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The microbial communities inhabiting Portuguese traditional cheeses play a fundamental role in shaping their unique flavor, texture, and safety characteristics. This comprehensive review synthesizes findings from both conventional microbiological studies and advanced OMICs analyses to provide a deeper understanding of the microbiota dynamics in these cheeses. We explore the microbial composition, diversity, and functional roles of bacteria, yeasts, and molds across various Protected Designation of Origin (PDO) cheeses, highlighting their contributions to cheese ripening, flavor development, and safety. Additionally, we discuss the potential of OMICs technologies, namely metagenomics, in unraveling the complex microbial ecosystems of Portuguese traditional cheeses. Through this integrative approach, we aim to shed light on the intricate interplay between microorganisms and cheese matrices, unveiling the secrets behind the rich heritage and distinctiveness of Portuguese traditional cheeses.
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1 Traditional cheeses with Protected Designation of Origin: preserving heritage

Artisanal food products constitute an important cultural heritage. In Mediterranean countries, such as Portugal, a wide variety of traditional cheeses is manufactured, harboring distinct flavor, texture and overall composition (see Figure 1). These dairies hold significant importance, not only in social and cultural contexts, preserving history and tradition, but also in terms of economic impact, as they are regarded as value-added products (Guiné and Florença, 2020). The majority of Portuguese traditional cheeses, like those in many other countries, are manufactured in rural regions by small, multi-generational enterprises. Consequently, the sale of these products provides essential income to local communities, dependent on cattle farming and/or cheese production as their livelihood (Reis and Malcata, 2011). These products are manufactured using ancient traditions and expertise, which must be safeguarded to maintain their distinctiveness. In Portugal, the art of cheesemaking traces its origins to the Roman era, with raw milk and its byproducts, including cheese, being integral components of the European diet ever since (Araújo-Rodrigues et al., 2020). In those early periods, cheese production represented a pioneering approach to preserving milk products in a more stable form (Salque et al, 2013). Furthermore, during that era, cheese held such significant value that it was frequently utilized in commercial transactions (Freitas and Malcata, 2000). Today, PDO cheeses are manufactured in small-scale industrial dairies, preserving the rich tradition of their production.




Figure 1 | Geographical distribution of the Portuguese traditional PDO cheese production areas.



Recognizing the significance of traditional products to their countries of origin, the European Union (EU) introduced geographical indication schemes for agricultural products and foodstuffs, including Protected Designation of Origin (PDO), Protected Geographical Indication (PGI), and Traditional Specialty Guaranteed (TSG) (EU, 2022). These designations serve to aid consumers in identifying traditional products, while also safeguarding and promoting their unique qualities, which are intricately tied to geographical origin and manufacturing expertise (Dias and Mendes, 2018).

According to Regulation (EU) No 1151/2012 (European Commission, 2012) and Commission Implementing Regulation (EU) No 668/2014 (European Comission, 2015), implemented by EU, in PDO products “Every part of the production, processing and preparation process must take place in the specific region”, while in PGI “at least one of the stages of production, processing or preparation takes place in the region” and TSG “highlights the traditional aspects, such as the way the product is made or its composition, without being linked to a specific geographical area” (EU, 2022). In this review manuscript, our focus will be exclusively on Portuguese PDO cheeses and their associated microbiota.

While manufacturing techniques may vary depending on the region, certain practices are consistent across all PDO cheese-making facilities. For example, these cheeses are exclusively made with raw milk, never heated above 40°C, and employ coagulating agents or rennet along with salt, limited to a maximum of 25 g/L. Additionally, no starter or non-starter microbiota is added during the manufacturing process (Freitas and Malcata, 2000). For each PDO cheese, a specification book outlines all mandatory production details, encompassing the type of milk utilized and any treatments applied, specified animal breeds (when applicable), coagulating agents, ripening temperatures, humidity levels, cheese dimensions, and labeling requirements.

In traditional cheese manufacturing, one of the pivotal steps is milk clotting, typically achieved using a coagulating agent such as animal, plant, or microbial rennet (Arbita et al., 2020). The choice of rennet not only impacts milk coagulation, but also influences the development of organoleptic characteristics, primarily attributed to various enzymatic activities (Andrén, 2021). For example, cheeses may acquire a bitter flavor if the rennet used exhibits high non-specific proteolysis activity, a trait often disfavored by consumers (Arbita et al., 2020; Faccia et al., 2020; Andrén, 2021).

Since the beginning of cheese production, calf rennet has been the primary animal coagulating agent utilized, specifically an extract derived from the abomasum of suckling calves. The abomasum of young calves produces caseinolytic enzymes, notably chymosin and pepsin (Arbita et al., 2020; Andrén, 2021). Additionally, chymosin, renowned for its high milk-clotting activity and low proteolysis, is one of the most frequently employed enzymes in cheese production (Mohanty et al., 1999; Andrén, 2021).

In Portuguese traditional cheeses bearing the PDO label, the use of thistle (Cynara cardunculus L.), as a coagulating agent, is prevalent. C. cardunculus L., commonly known as cardoon, is an edible flower native to the Mediterranean region, characterized by its large heads and purple flowers (Gostin and Waisundara, 2019; Folgado et al., 2020). The significance of C. cardunculus L. in cheese manufacturing lies in its enzymes with proteolytic activity, which target milk proteins (Folgado et al., 2020). Among these enzymes, cardosins, particularly cardosin A, play a pivotal role in milk clotting. Cardosin A exhibits proteolytic activity similar to chymosin, specifically targeting κ-casein while also cleaving α and β-caseins, contributing to a softer texture and flavor in the cheese (Folgado et al., 2020; Barracosa et al., 2021).

