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Use of Torulaspora delbrueckii Co-fermentation With Two Saccharomyces cerevisiae Strains With Different Aromatic Characteristic to Improve the Diversity of Red Wine Aroma Profile
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The use of selected Saccharomyces and non-Saccharomyces strains as mixed starters has advantages over pure fermentation due to achieving wine products with distinctive and diversified aroma expected by consumers. To obtain a way to improve the aroma diversity and increase the differentiation of wine product, in this study, the aromatic effect of multi-culture of indigenous Torulaspora delbrueckii (TD12), simultaneous and sequential inoculation with two Saccharomyces strains (indigenous icewine yeast SC45 and commercial yeast BDX) with different enological characteristics were investigated in laboratory-scale 20 L fermenter, respectively. The results showed that T. delbrueckii co-fermented with different S. cerevisiae strain could generate diversified physicochemical and aromatic quality of wine as evidenced by PCA. Mixed fermentation of SC45/TD12 produced higher contents of higher alcohol (3-methyl-1-pentanol and phenylethyl alcohol), ethyl esters (ethyl decanoate and ethyl butanoate), terpenes and phenylacetaldehyde with less fatty acids (hexanoic acid, octanoic acid) and acetic acid, while BDX/TD12 generated more C6 alcohol (1-hexanol) and acetate esters (ethyl acetate and isoamyl acetate). Compared to simultaneous inoculation, sequential inoculation could achieve higher aroma diversity, and generate higher intensity of fruity, flowery and sweet attributes of wine as assessed by calculating the odor activity values. The different S. cerevisiae strain and inoculation method in alcoholic fermentation could further influence the formations of aromatic compounds in malolactic fermentation. Our results highlighted the importance of S. cerevisiae strain in shaping the aromatic quality of wine in mixed fermentation, and also suggested that using different S. cerevisiae strains with distinct aromatic characteristics co-fermentation with specific non-Saccharomyces strain is a potential way to increase the aromatic diversity and quality of wine product, which could provide an alternative way to meet the requirement of wine consumers for diversified aromatic quality.
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INTRODUCTION

In recent years, the consumer requirements for distinctive aromatic characteristics urge winemakers to develop a variety of ways to manipulate specific aroma compounds and increase the complexity of wine. In this context, non-Saccharomyces yeasts have received more attention because these strains have desired enological characteristics that are absent in S. cerevisiae, such as producing high levels of aroma compounds and producing several enzymes (esterases, ß-glycosidases, lipases and proteases) (Andorrà et al., 2012; Jolly et al., 2014; Liu et al., 2016; Padilla et al., 2016). The multi-starter fermentations of different non-Saccharomyces species together with S. cerevisiae in a controlled manner can produce distinct aroma profiles and improve the complexity of final wine (Anfang et al., 2010; Imma et al., 2010; Cañas et al., 2011; Jolly et al., 2014).

Among these non-Saccharomyces yeast species, Torulaspora delbrueckii is probably the one that is most often used in wine-making. Co-fermentation with S. cerevisiae and this yeast has been described to improve wine complexity, decrease volatile acidity and acetaldehyde content, or increase dried fruit and pastry aromas (Bely et al., 2008; Renault et al., 2009; Azzolini et al., 2012, 2015; Velázquez et al., 2015). The mixed T. delbrueckii/S. cerevisiae inoculation can also increase the total ester concentration (such as isoamyl acetate, ethyl hexanoate and 3-hydroxybutanoate) compared to single inoculation with T. delbrueckii or S. cerevisiae (Herraiz et al., 1990). However, inconsistent results have also been reported. Comitini et al. (2011) and Sadoudi et al. (2012) showed that total concentration of ester in mixed inoculations was lower than that in pure S. cerevisiae culture, especially a significant reduction of isoamyl acetate. The main explanation for these contradictory results is the difference of T. delbrueckii strain used in these studies because the aromatic effect of non-Saccharomyces in the mixed fermentation is usually strain-dependent (Renault et al., 2009).

Until now, most works related to the mixed fermentation for improving the aromatic complexity are to combine different non-Saccharomyces species/strains with one specific S. cerevisiae strain; however, no detailed information are available on the aromatic impact of different S. cerevisiae strain with one non-Saccharomyces strain. Compared to non-Saccharomyces yeast species, S. cerevisiae have more diversified genetic characteristics and metabolic behaviors. Therefore, different S. cerevisiae strains can develop diversified aromatic profiles when fermenting with the same must (Marsit and Dequin, 2015; Eldarov et al., 2016). This can well explain why there are above 200 commercial Saccharomyces yeast strains available in the market. Due to the fact that different S. cerevisiae strains can generate different aromatic profiles, it is reasonably believed that one specific non-Saccharomyces strain paired with different S. cerevisiae strains with distinct enological characteristics could also produce the wine with diversified aromatic quality. Using autochthonous or locally selected wine yeast is encouraged in current wine-making because these yeasts can well adapt to the micro-conditions of the wine region and improve the aroma quality of wine by generating unique regional character (Calabretti et al., 2012; Liu et al., 2016). In our previous work, two potential wine yeast strains S. cerevisiae CVE-SC45 and T. delbrueckii CVE-TD12 were isolated from Dongbei province and Xinjiang province, two major wine regions in China, respectively. The preliminary experimental results showed that they have good technological characteristics, including high fermentation speed, low production of H2S, and high tolerance to ethanol, SO2 and sugar, and show good potential application in wine-making (Unpublished results). To enrich our understanding of beneficial effects of mixed fermentation on wine aroma quality, in this study, the effects of mixed fermentation of T. delbrueckii CVE-TD12 with two S. cerevisiae strains (indigenous icewine yeast CVE-SC45 and commercial yeast BDX with simultaneous and sequential inoculation) on aromatic profiles of wine were investigated in 20 L fermenter using Cabernet Sauvignon grape as the must, respectively. The cell growth, physicochemical products and aromatic compounds of wine after alcoholic fermentation and malolactic fermentation were determined and compared with pure S. cerevisiae fermentations, respectively.

