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Abstract

:

Artisanal cheese, produced with raw milk by a predominantly manual approach, has a historical and cultural tradition related to the region of origin. Given its economic and cultural importance, the main objective of this study was to investigate and characterize the diversity of lactic acid bacteria (LAB) of artisanal cheeses produced and traded by family agro-industries in a region of southern Brazil. The LAB composition of artisanal cheese samples, belonging to different municipalities of the Region of Vale do Taquari, were characterized by the next-generation sequencing (NGS) method, amplifying the V3/V4 region of the 16S rRNA gene. A total of 35 LAB species, distributed in seven genera, were identified, and rarefaction analysis suggested that the total diversity assessed by 16S rRNA analysis was high in the analyzed samples. The average Ph ranged from 4.6 to 6.6, and a correlation with the genus Lactococcus (r = 0.62) was the most expressive. The LAB genera identified in the cheese samples were Bavariicococcus, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Marinillactibacillus, and Pediococcus. Lactococcus lactis was the most predominant species, present in all samples. Although some species have been identified in the three altitudes studied, the abundance varied according to geographic environments. Enterococcus italicus is more present at high altitudes, unlike Lactococcus plantarum and Lactococcus raffinolactis at low altitudes. Lactococcus lactis was present in the three geographic environments evaluated, but the highest abundance was observed at high altitudes. The identification of LAB present in fermented cheeses is essential to understand the organoleptic quality during the maturation process as well as to establish the shelf life, including the safety and the overall quality of the cheese. This specific microbiota contributes to the flavor and unique characteristics of the regional dairy products, and on the other hand can be a source of specific starter cultures that guarantee the product’s identity.
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1. Introduction


Historical, socioeconomic, and cultural aspects of artisanal fermented foods have received increasing prominence related to the health benefits provided. Among them are traditional cheeses, which have an epiphytic flora that improves product quality in terms of flavor, texture, and safety [1,2]. Although Brazilian cheese production is based on practices brought by European colonizers and immigrants, factors such as climate, diet, animals breed, and the raw milk quality have resulted in differentiated products that are part of the heritage and identity of different regions of the country [3,4]. Among them, the artisanal cheeses produced in southeastern (Araxá, Campo das Vertentes, Cerrado, Canastra, and Serro), southern (Colonial and Serrano), central (Caipira), northern (Marajó), and northeastern (Manteiga and Coalho) regions of Brazil stand out [5]. The guidelines regarding the preparation and marketing of food products of animal origin produced in an artisanal way were recently regulated in Decree No. 11,099, on 21 June 2022 [6]. Those that fit the regulations and are elaborated by traditional methods are authorized to use the unique identification seal “Queijo Artesanal” (artisanal cheese) and the official inspection body seal. In agreement with the current legislation, artisan cheese is “considered to be one made using traditional methods, with territorial, regional or cultural ties and appreciation, according to a specific elaboration protocol established for each type and variety, and with the use of good agricultural and manufacturing practices” [6,7].



According to the literature, cheeses, especially artisanal cheeses, are potential sources of LABs and can be used to develop starter cultures. Therefore, it is important and necessary to deepen studies in the characterization of the biodiversity of these dairy products [2,8]. This knowledge can provide greater product safety, support the development of regulations, and maintain historical and cultural recognition. Nevertheless, most of these studies focus on the internal microbiota of the cheese, disregarding the surface flora present on the rind that may harbor halotolerant and halophilic bacteria and yeasts, which are fundamental to cheese ecology and technology [2,9,10].



In agreement with De Antônio and Borelli [11], the presence of LABs in artisanal minas cheese is important not only in the fermentation process and transformation of milk into cheese, but they are also essential for the development of the organoleptic characteristics of the product, such as aroma, texture, and flavor. They also point out that these bacteria act significantly as natural preservatives by producing antimicrobial substances with antagonistic action against pathogens during the maturation process, in addition to the microbiological quality and safety improvement of the product.



There are still many unanswered questions about Brazilian artisanal cheeses. They require a more detailed investigation of the composition at species and even strain level, the specific microbiota of the rind surface [2], as well as a better understanding of the predominance of the microbiota in different environments, especially altitudes. Given the above, several studies have been conducted using next-generation sequencing (NGS) to characterize the structure of the microbiota in cheeses [12,13,14,15]. This tool has shown promise, allowing researchers to investigate the endogenous microbiota of the raw material or those acquired exogenously from contaminated processing environments [14,16]. In general, cheese has a diverse microbiota, with Lactococcus, Streptococcus, Lactobacillus, and Enterococcus being the most abundant genera [16]. Together with the other genera of the LAB group such as Carnobacterium, Aerococcus, Pediococcus, Tetragenococcus, Leuconostoc, Oenococcus, Weisella, and Vagococcus, all of them play an important role in imprinting final organoleptic properties and in the overall quality of the product [15,17].



