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Abstract

:

Sulfites and sulfides are produced by yeasts in different amounts depending on different factors, including growth medium and specific strain variability. In natural must, some strains can produce an excess of sulfur compounds that confer unpleasant smells, inhibit malolactic fermentation and lead to health concerns for consumers. In organic wines and in sulfite-free wines the necessity to limit or avoid the presence of sulfide and sulfite requires the use of selected yeast strains that are low producers of sulfur compounds, with good fermentative and aromatic aptitudes. In the present study, exploiting the sexual mass-mating spores’ recombination of a native Saccharomyces cerevisiae strain previously isolated from grape, three new S. cerevisiae strains were selected. They were characterized by low sulfide and sulfite production and favorable aromatic imprinting. This approach, that occurs spontaneously also in nature, allowed us to obtain new native S. cerevisiae strains with desired characteristics that could be proposed as new starters for organic and sulfite-free wine production, able to control sulfur compound production and to valorize specific wine types.
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1. Introduction


Saccharomyces cerevisiae is the yeast species mainly used as starter culture in winemaking for its peculiar physiological and biotechnological properties [1]. S. cerevisiae is characterized by a vigorous alcoholic fermentation under both aerobic and anaerobic conditions [2,3] showing high competitiveness toward other yeasts that commonly colonize fresh grape juice. On the other hand, their wide use as starter of fermentation, can lead to the standardization of the analytical and sensory properties of wines [4,5]. In this regard, the use of selected native S. cerevisiae strains as starters of fermentation could be a suitable strategy to overcome the production of standardized wines.



Indeed, native yeasts represent a great reservoir of biodiversity characterized by peculiar properties that could be exploited in winemaking to improve the aromatic profile of wines [6,7,8,9,10,11]. Several studies have highlighted the genotypic and phenotypic differences among native S. cerevisiae yeasts, and also in relationship with the geographical distribution of the isolated strains [12,13,14,15,16,17,18]. However, the isolation of native S. cerevisiae yeasts with all desired oenological features is difficult to find in environmental niches.



In addition, these native yeasts could overproduce some undesirable metabolites such as acetic acid or sulfur compounds that lead to sensory defects [19,20,21]. For these reasons, different strategies could be used to generate new yeast strains with tailored characteristics. For example, De Vero and co-workers [22], through sexual recombination of spores and specific selection pressure, generated S. cerevisiae strains characterized by low sulfite and impaired H2S production. Additionally, Liu and co-workers [23] used molecular approaches to increase yeast biodiversity by obtaining novel yeasts with optimized fermentation performance and improved wine quality.



Sulfur compounds in wine represent one of the most important parameters determining the acceptability for the wine marketing [24]. In particular, sulfites (SO2) and sulfide (H2S) are naturally produced by yeasts during sulfur assimilation pathways and an excessive production could confer negative rotten egg aroma, inhibit malolactic fermentation and represent a source of health concerns [25,26,27]. Sulfur dioxide is mainly used as an antiseptic agent against yeast and bacteria as well as an antioxidant agent. However, the toxicity and the allergenic potential of this additive, together with more aware consumers, has given rise to new biotechnological approaches that have led to a significant reduction of sulfites in wines, as well as new kinds of wines such as organic and sulfite-free wines. The definition of “organic wine” is difficult because its laws and regulations differ worldwide. In Europe, it has been regulated by law since 2012 (EC Regulation No. 203/2012) [28]. For these reasons, the goal of the present study was to obtain new S. cerevisiae strains derived from the improvement of a native S. cerevisiae strain, previously isolated from Verdicchio grape variety and characterized by medium-high sulfur compounds production. Exploiting the sexual recombination of its spores, it was possible to obtain three new S. cerevisiae strains characterized by a low production of sulfur compounds and a peculiar aromatic imprinting. These new S. cerevisiae strains were then tested for their fermentation performance.




2. Materials and Methods


2.1. Native S. cerevisiae Strain


The native S. cerevisiae strain DiSVA 705 used in this study was obtained from the yeasts collection of Department of Life and Environmental Sciences (DiSVA) of Polytechnic University of Marche (Ancona, Italy). It was previously isolated from Verdicchio grape variety and chosen for its oenological properties. It was also characterized by medium-high sulfur compounds production. The yeast was maintained at 4 °C for short-term storage in YPD agar medium (1% yeast extract, 2% peptone, 2% dextrose, 2% agar) (Oxoid, Basingstoke, UK) and for long-term storage in YPD broth supplemented with 80% (w/v) glycerol, at −80 °C.




2.2. Yeast’s Sporulation Procedure and Spore Analyses for H2S Production


The native strain DiSVA 705 was cultivated in YPD broth for 24 h at 25 °C in a rotary shaker (200 rpm), then 20 µL of the cell suspension was spread on Sporulation Medium (0.25% yeast extract, 0.1% glucose, 0.98% potassium acetate, 2% agar) [29] and incubated at 23 °C for at least 5 days. When tetrads were observed, a spot of the culture was resuspended in 45 µL of sterile distilled water containing 5 µl of Zymolyase 100-T (ICN Biomedicals, Inc., Irvine, CA, USA) solution (4 mg/mL of sorbitol 2 M) and incubated at room temperature for 10 min to facilitate the cell wall disruption. Ten tetrads were dissected using a micromanipulator (Singer SMS Manual, Somerset, UK) and the single spores were transferred to new YPD-agar plates and grown at 25 °C for 48 h. The viable spores were then analyzed for their H2S production, spreading them on BiGGY agar medium (Oxoid Ltd., Cheshire, England) and incubated at 25 °C for 48 h. In this medium, the colonies appear white for those H2S-negative and brown-black for those H2S-positive.




