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RESUMO

O processo celular denominado de morte celular programada (do inglés, Programmed Cell
Death) corresponde ao suicidio celular de maneira geneticamente controlada e regulada em
organismos eucariéticos e procarioticos, de modo a eliminar células danificadas, senescentes ou
desnecessarias. Em plantas, a PCD ocorre durante etapas do desenvolvimento, nas respostas de
defesa e frente a condi¢cbes ambientais adversas. Ao contrario dos animais, 0 conhecimento
sobre a PCD em plantas é limitado, com trabalhos realizados principalmente utilizando a planta
Arabidopsis thaliana como modelo. Nessa planta foi sugerida uma rede que controla a morte
celular mediada por resposta hipersensivel (do inglés, Hypersensitive Response), o "AtLSD1 -
deathosome”. O gene codificador de proteina contendo o dominio PLAC8 (Placenta-specific
8), At1g52200 (AtPLACS8-11), foi descrito como componente do "AtLSD1-deathosome”. O
presente trabalho tem como objetivo o estudo funcional do gene AtPLACS8-11, especialmente
em relacdo a PCD. Para isso, foram realizados estudos de localizagdo subcelular dos produtos
do gene AtPLAC8-11: AtPLACS8-11.1 (transcrito canénico) e AtPLACS8-11.2 (transcrito
alternativo) em protoplastos e verificou-se um perfil diverso de localizacdo das proteinas em
ambas as variantes de acordo com a fusdo C ou N-terminal com GFP (do inglés, Green
Fluorescent Protein). Porém, foi possivel obter co-localizagdo com o marcador de reticulo
endoplasmatico para ambas as formas. A expressao tecido-especifica de AtPLAC811.1 e
AtPLACS811.2 sob controle do promotor nativo em Arabidopsis foi observada em raiz e folha,
com diferente localizacdo subcelular nesses tecidos, como nas bases dos tricomas apenas para
AtPLACB811.1. A analise da expressdo de AtPLACB811.1 e AtPLAC811.2 sob controle do
promotor nativo em diferentes partes da flor mostrou que AtPLAC811.1 é altamente expresso
em sépalas e estames, em comparacdo com AtPLAC811.2. O tratamento com o indutor de
resisténcia ou elicitor Pepl aumentou a expressao tanto de AtPLAC811.1 quanto AtPLAC811.2
sob controle do promotor nativo nas raizes. O ensaio de duplo hibrido em levedura (YH2) (do
inglés, Yeast Two-Hybrid) revelou que apenas AtPLAC811.1 interage com a proteina AtLSD1
e através do ensaio de complementacdo de fluorescéncia bimolecular (BiFC), observou-se
reconstituicdo da YFP (do inglés, Yellow Fluorescent Protein) em formato indefinido em locais

da célula. Os experimentos de transativacdo mostraram que a interagdo de AtPLAC811.1 com



AtLSD1 é capaz de interferir na atividade transcricional de AtLSD1. As plantas knockout plac8-
11 alteram a expressao de genes relacionados a PCD do desenvolvimento (dPCD) e do ambiente
(ePCD). Um método promiscuo de biotina ligase TurbolD foi utilizado para investigar o0s
interatores de AtPLAC811.1 e AtPLACS811.2, resultando na identificacdo de diferentes
proteinas interatoras, incluindo proteinas envolvidas em resposta a estresses para ambas as
variantes. Nesse sentido, os resultados obtidos indicam o envolvimento de AtPLAC8-11 no
processo de PCD em Arabidopsis.



ABSTRACT

The cellular process denominated Programmed Cell Death (PCD) corresponds to cell suicide
in a genetically controlled and regulated manner in eukaryotic and prokaryotic organisms, in
order to eliminate damaged, senescent or unnecessary cells. In plants, PCD occurs during
developmental stages, in defense responses and in adverse environmental conditions. Unlike
animals, the knowledge about PCD in plants is limited, with works mainly performed using
Arabidopsis thaliana as a model. In this plant, a network that controls cell death mediated by a
Hypersensitive Response (HR) has been suggested, the "AtLSD1 - deathosome". The protein-
coding gene containing the PLACS8 (Placenta-specific 8) domain, At1g52200 (AtPLACS-11),
has been described as a component of the "AtLSD1-deathosome". The present work aims at the
functional study of the AtPLACS8-11 gene, especially in relation to PCD. For this, studies of
subcellular localization of AtPLACS8-11 gene products: AtPLAC8-11.1 (canonical transcript)
and AtPLACS8-11.2 (alternative transcript) in protoplasts were carried out and a diverse profile
of protein localization was verified in both variants of according to C- or N-terminal fusion with
Green Fluorescent Protein (GFP). However, co-localization with the endoplasmic reticulum
marker was possible for both forms. Tissue-specific expression of AtPLAC811.1 and
AtPLAC811.2 under native promoter control in Arabidopsis was observed in root and leaf, with
different subcellular localization in these tissues, as in the trichome bases only for
AtPLACS811.1. Analysis of the expression of AtPLAC811.1 and AtPLAC811.2 under native
promoter control in different parts of the flower showed that AtPLAC811.1 is highly expressed
in sepals and stamens, compared to AtPLAC811.2. Treatment with the resistance inducer or
Pepl elicitor increased the expression of both AtPLAC811.1 and AtPLAC811.2 under the
control of the native promoter in the roots. The Yeast Two-Hybrid (YH2) assay revealed that
only AtPLAC811.1 interacts with the AtLSD1 protein and through the Bimolecular
Fluorescence Complementation (BiFC) assay, Yellow Fluorescent Protein (YFP) reconstitution
was observed in undefined shape at locations in the cell. The transactivation experiments
showed that the interaction of AtPLAC811.1 with AtLSD1 is capable of interfering with the