Five varieties of Brazilian artisanal cheeses (Araxá, Canastra, Serro, Colonial, and Serrano) from southern and southeastern Brazil had their microbiota characterized by Kothe et al. [2] using metagenomics. Lactococcus lactis subsp. lactis was the most frequent, followed by Streptococcus thermophilus in southern Brazil. In addition, several samples from the southeastern region contained LABs as dominant species, with predominance of Streptococcus salivarius and S. infantarius and the halotolerant bacterium Corynebacterium variabile in the rinds. In another study using NGS [18], in artisanal Minas cheese with 60 days of maturation, Sant’Anna et al. reported the presence of the Planococcaceae family and observed interactions with the Leuconostocaceae family on the surface. In addition, the authors consider that abiotic factors such as geographic location, humidity, and acidity are the main drivers of microbial change. The geographical influence, such as altitude, was also reported by Resende et al. [19] in minas frescal cheeses, produced in plants located at altitudes above 600 m. The highest LAB populations were present in the cheese samples produced at altitudes between 600 and 900 m.



In this context, the objective of this study was to investigate and characterize the diversity of LAB in artisanal cheeses produced and commercialized by family agribusinesses in a region in southern Brazil. The study was carried out using the NGS technique in 13 artisanal cheeses from different municipalities that make up the Vale do Taquari (Rio Grande do Sul State).




2. Materials and Methods


2.1. Characterization of the Region


Located in the central region of Rio Grande do Sul (a state in southern Brazil), the Vale do Taquari Region (RVT) is formed by 36 municipalities, totaling 4821.1 km2 (1.71% of the state). Agriculture and cattle raising have an important role in the economy of the RVT, especially poultry, pigs, beef, and dairy cattle. This production takes place mostly on small farms; therefore, the production of artisanal cheese with raw milk stands out in the region. The municipalities where the samples were collected have strong influences of German (Lajeado, Arroio do Meio, and Roca Sales) and Italian (Encantado Muçum, Nova Bréscia, Relvado, Anta Gorda, Arvorezinha, Doutor Ricardo, Ilópolis, Putinga, and Vespasiano Correa) colonization.




2.2. Sample Collection


Thirteen samples of artisanal cheeses soft and high moisture produced with raw milk using commercial starter cultures and matured between seven and ten days were purchased directly from producers and local markets in different municipalities of the RVT (Figure 1). The samples were grouped according to the altitude of the municipalities into low (<150 m), medium (>150 and <350 m), and high (>350 m), based on the average altitude of the state of Rio Grande do Sul (206 m) [20].



The samples were packed in an isothermal box and kept under refrigeration until arrival at the food analysis laboratory of the State University of Rio Grande do Sul (UERGS). Afterward, the samples were aseptically portioned and sent for pH (Datalogger-Digital Instruments model) and metagenomic analysis. Aliquots of 200 g of cheese were sent under refrigeration for metagenomic analysis in an accredited service provider laboratory (Santa Catarina, Brazil).




2.3. Metagenomic Analysis


Bacterial population profiling and bacterial identification were performed using NGS. The preparation of the libraries followed the protocol developed by the third-party laboratory, described below, where amplification was performed with primers for the V3–V4 region of the 16S rRNA gene, 341F with sequence (CCTACGGGRSGCAGCAG), and 806R with sequence (GGACTACHVGGGTWTCTAAT) [21,22]. Afterward, the libraries were sequenced using MiSeq Sequencing System equipment (Illumina Inc., San Diego, CA, USA), and the sequences were analyzed using the Sentinel pipeline (information provided by the laboratory).



In the Sentinel pipeline, fastq files are evaluated for Phred quality (QP) (FastQC v.0.11.8). Next, the fastq files are trimmed for primers and sequences with low quality (Phred < 20) using proprietary software built in Python v.3.6. For paired-end data, before the trimming step, two pairs of files (R1 and R2) are merged (Pandaseq v.2.11). Clusters with abundance less than 5 are removed from the analyses. The taxonomic identifications are carried out with blastn v.2.6.0+, using a database of the Sentinel pipeline as a reference. As for the definition of a species, among the 20 hits returned for each cluster, a Python instruction evaluates whether one of the following three requirements are met: (a) highest bit score, (b) lower e-value, and (c) taxonomies with greater representation. Species are defined using 99% identity. Bacterial DMD analyzes were performed against reference databases for the Sentinel pipeline’s own 16S rRNA genes. The 16S rRNA gene sequence bank itself has complete gene sequences (mostly), which contain sequences retrieved from genomes, unambiguous and filtered for chimera sequences.



The rarefaction curve was checked for the representation of species richness for a given number of individual samples using the Silvangs tool (version 1.9.8/1.4.9), which clustered all 16S rRNA sequences and, based on the database from SILVA data, was able to generate the graph of the rarefaction curve [23].




2.4. Phylogenetic Analysis


Multiple alignments with the non-redundant 16S sequences were performed using the Clustal Omega tool [24] that uses seeded guide trees and HMM profile–profile techniques to generate alignments between the sequences. After that, a phylogenetic tree was generated (newick file) based on the neighbor joining method, and we visualized it graphically using the FigTree v1.4.4 tool (http://tree.bio.ed.ac.uk/software/figtree/, accessed on 27 October 2022).



