

  separations-11-00265




separations-11-00265







Separations 2024, 11(9), 265; doi:10.3390/separations11090265




Article



Determining Carbohydrates for Increasing Safety: GC-FID Quantification of Lactose, Galactose, Glucose, Tagatose and Myo-Inositol in ‘Maturo’ PDO Pecorino Sardo Cheese



Alessio Silvio Dedola 1, Marco Caredda 1, Margherita Addis 1,*, Giacomo Lai 1, Myriam Fiori 1, Massimo Pes 1, Andrea Mara 2 and Gavino Sanna 2,*





1



Agris Sardegna, Servizio Ricerca Prodotti di Origine Animale, Loc. Bonassai, 07100 Sassari, Italy






2



Dipartimento di Scienze Chimiche, Fisiche, Matematiche e Naturali, Università di Sassari, Via Vienna, 2, 07100 Sassari, Italy









*



Correspondence: maddis@agrisricerca.it (M.A.); sanna@uniss.it (G.S.)







Citation: Dedola, A.S.; Caredda, M.; Addis, M.; Lai, G.; Fiori, M.; Pes, M.; Mara, A.; Sanna, G. Determining Carbohydrates for Increasing Safety: GC-FID Quantification of Lactose, Galactose, Glucose, Tagatose and Myo-Inositol in ‘Maturo’ PDO Pecorino Sardo Cheese. Separations 2024, 11, 265. https://doi.org/10.3390/separations11090265



Academic Editor: Victoria Samanidou



Received: 1 August 2024 / Revised: 5 September 2024 / Accepted: 7 September 2024 / Published: 9 September 2024



Abstract

:

Although PDO Pecorino Sardo is one of the oldest traditional cheeses of Sardinia, Italy, data on its nutritional properties and food safety are lacking. In particular, significant amounts of lactose and galactose may be a health concern for consumers. The primary objective of this study is to quantify, using a validated GC-FID method, the residual lactose and galactose content in “maturo” (i.e., ripened for at least two months) Protected Denomination of Origin (PDO) Pecorino Sardo cheese. A statistically representative sampling from seven dairies distributed throughout Sardinia has been selected for this aim. In addition to lactose and galactose, two of their metabolites (i.e., glucose and tagatose, respectively) and a bioactive polyol like myo-inositol were quantified. The concentration of lactose (mean 26 mg kg−1, range 4–90 mg kg−1) was below the strictest limit set in the European Union (i.e., 100 mg kg−1), while the galactose content was found to be in an amount (mean: 76 mg kg−1, range: 10–200 mg kg−1) that even patients afflicted with severe galactosemia, albeit with some circumspection, could consume this cheese. Ripening (two to four months) had no significant effect on the amount of all analytes, while a slight decrease in galactose levels was observed during the manufacturing season. Finally, the amounts of glucose, tagatose, and myo-inositol are constant in the range of a few tens of mg kg−1.
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1. Introduction


Protected Designation of Origin (PDO) Pecorino Sardo is a traditional semi-cooked cheese from sheep’s milk produced in Sardinia, Italy [1]. It is available in two varieties: “maturo” (ripened for at least 2 months) and “dolce” (ripened between 20 and 60 days). The “maturo” variety, which has a richer historical background, represents 73.4% of the total PDO-certified production of Pecorino Sardo. Cheese contains various saccharides (lactose, galactose, glucose, tagatose, etc.) and polyols with structural similarities to glucose (myo-inositol) that are significant from nutritional, health, and technological perspectives [2,3,4]. During the initial cheese-making stage, lactose, the most abundant saccharide in milk, is fermented by starter lactic acid bacteria (LAB) into galactose and glucose. These monosaccharides are utilized by LAB to produce lactic acid and other metabolites. Lactic acid production is essential for curd acidification, facilitating syneresis and the proper progression of cheese ripening [5]. Lactose is not completely hydrolyzed during curd acidification, and its residual amount in fresh cheese depends on several factors, including the starter culture, which is crucial for lactose reduction.



