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Abstract

Global projections reported that an increase in food demand of 35% will occur by 2030, mainly due

to the population growth and economic development of emerging countries. In this perspective, a
waste reduction in agro-food supply chains can be a fundamental strategy to guarantee
environmental sustainability in food industry. This is possible through a valorisation of food
residues, enhanced production yields and an extension of fresh food shelf-life. The increasing
amount of food wastes is strongly related to the microbial spoilage, resulting in a loss of food
quality and microbiological safety, especially in fresh or minimally processed products. The
widespread consumers demand for natural and innovative foods directed the research towards the
study of new “green” and environmentally friendly solutions, that need to be adapted to the specific
characteristics of the different food products and processes. The development of sustainable
approaches to assure safety, high quality and an increased shelf-life of both fresh and fermented
products is a crucial aspect to pursue production efficiency and waste reduction. In particular, the
attention has been focused on bio-preservation and bio-protection approaches, proposing, on the one
hand, the use of natural antimicrobial compounds, and on the other, the application of microbial
strains with antimicrobial properties toward pathogens and/or spoilage bacteria. In this latter case,
nowadays, a limited number of commercial bio-protective and/or starter cultures are used to
enhance product safety and quality. However, their application can cause product standardisation,
with a loss in recognisability and peculiar features, linked to local productions. For this reason, an
increased interest in traditional spontaneously fermented products as possible source of new
autochthonous starter cultures or bio-protective strains for industrial purposes is emerging.

Given these considerations, this PhD project, that is part of the European project BioProMedFood,
financed in the frame of PRIMA — Section 2 Programme, was focused on the study of sustainable
approaches to improve quality and microbiological safety of fresh or fermented meat products. With
this purpose, three main strategies have been evaluated. The first concerned the valorisation of
spontaneously fermented sausages microbial biodiversity, through the isolation of autochthonous
microbial strains and their use as bio-protective or functional starter cultures in meat products. In
particular, the work started with the characterisation of 15 traditional fermented sausages, collected
in Mediterranean countries, addressed to highlight their microbial biodiversity by using
metagenomic analysis. Lactic acid bacteria (LAB) and coagulase-negative cocci were the most
representative microorganisms in all samples, but significant differences were observed in relation
to the product characteristics and origin. More than 900 LAB strains were isolated from these

traditional products and approx. 150 biotypes, mainly belonging to the species Latilactobacillus
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sakei, were detected. These results confirmed the high adaptation of this species to this ecological
niche. These strains were studied regarding their antibiotic-resistances and amino biogenic potential
and only safe strains (approx. 40) were characterised for their technological properties (growth
performances at different salt concentrations and incubation temperatures) and their antimicrobial
potential (inhibition of food-borne pathogens in vitro and the presence of genes related to
bacteriocin production). The most promising strains were further studied for their anti-listerial
activity in fresh sausages with promising results. In addition, they were used as starter cultures in
the pilot plant production of fermented sausages. The results showed that the fermented sausages
obtained with the selected strains were characterised by good aroma profiles and a reduced biogenic
amine (BA) content. Moreover, the growth of Listeria monocytogenes during production and
ripening, assessed with a challenge test, was strongly inhibited.

The second aim of the work was focused on the use of natural compounds with antimicrobial
potential, extracted from plant derivatives of species characterising the Mediterranean maquis. In
particular, phenolic extracts and essential oils of Juniperus oxycedrus needles and Rubus fruticosus
leaves were tested in vitro against a strain of List. monocytogenes and Enterococcus faecium, also
by using a cytofluorimetric protocol to better evidence the effect on viability and physiological state
of target cells. In the latter strain, the inhibition of tyramine production was also assessed to
evaluate the plant derivatives potential in reducing the accumulation of this toxic BA. Data
collected underlined relevant differences in relation to species and type of plant derivatives, but
they hint at important possibilities for applications in specific foods or processes.

The last topic of research of this thesis regarded the study of the effect of LAB fermentation on
avocado leaves by-products. In particular, the attention was focused on the bio-availability of
phenolic compounds in the plant extracts, caused by microbial metabolism. Even if the research
work on this topic is still ongoing, the first data obtained are encouraging and an increase in
antioxidant potential following LAB fermentation has been observed, even if in a strain-specific
manner.

Concluding, the work presented in this PhD thesis permitted to highlight the great potential of
traditional meat products to be a reservoir of microbial biodiversity and a source of isolation of new
strains with industrial importance. Moreover, the antimicrobial potential of compounds obtained
from under-exploited plant matrices was also investigated to assess their possibility to serve as
“green” strategies in the increase of fresh food safety. These aspects demonstrated the potential use
of innovative biotechnological strategies, to pursue production efficiency and promote the

sustainability of the entire production system from a circular economy perspective.



Resumen

Las proyecciones globales establecen que para el 2030se producird un aumento en la demanda de

alimentos del 35%, principalmente debido al crecimiento de la poblacion y el desarrollo econdémico
de los paises emergentes. En esta perspectiva, una reduccién de residuos en las cadenas de
suministro agroalimentario puede ser una estrategia fundamental para garantizar la sostenibilidad
ambiental en la industria alimentaria. Esto es posible a través de una valorizacion de los residuos de
los alimentos, un mayor rendimiento de produccidn y una extension de la vida util de los alimentos
frescos. La creciente cantidad de desperdicios de alimentos esta fuertemente relacionada con el
deterioro microbiano, lo que resulta en una pérdida de calidad de los alimentos y seguridad
microbioldgica, especialmente en productos frescos o minimamente procesados. La demanda
generalizada de alimentos naturales e innovadores por parte de los consumidores ha dirigido la
investigacion hacia el estudio de nuevas soluciones "verdes" y respetuosas con el medio ambiente,
que deben adaptarse a las caracteristicas especificas de los diferentes productos y procesos
alimentarios.

El desarrollo de estrategias sostenibles para garantizar la seguridad, la alta calidad y una mayor vida
atil de los productos frescos y fermentados es un aspecto crucial para perseguir la eficiencia de la
produccion y la reduccion de residuos.

En particular, la atencion se ha centrado en los enfoques de biopreservacion y bioproteccion,
proponiendo, por un lado, el uso de compuestos antimicrobianos naturales y, por otro, la aplicacion
de cepas microbianas con propiedades antimicrobianas frente a patdgenos y/o bacterias de
deterioro. En este ultimo caso, hoy en dia, se utiliza un nimero limitado de cultivos comerciales
bioprotectores y/o iniciadores para mejorar la seguridad y la calidad del producto. Sin embargo, su
aplicacién puede provocar la estandarizacion del producto, con una pérdida de identidad y
caracteristicas peculiares, vinculadas a las producciones locales. Por esta razon, esta surgiendo un
creciente interés en los productos tradicionales fermentados espontaneamente como posible fuente
de nuevos cultivos iniciadores autdctonos o cepas bioprotectoras para fines industriales.

Teniendo en cuenta estas consideraciones, este proyecto de doctorado, que forma parte del proyecto
europeo BioProMedFood, financiado en el marco del Programa PRIMA — Seccion 2, se centrd en el
estudio de enfoques sostenibles para mejorar la calidad y la seguridad microbioldgica de los
productos carnicos frescos o fermentados. Con este proposito, se han evaluado tres estrategias
principales.

La primera esta enfocada a la valorizacién de la biodiversidad microbiana de embutidos

fermentados espontaneamente, mediante el aislamiento de cepas microbianas autéctonas y su uso
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como cultivos iniciadores bioprotectores o funcionales en productos carnicos. En concreto, el
trabajo se inicio con la caracterizacion de 15 embutidos fermentados tradicionales, recogidos en
paises mediterraneos, dirigidos a poner de relieve su biodiversidad microbiana mediante el analisis
metagendmico. Las bacterias lacticas (BAL) y los cocos coagulasa negativos (CNC) fueron los
microorganismos mas representativos en todas las muestras, pero se observaron diferencias
significativas en relacién con las caracteristicas y el origen del producto. Se aislaron més de 900
cepas de BAL de estos productos tradicionales y se detectaron aproximadamente 150 biotipos,
principalmente pertenecientes a la especie Latilactobacillus sakei. Estos resultados confirmaron la
alta adaptacion de esta especie a este nicho ecoldgico. Estas cepas se estudiaron en cuanto a su
resistencia a los antibioticos y potencial amino biogénico y solo se caracterizaron cepas seguras
(aproximadamente 40) por sus propiedades tecnolégicas (rendimientos de crecimiento a diferentes
concentraciones de sal y temperaturas de incubacidn) y su potencial antimicrobiano (inhibicion de
patdgenos transmitidos por los alimentos in vitro y presencia de genes relacionados con la
produccion de bacteriocinas). Las cepas mas prometedoras se estudiaron mas a fondo por su
actividad anti-Listeria en salchichas frescas con resultados prometedores. Ademas, se utilizaron
como cultivos iniciadores en la produccion en planta piloto de embutidos fermentados. Los
resultados mostraron que los embutidos fermentados obtenidos con las cepas seleccionadas se
caracterizaron por buenos perfiles aromaticos y un contenido reducido de aminas bidgenas (AB).
Ademas, se inhibi6é significativamente el crecimiento de Listeria monocytogenes durante la
produccién y maduracion.

El segundo objetivo del trabajo se centr6 en el uso de compuestos naturales con potencial
antimicrobiano, extraidos de derivados vegetales de especies caracterizadoras de la maquia
mediterranea. En particular, los extractos fenolicos y los aceites esenciales de agujas de Juniperus
oxycedrus y hojas de Rubus fruticosus se probaron in vitro contra una cepa de List. monocytogenes
y Enterococcus faecium, también mediante el uso de un protocolo citofluorimétrico para evidenciar
mejor el efecto sobre la viabilidad y el estado fisiol6gico de las células diana. En esta ultima cepa,
también se evaluo la inhibicion de la produccién de tiramina para evaluar el potencial de los
derivados de la planta en la reduccion de la acumulacion de esta AB que es toxica. Los datos
recopilados pusieron manifiesto diferencias relevantes en relacién con las especies y el tipo de
derivados vegetales, evidenciando importantes posibilidades de aplicacion en alimentos o procesos
especificos.

El ultimo tema de investigacion de esta tesis se centro en el estudio del efecto de la fermentacion
mediante BAL sobre las hojas de aguacate. En particular, la atencién se centr6 en la

biodisponibilidad de compuestos fendlicos en los extractos de estas hojas, como consecuencia del
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metabolismo microbiano. Los datos obtenidos son prometedores en cuanto se ha observado un
aumento en el potencial antioxidante y en el contenido fendlicos de los extractos despues de la
fermentacion mediante BAL, aunque de una manera especifica de la cepa utilizada.

Concluyendo, el trabajo presentado en esta tesis doctoral permitié poner de manifiesto el gran
potencial de los productos carnicos tradicionales para ser un reservorio de biodiversidad microbiana
y una fuente de aislamiento de nuevas cepas con importancia industrial. Ademas, también se
investigo el potencial antimicrobiano de compuestos obtenidos de matrices vegetales subexplotadas
para evaluar su posibilidad de servir como estrategias "verdes" en el aumento de la seguridad de los
alimentos frescos. Estos aspectos demostraron el uso potencial de estrategias biotecnoldgicas
innovadoras para perseguir la eficiencia de la produccion y promover la sostenibilidad de todo el

sistema de produccion desde una perspectiva de economia circular.
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Introduction






1.1 The Water-Energy-Food Nexus

Nowadays, water, energy and food resources are affected by a huge pressure due to the
always increasing demand for their availability, caused by the actual global population growth,
urbanisation, emerging economies development and climate change, that often lead to an
environmental degradation and assets depletion. With respect to the 2015, global projections
indicate that this issue can rise over 50% by 2050, stressing an already strong competition among
these resources that are limited in many parts of the world (Ferroukhi et al., 2015; Zhang et al.,
2018a). In response to this concern, the concept of the “water-energy-food Nexus” emerged to
comprehensively assess the global resources systems with sustainable approaches, in order to avoid
potential risks of uncertain future (Hoff, 2011). In fact, these three sectors are characterised by a
complex interaction, such as in the case of biofuel. The enhanced development of bioenergy,
promoted to mitigate climate change and replace fossil fuels, could be one of the potential causes of
biodiversity loss and reduction of land dedicated to food crops (Meehan et al., 2010). Instead,
regarding technological applications, for example, the water conserving irrigation and desalination
techniques depend on an intensive energy consumption (Zhang et al., 2018a). For this reason,
disregarding these interlinkages, the decision on how to manage one resource could impact not only
on this latter, but also on the others, with unexpected and adverse consequences. The Food and
Agriculture Organization (FAO) of the United Nations highlight that the function of the Nexus
approach is to provide an overview of the current state and use of natural resources, in order to plan
and implement their coordinated application to optimise synergies, efficiency and productivity
(FAO, 2014). Despite the progress in water-energy-food Nexus, limitations of recent studies still
exist, and this represents a challenge for the future research.

However, focusing on the food system, the population growth is leading to an increase in
food consumption and consequent waste. This sector is characterised also by a significant volume
of product waste during processing (one-third of the production), before reaching the consumer,
because of the failure in the quality criteria (FAO, 2011; Ramirez et al., 2021). Food waste is
related to the production country and local conditions. In low-income countries, this depends on
managerial and technical limitations that affect post-harvest handling, storage and processing
phases (FAO, 2021). In addition, also an overproduction can cause food waste (Beretta et al., 2013).
Meanwhile, in the case of high- and middle-income countries, this aspect is linked to the
distribution and consumption steps of the food supply chain.

In addition, this concern is strongly related to the microbial spoilage with a consequent loss
in food quality and microbiological safety, in particular in fresh or minimally processed products,
that results in human health risks, as well as high waste (FAO, 2015).



For these reasons, food waste represents one of the most challenging environmental,
economic and safety issues of the 21st century and the knowledge of products degradation
processes and storage mechanism are essential to achieve an effective use of resources (Tamasiga et
al., 2022). Moreover, to overcome this problem, an improvement of these aspects and an extension
of perishable food shelf-life could be necessary to obtain an efficient waste reduction and an
optimisation of the production yields and technologies. In this perspective, Nexus approach can be
considered the key to reach this purpose through strategies that promote these concepts in terms of
sustainability (Hoff, 2011).

The widespread consumers scepticism regarding the addition of synthetic preservatives and
the demand for natural and innovative foods, directed the research towards the study of new “green”
and sustainable solutions to obtain healthy food products, maintaining their nutritional and sensorial
properties and reducing microbial risks. In particular, the attention is focused on environmentally
friendly techniques, such as bio-protection and bio-preservation. In the first case, bio-protective
cultures, in particular lactic acid bacteria (LAB) strains, are used, while, in the second, bio-active
natural compounds with strong antibacterial and antioxidant activities are employed, in order to
reduce chemical and microbial degradation and prevent the proliferation and the presence of

pathogenic microorganisms, with a consequent extension of shelf-life and microbial risks reduction.

1.2 Bio-protection: bio-protective cultures endowed with antimicrobial activity
against the principal food-borne pathogens

In the past, the preservation of the most perishable foods (meat, fish, etc.) was ensured
through ancient strategies, such as fermentation, in which products were submitted to spontaneously
processes caused by the growth of indigenous microorganisms, present in the raw material.
Moreover, salt and additives (e.g. nitrates and nitrites) were also added in considerably higher
amounts than today, to prolong food storage for a long time (Toldra and Hui, 2014). These
strategies represented an effective hurdle against the principal spoilage microorganisms and food-
borne pathogens.

On the other hand, nowadays, the consumers’ demand for high quality, safe and minimal
processed products, without the addition of chemical additives, directed the research and food
industries towards alternative food processing and preservation technologies. In addition, the
consumption of ready-to-eat (RTE) foods had a huge increase during the last decades (Bhattacharya
et al., 2022). This type of products is characterised by an environment that could lead to potential
outbreaks due to the associated microbial risk.
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Despite the strict regulatory requirements and advances in food science and technology, the
concern for the food-borne pathogens control in this type of products persists. For these reasons,
alternative strategies to ensure an improvement of food safety and quality, with a consequent shelf-
life extension, by using natural and environmentally friendly approaches are required. Among these
techniques, bio-protective methods can represent an interesting solution to obtain this goal (Singh,
2018). These novel approaches consist in the use of selected safe microorganisms able to inhibit or
prevent the growth of other undesirable, spoiling and pathogenic microorganisms by a direct
competition or the production of specific antimicrobial metabolites (such as bacteriocins, organic
acids, diacetyl, etc.).

An example of these biocontrol strategies is represented by the addition of bio-protective
cultures able to prevent microbial and organoleptic deterioration of foods and prolong the shelf-life,
without affecting product sensory properties (Oliveira et al., 2018). In this context, lactic acid
bacteria (LAB) are the ideal candidates to be chosen as bio-protective cultures due to their key role
and their long history of safe use in foods production. In fact, several strains belong to species that
are recognised non-hazardous to human health with the GRAS (Generally Recognised As Safe)
and/or QPS (Qualified Presumption of Safety) status from the US FDA and the EFSA, respectively
(EFSA Biohaz, 2021). In addition, their potential as preservatives is explained by their capacity to
produce a wide range of antimicrobial compounds (Gao et al., 2019).

This bio-protective strategy can be combined with other non-thermal technologies and mild
treatments, to preserve the nutritional quality and properties of foods, fulfilling the increasing
consumer demand for more natural and healthy products. On the other hand, it has been highlighted
that both non-thermal technologies and LAB cultures application should be effectively optimised
for each food production process, due to their huge differentiation (Rosario et al., 2020).

1.2.1 Selection criteria of bio-protective cultures

Bio-protective cultures are live microorganisms added deliberately into foods to
microbiologically control the habitat, without affecting the organoleptic properties and sensory
qualities of the products. For this reason, to be considered as bio-protective cultures, they
necessarily must follow these criteria:

- Beclassified as GRAS;

- Survive and remain active during product manufacturing, distribution and storage, as

well as compete for nutrient and space;
- Do not produce any hazardous compounds to humans’ health;

- Do not affect product intrinsic characteristics (sensory properties, flavour and texture);
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- Be able to inhibit the growth of spoilage and/or pathogenic microorganisms by natural
antimicrobial compounds production (Ben Said et al., 2019).

As regards the last point, numerous LAB are able to produce bacteriocins, low molecular
weight peptides (20-60 amino acids) ribosomally synthesised, which play an important role in food
preservation due to their bactericidal or bacteriostatic broad- or narrow-spectrum activity, at precise
concentrations, against target microorganisms (Yilmaz, et al. 2022).

Bacteriocins are characterised by a huge diversity in term of primary structure, composition,
physico-chemical properties and way of action and release. Indeed, over years, researchers
regrouped these peptides in different classes, depending on their size, molecular composition and
structure or modification (Simons et al., 2020). Firstly, these compounds were classified regarding
the type of the producing microorganisms: Gram-positive or Gram-negative bacteria (Figure 1.1).
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Figure 1.1: Classification of bacteriocins produced by Gram-positive (A) and Gram-negative (B) bacteria (Simons et
al., 2020).
Focusing on the classification of bacteriocins produced by Gram-positive bacteria, they were
commonly classified in four different groups (Zacharof and Lovitt, 2012). However, according to
the classification outlined by Cotter et al. (2013), these compounds were mainly categorised into

two classes, in which the smallest peptides were characterised by those with molecular mass
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< 5kDa and the presence of post-translationally modification (class 1) or unmodified bacteriocins of
6-10 kDa (class Il). Based on this, Soltani et al. (2021) proposed an updated of this latter

classification (Table 1.1). The modifications make generally class | bacteriocins more stable to high

temperatures, extreme pH or proteolytic enzymes than those of class 1l. Moreover, class Il is further

subdivided into three subclasses: pediocin-like bacteriocins, non-pediocin-like bacteriocins and

two-peptide bacteriocins.

Table 1.1: Classification of bacteriocins in two classes of post translationally modified and unmodified peptides
(adapted from Soltani et al., 2021).

Class |

Characteristics

Examples of bacteriocins (producer strain)

Lantibiotics

Linaridins

Thiopeptides

Circular peptides

Bottromycins

Contain dehydroamino acids (lanthionine and 3-
methyl-lanthionine) resulting from dehydration of
serine and threonine residues, which form thioether -
carbon linkages with cysteines. Some require two
lantibiotic peptides to be functional (two-peptide
lantibiotics).

Linear peptides that contain dehydroamino acids, allo-
isoleucine, N-terminal N,N-dimethyl-alanine and C-
terminal 2-aminovinyl-D-cysteine.

Macrocyclic peptides that contain a characteristic six-
membered nitrogen-containing ring,
oxazole/thiazol(in)e rings and/or dehydroamino acids

N-to-C cyclised unmodified single peptides

Macrocyclic peptides with a linear tail that contain an
amidine moiety, methylated amino acids and a C-
terminal decarboxylated thiazole

Nisin (Lactococcus lactis)
Mutacin 1140 (Streptococcus mutans)

Lacticin 3147 (LtnAl/LtnA2) (Lc. lactis
DPC3147)

Cypemycin (Streptomyces sp. OH-4156)

Thiostrepton (Streptomyces azureus)

Enterocin AS-48 (Enterococcus faecalis S-48)
Garvicin (Lactococcus garvieae)

Gassericin A (Lactobacillus gasseri)

Bottromycin A2 (Streptomyces bottropensis)

Class 11 Characteristics Examples of bacteriocins (producer strain)
Pediocin PA-1 (Pediococcus acidilactici)
Enterocin CRL35 (Enterococcus mundtii)
Lo . . Sakacin A and P (Latilactobacillus sakei
Pediocin-like Contain the YGNGV consensus sequence and with ( )

single peptides

Unmodified single
peptides

Two-peptides

anti-listerial activity

Unmodified linear single peptides that do not contain
the YGNGV consensus sequence

Require two or more unmodified peptides to be
functional

Curvacin (Latilactobacillus curvatus)
Leucocin A (Leuconostoc gelidum UAL187)

Carnobacteriocin BM1
(Carnobacterium piscicola LV17B)

Lactococcin A (Streptococcus cremoris)

Plantaricin F (Lactiplantibacillus plantarum)
Lactacin F (Lactobacillus johnsonii)

Several bacteriocins remain stable in low pH condition, high temperature and at different

salt concentration (Yang et al., 2018). The advantages linked to their addition into food products,

that does not affect organoleptic properties, concern the possibility to extend shelf-life of foods by

reducing the microbial risk related to the presence of sensitive food-borne pathogens through the

food chain and enhancing the bio-protection during storage. These peptides can work with two

different mechanisms of action: in particular, they can inhibit the cell wall synthesis due to the
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interaction with lipid or cause pore formation into microbial membrane (Egan et al., 2016).
Moreover, the use of bacteriocins could allow the application of less severe treatments during
processes, that result in a better preservation of foods nutrients and sensory properties, without
compromising their safety (Soltani et al., 2021). Therefore, the economic losses due to food
spoilage, recalls or outbreaks could be reduced.

Despite the huge potential of the bacteriocins application in food industry has been
extensively reviewed (Ben Said et al., 2019), only nisin, produced by Lactococcus lactis, and
pediocin PA-1, produced by Pediococcus acidilactici, are currently approved by regulatory
agencies as a food preservative (Oliveira et al., 2018; Soltani et al., 2021). In particular, nisin is
widely used in dairy industries (12.5 mg/kg) to control clostridia and Listeria contaminations
(Favaro et al., 2015; Reis et al., 2012), but this and other bacteriocins have been shown to inhibit
spoilage or pathogen microorganisms in different food matrices, including meat and meat products,
seafoods and fish products, beverages, vegetables and cereals (Ben Said et al., 2019).

Bacteriocins can be added into food products as semi-purified peptides, generally containing
other antimicrobial compounds (such as organic acids). The effectiveness of their activity is
strongly influenced by the food matrix characteristics and ingredients (proteins, lipids, pH, etc.). In
fact, a limited and non-homogeneous distribution of these compounds or an inactivation by
proteolytic enzymes can significantly affect their antimicrobial activity. To overcome these issues,
other potential strategies are developed. In particular, encapsulation technology could provide
stability and facilitate controlled release of bacteriocins in food matrices (Chandrakasan et al.,
2019). Bacteriocins can also be incorporated into food packaging films to inhibit the spoilage or
growth of pathogenic microorganisms during the storage period. Through this innovative strategy
bacteriocins improve food safety without interacting with its ingredients, preventing the inactivation
risk (Aymerich et al., 2022; Damania et al., 2016). Focusing on meat industry, bacteriocins have
represented an attractive alternative to improved safety of fermented meat sausages and were
extensively explored. Marcos et al. (2013) studied the antimicrobial effect of packaging film
containing nisin against Listeria monocytogenes survival on sliced fermented sausages. The results
showed a strong reduction (4.57 log cfu/g) of List. monocytogenes when bacteriocin was
incorporated into packaging. Other studies were performed to characterise and test bacteriocins,
alone or in combination with other hurdles, to control undesirable microorganisms in fermented
sausages (Table 1.2). Most of these researches were carried out to control List. monocytogenes,
showing a reduction of its cell number below the detection level.
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Table 1.2: List of several study regarding biocontrol strategies in Mediterranean-style fermented sausages (adapted
from Oliveira et al., 2018).

Bactgrlocm . Product Method . Target . Note References
(producing strain) microorganism
Enterocins 416 K1  Italian dry Addition of bacteriocin as 2.09 log cfu/g decrease for List.
(Enterococcus fermented ingredient (10 AU/g) or List. monocvtoaenes monocytogenes; no inhibition was Sabia et al.,
casseliflavus IM sausage bacteriocin-producing ' ytog observed when enterocin was 2003
416 K1) (ciacciatore) culture (5 log cfu/g) incorporated alone.
. . - The HHP treatment S. enterica (< 1
Enterocins A and B Spanish dry Addltl_on of bacteriocin .as List. monocytogenes log cfu/g), but only the combination .
fermented ingredient (2000 AU/g); - . - Jofré et al.,
(Enterococcus S - Salmonella enterica of enterocins and HHP reduce List.
facci sausage Combination with HHP . ) 2009
aecium CTC492) Staphylococcus aureus monocytogenes to this level; Staph.
(fuet) (400 MPa) P
aureus was not inhibited.
Spanishdry  Addition of bacteriocin as List. monocytogenes rsﬁgr:gg (t:(zu?ngszrrfgsf 7fgrllo_lsgfu/
Enterocins AS-48  fermented ingredient (148 AU/g); - Monocytog YI0gEe : g clurg . Ananou et
- S . S. enterica for S. enterica at the end of ripening;
(Ent. faecalis S-48) sausage Combination with HHP h A p P - HHP al., 2010
(fuet) (400 MPa) Staph. Aureus no effect of enterocin or was
observed for Staph. aureus.
Turkish dry- . - No surviving cells were detected .
Nisin (Lc. lactis) fermented ﬁg?ég?e?\? Isbaféerzlgcgloas List. monocytogenes with 50 an_d 100 pg/g of nisin aHnadmLFJ)giJ{an
' sausage and 100 L/ ‘) e ' concentration at 20 and 25 days, 2007 '
(sucuk) Ha'g respectively.
Bacteriocin - . - 2 and 1.5 log cfu/g reduction of List.
MBSa2 (Lat. Itallaq type Addltlpn of bacteriocin as List. monocytogenes monocytogenes at 10 and 20 days, Barbosa et
salami ingredient (200 AU/g) . al., 2015
curvatus) respectively.
Portuguese Addition of bacteriocin as
Pediocin bacHA- semi_gr ingredient (320 AU/g) or
6111-2 (P. ferment)é d bacteriocin-producing Listeria innocua Synergic effect between both Castro et
acidilactici sausage culture (8 log cfu/g); incorporation method with HHP. al., 2018
bacHA-6111-2) (alheigra) Combination with HHP

(300 MPa)

Furthermore, also in the case of fish products these studies were performed. For example,

divergicin M35, the bacteriocin produced by Carnobacterium divergens M35, was able to inhibits

growth of List. monocytogenes and Staph. aureus on cold-smoked salmon (Tahiri et al., 2009)

Although bacteriocins represent an attractive solution to improve safety aspects in food

products, in European Union the use of purified or semi-purified bacteriocins must be labelled as

additives (e.g. nisin E number E234) and this could be controversial for the consumers request

(Oliveira et al., 2018). Moreover, as the products manufacture can affect the performances of

bacteriocins, it is necessary to deeply know how these antimicrobial compounds could be

inactivated and develop new enforcement strategies.

In this respect, a feasible alternative could be represented by the application of bacteriocin-

producing LAB strains, directly inoculated into food products as a bio-protective cultures (Ben Said

et al., 2019). In addition, other antimicrobial compounds could be produced due to the growth of

these microorganisms into foods. In particular, organic acids (lactic and acetic acid) can be

generated by carbohydrates fermentation in different amount, depending on the species and growth

conditions. Their accumulation in the extracellular environment causes a decrease in pH that could
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lead to an acidification stress with consequent antimicrobial effect: acids can diffuse passively
through the cell membrane and lower the intracellular pH. This can cause a reduction in the activity
of acid-sensitive enzymes and damages in proteins and DNA. Finally, LAB species can produce
some metabolites, such as volatile compounds, that provide not only an impact on the aroma profile
of the product but also show an inhibitory effect against both Gram-positive and Gram-negative
bacteria, including the principal food-borne pathogens. An example of this is represented by
diacetyl (2,3-butanedione), commonly associated with dairy products (Ben Said et al., 2019).
Several works have focused the attention on the direct use of LAB as a bio-protective strains
against food-borne pathogens, including List. monocytogenes, Salmonella spp., Escherichia coli
O157:H7 and Staph. aureus, in different food products, underlining the promising aspect of this

application.

1.3 Application of bio-protective cultures in food preservation: examples of

biocontrol studies

Trends in food consumption and technology and the consequent intensification of food
production impact on microbial safety, resulting in a loss of quality features of products. This issue,
depending also on the persistence of spoilage microorganisms and food-borne pathogens, led to
discarding of 30-40% of food directed to consumer use and significant economic losses. The serious
consequences caused by food-borne pathogens and their associated outbreaks constitute a critical
point not only in the food industry, but also for the global public health (Zapasnik et al., 2022).
Despite technological progress, the ever more challenging reduction of the impact of these
undesirable microorganisms drove the research towards innovative and safe methods for food
preservation, including the application of bio-protective LAB cultures (Daliri et al., 2020). Many
studies demonstrated the inhibiting effect of LAB against the growth of the most concern
pathogens, such as List. monocytogenes, Salmonella spp. and E. coli, without changing in sensory
characteristics of the products (Castellano et al., 2017).

During their growth, LAB strains could produce different metabolites characterised by an
antimicrobial activity. They could induce the membrane destabilisation, the inhibition of the
synthesis of cell wall enzymes, the interference of proton gradients and the increase in oxidative
stress (Pradhan et al., 2020). Primarily, food-borne pathogens are efficiently inhibited due to pH
reduction, that depends on the production of organic acid by LAB cultures, in particular lactic or
acetic acid (Stanojevic-Nikolic et al., 2015). In addition, bacteriocins produced by LAB can also
contribute to the inhibition of these adverse microorganisms. Nevertheless, it is necessary carry out

further studies regarding LAB effectiveness linked to environmental conditions of specific food
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products and better assess their application in the food chain. Therefore, a huge number of research
works and reviews about the application of bio-protective cultures into several categories of food
products are performed in order to enhance their safety aspect and to prolong shelf-life.

1.3.1 Application in meat and meat products

Meat and meat products represent an important nutritional source for human diet (Das et al.,
2020). Nevertheless, these products are perishable and highly susceptible to microbial
contamination and physico-chemical deterioration, such as undesirable changes in the quality, and
alters colour, texture and flavour (Biswas et al., 2021). Meat fermentation is considered a hurdle
approach that can guarantee food safety, ensured by the presence of multiple factors and specific
chemical conditions, such as pH, water activity (aw), sodium chloride nitrate and nitrite, that can act
in limiting microbial growth (Leroy et al., 2013; Siddi et al., 2022). Otherwise, despite the rigorous
hygienic and technological standards, the final products are still not exempted from microbial
hazards during process and storage (EFSA, 2015). The consumption of meat products, also RTE,
contaminated with pathogenic microorganisms are often linked to several food-borne outbreaks
(Abebe et al., 2020; Neri et al., 2019). List. monocytogenes is one of the most relevant pathogens
that can occur in RTE foods, due to the drastic consequence of listeriosis disease in
immunocompromised individuals and pregnant women (CDC, 2017). For example, in 2019 a large
outbreak of listeriosis linked to the consumption of a chilled roasted pork meat product is reported
in Spain with a total of 217 reported cases, in which 3 deaths and 6 women that had miscarriages
linked to this outbreak are noted (CCAES, 2019). According to the report published in 2021 by
EFSA, List. monocytogenes was considered the fifth most commonly reported zoonosis agent, with
1876 confirmed human cases of listeriosis and 16 outbreaks, referring to 2020 (EFSA, 2021). In
addition, spoilage bacteria can also compromise meat products shelf-life.

With the high rate of these disease and the meat predisposition to the incidence of
undesirable microorganisms, many studies are performed to ensure food safety and increase
products shelf-life by using LAB cultures, demonstrating their effectiveness as a bio-protective
strategies (Bhattacharya et al., 2022; Bintsis, 2018). Several works are focused on their application
in meat-based products against the principal food-borne pathogens or spoilage microorganisms,
such as List. monocytogenes, Salmonella spp., E. coli, Clostridium spp., Campylobacter jejuni and
Brochothrix thermosphacta. In particular, most of these are focused on the control of the presence
of List. monocytogenes, implementing some technological innovations in order to ensure that its
level of contamination must not exceed 100 cfu/g up to the end of the shelf-life, provided that these

products do not support the growth of the pathogen, as established by the EU legislation with the
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Regulation EC No. 2073/2005 (European Commission, 2005). According to the EU regulation, dry-
fermented sausages with pH < 4.4 or aw < 0.92 and pH < 5 or aw < 0.94 are automatically
considered to belong to food category 1.3 of RTE food unable to support the growth of List.
monocytogenes. On the contrary, more restrictive criteria are required by the US regulation, in
which this pathogen must not be detected (zero tolerance) in RTE meat products released in the
market (FSIS, 2012).

Among LAB group, the application of species belonging to Enterococcus genus in food
systems could be interest since they can produce bacteriocins (enterocins) with antagonist activity
against a wide range of undesirable microorganisms. Despite this, due to their association with
some food-borne outbreaks, they were removed from FAO’s GRAS list, even if this unsafe
behaviour is strain dependent and not linked to the whole genus (Khan et al., 2010). In fact,
enterococci have a long history of safe use in food industry thanks to their role to determine
required sensory characteristics, as well as to produce bacteriocins (Giraffa, 2003; Todorov et al.,
2022). Considering their previously reported safety status, some researches have been focused on
the application of enterococci, that did not present virulence factors, in food bio-protective
approaches. In particular, the effectiveness for the inhibition of List. monocytogenes by different
strains of Enterococcus mundtii, isolated from the Patagonian environment, was studied. Orihuel et
al. (2018) focused their work on the study of Ent. mundtii CRL35, producer of enterocin CRL35
with strong anti-listerial activity, in a meat model. The results underlined its high antimicrobial
performance against List. monocytogenes in a cured meat environment. Other Ent. mundtii strains
were tested again to counter List. monocytogenes during refrigerated storage in ground beef. They
significantly reduced the growth of this target microorganism over the days (Gomez et al., 2021).
Both these studies indicated that these strains could be used as bio-protective culture in meat
industry, ensuring hygiene and quality of the final product.

However, the main species associated with meat products, in particular fermented ones, are
represented by Lat. sakei, Lat. curvatus and Ltp. plantarum, that are dominant during fermentation
and ripening process (Cocolin et al., 2011). Regarding Lat. sakei species, in the past Katikou et al.
(2005) demonstrated that the strain L115 produced bacteriocin-like substances with inhibitory effect
against List. monocytogenes growth, that also significantly reduced the levels of spoilage
microorganisms in beef slices during refrigerated storage. Recently, the potential activity of the
same LAB strain was evaluated in vitro against a five-strain cocktail of List. monocytogenes. The
results showed that the growth rate of the target pathogen significantly decreased in the presence of

Lat. sakei L115 (Costa et al., 2020). Otherwise, the impact of this behaviour should be assessed into
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food matrices. On this matter, Oliveira et al. (2018) in their review summarised several previous

works about the application of Lat. sakei in fermented meat products (Table 1.3).

Table 1.3: List of strains used as bio-protective cultures in Mediterranean-style fermented sausages (adapted from
Oliveira et al., 2018).

Bio-protective

Target

Product Mechanism . . Note References
culture microorganism
. Portuguese dry Reduction of the pathogens
Lat. sakei (2 fermented - - . - .
Antagonistic activity | . during the processing, Linares et al.,
autochthonous sausage - List. monocytogenes -
. - against pathogens leading to counts below the 2013
strains) (chourico de AR
; detection limit

vinho)
Lat. sakei ST153 Port_uguese Bacteriocinogenic 2 log cycles reduction on

semidry . . . . A . Vaz-Velho et al.,
Ltp. plantarum fermented strains against List. List. monocytogenes listerial population when Lat. 2013

ST202

sausage (alheira)

Dry-fermented

monocytogenes

Bacteriocinogenic

sakei ST153 was used

Reduction of List.

Lat. sakei ST153  Portuguese strains against List List. monocytogenes monocytogenes to values Jacome et al.,
and BLC35 sausage MONOCVIOTENes ' ' lower than 100 cfu/g after 2014
(chourico) ylog application of LAB
Lat. sakei Iberian dry Bacteriocinogenic 5.4 log reduction on listerial
’ fermented strains: Lat. sakei - List. monocytogenes  counts for Lat. sakei after 14  Ortiz et al., 2014
CTC494 . ;
sausage (chorizo) sakacin K days
Cl. botulinum,
Lc. lactis ssp Italian dry Stra_lins chose_n on_the E_ntergbacteriaceae, gggu%rngézgssgsphm;ue rr?;s, _
La.cticaseibaé’illus fermented b(_s15|s of previousin  Listeria spp., spp. and Enterobé&teriaceae Cenci-Goga et
case Sausage (Salame vitro tests with Pseudomonas spp., Was' inhibited in salami with al., 2016
' nostrano) selected pathogens E. coli, Salmonella

spp., Staph. aureus

the starter cultures

More recently, the behaviour of List. monocytogenes in two types of chicken-based dry-

fermented sausages was assessed during the fermentation and ripening process by Austrich-Comas
et al. (2022), through the addition of the bio-protective culture Lat. sakei CTC494. This strain is
sakacin K producer, a bacteriocin characterised by an anti-listerial effect that has demonstrated to
reduce the target microorganisms up to 2 log cycle in vitro (Ortiz et al., 2014). However, the
effectiveness of a bio-protective culture depends on the production process conditions and on the
food matrix properties. For these reasons, it is necessary to assess its performances case-by-case,
with a final aim to guide food industries through the research of the more efficient application of
these strategies (Barcenilla et al., 2022a).

In the study of Austrich-Comas et al. (2022), chicken meat was inoculated with a cocktail of
three List. monocytogenes strains and stuffed into small (snack-type) or medium (fuet-type) casings.
Lat. sakei CTC494 was able to prevent the pathogens growth (that in the control samples was more
than 3 log cfu7g) in the snack-type sausages and enhanced their inactivation in fuet-type sausages
(reduction of 1.55 log cfu/g). These results could be related to the earlier acidification and
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consequent decrease of pH linked to the higher lactic acid production, but also to the production of
the anti-listerial bacteriocin sakacin k.

In another study, Serra-Castelld et al. (2022) evaluated the effect of the same bio-protective
culture (Lat. sakei CTC494) against List. monocytogenes in another category of meat product, a
vacuum-packaged sliced cooked ham, to ensure safety of this product during shelf-life. The results
showed a complete inhibition of the pathogen growth especially in the condition characterised by
the highest concentration of LAB inoculum (5 log cfu/g) and the lower storage temperature tested.

Other in vitro studies were performed by using Lat curvatus 54M16, isolated from
traditional fermented sausages of Campania region (Casaburi et al., 2016). This strain can produce
more than one bacteriocin, carrying the genes for sakacin X, T and P as demonstrated by PCR
analysis performed in this work. All the in vitro conditions tested for the production of bacteriocins
(temperature, pH and NaCl) indicate that Lat. curvatus 54M16 strain was able to grow and produce
these antimicrobial compounds, to which target microorganisms List. monocytogenes, Bacillus
cereus and B. thermosphacta were sensitive. These results encourage further in vivo studies that will
carry out with the aim to assess the use of this bio-protective culture to improve the quality and
safety of the traditional fermented sausages prepared without antimicrobial additives.

The effectiveness of bio-protective cultures in meat products has been deeply studied against
List. monocytogenes, but there are other studies that assess the antimicrobial activity of LAB
cultures against other food-borne pathogens. Comi et al. (2015) inoculated a mix of bio-protective
culture in beef hamburger packaged in modified atmosphere ad stored at refrigerate temperature
with the aim to inhibit the growth of B. thermosphacta and improve of the microbial and
organoleptic qualities of the meat. While Di Gioia et al. (2016) tested the possibility to use two
LAB strains (Ltp. plantarum PCS20 and Lactobacillus delbrueckii DSM20074) as bio-protective
cultures against Clostridium spp. in pork ground meat designed for fermented salami preparation. In
meat fermented foods, Clostridium spp. growth can be controlled by the addition of nitrite (Linton
et al., 2014). Nevertheless, the growing consumer request to avoid the addition of these additives
has led the food industry to consider alternative approaches and the use of bio-protective cultures
being one of them. In this work both strains showed anti-clostridia activity in vitro (spot agar test),
but Ltp. plantarum PCS20 was able to effectively survive in ground meat and of performing anti-
microbial activity against the target microorganism. Therefore, this work is important in the
perspective of reducing or removing the amount of nitrite added into fermented meat products by
using bio-protective cultures, as a feasible solution.

Moreover, this approach could be coupled with the application of non-thermal processes, as

a strategy to increase the safety of RTE meat products (Bover-Cid et al., 2019).
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Finally, it is necessary to assess the impact of these technological strategies taking into
consideration the processing conditions and the characteristics of the different final products. Thus,
the application of LAB strains as biocontrol agents and the use of more accurate tools can
significantly prevent the growth of food-borne pathogens or spoilage microorganisms and

contribute to the extension of products shelf-life, without quality loss.

1.3.2 Application in fish and seafood products

Fish and fishery products are considered an important reservoir of nutrient, even if they can
be highly susceptible to spoilage (Sheng and Wang, 2021). Many of these products are designed to
be consumed as a RTE foods, minimally processed since the consumer demand for the use of mild
technologies and naturally preserved foods increases. This food category can be mainly associated
with the presence of List. monocytogenes, a food-borne pathogen that can cause human listeriosis
(EFSA Biohaz, 2018). For this reason, in the last years the research of new alternative strategies has
been required. With this aim, LAB strains are considered a promising solution also in fish industry
applications (Rathod et al., 2022). Recently, a lot of studies have been focused on the use of these
bio-protective cultures, with their competition with spontaneous microbiota as well as their
antimicrobial metabolites production, to inhibit food spoilage of pathogens microorganisms in this
type of products, improving quality and extending their shelf-life (Table 1.4). In fact, the capacity to
produce bacteriocins in situ by some LAB strains can represent a feasible strategy to prevent the
growth of undesired microorganisms. Moreover, to prolong fresh fish shelf-life other technological
processes are increasingly used to slow the microbial degradation. Smoking is one of these
techniques: fish products such as salmon and trout are salted and cold-smoked to increase their
organoleptic characteristics and shelf-life.
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Table 1.4: Application of LAB and their metabolites in fish products preservation (adapted from Rathod et al., 2022).

Bio-protective culture Product Note References
LAB isolated from In vitro Sanyal and
intestine of Anti-listerial activity, antagonistic activity Chatterjee,

. analyses
Oreochromis sp. 2021
. . Ladha and
Pediococcus pentosaceus Wh.'te leg Reduction of List. monocytogenes by 1 log cfu/g on shrimp Jeevaratna,
LJR1 shrimp
2020
Ready-to-eat
Lat. sakei CTC494 f|sh produgts' The microbial inhibition by bacteriocin was dependent upon the product Bolivar et
(sliced surimi al., 2021
and tuna paste)
Different selected LAB Salmon dill Antimicrobial activity against spoilage microbiota and List. Wiernasz et
cultures gravlax monocytogens showed by Carnobacterium maltaromaticum SF1944 al., 2020
. Lat. sakei CTC494 inhibited the growth of List. monocytogens and other
rl;wztlltgrjc:\lfna;ltjii‘u(r:nara% d Lat (E)flzfg{g_nstn%ﬁiz spoilage microbiota, increasing shelf-life of all three types of smoked Aymerich et
sakei CTCA94 ' ' salmon salmon; with the other two strains the inhibition of pathogens growth al., 2019
depending on the type of smoked salmon product
Ent. mundtii Fish paste Ent. m_un_dtll STW38_shqwed highest activities against Gram-positive Delcarlo et
bacteria including List. innocua al., 2019
Combined culture of Ltp. ~ Shrimp The application of combined LAB cultures significantly reduced .
- . - . . - - Lietal.,
plantarum AB-1 and (Litopenaeus  spoilage microorganisms, mainly Shewanella baltica, and increased the
ey . . : . 2019
Lacticaseibacillus casei vannamei) shelf-life of the shrimp.
Combination of Peeled and . . - . . .
Lactococcus piscium cooked shrimp Shrimp treated_wnh _comblned cu_ltures had higher sensorial properties Saraoui et
and lowered microbial and chemical changes at the end of storage,
CNCM 1-4031 and Carn.  (Penaeus o al., 2017
. - compared to the treatment with single LAB culture
divergens V41 vannamei)
Six LAB strains with other Cod and Improved sensory properties and reduced microbial and chemical Wiernasz et
salmon-based -
hurdles products changes in cod and salmon products al., 2017

In this context, Saraoui et al. (2017) investigated the combined effect of Lactococcus
piscium CNCM 1-4031 and Carn. divergens V41 to improve quality and safety of peeled and
cooked shrimp. Compared to samples inoculated with the single LAB strain, the co-culture showed
a synergic effect in maintaining the sensory properties of the shrimp product, with the same
antimicrobial activity.

More recently, Lat. sakei CTC494 strains, that was previously recognised as a starter and
bio-protective culture for fermented sausages manufacturing (Ravyts et al., 2008), has been tested
on fresh fish products (Costa et al., 2019). In their study this sakacin-producing strain was able to
inhibit List. monocytogenes growth when simultaneously inoculated in the sample. According to the
microbiological results and sensory analyses, an initial inoculation level of 4 log cfu/g for Lat. sakei
CTC494 could be a suitable strategy to control the safety aspects of fish products, without
compromising their sensory quality. Aymerich et al. (2019) also studied the effectiveness of the
same bio-protective culture in different types of cold-smoked salmon. Lat. sakei CTC494 inhibited

the growth of List. monocytogens and other spoilage microorganisms, even in samples with a non-
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acidic pH and a higher aw (pH value of 6.0 and aw of 0.96), with a consequent increasing in shelf-
life of all the types of samples analysed. Moreover, in the same study other LAB strains were tested.
In particular, Carnobacterium maltaromaticum CTC1741, that showed an anti-listerial activity in
vitro assay, did not exert a significant antimicrobial effect when inoculated into the product except
for one type of smoked salmon. Indeed, it is known that food components can affect bacteriocin
production and antimicrobial activity of bio-protective cultures. Further research has focused on the
assessment of Lat. sakei CTC494 against List. monocytogenes. In this case, Bolivar et al. (2021)
tested this bio-protective culture into two different RTE fish products: surimi-based product and
tuna paté. The inhibiting effect of the selected LAB strain on the pathogen growth was product
dependent: in fact, in surimi sample the inhibition of pathogen growth was reached with the
maximum cell load of Lat. sakei CTC494, while in tuna péaté there was a strong inhibition of List.
monocytogenes at 2°C and a limitation in its growth at 12°C.

In another study, Delcarlo et al. (2019) reported that, among some selected strains isolated
from mussels of the Argentine coast tested into fish pasta, Ent. mundtii Stw38 was characterised by
a better activity against Gram-positive bacteria, including List. innocua, thanks to its higher growth
rate and bacteriocin production. Moreover, six different LAB strains were tested in vacuum-
packaged salmon gravlax as bio-protective cultures (Wiernasz et al., 2020). Some of them showed a
high growth competition and an antimicrobial activity against spoilage microorganisms, but Carn.
maltaromaticum SF1944 was characterised by the highest anti-listerial activity and the lower
organoleptic impact. Finally, lacumin et al. (2021) also investigated the activity of different LAB
strains, including Lat. sakei LAK-23 (Sacco srl), against List. monocytogenes in cold-smoked sea
bass product, RTE foods that could support this food-borne pathogen growth (pH > 6 and aw >
0.97). Only Lat. sakei LAK-23 was able to stop the growth of List. monocytogenes, that remained at
the initial inoculum level until the end of storage thanks to this bacteriostatic effect. In addition, the
activity of this bio-protective strain did not cause any off flavour or off odour in the product.

All these works demonstrated that, overall, bio-protective LAB cultures compete with
spoilage or pathogenic microorganisms for nutrition consumption, becoming dominant also due to

the production of metabolites with antimicrobial activity against these undesirable microorganisms.

1.3.3 Application in other products categories

Finally, milk and products derived from it can also represented another food category that
can support the growth of pathogenic and food spoilage microorganisms. They can be controlled
through the application of bio-protective LAB cultures. For example, in fermented dairy products

the risk of contamination is lower because of antimicrobial compounds, including organic acids and
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bacteriocins, produced by LAB strains (Agagiindiiz et al., 2022). Therefore, these cultures have an
important role in the dairy industry as they improve the organoleptic qualities of fermented milk
products and extend their shelf-life.

The study of Scatossa et al. (2017) showed that the addition of a mixture of
Lacticaseibacillus rhamnosus, Lc. lactis and Enterococcus faecium during cheese manufacture
could be resulted in the inhibition of List. monocytogenes growth through the production of
bacteriocin-like compounds. The potential as bio-protective cultures of other two Enterococcus
strains, Ent. faecium ST88 and Ent. mundtii CRL35, was also evaluated against List.
monocytogenes into fresh Minas cheese (Pingitore et al., 2012).

Finally, Tabanelli et al. (2020) assessed microbial quality and safety of Ricotta filled pasta
(Tortelloni), an Italian typical fresh product, through the study of milder heat treatments combined
with the addition of two LAB strains as bio-protective cultures, belonging Lacticaseibacillus
paracasei and Ltc. rhamnosus species. The results demonstrated that these LAB had a relevant
impact on the microbiota of Tortelloni during storage. Although they were not dominant, their
presence reduced the initial microbiota associated with raw materials. Moreover, the use of bio-
protective cultures could be considered a helpful strategy to reduce thermal treatments and to better

maintain the traditional textural and flavour characteristics of this product.

1.4 Starter cultures: technological advances for improving quality and safety of

fermented products

As mentioned above, in the last years the research is focused on bio-protective techniques,
in which lactic acid bacteria strains can be employed to reduce microbial degradation. This is
possible thanks to their competition with spontaneous microbiota and food-borne pathogens and
their ability to produce specific metabolites, such as bacteriocins. In particular, in these studies new
LAB strains are evaluated for their safety aspects and antimicrobial properties in order to ensure
their safe application.

Furthermore, in food industry LAB strains are introduced in fermentation processes, not
only as bio-protective cultures to enhance food safety, but also as starter ones due to their
technological features (Cocconcelli and Fontana, 2010). In particular, this strategy was widely used
in dairy industry for cheese, yogurt and other fermented products (Aryana and Olson, 2017), while
their application is recently introduced in meat industry (Laranjo et al., 2017).

In the past, the earliest productions of fermented foods were based on a spontaneous
fermentation achieved by the growth of microorganisms naturally present in the raw material. This

process could lead to a poor-quality product, characterised by the risk of the presence of undesirable
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microorganisms, such as amino biogenic producer or pathogens, that compromised the safety aspect
of these artisanal products (Ojha et al., 2015). For this reason, nowadays, the use of starter cultures
has become increasingly necessary to ensure high quality and safety levels in fermented products,
with an improvement of their organoleptic characteristics (Garcia-Diez and Saraiva, 2021). This
application has allowed the standardisation of products, obtained with a controlled fermentation
process, even if this aspect could result in a loss of their typical characteristics, also probably due to
the limited number of commercialised strains. With this regard, traditional products can represent
an important source of isolation of new LAB strains, considered promising to be employed as
starter cultures since they can be well adapted to the food matrix and dominate the environment of
these products, preserving their biodiversity and improving their peculiarities.

Generally, commercial starter cultures are composed by a mixture of microorganisms
belonging from different species. In particular, staphylococci (e.g. Staphylococcus xylosus and
Staphylococcus carnosus) are added during fermentation to obtain desirable organoleptic properties
and maintain physico-chemical characteristics, such as colour formation and its stability. On the
other hand, LAB strains (e.g. Lat. sakei, Lat. curvatus and Ltp. plantarum) are used to compete with
indigenous microbiota and to control the process by driving a rapid environmentally acidification,
which can prevent the growth of undesirable microorganisms. Moreover, these functional cultures
can also enhance microbial safety and stability of the products by producing antimicrobial
compounds (bacteriocins). For these reasons, the application of these novel bio-protective starter

cultures has attracted a great attention in food industry.

1.4.1 Safety risks associated with fermented meat products

Fermented meat products, such as fermented sausages, are manufactured by minced meat
and fat, generally mixed with salt, additives and spices, then stuffed into natural or synthetic casings
and subjected to a process in which a microbial fermentation occurs, with a consequent pH and aw
decrease. These fermented foods are considered as safe products, thanks to technological hurdles,
represented by low values of pH and aw, presence of salt, nitrites and spices, that can be responsible
for the pathogenic and spoilage microorganisms’ inhibition (Puolanne and Petaja-Kanninen, 2014).

Among these hurdles, the use of nitrites is explained by the fact that these compounds have
both technological and safety advantages. In particular, they can inhibit the growth of some
pathogenic microorganisms, especially Clostridium botulinum, delay oxidative rancidity and
contribute to the formation of the typical cured meat flavour and colour (Sindelar and Milkowski,
2012). Despite the functions exerted and their strictly controlled use in meat (Directive

2006/52/EC), their addition in food raised many concerns related to their potential link with the
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production of carcinogenic N-nitroso compounds (nitrosamine) (Bernardo et al., 2021). Thus, the
reduction/absence of nitrate, as well as the restriction in fermentation and ripening time or the
decrease in salt concentration, are pursued by industries in order to obtain more healthy products.
Conversely, this has allowed the potential growth or survival of food-borne pathogens, causing
outbreaks (Fraqueza et al., 2020).

In this context, many authors have recognised in their studies the effect of starter cultures,
alone or in combination with other techniques, as a key role to guarantee food safety (Garcia-Diez
and Saraiva, 2021; Laranjo et al., 2017). However, to select microorganisms to be used as
promising starter cultures, it is necessary carry out proper studies firstly regarding their safety
aspect, followed by evaluation of their functional and technological properties. Only after these
screening to better characterised the new isolated strains, these potential starter cultures could be
used in the industrial processes as autochthonous starter cultures to improve the peculiarities of the
products. Moreover, it is important also tested and confirmed their performances into real food

systems.

1.4.2 Screening of LAB strains regarding their safety aspects to select new candidate to be used as
starter cultures

Starter cultures play an essential role in the manufacture of fermented products. In
particular, LAB strains are the starter cultures mostly involved because they can be dominant into
the microbial consortium of these foods, with an impact on both technological properties and
microbial stability of the final product, preventing or controlling microbiological hazard (Laranjo et
al., 2019). Therefore, to better select a good strain to be applied in an industrial process, it is
important assess its specific performances also linked to the type of product to be obtained.

First of all, LAB strains selected to be new candidates to be starter cultures must be safe.
With this regard, it is necessary to evaluate their capacity to produce biogenic amines (BA) and to

assess their antibiotic-resistance profile.

1.4.2.1 Biogenic amines

Biogenic amines (BA) are nitrogenous compounds that can be found in fermented foods,
affecting their quality and safety. The most common BA detected in these types of products are
histamine, tyramine, putrescine, cadaverine and 2-phenylethylamine, derived from free amino acids
decarboxylation by microbial metabolism (Ruiz-Capillas and Herrero, 2019). These compounds can
cause dose-dependent toxic effect on human health, from allergy symptoms to systemic clinical

signs, and for this reason it is important to effectively control their content. Moreover, BA are
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thermostable and further processing of foods could not eliminate them once formed. The most
dangerous BA are represented by histamine and tyramine, that can cause toxic symptomatology
known as “scombroid fish poisoning” and “cheese reaction,” respectively (Hungerford, 2010;
McCabe-Sellers et al., 2006). The first intoxication is linked to the high presence of its amino acid
precursor (histidine) in several seafoods, such as scombroid fishes belonging to the families
Scombridae (tuna and mackerel) and Scomberesocidae (saury), as well as other type of fish
(sardines, herring, anchovies, bluefish, marlin). For this reason, the content of histamine in fishery
products was regulated by the Regulation EC No. 2073/2005, as reported in Table 1.5 (European

Commission, 2005).

Table 1.5: Legal limits for histamine in fishery products placed on the market during their shelf-life (European
Commission, 2005).

