only after EU Commission’s specific approval. The use of an
approved substance shall not affect the FBOs’ duty to comply with hygienic production
requirements [1].

In this context, the EFSA indicates that weak acid solutions could be considered for
carcass treatment after slaughter without safety issues for consumers [2,3]. The opinions
about lactic acid solutions specifically referred to bovine [2], pigs [4], and recently also
to goat, sheep, kangaroo, and wild pigs carcasses and meat [5]. The EFSA also
recommends that FBOs should validate the antimicrobial efficacy of such treatments
under their specific processing conditions [6].

Only the use of 2—5% of lactic acid solution sprayed on bovine carcasses was approved
by the Commission, following the EFSA opinion, and is now admitted in Europe [6]. This
treatment is not permitted if it causes irreversible physical modification of the meat as
well as in carcasses with visible fecal contamination. The lactic acid treatment could be,
therefore, considered in the HACCP system as a relevant CCP to be monitored. The
possible use of weak acid solutions in other species is not yet allowed, even if the EFSA
provides a positive opinion on the use of peroxyacetic acids in poultry and red meat [3].
There are no indications and recommendations on hunted game meat so far.

Game meat in industrialized countries is considered a niche production of highly valu-
able food [7,8]. The interest of consumers in this type of meat is debatable: There are
ethical doubts due to hunting practices or meat consumption [9], while there is also
increasing awareness of the nutritional quality of game meat and the sustainability that
characterizes its production, compared with meat from intensively farmed animals [10—
12]. In Europe, the number of some wild species has been rising dramatically in recent

decades due to several anthropic and non-anthropic factors, such as the availability of
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widely abandoned or marginally rural areas; the increase in protected areas lacking in
monitoring and managing invasive species; the introduction of both typical and alien
species for recreational hunting purposes, and other environmental and animal-related
factors [13—17]. The rise in wild populations, in particular large ungulates, is generating
impacts on agronomic, economic, environmental (i.e., biodiversity), and public health
(i.e., the spread of infectious disease) aspects. Wild boar is probably the best example of
this phenomenon in Europe, and it became a relevant issue to be managed by different
proponents (i.e., politicians, hunters, and animal rights activists) [18]. In the Umbria
Region, central Italy, the population of wild boar is enormously increased, with more than
70,000 subjects and over 20,000 hunted animals in 2021, over a surface of 8500 km2 [19].
In this region, hunting is the main strategy for population control, but to date, more than
95% of the meat obtained is intended for self-consumption by hunters and/or partially
directly sold in small quantities to local restaurants. Both these conditions do not provide
the implementation of specific hygienic rules set by EU regulation [1]. This generates
poor attention to meat hygiene and quality and a black market for meat without a
comprehensive control procedure by local authorities. For this reason, there is a strong
interest in creating specific certificated production chains that could increase consumer
demand for high-quality meat, give economic incentives to hunters, and guarantee proper
controls by official authorities during the pre-harvest and post-harvest phases [7]. These
certified chains are fully respondent to EC regulation [1] and are based on specific
procedures designed to obtain good hygienic levels of the carcasses. These procedures
must be implemented by hunters, in the harvest phase; operators of the collection centers
where animals are eviscerated and refrigerated without skinning; and operators of game
meat establishments where wild boars are properly dressed and refrigerated. In these
certified chains, further improvement to wild boar carcass hygiene could be obtained with
the use of weak acid solutions applied by the operators of game meat establishments under
the supervision of competent authorities. No studies are yet available, to the best of our
knowledge, on the use of organic acid on wild-hunted ungulate carcasses in general and
on wild boar in particular.

The aim of this study is to evaluate, in a real production environment, the effects of
spraying selected organic acids solutions on the surfaces of wild boar carcasses. The

hypothesis of this study is that the use of a low dose of weak organic acids will improve

125



the hygienic level of wild boar carcasses, without any irreversible physical modification
of the carcass surface. To comply with the FBOs’ duty in terms of hygienic procedures,
the trial was conducted exclusively on the carcasses obtained under best hunting and post-

harvest management procedures.

2. Materials and methods

2.1 Sampling of the carcasses
Sampling was performed on the external surfaces of wild boar carcasses obtained from
animals hunted with the “still hunting” method [20] during the winter of 2020-2021 and
2021-2022 in the Umbria Region (central Italy). The hunted animals were selected
according to specific pre-harvest and post-harvest procedures to obtain the best hygienic
level of the carcasses. Specifically, the factors considered were animal weight between
45 and 55 kg (non-eviscerated); environmental temperature during hunting below 15 °C;
the absence of rainfall during hunting; shot-to-kill position in head or heart, without
damaging the intestine and the carcass; the time between killing, bleeding, and
evisceration less than 1 h; the time before the refrigeration of the carcasses less than 2 h;
refrigeration temperature in the collection center below 7 °C in the deep muscle; and
maximum 2 days of refrigerated storage under the skin in the collection center. The
carcasses were then transferred under refrigerated conditions to a local slaughterhouse,
which serves as a game meat establishment, for further skinning and storage. A total of
54 carcasses were transferred to the game meat establishment during hunting seasons but
only 10 of them (6 male and 4 female) fitted with all the defined and aforementioned
factors and were, therefore, taken into consideration. After skinning, for each carcass, 6
sites were defined for microbial surface sampling purposes (the lateral part of the thigh,

the flank, and the thorax, on the left and the right sides of the carcasses; Figure 1).
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Figure 1. Sampling areas of wild boar external carcass surfaces sprayed with 2% lactic

acid solution (LA), aromatic vinegar (AV), or untreated (CTR).

These sampling sites were chosen to avoid different levels of contamination, as
preliminary studies proved no difference in their microbial loads (Table S1).

The carcasses were already refrigerated at 7 °C before skinning and maintained at the
same temperature until sampling was performed. Two sites (the lateral surface of the
tights of both the right and left sides of the carcass) were considered as a control (CTR)
and not treated with solutions or sterile water; two sites (the lateral surface of the thorax
of the right side of the carcass) were treated with 2 mL of fine sprayed 2% lactic acid
solution at 15 °C (LA-Todini chemicals, Milan, Italy, pH 2.4); two sites (the lateral
surface of the thorax of the left side of the carcass) were treated with 2 mL fine sprayed
food grade aromatic vinegar at 15 °C (aromatic vinegar GPI 6.2—Lazzari Equipment and
Packaging, Settimo di Pescantina, VR. Italy, characterized by a pH of 6.02, acetic acid
5%, and a total phenolic count of 2.6 mg gallic acid equivalent/mL). Fine spraying was
performed using a one-hand sprayer (hand nebulizer ECON Stocker s.r.l., Lana (BZ),
Italy—1 bar pressure) at 50 cm from the surface. The number of solutions, as well as the

pressure adopted, were not sufficient to define it as a rinse or a wash; for this reason, no
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sprayed sterile water was considered as a control. Other authors adopted the same
approach for control samples when antimicrobial solutions were tested [21].

From each of the sites, 4 sampling areas of 5 x 5 cm were randomly sampled after 2 h
(T2), and 4 other sampling areas of the same dimensions were sampled after 48 h (T48).
The sampling time was chosen to allow for surface drying after the treatment (T2) and
when the carcasses were still available in the game meat establishment (T48), before their
transfer to cutting plants. The total number of samples was, therefore, 240 (10 carcasses,
3 treatments, 4 sampling areas of 25 cm?, 2 sampling times). This sampling protocol was
defined in order to have a high number of samples from a limited number of wild boar
carcasses obtained in the same optimal conditions, as the consistency of pre-harvest and
harvest conditions represents a general problem in game meat sampling [8,13]. After the
first treatments and sampling, the carcasses were kept under refrigerated conditions (7 +
1 °C). The samples were obtained with the wet and dry swab method [22], and both swabs,
belonging to one sampling site, were put in a vial containing 9 mL of sterile solutions
(NaCl 0.9% solution, Oxoid, Basingstoke, UK) and kept under refrigerated conditions

(isothermal box) until microbiological determination.

2.2 Microbiological determination
The samples were, therefore, vortexed, andserial decimal dilutions (NaCl 0.9%
solution—Oxoid) were performed. The dilutions were used for the following
determinations:
e Aecrobic colony count (ACC) [23] on plate count agar (PCA-Bio-RAD
Laboratories, Marnes-la-Coquette, France) aerobically incubated at 30 °C for 48 h;
e Psychotropic colony count (PCC) [24] on PCA (Bio-RAD Laboratories) aerobically
incubated at 7 °C for 10 days;
o Enterobacteriaceae count (EC) [25] on Vilet Red Bile Glucose Agar (VRBGA-Bio-
RAD Laboratories) aerobically incubated at 37 °C for 24 h;
e Staphylococcus spp. count (SC) on Mannitol Salt Agar (MSA-Biolife Italiana s.r.l.,
Milan, Italy) incubated at 37 °C for 48 h;
e Lactobacillus spp. count (LABC) on De Man Rogosa Sharp Agar (MRSA-Oxoid)
anaero- bically incubated at 30 °C for 48 h;
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The colonies were, therefore, counted, and the results were converted into Log colony
forming units (CFUs)/25 cm? When no colonies were counted in the lower dilution
plates, a middle bound level of detection (LOD) approach was used to manage the left
censored data, taking into account the lowest sample dilution (1:10) and the quantity of
the sample (1 mL or 0.1 mL) included or spread onto the plates. In particular, for ACC,
PCC, and Enterobacteriaceae counts, a value of 0.7 Log CFU/25 cm? was assigned for
non- detectable colonies in the sample, while for Staphylococcus and Lactobacillus
counts, 1.7 Log CFU/25 cm? were assigned. Foodborne pathogens were not investigated
because no experimental contamination could be performed in the game meat

establishment.

