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ABSTRACT 

High sugar fermentation elevates acetic acid levels in wines, which can be avoided by applying 
the continuous fed-batch strategy. In this study, yeast gene expressions and wine volatile 
compounds were evaluated by quantitative real-time PCR (RT-qPCR) and gas chromatograph 
mass spectrometry (GC-MS) in high-gravity (HG, 320 g/L sugars) fermentations with 
different batch strategies. The acetic acid concentration in continuous fed-batch fermentation 
wine was reduced by 51.69 %, compared with that in whole-batch fermentation wine.  
The acetyl-CoA synthase gene (ACS2) expression was up-regulated, whereas  
the glycerol-3-phosphate dehydrogenase gene (GPD1) expression was down-regulated  
on day 3 and day 7 during the continuous fed-batch fermentation. The volatile ester  
concentration in continuous fed-batch fermentation wine was 36.74 % higher than that in  
whole-batch fermentation wine. Overall, the continuous fed-batch strategy can 
modulate the expression of yeast genes involved in acetic acid metabolism and 
can increase volatile esters in wine under high sugar fermentation. Our findings 
provide a reference for the application of a continuous fed-batch strategy in  
high-sugar fermentation so as to improve the quality of the wine.
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INTRODUCTION 

In recent years, the global average temperature has been 
increasing continuously (Malhi et al., 2021), which results 
in extremely high sugar concentrations in harvested grapes 
(Mira de Orduna, 2010). In winemaking, this high-sugar 
grape juice leads to a high osmotic stress, thus, inducing  
S. cerevisiae to produce more by-products, such as glycerol 
and acetic acid (Pigeau and Inglis, 2005). For example, in 
Botrytised wine (Bely et al., 2005) and Icewine (Pigeau  
et al., 2007), the initial sugar concentrations are usually 
above 30 °Brix, which triggers S. cerevisiae to produce over 
10 g/L glycerol and over 1.2 g/L acetic acid (Bely et al., 
2003; Heit et al., 2018). Acetic acid is the major volatile acid 
in wine, with its normal content ranging from 0.2 to 0.6 g/L, 
and the excessive content will seriously affect the sensory 
quality of the final products (Vilela-Moura et al., 2011).  
Once its concentration exceeds 0.8 g/L, there will be 
an obvious bitter and rancidity flavour (Vilela, 2017). 
According to European legislation, the maximum limit of 
volatile acidity (expressed as acetic acid) should be 1.2 g/L 
in wine and 2.1 g/L in Icewine, respectively. In addition, a 
large amount of acetic acid has been reported to inhibit yeast 
cell activity and fermentation efficiency (Guaragnella et al., 
2011; Sousa et al., 2013). Therefore, it is essential to solve 
the problem of excessive acetic acid formation during high-
sugar fermentations, especially in the production of speciality 
wines such as Icewine and late-harvest wines.

High sugar stress triggers yeast to produce more glycerol so 
as to achieve osmotic balance inside and outside yeast cells 
(Liu et al., 2021), which is accompanied by the oxidation 
of NADH to NAD+ (Jain et al., 2011). Glycerol-3-phosphate 
dehydrogenase is the key rate-limiting enzyme for glycerol 

production, which is mainly encoded by the GPD1 of yeast 
(Remize et al., 2003) (Figure 1).

Glycerol production often leads to an increase in acetic 
acid produced via the pyruvate dehydrogenase (PDH) 
bypass pathway during high-sugar fermentation (Pigeau  
et al., 2007). In fact, acetic acid production results from the 
balance by S. cerevisiae of excess NAD+ produced from 
glycerol formation (Yang et al., 2017) (Figure 1). This 
PDH bypass pathway involves the following three major 
components and some key regulatory genes: (1) Pyruvate is 
catalysed by pyruvate decarboxylase to form acetaldehyde. 
The 80  %–90  % activity of pyruvate decarboxylase is 
derived from Pdc1p, mainly encoded by PDC1 (Milanovic 
et al., 2012). The PDC1 knockout of S. cerevisiae has been 
reported to decrease acetic acid production by 57.14  % 
(Curiel et al., 2016); (2) Acetaldehyde is oxidised into acetic 
acid by acetaldehyde dehydrogenase, accompanied by the 
reduction of NAD+ into NADH. The main regulation gene of 
this oxidation is ALD6, with NADP+ as a cofactor (Meaden 
et al., 1997). Several studies have shown that ALD6 deletion 
of S. cerevisiae significantly reduces acetic acid production 
(Eglinton et al., 2002; Saint-Prix et al., 2004); and (3) 
Acetic acid combines with coenzyme A under the catalysis 
of acetyl-CoA synthase to form acetyl-CoA. ACS2 mainly 
encodes acetyl-CoA synthase, and it plays an important role 
in acetic acid production (Van den Berg et al., 1996). ACS2 
overexpression of S. cerevisiae significantly reduces acetic 
acid production in sake fermentation (Akamatsu et al., 2000). 

