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Abstract

:

Sfela is a white brined Greek cheese of protected designation of origin (PDO) produced in the Peloponnese region from ovine, caprine milk, or a mixture of the two. Despite the PDO status of Sfela, very few studies have addressed its properties, including its microbiology. For this reason, we decided to investigate the microbiome of two PDO industrial Sfela cheese samples along with two non-PDO variants, namely Sfela touloumotiri and Xerosfeli. Matrix-assisted laser desorption/ionization–time of flight mass spectrometry (MALDI-TOF MS), 16S rDNA amplicon sequencing and shotgun metagenomics analysis were used to identify the microbiome of these traditional cheeses. Cultured-based analysis showed that the most frequent species that could be isolated from Sfela cheese were Enterococcus faecium, Lactiplantibacillus plantarum, Levilactobacillus brevis, Pediococcus pentosaceus and Streptococcus thermophilus. Shotgun analysis suggested that in industrial Sfela 1, Str. thermophilus dominated, while industrial Sfela 2 contained high levels of Lactococcus lactis. The two artisanal samples, Sfela touloumotiri and Xerosfeli, were dominated by Tetragenococcus halophilus and Str. thermophilus, respectively. Debaryomyces hansenii was the only yeast species with abundance > 1% present exclusively in the Sfela touloumotiri sample. Identifying additional yeast species in the shotgun data was challenging, possibly due to their low abundance. Sfela cheese appears to contain a rather complex microbial ecosystem and thus needs to be further studied and understood. This might be crucial for improving and standardizing both its production and safety measures.
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1. Introduction


White brined cheeses constitute an essential category of cheese produced worldwide and they are an important part of the diet of Mediterranean and Balkan regions. The white brined cheeses, also known as “pickled cheeses”, owe their name to the distinctive white color and the high salt brines used during their manufacturing [1,2]. These cheeses lack rinds and vary in texture and moisture levels, ranging from soft to semi-hard, with a pleasantly acidic and salty taste that becomes piquant as they ripen. Their unique characteristics are mainly attributed to the lactic acid fermentation process taking place in the initial steps of production, as well as during ripening in brine, which may last for several months. These traits have been developed over centuries of household or artisanal practices.



Sfela cheese has been recognized as PDO (protected designation of origin) according to the Official Government Gazette of the Hellenic Parliament (25/18.01.94). It is a Greek white brined cheese produced in the Messinia and Laconia regional units, located in the southern Peloponnese. According to the PDO regulation, milk used for Sfela production can be ovine, caprine, or a mixture of both. Traditional rennet or enzymes can be added, while in the case of pasteurized milk, cultures of lactic acid bacteria (LAB) can be used. The coagulation of the milk is conducted at 30–32 °C, and the resulting curd is cut into small pieces and cooked at a temperature between 38°C and 40 °C with continuous stirring. The curd is transferred to cheesecloth to drain the whey and then placed on a cheese rack where it is slightly pressed. Subsequently, the curd is sliced into strips called “sfelides”, dry salting is applied, and it is moved into barrels or metal containers filled with a 20 Bé brine. Finally, the cheese is left at room temperature for one month before being transferred to cold rooms (4–6 °C), where it ripens for at least three months. When kept sealed under brine, the cheese can be stored for up to two years [3]. The desired characteristics of Sfela are a maximum moisture content of 45% and a minimum fat-in-dry matter of 40%. Based on studies, the chemical composition of the cheese is estimated to be approximately 28% fat, 21% protein, 6% salt and 12% salt in moisture [4]. Sfela is known for its distinctively spicy and salty taste. Interestingly, it has been suggested that when it comes to marketing, this cheese has limited export potential [5].



Today, manufacturing of white brined cheeses may include the addition of starter cultures. Several starters have been evaluated, including Streptococcus thermophilus, Lactobacillus delbrueckii ssp. bulgaricus and Lactococcus lactis [6,7]. Mixtures of mesophilic and thermophilic LAB strains are also frequently employed as they have the ability to cause fast acidification of the milk, which is necessary for cheese manufacturing. The selection of the starter cultures is an essential step in the production of white brined cheeses using pasteurized milk to ensure safety while maintaining consistent quality and sensory properties. Besides that, adjunct cultures have been suggested as potential additives to further enhance the flavor, functional attributes, or safety properties of white brined cheeses. Overall, adjunct cultures may offer the potential to improve cheese quality and even create a probiotic dynamic [8,9,10,11]. Additional members of the microbiome of white brined cheeses may include various species and may be shifted throughout the ripening process. For instance, Enterococcus faecalis, Enterococcus durans, Pediococcus pentosaceus and Pediococcus acidilactici were initially present in high numbers in fresh Feta cheese but declined during ripening and were outgrown by lactobacilli [12]. Counts for lactobacilli may increase during the first stage of ripening. Lactobacilli are favored by low pH and high salt content, with Lactiplantibacillus plantarum found to be the predominant species in Feta cheese [13]. These bacteria are non-starter LAB (NSLAB) and can be detected in raw milk, enduring the initial heat treatment, or can be transferred to the cheese and brine from the surrounding environment [14]. Species of Leuconostoc (Leuconostoc lactis and Leuconostoc mesenteroides subsp. dextranicum) have also been found in Beyaz Peynir cheese. Coliforms can also be present in brined cheeses, but their numbers have been found to decrease during the reduction of pH [15]. Micrococci can contribute to the development of flavor and aroma. Still, their numbers are usually low in white brined cheeses due to the inhibitory effect of the low pH of the cheese and brine [16]. The microbiome of white brined cheeses may additionally contain various yeasts. Species including Saccharomyces cerevisiae, Debaryomyces hansenii, Candida famata, Pichia membranifaciens, Torulaspora delbrueckii, Kluyveromyces marxianus, Candida sake, and Kluyveromyces lactis have been previously found in Feta cheese [17,18,19]. In Domiati cheese, some of the yeast species that have been previously identified are Issatchenkia orientalis, Candida albicans, Clavispora lusitaniae (Candida lusitaniae), Kodamaea ohmeri (Pichia ohmeri), K. marxianus, and Candida catenulate [20]. It is worth noting that, some yeast species, such as C. albicans and other common yeast pathogens, which are found in fresh cheese and brines, are probably unable to survive the maturation process [21]. An overgrowth of yeasts may cause defects to the white brined cheeses like early blowing, characterized by the presence of gas holes [22].



Furthermore, next generation sequencing (NGS) approaches are gaining momentum as they can provide a more precise identification of rare or difficult-to-culture microbial populations. Metagenomics, a culture-independent approach, is widely used for studying microbial ecosystems in various foods, including traditional dairy and fermented products [23]. Currently, two main tools are employed: amplicon sequencing for identifying the microbial populations mostly at the genus level and shotgun metagenomics analysis for insights into the composition and functional properties of species (or even subspecies) in a niche. Both techniques have been previously applied in studies conducted for the characterization of various white brined cheese microbiomes. More specifically, amplicon-based sequencing for the identification of both bacterial and yeasts genera has been employed in the case of various Turkish white cheeses including Tulum and Ezine [24,25,26], Greek artisanal cheeses like Kalathaki Limnou, Gidotyri and Batzos, [27,28,29], Brazilian Minas cheese [30] and the Cypriot cheeses Halloumi and Halitzia [31,32]. Feta, which is the most popular Greek cheese, has been selected as the basis for multiple studies employing amplicon sequencing and/or shotgun metagenomics to explore its microbiome under different technological conditions [33,34,35].



While several studies have been conducted on the microbiology of Greek white brined cheeses, to our knowledge, there is a notable gap in the study of Sfela cheese, despite its PDO status and its significance for the local producers in the Peloponnese. Therefore, in this study, we combined a culture-based approach with 16S rDNA amplicon-based sequencing and shotgun metagenomics to initiate a first investigation of the microbiome of Sfela cheese, which has not been reported in the literature before. Throughout this study, two different variants of Sfela were also investigated, namely Sfela touloumotiri and Xerosfeli, which were included to provide insight into these traditional cheeses’ microbial ecosystems.