Micro-organisms/their
toxins, metabolites

Food catedor Limits Analytical reference  Stage where the criterion
gory method applies

1.26_Fishery products from fish
species associated with a high Histamine 100-200 mg/kg HPLC
amount of histidine

Products placed on the
market during their shelf-life

1.27_Fishery products, except

those in food category 1.27a,

which have undergone enzyme

maturation treatment in brine, Histamine 200-400 mg/kg HPLC
manufactured from fish species

associated with a high amount

of histidine

Products placed on the
market during their shelf-life

1.27a_Fish sauce produced by
fermentation of fishery products

Products placed on the

Histamine 400 mg/kg HPLC market during their shelf-life

The use of starter cultures can represent a strategy to counter BA formation. Certainly, LAB
strains, that are tested to be a possible application as starter cultures in fermentation processes, must
not be able to produce these compounds. Many studies have focused on the amino biogenic
potential of LAB associated with fermented foods to verify their inability to produce these
compounds, since they are considered as the main BA producers in these products (Barbieri et al.,
2019). On the other hand, amine-negative LAB strains could reduce the risk associated to the
accumulation of BA, limiting the growth of amino biogenic producer microorganisms through their
competitive effect against the natural microbiota (Capozzi et al., 2020). Several studies
demonstrated the role of LAB starter cultures in reducing the accumulation of BA in meat products
(Elias et al., 2018; Lorenzo et al., 2017; Lu et al., 2015). Moreover, the application of strains
producing amine-degrading enzymes represent a novel biotechnological alternative to affect BA
accumulation (Li and Lu, 2020).
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All these information can help to improve the selection and characterisation of strains for
further applications as starters or bioprotective cultures, in order to obtain high quality foods with
reduced BA content.

1.4.2.2 Assessment of antibiotic-resistance profile

Despite LAB classification as safe microorganisms (GRAS), another issue that can affect
them is represented by antibiotic-resistance and its potential horizontal transfer (acquired resistance)
to pathogenic microorganisms constitute a risk to be considered (Colautti et al., 2022). According to
WHO report (2014), the emerging antibiotic-resistance, as a consequence of environmental
changes, is a growing human health concern since many of the available treatment options for
common infections could become ineffective.

For this reason, LAB strains selected as potential starter cultures with technological or bio-
protective characteristics need to be phenotypically assessed for antibiotic-resistance regarding
clinically relevant antibiotics, before their application into food industry (Fraqueza, 2015). In
addition, if a resistance profile is observed, it is important to verify at genome level that this
characteristic is intrinsic/natural and not transferable, because of the threat to public health
represented by microorganisms containing resistance genes in mobile genetic elements (EFSA
Panel, 2017). The most common resistance genes detected in LAB isolated from fermented
sausages are those related to mobile elements: in particular, encoding for tetracycline resistance
(tetM, tetW, and tetS) and for erythromycin resistance (ermB and ermC). Therefore, the phenotypic
expression of these antibiotic-resistance elements is considered a hazard. On the other hand, these
microorganisms can be naturally resistant to vancomycin or aminoglycosides, such as neomycin,
kanamycin and streptomycin (Fraqueza, 2015).

In this context, several safety assessments have been performed by different authors on LAB
strains usually selected as starter cultures, in order to establish safety in their application in food
industry. Among them, Comunian et al. (2010) observed a high number of resistant LAB strains
isolated from Salame Piacentino, produced in areas where more intensive animal husbandry

practices were applied.

1.4.3 Characterisation of LAB strains regarding their technological features

Once LAB strains safety aspects were ensured, it is necessary characterised these
microorganisms regarding their technological features to better investigate the possible application
as bio-protective starter cultures in food industry. In particular, a promising strain must be

characterised by a strong competitiveness nature against the indigenous microorganisms. Moreover,
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it must be able to guide a controlled fermentation process with a fast acidification (pH decrease) and
to produce several antimicrobial compounds, such as bacteriocins, to inhibit the spoilage
microorganisms or food-borne-pathogens growth, with the final aim to standardise products quality

and to improve their safety aspects.

1.4.3.1 Competitiveness of starter cultures

One of the main properties of LAB starter cultures is represented by their potential to
colonise the meat environment in spite of indigenous microbial community present in raw material,
dominating the whole fermentation process. Moreover, these strains must be able to persist during
the entire storage period. Fermented meat products represent a food system characterised by a low
temperature, high salt concentration, poor nutritional source and these conditions could be difficult
for many microorganisms (Laranjo et al., 2017). However, strains of Lat. sakei, one of the principal
species detected in fermented sausages (Leroy et al., 2013), showed a higher competitiveness,
which could probably be explained by their specialised metabolism well adapted to the sausage
environment, as in the case of their arginine deiminase (ADI) pathway (Barbieri et al., 2022).

1.4.3.2 Acidification potential

Another important technological property that must characterised a starter culture is
represented by its acidification potential. In particular, a guided fermentation with a controlled and
standardised process is the principal results to be obtain through the application of LAB starter
cultures. In fact, with their growth during fermentation, LAB strains produce organic acids (lactic
acid) that are the main responsible for the pH decrease. The level of acidification and the selection
of the starter culture depend on the process parameters, as well as on the desired sensorial properties
of the product. For example, Northern and Southern Europe fermented sausages production differs
in the process set up, that can be characterised by different duration in fermentation or ripening
phases, obtained with different setting temperatures. In particular, the selected LAB starter culture
can establish the fermentation time, shorter or longer depending on the strain acidification potentiall,
that is linked with its growth capability in specific production process conditions.

However, the acidification process contributes to the formation of the typical organoleptic
characteristics of the fermented sausages, on one hand, but on the other to the inhibition of spoilage
and food-borne pathogens due to the low pH reached (Garcia-Diez and Saraiva, 2021). In fact, the
acid environment can interfere with the maintenance of the structure and functionality of the cell
membrane, leading to cell death. Wang et al. (2015) investigated the antimicrobial effect of organic

acids against some the main pathogenic microorganisms in food. They demonstrated that the
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presence of these compounds contributed to the safety of the products, due to the consequent
formation of an adverse environment (low pH value) that interfered with the cell membrane
permeability of the target microorganisms. However, it is important underline that in this study the
antimicrobial effect of organic acids was assessed by their addition as a “natural additive” and not
during fermentation processes in foods. In a real food system, the inhibitory effect of these
compounds could be resulted in a synergic action with other metabolites produced by starter
cultures and not by the individual activity of each one (Arena et al., 2016).

1.4.3.3 Production of antimicrobial compounds

In addition, as mentioned before, a further feature that can characterise LAB starter cultures
is represented by functional aspects. In particular, their possibility to produce specific compounds
with an antimicrobial activity against spoilage and food-borne pathogens (reference to Paragraph
1.2). This can allow to find out new LAB strains characterised by both technological and bio-
protective properties, that can make them a promising application in food industry in order to obtain

high quality products with improved safety and prolonged shelf-life.

1.4.4 Application of starter cultures in meat industry: two case studies

Once the technological and bio-protective properties of LAB strains were demonstrated in
vitro tests, it was necessary to assess the effectiveness of the same cultures into real food systems
since this more complex environment and their characteristics could affect the performances of
these promising strains, as well as the competition with wild microorganisms.

Several studies clearly demonstrate that Lat. sakei is the predominant species in fermented
meat products, and its use as a starter culture for sausage production is widespread (Leroy et al.,
2014). However, the addition of starter cultures is necessary but not sufficient to obtain an
acceptable product quality level. They must be dominant respect to the indigenous microorganisms
present in the raw material, in order to achieve products with the desired characteristics and to
guarantee their safety, but their application needs to be adjusted in relation to the entire process
parameters. Nevertheless, the use of these starter cultures still followed some empirical operations
in which they are considered as an added additive. Conversely, this step is crucial tin order to obtain
safe products with desirable organoleptic characteristics (Montanari et al., 2021a). Moreover, the
quality of the raw material can play an important role on the result of the final product. In particular,
the initial microbial contamination of meat can affect the ability of the selected bacteria to colonise
the environment, bringing to safety (BA content) and organoleptic (off-odours) concerns. The
success of the competition can depend on the numerical ratio between starter culture added and
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microorganisms naturally present, that usually are between 3.2 and 5.3 log cfu/g (Leroy et al.,
2014). Commonly, starter cultures are added 10 times more respect to natural microorganisms
initially present. In this way it could be avoided an inadequate activity or competitiveness of starter
cultures towards the wild microbiota, with consequent organoleptic and safety concerns.

With this regard, Montanari et al. (2021) reported a case study in which the failed
competition between the starter cultures, added during manufacturing, and the wild microorganisms
present in the raw materials affected the final product characteristics. In particular, this study was
about an industrial lot of Ventricina, an Italian long-ripened traditional fermented sausages. The
results showed that the raw meat was characterised by a high microbial count and, for this reason,
the starter cultures were not able to colonise the environment reducing or inhibiting the growth of
the wild LAB microorganisms. The defects observed (including crust formation and BA
accumulation) can be associated with an improper fermentation process, despite the use of starter
cultures. Therefore, this study demonstrated that starter cultures application needs to be modulated
in relation to production parameters to avoid safety and organoleptic concerns.

Conversely, in another study the successful use of starter cultures was underlined (Tabanelli
et al., 2022). These strains were added in a meat batter to obtain a controlled fermentation that led
to achieve safe fermented sausages with desirable organoleptic characteristics, without the addition
of nitrate and nitrite. The entire production process was deeply modified and starter cultures was
added at a high concentration about 7 log cfu/g. In addition, different glucose amount was tested to
optimise the process. This parameter, in fact, affected the final characteristics of the fermented
sausages, with the better results showed when lower sugar concentration was used in the absence of
curing salts. Finally, in this study was also performed challenge tests against selected strains of List.
innocua, Salmonella enterica sub. enterica and Cl. botulinum. Under the adopted conditions, these
target microorganisms were unable to grow into the product. As expected, the nitrate and nitrite
removal from fermented sausages requires accurate technological changes to guarantee the final

quality and safety of the products.

1.4.5 Application of starter cultures in fish products

Fish fermentation is a process particularly common in Southeast Asia, respect to Europe or
Africa. These products can be characterised by several differences, such as raw material used, salt
and spices added, or temperature and duration of fermentation process (Zang et al., 2020). This
process can be coupled with other technologies to enhance also organoleptic characteristic of these
products. Generally, these procedures include salting and drying and, sometimes, also marinating
and smoking (Xu et al., 2021).
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Historically, as well as for meat, fish fermentation was performed at domestic level firstly to
preserve this type of food extremely perishable, but a strict control of its quality is not possible.
This concern can also affect the safety of these products, caused by the presence of food-borne
pathogens or spoilage microorganisms. Nevertheless, the addition of starter cultures is not still
widely applied, due to the different fish species used and the variability in the salt concentration and
fermentation conditions, that make difficult the research of good strains able to colonise these
environments, driving the fermentation process and ensuring safety aspects (Han et al., 2022).

The possible fermented fish products that can be obtained are represented by an entire
fermented fish or part of its, pastes and sauces. The main microorganisms detected in these different
products belong to LAB and in particular to the genera Leuconostoc, Lactococcus, Weissella,
Pediococcus. They principal role is the pH reduction as a result of organic acids (lactic and acetic
acid) accumulation. The environmentally acidification can determine an antagonistic effect against
food-borne pathogens or spoilage microflora, together with the production of antimicrobial
compounds (e.g. bacteriocins) by LAB strains. Moreover, their use can be represented a strategy to
reduce BA accumulation. The use of a mixture of strains belonging to Lactobacillus, Pediococcus,
Lactococcus as starter cultures was investigated by different studies in fish products, in particular
when carbon source (mainly rice) was also added to advantage their competitive behaviour with
respect to the indigenous microflora (Zang et al., 2020).

Besides LAB, yeasts belonging to Saccharomyces, Candida, Pichia, Hanseniaspora and
Debaryomyces can be frequently found in fermented fish products. Their proteolytic and lipolytic
activity contribute to the final characteristics of the product, influencing both texture and
organoleptic features. With this regard, some strains of Saccharomyces cerevisiae have been
reported to produce in Suan yu alcohols with peculiar aromatic notes, such as 3-methyl-1-butanol,
2-methyl-butanol, 2-methyl-propanol and phenethyl alcohol, starting for the corresponding amino
acids valine, leucine, isoleucine and phenylalanine (Wang et al., 2017).

Staphylococci also play important role during fish fermentation with a significant
contribution to flavour formation (Xu et al., 2021). Some studies showed that strains belonging to
the species Staph. carnosus and Staph. xylosus was able to reduce histamine accumulation during
fermentation of fish sauce and in salted and fermented anchovies (Mah and Hwang 2009; Zaman et
al., 2014). However, the organoleptic characteristics of final products are obtained through the
succession of these microbial groups that dominate different stages of fermentation. For example, in
fish sauces, yeasts are dominant in the first weeks of fermentation but, when the pH drops, their
number decrease in favour of LAB growth. Then, other species can develop, promoting the

formation of a more complex aroma profile.
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1.4.6 Application of starter cultures in dairy products

The main starter cultures used in dairy industry for cheese and yogurt production are
represented by LAB, especially belonged to the genera Lactococcus, Lactobacillus, Leuconostoc
and Pediococcus. Their application allows to control and optimise fermentation processes through a
rapid acidification of food matrices (Coelho et al., 2022). Moreover, they can play an important role
during products ripening thanks to their proteolytic and lipolytic activities, that also contribute to
the peculiar flavour and aroma formation, or the possible production of exopolysaccharides (EPS)
to improve the final product texture (Juraskova et al., 2022). The proper selection of starter cultures
and the technological characterisation of each strain is necessary to achieve products with
reproducible organoleptic and structural properties, reducing changes in quality and microbiological
stability observed in dairy products obtained without their addition (Carminati et al., 2010). The
application of new autochthonous LAB isolated from traditionally products are also considered
regarding their use to improve processing, functional value and safety, as well as preserving the
peculiarities of different products (Paulo et al., 2022).

Recently, several LAB strains have been demonstrated an interesting antimicrobial activity
against undesirable microorganisms and food-borne pathogens as producers of bio-active
compounds with health-promoting effects and a consequent safety improvement and shelf-life
extension of products (Coelho et al., 2022). In the dairy industry, the main bacterial pathogens that
need to be controlled are represented by List. monocytogenes, Staph. aureus, E. coli and Salmonella
spp. (Al-Gamal et al., 2019). The effectiveness of LAB strains in the inhibition of pathogenic
microorganisms is reported in several studies in cheese foods (Coelho et al., 2014; Hammami et al.,
2019; Pingitore et al., 2012; Ribeiro et al., 2016). Staph. aureus is a concerning pathogen in cheese
manufacturing with special relevance in those products made from raw milk, due to its possible
production of toxic compounds that, once formed in food, are extremely difficult to delete.
Regarding Salmonella spp., in cheese processing, this pathogen can decrease along the ripening and
storage periods due to salt concentration, storage temperature and pH, that represent the main
barriers for its growth, even if in some cases it can survive into the finished product. Some studies
demonstrated that the addition of starter cultures in cheese making improved the decrease of
Salmonella spp. probably associated to the enhanced effect of the pH by lactic acid production
(Silva Ferrari et al., 2016; Terpou et al., 2018). On the other hand, E. coli can increase in the first
hours of cheese ripening and it is investigated that the use of starter cultures can inhibit its growth
(Callon et al., 2016). Its inhibition is possible thanks to the acidification potential of LAB cultures
(Fretin et al., 2020), in fact it is demonstrated that that survival of E. coli during ripening may be

associated to the initial lower microbial load of raw milk (loanna et al., 2018).
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Yogurt, another common dairy product, is obtained by LAB fermentation of milk,
previously subjected to a heat treatment and pasteurisation, through the activity of microorganisms
such as Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus (Das et al.,
2019). This product is considered safe due to hurdles included in the production process, such as
heated technologies and low pH resulting from fermentation, that make difficult food-borne
pathogens viability. However, also in this case, some undesirable microorganisms (i.e. pathogens)
can contaminate food matrices after fermentation in acid conditions, probably due to acid gene
encoded survival mechanisms (Savran et al., 2018).

Finally, a good microbial quality of milk, a proper thermal treatment, a good hygienic
manufacturing practices and a proper starter cultures selection must be necessary to obtain products
with a high safety and prolonged shelf-life (Martin et al., 2016).

1.5 Bio-preservation: antimicrobial effects of bio-active natural compounds to

enhance food safety and extend shelf-life of food products

The increasing consumer demand for high quality, minimally processed and safe foods,
produced without synthetic preservatives, led the research towards new bio-preservation alternative
strategies. In the Paragraph 1.3, the application of bio-protective LAB strains was widely discussed,
but this approach can be also applied in combination with other techniques, in the context of hurdle
technologies. In particular, essential oils (EO) and phenolic extracts (EXT), derived from plants or
unconventional vegetal matrices, showed promising applications in food industry to enhance the
microbial and chemical (oxidative) stability of products, improving their organoleptic properties as
well as prolonging their shelf-life (Bajpai et al., 2012). This is linked to their strong antioxidant
effect and antimicrobial activity against spoilage microorganisms or food-borne pathogens, such as
List. monocytogenes and Salmonella spp. (Meenu et al., 2023; Nieto, 2020). A possible mechanism
of action of these compounds is characterised by the changing in the structure of the cell membrane
of the target microorganism, with a consequent increased in its permeability that could affect some
functional properties of the cell (Bajpai et al., 2019). In general, potential mechanisms of EO

against microorganisms are showed in Figure 1.2.
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The potential antibactenial mechanisms of essential oils

Damaging the cellular structure Damaging cytoplasmic membranes Intervention in system of cellular energy

* Membrane protein damage

* Cell wall destruction * Disruption of the proton motive

* Breaking down lipid layer of bacterial cell * Disruption of clectron flow and active * Hydrolysis of ATP and decreasing in
membrane transport synthesis of ATP

* Increasing permeability * Cell contents coagulation * Reduction of the intracellular ATP pool
* Leakage of ions and other cell contents * DNA damage

* Ribosome dysfunction

Figure 1.2: Potential mechanisms of EO activity against target microorganisms (Yousefi et al., 2020).

The composition of these natural compounds is characterised by different elements that
expressed their bio-protective activity through a synergic effect (Bhavaniramya et al., 2019). EO are
complex combinations of several aromatic and volatile compounds with low-molecular-weight
obtained from hydro-distillation of several parts of many herbs and spices (flowers, roots, seeds,
leaves, etc.) (Chouhan et al., 2017). Their major constituents are phenolic acids, terpenes, aldehydes
and flavonoids, produced by plants as secondary metabolites in order to defend them against
injuries and parasites, thanks to their antagonist activity.

For centuries, these plants were used in traditional medicine and culinary preparations for
improving the organoleptic properties of foods, without really know their antimicrobial potential
(Hyldgaard et al., 2012; Sharifi-Rad et al., 2017). Nevertheless, in the last decades the interest
regarding bio-active compounds application in food industry increased also in relation to consumers
request for “green solutions”. This attention was supported also by the feed industry searching for
alternatives for antibiotics, whose use has been strongly limited when not banned in animal diets
(Omonijo et al., 2018; Sutili et al., 2018).

These plant-derivatives can be applied in food industry in different way: they can be added
directly into products during the manufacturing and processing phases, or indirectly into packaging
materials, through edible/active films or by incorporation into food coatings. Regarding these latter
methods, in their review, Singh et al. (2022) described the use of phenolic compounds into bio-
active packaging or edible coatings, novel approaches to improve the oxidative status and
antimicrobial properties of food products. These technological strategies can increase the shelf-life
of products through the inhibition of undesirable microorganisms and reducing oxidation process.
EO can be applied in the same way, but they could negatively affect products organoleptic
characteristics and cause their sensory rejection due to an undesirable intense aroma. For this
reason, EO are often encapsulated in order to mask flavours, to control their release, but also to
improve their stability and solubility (Hao et al., 2021). Agrimonti et al. (2019) demonstrated that

cellulosic pads with EO of thyme and oregano showed an antimicrobial activity against spoilage
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microorganisms and some common food-borne pathogens (S. enterica, Camp. jejuni and Staph.
aureus) in minced beef. Moreover, this meat product packaged with these pads resulted acceptable
at sensory test.

Numerous studies reported the exploitation of phenolic extracts and EO preservative
properties as antioxidants and antimicrobials strategies, in order to delay lipid oxidation or inhibit
spoilage or pathogenic microbial growth, as well as to obtain products with improvement in their
textural and flavour properties.

1.5.1 Application of bio-active compounds in meat products preservation

As mentioned before, plant phenolic extracts and EO can be considered a suitable alternative
to synthetic preservatives to improve shelf-life and safety of foods, such as meat and RTE meat
products (Bajpai et al., 2019). These bio-active compounds are more effective against Gram-
positive bacteria, due to their cell membrane structure, so several studies were focused on their
application in the presence of this category of microorganisms, that include List. monocytogenes
(Yousefi et al., 2020). Several studies about the application of different EO to assess their anti-

listerial activity in meat products are reported in Table 1.6.

Table 1.6: Application of EO in different meat products to inhibit List. monocytogenes growth (adapted from Yousefi et
al., 2020).

Essential oil Meat product Application Note References

Addition of EO Application of 0.25 or 1% (v/w) of T. capitata EO

Thymus capitata with Minced beef solution to alona with low temperature storage can decrease El Abed et

carvacrol (88.98%) meat minced beef 9y ~Mp! >orag al., 2014
meat potential contamination of List. monocytogenes

Thymus vulgaris L., with

linalool (18.18%) and . 2 log cfu/g reduction of List. monocytogenes was Gouveia et

thymol (7.48%), Sous vide EO added occurred in the rosemary-treated samples stored at 2 al., 2017

\ A cook-chill beef directly on meat o
Rosmarinus officinalis L., and 8°C.
with eucalyptol (13.05%)

Juniperus communis, with EO or mixture of EO significantly reduced List.

a-pinene (47.8%); Satureja Wine monocytogenes in comparison with control sample  Vasilijevi¢ et
montana, with carvacrol marinated beef Marination during 15 days at 4°C. The marinade containing al., 2019
(30.7%) and thymol mixture of tested EO exhibited the most pronounced

(18.0%) effect.

Thymus vulgaris L., with Mixture of rosemary and thyme had anti-listerial

thymol (45.9%); . Added in the activity in Italian mortadella: respect to control .

: Italian - Giarratana et
Rosmarinus mortadella product sample, List. monocytogenes was almost lower of al. 2016
officinalis L., with a- formulation 2.29 and 2.79 log cfu/g in samples with 0.025 and "
pinene (23.98%) 0.05% EO, respectively.

Juniperus communis L., Dry fermented Added in the No food-borne pathogens (E. coli, List, - Tomovié et
. product monocytogenes, Salmonella spp. and clostridia) were
with B-myrcene (14.12%)  sausages . : - . al., 2020
formulation observed in any sample during the storage period.

1.5 log cfu/g reduction of List.

monocytogenes was observed at the end of storage at Pavli et al.,
8 and 12°C, while at 4°C a reduction 2.5 log cfu/g 2019

was occurred.

Oregano Ham slices In edible films
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El Abded et al. (2014) investigated the antimicrobial effect of different concentrations of
Thymus capitata EO against List. monocytogenes ATCC 19118 into minced beef meat. As
expected, with the increasing in EO amount there was a gradual decrease in target microorganism
detection, respect to the control. In another study, the effect of thyme and rosemary EO (0.025 and
0.05%) against a mixture of three strains of List. monocytogenes was tested in Italian mortadella
product (Giarratana et al., 2016). The results underlined the fact that the added mixture showed a
bacteriostatic effect against this pathogen, that was significantly inhibited in the presence of both
tested EO concentrations. In fact, from an initial load level of 2.50 cfu/g, target strains increased to
5.31, 3.01 and 2.52 log cfu/g in control, 0.025% EO-treated and 0.05% EO-treated samples,
respectively. Giarratana et al. (2016) also studied the effect of LAB growth and the consequent pH
reduction on antimicrobial activity of these EO against List. monocytogenes. It is known that pH
can affect the effectiveness of these bio-active compounds, that can more easily penetrate the lipid
part of the cell membrane enhancing their antimicrobial activity in the presence of low pH values
(Brut, 2004). Similarly, Gouveia et al. (2017) assessed the antagonistic effect of rosemary
(Rosmarinus officinalis L.) and thyme (Thymus vulgaris L.) against List. monocytogenes ATCC 679
in sous vide cook-chill beef, stored at refrigerated or abusive temperature. The results showed that a
reduction of the target microorganism of about 2 log cfu/g occurred in the sample added with
rosemary EO at both temperatures tested. The lower antimicrobial effect of thyme EO could be
attributed to the low concentrations of thymol in the T. vulgaris chemotype that was considered in
this study (Gouveia et al., 2017). On the other hand, a higher antimicrobial activity of thyme EO
against List. monocytogenes in minced meat stored at 4°C was reported by Pesavento et al. (2015),
due to the high content of the main antimicrobial constituents of this plan, i.e. p-cymene (47.9%)
and thymol (43.1%). In another study the synergic effect of soy sauce and teriyaki sauce with
carvacrol or thymol (0.3 and 0.5%) against List. monocytogenes in marinated beef was evaluated
(Moon et al., 2017). This pathogen was not inhibited by the presence of teriyaki sauce alone, while
it was inactivated by the addition of 0.5% carvacrol or thymol in combination with the sauce after 7
days of storage.

Moreover, it was reported by several studies that clove and cinnamon EO could be effective
against List. monocytogenes and in prolonging shelf-life of meat products (Khaleque eta I., 2016;
Mytle et al., 2006). The antimicrobial effect of clove is related to eugenol, that can cause the
deterioration of the cells wall and their lysis, while the activity of cinnamon EO is linked to the
presence of cinnamaldehyde, limonene and eugenol compounds (Calo et al., 2015; Vergis et al.,
2015).
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In their study, Pavli et al. (2019) demonstrated that the addition of oregano EO into sodium
alginate edible films in ham slices led to a 1.5 log cfu/g reduction of List. monocytogenes after 40
days of storage at 8°C, while at 4°C this decrease was about 2.5 log cfu/g. Moreover, the
combination with other technologies, such as high hydrostatic pressure, significantly increased the
inhibition of this target microorganism (Pavli et al., 2019). The oregano EO effect was also studied
in RTE smoked turkey meat, packaged in modified atmosphere, that highlighted an antagonist
activity against List. monocytogenes (Mahgoub et al., 2019). The antimicrobial activity of oregano
EO, that was expressed by the presence of a-terpinene, p-cymene, carvacrol and thymol
components, was already assessed to control List. monocytogenes growth in other previously
studies (Dussault et al., 2014; Menezes et al., 2018). In particular, thymol and carvacrol are widely
characterised by their antimicrobial activity. The first can cause the degradation of the outer
membrane of target microorganisms with an increase in its permeability, while the second can
induce changing in the fatty acid profiles and the structure of the cell membrane. Moreover, it can
affect the synthesis of flagellin and reduce bacterial motility, as a consequence (Carramifiana et al.,
2008; Khorshidian et al., 2018). In one of these previously studies, Carramifiana et al. (2008) tested
the effect of savory (Satureja montana), thyme (T. vulgaris) and rosemary (R. officinalis) EO
against List. monocytogenes in pork meat. They demonstrated that the first two EO were able to
efficiently inhibit the growth of the target microorganism, while induced no significant antagonistic
effect. This low antimicrobial activity could be attributed to the absence of the carvacrol and thymol
compounds in the tested rosemary EO.

In addition, other studies were performed to evaluate the bio-active compounds effect

against different food-borne pathogens, such as Staph. aureus and Salmonella (Table 1.7).
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Table 1.7: Application of EO in different meat products to inhibit Staph. aureus and Salmonella growth (adapted from
Oliveira et al., 2018).

Essential oil Meat Application . Target. Note References
product microorganisms
Oregano (Coridothymus . .
capitatus) with carvacrol Tunisian dry Addition of 0.25% Staph. aureus decrgased during El Adab and
fermented the ripening phase in sausages
(74.87%) and thyme (Thymus (v/v) oregano and  Staph. aureus - Hassouna,
S - poultry meat added with oregano and thyme
vulgaris) with B-linalool 0.25% (v/v) thyme 2016
(79.17%) sausage EO.
Turkish Staph. aureus decreased almost
drvfermented Addition of 1.5 4 log cfu/g in sucuks with EO Erkmen
Thyme (Thymbra spicata) saﬁsa o g/kg of thyme Staph. aureus after ripening and it was 2009 '
(sucu% EO inactivated after 17 days of
storage by adding EO.
Addition different Reduction of only 0.4 log
Basil (Ocimum basilicum) with  Italian-type EO concentrations: Staph. aureus cfu/g. until day 14 at EO Gaio et al.,
linalool (71.01%) sausage standard, 0.19, ph. concentration of 2015
0.38 and 0.75 mg/g 0.75 mg/g.
Bay (Laurus nobilis L.) with
eucaliptol (58.20%), garlic .
(Allium sativum L.) with dially] otaph. aureus was sull
trisulfide (33.82%) and diallyl preser y
disulfide (18.86%), nutmeg Portuguese ripening. After 3 days
L : Lo dry cured Addition of EO at  Staph. aureus, Salmonella spp. was e
(Myristica fragans) with Lo - .. Garcia-Diez
myristicin (43.35%), oregano sausage two concentrations: Salmonella spp., undetectable in the sample with etal. 2016
(Oyri anum vui arg)’witr?th mol (Chouricode  0.05% and 0.005%  List. monocytogenes 0.05% of garlic and oregano N
9 9 y Vinho) EO. List. monocytogenes weas

(93.34%), rosemary (Rosmarinus
officinalis L.) with camphor
(22.4%) and thyme (Thymus
capitatus) with thymol (93.94%)

not detected after 15 days of
ripening.

In particular, Staph. aureus was significantly reduced during the ripening phase with 0.25%
(v/v) oregano and thyme EO in Tunisian fermented poultry sausages (El Adab and Hassouna,
2016). Gaio et al. (2015) evaluated the antimicrobial activity of different concentration of basil EO
against Staph. aureus in Italian fermented sausages, even if in this trial only a reduction of 0.4 log
cfu/g was observed after 14 days with a EO concentration of about 0.75 mg/g. This food-borne
pathogen was inhibited at the initial period of ripening, but this was not enough to control its
growth until the end of the process.

Finally, the antimicrobial activity of several EO were evaluated against Staph. aureus,
Salmonella spp. and List. monocytogenes in a Portuguese fermented sausage (Chourigo de Vinho)
(Garcia-Diez et al., 2016). They tested the most effective EO, that included bay, garlic, nutmeg,
oregano, rosemary and thyme, identified through a previously disk diffusion assay, at two different
concentrations: 0.005% and 0.05%. Staph. aureus was the most resistant food-borne pathogen
tested. On the contrary, after a smoking treatment, Salmonella decreased about 2 log cfu/g and then
it was not detectable in the product in the presence of 0.05% of bay, oregano or thyme EO after 12
days of ripening. Furthermore, this microorganism was also under the detection limit at thyme

concentration of 0.005%. In their study, Garcia-Diez et al. (2016) tested these bio-active
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compounds also against List. monocytogenes and the results showed an antimicrobial effect when
this pathogen was exposed to 0.005% of oregano, rosemary and nutmeg EO.

In these studies pathogens behaviour changed considerably due to product differences and
the composition of natural tested compounds. In general, the microbial susceptibility to the EO
antimicrobial effect increased with a decrease in the environmental pH and storage temperature, or
in the case high concentrations of them were used. In addition, a combined use of these
antimicrobial compounds can induce an enhanced inhibitory effect against food-borne pathogens,
thanks to a possible synergic behaviour. However, the organoleptic impact of EO application can
negatively affect the sensory properties of the products. Several works underline the fact that higher
concentration of EO in food matrices were necessary to obtain the same effect as that achieved in
culture media (Burt, 2004; Busatta et al., 2008). This can limit their application in food industry and
a strategy to overcome these issues can be represented by using lower concentrations in
combination with other bio-preservation technologies, such as the addition of bio-protective starter
cultures. Another variable is represented by the composition of EO and the extraction yield, that can
be affected by different things: the plants species or their geographic origin, the climate and the soil
composition, the part of the plan used for the extraction and the type of extraction, that need to be
optimised (Calo et al., 2015).

1.5.2 Application of bio-active compounds in fish products preservation

Bio-preservative effects of several plant extracts and their EO as natural antioxidants and
antimicrobials strategies to improve the quality of food products and extend their shelf-life by
inhibiting spoilage or pathogenic microorganisms and delaying oxidative processes also interested
the fish industry and was reviewed by numerous studies, reported in Table 1.8 (Mei et al., 2019;
Rathod et al., 2021; Vijayan et al., 2021). Different pathogenic microorganisms can be present into
raw fish material, including Vibrio spp., Aeromonas hydrophila, Salmonella spp., E. coli,
Clostridium perfringens and List. monocytogenes, against which the main bio-active compounds

applied in seafood industry are oregano, rosemary, thyme, laurel, sage, cinnamon, clove and basil.
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Table 1.8: Application of EO in different fish products.

Essential oil Fish product Application Note References
Grass car Immersion in EO EO treatment was effective in inhibiting
Oregano and P - microbial growth, delaying lipid Huang et al.,
(Ctenopharyngod emulsions (0.1% v/v) - .
thyme . - oxidation and the product shelf-life was 2018
on idellus) for 30 min
extended for 2 days.
Salmon (Salmo Immersion in The microbial shelf-life of fillets was van Haute et al
Oregano salar) fillets marinade with EO prolonged. Total aerobic psychrotrophs 2016 "
(1% wi/w) for 2 min  in samples were reduced after 3 days.
Rosemar Atlantic salmon  0.3% EO was added  Significant reduction of List. Tosun et al.,
y (Salmo salar) on fillet surface monocytogenes and Salmonela Enteridis 2017

Rainbow trout The sous-vide packaging in association

Rosemary and (On(_:orhynchus Addition of EO (100 with EO showed good results in product  Ozturk et al.,
> mykiss) fillets . . RN
basil - ul) quality preservation and inhibition of 2021
cooked with -
. List. monocytogenes.
sous-vide

Nanoemulsions with  Treatment with nanoemulsions showed
EO (3.63 and 5.50%) effective antimicrobial activity on some
applied onto the gram-negative bacteria mostly found in
surface fish fillets.

Rainbow trout
Laurel (Oncorhynchus
mykiss) fillets

Meral et al., 2019

Huang et al. (2018) studied the effects of oregano (carvacrol 88.6%), thyme (thymol 72.5%)
and star anise (trans-anethole 90.3%) EO on grass carp fillets. The product was immersed into these
bio-active compounds and the results showed a reduction in Aeromonas and Shewanella growth,
allowing a two-day increase of shelf-life. Similar results were obtained in the same fish product by
using cinnamon EO, derived from bark (Huang et al. 2017). The addition of cinnamon EO into
common carp products was responsible for the inhibition of the main spoilage microorganisms and
the consequent reduction of the putrescine and cadaverine accumulation (Zhang et al., 2017a).

Other works demonstrated the bio-preservation effect of chitosan-essential oil coatings,
treated with lemon and thyme, garlic, clove, cinnamon and lemon grass, onto grass carp products
with an improvement in their shelf-life (Cai et al. 2018; Wang et al. 2018; Yu et al. 2017).
Moreover, Bahramian et al. (2018) demonstrated that encapsulated Zataria multiflora EO was
effective in prolonging the shelf-life of rainbow trout, without compromising the organoleptic
properties. The organoleptic quality of the same product was enhanced also in Ozogul et al. (2017)
study, with addition of thyme (71.5% of carvacrol) and rosemary (52.2% 1,8-cineol) EO. The
application of this strategy can positively influence the effect of EO antimicrobial activity, by
increasing their stability and preventing the interaction with food components, as well as affecting

less the organoleptic property of products (Hassoun and Coban, 2017).
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Furthermore, Bensid et al. (2014) proposed to directly add plant extracts, in particular thyme
(0.04% wi/v) and oregano (0.03% w/v), into storing ice used for anchovies, obtaining a shelf-life
extension from 5 to 12 days.

1.5.3 Application of bio-active compounds in dairy products preservation

Many dairy products are highly perishable foods, that can be deteriorate within days of their
production. To ensure safety to these products, the use of natural preservatives with their bio-active
compounds is necessary. In this context, plant derivatives and spices added in dairy products can
improve the safety of these foods, prolonging their shelf-life and enhancing their organoleptic
properties (Barak and Mudgil, 2023).

Plant derivatives can find their application in cheese manufacturing as antioxidant,
antimicrobial and flavouring agents and to improve the stability of these products (Ritota and
Manzi, 2020). Several studies were performed in order to assess the antioxidant and antimicrobial
activity against the main food-borne pathogens in dairy products. Nigella sativa EO was tested
against Staph. aureus, S. enteritidis, E. coli and List. monocytogenes and to improve storage
stability of Domiati cheese. The results reported that the addition of 0.2% EO improved
organoleptic and sensory characteristics of cheese and a decrease in food-borne pathogens growth
was achieved (Mahgoub et al., 2013).

The effect of cumin, rosemary and thyme EO was studied into soft cheese by El-Kholy and
Aamer (2017). They reported that the addition of these EO resulted in an increased antioxidant
activity that promoted the extension of product shelf-life. The antimicrobial activity of other plant
extracts, included clove, cinnamon stick, grape seed oregano and pomegranate peel, was evaluated
in cheese stored at room temperature against the growth of S. enterica, Staph. aureus and List.
monocytogenes, that were inhibited by all selected compounds (Bin et al., 2011). Moreover, the
stability of cheese against lipid oxidation by their addition was improved.

In another study, Mohamed et al. (2018) demonstrated that the use of Moringa oleifera
extracts into cream cheese extend its shelf-life up to four weeks and also increased the total phenol
content and antioxidant activity of the final product. Total phenolics, antioxidant and antimicrobial
activities of herby cheese obtained from sheep milk were enhanced when Allium vineale L.,
Chaerophyllum macropodum Boiss. and Ferula rigidula DC. were added (Kose and Ocak, 2020).

Finally, Yeriikaya et al. (2021) studied Mozzarella cheeses added with rosemary
(Rosmarinus officinalis L.), basil (Ocimum basilicum L.), peppermint (Mentha piperita L.) and

oregano (Origanum onites L.) aromatic plants. The products showed an increasing into antioxidant
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properties and exhibited antimicrobial activities against E. coli, List. monocytogenes, Ent. faecalis,
Staph. aureus and B. cereus.

These studies underlined the fact that these plant derivatives can be considered an interesting
strategy, as an alternative to synthetic preservative, for industrial applications.

Moreover, these bio-active compounds can be used in combination with the addition of
starter cultures. With this regard, the combination of thymus EO with Lc. lactis subsp. lactis and Lc.
lactis subsp. cremoris starter cultures to inhibit Staph. aureus was studied (Carvalho et al., 2015).
Recently, the synergic effect of EO and starter cultures to control E. coli was also studied. In
particular, the combination of Zataria multiflora EO and Lactobacillus acidophilus LA-5 reduced
the growth rate of this target microorganism (Mehdizadeh et al., 2018), while the application of the
same LAB strain with oregano and rosemary EO totally inhibited the E. coli growth (Diniz-Silva et
al., 2020).

1.6 Antioxidant and antimicrobial potential of unconventional matrices affected

by drying and extraction methods

1.6.1 Recover of plant by-products to obtain added-value extracts to be applicated into food
industry

With the increase in world population and in food products request, a huge amount of
biomass (billions of metric tons) is generated every year from the agricultural industry worldwide.
The consequent high volume of agro-food industry wastes attracts increasing social, political, and
scientific attention at national and international level (Galanakis, 2015).

Agro-food residues can result from non-edible plant parts (e.g. leaves), generated after
harvesting or during post-harvest process and food processing (Santana-Méridas et al., 2012). As
example, about 38% of food by-products occur during food processing, caused by microbial
degradation that can result in adverse effect on the environment and human health, high costs for
the waste treatment and negative impact in agricultural and economy sector (Helkar et al., 2016).

These by-products are rich in biomolecules with high relevance to the food industry, as well
as, pharmaceutical and cosmetic one. In fact, they contain high concentrations of micronutrients
(vitamins and minerals), fibres and other secondary phytochemicals, such as phenolic compounds,
carotenoids and tocopherols. Among them, a great attention is focused on phenolic compounds,
which possess antimicrobial and antioxidant activities and promote benefits for human health, e.g.
anti-inflammatory and anti-diabetic activities and reduce risk factors of cardiovascular diseases

(Martin-Garcia et al., 2020). For this reason and due to the increasing in the consumers demand for
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preservatives-free foods, plant by-products can be recovered and reused to obtain added-value
extracts to be used as a supplement to produce functional foods (Ayala-Zavala et al., 2011).

Olives are considered a vegetal matrix of a great socio-economical interest and, as a result of
pruning, olive leaves represented one of the principal by-products discarded during olive oil
production (Santana-Méridas et al., 2012; Talhaoui et al., 2015). This vegetal matrix is
characterised by the presence of different classes of phenolic compounds, including simple phenols,
flavonoids (luteolin 7-O-glucoside and rutin), oleuropein and hydroxytyrosol (Quirantes-Piné, et al.,
2013). Bio-active compounds in the composition of olive leaves extracts make them a potential use
as natural additives (Sanchez-Gutiérrez et al., 2021).

Moreover, tropical fruits plant, such as avocado, cherimoya and guava arise a huge amount
of by-products and wastes, as another potential source of phenolic compounds. In fact, avocado peel
and seed contain great amounts of phenolic compounds and show a higher antioxidant activity
(Lopez-Cobo et al., 2016). Similarly, guava leaves are characterised by flavonoids (guajaverin,
avicularin and procyanidin B), that can reduce glycemia and insulin resistance (Diaz de Cerio et al.,
2016), while cherimoya leaves demonstrate higher antioxidant potential due to the presence of a
high concentration of flavonoids (Albuquerque et al., 2016; Diaz de Cerio et al., 2018; Mannino et
al., 2020).

In addition, the extracts derived from these agro-food by-products have a demonstrated
antimicrobial activity that suggest their potential application as antimicrobials to control food-borne
pathogens (List. monocytogenes, E. coli O157:H7 and S. enterica) and in active packaging
production or as food ingredients (Al_husnan and Alkahtani, 2016; Biswas et al., 2013; Liu et al.,
2017; Rodriguez-Carpena et al., 2011).

However, many factors, including harvest time, cultivation area and agronomical conditions,
as well as drying and extraction methods and their standardisation, can affect the phenolic
composition of plant residues (Brahmi et al., 2012; Rafiee et al., 2011). The extraction process is an
important step in order to obtain a high phenolic recovery from plant matrices (Azmir et al., 2013;
Jahromi, 2019). Conventional extraction techniques, such as heating, refluxing or using Soxhlet
apparatus could induce oxidation or hydrolysis of phenolic compounds, while maceration requires
high volumes of solvents, long extraction times and possesses low selectivity, low reproductive
rates and low efficiency (Cifa et al., 2018).

However, in recent years, the developing of green extraction protocol for the recovery of
bio-active compounds become crucial for the sustainable use of these by-products in food industry.
The application of natural bio-active compounds (antioxidants and antimicrobials) could be a

possible solution to guarantee food security and the environmental sustainability of agro-food
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systems, in order to valorise food by-products and extend perishable foods shelf-life, maintaining

the food nutritional and sensorial properties and reducing microbiological risks.

1.6.2 Marine algae: an interesting source of bio-active compounds with a promising application as
food ingredients

It is well known that marine macroalgae have strong antioxidant, antimicrobial, anti-
inflammatory and anticancer properties (Pérez et al., 2016; Wijesinghe and Jeon, 2012). Phenolic
compounds (phenolic acids, flavonoids, and tannins) are the most important bio-active compounds
found in macroalgae (Biris-Dorhoi et al., 2020). They are the primary components of algae cell
walls and are produced as a response to harsh environmental conditions. Moreover, they have a role
as a chemical defence against herbivores, bacteria, and fouling organisms (Bernardini et al., 2018;
Generali¢ Mekini¢ et al., 2019).

Studies on bio-active components from algae have intensified in the last years and most of
the focus has been on the identification of new components. Phenolic compounds, beside to
improve consumers health (cardioprotective, antihypertensive and anti-inflammatory properties),
can exert antioxidant and antimicrobial features (Martin-Garcia et al., 2020). To date, it has been
reported that seaweeds are a rich source of catechins, rutin, quercetin, hesperidin and other
flavonoids (Cotas et al., 2020). Strong antioxidant properties of phenolics make them a functional
ingredient for possible applications in food products, also in order to satisfy the increased interest in
natural antioxidants as a replacement for synthetic ones (Kranl, et al., 2005).

The selection of the drying and extraction method is a key factor that influences the
phytochemical content of algae samples. It has been reported that many parameters, such as
temperature, drying time, and UVA-UVB light can affect the phytochemical content and
antioxidant potential of vegetal matrix (Ling et al., 2015). Before extraction, macroalgae are
traditionally sun-dried, shade-dried, or oven-dried, but for the previously mentioned reasons,
protocols of drying and extraction methods require adaptation dependent on the type of samples. In
fact, as low temperature prevents the degradation of heat-sensitive compounds, freeze-drying, a
method that is performed under vacuum, has been suggested to prevent the oxidation reactions of
functional ingredients (Amorim et al., 2020).

Recently, researchers studied alternative methods to extract phenols from macroalgae. In
particular, ultrasound-assisted extraction (UAE) and microwave assisted extraction (MAE) have
been investigated. These novel methods are considered green methods since they reduce extraction
time, decrease high solvent consumption and increase the yield of targeted compounds, as

compared with conventional ones, such as maceration or shaking (Phasanasophon and Kim, 2018).
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In addition, hydro-alcoholic mixtures could be the best suitable solvent for the extraction of
phenolics compounds, being also acceptable for food applications (Medina-Torres et al., 2017).
This solvent mixture is characterised by a synergistic effect: water acts as a swelling agent of the
matrix, while ethanol promotes the breaking of bonds between solutes and the matrix (Sahin and
Samli et al., 2013). However, extraction parameters, solid-to-solvent ratio, and solvent choices need
to be optimised and investigated to find conditions that would yield the highest amount of targeted
compounds and preserve their biological activity.

In the last few years, several studies have been focused on the analysis of the application of

different extraction methods and different solvents to obtain bio-active compounds with specific

biological activity from Padina pavonica algae (Table 1.9).

Moreover, the effect of seasonal harvest can also affect the extract composition and the

antioxidant and antimicrobial activities of these vegetal matrices, as demonstrated by different

studies (Cagalj et al., 2022).

Table 1.9: Research studies on different extraction methods and solvents to yield specific biological
compound/activity of Padina pavonica (Cagalj et al., 2021).

Extraction

Solvent

Bio-active compounds/activity

References

MAE
Centrifuge at 37°C for 2.5 h
Stirring for 12 h

Soxhlet extraction

MAE, pressurised liquid extraction
(PLE), supercritical fluid extraction
(SFE), electroporation extraction
Extraction with reflux condenser at
100°C for 2 h under reduced
pressure

Shaking extraction for 72 h

Maceration at room temperature
twice for 24 h

Supported liquid extraction (SLE)
for 30 min

Percolation at room temperature for
48 h

Ethanol and
methanol 80%
Ethanol 96%
Methanol and
dichloromethane

Acetone

Petroleum ether,
ethanol, ethyl
acetate and water

Acetone and water

Acetone, ethanol
and methanol 80%
and water
Hexane, ethyl
acetate and
methanol

Ethanol 50%

Ethanol 95%

Antibacterial activity

Phenolic compounds
Antioxidant activity,
cytoprotective-potential
Pro-apoptotic or pro-osteogenic
activity, antioxidant activity

Anti-hyaluronidase activity

Antioxidant activity,
antimicrobial activity

Antioxidant activity,
antidiabetic activity

Antiparasitic activity,
antioxidant activity

Antioxidant activity, anti-
inflammatory activity,
antinociceptive activity
Antimicrobial activity,
antioxidant activity, anticancer
activity

Alghazeer et al., 2017
Mannino et al., 2017
Pinteus et al., 2017

Bernardini et al., 2018;
Minetti et al., 2019

Fayad et al., 2017

Hlilaetal., 2017

Ismail et al., 2020

Chiboub et al., 2017

Abdelhamid et al.,
2018

Al-Enazi et al., 2018
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1.6.3 New extraction techniques for phenolic compounds recovery from plant by-products

Antioxidant and antimicrobial activities of agro-food residues extracts are related to the
phenolic compounds that are present in these extracts and their quantitative recovery represents a
crucial point.

Toxic effects of solvents and other problems are associated with conventional extraction
methods, such as solid-liquid extraction and maceration. For this reason, alternative extraction
techniques of phenolic compounds are needed. Nowadays, new sustainable alternative methods are
characterised by shorten extraction times and reducing in toxic solvent consumption (Khoddami et
al., 2013; Putnik et al., 2018). In particular, microwave-assisted extraction (MAE), ultrasound-
assisted extraction (UAE) and pressurised-assisted extraction (PLE) are characterised by an
increasing attention, as these techniques have shown to be efficient in the recovery of phenolic
compounds from plants (Zhang et al., 2018b). MAE is a thermal technology that is widely used for
phenolic extraction (Zhang et al., 2011), but this can damage thermally unstable bio-active
compounds, resulting in more expensive and more difficult effectiveness. Because of that, non-
thermal technologies (i.e. ultrasounds) can represent a solution to obtain safe and shelf-stable plant-
based extracts, with an increase in phytochemicals content, compared to thermal techniques.

In particular, UAE is a green alternative method, that requires a lower investment of solvent,
energy and time. Moreover, it is easy to handle and represents a feasible technological option for
industrial scale-up, with high reproducibility, high extraction yields and environmental
sustainability (Irakli et al., 2018; Medina-Torres et al., 2017; Zhao et al., 2021). Briefly, this
technique consists in the propagation of the ultrasonic waves through a liquid medium, which
causes damage of cell walls, resulting in an improvement in solvent penetration and the subsequent
release of the content of phenolic compounds (Mohamed Ahmed, et al., 2020; Zhang et al., 2018Db).
Two types of devices are used in ultrasound-assisted extraction: an ultrasonic bath and ultrasonic
probe (sonotrode) equipment (Chemat et al., 2017). However, the sonotrode system is more
powerful in comparison with the ultrasonic bath, because the ultrasonic intensity is delivered
through a smaller surface (the tip of the probe) (Martin-Garcia et al., 2022a,b; Sukor et al., 2018).
With UAE, the most influential factors on the yield of phenolic compounds are the solid/liquid
ratio, extraction time and solvent concentration (Elshreef et al., 2021).

Moreover, pre-treatments (enzymatical treatment, fermentation, etc.) are generally
applicated onto these new assisted extraction methods with the aim to increase the extraction yields
and improve the process kinetics of the extraction of phenolic compounds (Gil-Chavez et al., 2013).
In fact, several enzymes (cellulase, B-glucosidase, xylanase, pectinase, etc.) can enhance the cell

wall degradation, facilitating the phenolic compounds release. Similarly, microbial enzymes
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produced during fermentation can increase the yield and change the profile of phenolic compounds,
as a consequence of the degradation of the cell wall structure (Dey et al., 2016).

Fermentation processes can be described by two different methods: submerged fermentation
(SmF), which is based on microbial growth into a defined medium, containing nutrients, or solid-
state fermentation (SSF), characterised by the growth of selected on solid particles in the absence of
water (Starzynska-Janiszewska et al., 2022).

Finally, purification of phenolic extracts can be performed by several green processes, such
as membrane filtration and resin purification, that need to be defined through an appropriated
selection of membrane typology, as well as an optimisation of parameter conditions, depending on
the specific plant by-products (Cassano et al., 2018). Their high efficiency, lower cost and
simpleness make them an interesting commercial strategy to the recovery of phenolic compounds
(Soto et al., 2011).
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2.1Aim of PhD thesis
Global projections show that food demand will increase by 35% by 2030, due to the

substantial population growth, urbanisation and economic development of emerging countries.

The possible solutions to this evidence will necessarily have to go through an increase in
production yields, but also through the reduction of food waste in productive systems and supply
chains, with an integrated perspective of sustainability (Hoff, 2011). On the other hand, the Food
Safety Committee of FAO (2015) indicates the degradation of the product, especially for fresh and
minimally processed foods, with the consequent reduction in microbiological quality, as the main
factor responsible for waste increase at all stages of the production. In addition, in recent years, also
given the different consumption habits and changes in lifestyles, minimally processed foods have
been involved in several outbreaks, being the source of food-borne pathogenic bacteria. In
particular, food safety can be a recurrent concern in productions obtained in traditional and local
small-scale enterprises, lacking an efficient system of traceability and product quality
standardisation.

For these reasons, the development of sustainable approaches to assure safety, quality and
shelf-life of both fresh and fermented products is a crucial aspect of pursuing production efficiency
ensuring high food levels and dietary habits. These goals can be achieved through an optimisation
of biotechnological tools, affordable also by local producers.

In this perspective, the application of new microbial cultures endowed with peculiar features
and natural bio-active compounds could provide innovative biotechnological tools to meet
consumer demand for safe minimally processed products, reducing small-scale traditional
production safety concerns, valorising sustainable sources and by-products and help to guarantee
environmental sustainability of agro-food systems.

The high quantity of artisanal spontaneous fermented sausages from different Mediterranean
countries represents a relatively unexplored reservoirs of microbial biodiversity, within which it is
possible to find new microorganisms with relevant biotechnological properties, both for
fermentation and bio-protection purposes. The exploitation of the important microbial biodiversity
of some spontaneously traditional fermented products by bioprospecting of strains isolated from
these environments can be an effective strategy to find strains of industrial importance and, at the
same time, to fill the gap between the laboratory results and efficacy in the production field for bio-
protective and starter cultures.

In fact, the importance of isolating and selecting biocontrol agents or starter cultures from

the same environment where they will be reintroduced has been demonstrated, due to strains
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adaptation in specific ecological niches and their growth, colonisation and antagonistic capacities,
with enhanced potential as biocontrol culture (Siroli et al., 2015).

Fermentation agents, such as LAB, used in numerous products due to their technological
properties, can also carry out bio-protection activities, due to their competition with spontaneous
microbiota by the production of specific metabolites (i.e. bacteriocins, organic acids, etc.), assuring
food safety and extending product shelf-life while maintaining the food nutritional and sensorial
properties (Chikindas et al., 2018; Elsser-Gravesen and Elsser-Gravesen, 2014). However, the
availability of already commercialised starter or bioprotective cultures is limited to a small number
of strains that are not representative of the natural microbial biodiversity of meat products. For this
reason, the use of commercial starter cultures can enhance product safety, but, on the other hand,
can cause a standardisation of the product, with a loss in their recognisability and typicity linked to
local cultural heritage. It is well known that the great variability characterising traditional fermented
sausages depends also on the sensory properties originally determined by a microbiota typical of a
geographic area, as well as of a peculiar productive process, and industrial standardisation can
represent a limitation for the local production of regional products.

This is the reason why in the last years an increasing interest has been addressed to the
isolation of new autochthonous starter cultures or bioprotective agents, endowed with technological
and antimicrobial features, that can be potentially used in meat products due to their ability to
confer specific peculiarity to the productions (Bassi et al., 2015; dos Santos Cruxen et al., 2019;
Franciosa et al., 2022; Talon et al., 2008).

In addition to the possible application of bio-protective cultures, the use of natural molecules
with a broad spectrum of antimicrobial potential, have been proposed to meet the consumer demand
for safe foods without chemical additives. It is well known that many plants can be an important
source of bio-active molecules and substances generally recognised as safe (GRAS) and widely
accepted by consumers. In fact, many plant extracts, essential oils (EO) or their constituents can
contain molecules with a relevant antimicrobial activity and have been proposed as potential
preservative ingredients in several foods or as antimicrobial agents (Prakash et al., 2015; Vergis et
al., 2015). The search for new sources of natural compounds can lead to the exploitation of under-
valorised plant matrices and by-products of agro-food system. Among these sources, Mediterranean
maquis is a natural ecosystem with many aromatic plants characterised by high biodiversity and
many species able to produce antimicrobial substances. The investigation of the potential
exploitation of these minor matrices as a source of bio-compounds with application in foods can

have a high economic importance, opening new markets and local supply chains for the extraction,
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purification and formulation of new natural antimicrobials and antioxidants, while employing new
raw materials that, currently, have no market or commercial value.

Given these considerations, the general aim of my PhD thesis, that is a part of the European
project BioProMedFood, financed in the frame of PRIMA — Section 2 Programme, is to study
sustainable approaches to increase the safety and quality of fresh and fermented meat products.
With this purpose, three main strategies have been evaluated:

) use of autochthonous strains, isolated from spontaneously fermented sausages
collected in Mediterranean countries, as bio-protective cultures or functional starter cultures: with
the aim to valorise the biodiversity and genetic bacterial heritage represented by traditional meat
products of the Mediterranean area, LAB have been isolated, identified and characterised for their
safety, technological and antimicrobial features. The most promising strains have been further
tested for their bio-protective activities in fresh sausages and used as starter cultures in fermented
sausages;

i) use of natural compounds with antioxidant and antimicrobial potential: this strategy
involves the extraction of bio-active compounds from low-cost sources or by-products from plants
of the Mediterranean maquis. The phenolic extracts (PE) and the essential oils (EO) have been
characterised and tested for their antimicrobial potential against some food-borne pathogens;

i) use of fermentation of plant by-products to obtain plant extracts enriched in
phenolic compounds: the use of peculiar LAB strains has been proposed for the fermentation of

unconventional matrices to modify the availability of bio-active compounds.
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2.2 Objetivos de la tesis

Las proyecciones globales muestran que la demanda de alimentos aumentara en un 35%
para 2030, debido al crecimiento sustancial de la poblacion, la urbanizacion y el desarrollo
econdmico de los paises emergentes.

