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Abstract: A correlation between autophagy and autolysis has been proposed in order to accelerate
the acquisition of wine organoleptic properties during sparkling wine elaboration. In this context, a
proteomic analysis was carried out in two industrial Saccharomyces cerevisiae strains (P29,
conventional sparkling wine strain and G1, implicated in sherry wine elaboration) with the aim of
studying the autophagy-related proteome and comparing the effect of CO2 overpressure during
sparkling wine elaboration. In general, a detrimental effect of pressure and second fermentation
development on autophagy-related proteome was observed in both strains, although it was more
pronounced in flor yeast strain G1. Proteins mainly involved in autophagy regulation and
autophagosome formation in flor yeast G1, and those required for vesicle nucleation and expansion
in P29 strain, highlighted in sealed bottle. Proteins Sec2 and Sec18 were detected 3-fold under
pressure conditions in P29 and G1 strains, respectively. Moreover, ‘fingerprinting’ obtained from
multivariate data analysis established differences in autophagy-related proteome between strains
and conditions. Further research is needed to achieve more solid conclusions and design strategies
to promote autophagy for an accelerated autolysis, thus reducing cost and time production, as well
as acquisition of good organoleptic properties.
Keywords: sparkling wine; yeast; CO2 overpressure; protein; autophagy

1. Introduction
Sparkling wines elaboration process (traditional method or ‘Champenoise’) involves a
secondary fermentation in sealed bottle, followed by an aging period, at least 9 months for cava (a
Spanish sparkling wine), where yeast cells must face several stress factors such as high ethanol
concentrations (9.5–11.5 % v/v) and, above all, the endogenous CO2 overpressure, which reach values
of 6–7 bar inside the bottle. The whole process including the fermentative process and aging is known
as “prise de mousse” [1,2]. Along aging, the contact of wine with dying yeast cells leads to the release
of their cellular content during a self-degradative process known as autolysis [3,4]. This event is
fundamental for the quality of sparkling wines and improvement of the organoleptic properties.
Nevertheless, autolysis is a slow process and the development of strategies to accelerate this
event has become an object of study for the enological industry [5,6]. These authors reported that
autophagy takes place during secondary fermentation of sparkling wines and proposed the use of
yeast strains with deregulated autophagy in order to accelerate the autolysis process. Autophagy is
induced mainly under starvation conditions and involves the transport and degradation of
cytoplasmic compounds in the vacuole [7,8]. It can be classified into two main types: macroautophagy
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and microautophagy, which are both selective and non-selective processes. Among selective
autophagy, the Cvt pathway appears to be a biosynthetic process where hydrolytic enzymes are
transported by double-membrane vesicles, smaller than autophagosomes, and delivered to the
vacuole [9]. Both selective and non-selective autophagy share the molecular machinery, encoded by
33 autophagy-related (ATG) genes [10], of which 17 are required for both. Although autophagy has
been commonly associated with a degradative process, its cytoprotective effect on the survival under
starvation conditions are widely known, i.e., mitochondrial and cell compounds recycle [11].
Furthermore, studies by Valero et al. (2019) [12] observed that autophagy is required for survival to
sulfur dioxide tolerance in yeast. Because autophagy precedes autolysis during aging, and it is
essential for cell maintenance and survival under stress conditions [6], the genetic engineering of
autophagy-related genes has been proposed by numerous authors [5,13–15] in order to accelerate the
autolysis and thus, the acquisition of aging-like properties such as foaming properties [16].
Yeast strains compared in this work, Saccharomyces cerevisiae P29 and G1 are commonly used in
post-fermentative processes, sparkling and sherry-wines elaboration respectively, both involving
large aging periods. The nutrient-limited environment to which yeast cells are subjected under these
wine making processes, makes it suitable to study the autophagy. During biological aging in sherrywines, ethanol increases in the medium leading flor yeasts to change their metabolism in order to use
this compound as a carbon source. For it, this type of yeast forms a biofilm or velum on wine surface
to reach the oxygen and then metabolize the ethanol [17]. While this process has been reported under
secondary fermentation conditions in sparkling wine elaboration, no evidence has been reported in
flor yeast so far.
This work represents a continuation of a previous research based on studying the apoptosis and
autolysis-related proteins and the proteomic response of wine yeasts to CO2 overpressure during
sparkling wine elaboration [18]. The current study is a first approach focused on the observed
changes of the autophagy-related proteins under second fermentation conditions. This was
performed in two wine yeast strains, S. cerevisiae P29 and G1, in order to analyze their response to
CO2 overpressure conditions through a proteomic analysis using protein fractionation (OFFGEL) and
detection (spectrometer LTQ Orbitrap/HPLC and databases). Proteomic changes observed in
autophagy-related proteins as well as those proteins found with high content under typical sparkling
wine production conditions, will enlarge the knowledge about this process in yeasts. Furthermore,
the study of the genes that codify these proteins may lead to the development of future strategies for
the selection of yeast strains with accelerated autolysis through yeast breeding or genetic engineering
of second fermentation strains, in this way reducing cost and time of production, as well as
acquisition of organoleptic properties.
2. Materials and Methods
2.1. Yeast Strains and Second Fermentation Conditions
Yeast wine strains, S. cerevisiae P29 and G1, used in this work were acclimated during 5 days
using a pasteurized must and once high levels of cell concentration (1.5 × 108 cells/mL for P29 and 1
× 108 for G1) and viability (97% for P29 and 90% for G1) were obtained, these were inoculated in
bottles with a commercial base wine and 22 g/L of sugar. ‘Tirage’ was carried out and samples by
triplicate were collected at different points along the second fermentation: middle of the second
fermentation (T1) when pressure reached 3 bar, and one month after it (T2), once 6.5 bar were
obtained. Each yeast strain was fermented in two study conditions: sealed bottle (pressure condition
or PC) and open bottle (non-pressure condition or NPC). Similar values of ethanol content and sugar
consumption were taken into consideration at the time of collecting the samples of control condition.
Cultures composition, study conditions and sampling points are described more in detail in PorrasAgüera et al. (2019) [18].
2.2. Protein Extraction, Identification, and Quantification
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Methods explained in Porras-Agüera et al. (2019) [18] and Moreno-García et al. (2015) [19] were
used for protein extraction and identification through LTQ Orbitrap XL (Thermo Fisher Scientific,
San José, CA, USA) coupled to a nanoflow LC/MS UltiMate 3000 HPLC system (Dionex, Sunnyvale,
CA, USA). As for the protein quantification, protein content (mol%) was calculated following the
method explained in Ishihama et al. (2005) [20].
Once identified, those proteins related to autophagy were selected by using the ontology tools
provided by SGD (Saccharomyces genome database, https://www.yeastgenome.org/), Uniprot
(https://www.uniprot.org) databases and literature.
2.3. Confidence Criteria and Statistical Analysis
From the total of proteins detected, only those which were obtained with a score > 2 and
observed peptides ≥ 2, were selected to proceed with the analysis, in order to provide significant
proteins [21,22]. Proteins detected to be over-represented under PC (ratio PC/NPC ≥ 2) were
highlighted and discussed in detail. In addition, proteins found specifically in each yeast strain, along
with those which reached high protein contents and down-represented under PC (ratio PC/NPC ≤
0.5) were also considered.
For proteome data, the software Statgraphics Centurion version XVI (StatPoint Technologies,
Warrenton, Virginia VA, USA) was used to perform a multiple-sample comparison procedure (MSC),
considering a confidence level of 95.0% according to Fisher’s least significant difference (LSD)
method, and a multiple variable analysis (MVA), with the aim to distinguish the proteomic response
of each strain. The software STRING version 11.0 (available online, https://string-db.org/) was used
to create the interaction network map, forming specific protein groups through a MCL (Markov
Cluster Algorithm) clustering method. This algorithm accepts a parameter called ‘inflation’ that it is
indirectly related with the precision of the clustering. Data were previously normalized through the
root square and auto scaling.
3. Results and Discussion
In this study, a proteomic analysis was carried out to identify specific proteins involved in the
autophagy process and characterize the CO2 overpressure effect in two industrial wine yeast strains
subjected to second fermentation conditions. To provide a better understanding of the molecular
process that involves autophagy, we classified the proteins into different steps: regulation of
induction, autophagosome-generating machinery, cargo packaging, vesicle nucleation, vesicle
expansion and completion, retrieval, docking and fusion, vesicle breakdown, permease efflux, and
mitophagy. A total of 33 autophagy-related proteins were detected in both yeast strains (P29 and G1)
and although frequency values remained constant in each condition, CO2 overpressure resulted in a
considerable decrease of both number of total proteins and protein content from T1 to T2, especially
in G1 (Table 1 and Supplementary Table 1). The highest values of abundance were obtained in both
yeast strains growing under NPCT1. The highest contents were observed in open bottle (NPC),
including the regulators at T1 and those proteins involved in cargo packaging at T2 (Supplementary
Table 1). However, protein contents under PCT1 also highlighted in both strains. Proteins required
for vesicle nucleation, expansion, retrieval, docking and fusion, vesicle breakdown, and permease
efflux, were not identified at PCT2, and NPCT2 in the case of vesicle nucleation. It could be explained
since the number of proteins and content detected at this sampling time in both strains were low
(Table 1), which may indicate that autophagy is not relevant once secondary fermentation is over. On
the other hand, mitophagy-related proteins were found only under NPC and especially in P29 (Table
1). Results clearly show a detrimental effect of pressure on autophagy-related proteome, particularly
in flor yeast. In fact, in recent studies published by our research group [18], a significant decrease was
observed in cell viability in both yeast strains under pressure conditions, although it was more
remarkable in G1. In addition, the kinetic of second fermentation carried out in both strains through
the pressure values, data published also in Porras-Agüera et al. (2019) [18], revealed that P29 is more
adapted to pressure conditions and G1 showed a slightly slower kinetic, reaching the maximum
pressure (6.5 bar) at 23 and 28 days, respectively.
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Table 1. Frequency of the autophagy-related proteins identified in both yeast strains (S. cerevisiae P29 and G1) under PC (pressure condition) and NPC (non-pressure
condition), at the middle of the secondary fermentation (T1) and one month after it (T2)
PC T1

