microbial Review

® Cel I www.microbialcell.com

Guidelines and recommendations on yeast cell death
nomenclature

Didac CarmondGutierrez" ™7 Maria Anna Bauet? "Andreas Zimmermanh Andrés Aguilera Nicanor Austriact Kathryn
Ayscough, Rena Balzah Shoshana Baun®, Antonio Barrientod®, Peer Belenky, Marc Blondel’, Ralf J. Braufi, Michael

BreitenbacH?, William C. Burhan$, Sabrina Biittnet, Duccio Cavalieli, Michael Chanlj, Katrina F. Coopéf, Manuela
CorteReal®, Vitor Costa™*, Christophe Culliff, lan Dawe&’, J6rn Dengjéf, Martin B. Dickmaf’, Tobias Eisenbetd®,

Birthe Fahrenkrod, Nicolas Fas#l, KaiUwe Frohlich, Ali Gargour®, Sergio Giannattasf8, Paola Goffrini', Campbell W.
Gourlay?, Chris M. Grart, Michael T. Greenwoot, Nicoletta Guaragnelf®, Thoma Heget, Jurgen Heinisch, Eva
Herker”’, Johannes M. Herrmarif, Sebastian Hofér Antonio JiménezRuiZ°, Helmut Jungwirth, Katharina Kainz Dimitri-

os P. Kontoyiannf¥, Paula Ludovict*’ Stéphen Manoff’, Enzo Martegarif, Cristina Mazzor{f, LynnA. Megeney®*,

Chris Meisingef’, Jens Nielsel¥®?, Thomas Nystront, Heinz D. Osiewaty Tiago F. Outeir5®™® HayOak Parf’, Tobias
Pendf, Dina Petranovi®”®, Stephane PicdP®'s t S (i $NTed PbwedAMark Ramsdal®, Mark Rinnerthale?®, Patrick
Rockenfellet* Christoph Ruckenstuhl Raffael Schaffratff, Maria Segovi¥, Fedor F. Severii Amir Sharof’, Stephan J.
Sigrist®, Cornelia SommeRuck, Maria Jodo Sousd Johan M. Theveleii”’ Karin Thevissefi, Vladimir Titorenkd®,

Michel B. Toledan&, Mick Tuite”, F-Nora Vogtld®, Benedikt Westermant, Joris Winderick¥, Silke Wissinff, Stefan
Wolfl”®, Zhaojie J. Zharig Richard Y. Zhd8 Bing Zhotf, Lorenzo GalluzZ#®**, Guido Kroeme#*°*, Frank Maded?®*

!Institute of Molecular Biosciences, NAWI Graz, University of Graz, Graz, ABeidro Andaluz de Biologia, Molecular y Medicina Regenerativa
CABIMER, Universidad de Sevilla, Sevilla, Siiz@partment of Biology, Providence College, Providence, {S#artment of Biomedical Science,
University of Sheffield, Sheffield, United Kingddidepartment of Physiology and Biochemistry, University of Malta, Msida, Maepartment of
Biochemistry and Molecular Biology, George S. Wise Faculty of Life SciBeicAsiv University, Tel Aviv, Isrdéepartment of Biochemistry and
Molecular Biology, University of Miami Miller School of Medicine, Miami, E3#partment of Neurology, University of Miami Miller School of Med
cine, Miami, USA.Department of Mdecular Microbiology and Immunology, Brown University, Providence, ¥Btitut National de la Santé et de

la Recherche Médicale UMR1078, Université de Bretagne Occidentale, Etablissement Frangais du Sang Bretagne, CHRaIBviest;ald it
boratoire de Génétique Moléculaire, Brest, Franténstitute of Cell Biology, University of Bayreuth, Bayreuth, GernfaBgpartment of Cell Biot

gy and Physiology, Division of Genetics, University of Salzburg, Salzburg, R@stgartment of Molecularad Cellular Biology, Roswell Park Cancer
Institute, Buffalo, NY, USA!Department of Molecular Biosciences, The WenGeen Institute, Stockholnniversity, Stockholm, Swedel.De-
partment of Biology, Univetsi of Florence, Firenze, Italff EuropearResearch Institute for the Biology of Ageing, University of Groningen, University
Medical Center Groniren, Groningen, The Netherland4Dept. Molecular Biology, Graduate School of Biomedical ScienoganRiniversity, Stta

ford, USACenter of Molealar and Environmental Biology, Department of Biology, Usitsenf Minho, Braga, Portugdf.Instituto de Investigacéo

e Inovacdo em Salde, Univelaile do Porto, Porto, PortugdfInstituto de Biologia Molecular e Celular, Universidade do Porto,oP8drtugal.
#Departamento de Biologia Molecular, Instituto de Ciéncias Biomédicas Abel Salazar, dimieedsi Porto, Porto, Portugd.CNRS, University of
Bordeaux BMN (UMR 5248), Pessac, Frarit8chool of Biotechnology and Biomolecular Sciendesversity of Nevouth Wales, Sydney, Austra

ia. 2Department of Biology, University ofilfourg, Fribourg, Switzerlan& Institute for Plant Genomics and Biotechnologyxd@®A&M University,
Texas, USA’BioTechMed Graz, Graz, Austfid.aboratay Biology of the Nucleus, Institute for Molecular Biology and Medicine, Université Libre de
Bruxelles, Charleroi, BelgiufiDepartment of Biochemistry, University of Lausanne seane, Switzerland? Laboratoire de Biotechnologie Moléc

laire des Eucgotes, Center de Biotedologie de Sfax, Sfax, Tunisfinstitute of Biomembranes, Bioenergetics and Molecular Biotechnologies,
NationalResearch Council, Bari, ItalyDepartment of Chemistry, Life Sciences and Environmental Sustainability, UpioéiBarma, Parma, Italy.
#Kent Fungal Group, School of Biosciences, Universityntf &anterbury, United KingdorffFaculty of Biology, Medicine and Health, The Univers