transcriptional activity of AtLSD1. The plac8-11knockout plants alter the expression of genes
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related to developmental (dPCD) and environmental (ePCD) PCD. A promiscuous TurbolD
biotin ligase method was used to investigate the AtPLAC811.1 and AtPLAC811.2 interactors,
resulting in the identification of different interacting proteins, including proteins involved in
stress response for both variants. In this sense, the results obtained indicate the involvement of

AtPLACS-11 in the PCD process in Arabidopsis.
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1. INTRODUCAO

1.1 Estresses Ambientais: estresses biéticos e abidticos

As plantas sdo organismos sésseis que estdo continuamente expostas ao seu ambiente, e,
portanto, sofrem com as condi¢cbes ambientais adversas, denominadas como estresses
ambientais abidticos e bidticos (CRAMER et al., 2011; MISHRA et al., 2018). Os estresses
abidticos sdo os principais responsaveis pela perda das principais plantas cultivadas em todo o
mundo e incluem seca ou alagamento, baixa ou alta temperatura, toxicidade por metais pesados,
elevada salinidade do solo e condi¢des acidas, intensidade luminosa, anaerobiose e caréncia de
nutrientes (HE; HE; DING, 2018a; WANG; VINOCUR; ALTMAN, 2003; ZHANG et al.,
2022a). Por outro lado, os estresses bidticos nas culturas ocorrem devido ao ataque de
organismos Vvivos, incluindo a infeccéo por patdgenos como fungos, bactérias, virus, oomicetos
e nematoides e ataque de herbivoros, causando prejuizos financeiros as culturas quando 0s
limites para a ocorréncia do estresse sdo ultrapassados (ATKINSON; URWIN, 2012; SUZUKI
etal., 2014).

As plantas desenvolveram ao longo da evolucdo diferentes mecanismos de protecéo que
as permitem lidar com uma ampla gama de estresses bidticos e abioticos. Esses mecanismos
incluem mudancas morfoldgicas, fisiologicas e bioquimicas durante os diferentes estagios de
crescimento, tanto vegetativo como reprodutivo, possibilitando a sobrevivéncia frente a
condicdes adversas (FUJITA et al., 2006a; HRMOVA; HUSSAIN, 2021; SIGNORELLI et al.,
2019). Em condicGes de seca, por exemplo, as plantas promovem o fechamento estomatico,
enrolamento das folhas, inducdo de enzimas responsivas ao estresse, inducdo da sintese de
osmolitos, diminuicdo do potencial hidrico, diminuicéo da fotossintese e a inibi¢édo do transporte
de 4gua (MEENA et al., 2017). Ao lidarem com o calor excessivo, as plantas induzem a
aclimatacdo, a sintese de proteinas de choque térmico e ativam 0s mecanismos de reparo de
proteinas (UL HAQ et al., 2019). Quando expostas a metais pesados, ocorre a geragdo de
espécies reativas de oxigénio (Reactive Oxygen Species - ROS) e deposi¢do do excesso de metal
em vacuolos, atraves da bioacumulacdo (SHARMA,; DIETZ; MIMURA, 2016).
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As respostas bioquimicas das plantas frente aos diversos estresses ambientais ocorrem a
partir da transducdo dos estimulos recebidos dos sensores presentes na superficie celular ou
citoplasma, para a maquinaria transcricional localizada no nucleo, com o auxilio das vias de
transducéo de sinal (GULL; AHMAD LONE; UL ISLAM WANI, 2019). A Figura 1 ilustra as
interagdes (crosstalk) das vias de sinalizacdo entre os principais estresses abioticos e bioticos,
trazendo como principais moléculas sinalizadoras os fitohormonios vegetais como o &cido
salicilico (SA), acido jasmonico (JA), etileno (ET) e acido abscisico (ABA), além da geracdo
de ROS. Apds o estresse, as moléculas sinalizadoras como os fitohorménios, poliaminas (PAS),
proteina quinase ativada por mitégeno (MAPK) e ions de calcio (Ca?"), promovem a
mobilizacdo dos efetores a jusante, principalmente proteinas quinases e fatores de transcrigéo,
acarretando na alteracdo da expressdo génica e das atividades protéicas e enzimaticas, iniciando
os sistemas de defesa (HE; HE; DING, 2018b; LAMERS; VAN DER MEER; TESTERINK,
2020).

