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Abstract

:

Pecorino Siciliano PDO is a semi-hard cheese that is produced in wooden vats using raw sheep’s milk and its associated autochthonous microbial community. In the present study, we evaluated the microbial ecology of the milk, curd and whey from five Pecorino Siciliano PDO-producing farms in Sicily using a combination of metagenomic and microbiological approaches. We present an overview of the species and strain-level diversity of dairy lactococcal and streptococcal isolates using established genotyping tools and compare the lactic acid bacterial populations present in samples from these farms. Whole genome sequences of representative isolates of Lactococcus spp. and Streptococcus thermophilus were elucidated and the genetic diversity of the strains was established through analysis of predicted phage-resistance systems and prophage-associated regions. The analysis revealed farm-specific dairy lactococcal and streptococcal isolates that possess diverse genotypic features including newly described phage-resistance systems.
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1. Introduction


Lactic acid bacteria (LAB) are a large group of Gram-positive bacterial genera that include starter and non-starter bacteria that are applied in food fermentations and associated with a variety of food products. Among these, Lactococcus lactis/cremoris, Streptococcus thermophilus and certain lactobacilli and Leuconostoc spp. are predominantly associated with the production of fermented dairy products. In industrial fermentation where defined starter cultures are employed, L. lactis/cremoris and S. thermophilus are the dominantly applied species for mesophilic and thermophilic production systems, respectively [1]. However, the starter culture composition of artisanally produced cheeses is only recently being studied in detail to establish its ecology and diversity. Studies of artisanal cheeses associated with different geographical locations and employing distinct milk substrates (bovine, ovine, caprine milk) have described their distinct and diverse microbiota using metagenomic and/or microbiological approaches [2,3,4]. The microbiota analysis of such cheeses has typically been performed using the final product (often ripened) while limited research attention has been devoted to defining the microbiota of such cheeses during the production process, and thus the dominant starter microbiota. Being a traditional Sicilian product, Pecorino Siciliano PDO is currently under-promoted beyond the island of Sicily and information on the microbial composition and starter potential are essential in order to protect and develop this cheese. Pecorino Siciliano PDO is of considerable value for producers, also in view of territory valorization and to slow down land abandonment of internal Sicilian areas. Until recent changes were implemented [5], the production regulations of Pecorino Siciliano PDO required a minimum ripening period of four months. This medium-term production system entails direct costs related to the handling and storage of the cheeses. Thus, detailed microbiological information during production and ripening of this cheese is of paramount importance to allow certification of quality for fresh (20–30 days) and semi-mature (60–90 days) Pecorino Siciliano cheese, in compliance with traditional processing techniques. This would support a defining improvement of the economic performance for the producers, with predictable positive effects in the socio-economically less favored rural areas where the associated farms are located [6].



Pecorino Siciliano PDO cheese was awarded the EU-protected designation of origin (PDO) status in 1996 and is a semi-hard white cheese produced from raw ovine milk without the deliberate inoculation of starter cultures, thereby adhering to the traditional cheese-making protocol [7]. Fermenting microbiota may either originate from the raw milk, animal rennet added for curdling, the cheese-making environment and, in particular, the microbial biofilm established in the wooden vats used for milk coagulation [8]. The cheese-making process includes preheating milk to 38–40 °C, transferring it into a wooden vat and the addition of animal-rennet paste. The curd is broken to reduce the size of the coagulum to the dimension of rice grains, and syneresis is facilitated by the addition of hot water at a temperature of 70–90 °C. The curd is then placed in moulding rattan baskets where it is pressed firmly to facilitate draining of the whey. The rattan baskets containing the curds are placed in the wooden vat or in a steel tank and coated with hot deproteinized whey (~80 °C) for cooking for approximately 3–4 h [9,10]. The curd is then removed from the rattan baskets, dried at ambient temperature for 24–48 h and salted in saturated brine or by manual dispersion of salt onto the cheese surfaces. Ripening occurs on wooden shelves [11] at a temperature between 14 and 18 °C, with 75–80% relative humidity for a variable period, from 20 to more than 120 days, depending on the cheese type [7] (For a detailed review of the production process, see [10]). Italy is leading producer of sheep milk cheeses within the EU and among these Pecorino (Siciliano) PDO is one of the most significant in terms of production volume and export value [6]. Traditionally, the microbiota of cheeses was evaluated microbiologically using presumptive Lactobacillus and Lactococcus/S. thermophilus counts on MRS or M17, respectively at 30, 37/42 °C [12,13]. In many instances, microbiological analysis was paired with 16S rRNA gene sequencing or genotyping using tools such as RAPD-PCR [13]. Previous microbiological analysis of 4-month ripened Pecorino Siciliano identified a dominance of presumptive mesophilic lactobacilli (approximately 108 cfu/g) based on growth on MRS agar at mesophilic temperatures [3]. Since raw milk is used in the production process, it is perhaps unsurprising that pathogenic and spoilage microorganisms including Staphylococcus, Enterococcus and Listeria spp. have also been identified in Pecorino Siciliano PDO cheeses; however, during the ripening process, these organisms are reported to be eliminated [14].



Recently, multiplex PCR systems have been established for both L. lactis/cremoris and S. thermophilus based on the genetic diversity of gene clusters associated with the biosynthesis of cell wall polysaccharides (CWPS) termed the cwps and rgp loci in Lactococcus and S. thermophilus, respectively [15,16]. The multiplex PCR system for lactococci is capable of distinguishing between three cwps genotypes, termed A, B and C [15]. Furthermore, C-type strains are distinguished into eight C-subtypes (C1 to C8) with primers established to identify strains with a C1 to C5 genotype [17,18]. The S. thermophilus multiplex PCR system is a dual PCR with one multiplex PCR aimed at distinguishing between three “backbone” (Bt) and five “variable” (Vt) genotypes representing the 3′ and 5′ ends of the rgp gene cluster, respectively [16]. These PCR systems incorporate a control species-specific primer pair which is useful in the species-level identification of isolates.