2.3 Same-different test analysis
To evaluate if the treatments irreversibly affected the surface characteristics, the same 10
carcasses sampled after 24 h underwent visual examination by 8 trained assessors to
confirm if there was a perceivable difference between the treated and untreated surfaces.
Each of the 8 judges performed 4 same—different tests over 10 experimental sessions (1
for each carcass) according to the following scheme: A = control, B = LA, or AV. The
differences between the samples were recorded considering modification of odor,
discoloration, and surface appearance. The same—different test was conducted as follows:
Each assessor was asked to analyze a pair of different square surfaces of the carcass and
was asked to determine if there was a perceptible similarity or difference with the
following sample sequence: <AA>, <BB>, <AB>, and <BA>, in random order. For each
pair of samples, the judges were asked to answer the question if the samples were the
“same” (S) or “different” (D). The same—different test was separately conducted both for

LA and AV treatment versus control.

1.2 Statistical analyses
Data were analyzed using the GLM procedure of SAS [26] to define descriptive statis-
tics (mean and standard errors). Furthermore, the effect of treatment and time on the
different microbial populations considered was determined with an ANOVA model with
treatments (CTR, LA, and AV) and time (T2 and T48) as fixed variables. Post hoc Tukey

tests were, therefore, used to compare the least square means, and the significance was
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set at p < 0.05. For the same—different test performed on the carcasses, an > test was
carried out [27]. A type I error of 5% with a = 0.05 was chosen. The critical value to
define the similarity of the treatment was calculated with chi-squared distribution with a

one-tailed test and one degree of freedom (n 1) and fixed to 3.84.

3. Results

The results of the microbial loads (MLs) are presented in Figure 2.

Some samples had ML values below the LOD, in particular LA samples (Table 1).

Table 1. Number of samples below the limit of detection for the microbial load considered

in treated and untreated surfaces of wild boar carcasses at different storage times.

CTR LA AV

Treatments Negative/Total samples Negative/Total samples Negative/Total samples

T2 T48 T2 T48 T2 T48
ACC 8/40 5/40 15/40 18/40 5/40 6/40
PCC 15/40 19/40 33/40 29/40 26/40 21/40
EC 27/40 29/40 31/40 35/40 33/40 29/40
SC 15/40 14/40 32/40 35/40 25/40 26/40
LABC 17/40 20/40 29/40 34/40 19/40 29/40

ACC = aerobic colony count; PCC = psychrophilic colony count; EC =
Enterobacteriaceae count; SC = Staphylococcus count; LABC = Lactobacillus count; LA
= 2% of lactic acid solution; AV = aromatic vinegar; CTR = control samples; T2 =2 h;

T48 =48 h, SEM = standard error of the mean; negative sample = MLs < LOD.

The ACC counts at T2 reveal lower average values for LA than the other groups, and at
T48 the highest values were detected for CTR, followed by AV and LA samples. The PCC
values were lower for LA than CTR in both of the times considered, without differences
with AV. Regarding EC, the LA group differed from the other two groups both at T2 and
T48. Similar results were detected for SC and LABC, with the main difference between
CTR and LA groups at T2 and CTR and LA and AV at T48. In general, the treatment
effect was always statistically significant, while the time effect was not detected. Only

ACC increased in CTR samples during the storage time.
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Regarding the results of the same—different test, the calculated 7 statistic was below 3.84,

indicating that no significant differences between the compared two surfaces (CTR versus

AV and CTR versus LA, respectively) were recorded by assessors.

Figure 2. Aerobic colony count (A), Enterobacteriaceae count (B), psychotrophic colony

counts (C), Staphylococcus count (D), and Lactobacillus count (E) on external surfaces

of wild boar carcasses sprayed with 2% Lactic acid solution (LA), aromatic vinegar (AV),

and untreated (CTR) after 2 and 48 h from the treatments. Different letters on the bars

describe statistically different mean values (p < 0.05).
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4. Discussion

The effect of lactic acid applied on the surfaces of wild boar carcasses was evident on all
the microbial loads, compared with untreated carcasses. Aromatic vinegar showed less
effective activity because it exerted effects only 48 h after the treatment in some of the
microbial parameters tested (ACC, SC, and LABC).

The results of the activity of lactic acid solutions against the microorganisms that grow
on the carcasses are in line with other authors’ findings, even if several factors of those
studies differ from the present study and, therefore, only an attempt of comparison could
be made: the percentage and temperature of the solution used; the application procedures
of the solution on the carcasses (or on the meat); the time and site of sampling; sampling
methods; the microorganism investigated; experimentally contaminated samples; and
animal species [21,28,29]. Lactic acid is active against microbial loads and specific
populations of both Gram-negative and Gram-positive bacteria, in vitro and on meat
[30,31]. This outcome has been registered also in the present study, where the application
of lactic acid solution affected both EC and SC. The effects of lactic acid on LAB
highlighted in this study depend on the specific LAB population and on different factors,
such as the concentration of lactic acid and the presence of other organic acids. For
instance, Vermuelen et al. (2007) [32] observed higher effects of lactic acid addition to
sauces on L. plantarum than on L. fructivorans, and the growth probability for both strains
is related to the buffering capacity of the media after the treatment (pKa 3.8).

The reduction in the MLs between CTR and LA samples was higher than 1 Log only for
ACC at T48, while it was lower than 1 Log in the other parameters and times tested
(Figure 2). The high hygienic level of the carcasses detected in the present study could
not allow for an evaluation of higher ML reductions. Similar effects on MLs (ACC and
EC) are reported in beef carcasses by Han et al. (2020) [33] with lactic acid solution up
to 4%, even though samples were collected only after 45 min. Nonetheless, there is no
consensus on the microbial quantitative reduction values when lactic acid solutions are
applied on carcass surfaces. A reduction of 1 Log was recorded at 24 h by Rodriguez-
Melcon et al. [34] in ACC and PCC on beef carcasses using from 2% to 5% LA solution.
Reduction values decreased only after 72 h. Moreover, Castiglio et al. [35] reported a
higher efficiency of the treatment on beef carcasses, with a reduction in ACC of up to 3

Log CFU but using a larger amount of a 4% solution of LA (500 mL), while lower effects
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(mainly < 1 Log) were reported for coliforms. Residual growth inhibitions were even
reported by Carpenter et al. [36] that could explain the similar level recorded for MLs at
T2 and T48.

The antimicrobial activity of organic acids can be exerted by different biochemical
pathways, even though the specific mechanisms are still not entirely understood [37].
Many authors indicated that organic acids tend to modify the pH of the surface to an
unacceptable level for most microorganisms [28]. Some studies showed that lactic acid is
more effective than other organic acids probably due to its higher acidity; in fact, it is
documented that acids with lower pH values usually have higher antimicrobial efficacy
[38,39]. Week organic acids have a lower pKa value than the pH of the cell cytoplasm,
and when the undissociated acid enters into the cell and dissociates, with the release of
protons (H+), a consequent reduction in intracellular pH value is produced [33,40]. This
dissociation of the acids also produces and accumulates anions, which determine
homeostatic stress and metabolic perturbation of bacteria [21,39]. Furthermore, organic
acids are hydrophilic, and this trait enhances their antimicrobial activity since bacteria
also tend to suspend in the water phase [41]. Another way to exert the antimicrobial action
of weak acids is the promotion of oxidative stress, which changes and disrupts cell
regulation and produces free radicals, leading to cell death [21,40].

Regarding AV, the effects of acetic or peroxyacetic acid solutions sprayed on beef
carcasses were reported by different authors on ACC, coliforms, and some
staphylococcus strains [33,41,42]. As previously reported, in the present study, the values
of MLs differed between CTR and AV mainly after T48 for some of the parameters
considered. However, when compared with LA at the same sampling time, the AV values
were similar to LA ones only for PCC, SC, and LABC. Sallam et al. [42] recorded
comparable ML values between the carcasses treated with 2% lactic acid solution and 2%
acetic acid solution. The similar values of microbial growth registered at T2 and T48 for
the carcasses treated with AV suggest a bacteriostatic activity of this solution, as already
reported on different bacterial populations in other types of food [43]. Furthermore, the
effect of AV on the microbial population depends not only on organic acids (acetic acid)
but also on polyphenols [44,45]. These latter compounds could affect microbial growth
by increasing the duration of the lag phase (A, h) and decreasing the maximum growth

rate (umax, Log CFU/mL/h) values [46]. Indeed, the antimicrobial activity of
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polyphenols is influenced by the compounds’ structure, their concentration, and how they
enter and modify the bacterial cell membrane [45,47]. The use of organic acids in
decontamination strategies could represent a useful tool to reduce the level of MLs and
also to inhibit several pathogens that could grow on wild boar carcasses [36].

Some authors in the literature assume that acids would have the potential to accelerate the
oxidation of myoglobin and impart acidic odors or flavors to meat, but the literature
abounds with disparity, and this could be attributable to the extent of variability in
treatments [48]. Smulder et al. [48], in agreement with this study, reported that the
decontamination of red meat carcasses with 1% to 2% of lactic or acetic acid had no
impact on the sensory characteristics. The absence of sensory modification on the treated
surface was also attributed to the fact that the lactic acid solution temporarily reduces the
pH of the meat surface. However, due to the buffering capacity of the meat, the pH quickly
returns to near-previous levels [5,49].

Taking into account the definition of CCP as “a step at which control can be applied and
is essential to prevent or eliminate a food safety hazard or reduce it to an acceptable level”
[50], in small slaughterhouses, such as the game handling establishments considered in
trials, there are still controversies on the presence of production steps that would prevent,
eliminate, or reduce the likely occurrence of a biological hazard to an acceptable level
[51,52]. For this reason, the use of 2% LA solution on carcass surfaces should be
considered in game meat establishments, as it could represent the only real CCP in this
certified chain. The validation of this process, according to EC regulations, must be
performed by adopting the aerobic colony count and Enterobacteriaceae count as
microbiological hygiene criteria [53]. Both of these counts were considered in this study
and were reduced by treating carcasses with a 2% LA solution. Furthermore, the positive

effects of LA solutions on food-borne pathogens have already been reported [54,55].

