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ABSTRACT

The alheira is a traditional meat sausage produced in the Portuguese region of Tras-os-
Montes. Lactic Acid Bacteria (LAB) are the dominant microorganisms in alheira and
can endow it with various technological properties. This study aimed: 1) Isolate and
identify LAB from artisanally produced alheiras from the Tras-os-Montes region; 2)
Study their phenotypic characteristics and in vitro antimicrobial activity; and 3)
Differentiate and associate the phenotypic characteristics of the LAB with 16S
ribosomal gene sequencing data. Sixty-two LAB isolates were identified and
Enterococcus (E.) faecium corresponded to 32.3% of isolates, followed by Leuconostoc
(L.) mesenteroides (19.4%) and Latilactobacillus (Lb.) sakei (17.7%), aligning with
previous research on traditional Portuguese fermented meat sausages. The phenotypic
analysis of LAB isolates indicated diverse acidification capacities, proteolytic activities,
and inhibitory effects against foodborne pathogens Listeria (L.) monocytogenes,
Salmonella (S.) Typhimurium and Staphylococcus (S.) aureus. LAB play an essential
role as biological control agents, generating metabolites with antimicrobial properties,
including organic acids, proteases, peptidases and bacteriocins. Overall, lactobacilli
displayed high inhibition activity ((inhibition zone radius higher than 10 mm) against
the pathogens S. aureus, L. monocytogenes and S. Typhimurium. The mechanisms of
pathogenic microorganism inhibition remain to be clarified and will be the subject of
future studies. However, these results reveal the significant diversity of LAB found in
artisanally produced alheiras, as well as their contribution to the microbiological safety

and organoleptic characteristics of alheiras.

Keywords: antimicrobial peptides; meat products; traditional food.
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RESUMO

A alheira é um enchido de carne tradicionalmente produzido na regido portuguesa de
Tras-os-Montes. As bactérias acido-lacticas (LAB) sdo os microrganismos dominantes
na alheira e podem conferir-lhe vérias propriedades tecnoldgicas. O estudo teve como
objetivos: 1) Isolar e identificar LAB de alheiras de fabrico artesanal produzidas na
regido de Tras-os-Montes; 2) Estudar as suas caracteristicas fenotipicas e a sua
atividade antimicrobiana in vitro; e 3) Discriminar e associar as caracteristicas
fenotipicas das LAB com os dados de sequenciacdo do gene ribossomico 16S. Num
total de 62 isolados de LAB, Enterococcus (E.) faecium correspondeu a 32,3% dos
isolados, seguido de Leuconostoc (L.) mesenteroides (19,4%) e Latilactobacillus (Lb.)
sakei (17,7%). O estudo fenotipico evidenciou uma grande variabilidade das LAB na
sua capacidade de acidificagdo, na sua atividade proteolitica e no seu efeito inibitério
contra 0S microrganismos patogénicos de origem alimentar: Listeria (L.)
monocytogenes, Salmonella (S.) Thyphimurium e Staphylococcus (S.) aureus. Em geral,
os lactobacilos apresentaram elevada atividade de inibicdo (raio de inibicdo superior a
10 mm) contra os agentes patogénicos S. aureus, L. monocytogenes e S. Thyphimurium.
Os mecanismos de inibicdo dos microrganismos patogénicos carecem de explicacdo,
pelo que serdo objeto de estudo em trabalhos futuros. Todavia, estes resultados revelam
a grande diversidade de LAB encontradas nas alheiras de fabrico artesanal, bem como a
sua contribuicdo para a seguranca microbioldgica e as caracteristicas organolépticas das
alheiras.

Palavras-chave: péptidos antimicrobianos; produtos a base de carne, alimento
tradicional.
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. General Introduction

1.1 Background

Meat is source of high-quality proteins, minerals and vitamins (Price, 1987). In 2022, a
Portuguese person on average consumed 118.5 kg of total meat, from which 45.2 kg
was from poultry, 42.5 kg from pig and 21.5 kg from cattle meat. The meat
consumption by the Portuguese has increased in over 4.0 kg (Fig. 1) compared to the
years of 2020 and 2021, this rise in consumption reflects evolving dietary preferences
and cultural habits, in which meat remains a significant aspect of the Portuguese diet
(Guiné et al., 2021). Not only that, but it also underscores the importance of ensuring

the safety and quality of meat products to meet the growing demand.

Meat consumption (kg) per capita
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Figure 1. Meat consumption (kg) per capita. Source: Instituto Nacional de Estatistica -
Estatisticas Agricolas (2022).

Artisanal foods from the Mediterranean region play a vital role in the economic and
cultural landscape of rural areas, fostering local commerce, providing employment
opportunities for rural residents, and preserving culinary traditions (Mediterra, 2012). In
2022, meat preservation and the production of meat-based products stood out as the top-
performing sector in the food industry, constituting to 19.3% of total sale gains (INE,

2023). This growth is paralleled by a 1.4% increase in national meat production from

13



2019 to 2022 and a high contribution by the North of Portugal (Fig. 2), from where
73,573 tons of meat was produced in 2022. A substantial portion of this produce —
73,346 tons — was dedicated to sausage production, underscoring the enduring

importance of sausages in local culinary traditions.

Sausages are treasured traditional foods that carry a historical narrative. They symbolize
the resourcefulness of rural communities in sustaining themselves during hash climatic
conditions, particularly winter (Orand-Fehr et. al, 1998). Transforming fresh produce
into long-lasting products (by salting, drying, smoking and cooking) was not just a
matter of practicality but a cultural legacy. The knowledge embedded in this process
contributes to the rich local heritage which results in products with unique flavor and

texture.

The appreciation and promotion of traditional products has become essential for the
development strategies across European rural regions (Germov, 2008). Recognizing the
significance of preserving cultural heritage and fostering economic growth in rural
areas, European authorities have implemented regulations aimed at supporting the
valorization and protection of products originating from regions renowned for their
traditional production methods. These regulations serve as frameworks to ensure the
authenticity, quality, and distinctiveness of these products while also safeguarding the

livelihoods of local producers and communities.

In Europe, traditional, typical and local food products can be recognized by the
community authorities within the framework of quality protection schemes such as
Protected Designation of Origin (PDO) and Protected Geographical Indication (PGI).
Through rigorous certification processes, products that meet specific criteria related to
their origin, production methods, and quality standards are granted PDO or PGI status
(OECD, 2000). This recognition not only enhances the market value of these traditional
products but also provides consumers with assurance regarding their authenticity and
adherence to traditional practices. Additionally, PDO and PGI designations contribute
to the preservation of cultural identity and promote sustainable agricultural practices,

thereby supporting rural economies and fostering pride within local communities.

Furthermore, PDO and PGI labels serve as valuable tools for promoting regional

diversity and enhancing market competitiveness for traditional products. By
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highlighting the unique characteristics and heritage associated with products from
specific geographic areas, these labels facilitate market differentiation and consumer
recognition. Moreover, they create opportunities for rural producers to access new
markets, both domestically and internationally, while maintaining a focus on quality and
tradition (Partarakis & Zabulis, 2023). As a result, PDO and PGI designations not only
contribute to the economic vitality of rural regions but also contribute to the cultural
richness and diversity of European gastronomy.

Total sausage production (t)
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Figure 2. Total sausage production (t) in the North of Portugal for a ten-year period
from 2012 to 2022. Source: Instituto Nacional de Estatistica - Estatisticas Agricolas
(2022).

The resurgence of interest in traditional foods, fueled by a contemporary shift toward
organic choices, has prompted consumers to actively seek meat products possessing
enhanced quality, authenticity, and appealing aromatic attributes, coupled with health-
promoting properties, due to the perception that traditionally crafted products inherently
embody a sense of naturalness and superior quality, contributing to their perceived
legitimacy (Michet, 2015; Trichopoulou et al., 2007).

Concurrently, it is acknowledged that small-scale productions, inherent in the traditional
methods, often deviate from the standardization seen in industrial processes (Pasquali et
al., 2022). This deviation is characterized by a more hands-on approach from staff
personnel, introducing a nuanced challenge in maintaining strict control over production
parameters. Despite this variability, the allure of authenticity and heightened quality
remains a driving force behind the growing preference for traditionally produced meat

products in the evolving landscape of consumer choices.
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Alheira is a traditional fermented meat sausage made in the Portuguese region of Tras-
0s-Montes. The production of alheira sausage uses various meats which are typically
pork and poultry. The final product is a paste that is stuffed in pig/cattle intestinal or
cellulose-based casings. Following casing, the alheira undergoes a cold smoking
process lasting between 2 to 8 days, contributing to its flavor profile while
simultaneously reducing water activity (aw) and adjusting pH levels. (Ferreira et al.,
2006). Subsequently, the sausage is subjected to a drying period lasting 1 to 2 days,
maintained at a relative humidity of 55% to 65%. This drying stage further enhances the
preservation of the sausage while also contributing to its unique texture and taste. The
final composition of alheira comprises a aw ranging from 0.9 to 1.0 and a pH level
approximately between 5.1 to 5.8 (Patarata et al., 2008).

The sausage (latin salsus = meat preserved by salting) preparation is based on seasoned
meat and usually have a tangy flavor with a chewy texture (Marchello & Garden-
Robinson, 2022), which is consequence of the bacterial lactic acid fermentation
performed by lactic acid producing microorganisms that can be added into the meat or
inoculated by chance. This process results in a flavorful sausage with distinct sensory

characteristics, representing a cherished aspect in the alheira.

Recent occurrences of foodborne outbreaks within the European Union (EFSA, 2023)
have been linked to the consumption of contaminated meats and homemade sausages
(Table 1). These outbreaks have been attributed to various pathogens, including
Salmonella (S.) spp. (n = 289), Clostridium (C.) perfringens (n = 102), Staphylococcus
(S.) aureus toxins (n = 34) and Listeria (L.) monocytogenes (n = 17), which are disease-

associated microorganisms.

The consequences of such outbreaks are severe, resulting in a substantial toll on public
health and the economy. Foodborne outbreak incidents have inflicted economic losses,
which solely in the United States was estimated to be up to US$90 billion (EFSA, 2023;
Scharff, 2018).

Normally, alheiras are cooked before consumption by frying, grilling, or boiling.
However, cooking temperatures inside the sausage may not be sufficient to kill all the
pathogens (Ferreira et al., 2006). Studies on the microbiology of alheira have reported

contaminated samples in lots obtained from local producers, that were most commonly
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found positive for S. aureus, Salmonella spp. and L. monocytogenes in concentrations
higher than 100 CFU/g (Albano et al., 2008; Ferreira et al., 2007; Silva et al., 2019).

The presence of disease-causing microorganisms in meat and sausage products
underscores the critical importance of stringent food safety measures throughout the
production and distribution chain. Despite efforts to mitigate risks, the persistence of
pathogens such as Salmonella, C. perfringens, S. aureus, and L. monocytogenes remains
a challenge regarding the safety of meat-based foods. Such challenges require continued
vigilance and investment in preventive strategies to safeguard public health and

minimize economic burdens associated with foodborne illnesses.

Furthermore, the prevalence of foodborne outbreaks linked to contaminated meats is a
stark reminder of the multifaceted impacts of inadequate food safety practices. Beyond
the immediate health risks posed to consumers, these incidents also have broader
societal and economic implications. They result in consumer distrust in food products,
disrupt food supply chains, and impose significant costs on healthcare systems and
industries. Addressing these challenges requires a comprehensive approach that
encompasses robust regulatory frameworks, enhanced surveillance and monitoring
systems, and public education initiatives to promote safe food handling practices and

awareness of foodborne risks (Warmate & Onarinde, 2023).

Table 1. Foodborne outbreaks, human cases, hospitalizations and deaths by
contaminated meat/meat products and by causative agent. Source: EFSA, 2016-2021.

Outbreaks Human Cases Hospitalizations Deaths

Listeria monocytogenes 17 378 256 35
Salmonella spp. 289 4 693 967 4
Staphylococcus aureus 34 381 116 0
Clostridium perfringens 102 3738 24 0

Recently, the sausage’s microbiome has been shown to consist of a complex interaction
between microorganisms, which can create an inhibitory environment (i.e., by the
production of metabolites, changes in pH) for the survival of pathogens and can
promote growth of beneficial bacteria, such as lactic acid bacteria (LAB), by mutual

exchange of nutrients (Taylor et al., 2020).
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Classified as Gram-positive and catalase negative, LAB exhibit diverse morphologies,
appearing as either rod-shaped or cocci-shaped cells. LAB thrive in environments with
low oxygen levels, relying on anaerobic conditions for their growth and metabolic
activities, which is the case in alheira since the closed casing doesn’t allow entrance of
air in the cooked meat/bread/condiments paste and the smoking process contributes to
the formation of an anaerobic environment. Microorganisms isolated from alheira are
mainly LAB (Albano et al., 2008; Ferreira et al., 2007).

LAB are capable of producing antimicrobial metabolites which highlights their
significance in biotechnological applications for food preservation and underscores their
potential as sources of bioactive compounds, including but not limited to organic acids
such as lactic acid and acetic acid, short-chain fatty acids, proteases, peptidases, and
bacteriocins (Ibrahim et al., 2021). LAB are pivotal in various biological processes and
are recognized for their role as biocontrol agents in food preservation. Therefore, the
variability of LAB strains across different fermented products contributes to the
diversity of microorganisms constituting the product's microbiome, emphasizing the
importance of characterizing these microbes for the enhancement of safety and quality

control.
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1.2 Objectives

This study aims to investigate the population of LAB in artisanal alheira produced in

different regions of the North of Portugal by establishing the following objectives:

I. Characterize the physicochemical and microbiological composition of artisanal
alheira sausages by regional producers in the Northeastern Portuguese region of Tras-

0s-Montes.

ii. Screen indigenous LAB by its physicochemical characteristics e.g., acidification
potential, lactic acid production, proteolytic activity, and antimicrobial capacity against
the foodborne pathogens: S. aureus, L. monocytogenes, and S. Typhimurium.

iii. Identify LAB with antimicrobial activity against tested pathogens by 16S ribosomal

gene sequencing.

The ultimate goal is to identify and utilize LAB with strong antimicrobial properties as
biocontrol agents in the production of various types of sausages and potentially other
fermented food products, thereby supporting both artisanal producers and the wider
food industry. By doing so, this study could be further utilized for research aiming to

improve the safety, shelf-life, and overall quality of fermented food products.
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1.3 Outline of the Thesis

The thesis is organized in two chapters. The first chapter consists of a literature review
on the use of bacteriocins, lactic acid bacteria metabolic products, towards the
preservation of meat and meat products and mitigation of foodborne outbreaks. The
second chapter describes the practical work with the alheira sausages; therefore, it
contains the methods, results and main findings of the study.
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. Chapter 1: Biopreservation Strategies
Using Bacteriocins to Control Meat
Spoilage and Foodborne Outbreaks

INTRODUCTION

Meat is source of high-quality proteins, minerals and vitamins (Geiker et al., 2021).
However, it is especially prone to spoilage, as it undergoes microbial (e.g.,
microbiological spoilage), chemical (e.g., autolytic enzymatic reactions), and physical
(e.g., slime and liquid formation) deterioration, in fact, estimates show that as much as
23% of the annual production in the meat sector is lost and wasted (Karwowska et al.,
2021; Luong et al., 2020; Odeyemi et al., 2020).

Research on meat preservation considers not only the extension of the product’s
organoleptic features, but also its microbiological safety (Ec No 2073/2005). In the
domain of biopreservation, natural or controlled microbial communities and their
antibacterial products are used as an approach for controlling microbial growth. An
integral component of the initial microbial community of meat is lactic acid bacteria
(LAB), which rapidly develops under chill stored, post-processed and vacuum
packed/modified atmosphere conditions (Nauman et al., 2022).

LAB are classified as Gram-positive, catalase negative, anaerobic, with a varied
morphology (rods or cocci) and play a crucial role in fermentation. Moreover, LAB can
be used as biocontrol agents by the generation of metabolites with antimicrobial
properties against pathogens including organic acids (e.g., lactic acid, acetic acid),
short-chain fatty acids, proteases/peptidases, and bacteriocins (Ibrahim et al., 2021).
This review highlights the recent advances in the optimization of bacteriocin use,

considering the bacteriocin’s structure, and mode of action. Moreover, the strengths and
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weaknesses of different techniques for bacteriocin screening, including novel
bioengineering methods are described. Finally, we discuss on the advantages and
limitations for different bacteriocins mode of application towards preservation of fresh,
cured and novel meat products.

GENERAL OVERVIEW

Bacteriocins are small peptides synthesized in the ribosome and can be categorized into
four groups, according to their size, structure and function: class | or lantibiotics (<5
kDa), class Il (<10 kDa), class Ill or bacteriolysins/non-lytic (>30 kDa) and class IV
(reclassified as bacteriolysins) (Barcenilla et al., 2023; Simons et al., 2020).

These peptides play a crucial role in the competition for colonization sites and are able
to influence the dynamics of the microbiome (Umu et al., 2017). For instance,
bacteriocinogenic LAB inhibit target bacteria by interacting with the negatively charged
cell membrane, a process mediated by their cationic and amphiphilic motifs
(Heilbronner et al., 2021; Lei et al., 2019).

I. MODE OF ACTION

The bioactivity of bacteriocins can be either of narrow spectrum — if the inhibition is
exclusive to species that are closely related - or broad spectrum, which is the case for
lantibiotics (Woraprayote et al., 2016); in addition to presenting either bacteriostatic
(inhibition) or bactericidal (killing) effects (Negash & Tsehai, 2020).

