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A B S T R A C T

Alcoholic beverages and vinegar products were produced using the pomace of a Finnish apple cultivar, and the 
influence of yeast strains on the non-volatile and volatile compound contents were studied. Apple pomace 
mashes were fermented with Saccharomyces cerevisiae, Torulaspora delbrueckii, and sequential inoculation with 
Lachancea thermotolerans and S. cerevisiae to produce alcoholic beverages. Commercial non-pasteurized vinegar 
was used as a starter to ferment alcoholic beverages into vinegars. Ethanol, acetic acid, sugars and organic acids 
were determined using GC-FID. A total of 63 volatile compounds were detected in the samples using HS-SPME- 
GC-MS. Alcoholic beverages fermented with the sequential inoculation had the highest total content of organic 
acids, and pure inoculation with T. delbrueckii resulted in the highest total content of sugars. Selection of different 
yeast strains did not alter the content of ethanol or acetic acid, but it significantly influenced the composition of 
volatile compounds in alcoholic beverages and vinegars. Compared to initial apple pomace mash, significant 
increases in the contents of ethyl esters (up to 4810-folds), higher alcohols (up to 24-folds) and volatile acids (up 
to 1853-folds) were observed in fermented products depending on the yeasts used. The main volatile compounds 
in vinegars prepared from S. cerevisiae fermented beverage were 2-phenylethanol, octanoic acid, and decanoic 
acid, from T. delbrueckii beverage 2-methylpropanoic acid and 3-methylbutanoic acid, and from sequential 
fermentation ethyl acetate, and ethyl 2-hydroxypropanoate. In conclusion, non-Saccharomyces yeasts have po
tential to produce more complex aromatic profile to fermented products derived from by-products of apple juice 
processing.

1. Introduction

Apples (Malus domestica Borkh) are a prominent fruit cultivated 
worldwide and rank the fourth most consumed fresh fruit globally 
(Zhang et al., 2021). Due to their versatility and chemical composition 
rich in phenolic compounds and other antioxidants, apples have a pos
itive impact on the human health (Perussello et al., 2017). The global 
production of apples reached approximately 93 million metric tons in 
2023 (FAOSTAT, 2023). While the majority of apples are consumed as 
fresh fruit, approximately 25% are processed into products, such as 
juice, cider and jam (Asif et al., 2024). During juice production, about 
75% of the apple’s weight is extracted as juice, leaving behind apple 
pomace (AP), a by-product that contributes to nearly 4 million tons of 
waste globally each year (Asif et al., 2024). AP accounts for roughly 
25%–30% of the fresh apples, consisting primarily of apple peel and 

pulp (95%), along with seeds and stems (5%) (Shalini & Gupta, 2010). 
The residue is abundant in water and contains valuable natural com
pounds such as soluble sugar and phenols. Interestingly, AP has been 
found to contain even higher levels of bioactive substances compared to 
the juice itself (Shalini & Gupta, 2010). O’Shea et al. (2015) determined 
that 84.7% of the components of AP are carbohydrates and 54.2% are 
total sugars (mainly fructose and glucose). Therefore, AP is conducive to 
the growth and reproduction of microorganisms, making it an ideal 
matrix for vinegar production. Viroli et al. (2021) and Kalemba-Drożdż 
et al. (2020) successfully manufactured vinegar using apple peels, thus 
providing another alternative way to add commercial value to the side 
stream of apple juice processing.

Vinegar is produced through two consecutive fermentations: first, 
alcoholic fermentation with yeast (usually Saccharomyces cerevisiae), 
and then acetic fermentation with acetic acid bacteria (AAB, mainly 
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Acetobacter pasteurianus and Acetobacter polyoxogenes; Luzón-Quintana 
et al., 2021). Fermentable sugars are converted into ethanol during 
alcoholic fermentation under anaerobic conditions, and ethanol is con
verted into acetic acid during acetic fermentation under aerobic condi
tions (Ho et al., 2017). Unpasteurized commercial vinegar, containing so 
called mother vinegar, can be used as a starter; alternatively, a pure 
culture of AAB can be employed to produce apple vinegar during the 
acetic fermentation process (Guiné et al., 2021). Kalemba-Drożdż et al. 
(2020) and Budak (2021) successfully used inoculation of commercial 
vinegar during acetic fermentation of apple peels or juice, respectively. 
Vinegar is rich in bioactive compounds, such as organic acids, amino 
acids, phenolics, and vitamins, that are beneficial for health (Chen et al., 
2016; Xia et al., 2020). Antibacterial and anti-infection properties, 
control of blood glucose levels, regulation of lipid metabolism and 
weight loss have been related to organic acids present in vinegar (Chen 
et al., 2016). In addition, acetic acid in fruit vinegars has reduced blood 
glucose concentration after a starch-rich meal in healthy people 
(Johnston et al., 2009). Furthermore, vinegar has been observed to 
reduce fatigue, improve appetite, prevent osteoporosis, as well as to 
have anti-cancer, anti-inflammatory and immune-stimulatory effects 
(Kalaba et al., 2019).

The selection of yeast has an important role in determining the 
quality of vinegar (Ho et al., 2017). Yeasts can be split into two groups 
belonging to Saccharomyces and non-Saccharomyces yeasts, respectively. 
Traditionally, non-Saccharomyces yeast have been considered as 
spoilage yeasts in wine production since their fermenting results in 
compounds affecting negatively the quality of the beverages. However, 
many studies have shown importance of non-Saccharomyces yeasts for 
improving the sensory quality of wines (Morata et al., 2020). For 
instance, non-Saccharomyces species Torulaspora delbrueckii stands out as 
a promising non-Saccharomyces yeast for its capacity to yield different 
fruity aromas (Benito, 2018a; Lorenzini et al., 2019) and is appreciated 
in alcoholic beverages production for its remarkable capacity for pro
duction of succinic acid (Fernandes et al., 2021). Lachancea thermoto
lerans is attracting interest in alcoholic beverages industry due to its 
extraordinary ability to convert malic acid to lactic acid, which has led 
to an increased use of this yeast in winemaking and even sour beer 
production (Benito, 2018b; Vicente et al., 2021). However, 
L. thermotolerans has a low fermentation rate and thus low ethanol 
production, making sequential inoculation with conventional Saccha
romyces yeast usually necessary (Porter et al., 2019).

The sensory quality of ciders and its consumers’ acceptance is mainly 
determined by several volatile compounds that form the aroma profile 
(Perestrelo et al., 2019). These compounds are classified in various 
chemical classes, and the most important belong to higher alcohols, 
esters, volatile acids, terpenoids, aldehydes and ketones (Qin et al., 
2018). According to He et al. (2021), the type of volatile compounds 
present in ciders depends on the apple variety, growing conditions, 
ripeness, and yeast strains responsible of the fermentation. In addition, 
the volatile composition of ciders differs in alcoholic beverages obtained 
with Saccharomyces and non-Saccharomyces yeast. In the case of vinegar, 
the final quality and consumer acceptance are also defined by the aroma 
and flavor derived from characteristic volatile compounds, including 
acetic acid (Jo et al., 2013; Mounir et al., 2018).

