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Effect of Fermentation Temperature and Culture Medium  
on Glycerol and Ethanol during Wine Fermentation

Gang Du,1,2,3 Jicheng Zhan,1 Jingyuan Li,1 Yiling You,1 Yu Zhao,1 
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Abstract:  Yeast strain BH8, which exhibited significant differences from nine other yeast strains studied for glycerol 
production, was selected to investigate the effect of fermentation temperature (13 and 25°C) and culture medium 
(synthetic medium and grape must) on fermentation kinetics, yeast growth, and glycerol and ethanol synthesis at 
three different stages of wine fermentation. Yeast viability was better at 13°C than at 25°C in both growth media, and 
the more complex grape must enabled yeast cells to reach a higher population density. The accumulation of glycerol, 
glycerol-3-phosphate dehydrogenase (GPD) activity, and the level of expression of the GPD1 gene were highest in the 
initial stages of fermentation, which potentially counteracted the hyperosmotic stress caused by the high concentra-
tion of sugar in the media. More glycerol was produced during fermentation at 25°C than at 13°C and in grape must 
compared to the synthetic medium at both temperatures. Ethanol production was mainly affected by fermentation 
temperature. More ethanol was produced at 13°C than at 25°C, with lower expression of the ADH1 gene and level 
of ADH activity. The expression of the HSP104 and ALD6 genes was induced by ethanol stress in the final stages 
of fermentation. The amount of glycerol produced was not correlated to the production of acetic or succinic acid.
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Yeast cells are exposed simultaneously and sequentially to 
several stress conditions during alcoholic fermentation (Bauer 
and Pretorius 2000). When dry active Saccharomyces cere-
visiae cells are inoculated into grape must they are exposed 
to a hyperosmotic stress caused by the high concentration of 
sugar in the medium (~200 g/L of an equimolar mixture of 
glucose and fructose) as well as low pH (<4). As fermenta-
tion proceeds, the yeast cells are affected by the progressive 
limitation and depletion of nutrient and by the accumulation of 
ethanol. Other stress factors during alcoholic fermentation can 
include high or low temperatures, high concentrations of SO2, 
and the presence of competing organisms (Bauer and Pretorius 
2000). Successful production of wine depends on the ability of 
yeast cells to detect and respond to stress conditions without 
significant loss of viability (Bauer and Pretorius 2000).

As an osmolyte, glycerol plays a major role in balancing 
high external osmotic pressure (Blomberg and Adler 1992). 
The production of glycerol balances the NADH/NAD intra-

cellular ratio (Albers et al. 1998), and glycerol, like trehalose, 
can act as a cryoprotectant (Izawa et al. 2004). Glycerol is 
nonvolatile and therefore does not contribute to the aroma of 
wine, but it makes a significant contribution to the sweetness of 
wine, with a threshold taste level of 5.2 g/L in dry white wine, 
and can contribute to the body and fullness of wines (Noble 
and Bursick 1984). The synthesis of glycerol by the yeast S. 
cerevisiae is via the reduction of dihydroxyacetone phosphate 
(DHAP) by NAD+-dependent glycerol-3-phosphate dehydro-
genase (GPD) followed by the dephosphorylation of glycerol 
3-phosphate (glycerol 3-P) by glycerol 3-P phosphatase (GPP) 
(Albertyn et al. 1994a, Pahlman et al. 2001). Glycerol biosyn-
thesis is regulated by the key enzyme GPD (Gancedo et al. 
1968, Bradford 1976). The GPD1 and GPD2 genes, which en-
code the two isozymes of GPD (Larsson et al. 1993), are subject 
to different controls; for example, the expression of GPD1 is 
increased in response to osmotic stress, whereas the expression 
of GPD2 is induced under anaerobic conditions (Albertyn et al. 
1994a, Pahlman et al. 2001). Hyperosmotic stress also triggers 
the hyperosmotic glycerol (HOG) signaling pathway, which 
targets GPD1 (Albertyn et al. 1994b) and the heat-inducible 
HSPI04 (Schuller et al. 1994). The amount of glycerol formed 
is influenced by several factors, including grape variety, degree 
of ripeness, fermentation temperature, yeast strain, agitation, 
and nitrogen source (Radler and Schutz 1982, Gardner et al. 
1993, Omori et al. 1995, Albers et al. 1996).