The general mode of action of these antimicrobial peptides is given by their specialized
functional domains: substrate binding site, translocation and catalytic site (Gillor et al.,
2008). The binding domain attaches to specific receptors on bacterial membranes, the
translocation domain interacts with specific proteins integral to the cell membrane, and
the effector domain executes lethal action: DNA degradation and/or induction of pores

in the membrane (Davidson et al., 2008).
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i. NISIN

Lantibiotics act by blocking lipid Il cycle (Fig. 3), preventing correct cell wall
synthesis, and inducing pore formation by interacting with the outer membrane (Diep et
al., 2009). Nisin (grey) is composed of 34 amino acids and has a positive charge (+4),
which allows it to interact with the anionic lipid Il that constitute the peptidoglycan
layer in the bacterial cell membrane. The peptidoglycan is formed by a chain composed
of N-acetylglucosamine (GIcNAc; green), N-acetyl muramic acid (MurNAc; red), a
pentapeptide (not shown), two pyrophosphate molecules (blue) and a prenyl chain
(black).

The lipid 1l mediated pathway of nisin starts by the recognition of lipid Il MurNAc and
isoprene units. The dehydrobutyrine and alpha-amino butyric acid of nisin then
establish a hydrogen bond with the pyrophosphate molecules of lipid 11. The assembly
of nisin occurs without a canonical secondary structure, where two lanthionine rings
fold to form a cage-like structure with the nisin backbone amides and the lipid II
pyrophosphate, with a molar ratio of 8:4 for nisin and lipid Il, respectively. Finally, the

cage-like structure induces pore formation resulting in disruption of the cell membrane.
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Figure 3. Nisin mode of action, adapted from Hsu et al., 2004.

ii. PEDIOCIN

On the other hand, class Il or non-lantibiotic bacteriocins (Fig. 4), divided into four

subclasses, utilize the mannose phosphotransferase system (Man-PTS) to permeabilize
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the membrane, disrupt proton motive force and deplete ATP pools (Diep et al., 2007).
Class Ilb bacteriocins activity depends on a two-component, alpha and beta subunits,
which folds into alpha-helical structures and insert themselves into target bacterial
membranes to alter their permeability, resulting in ion leakage and cell death (Nissen-
Meyer et al., 2011; Proutiere et al., 2023).

Pediocin PA-1 is composed (Fig. 4) of a hydrophilic and cationic N-terminal (brown)
which consists of three-stranded-beta-sheet (containing the pediocin-box) linked by
disulfide bridges (black). The region between N- and C- terminal is a flexible region
composed of Asp/Asn in the residue 17. The C- terminal is hydrophobic and is
organized in an alpha-helix (blue), coupled with a hairpin-like tail (light pink).

The N-terminal beta-sheet of pediocin PA-1 links with the extracellular man-PTS core
domain (red). Normally, this transporter protein composed by a v-motif (green) and a
core domain (red) switches from position depending on the transport of mannose. The
change in conformation occurs by an elevator movement.

The binding occurs with the effector domain of pediocin PA-1 (pediocin-box and
positively charged Lysn Il and His 12) and the core domain of the man-PTS (Val 7, Cys
9, Cys 14, Tyr 3) establishing a linkage that blocks the elevator movement of man-PTS,
with a molar ratio of pediocin PA-1 and man-PTS at 3:3. The hairpin-like tail of
pediocin makes pi-stacking interactions with Trp 18 (white) of man-PTS and stabilizes

the pediocin-manPTS structure, leading to disruption of the cell membrane (Zhu et al.,

ATLD

Figure 4. Pediocin-PA-1 mode of action, adapted from Zhu et al., 2022.

2022).
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Il.  SCREENING OF BACTERIOCINS

The screening of bacteriocins can be divided into three stages: search for presence of
bacteriocin-encoding genes, evaluation of bacteriocin expression and assessment of the
bacteriocin antimicrobial activity. For cultivable bacteria, the search for a
bacteriocinogenic LAB strain begins with the isolation of autochthonous strains from
the meat matrix. Then, the bacteriocin-encoding genes can be amplified by PCR
(Polymerase Chain Reaction) and their expression evaluated in real time using RT-
gPCR (Real-Time Quantitative PCR). After purification, the bacteriocin’s antimicrobial

activity can be assessed by antagonism tests (Fig. 5) against indicator microorganisms.

-l Agar Well
Agar Spot

- Turbidimetric

[ RT-qPCR

Figure 5. Diagram for different in vitro methods for bacteriocin activity screening from
foodstuffs.

Several methodologies have been used for the in vitro assessment of bacteriocins or
bacteriocin-like substances: agar well diffusion (Bungenstock et al., 2020), agar spot
(Moraes et al., 2010; Selman et al., 2021), turbidimetric (Piazentin et al., 2022; E. Yang
et al., 2018), ELISA (Martinez et al., 2000; Surati, 2020) and RT-gPCR (Balutis, 2014;
Dortu et al., 2009; Wan et al., 2015). Moreover, the bacteriocin does not have an
antimicrobial effect on the producer strain. These mechanisms are constituted of self-
immunity proteins that competitively antagonize the putative bacteriocin receptors by

anchoring the membrane surface (antagonism), being embedded in the membrane
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(repulsion), or producing metalloproteases that degrade the bacteriocin (Bastos et al.,
2015; Deegan et al., 2006).

Culture-based methods towards assessing antimicrobial activity mostly relying on
outdated protocols persist on being the most used (Balouiri et al., 2016), in spite of
recent advancements in genomics, namely the whole genome sequencing (WGS), RNA
sequencing (RNA-seq), and PCR-based techniques. While agar-based tests offer cost-
effectiveness and simplicity, particularly at an initial sample screening, they lack the
depth necessary to fully explore a strain's bacteriocinogenic potential. Moreover,
utilizing different agar-based tests within a single study may introduce intra-study
variability and errors due to differing experimental conditions and subjective
interpretation of results (Hossain, 2024).

In the case of unculturable microbes, the use of metagenomics tools is utilized since it’s
estimated that 99% of microorganisms are not possible to culture in isolation
(Ayrapetyan & Oliver, 2016). The DNA of the food sample is extracted, followed by
library preparation and then sequencing of all of the DNA present in the sample. This
sequencing data enables the visualization of the microbial community composition
within the food matrix, providing insights into the relationship between meat
preservation and 16S rRNA diversity analysis, as the microbiota continually changes
during storage (Dorn-In et. al, 2024).

Shotgun metagenomics enables the discovery of the microbial profile of samples,
allowing for the detection of spoilage and pathogenic organisms, as well as
differentiation at the strain level (Srinivas et al., 2022). This method can be used to
monitor the supply chain for agents of concern, providing valuable insights that
incentivize food manufacturers to invest in preventative control measures (Imanian et

al., 2022).
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The development of new in silico techniques have made it possible to analyze
bacteriocins in a high-throughput manner (Nedyalkova et al., 2024). In contrast with
classical assays for antimicrobial activity determination, the current methods for
predicting bacteriocin gene clusters are high-speed and can be automated. BAGEL is a
web mining tool that uses whole-genome sequence data to analyze the technological
potential of bacterial strains (van Heel et al., 2018).

Mining genomes with automated software (Sowers et al., 2023; Wosinska et al., 2022)
for identification of bacteriocins reveal gene loci that can be functional or not. The data
generated from this type of analysis has the potential to be exploited by bioengineering,
including de novo design of novel bacteriocins (Deo et al., 2022; Kordi et al., 2024).
Recent increase in RNA-seq data, which describes the presence and quantity of RNA in
a biological sample, demonstrates that RNA-seq can be used to follow survival of target
bacteria in the presence of the bacteriocin, by measurement of the expression of genes
in food systems. Moreover, it is useful for analyzing the influence displayed by various
environmental conditions on gene expression and fine-tune them for achieving optimal
conditions (Yang et al., 2024).

Representative genomes on the NCBI platform have been used in comparative
genomics to predict peptide expression and secretion by the bacteria (Marques et al.,
2023). These tools in combination with molecular dynamics analysis allow automated
assessment of the binding mechanism of action performed by bacteriocins (Rodrigues
Blanco et al., 2022; Leslie et al., 2021; Walsh, 2017). The computational tools include
docking software and three-dimensional structure modelling of the putative peptides
(Das et al., 2021; Frederix et al., 2018; Krishnamoorthi et al., 2022; Nain et al., 2020;

Palmer et al., 2021; D. Wang et al., 2023; B. Xin et al., 2020).
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The development of these novel methodologies enables the fast discovery of structural
and functional characteristics of specific amino acid residues, which can be associated
with binding sites in the bacterial membrane (Bindu & Lakshmidevi, 2021; Chen et al.,
2022; Marques et al., 2023; Oftedal, 2023; Shastry et al., 2020). By understanding the
mode of action of bacteriocins, given the varied nature of their structures, strategies to
enhance and potentiate the bacteriocin’s antimicrobial activity can be further developed
(Amarh et al., 2023).

Lantibiotics, for instance, are subjected to post-translational processing, featuring
compact structures with modified amino acids (e.g., lanthionine bridges, beta-
methyllanthionine, and dehydrated amino acids) and thioether ring structures. In the
case of nisin (Fig. 6), its structure comprises a globular chain consisting of lanthionine
and dehydrated serine residues. These elements undergo post-translational
modifications and proteolytic cleavage during the peptide processing phase,
contributing to the unique structure of nisin.

Lactocin S, however, is prone to oxidation due to the sulfide bonds in its alpha and beta
rings which results in its inactivation; therefore, the synthesis of this bacteriocin occurs
under anaerobic conditions, which could be improved by replacement of the sulfide
bonds with hydrocarbon chains in analogs of lactocin S leading to more oxidative

stability (Ross et al., 2012; Tsukano et al., 2024).

Figure 6. The amino acid composition of nisin adapted from Hsu et al., 2004.
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Lantibiotics active site include the amino acids residues such as the catalytic site and the
substrate biding site, with the F(ND)L(DEN)(LVI) motif (Fig. 7) being conserved
across different bacteriocins from this class. There is a gap on the literature on the
correlation between the conserved motifs of bacteriocins and their mode of action
considering their 3D structure and its influence on the bacteriocin’s activity. Figure 7
depicts predicted 3D structures produced by the Alpha Fold algorithm and visualized
with Chimera X (Jumper et al., 2021; Meng et al., 2023; Varadi et al., 2022), N- and C-
terminus indicated in the figure, region highlighted in red indicates the conserved region
FNDLYV, the conserved region of the three peptides appears differently across the space

on the 3D structure format.

A B) (%) -

Figure 7. Lantibiotics three-dimensional primary structures. A) Nisin A (P13068); B)
Nisin Z (P29559); C) Lactocin S (P23826).

Class Ila bacteriocins are characterized by a conserved sequence at the N-terminal
(YGNGV), also known as pediocin-box (Fig. 8), a sequence related to strong anti-
listerial activity first described in pediocin PA-1 (Cui et al., 2012). Class Ilb is
composed of two-short chains. Class llc are circular bacteriocins that lack the leader
peptide sequence and are dependent on the general secretion pathway (sec) for
transportation across the cytoplasmic membrane (Choi et al., 2023; Perez et al., 2014).
Class 11d bacteriocins are typically constituted of NGY residues at the N- terminus and
central YXVTK motifs (Yoo et al., 2023); this class covers the remaining single-peptide

and non-pediocin-like bacteriocins (Iwatani et al., 2011).
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Class Il (pediocin-like) suffers cleavage of a leader peptide (Fig. 8) in the N- terminus
in order to turn into a mature bacteriocin, which can be seen from the representation of
class lla bacteriocins isolated from meat aligned by the CLUSTAL W algorithm (Drider
et al., 2006; Lee & Kim, 2011; Thompson et al., 1994). Sequences were fetched from
UniProt. The pediocin-box is highlighted in a black square, hydrophobic (blue), positive
charge (red), polar (green) glycine (orange), prolines (yellow), aromatic (cyan) residues.
Three-dimensional primary structures of Class Ila bacteriocins (Fig. 9), generated using
the Alpha Fold algorithm and visualized with Chimera X shows that the conserved
region YGNGV exhibits distinct spatial arrangements within the 3D structures of the
different Class lla bacteriocins. This variation suggests that although the sequence is
conserved, the spatial positioning and orientation of this region can differ significantly
from one peptide to another (Fig. 9). Such differences in the three-dimensional
conformation could influence how these bacteriocins interact with their target receptors,
potentially affecting their antimicrobial activity and specificity (Jumper et al., 2021;

Meng et al., 2023; Varadi et al., 2022) .

MNNVEE BSIKEMQQVTGGDQMSDG VNIYBIKE|S SLSKGOAKEGLG IVOGLATIPSGPLG WLAG AAGVINSCME
MESVKE LNKKEMQQINGGA I S|[Y@NGB[VYCNE EKEWVNKAENK QAITGIVIGG WASSLAGMGH
MNSVEKE LENVEEMEOLHGG VNIYGNGIVSCSK TECSVNWGOAFOERYTAGINSFVSGVASGAGSIGRRP
MEHLEK I BSIKETQLIYGGTTH SCGEY[Y@NBlvYCTK NEETVDWAKATTCIAGMSIGGFLGG AIPG KC
MMNMKPTESYEQLDNSALEQVVGG KY[Y@NGIVHCTK SGESVNWGEAF SAGVHRLANG GNGFW
MKK1EK LTEKEMANIIG GKY[YGNGIVTCGK HSCSVDWGKATTCIINNGAMAWATG GHQGNHEC
METVEKE LSVEEMQLTTG GEY[YGNGIVSCNK NGCTVDWSKAIGIIGNNAAANLTTG GAAGWNEG
MNNVKE LSMTELQTITGGA RS[Y@NB|VYCNN KECWVNRGEAT QSIIGOGMISG WASGLAGM
MENAKS ETIQEMKESITGG EY[YGNBIVSCNS HGESVNWGQAW TCGVNHLANG GHGVC
MEKF 1 E ESLKEVTAILITG GKY[YGNGVHCGK HSCTVDWGTAIGNIGNNAAANWATG GNAGWNE
Leader peptide sequence Mature peptide
Conservation I l ! I
+6:2:34633T T V= werosie ®59 T &30 1 T R gz ST

Quality

i e e s wil_al n e il Bl wn

Consensus
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Figure 8. Representation of class Ila bacteriocins isolated from meat aligned by the
CLUSTAL W algorithm and visualized in Jalview (Waterhouse et al., 2009).
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Figure 9. Three-dimensional primary structures of Class Ila bacteriocins. A) Pediocin
PA-1 (P29430); B) Divergicin 750 (Q46597); C) Carnobacteriocin A (P38578).

Bacteriocins exhibit robust resistance to high temperatures and low pH due to their
specific amino acid composition, a high number of disulfide bridges, and ion pairs
(Szilagyi & Zavodszky, 2000). The solubility of these peptides increases at low pH due
to a net charge change that facilitates greater diffusion through bacterial membranes
(Yu et al.,, 2023). Lantibiotics, in particular, demonstrate strong resistance under
extreme conditions. Additionally, owing to their proteinaceous nature, bacteriocins are
susceptible to proteolytic enzymes—such as pancreatin complex, trypsin, and
chymotrypsin—found in the gastrointestinal tract (Aljohani et al., 2023). The
characteristic nature of bacteriocins can be determined by testing their sensitivity to an
array of proteolytic enzymes, producing a pattern of protease sensitivity (Bromberg et
al., 2004).

WGS has made it possible to identify conserved open reading frames and understand
the organization of gene loci encoding the bacteriocin and its immunity genes, in

addition, it allowed to predict the promoter and terminator sequence of the peptide from
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the DNA data by predicting the RNA-polymerase biding motif, which can be useful for
improving expression of bacteriocin encoding genes (Ruiz Puentes et al., 2022).
Promotion of bacteriocin synthesis can be obtained by constitutive expression of genes
or by regulating gene expression as a response to the metabolite production from
competing strains (Ng & Bassler, 2009; Gonzalez & Keshavan, 2006). The bacteriocin
synthesis gene clusters have been found to be located in the chromosome and in mobile
elements such as plasmids and/or transposons (Achemchem et al., 2005; Lahiri et al.,
2022). These clusters encode genes for the expression of the bacteriocin itself, enzymes,
self-immunity regulators of bacteriocin production and are organized in operons and/or
regulons that undergo rapid evolution and are susceptible to high rates of horizontal
transfer and spontaneous loss (Almeida-Santos et al., 2021; Mgrtvedt & Nes, 1990;
Noda et al., 2018).

A series of databases have been developed specifically for information on bacteriocins,

for instance, the open-access database BACTIBASE (http://bactibase.hammamilab.org)

with information on bacteriocins based on published literature extracted from PubMed
(Hammami et al., 2010). LABiocin (https:/labiocin.univ-lille.fr/) a database of LAB
bacteriocins containing 517 entries extracted from literature searches on Scopus,
PubMed/Medline and ScienceDirect with articles published up until 2017 (Kassaa et al.,
2019). These databases provide valuable information on structure, amino acid sequence,
gene sequence, purification, and physicochemical characteristics of bacteriocins;
homology search is an additional feature comprised in these databases which allow for
sequence alignment using algorithms such as BLAST (McGinnis & Madden, 2004).

MEAT APPLICATION
Gram-positive bacteria, particularly LAB, are the most studied source of bacteriocins

from the meat environment (da Costa et al., 2019). The bacteriocins isolated from LAB

in meat and meat products belong to different species, for instance, Lactobacillus sakei
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from vacuum-packed lamb meat (Holck et al., 1994), Carnobacterium piscicola from
spoiled meat (Jack et al., 1994), Leuconostoc gelidum from processed packaged meat
(Hastings et al., 1991), Leuconostoc carnosum from packaged meat (Raimondi et al.,
2021), Enterococcus faecium from dry fermented sausages (Casaus, et al., 1997),
Carnobacterium divergens from vacuum-packed meat (Zhang et al.,, 2019) and
Carnobacterium maltaromicus from vacuum-packed chilled meat (Quadri et al., 1994).
In the last 30 years, bacteriocins have been screened and applied in meat for controlling
microbial decay and spoilage, acting as natural inhibitors and extending the shelf life of
meat products (da Costa et al., 2019). However, there are still challenges associated
with this approach, including the variability in peptide function depending on the nature
of the meat matrix — especially in more fibrous matrices, effective inhibition of target
microorganisms, resistance development and compatibility with surrounding LAB
(Sionek et al., 2024).

