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Abstract

Background: Yeast viability and vitality are essential for different industrial processes where the yeast
Saccharomyces cerevisiae is used as a biotechnological tool. Therefore, the decline of yeast biological functions
during aging may compromise their successful biotechnological use. Life span is controlled by a variety of
molecular mechanisms, many of which are connected to stress tolerance and genomic stability, although the
metabolic status of a cell has proven a main factor affecting its longevity. Acetic acid and ethanol accumulation
shorten chronological life span (CLS), while glycerol extends it.

Results: Different age-related gene classes have been modified by deletion or overexpression to test their role in
longevity and metabolism. Overexpression of histone deacetylase SIR2 extends CLS and reduces acetate
production, while overexpression of SIR2 homolog HST3 shortens CLS, increases the ethanol level, and reduces
acetic acid production. HST3 overexpression also enhances ethanol tolerance. Increasing tolerance to oxidative
stress by superoxide dismutase SOD2 overexpression has only a moderate positive effect on CLS. CLS during grape
juice fermentation has also been studied for mutants on several mRNA binding proteins that are regulators of
gene expression at the posttranscriptional level; we found that NGR1 and UTH4 deletions decrease CLS, while PUF3
and PUB1 deletions increase it. Besides, the pub1Δ mutation increases glycerol production and blocks stress
granule formation during grape juice fermentation. Surprisingly, factors relating to apoptosis, such as caspase Yca1
or apoptosis-inducing factor Aif1, play a positive role in yeast longevity during winemaking as their deletions
shorten CLS.

Conclusions: Manipulation of regulators of gene expression at both transcriptional (i.e., sirtuins) and
posttranscriptional (i.e., mRNA binding protein Pub1) levels allows to modulate yeast life span during its
biotechnological use. Due to links between aging and metabolism, it also influences the production profile of
metabolites of industrial relevance.
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Background
Biological aging, or senescence, is defined as the degra-
dation of the biological function that accompanies the
passage of time [1], and it is a process that affects cells,
individuals and populations. Therefore, the performance
of microorganisms during their biotechnological use can
be affected by the life span of the members of a popula-
tion for a given condition. For instance, baker’s yeast
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Saccharomyces cerevisiae has two aging models [2].
Replicative life span (RLS) is the number of daughter
cells produced by a mother cell before senescence, which
can be easily visualized due to the asymmetric nature of
S. cerevisiae cell divisions. This fixed amount of cell
divisions becomes relevant when there is continuous
growth, for instance during biomass propagation, beer
production [3] or sugar cane fermentation to obtain
biofuel [4], where the yeast biomass produced at the end
of the processes is re-used to inoculate new fermenta-
tions. Chronological life span (CLS) is defined by how
long a yeast cell can survive in a non dividing,
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quiescence-like state. This aging model is more relevant
when fermentation is carried out mostly by non dividing
cells, which is the case of grape juice fermentation in
winemaking [5]. Modern winemaking practices include
inoculation of grape juice with starter cultures in the
form of active dry yeasts. Under these conditions, the
yeast growth phase implies only 4-6 cycles of cell di-
vision, far from the 20 divisions of the mean maximal
RLS of natural isolates [6]. Therefore RLS is not a limi-
ting factor for yeast performance, unlike viability in the
stationary phase which is 3-4 times longer than the
growth phase under winemaking conditions [5]. “Sur
lies” aging refers to aging wine on yeast lees (death cells).
During this period, cells undergo autolysis by releasing
enzymes that change the wine composition to generate
desirable organoleptic properties [7]. Release of intracel-
lular components after cell death and lysis may also
influence the growth of microorganisms, and they may
be positive for winemaking, such as lactic acid bacteria
involved in malolactic fermentation [8], or negative; e.g.,
growth of spoiling microorganisms, such as other yeasts
or acetic bacteria. The environmental factors involved in
CLS during winemaking have been studied in our
laboratory, and it is clear that the high concentration of
two-carbon metabolites produced by yeast metabolism,
such as ethanol, acetic acid and acetaldehyde, are key
factors for longevity [9].
The traditional biochemical way of describing senes-

cence has been the free radical theory of aging, estab-
lished in 1956 [10]. Relevance of the oxygen reactive
species generated by metabolism or by exogenous oxi-
dants on life span has been described in many orga-
nisms, including yeast [11]. In a previous work, we
demonstrated that tolerance to oxidative stress corre-
lates to CLS in wine yeasts [12]. However, there is an
increasing challenge for this conventional conception of
aging, and many authors interpret oxidative damage as a
consequence, and not a cause, of aging [13].
In any case, it is clear that aging is a complex process