2. Materials and Methods


2.1. Cheese Sampling


In this study, a total of four cheese samples were selected for analysis, including two PDO industrial Sfela samples and two non-PDO artisanal variants (Xerosfeli and Sfela touloumotiri). All samples analyzed were from different producers. For industrial Sfela 1 and the two artisanal variants, a mixture of ovine and caprine milk was used, while industrial Sfela 2 was produced from ovine milk solely. In all cases, milk was pasteurized with the exception of Sfela touloumotiri that was thermised. Both the industrial PDO samples and the two Sfela variants were produced in locations that fulfilled the geographical requirements specified for PDO Sfela cheese. Furthermore, the industrial Sfela cheese samples had been ripened for at least three months, as stipulated by PDO regulations. Τhe non-PDO Xerosfeli was produced in a similar manner to PDO Sfela, but with a shorter ripening duration that may be distributed without being immersed in brine (“xero” means dry in Greek). The Sfela touloumotiri cheese was ripened in a touloum (animal skin bag) for an unknown period of time. All the samples were carefully transferred to the laboratory and stored at a temperature of 4 °C until analysis.




2.2. Growth Conditions and Strain Isolation


To initiate the isolations of the different Sfela strains, ten grams (10 g) of the cheese samples were homogenized in 90 mL of Buffered Peptone Water (BPW, Condalab, Madrid, Spain). Serial dilutions were prepared, and plate pouring was performed using De Man, Rogosa and Sharpe agar (MRS, Condalab, Madrid, Spain) and M17 agar (Himedia Laboratories, Mumbai, India). MRS and M17 were supplemented with 0.1% cycloheximide (AppliChem, Darmstadt, Germany), and they were incubated at 28 °C and 42 °C under anaerobic conditions using AnaeroGen™ Sachet (Thermo Fisher Scientific Oxoid, Basingstoke, UK). Colonies were selected from each medium, based on their distinct shape and color characteristics and then were further purified. The purified colonies were then stored at −80 °C with 20% (v/v) glycerol for future use.




2.3. Identification by MALDI-TOF MS


Isolated strains were subjected to MALDI-TOF MS analysis for identification. Stored strains were subcultured once using the respective medium each time. After incubation at the appropriate temperature for 24 h, the cultures were streaked on MRS agar (Condalab, Madrid, Spain) or M17 agar (Himedia Laboratories, Mumbai, India), depending on the specific medium in which each strain was initially isolated during the sampling process and incubated again for 24 h. Using a sterile toothpick, single colonies were carefully spotted on a stainless-steel target plate, and 1 μL matrix of saturated solution of α-HCCA (α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid) (Bruker Daltonics, Bremen, Germany) was added on top of the spots. The samples were left to dry at room temperature and then analyzed with the MALDI-TOF MS AutoflexIII (Bruker Daltonics, Bremen, Germany) using the default parameter settings within the MALDI Biotyper software ver. 3.1 (Bruker Daltonics, Bremen, Germany). To ensure reproducibility, each isolate was spotted two times on the plate. The identification of the isolates relied on log (score) values ranging from 0 to 3, which were acquired from a search within the reference database. Values of ≥2.0 signified identification at the species level, values of ≥1.7 represented identification at the genus level, and values < 1.7 were considered as unidentifiable.




2.4. DNA Extraction from Sfela Cheese Samples


DNA extraction from Sfela cheese samples was carried out using the DNeasy PowerFood Microbial Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol with slight modifications. To summarize the procedure, 0.5 g of Sfela cheese was collected in ten sterile Eppendorf tubes (1.5 mL), and 750 μL of trisodium citrate [2% (m/v), pH 7.4] was added to each tube. The suspensions were then centrifugated at 12,000× g for 10 min at 4 °C, and the resulting pellet was washed several times with the citrate solution. After each centrifugation step, any remaining fat was removed, and all the pellets from each sample were combined into one tube. Next, the final pellets of each Sfela sample were treated with 500 μL of lysozyme (25 mg mL−1 in Tris-EDTA buffer at pH 8.0), 20 μL of mutanolysin (5 U mL−1), 15μL of RNase (10 mg mL−1) and 5 μL of lyticase (1 U μL−1) (all reagents from Sigma-Aldrich ChemieGmbh, Munich, Germany). The samples were then incubated at 37 °C for 1.5 h while vortexing every 15 min. After centrifugation at 10,500× g for two minutes, DNA extraction from the pellet was carried out following the manufacturer’s instructions provided with the kit. The resulting eluted DNA was stored at −20 °C. Subsequently, DNA concentration and the ratios of 260/280 nm and 260/230 nm were determined using NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Cleveland, OH, USA). Furthermore, DNA integrity was assessed through agarose gel electrophoresis.




2.5. Sequencing and Bioinformatics Analysis


Library preparation, Illumina sequencing and quality control for 16S rDNA and shotgun metagenomics were conducted by Beijing Genomics Institute (BGI) and Novogene (Beijing, China). Data was imported into the CLC genomics workbench 23.0.5 (Qiagen, Hilden, Germany), and at first, chimera removal and operational taxonomic unit (OTU) clustering were performed with the default parameters, as previously described [35]. The 16S rDNA OTU tables were constructed using the Silva database version 138.1, with 99% identity. A closed OTU picking was selected to avoid the high number of unidentified taxa. Rarefaction of reads was performed using default settings. Alpha and beta diversities were calculated using the total number of OTUs and principal coordinate analysis (PCoA) based on Bray–Curtis distances, respectively. For shotgun metagenomics, the initial taxonomic profiling of samples was conducted by aligning the shotgun reads against a microbial genome database after creating a taxonomic profiling index in the CLC genomics workbench with default parameters. Subsequently, the shotgun reads were assembled using the de novo assembly function with a minimum length of 1Kbp for all the cheese samples with the default settings. Bin identification and taxonomic assignment was performed by the BusyBee web server [36,37]. For this analysis, the default parameters were chosen as well. Cellulosimicrobium cellulans reads were excluded from all the datasets during the analysis as their presence is due to the lyticase used for yeast lysis during DNA extraction [38,39]. The reference genomes in RefSeq of the most abundant species were employed to construct recruitment plots using the RecruitPlotEasy software with the default settings [40]. The initial step of mapping the sequence reads against the reference genomes was performed with the CLC genomics workbench. The specific reference genomes chosen for the analysis were those of Str. thermophilus CIRM 65, L. lactis LAC460, and Tetragenococcus halophilus MJ4. Finally, functional analysis of the assembled metagenomic reads was conducted using the CLC genomics workbench, for annotation and functional characterization of genetic sequences using the Gene Ontology (GO) molecular function terms. GO molecular function terms were visualized through heatmap construction using Euclidean distance for the first 25 molecular functions [41].





3. Results and Discussion


3.1. Identification of Isolates via MALDI-TOF MS Analysis


A total of 140 isolates from all the samples were selected based on their morphologies and growth at different temperatures. These isolates were subsequently identified using MALDI-TOF MS analysis, as shown in Table 1. The results revealed that the isolated species originated from various genera within LAB. The identification was considered successful, as all the species matches accounted for a score near or higher than 2.0. Among the total microbes analyzed from the four Sfela samples, the most frequent species were E. faecium (44.3%), Lcb. plantarum (23.6%), Lvl. brevis (10%), P. pentosaceus (8.6%), Str. thermophilus (5%), Leu. mesenteroides (3.6%) and Lct. paracasei (1.4%). Other bacteria were also identified, including Enterococcus gallinarum, Latilactobacillus curvatus, Lacticaseibacillus rhamnosus, Streptococcus gallolyticus and Staphylococcus epidermidis, but with lower abundances (<1%). Our results are in general accordance with previous studies conducted to identify LAB in white brined cheeses using MALDI-TOF MS analysis. More specifically, E. faecium, Leu. mesenteroides and P. pentosaceus have been isolated from white brined Serbian artisanal cheeses [42]. Furthermore, in the same study there were additional bacterial species that were absent from Sfela cheese, like Macrococcus caseolyticus and E. faecalis among others. In another study on the Spanish cheeses type “Torta”, researchers also identified some common bacteria shared with Sfela cheese, which included Ltl. curvatus, Lct. paracasei, Lcb. plantarum, Lct. rhamnosus and Leu. mesenteroides [43]. Lcb. plantarum is a rather frequent bacterial species of white brined cheeses that has been also identified with MALDI-TOF MS in Touloumotyri [44]. Finally, the findings most closely resembling ours were those of Feta cheese which was examined for its microbial shift during ripening [45]. During the initial ripening, some of the dominant lactobacilli species were Lcb. plantarum, Lvl. brevis, Lct. rhamnosus, Lct. paracasei and Ltl. curvatus, while the most frequently encountered Enterococcus species were E. faecalis, E. faecium and E. durans. Str. thermophilus and P. pentosaceus were also present in significant quantities during the first three months of ripening, while Staph. epidermidis was only detected after six months [45]. It is evident that common LAB species may be present in different white brined cheeses, but variations can also occur.




