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Abstract The development of new wine yeast strains with
improved characteristics is critical in the highly competitive
wine market, which faces the demand of ever-changing
consumer preferences. Although new strains can be
constructed using recombinant DNA technologies, consum-
er concerns about genetically modified (GM) organisms
strongly limit their use in food and beverage production.
We have applied a non-GM approach, adaptive evolution
with sulfite at alkaline pH as a selective agent, to create a
stable yeast strain with enhanced glycerol production; a
desirable characteristic for wine palate. A mutant isolated
using this approach produced 41% more glycerol than the
parental strain it was derived from, and had enhanced
sulfite tolerance. Backcrossing to produce heterozygous
diploids revealed that the high-glycerol phenotype is
recessive, while tolerance to sulfite was partially dominant,
and these traits, at least in part, segregated from each other.
This work demonstrates the potential of adaptive evolution
for development of novel non-GM yeast strains, and
highlights the complexity of adaptive responses to sulfite
selection.
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Introduction

Constantly facing new demands in an overcrowded market
place, the wine industry is involved in the ongoing develop-
ment of yeast strains with desirable and stable phenotypes. To
date the development of Saccharomyces cerevisiae strains for
wine fermentations has largely focused on aspects of
fermentation reliability including: the early initiation of
fermentation, improving stress tolerance, and increasing
fermentation efficiency (Pretorius 2000; Rainieri and
Pretorius 2000). However, the wine industry is also very
interested in the development of wine yeasts that generate
wines with improved organoleptic properties (Pretorius 2000).
Among other phenotypes, yeast strains with enhanced glycerol
production are in demand, as this metabolite is recognized as
having a favourable influence on wine by enhancing
sweetness, smoothness and overall body (Eustace and
Thornton 1987; Gawel et al. 2007; Noble and Bursick 1984).

There are several approaches available to achieve this
end, mostly involving genetic engineering techniques,
which can be implemented to divert yeast metabolism
towards increased glycerol production, which results in
decreased ethanol formation. One example is the over-
expression of GPDI and/or GPD2 genes, which encode
isozymes of glycerol 3-phosphate dehydrogenases (Gpdl/
2p) (Cambon et al. 2006; de Barros Lopes et al. 2000;
Eglinton et al. 2002; Michnick et al. 1997; Nevoigt and
Stahl 1996; Remize et al. 1999, 2001). Another genetically
modified (GM) modification that leads to enhanced
glycerol production is to decrease pyruvate decarboxylase
(Pdc) levels (Nevoigt and Stahl 1996), or to impair alcohol
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dehydrogenase (4ADH/Adh) expression/activity (Drewke et
al. 1990; Johansson and Sjostrom 1984).

While redirecting yeast metabolism towards increased
glycerol production using GM approaches is relatively easy
to achieve, the use of GM strains for winemaking in many
parts of the world is not permitted, and consumer acceptance
of GMOs remains a contentious issue (Grossmann et al.
2011). Thus, non-GMO approaches, such as adaptive
evolution, must be relied upon (Chambers et al. 2009).

Adaptive evolution involves applying culture conditions
that provide a selection pressure favouring the growth of
mutants in the evolving population that confer the trait of
interest. Thus, culturing populations in a specific selective
environment (e.g., medium containing a high ethanol
concentration as a selective pressure), will direct the
accumulation of adaptation(s) towards desired phenotype
(s) (e.g., enhanced ethanol tolerance) (Cakar et al. 2005;
Chambers et al. 2009; Zeyl 2005). There are a number of
examples illustrating the power of this approach, such as
the creation of yeast strains that can anaerobically utilize
xylose (Kuyper et al. 2005; Sonderegger and Sauer 2003),
yeast with enhanced maltose utilisation and osmotolerance
(Higgins et al. 2001), yeast with enhanced ethanol tolerance
(Brown and Oliver 1982; Stanley et al. 2010) and very
recently, wine yeast with improved fermentation rate,
enhanced production of volatile aroma compounds and
decreased formation of acetate (Cadiere et al. 2011).