MATERIALS AND METHODS

Yeast Strains and Grape Must

Two indigenous wine yeast strains were used in this study, including T. delbrueckii CVE-TD12 and S. cerevisiae CVE-SC45. CVE-TD12 was isolated from spontaneous fermentative wines of Cabernet Sauvignon in Wujiaqu in the middle part of Xinjiang, China. CVE-SC45 was isolated from spontaneous fermentative icewine of Vidal Blanc in Huairen, Liaoning, China. They were identified by 5.8S-ITS and 26S rDNA-RELP analysis and deposited in China General Microbiological Culture Collection Center (CGMCC), and the preservation numbers are 12L-161017 (T. delbrueckii CVE-TD12) and 45-161017 (S. cerevisiae CVE-SC45). The commercial strain BDX (Lallemand S. A., Toulouse, France), which was usually used to ferment table red wine, was applied as another Saccharomyces strain. These strains were stored at −80°C in YPD medium with adding glycerol (20% v/v final concentration).

Fermentation Conditions and Samples

Duplicated fermentations were conducted in Cabernet Sauvignon grape must. Eighteen kg of wine grapes from Changli, Hebei were added into laboratory-scale 20 L stainless steel fermenter after destemming, crushing and adding 60 mg/L of sulfur dioxide and 30 mg/l pectinase. The basic parameters of the original must were measured as follows: pH 3.16, 5.13 g/L of titratable acid, 226 g/L of reducing sugar. Mixed fermentation trails were performed by TD12 with SC45 and BDX simultaneous and sequential inoculation, respectively. Six trials were therefore set: (1) single inoculation with BDX; (2) Simultaneous inoculation of BDX and TD12 (SI-BDX/TD12); (3) sequential inoculation of TD12 followed by BDX after 2 days (SE-BDX/TD12); (4) single inoculation of SC45; (5) Simultaneous inoculation of SC45 and TD12 (SI-SC45/TD12); (6) sequential inoculation of TD12 followed by SC45 after 2 days (SE-SC45/TD12). These strains were pre-cultured in 500 mL shake flasks containing 300 mL of YPD medium overnight (30°C and 150 rpm). Cells were harvested by centrifugation and washed twice with sterile water. The inoculum ratio of non-Saccharomyces and Saccharomyces species was 10:1, and the initial active population of non-Saccharomyces and Saccharomyces were 1.0 × 107 CFU/mL and 1.0 × 106 CFU/mL, respectively (Renault et al., 2015). Fermentation proceeded for 7 or 9 days at 24–26°C with regular punching skins down to improve extraction. Five ml of fermenting musts were sampled each 24 h for counting yeast population. After alcoholic fermentation ended (sugar content was below 4 g/L), grape pomace was separated out of wine carefully. The wines were transferred to 10 L glass fermenter for settle for 2 days and start malolactic fermentation by inoculating commercial Oenococcus oeni (Viniflora® Oenos, Chr. Hanse) according the manufacturer's instructions. The samples after alcoholic fermentation and malolactic fermentation were drawn, centrifuged and stored at −20°C for analysis of glucose, fructose, main products (glycerol, acetic acid, ethanol and non-volatile acids) and volatile aroma compounds. Each sample was analyzed in triplicate.

Analytical Methods

The quantity of yeasts was determined by plating on WL nutrient agar containing 100 mg/L chloramphenicol inhibiting bacterial growth. To avoid any possible interference of non-Saccharomyces other than T. delbrueckii, the late-harvested Cabernet-Sauvignon grapes was used because the amount of non-Saccharomyces was very low in late-harvested grapes with adding 60 mg/L SO2 (Ramírez et al., 2016). Plates were incubated at 30°C for 72 h. On WL nutrient agar plates, yeast colonies belonging to S. cerevisiae and non-Saccharomyces were distinguished by their different morphological characteristics.

The amino acid concentration of original must was determined by high performance liquid chromatography (HPLC) method developed previously in our laboratory (Wang et al., 2014). The main products of final wines were determined by an HPX-87H Aminex ion-exchange column (300 × 7.8 mm, Bio-Rad Laboratories, Hercules, CA, USA) with 5 mM sulfuric acid as the mobile phase (Duan et al., 2015). The volatile compounds of final wines were determined by headspace solid-phase micro-extraction coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS) according to our previous study (Zhang et al., 2011; Xu et al., 2015; Liu et al., 2016). Analyses were performed in triplicate. The detailed quantitation information about quantitative ion, quantitative standards, calibration curves and R2 for the quantification of volatile compounds used in this study are provided in Table S4.

Statistical Analysis

Analysis of variance (ANOVA, least significant difference method at a significance level of P ≤ 0.05) was used to evaluate differences between the volatile and non-volatile compounds in the fermentation samples by the SPSS statistical package version 19.0 (SPSS Inc., USA).