involving a variety of molecular mechanisms, many of
which have been discovered in yeast [2]. The first
screening for yeast mutants with increased RLS identi-
fied four genes known as UTH1-4 [14]. One of them,
UTH4, codes for an RNA binding protein related to the
re-localization of another aging protein, Uth2, from the
telomere to the nucleolus [15]. Uth2 happens to be Sir4,
a member of a complex ligated to genomic stability in
which sirtuin Sir2 plays an important role. Sirtuins are
NAD+-dependent histone deacetylases [16]. There are
five yeast sirtuins, Sir2 (which gives its name to the
family) and Hst1-4. Sir2 has been defined as an RLS
extending factor given its role in heterochromatin for-
mation, therefore promoting genome stability. The silen-
cing of sub-telomeric regions by the action of Sir2 seems
to be a key factor in replicative life span [17]. However,
the role of Sir2 in CLS seems to be the opposite as Sir2
blocks CLS by repressing the activity of alcohol dehydro-
genase 2, therefore increasing the ethanol concentration
in the stationary phase, which acts a pro-aging factor
[18]. It has been reported that direct acetylation/deacety-
lation is a posttranslational form of metabolic regulation.
In yeast, the regulation of the gluconeogenic Pck1 en-
zyme by Sir2 has been fully described [19]. The fact that
this family of deacetylases consumes a NAD+ molecule
in their enzymatic reaction makes them act as metabolic
sensors, and global analyses suggest that Sir2 controls a
complex metabolic network [20]. In addition to ethanol,
two other metabolites produced during fermentation
have been linked to CLS under laboratory conditions.
Acidification by acetic acid production is a very impor-
tant cause of aging in laboratory conditions [21,22],
while glycerol accumulation extends longevity [23].
A consensus has been reached that low food intake

without malnutrition, i.e. dietary restriction (DR), is the
only intervention that extends life span from yeast to
mammals [24]. Sir2 has been described as a key factor in
extending RLS by glucose restriction [25]. However, this
hypothesis has been recently challenged and it is now
the center of bitter controversy [26]. Moreover, the role
of Sir2 overexpression in aging in flies and worms has
proved not to be as strong as previously assumed [27].
Previously, we proved that sirtuin deletion in wine yeasts
affects CLS, often in a growth medium-dependent way
[28]. For instance, Sir2 deletion extends CLS under la-
boratory conditions, but shortens it during grape juice
fermentation. Besides, sirtuin deletion affects metabolite
production during winemaking as sir2Δ mutants pro-
duce more ethanol and less acetic acid, while hst3Δ has
the opposite effect. Therefore, sirtuin manipulation can
be envisaged as an efficient way to control metabolism.
Yeast death during chronological aging under labora-

tory conditions has been related to similar features to
programmed cell death or apoptosis in higher organ-
isms [29]. The benefits of apoptosis on single cell micro-
organisms have to be considered in the population
survival context. The “altruistic aging” concept suggests
that some cells may die and then nutrients to the rest of
the colony are released. In this kind of aging, the oxida-
tive stress caused by the superoxide anion is important,
while the action of superoxide dismutases, like Sod2,
blocks its action [30]. Many molecular components in
apoptotic machinery are present in S. cerevisiae, such as
caspase Yca1 and mitochondrial apoptosis-inducing fac-
tor Aif1 [31].
Our aim in this work was to manipulate a variety of

genetic determinants of cell aging in order to study their
influence on cell viability during grape juice fermenta-
tion and their impact on metabolism under this
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condition. The overexpressions of sirtuins SIR2 and
HST3 prove to be an efficient tool to manipulate longe-
vity and metabolite production. Increasing doses of
HST3 produce more ethanol and less acetic acid, while
the overexpression of SIR2 extends longevity. Manipula-
tion of the oxidative stress machinery represented by the
gene coding for superoxide dismutase 2 has only a mo-
derate impact on life span, while deletion of apoptosis
factors unexpectedly shortened CLS. We studied the role
of several mRNA binding proteins as potential posttran-
scriptional regulators, and identified PUB1 as the gene
whose deletion increases both CLS and glycerol produc-
tion under winemaking conditions. Therefore, life span
is closely linked to metabolism during grape juice
fermentation by wine yeasts.