NPCT1

PCT2

NPCT2

Protein Frequency

Protein Frequency

Protein Frequency

Protein Frequency

a

Protein
Frequency in
Saccharomyces
cerevisiae

Total proteins
Regulation of
induction
Autophagosomegenerating machinery
Cargo packaging
Vesicle nucleation
Vesicle expansion
Retrieval
Docking and fusion
Vesicle breakdown
Permease efflux
Mitophagy
a

.

94 out of 6721,
1.4%
26 out of 6721,
0.39%
24 out of 6721,
0.36%
8 out of 6721,
0.12%
5 out of 6721,
0.07%
26 out of 6721,
0.39%
7 out of 6721,
0.10%
14 out of 6721,
0.21%
1 out of 6721,
0.01%
1 out of 6721,
0.01%
10 out of 6721,
0.15%

P29
11 out of 594,
1.85%
3 out of 594,
0.51%
2 out of 594,
0.34%
1 out of 594,
0.17%
1 out of 594,
0.17%
2 out of 594,
0.34%

G1
7 out of 568,
1.23%
2 out of 568,
0.35%
2 out of 568,
0.35%
1 out of 568,
0.18%

G1
19 out of 1000,
1.90%
6 out of 1000,
0.60%
8 out of 1000,
0.80%
3 out of 1000,
0.30%
1 out of 1000,
0.10%
4 out of 1000,
0.40%
2 out of 1000,
0.20%
1 out of 1000,
0.10%

