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Abstract

Objective: To characterize the microbial biodiversity of fermented sausages from the East Mediterranean islands of
Cyprus and Mytilini, and to identify differences between the microbial diversity of traditionally and industrially
produced Cypriot sausages.

Method: The microbial diversity of thirty sausages from Cyprus and Mytilini (traditionally and industrially
produced) was analyzed using high throughput sequencing (HTS) (amplicon sequencing) of 16S rRNA gene and
ITS loci fragments. By applying microbial signature detection and machine learning algorithms, we identified key
microbes that distinguish traditionally produced sausages from those produced industrially. Focusing on selected
microbial taxa and using interaction network analysis, we identified associations among the sausages' microbiota
that may affect the shaping of the sausages’ microbial consortia.

Results: Cypriot and Mytilini sausages indicated increased relative representation of Lactobacillus and Leuconostoc.
Cypriot sausages were distinguished by the presence of the fungi Debaryomyces hansenii and Candida spp., whereas
Muytilini sausages by the bacteria Lactococcus and Streptococcus. Traditionally produced sausages from the Pitsilia
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region of Cyprus were differentiated by the presence of the species Lactobacillus helveticus, whereas industrially
produced sausages were differentiated by the species Leuconostoc mesenteroides. Focusing mainly on Lactobacillus
and Leuconostoc, negative associations with pathogenic bacteria, such as Salmonella, and spoilage fungi, such as
Fusarium poae, were revealed.

Conclusion: The present metataxonomic analysis provided insights into the microbial communities that
characterize Cypriot and Mytilini sausages. The findings provide an indication that the microbial diversity might be
applied as an additional marker of Cypriot sausages’ authenticity.

Keywords: Sausages, fermented, Mediterranean, 16S rRNA gene, ITS loci, high-throughput sequencing, interaction
networks

INTRODUCTION

Fermented meat products, such as sausages, have been an important part of the gastronomical culture of
East Mediterranean countries. Traditional Cypriot sausages are highly favored locally, with the regional
Pitsilia sausages recently registered as protected geographical indications (PGI) by the European
Commission (EU No: PGI-CY-02369 - 15.9.2017). Their distinctive sensory characteristics arise from their
specific processing conditions. Specifically, ground pork is mixed with salt, spices, and herbs such as
coriander, and then stuffed into casings made from pork intestines". The fermentation process involves
soaking the sausages in local, red dry wine for eight days, followed by smoking over wood from indigenous
bushes or trees for two to five days. Pitsilia is a mountainous region with a cold climate, which enhances the
preservation of meat products. Traditional Mytilini sausages are also made from pork meat, salt, herbs, and
spices, all encased in a casing derived from pork intestine. Mytilini sausages are also smoked in beech or
other type of wood for seven hours. Their main difference from traditional Cypriot sausages is the absence
of red wine. Industrialized sausages can also be found in the Cypriot and Mytilini markets. Following wine’s
addition, industrialized sausages are treated with cold smoking, and preservatives such as phosphates and
nitrate are added.

The microbial diversity of sausages is influenced by a combination of contributors, including their origin,
the type of meat, processing and fermentation conditions, temperature, ripening stage, the addition of
additives, salt, herbs, spices, and preservatives, the storage conditions, the use of starter cultures, etc.”. The
combinatory effect of these factors selects for the development of a unique microbial pattern that affects the
sensorial and qualitative characteristics of the final product. In spontaneously fermented sausages, the
fermentation initiates with a pool of microbes shaped by microorganisms existing in the meat, in the other
added ingredients, and other microbes from the environment”. Previous studies have shown that pre-
fermentation sausages’ microbiota is composed of several unwanted microbes, such as representatives of the
tamilies Lactobacillaceae, Bacillaceae, Actinomycetaceae, Enterobacteriaceae, and Pseudomonadaceae, yeasts,
and molds™®. Post-fermentation, the microbiota is dominated by coagulase-negative staphylococci and
lactic acid bacteria (LAB), including representatives of Lactobacillaceae, Leuconostocaceae, and
Streptococcaceae. Additionally, the spore-forming Bacillaceae, and spoilage microorganisms, such as
Enterobacteriaceae, Pseudomonadaceae, and Actinomycetaceae, can also be found"**?.