Reducing sugar concentration by the fed-batch approach 
during alcoholic fermentation can effectively increase 
yeast viability, promote ethanol production (Lemos  
et al., 2020), and decrease acetic acid formation. Compared 
with whole-batch fermentation, the continuous fed-batch 

FIGURE 1. Main genes involved in PDH bypass and glycerol synthesis pathway in S. cerevisiae (Heit et al., 2018; 
Sadoudi et al., 2017). 
PDH for coding pyruvate dehydrogenase, ADH for coding alcohol dehydrogenase, PDC1 for coding pyruvate decarboxylase, ALD6 for 
coding acetaldehyde dehydrogenase, ACS2 for coding acetyl-CoA synthase, GPD1 for coding glycerol-3-phosphate dehydrogenase, 
and GPP for coding glycerol 3-phosphatase.
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approach has been confirmed to significantly reduce acetic 
acid production by 80  % in high-gravity fermentation 
(343.3 g/L sugar) (Frohman and Mira de Orduna, 2013). 
However, the concerning metabolism and gene expression of  
S. cerevisiae in high-gravity grape juice fermentation based 
on a continuous fed-batch strategy remain largely unknown, 
and the effect of this strategy on volatile compounds of the 
wine is still unclear, which hinders the application of this 
fermentation strategy.

In this study, whole-batch fermentation under high-gravity 
conditions was used as a control, and the relationships 
between acetic acid production and gene expressions (PDC1, 
ALD6, ACS2, and GPD1) involved in glycerol synthesis and 
PDH bypass were investigated during continuous fed-batch 
fermentation. In addition, the effects of the continuous fed-
batch strategy on the volatile compounds of the wines were 
also studied. Our findings will provide a theoretical basis for 
the application of a continuous fed-batch strategy in high-
gravity fermentation.

MATERIALS AND METHODS  

1. Grape juice preparation 
A flash-pasteurised grape juice (Vidal) from the Shangri-La 
wine region (Yunnan, China) was used for both whole-batch 
and fed-batch fermentations with combined sugar (glucose 
and fructose) concentration of 210 g/L and a pH of 2.9.  
The titratable acidity was 6.4 g/L, expressed as tartaric acid. 
The acetic acid content was 0.02 g/L. Fermentation substrates 
with different initial sugar concentrations were prepared by 
adding equal amounts of D-glucose and D-fructose to reach 
final sugar concentrations of 320, 400, and 450 g/L. 250 mg/L 
of (NH4)2SO4 was added as supplemented nitrogen source. 

2. Microorganism
Commercial S. cerevisiae strain RV002 was provided by 
Angel Yeast Co. Ltd. (Yichang, Hubei, China). The 1 g of 
dry yeast was added into 100 mL sterile water and rehydrated 
at 40 °C for 15 min to obtain yeast suspension for all the 
subsequent fermentations.

3. Fermentations
All fermentations were conducted in 500 mL glass bottles 
containing 400 mL grape juice. The grape juice was inoculated 
with 10 mL yeast suspension. The bottles were sealed with 
suitable airlocks to prevent air ingress during fermentation. 
Fermentation was carried out at 20 °C, and it did not stop 
until the termination of sugar consumption or until the sugar 
concentration was below 3 g/L. All the fermentations were 
conducted by using the previously reported method with 
some modifications (Frohman and Mira de Orduna Heidinger, 
2018). The normal-gravity (NG, 210 g/L sugars) and high-
gravity groups (HG, 320 g/L sugars) were established to 
investigate the osmotic stress of grape juice. The grape juices 
were fermented by whole-batch and two fed-batch strategies. 
Whole-batch fermentation was started with all the 400 mL 
juice as starting materials.

The continuous fed-batch fermentation was started with  
50 mL juice. For the NG group, after 48-hour fermentation, 
the remaining 350 mL juice was continuously fed within 48 h 
at 0.12 mL/min by a peristaltic pump (Meiyingpu Instrument 
Manufacturing Co., Ltd., Shanghai, China). For the HG 
group, after 72-hour fermentation, the remaining 350 mL 
juice was added continuously within 72 h at 0.08 mL/min.

The intermittent fed-batch fermentation was also started 
with 50 mL juices. Under the NG condition, the remaining  
350 mL juice was fed at two-time points (48 h and 72 h) at  
8.7 mL/min for 20 min (per time point). Under the HG 
condition, the remaining 350 mL juice was fed at two-time 
points (96 h and 144 h) at 8.7 mL/min for 20 min (per time 
point).

Samples (5 mL) of whole-batch and continuous fed-batch 
fermentations were collected on day 3 (exponential phase of 
yeast growth), day 7 (mid-stationary phase of yeast growth), 
and day 12 (late stationary phase of yeast growth) for 
subsequent gene expression analysis. The remaining samples 
were collected every 24 h and stored at –20 °C for subsequent 
analysis. All the fermentation and sample analyses were 
carried out in triplicates.