3.2. 16S rDNA Amplicon Sequencing


The next step of our analysis was the 16S rDNA amplicon sequencing of all four cheese samples. The clustering analysis of 16S rDNA reads, as shown in Figure 1A, reveals that the Firmicutes phylum was predominant across all samples, indicating that the Sfela cheese environment provides favorable conditions for the proliferation of Gram-positive bacteria. Some examples of Firmicutes commonly found in white brined cheeses include members of the Lactobacillaceae family and Streptococcus sp. The LAB are known for their role in the fermentation of dairy products and their contribution to the development of specific flavors, textures, and aromas [46]. Previous research conducted on Feta cheese has also reported the prevalence of the Firmicutes phylum in the bacterial microbiota [33]. In addition to Feta, Firmicutes was described to clearly dominate in various Greek PDO cheeses, including Anevato, Batzos, Galotiri, Kalathaki Limnou and Kopanisti [29].



The bacterial composition was more diverse at the family level, as shown in Figure 1B. More specifically, Streptococcaceae emerged as the dominant family in industrial Sfela 2 and Sfela touloumotiri, accounting for 79% and 43.7%, respectively. In industrial Sfela 1 and Xerosfeli, it also appeared with high percentages, particularly 39% and 48%, but in both samples, it was the second most prevalent family. The family that predominated in industrial Sfela 1 (61%) and Xerosfeli (49.9%) was Lactobacillaceae, which was the second highest population in industrial Sfela 2 (21%) and in Sfela touloumotiri (30%). Sfela touloumotiri contained two additional families, namely Enterococcaceae and Staphylococcaceae, with abundances of 23.3% and 3%, respectively. Lachnospiraceae is a family that only appeared in Xerosfeli but with a low abundance of 2%.



The differences between the samples became even more noticeable when compared for the most dominant genera (Figure 1C). In the industrial Sfela 1 and the Xerosfeli samples, the primary member of the Streptococcaceae family was the genus Streptococcus with 43% and 53% abundances, respectively. In contrast, the most abundant genus of the same family in the other two samples was Lactococcus representing 78% of the industrial Sfela 2 and 45% of Sfela touloumotiri. In these two samples, Streptococcus was present in low percentages (<1% in industrial Sfela 2 and 3.9% in Sfela touloumotiri), as was also observed in the case of Lactococcus detected in industrial Sfela 1 and Xerosfeli (<1%). Lactiplantibacillus was present in industrial Sfela 1, industrial Sfela 2 and Xerosfeli with 18.9%, 10.9% and 2% abundance, respectively. Lacticaseibacillus was identified only in industrial Sfela 1, occupying a notable percentage of 28.2% of the total sample. The genus Companilactobacillus appeared only in Sfela touloumotiri with a relatively high abundance (27.9%), while in the rest of the samples, its presence was not significant (<1%). On the contrary, Latilactobacillus appeared in industrial Sfela 1, industrial Sfela 2 and Xerosfeli with varying abundances of 2–9%, while in Sfela touloumotiri with <1%. Lactobacillus is another genus of the same family, which was detected in industrial Sfela 1, accounting for 2.4% and in Xerosfeli 36.9%. Finally, Weissella was identified in industrial Sfela 2, Sfela touloumotiri and Xerosfeli with 3.1%, 2.1% and 3.5%, respectively.



Regarding the most prevalent bacterial genera reported in Sfela samples, the results are in accordance with studies employing amplicon sequencing on various types of white brined cheeses. More specifically, Lactococcus, Streptococcus and Lactobacillus were consistently identified as the significant genera in Tulum, Minas Gerais, Feta, Halloumi and Halitzia cheeses [25,30,31,32,34,47]. Additionally to these three frequent cheese genera, Lactiplantibacillus and Lacticaseibacillus were also identified with 16S rDNA amplicon sequencing in Feta [35] and Weissella in Minas Gerais and Tulum cheeses [25,30]. Nevertheless, the distribution of these bacteria varied between the cheeses, and there were also differences concerning the presence of less abundant genera, including Bifidobacterium, Pediococcus and Pseudomonas which uniquely appeared in specific studies [25,30,34,35]. As already mentioned, white brined cheeses usually contain NSLAB that originate from raw milk or contamination occurring after heat-treatment. The mesophilic lactobacilli are the predominant type of NSLAB found in white brined cheeses [12,48], which could explain the high frequency of these genera in Sfela samples. Interestingly, the genus Tetragenococcus of the Enterococcaceae family was exclusively found in Sfela touloumotiri, showing a significant abundance of 23.3%. This genus consists of halophilic LAB, thriving in high-salt environments, which makes them well-suited for white brined cheese environments, and they have also been identified in cheese brines [49,50]. Some species show proteolytic and lipolytic activities, contributing to the development of sensory characteristics in ripened cheese products [51]. In a previous study, T. halophilus has been suggested as a potential starter culture for fermented foods with high salinity [52].



The analysis at the phylum level did not reveal any taxonomic differences, but the family and genus levels provided a deeper insight into the bacterial distribution among the samples. The alpha diversity analysis (Figure 2A) confirmed that the sequence depth was adequate for each sample. Furthermore, beta diversity revealed that some samples could be clustered together when assessing the variation at the genus level. More specifically, industrial Sfela 1 and Xerosfeli were classified together and separately from industrial Sfela 2 and Sfela touloumotiri according to PCo1 (Figure 2B).




3.3. Identification of Sfela Microbiome at Species Level Using Shotgun Metagenomics Analysis


Species-level identification of the Sfela cheese microbiome was achieved by shotgun metagenomics. We compared the reads from these samples against a representative database of bacterial and fungal genomes (Figure 3). The species-level analysis revealed that industrial Sfela 1 was mainly characterized by the presence of Str. thermophilus (40.74% abundance), which appeared in even higher abundance in Xerosfeli at 50.5% in particular.



L. lactis predominated in industrial Sfela 2, reaching up to 79.2%, and it also appeared in Sfela touloumotiri with 27.1% abundance. T. halophilus, the most frequent species in Sfela touloumotiri, occupied 45.9% of the total sample, while it could not be detected in the rest of the samples (<1% abundance). Lcb. plantarum was another species that exhibited significant variations among the samples, and in particular, it reached 19.7% in industrial Sfela 1 and 8.3% in industrial Sfela 2, while it appeared in less than 1% in the two artisanal cheeses. Industrial Sfela 1 and Xerosfeli shared two additional species, namely Lb. delbrueckii reaching 8.1% and 26.6% and Lct. paracasei with 19.7% and 2.4% abundance in industrial Sfela 1 and Xerosfeli, respectively. Ltl. curvatus, was found in notable amounts in industrial Sfela 1 (2.9%), industrial Sfela 2 (4.5%) and Xerosfeli (3.3%). Leu. mesenteroides was also detected in substantial abundancies of 6.4%, 1.2% and 3.3% in industrial Sfela 1, Sfela touloumotiri and Xerosfeli, respectively. Several other bacterial species were detected in varying abundances, including P. pentosaceus, Lactococcus cremoris and Weissella jogaejeotgali. Of note, some Bifidobacterium spp. were detected but their abundance was low (<1%). D. hansenii was the only yeast species found in abundance exceeding 1%. Notably, it appeared in a high percentage of 13.5% in Sfela touloumotiri. It was also present in the remaining samples, occupying < 1% of the microbial population. Additional yeast species found in the samples, but with low abundances (<1%), included Neurospora crassa, Tor. delbrueckii and Debaryomyces nepalensis.