a ) - )

Estresses Abioticos

Seca Estresses Bidticos
Alta salinidade Patégeno
Frio Inseto
Calor Herbivoria

Intensidade Luminosa

= Hormonios
[ Geracao de ROS ] [ ABA, AS, Al ET ]
Quinases
MAP quinases

Fatores de Transcricao
MYC, MYB, NAC, ZF, HSF

[ Respostas ao estresse ]

Figura 1: Vias de sinalizacdo compartilhada entre os estresses ambientais. Crosstalk entre

13



a via de sinalizagdo hormonal regulada por hormonios vegetais como o &cido salicilico (AS),
acido jasmonico (AJ), etileno (ET) e acido abscisico (ABA) e a via sinalizacdo de ROS nas
respostas aos estresses ambientais. Adaptado de (FUJITA et al., 2006b).

Além dos mecanismos citados anteriormente, as respostas das plantas aos estresses
bidticos envolvem mecanismos moleculares relacionados a resisténcia, tolerancia,
suscetibilidade e sensibilidade (CHACON-CERDAS et al., 2020). A morte celular programada
(Programmed Cell Death - PCD) é um processo geneticamente controlado que leva a destruicdo
celular organizada e pode atuar como parte das respostas de defesa contra os estresses
ambientais abioticos e bioticos (BURKE et al., 2020; DANEVA et al., 2016a;
WITUSZYNSKA; KARPINSKI, 2013a). Um exemplo classico da PCD frente a estresses
ambientais € a chamada resposta de hipersensibilidade (Hypersensitive response - HR),
caracterizada por ser um tipo de morte celular utilizada como mecanismo de defesa frente ao
ataque de patdgenos (GREENBERG, 1997; LAM; KATO; LAWTON, 2001a).

Os estresses ambientais sdo considerados fatores limitantes no crescimento vegetal e na
produtividade agricola (COHEN; LEACH, 2019). Projecdes globais envolvendo estudos de
cenarios quantitativos de seguranca alimentar indicam que a demanda global total de alimentos
deverd aumentar de 35% a 56% entre 2010 e 2050, podendo haver mudancas nesses intervalos
com a insercdo do fator mudancas climéaticas, com um aumento de +30% a +62% para a
demanda total de alimentos (VAN DIJK et al., 2021). Nesse sentido, o estudo dos mecanismos
envolvidos nas respostas das plantas frente a esses estresses, bem como a descoberta e o
desenvolvimento de variedades de culturas tolerantes a diversos estresses ambientais séo de

extrema importancia para garantir a seguranca alimentar global (DHANKHER; FOYER, 2018).

1.2 Morte Celular Programada (PCD) em Plantas: PCD do desenvolvimento e PCD

ambiental

O processo de PCD se caracteriza como um mecanismo controlado para eliminar células

especificas, ocorrendo em todos os organismos vivos (LOCATO; DE GARA, 2018). Em
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plantas, distintos tipos de PCD executam papeis fundamentais de acordo com o estimulo
recebido: a resposta a estimulos externos, como os estresses ambientais, se define como PCD
ambiental (Environmental - ePCD), e a resposta a estimulos internos, como PCD relacionada ao
desenvolvimento vegetativo e reprodutivo (Developmental PCD — dPCD) (LAM, 2004;
OLVERA-CARRILLO et al., 2015). Como exemplos dos principais sistemas modelos bem
estabelecidos e caracterizados para os diferentes tipos de PCD em plantas, pode-se citar as
respostas de hipersensibilidade, observadas durante as interagdes planta-patogeno e o
desenvolvimento de elementos traqueais no Xxilema de plantas vasculares, cruciais para o
transporte de solutos e agua (FUKUDA, 2000; LAM; KATO; LAWTON, 2001b).

Vérias formas de PCD sdo executadas durante o desenvolvimento da planta por diversos
tipos de células em funcédo de seus programas de diferenciacdo (VAN DURME; NOWACK,
2016). Apos o processo germinativo, na qual a PCD atua no desenvolvimento de sementes e
embrides com morte celular no endosperma, no embrido e suspensor, a PCD prossegue com
suas importantes funcdes durante o crescimento e o desenvolvimento vegetativo da planta
(ROGERS, 2005). A PCD passa a atuar em processos envolvendo a formacéo de sistemas de
transporte, como a xilogénese, no controle do tamanho do 6rgéo, diferenciacdo de elementos
traqueais, formacéo de aerénquima, regulacdo da morfogénese da folha, abscisdo e deiscéncia
de 6rgdos (DANEVA et al., 2016b).