In addition to genotyping based on the above-mentioned PCR systems, the presence and diversity of predicted prophages and phage-resistance systems can be used to distinguish strains of a given species. Lactococci are reported to harbor up to six prophages on their genomes [19,20]. Conversely, prophages are reportedly present in low abundance in dairy streptococcal strains’ genomes by comparison to their lactococcal counterparts [21]. Prophages may excise from the host chromosome under specific conditions resulting in cell lysis. However, their presence may also be beneficial through the provision of defenses against secondary infecting bacteriophages [22,23,24]. Furthermore, in response to bacteriophage pressure in fermentation environments, dairy lactococci and streptococci have evolved and acquired several phage-resistance mechanisms. Five major phage-resistance systems have been described in lactococci and streptococci, i.e., abortive infection (Abi), restriction/modification (R/M), Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) sequences and CRISPR-associated (Cas) genes, adsorption inhibition, and DNA injection blocking mechanisms [25]. Recently, a number of new phage-resistance systems have been identified and functionally characterized in diverse bacterial species with novel modes of action including nucleotide depletion and chemical interference systems [26,27,28,29]. The recent resurgence in the study of prophages and phage-resistance systems has coincided with improved tools to predict the presence of such phage-defense systems in bacterial genomes. Tools such as PHASTER, PADLOC and DefenseFinder have revolutionized the analysis of prokaryotic genomes and facilitated the rapid identification of putative prophages and phage-resistance genes [30,31,32]. Such elements may be used as markers to differentiate strains.



While several studies have described the overall microbiota composition of cheeses at the species level, few studies have evaluated strain-level diversity [33,34]. In the present study, it was aimed to define the LAB species and strain level diversity of milk, curd and whey obtained from five Pecorino Siciliano PDO-producing farms using culture-dependent and independent approaches.




2. Materials and Methods


2.1. Sample Collection and Processing


Milk (ovine milk), curd and whey samples associated with five geographically distinct farms that produce Pecorino Siciliano PDO in Sicily were collected in March 2022 (Figure 1). Farms 1–3 are low hill farms while Farms 4 and 5 are located in mountainous regions of Sicily. All farms possess the same sheep breed and are farms that predominantly allow sheep to feed on pasture. The samples were stored at 4 °C prior to processing; 5 g of curd or 5 mL of milk and whey samples were mixed with 45 mL 2% trisodium citrate (Sigma-Aldrich, Gillingham, UK) and homogenized for 2 min at 300 rpm in a stomacher (Stomacher Circular 400; Seward, UK). Serial dilutions of each sample were prepared in quarter strength Ringers’ solution and plated on LM17 agar [M17 agar (Oxoid, Hampshire, UK) supplemented with 0.5% lactose (Sigma Aldrich, Gillingham, UK)], or MRS agar (Oxoid, Hampshire, UK) incubated overnight at 30 °C aerobically and at 37 and 42 °C anaerobically (Anaerocult A—Merck, NJ, USA). Viable counts on both agars at various temperatures were recorded as CFU/g or mL of the original sample.




2.2. Identification of Presumptive Lactococci and Dairy Streptococci


Twenty-five colonies representing each of the observed morphologies for each sample on MRS and/or LM17 agar were selected for further analysis to identify potential lactococci and/or dairy streptococci. To achieve this, presumptive strains of Lactococcus were grown at 30 °C, while those of S. thermophilus were incubated at 37 °C overnight in LM17 broth or agar, and a multiplex PCR incorporating primers that are conserved among, and specific to, the genomes of lactococcal or dairy streptococcal strains’ genomes was applied. The Lactococcus-specific primers ConF (5′-GTACACTATGTTTATAACAATCATCCAG-3′) and ConR (5′-GCAAACCAGATTCAAAGTCAGTATG-3′) and S. thermophilus-specific primers MSF (5′- GCTGGTCGTAATTACCTCG-3′) and MSR (5′- CAACATCTTCCAAGGTACG-3′) were used to identify isolates belonging to these genera/species [15,16]. PCRs were performed using Phusion Green Hot Start II High-Fidelity PCR Master Mix (Thermo Fisher, Gloucester, UK) employing the following conditions: 98 °C for 10 min followed by 30 cycles of 98 °C for 15 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a final extension step at 72 °C for 10 min. Amplicons were visualized on a 1% agarose gel with UV transillumination. Amplicon sizes of 891 bp and 2724 bp were indicative of presumptive lactococcal and streptococcal isolates, respectively.




2.3. Genotypic Diversity Analysis of Lactococcal and Dairy Streptococcal Isolates


Using an established multiplex PCR system based on distinct regions within the gene cluster associated with cell wall polysaccharide biosynthesis (termed cwps in Lactococcus spp.), the presumptive lactococci were assigned to one of four genotypes (A, B, C or undefined) [15]. Strains identified as belonging to the C genotype were further evaluated using a C-subtyping multiplex PCR system which is capable of distinguishing five distinct C- subtypes (C1 to C5) [17,35]. The presumptive S. thermophilus isolates were genotyped using a dual multiplex PCR system that distinguishes genotypes based on the left and rightward regions of the rgp gene cluster [16]. The primers associated with these multiplex PCR systems are listed in Table S1. The PCRs were performed using the same conditions as described in the previous section.