Additional mechanical factors promoting syneresis also play a significant role [6]. As cheese ages, the residual lactose content typically decreases, making long-ripened cheeses naturally lactose-free [7]. Therefore, determining the residual content of these saccharides is crucial for ensuring that the product is suitable for lactose and galactose-intolerant individuals. Lactose is an important nutritional component, providing energy and aiding calcium absorption. However, about 70% of the global population suffers from lactose malabsorption [8] with an increasing prevalence in the Eurozone [9]. Lactose intolerance (LI) results from a deficiency in the enzyme lactase–phlorizin hydrolase (LPH), which is a β-galactosidase necessary for lactose digestion. Without sufficient LPH, lactose reaches the large intestine, where it is fermented by intestinal microorganisms, causing symptoms such as diarrhea, abdominal cramps, bloating, and flatulence as well as nausea, headaches, exhaustion, and skin rashes [10]. On the other hand, also the galactose from lactose hydrolysis can cause a severe disorder (galactosemia), resulting from deficiencies in enzymes of the Leloir pathway: galactose kinase, galactose-1-phosphate uridyltransferase, and galactose-4-epimerase uridinediphosphate. This deficiency leads to elevated plasma galactose levels, causing acute toxicity effects like weight loss, growth faltering, and severe liver impairment [11].



One solution for these issues is eliminating all sources of lactose and galactose, including milk and cheese, from the diet of affected individuals. This underscores the importance of assessing the content of these saccharides in products that are naturally lactose-free and galactose-free due to their production processes, thus allowing their inclusion in the diets of those with these conditions [12]. As a result, the market for lactose-free products has grown significantly in recent years, driven by consumer demand [13].



To meet the needs of people with LI, EU Regulation 1169/2011 [14] requires information on the presence of milk, milk derivatives, and lactose, which are included in the list of 14 allergens that must be declared in foods. However, claims regarding lactose content are not yet harmonized in the EU. Only EU Delegated Regulation 2016/127 [15] allows the claim “lactose-free” for infant formulae and follow-on formulae with a lactose content ≤ 10 mg on 100 kcal. No further EU legislation has been issued since then, although the European Food Safety Authority (EFSA) suggests that people with LI should avoid foods containing milk or lactose, aiming for a daily lactose intake of ≤25 mg on 100 kcal [16]. For individuals with galactosemia, the guidelines are much stricter, allowing the consumption of foods with galactose content ≤ 5 mg on 100 g and restricting those containing from 5 to 20 mg on 100 g [17]. On the other hand, international clinical guidelines also allow people with severe galactosemia to consume aged cheeses with a content of galactose less than 25 mg on 100 g [18], while the EFSA also suggests limiting the daily intake of lactose (as a galactose precursor) to less than 10 mg on 100 kcal for infants and less than 25 mg on 100 kcal for older infants, children, and adult patients [16]. The Italian Ministry of Health has issued guidelines [19,20] about the labeling of lactose in dairy products. The most recent directive stipulates that products with naturally reduced lactose due to inherent characteristics of their production processes may utilize the designation “naturally lactose-free” if their residual lactose content is lower than 100 mg on 100 g. This threshold is also established in Germany, Hungary, Slovenia, and Switzerland, whereas other countries, like Spain, Denmark, Estonia, Finland, Norway, and Sweden, have established tenfold lower limits [8].



Instead, tagatose and myo-inositol have both interesting nutritional properties. D-tagatose, generally recognized as safe (GRAS) in the United States, Australia, New Zealand, South Korea, Brazil, South Africa, and the European Union [21], provides health benefits like attenuating glycemic response [22] and preventing tooth decay. In addition, it has been demonstrated to promote the growth of probiotics with a preference for bifidobacteria and lactobacillus over enterobacteriaceae. Tagatose is naturally found in human milk, sterilized and powdered cow’s milk [23], and fermented dairy products like yogurt [24]. D-tagatose derives from galactose isomerization through a process facilitated by a phosphoenolpyruvate (PEP) lactose phosphotransferase system (PTS), which is commonly associated with a phospho-β-galactosidase system [25]. Myo-inositol, a typical component of living cells [26], is naturally present in milk [27] or in fermented dairy products [28]. It plays a pivotal role in neonatal nutrition [29,30].