4. Sample analysis
Yeast growth was quantified by means of optical density at 
600 nm (OD600nm). The titratable acidity, sugar content, and 
ethanol content were detected according to GB/T 15038-
2006 (Chinese National Standard). Specifically, the titratable 
acidity was determined by titration with 0.1 M NaOH to 
reach a final pH of 8.2 and expressed as g/L of tartaric acid. 
The sugar content was determined by the 3,5-dinitrosalicylic 
acid method, and the ethanol content was measured by an 
alcoholmeter.

Acetic acid and glycerol were determined enzymatically 
using commercial test kits according to the manufacturer’s 
instructions (Megazyme, Ireland).

5. RNA extraction, cDNA synthesis, and 
quantitative real-time PCR (RT-qPCR)

5.1. RNA extraction and cDNA synthesis
Total RNA extraction was performed using a commercial  
Yeast RNA Kit (Aidlab Biotechnologies Co., Ltd., Beijing, 
China) with slight modifications. The yeast cells were  
harvested by centrifugation (Baiyang Medical Devices 
Co., Ltd., Beijing, China) at 1000 g for 5 min at 4 °C. After 
centrifugation, yeast cells were added into 350 µL extraction 
buffer containing 50 mg glass beads. Then, cells were 
disrupted using a vortex instrument (Qilin Bell Instrument 
Manufacturing Co., Ltd., Haimen, China) for 5 min, 
followed by chilling on ice for 5 min. This cell disruption 
treatment step was repeated three times. The obtained cell 
suspension was centrifuged at 13,000 g for 3 min at 4 °C. 
RNA was precipitated from the suspension with 700 µL of 
70  % (v/v) ethanol. The RNA purification and extraction 
were performed according to the manufacturer’s instructions 
(Aidlab Biotechnologies Co., Ltd., Beijing, China).
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The extracted RNA was quantified by measuring absorbance 
at 260 nm using an ultra-micro spectrophotometer 
(Nanodrop). Two µg of total RNA was treated with 5 U of 
DNase (Thermo Fisher Scientific, France). Then, cDNAs 
were synthesised using the TRUEScript cDNA Synthesis 
Kit (Aidlab Biotechnologies Co. Ltd., Beijing, China) as 
described by the manufacturer. RT-qPCR was employed to 
determine the presence or absence of chromosomal DNA 
contamination.

5.2. Primers design
The primers (of target and housekeeping reference genes) 
used for RT-qPCR were designed using the free online Primer 
5.0 software (Table 1) with a length of about 18–22 bp, a G/C 
content of over 50  %, and a melting temperature (Tm) of 
about 60 °C. The size of PCR products ranged from 90 to 
120 bp. Oligo analyser 1.0.3.0 software was used to control 
the formation of secondary structure and dimer. Primer 
specificity and PCR product size were calculated based on 
the whole genome of S. cerevisiae strain ES288C. PGK1 
(Table 1) was used as a housekeeping reference gene since its 
expression was independent of growth conditions (Sadoudi 
et al., 2017).

5.3. RT-qPCR assays
RT-qPCR was performed in a 20 µL reaction system containing 
2.0 µL of cDNA, 10.0 µL of Master Mix (Universal), 1.0 µL 
of primer (forward and reverse, 7.0 pmol/µL), and 7.0 µL 
of Rnase-free water. The RT-qPCR program was as follows: 
pre-denaturation at 95 °C for 30 s, 40 cycles of denaturation 
at 95 °C for 20 s, annealing at 60 °C for 20 s, and extension 
at 72 °C for 10 s, followed by a final extension at 72 °C for  
5 min. Afterwards, a melting curve was constructed by 
raising the temperature from 65 to 95 °C at 0.05 °C/s to test 
PCR specificity, chromosomal DNA contamination, and 
primer dimers.

The relative expression of a given gene was calculated using 
the   method (Schmittgen and Livak, 2008). The results were 
normalised by using the reference gene PGK1 (Table 1).  

The amount of sample target RNA was adjusted to a control 
target RNA.

ΔCT = CT gene of target - CT reference gene

ΔΔCT = ΔCT of sample - ΔCT of control

Relative expression level = 2-ΔΔCT

In the above formulae, the control indicated the target RNA 
of S. cerevisiae in whole-batch fermentation under the HG 
condition, and the sample referred to the target RNA of  
S. cerevisiae in continuous fed-batch fermentation under the 
HG condition.

In this study, significant down-regulation or up-regulation 
of gene expression was defined as their relative expression 
levels at least two-fold lower or higher than the control 
group, as previously described (Desroche et al., 2005).

6. Determination of volatile compounds
The volatile compounds were extracted using a manual 
solid-phase microextraction (SPME) device equipped with a  
50/30 µm DVB/CAR/PDMS fibre (Supelco, Bellefonte, 
PA, USA). The 5 mL of wine was put into a 10 mL vial.  
The 20 µL of cyclohexanone (0.946 mg/mL) was added to 
the vial as an internal standard. The vial was sealed, and the 
mixture solution was equilibrated in a 50 °C water bath for 
10 min, and then the volatile compounds were headspace 
extracted at 60 °C for 40 min and then thermally desorbed in 
the injection port at 250 °C for 5 min.