2.4. Species Identification of Isolates Using 16S rRNA Gene Sequencing


PCR amplification of the 16S rRNA gene was performed on selected isolates that could not be speciated using the described multiplex PCR systems. The 16S rRNA gene was amplified using the LucF and LucR primers (LucF CTTGTTACGACTTCACCC; LucR TGCCTAATACATGCAAGT), and Taq DNA polymerase mastermix (Qiagen) under the following conditions: initial denaturation at 94 °C for 10 min, 30 cycles of 94 °C for 30 s, 40 °C for 30 s, 72 °C for 1 min and 30 s, followed by a final extension at 72 °C for 10 min. The amplicons were purified using the GenElute™ PCR Clean-Up Kit (Sigma Aldrich) according to the manufacturer’s instructions and subjected to Sanger sequencing (Genewiz, Azenta Life Sciences, Leipzig, Germany). The generated sequences were compared using BLASTn against available sequence data on the National Center for Biotechnology Information (NCBI) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 7 June 2022).




2.5. Metagenome Extraction and Microbiota Analysis by 16S rRNA Gene Profiling


Total DNA was extracted from the five curd samples using a protocol adapted from Erkus et al. [36]. Briefly, 2.5 g of curd was added to 22.5 mL 2.2% sodium citrate solution at 45 °C and homogenized in a stomacher at 230 bpm for 5 min. The homogenate was centrifuged at 13,750× g for 10 min and the pellet was washed three times in a 2.2% sodium citrate solution. The cell pellet was resuspended in 1 mL of lysis buffer containing 20 mM Tris HCl (pH8.0), 2 mM EDTA (pH8.0) and 2% polyethylene glycol 6000. The suspension was treated with 50 µg/mL lysozyme and 100 U mutanolysin at 37 °C followed by treatment with proteinase K (250 µg/mL) for 1 h at 56 °C; 1 mL of 96% ethanol was added to the lysed solution which was then applied to the Qiagen DNEasy Blood and Tissue kit as per manufacturer’s instructions. Partial 16S rRNA gene sequences were amplified from the DNA extracts and sequenced on an Illumina MiSeq platform as described previously [37]. The resulting fastq files were processed using a customized QIIME2-based script as described previously [38]. Biodiversity within each of the curd samples was calculated through the richness index (alpha diversity) while the similarity between samples (beta diversity) was calculated using Bray–Curtis dissimilarity with similarities reported within a 0 to 1 range [39]. Principal Coordinate analysis (PCoA) to display the beta diversity was performed using QIIME2 [40]. Statistical analysis of the beta diversity of the microbiota was performed using t-test analysis and PERMANOVA analyses to estimate the significance of the differences in PCoA data as described previously [38].




2.6. DNA Extraction, Genome Sequencing and Analysis


Genomic DNA of the Lactococcus and S. thermophilus strains was isolated from a fresh 10 mL overnight culture of each strain using a NucleoBond® DNA extraction kit with Buffer set III (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions with the inclusion of lysozyme (Sigma-Aldrich; to 20 mg/mL), mutanolysin (Sigma-Aldrich; 500 U/mL), and proteinase K (Macherey Nagel; 40 µg/mL) addition to Buffer G3 prior to an extended (16–18 h) incubation at 37 °C. The DNA was stored at −20 °C prior to shipment to the sequencing facility. Genome sequencing of the selected isolates (paired ends 2 × 250 bp) was performed using Illumina MiSeq sequencing technology (GenProbio, Parma, Italy). De novo sequence assemblies and automated gene calling was performed using the MEGAnnotator pipeline [41]. Predicted open reading frames (ORFs) were predicted via Prodigal v2.6 and Genemark.hmm [42]. CRISPR-Cas encoding regions were identified using CRISPRCasFinder and selecting the evidence level 2 to 4 outputs only [43]. A general search for phage-resistance systems (including and beyond R/M and CRISPR-Cas systems) was performed using PADLOC using the default settings [31]. The prediction of prophage-associated regions in the bacterial genomes was performed using PHASTER [30]. Predictions of anti-microbial compound production were performed using BAGEL4 [44]. The outputs of bioinformatic searches were manually inspected for their validity, where appropriate.




2.7. Anti-Microbial Production Evaluation


The spot-on-lawn assay was adapted from the method of Parlindungan et al. [45] using LM17 agar; 10 µL spots of fresh overnight cultures of the lactococcal and streptococcal isolates were transferred on LM17 agar, incubated overnight at 30 (Lactococcus) or 37 °C (S. thermophilus), UV-treated for 45 min and overlayed with a semi-solid agar containing 200 µL of a fresh overnight culture of the indicator strain Lactococcus cremoris HP cross-sensitivity test was performed for the S. thermophilus isolates using the same approach but with 400 µL of the seven S. thermophilus strains as indicators in place of L. cremoris HP followed by incubation at 37 °C overnight. Inhibition was indicated where zones of clearing were observed and the diameter of the zones of inhibition was recorded (mm).





3. Results


3.1. Metagenome Analysis of Pecorino Siciliano PDO Curd from Five Sicilian Farms


Pecorino Siciliano PDO is a traditional Sicilian cheese produced through spontaneous fermentations of the autochthonous microbiota of wooden vats and using raw ovine milk. The metagenome of the curd associated with Pecorino production from five Sicilian farms was evaluated using 16S rRNA gene profiling. Between 36,000 and 70,000 reads were generated for each sample (Table 1) and after quality filtering between 33,000 and 65,000 reads were applied to subsequent taxonomic analysis.



Metagenome analysis established that each curd possessed a unique microbiota. A close relationship between those samples collected from Farm 1 and Farm 2 which were observed to group most closely in a 3-Dimensional Principal Coordinate Analysis (PCoA) (Figure 2a,c). The low abundance/absence of lactococci and streptococci in the curd sample from Farm 4 corroborates the observed low microbial richness evaluated by the Chao1 index through its alpha rarefaction curve (Figure 2b). Among the LAB, at genus level, Lactococcus, Streptococcus, Lactobacillus, Leuconostoc and Enterococcus were identified in four of the five curd samples (Farm 4 curd was shown to possess 0.07% reads which mapped to Streptococcus). Farms 3, 1 and 2 curds were found to contain the highest relative abundance levels of Lactococccus reads (29.37, 17.85 and 11.48%, respectively) and the curds from Farms 3 and 2 were observed to contain the highest proportion of Streptococcus reads (47.66 and 6.72%, respectively). Notably, Leuconostoc was shown to be present in high relative abundance in Farm 5 curd (37.47%), while Lactobacillus was shown to be typically present at <1% in any of the assessed samples.



