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Tequila and mezcal are both traditional Mexican liquors that are produced from cooked Agave spp. must fermentation and usually rely on spontaneous or pure Saccharomyces cerevisiae strain inoculation. In order to contribute to the rational selection of yeast starters for tequila and mezcal productions, we tested a collection of 25 yeasts originally isolated from mezcal musts, spanning 10 different yeast species. These strains were first characterized in a semi synthetic medium (labeled as M2, having 90 g/L fructose and 10 g/L glucose of initial hexoses) at 48 h of culture, observing a differential pattern in the consumption of sugars and productivity. Selected Saccharomyces strains left around 10 g/L of fructose and showed higher fermentation performance. However, some non-Saccharomyces strains, specifically from Torulospora (Td), Kluyveromyces (Km), and Zygosaccharomyces (Zb) genera, consumed almost all the sugar (i.e., Km1Y9 with <5 g/L) and had a high productivity of ethanol. In general, all Saccharomyces strains presented a high production of ethyl-butyrate, ethyl-decanoate, and ethyl-hexanoate with peaks of 10, 38, and 3 μg/L, respectively. In addition, some Kluyveromyces and Torulospora strains showed a high production of phenyl ethyl acetate (i.e., Km1D5 with up to 1400 μg/L); isoamyl acetate (i.e., Km1D5 and Td1AN2 with more than 300 μg/L), and hexyl acetate (i.e., Td1AN2 with 0.3 μg/L). Representative strains of the most productive genera (Saccharomyces, Torulospora, and Kluyveromyces) were selected to evaluate their fermentative performance and survival in a mixed culture on a medium based on Agave tequilana must, and their population kinetics was characterized using specific fluorescent in situ hybridization (FISH) probes in a qualitative and semi-quantitative analysis during fermentation. We observed that the mixture ratios of 0.1:1:1 or 1:1:1 (Saccharomyces:Kluyveromyces:Torulospora), maintained good fermentation productivities, with alcohol yields above 0.45 g/g, and allowed a high survival rate of the non-Saccharomyces strains during the fermentation process. Finally, mixed inoculum fermentations on A. tequilana must medium, including different Saccharomyces strains and the finally selected Torulospora and Kluyveromyces strains, showed the best production parameters in terms of ethanol, carbon dioxide, glycerol, and acetic acid values, as well as improved volatile metabolite profiles as compared to the pure cultures. All these data were used to propose a methodology of selection of strains to be used as a pure or mixed starter for tequila and mezcal fermentations, with high primary metabolite productivity and desired aromatic profile.
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INTRODUCTION

The aroma and flavor of alcoholic beverages obtained from Agave spp. plants (commonly known as Agave or maguey) are probably the most complex in the liquor world, due to the fact that they are the result of many volatile compounds that may be contained in the raw material and that vary among Agave species (Vera Guzmán et al., 2009). They are further increased and transformed during the cooking of the Agave fructan-rich tissues, previous to carrying out the fermentation. A comprehensive review of all the aromatic compounds found in different liquors, as well as all the different yeast species detected in these fermented products, including tequila and mezcal, can be found in De la Torre-González et al. (2017). This complex mixture defines the sensory attributes and consumer acceptance of these Agave alcoholic beverages. It has been reported in general that the end of the Agave must alcoholic fermentation process is usually carried out almost exclusively by S. cerevisiae (Cedeño, 1995). However, there is an initial presence of other yeasts (non-Saccharomyces), which are usually naturally co-cultured with S. cerevisiae, which give unique organoleptic characteristics to the products produced during fermentation (Lachance, 1995; De la Torre-González et al., 2017). These non-Saccharomyces yeasts have become increasingly important, since they contribute to the production of compounds that provide the aromatic characteristic to Agave beverages (Amaya-Delgado et al., 2013; González-Robles et al., 2015) and wine (Tufariello et al., 2021). The co-existence of different species or strains in the mezcal fermentative process can have positive effects such as the increase of the hexose consumption and alcohol yields (Nolasco-Cancino et al., 2018). The non-Saccharomyces yeasts have shown potential as starters for the Agave alcoholic beverage industry (Arrizon et al., 2006; Amaya-Delgado et al., 2013; Segura-García et al., 2015; De la Torre-González et al., 2017; Nolasco-Cancino et al., 2018). However, most of the reported kinetics of these consortia of Saccharomyces and non-Saccharomyces yeasts have been analyzed for wine (grape juice), where both yeast populations maintain similar growth rates during the first phases (2–3 days) of fermentation, and then present a reduction in the non-Saccharomyces yeast number as the fermentation time progresses (Pina et al., 2005). Fortunately, an increasing number of reports are slowly unraveling the microbial consortia complexities of Agave fermented beverages (Lachance, 1995; Narváez-Zapata et al., 2010; Verdugo Valdez et al., 2011; Páez-Lerma et al., 2013, Kirchmayr et al., 2017; Nolasco-Cancino et al., 2018). A very specific group of yeasts were obtained from Tamaulipas (Mexico) mezcal fermenting musts (De la Torre-González et al., 2017), which have been characterized in terms of their stress tolerance, particularly, when fermenting on high fructose contents (Oliva Hernández et al., 2013; De la Torre-González et al., 2016; Vergara-Álvarez et al., 2019). This is important due to the fact that cooked musts of Agave spp. plants contain, as fermentable sugar, a high fructose content (90%), fructose oligosaccharides (FOS), and also toxic Maillard compounds, furfural, methanol and saponins, among others (Díaz-Montaño et al., 2008; Arroyo-López et al., 2009; Amaya-Delgado et al., 2013; Nava-Cruz et al., 2014), explaining in part why some of our yeasts have been recently characterized as genomically belonging to a separate, specific domestication event, as compared to other S. cerevisiae strains worldwide (Peter et al., 2018). Also, pure and dual mixes of these mezcal strains have been evaluated during a wine-type fermentation, observing that S. cerevisiae/T. delbrueckii inoculum presented a fruitier aroma profile, showing the feasibility of using these mezcal yeasts as inoculum for wine fermentation (De la Torre-González et al., 2017, 2020). However, the specific behavior of the yeast populations and their viability during fermentation of an actual Agave must, and the application of these mezcal yeasts as pure or mixed inoculum on Agave spp. must fermentations, remained to be conducted. Therefore, in this study we evaluated the fermentative performance of 25 Saccharomyces and non-Saccharomyces mezcal strains on a semi synthetic (M2) medium, to assess and screen the strains, and then on an Agave tequilana must-based medium for the selected yeasts, by using pure and mixed cultures to gain information to propose a minimum characterization methodology to select a starter for Agave must (mainly, tequila and mezcal) fermentative applications.