P29
4 out of 419,
1.33%
1 out of 419,
0.24%
1 out of 419,
0.24%
2 out of 419,
0.48%

G1

−

1 out of 568,
0.18%

P29
29 out of 1517,
1.91%
9 out of 1517,
0.59%
10 out of 1517,
0.66%
4 out of 1517,
0.26%
2 out of 1517,
0.13%
6 out of 1517,
0.40%
4 out of 1517,
0.26%
1 out of 1517,
0.07%

−

−

2 out of 594,
0.34%
−

−

−

−

−

−

−

−
1 out of 568,
0.18%

−
−

P29
4 out of 392,
1.86%

G1
2 out of
218, 0.91%

−

−

2 out of 392,
0.51%
2 out of 392,
0.51%

2 out of
218, 0.92%

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

3 out of 1517,
0.20%

1 out of 1000,
0.10%

−

−

1 out of 392,
0.26%

−

−
−

The total number of autophagy-related proteins identified until date in S. cerevisiae have been included in the first column.

−
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The effect of pressure on autophagy-related proteins can be better appreciated in Figure 1.
According to Figure 1A, CO2 overpressure affected more to protein number in flor yeast and
especially, to those proteins involved in vesicle nucleation and retrieval. On the contrary, the highest
protein number was observed in open bottle (NPC, Figure 1B), mainly in those proteins responsible
for regulation, autophagosome formation, and vesicle expansion. Sunray plots based on multivariate
data analysis of autophagy proteins detected in both strains, shown in Figure 2, provided differences
in protein content means when they were growth under both PC and NPC. According to this analysis,
samples taken at T1 differ from those collected at T2, under both conditions. The smallest polygons
were found at T2 in both yeast strains, indicating that—apart from the pressure—the second
fermentative development also seems to affect negatively to autophagy-related proteome. On the
other hand, those samples not subjected to CO2 overpressure (NPC) had the most regular polygons
and particularly at T1, mainly due to the high amount and content of proteins required for
autophagosome and vesicle formation detected in both strains (Figure 1 and Supplementary Table
1). In this context, sunray plots obtained from multivariate analysis establish a ‘fingerprinting’ of the
autophagy proteome response under each study condition, providing relevant information about the
behavior of each wine yeast strain along the prise de mousse.

Figure 1. Total number of autophagy-related proteins required for each process step identified in S.
cerevisiae P29 and G1 under (A) PC (endogenous CO2 overpressure condition) and (B) NPC (nonpressure condition).
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Figure 2. Sunray plots obtained by multivariate data analysis of autophagy proteins detected in S.
cerevisiae P29 and G1. Each ray represents a protein and the distance from the center to each vertex
indicates the value of each protein. The end of the ray corresponds to the mean value plus three
standard deviations and the center the mean minus three standard deviations. (A) P29-PCT1 ;(B) P29PCT1;(C) G1-PCT1 ;(D) G1-PCT2; (E) P29-NPCT1;(F) P29-NPCT2;(G) G1-NPCT1; (H). G1-NPCT1. PC
(endogenous CO2 overpressure condition), NPC (non-pressure condition), T1 (middle of the second
fermentation), T2 (one month after the second fermentation).

In order to know the possible interactions between autophagy proteins, a protein–protein
interaction network map was built using STRING v11.0 and it is provided in Figure 3. The interaction
map showed a high amount of connections between the total autophagy-related proteins (33),
represented as nodes, identified in both strains. A total of 177 interactions (number of edges) were
observed, with a PPI enrichment p-value < 1 × 10−16. Such an enrichment indicates that the proteins
are at least partially biologically connected as a group. MCL clustering clearly grouped those
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autophagy proteins involved mainly in regulation and induction (blue nodes), autophagosome
formation and vesicle transport (red nodes), and vesicle and vacuole fusion (green nodes). The
strongest interactions were observed in those proteins clustered in red color. Only the protein Ald6p
showed no interaction with the rest of the proteins, pointing to the fact that this protein is just a cargo
and not an active player of the process.

Figure 3. Interaction network map built using STRING v11.0 and based on the 33 autophagy-related
proteins in total detected in S. cerevisiae P29 and G1. Proteins are showed as nodes and the existence
of interactions between them are represented by lines (connection between nodes). Line thickness
indicates the strength of the different interactions. Nodes with the same color represent specific
clusters: autophagy regulation and induction (blue nodes), autophagosome formation and vesicle
transport (red nodes), and vesicle and vacuole fusion (green nodes). PPI enrichment p-value < 1 ×
10−16.

From now on, the autophagy steps as well as the over-represented proteins under PC, specific
and those detected with high protein contents in both strains are discussed in depth below.
3.1. Regulation of Induction
The most noticeable event among regulators was the detection of the proteins Bcy1p and Sec13p
(Figure 4). Sec13p was detected 3.2-fold under PCT1 in G1 (Table 2) and, although it is part of COPII
vesicles, required for the proper transport of proteins from endoplasmic reticulum (ER) to the Golgi
[23], studies by Panchaud and Péli-Gulli (2013) [24] demonstrated that it is involved also in the
regulation of TORC1 complex through the interaction with a GTPase activator. Besides this regulator,
the regulatory subunit of the cyclic AMP-dependent protein kinase (PKA) Bcy1p, known for
negatively regulating autophagy [25], was found specifically in P29 under PCT2 (Table 2).
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Figure 4. Protein content increases (mol%) under PC (pressure condition) of autophagy-related
proteins compared to NPC (non-pressure condition). (A) protein content increases identified in S.
cerevisiae P29. (B) protein content increases identified in S. cerevisiae G1. T1 (middle of the second
fermentation), T2 (one month after the second fermentation).
Table 2. List of over-represented autophagy-related proteins under PC (pressure condition) detected
at the middle of the second fermentation (T1) and one month after it (T2), in both yeast strains (S.
cerevisiae P29 and G1). Proteins specifically found under PC and fold changes of the protein content
PC/NPC are shown in brackets.
Yeast Strains
Sampling times
Regulators/inductors
Autophagosome-generating
machinery
Cargo packaging
Vesicle nucleation
Vescicle expansion
Retrieval
Docking and fusion