Results and discussion
Modulation of life span by the overexpression of sirtuin
genes
In order to test the impact of sirtuin overexpression
under winemaking conditions, the SIR2 gene was
expressed under the control of two heterologous promo-
ters following the promoter-replacement strategy deve-
loped in our laboratory [32]. Two promoters with
different expression profiles during grape juice fermenta-
tion [33] were chosen. SPI1 is a stationary phase specific
gene that has been described to be induced at late fer-
mentation stages [33,34]. MET17 is a gene involved in
methionine biosynthesis which is activated during the
first days of fermentation [33]. Overexpression was per-
formed in wine yeast strain L2056, a diploid for the SIR2
gene [28], by promoter replacement on one of its two
copies. Transformants were used to perform natural
grape juice fermentation, and yeast proteins were
extracted 1 or 5 days after inoculation for Sir2 detection
by using a specific antibody (Figure 1A). On day 1, the
SPI1 promoter was repressed if compared to the parental
strain, but the MET17 promoter caused a higher SIR2
expression, as expected. On day 5, when cells have
entered stationary phase (see Figure 1B) and less than
one fourth of initial sugars were present, SPI1 led to a
higher Sir2 expression than in the wild-type strain, as
expected. Unexpectedly however, MET17 also accom-
plished this, indicating that, under our conditions, either
this gene showed a high expression throughout fermen-
tation or high levels of the Sir2 protein accumulated at
the beginning of fermentation to remain stable for a long
time. In any case, the overexpression strategy via pro-
moter replacement rendered the expected result of in-
creasing Sir2 levels. Hence, it is a successful way of
increasing the dose of selected proteins during grape
juice fermentation on wine yeast.
Next we analyzed the evolution of natural grape juice

fermentation carried out by the constructed strains
(Figure 1B). Growth and death were monitored by
counting the viable cells able to form a colony when pla-
ted in rich medium and expressed as cfu (colony for-
ming units) per mL. Fermentation progress was followed
by measuring the amount of remaining sugars. All the
manipulated strains were able to finish fermentation and
to consume all the sugars in a similar time. Therefore,
their fermentative capacity was not challenged. SIR2
overexpression under the SPI1 promoter did not inter-
fere with growth (which was slightly faster than for the
wild-type strain). Cells reached a similar final density,
but viability remained higher than the parental strain
after sugar depletion. If maximal cell viability (in this
case, day 8 for the wild-type strain) was taken as 100%
survival, a plot showing the death profile was obtained
(Figure 1C). In this case, it can be clearly seen that the
overexpression of SIR2 extended CLS under winemaking
conditions, which is the exact opposite effect to that
produced by SIR2 deletion [28]. The SIR2 expression
under the MET17 promoter slightly reduced final cell
density (Figure 1B), but also extended CLS (Figure 1C).
This result indicates that Sir2 plays a positive role on
CLS under winemaking conditions, which is the equiva-
lent to the positive role on RLS under laboratory condi-
tions [35]. Therefore, despite the controversial role in
aging of the Sir2 overexpression in animal models [27],
it plays a role in longevity in S. cerevisiae as similar
results have been obtained in different genetic back-
grounds and experimental conditions.
We performed the same overexpression strategy on

another member of the sirtuin family, HST3, whose dele-
tion had the opposite effect to SIR2 deletion in CLS and
ethanol production [28]. Its deletion led to an increase
in CLS and a slightly smaller amount of ethanol. The
survival curve (similar to that described in Figure 1C)
under fermentation conditions showed that the over-
expression of HST3 with both promoters leads to a
slightly shortened CLS (Figure 1D), the opposite effect
to that observed for the SIR2 overexpression, and is also
the reverse effect to that induced by HST3 deletion.
Fermentation capacity did not alter (data not shown);
therefore, wine yeast chronological longevity under
winemaking conditions can be modulated by the
deletion or overexpression of different sirtuin family
members.
Next we overexpressed the gene coding for acetyl-

transferase Gcn5 under the control of the MET17
promoter, as it gives high expression through all fermen-
tation (see Figure 1A). GCN5 deletion caused CLS to
extend [28] and, unexpectedly, its up-regulation also
extended maximal life span (Figure 1E). As Gcn5 acts
with a variety of multiprotein complexes, such as SAGA,
SLIK or SALSA [36], its overexpression may alter the
amount or proportion of these complexes, thus
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Figure 1 Sirtuin gene overexpression modulates life span under winemaking conditions. A) Western blot showing Sir2 levels on days 1
and 5 of natural grape juice fermentation. Wild-type commercial strain L2056 and its derivatives with SIR2 under the control of promoters SPI1
and MET17 are included. B) Natural grape juice fermentations of the SIR2-overexpressing strains described in Panel A. Cell viability over time was
measured as cfu/mL and fermentation evolution was followed by measuring sugar consumption. C) Survival curve of the SIR2-overexpressing
strains under winemaking conditions. Cell viability on day 8 of Panel B was taken as 100% survival. The survival curves of the HST3- (D) and GCN5-
(E) overexpressing strains. Other conditions as in Panel C. Experiments were done in triplicate and the mean and standard deviation are provided.
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producing this unexpected impact on longevity as they
regulate multiple targets.

