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Traditional sparkling wines are the product of carbonation and aging of a base wine with yeast in
the bottle, where yeast cell compounds are released over time which contribute to flavour and
appearance. This often lengthy process is known as autolysis. Our lab identified several proteins
related to autophagy that result in autolysis when overexpressed. Overexpression of autophagyrelated genes ATG3 and ATG4 in industrial wine yeast was found to be a suitable strategy to
accelerate cell death and autolysis of wine yeast during nitrogen starvation. We also found that
that ATG3 and ATG4 overexpression has pleiotropic ramifications: reduced turnover of
autophagic cargo, vacuolar fragmentation, abnormal accumulation of lipids, and accelerated
generation of ROS, all of which precede cell death and likely contribute to the impaired response
to nitrogen stress. These results work toward solving an important industrial problem, as well as
furthering our understanding of autophagy regulation during starvation.
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Chapter 1 – Introduction
1.1 Sparkling Wine Production
By the most basic definition, sparkling wine is wine which contains CO2 gas in
suspension, which causes the release of bubbles that differentiate this style of wine from others.
These wines are also often more expensive than “still”, uncarbonated wines, as a result of the
extra processing and/or aging required for their production. In general, there is a gas saturation of
4-6 bar CO2 at 20°C in sparkling wines, indicating a high level of carbonation [1]. When this
wine is poured into a glass, the CO2 is rapidly released due to the pressure differential between
the bottle and the surrounding atmosphere [1]. CO2 bubbles then emerge at the surface of the
wine during the first few seconds, forming a large volume of foam, which recedes to a collar of
foam seconds later [1]. The origin of the dissolved CO2 is of utmost importance: sparkling wines
are categorized based on whether the CO2 is introduced through fermentation via Saccharomyces
cerevisiae (or S. bayanus) or artificial methods. The Champenoise or traditional method is one
that involves, among other factors, the production of CO2 gas by secondary yeast fermentation
inside the wine bottle. This method is used by winemakers in France (Champagne), Spain
(Cava), and is the preferred production method in many other wine regions including Ontario in
order to produce quality sparkling wines. The Charmat method, on the other hand, involves
injection of CO2 into a steel containing wine, resulting in forced or artificial carbonation without
any flavour development due to the secondary fermentation or aging process [2].
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Figure 1. Traditional method sparkling wine production. Adapted from [1].
There are two major phases in the production of traditional sparkling wine: vinification
and refermentation (Figure 1). Vinification involves the fermentation of specific grape varieties
which are selected because they are optimal for sparkling wine production [2]. The traditional
grape blend includes Pinot Noir, Pinot Meunier and Chardonnay, although deviation is allowable
in regions outside Champagne [2]. Typically, the grapes are harvested and pressed earlier than
would otherwise be common, as sparkling wine does not depend as heavily on late-ripening
aromatics as still wines do. In combination with the typical cool climate of most sparkling wine
production regions, the grapes are lower in sugar content and high in acid content, resulting in a
base wine with typical pH of 3.0-3.5 and ethanol content 8-10% (v/v). The second phase is
refermentation, which occurs in the bottle. This requires an addition of a liquer de tirage to the
base wine. The liquer de tirage is typically a mixture of selected yeast, sucrose, grape must and
nutrients added in specific proportions [3]. The sugars are fermented by the yeast, producing CO2
and alcohol, and the sparkling wines are subsequently aged biologically on the yeast or “sur lies”
`
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[2]. This aging is required, often by law, for the development of expected flavours in the wine.
While the wine is in contact with the lees (a mixture of grape and yeast sediment), it will develop
new sensory characteristics often described as sweet, yeasty, toasty, biscuity, or brioche-like.
This flavour development is attributed to proteolytic processes which occur as a result of the
release and adsorption of compounds between the yeast cell walls and the wine - typically
referred to in the industry as autolysis [2].
After bottling, a small polyethylene cup (bidule) is inserted into the neck of the bottle.
This cup helps prevent leakage and allows for the collection of the lees into its cavity. A metal
crown cap is then placed on the bottle to ensure there is a seal to trap the CO2 gas [2]. The bottles
are subsequently stored in temperature-controlled facilities at 12-15°C. The duration of
secondary fermentation depends on the yeast strain chosen, the temperature, and the wine/liqueur
de tirage chemistry, but typically occurs between 2 – 6 weeks [2].
After refermentation, aging sur lies begins. The key phenomenon in sparkling wine aging
is the autolysis of yeasts during this period. The autolysis process involves the release of yeast
cell compounds and subsequent chemical reaction of these compounds with the wine. The
compounds released can include lipids, polysaccharides, proteins, amino acids and peptides, all
of which can have a positive effect on the quality of the wine – improving the aroma and foam
retention [4]. This process typically lasts for 6-18 months but often longer, until the desired aged
character is achieved. Properly aged lees are also easier to remove from the bottle during the next
step [3].
Once ageing is finished, the process of riddling or remuage begins. The wine bottles are
increasingly inverted and turned periodically to concentrate the lees in the neck of the bottle,
within the bidule. The final step is disgorgement or dégorgement, which is performed by freezing
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the neck of the bottle in calcium chloride or glycol, allowing for the bidule and solid plug of lees
to be removed once the cap is removed. After the bidule is ejected, the bottle is filled with a
liqueur d’expédition or dosing solution, which typically contains wine, sugar, SO2, and citric
acid [3]. The bottle is then corked and ready for consumption.
There are specific metrics beyond flavour by which the quality of a sparkling wine is
measured. First, effervescence – the quality and quantity of the CO2 bubbles - is a critical
indicator of quality. When the bubbles reach the wine surface, they produce foam, which is also
a key indicator of sparkling wine quality. During judging, sparkling wine uses different
scorecards than still wine, taking the visual aspects such as foam quality and bubble size into
great consideration. As a result, the visual impact of a sparkling wine is key to assessing its
quality. This perception extends to consumers, who expect the specific appearance of highquality sparkling wine when purchasing the products.
The aging of sparkling wines sur lies improves the organoleptic characteristics of the
wines, predominantly through the interaction of compounds released by yeast autolysis with
compounds found in the wine itself. Therefore, the yeast strain selected and the time it takes to
undergo autolysis and produce a wine with the appropriate aged character is of utmost
importance in sparkling wine production.
In Ontario, sales of locally-produced VQA sparkling wines are growing fast: From 20122013, sales increased by 59.2% in LCBO stores [5]. The relatively cool climate of Ontario makes
it highly suitable for sparkling wine production. Worldwide, sparkling wine accounts for only
6.6% of total wine production, yet captures 20% of total revenues [6]. The global trade of
sparkling wine is also increasing, with the value estimated at $6.21 billion CAD in 2013 [6]. The
high value and growth of sales of sparkling wine both locally and globally highlights the need to
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understand, accelerate, and improve the production of these wines. As yeast autolysis during
aging is a key determinant of the amount of time a wine must be stored, understanding the
mechanisms of autolysis better has been a focus of wine yeast research in recent years.

1.1.1 Selection of Yeasts for Sparking Wine
A limited range of yeast strains are commonly used by the industry for sparkling wine
production. As sparkling wine refermentation is extremely challenging for yeast, selection is
typically limited to yeast strains which are able to survive and ferment under conditions of high
ethanol, high acid, and low dissolved oxygen. As the refermentation proceeds, nitrogen becomes
limiting, and this depletion of nitrogen often results in stalled fermentations [2]. While the issue
of limiting nitrogen can somewhat be mitigated by the addition of yeast nutrient blends, the other
characteristics of sparkling wine refermentation tend to limit strain selection to a limited range of
the overall commercial wine yeast diversity.
One such strain is Lalvin EC1118, currently the most commonly used sparkling wine
yeast, which has also had its genome fully sequenced and annotated for use by yeast molecular
biologists. The combination of widespread use and potential application of genetic tools makes
this yeast strain a very attractive tool to explore the targeted genetic improvement of the
sparkling wine aging process [7].

1.1.2 Yeast Autolysis in Sparkling Wine
Yeast autolysis is a lytic and irreversible process resulting from the release of intracellular
yeast enzymes, consequently resulting in release of amino acids, peptides, proteins,
polysaccharides, nucleic acids, and lipids [4]. Autolysis is of general relevance to all yeastmediated beverage production. For example, autolysis is undesirable in most beers, as it is
largely detrimental to flavour, as amino acids and organic acids released into the beer can result
`
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in “meaty” or “cheesy” defects [8]. However, autolytic byproducts are desirable in sparkling
wine production. The conditions in sparkling wine refermentation are highly specific – a pH of
between 3.0-3.5, ethanol concentrations of 8-12% (v/v), and temperature of 15°C. These
conditions greatly influence the duration and sensory characteristics of yeast autolysis in
sparkling wine [4,9,10].
While it has been known for many decades that prolonged contact with yeast improves the
organoleptic characteristics of traditional sparkling wines, understanding the actual mechanism
of this phenomenon has been a more recent undertaking. Observations suggested that there are
chemical reactions and exchanges between the yeast lees and the wine, chief among them
nitrogenous compounds found abundantly in yeast cells [11]. Furthermore, it has been observed
that wines produced by the traditional method contain a higher concentration of amino acids
[11].

During the bottle fermentation, yeasts assimilate amino acids present in the wine.

Autolysis, however, is characterized by the release of amino acids through the hydrolysis of
yeast proteins by proteases in the vacuole [11]. In sparkling wine, this has been demonstrated:
amino acids are first assimilated by the yeast, and then released over an aging period of several
months. Feuillat and Charpentier (1982) also identified an important link between yeast autolysis
and intracellular proteolysis, suggesting that release of amino acids in suitably aged sparkling
wines is due to proteolytic activity. It was then suggested that this release of proteolytic enzymes
during aging is due to the disorganization of the cellular endostructure, particularly the vacuole
[12].
The general timeline of the release of intracellular compounds during autolysis of
sparkling wine yeast has been determined. Typically, after 3-6 months there is an increase in the
release of amino acids due to peptide and protein hydrolysis, corresponding with an increase in
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the release of polysaccharides from the yeast cell wall. Later, from 9-12+ months, degradation of
the plasma membrane begins, resulting in lipid and fatty acid release as well as a decrease in
amino acid concentration and an increased release of peptides and proteins. Nucleotides are also
released at this time [4].

Table 1. Impact of compounds released during autolysis on sparkling wine quality. Adapted
from Alexandre & Guilloux-Benatier (2006).
Autolysis compounds
Origin
Quality-positive characteristics
Nitrogenous: proteins,
peptides, amino acids

Yeast cell contents

Organoleptic, foam quality

Polysaccharides and
mannoproteins

Yeast cell wall,
grapes

Organoleptic, foam quality, wine
stability

Lipids

Yeast cell contents

Organoleptic, foam quality

Nucleic acids

Yeast cell contents

Organoleptic

In recent years, it has been shown that peptides are the dominant nitrogenous fraction in
autolysis, as opposed to proteins or amino acids [13]. Furthermore, it was determined that the
peptide content of aged sparkling wines is a result of yeast activity rather than initial wine
composition, and that the final peptide content is determined by the choice of yeast strain in
refermentation [14,15]. In a similar manner, mannose-containing polysaccharides and proteins
are increasingly released during aging due to autolysis [16–18]. These complex polysaccharides
and mannoproteins are key determinants of sparkling wine foam stability, aroma quality, and
colour stability [19,20]. The release of these sensory and quality-positive compounds is related to
both aging time and yeast autolysis [10]. Furthermore, it is known that nucleic acids and lipids
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are released during autolysis and aging, and have some impact on sensory quality including
flavour and foamability, respectively [12,17,21,22]. These findings are summarized in Table 1.

Figure 2. Morphological features and release of important compounds during yeast
autolysis. Amino acids are imported upon starvation after fermentation. In the early stages of
aging, release of amino acids, proteins and polypeptides begins. Autophagic activity is visible, as
are the early signs of cell wall and plasma membrane degradation. At 9-12 months, after cell
death, the plasma membrane has degraded. Nucleotides, lipids, polysaccharides, proteins and
amino acids are released. Adapted from [4].
There are also key physiological attributes of sparkling wine yeast autolysis in addition to
the biochemical characteristics (Figure 2). Gonzalez et al. (2003) suggested that in conditions
conducive to demonstrating accelerated autolysis (such as incubation temperature of 37°C), cells
typically display a detached cytoplasm, larger differences in size, larger cytoplasmic granules,
and cell material release into the medium. Interestingly, in similar experiments modeling
accelerated autolysis, high numbers of autophagic bodies inside the vacuole were identified
alongside the other morphological cues of autolysis [23]. The observation of autophagy
preceding autolysis was confirmed in sparkling wine bottle fermentation more recently [24]. As
autolysis is typically defined as reactions which occur after cell death, these morphological
changes are more accurately attributed to autophagy, defined as the recycling and release of
`
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products derived from protein degradation [23]. Consequently, the physiology of autolysis
should be considered only after cell death, although previous work that confused autolysis for
autophagy should not be ignored. Recent research has shown that even after cell death and
degradation of the plasma membrane, the cell wall remains intact throughout the autolysis
process [24]. At 9 months of aging, detachment of the plasma membrane from the cell wall is
observed alongside minor cell wall degradation, yet the cell wall remains intact at 48 months of
aging despite further degradation [24]. Interestingly, a similar phenotype appears in experiments
where autolysis is induced by high temperature (37°C), indicating that the phenotype observed in
long-aged sparkling wines can be modeled faster at high temperature [23].
The rate at which yeast undergo autolysis in sparkling wine is strain-dependent [20,25].
As such, winemakers typically select commercial yeast strains with known high autolytic
capacity, such as EC1118 (Lalvin) or DV10 (Lalvin) [3]. In the case of EC1118, a significantly
shorter chronological lifespan (CLS) than many industrial yeasts has been demonstrated, which
may partially explain why this strain is chosen for sparkling wine production [26]. Furthermore,
yeast mutants originally derived from industrial strains and whose mutations cause higher
autolytic capacity have been demonstrated to have a greater decrease in viability during
sparkling wine aging [20].