MATERIALS AND METHODS


Yeast Strains and Inoculum Growth Conditions

The 25 yeast strains used belong to the mezcal LBI-CBG yeast collection and are conserved in 60% glycerol at −70°C, and the commercial wine strain Saccharomyces cerevisiae Fermichamp (DSM Food Specialties B.V., The Netherlands) was used as a control for its fructophilic character, which is used to reactivate stuck wine fermentations. The strains used are representative of the yeast diversity found in the fermentation of mezcal from Tamaulipas (Mexico), which comprises almost 100 different isolated yeasts, and the studied strains were identified by their 26S rDNA sequences, amplified by using the primers NL1 5′ GCATATCAATAAGCGGGAGGAAAAG 3′ and NL4 5′ GGTCCGTGTTTCAAGACGG3′, reported as adequate for most of the ascomycetous yeasts, which can be reliably identified with their D1/D2 LSU regions (Kurtzman and Robnett, 1998). The D1/D2 LSU gene marker was chosen as it exhibits a lower heterogeneity than the widely used ITS1-ITS2 region, which renders a better species identification (De Filippis et al., 2017) as also suggested by Libkind et al. (2020) in the specific case of yeasts, when comparing the use of these two ribosomal markers with whole-genome analyses. The conditions used for amplification and sequencing of the D1/D2 were reported by Campos-Rivero et al. (2019), as follows: PCR was conducted on a thermocycler (2720 Thermal Cycler; Applied Biosystems, Carlsbad, CA, USA), with a final volume of 25 μl, which consisted of 1.5 mM of MgCl2, 1× of PCR Buffer, 0.8 mM of dNTP, 0.4 μM of each primer, 1.5 U of Taq DNA polymerase, and 10 ng of DNA template. The D1/D2 LSU region (26S rDNA) was amplified with an initial denaturation at 95°C for 10 min, 35 cycles of repeated reactions (denaturation at 94°C for 30 s, annealing at 61°C for 30 s and elongation at 72°C for 1 min) and final elongation of 10 min at 72°C. Amplification was visualized on 1% (w/v) agarose gels stained with SYBR Green (Invitrogen; Thermo Fisher Scientific, Carlsbad, CA, USA). PCR products were purified using Wizard® SV gel and PCR clean-up Kit (Promega Corp., Madison, WI, USA) according to the manufacturer's protocol. D1/D2 LSU amplification products were directly sequenced by using both original primers. Sequencing was performed using an ABI Prism 3130 sequencer (Applied Biosystems). Sequences are deposited on the Genbank and belong to the species S. cerevisiae LCBG- Sc3Y2 (JQ824877), -Sc3Y3 (JQ824872), -Sc3Y4 (JQ824875),- Sc3Y5 (JQ824869), -Sc3Y8 (JQ824874), -ScMosca3 (KT945088), -Sc4Y3 (KT945087), -Sc3D2 (JQ824871), -Sc3D4 (KT945086), -Sc3D5 (KT945085) and -Sc3D6 (JQ824876), Kluyveromyces marxianus strains -Km1D5 (KT945093), -Km4D3 (KT945094) and -Km1Y9 (KT945092), Torulaspora delbrueckii strains -Td1AN1(KT945091), -Td1AN2 (KT945089) and -Td1AN9 (KT945090), Pichia kluyveri strain -Pk4D6 (KT945083), Meyerozyma guilliermondii strain -Pg1Y12 (KT945082), Yamadazyma mexicana Pm1AN3 (KT945081), Candida parapsilosis strains -Cp1Y7 (KT945079), Clavispora lusitaniae strain -Cl4Y4 (KT945080), Rhodotorula mucilaginosa strain -RmP12 (KT945095), and Zygosaccharomyces bailii strain -Zb3Y1 (KT945084) (De la Torre-González et al., 2020). An initial preculture of the tested yeast was grown on YPD agar plates containing 1% yeast extract, 2% peptone, 2% w/w D-glucose, plus 2% bacteriological agar (Difco Laboratories, Franklin Lakes, NJ, USA), all on a w/w basis and incubated at 30°C for 48 h. A loop of this preculture was used as inoculum for liquid YPD medium (3 ml) incubated 24 h at 30°C with shaking at 200 rpm. The optical density of the cultures was determined at 600 nm and the initial inoculum concentration was adjusted using sterile Ringer solution if needed. This active culture was used as the inoculum for a second round of growth on YPD incubated for 48 h at 200 rpm and 30°C before using it as inoculum in the fermentation experiments carried out as described below.