To prevent the growth of pathogenic and spoilage microorganisms, a common practice involves the
addition of preservatives, previously synthetic and nowadays natural™'*.. More recently, an alternative
practice to control the quality of fermented sausage, recognized by the US Food and Drug Administration
(FDA), is called biopreservation"?. Biopreservation involves the administration of Generally Recognized as
Safe (G.R.A.S) organisms, such as LAB and/or their metabolites, including bacteriocins, bacteriophages, and
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bacteriophage-encoded enzymes for monitoring the presence of unwanted microorganisms in food and
foodstuff. Additional sausage processing and preservation approaches involve curing, fermentation,

ripening, heat treatment, high-pressure processing, marination, smoking, and drying"*'"”..

Sausage production conditions create an unfavorable environment for the microbiota. Therefore, only
microbes with specific metabolic adaptations may survive®. Those microbes are members of the regional
microbiome, the development of which is influenced by environmental factors, including climate,
topography, and soil"**". The distinctive microbiome of each sausage type influences the sensory
characteristics of the final product through well-orchestrated networks”. Microbial interactions performed
among different taxonomic groups lead to the coexistence of specific, phylogenetically diverse microbiomes.
The development of co-occurring and co-exclusionary networks based on the presence/absence and relative
abundance of key microbes enables the understanding of the relationships among the members of the
community”. Comparing interaction networks generated from microbial communities developed in
sausages produced using different manufacturing conditions and having different origins, may provide
insights into understanding the factors that influence the microbial diversity developed in different types of
sausages.

The present study aimed to characterize the microbial composition of Cypriot and Mytilini sausages using
metataxonomic sequencing, aspiring to enhance the existing knowledge of the microbial consortia that are
shaped in traditional and industrial sausages undergoing spontaneous fermentation. It is a follow-up study'"
of characterizing Cyprus sausages’ bacterial communities improved with the addition of more samples and
enriched with the characterization of the fungal diversity. Additionally, it provides a snapshot of Mytilini
sausages’ microbial communities. Using co-occurring and co-exclusionary networks, the outcome of the
study may increase our understanding of the microbial interactions developed in spontaneously fermented
sausages. Furthermore, the study provides insights into using the microbiome as an additional tool for
fingerprinting traditional sausages for authentication purposes.

METHODOLOGY

Sausages collection

Sausage samples were collected between December 2021 and January 2022. Samples included 22 pork
sausages from Cyprus and 8 from Mytilini [Table 1]. Sausages that were originated from the same region
were produced by different companies. All sausages were prepared without the addition of starter cultures
(spontaneous fermentation). Samples were put in cold storage boxes and transferred to University College
Cork, Ireland, after about 5 working days. All samples were stored at -20 °C until processing.

DNA isolation and DNA yield measurement

Sample homogenization was performed by mixing 5 grams of sausages with 45 mL of maximum recovery
diluent (MRD) in a Stomacher 400 Circulator (Seward, UK) at a shaking speed of 300 rpm for 2 min. Each
homogenized sample in a volume of 1.8 mL was transferred to a 2 mL tube and the cell-free supernatant was
separated from the cell pellet by centrifugation at 16,000 x g for 5 min at 4 °C. The T cell pellet was diluted
in 450 pL Solution MBL (MoBio Laboratories Inc., Carlsbad, CA, USA) and the microbial DNA was
extracted according to the protocol instructions of DNeasy® PowerFood® Microbial Kit (MoBio Laboratories
Inc., Carlsbad, CA, USA). The isolated DNA was kept at -20 °C until processing.

