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Abstract 
The production of waxy rice wine (WRW) usually requires multiple strains for fermentation. However, information about 
the contributions of individual strains to the quality of WRW remains limited. In this study, WRWs were produced through 
fermentation with three strains (Saccharomyces cerevisiae H1 [Sc], Hansenula sp. H3 [Hs] and Pichia kudriavzevii H6 
[Pk]), and the quality of the WRWs was evaluated. The results indicated that Sc wine produced high levels of phenylethyl 
alcohol and 3-methyl-1-butyl acetate, reaching 31,622.78 μg/L and 351.67 μg/L, respectively; Hs wine produced the highest 
contents of ethyl acetate and lactic acid, reaching 69,535.58 μg/L and 17.46 g/L, respectively, and had the highest score for 
“acidic”; Pk wine produced high contents of 2-methyl-1-propanol, 3-methyl-1-butanol and 2-methyl-1-butanol, reaching 
46,951.56 μg/L, 163,674.83 μg/L and 52,238.51 μg/L, respectively. The average concentrations of ethyl acetate, 2-methyl-
1-propanol, and 3-methyl-1-butanol in mixed fermentation products increased by 126.80%, 25.82% and 17.02% compared to 
Sc wine, respectively, thus increasing the sensory scores for “malty” and “acidic”. In addition, high ethanol content resulted 
in higher scores for “winey” in WRWs. These results reveal the potential of S. cerevisiae H1 to produce ethanol, Hansenula 
sp. H3 to produce esters and P. kudriavzevii H6 to produce alcohols in WRW. Simultaneously, advantages of mixed fermen-
tation for integrating the characteristics of various pure cultures were observed, namely increasing the number of volatile 
organic compounds (VOCs) and appropriately extending the fermentation time. The application of mixed fermentation has 
the potential to enrich the flavour and improve the quality of WRWs.
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Introduction

Chinese rice wine (CRW) is an alcoholic beverage that origi-
nated in China and has been used for thousands of years. 
CRW is favoured by consumers due to its unique flavour and 
sweet taste. However, sales of CRW are significantly lower 
than those of other liquors (such as Chinese baijiu and beer); 
the unique sensory qualities of CRW and the complexity of 
fermentation in an open environment are the reasons for this 
difference [1]. It is necessary to ameliorate the production 
processes and improve the CRW flavour.

CRW is brewed from grains, yeast and jiuqu (a “sacchari-
fying starter”) [2]. The production procedure involves jiuqu 
mixing, fermentation, filtration, clarification, and steriliza-
tion, followed by storage and aging [3]. Fermentation is the 
main process of aroma formation in CRW, which usually 
takes 10–25 days [4]. The brewing methods [5], raw materi-
als [6] and fermentation strains affect the types and contents 
of volatile organic compounds (VOCs) in CRW. The use of 
jiuqu is conducive to the convenience of production. How-
ever, due to the diversity of microbial species in jiuqu, it is 
easy to lead to the flavour difference in different batches of 
products. Therefore, the selection and combination of appro-
priate fermentation strains as starters is instrumental in con-
trolling the formation of CRW flavour compounds [7, 8].

Members of microbial communities including yeasts, 
bacteria and moulds make different contributions to the fla-
vour and quality of CRW during fermentation [9, 10]. Yeasts 
and filamentous fungi are involved in saccharification, lique-
faction and alcohol fermentation, and contribute VOCs [7]. 
Starch and protein in the raw materials are saccharified and 
hydrolysed under the action of amylase and protein hydro-
lase enzymes from filamentous fungi, and thereby produce 
glucose and amino acids. Under the action of yeast, pyru-
vic acid produced from glucose through anaerobic respira-
tion is converted to lactic acid, acetaldehyde and ethanol 
through alcohol fermentation. Amino acids are converted 
into higher alcohols through the Ehrlich pathway, and then 
into esters. Phenylethyl alcohol is a representative VOC in 
CRW; its substrate is L-aminopropionic acid. Corn, sorghum 
and other grains with high contents of L-aminopropionic 
acid can produce higher amounts of phenylethyl alcohol [1]. 
However, the influence of various VOCs contents on the 
overall flavour of CRW is nonlinear. VOCs have different 
effects on the sensory quality of CRW in different concentra-
tion ranges. Therefore, it is necessary to research the fermen-
tation characteristics of different yeasts, which is conducive 
to controlling the production of specific VOCs in CRW.