Las posibles soluciones a esta evidencia necesariamente tendran que pasar por un aumento
en los rendimientos de produccion, pero también a través de la reduccidn del desperdicio de
alimentos en los sistemas productivos y las cadenas de suministro, con una perspectiva integrada de
sostenibilidad (Hoff, 2011). Por otro lado, el Comité de Seguridad Alimentaria de la FAO (2015)
sefiala la degradacion del producto, especialmente para alimentos frescos y minimamente
procesados, con la consiguiente reduccion de la calidad microbioldgica, como principal factor
responsable del aumento de residuos en todas las etapas de la produccion.

Ademas, en los ultimos afios, también dados los diferentes héabitos de consumo y los
cambios en los estilos de vida, los alimentos minimamente procesados se han visto involucrados en
varios brotes, siendo la fuente de bacterias patdgenas transmitidas por los alimentos. En particular,
la seguridad alimentaria puede ser una preocupacion recurrente en las producciones obtenidas en
pequefias empresas tradicionales y locales, que carecen de un sistema eficiente de trazabilidad y
estandarizacion de la calidad del producto. Por estas razones, el desarrollo de enfoques sostenibles
para garantizar la seguridad, la calidad y la vida util de los productos frescos y fermentados es un
aspecto crucial de la basqueda de la eficiencia de la producciéon que garantiza altos niveles de
alimentos y habitos dietéticos. Estos objetivos pueden lograrse a través de una optimizacion de las
herramientas biotecnoldgicas, asequibles también por los productores locales. En esta perspectiva,
la aplicaciéon de nuevos cultivos microbianos dotados de caracteristicas peculiares y compuestos
bioactivos naturales podria proporcionar herramientas biotecnoldgicas innovadoras para satisfacer
la demanda de los consumidores de productos seguros minimamente procesados, reduciendo los
problemas de seguridad de la produccién tradicional a pequefia escala, valorizando fuentes y
subproductos sostenibles y ayudando a garantizar la sostenibilidad ambiental de los sistemas
agroalimentarios. La elevada cantidad de embutidos artesanales fermentados espontaneamente
procedentes de diferentes paises mediterraneos representa un reservorio relativamente inexplorado
de biodiversidad microbiana, dentro del cual es posible encontrar nuevos microorganismos con
propiedades biotecnoldgicas relevantes, tanto para fines de fermentacién como de bioproteccién. La
explotaciéon de la importante biodiversidad microbiana de algunos productos tradicionales
fermentados espontaneamente mediante la bioprospeccion de cepas aisladas de estos ambientes
puede ser una estrategia eficaz para encontrar cepas de importancia industrial y, al mismo tiempo,
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para llenar el vacio entre los resultados de laboratorio y la eficacia en el campo de la produccion de
cultivos bioprotectores e iniciadores. De hecho, se ha demostrado la importancia de aislar y
seleccionar agentes de biocontrol o cultivos iniciadores del mismo entorno donde serén
reintroducidos, debido a la adaptacion de cepas en nichos ecoldgicos especificos y su crecimiento,
colonizacién y capacidades antagdnicas, con mayor potencial como cultivo de biocontrol (Siroli et
al., 2015). Los agentes de fermentacion, como el BAL, utilizados en numerosos productos debido a
sus propiedades tecnoldgicas, también pueden llevar a cabo actividades de bioproteccion, debido a
su competencia con la microbiota espontanea mediante la produccion de metabolitos especificos (es
decir, bacteriocinas, acidos organicos, etc.), asegurando la seguridad alimentaria y prolongando la
vida util del producto manteniendo las propiedades nutricionales y sensoriales de los alimentos
(Chikindas et al., 2018; Elsser-Gravesen y Elsser-Gravesen, 2014). Sin embargo, la disponibilidad
de cultivos iniciadores o bioprotectores ya comercializados se limita a un pequefio nimero de cepas
que no son representativas de la biodiversidad microbiana natural de los productos carnicos. Por
esta razon, el uso de cultivos iniciadores comerciales puede mejorar la seguridad del producto, pero,
por otro lado, puede causar una estandarizacion del producto, con una pérdida en su reconocibilidad
y tipicidad vinculada al patrimonio cultural local. Es bien sabido que la gran variabilidad que
caracteriza a los embutidos fermentados tradicionales depende también de las propiedades
sensoriales determinadas originalmente por una microbiota tipica de un area geogréfica, asi como
de un proceso productivo peculiar, y la normalizacién industrial puede representar una limitacion
para la produccion local de productos regionales.

Esta es la razén por la que en los ultimos afios se ha mostrado un creciente interés al
aislamiento de nuevos cultivos iniciadores autéctonos o agentes bioprotectores, dotados de
caracteristicas tecnolégicas y antimicrobianas, que pueden ser potencialmente utilizados en
productos carnicos debido a su capacidad para conferir peculiaridad especifica a las producciones
(Bassi et al., 2015; dos Santos Cruxen et al., 2019; Franciosa et al., 2022; Talon et al., 2008).
Ademas de la posible aplicacion de cultivos bioprotectores, se ha propuesto el uso de moléculas
naturales con un amplio espectro de potencial antimicrobiano para satisfacer la demanda de los
consumidores de alimentos seguros sin aditivos quimicos. Es bien sabido que muchas plantas
pueden ser una fuente importante de moléculas y sustancias bioactivas generalmente reconocidas
como seguras (GRAS) y ampliamente aceptadas por los consumidores. De hecho, muchos extractos
de plantas, aceites esenciales (AE) o sus constituyentes pueden contener moléculas con una
actividad antimicrobiana relevante y se han propuesto como posibles ingredientes conservantes en
varios alimentos 0 como agentes antimicrobianos (Prakash et al., 2015; Vergis et al., 2015). La

busqueda de nuevas fuentes de compuestos naturales puede conducir a la explotacién de matrices
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vegetales infravalorizadas y subproductos del sistema agroalimentario. Entre estas fuentes, el
maquis mediterrdneo es un ecosistema natural con muchas plantas aromaéticas caracterizadas por
una alta biodiversidad y muchas especies capaces de producir sustancias antimicrobianas. La
investigacion de la potencial explotacion de estas matrices menores como fuente de bio-compuestos
con aplicacion en alimentos puede tener una gran importancia econémica, abriendo nuevos
mercados y cadenas de suministro locales para la extraccion, purificacion y formulacion de nuevos
antimicrobianos naturales y antioxidantes, al tiempo que emplea nuevas materias primas que,
actualmente, no tienen valor de mercado ni comercial.

Teniendo en cuenta estas consideraciones, el objetivo general de esta tesis doctoral, que
forma parte del proyecto europeo BioProMedFood, financiado en el marco del Programa PRIMA —
Seccion 2, es estudiar enfoques sostenibles para aumentar la seguridad y la calidad de los productos
carnicos frescos y fermentados. Con este propdsito, se han evaluado tres estrategias principales:

i) utilizacién de cepas autdctonas, aisladas de embutidos fermentados espontaneamente
recogidos en paises mediterrdneos, como cultivos bioprotectores o cultivos iniciadores funcionales:
con el objetivo de valorizar la biodiversidad y el patrimonio genético bacteriano representado por
los productos carnicos tradicionales del area mediterranea, se han aislado, identificado y
caracterizado por su seguridad, caracteristicas tecnologicas y antimicrobianas. Las cepas mas
prometedoras han sido probadas por sus actividades bioprotectoras en salchichas frescas y utilizadas
como cultivos iniciadores en salchichas fermentadas;

i) uso de compuestos naturales con potencial antioxidante y antimicrobiano: esta
estrategia implica la extraccion de compuestos bioactivos de fuentes o subproductos de bajo costo
de plantas del maquis mediterraneo. Los extractos fendlicos (PE) y los aceites esenciales (EO) han
sido caracterizados y probados por su potencial antimicrobiano contra algunos patdgenos
transmitidos por los alimentos;

iii) uso de la fermentacion de subproductos vegetales para obtener extractos vegetales
enriquecidos en compuestos fendlicos: se ha propuesto el uso de cepas LAB peculiares para la
fermentacion de matrices no convencionales para modificar la disponibilidad de compuestos

bioactivos.
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Chapter 3:

Valorisation of spontaneously
fermented sausages microbial
biodiversity
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3.1 Mediterranean spontaneously fermented sausages: spotlight on

microbiological and quality features to exploit their bacterial biodiversity

3.1.1 Introduction

Fermented meat products represent an important industrial sector in Europe, particularly in
the Mediterranean countries, and a valuable cultural heritage strongly linked to the identity of a
population or specific production areas. In fact, a wide variety of sausages are produced using
typical regional recipes and ancient processes (Leroy et al., 2015; Ojha et al., 2015). As highlighted
by several authors, this geographical origin affected the microbiological features and technological
characteristics of fermented foods, due to the specific manufacturing process conditions and
different raw materials and formulations (Spitaels et al., 2014; Van Reckem et al., 2019).

For years, the meat industry was defined by massive technological, economic, social, and
even nutritional transformations, among which innovation improving production and safety
standards with reduction in waste, production time, energy and costs (Leroy et al., 2015). Among
these approaches, the use of starter cultures was introduced to guide fermentation, enhancing
product safety. On the other hand, this resulted in a loss of biodiversity and peculiar features of
these traditional products (Cocconcelli and Fontana, 2010). Nevertheless, in the different areas of
the Mediterranean countries, the presence of numerous local products still obtained through
spontaneous fermentation can represent a relevant source of unexplored microbial biodiversity.

Spontaneous fermentations are characterised by presence of indigenous microorganisms that
confer peculiar characteristics to the products in terms of both technological and organoleptic traits
(Franciosa et al., 2018). The peculiar sausage flavour, aroma and texture formation are due to the
interactions among raw materials, production process and the succession of different
microorganisms, that are responsible for biochemical and physico-chemical reactions in which they
cooperate within the meat matrix and its surface (Flores, 2018; Palavecino Prpich et al., 2021). In
this context, LAB and coagulase-negative cocci (CNC) strains play a principal role in driving a
controlled fermentation with a rapid environmental acidification and formation of desirable aroma
and sensorial properties, respectively. Meanwhile, fungi and yeasts can exert important effects,
preventing excessive dehydration and the oxidation of the lipid fraction due to oxygen (Franciosa et
al., 2018). The study of traditional spontaneously fermented sausages characteristics and their
microbiota can be a fundamental strategy to explore new technological and functional strains, that
can be used into local productions in order to preserve authenticity and traditional features of these
products.
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The first part of the PhD project was focused on the characterisation and investigation of the
microbial ecology in spontaneously fermented sausages, produced and collected from four different
Mediterranean countries (Italy, Spain, Croatia, and Slovenia), using a combination of culture-
dependent and metagenomic techniques. In addition, the safety (i.e. biogenic amines content) and

physico-chemical features of the products, as well as their aroma profile, were evaluated.

3.1.2 Materials and methods

3.1.2.1 Spontaneously fermented sausages collection

A total of fifteen samples of artisanal fermented sausages, produced without the addition of
starter cultures, were collected at the end of ripening from four different Mediterranean countries:
two Italian salami, two traditional Slovenian smoked salami, seven traditional salchichon and
chorizo produced in different locations from Andalusia (Spain) and three samples from Croatia
(Table 3.1).

Table 3.1: Spontaneously fermented sausages collection.

Countries Products Samples name
Salame Fabriano_product 1 (Marche region) M1
Italy Salame Fabriano_product 2 (Marche region) IM2
Salame Alfianello (Lombardia region) IAL
Slovenia Traditional smoked salami with nitrates SN
Traditional smoked salami without nitrates SWO
Salchichén Alhendin ESA
Salchichén Bérchules ESB
Salchichon Ecija ESE
Spain Salchichén Olvera ESO
Chorizo Bérchules ECB
Chorizo Ecija ECE
Chorizo Olvera ECO
Traditional unsmoked salami HNS
Croatia Traditional smoked salami HS
Salami Zminjska Klobasica HZK

3.1.2.2 Physico-chemical analysis

The pH of the 15 ripened samples was evaluated by using a pH-meter Basic 20 (Crison
Instruments, Barcelona, Spain), while the water activity (aw) was detected with an Aqualab CX3-TE
(Labo-Scientifica, Parma, Italy). All measures were performed in triplicate.

Moreover, a FoodScan instrument (Foss, Hilleroed, Denmark) was used to carry out

centesimal composition of the samples. This technique used near-infrared transmission (NIT), with
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a wavelength between 850-1050 nm, for inhomogeneous samples. The absorbance data obtained
were processed with a mathematical function and a calibration model to calculate the percentage

(%) of fat, moisture, protein, collagen and salt.

3.1.2.3 Microbiological characterisation

The microbial composition of all fermented sausages at the end of ripening was evaluated
through plate counting. The samples were prepared by removing aseptically the casing and a slice
of approximately 10 g of the product was transferred into a stomacher bag, mixed with 90 ml of
0.9% (w/v) NaCl sterile solution and homogenised in a Lab Blender Stomacher (Seward Medical,
London, UK) for 2 min. Afterwards, appropriate decimal dilutions were prepared and plated onto
selective culture media for the detection of each microbial group of interest (Figure 3.1).
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Figure 3.1: Microbiological sampling.

In particular, the following microbial populations were determined:

- Lactobacilli were enumerated by using Man-Rogosa-Sharpe (MRS) agar, added with
200 mg/l of cycloheximide (Sigma-Aldrich, St Louis, USA), an antibiotic that inhibits
the yeasts and moulds growth. The obtained plates were incubated at 30° at 48 h;

- CNC were detected with Mannitol Salt Agar (MSA) after an incubation at 30°C for 48 h;

- Slanetz and Bartley medium (SL) was employed for enterococci enumeration. The plates
were incubated at 44°C for 24 h;

- Yeasts and moulds, detected with Sabouraud Dextrose agar (SAB) added with 200 mg/I
of chloramphenicol (Sigma-Aldrich) to inhibit the growth of bacteria, were counted after
72 h of incubation at 30°C;
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- Violet Red Bile Glucose Agar was used for Enterobacteriaceae. The counts were

collected after 24 h of incubation at 37°C.

The sampling was performed in triplicate for each product.

Moreover, the presence of the main food-borne pathogens was assessed. In particular, E. coli
was enumerated with Violet Red Bile Agar medium, in which MUG (4-methylumbelliferyl-RD-
glucuronide) supplement was added to detect this microorganism if it is able to produce a
fluorescent result. On the other hand, the presence/absence of List. monocytogenes and Salmonella
were evaluated according to the methods EN ISO 11290-1 and EN 1SO 6579-1, respectively (1SO,
2017a; 1SO, 2017b). In the first case, 25 g of samples were added with 225 ml UVMI enrichment
medium and incubated at 30°C for 24 h. Subsequently, 100 ul of sample were transferred into a
tube containing 10 ml of UVMII medium and incubated again at 30°C for 24 h. At the same time, a
further 10 ml of the sample was added to 4.5 ml of KOH solution and immediately streaked on
Listeria Selective Agar Base, Oxford Formulation (LSO) plate (30°C for 24 h). After incubation,
100 pum of UVMII sample were spread onto LSO plate and 1 ml was added to 4.5 ml of KOH
solution and immediately streaked onto LSO plate. All the obtained plates were incubated at 30°C
for 24 h. The presence/absence of Listeria was evaluated through the presence of black colonies,
characterised by a crater in the central part, indicating the typical morphology of this
microorganism. Regarding Salmonella, 25 g of sample were added to 225 ml of Buffered Peptone
Water and incubated for 24 h at 30°C. Subsequently 100 ul of this solution were added into a tube
containing 10 ml of Rappaport-Vassiliadis Enrichment Broth (RVS) medium, then incubated at
42°C for 24 h. Finally, to assess the presence of the target microorganism, the sample was streaked
on two different specific media: XLD and Bismuth Sulphite Agar (BSA). The plates were incubated
at 37°C and the results were observed after 24 h.

To perform these analyses, all media were provided by Oxoid (Basingstoke, UK).

3.1.2.4 DNA extraction, sequencing and bioinformatic analysis

Total genomic DNA was directly extracted from 200 mg of frozen products samples after a
treatment with lysozyme at 37°C for 1 h, followed by mechanic lysis through TissueLyser Il
(Qiagen) with a frequency of 30 Hz for 5 min. The DNA was then purified using a Wizard genomic
DNA purification kit (Promega, Mannheim, Germany) according to the manufacturer
recommendations. The purified DNA resuspended in water was quantified using a Qubit 4
Fluorimeter (ThermoFisher Scientific, Waltham, MA, USA). After the normalisation of DNA

concentration, the sequencing was carried out through the Illumina MiSeq platform, generating 300
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bp pair-end sequencing reads. The library for Illumina sequencing was generated from V3-V4
variable regions of ribosomal 16S rRNA to characterise the bacterial population of the samples.
Bioinformatic elaboration data was performed through the analysis of FASTQ sequence files
from lllumina reads by using DADAZ2 version 1.8 with the R 3.5.1 environment, which implements
a new quality-aware model of Illumina amplicon errors without constructing OTUs (Callahan et al.,
2016). The parameters applied were set in order to obtain trimLeft equal to 30 and truncLen option
set to 270 and 200 for the forward and reverse FASTQ files, respectively. The comparison between
the amplicon sequence variant (ASV) predicted from DADAZ2 against SILVA database (version 138
updated according to the reclassification of the genus Bacillus and Lactobacillus) was used for the
taxonomic assignment. ASVs belonging to taxa classified as external sample or with low abundance
setting (threshold of relative abundance equal to 0.5%) were not included in the composition
analysis for microbial population (Davis et al., 2018). The assignment at the species level for the

remaining ASV was achieved.

3.1.2.5 Biogenic amines determination

Biogenic amines (BA) quantification was determined for each product, after an extraction
with trichloroacetic acid (TCA) 5%. Briefly, 10 g of sample were treated with 20 ml of TCA at
75°C for 30 min. After this incubation the solution was filtered into 50 ml flask. This step was
repeated twice an at the end the extract acid solution was added until reach a final volume of 50 ml.
Before the HPLC injection, the extracts were subjected to a dansyl-chloride derivatization (Sigma-
Aldrich), according to Pasini et al. (2018).

An HPLC Agilent Technologies 1260 Infinity with the automatic injector (G1329B ALS
1260, loop of 20 pl), equipped with a UV detector (G1314F VWD 1260) set at 254 nm, was used to
detect the presence of the principal BA (i.e. histidine, tyramine, putrescine, cadaverine and 2-

phenylethylamine) (Figure 3.2).

Figure 3.2: Biogenic amines quantification through HPLC injection.
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For the chromatographic separation a C18 Waters Spherisorb ODS-2 (150 x 4.6 mm, 3 pum)
column, left at 30°C for the entire analysis, was used with a gradient elution of acetonitrile and
HPLC water (Sigma-Aldrich): 0-1 min acetonitrile/water 35:65, 1-6 min acetonitrile/water 55:45, 6-
16 min acetonitrile/water 60:40, 16-24 min acetonitrile/water 90:10, 24-35 min acetonitrile/water
90:10, 35-40 min acetonitrile/water 35:65, 40-45 min acetonitrile/water 35:65, all at a flow rate 0.6
ml/min.

The BA amount was expressed as mg/kg with reference to a calibration curve obtained
through aqueous dansyl-chloride-derivatized BA standards of concentrations ranging from 10 to
200 mg/l (Sigma-Aldrich). The detection limit for all these compounds was 3 mg/kg of the sample
under the adopted conditions. All the analyses were performed in triplicate.

3.1.2.6 Aroma profile analysis

Gas-chromatography-mass spectrometry coupled with the solid-phase microextraction (GC-
MS-SPME) technique was employed for the volatile organic compounds (VOCs) analysis of the
products at the end of ripening (Montanari et al., 2016).

A total of 3 g of each product were placed into 10 ml sterilised vials, sealed by PTFE/silicon
septa. The samples were stored at -20°C until the analysis. Before their characterisation, they were
combined with a known amount of 4-methyl-2-pentanol (Sigma-Aldrich) as internal standard and
heated for 10 min at 45°C. After this conditioning phase, a fused silica fibre covered by 75 mm
carboxen polydimethyl siloxane (CAR/PDMS StableFlex) (Supelco, Steinheim, Germany) was
introduced in the vial headspace for 40 min. Finally, the molecules were desorbed in the gas-
chromatography instrument for 10 min.

An Agilent Hewlett Packard 7890 GC gas-chromatograph equipped with a MS detector
5975 MSD (Hewlett-Packard, Geneva, Switzerland) were used to peaks detection (Figure 3.3).
Their chromatographic separation was performed by using a Varian (50 m x 320 um x 1.2 pum)

fused silica capillary column, in which the carrier gas (He) flowed at a rate of 1 ml/min.

Figure 3.3: Volatile organic compounds analysis through GC-MS-SPME technique.
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Volatile peaks identification was carried out using Agilent Hewlett-Packard NIST 2011
mass spectral library (Gaithersburg, MD, USA) (NIST, 2011) and the data were expressed as the
ratio between each molecules peak area and the peak area of internal standard. All the analyses

were performed in triplicate.

3.1.2.7 Statistical analysis

Principal component analysis (PCA) and cluster analysis (LDA) were carried out using
Statistica 8.0 (StatSoft Inc., Tulsa, OK, USA).

3.1.3 Results and discussion
3.1.3.1 Geographical origin and manufacturing processes

The fifteen dry-fermented sausages, collected to perform their characterisation in this first
part of the project, were produced according to traditional recipes, linked to their different
Mediterranean countries of origin (Italy, Slovenia, Spain and Croatia), without the addition of
starter cultures. The peculiar characteristics of these products are described in Table 3.2. In
particular, the samples differed in their manufacturing process, varied in term of raw material,
lean/fat meat ratio, type of casing, spices, addition of nitrates and nitrites, a possible smoking
treatment, etc. In fact, the diameter of the products varied between 2.5 and 6 cm. Different spices
have been used in the formulation: pepper, cloves, oregano, coriander, nutmeg, paprika, garlic, etc.,
depending on the sample considered and its origin. However, all products were obtained using only
pork meat and fat, apart from two Slovenian samples (SN and SWO) that also contained 20% of
beef meat. Moreover, the ripening conditions (temperature, time, etc.) differed between the samples,
and only three samples were smoked, i.e. two Slovenian samples (SN and SWO) and a Croatian

sample (HS sample).
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Table 3.2: Main characteristics of spontaneously fermented sausages collected from four Mediterranean countries (Italy, Slovenia, Spain and Croatia) in terms of ingredients,
type of casing, presence of preservatives and smoking phase.

Characteristics of
the tested sausages

IM1

Italy
IM2

IAL

Slovenia

Spain

Croatia

Section

Diameter (cm)

L B

SN SWO ESA ESB ESE ESO ECB ECE ECO HNS HS HzZK
320000000050
5 5 4 55 45 55 45 4 5 3.5 3.5 2.5

pork/ pork/
Type of lean meat pork pork pork bovine  bovine pork pork pork pork pork pork pork pork pork pork
(3:1) (3:1)
Fatin the meat 812 812  20-30 19 19 2025 20-30  20-30 2025 2530 2530 1520  30-35  30-35 20
batter (%0)
Fat characteristics cubes cubes minced cubes cubes minced minced minced minced minced minced minced cubes cubes cubes
pepper,  pepper,
pepper,  pepper, pepper, paprlka, paprlka, paprlka, gar'lllc(j:’ gar'lllc(j:’ pepper,
Spices white white Cinnamon, pepper,  pepper,  pepper, pepper, pepper, —pepper, origan,  origan,  origan, mil mil garlic
. . nutmeg,  garlic garlic  nutmeg nutmeg nutmeg nutmeg nutmeg, nutmeg, nutmeg, paprika, paprika, .
wine wine . . . wine
cloves coriander coriander coriander hot hot
paprika  paprika
Nitrate/nitrite no no yes yes no yes yes yes yes no no no no no no
natural natural natural natural
Type of casing natural  natural (pork or collagen collagen collagen collagen collagen collagen collagen collagen collagen  (pork (pork (pork
bovine) intestine) intestine) intestine)
Smoking treatment not not not smoked  smoked not not not not not not not not smoked not
g smoked smoked smoked smoked smoked smoked smoked smoked smoked smoked smoked smoked
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3.1.3.2 Physico-chemical characterisation

In Table 3.3 the physico-chemical parameters of the different fermented sausages at the end
of ripening are reported. Wide differences in the final pH were observed, with values ranging from
a minimum of 4.52 in the ECO sample to a maximum of 6.42 in IM1.

In general, Italian products presented the highest pH values, between 5.88 and 6.42, together
with Croatian ones, ranging from 5.72 to 6.05. On the other hand, Slovenian sausages showed lower
pH values (5.20 and 5.39). These values agree with those reported by Lesi¢ et al. (2020) for
Croatian and Slovenian sausages and with the data reported by Cardinali et al. (2018) for Italian
Fabriano sausages. Slovenian products were probably more subjected to northern European
production influences. In fact, northern products are generally dried sausages with a pH around or
even below 5 and often undergo a smoking phase (that inhibits moulds), while Mediterranean
products are usually long-ripened fermented sausages with pH values up to 6.2-6.4, given the
possible growth of desirable moulds (Holck et al., 2015).

The Spanish samples were widely different in terms of pH, due to the heterogeneous
traditional manufacturing process developed in the whole country. In fact, chorizo samples showed
a very low pH, between 4.52 and 5.04, while the salchichén had a pH ranging from 5.13 to 5.83.
Indeed, different information is reported in the literature for chorizo characteristics and, among
them, the pH can vary (Prado et al., 2019; Rodriguez-Gonzalez et al. 2020).

Great variability was also observed in the final aw of the products. This parameter reached
extremely low values, such as in IM2 (0.760), ESB (0.811), IM1 (0.824) and SN (0.823). On the
other hand, HNS showed the highest value (0.928). In any case, the aw values reflected the water
content in the final products, that varied from 20.42% in IM2 to 39.04% in ESO. Finally, the salt
content at the end of ripening ranged from 2.94 % (HNS) to 4.48 % (IM2).

These data reflected that all physico-chemical parameters considered were affected by the

geographical origin and manufacturing processes (e.g. smoking).
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Table 3.3: Physico-chemical parameters and composition of the fifteen spontaneously fermented sausages at the end of ripening. Standard deviation is also reported.

Physico-chemical Italy Slovenia Spain Croatia

parameters IM1 IM2 IAL SN SWO  ESA ESB ESE ESO ECB ECE ECO  HNS HS HZK

6.42 6.09 5.88 5.20 5.39 5.83 5.63 5.80 5.13 4.77 5.04 4.52 581 5.72 6.05
+002 001 +£003 =+002 +001 +003 +004 =+002 +£003 +£002 +001 +£003 *£005 *004 £0.03
0.824 0.760 0.879 0.823 0.832 0.917 0.811 0.848 0.911 0.895 0.870 0.908 0.928 0.903 0.890

+0.003 £0.002 +£0.002 =+£0.002 +0.003 =+0.002 =£0.002 =+0.003 =+0.004 =+0.001 +0.003 =+0.001 =+0.001 =£0.003 =+0.001

26.15 20.42 30.11 25.05 26.07 38.54 25.45 27.60 39.04 31.12 30.25 38.54 28.75 25.11 32.69
+03 +038 +040 +027 038 019 +022 +018 +044 +030 +041 +029 +033 +038 +0.23
34.13 35.79 34.18 40.65 41.33 29.75 42.15 36.05 29.42 43.75 40.38 29.71 50.37 47.21 30.21
+031 +033 +026 +017 041 028 +030 +035 +021 +025 +029 +037 +040 +046 *0.26
34.32 37.73 29.27 27.61 26.15 26.47 26.83 28.48 25.20 18.44 22.53 23.71 15.14 20.08 30.29
+021 +035 +017 +060 *+044 £029 +033 +024 +048 +041 026 +035 +040 +029 +0.34

1.12 1.62 2.61 3.25 3.23 1.02 1.28 3.72 2.10 3.34 2.69 3.61 2.81 3.84 2.08
+005 +006 +007 =+003 +009 +010 +004 =+006 +009 +0.08 +005 =+004 *011 007 £0.10

431 4.48 3.84 3.44 3.24 4.26 4.24 4.10 4.28 3.31 412 4.42 2.94 3.78 4.69
+010 +005 +£009 +007 +011 +002 +008 +006 +012 +£005 +004 +£008 +£009 +£0.05 +0.07

pH

aw

Humidity (%)
Fat (%)
Proteins (%)
Collagen (%)

Salt (%)
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3.1.3.3 Microbiological analysis of the different spontaneously fermented sausages

Microbial counts were performed to enumerate in the final product LAB, CNC, enterococci,

enterobacteria (including E. coli) and yeasts (Table 3.4).

Among the researched pathogens, E. coli were always below the detection limit (<1 log

cfu/g). Moreover, no positive samples for the presence of List. monocytogenes and Salmonella were

found in final products.

Table 3.4: Concentrations (log cfu/g) of the main microbial groups in the fifteen sausages at the end of ripening.

Microbial Italy Slovenia Spain Croatia
groups
IMI IM2 IAL SN SWO ESA ESB ESE ESO ECB ECE ECO HNS HS HZK
| actobacill 707 852 826 657 728 785 696 632 778 441 58 773 867 843 854
+048 +011 +0.16 +002 +028 +075 +021 +030 014 +072 +1.02 +027 +011 +0.09 +0.03
712 713 522 144 365 305 454 540 534 500 7.4
CNC £009 012 +105 I 4203 022 +431 2016 +012 = < <l 4082 +001 2032
. 237 219 205 1.19 374 318 480
Enterococci <l <1 <<t <<l 010 053 038 L +035 1 +012 £074 £0.16
Yeasts and 544 501 346 095 326 534 341 410 459 310 260 370 227 385 415
moulds +005 +026 +049 +135 +037 +025 +0.80 +058 +059 +027 +025 +008 +031 +031 +0.10
. 355 271 512
Enterobacteria <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <l 1050 +082 +049

*<1: under the detection limit

The dominant microbial population was generally represented by LAB, whose counts in
most of samples ranged from about 7.0 (IM1 and ESB) to 8.7 (HNS) log cfu/g. The highest LAB
counts were found in samples collected from Croatia and Italy. Conversely, the lowest numbers of
this microbial group were associated with sausages from Spain, in particular ECB (4.4 log cfu/g)
and ECE (5.9 log cfu/g). It is well known that LAB are the principal microorganisms that dominate
the microbiota of traditionally fermented sausages, with loads of 7-8 log cfu/g in the final products
(Leroy et al., 2013).

The counts of CNC were higher in Italian Fabriano salami (IM1 and IM2), with a
concentration of 7.1 log cfu/g, and in the Croatian HZK (7.2 log cfu/g). This microbial group was
below the detection limit in the samples SN, ECB, ECE and ECO, while in SWO, its concentration
was very low (1.4 log cfu/g). The presence of CNC was strongly influenced by pH, since they seem
to be inhibited by lower pH.

Enterococci were not detected (<1 log cfu/g) in Italian and Slovenian samples and in three
Spanish samples (ESA, ECB, ECO). On the contrary, the highest counts of this microbial group

were found in Croatian samples (3.2-4.8 log cfu/g).
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Yeasts ranged from 2.3 to 5.4 log cfu/g, except for SN sample, characterised by a very low
load. This microbial population can have an important role in sausage-ripening, contributing to the
formation of the aroma and to the evolution of product sensory features (Flores et al., 2015).

Finally, Enterobacteriaceae were present in detectable amounts only in Croatian products,
with values ranging between 2.7 (HS) and 5.1 (HZK) log cfu/g. In all other samples, this population
was below the detection limit. High levels of Enterobacteriaceae can indicate the low
microbiological quality of the product, and high concentrations (>4 log cfu/g) of this population

were detected in several ripened traditional products (Roccato et al., 2017).

3.1.3.4 Metagenomic analysis

A more detailed picture of the bacterial composition of spontaneously fermented sausage
was obtained through amplicon sequencing and metagenomic analysis.

Only species and genera that reached a concentration higher than 0.5% of amplicon
sequence variants (ASVs) in at least one of the samples were considered. A total of more than 500
ASVs were detected, indicating very high biodiversity in the composition of the microbiota of the
Mediterranean products taken into consideration. In Figure 3.4 the relative abundance of ASVs

attributed to species is represented, while their percentages are reported in Table 3.5.

100% W Erysipelothrix sp
: | I ® Acinetobacter sp
. Photobacterium piscicola
90% l Pseudomonas sp
H Klebsiella sp
Escherichia/Shigella sp
80% I m Brochothrix thermosphacta
0 Rothia sp
Brevibacterium casei
B Corynebacterium variabile
70% l u Corynebacterium sp
W Kocuria sp
W Staphylococcus xylosus
60% W Staphylococcus succinus
m Staphylococcus saprophyticus
B Staphylococcus equorum
50% B Staphylococcus epidermidis
Carnobacterium sp
W Weissella sp
M Leuconostoc sp
40% B Leuconostoc carnosum
Streptococcus sp
Lactococcus sp
30% Lactobacillus helveticus
Limosilactobacillus mucosae
Levilactobacillus yonginensis
20% B Dellaglioa algida
W Loigolactobacillus rennini
Ligilactobacillus sp
o Companilactobacillus versmoldensis
10% . . P .
Companilactobacillus heilongjiangensis
® Companilactobacillus alimentarius
W Lacticaseibacillus casei
0%
ESO

Amplicon sequence variants (ASVs%)

Lactiplantibacillus plantarum

M1 IM2 SN SWO ESA ECO HNS Latilactobacillus fuchuensis

. . . o Latilactobacillus sakei/curvatus
Italy Slovenia Spain Croatia o Latilactobacillus sakei

Figure 3.4: Microbial communities composition of the fifteen spontaneously fermented sausages analysed, expressed as
relative abundance of amplicon sequence variants (ASVS).
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Table 3.5: Relative abundance (%) of amplicon sequence variants (ASVs) in the fifteen fermented sausage samples investigated by metagenomic analysis. Only species and

genera which reached a concentration higher than 0.5% in at least one of the samples are reported.

. Italy Slovenia Spain Croatia

Species and genera detected

IM1 IM2 1AL SN SWO ESA ESB ESE ESO ECB ECE ECO HNS HS HzK
Latilactobacillus sakei 951 5271 5454 5524 4475 071 3632 289 388 4124 1512 7243 3568 4536 9.72
Latilactobacillus sakei/curvatus -* 955 1799 494 234 - 485 1087 2316 495 6.67 2225 2463 1644 257
Latilactobacillus fuchuensis - - - - - - - 5.54 - - 1.15 - 11.70 233 -
Lactiplantibacillus plantarum - - - - - - - - 2.64 - - - - - -
Lacticaseibacillus casei - - - - - - 1.16 - - - - - - - -
Companilactobacillus alimentarius - - - - - - - 21.75 581 - 32.32 532 - - -
Companilactobacillus heilongjiangensis - - - - - - - - 1.32 - - - - - -
Companilactobacillus versmoldensis - - - - - - - 3358 396 4498 220 - - - -
Ligilactobacillus sp. - - - - - - - - - - - - - 4.80 -
Loigolactobacillus rennini - - - - - - - - - - - - - 7.94 -
Dellaglioa algida - - - - 3.66 - - - - 3.32 - - - - -
Levilactobacillus yonginensis - - - - - - - - 3.36 - - - - - -
Limosilactobacillus mucosae - - - - - - - - - - 4.44 - - - -
Lactobacillus helveticus - 3.07 - - - - 2554 - 1945 0.94 - - - - -
Lactococcus sp. - - 112 - - - - - - - 2.72 - - - -
Streptococcus sp. - - - - - - 3.68 - - 209 461 - - - -
Leuconostoc carnosum 15.84 - 8.75 19.06 23.26 - 6.70 - 1.70 0.09 - - - - 14.80
Leuconostoc sp. 0.71 - 17.60 2.74 10.20 - 15.63 - - - - - - - 3.65
Weissella sp. - - - - - - - - 11.40 - - - - - -
Carnobacterium sp. - - - - - - - - - - - - 9.00 19.11 -
Staphylococcus epidermidis - - - - - - - - - - 4.58 - - - -
Staphylococcus equorum 67.74 11.65 - - - - - - 4.47 - - - - - 14.04
Staphylococcus saprophyticus - 4.20 - - - - - - - - - - - - -
Staphylococcus succinus 147  2.09 - - - - - - 4.35 - - - - - 5.27
Staphylococcus xylosus - 1.81 - - - 98.13 - - - 2.38 - - - - -
Kocuria sp. - - - - - - - - - - - - - - 1.25
Corynebacterium sp. - - - - - - - - - - - - - - 27.91
Corynebacterium variabile - - - - - - - - - - - - - - 1.21



Brevibacterium casei
Rothia sp.

Brochothrix thermosphacta
Escherichia/Shigella sp.
Klebsiella sp.
Pseudomonas sp.
Photobacterium piscicola
Acinetobacter sp.
Erysipelothrix sp.

4.73

14.91

1.73

14.64

1.64

581

7.57

242

1.45
1.21

1.67

1.80

1423 1277
- 1.20
16.68 -
- 0.52

1.59
4.10
7.90
0.68
4.56
1.42

2.26
4.84

*: not detected
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Beyond a large number of microbial species, their relative composition was also very
variable among the products, even for those collected in the same geographical area. While in some
samples most of the ASV were attributed to a single group/species, some fermented sausages were
characterised by higher biodiversity, with an important diversification in the microbiota
composition, as in the case of HZK and ESO.

Among LAB, several genus and species were present. Members of the genus
Latilactobacillus were found in all the sausages and, in this context, Lat. sakei was the dominant
species detected, in particular in IM2, IAL and SN samples (>50% of ASV). Lat. sakei and, to a
lesser extent, Lat. curvatus have been reported as the prevailing LAB species in fermented meat
products originating from France, Italy and Spain (Cocolin et al., 2011; Van Reckem et al., 2019).
In fact, LAB species diversity of fermented sausages is known to be limited, being Lat. sakei
predominant during the ripening process due to its excellent adaptation, competitiveness and
assertiveness in the meat matrix (Aquilanti et al., 2016; Janlen et al., 2018; Montanari et al.,
2018a). This predominance over other LAB can be attributed to its salt-tolerant and psychotropic
nature, as well as its specialisation in metabolic pathways in the meat environment, including the
arginine deiminase pathway and the utilization of nucleosides (Rimaux et al., 2011; Montanari et
al., 2018b).

Other lactobacilli were sporadically detected in low amounts, such as Lacticaseibacillus
casei in ESB, Lactiplantibacillus plantarum in ESO, Ligilactobacillus sp. and Loigolactobacillus
rennini in HS and Dellaglioa algida in SWO. High levels of members of the genus
Companilactobacillus (Comp. alimentarius, Comp. heilongjiangensis and Comp. versmoldensis)
were present in many Spanish samples, in particular ESE and ECB, in which they represented
55.3% and 45.0% of the total ASV, respectively. The abundance of Companilactobacillus found
only in Spanish products is a regional peculiarity already reported in the literature (Fontan et al.,
2007a,b).

Heterofermentative lactobacilli, Levilactobacillus yonginensis and Limosilactobacillus
mucosae, were present only in ESO and ECE, respectively. In addition, ASV belonging to some
dairy LAB (i.e. Lactobacillus helveticus, Streptococcus thermophilus and Lactococcus sp.) were
found in some Spanish products. These species can be related to the use of powdered milk or other
dairy derivatives during manufacturing. The heterofermentative cocci were represented by
Leuconostoc sp. (17.6% in 1AL and 15.6% in SWO), Leuconostoc carnosum, present in relevant
percentages in IM1 (15.8%), SN (19.1%), SWO (23.3%) and HZK (14.8%), and Weissella sp.
found only in ESO.
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The presence of staphylococci was detected only in some products. They belonged to the
species Staphylococcus epidermidis, Staphylococcus equorum, Staphylococcus saprophyticus,
Staphylococcus succinus and Staph. xylosus and were dominant in IM1 (67.7% of Staph. equorum
ASVs and 1.5% of Staph. succinus) and ESA (98.1% of ASV belonging to Staph. xylosus). Among
CNC, Staph. xylosus is the prevalent species associated with fermented sausages, even if a greater
variability can be found, that results in the presence also of Staph. epidermidis, Staph. equorum and
Staph. saprophyticus. Their persistence is assured by the use of alternative energy sources, such as
arginine and nucleoside. In addition, these microorganisms exert several important technological
roles in fermented sausage production, such as flavour and colour formation (Sdnchez Mainar et al.,
2017). Staphylococci were detected as subdominant fractions in several fermented meat products,
but the very low pH that characterised some samples, i.e. Spanish products, could hinder their
growth. The results therefore underlined the sensitivity of this genus to the strong initial
acidification in these products, which was not followed by a significant pH increase (scarcity of
moulds, etc.).

Carnobacterium sp. was detected only in some Croatian samples (HS and HNS), although
with a relevant percentage (19.11% and 9%, respectively). This genus has been associated with
meat spoilage phenomena, as reported by Casaburi et al. (2011). Among Actinobacteria, Kocuria
sp. and Corynebacterium sp. were present only in HZK, while Brevibacterium casei and Rothia sp.
were present in ECE.

The meat spoiler Brochothrix thermosphacta was detected in several sausages and its
concentration was particularly relevant in HZK (19.58%), IM2 (14.91%) and ESE (14.23%). This
species has been reported to be part of the Fabriano-like sausage microbiota by Cardinali et al.
(2018) and it is commonly associated with spoiled meat-based products (Raimondi et al., 2018).
Among Gram-negative bacteria, Pseudomonas sp. appeared at a high concentration in Slovenian
samples and Spanish ESE product (16.7% of ASVs), but the higher presence was found especially
in HNS, in which represented 26.8% of ASVs. Finally, Enterobacteria (Klebsiella sp. and
Escherichia/Shigella group) were found in ESB, ESO and ECE.

To better evidence the differences in the ASVs composition, a cluster analysis was carried
out and the results are reported in Figure 3.5. Four different clusters were obtained. The first
contained only the Italian sausage IM1. In the second cluster three Spanish sausages (ESE, ECE and
ESO) and the Croatian sample HZK were grouped. The third cluster was represented only by ESA.
The fourth cluster included nine samples, and in particular the Spanish sausages ECB, ECO and

ESB, the Croatian HNS and HS, the Slovenian sausages, and the Italian samples IM2 and IAL.
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Figure 3.5: Dendrogram in which the analysed samples are grouped into 4 different cluster based on their ASVs
composition.

To highlight the microorganisms responsible for the clustering of sausages, a PCA was
applied whose first two components explained 59.76% of the variability (Figure 3.6).
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Figure 3.6: Principal component analysis (PCA) that explain the metagenomic analysis results. The factor coordinates
of the most relevant metagenomic variables (characterised by an absolute values higher than 1) for the first two factors
are also reported, which represent the projection of the metagenomic variables on the factor-plane.

The grouping of the sausages reflected the results reported by the dendrogram (Figure 3.5).
Lat. sakei was the main species responsible for the description of the largest group located in the
first quadrant, while Staph. xylosus determined the collocation of ESA in the left part of the second
quadrant. The position of IM1 depends on the variable Staph. equorum, while the remaining group

collocation is mainly influenced by the presence of Companilactobacillus, especially for the
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Spanish samples, Corynebacterium for the Croatian sausage and Brochothrix thermosphacta for all
the samples grouped in this cluster.

3.1.3.5 Determination of biogenic amines content

BA concentrations in the analysed fermented sausages at the end of ripening are reported in
Table 3.6.

Tyramine was detected in all samples, with concentrations ranging from 47.7 mg/kg (IM2)
to 366.8 mg/kg (HNS). The mean content of this biogenic amine was 165.5 mg/kg, with a standard
deviation of 88.8 mg/kg, indicating a fair variability among the fifteen samples. These amounts are
similar to those reported by EFSA (2011), which indicated tyramine mean concentration of 136
mg/kg, with the 95" percentile of 397 mg/kg in 400 European fermented sausages samples. In
general, the Italian products showed lower tyramine concentrations, while the highest amounts were
found in the Croatian samples HNS and HS.

Histamine was found only in two Spanish samples (ESB and ECE) at concentrations of
195.8 mg/kg and 174.7 mg/kg, respectively. This BA is considered the most dangerous for human
health as it can cause various adverse effects known as “histamine poisoning” (Landete et al.,
2008). Nevertheless, the quantities found in these samples, although not very high, are significant,
especially when compared with the maximum amounts allowed in some fish products. These latter
are the only ones regulated for histamine presence and generally admit a maximum quantity of 100
mg/kg in fresh fish and of 200 mg/kg for processed products (European Commission, 2005).

The presence of putrescine was more variable: in four samples this BA was not detected,
while two Croatian samples (HNS and HS) showed the highest amounts, that was about 300 mg/kg.
In the same samples, higher quantities of cadaverine were also observed.

Both Gram-negative and Gram-positive bacteria have been described as BA producers, with
wide variability in amino biogenetic potential between different strains of the same species.
Spoilage microorganisms, such as enterobacteria and pseudomonads, can be strong histamine,
cadaverine and putrescine accumulators. BA produced by these microbial populations can also be
found in fermented sausages (Gardini et al., 2016). On the other hand, decarboxylase activity has
been found in Gram-positive strains, also belonging to the genus Staphylococcus and LAB.
Although Lat. sakei is usually known for its inability to produce BA, many other LAB species are
characterised by the presence of strains with decarboxylase activity. Lat. curvatus, for example, can
accumulate both tyramine and histamine as well as Comp. alimentarius. The ability to produce BA
has been found in other genera found in this investigation, such as Leuconostoc sp., Weissella sp.

and Carnobacterium (Barbieri et al., 2019).
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Table 3.6: Concentrations (mg/kg) of the main biogenic amines detected in the fifteen samples at the end of ripening.

Biogenic Italy Slovenia Spain Croatia
amines
! IM1 IM2 IAL SN SWO ESA ESB ESE ESO ECB ECE ECO HNS HS HZK
Misamie - - ... Bl
Tvramine 7387 4765 7866 209.38 180.52 199.24 17135 149.92 67.96 146.06 173.72 20250 366.78 312.93 105.31
y 2183 +1293 +131 +071 £1034 +£30.75 +3752 +£31.19 +1434 +48.04 +3946 +804 +3831 +2646 +29.18
Putrescine i i 11567 59.03  67.58 i 108.07 42,79 11054 99.28  79.30 15595 256.59 359.59 i
+3.78 +270 +3.64 +1541 +854 +£426 +1357 +1081 +1552 +8.92 +80.64
Cadaverine i i i 83.38  100.87 67.94  136.90 i i i i i 436.03 252.52 i
+261 +044 +191 +£20.01 +29.87 +30.31
TOTAL 7387  47.65 19433 26841 34898 267.18 61210 192.72 17850 24534 423.76 358.46 1059.40 925.04 105.31

*: under the detection level (3-5 mg/kg)
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3.1.3.6 Fermented sausages aroma profile

The aroma profile of the fifteen spontaneously fermented sausages at the end of the ripening
was studied. The analysis of the volatile organic compounds (VOCs) allowed a clear differentiation
of the samples, reflecting the different formulations, production and ripening conditions
traditionally adopted in the Mediterranean geographical areas. Indeed, it has been reported that
these differences can influence product aroma, being dry fermented sausage flavour affected by
many processing factors, i.e. raw materials, spices, microbiota composition, smoking, etc. (Laranjo
etal., 2017).

Within this wide variability, some common characteristics can be found by grouping the
identified molecules in homogeneous chemical groups: ketones, aldehydes, alcohols, acids, and
esters, as well as molecules deriving from spices and smoking (Table 3.7). The unidentified
compounds accounted for less than 1% of the total peak area in each sample.

Concerning the molecules associated with the spices included in the meat batter formulation,
they belonged to terpenes and terpenoids, phenylpropenes and compounds deriving from garlic
(dimethyl disulfide, diallyl sulfide, etc.). These latter compounds were particularly present in
Slovenian samples, Spanish chorizo and Croatian products, except for the HNS sample. Among
terpenes, D-limonene certainly was the prevalent molecule in products in which pepper was added.
Many other terpenes deriving from this spice, such as myrcene, linalool, copaene, carene, p-
cymene, etc., were detected in these products, while they were absent in chorizo sausages, where
oregano was used (Menon and Padmakumari, 2005). On the other hand, eugenol, safrole and
methyl-eugenol are associated with the use of spices such as nutmeg, cinnamon and cloves (Batiha
et al., 2020). The VOCs derived from smoke include furans and phenols, already reported for
smoked products, and their presence was higher in the Slovenian fermented sausages (SN and
SWO) and HS, characterised by a smoking phase during their production (Sikorski and Sinkiewicz,
2015). Furthermore, some of these VOCs were detected also in the Spanish chorizo samples, due to

the traditional use of smoked paprika (Pereira et al., 2019).
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Table 3.7: Volatile organic compounds (VOCs) detected by SPME-GC-MS in the samples, expressed as ratio between peak area of each molecule and peak area of the internal
standard (4-methyl-2-pentanol). Compounds derived from spices or garlic and from smoking treatment are also reported. The standard deviation was always below 5%.

Italy Slovenia Spain Croatia
VOCs IM1 IM2 IAL SNS SWOS ESA ESB ESE ESO ECBt ECEf ECOf HNS HSS HZK
Acetone 5.85 3.00 2.61 0.87 1.31 -* 3.70 3.20 1.79 2.26 13.48 4.85 1.86 0.66 1.38
2-butanone 0.55 1.08 1.13 - 0.44 - 1.42 0.86 0.97 47.36 2.70 2.51 94.05 3.50 1.30
2,3-butanedione 1.87 1.54 0.23 0.41 0.48 0.18 0.50 2.44 0.52 5.93 3.68 1.32 2.14 3.42 2.03
2-pentanone 0.73 0.52 0.51 - - - - 1.45 - - 1.53 - - - -
Methyl Isobutyl Ketone 0.89 0.81 0.70 0.62 0.50 0.61 0.64 0.52 2.87 0.79 2.46 3.00 2.97 3.94 3.90
4-methyl-3-penten-2-one 3.61 3.42 3.51 2.87 2.87 2.03 2.98 2.96 7.43 1.84 6.52 7.72 7.48 5.96 10.08
2,6-dimethyl-4-heptanone - - - - - - - - - 0.65 5.39 6.87 3.20 3.42 -
2-heptanone 171 4.15 1.99 1.39 1.02 - 4.94 2.44 3.14 - 4.32 1.70 2.76 - -
3-octanone 1.10 0.87 0.72 0.41 0.28 - 0.48 0.34 2.88 - 2.65 3.23 1.55 - 1.76
2-octanone 1.13 1.44 0.72 0.86 1.64 1.01 0.97 1.08 1.60 1.32 2.37 2.57 2.03 1.06 0.96
3-hydroxy-2-butanone 3.72 2.85 0.71 10.72 7.98 - 1.27 9.37 1.57 4.19 - 10.74 9.03 - 11.78
2,5-octanedione 0.39 4.64 0.72 1.34 0.78 - - - 2.84 - - - 14.68 - -
2-nonanone 1.06 4.40 0.81 - - - 5.74 0.30 1.58 - - 0.70 1.49 - -
2-undecanone 0.84 0.65 - 0.78 0.71 - 3.06 0.40 - - - - 1.47 2.88 -
Ketones 23.46 29.36 14.35 20.26 18.02 3.83 25.70 25.37 27.18 64.33 45.09 4521 14471 2484 33.19
3-methyl-butanal 1.03 0.38 0.73 - 0.29 - 1.65 1.74 - - - - 1.20 - -
Pentanal 0.44 2.01 0.69 0.70 0.90 0.21 0.95 0.74 4.22 - - 0.65 6.56 - -
Hexanal 4.90 38.66 6.59 3.38 3.51 1.09 1.56 5.77 48.94 0.81 3.29 3.44 110.21 - 2.92
Heptanal - - - - - - - - - - - - 6.53 - -
Octanal - - - - - - - - - - 2.46 - 5.10 1.47 -
2-heptenal - - - - - - - - - - - - 51.97 - -
Nonanal 4.01 6.33 4.60 6.75 3.97 3.92 4.37 3.45 6.11 1.03 11.14 8.97 14.11 7.47 7.85
Decanal 1.72 2.59 1.57 - - 1.27 2.63 0.91 2.01 0.78 - - 5.16 - -
Benzaldehyde 3.64 3.99 1.58 2.06 3.18 0.56 3.70 1.37 1.14 3.80 8.98 25.37 38.39 6.26 2.24
Benzeneacetaldehyde 5.47 4.03 14.61 5.30 13.70 6.27 6.28 5.66 4.85 1.30 4.82 2.49 30.31 12799 2342
Hexadecanal 131 2.93 2.63 1.40 1.61 1.10 1.39 1.03 1.30 3.49 5.58 3.26 - - -
Aldehydes 22.52 60.92 33.00 19.59 27.17 14.42 22.54 20.67 68.57 11.21 36.27 4418  269.54 14319  36.43
Ethyl alcohol 15.46 6.17 20.31 24.81 18.94 27032 101.21  20.17 173.69 4181 29.99 18.04 7123 11885  52.12
2-butanol - - - - - - - - - 0.49 - - 4.72 3.87 0.83
1-propanol - - - - - - - - - 9.77 451 - 6.49 14.93 -
2-propen-1-ol - - - 0.67 0.46 - - - - 0.33 1.42 1.29 3.22 - 0.41
Isoamyl alcohol 0.66 0.44 0.35 0.49 0.40 6.19 2.10 3.45 2.66 0.51 2.13 1.03 3.72 - 1.73
1-pentanol 0.43 1.04 0.87 0.79 0.41 - 2.07 0.91 1.21 - - 0.67 5.46 - -
1-hexanol 2.08 3.88 2.00 1.69 2.26 2.68 1.89 5.01 8.71 6.98 5.48 3.96 - 3.00 -
1-octen-3-ol 2.85 5.01 1.30 0.62 1.08 - 0.49 141 2.81 0.44 2.70 1.19 19.92 1.52 0.84
1-octanol 0.69 0.88 0.67 0.81 0.62 0.52 0.55 0.94 0.61 0.41 1.36 0.93 3.09 1.26 1.03



Benzyl Alcohol 0.94 - 0.37 0.85 0.93 0.82 1.06 0.91 1.08 3.43 2.12 4.85 43.88 11.04 -
Phenylethyl Alcohol 1.16 1.17 0.59 2.26 3.40 7.85 1.62 3.01 1.70 - 411 2.84 5.05 28.23 1.45
Alcohols 24.27 18.59 26.46 32.99 2850 288.37 111.00 35.81 192.46 64.17 53.81 34.81 166.79  182.70 58.40
Acetic acid 11.28 25.95 27.28 95.75 79.25 11.72 87.10 14.38 65.64 203.95 349.10 185.04 73.10 114.92 16.40
Propanoic acid 0.43 0.71 0.43 2.93 0.87 - 1.10 0.48 - 7.07 7.65 0.94 14.39 22.71 -
Butanoic acid 10.88 5.70 4.23 10.48 8.37 19.13 15.04 9.36 20.17 491 14.94 20.07 4.68 8.52 3.43
Isovaleric acid 8.56 3.06 0.76 1.39 143 1.03 411 2.89 3.99 2.48 4.35 2.74 - - 3.38
Pentanoic acid 0.68 0.78 0.59 1.08 0.87 0.68 1.07 0.91 1.17 1.21 2.90 1.11 0.95 2.82 1.00
Hexanoic acid 2.98 3.25 2.62 5.04 412 2.74 5.30 6.03 13.22 6.21 16.35 6.68 16.21 5.94 2.60
4-hexenoic acid - - - - - - - - - 54.84 - - - - -
Heptanoic acid 0.89 1.18 0.74 1.32 1.08 0.66 141 0.98 1.45 1.60 2.22 1.32 1.30 1.86 1.06
Octanoic acid 2.55 3.14 2.65 6.45 4.63 2.63 3.84 3.89 6.19 7.34 5.93 4.90 4,57 6.79 2.76
Nonanoic acid 1.99 2.01 1.75 2.64 1.91 1.94 2.45 1.22 2.27 1.81 2.28 3.03 3.58 3.62 2.01
n-decanoic acid 1.82 2.98 2.56 6.68 5.18 2.35 5.58 2.52 4.38 7.37 5.86 5.09 4.84 6.10 1.79
Dodecanoic acid 1.70 4.24 1.99 8.87 1.99 2.23 481 0.89 2.36 4.10 1.66 1.87 1.50 2.67 0.84
Acids 43.75 52.98 4561 14264 109.69  45.12 131.80 4355 120.82 30291 41324 23280 12511 175.96 35.27
Acetic acid, methyl ester - - - - - - - - - 2.74 9.55 2.73 - 1.72 -
Ethyl Acetate 1.30 1.02 2.93 2.78 2.42 12.85 23.96 1.60 22.98 14.30 6.52 3.31 2.90 13.65 1.07
Butanoic acid, ethyl ester - - 0.33 0.91 0.72 4.71 1.94 0.78 5.68 0.90 0.97 0.46 1.00 8.84 -
Hexanoic acid, ethyl ester 2.58 1.80 1.73 1.79 1.76 6.97 4.17 2.53 17.18 2.72 1.71 - - 7.58 -
4- Hexenoic acid, ethyl ester - - - - - - - - - 37.68 - - - - -
Octanoic acid, ethyl ester - - 1.14 1.60 1.07 14.60 7.61 1.12 13.55 6.24 4.20 - 2.89 7.18 1.00
Dodecanoic acid, methy! ester - - - - - - - - - 1.45 2.28 0.61 - - -
Dodecanoic acid, ethyl ester 1.75 - 1.35 1.84 1.03 13.02 7.95 0.62 6.98 4.65 2.56 - 2.63 9.86 -
Benzoic acid, ethyl ester - - - - - - - - 2.82 11.28 - - - - -
Esters 5.62 2.82 7.48 8.93 7.00 52.15 45.64 6.65 69.20 81.96 27.79 7.11 9.42 48.82 2.07
Spices

Ethylene sulfide - - - 89.60 46.31 - - - - 6.04 60.08 20.89 - 20.45 48.28
Allyl methyl sulfide 1.33 - - 11.88 8.60 - 6.72 - 0.71 4.36 12.68 28.77 - 4.66 46.80
Dimethyl disulfide - - - - - - - - - - - - - 36.33 -
Diallyl sulfide - - - - - - - - - - 25.88 - - 4.49 -
Diallyl disulfide - - - 39.33 33.85 0.68 - - 0.92 4.86 60.72 22.00 7.58 9.56 48.09
Garlic compounds 1.33 - - 140.81 88.76 0.68 6.72 - 1.63 15.26 159.36 71.66 7.58 75.49 143.17
a-Pinene 31.94 21.25 2.42 12.63 9.91 8.08 27.47 1.49 45 - - 1.54 - - 16.51
B-Pinene 31.86 15.47 1.33 13.91 13.21 9.57 25.03 1.17 4.99 - - 1.21 - - 23.82
B-Phellandrene 100.36  54.25 3.82 25.24 17.98 36.93 45.89 3.05 14.53 - - 2.16 - - 13.42
a-Phellandrene 14.71 6.34 - 25.63 21.42 4.87 26.41 1.14 5.48 0.71 - - 2.89 1.31 36.01
3-carene 26.00 9.64 - 62.75 59.17 20.26 58.11 - 14.94 - - - - - 34.20
B-Myrcene 59.91 32.93 5.86 46.22 36.95 26.22 54.16 2.63 4.40 - - - - - 37.50
B-pinene 3.65 1.65 - 5.32 4.63 2.14 4.72 - - - - - - - -
4-carene 20.51 8.43 4.48 16.73 14.31 11.44 18.04 5.67 11.85 - - 9.36 - - 21.86
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D-limonene 196.37 110.64 7.22 141.89 12393 87.79  161.15 9.64 57.08 2.06 2.85 8.50 3.43 3.51 222.73
B-ocimene 8.53 4.29 0.34 2.66 2.19 1.03 4.73 - 0.73 - - - - - 2.10
3-carene 6.47 2.68 5.35 2.14 1.70 6.49 5.22 2.96 2.81 0.27 - 7.52 - - 2.46
p-cymene 13.35 6.63 5.46 14.28 12.53 14.26 13.75 3.76 8.97 - - - - - 20.31
cis- B-Terpineol 2.26 1.30 0.49 0.39 0.38 243 1.82 0.18 1.55 - - 1.77 - - -
a-Cubebene 2.25 0.95 - 1.15 1.13 1.84 1.89 0.67 1.82 - - - - - 1.90
Copaene 21.52 7.96 1.07 8.71 8.76 10.94 7.66 2.37 11.04 - - 1.94 1.27 - 11.78
Linalool 7.80 3.13 23.89 4.39 3.07 441 2.88 0.96 3.80 - - 2.59 - - 4.55
cis- p-Terpineol 2.20 1.91 0.73 0.88 0.66 3.05 1.96 0.53 2.07 - - 3.99 - - -
3,5-octadien-2-one - - - - - - - - - - - - 1.45 7.27 -
trans- a-bergamotene 7.66 5.74 - - - 0.64 4.75 - - - - - - - -
Caryophyllene 149.65  52.03 6.28 70.26 68.19 37.68 65.75 11.90 54.73 - - 7.18 2.52 - 84.85
Terpenes 707.00 347.22 6874 45518 400.12 290.07 531.39 48.12  205.29 3.04 2.85 47.76 11.56 12.09  534.00
Safrole - - - - - 45.82 45.90 - 1.79 - - - - - -
Methyl eugenol - - - - - 8.94 - - 0.69 - - - - - -
Eugenol - - 18.11 0.89 0.76 2.80 1.26 - 0.81 1.46 - 1.77 - - -
Phenyl propenes - - 18.11 0.89 0.76 57.56 47.16 - 3.29 1.46 - 1.77 - - -
Total 708.33 347.22 86.85 596.88 489.64 34831 58527 48.12 21021 19.76 16221 12119 19.14 8758  677.17
Smoking VOCs

2-furanmethanol - - - 7.26 7.02 - - - - 6.16 2.85 1.52 2.28 51.82 -
Furfural - - - - - - - - - - - - - 471 -
2-methoxy-Phenol - - - 7.06 5.90 - 0.48 0.57 - 13.42 8.04 4.75 1.57 87.49 -
2-methoxy-4-methyl-Phenol - - - 2.84 242 - - - - 4.16 2.85 1.99 - 28.91 -
2-methyl-Phenol - - - 3.24 2.66 - - - - 3.09 2.68 1.60 0.91 20.04 -
Phenol - - - 11.63 7.35 - - - - 8.30 5.51 2.89 2.10 52.45 -
4-ethyl-2-methoxy-Phenol - - - - - - - - - 2.08 2.01 1.52 - 10.07 -
2,4-dimethyl-Phenol - - - 1.26 1.27 - - - - 1.93 - - - 7.60 -
4-methyl-Phenol 0.64 - 0.54 2.32 1.95 1.50 - - 1.25 3.42 1.81 1.95 1.01 13.92 -
3-methyl-Phenol - - - 3.30 2.67 1.09 - - - 3.68 2.57 1.85 - 18.97 -
2,6-dimethoxy-Phenol - - - - - - - - - - - - - 9.90 -
Total 0.64 - 0.54 31.64 24.23 2.59 0.48 0.57 1.25 40.07 25.48 16.55 5.59 249.35 -

*not detected under the adopted conditions
§: samples subjected to a smoking phase
f: samples added with smoked paprika
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Table 3.7 also reports VOCs derived from the microbial biochemical activities, that occurred
during sausage fermentation and ripening. The compounds are grouped into chemical classes,

whose total amounts are shown in Figure 3.7.
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Figure 3.7: Presence of the different classes of volatile organic compounds (VOCs) derived from the microbial
biochemical activities in the fifteen fermented sausage samples considered. The values are expressed as the ratio
between the peak area of the compound considered and the area of the internal standard.

