
fcell-09-642375 June 18, 2021 Time: 17:46 # 1

REVIEW
published: 24 June 2021

doi: 10.3389/fcell.2021.642375

Edited by:
Dmitry A. Knorre,

Lomonosov Moscow State University,
Russia

Reviewed by:
Mohamed Ali Abdel-Rahman,

Al Azhar University, Egypt
Sergio Giannattasio,

Istituto di Biomembrane,
Bioenergetica e Biotecnologie

Molecolari (IBIOM), Italy

*Correspondence:
Manuela Côrte-Real

mcortereal@bio.uminho.pt

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cell Death and Survival,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 15 December 2020
Accepted: 04 May 2021

Published: 24 June 2021

Citation:
Chaves SR, Rego A, Martins VM,
Santos-Pereira C, Sousa MJ and

Côrte-Real M (2021) Regulation
of Cell Death Induced by Acetic Acid

in Yeasts.
Front. Cell Dev. Biol. 9:642375.
doi: 10.3389/fcell.2021.642375

Regulation of Cell Death Induced by
Acetic Acid in Yeasts
Susana R. Chaves1, António Rego1, Vítor M. Martins1, Cátia Santos-Pereira1,2,
Maria João Sousa1† and Manuela Côrte-Real1*†

1 Centre of Biological and Environmental Biology (CBMA), Department of Biology, University of Minho, Braga, Portugal,
2 Centre of Biological Engineering (CEB), Department of Biological Engineering, University of Minho, Braga, Portugal

Acetic acid has long been considered a molecule of great interest in the yeast research
field. It is mostly recognized as a by-product of alcoholic fermentation or as a product
of the metabolism of acetic and lactic acid bacteria, as well as of lignocellulosic
biomass pretreatment. High acetic acid levels are commonly associated with arrested
fermentations or with utilization as vinegar in the food industry. Due to its obvious
interest to industrial processes, research on the mechanisms underlying the impact
of acetic acid in yeast cells has been increasing. In the past twenty years, a plethora
of studies have addressed the intricate cascade of molecular events involved in cell
death induced by acetic acid, which is now considered a model in the yeast regulated
cell death field. As such, understanding how acetic acid modulates cellular functions
brought about important knowledge on modulable targets not only in biotechnology
but also in biomedicine. Here, we performed a comprehensive literature review to
compile information from published studies performed with lethal concentrations of
acetic acid, which shed light on regulated cell death mechanisms. We present an
historical retrospective of research on this topic, first providing an overview of the cell
death process induced by acetic acid, including functional and structural alterations,
followed by an in-depth description of its pharmacological and genetic regulation. As
the mechanistic understanding of regulated cell death is crucial both to design improved
biomedical strategies and to develop more robust and resilient yeast strains for industrial
applications, acetic acid-induced cell death remains a fruitful and open field of study.

Keywords: acetic acid, apoptosis, biotechnology, mitochondria, regulated cell death, signaling pathways, vacuole

INTRODUCTION

Acetic acid, or ethanoic acid (CH3COOH), is a weak organic acid best known as a frequent
by-product of the alcoholic fermentation carried out by Saccharomyces cerevisiae and the main
component of volatile acidity in wine. Usually, alcoholic fermentation by S. cerevisiae in grape
must yields low concentrations of acetic acid ranging from 0.1–0.3 g/L (1.7–5 mM) (Zamora, 2009).
However, contaminating lactic and acetic acid bacteria can account for higher production of this
acid, which may lead to undesirable threats to the fermentation process. Acetic acid concentrations
above 0.9 g/L (15 mM) can noticeably alter wine organoleptic properties, but concentrations above
0.6 g/L (10 mM) can already negatively affect yeast fermentative performance (Ribéreau-Gayon
et al., 2006; Sousa et al., 2012).

Apart from the traditional use of yeast in the production of alcoholic beverages, yeasts are
also used in different biotechnological applications, such as in the production of bioethanol or
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of other commodities. As environmental concerns have
motivated the search for efficient and less polluting methods to
produce bio-based chemicals (including fuels), lignocellulosic
biomass from different industrial residues and wastes arose as a
good candidate for the so-called second generation biorefineries.
However, yeasts do not assimilate the abundant sugar polymers
present in these substrates, which have to be hydrolyzed to
release simple fermentable sugars. Depending on feedstock and
pretreatment conditions, high amounts of acetic acid can be
released, reaching up to 11.5 g/L (191 mM) (Taherzadeh et al.,
1997). For these acetic acid levels, cell death already occurs,
which will negatively affect fermentation or even prevent it.
On the other hand, the toxic effects of acetic acid can also be
beneficial. For instance, since it can be cytotoxic to yeast and
several other fungi, acetic acid has been explored along with other
weak organic acids in the food industry as a natural preservative.
Moreover, together with other short chain fatty acids, acetate is a
product of the metabolism of acetic and propionic acid bacteria
in the human gut. Though this is not the focus of the present
review, acetate preferentially induces apoptosis in colorectal
cancer (CRC) cells in comparison with non-cancer cell lines
(Hague et al., 1995; Scheppach et al., 1995; Heerdt et al., 1997;
Marchetti et al., 1997). The cytotoxicity of acetic acid and acetate
in yeast and cancer cells is therefore of considerable interest due
to its impact on the development of not only biotechnological
but also biomedical applications.

The present review aims to cover the current understanding
of cell death induced by acetic acid and how this knowledge
paves the way to its modulation in yeast-based bioprocesses. For
this purpose, we performed an extensive literature search on the
Pubmed database with the keywords “yeast” and “acetic acid” and
compiled information from published studies performed with
concentrations of acetic acid that are lethal to wild-type controls
and that shed light on regulated cell death mechanisms induced
by this stimulus. For this reason, we manually eliminated reports
that used sub-lethal concentrations of acetic acid, and therefore
studies focusing on acetic acid tolerance (either on plates or in
liquid media) are sometimes mentioned but are not the focus of
this review. As such, when discussing the effects of acetic acid
throughout the text, transient exposure to lethal concentrations
is implied unless otherwise noted.

HALLMARKS OF ACETIC
ACID-INDUCED REGULATED CELL
DEATH

Since the mid-80s, several studies showed that acetic acid is
transported to the intracellular milieu of several yeast species,
including S. cerevisiae, in its undissociated form by simple
diffusion, and is not metabolized by cells grown in glucose-
containing media. Since acetic acid has a pKa of 4.76 and
the intracellular physiological pH is higher than pH values of
commonly used media, acetic acid dissociates upon entering
the cell and accumulates as a function of the 1pH (Leão and
Van Uden, 1986; Cássio et al., 1987). In addition, yeast cells
can uptake this acid by active/mediated transport when grown

under glucose derepression conditions, such as with lactic or
acetic acid as carbon sources, or in glucose medium in species
where acetic acid utilization is not under glucose repression
(Casal et al., 1996; Sousa et al., 1996). The first reports on
the cytotoxic effect of acetic acid toward yeast cells date back
to 1989, when two types of cell death were ascribed to this
monocarboxylic acid. Indeed, when specific death rates induced
by 0–2% (w/v) (0–320 mM) acetic acid at pH 3.3 in S. cerevisiae
were plotted as a function of the reciprocal absolute temperature
(Arrhenius plots), two sub-groups of parallel straight lines with
different slopes became apparent. This indicated that acetic
acid induces two types of death: a high enthalpy death (HED,
slope of 12.4 cal/mol), similar to that of thermal death, which
predominates at high temperatures (37–40◦C) and low acetic acid
concentrations (<80 mM), and a low enthalpy death (LED, slope
3.9 cal/mol), which predominates at lower temperatures (20–
26◦C) and higher acetic acid concentrations (Pinto et al., 1989).
This means that the effect of small temperature variations on cell
death induced by acetic acid was higher at higher temperatures
than at lower temperatures. It had already been established that
the thermodynamic parameters of cell death activation could
shed light on the nature and localization of the targeted sites
of sub-products of alcoholic fermentation (Van Uden, 1984).
At that time, LED was considered a consequence of cytoplasm
acidification (Cardoso and Leão, 1992) and, as there was evidence
indicating the inner mitochondrial membrane (IMM) could be a
putative target in thermal death (Simões-Mendes et al., 1978), it
was hypothesized that mitochondria could contribute to acetic
acid-induced HED. However, further studies on acetic acid-
induced cell death and on the involvement of mitochondria in
a regulated process were only reported several years later.

It was first demonstrated that exposure of S. cerevisiae
and of the non-conventional spoilage yeast Zygosaccharomyces
parabailii ISA 1307 (formerly Z. bailii) to high concentrations
of acetic acid (1–3% (v/v), 173–520 mM), pH 3.0, resulted
in a late loss of plasma membrane integrity in both strains
preceded by a deficit in vacuolar processing of the FUN-1
stain, reflecting a decrease in metabolic activity (Prudêncio
et al., 1998). However, it was only in the beginning of the
21st century that biochemical markers of cell death induced
by acetic acid were characterized for the first time. Ludovico
et al. (2001) showed that exposure of exponentially growing
S. cerevisiae cells to low doses of acetic acid (20–80 mM) at pH 3.0
induced cell death associated with typical mammalian apoptotic
markers, including chromatin condensation [by transmission
electron microscopy (TEM)], phosphatidylserine (PS) exposure
[by annexin V/propidium iodide (PI) staining] and DNA strand
breaks [by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay]. At the time, the process was
defined as programmed cell death (PCD) (Ludovico et al., 2001),
whereas nowadays it is designated as regulated cell death (RCD).
Indeed, RCD is currently defined as a type of cell demise that
occurs upon a mild stress and that can be pharmacologically
or genetically modulated, while PCD is considered a type of
RCD which occurs under physiological scenarios (Carmona-
Gutierrez et al., 2018). On the other hand, under the same
experimental conditions, high concentrations of acetic acid
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FIGURE 1 | Current knowledge on the hallmarks of AA-RCD. When yeast cells are treated with lethal concentrations of acetic acid, a regulated cell death process
characterized by typical mammalian apoptotic markers, highlighted in blue, can be triggered depending on the concentration. pHi, intracellular pH; pHv, vacuolar pH;
pHm, mitochondrial pH; VMP, vacuolar membrane permeabilization; MOMP, mitochondrial outer membrane permeabilization; Cyt c, cytochrome c; 9p, plasma
membrane potential; 9m, mitochondrial membrane potential.

(120–200 mM) induced a necrotic phenotype, as suggested by
extensive intracellular disorganization and compromised plasma
membrane integrity (Ludovico et al., 2001). One year later, it
became increasingly clear that an apoptotic-like cell death process
can occur in yeast cells exposed to acetic acid, since two additional
apoptotic markers, namely cytochrome c release from the
mitochondria to the cytosol and moderate mitochondrial reactive
oxygen species (ROS) accumulation, were identified. These
events were associated with a decrease in oxygen consumption,
mitochondrial transmembrane potential, cytochromes a + a3
levels and cytochrome c oxidase (COX) activity, highlighting the
involvement of mitochondria in acetic acid-induced regulated
cell death (AA-RCD), as discussed in the following sections
(Ludovico et al., 2002). Mitochondrial structural and functional
alterations were soon after reported for the acetic acid-resistant
yeast Z. parabailii ISA 1307. In this yeast, treatment with up to
800 mM acetic acid was accompanied by mitochondrial structural
changes, including swelling and reduction of cristae number,
though the integrity of plasma and mitochondrial membranes
were still preserved (Ludovico et al., 2003).

