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Abstract

:

The present research shows a robust isotopic ratio characterization of Carbon-13 (δ13CVPDB) in congeneric compounds such as methanol, n-propanol, isoamyl alcohol, ethyl lactate, ethyl acetate, ethanol, and acetaldehyde in representative samples (n = 69) of Tequila 100% agave silver class (TSC), employing gas chromatography/combustion/isotope-ratio mass spectrometry (GC/C/IRMS). From the information obtained, the construction of a radial plot attributable to the isotopic fingerprint of TSC was achieved. With this information, a diagnostic test was designed to determine the authenticity of TSC, comparing alcoholic beverages from other agave species as non-authentic samples. The sensitivity of the test was 94.2%; the specificity was 83.3%. Additionally, non-authentic samples were analyzed that meet all the criteria established in the regulations. The results obtained show that the GC/C/IRMS analytical technique and designed diagnostic test are useful as auxiliary parameters to determine the authenticity of the beverage, thus managing to determine the adulteration or falsification of the product.
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1. Introduction


Tequila is an alcoholic beverage prepared from the distillation of musts of Agave tequilana Weber blue variety [1]. According to historical data from the Tequila Regulatory Council (CRT for its acronym in Spanish), sales records are broken annually in Mexico and the world, evidencing the importance of the beverage in the markets. Because of the success of the beverage, unfair practices have been detected where the presence of adulterants or counterfeit beverages are highlighted, as has happened with other successful alcoholic beverages [2,3]. According to recent studies, it has been appreciated that the realization of these illegal practices has proved to be one of the great obstacles to covering the supply chain of Tequila, because they have caused health problems for the consumer; in addition, there is an impact on the image, which represents an economic loss in terms of beverage sales [4,5].



With the purpose of safeguarding the quality and authenticity of Tequila and its production process, a permanent inspection process is carried out by the CRT to ensure the agave–Tequila production chain. With the objective of safeguarding the Tequila beverage, several research groups have focused on implementing analytical techniques that allow for auxiliary methods in quality controls, which can be mainly classified into three groups: chromatographic [6,7,8,9,10,11], spectroscopic [12,13,14,15,16,17], and electronic [18,19]. Some of these have already been implemented in other alcoholic beverages such as wine, for example, the fractionation of natural isotopes of a specific site studied by nuclear magnetic resonance (SNIF-NMR) [20,21].



Nevertheless, the use of GC/C/IRMS stands out since it has been shown that it is possible to determine robust analytical parameters, which can be helpful as auxiliary parameters for inspection processes [9,22,23,24]. However, there is still a need to strengthen the technique to be able to discriminate Tequila from other alcoholic beverages prepared from other agave species (Mezcal, Sotol, Bacanora, and Raicilla), since these agave species belong also to the Crassulacean Acid Metabolism and share similarities in their morphological aspects and chemical compounds that enrich product such as fructans [25,26], but according to the specifications established in the Official Mexican Standard NOM-006-SCFI-2012 the only plant used for Tequila production must belong to the agave species of Agave tequilana Weber blue variety. For this reason, it is important to establish a diagnostic test capable of distinguishing and discriminating between Tequila 100% agave silver class, non-authentic beverages, and alcoholic beverages produced from other species of agave different from tequilana Weber blue variety in order to ensure the authenticity of the beverage.



Due to the above, the present research proposes the use of gas chromatography coupled with isotopic ratio mass spectrometry to determine δ13CVPDB values of the molecules that are congeneric compounds in the beverage as an auxiliary method to determine the authenticity of the beverage (methanol, n-propanol, isoamyl alcohol, ethyl lactate, ethyl acetate, ethanol, and acetaldehyde). For this purpose, the characterization of representative samples of Tequila 100% agave silver class produced in the territory that grants the Appellation of Origin of Tequila (DOT for its acronym in Spanish) in the Mexican Official Standard NOM-006-SCFI-2012 will be carried out. From the experimental data, radar plots (isotopic fingerprint) were built and contrasted against representative samples of Mezcal, Sotol, Bacanora, and Raicilla.




2. Materials and Methods


2.1. Samples


We had the objective of analyzing samples of Tequila 100% agave silver class from all producers in the Appellation of Origin of Tequila. Stratified sampling was used to divide the number of samples based on the active Tequila producers. We had the support of CRT in requesting random samples of Tequila 100% agave beverage from different Tequila companies (n = 69) located in Guanajuato, Michoacan, and different regions of Jalisco state (Valles, Altos Sur, Cienega, and Centro), as shown in Table 1. In addition, it is important to highlight the economic impact of other alcoholic beverages obtained from another species of Agave tequilana Weber blue variety. Therefore, to assess the sensitivity and specificity of the isotopic fingerprint, an analysis was performed with: Mezcal (22 samples), Bacanora (8 samples), Sotol (2 samples), and Raicilla (4 samples). Different producers provided all the beverages to the Isotope Laboratory of the CRT for research purposes.




2.2. Determination of the Isotopic Ratio of Carbon 13 in Congeners Present in Tequila 100% Agave Silver Class


Firstly, to determine the isotopic ratios, a gas chromatograph (Thermo Scientific, Waltham, MA, USA), model Trace 1310 was used. To carry out the separation of compounds, a DB-Wax column (stationary phase of polyethylene glycol, 60 m long, 0.25 mm internal diameter and 0.25 μm thick) was used. The autosampler was set up using a 10 μL syringe with an injection volume of 1 μL in split mode with a split ratio of 1:40. The temperature at the injection port was 200 °C. During the experimental run, a carrier gas flow of 1.2 mL min−1 was maintained. After that the eluted compounds enter the combustion cell and the gases enter the IRMS in a continuous process using a spectrometer Thermo Scientific Model Delta V Plus. The operating conditions of the GC/C/IRMS analyses are presented in Supplementary Table S1.



In Supplementary Material, there can be found the information with respect to reagents and gases used in the systems for analytical measurements. Results were expressed in parts per mil (‰) by a normalization of the results obtained from the reference gas previously standardized with respect to an international reference VPDB (Vienna Pee Dee Belemnite). The relative difference of isotope ratios (isotope-delta values) was obtained by Equation (1).


    δ (   i / j   E ) =   δ   i / j   E =         i / j    R p  −       i / j    R ref          i / j    R ref       



(1)




where iE denotes the higher (superscript i) and jE the lower (superscript j) atomic mass number of element E. According to the previous reference, the values for δ13CVPDB were obtained from Equation (2):


    δ   13     C   V P D B   =       (       13   C /       12   C )   s a m p l e       (       13   C /       12   C )   s t a n d a r d   V P D B     − 1    



(2)







To provide certainty to the measurements, a strict quality control is maintained within the laboratory to guarantee the reliability of the results.



All samples were analyzed by triplicate, and it was established that standard deviation of the reference was ≤0.2‰ and for the samples ≤ 1.8‰. Likewise, the value of the linear correlation for the normalization curve must be greater than 0.99.