ty of Manchesér, Manchester, United Kingdori:Department of Chemistry and Chéal Engineering, Royal Military College, Kingston, Ontario,
Canala. **Zirich, Switzerland® Department of Biology and Chemistry, UniversityGsfnabriick, Osnabriick, GermafiyHeinrich Pette Institute,
Leibniz Institute for Experimental Virology, Hamdy Germany®®Cell Biology, University of Kaisetskrn, Kaiserslautern, Germari Department of
Systems Biology, University otal4, Alcala de Henares, SpdftDivision of Internal Medicine, The University of Texas MD Anderson Cancer Center,
Houwston, Texas, USA' Life and Health Sciences Research Institute (ICVS), School of Health SciencesityUpivitinho, Minho, Portugal.

“L | +{ «RT.Gawkrnment Associate Laboratory, Braga/Guimaraes, gadrtlinstitut de Biochimie et de Génétiqu@ellulaires, UMR5095, CNRS

& Universitéde Bordeaux, Bordeaux, Frané&Department of Biotechnolgy and Biosciences, University of MiBinocca, Milano, Italy’® Instituto
PasteurFondazione Cenci Bolognetts SLJIF NI YSy d 2F . A2fR@&5 I NIRA y & Shilrdssfyfof/Foinis ok, litaff'Sprott
Center for Stem Cell Research, Ottawa Hospital Research Institute, tfaiae ®lospital, Ottawa, Canad¥. Department of Cellular and Molecular
Medicine, University of Ottawa, Ottawa, Caaatf Department of Medicine, Division of Cardiology, Ursitgrof Ottawa, Ottawa, Canad&.Institute

of Biochemistry and Molecular Biology, ZBMZ, Faculty of Medicine, Univefritgiburg, Freiburg, GermaryDepartment of Biology and Biological
Ergineering, Chalmers University Béchnology, Gothenburg, Swed&hNovo Nordisk Foundation Center for Biosustainability, Chalmers University
of Technology, Gothenburg, SwedefiNovo Nordisk Foundation Center for Biosustainability, Technical UnivefsBenmark, DK2800 Lyngby,
Denmark.*®Institute for Biomedicine, Sahlgrenska Academy, Universi@athenburg, Gothenburg, SwedetiInstitute for Molecular Biosciences,
Goethe Universy, Frankfurt am Main, Germany.Department of Experimental Neuredeneration, Center for Nanoscale Microscopy and Molecular
Physiology of the Brain, Center for Biostructural Imaging of Neurodegeneration, University Medical Gttitayen, Géttingen, Germansf Max
Planck Institute for Experimental Medicine, Gotting&ermany® Institute of Neuroscience, The Medical School, Newcastle University, Framlington
Place, Newcastle Updfyne, NE2 4HH, United Kingdofh'CEDOC, Chronic Diseases Research Centre, NOVA Medical School, Faculdade de Ciéncias
Médicas, Universidad®lOVA de Lisboa, Lisboa, PortugdiDepartment of Molecular Genetics, The Ohio Stalfteiversity, Colubus, OH, USA.
®Malaria Research Unit, SMITh, ICBMS, UMR 5246-IBISRSPEUNiversity Lyon, Lyon, Fran¢Institut of Parasitology and Medical Mylogy,
Hospics Civils de Lyon, Lyon, Frané®epartment of Biochemistry, Faculty of Natural Sciences, Comenius University in BraBs#islava, Slovak

OPEN ACCEgsvwwmicrobialcell.com 4 Microbial CeDANUARY 201 &0ol5No.1



Review

www.microbialcell.com

Republic®Department of Molecular and Cellular Biology, College of Biological Sciences, isl®Baig, California, USABiosciences, University of
Exeter, Exeter, United KingdoffiDepartment of Cell Biology and Physiology, Division of Genetics, UnivarSitzburg, Salzburg, Austf&inst-
tute of Biology, Division of Microbiology, Ueisity of Kassel, Kassel, GermafyDepartment of Ecology, Faculty of Sciences, Usityeof Malaga,
Malaga, Spairf°A.N. Belozersky Institute of physichemical biology, Moscow &e University, Moscow, RussfaSchool of Plant Sciences and Food
Security, Faculty of Life Sciences, TevAwniversity, Tel Aviv, Israélinstitute for Biology/Genetics, Freie Universitat BerBerlin, Germany’La-
boratory of Molecular Cell Biology, Institute of Botany and Microbiology, KU Leuven, LeuvenmBE@enter for MicrobiologyVIB, Leuven
Heverlee, Belgium’>Centre of Microbial and Plant Genegj KU Leuven, Leuven, BelgidfBiology Department, ConcoadiUniversity, Montreal,
Canada.’”® Institute for Integrative Biology of the Cell (12BC),GEBlI, CESaclay, Université Pa@aclay, GisurYvette, France’® Department of
Biology, Functional Biology, KUWiken, LeuverHeverlee, Belgiuni’ Cevec Phanaceuticals, Cologne, Germaniinstitute of Pharmacy and Molae

lar Biotechnology, Heidelbgrihiversity, Heidelberg, German{’.Department of Zoology and Physiology, Ursity of Wyoming, Laramie, USR.
Department of Pathology, University of Maryland Sahaf Medicine, Baltimore, USA.School of Life Sciences, Tsinghua University, Be@iniga®
Department of Radiation Oncology, Weill Cornell MetiiCollege, New York, NY, U¥&andra and Edward Meyer i@=r Center, New York, NY,
USA ¥ Université Paris Deartes/Paris V, Paris, FranétEquipe 11 Labellisée Ligue Contre le CanEentre de Recherchdes Cordeliers, Paris,
France *Cell Biology and Metabolomics Platforms, Gustave Roussy Comprehensies Canter, Villejuif, Franc&INSERM, U1138, Paris, France.
BUniversité Pierre et Mari€urie/Paris VI, Paris, Fran€&Pole de Biologie, Hopital Européerdgges Pompidou, Paris, Fran&Karolinska Inst
1dzi S 5SLINIYSyd 2F 22YSyQa yR /KAftRNByQa 1 SHfGKEZ YINREAYall ! yA@dSN