Vinegar is commonly consumed in Asian countries, with China alone 
consuming over 3.2 million liters of vinegar daily (Ho et al., 2017). In 
addition, apple vinegar is one of the most prevalent vinegar varieties in 
the European market, experiencing a rising demand and holding sig
nificant commercial value in the Scandinavian region. Therefore, it is 
important to prioritize the use of local ingredients. We have previously 
studied the roles of apple cultivars and yeast selection in cider produc
tion (He et al., 2021, 2022; Laaksonen et al., 2017), and we have 
completed various yeast fermentation studies (doctoral theses by He, 
2022, Kelanne, 2021; Liu, 2020) in recent years. In this study, the aim 
was to make first alcoholic beverages (ABV) and then vinegar products 
from apple pomace, the side stream from apple juice production. Main 

emphasis was to characterize the effects of Saccharomyces and non-
Saccharomyces strains, specifically comparing S. cerevisiae with 
T. delbrueckii and L. thermotolerans (sequential inoculation with 
S. cerevisiae), on the chemical compositions of the ABV and vinegars. The 
compositional investigations included analyses of volatile compounds 
using headspace solid-phase microextraction coupled with gas 
chromatography-mass spectrometry (HS-SPME-GC-MS), and ethanol, 
acetic acid, sugars and organic acids using gas chromatography flame 
ionization detector (GC-FID). The findings form important knowledge 
and guidance to promote the valorization of the side streams from apple 
processing as a promising sustainable practice to increase the value of 
agricultural by-products and promoting the use of Finnish apple 
varieties.

2. Materials and methods

2.1. Standard compounds

Octanal, nonanal, ethyl 2-methylbutanoate, ethyl 3-methylbuta
noate, butyl butanoate, butyl hexanoate, hexyl butanoate, ethyl 
dodecanoate, benzaldehyde, β-damascenone, ethyl decanoate, hexanoic 
acid, 1-heptanol, 1-octanol, 1-octen-3-ol, ethyl butanoate, 2-methylbu
tyl acetate, hexyl acetate, 2-methylpropyl acetate, 6-methylhept-5-en- 
2-one, tartaric acid, xylitol, quinic acid, L-malic acid, acetic acid, L- 
(+)-lactic acid were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). DL-malic acid, ethyl hexanoate, butyl acetate, D-sorbitol were 
purchased from Fluka Chemicals (Neu Ulm, Bavaria Germany). D- 
(+)-fructose, D-(+)-glucose, and succinic acid were purchased from 
Merck (Darmstadt, Hesse, Germany). Citric acid and maleic acid were 
purchased from J.T. Baker Chemicals (Leuven, Flemish Brabant, 
Belgium). Tri-Sil® HTP reagent was purchased from Thermo Scientific 
(Bellefonte, PA, USA). Ethanol (≥99.5%) was purchased from ALTIA oy 
(Rajamäki, Uusimaa, Finland). All standards used in GC-MS analysis 
were a purity of ≥95%.

2.2. Preparation of the mash

Apples of Aleksanteri variety were harvested from Maaria’s parish in 
the city of Turku in southwest Finland (60◦27′ N, 22◦16′ E) in September 
2022. Apples were later juiced using a Kenwood Chef XL instrument 
with centrifugal juicer attachment (AT641, Kenwood Limited, Havant, 
Hampshire, United Kingdom). Before juicing, apples were washed with 
cold tap water, drained, and cut into small pieces. The AP (i.e. juice 
production residue with pomace, peels and seeds) was collected and 
transferred to sealable plastic bags and stored in a freezer at -21 ◦C for a 
maximum of 2 weeks. The frozen AP was weighted and mixed with Milli- 
Q water in a ratio of 1:5 and mashed using Bamix blender (Mettlen, 
Thurgau, Switzerland). The total soluble solids (TSS) of the apple mash 
was 2.2 ◦Brix. To assure a high enough final ethanol content (6%–10%), 
TSS was adjusted to 12.5 ◦Brix by adding solid glucose. Finally, the 
mixture was evenly transferred to six sterilized 1L storage bottles, two 
for inoculation with each yeast or yeast combination.

2.3. Preparation of alcoholic beverage

Three different active dry yeasts Lalvin PersyTM (Saccharomyces 
cerevisiae; SC), BIODIVATM TD291 (Torulaspora delbrueckii; TD), and 
LAKTIATM (Lachancea thermotolerans; LT) were provided by Lallemand 
Inc. (Montreal, QC, Canada) were mixed with nutritional broth Fermaid 
K (Lallemand Inc.), following dosage recommendations of the supplier. 
Approximately 4 × 109 CFU/mL of each yeast were inoculated. After the 
inoculation, each fermentation bottle was shaken vigorously to obtain 
even distribution of yeast in the mash. Bottles were closed with airlocks 
to obtain optimal anaerobic conditions for the yeasts. Fermentations 
were conducted in duplicates per yeast/yeast combination at room 
temperature (21 ◦C) in a dry and dark place. Fermentation dynamics was 
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monitored by calculating the weight loss of the bottles every day and by 
measuring ◦Brix value by a refractometer (HI-96801, Hanna In
struments, Bedford, Bedfordshire, United Kingdom) every week. The 
alcoholic fermentation was assumed to be ended, when the Brix value 
did not change over two days. The fermentation bottles were stirred 
carefully by hand every day during the whole fermentation period which 
lasted for 29 days.

2.4. Preparation of vinegar

Unpasteurized and unfiltered organic apple cider vinegar containing 
the AAB mother (Raw vibrant living, London, United Kingdom) was 
bought from a local store. It was directly plated in YPM agar and incu
bated at 30 ◦C for two days, to determine its AAB content. The vinegar 
contained approximately 2.6 × 107 CFU/mL of AAB. Vinegar was later 
added straight to the ABV at a concentration of 1:10, aiming for an 
inoculation of 106 CFU/mL of AAB.

The ABV was centrifuged at 10 000×g, for 10 min at 15 ◦C using 
Avanti JXN-26 centrifuge (Beckman Coulter, Indianapolis, IN, USA). The 
supernatants of each yeast were pooled for vinegar fermentation. ABV 
(90 mL) and commercial vinegar (10 mL) were transferred to sterilized 
100 mL storage bottles. Each bottle was covered with a piece of gauze to 
avoid contamination while maintaining an aerobic environment. Vine
gar fermentations were conducted in triplicates per yeast fermentation 
at room temperature in a dry and dark place and stirred every day for 27 
days. Fermentations were monitored by measuring pH weekly with an 
inoLab pH Level 1 (WTW, Weilheim, Bavaria, Germany) pH-meter. The 
endpoint of the acetic fermentation was assumed to be reached when the 
pH value did not notable change in two days.

2.5. Analysis of ethanol and acetic acid

A gas chromatography (Shimadzu Nexis GC-2030; Shimadzu Corp 
Kyoto, Japan) with an autoinjector (A9OC-20i), an autosampler (AOC- 
20s), and a flame ionization detector (GC-FID) was used to identify and 
quantify ethanol and acetic acid concentrations. The samples were 
filtered with a regenerated cellulose (RC) 0.2 μm hydrophilic filter and 
placed in 1.5 mL autosampler vials. A polar HP-INNOWax (30 m × 0.25 
mm x 0.25 μm, Hewlett-Packard, Palo Alto, CA, USA) column was used 
to separate the compounds. The injection temperature was set to 220 ◦C. 
The injection volume was 0.2 μL, with a split ratio of 25. The oven 
temperature was set to 40 ◦C (hold for 5 min), followed by an increase of 
40 ◦C/min to 240 ◦C. The carrier gas was helium with a flow of 1.6 mL/ 
min and the linear velocity constant was set at 35 cm/s. FID temperature 
was set to 250 ◦C. LabSolutions software (v. 5.106 SP1, Shimadzu Corp., 
Kyoto, Japan) was used to operate the instrument and for the post run 
analysis. External standards of ethanol and acetic acid, at concentrations 
of 2, 4, 6, 8, and 10%, were also analyzed to enable identification and 
quantification of these compounds in the samples.