2.3. Quantitative Analysis of Problem Samples


Based on the official methodology established in the NMX-V-005-NORMEX-2018, congener compounds were analyzed (aldehydes, esters, higher alcohols, and methanol). An Agilent 7890 B gas chromatograph (Agilent Technologies, Boston, MA, USA) with a flame ionization detector and automated sampler with capillary injection was used. An Agilent J&W DB-WAX UI 60 m by 0.25 mm and 0.25 µm column was used with a backflush system. The furnace was programmed for 3 min with a temperature ramp starting at 37 °C. After that, a constant increase of 3 °C min−1 occurred until a temperature of 80 °C was reached and held for 1 min. Then, increases of 15 °C min−1 occurred until 160 °C was reached and held for 3 min. Then, an increase of 50 °C min−1 occurred until 220 °C was reached, and it was kept constant for 4 min. In all the samples analyzed, nitrogen was used as a gas carrier at a volumetric flow rate of 1.3 mL min−1 and was injected into a sample volume of 1.0 µL in a split ratio of 49:1 (split mode). Lastly, the adjustment was set to 220 °C for the injection and detection temperatures. A typical GC/C/IRMS chromatogram of a sample of Tequila 100% agave silver class is presented in Supplementary Figure S1.




2.4. Statistical Analysis


STATISTICA 10.0 software (StatSoft, Palo Alto, CA, USA) was used to analyze the experimental data. The descriptive statistics analysis was performed by determining the mean, standard deviation, quartiles (lower and higher), median, coefficient of variation, range, and minimum and maximum values recorded for δ13CVPDB of each congener studied. Additionally, a one-way analysis of variance (ANOVA) was employed to determine the existence of statistically significant differences between the means of the groups (Tequila 100% agave silver class, Mezcal, Bacanora, Raicilla, and Sotol) using a significance level of 95%.



The auxiliar diagnostic test to determine the authenticity of the beverage was performed by determining the δ13CVPDB of each of the congeners studied (methanol, n-propanol, isoamyl alcohol, ethyl lactate, ethyl acetate, ethanol, and acetaldehyde). The values obtained were contrasted against the maximum and minimum limits established by the standard deviation of each test. In case the value was within the established limits, a value associated with the coefficient of variation (C.V.) was assigned. On the contrary case, the assigned value corresponded to 1-C.V. Once the value corresponding to each of the congeners was assigned, a final score was obtained for the sample by multiplying all the values. Finally, this score is used to determine if the evaluated samples correspond (positive diagnostic) or not (negative diagnostic) to Tequila 100% agave silver class, which was evaluated using the Receiver Operating Characteristic (ROC curve) statistical method.





3. Results


3.1. Statistical Analysis


Table 2 shows the statistical analysis realized in the experimental data obtained from the Tequila 100% agave silver class samples. It can be observed that the data for acetaldehyde (Figure 1a), ethyl acetate (Figure 1b), methanol (Figure 2a), and ethanol (Figure 2b), have a behavior that fits to a normal distribution, with values of a coefficient of variation less than 10% with a mean value at −15.7‰, −15.3‰, −24.8‰ and −12.9‰, respectively. Among them, the values obtained for ethanol and methanol stand out because their values can be associated with the agave plant used in beverage production, so these parameters can be considered to be broadly representative of the universe of samples studied.



The values obtained of δ13CVPDB in the ethanol complements satisfactorily previously reported studies, where it has been shown that the values are representative of the plant used as a source of sugar in alcoholic fermentation (agave), which corresponds to a plant of the CAM (Crasulacean Acid Metabolism) group that represents with a particular photosynthesis process for CO2 atmospheric fixation due to a combination from Calvin and Hatch Slack cycles [23,24].



To the above, the presence of this congener in Tequila is considered a priority, within the range of δ13CVPDB reported here, to declare a Tequila 100% agave silver class as an authentic beverage, so its criteria within the evaluation of authenticity must be stricter for the rest of the congeneric compounds.



Additionally, the values of δ13CVPDB in the methanol can be attributed to the agave plant species used. Supplementary Figure S3 provides information in this regard, it is observed that there are significant differences (p < 0.05) between Tequila (−24.8‰ in average), Sotol (−35.14‰ in average), Mezcal (−23.19‰ in average) and Bacanora (−27.7‰ in average). It is proposed that during the hydrolysis stage the generation of methoxy groups (-O-CH3) occurs, which are the precursor of methanol, due to the thermal treatment of agave pectins. The methoxy groups are strongly bound to a vegetal matrix (R), during the thermal treatment demethoxylation, and consequently methanol formation occurs, which remains in the liquid or is transferred to the vapor phase (Equation (3)):


  R − O − C   H   3    →  ∆   R + C   H   3   − O   H     s o l u t i o n     + C   H   3   − O   H     s t e a m      



(3)







The most negative of δ13CVPDB values may indicate that methoxylated groups are present in diverse forms inside the vegetal structure (dependent on agave species), some of which are recalcitrant to thermal treatment [27]. Supplementary Table S2 presents the different species of agaves used to produce each of the beverages. In summary, Mezcal is produced from approximately 14 different types of agaves, corresponding to all the species of agave found within the territory of the Mezcal appellation of origin, which covers 13 states [28]. Sotol is produced from an endemic agave called Dasylirion wheeleri, native to the states of Durango, Chihuahua, and Coahuila [29]. Bacanora is a beverage native to the state of Sonora and produced from the Agave angustifolia Haw [30]. Finally, the Raicilla is native to Jalisco state, prepared from any agave grown within its appellation of origin area, and unlike Tequila, it must be made from 100% agave, and additional distillations with a variety of ingredients are allowed for the presence of various flavors, which can be added directly [31].



On the other hand, δ13CVPDB values for n-propanol (Figure 2c), isoamyl alcohol (Figure 2d), and ethyl lactate (Figure 1c) tend to have a normal distribution with a value that has a positive trend, with centered means at −11.7‰, −6.5‰ and −10.7‰, respectively. Consequently, these compounds have higher values in their variation coefficients (>20%), and this effect its related to Tequila 100% agave production processes. It is proposed that these variations could be due to the fermentation and distillation stages, due to the fact that each company possesses yeast strains and specific operational parameters to grant unique organoleptic properties to their products [32,33,34,35,36,37]. These differences can also be observed when comparing the values of Tequila against alcoholic beverages produced from other agave species. Unlike the production of Tequila, the production processes of Mezcal, Sotol, Raicilla, and Bacanora follow artisanal practices, highlighting the stages of cooking, fermentation, and distillation [33,38,39,40].



For the cooking stage, the agave heads are placed inside a hole dug in the ground, where they are cooked (hydrolysis) for approximately 48 h. In artisanal processes, the fermentation stage is carried out without a strict control since it happens spontaneously in casks exposed to the environment for 4 to 5 days, with low ethanol yields and a non-physicochemical enriched product of volatile organic compounds. Although this process is also used in some Tequila companies, this practice can be considered mostly used for beverages produced from other agave species than tequilana Weber blue variety [41]. Finally, the distillation stage is carried out in batches, leaving this process to the discretion of the supervisor (commonly called “vinatero”) [42], which are chosen by visual contrast when it is observed on the surface bubbles that can burst. Due to the above, the values of δ13CVPDB in the molecules of n-propanol, isoamyl alcohol, and ethyl lactate present significant differences with respect to Tequila. This concludes that variations of these congeners must be reviewed with less strict criteria than those established for ethanol, methanol, and ethyl acetate, as detailed in the next section.