AA-RCD hallmarks identified in early studies were further
confirmed by several authors in the following years, and new
features were described (Figure 1). ROS involvement in this
process was characterized in more detail, and these species are
currently considered mediators of AA-RCD (e.g., Giannattasio
et al., 2005; Guaragnella et al., 2007). It was also reported that
acetic acid increases caspase-like protease activity, as ascertained
using fluorogenic and fluorescent caspase substrates, both in
S. cerevisiae (Guaragnella et al., 2006, 2010a,b, 2011; Pereira
et al., 2007), and in different Candida species (Aerts et al.,
2009; Lastauskienë et al., 2014). In S. cerevisiae, caspase-like
activity was highly dependent on the culture growth phase
(Pereira et al., 2007), and was probably a consequence and
not a cause of the cell death process, as more thoroughly
discussed below. Acetic acid-induced mitochondrial degradation
was demonstrated by several authors (Fannjiang et al., 2004;
Pereira et al., 2010; Rego et al., 2012; Pereira et al., 2013; Dong
et al., 2017; Martins et al., 2019) and it was shown that the
normal tubular mitochondrial network becomes fragmented and
deformed, acquiring a punctate pattern (Fannjiang et al., 2004;
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Pereira et al., 2010; Rego et al., 2012, 2018; Longo et al., 2015;
Trindade et al., 2016), or even forming clusters in some mutant
cells (Pereira et al., 2010; Rego et al., 2012) in an actin-dependent
process (Pereira et al., 2010). Mitochondrial outer membrane
permeabilization (MOMP) associated with cytochrome c release,
a central event in mammalian intrinsic apoptosis, was also
characterized: this hallmark in AA-RCD has been studied by
assessing permeabilization of the outer mitochondrial membrane
and maintenance of IMM integrity by in vitro enzymatic assays
(Pereira et al., 2007; Rego et al., 2012, 2014a), and cytochrome c
release by western blot and/or spectra analysis (Ludovico et al.,
2002; Pereira et al., 2007; Giannattasio et al., 2008; Guaragnella
et al., 2010a,b, 2011, 2013; Rego et al., 2014a, 2018, 2020;
Guerreiro et al., 2016; Trindade et al., 2016; Martins et al., 2019).
Besides mitochondria, a functional vacuole also seems to be
crucial in AA-RCD (Schauer et al., 2009), involving vacuolar
membrane permeabilization and subsequent release of Pep4p,
the yeast ortholog of mammalian cathepsin D (CatD), which
acts on mitochondrial degradation (Pereira et al., 2010). Acetic
acid-induced DNA fragmentation was further characterized as
single-strand DNA breaks and large DNA fragments, with no
blunt-ended DNA double-strand breaks being identified (Ribeiro
et al., 2006). Degradation of ribosomal RNA (rRNA) was also
described by Mroczek and Kufel (2008), who demonstrated that
acetic acid induces degradation of rRNA subunits 25S and 5.8S,
though this phenotype was less evident in respiring cells owing to
their higher oxidative stress defenses. Notably, rRNA degradation
occurred before chromosomal DNA fragmentation (Mroczek and
Kufel, 2008). Accordingly, acetic acid treatment leads to global
impairment of translation associated with decreased levels of
proteins involved in both initiation and elongation of translation
(Almeida et al., 2009; Silva et al., 2013). One report indicated
that acetic acid also slightly increases the levels of carbonylated
proteins (Semchyshyn et al., 2011), though another found
that overall protein carbonylation levels in acetic acid-treated
cells are similar to those of untreated cells, but with distinct
carbonylation patterns (Rego et al., 2012). Indeed, acetic acid-
treated cells exhibited an enrichment in the carbonylation of
some proteins, while others greatly decreased or disappeared
(Rego et al., 2012). More recently, AA-RCD was associated with
severe acidification of both the cytosol and mitochondrial matrix,
although it is not clear what is the relative contribution of
cellular accumulation of acetate and/or acidification to acetic
acid cytotoxic activity (Dong et al., 2017). The same study
showed additional ultrastructural changes such as cytosolic
vacuolization, inhibition of lipid droplet accumulation and a
smoother cellular surface. It has also been reported that acetic
acid perturbs sphingolipid balance, which in turn regulates AA-
RCD, by altering the mitochondrial levels of specific sphingolipid
species, namely by decreasing most phosphorylated dihydro- and
phytosphingosines and increasing the levels of dihydroceramide
(Rego et al., 2012, 2018). Finally, acetic acid was also shown
to impact mitochondrial phospholipids, inducing a reduction
of almost 50% in their relative phosphatidylinositol content
(Martins et al., 2019).

Supplementary Table 1 systematizes the aforementioned
hallmarks employed by different authors to characterize AA-RCD

in S. cerevisiae and also in other yeast species. Though a
wide variety of structural and functional markers were used,
it is apparent that most studies used several RCD markers
as recommended by Carmona-Gutierrez et al. (2018), with
assessment of ROS accumulation, plasma membrane integrity,
PS exposure and DNA condensation and fragmentation as the
most commonly used. The combined use of more than one
marker is imperative to overcome not only methodological
and technical limitations, for instance subsequent questions
regarding the suitability of particular protocols and/or probes
(Váchová and Palková, 2007; Kalyanaraman et al., 2012), but also
lack of specificity to a given RCD subroutine and difficulties in
discriminating RCD from other cellular processes.

In summary, the above-mentioned studies strongly support
that exposure to acetic acid induces an RCD process associated
with cell death markers typical of mammalian apoptosis.
However, chemical or genetic modulation of cell death is the main
feature that supports a regulated nature of a cell death process.
As discussed in more detail in the next sections, several chemical
compounds were found to modulate acetic acid-induced cell
death and different gene products have been identified as anti-
or pro-death factors. The term AA-RCD will be used throughout
this review, but only when cell death markers confirming the
process is regulated are shown. As such, cell death determined
from data stemming only from cell viability assays, assessed by
counting of colony forming units (CFUs) or spot assays after
transient exposure, will be referred to as acetic acid-induced
cell death (AA-CD).

CHEMICAL MODULATION OF ACETIC
ACID-INDUCED REGULATED CELL
DEATH

The effect of chemical compounds, with different mechanisms
of action, on AA-RCD was assessed (Table 1) both to validate
its controlled nature and to further characterize the associated
cellular processes and dysfunctions.

Several reports showed that inhibition of protein synthesis
with cycloheximide protects cells from AA-RCD (Ludovico et al.,
2001; Guaragnella et al., 2006, 2008), associated with a decrease
in chromatin condensation as assessed by TEM (Ludovico
et al., 2001). The enhanced survival conferred by cycloheximide
was not restricted to S. cerevisiae, as it was also observed in
Z. parabailii (Ludovico et al., 2003). These studies therefore
supported AA-RCD as an active process, dependent on de novo
protein synthesis.

In studies with higher eukaryotes, reversal of cell death by
caspase inhibitors is often used to support the existence of
apoptosis. However, the pan-caspase inhibitor z-VAD-fmk did
not affect survival of either wild-type or metacaspase-deficient
mutant cells, even though it slightly decreased the percentage
of cells stained with FITC-VAD-fmk after exposure to acetic
acid (Guaragnella et al., 2006), and decreased cleavage of the
fluorogenic caspase substrates Ac-IETD-AMC and Ac-VEID-
AMC (Guaragnella et al., 2010b). Indeed, while several reports
indicate that AA-RCD is accompanied by increased proteolytic
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TABLE 1 | Overview of the effect of chemical compounds on AA-RCD.

Compound Function Survival
phenotype

Strain Associated
hallmarks

Method Reference

Cycloheximide Protein synthesis inhibitor Protection Sc W303-1A ↓ Chromatin
condensation

TEM Ludovico et al., 2001

Sc W303-1B − − Guaragnella et al.,
2006

Zp ISA 1307 − − Ludovico et al., 2003

z-VAD-fmk Pan-caspase inhibitor No effect Sc W303-1B ↓%
FITC-VAD-fmk –
stained cells

F-VAD/PIFC Guaragnella et al.,
2006

↓ Cleavage of
caspase substrates

Ac-FCSSF Guaragnella et al.,
2010a

MG132 Proteasome inhibitor Slight protection Sc W303-1B ↓ Chymotrypsin-,
trypsin- and
PGPH-like activities

Substrate
hydrolysisSF

Valenti et al., 2008

Oligomycin FOF1-ATPase inhibitor No effect/slight
sensitization

Sc W303-1A − − Ludovico et al., 2002

Antimycin A Inhibitor of complex III of
electron transport chain

No effect Sc W303-1B Similar cytochrome
c release

WB Guaragnella et al.,
2011

Oligomycin
+ Antimycin A

See single compounds Sensitization Sc W303-1B − − Pereira et al., 2007

Cyclosporin A Mitochondrial cyclophilin
inhibitor

No effect Sc W303-1B − − Pereira et al., 2007

N-acetyl-L-cysteine
(NAC)

Antioxidant Protection Sc W303-1B ↓ Cytochrome c
release

WB Guaragnella et al.,
2010a

↓ DNA
fragmentation

TN/PIFM

↓ H2O2

accumulation
HFDAFM

↓ Cleavage of
caspase substrates

Ac-FCSSF

The compounds as well as their function and induced phenotype toward AA-RCD, expressed by different cell death hallmarks, are presented. A summary of methods
and results interpretations is listed as reported by the authors. Please refer to the individual manuscripts for details regarding protocols and controls. Ac-FCS, Ac-
IETD/VEID-AMC, fluorogenic caspase-8/caspase-6 substrate; FC, flow cytometry; FM, fluorescence microscopy; F-VAD, FITC-VAD-fmk, fluorescein isothiocyanate
conjugate of the pan-caspase inhibitor VAD(OMe)-FMK; HFDA, H2DCFDA, 2′,7′-dichlorodihydrofluorescein diacetate; PI, propidium iodide; SF, spectrofluorimeter; TN,
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL); TEM, transmission electron microscopy; WB, western blot; Sc, Saccharomyces cerevisiae; Zp,
Zygosaccharomyces parabailii.

activity toward aspartic substrates (Guaragnella et al., 2006,
2010a,b, 2011; Pereira et al., 2007; Aerts et al., 2009; Lastauskienë
et al., 2014), none have clearly demonstrated that increased
proteolysis is required for cell death execution. Proteasomal
chymotrypsin-, trypsin- and peptidylglutamylpeptide-like
activity also slightly increased after exposure to acetic acid, but
only a slight increase in viability was imparted by the proteasome
inhibitor MG132 (Valenti et al., 2008). However, it is possible
that increasing permeability of cells to MG132, which greatly
enhances its effects (Liu et al., 2007), could have resulted in
higher protection. On the other hand, it cannot be discarded
that protection by this inhibitor may be due to increased stability
of a given pro-survival factor and not to a decrease in overall
proteolytic activity.