Modern brewing industry usually selects specific S. cer-
evisiae for fermentation to control the fermentation process 
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and maintain reliable and predictable quality [11], but pure 
cultures can cause a lack of flavour complexity in fermented 
products [12]. Non-Saccharomyces species can persist 
through all stages of natural fermentation, carry out alcohol 
fermentation, and alter the fermentation characteristics of 
wine [13]. Satora et al. [14] reported that the content of 
esters in wine produced with a monoculture of S. cerevisiae 
was only 74.8 mg/L, which is significantly lower than the 
level produced with monocultures and mixed cultures of 
other strains, while the wine fermented by S. cerevisiae had 
higher ethanol content. Aplin, & Edwards [15] found that 
wine fermented by a monoculture of Hanseniaspora uvarum 
had a lower ethanol content than wine produced with a mon-
oculture of S. cerevisiae. However, the residual sugar con-
tents were similar, which was related to the high levels of 
acetic acid and other products produced by H. uvarum dur-
ing the fermentation process. In addition, Pichia sp. had the 
ability to increase the contents of esters and mercaptans, and 
improve the complexity of liquor aroma [16]. Anfang et al. 
[17] found that the co-fermentation of Pichia kudriavzevii 
and S. cerevisiae increased the content of 3-mercaptohexyl 
acetate in Sauvignon Blanc, and the two yeasts coexisted 
well during the fermentation process; therefore, P. kudri-
avzevii is considered an excellent fermentation partner for 
S. cerevisiae. However, little research has been done on the 
fermentation characteristics of these specific yeasts in CRW, 
especially the contribution of different yeast combinations 
to flavour.

In addition, sugar, organic acids and other non-VOC sub-
stances play roles in enriching the unique taste of CRW [18]. 
Wang et al. [19] demonstrated that the contents of organic 
acids increased continuously during the fermentation of 
CRW. Lactic acid, acetic acid, citric acid, succinic acid and 
tartaric acid accounted for 94% of the total organic acids, 
and the total content of organic acids exceeded 10,000 mg/L. 
Certainly, the formation of these organic acids is closely 
related to microorganisms. Appropriate organic acid content 
improves the sensory characteristics of CRW, and organic 
acid gradually transforms into aromatic esters [20].

Waxy rice is an excellent raw material for brewing 
CRW. Waxy rice provides a good fermentation substrate to 
increases the types and contents of VOCs, due to its high 
contents of protein and amylopectin [21]. In this study, we 
investigated the fermentation potential of various yeasts (S. 
cerevisiae H1, Hansenula sp. H3 and P. kudriavzevii H6), 
and the performance of various fermentation combinations, 
in waxy rice wine (WRW) through measurement of the 
contributions and synergy of these strains with VOCs. This 
study provides a reference for the selection and combina-
tion of yeast for WRW fermentation to improve the flavour 
quality of WRW.

Materials and methods

Materials and reagents

Waxy rice was purchased online from Yihai Kerry (Jilin) 
Oils, Grains & Foodstuffs Industries Co., Ltd. (Shanghai, 
China).

Standards with purity > 98% were purchased. n-Alkane 
mixtures (C7–C40) were purchased from ANPEL (Shang-
hai, China). Ethyl acetate (≥ 99.7%), 2-methyl-1-propanol 
(> 99.0%), 3-methyl-1-butanol (≥ 99.8%), 2-methyl-1-bu-
tanol (98%), 2,3-butanediol (98%), 3-methyl-1-butyl acetate 
(≥ 99.5%), 3-methylmercapto-1-propanol (99%), phenylethyl 
alcohol (> 99.0%) and 2-octanol (≥ 99%) were purchased 
from Aladdin (Shanghai, China).

Determination of sugar and ethanol tolerance

S. cerevisiae H1, Hansenula sp. H3 and P. kudriavzevii H6 
were used in this study; these strains were isolated from 
jiuqu and maintained as glycerol freezer stocks at − 80 °C. 
The yeasts were diluted, applied to potato dextrose agar 
(PDA) medium (0.6 g/L potato extract, 2 g/L glucose, 2 g/L 
agar), and then cultured at 30 °C. The purified strains were 
cultured in potato dextrose broth (PDB) medium, with 
various concentrations of glucose (100, 200, 300, 400, and 
500 μg/L) and ethanol (4, 8, 12, 16, and 20%), for 2 days 
and then transferred to PDA medium for observation of the 
growth state.