3.2. Linear Discriminant Analysis


To determine if it is possible to classify samples belonging to different groups (Tequila, Mezcal, Sotol, Bacanora and Raicilla), a Fisher Linear Discriminant Analysis was performed. During the analysis, 30 samples were excluded due to the loss of at least one discriminant variable, that is, the presence of all the congeners studied was not detected in the excluded samples. Due to the above, the analysis was carried out with 75 samples.



Based on the information obtained, the combined intragroup correlations between the variables and the typified canonical discriminant functions were obtained. Based on this information, the congeners that have the greatest weight to classify each beverage were determined (Table 3). In the case of Tequila, the congeners that have a higher absolute correlation are methanol (0.415) and ethyl acetate (0.717), while in the case of Mezcal they are ethanol (0.470) and isoamyl alcohol (0.635); finally, for Bacanora they are isoamyl alcohol (0.633) and n-propanol (0.760). It is important to highlight that since there were not enough cases of Sotol and Raicilla, they could not be evaluated.



The graphic representation of the classification of the analyzed samples is presented in Figure 3. It is observed that the discriminant functions obtained are not capable of classifying the analyzed beverages since in the case of Bacanora and Mezcal the analyzed samples can be classified as 100% Tequila agave, without being. Therefore, the use of new chemometric strategies becomes essential to determine the authenticity of the beverage.



Based on the previous chemometric analysis, it was defined that the molecules of ethyl acetate, methanol, n-propanol, isoamyl alcohol and ethanol correspond to the congeners that have the greatest weight to classify each beverage. Considering the above, the radar plot presented in Figure 4 was constructed, representing the isotopic fingerprint of Tequila 100% agave silver class, defined from the average values of δ13CVPDB of the molecules of ethyl acetate, methanol, n-propanol, isoamyl alcohol, and ethanol. The dashed lines represent the acceptance range of two standard deviations.



The isotopic fingerprint of the beverage (Figure 4) was used to study significant differences between the Tequila 100% agave silver class against selected samples of alcoholic beverages produced from varieties of agave plants different from the tequilana Weber blue variety (Mezcal, Bacanora, Raicilla, and Sotol), the respective fingerprints of which are presented, for comparison, in Figure 5.



The δ13CVPDB values were evaluated for all congeners, which do not present significative differences with respect to Tequila values (p > 0.05; see Supplementary Figures S2 and S3), which is to be expected due to the fact that these beverages are produced from different agave species (Mezcal: Agave angustifolia Haw, Agave esperrima Jacobi, Agave weberi Cela, Agave potatorum Zucc, and Agave salmiana Otto Ex Salm SSP Crassispina (Trel) Gentry; Bacanora: Agave angustifolia Haw; Raicilla: Agave maximiliana, Agave inaequidens, Agave valenciana, Agave angustifolia, and Agave rhodacantha), all of which belong to the CAM metabolism group and have the same photosynthesis process for CO2 fixation. Nevertheless, a particular case has been seen in ethyl acetate to compare Tequila against Sotol and Raicilla, where significant differences were seen (p < 0.05; see Supplementary Figure S3). From this, it is possible to conclude that with a comparison of the values of δ13CVPDB from the ethyl acetate compound of Tequila 100% agave (average of −15.30‰), in contrast with Mezcal (average of −14.16‰), Bacanora (average of −16.47‰), Raicilla (average of −10.61‰), and Sotol (average of −21.28‰), such results are attributable to the fermentation process due to the yeast strains and conditional parameters used in its production [43]. The proposal for the δ13CVPDB values is more negative in this congener due to the operating conditions in the fermentation stage. It has been evidenced that several operation conditions can affect the physicochemical profile of the beverages, such as pH, temperature, nutrients, and kind of yeast [11,32,42,44]; among them, the type of yeast stands out, which has been shown to be the one that has the most influence in producing this congener [45]. In such a way, the production of ethyl acetate can be related due to the type of yeast and plants used, due to the fact that there is a complex amount of nutrients that enhance fermentation according to its concentration, such as sugars, amino acids, fatty acids, and micronutrients, which impact the fermentation process.



It is important to denote a particular case that has been seen when the isotopic fingerprint of Tequila 100% agave was compared with Sotol (Figure 5d). Significant differences were appreciated (p < 0.05; see Supplementary Figures S2 and S3) for most congeners studied, highlighting that the value of δ13CVPDB for ethanol (−11.95‰) is attributable to the agave plant used for the Sotol production (Dasylirion wheeleri agave), which presents CO2 due to a reaction catalyzed by the enzyme phosphoenolpyruvate carboxylase (PEP-carboxylase), and the first products from CO2 fixation are four-carbon dicarboxylic acids (aspartic, oxaloacetic, and malic), which can be considered as C3 plant related to δ13CVPDB values near −10‰ [46,47].



Finally, as part of the statistical analysis of the data, radar plots (isotopic fingerprints) were constructed for each of the analyzed regions (Figure 6); it is highlighted that there are no significant differences between regions (p > 0.05; see Supplementary Figures S4 and S5), evidencing that the production processes of the entire western region granted by the DOT present high-quality standards in the final product.




3.3. Auxiliar Diagnostic Test to Determine the Authenticity of the Beverage


To consider the above information, it is concluded that the use of a single value of δ13CVPDB from these molecules to evaluate the authenticity of Tequila 100% agave silver class needs the combination of all of them because the physicochemical characteristic profile of this beverage is granted due to all these congeners. Although some values can give us more information to cases in the comparison between specific beverages, such as Mezcal or Bacanora, they still result insufficient as discriminants. For this reason, the design of a diagnostic test, as shown in Section 2.3, was conducted with the objective to use an auxiliar technique to determine authenticity in the beverage.



Even though the δ13CVPDB values of ethanol, methanol, and ethyl acetate were the congeneric compounds with less variation in the Tequila 100% agave samples analyzed in the present study, the score associated with the diagnostic test was assigned with a higher number than the rest of the compounds because, as was mentioned before, these values are dependent on the type of plant used as the sugar source to produce the alcohol [23], as well as processes linked to good practices in the hydrolysis [34,48] and distillation stages [49]. For the rest of the congeneric compounds, its δ13CVPDB values have more variability due to the fact that these are influenced principally by biochemical process that take place in the fermentation stage, where the use of different yeast strains and operational conditions can grant unique organoleptic properties. The fact that there is a variety of alcoholic beverages makes it possible to focus on a particular market [50]. For isoamyl alcohol and ethyl lactate, its presence in the physicochemical profile of Tequila has been mainly related to the fermentation process, where factors that impact this stage could be distinguished, such as yeast strain, temperature, and carbon/nitrogen ratio, which affect the alcoholic fermentation route in which compounds are synthetized [36,37]. Additionally, the presence of certain compounds, such as Maillard reactions, which are obtained from various molecules, such as amino acids or proteins, and reducing carbohydrates also had an impact [51]. Finally, the alterations observed in the δ13CVPDB values from the molecule of n-propanol can be related to modifications in the production of this beverage, which can be by the use of raw material with less age, such as agaves from 4 to 6 years, in the Tequila production, the use of which modifies the juice/exudate ratio in the fermentation tanks, which favors a metabolic route that produces this alcohol [32]. For this reason, the score associated in the diagnostic test to these compounds is less to evaluate authenticity in the beverage.



