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Abstract Biotechnology as applied to winemaking includes
several aspects of the fermentation industry, such as
monitoring of microbial populations, use of selected
starter cultures, and control of undesired yeasts. Over the
last few decades, the control of microorganisms using
biotechnological approaches has become of increasing
importance in the winemaking field. The profusion of
selected starter strains has allowed more extensive use of
inoculated fermentations, with a consequent improvement
in the control of fermentation combined with the use of
new biotechnological processes in winemaking. As a
consequence of this re-evaluation of the role of non-
Saccharomyces yeasts in winemaking over the last few
years, several studies have evaluated the use of controlled
mixed fermentations using Saccharomyces and different,
non-Saccharomyces, yeast species that are a part of the
winemaking environment. In this context, mixed fermen-
tations using controlled inoculations of Saccharomyces
cerevisiae starter cultures and non-Saccharomyces yeasts
represent a practical way towards improving wine
complexity and enhancing specific characteristics of a
wine. Another trait in the use of non-Saccharomyces
yeasts in winemaking relates to the control of spoilage
microorganisms. Indeed, more strict control of undesirable
yeasts is required during the various phases of wine
fermentation. Moreover, there is now increasing interest in

the use of natural antimicrobial agents in foods and, in this
context, killer yeasts might have important roles in the
control of spontaneous and/or spoilage microflora. Thus,
killer toxins appear to represent an attractive solution for
use as antimicrobial agents, to partially, or even completely,
substitution for chemical agent use even if application costs
could limit their use in winemaking.
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Introduction

Saccharomyces cerevisiae plays a fundamental role in the
anaerobic transformation of grape must into wine, where
the fermenting medium can be inoculated with selected
commercial yeast strains or left to ferment with the natural
flora present on the grapes. In both cases, S. cerevisiae
governs fermentation (Bisson 2004).

Biotechnological approaches to winemaking are used in
several aspects of the fermentation industry, such as
formulation and use of selected starters cultures, monitoring
of microbial populations, and control of spoilage yeasts
(Reed and Nagodawithana 1988; Pretorius 2000). Over the
last few decades, the improved use and control of micro-
organisms through biotechnological approaches has become
increasingly important in winemaking. The profusion of
selected starter cultures as active dry yeast (ADY) forms has
allowed more widespread use of inoculated fermentation,
with consequent improvements in control of the fermentation
process, which can be combined with new biotechnological
processes in winemaking.

In recent years, re-evaluation of the role of non-
Saccharomyces yeasts in winemaking has resulted in
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several studies that have looked at the use of controlled
mixed fermentations using Saccharomyces along with
non-Saccharomyces yeast species from the winemaking
environment (Lema et al. 1996; Ciani and Maccarelli
1998; Heard 1999; Jolly et al. 2003; Ciani et al. 2010).
These have demonstrated that mixed fermentations using
controlled inoculations of S. cerevisiae starter cultures
and non-Saccharomyces yeasts represent a feasible way
towards improving wine complexity and enhancing
particular and specific characteristics of a wine. Indeed,
fermentations carried out using mixed and controlled
inocula can improve the quality of the final product, and
can assure both a more standard fermentation process
and an enhancement of the analytical composition of a
wine, by taking advantage of several metabolic pathways
of non-Saccharomyces yeast strains.

Another possible biotechnological use of non-Saccha-
romyces yeasts in winemaking relates to the control of
undesired microorganisms. Widely different yeasts species
can participate in the various stages of winemaking, which
can result in an undesired organoleptic profile of the final
product. In this context, there is the need for more strict
control of potential spoilage microorganisms during the
various stages of wine production: here, the natural antimi-
crobial agents that can be produced by non-Saccharomyces
yeasts can play important roles in the control of spontaneous
and/or spoilage microflora.