Overall, the selection of coagulating agents in Portuguese traditional PDO cheeses can vary depending on geographical location and the type of milk utilized. Undoubtedly, these agents play a crucial role in shaping the microbial ecosystem and significantly impact the organoleptic characteristics of the final product. Besides playing an effective role in the coagulation process, coagulating agents also contribute to the products microbiota (Cruciata et al., 2014). Associated enzymes take part in the proteolytic process during cheese manufacture, contributing to organoleptic characteristics through volatile compound formation (Pereira et al., 2008). Moreover, a previous study on cheese produced from animal rennet, characterized the microbial load of the coagulating agent and found several genera, including LAB, Enterococcus and lower counts of E.coli, coliforms and Staphylococcus aureus (Voidarou et al., 2011).

In the rich landscape of Portuguese traditional PDO cheeses, beginning from the northern region of Portugal, two prominent PDO cheeses stand out: Terrincho and Transmontano. Terrincho cheese is manufactured using Churra da Terra Quente ewes milk and animal rennet. This cheese comes in two variants, one aged for a minimum of 30 days and another matured for 90 days (known as old Terrincho cheese), both marketed under the Terrincho PDO designation. The extended maturation period endows old Terrincho with a firmer texture and intensifies its flavor and aroma. In contrast, Transmontano goat cheese, produced from Serrana breed goats milk and animal rennet, features an exceptionally hard paste, along with a robust aroma and spicy flavor profile (Despacho 7822/2011, 2011).

In central Portugal, several PDO cheeses hold prominence: Beira Baixa, Rabaçal, Serra da Estrela, and Azeitão cheeses. The Beira Baixa PDO encompasses three variants: Castelo Branco, Picante from Beira Baixa, and Queijo Amarelo (Direção-Geral de Agricultura e Desenvolvimento Rural, 2022). Castelo Branco cheese is manufactures from ewes milk using Cynara cardunculus L. as a coagulant, resulting in a semi-hard or semi-soft paste with intense flavor and aroma. An aged variant, old Castelo Branco cheese, matures for a minimum of 90 days, yielding a harder paste and a spicy flavor profile (Despacho 9633/2016, 2016). Picante from Beira Baixa, made from a blend of ewe and goat milk with animal rennet, boasts a semi-hard or semi-soft paste with an intense aroma and spicy flavor. Queijo Amarelo, produced from a mixture of ewe and goats milk or solely ewes milk, also employs animal rennet, resulting in a semi-hard to hard paste with intense aroma and a slightly acidic and spicy flavor (Despacho 4185/2011, 2011). Rabaçal cheese, produced from a blend of ewe and goats milk with animal rennet, features a semi-soft or semi-hard paste with a distinctive flavor, imparted by the presence of Santa Maria thyme in the grazing pasture (Despacho 6400/2003, 2003). Moving to Serra da Estrela cheeses, they are made from ewes milk and Cynara cardunculus L., resulting in a semi-soft buttery paste with a mild aroma and slightly acidic flavor. Serra da Estrela cheese can undergo extended ripening, yielding Serra da Estrela old cheese, which presents a semi-hard to extra-hard paste, a robust aroma, and a slightly spicy and salty flavor. Lastly, in the Lisbon region, Azeitão PDO cheese is produced using ewes milk and Cynara cardunculus L., resulting in a cheese with a semi-soft and buttery paste, a yellow hue, and a slightly spicy and acidic flavor (Despacho 6400/2003, 2003).

In the region of Alentejo, three PDO cheeses are produced: Serpa, Évora, and Nisa. These cheeses are all manufactured using ewes milk sourced from the Merina branca breed and employ plant-based rennet Cynara cardunculus L. Serpa cheese boasts a cured, buttery, and semi-soft paste, characterized by a strong odor and a slightly spicy flavor (Despachon.5511/2020, 2020). Évora cheese features a semi-hard to hard paste with a robust aroma and a slightly spicy and acidic flavor profile (Despacho 8601-N/2005, 2005). Lastly, Nisa cheese presents a semi-hard paste with an acidic flavor and a strong odor (Direção-Geral de Agricultura e Desenvolvimento Rural, 2022).

Moving to the island of Azores, two PDO cheeses are manufactured: Pico and São Jorge cheeses. Both cheeses are made from cows milk without a defined breed, using animal rennet (Direção-Geral de Agricultura e Desenvolvimento Rural, 2022). Pico cheese is cured with a soft paste, offering a salty flavor and intense aroma (Despacho32/1996/SRAP, 1996). São Jorge cheese, on the other hand, features a semi-hard or hard paste with a slightly spicy flavor and intense aroma (DespachoSRAP/94/1, 1994).

All the aforementioned characteristics of the PDO cheeses are summarized in Table 1 for easier comprehension and comparison.


Table 1 | Distribution and characteristics of Portuguese PDO cheeses.







2 Microbial impact on cheeses’ organoleptic characteristics

Cheese hosts diverse and intricate microbial communities, which evolve over time and differ based on the cheese type, especially traditional varieties that dont depend on starter cultures for fermentation, as well as regions. Microorganisms in cheese originate not only from milk but also from the production environment. The intricate interplay between microbes and growth substrates, such as milk proteins and fatty acids, significantly impacts the quality and safety of the end product (Afshari et al., 2020).

Due to the diversity of cheese-LAB, these microorganisms harbor both starter and non-starter features. Starter LAB (SLAB) arise in the first stages of manufacture, being crucial participants in the production of lactic acid inducing an acidic pH environment and consequentially curd formation. SLAB can originate from the autochthonous raw milk microbiota, or be added during production, although the latter is not the case in Portuguese PDO cheeses (Coelho et al., 2022). In contrast, non-starter LAB (NSLAB) have a more significant role in the subsequent stages of cheese manufacture (Settanni and Moschetti, 2010), being mostly associated with volatile production, and consequentially odor and flavor development, due to proteolytic activities, as further discussed below. NSLAB can also originate from the raw milk microbiota, or may be introduced from cheesemaking settings, equipment or operators (Irlinger et al., 2017; Coelho et al., 2022).