" Equally contributing

* Corresponding Authar

Frank Madeolngitute of Molecular Biosciences, University of Graz, Graz, Au&nail: frank.madeo@ungraz.at;

Didac Carmongutierrez Institute of Molecular Biosciences, University of Graz, Graz, AustmajlEcarmonag@urgraz.at;
Guido KroemerINSERM, U113Baris, France;-Bail: kroemer@orange.fr;

Lorenzo GalluzzZiWeill Cornell Medical College, New York, NY, US#jlEdeadoc@vodafone.it

ABSTRACElucidating the biology of yeast ittsi full complexity has | d0i:10.15698/mic2018.01.607

major implications for science, medicine and industry. One of tt Efgg;)‘;zzgg'l';a%f?'12'2017'

most crmc_al processes determlnlng ye_ast life and physiology |ts_ C| publishedol.01.2018

lular demise. However, the investigation of yeast cell death is

relatively young field, and a widly accepted set of concepts ant

terms is still missing. Here, we propose unified criteria for the def | Keywords accidental cell death, apoptosis,

nition of accidental, regulated, and programmed forms of ce aU,tOPEagc"C,Cf” deaém“mphagy C"E‘)?‘Ipas?s o

death in yeast based on a series of morphological and biochemi | Mitochondrial membrane permeabilizatiomitotic

. o . LT . catastrophe model organismnecrosisreactive

crltt_erla. S_pgqflcally, |V} prqwde consensus g_wdelmes on the duffe_ oxygen speciesegulated cell deathSaccharomyces

ential definition of terms including apoptosis, regulated necrosi¢| cerevisiae.

and autophagic cell death, as we refer to additional cell deathuro

tines that are relevant for the biology of (at least some species ¢

yeast. As this area of investigation advances rapidly, changes a :

extensions to this set of recommendations will be implemented i ACD- Accidental cell deathADCD- Autophagy
P N dependent cell deathALP- Alkaline phosphatase

the years to come. Non_etheless, we _s_trong!y encourage the €| ATCD- Autophagic cell deathATG - Autophagy

thors, reviewers and editors of scientific articles to adopt thes | related CFU - Golonyforming unit DAMP -

collective standards in order to establish an accurate framewoi| Damageassociated molecular patteyiDAPI- 4',6-

for yeast cell death research and, ultimately, to accelerate theopr gagggwbllf_’:egy"%dz'e D_HEC1 gg\;’metridium

: : . - ydrornodamine - electron
gress of this vibrant field of research. microscopy H2-DCEDA ) 27
dichlorodihydrofluorescein diacetatelMGB1- High
mobility group box 1 IDAI - Indwelling device

Abbreviations:

associated infection IMS - Intermembrane
mitochondrial spaceKO ¢ Knockout, MG Mitotic
catastrophe MOMP - Mitochondrial outer

membrane permeabilizationMPT - Mitochondrial
permeability transition NCCD - Nomenclature
Committee on Cell DeatD- Optical density PCD-
Programmed cell deathPI - Propidium iodide PS¢
PhosphatidylserineRCD- Regulated cell deatfROS
- Reactive oxygen specjesTUNEL - Terminal
deoxynucleotidyl transferasmediated dUTP nick
end labelingp - Y- Mitochondrial transmembrane
potential.
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INTRODUCTION
Yeast, a fungus that predominantly lives as a unicellular
organism, has had an extraordinary ughce on humanity
throughout millennia, from its usage for baking and @wre
ing to the potential of some species to cause -life
threatening human diseases. The cultural, industriad- bi
technological, and medical impact of this organism remains
unparalleled. e use of yeast fermentation to produce
alcoholic beverages and to leaven bread coincided with the
rise of ancient civilizations and has persisted until our days.
Importantly, the continued development of yeast strains as
vehicles for the development of metechnology, for -
ample in bioethanol, drug, and enzyme production, as well
as the implementation of unconventional yeast species in
industrial processes, highlights the ever increasing i
portance of yeast now and in the futufg, 2] This is g-
emplified by the fact that the global market for yeast gro
ucts is in the multibillion dollar range and is expected to
grow further[3]. Beyond the mentioned applications, yeast
has a direct impact on human health and disease. Many
fungi, including some yeasts,rcaxist as commensalse.,
they are part of our natural microbiota, forming the noyc
biome [4]. In fact, it is being increasingly recognized that
fungi are a major determinant in establishing commensal
microbial communities and are thus vital for healtimgli-
viduals [5]. However, under certain circumstances.g.,
compromised immunity, commensal fungi may become
opportunistic pathogens and as such are a potential cause
for infectious diseasef6]. These includeuperficial infe-
tions of the skin and nailéespecially by dermatophytes)
that affect billions worldwide, biofilm colonisations ofum
cosal surfaces and more seriomwasive infections, which
can have very high mortality rates and are estimated to
lead to 1.5 million deaths per yeff]. A significat number
of these deaths arise from infections caused by the yeasts
Candida albicans Candida glabrataand Cryptococcus
neoformansin immunocompromised individual3his sot
oeconomic burden is further amplified by the unpeec
dented rise in fungal diseasehat are affecting plants and
animals[8]. These examples highlight the importance of a
full understanding of fungal biology, and the study of yeast
cell biological processes has been crucial in this respect.
Yeasts have served as a successful resaagttor the
last century,Saccharomyces cerevisithe buddingyeast)
being one of the most thoroughly studied eukaryotes at
the cellular and molecular levels. Indeed, yeast continues
to be one of the preferred model organisms to explore
eukaryotic cellbiology, both due to its technical da
vantages in devising/sophisticating molecular tool kits to
study cellular biology, and to a high degree of functional
conservation[9]. Also, yeast offers rapid growth and iae
pensive accessibility paired with a high emability to bo-
chemical and genetic manipulation. This enables thelesta
lishment of various experimental setups, ranging from: si
gle experiments to higthroughput, genomescale, unb
ased screenings in a short time frame. Notably, mamny i
sights obtainedri yeast have proven to be transferable to
higher eukaryotes. Indeed, over the past decades, yeast
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studies have unveiled individual gene functions as well as
gene and protein interactions, and have instrumentally
contributed to the understanding of fundamé&ai cellular
processes such as eukaryotic cell cycle conft6t15],
autophagy{16¢19], mitochondrial functior{20, 21} includ-