1.1.3 Accelerated Autolysis
Because aging time is a key hurdle in bringing sparkling wines to market, there has been
significant interest in accelerating the autolysis process that is key to the aged character of these
wines. Historically, several different strategies have been devised. One strategy was increasing
the storage temperature of the wine. Increasing temperature can vastly accelerate the initial
stages of autolysis, but it also results in the degradation of intracellular proteases, preventing
`
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complete autolysis which is characteristic of the traditional sparkling wine method [11].
Furthermore, although enzyme activity involved in autolysis increases with temperature,
increased storage temperature generates excessively toasty and yeasty off-flavours [13]. Adding
yeast autolysate has also been reported to be useful to accelerate sparkling wine production
[27,28], but others have stated that this method results in off-flavours described as “overly
toasty” [13]. Consequently, more complex and targeted solutions began to be explored.
K2 killer strains of yeast release a toxin which is lethal to sensitive strains [29]. Because
researchers knew that yeast autolysis is due in part to yeast cell death, they investigated the
interactions between two K2 killer Saccharomyces cerevisiae strains and two sensitive strains. In
these experiments, rapid death of sensitive cells occurred, and using protein release as a marker
of autolysis, the mixed fermentation of killer and sensitive strains resulted in higher protein
release than the control [30]. However, this study only used defined media and did not conduct
the experiment under wine fermentation conditions, and did not include any analysis of potential
off-flavours. Additionally, most strains selected for sparkling wine production are killer strains,
which means that killer-susceptible strains suitable for sparkling wine production would need to
be characterized for best results. Furthermore, such a mechanism would have to rely on at least
two yeast strains, limiting precise selection of yeast-derived fermentation characteristics.
Because of the drawbacks of previous strategies, researchers have explored the genetic
manipulation of wine yeast strains in order to accelerate autolysis. Two strategies that can be
used to genetically modify yeast are genetic engineering and random mutagenesis [31]. Nunez et
al. (2005) used autolytic mutants created using UV mutagenesis, based on the knowledge that
these mutants release a higher concentration of nitrogen compounds during aging in an
experimental model [32]. The researchers discovered that when they aged previously generated
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autolytic mutants in sparkling wine, one of the mutants (IFI473I) demonstrated autolysis faster
than the original yeast strain, as determined by testing known markers for autolysis.
Unfortunately, it was not determined what gene(s) were mutated in this approach, giving no
physiological explanation as to why this mutant underwent accelerated autolysis.
Researchers also created mutants in a more targeted manner than UV mutagenesis, in
order to construct wine yeast strains that demonstrate viability loss under starvation conditions. It
was identified that the process of autophagy is involved in early stages of autolysis, and can be a
target for future researchers to better accelerate autolysis through genetic manipulation [33–35].
Tabera et al. (2006) attempted this through compromising the BCY1 gene, which encodes the
regulatory subunit of cAMP-dependent protein kinase A (PKA). Deletion of BCY1 results in
impairment in growth on nonfermentable carbon sources, stress response, and autophagy. Partial
deletion of BCY1 results in cell death during stationary phase, without a growth defect during
exponential phase [36]. Heterozygous deletion of the 3’ end of the BCY1 open reading frame was
indeed shown to produce an autolytic phenotype under simulated secondary fermentation
conditions [37]. Interestingly, these researchers induced an autolytic phenotype despite impairing
autophagy. An opposite strategy involved the overexpression of CSC1-1, which caused a
constitutive autophagy phenotype and also resulted in accelerated autolysis in a model system
[38,39]. However, accelerated autolysis of this mutant strain has not been demonstrated in
sparkling wine. The strategies used thus far to accelerate autolysis are summarized in Table 2.
The hypothesis that cells either deficient or overactive in autophagy will undergo
accelerated autolysis in wine conditions is reasonable. It has been demonstrated that normal
homeostasis requires physiological levels of autophagy, and that the absence of autophagy genes
promotes cell death upon nutrient starvation, while excessive autophagy levels can promote
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autophagy-dependent cell death [40]. Curiously, manipulation of autophagy has not been
explored further as a mechanism to accelerate autolysis in sparkling wine yeasts.

Table 2. Previous strategies to accelerate autolysis in wine yeast.
Strategy
Increasing temperature

Advantages
Rapid

Drawbacks
Sensory defects – overly
toasty and yeasty

Adding yeast autolysate

Rapid

Mixing killer and
susceptible yeasts
UV mutagenesis

Rapid death of sensitive
cells
Production of multiple
autolytic mutants

Sensory defects – overly
toasty and yeasty
Difficult to control
flavour production
Difficult to identify
physiological explanation
for phenotypes observed

BCY1 deletion

Physiological rationale,
unimpaired fermentation

CSC1-1 overexpression

Physiological rationale,
unimpaired fermentation

Success has not been
demonstrated in sparkling
wine
Constitutive autophagy
could impact stress
response during
fermentation, has not been
demonstrated in sparkling
wine

Reference
Charpentier & Feuillat
(1993); FornaironBonnefond et al. (2002)
Carrascosa et al. (2011)
Van Vuuren & Jacobs
(1992).
Gonzalez, MartinezRodriguez, & Carrascosa
(2003); Nunez et al.
(2005).
Tabera et al. (2006)
Cebollero, GonzalezRamos, & Gonzalez
(2009); Shirahama (1997)

1.1.4 Novel Autolytic Gene Targets
In addition to the limited amount of autolytic genes explored in the literature, personnel
in our lab have screened a multicopy plasmid library for S. cerevisae genes which, when
overexpressed, induce an autolytic phenotype. The screen involved transformation of yeast with
the overexpression native promoter plasmid library, selecting for transformants which have
received complementation to an auxotrophy, plating onto nutrient rich agar, followed by replica
plating onto nutrient-deprived BCIP (5-bromo-4-chloro-3-indolyl phosphate) agar medium,
which results in blue coloured colonies during alkaline phosphatase release, indicative of
autolysis. This screen identified 51 potential autolytic genes. Interestingly, among the potential
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genes were two autophagy-related (ATG) genes: ATG7 and ATG3 (Chan & Van der Merwe,
unpublished). These proteins play important roles in autophagy, and, strikingly, they perform
adjacent functions in the core autophagy machinery.

1.2

Autophagy

Figure 3. Overview of macroautophagy. Adapted from [34,41].
Autophagy is a ubiquitous catabolic process within eukaryotic cells that involves the bulk
degradation of cytoplasm inside the vacuole. This degradation has been demonstrated as
essential in the stress response and adaptation of eukaryotic cells. In yeast, the recycling of
nutrients via autophagy allows the cells to survive during prolonged nutrient deficiency [42]. The
transportation of cytoplasmic cargo to the vacuole is performed by autophagosomes, which are
double-membrane bound vesicles. There are both non-selective and selective forms of
autophagy, which are defined as macroautophagy and microautophagy respectively [43,44]. In
macroautophagy, cytosolic components are randomly enclosed within autophagosomes and
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targeted to the vacuole for degradation. Meanwhile, the various forms of selective autophagy
specifically target protein aggregates, mitochondria (mitophagy), peroxisomes (pexophagy),
lipids (lipophagy) and ER (ER-phagy)[44–46]. In general, autophagy proceeds at a basal level in
cells, and is activated or upregulated during nutritional shifts or starvation. As a result of the
fundamentally important process of macroautophagy, this phenomenon plays a crucial rose in
homeostasis of the cell – and emerging evidence is demonstrating that too little or too much
macroautophagy can be extremely detrimental to the cell [43,47–49].

1.2.1 Mechanisms of Autophagy
Autophagy proceeds through specific steps. First, the cell must recognize starvation
signals. These signals must then be transmitted to the pre-autophagosomal structure (PAS),
which is the cellular machinery responsible for generating autophagosomes. Subsequently, an
isolation membrane (IM, also known as a phagopore) is generated from the PAS. The IM then
expands, and the leading edges of the IM fuse to form the autophagosome. Autophagosomes
enclose cytosol, and are subsequently targeted to the vacuole where they fuse and release an
internal single membrane structure, which is then described as an autophagic body. The
autophagic body and its contents are subsequently degraded by vacuolar hydrolases [42,50,51].
An overview of the macroautophagy process is shown in Figure 3.
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Figure 4. The core ubiquitin conjugation-like autophagosome formation machinery.
Adapted from [52].
a) The ubiquitin-like protein Atg8 is used to generate the conjugation product Atg8-PE. The
E1-like enzyme in this system is Atg7, and Atg3 is the E2-like enzyme. Atg4 plays a dual
role in processing and delipidating Atg8.
b) The ubiquitin-like protein Atg12 is used to generate the conjugation product Atg12-Atg5Atg16. In this system Atg7 is still the E1-like enzyme, but Atg10 is the E2-like enzyme.
The Atg12-Atg5-Atg16 complex then works as an E3-like enzyme for conjugation of
Atg8 to PE.
In yeast, the gene products related to macroautophagy and selective microautophagy were
unified as ATG genes (autophagy-related) [53]. Atg8 has a central role and is a required protein
for autophagosome biogenesis. The lipidation of this protein by phosphatidylethanolamine (PE)
occurs in a system analogous to ubiquitination, and subsequently has a crucial role in
autophagosome formation [54–56]. After Atg8 is translated, its C-terminal peptide is truncated
by Atg4, exposing a glycine residue to which PE is conjugated [57]. Atg7 and Atg3 act
respectively as E1-like (activating) and E2-like (conjugating) enzymes for this conjugation
(Figure 4a). Interestingly, our lab has identified both these genes as candidates for accelerated
autolysis (Chan & Van der Merwe, unpublished). A complex composed of Atg12-Atg5-Atg16
acts like an E3 enzyme (targeting) in this system [58,59] (Figure 4b). This complex targets Atg8`
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PE, which accumulates on the IM. After autophagosome biogenesis and vesicle fusion, Atg4
delipidates Atg8-PE, removing it from membranes and enabling the recycling of Atg8 and PE
[56]. Thus, Atg4 plays a dual role in this pathway. As the majority of the proteins involved in
autophagosome formation act in series and/or parallel with each other, they are very codependent for optimal function. For example, Atg17 has been found to be a scaffold for PAS
organization, acting upstream of all the other ATG genes during PAS organization [60]. It is
important to note that correct rate of autophagosome formation is considered to be a critical step
in the overall macroautophagy process [61].
Once formed, autophagosomes fuse with the vacuole, and the inner membrane is degraded
by vacuolar hydrolases. One of these hydrolases is Atg15, a phospholipase which is involved in
the lysis of autophagic bodies inside the vacuole [62,63]. Phospholipids and amino acids
resulting from hydrolysis of autophagic bodies and their contents are then recycled by the cell.
It is now understood that, using this basic machinery or selective modifications, autophagy
plays an extraordinary range of roles in the cell, including clearance of defective proteins and
organelles, adaptation to starvation, anti-aging, clearance of invasive microorganisms, cell death,
and tumor suppression [64]. It is also understood that autophagy can be either detrimental or
beneficial to the cell, depending on environmental circumstances, as well as dependent on the
extent of degradation and the overall physiological state of the cell or organism. Thus, it is
difficult to make simple, overarching statements about the benefits or drawbacks of autophagy,
despite efforts to do so [65–67].

1.2.2 The Autophagy-Autolysis Link
As mentioned earlier, there is a convincing link between autophagy and autolysis in
sparkling wine. Cebollero et al. demonstrated this by overexpressing csc1-1 (which causes a
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constitutive autophagy phenotype) resulting in accelerated release of amino acids without
impairing fermentation performance [38,48]. It was also demonstrated that impairing autophagy
via partial or total deletion of BCY1 (resulting in a constitutively active PKA pathway, and
consequently deactivated autophagy) can also result in accelerated autolysis [37]. However, there
has not been a convincing explanation to date as to why exactly disrupting autophagy results in
autolysis in sparkling wine. It has, however, been suggested and subsequently demonstrated that
normal levels of autophagy are required for optimal cell survival, and that too little or too much
autophagy results in accelerated cell death or greater susceptibility to stress [40,68]. This
phenomenon is summarized in Figure 5.
An autophagy-based mechanism would be ideal for accelerating autolysis of sparkling
wine yeast, because it would only be induced upon nutrient starvation, which typically occurs
after the secondary fermentation has occurred. Thus, it can be hypothesized that yeast strains
with disrupted or elevated autophagic activity will also demonstrate high autolytic capacity. This
has been hinted at in the canonical sparkling wine strain EC1118, which was shown to exhibit
higher autophagic activity and faster metabolism at the expense of its long-term starvation
survival in comparison to other wine yeasts [26]. As such, EC1118 and other wine yeast strains
demonstrating elevated levels of autophagy should be potentially suitable for accelerated
autolysis in sparkling wine. Critically, existing approaches have explored modulating expression
of autophagy-relevant genes which function upstream of the core machinery, and no studies have
explored altered expression of core autophagy machinery genes as a mechanism to specifically
induce autophagy and subsequent autolysis.
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Figure 5. Misregulation of autophagy results in accelerated cell death and/or greater
susceptibility to stress. Specified examples have been demonstrated in sparkling wine
models. Adapted from [40]

1.2.3 Autophagy and Cell Death
Autophagic Cell Death in Yeast
There are a number of mechanisms by which autophagy can influence cell death in yeast,
given that it is such a central stress response. In general, autophagic cell death is defined as nonapoptotic, occurring in cells exhibiting an alteration in autophagic flux, with restoration of
normal autophagy able to rescue or prevent cell death [65]. However, the definitions and
modalities of autophagic cell death are still rather unclear, and there is a lack of a holistic model
tying these together.
Recent research in mammalian cells has defined a process called autosis, which is a novel
form of cell death defined as “autophagy-induced cell death” dependent on the mammalian Na+
K+-ATPase [66]. Autosis is characterized by the increase in numbers of autophagosomes during
early stages, and is physiologically distinct from apoptosis and necrosis [66]. Strikingly, Liu et
al. (2013) demonstrated that when autophagy is overactivated, cell death via autosis is induced
[66]. This research is consistent with what has been observed with yeast in sparkling wine, and
`
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supports the notion of a form of cell death tied to autophagy in yeast, which can potentially be
manipulated to induce autolysis. Of particular note when considering the overexpression plasmid
screen performed in our lab, Liu et al. (2013) show that an autophagy-inducing peptide TatvFLIP α2, which activates mammalian Atg3 in a dose-dependent manner, also displayed dosedependent cell death [66,69]. In separate studies, overexpression of the human ATG3 gene in
leukemia cells led to decreased proliferation and viability of the cells, in addition to a marked
increase in lipid droplet number and size [47,49]. Also, when ATG3 expression is artificially
increased in human epithelial cells, neither autophagy nor growth arrest are triggered, yet
apoptosis was triggered [70]. This provides evidence from multiple mammalian systems that
autophagy-induced cell death is feasible by specifically targeting expression or activity of
individual Atg proteins such as Atg3.