Extracted DNA yield measurement was performed using the Qubit 4.0 fluorometer (Invitrogen, Carlsbad,
CA) and Qubit dsDNA HS Assay Kit (Invitrogen). DNA quality was estimated by calculating the A260/
A280 and A260/A230 absorbance ratios in a spectrophotometer (NanoDrop Thermo Scientific, USA).
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Table 1. Information about the collected samples

Sample ID Country Area Traditional/industrial Smoked Wine Preservatives
C1 Cyprus Lemesos Industrial Yes Yes Yes
C2 Cyprus Lemesos Industrial Yes Yes Yes
C3 Cyprus Pitsilia Traditional Yes Yes No
C4 Cyprus Pitsilia Traditional Yes Yes No
C5 Cyprus Pitsilia Traditional Yes Yes No
(@) Cyprus Pitsilia Traditional Yes Yes No
Cc7 Cyprus Nicosia Industrial Yes Yes No
Cc8 Cyprus Nicosia Industrial Yes Yes No
co Cyprus Nicosia Industrial Yes Yes No
C10 Cyprus Nicosia Industrial Yes Yes No
cn Cyprus Nicosia Industrial Yes Yes No
C12 Cyprus Nicosia Industrial Yes Yes No
Ci13 Cyprus Nicosia Industrial Yes Yes No
c14 Cyprus Nicosia Industrial Yes Yes No
C15 Cyprus Pitsilia Traditional Yes Yes No
Ci16 Cyprus Pitsilia Traditional Yes Yes No
c17 Cyprus Pitsilia Traditional Yes Yes No
C18 Cyprus Nicosia Industrial Yes Yes Yes
C19 Cyprus Nicosia Industrial No Yes Yes
C20 Cyprus Nicosia Industrial No Yes Yes
Cc21 Cyprus Nicosia Industrial No Yes Yes
C22 Cyprus Nicosia Industrial No Yes Yes
G1 Greece Muytilini Industrial Yes No Yes
G2 Greece Muytilini Industrial Yes No Yes
G3 Greece Mytilini Industrial Yes No Yes
G4 Greece Mytilini Traditional Yes No Yes
G5 Greece Muytilini Traditional Yes No Yes
G6 Greece Muytilini Traditional Yes No Yes
G7 Greece Mytilini Traditional Yes No Yes
G8 Greece Muytilini Traditional Yes No Yes

lllumina MiSeq barcoded sequencing for 16S rRNA gene in bacteria and ITS region in fungi
For the 16S rRNA region and ITS loci amplification, the library preparation and sequencing were executed
in an [llumina MiSeq platform as previously described****.

Data interpretation

Raw fastq sequences filtering, and alpha and beta diversity analyses were executed using Qiime 2 version
2021.11, as previously described””. Samples were rarefied in 17784 for bacteria and 16957 for fungi.
Statistically significant differences among sausages from different areas or manufacturing conditions based
on their beta diversity were assessed using non-parametric permutational analysis of variance
(PERMANOVA)®, as described by Kamilari et al.”. Taxonomy assignment for 16S rRNA gene sequences
and ITS regions into OTUs was based on the q2-feature-classifier™ against the Greengenes 13_8 99% OTUs
reference sequences”™ and the UNITE ITS database (9_12 release)™, respectively. Sequence filtering was
conducted to filter out incomplete taxonomies that could not be detected at the order level. The
identification of microbial signatures was performed using the LEfSe algorithm"”*** and the random forest
algorithm in Qiime2, as described previously”. Statistically significant correlations between area/
processing conditions and identified microbiota were estimated using CoNet", and visualized using
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Cytoscape 3.2.1"7, as described by Kamilari et al.™”.

The raw sequence data were archived in the NCBI sequence read archive (SRA) with BioProject PRINA
1010532.

RESULTS

Microbial population and diversity metrics in sausages

Sausages originating from Cyprus (Nicosia, Lemesos, Pitsilia) and Mytilini were separately examined for
their microbial diversity. The 16S rRNA amplicon sequencing results showed that the 30 specimens
generated an average of 37,851.47 sequencing reads (range = 19,570-107,301, STD = 15,275.43,
Supplementary Table 1), and 155.97 OTUs (range = 32-696, SD = 137.37; Supplementary Table 1) per
sample. The ITS loci amplicon sequencing results from 23 samples produced an average of 47,687
sequencing reads (range = 23,571-81,687, STD = 13,842; Supplementary Table 2), and 202 OTUs (range =
37-327, SD = 87; Supplementary Table 2) per specimen. Seven samples were excluded from the analysis
owing to a reduced number of reads (< 8,000).