Higher quantities of VOCs were found in some Spanish products and two Croatian samples.
Ketones were evenly distributed in the analysed samples, except for chorizo and HNS products, in
which their total amount was higher. On the other hand, lower values were found in salchichon
ESA. These molecules mostly derive from fatty acid oxidation and, in particular, from p-oxidation.
Some microbial groups such as staphylococci and fungi can have a role in these phenomena. It is
interesting to observe that products characterised by high concentrations of fat (for example HNS)
showed the higher presence of ketones. HS fermented sausages, having the same formulation of
HNS but subjected to smoking, presented lower ketone amounts: this can be attributed to the
antioxidant role of some of the compounds produced by smoking treatment. It is also interesting to
note that chorizo samples are characterised by higher ketones amounts among Spanish products.
These fermented sausages did not contain nitrates or nitrites, which exert a well-known antioxidant
activity, while these preservatives were present in salchichon formulations.

Among ketones, 2-butanone prevailed in some samples, i.e. ECB and HNS (Table 3.7). The
presence of this molecule in fermented meat products is common, but its contribution to aroma
profile can be negative depending on its amounts and the balance with other VOCs (Tabanelli et al.,
2013). Diacetyl (2,3-butanedione) and acetoin (3-hydroxy-2-butanone) were particularly present in

some Spanish products (ECB and ECO), in Slovenian samples and in two Croatian fermented
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sausages (HNS and HZK). Diacetyl and acetoin are mainly produced through the catabolism of
pyruvic acid by LAB (Flores, 2018).

Aldehydes were particularly relevant in the Italian product IM2 and in Spanish salchichon
ESO, but the maximum amounts were found in Croatian HNS and HS. Most of the detected
aldehydes can derive from fatty acids oxidation. Within certain limits, these compounds can
contribute to the typical fermented sausages aroma profile. Nevertheless, given their strong aroma
perception characterised by herbaceous notes, excessive quantities can lead to organoleptic defects,
such as rancidity (Flores, 2018). Hexanal, together with nonanal, was certainly the most
characteristic molecule of this VOC group. On the other hand, the methyl-branched aldehydes, such
as isovaleric aldehyde (3-methyl-butanal), have often been associated with fermented sausage
aroma and can derive from the bacterial metabolism of branched amino acids, in particular leucine
(Carballo, 2012). Benzaldehyde and benzeneacetaldehyde were detected in most of samples. In
particular, HS contained higher amounts of benzeneacetaldehyde, while benzaldehyde was
predominant in HNS and ECO. These VOCs are the result of aromatic amino acid (phenylalanine
and tyrosine) metabolism and can contribute to the product flavour, imparting floral and almond
notes (Smid and Kleerebezem, 2014).

Alcohols were present in all the samples, but their amounts were higher in HNS and HS and
some Spanish products, particularly in ESA and ESO samples (Table 3.7). Among alcohols, ethanol
was the most abundant in analysed samples, with high amounts in some Spanish salchichén (ESB,
ESA and ESO) and in Croatian products, while a lower presence was highlighted in Italian and
Slovenian samples. The presence of this compound can be influenced by the wine addition in meat
batter formulation, or it can be the result of several microbial pathways, i.e. pyruvate or amino acid
metabolisms, being therefore strongly influenced by the natural microbiota composition of each
product (Carballo, 2012). Phenethyl alcohol, which is the results of benzenacetaldehyde reduction
and that can give a rose odour, was present in significant amounts in HS and ESA, samples
characterised by high amounts of its precursor.

Acids prevailed in chorizo samples, but they were the most represented molecular class in
Slovenian sausages (Figure 3.7). Acetic acid was found in low amounts in Italian products and in
ESA, ESE and HZK samples, which showed high pH values. In contrast, significantly higher
amounts of acetic acid were detected in chorizo samples, particularly in ECE. These samples had
the lowest pH, ranging from 4.52 to 5.04. Acetic acid can be produced, similarly to ethanol, with
many bacterial metabolic pathways and different microbial groups can be responsible for its
accumulation, including LAB, staphylococci and fungi. It is interesting to underline the presence of

isovaleric acid (3-methyl, butanoic acid) (Table 3.7), whose occurrence in fermented sausages is
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well-documented and which can exert a very strong organoleptic impact even in low quantities
(Montanari et al., 2021a). Higher amounts of this VOC were detected in IM1 sample, while it was
not present in HS and HNS products.

Esters were present in lower amounts in comparison to other VOC classes and were mainly
represented by ethyl acetate, ethyl hexanoate and ethyl octanoate (Table 3.7). Their levels showed
dependence on fermented sausage type. They were more abundant in some Spanish samples and in
HS, being related to the presence of their precursors and to the esterase activities typical of the

microbial communities forming their microbiome.

3.1.4 Conclusions

The analysis of the microbial communities associated with traditional spontaneous
fermented meat products highlighted the high variability in the qualitative and quantitative
composition of the microbiota involved in these natural fermentations. LAB and CNC were the
most representative microorganisms in all the samples. However, their relative ratio drastically
changed. In addition, within each group, the relative presence of species and genus was extremely
different. In this context, LAB were characterised by high biodiversity, and Latilactobacillus was
the only genus found in all the products. The great LAB biodiversity can derive from both meat and
the production environment, that can affect the growth and survival of the different microbial
groups.

These differences are reflected in the first instance in fermented sausages safety
characteristics, i.e. biogenic amines concentrations. Moreover, also the volatilome, and
consequently the peculiar sensory features of traditional products, were dependent on the
complexity of the microbiota. In many analysed products, the increase in microbial biodiversity led
to a higher complexity in VOCs composition, both qualitatively and quantitatively. Therefore, a
deep knowledge of the peculiar characteristics of traditional fermented sausages can valorise these
niche productions, guaranteeing their recognisability.

In conclusion, the biodiversity highlighted the possibility to exploit these products to find
new strain candidates to be used as autochthonous starter cultures or bioprotective agents in meat
products. Indeed, these traditional spontaneous fermented sausages represented an important source
of isolation of indigenous LAB strains, belonging to different species, that in the further phase of
this PhD thesis were studied for their features, considering both safety and technological aspects, in
order to select the most promising for food applications. Being highly adapted to specific ecological

niches, they can be successfully used in traditional meat products to control undesirable microbiota,
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also avoiding the accumulation of biogenic amines, and/or to endow the final product with peculiar

aromatic characteristics.

Data published as:
Barbieri, F., Tabanelli, G.*, Montanari, C., Dall’Osso, N., Simat, V., Smole Mozina, S., Bafios, A., Ozogul, F., Bassi,
D., Fontana, C., Gardini, F. (2021). Mediterranean spontaneously fermented sausages: spotlight on microbiological

and quality features to exploit their bacterial biodiversity. Foods, 10, 2691. doi:10.3390/foods10112691.
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3.2 Taxonomical identification and safety characterisation of Lactobacillaceae

isolated from Mediterranean natural fermented sausages

3.2.1 Introduction

The curing of meats can be considered one of the most ancient methods for preserving
perishable raw materials (Franciosa et al., 2018). Among these products, dry sausage preparation
combines the use of curing salts with a fermentation step that involves several microorganisms
including LAB, staphylococci, micrococci and fungi (Kumar et al., 2015). This complex dynamic of
microbial population leads to establish criteria for the selection of specific starter cultures to be used
for driving meat fermentation, depending on the type of raw material and the process parameters
employed (Comi et al., 2020). Nowadays, the use of starter cultures is common in industrial
products, and they are mainly constituted of LAB and coagulase-negative cocci (CNC). Among
LAB, the strains mainly selected belong to the species Lat. sakei, Lat. curvatus, Ltp. plantarum,
Pediococcus pentosaceus and P. acidilactici (Cocconcelli and Fontana, 2014). However, as
observed by Franciosa et al. (2018), the use of starter cultures could result in the loss of microbial
biodiversity and, therefore, of the peculiar characteristics of traditional products (impoverishment of
sensory features), if compared to artisanal sausages obtained with spontaneous fermentation. On the
other hand, selected cultures are able to guarantee a constant quality, safety and prolong shelf-life of
these products (Carballo, 2021).

The research for new and tailor-made cultures able to confer specific and traditional
attributes to fermented sausages represents an important approach to overcome the negative aspects
and preserving the authenticity and recognisability of artisanal products. In this perspective, the
presence of numerous local products, still obtained through spontaneous fermentation, is an
important source of unexplored microbial biodiversity of a given territory, which could be exploited
for isolating new starter candidates (Van Reckem et al., 2019).

The main roles of LAB strains in meat fermentation are certainly their abilities to rapidly
decrease the pH and to colonise the environment throughout the entire production process (Flores,
2018). A low pH limits the growth of undesirable spoilage and pathogenic microorganisms and
favours texture and water loss by approaching the isoelectric point of meat proteins (Ameer et al.,
2021). However, further technological and functional characteristics are requested for their use as
meat starter cultures. These features can represent an important issue for starter cultures selection,
also due to the new market trends regarding the NaCl and synthetic additives reduction, considering

nutritional needs and consumer demands.
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Generally, LAB starters are selected in order to improve safety and reduce hygienic and
toxicological risks in foods, but they have to be firstly safe, so that their use as starter cultures for
guide fermentation in food industry requires a safety assessment (Franciosa et al., 2018).

Biogenic amines (BA) are toxic products, especially tyramine and histamine, deriving from
amino acid decarboxylation, that accumulate in sausages during fermentation and ripening due to
the metabolisms of several microorganisms, including LAB (Barbieri et al., 2019). For this reason,
the absence of specific decarboxylases is a prerequisite for LAB used as starter cultures. The amino
biogenic potential of strains is linked to the presence of genetic clusters containing the necessary
genes for BA production, that can be tested both genetically and phenotypically (Dos Santos
Cruxen et al., 2019).

Another relevant safety aspect is the presence of antibiotic-resistance genes in mobile
genetic elements, such as plasmids and transposons. In fact, these elements can be transferred to
other species, including pathogenic microorganisms, during food manufacture or during the passage
through the gastrointestinal tract. This poses an additional risk due to the nature of consumption of
RTE fermented products and their potential to become strong antibiotic-resistance reservoirs (Daza
et al., 2022). In particular, the presence of tetracycline and erythromycin resistant lactobacilli was
well documented in fermented dry sausages produced in northern Italy (Fontana et al., 2021),
according to EFSA indications (EFSA Panel, 2012).

In this part of PhD thesis, the identification, characterisation and safety assessment of
autochthonous LAB, isolated from the fifteen Mediterranean spontaneously fermented sausages
analysed in Chapter 3.1, were performed. This investigation had the purpose to widen the
previously studied microbiota composition, in order to understand the ecology of these natural
fermented meat products and to know which LAB species are the most abundant and persistent.
With this aim, more than 900 isolates have been genotyped using fingerprint analysis for the
differentiation of the strains, which were further taxonomically identified and characterised firstly
for their safety features. In particular, the identified strains were studied regarding their
antimicrobial resistances and amino biogenic potential.

This knowledge will be the starting point to further determine strains suitability to be used in
foods as potential autochthonous starter cultures, studying their technological properties, and
secondary, their protective features against spoilage microorganisms and food-borne pathogens,

assessing their antimicrobial potential.
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3.2.2 Materials and methods
3.2.2.1 LAB .isolation and purification obtained from spontaneously fermented sausages

samples
As reported in Chapter 3.1, fifteen natural-fermented sausages, produced in different

Mediterranean countries (Table 3.1) without any starter’s addition, were previously characterised at
the end of ripening for their physico-chemical and microbial aspects.

Isolates were obtained from purification of colonies representative of the different
morphologies into MRS plates obtained from the microbial characterisation of these samples.
Starting by plates containing from 20 to 50 LAB colonies, they were randomly selected, picked
with a sterile loop and streaked onto new MRS plates in duplicate. This procedure was repeated
until obtained a pure isolate. A minimum of 22 to a maximum of 70 of presumptive LAB isolates
for each sample was achieved. They were then observed for morphological characteristics and
tested by means of catalase tests and Gram staining. For their further taxonomical identification and
to perform other analyses, the isolates were stored at -20°C in MRS broth containing 20% glycerol
(Carlo Erba, Milan, Italy).

3.2.2.2 DNA extraction and rep-PCR analysis to isolates identification

Presumptive LAB isolates were subjected to genotypic characterisation through repetitive
element palindromic PCR analysis (rep-PCR) and taxonomic identification by 16S rRNA gene
sequencing.

All isolates were inoculated in 10 ml of MRS broth and incubated at 30°C overnight. After
their growth, they were streaked in MRS agar and again incubated at 30°C for 48 h. Single colonies
were selected from the agar plates to perform DNA extraction using the fast microLYSIS®-Plus
DNA extraction kit (Microzone, Labogen, Stourbridge, UK), according to the protocol described by
the manufacturer.

Firstly, LAB differentiation was performed by rep-PCR fingerprinting by using primer
(GTG)5 5°-GTGGTGGTGGTGGTG-3’, in order to achieve fingerprint profiles of isolates (Dentice
Maidana et al., 2020). Fingerprint profiles were evaluated for each group of isolates from different
fermented sausages. PCR-products were separated by electrophoresis on a 1.5% agarose gel. For
cluster analysis of rep-PCR electrophoretic profiles, digitized images were converted, and analysed
with the software package Gelcompar Il 4.0. To cluster the isolates, the levels of similarity between
different electrophoretic profiles were computed using the Pearson correlation coefficient.
Subsequently, 16S rRNA gene sequencing was performed on selected isolates present in each

cluster, characterised by a different rep-PCR profile, through specific primers and PCR reaction
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(Dentice Maidana et al., 2020). After amplification and before sequencing, PCR products were
purified using EXoSAP — IT ™ (Applied Biosystems™; ThermoFisher Scientific) according to the
protocol described by the manufacture. The DNA was sequenced by a commercial facility (Eurofins
Genomics, Italy) and the obtained sequences were analysed using the Ribosomal Database Project
tools (http://rdp.cme.msu.edu/, accessed on 1 February 2021) and assigned to the species with the
highest percentage of identity.

Moreover, to establish the taxonomic identification of the isolates that were not correctly
assigned to species level (identity < 98.7%), species-specific PCR reactions were performed using
specific primers for the detection of Lat. sakei and Lat. curvatus, since they represent the main
species colonising fermented meat (Chun et al., 2018). PCR products were separated by
electrophoresis in a 1% agarose gel and visualised by Sybr-Safe staining. The relative frequency of
intra-species biotypes for each MC salami sample has been calculated using Microsoft Excel 2016,
Version 2207.

3.2.2.3 Antibiotic-resistance profile determination and PCR-based screening of resistance

genes
Antibiotic-resistance determination of selected strains, one representative of each previously

determined cluster, was assessed following EFSA indications (EFSA Panel, 2012). A minimal
inhibitory concentration (MIC) test to evaluate the resistance to ampicillin (Amp), chloramphenicol
(Chl), clindamycin (Cli), erythromycin (Ery), gentamicin (Gen), tetracycline (Tet), kanamycin
(Kan) and streptomycin (Str) was performed by using micro dilution technique in the recommended
LSM medium (Iso-Sensitest™ broth 90% and MRS broth 10%; ThermoFisher Scientific). The
results were collected after 48 h of incubation at 30°C. Relative abundance of resistant biotypes for
each species and antibiotics tested were calculated using Microsoft Excel 2016, Version 2207.

Moreover, the presence of tetracycline and erythromycin resistance genes was screened by
standard PCR with specific primers reported in Table 3.8. Genes coding for ribosomal protection
proteins conferring tetracycline resistance were targeted with specific primers for tetW, tetM and
tetS. Tetracycline efflux pump gene, tetL, was also detected using its gene-specific primers. The
presence of erythromycin resistance genes was tested using specific primers for ermA, ermB and
ermC. PCR products were separated by electrophoresis on a 1.5% agarose gel and visualised by
Sybr-Safe staining.
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Table 3.8: Selected primers to research tetracycline and erythromycin antibiotic-resistance genes.

Primer’s name Oligonucleotides sequence (5°-3°) Expected band (bp)  Positive control strains

ermAl TCTAAAAAGCATGTAAAAGAA .
ermA2 CTTCGATAGTTTATTAATATTAGT 645 Ent. faecium PE1
ermB1 GAAAAGGTACTCAACCAAATA .
ermB2 AGTAACGGTACTTAAATTGTTTAC 639/694 Ent. faecium PE1
ermC1 ATCTTTGAAATCGGCTCAGG 275/294 Limosilactc_)bacillus
ermc2 CAAACCCGTATTCCACGATT reuteri 70
tetL1 GTMGTTGCGCGCTATATTCC 596 Ent. faecium LMG
tetL2 GTGAAMGRWAGCCCACCTAA 20927

tetM1 GAACTCGAACAAGAGGAAAGC 240 Lip. plantarum 145
tetM2 ATGGAAGCCCAGAAAGGAT :

tetS1 GGAGTACAGTCACAAACTCG 235 Lim reuteri 541
tetS2 GGATATAAGGAGCAACTTTG :

tetw1 GAGAGCCTGCTATATGCCAGC L68 i reuteri 534
tetW?2 GGGCGTATCCACAATGTTAAC :

3.2.2.4 Assessment of biogenic amines strains production

The amino biogenic potential of selected biotypes was tested through the screening in
Bover-Cid-Holzapfel medium (BC). All strains were pre-cultivated in MRS broth and then
inoculated in BC broth, supplemented with the BA precursors (histidine, tyrosine, ornithine or
lysine) and incubated at 30°C (Bover-Cid and Holzapfel, 1999). After that, the supernatants of
presumptive positive strains were collected and stored at -20°C. Samples were derivatised and
injected into HPLC for their BA production confirmation (Paragraph 3.1.2.5).

3.2.3 Results and discussion

3.2.3.1 Strain genotyping and identification of biotypes

The spontaneously fermented sausages used as a source of isolation of new LAB strains
were produced according to traditional local recipes and varied with regards to ingredients, the
presence of additives, the casing, the fat, and the ripening conditions as previously described
(Chapter 3.1).

Afterwards, a total of 914 microorganisms, grown on MRS agar medium and presumptive
classified as LAB based on Gram staining and catalase test results, were isolated from these natural
fermented sausages (Table 3.1). In particular, 173 isolates from Italian sausages, 140 from
Slovenian sausages, 444 from Spanish sausages and 157 from Croatian sausages were obtained. To
achieve taxonomical identification at the strain level, (GTG)5-rep-PCR fingerprinting technique
was applied on DNA extracted from the all the isolated samples. Representative profiles for each
sausage were selected and subjected to partial 16S rRNA gene sequencing and species-specific PCR
for Lat. sakei and Lat. curvatus. In Table 3.9 the total number of isolates (914) and biotypes

detected (151) for each type of Mediterranean spontaneously fermented sausage are reported.
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Table 3.9: Number of isolates and biotypes detected for each type of Mediterranean spontaneously fermented sausage.

Product_lon Products (source of isolation) Products Nu_mber of Biotypes
Countries name isolates
Salame Fabriano_product 1 (Marche region) M1 58 3
Italy Salame Fabriano_product 2 (Marche region) IM2 48 2
Salame Alfianello (Lombardia region) IAL 67 4
Slovenia Traditional smoked salami with nitrates SN 70 5
Traditional smoked salami without nitrates SWO 70 6
Salchichén Alhendin ESA 67 11
Salchichon Bérchules ESB 69 11
Salchichén Ecija ESE 69 8
Spain Salchichén Olvera ESO 70 19
Chorizo Bérchules ECB 48 16
Chorizo Ecija ECE 69 22
Chorizo Olvera ECO 52 7
Traditional unsmoked salami HNS 55 11
Croatia  Traditional smoked salami HS 49 5
Salami Zminjska Klobasica HzZK 53 21
Total 15 914 151

The fingerprint analysis showed a higher variability in the electrophoretic profiles of
samples from Spanish and Croatian sausages. In particular, starting from 69 and 70 isolates of the
Spanish salchichon ESB and ESO, 11 and 19 different biotypes were respectively differentiated,
while 16 and 22 biotypes were detected in Spanish Chorizo ECB and ECE, characterised by 48 and
69 isolates respectively. Regarding Croatian samples, the richest in LAB biodiversity was the
sample HZK, with 21 biotypes out of 53 isolates. Conversely, Italian and Slovenian fermented
sausages were characterised by a lower biodiversity, with only 2 biotypes identified among 48
isolates from lItalian product IM2, 5 biotypes among 70 isolates from the Slovenian traditional
smoked salami SN and 6 biotypes among 70 isolates from the Slovenian traditional smoked salami
SWO.

Secondarily, the 151 strains that showed unique rep-PCR profiles, were identified by 16S
rRNA gene sequencing. Isolates that failed to be assigned to any species (level of identity < 98.7%)
were identified using species-specific PCR for the identification of Lat. sakei and Lat. curvatus. The
combined molecular approaches allowed to detect three dominant species: Lat. sakei (90), Lat.
curvatus (40) and Comp. alimentarius (21). As frequently stated by previous works (Casaburi et al.,
2016), natural meat fermentation is dominated by coagulase-negative cocci (CNC) and LAB, whose
most commonly species are represented by Lat. sakei, Lat. curvatus and Ltp. plantarum.
Considering the result of the combined methodology to assess the taxonomic identity of the 151
LAB biotypes, Lat. sakei resulted to be the dominant species in IM1 (100%), IM2 (100%), IAL
(75%), SN (100%), SWO (100%), ESB (91%), ESA (82%), ESE (62.5%), HZK (81%), HS (100%),
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HNS (64%) products. Lat. curvatus prevailed in ECE (63.7%) sample, while ESO fermented
sausage showed an equal presence of Lat. sakei and Lat. curvatus (both 47%). Finally, Comp.
alimentarius dominated in ECB (87.5%) and in ECO (57%) chorizo products (Figure 3.8).
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Figure 3.8: Distribution of the species detected in different spontaneously fermented sausages used as source of LAB
isolation.

These data confirmed the result obtained through metagenomics analysis on the same
samples, where Lat. sakei was the dominant species among LAB, especially in IM2, IAL, SN, SWO
and HS products (Figure 3.4). This dominance was highlighted also by the relative frequency of
Lat. sakei biotypes, that were found in higher percentage particularly in Italian and Slovenian
fermented sausages, followed by Croatian ones. On the other hand, a higher species biodiversity
was commonly found into Spanish samples, in which their distribution among biotypes was more
balanced for the three described LAB (Figure 3.9).
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Figure 3.9: Relative frequency of LAB biotypes identified as Lat. sakei, Lat. curvatus and Comp. alimentarius, present
in each Mediterranean fermented sausage.

During the ripening process of natural fermented sausages, LAB species diversity is limited
and Lat. sakei is one of the main adapted species to the restrictive conditions generally present in
the dry meat environment, due to the species excellent adaptation, competitiveness and
assertiveness in the meat matrix (McLeod et al., 2017; Montanari et al., 2018b). Regarding these
analyses, samples were processed at the end of the maturation period when low availability of
sugars was still supposed to be present in the sausages and free amino acids were probably used by
Lat. sakei to grow and survive in these conditions. This species is highly adapted to this ecological
niche, due to its metabolic pathways, including the arginine deiminase pathway and the utilisation
of nucleosides (JanRen et al., 2018; Montanari et al., 2018b; Widenmann et al., 2022).

However, Spanish fermented sausages surprisingly showed a high percentage of biotypes
belonging to Comp. alimentarius species, particularly in ECB sample (87.5%). This species was
previously highlighted through amplicon sequencing and metagenomic analysis in these
Mediterranean fermented sausage samples (Paragraph 3.1.3.4). In fact, with these preliminary
analyses, high quantities of members of Comp. alimentarius, Comp. heilongjiangensis and Comp.
versmoldensis were detected in many Spanish products, in particular ESE and ECB (55.3% and
45% of the total ASVs, respectively). This species was reported in the literature as a regional
peculiarity (Fontan et al., 2007a,b), but its presence was described also as minoritarian in some
traditional fermented salami of Southern Italy, such as Naples-type salami (Coppola et al., 2000).

In addition, the Spanish samples, if compared to the other Mediterranean fermented meats,
had a higher strain biodiversity in terms of different identified biotypes. Technological parameters,
together with ingredients, the fermentation process and ripening conditions could strongly influence

the survival and adaptation of different microbial populations to a peculiar environment.
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3.2.3.2 Safety assessment of isolated strains

Potential candidate strains to be used in food industry as starter or bio-protective cultures

must fulfil safety criteria, such as the absence of antibiotic-resistance genes and the incapacity to

produce biogenic amines (Coton et al., 2018). In this context, the two main occurring species,

represented by Lat. sakei and Lat. curvatus (90 and 40 isolates, respectively), were tested for their

safety features in order to prove their safe use as food cultures (Table 3.10). In particular, their

antimicrobial-resistance profile was tested by microdilution technique and the amino biogenic

potential through HPLC analysis. Comp. alimentarius strains were not screened for these analyses,

since this species is not considered among the possible adequate starter cultures in meat

productions.

Table 3.10: List of strains tested for their safety aspects, grouped for each product.

Production . . Samples . . .
Countries Products (source of isolation) hame Species List of biotypes
Salame Fabriano_product 1 (Marche region) IM1 Lat. sakei 1M8, 1M24, 1M51
Italy Salame Fabriano_product 2 (Marche region) IM2 Lat. sakei 2M7, 2M9
. . . Lat. sakei |ALS, IAL18, IAL38
Salame Alfianello (Lombardia region) IAL
Lat. curvatus IAL6
Traditional smoked salami with nitrates SN Lat. sakei SN4, SN34, SN58, SN63, SN70
Slovenia .. . . . SWO010, SWO018, SWO029, SW048,
Traditional smoked salami without nitrates SWO Lat. sakei SWOB0, SWOB1
Lat. sakei SA4, SA21, SA25, SA37, SA49, SA56,
Salchichén Alhendin ESA ' SA59, SAG2, SA63
Lat. curvatus SA38, SA53
Lat. sakei SB2, SB7, SB14, SB24, SB26, SB34, SB53,
Salchichén Bérchules ESB ' SB57, SB60, SB67
Lat. curvatus SB8
. £ .. Lat. sakei SE24, SE30, SE32, SE41, SE67
Salchichon Ecija ESE
Lat. curvatus SE3, SE19
. S08, SO10, SO23, SO24, SO38, SO47
; Lat. sakei ' ’ ’ y ' '
Spain S S053, SO56, SO65
Salchichon Olvera ESO Lat. curvatus S06, SO13, SO14, SO16, SO19, SO25,
) S052, SO59, SO61
Chorizo Bérchules ECB Lat. curvatus CB11, CB12
Lat. sakei CE2, CE3, CE4, CES5, CE6, CE10, CE15
Chorizo Ecija ECE CE16, CE25, CE27, CE32, CE35, CE37,
Lat. curvatus CE40, CE42, CE46, CE51, CE52, CE53,
CE54, CE57
. Lat. sakei C019, CO38
Chorizo Olvera ECO
Lat. curvatus CO46
. KN3, KN7, KN12, KN16, KN21, KN28,
. . Lat. sakei
Traditional unsmoked salami HNS KN48
Lat. curvatus KN1, KN18, KN20, KN55
Croatia Traditional smoked salami HS Lat. sakei KS1, KS2, KS8, KS13, KS42
ZK5, ZK6, ZK10, ZK11, ZK12, ZK15,
i L. i Lat. sakei ZK18, ZK19, ZK23, ZK26, ZK30, ZK36,
Salami Zminjska Klobasica HZK ZK39, ZKA42, ZK47, ZK50, ZK53

Total strains

Lat. curvatus

ZK3, ZK32, ZK43, ZK49
130
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- Antibiotic-resistance assessment

Cut-off values established by EFSA (EFSA Panel, 2012) were used as references to evaluate
the presence of resistant biotypes isolated from the 15 artisanal fermented sausages. A unimodal
distribution of MIC values, divided per species, is reported in Table 3.11 for all the analysed
samples.

The highest MIC values were detected against kanamycin and streptomycin antibiotics in
strains isolated from ESA, HS and HZK samples and ESE, ESO, ECE, HNS and HZK products,
respectively. Concentration of 64 pg/ml was reported for gentamicin (ESA and ESE) and
tetracycline (ESB, ESO, ECEO, ECO, HNS and HZK), followed by 8 pg/ml MIC value for
clindamycin (HS), chloramphenicol (ECE and HZK) and ampicillin (ESO and HNS). Finally,
strains resistant to erythromycin were characterised by the highest MIC value of 2 pg/ml (ESO and
HZK).

Table 3.11: Unimodal distribution of MIC for Lat. sakei and Lat. curvatus isolated biotypes. The number of resistant

strains for each antibiotic are highlighted according to the cut offs reported by EFSA (EFSA Panel, 2012) (bold and
italics).

MIC values (ug/ml)

Antibiotics®  Species 5 16 0032 0063 0125 025 05 1 2 4 8 16 32 64 128 256

Gen Lat. sakei 1 1 4 11 33 27 10 3
Lat. curvatus 1 3 2 9 10 10 5
Kan Lat. sakei 1 5 12 20 20 21 5 6
Lat. curvatus 1 3 8 11 7 7 3
Str Lat. sakei 1 5 10 10 17 22 22 3
Lat. curvatus 1 2 3 7 7 9 4 7
Tet Lat. sakei 7 5 9 26 17 5 6 1 14
Lat. curvatus 2 4 3 9 9 6 6 1
Ery Lat. sakei 4 11 37 17 13 3 5
Lat. curvatus 3 7 15 7 6 2
Clin Lat. sakei 66 6 1 9 2 2 2 1 1
Lat. curvatus 20 3 11 1 2 2 1
Chlor Lat. sakei 7 2 10 33 29 7 2
Lat. curvatus 1 4 4 27 3 1
Amp Lat. sakei 7 2 9 20 12 40
Lat. curvatus 1 15 11 7 4 2

aGen = Gentamicin; Kan = Kanamycin; Str = Streptomycin; Tet = Tetracycline; Ery = Erythromycin; Clin =
Clindamycin; Chlor = Chloramphenicol; Amp = Ampicillin.

The collected data underlined the fact that the occurrence of strains characterised by MIC
value higher than EFSA breakpoints was found to be superior in the ones isolated from Spanish and
Croatian fermented sausage samples, showing a geographical distribution of resistant biotypes. In
fact, all Italian and Slovenian strains were sensitive to all the tested antibiotics (Table 3.12 and
Table 3.13).
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Table 3.12: Lat. sakei antibiotic-resistance.

Fermented

Lat. sakei strains Gen Kan Str Tet Ery Clin Chlor Amp
sausages

1M 1M8, 1M24, 1M51
2M 2M7, 2M9
IAL IALS, IAL18, IAL38

wn
(%)
()
wn
wn
wn
wn
()

SN SN4, SN34, SN58, SN63, SN70

SWO SWO10, SWO018, SW029, SWO48,
SWO060, SWO61

SA21, SA49
SA4
SA25
SA37
SA56
SA59
SA62
SAG3

SB2, SB7, SB14, SB24, SB53, SB60,
SB67

ESB SB26
SB34
SB57
SE30, SE41, SE67
ESE ESE24
ESE32
S08, SO10, S023, SO38, SO47, SO65
5024
SO53
S056
CE2
CE3
CE4
ECE CE6
CE10
CE15
CES5
cO38
CO19

ESA

ESO

ECO

KN21, KN28, KN48
KN3
HNS KN7
KN12
KN16
KS8
KS1
HS KS2
KS42
KS13
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HZK

ZK39, ZK42, ZK50
ZK5
ZK15
ZK6
ZK10
ZK11
ZK12
ZK47
ZK23
ZK18
ZK53
ZK26
ZK30
ZK19
ZK36

mw nw nw 0 0 0 nononomwononomwom

Py
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Table 3.13: Lat. curvatus antibiotic-resistance.

Fermented
sausages

Lat. curvatus strains

Gen Kan

Str

Tet

Ery Clin Chlor Amp

IAL

IAL6

S

wn

w

w

w

()

()

S

ESA
ESB
ESE

ESO

ECB

ECE

ECO

SA38, SA53
SB8
SE3, SE19
SO59
SO6
SO13
SO14
SO25
SO16
S061
S019
SO52

CB11, CB12

CE32, CE35, CE37, CE42, CEA46,
CES51, CE52, CE54, CES7

CE16
CE25
CES53
CE27
CE40
CO46

HNS

HZK

KN20, KN55
KN1
KN18
ZK3
ZK32
ZK43
ZK49
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For this reason, in Table 3.14 only the data regarding Spanish and Croatian samples are
reported. Considering Lat. sakei, the most representative isolated species, 45 strains out of 71
showed resistance to at least one antibiotic. A total of 28 strains presented only 1 resistance, while a
discrete number of multi-resistant strains was found. In particular, 11 and 5 strains showed
resistance against 2 and 3 tested antibiotics, respectively, while only 1 strain (CE5) isolated from
ECE Spanish product, presented 5 antibiotic-resistances. For what concerns the antibiotic classes,
these results demonstrated that there was a high resistance to aminoglycosides, especially for
streptomycin characterised by 25 resistant strains, followed by gentamicin (13 resistant strains) and
kanamycin (11 resistant strains). Another antibiotic against which a high strains resistance was
demonstrated was tetracycline, with 15 resistant strains (Table 3.14).

The genotypic analysis on Lat. sakei showed the presence of two encoding genes for
tetracycline resistance: tetS and tetM. SB57 and KN3 strains were characterised by both these
genes, while KN7 and CO19 presented only tetS and tetM, respectively. No strains presented
resistant genes for erythromycin.

Regarding Lat. curvatus, 19 strains out of 39 were recognised as resistant (Table 3.14). In
particular, 12 strains showed one resistance, while multiple resistances (from 2 to 5 antibiotics)
were detected into 7 strains, mainly belonging to Croatian products (SO19, SO52, KN18, ZK3,
ZK32, ZK43 and ZK49). Moreover, also in this case, the data showed that the principal resistance
was against aminoglycosides antibiotic class: 11 strains presented resistance to streptomycin,
followed by gentamicin and kanamycin, with 5 and 3 resistant strains, respectively. Among the
other antibiotics, tetracycline determined the highest number of resistant strains. Furthermore, the
presence of the ermB encoding gene for erythromycin resistance was observed into two Lat.

curvatus strains (SO52 and ZK49), confirming the result achieved with the micro dilution method.
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Table 3.14: Antibiotic-resistances distribution regarding Lat. sakei and Lat. curvatus strains belonging to Spanish and
Croatian samples.

Antibiotic-resistances distribution
Fermented n° n° resistant

Countries Species . .~ Gen Kan Str Tet Ery Clin Chlor Amp
sausages strains  strains
i 9 7 3 2 6 - - - -
ESA Lat. sakei
Lat. curvatus 2 - - - - - - _ .
i 10 3 - - 2 1 - - -
ESB Lat. sakei
Lat. curvatus 1 - - - - - - _ .
i 5 2 2 - 1 - - - -
ESE Lat. sakei
c Lat. curvatus 2 - - - - - - _ .
g i 9 3 - - 2 1 - - -
= ESO Lat. sakei
Lat. curvatus 9 8 - - 4 5 1 - -
ECB Lat. curvatus 2 - - - - - . - .
i 7 6 3 1 5 1 - 1 1
ECE Lat. sakei
Lat. curvatus 14 5 - - 1 1 - - 3
i 2 1 1 - - 1 - _ .
ECO Lat. sakei
Lat. curvatus 1 - - - - - - . .
i 7 4 - - - 4 - - -
HNS Lat. sakei
2 Lat. curvatus 4 2 1 - 2 - - - -
S HS Lat. sakei 5 5 - 4 3 2 - 1 .
o i 17 14 4 4 6 5 - 2 1
HZK Lat. sakei
Lat. curvatus 4 4 4 3 4 - 1 2 -
Lat. sakei 71 45 13 11 25 15 - 4 2
TOT
Lat. curvatus 39 19 5 3 11 6 2 2 3

*: resistant at least to one of the tested antibiotics

Comparing the two LAB dominant species for antibiotic-resistance, streptomycin resulted
the most spread resistance both in Lat. sakei and Lat. curvatus isolates, followed by tetracycline.
Otherwise, differently from Lat. curvatus, Lat. sakei isolates presented no resistance to ampicillin
and erythromycin (Table 3.14).

Among resistant strains, streptomycin (55.6% and 57.9% for Lat. sakei and Lat. curvatus,
respectively), tetracycline (33.3% and 31.6%), gentamicin (28.9% and 26.3%) and kanamycin
(24.4% and 15.8%) resistances were the most detected (Figure 3.10). A lower number of strains
showed resistance to other antibiotics, in particular 8.9% of Lat. sakei was resistant to clindamycin
and 4.4% to chloramphenicol, while 15.8% of Lat. curvatus was resistant to chloramphenicol and
10.5% to clindamycin, erythromycin and ampicillin (Figure 3.10).

Fermented sausages from Italy (IM1, IM2 and 1AL), Slovenian samples (SN and SWO) and
the Spanish ECB product were characterised by the presence of susceptible biotypes, with no
resistances to any antibiotic tested during this screening (Table 3.12).
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Figure 3.10: Relative abundance (%) of resistant biotypes for each species and antibiotics tested (% was calculated on
the number of resistant strains).

- Biogenic amines production

Amino biogenic potential results, as well as for the antibiotic-resistance, demonstrated high
variability among strains between those of the same species and, as already evidenced for
antibiotic-resistance, also the decarboxylase activity was strongly linked to the geographic origin of
the isolates. All the biotypes were screened for their possible production of tyramine (Tyr),
histamine (Hist), putrescine (Put) and cadaverine (Cad).

No BA producers were detected among Lat. sakei strains, while a high number of Lat.
curvatus (27 out of 40 strains) accumulated these compounds (Table 3.15).

The highest number of BA producing strains have been isolated from Spanish products,
indicating an effect of raw materials, environmental conditions and processes in exerting a selective
pressure on microbial communities and their metabolisms. Among the 27 decarboxylase-positive
strains, 16 produced tyramine, 6 putrescine and only 1 histamine (CE27), while 4 strains were able
to accumulate both tyramine and putrescine (SO14, SO59, CE16 and CE46).
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Table 3.15: BA production by Lat. curvatus.

Fermented
sausages

IAL IAL6 + - - -
SA38 + - - i
SA53 + - - -
ESB SB8 - - +
SE3 - - + i}
SE19 - - +
S06, SO19, SO25, SO52
SO13 + - - i
SO16
S061 - i
SO14
S0O59
CB11
CB12
CE25, CE40, CE53
CE32
CE35
CE37
CE42
CE52
CE54
CE27 - + - -
CE51 - -
CE57 - -
CE16 + -
CE46 + -
ECO CO46 + - - ,
KN1, KN18, KN55 - - - -
KN20 + - - i
ZK32, ZK43, ZK49 - - - -
ZK3 + - - i

Total strains 40 of which 27 positives 20 1 10 0
*: Tyr = tyramine; Hist = histamine; Put = putrescine; Cad = cadaverine

Lat. curvatus strains Tyr*  Hist Put Cad

ESA

ESE

+
1
1
[

ESO

ECB

+ + + o+

ECE

+ + 4+ + o+ 4+

HNS

HZK

It is interesting to note that 7 out of 27 amino biogenic strains presented one or more
antibiotic-resistances, showing different traits that are related to their safety features. By combining
the data collected for the antibiotic-resistance profile and the capability to produce BA compounds,
it emerged that, among Lat. curvatus, only KN55 strain was safe and therefore suitable for possible
food industry applications (Table 3.16).
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Table 3.16: Summary of the results obtained through Lat. curvatus biotypes safety investigation: the presence of (S) or
(R) indicates an antibiotic-sensitive or antibiotic-resistant strain, respectively. The amino biogenic potential is also
reported (+ or -).

Fermented . Antibiotic-resistance BA
Lat. curvatus strains .
sausages behaviour producer
IAL IAL6 S +
ESA SA38, SA53 S +
ESB SB8 S +
ESE SE3, SE19 S +
SO59 S +
ESO S06, SO19, SO25, SO52 R -
S0O13, SO14, SO16, SO61 R
ECB CB11, CB12 S
CE32, CE35, CE37, CE42, CE46, CE51, s N
CE52, CE54, CE57
ECE
CE25, CE40, CE53 R -
CE16, CE27 R +
ECO CO46 S +
KN55 S -
HNS KN20 S +
KN1, KN18 R -
ZK32, ZK43, ZK49 R -
HZK
ZK3 R +

Apart from enterococci, Lat. curvatus is considered the main tyramine producer among LAB
in fermented sausages, while Lat. sakei is usually described as non-amino biogenic (Barbieri et al.,
2019; Holck et al., 2017). Ladero et al. (2015) described the capability of Lat. curvatus strains to
produce both tyramine and putrescine. The latter is mainly accumulated in LAB though agmatine
deiminase (AgDI) pathway, rather than ornithine decarboxylase (ODC), common in Gram-negative
bacteria (Romano et al., 2012). Moreover, the decarboxylase potential has been demonstrated to be
strain dependent (Barbieri et al., 2019; Freiding et al., 2011).

Spontaneously fermented sausages used as source of isolation of these LAB presented a BA
concentration ranging from about 100 mg/kg to more than 1000 mg/kg, including tyramine,
putrescine and cadaverine. Interestingly, in these products Lat. curvatus strains characterised by
decarboxylase potential have been isolated. Noteworthy, in ECE sample, in which Lat. curvatus
CE27 (the only producer of histamine) was isolated, histamine was present at a concentration of 170
mg/kg (Table 3.6).

Finally, based on the results obtained from the screening for the safety aspect of the 130
tested LAB strains (90 Lat. sakei and 40 Lat. curvatus), 45 Lat. sakei and 1 Lat. curvatus strains

showed no antibiotic-resistance and no capability to produce BA (Figure 3.11). These 46 strains
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were selected for further analyses in order to evaluate their antimicrobial activity and their
technological properties.

Lat. sakei Lat. curvatus
2.5

Antibiotic-resistant
= BA producer
s AR+BA

Safe

50 50

Figure 3.11: Percentage of tested LAB strains as far as their safety aspect: strains considered safe, antibiotic-resistant
strains, BA producers or the combination of these two aspects (AR+BA).

3.2.4 Conclusions

The 15 Mediterranean spontaneously fermented sausages analysed in the first part of this
thesis (Chapter 3.1), with peculiar characteristics in terms of manufacturing and ripening
conditions, demonstrated to be a good source of autochthonous LAB to be studied for their potential
technological applications in the food industry. At species level, the identified biotypes did not
show a consistent biodiversity, with only Lat. sakei, dominating over the rest of the species (59.6%
of isolates), Lat. curvatus (26.5%) and few isolates identified as Comp. alimentarius (13.9%). A
more consistent biodiversity could be described in terms of strain ecology, with the Spanish
products being the richest for the number of biotypes, while Italian and Slovenian samples showed
only a low number of strains, belonging mainly to Lat. sakei species.

The evaluation of the safety profile of these strains resulted in a high incidence of Lat. sakei
(50%) and Lat. curvatus (47.5%) resistant to antibiotics. In addition, the safety assessment allowed
to define a geographical clustering of resistant biotypes: strains isolated from Italian and Slovenian
natural fermented sausages showed no antibiotic-resistances and a negligible production of BA; on
the contrary, the highest number of antibiotic-resistant isolates were detected in Spanish and
Croatian products, with a high prevalence of multi-antibiotic resistant strains. In fact, one Lat. sakeli
(CEbS) and one Lat. curvatus (ZK49) characterised by the presence of five resistances against tested
antibiotics were isolated from ECE and HZK samples, respectively. In general, the most observed
antibiotic-resistances concerned streptomycin, tetracycline, gentamicin and kanamycin antibiotics.

This aspect arises a global concern linked to the safety of fermented meat products. The

previous large use of antibiotics in the pig production chain has led to a change in the pig
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microbiome and, consequently, in the diffusion of antibiotic resistant genes in the meat environment
(Monger et al., 2021). The application of good manufacturing practices in the pork meat industry
can help to control antibiotic resistant pathogen or spoilage species. On the contrary, in the case of
technological species, such as LAB, the presence of resistant genes, can represent a difficult risk to
be monitored for the consumer safety along the food chain.

Finally, amino biogenic potential appeared to be species related. In fact, no BA producers
were detected among analysed Lat. sakei strains, while a high number of strains endowed with this
feature was found among Lat. curvatus.

After the safety assessment, a total of 46 LAB strains (45 Lat. sakei and 1 Lat. curvatus)
were classified as safe, without antibiotic-resistances and amino biogenic capacity. Lat. sakei
demonstrated to be the most abundant species present in naturally fermented Mediterranean
sausages, but also to be the species with the best safety features. These results were the starting
point for the characterisation of candidates to be tested for their technological attributes and bio-
protective activities. These strains could be proposed as autochthonous bioprotective and starter

cultures with added value to be employed in the fresh and fermented meat productions.

Data published as:

Bassi, D.*, Milani, G., Belloso Daza, M.V., Barbieri, F., Montanari, C., Lorenzini, S., Simat, V., Gardini, F.,
Tabanelli, G. (2022). Taxonomical identification and safety characterisation of Lactobacillaceae from Mediterranean
natural fermented sausages. Foods, 11, 2776. doi: 10.3390/foods11182776.
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3.3 Functional and technological characterisation of LAB strains isolated from

Mediterranean spontaneously fermented sausages

3.3.1 Introduction

Food-borne pathogens are one of the major cause of outbreaks and mortality worldwide,
being one of the greatest health concerns for governments, which incur in greater access to the
healthcare and medical expenses (Erdogmus et al., 2021; Faour-Klingbeil and Todd, 2020). Their
persistence, growth and ability to create biofilms and possible toxin production highlighted their
dangerous aspect (Kim et al., 2012a; Woraprayote et al., 2016).

Furthermore, consumers’ demand for healthy and safe food products is constantly increasing
during recent years (de Andrade et al., 2019).

Manufacturing of standardised and safe food products, but still characterised by their
traditional and linked-Region organoleptic and nutritional properties represents a main node for
food companies, which aim to find a strategy to achieve all the markets’ requests (Gizaw, 2019). In
this perspective, the use of autochthonous starter cultures can be a useful tool to achieve the
production of traditional foods that are also safe from a health point of view. Moreover, indigenous
starter cultures are known to positively affect taste, texture and colour of fermented foods (dos
Santos Cruxen et al., 2019).

Among processed foods, meat and meat products constitute a significant challenge to the
food industry regarding their safety. In fact, possible microbial contaminations of fresh and
processed products by various pathogenic and spoilage microorganisms can occur, without being
hindered only by change in setting of production phases (Lahiri et al., 2022). These concerns can be
mitigated by the use of LAB, that can guide the fermentation process in order to produce safe food
thanks to their positive properties, such as suitable technological characteristics and the ability to
inhibit the growth of undesired microorganisms in food (Mathur et al., 2020; Raman et al., 2022).
LAB are naturally present in raw materials or processed products and, due to their GRAS
(Generally Recognised As Safe) status, are widely used in the meat industry as transformation and
biocontrol agents (Castellano et al., 2017).

Antimicrobial activity of LAB strains is exerted by different metabolites produced during
their growth and fermentation. These microorganisms are effective in inhibit the growth of a wide
range of food-borne pathogens and spoilage agents, due to their production of several bio-active
compounds: organic acids, diacetyl, acetoin, hydrogen peroxide and bacteriocins (da Costa et al.,
2019).
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Several studies documented that a wide range of LAB strains, which include Lat. sakei, Ltp.
plantarum and Lat. curvatus, can be used as bio-preservative microorganisms in meat and meat
products (Castellano et al., 2012; Jones et al., 2010; Li et al., 2016). Their inhibitory activity have
been extensively studied to evaluate the effect against pathogenic bacteria or spoilage
microorganisms’ growth, when inoculated into foodstuffs (Castellano et al., 2010; Chaillou et al.,
2014; Todorov et al., 2017).

Food industries are continuously searching for new autochthonous bacteria (LAB and Gram-
positive catalase cocci), endowed with technological and antimicrobial features, that can be
potentially used as starter cultures in fermented meat products (dos Santos Cruxen et al., 2019).

In this prospective, 45 Lat. sakei and 1 Lat. curvatus strains, isolated from spontaneously
fermented sausages of the Mediterranean area and previously screened regarding their safety
aspects (Chapter 3.2), were characterised for their ability to inhibit pathogen microorganisms
through in vitro tests and in meat model. Moreover, the presence of genes related to the production
of bacteriocins was assessed. Afterwards, the most promising strains were studied to determine their
technological properties. Growth kinetics at different salt concentrations and at different incubation

temperatures were studied.

3.3.2 Materials and methods

3.3.2.1 LAB strains selected to perform antimicrobial activity against E. coli and List.

innocua

46 LAB strains (45 Lat. sakei and 1 Lat. curvatus), considered safe (Chapter 3.2), were
tested against E. coli ATCC 25922 and List. innocua UC 8409, in order to assess their antimicrobial
activity (Table 3.17). All bacteria were stored at -20°C in MRS broth and BHI broth, respectively,

containing 20% of glycerol until the beginning of further analyses.

110



Table 3.17: Selected LAB strains assessed as safe, obtained from the 15 Mediterranean spontaneously fermented
sausages used as source of LAB isolation.

Countries Fermented sausages LAB strains Species
M 1M8, 1M24, 1M51
Italy 2M 2M7, 2M9
IAL IALS, IAL18, IAL38
Slovenia SN SN4, SN34, SN58, SN63, SN70
SWO SWO010, SW018, SW029, SW048, SWO060, SWO61
ESA SA21, SA49
ESB SB2, SB7, SB14, SB24, SB53, SB60, SB67 Lat. sakei
. ESE SE30, SE41, SE67
Spain ESO S08, S010, 023, SO38, SO47, SO65
ECE CE2
ECO CO38
HNS KN21, KN28, KN48
Croatia HZK ZK39, ZK42, ZK50
HNS KN55 Lat. curvatus

3.3.2.2 In vitro antimicrobial LAB strain activity to inhibit E. coli and List. innocua

The antimicrobial activity of selected LAB strains was evaluated through an agar spot test
using E. coli ATCC 25922 and List. innocua UC 8409 strains as target microorganisms.

Briefly, after LAB strains incubation at 30°C for 24 h, 10 pl of these fresh cultures were
spotted on MRS agar plates and incubated for 48 h at 30°C. Afterwards, plates were overlayed with
10 ml of BHI soft agar (0.7%) inoculated with 5 log cfu/ml of an overnight culture of target
microorganisms. Positive antimicrobial activity was evidenced after 24 and 48 h at 37°C as a clear
inhibition zone that affected the target microorganism’s growth around the spot. After the
incubation period, the inhibition halos diameter was measured and the results were expressed as +
(diameter 0.5-2 cm), ++ (diameter 2.1-4 cm), +++ (diameter > 4 cm) or — in the case of no presence

of halo around the spot. The analysis was performed in triplicate.

3.3.2.3 Antimicrobial LAB strains activity in meat model

Selected LAB strains were also tested against the same target microorganisms (E. coli
ATCC 25922 and List. innocua UC 8409) to evaluate their antimicrobial activity in meat model, in
order to simulate the real conditions of a food matrix on a lab-scale. In particular, agar-salami

medium was used and its composition is reported in Table 3.18.
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Table 3.18: Agar-salami meat model composition.