Several selection pressures have the potential to stress yeast
cells and induce glycerol overproduction. The most common-
ly used are osmotic stress inducers (i.e., potassium chloride or
sodium chloride), alkalis such as sodium carbonate, and
sulfites, such as potassium sulfite or sodium sulfite. Previous
reports in the literature show that incubation of S. cerevisiae in
medium containing sodium chloride led to a 2.4-fold
increase in glycerol production (Petrovska et al. 1999), while
addition of sodium carbonate led to 4.6-fold increase
(Freeman and Donald 1957). Addition of sodium sulphite,
however, has the greatest potential to drive an increase in
glycerol production with reported increments of 12.7-fold
(Petrovska et al. 1999).

Sulfite addition to fermenting yeast cultures was used for
mass glycerol production in Germany during the First and
Second World Wars (Freeman and Donald 1957; Taherzadeh
et al. 2002). The mechanism underpinning sulfite-induced
glycerol overproduction involves a reaction between sulfite
and acetaldehyde, to produce a stable, non-toxic compound,
1-hydroxyethanesulfonate (Taylor et al. 1986). This reaction
is driven by SO5%", which is the predominant ionic form of
sulfite at alkaline pH. In yeast, binding of sulfite to
acetaldehyde significantly decreases the concentration of
the latter, consequently reducing its availability for ethanol
production and oxidation of NADH. This results in a
decrease in intracellular availability of NAD", which, in
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turn, impairs glycolysis. The cell partially restores glycolytic
flux by redirecting a portion of its carbon (as dihydroxyac-
etone phosphate) through the glycerol synthesis pathway,
which uses NADH as a cofactor, thus regenerating NAD".
Under such conditions, glycerol synthesis provides a
selection advantage by restoring the intracellular NAD'/
NADH balance.

In this study, we developed a proof of concept adaptive
evolution approach to generate new, genetically stable yeast
strains with enhanced glycerol production phenotypes. To
achieve this we used the laboratory strain of S. cerevisiae
BY4742, and sulfite at alkaline pH as a selection pressure.

Materials and methods
Adaptive evolution experiments

S. cerevisiae BY4742 haploid (MAT«x, his3AI, leu2A0,
lys2A0, ura3A0) was used throughout this study. All yeast
strains described in this paper are deposited in the Australian
Wine Research Institute Culture Collection, with the follow-
ing reference numbers: BY4742 (AWRI2535), B2-c3
(AWRI2536), BY4742(2n) (AWRI2537), B2-c3(2n)
(AWRI2538), BY4742-a x B2-c3-¢ (2n) (AWRI2539) and
BY4742- « x B2-c3-a (2n) (AWR2540). For adaptive
evolution experiments triplicate evolving populations of
BY4742 were established from three separate colonies,
randomly chosen from the same culture plate. These were
inoculated into YPD (yeast extract 10 g/l; peptone 20 g/l;
glucose 20 g/l) and grown overnight in a rotary shaker (140
rev/min) at 30 °C. These triplicate starter populations, B1,
B2 and B3, were used to inoculate founding populations,
FB1, FB2 and FB3, in selective medium containing sodium
sulfite. Selective medium YPD10S consisted of yeast extract
10 g/1, peptone 20 g/l, glucose 100 g/l and sodium sulfite
30 g/l, pH 8. Founding populations were inoculated at ODgq
0.1 in 100 ml of YPD10S and grown at 30 °C with shaking.
After approximately five generations (ODggo of 3.2) found-
ing populations were transferred into the same volume of
fresh YPD10S to an ODgoy 0.1 and grown as described
previously, giving rise to subsequent evolving populations
EBI1, EB2 and EB3. This serial transfer was repeated until
evolving populations reached approximately 300 genera-
tions. During the course of adaptive evolution samples of
evolving populations were taken every 50 generations,
frozen at —80 °C and stored for future characterization.