Regarding the nature of the meat matrix, challenges arise when applying bacteriocins in
meat products primarily due to the hydrophobic nature of the meat and its instability at
neutral pH, its interaction with phospholipids derived from meat products and other
emulsifiers make it difficult to distribute and solubilize the bacteriocin at pH values
higher than 6.0. For instance, in fresh meat, three glutathione molecules are able to
conjugate with one nisin molecule resulting in activity loss. However, it is possible to
regulate the amount of free sulfhydryl groups present in the matrix, such as with the
process of cooking the meat which reduces the free sulfhydryl groups and prevents the
formation of the nisin-glutathione complex (Rose et al., 2002).

Strains resistant to a specific class of bacteriocins express immunity genes that confer

protection against antimicrobial peptides from different classes, for instance, nisin
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resistant strain of L. monocytogenes has been reported to show cross resistance to
pediocin PA-1 and leuconocin S (Crandall & Montville, 1998; Darbandi et al., 2021).
To overcome the resistance development related to bacteriocins in food systems, it is
advisable to apply a combined strategy of peptides in multi-hurdle strategies, for
instance, in combination with additives, pH and atmosphere control, recipe
modifications with spices and condiments, natural extracts and essential oils as
ingredients (Kaur et al., 2013; Soltani et al., 2021).

When classifying bacteriocins isolated from fresh and processed meat products, two
main classes based on biochemical structure emerge: lantibiotics and pediocin-like
peptides (Woraprayote et al.,, 2016). There are different methods regarding their
practical application as biocontrol agents (Fig. 10) and each come with their set of
advantages and disadvantages; for instance, crude preparations are tasteless, colorless
and odorless, however, their activity may be limited by a narrow spectrum reach,
limited diffusion in solid matrices, and cross-resistance generation (Morata, 2015; Urso
et al., 2006). In the section below, we describe the types of bacteriocin application

regarding meat preservation.
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Figure 10. Diagram of lactic acid bacteria biofilm and bacteriocin for different kinds of
applications in processing and conservation of meat and meat products.

i. MIXED STARTERS

The use of LAB as an inoculum is the most commonly used mode of application for
preservation of foodstuffs. For meat preservation, bacteriocins can be applied as an
inoculum of pure or mixed cultures (Baillo et al.,, 2023), as a crude bacteriocin
preparation (Xin et al., 2023) and as a purified or semi-purified formulation (da Costa et
al., 2019).

A selection of two autochthonous LAB strains (6.3 log CFU/g) isolated from
spontaneously fermented Spanish sausages (salchich6n) — Lactiplantibacillus
paraplantarum BPF2 (producer of leucocin K) and P. acidilactici ST6 (producer of
pediocin PA-1) were used as starter and reduced levels of rancidity in aroma and taste
and improved the intensity and the persistence of the sausage’s characteristic flavor
(Garcia-L6pez, Barbieri, et al., 2023).

Commercial bacteriocin products such as Nisaplin© (Aplin and Barrett Ltd.) and
Bactoferm© (Chr. Hansen AS) often consist of a mixture of crude preparations and

organic acids in bioactive powder form. These products offer a mix of lyophilized
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starters for use in meat processing industries, such as for the production of salami,
pepperoni, dry and cured meats, which are frequently used combined in multi-hurdle
strategies with curing, drying and smoking preservative methods (Soltani et al., 2021).
Traditional Iberian cold-smoked fermented sausages underwent testing to assess the
antilisterial effect of Bactoferm F-LC©. While Bactoferm F-LCO exhibited
bacteriostatic activity at 10°C, L. sakei CTC494 showed a more pronounced and rapid
inhibition of Listeria. This resulted in a significant reduction of the pathogen by 2 log
counts (Ortiz et al., 2014).
The application of mixed starters is beneficial because it combines strains that shorten
fermentation time with those that enhance the meat's organoleptic properties.
Additionally, strains that produce antimicrobial metabolites can be included to combat
hazardous and pathogenic bacteria, thereby increasing the food's microbial shelf life.
However, compatibility between strains remains a significant issue, as the antimicrobial
metabolites produced by biocontrol strains can be detrimental to the survival of strains
promoting fermentation. Therefore, the choice of strains must consider their
competitiveness with surrounding bacteria, the expression levels of bacteriocin
synthesis, and their compatibility with the fermenting culture (Zacharof & Lovitt,
2012).

ii. PURE CULTURE
A novel multi-hurdle strategy was developed to extend the shelf life of the Portuguese
fermented sausage alheira, combining mild high-pressure processing (300 MPa, 5 min
at 10 °C), 0.1% (v/w) Pediococcus acidilactici (producer of pediocin PA-1), and 0.1%
(v/w) phage Listex. This approach displayed no significant differences in color, texture
or lipid peroxidation between unprocessed and minimally processed samples (Komora

et al.,, 2023). In this study, homogenization was manually performed by gently
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massaging the sample for approximately 3 minutes, which did not impact the texture.
Although the acidifying capacity of LAB can increase the firmness of sausages, the
selected LAB in this case was not a strong acidifier, which may explain why the texture
remained unchanged.

In contrast, The E. lactis Q1, producer of enterocin P, added as a pure culture (10’
CFU/g) on raw beef reduced L. monocytogenes counts by 6 log units after one week of
cold storage and improved the sensorial characteristics such as color, odor and
appearance, especially since Enterococci are good acidifiers, particularly in meat
products (Ben Braiek et al., 2020). When comparing mixed and pure cultures, mixed
cultures offer greater advantages due to their diverse LAB, which can be fine-tuned for
better product quality. Moreover, while pure LAB cultures are effective in reducing
pathogen growth in meats, their efficacy is enhanced when used alongside other hurdle
strategies.

iii. CRUDE PREPARATION

The application of the peptide (1,280 AU/g) onto the surface of ham resulted in a 1.74
log reduction of L. monocytogenes counts (p<0.05); therefore, potentially increasing the
ham shelf life to one month in refrigerated storage (4 °C). Incorporating the peptide in
the meat paste produced an inhibition of background spoilage bacteria resulting in
significantly lower counts (p<0.01). However, L. monocytogenes strains were reported
to develop resistance to plantaricin UG1 in subsequent generations (Enan, 2006).

A combination of lactocin and high hydrostatic pressure treatments increased L.
monocytogenes cell death in chilled vacuum-packed pork loin slices (Dallagnol et al.,
2017) by a 6 log CFU/g reduction. By applying 200 AU/mL of the pure
bacteriocinogenic culture in the salami batter, L. monocytogenes was reduced by 2 log

CFU/g (de Souza Barbosa et al., 2015).
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Pediocin PA-1 reduced the counts of L. monocytogenes inoculated in raw chicken meat
from 5 log CFU/g to 3.8 log CFU/g when stored at 4 °C for one month, however re-
growth was observed after this period, which could be due to the actions of proteases
derived from the meat (Kiran & Osmanagaoglu, 2014).

Choosing between a pure culture of bacteriocin-producing bacteria and a crude
bacteriocin preparation involves a nuanced assessment of their respective advantages
and disadvantages. A pure culture offers the benefit of continuous bacteriocin
production, potentially increasing antimicrobial activity over time and reducing initial
preparation costs. However, using live bacteria can lead to compatibility issues, where
different strains may inhibit each other’s growth and compete for nutrients, resulting in
inconsistent efficacy. Additionally, regulatory concerns arise with live cultures,
particularly in food applications, due to potential health risks and spoilage.

In contrast, a crude bacteriocin preparation provides predictable and controlled
antimicrobial effects, as the activity of the bacteriocins is well-characterized and
targeted against specific bacteria. This method bypasses compatibility issues and is
generally more acceptable from a regulatory perspective. However, the process of
purifying bacteriocins is labor-intensive and costly, with challenges in achieving
effective concentrations across different food matrices and target microorganisms.
Moreover, maintaining the stability of crude bacteriocin preparations requires careful
handling and storage. Ultimately, the choice depends on the specific application,
balancing cost, regulatory considerations, and the need for precise antimicrobial
activity.

iv. ENCAPSULATION

Challenges with the bacteriocin adsorption in the matrix can be addressed by using

immobilized preparations, such as encapsulation on gel coatings, films, silica particles,
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or liposomes (Galvez et al., 2007). Encapsulation of bacteriocins involves incorporating
these antimicrobial peptides into a protective matrix or carrier to enhance their stability,
control their release, and improve their effectiveness in various applications.

The application of encapsulated bacteriocins combined with citrus extract, and thyme
essential oil led to a synergistic antimicrobial activity for meatballs protection against L.
monocytogenes and all tested LAB; however, there was no effect observed on the
inhibition of S. Typhimurium (Sarmast et al., 2023). Moreover, the anti-listerial activity
of cell-adsorbed bacteriocins combined with oregano essential oil had a synergistic
effect on the reduction of L. monocytogenes counts and delayed the growth rebound by
two weeks in pork meat during storage at 4 °C (Ghalfi et al., 2007).

Smart packaging represents an advanced approach to packaging design, integrating
technology to augment the functionality, safety, and user experience of packaged
products. A recent advancement in this domain is the incorporation of bacteriocins into
packaging materials, utilizing natural antimicrobial agents to enhance food safety and
preservation. Typically, this method employs crude bacteriocin preparations rather than
inoculum. Nevertheless, significant gaps remain in the current field, particularly
concerning the varying characteristics of different matrices for the establishment of
effective smart packaging solutions.

e EDIBLE FILMS

For instance, whey protein-based edible films, enriched with the cell-free supernatant of
Lactobacillus sakei strains were applied in beef, resulting in a decrease from 3.5 log +
0.2 CFU/g to 0.3 £ 0.1 log CFU/g of Escherichia coli counts after 36 h of refrigerated
storage. Moreover, sensory evaluation of grilled beef wrapped with the antimicrobial
films demonstrated no significant differences in flavor and color as assessed by the

panelists, the overall acceptability was high (Beristain-Bauza et al., 2017).
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e POLYTHYLENE-BASED FILMS

A plantaricin solution applied in an active package made with polyvinylidene chloride
film in pork fresh meat inhibited L. monocytogenes growth by 1.4 log CFU/g after 7
days of cold storage (Xie et al., 2018). Plantaricin BM-1 solution was used to soak
polyethylene-based films applied in meat artificially inoculated with L. monocytogenes
and exerted antimicrobial activity that inhibited the pathogen growth during storage for
120 days at 25°C (Zhang et al., 2017).

Curvaticin 32Y produced by L. curvatus 32Y isolated from dry sausages has been
shown to reduce viable counts of L. monocytogenes by 1 log when applied in a
polythene film by soaking, spray-coating as a preservative for artificially inoculated
pork steaks (Mauriello et al., 2004). Moreover, in bioactive packaging made of sawdust
particles and poly lactic acid biocomposite film, the adsorption of pediocin PA1-AcH
enhanced raw sliced pork meat protection against L. monocytogenes, with counts
reduced by ~ 2 log units after storage at 4°C for 14 days (Woraprayote et al., 2013).

e CELLOPHANE COATING

Nisin has been shown to have greater antimicrobial potential in meat preparation when
used in combination with organic acids and salts; for instance, nisin reduced the total
aerobic bacteria counts in 0.1 log CFU/g from veal meats when applied in a cellophane
coating packaging and extended the shelf life of chopped meat under refrigerated
storage (Guerra et al., 2005).

e ALGINATE MATRIX

As a component in antimicrobial packaging, nisin had an inhibitory effect against
microbial decay and extended the shelf life of refrigerated chicken meat up to 15 days

more than the control when applied incorporated in an alginate matrix (Carrion et al.,
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2023). A packaging composed of alginate films and containing immobilized viable
enterocin-producing E. faecium Smr18 reduced S. Typhimurium counts by 3 log CFU/g
in chicken meat after 34 days at cold storage (Rashid et al., 2023).

CULTIVATED MEAT

Meat grown from animal cells in a laboratory setting is called ‘cultivated meat” (CM).
CM appears as a new solution to several safety issues with livestock farming such as the
zoonotic transfer of viruses and infection through human consumption (Ramani et al.,
2021). The development of CM is dependent on the retrieval of animal cells by biopsy,
creation of a bank of cells, growth and differentiation by reprogramming stem cells into
skeletal muscle cells, harvesting the cells and processing them into tissues.

CM meat can become contaminated by bacteria, fungi and viruses, which is managed by
the addition of antibiotics during cell growth, as well as by the addition of
cryoprotectants during cell storage. Moreover, risk for contamination during further
downstream processing is expected to be similar as in case of traditional meat products
(Broucke et al., 2023).

CM production systems are considered to be more sustainable and safer in comparison
to the conventional meat production systems, but it may have a completely different risk
profile, such a risk coming from antibiotic application in vitro to promote growth of
cells still consist of a gap in the field and much attention would require to be paid to the
safety of added substrates and other compounds of the culture medium to the human
health.

As it will be easier to keep control of pathogenic contamination in cultured meat
production, CM is associated with fewer risks with respect to microbial contamination.
The application of LAB as starters for cultivated meat production is expected to

influence the final product similarly than it already affects the meat that incorporates
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starter cultures, having a positive effect on organoleptic features and on microbial safety
(Kolodkin-Gal, I., Dash, O., & Rak, R. 2024).

CONCLUSION AND FUTURE PERSPECTIVES

Meat is particularly susceptible to spoilage, posing a significant challenge in reducing
losses and waste of products. In this context, biopreservation emerges as a natural
alternative for extending the shelf life of meat products by managing their inherent
microbial communities. LAB are the dominant group present in meat and produce a
variety of metabolites with antimicrobial effects, such as bacteriocins, which are also
stable in extreme temperatures and pH.

While culture-based methods remain prevalent in assessing microbial inhibitory activity
due to their cost-effectiveness and simplicity, they do not explore the potential of
uncultured strains. Recent advancements in genomics, such as whole genome
sequencing, RNA sequencing, and PCR-based techniques, offer more comprehensive
insights into antimicrobial mechanisms. Moreover, computational tools, including
docking software and three-dimensional structure modeling, now enable automated
assessment of bacteriocin binding mechanisms. This advanced understanding of
bacteriocin structures and their modes of action holds promise for developing strategies
to enhance and optimize their antimicrobial efficacy in practical applications.

However, challenges with the use of bacteriocins, such as their proper diffusion through
the meat matrix and the potential inhibition of closely related LAB, could reduce their
effectiveness when used alongside starter cultures. The development of higher
efficiency bacteriocin diffusion from packaging surfaces or application sites into meat is
influenced by the texture and the thoroughness of mixing between the bacteriocin and

the meat, which significantly influences its distribution within the meat matrix.

44



Looking forward, advancements in 3D printed and cultivated meats are likely to profit
from integrating LAB and bacteriocins to improve their safety and functionality.
Continued research into bacteriocins is crucial for advancing meat safety and expanding

functional meat product quality in the future.

REFERENCES

Achemchem, F., M. Martinez-Bueno, J. Abrini, E. Valdivia & M. Maqueda,
(2005). Enterococcus faecium F58, a bacteriocinogenic strain naturally occurring in
Jben, a soft, farmhouse goat’s cheese made in Morocco. Journal of Applied
Microbiology, 99: 141-150. DOI: 10.1111/j.1365-2672.2005.02586.x

Aljohani, A. B., Al-Hejin, A. M., & Shori, A. B. (2023). Bacteriocins as
promising antimicrobial peptides, definition, classification, and their potential
applications in cheeses. Food Science and Technology, 43, €118021.
https://doi.org/10.1590/fst.118021

Almeida-Santos, A. C., Novais, C., Peixe, L., & Freitas, A. R. (2021).
Enterococcus spp. as a Producer and Target of Bacteriocins: A Double-Edged Sword in
the Antimicrobial Resistance Crisis Context. Antibiotics, 10(10), Article 10.

https://doi.org/10.3390/antibiotics10101215

Amarh, M. A., Laryea, M. K., & Borquaye, L. S. (2023). De novo peptides as
potential antimicrobial agents. Heliyon, 9(9), e19641.
https://doi.org/10.1016/j.heliyon.2023.e19641

Ayrapetyan, M., & Oliver, J. D. (2016). The viable but non-culturable state and
its relevance in food safety. Current Opinion in Food Science, 8, 127-133.

https://doi.org/10.1016/j.cofs.2016.04.010

45


https://doi.org/10.3390/antibiotics10101215

Baillo, A. A., Cisneros, L., Villena, J., Vignolo, G., & Fadda, S. (2023).
Bioprotective Lactic Acid Bacteria and Lactic Acid as a Sustainable Strategy to Combat
Escherichia  coli  O157:H7 in  Meat. Foods, 12(2), Article 2.
https://doi.org/10.3390/foods12020231

Balouiri, M., Sadiki, M., & Ibnsouda, S. K. (2016). Methods for in vitro
evaluating antimicrobial activity: A review. Journal of Pharmaceutical Analysis, 6(2),
71-79. https://doi.org/10.1016/j.jpha.2015.11.005

Balutis, A. M. (2014). Quantification of bacteriocin gene expression in
Carnobacterium maltaromaticum ATCC PTA-5313. University of Alberta Libraries.

ERA: Education and Research Archive. https://doi.org/10.7939/R3M902B4S

Barcenilla, C., Puente, A., Cobo-Diaz, J. F., Alexa, E.-A., Garcia-Gutierrez, E.,
O’Connor, P. M., Cotter, P. D., Gonzalez-Raurich, M., Lopez, M., Prieto, M., &
Alvarez-Ordadfiez, A. (2023). Selection of lactic acid bacteria as biopreservation agents
and optimization of their mode of application for the control of Listeria monocytogenes
in ready-to-eat cooked meat products. International Journal of Food Microbiology, 403,
110341. https://doi.org/10.1016/j.ijfoodmicro.2023.110341

Bastos, M. do C. de F., Coelho, M. L. V., & Santos, O. C. da S. (2015).
Resistance to bacteriocins produced by Gram-positive bacteria. Microbiology, 161(4),
683-700. https://doi.org/10.1099/mic.0.082289-0

Ben Braiek, O., Smaoui, S., Ennouri, K., Ben Ayed, R., Hani, K., Mastouri, M., &
Ghrairi, T. (2020). In situ Listeria monocytogenes biocontrol and sensory attributes
enhancement in raw beef meat by Enterococcus lactis. Journal of Food Processing and
Preservation, 44(9), e14633. https://doi.org/10.1111/jfpp.14633

Beristain-Bauza, S. del C., Mani-Lépez, E., Palou, E., & Lopez-Malo, A. (2017).