Influence of non-Saccharomyces yeasts in mixed
fermentations

It is well established that S. cerevisiae is the main
microorganism involved in alcoholic fermentation of grape
must. However, winemaking is a non-sterile process, so the
rich composition and the analytical complexity of the grape
must can allow the development of a broad number of yeast
species that belong to various non-Saccharomyces genera.
In the past, these yeasts were considered as undesired or
spoilage yeasts, as they can confer a negative sensorial
profile to the final wine (Amerine and Cruess 1960;
Ribereau-Gayon and Peynaud 1960). Indeed, grape musts
inoculated with pure cultures of non-Saccharomyces yeasts
have shown to produce several metabolites at unfavourable
levels, including acetic acid, acetoin, ethyl acetate and
acetaldehyde; this would thus exclude the use of such
non-Saccharomyces yeasts in selected starter cultures.
However, when non-Saccharomyces yeasts are cultivated
as mixed fermentations with the S. cerevisiae strain, their
negative metabolic activities might not be expressed, or
could be modified by the metabolic activity of the starter
culture of the S. cerevisiae. In this context, in recent
years, several studies have proposed the use of selected

non-Saccharomyces yeasts together with an S. cerevisiae
starter strain during wine fermentation, highlighting the
positive results that can be produced with mixed
fermentations (Zironi et al. 1993; Lema et al. 1996;
Romano et al. 1997; Ciani and Maccarelli 1998; Egli et al.
1998; Henick-Kling et al. 1998; Rojas et al. 2001; Fleet
2003; Jolly et al. 2003; Ciani et al. 2006; Kim et al. 2008).

Possible synergistic interactions between different
yeast species in mixed fermentations represent a valuable
instrument for innovative fermentation technologies
(Mendoza et al. 2007; Fleet 2008; Ciani et al. 2010).
The influence of multistarter fermentation practices on
final wine composition and on growth and death rates of
the S. cerevisiae and non-Saccharomyces strains has been
investigated. Mora et al. (1990) reported on the growth of
Kluyveromyces (Lachancea) thermotolerans and S. cer-
evisiae species in sequential cultures, highlighting the
significant reduction in acetic acid production during this
mixed fermentation. Other studies have been carried out
with the aim of de-acidifying the grape must or wine
through malic acid degradation using mixed fermentations
of Schizosaccharomyces pombe and S. cerevisiae (Snow
and Gallender 1979; Magyar and Panyik 1989; Yokotsuka
et al. 1993). To enhance the glycerol content in wine,
Starmerella bombicola (formerly Candida stellata) has
been proposed for mixed fermentations with S. cerevisiae
starter cultures. Several studies have shown that the
inoculation of grape-must fermentations with pure cultures
of Starmerella bombicola can result in the production of
high concentrations of acetaldehyde and acetoin (Ciani
and Ferraro 1996, 1998; Ferraro et al. 2000). However,
different results were obtained in the fermentation of grape
musts with mixed fermentations of Starmerella bombicola
and S. cerevisiae starter strains. In this latter case, the
analytical and organoleptic profile of the wine was improved
without any negative analytical profiles. Indeed, in compar-
ison with S. cerevisiae-inoculated fermentations, the use of
mixed or sequential inoculations, continuous fermentation,
and immobilised cells can provide: (1) complementary
consumption of glucose and fructose; (2) improved glycerol
and succinic acid contents; and (3) no increases in
acetaldehyde and acetoin contents, due to the presence of
the Starmerella bombicola (i.e. exchange of acetaldehyde
between the two species without any increment in its levels).

The practice of multistarter fermentation can also be
used to improve the complexity of the final aroma and
flavour of a wine. Garcia et al. (2002) studied the influence
of mixed cultures of Debaryomyces vanriji and S. cerevi-
siae for improvement of geraniol production, due to the
high levels of β-glucosidase activity showed by this
non-Saccharomyces strain.

Recent investigations using multistarter fermentations
(mixed and sequential inocula) with starter strains of
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Torulaspora delbrueckii and Kluyveromyces (Lachancea)
thermotolerans together with S. cerevisiae have shown that
the relevant detectable effects included: (1) consistent
reduction in acetic-acid content (T. delbrueckii); and (2)
reduction in acetaldehyde concentration and increase in
titratable acidity (K. thermotolerans) (Ciani et al. 2006;
Bely et al. 2008).

