
Chapter 19
Low-Temperature Production of Wine,
Beer, and Distillates Using Cold-Adapted
Yeasts

Maria Kanellaki, Argyro Bekatorou and Athanasios A. Koutinas

Abstract Recently, low-temperature fermentation has been recognized as a valu-
able tool to improve the flavor of fermented foods such as alcoholic beverages, e.g.,
in terms of improved ratios of off-flavor compounds to desirable compounds on total
volatiles produced during fermentation. Extremely low-temperature fermentation
processes can be made feasible using psychrophilic or psychrotolerant yeasts,
combined with cell immobilization techniques and suitable bioreactor design. At
research level, many studies deal with the optimization of low-temperature alcoholic
fermentation (0–15 �C) in order to improve product quality, produce different
products from the same raw material, and create added value. Studies dealing with
these aspects also discuss ways to maintain bioreactors when production in the
factory ceases, as well as the production of low-cost, ready-to-use dried yeast
formulations. The application of extremely low-temperature fermentation in
winemaking, brewing, distillates, and other fermented food production, as well as
cold-adaptation aspects for food yeasts is discussed.

Keywords Cold adaptation � Yeast � Low-temperature fermentation � Alcoholic
beverages
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19.1 Introduction

Fermentation has been used for thousands of years as a natural process to improve
quality, nutritional value, and safety of foods. Fermenting microorganisms, mainly
yeasts and lactic acid bacteria, are used traditionally and at industrial scale for the
production of bread, meat and dairy products, wine, beer and distillates (Steinkraus
1997; Vlieg et al. 2011; Bourdichon et al. 2012; Navarrete-Bolanos 2012).
Recently, low-temperature fermentation (below 15 �C) is recognized as a valuable
tool to improve the flavor of fermented foods (Kourkoutas et al. 2004; Beltran
et al. 2006). Especially, low-temperature fermentation in winemaking is used to
produce white wines with minimized losses of aroma volatile compounds, while
higher fermentation temperatures (18–30 �C) are preferred in red winemaking to
enhance extraction of pigments (Redon et al. 2011). Brewing on the other hand is
traditionally carried out at varying temperatures depending on the type of beer. For
example, ale beers are brewed at 16–23 �C, while lager fermentation is carried out
at lower temperatures (8–15 �C) (Belloch et al. 2008). Special local products such
as the Greek wines Vinsanto (sweet dessert wine made from white sun-dried
grapes, Santorini Island, Greece) and Zitsa (semi-sparkling white wine, Zitsa,
Epirus, Greece) or the famous French sparkling Champagnes are produced by low-
temperature secondary fermentation during winter. The improved quality of these
wines is attributed to the improved ratios of off-flavor compounds (such as higher
alcohols) to desirable compounds (such as short-chain fatty acid esters) on total
volatiles produced during fermentation (Bakoyianis et al. 1993; Bardi et al. 1997a;
Kanellaki and Koutinas 1999; Beltran et al. 2006; Domizio et al. 2007; Parapouli
et al. 2010; Torresi et al. 2011).

Industrial winemaking includes fermentation at low temperatures, usually not
lower than 15 �C, using selected psychrotolerant wine yeasts. At research level on
the other hand, since it is well established that fermentation temperature affects
wine flavor, many attempts have been made to optimize winemaking at very low
temperatures (0–15 �C) to (1) improve wine quality in terms of aroma volatiles
composition; (2) produce different wine products using the same raw material; and
(3) create added value. Good operational stability of extremely low-temperature
fermentation processes can be facilitated by the use of psychrophilic or psychro-
tolerant yeasts combined with cell immobilization techniques and suitable biore-
actor design (Kanellaki and Koutinas 1999; Kourkoutas et al. 2004). Research
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efforts regarding optimization of extremely low-temperature fermentations also
propose technologies for low-cost production by using cold-adapted yeasts or for
ways to maintain the bioreactors when production in the factory ceases. For the
production of yeasts ready-to-use and their commercial distribution, various drying
techniques have been developed such as freeze-drying or simple thermal drying,
focusing on preservation of cell viability during drying and storage (Bekatorou
et al. 2001a, b, 2002a; Iconomopoulou et al. 2000, 2002a, b; Tsaousi et al. 2010,
2011). Viable cold-adapted yeasts have been produced in free-cell formulations or
immobilized on various carriers, such as porous inorganic (c-alumina, glass,
kissiris etc.), synthetic, or natural organic materials (cellulose, polysaccharides,
hydrogels, proteins, etc.), as well as agro-industrial wastes and by-products
(cellulosics, pieces of fruit, cereal residues, etc.) (Kourkoutas et al. 2004)
(Fig. 19.1). Finally, a number of investigations deal with chemical analysis and
sensorial testing to demonstrate the effect of fermentation temperature on the
formation of volatile compounds that strongly affect product flavor (Bakoyianis
et al. 1993; Bardi et al. 1997a; Mallouchos et al. 2003a, b, 2007; Tsakiris et al.
2004a; Garruti et al. 2006). All these efforts can contribute to the development of
novel and integrated low-temperature fermentation technologies for controlled
high-quality winemaking and brewing of distillates production.

Recent developments in the application of low-temperature fermentation pro-
cesses in winemaking, brewing, and distillates production using cold-adapted
yeasts are presented and discussed in this Chapter.