ing mitochondrial impor{22¢25], protein degradatiori26],
vesicle fusiorj27, 28] genetic instabilitf29, 30] epigend-

ic cantrol [31, 32] metabolic regulatiorf33¢35], or cellular
nutrient sensind36].

In addition, studies on yeast have shed light on human
diseases, providing a cellular platform to examine, for i
stance, prion biology, virdsost interactions, metabolic
diseases, neurodegenerative disorders, cancer, or aging
[37¢61]. Among the pathophysiologically relevant pat
ways that can readily be explored in yeast are those-go
erning cellular demise. Indeed, cell death regulation is
structurally and functionally consead in yeas{21, 62;66],
and yeast has even served to uncover and establish factors
and pathways involved in apoptosis and other controlled
cell death subroutines, which have later been corroborated
in metazoan or other multicellular systems.g.,the AAA
ATPaseCdc48vVCP[63, 67] the BAX inhibited [68], the
implication of metacaspases as cell death regulaf6gx
71), the role of cathepsin D in nesutophagic mitocho-
drial degradation[72, 73] or the lethal impact of ERolgi
transport blockage as onef the mechanisms explaining
iKS RSYAaS 27
diseas€74]. To sum up, on the one hand, cell death epr
sents a key process that can be feasibly modeled in yeast.
On the other hand, the understanding of yeast cell deat
and its putative modulation may improve industrial and
biotechnological applications, provide insights into wyc
biome dynamics, and help develop the fight against fungal
and other diseases.

In multicellular organisms, the controlled suicide of-si
gle cels is crucial for development and homeostasis,
providing a system that eliminates superfluous cells. The
presence of such a mechanism also allows for the removal
of damaged cells that might compromise organismgl fi
ness. In a singleelled organism like yest, this paradigm
does not seem to apply at first sight, sincén this caseg
cellular suicide entails the death of the whole organism.
However, in a way, a population of yeast celésfactobe-
have as a multicellular entity of communicating individuals
rather than a group of isolated cells that do not interact
with each other. In fact, a given yeast population originates
from a single clone, and the ultimate biological goal of that
population is the survival of the genetic information repr
senting thatvery clone. Thus, under certain circumstances,
the death of unfit or damaged yeast cells promotes the
survival of the population as a whole. A number of pbysi
logical scenarios have been described that corroborate this
teleological explanation for a cellrl suicide program in
yeast, including antagonistic interactions between yeasts,
aging, mating, or colony formatiofb4, 61, 7§85]. Of
note, also other unicellular organisms, including leaet
and protozoan parasites, incorporate regulatoryopesses
that are at least partly reminiscent of higher eukatic cell
death programg86¢91].
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FIGURE I¥east cell deathYeast cells car
die either upon exposure to very hars
; microenvironmental conditions via dec
Necrosis Apoptosis Autophagy dental cell death (ACD) or in the conte
P of a failing response to mild stress v
2 regulated cell death (RCD). While A(
? . invariably manifests with a necrotic mo
Vol photype (disintegration of cell structure
plasma membrane rupture), RCD ci
exhibit a spectrum of morphologies an
can result from multi@ signaling pdt-
ways, including regulated necrosis
Regulated  / apoptosis. Programmed cell death (PCI
TN cell death which occurs in strictly physiologicalesc
‘ narios €.g, development), represents :
~ Accidental ?‘.l specific type of RCD. The possible role
| celldeath Programmed autophagy as a cell death pathway
\ y cell death yeast remains elusive, while its cytopr
~— tective function is well established.