RESULTS

The Cell Growths, Amino Acid Consumption, and Main Fermentation Products

The contribution of wine yeasts to the final aromatic characteristics of wine is largely depending on the persistence of strains and cell number during alcoholic fermentation. Figure 1 showed the growth dynamics of S. cerevisiae and T. delbrueckii in pure and mixed cultures. The amount of pure culture of SC45 increased rapidly during initial 2 days and reached the maximum number 3 × 108 CFU/mL at the third days, and then decreased to 1 × 108 CFU/mL and remain stable to the end of alcoholic fermentation. In the simultaneous fermentation, although the initial number of SC45 was lower than TD12, along the fermentation process, the cell number of SC45 exceeded TD12 at the third days (1.82 × 108 CFU/mL). Similarly, in sequential fermentation, the cell number of SC45 exceed TD12 after 1 d fermentation (1.48 × 108 CFU/mL) and remain steady till the end of alcoholic fermentation. It should be noticed that the highest populations of BDX and SC45 in sequential fermentation were comparable to those of simultaneous fermentation, suggesting that TD12 is not killer strain that secret toxin on S. cerevisiae, as reported by Velázquez et al. (2015). Lower population of S. cerevisiae in mixed fermentation compared to pure fermentation suggested that there is nutrition competition between both strains and negatively influenced individual strain growth. T. delbrueckii cells are less adapt to the grape must because in all cases, their number rapidly decreased after 2 d fermentation relative to S. cerevisiae, which were consistent with the data of previous literature (Loira et al., 2014).
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FIGURE 1. Yeast population dynamics in different fermentations (A) SC45 growth in pure fermentation (SC45) and the growths of SC45 and TD12 in simultaneous fermentation (SI-SC45 and SI-TD12, respectively); (B) SC45 growth in pure fermentation (SC45) and the growths of SC45 and TD12 in sequential fermentation (SE-SC45 and SE-TD12,respectively); (C) BDX growth in pure fermentation (BDX) and the growths of BDX and TD12 in simultaneous fermentation (SI-BDX and SI-TD12, respectively); (D) BDX growth in pure fermentation (BDX) and the growths of BDX and TD12 in sequential fermentation (SE-BDX and SE-TD12, respectively). Error bars represent the standard deviation.



The alcoholic fermentations ended after 7 d (pure fermentation) and 9 d (mixed fermentation). Residual glucose and fructose concentrations, and main fermentation products were showed in Table 1, including non-volatile acids, glycerol, acetic acid and ethanol. No glucose and 2.71–3.81 g/L fructose were left in wines, suggesting that all inoculations can successfully complete the alcoholic fermentation. Significantly decreased contents of acetic acid were observed in BDX/TD12 mixed fermentation (SE and SI) compared to pure fermentation, corresponding to the results that T. delbrueckii co-inoculation with S. cerevisiae efficiently reduced acetic acid content (Azzolini et al., 2015; Belda et al., 2015). However, this reduction was not occurred in TD12/SC45 mixed fermentation. Mixed fermentation also decreased ethanol contents compared to pure fermentation, including SI-SC45/TD12 (11.55 vs. 10.73%), SI-BDX/TD12 (11.57 vs. 11.01%) and SE-BDX/TD12 (11.57 vs. 11.10%). This was agreed with the results of Belda et al. (2015) that T. delbrueckii has the potential to reduce ethanol in winemaking. Sequential inoculation of BDX or SC45 can decrease succinic acid, which was inconsistent with the data that Puertas et al. (2016), who found that succinic acid concentration was 33% higher in 2011 Palomino wines in sequential fermentation of Td/Sc than pure S. cerevisiae. No clear differences were observed in other physiochemical parameters. After malolactic fermentation, acetic acid contents were slightly increased relative to alcoholic fermentation, except for SE-BDX/TD12, in which acetic acid was further decreased to 0.46 g/L. No significant differences were observed in other parameters among different wine samples.


Table 1. Analytical parameters (g/L) of the final wines after alcoholic fermentation.
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Amino acids are important nitrogen for wine yeast growth and fermentation activity. More important, their composition and amount significantly affect the formation of many volatile compounds that contribute to wine flavor. To evaluate the effects of different multi-cultures on the discrepancies of amino acid metabolism, the consumption profiles of amino acid during alcoholic fermentation were calculated by the ratio of consumed content to the initial content (Table 2). In addition, the changed ratios of amino acid after malolactic fermentation vs alcoholic fermentation were determined by comparing the individual residual content (Table S1). Except for Pro, most amino acids were totally consumed during alcoholic fermentation, but were largely dependent on the type of amino acid and inoculation method. The consumption of Asn, β-Ala, Tyr, Met, Leu, Trp, Phe, Orn, and Lyr, especially Asn, Tyr, Met, Trp, Phe, and Orn, were pronounced higher in mixed fermentation than pure fermentation. After malolactic fermentation, most amino acids in wines were increased compared to the wines after alcoholic fermentation, which might be due to the collapse of yeast cell and the excretion of amino acid into wines (Hernandezorte et al., 2006). Conversely, the contents of Asn, Arg and Ile were further decreased by the metabolism of lactic acid bacterial. Lowest total YAN content were found in SI fermentation compared to other inoculations, but there were no clearly regular profiles.