It is important to highlight that the values of δ13CVPDB for the rest of the congeneric compounds evaluated, in the present research work and in preliminary studies (acetaldehyde, acetal, 2-butanol, isobutanol, n-butanol, and n-pentanol), show greater variability because these are mainly related to biochemical processes in the fermentation stage, where the use of different yeasts and operating conditions will grant specific organoleptic properties. It has been shown that its presence in the beverage is due to different metabolic routes associated to the genetic variability of yeasts, and an increase or decrease in some operational parameters affects its production. Biosynthetic routes of molecules such as 2,3-butanediol, leucine, isoleucine, and pantothenate are competitive ways that regulate the synthesis of isobutanol [44,45,52,53,54]. It is for this reason that its presence in the samples of Tequila 100% agave silver class is fluctuating, so they have not been added within the isotopic fingerprint of the beverage to improve the sensitivity and specificity of the diagnostic test.



Taking the above into account, the score obtained of each δ13CVPDB value has been related to its coefficient variation presented in Table 2. The first step was to evaluate if δ13CVPDB value was found between the limits established in ±1s, ±2s, and ±3s. In case the value was within the range, the assignment of a score was given being the C.V. value. Finally, the global score of a sample was used to determine its authenticity, establishing the multiplication of all the granted scores for each of the congeners studied. Once all samples had their respective score, the statistical analysis was conducted by employing the method of the Receiver Operating Characteristic (ROC) curve. The calibration of the diagnostic tests was carried out taking into consideration all the samples of Tequila 100% agave silver class as “Positive” and alcoholic beverages from other agave species (Mezcal, Bacanora, Raicilla and Sotol) as “Negative”. The results obtained were: Area Under Curve (AUC), Sensibility, Specificity, and Youden’s Index for each of the diagnostic tests (presented in Table 4 and Figure 7).



Figure 7 shows the ROC curves obtained. The dashed line represents a test without diagnostic discriminatory capacity, since the AUC corresponds to 0.5, so it is defined as a random classifier. The ROC curves obtained for the evaluated diagnostic tests are presented in a continuous line. The variations in the plots are because a higher value on the “1-specificity” axis indicates a greater number of false positives than true negatives, while a higher value on the “sensitivity” axis indicates a greater number of true positives than false negatives. Therefore, the choice of threshold depends on the ability to balance between false positives and false negatives. It can be concluded that the threshold criteria are in the ±2s category, maximizing the Youden´s Index (0.78), which can be defined as the best diagnostic test from the four tested, also granting a sensibility and specificity of 94.2% and 83.3%, respectively. The diagnostic test designed from the determination of δ13CVPDB values of the congeneric compounds present in a beverage provides reliable results. However, it is important to highlight the need to increase the study for the number of samples of Mezcal, Bacanora, Raicilla and Sotol to increase the specificity of the diagnostic test, since as the number increases of experimental data analyzed, the statistics that describe them will change, improving the values of sensitivity and specificity. In addition to this, it should be noted that the analytical method and diagnostic test proposed here should not be considered unique when evaluating the authenticity of a sample of Tequila 100% agave silver class. The methods proposed here should be considered as complementary to conventional analytical techniques defined in the official standards, as well as to the current on-site inspection processes carried out by the Tequila Regulatory Council, for which the values of sensitivity (94.2%) and specificity (83.3%) obtained now can be considered suitable when combined with the rest of the tools available in the CRT to declare a beverage as authentic or non-authentic.




3.4. Auxiliar Diagnostic Test to Determine the Authenticity of Suspected Beverages


As mentioned in the Section 1, the current problem faced by the agave–Tequila production chain is the presence of non-authentic beverages in the market, which results in economic effects and damage to the image of the Tequila brand. To demonstrate that the analytical technique and diagnostic test developed in this research work are robust and can be used to complement the current methods proposed in the official standards, two samples were selected that have been sampled by the CRT due to the detection of inconsistencies within the inspection process. Problem sample 1 (PS1) corresponds to a sample with a high content of methanol and higher alcohols, while problem sample 2 (PS2) corresponds to a confiscated sample that meets all the parameters established in the official standard. Additional to the one previously analyzed, a non-authentic sample was prepared in the laboratory (PS3); its preparation is shown in Supplementary Table S3. The concentrations were established according to specifications that are permitted in the Official Mexican Standard NOM-006-SCFI-2012. A typical chromatogram of a sample problem is presented in Supplementary Figure S6.



Table 5 shows the results obtained from the characterization of beverages by gas chromatography, as dictated by the official standard.



The analytical method and diagnostic test designed from the determination of δ13CVPDB of the molecules of ethyl acetate, methanol, n-propanol, isoamyl alcohol and ethanol were used. Figure 8 shows the graphic comparison of the isotopic fingerprints of the problem samples against the isotopic fingerprint of Tequila 100% agave silver class. Finally, when carrying out the mathematical calculations dictated by the diagnostic test, it is defined that in all the samples studied, the values obtained are below the authenticity criterion (0.0311), concluding that the beverages do not correspond to Tequila 100% agave silver class (Table 6).



From the chromatographic analysis, it is concluded that the PS1 sample can be classified as out of standard for exceeding the parameters established in the Official Mexican Standard NOM-006-SCFI-2012. Additionally, from the analysis of δ13CVPDB, it is concluded that the beverage can be classified as produced from other species of agave, different from the tequilana Weber blue variety, since the values obtained show a high similarity against that reported for beverages produced from agave Dasylirion wheeleri (−35.14 ‰ in average), for which the product can be classified as non-authentic. In addition, differences in methanol values can be attributed to the hydrolysis and distillation process, which is most of the time being carried out by artisanal methods. This practice can produce an enzymatic demethoxylation of lignocellulosic materials and pectins with the consequent generation of methanol during the hydrolysis process.



In the case of samples PS2 and PS3, it is concluded that they correspond to alcoholic beverages produced from ethanol of different origin by incorporating chemical reagents of synthetic origin, such as methanol, isoamyl alcohol and ethyl acetate, for which the product can be classified as non-authentic (negative in the statistical test). This was in such a way that the proposed method and diagnostic test strengthen the current methods present by official standards and the inspection processes carried out by the CRT on an ongoing basis.