The determination of saccharides in dairy products is typically conducted using chromatographic techniques, including gas chromatography (GC), high-performance liquid chromatography (HPLC), and their relevant hyphenation with mass spectrometers (MS) [31]. Each of these approaches has its own set of advantages and disadvantages. In summary, GC methods are typically more sensitive than HPLC methods. In the latter case, refractive index (RI) detectors are less sensitive than flame ionization (FID) detectors, whereas ultraviolet or fluorescence detectors are not suitable for the analysis of carbohydrates. The only high-sensitivity HPLC approach is the HPAEC-PAD (High-Performance Anion Exchange Chromatography-Pulsed Amperometric Detector) one, which is nevertheless less common in laboratories than a GC-FID instrument. In contrast to HPAEC-PAD methods, all GC-based methods invariably necessitate sample derivatization, which frequently represents a complex and time-consuming phase of the analytical procedure.



Recently, several GC-FID methods for determining the saccharide profile of milk and dairy products from Sardinia have been developed and validated [32,33,34]. One such method has been employed to analyze lactose and galactose in Pecorino Romano, which is a valuable PDO sheep’s cheese produced in Sardinia [34]. In that case, the quantity of both analytes was found to be below the most rigorous limits set by international organizations, ensuring the suitability of this cheese for consumption by patients suffering from either LI or galactosemia. Conversely, significant discrepancies in product specifications and cheese-making procedures raise concerns about the safety of PDO Pecorino Sardo for both consumer groups. It seems reasonable to posit that the “maturo” PDO Pecorino Sardo, rather than the “dolce” variety, would be more readily able to meet the requirements of a minimization of both the amounts of lactose and galactose. Accordingly, the objective of this study is to evaluate the amounts of lactose and galactose in the “maturo” PDO Pecorino Sardo sheep’s cheese with the aim of ascertaining its suitability for consumption by individuals with LI or galactosemia. To achieve this objective, a previously developed GC-FID method was adapted and validated for use on this matrix, and it was subsequently applied to a statistically significant number of samples of “maturo” PDO Pecorino Sardo from various zones of Sardinia Island. Furthermore, the GC-FID method was validated and applied to detect and quantify other minor sugars and polyols of potential interest in this matrix, like glucose, tagatose, and myo-inositol.




2. Materials and Methods


2.1. Samples


Forty-two wheels of “maturo” PDO Pecorino Sardo cheese from seven dairies belonging to the “Consorzio per la Tutela del Formaggio Pecorino Sardo DOP”, homogeneously distributed on the island of Sardinia (Figure 1), were sampled after two and four months of ripening.



The samples were also representative of the entire production season, which spanned from January to June. This period aligns with the seasonal availability of sheep’s milk. In addition to their geographical representativeness, the selected dairies are also representative of 77.5% of the total production of “maturo” PDO Pecorino Sardo cheese. All samples were produced in strict compliance with the product specification [35]. The production process of the “maturo” cheese is summarized in Figure 2, and details the macro-composition of Pecorino Sardo PDO cheeses have been reported on Table S1 on the Supplementary Materials.



Whole sheep’s milk from Sardinia is thermized and inoculated with autochthonous LAB starter cultures, which are also taxonomically related to the Streptococcus thermophilus species. Complete coagulation is achieved in about 40 min using calf rennet. The curd is then cut into 3–5 mm grains and semi-cooked at 41–43 °C. After shaping and sweating to allow acidification and draining of the whey, the cheese is salted, either in brine or dry salt, and then matured in controlled thermo-hygrometric conditions for at least two months. Sampling was carried out according to Larrajoz et al. [36]: two pieces from opposite ends of each cheese wheel are pooled and grated after discarding 1.5 cm of rind. Immediately after sampling, the grated samples are stored at −18 °C until analysis.