2.3. Sexual Recombination of Spores and New Strain Selection


The tetrads obtained through the sporulation procedure were suspended in the Zymolyase solution used previously, mixed briefly and incubated at room temperature for 30 min to allow the restoration of diploid state and the genetic rearrangement by the random conjugation of gametes. Subsequently, 10 µL of the suspension was spread on YPD agar medium and incubated at 25 °C for 24 h. About 100 colonies were randomly selected as potential new strains and analyzed for their H2S production and mitochondrial activity using GLY medium (2% peptone, 1% yeast extract, 3% glycerol, 1% ethanol (added after autoclaving), 2% agar) [29] containing non-fermentable glycerol as unique carbon source. Out of 100 colonies, 4 were chosen as potential new S. cerevisiae strains (G4, I1, I4 and B4) and used in the next steps of the investigation.




2.4. Molecular Fingerprinting


The selected colonies (H2S−) were submitted to molecular fingerprinting comparing their electrophoretic profile with those of the native strain DiSVA 705, to verify the genetic rearrangement. The whole genome DNA of each strain analyzed was extracted as follow: 700 µL of YPD broth has been inoculated with each colony separately and let it grow overnight at 30 °C in shaker (200 rpm). The overnight cultures were centrifuged 3 min at 3000 rpm and the supernatant removed. The cell pellets were resuspended in 200 µL of TE-buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), 250 µL of glass beads (0.45 mm diameter) and 200 µL of PCI (25:24:1, phenol pH 8:chlorophorm:isoamyl alcohol). The cells were lysed for 2:30 min at 30 Hz (twice) and centrifuged 20 min at 3000 rpm, 4 °C to spin down cellular detritus. The upper aqueous phase (DNA) (c.a, 100–150 µL) was collected in a new tube and 800 µL of diethylether were added. After 20 s at 30 Hz of vortex, the tubes were centrifuged 20 min at 3000 rpm, 4 °C and the diethylether completely removed leaving the tubes uncapped under laminar flow hood. The quality and concentration of DNA were checked by Nanodrop (ND-8000, 8-Sample Spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA) and the DNA obtained was conserved at −20 °C. Molecular characterization of interdelta sequences was performed using two primer pairs: δ 2/12 and δ 12/21 as described by Legras and Karst [30]. PCR products (δ 12/21) were separated by automated capillary electrophoresis QIAxcel Advanced system (Qiagen, Venlo, The Netherlands) with a Screening Gel Cartridge (Qiagen, Venlo, The Netherlands) under the following parameters: sample injection voltage 5 kV, sample injection time 10 s, separation voltage 5 kV and separation time 420 s. The QX Size Marker 50 bp/5kb (Qiagen, Venlo, The Netherlands) was used for fragment size and the QX Alignment Marker for 50 bp/5kb (Qiagen, Venlo, The Netherlands) was used to align the resulting fragments.




2.5. Genomic Stabilization


The genomic stabilization of the new strains was necessary to ensure their genetic stability over time. Each strain was precultured in modified YPD broth (0.5% yeast extract, 0.1% peptone, 5% glucose) for 24 h at 25 °C under stirrer condition (200 rpm); then 7.5 µL of preculture was used to inoculate 750 µL of synthetic grape juice (SGJ) [31]. The initial yeast concentration was measured spectrophotometrically (OD600) and each culture left to grow up at 25 °C for 1 week. Then, the yeast cultures were transferred in fresh SGJ with following the same procedure described above, OD600 measured and left to grow up at the same conditions. This procedure was repeated for three weeks, until to reach approximately 20 yeast generations (c.a 7 generations per week), following the procedure described by Steensels et al. [32]. To check the homogeneity of the population, 7 colonies of each of the stabilized cultures were subjected to genetic fingerprinting using primer pair δ 12/21 as previously described, to compare the genotype before and after stabilization. The native strain DiSVA 705 was subjected to the same procedure as control. All the colonies were also tested for their H2S production, as previously described.




2.6. Fermentative Aptitudes: Microvinification Trials


The fermentative aptitudes of the improved stabilized strains were tested in both SGJ [31] and natural grape juice (NGJ) (organic Verdicchio grape juice). The Verdicchio must that was used, coming from a 2015 vintage, had the following analytical composition: initial sugar content 217 g/L, total SO2 25 mg/L; malic acid 2.8 g/L, total acidity 4.53 g/L, pH 3.26 and nitrogen content YAN 111 mg/L. The low SO2 content in organic NGJ is due to a limited use of potassium metabisulfite on grapes at harvest time. All the strains were precultured in modified YPD broth for 24 h at 25 °C under stirrer condition (200 rpm) and then used to inoculate flasks containing SGJ (150 mL) and NGJ (70 mL) with an initial yeast concentration of 1 × 106 cells/mL; both trials were conducted in triplicate. All the flasks were locked with a Müller valve. The flasks containing SGJ and NGJ were placed at 20 °C ± 2 °C, under static condition. The results were compared with the native strain DiSVA 705 and with the commercial strain Lalvin ICV OKAY (Lallemand Inc., Toulouse, France) used in winemaking and characterized for the absence of H2S production. The fermentation kinetics of the yeasts were expressed as the weight loss of the flasks (due to the CO2 evolution) monitored from the beginning to the end of the fermentations (i.e., constant weighing for 3 consecutive days).



2.6.1. Main Analytical Compounds of Wines


The H2S production was evaluated during the fermentation by acetate strips (CARLO ERBA Reagents S.r.l., Milan, Italy). In SGJ trials the ethanol content was measured by DMA 4500 M density meter and Alcolyzer Beer ME (Anton Paar, Graz, Austria), while acetic acid and SO2 were quantified using Gallery™ Plus Beermaster (ThermoFisher, Vantaa, Finland) discrete photometric analyzer. In NGJ trials ethanol, total acidity, acetic acid and SO2 were determined following the indications of Canonico et al. [33]. The sugar content, malic acid and ammonium were determined using specific enzyme kits (Megazyme International Ireland). Free α-amino acids were determined using the o-phthaldialdehyde/N-acetyl-l-cysteine spectrophotometric assay. Yeast assimilable nitrogen was calculated as the sum of the concentrations of free α-amino acids and ammonium.