Fermentation Media

All fermentation experiments were carried out in minibioreactor tubes of 50 ml with four-hole vent caps (Corning Science de México, Reynosa, Mexico) containing 20 ml of semi-synthetic medium labeled M2 (Oliva Hernández et al., 2013), to simulate basic composition of sugars of diluted Agave must, and containing per liter: 1 g of yeast extract, 2 g of (NH4)2SO4, 0.4 g of MgSO4·7H2O, 5 g of KH2PO4, 10 g of glucose, and 90 g of fructose. Sugars were autoclaved separately from the rest of the components, and pH was adjusted on the mineral solution to 5 using either concentrated solutions of NaOH or HCl prior to autoclaving. For Agave must-based medium, a freshly collected 8-year-old A. tequilana Weber stem (piña) was ground and mixed with an equal amount of distilled water, and then autoclaved for 1 h at 121°C. The resulting caramelized liquid was filtered, hexose concentration quantified by HPLC as described below, and then diluted with sterile water to an initial hexose concentration of 107 g/L, then supplemented with 2 g/L of (NH4)2SO4 and autoclaved again for 15 min at 121°C. Glucose and fructose concentration in this Agave must medium (and denominated from here on as Agave medium) was 11.6 and 94 g/L, respectively, an approximate glucose/fructose ratio of 1:9. The pure Saccharomyces inoculum used was 3 × 106 cells/ml. Inoculum for fermentations used for FISH analysis consisted of one Saccharomyces and two non-Saccharomyces strains in two proportions: 0.1:1:1 and 1:1:1, respectively. Inoculum in mixed cultures for microbiological enumeration was 3 × 104 cells/ml in a 0.1:1 dilution of Saccharomyces and non-Saccharomyces strains, to allow the sampling and processing directly without dilution for the microscopical FISH analysis. Incubation was performed at 30°C using an agitated incubator at 200 rpm. Each experiment was run in triplicate for each experimental point, and the measurements for each minibioreactor were performed at least two times.



Biomass and CO2 Production Quantification

Biomass was quantified as dry weight by centrifuging 2 ml of each sample in pre-weighed 2 ml Eppendorf tubes; the supernatant was recovered and filtered through a 0.45 μm membrane for further HPLC analysis, and the tubes containing the biomass pellet were stove-dried at 60°C overnight, placed in a silica-gel glass dessicator for at least 4 h, and then weighed. Biomass production was calculated as the difference in the weight of the tube divided by the volume of the centrifuged sample. Duplicate samples were taken from each of the three minibioreactor tubes that comprised one experimental sampling point. The production of carbon dioxide per liter was followed by weighing each minibioreactor every 24 h and comparing with the initial weight after considering the loss of weight due to evaporation, which was measured to be 0.0034 g/h (R2 = 0.9998) per hole in the vent cap under the conditions used in this work: 20 ml of M2 or Agave medium, 30°C and 200 rpm.



Sugar Consumption and Metabolite Quantification by HPLC

The residual concentration (consumption) of hexoses (D-glucose and D-fructose) and the production of primary metabolites (ethanol, glycerol, and acetic acid) in the centrifuged and filtered sample supernatants were measured by HPLC as reported by Narváez-Zapata et al. (2010) by triplicate using an Agilent 1100 series HPLC equipment, coupled to an autosampler and using a BioRadTM Aminex HPX (30 × 7.8 ml) column. The mobile phase was H2SO4 0.005 M. The volume of the injection loop was 25 μl with each run lasting around 30 min with a flow rate of 0.5 ml/min at 35°C. The peaks were detected by IRD or UVD at 190 nm. Calibration curves were constructed using ethanol, glycerol, acetic acid, fructose, and glucose standards ranging from 0.125 to 20 g/L, using linear regression with a Pearson coefficient of not less than 0.95 were chosen.