2.6. Analysis of sugars and organic acids

The sugars and organic acids were analyzed from the ABV and vin
egar samples with a gas chromatograph (GC-2010Plus, Shimadzu Corp.) 
equipped with a flame ionization detector (FID) and an AOC-20 auto
sampler using method described previously with slight modifications 
(Kelanne et al., 2019). Briefly, sugars and organic acids were analyzed as 
trimethylsilyl (TMS) derivatives. External standards (sorbitol, tartaric 
acid, malic acid, ascorbic acid, lactic acid, maleic acid, citric acid and 
succinic acid, all 5 g/L) were used to identify and quantify of the main 
sugars and organic acids. Xylitol and shikimic acid (both 5 g/L) were 
used as internal standards for quantification of sugars and organic acids, 
respectively. Two hundred and fifty μL of sample and both internal 
standards were mixed, and the mixture was diluted to final volume of 5 
mL with ultra-pure water (Millipore Corp., Darmstadt, Hesse, Germany). 
The sample was then filtered with a RC syringe filter (0.45 μm). A 

portion of 300 μL of the filtrate was pipetted to an autosampler vial and 
evaporated to dryness at 50 ◦C under a nitrogen flow. The samples were 
stored in the desiccator until analysis or at least overnight. Five hundred 
μL of Tri-Sil reagent (hexamethyldisilazane:trimethylchlorosilane:pyri
dine, 2:1:10, Thermo Scientific, Pierce Biotechnology, Rockford, IL, 
USA) was added to the samples for trimethylsilyl (TMS) derivatization; 
the sample was then vortexed vigorously for 5 min and incubated for 30 
min at 60 ◦C. Then samples were cooled to room temperature before 
analysis. The analyses of the derived samples were carried out with 
Supelco Simplicity-1 fused silica column (30 m × 0.25 mm i.d. × 0.25 
μm df, Supelco, Bellefonte, PA, USA). Aliquot of each sample (1 μL) was 
automatically injected using a split/splitless injector with a split ratio of 
1:15. Helium served as the carrier gas at a flow rate of 1.9 mL/min. The 
injector temperature was set to 210 ◦C and the detector temperature to 
290 ◦C. The column temperature program started at 150 ◦C for 2 min, 
then increased to 210 ◦C at 4 ◦C/min, and finally to 275 ◦C at 40 ◦C/min, 
holding at 275 ◦C for 5 min.

2.7. Analysis of volatile compounds

Headspace solid phase microextraction coupled with gas chroma
tography and mass spectrometry (HS-SPME-GC-MS) was used to identify 
and quantify volatile compounds, using the methodology described by 
Vicente et al. (2023). Briefly, 0.2 g of sodium chloride, 2 mL of sample, 
and 10 μL of 4-methyl-2-pentanol solution (802 μg/mL in methanol) as 
an internal standard were added to a 20 mL vial. Each sample was 
prepared in triplicate. The volatile compounds were extracted from the 
headspace with a 2 cm DVB/CAR/PDMS fiber (50/30 μm, Supelco, 
Bellefonte, PA, USA) at 45 ◦C for 30 min after 10 min of incubation. The 
fiber was conditioned at 250 ◦C prior to the sample extraction. After the 
extraction, the SPME fiber was immediately transferred to the injection 
port of a Trace 1310 gas chromatograph equipped with a TSQ 7000 EVO 
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to be 
thermally desorbed in splitless mode at 240 ◦C for 3 min. A DB-WAX 
polar capillary column (60 m × 0.25 mm i.d. × 0.25 μm film thick
ness, J&W Scientific, Folsom, CA, USA) was used to separate the volatile 
compounds of the samples. Helium was used as the carrier gas at a flow 
rate of 1.6 mL/min. The initial column temperature was set to 50 ◦C and 
held for 3 min. Afterwards, the temperature was increased to 220 ◦C at a 
rate of 5 ◦C/min and held at 220 ◦C for 8 min. Mass spectra were 
detected in electron impact (EI) mode at 70 eV, with a scan range from 
m/z 33 to m/z 300. The MS transfer line and the ionization source 
temperatures were 220 and 240 ◦C, respectively.

The identification of the volatiles was done by comparing the ob
tained mass spectra with the standard NIST library and comparing their 
retention indices (RI) reported in NIST database. The calculation of the 
RI was done by co-injecting an alkane mixture (C7-C21, Sigma-Aldrich, 
St. Louis, MO, USA). Moreover, the identification of a selected number of 
volatile compounds was confirmed by comparing the RI and mass 
spectra with those of the authentic reference compounds. The semi- 
quantification of individual volatile compounds was conducted by 
comparing their areas at specific retention times (Supplementary 
Table 1) to peak area of the internal standard (Liu et al., 2019), using the 
following equation: 

C (μg / L)=
Ac
As

CS (μg / L)

Where C = relative concentration of analyte, AC = peak area of analyte, 
AS = peak area of internal standard, CS = final concentration of internal 
standard in samples.

2.8. Statistical analysis

The semi-quantitative data were used for statistical comparison and 
multivariate analysis to measure the ABV and vinegar samples produced 
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from AP with different yeast strains. One-way ANOVA test and Tukey’s 
test were used to evaluate the chemical composition differences using 
IBM SPSS Statistics 29.0 (SPSS Inc., Chicago, IL, USA). Statistical sig
nificance was set at p < 0.05. Multivariate models were created with 
SIMCA (version 18, Umetrics, Umeå, Västerbotten, Sweden). Principal 
components analysis (PCA) was carried out to study the sample group
ings and correlations among volatile profiles among ABV and vinegar 
samples.

3. Results and discussion

3.1. Fermentation kinetics

The general fermentation parameters, which include ethanol content 
(v/v, %), total soluble solids (TSS) expressed in ◦Brix, and pH, of AP 
mash and its corresponding ABV and vinegar samples, are shown in 
Table 1 and Fig. 1.

3.1.1. Determination of TSS and ethanol concentrations after alcoholic 
fermentation

The final ◦Brix of ABV fermented with SC, TD, and LT + SC was 3.45, 
3.65, and 3.50 (Table 1). These results aligned with the findings of 
Budak (2021) and Tocci et al. (2023), who reported 3.60 ◦Brix in apple 
cider fermented with S. cerevisiae and approximately 4.53 ◦Brix in apple 
cider fermented with T. delbrueckii.

While a significant decrease in TSS contents was observed after 
alcoholic fermentation, the concentration of ethanol increased consid
erably (Fig. 1). The ethanol concentration of final ABV ranged from 
6.87% (TD) to 7.02% (LT + SC) (Table 1). This was in accordance with 
other ciders fermented with the same yeast species (Budak, 2021; Lor
enzini et al., 2019; Tocci et al., 2023; Wei et al., 2020). This phenom
enon is due to yeast metabolism, where glucose from the raw material 
was oxidized and converted into ethanol and other compounds, e.g. 
acetic acid, as described by Desiderio Estela Escalante (2019). A slightly 
higher level of ethanol was observed in the fermentation with LT + SC 
compared to the other two yeasts. This phenomenon may be related to 
the “make-accumulate-consume” fermentation performance of 
S. cerevisiae, as described by Parapouli et al. (2020). Hence, the 
sequential inoculation of non-Saccharomyces and Saccharomyces yeasts is 
viewed as a promising method for lower ethanol content in fermented 
beverages. One-way ANOVA analysis determined that the differences in 
the final ethanol concentration among yeast strains were not statistically 
significant (Table 1). Nevertheless, ethanol production with LT + SC was 
distinct from the rest, reaching a peak in its concentration and then 
decreasing.