5. Conclusion
The results of the present study suggest that the adoption of LA could be considered a
valuable strategy to improve the hygienic level of carcasses in hunted game meat
production and could represent a suitable candidate for EU Commission approval. By

contrast, AV was proven less effective than LA for carcass treatment.
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The treatment with LA, as well as the other procedures adopted in the present study for

pre-harvest and post-harvest phases, could lay down the basis for the definition and

implementation of wild boar meat certified production chain able to ensure high quality

and good hygienic standards to consumers.

Further studies could investigate their potential use on game meat food-borne pathogens

in situ, as well as the effects on game meat shelf-life.
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Abstract

We studied the efficacy of different formulations of polyphenol extracts (mainly
containing hydroxytyrosol and tyrosol) from olive mill vegetation water on the microflora
on the surfaces of game meat cuts with high or low initial bacterial loads. Meat with a
high microbial load (>5 Log cfu/g; mean value = 6.83 + 0.45 standard deviation) was
immersed for 10 or 60 sec into 25% and 10% solutions of microencapsulated freeze-dried
and non-encapsulated polyphenolic extracts. Aerobic colony, Enterobacteriaceae,
Pseudomonas spp., and lactic acid bacteria counts were determined on treated samples
compared to controls after 7 days of storage (in vacuum-packed conditions at +3 °C).
Significant differences were registered only for aerobic colony count for a 10% liquid
extract treatment (0.64 log reduction). In contrast, the dipping or immersion of game meat
with low initial microbial loads (<5 Log cfu/g; mean value = 3.58 + (.72 standard
deviation) in 10% solutions of the polyphenol extracts effectuated significant reductions
in all bacteria counts (p < 0.002) at 7 and 14 days of storage for different extracts,
independently from the application methods. The use of the extracts to inhibit bacterial

growth in game meat should only be considered if a good hygienic baseline is guaranteed.
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1. Introduction

The interest in natural preservatives in meat and meat product manufacturing has
increased, especially regarding those derived from food industry by-products [1]. Because
of their antioxidant and anti-inflammatory qualities, polyphenols are plant secondary
metabolites that are increasingly being utilized in food, beverages, and innovative
cosmetic formulations [2,3]. They are also employed in nutraceutical supplements [4].
Furthermore, in the last decade, numerous studies have described the effects of
polyphenols obtained from plant extracts on foodborne pathogens and spoilage bacteria
[5-8], both in vitro and in meat models. A few studies have also reported on the
antimicrobial effects of specific polyphenols, preventing bacterial growth when directly
applied to fresh meat or added to minced meat preparations [9,10]. Furthermore, the
synergistic or antagonistic interactions of phenolic compounds with multiple other
chemicals may influence the antibacterial properties of plant extracts [11]. Polyphenols
are also evaluated after being mixed with other molecules or adsorbed onto coating agents
[12,13]. Different polyphenols are present in olive leaves and fruits, and their amounts
change according to geographical localization, cultivar, and season [14,15]. Although the
olive fruit contains a high concentration of phenolic compounds, only 2% of them are
found in the oil phase. The majority are lost in the solid pomace residue (about 45%;
approximately 2—8 g of polyphenols/kg depending on processing) and the aqueous phase
(approximately 53%) [16]. Large amounts of water (0.6—1.3 m3/1000 kg of processed
olives) are added during the widely used three-phase extraction systems’ olive oil
production process [17], which leads to the production of over 30 million m3 of oil mill
vegetation water (OMVW) worldwide [18]. OMVW is a dark, mildly acidic liquid with
high conductivity that is obtained from mechanically processing olives during the
production of olive oil and contains a wide range of polyphenols, such as secroiridoids
(oleuropein), simple phenols (hydroxytyrosol; tyrosol, 4-hydroxyphenyl acetate),
phenolic acids (chlorogenic acid; vanillic acid; caffeic acid; p-coumaric acid; ferulic acid;
and verbascoside), and flavones (luteolin, apigenin), in concentrations of 1-10 g/L [18].
Therefore, it can be used for polyphenol extraction.

Polyphenol extracts from olive mill vegetation water (OMVW) have been investigated
for their potential applications and effects, both in vitro [19,20] and in fresh meats, mainly

in pork sausages and beef patties [19,21-23] but also chicken [24,25]. Despite having the
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same by-product origin, different compounds can be extracted, with potentially different
antioxidant and antimicrobial activities [26]. Recently, specific preparations obtained
from OMVW containing mainly hydroxytyrosol and tyrosol (without secroiridoids) are
available on the market for application in food production. However, to date, no studies
have reported on the antimicrobial effects of such compounds on game meat.

Due to its ability to meet a growing number of demands from conscious consumers,
hunted wild game meat is becoming more and more popular in the last decades. Consumer
requirements include positive nutritional aspects regarding fat and protein content and
quality [27], the careful consideration of consumer health aspects such as the avoidance
of antibiotics and pharmaceuticals [28], and the ethical treatment of animals during the
entire manufacturing process [29]. Indeed, game meat is sourced from animals free to live
in a natural setting, not reared in intensive farming systems, and not subject to the stress
of live transport or slaughtering [27,29]. Nevertheless, some concerns may arise regarding
the hygiene level and safety of game meat [30]. Game meat is peculiar with respect to the
way that it undergoes a different production process and is more prone to microbial
contamination than meat from slaughtered farm animals [31,32]. This may be due to the
mode of killing, i.e., a more or less accurate shot (e.g., involving the rupture of the gut or
the exposure of damaged parts to the environment); an improperly performed in-field
bleeding and evisceration process; delayed evisceration or a late onset of cooling [33—
35]. The level of bacterial contamination is very important for fresh meat as it could affect
its quality. The growth of spoilage microorganisms, together with endogenous enzymes
and oxidation, can degrade various nutrients in meat and generate off-odors and off-
flavors, as well as discoloration and slime, making the meat unfit for human consumption
and generating waste [36]. For these reasons, the chemical antimicrobial treatment of
hunted game carcasses, such as with lactic acid, has been suggested by different authors
to be able to prevent bacterial growth during storage [32,37].

The aim of the study was to define the antimicrobial effect of different formulations of
microencapsulated and non-encapsulated polyphenols obtained from OMVW on fresh
game meat with different levels of contamination. Two series of trials were performed to
assess the effects of the concentration and application method of polyphenolic extracts on

meat hygiene indicators and spoilage microorganisms.
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2. Materials and Methods
Two formulations of food-grade OMVW Polyphenolic Extract (PEs) already available on
the market were considered in the trials. One was not encapsulated (in liquid state, LPE;
Stymonphen liquid, Stymon, Patras, Greece; polyphenol content: 50,000 mg/kg;
hydroxy- tyrosol/tyrosol ratio of 5:1 w/w), and one freeze-dried and encapsulated in
maltodextrins (FPE; Stymonphen W50, Stymon, Patras, Greece; polyphenol content:
50,000 mg/kg; hy- droxytyrosol/tyrosol ratio of 6:1 w/w).
Fresh game meat (mainly from shoulder cuts) from wild boar (Sus scrofa), roe deer
(Capreolus capreolus), and red deer (Cervus elaphus) was obtained from retailers in
Austria.
According to their records, the meat was from free-living wild game originating from
Austria. The meat was kept vacuum-packaged at 3 = 1 °C until the start of the trial. The
muscles were cut into cubes measuring 2.5 x 2.5 x 2.5 cm.
Microbial counts were determined to assess the initial microbial loads. To this end, the
samples were placed in sterile bags, and nine parts of Maximum Recovery Diluent (MRD)
(Oxoid, Basingstoke, UK) were added. Homogenization of the sample was achieved
using a Stomacher-type blender (Interscience, St. Nom, France); subsequently, serial
tenfold dilutions were prepared in MRD. Samples were subjected to the following
analyses: an aerobic colony count (ACC) performed according to ISO 4833-1:2013 [38]
on Plate Count Agar (from Merck, Darmstadt, Germany) incubated for 72 h at 30 -C;
enterobacteriaceae count (ENT) determined according to ISO 21528-2:2017 [39] on
Violet Red Bile Glucose Agar (Merck) incubated for 24 h at 37 °C; Pseudomonas spp.
(PSE) (Glutamate—Starch—Penicillin Agar (Merck) with Penicillin G supplement
(Sandoz, Kundl, Austria) incubated for 72 h at 25 °C; and lactic acid bacteria (LAB) (on
de Man Rogosa Sharpe Agar (Biolife Italiana, Milan, Italy) incubated for 48 h at 37 °C.
The number of colony-forming units (cfu) per gram was converted to Log cfu/g. Two

experiments were conducted.
2.1 Treatment of Game Meat with Initial High Microbial Loads (Experiment 1)

An initial trial was designed to determine the effect of the two different PEs on game meat

with a high ACC load after 7 days of storage under refrigerated conditions.
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The pre-trial microbiological condition (TO) of the meat cubes was determined in 18
samples (6 from wild boar, 6 from red deer, and 6 from roe deer). The average values
were 6.83 Log cfu/g (+0.45 standard deviation—sd) for ACC, 4.48 Log cfu/g (£0.44 sd)
for ENT, 6.66 Log cfu/g (+0.43 sd) for PSE, and 4.44 Log cfu/g (+1.22 sd) for LAB.
The other 45 samples from the same muscles of the same subjects (15 from wild boar, 15
from red deer, and 15 from roe deer) were divided into five groups, with three replicates
each: a control group (C) without any treatment, a group immersed for 1 min in a solution
of 10% LPE (LPE10), a group immersed for 1 min in a solution of 25% LPE (LPE25), a
group immersed for 1 min in a solution of 10% FPE (FPE10), and a group immersed for
1 min in a solution of 25% FPE (FPE25). After treatment, samples were allowed to dry
for 5 min; then, they were vacuum-packaged (PA/PE film, Combivac90; Felzmann, Linz,
Austria), and the packages were stored in refrigerated conditions (3 = 1 °C) for 7 days,
after which period the ACC, ENT, PSE, and LAB were determined as described
previously.