Characterization of isolates from evolving populations
and dissected tetrads

Isolates from evolving populations were characterized in
fermentation performed in 96-well microplates and shake
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flasks. Microplate cultures were inoculated at an initial
ODygo of 0.2, plates were sealed with Breathe-Easy® gas
permeable membranes (Diversified Biotech, U.S. Patent
No. 5,858,770) and incubated at 30 °C in a Therumo
Multiscan Ascent plate reader. Shake flasks were inoculated
at an initial ODgoo of 0.1 and incubated under: acrobic
conditions in flasks covered with aluminium foil that
allowed free gas exchange with the environment; semi-
aerobic conditions in flasks fitted with air-locks, which
ensure anaerobic conditions after oxygen in the headspace
is consumed; and in an anaerobic hood (Coy Laboratory
Products Inc.), for which media was de-oxygenated for 24 h
with agitation prior to inoculation. Inocula for anaerobic
cultures were grown overnight under semi-aerobic con-
ditions, de-oxygenated in the anaerobic pre-chamber of the
anaerobic hood, and subsequently inoculated, in the
anaerobic hood, into flasks containing anaerobic medium.
The medium used contained yeast extract 10 g/l, peptone
20 g/l and glucose 100 g/, at pH 4.5 (YPDI10) for
assessment of the ‘high glycerol’ phenotype of both isolates
and dissected tetrads, or pH 8 for assessment of sulfite
tolerance (YPD10S) of isolates; sulfite was added at
40 g/l to this latter medium as this concentration gave a
clear separation between tolerant and sensitive pheno-
types. Cultures were incubated at 30 °C with shaking
(140 rev/min). Samples were taken at regular intervals,
then centrifuged, and supernatants were kept for
fermentation products analysis. Final glycerol and
ethanol concentrations were obtained immediately after
glucose was depleted from the medium.

Analytical methods

Yeast growth was followed spectrophotometrically by absor-
bance at 600 nm. Dry cell weight (DCW) was determined by
drying and weighing 20 ml of yeast culture. A calibration
curve between ODgo and DCW was constructed for each
strain tested. Glucose, glycerol, ethanol and acetic acid levels
were determined using high-performance liquid chromatog-
raphy (HPLC) on a Bio-Rad HPX-87H column as described
previously (Nissen et al. 1997).

Molecular techniques

To ensure that changes in phenotype in adaptively evolving
populations were not due to contamination, samples were
tested by DNA fingerprinting, targeting Ty1 transposon (Ness
et al. 1993), and the mating type locus (Huxley et al. 1990).

GPDI overexpression was carried out by promoter
replacement using the method described by Storici and
Resnick (2006) with some modifications. Briefly, a cassette
containing a ClonNAT resistance gene, natMX, and GIN1I
(which, when expressed, is lethal to S.cerevisiae), behind

the GALI promoter. The cassette was PCR amplified from
plasmid pAG25-GINIi, transformed into yeast where it
was targeted to insert upstream of GPDI. In a counter-
selection step a PCR product containing the strong FBAI
promoter was inserted stably into the yeast chromosome
replacing the native GPDI/ promoter and removing the
counter-selectable cassette introduced in the first transfor-
mation step. All yeast transformations were conducted
using the lithium acetate/polyethylene glycol method
(Ausubel et al. 2007).

Mating, sporulation and dissection of tetrads

To enable mating type interconversions for backcrossing
and selfing, a functional HO gene was introduced into B2-
c3 and its parent on a plasmid essentially as described by
Burke et al. (2000). Mating of haploids was conducted on
YPD agar plates as described by Ausubel et al. (2007).
Colonies derived from these cells were tested for ploidy
using mating-type PCR (Huxley et al. 1990). Sporulation
was conducted on solid medium containing 2% (W/v)
potassium acetate and agar as described elsewhere (Iverson
1967). After 5 to 7 days, sporulation was confirmed by
microscopic examination. Spores were then dissected using
a micromanipulator essentially as described previously
(Burke et al. 2000).

Results

Adaptive evolution and isolation of high-glycerol
producing mutants

In order to generate non-GM yeast strains with enhanced
glycerol production phenotypes we applied an adaptive
evolution approach using sulfite at alkaline pH as the
selection pressure. Triplicate evolving populations derived
from S. cerevisiae BY4742 were grown under aerobic,
sulphite-selective conditions for 300 generations. After
about 150 generations, samples of all populations were
tested for glycerol production under non-selective semi-
aerobic conditions, and all were found to generate increased
glycerol yields compared to the parental strain, with a
further increase for EB2 after 200 generations (Fig. 1),
indicating different rates of evolution of the ‘high glycerol’
phenotype in the different populations. By 200 generations
all evolving populations were similar with respect to
glycerol production.