Fermentation experiments

The strains were activated and cultured to 107 CFU/mL for 
fermentation.

A substrate of 10 g waxy rice, 0.2 g white granulated 
sugar and 20 mL double-distilled water was soaked over-
night for 12 h and sterilized at 121 °C for 15 min. After 
cooling, 0.1 g of sweet rice leaven containing only Rhizopus 
(Angel, Hubei, China) and 20 ml of sterile water were added. 
Finally, 500 μL of single-strain fermentation or mixed-strain 
fermentation cultures were added. Single-strain fermentation 
WRWs were designated as Sc, Hs and Pk. The mixed-strain 
fermentation WRWs were labelled Sc/Hs, Sc/Pk, Hs/Pk and 
Sc/Hs/Pk. The sample indexes were determined on days 2, 
4, 6, 8 and 10.

Determination of oenological characteristics

The ethanol content, residual sugar, pH and titratable acid 
content of WRWs were analysed according to methods 
described in previous studies [22]. The ethanol content and 
residual sugar were determined using an external standard, 
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and the content of titratable acid was calculated based on 
acid–base titration.

High performance liquid chromatography (HPLC) 
analysis

Organic acid contents were determined through HPLC with 
reference to previously published methods [23]. Briefly, 20 
μL of filtrate produced using a 0.45-μm nylon membrane was 
analysed with an Acclaim OA column (4.0 mm × 250 mm, 
5 μm). The column box temperature was 30 °C, 0.1 mol/L 
Na2SO4 (pH 2.65) was used as the mobile phase with a 
flow rate of 0.5 mL/min, and the detection wavelength was 
210 nm. The organic acid contents were calculated from the 
standard curve.

Gas chromatography‑mass spectrometry (GC–MS) 
analysis

VOCs were extracted via liquid–liquid extraction (LLE) fol-
lowing previously reported methods [24] with slight altera-
tions. Briefly, 5 mL WRWs, 10 μL 2-octanol (800 mg/L) 
and 2 g NaCl were mixed in a 50-mL centrifuge tube and 
extracted twice with dichloromethane (15.0 mL each time). 
The subnatant and 3 g anhydrous sodium carbonate were 
vortexed and left to stand for 5 h, and then evaporated to 
1 mL at 30 °C.

VOCs were separated using a DB-5 UI capillary col-
umn (30 m × 0.25 mm × 0.25 μm) and helium at a flow rate 
of 2.3 mL/min as the carrier gas, with a split ratio of 1:5. 
The GC oven temperature was first held at 40 °C for 5 min, 
increased to 150 °C at a rate of 5 °C/min (held for 1 min), 
and then increased further to 230 °C at 10 °C/min (held for 
3 min). The ionization voltage, ion source temperature, inter-
face temperature and scanning range were 70 eV, 230 °C, 
250 °C and 30–550 m/z, respectively. The types, quantities 
and names of the VOCs in the samples were determined from 
the mass spectra and retention indices (RIs) provided in the 
NIST database and NIST Chemistry Webbook. The RIs were 
computed using n-alkanes (C7–C40) under the same chroma-
tographic conditions used for VOC detection. The contents of 
VOCs were preliminarily quantified using the internal stand-
ard method [25]. Eight VOCs with flavour intensity ≥ 1 were 
quantified by external standard method. The standard curve 
was drawn with the ratio of the concentration of the standard 
to 2-octanol as the abscissa (x) and the ratio of the peak area 
of the standard to 2-octanol as the ordinate (y).

Gas chromatography–olfactometry (GC‑O) analysis

GC-O analysis and aroma extract dilution analysis (AEDA) 
were performed by eight people (four men and four women; 
average age = 25 years) with professional knowledge and 

training [26]. A 6-point intensity scale ranging from 0 to 5 
was used to evaluate odour intensity, wherein "0" represents 
no odour, "3" represents moderate odour, and "5" represents 
extreme odour. The retention time, intensity value and odour 
description were recorded. The aroma intensity of each sub-
stance is presented as the average value of the eight team 
members’ scores.