As previously described, the diverse array of bacterial species found across samples verifies the rich and dynamic microbial profile of white brined cheeses like Sfela. Str. thermophilus has been previously identified in various cheese types, particularly in those produced through fermentation processes involving high temperatures. Its prevalence and significance are noteworthy in Feta cheese [35,45] and other Mediterranean cheeses, like Italian Grana Padano [53] and Parmigiano-Reggiano [54]. Its high abundance can be attributed to the potential addition of starter cultures. The dominance of L. lactis in the industrial Sfela 2 is in agreement with its widespread occurrence in various white brined cheeses, including Feta cheese [35,55]. 16S rDNA amplicon sequencing and shotgun metagenomics consistently identify L. lactis, Str. thermophilus, and Lb. delbrueckii as the three most prevailing species in white brined cheeses [24,26,27]. Leu. mesenteroides has been previously identified in the traditional Montenegrin brine cheese [56] and in Feta cheese through shotgun metagenomics analysis [35]. W. jogaejeotgali, initially found in traditionally fermented Korean jogae jeotgal [57], exhibits resistance to osmotic stress and tolerance to acidic conditions. Recent discoveries have placed W. jogaejeotgali as part of the cheese microbiome [26,58], though other species of this genus have been also isolated from dairy environments in previous studies [51,59]. Furthermore, our findings align with previous studies on Feta, Domiati, and Halloumi cheeses, indicating a consistent presence of non-starter lactobacilli in mature samples [12,60,61].



The results from the shotgun analysis are generally in accordance with the 16S rDNA amplicon sequencing analysis, which provided insights into the bacterial composition of the samples up to the genus level. Moreover, the shotgun analysis at the species level is partially consistent with the culture-based analysis and the identification of the isolates with MALDI-TOF MS after culture-based isolation. In particular, both approaches revealed the presence of Str. thermophilus, Lcb. plantarum, Lct. paracasei and Leu. mesenteroides. However, it is worth noting that the data regarding the species with abundances exceeding 1% did not always match the culture-based analysis results. For instance, enterococci were found in high populations among the identified isolates, in contrast to the metagenomics results in which they were <1% abundant. Shotgun analysis revealed the presence of highly abundant species that could not be isolated and characterized by the cultured-based analysis. This discrepancy may be attributed to the selection of colonies based on morphological variations rather than a randomized selection. Consequently, the identified taxa through culture-based analysis may appear with different frequencies than those found through metagenomics analysis. Another aspect to consider is that both amplicon and shotgun sequencing techniques can detect bacteria even if they are no longer viable or able to be cultivated, as previously suggested [62]. Furthermore, during our study, cell culture conditions might have provided an environment favoring the growth and subsequent selection of certain species from the microbiome present in the Sfela samples. In addition, the inability to isolate some taxa with high abundances, as indicated by the shotgun metagenomics and the 16S amplicon sequencing, may suggest that some of them could have been in a state where they are “viable but not culturable” (VBNC). For instance, in one study, strains of L. lactis used in cheese making were found to be viable with RT-qPCR, but they could not be grown on M17 throughout the ripening period [63]. Another study supporting the VBNC condition of L. lactis in Lebanese fermented milk products demonstrated that despite the inability to isolate the species on M17, the addition of goat milk in the culture medium facilitated its recovery [64]. This phenomenon could potentially be attributed to the depletion of carbohydrates, possibly occurring during ripening or storage, leading to L. lactis entering a VBNC state [65].



Comparing the most dominant species within the four samples revealed that the bacterial diversity in industrial Sfela 1 and Xerosfeli exhibited similarity and industrial Sfela 2 was grouped together with Sfela touloumotiri, as illustrated in Figure 3B. Among the bacterial species, the presence of Str. thermophilus, Lb. delbrueckii and P. pentosaceus were responsible for grouping industrial Sfela 1 and Xerosfeli. The grouping of industrial Sfela 2 and Sfela touloumotiri relied on the presence of two distinct lactococci, i.e., L. lactis and L. cremoris. In addition, T. halophilus was the characteristic species in Sfela touloumotiri. Furthermore, Lcb. plantarum, Lactiplantibacillus paraplantarum, and Lct. paracasei were prevalent in industrial Sfela 1.



Alpha diversity was also calculated for the shotgun metagenomic reads. As indicated in Figure 4A, the depth of the sequencing was again adequate for each sample. As shown in Figure 4B, the beta diversity analysis of the shotgun metagenomics sequencing segregated the samples in a manner similar to the heatmap analysis of the most dominant species. More precisely, industrial Sfela 1 and Xerosfeli were grouped together and distinct from industrial Sfela 2 and Sfela touloumotiri according to PCo1.




3.4. Binning of Metagenome-Assembled Contigs of Sfela Cheese Samples—Construction of Recruitment Plots


To identify metagenome-assembled genomes (MAGs), we performed binning using the assembled contigs of each sample (Figure 5). As shown in Table 2, we were able to get several bins with high completeness. Still, in most cases, these were accompanied by high levels of contamination and/or strain heterogeneity. However, there were some exceptions of high-quality bins, like Bin 12 in industrial Sfela 1, as well as Bin 4, Bin 6 and Bin 8 in Xerosfeli. These bins were identified as Lb. delbrueckii (Bin 12 and Bin 4), M. caseolyticus (Bin 6) and Lct. paracasei (Bin 8).



The taxonomic evaluation of all the bins and contigs agreed with our species identification findings by the shotgun metagenomics analysis of single reads presented above. However, BusyBee analysis demonstrated the presence of bins of contigs corresponding to species appearing with less than 1% abundance in the shotgun analysis. This was the case for the species Lcb. paraplantarum, E. durans, Streptococcus parauberis, M. caseolyticus and other less frequent species found dispersed among the bins of the different samples. Staphylococcus equorum was one of the aforementioned species, which is a non-pathogenic staphylococcal member and was found to contribute to the intense flavor profiles found in cheeses [66] and has been suggested as a starter culture for the manufacturing of semi-hard cheeses [67]. The binning process also revealed the presence of some additional bacteria, including Acinetobacter johnsonii and Acinetobacter sp. (TTH0-4, WCHA55), which have been related to cheese spoilage [68] and can act as opportunistic pathogens [69]. Despite the fact that Str. parauberis has been previously reported in cheese environments [33,70] and sheep milk [71], its presence may be unwanted as it has been connected with cases of bovine mastitis [72]. Streptococcus suis is another bacterium that has been identified in cheese samples [73], but its occurrence may pose safety concerns as a zoonotic pathogen [74]. Detecting these bacteria in Sfela samples can raise concerns regarding the hygienic conditions during the cheese production and it underlines the importance of an improved surveillance and monitoring of the process.



To surpass the problem of low-quality bins within our dataset and more specifically, to determine the MAGs of the most prevalent species in each sample, we constructed recruitment plots of sequencing reads against the reference genomes of Str. thermophilus (for industrial Sfela 1 and Xerosfeli), L. lactis (for industrial Sfela 2) and T. halophilus (for Sfela touloumotiri). As shown in Figure 6, this approach enabled the assembly of nearly complete draft genomes for each of the reference genomes. Interestingly, a significant number of reads exhibited alignments with an identity exceeding 95%, while also displaying a high average depth of sequencing coverage.




3.5. Functional Analysis of Metagenome Contigs


Functional analysis of the assembled shotgun metagenomes was performed in the CLC genomics workbench. Heatmap analysis demonstrated that different functions had different distributions in each sample (Figure 7). The grouping between industrial Sfela 2 and Sfela touloumotiri was again evident. In contrast, industrial Sfela 1 and Xerosfeli did not form a distinct group. It should be mentioned that our analysis concerns the presence/absence of functions rather than their actual activity during the production of these cheese samples, given that they derive from a metagenomics rather than a metatranscriptomics dataset. Further research is required to explore the roles of the identified activities and to develop a more comprehensive image of the molecular functions contributing to the production of the different Sfela cheese types.