4. Conclusions


The combination of these congeneric compounds that enrich the Tequila 100% agave silver class establishes its physicochemical profile and grants its unique organoleptic properties to the beverage. The δ13CVPDB values for ethanol, methanol, and ethyl acetate presented less variation, which can be attributed to the fact that they belong to the plant of Agave tequilana Weber blue variety (CAM pathway plant). Moreover, δ13CVPDB values for acetaldehyde, n-propanol, isobutanol, isoamyl alcohol, and ethyl lactate presented greater variation related to those different metabolic routes that are involved also because of the genetic variability in yeasts, as well as operational conditions in the Tequila companies. These characteristics give Tequila 100% agave a unique isotopic fingerprint, which can be represented in a radar plot and is useful in determining the authenticity of the beverage. This information has been useful in building a robust diagnostic test capable of discriminating between Tequila 100% agave silver class, non-authentic beverages, and alcoholic beverages produced from other species of agave different from tequilana Weber blue variety.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods12132605/s1, Table S1: Operating conditions of the GC/C/IRMS analyses; Table S2: Type of raw material used and region that delimits the appellation of origin of alcoholic beverages produced from different species of agave; Table S3: List of reagents used for PS3 sample preparation; Figure S1: Typical GC/C/IRMS chromatogram of a sample of Tequila 100% agave Silver class; Figure S2: Statistical analysis (ANOVA) of the δ13CVPDB values for the molecules of (a) acetaldehyde, (b) ethyl acetate and (c) ethyl lactate in different alcoholic beverages produced from agave plants; Figure S3: Statistical analysis (ANOVA) of the δ13CVPDB values for the molecules of (a) methanol, (b) ethanol, (c) n-propanol and (d) isoamyl alcohol in different alcoholic beverages produced from agave plants; Figure S4: Statistical analysis (ANOVA) of the δ13CVPDB values for the molecules of (a) acetaldehyde, (b) ethyl acetate and (c) ethyl lactate in samples of Tequila 100% agave silver class produced in different regions of the DOT. Figure S5: Statistical analysis (ANOVA) of the δ13CVPDB values for the molecules of (a) methanol, (b) ethanol, (c) n-propanol and (d) isoamyl alcohol in samples of Tequila 100% agave silver class produced in different regions of the DOT; Figure S6: Typical chromatogram of a sample problem (identification: PS2).





Author Contributions


R.F.-A.: Conceptualization, Methodology, Investigation, Validation, Data Curation, Formal Analysis, Writing—review and editing, Visualization, Supervision, Project administration. U.E.N.-A.: Conceptualization, Software, Formal Analysis, Investigation, Data Curation, Writing—original draft, Writing—review and editing, Visualization. M.M.-S.: Resources, Writing—review and editing. H.G.-R.: Conceptualization, Methodology, Writing—review and editing. W.M.W.-V.: Conceptualization, Investigation, Formal Analysis, Data Curation, Writing—original draft, Writing—review and editing. L.A.R.-C.: Conceptualization, Methodology, Software, Formal Analysis, Data Curation, Writing—original draft, Writing—review and editing, Visualization, Supervision, Project Administration. All authors have read and agreed to the published version of the manuscript.




Funding


The APC was funded by Dirección de Investigación—Universidad Autónoma de Guadalajara and Consejo Regulador del Tequila.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


The authors thank the Isotopy Subcommittee of the Tequila Regulatory Council (CRT) for the support received for taking and collecting samples and their constructive comments during the meetings. U.N.-A. thanks the Consejo Nacional de Ciencia y Tecnología for the scholarship received to complete their postgraduate studies. U.N.-A. thanks the Universidad Autónoma de Guadalajara for the scholarship received to complete their Master studies in Procesos de Tequila.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



NOM-006-SCFI-2012; Bebidas alcohólicas-Tequila-Especificaciones. Diario Oficial de la Federación México: Mexico City, Mexico, 2012.

	



Kotelnikova, Z. Explaining Counterfeit Alcohol Purchases in Russia. Alcohol. Clin. Exp. Res. 2017, 41, 810–819. [Google Scholar] [CrossRef] [PubMed]

	



Lecat, B.; Brouard, J.; Chapuis, C. Fraud and counterfeit wines in France: An overview and perspectives. Br. Food J. 2017, 119, 84–104. [Google Scholar] [CrossRef]

	



Aylott, R.; Aylott, I. Investigation and occurrence of counterfeit distilled spirits. In Whisky and Other Spirits, 3rd ed.; Russell, I., Stewart, G.G., Kellershohn, J., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 363–386. ISBN 978-0-12-822076-4. [Google Scholar]

	



Chapa, S.; Minor, M.S.; Maldonado, C. Product Category and Origin Effects on Consumer Responses to Counterfeits. J. Int. Consum. Mark. 2006, 18, 79–99. [Google Scholar] [CrossRef]

	



De Leon-Rodriguez, A.; Escalante-Minakata, P.; Jimenez-Garcia, M.I.; Ordonez-Acevedo, L.G.; Flores, J.L.F.; de la Rosa, A.P.B. Characterization of Volatile Compounds from Ethnic Agave Alcoholic Beverages by Gas Chromatography-Mass Spectrometry. Food Technol. Biotechnol. 2008, 46, 448–455. [Google Scholar]

	



Peña-Alvarez, A.; Díaz, L.; Medina, A.; Labastida, C.; Capella, S.; Vera, L.E. Characterization of three Agave species by gas chromatography and solid-phase microextraction-gas chromatography-mass spectrometry. J. Chromatogr. A 2004, 1027, 131–136. [Google Scholar] [CrossRef]

	



Cardeal, Z.L.; Marriott, P.J. Comprehensive two-dimensional gas chromatography-mass spectrometry analysis and comparison of volatile organic compounds in Brazilian cachaca and selected spirits. Food Chem. 2009, 112, 747–755. [Google Scholar] [CrossRef]

	



Aguilar-Cisneros, B.O.; López, M.G.; Richling, E.; Heckel, F.; Schreier, P. Tequila authenticity assessment by headspace SPME-HRGC-IRMS analysis of 13C/12C and 18O/16O ratios of ethanol. J. Agric. Food Chem. 2002, 50, 7520–7523. [Google Scholar] [CrossRef]

	



Vallejo-Cordoba, B.; González-Córdova, A.F.; del Carmen Estrada-Montoya, M. Tequila volatile characterization and ethyl ester determination by solid phase microextraction gas chromatography/mass spectrometry analysis. J. Agric. Food Chem. 2004, 52, 5567–5571. [Google Scholar] [CrossRef]

	



Lachenmeier, D.W.; Sohnius, E.M.; Attig, R.; López, M.G. Quantification of selected volatile constituents and anions in Mexican Agave spirits (Tequila, Mezcal, Sotol, Bacanora). J. Agric. Food Chem. 2006, 54, 3911–3915. [Google Scholar] [CrossRef]

	



Mellado-Mojica, E.; López, M.G. Identification, classification, and discrimination of agave syrups from natural sweeteners by infrared spectroscopy and HPAEC-PAD. Food Chem. 2015, 167, 349–357. [Google Scholar] [CrossRef]

	



Lachenmeier, D.W.; Richling, E.; López, M.G.; Frank, W.; Schreier, P. Multivariate analysis of FTIR and ion chromatographic data for the quality control of tequila. J. Agric. Food Chem. 2005, 53, 2151–2157. [Google Scholar] [CrossRef] [PubMed]

	