Considering that raw milk is nutrient rich matrix, the probability of microbial contaminations cannot be overlooked, and may occur by contact with the animals teat surface, milking machinery or collection and storage containers. Due to inadequate hygiene practices, contamination may also occur by staff handling and associated settings, such as bedding, feed or water. Additionally, at cheese production stage, contamination can be associated with manufacturing facilities (storage rooms and shelfs), as well as working staff (Quigley et al., 2013; OSullivan and Cotter, 2017).

In cheese manufacturing, a series of biochemical reactions occur, including glycolysis, proteolysis, and lipolysis, which are influenced by microorganisms, environmental conditions, and the type of coagulant used (Tavaria et al., 2002; Pereira et al., 2008). These reactions shape the microbial composition and organoleptic characteristics of the final cheese, with volatile compounds playing a significant role in flavor development. Lactic acid bacteria (LAB) are key players in these processes. LAB, including genera like Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, or Enterococcus, are non-motile, microaerophilic Gram-positive bacteria capable of tolerating environmental stresses such as high temperature, low pH, or high salt concentrations (Tavaria et al., 2002). Their ability to metabolize various carbon sources and produce antimicrobial compounds makes them indispensable in the food industry.

These microorganisms act as biopreservatives due to their fermentation and acidification capabilities. Milk acidification begins with LAB utilizing lactose as a carbon source, leading to lactate production. This decrease in pH causes the coagulation of casein, the main protein in milk, resulting in the formation of cheese curd, which contains protein, fat, and whey (the liquid portion containing serum proteins, lactose, minerals, and vitamins). Furthermore, the reduction in pH helps prevent the growth of undesirable microorganisms, including foodborne pathogens and spoilage microbes (Favaro et al., 2015). Additionally, the production of organic acids such as lactic, acetic, formic, or propionic acids contributes to extending the shelf life and enhancing the safety of the food product (Favaro et al., 2015). Apart from alterations in pH, another safety strategy employed by these bacteria is the production of bacteriocins. LAB are known to produce various types of bacteriocins such as nisin, reuterin, reutericyclin, pediocin, lacticin, enterocin, among others, as well as bacteriocin-like inhibitor substances (BLIS) (Favaro et al., 2015).

During cheese ripening, LAB also play a central role in the formation of aroma compounds due to their enzymatic activity, which involves the catabolism of aromatic compounds. Additionally, LAB contribute to the breakdown of peptides, which impacts the aroma and texture of the cheese (Cardinali et al., 2022). One group of proteins that is particularly important in this process is the cell-envelope proteinases. These proteins degrade caseins into oligopeptides, which are then transported across the bacterial membrane and further degraded into shorter peptides and amino acids that are essential for LABs survival (Ji et al., 2021). The action of these proteinases generates unique hydrolysates and peptides with distinctive sensory and bioactive properties, which contribute to the overall characteristics of the cheese. Moreover, the degree of proteolysis and the different catalytic properties of these proteases may vary among LAB strains, leading to further diversification of the organoleptic features appreciated by consumers (Ji et al., 2021).

In PDO Portuguese traditional cheeses, the main bacteria found in the final product are Lactococcus spp., Leuconostoc spp., Lactobacillus spp. and, in some cheeses, Enterococcus spp., as it will be discussed in the following sections. All these genera belong to LAB and contribute to cheese maturation in different stages and levels, either by acidification of the milk, proteolytic activity, or production of different bacteriocins active against foodborne pathogens (i.e., nisin produced by Lactococcus lactis against Listeria monocytogenes) (Cotter and Beresford, 2017; Lee et al., 2020; Afrin et al., 2021).

The genus Lactococcus spp. has emerged as the predominant LAB group in all PDO Portuguese traditional cheeses studied to date (Allers et al., 2004; Ayrapetyan et al., 2015a, Ayrapetyan et al., 2015b; Baptista, 2018; Abbasi and Emtiazi, 2020; Câmara et al., 2020; Beltrán-Espinoza et al., 2021). Extensively researched for its influence on cheese manufacture and its applicability across various industries, Lactococcus spp. are starter LAB alongside certain species of Lactobacillus (Lactobacillus delbrueckii and Lactobacillus helveticus). During the initial stages of ripening, these bacteria produce lactic acid, leading to milk acidification (Ruggirello et al., 2014; Cotter and Beresford, 2017). Lactococcus lactis, one of the main species found in Portuguese PDO cheeses, plays a crucial role not only in ensuring the safety of the cheese but also in flavor development. In terms of safety, Lactococcus lactis is known to produce over 40 types of bacteriocins, ribosomally synthesized proteins with antimicrobial activity against other bacteria. These bacteriocins, belonging to class I and II, help control undesirable microorganisms, including potentially pathogenic bacteria (Takala et al., 2023).

Furthermore, apart from their role in acidification, Lactococcus lactis and related species can convert amino acids into aroma compounds through aminotransferase activity. They also contribute to cheese properties by producing exopolysaccharides (Van De Bunt et al., 2014; Cardinali et al., 2022). Given these characteristics, Lactococcus lactis is widely employed as a starter culture, either alone or in combination with other cultures, in the production of various dairy products (OSullivan and Cotter, 2017).

In addition to Lactococcus spp., other LAB genera such as Leuconostoc, Lactobacillus, and Enterococcus are also prominent in Portuguese PDO cheeses (Tavaria and Malcata, 1998; Dahl et al., 2000; Domingos-Lopes et al., 2017; Câmara et al., 2019; Rocha et al., 2021; Rampanti et al., 2023; Rocha et al., 2023). These microorganisms become more noticeable during the later stages of ripening and are often found at the core of the cheeses. They contribute significantly to the flavor, texture, and safety of the final product (Montel et al., 2014). Leuconostoc, much like certain species of Lactobacillus, possesses the capability to metabolize lactose into lactic acid. Thus, alongside Lactococcus, Leuconostoc plays a pivotal role in initiating the maturation process of cheese (OSullivan and Cotter, 2017).