After every 50 generations, up to 300 generations, a
sample of each population was plated and five random
colonies from each were picked and tested for glycerol
production in non-selective, semi-aerobic conditions. Cul-
tures derived from these colonies produced a range of
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glycerol concentrations, some generating more, others
similar or less than the parental strain BY4742. Although
the highest glycerol concentration was observed for
population EB1 at 150 generations, the individual clone
that produced the highest glycerol concentration was found
in population EB2 after 300 generations. Colony B2-c3
produced 41% more glycerol concentration than the
parental strain, 3.7 and 2.6 g/l, respectively.

Tyl transposon PCR confirmed that all evolved pop-
ulations as well as individual variants had the same Tyl
transposon pattern as the parental strain BY4742 (data not
shown) and therefore were of the same parentage. After
growing in YPDI10 non-selective medium for 50 gener-
ations, mutant B2-c3 produced the same increased glycerol
yields as the original isolate, indicating that the high-
glycerol phenotype was a stable trait in this mutant.

Characterization of the high-glycerol producing mutant
B2-c3 in non-selective conditions

Adaptive evolution experiments were carried out in aerobic
conditions. To assess whether enhanced glycerol formation
was conserved by the mutant in an environment with
depleted oxygen, as in wine fermentations, we compared

Mumber of generations

glycerol production under aerobic and anaerobic conditions
(Table 1). Under aerobic conditions, B2-c3 produced
3.5 g/l glycerol, which was approximately 46% more than
the parent BY4742, which produced 2.4 g/l. Under
anaerobic conditions, B2-c3 produced 4.2 g/l of glycerol,
over 30% more than its anaerobically grown parent, which
produced 3.2 g/l of glycerol. Increased glycerol produc-
tion by B2-c3 was accompanied by a slight decrease in
ethanol formation; B2-c¢3 produced approximately 1.9%
less ethanol in both aerobic and anaerobic conditions.
Acetic acid production by B2-c3 decreased by 9.2% in
aerobic conditions, and increased by 11.5% in anaerobic
conditions. Overall glucose utilization rate and biomass
yield were significantly lower for B2-c3 compared to the
parental BY4742 in both aerobic and anaerobic condi-
tions. Calculated glycerol yields on glucose (YGry/gLus
expressed as g glycerol produced per g glucose consumed)
and on biomass (Ygry/pcw, expressed as g glycerol
produced per g DCW formed) were significantly higher
for B2-c3 in both conditions (Table 1). Assuming CO, is
produced in equimolar amounts to ethanol for BY4742
and B2-c3 grown under anaerobic conditions, the carbon
recoveries for BY4742 and B2-c3 in these experiments
were 98.3% and 99.3%, respectively.

Table 1 Characterisation of S.
cerevisiae BY4742 and mutant
B2-c3 grown in aerobic and
anaerobic conditions

Parental strain BY4742 Mutant B2-¢3

Fermentations were carried out

Aerobic Anaerobic Aerobic Anaerobic
Glycerol concentration (g/1) 2.4+0.1 3.2+0.1 3.5+0.1 4.2+0.1
Ethanol concentration (g/1) 46.1+0.1 47.6+0.1 45.2+0.1 46.5+0.4
Acetic acid concentration (g/1) 0.940.0 0.6+0.0 0.7 £0.0 0.7£0.0
Time for sugar consumption (h) 27+1.0 72+1.0 30+1.0 96+1.0
Cell number (10cells/ml) 23+0.5 8.1+0.4 20+0.6 6.2+0.1
DCW (g/1) 6.13+0.10 3.09+0.02 5.73+0.04 2.92+0.01
Ysrvioru (g glycerol/g glucose) 0.025+0.00 0.031+0.00 0.035+0.00 0.042+0.00
Ysrypew (g glycerol/g DCW) 0.402+0.01 1.020+0.02 0.617+0.01 1.423+0.04

in triplicate shake flasks
(YPD10), values are means+=SD
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Table 2 Glycerol production for strains with different ploidy

Strain Ploidy Glycerol concentration YoryiGLu YsLy/pew
[g/L] [g glycerol/g glucose] [g glycerol/g DCW]