In addition to glycerol, small amounts of acetic acid and 
succinic acid are formed in the fermentation medium and 
play a role in maintaining the redox balance (Van Dijken 
and Scheffers 1986). ALD6 is the major isoform involved in 
acetate formation (Remize et al. 2000a). In particular, the 
concentration of these compounds was enhanced in strains 
overproducing glycerol (Remize et al. 1999).
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In many types of fermentation, temperature is one of the 
most important factors in metabolite biosynthesis. The opti-
mal temperature for S. cerevisiae growth is 25°C, whereas 
13°C is a restrictive temperature that increases the risk of 
stuck or sluggish fermentations (Bisson 1999). But low tem-
perature fermentation (10 to 15°C) can improve taste and 
aroma characteristics (Feuillat et al. 1997).

Synthetic media simulating grape must are widely used in 
laboratory studies of wine fermentation and yeast metabolism 
(Riou et al. 1997). However, the complexity of the fermen-
tative medium also affects yeast metabolism and thus the 
fermentation performance and the final quality of the wine. 
For example, glycerol yield is significantly affected by the 
nitrogen source in the medium (Omori et al. 1995, Albers et 
al. 1996). In ammonium-grown cultures, the glycerol yield 
is more than double that of cultures grown with an amino 
acid mixture as a nitrogen source. As ammonium-grown cul-
tures require de novo amino acid synthesis, the excess NADH 
formed is reoxidized via glycerol synthesis. However, a ni-
trogen source composed primarily of ammoniacal nitrogen 
slightly enhanced glycerol production (Remize 2000b). These 
changes can be more pronounced under specific conditions, 
such as fermentation at lower temperatures.

There are many studies on the effects of environmental 
variables on glycerol and ethanol in synthetic media (Remize 
et al. 2000a, Izawa et al. 2004, Pérez-Torrado et al. 2002). 
However, few studies on metabolism of glycerol and ethanol 
were analyzed in the different culture media. The objective 
of this study was to characterize the effect of fermentation 
temperature (13 and 25°C) and culture medium (synthetic 
medium and grape must) on the metabolism of glycerol and 
ethanol during wine fermentation. These parameters could be 
used as the criteria for selecting wine yeast strains with high 
glycerol yield and resistance to low temperature.

Materials and Methods
Yeast strains.  Nine commercial yeast strains indepen-

dently isolated and the yeast strain BH8 (Li et al. 2010) were 
used (Table 1). These commercial yeast strains are widely 
used in wine production in China with good results. Yeast 
strain BH8 was isolated from spontaneously fermenting must 
of Beihong red winegrape (Muscat Hamburg × Vitis amuren-
sis), a variety cultivated by the Institute of Botany, Chinese 
Academy of Sciences, Beijing. It has been identified as Sac-
charomyces cerevisiae by color and colony topography on 
WL nutrient agar (Pallmann et al. 2001) as well as by DNA 
sequence analysis conducted by the Institute of Microbiology, 
Chinese Academy of Sciences.

Fermentation experiments and sampling.  Two media 
were used in this experiment. One was model synthetic me-
dium (MSM) described by (Marullo et al. 2004). This medium 
(pH 3.3) contained the following components (expressed in 
g/L): glucose (100 g), fructose (100 g), tartaric acid (3 g), 
citric acid (0.3 g), l-malic acid (0.3 g), MgSO4 (0.2 g), and 
KH2PO4 (2 g). Assimilable nitrogen sources were adjusted to 
190 mg total N/L as (NH4)2SO4 (0.3 g) and asparagine (0.6 g). 
Mineral salts (mg/L) were MnSO4 · H2O (4), ZnSO4 · 7H2O (4), 

CuSO4 · 5H2O (1), KI (1), CoCl2 · 6H2O (0.4), (NH4)6Mo7O24 · 
4H2O (1), and H3BO3 (1). Vitamins (mg/L) were mesoinositol 
(300), biotin (0.04), thiamin (1), pyridoxine (1), nicotinic acid 
(1), pantothenic acid (1), and p-amino benzoic acid (1). Fatty 
acids (mg/L) were palmitic (1), palmitoleic (0.2), stearic (3), 
oleic (0.5), linoleic (0.5), and linolenic (0.2).