Antimicrobial activity of whey protein films supplemented with Lactobacillus sakei cell-

46


https://doi.org/10.7939/R3M902B4S

free supernatant on fresh beef. Food Microbiology, 62, 207-211.
https://doi.org/10.1016/j.fm.2016.10.024

Bindu, A., & Lakshmidevi, N. (2021). In vitro and in silico approach for
characterization of antimicrobial peptides from potential probiotic cultures against
Staphylococcus aureus and Escherichia coli. World Journal of Microbiology and
Biotechnology, 37(10), 172. https://doi.org/10.1007/s11274-021-03135-x

Bromberg, R., Moreno, I., Zaganini, C. L., Delboni, R. R., & Oliveira, J. de.
(2004). Isolation of bacteriocin-producing lactic acid bacteria from meat and meat
products and its spectrum of inhibitory activity. Brazilian Journal of Microbiology, 35,

137-144. https://doi.org/10.1590/S1517-83822004000100023

Broucke, K., Van Pamel, E., Van Coillie, E., Herman, L., & Van Royen, G.
(2023). Cultured meat and challenges ahead: A review on nutritional, technofunctional
and sensorial properties, safety and legislation. Meat Science, 195, 109006.
https://doi.org/10.1016/j.meatsci.2022.109006

Bungenstock, L., Abdulmawjood, A., & Reich, F. (2020). Evaluation of
antibacterial properties of lactic acid bacteria from traditionally and industrially
produced fermented sausages from Germany. PLOS ONE, 15(3), e0230345.
https://doi.org/10.1371/journal.pone.0230345

Casaus, P., Nilsen, T., Cintas, L. M., Nes, I. F., Hernandez, P. E., & Holo, H.
(1997). Enterocin B, a new bacteriocin from Enterococcus faecium T136 which can act
synergistically ~ with  enterocin  A.  Microbiology, 143(7), 2287-2294.

https://doi.org/10.1099/00221287-143-7-2287

Carrion, M. G., Corripio, M. A. R., Contreras, J. V. H., Marrén, M. R, Olan, G.

M., & Cazares, A. S. H. (2023). Optimization and characterization of taro starch, nisin,

47


https://doi.org/10.1590/S1517-83822004000100023
https://doi.org/10.1099/00221287-143-7-2287

and sodium alginate-based biodegradable films: Antimicrobial effect in chicken meat.
Poultry Science, 102(12), 103100. https://doi.org/10.1016/j.psj.2023.103100

Chen, H., Ma, L., Dai, H., Fu, Y., Wang, H., & Zhang, Y. (2022). Advances in
Rational Protein Engineering toward Functional Architectures and Their Applications
in Food Science. Journal of Agricultural and Food Chemistry, 70(15), 4522-4533.
https://doi.org/10.1021/acs.jafc.2c00232

Choi, G.-H., Holzapfel, W. H., & Todorov, S. D. (2023). Diversity of the
bacteriocins, their classification and potential applications in combat of antibiotic
resistant and clinically relevant pathogens. Critical Reviews in Microbiology, 49(5),
578-597. https://doi.org/10.1080/1040841X.2022.2090227

European Commission. (2005). Regulation (EC) No 2073/2005 on
microbiological criteria for foodstuffs. Official Journal of the European Union.

https://eur-lex.europa.eu/eli/req/2005/2073/0j

Crandall, A. D., & Montville, T. J. (1998). Nisin resistance in Listeria
monocytogenes ATCC 700302 is a complex phenotype. Applied and Environmental
Microbiology, 64(1), 231-237. https://doi.org/10.1128/AEM.64.1.231-237.1998

Cui, Y., Zhang, C., Wang, Y., Shi, J., Zhang, L., Ding, Z., Qu, X., & Cui, H.
(2012). Class lla Bacteriocins: Diversity and New Developments. International Journal
of Molecular Sciences, 13(12), Article 12. https://doi.org/10.3390/ijms131216668

da Costa, R. J., Voloski, F. L. S., Mondadori, R. G., Duval, E. H., & Fiorentini, A.
M. (2019). Preservation of Meat Products with Bacteriocins Produced by Lactic Acid
Bacteria Isolated from Meat. Journal of Food Quality, 2019, e4726510.

https://doi.org/10.1155/2019/4726510

Dallagnol, A. M., Barrio, Y., Cap, M., Szerman, N., Castellano, P., Vaudagna, S.

R., & Vignolo, G. (2017). Listeria Inactivation by the Combination of High Hydrostatic

48


https://eur-lex.europa.eu/eli/reg/2005/2073/oj
https://doi.org/10.1155/2019/4726510

Pressure and Lactocin AL705 on Cured-Cooked Pork Loin Slices. Food and Bioprocess
Technology, 10(10), 1824-1833. https://doi.org/10.1007/s11947-017-1956-6

Darbandi, A., Asadi, A., Mahdizade Ari, M., Ohadi, E., Talebi, M., Halaj Zadeh,
M., Darb Emamie, A., Ghanavati, R., & Kakanj, M. (2021). Bacteriocins: Properties
and potential use as antimicrobials. Journal of Clinical Laboratory Analysis, 36(1),
€24093. https://doi.org/10.1002/jcla.24093

Das, P., Sercu, T., Wadhawan, K., Padhi, I., Gehrmann, S., Cipcigan, F.,
Chenthamarakshan, V., Strobelt, H., Dos Santos, C., Chen, P.-Y., Yang, Y. Y., Tan, J.
P. K., Hedrick, J., Crain, J., & Mojsilovic, A. (2021). Accelerated antimicrobial
discovery via deep generative models and molecular dynamics simulations. Nature
Biomedical Engineering, 5(6), 613-623. https://doi.org/10.1038/s41551-021-00689-x

Davidson, A. L., Dassa, E., Orelle, C., & Chen, J. (2008). Structure, Function,
and Evolution of Bacterial ATP-Binding Cassette Systems. Microbiology and Molecular
Biology Reviews : MMBR, 72(2), 317-364. https://doi.org/10.1128/MMBR.00031-07

de Souza Barbosa, M., Todorov, S. D., Ivanova, I., Chobert, J.-M., Haertlé, T., &
de Melo Franco, B. D. G. (2015). Improving safety of salami by application of
bacteriocins produced by an autochthonous Lactobacillus curvatus isolate. Food
Microbiology, 46, 254-262. https://doi.org/10.1016/j.fm.2014.08.004

Deegan, L. H., Cotter, P. D., Hill, C., & Ross, P. (2006). Bacteriocins: Biological
tools for bio-preservation and shelf-life extension. International Dairy Journal, 16(9),
1058-1071. https://doi.org/10.1016/j.idairyj.2005.10.026

Deo, S., Turton, K. L., Kainth, T., Kumar, A., & Wieden, H.-J. (2022). Strategies
for improving antimicrobial peptide production. Biotechnology Advances, 59, 107968.

https://doi.org/10.1016/j.biotechadv.2022.107968

49



Diep, D. B., Skaugen, M., Salehian, Z., Holo, H., & Nes, I. F. (2007). Common
mechanisms of target cell recognition and immunity for class Il bacteriocins.
Proceedings of the National Academy of Sciences, 104(7), 2384-2389.
https://doi.org/10.1073/pnas.0608775104

Diep, D. B., Straume, D., Kjos, M., Torres, C., & Nes, I. F. (2009). An overview
of the mosaic bacteriocin pln loci from Lactobacillus plantarum. Peptides, 30(8), 1562—

1574. https://doi.org/10.1016/].peptides.2009.05.014

Dorn-In, S., Mang, S., Cosentino, R. O., & Schwaiger, K. (2024). Changes in the
Microbiota from Fresh to Spoiled Meat, Determined by Culture and 16S rRNA
Analysis. Journal of Food Protection, 87(2), 100212.
https://doi.org/10.1016/j.jfp.2023.100212

Dortu, C., Fickers, P., Franz, C. M. A. P., Ndagano, D., Huch, M., Holzapfel, W.
H., Joris, B., & Thonart, P. (2009). Characterisation of an Antilisterial Bacteriocin
Produced by Lactobacillus sakei CWBI-B1365 Isolated from Raw Poultry Meat and
Determination of Factors Controlling its Production. Probiotics and Antimicrobial
Proteins, 1(1), 75. https://doi.org/10.1007/s12602-008-9000-9

Drider, D., Fimland, G., Héchard, Y., McMullen, L. M., & Prévost, H. (2006).
The Continuing Story of Class lla Bacteriocins. Microbiology and Molecular Biology
Reviews, 70(2), 564-582. https://doi.org/10.1128/MMBR.00016-05

EFSA Panel on Contaminants in the Food Chain (CONTAM). (2023). Scientific
opinion on the risk for animal and human health related to the presence of cyanogenic
glycosides in raw apricot kernels and products derived from raw apricot kernels. EFSA

Journal, 21(7), Article e08442. https://doi.org/10.2903/].efsa.2023.8442

50


https://doi.org/10.1016/j.peptides.2009.05.014
https://doi.org/10.2903/j.efsa.2023.8442

Enan, G. (2006). Nature and phenotypic characterization of plantaricin UG1
resistance in Listeria monocytogenes LMG 10470. Journal of Food Agriculture and
Environment, 4(1), 105.

Frederix, P. W. J. M., Patmanidis, I., & Marrink, S. J. (2018). Molecular
simulations of self-assembling bio-inspired supramolecular systems and their
connection to experiments. Chemical Society Reviews, 47(10), 3470-3489.
https://doi.org/10.1039/c8¢s00040a

Galvez, A., Abriouel, H., Lépez, R. L., & Omar, N. B. (2007). Bacteriocin-based
strategies for food biopreservation. International Journal of Food Microbiology, 120(1),
51-70. https://doi.org/10.1016/j.ijfoodmicro.2007.06.001

Garcia-Lopez, J. D., Barbieri, F., Bafios, A., Madero, J. M. G., Gardini, F.,
Montanari, C., & Tabanelli, G. (2023). Use of two autochthonous bacteriocinogenic
strains as starter cultures in the production of salchichénes, a type of Spanish
fermented sausages. Current Research in Food Science, 7, 100615.
https://doi.org/10.1016/j.crfs.2023.100615

Geiker, N. R. W., Bertram, H. C., Mejborn, H., Dragsted, L. O., Kristensen, L.,
Carrascal, J. R., Blgel, S., & Astrup, A. (2021). Meat and Human Health—Current
Knowledge and Research Gaps. Foods, 10(7), Article 7.
https://doi.org/10.3390/foods10071556

Ghalfi, H., Benkerroum, N., Doguiet, D. D. K., Bensaid, M., & Thonart, P.
(2007). Effectiveness of cell-adsorbed bacteriocin produced by Lactobacillus curvatus
CWBI-B28 and selected essential oils to control Listeria monocytogenes in pork meat
during cold storage. Letters in Applied Microbiology, 44(3), 268-273.

https://doi.org/10.1111/j.1472-765X.2006.02077.x

51



Gillor, O., Etzion, A., & Riley, M. A. (2008). The dual role of bacteriocins as
anti- and probiotics. Applied Microbiology and Biotechnology, 81(4), 591-606.
https://doi.org/10.1007/s00253-008-1726-5

Gonzélez, J. E., & Keshavan, N. D. (2006). Messing with Bacterial Quorum
Sensing. Microbiology and Molecular Biology Reviews, 70(4), 859-875.
https://doi.org/10.1128/MMBR.00002-06

Guerra, N. P., Macias, C. L., Agrasar, A. T., & Castro, L. P. (2005). Development
of a bioactive packaging cellophane using Nisaplin as biopreservative agent. Letters in
Applied Microbiology, 40(2), 106-110. https://doi.org/10.1111/j.1472-
765X.2004.01649.x

Hammami, R., Zouhir, A., Le Lay, C., Ben Hamida, J., & Fliss, I. (2010).
BACTIBASE second release: A database and tool platform for bacteriocin
characterization. BMC Microbiology, 10(1), 22. https://doi.org/10.1186/1471-2180-10-
22

Hastings, J. W., Sailer, M., Johnson, K., Roy, K. L., Vederas, J. C., & Stiles, M.
E. (1991). Characterization of leucocin A-UAL 187 and cloning of the bacteriocin gene
from Leuconostoc gelidum. Journal of Bacteriology, 173(23), 7491-7500.
https://doi.org/10.1128/jb.173.23.7491-7500.1991

Heilbronner, S., Krismer, B., Brotz-Oesterhelt, H., & Peschel, A. (2021). The
microbiome-shaping roles of bacteriocins. Nature Reviews Microbiology, 19(11),
Avrticle 11. https://doi.org/10.1038/s41579-021-00569-w

Holck, A. L., Axelsson, L., Hiuhne, K., & Krockel, L. (1994). Purification and
cloning of sakacin 674, a bacteriocin from Lactobacillus sake Lb674. FEMS

Microbiology  Letters, 115(2-3), 143-149. https://doi.org/10.1111/j.1574-

6968.1994.tb06629.x

52


https://doi.org/10.1111/j.1574-6968.1994.tb06629.x
https://doi.org/10.1111/j.1574-6968.1994.tb06629.x

Hossain, T. J. (2024). Methods for screening and evaluation of antimicrobial
activity: A review of protocols, advantages, and limitations. European Journal of
Microbiology & Immunology, 14(2), 97-115. https://doi.org/10.1556/1886.2024.00035

Hsu, S.-T. D., Breukink, E., Tischenko, E., Lutters, M. A. G., de Kruijff, B.,
Kaptein, R., Bonvin, A. M. J. J.,, & van Nuland, N. A. J. (2004). The nisin-lipid 1l
complex reveals a pyrophosphate cage that provides a blueprint for novel antibiotics.
Nature Structural & Molecular Biology, 11(10), Article 10.
https://doi.org/10.1038/nsmb830

Ibrahim, S. A., Ayivi, R. D., Zimmerman, T., Siddiqui, S. A., Altemimi, A. B.,
Fidan, H., Esatbeyoglu, T., & Bakhshayesh, R. V. (2021). Lactic Acid Bacteria as
Antimicrobial Agents: Food Safety and Microbial Food Spoilage Prevention. Foods,
10(12), 3131. https://doi.org/10.3390/foods10123131

Imanian, B., Donaghy, J., Jackson, T., Gummalla, S., Ganesan, B., Baker, R. C.,
Henderson, M., Butler, E. K., Hong, Y., Ring, B., Thorp, C., Khaksar, R., Samadpour,
M., Lawless, K. A., MacLaren-Lee, I., Carleton, H. A., Tian, R., Zhang, W., & Wan, J.
(2022). The power, potential, benefits, and challenges of implementing high-throughput
sequencing in food safety systems. Npj Science of Food, 6(1), 35.
https://doi.org/10.1038/s41538-022-00150-6

Morris, M. W., & Leung, K. (2010). Creativity East and West: Perspectives and
parallels. In J. C. Kaufman & R. J. Sternberg (Eds.), The Cambridge handbook of

creativity (pp. 313-336). Springer. https://doi.org/10.1007/978-1-4419-7692-5 13

Jack, R. W., Wan, J., Gordon, J., Harmark, K., Davidson, B. E., Hillier, A. J.,
Wettenhall, R. E., Hickey, M. W., & Coventry, M. J. (1996). Characterization of the

chemical and antimicrobial properties of piscicolin 126, a bacteriocin produced by

53


https://doi.org/10.1007/978-1-4419-7692-5_13

Carnobacterium piscicola JG126. Applied and Environmental Microbiology, 62(8),
2897-2903. https://doi.org/10.1128/aem.62.8.2897-2903.1996

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
Tunyasuvunakool, K., Bates, R., Zidek, A., Potapenko, A., Bridgland, A., Meyer, C.,
Kohl, S. A. A, Ballard, A. J., Cowie, A., Romera-Paredes, B., Nikolov, S., Jain, R.,
Adler, J., ... Hassabis, D. (2021). Highly accurate protein structure prediction with
AlphaFold. Nature, 596(7873), Article 7873. https://doi.org/10.1038/s41586-021-
03819-2

Karwowska, M., Laba, S., & Szczepanski, K. (2021). Food Loss and Waste in
Meat Sector—Why the Consumption Stage Generates the Most Losses? Sustainability,
13(11), Article 11. https://doi.org/10.3390/su13116227

Kassaa, I. A., Rafei, R., Moukhtar, M., Zaylaa, M., Gharsallaoui, A., Asehraou,
A., Omari, K. E., Shahin, A., Hamze, M., & Chihib, N.-E. (2019). LABiocin database:
A new database designed specifically for Lactic Acid Bacteria bacteriocins.
International Journal of Antimicrobial Agents, 54(6), 771-779.
https://doi.org/10.1016/j.ijantimicag.2019.07.012

Kaur, G., Singh, T. P., & Malik, R. K. (2013). Antibacterial efficacy of Nisin,
Pediocin 34 and Enterocin FH99 against Listeria monocytogenes and cross resistance
of its bacteriocin resistant variants to common food preservatives. Brazilian Journal of
Microbiology, 44(1), 63-71. https://doi.org/10.1590/S1517-83822013005000025

Kiran, F., & Osmanagaoglu, O. (2014). Inhibition of Listeria monocytogenes in
chicken meat by pediocin AcH/PA-1 produced by Pediococcus pentosaceus OZF.

AGRO FOOD INDUSTRY HI-TECH, 25(6), 66—69.