Indeed, Leuconostoc spp. also exhibits several important technological aspects for cheese ripening. For instance, it contributes to the production of aromatic compounds such as diacetyl and acetoin through the degradation of citrate. Additionally, Leuconostoc spp. is also capable of producing gas and dextrans. Dextrans are homopolysaccharides of D-glucose known for their viscosifying, emulsifying, texturizing, and stabilizing attributes in food applications. Therefore, they have the potential to serve as substitutes for commercial hydrocolloids commonly used in the food industry for the same purposes. These glucans are synthesized by extracellular dextransucrase enzymes released by certain LAB, including Leuconostoc species like Leuconostoc mesenteroides, as well as other genera such as Lactobacillus, Streptococcus, Weissella, and Pediococcus (Morelli and von Wright, 2019).

Regarding Lactobacillus spp., this genus is highly diverse within LAB and is commonly found in dairy products, including L. delbrueckii subsp. bulgaricus, L. helveticus, and Lacticaseibacillus casei. Additionally, various Lactobacillus species are also found in the human gastrointestinal tract, such as L. acidophilus, L. gasseri, and Lacticaseibacillus rhamnosus (Morelli and von Wright, 2019).

As mentioned earlier, some species of Lactobacillus have starter activity. However, lactobacilli also play a crucial role in non-starter activities, significantly impacting flavor development and ensuring the quality and durability of cheeses. Lactobacillus (and related genera, according to the new taxonomy; Zheng et al., 2020) is one of the major contributors of non-starter LAB during cheese ripening (Morelli and von Wright, 2019). Some of the species commonly found at this stage of ripening include L. casei, Lacticaseibacillus paracasei, and Lacticaseibacillus rhamnosus. L. casei is a ubiquitous microorganism found in various niches, exhibiting great genetic versatility. In a study by Cai et al. (2009), it was observed that cheese-isolated L. casei displayed a significant number of genes related to carbohydrate metabolism, transcriptional regulation, and signal transduction compared to L. casei from other environments (Cai et al., 2009).

Moreover, besides its proteolytic activity and role in flavor development in cheeses, L. casei can also act as a protective microorganism by detoxifying biogenic amines (BA). These toxic compounds are formed through microbial degradation of amino acids and, if present in food products, may cause symptoms of intoxication such as headaches, itchy skin rashes, heart palpitations, or diarrhea (Linares et al., 2011). Cheese is a fermented food in which BA may be present, with tyramine, histamine and putrescine being the most commonly found (Linares et al., 2011; Herrero-Fresno et al., 2012; Renes et al., 2014). In a genomic study conducted with L. casei, genes for methyltransferases and oxidoreductases related to BA degradation were identified (Ladero et al., 2014). These adaptabilities of L. casei make it an appealing candidate for potential applications in food industry environments and products, as well as a possible source of probiotics (Morelli and von Wright, 2019).

As for Enterococcus spp., these bacteria are constituents of the native microbiota of several traditional products from the Mediterranean area and are used as sanitary indicators (Freitas and Malcata, 2000). However, due to safety concerns regarding specific species or strains with virulence factors that could pose a risk to consumers, the European Food Safety Authority (EFSA) has created a list of microorganisms with Qualified Presumption of Safety (QPS) for use in the food industry. For the Enterococcus genus specifically, since it is not included in this directory, safety assessments are performed on a case-by-case basis, including screenings for species or strain virulence factors (Câmara et al., 2020). Nevertheless, in Portuguese traditional cheeses, Enterococcus spp. are typically present in the raw milk microbiota used for cheese manufacture, resulting in their presence in the cheese itself. Their proteolytic and lipolytic activities have a significant impact on the development of the cheeses flavor characteristics, making this genus essential for cheese ripening (Dias et al., 2021). To date, no outbreaks related to the consumption of any Portuguese PDO cheese containing these microorganisms have been reported, further highlighting their importance in traditional Portuguese PDO cheese production (Rocha et al., 2023).

Regarding the fungal community in Portuguese PDO cheeses, the main genera encountered include Candida spp., Debaryomyces spp., Yarrowia spp., and Kluyveromyces spp. These microorganisms are typically found in the cheese rind, but they can also be present in the cheese matrix (OSullivan and Cotter, 2017). In the case of Candida and Debaryomyces, some studies suggest that these yeasts may enter the cheese through the salt used in traditional cheese manufacture (Cotter and Beresford, 2017). Yeasts influence all stages of cheese ripening, as they have the ability to ferment lactose, contribute to milk acidification, and perform lipolytic and proteolytic activities for texture and flavor development, as well as produce aromatic compounds for scent and flavor (Gonçalves Dos Santos et al., 2017). The influence of molds on cheese properties is less understood. While various molds are found in some types of surface-ripened cheeses like Brie or Camembert (Irlinger et al., 2017), in Portuguese cheeses, the presence of molds is mainly due to contamination.

Overall, apart from the diversity of the microbiota present in the milk, variations in manufacturing practices (e.g., ripening duration, temperature, and humidity conditions) also induce differences in the final product properties (Araújo-Rodrigues et al., 2022). Moreover, the dominance of LAB in the cheese microbiota plays a pivotal role in the organoleptic characteristics of cheeses regardless of the region or milk used for their production.




3 Integrating conventional microbiology and OMICs

To fully capture the intricate microbial ecosystem of traditional cheeses, it is crucial to employ both conventional microbiology and OMIC technologies. These complementary approaches provide a comprehensive understanding of the diverse microbial communities present in these cheeses.