Before yeast inoculation, the media was sterilized by fil-
tration (nitrate cellulose membrane, 0.45 µm, Millipore) and 
supplemented with sulfur dioxide (20 mg/L) in accordance 
with enological treatments. The fatty acid mixture (Lavigne 
1995) was prepared in ethanol solution and fixed by drying 
on cellulose (0.5 g/L) to obtain 200 NTU (nephelometric tur-
bidity units).

The other medium was Chardonnay grape must (GM) (har-
vested from a vineyard in the suburbs of Beijing, 2009). The 
must was clarified by cold settling for 18 hr at 10°C to sepa-
rate the clear juice from the sediment in the presence of 20 
mg/L sulfur dioxide. The final reducing sugar concentration 
was adjusted to 200 g/L. Yeast assimilable nitrogen (YAN) 
was determined by the Aerny method (Aerny 1996) and then 
the grape must was made up to 190 mg/L with diammonium 
sulfate. Finally the pH was adjusted to 3.3 by aseptically add-
ing tartaric acid (85%, wt/vol), which was selected because 
it is a compound typically found in grapes and wines and is 
very rarely metabolized by ascomycetous yeasts. The must 
was sterilized with 0.2% (vol/vol) dimethyl dicarbonate for 48 
hr at 4°C to allow decomposition (Pérez-Torrado et al. 2002).

Fermentations were performed in 500 mL flasks with 400 
mL medium and fitted with closures that enabled the carbon 
dioxide to escape and samples to be removed, but which ex-
cluded atmospheric oxygen. The initial yeast inoculums were 
1 × 106 cells/mL from YPD medium (1% [w/v] yeast extract, 
2% [w/v] peptone, and 2% [w/v] glucose) overnight cultures. 
The fermentations were conducted in triplicate at two dif-
ferent temperatures, 13°C and 25°C, without shaking; 25°C 
was used as a reference temperature. The weight loss of the 
fermenters was monitored and the fermentation considered 
finished when the residual sugar concentration was <4 g/L. 
The samples were rapidly harvested by centrifugation at 6000 
× g for 5 min at 4°C, washed with cold sterilized distilled 

Table 1  Designation, producer, and wine use of the 
nine commercial and one laboratory Saccharomyces cerevisiae 

strains used in the study.

Designation Producer Wine
Y1 DV10 Lallemand, France Champagne, white
Y2 R2 Lallemand, France White
Y3 FREDDO Erbslöh Geisenheim  

AG, Germany
White

Y4 AWRI R2 Marivin, Australia White
Y5 CY3079 Lallemand, France White
Y6 LVCB DSM, Netherlands White
Y7 K1 Lallemand, France White, red, ice
Y8 7303 DSM, Netherlands Red
Y9 XR Lamothe-Abiet, France Red

Y10 BH8 Laboratory, Chinaa —
aIsolated from spontaneously fermenting must of Beihong red wine-
grape (Muscat Hamburg × V. amurensis), Institute of Botany, Chinese 
Academy of Sciences, Beijing.
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water twice, and frozen in liquid nitrogen before storage at 
-80°C until use at IF (initial fermentation, ~1.070 g/L), MF 
(middle fermentation, ~1.040 g/L), and FF (final fermentation, 
~0.990 g/L), and the supernatant was frozen at -20°C prior to 
chemical analysis.