Volatile compounds were detected using gas chromatography-
mass spectrometry (GC-MS) with an Agilent 7890 gas 
chromatograph and quadrupole mass selective detector 
5977A (Santa Clara, CA, USA). The mass spectral ionisation 
temperature was set as 230 °C, and the mass spectrometer 
voltage was set as 70 eV. The m/z of mass spectra ranged 
from 30 to 550 amu/sec.

The volatile compounds separation was performed 
on a DB-WAX column (30 m × 320 µm × 0.25 μm).  
The injector temperature was set at 250 °C. The temperature 
was programmed as follows: at 40 °C for 3 min, and then 

Gene name NCBI Gene ID Forward and reverse primers (5’- 3’)

PDC1 850733
CTTACGCCGCTGATGGTTA

GGCAATACCGTTCAAAGCAG

ALD6 856044
TCTCTTCTGCCACCACTGAA

CCTCTTTCTCTTGGGTCTTGG

ACS2 850846
ATTGGTCCTTTCGCCTCAC

GCTGTTCGGCTTCGTTAGA

GPD1 851539
TTTTGCCCCGTATCTGTAGC

TGGACACCTTTAGCACCAACT

PGK1 850370
GGTAACACCGTCATCATTGG

AAGCACCACCACCAGTAGAGA

TABLE 1. Genes and primers used for RT-qPCR.
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heated to 160 °C (held for 2 min) at 3 °C/min, and finally 
increased to 220 °C (maintained for 3 min) at 8 °C/min. 
Volatile components were identified based on MS libraries 
(NIST 14) and semi-quantified, referring to the internal 
standard.

7. Statistical analysis
Statistical analysis was performed using SPSS statistics 
software (V.17.0, SPSS Inc., Chicago, IL, USA).  
The Duncan test and independent sample t-test were 
conducted to determine the statistical significance between 
groups. The diagrams were plotted by OriginPro software 
(V.8.5, Southampton, MA, USA).

RESULTS AND DISCUSSION 

1. Fermentation kinetics during whole-batch 
fermentations with different initial sugar 
concentrations
In fermentation with an initial sugar concentration of 210 g/L, 
sugar was completely consumed within 10 days. Conversely, 
high-gravity groups with initial sugar concentrations of  
320–450 g/L exhibited 44.67–164.67 g/L residual sugar after 
16  day of fermentation (Figure 2, Table 2).

Acetic acid is mainly produced by S. cerevisiae for the redox 
balance in the early stage of alcoholic fermentation (Vilela-
Moura et al., 2011). In the 210 g/L initial sugar group, 
acetic acid content was increased slowly in the first 6 days 
and then gradually plateaued at 0.41 g/L. In contrast, in the  
320–450 g/L initial sugar groups, acetic acid content was 
increased rapidly, resulting in 1.06–1.62 g/L acetic acid 
concentration in final wines (Figure 2, Table 2). Our results 
were consistent with the previous report that S. cerevisiae 
can produce more acetic acids in high-sugar fermentation 
(Kallitsounakis and Catarino, 2020; Kelly et al., 2020).  
The increased acetic acid may be due to the metabolic 
regulation of S. cerevisiae driven by hyperosmotic stress.

Overall, acetic acid, glycerol, and titratable acidity in the 
fermented wines were significantly increased with increasing 
initial sugars of grape juice. In addition, increasing the initial 
sugar concentration of the juice had a negative impact on 
the fermentation rate, resulting in higher residual sugars and 
lower ethanol levels in final wines (Table 2). As previously 
reported, fermentation rate and yeast activity during 

fermentation were decreased with increasing wort sugar 
concentration (Yu et al., 2012).

FIGURE 2. Sugar consumption and acetic acid 
production during whole-batch fermentations.

2. Fermentation kinetics during whole-batch, 
intermittent fed-batch, and continuous fed-
batch fermentations
Under the NG condition, the yeast biomass of the continuous 
fed-batch group and the intermittent fed-batch group were 
higher than that of the whole-batch group (Figure 3, NG). 
Whole-batch and continuous fed-batch fermentations showed 
similar sugar consumption patterns with the sugar exhausted 
on day 4 (Figure 3, NG). In contrast, sugar was completely 
consumed on day 6 in intermittent fed-batch fermentation 
since a large amount of juice was suddenly fed at 48 h and 

Initial sugar (g/L) Residual sugar (g/L) Titratable acidity (g/L) Acetic acid (g/L) Glycerol (g/L) Ethanol (%v/v)

210 2.37 ± 0.11d 6.10 ± 0.35c 0.41 ± 0.04d 5.40 ± 0.23d 12.20 ± 0.21a

320 44.67 ± 1.08c 7.10 ± 0.26b 1.06 ± 0.03c 8.10 ± 0.25c 11.50 ± 0.30b

400 129.00 ± 3.74b 9.03 ± 0.25a 1.49 ± 0.03b 9.80 ± 0.40b 11.50 ± 0.07b

450 164.67 ± 4.14a 9.13 ± 0.38a 1.62 ± 0.03a 12.2 ± 0.49a 9.30 ± 0.15c

TABLE 2. Physicochemical indexes in final wines fermented by whole-batch strategy.