Fig. 19.1 Yeast immobilization technique (left) on various porous solid carries and scanning
electron micrographs of the immobilized cells (right)
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19.2 Cold-Adapted Yeasts for Low-Temperature
Fermentation

19.2.1 Effect of Growth and Fermentation Temperature
on Yeast Performance

Psychrophilic yeasts have a huge biotechnological potential due to their ability to
grow and metabolize at low temperatures and can be used in various industrial
applications such as (1) production of cold-active enzymes, e.g., lipases for
detergents, cellulases for textile and biofuel processing, and in food production;
(2) bioremediation of pollutants (e.g. phenolics, hydrocarbons, etc.); (3) production
of miscellaneous metabolites of commercial interest (c-decalactone, extracellular
polysaccharides, microbial lipids, etc.); as well as (4) food and beverage fermen-
tations at low temperatures to improve quality, prevent contamination by meso-
philes, etc. (Kanellaki and Koutinas 1999; Okuyama et al. 1999; D’Amico et al.
2006; Buzzini et al. 2012).

Metabolic and physiological changes in yeasts are not only induced in psy-
chrophilic species evolved in cold environments, but are also common during
growth or fermentation processes at low temperatures. Saccharomyces cerevisiae
is naturally found in environments, such as the surface of fruit, which can be
subjected to low temperatures. In alcoholic fermentation processes, these yeasts
can be exposed to temperatures around 10–12 �C, far below their natural physi-
ological temperature (25–30 �C). Also, industrial strains may be stored at very low
temperatures (4 �C) at which viability is maintained but growth is restricted
(Aguilera et al. 2007). In S. cerevisiae, low temperatures induce the expression of
genes that display a cold-sensitivity phenotype. Cold-inducible genes upregulated
as a response to low temperature, including cold-dependent induction of fatty acid
desaturases, a nucleolin-like protein involved in pre-rRNA processing and ribo-
some biogenesis, serine-, and alanine-rich cell wall proteins, etc., have been
identified in S. cerevisiae (Kondo and Inouye 1991; Kowalski et al. 1995; Schade
et al. 2004). The genetic response to cold stress was found to be time dependent,
e.g., genes involved in the metabolism of glycogen and trehalose in detoxifying
reactive oxygen species and defending against oxidative stress were induced after
4–6 h of low-temperature incubation (Grant 2001; Sahara et al. 2002; Schade et al.
2004; Murata et al. 2006). The transcriptional response of S. cerevisiae to low
temperature comprised of two distinct expression patterns: (1) modifications of
membrane fluidity and RNA secondary structures for efficient protein translation
during the early phase; and (2) environmental stress response due to altered cell
physiological state by decreased transport, accumulation of misfolded proteins,
and reduced enzyme activities during the late growth phase (Schade et al. 2004).
Low temperature was also found to influence wine yeast transcription profile
during second fermentation such as that applied in production of sparkling wines
by the traditional Champenoise method (Penacho et al. 2012).
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Pizarro et al. (2008) showed that temperature differences (15 and 30 �C) most
strongly affect nitrogen metabolism and the heat shock response in laboratory and
wine S. cerevisiae strains. These responses were centered on sugar uptake,
nitrogen metabolism, and expression of genes related to organoleptic properties.
Salvado et al. (2012) conducted functional analysis to identify genes and proteins
involved in adaptation to low-temperature fermentations in commercial wine
yeast. They identified nine proteins mainly involved in stress response and in
glucose and nitrogen metabolism as the most significant change during the first
24 h of fermentation at 13 �C. Redon et al. (2011) studied the effect of growth and
alcoholic fermentation temperature (13 and 30 �C) on yeast viability, vitality,
fermentation capacity, and lipid composition of different Saccharomyces species
with different fermentative origins (wine, beer, baker’s and laboratory strains)
showing that at low temperature, in spite of specific responses of the different
strains/species, the medium-chain fatty acid and the triacylglyceride content
increased, whereas the phosphatidic acid content and the phosphatidylcholine/
phosphatidylethanolamine ratio decreased. A similar work was conducted by
Torija et al. (2003), who determined the production of volatile compounds and the
changes in the membrane fatty acids by GC to show the degree of cell adaptation
and performance at 13 �C, with 25 �C as reference. They showed that lipid
composition changed with the growth temperature, and the optimal membrane
fluidity at low temperatures was modulated by changes in the unsaturation degree
in S. cerevisiae strains. In S. bayanus, on the other hand, this change in the
unsaturated fatty acid percentage was not observed at different growth tempera-
tures, but the concentration of medium-chain fatty acids at low fermentation
temperatures was higher.