4. Conclusions and Future Perspectives


Sfela cheese has a PDO status, signifying that its distinct organoleptic characteristics are firmly connected to the Messinia and Laconia regions in the Peloponnese. In our study, we utilized a combination of 16S rDNA amplicon sequencing and shotgun metagenomics to evaluate four different Sfela samples: two produced on an industrial scale under PDO regulation and two non-PDO variants of Sfela cheese. Notably, industrial Sfela 1 and Xerosfeli were dominated by Str. thermophilus and Lb. delbrueckii subsp. bulgaricus, whereas industrial Sfela 2 and Sfela touloumotiri were characterized both by high populations of L. lactis, while T. halophilus prevailed in Sfela touloumotiri. As already mentioned, bacteria employed as starter cultures may persist in the first stages of cheese fermentation, while NSLAB may prevail at the later ripening stages due to the low pH and the elevated salt content. The dominance of Str. thermophilus and Lb. delbrueckii subsp. bulgaricus in industrial Sfela 1 and Xerosfeli may be attributed to production under strict hygiene conditions, enabling these bacteria to thrive during ripening against other microbes [35]. Metagenomics analysis also revealed that NSLAB were detected in all samples, but they were not among the most abundant species. The presence of yeast was rather scarce, as indicated by shotgun metagenomics. The binning of scaffolds did provide several sequence bins of varying completeness and quality. Notably, this analysis unveiled the presence of Acinetobacter spp., Str. parauberis and Str. suis in Sfela. This suggests the need for stricter surveillance during production, ensuring adherence to safety protocols, and compliance with PDO regulations to ensure food safety and consumers’ health. Standardizing the production of traditional cheese can also potentially enhance their demand [75,76]. Omics approaches are critical as they can provide a very detailed picture of the microorganisms participating throughout the whole procedure of cheese production. Culture-dependent techniques also provide essential information about the product’s dominant microbiome, and thus the combination of both methods can shed light on the dynamic changes that the microbial composition undergoes along with the functional pathways they carry. The information presented here provides a first framework concerning the intricate microbial communities that may exist in Sfela cheese. Further exploration may be needed to unveil a more comprehensive map of the Sfela cheese microbiome and its impact on sensory attributes. The construction of a pool of naturally occurring strains with desirable properties may lead to the isolation of novel strains for use as valuable starters or adjuncts specific to the production of Sfela cheese. Such research will not only expand our understanding of the Sfela cheese microbiome but also holds potential for enhancing its quality and safety in the future. Our study may also encourage the application of shotgun metagenomics to study the microbiomes of other types of white brined cheese produced in different parts of the world.







Author Contributions


Conceptualization, J.K., M.P. and K.P.; formal analysis, N.T., A.S., O.T. and K.P.; funding acquisition, J.K., M.P. and K.P.; investigation, N.T., A.S., O.T., A.G. and K.P.; methodology, J.K., M.P. and K.P.; supervision, K.P.; writing—original draft, N.T., A.S. and K.P.; writing—review and editing, N.T., A.S., O.T., A.G., S.G.D., J.Y., C.E.V., J.K., M.P. and K.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research has been co-financed by the European Union and Greek national funds through the Operational Program Competitiveness, Entrepreneurship and Innovation under the call SUPPORT FOR REGIONAL EXCELLENCE (MIS 5047289).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Publicly available datasets were analyzed in this study. This data can be found here: [SRA under BioProject IDs: PRJNA1072025, PRJNA1072084].




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



McSweeney, P.L.H.; Ottogalli, G.; Fox, P.F. Diversity and classification of cheese varieties: An overview. In Cheese, 4th ed.; McSweeney, P.L.H., Fox, P.F., Cotter, P.D., Everett, D.W., Eds.; Academic Press: San Diego, CA, USA, 2017; pp. 781–808. [Google Scholar] [CrossRef]

	



Hayaloglu, A.A. Cheese varieties ripened under brine. In Cheese, 4th ed.; McSweeney, P.L.H., Fox, P.F., Cotter, P.D., Everett, D.W., Eds.; Academic Press: San Diego, CA, USA, 2017; pp. 997–1040. [Google Scholar] [CrossRef]

	



Moatsou, G.; Govaris, A. White brined cheeses: A diachronic exploitation of small ruminants milk in Greece. Small Rumin. Res. 2011, 101, 113–121. [Google Scholar] [CrossRef]

	



Nega, A.; Moatsou, G. Proteolysis and related enzymatic activities in ten Greek cheese varieties. Dairy Sci. Technol. 2011, 92, 57–73. [Google Scholar] [CrossRef]

	



Vakrou, A.; Fotopoulos, C.; Mattas, K. Location effects in the production and marketing of traditional Greek cheeses. In Proceedings of the European Association of Agricultural Economists: 52nd Seminar, Parma, Italy, 19–21 June 1997. [Google Scholar] [CrossRef]

	



Pappas, C.P.; Kondyli, E.; Voutsinas, L.P.; Mallatou, H. Effects of starter level, draining time and aging on the physicochemical, organoleptic and rheological properties of feta cheese. IJDT 1996, 49, 73–78. [Google Scholar] [CrossRef]

	



Litopoulou-Tzanetaki, E.; Tzanetakis, N.; Vafopoulou-Mastrojiannaki, A. Effect of the type of lactic starter on microbiologicalchemical and sensory characteristics of Feta cheese. Food Microbiol. 1993, 10, 31–41. [Google Scholar] [CrossRef]

	



Angelopoulou, A.; Alexandraki, V.; Georgalaki, M.; Anastasiou, R.; Manolopoulou, E.; Tsakalidou, E.; Papadimitriou, K. Production of probiotic Feta cheese using Propionibacterium freudenreichii subsp. shermanii as adjunct. Int. Dairy J. 2017, 66, 135–139. [Google Scholar] [CrossRef]

	



Dimitrellou, D.; Kandylis, P.; Sidira, M.; Koutinas, A.A.; Kourkoutas, Y. Free and immobilized Lactobacillus casei ATCC 393 on whey protein as starter cultures for probiotic Feta-type cheese production. J. Dairy Sci. 2014, 97, 4675–4685. [Google Scholar] [CrossRef] [PubMed]

	



Mantzourani, I.; Terpou, A.; Alexopoulos, A.; Chondrou, P.; Galanis, A.; Bekatorou, A.; Bezirtzoglou, E.; Koutinas, A.A.; Plessas, S. Application of a novel potential probiotic Lactobacillus paracasei strain isolated from kefir grains in the production of Feta-type cheese. Microorganisms 2018, 6, 121. [Google Scholar] [CrossRef] [PubMed]

	



Papadopoulou, O.S.; Argyri, A.A.; Varzakis, E.E.; Tassou, C.C.; Chorianopoulos, N.G. Greek functional Feta cheese: Enhancing quality and safety using a Lactobacillus plantarum strain with probiotic potential. Food Microbiol. 2018, 74, 21–33. [Google Scholar] [CrossRef] [PubMed]

	



Tzanetakis, N.; Litopoulou-Tzanetaki, E. Changes in numbers and kinds of lactic acid bacteria in Feta and Teleme, two greek cheeses from ewes’ milk. J. Dairy Sci. 1992, 75, 1389–1393. [Google Scholar] [CrossRef]

	



Bintsis, T.; Litopoulou-Tzanetaki, E.; Davies, R.O.N.; Robinson, R. Microbiology of brines used to mature Feta cheese. Int. J. Dairy Technol. 2000, 53, 106–112. [Google Scholar] [CrossRef]

	



Anastasiou, R.; Kazou, M.; Georgalaki, M.; Aktypis, A.; Zoumpopoulou, G.; Tsakalidou, E. Omics approaches to assess flavor development in cheese. Foods 2022, 11, 188. [Google Scholar] [CrossRef] [PubMed]

	



Hayaloglu, A.A.; Guven, M.; Fox, P.F. Microbiological, biochemical and technological properties of Turkish white cheese ‘Beyaz Peynir’. Int. Dairy J. 2002, 12, 635–648. [Google Scholar] [CrossRef]

	



Bhowmik, T.; Marth, E.H. Rote of Micrococcus and Pediococcus Species in cheese ripening: A review. J. Dairy Sci. 1990, 73, 859–866. [Google Scholar] [CrossRef]

	



Fadda, M.E.; Cosentino, S.; Deplano, M.; Palmas, F. Yeast populations in Sardinian feta cheese. Int. J. Food Microbiol. 2001, 69, 153–156. [Google Scholar] [CrossRef]

	



Psomas, E.; Andrighetto, C.; Litopoulou-Tzanetaki, E.; Lombardi, A.; Tzanetakis, N. Some probiotic properties of yeast isolates from infant faeces and Feta cheese. Int. J. Food Microbiol. 2001, 69, 125–133. [Google Scholar] [CrossRef] [PubMed]

	