Data are expressed as the mean ± standard deviation (n = 3). The lower-case letters in the same column indicate significant difference 
at p < 0.05.
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72 h (Figure 3, NG). Three fermentation strategies exhibited 
similar acetic acid production patterns within the first 2 days, 
and then acetic acid was consumed from 48 h to 72 h (feeding 
phase) in two fed-batch fermentations under NG condition 
(Figure 3, NG). Consequently, final acetic acid contents in 
continuous fed-batch fermentation and intermittent fed-
batch fermentation were 43.24  % and 10.81  % lower, 
respectively, than that in the whole-batch fermentation 
(Table 3). Additionally, whole-batch fermentation showed a 
faster glycerol production rate and higher final glycerol level 
compared with two fed-batch fermentations (Table 3).

Under the HG condition, the yeast biomass of the continuous 
fed-batch was significantly higher than that of the whole-
batch and intermittent fed-batch group (Figure 3, HG). About 
half of the initial sugar was consumed during two fed-batch 
fermentations in the first 4 days, while only 15.63 % sugar 
was consumed in whole-batch fermentation (Figure 3, HG). 
In addition, in continuous fed-batch fermentation, the juice 

feeding rate was consistent with the sugar consumption rate, 
which was evidenced by the fact that the sugar concentration 
stayed at about 100 g/L within 4–6 days (Figure 3, HG).  
The final residual sugar level was significantly lower in the 
two fed-batch fermentations than in whole-batch fermentation 
(p < 0.05). The formation pattern of acetic acid was similar in 
all the fermentations, but continuous fed-batch fermentation 
exhibited the minimum final acetic acid level, which was 
22.97 % lower than intermittent fed-batch fermentation, and 
51.69  % lower than whole-batch fermentation (Table  3). 
Similarly, the glycerol was produced rapidly throughout 
whole-batch fermentation, resulting significant considerably 
higher glycerol content (11.80 g/L) in final wines, which 
was 46.61  % and 36.10  % higher than continuous fed-
batch fermentation (6.30 g/L) and intermittent fed-batch 
fermentation (7.54 g/L), respectively (Table 3).

Under both NG and HG conditions, different fermentation 
strategies had no significant effect on titratable acidity and 

FIGURE 3. Kinetics of yeast growth, sugar, acetic acid, and glycerol contents during fermentations by three strategies 
under normal-gravity (NG, 210 g/L sugars) and high-gravity (HG, 320 g/L sugars) conditions. 
The arrow () points to time points of juice feeding in intermittent fed-batch fermentations.

Erhu Li et al.

https://oeno-one.eu/
https://ives-openscience.eu/


OENO One | By the International Viticulture and Enology Society 2023 | volume 57–1 | 369

ethanol levels in final wines. However, compared with whole-
batch fermentation, the continuous fed-batch fermentation 
significantly decreased the residual sugar, acetic acid, and 
glycerol levels in the final wines (p < 0.05) (Table 3).

One previous study has reported that batch feeding of grape 
musts can alleviate the hyperosmotic stress response of  
S. cerevisiae during alcoholic fermentation (Frohman and 
Mira de Orduna Heidinger, 2018). Consistently, this research 
showed that fed-batch strategies reduced hyperosmotic stress 
products (acetic acid and glycerol) of S. cerevisiae under both 
normal and high-gravity fermentation. These results were in 
line with the report by Frohman and Mira de Orduna (2013) 
that the automated fed-batch technique can lower acetic acid, 
glycerol, and acetaldehyde production during fermentation 
of Riesling must (191.9 g/L sugar) with or without Mg 
addition. Furthermore, our results showed no significant 
difference in ethanol levels in wines among the three 
fermentation strategies. This appeared to be inconsistent with 
one previous report that fed-batch fermentation achieved 
higher bioethanol production efficiency compared to batch 
fermentation under agitation and vortex formation with total 
glucose concentrations up to 260 g/L (Chang et al., 2018).  
One explanation may be that the effect of fed-batch 
fermentation on ethanol production is related to the distribution 
of major carbon fluxes such as glycerol and biomass amount. 
Further assessment of carbon flux balance will be helpful for 
the optimisation of fermentation conditions. 

3. PDC1, ALD6, ACS2, and GPD1 expressions 
during continuous fed-batch fermentation
Previous data suggested that continuous fed-batch 
fermentation showed slow acetic acid production kinetics 
and low final acetic acid levels under HG conditions. In this 
context, the relative expression levels of four genes (PDC1, 
ALD6, ACS2, and GPD1) involved in acetic acid metabolism 
in S. cerevisiae were detected. Samples were taken from 

both continuous fed-batch and whole-batch fermentation 
conditions on day 3, day 7, and day 12 and was compared 
the gene expression profile between the two fermentation 
conditions (Figure 4).