Psychrophilic wine yeast strains of the species S. cerevisiae were isolated by
Kishimoto et al. (1993) and their viability and fermentation ability at low tem-
peratures (7–13 �C) was found superior compared to mesophilic strains (Kanellaki
and Koutinas 1999). These strains also produced higher amounts of malic acid,
higher alcohols, isoamyl acetate, b-phenylethyl alcohol, b-phenylethyl acetate and
lower amounts of acetic acid. Isolation and characterization of psychrotolerant
Saccharomyces strains from grape musts, able to grow well at 6 �C, was also
reported by Castellari et al. (1995). However, publications concerning winemaking
at temperatures lower than 10 �C are very few, and in practice, industrial wine-
making at temperatures lower than 15 �C is not common due to very low pro-
ductivity (Kanellaki and Koutinas 1999). To deal with this problem, various
S. cerevisiae strains were isolated from the Greek agricultural area (the provinces
of Achaia and Halkidiki and the Aegean islands Santorini, Samos, and Thasos) and
were subjected to cold-adaptation treatments. The psychrotolerant S. cerevisiae
strains S. cerevisiae Visanto and S. cerevisiae AXAZ-1 were found suitable for
winemaking at low temperatures, by using free or immobilized various solid
carriers such as mineral kissiris, delignified cellulosic material (DCM), and gluten
pellets (Bakoyianis et al. 1992; Bardi and Koutinas 1994; Argiriou et al. 1996;
Bardi et al. 1996a; Kanellaki and Koutinas 1999) (Fig. 19.1). The produced wines
had improved flavor and required lower amounts of sulfites for stabilization.
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Therefore, regarding alcoholic beverage production, psychrotolerant S. cere-
visiae strains possess a number of advantages compared to conventional yeasts. In
brewing, they can be used for fermentation at low temperatures (6 �C) for the
production of beers of superior quality, and in winemaking, they can be used to
ferment low acidity musts to produce more malic and succinic acid, glycerol and
b-phenylethanol, and less acetic acid (Kishimoto et al. 1993; Giudici et al. 1995;
Caridi and Corte 1997; Kanellaki and Koutinas 1999). However, these processes
are not commonly used because low temperatures decrease the rates of yeast
growth and fermentation and increase the risk of stuck and sluggish fermentations.
The competition for nutrients between the selected psychrotolerant yeast and the
wild microflora is higher at low temperature, and fermentation can be particularly
problematic in musts from southern Europe, which typically have high sugar
contents and low nitrogen availability (Llaurado et al. 2005; Salvado et al. 2011).
The contribution of indigenous non-Saccharomyces species is potentially higher in
fermentations carried out below 20 �C, reflecting in the chemical composition and
sensory properties of the products. Controlled fermentation with selected yeasts in
active dry form may involve rehydration with warm water (35–42 �C) prior to
inoculation in a colder must, which may cause physiological stress. Therefore,
active dry yeast rehydration at lower temperatures was proposed (Llaurado et al.
2005). On the other hand, Argiriou et al. (1996) pre-adapted the psychrotolerant
yeast strain S. cerevisiae AXAZ-1 before use to conduct low-temperature fer-
mentation. The yeast was grown in media with gradually increasing amounts of
sugar content, while the culture temperature was kept below 20 �C. Improvement
of the yeast fermentation performance, faster assimilation of nitrogen, lower acetic
acid and fusel alcohol formation and higher glycerol concentrations were obtained
(Argiriou et al. 1996; Kanellaki and Koutinas 1999). Fermentation of molasses by
S. cerevisiae AXAZ-1 was evaluated in an extremely wide temperature range
(3–40 �C). Sequence analysis of the 5.8S internal transcribed spacer and the
D1/D2 ribosomal DNA (rDNA) regions assigned the isolate to S. cerevisiae.
Restriction fragment length polymorphism of the mitochondrial DNA showed that
the strain is genetically divergent compared to other wild strains of Greek origin or
commercial yeast starters. Immobilization of the yeast on brewer’s spent grains,
the main by-product of the brewing industry, improved the thermo-tolerance of the
strain and enabled fermentation at 40 �C. Therefore, the strain S. cerevisiae
AXAZ-1 is very promising for the production of ethanol from low-cost raw
materials, such as molasses, as it is capable to perform fermentations yielding high
ethanol concentrations, good-quality products regarding aroma volatile profiles, at
both low and high temperatures (Kopsahelis et al. 2009).
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19.2.2 Genetically Engineered Yeasts for Improved
Fermentation Performance and Stress Resistance

Over the last few years, the wine and brewing industry also showed interest for
genetically engineered yeasts with specific functions, with emphasis on the
development of S. cerevisiae strains with improved fermentation efficiency, bio-
preservation, and capacities for increased wholesomeness and sensory quality of
wine. Genetic modification may involve hybridization, backcrossing, mutagenesis,
transformation, and somatic fusion procedures (Kanellaki and Koutinas 1999;
Pretorius and Bauer 2002; Pérez-Través et al. 2012; López-Malo et al. 2013).
Hybrid strains of S. cerevisiae, Saccharomyces bayanus, and Saccharomyces ku-
driavzevii are commercially available for wine fermentations (Belloch et al. 2008).
Improvement of wine yeasts through genetic engineering has been reported aiming
at obtaining certain properties, such as killer activity (Hara et al. 1981), higher
yields of glycerol (Eustace and Thornton 1987), enhanced fermentation rate,
decreased formation of acetate and improved production of fermentative aroma
(Herrero et al. 2008; Cadière et al. 2012), tolerance to SO2 (Thornton 1982), cell
flocculation at the end of fermentation (Watari et al. 1989), and enhanced xylose
metabolism for conversion of lignocellulosics into biofuels (Kim et al. 2013), etc.