2.6.2. Main Byproducts of Fermentation and Volatile Compounds


Acetaldehyde, ethyl acetate, n-propanol, isobutanol, amyl-and isoamyl alcohol were evaluated in SGJ and NGJ wines, while the main volatile compounds were detected only in NGJ (Verdicchio wines). Acetaldehyde, ethyl acetate, n-propanol, isobutanol, amyl and isoamyl alcohols were quantified by direct injection into a gas-liquid chromatography system (GC-2014; Shimadzu, Kjoto, Japan). Each sample was prepared and analyzed following the procedures of Canonico et al. [33]. The main volatile compounds were determined by solid-phase microextraction (HS-SPME) as reported by Canonico et al. [34].





2.7. Statistical Analyses


The means of the analytical compounds were compared via one-way ANOVA using STATISTICA 7 software (Statsoft, Tulsa, OK, USA) were used to the means analyses. The significant differences were obtained considering the associated p-value < 0.05 by Duncan test. Additionally, mean values of main byproducts of fermentation and volatile compounds were analyzed by Principal Component Analysis (PCA), carried out using JMP 11® statistical software (Statistical discovery from SAS, New York, NY, USA). The mean data were normalized to eliminate the influence of hidden factors.





3. Results


3.1. H2S Production by the Viable Spores


Within ten selected tetrads, the spores’ mortality was 62.5%. The resulting viable ones were evaluated for the H2S production (Table 1, Figure 1). The results showed a great variability within the same tetrad. For example, as observed for the eighth tetrad: “A” spore showed the maximum expression of hydrogen sulfide, an intermediate production of this compound was detected for “B” spore, while completely absent was found for “C” spore.




3.2. Phenotypic Selection of the Improved S. cerevisiae Strains


Based on the production levels of H2S (white colonies) and respiratory efficiency (some strains defect in the respiratory chain, “petit mutants”) potential new strains were selected. G4, I1, I4 and B4 exhibited the desired phenotypic characteristics: H2S− (unlike DiSVA 705 strain) and respiratory activity+ (like DiSVA 705 strain) excluding eventual “petite mutant” strains.




3.3. Molecular Fingerprinting of the Potential Improved Strains


Molecular fingerprinting of the selected G4, I1, I4 and B4 strains was carried out using interdelta primers (δ 12–21) and the results are reported in Figure 2. The electrophoretic gel showed a unique profile for the four improved strains in comparison with the native DiSVA 705 strain and each other. It was also confirmed by δ 2–12 profile.




3.4. Effects of the Genomic Stabilization on Interdelta Sequences and H2S Production of the Improved Strains


The genomic stabilization of the four improved S. cerevisiae strains was carried out using SGJ medium and the DiSVA 705 strain was used as control. After stabilization, 7 colonies of each improved strain were isolated and subjected to molecular fingerprinting to check the population homogeneity and genome stability. The electrophoretic profiles of the stable colonies were compared with the control and with the profiles obtained before the stabilization procedure. Within the colonies belonging to the same improved and stable strain, all of them exhibited the same interdelta profile (Figure 3a–d), highlighting a sure population homogeneity within the stable G4, I1, I4 and B4. Additionally, comparing the profile of each potential new strain before and after stabilization, only G4 strain showed a different profile indicating its genomic instability; in particular, the stabilized G4 showed the same profile of DiSVA 705 (Figure 3a). Regarding the H2S production, all stabilized colonies maintained the characteristic observed before the stabilization (no or low H2S production) with the exception for G4 stable isolates that confirmed a medium/high H2S phenotype, similar to that exhibited by DiSVA 705 strain. These data revealed three improved strains obtained such as I1, I4 and B4.




3.5. Microvinification Trials


3.5.1. Fermentation Kinetics


The fermentation kinetics of the three improved trains (I1, I4, B4) detected during the fermentation of the NGJ were reported in Figure 4. The fermentation behavior of I1 and B4 showed a comparable behavior among them and with the controls (native S. cerevisiae DiSVA 705 and the OKAY commercial strain). Only I4 exhibited a slower kinetic than the other strains. Overall, the strains have reached the end of the fermentation after 19 days. The same trend was observed for the trials conducted in SGJ (data not shown).




3.5.2. Main Analytical Compounds


The main analytical compounds of the final wines are shown in Table 2. The wines from SGJ exhibited ethanol contents comparable among the strains tested with the exception for I4 strain that showed the lowest ethanol production. This is in accordance with its lowest CO2 evolution during the fermentation. The same trend of I4 strain was observed in wines from NGJ. Acetic acid production was comparable between the strains and a reduction of the content of this compound was observed when NGJ was used. Additionally, variability in SO2 production was detected. Low levels of SO2 (<6 mg/L) were produced by yeasts when SGJ was used, while higher amounts were detected using NGJ. In particular, the commercial strain OKAY showed the lowest amount, while I1 and I4 produced intermediate amounts of SO2, lower than that exhibited by the parental strain DiSVA 705 (32.29 ± 0.87 mg/L). The H2S production was evaluated by acetate strips during both fermentations and no production of this compound was detected in all the trials, with the exception for DiSVA 705, by BiGGY agar plate assay.