. . Final
Composition Quantity concentration

Salami dough 609
Water 12 ml
Agar bacteriological 2% 180 mi
Glucose 20% 6.3 ml 0.5%
2,3,5-Triphenyltetrazolium chloride 1% 2.5 ml 0.01% TTC
Final volume 250 ml

To prepare this medium, 60 g of meat mixture was finely minced in a sterile condition
pasteurised at 65°C for 30 min. At the end of the heat treatment, 12 ml of sterile water and 180 ml
of 2% agar solution were added into the dough. The mixture was filtered using sterile gauze in order
to remove particulate material. After filtration, 20% glucose and 1% TTC (2,3,5-
Triphenyltetrazolium chloride) solutions were added. This latter compound allowed the red staining
of microbial growth.

The inhibition tests were performed in square set plates of 25 wells (ThermoFisher
Scientific) (Figure 3.12). On the bottom of the plates, 30 ul of overnight selected LAB cultures
were spotted separately at a final concentration of 6 log cfu/ml. Subsequently, the agar-salami
medium was poured at a temperature of 50°C in all 25 wells of the plate (4 ml in each well),
homogenising the inoculum with the mixture. Plates were incubated at 30°C for 24 h to allow LAB
growth. Then, 30 ul of ten-fold dilutions of a 6 log cfu/ml culture of target microorganism were
spotted in each well and plates were incubated at 37°C for 24 h. The positive control was performed
without the addition of LAB strains. In addition, at the end of incubation time, the pH value in each
well was measured and indicated as the mean value of eight grown wells. The inhibition effect on
the target microorganisms was expressed as a logarithmic concentration reduction compared to the

positive control.

Figure 3.12: Square set plates of 25 wells used to perform these antimicrobial analyses, an example.
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3.3.2.4 Gene-specific PCR analysis for the detection of bacteriocin encoding genes

The presence of genes related to the production of bacteriocins was also investigated in each
selected LAB strain. In particular, the presence of bacteriocin encoding genes for sakacin P (sppA),
sakacin Q (sppQ), sakacin T (sakT), sakacin X (sakX), sakacin G (sakG) and curvacin A (sapA)
were evaluated.

LAB strains DNA was extracted by using the NucleoSpin® Tissue (Macherey-Nagel GmbH
& Co., Diiren, Germany) according to the manufacturer’s instructions. Primers and PCR conditions
used were those reported by Fontana et al. (2015), Dortu et al. (2008) and Macwana and Muriana
(2012). The amplified products were separated in 1.5% agarose gel and visualised by Sybr-Safe
staining. Positive controls for each encoding genes were also included and to perform this Lat.

curvatus MO05, Lat. curvatus 705 and Lat. curvatus R212 were used.

3.3.2.5 Selected strains employed for technological characterisation

Among strains considered safe, based on results obtained from their antimicrobial activity
characterisation, the most promising LAB strains were selected and evaluated for their
technological properties. In particular, due to their better bio-protective performances, 19 Lat. sakei

and 1 Lat. curvatus were chosen to perform further technological analyses (Table 3.19).

Table 3.19: Selected strains used for their technological characterisation.

Countries  Fermented sausages LAB strains Species
IM1 1M24
2M7
Italy IM2 5M9
IAL IALS8
SN34
Slovenia >N SN58
SWO SWO010
SWO061
SB2
ESB SB14 Lat. sakei
ESE SE30
Spain SO8
P ESO 5023
S065
ECE CE2
ECO CO38
HNS KN48
. ZK39
Croatia HZK ZK42
HNS KN55 Lat. curvatus
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3.3.2.6 Study of LAB growth performances in presence of different salt concentrations and

at different incubation temperature

Selected LAB strains were evaluated for their growth performances in relation of different
salt concentrations (0%, 2.5% and 5% NaCl) and at different incubation temperatures (10°C, 20°C
and 30°C). They were pre-cultivated in MRS broth (Oxoid) for 24 h at 30°C and then inoculated at
a final concentration of 5 log cfu/ml into different media chosen for the analyses. In particular,
samples characterised by different salt concentrations were incubated at 20°C, while strains
incubated at different temperatures were inoculated in unmodified MRS. During incubation, their
growth was monitored through the variation of optical density at 600 nm (ODsoo), measured with an
UV-VIS spectrophotometer 6705 UV-Vis (Jenway, Stone, UK). Moreover, pH values were also
detected by pH-meter Basic 20 (Crison Instruments) and the acidification potential was expressed
as pH decrease with respect to the initial value (about 6).

Collected data were elaborated by using predictive microbiology models. In this context,
Gompertz equation, as modified by Zwietering et al. (1990), was used to model them with Statistica
8.0 software (StatSoft Inc.):

"(.l-.-"t')“ :’:'
y= Ae © '

when y is the ODesoo measured at time t, A represent the maximum ODeoo Value reached, pimax is the
maximum ODego increase rate in exponential phase and A is the lag phase. In the case of pH

elaboration data, a constant k was added into equation to specify the starter value of this parameter.

3.3.2.7 Aroma profile analysis of LAB strains in a real system

Volatile organic compounds (VOCs) production of selected LAB belonging to Lat. sakei
and Lat. curvatus species were evaluated through their inoculum in meat batter to simulate a meat
fermentation. The pork meat used, without nitrate/nitrite and spices, was added with 2.5% NaCl and
0.2% glucose. The strains were pre-cultivated in MRS broth at 30°C for 24 h. 50 g of meat batter
were inoculated with each strain, separately, at an initial concentration about 7 log cfu/g.
Afterwards, 3 g of sample were placed in 10 ml sterilised vials sealed with PTFE/silicon septa. The
obtained samples were incubated at 20°C for 72 h, then stored at -20°C until analysis. Aroma
profile of each sample was evaluated through a gas-chromatography-mass spectrometry coupled
with solid-phase microextraction (SPME-GC-MS), following the method showed into Paragraph
3.1.2.6.
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3.3.2.8 Statistical analysis

Parameters obtained with Gompertz equation modelling were elaborated through statistical

software R (R Core Team, 2020). The analyses were performed by using “boxplot” function.

3.3.3 Results and discussion
3.3.3.1 Antimicrobial activity of selected LAB strains against E. coli and List. innocua: in

vitro tests

Based on the previously analyses regarding safety aspects of isolated LAB strains (Chapter
3.2), the evaluation of their functional properties was performed onto strains considered safe
(Figure 3.11). In particular, the antimicrobial activity of 46 selected LAB strains (45 Lat. sakei and
1 Lat. curvatus) was evaluated against E. coli ATCC 25922 and List. innocua UC 8409, as
representative of pathogens strains of E. coli and List. monocytogenes.

As reported in Table 3.20, all tested strains were able to inhibit the growth of both target
microorganisms, even if at different levels depending on the specific strain. In particular, E. coli
ATCC 25922 represented the most sensible microorganism to LAB inhibition. In fact, among Lat.
sakei, 7 strains, in particular belonging to Croatian products, produced an inhibition zone higher
than 4 cm, while the most number (31 strains) showed a halo ranging from 2.1 and 3.2 cm. On the
other hand, List. innocua UC 8409 was inhibited less severely, with 33 strains that created an
inhibition zone between 1.6 and 2 cm and only 4 strains that affected the target microorganism
growth with a halo between 2.1 and 3.2 cm. Strains that strongly inhibited List. innocua were the
same that influenced E. coli, with an inhibition halo > 4 cm. Finally, the only Lat. curvatus strain
tested showed a promising inhibition performance against both tested microorganisms, with an

inhibition zone > 4 cm.
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Table 3.20: Inhibition halo of LAB strains against E. coli ATCC 25922 and List. innocua UC 8409. Inhibition zones:

(+++) =>4 cm; (++) = 2.1-4 cm; (+) = 0.5-2 cm; (-) no halo.

Fermented Lat. sakei strains E. coli List. innocua
sausages ATCC 25922 UC 8409
IM1 1M8, 1M24, 1M51 (++) (+)
IM2 2M7, 2M9 (++) (+)
IAL IALS, IAL18 (+) (+)

IAL38 (+) (++)
SN SN4, SN34, SN58, SN63, SN70 (++) (+)
SWO SWO018, SW029, SWO060, SWO061 (++) (+)
SWO048 (++) (++)
ESA SA21, SA49 (++) (+)
SB14, SB24, SB53, SB60, SB67 (++) (+)
ESB SB2 (++) (++)
SB7 (+++) (+++)
ESE SE30, SE41, SE67 (++) (+)
S047, SO65 €] (+)
ESO S08, S010, SO38 (++) (+)
S023 (++) (++)
ECE CE2 ) (+)
ECO CO038 (++) (+)
HNS KN21, KN28, KN48 (+++) (+++)
HZK ZK39, ZK42, ZK50 (+++) (+++)
Fermented Lat. sakei strains E. coli List. innocua
sausages ATCC 25922 UC 8409
HNS KN55 (+++) (+++)

3.3.3.2 Antimicrobial LAB strains activity in meat model (agar-salami medium)

The antimicrobial activity of LAB strains against tested target microorganisms was also
evaluated in a meat model, defined by agar-salami medium, that has the same nutritional and
physico-chemical characteristics of real products. It was possible to determine the inhibitory
activity through the comparison between the positive control, characterised by the growth of E. coli
ATCC 25922 or List. innocua UC 8409 without the addition of LAB strains, and samples obtained
with the presence of both target microorganism and LAB culture. The results were expressed as
logarithmic cycles reduction compared to the positive control (Table 3.21).

All tested strains were able to inhibit the growth of target microorganisms with different
severity, except for the strain IAL18 which did not cause any reduction of List. innocua. Moreover,
data confirmed a greater sensitivity trend in E. coli to LAB strains inhibition effect with respect to
List. innocua. In fact, 12 Lat. sakei strains reduced by at least 4 log cycles E. coli growth in the
meat model, while only 3 strains isolated from HNS Croatian product (KN21, KN28 and KN48)
inhibited this target microorganism of about 5 log cycles. Regarding List. innocua, 8 Lat. sakei
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strains were able to reduce 4 log cycles of this target microorganism and only KN48 was able to
achieve 5 log cycles Listeria reduction.

It is well known that acidity caused by the organic acid produced during LAB strains growth
could affect the growth of microorganisms, due to the formation of a harsh environment. For this
reason, also pH value at the end of incubation was monitored. In the majority of the most acidified
samples, the values of log cycles reduction were greater with respect to less acidified samples. It
was also possible to notice that the strains which showed the best inhibitory performances against E.
coli, were the ones which mostly reduced List. innocua.

The higher resistance of Listeria to acidic environments was reported also by Wang et al.
(2015), demonstrating that it was necessary an increased time of contact between of List.
monocytogenes and lactic acid to achieve its inactivation, with respect to Salmonella spp. and E.

coli.

Table 3.21: Log cycles reduction of target microorganisms as a consequence of antimicrobial activity of selected LAB
strains. pH values measured at the end of the analyses were also reported.

Target microorganisms log

cycles reduction (log cfu/ml) pH value
Fermented  Lat. sakei E. coli List. innocua E. coli List. innocua
sausages strains ATCC 25922 UC 8409 ATCC25922 UC 8409
1M8 1 1 4.16 4.15
IM1 1M24 4 4 3.71 3.71
1M51 4 3 3.63 3.63
2M7 3 2 3.94 3.96
IM2
2M9 4 4 3.72 3.68
IAL8 3 2 4.07 4.10
IAL IAL18 1 - 4.32 4.08
IAL38 2 3 3.69 3.65
SN4 3 1 4.36 4.36
SN34 4 4 3.72 3.70
SN SN58 4 4 3.89 3.85
SN63 2 1 3.89 3.94
SN70 2 1 4.03 3.99
SWO010 4 4 3.65 3.70
SWO018 2 1 4.11 411
SWO029 3 2 3.75 3.74
SWO
SWO048 3 3 3.70 3.68
SWO60 2 2 3.91 3.90
SWO061 3 2 3.84 3.94
SA21 4 3 3.85 3.85
ESA
SA49 3 3 3.79 3.82
SB2 4 4 3.83 3.83
SB7 2 1 4.03 4.07
ESB
SB14 4 4 3.69 3.70
SB24 3 3 3.82 3.85
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SB53 1 1 3.98 4.19
SB60 3 2 3.97 4.17
SB67 4 2 3.95 4.06
SE30 3 2 3.87 3.85
ESE SE41 2 1 3.97 4.03
SE67 2 3 4.05 4.01
SO8 2 3 4.04 4.00
S010 2 3 4.04 4.04
£SO S023 2 3 4.01 3.98
S038 1 2 3.90 3.93
S047 3 2 3.93 3.92
SO65 3 3 3.86 3.89
ECE CE2 3 1 3.87 3.91
ECO CO38 4 1 3.64 3.83
KN21 5 4 3.86 3.84
HNS KN28 5 3 3.83 3.89
KN48 5 5 3.77 3.78
ZK39 1 3 4.29 4.13
HZK ZK42 4 3 3.91 4.04
ZK50 2 3 4.09 4.02
Fermented Lat. curvatus E. coli List. innocua E. coli List. innocua
sausages strains ATCC 25922 UC 8409 ATCC25922 UC 8409
HNS KN55 2 3 4.12 4,14

3.3.3.3 Detection of the presence of bacteriocins encoding genes

The presence of bacteriocins encoding genes were investigated in all the strains screened for
their antimicrobial activity. In particular, sakacin P (sppA), sakacin Q (sppQ), sakacin T (sakT),
sakacin X (sakX), sakacin G (sakG) and curvacin A (sapA) were searched (Table 3.22).

24 strains of Lat. sakei were characterised by the presence of at least one bacteriocin, mainly
for the production of sakacin X, followed by sakacin P. Among these, in 6 strains (2M7, SN58,
SA21, SB2, SO65 and ZK50) 2 different bacteriocins encoding genes were detected, while 2 strains
(SO8 and CO38) isolated from two different Spanish products were characterised by the presence of
3 bacteriocins encoding genes. The most interesting strains (ZK39 and ZK42), deriving from
Croatian smoked fermented sausages, possessed 4 different genes encoding for bacteriocins. These
data confirmed the results obtained in the previously analyses, in which these strains showed the
highest antimicrobial activity against target microorganisms in vitro (Table 3.19) and a good
potential in meat model (Table 3.21). Finally, also Lat. curvatus KN55 was characterised by 2
different encoding genes.
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Table 3.22: Bacteriocin encoding genes found in Lat. sakei and Lat. curvatus strains.

Fermented . .
sausages Lat. sakei strains sapA sppA sppQ sakG sakT sakX
IM1 1M-24 X
1M8, 1M51
IM2 2M7 X X
2M9
IAL IALS, IAL18, IAL38
SN SN58 X
SN34
SN4, SN63, SN70
SWO SWO029, SWO061 X
SWO010, SW018, SW048, SWO060
ESA SA21 X X
SA49
ESB SB2 X X
SB7
SB24, SB60, SB67 X
SB14, SB53
ESE SE30, SE67 X
SE41
ESO SO8 X
SO65
SO47
S010, SO23, SO38
ECE CE2
ECO CO038 X X X
HNS KN21, KN28, KN48 X
HZK ZK39 X X X
ZK42 X X X
ZK50 X X
F:;nggteid Lat. curvatus strain sapA sppA sppQ sakG sakT sakX
HNS KN55 X X

3.3.3.4 Growth and acidification performances of selected LAB strains at different condition

The growth performances of the 20 selected strains were analysed in MRS broth, in which
each strain was inoculate at an initial concentration about 5 log cfu/ml. This analysis permitted to
compare the different growth parameters and to highlight the strains characterised by the best
performances in stressful conditions. In particular, the presence of different salt concentration (0%,
2.5% and 5%, at 20°C of incubation) and incubation temperature (10°C, 20°C, 30°C, in absence of
salt) were assessed and reported as optical density measured at 600 nm (ODeoo). Data were
modelled with the Gompertz equation and estimated parameters are reported in Table 3.23 and 3.24,

while the resulting curves were represented in Figure 3.13 and 3.14.
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Table 3.23: Gompertz parameters (A, Mmax and L) about Lat. sakei and Lat. curvatus strains growth at 20°C in presence
of different salt concentrations. Mean values, standard deviation (SD) and variability coefficient (CV) are also reported.

ODs00 0% ODs002.5% ODs00 5%

Strains A Hmax A A Hmax Iy A Hmax by
1M24 198 0.180 13.09 1.81 0.155 16.02 1.69 0.044 20.93
2M7 1.89 0.153 11.26 1.83 0.094 14.14 153 0.045 26.13
2M9 1.89 0.221 16.18 174 0141 18.73 145 0.059 33.13
IALS8 1.84 0.161 14.63 1.83 0.130 16.06 1.62 0.055 22091
SN34 168 0247 16.81 150 0.137 18.84 128 0.091 37.10
SN58 191 0174 1238 1.69 0.090 14.07 1.16 0.038 21.53
SWO10 165 0.239 16.03 157 0139 17.95 152 0.054 26.71
SWO061 198 0114 7.14 196 0.094 10.06 1.72 0.058 20.76
SB2 169 0146 1340 164 0.104 19.09 1.63 0.033 29.01
SB14 198 0.110 8.73 1.87 0.091 14.02 1.61 0.045 24.67
SE30 195 0.217 1558 169 0135 18.94 148 0.047 3131
SO8 197 0227 13.99 1.80 0.142 15.76 1.46 0.043 28.32
S023 182 0174 16.94 169 0.096 18.05 145 0.043 27.12
S065 196 0.160 10.04 191 0111 12.77 1.64 0.060 21.13
CE2 196 0.122 8.68 1.88 0.106 13.61 159 0.048 19.30
CO38 199 0.086 17.82 196 0.068 16.88 1.81 0.036 18.49
KN48 199 0.143 10.30 1.86 0.097 1253 161 0.037 17.11
ZK39 199 0144 1764 191 0.082 1754 1.96 0.037 24.03
ZK42 195 0132 12.64 179 0.087 15.69 153 0.033 21.90
KN55 206 0420 1356 198 0.146 15.72 1.64 0237 25.13
Mean value 191 0178 13.34 1.80 0.112 15.82 157 0.057 24.83
SD 011 0.073 3.19 0.13 0.026 2.50 0.17  0.044 5.14
CV (%) 6.01 40.67 2391 742 2288 15.82 11.06 7751 20.68

As expected, the estimated growth parameters of tested strains were affected by the salt
percentage, that resulted in a decrease in A and pmax values and an increase in lag phase time with
the increase in its concentration (Table 3.23). Regarding samples characterised by 0% and 2.5% of
salt, strains presented a similar behaviour, reaching a maximum ODeoo mean value of 1.91 and 1.80
and £ of 13.34 and 15.82 h, respectively, while pumax parameter was characterised by a significative
reduction up to 0.112 ODeoo/h.
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Figure 3.13: Growth curves at different salt concentrations (0%, 2.5% and 5%) obtained by using the estimated
parameters of Gompertz equation.

The best performances were observed when KN55, the only Lat. curvatus strain tested, was
inoculated (Figure 3.13). This strain reached the maximum A value at the end of the monitored
growth, with the highest ODsgo values of 2.06 and 1.98 when tested in absence of salt or with the
medium concentration, respectively. The lower A parameter was achieved by Lat. sakei strains
SN34, SWO010 and SB2. In the absence of salt, they were characterised by values ranged between
1.65 and 1.69 ODeoo, significantly lower than the others (Table 3.23). In samples with 2.5% of
added salt, this behaviour was observed again for these three strains (from 1.50 to 1.64 ODsoo), but
also SN54, SE30 and SO23 showed a low maximum ODegoo value (1.69). Moreover, another good
strain was represented by SWO61, characterised also by the shorter lag phase time (7.14 h). On the
other hand, CO38 represents the worst strain at these growing conditions (Figure 3.13), not only
due to the high A measured, but also because it was affected by the slower ODsgoo increase rate in
exponential phase (0.086 and 0.068 ODsoo/h, respectively), even if at the end of the growth was able
to reach an A value of about 1.98 ODegoo, comparable to strains with higher values of the same
parameter (Table 3.23). The pmax parameter was characterised by a marked variability, with values
ranged from 0.420 ODsoo/h (KN55) and 0.086 ODeoo/h (CO38) in absence of salt, described by a
variability coefficient (CV) of 40.67%. At 2.5% of salt, this increase rate was slower and ranged
from 0.146 ODsgoo/h (KN55) and 0.068 ODsgoo/h (CO38).
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A greater variability was observed when the highest salt concentration (5%) was tested. In
fact, the consequent decrease in the maximum ODegoo measured (mean value 1.57 ODeoo) and in the
Mmax parameter (mean value 0.057 ODeoo/h) and increase in lag phase time (mean value 24.83 h)
were described by a CV of 11.06%, 77.51% and 20.68%, respectively (Table 3.23).

In this case, the maximum ODeoo Was reached by ZK39 strain (1.96 ODeoo), even if its grow
rate was not the faster (0.037 ODsgoo/h), followed by CO38 (1.81 ODeno) and SWO61 (1.72 ODeoo).
CO38 strain was characterised also by a small lag phase (18.49 h), together with KN48, that was
described by the shorter one (17.11 h). The worst strain was represented by SN34, due to the higher
lag phase time (37.10 h) and a low A value reached (1.28 ODeoo). Moreover, 2M9 and SE30 strains
were characterised by high A values (33.13 h and 31.31 h, respectively), while the lower maximum
ODsoo observed was reached by SN58 (1.16 ODeoo). Finally, Lat. curvatus KN55 was characterised
by a very high pmax with respect to all the other tested strains, described by 0.237 ODegoo/h value.

These results underlined the great variability that can characterise strains belonging to the
same species. Montanari et al. (2018b) have already reported a different behaviour in the growth
performances of Lat. sakei strains in stressful conditions.

In general, the results collected at different incubation temperature (10°C, 20°C and 30°C)
reflected the behaviour observed in the condition of the different salt concentrations tested (0%,
2.5% and 5%), with a reduction in the growth performances in the most stressful condition. In
particular, with the decrease of temperature up to 10°C the growth performances were worse, with
an increase in the lag phase time and a decrease in the maximum A and pmax Values (Table 3.24).
Moreover, the reduction in the incubation temperature determined a greater variability in data
collected among the strains. These results were characterised by a mean value of A of about 1.90
ODsoo both at 30°C and 20°C of incubation, while decrease up to 1.79 ODeoo at 10°C. However,
Mmax and A parameters were characterised by a greater difference among the tested conditions. In
fact, in the first case, at 30°C the pmax mean value was 0.258 ODsoo/h, that was halved at 20°C
(0.178 ODeno/h) and drastically decreased at lower temperature of incubation, reaching value of
0.041 ODsoo/h. Regarding lag phase, this parameter was affected by a 10-fold increase when
samples were incubated at 10°C (54.18 h), whit respect to 30°C of incubation (6.76 h).
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Table 3.24: Gompertz parameters (A, HUmax and X) about Lat. sakei and Lat. curvatus strains growth at different
incubation temperatures. Mean values, standard deviation (SD) and variability coefficient (CV) are also reported.

ODeéoo 10°C ODso0 20°C ODe00 30°C

Strains A Hmax A A Hmax Iy A Hmax by
1M24 183 0.039 5212 198 0.180 13.09 191 0.278 5.30
2M7 186 0.031 56.33 189 0.153 11.26 193 0.178 741
2M9 192 0.054 3381 189 0.221 16.18 190 0.282 7.45
IAL8 170 0.034 7042 184 0.161 14.63 1.83  0.235 7.17
SN34 1.79 0.042 60.10 168 0.247 16.81 1.63  0.303 7.78
SN58 190 0.037 40.32 191 0174 12.38 203 0.271 3.58
SWO10 158 0.070 34.00 165 0.239 16.03 1.68  0.302 7.98
SWO061 172 0.025 46.55 198 0114 7.14 1.87  0.313 6.21
SB2 150 0.013 64.20 169 0146 13.40 1.71  0.262 9.40
SB14 199 0.016 4101 198 0110 8.73 191  0.157 5.96
SE30 204 0.041 49.38 195 0.217 15.58 1.99  0.265 7.77
SO8 163 0.018 51.10 197 0227 13.99 2.00 0.289 6.28
S023 1.68 0.017 147.28 182 0174 16.94 1.79 0.271 8.42
S0O65 191 0.027 40.46 196 0.160 10.04 201 0.302 3.66
CE2 188 0.008 56.81 196 0.122 8.68 193 0.229 5.66
C038 -* - - 199 0.086 17.82 205 0.182 9.62
KN48 193 0.055 64.82 199 0.143 10.30 195 0.191 5.62
ZK39 161 0013 4244 199 0144 1764 200 0.149 10.16
ZK42 165 0.039 34.72 195 0132 1264 193 0.117 6.57
KN55 196 0.194 43.63 206 0420 13.56 1.97 0.588 3.18
Mean value 1.79 0.041 54.18 191 0.178 13.34 1.90 0.258 6.76
SD 0.16  0.040 25.04 0.11 0.073 3.19 0.12  0.097 1.95
CV (%) 8.70 9943 46.22 6.01 40.67 2391 6.24  37.75 28.90

*: no growth was observed

At 30°C the best performances were observed for Lat. curvatus KN55 strain, that achieved a
good A value (1.97 ODeoo) with the highest pmax (0.588 ODsoo/h) and the shorter lag phase time
(3.18 h), as well as at 20°C, followed by Lat. sakei strains SO65 and SN58. The highest maximum
ODsoo measured was reached by CO38 (2.05 ODeoo), while SN34 was characterised by the lowest A
(1.63 ODeoo) and a long A of 7.78 h.

Regarding samples incubated at 10°C, the data showed a widespread variability (Figure
3.14). Among them, KN55 and 2M9 were characterised by the best growth performances. Lat.
curvatus strain growth was described by the highest pmax (0.194 ODeoo/h) and reached a good
maximum ODeoo level (1.96) with a lag phase of 43.63 h. In the case of Lat. sakei 2M9, its growth
was characterised by the shorter A (33.81 h) and achieved 1.92 ODsoo Value with a growth rate of
0.054 ODeoo/h, half if compared to Lat. curvatus strain. On the contrary, the worst performance was
evidenced for CE2, SO23 and SB2 strains. All these strains were characterised by a very low pmax
(0.008 ODego/h, 0.017 ODsoo/h and 0.013 ODsoo/h, respectively). SO23 was characterised also by
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the longer lag phase duration (147.28 h). In addition, it is important to underline that at 10°C one
strain, Lat. sakei CO38, was unable to grow after 200 h of incubation.

Finally, also these data were affected by a huge variability, described through the range of
value for each estimated parameters: A ranged between 2.04 ODegoo and 1.50 ODeoo with CV of
8.70%, A varied from 33.81 h to 147.28 h (CV 46.22%), while pmax from 0.194 ODsgo/h to 0.008
ODsoo/h (CV 99.43%).
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Figure 3.14: Growth curves at different incubation temperatures (10°C, 20°C and 30°C) obtained by using the
estimated parameters of Gompertz equation.

To better underline the variability in strains growth performances, Box and Whisker plots
were reported about data collected during analyses at different salt concentrations and at different

incubation temperatures (Figure 3.15 and 3.16, respectively).
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Figure 3.15: Box and Whisker plots that represent the distribution of parameters estimated by Gompertz equation about
growth kinetics of strains at different salt concentrations (0%, 2.5% and 5%).
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Figure 3.16: Box and Whisker plots that represent the distribution of parameters estimated by Gompertz equation about
growth kinetics of strains at different incubation temperatures (10°C, 20°C and 30°C).

Moreover, for each sample incubated in each condition the pH was also monitored. Data
collected were again modelled by using Gompertz equation and the estimated parameters (k, A,
Mmax and A) are reported in Table 3.25 and 3.26. In this case, the coefficient k was added to the
equation in order to set the initial pH value, that was about 6.

As expected, results showed a specular behaviour with respect to the corresponding growth

curve. In fact, the drop of pH depends on the growth performance of strains.
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Table 3.25: Gompertz parameters (k, A, Umax and X) about Lat. sakei and Lat. curvatus strains acidification
performances at 20°C in presence of different salt concentrations. Mean values, standard deviation (SD) and variability

coefficient (CV) are also reported.

pH 0% pH 2.5% pH 5%

Strains k A Mmax Iy k A max A k A Umax Iy
1M24 587 -1.84 -0.094 1217 587 -155 -0.078 14.14 587 -1.38 -0.044 20.54
2M7 596 -1.90 -0.049 4.70 579 -1.69 -0.047 1281 562 -152 -0.031 25.88
2M9 597 -158 -0.113 15.40 593 -1.40 -0.099 18.13 583 -1.23 -0.062 33.00
IAL8 595 -1.64 -0.121 16.18 590 -161 -0.103 17.21 587 -1.64 -0.048 23.37
SN34 6.01 -2.04 -0.077 14.05 598 -1.68 -0.081 17.96 582 -1.06 -0.067 35.73
SN58 590 -1.72 -0.090 12.87 580 -1.74 -0.048 1248 580 -151 -0.029 19.11

SWO10 592 -144 -0.116 17.02 591  -1.37 -0.090 19.08 589 -1.38 -0.040 27.24

SWO061 6.06 -2.07 -0.056 1.86 581 -1.75 -0.046 7.52 562 -1.46 -0.028 16.72
SB2 590 -1.71 -0.075 13.40 584 -1.78 -0.059 16.95 582 -1.80 -0.033 28.47
SB14 592 -193 -0.056 5.73 579 -1.68 -0.050 12.96 577 -135 -0.031 2212
SE30 6.09 -195 -0.082 12.87 6.03 -1.96 -0.058 13.55 599 -1.76 -0.037 20.66
SO8 586 -1.69 -0.133 14.92 585 -1.70 -0.080 14.75 584 -162 -0.030 21.14
S023 6.00 -1.92 -0.094 15.60 594 -1.83 -0.066 16.35 594  -1.71 -0.043 22.38
S065 6.12 -212 -0.082 6.71 580 -1.80 -0.061 11.16 575 -162 -0.039 20.13
CE2 588 -1.87 -0.065 8.62 578 -1.70 -0.063 13.58 576 -1.66 -0.034 20.33
CO38 6.05 -196 -0.083 17.41 598 -1.97 -0.063 15.33 592 -1.89 -0.042 18.06
KN48 599 -1.79 -0.120 13.24 597 -1.84 -0.077 12.62 591 -166 -0.038 16.10
ZK39 6.03 -181 -0.086 16.82 596 -1.88 -0.061 15.23 593 -1.82 -0.038 18.03
ZK42 6.01 -1.84 -0.098 12.58 597 -1.87 -0.070 15.02 592 -1.71 -0.038 18.80
KN55 6.09 -210 -0.104 10.89 578 -1.76 -0.083 15.20 569 -161 -0.043 26.04

Meanvalue -1.85 -0.090 12.15 5.98 -1.73 -0.069 1460 5.88 -1.57 -0.040 22.69 5.83
SD 0.18 0.023 4.43 0.08 0.16 0.017 271 0.08 021 0.010 526 0.10
CV (%) 9.69 26.11 36.47 131 9.16 2431 1854 141 13.30 2528 23.19 1.77
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Table 3.26: Gompertz parameters (k, A, Umax and X) about Lat. sakei and Lat. curvatus strains acidification

performances at different incubation temperatures. Mean values, standard deviation (SD) and variability coefficient

(CV) are also reported.

pH 10°C pH20°C pH 30°C

Strains k A Mmax Iy k A max A k A Umax Iy
1M24 588 -153 -0.012 24.10 587 -1.84 -0.094 12.17 594 -209 -0.131 3.93
2M7 4,58 1.38 -0.029 115.12 596 -1.90 -0.049 4.70 574  -183 -0.090 7.83
2M9 590 -0.93 -0.050 38.98 597 -158 -0.113 15.40 587 -1.78 -0.170 7.79
IAL8 590 -139 -0.022 7156 595 -1.64 -0.121 16.18 587 -1.75 -0.177 8.36
SN34 593 -131 -0.021 64.11 6.01 -2.04 -0.077 14.05 590 -2.03 -0.146 7.85
SN58 6.00 -1.70 -0.022 40.64 590 -1.72 -0.090 12.87 6.00 -1.86 -0.265 5.56
SWO10 593 -0.75 -0.071 41.04 592 -1.44 -0.116 17.02 592 -180 -0.168 8.37
SWO061 589 -135 -0.020 52.18 6.06 -2.07 -0.056 1.86 588 -1.95 -0.079 3.09
SB2 598 -150 -0.013 62.61 590 -1.71 -0.075 13.40 592 -1.70 -0.249 10.62
SB14 6.04 -152 -0.015 35.27 592 -193 -0.056 5.73 598 -210 -0.109 7.05
SE30 6.04 -1.47 -0.023 47.85 6.09 -1.95 -0.082 12.87 6.00 -198 -0.117 6.78
SO8 595 -1.73 -0.011 35.22 586 -1.69 -0.133 14.92 590 -1.73 -0.328 7.64
S023 593 -1.39 -0.014 159.61 6.00 -1.92 -0.094 15.60 6.18 -1.88 -0.132 555
S065 6.09 -1.77 -0.026 43.09 6.12 -212 -0.082 6.71 6.12 -2.03 -0.247 4.40
CE2 596 -1.47 -0.011 65.38 5.88 -1.87 -0.065 8.62 598 -2.06 -0.135 5.35
CO38 5.98 -* - - 6.05 -1.96 -0.083 17.41 599 -210 -0.153 945
KN48 6.07 -1.73 -0.025 17.80 599 -1.79 -0.120 13.24 6.04 -198 -0.127 299
ZK39 6.04 -166 -0.011 24.65 6.03 -1.81 -0.086 16.82 6.02 -1.89 -0.099 561
ZK42 6.02 -158 -0.024 24.43 6.01 -1.84 -0.098 1258 599 -1.81 -0.152 10.49
KN55 6.09 -1.72 -0.024 43.77 6.09 -210 -0.104 10.89 6.09 -201 -0.164 3.18
Meanvalue 591 -1.32 -0.023 53.02 -1.85 -0.090 12.15 5.98 -1.92 -0.162 6.59 5.97
SD 0.32 0.71 0.015 34.13 0.18 0.023 4.43 0.08 0.13 0.064 235 0.10
CV (%) 541 -53.41 -62.71 64.37 9.69 2611 36.47 131 691 39.70 35.68 1.65

*: no growth was observed

3.3.3.5 Aroma profile of selected LAB strains inoculate in a real food system

The selected LAB strains were also inoculated singularly in a meat batter, to mimic a real

food system, and incubated at 20°C for 48 h. The samples were analysed to detect their content in

volatile organic compounds (VOCSs). Results are reported in Table 3.27 and Figure 3.17. Aroma

profile was monitored using SPME-GC-MS technique and the VOCs detected were expressed as

ratio between peak area of each molecule and peak area of the internal standard (4-methyl-2-

pentanol), which was added in constant amount (3.3 mg/kg). The detected compounds are grouped

in chemical classes (i.e. aldehydes, ketones, alcohols, acids and esters).

Despite the use of an internal standard, SPME technique was considered in this work as a

qualitative tool to study the effect of inoculated strain metabolisms on the changes in meat volatile

profile. In this perspective, the aim was to evidence qualitative modifications of VOCs presence and

not to quantify them. In fact, the quantitative results obtained by this analytical technique depends
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on several factors, among which the type of fibre and the time and temperature of absorption are the
most important, which can strongly influence the amounts of each single molecules recovered.

The data showed that the detection of these compounds varied in relation to the different
strains. For the 2 Lat. sakei CO38 and ZK42, the VOCs production was scarce and they were not
able to accumulate important aroma molecules. The other strain aroma profiles presented significant
amounts of aldehydes, consisting mainly of hexanal and, secondarily, of heptanal and 2-nonenal,
which can result from the autoxidation processes of the lipid component of meat. Even if LAB
should not have a direct role on this process, it seemed that they could exert an indirect effect,
determining a change in its kinetics.

As regards ketones, they significantly varied according to the strain, being mainly
represented by 2-pentanone, 2-heptanone, diacetyl, acetoin, 2,3-octanedione and acetone. Some of
these molecules are certainly the result of microbial activity, particularly diacetyl and acetoin. The
genesis of the other ketones, and in particular methyl-ketones, can be attributed either to microbial
activities, including those conducted by LAB, or to autoxidation processes.

Among alcohols, whose presence was extremely variable in relation to the LAB strains,
ethanol was a minor component, while the most conspicuous contributions were determined by 1-
pentanol, 1-hexanol, 1-heptanol and 1-octen-3-ol. These latter molecules mostly derive from the
reduction of the corresponding aldehydes resulting from the autoxidation processes.

Among acids, the greatest contribution was certainly given by the presence of acetic acid
and, secondly, of hexanoic and butanoic acid.

Finally, among esters, the only one detected was n-caproic acid vinyl ester, which is
reported in pork meat.

Based on the obtained results, it can be stated that the inoculated LAB, at least in the
conditions adopted, showed a fairly low production of microbial VOCs, underlining that the
contribution of lactobacilli to the formation of the fermented meat aroma profile is rather small,
limiting to the production of some important molecules such as diacetyl, acetoin, acetic acid and
ethanol.

On the other hand, in this screening procedure the results were acquired after 48 h of
incubation in meat model and cannot reflect the overall result in an industrial production, where
several factors can play important roles. In any case, the different strains, belonging mostly to Lat.
sakei species, seem to have a different role in the overall trend of the oxidation process and in the
generation of the general aroma profile in fermented meat.

In conclusion, among the tested strains, a great variability was observed in the production of

some compounds, i.e. acetoin, diacetyl and acetic acid, which can be considered key aroma
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molecules for sausage aroma profile. In addition, a lack of compounds derived from the metabolism
of amino acids, except for limited amounts of 3-methyl butanoic acid, was highlighted. This can be

due to the limited incubation time used in this trial.
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Figure 3.17: Presence of the different classes of volatile organic compounds (VOCSs) in the samples. The values are
expressed as the ratio between the peak area of the compound considered and the area of the internal standard.
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Table 3.27: Volatile organic compounds (VOCs) detected by SPME-GC-MS in the samples, expressed as ratio between peak area of each molecule and peak area of the internal

standard (4-methyl-2-pentanol). The standard deviation was always below 5%.

Meat

Compounds T0 1M24 2M7 2M9 IAL8 SN34 SN58 SWOI10 SWO61 SB2 SB14 SE30 SO8 S0O23 SO65 CE2 CO38 KN48 ZK39 ZK42 KN55
Pentanal -* - 128 795 - 4.20 - - - - 7.11 - - 474 225 737 - - - 0.47 -
Hexanal 15.32 112.01 104.17 125.00 211.05 128.62 77.87 198.56 97.47 134.62 140.15 130.98 200.17 102.41 9495 101.21 251 168.27 80.46 1533 80.95
Heptanal 044 1025 1171 1626 22.09 1103 838 2161 2161 1404 891 1180 1769 851 878 12.05 - 1478 811 212 1146
Octanal 0.38 5.17 5.67 1153 1119 462 5.66 10.31 11.32 7.29 4.90 8.19 6.97 3.94 348 1245 178 9.42 3.70 144 7.49
Nonanal 123 818 1329 1886 2290 9.14 1124 2174 2261 1234 1090 1284 1628 10.15 1048 2148 442 2080 1153 588 14.89
Decanal 0.29 - 1.63 1.93 2.27 0.64 0.49 1.60 1.92 0.00 1.29 0.00 151 1.56 1.63 2.46 - 0.84 152 1.01 -
2-nonenal 022 213 271 450 403 215 236 4.60 5.52 383 209 301 394 148 187 429 081 595 346 097 340
Benzaldehyde 0.39 1.80 2.62 3.17 3.71 2.15 1.70 3.36 3.27 2.38 3.39 2.33 2.90 3.01 1.81 3.52 - 3.11 2.08 0.78 2.23
Aldehydes 18.28 139.53 143.08 189.19 277.23 162.55 107.70 261.78 163.71 17449 178.73 169.16 249.46 13579 12525 16484 9.53 223.18 110.86 28.01 120.43
Acetone 3.29 6.04 10.88 8.09 6.62 5.99 9.47 11.41 11.43 6.82 481 1024 10.82 4.24 2.16 9.51 3.72 9.38 8.52 3.65 7.81
2-butanone 059 094 143 124 139 079 130 151 174 123 109 160 160 154 094 2618 678 140 669 253 130
2,3-butanedione 0.20 3.56 2.89 2.43 8.39 3.82 2.43 5.16 3.64 1.49 2.14 2.22 1.98 7.84 2.20 2.16 1.04 7.75 1034 451 2.96
2-pentanone 118 2412 36.88 2133 46.20 6.08 6143 61.62 90.00 3109 170 7530 6851 141 1119 30.04 3.84 46.09 5022 157 37.50
Methyl isobutyl ketone 1.50 1.22 0.63 2.72 0.85 0.99 0.77 0.89 0.82 3.81 3.45 1.05 0.71 1.19 1.07 3.50 1.27 0.64 0.94 1.49 0.73
2,3-pentanedione - 032 081 059 077 076 053 0.46 0.81 161 033 047 066 032 058 084 - 070 061 016 054
3-penten-2-one, 4-methyl 0.53 2.52 1.33 1.85 2.36 1.70 - - 3.03 0.89 - 2.45 1.18 1.44 1.42 4.43 1.99 0.91 1.69 0.58 351
2-heptanone 068 460 1098 822 1099 378 11.78 1287 1796 792 466 1648 1128 413 325 1513 497 1207 978 210 11.97
2-octanone 0.62 1.62 3.16 2.82 3.57 1.30 291 5.04 5.35 3.01 1.33 4.21 4.06 1.46 1.25 3.39 171 3.81 2.86 1.15 4.39
2-butanone,3-hydroxy 054 1955 1272 1934 2738 11.10 15.07 26.92 1394 228 365 1530 868 1152 1057 7.87 1598 29.94 3225 29.85 16.61
2,3-octanedione 0.88 270 1441 652 5.27 393 1270 9.81 8.47 6.17 3.81 735 1497 858 3.73 271 0.84 1047 6.93 148 1244
2-nonanone 007 073 078 098 144 052 074 1.43 1.40 119 079 122 107 039 061 119 037 18 122 051 105
3-decen-5-one, 2-methyl- 058 295 395 472 409 258 - 5.66 3.13 3.00 297 328 - 324 345 486 306 504 345 180 298
Ketones 10.65 70.88 100.86 80.84 119.31 43.35 119.15 142,77 161.72 7050 30.73 141.15 125,53 47.30 4243 11181 4557 130.05 13551 51.38 103.80
Ethyl alcohol 1.05 1.98 3.02 2.38 1.85 1.80 1.87 8.98 4.35 3.24 5.57 1.68 4.81 1.38 2.17 2.77 7.11 9.45 7.33 3.22 3.83
1-propanol - 0.94 - 0.89 0.86 - - - - - - - - - - 2.48 0.28 - - - -
1-butanol 0.50 1.27 171 1.22 1.86 0.97 3.32 159 2.15 1.16 0.72 2.55 2.21 0.68 1.17 248 - 3.14 141 0.28 3.07
1-penten-3-ol 047 254 269 288 376 296 224 4.18 2.98 332 197 309 332 158 222 384 231 314 364 074 209
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1-butanol,3-methyl 032 101 27 - - 0.39 - 241 - - - 168 210 021 037 - 038 160 149 043 0.0
1-pentanol 1351 3376 57.13 3497 4500 30.08 5555 57.86 63.88 3475 2425 5552 6025 2743 30.66 5332 2499 5285 4850 1496 46.15
1-hexanol 342 6870 6381 69.78 8368 4439 5189 86.21 9296 61.88 106.79 89.30 96.26 48.82 67.44 148.13 4845 142.03 65.88 2241 50.66
1-octen-3-ol 546 2879 4201 5254 5462 3053 36.76 58.37 55.11 42.03 46,51 4835 4530 3442 2524 6273 1469 50.12 3401 10.75 37.52
1-heptanol 109 712 88 901 1335 751 1125 1594 2085 2141 4132 1190 1245 330 618 1446 6.69 2374 1501 460 1031
1-octanol 0.74 6.84 839 1105 1397 643 7.32 14.53 12.19 8.96 8.60 1054 9.56 5.68 512 1430 412 1619 9.83 3.95 8.40
2-octen-1-ol 098 323 627 687 636 067 536 7.37 7.64 434 464 297 704 227 162 449 131 737 496 069 0.76
1-nonanol - 0.83 0.97 161 147 0.90 - 1.70 1.63 0.88 122 1.39 - 0.82 1.22 2.64 0.92 5.81 3.48 1.30 0.88
4-nonanol 053 276 910 544 593 220 6.29 2.87 9.60 334 369 757 903 356 294 732 170 518 427 102 538
Alcohols 28.06 159.75 206.66 198.62 232.70 128.84 181.85 262.02 273.34 185.32 24527 236.55 252.34 130.14 146.35 318.97 112.95 320.62 199.82 64.36 169.63
Acetic acid 118 5470 26.82 79.27 76.88 5497 24.88 46.15 1895 47.03 6472 5415 1869 4639 4643 89.70 881 3260 1855 12.87 48.18
Propanoic acid 0.25 1.29 1.24 2.08 1.85 1.10 1.19 1.47 1.86 147 1.15 1.13 112 0.88 0.90 1.76 0.78 2.39 147 0.64 1.66
Butanoic acid 036 315 258 474 494 315 - 3.10 2.63 444 477 297 033 262 274 437 061 492 288 197 384
Butanoic acid,3-methyl - 2.23 2.46 3.59 2.70 1.24 1.77 3.50 2.30 1.67 1.20 2.54 174 0.58 1.09 2.24 0.88 3.40 1.79 113 231
Pentanoic acid 037 271 337 411 474 288 225 4.46 3.89 384 289 355 246 227 230 431 186 506 338 155 350
Hexanoic acid 151 2141 3424 3312 4658 2360 30.82 41.03 3287 3399 2145 3560 2845 1848 1791 37.17 415 51.07 27.07 6.49 40.95
Heptanoic acid - 1.20 1.20 2.06 1.94 1.15 1.14 1.19 1.53 141 0.93 1.28 1.05 0.99 0.86 1.57 - 1.97 1.43 0.91 1.38
Octanoic acid - 1.74 141 2.05 1.45 0.48 0.98 1.94 1.99 121 1.53 1.40 1.65 1.38 1.30 2.03 1.25 2.08 1.87 145 1.64
Nonanoic acid 042 167 245 275 232 234 277 2.87 3.19 199 218 167 243 257 227 288 - 463 266 188 272
n-decanoic acid - 112 - - - - - - - 291 0.92 - 157 - 1.79 0.96 - 2.77 211 1.29 2.38
Acids 410 9122 7576 133.78 14341 9091 6579 10570 69.20 99.96 101.74 104.28 59.48 76.15 77.59 146.99 1835 110.88 63.20 30.17 108.57
n-caproic acid vinyl ester 020 3.39 5.03 8.02 7.53 321 489 7.86 7.94 476 255 5.15 5.92 1.57 2.55 7.15 126 1027 690 143 557
Esters 0.20 3.39 5.03 8.02 7.53 321 4.89 7.86 7.94 4.76 2.55 5.15 5.92 1.57 2.55 7.15 126 1027 6.90 143 5.57

*: not detected under the adopted conditions
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3.3.4 Conclusions

In this part of the thesis, 46 LAB strains tested as not aminobiogenic and not antibiotic-
resistant, belonged mainly to Lat. sakei and only one to Lat. curvatus species, were tested to select
autochthonous starter or bio-protective cultures.

The strains were firstly evaluated for their antimicrobial activity against E. coli ATCC
25922 and List. innocua UC 8409. Collected data showed that all tested strains were able to inhibit
the growth of both target microorganisms, even if at different levels depending on the specific
strain. In general, E. coli represented the most sensible microorganism to LAB inhibition, while
List. innocua was hindered less severely. Moreover, the antimicrobial activity of LAB strains
against the same target microorganisms was also evaluated in a meat model. Again, data confirmed
a greater sensitivity trend in inhibiting E. coli with respect to List. innocua, but the most effective
strains were able to inhibit both the target pathogens tested. Given these antimicrobial activities,
bacteriocins encoding genes were detected.

24 Lat. sakei strains and the Lat. curvatus were characterised by the presence of at least one
bacteriocin encoding gene, mainly for the production of sakacin X and sakacin P. These strains
demonstrated the highest antimicrobial activity against target microorganisms in vitro and a good
potential in meat model.

The most promising strains, characterised by the best antimicrobial performances, were
selected for further technological analyses. In particular, the growth of 20 LAB strains (19 Lat.
sakei and 1 Lat. curvatus) was monitored at different salt concentrations (0%, 2.5% and 5%) and at
different incubation temperatures (10°C, 20°C and 30°C). As expected, a growth potential reduction
was observed when the salt concentration increased or the temperature decreased, and these kinetics
were characterised by a lower growth rate and an increased lag phase. A great variability in the
strain behaviour has been highlighted.

In addition, their aroma profile in a real food system was also determined, in order to
evaluate their possible role on organoleptic characteristics. The results showed a significant
variability in the composition of aroma compounds related to the strains. In particular, some of
them were characterised by a low accumulation of these compounds and this could make them
possible candidates to be used as a bio-protective cultures, due to their low organoleptic impact.

Based on these analyses, it was possible to determine some promising LAB strains
characterised by suitable technological features and antimicrobial potential to be discover through
their application as starter or bio-protective cultures in real food system, such as fresh or fermented
sausages, improving food quality and microbiological safety, as well as giving peculiar

characteristics to the final product.
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4.1 Application of autochthonous LAB as bio-protective cultures in fresh

Sausages

4.1.1 Introduction

Among fresh traditional meat products, Italian pork fresh sausages are obtained by mixing
of lean pork meat and fat in a ratio and at a mincing level depending on the traditional recipes and
the geographical area of production (Raimondi et al., 2018). Moreover, spices (i.e. black pepper,
garlic, etc.), water, salt, sugars (generally glucose or sucrose), wine and few acidifying and/or
antioxidant preservatives can be added (European Commission, 2004). Meat batters are stuffed in
natural or synthetic casings with variable diameters, often packaged under modified atmosphere and
stored under refrigeration conditions (0-4°C) (Raimondi et al., 2018). Since no thermal treatment
can be applied during the production and given the product characteristics (i.e. high aw and pH),
fresh sausages are particularly susceptible to microbial proliferation and the shelf-life is rather short
at 4°C (10-15 days). The bacteria responsible for spoilage of fresh sausage are mainly LAB, such as
carnobacteria, lactobacilli and leuconostocs, and Brochothrix thermosphacta, a facultative anaerobe
bacterium that is considered one of the main spoilage agents in raw meat stored aerobically or in
modified atmosphere. However, even if fresh sausages require coking before consumption, they are
considered potential vehicles of food-borne pathogens transmission, such as Salmonella, Staph.
aureus and List. monocytogenes. In fact, for this reason, the European Union regulation 2073/2005
(European Commission, 2005) does not give any indication concerning the presence of the
pathogen in this product, although it represents a concern for their safety.

List. monocytogenes is often described as associated with RTE, meat and dairy products,
being ubiquitous in the environment and able to survive and grow at low temperatures, a wide range
of pH, high salt concentrations, low aw and to adhere to many surfaces and form biofilms (de
Castilho et al., 2020). List. monocytogenes is resistant to a variety of adverse conditions and can
persist in food-processing environments, causing recurrent contamination of final products. For
these reasons, the control of List. monocytogenes in foods is a constant challenge for the food
industry, especially in RTE meat products that are consumed without additional heat treatments.
The reported worldwide listeriosis incidence ranged from 0.3 to 0.48 cases/100000 persons during
2008 and 2018, indicated 2549 confirmed cases of invasive listeriosis in humans in the European
Union in 2018, with a fatality rate of 15.6% (EFSA, 2021). High concentrations of this pathogen
have been reported in raw pork meat and in chicken meats (Li, et al., 2018). Between 2017 and
2018, in South Africa not-fermented sausages produced by an industry whose production plant was

colonized by List. monocytogenes determined a large outbreak with more than 1000 hospitalisation
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and at least 216 deaths (Tchatchouang, et al., 2020). Recently, a serious Listeria outbreak was
reported in Italy, connected with the presence of this pathogen in sausages made with poultry meat
produced by an Italian company and in its production plant.

Another notable cause of outbreaks associated with fresh meat product is represented by
Salmonella spp. Contamination of fresh sausages by this pathogen were reported in Brazil products
(Cabral et al., 2014) and more recently in raw Danish pork sausage (Helmuth et al., 2019), making
these products a potential health hazard for consumers.

Besides to appropriate hygiene practices during production and high raw material
microbiological quality, innovative approaches such as the use of bio-protective strains or
bacteriocins have been investigated for the control of food-borne pathogens contamination of fresh
sausages. In fact, it has been demonstrated that the use of bacteriocinogenic strains or bacteriocins
can effectively contribute to meat products’ safety, especially when integrated into hurdle concepts
(Woraprayote et al., 2016). In the recent years, several research have been addressed to the
characterisation and the selection of new bacteriocinogenic LAB strains to be proposed for meat
sector applications (Bhattacharya et al., 2022; Bintsis, 2018).

In this part of the PhD thesis, two promising LAB strains, isolated from spontaneously
Spanish fermented sausages in the frame of the EU PRIMA project BioProMedFood, were studied.
These strains had been previously genetically identified and characterised for their in vitro
antimicrobial activity against food-borne pathogens during the activities of Spanish project partner.
Due to their bio-protective potential, they had been assessed for the production of proteinaceous
antimicrobial compounds and the bacteriocins have been identified. In this work, these two
promising strains, belonging to the species Ltp. paraplantarum and P. acidilactici, have been tested
for their antimicrobial activities against List. monocytogenes and S. enterica serovar Enteritidis in
vitro determining the growth dynamics of the pathogens when co-cultured with LAB. In addition,
the effects of the two LAB strains, inoculated at different concentrations, were evaluated in
challenge tests in fresh sausages against the same pathogens tested before, to study their
antimicrobial activity in food model in laboratory scale trials.

4.1.2 Materials and methods

41.21 LAB isolated form Spanish spontaneously fermented sausages and their

identification
Different presumptive LAB isolates have been obtained from spontaneously fermented

sausages produced in Andalusia, Extremadura and Murcia region (Spain). These strains have been
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characterised with the aim to select new promising strains to be used as starter or bio-protecting
cultures in meat industry.

Preliminary identification of LAB biotypes was based on strains phenotypic characteristics,
including cell morphology, Gram-staining, catalase activity and their ability to grow at 10 and 45°C
and in the presence of 6.5% (w/v) of salt. Afterwards, total genomic DNA was extracted from pure
culture according to Martin-Platero et al. (2007) and amplified by PCR by using universal primers
616V (5-AGAGTTTGATYMTGGCTCAG-3") and 699R (5’-RGGGTTGCGCTCGTT-3"). PCR
products were checked by electrophoresis on a 1% agarose gel. The sequencing of the PCR
fragments was carried out on an ABI 3730xI sequencer (Applied Biosystems, Madrid, Spain) using
the same primers at a concentration of 5 nM. 16S rRNA gene sequence analysis was performed
using EzTaxon (Kim et al., 2012b) and BLAST (Altschul et al., 1997) platforms. The complete
genome was sequenced with the Illumina HiSeq4000 platform by STAB VIDA (Caparica,
Portugal). To perform the comparative genomic analysis, Artemis (Carver et al., 2012) and BLAST
(Altschul et al., 1990) were used.

4.1.2.2 Antimicrobial activity against food-borne pathogens

The antimicrobial activity of identified biotypes (151) was evaluated through an agar spot
test against several food-borne pathogens and spoilage microorganisms: List. monocytogenes CECT
4032, Staph. aureus CECT 976, Cl. perfringens CECT 563 and Ent. faecalis S-47. Target
microorganisms were grown in BHI medium (Oxoid), while LAB strains into MRS (Oxoid). Each
culture was incubated overnight at 30°C. Pathogen and spoilage microorganisms were spread in
BHI agar plates in order to obtain a bacterial lawn with a final concentration of 6 log cfu/ml. Once
the plate was dried, 10 pl of each strain were spotted onto plates. The samples were observed after
24 h of incubation at 30°C and the absence/presence of inhibition zones was evaluated. The
inhibitory activity was expressed based on the diameter halo around the spot: + (5-10 mm), ++ (10-
15 mm), +++ (> 15 mm), or - (no halo). Two independent tests were carried out, and each sample

was tested in duplicate.

4.1.2.3 Bacteriocins production and identification

Strains that showed a good antimicrobial activity were evaluated for the possible production
of bacteriocins. Briefly, 1 |1 of 0.1 M BHI medium in phosphate buffer was separately inoculated at
2% with fresh cultures of strains of interest (in stationary phase) and incubated overnight at 30°C.
Then, suspensions were centrifuged at 4°C for 20 min at 4000 rpm to collect supernatants to be
tested by the well technique (Tagg and McGiven, 1971) (Figure 4.1).
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Moreover, to evaluate the sensitivity of the inhibitory substances to proteolytic enzymes, the
well-diffusion agar assay was repeated after cell-free supernatant treatments with proteinase K (1

mg/ml), papain (1 mg/ml) and trypsin (1 mg/ml) at 37°C for 2 h.

Figure 4.1: Well diffusion method, according to Tagg and McGiven (1971): a) BHA plate agar, b) stainless-steel
cylinders, ¢) addition of BHI broth inoculated with target microorganism, d) solidification of the overlayer, ) removal
of stainless-steel cylinders, f) LAB supernatant spotting, g) measurement of the halo diameter around the well.

Samples that showed an antimicrobial activity caused by the presence of a peptidic-nature
bio-active compounds were purified through a cation exchange chromatography, with a two-step
procedure based on the bacteriocin adsorption/desorption on Carboxymethyl Sephadex CM-25
(Sigma Aldrich), followed by a reverse-phase chromatography on a semi-preparative column
(Abriouel et al., 2003). Then, samples were separated with a solution characterised by one volume
of 0.5 M NaCl and two of 1.5 M NaCl. Further, the initial culture supernatant, the sample decanted
and the same eluted with NaCl solutions were again tested using the well technique to determine
their activity.