Regulated ’
Uncontrolled ’/

Even though it is now clear that yeast can indeed u Thereby, this lethal irreversibility might start with thel€o
dergo cellular suicide, the corresponding terminology to lapse of the electrochemical membrane potential across
describe this multifaceted process remains heterogenous the plasma membrane through formation of a leak. In
and pdentially misleadingThus, we believe that there is yeast, the most common method to monitarell mean-
timely need for a more precise and consistent nomencl brane integrityin vivois to use propidium iodide (PI). Pl is a
GdzNB GKIFG Ot SEFNXeée RSTAySa (#ubrescest yiddiBit dicid ercata®rSthatidan &I ferfter RS |- (
considering morphological, enzymological, and functional cells with a ruptured cell membrane, and can be routinely
aspects. Such standardizatioaesns of importance, given employed in both low and high throughput formaf86c¢
that the field of yeast celldeath is continuously expanding 98]. Along snilar lines, colorimetric dyes like trypan blue
with significant progress being made at the phenotypical may be used, but are less comm{@9¢101]. Further -
and mechanistic levels, including the finding that, akin to tential alternatives existg.g., 7-aminoactinomycin D), but
higher eukaryotes, yeast can also engage in distinct cell will need to be thoroughly tested with respect to their
death modalities cigure ). In this paper we thus attempt suitability for yeast cell death appdtions in future studies.
for the first time to formulate a series of recommendations ~ As mentioned, assessing cell membrane disintegrity is the
and caveats with respect to cell deatblated results b- only technique to quantify actual cell death and must be
tained in yeast. To this aim, we have followed the dire performed irrespectively of the lethal setting beingaan
tions of the Nomenclatue Committee on Cell Death lyzed. This is imperative, since lethal signaling does not
(NCCDJ]92¢95] and adapted them to the articularities of imply that the final stage (cell death) is reached or even
Saccharomyces cerevisjaghich we think can be extended that it will be reached at a later stage (see below). In fact,
to other yeast species and to multicellular filamentous specific subpopulations engaged in lethal pathways that
fungi. Our goal is to frame a uniform set of guidelinestha maintain plasma membrane integrifg.g.,early apoptotic
facilitate the communication among yeast cell deat r cells, see below)ra by definition not (yet) dead. In that
searchers, ultimately supporting and accelerating scientific respect, timecourse experiments are important to monitor
advance Box J. In that respect, the nomenclature @r both the lethal subroutinespecific phenotypes and the
sented herein will likely need to be revised and updated as actual occurrence of cell death over time. Of note, iadic
the field of yeast cell éath moves forward and even more  tions exist that upon specific stress insyulissmall subpo-

precise definitions are required. ulation of yeast retains the ability to repair cell membrane
damage even after having stained positive for[F02].
YEAST CELL DEATH AND SURVIVAL Given the lack of other comparably well established dyes in

A crucial issue that demands a clear definition is thesque  this context and the large body of data supporting Plrstai

tion of cell death itself. When is a cell dead? According to ingas a valid method to quantify loss of survival, wa&-o

the NCCD guidelines this is only ttese upon irreversible clude that determining Pl positivity isat this point- the

plasma membrane breakdown or complete cellulargfra best technique to quantitatively approach yeast cell death.
mentation, because only then the cell is factually disint Still, for the sake of accuracy and waiting for furthei-ev
grated, irrespectively of which upstream pathway ou+o dence supporting theabovementioned indications, we

tine has been engagef®3]. In fact, no earlier marker can  suggest expressing a corresponding giudn T A OF G A 2y |
be definedthat reliably determines death in all settings. LJ2 & A (i A @Xdele death (P2 pobitives dnstead of

ax
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BOX 1: DEFINITIONS OF KEY CONCEPTS IN YEA
DEATH

Accidental cell death describes cellular death following
exposure to very harsh microenvironmental conditions.

Apoptosisrepresents a regulated celeath subroutine chare
terized by specific morphologic and biochemical features &
executed via different pr@poptotic factors; eventually, it
culminates in secondary necrosis.

Autophagy defines a predominantly cytoprotective proces
that orchestrates tle digestion of intracellular materiak@g.
proteins, organelles) in the vacuole.

Autophagydependent cell deathdescribesa lethal subra-
tine, in which the molecular machinery of autophagy (or pa
thereof) causally contributes to cellular demise.

Cell death defines a status of irreversible plasma membra
breakdown (only then, the cell is factually disintegratede-irr
spectively of which upstream pathway or routine has be
engaged).

Cell viability reflects the ability of a cell to divide and thus t
proliferate.

Cell vitality reflects the physiological capabilities of a cell a
thus its metabolic activity.

Necrosisis a cell death instance mainly characterized byl
ma membrane permeabilization; primary necrosis (cellu
necrosis occurring ab initiohay take place in an accidental g
regulated manner; secondary necrosis (combined necrotic g
apoptotic features) is the final stage of the apoptotic process

Programmed cell deatllesignates &pecific type of regulated|
cell death, which occurs in sttig physiological scenarios.g.
development, aging).

Regulated cell deatldescribescellular death occurring in the
context of a failing response to internal or external mild stres

Regulated necrosiss a regulated cell death modality with
characterstic features of necrosis that can be inhibited I
specific pharmacological or genetic interventions.

&Sl GKE 2NJ &> &dzNDA DI £ ¢
long term, the development and edihshment of alterm@-
tive dyes should be explored in order to validate data o
tained with Pl. A number of approaches allow to exper
mentally assess (i) cell viability, which reflects the ability of
a cell to divide, and (ii) cell vitality, defined as theygib-
logical capabilities of a ce[ll00]. Nonetheless, anm-
paired/compromised (i) proliferation or (ii) metaboli@a-c
pacity does not necessarily result in cellular demise. Thus,
these techniques alone cannot be used to demonstrate cell
death. Still, they g very useful to complement and co
roborate data obtained with PI or alternative dyes.
Assessing clonogenicity with plating assays is the most
commonly used method to quantify cell viabil{§2, 103]
Here, a defined number of cells from a given cultare
plated on rich medium agar plates that are furtherunc
bated to allow colony formation. The ratio between the
resulting colonyforming units (CFUs) and the originally
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plated number of cells reflects the viability state in the
culture. Theoretically, twever, it is possible that under
specific conditions (of genetic nature, for instance), colony
formation may be blocked in cells thper seare still alive

(a condition usually refered to as senescence). Additional
caveats include the possibility thavdi cells at the point of
plating might die before forming a colony and/or that the
plating procedure itself might drive (a fraction of) cells into
death, which would be indistinguishable from cell sene
cence. Nonetheless, the literature suggests clonogenic
capacity as a very good correlate to cell death in a plethora
of different settingg69, 96, 104, 105&nd thus represents

a valid approximation to quantify survival in yeast papul
tions. Of note, clonogenicity can also be measured byp-mo
itoring CFU form@gon at the microcolony level (tim&@apse
photomicroscopy)106, 107] Even though cell and colony
counting can be automated, clonogenicity assays are r
ther time-consuming and used for lewto medium
throughput analyses.