Statistical analyses were performed using GLM SAS (SAS Institute, Cary, NY, USA)
[40]. An ANOVA model was used to evaluate differences between C at TO and T7.
Another ANOVA model included PE formulation (C, LPE, and FPE) and concentration
(10% and 25%) as fixed variables without a time effect, since that was available only for
the C group. Animal species were not considered in the model as previous analyses had
shown that species did not have a statistically significant effect. Tukey’s post hoc test was
performed to evaluate the difference of the means. Statistical significance was established

at p <0.05.

2.2 Treatment of Game Meat with Initial Low Microbial Loads (Experiment 2)

A second trial was designed to determine the effect of application methods of 10%
solutions of the two different PEs on game meat with low ACC load.

The microbial loads of 6 samples of wild boar meat were determined before the treatments
(TO).

A total of 45 samples were obtained from the same muscle, and the samples were
randomly assigned to five groups: a control group (C) to which no treatments were
applied; a group immersed for 1 min in a solution of 10% LPE (LPE I); a group dipped

for 10 s in a solution of 10% LPE (LPE D); a group immersed for 1 min in a solution of
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10% FPE (FPEI); and a group dipped for 10 s in a solution of 10% FPE (FPED). This
trial was replicated three times. The average values of microbial counts at TO (three
replicates) were 3.58 Log cfu/g (+0.72 sd) for ACC, 1.88 Log cfu/g (+0.54 sd) for ENT,
2.20 Log cfu/g (+0.81 sd) for PSE, and 2.54 Log cfu/g (+0.72 sd). No differences were
detected between replicates.

Samples were stored under vacuum under refrigerated conditions (3 + 1 °C) for 7, 14, and
21 after which period, ACC, ENT, PSE and LAB counts were determined.

Statistical analyses were performed using the abovementioned software, and an ANOVA
model was used to evaluate differences between C at TO and T7, T14, and T21 and
between C at TO and PE groups at T7. Furthermore, another ANOVA model was used,
with PE formulation (C, LPE, and FPE), method of application (I and D), and time (7, 14,
and 21 days) serving as fixed variables. Replicates were not included as a factor in the
model as no statistical differences were detected. Post hoc Tukey tests were therefore
performed to evaluate the difference of the mean, and the difference was considered to be

significant when p was <0.05.

3. Results

3.1 Treatment of Game Meat with Initial High Microbial Loads (Experiment 1)
In the C samples with high initial microbial loads, an increase in the ACC, ENT, and LAB
was observed during the 7 days of observation. No difference was detected regarding the
PSE counts.
The results obtained after 7 days of storage are reported in Table 1 for ACC, ENT, PSE,
and LAB. For the ACCs, differences were recorded only between C and LPE10 and were
below 1 Log cfu/g (Table 1). No differences were recorded for ENT, PSE, and LAB with
values over 6 Log cfu/g for PSE and LAB and over 4.5 Log cfu/g for ENT.
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Table 1. Microbial counts (Log cfu/g) of game meat samples from experiment 1 (high

initial ACC loads) after 7 days of storage.

Group ACC ENT PSE LAB
C 7.84b 512 697 7.05
LPE10 720a 484 6.53 6.69
LPE25 7.66ab 491 6.59 6.97
FPE10 7.44ab 477 647  6.60
FPE25 7.73ab 4.65 6.62 695
SEM 0.140  0.199 0.152 0.166
p value PE 0.010  0.568 0.632 0.266
Concentration 0.082 0.573 0.212 0917
PE x Con 0.328  0.250 0.766 0.456

n = 9 per experimental group. ACC = aerobic colony count; ENT = Enterobacteriaceae
count; PSE = Pseudomonas count; LAB = Lactic acid bacteria count; C = control group;
LPE10 = 10% solution of liquid polyphenolic extract; LPE25 = 25% solution of liquid
polyphenolic extract; FPE10 = 10% solution of freeze-dried polyphenolic extract; FPE25
= 25% solution of freeze-dried polyphenolic extract. Different letters in the same column

(a,b) describe difference in the mean values (p < 0.05).

3.2 Treatment of Game Meat with Initial Low Microbial Loads (Experiment 2)

The results regarding the microbial loads of the C samples at TO and T7 reveal an increase
in all the parameters considered except for ENT. Indeed, no differences were recorded
between CO and FPEs and LPEs after 7 days of storage under vacuum-packaged and
refrigerated conditions (Figure 1).

The statistical analyses performed on the microbial loads (Table 2) showed significant
effects of PE application and time on the microbial growth of all the bacteria populations
considered. No significant difference was detected between the average microbial load
values according to the method used for PE application (immersion or dipping), as the p
values were always over 0.05. Time significantly affected the ACC and LAB microbial
loads independently from the PE type and methods used. Regarding ENT, a significant
increase was registered only between the C and FPE I groups, while for PSE, a significant

difference was only detected between the C with the FPE D group (Table 2).
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Figure 1. Difference of microbial loads (mean and standard error) between C samples

before treatment and C, FPE I, FPE D, LPE I, and LPE D after 7 days of storage (Log

cfu/g). Different letters for each microbial count (a,b) describe differences in the mean

values (p <0.05).

Log cfu/g

ACC

mCO mC7 WFPEl WFPED MLPElI MWLPED

ENT

PSE

LAB

Table 2. Microbial loads (Log cfu/g) of game meat samples from experiment 2 (low initial
ACC loads) after 7, 14, and 21 days of storage.

Group Time ACC ENT PSE LAB

C 7 days 4.65 aV 2.56a 329W 418 aW
14 days 6.55bY 3316V 371X 6.07 bX
21 days 7.16 b 533bY 454 6.78b

FPEI 7 days 3.53aVW 147 148V 3.51 aVW
14 days 590bXY 147W 1.65Y 4.96 bXY
21 days 6.41b 293XY 276 6.07b

FPED 7 days 3.27 aW 147 a 1.48aV 321 aVW
14 days 4.75 bX 1.47aW  1.47aY 441bY
21 days 7.23 ¢ 4.19bXY 3.72b 7.04 ¢

LPEI 7 days 2.76 aW 1.99 2.00 VW 237 aVW
14 days 543bXY 1.9VW 2.00XY 4.87bXY
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21 days 6.63b 2.58X 2.58 6.54 ¢

LPED 7 days 2.91 aW 1.99 1.99 VW 2.10aV
14 days 520bXY 2.10VW  1.99XY 4.75bXY
21 days 6.22b 311XY 236 6.15b

SEM 0.411 0.494 0.529 0.451

pvalue PE <0.001 <0.001 <0.001 0.002
Method 0.471 0.160 0.651 0.689
Time <0.001 <0.001 <0.001 <0.001
PE x T 0.238 0.023 0.014 0.203
PE xM 0.946 0.572 0.417 0.588
M xT 0.320 0.151 0.595 0.554
PExTxM 0.160 0.671 0.302 0.346

n =9 per experimental group for each replicate. ACC = aerobic colony count; ENT =
Enterobacteriaceae count; PSE = Pseudomonas count; LAB = lactic acid bacteria count;
C = control group; LPEI = sample immersed for 1 min in a 10% solution of liquid
polyphenolic extract; LPE D = sample dipped for 10 s in a 10% solution of liquid
polyphenolic extract; FPE I = sample immersed for 1 min in a 10% solution of freeze-
dried polyphenolic extract; FPE D = sample dipped for 10 s in a 10% solution of freeze-
dried polyphenolic extract; PE = polyphenolic extract; T = time; M = method of
application of the polyphenolic extract. In each column, different small letters (a,b,c)
within the same group denote statistically significant differences in the mean values
between times of storage (p < 0.05); likewise, different capital letters (V,W,X,Y) indicate
significant differences in the mean values between groups (p < 0.05) for the same storage

time.

The effect of the PEs on the C samples was significant for ACC after 7 days, with the
exception of FPE I, and after 14 days only for FPE D. For ENT, differences were
registered after 14 days between C and FPE I and FPE D and after 21 days between C
and LPE I. The PSE counts were different between C and FPE I and FPE D at 7 and 14
days of observation. The LAB count was higher in C than LPE D after 7 days and in FPE
D after 14 days. No differences were detected at 21 days between the C and PE groups

149



with respect to ACC, PSE, and LAB. ENT at 21 days was lower in the LPE I group than
in the C group.

4. Discussion

The first trial confirmed that game meat can be highly contaminated just after the handling
and butchering processes. In this case, values even higher than 7 log per g or cm? could
be found [33]. The microbial loads in these meats increased under cold- storage
conditions of +3 °C and under vacuum to final concentrations in the same order of
magnitude as in meat cuts with low initial contamination but stored for 21 days.

For meat cuts with high initial bacterial loads, the effect of PEs on the microflora is
limited or absent, even when high concentrations of PEs (25%) are used, and no
decontamination of the meat is observed. Indeed, polyphenols are more likely to exert
bacteriostatic rather than bactericidal effects, reducing the growth of some microbial
populations during storage. The possible mechanisms of action proposed for similar
compounds are the depletion of ATP inside the bacteria due to polyphenols binding ATP
synthetase and altering the microbial metabolism [41]. Furthermore, polyphenols also
cause the depolarization of bacterial cells with cell morphology modification, resulting in
damage to the cell membrane and the leakage of cytoplasm [42,43]. According to other
studies, tyrosol suppresses the activity of cyclooxygenase enzymes, and hydroxytyrosol
can cause protein denaturation [44]. All these mechanisms could be responsible for the
increase in the bacterial lag phase and the reduction in the exponential growth phase (log
phase) detected in different bacterial populations [10,23]. It is possible that when a high
number of bacteria were present in the meat, all the mechanisms that interfere with
bacterial adaptation to the environment could not be overcome. The effectiveness of
compounds with bacteriostatic activity may be restricted in these circumstances.