3.1.2. Acetic acid concentrations after acetic fermentation
During acetic fermentation, ethanol concentration and pH values 

decreased, while acetic acid concentration increased (Table 1). These 
changes were the results of AAB metabolism. Vinegar samples originally 
fermented with TD had the highest acetic acid and lowest ethanol con
centrations compared to other two yeasts. Nevertheless, the differences 
in the final ethanol and acetic acid concentration among yeast species 
were not significant, according to the results of a one-way ANOVA 
analysis (Table 1).

The acetic acid concentration of the final vinegars ranged from 
2.81% to 3.53% (Table 1). The obtained acetic acid concentrations were 
lower than the result of apple peel vinegars reported by Viroli et al. 
(2021), though the pH and ethanol concentrations were similar to those 
vinegars made from apple juice and apple peel in the literature (Budak, 
2021; Kalemba-Drożdż et al., 2020; Viroli et al., 2021). Mas et al. (2014)
stated that a low concentration of ethanol (usually 0.5%–1%) is needed 
to avoid AAB from completely transforming acetic acid to CO2 and H2O 
through the tricarboxylic acid cycle. However, too low amounts (0.19%– 
0.41%) were observed in this study. In this sense, a higher ◦Brix would 
have been necessary to obtain higher ethanol concentrations, which 
would have been transformed into higher acetic acid concentration and 
residual ethanol content in the final product.

3.2. Sugars and organic acids in alcoholic beverage and vinegar

Fructose is the main sugar present in ABV and the corresponding 
vinegar, followed by sorbitol and glucose (Table 1). SC, TD and LT are 
reported to prefer consuming glucose over fructose (Benito, 2018a; 
Vicente et al., 2023), resulting in considerable amounts of fructose 
remaining in ABV. The samples fermented with TD had the highest total 
sugar level. This suggested that TD yeast by itself is unable to fully use 
the high sugar content in AP mash, leading to a low conversion rate of 
sugar to ethanol (Liu et al., 2018). This corresponded with the obser
vation that ABV fermented with TD had the lowest ethanol content.

Maleic acid was the most abundant organic acid in all ABV and 
vinegar samples, accounting for 70%–78% of the total organic acid 
content (Table 1), whereas malic acid is the main organic acid in apples, 
accounting for approximately 90% of the total organic acid content 

Table 1 
Chemical compositions of apple pomace mash and its corresponding alcoholic 
beverage and vinegar samples.

Sample Mash Alcoholic beverage samples Vinegar samples

SC LT +
SC

TD SC LT +
SC

TD

TSS 
(◦Brix)

12.60 
± 0.00

3.45 
± 0.07

3.50 
± 0.00

3.65 
± 0.35

/ / /

pH / 3.29 
± 0.00

3.29 
± 0.00

3.30 
± 0.00

2.74 
± 0.02

2.78 
± 0.02

2.73 
± 0.01

Ethanol 
content 
(v/v, 
%)

0.00 
±

0.00 b

6.90 
± 0.27 
a

7.02 
± 0.41 
a

6.87 
± 0.63 
a

0.41 
±

0.14 b

0.33 
±

0.25 b

0.19 
±

0.14 b

Acetic 
acid 
(%)

0.15 
±

0.00 b

0.47 
±

0.07 b

0.47 
±

0.04 b

0.45 
±

0.00 b

2.84 
± 0.02 
a

2.81 
± 0.82 
a

3.53 
± 0.22 
a

Sorbitol 
(mg/L)

/ 1.67 
± 0.20

2.10 
± 0.02

1.66 
± 0.06

1.63 
± 0.24

1.49 
± 0.12

1.67 
± 0.25

Glucose 
(mg/L)

/ ND ND 1.88 
± 2.66

1.25 
± 0.23

0.99 
± 1.41

2.60 
± 0.71

Fructose 
(mg/L)

/ ND 0.81 
± 0.33

3.26 
± 0.69

ND 0.29 
± 0.41

3.38 
± 1.77

Total 
sugars 
(mg/L)

/ 1.67 
± 0.20

2.90 
± 0.31

6.80 
± 3.29

2.88 
± 0.01

2.77 
± 1.12

7.65 
± 0.81

Lactic 
acid 
(mg/L)

/ ND 2.86 
± 0.42

ND ND 2.07 
± 0.27

ND

Maleic 
acid 
(mg/L)

/ 24.65 
± 2.62

46.08 
± 1.30

20.46 
± 4.14

23.29 
± 3.67

34.31 
± 1.63

20.92 
± 1.02

Succinic 
acid 
(mg/L)

/ 3.27 
± 0.11

5.30 
± 0.14

3.36 
± 0.14

3.14 
± 0.30

3.88 
± 0.27

3.38 
± 0.59

Malic 
acid 
(mg/L)

/ 5.68 
± 0.34

4.50 
± 0.10

4.33 
± 0.19

5.62 
± 0.58

3.29 
± 0.29

4.34 
± 0.37

Quinic 
acid 
(mg/L)

/ 0.77 
± 0.12

0.80 
± 0.01

0.46 
± 0.17

0.73 
± 0.19

0.58 
± 0.04

0.57 
± 0.06

Total 
organic 
acids 
(mg/L)

/ 35.26 
± 2.04

59.54 
± 1.96

28.61 
± 4.36

32.83 
± 4.80

44.14 
± 1.96

29.20 
± 0.01

Results represent the mean ± standard deviation. Mash samples in triplicate, 
alcoholic beverage samples in duplicate and vinegar samples in six replicates (2 
biological replicates × 3 analytical replicates). Statistically significant differ
ences of ethanol and acetic acid contents between yeasts within each sample 
type, alcoholic beverage and vinegar, are shown with lower case letters a-b 
(ANOVA with Tukey’s test). ND: not detected.; SC: S. cerevisiae; LT + SC: 
L. thermotolerans + S. cerevisiae, TD: T. delbrueckii.
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(Aprea et al., 2017; Lee & Wrolstad, 1988). ABV fermented with LT + SC 
had lower content of malic acid than SC samples. This might have 
resulted from the ability of LT to use malic acid present in AP mash to 
produce lactic acid (Benito, 2018b; Vicente et al., 2021). This also could 
explain why only LT + SC samples had lactic acid. According to Liu et al. 
(2018), reducing the content of malic acid may have potential benefits, 
such as decreasing the harsh ’green apple sourness’ acidity and puck
ering astringency. Co-fermentations LT + SC increased the final acidity 
compared to sole inoculation of SC, mainly due to the significant in
crease of maleic acid. The results showed that LT + SC samples had 
highest total acid level. In addition, trace amount of citric acid was 
observed in all fermented samples.