Mixed Yeasts Populations Quantification by Fish

The specific detection of main yeast species was carried out microscopically by using fluorescence in situ hybridization microscopy technique (FISH). This method allows the quantification of complex mixed populations (two or more strains) by using a combination of species-specific probes and universal probes based on D1/D2 region of the 26S rDNA (Xufre et al., 2006). For this study, the hybridization of the species-specific probes was optimized for Sc (5′-TGACTTACGTCGCAGTCC-3′), Td (5′-GCAGTATTTCTACAGGAT-3′), and Km (5′-AGCTACAAAGTCGCCTTC-3′) for S. cerevisiae, T. delbrueckii and K. marxianus, respectively. Universal EUK probe (5′-ACCAGACTTGCCCTCC-3′), designed in general for eucaria, was also used (Xufre et al., 2006). The isolates were aerobically activated in YM medium (20 g/L of glucose, 5 g/L of yeast extract, and 3 g/L of peptone), under stirring conditions of 250 rpm at 25°C. After the fermentation was carried out on M2 or on Agave medium, 1 μl of sample was taken and deposited on the slide, previously covered with gelatin (0.1%) and 0.01% of KCr (SO4)2, and it was left to dry at room temperature for 40 min. Subsequently, dehydration was carried out with EtOH at three different concentrations (50, 70, and 96%) for a period of 3 min in each one. Then, samples were dried on environmental temperature during 20 min. During this time the hybridization solution was prepared, which consisted of 70% of (NaCl 0.9 M, Na2EDTA 5 mM, Tris/HCl 20 mM pH 7, SDS 0.01%) and 70% of formamide; 9 μl was taken from this solution for every 1 μl of probe, then 10 μl was placed on the already dehydrated and dried sample to be placed in a 50-ml falcon tube to be hybridized in the oven at 42°C from 1 to 4 h. Once the hybridization was finished, a careful washing was given with distilled water, and it was subjected to a washing buffer (0.9M NaCl, 5 mM Na2EDTA, 20mM Tris/HCl pH 7, 0.01% SDS) for 15 min. Once the buffer wash was finished, another wash was given with distilled water, and it was left to dry at room temperature. Once the slide was dry, a few drops of Citifluor® oil (Cargille Laboratories, Cedar Grove, NJ, USA) were placed on the slide to avoid oxidation of the sample when in contact with UV light. Finally, the visualization of the fluorescent detection under the 100× objective was carried out using an Olympus Microscope (Olympus BX51; Olympus, Tokyo, Japan) with a BX-URA2 reflector illuminator, the BX-RFA fluorescence illuminator with filter U-RSL6EM (U-RSL6), U-MWIG2 filters (maximum excitation 552 nm and maximum emission 565 nm) for probes with Cy3 labeling, and U-MNUA2 filter (maximum excitation 372 nm and maximum emission 456 nm) for DAPI (4′, 6-diamidino-2-phenyl indole dilactate). The microscope had an RGB infinity camera attached to the trinocular connected to a personal computer with the Image-Pro Plus version 6.3 analysis and image processing program (Media Cybernetics, Rockville, MD, USA). The summatory of the area of the cells present in 30 randomly selected fields of view were measured by duplicate for each slide with the different probes, and expressed as squared micrometers of cells, throughout the duration of the fermentations. It is worth commenting that after 48 h, the samples presented a diminished fluorescence (as also observed by Andorra et al., 2011); nevertheless, it did not interfere with the area measurement.



Mixed Yeasts Populations Quantification by Differential Plate Counts

A second population analysis, considering standard microbiological enumerations on these mixed cultures, was also conducted, by enumeration of the culturable yeasts in mixed cultures by using WL Differential and Nutrient Agars (Sigma-Aldrich, St. Louis, MO, USA). The count plating technique allows the differentiation of Saccharomyces and non-Saccharomyces colony populations and their quantification, which in turn allows the whole culturable yeast population determination, as established in De la Torre-González et al. (2016), based on the work of Hedges (2002). Limitations of the differential WL media include that it was only reliably useful to determine unequivocally dual mixed cultures of Saccharomyces and non-Saccharomyces strains (De la Torre-González et al., 2020) due to the indistinguishable appearance of Torulaspora delbrueckii and Kluyveromyces marxianus colonies used in this work. In parallel, total and viable cell counts were also determined microscopically by counting on a Neubauer chamber, using methylene blue staining as an indicator of viability. All the samples were analyzed in triplicate.



Aromatic Profile Quantification by GC-MS

Analysis of volatile compounds was performed according to the methodology of Márquez-Lemus et al. (2019) with some modifications. Fermentation samples were centrifuged at 7000 rpm (5697×g) for 15 min at 10°C in a Sigma 6K15 centrifuge. One gram of the centrifuged sample was deposited in a 20-ml vial with a magnetic cap and a teflon-silicon septum, and volatiles were extracted by a 2-cm PDMS/DVB/CAR solid-phase micro extraction fiber (Supelco; Sigma-Aldrich) while being heated at 45°C and agitated at 200 rpm for 1 h. The fiber was desorbed at 250°C, splitless mode, to the injection port of a 7890A gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a capilar column DB-5MS (60 m × 250 μm diameter, 0.25 μm film thickness, Agilent Technologies Inc.) and coupled to a 5975C single quadrupole mass spectrometer (Agilent Technologies, Inc.). The carrier gas was helium (99.99 % purity) at a flow rate of 1.0 ml/min, and the following temperature program was used: 3 min at 40°C, first ramp of 5°C/min up to 180°C, second ramp of 20°C/min up to 260°C, and held for 5 min. The transfer line was set at 280°C. A solution of 20 mg/kg of 3-octanol was used as the internal standard. Electronic impact mode at 70 eV was used, with a gain factor of 1, with ionization source and quadrupole temperatures of 230 and 150°C, respectively, and a mass range between 33 and 500 μma. Identification of volatile compounds was obtained by comparing their mass spectra with those of the NIST/EPA/NIH Mass Spectra Library database version 1.7.