Improvement of yeast stress responses (including low or high temperature)
during alcoholic fermentation processes has also been reported. It is well estab-
lished that heterologous overexpression of proteins is connected with different
stress reactions. Especially, the unfolded protein response in S. cerevisiae and
other yeasts is well documented. High-cell-density fermentation, the typical pro-
cess design for recombinant yeasts, exerts growth conditions that deviate far from
the natural environment of the cells. Thus, different environmental stresses such as
high osmolarity, low pH and low temperature may be exerted on the host. Whereas
the molecular pathways of stress responses are well characterized, there is a lack of
knowledge concerning the impact of stress responses on industrial production
processes. Accordingly, most metabolic engineering approaches conducted so far
target at the improvement of protein folding and secretion, and there are only few
examples of cell engineering against general stress sensitivity (Mattanovich et al.
2004). Cardona et al. (2007) described a novel genetic manipulation strategy to
improve stress resistance in wine yeasts. This strategy involved modification of the
expression of the transcription factor MSN2, which plays an important role in yeast
stress responses. The modified cells were able to carry out vinifications at 15 and
30 �C with higher fermentation rates during the first days of the process compared
to the control strain. Jiménez-Martí et al. (2009) introduced several genetic
manipulations in two genes induced by several stress conditions: HSP26, which
encodes a heat shock protein, and YHR087W, which encodes a protein of unknown
function in two different wine yeasts. Some of these modifications resulted in
strains with higher expression of these genes, better resistance to certain stress
conditions, and even improved fermentative behavior. Sato et al. (2002) performed
hybridization trials between four top-fermenting S. cerevisiae strains and a
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psychrophilic yeast S. bayanus in order to improve the fermentability at
low-temperature. The hybrids were selected using 5-bromo-4-chloro-3-indolyl-
a-D-galactopyranoside and were checked with pulsed-field gel electrophoresis.
Their improved brewing performance at 10.5 �C was observed using small-scale
fermentation trials.

In brewing, lager beers are fermented with strains collectively known as
S. carlsbergensis, which are hybrids of S. cerevisiae and S. eubayanus-like strains,
particularly adapted to low-temperature fermentations (Saerens et al. 2010;
Sanchez et al. 2012). Selection of new yeast strains with improved properties, or
fermentation performance is laborious, due to the allotetraploid nature of lager
yeasts. Sanchez et al. (2012) generated new lager yeast and S. cerevisiae hybrids
by classical genetics, which were improved regarding growth at elevated tem-
perature and resistance against high osmolarity or high ethanol concentrations.
Due to the uncertainty of chromosomal make-up of lager yeast spore clones, they
introduced molecular markers to analyze mating-type composition and isolated
new hybrids between a lager and an ale yeast by micromanipulation. These hybrids
were not subject to genetic modification and showed improved stress resistance
including improved survival at the end of fermentation and improved fermentation
rates at 18–25 �C.

Achievements in genetic engineering of Saccharomyces yeast strains applied in
food and beverage industry (brewing, winemaking and baking) have been
reviewed and discussed (Donalies et al. 2008), yet, it is uncertain whether genetic
engineering, although promising for the improvement of yeast properties with
regard to product quality and fermentation efficiency, can lead to losses of other
natural properties or affect yeast metabolic pathways with unexpected undesirable
results (Guerzoni et al. 1985; Lee et al. 1995; Kanellaki and Koutinas 1999).

19.3 Low-Temperature Winemaking, Brewing,
and Ethanol Production

A number of studies report the selection or the improvement of cold-adapted yeasts
for better fermentation performance and stress tolerance as discussed above, but the
largest part of literature reporting the development of low-temperature fermentation
processes for alcoholic beverages or ethanol production involves the use of
immobilized cell systems. The upsurge of interest in cell immobilization for
alcoholic beverages and potable alcohol production is mainly due to the numerous
advantages that it offers over free-cell systems, including enhanced fermentation
productivity, stress tolerance, feasibility of continuous processing, cell stability and
lower costs of recovery and recycling and downstream processing. Nevertheless,
industrial use of immobilized cells is still limited and it will depend on the
development of processes that can be readily scaled-up (Kourkoutas et al. 2004).
Alterations in cell growth, physiology, and metabolic activity may be induced by
cell immobilization of both yeast and bacterial species. Comparative studies on
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immobilized and free cells reported effects on activation of yeast energetic
metabolism, increase in storage polysaccharides, altered growth rates, increased
substrate uptake and product yield, lower yield of fermentation by-products, higher
intracellular pH values, increased tolerance against toxic and inhibitory com-
pounds, and increased invertase activity. Also, the immobilized cells showed
increased viability and activity when stored at low temperature for long periods
(Kourkoutas et al. 2004).

19.3.1 Low-Temperature Winemaking

Important improvement of fermentation productivity was achieved by S. cerevisiae
immobilized on inorganic materials such as mineral kissiris (porous volcanic
mineral found in Greece; 70 % SiO2) and c-alumina, during batch fermentations of
glucose and raisin extracts (Tsoutsas et al. 1990; Kana et al. 1989a, b) at ambient
temperatures. These systems were further evaluated in batch as well as continuous
winemaking at extremely low temperatures (2–10 �C), leading to important pro-
ductivities (Bakoyianis et al. 1992, 1993, 1997). c-Alumina promoted the alcoholic
fermentation kinetics but showed lower efficiency at low temperatures compared
with mineral kissiris (Bakoyianis et al. 1997). Despite the better fermentation
performance of these biocatalysts, c-alumina and kissiris leave mineral residues
(e.g. Al) to the produced wine, therefore, studies to remove them were also carried
out (Loukatos et al. 2000, 2003). However, these wines can be used as raw material
for distillates production (Bakoyianis et al. 1997; Loukatos et al. 2000, 2003).