After that, among the representative LAB species, the 16S sequences of the most abundant oligotypes from each of the evaluated samples (Bavariicococcus seileri, Enterococcus italicus, Lactobacillus helveticus, L. plantarum, Lactococcus garvieae, L. lactis, L. plantarum, L. raffinolactis, Leuconostoc mesenteroides) were compared regarding their gene content by Gegenees [25]. This software calculates the percent similarity between the 16S sequences of all strains. The BLASTn alignment method was used with a sequence fragmentation length of 200 base pairs (bp) and size of 100 bp, generating a heat map where green colors represent high similarity and red colors represent low similarity. The heat map from this analysis was exported in nexus format for phylogenomic analysis using SplitsTree software [26], with neighbor joining methods. The heat map was edited together with the tree into one figure for better visual understanding.



Finally, the VITCOMIC2 tool [27] was used for simultaneous representation of the taxonomic composition of microbial communities and phylogenetic relationships between taxa, building a circular diagram from reference sequences. This tool was used to understand the microbial composition and its differences between low altitude (AM, EN, LA, MU, and RC), medium altitude (NB and RV), and high altitude (AG, AV, DR, IL, PT, and VC) samples.




2.5. Statistical Analysis


The Statistica 8 and Excel programs were used to perform the statistical analysis of variance, and the means were compared using the Tukey and ANOVA tests, with a significance level of 95%. In addition, principal component analysis (PCA) was also performed, which is a statistical technique for multivariate analysis. To perform the clustering of the altitudes, agglomerative hierarchical clustering (AHC) analysis was performed considering the Euclidean distance. Spearman’s non-parametric correlation test (95% confidence interval) (version 8.2, GraphPad Software, Inc., La Jolla, CA, USA) was used.





3. Results and Discussion


To characterize the taxonomic composition of LABs from samples of artisanal cheeses belonging to different municipalities of the RVT, the NGS methodology amplifying the V3/V4 region of the 16S rRNA gene was used. The sequences were grouped into bacterial operational taxonomic units (OTUs) that allowed the taxonomic identification of 35 LAB species distributed in seven genera. The number of OTUs of total bacteria from the samples of the 13 municipalities was 424,361, mean 32,643; of these, 60% were identified as LAB species (n = 254,678) with a mean value of 19,591 OTUs. No statistical difference was observed (p > 0.05) in relation to the number of OTUs of the LAB and the group formed by the other bacteria. The species with the highest abundance was Lactococcus lactis with 47.0%, also representing 78.4% of the total among the LAB species (Table 1). The highest OTU richness identified was in the sample VC and DR, with 123,812 and 20,710 OTUs, respectively, and the lowest in RV, with 1454 and AV with 1879 OTUs.



Regarding pH, the samples of artisanal cheeses AV and RC presented pH above 6.0, with a predominance of Lactococcus/Leuconostoc and Enterococcus, respectively. The remaining samples had hydrogen potential of around 5.0. The average pH value of the 13 samples was 5.3, ranging from 4.6 to 6.6. All samples of artisanal cheeses presented the genus Lactococcus as the most expressive, except RC, which highlighted Enterococcus (Figure 2A). Spearman’s correlation analysis between pH and the genera revealed significance only with the genus Leuconostoc (r = 0.62), showing that the species of this genus have a direct relationship with the acidification of the medium (Supplementary Figure S1). A study by Morgalho et al. [28], which aimed to evaluate the technological characteristics of different types of Brazilian artisanal cheeses, showed an intra-species variability in the acidification rates of the dairy products, being more pronounced among isolates from minas, caipira, and coalho artisanal cheeses. Lacticaseibacillus paracasei and Levilactobacillus brevis showed faster acidification rates.



The LAB genera identified in the cheese samples were Bavariicococcus, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Marinilactibacillus, and Pediococcus (Figure 2A,B and Table 1), with the most abundant being Lactococcus (84.2%) and Enterococcus (12.8%) being present in all 13 samples. Turkish Tulum artisanal cheeses showed 30.7% of their sequences classified within the phylum Lactobacillaceae and 59.8% of Streptococcaceae (Lactobacillus, Lactococcus, Streptococcus, and Pediococcus) [29], showing similarity with the bacterial profile found in this study. These genera are naturally present as native microorganisms. They are commonly identified in studies to characterize the microbiota of different types of cheeses because they are part of the fermentative process of dairy products and have the potential to act as probiotics [14,29,30,31,32,33].