HST3 overexpression increases ethanol production and
tolerance
Our next objective was to test the effect of these overex-
pressions on metabolite production at the end of grape
juice fermentation (Figure 2). As mentioned earlier, none
of these manipulations altered the ability to fully
consume sugars under winemaking conditions. We
measured three essential metabolites for wine organolep-
tic properties: ethanol, acetic acid and glycerol. Regar-
ding ethanol production (Figure 2A), only HST3
overexpression under the MET17 promoter significantly
increased ethanol production. When the HST3 overex-
pression was prompted by the SPI1 promoter, it led to a
slight, but not significant, increase in final ethanol pro-
duction. This result matches the fact that HST3 deletion
reduces ethanol production [28], possibly indicating that
ethanol accumulation causes premature aging in these
strains (Figure 1C). However, SIR2 manipulations had no
impact on ethanol production, despite the role of the
corresponding deletion on ethanol metabolism [28]. To
test if the increase of ethanol production in HST3-over-
expressing strains altered biomass production, we mea-
sured the dry biomass after completion of fermentation



Figure 2 HST3 overexpression reduces acetic acid production and enhances ethanol tolerance. Ethanol (A), acetic acid (B) and glycerol
(C) production at the end of fermentation for the overexpressing strains described in Figure 1 in relation to the concentration of each metabolite
produced by the parental L2056 strain. D) Survival after the incubation of stationary cultures on YPD at 10% ethanol for 1 hour. Cells were
diluted, plated on YPD plates and counted before and after stress application. Experiments were done in triplicate and the mean and standard
deviation are provided. *p<0.05, **p<0.01, ***p<0.005, unpaired t-test, two-tailed.
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carried out in synthetic grape juice MS300 (to minimize
the effect of solids present in natural grape juice). Both
overexpressing strains had a decreased biomass produc-
tion (Additional file 1: Figure S1A). Ethanol is also
increased in this medium, particularly for the SPI1
promoter-driven HST3 mutant (Additional file 1: Figure
S1B). Therefore HST3 activity cause a shift of carbon
from biomass production to ethanol production.
Acetic acid production was also affected, as expected,

by HST3 overexpression (Figure 2B). HST3 deletion
increased acetic acid production [28], and its overex-
pression brought about a lower final concentration
(although it was significant only in the strain with the
SPI1 promoter-driven HST3). A lower acetic acid level
did not correlate with the shortened longevity of those
strains. Therefore, acetic acid is not the main cause of
CLS under winemaking conditions. SIR2 deletion has
been described to cause low acetic acid production, and
its overexpression by the MET17 promoter surprisingly
led to a similar phenotype (Figure 2B). It is also striking
that GCN5 overexpression caused no major impact on
acetic acid production, (only a slight increase was seen),
while its deletion notably increased acetic acid produc-
tion under several growth conditions [28]. Likely, the
multiple targets of those proteins may explain the com-
plex metabolite profile produced by their overexpression,
that do not always have the opposite output than their
deletion.
As regards glycerol production (Figure 2C), lack of

effects contrasts with the increased glycerol production
observed in the gcn5Δ strain [28]. In fact, none of these
genetic alterations was able to significantly change the
amount of this relevant metabolite. It is also worth men-
tioning that none of these genetic manipulations alter
acetaldehyde production (data not shown). Therefore
the impact of acetylation/deacetylation machinery in
metabolite production is complex and difficult to pre-
dict, but can highlight interesting strategies to change
the metabolic profile of wine, as the case of HST3 over-
expression proves. Although we do not yet have a
molecular explanation for the role of Hst3 in metabolic
regulation, the combined deletion of HST3 and its
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homolog HST4 in laboratory strains prevents growth on
acetate and propionate as a sole carbon source [37],
suggesting that yeast sirtuins may act as human or
Salmonella sirtuins to modulate the action of acetyl-
CoA synthetase (Acs). However, there is no evidence of
a reversible acetylation involved in Acs regulation, and
we detected no change in Acs activity in the hst3Δ or
hst4Δ mutants [28], so the implication of sirtuins in this
regulation may be redundant.
Changes in ethanol production may affect yeast cells’

ability to deal with toxicity caused by an accumulation of
this metabolite, the main stress condition at the end of
wine fermentation. Deletion of sirtuins, including HST3,
had no impact on ethanol tolerance (Figure 2D and data
not shown), but HST3 overexpression not only increased
ethanol production (Figure 2A), but also enhanced tole-
rance to it (Figure 2D). Despite increased tolerance, HST3
overexpression shortened CLS (Figure 1D); therefore, an
increase in ethanol may be detrimental for CLS, even for
these stress-resistance strains. HST3 transcription was
induced by cocoa polyphenols and proved necessary for
the protection that these polyphenols offer against oxida-
tive stress [38]. Therefore, sirtuin manipulation could
allow to modulate stress tolerance in yeast under natural
conditions.