AEDA

The samples were serially diluted (two-fold), resulting in 
ratios of 1:2, 1:4, 1:8, 1:16, etc. [27]. The diluted samples 
were analysed with GC-O until they no longer presented 
an odour [28]. The ratio of the concentration of an aroma 
compound in the initial sample to its concentration in the 
maximally diluted sample, also known as the dilution mul-
tiple, was designated as the dilution factor (FD).

Sensory evaluation

The samples were further analysed using quantitative 
descriptive analysis (QDA) [29]. The sensory evaluation 
team was composed of 10 people (5 men and 5 women) with 
professional knowledge and training. Each sample (20 ml) 
was put into a glass bottle and labelled with a random 3-digit 
code. The team members described and recorded the sen-
sory characteristics of each sample over 4–6 academic 
terms. According to the results of the discussion among 
the team members, six sensory descriptors were derived: 
winey, sweet, malty, milky, pleasant and acidic. Group 
members were asked to quantify these six sensory descrip-
tors on a scale of 1 to 9 (minimum and maximum intensity, 
respectively).

Statistical analysis

Significance analysis was performed using SPSS software 
(ver. 20.0; SPSS Inc., Chicago, IL, USA). Principal com-
ponent analysis (PCA) and correlation analysis were con-
ducted with Origin 2021b software (OriginLab Corporation, 
Northampton, MA, USA). The clustering heatmap was cre-
ated using TBtools software. Partial least-squares regres-
sion (PLSR) was conducted using SIMCA 14.0 software 
(Umetrics, Umeå Sweden). Charticulator (https://​chart​icula​
tor.​com) was used to create the chord diagram.

Results and discussion

Sugar and ethanol tolerance of yeast

During the process of brewing, sugar is the energy source 
for alcohol fermentation, but excessive sugar concentrations 

https://charticulator.com
https://charticulator.com
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inhibit the growth of yeast. Table 1 shows that when the 
concentration of glucose was 100–300 g/L, all three tested 
strains grew well. When the concentration of glucose was 
500 g/L, S. cerevisiae H1 and P. kudriavzevii H6 exhibited 
better sugar tolerance than Hansenula sp. H3.

Yeasts produce ethanol during fermentation, but exces-
sive high ethanol contents inhibit yeast growth and limit 
the ethanol content of the finished wine. All three strains 
could grow in medium containing 20% ethanol by vol-
ume. However, tolerance to different volume fractions of 
ethanol differed among the three strains, with P. kudri-
avzevii H6 showing the highest ethanol tolerance. The 
growth rate of Hansenula sp. H3 decreased when the 
ethanol content reached 12%. This finding is consistent 
with the generally low ethanol tolerance of non-Saccha-
romyces strains [16].

Oenological characteristics

Eight fermentation experiments were conducted with vari-
ous inoculation combinations, including one control (CK 
wine), three pure cultures (Sc wine, Hs wine and Pk wine) 
and four mixed cultures (Sc/Hs wine, Sc/Pk wine, Hs/Pk 
wine and Sc/Hs/Pk wine). The changes in residual sugar 
(Fig. 1a), ethanol (Fig. 1b) and titratable acid (Fig. 1c) are 
presented. The results showed that the residual sugar content 
of WRWs showed a downward trend in all treatments except 
CK wine, while the ethanol content and titratable acid con-
tent gradually increased.

On the tenth day, the residual sugar contents of Sc wine 
and mixed fermentation samples were lower than 15 g/L, 
which was considered the fermentation end point [30]. Dur-
ing the process of fermentation, the tested yeasts showed 
differences in fermentation kinetics. Compared with Sc 
wine and Pk wine, Hs wine had a longer fermentation cycle 
(> 10 d) and produced more acid. These observations veri-
fied the low fermentation capacity of non-Saccharomyces 
yeasts [31]. The results for Sc wine, Sc/Hs wine and Sc/Hs/
Pk wine indicated that the addition of Hansenula sp. effec-
tively prolonged the fermentation time of WRW. The slower 
fermentation process was beneficial, as it reduced the loss of 
flavour compounds [32].

The main brewing parameters of WRWs during fermen-
tation of the tenth day are listed in Table 2. No significant 
differences in ethanol and titratable acid contents were found 
between Sc wine and mixed-strain WRWs, indicating that 
mixed fermentation did not reduce the ethanol and titrat-
able acid contents of WRWs under the test conditions. These 
results demonstrate the weak competitiveness of non-Sac-
charomyces strains and are consistent the conclusion that S. 
cerevisiae was mainly responsible for alcohol fermentation 
[33].