Density and viability measurement.  Density of the 
ferments was measured daily by weighing 5 mL must. Cell 
viability was determined by vital staining (methylene blue 
stain) and microscopy as described elsewhere (Marañón 1999). 
Briefly, the yeast suspension was mixed (v/v) with a methylene 
blue solution (0.1 g/L methylene blue, 20 g/L trisodium citrate, 
in 1 L binary solution) at the same temperature as the cell 
suspensions. At least 300 cells were counted for each aliquot.

Analytical methods.  Glucose, fructose, trehalose, glyc-
erol, succinic acid, acetic acid, and ethanol were determined 
(Moreira et al. 2005) by high-performance liquid chroma-
tography using a Waters 2695 HPLC with a 2414 refractive 
index detector (Waters, Milford, MA). The supernatant was 
filtered through 0.22 µm pore-size nylon filters before loading 
on an Aminex HPX-87H column (300 × 7.8 mm; Bio-Rad, 
Hercules, CA) using 5 mM H2SO4 as mobile phase at 0.6 mL/
min. The column was controlled at 65°C.

Enzymatic assays.  Approximately 10 mg (dry mass) yeast 
cells were resuspended in cold 20 mM Hepes (pH 7.1) for 30 
min. Cells were disrupted with an ultrasonic crusher (Ningbo 
Scientz Biotechnology, Ningbo, China). Cells were then cen-
trifuged (18,000 × g for 30 min at 4°C) and the supernatant 
used as a crude enzyme solution.

The activity of glycerol-3-phosphate dehydrogenase (EC 
1.1.1.8) was determined as described elsewhere (Gancedo et 
al. 1968) with some modifications. The reaction solution con-
sisted of 20 mM Hepes, pH 7.1, 20 mM KCl, 1 mM EDTA, 1 
mM DTT, 5 mM dihydroxyacetonephosphate (DHAP), and 
0.1 mM NADH. The reaction was initiated by adding DHAP. 
NADH utilization was monitored spectrophotometrically at 
340 nm and 30°C. The molar extinction coefficient ε340 was 
6.2×103/Mcm (Blomberg and Adler 1989). One unit of en-
zyme activity (u) was defined as 1 µmol NADH consumed 
per minute. Ethanol dehydrogenase (EC 1.1.1.1) activity was 
determined in 50 mM KH2PO4, pH 8.0 in the presence of 1.0 
mM NAD+ and the reaction was started by the addition of 100 
mM ethanol at 30°C.

Protein concentration was determined with the Bradford 
assay (Bradford 1976) using bovine serum albumin (BSA) as 
standard. The reagents DHAP, NADH, NAD+, Hepes, DTT, and 
BSA were purchased from Sigma (Castle Hill, NSW, Australia).

RNA extraction and cDNA synthesis.  RNA extraction 
was carried out using a commercial kit (TaKaRa, Otsu, Shiga, 
Japan) following the manufacturer’s instructions. The extract-
ed RNA was treated with RNase-Free DNase Set (Qiagen, 
Valencia, CA) to remove contaminating DNA and quantified 
by UV absorbance; the quality of the prepared RNA was as-
sessed by running 1 μg on a 1 × TAE gel stained with ethid-
ium bromide. cDNA was synthesized from the isolated RNA 
using oligo-dT and reverse transcriptase (Promega, Madison, 
WI) as recommended by the manufacturer. The cDNA was 
stored at -20°C.

Real-time PCR.  Primers for the selected genes are shown 
(Table 2). Reactions were run in ABI qRT-PCR 7500 system 
(Applied Biosystems, Foster City, CA) using SYBR Premix 
Ex Taq (TaKaRa). Reactions were carried out in a total vol-
ume of 20 μL that contained 2.0 μL cDNA, 0.4 μL each of 
forward and reverse primers (10μM each), 10.0 μL of 2 × 
SYBR Premix Ex Taq, 0.4 μL of 50 × ROX Reference Dye 
II, and 6.8 μL dH2O. Each sample was run in triplicate. Am-
plifications were performed under the following conditions: 
95°C for 15 min, 40 cycles of 95°C for 15 sec, 60°C for 34 
sec, and 95°C for 15 sec. At the end of the amplification cycle, 
a melting analysis was conducted to verify the specificity of 
the reaction. This analysis was carried out by heating the 
amplification products from 60 to 95°C at 0.5°C/10 sec and 
monitoring the decrease in fluorescence.