Superoxide dismutase SOD2 overexpression has a limited
impact on life span during winemaking
According to the free radical theory of aging, the induction
of anti-oxidant enzymes should contribute to extend life
span. One of these enzymes is mitochondrial superoxide
dismutase Sod2, which performs an important task in CLS
under laboratory conditions [39]. To test the impact of
improving oxidative stress tolerance at the stationary phase
Da
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may control many different processes at the posttran-
scriptional level. Uth4/Puf5 was one of the first age-
related genes to be described [15]. In a global analysis of
CLS, Puf3 (an Uth4 homolog) and Pub1 were two RNA
binding proteins whose deletion increased life span [41].
Ngr1 was another RNA binding protein seen to be
required for stationary phase survival [42]. We deleted
all four genes in haploid wine strain C9 [43]. First, we
tested the effect of the deletions on CLS under standard
laboratory conditions in SC medium (Figure 4A). NGR1
mutation brought about a sharp drop in viability, indi-
cating its positive role in CLS in wine yeast. Uth4, which
is required for replicative life span under laboratory
strains, was also required to achieve full CLS in wine
yeasts. In accordance with what happened in laboratory
strains, the PUB1 deletion extended CLS. However, the
PUF3 deletion, that in some experiments extends CLS
[41] and in other does not affect it [44], unexpectedly
shortened it (Figure 4A). That suggest an influence of
genetic background on Puf3 function. Puf3 controls the
levels of the mRNAs coding for mitochondrial proteins,
Figure 4 Deletion of mRNA binding proteins alters lifespan under dif
yeast C9. A) The CLS experiments in laboratory medium SC. Viability after t
taken, diluted, plated and counted over time. B) The CLS plots during the g
as in Figure 1C. Production of ethanol (C), acetic acid (D) and glycerol (E) in
triplicate and the mean and standard deviation are provided. *p<0.05, **p<
suggesting that mitochondria may act in S. cerevisiae
laboratory and wine strains in different ways.
The same strains were used to conduct fermentations

on natural red grape juice. All the mutants completed
fermentation successfully (Additional file 2: Figure S2A).
The death profile at the end of fermentation (as seen in
Figure 1B) is shown in Figure 4B. Consistently with the
results obtained in the laboratory medium, NGR1 and
UTH4 deletions shortened CLS, while deletion PUB1
slightly prolonged it. However, the effect of PUF3 dele-
tion changed depending on the medium as its deletion
lengthened CLS in grape juice (Figure 4B), which is the
opposite effect seen in SC medium, but the same effect
described for laboratory strains [41]. Due to the role of
Puf3 in mitochondrial function regulation, the low oxy-
gen level during grape juice fermentation must impose
different conditions to mitochondria than the growth in
low glucose in laboratory media, where respiration is
necessary for longevity. Metabolites were monitored at
the end of fermentation (Figures 4C, D, E). Ethanol pro-
duction did not change significantly (Figure 4C), but the
ferent growth conditions. Genes were deleted from haploid wine
hree days in SC is taken as 100% survival. Aliquots of each culture were
rape juice fermentation of the same deletion strains. Other conditions
the vinifications described in Panel (B). Experiments were done in
0.01, unpaired t-test, two-tailed.
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PUB1 deletion increased glycerol (Figure 4D) and acetic
acid (Figure 4E). Pub1 binds the mRNA of glycerol
3-phosphate dehydrogenase GPD2 [45], which could
contribute to this increased production.
As the PUB1 deletion extended longevity in a variety

of growth media and it increased the levels of glycerol, a
metabolite with a positive impact on wine properties, we
performed the deletion of the two copies of PUB1
present in industrial wine strain EC1118, a widely used
commercial strain with a relatively short CLS if
compared to other strains [12]. The null pub1Δ mutant
was able to complete natural grape juice fermentation
(Figure 5A), although the sugar consumption rate was
slightly slower at later fermentation stages. Cell growth
was normal and life span extended once sugars had been
exhausted in the deletion mutant, as it happened in the
previous experiments. Metabolite production at the end
of this fermentation was measured (Figures 5B,C,D).
Ethanol and acetic acid production were mildly lower in
the mutant strain, but in this case, the drop in acetic
acid was not significant (Figure 5C), unlike what hap-
pened in the C9 strain. Therefore, genetic background
influenced the output of this mutation. However, gly-
cerol production was significantly higher in the strain
carrying the PUB1 deletion (Figure 5D), as was the case
Figure 5 The PUB1 deletion increases glycerol production and extend
the PUB1 deletion strain and its parental strain L2056. Cell viability over tim
by measuring sugar consumption. Ethanol (B), acetic acid (C) and glycerol
were done in triplicate and the mean and standard deviation are provided
in the C9 background, indicating that Pub1 plays a rele-
vant role in glycerol production, and that its manipula-
tion is an efficient strategy to increase the concentration
of this valuable metabolite.
Pub1 and Ngr1 take part in cytoplasmic aggregates