Organic acid contents

Organic acids play an important role in the sensory char-
acteristics of wines and lead to the gradual formation of 
esters. The types and contents of organic acids in WRWs 
are listed in Table 2. The low contents of tartaric acid and 

Fig. 1   Main oenological characteristics with different inoculation 
treatments. (a) Ethanol of WRWs with different inoculation treat-
ments. (b) Residual sugar. (c) Titratable acidity
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oxalic acid may be caused by Aspergillus present in jiuqu 
during the initial stage of fermentation [19]. Lactic acid was 
the most important organic acid in WRWs, and the content 
of lactic acid in mixed fermentation WRWs ranged from 
8.79 to 13.91 g/L. Compared with Sc wine, WRWs resulting 
from mixed fermentation had higher lactic acid contents, and 
the highest content of 17.46 g /L was measured in Hs wine. 
This result demonstrates the excellent lactic acid produc-
tion capacity of Hansenula sp. H3. The content of malic 
acid in pure-culture WRWs decreased significantly relative 
to CK wine, but no significant change in malic acid con-
tent between Sc wine and mixed fermentation WRWs was 
observed. According to previous research, reducing malic 
acid levels can reduce sour and tannic flavours [34].

Contents of VOCs

The changes in VOC contents were detected through 
GC–MS. From the results, a total of 29 compounds were 
identified using GC–MS. The effects of yeast strain on the 
VOCs in WRWs are illustrated in Fig. 2a. From these results, 
the change in volatile compound profiles between CK wine 
and other WRWs is apparent. Six compounds were present 
across all fermentation groups, and mixed fermentation 
improved the variety of compounds (Fig. 2b). The WRWs 
involved in fermentation by yeast, especially the combina-
tion of yeast, contain more types of VOC. The number of 
VOC types present in WRWs produced through mixed fer-
mentation were elevated by more than 43.75% relative to 

pure-culture WRWs, which was consistent with the conclu-
sion that pure S. cerevisiae fermentation produces wine with 
a simple flavour [12].

In addition, the contents of VOCs differed significantly 
(p < 0.05). In Sc wine, the contents of 3-methyl-1-butyl 
acetate, 3-methylmercapto-1-propanol and phenylethyl 
alcohol were higher. Hs wine produced higher concentra-
tions of ethyl acetate, ethyl lactate and other compounds, 
but a lower content of phenylethyl alcohol. This observation 
is in accordance with previous findings [35]. Pk wine had 
high contents of alcohols, including 2-methyl-1-propanol, 
3-methyl-1-butanol, 2-methyl-1-butanol, 3-methylmercapto-
1-propanol, phenylethyl alcohol and 4-hydroxyphenethyl 
alcohol. This observation was consistent with previous 
observations that Pichia sp. could produce high alcohols 
contents [17].

In Sc/Hs wine, the contents of fatty alcohols, phenols and 
ethyl esters reached 45.50%, 1.53% and 13.02%, respectively 
(Fig. 2c). Sc/Pk wine and Sc/Hs/Pk wine presented more 
types of VOCs and high contents of fatty alcohols. In addi-
tion, Sc/Hs/Pk wine contained 12.84% ethyl esters. These 
observations support previous studies demonstrating that co-
fermentation of yeasts improved the aromatic complexity of 
wines [16], and showed fermentation characteristics of the 
individual yeasts, while also reflecting synergism between 
yeasts.

Eight compounds with strong flavour intensity were 
identified through GC-O and analysed quantitatively. The 
quantitative analysis results of these eight VOCs in WRWs 

Table 2   The contents of ethanol, sugar and organic acid in WRWs produced by pure and mixed culture fermentations

Values displaying different superscript letters within each row are significantly different according to the Duncan test (p < 0.05)

CK Sc Hs Pk Sc/Hs Sc/Pk Hs/Pk Sc/Hs/Pk

Ethanol (%, v/v) 2.09 ± 0.02d 15.77 ± 0.20a 9.47 ± 0.33c 13.57 ± 0.10b 15.38 ± 0.45a 15.65 ± 0.14a 15.9 ± 1.04a 16.3 ± 1.15a