1.2.4 Autophagy and Cellular Homeostasis
As autophagy impacts a broad range of organelles, one must consider these specific impacts
when attempting to understand any effects that disrupting autophagy may have on the whole cell.
For example, the very act of recruiting PE for conjugation to Atg8 may impact the availability of
this important phospholipid to other membranes, and autophagy has indeed been shown to
regulate lipid dynamics in the cell [71]. Overactive or delayed turnover of proton pumps may
alter intracellular pH [72]. At organelle level, autophagy has been shown to selectively or nonselectively turn over most organelles [73]. As mitochondria, ER, peroxisomes, lipid droplets,
nuclear components, ribosomes, and protein aggregates are all managed by autophagy, disruption
can have widespread, complex, and pleiotropic effects, so it is important to consider all of these
possible effects [45].
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Autophagy, Ion Homeostasis, and the Vacuole
The Pma1 H+-ATPase functions primarily to pump protons out of the yeast cell, thereby
enabling regulation of cytosolic pH, especially in acidic conditions such as wine fermentations
[31,74]. Pma1 is upregulated during carbon starvation and under ethanol replete conditions,
highlighting its potential importance in wine fermentations [75]. Interestingly, Pma1 quality
control is mediated by autophagy: an intact autophagy pathway is required for degradation of
misfolded Pma1 in yeast at the ER, thus ensuring delivery of correctly folded Pma1 to the
plasma membrane [72]. Pma1 is the yeast homolog of the mammalian Na+/K+-ATPase [76],
which as mentioned previously, is necessary for the form of autophagy-induced cell death called
autosis which occurs when an Atg3-inducing peptide is introduced. Thus, disruption of
autophagy via modifying expression of Atg3 or other autophagy proteins may directly impact
Pma1 quality control or abundance, and thereby impact cytosolic pH management, which is
critical for cell survival [76]. Working in coordination with the plasma membrane proton pump
Pma1 are the vacuolar H+-ATPases (V-ATPases), which are requires for proper acidification of
the vacuole [77]. Vacuoles are typically maintained at a lower pH than the cytosol, but the
absolute values depend on the extracellular milieu [78,79]. Vacuolar acidity as maintained by the
V-ATPases is critical for function of vacuolar proteases which degrade autophagic cargo, such as
Pep4 and Atg15 [50,62,63,80]. In a very interesting mechanism, it has been shown that the loss
of function of V-ATPases is compensated by the endocytosis of Pma1, a strategy which serves to
maintain ion homeostasis in the cell, and ensure that protons are not ejected from a cell with
impaired ability to import protons into organelles which require acidification [81].
Under rich growth conditions, yeast cells typically contain 2-5 vacuoles. When nutrients
are limited and autophagy is induced, these vacuoles typically fuse into a single organelle, thus
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expanding their volume, which enables more efficient degradation of autophagic cargo [50,82–
84]. However, conditions such as pH stress or salt stress induce vacuolar fragmentation [85].
Vacuolar fragmentation occurs asymmetrically and in two steps and has distinct lipid and protein
requirements, including phosphatidylinositol (PI) and an autophagy-related protein, Atg18,
which is also involved in autophagosome formation [85]. Atg18 localizes to the PAS by binding
to PI3P, then recruiting the Atg12-Atg5-Atg16 complex, which recruits Atg8 to the PAS [86–
88]. In Atg18-deficient cells, vacuolar fragmentation during salt stress is slowed, thus presenting
a possible mechanistic link between autophagy and vacuolar fragmentation [85]. In the yeast
Pichia pastoris, an opposite effect is observed, where Atg8 promotes vacuolar fusion during
adaptation in a glucose-to-methanol shift, and persistent vacuolar fragmentation is observed in an
atg8Δ mutant. Surprisingly, the effect of Atg8 on vacuolar fusion is independent of its lipidation,
but rather due to its membrane tethering and hemifusion activity [54,89]. However, S. cerevisiae
Atg8 does not show complete fusion activity in vitro [54]. Surprisingly, the direct impact of the
autophagy machinery, including Atg8, on vacuolar dynamics in vivo with S. cerevisiae has not
been explored further in the literature.
Further work showed that vacuolar fragmentation is controlled by V-ATPase activity, and
thus likely responds to changes in ion homeostasis in the cell, and also that TOR, a
serine/threonine kinase which acts as a major regulator in response to changes in nutrient
conditions, enacts upstream negative regulation of autophagy, and also supports vacuolar
fragmentation but not fusion [90,91]. Under starvation conditions, TOR is inactivated, and
consequently the vacuolar fusion/fission equilibrium shifts toward fusion, resulting in the typical
increase of vacuolar volume seen during starvation [91]. Further understanding is needed as to
how vacuole fusion is accomplished and maintained during nutrient starvation, as this
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mechanism is important to maintain vacuoles with large volumes to best mediate autophagic
degradation during starvation. It is possible that upregulation of key autophagy proteins during
starvation could shift the vacuolar fusion-fission equilibrium toward fission, as a result of the
direct effect of autophagy proteins on vacuolar fission/fusion dynamics, or as a result of potential
impacts autophagy misregulation has on ion homeostasis, for instance by improper quality
control of Pma1.
Mitophagy and Reactive Oxygen Species
There is a growing understanding of the involvement of autophagy in turnover of
mitochondria via a process called mitophagy, a form of selective autophagy which degrades
damaged or excess mitochondria, thereby maintaining mitochondrial quality as well as quantity
[92,93]. Most of the ATG genes which are required for macroautophagy, including the core
autophagosome formation machinery, are also required for mitophagy [94]. The mitochondrion
is an important organelle, as it is critical for efficient energy production in the eukaryotic cell via
oxidative phosphorylation. But there are also potential areas of concern for the cell, as this
process generates harmful reactive oxygen species (ROS). ROS can cause oxidative damage to
mitochondrial and cellular constituents such as lipids, DNA, and proteins. Furthermore, defective
or damaged mitochondria generate higher amounts of ROS, creating a negative feedback loop
and further damaging mitochondria [94].
Relevant to the prior discussion of autophagy and pH homeostasis, an intriguing line of
research showed that vacuolar pH regulates mitochondrial function as well as lifespan in yeast
[95]. It was shown that in wild-type populations, vacuolar acidity declines in mother cells,
leading to mitochondrial dysfunction, while overexpression of the V-ATPase subunit Vma1
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rescued the vacuolar acidity loss, delayed mitochondrial fragmentation and extended
chronological lifespan [95]. It was then shown that daughter cells inherit Pma1 asymmetrically,
with the majority of Pma1 protein being retained in the mother cell. This enables more effective
vacuolar acidification of the daughter cell at the expense of the mother cell, as Pma1 at the
plasma membrane is known to antagonize vacuolar acidification [96]. More recently it was
shown that mitochondrial proteins are degraded via autophagy in aged yeast cells, a process
which also requires the mitochondrial fission machinery: In a pep4Δ (vacuolar proteasedeficient) background, atg5Δ and dnm1Δ (a conserved GTPase required for mitochondrial
fission) both inhibited vacuolar localization of Tom70-GFP, a mitochondrial outer membrane
marker [97]. Surprisingly, this autophagy-mediated degradation of mitochondrial protein was
found to be independent of Atg32, as atg32Δ showed no impact on Tom70-GFP vacuolar
localization. The authors also found that the trigger for mitochondrial protein degradation was an
increase in vacuolar pH, but that vacuolar fragmentation then occurred in aged cells, and the
turnover of mitochondrial protein is impaired in these circumstances [97]. Thus, it is possible
that at some point, this system enters a dysfunctional state following a rise in vacuolar pH, where
defective mitochondria are no longer cleared and instead accumulate. Defective mitochondria
can hypothetically burden the cell metabolically, or result in generation of excess ROS [93].
Lipophagy, Lipid Droplets, and Membranes
Management of lipids is critical to maintenance of cellular homeostasis, and lipids have
complex ties to cell death. Free fatty acid (FFA) accumulation can lead to lipotoxicity, and is
managed by storage of FFA into neutral lipids [98]. Indeed, excess FFA can result in induction
of apoptosis or necrosis of cells. During starvation, lipid metabolism including fatty acid
oxidation and lipolysis can contribute to survival, for example by supplying energy [98]. Under
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normal cell physiology, FFAs are stored and sequestered in the form of neutral lipids inside lipid
storage organelles called lipid droplets (LDs) [98]. While in the past LDs were regarded as inert
storage compartments for neutral lipids, triacylglycerol (TAG), and steryl esters, now they are
recognized as metabolically dynamic organelles [99]. Under normal conditions, LD size and
distribution is rather homogeneous, although it has been shown that LD size increases during
yeast aging [100,101].
It has now been shown that autophagy regulates lipid metabolism and LDs [71,102]. The
first crucial finding showed that inhibition of autophagy leads to accumulation of lipids in the
cell in the form of LDs [71]. Furthermore, this work showed that lipid droplets and lipid droplet
content are delivered to the lysosome (vacuole) via autophagosomes. Thus, the term lipophagy
was defined as the autophagic degradation of lipid droplets [71,103]. Additionally, lipophagy is
responsive to nutritional status, and the number of autophagosomes containing lipid increased
markedly with starvation [71]. Thus, it appears that the cell selectively switches to lipophagy in
response to starvation, generating energy from increased oxidation of FFAs [71,104]. This
relationship between autophagy and LDs appears to work in the other direction as well: LDs,
acting as cellular stores of neutral lipids such as triglycerides, contribute to autophagic initiation
and autophagosome biogenesis [105]. Thus, a model was proposed where lipid droplets are not
only consumed via lipophagy, but also act as building blocks for nascent autophagosomes [105].
As with the mitochondria, there too is an autophagic link between the vacuole and LDs.
In a study which focused on the critically underexplored area of stationary phase yeast cell
physiology, it was shown that LDs increase in size as well as quantity with time, and that the
stationary phase LDs are transferred from the ER to sterol-enriched microdomains on vacuoles in
an autophagy-dependent manner, which is also dependent on functional sterol-enriched vacuolar
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microdomains [101]. Previously it was shown that vacuolar membrane proteins segregated to
one of two microdomains as revealed by fluorescence microscopy, and showed that one of these
microdomains is sterol-enriched [106]. Further data suggests that these vacuolar microdomains
act as docking sites for LDs, critical for resultant engulfment of the LDs [101]. The authors
propose that LD contents such as sterol esters may be important for the effective maintenance of
the vacuolar microdomains, which also promotes lipophagy, and that this mechanism is thus
mutually beneficial. It is possible that a disruption of vacuole morphology due to an alteration in
pH or lipid imbalance could alter the composition or balance of these microdomains, rendering
utilization of LDs by the cell substantially less efficient.
Further to the relationship between autophagy and LDs, Atg15, a vacuolar lipase, is
critical for maintaining LD quantity during stationary phase via degradation in the vacuole.
Autophagosome formation loss-of-function mutations coupled with Atg15Δ abrogated the
reduction in LD amount in Atg15Δ alone, which suggested that Atg15 is responsible for LD
degradation in the vacuole, and that when Atg15 is not functional, LD degradation occurs chiefly
via lipolysis from LD-localized lipases [80]. Thus, autophagy not only manages lipids in the cell
via turnover of LDs in the vacuole, it also seems to impact non-autophagic lipolysis as well.
Taken together, autophagy is important for proper maintenance of LD size and quantity during
stationary phase or starvation, and LDs in turn contribute to autophagosome formation.
Recently, a novel form of programmed cell death which specifically involves autophagy,
the mitochondria and LDs has been identified, and was termed “liponecrosis” [107].
Liponecrosis is aging-related, induced by excess palmitoleic acid (POA), requires autophagy,
and uniquely, one of its hallmark features is the excessive accumulation of LDs. Additionally,
accumulation of dysfunctional mitochondria seems to enhance liponecrosis, as deletion of
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ATG32 (and thus lack of mitophagy) enhanced cell death via liponecrosis [107]. Later, the
mechanism of liponecrosis was further explored, where it was shown that exogenous POA
internalized into phospholipids, reducing the level of PE in the plasma membrane and altering
membrane permeability. Additionally, the accumulation of POA-containing phospholipids in
mitochondria cause excess ROS production, creating a stressful situation in the cell where
macroautophagy is triggered in an attempt to remove massively damaged organelles and
oxidatively damaged proteins, seriously effecting proteostasis [108]. They also show that
liponecrosis can be avoided by incorporation of POA into neutral lipid stores such as LDs,
effective clearance of dysfunctional mitochondria by mitophagy, and clearance of damaged
proteins and protein aggregates. While this line of research is framed with the specific situation
of POA exposure in mind, this phenomenon provides a striking example of the cell survival and
death interplay among LDs, mitochondria, membranes, and autophagy. Thus, it is possible that
modifying the normal regulation of autophagy could result in a cell death program similar to that
of liponecrosis, given the known reliance (and inter-reliance) of LDs, mitochondria, and
membranes on properly functioning autophagy. Ultimately, cell death is a complicated topic, as
many cell death phenomena center on the same subroutines and critical organelles.