2.2. Chemicals and Reagents


Reagents (methanol, pyridine, heptane, trimethylsilylimidazole (TMSI) and trimethylchlorosilane (TMCS), all analytical grade) and chromatographic standards: D-lactose, purity 99.3% (mixture of α and β anomers); D-galactose, purity 99.5% (mixture of α, β and γ anomers); D-glucose, purity 99.5% (mixture of α and β anomers); D-tagatose, purity > 99% (mixture of α and β anomers); myo-inositol, purity ≥ 99.5%; and Internal Standard methyl-α-D-galactopyranoside, purity ≥ 99% were purchased from Merck (Milan, Italy). Ultrapure (Type 1) water (specific resistance 18 MΩ) was used throughout the analyses.




2.3. Sample Preparation and Instrumentation


Sample preparation was performed according to a method previously developed by this research group [34]. Briefly, the cheese sample was deproteinized by repeated extractions with a 40:60 (v/v) methanol/water solution. An aliquot of the extract was evaporated to dryness, then dissolved in pyridine, and later treated with a 2:1 (v/v) TMSI/TMCS silylation mixture. After silylation, the excess of silylating reagents was hydrolyzed with water, and the sample was dissolved in n.heptane for chromatographic analysis.



Gas chromatographic analysis was performed on a Varian 3900 gas chromatograph equipped with a split/splitless injector (Varian, Harbor City, CA, USA) and a Flame Ionization Detector (Varian, Harbor City, CA, USA). Chromatographic separation was performed on a Supelco Low Bleed SLB™—5 ms (Sigma Aldrich, Milan, Italy) capillary column (30 m × 0.32 mm × 0.25 μm). Helium was used as a carrier gas at 1 mL min−1 flow; injector split ratio: 1:10. Oven temperature was held at 50 °C for 2 min; then, it increased to 130 °C (heating rate: 10 °C min−1) and then to 300 °C (heating rate: 5 °C min−1); the temperature was held at 300 °C for 5 min, and then it was finally raised to 360 °C (heating rate: 30 °C min−1) and held for 5 min. Injector and detector temperatures were 300 °C. Data acquisition and integration were performed using the Star Chromatography Workstation 6.0 software (Varian, Harbor City, CA, USA). The entire chromatographic run lasts less than 40 min. Peak assignment in authentic cheese samples was performed both on a retention time basis and by spiking with each pure analyte. Quantification has been accomplished by using methyl-α-D-galactopyranoside as an internal standard, and figures from S1 to S10 report the calibration plots for all analytes taken into account in this study. Each sample was analyzed twice.




2.4. Statistic Analysis


The statistical package Minitab 16 (Minitab Inc., State College, PA, USA) was used to analyze the acquired data. The general linear model (GLM) procedure and Tukey test for multiple comparison of means were used to evaluate the effect of seven Sardinian dairies, production month and ripening time (p < 0.05).





3. Results and Discussion


3.1. Chromatographic Separation of the Analytes


Figure 3 shows the typical chromatograms obtained for the separation of a standard solution of all analytes (Figure 3a) and of a real sample (Figure 3b). Almost all peaks are satisfactorily resolved at the baseline level.




3.2. Validation


Validation of the method has been accomplished in terms of limit of detection (LoD), limit of quantification (LoQ), intermediate precision and trueness. Table 1 reports the relevant figures of merit.



The LoD and LoQ of all analytes have been achieved using the method 3.2.3.3 (based on the standard deviation of a linear response and a slope) proposed by the International Conference on Harmonization [37]. In essence, the LOD is equal to 3.3σ/S, where σ represents the standard deviation of the response and S is the slope of the calibration curve obtained through the analysis of samples with a concentration of the analyte close to the expected LOQ. Furthermore, the LOQ is equal to 10σ/S. Quantification limits always less than 10 mg kg−1 accounted for the good sensitivity of the method. The intermediate precision, measured in terms of CV% on fifteen measurements, has been obtained by analyzing the same cheese sample in physical triplicate over five different analytical sessions held over several weeks. Precision data, ranging between 10% (for glucose) and 15% (for galactose), are found to be acceptable according to Horwitz’s theory [38], providing always HorRat values below 1.5. Due to the lack of certified reference samples, trueness has been evaluated through recovery tests. Three aliquots of a real sample of Pecorino Sardo PDO have been spiked with known and increasing amounts of each analyte, whereas one further aliquot of that cheese has been kept unspiked. The GC-FID analyses performed of these samples accounted for quantitative recoveries for each analyte (criteria: two-tail t-test, p > 0.95). Furthermore, Table S2 report some linearity features for all analytes considered in this study. The validation figures proposed here are in good agreement with those previously reported by Monti et al. [39] for the HPAEC-PAD determination of lactose, galactose, and glucose in Grana Padano PDO cheese. Moreover, the trueness parameter reported here is in fair agreement with those reported by Shakerdi et al. [40] for the HPAEC-PAD determination of lactose and galactose in Cheddar and lactose-free cheeses.