3.5.3. The Main Byproducts and Volatile Compounds of Fermentation


The main byproducts of fermentation such as acetaldehyde, ethyl acetate, n-propanol, isobutanol, amyl-and isoamyl alcohol were detected in SGJ wines (Table 3), while in NGJ key volatile compounds were also detected in addition to the main fermentation byproducts (Table 4). The results of wines from SGJ showed that all the yeasts produced acetaldehyde around 15 mg/L, only I1 strain produced higher level of this compound. Furthermore, the native and all improved strains exhibited a significant lower n-propanol production (c.a. 20 mg/L) than the commercial strain. The improved strains (I1, I4, B4) produced the lowest amyl-and isoamyl alcohols in comparison with the parental strain DiSVA 705 and OKAY (significant different), while regarding ethyl acetate and isobutanol production, variability among the strains was observed. NGJ wines showed a general higher production of byproducts. In particular, all non-commercial strains exhibited higher acetaldehyde and n-propanol content (with the exception of DiSVA 705 for n-propanol). Variability among the strains for ethyl acetate, isobutanol, amyl- and isoamyl-alcohol production was observed. Regarding the main volatile compounds evaluated in NGJ wines, OKAY exhibited the highest production of ethyl butyrate, phenyl ethyl acetate and β-phenyl ethanol, while the four native strains (DiSVA 705, I1, I4, B4) showed higher ethyl hexanoate production. Differently, I1, I4 and B4 showed higher isoamyl acetate production than DiSVA 705 and similar to wines fermented by OKAY.




3.5.4. Principal Component Analysis (PCA)


PCA carried out on the data of the main fermentation byproducts and volatile compounds of the wines obtained from NGJ, was reported in Figure 5. The total variance explained was 86.40% (PCA1 = 50.1%; PCA 2 = 36.40%). The distribution of wines fermented by different strains showed that OKAY was into the lower right quadrant, DiSVA 705 strain was located in the upper right quadrant, while the three new strains I1, I4 and B4 were grouped into the lower left quadrant. The overall data mainly distinguished the new strains from both the OKAY and DiSVA 705 strains, through PCA1 (confirming the results of molecular fingerprinting). In particular, OKAY differentiated from the other strains for phenylethyl acetate and ethyl butyrate production, DiSVA 705 differentiated for isobutanol, amyl- and isoamyl-alcohol, while I1, I4 and B4 for acetaldehyde and n-propanol, ethyl hexanoate and isoamyl acetate production. The outcome of the PCA analysis showed clear differences among the strains tested regarding the aromatic compounds production during the fermentation and this reflects the ability of each strains to give a specific aromatic imprint to the wine.






4. Discussion


Metabolites released by yeasts during alcoholic fermentation influence aromatic and sensorial profile of wines [35,36]. Compounds derived from yeast sulfur metabolism, such as sulfites (SO2) and sulfide (H2S), may play a negative role in wine aromatic complexity, inhibit the malolactic fermentation and are negatively involved in health concerns, all these aspects suggest to limit or avoid their production by yeasts [21,27]. The production of organic wines and sulfite-free wines involve starter strains characterized by the absence or the reduced production of sulfur compounds. In these wines, the absence of SO2 requires a more severe limitation of contact with oxygen. In this strictly reduced environment, the negative effect of H2S on the aromatic profile of wines increases.



The production of sulfur compounds in wine is strictly linked to the yeast metabolism of sulfur-containing amino acids such as cysteine and methionine. The selection of new S. cerevisiae strains able to produce low concentrations of these undesirable compounds is one of the main goals of researchers to satisfy winemakers and consumer requests.



In the present work, a native S. cerevisiae strain [37], previously selected for its enological aptitudes, was subjected to mass-mating of its spores. This procedure allowed us to obtain three improved strains of S. cerevisiae (I1, I4, B4) that are low producers of sulfur compounds and able to provide a specific aromatic imprint to wines. This approach was used in previous works that exploited the sexual recombination of spores and specific selective pressure to generate non-genetically modified S. cerevisiae with desired oenological characteristics [22,38].



The gene expression variability in the three improved strains I1, I4 and B4 could be due to the presence of different gene alleles which randomly segregated during the sporulation of the native strain, originating different allelic combinations. This hypothesis was confirmed by the spores’ analysis of the native DiSVA 705 strain, which showed a great variability for the H2S production. The improved strains selected for their desired characteristics were confirmed to be really new strains through interdelta-sequence profile analysis. Furthermore, the fermentation behavior of these improved strains was comparable with the commercial control strain with a reduction of SO2 production in comparison to the native strain (DiSVA 705). The results of microfermentation trials indicated that a general reduction in acetic acid production and an increase of SO2 and by products (particularly higher alcohols) in NGJ fermentation trials were found. These differences were probably due to a more complex and complete composition of NGJ (i.e., solid particles, nitrogen composition, initial SO2 content) [39,40]. On the other hand, the improved strains, in addition to the lower production of sulfur compounds (H2S and SO2), released in wine a mix of fermentation byproducts such as ethyl hexanoate, isoamyl acetate and β-phenyl ethanol responsible of fruity and floral aroma to the final wine [8]. This behavior led the aromatic complexity and desirable footprint for Verdicchio wine (the same grape variety from which the native DiSVA 705 was isolated). Furthermore, the influence of the yeasts on the final wine quality was strictly strain dependent, as described also by Torrens et al. [41] Concerning the three improved strains, even if showed a different aromatic profiles, they coming from the same genetic heritage of native S. cerevisiae strain isolated from Verdicchio grape variety. Indeed, the aromatic profile of improved strains should come from the native strain even if with some differences. This fermentation behavior could improve the uniqueness of organic and sulfite-free wines produced specifically in Verdicchio wine area. However, this feature needs to be further investigated. In this regard, several studies described the important role of native yeasts to confer a specific aromatic imprinting to the wine recognizable with the territory of production, as a biogeography signature of the yeasts used [8,42,43,44]. The latter aspect represents a valorization to their use as new fermentative starter strains in organic wine production.




5. Conclusions


In conclusion, the use of mass-mating spores—a strategy that occurs spontaneously in nature between yeasts—improved native S. cerevisiae strains, as the reduced production of sulfite and sulfide was obtained. The analytical profile of wines indicated that they can confer to the wine a specific aromatic imprinting and could be used as new starter strains tailored for organic and sulfite-free wines. Further studies will be carried out to evaluate at the industrial level the potential use of these new naturally improved strains.