Residual sugar (g/L) 143.12 ± 6.45a 0.39 ± 0.05d 76.56 ± 9.14b 9.45 ± 0.37c 0.27 ± 0.03d 1.11 ± 0.16d 1.26 ± 0.54d 2.02 ± 0.09d

pH 3.64 ± 0.01e 3.80 ± 0.01c 3.58 ± 0.01f 3.72 ± 0.01d 3.96 ± 0.03a 3.80 ± 0.01c 3.86 ± 0.01b 3.87 ± 0.01b

Titratable acidity (g/L) 4.30 ± 0.12b 3.50 ± 0.06c 5.98 ± 0.07a 2.90 ± 0.04d 3.45 ± 0.56c 3.48 ± 0.10c 3.54 ± 0.06c 3.83 ± 0.13c

Organic acid
 Oxalic acid (g/L) 0.13 ± 0.02a 0.05 ± 0.01 cd 0.09 ± 0.03b 0.04 ± 0.00d 0.07 ± 0.01bc 0.05 ± 0.00 cd 0.09 ± 0.02b 0.04 ± 0.00d

 Tartaric acid (g/L) 0.99 ± 0.22a 0.72 ± 0.06b 0.91 ± 0.11ab 0.27 ± 0.04c 1.01 ± 0.02a 0.69 ± 0.01b 1.05 ± 0.19a 0.69 ± 0.25b

 Malic acid (g/L) 1.90 ± 0.43a 0.79 ± 0.03bc 0.58 ± 0.12c 0.72 ± 0.10bc 1.11 ± 0.05b 0.81 ± 0.06bc 0.91 ± 0.40bc 0.64 ± 0.10c

 Lactic acid (g/L) 12.45 ± 0.03b 8.45 ± 1.24d 17.46 ± 1.42a 7.14 ± 0.61e 13.81 ± 0.59b 10.29 ± 0.18c 13.43 ± 0.41b 8.79 ± 0.09d

Table 1   Tolerance of three 
yeasts to glucose and ethanol

"+ +" indicates that the strain grows well; "+" indicates that the strain grows poorly

Strain Glucose concentration (g/L) Ethanol concentration (%)

100 200 300 400 500 4 8 12 16 20

Saccharomyces cerevisiae H1 ++ ++ ++ ++ ++ ++ ++ ++ ++ +
Hansenula sp. H3 ++ ++ ++ + + ++ ++ ++ ++ +
Pichia kudriavzevii H6 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
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are presented in Table 3. According to previous studies, 
ethyl acetate, 2-methyl-1-propanol, 3-methyl-1-butanol, 
2-methyl-1-butanol, 2,3-butanediol, 3-methyl-1-butyl 

acetate, 3-methylmercapto-1-propanol and phenylethyl 
alcohol are common aromatic compounds in rice wine  
[7, 36].

Fig. 2   VOCs in WRWs. (a) 
Cluster heatmap. (b) Dimen-
sional Venn diagrams. (c) Bar 
graph of categories abundances
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Large amounts of higher alcohols were responsible for fla-
vour complexity in WRWs. The contents of higher alcohols 
in mixed fermentation groups were lower than the content 
of 331.26 mg/L observed in Pk wine. According to previous 
reports, higher alcohol contents lower than 300 mg/l impart 
a pleasant sensory component to wines [37]. The contents 
of 2-methyl-1-propanol, 3-methyl-1-butanol and 2-methyl-
1-butanol in Sc/Hs/Pk wine were significantly elevated by 
32.35%, 31.01% and 12.82%, respectively, compared to Sc 
wine. These higher alcohols brought characteristics of malt 
and whisky and enriched the aroma of WRWs. The forma-
tion of phenethyl alcohol, 3-methylmercapto-1-propanol 
and other higher alcohols occurs mainly through the Ehr-
lich pathway [38]. In addition, the content of phenylethyl 
alcohol was significantly reduced in mixed fermentation 
WRWs. This difference was mainly due to the significantly 
lower capacities of Hansenula sp. and P. kudriavzevii to 
produce phenylethyl alcohol compared to S. cerevisiae, 
and this observation was consistent with previous findings 
that Hansenula sp. could modulate the flavour of wines by 
decreasing the content of phenylethyl alcohol [35].