known as stress granules (SG) during glucose starvation
and other stress conditions [46]. SG contain mRNA and
translation factors, such as the poly(A) binding protein
Pab1. In fact, the PUB1 deletion blocks the formation of
such SG in glucose starvation [47], but not in the presence
of translation inhibitor sodium azide [48]. However NGR1
deletion has no effect in SG formation [47]. We tagged
with GFP the SG specific protein Pab1 in wine yeast
EC1118 and its pub1Δ derivative, and SG formation was
followed during grape juice fermentation (Figure 6A).
Pab1 has a uniform cytosolic distribution during the first
days of fermentation, and SG do not appear in the wild
type strain up to day four, when cells reached stationary
phase and growth ceased (see Figure 5A). In this condi-
tions, SG are not formed in the mutant strain (Figure 6A).
At day 7, when fermentation is finished, SG are bigger in
the wild type strain, but in the pub1Δ strain they are
absent or very faint. Therefore, stress granules are formed
in the late phases of winemaking, and their formation
depends on Pub1. Next we observed SG formation in the
s CLS during winemaking. A) Natural grape juice fermentations of
e was measured as cfu/mL and fermentation evolution was followed
(D) production of the fermentation described in Panel A. Experiments
. **p<0.01, unpaired t-test, two-tailed.



Figure 6 Pub1 is necessary for stress granule (SG) formation and regulates Sir2 expression during grape juice fermentation. A) SG
formation during grape juice fermentation. A Pab1-GFP fusion was inserted in the EC1118 wild type strain and its pub1Δ derivative and its
fluorescence was observed at days 1, 4 and 7 of grape juice fermentation. B) SG formation at stationary phase in SC medium. The same strains
were grown for three days in SC, the reference point for CLS experiments in laboratory conditions. C) Northern blot analysis of the SIR2 mRNA
levels during grape juice fermentation for the EC1118 strain and its pub1Δ derivative. rRNA is used as the loading control. D) Western blot of Sir2
protein in the same conditions of section C). Coomassie blue staining was used as the loading control.
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laboratory medium SC where CLS experiments are per-
formed. In stationary phase after three days in this
medium (that correspond to day 0 in Figure 4A), stress
granules are formed (Figure 6B), although they tend to be
fewer (many times there is only one per cell) than the ones
observed in grape juice fermentation. PUB1 deletion cause
also SG disruption in this condition. Therefore, stress
granule formation is not necessary to achieve full life span,
and they may be even deleterious for longevity, as PUB1
deletion extends CLS and reduce SG in both conditions
tested. Maybe SG are important to survival after short
stresses but sequestration of translation factors may
impair long-term survival.
Pub1 is also a gene expression regulator that has been

linked to the control of mRNA stability and translation
[45]. We have previously seen that SIR2 mRNA levels
change when cells are exposed to acetaldehyde, sugges-
ting that they are controlled by the metabolic status of
the cell [49]. RNA was extracted during grape juice fer-
mentation on days 1, 4 and 7, and the level of SIR2
mRNA was measured by Northern blot (Figure 6C). We
saw that SIR2 was up-regulated in the pub1Δ mutant
throughout fermentation. In a global analysis, SIR2
mRNA was not detected as a binding target of the Pub1
protein [45], so the effect of Pub1 on SIR2 mRNA levels
may be indirect. The deletion of other mRNA binding
proteins had no impact on the SIR2 mRNA levels
(data not shown). We measured Sir2 protein levels du-
ring fermentation by western blot (Figure 6D) and found
that protein levels are also higher in the PUB1 deletion
strain, in similar levels, suggesting that most of the effect
of Pub1 on SIR2 gene expression is acting at the RNA
level, not at translation, as protein levels follow mRNA
abundance. In any case that elevated Sir2 levels may
contribute to extend longevity during grape juice fer-
mentation in the PUB1 deletion strain.