Yeasts belonging to the Hanseniaspora/ Kloeckera genera
have long been considered as spoilage yeasts, particularly
during the first stage of fermentation, due to their ability to
produce undesired compounds, such as acetic acid and ethyl
acetate. Mixed fermentation trials with apiculate yeasts and
S. cerevisiae starter cultures have shown increases in isoamyl
acetate in the presence of H. uvarum (Moreira et al. 2008),
while use of Hanseniaspora osmophila provides improve-
ments in 2-phenylethyl acetate production (Viana et al.
2009). As reported by Kurita (2008), inoculated mixed
fermentations using Pichia anomala resulted in positive
enhancement of isoamyl acetate. Another strain belonging to
the Pichia kluyveri species has been used in mixed
fermentations with S. cerevisiae, producing an improvement
in the varietal thiols (Anfang et al. 2009).

The main effects of multistarter fermentations, as
compared with inoculation with pure S. cerevisiae cultures,
are given in Table 1.

Non-Saccharomyces yeasts in the control of undesirable
yeasts

Another aspect of the use of non-Saccharomyces yeasts in
winemaking relates to the control of undesired microorgan-
isms. Stricter control of potential spoilage microorganisms
during the various stages of wine production is needed.
Indeed, a large number of yeasts can participate in the
various phases of the fermentation process, sometimes
resulting in undesired organoleptic characters in the final
product.

There is now increasing interest in the use of natural
antimicrobial agents in foods and, in this context, yeast
killer systems could play important roles in the control of
spontaneous and/or spoilage microflora. Killer toxins
appear to represent an interesting solution as antimicrobial
agents, for the partial or complete substitution of the use of
chemical agents. Screening to determine the occurrence of
killer yeasts in winemaking environments has formed part
of several studies, and these have shown the widespread
presence of killer and neutral phenotypes in wines, and on
cellar surfaces and winery equipment, while the sensitive
yeasts were recovered only occasionally (Rosini et al. 1988;
Rosini and Ciani 1988; Musmanno et al. 1999).

Killer yeast strains have been isolated from various
oenological sources, including grape berries, grape musts,

and wines, both during fermentation and as the final
product (Heard and Fleet 1987). Other studies have been
carried out to determine the significance of such killer
activities in winemaking (Vagnoli et al. 1993; Ramon-
Portugal et al. 1998; Sangorrín et al. 2007). The widespread
occurrence of these killer yeasts has been demonstrated in
strains isolated from vineyards and wineries in different
regions of the World, such as Europe, Australia, Argentina
(Patagonia region) and South Africa (Petering et al. 1991).

Over the last two decades, particular attention has been
directed towards the selection of starter strains of S. cerevisiae
species that have these killer characteristics (van Vuuren and
Jacobs 1992). However, the main limitation to the application
of the killer toxins that these S. cerevisiae yeasts produce
resides in their narrow anti-yeast spectra, which is restricted
to sensitive Saccharomyces strains. Thus, these killer toxins
do not affect wild yeasts, such as those belonging to the
genera Hanseniaspora/Kloeckera, Pichia, Brettanomyces,
Zygosaccharomyces and Saccharomycodes, which represent
the main targets of the antimicrobial agents used in
winemaking. Due to this absence of killing action towards
these spoilage yeasts, the killer activity can be considered as
an additional character for S. cerevisiae starter-strain
selection (Mannazzu et al. 2002).

However, species of Hanseniaspora/Kloeckera, Candida,
Hansenula and Pichia can establish significant growth
during wine fermentations (Fleet 1990). Consequently, the
potential for the production of killer toxins that affect
S. cerevisiae by these species of non-Saccharomyces yeasts
becomes important, as does the susceptibility of these yeasts
to toxins produced by S. cerevisiae. Thus, in theory, selected
killer yeast strains can also be used as the inoculated strain,
so as to suppress the growth of undesirable wild strains
during grape-juice fermentation.