Statistical Analysis

Production differences of all the metabolites during fermentations were assessed by statistical analysis performed using the Analyze-it software for Microsoft Excel (version 2.20) and JMP routine of the SAS software for ANOVA analysis.




RESULTS


Pure Inoculum Fermentation Performance on Semi-synthetic (M2) Medium

Yeasts were firstly characterized in semi synthetic M2 medium. Results obtained showed a differential profile at 48 h (early stationary phase) in the consumption of sugars and fermentative metabolites (Table 1). All tested yeast species were able to produce ethanol, with S. cerevisiae strains being the most productive, ranging from 25 to 30 g/L as expected, but some of the non-Saccharomyces strains were also able to produce around 30 g/L such as the K. marxianus (Km1Y9), T. delbrueckii (Td1AN9) as well as Z. bailii (Zb3Y1) and C. lusitaniae (Cl4Y4) during this fermentation time. Regarding residual sugars, all the strains consumed first glucose present on the medium and still had residual fructose at this sampling time, being around 10 g/L in the case of the fructophilic strain control Fermichamp. In general, the non-Saccharomyces strains consumed at a lower rate the two hexoses than the S. cerevisiae strains. Some non-Saccharomyces strains such as Kluyveromyces (Km1Y9) and the Torulaspora (Td1AN91) also left <10 g/L of fructose at this time. All yeasts were able to produce glycerol at this time, the Torulaspora strains being the ones that exhibited a higher average (>2 g/L), followed by the Saccharomyces strains. The M. guilliermondii strain (Pg1Y12) exhibits the lowest glycerol accumulation with 0.22 g/L. On the other hand, all the strains of non-Saccharomyces showed a lower concentration of acetic acid than the strains of S. cerevisiae, except K. marxianus (Km4D3) which showed an increased in the concentration (0.4 g/L) of acetic acid, a parameter that is important for the alcoholic beverage industry. Regarding volatile metabolite production on M2 (Table 2), all tested strains presented a similar production of some volatiles, such as 2-methyl-1-butanol (between 200 and 500 μg/L), a similar production of ethyl-butyrate (around 2 mg/L). In contrast, Saccharomyces strains produced higher ethyl-hexanoate concentrations and lower concentrations of isoamyl acetate and phenyl ethyl acetate, when compared with the non-Saccharomyces strains. Hexyl acetate was only detected for a Torulaspora (Td1AN2) strain. From all these data, plus previous works on tolerance to osmotic, oxidative, and temperature stresses (Oliva Hernández et al., 2013; De la Torre-González et al., 2016; Vergara-Álvarez et al., 2019), we selected a group of three S. cerevisiae mezcal strains (plus Fermichamp as fructophilic control) and the best performing strains of the Kluyveromyces (Km1Y9), Torulaspora (Td1AN9) and Zygosaccharomyces (Zb3Y1) genera, although it is worth mentioning that some other promising strains are still being investigated.


Table 1. Primary metabolite production and residual hexoses for all yeasts strains tested at 48 h of fermentation in semi-synthetic medium M2.
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Table 2. Volatile metabolite production for all yeast strains tested at 48 h of fermentation in semi synthetic medium M2.
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Pure Inoculum Fermentation Performance on Agave Medium

Fermentative profile of these selected yeasts was summarized at 96 h on Agave medium (Table 3) choosing the final stage of the fermentation. Mezcal Saccharomyces and non-Saccharomyces strains exhibited high fructose consumption (left around 3 g/L) and a high ethanol productivity (around 50 g/L). Notably, the control strain Fermichamp had a very poor growth and was unable to consume the hexoses, and consequently did not ferment the Agave medium, probably due to the presence of a high concentration of inhibitory Maillard compounds, saponins, and furfural (Díaz-Montaño et al., 2008). In general, Zb3Y1 produced the higher concentrations of glycerol and the lower concentration of acetic acid. In terms of dry weight, strain Km1Y9 is very promising, as it produced the lowest amount of biomass. Regarding the production of volatile metabolites for the individually inoculated strains on Agave medium, we can observe (Table 5 upper panel) that, for the Fermichamp strain, the detected 2-methyl-1-butanol is part of the composition of the Agave medium, as this strain is unable to ferment it. The non-Saccharomyces strains Td1AN9 and Km1Y9 were characterized by their high production of phenyl ethyl acetate and no production of ethyl octanoate. From these results, we decide not to use the commercial strain Fermichamp for the mixed inoculum; hence, three mezcal S. cerevisiae strains in combination with the three previously selected non-Saccharomyces strains were further characterized.