O xilema caracteriza-se por ser uma via simples, de baixa resisténcia e de grande
eficiéncia no transporte de agua em plantas vasculares (BOLLHONER; PRESTELE;
TUOMINEN, 2012). As células meristematicas procambiais estabelecem o tecido vascular do
xilema condutor de &gua no decorrer do crescimento primario, enquanto que o cambio vascular,
ird se desenvolver durante o crescimento secundario com base no tecido procdmbio
remanescente (DEVILLARD; WALTER, 2014; FOSKET, 1994). As células procambiais e
cambiais sdo capazes de se diferenciar em trés tipos de células do xilema: fibras alongadas com
paredes celulares espessas fornecendo suporte mecanico ao tecido, células do parénquima que
atuam no armazenamento de alimentos, e 0s elementos traqueais (Tracheary Elements - TES)
encarregados do fluxo de massa de agua (SCHUETZ; SMITH; ELLIS, 2013). Os TEs,

traqueides e os elementos de vaso, sao formados a partir de elementos traqueais mortos, sendo
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seu processo de diferenciacdo um exemplo representativo de PCD em plantas superiores
(ESCAMEZ; TUOMINEN, 2014). O processo de diferenciagdo dos TEs inclui: diferenciagao
precoce na zona cambial, rapida expansao celular, formacao de parede secundéria, alteracdes na
permeabilidade do tonoplasto e ruptura vacuolar, degradacdo do DNA, inducdo de genes
relacionados & autélise, e hidrdlise parcial das paredes celulares primarias ndo lignificadas.
Assim sendo, os TEs maduros perdem seus nucleos e contetdo celular, formando células mortas
ocas através das quais sdo transportados agua e nutrientes (FUKUDA, 1997; TURNER;
GALLOIS; BROWN, 2007).

Outro exemplo do papel da PCD no desenvolvimento vegetal refere-se ao processo de
abscisdo. A abscisdo € um estagio natural do desenvolvimento da planta que ocorre
especificamente no tecido da zona de absciséo (Abscission Zone - AZ) (ROBERTS; ELLIOTT;
GONZALEZ-CARRANZA, 2002). Varios 6rgaos como folhas, flores, frutos séo separados da
planta mae através da abscisdo de uma maneira altamente regulada, de modo a permitir que as
plantas percam 6rgédos envelhecidos, maduros ou doentes (GOREN, 2007; NAKANO et al.,
2013). Marcas caracteristicas da PCD como a perda de viabilidade celular, alteracdo da
morfologia nuclear, DNA fragmentado, elevados niveis de ROS, aumento da atividade
enzimatica e inducdo de genes associados a PCD foram identificadas em folhas e flores de
tomate, especialmente nos estagios terminais do processo de abscisdo, quando ocorre a
separacdo celular (BAR-DROR et al., 2011).

Além dos processos de desenvolvimento da planta, a PCD atua também na resposta aos
estimulos abidticos (WITUSZYNSKA; KARPINSKI, 2013b). Um dos exemplos de fatores
abioticos que desencadeiam a PCD € a hipdxia, condi¢do em gue nao ha suprimento de oxigénio,
comum em situacdes de alagamento. Em resposta a hipoxia, a PCD em plantas promove a
formacédo de aerénquima e a degradacdo de células do parénquima para facilitar as trocas gasosas
(DREW; HE; MORGAN, 2000; NI et al., 2019). O déficit hidrico em Arabidopsis induz a PCD
na ponta primaria da raiz e possui como caracteristicas morfoldgicas o aparecimento de varias
vesiculas dentro do espaco vacuolar, resultando no aumento no tamanho do vacuolo,
condensagdo da cromatina, degradacdo de organelas, colapso do tonoplasto e da membrana

plasmética. A modificagdo da arquitetura do sistema radicular mediada pela PCD da ponta da
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raiz priméria promove a formacéo de raizes laterais e adventicias como mecanismo adaptativo
ao estresse hidrico severo (DUAN et al., 2010). As plantas, por muitas vezes, sdo expostas a
intensidades de luz que ultrapassam as necessidades da fotossintese (ORT, 2001). Essa absorcao
excessiva de energia luminosa nos cloroplastos provoca a produgdo de ROS que desencadeia
diversas vias de sinalizag&o, levando ao processo de PCD nas folhas (SHUMBE et al., 2016).
As plantas sacrificam suas folhas velhas/maduras quando elas estdo fotodanificadas de maneira
a recuperar nutrientes importantes para a planta ao invés de investir em reparo. Além disso, as
condigdes foto-oxidativas excessivas causam danos nas membranas celulares levando a perda
de &gua. Nesse sentido, a PCD pode atuar de maneira a evitar perdas dramaticas de agua de
folhas fotodanificadas para conservar o conteudo hidrico. Por fim, os tecidos danificados ficam
mais expostos ao ataque de patogenos e, portanto, a PCD nas folhas pode auxiliar na
sobrevivéncia das plantas (D’ALESSANDRO; BEAUGELIN; HAVAUX, 2020).