The expression of the actin gene, reported to be constitu-
tively expressed under bioreactor wine fermentation condi-
tions (Riou et al. 1997), was used as reference, as in previous 
studies (Molina et al. 2007). All data obtained with the other 
genes were normalized relative to this gene. In this study, the 
expression of the housekeeping gene (ACT1) showed a similar 
pattern relative to the control condition.

Statistical analysis.  An analysis of variance (ANOVA) 
was applied to the experimental data, which was subjected to 
double factor analysis of variance (yeast strain/fermentation 
temperature). For all the statistical analyses per components, 
differences were considered significant at p < 0.001. The sig-
nificant differences were determined by Duncan’s tests. All 
statistical analyses were per components using the software 
SAS for Windows, version 8.02 (SAS Institute Inc., Cary, NC).

Results
Effect on principal metabolites in synthetic medium.  

After fermentations in model synthetic medium had finished 
(final concentration of sugar <4 g/L), results showed that both 
fermentation temperature and yeast strain affected metabolite 
concentration (Table 3). The production of glycerol, acetic 
acid, succinic acid, and trehalose was significantly less at 
13°C than at 25°C. There was less sugar residue at 13°C (1.28 
to 2.2 g/L) than at 25°C (2.15 to 3.89 g/L), which might be due 
to the greater mortality by the end of fermentation at 25°C. 
But the final concentration of ethanol was slightly higher at 
13°C (11.7 to 12.1%) than at 25°C (11.32 to 11.83%).

Table 2  Primers for real-time PCR used in this study.

Primer Sequence 5‘-3’ Reference

ACT1-F GATTCTGAGGTTGCTGCTTTGG Molina et al.  
2007ACT1-R GACCCATACCGACCATGATACC

ADH1-F TCACGCTGACTTGTCTG Molina et al.  
2007ADH1-R GCCTT GTAGACGGTGAT

GPD1-F GTTGCTAATCCAGACTTG Zuzuarregui  
et al. 2005GPD1-R AGATAGCTCTGACGTGTG

HSP104-F GCGGTCTTACCGATACCTGG Zuzuarregui  
et al. 2005HSP104-R GACTGAGCAGGCTCGTCAAGG

ALD6-F AATGTGCCGACCGTGCTT Mizuno et al. 
2006ALD6-R ACTTAGTAGACGGCCTCTTTCTCTTG
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As estimated by variance analysis (Duncan test, p < 
0.001), the production of metabolites, including acetic acid, 
succinic acid, trehalose, and glycerol, was affected by both 
fermentation temperature and yeast strain, but the production 
of ethanol was affected only by fermentation temperature (p 
< 0.001). Concentrations of acetic acid, succinic acid, tre-
halose, and glycerol were significantly lower at 13°C than 
at 25°C, whereas ethanol production increased slightly (1.2 
to 4.06%) at 13°C compared to 25°C. In contrast to earlier 
observations on high and low glycerol producing strains 
(Radler and Schutz 1982), high glycerol formation was not 
correlated to high acetic acid or succinic acid production, 
possibly because other metabolites (in particular acetoin and 
2, 3-butanediol) participate in the adjustment of the intracel-
lular redox balance.

On the basis of these results, yeast strain BH8, which ex-
hibited significant differences when compared with the other 
strains in glycerol production, was selected for studying the 
influence of fermentation temperature (13°C and 25°C) and 
culture medium (synthetic medium and grape must) on fer-
mentation kinetics, yeast growth, and the metabolism of glyc-
erol and ethanol during wine fermentation.