Apoptosis plays an unexpected positive role during
winemaking
Finally, we tested the effect of the deletion of apoptosis-
related genes during grape juice fermentation. We chose
yeast caspase gene YCA1 and mitochondria-related apop-
tosis-inducing factor AIF1 to test different branches of the
process. Both deletions extended CLS under laboratory
conditions [50,51]. We performed independent and
double deletions in haploid wine yeast strain C9 to con-
struct the double mutant yca1Δ aif1Δ easily. These strains
were used as starters during natural grape juice



Figure 7 Deletion of apoptosis-related genes shortens CLS under winemaking conditions. The deletion mutants of YCA1, AIF1, or both, on
the C9 strain were used for grape juice fermentations. A) Cell viability over time was measured as cfu/mL. B) Survival curves after taking day 4 of
fermentation as 100% survival. Experiments were done in triplicate and the mean and standard deviation are provided. C) C9 strain after 8 days
of fermentation was co-stained with propidium iodide (PI) and DAPI, and observed under a fluorescence microscopy. A merged image is also
shown.
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fermentation. Mutants were able to complete fermenta-
tion and showed no defect upon sugar consumption
(Additional file 2: Figure S2B). The growth profiles of all
strains are shown in Figure 7A. All the mutant strains pre-
sented a slower cell growth rate and reached lower
maximal cell density. If the cell count on day 4 was taken
as 100% viability, a death profile could be obtained
(Figure 7B). Surprisingly, both single mutants presented a
shortened life span under winemaking conditions, sugges-
ting that both the caspase-dependent and caspase-
independent (and mitochondrial-dependent) branches of
apoptosis do not promote cell death under these condi-
tions. The fact that the double mutation effect was
additive reinforces the idea that both proteins not only act
in different pathways, but also play a positive role in CLS
under winemaking conditions. As previously described by
our group for other pathways, such as autophagy, the
effect of apoptotic machinery on winemaking is the
opposite to the effect observed under laboratory condi-
tions. Growth conditions during winemaking (high sugar,
low nitrogen) differ from laboratory growth conditions
(low sugar, high nitrogen), which may affect the trigger of
programmed death mechanisms [52]. Low oxygen condi-
tion does not seem relevant as the blockage of both
mitochondrial- dependent and -independent branches of
apoptosis displays similar effects under winemaking
conditions.
In previous work we have observed that at the end of

grape juice fermentation cells are stained by the necrosis-
specific dye propidium iodide (PI) [9,12]. At day 8 of
natural grape juice fermentation carried out by the wild
type wine strain C9, death cells are stained in red by PI
(Figure 7C). DAPI staining of nuclei at the same time indi-
cate that most nuclei are intact at the end of fermentation
(Figure 7C). Nuclear fragmentation is a marker of apop-
tosis that can be detected by DAPI staining [53]. Merged
images showed that cells with damaged membrane integ-
rity (PI stained) have intact nuclei, suggesting that cells at
the end of fermentation suffer a necrotic death. Mutants
in apoptosis factors showed the same profile (data not
shown), reinforcing the idea that death do not happen
through apoptosis in winemaking conditions.

Conclusions
In this work, we studied the effects of genetic manipula-
tion of a variety of age-related genes under winemaking
conditions. Chronological life span (CLS) during grape
juice fermentation can be extended by overexpressing
sirtuin gene SIR2 or by deleting RNA-binding proteins
genes PUB1 and PUF3. Pub1 is necessary for stress
granule formation in winemaking conditions and during
standard CLS experiments in SC medium. Both sirtuin
HST3 overexpression and RNA-binding protein gene
NGR1 deletion increase death, therefore promoting cell
lysis, which are useful processes to improve the organo-
leptic properties of wine or to promote malolactic bac-
teria growth. Aging is closely linked to metabolism, and
many of those genetic manipulations lead to changes in
the metabolites produced during wine fermentation. The
ability of the HST3 overexpressing strain to produce
high ethanol and low acetic acid is an interesting pro-
perty from a commercial perspective. There is a corre-
lation between ethanol production and CLS as an
increase in the HST3 level leads to high ethanol and
shortened longevity, and the strain displaying a high
SIR2 expression presents increased CLS, with slightly
lower ethanol production. Conversely to observations
under laboratory conditions [21], acetic acid is not the
main cause of aging under winemaking conditions. Gly-
cerol has been identified as a longevity inducer under
laboratory conditions [23], and may explain the longer
longevity of the pub1Δ strain. It is worth noting that all
the manipulated strains were able to complete fermenta-
tion and that they all consumed sugars completely, and
usually at a similar rate to the parental strain. Therefore,
this aspect of metabolism is very robust and cells seem
to adapt to changes in metabolism-related genes in order
to keep the fermentation pathway at an optimal speed,
although the proportion of some metabolites could
change in these manipulated strains.