A correlation between the total population of LAB and the genus Lactococcus (r = 0.83) was observed, which has its species frequently isolated in high abundance in cheese. In addition, this genus showed the highest diversity of species, with 14 identified, followed by Lactobacillus with nine. The other genera presented richness below 2% each (Table 1). Dairy products, especially cheeses, have a great diversity of LAB which give their own characteristics, as reported by Myazaki [34]. This author identified 30 genera and 57 species, mainly Lactococcus lactis (30.6%), Corynebacterium variabile (17.9%), Enterococcus sp. (17.4%), and Bifidobacterium psychraerophilum (7.2%) in the most significant number. In a similar study of Suarez et al. [32] on cheese, Lactococcus lactis, Streptococcus thermophilus, Enterococcus saccharominimusi, and E. durans were the most predominant species.



The genera Marinilactibacillus and Pediococcus, represented by the species Marinilactibacillus psychrotolerans and Pediococcus pentosaceus, were each restricted to only one sample, MU and VC, respectively, and even with low abundance, had 43 and 8 OTUs. Both samples also had the highest genus diversity, with six out of seven (Figure 2 and Figure 3). Marinilactibacillus is a group of halophilic and alkaliphilic lactic acid bacteria of marine origin and has been reported to be subdominant and described as part of the microbiota of soft and semi-hard cheese playing a role in cheese ripening [12,35,36,37]. Pediococcus pentosaceus has played an important role in LAB applications, as it interacts with the human gastrointestinal tract and can be used as a natural preservative for food, plants, or animals or as a possible emerging probiotic, as well as an animal growth biopromoter [38].



Another genus with a low frequency was Bavariicoccus (n = 1144 OTUs), with only one species (B. seileri) identified, being detected only in five samples (AV, MU, PT, RC, and VC). It was most abundant in MU (n = 868) and RC (n = 261), both produced and matured in regions below 77 m altitude (Figure 1 and Figure 2). This species was also identified in cheeses from the southeastern and southern regions of Brazil, although it was in greater proportion in regions of higher altitude [2].



Regarding the diversity and abundance of species in the 13 cheese samples evaluated, 35 species were identified, with Lactococcus lactis present in 100% of the samples and in a greater number of OTUs (n = 199,625) (Figure 3). In addition to imparting flavor, Lactococcus lactis preserves foods due to the acidification of the medium and, in some cases, with the production of bacteriocins [39]. The total diversity assessed by 16S rRNA analysis was high in artisanal cheese samples, as observed in the rarefaction curve (Supplementary Figure S2). The rarefaction curve approached a plateau at the end of the curve, reaching a clear saturation, indicating that there was adequate representation of the microbial community throughout the samples, as most of the abundant species are represented with some rare species. This result shows that the collected samples were sufficient to represent the bacterial diversity of the local artisanal cheese.



Figure 2B shows the species abundance concerning the total genus. Fourteen species of the genus Enterococcus were identified, with E. italicus in the highest amount (5734 OTUs); nine of the genus Lactobacillus, with greater evidence of the species L. helveticus and L. plantarum with 921 and 514 OTUs, respectively; five of the genus Lactococcus, with the predominance of L. raffiolactis (5730 OTUs); and four species of Leuconostoc, the most abundant being L. mesenteroides with 4157 OTUs and Lactococcus lactis with 252 OTUs.



The MU sample showed the highest diversity with 24 species, followed by VC with 21 species and RC with 20 species. The samples DR, AM, and PT presented the lowest diversity, with only five, six, and six species, respectively (Figure 3 and Table 1). Notably, 25,896 OTUs (i.e., 10.2% of LAB sequences) were not identified at the species level (Table 1). In this work, the diversity of LAB found was much lower than that reported by Papadakis et al. [14]. The results obtained by these researchers consisted of 5 phyla, 17 families, 38 genera, and 59 bacterial species. Streptococcaceae and Lactobacillaceae were the most abundant families.



In decreasing order of abundance, considering all samples, there are Lactococcus lactis (199,625 OTUs), Enterococcus italicus (5734 OTUs), Lactococcus raffinolactis (5730 OTUs), L. garvieae (4576 OTUs), L. plantarum (4530 OTUs), and Leuconostoc mesenteroides (4157 OTUs). Some species were present in specific samples, such as: VC—Lactobacillus plantarum, L. brevis, Enterococcus malodoratus, E. sulfureus, and Pediococcus pentosaceus; MU—Marinilactibacillus psychrotolerans and Enterococcus gilvus; and IL—Lactococcus piscium. It should be noted that the Lactobacillus plantarum has a long history of natural presence and safe use in various food products, although it can have adverse effects on cheese quality [40,41]. For example, the presence of this species in Emmental cheese was reported to disrupt the metabolism of propionic acid bacteria, reducing the quality of the cheese due to changes in its flavor [40].



Figure 4 presents the phylogenetics between the LAB sequences obtained from the metagenomic analysis using the neighbor joining method to determine the correlations between the isolated representatives and known reference strains. Clustering occurred in five main clusters: blue (Marinilactibacillus, Lactobacillus, and Pediococcus), purple (Leuconostoc), red (Bavaricococcus), green (Enterococcus), and orange (Lactococcus). The species of the genera Marinilactibacillus, Lactobacillus, and Pediococcus (blue clade) were grouped in different clades from the genus Leuconostoc (purple clade) but share the same common ancestor. This result shows homology between the sequences of the species identified between the genera. The phylogenetic relationship between the sequences of the genera Marinilactibacillus, Pediococcus, and Lactobacillus is justified because they are representatives of the order Lactobacillales.