Outro papel da PCD em plantas frente a condicdes de estresse ambiental é a resposta de
hipersensibilidade, caracterizada como um tipo especifico e unico de morte celular que atua
como um importante mecanismo de defesa local e sisttémica contra o ataque de patdgenos,
visando limitar a progressdo do mesmo (BALINT-KURTI, 2019; COLL; EPPLE; DANGL,
2011). Uma ampla gama de patdgenos pode desencadear a HR apds poucas horas da infeccéo,
sendo a resposta hipersensivel normalmente condicionada pela existéncia de um gene de
aviruléncia (avr) no patdgeno, cujo produto sera reconhecido por uma planta que possui 0 gene
de resisténcia (R) compativel (KOURELIS; VAN DER HOORN, 2018). Algumas moléculas do
patdgenos chamadas de elicitoras também séo capazes de desencadear a HR. Posteriormente ao
reconhecimento do patégeno, as plantas passam por varios tipos de sinais bioguimicos e
celulares, tal como pelas respostas de defesa, que incluem fluxo idnico, ativacdo de cascatas de
quinase, geracao de ROS, variagdes nos niveis dos hormoénios vegetais, sintese de metabdlitos
secundarios antimicrobianos, sintese de proteinas e reprogramacao transcricional (HEATH,
2000; JONES; DANGL, 2006; MOREL; DANGL, 1997; ZURBRIGGEN; CARRILLO;
HAJIREZAEI, 2010).

Em plantas, foi proposto pela primeira vez o termo AtLSD1 morteossomo (Lesion

Simulating Diseasel deathosome), apresentando uma rede regulatéria da PCD mediada por HR
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em Arabidopsis thaliana (COLL; EPPLE; DANGL, 2011). Através dos resultados obtidos pelo
emprego da técnica duplo-hibrido em levedura (Yeast two-hybrid - Y2H) foi apresentado um
diagrama representando as interagdes entre 0s principais reguladores de morte celular
conhecidos, como AtLSD1 (At4g20380) e a Metacaspase-1 (At1g02170) com seus parceiros de
interacdo. O numero de publicacbes sobre genes relacionados a PCD vem aumentando nos
altimos dez anos e importantes familias génicas vém sendo descritas como reguladoras do
processo de morte celular (VALANDRO et al., 2020).

1.3 Familia PLACS

Os genes da familia PLACS8 (Placenta-specific genes - PLAC) codificam proteinas com
regides ricas em cisteina: CXXXXCPC ou CLXXXXCPC, que se mantiveram conservadas ao
longo da evolugédo (SONG et al., 2011). As proteinas contendo o dominio PLACS, originalmente
identificadas na camada de espongiotrofoblasto da placenta de mamiferos, constituem uma
grande familia e seus membros sdo encontrados em uma ampla gama de organismos
eucaridticos, como fungos, algas, plantas superiores e mamiferos (CABREIRA-CAGLIARI et
al., 2018; GALAVIZ-HERNANDEZ et al., 2003; LIBAULT; STACEY, 2010). As proteinas
PLACS8 desempenham importantes papéis no controle do ciclo celular em animais; regulagéo
da evolucdo tumoral e da maquinaria autofagica em humanos; resisténcia ao cadmio (Cd),
detoxificacdo de Zinco (Zn) e no influxo de fons calcio (Ca®*) em plantas; e resisténcia ao
cadmio (Cd) em fungos (ABBA et al., 2011; KINSEY et al., 2014; ROGULSKI et al., 2005;
SONG et al., 2004).

Devido a desorganizacdo na nomenclatura para denominar 0s genes pertencentes a
familia PLAC8, como Onzin and Cornifelin para a proteina PLAC8 humana e PCR (Plant
Cadmium Resistance - PCR) para proteinas PLAC8 de plantas, uma nova classificacdo e
nomenclatura foi proposta (CABREIRA-CAGLIARI et al., 2018; MICHIBATA et al., 2004;
SONG et al., 2004). Os genes PLACS8 configuram uma unica familia génica e séo divididos em
trés tipos: os genes do tipo | sdo encontrados em mamiferos, fungos, plantas e algas, enquanto

os tipos Il e 11l sdo exclusivos de plantas. Referente & caracterizagdo funcional dos genes
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PLACS, os do tipo | sdo os mais bem descritos atualmente, enquanto que os genes do tipo 111
ainda ndo foram caracterizados funcionalmente (CABREIRA-CAGLIARI etal., 2018). A figura
2 ilustra as principais fungdes da familia PLACS8 em plantas e animais, bem como a separago

da familia nos tipos I, 1l e Il de acordo com o organismo em quest&o.