The main esters in wine include acetate ester and ethyl 
ester [22]. Mixed fermentation WRWs had significantly 
higher ester contents than Sc wine. This difference was 
mainly due to a significant difference in the content of ethyl 
acetate. The content of ethyl acetate in Sc/Hs wine and Sc/
Hs/Pk wine reached 67.08 and 56.14 mg/L, respectively. 
These results confirm the capacity of Hansenula sp. to 
increase the content of ethyl acetate, which improves fruity 
flavour and increases overall complexity [39]. In addition, an 
appropriate ethyl acetate concentration lower than 80 mg/L 
was reported to improve the flavour of wine and enhance 
fruitiness, whereas a high content of ethyl acetate above 
150 mg/L produces a sour or vinegary off odour [13].

PCA of aroma‑active compounds

In general, odour activity values (OAVs) have been used to 
measure the contribution of VOCs to the overall flavour of 
samples. Compounds with OAV > 1 are generally considered 
aroma-active compounds [40, 41]. Table 4 lists the FD val-
ues and OAVs of eight aroma-active compounds in WRWs. 
The OAVs were calculated using thresholds obtained from 
the literature [42].

The principal components of these compounds were 
analysed to distinguish the characteristics of WRWs pro-
duced by different strains. Eight aroma-active compounds 
in WRWs were analysed, including ethyl acetate, 2-methyl-
1-propanol, 3-methyl-1-butanol, 2-methyl-1-butanol, 
2,3-butanediol, 3-methyl-1-butyl acetate, 3-methylmercapto-
1-propanol and phenylethyl alcohol.

PCA of WRWs produced using pure cultures and the 
CK wine (Fig. 3a) explained 87.6% of the variability in 

the data. Principal component (PC)1 accounted for 61.3% 
of the total variability, and PC2 for an additional 26.3%. 
The contents of 2-methyl-1-propanol, 3-methyl-1-butanol, 
2-methyl-1-butanol, 2,3-butanediol, 3-methyl-1-butyl ace-
tate, 3-methylmercapto-1-propanol and phenylethyl alcohol 
were positively correlated with PC1. The samples were well 
separated, indicating that differences in aroma-active com-
pounds in WRWs produced with different yeasts are driven 
by differences in fermentation abilities. Hs wine was also 
affected by variables positively related to PC2, due to its 
high concentrations of ethyl acetate and 2,3-butanediol. The 
fruity and sour sensory characteristics of these two com-
pounds in Hs wine led to a significant difference among the 
pure fermentation groups.

In addition, PCA of mixed fermentation WRWs showed 
that PC1 and PC2 explained 60.5% and 23.5% of the total 
variance, respectively. In these samples, ethyl acetate, 
2-methyl-1-propanol, 3-methyl-1-butanol and 2-methyl-
1-butanol were closely and positively correlated with PC1. 
In addition, 2,3-butanediol, 3-methylmercapto-1-propanol 
and phenylethyl alcohol were positively correlated with 
PC2. As shown in Fig. 3b, Sc, Sc/Pk and Hs/Pk wines over-
lapped with Sc/Hs/Pk wine, with Sc/Pk and Sc/Hs/Pk wine 
having higher PC1 scores. Combined with the results from 
single-strain fermentation samples, the potential of P. kudri-
avzevii H6 to enhance the contents of 2-methyl-1-propanol, 
3-methyl-1-butanol and 2-methyl-1-butanol was dem-
onstrated. Sc wine was characterized by high contents of 
3-methyl-1-butyl acetate and phenylethyl alcohol, but Sc/
Hs wine and Sc/Hs/Pk wine had higher contents of ethyl 
acetate. This result demonstrates that mixed fermentation 
with Hansenula sp. H3 had a strong influence on the content 
of ethyl acetate in WRWs.

Sensory evaluation

The aroma characteristics of eight samples were analysed 
using QDA. The average scores of the six sensory descrip-
tors of WRWs are shown in Fig. 4a. Compared with CK 
wine, other WRWs had better sensory scores. Among the 
tested wines, Sc wine was characterized by high “sweet”, 
“pleasant”, and “winey” scores, and a low score for “acidic”. 
Hs wine was distinguished by a higher “acidic” score, which 
may be associated with the production of more acids [16]. 
The descriptive scores of Pk wine were generally moderate, 
but it had the highest “malty” score due to its high content of 
3-methyl-1-butanol. Sc/Hs/Pk wine produced through mixed 
fermentation scored highest for “sweet”, and also had high 
scores for the other descriptors. These results reveal the sen-
sory characteristics of WRWs fermented by three strains, 
and demonstrate the effect of mixed fermentation on sensory 
characteristics.
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PLSR of sensory attributes and aroma‑active 
compounds

The relationships between sensory attributes and VOCs 
were studied using PLSR. In total, eight aroma-active com-
pounds (X variables) and six aroma descriptors (Y variables) 
were used to generate a new set of models (Fig. 4b), which 
explained 81.8% of the variance in X variables and 86.7% 
of that in Y variables.