BY4742 Haploid 2.7+0.1 0.026+0.00 0.439+0.00
BY4742 (2n) Homozygous diploid 2.4+0.1 0.023+0.00 0.536+0.01
B2-c3 Haploid 3.6+0.1 0.035+0.00 0.608+0.01
B2-¢3 (2n) Homozygous diploid 3.1+0.1 0.031+0.00 0.712+0.02
BY4742-a x B2-c3-a (2n) Heterozygous diploid 2.5+0.1 0.025+0.00 0.498+0.01
BY4742- x B2-c3-a (2n) Heterozygous diploid 2.5+0.1 0.025+0.00 0.493+0.02

Fermentations were carried out in semi-aerobic conditions in triplicate shake flasks (YPD10), values are means = SD

The high-glycerol phenotype is a recessive, multigenic trait,
which segregates independently from adaptively evolved
sulphite tolerance

To characterize the genetics of the high-glycerol phenotype,
B2-c3 was backcrossed to the parental strain BY4742. Two
heterozygous diploids derived from reciprocal crosses (‘a’ x
‘o’, and ‘o’ x ‘a’) and two homozygous diploids, one
produced by self-mating BY4742 and the other from self-
mating B2-c3, were tested for glycerol production in non-
selective medium under semi-anaerobic conditions (Table 2).
Both heterozygous diploids produced similar amounts of
glycerol to BY4742, which is consistent with the high-
glycerol phenotype being recessive; the homozygous dip-
loids of the parents used in the backcrosses gave only
slightly lower glycerol concentration than the haploids they
were derived from, indicating that ploidy is not a major

4.0

3.04

2.0+

Glycerol concentration (g/L)

1.04

0.0-

Ascus A Ascus B Ascus C Ascus D

BY4742
B2-c3

Fig. 2 Glycerol production in non-selective (YPD10) conditions for
parental BY4742 (black), B2-c3 (white), and spores from 10 asci
(gray); asci A—E were derived from heterozygous diploid BY4742-a x

Ascus E

determining factor for glycerol production in this genetic
background.

Two of the heterozygotes, BY4742-axB2-c3-a (2n) and
BY4742-axB2-c3-o¢ (2n), were sporulated and haploid
progeny tested for glycerol yields. Segregation of glycerol
yields for ten tetrads, five derived from each heterozygote,
did not follow any obvious pattern (Fig. 2). Some tetrads
generated single, high-glycerol yielding spores whereas
others were of intermediate phenotype; phenotypic ratios
were highly variable. This indicates that the ‘high-glycerol’
phenotype is probably multigenic.

Samples of the three evolving populations showed
similar growth kinetics to each other and significantly
higher growth rates than the starting populations and
BY4742 when grown in fresh medium containing 30 g/
1 sulfite at pH 4.5 (data not shown). To characterize sulfite
tolerance in B2-c3, a heterozygote, BY4742 x B2-c3, was

Ascus F Ascus G Ascus H Ascus | Ascus J

B2-c3-a¢ (2n), asci F-J were derived from heterozygous diploid
BY4742-« x B2-c3-a (2n)
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Fig. 3 Sulfite tolerance under —e—BY4742 (2n)
selective conditions (YPD10S).
Diploid BY4742(2n) (black 1.20 4
circles), diploid B2-c¢3(2n)
(black squares), heterozygous
diploid BY4742-axB2-c3-« (2n)

(white triangles)

1.50 ¢
—8—B2-c3(2n)

0.90 4

0.60

0D (600 nm)

0.30 4

0.15

——BY4742 xB2-c3 (2n)

grown under aerobic conditions, in selective medium
containing sulfite at pH 8.0 (Fig. 3). The heterozygote
displayed a level of sulfite tolerance that was between that
of homozygous diploid BY4742(2n) and homozygous
diploid B2-c3(2n), indicating incomplete dominance for
this trait.

To determine whether or not increased glycerol produc-
tion in variant B2-c3 was associated with increased sulfite
tolerance, parent BY4742, B2-c3, and four haploid segre-
gants, H1-H4, derived from a heterozygous diploid
BY4742-axB2-c3-a (2n), were tested for growth and
glycerol yields in non-selective (Fig. 4a), as well as
selective, aerobic conditions (Fig. 4b).