FAMILIA PLACS8

i
+~  Modulacio do N

0 tamanho do fruto s vl

(Cap(t:agzio de\. Morte Celular "."Diferencia(;iz:""
~ .a. - celular

~. Programada p

Regulacdo do fator A 3
pré-inflamatério S e

g SN
2 . 4 N
Genes PLACS tipo lll: I Genes PLACS tipo |}
fungao desconhecida \\ /’
* s ™ ’ \~~~.___—",

Figura 2: Principais funcdes da familia génica PLAC8 em plantas e humanos. Os circulos
pontilhados retratam as funcdes dos genes PLACS8 do Tipo I, enquanto os circulos pontilhados
duas vezes mostram a funcdo encontrada nos genes do Tipo Il. Os genes do tipo Il possuem
funcdo desconhecida até o momento. A seta azul refere-se aos genes PLACS8 exclusivos de
plantas e a seta verde assinala os genes PLAC8 observados em ambos 0s organismos. Figura
adaptada de (CABREIRA-CAGLIARI et al., 2018).

As proteinas PLACS possivelmente evoluiram a partir de uma proteina ancestral comum
e, ainda que desempenhem variadas func¢des nos diferentes organismos e tipos de células em
que sdo expressas, uma fungdo molecular comum nos sistemas bioldgicos provavelmente possa

ser atribuida ao dominio PLAC8. Como exemplo disso, a levedura Saccharomyces cerevisiae
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foi utilizada como organismo modelo para o estudo da fungdo do dominio PLAC8 em dois
organismos taxonomicamente distantes: mamiferos e fungos. Para isso, as proteinas PLACS8 de
mamiferos e fungos, representada respectivamente por Onzin murino e FCR1 (Fungal Cadmium
Resistance - FCR) fungico foram expressas na levedura S. cerevisiae, que ndo possui genes
codificantes das proteinas PLACS8. Apbs exposicdo a cadmio, ambas proteinas PLACS
conferiram maior crescimento e viabilidade celular em comparagdo com as leveduras que néo
expressam esses genes. Assim como a PLACS8 flngica, Onzin também foi capaz de reduzir o
dano ao DNA e aumentar a tolerancia ao cadmio por uma via dependente de DUN1 (DNA-
damage uninducible — DUN1). Além disso, a expressdao de ambas proteinas PLAC8 em S.
cerevisiae foi capaz de ativar vias mitocondriais caracterizadas por regular a proliferacdo celular
e o reparo de DNA em leveduras, sugerindo uma funcdo ancestral comum das proteinas
contendo dominio PLAC8 (DAGHINO et al., 2019).

Em A. thaliana s&o encontrados dezessete membros da familia PLACS. Entre esses, dois
membros, com funcdo desconhecida, estdo presentes no morteossomo indicando o potencial
desta familia génica no processo de PCD vegetal (COLL; EPPLE; DANGL, 2011). De acordo
com as interacfes indicadas no morteossomo, 0 gene AtPlac811 (Atlg52200) interage
diretamente com AtLSD1 enquanto AtPlac817 (At4g23470) interage com Metacaspase-1 e
AtLSD1 (CABREIRA-CAGLIARI et al., 2018; COLL; EPPLE; DANGL, 2011). Em
Arabidopsis thaliana, os eventos de polinizacao que iniciam com a adesdo do pdlen a superficie
do estigma culminando com a germinacéo e alongamento do tubo polinico, ocorrem nas células
da papila (MATSUDA et al., 2015). Através de analises de transcritoma, AtPlac811 mostrou
estar envolvido na PCD das células da papila, tendo expressao aumentada a medida em que as
células da papilla envelhecem em direcdo a senescéncia (YE et al., 2020). Efeito oposto foi
observado em plantas superexpressando CLE42 (CLAVATA3/Embryo Surrounding Region-
Related - CLE), um regulador negativo da senescéncia em Arabidopsis, em que AtPLAC811.1
é regulado negativamente (ZHANG et al., 2022b).