A further technique to assess ysaviability follows the
growth rate of a given culture, which may decrease as a
consequence of increased cell death. For this purpose, an
aliquot is inoculated into fresh liquid medium and the
growth is monitored, for instance, via photometric nea
urement of optical densities over a specific period of time
[108, 109] Optionally, spot dilution assays can berpe
formed, where cultures are spotted in serial dilutions on
agar plates[110]. Here, the growth ability is compared
between cultures at the various Idtion steps in a semi
quantitative manner, although automated readout ofi-m
crocolonies can be used to yield a quantitative re§ldtl].
Monitoring growth can be scaled up and performed either
manually or using robotics support, which makes it & a
tractive technique, especially for screbased analyses. As
with other viability assays, an important disadvantage is
that a decreased growth rate can also result from a-non
lethal event such as modulation of cell cycle progression or
a reduced metabolism dueotan alteration in the use of
media components.

One possibility to evaluate yeast cell vitality is to direc
ly assess the activity of specific enzymes directly. Although

dzLI2 tifis isintAnifely emnfoledl in Yelsh del? drath rdsearch iK S

represents an avenue tassay the physiological state of a
metabolic pathway within the cel[100, 112, 113] As
pointed out below, a caveat of this approach is the possible
distortion of results by residual activity in dead cells. A
further option is to use vital dyes, like thevo-color fluo-
rescent probe FUN, which diffuses into cells, irrespedaiv

ly of their viability status, and results in green fluorescence
of the cytoplasm. Dead cells fluoresce green while (live)
cells that have both plasma membrane integrity and aaet
bolic capability, can further process the probe, resulting in
red vacuolar fluorescencgll14, 115] Similarly, several
tetrazolium salts are reduced into colored formazansery
tals [116]. Methylene blue is converted to the colorless
leucomethylene blue only in etabolically active celld17],
while the red dye phloxine B is only retained in metabol
cally inactive cells that are unable to actively expof1@o0,
118]. Other methods aim at assessing further aspects of
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cellular physiology, including the cellulafA content€.g.,
based on the luciferituciferase reaction]119] or mito-
chondrial transmembrane potentiale(g., upon staining
with rhodamine 123, J, TMRM/E, DiQ(3))[120, 121] It
should be noted that the readout of metabolic signatures
has considrably improved with new generation extraaell

lar flux analyzers, offering the possibility to simultaneously
measure mitochondrial respiration and glycolysis (and thus
mitochondrial function). A drawback of metabolic assays
resides in the fact that cellsaiy be able to maintainsome
metabolic activities until cell membrane rupture occurs,
and that some rely on specific metabolic processes such as
oxidative phosphorylationhat are not mandatory for cell
survival. Thus, such techniques may fail to detect sulbpop
lations of dead (or alive) cells, reflecting the notion that a
decrease in growth or metabolic activity.€(, viability or

: Primary readout 7
: a& /v No
Cell death? [0 =2 gy
P ¢ ™S Yes
. “a
| Scenario—» e.g. Pl staining
Reduced
viability?

Regulated Cell Death

Accidental Cell Death
(or unknown)

—
—

Molecular and operational definitions of yeast cell death

vitality) cannot be placed on a par with @rcrease in cell
death. In conclusion, as mentioned above, the term cell
death should be used only upon observing breakdown of
the plasma membrane and thus loss of cell integréhyg,
upon Pistaining). In addition, we suggest to strengthen this
observdion by simultaneously assessing clonogenic capac
ty (Figure 2, since (i) it represents the besstablished
output to accurately monitor overall cellular viability and
(i) it empirically correlates very strongly with actual cell
death markers. Importaty, both methods are easy, quick
and relatively inexpensive. The use of additional
dyes/stainings/assays provides valuable complementary
information, but cannot be used alone to unequivocally
define a cell as dead.

Yeast cell death is often accompanied byidative
damage and thus, a widely employed method in the field is

........................................................