For an improvement of PE efficacy in food preservation, other possible technologies or
antimicrobial substances could be combined in the food industry (i.e., vacuum packaging,
high-pressure processing, bacteriocins, polysaccharides, and additives) [45—47]. PEs, as
additional hurdles, combined with traditional and innovative preservation technologies
require further investigation with respect to game meat.

When the initial microbial loads were below 4 Log cfu/g, the 10% PE solutions seemed

to affect microbial growth. Indeed, for some of the groups tested, a delay in ACC, PSE,
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and LAB growth was registered after 7 days and remained to some extent until 14 days
(i.e., the ACC in groups C and FPE D). At 21 days, when the microbial load reached high
concentrations, the effects were no longer apparent. Other authors have reported a delay
in microbial growth when OMVW polyphenols were used, but comparing data from the
literature is challenging due to differences in the compounds present in the extracts, their
concentrations and the application method used, and the meat matrix under study (e.g.,
minced meat preparations). The inhibition of bacterial growth was induced by the
incorporation of polyphenol extracts from olive leaves and various by-products from the
olive oil process into raw or cooked ground meats [10,23,48]. Fasolato et al. [24] reported
a reduction in Enterobacteriaceae and Pseudomonas counts in chicken breast fillets
dipped in a crude extract containing a total concentration of phenols of about 22 g/kg,
whose main compounds were oleuropein aglycone, hydroxytyrosol, tyrosol, and
verbascoside.

The results of experiment 2 reveal that a delay in ENT growth was more evident after 14
and 21 days of storage, differing from the results concerning chicken meat reported by
Fasolato et al. [24]. This could be due to differences in the meat considered and the PEs
used, particularly when the extracted compounds exerted synergic effects. This
phenomenon is still under debate. Some authors suggest that antimicrobial in vitro
activity is best assessed by using purified molecules [49,50] with dose-dependent
inhibition effects, also depending on the culture media adopted [51]. Other authors
mention potential synergic effects between phenolic compounds or with other molecules
[41,52], but further studies are needed on raw meat.

Dipping for a short time (10 s), adopted by Fasolato et al. [24], was still sufficient for
achieving bacteriostatic effects, regardless of whether PEs were in liquid or powder form.
Encapsulation in maltodextrin after freeze-drying does not seem to affect the efficacy of
the extract.

The results confirm the possible use of these PEs on game meat to prevent microbial
growth, with a double impact on food sector sustainability, either via reducing food
wastage due to microbial spoilage or due to meat oxidation or via reusing an olive-oil-
by-product, which is an environmental pollutant necessitating specific disposal strategies
[53]. Nonetheless, the relevance of the results should be discussed with respect to other

aspects such as the effects on meat quality and regulatory considerations. Since
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polyphenol extracts are already available on the market as food-grade “flavouring”, their
application, depending on the concentration, should have an impact on the sensorial
characteristics of the products. Furthermore, the antioxidant activity of these compounds
has to be taken into consideration when sensory attributes are investigated since they
could be used to prevent the production of an off-color, -odor, and -taste due to the
oxidation of meat during storage [54]. Other authors reported that acceptable sensory
traits could be obtained by using 7% hydroxytyrosol formulations from OMVW in
chicken frankfurters [55]. No sensory effects were reported for PEs from olive leaves
(100 and 150 pg of phenols/g meat) in raw minced beef [56], and an improvement in the
visual quality of cooked beef burgers was obtained with the use of OMVW PEs (87.5 mg
of phenols/kg of meat) [57]. Furthermore, undesired side-effects of PEs on quality
attributes could be mitigated by incorporating PEs in coating materials [58]. For this
reason, polyphenols from olive byproducts have been used in different types of food
packaging, such as polyethylene terephthalate/polypropylen (PET/PT); chitosan +
glycerol; alginate + gelatin + glycerol; pectin-fish gelatin + glutaraldehyde +glycerol; x-
carrageenan + glycerol; multilayer polyethylene; and polyvinyl alcohol [59]. This is
probably the most promising application of these PEs in the food industry, but it has been
reported at the laboratory scale only, for limited kinds of foods, and not for game meat.

Indeed, a deeper analysis of all the conditions affecting PEs’ efficacy with respect to the
microbial spoilage of game meat, but also the effects on game meat quality attributes, is

still needed.

5. Conclusions
The use of OMVW PE to inhibit bacterial growth in game meat should be considered
only if a good hygienic baseline is guaranteed. When treatment was applied to highly
contaminated meat, no consistent effect was found. This underpins EU considerations,
where the prevention of microbial contamination and growth is of primary importance,
whereas decontaminating treatments are only adjunct measures [60]. When low bacterial
contamination occurred, a beneficial effect was evident in game meat stored under
vacuum and refrigerated conditions. In these circumstances, the use of PEs could be
favorable. Further studies are needed to consider the application of PEs to carcasses after

evisceration, with the skin on (i.e., to treat body cavities), or to freshly exposed meat
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surfaces after the skinning of a carcass as an early-stage treatment with potential
beneficial effects for the meat cuts taken from the so-treated carcasses. In addition, it
would be appropriate to evaluate the effects of treatment on meat quality characteristics,
particularly their antioxidant effect in meats that are more prone to oxidation than those
of other animals. Furthermore, combinations with other preservatives or treatments need

further evaluation.
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Abstract

The significant increase in wild boar population and the associated risks require proper
management and control strategies, which result in a greater availability of wild boar
meat. This study explores the application of a polyphenolic extract from olive mill
vegetation water (PPE) on physico-chemical traits, oxidative stability, and
microbiological quality of wild boar patties during storage. PPE effectively reduced lipid
oxidation, achieving significant antioxidant effects even at concentrations as low as
0.05%, as indicated by Thiobarbituric Acid Reactive Substances (TBARS).
Microbiological analysis revealed a limited reduction in bacterial growth at 2% PPE,
though synergistic effects were observed when combined with sodium chloride (NaCl).
The inclusion of 2% PPE into wild boar burgers led to changes in physico-chemical
properties, such as reduced moisture content and color alterations, though these tended to
diminish during storage and were in a magnitude not noticeable to consumers. These
findings highlight the potential of the olive mill wastewater polyphenoic extract as a
natural preservative, aligning with consumer demand for sustainable and additive-free

food products.
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1. Introduction

In recent years, several countries have been dealing with the exponential increase in wild
ungulate populations, particularly that of wild boar, which is responsible for significant
damages and repercussions in agriculture, society, and public health. It is therefore
essential to carry out a proper management and control strategies to contain these animals,
which will consequently lead to a greater availability of wild boar meat [1]. Wild boar
meat is usually associated with regional culinary traditions of specific territories, although
due to its nutritional value and representing a viable sustainable alternative to intensive
livestock farming, it satisfies the needs and requests of the modern consumer, who is
becoming more conscious of nutritional, environmental, and ethical aspects [2]. Wild boar
meat is characterized by a high nutritional value, with a lower fat content and a better
fatty-acid profile in comparison to pork, with a higher amount of polyunsaturated fatty
acids (PUFA), mostly omega 3, thereby a better polyunsaturated fatty acids/saturated fatty
acids (PUFA/SFA) ratio [3]. Furthermore, consumers’ opinions on game meat are
becoming more positive, especially for its ethical trait, since it is derived from animals
born and lived in their natural wild setting without any pharmacological treatment [2].
Meanwhile, consumers’ demand for food products without any synthetic additives as food
preservatives has promoting interest and research towards natural substances. Food
industry by-products are often rich in bioactive compounds, such as polyphenols, known
for their antioxidant and antibacterial activity, which could be used to enhance food
quality and shelf life, in a circular economy perspective [4,5]. Several authors investigated
the effects of polyphenols applied to meat products to improve quality traits during
storage [6—9]. In particular, the use of polyphenolic extracts could be favourable in
minced meat products, which are particularly prone to oxidation and hygienic issues.
The aim of this study was to explore how the addition of different concentrations of
polyphenolic extract from olive mill vegetation water (OMVW) into wild boar meat
patties would enhance microbiological and chemical shelf life, and how it would

influence physico-chemical traits, such as colour, water activity and texture properties.

2. Material and Methods

2.1 Experiments
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We studied the effect of varying concentrations of a polyphenol extract (PPE) from
OMVW and salt (NaCl) on pH, water activity, colour, microflora and Thiobarbituric-
Acid-Reactive Substances (TBARS) of burger patties made from wild boar meat. The
polyphenol extract was a commercial, food-grade preparation (PPE; Stymonphen W50,
Stymon, Greece, a freeze-dried product with polyphenols encapsulated in maltodextrins;
polyphenol content = 50.000 mg/kg; hydroxytyrosol/tyrosol ratio = 6:1). As regards
TBARS, samples were tested after heating and subsequent cold storage. All tests were
done in triplicate, unless stated otherwise.

In the first set of experiments, we studied proximate composition, water activity and pH
of freshly prepared wild boar meat patties with 0-2 % PPE added. Raw patties were stored
vacuum-packaged for 1 or 3 days at 3 +£ 1 °C, whereafter colour was measured. Then
patties were heated and stored refrigerated for one day. After this period, TBARS were
determined in order to study the course of fat oxidation. Two trials were studied, trial 1
with 0—1-2 % PPE, and trial 2, with 0—0.5-1 and 2 % PPE.

In the second set of experiments (corresponding to trial 3), raw patties were stored
vacuum-packaged for 3 or 5 days, and then subjected to colour measurement and
microbiological examination, in order to establish to what extent the PPE concentration
would retard growth of contaminant bacteria and extend shelf life. Stored raw patties were
subjected to heat treatment and TBARS determination as described for set 1.