To avoid the presence of undesirable residues in wine released by inorganic
materials, food-grade organic supports such as DCM and gluten pellets were
evaluated as yeast immobilization supports for low-temperature fermentation.
DCM was prepared after removal of lignin by alkaline (NaOH) treatment of
sawdust, which increased the material’s porosity, and was used for immobilization
of the psychrotolerant and alcohol resistant strain S. cerevisiae AXAZ-1. The
biocatalyst was found suitable for extremely low-temperature batch fermentation
of grape must, with acceptable fermentation rates even at temperatures lower than
5 �C (Bardi and Koutinas 1994). In the same manner, gluten pellets were used for
low-temperature winemaking (Bardi et al. 1996a). Both supports presented similar
efficiency for grape must fermentation. However, DCM is considered more
attractive compared to gluten pellets due to its negligible cost and easier prepa-
ration. Wines produced by yeast immobilized on DCM and gluten pellets at
extremely low temperature had improved flavor, which was demonstrated by both
sensorial tests and chemical analysis of aroma volatiles.

Similarly to DCM, wine fermentations were conducted using free and immo-
bilized psychrotolerant yeast on brewer’s spent grains at 25–10 �C. The operational
stability of the biocatalyst was good and no decrease of its activity was observed,
even at 10 �C. Ethanol and wine productivities were high, showing suitability for
low-temperature winemaking.
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Most of the research efforts to optimize low-temperature fermentation using
immobilized cells concerned white winemaking. In red winemaking, fermentation
proceeds in the presence of grape skins for color extraction. Therefore, new
bioreactor design is necessary for low-temperature red winemaking to accom-
modate the immobilized biocatalyst and the grape skins confined in separate
compartments (Tsakiris et al. 2004a).

In seek of new supports for yeast immobilization suitable for low-temperature
winemaking, starch containing waste materials such as potatoes (Kandylis and
Koutinas 2008), wheat (Kandylis et al. 2010a, b), barley (Kandylis et al. 2012a),
and starch gels (Kandylis et al. 2008) were evaluated. These biocatalysts were also
found to increase productivities of extremely low-temperature grape must fer-
mentations compared to free cells. Comparing starch with alginates, starch is a
more abundant natural carbohydrate and of lower cost, which makes it more
attractive for commercialization. The biocatalyst produced by immobilization of
the psychrotolerant strain S. cerevisiae AXAZ-1 on whole wheat grains was used
for batch fermentations of glucose and grape must at laboratory and larger scale
(80 L) at various temperatures (20–2 �C). The biocatalyst retained its operational
stability for a long period, and it was proved capable to produce dry wines of fine
clarity even at 5 �C. The scale-up process did not affect the fermentative ability of
biocatalyst or the quality of the produced wines (Kandylis et al. 2010b). The same
strain was immobilized on whole corn grains and was used for batch fermentations
of glucose and grape musts at various temperatures. The biocatalyst retained its
operational stability for a long period and it proved able to produce dry wines of
fine clarity, even at extremely low temperatures (5 �C). A mathematical model to
describe sugar consumption and ethanol formation was developed fitting almost
perfectly with the experimental results (Kandylis et al. 2012b).

The idea to use fruit pieces as yeast immobilization supports for use in wine-
making was also considered attractive because fruits are the natural habitats of
yeasts, they can be easily accepted by consumers and can positively affect the product
flavor. Cells immobilized on apple, pear, and quince pieces were successfully used
for batch and continuous winemaking at extremely low temperatures (0 �C)
(Kourkoutas et al. 2001, 2002a, 2003a; Mallios et al. 2004). These biocatalysts were
stored at low temperature for long periods of time without loss of their activity
(Kourkoutas et al. 2003b), which is an important observation regarding their
potential for commercial application. In a similar manner, S. cerevisiae was
immobilized on dried raisin berries (Sultanina variety) (Tsakiris et al. 2004b) or
grape skins (Mallouchos et al. 2003b) to produce immobilized biocatalyst for use in
dry white winemaking 25–15 �C and 25–10 �C, respectively. Raisin berries and
grape skins are fully compatible with wine, and consumer acceptance is not an issue.
Both biocatalysts were found suitable for good-quality winemaking with good
operational stability (more than 4 months in the case of raisin berries). Although the
use of fruit in high-volume bioreactors is problematic, such materials could still be
employed in low-capacity processes due to the fine quality of the produced wines
which can create added value. Table 19.1 shows the major volatiles produced during
wine fermentations by cells immobilized on various natural carriers and by free cells
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of a psychrotolerant yeast (S. cerevisiae AXAZ-1) and a mesophilic commercial
yeast (S. cerevisiae Uvaferme 299) at temperatures of 0–30 �C.

To industrialize a batch or continuous process employing immobilized cells,
high operational stability is required. The improvement of biocatalytic stability
and productivity of immobilized yeast cells was attempted by successive preser-
vations at 0 �C of a psychrotolerant strain leading to a stability of productivity for
at least 2.5 years (Argiriou et al. 1996). This result showed that the biocatalyst in
the bioreactor could be maintained without need for emptying, sterilizing,
recovering, and refilling, which can reduce the production cost and make handling
easier when the factory is out of operation.