Principal component analysis (PCA) was used to illustrate the dif
ferences of sugars and organic acids between the ABV and vinegar 
samples (analytical replication are averaged to biological replicates) 
fermented with three different yeasts (Fig. 2A). PC-1 explained 52.5% of 
the total variance, whereas PC-2 explained 23.8% of the variance. Sur
prisingly, ABV and vinegar samples fermented with certain yeast were 
clustered together, indicating no significant changes were caused by the 
vinegar fermentation. However, clear difference was observed between 
the samples by yeasts used: LT + SC and TD were separated from each 
other on PC-1, and SC samples were clearly separated from TD and LT +
SC samples on PC-2. Malic acid and quinic acid were the only com
pounds positively correlating with SC samples, and negatively corre
lating with other samples. Succinic acid, lactic acid, maleic acid, total 
acid content, and sorbitol were positively correlating with LT + SC 
samples. Glucose, fructose and total sugar content were only positively 
correlating with TD samples. These results indicate that yeast strains 
play significant role determining the composition and quality of ABV 
and vinegars fermented from AP.

3.3. Volatile compounds in mash, alcoholic beverage and vinegar

A total of 63 volatile compounds were identified in mash and fer
mented samples by the DB-WAX Column, including 27 esters (14 ethyl 
esters, EE; seven acetate esters, AE; six other esters OE), 13 higher al
cohols (HA), six volatile acids (A), six aldehydes (Ad), four terpenoids 
(T), four ketones (K), one lactone (L), one acetal (Ace) and one sulfur 
compound (S) (Table 2). Semi-quantitative data of all identified volatile 
compounds are given in Supplementary Table 1. Thirty-two volatile 
compounds were identified in the mash, of which eight compounds 
became undetectable after alcoholic fermentations. Regarding the ABV, 
49 volatile compounds were identified while 6 compounds were not 
observed in the original mash but appeared after alcoholic fermentation 
and became undetectable after acetic fermentation. Finally, 39 different 
volatile compounds were identified in the vinegars, of which three 
compounds (ethyl tetradecanoate, E_9; 3-methylbutanoic acid, A_6; and 
benzaldehyde, Ad_5) were only found in vinegars. In addition, concen
trations of some compounds, such as hexyl hexanoate (OE_5), 1-hexanol 

(HA_3) and α-farnesene (T_3), which were present in high contents in 
original mash (Balázs et al., 2012; Ferreira et al., 2009; Yang et al., 
2021) but were reduced in vinegars by the fermentations 
(Supplementary Table 1). Most likely these compounds were trans
formed into other compounds, e.g. α-farnesene may have been subse
quently oxidized to conjugated trienes (Fraternale et al., 2011).

Esters, including ethyl esters, acetate esters, and other esters, were 
the predominant volatile compounds class in both ABV and vinegar 
samples (Table 3). While some esters were present in the mash initially, 
the majority were generated from the esterification reaction (Madrera 
et al., 2015; Ye et al., 2014). Ethyl acetate (E_5) was the primary ester in 
both types of samples (Supplementary Table 1), and possibly contrib
uting to pleasant flavors, such as pineapple, fruity, pungent, and varnish 
(He et al., 2021). The participation of S. cerevisiae in sequential 
fermentation significantly increased the production of ethyl acetate 
(E_5) compared to S. cerevisiae in pure fermentation. The result in Sup
plementary Table 1 showed that LT + SC fermentation yielded 
approximately 3-fold higher content of ethyl acetate (E_5) compared to 
SC ABV. The total ethyl ester content was also statistically significantly 
higher in LT + SC ABV compared to the pure fermentation with TD or 
SC. This increase may be attributed to the fact that SC typically produces 
higher level of esters than non-Saccharomyces yeasts. Therefore, 
sequential inoculations of SC with non-Saccharomyces yeasts increased 
ester formation. Similar results were previously observed by Liu et al. 
(2019) and Wang et al. (2023). Both studies compared pure fermenta
tions and sequential fermentation involving S. cerevisiae and non-
Saccharomyces yeast strains (S. pombe and/or T. delbrueckii), either in 
bilberry wines or blueberry fermented beverage. They observed that 
sequential inoculations of S. cerevisiae with non-Saccharomyces yeasts 
increased the formation of esters. Furthermore in our study, among 
minor esters, ethyl octanoate (E_4), ethyl hexanoate (E_13), 3-methylbu
tyl acetate (AE_6) and diethyl succinate (OE_6) were the predominant 
volatile compounds in ABV, while in vinegar, 2-phenylethyl acetate 
(AE_5), 2-methylbutyl acetate (AE_3), 3-methylbutyl acetate (AE_6) and 
diethyl succinate (OE_6) were more prevalent.

Higher alcohols constituted the most abundant volatile group in ABV 
in terms of concentration (Table 3). While higher alcohols serve as 
important precursors for esters, an excess amount may have negatively 
impact on product quality, given the inhibitory effect of ethanol on yeast 
growth and viability (He et al., 2021). Most of the higher alcohols were 
produced during alcoholic fermentation with concentrations of 20–25 
times higher in ABV compared to those in the initial AP mash samples. 
ABV fermented with TD showed the highest content of higher alcohols, 
surpassing that in the original mash by 25 times. 3-Methyl-1-butanol 
(HA_11) emerged as the predominant higher alcohol formed by deam
ination and decarboxylation reactions of amino acids, a finding consis
tent with findings in other apple ciders, contributing to whiskey and malt 
aroma (Fan et al., 2011; Qin et al., 2018; Villire et al., 2012; Xu et al., 
2007). (2E)-2-hexen-1-ol (HA_1) was observed only in the mash samples 

Fig. 1. Fermentation kinetics during A) alcoholic fermentations, and B) vinegar fermentations presented as changes of A) ethanol and TSS contents, and as B) 
decrease of pH. Line colours (both solid and dashed) represent each yeast used to ferment alcoholic beverages: green S. cerevisiae, red T. delbrueckii, and blue 
L. thermotolerance + S. cerevisiae. In A, solid line represents ethanol content and dashed line total soluble solids (TSS). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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and became undetectable after alcoholic fermentation. Similar result 
was reported by Kelanne et al. (2022), who fermented black currants 
with S. cerevisiae or non-Saccharomyces yeasts (T. delbrueckii, S. bayanus, 
M. pulcherrima and M. fructicola). They only observed (2E)-2-hexen-1-ol 
(HA_1) in juice samples, and it became undetectable after fermentation. 
1-Hexanol (HA_3), 2-methyl-1-butanol (HA_10) and 2-methyl-1-propa
nol (HA_12), which showed relatively high concentrations in all ABV, 
decreased during acetic fermentation, with their concentrations 
dependent on the yeast strains used. 1-Butanol (HA_2) and 1-hexanol 
(HA_3) are the primary alcohols detected in apples. 1-Butanol in
creases the apple aroma with its sweet scent, while conversely, 1-hexa
nol can mask the typical apple scent with an undesirable earthy smell, 
thereby detracting from the overall aroma (Yang et al., 2021). This study 
observed that all ABV samples had both 1-hexanol and 1-butanol, while 
only vinegar samples originally fermented with SC showed 1-hexanol.

Six volatile acids, namely acetic acid (A_1), 2-methylpropanoic acid 
(A_2), hexanoic acid (A_3), octanoic acid (A_4), decanoic acid (A_5), and 
3-methylbutanoic acid (A_6), were identified in the samples. Volatile 
acids play an important role in the aromatic complexity of apple ciders, 
contributing to vinegar-like, fruity, cheese and rancid aromas (Qin et al., 
2018). Acetic acid (A_1), known for its pungent acidic and vinegar-like 
odor, was produced by the fermentation of ethanol and was present in 
highest concentrations across all vinegar samples (Supplementary 
Table 1). The highest total volatile acid content was observed in vinegars 
originally fermented with TD. 3-Methylbutanoic acid (A_6) was exclu
sive to vinegar samples and was not detected in either the mash or ABV. 
All volatile acid contents increased during acetic fermentation.