At the species level, L. lactis was identified at a high relative abundance in the curd from Farm 3 (29.27%) and in low abundance in Farms 1 (0.36%), 2 (0.33%) and 5 (1.18%). Undefined lactococcal species were also observed in high abundance (12.91%) in the curd from Farm 1 (Figure 1). The curd from Farm 5 was determined to contain a high relative abundance of Leuconostoc mesenteroides (32.87%), while lower levels of this species were observed in curd samples from Farms 1 (1.27%), 2 (0.14%) and 3 (1.77%). Interestingly, the curd from Farm 4 appeared to contain very limited LAB. Farm 3 is the only sample with an appreciable abundance of reads relating to streptococcal species although this may include species other than S. thermophilus. Reads relating to lactobacilli were present in <1% of each of the samples except for Farm 4 curd. It is noteworthy that a varying proportion of sequence reads were unassigned in any of the assessed samples (0.3 to 18% of reads).



Serratia spp. were present in all curd samples ranging in abundance from 0.7 (Farm 3) to 37% (Farm 1). Staphylococci were abundant (6.22%) in the curd sample from Farm 3. Pseudomonas spp. were also abundant in all curd samples ranging from 2.32% of reads from Farm 3 to 49.17% of reads from Farm 4.




3.2. Culture-Based Analysis of Milk, Curd and Whey Samples from Five Farms


In addition to the culture-independent analysis, we also wanted to establish the presence and diversity of dairy lactococci and/or streptococci present in raw sheep’s milk, cheese curd and whey samples from the same Pecorino-producing farms employing selective media and growth conditions (see Section 2). All five milk samples were shown to contain both mesophilic and thermophilic (presumptive) LAB. In general, higher viable counts of mesophiles than thermophiles were observed in the majority of samples. Milk samples from Farms 2 and 3 generally had higher viable counts across all temperatures and media compared to the other farms (~106–108 cfu/mL). Among the curd samples, Farm 5 had the highest viable counts (108 cfu/mL at 30 °C and 105–106 cfu/mL at 37 and 42 °C), while Farm 4 had the lowest (growth only on LM17 at 30 °C–107 cfu/mL and no growth on either medium at other temperatures). The whey samples of Farms 4 and 5 did not harbor presumptive and culturable LAB while those from Farms 1 to 3 harbored presumptive LAB at counts of 102–105 cfu/mL (Figure 3).




3.3. Diversity of Dairy Lactococci Associated with the Five Farms


Twenty-five representative colonies from each medium and temperature where growth was observed were selected for PCR-based identification of candidate Lactococcus or S. thermophilus strains using species-specific primers. Among the 1800 tested isolates, 206 presumptive lactococci and 27 S. thermophilus isolates were identified. The vast majority of isolates (approximately 77% of isolates) did not type according to the Lactococcus and S. thermophilus PCR typing system indicating that diverse LAB and/or additional species were present in the samples. No lactococci were identified in the milk from Farm 1 while curd and whey from this farm contained very low numbers of lactococcal isolates (Figure 3, Table S2). Similarly low numbers of lactococcal isolates (<10) were found in Farm 2 samples. From curd samples, lactococci were only identified in samples originating from Farms 4 and 5 (11 and 5 isolates, respectively). Conversely, all samples (milk, whey and curd) from Farm 3 contained lactococcal isolates retrieved from either of the selective media (Table 2).



To discern the diversity among the 206 presumptive dairy lactococcal strains, PCR-based genotyping based on the cwps gene cluster was performed. This PCR distinguishes between strains possessing an A, B or C cwps genotype. Using this approach, four, 62 and 25 isolates were identified as possessing cwps genotype A, B or C, respectively; 115 of the presumptive lactococcal isolates could not be (sub-)typed according to this PCR system although the presence of the control PCR band indicates that they are indeed lactococcal strains. The 25 C-type isolates were further analyzed using the C-subtyping multiplex PCR, which may identify and distinguish diverse C-type strains belonging to the C1 to C5 cwps genotypes. C1 and C5 cwps genotypes were dominant among the C-type isolates with 10 and 7 of the 25 confirmed C-type lactococcal isolates exhibiting these genotypes, respectively (Table 2). C2 (six isolates), C3 (one isolate) and C4 (one isolate) type strains were less abundant.



The milk, whey and/or curd samples from each farm exhibited a unique microbiota composition with Farm 1 whey containing C4 and B-type strains and the curd containing C1, C2 and C3 isolates. Both milk and whey from Farm 2 harbored B-type strains while C2 and A-type strains were additionally identified in the milk or whey, respectively. In Farm 3 samples, B-type strains were isolated from the milk, whey and curd while C1 and C2 strains were identified in the milk and whey, respectively. The only confirmed and typed lactococci from Farm 4 was a single B-type CWPS isolate in the curd. Farm 5 was associated with the unique presence of C5 isolates in the milk and A-type isolates in the curd.



Beyond the identified 206 lactococcal isolates, there were a significant number of colonies that were not identified using the two multiplex PCR systems applied in the study. Therefore, to establish if the PCR systems were not capable of capturing all lactococcal/dairy streptococcal strains, ten unclassified isolates were randomly selected for speciation based on 16S rRNA gene sequence analysis. The ten isolates were selected to represent isolates from the different farms, growth media (MRS and LM17) and sample type (milk, whey and curd). Accordingly, isolates from one milk, three whey and five curd samples were analyzed. Four of the ten isolates were identified as Lactococcus lactis or Lactococcus cremoris and these were associated with whey samples from Farm 2 and 3 as well as milk and curd samples from Farm 3. The tested curd isolates from Farms 1 and 5 cultured on MRS and LM17 agar, respectively, were identified as Leuconostoc lactis and Leuconostoc mesenteroides strains, based on BLASTn analysis. The curd and whey isolates from Farms 1, 3 and 4 were identified as Enterococcus faecium (Farms 1 and 3) and Enterococcus durans (Farm 4), respectively.