Author Contributions


A.A., L.C., F.C. and M.C. contributed equally to this manuscript; A.A. carried out the experimental part of the work; A.A., L.C., F.C. and M.C. carried out the analysis of the data and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


Authors would like to thank VIB Laboratory of Systems Biology (K.U. Leuven, Belgium), especially Jan Steensels and Veerle Saels for their technical support and help received by A. A. for part of the activities and related data present in the study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Vaughan-Martini, A.; Martini, A. Saccharomyces meyen ex reess (1870). In The Yeasts; Elsevier: Burlington, MA, USA, 2011; Volume 2, pp. 733–746. [Google Scholar]

	



Piškur, J.; Rozpedowska, E.; Polakova, S.; Merico, A.; Compagno, C. How did Saccharomyces evolve to become a good brewer? Trends Genet. 2006, 22, 183–186. [Google Scholar] [CrossRef] [PubMed]

	



Dashko, S.; Zhou, N.; Compagno, C.; Pitt, J.P.W.; Piškur, J. Why, when, and how did yeast evolve alcoholic fermentation? FEMS Yeast Res. 2014, 14, 826–832. [Google Scholar] [CrossRef] [PubMed]

	



Vigentini, I.; Fabrizio, V.; Faccincani, M.; Picozzi, C.; Comasio, A.; Foschino, R. Dynamics of Saccharomyces cerevisiae populations in controlled and spontaneous fermentations for Franciacorta, D.O.C.G. base wine production. Ann. Microbiol. 2014, 64, 639–651. [Google Scholar] [CrossRef]

	



Guillamón, J.M.; Barrio, E. Genetic polymorphism in wine yeasts: Mechanisms and methods for its detection. Front. Microbiol. 2017, 8, 806. [Google Scholar] [CrossRef] [PubMed]

	



Romano, P.; Caruso, M.; Capece, A.; Lipani, G.; Paraggio, M.; Fiore, C. Metabolic diversity of Saccharomyces cerevisiae strains from spontaneously fermented grape musts. World J. Microl. Biot. 2003, 19, 311–315. [Google Scholar] [CrossRef]

	



Aa, E.; Townsend, J.P.; Adams, R.I.; Nielsen, K.M.; Taylor, J.W. Population structure and gene evolution in Saccharomyces cerevisiae. FEMS Yeast Res. 2006, 6, 702–715. [Google Scholar] [CrossRef]

	



Callejon, R.M.; Clavijo, A.; Ortigueira, P.; Troncoso, A.M.; Paneque, P.; Morales, M.L. Volatile and sensory profile of organic red wines produced by different selected autochthonous and commercial Saccharomyces cerevisiae strains. Anal. Chim. Acta 2010, 660, 68–75. [Google Scholar] [CrossRef]

	



Orlić, S.; Vojvoda, T.; Babić, K.H.; Arroyo-López, F.N.; Jeromel, A.; Kozina, B.; Comi, G. Diversity and oenological characterization of indigenous Saccharomyces cerevisiae associated with Žilavka grapes. World J. Microl. Biot. 2010, 26, 1483–1489. [Google Scholar] [CrossRef]

	



Camarasa, C.; Sanchez, I.; Brial, P.; Bigey, F.; Dequin, S. Phenotypic landscape of Saccharomyces cerevisiae during wine fermentation: Evidence for origin-dependent metabolic traits. PLoS ONE 2011, 6, e25147. [Google Scholar] [CrossRef]

	



Capozzi, V.; Garofalo, C.; Chiriatti, M.A.; Grieco, F.; Spano, G. Microbial terroir and food innovation: The case of yeast biodiversity in wine. Microbiol. Res. 2015, 181, 75–83. [Google Scholar] [CrossRef]

	



Liti, G.; Carter, D.M.; Moses, A.M.; Warringer, J.; Parts, L.; James, S.A.; Davey, R.P.; Roberts, I.N.; Burt, A.; Koufopanou, V.; et al. Population genomics of domestic and wild yeasts. Nature 2009, 458, 337–341. [Google Scholar] [CrossRef] [PubMed]

	



Mercado, L.; Sturm, M.E.; Rojo, M.C.; Ciklic, I.; Martínez, C.; Combina, M. Biodiversity of Saccharomyces cerevisiae populations in Malbec vineyards from the “Zona Alta del Río Mendoza” region in Argentina. Int. J. Food Microbiol. 2011, 151, 319–326. [Google Scholar] [CrossRef] [PubMed]

	



Scacco, A.; Oliva, D.; Di Maio, S.; Polizzotto, G.; Genna, G.; Tripodi, G.; Lanza, C.M.; Verzera, A. Indigenous Saccharomyces cerevisiae strains and their influence on the quality of Cataratto, Inzolia and Grillo white wines. Food Res. Int. 2012, 46, 1–9. [Google Scholar] [CrossRef]

	



Capece, A.; Siesto, G.; Romaniello, R.; Lagreca, V.M.; Pietrafesa, R.; Calabretti, A.; Romano, P. Assessment of competition in wine fermentation among wild Saccharomyces cerevisiae strains isolated from Sangiovese grapes in Tuscany region. Lebensm-Wiss. Technol. 2013, 54, 485–492. [Google Scholar] [CrossRef]

	



Tofalo, R.; Perpetuini, G.; Schirone, M.; Fasoli, G.; Aguzzi, I.; Corsetti, A.; Suzzi, G. Biogeographical characterization of Saccharomyces cerevisiae wine yeast by molecular methods. Front. Microbiol. 2013, 4, 166. [Google Scholar] [CrossRef]

	