19.3.2 Low-Temperature Brewing

In brewing, research during the last 30 years has mainly focused on immobilization
techniques in order to apply continuous processes, reduce maturation time, and
produce alcohol-free beer (Masschelein et al. 1994; Kourkoutas et al. 2004).
Brewing requires long fermentation times (6–7 days), large-scale fermentation,
maturation at low temperature and storage capacities and is a highly energy-
consuming process. Diacetyl is a key compound in beer maturation as it has an
undesired butter flavor. It is produced by an oxidative non-enzymatic reaction from
a-acetolactate and converted to acetoin by yeast metabolism during the maturation
stage (diacetyl rest). These reactions are time-consuming and energy demanding
since they are occurring at very low temperatures to avoid product quality degra-
dation. The combination of yeast immobilization and low-temperature fermentation
can reduce process times and improve product quality in the brewing industry,
leading to significant reduction in production costs (Kourkoutas et al. 2004).

Traditionally, industrial brewing processes involve fermentations at low tem-
peratures (13–15 �C) to obtain beer with quality that mainly depends on the yeast
strain. Low-temperature fermentation of wort below common brewing tempera-
tures (0–12 �C) produced beers of improved quality due to alterations in the
chemical composition, mainly of aroma volatiles. Likewise, the combination of
low-temperature fermentation and cell immobilization was found to lead to
reduction in fermentation times and elimination of the maturation stage due to
faster reduction in diacetyl (Bardi et al. 1996b; Bekatorou et al. 2001a, 2002a, b).
The use of immobilization for the removal of diacetyl and therefore controlling
flavor and reducing maturation time and production costs in brewing has been
reported as a promising technological application.

As in the case of low-temperature winemaking, DCM was used as support for
yeast immobilization for use as biocatalyst in low-temperature fermentation of
wort (Bardi et al. 1996b). Beers were produced in batch or continuous processes
with important productivities even at very low temperatures. Beers had lower pH,
and lower diacetyl and phenolic compounds contents, and reduced bitterness
compared with those of free cells. Beers produced by the DCM biocatalyst also
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had higher ethanol content (about 15 % higher) than those made with free cells,
which can be attributed mainly to lower conversion of sugar to cell biomass. The
lower pH of beers increases resistance to spoilages, while the lower diacetyl
content improves beer flavor and reduces maturation time. The decreased phen-
olics content reduces the possibility of haze formation in the bottle. Sensorial tests
showed important improvement of beers produced by a psychrotolerant yeast
strain immobilized on DCM. Gluten was also employed as support for cell
immobilization for extremely low-temperature brewing (Bardi et al. 1997b) and
the obtained results were similar with those of the DCM biocatalyst.

Extremely low-temperature brewing (7–3 �C) with yeast immobilized on dried
pieces of fruit (dried figs) was also investigated (Bekatorou et al. 2002b). Dried
figs, which are rich in pectins, cellulose as well as protein, were found suitable for
yeast immobilization and brewing, as shown by improved fermentation efficiency
and product quality compared to free cells.

For low-temperature brewing, breweries, especially small production capacity
units, require suitable isolated psychrophilic strains available for sale in the market.
Consequently, the development of dried brewing yeasts was necessary. Freeze-dried
S. cerevisiae immobilized on DCM and gluten pellets was examined for its
efficiency for glucose fermentation (Iconomopoulou et al. 2000; Bekatorou et al.
2001b) and subsequently for extremely low-temperature brewing (Bekatorou et al.
2001a, 2002a), exhibiting all those important attributes, which are necessary for
commercial application (increased productivities and improved product quality).

19.3.3 Low-Temperature Ethanol and Distillates Production

Most of the works describing winemaking or brewing using cold-adapted yeasts,
free or immobilized on various carries, as described above, include studies with
synthetic media (e.g. glucose) or waste effluents such as whey, to evaluate use of
these biocatalyst for potable or fuel ethanol production. Distillates are produced
through single or double distillation of fermented liquids or by fractional distil-
lation in columns. The quality of distillates depends on the quality of the fermented
raw materials, which is improved in the case of low-temperature fermentations by
immobilized cells, due to improved ratios of esters to higher alcohols on total
volatiles. In distillates production, inorganic materials such as c-alumina pellets
and kissiris can particularly be useful as immobilization supports, since they are
cheap, abundant and can be easily reused. Mineral residues in the fermentation
broth from such materials are not an issue since they do not distill. Therefore,
continuous winemaking using yeast immobilized on c-alumina, kissiris, DCM and
gluten pellets was successfully performed at lower temperatures than the optimal
for improved wine distillates production (Loukatos et al. 2000, 2003). Other
natural materials have also been used as yeast immobilization carriers for potable
alcohol production at ambient and low temperatures such as orange peel (Plessas
et al. 2007).
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Whey, the main liquid waste of the dairy industry, has also been used as raw
material for potable alcohol production by fermentation with lactose fermenting
yeasts or mixed cultures such as kefir. Kefir immobilized on DCM was used for
batch fermentations at various temperatures in the range of 5–30 �C. The con-
centration of fusel alcohols was reduced at lower fermentation temperatures. At
5 �C, the content of total volatiles in the product was only 38 % of the volatiles
formed during fermentation at 30 �C (Athanasiadis et al. 1999). Kefir immobilized
on DCM was also found suitable for continuous whey fermentation supplemented
with 1 % raisin extract or molasses. The continuous fermentation system was
operated for 39 days, stored for 18 days at 4 �C and operated again for another
15 days without any diminution of the ethanol productivity. Ethanol productivity
and residual sugar were at acceptable for the production of potable alcohol and
alcoholic drinks at industrial scale (Kourkoutas et al. 2002a). Subsequently,
industrial scale-up process of whey alcoholic fermentation, promoted by raisin
extracts, using free kefir-yeast cells was successfully developed (Koutinas et al.
2007). The effect of fermentation temperature in the range 30–5 �C, among other
parameters, was examined. The scale-up process involved the development of a
technology transfer scheme from laboratory-scale experiments to a successive
series of increased capacity bioreactors (100, 3000 and 11,000 L).