A similar profile was observed among the species of the genera Bavaricoccus (red) and Enterococcus (green). The other sequences grouped separately, forming a clade with the species of the Lactococcus group. Pediococcus was rooted within the Lactobacillus clade, not presenting an exclusive clade, since both are from the same family. Phenotypic relationships of the dominant LAB strains isolated from 14 traditional cheese samples were plotted by Parsaeimehr et al. [41]. The 105 isolates were grouped into two clusters, one with Lactobacillus species and the second with Enterococcus species.



From the LAB OTUs, a sequence was selected among the repeats representing the most abundant species in each sample, for a total of 71 sequences (Figure 5). The genetic relationships between the most prevalent species were determined automatically using the Gegenees software. Then, the gene contents, 16S rRNA, were compared to generate a phylogenetic tree and plot a heat map in FigTree (Figure 4). According to the phylogenetic tree generated, the most abundant species in the artisanal cheese samples formed two clusters, one clustered by the genera of the Lactobacillaceae family and the second by Enterococcaceae, Carnobacteriaceae, and Streptococcaceae. The similarity percentage between the two clusters was between 24.0% and 47.0%, as seen in the orange region in Figure 5.



The first clade separated into two subclusters, with the species Leuconostoc mesenteroides and Lactobacillus helveticus grouped in the first, with 55.0% similarity. In the second, the species Lactobacillus plantarum formed a separate clade, showing a similarity of 55.0% and 68.0% with the aforementioned species. The second clade was also divided into two subclades: (a) species Enterococcus italicus and Bavariicoccus seileri, grouped separately according to the genus and presented similarity above 85.0%; (b) species of the genus Lactococcus, subdivided into three subgroups—L. lactis, L. plantarum, and L. raffinolactis, L. garvieae, showing similarity with the previous group (a), between 61.0% and 68.0%. The species L. plantarum and L. raffinolactis that share the same subclade showed similarity above 93.0%. The similarity between the subclusters formed by the different species of the genus Lactococcus was greater than 82.0%. Parsaeimehr et al. [41], after verifying the similarity between isolates of LAB of the genera Lactobacillus and Enterococcus, verified low similarity between these two groups, the formation of distinct clusters occurring, as identified in the present study. The sequences of the same species showed a high degree of relatedness between them, indicating no strain variations in the population.



Knowing the diversity and taxonomic structure of the microbial population present in fermented foods is essential to select a “starter” culture, improving the final product’s safety and quality [16]. These researchers used 16S rDNA sequencing using the NGS platform and compared the microbiota present in three commercial Slovak bryndza cheese and one artisanal cheese sample. They obtained a diverse microbiota composed mainly of Lactococcus, Streptococcus, Lactobacillus, and Enterococcus. Lactococcus lactis subsp. lactis and L. lactis subsp. cremoris were the most abundant species in the samples evaluated, followed by Lactococcus fujiensis and L. taiwanensis. The researchers point out that metagenomic analysis using the 16S rRNA gene seems to be a suitable tool for studying the microbial population in cheeses.



Vermote et al. [42] investigated the taxonomic diversity of microbial communities in brine samples from one artisanal and one mass-produced cheese in Flanders, Belgium. Metagenomic sequencing revealed that Tetragenococcus, Chromohalobacter, and Halanaerobium species are the most abundant in different brines. Another NGS-based study was conducted by Dimov et al. [33] to obtain an overview of the microbial composition. Firmicutes were represented by the families Streptococcaceae, Lactobacillaceae, and Staphylococcaceae, while Actinobacteria were mainly represented by the genera Brevibacterium and Corynebacterium. Low populations of Proteobacteria were also detected, mainly halophiles of the genera Cobetia and Psychrobacter.



Many researchers cite the predominance of certain LAB species in distinct geographical environments, with variations at different altitudes [14,19,29,32,43]. In this study, starting from the average elevation of Rio Grande do Sul State (206 m), the samples were grouped according to the altitude (low < 150 m, medium > 150 and <350 m, and high > 350 m) of the municipalities of production, maturation, and sample collection.