Tofalo, R.; Perpetuini, G.; Fasoli, G.; Schirone, M.; Corsetti, A.; Suzzi, G. Biodiversity study of wine yeasts belonging to the “terroir” of Montepulciano d’Abruzzo “Colline Teramane” revealed Saccharomyces cerevisiae strains exhibiting atypical and unique 5.8 S-ITS restriction patterns. Food Microbiol. 2014, 39, 7–12. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Collins, T.S.; Masarweh, C.; Allen, G.; Heymann, H.; Ebeler, S.E.; Mills, D.A. Associations among wine grape microbiome, metabolome, and fermentation behavior suggest microbial contribution to regional wine characteristics. mBio 2016, 7, e00631-16. [Google Scholar] [CrossRef]

	



Swiegers, J.H.; Pretorius, I.S. Modulation of volatile sulfur compounds by wine yeast. Appl. Microbiol. Biotechnol. 2007, 74, 954–960. [Google Scholar] [CrossRef]

	



Ugliano, M.; Fedrizzi, B.; Siebert, T.; Travis, B.; Magno, F.; Versini, G.; Henschke, P.A. Effect of nitrogen supplementation and Saccharomyces species on hydrogen sulfide and other volatile sulfur compounds in Shiraz fermentation and wine. J. Agric. Food Chem. 2009, 57, 4948–4955. [Google Scholar] [CrossRef]

	



Noble, J.; Sanchez, I.; Blondin, B. Identification of new Saccharomyces cerevisiae variants of the MET2 and SKP2 genes controlling the sulfur assimilation pathway and the production of undesirable sulfur compounds during alcoholic fermentation. Microb. Cell Factories 2015, 14, 68. [Google Scholar] [CrossRef]

	



De Vero, L.; Solieri, L.; Giudici, P. Evolution-based strategy to generate non-genetically modified organisms Saccharomyces cerevisiae strains impaired in sulfate assimilation pathway. Lett. Appl. Microbiol. 2011, 53, 572–575. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.Z.; Zhang, Z.M.; Zhang, H.Y. Cross breeding and hybrid identification of sulphite-tolerant hybrids of Saccharomyces uvarum. S. Afr. J. Enol. Vitic. 2017, 38, 125–131. [Google Scholar] [CrossRef]

	



Linderholm, A.L.; Findleton, C.L.; Kumar, G.; Hong, Y.; Bisson, L.F. Identification of genes affecting hydrogen sulfide formation in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 2008, 74, 1418–1427. [Google Scholar] [CrossRef] [PubMed]

	



Carrete, R.; Vidal, M.T.; Bordons, A.; Constantí, M. Inhibitory effect of sulfur dioxide and other stress compounds in wine on the ATPase activity of Oenococcus oeni. FEMS Microbiol. Lett. 2002, 211, 155–159. [Google Scholar] [CrossRef]

	



Komarnisky, L.A.; Christopherson, R.J.; Basu, T.K. Sulfur: Its clinical and toxicologic aspects. Nutrition 2003, 19, 54–61. [Google Scholar] [CrossRef]

	



Mendes-Ferreira, A.; Barbosa, C.; Falco, V.; Leão, C.; Mendes-Faia, A. The production of hydrogen sulphide and other aroma compounds by wine strains of Saccharomyces cerevisiae in synthetic media with different nitrogen concentrations. J. Ind. Microbiol. Biot. 2009, 36, 571–583. [Google Scholar] [CrossRef] [PubMed]

	



Cravero, M.C. Organic and biodynamic wines quality and characteristics: A review. Food Chem. 2019, 295, 334–340. [Google Scholar] [CrossRef]

	



Mannazzu, I.; Simonetti, E.; Marinangeli, P.; Guerra, E.; Budroni, M.; Thangavelu, M.; Clementi, F. SED1 gene length and sequence polymorphisms in feral strains of Saccharomyces cerevisiae. Appl. Environ. Microbiol. 2002, 68, 5437–5444. [Google Scholar] [CrossRef]

	



Legras, J.L.; Karst, F. Optimisation of interdelta analysis for Saccharomyces cerevisiae strain characterisation. FEMS Microbiol. Lett. 2003, 221, 249–255. [Google Scholar] [CrossRef]

	



Ciani, M.; Ferraro, L. Enhanced glycerol content in wines made with immobilized Candida stellata cells. Appl. Environ. Microbiol. 1996, 62, 128–132. [Google Scholar] [CrossRef]

	



Steensels, J.; Meersman, E.; Snoek, T.; Saels, V.; Verstrepen, K.J. Large-scale selection and breeding to generate industrial yeasts with superior aroma production. Appl. Environ. Microbiol. 2014, 80, 6965–6975. [Google Scholar] [CrossRef] [PubMed]

	



Canonico, L.; Comitini, F.; Ciani, M. Torulaspora delbrueckii for secondary fermentation in sparkling wine production. Food Microbiol. 2018, 74, 100–106. [Google Scholar] [CrossRef] [PubMed]

	



Canonico, L.; Comitini, F.; Ciani, M. Metschnikowia pulcherrima selected strain for ethanol reduction in wine: Influence of cell immobilization and aeration condition. Foods 2019, 8, 378. [Google Scholar] [CrossRef] [PubMed]

	



Pretorius, I.S. Tailoring wine yeast for the new millennium: Novel approaches to the ancient art of winemaking. Yeast 2000, 16, 675–729. [Google Scholar] [CrossRef]

	



Cebollero, E.; Gonzalez-Ramos, D.; Tabera, L.; Gonzalez, R. Transgenic wine yeast technology comes of age: Is it time for transgenic wine? Biotechnol. Lett. 2007, 29, 191–200. [Google Scholar] [CrossRef]

	



Pérez-Través, L.; Lopes, C.A.; Barrio, E.; Querol, A. Evaluation of different genetic procedures for the generation of artificial hybrids in Saccharomyces genus for winemaking. J. Food Microbiol. 2012, 156, 102–111. [Google Scholar] [CrossRef]

	



Bizaj, E.; Cordente, A.G.; Bellon, J.R.; Raspor, P.; Curtin, C.D.; Pretorius, I.S. A breeding strategy to harness flavor diversity of Saccharomyces interspecific hybrids and minimize hydrogen sulfide production. FEMS Yeast Res. 2012, 12, 456–465. [Google Scholar] [CrossRef]