1.2.5 Transcriptional Regulation of Autophagy
While the mechanics of autophagy have been thoroughly studied in the literature,
surprisingly little is known about the transcriptional regulation of autophagy, whether during
nutrient rich conditions or during starvation. More than 30 ATG genes have now been identified
in yeast, which are highly conserved across most model organisms. In conditions of rich
nitrogen, most ATG genes are repressed at the transcriptional level due to the activation of
autophagy repressors, or to inhibition of autophagy activators [109].
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The comparative lack of knowledge surrounding the transcription-level regulation of
autophagy is surprising. Relatively early, it was discovered that ATG14 expression is regulated
by the GATA-type transcriptional activator Gln3 during nitrogen starvation [110]. Yet,
surprisingly, this discovery was not expanded on until much later, when Gln3 as well as GATA
transcription factor Gat1 were shown to exert transcriptional control on a broader range of
autophagy genes (ATG7, ATG8, ATG9, ATG29, ATG32), also as transcriptional activators during
nitrogen starvation [111]. Furthermore, GATA factors have been shown to bind to ATG gene
promoters [112]. In line with these findings, our lab found that three putative GATA
transcriptional factors Gat2, Gat3, and Gat4 are upregulated at the end of sparkling wine
refermentation (Figure 6), during the time period where carbon and nitrogen starvation are
presumed to have begun [113]. Strikingly, and thus far not otherwise reported in the literature,
GATA consensus sequences appear in a wide range of autophagy gene promoters, with 18 ATG
genes having one or more GATA consensus sites, and 10 ATG genes containing duplicate
consensus sequences. Moreover, Fletcher found that the presence of certain GATA consensus
sequences were correlated to expression profile clustering of the ATG genes which contained the
binding sequences [113]. Given the widespread nature of GATA sites among ATG gene
promoters, there is rationale for further investigation of the influence of GATA transcription
factors including Gln3, Gat1, Gat2, Gat3, and Gat4 on fine-tuning transcriptional regulation of
autophagy during starvation, and during sparkling wine refermentation.
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Figure 6. Expression profiles of GATA transcription factors during sparkling wine
refermentation. Data were obtained from gene microarray analysis performed by Fletcher
(2015). Expression is measured in terms of log2 of the fluorescent intensity. Sample points
represent days of fermentation duration during sparkling wine refermentation in bottles. Sample
point ‘R’ represents yeast rehydration and sample point ‘A’ represents yeast during the
acclimatization process.
Important to the study of autophagy in industrial wine fermentation conditions, it was
shown that ATG1, ATG5, ATG7, and ATG8 are upregulated under high sugar conditions [114].
Moreover, autophagy is implicated in the general fermentation stress response, with ATG1 and
ATG8 being upregulated during fermentation of grape must [115]. Additionally, ATG1, ATG7,
and ATG8 are upregulated during the environmental stress response [116]. Due to the various
data suggesting the importance of ATG1, ATG5, ATG7, and ATG8 during wine fermentation
conditions, these genes may be essential to efficient fermentation, and disruption of these genes
may inhibit or stall fermentation under the rigors of sparkling wine refermentation. Thus, it may
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be more useful to explore expression modulation of the other genes in the Atg8 conjugation
pathway for the purpose of disrupting autophagy following fermentation to enable accelerated
autolysis. Two such genes are ATG3 and ATG4.
Fletcher (2015) performed expression analysis of the sparkling wine strain DV10 during
rehydration (of dry yeast), acclimatization (tirage), and refermentation of sparkling wine. These
data reveal that many autophagy genes are upregulated from rehydration to acclimatization, and
that ATG5 and ATG7 transcript levels remain consistent throughout fermentation. Interestingly,
ATG1 and ATG8 are slightly upregulated as fermentation nears completion and starvation begins,
while ATG3 and ATG4 are strongly upregulated toward the end of fermentation and beginning of
nitrogen and carbon starvation (Figure 7) [113]. Thus, it is possible that ATG3 and ATG4 are
upregulated as a stress response, and that modifying expression of these genes could abrogate
this stress response.
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Figure 7. Expression patterns of genes involved in Atg8 conjugation during sparkling wine
refermentation. Data were obtained from microarray analysis performed by Fletcher (2015).
Expression is measured in terms of log2 of the fluorescent intensity. Sample points represent
days of fermentation duration during sparkling wine refermentation in bottles. Sample point ‘R’
represents yeast rehydration and sample point ‘A’ represents yeast during the acclimatization
process.
The sparkling wine yeast EC1118 presents an intriguing phenotype in terms of nitrogen
requirements and autophagy regulation. Despite being classified as a low nitrogen requiring
(LNR) yeast, EC1118 does not upregulate autophagy-related genes as aggressively as other LNR
yeasts [117]. This is useful for our purposes, as it indicates that EC1118 surprisingly operates at
a lower level transcriptionally than other LNR yeasts, presenting an opportunity to significantly
increase autophagy gene transcript levels during or after fermentation.
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1.3

Hypothesis and Objectives
I hypothesize that overexpressing selected autophagic genes during starvation conditions will

result in accelerated autolysis of yeast in sparkling wine by accelerating or disrupting the
autophagy process and its related functions. In test this hypothesis, three specific objectives are
proposed:
1. Investigate accelerated autolysis via overexpressing ATG genes using the copperinducible CUP1 promoter as well as the constitutive PGK1 promoter in synthetic media.
Using standard recombination techniques, it is relatively simple to substitute promoters of
yeast genes. To this end, a toolset of promoter substitution cassettes has been created, along with
a methodology to perform and confirm these substitutions [118]. To create artificially inducible
autolytic genes, one can make use of the existing set of cassettes containing the copper-inducible
CUP1 promoter. Promoter substitution via the CUP1 promoter has been demonstrated to be
effective in inducing many-fold higher expression of yeast genes in the presence of CuSO4 [118].
For this line of research, I will substitute the promoter regions of known autolytic genes using
homologous recombination of a fragment amplified from the pYM-N1 plasmid, which contains
KanMX (kanamycin-resistance gene) and the CUP1 promoter as seen in Figure 8 [118]. This
allows for transformants to be selected by their growth on G418/geneticin, which is analogous to
kanamycin. This promoter substitution will be performed in the lab strain BY4742, and also in
industrial sparkling wine strain EC1118 (Lalvin), which also has a fully sequenced and annotated
genome. I can then test whether artificial induction of autolytic genes accelerates both
autophagic activity and autolysis.
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Figure 8. Promoter substitution via homologous recombination, using pYM-N1
(KanMX/CUP1 promoter). Adapted from Janke et al. (2004)
As autophagy is induced by nitrogen starvation, and is supposedly the precursor to autolysis,
I expect higher and earlier levels of autophagic activity as well as autolytic markers when
autolytic genes are induced in the starvation medium. There are several molecular markers for
autophagy, chief among them Ald6, a protein which is preferentially degraded during autophagy
[119,120]. As such, I will probe for Ald6 via Western blotting to determine whether it is
degraded faster under induction in our mutant strains. If so, this would be an indication that these
strains undergo accelerated autophagy. I will also observe cells via microscopy, identifying the
physiological ramifications of our modifications, in addition to early autolytic phenotypes such
as detached cytoplasm, cell shrinkage, larger cytoplasmic granules, and release of cell material
[23,24]. This will allow us to determine whether autophagic/autolytic phenotypes arise faster in
the mutant strains, and also identify any morphological aberrations caused by overexpression of
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the selected genes. As two of the autolytic genes genes identified in our prior screen are involved
in autophagosome biogenesis (ATG3 and ATG7), overexpression should lead to over-active
autophagy which in turn has been shown to negatively influence the survival of cells
[26,38,40,66]. In order to corroborate the molecular and microscopic data, I must also analyze
the release of key autolytic markers. The most important autolytic markers are nitrogenous
fractions, including proteins, amino acids, and peptides. These nitrogenous compounds are
released at various stages in autolysis, so it is important to assay the medium of each
strain/sample [13,20]. Taken together, demonstrating accelerated autophagic activity and release
of autolytic markers would support the hypothesis that autolysis is inducible using the
overexpression promoters to drive the expression of specific autophagic genes in synthetic
media.
2. Test whether ATG-overexpression EC1118 yeasts are suitable for sparkling wine
production
Experiments will be performed with the best candidate genes identified in prior experiments,
in base wine. Analysis will be similar to that of objective 1, in order to confirm that induction of
autolysis is possible with these strains in base wine, better mimicking actual sparkling wine
conditions (ethanol ~10-12%, pH ~3.0-3.2). Finally, it has been shown that industrial yeast
strains are often more susceptible to copper stress than lab strains, depending on the number of
tandem duplications (2-20) of the CUP1 gene [121–124]. Often, industrial strains have lower
tandem duplications than the lab strains typically used in most yeast studies [122]. As such, I
may have to adjust the CuSO4 concentration lower than the typical 100µM used to induce CUP1.
3. Explore the fundamental physiological ramifications of altering expression of key ATG
genes during nitrogen starvation in yeast
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This is a fundamentally open-ended objective, due to the fact that autophagy intersects with so
many critical cellular components and processes. Thus, it is reasonable to hypothesize that
altering ATG expression level will have broad and pleiotropic effects on the cell, and that any
detriment to cell health, survival or physiology may be due to impairment of one or many
defects, and that many of these processes are linked. As autophagy is a key utilizer of
phospholipids and membranes in general, membrane dynamics may be disrupted, leading to
abnormal vacuole, ER, plasma membrane, lipid droplet, or mitochondrial functions.
Furthermore, disrupted autophagy may lead to overactive turnover of useful proteins or
organelles, causing further stress on other protein synthesis or turnover machinery.
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Chapter 2 – Materials & Methods
2.1 Yeast Strains and Plasmids
Mutants substituting the copper-inducible CUP1 promoter were generated using a
standard method for tagging yeast genes via homologous recombination of a PCR cassette
generated using the pYM-N1 plasmid (Table 4) [118]. Mutants containing the constitutive PGK1
promoter were generated using the pCW1 plasmid (Table 4) [125]. Cassettes were generated via
PCR amplification of the plasmid using integration primers specific to the target genes (Table 5).
PCR-amplified cassettes were subjected to agarose gel electrophoresis to confirm size, and then
the cassette was excised and purified using the QIAquick Gel Extraction Kit (Qiagen). Yeast
were transformed via electroporation [126]. Transformants were plated onto G418 (geneticin,
Thermo Fisher) agar, which selects for kanamycin-resistant yeasts. PCR using confirmation
primers which bind within the integration cassette and on an adjacent chromosomal region to the
integration site was performed in order to confirm successful integration of the cassettes Table
5).
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Table 3. Yeast strains used in this study.
Strain
Genotype
BY4742*
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0
GVY2283*
BY4742 atg7Δ
GVY2252†
BY4742 KanMX::CUP1p-ATG3
GVY2412†
BY4742 KanMX::PGK1p-ATG3
GVY2363†
BY4742 KanMX::CUP1p-ATG4
GVY2408†
BY4742 KanMX::PGK1p-ATG4
GVY123†
BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) ALD6-GFP::HISMX
GVY2372†
BY4741 ALD6-GFP::HISMX KanMX::CUP1p-ATG4
GVY2379†
BY4741 ALD6-GFP::HISMX KanMX::CUP1p-ATG3
EC1118ª
GVY2339†
EC1118 KanMX::CUP1p-ATG3
GVY2404†
EC1118 KanMX::PGK1p-ATG3
GVY2363†
EC1118 KanMX::CUP1p-ATG4
GVY2403†
EC1118 KanMX::PGK1p-ATG4
* Open Biosystems.
† This study.
ª Lalvin.
Table 4. Plasmids used in this study.
Plasmid
pRS416 GFP-ATG8::URA3
pYES-pACT1-mtpHluorin::URA3
pYM-N1 KanMX::CUP1p promoter
substitution integration cassette
pCW1 KanMX::PGK1p promoter
substitution integration cassette
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Table 5. Primers used in this study.
Primer
CUP1pATG3 F1
CUP1pATG3 R1
CUP1pATG4 F1
CUP1pATG4 R1
PGK1pATG3 F1
PGK1pATG3 R1
PGK1pATG4 F1
PGK1pATG4 R1

Sequence
5’-ATTATAAGGGAAGCAGAGCGAAGG
GCTATTTAAAGGAAAGTAGATACTTG
AATGATTACGTACACTTGACGTATAC
GTACGCTGCAGGTCGAC-3’
5’-ACCTGTGGTTAAAAAGGTAGATTTGT
GCGTTATGGGGGTAAGATATTCTCTCCA
ACTACTTAGTGTAGATCTAATCATCGAT
GAATTCTCTGTCG-3’
5’-GTAGATGAAGAATGGACGACTTCTTA
TCACGTATAGGAGTGATATACATGCGTA
CGCTGCAGGTCGAC-3’
5’-TGAGACACTTTTTGTACCAAATCCATT
TTCCACAGTTGTAGCCACCTCTGCATCG
ATGAATTCTCTGTCG-3’
5’-TCAAGCTAGCTAGAAGTTAGGAACAA
AGAAGTACAAAGGAGTAAATACAATTTT
ATTATCTTAATACGACTCACTATAGGG-3’
5’-AGATTTGTGCGTTATGGGGGTAAGATA
TTCTCTCCAACTACTTAGTGTAGATCTAA
TCATCATTGTTTTATATTTGTTGTAAAAA
GTAG-3’
5’-CACAATAACGTTAGTAGATGAAGAAT
GGACGACTTCTTATCACGTATAGGAGTG
ATATACTTAATACGACTCACTATAGGG-3’
5’-AAAAACGCCATGAGACACTTTTTGTAC
CAAATCCATTTTCCACAGTTGTAGCCACC
TCTGCATTGTTTTATATTTGTTGTAAAAA
GTAG-3’

PGK1
conf F
Kan conf

5’-TCAAACAGAATTGTCCGAATCG-3’

ATG3
conf
ATG4
conf
ATG3 rev

5’-TTTTTACTCGATTGTCGCCG-3’

`

5’-GACATTATCGCGAGCCC-3’

5’-ATGACTATGCCTTTTTGCCATT-3’
5’-ACTTCGACACATTGCGCAC-3’
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2.2 Culture Conditions
For nitrogen starvation assays, the prototrophic wine yeast strain EC1118 and its
derivates was grown in YPD overnight at 30ºC with shaking (170 rpm hereafter), then diluted to
0.2 OD600 in YPD and grown to late log phase (OD600=0.8-1.0), washed 2x in sterile distilled
water, and subsequently resuspended in an identical volume of SD (–N) medium (2% w/v
glucose, 0.17% w/v YNB [yeast nitrogen base] without ammonium sulfate or amino acids),
without supplementation of amino acids and with and without 25µM CuSO4 for assays making
use of the CUP1 promoter for controlling gene expression. Auxotrophic laboratory yeast strains
(BY4741, BY4742) were grown in appropriate SD media overnight at 30ºC with shaking, then
diluted to 0.25 OD600 in appropriate SD media and grown to late log phase (OD600=0.8-1.0).
Cells were shifted to SD –N medium (2% w/v glucose, 0.17% w/v YNB without ammonium
sulfate or amino acids), with auxotrophic complementation of amino acids (His 20µg/mL; Leu
100µg/mL; Met 20µg/mL; Ura 20µg/mL) and with and without 100µM CuSO4 for assays using
the CUP1 promoter.