3.4. Diversity of Dairy Streptococci Associated with the Five Pecorino Siciliano PDO Cheese Producing Farms


Through the species-specific PCR described above for the identification of presumptive lactococci and dairy streptococci, 27 presumptive S. thermophilus strains were identified. All S. thermophilus isolates were identified in whey (18 isolates) and curd (nine isolates) from Farms 2 and 3. Using the dual multiplex PCR system for distinguishing the five variable (Vt) and three backbone (Bt) rgp genotypes currently described, four isolates were identified from the Farm 2 whey sample, two of which were demonstrated to exhibit a Bt1 Vt4 genotype and a single isolate with a Bt3 Vt3 and Bt2 Vt1 genotype. From Farm 3, eight of the nine curd isolates were shown to exhibit a Bt1 Vt1 genotype, while one isolate was shown to possess a Bt2 Vt5 genotype. All Farm 3 whey isolates (14 isolates) were shown to display a Bt1 Vt1 genotype. Therefore, while the number of S. thermophilus isolates was low and isolates were only retrieved from Farms 2 and 3, at least two distinct strains from each farm were isolated and each farm possessed distinct lineages of strains (Table 3). Among these, the Bt2 Vt5 genotype has not been reported previously and thus represents a novel combination of the rgp cluster 5′ and 3′ regions.




3.5. Genome Characteristics of Dairy Lactococcal and Streptococcal Isolates


To evaluate the genetic diversity of the bacterial isolates, the genomes of seven S. thermophilus and eight lactococcal isolates were sequenced using an Illumina MiSeq platform. The S. thermophilus isolates were selected based on representing the two farms, the sample type (curd or whey in Farm 3) and the rgp/cwps genotypes. Using the MIGA (http://microbial-genomes.org/, accessed on 15 March 2023) genome analysis tool, the genome completeness and general genome characteristics of each strain were evaluated. Furthermore, the lactococcal isolates were identified as either L. lactis or L. cremoris (Table 4). All genomes except those of the S. thermophilus strains STMM4, STMM22 and STMM25 were considered complete based on the presence of 106 essential genes. All three genomes were predicted to lack secE, which encodes a SecE preprotein translocase. The genomes of the S. thermophilus strains range in size from 1.767 to 1.895 Mb and harbor 1874–2013 predicted open reading frames (ORFs). The lactococcal genomes range in size from 2.465 to 2.709 Mb with 2437–2753 predicted ORFs (Table 4). Six of the eight lactococcal isolates were identified as L. lactis while two strains were identified as L. cremoris (Table 5).



The genomes of the 15 sequenced dairy isolates were evaluated for the presence of predicted phage-resistance systems using PADLOC. This analysis revealed that all strains except one (L. lactis 74b) harbor at least one predicted phage-resistance system. Among the lactococcal strains, abortive infection (Abi) systems were identified in five of the eight strains and with each such strain possessing distinct systems or combinations of systems (Table 5). Type I restriction/modification (R/M) systems were predicted to be present in three lactococcal strains while two strains were predicted to harbor Type II R/M systems. Interestingly, the Type I R/M system of L. cremoris 71b appears to encompass an AbiJ-encoding gene and may represent a so-called defense island. Furthermore, some lactococcal strains are predicted to harbor more than a single R/M system (L. lactis 67b and L. cremoris 71b). In addition to these well-described phage defense systems, the genomes of some lactococcal strains are predicted to encode recently described novel anti-phage systems including Viperin (six of eight strains), Gabija (one of eight strains) CBass type I (one of eight strains) and AVAST type II systems (one of eight strains) (Table 5). The genomes of the dairy streptococcal strains were similarly analyzed and as expected, all strains were identified to harbor at least one intact CRISPR-Cas system in their genomes. All S. thermophilus genomes were also observed to harbor several predicted R/M systems belonging to Types I (seven strains), III (seven strains) and IV (four of seven strains). Furthermore, three genomes were observed to harbor predicted AbiD-encoding genes while the genomes of two strains were identified as possessing Sirtuin-dependent and Gabija-encoding genes (Table 5). The defense system profiles of the 15 sequenced isolates confirm their unique nature in addition to the cwps/rgp genotyping data. In summary, the milk, curd and/or whey of each Pecorino Siciliano PDO-producing farm presented a unique microbiota with farm-specific strain profiles.



The genomes of the 15 sequenced isolates were also evaluated for the presence of possible prophage-associated regions using PHASTER. This tool classifies the predicted prophage regions as “intact”, “questionable” or “incomplete”. Table 5 provides a summary of the predicted intact and questionable regions reported by PHASTER. Each strain possesses a unique predicted prophage profile based on this analysis. Among the lactococcal isolates, all but one (strain 71b) are predicted to harbor at least one intact prophage, while most also have “questionable” prophage regions and “incomplete” prophage regions in their genomes. Remarkably, strain 463 is predicted to harbor five intact prophages as well as two questionable prophage regions (and five incomplete prophage regions) and represents the highest phage load among all analyzed isolates. The predicted intact prophages range in size from 14.9–76.8 kb while the questionable lactococcal prophage regions range in size from 14.8–53.9 kb. The number of incomplete prophage regions in the lactococcal genomes ranged from 3 to 12. Among the S. thermophilus isolates, one strain was predicted to harbor an intact prophage region (STMM1- 5.7 kb region), while three of the strains’ genomes possessed at least one “questionable” prophage region ranging in size from 6.1–50.7 kb (Table 5). Similarly, all strains were predicted to harbor incomplete prophage regions in their genomes (between two and four regions).