Six aldehydes, namely hexanal (Ad_1), (2E)-2-hexenal (Ad_2), octa
nal (Ad_3), nonanal (Ad_4), benzaldehyde (Ad_5), and dodecanal (Ad_6), 
were detected in the samples. Hexanal and (2E)-2-hexenal were the most 
abundant aldehydes in this study, exclusively present in the mash 
samples. Hexanal typically plays a significant role in imparting the 
distinctive sweet, fish-like odors characteristic of apples, while (2E)-2- 
hexenal may add green, grassy attribute to the apple flavor profile (Yang 
et al., 2021). Furthermore, aldehydes presented in the mash were most 
likely reduced to their corresponding higher alcohols during fermenta
tion (Kelanne et al., 2022).

The only sulfur compound identified was 3-(methylthio)-1-propanol 
(S_1), which arises from the breakdown of methionine during fermen
tation (Xu et al., 2007). This compound often contributes to undesirable 
flavors in ABV. Similar finding was reported by Liu et al. (2020), who 
investigated volatile compound profile during bilberry juice fermenta
tion with nine non-Saccharomyces yeasts (including T. delbrueckii and 
L. thermotolerans) and reported 3-(methylthio)-1-propanol as the only 
sulfur compound detected in the bilberry ABV.

To determine patterns of the identified compounds of the samples, 
principal component analysis (PCA) was constructed using the initial AP 
mashes (n = 3) and the different fermentation products (ABV n = 18, 
vinegars n = 54) as samples and volatile compounds (n = 63) as vari
ables (Supplementary Fig. 1). PC-1 explained 43.5% of the total vari
ance, whereas PC-2 explained 26.8% of the variance. The original mash 
samples were clearly separated from the ABV and the vinegar samples. 
Furthermore, ABV and vinegar samples were separated from each other 
on PC-1 and clear product clusters were seen. Therefore, in the following 
analysis aiming for comparing the volatile profiles among the fermented 
products, we excluded the mash samples.

Two PCAs (Fig. 2 B&C) were used to explain the differences between 
ABV and vinegars with different yeasts. Fig. 2B comprised all data (18 
ABV, 54 vinegar samples and 63 identified volatile compounds), 
whereas Fig. 2C comprised biological duplicates of each yeast (6 ABV, 6 
vinegar samples and 63 identified volatile compounds). The first two 
PCs explained 69.1% (Figs. 2B) and 77.6% (Fig. 2C) of the data variance. 
PC-1 clearly separated the ABV samples from the vinegar samples on 
both PCAs. In addition, clear clusters were formed depending on the 
inoculated yeast on PC-2 (Fig. 2 B&C). Fig. 2C shows that ethyl octa
noate (E_4), ethyl 2-hydroxy-4-methylpentanoate (E_7), ethyl dodeca
noate (E_12), ethyl decanoate (E_14), hexyl hexanoate (OE_5), 6- 
methylhept-5-en-2-one (K_4), and 3-(methylsulfanyl)-1-propanol (S_1) 
were positively correlating with SC ABV samples. Ethyl heptanoate (E3), 
1-octanol (HA_5), 1-decanol (HA_6), 1-octen-3-ol (HA_8), and β-dam
ascenone (T_4) were positively correlating with TD ABV samples. Ethyl 
esters, especially ethyl acetate (E_5) and ethyl 2-hydroxypropanoate 
(E_6) were positively correlating to LT + SC samples. As mentioned 
before, LT has an ability of producing lactic acid (Vilela, 2018) and ethyl 
2-hydroxypropanoate (E_6) is synthesized from ethanol and lactic acid 
(Delgado et al., 2010). Therefore, the presence of this volatile compound 
in the samples fermented with LT + SC could be explained by the 
metabolism of LT. The odor and flavor of this compound has been 
described as sweet, fruity, creamy, acidic and caramellike (Mosciano et al., 
1993), which might be appreciated in both ABV and vinegar.

Fig. 2C also shows that total content of acetates (AE) was strongly 
positively correlated to propyl acetate (AE_1), 2-methylbutyl acetate 
(AE_3) and 2-methylpropyl acetate (AE_7). These compounds have been 
described as having a floral and fruity odor, which may be perceived as 
being pleasant in fermented apple beverages (He et al., 2021). The total 
content of other esters (OE) showed a strong positive correlation with 
the content of diethyl succinate (OE_6). The odor of this compound has 
been described as fruity, melon, and wine fruity (Liu et al., 2019; Madrera 
et al., 2015). The total content of higher alcohols (HA) showed positive 
correlations with 1-hexanol (HA_3), 1-heptanol (HA_4), 1-octanol 
(HA_5), 1-decanol (HA_6), 1-octen-3-ol (HA_8), 2-methyl-1-butanol 
(HA_10), and 3-methyl-1-butanol (HA_11). Among them, 1-octen-3-ol 
(HA_8) is a flavor compound used in food industry, due to its distinc
tive mushroom aroma (Madrera et al., 2015). 2-Methyl-1-butanol 
(HA_10) and 3-methyl-1-butanol (HA_11) are degradation products of 
isoleucine and leucine, respectively (Waterhouse et al., 2016). The total 
content of volatile acids (A) was positively correlated with acetic acid 
(A_1), hexanoic acid (A_3) and 3-methylbutanoic acid (A_6). However, 
high contents of straight-chain fatty acids (A_1 and A_3) may have a 
negative impact on the sensory properties (Kelanne et al., 2022). The 
total content of aldehydes (Ad) was positively correlated to the level of 
benzaldehyde (Ad_5). The odor of this compound has been described as 
roasted, almond and cherry (He et al., 2021; Liu et al., 2019). The total 
content of terpenoids (T) was positively correlated to the level of 
α-farnesene (T_3) and β-damascenone (T_4). During alcoholic fermen
tation, a significant increase in β-damascenone was observed, likely due 
to the hydrolysis of glycosylated precursors in the raw material. 
β-Damascenone is commonly used in industry for its distinctive rose-like 
aroma (Madrera et al., 2015). The total content of ketones (K) was 
positively correlated with 3-hydroxy-2-butanone (K_1), one of the po
tential contributors to the unpleasant fatty odor, as the compound has 
been described as fatty, buttery, and creamy (Liu et al., 2020).

Fig. 2. Principal component analysis (PCA) models using contents of sugars, organic acids and volatile compounds to explain the differences between alcoholic 
beverages and vinegars with different yeasts. A) PCA using contents of sugars and organic acids (n = 9), alcoholic beverages (n = 6, averaged to 2 biological 
replicates) and vinegars (n = 6, averaged to 2 biological replicates) fermented with different yeasts. B) PCA using contents of volatile compounds (n = 63) to explain 
the differences between alcoholic beverages (n = 18 = 3 yeasts × 2 biological replicates × 3 analytical replicates) and vinegars (n = 54, all replications) with 
different yeasts. C) PCA using contents of volatile compounds (n = 63) to explain the differences between alcoholic beverages (n = 6, averaged to 2 biological 
replicates) and vinegars (n = 6, averaged to 2 biological replicates) with different yeasts. D) PCA using contents of volatile compounds (n = 63) to explain the 
differences in vinegars (n = 6, averaged to 2 biological replicates) originally fermented with different yeasts. SC is for S. cerevisiae (purple), TD for T. delbrueckii 
(yellow), and LT for L. thermotolerans + S. cerevisiae (green), v vinegar. The abbreviations of volatile compounds refer to those in Table 2. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2 
Identification of volatile compounds by HS-SPME-GC-MS in apple pomace mash, alcoholic beverage and vinegar samples.