The variance explained in aroma descriptors and VOCs 
was between 50 and 100%, indicating that the PLSR model 
had good explanatory power [43]. According to the results 
of PLSR and correlation analysis (Fig. 4c), varying degrees 
of positive and negative correlations exist between aroma-
active compounds and aroma descriptors [22]. The strong 
“winey”, “milky” and “pleasant” characteristics of Sc wine 
could be associated with high contents of 3-methyl-1-bu-
tanol acetate (banana, sweet), 3-methyl-1-butanol (malty), 
3-methylmercapto-1-propanol (onion, sweet) and ethanol. 
Hs wine had the highest rating for “acidic” due to its strong 
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mentations. (b) Biplot of the principal components analysis of aroma-
active compounds from co-culture fermentations
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correlation with ethyl acetate (pine) and high content of 
titratable acid. Pk wine had the highest “malty” score due 
to its strong correlations with 3-methyl-1-butanol (malty) 

and 2-methyl-1-butanol (malty). In addition, due to the cor-
relations between sensory descriptors and these factors, the 
mixed fermentation group had higher sensory scores. For 
example, Sc/Hs/Pk wine had the highest rating for “sweet” 
due to its strong correlations with 3-methyl-1-butanol ace-
tate (banana, sweet), phenylethyl alcohol (honey, sweet) and 
3-methylmercapto-1-propanol (onion, sweet). This finding is 
consistent with the previous conclusion that 3-methyl-1-bu-
tanol acetate and phenylethyl alcohol enhance the “fruity” 
and “floral” sensory characters of wine [22].

Conclusion

In this study, the metabolic compounds and sensory charac-
teristics produced during pure fermentation and mixed fer-
mentation were studied using S. cerevisiae H1, Hansenula 
sp. H3 and P. kudriavzevii H6. Sc wine had the fastest fer-
mentation rate, highest ethanol content (15.77%) and high-
est pH (3.80) among pure cultures. S. cerevisiae also had 
greatest potential to increase the contents of phenylethyl 
alcohol and 3-methyl-1-butanol acetate, thereby contribut-
ing to the “sweet”, “winey” and "pleasant" characteristics 
of WRWs. Hs wine had the highest ethyl acetate content 
(69,535.58 μg/L), leading to the perception of “acidic” fla-
vour. The presence of P. kudriavzevii H6 reduced the con-
tent of total titratable acid to 2.90 g/L, and Pk wine had 
the highest 3-methyl-1-butanol content of 163,674.83 μg/L, 
thereby providing the sensation of “malty”. Sensory analysis 
showed that mixed fermentation improved the “sweet” and 
“winey” tones of WRWs. The positive effects of mixed fer-
mentation, in terms of the metabolism and sensory charac-
teristics of WRWs, demonstrated the contribution of mixed 
fermentation to improved sensory qualities of WRWs. In 
addition, the relationships between aromatic compounds and 
sensory descriptors were established using PLSR and cor-
relation analysis. The results explained the sensory differ-
ences among WRWs identified through QDA, and revealed 
the contributions of various factors to sensory scores. Over-
all, these results reveal the capacity of S. cerevisiae H1 to 
shorten the fermentation cycle of WRW and produce a large 
amount of phenylethyl alcohol, as well as the potential of 
Hansenula sp. H3 to produce esters and lactic acid, and the 
ability of P. kudriavzevii H6 to produce large amounts of 
higher alcohols and mercaptans. Combining different yeasts 
can improve the quality and complexity of WRWs.

Fig. 4   Sensory analysis. (a) Organoleptic assessments of WRWs. (b) 
Correlation loadings plot of the PLSR model between VOCs and sen-
sory attributes. Green circle 1-8 represent aroma-active compounds in 
Table 3. (c) Chordal diagram of correlation analysis. Red lines rep-
resent positive correlations and blue lines represent negative correla-
tions. Light color indicates significant correlation (p < 0.05) and dark 
color indicates extremely significant correlation (p < 0.01)

▸
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