Initially, the Shannon, Simpson, and Chao1 indices were analyzed to estimate the alpha diversity of the
bacterial and fungal communities [Supplementary Tables 1 and 2]. The results indicated that there was no
significant difference among the areas of sausage production, or the applied manufacturing conditions,
using the Kruskal-Wallis test [Supplementary Table 3, Shannon index].

Regional microbial beta diversity

To assess the existence of unique microbial signatures among sausages produced in different areas or
between traditionally and industrially produced Cypriot sausages, we calculated the beta diversity based on
the weighted and unweighted UniFrac distances [Supplementary Table 4]. No notable difference was
observed in microbial diversity among sausages produced in different areas, or between traditionally and
industrially produced sausages, based on the PERMANOVA test.

Microbial community taxonomic profile

The predominant bacterial genus in Cypriot and Mytilini sausages was Lactobacillus [Figure 1A and BJ.
Some Cypriot sausages were defined by a higher relative abundance of Leuconostoc (7%-27%). Additionally,
Pseudomonas and Brochothrix were detected in lower relative abundances in some sausages (0%-7% and 0%-
8%, respectively). Industrially produced sausages from Mytilini were dominated by the presence of
Lactobacillales (52%-89%), whereas traditionally produced were dominated by Lactobacillus delbrueckii
(15%-28%), Lactococcus (9%-16%), and Streptococcus (15%-26%). The genera Leuconostoc (0%-16%),
Salinivibrio (0%-4%), and Pseudomonas (0%-17%) were detected in lower relative abundances in
traditionally produced Mytilini sausages. Regarding the fungal diversity, Cypriot sausages exhibited an
enhanced representation of the species Debaryomyces hansenii (0.1%-83%), Candida zeylanoides (0.2%-
52%), and Candida sake (0%-32%) [Figure 1C]. Reduced relative abundances were also observed for
members of the genera Saccharomyces (0%-19%) and Alternaria (0%-4%), the species Aspergillus
penicillioides (0%-5%), and Wallemia sebi (0%-9%). Most Mytilini sausages were excluded from subsequent
analyses due to insufficient sequencing output (< 10,000 reads cutoff after filtering). One Mytilini sausage
was dominated by the species C. zeylanoides (96%) [Figure 1D]. The other two showed an enhanced
representation of the species Xeromyces bisporus (10%-14%) and members of the genus Alternaria (8%-
12%). D. hansenii was among the dominant species of one sausage (16%). Other species that were detected
in lower relative abundances included Wallemia sebi (0.2%-8%), Botrytis sp. (0%-4%), Vishniacozyma
tephrensis (0%-2%), Vishniacozyma carnescens (0%-2%), Pichia cephalocereana (0%-3%), and Cladosporium
tenuissimum (0%-3%).
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Figure 1. The relative abundance of the most abundant microbes identified at the species level (mostly including the family and the
genus level) based on 16S rRNA gene sequencing for (A) Cyprus, (B) Mytilini, and based on ITS gene loci sequencing for (C) Cyprus, (D)
Mytilini. The code (T) refers to traditional sausages, whereas the code (1) refers to industrial sausages.

Identification of microbial biomarkers

The LEfSe tool was used to determine if the relative representation of the detected microbial taxa was
disproportionately distributed among sausages produced in different areas where the LEfSe algorithm was
applied [Figure 2A and B]. Sausages from Mytilini were distinguished by a greater representation of the
bacteria Kocuria and the family Pasteurellaceae, as well as the undesirable fungi Alternaria, Pleosporaceae,
Aspergillus, Trichomonascus, Bulleribasidiaceae, and Wallemia. Cypriot sausages from Nicosia were
overrepresented by the species Leuconostoc mesenteroides, whereas those from Limassol by members of the
bacterial family Actinomycetaceae and by the fungal genera Neofusicoccum, Aureobasidium, Botrytis,
Pestalotiopsis, and Holtermanniella. Finally, traditional sausages from Pitsilia indicated an elevated relative
abundance of the fungi Glomerellaceae, Wallrothiella, and Vishniacozyma.