Table 3. Residual hexoses and primary metabolite production for the selected yeast strains at 96 h fermenting as individual inoculum on Agave medium.
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Mixed Yeast Fermentation Performance on Agave Medium

For testing the performance of mixed inocula on Agave medium, three non-Saccharomyces strains (K. marxianus 1Y9, T. delbrueckii 1AN9, and Z. bailli 3Y1) were selected to be assayed in combination with each of the S. cerevisiae strains (3Y3, 3Y4, and 3Y8) inoculated at a ratio of 1:1 for mixed inoculum fermentations on Agave medium. The mixed cultures of the three S. cerevisiae with K. marxianus, T. delbrueckii, and Z. bailli were performed under semi-anaerobic growth conditions (1-hole vent caps) which allowed a longer carbon dioxide production and a high reproducibility of the fermentations. Hexose consumption, CO2, dry weight, and ethanol production were analyzed at 96 h (Table 4). In general, the mixed cultures showed a moderate increase on ethanol, glycerol, and acetic acid concentrations as compared with their pure inoculum fermentations (Table 3). Accordingly, residual fructose in these mixed cultures was also lower than the pure cultures and having high yields of ethanol (YEtOH/S) ranging from 0.46 to 0.49. According to the statistical analysis on these data, fermentation performance for primary metabolites of the mixed inoculum of Sc3Y8 combined with either Km1Y9 or Td1AN9 was the best, followed by the mixed inoculum of Sc3Y3 with Km1Y9. Regarding volatile metabolite production for the selected strains fermenting in the Agave medium as mixed inoculum (Table 5, lower panel), we observed that, as expected from the individually inoculated experiments (Table 5, upper panel), the use of Td1AN9 and Km1Y9 produced a fermented product with a higher phenyl ethyl acetate concentration, being the highest for the combination with any of the Saccharomyces mezcal strains.


Table 4. Primary metabolite profiles and hexose consumption for the mixed cultures at 96 h in Agave medium.
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Table 5. Volatile metabolite production for selected yeasts, fermenting as individual (upper panel) or mixed (lower panel) inocula fermentations, tested at 96 h of fermentation in Agave medium.
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Population Quantification by Fish Analysis

To assess the population dynamics of the selected yeast species, a FISH analysis was performed, since it allows the reliable identification of two or more simultaneous strains in mixed cultures. From the previous results for the mixed yeast fermentations on Agave media, strains selected for this analysis were Sc3Y3 and the non-Saccharomyces strains Km1Y9 and Td1AN9, to be evaluated simultaneously in mixed cultures, to assess the influence of the presence of the three yeast populations. For this aim, ScX, KmX, and TdX probes allowed us to identify genera Saccharomyces, Kluyveromyces, and Torulospora, respectively. Formamide concentration was adjusted to 30% since this concentration allowed a good fluorescence signal and hybridization for all the probes selected (data not shown). Populations for each genus were inferred from the measured fluorescent area obtained by the different probes on these mixed fermentations on Agave medium. Two inoculation ratios were assayed for this FISH approach. The 0.1:1:1 (Figure 1A) and the 1:1:1 (Figure 1B) for Sc3Y3, Td1AN9, and Km1Y9 strains, respectively, visually show the population dynamics for each yeast in mixed fermentations. Quantitatively, Figures 2A, B present the fluorescent areas for each yeast species and the total area for both inoculation ratios (left axis) and compares them with the total cell concentration by using a Neubauer chamber (black dots, right axis). We can observe that DAPI (blue diamonds, all yeasts present) fluorescent areas had similar profiles to total cell count, as it was expected. Main changes were observed at the beginning of the fermentative process, probably linked to the yeast ratio differences. All yeasts showed a rapid increase on their areas during the first 24 h of culture, and in both inoculation ratios; Saccharomyces strain (red squares) had a higher final fluorescent area, whilst both K. marxianus (purple dots) and T. delbrueckii (green triangles) had the same profiles, being lower in area than the one for S. cerevisiae, nonetheless remaining present in the culture. To assess in more detail the growth and compatibility of the mixed inoculum, and to link it with the metabolites' profiles, we chose the combination of the three S. cerevisiae mezcal strains with T. delbrueckii to specifically follow by differential plate counts the evolution of their viable and culturable populations.
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FIGURE 1. Qualitative examples of FISH images obtained during fermentation of Agave medium using specific probes for Saccharomyces cerevisiae (Sc3Y3), Torulaspora delbrueckii (Td1AN9), and Kluyveromyces marxianus (Km1Y9) strains at inoculation ratios of (A) 0.1:1:1, and (B) 1.1:1, respectively. Fluorescent detection was carried out using an Olympus Microscope (Olympus BX51) at 100×.



[image: Figure 2]
FIGURE 2. Quantitative growth kinetics measured as total fluorescent areas (from FISH analysis) and as colony plate counts of mixed cultures (Sc:Td:Km) of Sc3Y3, Td1AN9, and Km1Y9 strains for two mixed inocula ratios: (A) 0.1:1:1, and (B) and 1:1:1, fermenting on Agave medium. Symbols: [image: yes][image: image] (all yeasts), [image: yes][image: image], [image: yes][image: image], [image: yes][image: image], [image: yes]cell count (yeasts/ml). Standard deviation was below 10% for all data.




Population Quantification by Differential Agar Plate Counts

Solid WL Differential and Nutrient Agar (Sigma-Aldrich) were used for viable population differentiation during fermentation kinetics of the three mixed cultures tested, which comprised each selected Saccharomyces cerevisiae strain in combination with T. delbrueckii (Td1AN9), at the inoculation ratio of 0.1:1 (Sc:Td), to mimic naturally occurring conditions of mezcal fermentations. We observed (Figure 3) a rapid increase of S. cerevisiae populations during the first 24 h, but contrary to the behavior reported on other fermentations, for example, on grape juice (De la Torre-González et al., 2020), a drop of viability/culturability for the Saccharomyces strains was assessed at around 48 h after inoculation, while the T. delbrueckii strain remained highly viable up to the end of the fermentation. Depending on the specific S. cerevisiae strain tested, they were able to further increase their culturable population, but always remaining below of that of T. delbrueckii.