Contreras, U.; Barbosa-García, O.; Pichardo-Molina, J.L.; Ramos-Ortíz, G.; Maldonado, J.L.; Meneses-Nava, M.A.; Ornelas-Soto, N.E.; López-de-Alba, P.L. Screening method for identification of adulterate and fake tequilas by using UV-VIS spectroscopy and chemometrics. Food Res. Int. 2010, 43, 2356–2362. [Google Scholar] [CrossRef]

	



Pérez-Caballero, G.; Andrade, J.M.; Olmos, P.; Molina, Y.; Jiménez, I.; Durán, J.J.; Fernandez-Lozano, C.; Miguel-Cruz, F. Authentication of tequilas using pattern recognition and supervised classification. TrAC Trends Anal. Chem. 2017, 94, 117–129. [Google Scholar] [CrossRef]

	



de la Rosa Vázquez, J.M.; Fabila-Bustos, D.A.; de Jesús Quintanar-Hernández, L.F.; Valor, A.; Stolik, S. Detection of Counterfeit Tequila by Fluorescence Spectroscopy. J. Spectrosc. 2015, 2015, 403160. [Google Scholar] [CrossRef]

	



Barbosa-García, O.; Ramos-Ortíz, G.; Maldonado, J.L.; Pichardo-Molina, J.L.; Meneses-Nava, M.A.; Landgrave, J.E.A.; Cervantes-Martínez, J. UV-vis absorption spectroscopy and multivariate analysis as a method to discriminate tequila. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2007, 66, 129–134. [Google Scholar] [CrossRef]

	



Ruiz-Pérez, A.; Pérez-Castañeda, J.I.; Castañeda-Guzmán, R.; Pérez-Ruiz, S.J. Determination of Tequila Quality by Photoacoustic Analysis. Int. J. Thermophys. 2013, 34, 1695–1702. [Google Scholar] [CrossRef]

	



Luna-Moreno, D.; Monzón-Hernández, D.; Noé-Arias, E.; Regalado, L.E. Determination of quality and adulteration of tequila through the use of surface plasmon resonance. Appl. Opt. 2012, 51, 5161–5167. [Google Scholar] [CrossRef]

	



Cross, J.L.; Gallaher, T.N.; Leary, J.J.; Schreiner, S. The Application of Site-Specific Natural Isotope Fractionation-Nuclear Magnetic Resonance (SNIF-NMR) to the Analysis of Alcoholic Beverages. Chem. Educ. 1998, 3, 1–9. [Google Scholar] [CrossRef]

	



Thomas, F.; Randet, C.; Gilbert, A.; Silvestre, V.; Jamin, E.; Akoka, S.; Remaud, G.; Segebarth, N.; Guillou, C. Improved characterization of the botanical origin of sugar by carbon-13 SNIF-NMR applied to ethanol. J. Agric. Food Chem. 2010, 58, 11580–11585. [Google Scholar] [CrossRef]

	



Warren-Vega, W.M.; Fonseca-Aguiñaga, R.; González-Gutiérrez, L.V.; Romero-Cano, L.A. A critical review on the assessment of the quality and authenticity of Tequila by different analytical techniques: Recent advances and perspectives. Food Chem. 2023, 408, 135223. [Google Scholar] [CrossRef]

	



Fonseca-Aguiñaga, R.; Gómez-Ruiz, H.; Miguel-Cruz, F.; Romero-Cano, L.A. Analytical characterization of tequila (silver class) using stable isotope analyses of C, O and atomic absorption as additional criteria to determine authenticity of beverage. Food Control 2020, 112, 107161. [Google Scholar] [CrossRef]

	



Fonseca-Aguiñaga, R.; Warren-Vega, W.M.; Miguel-Cruz, F.; Romero-Cano, L.A. Isotopic characterization of 100% agave tequila (silver, aged and extra-aged class) for its use as an additional parameter in the determination of the authenticity of the beverage maturation Time. Molecules 2021, 26, 1719. [Google Scholar] [CrossRef] [PubMed]

	



del Real Laborde, J.I. Agave, materia prima del Tequila. In Manual del Técnico Tequilero; Consejo Regulador del Tequila: Guadalajara, Mexico, 2019; pp. 128–157. [Google Scholar]

	



Brown-Valencia, G. Uso de los derivados del maíz en el proceso del Tequila. In Manual del Técnico Tequilero; Consejo Regulador del Tequila: Guadalajara, Mexico, 2019; pp. 187–224. [Google Scholar]

	



Michel-Cuello, C.; Fonseca, G.G.; Cervantes, E.M.; Rivera, N.A. Effect of temperature and pH environment on the hydrolysis of maguey fructans to obtain fructose syrup. Rev. Mex. Ing. Química 2015, 14, 615–622. [Google Scholar]

	



NOM-070-SCFI-2016; Bebidas alcohólicas-Mezcal-Especificaciones. Diario Oficial de la Federación México: Mexico City, Mexico, 2016.

	



NOM-159-SCFI-2004; Bebidas alcohólicas-Sotol-Especificaciones y métodos de prueba. Diario Oficial de la Federación México: Mexico City, Mexico, 2004.

	



NOM-168-SCFI-2005; Bebidas alcohólicas-Bacanora-Especificaciones de elaboración, envasado y etiquetado. Diario Oficial de la Federación México: Mexico City, Mexico, 2005.

	



Diario Oficial de la Federación México. Declaración General De Protección De La Denominación De Origen “Raicilla”; Diario Oficial de la Federación México: Mexico City, Mexico, 2019.

	



Acosta-Salazar, E.; Fonseca-Aguiñaga, R.; Warren-Vega, W.M.; Zárate-Guzmán, A.I.; Zárate-Navarro, M.A.; Romero-Cano, L.A.; Campos-Rodríguez, A. Effect of age of Agave tequilana Weber blue variety on quality and authenticity parameters for the tequila 100% agave silver class: Evaluation at the industrial scale level. Foods 2021, 10, 3103. [Google Scholar] [CrossRef]

	



Arrizon, J.; Arizaga, J.J.; Hernandez, R.E.; Estarron, M.; Gschaedler, A. Production of Volatile Compounds in Tequila and Raicilla Musts by Different Yeasts Isolated from Mexican Agave Beverages. In Hispanic Foods; ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2006; pp. 167–177. ISBN 9780841239739. [Google Scholar]

	



Cedeño, M.C. Tequila production. Crit. Rev. Biotechnol. 1995, 15, 1–11. [Google Scholar] [CrossRef]

	



Lopez-Alvarez, A.; Diaz-Perez, A.L.; Sosa-Aguirre, C.; Macias-Rodriguez, L.; Campos-Garcia, J. Ethanol yield and volatile compound content in fermentation of agave must by Kluyveromyces marxianus UMPe-1 comparing with Saccharomyces cerevisiae baker’s yeast used in tequila production. J. Biosci. Bioeng. 2012, 113, 614–618. [Google Scholar] [CrossRef]

	



Pinal, L.; Cedeño, M.; Gutierrez, H.; Alvarez-Jacobs, J. Fermentation parameters influencing higher alcohol production in the tequila process. Biotechnol. Lett. 1997, 19, 45–47. [Google Scholar] [CrossRef]

	