Effect on fermentation kinetics and yeast growth.  Tem-
perature and culture media affected fermentation kinetics 
and yeast growth (Figure 1), but in each fermentation a final 
sugar concentration of <4 g/L was obtained. Fermentation 
was slower at 13°C in both growth media and the rate in grape 
must was two-fold higher than that in the synthetic medium at 
both temperatures. The fermentation in grape must finished 
more rapidly (9 and 25 days at 25°C and 13°C, respectively) 
than that in the synthetic medium (21 and 45 days at 25°C 
and 13°C, respectively).

Figure 1  Effect of fermentation temperature (13 and 25°C) and culture 
media (model synthetic medium: MSM; grape must: GM) on fermentation 
kinetics and yeast growth. 

Table 3  Effect of yeast strain and temperature on principal metabolites in synthetic medium.

Strain
Final ethanol

(%, v/v)
Glycerol

(g/L)
Trehalose  

(g/L)
Acetic acid  

(mg/L)
Succinic acid 

(mg/L)
Sugar residue

(g/L)

Y1 25°C 11.75 ± 0.07a 8.91 ± 0.17a 1.36 ± 0.13a 807 ± 12a 1250 ± 23a 3.14 ± 0.3a 
13°C 11.91 ± 0.02a 6.24 ± 0.03a 0.94 ± 0.01a 612 ± 23a 560 ± 34a 1.45 ± 0.04a

Y2 25°C 11.61 ± 0.04a 8.34 ± 0.15a 1.42 ± 0.09a 936 ± 15a 1888 ± 24a 2.98 ± 0.19a

13°C 11.75 ± 0.12a 6.25 ± 0.13a 0.86 ± 0.02a 710 ± 34a 510 ± 42a 1.32 ± 0.03a

Y3 25°C 11.55 ± 0.03a 8.85 ± 0.41a 1.51 ± 0.04a 859 ± 21a 1600 ± 54a 2.95 ± 0.16a

13°C 11.86 ± 0.28a 6.09 ± 0.11a 1.02 ± 0.09a 652 ± 34a 480 ± 25a 1.78 ± 0.14a

Y4 25°C 11.83 ± 0.02a 8.4 ± 0.46a 1.3 ± 0.06a 829 ± 21a 1485 ± 32a 2.15 ± 0.15a

13°C 12.1 ± 0.05a 6.98 ± 0.03a 1.07 ± 0.02a 624 ± 34a 795 ± 43a 1.35 ± 0.13a

Y5 25°C 11.54 ± 0.14a 8.49 ± 0.24a 1.3 ± 0.05a 872 ± 12a 1005 ± 21a 3.03 ± 0.17a

13°C 11.7 ± 0.2a 6.33 ± 0.15a 1.01 ± 0.02a 501 ± 23a 412 ± 23a 1.78 ± 0.14a

Y6 25°C 11.5 ± 0.08a 7.98 ± 0.09a 1.21 ± 0.12a 938 ± 21a 1172 ± 23a 2.72 ± 0.14a

13°C 11.77 ± 0.06a 6.66 ± 0.17a 0.83 ± 0.02a 730 ± 12a 662 ± 24a 1.28 ± 0.08a

Y7 25°C 11.32 ± 0.04a 7.44 ± 0.24a 1.38 ± 0.05a 955 ± 13a 1475 ± 57a 2.84 ± 0.13a

13°C 11.78 ± 0.05a 5.29 ± 0.03a 0.76 ± 0.02a 720 ± 21a 808 ± 32a 1.32 ± 0.03a

Y8 25°C 11.44 ± 0.05a 9.44 ± 0.5a 1.52 ± 0.1a 867 ± 18a 1509 ± 46a 3.79 ± 0.21a

13°C 11.82 ± 0.03a 6.49 ± 0.1a 1 ± 0.03a 660 ± 34a 475 ± 14a 1.8 ± 0.03a

Y9 25°C 11.46 ± 0.07a 9.08 ± 0.78a 1.29 ± 0.04a 745 ± 12a 1375 ± 59a 3.89 ± 0.23a