The control of indigenous microflora at prefermentative
stages and during fermentation is now generally carried out
through the addition to the must of starter cultures. These
have known and desired genetic characteristics at the
pre-fermentation stage, and are coupled with the use of
sulphur dioxide, to combat contaminating wild yeasts
(Ribereau-Gayon and Peynaud 1960). Sulphur dioxide
has a long history of use as a yeast preserver in the
manufacture of alcoholic beverages, especially of wine,
although this antiseptic agent can have adverse effects on
the respiratory systems of humans and animals, and can
damage vegetation. In this context, the use of a killer toxin
as a control agent towards non-Saccharomyces yeasts such
as apiculate yeasts at the prefermentative stage and during
fermentation of grape must should be further encouraged
so as to reduce, or even eliminate, the use of sulphur
dioxide. Another interesting potential application of the
killer character in winemaking is seen for killer toxins that
are active against the Dekkera/Brettanomyces spoilage
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yeasts that represent a major problem in the wine industry
(Sponholz 1993). These yeasts are not commonly found
on the surface of the grape berry or in the must, although
they can increase in wines during wine ageing in wooden
barrels (Ibeas et al. 1996).

Killer character in the control of apiculate yeasts

Recently, it has been shown that the yeast Kluyveromyces
phaffii (now reclassified as Tetrapisispora phaffii; Ueda-
Nishimura and Mikata 1999) can produce a killer toxin (the

Table 1 Fermentation behaviour of non-Saccharomyces and Saccharomyces cerevisiae strains in multistarter inocula

Non-Saccharomyces
yeast species

Characteristic behaviour
of pure culture

Effects produced by mixed fermentation with
S. cerevisiae, compared with pure S. cerevisiae culture

Starmerella bombicola Fructophilic yeast Combined consumption of reduced sugars
(improved consumption)

High glycerol producer Increase in glycerol production

High succinic acid producer Increase in succinic acid production

High acetaldehyde producer No increase (combined consumption)

High acetoin producer No increase (combined consumption)

Low ethanol yield Reduction in final ethanol concentration

Kluyveromyces thermotolerans Low acetaldehyde producer Reduction in final acetaldehyde formation

Lactic acid producer (some strains) Increase in titratable acidity

Hanseniaspora uvarum High acetic acid producer No increase in acetic acid production

High ethyl acetate producer Slight increase in ethyl acetate production
(strong reduction in comparison with pure culture)

Torulaspora delbrueckii Low acetic acid producer Reduction in acetic acid production

Hanseniaspora osmophila High 2-phenyl ethyl acetate producer Increase in 2-phenyl ethyl acetate

Pichia anomala High producer of isoamyl acetate (EAHase) Increase in isoamyl acetate production

Pichia kluyveri High producer of 3-mercaptohexyl acetate Increase in thiols content

Debaryomyces variji High level of β-glucosidase activity Increase in terpenols content

Schizosaccharomyces spp. High rate of malic acid degradation Reduction in titratable acidity

Table 2 Principal traits of the killer activity of Tetrapisispora phaffii (Kpkt)

Investigated traits of T. phaffii Results Methodology

Diffusion among
Hanseniaspora strains

94.9% (on 298 assayed isolates from wine environment) Streak plate diffusion assay

Range of activity pH range of activity from 2.8 to 5.0; optimal
temperature of 20°C (max 35°C)

Well test assay in malt agar medium

Biochemical and physiological
characterisation

Molecular mass: 33,070 Da Mass spectrometry (MALDI-TOF-MS)

Glycoprotein with glucidic portion (10%) Endoglycosidase-H treatment

Receptor site: β-1,3 branched glucans Binding of KpKt to cell-wall polysaccharides

NH2-terminal sequence: 93% identity with
β-1,3-glucanase of S. cerevisiae, and 80% identity
with β-1,3-glucantransferase of Candida albicans

15 cycles of NH2-sequence analysis

β-glucanase activity (0.830 μmol mg−1 min−1) Enzymatic assay

Mode of action Disruption of cell-wall integrity mediated by a
highly specific β-glucanase activity

Confocal, laser-scanning electron and atomic
force microscopy.