[image: Figure 3]
FIGURE 3. Population growth kinetics of mixed cultures of mezcal S. cerevisiae and non-Saccharomyces (Torulaspora delbrueckii) strains fermenting Agave medium. (A) Sc3Y3-Td1AN9, (B) Sc3Y4-Td1AN9, (C) Sc3Y8-Td1AN9. The data shown were obtained from triplicates of two independent experiments. Markers are average values of: [image: yes]total cell count (yeasts/ml), [image: yes][image: image] (CFU/ml), [image: yes][image: image] (CFU/ml), –○– viable cell count (viable yeasts/ml). Standard deviation was below 10% for all data. Notice that total and viable cell count markers overlap.





DISCUSSION

The use of non-conventional yeasts as inoculum for the traditional fermentative process has increased in the literature, since some strains can increase the aroma complexity of the fermented products (Pina et al., 2005; De la Torre-González et al., 2017; Tufariello et al., 2021). Tequila and mezcal liquors are produced from cooked Agave must fermentation, which usually depends on spontaneous or pure S. cerevisiae strain inoculation (Cedeño, 1995; Díaz-Montaño et al., 2008). The yeasts used in this work were obtained from mezcal musts and have been selected for having a higher tolerance to stress, particularly for osmotic, oxidative, and temperature unfavorable conditions (De la Torre-González et al., 2016; Vergara-Álvarez et al., 2019). In this study, we aimed to characterize the application potential of some of the yeasts found in mezcal from Tamaulipas (De la Torre-González et al., 2017), first by pure strain inoculation on a semi synthetic medium resembling Agave must hexose initial concentrations, and we found that all the strains, but mainly Saccharomyces, Torulospora, Kluyveromyces, Clavispora, and Zygosaccharomyces were the ones with the best fermentative performances, and also were good producers of volatile compounds, as previously observed for some of these genera (Arellano et al., 2008; Lopez-Alvarez et al., 2012; Páez-Lerma et al., 2013; Nolasco-Cancino et al., 2018). Particularly, T. delbrueckii had unique oenological characteristics such as production of specific aromas, as observed for Tondini et al. (2019) and Tufariello et al. (2021) for wine. Indeed, based on our results, these non-Saccharomyces strains could be used as pure inoculum to carry out to completion the Agave fermentation. Some authors have reported the use of few non-Saccharomyces strains as pure inoculum for Agave tequilana must fermentations, such as K. marxianus, Pichia spp., Hanseniaspora spp., and Kloeckera spp. to produce tequila (Arrizon et al., 2006; Díaz-Montaño et al., 2008; Amaya-Delgado et al., 2013; González-Robles et al., 2015; Segura-García et al., 2015) and mezcal from Oaxaca (Nolasco-Cancino et al., 2018).

Concerning S. cerevisiae, the used strains in this work were highly productive and readily adapted to Agave must conditions, whereas control Fermichamp was not able to ferment the Agave medium, as has been also observed for other wine S. cerevisiae strains by Arrizon et al. (2006). Another important factor that could have driven the selection of these yeasts, besides the toxic compounds found in the Agave musts, concerning the carbon source, is the presence of cellulose and the fructose polysaccharides (usually reported as ATF, Agave tequilana fructans, or as agavin), which is related to inulin but has a more branched structure, which implies that, besides the β-glucosidases reported for this genus, a battery of (endo and exo) fructanases and fructosyltransferases are probably active in these strains, as evidenced by Arrizon et al. (2012) and Vicente-Magueyal et al. (2020) for non-Saccharomyces yeasts, by Corona-González et al. (2015) for S. cerevisiae, and also observed by us for some of these strains (data not shown). Among the mezcal Saccharomyces strains of this study, the main differences were found regarding their ability to ferment fructose, the accumulation/degradation of 2-methyl-1-butanol, and the levels of ethyl-decanoate and ethyl-hexanoate. In general, the volatile compounds produced by these pure mezcal strains on the Agave medium are of great aromatic value, particularly isoamyl acetate and phenyl ethyl acetate, compounds which could render (in the appropriate amounts) good organoleptic characteristics (fruity, sweet, pineapple) to a fermentative process (De la Torre-González et al., 2017). For other S. cerevisiae strains from Agave fermentations, there are also reports of the differential production of methanol, 2-phenyl ethanol, n-propanol, acetoin, and amyl alcohols (Arrizon et al., 2006; Díaz-Montaño et al., 2008). In other fermented products, like wine, Romano et al. (2003) have reported that, for 30 S. cerevisiae wine strains fermenting Aglianico grape must, that a significant variability was observed amongst the strains in terms of the level of production of isoamyl alcohol, isobutanol, and acetic acid, whereas they all were very similar in terms of acetaldehyde, n-propanol, and ethyl acetate productions, which indicates that, even considering that S. cerevisiae is by far the most studied yeast, there is still a high variability in aromatic profiles that can be obtained with pure cultures of this species, and that is worth continuing the analysis of isolates from many different technological and natural environments.