As mentioned above, ROS accumulation is one of the
hallmarks of AA-RCD. Therefore, the use of antioxidants was
also among the first attempts to modulate this process, but few
studies have demonstrated robust protection from cell death
using this strategy. Guaragnella et al. (2010b) analyzed the effects
of N-acetyl-L-cysteine (NAC), a commonly used antioxidant,

on several parameters after exposure of S. cerevisiae W303-1B
cells to acetic acid. They found that NAC increased cell survival
over time and reduced both cytochrome c release and TUNEL-
positive cells at 150 min. NAC also decreased the percentage
of DCF-positive cells after 15 min of exposure to acetic acid
(Guaragnella et al., 2010b). In contrast, in mutants lacking
cytochrome c or Yca1p, no differences were observed in cell
viability or TUNEL staining despite a similar reduction in DCF-
positive cells at 15 min (Guaragnella et al., 2010a; Antonacci
et al., 2012). NAC also reduced proteolytic activity toward Ac-
IETD-AMC and Ac-VEID-AMC in wild-type cells but not in the
mutants (Guaragnella et al., 2010b), though acetic acid-induced
proteolytic activity is likely unrelated to AA-RCD. Indeed, the
same group later argued against a direct role of caspase-like
activity in AA-RCD execution, since conditions were found
where there was an increase in caspase-like activity but decreased
AA-RCD (Guaragnella et al., 2011).

Since AA-RCD is a mitochondria-mediated process, multiple
studies have addressed the effect of modulators of mitochondrial
function in this process. Inhibition of oxidative phosphorylation
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with oligomycin, which inhibits the FO portion of FOF1-ATP
synthase, had no effect or slightly decreased survival of cells
exposed to different concentrations of acetic acid (Ludovico
et al., 2002). Later, Pereira et al. (2007) reported that oligomycin
plus antimycin A (which inhibits ubiquinol-cytochrome c
oxidoreductase (complex III) of the electron transport chain),
increased AA-CD (Pereira et al., 2007). Another study showed
that antimycin A by itself did not affect AA-RCD in wild-
type cells (Guaragnella et al., 2011). However, all these studies
were performed in fermentable media, where respiration is
diminished. Nonetheless, yeast cells seem to be more sensitive to
acetic acid in glucose-containing media than in non-fermentable
or non-repressible carbon sources such as raffinose (Guaragnella
et al., 2013). This is in agreement with a previous study showing
that glucose-grown cells are more sensitive to acetic acid during
exponential phase than in the stationary growth phase (Ludovico
et al., 2002). Taken together, these results indicate that respiratory
metabolism plays a protective role in AA-RCD, though other
factors may be involved. On the other hand, a strain lacking
mitochondrial DNA (mtDNA, ρ0) is resistant to acetic acid
(Ludovico et al., 2002). Although these studies used opposite
mating types of the W303 strain, this apparent contradiction
may be due to a pleiotropic effect associated with the absence
of mtDNA. Indeed, it was suggested that raffinose increases
resistance to AA-RCD as a result of mitochondrial retrograde
(RTG) pathway activation (Guaragnella et al., 2013), suggesting
that activation of the RTG pathway in the absence of mtDNA
can underlie the observed resistance of ρ0 cells (Parikh et al.,
1987). In addition, there is evidence that repression of processes
other than respiration by glucose can also underlie the higher
sensitivity to AA-RCD observed in glucose-grown cells (Sousa
et al., 2013), and this is a general feature in response to stress
(Conrad et al., 2014).

It was also shown that cyclosporin A, which inhibits the
mitochondrial cyclophilin, Cyp3p (Matouschek et al., 1995),
consensually thought to regulate the opening of the permeability
transition pore (PTP) in mammalian cells, does not significantly
affect AA-RCD (Pereira et al., 2007).

Finally, Guerreiro et al. (2016) found that spermidine, a
polyamine implicated in cell fate (Madeo et al., 2018), protects
both S. cerevisiae and Z. parabailii ISA1307 from AA-CD,
decreasing levels of ROS. As authors reported that acetic acid
increases the levels of Spe3p, a protein involved in spermidine
biosynthesis, in Z. parabailii but not in S. cerevisiae, they
proposed that increased spermidine synthesis may underlie
the high acetic acid tolerance of this Z. parabailii strain
(Guerreiro et al., 2016).

GENETIC MODULATION OF ACETIC
ACID-INDUCED REGULATED CELL
DEATH

After the discovery that S. cerevisiae undergoes an active
cell death program upon acetic acid challenge that resembles
mammalian intrinsic apoptosis, it was only a matter of
time before studies arose trying to pinpoint the molecular

players within this process. Indeed, potential yeast orthologs
of mammalian apoptosis regulators were investigated and
phenotypically characterized through gene editing techniques,
and a large number of genes were shown to play a role in
AA-RCD. In this section, we present an overview of the twenty-
year long research that has contributed to the elucidation of
the intricate molecular machinery that regulates yeast AA-RCD,
which is summarized in Supplementary Table 2.

The Yeast Metacaspase
A major hallmark of mammalian apoptosis is the activation of
caspases, cysteine proteases that are activated in cascade when
apoptosis is triggered and mediate the dismemberment of cellular
components (Van Opdenbosch and Lamkanfi, 2019). The yeast
S. cerevisiae does not encode obvious caspase orthologs and the
only known caspase-like family member is the metacaspase Yca1p
(yeast caspase-1), which exhibits caspase-like proteolytic activity
and can be induced upon apoptosis triggering (Madeo et al., 2002;
Mazzoni and Falcone, 2008). The role of this metacaspase in AA-
RCD has been explored in several studies. Fannjiang et al. (2004)
showed that abrogation of Yca1p restores FUN-1 processing
ability in acetic acid-challenged cells. Still, although yca11 cells
are more resistant to acetic acid than the wild-type strain in
terms of cell survival, multiple studies showed no significant
difference in apoptotic markers such as chromatin condensation
(Guaragnella et al., 2006), DNA fragmentation (Guaragnella
et al., 2010a; Longo et al., 2015) or mitochondrial fragmentation
(Longo et al., 2015), though Yca1p was required for cytochrome c
to be released from mitochondrial reservoirs (Guaragnella et al.,
2010a). In S. pombe, acetic acid treatment increased mRNA
levels of pombe caspase-1 (PCA1) and acridine orange/ethidium
bromide (AO/EtBr) staining, but authors showed only increased
growth of pca11 cells on plates containing acetic acid, not
protection from cell death (Agus et al., 2020). Of note, as
discussed above, the caspase-like activity observed in acetic acid-
treated cells (Pereira et al., 2007; Aerts et al., 2009; Guaragnella
et al., 2010a,b, 2011; Lastauskienë et al., 2014; Saraiva et al.,
2006) may be a consequence and not a direct mediator of the
cell death process. In fact, neither a pan-caspase inhibitor is
able to prevent AA-RCD (Guaragnella et al., 2006), nor, to our
knowledge, have specific metacaspase substrates in AA-RCD been
identified. Overall, these studies suggest that YCA1 disruption per
se does not fully abolish AA-RCD, suggesting the involvement of
a metacaspase-independent pathway. Under that scenario, it is
plausible that the protection from AA-RCD imparted by YCA1
deletion is associated with a yet unidentified role of this protein
in other cellular mechanisms. Indeed, several non-apoptotic
roles have been attributed to Yca1p, and it has been suggested
that yca11 cells may be inherently resistant to stress stimuli
independently of a role in cell death (Lee et al., 2010; Longo et al.,
2015; Ždralević et al., 2015; reviewed in Hill and Nyström, 2015).

Mitochondrial Regulators
As mentioned previously, the involvement of mitochondria in
yeast AA-RCD was first established by our laboratory long ago
(Ludovico et al., 2002), and since then there has been a plethora
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of research directed toward identifying mitochondrial effectors in
this type of cell death, as described below.

Mitochondrial Respiratory Complexes
Cytochrome c is a water-soluble intermembrane space protein
that is a key player in both life and death decisions within the
cell: it is responsible for the transfer of electrons from cytochrome
bc1 reductase (complex III) to cytochrome c oxidase (complex
IV) in the electron transport chain, as well as for the formation
of the apoptosome during mammalian apoptosis (Hüttemann
et al., 2011). As expected, several studies have dissected the role
of cytochrome c in yeast AA-RCD. Although deletion of the
cytochrome c isoforms CYC1 and CYC7 increased cell viability in
comparison to the wild-type strain, it did not completely abolish
cell death (Guaragnella et al., 2010a). As such, cytochrome c is not
strictly required for AA-RCD to occur. Deletion of CYC3, coding
for a cytochrome c heme lyase, which attaches heme to apo-
cytochrome c, has also been associated with resistance to acetic
acid, though only through clonogenic survival assays (Ludovico
et al., 2002). Moreover, expression of a mutant form of Cyc1p
that is unable to reduce cytochrome c oxidase (W65S substitution,
W65SCyc1p), results in resistance to AA-RCD in comparison
to control and cyc1,71 yeast cells (Guaragnella et al., 2011).
Cells expressing W65SCyc1p exhibited increased survival along
with reduced DNA fragmentation and ROS accumulation. No
cytochrome c release was detected, though caspase-like protease
activity was increased in comparison to wild-type cells. Thus, it
seems that cytochrome c is able to modulate caspase-like activity
despite not being released from mitochondria (Guaragnella
et al., 2011). More recently, it was shown that expression of
a permanently membrane-anchored cytochrome c recombinant
protein (Cyc1MA) in a cyc1,71 background sensitized cells in
the absence of cell death stimuli during exponential growth,
which was corroborated by a diminished chronological lifespan
(Toth et al., 2020). Cyc1MA cells displayed a slight decrease in
clonogenic survival and mitochondrial transmembrane potential,
along with increased PI and dihydroethidium (DHE) staining,
in comparison with both wild-type and cyc71 cells. These
phenotypes were not due to respiratory deficiency, since
cells expressing Cyc1MA exhibited a normal assembly of
mitochondrial respiratory supercomplexes and wild-type-like
aerobic cell growth. Nevertheless, these phenotypic differences
were exacerbated upon acetic acid treatment, with Cyc1MA cells
evidencing a much greater reduction in clonogenic survival
along with increased PS exposure and ROS accumulation.
Unsurprisingly, no cytochrome c was released from mitochondria
(Toth et al., 2020). In summary, it is apparent that although
cytochrome c release occurs during AA-RCD, it is not necessary
for this process. Moreover, it has not been ascertained whether it
plays a role in cytosol, but loose binding of cytochrome c to the
IMM is required to maintain cellular homeostasis with or without
the presence of a death stimuli.