Rantsiou, K.; Urso, R.; Dolci, P.; Comi, G.; Cocolin, L. Microflora of Feta cheese from four Greek manufacturers. Int. J. Food Microbiol. 2008, 126, 36–42. [Google Scholar] [CrossRef]

	



El-Sharoud, W.M.; Belloch, C.; Peris, D.; Querol, A. Molecular identification of yeasts associated with traditional Egyptian dairy products. J. Food Sci. 2009, 74, 341–346. [Google Scholar] [CrossRef]

	



Jacques, N.; Casaregola, S. Safety assessment of dairy microorganisms: The hemiascomycetous yeasts. Int. J. Food Microbiol. 2008, 126, 321–326. [Google Scholar] [CrossRef]

	



Seiler, H.; Busse, M. The yeasts of cheese brines. Int. J. Food Microbiol. 1990, 11, 289–303. [Google Scholar] [CrossRef]

	



Ferrocino, I.; Rantsiou, K.; Cocolin, L. Investigating dairy microbiome: An opportunity to ensure quality, safety and typicity. Curr. Opin. Biotechnol. 2022, 73, 164–170. [Google Scholar] [CrossRef]

	



Kahraman-Ilıkkan, Ö.; Bağdat, E. Metataxonomic sequencing to assess microbial safety of Turkish white cheeses. Braz. J. Microbiol. 2022, 53, 969–976. [Google Scholar] [CrossRef] [PubMed]

	



Gezginc, Y.; Karabekmez-Erdem, T.; Tatar, H.D.; Dağgeçen, E.C.; Ayman, S.; Akyol, İ. Metagenomics and volatile profile of Turkish artisanal Tulum cheese microbiota. Food Biosci. 2022, 45, 101497. [Google Scholar] [CrossRef]

	



Ozturk, H.I.; Demirci, T.; Akin, N.; Ogul, A. Elucidation of the initial bacterial community of Ezine PDO cheese using next-generation sequencing. Arch. Microbiol. 2022, 204, 656. [Google Scholar] [CrossRef] [PubMed]

	



Nelli, A.; Venardou, B.; Skoufos, I.; Voidarou, C.C.; Lagkouvardos, I.; Tzora, A. An Insight into goat cheese: The tales of artisanal and industrial Gidotyri microbiota. Microorganisms 2023, 11, 123. [Google Scholar] [CrossRef] [PubMed]

	



Kamilari, E.; Tsaltas, D.; Stanton, C.; Ross, R.P. Metataxonomic mapping of the microbial diversity of Irish and Eastern Mediterranean cheeses. Foods 2022, 11, 2483. [Google Scholar] [CrossRef]

	



Michailidou, S.; Pavlou, E.; Pasentsis, K.; Rhoades, J.; Likotrafiti, E.; Argiriou, A. Microbial profiles of Greek PDO cheeses assessed with amplicon metabarcoding. Food Microbiol. 2021, 99, 103836. [Google Scholar] [CrossRef]

	



Sant’Anna, F.M.; Wetzels, S.U.; Cicco, S.H.S.; Figueiredo, R.C.; Sales, G.A.; Figueiredo, N.C.; Nunes, C.A.; Schmitz-Esser, S.; Mann, E.; Wagner, M.; et al. Microbial shifts in Minas artisanal cheeses from the Serra do Salitre region of Minas Gerais, Brazil throughout ripening time. Food Microbiol. 2019, 82, 349–362. [Google Scholar] [CrossRef]

	



Kamilari, E.; Anagnostopoulos, D.A.; Papademas, P.; Kamilaris, A.; Tsaltas, D. Characterizing Halloumi cheese’s bacterial communities through metagenomic analysis. LWT 2020, 126, 109298. [Google Scholar] [CrossRef]

	



Papademas, P.; Aspri, M.; Mariou, M.; Dowd, S.E.; Kazou, M.; Tsakalidou, E. Conventional and omics approaches shed light on Halitzia cheese, a long-forgotten white-brined cheese from Cyprus. Int. Dairy J. 2019, 98, 72–83. [Google Scholar] [CrossRef]

	



Papadakis, P.; Konteles, S.; Batrinou, A.; Ouzounis, S.; Tsironi, T.; Halvatsiotis, P.; Tsakali, E.; Van Impe, J.F.M.; Vougiouklaki, D.; Strati, I.F.; et al. Characterization of bacterial microbiota of P.D.O. Feta cheese by 16S metagenomic analysis. Microorganisms 2021, 9, 2377. [Google Scholar] [CrossRef]

	



Spyrelli, E.; Stamatiou, A.; Tassou, C.; Nychas, G.-J.; Doulgeraki, A. Microbiological and metagenomic analysis to assess the effect of container material on the microbiota of Feta cheese during ripening. Fermentation 2020, 6, 12. [Google Scholar] [CrossRef]

	



Papadimitriou, K.; Anastasiou, R.; Georgalaki, M.; Bounenni, R.; Paximadaki, A.; Charmpi, C.; Alexandraki, V.; Kazou, M.; Tsakalidou, E. Comparison of the microbiome of artisanal homemade and industrial Feta cheese through amplicon sequencing and shotgun metagenomics. Microorganisms 2022, 10, 1073. [Google Scholar] [CrossRef] [PubMed]

	



Schmartz, G.P.; Hirsch, P.; Amand, J.; Dastbaz, J.; Fehlmann, T.; Kern, F.; Muller, R.; Keller, A. BusyBee Web: Towards comprehensive and differential composition-based metagenomic binning. Nucleic Acids Res. 2022, 50, W132–W137. [Google Scholar] [CrossRef] [PubMed]

	



Laczny, C.C.; Kiefer, C.; Galata, V.; Fehlmann, T.; Backes, C.; Keller, A. BusyBee Web: Metagenomic data analysis by bootstrapped supervised binning and annotation. Nucleic Acids Res. 2017, 45, 171–179. [Google Scholar] [CrossRef] [PubMed]

	



De Roos, J.; Vandamme, P.; De Vuyst, L. Wort substrate consumption and metabolite production during lambic beer fermentation and maturation explain the successive growth of specific bacterial and yeast species. Front. Microbiol. 2018, 9, 2763. [Google Scholar] [CrossRef] [PubMed]

	



Verce, M.; De Vuyst, L.; Weckx, S. Shotgun metagenomics of a water kefir fermentation ecosystem reveals a novel oenococcus species. Front. Microbiol. 2019, 10, 479. [Google Scholar] [CrossRef] [PubMed]

	



Gerhardt, K.; Ruiz-Perez, C.A.; Rodriguez, R.L.; Conrad, R.E.; Konstantinidis, K.T. RecruitPlotEasy: An advanced read recruitment plot tool for assessing metagenomic population abundance and genetic diversity. Front. Bioinform. 2021, 1, 826701. [Google Scholar] [CrossRef] [PubMed]

	



Metsalu, T.; Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using principal component analysis and heatmap. Nucleic. Acids Res. 2015, 43, 566–570. [Google Scholar] [CrossRef] [PubMed]

	



Ledina, T.; Golob, M.; Djordjević, J.; Magas, V.; Colovic, S.; Bulajic, S. MALDI-TOF mass spectrometry for the identification of Serbian artisanal cheeses microbiota. JCF 2018, 13, 309–314. [Google Scholar] [CrossRef]

	



Sanchez-Juanes, F.; Teixeira-Martin, V.; Gonzalez-Buitrago, J.M.; Velazquez, E.; Flores-Felix, J.D. Identification of species and subspecies of lactic acid bacteria present in Spanish cheeses type “Torta” by MALDI-TOF MS and pheS gene analyses. Microorganisms 2020, 8, 301. [Google Scholar] [CrossRef]

	



Gantzias, C.; Lappa, I.K.; Aerts, M.; Georgalaki, M.; Manolopoulou, E.; Papadimitriou, K.; De Brandt, E.; Tsakalidou, E.; Vandamme, P. MALDI-TOF MS profiling of non-starter lactic acid bacteria from artisanal cheeses of the Greek island of Naxos. Int. J. Food Microbiol. 2020, 323, 108586. [Google Scholar] [CrossRef] [PubMed]

	