54



Kolodkin-Gal, 1., Dash, O., & Rak, R. (2024). Probiotic cultivated meat:
Bacterial-based scaffolds and products to improve cultivated meat. Trends in
Biotechnology, 42(3), 269-281. https://doi.org/10.1016/j.tibtech.2023.09.002

Komora, N., Maciel, C., Isidro, J., Pinto, C. A., Fortunato, G., Saraiva, J. M. A,
& Teixeira, P. (2023). The Impact of HPP-Assisted Biocontrol Approach on the
Bacterial Communities’ Dynamics and Quality Parameters of a Fermented Meat
Sausage Model. Biology, 12(9), Article 9. https://doi.org/10.3390/biology12091212

Kordi, M., Talkhounche, P. G., Vahedi, H., Farrokhi, N., & Tabarzad, M. (2024).
Heterologous Production of Antimicrobial Peptides: Notes to Consider. The Protein
Journal. https://doi.org/10.1007/s10930-023-10174-w

Krishnamoorthi, R., Srinivash, M., Mahalingam, P. U., Malaikozhundan, B.,
Suganya, P., & Gurushankar, K. (2022). Antimicrobial, anti-biofilm, antioxidant and
cytotoxic effects of bacteriocin by Lactococcus lactis strain CH3 isolated from
fermented dairy products—An in vitro and in silico approach. International Journal of
Biological Macromolecules, 220, 291-306.
https://doi.org/10.1016/j.ijbiomac.2022.08.087

Lahiri, D., Nag, M., Dutta, B., Sarkar, T., Pati, S., Basu, D., Abdul Kari, Z., Wei,
L. S., Smaoui, S., Wen Goh, K., & Ray, R. R. (2022). Bacteriocin: A natural approach
for food safety and food security. Frontiers in Bioengineering and Biotechnology, 10,
1005918. https://doi.org/10.3389/fbioe.2022.1005918

Lee, H., & Kim, H.-Y. (2011). Lantibiotics, class | bacteriocins from the genus
Bacillus. Journal of Microbiology and Biotechnology, 21(3), 229-235.

Lei, J., Sun, L., Huang, S., Zhu, C., Li, P., He, J., Mackey, V., Coy, D. H., & He,
Q. (2019). The antimicrobial peptides and their potential clinical applications.

American Journal of Translational Research, 11(7), 3919-3931.

55



Luong, N.-D. M., Coroller, L., Zagorec, M., Membré, J.-M., & Guillou, S. (2020).
Spoilage of Chilled Fresh Meat Products during Storage: A Quantitative Analysis of
Literature Data. Microorganisms, 8(8), Article 8.
https://doi.org/10.3390/microorganisms8081198

Marques, P. H., Jaiswal, A. K., de Almeida, F. A., Pinto, U. M., Ferreira-
Machado, A. B., Tiwari, S., Soares, S. de C., & Paiva, A. D. (2023). Lactic acid
bacteria secreted proteins as potential Listeria monocytogenes quorum sensing
inhibitors. Molecular Diversity. https://doi.org/10.1007/s11030-023-10722-7

Martinez, J. M., Martinez, M. I., Herranz, C., Suarez, A. M., Cintas, L. M.,
Fernandez, M. F., Rodriguez, J. M., & Hernandez, P. E. (2000). Use of Genetic and
Immunological Probes for Pediocin PA-1 Gene Detection and Quantification of
Bacteriocin Production in Pediococcus acidilactici Strains of Meat Origin. Food and
Agricultural Immunology, 12(4), 299-310.
https://doi.org/10.1080/09540100020008164

Mauriello, G., Ercolini, D., La Storia, A., Casaburi, A., & Villani, F. (2004).
Development of polythene films for food packaging activated with an antilisterial
bacteriocin from Lactobacillus curvatus 32Y. Journal of Applied Microbiology, 97(2),
314-322. https://doi.org/10.1111/].1365-2672.2004.02299.x

McGinnis, S., & Madden, T. L. (2004). BLAST: At the core of a powerful and
diverse set of sequence analysis tools. Nucleic Acids Research, 32, W20.
https://doi.org/10.1093/nar/gkh435

Meng, E. C., Goddard, T. D., Pettersen, E. F., Couch, G. S., Pearson, Z. J.,
Morris, J. H., & Ferrin, T. E. (2023). UCSF ChimeraX: Tools for structure building and

analysis. Protein Science, 32(11), e4792. https://doi.org/10.1002/pro.4792

56



Moraes, P. M., Perin, L. M., Tassinari Ortolani, M. B., Yamazi, A. K., Vic¢osa, G.
N., & Nero, L. A. (2010). Protocols for the isolation and detection of lactic acid
bacteria with bacteriocinogenic potential. LWT - Food Science and Technology, 43(9),
1320-1324. https://doi.org/10.1016/j.1wt.2010.05.005

Morata, A. (2015). Nuevas Tecnologias de Conservacion de Alimentos 2010 (2"
Ed). Trends in Food Science & Technology. https://doi.org/10.13140/RG.2.1.4187.6641

Mgrtvedt, C. 1., & Nes, I. F. (1990). Plasmid-associated bacteriocin production
by a Lactobacillus sake strain.  Microbiology, 136(8), 1601-1607.
https://doi.org/10.1099/00221287-136-8-1601

Nain, Z., Adhikari, U. K., Abdulla, F., Hossain, N., Barman, N. C., Mansur, F. J.,
Azakami, H., & Karim, M. M. (2020). Computational prediction of active sites and
ligands in different AHL quorum quenching lactonases and acylases. Journal of
Biosciences, 45(1), 26. https://doi.org/10.1007/s12038-020-0005-1

Nedyalkova, M., S. Paluch, A., Potes Vecini, D., & Lattuada, M. (2024). Progress
and future of the computational design of antimicrobial peptides (AMPs): Bio-inspired
functional molecules. Digital Discovery. https://doi.org/10.1039/D3DD00186E

Negash, A. W., & Tsehai, B. A. (2020). Current Applications of Bacteriocin.
International Journal of Microbiology, 2020(1), 4374891.

https://doi.org/10.1155/2020/4374891

Nauman, K., Jaspal, M. H., Asghar, B., Manzoor, A., Akhtar, K. H., Ali, U., Ali,
S., Nasir, J., Sohaib, M., & Badar, I. H. (2022). Effect of Different Packaging
Atmosphere on Microbiological Shelf Life, Physicochemical Attributes, and Sensory
Characteristics of Chilled Poultry Fillets. Food Science of Animal Resources, 42(1),

153-174. https://doi.org/10.5851/kosfa.2021.e71

57


https://doi.org/10.1155/2020/4374891

Ng, W.-L., & Bassler, B. L. (2009). Bacterial Quorum-Sensing Network
Architectures. Annual Review of Genetics, 43, 197-222.
https://doi.org/10.1146/annurev-genet-102108-134304

Nissen-Meyer, J., Oppegard, C., Rogne, P., Haugen, H. S., & Kiristiansen, P. E.
(2011). The Two-Peptide (Class-11b) Bacteriocins: Genetics, Biosynthesis, Structure,
and Mode of Action. Springer. In D. Drider & S. Rebuffat (Eds.), Prokaryotic
Antimicrobial ~ Peptides: From Genes to Applications (pp. 197-212).
https://doi.org/10.1007/978-1-4419-7692-5_11

Noda, M., Miyauchi, R., Danshiitsoodol, N., Matoba, Y., Kumagai, T., &
Sugiyama, M. (2018). Expression of Genes Involved in Bacteriocin Production and
Self-Resistance in Lactobacillus brevis 174A Is Mediated by Two Regulatory Proteins.
Applied and Environmental Microbiology, 84(7), e02707-17.
https://doi.org/10.1128/AEM.02707-17

Odeyemi, O. A., Alegbeleye, O. O., Strateva, M., & Stratev, D. (2020).
Understanding spoilage microbial community and spoilage mechanisms in foods of
animal origin. Comprehensive Reviews in Food Science and Food Safety, 19(2), 311-
331. https://doi.org/10.1111/1541-4337.12526

Oftedal, T. F. (2023). Bacteriocins: From discovery to characterization and
applications.  Doctoral thesis, Norwegian University of Life Sciences.
https://nmbu.brage.unit.no/nmbu-xmlui/handle/11250/3098644

Ortiz, S., Lopez, V., Garriga, M., & Martinez-Suarez, J. V. (2014). Antilisterial
effect of two bioprotective cultures in a model system of Iberian chorizo fermentation.
International Journal of Food Science & Technology, 49(3), 753-758.

https://doi.org/10.1111/ijfs.12362

58



Palmer, N., Maasch, J. R. M. A, Torres, M. D. T., & de la Fuente-Nunez, C.
(2021). Molecular Dynamics for Antimicrobial Peptide Discovery. Infection and
Immunity, 89(4), 10.1128/iai.00703-20. https://doi.org/10.1128/iai.00703-20

Perez, R. H., Zendo, T., & Sonomoto, K. (2014). Novel bacteriocins from lactic
acid bacteria (LAB): Various structures and applications. Microbial Cell Factories,
13(1), S3. https://doi.org/10.1186/1475-2859-13-S1-S3

Piazentin, A. C. M., Mendonca, C. M. N., Vallejo, M., Mussatto, S. I., & de
Souza Oliveira, R. P. (2022). Bacteriocin-like inhibitory substances production by
Enterococcus faecium 135 in co-culture with Ligilactobacillus salivarius and
Limosilactobacillus reuteri. Brazilian Journal of Microbiology, 53(1), 131-141.
https://doi.org/10.1007/s42770-021-00661-6

Proutiére, A., du Merle, L., Garcia-Lopez, M., Léger, C., Voegele, A., Chenal, A.,
Harrington, A., Tal-Gan, Y., Cokelaer, T., Trieu-Cuot, P., & Dramsi, S. (2023).
Gallocin A, an Atypical Two-Peptide Bacteriocin with Intramolecular Disulfide Bonds
Required  for  Activity. Microbiology ~ Spectrum, 11(2), e05085-22.
https://doi.org/10.1128/spectrum.05085-22

Quadri, L. E., Sailer, M., Roy, K. L., Vederas, J. C., & Stiles, M. E. (1994).
Chemical and genetic characterization of bacteriocins produced by Carnobacterium
piscicola LV17B. Journal of Biological Chemistry, 269(16), 12204-12211.
https://doi.org/10.1016/S0021-9258(17)32702-3

Raimondi, S., Spampinato, G., Candeliere, F., Amaretti, A., Brun, P.,
Castagliuolo, I., & Rossi, M. (2021). Phenotypic Traits and Immunomodulatory
Properties of Leuconostoc carnosum Isolated From Meat Products. Frontiers in

Microbiology, 12. https://www.frontiersin.org/articles/10.3389/fmicb.2021.730827

59


https://www.frontiersin.org/articles/10.3389/fmicb.2021.730827

Ramani, S., Ko, D., Kim, B., Cho, C., Kim, W., Jo, C., Lee, C.-K,, Kang, J., Hur,
S., & Park, S. (2021). Technical requirements for cultured meat production: A review.
Journal of  Animal Science and Technology, 63(4), 681-692.
https://doi.org/10.5187/jast.2021.e45

Rashid, M., Sharma, S., Kaur, A., Kaur, A., & Kaur, S. (2023). Biopreservative
efficacy of Enterococcus faecium-immobilised film and its enterocin against Salmonella
enterica. AMB EXPRESS, 13(1), 11. https://doi.org/10.1186/s13568-023-01516-z

Rodrigues Blanco, 1., José Luduverio Pizauro, L., Victor dos Anjos Almeida, J.,
Miguel Nobrega Mendonga, C., de Mello Varani, A., & Pinheiro de Souza Oliveira, R.
(2022). Pan-genomic and comparative analysis of Pediococcus pentosaceus focused on
the in silico assessment of pediocin-like bacteriocins. Computational and Structural
Biotechnology Journal, 20, 5595-5606. https://doi.org/10.1016/j.cshj.2022.09.041

Rose, N. I., Palcic, M. m., Sporns, P., & McMullen, L. m. (2002). Nisin: A Novel
Substrate for Glutathione S-Transferase Isolated from Fresh Beef. Journal of Food
Science, 67(6), 2288-2293. https://doi.org/10.1111/].1365-2621.2002.tb09542.x

Ross, A. C., McKinnie, S. M. K., & Vederas, J. C. (2012). The Synthesis of Active
and Stable Diaminopimelate Analogues of the Lantibiotic Peptide Lactocin S. Journal of
the American Chemical Society, 134(4), 2008-2011. https://doi.org/10.1021/ja211088m

Ruiz Puentes, P., Henao, M. C., Cifuentes, J., Mufioz-Camargo, C., Reyes, L. H.,
Cruz, J. C., & Arbelédez, P. (2022). Rational Discovery of Antimicrobial Peptides by
Means  of  Artificial Intelligence. Membranes, 12(7), Avrticle 7.
https://doi.org/10.3390/membranes12070708

Sarmast, E., Foudjing, G. G. D., Salmieri, S., & Lacroix, M. (2023). Application
of combined essential oils and bacteriocins encapsulated in gelatin for bio-preservation

of meatballs. Journal of Food Safety, 43(6), e13080. https://doi.org/10.1111/jfs.13080

60



Scharff, R. L. (2020). Food Attribution and Economic Cost Estimates for Meat-
and Poultry-Related Illnesses. Journal of Food Protection, 83(6), 959-967.
https://doi.org/10.4315/JFP-19-548

Selman, H. M., Mahdi, A. A., Rofaei, N. A. E., Mutwali, E. M., Selman, H. M.,
Mahdi, A. A., Rofaei, N. A. E., & Mutwali, E. M. (2021). Antibacterial activity of the
bacteriocins producing- lactic acid bacteria isolated from some processed meat
products against selected indicator bacterial strains. World Journal of Advanced
Research and Reviews, 12(2), Article 2. https://doi.org/10.30574/wjarr.2021.12.2.0643

Simons, A., Alhanout, K., & Duval, R. E. (2020). Bacteriocins, Antimicrobial
Peptides from Bacterial Origin: Overview of Their Biology and Their Impact against
Multidrug-Resistant Bacteria. Microorganisms, 8(5), 639.
https://doi.org/10.3390/microorganisms8050639

Sionek, B., Szydtowska, A., Trzaskowska, M., & Kotozyn-Krajewska, D. (2024).
The Impact of Physicochemical Conditions on Lactic Acid Bacteria Survival in Food
Products. Fermentation, 10(6), Article 6. https://doi.org/10.3390/fermentation10060298

Srinivas, M., O’Sullivan, O., Cotter, P. D., van Sinderen, D., & Kenny, J. G.
(2022). The Application of Metagenomics to Study Microbial Communities and Develop
Desirable Traits in Fermented Foods. Foods, 11(20), 3297.
https://doi.org/10.3390/foods11203297

Soltani, S., Hammami, R., Cotter, P. D., Rebuffat, S., Said, L. B., Gaudreau, H.,
Bédard, F., Biron, E., Drider, D., & Fliss, I. (2021). Bacteriocins as a new generation of
antimicrobials: Toxicity aspects and regulations. FEMS Microbiology Reviews, 45(1),

fuaa039. https://doi.org/10.1093/femsre/fuaa039

61



Sowers, A., Wang, G., Xing, M., & Li, B. (2023). Advances in Antimicrobial
Peptide Discovery via Machine Learning and Delivery via Nanotechnology.
Microorganisms, 11(5), 1129. https://doi.org/10.3390/microorganisms11051129

Surati, S. (2020). Bacteriocin, Antimicrobial as A New Natural Food
Preservative: Its Potential and Challenges. Indonesia Journal of Food and Drug Safety,
1(1), Article 1. https://doi.org/10.54384/eruditio.v1il.34

Szilagyi, A., & Zavodszky, P. (2000). Structural differences between mesophilic,
moderately thermophilic and extremely thermophilic protein subunits: Results of a
comprehensive survey. Structure, 8(5), 493-504. https://doi.org/10.1016/S0969-
2126(00)00133-7

Thompson, J. D., Higgins, D. G., & Gibson, T. J. (1994). CLUSTAL W:
Improving the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids
Research, 22(22), 4673-4680.