3.1 Conventional microbiology

Conventional microbiological procedures encompass culture-dependent methods, which involve the growth and isolation of microbial populations utilizing selective media. Briefly, after collection the samples are processed by homogenization using an isotonic buffer on a stomacher blender, serial dilutions are prepared and plated in appropriate media. Media selection varies according to the targeted microbial groups, the most commonly used being Man, Rogosa and Sharpe (MRS) agar for total LAB, M17 for lactococci, Slanetz Bartley Agar (SBA) for enterococci, Mayeux, Sandine and Elliker Agar (MSE) for Leuconostoc spp., Rogosa Agar for lactobacilli, potato dextrose agar or Rose Bengal Chloramphenicol (RBC) for yeast and molds, Baird Parker agar for Staphylococcus spp. and Violet Red Bile Glucose Agar (VRBGA) for Enterobacteriaceae (Pinho et al., 2004; Câmara et al., 2017; Gonçalves et al., 2018; Dias, 2021; Rocha et al., 2023; Salamandane et al., 2024).

Subsequent identification relies on phenotypic characteristics, such as morphology and biochemical traits, as well as genotypic techniques such as species-specific PCR (Anastasiou et al., 2022) (Anastasiou et al., 2022). Over the years, numerous studies have been conducted to investigate the microbiota of PDO cheeses, as microbial communities undergo changes during various stages of ripening. Previous research has identified several groups of microorganisms, including bacteria, filamentous fungi (molds), and yeasts. Among these, LAB were found to be the most prevalent group of microorganisms (Freitas and Malcata, 2000), namely in Terrincho (Pinho et al., 2004), Picante (Freitas et al., 1996; Freitas and Malcata, 2000), Serra da Estrela (Rocha et al., 2023), Azeitão, Serpa (Gonçalves et al., 2018; Araújo-Rodrigues et al., 2020), Évora, Pico and São Jorge cheeses (Kongo et al., 2008).

Terrincho cheese has not been extensively studied however, some authors have shown that LAB are the most representative group of microorganisms, based on counts of colony forming units (CFUs), it was verified that Lactobacillus spp. and Lactococcus spp. showed levels of 109 CFU/g followed by Enterococcus spp. with numbers ranging from 107 to 108 CFU/g (Pinho et al., 2004; Pintado et al., 2008). In the study performed by Pinho et al (2004), Terrincho cheese microbiota was studied during ripening time, and the presence of yeasts and molds, Pseudomonas spp., coliforms and Staphylococcus spp. was assessed, with the latest ranging up to 104 CFU/g at the end of the ripening process. Coliform abundance was also studied, with numbers reaching 106 CFU/g after 60 days of ripening (Pinho et al., 2004). Pintado et al (2008) also assessed Terrincho cheese microbiota, and, once again, LAB were the predominant group. Lactococcus spp. and Lactobacillus spp., presented counts of around 109 CFU/g, while Enterococcus counts were lower, with numbers of ca 107 CFU/g. The presence of yeast and molds (~104–106 CFU/g), Pseudomonas spp., and Staphylococcus spp., were equally studied, and the numbers of the latest were concordant with the previous study, ranging from 104 to 105 CFU/g. Enterobacteriaceae were also in the order of 106 CFU/g (Pintado et al., 2008).

In the case of Beira Baixa cheese, which encompasses Amarelo, Picante, and Castelo Branco PDO cheese types, there have been only a few studies on their microbiota to date, to the best of our knowledge. Cardinali et al (2022) investigated the microbiota of Castelo Branco cheese and identified Lactococcus spp. and Lactobacillus spp. as the predominant microorganisms with CFUs counts ranging from 106–109 to 108–109, respectively (Cardinali et al., 2022). In the same study, Enterococcus spp. presence was also determined (104–106 CFU/g), as well as Enterobacteriaceae (10–104 CFU/g) yeasts and molds (10–104 CFU/g). In the study by Freitas et al. (1996), Picante cheese was examined, and once again, LAB was identified as the predominant group. Additionally, the presence of Enterobacteriaceae, Staphylococcus spp., yeasts, and molds was evaluated, with no molds found in the studied cheeses (Freitas et al., 1996).

Due to the limited availability of published papers on some traditional Portuguese cheeses, masters theses have been utilized over the years to characterize their indigenous microbiota. For Amarelo cheese, a masters dissertation conducted by Rodrigues (2023) reported similar results to those found in other Beira Baixa cheeses, with a predominance of LAB (ca 108 CFU/g). In terms of different genera, as this was a preliminary study with some limitations, the authors did not provide detailed information on that matter. Yeasts and molds were also detected, albeit in smaller quantities (ranging from 10 to 104 CFU/g) (Rodrigues, 2023). Potentially pathogenic microorganisms were also investigated: Salmonella spp. or Listeria monocytogenes were not found, but Pseudomonas spp., on the other hand, were present at levels ranging from 105 to 106 CFU/g (Rodrigues, 2023).

Rabaçal cheese is one of the lesser-studied PDO cheeses, and similarly to Amarelo from Beira Baixa, our review was based on masters dissertations. The study conducted by Dias et al. (2021) assessed the microbiota of Portuguese PDO cheeses, including the examination of Rabaçal microbiota in both the cheeses crust/rind and interior. The results align with studies conducted on other cheeses, with LAB being the predominant group of bacteria, with counts of approximately 108 CFU/g. Enterobacteriaceae, coliforms, and yeasts were also isolated in both the cheeses rind and interior, with counts of around 104 CFU/g. Staphylococcus spp. and molds were also detected, although in lesser quantities (ranging from 10 to 102 CFU/g) (Dias et al., 2021).