2.3 Fluorescence Microscopy
Cells prepared for viability staining were diluted 1:1 with 0.4% Trypan blue in 0.81%
NaCl and 0.06% K2HPO4 (Sigma Aldrich T8154), and immediately imaged [129,130]. Trypan
blue is a vital stain which is not absorbed by live cells. Dead or damaged cells are permeated by
Trypan blue, resulting in blue staining under light microscopy, or red fluorescence.
FM4-64 staining was used to label vacuolar membranes in yeast [131,132]. Cells were
concentrated tenfold via centrifugation, and the supernatant was saved. Cells were incubated
with FM4-64 (Thermo Fisher T3166) to a final concentration of 80µM for 15 minutes, washed
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2x in sterile distilled water, and chased in the original supernatant to maintain identical medium
composition while labelling vacuoles [131,133]. Cells were then incubated for 90 minutes in
microfuge tubes on a nutator, after which stained vacuoles were imaged in the red fluorescence
channel.
BODIPY 493/503 was used to observe neutral lipids aggregates in yeast, such as lipid
droplets [101,102,134]. Yeast cells were concentrated tenfold via centrifugation, and then stained
with 0.1µg/mL BODIPY 493/503 (Thermo Fisher D3922). The cells were then incubated for 30
minutes and imaged immediately by fluorescence microscopy in the green channel, with use of
the ND16 filter to aid in reducing photobleaching, and with focusing performed under brightfield
microscopy also to reduce photobleaching.
Reactive oxygen species (ROS) in yeast were detected by DHE (dihydroethidium; D7008
Sigma Aldrich) at a final concentration of 5µg/mL [135]. Cells were then incubated for 20
minutes in the dark, washed, and resuspended with sterile distilled water, then examined by
fluorescence microscopy in the red channel.
For all microscopic analysis, slides were prepared directly or from stained samples as
described above, followed by immediate analysis using the 100x or 40x objective lenses of a
Nikon Eclipse E600 fluorescence microscope. For green fluorescent signals, the B-2A filter was
used. For red fluorescent signals, the G-2A filter was used. Monochrome micrographs were
captured using a Coolsnapfx CCD digital damera (Roper Scientific), and Metamorph software
(Universal Imaging, Version 5.0). Micrographs were processed and analyzed evenly across
experiments using ImageJ. Figure assembly was performed using Adobe Photoshop CS6.
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2.4 Sparkling Wine Refermentation Analysis
For all analysis of sparkling wine refermentations, a standard acclimatization and base
wine refermentation (secondary fermentation) protocol was carried out. Base wine was obtained
from Niagara College Teaching Winery, comprised of 100% 2014 Chardonnay wine with an
ethanol content of 9.68% (+/- 0.09%; measured via HPLC) and pH 2.96. Yeast were inoculated
from colonies (YPD) into 7.5mL sterilized YPD with 0.02375g/L Go-Ferm (Lallemand; a yeast
rehydration nutrient blend), and grown overnight at 30ºC with shaking at 180 rpm. Cells were
then inoculated at a rate of 1.5x105/mL into 100mL of sterilized YPD with Go-Ferm and grown
for 24 hours at 30ºC with shaking at 180 rpm. All of the cells from this stage were transferred
into 100mL of Adaptation Medium 1 (AM1; 10% base wine by volume, 0.08g/L diammonium
phosphate, 2.4g/L tartaric acid, 20g/L sucrose, 0.02375 g/L Go-Ferm, filter-sterilized) and
incubated for 24 hours at 30ºC without shaking. All of the cells were then transferred from AM1
into 100mL Adaptation Medium 2 (AM2; 70% base wine by volume, 2.4g/L tartaric acid, 20g/L
sucrose, 0.2g/L Fermaid K, filter-sterilized), then incubated for 24 hours at 15ºC without
shaking. For sparkling wine refermentation, acclimatized cells were inoculated into base wine
(supplemented with 0.08 g/L diammonium phosphate and 20g/L sucrose) at a rate of 106/mL.
Model sparkling wine refermentations were carried out in triplicate at 15ºC in 70mL spice jars
fitted with fermentation airlocks. For wine analysis, samples were collected aseptically from the
fermentation jars, filtered (0.45µM syringe filter) and frozen at -20ºC.
Wine samples were analyzed for glucose, fructose, and ethanol content via HPLC using
an RI (refractive index) detector. The samples were run on an Aminex HPX-87H column, using
5mM sulfuric acid as the mobile phase, with the following conditions: flow rate 0.6mL/min,
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60ºC, and 620 psi. Each sample contained 400µL of filtered wine, along with 50µL of 6% (v/v)
isopropanol and 50µL of 6% (v/v) xylitol as internal standards.

2.5 SDS-PAGE and Western Blotting
Yeast pellets (2 OD / sample / timepoint) harvested for downstream immunoblot analysis
were washed 2x in sterile distilled water, and stored at -80ºC prior to protein extraction. Protein
extraction was performed by TCA precipitation [136]. Briefly, the cells were resuspended in
0.5mL water, followed by 50µL 3.5% β-mercaptoethanol in 2M NaOH with aspiration, and then
incubated on ice for 15 minutes. The proteins were then precipitated by adding 50µL 3M
trichloroacetic acid (TCA) with aspiration, followed by another 15 minute incubation on ice. The
samples were then centrifuged for 10 min at 10,000g at 4ºC. The protein pellet was then washed
with 0.2mL ice cold acetone, dried, and then resolubilized by adding sequentially 20µL 5% SDS,
20µL Laemmli buffer (2% β-mercaptoethanol, 2% SDS, 0.1M Tris-HCl, pH 8.8, 20% glycerol,
0.02% Bromophenol Blue). Prior to loading on SDS-PAGE gels, the samples were incubated at
70ºC for 5 minutes. This denaturation step was also repeated any time samples underwent freezethaw cycles. Cell lysate equivalent to 0.1 OD was loaded into each lane of a 7.5% SDS-PAGE
gel. Gels were transferred to nitrocellulose membranes using a Pierce Power Blotter (Thermo
Fisher). Immunoblot analysis was performed using monoclonal rabbit anti-GFP (Abcam ab290;
diluted 1:5,000) for detecting GFP-Atg8, polyclonal rabbit anti-aldehyde dehydrogenase
(Rockland 100-4144; diluted 1:5,000) for detecting Ald4 and Ald6, and monoclonal rabbit antiPGK1 (Invitrogen, 1:10,000 dilution) was used as a loading control. Mouse and rabbit secondary
antibodies were used at a dilution of 1:5,000). Chemiluminescent detection was performed with
ECL (Amersham) or Luminata Forte (EMD Millipore) reagants, and exposed to film.
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Chapter 3 – Results
3.1 Optimization of culture conditions
In order to determine whether overexpression of autophagy genes impacts cell survival
during nitrogen starvation, I first generated mutant strains in both diploid industrial yeast
(EC1118) and haploid laboratory yeast (BY4742) backgrounds by substituting the promoter
regions of ATG genes with the CUP1 promoter (hereafter referred to as CUP1p) (Figure 8). This
promoter is strongly induced in the presence of copper, and thus I can use CuSO4 to induce
expression of the target genes [121,137]. I used the pYM-N1 plasmid, as it contains a KanMX
(kanamycin/G418 resistance) marker, which is usable in both industrial and lab yeasts. While
lab yeasts are auxotrophic for certain amino acids, enabling the use of amino acid synthesis
markers, industrial yeasts are prototrophic, and consequently antibiotic resistance markers are
typically used to select for transformants. However, most published literature concerning use of
copper induction mediated by the CUP1 promoter used lab yeasts, which are known to be highly
resistant to copper due to CUP1 gene duplication [122]. While previously the CUP1 copy
number of s288c was a matter of debate, with transcription-level analysis suggesting a copy
number of 12-14 and sequence assembly suggesting only one CUP1 gene duplication, recent
advances and analysis using long-read sequencing technology, which provides more accurate
coverage of highly repetitive chromosomal regions, revealed that s288c contains 11 copies of
CUP1 [121,122,138]. This excessive duplication is anomalous in the context of the general S.
cerevisiae population, so I presume that EC1118 likely contains less copies of CUP1 (WUBLAST2 search on Saccharomyces Genome Database reveals two copies of CUP1), but
resequencing using long-read sequencing technology would be required to confirm this. As
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EC1118 is likely more sensitive to copper than BY4742, I tested exposure of EC1118 to
increasing concentrations of CuSO4, up to the standard 100µM used for copper induction in most
yeast studies. When added to SD (-N), a standard synthetic defined nitrogen starvation medium
for yeast, I found that CuSO4 did indeed show a dose-dependent effect on wildtype EC1118
viability, which manifested as early as 1 day into starvation (Figure 9). The lowest concentration
of CuSO4 tested, 25µM, showed minor reduction in viability compared to the control without
copper, and for the purpose of further experimentation, I deemed this acceptable as a means to
induce expression of our target genes while reducing the conflating effect of copper on survival
during EC1118 starvation. Indeed, it has been shown that 100µM CuSO4

induces gene

expression under the CUP1 promoter 26.3-fold, while 20µM CuSO4 induces gene expression
16.1-fold, so the outcome even with the lower copper concentration is a strong upregulation of
the target gene [121].
The lowest concentration of CuSO4 tested, 25µM, showed minor reduction in viability
compared to the control without copper, and for the purpose of further experimentation, I
deemed this acceptable as a means to induce expression of our target genes while reducing the
conflating effect of copper on survival during EC1118 starvation. Indeed, it has been shown that
100µM CuSO4 induces gene expression under the CUP1 promoter 26.3-fold, while 20µM
CuSO4 induces gene expression 16.1-fold, so the outcome even with the lower copper
concentration is a strong upregulation of the target gene [121].
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Figure 9. Cu2+ Sensitivity Assay of Industrial Wine Yeast EC1118. Cells were shifted to SD
(–N) medium (2% w/v glucose, 0.17% w/v YNB without ammonium sulfate or amino acids),
without supplementation of amino acids and with and without the specified concentrations of
CuSO4. Cells were concentrated and imaged immediately using trypan blue as a viability stain.
Data shown are the mean +/- S.D. of biological replicates (n=3).
In contrast to EC1118, BY4742 is less sensitive to copper. However, I found during early
starvation experiments in SD (-N) where nitrogen starvation proceeded longer than 24h, that
BY4742 also displayed a dose-dependent sensitivity to CuSO4 (Figure 10, black lines). I
hypothesized this was due to lack of endogenous production of amino acids as a result of the
amino acid synthetic auxotrophies in BY4742. I complemented the auxotrophies of BY4742
with appropriate amounts of histidine, leucine, methionine, and uracil (20mg/L, 120mg/L,
20mg/L, 20mg/L respectively), and found that the survival was greatly improved, and that
CuSO4 no longer showed a dose-dependent effect on this timescale (figure 10, red lines).
Importantly, complementation of amino acids did not aid survival in comparison to cells in SD –
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N without amino acids or copper, and thus it appears that complementing auxotrophies rescues
copper sensitivity without otherwise altering survival under nitrogen starvation. It is thus
possible that these amino acids are required by the yeast to mount a stress response to copper, but
that their availability does not largely impact nitrogen starvation survival. Thus, I propose SD (–
N) + AA to be a more appropriate medium for prolonged nitrogen starvation experiments in
yeast where the CUP1 promoter is being used for gene expression.

Figure 10. Complementation of auxotrophies rescues Cu2+ toxicity in BY4742 during
prolonged nitrogen starvation. Cells were shifted to SD (–N) medium without and with
supplementation of amino acids and with and without the specified concentrations of CuSO4.
Cells were concentrated and imaged immediately using trypan blue as a viability stain. Data
shown are the mean +/- S.D. of biological replicates (n=3).
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3.2 Autophagy gene overexpression results in accelerated cell death during
nitrogen starvation
To determine whether inducible overexpression of ATG genes is a suitable strategy to
accelerate cell death during nitrogen starvation, I constructed mutants of the diploid industrial
wine yeast EC1118 via promoter substitution of ATG3 and ATG4 with the copper inducible
CUP1p promoter. I found that, surprisingly, EC1118 survives well in SD (-N), showing 83.57%
(+/- 4.15%) viability at 21 days of starvation without copper, and 65.69% (+/- 4.66%) in the
presence of copper (Figure 11A). The decrease in viability of wildtype EC1118 with exposure to
25µM CuSO4 was found to be statistically significant at 21 days of starvation (P=0.02467), a
continuation of the modest trend previously identified (Figure 9).
When CUP1p-ATG3 was uninduced in EC1118, I found no significant effect on viability
during nitrogen starvation, indicating that this alteration in ATG3 expression does not hinder
nitrogen starvation survival (Figure 11A). In contrast, when CUP1p-ATG3 is induced by copper,
I observed a significant decrease in viability (P=0.00013), suggesting that ATG3 overexpression
is detrimental to cell survival during starvation, in line with previous findings in non-yeast
models [66,69].
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Figure 11. Overexpression of ATG3 and ATG4 in the industrial yeast EC1118 results in
accelerated cell death during nitrogen starvation. A) Wildtype and inducible ATG3 or ATG4
mutants were starved in SD (-N) media, with addition of 25µM CuSO4 as indicated. B) As above
but using constitutive PGK1p-ATG3 and PGK1p-ATG4 mutants. Cells were collected at each
time point, concentrated, and imaged microscopically using trypan blue as a viability stain. Data
shown are the mean +/- S.E. of biological replicates (n=3). P-values were calculated using
Student’s unpaired t-test in comparison to the control (* indicates P ≤ 0.05, ** indicates P ≤
0.01, *** indicates P ≤ 0.001).
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I also explored altering expression of other ATG genes via generation of a CUP1p-ATG4
mutant (Figure 11A). I found that regardless of induction state, CUP1p-ATG4 resulted in
significantly accelerated cell death during nitrogen starvation (P=0.0398 uninduced, P=0.00086
induced). This suggests that a correct expression level of ATG4 is a requirement for survival
during nitrogen starvation in wine yeast.