	



Casalta, E.; Vernhet, A.; Sablayrolles, J.M.; Tesnière, C.; Salmon, J.M. Characterization and role of grape solids during alcoholic fermentation under enological conditions. Am. J. Enol. Vitic. 2016, 67, 133–138. [Google Scholar] [CrossRef]

	



Wang, X.D.; Bohlscheid, J.C.; Edwards, C.G. Fermentative activity and production of volatile compounds by Saccharomyces grown in synthetic grape juice media deficient in assimilable nitrogen and/or pantothenic acid. J. Appl. Microbiol. 2003, 94, 349–359. [Google Scholar] [CrossRef]

	



Torrens, J.; Urpí, P.; Riu-Aumatell, M.; Vichi, S.; López-Tamames, E.; Buxaderas, S. Different commercial yeast strains affecting the volatile and sensory profile of cava base wine. J. Food Microbiol. 2008, 124, 48–57. [Google Scholar] [CrossRef]

	



Knight, S.; Goddard, M.R. Quantifying separation and similarity in a Saccharomyces cerevisiae metapopulation. ISME J. 2015, 9, 361–370. [Google Scholar] [CrossRef] [PubMed]

	



Capece, A.; Granchi, L.; Guerrini, S.; Mangani, S.; Romaniello, R.; Vincenzini, M.; Romano, P. Diversity of Saccharomyces cerevisiae strains isolated from two Italian wine-producing regions. Front. Microbiol. 2016, 7, 1018. [Google Scholar] [CrossRef] [PubMed]

	



Agarbati, A.; Canonico, L.; Ciani, M.; Comitini, F. Fitness of selected indigenous Saccharomyces cerevisiae strains for white Piceno DOC wines production. Fermentation 2018, 4, 37. [Google Scholar] [CrossRef]








[image: Foods 09 00658 g001 550] 





Figure 1. Different level of H2S production of the spores. The different color intensity of the colonies indicates different levels of H2S production. White colonies were H2S− while brown/black colonies expressed maximum level of H2S. An intermediate color intensity indicated medium production of H2S. 
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Figure 2. Molecular fingerprinting of the potential improved strains using primer pair δ 12–21. The native DiSVA 705 strain was used as control. Each strain was analyzed in duplicate to confirm. The QX Size Marker 50 bp/5 kb (Qiagen) was used for fragment size. Lane B was indicated as negative control. 
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Figure 3. Electrophoretic profiles of interdelta sequences obtained by primer pair δ 12–21. Each stable isolate, belonging to each group, was named from 1 to 7 preceded by strain’s name and compared with the same unstabilized strain. The DiSVA 705 strain was used as control. The acronyms “Bf” and “Af” were used to indicate before and after genome stabilization, respectively. Lane B: indicated as negative control. The QX Size Marker 50 bp/ 5kb (Qiagen) was used for fragment size. (a–d) represent the electrophoretic profiles of G4, I1, I4 and I4, before and after stabilization, respectively. 
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Figure 4. Fermentation kinetics of the new selected strains tested: OKAY ( [image: Foods 09 00658 i001]); DiSVA 705 ( [image: Foods 09 00658 i002]); I1 ( [image: Foods 09 00658 i003]); I4 ( [image: Foods 09 00658 i004]); B4 ( [image: Foods 09 00658 i005]). The graph represented the fermentation trend in NGJ. The results were the mean values and the standard deviations were represented as error bars. 






Figure 4. Fermentation kinetics of the new selected strains tested: OKAY ( [image: Foods 09 00658 i001]); DiSVA 705 ( [image: Foods 09 00658 i002]); I1 ( [image: Foods 09 00658 i003]); I4 ( [image: Foods 09 00658 i004]); B4 ( [image: Foods 09 00658 i005]). The graph represented the fermentation trend in NGJ. The results were the mean values and the standard deviations were represented as error bars.



[image: Foods 09 00658 g004]







[image: Foods 09 00658 g005 550] 





Figure 5. Principal component analysis based on the data for the main byproducts of fermentation and volatile compounds in the wines obtained NGJ. 
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Table 1. H2S production of the viable spores.
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	Spores Name
	H2S Production





	1_A
	++



	1_B
	−



	1_C
	++



	2_B
	++



	3_C
	++



	4_B
	+++



	5_B
	+++



	6_B
	+++



	7_B
	++



	8_A
	+++



	8_B
	++



	8_C
	−



	9_A
	+



	9_B
	−



	9_C
	−



	9_D
	++



	10_A
	+++



	10_B
	++







H2S production of the viable spores. Each spore within the tetrad was named from “A” to “D” preceded by tetrad’s number. The symbols “+++”,“++”,“+” and “−” were used to indicate maximum (dark brown/black colony), medium (light brown colony), low (beige colony) and no (white colony) H2S production, respectively. It is well observable in the photo at the end of the table.
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Table 2. The main analytical compounds of wines obtained from S. cerevisiae strains of this study.
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SGJ

	
NGJ




	
Strains

	
Ethanol (% v/v)

	
Acetic Acid (g/L)

	
Total SO2 (mg/L)

	
Ethanol (% v/v)

	
Acetic Acid (g/L)

	
Total SO2 (mg/L)