1.4 Explorando a fungdo génica por estudos de Interacdes Proteina-Proteina (PPIs)

A protedmica pode ser definida como a analise de todo o conjunto proteico e suas
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isoformas presentes em uma célula, tecido, biofluido ou organismo sob um conjunto especifico
e definido de condi¢des (YU; STEWART; VEENSTRA, 2010). No que se refere aos
mecanismos intrinsecos das respostas vegetais aos estresses ambientais, a protedbmica oferece
umas das melhores opcOes para se obter informacdes detalhadas de tal processo (KOMATSU,
2019). No trabalho de Khoza et al., 2019, experimentos utilizando técnicas de protedmica como
cromatografia liquida acoplada com espectrometria de massa em tandem (Liquid
chromatography coupled with tandem mass spectrometry - LC-MS/MS), permitiram a
identificacdo de proteinas relacionadas as defesas das plantas, bem como os complexos de
interacdes que sdo formados. Outro estudo utilizou uma abordagem protedémica baseada em
espectrometria de massa quantitativa emergente chamada aquisicdo independente de dados
(Data-independent acquisition - DIA). Essa técnica foi empregada para rastrear
quantitativamente a mudanca no proteoma do tomate (Solanum lycopersicum) durante as
respostas da patogénese, incluindo o estagio inicial até o final da progressdo da patogénese
(FAN et al., 2019). Na cana-de-aclcar (Saccharum officinarum), um estudo investigou as
mudancas no proteoma que ocorrem em duas variedades de cana-de-agticar com suscetibilidade
contrastante apos a infeccdo por S. scitamineum visando identificar genes criticos para a

resisténcia a doenca denominada carvdo (SINGH et al., 2019).

As proteinas ndo costumam agir sozinhas e se unem formando complexas conexdes
fisico-quimicas para desempenhar suas funcdes bioldgicas (DE LAS RIVAS; FONTANILLO,
2010a). Nesse sentindo, 0 mapeamento das interacbes proteina-proteina (Protein—protein
interactions - PPIs) contribuem trazendo importantes informacdes sobre a regulacdo dos
processos relacionados ao desenvolvimento das plantas e sobre as interagdes das plantas com
seu meio ambiente. A rede de interacGes de proteinas em um organismo vivo é denominada
interatoma e vem sendo considerada como poderosa ferramenta para descobrir funcdes
desconhecidas de proteinas ao nivel molecular, bem como para adquirir informacGes sobre
complexas redes celulares (STRUK et al., 2019a; XING et al., 2016).

1.4.1 Bancos de dados de interacdo proteina-proteina

Apds anos de pesquisa e estudos evolvendo diversas areas da biologia como bioguimica,
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biologia estrutural/celular/molecular, etc., foi possivel a criacdo de bancos de dados

completos e confiaveis para se obter informacGes sobre a funcéo das diferentes proteinas

e seus complexos, sendo uma importante ferramenta para o estudo das fungfes de
inimeros genes (SHOEMAKER; PANCHENKO, 2007). A tabela 1 a seguir descreve

alguns dos principais bancos de dados de interagdo proteina-proteina.

Tabela 1: Bancos de dados de interacdo proteina-proteina.

Nome

URL

Espécie

Descricao

Referéncia

STRING

http://string.embl.de/

Todas

Disponibiliza
informacdes de
interacéo
proteina-proteina,
incluindo
associacoes
diretas (fisicas) e
indiretas

(funcionais).

(SZKLAR
CZYK et
al., 2019)

BioGRID

http://www.thebiogrid.org/

Todas

Banco de dados
de interacOes
protéicas,
geneéticas e
quimicas das
principais
espécies de
organismos

modelo.

(STARK,
2006)

IntAct

http://www.ebi.ac.uk/intact/

Todas

Disponibiliza
ferramentas de

analise de dados

(ORCHA
RD et al.,
2014)
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de interacdo

molecular.
DIP http://dip.doe- Todas | Cataloga pares de | (XENARI
mbi.ucla.edu/dip/ proteinas que 0S, 2000)

interagirem entre

Si.

Fonte: Adaptado de (DE LAS RIVAS; FONTANILLO, 2010b).

1.4.2 Metodologias para estudo de interacOes proteina-proteina

Os experimentos para o estudo das interacdes entre proteinas sdo realizados em grande
ou pequena escala, utilizando-se de duas principais tecnologias que geram distintos tipos
de dados de PPI. O primeiro método € denominado como binario e € utilizado para medir
interacdes fisicas diretas entre os pares de proteinas, ao passo que, 0s métodos que
medem interacOes fisicas entre grupos de proteinas sdo denominados de métodos co-
complexos (DE LAS RIVAS; FONTANILLO, 2010b). Dentre os metodos binarios, o
mais utilizando é o duplo-hibrido em levedura (Yeast two-hybrid - Y2H), e referente a
metologia co-complexa, um dos métodos mais utilizados é a purificacdo por afinidade
em combinacdo com espectrometria de massa (Affinity purification mass spectrometry -
AP-MS) (BERGGARD; LINSE; JAMES, 2007; BRUCKNER et al., 2009; YU et al.,
2008). O sistema duplo-hibrido em levedura foi uma das primeiras metodologias
desenvolvidas para o estudo de possiveis interacbes entre proteinas, sendo
extensivamente utilizado na pesquisa em plantas (STRUK et al., 2019b). O método
possibilita a deteccdo de proteinas que interagem utilizando o fator de transcri¢cdo Gal4
na levedura Saccharomyces cerevisae (FIELDS; SONG, 1989). Para tal, proteinas de
interesse sdo fusionadas separadamente formando diferente hibridos. O hibrido 1 é
formado pela fusdo da proteina conhecida, chamada de isca, com o dominio de ligacédo
ao DNA (DNA-binding domain - BD), a medida que no hibrido 2 ocorre a fusdo da
proteina de interesse, denominada de presa, com o dominio de ativagdo (Activation