Serra da Estrela cheese is often regarded as a hallmark of Portuguese traditional PDO cheeses and has been the subject of numerous studies, employing both conventional microbiology and metagenomic approaches. Tavaria and Malcata have contributed with various articles on Serra da Estrela cheese. In a study conducted in 1998, the cheeses microbiota was analyzed, revealing that LAB counts increased throughout ripening and remained predominant until the end of the ripening period (60 days), representing 55.1% of the total microbiota (Tavaria and Malcata, 1998). Enterobacteriaceae and yeasts were the second most abundant groups, each representing 20.4% of the cheeses microbiota, with Staphylococcus spp. also being present, even though in lower percentages (4.1%) (Tavaria and Malcata, 1998). Another study by Tavaria and Malcata (2000) focused on evaluating the microbiota of Serra da Estrela cheeses manufactured in different years and geographic areas. LAB were identified as the main group of bacteria, with other less abundant groups such as yeasts and Staphylococcus spp. also isolated. Enterobacteriaceae were present, and their numbers were observed to decrease throughout ripening. This study also highlighted the influence of geographical location on the cheese microbiota (Freitas and Malcata, 2000). In another study by Dahl et al. (2000), the dominance of LAB throughout ripening was once again confirmed, even in longer ripening periods (duration assessed ranged from 60 to 180 days). Conversely, Enterobacteriaceae and yeast species showed a significant decrease throughout ripening (Dahl et al., 2000). More recent studies on Serra da Estrela cheese attest the prevalence of LAB over other groups of microorganisms with yeasts and molds being the less represented groups (Rampanti et al., 2023; Rocha et al., 2023). A 2024 study performed by Salamandane et al (2024), including PDO and non-PDO Serra da Estrela cheeses, showed a richer microbiota in PDO cheeses, with count numbers ranging from 106 to 109 CFU/g for Lactococcus and Enterococcus, ca 109 for Lactobacillus. E. coli and Staphylococcus were also found in counts around 103–105 and 104–105 respectively. Listeria monocytogenes and Salmonella were not found in any of the samples analyzed. These results highlight the diversity of microorganisms in fermented foods, particularly those with no selection of initial microbiota, as Portuguese PDO cheeses (Salamandane et al., 2024).

Studies on Azeitão and Nisa cheeses microbiota have also been conducted, primarily through masters dissertations. Baptista (2018) characterized the microbiota of these cheeses by analyzing cheeses manufactured in different dairies and different years. They found LAB counts ranging from 107 to 1010 CFU/g for Azeitão cheese and from 106 to 108 CFU/g for Nisa cheese. Specific counts of Lactococcus and Enterococcus were also assessed using selective media. In Azeitão cheeses, Lactococcus numbers ranged from approximately 107 to 1011 CFU/g, and Enterococcus counts ranged from 104 to 107 CFU/g. Nisa cheeses had Lactococcus counts of about 106–1012 CFU/g and Enterococcus counts of 104–105 CFU/g (Baptista, 2018). Another study conducted by MaChado (2020) assessed the presence of coagulase-positive Staphylococcus and Escherichia coli in Azeitão cheese. They found that unlike Staphylococcus counts, which decreased throughout the ripening period, E. coli counts increased (MaChado, 2020).

Regarding Évora cheese, a study by Dias et al. (2021) evaluated the cheese microbiota throughout ripening. Similarly to other cheeses, the majority of the microorganisms belong to the LAB group. At the end of ripening time (25 days), LAB counts were in the order of 107–108 CFU/g, while Enterococcus spp. showed levels of around 105 CFU/g and Enterobacteriaceae and yeasts were found in the same approximate range of counts 104–106 CFU/g (Dias et al., 2021).

Serpa cheese has undergone some studies regarding its microbial content (Roseiro et al., 2003; Gonçalves Dos Santos et al., 2017; Gonçalves et al., 2018). A study performed by Roseiro et al. (2003) identified LAB as the predominant group throughout ripening, with count numbers reaching 109 CFU/g. Molds, Listeria monocytogenes and coagulase positive Staphylococcus were not encountered, contrarily to E. coli and coliforms, that were found in numbers of around 105–106 CFU/g, having increased during ripening. The presence of yeasts was also acknowledged, reaching 103 CFU/g (Roseiro et al., 2003). Posterior studies, assessed the microbiological community, namely yeasts and bacteria, in different manufactures and seasons (winter and spring). Yeasts counts reached 106 CFU/g and were found to be higher in winter compared to spring (Gonçalves Dos Santos et al., 2017; Gonçalves et al., 2018). Regarding bacterial communities, concordantly to the study by Roseiro et al. (2003), LAB were the major constituents, with the following genus represented: Lactobacillus spp., Lactococcus spp., Leuconostoc spp. and Enterococcus spp. and found in numbers up to 1010 CFU/g. Enterobacteriaceae were shown to be in high numbers in winter (105–107CFU/g), but rather low in spring (10–104). E. coli was also present, as well as Staphylococcus spp. but in lower numbers (Staphylococcus spp. present only in spring) (Gonçalves Dos Santos et al., 2017; Gonçalves et al., 2018).

Moving to the Azores, Domingos-Lopes et al. (2017) performed the phenotypic identification of bacteria present in Pico cheese to the genus and species level: 56.1% of the total isolates were Lactobacillus spp., while 30.7% were identified as Enterococcus spp., 4.4% as Lactococcus spp., 3.5% as Leuconostoc spp. and 0.9% as Streptococcus spp (Domingos-Lopes et al., 2017). On the other hand, on a study performed by Câmara et al. (2017), Lactococcus spp. were the most abundant group at the end of the cheese ripening time (21 days), followed by Leuconostoc spp., Lactobacillus spp. and Enterococcus spp. Staphylococcus spp., and yeasts were also found, but no molds were detected (Câmara et al., 2017).