An overview of the distribution of the different eubacteria species is given in the Venn diagram (Supplementary Figure S3). Some species, 28.6% (n = 10), were identified in samples at all three altitudes: Enterococcus devriesei, E. italicus, Lactobacillus curvatus, L. casei, Lactococcus lactis, L. raffinolactis, L. garvieae, L. plantarum, Leuconostoc mesenteroides, and L. citreum. In addition, species unique to certain altitudes were observed: (a) low (22.9%, n = 8)—Enterococcus faecium, E. gilvus, E. hirae, E. lactis, E. thailandicus, E. villorum, Lactobacillus uvarum, and Marinilactibacillus psychrotolerans; (b) medium (2.9%, n = 1)—Lactobacillus delbrueckii; and (c) high (20.0%, n = 7)—Enterococcus malodoratus, E. sulfureus, Lactobacillus brevis, L. kefiranofaciens, L. plantarum, Lactococcus piscium, and Pediococcus pentosaceus. No species was common between low and medium altitude. Between low and high altitudes, 22.9% (n = 8) of the identified species were common, and between medium and high altitudes, 2.9% (n = 1) were common. The sequences identified as Enterococcus sp. were not included in the analysis.



Even though some species were identified at all three altitudes, the abundance varied according to the geographical environments. In Figure 6, the abundance of the species is represented graphically. It was observed that Enterococcus italicus is more present at high altitudes, unlike Lactococcus plantarum and L. raffinolactis at low altitudes. Lactococcus lactis species was present in all three geographical environments, but the highest amount (~50%) was observed at high altitudes. The most abundant species, L. lactis, was found at different altitudes, although higher numbers were observed at altitudes above 350 m. Resende et al. [19] reported that altitude could influence the presence of LAB. These researchers evaluated minas frescal cheeses produced in cheese shops with altitudes ranging from 600 to over 1000 m and found higher LAB populations in the cheese samples produced at an altitude between 600 and 900 m. Papadakis et al. [14] surveyed fermented cheeses from two geographical regions of Greece, Epirus and Thessaly, which showed a distinct microbiota fingerprint. In addition, Cotija cheese, a Mexican artisanal product made from raw cow’s milk whose maturation process occurs spontaneously, is influenced by environmental conditions [43].



In addition, a PCA analysis was performed, and high similarity was observed among the three clusters concerning the geographic region located in the same dimension (Cartesian quadrants). According to Margalho et al. [28], multivariate statistics allows insights into a diverse set of technological and biopreservation properties of LABs. According to these authors, establishing relationships among the technological characteristics allows an in-depth understanding of heterogeneity and can contribute to designing starter cultures with varied and combined properties. Figure 7 shows that samples from medium altitudes are grouped with samples from low and medium altitudes. The sample VC (high altitude—green) was distant from the others, as well as RC and MU (low altitude—pink). It should be noted that the sample VC was the one that presented the composition with the highest number of species, including two unique to this sample, also observed in MU, with exclusive species.



In addition, the bacterial species were also grouped by PCA and, consequently, classified into three dimensions. The first quadrant belonging to high altitude had a predominance of Enterococcus devriesei, E. italicus, E. malodoratus, E. pseudoavium, E. saccharolyticus, E. sulfureus, Lactobacillus brevis, L. crispatus, L. helveticus, L. kefiranofaciens, L. plantarum, Lactococcus garvieae, L. lactis, L.piscium, Leuconostoc citreum, L. pseudomesenteroides, and Pediococcus pentosaceus; in the second quadrant predominated the Bavariococcus seileri, Enterococcus casseliflavus, E. durans, E. faecium, E. gilvus, E. hirae, E. lactis, Enterococcus sp., E. thailandicus, E. villorum, Lactobacillus uvarum, Lactococcus plantarum, L. raffinolactis, Leuconostoc lactis, L.mesenteroides, and Marinilactacibacillus psychrotolerans species, being similar to low altitude; and finally, the fourth quadrant had a predominance of Lactobacillus casei and L. curvatus, belonging to medium altitude.



According to the multivariate statistical analysis (Euclidean distance) by clustering, it was established that the samples from the high altitude showed no similarity with the others, unlike those from the low and medium altitude that resulted in a similarity behavior (Supplementary Figure S4), forming a single clade (which was reclassified as low altitude). A figure indicating the relative evolutionary distances was projected from this new grouping (low and high) using the VITCOMIC tool. This visualization software for taxonomic compositions of microbial communities can analyze millions of bacterial 16S rRNA gene sequences and calculate the composition of the overall taxonomy of a community of microorganisms. The 16S rRNA gene sequences of the strains sequenced in the genome are used as references to identify the closest relative of each sample sequence. With this information, the tool projects all sequences into a single figure and indicates relative evolutionary distances.



Figure 8 shows the most abundant LABs (colored circumference) of the two new altitude levels. At low and high altitudes, the genus Lactococcus showed similarity with Lactovum and Atopobacter, and the genus Lactobacillus showed proximity with Lactobacillus and Leuconostoc with the genus Weisella. The genus Enterococcus showed similarity between Desemzia and Dolosigranulum and Bavaricoccus with Aerococcus. Marinilactibacillus showed similarity between Sarcina and Clostridium sensu stricto present only at low altitude, unlike Pediococcus that was similar to itself, present only at high altitude. All genera show similarity >95.0%.