On day 3 (exponential phase of yeast growth) and day 7 
(mid-stationary phase of yeast growth), the expression of 
ACS2 during the continuous fed-batch fermentation was 
significantly higher (3.78 fold) and (2.16 fold) than that during 
the whole-batch fermentation, respectively. In contrast, 
GPD1 expression was significantly down-regulated, which 
was only 35 %–38 % of the control group. On day 12 (late 
stationary phase of yeast growth), no significant difference in 
expression levels of ACS2 and GPD1 was observed between 
the continuous fed-batch fermentation and control group 
(Figure 4).

It has been reported that ACS2 overexpression of  
S. cerevisiae reduced acetic acid production during sake 
fermentation (Akamatsu et al., 2000), based on which, we 
speculated that significant up-regulation of ACS2 expression 
of S. cerevisiae in the early and middle stages of continuous 
batch fermentation might be the reasons for the less acetic 
acid production compared with whole-batch fermentation in 
the present study. However, another study reported that ACS2 
overexpression of S. cerevisiae had no significant effect on 
acetic acid production during simulated grape juice medium 
fermentation (Remize et al., 2000). These different findings 
may be attributed to the possibility that the regulation effect 
of ACS2 in S. cerevisiae on acetic acid production is related 
to the fermentation substrate. The expression of GPD1 
is required for yeast cell growth under high osmolarity 
(Albertyn et al., 1994), and it is induced by hyperosmotic 
stress through the so-called HOG (high osmolarity glycerol) 
signalling pathway (Babazadeh et al., 2014; Patel et al., 
2014). In addition, GPD1 of S. cerevisiae was up-regulated 
during Icewine fermentation, resulting in higher glycerol and 
acetic acid levels in final wines compared to diluted Icewine 

TABLE 3. Physicochemical indexes of final wines fermented by three different strategies under NG and HG conditions.

Condition (g/L) Fermentation strategy Residual sugar (g/L) Titratable acidity 
(g/L) Acetic acid (g/L) Glycerol (g/L) Ethanol (%v/v)

NG

Whole-batch 1.8 ± 0.02c 5.7 ± 0.04b 0.37 ± 0.01c 5.78 ± 0.19c 12.5 ± 0.19b

Continuous fed-batch 1.6 ± 0.42c 5.9 ± 0.10b 0.21 ± 0.17d 4.50 ± 0.26d 12.8 ± 0.10b

Intermittent fed-batch 1.9 ± 0.08c 6.6 ± 0.05b 0.33 ± 0.02d 4.74 ± 0.28d 12.6 ± 0.32b

HG

Whole-batch 82.10 ± 8.20a 9.80 ± 0.02a 1.18 ± 0.19a 11.8 ± 0.29a 14.9 ± 0.09a

Continuous fed-batch 51.50 ± 2.50b 8.30 ± 0.03a 0.57 ± 0.02c 6.30 ± 0.22b 15.2 ± 0.12a

Intermittent fed-batch 53.80 ± 4.00b 8.60 ± 0.16a 0.74 ± 0.03ab 7.54 ± 0.08b 14.8 ± 0.02a

Data are expressed as the mean ± standard deviation (n = 3). The lower-case letters in the same column indicate significant difference 
at p < 0.05.
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fermentation (Pigeau and Inglis, 2005). Therefore, in this 
study, down-regulation of the GPD1 in S. cerevisiae may be 
one reason for low glycerol and acetic acid levels in final 
wines during continuous fed-batch fermentation under HG 
conditions.

PDC1 and ALD6 expressions of S. cerevisiae exhibited 
no obvious difference between continuous fed-batch 
fermentation and whole-batch fermentation at all three time 
points (Figure 3). This result was inconsistent with some 
previous reports that the knockout of PDC1 and ALD6 in yeast 
lowered acetic acid production (Curiel et al., 2016; Eglinton 
et al., 2002; Saint-Prix et al., 2004). Therefore, low acetic 
acid production during continuous fed-batch fermentation 
may be independent of gene expression of PDC1 and ALD6. 
ALD3 is another important NAD+-dependent aldehyde 
dehydrogenase isoform, which was upregulated 14.6-fold in 
yeast cells fermenting Icewine juice compared to diluted juice 
(Heit et al., 2018). Further studies could focus on assessing 
the expression of ALD3 and redox balance during continuous 
fed-batch under high-gravity fermentation.