S. cerevisiae P29
T1
−

T2
Bcy1p (Specific, 0.04)

−

Shp1p (Specific, 0.05)

−
Vps15p (2.27)
Sec2p (3.43)
−
Ykt6p (Specific, 0.10),
Ypt7p (Specific, 0.11)

Ams1p (Specific, 0.02)
−
−
−
−

S. cerevisiae G1
T1
T2
Sec13p (3.21)
−
Sec18p (3.40),
−
Shp1p (3.08)
Ape1p (2.90)
−
−
−
−
−
−
−
−

−

The phosphatase 2A complex (PP2A) subunits, Pph21p and Pph22p, decreased more their
content in P29 than in flor yeast, especially at PCT1 (Figure 4). Studies have reported a role in
autophagy regulation via TORC1 interaction [26]. Although Sec13p participates in vesicle trafficking
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as component of COPII vesicles, it has been recently reported a link between secretory pathway and
autophagy [27] in which COPII vesicles fuse with Atg9p vesicles to provide membrane source and
regulate the autophagosome abundance.
3.2. Autophagosome-Generating Machinery
Proteins involved in autophagosome formation were detected in both yeast strains and most of
them were found down-represented in P29 strain (Figure 4A). Among the over-represented proteins
under PC we can stand out: Shp1p (3-fold under PC in G1) and Sec18p (Table 2). The first one showed
the highest content increase value in the case of flor yeast G1 at T1 and in P29 at T2 where it was
specific (Figure 4). Studies by Krick et al. (2010) [28] demonstrated that Shp1p is also essential for
autophagosome biogenesis, via interacting with Atg8p (Figure 3) through a system that allows to
detect protein interaction in medium without uracil. In fact, ubiquitin-like protein Atg8p, was downrepresented at NPCT1 (both in P29 and G1) and T2 (only in P29) (Figure 4). Since this protein is
required to form autophagosomes during starvation conditions [29], it is acceptable to think that
Atg8p also participates in vesicle formation during Cvt pathway. Huang et al. (2000) [30] used an
atg8 mutant strain and confirmed its role in both pathway during starvation conditions due to the
inhibition of prApe1p import. Apart from Shp1p, the chaperone Sec18p was found highly
represented under PCT1 only in the flor yeast G1 (Table 2). Its presence could be explained due to its
role in autophagosome formation and the fusion with the vacuole [31]. Moreover, these results agree
with those obtained by Penacho et al. (2012) [32], where genes involved in vacuolar functions were
reported to be overexpressed under second fermentation conditions.
As for the rest of autophagosome formation proteins, most of the Atg proteins appeared to be
down-represented under PC: Atg2p, Atg3p, Atg4p, Atg9p, Atg18p (autophagy core machinery),
Atg21p and Atg27p (specific of Cvt pathway). All decreased their content in P29 under PC and all,
except Atg21p and Atg27p (T2), were observed at T1 (Figure 4 and Supplementary Table 1). The
interaction between Atg proteins, such as Atg2p, Atg18p, or Atg9p shown in Figure 3, has been
reported by several authors and is essential for correct autophagy process [33,34]. These results seem
to indicate that autophagy takes place at T1 in both strains and under both conditions, once nutrient
levels drop in the wine, due to the higher amount of autophagy-related proteins detected in respect
to T2. However, since Atg-related proteins were found with low content and even most of them were
not identified under pressure, it suggests a possible negative effect of pressure on autophagy-related
proteome.
3.3. Cargo Packaging
Yeast autophagy (and Cvt pathway) involves the transport of hydrolases enzymes, Ape1p
(aminopeptidase I) and Ams1p (α-mannosidase) into vesicles and delivery to the vacuole. In this
context, both the vacuolar aminopeptidase Ape1p, often used as a marker protein in studies of
autophagy and Cvt pathway [35], and the mannosidase Ams1p, were identified as over-represented
under PCT1 in G1 and specific under PCT2 in P29, respectively (Table 2). Ams1p is delivered to the
vacuole in a novel pathway separate from the secretory pathway and requires the Cvt and autophagy
components [36]. The presence of both enzymes overrepresented under PC suggests that they are
being delivered to the vacuole for degradation of organelles and cell compounds in both strains.
As for the rest of the proteins involved in cargo packaging, the protein content of Ald6p or
aldehyde dehydrogenase was highlighted under both conditions. This was only detected under NPC,
showing a considerable decrease under PC in both strains (Figure 4). Studies by Onodera and Oshumi
(2004) [37] demonstrated that in addition to Ams1p and Ape1p, the protein Ald6 is also specifically
targeted to the vacuole by autophagosomes under nutrient starvation conditions, and it was quickly
depleted in cells as a result of a preferential degradation of this protein during autophagy.
Consequently, this depletion has been used as a marker for the autophagy process [6]. According to
the protein content obtained under both conditions, it might be suggested that the autophagy process
occurs when yeast cells are subjected to pressure conditions, representing the first evidence of this
process in flor yeast, as it has not been reported yet. However, since this protein is a key player in the
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conversion of acetaldehyde to acetyl-CoA during growth on non-fermentable carbon sources such as
acetaldehyde or ethanol [38] it might indicate a possible role in gluconeogenesis, especially at T2.
3.4. Vesicle Nucleation
Autophagic vesicles are constructed at the PAS from newly generated membranes, and the
formation of the core and the new membrane require the participation of Atg9p and the
phosphatidylinositol 3-kinase (Ptdlns3K) complex I, which includes the Ptdlns 3-kinase Vps15p,
Vps30p, Vps34p, and Atg14p [39]. Protein content in this category was reported with the lowest levels
in both yeast strains and most of the proteins were detected especially at T1 under both conditions
(Figure 4). Under PC, only Vps15p was found over-represented at T1 in P29 (Table 2). This protein,
together with Vps30p (down-represented under PCT1 in G1), have been associated with both
autophagy and carboxypeptidase Y sorting [40]. On the other hand, Atg9p, transmembrane protein
involved in forming Cvt and autophagic vesicles, was detected only under NPCT1 in P29
(Supplementary Table 1).
3.5. Vesicle Expansion and Completion
Proteins involved in this autophagy step are two ubiquitin-like conjugation system (Atg12 and
Atg8 systems), Sec2/4p, Ypt1p, and complexes COG and TRAPPIII. Most of these proteins were