3.3. Saccharides and Myo-Inositol in “Maturo” PDO Pecorino Sardo Cheese


Data relative to the amounts of the five analytes considered in “maturo” PDO Pecorino Sardo cheese samples at two months of ripening are summarized in Table 2, whereas the box plot reporting the content of all analytes in the sampling of Pecorino Sardo PDO cheese are reported in Figures S11–S15.



The average concentration of lactose in “maturo” PDO Pecorino Sardo cheese produced throughout the lactation period (from January to June) is 26 mg kg−1 (range from 4 to 90 mg kg−1, n = 42). These amounts are below the limit of 1 g kg−1 posed by the Italian Ministry of Health for the “naturally” lactose-free products [20] and the strictest EU regulations (i.e., below 100 mg kg−1) posed by Spain, Denmark, Estonia, Finland, Norway and Sweden. In addition, the average lactose content of “maturo” PDO Pecorino Sardo produced by five of the seven dairies considered in this study is below the limit of 10 mg kg−1, thus obtaining the Lfree® trademark [41], which identifies products whose lactose content can only be quantified using the most sensitive analytical methods. In any case, no statistically significant difference was observed between the average amounts of lactose in the two-month “maturo” PDO Pecorino Sardo cheeses produced by all the dairies considered in this study. The observed reduction in lactose content during cheese production and ripening can be attributed to several factors, primarily the metabolic activity of the bacteria in the starter culture, which utilize lactose as an energy source [6]. The presence of thermophilic bacteria such as Lactobacillus delbrueckii, Lactobacillus helveticus, and Streptococcus thermophilus in the starter culture (i.e., the so-called scotta-innesto, commonly used for this production) [42] plays a significant role in early lactose conversion [6]. Additionally, the product specification of Pecorino Sardo DOP does not exclude the possibility of using freeze-dried commercial starter cultures, consisting of native LAB species, which may include mesophilic ones like those belonging to the genus Lactococcus [43], characterizing, in the past, traditional productions of Pecorino Sardo and that contributes to lactose reduction even in later stages of ripening. The prevalence of mesophilic lactobacilli during the final stage of cheese ripening is contingent upon specific conditions, including low water activity and high salt concentration. Although mesophilic LAB such as enterococci or Lb. casei (that constitute the secondary microflora) were not identified in the scotta-innesto utilized in this cheese-making process, it is plausible that these bacteria entered the cheese from the surrounding environment and/or from the milk, as postulated by Mannu et al. [42], and that they contribute to the reduction in residual lactose, in the post-production stages and during ripening.



Secondary factors, including the removal of whey and changes in synergistic parameters (such as temperature, pH, and moisture) throughout the processing stage, also exert a pivotal influence on lactose reduction [6]. The combination of primary, secondary, and synergistic factors allows for the natural production of lactose-free hard and semi-hard cheeses, such as the PDO Pecorino Sardo. Therefore, in a manner analogous to that observed with other Italian PDO cheeses, the “maturo” Pecorino Sardo represents a dairy product that is entirely compatible with the nutritional requirements of individuals with lactose intolerance [6,34,44].