The traditional manufacturing conditions applied in Cypriot Pitsilia sausages contributed to a significantly
higher relative representation of Lactobacillus,including L. helveticus [Figure 2C]. The species
Staphylococcus succinus, and the genera Neofusicoccum, Botryosphaeriaceae, Aureobasidium, Aspergillus,
Xerochrysium, and Meyerozyma were also overrepresented [Figure 2C and D]. Industrially produced
sausages exhibited an increased relative abundance of Clostridium and Enterobacteriaceae, and the fungi
Leucosporidiaceae and Tausonia.
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Figure 2. Microbial signatures discovery using the LEfSe algorithm, showing (A) bacterial taxa with statistically significant over-
representation among different areas; (B) fungal taxa with statistically significant over-representation among different areas; (C)
bacterial taxa with statistically significant over-representation between traditionally and industrially produced sausages; (D) fungal taxa
with statistically significant over-representation between traditionally and industrially produced sausages, based on a non-parametric
factorial KW sum-rank test, an (unpaired) Wilcoxon rank—sum test, and LDA. The phylogenetic trees map the taxonomic variances of
the identified microbial signatures from class (external part of the circle) to species level (internal part of the circle), combined with a list
of taxa with significantly increased representation in different sausage groups. KW: Kruskal-Wallis; LDA: linear discriminant analysis.

Differentiation of sausages based on origin and manufacturing conditions using random forest
algorithm

The random forest algorithm was trained to predict, based on the 16S rRNA gene abundance data, the
different origins of the analyzed sausages. The results revealed that sausages from different areas could be
separated with reliable predictive capability [area under the curve (AUC) = 0.99 regarding bacteria
(Figure 3A)]. This indicates that the algorithm could predict different sausages’ origins with great reliability.
The key predictive features that could differentiate sausages of different origins were similar to the microbial
signatures that were identified using the LefSe algorithm. Specifically, the taxa Lactobacillus and S. succinus
characterized traditional Pitsilia sausages, and Leuconostoc was typical of sausages from Nicosia. However,
Mytilini sausages were mostly characterized by the genera Streptococcus and Psychrobacter.

Cypriot traditional sausages were separated from Cypriot industrial sausages with high predictive accuracy
(average AUC = 0.97 for both bacteria and fungi, Figure 3B and C, respectively). Industrial sausages were
differentiated by the elevated presence of the bacterial taxa Erysipelotrichaceae, Parabacteroides,
Clostridium, Ruminococcus, Leuconostoc, Acinetobacter, Brochothrix, Pseudomonas, and Enterobacteriaceae,
whereas traditional sausages by the family Lactobacillaceae. Regarding the fungal diversity, industrial
sausages were distinguished by increased relative representation of Mucor flavus, Trichosporon,
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Figure 3. Microbial taxa that can accurately differentiate (A) the bacterial diversity of sausages from different areas; (B) the bacterial
diversity of Cypriot traditionally produced and industrially produced sausages; (C) the fungal diversity of Cypriot traditionally produced
and industrially produced sausages. Heatmap shows the top microbial predictive features that differentiate sausages per each category.
ROC and PCROC analyses for microbial taxa, indicating true and false positive rates for sausages from different areas, industrially or
traditionally produced Cypriot sausages, show perfect predictive accuracy (AUC = 0.99, AUC 0.97, respectively). ROC: Receiver
operating characteristics ; PCROC: per class receiver operating characteristics AUC: area under the curve.

Cladosporium, and Aspergillus ruber, whereas traditional sausages by the species Alternaria tropica,
Cladosporium tenuissimum, Trichosporon otae, Stemphylium vesicarium, and Meyerozyma guilliermondii.

Microbial interaction investigation

To increase our understanding regarding the complicated correlations among the detected taxa, a co-
occurrence network was generated using the CoNet algorithm in Cytoscape [Figure 4]. The interactions
were chiefly oriented toward the keystone taxa that were overrepresented in Cypriot and/or Mytilini
sausages.