Table 2. The consumption ratio of nitrogenous compounds after alcoholic fermentation(%).
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Volatile Aroma Compounds After Alcoholic Fermentation and Malolactic Fermentation

The aromatic profiles of the wine produced by different inoculated strains and methods were determined. Generally, pure fermentation of SC45 produced higher levels of higher alcohols, fatty acids and fatty acid ethyl esters compared to BDX. Totally, forty-four aroma compounds in final wines were identified after alcoholic and malolactic fermentation, including fifteen higher alcohols, three fatty acids, sixteen esters (four acetate esters, eight fatty acid ethyl esters and four other esters), three aldehydes, four terpenes and three volatile phenols (Table 3, Table S2). The compound that odor activity value (OAV) over one have high contribution to wine aroma (Guth, 1997). Thus, the aroma compounds in Table 3 that OAV exceeding one were highlighted and underlined, and those compounds that OAV exceeding 0.1 but <1 were underlined. To evaluate the effect of malolactic fermentation on aroma compounds development, the ratios of aroma compound contents (OAV>0.1) after malolactic fermentation vs. alcoholic fermentation were calculated and showed in Table 4.


Table 3. Volatile composition(μg/L) of the final wines after alcoholic fermentation.
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Table 4. The ratio of aroma compounds (OVA > 0.1) after malolactic fermentation vs. after alcoholic fermentation.
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C6 Alcohol and Higher Alcohols

C6 alcohols usually have the character of “vegetal” and “herbaceous” note, giving negative effect on wine aroma quality (Ferreira et al., 2000). Three C6 alcohols (1-hexanol, Z-3-hexen-1-o, E-3-hexen-1-ol) were identified. Mixed fermentation caused significant increment of total C6 alcohols, 1-hexanol and Z-3-hexen-1-ol contents, especially sequential fermentation, and this characteristic retained in malolactic fermentation as well. Although SC45 generated more C6 alcohols than BDX in pure fermentation, the highest amount of 1-hexanol and total C6 alcohols were produced in SE-BDX/TD12.

The higher alcohols were the largest group of aroma compounds in this study. The concentration of 300–400 mg/L is acceptable, and the optimal level (below 300 mg/L) give a pleasant character (Rapp and Versini, 1995). In this work, the total concentrations of this group compound are ranged in 292.05 mg/L (BDX) to 469.25 mg/L (SE-SC45/TD12) after alcoholic fermentation and 292.68 mg/L (SC45) to 445.86 mg/L (SE-BDX/TD12) after malolactic fermentation. 3-Methyl-1-butanol, phenylethyl alcohol (contributing to “flowery” and “sweet” notes for wine) and 3-methyl-1-pentanol were detected above their threshold. Monoculture SC45 produced higher concentration of high alcohol than BDX. This trait further maintained in mixed fermentation, and SE-SC45/TD12 generated the highest amount of total, 3-methyl-1-pentanol and phenylethyl alcohol, followed by SE-BDX/TD12, SI-SC45/TD12 and SE-BDX/TD12. The malolactic fermentation can increase or decrease higher alcohol levels, depending on inoculated S. cerevisiae strains and inoculation method. It should be noticed that the concentration of phenylethyl alcohol in SI-BDX/TD12 wine was increased by 1.44 folds after malolactic fermentation compared to the value of alcoholic fermentation.

Fatty Acids

Fatty acids imparts the wine with fruity, cheese, fatty and rancid notes (Schreier and Jennings, 1979). Volatile fatty acids can improve the complexity of wine at sub-sensory threshold levels, but cause negative effect on wine aroma when above their thresholds (Swiegers and Pretorius, 2005). Hexanoic acid, octanoic acid and n-decanoic acid were detected in this study, and the former two compounds exceeded individual threshold. Lower production of fatty acid is particularly trait in single culture of T. delbrueckii and mixed fermentation, and the co-cultures of T. delbrueckii and Saccharomyces yeasts can modulate the production of fatty acids (Azzolini et al., 2012, 2015). Similar results were observed in this study, but inoculated S. cerevisiae strain largely influenced their formation. 26.0, 16.1, and 19.7% decreased contents of hexanoic acid, octanoic acid and total contents were observed in SI-SC45/TD12 than pure SC45 fermentation, respectively, but this decrement was not observed in mixed fermentation of BDX/TD12. Fatty acid contents were significantly promoted by malolactic fermentation; especially in mixed fermentation wines, for example, octanoic acid in SI-SC45/TD12 and SE-SC45/TD12 wines were 1.89 and 1.64 folds higher than the values of alcoholic fermentation, respectively.

Esters

Esters, including acetate esters and ethyl esters, are important aroma compounds and positively contribute to the desired fruit aroma characters of wine. In this study, sixteen esters were identified and five esters reached their threshold, including isoamyl acetate, ethyl acetate, ethyl butanoate, ethyl hexanoate, and ethyl decanoate. Compared to SC45, BDX is better strain that produce acetate esters, which was evidenced in sequential fermentation because significant enhancement of isoamyl acetate (banana note) was achieved in SE-BDX/TD12. However, this promotion was not occurred in SC45/TD12. Similarly, SC45 produced higher amount of ethyl esters than BDX, especially ethyl lactate (generating descriptors of coffee and strawberry), and SI-SC45/TD12 generated the highest contents of ethyl esters. The promotion of multi-culture of T. delbrueckii and S. cerevisiae on ethyl esters was reported by Sun et al. (2014) as well. The malolactic fermentation decreased most esters contents relative to alcoholic fermentation, except for ethyl hexanoate and ethyl decanoate. It should be noticed that this reduction was pronounced occurred in the wines of sequential inoculation, for example, isoamyl acetate contents in SE-SC45/TD12 and SE-BDX/TD12 were 0.42 and 0.52 folds lower than those of alcoholic fermentation, respectively, while the corresponding values were 0.31 and 0.25 folds in pure fermentation, respectively.