Tsukano, C., Uchino, A., & Irie, K. (2024). Synthesis and applications of
symmetric amino acid derivatives. Organic & Biomolecular Chemistry.
https://doi.org/10.1039/D30B01379K

Umu, O. C. O., Rudi, K., & Diep, D. B. (2017). Modulation of the gut microbiota
by prebiotic fibres and bacteriocins. Microbial Ecology in Health and Disease, 28(1),
1348886. https://doi.org/10.1080/16512235.2017.1348886

Urso, R., Rantsiou, K., Cantoni, C., Comi, G., & Cocolin, L. (2006).
Technological characterization of a bacteriocin-producing Lactobacillus sakei and its
use in fermented sausages production. International Journal of Food Microbiology,

110(3), 232—-239. https://doi.org/10.1016/j.ijfoodmicro.2006.04.015

62



Leslie, V.A., Mohammed Alarjani, K., Malaisamy, A., & Balasubramanian, B.
(2021). Bacteriocin producing microbes with bactericidal activity against multidrug
resistant pathogens. Journal of Infection and Public Health, 14(12), 1802-18009.
https://doi.org/10.1016/j.jiph.2021.09.029

van Heel, A. J., de Jong, A., Song, C., Viel, J. H., Kok, J., & Kuipers, O. P.
(2018). BAGEL4: A user-friendly web server to thoroughly mine RiPPs and
bacteriocins. Nucleic Acids Research, 46(W1), W278-W281.
https://doi.org/10.1093/nar/gky383

Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G.,
Yuan, D., Stroe, O., Wood, G., Laydon, A., Zidek, A., Green, T., Tunyasuvunakool, K.,
Petersen, S., Jumper, J., Clancy, E., Green, R., Vora, A., Lutfi, M., ... Velankar, S.
(2022). AlphaFold Protein Structure Database: Massively expanding the structural
coverage of protein-sequence space with high-accuracy models. Nucleic Acids
Research, 50(D1), D439-D444. https://doi.org/10.1093/nar/gkab1061

Walsh, C. (2017). An in silico analysis of bacteriocin production in the human
microbiota. Doctoral Thesis, University College Cork.
https://core.ac.uk/download/pdf/95763617.pdf

Wan, X., Saris, P. E. J., & Takala, T. M. (2015). Genetic characterization and
expression of leucocin B, a class Ild bacteriocin from Leuconostoc carnosum 4010.
Research in Microbiology, 166(6), 494-503.
https://doi.org/10.1016/j.resmic.2015.04.003

Wang, D., Cui, F., Ren, L., Li, J., & Li, T. (2023). Quorum-gquenching enzymes:
Promising bioresources and their opportunities and challenges as alternative
bacteriostatic agents in food industry. Comprehensive Reviews in Food Science and

Food Safety, 22(2), 1104-1127. https://doi.org/10.1111/1541-4337.13104

63



Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., & Barton, G. J.
(2009). Jalview Version 2—A multiple sequence alignment editor and analysis
workbench. Bioinformatics, 25(9), 1189-1191.
https://doi.org/10.1093/bioinformatics/btp033

Woraprayote, W., Kingcha, Y., Amonphanpokin, P., Kruenate, J., Zendo, T.,
Sonomoto, K., Benjakul, S., & Visessanguan, W. (2013). Anti-listeria activity of
poly(lactic acid)/sawdust particle biocomposite film impregnated with pediocin PA-
1/AcH and its use in raw sliced pork. International Journal of Food Microbiology,
167(2), 229-235. https://doi.org/10.1016/j.ijfoodmicro.2013.09.009

Woraprayote, W., Malila, Y., Sorapukdee, S., Swetwiwathana, A., Benjakul, S.,
& Visessanguan, W. (2016). Bacteriocins from lactic acid bacteria and their
applications in meat and meat products. Meat Science, 120, 118-132.
https://doi.org/10.1016/j.meatsci.2016.04.004

Wosinska, L., Walsh, C. J.,, O’Connor, P. M., Lawton, E. M., Cotter, P. D.,
Guinane, C. M., & O’Sullivan, O. (2022). In Vitro and In Silico Based Approaches to
Identify Potential Novel Bacteriocins from the Athlete Gut Microbiome of an Elite
Athlete Cohort. Microorganisms, 10(4), Article 4.
https://doi.org/10.3390/microorganisms10040701

Xie, Y., Zhang, M., Gao, X., Shao, Y., Liu, H., Jin, J., Yang, W., & Zhang, H.
(2018). Development and antimicrobial application of plantaricin BM-1 incorporating
a PVDC film on fresh pork meat during cold storage. Journal of Applied Microbiology,
125(4), 1108-1116. https://doi.org/10.1111/jam.13912

Xin, B., Liu, H., Zheng, J., Xie, C., Gao, Y., Dai, D., Peng, D., Ruan, L., Chen,

H., & Sun, M. (2020). In Silico Analysis Highlights the Diversity and Novelty of

64



Circular Bacteriocins in Sequenced Microbial Genomes. mSystems, 5(3),
10.1128/msystems.00047-20. https://doi.org/10.1128/msystems.00047-20

Xin, W.-G., Wu, G., Ying, J.-P., Xiang, Y.-Z., Jiang, Y.-H., Deng, X.-Y., Lin, L.-
B., & Zhang, Q.-L. (2023). Antibacterial activity and mechanism of action of
bacteriocin LFX01 against Staphylococcus aureus and Escherichia coli and its
application on pork model. Meat Science, 196, 109045.
https://doi.org/10.1016/j.meatsci.2022.109045

Yang, E., Fan, L., Yan, J., Jiang, Y., Doucette, C., Fillmore, S., & Walker, B.
(2018). Influence of culture media, pH and temperature on growth and bacteriocin
production of bacteriocinogenic lactic acid bacteria. AMB Express, 8(1), 10.
https://doi.org/10.1186/s13568-018-0536-0

Yang, X., Peng, Z., He, M., Li, Z,, Fu, G,, Li, S., & Zhang, J. (2024). Screening,
probiotic properties, and inhibition mechanism of a Lactobacillus antagonistic to
Listeria monocytogenes. Science of The Total Environment, 906, 167587.
https://doi.org/10.1016/j.scitotenv.2023.167587

Yoo, J. M., Song, J. H., Vasquez, R., Hwang, I.-C., Lee, J. S., & Kang, D.-K.
(2023). Characterization of Novel Amylase-Sensitive, Anti-Listerial Class Ild
Bacteriocin, Agilicin C7 Produced by Ligilactobacillus agilis C7. Food Science of
Animal Resources, 43(4), 625-638. https://doi.org/10.5851/kosfa.2023.e24

Yu, W., Guo, J., Liu, Y., Xue, X., Wang, X., Wei, L., & Ma, J. (2023). Potential
Impact of Combined Inhibition by Bacteriocins and Chemical Substances of Foodborne
Pathogenic and Spoilage Bacteria: A Review. Foods, 12(16), Article 16.

https://doi.org/10.3390/foods12163128

65



Zacharof, M. P., & Lovitt, R. W. (2012). Bacteriocins Produced by Lactic Acid
Bacteria a Review Article. APCBEE Procedia, 2, 50-56.
https://doi.org/10.1016/j.apcbee.2012.06.010

Zhang, M., Gao, X., Zhang, H., Liu, H., Jin, J., Yang, W., & Xie, Y. (2017).
Development and antilisterial activity of PE-based biological preservative films
incorporating plantaricin BM-1. FEMS MICROBIOLOGY LETTERS, 364(7).

https://doi.org/10.1093/femsle/fnw283

Zhang, P., Ganzle, M., & Yang, X. (2019). Complementary Antibacterial Effects
of Bacteriocins and Organic Acids as Revealed by Comparative Analysis of
Carnobacterium spp. From Meat. Applied and Environmental Microbiology, 85(20),
e01227-19. https://doi.org/10.1128/AEM.01227-19

Zhu, L., Zeng, J., Wang, C., & Wang, J. (2022). Structural Basis of Pore
Formation in the Mannose Phosphotransferase System by Pediocin PA-1. Applied and

Environmental Microbiology, 88(3), €0199221. https://doi.org/10.1128/AEM.01992-21

66


https://doi.org/10.1093/femsle/fnw283

lll. Chapter 2: Genetic Identification and
Technological Potential of Indigenous
Lactic Acid Bacteria Isolated from Alheira,
A Traditional Portuguese Sausage

Introduction

Mediterranean artisanal foods play a significant role in the development of rural
regions, allowing and stimulating local commercialization, employment of the rural
population, and preservation of local heritage. Alheira is a naturally fermented meat
sausage traditionally made in the Portuguese region of Tras-os-Montes. The production
of alheira uses various meats (most commonly pork and poultry meat) that are
comminuted to form a heterogeneous batter that is then stuffed in pig, cattle intestinal or

cellulose-based casings (Albano et al., 2008; Ferreira et al., 2007; Patarata et al., 2008).

In addition, the alheira sausage undergoes an intermittent cold smoking process lasting
2-8 days that reduces water activity (aw) and pH. The sausage then goes through a
drying process (1-2 days) carried out at 55-65% relative humidity. The final product
composition is usually of 35% water, 25% protein, 40% lipids, aw in a range of 0.9 — 1.0
and an approximate pH of 5.1 — 5.8 (Albano et al., 2008; Ferreira et al., 2007; Patarata

et al., 2008; Campos et al., 2013).

These conditions characterize a microbiologically unstable product that allows the
growth of pathogenic organisms such as Staphylococcus aureus, Salmonella enterica
and Listeria monocytogenes, whose growth can be hampered by the process of

fermentation. The fermentation occurs by the action of acid producing bacteria that
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lower the pH of the product, these bacteria occur naturally, but can also be added as

starter cultures (Albano et al., 2008).

The alheira manufacturing process and final composition can vary considerably
between regional producers and even within different batches of a factory. These
variations stem from differences in the initial formulation, particularly in the quantity
and type of meat (such as various carcass parts and different animal meats) as well as
variations in fat and bread content. Other quality factors associated with differences in
alheira composition are the duration of fermentation and extent of drying (Coelho-

Fernandes et al., 2020).

Lactic Acid Bacteria (LAB) can be described as gram-positive, catalase-negative and
ferment glucose to lactic acid — through either homofermentative or heterofermentative
pathways (Doyle et al., 2013). The conventional method for identifying LAB species
involves utilizing phenotypic attributes such as determining morphology, fermentation
patterns, and lactic acid isomer profiles; or genetic methods, such as 16S rRNA
sequencing — a gene which contains both well-conserved and less-conserved regions
used to sort different genera and species; or species-specific genes to discriminate those

that are closely related (Albano et al., 2008; Moracanin et al., 2013).

LAB associated with food are generally restricted to the genera Carnobacterium,
Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus,
Streptococcus, Tetragenococcus, Vagococcus, and Weissella (Doyle et al., 2013). LAB
have been found to be the dominant microorganisms in alheira (Coelho-Fernandes et
al., 2020; Albano et al., 2008). Importantly, LAB strains, utilized as starter cultures or
those developing spontaneously during meat fermentation, must display specific and

discernible metabolic attributes. These encompass the capacity to generate acids and
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aromatic compounds; curb the propagation of harmful microorganisms; enzymatically
degrade proteins (Doyle et al., 2013). These attributes stand as imperative safeguards,

ensuring the elevated quality and safety of the final product.

The objectives of this study were: 1) to conduct a phenotypic characterization of LAB
isolated from alheira, encompassing technological features such as in vitro proteolytic
activity, production of L-lactic acid, acidifying potential and antimicrobial activity
against Staphylococcus (S.) aureus, Salmonella (S.) Typhimurium and Listeria (L.)
monocytogenes; and 2) to identify genotypically the LAB species and reveal any

associations with desired phenotypic characteristics.

Materials and Methods

Sampling

Fifty-eight alheira sausages were obtained from thirteen artisanal establishments
located in the towns of Braganca (BST, BF, QP, TB), Mirandela (CM, FN),
Mogadouro (BPM), Vimioso (BV), Chaves (C), Vinhais (CSM, AG, AMO) and
Valpacgos (SM, MP) which belong to the Portuguese northeastern region of Tras-Os-
Montes (Fig. 11). The sausages were acquired unpacked at traditional markets and
underwent physicochemical and microbiological analysis. It is worth mentioning that
alheira sausages were obtained from artisanal producers that do not employ starter

cultures in their elaboration.
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Figure 11. Map of the geographical location of different alheira collection sites. Source:

Instituto Nacional de Estatistica (INE).

Physicochemical analysis

The casings enveloping the sausages were removed, and the contents were then cut in
small pieces (25 g) and were homogenized in 225 mL buffered peptone water and ten-
fold dilutions were prepared thereof. Physicochemical analysis of the sausage included
measurement of pH, with a probe (Hanna Instruments, HI15522, Woonsocket, RL, USA)
and aw with an Aqualab meter (4TE Decagon, WA, USA), measured in triplicate.
Additional determinations of moisture, dry matter and ashes, were made according to
ISO 1442:1997 (direct drying method), 1SO 937:2023 and 1SO 936:1998, respectively,
and the results were expressed in dry matter basis (%). Finally, measurements of
carbohydrates (CHO), fat and protein contents (%) were carried out in duplicate and

expressed in dry matter basis (%).

Microbiological analysis

Aerobic Mesophilic Count (AMC) was determined in Plate Count Agar (Liofilchem,

Teramo, Italy) at 35°C £ 1°C for 48 £ 2 h. Previous reports on AMC demonstrate its
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positive correlation with LAB counts (Coelho-Fernandes et al., 2020; Magalhaes et al.,

2011; Esteves et al., 2008; Zefanias, 2020).

S. aureus was counted on Baird-Parker Agar supplemented with Egg Yolk Tellurite
incubated at 35 °C for 48 h, following ISO 6888-1:2021 and Clostridium (C.)
perfringens was determined using Tryptone Sulfite Cycloserine Agar with egg yolk
supplement and incubated at 35 °C for 24 h, in accordance with the Compendium of

Methods for the Microbiological Examination of Foods (Dwivedi et al., 2013).

Additionally, S. enterica search was performed using tetrathionate broth (610183,
Liofilchem, Teramo, Italy), Rappaport-Vassiliadis broth (610175, Liofilchem, Teramo,
Italy), Hektoen enteric agar (610021, Liofilchem, Teramo, Italy), Bismuth sulfite agar
(610301, Liofilchem, Teramo, Italy) and Xylose-Lysine-Deoxycholate (DSHB3011,
Alliance Bio Expertise, Bruz, France), according to the Bacteriological Analytical
Manual (BAM) for Salmonella detection in food matrices from Food and Drug
Administration (FDA) (Andrews et al., 2023), following the additional step of
serological confirmation described in the BAM — with the Salmonella Latex Kit for
higher specificity (Liofilchem, Teramo, Italy). Samples were assigned 1 if positive and

0 if negative, for the statistical analysis. Determinations were carried out in duplicate.

LAB isolation

In order to isolate LAB from the alheira sausages, one-mL volumes from the ten-fold
dilutions were incorporated in De Man, Rogosa and Sharpe (MRS) and M17 selective
agars, overlayed with agar 1.2%, and incubated at 30 °C for 48 h (Faria et al., 2021).
Five typical colonies on MRS and M17 agar (each) were selected for purification and

incubated at 30 °C for another 48 h in the respective media — a sampling plan which did
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not seek the major fermentation driver, but to evaluate diversity within samples. Finally,
isolates were confirmed by catalase (3% hydrogen peroxide) and gram tests, as well as
morphologic observation by microscopy. The confirmed isolated LAB were

cryopreserved in 25% glycerol at -80 °C until further testing.

Phenotypic characterization

a) Antimicrobial activity

Antimicrobial activity of 335 LAB isolates was tested against three foodborne
pathogens: S. aureus subsp. aureus ATCC 6538, S. enterica subsp. enterica serovar
Typhimurium ATCC 43971 and L. monocytogenes WDCM 00019 using the agar spot
method. Each LAB strain reactivated in MRS or M17 broth after an overnight culture
was spotted (3 pl) on solidified MRS or M17 agar plates divided in four spots per plate,
respectively. Then, the plates were covered with 10 mL of BHI broth with 0.75% (w/v)
bacteriological agar seeded with 1 mL of each bacterial indicator strain (separately) at
approximately 8 log CFU/mL — pathogenic strains were revived in 10 mL Brain Heart
Infusion (BHI) broth for 16 h at 37 °C. The bacterial strains of L. monocytogenes went
through an additional step of activation in 5 mL of BHI for 16 h at 37 °C. Cultures were
then successively inoculated until reaching the concentration mentioned above. After
solidification, plates were incubated at temperatures of 37 °C for 16 h or 10 °C for 10
days (Magalhaes et al., 2011). The inhibition diameter was measured (mm) in duplicate
and a control without addition of the LAB was used to validate the results. Sixty-two
presumptive LAB with highest antimicrobial capacity at both temperatures were
selected. On this subset of strains, the following phenotypic assays were carried out:

proteolytic activity, acidifying capacity and L-lactic acid production.
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b) Proteolytic activity

For the standard determination of general exocellular proteolytic activity, overnight
cultures were spotted (3 pl) onto the surface of milk agar (composed of 10% (w/v) skim
milk powder and 2.5% (w/v) agar) and incubated at 35 °C for 4 days. Proteolytic
activity was measured as the diameter of the clear zones around each LAB colony

(Franciosi et al., 2009).

c) Acidifying capacity

To quantify the general acidifying capacity, each isolate was reactivated separately in
MRS or M17 broth overnight (30 °C, 24 h). Then, a loop of culture was placed in 10
mL of sterile reconstituted skim milk supplemented with yeast extract 0.3% (w/v) and
glucose 0.2% (w/v) for two successive subcultures (30 °C for 24 h). Sterile
reconstituted skim milk (100 mL, initial pH 6.7) was then inoculated with 1 mL of the
24 h activated culture. For the acidification profiling, pH changes were determined
using a pH meter (Hanna Instruments, model H15522, USA) equipped with a HI1131
glass penetration probe during incubation at 30°C during 8 h (t =0, 3, 6, 8 h), and after
24 h. For every strain, pH data was fitted to a decay curve to characterize acidification
capacity (Faria et al., 2021). The following descriptors were extracted from the fitted
curves: ApHO3: pH decrease between t =0 h and t = 3 h; ApHO06: pH decrease between t
=0hand t=6h; ApH36: pH decrease betweent =3 hand t =6 h; and pH6: pHatt=6

h.

d) L-lactic acid production

To quantify the L-lactic acid (g/L) produced by the LAB, isolates underwent a revival

process in 10 mL of MRS or M17 broth, followed by an incubation at 37 °C for 24
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hours, to ensure growth. Subsequently, the inoculum was transferred to MRS or M17
agar plates, corresponding to the isolation media, for obtaining isolated colonies from
the initial pure culture stock. These plates were then placed in an anaerobiosis jar and
incubated at 30 °C for 48 hours. Two isolated colonies were carefully selected and
combined with 5 mL of saline solution. The measurement of absorbance at 625 nm was
done once turbidity reached an estimated 0.5 on the McFarland scale. Samples were
adjusted to fall within absorbance values of 0.08-0.13. Following this, 100 pl of the
adjusted samples were transferred to 4 mL of MRS broth and incubated at 30 °C for 4
hours. After the incubation period, 1 mL of the culture underwent centrifugation for 5
minutes at 13,000 rpm, and the resulting pellet was discarded. Subsequently, 10 pl of
the supernatant was added to 500 pl of deionized water and vortexed. The concentration
of L-lactic acid in g/L was determined using the Kit Nzytech L-lactic (NzyTech,
Portugal), UV method, following the manufacturer's instructions. The concentration
obtained is the sum of the free and esterified lactic acid, based on the
spectrophotometric measurement of NADH formed through the combined action of L-

lactate dehydrogenase (L-LDH) and D-alanine aminotransferase (Noll et al., 1988).