Samples that showed antibacterial activity after the cation exchange chromatography were
re-purified by reversed-phase extraction on a C-18 solid support and tested against target
microorganisms. Those that showed antimicrobial activity were lyophilised, re-suspended in 0.1%
TFA MiliQ water and they were subjected to reverse-phase high performance liquid
chromatography (RP-HPLC). The Agilent 1100 analytical chromatographic equipment a 5 um C-18
column were used.

Finally, mass determination of antimicrobial compounds produced by strains as obtained by
matrix-assisted laser desorption ionization-time of flight mass spectrophotometer MALDI-TOF MS
AUTOFLEX® (Bruker Daltonics Inc., Billerica, USA) from the Centre for Scientific Instruments
(CIC) of the University of Granada.
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4.1.2.4 In vitro test to evaluate the growth of List. monocytogenes and S. enterica serovar

Enteritidis in co-cultures with LAB strains

To assess LAB antimicrobial activity, the most promising strains (Lactiplantibacillus
paraplantarum BPF2 and Pediococcus acidilactici ST6), were inoculated at a concentration of
about 6 log cfu/ml in BHI medium (Oxoid) and co-cultured with Listeria monocytogenes Scott A
and Salmonella enterica serovar Enteritidis 155, inoculated at 3 log cfu/ml. LAB and Pathogen
strains were stored in MRS or BHI medium (Oxoid), respectively, with 20% (w/v) glycerol at -20°C
and, before analyses, they were pre-cultivated twice. In particular, LAB strains were pre-cultivated
in MRS broth at 30°C for 24 h, while pathogen strains in BHI medium at 37°C for 24 h.

The co-cultures were incubated at 20°C and strains’ growth was monitored over time (up to
78 h) by plate counts onto LSO to detect List. monocytogenes, XLD to assess Salmonella growth
and MRS for LAB strains enumeration.

Data obtained (plate counts) were modelled with the Gompertz equation (Zwietering et al.,
1990):

y=k+A- e““%’” o]
where y is the cellular concentration at time t, k is a constant representing the initial cellular load, A
parameter represents the difference between maximum cellular load reached and the initial cell
concentration, pmax is the maximum log cfu/ml increase rate in exponential phase and the parameter
A is the lag phase duration (in hours).

Moreover, since in some samples an initial decrease of cell counts was observed due to
antimicrobial LAB activity, a double-peaked Gompertz equation was used to fit also the first part of
the curves (Tattershall et al., 2021).
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In these case, y is the cellular load at time t, k is a constant representing the initial cellular
load, Al represents the difference between the initial inoculum and the cellular load reached in the
first phase of decrease, A2 represent the difference between the minimum cellular load after the first
phase of decrease and the maximum cellular load reached in the second growth phase, tmax1 and
Mmax2 are the maximum log cfu/ml decrease or increase rate in exponential phase, respectively, and
the parameters A1 and A2 are the lag phase duration of the two phases. In both cases, k was
maintained constant at 3 log cfu/ml as determined by plate counting immediately after the

inoculum. Data modelling was performed using Statistica 8.0 software (Statsoft Inc.).
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4.1.2.5 Challenge test in fresh sausages

The antimicrobial activity of the two selected strains, previously tested in vitro, was
evaluated in a challenge test at a laboratory scale against the same food-borne pathogens, inoculated

in a fresh sausage batter, produced by CLAI S.c.a, an Italian company (Figure 4.2).

Figure 4.2: Meat batter inoculated during challenge test at a laboratory-scale.

The meat batter was divided into two batches to be inoculated with List. monocytogenes
ScottA or S. enterica serovar Enteritidis 155, separately at a final concentration of about 3 log cfu/g.
Then, samples were further aliquoted in different batches in which the selected LAB strains were
inoculated at two different concentrations: 6 log cfu/g and 8 log cfu/g. Samples were stored at an
abused temperature of 6°C and analysed immediately after the inoculation and after 1, 3, 6,10 and
13 days of storage to enumerate the inoculated microorganisms by sampling method, described in
the Paragraph 3.1.2.3, onto selective agar media (LSO, XLD or MRS). These analyses were

performed in triplicate.

4.1.3 Results and discussion

4.1.3.1 Screening and selection of LAB strains isolated from Spanish spontaneously

fermented sausages

Starting from 1086 LAB isolated by DOMCA from Spanish naturally fermented sausages,
151 biotypes were detected and identified, according the 16S rRNA gene sequences. They were
evaluated through an agar spot test for their antimicrobial properties against several microorganisms
characterised by a high food safety concern (List. monocytogenes CECT 4032, Staph. aureus CECT
976, Cl. perfringens CECT 563 and Ent. faecalis S-47). The positive antimicrobial activity was
evidenced as a clear inhibition zone in target microorganisms’ layers caused by 62 out of 151
strains, belonged to Lat. sakei, Lat. curvatus, P. acidilactici and Ltp. paraplantarum species. In

particular, results of the two most interesting strains are reported in Table 4.1. For this reason, they
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were chosen for further trials. These strains showed a particularly enhanced activity against List.
monocytogenes, followed by CI. perfringens, Staph. aureus and Ent. faecalis.
Table 4.1: Antimicrobial activity of the two most interesting strains isolated from Spanish spontaneously fermented

sausages. Data are expressed as: - no activity, + low activity (5-10 mm), ++ moderate activity (10-15 mm), +++ high
activity (> 15 mm).

List. _ _
LAB strains monacytogenes Staph. aureus  Cl. perfringens  Ent. faecalis
CECT 976 CECT 563 S-47
CECT 4032
Ltp. paraplantarum BPF2 +++ + —
P. acidilactici ST6 +++ + ++

The strong anti-listerial activity of Ltp. paraplantarun BPF2 and P. acidilactici ST6 was
presumably attributed to an extracellular inhibitor substance, probably bacteriocins. To confirm this
hypothesis, the nature of these antimicrobial compounds was studied. In particular, three proteinase
enzymes were used on the cell free supernatants (CFS) (papain, trypsin and proteinase K) and the
antimicrobial effect of the CFS was evaluated against List. monocytogenes CECT 4032, previously
used (Table 4.2). The loss of inhibition indicated that the nature of the inhibitory substances

produced by LAB strains was peptide-based, i.e. bacteriocins.

Table 4.2: Inhibition halo (mm) against List. monocytogenes CECT 4032 after enzyme treatments (1 mg/ml).

LAB strains Control Papain Trypsin Proteinase K
Ltp. paraplantarum BPF2 17 -* - -
P. acidilactici ST6 18 - - -

*:no halo was observed

Moreover, to purify these compounds, strains were grown in BHI broth and components of
supernatants were separated by cation exchange chromatography. Then, fractions showing
antimicrobial activity were further purified by reversed-phase extraction on a C-18 solid support
and the components separated with reverse-phase high performance liquid chromatography (RP-
HPLC). The mass identification of antimicrobial compounds was carried out by MALDI-TOF.

In Ltp. paraplantarum BPF2 supernatant the presence of plantaricin A and a pediocin was
detected, while P. acidilactici ST6 showed pediocin production, according to the identification.

Pediocins are bacteriocins belonged to class I, characterised by a not-modified amino acid
hydrophobic peptides, heat stable, with a size less than 10 kDA, which are particularly effective
against List. monocytogenes (Khorshidian et al., 2021; Porto et al., 2017). These compounds are
produced by pediococci, but also by Ltp. paraplantarum (Loessner et al., 2003). Plantaricins are a
wide group of bacteriocins, classified in class | and I, produced by Ltp. paraplantarum and related
species and active against List. monocytogenes and other pathogens, including Gram-negative

species (Kareem and Razavi, 2020).
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4.1.3.2 Effect of selected LAB strains against List. monocytogenes and S. enterica serovar

Enteritidis growth kinetics

After the identification of their produced bacteriocins, Ltp. paraplantarum BPF2 and P.
acidilactici ST6 were co-cultured in BHI medium with List. monocytogenes ScottA and S. enterica
serovar Enteritidis 155 to evaluate their antimicrobial activity. LAB strains were inoculated at a
final concentration of 6 log cfu/ml and target microorganisms at approx. 3 log cfu/ml. A control
inoculated with the pathogen strain alone was also monitored. The different samples were incubated
for 78 h at 20°C, to simulate the environmental conditions that often occur during the ripening
processes of fermented foods (cheese and fermented sausages), in which these pathogens may be
present.

The data obtained from plate count at different sampling times were modelled through
Gompertz equation to estimate the growth parameters (Tattershall et al., 2021; Zwietering et al.
1990). The results of the different growth Kinetics are reported in Table 4.3 and Table 4.4 for List.
monocytogenes and S. enterica serovar Enteritidis, respectively.

Table 4.3: List. monocytogenes Scott A growth parameters in the presence of LAB strains estimated by modelling the
data from plate counting (log cfu/ml) with the Gompertz equation. The maximum cell load is also reported (log cfu/ml).

Strains k Al Hmax1 A1 A2 Mmax2 £2 Max cell load
Control 3.04 5.88 0.157 4.03 8.23
P. acidilactici ST6 3.30 -2.27  -0.261  0.17 3.05 0.129  34.10 4.08
Ltp. paraplantarum BPF2 2.85 -* - - - - - 2.85
*:no growth

Table 4.4: S. enterica serovar Enteritidis 155 growth parameters in the presence of LAB strains estimated by modelling
the data from plate counting (log cfu/ml) with the Gompertz equation. The maximum cell load is also reported (log

cfu/ml).
Strains k A Mmax £ Max cell load
Control 3.03 6.04 0.354 3.56 9.07
P. acidilactici ST6 2.87 5.84 0.328 431 8.81
Ltp. paraplantarum BPF2 2.87 5.82 0.396 2.82 8.69

With respect to S. enterica serovar Enteritidis 155, data obtained for the inhibition of List.
monocytogenes ScottA were more promising and interesting. In fact, in this case, the tested LAB
strains were strongly effective in reducing the growth kinetics of this pathogen (Figure 4.3).

In both samples characterised by the co-culture with P. acidilactici ST6 and Ltp.
paraplantarum BPF2, the final cell load was lower if compared to the control (8.23 log cfu/g vs.
4.08 or 2.85 log cfu/g, respectively with BPF2 and ST6 strains). However, the behaviour of Listeria
growth kinetics when inoculated in co-culture with the two LAB strains was different, as well as the

maximum cell load. It is noteworthy that the strain Ltp. paraplantarum BPF2 completely inhibited
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List. monocytogenes, that was not able to actively grow during incubation. For this bacteriostatic
effect, it was not possible to model the data obtained (Table 4.3).

On the contrary, P. acidilactici ST6 notably affected the growth kinetics of Listeria through
an immediate decrease in its concentration of about 2.3 log cycle with respect to the initial

concentration (3.3 log cfu/g). Then, after a further lag phase of 34 h, List. monocytogenes was able
to reach a maximum cell load of 4 log cfu/g.
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Figure 4.3: Growth kinetics of List. monocytogenes ScottA cultivated in the presence of different LAB strains. The
points in the graph represent the experimental data collected from plate counting, while the curves are obtained through
the estimated parameters by the model used.

On the other hand, no effect caused by the presence of selected LAB strains were observed
against Salmonella. The behaviour of the target microorganism in these two samples (with the
addition of ST6 and BPF2) was always comparable to the control. In fact, no significative

differences were showed by the estimated parameters (Table 4.4) and the results are graphically
reported in Figure 4.4.
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Figure 4.4: Growth kinetics of S. enterica serovar Enteritidis 155 cultivated in the presence of different LAB strains.
The points in the graph represent the experimental data collected from plate counting, while the curves are obtained
through the estimated parameters by the model used.

4.1.3.3 Challenge test against List. monocytogenes and S. enterica serovar Enteritidis in

fresh sausages
Ltp. paraplantarum BPF2 and P. acidilactici ST6, previously studied in in vitro tests,

showed a high activity in reducing the growth kinetics of List. monocytogenes, with respect to S.
enterica serovar Enteritidis. However, both LAB strains were used in challenge tests in fresh
sausages to confirm these results and to assess their antimicrobial activity in real food models
against both pathogens (List. monocytogenes ScottA and S. enterica serovar Enteritidis 155).

LAB strains were inoculated as bio-protective cultures in meat batter, produced industrially
according to the recipe, at a concentration of approx. 6 log cfu/g. Then, List. monocytogenes and S.
enterica serovar Enteritidis were separately inoculated at an initial concentration of approx. 3 log
cfu/g. The sausages were stored at 6°C, simulating a slight thermal abuse, and were analysed at time
0 and after 1, 3, 6, 10 and 13 days of storage to monitor the concentration of LAB, Listeria and
Salmonella. Moreover, a control sample, obtained without the addition of any LAB strain was
monitored, to assess the growth of target microorganisms.

In Figure 4.5, LAB microbial counts (as mean values of the two different challenge test) are
reported. The initial concentration of lactobacilli in the control was 3.81 log cfu/g, due to meat and
environmental contamination. After 3 days, this microbial group grew to approx. 5 log cfu/g,
reaching after 6 days concentrations around 9 log cfu/g. In the samples containing P. acidilactici
ST6 and Ltp. paraplantarum BPF2, LAB counts showed a slow increase in the first 3 days and
reached concentrations comparable with the control after 6 days of storage. In effect, P. acidilactici
growth could be affected by the low storage temperature and also Ltp. paraplantarum metabolism
may suffer this refrigerate storage.
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Figure 4.5: LAB microbial counts (log cfu/g) during the storage of fresh sausages at 6°C in the challenge test trial
(initial inoculum of 6 log cfu/g). Standard deviation is also reported.
Concerning List. monocytogenes growth, each sample behaved rather similarly (Figure 4.6).
In general, Listeria concentrations started to increase between 3 and 6 days and, at the end of
storage (13 days), in all the samples pathogen counts reached values comprised between 6.34 log

cfu/g and 6.47 log cfu/g, approx. 3 log cycles higher than the initial concentration.
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Figure 4.6: Listeria monocytogenes ScottA cell counts (log cfu/g) during storage of fresh sausages at 6°C in the
challenge test trial, in which LAB strains were inoculated at a final concentration of 6 log cfu/g. Standard deviation is
also reported.

The discrepancies observed in the application of these LAB strains in fresh sausages respect
to in vitro results can be explained by the inhibition of the metabolism of P. acidilactici and Ltp.
paraplantarum species exerted by low temperature. Indeed, the absence of growth does not
necessarily mean that other biochemical ways are not active to guarantee, in any case, the survival

147



of the bacteria. However, the results obtained indicated that the pathway responsible for the
antimicrobial peptide production does not work under these conditions.

Moreover, a challenge test against S. enterica serovar Enteritidis was performed in order to
assess the behaviour of this pathogen in a real food system, even if the in vitro analyses
demonstrated a scarce effect of LAB against this pathogen. In this case, the previously results were
confirmed by the food model trails, in which S. enterica serovar Enteritidis cell load was not affect
by the presence of LAB strains. Furthermore, neither an increase of this target microorganism was
observed, due to the low storage temperature that affect also the growth kinetics of the control. In

fact, no differences among samples were detected (Figure 4.7).
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Figure 4.7: S. enterica serovar Enteritidis 155 cell counts (log cfu/g) during storage of fresh sausages at 6°C in the
challenge test trial, in which LAB strains were inoculated at a final concentration of 6 log cfu/g. Standard deviation is
also reported.

However, based on these results, in a second challenge test a higher inoculum of LAB
strains were used (approx. 8 log cfu/g). In fact, the low storage temperature allowed a scarce LAB
growth, and the strain metabolism did not affect the organoleptic and textural features of the
sausages. In this case, no LAB growth was observed. Their initial concentration was 8.50 log cfu/g
and 8.64 log cfu/g, respectively for ST6 and BPF2, that at the end of incubation reached value of
8.46 log cfu/g and 8.79 log cfu/g. On the other hand, in the control sample lactobacilli were
detected at an initial concentration of 2.75 log cfu/g, that increase up to 7.47 log cfu/g (Figure 4.8).

Even in the presence of these higher LAB concentrations, at the end of the storage no
organoleptic impact caused by the increase in LAB concentration was detected, rendering them
suitable candidates in bio-protection. It is known that to applicate selected LAB strains as bio-
protective cultures, they have to slightly affect or change the desired organoleptic characteristics in
fresh products.
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Figure 4.8: LAB microbial counts (log cfu/g) during the storage of fresh sausages at 6°C, monitored in the second
challenge test trial (initial inoculum of 8 log cfu/g). Standard deviation is also reported.

Differently from that previously demonstrated, an inhibition effect on the List.
monocytogenes growth was observed (Figure 4.9). In fact, the target pathogen, that was inoculated
at an initial concentration of about 3.5 log cfu/g, after 3 days grown until reaching value of 6.57 log
cfu/g at 13 days of storage at 6°C. Conversely, in samples in which LAB cultures were added
Listeria growth was affected by an initial decrease (after 3 days), followed by a small increase that
led to achieve a final maximum cell load of 4.60 log cfu/g and 3.30 log cfu/g in the presence of ST6

and BPF2, respectively.
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Figure 4.9: Listeria monocytogenes ScottA cell counts (log cfu/g) during storage of fresh sausages at 6°C in the
challenge test trial, in which LAB strains were inoculated at a final concentration of 8 log cfu/g. Standard deviation is
also reported.
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On the other hand, despite the higher initial LAB concentrations, bio-protective candidate
strains were not able to impact on the behaviour of S. enterica serovar Enteritidis growth (Figure
4.10).
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Figure 4.10: S. enterica serovar Enteritidis 155 cell counts (log cfu/g) during storage of fresh sausages at 6°C in the
challenge test trial, in which LAB strains were inoculated at a final concentration of 8 log cfu/g. Standard deviation is
also reported.

4.1.4 Conclusions

The shelf-life of fresh sausages is limited mainly by their high aw (0.970) and the high pH
(approx. 6) and it is strictly dependent on the maintenance of the cold chain (0-4°C). Even small
increase of temperature can speed up the spoilage process, bringing to changes in odour, colour and
texture and production of exudates. The speed and intensity of this degradation is linked to the
quantitative and qualitative composition of initial microbiota and can also allow the growth of
pathogenic species, in particular List. monocytogenes and Salmonella spp. Even though this kind of
products must be cooked, the presence of Listeria can be a concern and in Italy some regional rules
suggested a maximum concentration of 1000 cfu/g before cooking (Direzione Sanita della Regione
Piemonte, 2011).

The results of this study demonstrated a strong in vitro anti-listerial activity by P.
acidilactici ST6 and Ltp. paraplantarum BPF2 strains, which were able to counteract the growth of
List. monocytogenes ScottA. In particular, ST6 induced an initial pathogen counts decrease
followed by a small recovery of its growth, while BPF2 strain showed a bacteriostatic effect during
the entire co-inoculating period in broth culture. On the other hand, no growth inhibition was

observed against S. enterica serovar Enteritidis 155.
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Differently from in vitro tests, P. acidilactici ST6 and Ltp. paraplantarum BPF2 failed to
exert their potential anti-listerial activity when applied in in vivo tests, in which these strains were
inoculated at an initial concentration of about 6 log cfu/g in fresh sausages. This could be attributed
to the low temperature applied. On the other hand, successive trials characterised by a higher LAB
inoculum concentration (approx. 8 log cfu/g) showed a promising inhibition activity against List.
monocytogenes.

However, an optimisation of the preculture and condition of inoculum could further favour

bacteriocins production and improve their bio-protective use for this purpose.

Work under submission as:
Tabanelli, G., Barbieri, F.*, Garcia-Ldpez, D., Bafios, A., Garcia Madero, J.M., Bassi, D., Gardini, F., Montanari, C.

Application of autochthonous LAB as bio-protective cultures in fresh sausages. Under preparation to be submitted to
Food Control.
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4.2 Use of two anti-listerial autochthonous starter strains to produce Spanish

fermented sausages (salchichones)

4.2.1 Introduction

Fermented meat sausages are produced using lean meat and fat added with salt spices and
other additives, such as nitrates, nitrites, ascorbate and sugar. These products are then stuffed in
natural or artificial casings and subjected to a fermentation and drying process (ripening), which
brings to modification in parameters such as pH and aw, that allow to obtain a final product with the
desired organoleptic and sensorial characteristics and sausage safety. The microbial activity is
guided throughout fermentation and ripening by lactic acid bacteria (LAB) and coagulase negative
staphylococci (CNS) (in some cases micrococci). Moreover, in Mediterranean tradition, fungi are
also used, among which moulds and, eventually, yeasts (Garcia-Diez and Saraiva, 2021; Laranjo et
al., 2019).

LAB play their primary role in the first days after manufacturing, contributing to lower the
pH by organic acids production (mainly lactate), which is relevant to reduce the growth potential of
undesired bacteria (spoilers or pathogens) and to reach the isoelectric point of meat protein, thus
favouring the water evaporation and textural properties acquisition (Cocconcelli and Fontana,
2014). On the other side, staphylococci contribute to flavour formation and nitrate reduction, while
moulds are necessary to establish the correct dehydration conditions and concur to flavour
formation (Berni, 2015; Carballo, 2012; Cocconcelli and Fontana, 2014).

The first indications concerning the possibility to use selected starter cultures to guide the
fermentation of salamis go back to the Fifties of the last centuries (Niinivaara 1955, 1964) and,
nowadays, their use is common in industrial productions (Laranjo et al., 2019).

Regarding the selection of LAB starter cultures, technological, safety and quality criteria are
considered (Laulund et al., 2017). Among the first, the most important are described by the
acidification rate, through the homofermentative pathway, the growth in the presence of high NaCl
concentration, the resistance to nitrate and nitrite, good growth performances at the temperature
adopted in the manufacturing protocols and the ability to survive and multiply under the nutritional
stressing conditions, that characterised fermented sausages during ripening. The safety issues
mainly consist in the inability to produce biogenic amines (BA) and the absence of antibiotic-
resistance horizontally transmissible (Cocconcelli and Fontana, 2014; Laranjo et al., 2019; Talon
and Leroy, 2011). Finally, the main quality parameter considered are the enzymatic activity (lipases

and proteases) and their contribution to aroma profile formation (Carballo, 2012).
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Recently, another important character is considered to select starter cultures. This consists in
the bio-protective antimicrobial activity against pathogenic species, such as Salmonella spp., List.
monocytogenes, E. coli ETEC or Staph. aureus. This bio-protective aspect depends not only on the
higher competition of selected cultures expressed in the environment, but also on their possibility to
produce specific molecules characterised by bacteriostatic or bactericidal effects, such as
bacteriocins, reuterin (3-hydroxypropionaldheyde) and other antimicrobial peptides (Laranjo et al.,
2019; Pérez-Ramos et al., 2021; Simons et al., 2020; Woraprayote et al., 2016; Yap et al., 2021). In
the last years an increasing trend of outbreaks linked to the consumption of fermented sausages
have been signalled (Holck et al., 2017; Omer et al., 2018). This increase is related to several
factors, among which the general trend in NaCl reduction, the diminution or elimination of nitrate
and nitrite salts and not correct procedures in fermentation and drying processes are the most
important.

Despite of the great diffusion of starter cultures in fermented sausage industry, in Europe
there are still several traditional and artisanal products obtained through spontaneous fermentations
(Chapter 3.1). These productions deserve as an important biodiversity reservoir of strains to be
exploited as new potential starter cultures (Franciosa et al., 2021). These autochthonous strains
could favour the local differentiation of traditional products, affected by the standardization due to
the relative low number of selected cultures available, and could improve the safety of the products
depending on their bio-protective features.

During the previous studies performed in this thesis, the biodiversity of LAB in
spontaneously fermented meat has been characterised (Chapter 3.2 and 3.3) and some applications
of selected strains have been assessed (Chapter 4.1). Based on the obtained results, the attention was
focused on 2 LAB strains isolated from Spanish fermented sausages with a promising anti-listerial
activity due to the synthesis of bacteriocin (pediocin and plantaricin): Lactiplantibacillus
paraplantarum BPF2 and Pediococcus acidilactici ST6 (Chapter 4.1).

In this part of the PhD thesis, Ltp. paraplantarum BPF2 and P. acidilactici ST6 were tested
as starter cultures to produce Spanish fermented sausages (salchichon) in pilot plants. Moreover, the
mixture of these 2 strains was evaluated and a sample added with a commercial starter culture
(RAP) and a control sample (obtained without any starter culture) were also produced. The sausages
fermentation was monitored by analysing physico-chemical parameters (pH and weight loss),
microbial counts, aroma profiles of the finished products and BA content. Finally, a challenge test

was performed against List. monocytogenes.
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4.2.2 Materials and methods
4.2.2.1 LAB strains and growth conditions

Ltp. paraplantarum BPF2 and P. acidilactici ST6, were isolated from Spanish
spontaneously fermented sausages. The strains were stored in 20% (w/v) glycerol at -80°C and pre-
cultivated for 24 h at 30°C in MRS broth (Oxoid).

4.2.2.2 Salchichon production

The fermented sausages used in these analyses were produced by DOMCA (Granada,
Spain). They were prepared with lean pork meat (75%) and pork fat (25%) and a total of 20 kg of
meat batter were minced in an 8 mm hole plate grinder (Braher International, Donostia, Spain) and
mixed (Mainca, Barcelona, Spain) for 5 min with salt (2.3%), dextrose (0.5%) and a commercial
mixture of spices and preservatives, including nitrate and nitrite (180 mg/kg) (Preparado salchichon
completo S/A Ref 110347, DOMCA, Granada, Spain).

The mixture was divided into 5 batches (approx. 4 kg) into which different LAB cultures
were inoculated at a final concentration of about 6.3 log cfu/g. In particular, Ltp. paraplantarum
BPF2, P. acidilactici ST6 singularly and the mixture of these 2 LAB strains (MIX) were used. In
addition, a fermented sausage obtained with a commercial starter culture, containing a mixture of
Lat. sakei, P. pentosaceus, Staph. xylosus and Staph. carnosus (RAP; Biovitec, France), and a
control, without any LAB culture added, produced in the same condition of the other samples, were
considered.

After that, each batch was split and stuffed separately using a hydraulic stuffer (EC-12,
Mainca SL) into natural lamb casings of 50 mm calibre (Villena, Granada, Spain). Between the
stuffing of each batch, cleaning was carried out with a 1% bleach solution and subsequently rinsed,
to avoid cross-contamination with the different microorganisms. The ripening process for each
sample was carried out at 18°C for 10 h, then the samples were maintained at 24°C for 48 h. Finally,
products were dried in a chamber with 80% humidity and a temperature of 14°C for 28 days.

The obtained samples were monitored and evaluated during all the production process. The

trial was performed in triplicate (three independent sausages for each production).

4.2.2.3 Physico-chemical and microbial analyses

Each sample was monitored during ripening regarding physico-chemical parameters and
microbiological aspects. In particular, pH was measured by using a pH-meter Basic 20 (Crison
Instruments, Barcelona, Spain) during fermentation and ripening processes. Moreover, at each

sampling time, sausages were also weighed to calculate the mean weight loss (%) with respect to
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the initial one. In addition, the principal microbial groups were detected through a microbiological
sampling (Paragraph 3.1.2.3). Lactic acid bacteria (LAB), staphylococci, Enterobacteriaceae and
yeasts were detected.

All these analyses were performed in triplicate (three different sausages) and the results

were expressed as mean value.

4.2.2.4 Evaluation of the aroma profile in the finished products

Gas-chromatography-mass spectrometry coupled with the solid-phase microextraction (GC-
MS-SPME) technique was employed for the volatile organic compounds (VOCs) analysis of the
products at the end of ripening, following the procedure previously described (Paragraph 3.1.2.6).

An Agilent Hewlett Packard 7890 GC gas-chromatograph equipped with a MS detector
5975 MSD (Hewlett-Packard) were used to peaks detection, while volatile peaks identification was
carried out using Agilent Hewlett-Packard NIST 2011 mass spectral library (NIST, 2011) and the
data were expressed as the ratio between each molecules peak area and the peak area of internal

standard. All the analyses were performed in triplicate.

4.2.2.5 Quantification of biogenic amines content

Biogenic amines quantification was determined for each product, collected at the end of the
ripening, after an extraction with trichloroacetic acid (TCA) 5%. Before the HPLC injection, the
extracts were subjected to a dansyl-chloride derivatization (Sigma-Aldrich), according to Pasini et
al. (2018). As previously reported in Paragraph 3.1.2.5, an HPLC Agilent Technologies 1260
Infinity with the automatic injector (G1329B ALS 1260, loop of 20 pul), equipped with a UV
detector (G1314F VWD 1260) set at 254 nm, was used to detect the presence of the principal BA
(i.e. histidine, tyramine, putrescine, cadaverine and 2-phenylethylamine).

The BA amount was expressed as mg/kg with reference to a calibration curve obtained
through aqueous dansyl-chloride-derivatized BA standards of concentrations ranging from 10 to
200 mg/l (Sigma-Aldrich). The detection limit for all these compounds was 3 mg/kg of the sample

under the adopted conditions. All the analyses were performed in triplicate.

4.2.2.6 Challenge test against Listeria monocytogenes

After the characterisation of the fermented sausages obtained through the application of
different starter cultures, a challenge test against List. monocytogenes was performed, in order to
evaluate the anti-listerial activity of each tested strain. The antimicrobial effect was assessed

through the inoculum of the target microorganism into the meat batter before stuffing at a final
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concentration of about 3 log cfu/g. List. monocytogenes growth behaviour was monitored over time
by sampling onto LSO plates (Oxoid), following the procedure explained in the Paragraph 3.1.2.3.

Data were collected after 48 h of incubation at 37°C.

4.2.2.7 Statistical analyses

Data collected were statistically analysed through one-way ANOVA procedure of Statistica
8.0 software (StatSoft Inc.) and significant differences between the conditions were evaluated with
the LDS test (p < 0.05).

4.2 .3 Results and discussion

4.2.3.1 Physico-chemical and microbial characterisation of Spanish fermented sausages

During these analyses, 5 batches of salchichon characterised by different starter cultures
were monitored over time for controlling the pH dynamics and the weight losses (Table 4.6 and
Table 4.7). Results concerning pH showed a marked decrease after 7 days (approx. 0.8 unit). In
general, the sample RAP showed significantly lower values after the fermentation, while no
relevant difference was observed at the end of ripening, after which the final pH value ranged
between 4.9 and 5.1.

Table 4.6: pH dynamics monitored during the production of salchichén, obtained with different LAB starter cultures.

Standard deviations are also reported. Moreover, as a result of ANOVA test, different letters indicate significant
differences among pH values of each sample at each time of analysis.

pH 0 days 7 days 15 days 22 days 30 days
Control 6.34+0.03 5.63+0.03% 5.44+0.022 5.33+0.03*¢ 5.13+0.02?
RAP 6.29+0.05 5.46+0.04° 539+0.01° 520+0.04° 5.03+0.03°
BPF2 6.32+0.03 557+0.03 542+0.01* 518+0.02® 5.08+0.01°
ST6 6.37+0.04 5.70+0.01 551+0.01° 5.35+0.04° 5.05+0.04°
MIX 6.35+0.04 5.65+0.02® 543+0.03° 5.28+0.04° 5.12+0.03?

Concerning weight losses, the control was characterised by the slower kinetics, reaching the

lowest final value (24.61%), compared with decreases observed in fermented sausages with starter
cultures (28.88% and 31.07%).

157



Table 4.7: Weight losses measured during the production of salchichén, obtained with different LAB starter cultures.
Standard deviations are also reported. Moreover, as a result of ANOVA test, different letters indicate significant

differences among weight loss percentages of each sample at each time of analysis.

Weight loss (%) 0 days 7 days 15 days 22 days 30 days
Control 0.00 6.49+0.64* 1155+1.12% 18.73+0.21* 24.61+0.89*
RAP 0.00 7.38+0.33° 21.13+0.76° 23.88+254° 28.88+2.35°
BPF2 0.00 6.74£0.41% 19.37+247*° 22.74+283" 31.07+2.92°
ST6 0.00 9.33+1.23° 17.75+283° 21.75+1.82° 29.06+2.91°
MIX 0.00 9.69+1.66° 21.31+0.97° 24.69+2.78" 29.86+3.81°

Regarding microbial characterisation, the results are shown in Table 4.8. In the control, the
initial LAB count on MRS was 3.30 log cfu/g. This number gradually increased during ripening.
However, the final concentration of this group did not exceed a final value of 6.30 log cfu/g. The
addition of LAB starter cultures determined initial LAB concentration comprised between 6.24 and
6.41 log cfu/g. After 7 days this microbial group increased up to 8 log cfu/g and more in all the
sample and reached, after 30 days, counts higher than 9 log cfu/g independently on the cultures
added.

Staphylococci were present at a concentration of 3.70 log cfu/g and only in the samples
RAP, added with a commercial starter culture containing Staph. xylosus and Staph. carnosus, the
initial value was 6.62 log cfu/g. In this latter case, the concentration of this microbial group was
higher than 8 log cfu/g at the end of ripening. In the other samples they increased up to values
ranging from 5.11 to 5.30 log cfu/g, without significant difference.

Concerning Enterobacteriaceae, the initial contamination (3.58 log cfu/g) did not show
relevant increases during ripening, with final values ranging from 3.87 and 3.89 log cfu/g, without
differences in relation to the different starter cultures used. Finally, yeasts, characterised by an
initial value of 2.30 log cfu/g, increased in all the samples up to 6 log cfu/g and more, but the higher
counts were attained in the control samples and in the sausages inoculated with RAP. These high
counts of yeasts at the end of ripening were consistent with other similar Spanish fermented
sausages (Flores et al., 2015).

The initial microbial quality of the meat mixture was acceptable, as demonstrated by the low
Enterobacteriaceae counts and by the low concentration of the other microbiological groups
monitored. In the control sample the low concentration of LAB on MRS, coupled with a pH
decrease comparable to fermented sausages containing starter cultures, could be explained by the
presence of other bacteria, such as carnobacteria. They cannot grow on MRS containing acetate,
even if present in spontaneously fermented meat products (Van Reckem et al., 2021; Geeraerts et
al., 2018).

158



Table 4.8: Concentrations (log cfu/g) of the main microbial groups in the 5 analysed fermented sausages during the
production. Standard deviations are also reported. Moreover, as a result of ANOVA test, different letters indicate

significant differences among microbial counts of each sample at each time of analysis.

Microbial groups  Time (days) Control RAP BPF2 ST6 MIX
0 330+0.15* 6.41+0.09° 6.29+0.07° 6.24 £0.12°  6.37 +£0.08"
1 340+0.14* 7.28+0.10° 7.32+0.09° 759+0.08°  7.24+0.07°
L actobacill 7 453+0.07° 8.15+0.07*° 8.28+0.10° 7.93+0.07°  8.01+0.10°
15 5.80+0.10° 8.22+0.08° 8.60+0.07° 8.09+0.08"  815+0.08°
22 5.92+0.07¢  8.84+0.07° 837+0.08  8.05+0.09 893+0.07°
30 6.29+0.09°  9.39+0.07°  9.30+0.07° 9.05+0.07° 9.30+0.07°
3.70+0.098  6.62+0.07° 3.70+0.13*  3.70+0.12*%  3.70+0.15%
3.70+0.08°  6.72+0.09°  3.90+0.14° 3.80£0.11° 3.90 £0.11°¢
Staphvlococei 3.99+0.10° 6.93+0.09° 3.95+0.15  395+0.13*  3.98+0.09?
Py 15 442 +0.112  7.20+0.07° 4.71+0.08°  4.68+0.08  4.70+0.072
22 490+0.078  7.91+0.07° 4.95+0.09° 493+0.07%  4.87+0.08°
30 511+0.0820 8.45+0.08"® 5.30+0.12¢ 5.22 £ 0.09¢ 5.15+0.10°
3.58£0.20 3.58 £0.12 3.58£0.19 3.58 £0.16 3.58£0.12
3.67+0.18 3.66 £0.11 3.63+£0.17 3.68 £0.13 3.60+0.11
Enterobacteria 3.82+0.16 3.70+0.16 3.79+0.10 3.75+0.16 3.75+£0.15
15 3.85+0.10 3.82+0.10 3.85+0.20 3.83+0.14 3.84+£0.12
22 3.86+0.10 3.84+0.11 3.87+0.11 3.83+0.14 3.86+0.12
30 3.87+£0.12 3.85+0.11 3.88£0.12 3.83+£0.13 3.89+0.11
2.30+0.10 2.30+0.17 2.30+0.20 2.30+0.18 2.30+£0.19
249+0.18 252+0.14 2.53+£0.16 2.55+0.16 2.49+0.15
Yeasts 454 +0.10 455+0.01 4.47+0.12 4.37+0.14 4.36 £0.08
15 590+0.142 5.67+0.09% 553+0.13" 5.17+0.14°  550+0.07°
22 591+0.11* 570+0.10° 5.64+0.12° 548+0.13°  5.67+0.09°
30 6.77+£0.07%  6.81+0.07*  6.37+0.07° 6.01 £ 0.09° 5.95 +0.07¢

4.2.3.2 Detection of biogenic amines content

Each sample was analysed also regarding the BA content at the end of ripening by using
HPLC technique. Data reported in Table 4.9 showed that histamine and 2-phenylethylamine were
always under the detection limit in all the samples. However, relevant differences were observed for
other amines.

In particular, tyramine reached its maximum concentration (150.9 mg/kg) in the control,
obtained without the addition of starter cultures. A reduced concentration of this BA was detected in
samples with the commercial starter RAP and P. acidilactici ST6 (approx. 120 mg/kg), while the
presence of BPF2 and the combination BPF2+ST6 (MIX) determined the lower accumulation of
tyramine. Cadaverine, detected at a concentration of 245.1 mg/kg in the spontaneously fermented
samples, was more than halved in the fermented sausages containing ST6 and BPF2 (with

concentrations ranging from 95.6 to 114.7 mg/kg), while RAP further reduced this level, reaching a
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value of 58.5 mg/kg. The most relevant effect concerned putrescine. In fact, this BA was detected at
143.5 mg/kg in the control, while in the other sausages its level was very low, ranging from 8.3
mg/kg (RAP) and 25.3 (BPF2) mg/kg.

The total BA content was more than double in the sausages produced without starter culture
(approx. 540 mg/kg), confirming the positive effect that starter cultures can exert on the
accumulation of these compounds (Barbieri et al., 2019; Laranjo et al 2019). The most relevant
effects interested putrescine and cadaverine. Putrescine derives from the decarboxylation of
ornithine, which can be produced both by Gram-negative and Gram-positive bacteria through
different pathways. In any case, arginine plays a crucial role in the synthesis of this BA
(Wunderlichové et al, 2014). The production of cadaverine is often attributed to Gram-negative
bacteria. However, the presence of lysine decarboxylase activity has been demonstrated in
lactobacilli (Berthoud et al., 2022; Pessione et al., 2005; Romano et al., 2013), explaining the high
presence of this BA in fermented sausages, even if characterised by a low concentration of
Enterobacteriaceae.

Table 4.9: Concentrations (mg/kg) of the main biogenic amines detected in the 5 analyses fermented sausages at the

end of ripening. Standard deviations are also reported. Moreover, as a result of ANOVA test, different letters indicate
significant differences among the content of BA in each sample.

Samples Histamine Tyramine Putrescine Cadaverine phenyletzr;ylamine Tot
Control -* 150.92 £ 1.10* 143.48+1.63* 245.06 + 2.40? - 539.462
RAP - 122.37 £0.89°  8.31+0.29° 58.51 + 0.57° - 189.20°
BPF2 - 93.10+£0.68° 2528 +0.29° 101.45+0.99° - 219.84¢
ST6 - 117.85+0.86° 19.98+0.23¢ 114.65+1.12° - 252.48¢
MIX - 100.64 +0.73° 14.16 £0.16°  95.56 + 0.94° - 210.36°

*: under the detection limits (3 mg/kg)

4.2.3.3 Aroma profile of finished Spanish fermented products

The volatile profile of the different fermented sausages at the end of ripening is reported in
Table 4.10, in which the molecules detected are grouped according to their chemical structure. The
total amount of each chemical class is showed in Figure 4.11.

Aldehydes were present at higher level in the control and in the sausages obtained with the
commercial starter culture (RAP). The difference was mainly linked to hexanal (10.12 and 19.73,
respectively). This aliphatic aldehyde is the main product of fatty acid autoxidation and derived
from linoleic acid (Ordofiez et al., 1999).

Among ketones, acetone, detected in negligible amount in the control, was present at high
level in the samples RAP and ST6, while its presence was more relevant in the samples BPF2 and

MIX (BPF2+ST6). Diacetyl (2,3-butanedione) reached its maximum values in the samples ST6 and
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MIX and it is not surprising that acetoin (3-hydroxy-2-butanone), which derive from diacetyl
reduction, was higher in the same samples. All these molecules derive from pyruvate metabolisms
and indicate different activations of the pathways involving this organic acid (Barbieri et al., 2020;
Carballo, 2012). In addition, 2-pentanone and 2-nonanone were more abundant in the control and in
RAP, indicating the possible involvement of yeasts, whose concentration was higher in these
samples, in the production of these methyl ketones through B-oxidation of fatty acids.

Ethanol was detected in highest amount in the control, but also the sample ST6 was
characterised by high concentration of this alcohol, which showed a low level in RAP. Interestingly,
ethanol is one of the end products of pyruvate pathways (Axelsson, 2004). Among alcohols,
hexanol, deriving from hexanal reduction, confirmed the previous observations concerning
aldehydes: the use of the new selected strains (ST6 and BPF2) allowed the reduction of the presence
of products resulting from lipid autoxidation. Similar results were observed for other aliphatic
alcohols, such as pentanol and 1-octen-3-ol.

Acetic acid presence resulted higher in the RAP samples, while no relevant differences were
observed among the other sausages. Hexanoic (caproic) acid was present at higher proportion in the
control and in RAP samples, if compared with the selected strain. Similar results were observed
also for pentanoic acid and 4-methyl-pentanoic acid. The origin of hexanoic acid may be attributed
to the activity of yeasts, that reached their maximum concentration in these two samples. In fact, it
is well known that yeasts can produce short or medium chain fatty acids (Gajewski et al., 2017; Hu
et al., 2018). Under these conditions, it is not surprising that ethyl hexanoate (caproate) was the
major ester produced in these two samples (control and RAP), while ethyl acetate prevailed in the

other fermented sausages.
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Figure 4.11: Presence of the different classes of volatile organic compounds (VOCs) in the samples. The values are
expressed as the ratio between the peak area of the compound considered and the area of the internal standard.
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always below 5%.

Volatile compounds Control RAP BPF2 ST6 MIX
Butanal -* 0.18 - 0.40 -
Hexanal 10.12 19.73 3.32 4.69 2.62
Nonanal 1.43 241 2.12 1.40 3.64
Decanal 0.19 0.35 0.30 0.88 0.46
Benzaldehyde 0.70 2.22 0.74 1.34 0.74
Benzene acetaldehyde 2.24 1.54 0.94 2.73 1.29
Aldehydes 14.69 26.44 7.42 11.45 8.75
Acetone 0.80 9.81 5.66 11.68 1.66
2-butanone 0.32 0.76 0.52 0.94 0.64
2,3-butanedione - 0.32 - 1.44 1.26
2-pentanone 3.61 2.38 1.17 1.40 0.78
Methyl isobutyl ketone 0.38 2.22 1.64 3.02 0.65
3-hexen-2-one 2.68 3.78 2.71 2.50 1.91
2-octanone 1.30 0.97 0.45 0.56 0.28
2-butanone-3-hydroxy 2.20 2.25 2.99 9.43 9.93
2-nonanone 1.93 1.68 0.24 0.54 -
Ketones 12.42 14.36 9.73 19.83 15.45
Ethyl alcohol 28.41 4.90 8.27 19.81 9.87
1-pentanol 3.42 4.39 1.40 1.36 1.30
2-heptanol 0.68 0.15 - 0.55 -
1-hexanol 22.00 38.86 8.27 4.96 3.09
1-octen-3-ol 1.17 3.94 0.87 0.81 0.84
1-hexanol, 2-ethyl 1.03 1.42 1.20 3.23 1.06
1-octanol 3.02 1.83 0.85 3.00 0.67
Nonanol 1.19 - 0.24 0.89 -
Benzyl alcohol 3.06 2.80 2.33 3.33 2.48
Phenylethyl alcohol 1.36 0.73 1.09 2.09 1.56
Alcohols 65.36 59.03 24.53 40.02 20.88
Ethyl acetate 4.03 0.80 2.53 2.64 2.78
Butanoic acid, ethyl ester 0.88 - 0.18 0.57 0.22
Hexanoic acid, ethyl ester 6.83 4.98 1.25 2.32 1.99
Acetic acid, hexyl ester 0.32 0.77 - - -
Octanoic acid, ethyl ester 0.97 - - 0.55 0.30
Decanoic acid, ethyl ester 0.42 0.47 0.38 0.73 0.52
Esters 13.44 7.02 4.34 6.81 5.80
Acetic acid 28.31 41.11 32.10 30.83 28.21
Propanoic acid 0.00 1.40 0.62 0.86 0.71
Butanoic acid, 3-methyl 0.98 1.26 1.24 2.20 1.89
Pentanoic acid 2.34 2.74 1.03 1.66 1.42
Pentanoic acid, 4-methyl 1.09 1.90 0.85 0.52 0.70
Hexanoic acid 9.89 10.87 5.52 4.06 4.65
Heptanoic acid 0.74 111 0.64 0.44 0.64
Octanoic acid - 2.58 - 1.60 1.62
Nonanoic acid 1.13 0.73 0.70 0.86 0.70
n-decanoic acid - 1.35 1.13 1.37 0.90
Acids 44.47 65.05 43.84 44.39 41.45

*: not detected under the adopted conditions

4.2.3.4 Challenge test against Listeria monocytogenes

Table 4.10: Volatile organic compounds (VOCs) detected by SPME-GC-MS in the samples, expressed as ratio between
peak area of each molecule and peak area of the internal standard (4-methyl-2-pentanol). The standard deviation was

With the aim to evaluate the effective bioprotective activity of the different starter cultures,

fermented sausages were prepared under the same conditions previously adopted, but the meat

mixture was inoculated with List. monocytogenes at a concentration of about 3.2 log cfu/g. During
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fermentation and ripening, the concentration of the pathogen was monitored, and the results are

reported in Figure 4.12.
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Figure 4.12: List. monocytogenes growth kinetics in the challenge test performed on Spanish fermented sausages.

In the control without starter cultures List. monocytogenes constantly grew and reached a
final concentration of 6.4 log cfu/g. In the RAP samples a similar behaviour was observed, even if
after 7 days the concentration was lower, and the final value was 5.7 log cfu/g. A different situation
characterised the samples inoculated with BPF2 and ST6 and their mixture. In fact, after a small
initial increase (counts of approx. 3.5 log cfu/g after 1 day), the viable counts of List.
monocytogenes progressively decreased and reached a final concentration of 2.1 log cfu/g and 2.4
log cfu/g in the presence of BPF2 and ST6, respectively, and 1.6 log cfu/g when the two strains
were inoculated together.

List. monocytogenes is one of the main safety concerns in the production of Mediterranean
salamis (Meloni, 2015). In fact, the thermal profiles used during fermentation and ripening and the
reduction of NaCl initial concentration, pursued in the last decades, can favour the growth and
survival of this pathogen (Barcenilla et al., 2022b). In addition, the trend to reduce or eliminate the
use of nitrate and nitrites can represent a further risk for Listeria growth. Different solutions have
been proposed to counterbalance this increased risk. Among them, the use of bioprotective cultures
plays a crucial role to inhibit listeria growth or favour its death (Holck et al., 2017; Tabanelli et al.,
2022). The new strain used in these trials demonstrated a relevant inhibiting activity against List.
monocytogenes, not only if compared to the spontaneously fermented control, but also if compared

with the commercial starter culture RAP.
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4.2.4 Conclusions

The use of the two strains, Ltp paraplantarum BPF2 and P. acidilactici ST6, selected on the
basis of their inhibiting properties against List. monocytogenes, proved to be extremely effective in
counteracting the presence of this pathogen in salami during the challenge test. In fact, the results
obtained were extremely positive when compared to both the spontaneously fermented sample
(control) and the sausage fermented using the commercial starter culture (RAP). The same strains
also showed a good aptitude in reducing the BA accumulation observed in the control. In addition,
the technological parameters of fermented sausages during ripening were similar to those observed
in the product obtained using RAP. The final products presented comparable behaviour in terms of
pH and weight losses over time but presented interesting differences in relation to the volatile
profile. This aspect can make the use of these new strains interesting for a sensory differentiation of
the final products, increasing the possibility for tailor made fermentation aimed to improve the
recognisability and the peculiar traits of fermented sausages.

For these reasons, the anti-listerial activity showed by BPF2 and ST6 is very interesting and

needs to be further investigated for the exploitation in industrial processes.

Work under submission as:

Garcia-L6pez, D., Barbieri, F.*, Bafios, A., Garcia Madero, J.M., Gardini, F., Montanari, C., Tabanelli, G.
Production of Spanish fermented sausages (salchichén) using two lab autochthonous starter strains
(Lactiplantibacillus paraplantarum BPF2 and Pediococcus acidilactici ST6) with anti-listerial activity. Under

preparation to be submitted to Food Control.
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Chapter 5:

Study of the In vitro
antimicrobial potential of bio-
active compounds against
spoilage microorganisms or
food-borne pathogens
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5.1 Effects of Rubus fruticosus and Juniperus oxycedrus derivatives on

culturability and viability of Listeria monocytogenes

5.1.1 Introduction

The request of consumers for safe foods without chemical additives is addressing the recent
research towards the replacement of chemical preservatives with natural compounds with a broad
spectrum of antimicrobial potential (Prakash et al., 2015). In this perspective, plants can be an
important source of molecules that possess strong activities against several microorganisms
responsible for food spoilage or that affect their safety.

Derivatives of many aromatic plants were used for centuries in medicine, cosmesis and food
production, independently of the real comprehension of their antimicrobial role. These substances
are widely accepted by consumers and are generally recognised as safe (GRAS), being derived from
edible products. For this reason, many plant extracts, essential oils (EO) or their constituents have
been proposed as potential preservative ingredients in several foods or as antimicrobial agents
(Vergis et al., 2015).

Mediterranean area is a natural ecosystem characterised by many aromatic plants with these
properties (Corona et al., 2017; Mulas and Mulas, 2005). In particular, the Rosaceae family are
extremely widespread and firstly represented by Rubus fruticosus, together with Rubus ulmifolius,
two plant varieties commonly known as blackberry. Their phenolic extracts (PE) exhibit relevant
antioxidant activity, being rich in phenolic acids, flavonoids (anthocyanins, flavonols and tannins),
carotenoids and organic acids (Krzepitko et al., 2021). In addition, these compounds can inhibit the
growth of several food-borne pathogens. In their work, Veli¢kovi¢ et al. (2021) demonstrated
promising antimicrobial activity (especially against List. monocytogenes) in different aqueous and
acetone extracts of Rubus discolor. R. fruticosus showed a relevant antimicrobial activity against
several microorganisms, including E. coli, Salmonella Typhi and Staph. aureus, while none or
scarce effects were observed against yeasts and moulds, as revealed by the minimum inhibitory
concentrations (MIC) reported (Riaz et al., 2011). In another study, the growth of List.
monocytogenes, E. coli O157:H7, and Salmonella Typhimurium was reduced by the activity of
blackberry juice, that also significantly stimulated the growth of the LAB Ltp. plantarum, Ltc. casei
and Ltc. rhamnosus (Yang et al., 2014).

Another genus of the Mediterranean maquis is Juniperus, belonging to the Cupressaceae
family. Among the most widespread species, there are Juniperus communis, Juniperus turbinata,
Juniperus deltoides and Juniperus oxycedrus. J. oxycedrus has, for example, traditional history of

use in therapeutic and folk medicine for different diseases, such as tuberculosis, pneumonia,
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bronchitis, diarrhea, stomach aches, and hyperglycemia (Mrid et al., 2019). Extracts of juniper
species have been widely studied in relation to antioxidant activity as well as antimicrobial potential
(Boudiba et al., 2021; Dziedzinski, et al., 2020). Many studies are focused on the characterisation of
their EO chemical profile. They are constituted by a-pinene, the principal compound, followed by
myrcene, sabinene, limonene, germacrene D, 6-cadinene and other terpenes and terpenoids. It is
important to consider that the chemical composition varies with seasonal factors, geographical
origin, environmental conditions and parts of the plant used for EO production, such as berries or
needles (Miceli et al., 2020). The EO of J. oxycedrus from Bulgaria showed an antimicrobial
potential against Gram-positive bacteria, including Staph. aureus and Ent. faecalis (Semerdjieva et
al., 2020). The same result was obtained by Najar et al. (2020), that evidenced also an antimicrobial
effect on List. monocytogenes.

Despite their great potential, the application of plant extracts in order to prolong shelf-life
and assuring safety of foods is still limited. This is due to the variability of extract composition and
conditions adopted in the antimicrobial activity tests, which affect their effects against target
microorganisms, as well as to the absence of sufficient knowledge regarding the mode of action
(Balouiri et al., 2016). In addition, limitations can derive from their organoleptic and sensorial
impact if used at elevated concentrations. Thus, many approaches have been proposed in the
framework of hurdle strategy, in which many sub-lethal factors are applied for controlling microbial
growth, causing cells death or their inability to multiply.

Given these considerations, in this part of PhD thesis the study was focused onto the
characterisation of phenolic extracts and essential oils obtained from Croatian R. fruticosus leaves
and J. oxycedrus needles. These bio-active PE and EO were further tested for their possible
antimicrobial effects against List. monocytogenes Scott A. The growth dynamics in the presence of
sub-lethal concentrations of plant derivatives were modelled to highlight differences in the cell
kinetics. In addition, to better evidence their effect on culturability and viability of target
microorganism cells, both plate counting and flow cytometric analyses were performed (Davey,
2011; Arioli et al., 2019).

5.1.2 Materials and methods
5.1.2.1 Plant collection and extraction of phenolic extracts (PE) and essential oils (EQ)

R. fruticosus leaves and J. oxycedrus needles were collected in August of 2020 at the
altitude of 420 m (mountain Kozjak, Croatia) and dried in a shady place at room temperature for 7
days. To obtain PE, dried materials were extracted in 50% ethanol through the advanced microwave
extraction (MAE) system method (ETHOS X, Milestone Srl, Sorisole, Italy) at 600 W for 5 min.
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After that, ethanol was evaporated and the extracts freeze-dried and stored in a cool dark place until
analyses (Cagalj et al., 2021).

On the other hand, EO extraction was performed by hydrodistillation, during which 00 g of
the dried material was added in a flask with distilled water in Clevenger-type apparatus for 3 h.
Pentane and diethyl ether (1:1, v/v) were used for trapping the volatile compounds. The obtained
EO was dried over anhydrous sodium sulphate and the obtained extract stored at 4°C in dark vials

until analyses (Generali¢ Mekini¢ et al., 2021).

5.1.2.2 Characterisation of PE through HPLC analysis

Freeze-dried extracts were dissolved in 50% ethanol and the individual phenolics of PE were
identified and quantified through an HPLC Ultimate 3000 (ThermoFisher Scientific) equipped with
a UV-Vis DAD (Generali¢ Mekini¢ et al., 2014). The sample separation (10 pl injected) was carried
out using a Syncronis™ C18 column (250 x 4.6 mm, 5 um particle size; ThermoFisher Scientific),
maintained at 25°C, with a flow of 0.8 ml/min. The run method was characterised by a gradient of
three solvents: solvent A (water/formic acid, 98:2, v/v), solvent B (acetonitrile) and solvent C
(methanol). The peaks of each phenolics were identified by comparing their retention times and
absorption spectra (at two wavelengths 280 nm and 320 nm) with those acquired for corresponding
standards. The identified compounds were quantified using external standard calibration curves
(injected in five different concentrations). Data were reported as means of three independent
analyses. The results were expressed in mg of compound per | of extract (mg/l). All used reagents,
solvents, and standards were purchased from Sigma (Sigma-Aldrich), Merck (Darmstadt,
Germany), Fluka (Buch, Switzerland), and Kemika (Zagreb, Croatia) and were of adequate

analytical grade.

5.1.2.3 Characterisation of EO through GC-MS analysis
The composition of EO obtained from R. fruticosus leaves and J. oxycedrus needles was
determined through a GC-MS (Shimadzu QP2010, Shimadzu, Kyoto, Japan) equipped with an

autosampler and a DB-5 60 m x 0.25 mm x 0.25 pum column (Agilent Technologies Italia Spa,
Milano, Italy), according to Generali¢ Mekini¢ et al. (2021). Before analysis, EO samples were
resuspended in hexane and 1 pl was injected into the instrument. The set parameters are listed:
injection temperature 260°C, interface temperature 280°C, ion source 220°C, carrier gas (He) with a
flow rate 30 cm/s and splitting ratio 1:20. All compounds were identified by comparing their spectra
with those reported in NIST 8.0 library (US National Institute of Standards and Technology). For
each sample, the results were expressed as a relative percentage of each single peak area with
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respect to the total peak area. Only the compounds whose peak area was higher than 0.5% of the
total peak area are reported in the final Tables. Data reported are the means of three repetitions.

5.1.2.4 Target microorganism strain and growth conditions

The strain used in these tests was List. monocytogenes Scott A, belonging to the collection
of the Department of Agricultural and Food Sciences (University of Bologna). The strain was stored
in BHI medium (Oxoid) with 20% (w/v) glycerol at -20°C. Before the trials, it was pre-cultivated
twice at 37°C for 24 h in BHI medium.