Focusing on Lactobacillus, one of the most dominant genera in Cypriot and Mytilini sausages and a
biomarker of traditional Pitsilia sausages, a positive association was observed with Streptococcus,
Lactococcus, and Staphylococcus [Figure 4A]. Negative associations were observed with the taxa
Enterobacteriaceae, Pseudobuturivibrio, Rikenellaceae, Ruminococcaceae, Aspergillus, Candida zeylanoides,
Debaryomyces hansenii, Pichia mandshurica, and Xeromyces bisporus. Both Leuconostoc, a genus that
characterized industrial sausages, and Lactococcus, which characterized sausages from Mytilini, indicated
co-presence with the taxa Pseudomonas, Acinetobacter, Candida zeylanoides, and Brochothrix, whereas
mutual exclusion was observed for Clostridium, Erysipelotrichaceae, Ruminococcacea, Debaryomyces
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Figure 4. The correlation pattern of microbial communities focusing on (A) Lactobacillus; (B) Leuconostoc; (C) Lactococcus; and (D)
Pediococcus. Green and purple edges represent positive or negative correlations between two nodes, respectively, based on Spearman's
rank correlation, the Pearson correlation, and the Bray Curtis and Kullback—Leibler dissimilarity matrices. The degree of relative
abundance ranges from light to dark blue based on the lower to higher abundant taxa.

hansenii, and Pichia membranifaciens [Figure 4B and C, respectively]. Additionally, Leuconostoc indicated
negative associations, whereas Lactococcus showed positive associations with Streptococcus and
Staphylococcus. Pediococcus, a genus that was detected in some Cypriot sausages, indicated positive
associations with Lactobacillus spp., Leuconostoc spp., and Staphylococcus, and was negatively associated
with taxa, such as Enterobacteriaceae, Erysipelotrichaceae, Clostridium, including C. perfringens,
Pseudomonas spp., Pseudobutyrivibrio, Pichia spp., Stemphylium, Kluyveromyces marxianus, and
Kazachstania barnettii [Figure 4D].

DISCUSSION

Emerging evidence highlights the presence of identifiable microbial signatures in fermented products of
different geographic origins and manufactured using different processing conditions>******, This work
analyzed the microbial diversity of fermented eastern Mediterranean sausages from the islands of Cyprus
and Mytilini using metataxonomic sequencing. Apart from characterizing their microbial diversity, the goal
of the study was to identify key microbes that would distinguish between traditionally and industrially
produced Cypriot sausages. Furthermore, focusing on dominant taxa, the study aimed to reveal interactions
that may affect the dynamics of the microbial community composition in sausages, thereby reflecting
sausages” qualitative characteristics. The study identified distinct microbial signatures in sausages produced
in different geographic areas with different manufacturing conditions (Cypriot traditionally and industrially
produced) using the Lefse biomarkers discovery and random forest algorithms. Specifically, the random
forest algorithm accurately determined the origin and different producing conditions of sausages according
to their microbiota. Both algorithms identified the taxa Lactobacillus and S. succinus as microbial signatures
of traditional Pitsilia sausages and Leuconostoc of Nicosia sausages. In agreement, Kamilari et al. identified
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Lactobacillus and Leuconostoc as the dominant taxa in Cypriot sausages and indicated that Leuconostoc was
mostly associated with industrial, compared to traditional Pitsilia sausages'". A greater representation of
Lactobacillus species in Mediterranean fermented meat products, compared to those from Southern Europe,
was detected by Van Reckem et al."”. Furthermore, an elevated relative abundance of Lactobacillus species
was detected in Italian and Spanish spontaneously fermented sausages”***. Lactobacilli are among the
most desired microbes to guide the fermentation process'. Their capability to ferment sugars and produce
lactic acid creates an acidic environment essential for fibrillar protein coagulation. This process favors the
stability and cohesiveness of sausages, facilitating slicing*”. Additionally, lactobacilli affect the sensory
characteristics of sausages by metabolizing acetic acid, succinic acid, and formic acid"*’. Importantly, they
are considered gatekeepers against the growth of pathogenic and spoilage bacteria due to the formation of
organic and other antimicrobial compounds, such as diacetyl, hydrogen peroxide, and bacteriocins*. For
instance, bacteriocins such as plantaricin (from Lactiplantibacillus plantarum), or Sakacin (from
Latilactobacillus sakei) have been identified to possess biopreservation properties**.