To evaluate the possible production of anti-microbial compounds by the isolates, the genome sequences were interrogated using BAGEL4. All lactococcal isolates were observed to harbor regions of interest with all strains except 76b possessing sactipeptide modification-associated genes and all assessed strains’ genomes possessed lactococcin-associated genes. However, while the lactococcin-associated regions were observed, the majority of these were deemed unlikely to be complete with the exception of the identified region in strain 464. The lactococcin-associated cluster in strain 464′s genome was observed to harbor genes predicted to encode the core peptide (lactococcin B, bit score 145), ABC transport, leader peptide cleavage (LanT) and immunity to lactococcin B. For the dairy streptococcal isolates, regions associated with the predicted biosynthesis of bovicin, streptode, macedovicin, sactipeptide and BplST were common among the analyzed genomes. Among these, the predicted macedovicin clusters of STM22 and STMM25 appeared to represent complete clusters with gene products relating to core peptide biosynthesis (bit score 119), ABC transport systems, modification and leader peptide cleavage identified. Similarly, the genomes of STMM1, STMM2, STMM3, STMM4 and STMM11 harbored seemingly complete BlpST gene clusters with immunity, transport, core peptide and leader peptide cleavage functions readily identified. To validate the bioinformatic predictions of bacteriocin production by these strains, antagonism assays were performed against the bacteriocin-sensitive L. cremoris strain HP. L. lactis 464 was shown to inhibit the growth of L. cremoris HP (8 mm zone of inhibition). Similarly, all S. thermophilus isolates except STMM4 and STMM25 were observed to inhibit L. cremoris HP growth with zones of inhibition ranging from 5 mm (STMM3) to 15 mm (STMM1 and STMM2). Furthermore, the S. thermophilus isolates were applied in cross-sensitivity assays. STMM22 was capable of inhibiting STMM1, STMM2 and STMM11 13–19 mm zone of inhibition) while STMM25 was capable of inhibiting STMM3 (27 mm zone of inhibition).





4. Discussion


This study was aimed at evaluating the ecology and diversity of dairy lactococci and streptococci associated with the production of Pecorino Siciliano PDO using samples from five different Sicilian farms. Pecorino Siciliano PDO cheese is a Sicilian historical cheese whose heritage is strictly linked to the production system, especially to the use of wooden tools that have been proven to confer typicality to the final products [46,47]. Wooden vats and equipment that are used in traditional dairy food production practices host complex LAB biofilms representing efficient barriers to the adhesion of the main dairy pathogens [48] and are safe systems [49,50]. Thus, wood cannot be replaced by stainless steel or plastic, because the starter and non-starter cultures adapted to the production systems would be lost [51,52]. Tests conducted on a given bulk milk processed the same day in a single factory by wooden tools (traditional system, with no starter culture addition) and stainless steel equipment (milk inoculated with commercial starter culture preparation) generated Caciocavallo Palermitano cheeses with different quality characteristics imputed exclusively to the different active microbiota during the first phases of production [53] as well as during ripening [53,54]. Using culture-based approaches, we established that the milk, curd and whey from each farm possessed a unique microbiota and that the strains of Lactococcus lactis, Lactococcus cremoris and/or S. thermophilus from each farm are distinct. The genotyping of 206 lactococcal and 27 S. thermophilus isolates highlighted the farm-specific lactococcal and streptococcal populations. Furthermore, among the predicted lactococcal isolates, 115 isolates could not be assigned a cwps genotype and indeed additional lactococcal isolates were identified through 16S rRNA gene sequencing of unclassified isolates. This indicates that there is a likely wealth of diverse lactococcal strains in these samples that may possess unique genetic or functional attributes. The numbers of S. thermophilus isolates was considerably lower than the isolated lactococci. Despite the identified low number, among the seven isolates for which the genomes were sequenced, five distinct rgp genotypes were identified. This is a remarkable level of diversity and is likely a reflection of the adaptation to phages that may be present in the fermentation environment. Most notable among the streptococcal isolates is strain STMM11, which possesses a novel rgp genotype (Bt2 Vt5) among S. thermophilus strains described to date.



The diversity of strains identified in this study highlights the importance of artisanal food production systems as a rich and diverse source of mesophilic and thermophilic strains that could be harnessed in defined starter culture systems. By sequencing the genomes of representative isolates, it was established that these strains harbor an arsenal of defense mechanisms directed against phages including Abi, R/M and in the dairy streptococcal strains, CRISPR-Cas systems (Table 5). Furthermore, several of the recently identified phage-resistance systems are predicted to be encoded in nine of the genomes of the analyzed strains (Table 5). Viperin-like systems were identified in six of eight lactococcal genomes and these systems operate by producing modified ribonucleotides and inhibiting phage polymerase-dependent transcription in coliphage T7 [55]. Gabija, which comprises two genes (GajA and GajB) was identified in the genomes of two S. thermophilus strains (Table 5). Gabija is an endonuclease system that is activated in conditions where NTP and dNTP depletion occurs during phage replication and transcription [56]. CBASS systems synthesize secondary messengers including cyclic di/trinucleotides upon phage infection and induce cell membrane disruption or cleavage of intracellular DNA culminating in cell death [57,58]. The antiviral ATPase/NTPase AVAST systems are also like Abi systems as they are predicted to function through programmed cell death [59]. The presence of these new anti-phage systems dairy lactococci and streptococci has not been widely reported to date and warrants investigation in future studies. The presence of multiple and likely complementary systems reinforces the notion that phages are ever pervasive in fermentation environments whether industrial scale or in artisanal production systems. Indeed, the genomes of the sequenced lactococcal isolates confirms the abundance of (unique) prophage elements in each strain with several strains possessing at least one predicted intact prophage region. The S. thermophilus isolates genomes harbored fewer predicted prophage regions the majority of which are cryptic and incomplete regions. The presence of intact and/or cryptic prophages may offer protection against homologous, secondary infecting phages or in some cases, heterologous infecting phages. Additionally, the presence of diverse prophage regions highlights the diversity of phages that these strains have experienced in their respective environments. The presence of unique predicted prophage profiles combined with each strain possessing diverse anti-phage arsenals and cwps/rgp genotypes indicates that these strains have evolved to survive phages that are resident in the farms and production environments and that there is a farm-specific ecology of lactococci and streptococci.