5.1.2.5 Determination of minimum inhibiting concentration (MIC)

The in vitro antimicrobial activity of the considered plant derivatives against List.
monocytogenes was assessed with broth microdilution method using microtiter plates (Corning
Incorporated, New York, USA), according to Arioli et al. (2019). For the determination of cell
growth/no growth, 198 pl of BHI broth inoculated with List. monocytogenes at a final concentration
of about 6 log cfu/ml were placed into 200 pl microtiter wells. Plant derivatives were dissolved in
ethanol and 2 pl of these solutions were added into each well to obtain final concentrations ranging
between 0 and 3 mg/ml. Microtiter plates were incubated at 37°C for 48 h. The MIC results were
defined as the lowest concentration of plant derivatives able to prevent a visible microorganism

growth in the well.

5.1.2.6 Effect of plant derivatives on Listeria monocytogenes growth

The effect of sub-lethal concentrations of plant derivates against List. monocytogenes Scott
A growth was assessed through the inoculum of the target microorganism into BHI broth in the
presence of an amount corresponding to 50% of MIC for each extract (Arioli et al., 2019). The
target microorganism was inoculated at a final concentration of about 6 log cfu/ml and the samples
were incubated at 20°C and monitored for 144 h. In particular, for each condition 1 mg/ml of plant
derivates was added, with the exception of R. fruticosus EO, whose concentration was 0.75 mg/ml.
At defined times, samples were collected to assess culturability (by plate counting) and viability (by
flow cytometry). For sampling (Paragraph 3.1.2.3), appropriate decimal dilutions were plated onto
BHI agar medium and incubated at 37°C for 48 h.

Data obtained (plate counts) were modelled with the Gompertz equation (Zwietering et al.,
1990):

_t[(&‘{u’f 1)+ ]

y=k+A-e
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where y is the cellular concentration at time t, k is a constant representing the initial cellular load, A
parameter represents the difference between maximum cellular load reached and the initial cell
concentration, pmax is the maximum log cfu/ml increase rate in exponential phase and the parameter
A is the lag phase duration (hours).

Moreover, since in some samples an initial decrease of cell counts was observed, a double-

peaked Gompertz equation was used to fit also the first part of the curves (Tattershall et al., 2021).

In these case, y is the cellular load at time t, k is a constant representing the initial cellular
load, Al represents the difference between the initial inoculum and the cellular load reached in the
first phase of decrease, A2 represent the difference between the minimum cellular load after the first
phase of decrease and the maximum cellular load reached in the second growth phase, pmax1 and
Mmax2 are the maximum log cfu/ml decrease or increase rate in exponential phase, respectively, and
the parameters A1 and A2 are the lag phase duration of the two phases.

In both cases, k was maintained constant at 6.30 log cfu/ml as determined by plate counting
immediately after the inoculum.

Data modelling was performed using Statistica 8.0 software (Statsoft Inc.).

5.1.2.7 Flow cytometry analysis

Flow cytometry analysis (Accuri C6; BD Biosciences, Milan, Italy) was performed on cell
suspension samples collected after 24, 48, and 72 h of incubation in the presence of the different
plant derivatives (Arioli et al., 2019).

Before analyses, samples were diluted (if needed) in filtered PBS and the cells were stained
with SYBR-Green | (1x) and propidium iodide (PI) 7.5 uM at 37°C for 15 min, in order to let the
dye react with the cell. This dual staining allowed to distinguish three sub-populations
corresponding to different physiological states: live, injured and dead cells. The data obtained were
analysed using the BD ACCURITM C6 software version 1.0 (BD Biosciences).
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5.1.3 Results and discussion
5.1.3.1 Characterisation of plant derivatives

The major phenolic compounds of J. oxycedrus needles and R. fruticosus leaves are reported
in Table 5.1.

Table 5.1: Composition of the phenolic extracts (PE) of Juniperus oxycedrus needles and Rubus fruticosus leaves
obtained through HPLC analysis. Data are expressed as mg/l and are the means of three independent analyses.

Phenolic compounds J. oxycedrus R. fruticosus
Gallic acid 1.38+0.01 0.13+£0.01
Caffeic acid n.d.s? 2.04+£0.04
Protocatechuic acid 0.32£0.02 n.d
p-Hydroxybenzoic acid 0.81+0.01 n.d
Vanillic acid 10.51+0.16 n.d
Chlorogenic acid n.d 6.22 £ 0.07
p-Coumaric acid n.d 0.63+0.01
(—)-Epicatechin 0.51+£0.01 0.11+£0.01
(+)-Catechin 4.86 £0.01 nd
Rutin 6.95 £ 0.01 29.88 £ 0.39
Astringin n.d 2.41+£0.02
Apigenin 7.66 £0.04 n.d
(—)-Epigallocatechin gallate 0.72+0.16 n.d
Total 33.72 41.42

2: not detected

The dominant phenolic acid in J. oxycedrus needles extract was vanillic acid, with a
concentration of 10.51 mg/l. Among flavonoids, the most abundant were apigenin and rutin, whose
amounts were 7.66 and 6.95 mg/l, respectively. Regarding R. fruticosus leaves PE, the dominant
phenolic acid was chlorogenic acid (6.22 mg/l), while rutin was the most abundant flavonoid, with a
concentration of 29.88 mg/Il. Except for caffeic acid and astringin, the amount of all other identified
compounds was lower than 1 mg/l in this PE.

Previously, it was reported that J. oxycedrus berry extracts have smaller content of total
phenolics than the counterparts of the same genera (Zivi¢ et al., 2019). Some authors recorded that
the extraction by polar solvents, such as ethanol (used also in this extraction), increased the total
phenolic yield during extraction. A similar output was reported by Orhan et al. (2011) for J.
oxycedrus leaves ethanol extracts. Moreover, the authors found that ethanolic extract of J.
oxycedrus leaves had the highest amount of total phenols (206.19 + 9.04 mg/g) among the five
juniper species tested.

However, regarding the chemical composition of juniper extract there are a few reports.
Mrid et al. (2019) identified salicylic acid (> 30 mg/g of dry weight of sample) and rutin (10.8
mg/g) as the most abundant compounds in J. oxycedrus needles methanolic extracts. Besides, the
authors reported a high level of hesperidin (2.8 mg/g) and low concentrations of caffeic, p-coumaric
and p-hydroxybenzoic acids (< 2 mg/g). Dziedzinski et al. (2020) found that J. communis shoots
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were particularly rich in caffeic, ferulic, chlorogenic and gallic acids (> 1000 ug/g), while showed a
small abundance of flavonoids (< 1 pg/g).

The blackberry fruits were intensively studied and were found to be a rich source of
biologically active phenolic compounds, particularly gallic acid and rutin (Ferlemi and Lamari,
2016; Radovanovi¢ et al., 2013). On the other hand, a small number of publications indicated that
the blackberry leaves could also be a good source of various groups of phenolic compounds
(Ferlemi and Lamari, 2016; Oszmianski et al., 2015). In general, blackberry leaves are rich in p-
hydroxybenzoic and hydroxycinnamic acids (caffeic, gallic, ferulic, gentisic, vanillic, p-coumaric
and others), ellagitannins and flavonoids, such as quercetin, mirycetin, luteolin, apigenin,
kaempferol, catechin, and epicahechin. Oszmianski et al. (2015) identified and quantified flavonoid
derivatives of quercetin, kaempferol, luteolin and apigenin in different Rubus species, ranged from
from 8.68 to 61.27 mg/g of dry matter. They offered an overview of phenolic composition of 26
different wild blackberry leaves, although R. fruticosus was not included, and identified 33 phenolic
compounds, including 15 flavonoids (5 kaempferol and 10 quercetin derivatives), 9 phenolic acid
derivatives, 3 derivatives of ellagic acid and 2 flavones (apigenin and luteolin). Gudej and Tomczyk
(2004) reported the content of quercetin and kaempferol in R. fruticosus leaves, that was found in
ranges respectively of 0.16-0.31 and 0.11-0.15% of dry weight of samples.

In Table 5.2 the characterisation of the EO obtained from J. oxycedrus needles is reported.
Only molecules that represented at least 0.5% of the total area (34 out of 119 identified compounds)
are listed.

The majority of identified molecules were terpenes or terpenoids, representing 88.11% of
the total peak area. Limonene, a-pinene and manoyl oxide accounted for more than 30% of peak
areas (13.59, 10.71 and 8.41%, respectively), while 3-carene, 4(15),5-muuroladiene and a-
curcumene represented 4.12, 3.24 and 3.50% of EO components. Minor amounts of §-cadinene, -
pinene and B-myrcene were also detected.

The composition of Juniperus spp. EO reported in the literature is highly variable and
depends on the species, the geographic area and the part of the plant used for the production. a-
pinene was the major compound in hydrodistilled J. communis berries EO from Portugal, followed
by B-pinene and limonene (Falcéo et al., 2018). The same authors also tested two commercial
samples of the same EO in which a-pinene and B-pinene were again among the most important
constituents, but their concentrations were markedly lower. Medini et al. (2013) studied the EO
obtained from needles of J. oxycedrus harvested in different Tunisian localities and found that the
major constituents were o-pinene (which ranged from 16.0 to 49.6%), sabinene (0-12.1%), p-

cimene (0-14.5%), germacrene D (0.5-9.0%) and manoyl oxide (2.5-6.4%). a-pinene was again the
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main terpene found in Italian J. oxycedrus needles EO, ranging from 31.5 to 61.8%, followed by

germacrene D (Najar et al., 2020). Finally, a Bulgarian EO from J. oxycedrus leaves presented a

composition similar to the EO characterised in this thesis and, in addition to a-pinene and limonene,

relevant amounts of manoyl oxide, caryophyllene oxide, abietatriene, curcumene and f-

caryophyllene were detected (Semerdjieva et al., 2020).

Table 5.2: Composition of essential oils (EO) of Juniperus oxycedrus needles obtained through GC-MS analysis. Data
are expressed as relative percentages (+ standard deviation) of each peak area with respect to the total peak area and are
the means of three independent analyses. Only peak with area higher than 0.5% are reported.

No RT? Compounds %
1 18.33 3-carene 4.12 +0.09
2 19.12 a-pinene 10.79£0.19
3 21.38 B-pinene 0.88 +0.02
4 22.08 B-myrcene 0.94+0.04
5 23.95 0-cymene 0.61 +0.03
6 24.38 Limonene 13.59 £ 0.09
7 27.41 p-menth-4(8)-ene 1.14+0.01
8 27.89 Linalool 0.56 + 0.01
9 29.37 Campholenic aldehyde 1.18 £ 0.05
10 30.12 (E)-pinocarveol 1.00+£0.01
11 30.42 Verbenol 1.68 £ 0.05
12 30.58 1.3-cycloheptadiene 0.55+£0.01
13 31.47 1.3.5-heptatriene 1.29+0.03
14 32.15 p-cymen-8-ol 1.06 £ 0.05
15 32.69 p-menth-1-en-8-ol 0.65+0.01
16 33.00 a-thujenal 0.73+0.06
17 33.25 Bornyl acetate 1.21+£0.01
18 33.67 (—)-verbenone 1.11£0.06
19 34.06 (2)-carveol 1.68 £ 0.03
20 35.27 (+)-carvone 1.03+£0.01
21 42.84 a-cedrene 1.94 +0.05
22 43.57 Caryophyllene 0.60£0.01
23 44.01 4(15),5-muuroladiene 3.24£0.04
24 45.02 a-caryophyllene 0.53+0.01
25 46.00 a-curcumene 3.50+0.02
26 47.48 a-amorphene 2.03+£0.07
27 47.79 d-cadinene 2.04 £0.03
28 48.53 a-copaene-11-ol 0.55+0.01
29 48.63 a-calacorene 1.04 £0.06
30 50.31 Caryophyllene oxide 1.38+0.01
31 51.00 Cedrol 0.84 £ 0.05
32 54.02 Farnesol 0.75+£0.01
33 60.15 Manoyl oxide 8.41 £ 0.06
34 61.30 ar-abietatriene 1.19+0.01
Total identified compounds 88.11

2: retention time (min)
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The EO obtained from R. fruticosus leaves was characterised by the identification of 118
molecules (representing 90.94% of the total peak area). In Table 5.3 are reported the 36 compounds
that accounted for a percentage higher than 0.5%.

The major components of this EO were monoterpenes, such as geraniol (13.67%), -
citronellol (4.61%), linalool (4.13%), a-terpineol (3.05%) and citral (2.40%). Phytol, an acyclic
diterpene alcohol, was present at a concentration of 4.87%, while B-ionone, typically giving a scent
of violet and involved in vitamin A metabolism, accounted for 3.68% and olivetol for 3.02%.
Several alkanes were also detected (tetradecane, hexadecane, eicosane and heneicosane), together
with fatty acids (octanoic, decanoic, dodecanoic, tetradecanoic and hexadecenoic acid).
Interestingly, also methyl salicylic acid was detected at a concentration of 1.25%.

The literature concerning the EO composition of Rubus spp. is limited. In their study, Wajs-
Bonikowska et al. (2017) compared R. fruticosus pomace EO obtained from hydrodistillation or
using supercritical CO,. The main constituents were non-saturated aliphatic aldehydes. Among
terpenes, a-copaene and p-cymene were the most relevant, but their concentration was rather low.
The composition of R. pungens leaves EO was characterised by the presence of 36% of
sesquiterpenes, including y-elemene and B-caryophyllene (Zhang et al., 2017b). Another study
demonstrated that the vegetative stage of the plant dramatically influenced the EO composition of
R. ulmifolius. Anyway, the most relevant compounds detected were a-pinene, 1,8-cineole, linalool,

geraniol and, among aldehydes, (E)-2-hexenal and nonanal (Caponi et al., 2002).
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Table 5.3: Composition of essential oils (EO) of Rubus fruticosus leaves obtained through GC-MS analysis. Data are
expressed as relative percentages (+ standard deviation) of each peak area with respect to the total peak area and are the

means of three independent analyses. Only peak with area higher than 0.5% are reported.

No RT? Compounds %
1 27.92 Linalool 4.13+0.33
2 31.49 1-nonanol 0.59 £ 0.03
3 31.84 Octanoic acid 0.57+£0.32
4 32.69 a-terpineol 3.05+0.29
5 32.83 Methyl salicylate 1.25+0.02
6 33.22 Decanal 1.04+£0.12
7 34.36 B-citronellol 4.61+0.15
8 35.01 Citral 2.40+0.22
9 35.70 Geraniol 13.67 £1.09
10 37.82 Geranyl formate 0.50+0.12
11 38.05 Undecanal 0.58 £ 0.09
12 40.75 n-decanoic acid 1.04 £ 0.50
13 41.76 (E)-p-damascenone 0.82+£0.13
14 42.20 Tetradecane 0.59+0.13
15 44.49 Geranylacetone 0.63+0.11
16 46.14 B-ionone 3.68 £0.55
17 46.88 a-farnesene 2.01+0.24
18 47.41 3-amino-2-cyclohexen-1-one 0.95+£0.04
19 47.70 Olivetol 3.02+0.24
20 49.03 Dodecanoic acid 3.11+£1.66
21 49.10 Nerolidol 1.03 +0.59
22 50.32 Hexadecane 0.62 £ 0.09
23 51.03 Linalyl acetate 0.77+£0.11
24 53.76 Hexadecanal 3.27+0.40
25 54.86 Tetradecanoic acid 0.81+£0.45
26 56.12 Tetradecanal 2.18+0.25
27 56.70 Hexahydrofarnesyl acetone 1.33+£0.19
28 57.71 Eicosane 0.80+0.14
29 58.11 16-octadecenal 1.87+£0.28
30 58.17 Farnesyl acetone 0.65 +0.05
31 58.88 n-hexadecanoic acid 1.17+£1.00
32 61.23 5-Octadecene 0.57£0.03
33 61.47 Heneicosane 0.89+£0.25
34 61.90 Phytol 4.87+0.79
35 62.49 Oleic acid 2.02+1.02
36 64.45 Octadecanale 0.52 £0.03
Total identified compounds 90.49

2 retention time (min)
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5.1.3.2 Effect of plant derivatives on Listeria monocytogenes growth Kinetics

Firstly, PE and the EO of R. fruticosus and J. oxycedrus were tested to define their MIC
against List. monocytogenes (Table 5.4). The results indicated that MIC was 1.5 mg/ml for the EO
of R. fruticosus and 2 mg/ml for the EO of J. oxycedrus and for both PE.

Table 5.4: MIC determination to describe the antimicrobial activity of tested plant derivatives (PE and EO obtained
from J. oxycedrus and R. fruticosus) against List. monocytogenes Scott A.

J. oxycedrus MIC (mg/ml) R. fruticosus MIC (mg/ml)
Target microorganism PE EO PE EO
List. monocytogenes 5 2 2 15

Scott A

As already observed, the comparison between MIC of plant derivatives from different
studies can be difficult because of the variable composition of derivatives and especially the lack of
standardised test procedures (Balouiri et al., 2016). In addition, literature about the MIC of the two
species considered is limited. In any case, a MIC of 2 mg/ml against List. monocytogenes has been
reported for gallic acid (Skroza et al., 20190). Cosentino et al. (2003) found a minimum lethal
concentration of J. oxycedrus EO at 900 mg/I for List. monocytogenes (and 250 mg/1 for &-carene),
while lower MIC (approx. 32 mg/l) were observed by Najar et al. (2020), but in this latter case the
time of incubation was 24 h, against the 48 h of these analyses.

To better understand the effects of these plant derivatives on List. monocytogenes, the target
microorganism was inoculated in BHI medium added with a sub-lethal dose (corresponding to 50%
of MIC) of these PE and EO and the samples were incubated at 20°C. The choice to use sub-lethal
concentrations was aimed to assess the ability of cells to repair the damages induced by plant
derivatives and the effects of the presence of these substance on the growth dynamics. The
culturability was monitored over time by plate counting and compared with the control grown in the
absence of inhibiting products.

In Figure 5.1 experimental points and the relative fitted models for each condition are

reported.
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Figure 5.1: List. monocytogenes Scott A growth Kinetics during incubation at 20°C in the presence of different
concentrations of plant derivatives: 1 mg/ml of PE of J. oxycedrus needles or R. fruticosus leaves, 1 mg/ml of EO of J.
oxycedrus needles and 0.75 mg/l of R. fruticosus leaves EO. The points represent the experimental data obtained by
plate counting, while curves are the relative fitted models obtained with Gompertz equation.

The distribution of the observations followed two distinct trends. The first, that characterised
the control and the sample with R. fruticosus leaves PE, represented a classical growth curve, with
three distinct phases: lag, exponential and stationary phase. In this case, the experimental data were
fitted with the classical Gompertz equation (Zwietering et al., 1990). Conversely, the remaining
samples showed, to a different extent, a first step in which cells decreased their culturability, after
which the growth restarted with an exponential phase reaching the stationary phase and the
maximum cell concentration. These experimental data were therefore fitted a double-peaked
Gompertz model, in which the first step describes the diminution of cell counting and the second
the increase of cell number up to the reaching of the stationary phase (Tattershall et al., 2021).
These estimated parameters are reported in Table 5.5, together with the maximum cell

concentration attained according to the models and some diagnostics of fitting.
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Table 5.5: List. monocytogenes Scott A growth parameters in the presence of different plant derivatives (PE or EO),
estimated by modelling the data obtained from plate counting (log cfu/ml) with the Gompertz equation. The maximum
cell concentration attained according to the model and some diagnostics of fitting are also reported.

samples K ALY pmed® AR A2 pme? 2 Mﬁ)’;ge" R RMSE
Control 6.30 - - - 262 0093 7.84 892 0994 0.005
J.oxycedrusPE 630 —0.79 —0020 —-1.11 207 0043 4066 758 0982  0.007
R. fruticosus PE 6.30 - - - 164 0066 1428 794 0988  0.007

J.oxycedrusEO  6.30 —-1.69 -0.078 —2.83 3.63 0.050  43.67 7.99 0.994  0.015
R. fruticosusEO  6.30 -620 -1.926 0.38 7.33 0.079  10.03 7.33 0.995  0.046

a: parameters estimated only for the double-peaked Gompertz model used when the initial cell concentration decreased
before the growth started again

The presence of R. fruticosus leaves PE determined a prolongation in the lag phase with
respect to the control (14.28 h vs. 7.84 h), a slower exponential phase growth rate (0.066 (log
cfu/ml)/h vs. 0.093 (log cfu/ml)/h) and a final concentration of 1 log unit lower than the control
(7.94 log cfu/ml vs. 8.92 log cfu/ml). The PE of J. oxycedrus needles was more effective, and
determined an initial decrease of the population culturability, even if low (0.79 log cfu/ml). Then,
after 40.66 h, the cell number started to increase, although with a maximum growth rate of 0.043
(log cfu/ ml)/h, lower with respect to the control and the sample containing R. fruticosus PE, and
reached a maximum cell concentration of 7.58 log cfu/ml.

The antimicrobial activity of PE from Rubus spp. was already described. In particular, the
anti-listerial effect of ethanolic extract from R. discolor was demonstrated in vitro and in yoghurt by
Velickovi¢ et al. (2021), while the blackberry juice from R. fruticosus showed an inhibiting effect
on List. monocytogenes, S. Typhimurium and E. coli O157:H7 in milk and in BHI medium (Yang et
al., 2014). The antimicrobial potential of molecules, including also those found in the extracts
studied in this thesis (such as gallic acid, vanillic acid, protocatecuic acid, rutin, apigenin and
caffeic acid) has been recently reviewed by Oulahal and Degraeve (2022). For example, a MIC
value of 2 mg/ml of gallic acid against List. monocytogenes was reported (Skroza et al., 2019). The
role of phenolic compounds, used as vegetable extracts or pure molecules after isolation, in
inhibiting this pathogen in model systems and foods was also described by Zamuz et al. (2021). The
authors stated that, among the wide array of these compounds, some were able to exert protective
effects against List. monocytogenes, in particular thanks to the presence of stilbenes (resveratrol),
cinnamic acids (cinnamul-3,4-dihydroxy-a-cyanocinnamate and caffeic acid 1,1-dimethylallyl
ester), benzoic acids (butyl gallate and 3,4-dihydroxy-benzoic acid methyl ester) and flavonoids
(epigallocatechin gallate). Concerning the mechanism of action, it has been recently demonstrated
that phenolic extract from Taraxacum officinale containing rutin, caffeic acid and chlorogenic acid
caused in Staph. aureus membrane depolarisation and permeabilisation and altering the intracellular

enzymatic activities (Xu et al., 2021). Quercetin and chlorogenic acid resulted effective against List.
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monocytogenes by involving redox imbalance which determined mortality increase (Jobim et al.,
2014). Cushnie and Lamb reported that, at cytoplasmic level, apigenin could alter the activity of
DNA gyrase and rutin interferes with topoisomerases, while catechins mainly perturb the membrane
functionality.

Both EO were more effective in inhibiting the growth of List. monocytogenes. In particular,
the EO from R. fruticosus leaves determined a loss of culturabilty of almost the whole population
(cell load reduction of about 6 log cfu/ml) in a few hours of incubation. However, after about 10 h
multiplication of survivors began and determined a maximum estimated cell concentration of 7.33
log cfu/ml. The EO of J. oxycedrus needles showed a lower impact on initial cell culturability.
Nevertheless, it determined a reduction of the initial cell concentration of 1.69 log cfu/ml, after
which cell number increased reaching a final value of 7.99 log cfu/ml.

This plant derivative contained several terpenes, many of which have a known antimicrobial
effect. B-myrcene, linalool, citral, geraniol, 3-carene and cymene showed antimicrobial activity
against several microorganisms (Masyita et al., 2022). A J. communis EO rich in a-pinene (47.8%)
used in a marinade was effective in reducing List. monocytogenes concentration in beef meat
(Vasilijevi€ et al., 2019), while another EO of the same species (containing 14.1% p-myrcene, 9.5%
sabinene, 8.4% limonene and 5.4% a-amorphene) was able to avoid the proliferation of this
pathogen in fermented sausages (Tomovic et al., 2020). Semerdjieva et al. (2020) showed that the J.
oxycedrus leaves EO was characterised by a good antimicrobial activity against Staph. aureus. The
same inhibiting effect against Staph. aureus was observed also in the EO obtained from Tunisian J.
oxycedrus leaves, while the action was scarce against the Gram-negative E. coli and S. enterica
serovar Enteritidis (Medini et al., 2013).

As observed in Table 5.2, terpenes, and in particular limonene, a-pinene, manoyl oxide and
3-carene, were the most important constituents of the J. oxycedrus EO (approx. 45% of the total). a-
pinene and 3-carene were also the main constituents of a Cupressus sempervirens EO, which
inhibited Staph. aureus by affecting the activity of the efflux pump (Akermi et al., 2022). In
addition, several papers report the possible antimicrobial action of molecules present in J.
oxycedrus EO (da Silva et al., 2021; Masyita et al., 2022). On the other hand, independently of the
efficacy of the various oils reported in the literature, it is well known that the inhibitory or
bactericidal activity depends on their composition and the interaction between the components,
which can bring to relevant synergistic effects (Yousefi et al., 2020). In fact, components with
limited antimicrobial activity if considered alone, could show a relevant inhibition if used in
combination, as observed for linalool and B-pinene on Saccharomyces cerevisiae (Tabanelli et al.,
2014).
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The composition of R. fruticosus EO was characterised by the presence of terpenoids, such
as linalool, a-terpineol, B-citronellol and geraniol, whose antimicrobial activity was demonstrated
(de Lira et al., 2020; He et al., 2022; Nogueira et al., 2021). Moreover, among other constituents,
the antimicrobial activity of phytol and short chain fatty acids (such as octanoic, decanoic,

dodecanoic acid) were also described (Churchward et al., 2018).

5.1.3.3 Effect of plant derivatives on Listeria monocytogenes viability

With the aim to better investigate the impact of plant derivatives on List. monocytogenes
physiological state, cells were analysed with a flow cytometric protocol to highlight the occurrence
of different subpopulations characterised by different physiological states. In Figure 5.2 the results
after 0, 24, 48 and 72 h are represented. In particular, the data of cell culturability (expressed as log
cfu/ml predicted by the models) were compared to the total cells detected by flow cytometry. For

this latter, also the relative percentages of viable, injured and dead cells for each condition are

reported.
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Figure 5.2: List. monocytogenes Scott A growth in the presence of different plant derivatives of J. oxycedrus and R.
fruticosus (PE or EO) after 24, 48 and 72 h of incubation at 20°C. The histograms represent the comparison between the
data of cell culturability (expressed as log cfu/ml predicted by the models) and the total cells detected by flow
cytometry (total cells/ml). For these latter, also the relative percentages of viable, injured and dead cells for each
condition (as green, yellow and red lines, respectively) are reported.

Regarding the control, the data of sampling and flow cytometric analysis were similar,
without significant differences and, in all cases, the viable cells represented about 94% of the total
population. In the sample added with the J. oxycedrus needles PE, the data of viability were
coherent with the culturability predicted. This extract after 24 h mainly determined the presence of a
high percentage of injured cells (67.65%), while live cells represented 24.26% of the total events.
Interestingly, this ratio between alive and injured cells remained quite constant throughout the
incubation time (72 h). The presence of this injured population can be responsible for the extended

lag phase duration (approx. 40 h vs. 8 h for the control), due to the need to overcome cell damage
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before starting multiplication. Indeed, similar behaviors were previously observed for List.
monocytogenes after exposure to environmental stresses (Sibanda and Buys, 2017).

The PE of R. fruticosus leaves, which caused a reduction of 1 log unit of the final maximum
cell concentration, determined an increasing proportion of injured cells (from 9.09% after 24 h to
46.83% after 72 h). The different trend of cell injury between the two PE was likely due to their
different composition. In fact, in this case the occurrence of injury in the cell population did not
result in a remarkable prolongation of lag phase (about 14 h). However, the increasing ratio of
injured cells overtime could be explained by the effect of R. fruticosus PE constituents, particularly
rutin and chlorogenic acid, whose potential to affect cell membrane permeability (thus allowing
higher retention of propidium iodide, used in this analysis to detect injured cells) was demonstrated
for some Gram-positive bacteria (Xu et al., 2021).

Concerning J. oxycedrus needles EO, data of culturability after 24 and 48 h of incubation
were lower if compared with the total cells detected by flow cytometry. This could be due to a
decrease of cells recognised as live and the relative increase in the percentage of injured cells (58.24
and 71.59% after 24 and 48 h, respectively), being the latter likely responsible for the significant
increase of lag phase (about 44 h), as previously observed for the J. oxycedrus needle PE. In
addition, the number of total cells did not markedly change, indicating that the increase of
culturable cells within the first 72 h of incubation depended on the recovery of injured cells (which
passed from 71.59% at 48 h to 34.51% at 72 h) rather than on a multiplication. After 72 h an
opposite trend was observed, suggesting an active response of the target strain to overcome the
stress induced by the presence of these tested plant derivatives and to start to multiply, as stated by
the growth kinetics (Figure 5.1).

The EO of R. fruticosus leaves showed the more evident effects. Besides, in this case, the
number of total cells detected through flow cytometry did not significantly change during 72 h
incubation. The predicted culturability at 24 h was 1.31 log cfu/ml, while the viability was higher,
i.e. 2.88 log cell/ml, which corresponded to 0.05% of cells recognised as live in the total population.
Under this condition, the majority of cells was injured (95.65%). More than 99% of cells were
classified as dead and 0.1% as alive at 48 h. After 72 h the data of culturability increased, and also
the ratio of live cells, that reached 20.02% of the total population. Based on these results, it was
possible hypothesise that R. fruticosus EO was the only plant derivative able to exert a bactericidal
effect against List. monocytogenes, i.e. to induce a relevant increase of its dead cells. Indeed, the
initial discrepancy between viability and culturability could suggest the occurrence of viable but not
culturable cells (VBNC), a great safety concern because of the ability to reverse to a viable status
(Montanari et al., 2021b).
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However, considering both plate counting and flow cytometry analysis, it seems that the
increase of culturability (log cfu/ml) and viability (% of live cells) observed starting from 48 h of
incubation was likely due to the multiplication of the few cells survived to the effect of this EO,
rather than a resuscitation phenomenon.

Conversely, the other plant derivatives tested were able to sub-lethally damage List.
monocytogenes cells, determining different extents of cell injury that indicate differences in the
mechanism of antimicrobial action, particularly in terms of cell membrane integrity. This confirmed
the suitability of flow cytometry and fluorescent staining procedures in the study of cell injury
caused by stress factors to better elucidate the different patterns of metabolic responses and the
potential safety risks (Sibanda and Buys, 2017).

5.1.4 Conclusions

The plant derivatives from J. oxycedrus needles and R. fruticosus leaves considered in this
study were able to slow down the growth kinetics of List. monocytogenes, monitored by plate
counting, even if added at concentrations corresponding to half of MIC. In general, both PE and EO
significantly reduced the final maximum cell culturability of approx. 1 log unit. PE were less
effective than EO in limiting the growth performance of the target microorganism. Indeed, no loss
of culturability was observed for the PE of R. fruticosus leaves and only a weak decline was
observed for J. oxycedrus needles PE. The anti-listerial activity was more relevant using EO, in
aprticular the one derived from R. fruticosus leaves. This latter caused the most severe effects, since
it was able, in a few hours of incubation, to almost completely inhibit the cell culturability.
According to the flow cytometry analysis, the presence of this EO was able to induce the death of
the major part of cells (> 99%). Concerning the other plant derivatives, the discrepancy observed in
some cases between viability and culturability could indicate the presence of cells not able to grow
in culture media (at least in the adopted conditions), whose fate needs to be further investigated for
a deeper comprehension of their possibility to revert to culturable status, contributing to an
overestimation of the effect of these antimicrobial substances.

The obtained results increase the knowledge of these underused raw materials such as
blackberry leaves and juniper needles, that can be exploited in food production and other industrial

sectors.
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5.2 Survival, growth and biogenic amine production of Enterococcus faecium
FC12 in response to extracts and essential oils of Rubus fruticosus and Juniperus

oxycedrus

5.2.1 Introduction

Enterococci are LAB that can be found in different habitats and they are highly competitive
in harsh conditions due to their relevant salt, pH and broad temperature range tolerance. For this
reason, they are part of the microbiota of several foods of animal origin, such as cheeses and
sausages (Franz et al., 2011; Graham et al., 2020). However, their presence is controversial
(Almeida-Santos et al., 2021). In fact, some enterococci have been described for their probiotic
features and capability of producing active bacteriocins against pathogens (Graham et al., 2020;
Nami et al., 2019). On the other hand, this genus is known for its antibiotic-resistance, which can be
transferred to other microorganisms, the potential presence of virulence factors, such as cytolysins,
aggregation substances, and gelatinase extracellular surface proteins (Hollenbeck and Rice, 2012;
Rossi et al., 2014).

In addition, enterococci produce biogenic amines (BA), some basic nitrogenous molecules
derived from the decarboxylation of amino acids (Anderegg et al., 2020; Barbieri et al., 2019;
Gardini et al., 2016). Although these molecules can be formed in controlled amounts by the human
body, where they play regulatory roles in different physiological activities, their excessive intake
through diet can cause severe symptoms depending on the health status of the consumer (EFSA,
2011).

Among BA, histamine and tyramine are those with the most severe acute effects and they
are responsible for the “fish poisoning” symptoms (Hungerford, 2021) and the “cheese reaction”
syndrome (Wojcik et al., 2021), respectively. Tyramine is the result of the decarboxylation of
tyrosine and may be found in relevant amounts in foods, such as cheeses and fermented sausages
(Andersen et al., 2019). The tyraminogenic potential is considered a species characteristic in Ent.
faecalis (Barbieri et al., 2019; Bargossi et al., 2017; EFSA, 2011), but it is also extremely
widespread among Ent. faecium, Ent. mundtii and Enterococcus durans (Gatto et al., 2016; Ladero
et al., 2012). Therefore, strategies that can control the growth of these bacteria are a crucial point
for many fermented products.

In recent years, the antimicrobial activity of plant extracts has been deeply studied,
following the consumer demand for “green” preservatives. It is well known that many plant extracts
can contain molecules with a relevant antimicrobial activity, which depends, in the first instance, on

their composition. Many variables, including seasonal, geographical and agronomic factors, as well
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as the mode of extraction and part of the plant, influence the qualitative and quantitative presence of
antimicrobial compounds and, in turn, their effectiveness (Gottardi et al., 2016; Ni et al., 2021).

The Mediterranean area is characterised by high plant biodiversity and many species are
known to produce antimicrobial substances. R. fruticosus, belonging to the family Rosaceae, is
extremely diffused and popular for blackberry production. Several parts of the plant, such as fruits,
leaves and young shoots, have been widely applied in traditional medicine (Verma et al., 2014). In
addition, their PE showed a relevant antioxidant activity, due to the presence of phenolic acids,
flavonoids (anthocyanins, flavonols and tannins), carotenoid and organic acids (Krzepitko et al.,
2021). Many of these antioxidant molecules can also exert antimicrobial activity. Aqueous and
acetone extracts of R. discolor were effective in inhibiting the growth of many microorganisms,
including List. monocytogenes (Veli¢kovi¢ et al., 2021), while the methanolic extract of stem, leaf,
fruits, and roots of R. fruticosus was active against E. coli, S. Typhi and Staph. aureus, with none or
scarce effects against yeasts and moulds (Riaz et al., 2011).

Junipers are another group of plants typical of the Mediterranean maquis. Extracts of J.
communis, J. turbinata, J. deltoides and J. oxycedrus were extensively studied for their antioxidant
activity and antimicrobial potential (Boudiba et al., 2021; Dziedzinski et al, 2020). Studies were
mainly focused on EO extracted from leaves and berries, in which a-pinene is usually the major
constituent, followed by myrcene, sabinene, limonene, germacrene D, d-cadinene and other
terpenes and terpenoids (Falcdo et al., 2018). Prickly juniper, J. oxycedrus, is a typical
Mediterranean plant, whose EO was effective in inhibiting or reducing the growth of some Gram-
positive bacteria. Aqueous extract of J. oxycedrus needles did not show antimicrobial effect, while
its methanol extract inhibited, to different extent, the growth of 57 strains belonging to 24 species,
including Staph. aureus, Enterobacter spp. and Bacillus spp. (Medini et al., 2013; Semerdjieva et
al., 2020).

Given these considerations, in this part of the thesis, analyses were performed in order to
evaluate effects of the same PE and EO plant derivatives previously tested against List.
monocytogenes. In this case these bio-active compounds were evaluated against the strain Ent.
faecium FC12, a strong tyramine producer (Bargossi et al., 2015a,b). The growth dynamics in the
presence of a sub-lethal concentration of the plant derivatives were modelled to highlight their
antimicrobial effects. The accumulation of tyramine was also monitored during the incubation.
Eventually, Ent. faecium cells grown in these conditions were analysed through flow cytometry to

investigate the effect of these plant derivatives on cell viability and culturability.
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5.2.2 Materials and methods
5.2.2.1 Enterococcus faecium FC12

The strain Ent. faecium FC12 used to perform these analyses was isolated from a traditional
Italian cheese and belonged to the Department of Agricultural and Food Sciences (University of
Bologna). Moreover, it was previously described as a high tyramine producer (Bargossi et al.,
2015a,b). This strain was maintained in BHI medium (Oxoid) added with 20% (w/v) glycerol at -
20°C until the analyses. Before each experiment, the strain was pre-cultivated twice in BHI medium
for 24 h at 30°C.

5.2.2.2 Plant derivatives and minimum inhibiting concentration (MIC) determination

The PE and EO used in these analyses were obtained R. fruticosus leaves and J. oxycedrus
needles and their chemical composition was previously described and characterised (Paragraph
5.1.3.1). Firstly, the in vitro antimicrobial activity of these plant derivatives against the target strain
was assessed to determine the MIC by broth microdilution method using microtiter plates according
to the protocol described in the Paragraph 5.1.2.5. The data were collected after 48 h of incubation
at 30°C and the MIC was defined as the lowest concentration of plant derivatives was able to

prevent a visible microbial growth in the well.

5.2.2.3 Growth kinetics of Ent. faecium FC12 in the presence of tested plant derivatives

The target microorganism was inoculated in BHI broth with a final concentration about 6
log cfu/ml and sub-lethal concentrations of plant derivates (50% of MIC) were added to evaluate
their effect on the growth kinetics. In particular, 1 mg/ml of extract was used in each condition,
except for R. fruticosus EO, whose concentration was 0.75 mg/ml. Samples were incubated at 20°C
and their culturability was assessed by sampling at specific time for 96 h. For sampling (Paragraph
3.1.2.3), appropriate decimal dilutions were plated onto BHI agar medium and incubated at 30°C
for 48 h. The analyses were performed in triplicate and the data obtained from plate counting were
modelled with the classical or double-peaked Gompertz equation (Tattershall et al., 2021,
Zwietering et al., 1990). Parameters were described in detail in Paragraph 5.1.2.6. Data modelling

was performed using Statistica 8.0 software (Statsoft Inc.).

5.2.2.4 Evaluation of biogenic amines production during samples incubation

The formation of tyramine and 2-phenylethylamine in the different tested conditions was
monitored collecting samples at defined time (0, 24, 48, 72 and 96 h). The cell-free supernatants,

after a derivatisation reaction, were analysed using a HPLC Agilent Instrument 1260 Infinity with
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the automatic injector (G1329B ALS 1260, loop of 20 pl), equipped with a UV detector (G1314F
VWD 1260) set at 254 nm, following the method described in Paragraph 3.2.2.4.
BA concentrations were expressed as mg/l with reference to a respective standard

calibration curve. All the samples were analysed in triplicate.

5.2.2.5 Flow cytometry analysis

To test cell viability, the samples were collected after 24, 48, and 72 h of incubation and
analysed with a flow cytometer Accuri C6 (BD Biosciences), following the protocol reported by
Arioli et al. (2019) and described in Paragraph 5.1.2.7. The data obtained were analysed using the
BD ACCURITM C6 software version 1.0 (BD Biosciences).

5.2.3 Results and discussion

5.2.3.1 Evaluation of plant derivatives effects against Ent. faecium FC12

The same PE and EO obtained from R. fruticosus and J. oxycedrus and previously
characterised were employed to define the MIC of the plant derivatives against Ent. faecium FC12,
that was 1.5 mg/ml for R. fruticosus EO and 2 mg/ml for J. oxycedrus EO and both PE (Table 5.6).

Table 5.6: MIC determination to describe the antimicrobial activity of tested plant derivatives (PE and EO obtained
from J. oxycedrus and R. fruticosus) against Ent. faecium FC12.

J. oxycedrus MIC (mg/ml) R. fruticosus MIC (mg/ml)
Target microorganism PE EO PE EO
Ent. faecium FC12 2 2 2 15

After MIC determination, the target microorganism was inoculated into BHI medium and
incubated at 20°C. Samples were added with sub-lethal concentrations of plant derivatives (50% of
MIC) in order to activate a metabolic response due to the stress conditions. The growth dynamics
were monitored by sampling and compared with the control grown in the absence of plant
derivatives. In Figure 5.3 the experimental points and the corresponding fitted models are reported.

Data showed two different kinetics trends. In particular, the control and the samples
containing PE presented a typical growth curve, characterised by three distinct steps: lag,
exponential and stationary phase. In contrast, the samples containing EO showed an initial part in
which cells decreased their culturability. After that, cell concentration increased reaching an
exponential phase and a subsequent stationary phase. In the first case, the experimental data were
fitted with the classical Gompertz equation (Zwietering et al., 1990), while in the second case, a

double-peaked Gompertz equation was chosen (Tattershall et al., 2021).
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Figure 5.3: Growth kinetics of Ent. faecium FC12 incubated at 20°C in the presence of different concentrations of plant
derivatives: 1 mg/ml of phenolic extracts (PE) of J. oxycedrus needles or R. fruticosus leaves, 1 mg/ml of EO of J.
oxycedrus needles and 0.75 mg/l of EO of R. fruticosus leaves. The experimental data obtained by plate counting are

represented with points, while curves are the relative fitted models obtained with Gompertz equation.

Table 5.7 reports the parameters estimated for the models used, in which the maximum cell

concentration attained, according to the models and some diagnostics of fitting, are also reported.

Table 5.7: Ent. faecium FC12 growth parameters in the presence of different plant derivatives (PE or EQO), estimated by
modelling the data from sampling (log cfu/ml) with the Gompertz equation. The maximum cell concentration attained
according to the models and some diagnostics of fitting are also reported.

Samples

Control
J. oxycedrus PE
R. fruticosus PE
J. oxycedrus EO
R. fruticosus EO

k

6.03
5.92
6.08
5.98
6.05

Ald

-1.30
-1.18

Mmax1?

-0.128
-0.174

Al2

0.06
0.95

A2

3.00
2.11
2.89
3.64
3.41

Mmax2

0.309
0.069
0.324
0.160
0.095

A2

0.11
24.14
0.08
17.12
33.77

Max cell
load
9.00
8.11
8.89
8.34
8.23

R

0.993
0.994
0.986
0.995
0.994

RMSE

0.157
0.187
0.377
0.192
0.189

a: parameters estimated only for the double-peaked Gompertz model used when the initial cell concentration decreased
before the growth started again

Ent. faecium FC12 cells in the control rapidly started their exponential phase, with the lag

phase estimated length of 0.11 h, and reached the maximum cell concentration (approx. 9 log

cfu/ml) in less than 24 h, with a maximum growth rate (umax) 0f 0.309 (log cfu/ml)/h. The Gompertz

parameters estimated for the control and the sample containing R. fruticosus PE were similar and

the consequent models were almost completely superimposable, indicating the absence of any

antimicrobial effect of this extract. However, the PE of J. oxycedrus determined a marked increase

of the lag phase of approx. 24 h, a reduced pmax value (0.069 (log cfu/ml)/h) and a maximum growth

of 8.11 log cfu/ml, resulting in almost 1 log unit lower than control.
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In previous trials (Paragraph 5.1.3.2), the same PE were more effective in reducing growth
kinetics of List. monocytogenes when used at the 50% of the MIC. However, in this case a relevant
inhibition of Ent. faecium was obtained only with J. oxycedrus PE, which contains not only high
amounts of vanillic acid (10.51 mg/l), apigenin (7.66 mg/l) and rutin (6.95 mg/l), but also gallic
acid and p-hydroxybenzoic acid (Table 5.1). The antimicrobial potential of the molecules found in
these PE was reviewed by Oulahal and Degraeve (2022). Rutin, apigenin and gallic acid showed
good antimicrobial activity against Ent. faecalis (Gutiérrez-Fernandez et al., 2013; Adamczak et al.,
2020). Taviano et al. (2013) observed a remarkable antimicrobial activity against Enterococcus
hirae of methanolic extracts of J. oxycedrus berries, containing rutin, apigenin, cupressoflavone,
ametoflavone and methyl-biflavone among the others.

The R. fruticosus PE was rich in rutin, chlorogenic acid, astrignin, and caffeic acid (Table
5.1), but showed no antimicrobial activity against Ent. faecium under the conditions adopted in this
trial. Interesting, antimicrobial effects on Ent. faecalis were demonstrated by extract from R.
fruticosus rich in ellagic acid, which was absent in the PE used in this analysis (Ekrikava et al.,
2021). Moreover, Ent. fecalis showed high susceptibility to quercetin in combination with gallic
acid and chlorogenic acid, while insufficient effects were obtained with rutin (Jobim et al., 2014).

The mechanism of action responsible for the antimicrobial activity of these molecules is not
completely clear. Literature suggests that some compounds (e.g. quercetin, gallic acid and
chlorogenic acid) could induce an imbalance of the redox potential, while others (e.g. apigenin and
rutin) could interfere with enzymes of DNA replisome or perturbate membrane permeability and
functions (Jobim et al., 2014). Recently, Xu et al. (2021) observed a depolarisation and
permeabilization of the membrane and an alteration of the intracellular enzymatic activities in
Staph. aureus when treated with a phenolic extract from Taraxacum officinale that contained rutin,
caffeic acid, and chlorogenic acid.

Both EO determined an initial decrease in Ent. faecium culturability. In the sample
containing J. oxycedrus EO, a reduction of more than 1 log unit of the initial population was
observed after 10 h, followed by a cell load increase (A2 estimated at 17.12 h). However, in this
second phase, the umax (0.160 (log cfu/ml)/h) and the final cell concentration in the stationary phase
(8.34 log cfu/ml) were lower if compared to the control.

The main components of the J. oxycedrus EO used in this trial were terpenes and terpenoids.
Limonene (13.6%), a-pinene (10.8%) and manoyl oxide (8.4%) were the main constituents,
followed by 3-carene, a-curcumene and 4(15),5-muuroladiene (Table 5.2). Recently, an EO from
Juniperus phoenicea, whose main constituents were o-pinene, 6-3-carene and [B-caryophyllene,

showed good antimicrobial activity against a strain of Ent. faecalis, while Najar et al. (2020)
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reported a variable inhibitory effect of J. oxycedrus EO, depending on the geographical area.
Similarly, Ent. faecalis was the most susceptible species to an EO from Juniperus horizontalis
leaves, containing p-cymene and linalool as the major constituents (Eryigit et al., 2014). However,
no studies regarding the effects of specific EO constituents on enterococci are available.

J. oxycedrus EO and R. fruticosus leaves EO reduced the initial culturability of Ent. faecium
FC12 although the successive growth started later (A2 estimated at 33.77 h) and slowly (ptmax 0.095
(log cfu/ml)/h), with a final predicted cell concentration that reached 8.23 log cfu/ml. R. fruticosus
EO major constituents were geraniol (13.7%), phytol (4.9%), B-citronellol (4.6%), linalool (4.1%)
and B-ionone (3.7%). In addition, the EO contained methyl salicylate (1.3%) and citral (2.4%)
(Table 5.3). Even if many of these compounds were studied in relation to their antimicrobial
activity, no data are reported concerning their effect on enterococci (Alvarez-Martinez et al., 2021).

Antimicrobial effects of terpenes, terpenoids and phenylpropanoids is strictly dependent on
their chemical structure and the presence of specific functional groups. For this reason, the
mechanisms of action can be extremely different from one compound to another. However, the first
requirement for EO active components relies on the possibility to solubilize in cell membranes
which, in many cases, are the major target of their bacteriostatic or bactericidal effects (Alvarez-
Martinez et al., 2021; da Silva et al., 2021; Gottardi et al., 2016; Reyes-Jurado et al., 2020).

5.2.3.2 Determination of biogenic amines production

Ent. faecium FC12 was already studied for its tyrosine decarboxylase activity (Bargossi et
al., 2015a,b). For this reason, the formation of tyramine was monitored during growth with or
without the PE and EO (Figure 5.4).
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Figure 5.4: Tyramine production by Ent. faecium FC12 during incubation at 20°C in the presence of different
concentrations of plant derivatives. The data are the mean of three independent samples and standard deviations are
reported.
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As already observed for the growth curves, the control and sample containing R. fruticosus
PE showed almost the same behaviour. In fact, in both cases, a relevant amount of tyramine
(approx. 120 mg/l) was present after 24 h, when the cells had already reached their stationary phase.
The concentration slightly increased after 48 h (about 150 mg/l) and then remained constant.

The J. oxycedrus PE delayed the tyramine formation, with only 6 mg/l detected after 24 h
incubation. This concentration increased together with the cell growth, reaching an amount
comparable with the control and sample containing R. fruticosus PE, after 96 h. When J. oxycedrus
EO was added to the growth medium, tyramine concentration was 33.5 mg/l after 24 h of
incubation, with an estimated cell concentration of 5.8 log cfu/ml). Then, it increased up to 118.2
mg/l after 48 h, when the maximum cell load of 8.1 log cfu/ml was reached, and remained stable for
the subsequent 48 h. A similar maximum concentration was obtained in the samples containing R.
fruticosus EO, which, however, showed a slower accumulation kinetic, following the growth curve
reported in Figure 5.3.

It is known that, when tyrosine is depleted, the tyrosine decarboxylase of enterococci can
use another aromatic amino acid as substrate, i.e. phenylalanine, producing 2-phenylethylamine
(Marcobal et al., 2012; Bargossi et al., 2015b, 2017). For this reason, this amine was also monitored
(Figure 5.5).
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Figure 5.5: 2-phenylethylamine production by Ent. faecium FC12 during incubation at 20°C in the presence of different
concentrations of plant derivatives. The data are the mean of three independent samples and standard deviations are
reported.

As expected, it was produced only after tyramine concentration reached its maximum. In the
control, 85.3 mg/l of 2-phenylethylamine were found at the end of incubation (96 h). Despite the
growth data and tyramine production, in sample containing R. fruticosus PE, 2-phenylethylamine
accumulation had a trend similar to the control during the first 48 h of incubation, while lower
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values were measured after 96 h (63.8 mg/l). Conversely, the presence of J. oxycedrus EO delayed
the production of this amine after 48 h, when tyramine reached its maximum concentration. Even J.
oxycedrus PE and R. fruticosus EO showed the same trend, with the latter EO determining the
lowest accumulation of 2-phenylethylamine after 96 h, confirming its antimicrobial effect.

As already observed, detectable tyramine accumulation by Ent. faecium started in the last
part of the exponential growth phase, while 2-phenylethylamine was produced by cells in the
stationary phase following the depletion of tyrosine (Bargossi et al., 2017). The availability of
precursors depends on the media composition. Previous experiments showed that Ent. faecium
FC12 grown in the same medium (BHI) under optimal conditions (37°C without antimicrobials)
determined a final ratio of 3:1 between 2-phenylethylamine and tyramine (Bargossi et al., 2015b).
In this case, after 96 h of incubation, its concentration had still an increasing trend in all the

conditions, including the control.

5.2.3.3 Effect of plant derivatives on cell viability and culturability

With the aim to evaluate the impact of EO and PE on Ent. faecalis FC12 viability, a flow
cytometry analysis was performed and the data obtained after 0, 24, 48, and 72 h of incubation at
20°C were compared with those deriving from plate counting. In particular, the total cell number,
expressed as log of cells stained with SYBR Green | independently of their physiological state, was
compared with cell culturability, expressed as log cfu/ml as predicted by the models. In addition, for
each condition and sampling time, the percentages of viable, injured, and dead cells detected after

the dual staining with SYBR-Green | and propidium iodide were also reported (Figure 5.6).
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Figure 5.6: Comparison between the data of cell culturability (expressed as log cfu/ml predicted by the models) and the
total cells detected by flow cytometry analysis (log total cells/ml) of Ent. faecium FC12 grown in the presence of
different plant derivatives (PE or EO of J. oxycedrus and R. fruticosus) after 24, 48 and 72 h of incubation at 20°C. For
this latter, also the relative percentages of live, injured, and dead cells for each condition (as green, yellow and red lines,
respectively) are reported. The presence of an asterisk indicates significant differences between the data obtained
through sampling and flow cytometry analysis.
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In the control, culturability (plate counting) and total cells (flow cytometry analysis) did not
show significant differences. The viable cells were the 94% at time 0 and ranged between 96 and
99% during incubation. Similar values were obtained in the sample containing R. fruticosus PE,
although a slight decrease in viable cells was observed after 24 and 48 h. With the addition of J.
oxycedrus PE, the number of culturable and total cells at 24 h did not increase compared to the
initial concentration. Even though both values were not significantly different (6.13 log cfu/ml vs.
6.30 total cells/ml), viable cells represented the 71% of total population (corresponding to a
concentration of 6.15 log cells/ml), while injured cells were 26%. After 48 h, the culturable cells
increased to 7.52 log cfu/ml, whereas the total cell number was 8.73 log total cells/ml. This
difference can be related to the presence of viable but non-culturable state cells resulting from J.
oxycedrus PE treatment that induced cell damage. This is supported by the fact that the percentage
of cells recognised as live (i.e. with intact cell membrane) still decreased (63%, corresponding to
8.53 log live cells/ml) and dead cells increased (about 12% of the total population). At the end of
incubation (72 h), total cells and culturable cells were again not significantly different and a higher
number of viable cells (95%) was reached. Therefore, J. oxycedrus PE induced temporary cell
damage resulting in a slower growth kinetic, namely an increase in lag phase duration and a
decrease in growth rate. The same effect with the same PE was already reported in the precious trial
performed against List. monocytogenes (Paragraph 5.1.3.2).

Data concerning the J. oxycedrus EO showed comparable numbers of culturable and total
cells during all the incubation. The percentage of live cells ranged from 87.8% to 98.0% log cfu/ml
and the values of viability detected by flow cytometry analysis (log live cells/ml) were substantially
the same, indicating an exponential growth between 48 and 72 h.

A different behaviour was observed in the presence of R. fruticosus EO. The number of total
cells detected by flow cytometer did not significantly change between time 0 h and time 24 h (6.17
vs. 6.35 total cells/ml). However, the cells recognised as live corresponded to 3.7% of the total
population, while 93.2% resulted as injured. Thus, live cells were 4.92 log cells/ml, a value
comparable with the cells detected by sampling (4.83 log cfu/ml). After 48 h, almost all the cells
recovered (92.3%), with 7.02 log live cells/ml compared to the predicted cell concentration that was
lower (6.17 log cfu/ml). In fact, at this time, a great part of live cells resulted unculturable with the
traditional plate counting. After 72 h, the data from flow cytometer and plate counting were similar,
being 7.66 log live cells/ml and 7.75 log cfu/ml, respectively. The effect of R. fruticosus EO on Ent.
faecium during the first hours of incubation was in line with the results previously described
regarding List. monocytogenes, indicating the ability of this EO to induce relevant cell damage

(Paragraph 5.2.3.2). However, while in their work damages were lethal up to 48 h (more than 99%
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of dead cells), those observed in Ent. faecium cells were transient since the microorganism was able
to recover within the same time frame. Although the differences observed could depend on the
specific constituents of the extracts and their interaction with the target microorganism, the exact
mechanism of cell recovery activated by Ent. faecium upon exposure to these plant derivatives is

still unknown and requires further studies.

5.2.4 Conclusions

Plant PE and EO can have an important role in limiting the growth of spoilage, pathogenic
or toxin producer microorganisms in foods. In this part of the thesis, the response of the
tyraminogenic strain Ent. faecium FC12 to sub-lethal concentrations of J. oxycedrus needles and R.
fruticosus leaves plant derivatives was evaluated, in terms of cell culturability, cell viability,
tyramine and 2-phenylethylamine production. The tested PE were less effective in limiting Ent.
faecium kinetics and BA production than the corresponding EO. In particular, R. fruticosus PE did
not show any effect, while J. oxycedrus PE reduced the growth dynamic of the strain and the
resulting tyramine formation. According to flow cytometry analysis, J. oxycedrus PE increased the
dead or injured cells between 24 and 48 h of incubation. Regarding two EO, both determined an
initial decrease in culturability. In particular, R. fruticosus EO was the most effective since many
cells were injured already after 24 h. Then, they were able to revert to a metabolic active state with
lower growth rates and a reduced production of tyramine. According to these data, some of the
tested plant extracts showed an interesting antimicrobial potential against Ent. faecium. Although
the discrepancies between cell culturability and viability must be carefully considered to avoid
underestimations of the effective metabolic responses to stress conditions, these “green” solutions
can be considered as promising candidates for the microbial stabilisation and shelf-life extension of
foods. Indeed, further studies are in progress, and they want to assess the suitability of these
approaches to control enterococci, as well as other spoilage or pathogen microorganisms, in animal-

based foods (e.g. meat products).