Apart from cytochrome c, alterations in the expression of
other respiratory complex proteins also affect sensitivity to
acetic acid. For instance, abrogation of the β subunit of the
F1 part of the FOF1-ATPase (complex V), encoded by ATP2,
sensitizes cells to AA-CD (Pereira et al., 2007). On the other

hand, Ludovico et al. (2002) showed that deletion of a gene
coding for an assembly factor for the FO part of the ATPase,
ATP10, rendered cells more resistant to acetic acid. The authors
further determined that a fully assembled mitochondrial FOF1-
ATPase is required for translocation of cytochrome c from
mitochondria to the cytosol, and that this phenotype is not
due to impaired respiration, since oligomycin-treated wild-
type cells did not display enhanced survival, as referred above
(Ludovico et al., 2002).

Mitochondrial Fission/Fusion Machinery
Mitochondria are remarkably plastic organelles and form
dynamic interconnecting networks where fusion mechanisms
(mediated in yeast by Fzo1p and Mgm1p) promote neutralization
of damaged mitochondrial components, while fission
mechanisms (mediated in yeast by Dnm1p) allow the network to
dispose of damaged mitochondria (Suen et al., 2008; Cosentino
and García-Sáez, 2014). In 2004, Fannjiang et al. showed
for the first time that acetic acid can induce mitochondrial
fragmentation in yeast cells. The mitochondrial fission proteins
Dnm1 and Mdv1 appeared to promote AA-CD, as dnm11 and
mdv11 strains displayed a resistant phenotype as evidenced by
increased clonogenic survival and FUN-1 processing ability in
comparison with the wild-type strain (Fannjiang et al., 2004).
On the other hand, ablation of a mitochondrial fission factor
required for Dnm1p recruitment, Fis1p, resulted in sensitivity to
this stressor, with a significant decrease in cell viability and an
increase in PS exposure and chromatin condensation (Fannjiang
et al., 2004; Sj et al., 2019). However, the same group found that
the phenotypes encountered in acetic acid-challenged fis11 cells
are a consequence of secondary mutations in WHI2 (Cheng et al.,
2008) and SIN3 genes (Teng et al., 2013). Expression of wild-type
Whi2p regulated by its endogenous promoter reverts the cell
death phenotype, indicating that the sensitivity to acetic acid
displayed by fis11 cells is due to WHI2 genetic loss-of-function,
which protects cells from mitochondrial respiratory defects
(Cheng et al., 2008). Importantly, this mutation was not found
in either dnm11 or mdv11 cells, indicating that WHI2 loss-of-
function compensates for an unknown role of Fis1p other than
mitochondrial fission (Cheng et al., 2008). Similarly, the SIN3
mutation induced by FIS1 deletion is able to recover the defective
growth of fis11 cells, but the role of this mutation in AA-RCD
was not ascertained (Teng et al., 2013). Fis1p was not required for
mitochondrial fragmentation upon acetic acid exposure, but the
typical mitochondrial fragmentation observed during latrunculin
A-induced actin disruption was absent in fis11 cells, indicating
that the fission machinery is different under death stimuli and
in healthy cells (Fannjiang et al., 2004). Of note, mitochondrial
fragmentation by itself is not sufficient to induce cell death, as
lack of the mitochondrial fusion factor Fzo1p does not exacerbate
sensitivity to acetic acid even though fzo11 mitochondria are
predominantly fragmented (Fannjiang et al., 2004).

Mitochondria-to-Nucleus Crosstalk
Apoptosis-inducing factor (AIF), as its name indicates, plays a
central role in mammalian apoptotic cell death. In healthy cells,
AIF is a membrane-bound protein confined to mitochondria,
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where it acts as an oxidoreductase. However, upon apoptotic
stimuli, this protein translocates to the nucleus, where it
promotes DNA fragmentation and chromatin condensation
(Susin et al., 1999). It was reported that S. cerevisiae and
C. albicans also possess an ortholog of AIF, Aif1p (Wissing
et al., 2004; Ma et al., 2016). However, Amigoni et al. did not
find differences in survival between wild-type and S. cerevisiae
aif11 cells exposed to acetic acid, though deletion of AIF1
protected a sensitive mutant strain, lacking Hxk2p, from AA-
RCD (Amigoni et al., 2016). In C. albicans, deletion of AIF
slightly decreased, whereas overexpression slightly increased,
the percentage of Annexin V/PI-positive cells induced by low
concentrations of acetic acid, as well as ROS levels, though no
effect was observed for higher concentrations (Ma et al., 2016).
Nonetheless, clonogenic survival assays were not performed and,
therefore, a possible role for Aif1p in AA-RCD is still not
fully characterized.

Nuc1p, the yeast homolog of endonuclease G, is a
mitochondrial nuclease that, like mammalian Aif1p, is
translocated to the nucleus upon apoptotic stimuli, where it
degrades both DNA and RNA. Interestingly, both overexpression
and abrogation of this protein sensitized yeast cells to acetic
acid, indicating that Nuc1p displays both a protective and
mediating role in this process (Büttner et al., 2007, 2011). The
authors further demonstrated that a fully functional nuclease
domain is required for cell death rescue (Büttner et al., 2007).
Remarkably, deletion of NUC1 decreased survival of yeast
cells exposed to acetic acid in glucose media, accompanied by
increased ROS accumulation, but conferred protection to cells
cultured in glycerol-containing media. Cells lacking Nuc1p were
found to die by necrosis on fermentative media but not on
respirable media, meaning that Nuc1p mediates apoptotic-like
cell death only when oxidative phosphorylation is not repressed
(Büttner et al., 2007).

Apart from proteins that may be translocated to the
nucleus, multiple studies have investigated the involvement
of mitochondria-to-nucleus communication through the RTG-
dependent retrograde signaling pathway in AA-RCD. For
instance, cells lacking Rtg2p displayed decreased cell survival
after exposure to acetic acid associated with increased DNA
fragmentation, ROS accumulation and PS exposure, though with
no noticeable increase in cytochrome c release (Guaragnella
et al., 2013; Laera et al., 2016). Rtg2p is a positive regulator
of the RTG pathway, as it inhibits Mks1p, thus allowing
nuclear translocation of the Rtg1/3p transcription factors and
induction of RTG target gene expression (Dilova et al., 2002;
Komeili et al., 2000). Those results therefore indicate that
activation of the retrograde pathway protects cells from AA-
RCD when respiratory metabolism is de-repressed. However,
Rtg2p may play other roles, as deletion of RTG2 also sensitized
yeast cells to AA-RCD under conditions where the retrograde
response was not activated (Guaragnella et al., 2019). On the
other hand, RTG pathway activation through abrogation of the
negative regulator Mks1p (Sekito et al., 2002) had no effect
on AA-RCD in media with standard 2% glucose, although
partial resistance was observed with low glucose concentrations
(Guaragnella et al., 2013). As this suggests that relief from

carbon catabolite repression (CCR) is required for the observed
resistance, authors further analyzed the contribution of Snf1p-
dependent transcriptional activators that control expression of
glucose-repressible genes. They found that Adr1p and Cat8p
interact with Rtg2p and with each other to increase resistance to
AA-RCD in raffinose media, but no role was found for Hap4p, the
regulatory subunit of the Hap2,3,4,5 complex (Laera et al., 2016).
Taken together, data suggest that both respiratory metabolism
and central carbon metabolism reprogramming modulate AA-
RCD.

The Endoplasmic Reticulum-Mitochondria Circuit
The unfolded protein response (UPR) is activated in response
to misfolded proteins in the endoplasmic reticulum (ER),
which in turn activate stress response mechanisms to maintain
homeostasis. However, when this pathway fails to correctly
refold proteins, apoptosis is induced (Wu et al., 2014). Exposure
to acetic acid resulted in a 10-fold augmented expression of
the ER molecular chaperone KAR2, which aggregates with
misfolded proteins during ER stress, as well as in UPR activation
through the Ire1p-Hac1p pathway (Kawazoe et al., 2017). Indeed,
upon sensing misfolded proteins, Ire1p was activated by self-
aggregation and promoted splicing of the transcription factor
HAC1 pre-mRNA, which in turn increased KAR2 mRNA levels
(Kawazoe et al., 2017). Deletion of IRE1 or HAC1 resulted in
increased sensitivity to acetic acid, highlighting the importance
of the ER stress response in maintaining cellular homeostasis in
response to acetic acid exposure (Kawazoe et al., 2017). If failing
to do so, apoptosis is induced through the mitochondrial pathway
(Bhat et al., 2017).

A subsequent study showed that the Endoplasmic Reticulum-
Mitochondria Encounter Structure (ERMES), a physical point
of crosstalk between the ER and mitochondria, is involved in
AA-RCD (Martins et al., 2019). Though ERMES is thought
to participate in lipid exchange and calcium signaling, its
role is not yet fully understood (Michel and Kornmann,
2012). This complex is formed by the ER-anchored protein
Mmm1p, cytosolic Mdm12p and two outer mitochondrial
membrane proteins, Mdm10p and Mdm34p. Martins et al. (2019)
showed that mdm101, mdm121, and mdm341 cells display
a resistant phenotype upon acetic acid challenge, exhibiting
a significant delay in the appearance of several apoptotic
markers such as loss of mitochondrial transmembrane potential,
mitochondrial degradation and ROS accumulation, as well as
in the loss of plasma membrane integrity evidencing secondary
necrosis. Additionally, cells lacking either Mdm10p or Mdm34p
were unable to release cytochrome c from mitochondria,
while mdm121 cells lost the majority of their mitochondrial
cytochrome c pool. These results hinted that the mitochondria-
bound members of ERMES might modulate MOMP (Martins
et al., 2019). In agreement with this hypothesis, cytochrome c
release was also decreased in mdm341 yeast cells heterologously
expressing a constitutively active form of the pro-apoptotic
protein Bax (Légiot et al., 2019). On the other hand, phospholipid
analysis revealed that the ERMES function in lipid exchange
between the ER and mitochondria does not seem to play a
role in the alterations of mitochondrial phospholipid content
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induced by acetic acid. Indeed, both wild-type and mutant cells
displayed a similar reduction of almost 50% in their relative
content of mitochondrial phosphatidylinositol after exposure
to acetic acid. Nonetheless, differences in the mitochondrial
phospholipidic profile observed between the strains lacking
ERMES components and wild-type cells before treatment may
underlie the observed acetic acid resistance phenotype of the
mutants (Martins et al., 2019).

Other Mitochondrial Regulators
Pereira et al. (2007) assessed the role of mitochondrial proteins
that were considered putative components of the mammalian
PTP at the time. Authors found that abrogation of the Aac1/2/3
protein isoforms, yeast orthologs of the adenine nucleotide
translocase, significantly delays AA-RCD. The aac1/2/31 strain
revealed a later onset of common apoptotic features in
comparison to the control strain, with the exception of ROS
accumulation, a phenotype that was not due to impaired
respiration (Pereira et al., 2007). This work also assessed the
role of other presumed PTP components such as Por1p, the
yeast voltage-dependent anion channel, and Cpr3p, the yeast
mitochondrial cyclophilin. Whilst POR1 deletion increased yeast
sensitivity to acetic acid, suggesting that Por1p functions as a
negative regulator of the RCD program, Cpr3p deletion did
not affect cell survival, in agreement with a lack of effect of
cyclosporin A in AA-RCD in wild-type cells (Pereira et al.,
2007). Later, another study showed that the sensitivity displayed
by por11 mutants is not observed in the absence of Aac1/2/3
proteins, suggesting a role for Por1p in the negative regulation
of cell death through inhibition of the pro-death function of
Aac1/2/3 proteins (Trindade et al., 2016).