Kongo and colleagues performed some studies with São Jorge cheese throughout the years (Kongo et al., 2007, Kongo et al, 2008, Kongo et al, 2009). The main finding of these studies was that Lactobacillus is the predominant genera. The study performed in 2007, reveals that besides Lactobacillus, in the end of the cheese ripening time, Enterococcus spp. was the second most abundant group of microorganisms, followed by Pediococcus and Leuconostoc spp. Lactococcus species were also found in São Jorge cheese, but only in early stages of ripening (Kongo et al., 2007). A subsequent study in 2008 assessed the hygienic safety of this cheese by evaluating the presence of Enterobacteriaceae and Micrococcaceae. Some Klebsiella species were found, as well as E. coli and Staphyloccocus, while no Salmonella species were detected (Kongo et al., 2008). In another study performed in 2009, the second most prevalent group of microorganisms, after Lactobacillus spp. (107–108 CFU/g) found in this cheese were Lactococcus spp., with viable counts around 106–107 CFU/g, followed by Enterococcus spp. with 105–106 CFU/g. Yeasts and molds were also present in levels around 104 and 105 CFU/g, respectively. Moreover, the presence of Enterobacteriaceae was also assessed and observed in small quantities, around 102 CFU/g (Kongo et al., 2009).

In conclusion, lactic acid bacteria are undoubtedly the predominant group in all cheese types, although the most abundant genera may vary from cheese to cheese. Significant variations in cheese microbiota among dairies and seasons are also evident. All of the aforementioned information is summarized in Table 2.


Table 2 | Microbial communities of Portuguese PDO cheeses assessed by conventional microbiology and metagenomic approach.







3.2 OMIC technologies

While conventional microbiology remains fundamental and should be conducted concurrently, it presents several drawbacks, primarily due to its time-consuming nature, challenges in selecting suitable growth media and conditions, and the potential oversight of less abundant microorganisms that may be overshadowed by predominant ones. Additionally, the presence of viable but non-culturable (VBNC) microorganisms poses a significant challenge when employing culture-dependent techniques (Anastasiou et al., 2022; Araújo-Rodrigues et al., 2022). In contemporary times, the emergence of OMIC technologies has revolutionized the fields of food science and microbial ecology (Afshari et al., 2020). This new generation of culture independent techniques, like metagenomics, proteomics, metabolomics or transcriptomics, used individually or in integrative analysis, will undoubtedly shed light on the complex microbial ecology of traditional PDO cheeses.

Several reviews have described the importance and interest of studying the cheese microbiota, aiming to correlate microbial interactions with the quality and flavor of the final product (Sattin et al., 2016; Papademas et al., 2019; Afshari et al., 2020; Jiang et al., 2023). However, only a limited number of OMIC studies has been conducted on Portuguese traditional PDO cheeses, including lipidomics, volatilomics (Reis Lima et al., 2020; Inácio et al., 2023), and metagenomics (Riquelme et al., 2015; Rocha et al., 2021; Araújo-Rodrigues et al., 2022; Coelho et al., 2023).

Regarding the metagenomic analysis, to our knowledge, the following Portuguese PDO cheese have been studied using targeted metagenomics, directed to the 16S rDNA and/or 26S rDNA amplicons: Beira Baixa, Serra da Estrela, Azeitão, Serpa, Nisa, Pico and São Jorge cheeses. Moreover, a recently published report featuring Serra da Estrela cheese applied shotgun metagenomics (Salamandane et al., 2024).

In Beira Baixa cheese, specifically Castelo Branco, a survey of the microbial community was performed by Cardinali et al. (2022). The authors sequenced the V3–V4 regions of the 16S rDNA for bacterial and the 26S rDNA for fugal analysis, respectively (Cardinali et al., 2022). In brief, the authors tested three producers and found no significant differences the in terms of microbial content being the most prevalent species Lactococcus lactis and Lactiplantibacillus plantarum. In lower prevalence there was also Lacticaseibacillus zeae, Streptococcus thermophilus and Loigolactobacillus coryniformis (Cardinali et al., 2022). As for the fungal community, there were some differences detected within the different producers where Candida sake and Ustilago were the most prevalent in producer 1, Starmerella and Cladosposium variabile in producer 2 and C. variabile and Pichia kluyveri in producer 3 (Cardinali et al., 2022).

For Serra da Estrela PDO cheese, Rocha et al (2021), conducted a similar study of the cheeses microbial communities. The sequencing strategy was similar to the one applied to Beira Baixa cheese, so for the 16S rDNA the regions V3–V4 were selected and for the fungi community the Internal Transcribed Spacer 2 (ITS-2). In summary, from the 500 taxa identified, the authors appointed 30 as core taxa, present in all samples tested, including genus like Leuconostoc spp. and Lactococcus spp. for bacteria, and Candida spp., Debaryomyces spp. and Yarrowia spp. for fungi (Rocha et al., 2021). Another study by Rampanti et al. (2023) has also resorted to 16S rDNA sequencing of the region V3–V4 to analyze the microbial content of four producers of PDO Serra da Estrela cheese. Their metataxonomic analysis showed, once again, Lactococcus lactis as one of the most prevalent species, being detected in all cheese samples analyzed. Moreover, some species of Leuconcostoc were also identified (i.e. Leuconostoc mesenteroides and Leuconostoc sakei) as well as Enterococcus spp (Rampanti et al., 2023). The authors also conducted a survey on the cheeses mycobiota, verifying that this community of microorganisms could be dependent on each producer. They observed a wide variation in the fungal content of cheeses from different producers, likely due to different manufacturing techniques. Nevertheless, the authors performed detection of major and minor taxa. Among the major taxa, Debaryomyces hansenii, Starmerella, Vishniacozyma victoriae and Kurtzmaniella zeylanoides were detected. As for minor taxa it was detected Cladosporium variabile, Cutaneotrichosporon curvatus and Metschnikowia fructicola (Rampanti et al., 2023).