Enzymatic activities

Endoglycosidase-H treatments

Flow-cytometry analyses

Activity in winemaking Control of growth and metabolic activity of H. uvarum Microfermentation trials using free and
immobilized T. phaffii cells

Significant inhibition halo (from 12 to 15 mm) during
fermentation

Well test assay in malt agar medium using
concentrated wine

Control of analytical composition of wines Assessment of analytical profiles of wines
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zymocin KpKt) that is active on wine yeasts that can
contaminant the prefermentation stage (Ciani and Fatichenti
2001). Indeed, the KpKt toxin produced by Kluyveromyces
phaffii DBVPG 6076 can be used as a biological agent
against apiculate yeasts, which are usually present in the
freshly pressed grape juice and during the first stage of
alcoholic fermentation. KpKt has a wide anti-Hansenispora/
Kloeckera activity under winemaking conditions, and
therefore it is of particular interest for its application as
an antimicrobial agent in the wine industry. Indeed, like
most proteinaceous killer toxins, KpKt is active in the pH
range of 3.0–5.0 and at temperatures lower than 40°C.
Moreover, its fungicidal or fungistatic effects depend on its
concentration, and the inhibitory activity of the KpKt killer
toxin in grape juice has been shown to be comparable to
that of sulphur dioxide (Ciani and Fatichenti 2001).

Further characterization of KpKt has shown that this
toxin is a glycosylated protein with a molecular mass of
33.07 kDa, and with an NH2-terminal sequence that does
not show any similarities to that of other known killer
toxins (Shimizu 1993; Magliani et al. 1997). According to a
BLAST analysis of the 15 amino acids of its NH2-terminal
sequence, KpKt is strikingly similar to β-1,3-glucanase of
S. cerevisiae and β-1,3-glucan transferase of Candida
albicans. Indeed, competitive inhibition of KpKt activity
by cell-wall polysaccharides has shown that the cytocidal

action of KpKt is prevented by glucan β-1,3-branched and
β-1,6-branched glucans (Comitini et al. 2004a).

In a recent study, Comitini et al. (2009b) demonstrated
that KpKt induces ultrastructural modifications in the cell
wall of sensitive yeast strain, effects that are mediated by
the glucidic portion of this toxin. All of the data obtained
indicate that the mode of action of KpKt involves
disruption of cell-wall integrity. The principal traits of
the killer activity of Kpkt are shown in Table 2.The
validity of the zymocidial activity of KpKt on H. uvarum
during fermentation has been investigated in grape must
microfermentation trials with inoculated free and immobi-
lized T. phaffii cells (Comitini and Ciani 2010). The
microbial evolution and fermentation profiles of the wines
were evaluated to determine the effects of KpKt on
apiculate yeasts, and the results were compared with those
of sulphur dioxide addition. The fungicidal activity of
KpKt against H. uvarum was stable for at least 14 days in
the wine, resulting in active control of the proliferation of
apiculate yeasts. At the same time, the analytical compo-
sition of these wines with the inoculum of T. phaffii
immobilized cells did not differ from the wines with
sulphur dioxide added. In contrast, in wines without
control of apiculate yeasts, there was an increase in ethyl
acetate. These preliminary findings thus show that T.
phaffii is an excellent candidate for the biological control

Investigated traits of anti-
Brettanomyces killer toxins

Results

Screening KwKt: 100% (on 15 assayed isolates from wine environment)

Pikt: 100% (on 15 assayed isolates from wine environment)

PMKT2: 80% (on 20 assayed isolates from wine environment)

Molecular mass KwKt: 75 kDa

Pikt: 8 kDa

PMKT2: 30 kDa

Specific receptor sites KwKt: pustulans

Pikt: β-1,6-glucans

PMKT2: mannoproteins

Range of action KwKt: pH range of activity from 3.8 to 4.6; optimal temperature
of 20°C (max 25°C)

Pikt: Optimal pH 4.4; optimal temperature of 25°C (max 35°C)

PMKT2: optimal pH 4.5; optimal temperature below 20°C

Activity in winemaking KwKt and Pikt: Killer/sensitive ratio of 1:10 delays growth of sensitive
cells; killer/sensitive ratio of 1:1 completely inhibits growth;

Different metabolic activity: reduced ethyl phenols production in
wine fermented with killer strains, in comparison with control
without killer yeasts.