down-represented at PCT1 in both strains (Figure 4). The guanine nucleotide exchange factor Sec2p
was the only over-represented protein under PC (3.4-fold) at T1 in P29 (Table 2). Studies by Geng et
al. (2010) [41] demonstrated that this protein, after autophagy induction, participates in
autophagosome formation. Apart from the detection of Sec2p, the RabGTPase Ypt1p was identified
with the highest content at PCT1 in flor yeast; however, it was not detected at T2 (Supplementary
Table 1). This protein is required for vesicle docking and targeting during ER to Golgi trafficking,
and also is involved in autophagy regulation participating in PAS formation and assembly [42].
3.6. Retrieval
The proteins that participate in retrieval of PAS were reported with low protein contents and
most of them decreased their content under PC (Figure 4). Among them, Atg27p, involved in
membrane delivery to the PAS and required for both autophagy (autophagosome assembly) and Cvt
pathway [43], decreased the content under PCT1 (Figure 4). Atg27p shuttles between the
mitochondria, PAS, and the Golgi complex. In addition, it participates in anterograde transport of
Atg9p from the mitochondria to the PAS [44]. The anterograde cycling to the PAS requires Atg9p,
detected in both strains and down-represented only under PCT1 in P29, Atg11p (found at T1 in both
conditions but more under PC) and Atg23p (not detected), while retrograde cycling from the PAS to
the mitochondria or Golgi complex involves the Atg1p-Atg13p complex, Atg2p and Atg18p (all of
them detected except Atg13p). Atg18p (down-represented only at T1 in both strains) has been
reported as essential for vesicle formation in both autophagy and Cvt pathway [45].
3.7. Docking and Fusion
Once the autophagosome is formed, it releases the content by fusion with the vacuole. SNARE
proteins (Vam3p, Vam7p, Vit1p, and Ykt6p), Rab GTPases such as Ypt7p, the chaperone Sec18p and
Vps proteins participate in this process [46]. In general, protein content values were low in both
conditions and strains, although it was more pronounced in G1 (Supplementary Table 1). In P29 two
proteins, Ypt7p and Ykt6p, required for fusion events, not autophagic in the case of Ykt6p [47,48],
were found to be specific under PCT1 (Table 2). The association of Ypt7p with Vps complex is
required for vacuolar fusion. Seals et al. (2000) [49] observed that interaction between Ypt7p and Vps
proteins (Figure 3) is required for an efficient vacuolar fusion in yeasts, something that—considering
our results—may take place at T1 in both strains. Among the components of this Vps complex (Vps8p,
Vps16p, and Vps41p), only the last one was found specifically in G1 (Figure 4B).
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3.8. Vesicle Breakdown and Permease Efflux
After fusion to the vacuole, two conserved components are involved in breakdown of the
autophagosome and permease efflux in yeasts, Atg15p and Atg22; however, none were detected in
this study.
3.9. Mitophagy
Mitophagy in yeast can be induced under starvation conditions, oxidative stress, and in
nonfermentable mediums, representing a selective autophagy process in which a mitochondrion is
degraded by macroautophagy [50]. In fact, most of Atg proteins are required for this process [51].
Proteins involved in mitophagy such as Atg32p and Dnm1p were identified only in P29 under
NPCT1 (Supplementary Table 1). During mitophagy, Atg32p is essential to initiate the process
recruiting the adaptor Atg11p and the ubiquitin-like protein Atg8p [52]. The presence of these
proteins suggests that P29 might be performing a mitophagy process, probably as an adaptive
mechanism to survive under starvation conditions or even to protect against oxidative stress, thus
removing the ROS [53], under non-pressure conditions.
4. Conclusions
This work represents a first approach based on the identification and comparison of autophagyrelated proteome in two industrial wine yeast strains commonly used in post-fermentative processes,
under pressure conditions. According to proteomic results, autophagy seems to take place during the
fermentative stage in the both yeast strains. Furthermore, CO2 overpressure affects negatively to
autophagy proteome in terms of protein number and content in both strains, although this effect was
more remarkable in the flor yeast. Under pressure conditions, regulators, and proteins related to
autophagosome formation highlighted in flor yeast, while those involved in vesicle nucleation and
expansion were more relevant in sparkling wine yeast strain. Apart from contributing to the
knowledge about yeast autophagy, those specific and highly represented proteins under second
fermentation conditions—such as Bcy1p, Sec2p, Sec13p, Sec18p, Shp1p and Vps15p—could be used
as biomarkers for accelerating the autolysis during aging period in sparkling wine elaboration. The
study of the genes that codify these proteins would allow promote autolysis in wine yeasts through
genetic engineering, thus reducing cost and time production, as well as the acquisition of good
organoleptic properties. Moreover, this work opens the door to the use of flor yeasts for sparkling
wine elaboration. However, further research, including different approaches and disciplines such as
genomics and metabolomics, along with studies focused on protein activity and electron microscopy
imaging, is needed to achieve more solid conclusions.
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autophagosome-generating machinery; 3: cargo packaging; 4: vesicle nucleation; 5: vesicle expansion; 6:
retrieval; 7: docking and fusion; 8: vesicle breakdown; 9: permease efflux; 10: mitophagy. n.f.; not found, ns; not
significant.
Author Contributions: J.A.P.-A.: Investigation, Methodology, Writing—original draft. J.M.G.: Data curation,
Formal analysis, Investigation, Methodology, Validation, Writing—original draft. M.d.C.G.-J.: Data curation,
Formal analysis. J.C.M.: Conceptualization, Formal analysis, Funding acquisition, Investigation, Supervision,
Writing—review and editing. J.M.: Supervision, Validation, Visualization. T.G.M.: Formal analysis,
Investigation, Methodology, Supervision, Writing—review and editing. All authors have read and agreed to the
published version of the manuscript.
Funding: This work has been supported by the “XXIII Programa Propio de Fomento de la Investigación 2018”
(MOD 4.2. SINERGIAS, Ref XXIII. PP Mod 4.2, JC Mauricio) from University of Córdoba (Spain).