	
OKAY

	
13.00 ± 0.15 ab

	
0.81 ± 0.05 a

	
0.29 ± 0.01 c

	
13.65 ± 0.06 ab

	
0.39 ± 0.02 b

	
6.85 ± 0.49 e




	
DiSVA 705

	
13.14 ± 0.02 a

	
0.77 ± 0.01 ab

	
3.81 ± 0.43 ab

	
14.04 ± 0.17 a

	
0.31 ± 0.02 c

	
32.29 ± 0.87 a




	
G4

	
13.17 ± 0.03 a

	
0.74 ± 0.03 ab

	
4.89 ± 2.06 a

	
13.49 ± 0.24 b

	
0.43 ± 0.01 b

	
12.56 ± 0.45 d




	
I1

	
13.15 ± 0.12 a

	
0.72 ± 0.09 b

	
5.40 ± 1.28 a

	
13.84 ± 0.26 ab

	
0.53 ± 0.03 a

	
22.35 ± 0.78 b




	
I4

	
12.71 ± 0.45 b

	
0.73 ± 0.02 ab

	
2.28 ± 1.43 bc

	
12.74 ± 0.28 c

	
0.49 ± 0.01 a

	
17.44 ± 0.57 c




	
B4

	
13.21 ± 0.01 a

	
0.75 ± 0.00 ab

	
0.76 ± 0.40 c

	
13.69 ± 0.48 ab

	
0.50 ± 0.05 a

	
32.37 ± 1.05 a








Data regarding synthetic grape juice (SGJ) and natural grape juice (NGJ) were reported at the left and right of the table, respectively. Data are means ± standard deviations and those with different superscript letters (a–e) within each column are significant (Duncan test; p < 0.05).
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Table 3. Main fermentation byproducts in SGJ.
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Main by-Products in SGJ (mg/L)

	
Yeast Strains




	
Carbonyl Compounds

	
OKAY

	
DiSVA 705

	
I1

	
I4

	
B4






	
Acetaldehyde

	
15.21 ± 0.16 b

	
13.91 ± 0.05 b

	
17.96 ± 1.74 a

	
13.84 ± 0.13 b

	
15.12 ± 1.19 b




	
Esters

	

	

	

	

	




	
Ethyl acetate

	
18.69 ± 0.64 b

	
22.29 ± 0.31 a

	
17.54 ± 0.26 b

	
11.27 ± 2.08 d

	
14.50 ± 0.28 c




	
Alcohols

	

	

	

	

	




	
n-propanol

	
41.61 ± 0.44 a

	
19.24 ± 0.41 b

	
20.53 ± 0.51 b

	
21.99 ± 4.87 b

	
19.02 ± 0.54 b




	
Isobutanol

	
19.66 ± 0.27 a

	
14.81 ± 0.14 b

	
7.69 ± 0.85 c

	
6.61 ± 0.50 d

	
8.61 ± 0.32 c




	
Amyl alcohol

	
18.88 ± 0.44 a

	
12.24 ± 0.17 b

	
8.88 ± 0.82 c

	
9.08 ± 0.64 c

	
8.11 ± 1.10 c




	
Isoamyl alcohol

	
47.51 ± 0.11 a

	
35.90 ± 0.05 b

	
29.41 ± 1.22 c

	
29.45 ± 2.60 c

	
27.35 ± 2.95 c








Data are means ± standard deviations and those with different superscript letters (a–d) within each row are significant (Duncan test; p < 0.05).
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Table 4. Main fermentation byproducts and volatile compounds in NGJ.
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Main by-Products in NGJ (mg/L)

	
Yeast Strains




	
Carbonyl Compounds

	
OKAY

	
DiSVA 705

	
I1

	
I4

	
B4






	
Acetaldehyde

	
12.53 ± 0.05 e

	
63.46 ± 0.47 c

	
89.66 ± 0.10 a

	
70.52 ± 0.02 b

	
57.00 ± 0.01 d




	
Esters

	

	

	

	

	




	
Isoamyl acetate

	
1.53 ± 0.21 a

	
0.37 ± 0.08 c

	
1.26 ± 0.15 ab

	
1.27 ± 0.01 ab

	
1.05 ± 0.16 b




	
Phenylethyl acetate

	
0.77 ± 0.00 a

	
0.14 ± 0.05 b

	
0.10 ± 0.05 bc

	
0.04 ± 0.01 c

	
0.05 ± 0.01 c




	
Ethyl hexanoate

	
0.08 ± 0.01 d

	
0.34 ± 0.01 a

	
0.26 ± 0.01 bc

	
0.22 ± 0.00 c

	
0.30 ± 0.06 ab




	
Ethyl butyrate

	
0.87 ± 0.09 a

	
0.03 ± 0.01 b

	
0.09 ± 0.00 b

	
0.07 ± 0.00 b

	
0.06 ± 0.01 b




	
Ethyl acetate

	
20.38 ± 0.57 b

	
20.58 ± 1.38 b

	
31.15 ± 0.11 a

	
16.67 ± 0.89 c

	
22.09 ± 0.65 b




	
Alcohols

	

	

	

	

	




	
n-propanol

	
40.56 ± 1.27 d

	
20.95 ± 0.39 e

	
59.30 ± 0.34 b

	
69.83 ± 1.00 a

	
49.36 ± 0.17 c




	
Isobutanol

	
5.65 ± 0.42 c

	
17.18 ± 0.53 a

	
7.34 ± 0.40 b

	
7.77 ± 0.76 b

	
7.60 ± 0.16 b




	
Amyl alcohol

	
14.60 ± 1.53 b

	
19.76 ± 0.98 a

	
8.70 ± 0.13 d

	
12.20 ± 0.92 c

	
6.85 ± 0.42 d




	
β-Phenyl ethanol

	
24.93 ± 1.32 a

	
16.24 ± 0.75 b

	
8.54 ± 0.82 c

	
6.28 ± 0.33 cd

	
5.81 ± 1.07 d




	
Hexanol

	
0.09 ± 0.02 a

	
0.07 ± 0.00 ab

	
0.05 ± 0.01 b

	
0.06 ± 0.01 b

	
0.07 ± 0.01 ab




	
Isoamyl alcohol

	
94.21 ± 1.25 b

	
115.61 ± 0.70 a

	
58.03 ± 0.29 d

	
56.51 ± 0.36 d

	
62.35 ± 0.36 c








Data are means ± standard deviations and those with different superscript letters (a–e) within each row are significant (Duncan test; p < 0.05).
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