Genotypic identification

DNA extraction

Pure genomic DNA was obtained using the GF-1 Bacterial DNA Extraction Kit, in
order to obtain a DNA library of isolates (Vivantis, Malaysia). LAB isolates were
grown in MRS or M17 broth for 24 h at 37 °C, and 3 mL of bacterial culture was
centrifuged at 10,000 x g for 2 min to obtain a pellet (Fernandes et al., 2022). The pellet
was resuspended in 80 pl of R1 Buffer and treated with 20 ul of lysozyme (50 mg/mL;
Vivantis, Malaysia) for 30 min at 37 °C. The cells were centrifuged at 10,000 x g for 3
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min to form the pellet, which was resuspended in 180 pl of R2 Buffer and 3 pl of
Proteinase K (10 mg/mL; Vivantis, Malaysia) and incubated in a dry bath at 65 °C for
40 min. Then, 3 pl of RNAse A (20 mg/mL; Vivantis, Malaysia) was added and
incubated at 37 °C for 10 min, and 372 pl of BG Buffer homogeneous solution was
added to the sample and incubated at 65 °C for 20 min. Washing of DNA was done with
a clean glass filter membrane, to where it was transferred absolute ethanol (200 ul) and
sample (558 ul); and centrifuged at 10,000 x g for 1 min. The membrane was washed
with 650 ul of Wash Buffer and centrifuged at 10,000 x g 1 min two times for removal
of residual ethanol. Pure DNA in the membrane was eluted in 30 ul pre-heated TE
buffer for 2 min, centrifuged at 10,000 x g for 2 min, and stored at -20 °C, as

recommended by the manufacturer.

16S rRNA amplification

The primers used for amplification of the 16S rRNA gene (Hou et al., 2018; Mohania et
al., 2008) were 27f 5°- AGA GTT TGA TCC TGG CTC AG -3’ and 1492r 5°-CTA
CGG CTA CCT TGT TAC GA-3’ at 5uM (IDT, Belgium), 1X PCR-Buffer (Frilabo,
Portugal), 200 uM of each dNTP in a mix (Frilabo, Portugal), 1.25 U of DFS-Taqg DNA
Polymerase (ThermoFisher Scientific, Portugal), 10 ng/uL of template DNA, adjusted
to a 50 pL reaction. The PCR cycle was 94 °C for 2 min, followed by 30 cycles of 94
°C for 10 sec, 62 °C for 20 sec and 72 °C for 1 min (Dwivedi et al., 2013). An 80 mL
agarose gel 1% (w/v) prepared with 1X TAE Buffer and stained with 4.7 uL Ethidium
Bromide was used to load the samples - 4 pyL of PCR product and 1 pL 5X
bromophenol blue (Frilabo, Portugal); and 1 Kb DNA (Frilabo, Portugal) Ladder
(0.1pg/pL) . Electrophoresis was run at 100 V for 45 min, and the fragments (~1.5 Kb)

were visualized in ChemiDocTM (BioRad, Portugal). DNA bands were cleaned up
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using GF-1 PCR Clean-up Kit (Vivantis, Malaysia). The volume of samples was
adjusted to 100 pL with nuclease-free water and mixed with 500 uL of PCR Buffer.
The sample was loaded to a glass filter membrane and centrifuged at 10,000 x g for 1
min; then the membrane was washed with Wash Buffer (750 pL) and centrifuged at
10,000 x g for 1 min two times to remove residual ethanol. Pure DNA in the membrane
was eluted in 30 pl TE buffer for 2 min, centrifuged at 10,000 x g for 2 min, and stored
at -20 °C. For subsequent sequencing reactions, the concentration (260 nm) and purity

of the amplicon (2 ul) was measured with the 260/280 nm absorbance ratio (~1.8).

16S rRNA sequencing

Sequencing reactions were conducted in the facilities of Mountain Research Center
(CIMO). The BigDyeTM Terminator v3.1 ready reaction mix was used (ThermoFisher
Scientific, Portugal) with 27f and 1492r primers at (3.2 uM), 5X Sequencing Buffer and
nuclease-free water to a final volume of 7 uL and mixed with 3 uL of purified amplicon
(Hou et al., 2018). Samples were assessed in forward and reverse reactions. The
parameters for the sequencing reaction were 96 °C for 1 min and 25 cycles of 96 °C for
10s (denature), 62 °C for 5 s (anneal) and 60 °C (extend) for 4 min. For removal of
interferences with base calling, samples were purified with 60 pL of
SAM/BigDyeXTerminatorTM bead solution (ThermoFisher Scientific, Portugal) and
vortexed at 1,800 rpm for 20 min. Capillary electrophoresis carried out in the SeqStudio
Genetic Analyzer (Applied Biosystems, Portugal) was run at 12,000 V for 25 s and the
final results were analyzed using the Sequencing Analysis Software v7.0 (Applied

Biosystems, Portugal).
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Data analysis

Species identification

Sequences from both directions were aligned using the Benchling software to obtain a
consensus sequence. Results were aligned with sequences from the National Center for
Biotechnology Information (NCBI, USA) using the rRNA/ITS — 16S ribosomal RNA
sequences database run with the Basic Local Alignment Search Tool (BLAST)
algorithm optimized for highly similar sequences (Altschul et al., 1990). Finally,
sequences with identity equal or higher than 97% were accepted as the best match for
the LAB isolate at the species level but could not be used to separate closely related

species (Mattarelli et al., 2014).

Phenotypic characterization of LAB

Data were divided into three subsets, by foodborne pathogen species: L.
monocytogenes, S. Typhimurium and S. aureus. Principal component analysis (PCA) of
each subset was performed to assess the contribution of the antimicrobial, proteolytic
and acidifying capacities to the differentiation of isolates. The function principal from
the psych package was used in R software (version 4.3.0, R Foundation for Statistical
Computing, Vienna, Austria), where a varimax-rotated solution for two principal
components was obtained. Projections of the sample scores onto the span of the
principal components were produced by using the function prcomp from the factoextra
package. Heatmaps were created using the pheatmap function (Kolde, 2019) to find
relationship patterns within the samples. The legend of the variables in the PCA are the
following: Mean inhibition diameter (ID) in mm at 10 °C for L. monocytogenes (ID_10

°C Listeria), S. Typhimurium (ID_10 °C Salmo), S. aureus (ID_10 °C Staphy) and at 37
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°C (ID_37 °C Listeria), (ID_37 °C Staphy) and (ID_37 °C Salmo). pH values: pH6
(after 6 h), AO3 (drop between 0 h and 3 h), A06 (between 0 h and 6 h), A36 (between 3
h and 6 h). Proteolytic activity (ProteolyticAct) in mm and Concentration of L-lactic
acid (LAC) in g/L.

Results and Discussion

Genetic identification of Lactic Acid Bacteria Isolates

The results of sixty-two isolates of LAB identified by 16S gene sequencing are shown
in Table 2. Considering the results at the species level, Enterococcus (E.) faecium was
the most common, accounting for 32.3% of the total, followed by Leuconostoc (L.)
mesenteroides (19.4%), Latilactobacillus (Lb.) sakei (17.7%), Lactiplantibacillus (Lb.)
plantarum (6.5%), Pediococcus (P.) pentosaceus (4.8%) and Weissella (W.) viridescens

(1.6%).

Reports on the microbiological composition of alheira have demonstrated that the
genetic classification of LAB isolated from this fermented sausage is heterogeneous.
According to a previous study on the evaluation of alheira sausages collected from
different production plants, the most common species were Lactobacillus (L.)

plantarum (72 out of 90) and E. faecalis (87 out of 159) (Albano et al., 2009).
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Table 2. Identification results of 62 isolates of lactic acid bacteria by 16S gene
sequencing. The main identity expressed is the mean percentage and in brackets are the
[minimum; maximum] individual values.

N. isolates Species GenBank Identity (%)
20 Enterococcus faecium NR_115764.1 99.2[98.4;100.0]
6 Lacticaseibacillus paracasei NR_025880.1 100.0 [100;100.0]
2 Lactiplantibacillus herbarum NR_145899.1  99.5[99.3;99.6]
3 Lactiplantibacillus plajomi NR_136785.1  98.9[98;99.8]
4 Lactiplantibacillus plantarum NR_042394.1 98.5[97;100.0]
11 Latilactobacillus sakei NR_115172.1 99.8 [99.6;100.0]
4 Leuconostoc mesenteroides NR_074957.1  98.5[97;100.0]
8 Leuconostoc mesenteroides subsp.  NR_157602.1 99.9 [99.8;100.0]
3 Pediococcus pentosaceus NR_042058.1 99.5[99.4;99.6]
1 Weissella viridescens NR_040813.1 100.0

In addition, our findings reveal L. mesenteroides as one of the most common LAB (12
out of 62). Previous reports on the alheira sausage composition have indicated that the
counts of LAB identified as belonging to the L. mesenteroides species corresponded to
only 4 out of 283 isolates (Albano et al., 2009). Such variations can be attributed to the
sausage’s production — recipe and ingredients, fermentation — smoking/drying and

storage methods.

Interestingly, L. mesenteroides species have been demonstrated to display technological
attributes, for example, a strain isolated from a traditional Serbian sausage made with
garlic, sweet pepper, fat and pork exhibited the capability to produce bacteriocins with
antilisterial activity, suggesting a potential role of this species in enhancing the safety

and quality of cured meat products (Moracanin et al., 2013).

Moreover, the LAB classified as Lb. sakei had a relative abundance of 18% within
alheira isolates. This specific species was found to be the dominant (40% relative
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abundance) and the major fermentation driver in a metagenomics assessment of the
Salame Piemonte meat sausage, an Italian sausage with a short maturation period
(Franciosa et al., 2021). However, members of the Lb. sakei species are usually found in
low numbers in the alheira composition (Albano et al., 2009). Such a difference could
be attributed to the meat used for the preparation of the sausage: while alheira meat is

cooked, the meat used for Salame Piemonte manufacturing is raw.

Identification results indicate there are strains within the same species associated with
different producers. Small-scale meat processing typically involves using meat that is
produced and transformed on-site, leading to greater variability among producers. By
definition, an artisanal food manufacturing and processing have a high hands-on
workload, this manual aspect of the food manufacturing leads to a less standardized
final product. Such a difference implies a potential variation in the manufacturing
conditions within batches, denoting that conditions within alheira sausages from a

particular producer do not lead to a uniform collection of strains (Ferreira et al., 2006).

This phenomenon was observed previously in a study where the heterogeneous
metagenomic content between three batches of spontaneously-fermented dry sausages
that were submitted to standard production parameters — recipe, ingredients and
ripening yielded distinct microbial profiles. The source of the differences was derived
from the natural microbial composition of the meat employed in the sausage-making
(Franciosa et al., 2021). Since there are no standard manufacturing processes in the
production of artisanal alheira sausages, small differences are likely to appear between
batches from the same producer. Further evaluation of the genomic content from

individual strains might reveal specific niche adaptations
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Alheira physicochemical and microbiological analysis

Correlations of the physicochemical and microbiological analysis of a total of 58
alheira sausages are compiled in Fig. 12a; and a subset of 22 selected samples from
which LAB with high antimicrobial activity were isolated are shown in Fig. 12b. The
heatmaps offer a comprehensive visualization of the interrelationships among the
assayed attributes. Regarding the protein content as an example, the producers with
lower amount of meat in the recipe used a high amount of fat, a typical case are the
sausages manufactured by the AG producer that had a mean protein content of 13.15%
and a mean fat content of 48.86%, whilst BV producer sausages were composed of
28.64% of meat and 34.75% of fat. Previous research on the nutritional value of alheira
sausages have reported an average protein and lipid content of 15% and 35%,
respectively (Ferreira et al., 2007; Patarata et al., 2008; Albano et al., 2007; Campos,

2013; Coelho-Fernandes et al., 2020; Zefanias, 2020).

Moreover, the composition of the fat in the alheira was previously classified as
monounsaturated fatty acids (MUFAs) and saturated fatty acids (SFASs), although
polyunsaturated fatty acids (PUFAS) could be detected in lower amounts (Campos et al.,
2013). Overall, the fat composition reflects the animal’s diet which is more likely to
include fatty components, this is particularly common in swine (Price, 1987). The
carbohydrates composition was predominantly high across the different producers,
which is a consequence of the use of moistened bread in the sausage preparation, these
proportions vary according to the amount of meat and fat on the producer’s recipe
(Patarata et al., 2008). The mean carbohydrates content of alheira in this study was
39.40% (n=58), when compared to previous reports this value was considerably higher:
19.46% (n=40) (Patarata et al., 2008), 21.5% (Campos et al., 2013) and 15.2% (Ferreira

et al., 2006).
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The alheira is considered a high moisture food product. The mean value of aw in the
current study was 0.986 + 0.008 (n=58), which causes great concern regarding safety
and quality since a high aw value makes the environment favorable for the growth of
foodborne pathogens and spoilage microorganisms with minimum aw up to 0.98, which
is the case for Salmonella spp. 0.94, Staphylococcus spp. 0.86, Clostridium botulinum
0.94, L. monocytogenes 0.97 (Bintsis et al., 2017). The mean pH of the sausages was
4.25 * 0.23, the highest pH was 4.68 and the lowest was 3.88; previous reports have
demonstrated similar values of pH (4.92) (Patarata et al., 2008). The low pH is a
consequence of the fermentation promoted by the LAB naturally occurring in the
sausage (Doyle et al., 2013). Moreover, a low pH value (5.5 or less) result in decrease
of water binding capacity and provide conditions that are less favorable to spoilage

(Price, 1987).

The ash content has been previously shown to be highly correlated (r = 0.88, p < 0.001)
with NaCl that is used during the seasoning of the meat. In our results, the mean ash
content was 3.59 + 0.87%, comparable to another reference study that found 2.21 +
1.20% (Campos et al., 2013). Additional hurdles used in the making of alheira are the
exposure to the products of wood combustion that provide protection against spoilage
microorganisms. Such by-products confer a bacteriostatic activity mainly driven by
formaldehyde — which is the main component of the smoke, aliphatic acids, other
aldehydes and phenolic compounds (Price, 1987). These antioxidant compounds

contribute to the preservation of the meat by protecting lipids from oxidation.

The microbiological quality of these sausages was determined, and the mean AMC
results were 8.80 £ 1.58 log CFU/g. Similar results were obtained from previous
research, such as 8.42 + 1.26 (Coelho-Fernandes et al., 2020), 8.5 + 0.6 (Magalh&es et

al., 2011) and 8.28 £ 0.67 (Esteves et al., 2008). AMC is a generic test for mesophiles —
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that grow at temperatures in the range of 25 to 40 °C. A research study (Ferreira et al.,
2006) compared the alheira microbiological analysis results with the guidelines of
microbiological quality for ready-to-eat foods (Gilbert et al., 2000). However, this
guideline states microbiological quality limits of AMC from smoked sausages were
classified as not appropriate for measurement of poor hygienic quality. In fact, high
microbial counts were previously thought to be involved with alheira spoilage, however
a high AMC in alheira did not reflect organoleptic signs of deterioration (Esteves et al.,
2008). Taking into consideration the naturally fermented nature of alheira, a high AMC
is expected. Moreover, previous reports have demonstrated the positive correlation of
AMC with LAB counts — the dominant microflora (Coelho-Fernandes et al., 2020;
Esteves et al., 2008). In this study, the microbiological counts of Lactobacillus spp.
were 9.83 + 1.03 log CFU/g and Lactococcus spp. were 9.22 + 1.32 log CFU/g. AMC
has been shown to double in alheira from the immediate preparation and filling

manufacture step to the final smoked dry sausage (Magalhaes et al., 2011).

Regarding the microbiological safety, the mean counts of Staphylococcus spp. were
2.46 = 1.40 log CFU/g, with a minimum value of 0.699 log CFU/g and a maximum
value of 6.06 log CFU/g. Eleven out of fifty-eight sausages were considered
unacceptable and potentially hazardous since Staphylococcus spp. counts were superior
to 4 log CFU/g (Gilbert et al., 2000). Similar results have been previously reported in
alheira analysis, mainly attributed to the manual handling of the sausage components
during filling. The pathogen occurrence could also arise from cross-contamination from
initially contaminated meat carcasses, equipment or utensils (Magalhées et al., 2011,

Esteves et al., 2008; Zefanias et al., 2020).

The mean Clostridium spp. counts were 1.07 £ 0.94 log CFU/g with minimal values of

0.699 log CFU/g and the maximum was 4.127 log CFU/g. Eight out of fifty-eight
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sausages were unsatisfactory in terms of microbiological safety once that the colony
counts had values higher than 2 log CFU/g. Moreover, one sausage was considered
potentially hazardous with a 4.13 log CFU/g pathogen load. These results are to be
viewed with caution in the context of public health (Gilbert et al., 2000). Previous
reports on alheira microbiological safety have shown mean values of 1.2 £ 0.5 log
CFU/g which were in the acceptable range (Coelho-Fernandes et al., 2020). Pathogenic
microorganisms including C. perfringens, Salmonella spp. and S. aureus are the most
prevalent in alheira sausages (Esteves et al., 2008). The sporulated form of C.
perfringens is resistant to extreme temperatures, similar to the enterotoxin produced by
Staphylococcus aureus. The high levels of contamination observed after analysis of

samples are related to poor hygienic and sanitary manufacturing conditions.
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Figure 12. Heatmap of physicochemical and microbiological data of (a) total (n=58) and
(b) selected (n=22) alheira sausages (n=59). Legend: The variables are described in
Data Analysis section.