19.4 Development of Dried Yeasts for Commercial
Low-Temperature Applications

Various commercial yeasts for induced fermentations are available usually in the
form of dry active formulations. The most common drying technique used for
industrial starter culture production is freeze-drying. Therefore, research works
proposing new strains for use in food fermentation processes usually involve
optimization of drying techniques to produce viable, active ready-to-use cultures.
The efficiency of freeze-dried selected yeast strains, free or immobilized on suit-
able carriers, for extremely low-temperature fermentations has been reported.
Freeze-dried psychrotolerant S. cerevisiae AXAZ-1 strain immobilized on DCM
(Iconomopoulou et al. 2000, 2002a; Bekatorou et al. 2002a) or gluten pellets
(Bekatorou et al. 2001a, b; Iconomopoulou et al. 2002b) was successfully used for
alcoholic fermentation, winemaking, and brewing. Freeze-drying was carried out
without the use of cryoprotectants showing suitability of the technique for com-
mercial immobilized dry yeast production. Yet, freeze-drying has a relatively high
investment and production cost compared to other drying methods. Therefore, the
development of simple and mild processes for commercial dry yeast production
was investigated, such as convective drying at low temperatures (e.g. 30–40 �C,
under air stream or vacuum). Such techniques were found suitable for dry yeast
production with fermentation efficiency similar to that of freeze-dried and wet-
weight cells as evaluated by winemaking experiments (Tsaousi et al. 2010, 2011).
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A freeze-dried biocatalyst produced by immobilization of the psychrotolerant
strain S. cerevisiae AXAZ-1 on gluten pellets and subsequent freeze-drying was
used in a multistage fixed-bed tower (MFBT) bioreactor for batch and continuous
winemaking. The process resulted in higher alcohol productivity compared to
fermentations carried out in a single-bed bioreactor and better operational stability
even at low fermentation temperature (5 �C) and after storage for 6 months at
4 �C. The good fermentation performance, operational stability and good quality
of the product as shown by both chemical analysis and sensory evaluations,
indicated potential industrial application of the freeze-dried biocatalyst and the
MFBT bioreactor (Sipsas et al. 2009).

19.5 Flavor of Wine, Beers, and Distillates Produced
by Low-Temperature Fermentation

The production and metabolism of compounds such as esters, higher alcohols,
aldehydes, vicinal diketones, fatty acids, and sulfur compounds is crucial for the
flavor of fermented foods, especially alcoholic beverages. These compounds are
mainly associated with the yeast amino acid metabolism (Kourkoutas et al. 2004;
Mallouchos et al. 2007). The effect of temperature on fermented food aroma is
well established, and it has been shown that low-temperature processes can
improve it. The combined effect of low fermentation temperature and use of
immobilized cell techniques on wine and beer flavor has also been demonstrated
(Bakoyianis et al. 1993; Bardi et al. 1997a; Yajima and Yokotsuka 2001;
Mallouchos et al. 2003a, 2007; Kourkoutas et al. 2004, 2005; Kopsahelis et al.
2007). The greatest impact of such technologies is considered to be the improved
ratio of esters to alcohols (increased ester and decreased fusel alcohol formation on
total volatiles) (Mallouchos et al. 2003a; Kourkoutas et al. 2004, 2005).

Regarding wine, its distinctive aroma is the result of complex associations of
varietal and fermentation volatile compounds. Generally, wines produced at low
temperatures have aromas with more fruity notes due to increased synthesis or
reduced conversion of esters. The use of immobilized cells in very low-temperature
fermentation processes (below 10 �C) led to wines of improved aroma due to this
effect (Bakoyianis et al. 1993; Jackson 1994; Bardi et al. 1997a; Yajima and
Yokotsuka 2001; Mallouchos et al. 2003a, 2007; Kourkoutas et al. 2004, 2005). As
described above, the use of natural food-grade supports for cell immobilization
such as DCM and gluten pellets proved to be effective for low-temperature wine-
making, showing significantly improved fermentation productivity and product
quality compared to free cells. To facilitate commercialization of such biocatalyst,
freeze-drying techniques were also evaluated for the production of ready-to-use dry
formulations (Iconomopoulou et al. 2002a, b).