Pinal, L.; Cornejo, E.; Arellano, M.; Herrera, E.; Nunez, L.; Arrizon, J.; Gschaedler, A. Effect of Agave tequilana age, cultivation field location and yeast strain on tequila fermentation process. J. Ind. Microbiol. Biotechnol. 2009, 36, 655–661. [Google Scholar] [CrossRef]

	



Alvarez-Ainza, M.L.; Zamora-Quinonez, K.A.; Moreno-Ibarra, G.M.; Acedo-Felix, E. Genomic Diversity of Saccharomyces cerevisiae Yeasts Associated with Alcoholic Fermentation of Bacanora Produced by Artisanal Methods. Appl. Biochem. Biotechnol. 2015, 175, 2668–2676. [Google Scholar] [CrossRef]

	



Escalante-Minakata, P.; Blaschek, H.P.; de la Rosa, A.P.B.; Santos, L.; De Leon-Rodriguez, A. Identification of yeast and bacteria involved in the mezcal fermentation of Agave salmiana. Lett. Appl. Microbiol. 2008, 46, 626–630. [Google Scholar] [CrossRef]

	



Zavala-Díaz de la Serna, F.J.; Contreras-López, R.; Lerma-Torres, L.P.; Ruiz-Terán, F.; Rocha-Gutiérrez, B.A.; Pérez-Vega, S.B.; Elías-Ogaz, L.R.; Salmerón, I. Understanding the Biosynthetic Changes that Give Origin to the Distinctive Flavor of Sotol: Microbial Identification and Analysis of the Volatile Metabolites Profiles During Sotol (Dasylirion sp.) Must Fermentation. Biomolecules 2020, 10, 1063. [Google Scholar] [CrossRef] [PubMed]

	



Nolasco-Cancino, H.; Santiago-Urbina, J.A.; Wacher, C.; Ruíz-Terán, F. Predominant Yeasts During Artisanal Mezcal Fermentation and Their Capacity to Ferment Maguey Juice. Front. Microbiol. 2018, 9, 2900. [Google Scholar] [CrossRef] [PubMed]

	



Gutiérrez-Coronado, M.L.; Acedo-Félix, E.; Valenzuela-Quintanar, A.I. Industria del bacanora y su proceso de elaboración bacanora industry and its process of production. Cienc. Tecnol. Aliment. 2007, 5, 394–404. [Google Scholar] [CrossRef]

	



Perini, M.; Guzzon, R.; Simoni, M.; Malacarne, M.; Larcher, R.; Camin, F. The effect of stopping alcoholic fermentation on the variability of H, C and O stable isotope ratios of ethanol. Food Control 2014, 40, 368–373. [Google Scholar] [CrossRef]

	



Prado-Jaramillo, N.; Estarrón-Espinosa, M.; Escalona-Buendía, H.; Cosío-Ramírez, R.; Martín-del-Campo, S.T. Volatile compounds generation during different stages of the Tequila production process. A preliminary study. LWT-Food Sci. Technol. 2015, 61, 471–483. [Google Scholar] [CrossRef]

	



Amaya-Delgado, L.; Herrera-López, E.J.; Arrizon, J.; Arellano-Plaza, M.; Gschaedler, A. Performance evaluation of Pichia kluyveri, Kluyveromyces marxianus and Saccharomyces cerevisiae in industrial tequila fermentation. World J. Microbiol. Biotechnol. 2013, 29, 875–881. [Google Scholar] [CrossRef]

	



Kemp, P.R.; Gardetto, P.E. Photosynthetic pathway types of evergreen rosette plants (Liliaceae) of the Chihuahuan desert. Oecologia 1982, 55, 149–156. [Google Scholar] [CrossRef]

	



Humberto Reyes-Valdés, M.; Palacios, R.; Rivas-Martínez, E.N.; Robledo-Olivo, A.; Antonio-Bautista, A.; Valdés-Dávila, C.M.; Villarreal-Quintanilla, J.Á.; Benavides-Mendoza, A. 4—The Sustainability of Mexican Traditional Beverage Sotol: Ecological, Historical, and Technical Issues. In Processing and Sustainability of Beverages; Grumezescu, A.M., Holban, A.M., Eds.; Woodhead Publishing: Cambridge, UK, 2019; pp. 103–137. ISBN 978-0-12-815259-1. [Google Scholar]

	



De León-Rodríguez, A.; González-Hernández, L.; De La Rosa, A.P.B.; Escalante-Minakata, P.; López, M.G. Characterization of volatile compounds of mezcal, an ethnic alcoholic beverage obtained from Agave salmiana. J. Agric. Food Chem. 2006, 54, 1337–1341. [Google Scholar] [CrossRef]

	



Prado-Ramírez, R.; Gonzáles-Alvarez, V.; Pelayo-Ortiz, C.; Casillas, N.; Estarrón, M.; Gómez-Hernández, H.E. The role of distillation on the quality of tequila. Int. J. Food Sci. Technol. 2005, 40, 701–708. [Google Scholar] [CrossRef]

	



Bayle, K.; Akoka, S.; Remaud, G.S.; Robins, R.J. Nonstatistical C-13 Distribution during Carbon Transfer from Glucose to Ethanol during Fermentation Is Determined by the Catabolic Pathway Exploited. J. Biol. Chem. 2015, 290, 4118–4128. [Google Scholar] [CrossRef]

	



Mancilla-Margalli, N.A.; Lopez, M.G. Generation of Maillard compounds from inulin during the thermal processing of Agave tequilana Weber var. azul. J. Agric. Food Chem. 2002, 50, 806–812. [Google Scholar] [CrossRef] [PubMed]

	



Arellano, M.; Pelayo, C.; Ramirez, J.; Rodriguez, I. Characterization of kinetic parameters and the formation of volatile compounds during the tequila fermentation by wild yeasts isolated from agave juice. J. Ind. Microbiol. Biotechnol. 2008, 35, 835–841. [Google Scholar] [CrossRef] [PubMed]

	



Ida, K.; Ishii, J.; Matsuda, F.; Kondo, T.; Kondo, A. Eliminating the isoleucine biosynthetic pathway to reduce competitive carbon outflow during isobutanol production by Saccharomyces cerevisiae. Microb. Cell Factories 2015, 14, 62. [Google Scholar] [CrossRef] [PubMed]

	



Wess, J.; Brinek, M.; Boles, E. Improving isobutanol production with the yeast Saccharomyces cerevisiae by successively blocking competing metabolic pathways as well as ethanol and glycerol formation. Biotechnol. Biofuels 2019, 12, 173. [Google Scholar] [CrossRef]








[image: Foods 12 02605 g001 550] 