Yeast cells do not encode true Bcl-2 family members, but a
protein containing a putative BH3 domain (Ybh3p) has been
found (Büttner et al., 2011). Ybh3p overexpression led to a Bcl-
XL-reversible sensitization to acetic acid that was accompanied by
increased ROS accumulation, DNA fragmentation, PS exposure
and cytochrome c release, while deletion of YBH3 reduced AA-
RCD (Büttner et al., 2011). Overexpressed GFP-Ybh3p localized
to the vacuole in untreated cells but was partially translocated
to mitochondria upon acetic acid treatment, which coincided
with mitochondrial cytochrome c release, independently of
mitochondrial transmembrane potential (Büttner et al., 2011).
Authors therefore proposed that Ybh3p functions similarly
to human Bax, as they also demonstrated that Ybh3p-FLAG
interacts with Bcl-XL. In addition, deletion of UTH1, which
prevents mitochondrial effects of Bax expression in yeast
(Camougrand et al., 2003), decreased cell death and ROS
accumulation in response to Ybh3p-FLAG overexpression in
acetic acid-treated cells. However, authors did find Ybh3p-
FLAG in mitochondria of untreated cells by sub-cellular
fractionation, which disappeared after exposure to acetic
acid, indicating it was released or degraded (indeed, smaller
FLAG-tagged fragments were detected). Of note, although
a role in AA-RCD was not ascertained, this same protein
had been described as anti-apoptotic in a different study
(Cebulski et al., 2011). FLAG-tagged Ybh3p was found to
interact with Mir1p, an IMM phosphate carrier, and Cor1p,

a subunit of cytochrome bc1 complex, and authors suggested
they function on the same pathway, as deletion of MIR1
or COR1 increased viability of cells overexpressing Ybh3p-
FLAG exposed to acetic acid (Büttner et al., 2011). Taken
together, these results indicate that Ybh3p plays a role in AA-
RCD, though further studies are necessary to elucidate the
mechanism involved.

Genes Involved in Antioxidant Defenses
As exposure to acetic acid triggers ROS accumulation, the role of
cellular antioxidant defenses in AA-RCD was addressed both by
assessing the activity of catalase (CTT) or superoxide dismutase
(SOD), and by deleting or overexpressing genes coding for the
proteins involved. Nonetheless the results obtained by several
groups do not provide a definitive answer. Indeed, one study
reported that exposure to acetic acid does not affect CTT or
SOD activities of W303-1B cells (Giannattasio et al., 2005).
However, pre-adaptation to an acidic medium in YPD pH 3.0
for only 30 min was shown to increase CTT but not SOD
activity, which was not further altered by acetic acid. Since
this adaptation protected cells from AA-RCD, authors proposed
that detoxification of hydrogen peroxide, and not superoxide,
may have a major role in preventing yeast AA-RCD. Another
study by the same group showed that SOD but not CTT
activity increased with pH 3.0, and that acetic acid decreased
CTT activity in both wild-type and cells overexpressing the
cytosolic catalase T (CTT1) or cytosolic superoxide dismutase
(SOD1) (Guaragnella et al., 2008). Recently, these authors
reported that acid stress increases CTT activity and subsequent
exposure to acetic acid slightly reduces it, although to levels
still higher than in untreated cells (Guaragnella et al., 2019).
Yet, another study by Semchyshyn et al. reported that a shift
to acidic media slightly increased SOD but not CTT activity
in the same background. However, in that case, acetic acid
increased both CTT and SOD activities. In another background
(YPH250 strain), acetic acid increased the activity of SOD
and CTT, though acidic media did not display a noticeable
effect in this case. Deletion of the transcription factor YAP1 in
the YPH250 strain decreased SOD activity and prevented the
previously observed acetic acid-induced SOD activity increase,
while CTT activity slightly increased similarly to the wild-type
strain. Moreover, in the same background, deletion of both
genes encoding S. cerevisiae CTT had no effect on AA-RCD,
whereas deletion of both SOD genes slightly increased sensitivity
to acetic acid but only to 200 mM, as did the deletion of
YAP1 (Semchyshyn et al., 2011). In all, conditions reported
in these studies were dissimilar, both in growth phase, media
composition, and use of plasmid-bearing strains. Therefore, it is
difficult to state how acetic acid affects SOD and CTT activities,
though there is a tendency to observe that increased CTT activity
protects cells from AA-RCD. In agreement, overexpression of
CTT1 from a GAL inducible promoter increased CTT activity,
and resulted in resistance to AA-RCD. However, unexpectedly,
the same study showed that overexpression of SOD1 greatly
increased sensitivity to acetic acid, even though there was a slight
increase in SOD activity. This higher sensitivity was related with
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decreased CTT activity observed in SOD1-overexpressing cells
(Guaragnella et al., 2008).

Nuclear Regulators
DNA modification through histone acetylation has been
suggested to play a role in AA-RCD. Dong et al. reported
up-regulation of genes involved in histone acetylation and
down-regulation of genes involved in histone deacetylation,
and suggested that exposure to acetic acid increases histone
acetylation. However, they showed a slight increase in PI-
positive cells induced by acetic acid (150 mM) both when
deleting or overexpressing several of the genes involved, which
indicates that histone acetylation imbalance sensitizes cells to
AA-RCD. More specifically, overexpression of ADA2, AHC2,
ESA1, EPL1, YAF9, and SET2, as well as deletion of ADA2,
AHC2, HPA2, HOS1, SGF29, and YAF9, increased the number
of cells stained with Annexin V/PI and PI in response to
acetic acid, whereas overexpression of HPA2 decreased it. They
further pre-treated cells with the histone deacetylase inhibitor
sodium butyrate and found that concentrations over 20 mM
enhanced the percentage of PI-stained cells in response to
acetic acid. However, histone acetylation levels were not assessed
(Dong et al., 2017). On the other hand, Vall-llaura et al.
proposed that mutations in cysteines of the NAD+ dependent
histone deacetylase SIR2 lead to decreased Sir2p-dependent
Pck1p deacetylation and associated metabolic changes, which
resulted in increased growth in the presence of acetic acid (Vall-
Llaura et al., 2019). Accordingly, it was shown that individual
deletion of any of the genes coding for the components of
the Set3 histone deacetylase complex (CPR1, HOS2, HOS4,
HST1, SET3, SIF2, SNT1) decreases AA-CD, pointing to a
protective role of acetylation in AA-RCD, though in this case
cell death parameters of specific mutants were not analyzed
(Sousa et al., 2013).

Tel1p (telomere maintenance 1) is a protein kinase involved
in the cell cycle checkpoint response to DNA double-strand
breaks by phosphorylating the H2A histone that is critical
for cell cycle arrest during G1/S transition and also for
telomere length regulation. Indeed, tel11 cells have 7-fold
more shortened telomeres than wild-type cells (Di Domenico
et al., 2014). Cells lacking Tel1p appear to be more sensitive
to acetic acid and display increased PI-staining in comparison
to the wild-type strain, which could be rescued by incubation
with the anti-apoptotic natural compound quercetin. Although
acetic acid-treated tel11 cells showed about 20% more cells
classified as apoptotic by AO/EtBr staining than wild-type
cells, additional quantitative assays are required to better
characterize the tel11 phenotype regarding AA-RCD (Alugoju
et al., 2018). Nevertheless, these data point to a possible
involvement of cell cycle and telomere length in AA-RCD
that could be further explored. Lastly, cells lacking Nma111p,
a member of the mammalian apoptotic Omi/HtrA2 family,
which in yeast is nuclear and not mitochondrial, also displayed
resistance upon acetic acid challenge. However, this phenotype
was only assessed through clonogenic survival assays and no
studies addressed its localization after acetic acid exposure
(Sokolov et al., 2006).

Vacuolar Regulators
Multiple evidence demonstrates that acetic acid perturbs the
vacuole and its associated functions, which in turn seems to
be directly related with its effect on pH homeostasis. Indeed,
acetic acid induces vacuolar and cytosolic acidification in
different physiological scenarios (Carmelo et al., 1997; Schauer
et al., 2009; Dong et al., 2017), with this latter alteration
considered one of the key events leading to AA-RCD (Dong
et al., 2017). As the proton pump Pma1p closely cooperates
with the vacuolar proton pump V-ATPase to maintain pH
homeostasis (Deprez et al., 2018), one could hypothesize that
cells try to revert acetic acid-induced intracellular acidification
by promoting extrusion of hydrogen ions from the cytosol to
the extracellular space (by increasing Pma1p activity) or to the
vacuole (leading to vacuolar acidification likely mediated by
increased V-ATPase activity). Regarding the former, although
a role of Pma1p in AA-RCD has not been addressed, Pma1p
activation by sub-lethal concentrations of acetic acid does
not counteract either the cytosolic or the vacuolar pH drop
(Carmelo et al., 1997). In agreement with the later hypothesis,
deletion of different V-ATPase genes (VMA1-8, VMA13 and
VMA16) sensitizes cells to this stressor, as shown in genome-
wide screens aiming to identify players involved either in
acetic acid tolerance (Kawahata et al., 2006; Mira et al., 2010)
or AA-RCD (Sousa et al., 2013), reinforcing the role of this
proton pump in coping with the pH perturbations induced by
acetic acid.

A different study showed that yeast strains lacking genes
coding for Class C Vacuolar Protein Sorting (VPS) proteins
(pep31, pep51, vps161, and vps331), which lack an identifiable
vacuole, are especially sensitive to acetic acid (Schauer et al.,
2009). Exposure of these mutants to acetic acid triggered
massive necrotic cell death at pH 3.0, though not at pH 4.05.
Intracellular pH of cells exposed to acetic acid at the lower pH,
but not at the latter, did decrease more in the mutants than
in the wild-type strain, which could account for the phenotype.
However, decreasing the intracellular pH of wild-type cells
to levels comparable to the mutants by increasing the acetic
acid concentration at pH 3.0 resulted in similar levels of cell
death, though it did not lead to massive necrosis as monitored
by PI staining. These findings were restricted to the Class C
VPS mutants, as they were not observed in mutants lacking
other vacuolar proteins (vma61, vma81, vps191, or vma131).
Nonetheless, the authors concluded that a functional vacuole
is necessary for AA-RCD, though not for hydrogen peroxide-
induced RCD (Schauer et al., 2009).