Aldehydes

Aldehydes with low sensory threshold and apple-like odors are important to wine aroma. Three aldehydes were identified in this study, and only phenylacetaldehyde (generating floral and honey smell in wine) reached OAV over one. Phenylacetaldehyde was promoted by mixed fermentation compared to pure S. cerevisiae, especially sequential fermentation. The highest value (1358.37 vs. 814.25 μg/L) was obtained in SE-SC45/TD12 compared to pure fermentation, which was corresponding to the data that SC45 produced more phenylacetaldehyde than BDX (814.25 vs. 725.73 μg/L). The level of this compound was decreased after malolactic fermentation, which was more pronounced in SE-SC45/TD12.

Terpenes and Volatile Phenols

Terpenes provide floral notes to wine and have low odor thresholds. Most terpenes are rich in aromatic grape varieties. Although Cabernet Sauvignon does not belong to aromatic varieties and has a low content of terpenes, four terpenes were still detected in final wines including linalool, citronellol, geraniol and farnesol, in which, only geraniol exceeded its threshold. SC45 and BDX showed comparable promotion on terpenes formation when combined with TD12 inoculation, and the higher total amounts were obtained in SE-SC45/TD12. Generally, the beneficial effects of mixed fermentation on terpenes formation were amplified by malolactic fermentation (Table S2).

Decreased volatile phenols content is another characteristic of multi-culture of T. delbrueckii and S. cerevisiae (Renault et al., 2009; Azzolini et al., 2015). In this study, the contents of 4-ethyl guaiacol and 4-ethyl-phenol were significantly lower in SI-SC45/TD12 than those of pure fermentation, but this reduction was not observed in other mixed fermentations. The contents of volatile phenols showed increment after malolactic fermentation, especially in SI-SC45/TD12 wine.

The above data indicated that co-fermentation of T. delbrueckii with different S. cerevisiae strain (SC45 and BDX) could produce diversified volatile profile of wine, which was not only dependent on S. cerevisiae strains paired inoculation, but also on inoculation methods (SI and SE). To highlight the differences between wines fermented by different S. cerevisiae strains and inoculation methods, and to identify the volatile compounds that discriminate these treatments, Principal Component Analysis (PCA) was applied using main physical chemical and aromatic compound that OAV exceed 0.1 after alcoholic fermentation and malolactic fermentation, respectively (Table 3 and Table S2). The PCA in Figure 2A indicated that the wines of alcoholic fermentation can be clearly separated by the first two components (47.43% for PC1 and 19.26% for PC2). The wines obtained from SC45 monoculture were clearly separated from BDX, suggesting that SC45 and BDX have dissimilarity among their formation of aromatic compounds. This characteristic led to the diversity of simultaneous and sequential wines. The wine of SI-SC45/TD12 was located in the positive part of PC2, and the wine of SI-BDX/TD12 located in the negative part of PC2. Monoculture and simultaneous wines are located together suggested that both inoculation have similar aromatic profiles. The significant differences were found in sequential wines, which were far from each other and from other inoculations, SE-SC45/TD12 wine were characteristic with phenylethyl alcohol, decanoic acid, Z-3-hexen-1-ol, while ethyl acetate were specific for the wine of SE-BDX/TD12. These results confirmed the previous data that sequential fermentation of T. delbrueckii and S. cerevisiae is a better inoculation method because it can produce more desired aroma compounds compared to simultaneous fermentation (Taillandier et al., 2014). The PCA in Figure 2B indicated that after malolactic fermentation, the differences of aromatic profiles of all wines were reduced, especially in monoculture wine. However, compared to simultaneous wines, sequential wines still had higher diversified aroma profiles. The main responsible components for the separation of SE-SC45/TD12 and SE-BDX/TD12 wines were succinic acid, 3-hexen-1-ol, isoamyl acetate, ethyl hexanoate, and ethyl acetate. In comparison, the main principal components responsible for discriminating SI-SC45/TD12 and SI-BDX/TD12 were acetic acid, hexanoic acid, octanoic acid, ethyl butanoate, and decanal.
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FIGURE 2. Principal component analysis (PCA) biplots of wines resulting from 22 aromatic compounds (OAV above 0.1) and 3 organic acid (succinic acid, lactic acid, acetic acid) by different fermentation methods after alcoholic fermentation (A) and malolactic fermentation (B), respectively.