Metagenomic analysis of the five curd samples revealed the distinct microbiota profile associated with each sample and was largely in agreement with the culture-based analysis. For example, the curd samples with the highest viable counts on M17 and MRS agars correlated well with those samples having the highest counts of reads mapping against lactic acid bacteria. Furthermore, the sample from Farm 4 possessed limited reads corresponding to LAB and this was also reflected in the number of lactococci (and lack of streptococci) retrieved from this sample in microbiological assays. In contrast to a recent metagenomic analysis of industrial and artisanal cheeses, lactococci were more abundant than streptococci [60]. It is noteworthy that the previous study was based on two artisanal cheeses whose origin or production type was not disclosed and these observations suggest that each artisanal and regional cheese has a distinct profile and population dynamic. Previous microbiological studies of ripened Pecorino Siciliano PDO cheeses identified a dominance of mesophilic lactobacilli based on growth on MRS agar. In the present study, both microbiological and metagenomic analyses suggest that mesophilic lactococci are more dominant in the unripened curd and that lactobacilli are present in very low abundance at the early stages of production. It is possible that lactobacilli increase in abundance during the ripening stage and perhaps their abundance in plating assays is related to the preferential growth of lactobacilli on MRS over their lactococcal counterparts.



Microbiota analysis also revealed the presence of Pseudomonas, Enterococcus and Staphylococcus in some of the curd samples. The presence of Staphylococcus and Enterococcus in Pecorino Siciliano PDO cheese in the early stage of production is consistent with previous reports [61]. As some species of Enterococcus and Lactobacillus are associated with the production of biogenic amines, it is pertinent to establish the presence of microbes that may pose a risk to consumers [62]. The presence of enterococci, pseudomonads and staphylococci is likely due to the application of raw milk and the local farm hygiene and handling practices [63]. Microbiological analysis identified isolates of Enterococcus and Staphylococcus on LM17 and MRS agar and highlights the importance of the genotyping tools to establish the identity of the presumptive microbes in classical microbiological assays. The production of anti-microbial compounds by starter bacteria is an important attribute in assuring the overall microbiological safety of fermented dairy products. Several of the analyzed isolates exhibited anti-microbial activity against a sensitive indicator strain as well as S. thermophilus isolates emanating from this study. Cross-sensitivity in S. thermophilus has been reported for the BlpST bacteriocins while these compounds are also associated with broader bactericidal effects [64]. Future studies will focus on evaluating the exact nature, characteristics and functionality of these compounds and their role in eliminating pathogenic and spoilage microorganisms in fermented foods.




5. Conclusions


Farms producing Pecorino Siciliano PDO have distinct LAB communities that are believed to contribute to the fermentation process. While the abundance/dominance at the species level may not vary significantly in many cases, the strain-level diversity creates the signature of the produce from each farm. The present study identified the dominant starter lactic acid bacteria while future studies could apply the approaches applied here to a longitudinal analysis across the production and ripening periods to define the evolution of the microbial landscape of this regionally important cheese. Furthermore, the strain-level differentiation of isolates in this study provides significant insights into the diversity of lactococcal and streptococcal strains that may be derived from such foods to enhance global starter culture repertoires for the enhancement of defined and mixed starter culture systems.
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Figure 1. Map indicating the location of the Sicilian farms from which the milk, curd and whey samples were collected in March 2022. Farm 1 (F1): Santa Margherita di Belice; Farm 2 (F2): Contessa Entellina; Farm 3 (F3): Partanna; Farm 4 (F4): Castronovo di Sicilia; Farm 5 (F5): Santo Stefano Quisquina. 
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Figure 2. Bacterial diversity associated with curd samples from each of the five farms (F1–F5). (Panel a) shows the bacterial distribution among cheeses, in which each bacterial genus is color-coded as described in the chart legend. (Panel b) reports the rarefaction curves based on the Chao1 index at increasing sequencing depth of cheeses samples. (Panel c) displays the predicted PCoA through a three-dimensional image. 
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Figure 3. Overview of the viable cell counts on MRS and LM17 agar at 30, 37 and 42 °C. The scale is color-coded as per the indicator bar beneath the table and is presented as culturable cells/mL or g of sample. 
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Table 1. Number of reads from each farm’s curd sequenced metagenome extract.
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	Sample
	Total No. Reads
	Filtered Reads





	F1
	45,477
	42,017



	F2
	36,153
	33,613



	F3
	70,793
	65,585



	F4
	37,257
	34,473



	F5
	43,181
	40,216
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Table 2. Numbers of lactococcal isolates associated with each sample representing the A, B, C or undefined (X) lactococcal genotypes.
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Number of Isolates of Lactococcal cwps Genotypes




	

	
A

	
B

	
C1

	
C2

	
C3

	
C4

	
C5

	
X






	
Farm 1

	

	

	

	

	

	

	

	




	
Milk

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Whey

	
-

	
1

	
-

	
-

	
-

	
1

	
-

	
2




	
Curd

	
-

	
-

	
3

	
1

	
1

	
-

	
-

	
2




	
Farm 2

	

	

	

	

	

	

	

	