Clearly, the ‘high glycerol’ phenotype is not wholly
associated with sulfite tolerance and vice versa: in non-
selective conditions, spore H3 produces high glycerol
yields but is not particularly sulfite tolerant, whereas H2
and H4 produce similar levels of glycerol to BY4742 but
have a high level of sulfite tolerance (Fig. 4a). In selective
conditions (medium containing sulfite at pH 8.0), glycerol
yields generally reflected growth rates (Fig. 4b), and by the
end of fermentation the four spores had produced similar
levels of glycerol to each other (ranging from 22. to 22.6 g/l),
but this was more than BY4742 (18.9 g/l) and less than B2-c3
(24.1 g/l) (Fig. 4b).

Sulfite tolerance is not associated with glycerol
overproduction in an engineered strain
overexpressing GPD1

To test whether sulfite tolerance could be engineered into
yeast simply by increasing glycerol production, S.cerevi-
siae BY4742 was GM to overexpress the glycerol-3-
phosphate dehydrogenase gene, GPDI. Compared to its
parent, BY4742 FBA-GPDI produced 3.5 times more
glycerol (8.2 g/l) in non-selective, aerobic conditions.
However it showed no significant increase in sulfite
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tolerance (Fig. 5). These results suggest that simply
boosting glycerol production does not confer increased
sulfite tolerance.

Discussion

A stable mutant yeast strain, B2-c3, with an enhanced
glycerol production phenotype was generated using a non-
GM, adaptive evolution strategy, which employed sodium
sulfite at pH 8.0 as the selection pressure. When grown
aerobically in YPD medium, B2-c3 produced up to 46%
more glycerol than its parent, BY4742. Under anaerobic
conditions the difference was more modest, but was still about
30% more than the parental strain. An additional potential
beneficial feature of B2-c3 is that it produced slightly less
ethanol than BY4742; although the drop in ethanol production
was minor, these results suggest that the adaptive evolution
strategy used here might, with some modifications, be useful
for the generation of non-GM, low-ethanol producing yeast
strains, for which there is increasing demand in the wine
industry (Kutyna et al. 2010).

When applying adaptive evolution strategies to generate
new microbial strains with desirable traits, it is unlikely that
the selection pressure used, particularly when applied over
many generations, will impact solely on the phenotype of
interest. In the case of using sulfite as the agent of selection
one would predict, for example, that mechanisms of sulfite
resistance, other than that associated with increased

Fig. 4 Yeast growth and glycerol yields in non-selective (YPD10)p>
and selective (YPD10S) conditions. Yeast growth for parental
BY4742 (black circles), variant B2-c3 (black squares), and segregants
H1 (white circles), H2 (white squares), H3 (white diamonds), H4
(white triangles) grown in non-selective conditions (a) and selective
conditions (b). Bar plots show glycerol yields for the indicated time
points, BY4742 (black), mutant B2-c3 (white), and segregates H1-H4
(gray scale)
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Fig. 5 Yeast growth under —e—BY4742
sulfite stress (YPD10S). Parental 500 1 g m

BY4742 (black circles), variant
B2-c3 (black squares), and
BY4742 FBA-GPDI1 (white
triangles)

—r—BY4742 FBA-GPD1

QD (600 nm)
(=]
w
o

0.05 4

glycerol production, would come into play. It is known, for
example, that sulfite resistance in S. cerevisiae is affected by
mutations of the sulfite transporter gene SSU! (Avram and
Bakalinsky 1997; Goto-Yamamoto et al. 1998; Park and
Bakalinsky 2000) and a transcription factor that regulates
its expression FZF[-4 (Park and Bakalinsky 2000). Indeed,
genetics experiments following segregation of sulfite
tolerance and the ‘high-glycerol’ phenotypes, showed that
these traits do not co-segregate in B2-c3; in fact, we
isolated a spore, H3, that retained the high glycerol
phenotype with very little sulfite tolerance, and spore H2,
which had almost lost the ‘high-glycerol’ phenotype but
retained sulfite tolerance.