Mechanistically, acetic acid was shown to trigger vacuole
membrane permeabilization and release of the vacuolar lumen
protease Pep4p, the yeast CatD, while preserving vacuolar
membrane integrity (Pereira et al., 2010). Deletion of PEP4
in the W303-1B background was also reported to increase
sensitivity to acetic acid, accompanied by an increase in clustered
mitochondria and a delay in mitochondrial degradation.
Overexpression had the opposite effect, suggesting that Pep4p
and degradation of dysfunctional mitochondria have a protective
role during acetic acid challenge (Pereira et al., 2010), later
shown to depend on its proteolytic activity (Pereira et al., 2013).
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A similar protecting role was attributed to CatD in acetate-
induced RCD in CRC cells (Oliveira et al., 2015). Although
Pep4p is traditionally associated with bulk protein degradation
in the vacuole (Takeshige et al., 1992), acetic acid did not induce
autophagy either in yeast or in CRC cells (Pereira et al., 2010;
Antonacci et al., 2012; Oliveira et al., 2015). Moreover, abrogation
of autophagy via ATG5 deletion had no effect on AA-RCD
(Pereira et al., 2010). These results therefore indicate that the
role of Pep4p in mitochondrial degradation and AA-RCD is
independent of autophagy. Indeed, although a role in AA-RCD
was attributed to the vacuolar membrane protein Atg22p, which
belongs to the ATG family but is not necessary for autophagy,
this was not attributed to any role in autophagy (Hu et al.,
2019). The role of Pep4p was further linked with mitochondria
by showing that increased sensitivity of pep41 cells to acetic
acid requires the presence of Aac1/2/3 proteins, although not
of Por1p (Pereira et al., 2013). Of note, in experiments using
the BY4741 background, deletion of PEP4 resulted in increased
resistance, which could be due to the lower mitochondrial activity
in this strain background (Sousa et al., 2013). Taken together,
these data indicate that there is an intricate connection between
the vacuole and mitochondria in AA-RCD involving the release
of Pep4p, which mirrors the crosstalk between the lysosome
and mitochondria in acetate-induced RCD in CRC cells and
the release of CatD (Pereira et al., 2010; Antonacci et al., 2012;
Marques et al., 2013; Oliveira et al., 2015).

Lipid Regulators
Lipid metabolism plays a critical role in determining the
membrane physical properties and in regulating the function of
membrane-associated proteins, as well as in plasma membrane
remodeling (Ziolkowska et al., 2012). Although these processes
seem to be crucial to the acetic acid stress response, there
are few studies on this topic in AA-RCD. It was shown
that deletion of GUP1, a membrane-bound O-acyltransferase
involved in a wide range of cellular processes such as lipid
metabolism, glycosylphosphatidylinositol anchor remodeling, as
well as in lipid rafts integrity and assembly, greatly reduces
survival of yeast cells upon acetic acid challenge, pointing to
the involvement of the membrane domains of lipid rafts in
protection against AA-RCD (Tulha et al., 2012). Moreover, cells
lacking Ysp2p, a mitochondria-localized sterol-binding protein
that is responsible for the intracellular transport of sterols, were
shown to be resistant to acetic acid (Sokolov et al., 2006). The
involvement of sphingolipids in the regulation of AA-RCD has
also been addressed, as alterations in the relative amounts of
sphingolipids significantly affect cell fate, through activation of
downstream effectors, modulation of protein trafficking, and
activation of a variety of signaling pathways (Cowart and
Obeid, 2007; Rego et al., 2014b). It has been suggested that
ceramide production contributes to AA-RCD, especially through
hydrolysis of complex sphingolipids catalyzed by Isc1p, the
yeast inositol phosphosphingolipid phospholipase C and de novo
synthesis catalyzed by Lag1p, the ceramide synthase (Rego et al.,
2012). Absence of these two enzymes involved in ceramide
production led to increased resistance to AA-RCD associated
with lower levels of some phytoceramide species (described

in more detail below) and reduced mitochondrial dysfunction,
namely ROS accumulation, mitochondrial fragmentation and
degradation, and cytochrome c release to the cytosol. In contrast,
abrogation of the ceramide synthase Lac1p and the alkaline
ceramidases Ydc1p and Ypc1p did not affect the survival of yeast
cells (Rego et al., 2012). The interplay between sphingolipids,
cell wall integrity signaling pathways and membrane remodeling
in AA-RCD has also been explored and is discussed below.
Lipidomic studies that further reinforce the role of sphingolipids
in AA-RCD are also discussed.

Genes Spanning Other Categories
Kex1p, a serine carboxypeptidase B-like protease, was suggested
to, at least partially, mediate caspase-like activity in response
to defects in N-glycosylation. A role for Kex1p in acetic
acid-induced proteolytic activity was not ascertained, but
deletion of KEX1 resulted in decreased acetic acid-induced ROS
accumulation; however, it resulted in only a slight increase in
viability that was not statistically significant (Hauptmann and
Lehle, 2008). One article assessed the role of peroxisomes in
AA-RCD and showed that deletion of PEX6, encoding a protein
involved in a key step of peroxisomal protein import, resulted
in increased sensitivity to acetic acid. This was accompanied
by increased ROS accumulation and PI staining. Authors thus
concluded that deletion of PEX6 causes necrotic cell death
upon treatment with acetic acid, although a mechanism was not
ascertained (Jungwirth et al., 2008).

SIGNALING PATHWAYS

Cells coordinate a multifaceted response at many levels of
physiology. They respond to stress by orchestrating complex
responses critical for surviving stressful conditions. In yeast,
these responses are typically regulated by upstream signaling
pathways, most commonly mitogen-activated protein kinase
(MAPK) cascades; these coexist in a cell to transduce signals,
resulting in patterns of altered gene expression and protein
activity to respond to the external environment (Saito, 2010). In
the last decades, several studies have been conducted to unveil
regulatory networks activated by acetic acid, as well as how the
signal integration of the physiological processes is coordinated.
In this section, we focus on the progress towards understanding
these signaling responses during AA-RCD in yeast, focusing on
the role of several signaling kinases, feedback mechanisms and
important players of crosstalk between the pathways (Figure 2).

PKH1-SCH9-YPK1 Signaling
Several signaling proteins have been shown to mediate the
effects of sphingolipids and/or to regulate sphingolipid levels,
mitochondria function and oxidative stress in response to
several stimuli. These include the serine/threonine kinase Pkh1p,
ortholog of the mammalian 3-phosphoinositide-dependent
kinase PDK1 and an important regulator of the yeast sphingolipid
biosynthetic pathway, which controls sphingolipid balance
through Sch9p [yeast ortholog of mammalian protein kinase
B (Akt/PKB)] and Ypk1p [yeast ortholog of mammalian
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FIGURE 2 | Schematic diagram of the signaling pathways involved in AA-RCD in yeast. Arrows indicate activation of proteins or promotion of a post-translational
modification; lines with bars indicate their inhibition/inactivation. Different MAPK signaling pathways or clusters are color-coded as shown. The phenotypes resulting
from the deletion or overexpression of the corresponding protein-coding gene are represented with symbols. The symbols are: triangle with a plus (gene deletion
confers resistance), triangle with a minus (gene deletion confers sensitivity), square with a plus (protein overexpression confers resistance), and square with a minus
(protein overexpression confers sensitivity). Phosphorylation is represented with a circle with a P. Some phenotypes were not included due to contradictory data
among the studies. For clarity, despite the number of different proteins and signaling cascades displayed in this scheme, not all players, connections between the
pathways and direct targets of the proteins are shown.

serum- and glucocorticoid-inducible protein kinase (SGK)].
Acetic acid exposure was shown to trigger Pkh1/2p-dependent
phosphorylation of both Sch9p and Ypk1p, demonstrating that
Pkh1p-Ypk1p and Pkh1p-Sch9p pathways are activated during
AA-RCD (Rego et al., 2020). The contribution of these signaling
pathways and how sphingolipid signaling regulates AA-RCD,
mainly with Isc1p as a downstream target, was then addressed
in more detail. On one hand, single and double mutants lacking
Isc1p or/and Sch9p had the same resistant phenotype, and SCH9
deletion impaired acetic acid-induced translocation of Isc1p from
the endoplasmic reticulum to mitochondria (Rego et al., 2018).
These results suggest that the Sch9p pathway modulates AA-
RCD through the regulation of Isc1p cellular distribution, thus
affecting the sphingolipid balance that regulates cell fate. On the
other hand, the Pkh1p-Ypk1p pathway seems necessary for the
resistance to acetic acid displayed by isc11 cells (Rego et al.,
2020). Indeed, in contrast with individual mutations, which
caused resistance, absence of both ISC1 and PKH1 drastically
reduced survival of yeast cells to acetic acid, accompanied
by increased ROS accumulation and release of cytochrome c
(Rego et al., 2020). However, this was likely associated with
hyperactivation of the cAMP/PKA pathway and not due to

a more specific role of the proteins in sphingolipid signaling
(see next section).

RAS-cAMP-PKA Signaling
In yeast, RAS acts upstream of acidification-induced cAMP/PKA
signaling (Lastauskienë et al., 2014), and several studies indicate
that the RAS/cAMP/PKA pathway is an important intracellular
regulator of AA-RCD in yeast. C. albicans Ras1p and adenylate
cyclase Cdc35p, which is involved in Ras-mediated signaling,
were found to modulate cell death triggered by acetic acid,
since ras11 and cdc351 cells are resistant to acetic acid
(Phillips et al., 2006). Accordingly, overactivation of the pathway
by the Ras1Val13 mutation or addition of dibutyryl-cAMP or
cAMP-stimulatory drugs (caffeine targeting phosphodiesterase,
forskolin activating adenylate cyclase) accelerated AA-CD as
assessed by TUNEL assay, while addition of lovastatin (which
blocks Ras farnesylation and its membrane localization),
decreased it. S. cerevisiae cells lacking Ras2p, the main regulator
of the cAMP/PKA pathway in this yeast, showed increased
survival after the exposure to high doses (300–400 mM) of acetic
acid in comparison with wild-type cells (Burtner et al., 2009),
suggesting that Ras2p promotes AA-CD. In agreement, Amigoni
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et al. demonstrated that acetic acid causes re-localization of active
Ras from the plasma membrane and nucleus to the mitochondria,
which authors suggested contributes to AA-RCD (Amigoni
et al., 2013). Consistent with this hypothesis, cells lacking the
hexokinase Hxk2p, which display constitutive mitochondrial
localization of active Ras (Broggi et al., 2013), showed increased
AA-RCD as evidenced by a decrease in clonogenic survival,
increased ROS accumulation, mitochondrial transmembrane
potential, mitochondrial fragmentation and PS exposure in an
Yca1p-independent manner (Amigoni et al., 2013). Expression
of an active Ras mutant (RasVal19), also increased acetic acid-
induced ROS accumulation in hxk21 cells (Amigoni et al., 2013).
In addition, the increased AA-RCD of hxk21 cells was reverted
by deletion of AIF1, which abrogated the localization of active
Ras at mitochondria (Amigoni et al., 2016). Of note, another
report showed that deletion of HXK2 did not enhance AA-CD
when compared to the wild-type strain, though Ras localization
was not assessed (Laera et al., 2016). Apart from a possible
role in mitochondria, Ras activation may promote AA-RCD by
increasing cAMP levels. Overexpression of PDE2, which encodes
a high-affinity cAMP phosphodiesterase that inhibits PKA by
hydrolyzing cAMP, increased the resistance of yeast cells to acetic
acid (Rego et al., 2020). On the other hand, excessive levels of
cAMP seem to result in sensitivity to acetic acid. Indeed, isc11
pkh11 double mutants display features associated with increased
cAMP levels and their sensitivity to acetic acid was completely
reverted by PDE2 overexpression (Rego et al., 2020). Accordingly,
abrogation of Snf1p, which when active phosphorylates and
inhibits adenylate cyclase, thus resulting in lower cAMP levels
and lower PKA activity (Nicastro et al., 2015), significantly
reduced survival of yeast cells exposed to acetic acid (Bonomelli
et al., 2020). This was accompanied by Ras accumulation
in mitochondria (correlated with mitochondrial dysfunction)
and a higher level of ROS, demonstrating an anti-apoptotic
role for Snf1p that may be associated with decreased cAMP
levels. Downstream of these proteins, absence of the glucose-
repressible protein kinase Rim15p increased sensitivity to acetic
acid (Burtner et al., 2009). This phenotype may however be due
to several signaling pathways since, apart from PKA, Rim15p
also integrates signals from nutrient-sensory kinases TORC1 and
Sch9p (Swinnen et al., 2006). Indeed, the resistance of sch91 cells
to acetic acid mentioned above was shown to depend on Rim15p
and its downstream effector Gis1p (Burtner et al., 2009).