4. Volatile compounds and odour activity 
values (OAVs) in final wines from whole-
batch and continuous fed-batch fermentation
The volatile compounds of whole-batch and continuous 
fed-batch wines under HG conditions are listed in Table 4.  
A total of 21 compounds, including 7 esters, 8 alcohols, and 
6 acids, were detected in whole-batch fermentation wine, 
whereas a total of 25 compounds, including 10 esters, 9 
alcohols, and 6 acids, were detected in continuous fed-batch 
fermentation wine. The predominant components in these 

two wines were propanol, propyl methanol, and isoamyl 
alcohol. The continuous fed-batch fermentation increased 
the concentrations of esters in the wines by 56.06  % and 
decreased the concentrations of acids by 23.24 %, compared 
with the traditional whole-batch fermentation. Hexanoic 
acid was the only unique component detected from the 
whole-batch fermentation wine. In contrast, continuous 
fed-batch fermentation wine exhibited some unique volatile 
components, including ethyl 9-decenoate, phenethyl acetate 
and ethyl laurate, and geraniol. As the important aroma 
component of wines, ethyl acetate in continuous fed-batch 
fermentation wine was about three times as much as that in 
the whole-batch fermentation wine.

Volatile components are important for the quality and 
characteristics of wine (Petronilho et al., 2020). In this study, 
the volatile components in whole-batch and continuous fed-
batch fermentation wines were compared under high-gravity 
conditions. Isoamyl alcohol was one of the dominant alcohols 
in both whole-batch fermentation wines and continuous fed-
batch fermentation wines, which was consistent with previous 
reports that isoamyl alcohol was one of the major alcohols 
in whole-batch fermentation wines (Nurgel et al., 2004). 
There are two main groups of flavour-active esters in wine, 
including ethyl esters and acetate esters. The ethyl esters 
comprise an alcohol group (ethanol) and an acid group (short- 
to medium-chain fatty acids), and the acetate esters comprise 
an acid group (acetate) and an alcohol group which is either 
ethanol or a higher alcohol (Sumby et al., 2010). Previous 
reports have shown that higher alcohols mainly derive from 
amino acid metabolism, while a recent study proved that 

FIGURE 4. PDC1, ALD6, ACS2, and GPD1 expression levels in S. cerevisiae during continuous fed-batch fermentation 
under HG condition. 
Yeast samples of both continuous fed-batch and whole-batch fermentations were collected on day 3, day 7, and day 12. The gene 
expression levels were calculated as a differential fold change in continuous fed-batch versus whole-batch (control). The asterisk (*) 
indicates that significant difference in gene expression levels between continuous fed-batch fermentation and whole-batch fermentation. 
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Components

Concentration (mg/L)
Odour threshold 

(mg/L)

OAVs

Aroma characteristics
Whole-batch Continuous  

fed-batch Whole-batch Continuous 
fed-batch

Esters

Ethyl acetate 13.50 ± 1.10b 42.31 ± 3.40a 7.50 1.80 5.64 fruity, strawberry

Ethyl butyrate 1.01 ± 0.00b 1.17 ± 0.60a 0.02 50.50 58.50 fruity, strawberry

Ethyl decanoate 20.31 ± 1.40a 25.30 ± 4.50a 2.00 10.16 12.65 fruity, fatty

Ethyl 2-methyl-butyrate 12.30 ± 1.20b 17.50 ± 1.30a 0.20 61.50 87.50 fruity, pineapple