On the face of it, the above results are somewhat
puzzling: sulfite was used as the agent of selection to
generate a ‘high-glycerol’ mutant. The strategy was
successful, but interestingly, the mutant generated did not
require the ‘high-glycerol’ phenotype for tolerance to
sulfite. However, it should be remembered that this
phenotype was assessed under non-selective conditions.
When assessed in the presence of sulfite at high pH, by the
end of fermentation all four spores (H1-H4) produced
higher levels of glycerol than BY4742, but less than B2-c3.
This data is also indicative of a multigenic trait.

Another factor to take into account is that sodium sulfite
has osmotic potential and therefore will generate a level of
osmotic stress which, in S. cerevisiae, would be expected to
induce glycerol production (Hohmann 2002) and potential-
ly select for high glycerol-producing mutants. However,
Petrovska et al. (1999) compared the impacts of 40 g/l NaCl
(pH 7.0) with 40 g/l sodium sulfite (pH 7.0) in S. cerevisiae
and found that the latter was much more effective at
inducing glycerol production, and this was associated with
acetaldehyde being ‘consumed’ by sulfite. The authors
concluded that it was sulfite’s ability to bind acetaldehyde,
thereby driving increased glycerol production to maintain
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redox balance, that was responsible for its high glycerol-
inducing potential, rather than glycerol’s role as a compat-
ible solute. Nonetheless, this does not exclude possibility
that the high glycerol phenotype of B2-c3 was, at least in
part, an adaptation to osmotic stress.

To further test the relationship between glycerol produc-
tion and sulfite tolerance, BY4742 was GM to overexpress
GPD]. The resultant strain, BY4742 FBA-GPD1, produced
3.5 times more glycerol than BY4742, but did not have an
increased tolerance to sulfite; in fact, this strain grew less
well in sulfite containing medium than its non-engineered
parent. Thus, increased glycerol production on its own is
not sufficient to render a strain sulfite-tolerant.

Nonetheless, when grown in the presence of sulfite at
high pH, relative to BY4742, the four spores (H1-H4)
generated from backcrossed B2-¢3 produced increased
levels of glycerol, and all four had some level of increased
tolerance to sulfite. Thus, there is perhaps some link
between sulfite tolerance and glycerol production. The
huge increase in production of glycerol under non-selective
conditions might be regarded as a fortuitous outcome.

In an attempt to identify mutations that confer the high-
glycerol and sulfite tolerance phenotypes, the most likely
candidate genes in B2-c3 and BY4742 were sequenced and
compared. These candidates included: alcohol dehydroge-
nase genes, mutations in which have been shown to have a
negative impact on ethanol production, leading to increased
glycerol production (Drewke et al. 1990; Johansson and
Sjostrom 1984); pyruvate decarboxylase genes PDCI,
PDC5 and PDC6 (Geertman et al. 2006), and the
transcription factor gene PDC2 (Nevoigt and Stahl 1996),
mutations in which have been shown, to be associated with
enhanced glycerol production; the triose phosphate isomer-
ise gene, TPII, which, when disrupted (Compagno et al.
1996), led to a substantial increase in glycerol production;
glycerol-3-phosphate dehydrogenase genes, GPDI and
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GPD2, which, when overexpressed, generated increased
glycerol production (de Barros Lopes et al. 2000; Eglinton et
al. 2002; Nevoigt and Stahl 1996). In addition to the above,
we also sequenced two genes that are known to impact on
sulfite tolerance: SSU! and its transcription factor, FZF1-4
(Avram and Bakalinsky 1997; Park and Bakalinsky 2000).

Sequence data for all of the above candidate genes
including 350 bp upstream and 200 bp downstream of
the ORF uncovered no mutations. Thus, the ‘high-
glycerol’ and sulfite tolerance phenotypes of B2-c3
cannot be explained by simple nucleotide variations in
these genes. However, it is possible that other mutations
affecting, for example, gene copy number or mutations
in transcription factor genes that regulate expression of
the sequenced genes, might confer the observed pheno-
types. Further work will be required to identify the
genetic determinants of these traits.

In general, our work introduces a novel, non-GMO
strategy, which in our view has the potential to increase
glycerol production in wine yeast strains. It is important to
recognize, however, this is still at the proof-of-concept
stage. Further work is required to evaluate its usefulness for
the development of commercial wine yeast.
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