Peak 
numbera

Compounds Abbreviations RI Presence Identificationd Odor descriptore

Measuredb NISTc Mash ABS 
(SC/LT +
SC/TD)

Reference 
vinegar

Vinegar 
samples 
(SC/LT +
SC/TD)

Ethyl esters
1 Ethyl butanoate E_1 1037 1036 

± 8
/ x / / MS, LRI, STD fruityf

2 Ethyl 2- 
methylbutanoate

E_2 1054 1052 
± 8

/ x x / MS, LRI, STD fruityf

3 Ethyl heptanoate E_3 1336 1331 
± 8

/ x / / MS, LRI fruityg

4 Ethyl octanoate E_4 1438 1435 
± 7

/ x / / MS, LRI sweet, brandy, 
fruity fatf,g,h

5 Ethyl acetate E_5 889 888 ±
9

/ x x x MS, LRI pineapple, fruity, 
pungent, varnishf,g

6 Ethyl 2- 
hydroxypropanoate

E_6 1351 1347 
± 9

/ x / x MS, LRI fruity, butteryg

7 Ethyl 2-hydroxy-4- 
methylpentanoate

E_7 1552 1547 
± 1

/ x / x MS, LRI black currant, fruiti

8 Ethyl phenylacetate E_8 1800 1783 
± 10

/ x / x MS, LRI fruity sweeth

9 Ethyl tetradecanoate E_9 2058 2050 
± 12

/ / x x MS, LRI etherh

10 Ethyl 3- 
methylbutanoate

E_10 1069 1068 
± 8

/ x x x MS, LRI, STD fruity, appleg

11 Ethyl hexadecanoate E_11 2254 2251 
± 10

/ x x x MS, LRI fath

12 Ethyl dodecanoate E_12 1851 1843 
± 8

/ x x x MS, LRI, STD brandy, fruity, 
grape, Leavesg,h

13 Ethyl hexanoate E_13 1235 1233 
± 9

/ x x x MS, LRI, STD fruity, green apple, 
banana, brandyf,g

14 Ethyl decanoate E_14 1643 1639 
± 8

x x x x MS, LRI, STD fruity, brandy, 
burnt, grape f,g,h

Acetate esters
15 Propyl acetate AE_1 975 973 ±

11
x / x x MS, LRI celery, floral, pearf

16 Butyl acetate AE_2 1073 1074 
± 8

x / x / x / MS, LRI, STD apple, fruit, 
pungentf

17 2-Methylbutyl acetate AE_3 1121 1125 
± 9

x x x x MS, LRI, STD fruitk

18 Hexyl acetate AE_4 1274 1273 
± 7

x x x / MS, LRI, STD fruity, 
herbaceousf,h

19 2-Phenylethyl acetate AE_5 1830 1813 
± 15

/ x x x MS, LRI flowery, fruit, 
Roses honeyf,g,h

20 3-Methylbutyl acetate AE_6 1122 1123 
± 8

/ x x x MS, LRI banana, fruity, 
sweet, applef,g

21 2-Methylpropyl acetate AE_7 1015 1012 
± 8

/ / x x x x MS, LRI, STD apple, banana, 
floralf

Other esters
22 Butyl butanoate OE_1 1220 1220 

± 8
x / / / MS, LRI, STD floralf

23 Butyl hexanoate OE_2 1416 1407 
± 8

x / / / MS, LRI, STD fruity, grass, greenf

24 Hexyl butanoate OE_3 1419 1414 
± 8

x / / / MS, LRI, STD fruity, apple, freshf

25 Hexyl 2- 
methylbutanoate

OE_4 1431 1433 
± 5

x / / / MS, LRI Strawberryf,h

26 Hexyl hexanoate OE_5 1615 1605 
± 8

x x / x / / MS, LRI apple, fruity, 
orange peel 
peachf,h,j

27 Diethyl succinate OE_6 1684 1681 
± 9

/ x / x MS, LRI fruity, melon, wine 
fruityg,h

Higher alcohols
28 (2E)-2-hexen-1-ol HA_1 1412 1406 

± 8
x / / / MS, LRI grassf

29 1-Butanol HA_2 1153 1142 
± 11

x x x / MS, LRI medicine, fruit, 
alcoholf,g

30 1-Hexanol HA_3 1360 1355 
± 7

x x x x / / MS, LRI floral, green, 
herbaceoush,j

31 1-Heptanol HA_4 1462 1453 
± 9

x x / / MS, LRI, STD oilyf,g

32 1-Octanol HA_5 1564 1557 
± 8

x x / / MS, LRI, STD chemical, metal, 
lemon, oily 
fattyf,g,h

(continued on next page)
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Table 2 (continued )

Peak 
numbera

Compounds Abbreviations RI Presence Identificationd Odor descriptore

Measuredb NISTc Mash ABS 
(SC/LT +
SC/TD) 

Reference 
vinegar 

Vinegar 
samples 
(SC/LT +
SC/TD)