HOG1-RTG2 Signaling
Exposure of yeast cells to acetic acid was first reported to
activate the High-Osmolarity Glycerol (HOG) pathway and
lead to increased tolerance to acetic acid on rich medium
plates. However, exposure to 100 mM of acetate at pH 4.5
had no effect on GPD1 mRNA, which encodes glycerol-3-
phosphate dehydrogenase, and glycerol production, hallmarks
of HOG pathway activation by hyperosmotic stress (Mollapour
and Piper, 2006). Subsequently, it was reported that Hog1p
directly phosphorylates the aquaglyceroporin channel Fps1p,
targeting it for ubiquitination, endocytosis, and final degradation
in the vacuole. Deletion of FPS1 abolished the accumulation
of undissociated acetic acid within the cells, and the authors

correlated the loss of Fps1p with enhanced tolerance to acetic acid
on solid media, though, again, death-inducing conditions were
not tested (Mollapour and Piper, 2007; Mollapour et al., 2009).
In a later report, deletion of HOG1 did not affect the survival
of yeast cells exposed to apoptosis-inducing concentrations
of acetic acid, but several mutants of the HOG signaling
pathway (sho11, msb21, ssk11, ssk221, and pbs21) were
significantly more resistant to AA-RCD than the wild type strain
(Rego et al., 2014a). Since the HOG pathway is controlled
through a strong feedback regulation, it seems that there is
not always an obvious relationship between Hog1p response
and the phenotype, and that the extent of the stress influences
Hog1p activation and consequently the cellular outcome. Indeed,
Guaragnella et al. reported that deletion of HOG1 increased
sensitivity of acid-adapted cells to AA-RCD, accompanied by
increased DNA fragmentation and ROS accumulation. They
further documented that adaptation to acid stress leads to
Hog1p phosphorylation, which is delayed in the rtg21 mutant,
and that both Hog1p and Rtg2p contribute to protection from
AA-RCD imparted by acid adaptation, with the former being
essential (Guaragnella et al., 2019). Furthermore, up-regulation
of CTT1 mRNA triggered by acid stress was diminished in
rtg21 cells and drastically reduced in hog11 cells. This led
authors to suggest that Rtg2p functions upstream of Hog1p to
activate CTT1 expression, imparting resistance to acetic acid
through protection from oxidative stress and preservation of
mitochondrial function. Because acid stress did not increase
the expression of the Rtg1/3p target CIT2, they concluded this
function was independent of retrograde response activation
mediated by Rtg1/Rtg3 transcription (Guaragnella et al., 2019).

TOR Signaling
The first evidence indicating TOR (target of rapamycin) signaling
plays a role in AA-RCD came from a study comparing the total
cellular proteome of acetic acid-treated and non-treated early
stationary cells (Almeida et al., 2009). That study revealed that
acetic acid induces severe intracellular amino acid starvation,
involving the TOR pathway through the phosphatases Pph21p
and Pph22p, but not Sit4p. Indeed, these authors observed a large
increase in the survival of tor11 cells that was associated with a
decrease in the percentage of TUNEL-positive and ROS-positive
cells. pph211 and pph221 mutants were also highly resistant,
while sit41 cells were slightly resistant to acetic acid. Deletion
of TOR1 also prevented acetic acid-induced decrease of several
proteins, such as the ribonucleotide reductase components Rnr2p
and Rnr4p, and the translation initiation proteins Tif1p/Tif2p.
They further reported that deletion of GCN2 also prevented the
decrease of translation initiation (Tif1p/Tif2p) and elongation
factors (Eft1p/Eft2p, Tef1p/Tef2p) in response to acetic acid
and that, like tor11, both gcn41 and gcn21 mutants were
highly resistant to acetic acid, confirming an involvement of the
TOR/GNC pathway in AA-RCD. Later on, Büttner et al. also
associated the resistance phenotype of tor11 with a decrease in
ROS accumulation (Büttner et al., 2011). On the other hand,
another study suggests that Sit4p has a protective role in AA-CD,
since deletion of SIT4 decreased cell survival of wild-type yeast
cells, though in this case early exponential cells were used (Rego
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et al., 2020), illustrating the complexity of the regulation network.
Together, these studies suggest that signaling pathways that
regulate carbohydrate and nitrogen metabolism both contribute
to the modulation of AA-RCD.

Cell Wall Integrity Signaling
Cells sense cell wall stress via a family of cell-surface
sensors (Wsc1p and Mid1/2p). These activate a kinase cascade
(Rom2p-Rho1p-Pkc1p), which in turn integrates the signals into
Slt2p via the MAP kinase module composed of Bck1p and
Mkk1/2p proteins. Subsequently, phosphorylated Slt2p enters
the nucleus and activates the transcription factors Rlm1p and
Swi4p/Swi6p, leading to the induction of genes involved in the
Cell Wall Integrity (CWI) pathway responsible for maintenance
and function of the yeast cell wall. It was reported that
overactivation of the CWI pathway through overexpression of
BCK1 sensitizes cells to AA-RCD, and that several mutants in
CWI components were significantly more resistant to acetic
acid than the wild-type strain, such as mid21, bck11, mkk11,
mkk21, slt21, and rlm11 (Rego et al., 2014a). Additionally,
bck11, slt21 and rlm11 strains displayed decreased acetic acid-
induced ROS accumulation and cytochrome c release, confirming
the involvement of the CWI pathway in AA-RCD. Although in
that study phosphorylation of Slt2p in response to acetic acid
was not observed (Rego et al., 2014a), previous studies had
shown Slt2p phosphorylation in response to lower concentrations
of acetic acid (likely sub-lethal) (Mollapour and Piper, 2006).
Rego et al. further screened strains mutated in all the non-
essential genes under Rlm1p control regarding their phenotype
in response to acetic acid, and found that deletion of some
Rlm1p target genes resulted in resistance (those involved in
cell wall remodeling), whereas deletion of others resulted in
sensitivity (those involved in cell wall stability). Since the rlm11
mutant is resistant to AA-RCD, it appears that the main Rlm1p-
mediated response to acetic acid is cell wall remodeling and
thus that decreased cell wall remodeling is particularly important
for acetic acid resistance (Rego et al., 2014a). This topic was
recently further explored in a study aiming to understand
the role of Atg22p in AA-RCD, where it was described that
deletion and overexpression of ATG22 delays and enhances AA-
RCD, respectively (Hu et al., 2019). Of note, authors showed
that atg221 mutants exhibit higher cell wall integrity than the
wild-type strain after acetic acid treatment by counteracting
the reduction of glucan, mannan and chitin, and upregulating
the expression of key genes of the CWI pathway. They also
demonstrated that ATG22 deletion has a protective effect at
the level of membrane integrity, fluidity and permeability upon
acetic acid exposure, displaying a change in the composition of
phospholipids, sterols and fatty acids, suggesting that the effect of
Atg22p in CWI may be pleiotropic (Hu et al., 2019).

Other Signaling Pathways
Deficiency in several components of the mating-pheromone
response pathway resulted in higher resistance to AA-RCD. This
included the ste21, ste111 and ste51 and fus31 mutants, which
exhibited lower accumulation of ROS and a higher number
of cells with plasma membrane integrity than wild-type cells

upon acetic acid exposure. On the other hand, the invasive
growth/pseudohyphal development signaling pathway does not
seem to be involved in AA-RCD, since deletion of KSS1 had no
effect on yeast cells exposed to acetic acid (Rego et al., 2014a).

HIGH THROUGHPUT STUDIES

A wider and comprehensive view of the mechanisms occurring
during AA-RCD has been obtained using high throughput
assays, both at genomic, transcriptomic, proteomic and
metabolomic levels.

Genome-wide identification of genes involved in the positive
and negative regulation of AA-RCD in S. cerevisiae was
performed using a functional analysis of an Euroscarf yeast
knock-out haploid mutant collection. This study identified
known pro-apoptotic and anti-apoptotic genes and confirmed
mitochondrial function as the most relevant category in
modulation of cell death induced by acetic acid (Sousa et al.,
2013). It also identified transcription of glucose-repressed genes,
protein synthesis and modifications, as well as vesicular traffic, as
important for protection against AA-RCD. On the other hand,
amino acid transport and biosynthesis, oxidative stress response,
cell growth and differentiation, protein phosphorylation and
histone deacetylation stood out as important for the execution
of AA-RCD. The second most significantly enriched term
in the resistant strain dataset was “Metabolic process.” This
dataset comprised strains deficient in genes involved in amino
acid metabolism (the most represented), central carbohydrate
metabolism (including glycolysis, fermentation, citric acid
cycle and pentose-phosphate pathway) and metabolism of C2
compounds, suggesting that the slowdown of energy production
pathways can be beneficial to decrease cell death, in agreement
with the dependence of an active cell death process on energy.
These results also evidenced the important impact of metabolic
status on AA-RCD, both at the level of carbohydrate, lipid or
amino acid metabolism, and established a connection between
cell proliferation and cell death regulation (Sousa et al., 2013).
The regulated nature of this cell death process, both at the level of
protein phosphorylation and epigenetic regulation by acetylation,
was further evidenced among the most represented terms in the
positive regulation of AA-RCD. These included a high number of
genes coding for protein phosphatases and kinases (mainly from
MAPK signaling pathways and in the regulation of metabolism,
cell cycle, budding, cell polarity and filament formation), as well
as all the genes coding for the components of the Set3 histone
deacetylase complex (Sousa et al., 2013), in agreement with earlier
and subsequent studies discussed in the previous sections.