Unlike lactose, the amount of galactose significantly varies between dairies during the lactation period (p < 0.01). In this case, the galactose concentration ranged from 10 to 200 mg kg−1 with an average concentration of 76 mg kg−1 (n = 42). In any case, the amount of galactose measured in the “maturo” PDO Pecorino Sardo cheese of four out of seven dairies is consistently below the threshold of 50 mg kg−1 established by the most restrictive international recommendations [16,17]. Consequently, this cheese can be safely consumed even by patients with severe galactosemia. Such patients can also consume, with some caution, cheeses produced by the other three dairies, as they do not exceed the limit of 250 mg kg−1 set by the Galactosemia Network (GalNet) [18]. While the ability of LAB to utilize lactose is well documented, their capacity to metabolize galactose is more challenging to predict [45,46]. Indeed, numerous LAB species, including the majority of Streptococcus thermophilus and Lactobacillus delbrueckii ssp. bulgaricus strains, are galactose negative. Consequently, they are only capable of metabolizing the glucose moiety of lactose, resulting in the release of galactose into the extracellular medium [47]. This deficiency is associated with the absence of specific enzymes or galactose transport systems involved in its two metabolic pathways: the tagatose-6P pathway and the Leloir pathway [45]. The presence of excess galactose has been demonstrated to have adverse effects on the health of individuals with galactosemia. Additionally, it can lead to defects in cheese during storage, including browning due to the Maillard reaction and texture alterations resulting from CO2 production by some LAB species [46,48]. The low galactose content observed in “maturo” PDO Pecorino Sardo cheese may be attributed to the presence of LAB belonging to the genus Lactococcus, Lactobacillus helveticus, and Lactobacillus delbrueckii subspecies other than bulgaricus, which are capable of fermenting galactose [42,43]. However, it should be noted that this remains a hypothesis, as there are currently no studies that can provide a deep microbiological characterization of this cheese. Despite the relatively short ripening period (two months), the galactose concentration in “maturo” PDO Pecorino Sardo cheese is comparable to that observed in cheeses with a longer ripening period (over six months) [49]. Hence, the potential for the dietary inclusion of the “maturo” PDO Pecorino Sardo cheese is considerable, as it offers a means of providing galactosemia patients a source of essential nutrients, such as calcium, which is of paramount importance for maintaining optimal skeletal health [49].



Finally, glucose, tagatose, and myo-inositol are normally present in “maturo” PDO Pecorino Sardo cheese in concentrations ranging from a few units to tens of mg kg−1. These concentrations are not statistically different among the dairies.



Glucose, resulting from the hydrolysis of lactose, is metabolized in the initial stages of the fermentation process by LAB into phosphoenolpyruvate via glucokinase while generating adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide (NADH) primarily through glycolysis [50]. During this phase, the pentose phosphate pathway may also be active [51]. Subsequently, the enzyme lactate dehydrogenase reduces pyruvate to lactic acid, which is responsible for the reduction in pH of the cheese, facilitating coagulation and inhibiting the growth of undesirable microorganisms [52]. Among the limited number of studies that have quantified the residual glucose content in ripened cheeses, it is noteworthy that the low concentration of glucose observed in the “maturo” PDO Pecorino Sardo cheese, despite its short ripening time, is not significantly different from that observed in long ripened (9–23 months) hard cow cheeses such as Grana Padano [39].



Tagatose is a low-calorie sweetener (1.5 kcal g−1) with a sweetness level of 92% that of sucrose [53], which is only partially absorbed in the small intestine. Tagatose is an uncommon saccharide in cheese that is typically present in trace amounts. It may be formed by a number of metabolic pathways, the most representative of which is the “tagatose pathway.” This pathway begins with galactokinase, which converts galactose into galactose-1-phosphate. This intermediate can then be isomerized to tagatose-1-phosphate by means of galactose-6-phosphate isomerase [54]. Ultimately, tagatose-1-phosphate may undergo partial dephosphorylation, resulting in the generation of free tagatose.



The quantity of myo-inositol commonly present in “maturo” Pecorino Sardo cheese was comparable to that observed in cow’s milk (ranging from 20 to 40 mg dm−3). This finding is consistent with those of Idda et al. [32] and Troyano et al. [55]. The presence of myo-inositol in milk and dairy products may have multiple origins. An endogenous pathway through the mammary gland allows for the presence of free inositols in the environment as naturally occurring bioactive components of living cells. Myo-inositol is recognized as a lipotropic nutrient due to its role as the precursor of phosphatidylinositol [4,26]. Another pathway involves the metabolism of certain LAB, such as Lactobacillus plantarum, which can produce inositol through biosynthetic genes encoding a series of enzymes required for inositol biosynthesis [56].