Ethyl 9-decenoate n.d. 0.91 ± 0.00 0.30 0.00 3.03 cheese

Amyl propionate 1.25 ± 0.90a 1.01 ± 0.10a 0.03 41.67 33.67 -

Diethyl succinate 10.13 ± 3.00b 15.33 ± 1.50a 200.00 0.05 0.08 grape

Phenylethyl acetate n.d. 0.26 ± 0.00 0.25 0.00 1.04 fruity, roses

Ethyl heptanoate 0.87 ± 0.10a 1.10 ± 0.20a 0.22 3.95 5.00 pineapple

Ethyl laurate n.d. 2.21 ± 0.10 0.10 0.00 22.10 fruity, flower fragrance

Subtotal 66.57 ± 7.70b 103.89 ± 11.70a

Alcohols

Propanol 69.03 ± 12.60a 63.43 ± 1.10b 50.00 1.38 1.27 alcohol

2-Phenylethanol 37.07 ± 1.40a 36.08 ± 0.40b 14.00 2.65 2.58 roses, honey

Propyl methanol 67.06 ± 0.10b 87.02 ± 3.10a 200.00 0.34 0.44 -

Hexanol 2.49 ± 0.10b 3.20 ± 0.20a 7.00 0.36 0.46 herbal

Isoamyl alcohol 82.07+0.30a 79.08 ± 1.90b 300.00 0.27 0.26 fruity, alcohol

Heptanol 52.02+0.20a 41.09 ± 2.00b 2.50 20.81 16.44 oily

Geraniol n.d. 3.56 ± 0.10 0.40 0.00 11.40 roses

Neroli tertiary alcohol 0.14 ± 0.00b 0.22 ± 0.00a 0.70 0.20 0.31 -

3-methyl butanol 0.10 ± 0.00b 0.96 ± 0.30a 0.60 0.17 1.60 malty

Subtotal 309.98 ± 14.70a 314.64 ± 9.10a

Acids

Octanoic acid 47.08 ± 4.00a 38.03 ± 2.00b 0.50 94.16 76.06 cheese

Hexanoic acid 0.60 ± 0.00 n.d. 0.02 30.00 0.00 rancid, sweaty

Valeric acid n.d. 0.22 ± 0.00 0.03 0.00 7.33 -

Decanoic acid 28.01 ± 0.30a 26.00 ± 0.60b 1.00 28.01 26.00 fatty, rancid

Benzoic acid 1.24 ± 0.40a 1.35 ± 0.30a 1.20 1.03 1.13 -

Cis-3-hexenoic acid 7.10 ± 0.00a 1.71 ± 0.50b 0.40 16.63 4.28 green

2-methylpropionic acid 5.80 ± 0.30a 1.30 ± 0.10b 0.20 29.00 6.50 rancid

Subtotal 89.38 ± 5.00a 68.61 ± 3.50b

Total 466.38 ± 27.40a 461.14 ± 24.30a

TABLE 4. Major volatile compounds and OAVs in wines from whole-batch and continuous fed-batch fermentations 
under the HG condition.

Concentrations of volatile compounds are expressed as the mean ± standard deviation (n = 3). The lower-case letters in the same 
column indicate significant difference at p < 0.05. “n.d.” indicates not detected. Threshold odour and aroma characteristics of volatile 
components are obtained from published literature (Cai et al., 2014; Callejon et al., 2008; Dein et al., 2021; Escudero, et al., 2007; 
Ferreira et al., 2002; Jiaming et al., 2016; Lu et al., 2022; Niimi et al., 2020).
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more than 90 % of the higher alcohols (and their acetate ester 
derivatives) were derived from intermediates produced by the 
central carbon metabolism using 13C-isotope labelling-based 
analysis during wine fermentation (Rollero et al., 2017).  
Our data showed that the concentration of both ethyl esters 
and acetate esters in continuous fed-batch fermentation 
wine was significantly higher than that in whole-batch 
fermentation wine. We speculated that up-regulation of ACS2 
expression increased acetyl-CoA production and promoted 
fatty acid synthesis in continuous fed-batch fermentation.  
Moreover, ester synthesis in S. cerevisiae has been reported 
to contribute to the detoxification of fatty acids (Legras  
et al., 2010). Moreover, the increased acetyl-CoA production 
in yeast under the continuous fed-batch conditions would 
support increased cell growth and reproduction. Further 
investigation of enzyme activity and flux distribution will 
help to elucidate the effect of continuous fed-batch strategy 
on the production of fermentative aromas during wine 
fermentation.

The OAV is calculated by dividing the mean concentration 
of volatile compound concentration by the odour threshold 
(Bowen and Reynolds, 2012). If OAV > 1, the volatile 
compound is considered to be above its sensory threshold 
and is said to contribute to the aroma of the product.  
The higher OAV, the more contribution volatile compounds 
make to the aroma of the product (Arcari et al., 2017; Welke 
et al., 2014). In this study, 15 and 21 volatile compounds 
were above their sensory threshold (OAV > 1) in whole-batch 
fermentation wine and continuous fed-batch fermentation 
wine, respectively, indicating aromas produced from 
continuous fed-batch fermentation wine were richer than that 
from whole-batch fermentation wine. Esters play a crucial 
role in wine-berry fruit aromas (Escudero et al., 2007).  
In this research, continuous fed-batch fermentation 
wine has been found to have higher OAVs than whole-
batch fermentation wine for most ester compounds.  
Especially, OAVs of ethyl acetate, ethyl 9-decenoate, 
phenylethyl acetate, ethyl laurate in continuous fed-batch 
fermentation wine were over three times as high as those 
of whole-batch fermentation wine (Table 4). These esters 
contributed to the flower, fruity, and fatty aromas in wine (Cai 
et al., 2014; Wang et al., 2016; Lu et al., 2022). The OAVs of 
hexanoic acid, cis-3-hexenoic acid, and 2-methylpropionic 
acid in whole-batch fermentation wine were over four times 
as high as those of continuous fed-batch fermentation wine 
(Table 4), which might lead to more green, sweaty, and rancid 
flavours of wine (Cai et al., 2014; Dein et al., 2021; Ferreira 
et al., 2002).

CONCLUSIONS

In very high-gravity juice fermentations such as Icewine and 
late harvest wines, the acetic acid and glycerol production 
were significantly increased with increasing initial sugar 
concentration. A continuous fed-batch strategy could 
effectively reduce acetic acid production during high-
gravity fermentation, and this may be related to the ACS2 
up-regulation and GPD1 down-regulation in S. cerevisiae. 

In addition, a continuous fed-batch fermentation strategy 
was beneficial to increase the volatile esters and may 
enhance flower, fruity, and fatty aromas in wine, but future 
studies on how these compounds alter the sensory profile 
of the resulting wines will be needed. This study provides 
a theoretical reference for the application of a continuous 
fed-batch strategy in high-gravity juice fermentation. Further 
evaluation of the suitability of this technique in a winery will 
require the automation of sugar determination and feeding 
rate adaptation, as well as special fermenters with online 
detection probes.
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