: Secondary readout

Scenario — Subroutine — Cell death

Monitor
kinetics

e.g. AnnexinV/PI

Subroutine guides
choice of interference

Regulation

Scenario — Subroutine ---» Cell death

I

Genetic / pharmacological
interference

FIGURE 2: Strategy to characterize yeast cell dedthdefine a lethal scenario in yeast, we recommend to sequentially evaluate the-fc
ing three levels. (i) The occurrence of cell death should be assessed by monidesraf plasma membrane integritg.¢., by staining with
exclusion dyes such as propidium iodide, Pl). We suggest to complement this assessment by determining viability witHcctestsye
knowing that, in many scenarios, clonogenic capacity correktesptionally well with cell survival. Other viability and vitality assays ma
performed to corroborate the results obtained, but do not replace these two assays. (i) If cell death is demonstratexdstbke fRCBub-
routine(s) should be examined vmorphological and biochemical observations. While necrotic and autophagic phenotypes demand
ther clarification (inhibition studies) to conclude whether the observations correspond to an RCD modality (regulateds,nagtoghagic
cell death), ACD (eitlental necrosis), or a cell death correlate (protective autophagy), an apoptotic phenotype directly indicates R
apoptosis). Irrespectivelyt is imperative to follow the scenario over time (kinetics). (iii) Regulgtiemseand/or assessment dhe regub-
tory network should be tackled by meansg#netic and/or pharmacological interventions. Importantly, these interventions should inhib
shift cell death and the observed subroutispecific phenotypes to conclude on the involvement of an RGBality (for regulated necrosis
autophagic cell death) and/or to provide mechanistic insight (all RCD types).
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the detection of reactive oxygen species (RQRP]. In-
deed, a number of different ROS, like the superoxide anion,
hydroxyl radical, and hydrogen peroxide, can accumulate
upon mitochondral disturbances, ER stress or other well
lar derangementg96, 122;125]. ROS can generally be-d
tected using membranpermeable dyes that are oxidized
to fluorescent products in a Ra@®pendent manner.nh-
portantly, these stains do not measure ROS as amrbut
rather react with specific species. For instance, dihydreet
idium (DHE) preferentially reacts with superoxides, while
dihydrorhodamine 123 (DHR123) and 2,7
dichlorodihydrofluorescein diacetate {#fDCFDA) are co-
verted by a broad range of other RQfit only poorly by
superoxideg[126]. Such specificities should be taken into
account when measuring ROS with a particular stain, since
distinct lethal triggers might result in the production of a
differential ROS subs§t23]. Thus, we recommend to ep
cifically indicate the ROS subtype that is being monitored
instead of generally referring to ROS production. Of note,
to a certain degree, DHE may also be oxidized unspéeifica
ly (independently of superoxide). In order to exploit the full
potential of DHE asa superoxidespecific dye, a range of
methodological possibilitiese(g, the use of optimized
spectra) exis{127, 128] The standardization of suclke-r
finements for DHE assays, which are a preferred tool in
yeast cell death research, should be addressedhe fu-
ture. While ROS measurements allow for highoughput
approaches due to their simplicity and relatively low cost,
it is imperative to realize that this method does nosdi
criminate between living and dead cells, although ROS
usually precede andra often causative for cell death in
yeast[125]. In fact, ROS play a crucial role in intracellular
signaling129¢132], functioning, for instance, as direct and
indirect regulators of diverse physiologically relevant-ta
gets[133¢135]. In addition, limitel ROS generation might
be beneficial under certain conditions, since the resulting
adaptive responses can promote stress resistance as a
form of preconditioning (hormesigLl31, 13&139] Thus,

an increase in ROS should be regarded as a cell -death
correlated phenotype only in connection with assays that
directly determine increased plasma membrane disingegr
tion and loss of clonogenicity (see above). Similarlyea d
crease in ROS production by incubation with anxidants
might support the mechanistic inw@ment of ROS in the
lethal process, but only when cell death is adequatelynmo
itored.

ACCIDENTAL VERSUS REGULATED CELL DEATH
Cellular demise in yeast may occur in two mutually @xcl
sive variants: either as an accidental event or through a
regulated pathvay. Accidental cell death (ACD) occups u
on exposure to severe conditions, resulting in a rapia, u
controllable and unavoidable form of death. ACD mdy fo
low a series of extreme stimuli, including physical dgend
tions, such as very high temperatures or me®s, severe
chemical insults like strong detergents and high conaentr

tions of acids or bases as well as mechanical challenges, for Y2 § KSNJ OSft tf Qa

instance, vigorous shearing or ultrasonic treatment. The
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immediate nature of ACD, which is characterized byra vi
tually immediate structural breakdown of cells, allows no
form of pharmacologic or genetic inhibition. Thus, this
form of cell death does not constitute a direct target for
modulation or prevention. However, it remains unclear
whether yeast cells undergoing ACD malease endog-
nous, bioactive molecules to the extracellular spdes,
79]. If so, such molecules could interact with local cells that
have survived the primary insult and ignite a response
within the whole yeast population. Such a consequence of
ACD mayesemble the release of damagessociated ro-
lecular patterns (DAMPSs) by dying human cells. DAMPs can
stimulate a direct or indirect (via innate immune effectors)
cytotoxic response in surrounding bystander cells that have
survived ACO140¢144). In such acase, interfering with
the effects of ACD on the rest of the population remains
possble.

ACD is often equated with necrosis, which in yeast is
usually identified as a cellular condition of early plasma
membrane permeabilization inthe absence of typical
apoptotic markers anaf complete disintegration of du
cellular structure4103]. Indeed, ACDisually exhibits mo
phological features of necrosis, but mounting evidence
suggests that; as it is the case in human ce§jsa physo-
logically relevant, regula type of necrosis does also exist
in yeast. Thus, we recommend to avoid using the term
GySONRaAaé¢ G2 RSTFAYS |y | OOA
2F RSIFIGKEZ yR G2 FTF@2N 0KS
will avoid any potential misunderstandings reding the
two fundamentally dinstinct (accidentalersusregulated)
modalities of yeast cell death manifesting with a necrotic
morphology (see below).

That said, many lethal stimuli result in a form of yeast
cell death thatg at odds with ACDBis executedby a gené
ically encoded, dedicated molecular machinery. In higher
eukaryotes, a distinction is made between such a-co
trolled form of cell death when it occurs (i) in the fram
work of a purely physiological prograe.g.,during (post)
embryonic developrant or tissue homeostasis, or (i) as a
response to either a perturbation of intracellular or esdr
cellular homeostasjse.g, upon exposure to mild stress or
as a consequence of mutations. Cell death occurring in the
F2NNXSNI A0Syl NA2 ABGSTLBNRSRGKLINE
GKAES GKS SELINB&a&AA2Y aNBIdzZ | G S
passes both PCD as well as all other instances of cell death
that depend on a molecular machin€i45¢14§].