Methods
Yeast strains and growth media
Additional file 3: Table S1 lists the industrial wine yeasts
used in this work. Haploid strain C9 was a gift from M.
Walker [43]. Additional file 4: Table S2 lists the oligo-
nucleotides employed to amplify deletion and over-
expression cassettes and to check transformants. Gene
over-expression strains were obtained by following a
promoter replacement strategy developed in our labora-
tory [32]. Plasmid pkanMX-SPI1p [32] was used to PCR-
amplify the cassettes for gene over-expressions under
the control of the SPI1 gene promoter. In order to ex-
press genes under the control of the MET17 promoter,
plasmid pkanMX-MET17p was constructed by amplify-
ing the MET17 promoter by PCR using oligonucleotides
MET17a and MET17b (see Additional file 4: Table S2)
and by cloning the amplified fragment at the EcoRV site
of plasmid pUG6 [54]. Gene disruptions were performed
by using recyclable selection marker loxP-kanMX-loxP
from plasmid pUG6 following the protocol of Güldener
et al. [54]. The marker was eliminated by transforming
with the cre recombinase-containing plasmid YEp351-
cre-cyh according to Delneri et al. [55]. For GFP fusions,
plasmid pFA6a-GFP(S65T)-kanMX6 [56] was used as a
template to C-terminal tagging of PAB1 gene. Yeast
transformations were carried out by the lithium acetate
method [57].
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For yeast growth under laboratory conditions, YPD
medium (1% yeast extract, 2% bactopeptone, 2% glucose)
and SC medium (0.17% yeast nitrogen base, 0.5% ammo-
nium sulfate, 2% glucose and 0.2% drop-out mix with all
the amino acids) were used [58]. Selective plates con-
tained 20 μg mL-1geneticine or 0.1 μg mL-1cyclohexi-
mide. Red grape juice (Bobal variety) was a gift from
Bodegas Murviedro and was sterilized overnight with
500 μg/L of dimethyldicarbonate. Synthetic grape juice
MS300 was made as previously described [9,59].

Grape juice fermentations, chronological life span
measurements and stress conditions
For the microvinification experiments, cells from the
2-day cultures in YPD were inoculated at a final concen-
tration of 106 cells/mL in filled-in conical centrifuge
tubes with 50 mL of grape juice. Incubation was done at
very low shaking at 22°C. Evolution of vinifications was
followed by determining cell viability by diluting, plating
and counting colony forming units (cfu) and sugar con-
sumption, as previously described [60]. Survival plots
were drawn by taking the highest cell viability point
(around 2-4 days) as 100% survival. Dry biomass mea-
surement was carried out using the filtration method
[61] and weighting the filters after drying at 65°C
overnight.
Under laboratory conditions, the CLS experiments

were performed as follows: precultures of selected
strains were grown overnight on YPD and inoculated in
SC media at an OD600 of 0.1. After day 3 of growth at
30°C, aliquots were taken, diluted and plated. Colonies
were counted and percentage of survival was calculated
taken day 3 of growth as 100% survival. Ethanol tole-
rance was measured in stationary cultures on YPD by
adding 10% ethanol for 1 h. Cell viability was measuring
by diluting, plating and counting cfu.

Metabolite determinations
Consumption of sugars during fermentation was mea-
sured by their reaction to DNS (dinitro-3,5-salycilic acid)
following a modified version of Miller’s method [62].
Ethanol, acetic acid and glycerol were measured with the
kits provided by r-Biopharm following the manufac-
turer’s instructions.

Western and Northern blots
For the Western blot analysis, cells were broken with a
volume of glass beads in a buffer containing Tris-HCl
0.1M pH 7.5, NaCl 0.5M, MgCl2 0.1M, NP40 1% (v/v),
PMSF 10 mM and protease inhibitors (complete Mini,
EDTA-free from Roche). Protein concentration was
measured by the Bradford method [63] using the
Bio-Rad Protein assay following the manufacturer’s
instructions. Extracts were diluted in loading buffer
(Tris-HCl 240 mM pH 6.8, SDS 8%, glycerol 40%,
β-mercaptoethanol 10%).
To conduct the Western blot analysis, SDS-PAGE

total protein separations were done in an Invitrogen
mini-gel device and were blotted onto PVDF mem-
branes. The anti-Sir2 antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, USA). The ECL
Western blotting detection system (Amersham) was
used following the manufacturer’s instructions.
Total RNA isolation and formaldehyde denaturing

agarose gels and blotting were carried out as previously
described [64]. The SIR2 probe was obtained by PCR
and digoxigenine labeling using the PCR DIG labelling
mix from Roche according to the manufacturer’s
instructions. Probe detection was achieved by chemilu-
minescence using the DIG Northern Stater and CDP-
Star kits by Roche, and was detected in an LAS-1000
device by Fujifilm.
Microscopy methods
500 μl of cells were washed in PBS buffer and 5 μl of a
1 mg/mL stock solution of propidium iodide and 1 μl of
a 1 mg/mL stock solution of DAPI (in dimethylforma-
mide) were added to be then incubated in darkness for
20 min. Cells were washed in PBS and visualized.
GFP-labelled cells were observed directly. Cells were
visualized with the right filter under a Nikon eclipse 90i
fluorescence microscope.
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