Apart from Lactobacillus and Leuconostoc, Lactococcus was detected in high relative abundances in
traditional Mytilini sausages. These bacteria can produce an increased amount of organic acids, including
lactic and acetic, throughout their exponential growth, which, in combination with a conversion to ketone
|, Importantly,
species from these genera are applied as starters for the food industry, owing to their capacity to generate

47,48

and alcohols, contribute to the richer sensory characteristics of the produced sausages'

antimicrobial peptides that can inhibit the growth of spoilage and pathogenic microbes. According to online
bacteriocin databases Bactibase, Labiocin, and Bagel4, Lactococcus has been reported to produce 40 different
bacteriocins (http://bactibase.hammamilab.org/main.php; https://labiocin.univ-lille.fr/; http://bagel4.
molgenrug.nl/), such as nisin, lacticin, lactococcin G, efc.

Pediococcus sp. was also detected in several Cypriot sausages. The presence of species of this genus, such as
P. acidilactici and P. pentosaceus is considered beneficial since some strains are classified as probiotic’.
Therefore, some strains have been applied as starter cultures in fermented sausages to guide fermentation
process and acidification degree™.. In addition, specific strains possess antimicrobial activity against
pathogens due to the formation of pediocin, a bacteriocin with potent antilisterial activity®". Pediococcus sp.
has been identified to create negative associations with molds, such as Stemphylium, Kluyveromyces
marxianus, and Kazachstania barnettii. llavenil et al. indicated that a Pediococcus strain isolated from Italian
ryegrass, P. pentosaceus KCC-23, showed effective antifungal activity against species such as Botrytis sp. and
Fusarium sp.””. Additionally, Fugaban et al. isolated two Pediococcus species, P. acidilactici and
P. pentosaceus, with inhibitory activity against several mold species, including Alternaria alternate®™. In our
analysis, we revealed a negative association of Pediococcus with spoilage bacteria, such as
Enterobacteriaceae, Erysipelotrichaceae, Clostridium, including C. perfringens,and Pseudomonas spp.,
members of which are considered foodborne and or opportunistic pathogens'*.

Members of the genus Clostridium have been detected in industrially produced sausages. Members of the
genus Clostridium, such as C. perfringens, C. botulinum, and C. difficile, are considered important foodborne
pathogens™
sausages, producing enterotoxins. The presence of these enterotoxins may lead to gastrointestinal

I. These species produce heat-resistant spores, which can germinate and proliferate in

symptoms, such as diarrhea, or even death® . Apart from Clostridia, industrially produced sausages
indicate the existence of members of the family Enterobacteriaceae. Their occurrence in sausages is
considered undesirable, due to the production of unwanted flavors and chemical compounds that lead to
the deterioration or spoilage of the product™. Still, they are commonly detected in fresh and frozen meat
products™*. The presence of Clostridia and Enterobacteriaceae in industrially produced sausages indicates
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the need for improvement in the hygiene and quality of the products.

Coagulase-negative staphylococci, such as S. succinus, are considered members of the human and animal
skin microbiota, and their presence is associated with dry fermented sausages'’. Some strains can perform
proteolysis and lipolysis, contributing to improved sensory characteristics in sausages'”. Therefore,
S. succinus presence in traditional Pitsilia sausages may contribute to the flavor and taste of the final
product. Strains that lack the production of staphylococcal enterotoxins and transferable antibiotic
resistance genes are commercially available as starters in fermented sausages®’. However, their presence in
human clinical specimens prevents this species from obtaining a qualified presumption of safety (QPS)
status by the European Food Safety Authority'*. Brochothrix was among the bacterial species that were
detected in low relative abundances in most Cypriot sausages. Although Brochothrix spp. are non-
pathogenic to humans, they are considered of great importance for the meat products industry due to their
role in causing premature spoilage in refrigerated products®’. Notably, objectionable odors are produced
when oxygen concentrations exceed 0.2%. These odors are mostly detected in dry fermented sausages and
are attributed to contamination during packaging operations, as Brochothrix spp. do not survive thermal
processing but can be reintroduced during packaging.