Microorganisms 2020, 8, 523

12 of 14

Acknowledgments: Kind help of the staff at the Central Research Support Service (SCAI) of the University of
Córdoba with the protein analyses is gratefully acknowledged. The authors thank the Department of Enological
Research, Institute of Agrifood Research and Technology-Catalan Institute of Vine and wine (IRTA-INCAVI),
Barcelona (Spain) for the supply of the S. cerevisiae P29. Special mention to Minami Ogawa for the translation of
the article.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.

15.

16.

17.

18.

Torresi, S.; Frangipane, M.T.; Anelli, G. Biotechnologies in sparkling wine production. Interesting
approaches for quality improvement: A review. Food Chem. 2011, 129, 1232–1241,
doi:10.1016/j.foodchem.2011.05.006.
Martínez-García, R.; García-Martínez, T.; Puig-Pujol, A.; Mauricio, J.C.; Moreno, J. Changes in sparkling
wine aroma during the second fermentation under CO2 pressure in sealed bottle. Food Chem. 2017, 237,
1030–1040, doi:10.1016/j.foodchem.2017.06.066.
Alexandre, H.; Guilloux-Benatier, M. Yeast autolysis in sparkling wine–a review. Aust. J. Grape Wine Res.
2006, 12, 119–127, doi:10.1111/j.1755-0238.2006.tb00051.x.
Kemp, B.; Alexandre, H.; Robillard, B.; Marchal, R. Effect of production phase on bottle-fermented
sparkling wine quality. J. Agr. Food Chem. 2015, 63, 19–38, doi:10.1021/jf504268u.
Cebollero, E.; Carrascosa, A.V.; Gonzalez, R. Evidence for yeast autophagy during simulation of sparkling
wine aging: A reappraisal of the mechanism of yeast autolysis in wine. Biotechnol. Prog. 2005, 21, 614–616,
doi:10.1021/bp049708y.
Cebollero, E.; Gonzalez, R. Induction of autophagy by second-fermentation yeasts during elaboration of
sparkling wines. Appl. Environ. Microbiol. 2006, 72, 4121–4127, doi:10.1128/AEM.02920-05.
Nakatogawa, H.; Suzuki, K.; Kamada, Y.; Ohsumi, Y. Dynamics and diversity in autophagy mechanisms:
lessons from yeast. Nat. Rev. Mol. Cell Biol. 2009, 10, 458–467, doi:10.1038/nrm2708.
Torggler, R.; Papinski, D.; Kraft, C. Assays to monitor autophagy in Saccharomyces cerevisiae. Cells 2017, 6,
23, doi:10.3390/cells6030023.
Reggiori, F.; Klionsky, D.J. Autophagic processes in yeast: mechanism, machinery and regulation. Genetics
2013, 194, 341–361, doi:10.1534/genetics.112.149013.
Lynch-Day, M.A.; Klionsky, D.J. The Cvt pathway as a model for selective autophagy. FEBS Lett. 2010, 584,
1359–1366, doi:10.1016/j.febslet.2010.02.013.
Moreau, K.; Luo, S.; Rubinsztein, D.C. Cytoprotective roles for autophagy. Curr. Opin. Cell Biol. 2010, 22,
206–211, doi:10.1016/j.ceb.2009.12.002.
Valero, E.; Tronchoni, J.; Morales, P.; Gonzalez, R. Autophagy is required for sulfur dioxide tolerance in
Saccharomyces cerevisiae. Microb. Biotechnol. 2019, doi:10.1111/1751-7915.13495.
Gonzalez, R.; Martinez-Rodriguez, A.J.; Carrascosa, A.V. Yeast autolytic mutants potentially useful for
sparkling wine production. Int. J. Food Microbiol. 2003, 84, 21–26, doi:10.1016/S0168-1605(02)00389-6.
Cebollero, E.; Martinez-Rodriguez, A.; Carrascosa, A.V.; Gonzalez, R. Overexpression of csc1-1. A plausible
strategy to obtain wine yeast strains undergoing accelerated autolysis. FEMS Microbiol. Lett. 2005, 246, 1–9,
doi:10.1016/j.femsle.2005.03.030.
Tabera, L.; Muñoz, R.; Gonzalez, R. Deletion of BCY1 from the Saccharomyces cerevisiae genome is
semidominant and induces autolytic phenotypes suitable for improvement of sparkling wines. Appl.
Environ. Microbiol. 2006, 72, 2351–2358, doi:10.1128/AEM.72.4.2351-2358.2006.
Nuñez, Y.P.; Carrascosa, A.V.; González, R.; Polo, M.C.; Martínez-Rodríguez, A.J. Effect of accelerated
autolysis of yeast on the composition and foaming properties of sparkling wines elaborated by a
champenoise method. J. Agr. Food Chem. 2005, 53, 7232–7237, doi:10.1021/jf050191v.
Legras, J.L.; Moreno-García, J.; Zara, S.; Zara, G.; García-Martínez, T.; Mauricio, J.C.; Mannazzu, I.; Coi,
A.L.; Zeidan, M.B.; Dequin, S.; et al. Flor yeast: new perspectives beyond wine aging. Front. Microbiol. 2016,
7, 503, doi:10.3389/fmicb.2016.00503.
Porras-Agüera, J.A.; Moreno-García, J.; Mauricio, J.C.; Moreno, J.; García-Martínez, T. First Proteomic
Approach to Identify Cell Death Biomarkers in Wine Yeasts during Sparkling Wine Production.
Microorganisms 2019, 7, 542, doi:10.3390/microorganisms7110542.