4. Conclusions


With the advent of metagenomics analysis, the characterization of the flora present in cheeses can be better studied by researchers, since the assembly of sequencing libraries allows identifying the present sequences and, therefore, inferring possible relationships such as abundance between cheese samples and its relationship with pH, altitude, organoleptic characteristics, and the study of pathogen inhibition, among others. In this study, we noticed a correlation between the BAL of the genus Leuconostoc and the acidification of the food matrix. In addition, the altitude environmental factor was shown to have an influence on the diversity and abundance of bacteria in the artisanal cheese samples analyzed, determining a specific fingerprint.



The species Enterococcus italicus and Lactococcus lactis were more abundant at high altitudes, also presenting seven species exclusive to this elevation, and Lactococcus plantarum and L. raffinolactis were present in greater quantities at low altitudes, with eight specific species. Through the PCA analysis, it was possible to verify a high similarity between the three groups in relation to the geographic region. The cluster of medium and high elevation samples was also observed in the Euclidean distance cluster analysis. Bacterial species were also grouped by PCA and each altitude had species grouped in specific quadrants.



In this study, it was verified that the diversity of BAL was not so wide, presenting 35 species distributed in seven genera; however, they represented 60% of the total bacterial composition of the samples. The total diversity evaluated by the 16S rRNA analysis, through the rarefaction curve, was high in the local artisan cheese samples. The most abundant genera were Lactococcus, which deserves mention for having the greatest diversity of species (total of 14) and presenting a statistical correlation with the abundance of BAL, and Enterococcus, which were present in all samples. At the species level, Lactococcus lactis was the most representative. It was observed that there is homology between the sequences of the identified species forming five clades, some of which are rooted with the same ancestor.



So far, this is the first work to characterize the lactic acid flora in artisanal cheeses produced in different municipalities of the RVT, using the NGS technique, with maturation time varying between seven and ten days. The identification of bacterial species in fermented cheeses is important, as it contributes significantly to the organoleptic quality in the maturation process by establishing the shelf life, including the safety and overall quality of the cheese. Knowing the specific bacterial microbiota of this type of cheese allows retaining the flavor and unique characteristics of the regional dairy product, thus being able to produce specific starter cultures that guarantee the identity of the product, favoring species that are more specific or are in greater abundance under certain environmental conditions, such as altitude.



For future studies, it is suggested to evaluate the presence of volatile compounds, external bacterial, and fungal microbiota present in the cheese rind and in different fermentation periods.
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Figure 1. Location of the municipalities where the samples of colonial artisanal cheese were collected. The municipal data source was taken from the Brazilian Institute of Geography and Statistics (IBGE, 2021) and the map was modeled in QGIS 3.4 software. Low altitude references (<150 m): Arroio do Meio—AM (54 m), Encantado—EN (58 m), Lajeado—LJ (34 m), Muçum—MU (77 m), Roca Sales—RC (60 m); medium (>150 and <350): Nova Bréscia—NB (313 m), Relvado—RV (297 m); high (>350 m): Anta Gorda—AG (411 m), Arvorezinha—AV (750 m), Doutor Ricardo—DR (499 m), Ilópolis—IL (786 m), Putinga—PT (435 m), Vespasiano Correa—VC (518 m). 
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Figure 2. Total bacterial abundance and pH variation of artisan cheeses with seven days of maturation. (A) Genus abundance; (B) species abundance in each genus. (All) represents the sum of all samples and the average pH value. The triangles indicate the pH values. 
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Figure 3. Abundance and distribution of species in seven-day aged artisanal cheese samples. (All) represents the sum of all samples. 
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Figure 4. Phylogenetic relationships between the sequences obtained in the metagenomic sequencing detected by the phylogenetic marker located in the V3–V4 region of the 16S rRNA gene. The sequences of the isolates were compared using the neighbor joining method and visualized graphically in FigTree software. 
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Figure 5. Phylogenomic tree analysis and heat map of the most abundant species in the samples. One sequence from each of the most abundant species was selected from the 13 artisanal cheese samples. Comparisons between the variable content of all strains were plotted as percentages of similarity on the heat map using Gegenees. The percent similarity was used to generate a phylogenomic tree with FigTree. The numbers 2 to 72 (left corner and at the top) represent the selected species. The number 1 is a yeast species that was used as an outgroup. The percentages were plotted with a spectrum ranging from red (low similEEarity) to green (high similarity). 
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Figure 6. The abundance of species from different altitudes. The classification of altitude into low (up to 150 m), medium (>150 and <350 m), and high (>350 m) was based on the average altitude of the state of Rio Grande do Sul State (206 m). Source: https://pt-br.topographic-map.com/map-pb651/Rio-Grande-do-Sul/, accessed on 14 October 2022. 
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Figure 7. Representation of the samples grouped by PCA in Cartesian quadrants. The groups of samples are colored according to the different regions (altitudes) where they are produced, that is, pink (low), blue (medium), and green (high). 
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Figure 8. Abundance of bacterial groups from different altitudes employing the VITCOMIC circular diagram. Presence of LAB at low altitude (up to 150 m), medium (>150 and <350 m), and high (>350 m) was derived from the average altitude of Rio Grande do Sul State (206 m). 
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Table 1. Diversity and abundance of bacterial species present in artisanal cheese samples (n = 13).
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Phylum