Data published as:

Montanari, C., Barbieri, F., Lorenzini, S., Gottardi, D., Simat4, V., Ozogul, F., Gardini, F., Tabanelli, G.* (2023).
Survival, growth and biogenic amine production of Enterococcus faecium FC12 in response to extracts and essential
oils of Rubus fruticosus and Juniperus oxycedrus. Frontiers in Nutrition, 9, 1092172. doi:
10.3389/fnut.2022.1092172.
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6.1 Impact of LAB fermentation on phenolic compounds and antioxidant

activity of avocado leaf extracts

6.1.1 Introduction

Avocado (Persea americana Mill., Lauraceae) has the largest production areas concentrated
in Central and South America, in particular in Mexico, but also in United States, Indonesia, Kenya
and South Africa (Mora-Sand et al., 2021; Sommaruga and Eldridge, 2021). The most traded
avocado is the Hass variety, that was first introduced around the 1960s in Michoacan (Mexico)
(Ramirez-Mejia et al., 2022). In 2021, the Food and Agriculture Organization of the United Nations
calculated a world avocado production of 8.69 million tons (https://www.fao.org), with respect to
the 7.0 million tons reported in 2019 (Zafar and Sidhu, 2018). The intensification in the production
and consumption of avocado fruit led to a consequent increase in the amount of agricultural food
wastes, becoming a serious environmental problem, as well as economy and society concern
(Capanoglu et al., 2022). Trujillo et al. (2020) demonstrated the antioxidant properties of avocado
fruit and these results suggest that the recovery of these by-products could be a suitable solution to
these concerns and to develop a sustainable economy growth (Mora-Sand et al., 2021). Different
approaches are available for the recovery of bio-active compounds from wastes as potential
ingredients to be added in the production of functional foods (Jimenez et al., 2021).

During harvest, avocado leaves are discarded without industry application, although in plant
leaves phenolic compounds were demonstrated to be found in high concentration. Their presence
depends on genetic factor, environmental conditions, geographic location and physiological
variations (Martins et al., 2011). In several studies the extracts obtained from avocado leaves were
described to contain bio-active compounds, such as alkaloids, triterpenoids, saponins,
carbohydrates, fatty acids and polyphenols (Nathaniel et al., 2015; Park et al., 2019; Yamassaki et
al., 2018).

Phenolic compounds are characterised by redox properties, that can neutralise free radicals,
contributing to an amelioration of some degenerative diseases associated to oxidative stress (Rojas-
Garcia et al.,, 2022). Moreover, these bio-active compounds have been also associated to
antibacterial or antifungal activities. In their study, Castro-Ldépez et al. (2019) reported that
hydroalcoholic leaf extracts of seven Mexican cultivars of Per. americana var. drymifolia showed a
strong antioxidant activity, assessed by DPPH and ABTS assays, while purified phenolic fractions
of avocado leaf extracts showed a concentration-dependent antibacterial effect (Solis-Salas et al.,
2021). However, functional activities of these compounds depend on their chemical structure and

bioavailability. In the human gut, dietary phenolics are transformed by fermentative microbiota,
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which plays an important role in their absorption and in the modulation of their functional
properties with benefits in consumers health (Selma et al., 2009).

In food industry, LAB fermentation is used to enhance the nutritional quality of foods,
increasing protein digestibility, mineral availability and the release of peptides and amino acids
(Verni et al., 2019), but also to improve food safety through their antimicrobial and antioxidant
activities (Curiel et al., 2015; Pontonio et al., 2019). In particular, these bacteria can be applied in
vegetable fermentation, due to their good adaptation in this environment (Filannino et al., 2018;
Wang et al., 2021). The capability of LAB to process plant substances is species and strain-specific
and it is linked to the presence of enzymes (e.g. glucosidase, amylase, cellulase, tannase, chitinase
and lipase) that can hydrolyse and break down compounds to release functional substances during
fermentation (Mufioz et al., 2017). On the other hand, LAB metabolism and viability can be
affected by several factors, such as lacking fermentable carbohydrates or the presence of inhibitory
factors (i.e. phenol compounds) (Filannino et al., 2015). For this reason, the tolerance to high levels
of phenols is a required feature for LAB strains selected to transform plant matrices (Filannino et
al., 2018).

This part of the PhD thesis, carried out at the Department of Nutrition and Food Sciences
(University of Granada) under the supervision of Professor Vito Verardo, was aimed to evaluate the
effect of the fermentation exerted by same selected LABs on avocado leaves as a strategy to obtain
extracts enriched in phenolic compounds. In particular, the total phenolic content and the
antioxidant activity, analysed by DPPH and FRAP assays, were determined from hydroalcoholic

extracts obtained from fermented samples.

6.1.2 Materials and methods

6.1.2.1 Avocado leaves collection and LAB strains used

Avocado leaves of Hass variety were collected from Salobrefia (Spain) in April 2022. The
fresh leaves were air dried at room temperature in the dark. Then, they were minced and sieved to
100 pm particle size. The samples were stored at -18°C until the analyses.

To guide the fermentation of avocado leaves, LAB strains of the Spanish Collection of Type
Cultures (CECT) were selected. In particular, they belonged from the species Pediococcus
acidilactici (5765T and 98 strains), Pediococcus pentosaceus (4695T and 923 strains), Leuconostoc
mesenteroides subsp. mesenteroides (219T strain), Levilactobacillus brevis (4121T and 5354
strains), Lactiplantibacillus plantarum subsp. plantarum (748T and 9567, formerly C4, strains).
Strains were pre-cultivated in MRS broth, at 30°C for 24 h, and stocks were stored in glycerol at -

20°C until the analyses.
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6.1.2.2 Avocado leaves fermentation

In order to carry out avocado leaves’ fermentation, 1 g of dried samples were covered by 8
ml of sterile water, previously heated to 90°C. After mixing and cooling, the mixture was
supplemented with 1 ml of sterile medium, formulated with glucose and yeast extract to obtain a
concentration of 0.4% wi/v of each one. LAB inoculum was added in a final load of about 7.5 log
cfu/g. LAB counting (on MRS agar plates, according to Paragraph 3.1.2.3) and pH values
(Paragraph 3.1.2.2) were monitored at 0, 24, 48, 72 and 96 h of incubation at 30°C. At the end of
incubations, samples were stored at -20°C and then freeze-dried for further determinations. Each

analysis was performed in triplicate.

6.1.2.3 Polar compound extraction

Polar compound extraction was performed with 0.2 g of freeze-dried avocado fermented
leaves powder dissolved in 6 ml solution of ethanol/water (80:20 v/v). The mixture was treated in
an ultrasonic bath for 15 min, and then it was centrifuged for 10 min at 9000 rpm. The extracting
procedure was repeated twice. All the supernatants were collected, evaporated and reconstituted in
1 ml of methanol/water (50:50 v/v). The final extracts were filtered with regenerated cellulose
filters 0.2 um (Millipore, Bedford, USA) and stored at -18°C until further analyses.

6.1.2.4 Determination of Folin-Ciocalteu reacting substances

A first screening was performed by using Folin-Ciocalteu spectrophotometric method, in
order to determine the total Folin-Ciocalteu reacting substances (FCRS) in all samples of fermented
avocado leaves (Lamuela-Raventds, 2017). Briefly, 500 pl of the Folin-Ciocalteu reagent was
added to 100 ul of extract. Then, 6 ml of bi-distilled water were added and the solution was agitated
for 1 min. After that, 2 ml of 15% (w/v) Na.COz and again bi-distilled water, to reach a final
volume of 10 ml, were added. The samples were left in darkness for 2 h and the measures were
carried out at 750 nm with a UV-visible spectrophotometer (Spectrophotometer 300 Array, UV-Vis,
single beam, Shimadzu, Duisburg, Germany). Calibration curve was carried out with gallic acid

from 1 to 1000 ppm. Results are expressed as mg gallic acid equivalents (GAE)/g dry weight (d.w.).

6.1.2.5 Determination of antioxidant activity: DPPH and FRAP assays

Antioxidant activity of avocado fermented leaves extracts was determined by DPPH and
FRAP assays (Razola-Diaz et al., 2021, 2022). The measurements were performed using an UV-

visible spectrophotometer (Spectrophotometer 300 Array, UV-Vis, single beam). In both assays,

201



Trolox was used as standard for the calibration curves and results were expressed in mg of Trolox

equivalents (TE)/g of dry weight (d.w.).

6.1.2.6 Determination of polar compounds by HPLC-ESI-TOF-MS

Phenolic compounds present in the fermented and non-fermented avocado leaves extracts

were analysed using an ACQUITY Ultra Performance Liquid Chromatography (UPLC) system,
coupled with an electrospray ionization (ESI) source, operating in the negative-mode, and a mass
detector time of flight (TOF) micro mass spectrometer (Waters Corporation, Milford, USA).
Compounds of interest were separated with an ACQUITY UPLC BEH Shield RP18 column (1.7
um, 2.1 x 100 mm; Waters Corporation), maintained at 40°C. Parameters and the gradient condition
used followed the guidelines of Verni et al. (2020). Acidified water (1% of acetic acid) and
acetonitrile were used as phase A and B, respectively. Analyses were performed in triplicate. The
identification of the phenolic compounds was made with a mass accuracy score higher than 90%.
Finally, to quantify the identified phenolic compounds, calibration curves of vanillic acid,

chlorogenic acid, ferulic acid, quercetin, catechin and rutin were used.

6.1.2.7 Data processing
The data collected with HPLC-ESI-TOF-MS analysis were elaborated using MassLynx 4.1

software (Waters Corporation). Significative differences were defined by using Statistica 8.0
software (StatSoft Inc.). Moreover, to perform the other statistical analyses MetaboAnalyst 5.0 was

employed.

6.1.3 Results and discussion

6.1.3.1 Detection of LAB strains during avocado leaves fermentation

Selected LAB strains were added to guide the fermentation of dried avocado leaves at 30°C.
This microbial population was enumerated through sampling at 0, 24, 48, 72 and 96 h on MRS agar
plates. Results, reported in Table 6.1, showed that avocado leaves did not support the growth of
most of the inoculated microorganisms. In general, LAB strains decreased in the first hours of
incubation and this behaviour was observed during the entire fermentation period. On the other
hand, in samples fermented by Ltp. plantarum 748T and Ltp. plantarum 9567 strains a growth
during the fermentation was detected, reaching a maximum cell concentration of about 8.4 log
cfulg.
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Table 6.1: LAB counts (log cfu/g) during avocado leaves fermentation. Standard deviation is also reported.

LAB strains 0h 24 h 48 h 72 h 96 h
P. acidilactici 5765T 7.93+0.23 7.86 +0.31 7.68+0.25 7.75+0.16 7.20£0.27
P. acidilactici 98 7.81+£0.28 747+0.34 7.31+£0.35 6.66 £ 0.24 6.36 +0.16
P. pentosaceus 4695T 7.25+0.15 6.50 £ 0.23 6.36 + 0.36 5.08 £ 0.34 4.25+0.25
P. pentosaceus 923 7.72+£0.21 6.69 £ 0.22 6.25+0.16 547+0.24 5.01+£0.32
Leuc. mesenteroides 219T 7.23+0.18 6.26 +0.19 5.37+0.25 5.07 £ 0.16 5.64 £0.25
Lev. brevis 4121T 7.45+0.26 6.72 £0.23 6.63 +0.22 6.09 +0.30 5.36 +0.18
Lev. brevis 5354 7.38+0.24 6.24 £0.35 5.48 + 0.36 5.21+0.28 5.13+0.24
Ltp. plantarum 748T 7.94+0.14 8.44+0.11 8.41+0.15 8.30+£0.18 8.15+0.10
Ltp. plantarum 9567 7.98 +0.22 7.79+0.27 8.45+0.12 8.48 +0.10 8.20+0.14

These results were confirmed also by the pH values. The initial pH was about 6 and, after 24
h of incubation, Ltp. plantarum 748T strain caused the acidification of the samples, reaching value
of 3.93, that remained constant until the end of incubation. In the case of Ltp. plantarum 9567
strain, a pH reduction up to 4 was observed after 48 h of incubation (Figure 6.1). Regarding the

other strains, pH was maintained similar to the initial value.
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Figure 6.1: pH values detected during fermentation of avocado leaves by LAB strains.

Avocado leaves composition could affect the growth kinetics of these LAB strains. In
particular, phenolics compounds can be a hurdle to their viability and metabolism (Leonard et al.,
2021). Moreover, this vegetal matrix is characterised by glycosides, alkaloids, tannins, saponins,
flavonoids, terpenoids and steroids, that represent a potential source of antimicrobial molecules
(Garcia-Rodriguez et al., 2016; Park et al., 2019; Solis-Salas et al., 2021). Nevertheless, high
tolerance to phenolic compounds is found in LAB microbial group, especially in Lactobacilli strains

isolated from fermented products, characterised by a high content of phenolic compounds
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(Ghabbour et al., 2011). In this context, Ltp. plantarum has been widely studied for its adaptation to
plant habits and capability to metabolise phenolics and it is used as starter in food fermentation
(Filannino et al., 2015).

6.1.3.2 Folin-Ciocalteu reacting substances content and antioxidant activity of the fermented

avocado leaves

Avocado leaves were previously treated with hot water, in order to eliminate contaminants
that could affect the fermentation process. It was reported that phenolic compounds content or
antioxidant activity of the extracts were not affected by their exposure to high temperatures until 8 h
(Yamassaki et al., 2017).

All fermented avocado leaves samples, collected at different incubation times (24, 48, 72
and 96 h), were analysed to evaluate their content in Folin-Ciocalteu reacting substances (FCRS)
and antioxidant activity. The results are reported in Table 6.2.

An increase of the FCRS content has been detected after the fermentation of some LAB
strains, respect to the control (26.90 mg GAE/g d.w.). In particular, after 24 h FCRS values were
detected between 27.70 mg GAE/g d.w. and 29.56 mg GAE/g d.w. in samples fermented by P.
acidilactici 5765T, P. pentosaceus 4695T, Lev. brevis 5354 and Ltp. plantarum 9567, but the
highest value was observed in Ltp. plantarum 748T sample after 48 h (30.72 mg GAE/g d.w.). In
the other samples, up to the end of incubation, this parameter was always significantly lower respect
to the control.

Otherwise, comparing the control sample at initial time, antioxidant activity was lower in all
samples during fermentation, according to data obtained with DPPH and FRAP assays. As reported
in Table 6.2, the highest antioxidant activity was measured after 24 h and 48 h of incubation. These
values ranged from 44.53 mg TE/g d.w.to 51.32 mg TE/g d.w. (P. acidilactici 5765T) in DPPH
analysis and 78.50 mg TE/g d.w.to 96.61 mg TE/g d.w. (Ltp. plantarum 748T) according to FRAP
test. Filannino et al. (2020) reported that, in avocado puree, the fermentation guided by Ltp.
plantarum resulted in a high level of total free amino acids and a marked increase of antioxidant
activity.

The FCRS content was related to the antioxidant activity. A significant positive correlation
(p < 0.05) was found between total phenolic content and DPPH (r = 0.7857) and FRAP (r = 0.8069)
assays. Likewise, DPPH assay showed a significant positive correlation with FRAP assay (r =
0.6107).
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Table 6.2: Folin-Ciocalteu reacting substances content and antioxidant activity of all fermented avocado
leaves samples. Results are expressed as average and standard deviation is reported.

FCRS

Antioxidant activity

Microorganisms Time (h) (mg GAE/g d.w) DPP(ITg TE/g d.V\IQ)RAP
Control 0 26.90 + 0.04 53.88 £ 0.58 92.10+1.26
24 29.56 + 0.37 51.32 £ 0.37 78.50 £ 1.35
P acidilactici 5765T 48 25.87 + 0.08 50.01 £ 0.23 70.31+£1.19
72 24.49 + 0.09 42.85 £ 0.27 50.34 £ 0.84
96 22.80 £ 0.05 45.45 £ 0.37 71.12+1.20
24 17.77 £0.01 28.90 £ 0.07 53.59£0.90
P acidilactici 98 48 20.10 £ 0.04 33.09 £0.07 56.66 £ 0.96
72 18.35+0.53 32.11+£1.28 72.28 £1.21
96 18.58 + 0.21 31.33+0.36 64.51 +1.08
24 27.70 £0.20 50.04 £ 0.56 93.33 £ 1.57
P. pentosaceus 4695T 48 21.49+0.24 48.03 £ 0.55 82.79+ 141
72 21.22 +£0.16 36.45+0.41 65.64 £ 1.11
96 17.46 £ 0.13 36.63 £ 0.94 53.82 £0.93
24 20.21 £ 0.02 42.56 £ 0.74 62.30 £ 1.03
P. pentosaceus 923 48 21.60 £ 0.08 41.38 £0.28 68.89 £ 1.14
72 23.41+0.21 48.79 £ 0.28 78.61+1.35
96 23.53 £ 0.59 49.70 £ 0.27 8341141
24 20.49 +0.43 47.47 £0.32 72.51+£1.20
Leuc. mesenteroides 219T 48 18.94 £ 0.25 43.39 £ 1.09 64.97 £ 1.08
72 20.08 +0.01 35.38 £ 0.29 62.42 +1.04
96 18.88 £ 0.11 30.79 £ 0.50 57.49 £ 1.00
24 20.06 +0.16 35.68 + 0.52 62.31+1.04
Lev. brevis 4121T 48 19.85+0.18 33.17+£0.01 58.29 £ 0.99
72 17.83+0.19 30.32+0.70 58.53 £0.99
96 19.31+0.18 29.23 £0.33 60.57 £ 1.02
24 29.39 + 0.60 4720+ 1.54 91.58 + 1.53
Lev. brevis 5354 48 27.62 £ 0.50 43.78 £ 1.27 86.34 £ 1.49
72 25.67 +0.42 40.29 £ 1.36 81.48 +1.39
96 19.87+£0.24 31.64 £0.89 63.43 £ 1.08
24 21.98 +0.12 25.56 + 0.46 7158+ 1.24
Ltp. plantarum 748T 48 30.72 £0.52 44,53 £1.00 96.61 £ 1.60
72 30.07 £ 0.52 43.35+0.92 92.01+1.55
96 26.62 + 0.40 38.59+1.04 85.14 £ 1.45
24 29.09 + 0.02 49.68 +0.78 90.38 + 1.57
Ltp. plantarum 9567 48 27.65+0.10 42.74 £0.39 93.23+ 154
72 28.50 + 0.30 43.59 + 0.66 89.72+ 151
96 27.08 +£0.32 40.82 £ 0.75 89.10+ 1.50

Based on the FCRS content and the antioxidant activity, samples fermented by P.
acidilactici 5765T (24 h), P. pentosaceus 4695T (24 h), Lev. brevis 5354 (24 h), Ltp. plantarum
748T (48 h) and Ltp. plantarum 9567 (24 h) strains were selected to study their phenolic
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composition. Conversely, other tested strains were discarded for the further analyses due to their not

promising results detected.

6.1.3.3 Identification of polar compounds in fermented avocado leaves by HPLC-ESI-TOF-

MS

The selected samples avocado leaves fermented samples and the control were characterised
by HPLC-ESI-TOF-MS and a total of 48 polar compounds were identified (Table 6.3). In

particular, 37 flavonoids, 7 phenolic acids and 4 other compounds were detected.

Table 6.3: Identified compounds in fermented and non-fermented avocado leaf by HPLC-ESI-TOF-MS. In
blue are highlighted flavonoids compounds, in red phenolics acids and in black the other compounds.

Time

m/z

m/z

Error

Score

Molecular

Peaks (min)  experimental  calculated (ppm) (%) formula Compounds
1 0.324 191.0554 191.0556 -1.0 100.00 C7H1,06 Quinic acid isomer a
2 0.394 191.0549 191.0556 -3.7 100.00 C7H1,06 Quinic acid siomer b
3 1.362 315.0703 315.0716 -4.1 99.97 C13H1604 Protocatechuic acid-4-glucoside
4 3.406 163.0398 163.0395 1.8 100.00 CgHsOs p-coumaric acid
5 4.688 353.0865 353.0873 -2.3 99.97 Ci6H1509 Chlorogenic acid
6 5.172 371.0977 371.0978 -0.3 95.46 C16H20010 Dihydroferulic acid 4-O-glucuronide
7 5.478 385.1153 385.1135 4.7 90.68 C17H22040 Sinapic acid-C-hexoside
8 5.644 577.1351 577.1346 0.9 99.30 C3oH26012 Procyanidin dimer
9 6.016 221.044 221.045 -4.5 100.00 C11H100s p-coumaroyl glycolic acid
10 7.138 165.0547 165.0552 -3.0 100.00 CoH1005 Dihydro-p-coumaric acid
11 7.199 865.1981 865.198 0.1 91.80 CusH35018 Procyanidin trimer
12 7.568 301.0342 301.0348 -2.0 96.02 C15H1007 Quercetin
13 7.903 625.1406 625.1405 0.2 98.96 Ca7H30017 Quercetin-diglucoside isomer a
14 7.973 739.1682 739.1663 2.6 90.78 Ca9H32015 Cinchonain-1a-(4beta->8)-catechin isomer a
15 8.048 625.1428 625.1405 3.7 99.53 Ca7H30017 Quercetin-diglucoside isomer b
16 8.147 451.1015 451.1029 -3.1 99.51 Ca4H200q Cinchonain
17 8.263 739.1646 739.1663 -2.3 95.25 C39H32015 Cinchonain-1a-(4beta->8)-catechin isomer b
18 8.531 595.1297 595.1299 -0.3 94.55 Ca6H25016 Quercetin-3-O-arabinosyl-glucoside isomer a
19 8.668 595.1292 595.1299 -1.17 95.67 C26H25016 Quercetin-3-O-arabinosyl-glucoside isomer b
20 8.788 609.146 609.1456 0.7 99.01 C27H30016 Rutin isomer a
21 8.966 609.1456 609.1456 0.0 96.23 C27H30016 Rutin isomer b
22 9.07 595.1286 595.1299 -2.2 99.57 Ca6H25016 Quercetin-3-O-arabinosyl-glucoside isomer ¢
23 9.144 463.0862 463.0877 -3.2 94.20 C21H20012 Quercetin-3-glucoside isomer a
24 9.314 463.0866 463.0877 -2.4 99.16 C21H2012 Quercetin-3-glucoside isomer b
25 9.57 579.1331 579.135 -3.3 96.32 Ca6H28015 Luteolin 7-O-(2”-O-pentosyl)-hexoside isomer a
26 9.624 299.0183 299.0192 -3.0 98.09 Ci5HsO; Emodic acid isomer a
27 9.645 477.0653 477.0669 -3.4 99.22 C21H15013 Quercetin glucuronide
28 9.715 579.135 579.135 0.0 91.62 Ca6H25015 Luteolin 7-O-(27-O-pentosyl)-hexoside isomer b
29 9.765 565.1204 565.1193 19 92.13 CasH26015 Quercetin 3-xilosyl-(1->2)-alpha-L-arabinopyranoside
30 9.901 447.0918 447.0927 -2.0 94.92 C21H20011 Kaempferol-O-hexoside isomer a
31 9.992 609.1456 609.1456 0.0 99.88 C27H30016 Rutin isomer ¢
32 10.06 299.0192 299.0192 0.0 99.87 C1sHsOy Emodic acid isomer b
33 10.087 579.1343 579.135 -1.2 92.58 Ca6H28015 Luteolin 7-O-(2”-O-pentosyl)-hexoside isomer ¢

206



34 10.244 447.0915 447.0927 -2.7 93.19 C21H20011 Kaempferol-O-hexoside isomer b

35 10.311 505.096 505.0982 -4.4 96.80 Ca3H2013 Quercetin 3-O-glucose-6"-acetate

36 10.451 447.0913 447.0927 -3.1 93.55 C21H20011 Quercetin-O-deoxyhesoxide

37 10.493 461.0706 461.0779 -3.0 99.87 C21H15012 Kaempferol 3-glucuronide

38 10.567 549.124 549.1244 -0.7 92.41 CasH26014 Kaempferol 3,4’-dixyloside isomer b

39 10.77 549.1262 549.1244 33 93.06 CasH26014 Kaempferol 3,4’-dixyloside isomer a

40 10.845 579.136 579.135 1.7 94.44 CasH28015 Luteolin 7-O-(2”-O-pentosyl)-hexoside isomer d

41 10.944 593.1521 593.1506 25 99.34 Cu7H30015 Catechin diglucopyranoside

42 11.022 489.1032 489.1033 -0.2 93.58 Ca3H2,012 Quercetin 3-O-acetyl-rhamnoside

43 11.266 531.1507 531.1503 0.8 99.48 Ca6H25012 Luteolin 7-[6-O-(2-methylbutyryl)-beta-glucoside] isomer a
44 11.291 489.1024 489.1033 -1.8 98.79 Ca3H2,012 Kaempferol 3-O-acetyl-glucoside

45 11.374 531.15 531.1503 -0.6 94.94 Ca6H25012 Luteolin 7-[6-O-(2-methylbutyryl)-beta-glucoside] isomer b
46 11.618 431.0989 431.0978 26 93.85 C21H20010 Kaempferol-O-coumaroyl

47 11.808 563.1408 563.1401 1.2 94.47 Ca6H25014 Apigenin-C-hexoside-C-pentoside

48 12.313 285.0394 285.0399 -1.8 90.15 Ci5H1006 Kaempferol

Among flavonoids, flavan-3-ol is a well-known group of flavonoids usually found in
avocado samples (Rincon-Herndndez et al., 2011). In this case, catechin derivatives (procyanidin
dimer, procyanidin trimer and catechin diglucopyranoside) were detected. Moreover, it was
interesting to highlight the presence of cinchonain-1a-(4beta->8)-catechin isomer a and b, described
in avocado leaves for the first time. In addition, quercetin was detected together with a total of 12
quercetin derivatives, identified in agreement with Castro-Lopez et al. (2019), who previously
described them in avocado leaves, except for quercetin 3-O-glucose-6"-acetate, quercetin 3-xilosyl-
(1->2)-alpha-L-arabinopyranoside and quercetin 3-O-acetyl-rhamnoside. This latter was found it in
berries by Mi et al. (2004). As reported by Castro-Lépez et al. (2019), also apigenin-C-hexoside-C-
pentoside, kaempferol, kaempferol-O-hexoside (isomer a and b), kaempferol 3-O-acetyl-glucoside
and kaempferol-O-coumaroyl were identified. In other studies, the presence of kaempferol 3-
glucuronide and kaempferol 3,4’-dixyloside (isomer a and b) kaempferol derivatives was detected
(Nakane and Iwashina, 2015). Finally, among luteolin derivatives, luteolin 7-[6-O-(2-
methylbutyryl)-beta-glucoside] (isomer a and b) were identified, in agreement to Xiong et al.
(2020), who found them in sorghum.

Regarding phenolic acids, the presence of protocatechuic acid-4-glucoside, p-coumaric acid,
chlorogenic acid and sinapic acid-C-hexoside were observed, as reported by Lopez-Cobo et al.
(2016), that previously identified them in avocado by-products. Besides, 2 coumaric acid
derivatives, named p-coumaroyl glycolic acid and dihydro-p-coumaric acid, were detected for the
first time in avocado leaves. These compounds had already been found in lentils seeds (Duefias et
al., 2007) and in olives (Boskou et al., 2006), respectively. In addition, a ferulic acid derivative
(dihydroferulic acid 4-O-glucuronide) was identified in agreement with Hu et al. (2021), who found
it in sweet cherries. In addition, a ferulic acid derivative (dihydroferulic acid 4-O-glucuronide) was
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identified in agreement with Hu et al. (2021), who found it in sweet cherries. In a previous study
about avocado wastes, Fan et al. (2022) reported the presence of a similar compound, named ferulic
acid 4-O-glucoside, but it is the first time that this compound was found in avocado leaves.

Finally, the remaining compounds were identified as quinic acid isomer a and b (Figueroa et

al., 2021; Lopez-Caobo et al., 2016) and emodic acid, 2 isomers of trihydroxyanthraquinones.

6.1.3.4 Quantification of phenolic compounds by HPLC-ESI-TOF-MS and their

biotransformation during fermentation in avocado leaves

The phenolic profile of each sample was also assessed to highlight some changes in the
composition of these compounds, that could be dependent on LAB metabolisms and not only on
their growth. For this reason, detected compounds were quantified with HPLC-ESI-TOF-MS and
the results are summarised in Table 6.4.

Dada showed that fermentation processes caused modifications in phenolic profile of
samples (Figure 6.2). Total phenolic compounds content increased in each fermented sample,
except for Lat. plantarum 748T (3242.17 ug/g d.w.), with respect to the control (4163.45 pg/g
d.w.). The higher quantity of these compounds was detected in sample fermented by P. pentosaceus
4695T (7003.05 ng/g d.w.), followed by Lev. brevis 5354, P. acidilactici 5765T and Ltp. plantarum
9567. This result depended on differences in the accumulation of flavonoids. In fact, the variation in

the total quantified phenolic acids was less evident.
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Control P. acidilactici  P. pentosaceus ~ Lev. brevis  Litp. plantarum  Ltp. plantarum
5765T 4695T 5354 748T 9567
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Total phenolic acids ~ mTotal flavonoids = Total phenolic compounds

Figure 6.2: Phenolic profile in fermented avocado leaves samples, measured by HPLC-ESI-TOF-MS.
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Table 6.4: Quantification of phenolic compounds of selected fermented avocado leaves samples. Only compounds
beyond the limit of quantification (LOQ) are reported. Moreover, as a result of ANOVA test, different letters indicate
significant differences among each compounds quantity in fermented samples with respect to the control.

P. P. Lev. brevis Ltp. Ltp.
Compounds (pg/g d.w.) Control acidilactici  pentosaceus 5'354 plantarum plantarum
5765T 4695T 748T 9567
Protocatechuic acid-4-glucoside 3021696?; ffgégb 3674;1602 f%lgsli &% 3%41%%
chi - acid 310.69 37.84 93.16 194.14 201.66 95.63
orogenic act +5.89° +1.25b +0.66°¢ +3.75¢ + 3.66¢ +2.39¢
. o . 516.74 486.77 766.37 741.21 419.82 657.75
Dihydroferulic acid 4-O-glucuronide +17.192 +13.16° +16.91b +6.430 +14.40¢ + 657
o . 81.34 115.99 132.64 129.81 71.78 120.71
Sinapic acid-C-hexoside +1.542 +4.61P +2.93¢ +4.43¢ +1.16¢ +2.40
< acid 147.97 185.67 200.73 169.85 . 140.29
p-coumaric act + 2550 +5.25b +0.05¢ +2.250 - +4.422
o 24.05 42.16 56.81 35.88 . 30.27
p-coumaroy! glycolic acid +0.55% +1.94° +3.41° +2.36¢ - +3.74¢
. o 121.23 191.22 230.99 186.30 165.49 140.21
Dihydro-p-coumaric acid +1.04°  +413°  £208°  £204  +0420 +5.38°
o . 173.43 174.76 231.20 168.59 156.56 179.05
Catechin diglucopyranoside +2.46° +2.872 +1479>  +856% +4.79¢ +3.942
. o 214.69 396.74 370.98 558.21 277.86 324.16
Quercetin-diglucoside isomer a +412°  +537°  +11.08  +4.90° +9.81° + 5.66'
. o 98.53 217.72 170.00 262.31 124.72 176.52
Quercetin-diglucoside isomer b +6.75° +10.525 +3.00° +3.76¢ +7.42¢ +4.49°
. . . 269.02 498.00 394.58 519.29 270.03 223.42
Quercetin-3-O-arabinosyl-glucoside isomer a +0.79 +79.73b +8.20° + 856 +14.032 +10.62¢
. . . 126.63 302.52 284.07 291.30 103.57 152.27
Quercetin-3-O-arabinosyl-glucoside isomer b + 2708 +10.79° +8.30° +7.830 + 8.68° +10.32¢
. o 153.37 248.31 317.37 272.94 161.98 191.52
Quercetin-3-glucoside isomer a +3.88 +1050°  +16.93¢ +2.03¢ + 5,522 +4.31¢
. . 221.66 281.07 291.79 225.80 15.13 237.81
Quercetin-3-glucoside isomer b +12700  +1650°  +1511°  +841°  +287°  +4.13°
. ) 312.69 244,54 245.23 310.17 234.06 225.18
Quercetin glucuronide +11.19 +4.62 +9.88b +15058  +6.78M +3.68¢
. . 102.90 223.65 233.55 123.24 75.82 140.25
Quercetin-O-deoxyhesoxide +2.56° +8.65 +2.55b +1.33C + 6,74 +3.27°
Rutini 155.12 348.26 350.88 324.72 117.66 219.94
utin Isomera +10.53 +1.27P +3.37 +5.94¢ +8.92¢ +9.05¢
Rutini b 94.67 281.89 257.55 232.75 54.63 157.58
utin 1somer +0.40° +0.47 +5.62 +6.29¢ +5.05¢ +7.31f
Rutin 332.33 557.92 473.91 498.48 426.23 527.58
utin 1somer ¢ +13.442 +1.75 +1352¢ +£1219°  +10.28¢ +3.41°
. . . 17.24 184.54 124.92 88.77 97.85 82.09
Luteolin 7-O-(27-O-pentosyl)-hexoside isomer a +3208 +11.24b +9.70° +4.710% + 5,37 +783¢
. . . 130.81 146.00 181.60 108.99 69.94 169.59
Luteolin 7-O-(2”-O-pentosyl)-hexoside isomer d +3.400 + 15.85% + 14,05 +3.100 +7.67¢ +1.490
Kaemoferol 23.49 32.04 232.24 26.53 ] 2.82
aemptero +0.992 +3.57 +2593¢  +4.71® i +0.78¢
o 120.91 309.41 219.59 258.68 94.00 148.73
Kaempferol-O-hexoside isomer a +7.55 +8.65 +9,05¢ +2.99¢ +6.020 +0.92f
o 116.48 258.40 250.72 177.49 . 156.92
Kaempferol-O-hexoside isomer b + 6578 + 765 +11.78b +989¢ - +0.50¢
. 15.95 154.26 171.12 101.26 31.31 40.93
Kaempferol 3-glucuronide +2.622 + 4,36 +1.78 +0.92¢ +5.45¢ +3.45¢
8.27 38.94 135.91 8.34 34.16 21.29
Kaempferol-O-coumaroyl +1.39° +4.85P +3.08° +1.69° + 69200 +7.20
L . . 22.80 63.37 137.46 36.65 17.34
Apigenin-C-hexoside-C-pentoside +1.08 +824b + 3.4 + 460 -€ + 4268
Total henolic acid 1557.08 144514 1976.73 218523 886.58 1686.24
otal phenofic acids +27328  +3250°  +3092¢  +27.179  +19.65¢  +27.02f
Total flavonoids 2606.36  4937.17 5026.32  4592.16 235558 341755
+137.242  +113.27° +190.43> +105.17° +133.522  +90.51¢
Total phenoli g 416345  6382.32 7003.05  6777.39 324217 510378
otal phenolic compounds +124562 +14578>  +22135¢ +132349  +13317¢  +117.53f

*: limit of quantification
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The observed differences could be attributed to the degradation and biotransformation of
food phenolic compounds by LAB tannase, amylase, esterase, B-glucosidase, phenolic acid
decarboxylase (PAD), reductase and benzyl alcohol dehydrogenase enzymes (Mufioz et al., 2017).
Hydroxycinnamic acids, such as caffeic, p-coumaric and ferulic acids, can be reduced into
dihydrocaffeic, phloretic and dihydroferulic acids, respectively, or decarboxylated into vinyl
derivatives by a phenolic acid decarboxylase enzyme (PAD), and subsequently reduced into ethyl
derivatives (Filannino et al., 2014).

While p-coumaric acid increased in samples fermented by P. acidilactici 5765T, P.
pentosaceus 4698T and Lev. brevis 5354, it was reduced by Ltp. plantarum 9567 and consumed by
Ltp. plantarum 748T (value under the detection limit). Duefias et al. (2005) reported that trans-p-
coumaric and cis-ferulic acids were consumed by Ltp. plantarum in cowpeas (Vigna sinensis L.),
depending on their isomeric form. Likewise, Lev. brevis, Ltp. plantarum and P. pentosaceus were
able to metabolise p-coumaric and ferulic acids through decarboxylation pathway. In addition,
Filannino et al. (2015) demonstrated that p-coumaric acid was degraded into p-vinyl-phenol or
reduced in dihydro-p-coumaric acid (phloretic acid) by Ltp. plantarum in cherry juice, underlining a
strain-specific metabolism. However, the decrease of p-coumaric acid in Ltp. plantarum 748T
fermented sample was not explained by the amount of its reduced metabolite accumulation.

Cinnamoyl ester hydrolases, also known as cinnamoyl esterase, can cause the hydrolysis
reaction of hydroxycinnamoy! esters (Esteban-Torres et al., 2015), releasing free acids as substrate
for phenolic acid decarboxylases PAD (Landete et al., 2010). In Ltp. plantarum 748T fermented
sample, p-coumaroyl glycolic acid, an ester of p-coumaric acid, was not detected. This result
suggested an initial hydrolysis by a cinnamoyl esterase enzyme (Esteban-Torres et al., 2015),
followed by a decarboxylase of p-coumaric acid. Cinnamoyl esterase activity is important in the de-
esterification process of dietary fibre in human and ruminal digestion improving the antioxidant,
anti-inflammatory and antimicrobial activity of complex dietary compounds (Mufioz et al., 2017).

Chlorogenic acid, also known as 3-caffeoylquinic acid, was significantly decreased in the
analysed samples, especially with P. acidilactici 5765T, but this compound was not consumed by
Ltp. plantarum 748T (Sanchez-Maldonado et al., 2011).

Fermented avocado leaves samples were characterised by an increase in the detected amount
of rutin isomers, in particular in the presence of P. acidilactici 5765T, with respect to the control.
Nevertheless, after the fermentation guided by Ltp. plantarum 748T rutin isomers a and b were
reduced, but isomer c was increased significantly. Quercetin-3-glucoside isomers were
characterised by the same behaviour of rutin compounds. Lin et al. (2014) reported that quercetin-3-

glucoside, as well as kaempferol, kaempferol-3-glucoside and quercetin, were released from rutin
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after fermentation with Aspergillus awamori in Litchi pericarp. Likewise, a significant increase of
kaempferol was observed only in the sample fermented by P. pentosaceus 4695T. Hydrolysis of
rutin to kaempferol-3-rutinoside or quercetin-3-glucoside is catalysed by a-rhamnosidases and
further hydrolysed by B-glucosidases to free kaempferol or quercetin, respectively (Leonard et al.,
2021). However, free quercetin was detected under the limit of determination in all analysed
samples.

The enzymatic activity of bacteria can break down vegetable cell walls and release bound
phenolics improving their bioavailability and facilitating their extraction (Mufioz et al., 2017; Wang
et al.,, 2021). Flavonoids were the main phenolic compound found in avocado leaves and were
highly increased after fermentations with LAB strains. These compounds were represented mostly
by quercetin and kaempferol (Lee et al., 2015). In general, the concentration of glucoside
flavonoids, such as luteolin-7-0O-(2’-O-pentosyl)-hexoside isomer a, quercetin-diglucoside isomer a
and b, and quercetin-3-O-arabinosyl-glucoside isomer a, increased if compared to the not-fermented
control. On the other hand, luteolin-7-O-(2”-O-pentosyl)-hexoside isomer d and quercetin-3-
glucoside isomer b were significantly reduced by Ltp. plantarum 748T. As reported by Landete et
al. (2015), Ltp. plantarum 748T strains transformed food aryl glycosides (phloridzin, esculin,
daidzin and salicin) into aglycones, with the exception of quercetin glucoside which remained
glycosylated until the end of fermentation process. It is reported that the de-glycosylation is
associated with an increase in the antioxidant activity (Landete et al., 2014). Moreover, the decrease
in concentration of quercetin glucoside isomer b, but not in isomer a, suggested a glycosyl
hydrolase activity dependent on the isomeric form.

In the gut, conjugated glucosides are hydrolysed by the intestinal microbiota to be absorbed
into their corresponding aglycone, which show higher activity than their precursor (Filannino et al.,
2018). p-glycosidase activity is widespread among LAB and have a significant positive impact on
fermented products, improving their flavour and organoleptic characteristics (Michlmayr and
Kneifel, 2014). Glycosidase activity of Ltp. plantarum has been associated to an improvement of
the bioavailability of food phenolic compounds, with an increase in their antioxidant activity
(Landete et al., 2014). Although Ltp. plantarum 748T decreased total phenolic content of avocado
leaves, contrary to Ltp. plantarum 9567, it showed a significant decrease of aryl-glucosides,
suggesting a higher glycosidase activity than the other strains. These results could be related to the
high antioxidant activity found through DPPH and FRAP assays, with respect to the other
fermented samples.

A hierarchical clustering heatmap was performed to provide an intuitive visualisation of all

the phenolic compounds quantified by HPLC-ESI-TOF-MS in the fermented avocado leaves by the
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selected LAB strains (Figure 6.3). The colour scale describes the concentration values of each
compound, ranged from a normalised value of 2 (intense red) to -2 (intense blue).

class 2 class

Control

Lev. brevis 5354
1 Lip. plantarum 748T
Chlorogenic acid 1] Litp. plantarum 9567
Dihydroferulic aci P. acidilactici 5765T
P. pentosaceus 4695T

Protocatechuic aci
p-Coumaric acid

sinapic acid-C-hex 0
p-Coumaroyl glycol
Dihydro-p-coumaric
Quercetin-diglucos

' Quercetin-diglucos
Quercetin-3-O-arab -2
Quercetin-3-O-arab
Rutin isomer a

Rutin isomer b

Rutin isomer ¢
Quercetin-3-glucos
Quercetin-3-glucos
Luteolin 7-0-(2--O
Luteolin 7-O-(2--O
Luteolin 7-O-(2--O
Quercetin glucuron
Kaempferol-O-hexos
Kaempferol-O-hexos
Quercetin-O-deoxyh
Kaempferol 3-glucu
Catechin diglucopy
Kaempferol-O-couma

— Apigenin-C-hexosid

Kaempferol

Figure 6.3: Heatmap of fermented avocado leaves samples, clustered through their phenolic compounds content.

The sample fermented by Ltp. plantarum 748T was clustered with the control, due to the
fact that they were characterised by small differences in the phenolic profile. Moreover, these
samples had the lowest total phenolic content and the highest amount of chlorogenic acid.
Meanwhile, Lev. brevis 5354 and P. acidilactici 5765T were grouped together because showed
higher content of luteolin and quercetin derivatives. Finally, the cluster composed by P.
pentosaceus 4695T and Ltp. plantarum 9567 seemed to be a heterogeneous group in terms of
amounts of single compounds, but with similar profile and proportions between them.

This clustering analysis confirmed that the formation of phenolic compounds depends on the
activation of LAB strain-specific metabolic pathway. Moreover, LAB metabolism depends on the
capability of strains to tolerate and hydrolyse these compounds.
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6.1.4 Conclusions

This part of the PhD thesis allowed to identify the chemical biotransformation induced by
the fermentation of avocado leaves by selected LAB strains. A total of 48 polar compounds were
identified by HPLC-ESI-TOF-MS, 15 of which have been identified for the first time in this type of
vegetal matrix. The obtained results showed that the samples with Ltp. plantarum 748T and P.
pentosaceus 4695T were characterised by the highest antioxidant activity. Moreover, with the
exception of Ltp. plantarum 748T, fermentations with P. acidilactici 5765T, P. pentosaceus 4695T,
Ltp. plantarum 9567 and Lev. brevis 5354 led to an increase of the total phenolic content, as
demonstrated by HPLC-ESI-TOF-MS.

In conclusion, biotransformation induced by bacterial metabolism modified the phenolic
compound profile of avocado leaves in a strain-specific dependent manner, suggesting that LAB led
the hydrolysis of compounds by enzymatic activity, such as glycosidases or decarboxylase, and the
release of bound phenolics from plant cell walls, thus improving their bioavailability. For these
reasons, LAB strains can be used in the exploitation and valorisation of avocado agro-wastes for the

production of enriched phenolic extracts.

Data published as:

De Montijo-Prieto; S., Razola-Diaz, M.C., Barbieri, F., Tabanelli, G., Gardini, F., Jiménez-Valera, M., Ruiz-Bravo,
A., Verardo, V.*, Gémez-Caravaca, A.M. (2023). Impact of LAB fermentation on phenolic compounds and
antioxidant activity of avocado leaf extracts. Antioxindant, 12, 298. doi: 10.3390/antiox12020298.
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7.1 Conclusions

As described in the objectives, this thesis was structured on three main strands of research.

The first concerned the use of autochthonous microbial strains, isolated from spontaneously
fermented sausages collected in Mediterranean countries, to be proposed as bio-protective or
functional starter cultures. In this perspective, the work started from the isolation of LAB from 15
fermented sausages produced in four European countries (Italy, Slovenia, Spain and Croatia) and
from a metagenomic analysis addressed to highlight the biodiversity of their microbiota (Chapter
3.1). As expected, LAB and CNC were the most representative microorganisms in all samples, but
significant differences were observed in relation to the characteristics and provenience of these
fermented sausages. Latilactobacillus was the only genus found in all products, even if LAB
belonging to the genus Companilactobacillus were found, especially in Spanish samples. These
differences were reflected in the first instance in fermented sausages safety characteristics, i.e.
biogenic amines concentrations. Moreover, also the volatilome, and consequently the peculiar
sensory features of traditional products, was dependent on the complexity of the microbiota, which
allowed to compare the microbial composition and the final characteristics of fermented sausages.
The bacterial isolates were genetically identified allowing the definition of approx. 150 biotypes,
mainly belonging to the species Lat. sakei followed, albeit in smaller quantity, by Lat. curvatus,
Comp. alimentarius, Lactiplantibacillus paraplantarum and Pediococcus acidilactici (Chapter 3.2).
These identifications did not confirm the great species biodiversity found through the metagenomic
analysis and highlighted the high assertiveness and specialisation of Lat. sakei for this ecological
niche.

After the exclusion of the strains producing biogenic amine or showing antibiotic-resistance,
according to EFSA indications, only safe strains (approx. 40) were characterised for their
technological properties. In particular, the strain growth performances at different temperatures and
in the presence of different NaCl concentrations were considered together with the potential to
produce volatile compounds in meat model. In addition, these strains were tested for their inhibiting
activity against some pathogens and analysed for the presence of genes related to bacteriocin
production (Chapter 3.3). This preliminary screening work was preparatory to the selection of the
most interesting strains for possible industrial applications.

In this perspective, in this PhD thesis two examples of applications are proposed in meat
products obtained at pilot plant scale. The first concerned the use of two strains chosen for their
anti-listerial activity (Ltp. paraplantarum and P. acidilactici) as bio-protective cultures in fresh
sausages (Chapter 4.1) and the second the use of the same strains as starter cultures for the
preparation of fermented sausages (Chapter 4.2). The results obtained were encouraging, in
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particular for the fermented sausages, in which salamis produced with the two selected strains
presented good sensory properties and aroma profile and were characterised by a marked reduction
in BA content. In addition, the growth of List. monocytogenes, assessed in a challenge test, was
strongly inhibited.

Other application trails in this issue are ongoing on pilot plant or industrial productions, also
testing other autochthonous strains besides those mentioned. These activities were performed in the
frame of the project BioProMedFood (PRIMA — Section 2), of which this PhD thesis is a part.
Although the results are not reported in this thesis, as they are not yet finalised, the preliminary data
demonstrated a very promising future for the use of these new strains, that could be exploited also at
industrial level.

The second objective of this PhD thesis was focused on the use of natural compounds with
antimicrobial potential. The attention has been focused on the bioactivity of molecules present in
plant derivatives obtained from species characterising the Mediterranean maquis, in particular
Juniperus oxycedrus and Rubus fruticosus. Plant derivatives were obtained with two processes:
hydroalcoholic extraction (plant phenolic extract) and hydro-distillation (plant essential oil). After
the characterisation of their composition and the evaluation of their MIC in vitro, their antimicrobial
activity was tested against a strain of List. monocytogenes (Chapter 5.1) and Ent. faecium (Chapter
5.2). In the latter case the bioactivity was also tested for the inhibition of tyramine production. In
both cases, a more in-depth study was conducted to assess the nature of the damage suffered by the
microbial cells and their ability to repair the injuries over time by using a flow cytometric protocol.
Relevant differences were observed concerning the effects in relation to the species and in relation
to the type of derivative, i.e., phenolic extract or essential oil. These in vitro studies are fundamental
to understand the potentiality of these natural substances and their possible application in food to
maximise and optimise their activities.

The last aim of this PhD thesis was the evaluation of the use of fermentation of plant by-
products to obtain plant extracts enriched in phenolic compounds. The data obtained are
encouraging (Chapter 6.1). In fact, an increase in antioxidant potential of avocado (Persea
americana) leaf extracts, following fermentation by different LAB species (P. acidilactici, P.
pentosaceus, Leuc. mesenteroides, Lev. brevis, Ltp. plantarum), has been demonstrated.
Biotransformations induced by bacterial metabolism modified the phenolic compound profile of
avocado leaves in a strain-specific dependent manner, suggesting that LAB led to the hydrolysis of
compounds by enzymatic activity, such as glycosidases or decarboxylase, and the release of bound

phenolics from plant cell walls, thus improving their bioavailability.
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Concluding, the work presented in this PhD thesis permitted to highlight two aspects. The
first aspect is the great potential of traditional meat products to serve as a reservoir of microbial
biodiversity for the bioprospecting of interesting new strains with industrial importance. The second
aspect highlighted is that plant material, especially that of minor, under-exploited matrices, can
represent an important reservoir of compounds and extracts obtainable at low-cost, and therefore
available even by local producers, to increase the shelf-life and safety of fresh foods from a “green”
perspective.

These aspects demonstrate the possibility of applying optimised biotechnological tools that
can represent crucial innovative strategies for pursuing production efficiency and promoting the
sustainability of the entire production system from a circular economy perspective.

As noted above, the work presented in this PhD thesis is continuing, and future results may
provide better evidence of the potential use of the studied strategies, to be proposed also at the
industrial level and in matrices other than those considered in this work, such as fresh seafood and
ready-to-eat products.
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7.2 Conclusiones
Como se describe en los objetivos, esta tesis se estructuré en tres principales lineas de
investigacion.
La primera se referia al uso de cepas microbianas autoctonas, aisladas de embutidos fermentados
espontaneamente recolectados en paises mediterraneos, que se propondrian como cultivos
iniciadores bioprotectores o funcionales.
En esta perspectiva, el trabajo partié del aislamiento de BAL de 15 embutidos fermentados
producidos en cuatro paises europeos (ltalia, Eslovenia, Espafia y Croacia) y de un analisis
metagendmico dirigido a resaltar la biodiversidad de su microbiota (Capitulo 3.1).
Como era de esperar, las BAL y CNC fueron los microorganismos mas representativos en todas las
muestras, pero se observaron diferencias significativas en relacion a las caracteristicas y
procedencia de estos embutidos fermentados. Latilactobacillus fue el Unico género encontrado en
todos los productos, aunque se encontraron BAL pertenecientes al género Companilactobacillus,
especialmente en muestras espafiolas. Estas diferencias se reflejaron en primera instancia en las
caracteristicas de seguridad de los embutidos fermentados, es decir, las concentraciones de aminas
bidgenas. Ademas, también el volatil, y en consecuencia las caracteristicas sensoriales peculiares de
los productos tradicionales, dependia de la complejidad de la microbiota, lo que permitia comparar
la composicion microbiana y las caracteristicas finales de los embutidos fermentados. Los aislados
bacterianos se identificaron genéticamente permitiendo la definicion de aproximadamente 150
biotipos, principalmente pertenecientes a la especie Lat. sakei seguidos, aunque en menor cantidad,
por Lat. curvatus, Comp. alimentarius, Lactiplantibacillus paraplantarum y Pediococcus
acidilactici (Capitulo 3.2). Estas identificaciones no confirmaron la gran biodiversidad de especies
encontrada a través del analisis metagendmico y destacaron la alta asertividad y especializacion de
Lat. sakei para este nicho ecoldgico. Tras la exclusion de las cepas que producian aminas bidgenas
0 mostraban resistencia a los antibioticos, segun las indicaciones de la EFSA, solo se caracterizaron
las cepas seguras (aproximadamente 40) por sus propiedades tecnoldgicas. En particular, se
consideraron los rendimientos de crecimiento de la cepa a diferentes temperaturas y en presencia de
diferentes concentraciones de NaCl junto con el potencial para producir compuestos volatiles en el
modelo carnico. Ademas, estas cepas se sometieron a pruebas de su actividad inhibidora contra
algunos patdgenos y se analizaron para detectar la presencia de genes relacionados con la
produccidn de bacteriocinas (capitulo 3.3). Este trabajo de cribado preliminar fue preparatorio para
la seleccion de las cepas mas interesantes para posibles aplicaciones industriales. Los resultados
obtenidos fueron alentadores, en particular para los embutidos fermentados, en los que los salamis
producidos con las dos cepas seleccionadas presentaron buenas propiedades sensoriales y perfil
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aromatico y se caracterizaron por una marcada reduccién del contenido de AB. Ademas, el
crecimiento de List. Monocytogenes, evaluado en una prueba de provocacion, fue fuertemente
inhibido. Aungue los resultados no se recogen en esta tesis, ya que aun no estan finalizados, los
datos preliminares demostraron un futuro muy prometedor para el uso de estas nuevas cepas, que
podrian ser explotadas también a nivel industrial.

En esta perspectiva, en esta tesis doctoral se proponen dos ejemplos de aplicaciones en
productos carnicos obtenidos a escala piloto. EI primero se referia a la utilizacion de dos cepas
elegidas por su actividad antilisterial (Ltp. paraplantarum y P. acidilactici) como cultivos
bioprotectores en embutidos frescos (capitulo 4.1) y el segundo al uso de las mismas cepas como
cultivos iniciadores para la preparacion de embutidos fermentados (capitulo 4.2). En este sentido, se
estan haciendo otros ensayos en planta piloto o producciones industriales, también probando otras
cepas autéctonas ademdas de las mencionadas. Estas actividades se realizaron en el marco del
proyecto BioProMedFood (PRIMA — Seccion 2), del que forma parte esta tesis doctoral.

El segundo objetivo de esta tesis doctoral se centr6 en el uso de compuestos naturales con potencial
antimicrobiano. Se ha centrado la atencion en la bioactividad de moléculas presentes en derivados
vegetales obtenidos de especies que caracterizan la maquia mediterranea, en particular Juniperus
oxycedrus y Rubus fruticosus. Los derivados vegetales se obtuvieron con dos procesos: extraccion
hidroalcohdlica (extracto fendlico vegetal) e hidrodestilacion (aceite esencial vegetal). Tras la
caracterizacion de su composiciéon y la evaluacion de su CMI in vitro, se probo su actividad
antimicrobiana frente a una cepa de List. monocytogenes (Capitulo 5.1) y Ent. fecio (capitulo 5.2).
En este Gltimo caso, la bioactividad también se probd para la inhibicion de la produccién de
tiramina. En ambos casos, se realizd un estudio méas profundo para evaluar la naturaleza del dafio
sufrido por las células microbianas y su capacidad para reparar las lesiones a lo largo del tiempo
mediante el uso de un protocolo de citometria de flujo. Se observaron diferencias relevantes en
cuanto a los efectos en relacion con la especie y en relacion con el tipo de derivado, es decir,
extracto fendlico o aceite esencial. Estos estudios in vitro son fundamentales para comprender la
potencialidad de estas sustancias naturales y su posible aplicacion en alimentos para maximizar y
optimizar sus actividades.

El dltimo objetivo de esta tesis doctoral fue la evaluacion del uso de la fermentacion de
subproductos vegetales para obtener extractos vegetales enriquecidos en compuestos fenolicos. Los
datos obtenidos son prometedores (capitulo 6.1). De hecho, ha sido demostrado un aumento en el
potencial antioxidante de los extractos de hojas de aguacate (Persea americana), después de la
fermentacién por diferentes especies de BAL (P. acidilactici, P. pentosaceus, Leuc. mesenteroides,

Lev. brevis, Ltp. plantarum). Las biotransformaciones inducidas por el metabolismo bacteriano
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modificaron el perfil de compuestos fendlicos de las hojas de aguacate de una manera dependiente
especifica de la cepa, lo que sugiere que las BAL condujeron a la hidrolisis de compuestos por
actividad enzimatica, como glicosidasas o descarboxilasa, y la liberacion de fenolicos unidos de las

paredes celulares de las plantas, mejorando asi su biodisponibilidad.

Concluyendo, el trabajo presentado en esta tesis doctoral permitio destacar dos aspectos. EIl primer
aspecto es el gran potencial de los productos carnicos tradicionales como reservorio de
biodiversidad microbiana para la bioprospeccion de nuevas cepas interesantes con importancia
industrial. El segundo aspecto destacado es que algunas matrices vegetales, especialmente el de
matrices menores y poco explotadas, puede representar un importante reservorio de compuestos y
extractos que se pueden obtener a bajo costo y, por lo tanto, estdn disponibles incluso por los
productores locales, para aumentar la vida util y la seguridad de los alimentos frescos desde una
perspectiva "verde". Estos aspectos demuestran la posibilidad de aplicar herramientas
biotecnoldgicas optimizadas que pueden representar estrategias innovadoras cruciales para
perseguir la eficiencia de la produccion y promover la sostenibilidad de todo el sistema de
produccidn desde una perspectiva de economia circular.

Como se comentd anteriormente, el trabajo presentado en esta tesis doctoral continlGa, y los
resultados futuros pueden proporcionar una mejor evidencia del uso potencial de las estrategias
estudiadas, que se propondran también a nivel industrial y en matrices distintas a las consideradas

en este trabajo, como mariscos frescos y productos listos para comer.
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