For yeast cell death, many authors have used the term
PCD to interchangédy refer to all types of cellular demise
that are not accidentalig., to all instances of RCD). Wo
ever, emerging evidence is confirming that a yeast papul
tion, be it a liquid culture or a solid colony, bears a degree
of complexity reminiscent of muttellular organisms that
demands a revision of this terminology. For instance- du
ing yeast gametogenesis (or sporulation), immature rieio
ic products as well as the mother cell itself succumb via
activation of vacuolar ruptur§l49, 15Q. Interestingly, the
RSYAasS Aa RStlres
threshold degree of differentiation. Thus, in this scenario,

RCD occurs in the frame of a developmentally coordinated

R &
SN
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program,de factorepresenting an instance of PCD. During
yeast chronologicahging, the cellular community nrai
tains homeostasis thanks to the programmed death of
dysfunctional or old cells, which spares and providesinutr
ents to thefitter individuals [75, 7§. In yeast colonies,
stationaryphase or slowgrowing cells differentig into
specific subpopulations with unique metabolic properties
and particular functions within the colony151, 152.
These examples show that, indeed, yeast populations can
harness cell death to control coordinated development,
homeostsis and differentition. Hence, we propose to

Molecular and operational definitions of yeast cell death

APOPTOSIS

Most studies on RCD in yeast have been conducted in the
budding yeasSactiaromyces cerevisiad his includes the
first observation of an apoptotic phenotype in yeastesp
cifically in a strain with a point mutation in the gene coding
for the cell cycle protein Cdc483]. One of the early ind
cations for an active cellular pasipation in the yeast
apoptotic process was that RCD in this setting can lee pr
vented by inhibitingde novoprotein synthesisge.g. by o-
cloheximide[125]. Ever since these discoveries, a set of
methods has been established, validated and refined that

define PCD in yeast as a specific instance of RCD that isallows to specifically determine whether a yeast cell has

executed in the frame of such physiologic programs. All
other forms of regulated demise(g.,cell death induction
upon stress, or as a consequence of specific geaditca-
tions) should be referred to with the superordinate term of
RCD.

Importantly, since RCD depends on a defined molecular
machinery, it can be modulated with pharmacologic or
genetic means. The extent of such modulation depends on
the progression of theprocess across a hitherto poorly
defined pointof-no-return. According to the NCCD, the
processes preceding such point are part of cellular stress
responses, while those following it belong to actual cell
death signalingd93]. Adopting this rationale, RC&n be
accelerated or delayed (but not avoided) if the pedafitno-
return has been trespassed. Instead, prior to that point,
modulating stress responses or avoiding stress can prevent
RCD. However, the definition of this poimitno-return has
not been etablished yet, implying that the exact boundary
between the reversibility of a stress stimulus and thevrre
ocable engagement in a lethal cascade remains to beispec
fied.

Yeast RCD may follow different subroutines (see below)
that can be differentiated s'm each other by a series of
morphological and biochemical features. To preciselycha
acterize the lethal phenotype, we recommend (i) to first
determine if cell death actually occurs (as opposed to only
reduced viability/vitality), (ii) if it does, to theexamine the
subroutine(s) involved via morphological and biochemical
observationsusing at least two different detection miet
ods [155], and (iii) finally, to corroborate the implicated
mechanism(s) via genetic and pharmacological interve
tions (Figure 2) Finally, it should be noted thanicell
death research, it is generally advisable to determine the
kinetics of the parameters under scrutifd56]. In order to
detect the differential appearance of apoptotic or necrotic
characteristics, we recommend &ssing such features at
different time points to yield a better resolution of cell
death events. Importantly, subroutirgpecific markers
should precede cell death. In the following sections, we will
describe yeast RCD subroutines and the techniqueséde pr
cisely discriminate amongst thenTdble ). Beyond the
specificities outlined below, a number of general issues
and notes of caution also need to be considerBdx 2.
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engaged in an apoptotic pathwdg$2]. These techniques
are mainly based on the key morphologic and biochemical
features of an apoptotic cell. We suggest employing at
least two of these apoptosispecift methods (one of them
should be Annexin V staining, see below) and include at
least one viability assay (preferably clonogenic capacity) to
describe a corresponding phenotype.

One of the events most commonly associated with
apoptosis is the exposure of pphatidylserine (PS) on the
outer leaflet of the plasma membrand82. However, PS
externalization might be contexdependent to a certain
degree, at least within the complexity of the human gell
lar network[93, 183, 184]. It remains unclear whether thi
is also the case in yeast, although the current evidence
suggests that PS externalization is a universal feature of
yeast cells undergoing apoptosis. PS externalization can be
assessed via monitoring R#nding to Annexin V, which is
usually fluorescenyl labeled for quantitatived.g.,fluores-
cence readeibased or flow cytrometric analyses) and gua
itative (microscopic) evaluation. To this aim, the cell wall
needs to be (partially) digested in order to make the exte
nalized PS accessible to Annexin V g@edmit binding.
Usually, the Annexin V assay is performed as-ataioing
with a marker for plasma membrane rupture like[&3, 96,
104, 157. This allows for the discrimination betweenvse
eral subpopulations as they occur in yeast: (i) Annexin V/PI
double negative, (ii) Annexin V positive, (iii) Pl positive, and
(iv) Annexin V/PI double positive cells.

We believe that the second (Annexin V positive) and
third (PI positive) subpopulations can be readily intetpre
ed as apoptotic and primary necrotic, petively, prow-
ed that at least one more assay is performed to validate
this assumption. For the fourth subpopulation (Annexin
V/PI double positive cells), we favor the following interpr
tation: unlike multicellular animals, a yeast populatiorepr
sumablydoes not eliminate apoptotic cellga the phag-
cytic activity of other yeast cells. In the absence of such
clearance by scavengers, an apoptotic cell eventuaily u
dergoes a metabolic collapse that results in breakdown of
the plasma membrane integrity artlus a necrotic pheo-

type.¢ KAda LIKSy2YSy2y A& GSN¥YSR a:
RAAONAYAYIFGS Al FTNRBY GLINRYLE NE
GKS LIKSy2028L5 2F aO%binitet | NI y S

[185, 186. We thus view the abovmentioned fourth sib-
group (Amexin V/PI double positive cells) as a late gpo
totic population that has undergone secondary necrosis.
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Table 1.Methods commonly used for the assessment of cell death, viability and vitality as well as for the identification of diffeseft
death subrautines in yeast.
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