Thus, altered expression of ATG4 (induction or

otherwise) as well as overexpression of ATG3 do indeed show accelerated cell death, indicating
these strategies may indeed be effective in accelerated autolysis of wine yeasts.
In order to eliminate the confounding effect of Cu2+ in this experiment, I tested EC1118
modified with constitutively active PGK1p-ATG3 and PGK1p-ATG4. I found that
overexpression of ATG3 and ATG4 using this promoter also accelerated cell death (Figure 11B),
but not as quickly as under CUP1p and in the presence of copper. Indeed, PGK1p-ATG3
constitutive expression yielded significant decrease in viability during nitrogen starvation
(P=0.0319), as did PGK1p-ATG4 (P=0.0096).
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Figure 12. Overexpression of ATG3 and ATG4 in the lab yeast BY4742 results in accelerated cell
death during nitrogen starvation. Cells were collected at each time point, concentrated and
imaged microscopically using trypan blue as a viability stain. Data shown are the mean +/- S.E.
of biological replicates (n=3). P-values were calculated using Student’s unpaired t-test (*
indicates P ≤ 0.05, ** indicates P ≤ 0.01).
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EC1118 is not commonly used in yeast molecular biology research, so there was a need
to confirm our findings using a more canonical model yeast such as the haploid lab yeast
BY4742. I starved BY4742 and derivative mutants generated with inducible expression of ATG3
and ATG4 via the CUP1 promoter, as well as via the constitutive PGK1 promoter (Table 3). I
observed that BY4742 survives more poorly in nitrogen starvation than EC1118, with 50.5% (+/7.22%) of cells remaining viable by day 7 of starvation in SD (-N). In contrast to EC1118,
100µM CuSO4 did not show a significant decrease in viability in the wildtype strain (Figure 12,
top panel). In line with our previous findings in EC1118, CUP1p-ATG3 in BY4742 does not
significantly alter survival during nitrogen starvation in the absence of copper (Figure 12, middle
panel). When CuSO4 is added and CUP1p-ATG3 is induced however, I observed a significant
decrease in viability by day 7, to 8.2% (+/-4.52%) (P=0.0076). While viability trending toward
decrease was observed in PGK1p-ATG3, to 32.9% (+/- 3.04%), this result was not significant
with the present number of replicates (n=3).
In contrast to the results in EC1118, uninduced CUP1p-ATG4 did not show a significant
decrease in viability in nitrogen starvation when compared to the wildtype, with 35.6% (+/3.31%) viability at day 7. However, induced CUP1p-ATG4 did still show significant loss of
viability in comparison to the control, with 8.1% (+/- 4.62%) viability (P=0.0077). Additionally,
PGK1p-ATG4 showed significant decrease in viability during nitrogen starvation, with 26.5%
(+/- 4.77%) viability (P=0.0498). These results further support the previous suggestion that
survival in nitrogen starvation is dependent on the expression level of ATG4.
Taken together, our results show that overexpression of ATG3 and ATG4 results in
accelerated cell death during nitrogen starvation, across two diverse yeast strain backgrounds and
utilizing two different promoter replacement systems. Thus, there is strong evidence for utilizing
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one or more of these promoter-ATG gene constructs to accelerate cell death and thus autolysis
during sparkling wine aging.

3.3 Autophagy gene overexpression does not impair base wine acclimatization
or base wine refermentation rate
Given that I observed accelerated cell death with ATG3 overexpression strains in both
wine and lab yeasts in synthetic nitrogen starvation medium, I next explored whether this
phenomenon was replicable in sparkling base wine refermentation, and also asked whether ATG3
overexpression hindered the acclimatization or refermentation processes. Acclimatization of the
bottling yeast (tirage) is a critical step in sparkling wine production, as the yeast must be given
time to adapt to increasing ethanol and acidity in the environment, such that it can complete
refermentation of added sugar (or juice) to the base wine at bottling. Indeed, regardless of
acclimatization efforts, some yeast strains do not survive this process very well. I tested EC1118
as well as its derivative inducible CUP1p-ATG3 and constitutive PGK1p-ATG3 mutants during a
tirage procedure, where the yeast is grown sequentially in rich medium, then introduced to
increasing quantities of base wine (Table 6). Wildtype EC1118 survived acclimatization well,
displaying >90% viability in all media. The inducible ATG3 mutant (acclimatized without
addition of copper) also competently survived acclimatization, with >90% viability in all media.
The constitutive PGK1p-ATG3 mutant showed slightly lower viability during the later stage of
the acclimatization process (AM2; 85.87% +/- 4.48%), but this could be addressed perhaps with
an intermediate or alternative acclimatization protocol. Additionally, provided cells have good
vitality/fermentation capacity, the bottle inoculum can be increased to account for dead cells.
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Indeed, in subsequent base wine refermentation experiments, culture viability was accounted for
in pitch rate calculations [139].

Table 6. Viability of EC1118 and ATG3 expression mutant cells used during sparkling wine
acclimatization process (tirage). Cells were grown in YPD then shifted to successive
acclimatization media. AM1 (10% base wine by volume, 0.08g/L diammonium phosphate,
2.4g/L tartaric acid, 20g/L sucrose, 0.02375 g/L Go-Ferm) was incubated for 24 hours at 30ºC
without shaking. All of the cells were then transferred from AM1 into 100mL AM2 (70% base
wine by volume, 2.4g/L tartaric acid, 20g/L sucrose, 0.2g/L Fermaid K). Viability was assessed
by Trypan blue staining. Values are the mean +/- S.E. of biological replicates (n=3).
Genotype

YPD

AM1

AM2

EC1118

100%

93.9% +/- 1.32%

90.4% +/- 3.43%

EC1118 CUP1p-ATG3

100%

93.8% +/- 1.23%

93.1% +/- 0.63%

EC1118 PGK1p-ATG3

100%

89.6% +/- 2.45%

85.9% +/- 4.48%

Figure 13. Base wine refermentation of ATG3 expression mutants of EC1118 is not
impaired. Acclimatized cells were inoculated into base wine (supplemented with 0.08 g/L
diammonium phosphate and 20g/L sucrose) at a rate of 106/mL. Base wine refermentations were
carried out in triplicate (n=3) at 15ºC in 70mL spice jars fitted with fermentation airlocks.
Fermentation metabolites (glucose, fructose, ethanol) were measured via HPLC.
Next, I performed refermentation of base wine using the acclimatized EC1118 and
derivative mutants. At this point, 25µM CuSO4 was introduced to induce overexpression of
CUP1p-ATG3, and also to serve as a control to observe any potential confounding effects of
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CuSO4 on wildtype EC1118, as observed earlier (Figure 9). I observed that, regardless of
presence of copper or induction state of ATG3, refermentation proceeded as expected, with the
dosed sugar (fructose and glucose) consumed by day 21, and no clear trend in differences of
fermentation rate, regardless of mutation or copper addition (Figure 13). Thus, induction of
CUP1p-ATG3 and PGK1p-ATG3 does not impair refermentation of basewine.

3.4 Autophagy gene overexpression accelerates cell death following base wine
refermentation
While disrupting ATG3 expression via our two different expression systems did not alter
the fermentation kinetics of the laboratory scale base wine refermentation, it did impact the
viability of the cells (Figure 14). Interestingly, in this experiment CuSO4 did not have an effect
on wildtype EC1118 survival, with base wine showing 72.47% (+/- 1.11%) viability, and base
wine + CuSO4 25µM showing 71.77% (+/- 2.75%) viability.

I observed a significantly

accelerated loss of viability in both uninduced and overexpressed CUP1p-ATG3, with the
uninduced (no CuSO4 added) mutant at 55.5% (+/- 3.01%; P=0.0061) and the induced mutant
(25µM CuSO4 added) showing a further loss of viability at 41.460% (+/- 3.02%; P=0.0006).
Furthermore, I observed a significant difference in viability between uninduced and induced
CUP1p-ATG3 (P=0.0302). Overexpressing ATG3 constitutively via the PGK1 promoter also
showed a significant decrease in viability in comparison to the wildtype, which was also highly
consistent with CUP1p-ATG3 induction, at 41.459% (+/- 1.05%; P=0.0001). As cell death is a
prerequisite for autolysis, and ATG3 overexpression mutants of EC1118 showed reduced
viability by day 28 in sparkling wine refermentation, this is strong evidence that ATG3
overexpression may be useful as a tool to accelerate autolysis of yeasts used for sparkling wine
production.
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Figure 14. ATG3 overexpression results in accelerated cell death during sparkling wine
refermentation.
Cells were collected at each time point, concentrated and imaged
microscopically using trypan blue as a viability stain. Data shown are the mean +/- S.E. of
biological replicates (n=3). P-values were calculated using Student’s paired t-test (* indicates P
≤ 0.05, *** indicates P ≤ 0.001).

3.5 Degradation of autophagic cargo is impaired upon ATG overexpression
Next, I sought to explain why ATG3 and ATG4 overexpression impact cell survival
during nitrogen starvation. The aldehyde dehydrogenase Ald6, is preferentially degraded by
autophagy, and is a useful tool to monitor autophagy activity in prototrophic yeasts such as wine
yeasts [26,119,120]. I probed for Ald6 via Western blotting to determine whether it is degraded
faster under induction in our ATG overexpression mutant strains. Anti-aldehyde dehydrogenase
primary antibody also detects the constitutively active Ald4, which serves and an internal loading
control. I observed that Ald6p is degraded rapidly when wildtype EC1118 is shifted to nitrogen
starvation as previously shown [26], but that turnover of Ald6 is delayed under the same
expression conditions that lead to impaired survival – CUP1p-ATG3 induced by 25µM CuSO4,
CUP1p-ATG4 regardless of induction state, as well as constitutive expression of PGK1p-ATG3
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and PGK1p-ATG4 (Figure 15). Consistently, Ald6 signal is observed as remaining in these ATG
expression mutants by t24, whereas the signal has disappeared in the wildtype by this time. This
is an intriguing result, given that autophagy gene deletion (e.g. atg7Δ) completely abrogates
Ald6 turnover, so consequently ATG3 and ATG4 overexpression appear to be detrimental to
autophagic turnover of Ald6, but do not completely inhibit turnover like atg7Δ [119]. This result
suggests that overexpression of individual ATG genes has a detrimental effect on turnover of a
known macroautophagic target, giving rise to the notion that such overexpression is potentially
detrimental to the process of macroautophagy, rather than simply accelerating the process as
hypothesized.