Tzora, A.; Nelli, A.; Voidarou, C.; Fthenakis, G.; Rozos, G.; Theodorides, G.; Bonos, E.; Skoufos, I. Microbiota “fingerprint” of Greek Feta cheese through ripening. Appl. Sci. 2021, 11, 5631. [Google Scholar] [CrossRef]

	



Coelho, M.C.; Malcata, F.X.; Silva, C.C.G. Lactic acid bacteria in raw-milk cheeses: From starter cultures to probiotic functions. Foods 2022, 11, 2276. [Google Scholar] [CrossRef] [PubMed]

	



Laranjo, M.; Potes, M.E. Chapter 6—Traditional Mediterranean cheeses: Lactic acid bacteria populations and functional traits. In Lactic Acid Bacteria in Food Biotechnology; Ray, R.C., Paramithiotis, S., de Carvalho Azevedo, V.A., Montet, D., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 97–124. [Google Scholar] [CrossRef]

	



Özer, B. CHEESE|Microflora of white-brined cheeses. In Encyclopedia of Food Microbiology, 2nd ed.; Batt, C.A., Tortorello, M.L., Eds.; Academic Press: Oxford, MS, USA, 2014; pp. 402–408. [Google Scholar] [CrossRef]

	



Marino, M.; Innocente, N.; Maifreni, M.; Mounier, J.; Cobo-Diaz, J.F.; Coton, E.; Carraro, L.; Cardazzo, B. Diversity within Italian cheesemaking brine-associated bacterial communities evidenced by massive parallel 16S rRNA gene tag sequencing. Front. Microbiol. 2017, 8, 2119. [Google Scholar] [CrossRef] [PubMed]

	



Vermote, L.; Verce, M.; De Vuyst, L.; Weckx, S. Amplicon and shotgun metagenomic sequencing indicates that microbial ecosystems present in cheese brines reflect environmental inoculation during the cheese production process. Int. Dairy J. 2018, 87, 44–53. [Google Scholar] [CrossRef]

	



Morales, F.; Morales, J.I.; Hernandez, C.H.; Hernandez-Sanchez, H. Isolation and partial characterization of halotolerant lactic acid bacteria from two Mexican cheeses. Appl. Biochem. Biotechnol. 2011, 164, 889–905. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.H.; Kim, S.A.; Jo, Y.M.; Seo, H.; Kim, G.Y.; Cheon, S.W.; Yang, S.H.; Jeon, C.O.; Han, N.S. Probiotic potential of Tetragenococcus halophilus EFEL7002 isolated from Korean soy Meju. BMC Microbiol. 2022, 22, 149. [Google Scholar] [CrossRef] [PubMed]

	



Fornasari, M.E.; Rossetti, L.; Carminati, D.; Giraffa, G. Cultivability of Streptococcus thermophilus in Grana Padano cheese whey starters. FEMS Microbiol. Lett. 2006, 257, 139–144. [Google Scholar] [CrossRef]

	



Sola, L.; Quadu, E.; Bortolazzo, E.; Bertoldi, L.; Randazzo, C.L.; Pizzamiglio, V.; Solieri, L. Insights on the bacterial composition of Parmigiano Reggiano natural whey starter by a culture-dependent and 16S rRNA metabarcoding portrait. Sci. Rep. 2022, 12, 17322. [Google Scholar] [CrossRef]

	



Bozoudi, D.; Torriani, S.; Zdragas, A.; Litopoulou-Tzanetaki, E. Assessment of microbial diversity of the dominant microbiota in fresh and mature PDO Feta cheese made at three mountainous areas of Greece. LWT-Food Sci. Technol. 2016, 72, 525–533. [Google Scholar] [CrossRef]

	



Ruppitsch, W.; Nisic, A.; Hyden, P.; Cabal, A.; Sucher, J.; Stoger, A.; Allerberger, F.; Martinovic, A. Genetic diversity of Leuconostoc mesenteroides isolates from traditional Montenegrin brine cheese. Microorganisms 2021, 9, 1612. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.H.; Ku, H.J.; Ahn, M.J.; Hong, J.S.; Lee, S.H.; Shin, H.; Lee, K.C.; Lee, J.S.; Ryu, S.; Jeon, C.O.; et al. Weissella jogaejeotgali sp. nov., isolated from jogae jeotgal, a traditional Korean fermented seafood. Int. J. Syst. Evol. Microbiol. 2015, 65, 4674–4681. [Google Scholar] [CrossRef] [PubMed]

	



Rustemoglu, M.; Erkan, M.E.; Cengiz, G.; Hajyzadeh, M. Bacterial metagenome profiling of hand-made herby cheese samples utilizing high-throughput sequencing to detect geographical indication and marketing potential. Heliyon 2023, 9, 13334. [Google Scholar] [CrossRef] [PubMed]

	



Morea, M.; Baruzzi, F.; Cappa, F.; Cocconcelli, P.S. Molecular characterization of the Lactobacillus community in traditional processing of Mozzarella cheese. Int. J. Food Microbiol. 1998, 43, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



El-Salam, M.H.A.; Alichanidis, E.; Zerfiridis, G.K. Domiati and Feta type cheeses. In Cheese: Chemistry, Physics and Microbiology: Volume 2 Major Cheese Groups; Fox, P.F., Ed.; Springer: Boston, MA, USA, 1993; pp. 301–335. [Google Scholar] [CrossRef]

	



Papademas, P.; Robinson, R.K. A comparison of the chemical, microbiological and sensory characteristics of bovine and ovine Halloumi cheese. Int. Dairy J. 2000, 10, 761–768. [Google Scholar] [CrossRef]

	



Yap, M.; O’Sullivan, O.; O’Toole, P.W.; Cotter, P.D. Development of sequencing-based methodologies to distinguish viable from non-viable cells in a bovine milk matrix: A pilot study. Front. Microbiol. 2022, 13, 1036643. [Google Scholar] [CrossRef]

	



Ruggirello, M.; Giordano, M.; Bertolino, M.; Ferrocino, I.; Cocolin, L.; Dolci, P. Study of Lactococcus lactis during advanced ripening stages of model cheeses characterized by GC-MS. Food Microbiol. 2018, 74, 132–142. [Google Scholar] [CrossRef] [PubMed]

	



Ammoun, I.; Kothe, C.I.; Mohellibi, N.; Beal, C.; Yaacoub, R.; Renault, P. Lebanese fermented goat milk products: From tradition to meta-omics. Food Res. Int. 2023, 168, 112762. [Google Scholar] [CrossRef]

	



Ganesan, B.; Stuart, M.R.; Weimer, B.C. Carbohydrate starvation causes a metabolically active but nonculturable state in Lactococcus lactis. Appl. Environ. Microbiol. 2007, 73, 2498–2512. [Google Scholar] [CrossRef]

	



Irlinger, F.; Loux, V.; Bento, P.; Gibrat, J.F.; Straub, C.; Bonnarme, P.; Landaud, S.; Monnet, C. Genome sequence of Staphylococcus equorum subsp. equorum Mu2, isolated from a French smear-ripened cheese. J. Bacteriol. 2012, 194, 5141–5142. [Google Scholar] [CrossRef]

	



Place, R.B.; Hiestand, D.; Gallmann, H.R.; Teuber, M. Staphylococcus equorum subsp. linens, subsp. nov., a starter culture component for surface ripened semi-hard cheeses. Syst. Appl. Microbiol. 2003, 26, 30–37. [Google Scholar] [CrossRef]

	



Yang, X. Moraxellaceae. In Encyclopedia of Food Microbiology, 2nd ed.; Batt, C.A., Tortorello, M.L., Eds.; Elsevier Ltd.: Amsterdam, The Netherlands, 2014; pp. 826–833. [Google Scholar] [CrossRef]

	



Seifert, H.; Strate, A.; Schulze, A.; Pulverer, G. Vascular catheter-related bloodstream infection due to Acinetobacter johnsonii (formerly Acinetobacter calcoaceticus var. lwoffi): Report of 13 cases. Clin. Infect. Dis. 1993, 17, 632–636. [Google Scholar] [CrossRef] [PubMed]

	



Bereswill, S.; Fuka, M.M.; Wallisch, S.; Engel, M.; Welzl, G.; Havranek, J.; Schloter, M. Dynamics of bacterial communities during the ripening process of different croatian cheese types derived from raw ewe’s milk cheeses. PLoS ONE 2013, 8, e80734. [Google Scholar] [CrossRef]