3.4. Influence of the Seasonality


Table 3 provides evidence of the behavior of the five analytes measured in two-month ripened cheese samples produced from the seven dairies in January, April, and June, respectively.



Data reported in Table 3 accounted for no statistical differences in the concentration of lactose, glucose, tagatose, and myo-inositol measured in “maturo” PDO Pecorino Sardo cheese produced during the whole lactation year. In particular, the lactose concentration remains always below the thresholds for “naturally” lactose-free products. Conversely, the galactose concentration presents a statistically significant peak of concentration (p < 0.01) in cheeses produced in January, although all samples remain well below the limit of 250 mg kg−1 fixed by GalNet guidelines. The data obtained support the reaching of a good level of standardization for the production process of this cheese.




3.5. Influence of the Ripening Time


The results obtained for the PDO Pecorino Sardo cheese, ripened for two months, demonstrated a satisfactory level of safety concerning both lactose-intolerant and galactosemic patients. However, to further ensure optimal quality and food safety, the concentration of the five analytes was monitored for an additional two months of ripening. Table 4 presents a comparison of the concentrations of lactose, galactose, glucose, tagatose, and myo-inositol in PDO Pecorino Sardo cheese samples that were ripened for two and four months, respectively.



No statistically significant change in the concentration of any analyte was observed as a function of the additional maturation period undergone by the PDO Pecorino Sardo cheese.





4. Conclusions


A validated GC-FID method was employed to determine the concentrations of lactose and galactose in a statistically representative sampling of “maturo” PDO Pecorino Sardo cheese. The cheese samples were obtained from various dairy farms along Sardinia and collected at different stages of the milk production process as well as at varying lengths of ripening time. The cheese was found to contain low levels of lactose that were consistently below the strictest limits set by some countries of the European Union. This resulted in its classification as naturally “lactose-free” after a mere two months of ripening, which is a designation that allows for its free consumption by individuals with lactose intolerance. Furthermore, the low levels of galactose identified in this study indicate that this cheese can be consumed moderately by individuals with a severe form of galactosemia. In addition, glucose, tagatose, and myo-inositol were quantified in all samples. These analytes were found to be present at low concentrations, typically in the range of a few tens of mg kg−1. The satisfactory homogeneity of the analytical data obtained supports a good level of standardization of the cheese-making process used by all dairies according to the product specification. These findings permit the expansion of the consumer base for “maturo” PDO Pecorino Sardo cheese and establish a foundation for analogous studies on “dolce” PDO Pecorino Sardo cheese which, having a shorter ripening time than the “maturo” type one (less than two months), could have a higher residual content of carbohydrates. Nevertheless, a more profound comprehension of the cheese’s microflora and the mechanisms governing both lactose and galactose metabolic pathways during ripening is essential to fully elucidate these results. As a future perspective, this analytical method could be used to determine the residual content of carbohydrates in Fiore Sardo PDO cheese, which is an artisanal product from raw sheep milk obtained following a different technological process than Pecorino Sardo and Pecorino Romano cheeses.
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Figure 1. Geographical distribution of the 7 dairy farms producing “maturo” PDO Pecorino Sardo cheese. 
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Figure 2. Typical cheese-making process of “maturo” PDO Pecorino Sardo cheese. 
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Figure 3. Chromatogram portion of the trimethyl silyl ethers of a standard mixture of all analytes (a) and of the trimethyl silyl ethers of the mono- and disaccharides identified in 2 month-aged “maturo” PDO Pecorino Sardo cheese sample (b). Peak attribution: 1, γ-D-galactose; 2, methyl-α-D-galactopyranoside (internal standard, IS); 3, α-D-tagatose; 4, α-D-galactose; 5, β-D-tagatose; 6, α- D-glucose; 7, β-D-galactose; 8, β-D-glucose; 9, myo-inositol; 10, α-D-lactose; 11, β-D-lactose. 
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Table 1. Validation parameters of the GC-FID method aimed to quantify the analytes in “maturo” PDO Pecorino Sardo cheese.