Figure 15. Turnover of autophagic cargo marker Ald6 is impaired upon ATG3 and ATG4
expression alterations. EC1118 and derivative mutants were starved in SD (-N +/- CuSO4
25µM) for the indicated amount of time. 2 OD600 equivalent quantity of cells were collected,
washed 2x in ice cold sterile water, and the resultant cell pellet was frozen at -80ºC prior to lysis.
Protein samples were obtained via TCA precipitation, and 0.1 OD600 equivalent protein lysate
was loaded per lane on an SDS-PAGE gel prior to Western blot analysis. Ald4p serves as an
internal loading control. ADH used as a loading control in top panel.
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Such a mechanism, of impaired autophagy due to overexpression of single ATG genes, is
certainly still congruent with a hypothesis of autophagic disruption (either acceleration or
impairment) leading to accelerated cell death.
I then asked what impedes degradation of Ald6 during ATG3 or ATG4 overexpression.
For example, I asked whether the protein remains in the cytosol (transfer to vacuole blocked),
whether the protein accumulates in the vacuole (vacuolar function or pH impairment), or whether
it accumulates in aggregates (protein aggregate clearance or quality control issue). At present,
Ald6-GFP appears to be a functional GFP fusion protein, localizing to the cytosol during growth,
and is then degraded in the vacuole during nitrogen starvation [119]. Furthermore, Ald6-GFP has
similar turnover kinetics to Ald6 during Western blotting, indicating that monitoring Ald6-GFP
localization should provide a suitable technique for understanding what happens to Ald6 during
ATG3 or ATG4 overexpression [140]. I generated CUP1p-ATG3 and CUP1p-ATG4 mutants in a
lab yeast BY4741 ALD6-GFP background for the purpose of investigating Ald6-GFP
localization during nitrogen starvation (Table 1). I found that, in general, after 24 h starvation in
SD (-N), Ald6-GFP signal was still observed in the cytosol across all cell types, albeit at lower
strength and with more irregularity in signal strength vs. pre-starvation (Figure 16A; time 0
results not shown). Interestingly, I also found that Ald6-GFP occasionally formed punctae (dotlike structures) next to the vacuoles (Figure 16B), and that the frequency of these structures
appearing increased with CUP1p-ATG3 induction, and with CUP1p-ATG4 regardless of
induction state (Figure 16A,C).
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Figure 16. Autophagic cargo marker Ald6-GFP localizes to punctae when ATG3 and ATG4
expression is altered. A) BY4741 and CUP1p-ATG3/CUP1p-ATG4 derivatives containing a
chromosomally tagged ALD6-GFP were starved in SD (-N + AA; +/- 100µM CuSO4) for 24h to
induce autophagy. Cells were analyzed via fluorescence microscopy. Scale bars represent 10µm.
B) Ald6-GFP dots are perivacuolar. Cells were collected after 24h starvation, labelled with FM464, and chased for 90 min prior to imaging. Scale bar represents 5µm. C) Images collected were
quantified for the percentage of cells which showed Ald6-GFP punctae. >100 cells were
quantified per replicate. Data shown are the mean +/- S.E. of biological replicates (n=3). Pvalues were calculated using Student’s paired t-test (* indicates P ≤ 0.05, (** indicates P ≤ 0.01,
*** indicates P ≤ 0.001).
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Quantifying the occurrence of these punctae indicated a significant decrease in the
wildtype strain when exposed to copper (P=0.0183), indicating some effect of copper on this
phenomenon (Figure 16C). However, the percent change is much lower when compared to the
inducible ATG3 and ATG4 strains: induced CUP1p-ATG3 resulted in 36.98 +/- 3.16%
occurrence of the dots compared to the no-copper or copper controls (9.92 +/- 0.59% and 6.03
+/- 0.82% respectively), while both uninduced and induced CUP1p-ATG4 resulted in a
significant increase of Ald6-GFP dots (20.74 +/- 3.51% and 25.67 +/- 2.41% respectively). Thus,
in the same combination of mutations and copper induction states where I observed accelerated
cell death upon starvation (ATG3 induction; ATG4 uninduced and induced), I also observed a
significant increase in perivacuolar Ald6-GFP punctae, indicating that the delayed turnover of
Ald6 previously observed via Western blotting (Figure 16) manifests in perivacuolar aggregates.
As I did not observe clear trends in cytosolic levels of Ald6 in the wildtype vs overexpression
mutants, it is possible that bulk autophagic degradation is not being impaired in these strains, but
rather that autophagic cargo such as Ald6 is held up at an intermediate point prior to
translocation into the vacuole and subsequent degradation. This could potentially be due to
impairment of vacuolar function, or the formation of protein aggregates. Such aggregates could
be insoluble protein deposits (IPOD), aging-related markers which are compartments of
aggregated vacuole-bound proteins, which are known to also colocalize with Atg8 [141].
Recently it was shown that the protein Ypk1, a kinase which function as a positive regulator of
autophagy, is a selective substrate for autophagy during nitrogen starvation, and is degraded
faster than Ald6 [140,142]. Interestingly, disruption of endosomal sorting complex required for
transport (ESCRT; conventionally functions in endocytic trafficking) resulted in aggregation of
Ypk1 as well as Atg8 at a perivacuolar site, in a seemingly similar manner to what I have
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observed with Ald6 [140]. An intriguing hypothesis has been posed that a defiency in
autophagosome-vacuole fusion could lead to perivacuolar cargo aggregation, and that this is
linked to ESCRT machinery, whose role in regulation of and by autophagy is still unclear [143].
Our results suggest that overexpression of ATG genes ATG3 and ATG4 paradoxically seems to
inhibit turnover of autophagic cargo marker Ald6, and that Ald6-GFP accumulates in
perivacuolar aggregates under these conditions.
I next asked whether ATG3 and ATG4 expression mutations impair Atg8 localization
indicating a defect in Atg8 activity, whether Atg8 translocation and processing in the vacuole is
impaired, and/or whether vacuolar function or morphology are impaired. To answer the first two
questions, I analyzed GFP-Atg8 using both fluorescence microscopy and Western blotting in
BY4742. During nitrogen starvation, GFP-Atg8 localizes to punctate structures which are known
to be PAS [144]. Quantifying the percentage of cells showing PAS formation is a common
metric for determining whether normal autophagy is present, as the presence of the structures
(%PAS) is dramatically reduced in autophagy mutants [145]. Western blotting of GFP-Atg8
allows for monitoring of Atg8 translocation to the vacuole, as the GFP is cleaved from Atg8 by
vacuolar proteases, and subsequently appears as free GFP [146].
I analyzed expression mutants of ATG3 and ATG4, driven by either CUP1p or PGK1p for
GFP-Atg8 localization during nitrogen starvation. Our controls proceeded as previously
described – a strong GFP-Atg8 cytosolic signal in rich media, as the protein is being produced
but not turned over, followed by the appearance of PAS during nitrogen starvation, as autophagy
is initiated and autophagosomes are formed at an accelerated rate (Figure 17A). PAS are still
visible when the wildtype strain is dosed with copper. Additionally, in the wildtype, some signal
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is observed in the vacuole, indicating GFP-Atg8 turnover is beginning to occur. I also made use
of an autophagy-defective atg7Δ strain, which shows accumulation of GFP-Atg8 in the cytosol
without PAS formation or vacuolar turnover, as expected for an autophagy-deficient strain [42].
Interestingly, the CUP1p-ATG3 strain showed PAS formation without copper induction, but this
seemed to be abrogated with induction. Conversely, very few PAS are seen in CUP1p-ATG4, but
signal is observed at the interface of cytosol with vacuoles, which appeared to be fragmented.
Interestingly, PGK1p-mediated overexpression of ATG3 and ATG4 yielded PAS observation
both before and after starvation. Taken together, expression level of these genes themselves may
impact PAS formation.
I next analyzed GFP-Atg8 processing via Western blotting (Figure 17B). I found that
GFP-Atg8 cleavage proceeded as normal in CUP1p-ATG3 and CUP1p-ATG4 without copper,
suggesting that translocation and degradation of autophagosomes into the vacuole does occur
when these mutants are not induced. Surprisingly, I found that induction of CUP1p-ATG3 and
CUP1p-ATG4 reduced the amount of GFP-Atg8 present during starvation, and also appears to
delay processing of GFP-Atg8 in the CUP1p-ATG4 mutant. Taken together, it is difficult to link
any effects on Atg8 localization or processing to the previously seen effects of ATG3 and ATG4
expression modification on viability or aggregation of autophagic cargo. Thus, it appears that the
basic macroautophagic machinery is still functional in these mutants with minor alterations in
autophagic flux, and consequently the effect on starvation survival likely has to do with other
effects of misregulating autophagy.
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Figure 17. GFP-Atg8 dynamics upon transcriptional modulation of ATG3 and ATG4.
BY4742 and derivative mutants containing a plasmid bearing GFP-ATG8 under the native
promoter were starved in SD (-N + AA; +/- 100µM CuSO4) for 4-24h to induce autophagy. A)
Cells were analyzed via fluorescence microscopy. PAS appear as punctate structures. Scale bars
represent 10µm. B) Western blotting was performed using anti-GFP antibody in order to probe
for GFP-Atg8 and free GFP. Pgk1 was used as a loading control.
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3.6 ATG3 and ATG4 overexpression causes vacuolar fragmentation during
prolonged nitrogen starvation
In prior experiments, I observed that degradation of autophagic cargo is impaired, but
that autophagosome translocation into the vacuole does not appear to be impaired when ATG3
and ATG4 are overexpressed. Additionally, I frequently observed what appeared to be highly
fragmented vacuoles in the expression mutants (Figure 18a). Under normal nitrogen starvation
circumstances, yeast vacuoles fuse to enable efficient degradation of autophagic cargo [67].
Autophagy is implicated in defects of vacuolar fusion/fission, and thus misregulating autophagy
could manifest in overly fragmented vacuoles. I thus stained the vacuoles of EC1118-derivative
ATG expression mutants to observe and quantify vacuolar fragmentation. I found that induction
of ATG3 and ATG4 via CUP1p significantly increased the percentage of cells showing vacuolar
fragmentation (>3 vacuoles/cell; P=0.0124 and 0.0159 respectively) during 24 h nitrogen
starvation (Figure 18A,C). I also tested vacuolar fragmentation in the constitutively active
PGK1p-ATG3 and PGK1p-ATG4 strains, also observing vacuolar fragmentation as early as 24 h
which was sustained at 48 h, indicating that vacuolar fragmentation is persistent during early
starvation of these yeast strains (Figure 18B).

Indeed, I observed significant increases in

vacuolar fragmentation of the PGK1p-ATG3 and PGK1p-ATG4 strains at 48 h (P=0.0009 and
0.022 respectively), eliminating the possibility that the effect is strictly a result of the presence of
copper in the medium. Thus, across two different overexpression strategies, ATG3 and ATG4
overexpression yields significant vacuolar fragmentation in an early stage of nitrogen starvation,
which presents one potential cause of the survival defect of these strains under these conditions.
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Figure 18 (previous page). Increased vacuolar fragmentation occurs during nitrogen
starvation under ATG3 and ATG4 overexpression in industrial wine yeast EC1118. A)
EC1118 and derivative CUP1p-ATG3 and CUP1p-ATG4 mutants were grown in YPD to late log
phase and shifted to SD (-N). Vacuoles were labelled via FM4-64 immediately after starvation
and chased for 90 min prior to imaging, as well as at 24 h into starvation, with and without 25µM
CuSO4 induction. Scale bars represent 10µm. B) as in A) but using EC1118 derived PGK1pATG3 and PGK1p-ATG4 strains and extending starvation time to 48 h. C) Quantification of
vacuole fragmentation at 24 h starvation in EC1118 and derivative CUP1p-ATG3 and CUP1pATG4 mutants. D) Quantification of vacuole fragmentation at 48 h starvation in EC1118 and
derivative PGK1p-ATG3 and PGK1p-ATG4 mutants. Data shown are the mean +/- S.E. of
biological replicates (n=3). P-values were calculated using Student’s paired t-test (* indicates P
≤ 0.05, *** indicates P ≤ 0.001).

Figure 19. Increased vacuolar fragmentation occurs during nitrogen starvation under
ATG3 and ATG4 overexpression in lab yeast BY4742. BY4742 and derivative ATG expression
mutants were grown in SD media to late log phase and shifted to SD (-N +AA). Vacuoles were
labelled via FM4-64 immediately after starvation and chased for 90 min prior to imaging, as well
as at 24 h into starvation, with and without 100µM CuSO4 induction. Scale bars represent 10µm.
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I also labelled the vacuoles of BY4742 and derivative ATG expression mutants in order to
demonstrate the vacuolar fragmentation phenomenon in a common lab yeast background (Figure
19). Here, I also observed that induction or overexpression of ATG3 and ATG4 result in vacuolar
fragmentation by 24 h, confirming across two genetic backgrounds and expression systems that
vacuolar fragmentation is an effect of ATG3 and ATG4 overexpression, and likely contributes to
the impaired nitrogen starvation survival of these mutants.

3.7 ATG3 and ATG4 overexpression results in abnormal lipid droplets during
nitrogen starvation
Autophagy is broadly implicated in maintaining lipid homeostasis in the cell. One crucial
interaction is the one between autophagy, lipid droplets and vacuoles. Autophagy is important
for proper maintenance of lipid droplet size and quantity during starvation/stationary phase,
while LDs in turn contribute to autophagosome formation. Moreover, LDs delivered to the
vacuole via lipophagy are important in providing phospholipids necessary for vacuolar
membrane microdomains which ensure proper vacuole function [101]. Furthermore, mutations
that result in vacuolar defects often also result in LD accumulation [147]. Given that I saw
aggregates of autophagic cargo protein Ald6 outside the vacuole, and vacuolar fragmentation, I
hypothesized that lipid droplets also are not properly turned over in ATG overexpression
mutants. I observed lipid droplets in yeast cells via staining with BODIPY 493/503, a fluorescent
dye which stains neutral lipids, and is commonly used to observe lipid droplets in a range of
organisms [134].
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Figure 20. Lipid droplet dynamics of industrial yeast during prolonged nitrogen starvation.
EC1118 and derivative mutants were grown in YPD to late log phase, then shifted to SD (-N +/25µM CuSO4) for 21 days. Cells were stained with BODIPY 493/503, which stains neutral
lipids. Cells were focused using brightfield microscopy prior to fluorescent imaging of BODIPY
in order to reduce photobleaching and ensure even image collection. Panels containing only live
cells were selected for figure assembly. Scale bar represents 10µm.
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In the wildtype EC1118 strain, large numbers of small LDs are observed during growth
in rich media (Figure 20). As the cells age, the LDs appear to increase in size, and surround
typical large, central vacuoles. In general, the LD size is uniform in the wildtype strain, but
larger structures are observed as aging proceeds for an extended time (21 days). The presence of
copper did not appear to impact size, number or distribution of LDs in the wildtype strain.
Induced CUP1p-ATG3 appeared to accelerate this process – LDs appear in the cell with a less
regular distribution (presumably due to the fragmented vacuoles), and enlarged LD structures
typical of aging are seen as early as 7 days. By day 21, surviving cells appear very large, and
contain a large amount of LDs with irregular sizes. CUP1p-ATG4 presents a similar phenotype,
with the exception that without induction, early appearance of enlarged LDs also occurs. The
remaining live cells at day 21 show very large lipid structures/LDs. These findings were
consistent with constitutive overexpression via PGK1p-ATG3 and PGK1p-ATG4, which also
showed less regular distribution and size of LDs, as well as an earlier increase in LD size. As
increase in LD size is considered a hallmark of aging, it is possible that the effects of ATG3 and
ATG4 overexpression include accelerated aging, as accelerated aging has been shown in
downregulation of autophagy leading to premature aging [148]. It is plausible that upregulation
of autophagy may also lead to premature aging, given that autophagic homeostasis is important
to cell survival (Figure 5).
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3.8 ATG3 and ATG4 overexpression results in early accumulation of reactive
oxygen species (ROS) during nitrogen starvation
It has been shown that yeast cells which accumulate LDs and have defective autophagy
also accumulate defective mitochondria, resulting in elevated levels of ROS [108]. Furthermore,
it has also been shown that autophagy-deficient mutants accumulate ROS in an accelerated
fashion [135]. Given these results, I speculated that ROS accumulation is likely another
consequence of ATG3 and ATG4 overexpression.
Reactive oxygen species (ROS) are oxygen-containing, chemically reactive species.
These include hydrogen peroxide (H2O2) and superoxide. Collectively, ROS are known to cause
oxidative stress in the cell. Dihydroethidium (DHE) is a compound which is able to enter cells,
and interacts with superoxide to form oxyethidium, which consequently interacts with nucleic
acids, emitting a bright red colour detectable in a qualitative manner by fluorescence microscopy
[149].
I stained EC1118 and derivative inducible and overexpression ATG3 and ATG4 mutants
with DHE during nitrogen starvation in SD (-N +/- CuSO4 25µM) to determine whether these
mutants accumulate ROS. I did not observe significant differences between the control strain and
any mutants after 1 day or 3 days of starvation (Figure 21). However, by day 7, differences
emerged. I observed significantly higher levels of ROS in all overexpression conditions: CUP1pATG3 and CUP1p-ATG4 with copper, as well as PGK1p-ATG3 and PGK1p-ATG4. Interestingly,
I did not observe higher levels of ROS in CUP1p-ATG4 without copper, indicating that the
accelerated cell death previously observed in this strain/condition is likely not related to ROS
accumulation (Figure 21). However, it is clear that ROS may contribute to the accelerated cell
death observed when ATG3 and ATG4 are overexpressed, as the significantly higher ROS levels
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are observed at a time (day 7) when significantly higher cell death has not yet occurred. Thus,
ROS accumulation is a likely contributor to cell death, especially when considering the
concomitant accumulation of enlarged lipid droplets. Given that I observe increased
vacuolarization, enlarged LD accumulation, and accelerated ROS production in these mutants, it
is possible that autophagic misregulation leads to a regulatory imbalance in the entire cell,
causing liponecrosis-like conditions which ultimately favour accelerated cell death.