Influence of Different Inoculation Methods on Odor Profile of Final Wine

An aromatic series could be defined as a group of volatile compounds with similar odor descriptors (Wu et al., 2011; Duan et al., 2015; Liu et al., 2016). To better understand the influence of mixed fermentation on the wine aroma profile and the contribution of different volatile compounds to the olfactory impression of wine, an aromatic series was established by combination of OAVs of a group of volatiles with similar odor descriptions (Peinado et al., 2006; Wu et al., 2011; Duan et al., 2015; Liu et al., 2016). In this research, twenty-two aroma compounds showed an OAV above 0.1 (Table 3). According to previous researches (Buettner et al., 2003; Peinado et al., 2006; Yang et al., 2008; Zhang et al., 2011; Duan et al., 2015; Liu et al., 2016), these compounds are associated with the notes “banana,” “green apple,” “citrus” “sweet,” “pear,” “pineapple,” “lemon” “roses,” “fruity,” “fatty,” “rancid,” “nail polish,” “alcohol,” “balsamic,” “floral,” and “green.” Six aromatic series of volatile compounds were finally obtained, including fruity, floral, sweet, herbaceous, chemical and fatty (Figure 3, Table S3). Of these, the floral and sweet series were prominent, followed by the fruity, chemical, fatty and herbaceous series. Sequential fermentations achieved the highest sweet, floral and fruity series due to producing more phenylethyl alcohol, ethyl butanoate, isoamyl acetate, ethyl hexanoate, ethyl decanoate, and phenylacetaldehyde, in which SC45/TD12 had higher value of sweet and floral series, while BDX/TD12 possessed higher fruity quality. After the malolactic fermentation, the values of sweet and floral attribution in SE wine were slightly decreased; in addition, the differences in aromatic quality between multi-cultures of SC45 and BDX disappeared. These results implied that the desired aromatic quality of wine generated by mixed alcoholic fermentation can be attenuated by malolactic fermentation.
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FIGURE 3. Aroma series in final wines produced by SC45 or BDX pure fermentation, simultaneous and sequential co-fermentation with TD12 after alcoholic fermentation (A) and malolactic fermentation (B), respectively. Error bars represent standard deviations. Aroma compounds are used and calculated for floral series: 1-octanol, phenylethyl alcohol, citronellol, phenylacetaldehyde; for fruity series: 1-octanol, ethyl butanoate, isoamyl acetate, ethyl hexanoate, ethyl decanoate, ethyl acetate, geraniol; for sweet series: phenylethyl alcohol, phenylacetaldehyde; for herbaceous series: 3-methyl-1-pentanol, 1-hexanol, (Z)-3-hexen-1-ol, geraniol, decanal; for chemical series; 3-methyl-1-butanol, 3-methyl-1-pentanol; 1-octen-3-ol, ethyl acetate, 4-ethyl-phenol; for fatty series: (Z)-3-hexen-1-ol, hexanoic acid, octanomic acid, decanoic acid, 4-ethyl guaiacol.



DISCUSSION

In recent years, the use of non-Saccharomyces yeasts co-inoculated with Saccharomyces cerevisiae is a popular strategy to improve the diversity and quality of wine aroma. This application has stimulated the interest to explore the enological characteristics of non-Saccharomyces yeasts (species and strain). In this study, the effect of T. delbrueckii inoculated with two S. cerevisiae strains (indigenous icewine strain SC45 and commercial strain BDX) on the red wine aroma quality were investigate, respectively, with the aim to evaluate whether multi-culture of specific T. delbrueckii with different S. cerevisiae strains with distinct enological traits could also produce the wines with diversified aromatic quality. For achieving this goal, S. cerevisiae SC45 isolated from icewine spontaneous fermentation were used and compared with commercial wine yeast BDX, which is usually used to ferment table red wine. The results of pure fermentation showed that SC45 had distinct aromatic traits compared to BDX, such as producing higher concentrations of higher alcohols, fatty acids and ethyl esters, suggesting that SC45 has a good potential application in industrial wine production. As expected, multi-culture of T. delbrueckii with SC45 or BDX achieved distinct profiles of aromatic compounds. For example, SE-SC45/TD12 produced higher concentration of higher alcohol and aldehydes, and SI-SC45/TD12 generated more fatty acids ethyl esters with low level of fatty acid, while SE-BDX/TD12 obtained higher amount of C6 alcohol and acetate esters.

SE-SC45/TD12 generated the highest amount of higher alcohol, followed by SE-BDX/TD12, SI-SC45/TD12 and SE-BDX/TD12, which was corresponding to the data that pure SC45 produced higher concentration of high alcohol than BDX. Actually, the promotion of multi-culture of T. delbrueckii and S. cerevisiae to higher alcohol formation, especially phenylethyl alcohol, had been confirmed by several authors (Comitini et al., 2011; Azzolini et al., 2012; Sadoudi et al., 2012), although the inconsistent data was also reported (Renault et al., 2009), which were usually ascribed to the differences of T. delbrueckii strains used (Azzolini et al., 2015). Our results indicated that besides T. delbrueckii strain diversity, S. cerevisiae strain is also an important factor that determining higher alcohols formations in mixed fermentation. With regard to esters production, BDX can produce more acetate esters than that of SC45, which was still evidenced in sequential fermentation (SE-BDX/TD12), especially the content of isoamyl acetate (banana note). However, this promotion was not observed in the mixed fermentation of SC45/TD12. According to previous literature, T. delbrueckii impacting isoamyl acetate formation is strain-dependent because the increment and reduction of isoamyl acetate by mixed fermentation of T. delbrueckii and S. cerevisiae were observed by Renault et al. (2015) and Azzolini et al. (2015), respectively. Our results confirmed the positive effect of multi-culture of T. delbrueckii and S. cerevisiae on the formation of acetate esters, but also suggested that this function is not only dependent on T. delbrueckii strain, but also on S. cerevisiae strain paired inoculation. It should be mentioned that our data was different with the results of Renault et al. (2015), who proposed that interaction of T. delbrueckii and S. cerevisiae is prerequisite of synthesizing higher level of esters in mixed fermentation although the individual strain has the low ability of forming esters. But these data were consistent with the observations of Taillandier et al. (2014) and Belda et al. (2017), they believed that individual T. delbrueckii or S. cerevisiae possessing the higher ability to synthesize esters is the precondition of achieving higher contents of esters in mixed fermentation. The potential of reducing ethanol by mixed fermentation of T. delbrueckii or S. cerevisiae were also confirmed in this study. However, the reduction levels varied considerably among different fermentations (0.05%–0.82%), which largely depended on S. cerevisiae strain and inoculation method. This might be due to the differences of cell growths and metabolism of T. delbrueckii in mixed fermentation with different S. cerevisiae strain, because sugar can also be used for increasing the biomass of T. delbrueckii, or produce alternative compounds to ethanol, such as glycerol, lactic acid or malic acid in multi-culture of T. delbrueckii and S. cerevisiae (Bely et al., 2008; Belda et al., 2015). The detailed mechanism needed to be further investigated.