Table 1. Validation parameters of the GC-FID method aimed to quantify the analytes in “maturo” PDO Pecorino Sardo cheese.





	

	

	

	
Intermediate Precision a

	
Bias b




	
Analytes

	
LoD (mg kg−1)

	
LoQ (mg kg−1)

	
CVIp (%)

	
HorRatIp

	
Recovery (% ± SD c)






	
Lactose

	
0.3

	
1.0

	
12

	
1.3

	
97 ± 4




	
Galactose

	
0.8

	
2.6

	
15

	
1.4

	
96 ± 6




	
Glucose

	
0.4

	
1.3

	
10

	
1.1

	
93 ± 4




	
Tagatose

	
0.7

	
2.3

	
13

	
1.3

	
99 ± 6




	
Myo-inositol

	
0.45

	
1.5

	
14

	
1.4

	
100 ± 3








(a) measures performed in physical triplicate over five different analytical sessions; (b) recovery tests, have been performed in duplicate; (c) SD = standard deviation.













 





Table 2. Mean amounts (in mg kg−1) of lactose, galactose, glucose, tagatose, and myo-inositol in “maturo” PDO Pecorino Sardo after two months of ripening produced in seven Sardinian dairies along the whole lactation year (January–June).






Table 2. Mean amounts (in mg kg−1) of lactose, galactose, glucose, tagatose, and myo-inositol in “maturo” PDO Pecorino Sardo after two months of ripening produced in seven Sardinian dairies along the whole lactation year (January–June).





	

	
Dairies

	
SEM

	
p




	
Analytes

	
A

	
B

	
C

	
D

	
E

	
F

	
G






	
Lactose

	
90

	
4

	
5

	
4

	
8

	
70

	
5

	
10

	
NS




	
Galactose

	
80 ab

	
40 ab

	
160 ab

	
20 ab

	
10 b

	
200 a

	
20 ab

	
20

	
**




	
Glucose

	
9

	
15

	
21

	
25

	
18

	
49

	
26

	
4

	
NS




	
Tagatose

	
9

	
25

	
24

	
2

	
10

	
52

	
3

	
5

	
NS




	
Myo-inositol

	
40

	
35

	
38

	
34

	
47

	
47

	
50

	
2

	
NS








N = 6; SEM, standard error of the mean. a, ab Means in the same row with different superscript letters are statistically different. NS, not significant. **, p < 0.01.













 





Table 3. Mean concentrations (in mg kg−1) among seven dairies of lactose, galactose, glucose, tagatose and myo-inositol measured in “maturo” PDO Pecorino Sardo produced in January, April, and June after two months of ripening.
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Production Month

	
SEM

	
p




	
Analytes

	
January

	
April

	
June






	
Lactose

	
30

	
20

	
30

	
10

	
NS




	
Galactose

	
140 a

	
50 b

	
30 b

	
20

	
**




	
Glucose

	
26

	
20

	
24

	
4

	
NS




	
Tagatose

	
14

	
24

	
15

	
5

	
NS




	
Myo-inositol

	
42

	
43

	
40

	
2

	
NS








N = 14; SEM, standard error of the mean. a, b Means in the same row with different superscript letters are statistically different. NS, not significant. **, p < 0.01.













 





Table 4. Mean concentrations (in mg kg−1) among seven dairies of lactose, galactose, glucose, tagatose and myo-inositol measured in “maturo” PDO Pecorino Sardo produced along the whole lactation after two and four months of ripening.
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Ripening Time

	
SEM

	
p




	
Analytes

	
Two Months

	
Four Months






	
Lactose

	
30

	
20

	
50

	
NS




	
Galactose

	
100

	
100

	
100

	
NS




	
Glucose

	
20

	
20

	
20

	
NS




	
Tagatose

	
20

	
10

	
30

	
NS




	
Myo-inositol

	
42

	
38

	
12

	
NS








N = 14; SEM, standard error of the mean. NS, not significant.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) li