The predominant fungal species of East Mediterranean sausages was D. hansenii. The existence of
D. hansenii is common in fermented sausages and has been found to influence the dynamics of microbial
communities during the ripening of dry sausages in China'*. Additionally, its proteolytic and lipolytic
activities positively affect the sensory characteristics of sausages'*. This species possesses a particular
biotechnological importance for the meat products industry due to its nutritional and probiotic effects, in
combination with its increased biotechnological ability!””*”. However, recent studies that correlate
Debaryomyces with inflammation of the gut mucosa and Crohn’s disease create doubts about its addition as
a starter in sausages'””..

A common characteristic of Cypriot sausages is the addition of wine. Specifically, in Pitsilia sausages, the
fermentation is performed in local red wine for up to 8 days, followed by smoking. This process might favor
the growth of Saccharomyces. Saccharomyces species are common drivers of alcoholic fermentation during
vinification™. Their presence in fermented foods is considered beneficial, not only for improving the
sensory characteristics of the product but also because of their antagonistic activity against undesirable
microbes. Their metabolic capability to assimilate sugars in grapes to produce ethanol forms a dynamic
stress environment for other members of the microbiota. Furthermore, their ability to secrete antimicrobial
and antifungal compounds, such as myosin, and other killer toxins, further affects the dynamics of the
product’s microbiota”™”*. Alarcén et al. indicated that the addition of inactive dry Saccharomyces cerevisiae
in “salchichén” sausages as an alternative to sodium ascorbate contributed to increased antioxidant activity,
a steadier phenolic content, and a reduction in protein and lipid oxidation”.

The present study is restricted to only twenty-two samples from Cyprus and eight from Mytilini, which is a
limiting factor in evaluating the selection of microbial biomarkers associated with origin and manufacturing
conditions. Additionally, the geographical distribution of samples should be increased. Sampling should be
conducted across various regions and islands around the Mediterranean to identify the microbial signatures
associated with each region. Moreover, the season of sampling might influence the composition of
microbial communities; therefore, sampling during different seasons will indicate whether microbial
diversity remains consistent. While short-read amplicon 16S rRNA gene sequencing is the primary
approach used for microbiome studies, it cannot differentiate bacteria at the species level. As indicated from
our analysis, bacteria profiling was mostly identified at the genus level, whereas the ITS loci amplicon
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sequencing could distinguish fungal species. In our future experiments, we will consider applying shotgun
sequencing as a more suitable strategy to address this issue. Furthermore, for accurate identification of the
microbial population, incorporating blank negative controls during DNA extraction and sequencing may
prevent false identification of microbial taxa as members of the population due to DNA contamination
from reagents or cross-contamination among samples during sample processing.

In conclusion, the present metataxonomic analysis provided insights into the microbial communities that
characterize East Mediterranean sausages from the islands of Cyprus and Mytilini, highlighting key
microbial taxa that may distinguish traditionally produced sausages from their industrial counterparts.
Understanding the interaction networks among the sausage microbiota members may enhance our
comprehension of the complicated interactions that affect the microbial community composition. This
study could be incorporated with predictive functional analysis to assess how bacterial and fungal metabolic
pathways impact the sensory characteristics of sausages, such as their aromatic profile. Moreover, it may
integrate SNIF-NMR, IRMS and inductively coupled plasma atomic emission spectroscopy (ICP-AES)", as
well as DNA fingerprint characterization studies. Combining our analysis with these approaches may
facilitate distinguishing authentic traditional sausages from counterfeit products in the market and offer a
fingerprint for combining authentic PGI sausages.
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