Still in Serra da Estrela cheese, a shotgun metagenomic approach was used to evaluate the microbiome, resistome and virulome, of both PDO and non-PDO cheeses (Salamandane et al., 2024). Briefly, the authors explored four different producers, two PDO producers (QG1/QG2 and QI1/QI2) and two non-PDO producers (QL1/QL2 and QT1/QT2). Regarding the cheeses microbiota, the authors observed a clear predominance of Leuconostoc mesenteroides throughout the different samples. As for the PDO specific microbiota, samples from both producers harbored Enterococcus durans, Kocuria salsicia, Glutamicibacter ardleyensis, Lactococcus lactis, Raoultella ornithinolytica, Lactobacillus coryniformis and Lactiplantibacillus plantarum. Contrarily, non-PDO cheeses showed higher diversity of associated species, even within samples from the same producer. Briefly, in QL1 and QL2 there was a predominance of Enterococcus durans while in QL2 the predominant species was Lactobacillus paraplantarum. Moreover, increased disparities were found in QT producers, with three predominant species, namely Lactococcus lactis, Lacticaseibacillus rhamnosus and Leuonostoc. Mesenteroides being associated with QT1, while QT2 samples showed a set of five predominant species: Lacticaseibacillus paracasei, Lacticaseibacillus rhamnosus, Lactiplantibacillus plantarum, Leuconostoc mesenteroides and Lactococcus lactis (Salamandane et al., 2024). Overall, this study further highlights the importance of using metagenomic approaches for the in depth clarification of the complex microbial ecosystem associated with traditional cheeses, either PDO or non-PDO.

In the case of Azeitão and Nisa cheeses, owing to the scarcity of metagenomic studies on the microbiotas communities, we turned to a masters dissertation where a metagenomic study was conducted to characterize the bacterial community (Baptista, 2018).

In brief, the authors studied PDO cheeses from 2016 to 2018 produced in these two regions, by sequencing the regions V1–V3 of the 16S rDNA for bacterial identification. In the analyzed cheese samples, Baptista (2018) identified over 22 different genera, mostly belonging to the LAB group. Throughout the different producers in both regions, the most prevalent genus was Lactococcus followed by Leuconostoc spp. and Lactobacillus. Moreover, concerning the microbial diversity of each producer in different years, some differences were observed in the relative abundance of the most prevalent genera. Additionally, in the less abundant genera, there was higher diversity, with some genera not being present in different years (Baptista, 2018).

PDO cheeses produced in Serpa have also been studied. In a study by Gonçalves Dos Santos et al. (2017), an analysis of the yeast community of Serpa PDO and non-PDO cheeses was conducted. In brief, sequencing of the 26S rDNA was performed for the ITS region and D1/D2 to enable identification at the species level. The authors assessed the diversity of the fungal community during different seasons (winter and spring) and verified that the most common fungal genera were Debaryomyces and Kluyveromyces. Moreover, the genus Galactomyces was also found, however its abundance varied within the different cheese factories (Gonçalves Dos Santos et al., 2017). Another study, also from the same research group, focused on the 16S rRNA sequencing of the V3–V4 regions, verifying a prevalence of the Lactococcus followed by Leuconostoc spp., Lactobacillus genus and Enterobacteriaceae family (Gonçalves et al., 2018).

To our knowledge, only one study has focused on the analysis of microbial communities in Pico cheese using metagenomics, specifically targeting the 16S rRNA sequencing of the V3–V4 regions. Riquelme et al. (2015), verified that the most prevalent microorganisms, (included in the dominant category defined by the authors), as core bacteria of Pico cheese were: Lactococcus, Streptococcus, Acinetobacter, Enterococcus, Lactobacillus, Leuconostoc spp., Staphylococcus, Panthoea and Rothia (Riquelme et al., 2015). Another study, also from the same research group used 16S rRNA gene sequencing for identification of autochthonous LAB from the Pico cheese, aiming to assess their technological potential. The most interesting species in terms of technological potential were Lactococcus lactis ssp. lactis, Lacticaseibacillus paracasei, Leuconostoc pseudomesenteroides and L. casei (Câmara et al., 2019).

Regarding the São Jorge PDO cheese a metagenomic study was performed by Coelho et al. (2023) focusing on next-generation sequencing (NGS) as a tool to distinguish PDO from non-PDO cheeses. The authors observed that certified cheeses were richer in Leuconostoc, Lactobacillus, and Enterococcus, whereas in the non-certified cheeses, there was a prevalence of Streptococcus followed by Lactococcus (Coelho et al., 2023).

Regarding the PDO cheeses Rabaçal, Terrincho, Évora, and Transmontano, to our knowledge, there is still no metagenomic data available.

Overall, the most commonly used strategy for metagenomic studies involves sequencing the 16S rDNA of the V3–V4 regions for bacterial characterization and the 26S rDNA of the ITS or D1/D2 regions for fungal characterization. From the information gathered in this section and Section 3.1, it is evident that an OMIC approach, combined with culture-dependent techniques, provides several beneficial aspects for studying PDO cheese microbiota. This approach not only helps assess the quality of the cheeses but also aids in distinguishing certified cheeses. However, to our knowledge, research in this field, particularly regarding Portuguese cheeses, is still limited. All of the above information is summarized in Table 2.





4 Conclusions

In conclusion, our review underscores the pivotal role of microbial communities in shaping the distinct characteristics of Portuguese traditional cheeses, including their flavor, texture, and safety profiles. By synthesizing findings from conventional microbiological studies and cutting-edge OMICs analyses, we have gained valuable insights into the complex dynamics of cheese microbiota. Our exploration of microbial composition, diversity, and functional roles across various PDO cheeses has revealed the significant contributions of the microbiota to cheese ripening, flavor development, and safety assurance. Moreover, our discussion highlights the potential of OMICs technologies, particularly metagenomics, in elucidating the intricate microbial ecosystems of these cheeses.

Through this integrative approach, we have attempted to unveil the secrets behind the rich heritage and distinctiveness of Portuguese traditional cheeses. By furthering our understanding of the interplay between microorganisms and cheese matrices, we pave the way for continued advancements in cheese production, quality assurance, and preservation of cultural heritage.
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