Several works assessed transcriptional changes after exposure
to acetic acid, however under different conditions. Most used
established sub-lethal concentrations of acetic acid or cells after
adaptation and are reviewed elsewhere (Lee et al., 2015; Palma
et al., 2018). One study assessed cell death in parallel, ensuring the
chosen concentration and times corresponded to death-inducing
conditions (Dong et al., 2017). This approach also allowed a
comparison between the different time points. Overall, genes
with altered transcription were involved in biological pathways
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similar to those found in the above-mentioned chemogenomics
screen: “cellular homeostasis, central metabolic pathway, stress
response, transcription regulation and histone modification,
cellular uptake and transport, ubiquitination process, protein
synthesis, MAPK signaling pathway, cell cycle and DNA repair,
and programmed cell death.” Authors found that four dominant
biological processes emerged: heat shock protein, amino acid
metabolism, ribosome and carbohydrate metabolism. Indeed,
these categories seem to be the most represented in most of
the omics studies, even those assessing responses to adaptation
or sub-lethal acetic acid concentrations (Kawahata et al., 2006;
Abbott et al., 2007; Li and Yuan, 2010; Mira et al., 2010; Bajwa
et al., 2013; Sousa et al., 2013; Lee et al., 2015), and additional
metabolomic studies are in agreement with these results. For
instance, gas chromatography-mass spectrometry showed that
acetic acid has varying impacts on amino acid carbohydrate and
lipid metabolism; there was a clear decrease in amino acids, as
well as down-regulation of metabolites related to carbohydrate
metabolism (Dong et al., 2017). Through analysis of two-
dimensional gel electrophoresis (2-DE) spots, Almeida et al. had
already found that acetic acid affects the levels of stress response
proteins, mostly chaperones, as well as proteins involved in the
transcription/translation machinery, amino acid and nucleotide
biosynthesis and carbohydrate metabolism, with most proteins
showing reduced levels. These authors also reported that acetic
acid induces severe intracellular amino acid starvation (Almeida
et al., 2009). In contrast, Longo et al. showed an increase in
the levels of multiple amino acids in wild-type cells but amino
acid depletion in yca11 cells. Cell death-inducing conditions
were used by Longo et al. (2015), and thus it is not clear
what prompted the opposing results, especially since changes in
protein levels assessed by 2-DE were similar to those found by
Almeida et al. (2009). Proteomic analysis was also performed in
mitochondrial-enriched fractions of Z. parabailii ISA1307 under
conditions that lead to AA-RCD, with maintenance of plasma
membrane integrity, DNA fragmentation, cytochrome c release
and ROS accumulation (Guerreiro et al., 2016). In this study,
the most representative functional classes reported as important
for AA-RCD were also energy and carbohydrate metabolism,
amino acid metabolism and protein folding, in agreement with
results from S. cerevisiae. Of note, some proteins involved
in translation were also decreased, such as Tef2p and Ola1p,
but other proteins involved in ribosome biogenesis increased
in acetic acid-treated cells. It has however been suggested
that general translation is inhibited but translation of specific
mRNAs is selectively increased. Indeed, microarray analysis of
mRNAs translated during acetic acid treatment of S. cerevisiae
cells showed a decrease in overall polysome-associated mRNAs,
though a few mRNAs showed increased association with
polysomes at 15 and 30 min (Silva et al., 2013). These mainly
belonged to the categories “cellular protein metabolic process,
cytoplasm and organelle organization, translation regulation and
ribosome structure,” suggesting that acetic acid exposure leads
to remodeling of the cellular content and translation process.
Authors further analyzed two of these, the HSP90 isoforms
HSC82 and HSP82, and found that increased expression of
Hsc82p and Hsp82p led to higher resistance and sensitivity
to acetic acid, respectively. In agreement, deletion of Hsc82p

resulted in higher sensitivity to acetic acid, accompanied by an
increase in PI-staining but not in TUNEL-positive cells, whereas
deletion of Hsp82p resulted in higher resistance. These results
suggest that HSP90 chaperones play a dual role in the modulation
of AA-RCD, which authors speculate could be due to distinct
protein interactions (Silva et al., 2013). Following up on these
studies, Samanfar et al. screened an array of 384 strains deficient
in proteins involved in protein synthesis to identify those that
could affect sensitivity to acetic acid by influencing translation
control in a mRNA 5’ CAP-independent manner. They found that
deletion of DOM34 or RPL36A increased sensitivity to acetic acid,
and decreased translation of Hsp82p, though not affecting mRNA
levels. They further showed that overexpression of RPL36A or
DOM34 rescued acetic acid sensitivity of several strains lacking
genes involved in ribosome biogenesis (listing mutants in a
number of different genes, but only showing results for rpl43a1
and rps29b1), and conclude that DOM34 and RPL36A influence
HSP82-5’-UTR mediated translation in response to acetic acid
(Samanfar et al., 2017).

Finally, lipidomic analysis of sphingolipid species by
high-performance liquid chromatography/mass spectrometry
(LC-MS/MS) suggested that ceramide production contributes
to AA-RCD. Indeed, wild-type yeast cells exposed to acetic
acid showed increased levels of phytosphingosine (PHS),
phytoceramides Phyto-C18-Cer and α-OH-Phyto-C20-Cer
and decreased levels of phosphorylated long chain bases
(LCBPs), dihydrosphingosine-1-phosphate (DHS-1-P) and
phytosphingosine-1-phosphate (PHS-1-P) (Rego et al., 2012).
Similarly, a decrease in the levels of DHS-1-P, PHS and PHS-1-P
and an increase of most phytoceramide and dihydroceramide
species was observed in yca11 cells upon acetic acid exposure
(Longo et al., 2015). In contrast, isc11 and lag11 mutants,
which are resistant to acetic acid, showed lower levels of some
phytoceramide species (Phyto-C16-Cer and Phyto-C18-Cer
and α-OH-Phyto-C20-Cer) and increased levels of levels of
DHS-1-P and PHS-1-P (Rego et al., 2012). When mitochondrial
sphingolipid species were analyzed, it was also found that a
higher resistance of yeast cells to acetic acid correlates with
higher levels of endogenous mitochondrial LCBPs. In that study,
analysis of the different dihydroceramides and phytoceramide
species did not reveal any in particular that increased in the wild-
type but not in the resistant mutant cells tested (isc11, sch91
and isc11 sch91). On the other hand, levels of both DHS-1-P
and/or PHS-1-P, associated with a pro-survival role, decreased
in mitochondria of wild-type cells but increased in the mutants
(Rego et al., 2018). Overall, those results suggest that changing
the sphingolipid balance in favor of LCBPs in mitochondria and
whole cells results in increased survival to acetic acid.

DISCUSSION AND CONCLUDING
REMARKS

Acetic acid has been extensively used as a lethal stimulus in
yeast RCD studies, which allowed characterization of the role
of different molecular components and organelles involved in
cell death commitment in response to this acid. Mechanisms
by which the death process can be regulated have also been
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uncovered, and further knowledge on this subject may therefore
impact different biotechnological applications. At first glance,
understanding the mechanisms underlying AA-RCD may seem
to lack industrial relevance, since sub-lethal concentrations
of acetic acid can already inhibit industrial bioprocesses and
lethal acetic acid concentrations would render the process
inviable. However, on one hand, the observed growth in the
presence of acetic acid concentrations often present in industrial
fermentation media is already the net result of growth and
death of yeast cells. On the other hand, yeast cells do face
high concentrations of acetic acid in industrial applications, in
particular in biorefineries employing lignocellulosic substrates.
Indeed, acetic acid is often present in these substrates at
concentrations that do not allow growth and are lethal for wild
type strains. As such, the acquired knowledge on AA-RCD will
allow manipulating this process to construct robust strains with
improved fermentation performance.

Many candidate targets for improving the resistance of
industrial strains have been identified so far, opening an array of
opportunities for the construction of better performing strains.
Attractive targets are the regulation of catabolic repression genes
and modification of mitochondrial or vacuolar activity, which, as
aforementioned, have already begun to be explored. Nonetheless,
care must be taken so that the alterations introduced do not
affect the fermentative performance of the strains, in order
not to compromise their potential for industrial application.
This is particularly relevant as “decreased replication” is an
ontology term significantly associated with resistance to AA-RCD
(Sousa et al., 2013).

The multifactorial nature of AA-RCD may complicate the
development of industrially robust strains, emphasizing the
need to further pursue research on this topic. However, a few
practical examples of the exploitation of mechanisms involved
in AA-RCD either by manipulating its players or associated
processes, which resulted in a successful strain improvement,
have already been reported. For instance, Kumar et al.
overexpressed COX20, coding for a mitochondrial cytochrome c
oxidase chaperone, obtaining improved tolerance to acetic acid
during fermentation (Kumar et al., 2015). In fact, increased
respiration had been associated with resistance to AA-RCD
both in early cell death studies (Ludovico et al., 2002; Pereira
et al., 2007) and by omics approaches (Sousa et al., 2013). In
another study by Balderas-Hernández et al., removal of the
general catabolite repressor Mig1p resulted in increased yeast
growth and ethanol production in anaerobic batch fermentations
in the presence of inhibitory concentrations of acetic acid
(Balderas-Hernández et al., 2018), which is consistent with
the reported increased sensitivity to AA-RCD under glucose
repression conditions reported by multiple authors. Deletion
of RTT109, coding for a histone acetyltransferase responsible
for the acetylation of histone H3, was also shown to shorten
the lag phase and increase growth and ethanol production
rates in fermentation medium with 5 g/L (≈ 80 mM) acetic
acid (Cheng et al., 2016). This result shows that epigenetic
regulation, with a prominent role of in AA-RCD, also impacts
fermentation performance. The cell wall integrity pathway
is another process that has been clearly identified as a

determinant of AA-RCD, with the impairment of cell wall
remodeling associated with increased resistance (Sousa et al.,
2013; Rego et al., 2014a). Accordingly, increased cell wall
resistance has been successfully targeted by overexpressing
PRS3 and HAA1 in a xylose-utilizing S. cerevisiae strain, and
resulted in improved consumption of both glucose and xylose
(Cunha et al., 2018).

On another note, the use of acetic acid as an inducer of
regulated cell death in yeast has also identified several molecular
players that can be further investigated in mammalian systems,
where the apoptotic machinery is yet to be fully characterized. For
instance, studies have shown that acetate is able to preferentially
activate the intrinsic pathway of apoptosis in CRC cell lines
over normal cell types (Jan et al., 2002), and further research
has already determined the role of some components of the
mammalian apoptotic process based on yeast-based studies.
One example is the mediation of mitochondrial degradation
by the yeast Pep4p (Pereira et al., 2007) which is mimicked
by its mammalian ortholog CatD (Oliveira et al., 2015). As
such, unraveling the molecular interplay that underlies acetic
acid-induced cell death is of great biomedical interest: not only
for the possible use of acetate as a prophylactic or therapeutic
agent in tumorigenesis, but also, in a broader sense, to better
characterize and aid in a plethora of diseases where apoptosis
is dysregulated.

In summary, the twenty-year long research on AA-RCD
in yeast has allowed the identification and characterization
of the role of different cellular components, organelles
and signaling pathways involved in this process, as well
as the mechanisms through which it can be regulated.
The knowledge here presented not only reinforces the
power of this unicellular eukaryotic organism as a versatile
and robust model system toward improved biomedical
solutions, but also exposes multiple candidate targets
for improving industrial strains. As these targets have
only begun to be explored, this field is wide open for
future exploitation.
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