Regarding the K. marxianus and T. delbrueckii, both strains used in the mixed cultures induced a higher phenyl ethyl acetate and isoamyl acetate in the fermented must, as evidenced by a fruiter aroma in the products. The yeast T. delbrueckii has been frequently reported to be important in wine production, as it has a high ethanol tolerance and a low acetic acid production when combined with S. cerevisiae, for the production of different types of wines, and where signature compounds were identified, such as linalool, 3-methyl-1-butanol, 2-phenylethanol, ethyl butanoate, ethyl decanoate, phenylacetaldehyde, ethyl propanoate, ethyl isobutanoate, and ethyl dihydrocinnamate, as well as benzyl alcohol (Tufariello et al., 2021). All this was linked to a higher β-glucosidase activity in the T. delbrueckii strains used than in the S. cerevisiae yeasts. Yeast K. marxianus (GRO6) has been proposed as a good candidate to be used as sole inoculum for tequila production, as it is also able to complete the fermentation with an adequate organoleptic profile (Amaya-Delgado et al., 2013).

Mixed cultures of non-Saccharomyces (Km1Y9, Td1AN9, and Zb3Y1) and S. cerevisiae strains (Sc3Y3, Sc3Y4 and Sc3Y8) showed an improved fermentation capacity as compared to pure cultures, having a higher ethanol, carbon dioxide, and glycerol production, and a lower residual fructose. Pure and mixed yeast populations on Agave medium, inoculated at two different radii, had similar profiles when assessed by FISH analysis (as demonstrated in Figure 2) where S. cerevisiae remained as the most abundant yeast, and the non-Saccharomyces strain (either K. marxianus or T. delbrueckii) had a drop in its population at the end of the fermentation. However, when viable and culturable populations were quantified by differential plating, it was evident that, contrary to what has been reported in other fermentation systems, the S. cerevisiae strain culturable concentrations decreased with time, while T. delbrueckii strain remained highly viable and culturable during the whole process (Figure 3), which is favorable in terms of a more extended period of production of volatile compounds on this medium. A similar behavior was also observed by Andorra et al. (2011) for mixed fermentations of S. cerevisiae and Hanseniaspora guilliermondii in a synthetic grape must, when comparing populations obtained by culture-independent (FISH probes and qPCR) and plating (using cycloheximide as differential factor in the media) techniques, observing that while the plating technique indicated that S. cerevisiae remained highly culturable throughout the fermentation, the H. guilliermondii strain sharply decreased its culturability with time, but when assessed by FISH probes and flow cytometry, they observed a species-specific intensity of hybridization, as H. guilliermondii signal (rRNA content) remained the same at a high, stable value during the whole fermentation, and even after boiling a sample of this yeast for 10 mins, which emphasize the importance to clearly assess the metabolic state of the strains and the specific stability/resistance of their rRNA, if culture-independent techniques are used to monitor yeast populations in alcoholic fermentations.

In terms of resistance to stress, data suggest that it is not only the presence of fructose as the main fermentable sugar but also that of toxic compounds present on the Agave must, as furfural and vanillin (data not shown), that affects the viability and metabolic performance of the strains, as has been also observed by Arrizon et al. (2006) for other Agave yeast strains. This clearly requires further investigation, but from the data obtained here and our previous work (Oliva Hernández et al., 2013; De la Torre-González et al., 2016, 2020; Vergara-Álvarez et al., 2019) with these mezcal strains, the selection of Agave must isolated strains (Saccharomyces and non-Saccharomyces) to be used as inoculum for tequila and mezcal (as the main liquors produced from Agave spp. plants, but there are others) would need to be tested at 30°C to assess that are be able to grow on agar plates containing 500 g/L of fructose, to be able to grow on yeast extract and peptone agar plates containing 8% ethanol and fructose as a carbon source. Finally, they should present a high viability/culturability on Agave must diluted at 10°Bx for 5 days. This could result in a robust selection of yeasts that have high fermentative performances that can be then tested in terms of their survival rates when cultured together, and then their aromatic profiles when fermented as pure inoculum or in co-culture, to select those with the desired, more complex bouquet. It is worth noting that there was not a formal organoleptic evaluation of the fermented musts obtained in this work, as there is still a step of distillation that needs to be performed to obtain the final products. As the focus of our work was the screening of a high number of strains, small scale fermentations were carried out, hence distillation was not carried-out. Certainly, the next stage would require us to produce pilot scale fermentations to be able to distill and obtain enough product to carry out the sensory evaluation.



CONCLUSION

Rational selection of yeast starters for tequila and mezcal productions must consider high fructose selective media (as the ones used in this work), since pure o mixed yeast starters may greatly influence the fermentative performance of the selected yeast. In this study, we selected three Saccharomyces cerevisiae and three non-Saccharomyces mezcal strains to be tested in a mixed starter. Specifically, T. delbrueckii (Td1AN9) and K. marxianus (Km1Y9) were the best candidates to be considered, either as pure inoculum, or even better, as part of a mixed inoculum with an Agave-isolated Saccharomyces cerevisiae strain, due to the high productivity of ethanol and glycerol; low acetic acid production; and increased levels of phenyl ethyl acetate, isoamyl acetate, and hexyl acetate in the Agave medium. In addition, the high survival rates of these non-Saccharomyces strains during fermentation increase their technological feasibility as inoculum for Agave musts, with an extended metabolic activity during fermentation.
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