	



de Garnica, M.L.; Sáez-Nieto, J.A.; González, R.; Santos, J.A.; Gonzalo, C. Diversity of gram-positive catalase-negative cocci in sheep bulk tank milk by comparative 16S rDNA sequence analysis. Int. Dairy J. 2014, 34, 142–145. [Google Scholar] [CrossRef]

	



Pitkala, A.; Koort, J.; Bjorkroth, J. Identification and antimicrobial resistance of Streptococcus uberis and Streptococcus parauberis isolated from bovine milk samples. J. Dairy Sci. 2008, 91, 4075–4081. [Google Scholar] [CrossRef] [PubMed]

	



Fortina, M.G.; Ricci, G.; Acquati, A.; Zeppa, G.; Gandini, A.; Manachini, P.L. Genetic characterization of some lactic acid bacteria occurring in an artisanal protected denomination origin (PDO) Italian cheese, the Toma piemontese. Food Microbiol. 2003, 20, 397–404. [Google Scholar] [CrossRef]

	



Lun, Z.R.; Wang, Q.P.; Chen, X.G.; Li, A.X.; Zhu, X.Q. Streptococcus suis: An emerging zoonotic pathogen. Lancet Infect. Dis. 2007, 7, 201–209. [Google Scholar] [CrossRef]

	



Danezis, G.P.; Tsiplakou, E.; Pappa, E.C.; Pappas, A.C.; Mavrommatis, A.; Sotirakoglou, K.; Georgiou, C.A.; Zervas, G. Fatty acid profile and physicochemical properties of Greek protected designation of origin cheeses, implications for authentication. Eur. Food Res. Technol. 2020, 246, 1741–1753. [Google Scholar] [CrossRef]

	



Pappa, E.C.; Kondyli, E. Descriptive characteristics and cheesemaking technology of Greek cheeses not listed in the EU geographical indications registers. Dairy 2023, 4, 43–67. [Google Scholar] [CrossRef]








[image: Foods 13 01023 g001] 





Figure 1. Illustration of the taxonomic distribution of industrial Sfela cheese and its artisanal variants, Sfela touloumotiri and Xerosfeli, using 16S rDNA amplicon sequence data. The samples were analyzed at the phylum (A), family (B), and genus (C) levels. 
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Figure 2. Alpha diversity analysis of 16S rDNA reads for a maximum depth of 18,000 read counts based on the total number of OTUs at genus level (A) and beta diversity presented in a Principal Coordinate Analysis (PCoA) employing the Bray—Curtis distances for the samples (B). 
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Figure 3. Illustration of the taxonomic distribution of industrial Sfela cheese and its artisanal variants, Sfela touloumotiri and Xerosfeli, using shotgun metagenomics sequence data. The samples were analyzed at the species level (A). Heat-map analysis of the species identified in industrial Sfela 1, industrial Sfela 2, Sfela touloumotiri and Xerosfeli (B). 
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Figure 4. Alpha diversity analysis of shotgun reads for a maximum depth of 14,000,000 read counts based on the total number of OTUs (A) and beta diversity presented in PCoA employing the Bray—Curtis distances for the samples (B). 
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Figure 5. Bins of metagenomics scaffolds of industrial Sfela 1 (A), industrial Sfela 2 (B), Sfela touloumotiri (C) and Xerosfeli (D). The figure indicates the identified species’ contigs distributed in different bins represented by dots of the same color. 
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Figure 6. Recruitment plots of metagenomic reads from industrial Sfela 1 against the sequence of the reference genome of Str. thermophilus (CIRM 65) (A), industrial Sfela 2 against the genomic sequence of the reference strain of L. lactis (LAC460) (B), Sfela touloumotiri against the genomic sequence of the reference strain of T. halophilus (MJ4) (C), and Xerosfeli against the genomic sequence of the reference strain of Str. thermophilus (CIRM 65) (D). Bottom left panel: reads that have been aligned to the genome. The X-axis represents the position in the genome, while the Y-axis represents the percent of identity. The color of the data points corresponds to the number of reads that match a particular position on the genome with a specific level of identity indicated from the left bar. Upper left panel: sequencing depth across different regions of the genome. Bottom right panel: number of nucleotide bases at different levels of nucleotide identity. The Y-axis represents the nucleotide identity, and the X-axis represents the number of bases. Upper right panel: histogram of the sequencing depth. Orange and blue lines represent matches with nucleotide identity above and below the 95% cutoff, respectively. 
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Figure 7. Heat map representing the results of functional analysis conducted on Sfela cheese samples according to GO molecular function. The analysis was conducted using the Euclidean clustering distance to group functional properties and the different cheese samples. 






Figure 7. Heat map representing the results of functional analysis conducted on Sfela cheese samples according to GO molecular function. The analysis was conducted using the Euclidean clustering distance to group functional properties and the different cheese samples.



[image: Foods 13 01023 g007]







 





Table 1. Species identification via MALDI-TOF MS.
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	Identified Species via MALDI-TOF MS
	Total Number





	Enterococcus faecium
	62/140 (44.3%)



	Lactiplantibacillus plantarum
	33/140 (23.6%)



	Levilactobacillus brevis
	14/140 (10%)



	Pediococcus pentosaceus
	12/140 (8.6%)



	Streptococcus thermophilus
	7/140 (5%)



	Leuconostoc mesenteroides
	5/140 (3.6%)



	Lacticaseibacillus paracasei
	2/140 (1.4%)



	Enterococcus gallinarum
	1/140 (0.7%)



	Latilactobacillus curvatus
	1/140 (0.7%)



	Lacticaseibacillus rhamnosus
	1/140 (0.7%)



	Streptococcus gallolyticus
	1/140 (0.7%)



	Staphylococcus epidermidis
	1/140 (0.7%)










 





Table 2. Quality of bins obtained from the assembled metagenomes of Sfela cheese samples.
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Sample

	
Bin

	
Completeness *

	
Contamination *

	
Strain Heterogeneity *






	
Industrial Sfela 1

	
1

	
93.69

	
127.03

	
7.69




	
2

	
95.50

	
225.23

	
9.83




	
3

	
80.18

	
36.94

	
8.77




	
4

	
82.88

	
9.91

	
60.00




	
5

	
87.39

	
95.50

	
2.67




	
6

	
81.08

	
17.12

	
13.04




	
7

	
72.97

	
9.91

	
7.69




	
8

	
29.73

	
0.90

	
0.00




	
9

	
8.11

	
0.00

	
0.00




	
10

	
45.95

	
0.00

	
0.00




	
11

	
91.89

	
63.06

	
7.80




	
12

	
91.89

	
0.00

	
0.00




	
Industrial Sfela 2

	
1

	
20.72

	
1.80

	
50.00




	
2

	
79.28

	
122.52

	
14.80




	
3

	
11.71

	
3.60

	
100.00




	
4

	
93.69

	
80.18

	
12.73




	
5

	
94.59

	
161.26

	
10.29




	
Sfela touloumotiri

	
1

	
48.65

	
11.71

	
40.00




	
2

	
94.59

	
207.21

	
6.35




	
3

	
57.66

	
14.41

	
18.75




	
4

	
82.88

	
8.11

	
33.33




	
5

	
67.57

	
25.23

	
28.57




	
6

	
91.89

	
81.08

	
62.04




	
7

	
86.49

	
12.61

	
50.00




	
8

	
93.69

	
74.77

	
6.52




	
9

	
72.07

	
18.02

	
40.00




	
10

	
54.95

	
5.41

	
44.44




	
11

	
91.89

	
46.85

	
8.33




	
12

	
95.50

	
36.94

	
12.24




	
13

	
72.97

	
0.90

	
0.00




	
Xerosfeli

	
1

	
54.95

	
29.73

	
26.32




	
2

	
94.59

	
87.39

	
63.79




	
3

	
95.50

	
85.59

	
10.17




	
4

	
90.09

	
0.00

	
0.00




	
5

	
95.50

	
138.74

	
3.70




	
6

	
93.69

	
9.01

	
25.00




	
7

	
68.47

	
2.70

	
0.00




	
8

	
95.50

	
3.60

	
0.00




	
9

	
61.26

	
18.02

	
39.13








* determined through analysis with the BusyBee web tool.
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