13°C 11.78 ± 0.17a 5.36 ± 0.11a 0.81 ± 0.02a 538 ± 23a 685 ± 32a 2.2 ± 0.09a

Y10 25°C 11.59 ± 0.03a 10.63 ± 0.52a 1.15 ± 0.06a 790 ± 32a 1234 ± 98a 3.65 ± 0.11a

13°C 11.7 ± 0.11a 8.47 ± 0.57a 0.81 ± 0.04a 603 ± 32a 807 ± 32a 1.76 ± 0.04a

aMean value and SD for three independent fermentations.
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As expected, changes of ADH activity and ADH1 expression 
were similar. They were highest in the MF stage, much higher 
at 25°C than at 13°C in both culture media, and higher in grape 
must than in the synthetic medium at both temperatures.

The production of acetate, which is an undesirable com-
ponent in wine, is enhanced when using yeast strains that 
overproduce glycerol (Remize et al. 1999). ALD6 expression 
was low and changed only slightly at the IF and MF stages, 
but it increased at the FF stage when ADH1 expression de-
creased. The change in ALD6 expression was similar in both 
media and at both temperatures, but it was slightly lower at 
13°C than at 25°C in both culture media.

Discussion
Several studies have shown increased glycerol production 

during vinification under stress conditions (Remize et al. 

Yeast grew quickly at 25°C, reaching higher maximal cell 
density (2.42 × 108 cells/mL in the synthetic medium and 2.51 
× 108 cells/mL in must) than at 13°C (2.21 × 108 cells/mL in 
the synthetic medium and 2.34 × 108 cells/mL in must). At 
25°C, the exponential phase was relatively brief but viability 
began to decrease after entering the stationary phase. In con-
trast, yeast grew slowly at 13°C, but viability was more or less 
constant until the end of fermentation. The cell growth profile 
was similar in both culture media, but the cell population was 
higher in must than in synthetic medium. These effects might 
be related to different compositions of the cell membrane, 
mainly due to the increase in fatty acid unsaturation in yeast 
cells, which improves ethanol tolerance and increases cell 
viability (Alexandre et al. 1994).

Effect on glycerol production, enzyme activity, and 
gene expression levels.  Measurements were made at three 
stages of fermentation: initial fermentation (IF, density ~1.070 
g/L), when yeast cells were multiplying exponentially and 
only slight ethanol concentration was produced; midfermen-
tation (MF, density ~1.040 g/L), when yeast cultures were at 
the start of the nonproliferating phase, with ~50% of the sugar 
consumed and ethanol concentration was ~5 to 6% (v/v); and 
final fermentation (FF, density ~0.990 g/L), when fermenta-
tion was arrested and the medium contained residual sugars 
(<10 g/L) and high ethanol concentration (>10%, v/v).

The effects of temperature and culture medium on glycerol 
production, GPD activity, and GPD1 and HSP104 gene ex-
pression are shown in Figure 2. Glycerol production increased 
with time and was higher at 25°C than at 13°C in both cul-
ture media, but fermentation at 13°C produced slightly more 
glycerol than at 25°C in the IF stage. Glycerol production was 
higher in grape must than in the synthetic medium at both 
fermentation temperatures. Approximately 40% of the total 
glycerol yield was produced during the IF stage. 

GPD activity and GPD1 expression decreased with time 
probably because the high concentration of sugar in the IF 
stage induced the yeast cells to produce more glycerol, which 
acts as an osmolyte and balances the high external osmotic 
pressure. GPD activity and GPD1 gene expression were higher 
at 25°C than at 13°C in both culture media. In the FF stage, 
GPD activity and GPD1 expression were lowest in the syn-
thetic medium at 25°C. GPD activity and GPD1 expression 
were higher in grape must than in synthetic medium at both 
fermentation temperatures. HSP104 expression was low and 
changed only slightly in the IF and MF stages but increased in 
the FF stage. HSP104 expression was similar in both culture 
media at both temperatures but was slightly higher at 13°C 
than at 25°C.