PMKT2: killer activity under winemaking physico-chemical
conditions and compatible in terms of competence with the
fermentative process (PMKT2
does not interfere with S. cerevisiae fermentation)

Table 3 Principal characteristics
of anti-Brettanomyces killer
toxins of Kluyveromyces
wickerhamii (KwKt), Pichia
anomala (Pikt) and Pichia
membranifaciens (PMKT2)
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of undesired proliferation of apiculate yeasts during the
first stages of fermentation, and that T. phaffii cells in an
immobilized form can be used as a biocontrol agent to
avoid, or at least reduce, the use of sulphur dioxide.

Killer yeasts active against Dekkera/Brettanomyces
spoilage yeasts

Dekkera/Brettanomyces yeasts are recognised as common
contaminants in wine, and can produce strong off-flavours.
Some key periods are important for “managing brett”. The
risks for these “brett”-note deviations are not only real at
the beginning of the fermentation for the indigenous
Brettanomyces, but also during other key or risky moments
in the winemaking process (e.g. end of fermentation,
maturating, bottling).

Considering that sulphur dioxide is an important consumer
issue, and that it can reduce or block the maturation of wines,
that wine filtration can affect the body and viscosity of wines,
and that steam treatments for barrels can damage the wooden
barrels, microbiological alternatives using bioactive com-
pounds to help to limit the growth ofBrettanomyces should be
well accepted by winemakers.

In this context, the exploration of killer yeasts as
producers of the mycocins that can counteract the activities
of these undesired microorganisms in wine appears of
particular interest. Recently, two killer yeasts, Kluyveromyces
wickerhamii and Pichia anomala, were shown to secrete two
toxins, KwKt and Pikt, respectively, that are active against
Dekkera/Brettanomyces spoilage yeasts (Comitini et al.
2004b). These mycocins can counteract the activities of these
undesired microorganisms in wine. This preliminary charac-
terisation showed that KwKt and Pikt are stable within a pH
range from 3 to 5 and at temperatures below 35°C, and that
they maintain their killer activities for at least 10 days in wine.
Further characterisation of Pikt has indicated that this toxin is
a ubiquitin-like protein with an apparent molecular mass of
8 kDa (De Ingeniis et al. 2009). A more recent study
(Comitini et al. 2009a) carried out in grape must and wine
showed that K. wickerhamii and P. anomala can indeed
control Brettanomyces/Dekkera spoilage yeasts. Preliminary
results showed that a ratio of killer yeast to sensitive yeast
(killer/sensitive ratio) of 1:10 delays the growth of D.
bruxellensis cells, while a killer/sensitive ratio of 1:1
completely inhibits the growth of this sensitive strain.
These preliminary findings indicate that these killer
yeasts can indeed control both growth and metabolic
activity of these sensitive spoilage yeasts. Indeed, there
was a reduction in the levels of the unpleasant molecules
that are considered to be the most involved in “brett”
notes in wines, i.e. the ethyl phenols (Comitini et al.
2004b).

Recently, Santos et al. (2009) investigated a new killer
toxin that is produced by Pichia membranifaciens
(PMKT2), that showed activity against Brettanomyces
bruxellensis. Biochemical characterization of the purified
PMKT2 showed an apparent molecular mass of 30 kDa, an
optimal pH of 4.5, and the best killer action at temperatures
up to 20°C. Also of note, PMKT2 inhibited B. bruxellensis
while S. cerevisiae was fully resistant, indicating that
PMKT2 can be used in wine fermentations to avoid the
development of the spoilage yeast B. bruxellensis without
deleterious effects on the S. cerevisiae fermentative strain.
The killer activity of PMKT2 was evaluated also under
simulated winemaking conditions, and the results obtained
in small-scale fermentations showed that PMKT2 can
indeed inhibit B. bruxellensis under these conditions. The
principal characteristics of anti-Brettanomyces killer toxins
are showed in Table 3.

In conclusion, zymocins produced by non-Saccharomyces
yeasts appear to have promising applications in winemaking
for the control of Dekkera/Brettanomyces spoilage yeasts.
Considering that Dekkera/Brettanomyces yeasts cause heavy
economic losses in winemaking, these natural antimicrobial
compounds appear to be suitable tools for the control of this
contamination risk.
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