33 1-Decanol HA_6 1771 1760 
± 9

x x / / MS, LRI fath

34 2-Ethyl-1-hexanol HA_7 1494 1491 
± 5

x x x / MS, LRI citrus, green, 
rosef,g

35 1-Octen-3-ol HA_8 1454 1450 
± 7

x x / / MS, LRI, STD mushroomh,j

36 2-Phenylethanol HA_9 1932 1907 
± 15

x x x x MS, LRI Honey, rose 
floralg,h

37 2-Methyl-1-butanol HA_10 1214 1208 
± 95

x x x x MS, LRI nail polish, maltg

38 3-Methyl-1-butanol HA_11 1216 1209 
± 9

/ x x x MS, LRI nail polish, 
alcoholf,g

39 2-Methyl-1-propanol HA_12 1104 1092 
± 9

/ x x x MS, LRI alcohol, nail polish, 
fusel, maltf,g

40 3-Methyl-1-pentanol HA_13 1334 1326 
± 9

/ x / / MS, LRI pungent, alcohol, 
greeng

Acids
41 Acetic acid A_1 1445 1449 

± 13
/ x x x MS, LRI volatile acidit, 

vinegar, sourf,h,l

42 2-Methylpropanoic acid A_2 1576 1570 
± 13

/ x x x MS, LRI rancid, butter, 
cheesef,l

43 Hexanoic acid A_3 1860 1846 
± 12

x x x x MS, LRI, STD cheese, sweatf,h,l

44 Octanoic acid A_4 2077 2060 
± 15

x x x x MS, LRI rancid, fattyl

45 Decanoic acid A_5 2285 2276 
± 15

/ x / / x x MS, LRI rancid fath

46 3-Methylbutanoic acid A_6 1677 1666 
± 11

/ / x x MS, LRI sweat, acid, rancidk

Aldehydes
47 Hexanal Ad_1 1082 1083 

± 8
x / / / MS, LRI, STD grassy, fatty, 

herbaceous, 
greenf,g,h

48 (2E)-2-hexenal Ad_2 1223 1216 
± 9

x / / / MS, LRI green, grassy, 
pungentf,g

49 Octanal Ad_3 1292 1289 
± 9

x x / x MS, LRI, STD green fath,j

50 Nonanal Ad_4 1397 1391 
± 8

x x / / MS, LRI, STD green, slightly 
pungentg

51 Benzaldehyde Ad_5 1535 1520 
± 14

/ / x x MS, LRI, STD roasted, almond, 
cherryf,g

52 Dodecanal Ad_6 1718 1711 
± 11

/ x / x MS, LRI lily, fat, citrusk

Terpenoids
53 3,7-Dimethyl-1,6- 

octadien-3-ol
T_1 1551 1547 

± 7
x / / / MS, LRI citrus, floral, 

sweet, grape-likeg,l

54 6-Methylhept-5-en-2-ol T_2 1468 1465 
± 6

x x / / MS, LRI rosef

55 α-Farnesene T_3 1753 1745 
± 10

x x / x MS, LRI wood sweeth,k

56 β-Damascenone T_4 1840 1823 
± 14

x x x x MS, LRI, STD apple, rose, 
honeyh,j

Ketones
57 3-Hydroxy-2-butanone K_1 1296 1285 

± 12
/ x x / x x MS, LRI fatty, buttery, 

creamf,g,l

58 4-Methyl-2-pentanone K_2 1010 1010 
± 7

x / x x MS, LRI sulfur, strawberry, 
sweet, varnishf,g

59 2,6,8-Trimethyl-4- 
nonanone

K_3 1402 / x x x x MS, LRI /

60 6-Methylhept-5-en-2- 
one

K_4 1343 1339 
± 9

x x / x MS, LRI, STD herbaceous, green, 
cabbageg

Lactones
61 Dihydro-2(3H)- 

furanone
L_1 1648 1632 

± 15
/ / x / / / x / MS, LRI caramel sweeth

Acetals
62 1-(1-Ethoxyethoxy) 

pentane
Ace_1 1096 1098 

± 8
/ x x / / / MS, LRI /

Sulfur
63 3-(Methylsulfanyl)-1- 

propanol
S_1 1733 1719 

± 9
/ x / x / x MS, LRI sweet, potatok

ABS Alcoholic beverage sample; SC: S. cerevisiae; LT + SC: L. thermotolerans + S. cerevisiae, TD: T. delbrueckii.
a Number of volatiles investigated by DB-WAX.
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To better show this separation of yeast in vinegar samples, another 
PCA was composed of 6 vinegar samples (biological duplicates of each 
yeast) and 63 volatile compounds (Fig. 2D). In this PCA, PC-1 explained 
40.7% of the variance, separating SC samples from the rest of the sam
ples. PC-2 explained 26.3% of the variance, with TD samples negatively 
correlated with LT + SC samples, indicating difference between these 
samples. SC vinegar samples were positively correlating to 1-hexanol 
(HA_3), 2-phenylethanol (HA_9), octanoic acid (A_4), decanoic acid 
(A_5), and 6-methylhept-5-en-2-one (K_4). TD vinegar samples were 
positively correlating to 2-methylpropanoic acid (A_2), 3-methylbuta
noic acid (A_6), and α-farnesene (T_3). Finally, LT + SC vinegar sam
ples were positively correlating to ethyl acetate (E_5), ethyl 2- 
hydroxypropanoate (E_6), butyl acetate (AE_2) and dihydro-2(3H)- 
furanone (L_1). This diversity confirmed that the selection of yeast 
strains plays an important role in determining the aroma of vinegar 
products.

4. Conclusion

This study characterized the effects of Saccharomyces and non- 
Saccharomyces strains on the chemical compositions of alcoholic 
beverage and vinegar products made from pomace of a Finnish apple 
cultivar. Yeast fermentation processes led to significant increases in the 
levels of volatile compounds, especially ethyl esters and higher alcohols 
in alcoholic beverages, whereas acetate esters, volatile acids, and ke
tones in vinegars. Alcoholic beverages fermented with T. delbrueckii had 
lower ethanol content compared to those fermented with S. cerevisiae, 
suggesting the potential use of non-Saccharomyces strains for producing 
alcoholic beverages with low ethanol content. Vinegars fermented with 
L. thermotolerans (sequential inoculation with S. cerevisiae) had the 
highest contents of total organic acids, ethyl esters and volatile acids, 
which may enhance the attributes of vinegar products.

Our study shows the potential utilization of non-Saccharomyces 
strains in vinegar production with the side streams from apple juice 

processing, thus valorizing apple pomace emerges as a promising and 
sustainable practice to increase the value of agricultural by-products. 
For future studies, the addition of a pure culture of acetic acid bacte
ria during the acetic fermentation process could be explored to compare 
with the addition of unpasteurized commercial vinegar (mother vine
gar). The effect of these fermentations on the sensory quality of alcoholic 
beverages and vinegar products should also be further assessed using 
sensory evaluation. In addition, GC-O analysis and Odor Active Value 
(OAV) analysis could help understand better contribution of specific 
volatile compounds to the overall aroma profile.
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Table 3 
Relative concentrations of the major volatile compounds (mg/L) identified in apple pomace mash, alcoholic beverage and vinegar samples.

Samples Mash Alcoholic beverage samples Vinegar samples

SC LT + SC TD SC LT + SC TD

Ethyl esters 0.62 ± 0.77 a 2029.89 ± 11.88 d 2982.40 ± 135.96 
cd

1561.63 ± 41.78 e 1002.42 ± 298.31 
b

1809.31 ± 550.17 
bcd

1387.45 ± 401.77 
bc

Acetate esters 41.41 ± 1.00 b 99.10 ± 2.84 b 236.54 ± 4.45 b 72.58 ± 9.48 b 307.29 ± 71.82 b 674.28 ± 237.38 a 646.73 ± 263.33 a
Other esters 167.23 ± 72.63 a 54.94 ± 5.86 bc 36.85 ± 1.06 c 63.05 ± 1.10 b 73.42 ± 6.65 b 63.71 ± 5.18 b 77.99 ± 4.46 b
Higher 

alcohols
327.77 ± 17.24 d 7347.97 ± 36.88 

ab
6979.61 ± 294.19 b 7858.10 ± 387.63 

a
1864.17 ± 406.88 
c

1538.19 ± 434.03 c 1741.80 ± 180.36 c

Volatile acids 6.49 ± 0.38 c 418.75 ± 26.72 c 343.77 ± 14.83 c 381.90 ± 17.43 c 9572.01 ± 519.01 
b

11519.10 ± 51.04 a 12023.74 ± 1070.1 
a

Aldehydes 95.31 ± 5.61 a 5.66 ± 0.36 c 5.83 ± 1.33 bc 4.90 ± 1.06 c 14.80 ± 7.08 b 6.53 ± 0.00 bc 7.12 ± 0.77 bc
Terpenoids 293.57 ± 213.90 

a
106.14 ± 3.66 b 77.30 ± 11.19 bc 90.43 ± 6.46 b 21.43 ± 3.91 c 21.73 ± 1.45 c 26.23 ± 4.26 c

Ketones 17.21 ± 1.25 d 35.88 ± 1.73 cd 28.14 ± 1.33 d 20.20 ± 1.03 cd 98.60 ± 2.53 b 209.10 ± 4.52 a 56.85 ± 19.86 c

Results represent the mean ± standard deviation. Mash samples in triplicate, alcoholic beverage samples in duplicate and vinegar samples in six replicates (2 biological 
replicates × 3 analytical replicates). Statistically significant differences between yeasts within each sample type, alcoholic beverage and vinegar, are shown with lower 
case letters a-e (ANOVA with Tukey’s test). SC: S. cerevisiae; LT + SC: L. thermotolerans + S. cerevisiae, TD: T. delbrueckii.
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