	
Class

	
Order

	
Family

	
Genus

	
Specie

	
Municipality

	
Bac Total (%) *

	
LAB Total (%) **






	
Firmicutes

	
Bacilli

	
Lactobacillales

	
Enterococcaceae

	
Bavariicoccus

	
Bavariicoccus seileri

	
AV, MU, PT, RC, VC

	
0.270

	
0.449




	

	

	

	

	
Enterococcus

	
Enterococcus casseliflavus

	
AG, EN, IL, MU, PT, RC, VC

	
0.014

	
0.023




	

	

	

	

	

	
E. devriesei

	
AM, EN, MU, NB, VC

	
0.035

	
0.058




	
E. durans

	
AM, AG, EN, MU, RC, VC

	
0.060

	
0.099




	
E. faecium

	
EN, MU, RC

	
0.003

	
0.005




	
E. gilvus

	
MU

	
0.003

	
0.005




	
E. hirae

	
EN, MU, RC

	
0.002

	
0.002




	
E. italicus

	
AG, AV, EN, IL, LA, MU, NB, RV, RC, VC

	
1.351

	
2.251




	

	

	

	
E. lactis

	
MU, RC

	
0.002

	
0.002




	

	

	

	
E. malodoratus

	
VC

	
0.003

	
0.005




	

	

	

	
E. pseudoavium

	
AM, EN, MU, RC, VC

	
0.055

	
0.092




	

	

	

	
E. saccharolyticus

	
EN, MU, RC, VC

	
0.022

	
0.036




	

	

	

	
E. sulfureus

	
VC

	
0.001

	
0.002




	

	

	

	
E. thailandicus

	
MU, RC

	
0.025

	
0.041




	

	

	

	
E. villorum

	
MU, RC

	
0.002

	
0.002




	

	

	

	
E. sp.

	
AM, AG, AV, EN, DR, LA, MU, PT, RC VC

	
6.102

	
10.168




	

	

	

	
Lactobacillaceae

	
Lactobacillus

	
Lactobacillus brevis

	
VC

	
0.003

	
0.005




	

	

	

	

	

	
L. casei

	
AG, CR, MU, RV, RC, VC

	
0.026

	
0.043




	

	

	

	

	

	
L. crispatus

	
AG, AV, IL, RC, VC

	
0.004

	
0.006




	

	

	

	

	

	
L. curvatus

	
MU, NB, VC

	
0.030

	
0.050




	

	

	

	

	

	
L. delbrueckii

	
NB, RV

	
0.006

	
0.010




	

	

	

	

	

	
L. helveticus

	
NB, RV, VC

	
0.217

	
0.361




	

	

	

	

	

	
L. kefiranofaciens

	
DR, PT

	
0.005

	
0.008




	

	

	

	

	

	
L. plantarum

	
VC

	
0.121

	
0.201




	

	

	

	

	

	
L. uvarum

	
MU, RC

	
0.009

	
0.014




	

	

	

	

	
Pediococcus

	
Pediococcus pentosaceus

	
VC

	
0.002

	
0.003




	

	

	

	
Streptococcaceae

	
Lactococcus

	
Lactococcus garvieae

	
AM, AG, AV, EN, DR, IL, LA, MU, NB, PT, RV, RC, VC

	
1.078

	
1.797




	

	

	

	

	

	
L. lactis

	
AM, AG, AV, EN, DR, IL, LA MU, NB, PT, RV, RC, VC

	
47.041

	
78.383




	

	

	

	

	

	
L. piscium

	
IL

	
0.001

	
0.002




	

	

	

	

	

	
L. plantarum

	
EN, IL, LA, NB,

	
1.068

	
1.779




	

	

	

	

	

	
L. raffinolactis

	
AM, AG, AV, EM, DR, IL, LA, MU, NB, PT, RV, RC

	
1.350

	
2.250




	

	

	

	
Leuconostocaceae

	
Leuconostoc

	
Leuconostoc citreum

	
IL, LA, MU, RV, RC, VC

	
0.032

	
0.053




	

	

	

	

	

	
L. lactis

	
AV, LA, MU

	
0.059

	
0.098




	

	

	

	

	

	
L. mesenteroides

	
AG, AV, EN, DR, IL, LA, MU, NB, RV, RC, VC

	
0.980

	
1.632




	

	

	

	

	

	
L. pseudomesenteroides

	
AG, EN, LA, MU, RC, VC

	
0.021

	
0.034




	

	

	

	
Carnobacteriaceae

	
Marinilactibacillus

	
Marinilactibacillus psychrotolerans

	
MU

	
0.010

	
0.016








* Abundance relative to total OTUs (n = 424,361) of total bacteria in the 13 samples. ** Abundance relative to total OTUs (n = 254,678) of lactic acid bacteria in the 13 samples.
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