Effect on ethanol production, enzyme activity, and gene 
expression levels.  The effect of fermentation temperature 
and culture media on the production of ethanol, ADH activity, 
and ADH1 and ALD6 gene expression is shown in Figure 3. 
Ethanol production increased with time and was strongly af-
fected by temperature at the IF and MF stages and was slightly 
higher at 13°C than 25°C at the FF stage. Ethanol production 
was higher in grape must than in the synthetic medium at 
both temperatures.

Figure 2  Effect of fermentation temperature and culture media (model 
synthetic medium: MSM; grape must: GM) on glycerol production, GPD 
activity, and gene expression levels of GPD1 and HSP104. Error bars 
indicate standard errors from three independent samples.
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2000a, Izawa et al. 2004, Pérez-Torrado et al. 2002). Little 
effort has been invested in understanding the links between 
ethanol and glycerol metabolism in grape must. Results here 
showed that several environmental factors (e.g., fermentation 
temperature, culture medium, yeast strain) affected glycerol 
production but that ethanol production was mainly affected by 
the fermentation temperature. Concentrations of acetic acid, 
succinic acid, trehalose, and glycerol were significantly lower 
at 13°C than at 25°C, whereas ethanol production increased 
slightly (1.2 to 4.06%) at 13°C compared to 25°C.

The peaks of GPD activity and GPD1 expression were 
highest in IF, and ~40% of the total glycerol yield was pro-
duced during this stage. These results are in accord with the 
requirement for glycerol production to counteract the hyper-
osmotic stress imposed by the high levels of sugar present at 
the IF stage (Van Dijck et al. 2000). Glycerol production was 

much higher at 25°C than at 13°C in both culture media but 
was slightly higher at 13°C than at 25°C in the IF stage, which 
could be related to cold stress (Izawa et al. 2004). Glycerol 
accumulation could induce yeast cells to adapt their physi-
ology to lower than optimal temperatures. Glycerol produc-
tion, GPD activity, and GPD1 expression were much higher in 
grape must than in the synthetic medium at both temperatures 
and at the three stages of fermentation, likely due to some 
substances activating the key enzyme of glycerol synthesis. 
The hyperosmotic glycerol (HOG) signaling pathway targets 
HSP104. Yet HSP104 expression was not induced by heat 
shock or other forms of stress (e.g., osmotic stress) in the IF 
stage. This outcome is best explained by the HOG pathway 
exerting only limited control over GPD1 expression and glyc-
erol production during wine fermentation (Remize et al. 2003) 
and the optimal temperature of 25°C for fermentation was 
not a stressful condition for S. cerevisiae. However, HSP104 
expression was highest in the FF stage at 13°C in this study. 
These results suggested that HSP104 expression was probably 
induced by ethanol stress or cold stress (Marks et al. 2008).

Fermentation at 13°C with lower ADH activity and ADH1 
expression produced more ethanol than at 25°C. Although 
losses due to evaporation at high temperature are expected, 
the main cause of this reduction is probably the increase of 
products of other metabolic pathways such as glycerol, acetic 
acid, succinic acid, and trehalose (Torija et al. 2003). Fermen-
tation in grape must with relatively higher ADH activity and 
ADH1 expression produced more ethanol than in the synthetic 
medium, which was probably due to some substances activat-
ing the ADH activity. ALD6 expression was relatively low at 
all three stages of fermentation. In contrast to earlier observa-
tions on high and low glycerol-producing strains (Radler and 
Schutz 1982), high glycerol formation was not correlated to 
high acetic acid or succinic acid production, possibly because 
other metabolites (in particular acetoin and 2,3-butanediol) 
participate in the adjustment of the intracellular redox bal-
ance. ALD6 expression was higher at the FF stage, suggesting 
that it was induced by ethanol stress.

Conclusion
Results show that, within the constraints of winemaking, 

achieving a high yield of glycerol requires the selection or 
improvement of yeast strains for high production of glycerol 
and adaptation to low-temperature fermentation. To date, 
the functions of HSP104 and ALD6 and the mechanism of 
glycerol metabolism are not fully understood. Further studies 
should address these areas, which would aid in the selection 
of wine yeasts and improve wine quality.
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