The third set of experiments (trial 4) aimed to detect the minimum PPE concentration
exhibiting a statistically significant effect on fat oxidation. For the minimum
concentration with significant antioxidant effect, pH and water activity (aw) were studied.
In the last set of experiments (trial 5), we studied colour, TBARS, pH, aw and the
evolution of the microflora and textural properties (Texture Profile Analysis, TPA) in wild
boar meat patties manufactured with a combination of PPE (0 or 2 %) and sodium chloride

(0 or 1.5 %).

2.2 Sample preparation
We obtained vacuum-packed meat cuts (in packages of 4-5 kg) of wild boar shoulder
from an approved game-handling establishment. Packs arrived within 5 days post cutting
and were used at the day of arrival. Storage was at 0—2 °C. The meat cuts were divided in

appropriate portions (ca. 1.5 kg) per trial. The portions were minced (MaDo Primus,

163



Dornhan, Germany) through a 3 mm plate. Then, a 10 g aliquot was taken for
determination of Total Mesophilic Aerobic Bacteria and Enterobacteriaceae.

A number of trials was performed, see section 2.1. Minced meat was divided into one
control group (pure wild boar meat) and treatment groups (addition of NaCl or/and PPE,
see Table 1). Both control and treatment groups were mixed manually for ca. 3 min and
then, portions of 140 g were formed to burger patties (“Burgerpresse”, Gintersdorfer,
Saxen, Austria).

For storage, raw patties were vacuum-packed in plastic bags (Combivac 90um;
Felzmann, Linz, Austria) and kept in this condition for 1, 3 or 5 days at 3 °C. We also
studied changes in TBARS of such stored patties after heating and subsequent storage for
1 day at 3°C under aerobic conditions, to simulate cold storage of leftover patties to
consume them the next day. Patties were heated to an internal temperature of 75 °C on a
plate grill (Turbo Super Quick Grill II GG; J. Zimmermann, Oberlienz, Austria) and
temperature was measured with a testo 105 thermometer (Testo AG, Titisee-Neustadt,

Germany).

2.3 Analyses

2.3.1 Measurement of pH and water activity
Determination of pH and water activity (aw) were performed as described previously [10].
In brief, three measurements per sample were taken with a penetrating electrode (Testo
205; Testo AG, Titisee-Neustadt, Germany) and with a capacitance sensor device (Lab-
Swift, Novasina, Lachen, Switzerland). Per sample, the average was reported. Water

activity data refer to 22.0 °C. Only non-heated samples were tested.

2.3.2  Colour Measurement
Colour (CIE L*, a*, b*) was measured in non-heated samples after ‘blooming’, i.e.
keeping the meat patties wrapped in one layer of cling foil for 1 h at 3 °C to allow
oxygenation of the haemoglobin. Per sample, measurements were taken on 5 spots and
3—6 patties were tested per treatment condition. We wused a double-beam
spectrophotometer with the following settings: aperture size: 8 mm, illumination: 6500 K

and obverver angle: 10° (Phyma Codec 400, Phyma, GieBhiibl, Austria).
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Delta-E [(AE = (AL*)? + (Aa*)? + (Ab*)*)*3] [11] was calculated to describe the ‘distance’
between two colours. A AE value of 1 is the smallest colour difference distinguishable to
the human eye [12]. In practice, AE <2 is indicative for differences perceivable only for
trained assessors, and consumers would identify a difference in colours when AE exceeds
3 [13], whereas a AE above 5 equals two different colours [14]. Only non-heated samples

were tested.

2.3.3 Texture Measurement
Texture profile analysis was conducted using a CT3 texture analyser, equipped with a 50
N load cell (Ametek Brookfield, Middleboro, USA). From the heated patties, samples
with 30 mm diameter were punched out with a cork borer.
Samples were placed between the plate of the texture analyser and a 36 mm diameter
cylindrical probe. Device settings were: speed 2 mm/sec., 50 % compression, and 2
seconds between the two cycles.
The following parameters were calculated: hardness (N), toughness (mJ), springiness,
chewiness (N). Number of replicates was 4 or 8 (see Tables), and the average + standard

deviation are reported.

2.3.4  Determination of proximate composition and of Thiobarbituric-Acid-Reactive
Substances (TBARS)
Moisture (drying at 102 °C for 3 h), crude protein (nitrogen content as determined by
Kjeldahl method multiplied by 6.25), crude fat (ether extract), ash (wet ashing method)
were determined according to German official methods [15-18]. TBARS were
determined according to Witte, Krause, & Bailey [19].
Reagents were obtained from Merck (Darmstadt, Germany). Analyses were done in

duplicate and the average reported.

2.3.5 Microbiological Analyses
A 10-g aliquot of the sample was placed in sterile bags, and nine parts of Maximum
Recovery Diluent (MRD) (Oxoid, Basingstoke, UK) were added. Homogenisation of the
sample was achieved by a Stomacher-type blender (Interscience, St. Nom, France) and

subsequently, serial tenfold dilutions were prepared in MRD. Samples were subjected to
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the following analyses: Total Mesophilic Aerobic Bacteria (TMAB) (according to ISO
4833-1:2013 [20] on Plate Count Agar, Merck, Darmstadt, Germany; incubated for 72 h
at 30 °C), Enterobacteriaceae count (EB) (according to ISO 21528-2:2017 [21] on Violet
Red Bile Glucose Agar, Merck; incubated for 24 h at 37 °C) and for Pseudomonas (PS)
(GSP agar, Merck; incubated for 72 h at 25 °C) [22]. The number of colony-forming-units

(cfu) per gram was converted to Log cfu/g.

2.4 Statistical Analyses
Depending on the experimental design, T-test (pairwise comparison) or ANOVA (with
PPE or NaCl concentration as independent factors) with Tukey’s post-hoc test to
discriminate among means were used (Statgraphics 3.0, Statgraphics Technologies, The

Plains, USA). Statistical significance was established at p<0.05.

3. Results
3.1 Characteristics of wild boar meat patties with 0.5, 1 and 2 % PPE added, when
stored for 1 or 3 days and then subjected to heat treatment
3.1.1 Proximate composition
Proximate composition of fresh meat patties was studied in trial 2 and results are given
in Table 1. Addition of PPE resulted in a decrease of moisture, with significantly lower
moisture in samples with 2 % PPE. Crude protein, crude fat and ash were not significantly

affected.

Table 1. Proximate composition of raw wild boar meat patties, trial 2, with no or 0.5, 1

and 2 % polyphenol-extract (PPE) added.

PPE (g9/100g) Moisture (g/100g) Crude protein (9/100g) Crude fat (9/100g) Ash (g/100g)

0 72.2°+0.3 214+03 42+03 1.2+£0.2
0.5 72.1°+ 0.3 21.4+0.2 43+0.3 1.2+£0.2
1 71.6°+0.3 21.3+0.2 43%0.2 1.1+£01
2 70.98+0.3 21.0+0.2 42+03 1.2+0.1

Samples were tested after manufacture, before storage. Each value represents the average
of 3 measurements. Within columns, different superscripts indicate statistically

significant differences, p<0.05.
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3.1.2 Colour
Raw patties with 1 and 2 % PPE (trial 1) were tested after 24 h cold storage and
demonstrated somewhat lower lightness (L*), and lower redness (a*) and yellowness (b*)
than the control prepared without addition of PPE (Table 2). A AE >2 was observed only
when 2% PPE had been added. Similar results were obtained when the experiment was
repeated with 0, 0.5, 1 and 2 % PPE (trial 2), see Table 3. In no case, AE was >5. In both
experiments, the colour parameters L*, a* and b* in patties with 2 % PPE were

significantly different from those of controls (p<0.05).

Table 2. Colour of raw wild boar meat patties, trial 2, with no or 2 % polyphenol-extract

(PPE) added, after 24 h storage at 3 °C (vacuum-package).

PPE (9/1009) L* a* b* AE (compared to 0 %)
0 39.24°+377 15.44°+2.00 11.90°+0.94 -
1 38.65°+2.37 15.07°+1.19 11.50°+0.94 0.80
2 37.40°+241 14.14°+1.27 10.522+0.94 2.58

Samples were tested after manufacture, before heating. Each value represents the average
of 20 measurements. Within columns, different superscripts indicate statistically

significant differences, p<0.05.

Table 3. Colour of raw wild boar meat patties, trial 1, with different amounts of

polyphenol-extract (PPE) added, after 24 h storage at 3 °C (vacuum-package).

PPE L* a* b* AE (compared to 0 %)
(9/100g)
0 41.17°+3.11 1419°+156 12.70°+1.43 -
0.5 40.82°+3.36 13.68™+1.46 12.69°+0.88 0.61
1 41.43°+3.64 1290 +1.63 12.11%+1.18 1.45
2 38.00°+2,49 12.782+0.96 11.97*+0.69 3.55

Samples were tested after manufacture, before heating. Each value represents the average
of 20 measurements. Within columns, different superscripts indicate statistically

significant differences, p<0.05.
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3.1.3 pH and water activity
Water activity was 0.97 £ 0.00 in the control group (0 % PPE) and the same results were
found in the group with 2 % PPE added. The pH in the control group (5.45 + 0.02) was
significantly lower than in in the group with 2 % PPE added (5.60 + 0.01), p<0.05.

Measurements were done after 24 h storage at 3 °C (vacuum-package).

3.1.4 TBARS
TBARS were determined in patties after 1 day or 3 days vac.-storage at 3 °C, followed
by heating and subsequent cold storage for 1 day (Tables 4, 5). Addition of 0.5 or more
per cent PPE significantly retarded fat oxidation, as assessed by TBARS.

Table 4. TBARS in wild boar meat patties, batch 1, with 1 or 2 % of polyphenol-extract
(PPE) added.