Microorganisms 2020, 8, 523

19.

20.

21.

22.

23.
24.
25.

26.

27.
28.

29.
30.

31.

32.
33.
34.

35.
36.

37.
38.

13 of 14

Moreno-García, J.; García-Martínez, T.; Moreno, J.; Mauricio, J.C. Proteins involved in flor yeast carbon
metabolism
under
biofilm
formation
conditions.
Food
Microbiol.
2015,
46,
25–33,
doi:10.1016/j.fm.2014.07.001.
Ishihama, Y.; Oda, Y.; Tabata, T.; Sato, T.; Nagasu, T.; Rappsilber, J.; Mann, M. Exponentially modified
protein abundance index (emPAI) for estimation of absolute protein amount in proteomics by the number
of sequenced peptides per protein. Mol. Cell Proteomics 2005, 4, 1265–1272, doi:10.1074/mcp.M500061MCP200.
Dasari, S.; Chambers, M.C.; Slebos, R.J.; Zimmerman, L.J.; Ham, A.J.L.; Tabb, D.L. TagRecon: highthroughput mutation identification through sequence tagging. J. Proteome Res. 2010, 9, 1716–1726,
doi:10.1021/pr900850m.
Turetschek, R.; Lyon, D.; Desalegn, G.; Kaul, H.P.; Wienkoop, S. A proteomic workflow using highthroughput de novo sequencing towards complementation of genome information for improved
comparative crop science. In Proteomics in Systems Biology, Humana Press: New York, NY, USA, 2016;
pp. 233–243.
Hughes, H.; Stephens, D.J. Assembly, organization, and function of the COPII coat. Histochem. Cell Biol.
2008, 129, 129–151, doi:10.1007/s00418-007-0363-x.
Panchaud, N.; Péli-Gulli, M.P. SEACing the GAP that nEGOCiates TORC1 activation: evolutionary
conservation of Rag GTPase regulation. Cell Cycle 2013, 12, 2948–2952, doi:10.4161/cc.26000.
Yorimitsu, T.; Zaman, S.; Broach, J.R.; Klionsky, D.J. Protein kinase A and Sch9 cooperatively regulate
induction of autophagy in Saccharomyces cerevisiae. Mol. Biol. Cell 2007, 18, 4180–4189, doi:10.1091/mbc.e0705-0485.
Yeasmin, A.M.; Waliullah, T.M.; Kondo, A.; Kaneko, A.; Koike, N.; Ushimaru, T. Orchestrated Action of
PP2A Antagonizes Atg13 Phosphorylation and Promotes Autophagy after the Inactivation of TORC1. PLoS
ONE 2016, 11, doi:10.1371/journal.pone.0166636.
Farhan, H.; Kundu, M.; Ferro-Novick, S. The link between autophagy and secretion: a story of multitasking
proteins. Mol. Biol. Cell 2017, 28, 1161–1164, doi:10.1091/mbc.E16-11-0762.
Krick, R.; Bremer, S.; Welter, E.; Schlotterhose, P.; Muehe, Y.; Eskelinen, E.; Thumm, M. Cdc48/p97 and
Shp1/p47 regulate autophagosome biogenesis in concert with ubiquitin-like Atg8. J. Cell Biol. 2010, 190,
965–973, doi:10.1083/jcb.201002075.
Xie, Z.; Nair, U.; Klionsky, D.J. Atg8 controls phagophore expansion during autophagosome formation.
Mol. Biol. Cell 2008, 19, 3290–3298, doi:10.1091/mbc.e07-12-1292.
Huang, W.P.; Scott, S.V.; Kim, J.; Klionsky, D.J. The itinerary of a vesicle component, Aut7p/Cvt5p,
terminates in the yeast vacuole via the autophagy/Cvt pathways. J. Biol. Chem. 2000, 275, 5845–5851,
doi:10.1074/jbc.275.8.5845.
Ishihara, N.; Hamasaki, M.; Yokota, S.; Suzuki, K.; Kamada, Y.; Kihara, A.; Yoshimori, T.; Noda, T.; Ohsumi,
Y. Autophagosome requires specific early Sec proteins for its formation and NSF/SNARE for vacuolar
fusion. Mol. Biol. Cell 2001, 12, 3690–3702, doi:10.1091/mbc.12.11.3690.
Penacho, V.; Valero, E.; Gonzalez, R. Transcription profiling of sparkling wine second fermentation. Int. J.
Food Microbiol. 2012, 153, 176–182, doi:10.1016/j.ijfoodmicro.2011.11.005.
Suzuki, K.; Kubota, Y.; Sekito, T.; Ohsumi, Y. Hierarchy of Atg proteins in pre-autophagosomal structure
organization. Genes Cells 2007, 12, 209–218, doi:10.1111/j.1365-2443.2007.01050.x.
Suzuki, K.; Akioka, M.; Kondo-Kakuta, C.; Yamamoto, H.; Ohsumi, Y. Fine mapping of autophagy-related
proteins during autophagosome formation in Saccharomyces cerevisiae. J. Cell Sci. 2013, 126, 2534–2544,
doi:10.1242/jcs.122960.
Suzuki, K.; Kamada, Y.; Ohsumi, Y. Studies of cargo delivery to the vacuole mediated by autophagosomes
in Saccharomyces cerevisiae. Dev. Cell 2002, 3, 815–824, doi:10.1016/S1534-5807(02)00359-3.
Hutchins, M.U.; Klionsky, D.J. Vacuolar Localization of Oligomeric α-Mannosidase Requires the
Cytoplasm to Vacuole Targeting and Autophagy Pathway Components in Saccharomyces cerevisiae. J. Biol.
Chem. 2001, 276, 20491–20498, doi:10.1074/jbc.M101150200.
Onodera, J.; Ohsumi, Y. Ald6p is a preferred target for autophagy in yeast, Saccharomyces cerevisiae. J. Biol.
Chem. 2004, 279, 16071–16076, doi:10.1074/jbc.M312706200.
Aranda, A.; del Olmo, M. Response to acetaldehyde stress in the yeast Saccharomyces cerevisiae involves
a strain-dependent regulation of several ALD genes and is mediated by the general stress response
pathway. Yeast 2003, 20, 747–759, doi:10.1002/yea.991.