Figure 21. Overexpression of ATG3 and ATG4 increased ROS accumulation during
nitrogen starvation of industrial yeast. EC1118 and derivative mutants were starved in SD (-N
+/- 25µM CuSO4). Reactive oxygen species (ROS) were identified by staining yeast cells with
DHE (dihydroethidium). Cells which showed red fluorescence were considered positive for ROS
accumulation. Micrographs were quantified manually using ImageJ. Data shown are the mean
+/- S.E. of biological replicates (n=3). P-values were calculated using Student’s paired t-test (*
indicates P ≤ 0.05, ** indicates P ≤ 0.01).
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Chapter 4 - Discussion
Industrial benefits and drawbacks
The wine industry in Ontario faces unique challenges and opportunities in sparkling wine
production. The climate of Ontario is highly suited to growing grapes for the production of
traditional method sparkling wines, but this same climate complicates the aging of these wines.
Stable, cool temperatures are critical for proper sparkling wine aging, and I are unfortunately
subject to extreme variations in temperature, with very cold winters and very warm and humid
summers. Thus, aging of sparkling wines requires climate-controlled storage facilities, the cost
of which is not trivial given the external weather extremes and the typical aging time of sparkling
wines (12+ months, and often >24 months). Accelerating autolysis is one possible solution to
this problem. If the process of autolysis is accelerated during sparkling wine aging, the wine will
not have to be stored for as long prior to disgorging and shipping to the consumer. This would
have the potential to bring added value to the wine industry by reducing production costs.
I have identified one genetic mechanism which has the potential to reduce aging time of
sparkling wines via accelerated cell death, and consequent accelerated autolysis: the
overexpression of autophagy-related genes ATG3 and ATG4. I used an earlier genome-wide
overexpression screen for autolysis as well as genome-wide transcriptional analysis of autophagy
genes to identify these genes as likely candidates for accelerated autolysis. When ATG3 and
ATG4 are overexpressed in the sparkling wine yeast EC1118, I observed accelerated cell death in
synthetic nitrogen starvation conditions, as well as in Ontario-derived base wine refermentation.
As such, ATG gene overexpression may prove to be a useful tactic to accelerate autolysis, and
may prove to be a more effective solution than previous strategies, as it targets a specific process
(Atg8 conjugation) critical to survival in starvation. Trials of the EC1118 PGK1p-ATG3 and
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EC1118 CUP1p-ATG3 strains in sparkling wine refermentation are now ongoing via a
collaboration with the Cool Climate Oenology & Viticulture Research Institute (CCOVI) at
Brock University. Initial results are promising in that the strains are able to survive
acclimatization and refermentation of sparkling wine at the industrial scale [139]. Furthermore,
preliminary data showed that the dead cells of overexpression mutants of ATG3 showed earlier
signs of autolysis (detached and granulated cytoplasm) when compared to the wildtype EC1118,
and that amino acid release (one of the hallmarks of autolysis) was significantly increased by
16.3% and 27.1% in respect to the control in the CUP1p-ATG3 and PGK1p-ATG3 mutants at 9
months of aging (Figure 22).

A

B

Figure 22. Preliminary data from industrial scale sparkling wine refermentation
trials [139]. A) DIC micrographs of cells obtained from bottles after 6 weeks of aging.
B) amino acids as primary amino nitrogen (PAN) measured using the Megazyme
PANOPA kit after 9 months of aging. Data shown are the mean +/- S.E. of biological
replicates (n=3). P-values were calculated using Student’s paired t-test (** indicates P ≤
0.001, *** indicates P ≤ 0.001).
However, there are drawbacks to our approach. Currently, the industrial strains
constructed contain an antibiotic resistance marker (KanMX), which renders these yeasts unfit
for potential application in the wine industry. To overcome this obstacle, spontaneous
auxotrophic mutants of industrial wine yeasts could be selected for by plating on 5-FOA (5-

`

71

fluorooctic acid) agar, which selects for yeasts which do not synthesize uracil (ura3-), as URA3
expression results in sensitivity to 5-FOA. The resultant ura3- industrial yeasts can then be
transformed using an integrative promoter substitution cassette bearing a URA3 marker and the
CUP1 promoter [150]. If the PGK1 promoter is instead desired, modification of the pCW1
plasmid, or modification an existing URA3::Promoter plasmid would be warranted.
Even this approach is not without its pitfalls – the result, even if only using
Saccharomyces cerevisiae-derived genes, is an organism which would be classified as “Selfcloned” as opposed to genetically modified. Such yeasts are capable of receiving generally
recognized as safe (GRAS) status by the US FDA and Canadian regulatory bodies, and can
consequently be used by winemakers [151,152]. However, this classification is also viewed with
caution by the wine industry, who feel considerable negative consumer perception of
biotechnology and synthetic biology. Consequently, our results may prove to instead be more
useful guiding selection of wine yeasts for accelerated autolysis on the basis of ATG expression
levels. Hypothetically, one could screen a broad range of wine yeasts for ATG gene expression
levels during nitrogen starvation, and it is possible that this strategy will identify wine yeast
strains with ‘natural’ enhanced autolytic capacity.

Pleiotropic impact of overexpression in autophagy
Since I observed that overexpression of ATG3 and ATG4 indeed does result in
accelerated cell death during nitrogen starvation, I sought to explain why this occurred. I found
that ATG misregulation has pleiotropic ramifications: perivacuolar accumulation of autophagic
cargo, vacuolar fragmentation, abnormal accumulation of lipids, and accelerated generation of
reactive oxygen species are all factors which may combine to result in accelerated cell death.
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Our results are in line with studies in other model systems which have modified
autophagy gene expression. For example, ATG3 overexpression in human cells results in
decreased cell viability as well as increase in LD size [47,49]. As I made similar observations in
yeast, it is possible that the ramifications of improper regulation of autophagy are conserved,
which is plausible given the highly conserved nature of the autophagosome formation genes. In
mammalian systems, a form of autophagy-induced cell death dependent on the Na+/K+ ATPase
called ‘autosis’ provided an interesting mechanistic hypothesis to us, given that the yeast
homolog is Pma1, whose quality control is mediated by autophagy [66]. Autophagy regulates
Pma1 quality control, which in turn proves crucial to maintaining ion homeostasis in the cell
[72]. To this end I constructed BY4742 Pma1-GFP tagged, CUP1p-ATG3 and CUP1p-ATG4
strains and attempted to monitor Pma1 turnover via fluorescence microscopy and Western
blotting. While I typically observed stronger retention of Pma1-GFP at the plasma membrane
during starvation when ATG3 and ATG4 are overexpressed, the attempts to detect Pma1-GFP or
native Pma1 via Western blotting were unsuccessful. An alternative protein extraction strategy
has been suggested on the basis that Pma1 easily aggregates: 5% SDS cell extracts are heated to
37ºC only, and should not be stored prior to SDS-PAGE loading (Ralf Kölling, personal
communication). As I was unable to confirm any effect of ATG overexpression on Pma1, I did
not further pursue any direct effects on ion homeostasis. However, successful fluorescence
microscopy and Western blotting of Pma1 showing a difference in turnover could be followed up
by monitoring vacuolar and cytosolic pH in vivo via BCECF and pHluorin, respectively [78].
I did, however, observe that ATG overexpression significantly increased vacuolar
fragmentation during starvation. Vacuolar fragmentation is controlled by both V-ATPase activity
and TOR, which acts upstream of and negatively regulates autophagy [90,91]. It is rather
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surprising to see that ATG3 and ATG4 overexpression results in fragmented vacuoles, as these
genes typically act downstream of TOR, which is typically inactivated in starvation, positively
regulating autophagy and shifting the vacuolar fission/fusion equilibrium toward fusion [91].
Thus it appears that perhaps other regulatory elements beyond TOR influence vacuolar
fragmentation, including expression level of TOR-regulated genes themselves. Clearly
upregulation of ATG genes can shift the vacuolar fission-fusion equilibrium toward fission,
although it remains to be seen whether this is a result of altered lipid metabolism, disruption of
TOR signaling or pH dysfunction.
During our initial starvation analyses, I observed enlarged, low density structures inside
the yeast cells, which were previously identified as autophagsosomes [13]. However, these
structures did not line up with those of GFP-Atg8 (results not shown). Instead, I found that these
structures are actually lipid droplets. I found that when ATG3 and ATG4 are overexpressed, the
yeast cells accumulate large lipid droplets earlier than the wildtype. It is well known that
lipophagy is a response to starvation, generating energy via oxidation of FFAs [71,104].
Furthermore, LDs act as stores of neutral lipids used for autophagosome formation. Thus, if
either autophagy or autophagosome formation are impaired, it is likely that the effects will be
seen in accumulation of LDs. It is also possible that ATG dysregulation abrogates regulation of
LD size. Currently, it remains somewhat of a mystery as to whether enlarged LDs are able to be
degraded via lipophagy, and/or what the maximum LD size for typical degradation and function
is. Further studies could better measure the LD size, number and distribution in yeast ATG
mutants via confocal fluorescence microscopy, presenting a clearer picture of autophagy-LD
regulatory dynamics.
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Mitochondrial function is also critical to starved cells, as dysfunctional mitochondria
result in accumulation of ROS, and consequent oxidative damage to the cell. Given that
autophagy regulates degradation of dysfunctional mitochondria, I measured ROS production in
ATG overexpression mutants. I found that ROS production was indeed enhanced during
starvation of ATG3 and ATG4 overexpression strains, indicating that dysregulation of autophagy
also likely impacts turnover of defective mitochondria. Defective mitochondria can both result in
generation of excess ROS, as well as generally burdening the cell metabolically [93].
What I have observed in ATG overexpression strains appears to be a similar phenomenon
to that of liponecrosis, which is characterized by an increase in vacuolarization, defective
mitochondria, ROS, and LD accumulation [107]. Many of these factors are likely related as
effective mitophagy and clearance of damaged proteins or aggregates reduce cell death. This
provides a striking example of the interdependent functional network of autophagy,
mitochondria, membranes, and LDs. As I see similar effects in the cell when ATG3 and ATG4
are overexpressed, I hypothesize that a cell death program similar to liponecrosis is occurring,
where errors cannot be resolved due to the inability of the cell to correctly regulate ATG gene
expression, resulting in increasingly hazardous conditions of high ROS, impaired protein
turnover, and lipid aggregation in the cell, ultimately leading to cell death (Figure 23).
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Figure 23. Pleiotropic ramifications of ATG gene overexpression. During nitrogen starvation
of industrial wine yeast, I observed that ATG3 or ATG4 overexpression results in early decreased
turnover of autophagic cargo such as Ald6, abnormally increased vacuolar fragmentation, later
accumulation of enlarged lipid droplets and ROS, resulting in accelerated cell death.
This phenomenon seems to have a temporal order. I see early on that there is a delayed turnover
of autophagic cargo, along with pronounced vacuolar fragmentation. Likely, this leads to overall
poor turnover of cargo that should normally be degraded efficiently by autophagy. Later, I see
possible effects of impaired lipophagy and mitophagy, via accumulation of enlarged LDs and
ROS. The overall dysfunction of the cells ultimately leads to accelerated cell death and resultant
autolysis toward the end of starvation. I see evidence for interaction among autophagy, LDs and
mitochondria, in line with previous studies in mammalian systems [153]. As yeast present a
number of advantages over mammalian systems in terms of genetic studies, I propose that yeast
can be further exploited as a model for understanding autophagy, LD, and mitochondria
interactions during starvation.
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A number of experiments could be conducted to solidify and extend this line of research.
For example, it would be instructive to monitor mitochondrial morphology in EC1118 to
understand whether mitochondrial fusion/fission dynamics are altered in ATG overexpression, or
if mitochondrial turnover or pH is altered. This could be accomplished by transforming the
previously proposed ura- mutant (generated using 5-FOA) with the pYES-pACT1mtpHluorin::URA3 plasmid, bearing a mitochondrially-targeted, pH-sensitive fluorescent protein
[128]. Thus, mitochondrial morphology and pH could be tracked over the course of a nitrogen
starvation experiment.

Moving toward better understanding of autophagy regulation
Previously, I mentioned the possibility of monitoring ATG gene expression in wine yeasts
as a method to identify putative ‘natural accelerated autolysis’ strains. Our findings highlight a
surprising deficiency in autophagy research to date: the understanding of the transcriptional
regulation of autophagy. I now know that GATA-type transcription factors Gln3 and Gat1
regulate autophagy [111]. However, very little is understood about transcriptional regulation of
autophagy beyond several hours into starvation. As I have observed clear temporal phenomena
associated with starvation, and with the dysregulation of autophagy, I presume that there is likely
to be more nuanced control of autophagy at the transcriptional level than is currently known.
GATA factors have been shown to bind to ATG gene promoters [112].
Fletcher (2015) found that three putative GATA transcriptional factors Gat2, Gat3, and Gat4 are
upregulated at the end of sparkling wine refermentation (Figure 6), during the time period where
carbon and nitrogen starvation are presumed to have begun [113]. Fletcher (2015) also found that
many autophagy gene promoters contain GATA consensus sites, providing further support to a

`

77

hypothesis that GATA transcription factors, including Gat2, Gat3, and Gat4, influence and ‘finetune’ ATG gene regulation during the complex saga of nitrogen starvation survival.
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