The production of wine using psychrotolerant yeast immobilized on food-grade
materials, fully compatible with wine, such as grape skins and grape berries was

19 Low-Temperature Production of Wine, Beer, and Distillates 431



also evaluated at 25–10 �C (Mallouchos et al. 2003b, c) and 6–30 �C (Tsakiris
et al. 2004a), respectively. Improved fermentation performance of the immobilized
biocatalysts was reported compared to free-cell systems and a positive influence on
wine aroma, attributed to lower amounts of fusel alcohols which were decreased
dramatically at low fermentation temperatures (below 10 �C). Pieces of various
fruits like apple, pear, and quince were also proposed as carriers for yeast
immobilization. Their use in batch and continuous winemaking processes also had
a positive effect on wine flavor (Kourkoutas et al. 2001, 2002a, 2003a; Mallios
et al. 2004), with higher ester and lower propanol-1 and isobutanol and amyl
alcohol concentrations observed in the range 1–12 �C. Wine fermentations with
yeast immobilized on brewer’s spent grains carried out at 15–10 �C also resulted
in improved productivity and operational stability, and the combination of
immobilization and low fermentation temperature affected significantly the flavor
of these wines. The immobilized cells produced wines with higher contents of
ethyl and acetate esters and volatile fatty acids at 15 and 10 �C, whereas the
opposite was observed for free cells at higher temperatures (Mallouchos et al.
2007). Finally, wines produced at low temperature (5 �C) by psychrotolerant yeast
immobilized on inorganic materials such as kissiris had an improved aroma with
higher ethyl acetate content and lower higher alcohols on total volatiles (Bak-
oyianis et al. 1992, 1993, 1997; Kourkoutas et al. 2004), which is important for the
production of good-quality wine distillates.

Low-temperature fermentation of fresh cashew juice with free S. bayannus cells
was also reported, producing good-quality wines with cashew, fruity, and sweet
characters. Headspace analysis of volatiles by Osme/GC–MS identified volatiles
including ethyl esters associated with fruit aromas (Garruti et al. 2006).

Beer, on the other hand, is produced by more complex biochemical and tech-
nological processes (macromolecule hydrolysis, malting, kilning, fermentation,
hops addition, maturation, etc.), which affect its flavor. Carbon dioxide, ethanol,
and glycerol are the major compounds that control the organoleptic effect of other
minor constituents such as alcohols, esters, vicinal diketones, aldehydes, sulfur
compounds, and fatty acids. Yeast (amino acid) metabolism, a key to the devel-
opment of beer flavor, is affected by process temperatures and use of cell
immobilization techniques; therefore, technologies based on these features as well
as process conditions and strain selection have been developed to control beer
flavor (Kourkoutas et al. 2004; Branyik et al. 2008). Biochemical changes
occurring during the secondary fermentation (maturation) of beer, which is usually
conducted at very low temperature (0 �C), also affect its flavor. One of these
changes is diacetyl rest, i.e., the reduction in diacetyl (buttery flavor) to the fla-
vorless derivatives acetoin and 2,3-butanediol by yeast. The use of immobilized
yeast and low-temperature primary fermentation was found to produce beers with
low diacetyl amounts, therefore showing potential of low-cost industrial applica-
tion since maturation is a high energy-consuming process (Kourkoutas et al. 2004).
Perpète and Collin (2000) showed that during alcohol-free beer production, the
enzymatic reduction in worty flavor (caused by Strecker aldehydes) (Fig. 19.2) by
brewer’s yeast was improved by cold-contact fermentation. Also, as in the case of
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winemaking, biocatalysts prepared by immobilization of a psychrotolerant yeast
strain on DCM and gluten pellets were found suitable for batch and continuous
low-temperature brewing even at 0–5 �C. The produced beers had lower amounts
of diacetyl and polyphenols compared to beers made using free cells. The fruity
flavor of these beers was also attributed to the improved ratios of esters to alcohols
(Bardi et al. 1996b; Bekatorou et al. 2001a, 2002a; Kourkoutas et al. 2004).
Similar results were obtained during brewing at low and ambient temperatures
(3–20 �C) by yeast immobilized on dried figs (Bekatorou et al. 2002b). The fine
clarity of the produced beers and improved flavor after the end of the primary
fermentation, in combination with the abundance, food-grade purity, and low cost
of the proposed immobilization carriers, encouraged full-scale application for
low-temperature brewing.

19.6 Conclusions and Perspectives

The isolation of psychrophilic yeasts, selection of psychrotolerant strains, or
preadaptation treatments, in combination with techniques that protect cells from
stress during fermentation and the development of drying techniques for commer-
cial culture production, as discussed in this Chapter, describe an integrated approach
to optimize low-temperature winemaking, brewing, and alcohol production pro-
cesses. Low-temperature fermentation can improve quality and reduce maturation
time, while cell immobilization can increase productivity, stress tolerance, and
facilitate continuous processing of such processes. The proposed technology can

Fig. 19.2 Strecker degradation reaction of amino acids and dicarbonyl compounds responsible
for worty (malty) flavors in beer
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also lead to the production of various new types of wines, beers, and distillates,
without the need for addition of preservatives (e.g. SO2) and possibility for direct
bottling of the product after the end of the primary fermentation. This is based on the
following observations for low-temperature fermentations, especially those
involving immobilized cell biocatalysts: (1) the improved flavor of the products,
mainly due to improved ratios of esters to alcohols, lower diacetyl content, etc.;
(2) increased fermentation performance of cold-adapted yeasts; and (3) fine clarity
of the products after the primary low-temperature fermentation due to precipitation
of tartrates in winemaking or chill haze in brewing, avoiding the need for clarifi-
cation before bottling. Application of the described technology is encouraged
by more than 50 original publications discussing results of laboratory and scale-up
low-temperature fermentation processes.
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