Lactic acid bacteria phenotypic and genetic analysis

The phenotypic and genetic features of sixty-two LAB isolates are shown in Fig. 13, the
phenotypic analysis of LAB indicated diverse acidification capacities. For instance, E.
faecium (n=20) had the steepest (0.516) pH drop between time intervals 3 and 6 h,

while Lb. herbarum had a pH drop of 0.056 during the same period. Previous research
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on the acidifying ability of enterococci has demonstrated that the more rapid acidifiers
were from strains of food origin (Sarantinopoulos et al., 2001). However, the collection
of strains selected in this study appear to behave as slow fermenters since the reduction

of pH was achieved by only 0.3-0.9 units.

In the case of alheira, the volatile acids derived from the smoke have an additional role
in reducing the pH, which influences the metabolic traits of fermenter LAB. The rate of
pH fall has an equally if not more important role than the final pH in determining the
physical properties of the meat. The glycolysis performed by LAB in the alheira
positively influences the preservation of the product by lowering the pH. A low pH
value and aw at the beginning of the processing minimizes the proliferation of pathogens

and detrimental bacteria (Ferreira et al., 2007).

In our study, E. faecium was the most abundant LAB. However, the presence of
enterococci in the alheira and other traditional Portuguese fermented sausages has been
pointed out as controversial due to enterococci’s behavior as opportunistic pathogens. In
fact, E. faecium isolated from these sausages were associated to resistance to antibiotics
such as erythromycin (36.4%) and tetracycline (2.3%). This resistance could hinder
effective treatment to nosocomial infections associated with enterococci (Barbosa et al.,

2009).

Regarding the inhibitory effects displayed by the assayed LAB against foodborne
pathogens, lactobacilli presented a high (<10 mm) inhibition diameter (ID) against the
pathogens S. aureus, L. monocytogenes, and S. Typhimurium. The isolates identified as
Lb. plajomi and Lb. plantarum could inhibit L. monocytogenes at 10 °C with ID of
21.62 and 19.77 mm, respectively. However, when tested under a higher temperature

(37 °C) the isolates with antilisterial activity were identified as Lb. herbarum (ID=11.79
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mm) and Lb. sakei (ID=11.35 mm). These findings indicate a variation on the most
effective antilisterial strain according to the temperature, the inhibition could then be
associated to the action of enzymatic compounds. In fact, the production of antibacterial
compounds is a natural way of preserving the meat and can be produced in combination
with organic acids (Albano et al., 2007; Albano et al., 2009; Azevedo et al., 2024).
Moreover, the results of lactic acid production indicate that the inhibitory action of
organic acids is likely to have contributed to the antilisterial activity displayed by these

lactobacilli strains which yielded 0.4-0.5 g/L of lactic acid.

Similar patterns were observed in LAB antimicrobial activity against S. aureus. Anti-
staphylococcal activity was mainly promoted by Lb. plajomi (ID=11.91 mm) and L.
herbarum (ID=11.29 mm) at 10 °C. While at 37 °C inhibition of antimicrobial growth
was promoted by Lb. paracasei (ID=9.06 mm) and Lb. plantarum (ID=8.29 mm).
Antimicrobial activity of L. mesenteroides against S. Typhimurium remained consistent
at both temperatures. At 10 °C, Lb. herbarum (ID=11.21 mm) and L. mesenteroides
(ID=10.89 mm) exhibited the highest inhibition. Similarly, at 37 °C the inhibition was
displayed especially by L. mesenteroides (ID=12.89 mm) and by Lb. plantarum

(ID=11.56 mm).

The application of LAB as protective cultures is proven effective in prolonging the shelf
life of meat and meat products (Doyle et al., 2013; Albano et al., 2007; Albano et al.,
2009; Azevedo et al., 2024). Previous reports have demonstrated the use of LAB from
alheira as biocontrol agents. For instance, a partially purified bacteriocin produced by
Lb. plantarum 9A3 was added to a culture of L. monocytogenes during its exponential
phase and effectively repressed pathogenic growth by 3.57 log CFU/mL for a 12 h
period (Azevedo et al., 2024). Moreover, a P. acidilactici HA-6111-2 producer of

pediocin PA-1 presented antimicrobial activity against L. innocua when added (10°
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CFU/mL) as an inoculum in an artificially contaminated alheira paste with 10°
CFU/mL of L. innocua. The bacteriocinogenic LAB could inhibit the growth of the
pathogen from an initial population of 4.5 log CFU/g to 2 log CFU/g after 54 days at

cold storage (Albano et al., 2009).

Regarding the proteolytic activity displayed by LAB, it has been previously observed
that the production of proteases influences changes in texture and aroma of the meat
(Kieliszek et al., 2021). This influence can be negative, for instance, the products of
protein degradation such as mercaptans, amines and fatty acids result in foul odors and
flavors indicative of the development of putrefaction and rancidity (Price, 1987). In the
case of alheira, the ingredients (meat, spices, condiments) are boiled with water at 100
°C for 30 min. During this process, many physicochemical and sensorial changes occur
in the meat, for instance, the pH increases, the collagen softens, and the typical aroma
develops by the release of volatile sulfur containing compounds, generated by the
degradation of amino acids such as cysteine and methionine (Zefanias, 2020; Price,
1987). Other amino acids such as leucin, phenylalanine and isoleucine have been

associated with the acidic flavor (Toldra, 1998).
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Figure 13. Heatmap of physicochemical characterization data of lactic acid bacteria
(LAB) isolated from alheira and species identification of LAB isolates. Legend: See
Data Analysis section.

Previous reports on the proteolytic activity displayed by lactobacilli indicate that most
species can bring about proteolysis, but to different extents (Kieliszek et al., 2021). Our
findings demonstrate that the highest proteolytic activity (3.46 mm) was promoted by
Lb. paracasei strains, while Lb. herbarum had the lowest value (0.41 mm) among
lactobacilli. In a previous study, 133 LAB isolated from a Chinese fermented sausage
were screened for proteolytic activity (Cao et al., 2019). Most of the strains (63.16%)
could effectively hydrolyze myofibrillar proteins and 57.74% sarcoplasmic proteins.
These strains were identified as Lb. plantarum, Lb. pentosus and Lb. fermentum.
Moreover, proteolytic enzymes have been used to improve meat sensorial attributes,

shorten maturation time and delay lipid oxidation (Kieliszek et al., 2021).

To wundertake a more comprehensive investigation into the variability of
physicochemical attributes exhibited by LAB, a PCA was employed. Isolates were

annotated with their species-level genetic identification. The dataset was segregated to
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account for the presence of the three foodborne pathogens that were the subject of
analysis, yielding three distinct PCA maps (depicted in Table 3).
Table 3. Map of the first and second principal components of the tested technological

properties of lactic acid bacteria (LAB) isolated from alheira sausage and species
identification of LAB isolates. Legend: See Data Analysis section.

Variables S. Typhimurium L. monocytogenes S. aureus
PC1 PC2 PC1 PC2 PC1 PC2

ProteolyticAct 0.538  0.609 0.494 0.653 0.508 0.612
pH6 0.942  -0.232 0.960 -0.159  0.950 -0.175
ApHO3 -0.896 0.212 -0.903 0.137 -0.901 0.173
ApHO06 -0.956  0.225 -0.968 0.152 -0.961 0.173
ApH36 -0.927  0.218 -0.940 0.149 -0.931 0.162
LAC -0.068 -0.771 -0.032 -0.783 -0.032 -0.812
ID_10C 0.884  0.209 0.758 0.387 0.834 0.218
ID 37C 0.872  0.299 0.784 -0.099 0.834 0.143
% of variance 66.3 16.2 62.4 16.1 64.4 152

Cumulative % of var. 66.3 82.447 62.4 78.5 64.4 79.6

For each map, two principal components were retained (based on their eigenvalues
surpassing 1), accounting for a substantial portion of the variation (approximately 80%).
In the context of Fig. 14, an analysis was conducted on a subset of LAB with an

antimicrobial activity against S. Typhimurium at 37 °C and 10 °C (PC1: 66.2%; PC2:

16.2%).

The variables ApH36, ApH06, pH6 and the inhibition diameter at both temperatures
presented the highest loadings, this component primarily measured the antimicrobial
activity and acidifying capacity of the LAB. Moreover, there was a stronger positive
correlation with the variables ApHO03 (0.212) and proteolytic activity (0.609) within the

second component compared to the lactic acid (-0.771) yield (Table 3).

A similar pattern was observed for S. aureus (Fig. 15; PC1: 62.4%; PC2: 16.1%) and L.
monocytogenes assessments (Fig. 16; PCl: 64.4%; PC2: 15.2%). However, the

influence of different temperatures on inhibition diameters was more evident in the
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latter, as indicated by the second component, at 37 °C (0.387) and 10 °C (-0.099). The

overarching acidifying capacity was considerably attributed to the action of E. faecium.
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Figure 14. Map of the first and second principal components of the tested technological
properties of lactic acid bacteria (LAB) against Salmonella Typhimurium isolated from
alheira sausage and species identification of LAB isolates. Legend: See Data Analysis
section.
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Figure 15. Map of the first and second principal components of the tested technological
properties of lactic acid bacteria (LAB) against Staphylococcus aureus isolated from
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alheira sausage and species identification of LAB isolates. Legend: See Data Analysis
section.
Listeria monocytogenes

l Species
e E Protecwﬁ,cﬁ\ct @  Lactiplantibacillus plajomi

i / Lactiplantibacillus plantarum
1- E S ID_T'?}__C Pediococcus pentosaceus

Lactiplantibacillus herbarum
Latilactobacillus sakei

W Weissellaviridescens
Leuconostoc mesenteroides
Lacticaseibacillus paracasei

“ Enterococcus faecium

'
P -
(=R

|
0
Dim1 (54.4%)

Figure 16. Map of the first and second principal components of the tested technological
properties of lactic acid bacteria (LAB) against Listeria monocytogenes isolated from
alheira sausage and species identification of LAB isolates. Legend: See Data Analysis
section.

Conclusions

The careful selection of lactic acid bacteria as starter cultures or biological food-grade
preservatives in meat sausages is pivotal for regulating the fermentation process —
ensuring product safety by inhibiting foodborne pathogens while contributing to the
desired organoleptic characteristics, enhancing consistency and quality. The absence of
a standardized production processes for the alheira sausage may lead to a
microbiologically unstable product, causing variations in quality. The implementation
of management practices for food production with a standardized approach focused on
enhancing quality and safety could potentially elevate the market choices for artisanal
products. These products, integral to Mediterranean culture, biodiversity and economy,

require thorough investigation and protection. The observed batch-to-batch variations in
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the microbial profiles, indicate that conditions within alheira sausages from a specific
producer do not lead to a uniform collection of strains. These variations have
implications for product consistency and may need further investigation into genetic
heterogeneity. A standardized approach could include the use of an ad-hoc starter
culture. In this study, sixty-two LAB isolates were identified, with E. faecium (32.3%),
L. mesenteroides (19.4%), and Lb. sakei (17.7%) as the most prominent species,
consistent with previous research on Portuguese fermented meat sausages. Phenotypic
analysis showed diverse acidification capacities, proteolytic activities, and inhibitory
effects against L. monocytogenes, S. Typhimurium and S. aureus mainly displayed by
lactobacilli. Upcoming research will work on further characterizing the mechanism of
inhibition expressed by these strains (e.g., bacteriocins, organic acids,
proteases/peptidases), and explore their use as fermentation drivers. This study gathers
important data for understanding the composition of alheira and its intrinsic properties,
which in the future could be applied in the development of new pure cultures for

preservation of fermented meat sausages.
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V. Overall Conclusion and Future
Perspective

The application of biotechnology presents significant potential for the agricultural and
farming sectors. Throughout this thesis elaboration, insights were gained into the
pivotal role that local producers with small-scale farms play in the economies of
Mediterranean countries, as well as in the preservation of their cultural heritage through
traditional food production. The research focus during the Master’s program centered
on elucidating the microbial composition of a Portuguese fermented sausage known as
alheira, while concurrently exploring the technological capabilities of lactic acid

bacteria (LAB), which constitute a major component of the alheira microbiome.

The meat in the alheira sausage is processed in smokehouses through fermentation
promoted by the action of LAB. For many years, LAB were associated with the
deterioration of meat, but we now know that they also contribute to its preservation.
Through the production of acids and aromatic compounds, and the degradation of
proteins through their proteolytic activity, they are essential for obtaining a final product

with the characteristic sensory and nutritional properties.

LAB play an essential role as biological control agents, generating metabolites with
antimicrobial properties, including organic acids, proteases, peptidases and bacteriocins.
Bacteriocins are small peptides synthesized on the ribosome of LAB and can be applied
as purified or semi-purified preparations, which have no color, smell or taste. Their
potential in food preservation is characterized by their microbial inhibition action.
Bacteriocins can also be applied as bacteriocinogenic cultures, which can improve the
sensory and nutritional profile of meat. The selection of the strain should be based on its
competitiveness with the surrounding bacteria, the levels of bacteriocin expression and
its compatibility with the fermentation culture. Incorporating bacteriocins into
packaging is a promising alternative and can be used in various packaging matrices.
Therefore, the use of bacteriocins in the production of traditional meat sausages can

help increase their microbiological safety.

The main microbiological hazards that may occur in meat products are foodborne
pathogens e.g., Salmonella spp., Listeria monocytogenes, as well as the toxins of
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Staphylococcus aureus, Clostridium perfringens and Clostridium botulinum, which are
the consequence of inadequate hygienic and manufacturing practices or final products’
microbial instability, as they are often produced with variable, less standardized

productive processes.

The management of alheira production was proposed in this study to establish a more
standardized approach aimed at improving quality and safety. This was achieved
through physico-chemical and microbiological analysis of sausages, as well as the
isolation and screening of LAB from various rural sites. Phenotypic and genetic
characterization of these isolates was conducted to evaluate the properties of LAB and

select the most suitable strains for enhancing the quality and safety of the product.

Traditional foods, with their characteristics honed over centuries, play a significant role
in the economic, agrarian, gastronomic, and cultural development of the Mediterranean
region. Despite their esteemed status, it's important to acknowledge that disease-
associated microorganisms can be found in meat and homemade sausages, posing
potential risks to consumer health. Deciphering the mode of action of LAB against
foodborne pathogens, particularly through the production of antimicrobial peptides,
presents an intriguing avenue for future research. Exploring the role of LAB as
biocontrol agents offers promising opportunities for enhancing the safety and quality of
traditional fermented foods. Understanding the mechanisms underlying the
antimicrobial activity of these peptides could lead to the development of novel
strategies aimed at fortifying the safety and quality of these cherished culinary

traditions.
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Processo produtivo da Alheira

Na alheira, a carne cozida, apds um
processo de salga, € misturada com o pdo, o
azeite, o alho, a salsa e outros ingredientes.

E nesta etapa de mistura que as
bactérias &cido-lacticas s3o inoculadas,
naturalmente ou através de culturas de
arranque.

Potenciais perigos microbiolégicos
na producdo da Alheira

. Rececdao da carne - presenca de
microrganismos prejudiciais ou parasitas.
Causas: falha na preparacdo do produto pelo
fornecedor ou no transporte.

. Rececdo do pao - presenca de
fungos. Causas: pdo mal acondicionado.
- Rececdo dos condimentos e tripas

- presenca de microrganismos patogénicos.
Causas: embalagens deficientes ou
danificadas.

- Armazenagem da carne e demais
ingredientes - crescimento de
microrganismos patogénicos. Causas:
contaminacado cruzada.

. Salga e Demolha - contaminacao da
carne. Causas: quantidade insuficiente de
sal; utilizacdo de agua contaminada.

. Cozedura e Desfia - sobrevivéncia
de microrganismos resistentes ao calor.
Causas: tempo e temperatura inadequados.
. Enchimento - crescimento de
microrganismos patogénicos. Causas:
contaminacdo pelos operadores ou

utensilios; temperatura favoravel ao
desenvolvimento microbiano.
. Fumagem/Secagem - sobrevivéncia

de microrganismos patogénicos. Causas:
tempo e temperatura insuficientes.

. Embalamento -  contaminacdo.
Causas: embalamento incorreto, rutura da
embalagem, presenca de gases.
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Vasco Cadavez
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5.2. ANNEX II: Leaflet of the main findings and recommendations for ensuring the microbiological safety of traditional sausages to
regional producers (written in Portuguese)
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0 que s3o as bactérias acido-
lacticas?

As bactérias acido-lacticas (LAB)
sdo um grupo de microrganismos

que crescem em condicdes
anaerobicas, isto &, quando ndo
ha oxigénio.

Estas bactérias estdo presentes em
diferentes nichos ecologicos, como o
solo, o ar, os alimentos e até dentro
de nos.

Durante muitos anos, as LAB foram
associadas a deterioragdao da carne,
mas hoje sabemos que também
contribuem para a sua preservacao.

Qual é o efeito das LAB no fumeiro?

No fumeiro, o micro ambiente sem
oxigénio & optimo para o crescimento
das LAB.

Mestas condigdes, as
LAB utilizam os
nutrientes da carne
para produzir acido
lactico.

Este processo €& conhecido como
fermentacao, sendo essencial para a
obtencao de um produto final com as
propriedades sensoriais e nutricionais
caracteristicas do fumeiro tradicional.

@

Ma producdo dos enchidos tradicionais,
estas bactérias provém dos
condimentos, dos temperos e da propria
carne.

Como posso utilizar as LAB no
meu produto?

Podemos adicionar LAB atraves de
culturas de arrangue, gque sdo
compostas por LAB previamente
selecionadas.

A utilizacdo das LAB,
ao inibir o crescimento
de microrganismaos
prejudiciais, aumenta
o tempo de prateleira
dos produtos.

Além disso, ao observar o seu
conteddo genético, percebemos
que cada produtor possui um
conjunto Unico destas LAB.

Fatores como:

+ 0singredientes utilizados, o tipo
de carne, a duracdo da
fumagem e da secagem

influenciam o perfil de LAB
encontradas nas alheiras, as quais
sdo fontes de  diversidade
microbiclogica que importa estudar
e conhecer, pois

estas determinam T A
as suas
caracteristicas @

organolépticas.
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