PPE TBARS TBARS (mg MDA/kg), TBARS (mg MDA/Kg),
(9/100g) (mg 1 day vac.- storage at 3 °C, then 3 days vac.- storage at 3 °C, then
MDA/kQg) heated and stored for 1 day at 3 °C heated and stored for 1 day at 3 °C
0 0.09 £ 0.02 0.78°+0.10 7.65° +0.65
1 Nd 0.112 £ 0.04 0.222+£0.01
2 Nd 0.192+0.05 0.152+ 0.02

Each value represents the average of 3 measurements. Nd = not tested. Within columns,

different superscripts indicate statistically significant differences, p<0.05.

Table 5. TBARS in wild boar meat patties, trial 2, with 0.5 to 2 % of polyphenol-extract
(PPE) added.

PPE TBARS (mg TBARS (mg MDA/kg), TBARS (mg MDA/kg),
(9/1009) MDA/Kg) 1 day vac.- storage at 3 °C, then 3 days vac.- storage at 3 °C, then
heated and stored for 1 day at 3  heated and stored for 1 day at 3 °C
°C
0 0.12+0.04 1.00°+0.16 3.26°+ 0.65
0.5 Nd 0.142 £ 0.02 0.28" +0.02
1 Nd 0.15% £ 0.03 0.14%+ 0.02
2 Nd 0.17% £ 0.05 0.19% £ 0.04

Each value represents the average of 3 measurements. Nd = not tested. Within columns,

different superscripts indicate statistically significant differences, p<0.05.
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3.2 Characteristics of raw wild boar meat patties with 0.5, 1 and 2 % PPE added,
when stored for 3 or 5 days
3.2.1 Colour
Colour data of raw patties stored for 3- or 5-days vacuum-packaged at 3 °C (trial 3) are
shown in Table 6. Samples with PPE demonstrated lower redness (a*) and yellowness
(b*) than the control prepared without addition of PPE. In stored samples, some
statistically significant changes in colour parameters were observed. However, AE values

were consistently below 2.

Table 6. Colour of raw wild boar meat patties (trial 3), with different amounts of

polyphenol-extract (PPE) added, stored for 3 or 5 days vacuum-packaged at 3 °C.

PPE Day 0 Day 3 Day 5
(9/100g
)
L* a* b* AE! L* a* b* AE! L* a* b* AE!
0 415 1459 13.65 42.49> 137 135 428 15.092 14.94b
6+ c+ c+ +191 8+ 0+ 8+ b+ +0.49
2.65 1.15 0.75 156 0.94 3.06 1.19
0.5 41.1 13.08 13.05 1.6 4237° 132 132 05 426 1455 1433% 0.8
5+ b+ b+ 7 +169 9% 7+ 6 6+ +0.69 b+ 5
1.23 0.75 0.56 1.12 0.62 0.97 0.74
1 406 1283 13.18 2.0 42,132 141 136 05 427 15.27° 14522 0.4
9+ b+ b+ 2 b+ 6+ 1+ 3 7+ 091 +069 7
154 0.68 0.65 1.85 146 0.64 1.90
2 409 11.67 1245 3.2 40912 137 133 16 424 1513% 14.032 1.6
1+ at at 0 +2.24 3+ 0+ 0 9+ b+ +0.84 6
1.42 0.61 0.59 0.84 0.65 2.16 0.68

Each value represents the average of 15 (3 patties with 5 measurements each)
measurements. | = compared to the 0 % PPE group. Within columns, different

superscripts indicate statistically significant differences, p<0.05.
3.2.2  Microbiology

Development of the microflora of raw patties stored for 3- or 5-days vacuum-packaged

at 3 °C is shown in Table 7. Generally, samples with 2 % PPE added demonstrated
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significantly (p<0.05) lower numbers of Total Mesophilic Aerobic Bacteria and
Enterobacteriaceae than controls (0 % PPE), but the differences were in the order of
magnitude of merely 0.7 log cycles. Similar results were observed for Pseudomonas in
samples stored 3 days. The results indicate that even an addition of 2 % PPE would have

only limited antimicrobial effects.

Table 7. Microflora of raw wild boar meat patties, trial 3, with different amounts of

polyphenol-extract (PPE) added, stored for 3 for 3 days vacuum-packaged at 3 °C.

PPE TMARB (log cfu/g) Enterobacteriaceae (log Pseudomonas (log cfu/g)
(9/1009) cfu/g)

fresh  3days  5days fresh  3days  5days fresh  3days  5days
vac.- vac.- vac.- vac.- vac.- vac.-

storage, storage, storage, storage, storage, storage,
3°C 3°C 3°C 3°C 3°C 3°C

0 6.12 6.96°+ 7.20°% 291 3.022+ 343+ 320 368°+x 361%
+ 0.09 0.11 + 0.29 0.10 + 0.13 1.56

0.24 0.41 0.35

0.5 Nd 6.46%+ 6912+ Nd 2.64%+ 2.98%+ Nd 3.34%+ 339z
0.42 0.16 0.57 0.19 0.23 1.12

1 Nd 6.45%+ 689+ Nd 2.92%+ 3.06®+ Nd 3.37%+ 361z
0.29 0.15 0.28 1.09 02.0 1.46

2 Nd 6.25%+ 6.78%+ Nd 2302+ 233+ Nd 296+ 318z
0.25 0.11 0.02 0.35 0.42 0.84

Samples were tested after manufacture, before heating. Nd = not determined. Each value
represents the average of 3 measurements. Within columns, different superscripts indicate

statistically significant differences, p<0.05. TMAB = Total Mesophilic Aerobic Bacteria

3.2.3 TBARS
Development of TBARS of raw patties stored for 3 or 5 days vacuum-packaged at 3 °C
is shown in Table 8. Addition of 0.5 or more per cent PPE effectuated a significant

reduction of TBARS, more pronounced in heated-stored samples than in non-heated

samples.

Table 8. TBARS in wild boar meat patties, trial 3, with 0.5 to 2 % of polyphenol-extract
(PPE) added.

PPE TBARS (mg TBARS (mg MDA/kg), TBARS (mg MDA/kg), vac.-storage for
(9/1009) MDA/kg) vac.- storage at 3 °C 3 or 5 days at 3 °C, then heated and
stored for 1 day at 3 °C
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fresh 3 days 5 days 3 days vac. 5 days vac

0 0.10+0.04 0.26° + 0.31° + 2.01°+0.18 1.44°+0.29
0.01 0.02

0.5 Nd 0.22° + 0.29% + 0.57%+ 0.05 0.58%+ 0.05
0.01 0.01

1 Nd 0.22* + 0.27% 0.46%+ 0.09 0.452+0.04
0.01 0.02

2 Nd 0.23*+ 0.25* + 0.58%+ 0.06 0.532+ 0.05
0.01 0.02

Each value represents the average of 3 measurements. Nd = not tested. Within columns,

different superscripts indicate statistically significant differences, p<0.05.

3.3 Assessment of the minimum PPE concentration exhibiting antioxidant effects
Although concentrations of 0.1 % PPE exhibited a statistically significant antioxidant
effect on heated-stored patties (Table 9), a marked reduction was observed when 0.25 or

0.5 % had been added.

Table 9. TBARS in wild boar meat patties, trials 4 & 5, with 0.01 to 2 % of polyphenol-
extract (PPE) added.

TBARS
(mg TBARS (mg MDA/kg), vac.-storage for 3 or 5 days at 3 °C, then heated and stored
MDA/kg) for1dayat3°C
%
PPE Day 0 3 days vac. 5 days vac.
0.083 +
0 0.02 1.82¢+0.18 1.94°+0.16
0.01 Nd 1.64¢+ 0.09 1.65 + 0.07
0.05 Nd 1.20° £ 0.15 1.34% +0.17
0.1 Nd 0.91*+0.12 1.142+0.32
%
PPE Day 0 3 days vac. 5 days vac.
0 Nd 1.31°+0.08 1.26°+0.12
0.1 Nd 0.83°+0.06 0.90°+0.08
0.25 Nd 0.522+0.03 0.64%+ 0.01
0.5 Nd 0.45°+ 0.02 0.56% + 0.02

Each value represents the average of 3 measurements. Nd = not tested. Within columns,

different superscripts indicate statistically significant differences, p<0.05.



For 0.25 % PPE, we studied pH and water activity compared to a control (0 % PPE). The
pH of freshly prepared burgers was 5.45 = 0.03 when no PPE had been added and 5.44 +
0.03 when 0.25 % PPE had been added; corresponding figures for water activity were
0.98 + 0.00 and 0.97 + 0.00, with no statistically significant difference (p > 0.05).

3.4 Characteristics of raw wild boar meat patties with PPE and NaCl added

3.4.1 pH and water activity
Addition of PPE and NaCl effectuated a rise in pH, and lowered the water activity to a
limited extent (0.01 units). Rise in pH was more pronounced (0.15 units) in samples stored

for 3 days, see Table 10.

Table 10. pH and water activity wild boar meat patties, trial 6, with various amounts of

polyphenol-extract (PPE) and NaCl added, vac.-storage for 3 or 5 days at 3 °C.

3 days 5 days
NaCl (g/100g) PPE (g/100g) pH aw pH aw
0 0 545+ 0.02 0.97°+0.01 5.492+0.01 0.97°+0.01
15 0 5.59°+0.01 0.96*+0.01 5.599+0.01 0.96%+0.01
0 2 5.60°+0.01 0.96°+0.01 5.51°+0.02 0.96%+0.01
1.5 2 5.61°+0.01 0.96°+0.01 5.54°+0.01 0.96*+0.01

Each value represents the average of 3 measurements. Within columns, different

superscripts indicate statistically significant differences, p<0.05.

3.4.2 Microbiology
Development of the microflora of raw patties stored for 3- or 5-days vacuum-packaged
at 3 °C is shown in Table 11. Generally, samples with 2 % PPE or 2 % PPE and 1.5 %
NaCl added demonstrated significantly (p<0.05) lower numbers of Total Mesophilic
Aerobic Bacteria, Pseudomonas and Enterobacteriaceae than controls (0 % PPE, 0 %
NaCl), with differences were in the order of magnitude of 1 log cycle in samples stored

for 5 days.
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Table 11. Microbiota in wild boar meat patties, trial 6, with various amounts of

polyphenol-extract (PPE) and NaCl added, vac.-storage for 3 and 5 days at 3 °C.