Our data also showed that the aromatic profiles of wines fermented by different S. cerevisiae strains and inoculation methods (SI and SE) were further changed after malolactic fermentation. For example, the formation of esters was attenuated, while the productions of fatty acids, terpenes and volatile phenols were enhanced after malolactic fermentation compared to after alcoholic fermentation. This implied that the differences of nutrition status in wines after alcoholic fermentation could further influence the formation of aromatic compounds in malolactic fermentation. These results collectively suggested that the formations of aromatic compounds during mixed fermentation are very complicated, which is not only dependent on inoculated yeast species and strains (non-Saccharomyces and S. cerevisiae), but also on inoculation methods, nutrition composition of must and the wine after alcoholic fermentation. Thus, it is difficult to determine and predict the aromatic impact of individual yeast species on final wine during mixed fermentation. For solving this problem, it is essential to investigate the transcriptional and metabolic response of individual yeast strains throughout wine fermentation, which can help us to rationally manipulate the formation of individual aroma compound. Our results also confirmed that sequential inoculation of S. cerevisiae is a better inoculation method due to generating more desired aroma compounds compared to simultaneous inoculation. This might be due to the truth that non-Saccharomyces strain in sequential fermentation can persist and survive longer time than that in simultaneous fermentation.

It should be emphasized that Cabernet Sauvignon is major grape variety for red wine production in China, especially in Xinjiang and Hebei wine regions. The results obtained in this study could provide an alternative way to increase the diversity of aroma profiles of Cabernet Sauvignon wine and meet the growing requirement of wine consumers for diversified aromatic quality. To further verify this conclusion, more work need to be done with other grape varieties and different vintages, and in large-scale fermenter. These experiments will be done in our future work. Considering the truth that the changes in must composition and nutrition concentration, which could be achieved by different grape variety and vintages, can result in a significant influence on the growth and metabolism of wine yeast, and alter the formation profiles of aroma compounds (Bell and Henschke, 2005), the similar results could be expected.

In sum, the present results indicated that multi-culture of T. delbrueckii with different S. cerevisiae strains possessing distinct aromatic characteristic could generate desired and diversified aromatic profiles of final wine. Compared to simultaneous inoculation, sequential inoculation is a better fermentation method because it can produce more esters, phenylethyl alcohol and phenylacetaldehyde, and intensify the fruity, flowery, and sweet characteristic of final wine. The aromatic composition after malolactic fermentation was still influenced by inoculated S. cerevisiae strain and inoculation methods during alcoholic fermentation. Thus, the choice of S. cerevisiae strains in mixed fermentation is also important for determining the aromatic quality of wines. Our results suggested that using S. cerevisiae strain with distinct enological traits co-fermented with one specific non-Saccharomyces strain is a potential way to improve the aromatic diversity and quality of wine products, which could provide an alternative way to meet the requirement of wine consumers for diversified aromatic quality.
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3562.54 + 196.03° 4070.65 + 348.52° 3585.11 + 342,370 2809.51 + 100.25° 314225 + 135.16° 2024.45 + 171.19°
33.58 +2.29° 36.36 £2.01¢ 48.55 + 1.78% 85.26 + 0.57° 41.29 £2.61° 50.76 + 2.36%
0.82:+001¢ 0.91 £004° 1.08 +0.08° 091+ 001> 1.08 + 0.09°° 1.14+0.04%
860.94 + 7.12° 879.11 +7.079 963.79 & 10.53° 865.14 & 3.119% 906.45 + 15.41° 995.17 4 8.65%
5356.92 + 264.04% 5832.16 + 426.822 5573.51 + 339,713 4591.41 + 50.939 4995.19 + 193.82%¢ 4948.97 + 189.94%
332+ 0.189 3.79£0.14° 4.92 £0.22° 3.65 £ 0.09°4 4.79 +0.38° 6.04 % 0.39%
46.58 % 6510 52.87 23740 65.77 1912 3095+ 3.56° 4478798 60.95 % 237
0.69 + 0.08° 0.69 % 0.06° 1.11£0042 0.68 + 0.02° 0.76 + 0.07¢ 0.98 + 0.05
2940114 312008 366+ 0.07° 296+ 004¢ 3.46+0.13° 3.95 4028
54.24 + 677 61.19 + 4.03° 76.09 + 1.912 47.86 + 3.47° 54.34 + 8.425¢ 72.51+208%
2.48+066% 1.49 +0.49° 1.72 +£0.44% 2.19.+062% 1.7640.76% 1.77 £051%
23,02 + 1.23% 2812 £2.15% 23.71 41932 22.37 £0.73% 21.32£1.02° 20,88 + 0.86°
814  158.22° 1054.1 4 73.19° 1358.37 & 166.22° 725.73 + 71.05° 104242 + 73.46° 1052.72 + 55.58°
839.49 4 156.98° 1078.71  75.340 1383.85 + 167.84% 750,28 + 71.76° 1065.24 4 73,04° 1075.36 4 55.19°
1134 0.12° 1134021 1.41 £ 0.06% 1.07 +0.06° 1.1340.04% 119+ 0.06°
1035 + 0944 1168 +0.76% 13.42 +1.09% 1018+ 0.74¢ 1099 +0.71%¢ 1265+ 03120
20.72 £ 0.83° 2047 £0.16% 20.15 £ 0.00% 20.62 £ 0.12% 20094 0.41° 20.41 £0.31%
22.44 + 049 21.75 % 0.45° 22,01 £ 0.48% 22,66 + 043 2213 4 0.56° 21.97 £ 0.45%
94.02 £ 8.34° 87.65 £ 6.49° 109.03 £ 2.49% 9381 £5.14° 9561 & 12.44° 98.64 £ 10.06%
78.01 + 1064 61.18 £6.98° 82.73 4 4.61° 7127 + 6,459 66.08 + 12.23% 65.65 % 5.86°
36.71 + 5.94% +4.62 39.88 + 2522 36.26 & 1.56%° 32.77 £ 8.14%0 36.81 & 4.95%0
61.05 + 15.99 43.15 £ 3.34° 68.02 + 11.94 54.34 + 349 51.45 & 13.76% 54.97 & 2.44%
176.92 £ 31.71% 133.97 £14.74° 190.64 + 16,667 161.86 £ 10.36%° 150,34 + 33.98%° 157.43 £ 13,082