Figure 1. δ13CVPDB (‰) in molecules of aldehydes and esters present in samples of Tequila 100% agave silver class: (a) acetaldehyde, (b) ethyl acetate and (c) ethyl lactate. 
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Figure 2. δ13CVPDB (‰) in alcohol molecules present in samples of Tequila 100% agave silver class: (a) methanol, (b) ethanol, (c) n-propanol and (d) isoamyl alcohol. 
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Figure 3. Graphical representation of the experimental data used in the discriminant function analysis. Where: ★ corresponds to the group average and thenumbers are referred to the group. 
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Figure 4. Isotopic fingerprint (Radar plot) of δ13CVPDB (‰) mean values for Tequila 100% agave silver class: ○ average, --- average + 2s, --- average − 2s. 
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Figure 5. Isotopic fingerprint (radar plot) of δ13CVPDB (‰) mean values for Tequila 100% agave silver class (black line) versus (a) Mezcal, (b) Bacanora, (c) Raicilla and (d) Sotol (red line). 
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Figure 6. Isotopic fingerprint (radar plot) of δ13CVPDB (‰) mean values for a Tequila 100% agave silver class according to the geographic region: (a) Altos sur, (b) Centro, (c) Cienega, (d) Valles, (e) Guanajuato and (f) Michoacán. 
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Figure 7. ROC curves from the diagnostic tests conducted to determine authenticity of Tequila 100% agave silver class sample. Threshold Criteria: ○ ±1s, □ ± 2s and ∆ ±3s. 
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Figure 8. Graphic comparison of the isotopic fingerprints of problem samples against that of Tequila 100% agave silver class (black line): (a) problem sample 1 (PS1), (b) problem sample 2 (PS2), and (c) problem sample 3 (PS3). 
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Table 1. Stratified analysis by proportional allocation used for the analysis of Tequila 100% agave silver class.
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	Region
	Total Number of Tequila Producers Active in the Region
	%
	Samples
	%





	Valles (Jalisco)
	62
	42
	28
	41



	Altos Sur (Jalisco)
	46
	31
	21
	31



	Cienega (Jalisco)
	21
	14
	10
	14



	Centro (Jalisco)
	14
	9
	7
	10



	Guanajuato
	4
	3
	2
	3



	Michoacan
	2
	1
	1
	1



	Total
	149
	100
	69
	100
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Table 2. Statistical analysis of the data obtained for the analyzed samples of Tequila 100% agave silver class.
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Statistic

	
Acetaldehyde

	
Ethyl Acetate

	
Methanol

	
n-Propanol

	
Isoamyl Alcohol

	
Ethyl Lactate

	
Ethanol




	
(‰)

	
(‰)

	
(‰)

	
(‰)

	
(‰)

	
(‰)

	
(‰)






	
  Average   (   X  ¯   )

	
−15.7

	
−15.3

	
−24.8

	
−11.7

	
−6.5

	
−10.7

	
−12.9




	
Standard deviation (s)

	
4.2

	
1.5

	
1.0

	
4.1

	
1.6

	
2.6

	
0.4




	
−2s

	
−24.02

	
−18.32

	
−26.82

	
−19.89

	
−9.63

	
−15.98

	
−13.76




	
+2s

	
−7.40

	
−12.28

	
−22.80

	
−3.47

	
−3.33

	
−5.39

	
−12.09




	
Lower quartile (QL)

	
−18.63

	
−16.23

	
−25.45

	
−14.23

	
−7.46

	
−11.39

	
−13.23




	
Upper Quartile (QU)

	
−13.53

	
−14.22

	
−24.13

	
−8.88

	
−5.40

	
−9.38

	
−12.67




	
Median (    X  ~   )

	
−15.85

	
−15.49

	
−24.78

	
−10.48

	
−6.55

	
−10.38

	
−12.94




	
Coefficient of Variation (C.V.)

	
−0.26

	
−0.10

	
−0.04

	
−0.35

	
−0.24

	
−0.25

	
−0.03




	
number of observations

	
63

	
67

	
69

	
68

	
69

	
65

	
69




	
Minimum value (min)

	
−23.60

	
−18.82

	
−27.71

	
−21.77

	
−11.76

	
−23.73

	
−13.78




	
Maximum value (max)

	
−5.39

	
−10.22

	
−22.99

	
−4.84

	
−3.51

	
−4.41

	
−11.34
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Table 3. Fisher’s linear discriminant analysis structure matrix.
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Molecule

	
Function




	
1

	
2

	
3






	
Ethyl acetate

	
0.717

	
0.211

	
−0.052




	
Methanol

	
−0.415

	
0.220

	
0.363




	
Isoamyl alcohol

	
−0.024

	
−0.635

	
0.633




	
Ethanol

	
0.160

	
0.479

	
0.102




	
Isobutanol

	
0.005

	
−0.336

	
−0.050




	
Acetaldehyde

	
0.174

	
0.174

	
0.429




	
n-propanol

	
0.381

	
0.155

	
0.760




	
Ethyl lactate

	
0.017

	
−0.064

	
−0.308
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Table 4. Receiver Operating Characteristics parameters obtained by evaluating physicochemical properties in Tequila 100% agave silver class and other agave alcoholic beverages produced from different species of agave.
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	Threshold Criteria
	AUC *
	Standard Error

(%)
	Sensibility

(%)
	Specificity

(%)
	Youden’s Index
	Positive if the Test Value Is Greater Than





	±1s
	0.81
	5.1
	98.6
	63.9
	0.62
	0.0311



	±2s
	0.91
	3.6
	94.2
	83.3
	0.78
	0.0311



	±3s
	0.84
	4.0
	78.3
	83.3
	0.62
	0.0024







* AUC: Area under the Curve.
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Table 5. Results of the gas chromatography tests of the problem samples.






Table 5. Results of the gas chromatography tests of the problem samples.





	Congeners

(mg/100 mL A.A. *)
	Problem Sample 1

(PS1)
	Problem Sample 2

(PS2)
	Problem Sample 3

(PS3)
	Limits Established by the Official Mexican Standard

NOM-006-SCFI-2012





	Methanol
	2350.6
	137.1
	144.13
	30–300



	Higher alcohols
	14,548.6
	244.7
	312.88
	20–500



	Esters
	180.3
	40.3
	60.63
	2–200



	Aldehydes
	20.3
	16.5
	23.38
	0–40







* Anhydrous alcohol.













[image: Table] 





Table 6. Result of the analysis of the diagnostic test in non-authentic alcoholic beverages and an alcoholic beverage made from cane ethanol.






Table 6. Result of the analysis of the diagnostic test in non-authentic alcoholic beverages and an alcoholic beverage made from cane ethanol.





	Sample
	Ethyl Acetate (‰)
	Methanol (‰)
	n-Propanol (‰)
	Isoamyl Alcohol (‰)
	Ethanol (‰)
	Test Value

±2s
	Positive if the Test Value Is Greater Than:
	Test

±2s





	PS1
	−9.48
	−37.22
	−9.43
	−7.53
	−12.88
	0.0018
	0.0311
	Negative



	PS2
	−31.89
	−45.45
	−13.77
	−32.66
	−12.15
	0.0006
	0.0311
	Negative



	PS3
	−36.92
	−46.18
	−27.23
	−22.68
	−13.08
	0.0003
	0.0311
	Negative



	Reference values for Tequila 100% agave silver class *
	−13.8 to

−16.8
	−23.8 to

−25.8
	−7.6 to

−15.8
	−4.9 to

−8.1
	−12.5 to

−13.3
	---
	---
	---







* Values obtained in this study.
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