NaCl PPE

(g/100g) (g/100g) 3 days 5 days

TMAB PS EB
(log (log (log
cfulg) cfu/lg) cfulg)
8.25°+ 453+ 4.02°

TMAB PS EB
(log cfu/g)  (log cfu/g) (log cfu/g)

C 4+ b 4 b4
0 0 7.03°+0.39 4.07°+0.13 3.63°+0.34 012 0.09 0.02
753"  4.28°+ 3.86°t

C 4+ b 4 b4
15 0 7.03:025 407°£0.05 363x010 O U TO0
734> 361°+ 3.42°+

b+ a4+ a+
0 2 666°:051 3647011 333005 0 005 SN
a a4 a4
15 2 6473006 355°%002 310°x022 00 353x 304

+0.07 0.07 0.07

TMAB = Total Mesophilic Aerobic Bacteria, PS = Pseudomonas, EB =
Enterobacteriaceae; each value represents the average of 3 measurements. Within

columns, different superscripts indicate statistically significant differences, p<0.05.

3.4.3 Texture Profyle Analyses
Addition of 1.5 % NaCl effectuated significantly higher results for hardness, toughness
and chewiness, whereas addition of 2 % PPE had no significant effect on textural

properties (Table 12).

Table 12. Textural characteristics of wild boar meat patties, trial 6, with various amounts
of polyphenol-extract (PPE) and NaCl added, vac.-storage for 5 days at 3 °C, then heated
and stored for 1 day at 3 °C.

NaCl (9/100g) PPE (9/100g) Hardness (N) Toughness (mJ) Springiness Chewiness (N)

0 0 99.6°+4.4  350.0°+29.6 0.72%x0.1 37.58+ 3.0
1.5 0 116.3°+ 4.6 547.2°+155  0.9°+0.1 47.3" 3.6
0 2 82.1*+41  329.82+226 0.8*%0.1 30.98+4.8
15 2 131.7°+2.7 688.6°+50.8 0.8°+0.1 50.6° + 2.4

Each value represents the average of 8 measurements. Within columns, different

superscripts indicate statistically significant differences, p<0.05.

4. Discussion
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Our study demonstrated a significant reduction in lipid oxidation in wild boar patties with
the addition of polyphenolic extract, especially at concentrations of 0.25% or higher, as
indicated by reduced TBARS levels. However, even lower concentrations, specifically as
low as 0.05% PPE, also achieved significant reduction in oxidative activity, though not
as pronounced as at higher concentrations. This effect highlights the potent antioxidant
capacity of PPE, which is crucial for extending shelf life and maintaining meat quality.
The reduction in TBARS suggests that PPE efficiently inhibited lipid peroxidation, a
primary factor in the quality deterioration of meat during storage. The polyphenolic
compounds in PPE, particularly hydroxytyrosol, play a significant role in the antioxidant
activity. Hydroxytyrosol and other phenols are known for their ability to scavenge free
radicals, interrupting the oxidative chain reaction that leads to lipid degradation [8,23].
Our findings align with those reported by Roila et al. [24], where beef patties treated with
olive mill wastewater polyphenolic extract showed up to 62% lower TBARS levels over
seven days compared to untreated controls, highlighting the effectiveness of polyphenolic
extracts in reducing lipid oxidation. Furthermore, Martinez-Zamora et al. [25] observed
a similar reduction in lipid oxidation when hydroxytyrosol was applied to lamb patties,
achieving a 35% decrease in oxidation compared to control samples. Moreover, our data
suggest that the antioxidant properties of PPE were effective after heating and subsequent
cold storage, simulating realistic consumption scenarios for processed meat products.
The addition of 2% PPE led to differences in the physicochemical properties of wild boar
patties, particularly a slight reduction in moisture content and colour changes.
Specifically, these changes included decreased lightness, redness, and yellowness in
patties with 2% PPE compared to the control group. These variations were perceptible to
consumers (AE > 3) only on the day of production and after 24 hours of refrigerated
storage. Textural properties were not significantly affected by the addition of 2 % PPE.
Martinez-Zamora et al. [25] also evaluated the effects of polyphenolic extracts in lamb
patties, specifically rosemary extract and hydroxytyrosol extracted from olive tree
vegetation water. They found that these extracts did not affect the chemical composition
of the patties but did result in a reduction in both redness and yellowness indices for up
to three days of storage.

The use of polyphenolic extracts appears to be a promising strategy for the production of

meat products, aiming to reduce lipid oxidation and preserve quality traits. This can be
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achieved either by incorporating polyphenols directly into the product, such as patties, or
by developing packaging materials that contain polyphenols. For instance, Moudache et
al. [26] demonstrated the positive effects of a plastic film material containing olive leaf
extract when applied to fresh minced meat.

Regarding antimicrobial activity, the inclusion of PPE showed a limited effect. The use
of a 2% concentration of PPE in wild boar patties led to a slight reduction in TMAB and
EB compared to the control, observed at both 3 and 5 days of refrigerated storage, while
the reduction of PS was noted only after 3 days of storage. Similar limited antimicrobial
effects of polyphenols were noted in a previous study on game meat by Altissimi et al.
[9], despite variations in concentrations, application methods, and storage times. While
the antimicrobial effects of PPE were modest, this aligns with previous findings indicating
that polyphenols generally exert mild antibacterial activity in beef meat products [24].
Notably, some studies suggest that using different concentrations of polyphenols or
combining them with other natural antimicrobials, such as essential oils or organic acids,
may offer a strategic approach to enhance the antimicrobial efficacy [4,27].

The combination of polyphenolic extract (PPE) with sodium chloride (NaCl) further
improved the microbiological stability of the patties, effectively reducing microbial
spoilage. The higher values for hardness and other textural properties in patties
manufactured with NaCl are in agreement with sensory assessments (“firmness”) of
coarse meat patties manufactured varying amounts of NaCl [28].

NaCl is known to have antimicrobial effects due to osmotic pressure, and its combination
with PPE appears to create a synergistic effect that enhances bacterial inhibition. The
synergistic action of salt and natural antimicrobials has been studied and appears to be a
promising strategy to enhance the preservative effect [29]. This approach allows for a
reduction in the concentration of plant-derived extracts, which at high levels could
negatively affect the sensory characteristics of some products, while also decreasing the
use of salt in certain meat products, thereby ensuring the safety and quality of meat

products [29].
5. Conclusion

The use of polyphenolic extract derived from olive mill vegetation water improved the

oxidative stability of wild boar patties, confirming their potent antioxidant activity even
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at low concentrations. The incorporation of polyphenols in meat appears to be a promising

approach to reduce the use of synthetic additives and extend the shelf life of these

products. However, further research is needed to determine the optimal concentrations or

combinations with other natural substances to enhance the microbiological and physico-

chemical quality effectively.
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Chapter 3 — General conclusions

Wild boars pose a potential risk to both public health and the livestock sector. This
population serves as a reservoir for pathogens, including zoonoses, which can
represent a serious threat to the entire national swine industry. Population control
relies almost exclusively on hunting, and hunting methods significantly affect the
quality of the meat. From a regulatory standpoint, there are notable gaps in the safety
and hygienic criteria for game carcasses and meat, making it difficult to establish
quality standards. These criteria could both ensure consumer safety and support the
development of local supply chains based on high-quality products.

The application of bioactive compounds from agro-industrial by-products to game
meat could improve its quality characteristics, enhancing its value while
simultaneously addressing the issue of managing and reducing the disposal of
potentially polluting by-products.

The studies conducted in this thesis demonstrated that extracts derived from food
industry by-products, particularly those from the olive oil industry, could be
effectively used in the meat production chain as natural preservatives. These extracts
offer a promising alternative to synthetic additives due to their antioxidant and
antimicrobial properties. However, the efficacy of such extracts is strongly
influenced by several factors, including the extraction techniques for bioactive
compounds, the concentration used, the application method, and the type of matrix
on which they are applied.

Polyphenols exhibited highly variable antimicrobial effects. In vitro, they showed
bactericidal activity, whereas their application to meat products generally resulted
in a limited reduction of the growth of some microbial populations, particularly in
meat with a high initial hygienic level.

Polyphenolic extracts from the olive oil industry also proved to be excellent
antioxidants, even at low concentrations. Therefore, they have a significant potential
for a widespread use in the food industry as natural preservatives, aligning with
modern consumer demands and market trends for sustainable solutions.

Further research could explore the application of polyphenolic extracts derived from

the olive oil industry directly on wild boar carcasses. These studies could assess their
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impact on the hygienic quality of the carcasses and, subsequently, on the shelf life
of the meat. If positive effects are observed, these extracts could be further evaluated
and potentially approved for application on carcasses through methods such as spray
treatments or washing. Such applications could help prevent or reduce microbial
contamination effectively.

A deeper understanding of these polyphenolic extracts could also involve
investigating their effects on a broader range of bacterial populations, as well as their
potential activity against specific pathogens such as Hepatitis E virus, Toxoplasma
gondii, and Trichinella.

Beyond their antimicrobial and antioxidant efficacy, the choice of extracts to be
tested is primarily influenced and driven by the availability and accessibility of the
by-products. Indeed, a significant challenge associated with the use of by-products
is their seasonality, as large quantities are typically produced within specific and
limited timeframes. Advanced extraction and stabilization techniques could address
this issue by preserving these by-products and ensuring their availability throughout
the year.

The research activities performed during this doctoral study primarily focused on
the wild boar, as it represents an emerging issue of global concern. However, these
studies should be expanded to include other species of wild ungulates, such as roe
deer, red deer, and fallow deer, to gain a more comprehensive understanding and

address broader challenges in wildlife management and meat production.
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