SC45, S. cerevisiae SC45 pure fermentation; SI-SC45/TD12, Simuitaneous inocuation of SCA and TD12; SE-SC45/TD12, Sequential inocuation of TD12 folowed by SCA5 after 2 days; BDX:S. cerevisiae BDX pure fermentation;

S-BDX/TD12, Simultaneous inoculation of BDX and TD12; SE-BDX/TD12, Sequentialinoculation of TD12 followed by BDX after 2 dys.

The aroma compounds (OVA> 1) were highlighted and underlned other volatile compounds (OVA>0.1) were underined. Values are given as mean = standard deviation of two biological replicates an three detection runs. Data with
different superscript letters (a, b, ¢, d, e, f) within each column are different according to Duncan tests (0.05%).
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887 +0.20°
11.67  0.09°
0.29 +0.042
1.45 % 0.08°
6.86 + 0.72°
801 +080°
117 £ 0.16°
0.63 & 0.09%

SI-BDX/TD12

ND

271 :£018°
857 +0.57%
11.01 £0.02°
0.28 + 0.04a
169 & 0.043
7.07 + 0.49%°
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SC45, S. cerevisiae SC45 pure fermentation; SI-SC45/ TD12, Simultaneous inoculation of SC45 and TD12; SE-SC45/ TD12, Sequential inoculation of TD12 followed by SC45 after 2
days; BDX:S. cerevisiae BDX pure fermentation; SI-BDX/ TD12, Simuttaneous inoculation of BDX and TD12; SE-BDX/ TD12, Sequential inoculation of TD12 followed by BDX after 2

days.

Values are given as mean s standard deviation of two biological replicates and three HPLC detection runs. Data with different superscriptletters (2, b, ¢, d, e, ) within each column are
different according to Duncan tests (0.05%). ND, undetected
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1.01 111 097 1.08 1.08 1.01
3-Methyi-1-pentanol 101 109 093 1.02 095 100
1-Hexanol 1.02 0.98 0.94 1.04 1.00 0.98
@-3-Hexen-1-ol 1.0 098 102 1.18 112 1.18
1-Octen-3-ol 123 111 1.03 132 133 1.12
1-Octanol 091 101 086 097 077 09
Phenylethy alcohol 075 1.15 077 118
_
Hexanoic acid 121 110 126
Octanoic acid 113 1.89 121 122 152 1.64
n-Decanoic acid 113 101 1.12 118
_
Isoamyl acetate 077 075
Ethyl acetate 111 100 084 098 093 087
Ethyl butanoate 087 101 078 098 082 082
Ethy! hexanoate 100 1.10 104 099 099 094
Ethyl decanoate 1.02 104 102 1.00 099 1.01
105 111 097 113 147 1.10
104 101 1.0t
_
174 1.13 219 1.19
Phefwlwewldehyde 077 085 066 084 080 083
PHENOLS
4-Ethyl guaiacol 087 124 100 099 108 1.18
4-Ethyl-phenol 076 126 089 1.09 095 1.07
Total 107 125 105 1.09 126 1.13

SC45, S. cerevisiae SC45 pure fermentation; SI-SC45/TD12, Simultaneous inoculation of SC45 and TD12; SE-SCA5/TD12, Sequental inoculation of TD12 followed by SC45 after 2
days; BDX:S. cerevisiae BDX pure fermentation; SI-BDX/TD12, Simultaneous inoculation of BDX and TD12; SE-BDX/TD12, Sequentialinoculation of TD12 followed by BDX after 2 dys.
The vakues were calculated from the ratio of aroma compound contents (OAV>0. 1) after malolactic fermentation vs alcoholic fermentation.
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