Microorganisms 2020, 8, 523

39.

40.

41.
42.

43.
44.
45.
46.
47.

48.

49.

50.
51.
52.
53.

14 of 14

Khalfan, W.A.; Klionsky, D.J. Molecular machinery required for autophagy and the cytoplasm to vacuole
targeting (Cvt) pathway in S. cerevisiae. Curr. Opin. Cell Biol. 2002, 14, 468–475, doi:10.1016/S09550674(02)00343-5.
Kihara, A.; Noda, T.; Ishihara, N.; Ohsumi, Y. Two distinct Vps34 phosphatidylinositol 3-kinase complexes
function in autophagy and carboxypeptidase Y sorting in Saccharomyces cerevisiae. J. Cell Biol. 2001, 152, 519–
530, doi:10.1083/jcb.152.3.519.
Geng, J.; Nair, U.; Yasumura-Yorimitsu, K.; Klionsky, D.J. Post-Golgi Sec proteins are required for
autophagy in Saccharomyces cerevisiae. Mol. Biol. Cell 2010, 21, 2257–2269, doi:10.1091/mbc.e09-11-0969.
Lipatova, Z.; Belogortseva, N.; Zhang, X.Q.; Kim, J.; Taussig, D.; Segev, N. Regulation of selective
autophagy onset by a Ypt/Rab GTPase module. Proc. Natl. Acad. Sci. USA 2012, 109, 6981–6986,
doi:10.1073/pnas.1121299109.
Yen, W.L.; Legakis, J.E.; Nair, U.; Klionsky, D.J. Atg27 is required for autophagy-dependent cycling of Atg9.
Mol. Biol. Cell 2007, 18, 581–593, doi:10.1091/mbc.e06-07-0612.
Yen, W.L.; Klionsky, D.J. Atg27 is a second transmembrane cycling protein. Autophagy 2007, 3, 254–256,
doi:10.4161/auto.3823.
Barth, H.; Meiling-Wesse, K.; Epple, U.D.; Thumm, M. Autophagy and the cytoplasm to vacuole targeting
pathway both require Aut10p. FEBS Lett. 2001, 508, 23–28, doi:10.1016/s0014-5793(01)03016-2.
Levine, B.; Klionsky, D.J. Development by self-digestion: molecular mechanisms and biological functions
of autophagy. Dev. Cell 2004, 6, 463–477, doi:10.1016/S1534-5807(04)00099-1.
McNew, J.A.; Sogaard, M.; Lampen, N.M.; Machida, S.; Ye, R.R.; Lacomis, L.; Tempst, P.; Rothman, J.E.;
Söllner, T.H. Ykt6p, a prenylated SNARE essential for endoplasmic reticulum-Golgi transport. J. Biol. Chem.
1997, 272, 17776–17783, doi:10.1074/jbc.272.28.17776.
Liu, T.T.; Gomez, T.S.; Sackey, B.K.; Billadeau, D.D.; Burd, C.G. Rab GTPase regulation of retromermediated cargo export during endosome maturation. Mol. Biol. Cell 2012, 23, 2505–2515,
doi:10.1091/mbc.E11-11-0915.
Seals, D.F.; Eitzen, G.; Margolis, N.; Wickner, W.T.; Price, A. A Ypt/Rab effector complex containing the
Sec1 homolog Vps33p is required for homotypic vacuole fusion. Proc. Natl. Acad. Sci. USA 2000, 97, 9402–
9407, doi:10.1073/pnas.97.17.9402.
Fukuda, T.; Kanki, T. Mechanisms and physiological roles of mitophagy in yeast. Mol. Cells 2018, 41, 35,
doi:10.14348/molcells.2018.2214.
Kanki, T.; Klionsky, D.J. Mitophagy in yeast occurs through a selective mechanism. J. Biol. Chem. 2008, 283,
32386–32393, doi:10.1074/jbc.M802403200.
Kanki, T.; Wang, K.; Cao, Y.; Baba, M.; Klionsky, D.J. Atg32 is a mitochondrial protein that confers
selectivity during mitophagy. Dev. Cell 2009, 17, 98–109, doi:10.1016/j.devcel.2009.06.014.
Lemasters, J.J. Selective mitochondrial autophagy, or mitophagy, as a targeted defense against oxidative
stress, mitochondrial dysfunction, and aging. Rejuvenation Res. 2005, 8, 3–5, doi:10.1089/rej.2005.8.3.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