	
Milk

	
-

	
8

	
-

	
1

	
-

	
-

	
-

	
4




	
Whey

	
3

	
5

	
-

	
-

	
-

	
-

	
-

	
14




	
Curd

	
-

	
-

	
1

	
-

	
-

	
-

	
-

	
5




	
Farm 3

	

	

	

	

	

	

	

	




	
Milk

	
-

	
13

	
6

	
-

	
-

	
-

	
-

	
34




	
Whey

	
-

	
11

	
-

	
4

	
-

	
-

	
-

	
20




	
Curd

	
-

	
21

	
-

	
-

	
-

	
-

	
-

	
6




	
Farm 4

	

	

	

	

	

	

	

	




	
Milk

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1




	
Whey

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Curd

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
10




	
Farm 5

	

	

	

	

	

	

	

	




	
Milk

	
-

	
-

	
-

	
-

	
-

	
-

	
7

	
11




	
Whey

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Curd

	
1

	
2

	
-

	
-

	
-

	
-

	
-

	
6
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Table 3. Summary of S. thermophilus isolates from Farms 2 and 3.
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	Farm
	Sample
	Genotype
	No. Isolates





	2
	Whey
	Bt1 Vt4
	2



	2
	Whey
	Bt2 Vt1
	1



	2
	Whey
	Bt3 Vt3
	1



	3
	Curd
	Bt1 Vt1
	8



	3
	Curd
	Bt2 Vt5
	1



	3
	Whey
	Bt1 Vt1
	14
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Table 4. Genome characteristics and source farm (F) and type information for each isolate.
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Strain

	
Genotype

	
Sample Source

	
Genome Completeness (%)

	
Genome Length (Mb)

	
No. Predicted ORFs

	
Genbank Accession No.






	
S. thermophilus




	
STMM1

	
Bt1 Vt4

	
F2 whey

	
100

	
1.825

	
1956

	
CP125881




	
STMM2

	
Bt1 Vt4

	
F2 whey

	
100

	
1.823

	
1970

	
CP125763




	
STMM3

	
Bt2 Vt1

	
F2 whey

	
100

	
1.883

	
2005

	
CP125764




	
STMM4

	
Bt3 Vt3

	
F2 whey

	
99.1

	
1.894

	
2013

	
CP125765




	
STMM11

	
Bt2 Vt5

	
F3 curd

	
100

	
1.767

	
1874

	
CP125766




	
STMM22

	
Bt1 Vt1

	
F3 whey

	
99.1

	
1.895

	
1995

	
CP125767




	
STMM25

	
Bt1 Vt1

	
F3 whey

	
99.1

	
1.885

	
1981

	
CP125768




	
L. lactis/cremoris




	
cremoris 32b

	
C5

	
F5 milk

	
100

	
2.558

	
2646

	
CP125963




	
lactis 67b

	
C2

	
F2 milk

	
100

	
2.493

	
2507

	
CP125882




	
cremoris 71b

	
C1

	
F1 curd

	
100

	
2.709

	
2753

	
CP125769




	
lactis 74b

	
C4

	
F1 whey

	
100

	
2.460

	
2437

	
CP125964




	
lactis 76b

	
A

	
F5 curd

	
100

	
2.522

	
2531

	
CP125771




	
lactis 218

	
-

	
F3 whey

	
100

	
2.620

	
2616

	
CP125770




	
lactis 463

	
B

	
F2 whey

	
100

	
2.652

	
2736

	
CP125772




	
lactis 464

	
-

	
F2 whey

	
100

	
2.561

	
2593

	
CP125965
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Table 5. Presence of predicted phage-resistance systems and/or prophages in the strains’ genomes.
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Strain

	

	

	




	
L. lactis

	
# Prophage

	
CRISPR-Cas (# Spacers)

	
Abi

	
R/M Type (#)

	
Viperin

	
Sirtuin- Dependent

	
Gabija

	
CBass (Type)

	
AVAST (Type)






	
67b

	
1 *, 1 §

	
-

	
D, N

	
I (2)

	
+

	
-

	
-

	
-

	
-




	
74b

	
2 *, 2 §

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
76b

	

	
-

	
-

	
-

	
+

	
-

	
-

	
-

	
-




	
218

	
1 *

	
-

	
E, Q

	
-

	
-

	
-

	
+

	
-

	
-




	
463

	
5 *, 2 §

	
-

	
B

	
I

	
+

	
-

	
-

	
-

	
-




	
464

	

	
-

	
D, B

	
-

	
+

	
-

	
-

	
+ (I)

	
+ (II)




	
L. cremoris




	
32b

	
2 *, 2 §

	
-

	

	
II

	
+

	
-

	
-

	
-

	
-




	
71b

	
6 §

	
-

	
J

P

	
I, II

	
+

	
-

	
-

	
-

	
-




	
S. thermophilus




	
STMM1

	

	
II-U (18)

	
-

	
I (2), III, IV

	
-

	
-

	
-

	
-

	
-




	
STMM2

	
2 §

	
II-U (20)

	
-

	
I (2), III, IV

	
-

	
-

	
-

	
-

	
-




	
STMM3

	
0

	
II-U (15)

	
-

	
I (2), III, IV

	
-

	
-

	
-

	
-

	
-




	
STMM4

	
1 §

	
II-U (23)

	
D

	
I (2), III

	
-

	
-

	
-

	
-

	
-




	
STMM11

	
1 §

	
II-U (27)

II-A (24)

	
-

	
I, III, IV

	
-

	
-

	
-

	
-

	
-




	
STMM22

	
0

	
II-U (12)

	
D

	
I (2), III

	
-

	
+

	
+

	
-

	
-




	
STMM25

	
0

	
II-U (14)

	
D

	
I (2), III

	
-

	
+

	
+

	
-

	
-








Note: # the symbol for number; * denotes predicted intact prophage; § denotes predicted questionable prophage region based on PHASTER predictions. + indicates the presence of the specific systems and - indicates the absence of such systems based on PADLOC analysis.
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