domain - AD) do fator de transcricdo GAL4. Se houver interacdo entre as proteinas que
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estdo sendo testadas, ocorre a reconstrugdo de GAL4, seguido pela transcrigdo de um
gene reporter, possibilitando a visualizagdo da interagdo protéica, via crescimento da
levedura em meios especificos ou através de reacao de cor, dependendo do gene reporter
utilizado (FIELDS; SONG, 1989; SEREBRIISKII et al., 2021). O sistema Y2H pode ser
modificado e utilizado para os estudos de alto rendimento de interacdes de proteinas em
uma grande escala gendmica (BRUCKNER et al., 2009). A purificagdo por afinidade
combinada com espectrometria de massa depende da expressdo de uma proteina isca
marcada por afinidade a uma matriz de afinidade sélida (TIAN et al., 2017). A isca e
determinada amostra biologica sdo misturadas para que ocorra a interagcdo das proteinas
da presa e consequente ligacao a isca. N&o ocorrendo a interacdo, ndo ocorre a ligacao
das proteinas a isca, sendo as mesmas lavadas da amostra. Quando a proteina isca
(marcada) interage com seus parceiros de ligacéo (presas) se forma o complexo protéico
que pode ser purificado a partir do lisado celular usando a matriz que reconhece
especificamente 0 marcador de afinidade (DUNHAM; MULLIN; GINGRAS, 2012;
GINGRAS et al., 2007; OEFFINGER, 2012). O complexo formado é entdo digerido
enzimaticamente e posteriormente, a espectrometria de massas € empregada de maneira
a identificar e quantificar as proteinas que foram purificadas por afinidade
(CHOWDHURY et al., 2020). Dentre as principais vantagens dessa metodologia, tem-
se que a mesma pode ser aplicada a estudos em grande escala além de fornecer
informacdes quantitativas (MEYER; SELBACH, 2015; NESVIZHSKII, 2012).

Além dos métodos acima descritos, a tabela 2 abaixo lista e compara outras importantes

técnicas de PPI que séo utilizadas no estudo das fungdes protéicas.

Table 2: Principais técnicas para deteccdo e validacédo de PPI.

Meétodo Aplicacao Ensaio Propriedades | Modo de

de Leitura | interacdo

Y2H Deteccdo/Validagdo | Invivo Ativacédo Binario

transcricional

do gene
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reporter
Microarranjo de Detecgéo In vitro Marcagéo ou Binario
proteinas sem marcagao
AP-MS Detecgéo Invitro | Espectrometria Co-
(Purificagéo por de massa complexo
afinidade acoplada
a espectrometria de
massa)
Bio-ID Detecgéo Invitro | Espectrometria Co-
(Identificagéo por de massa complexo
biotinilacéo)
BiFC Validacéo In vivo Fluorescéncia | Binario
(Complementacéo
de fluorescéncia
bimolecular)
Split-Luciferase Validacéo Invivo | Luminescéncia | Binario
Co-IP (co- Validacéo Invitro | Western blot Co-
imunoprecipitacdo) complexo

Fonte: Adaptado de (STRUK et al., 2019c).
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2 OBJETIVOS

2.1 Objetivo geral

Ao contrario dos animais, o conhecimento sobre morte celular programada
(Programmed Cell Death - PCD) em plantas é limitado e as redes moleculares que controlam a
PCD vegetal sdo pouco compreendidas. Nesse sentido, a presente tese de doutorado tem por
objetivo atualizar a rede de controle da PCD denominada como morteossomo, e através de
estudos funcionais, caracterizar funcionalmente o gene AtPLAC8-11.1 utilizando a planta

modelo Arabidopsis thaliana.

2.2 Objetivos especificos

Os objetivos especificos sao:

a) Através de pesquisas na literatura analisar e descrever as principais familias

génicas envolvidas no processo de morte celular programada em plantas;

b) Caracterizar funcionalmente o gene AtPLAC8-11.1 e o produto de seu splicing
alternativo AtPLAC8-11.2;

C) Verificar a localizacdo subcelular de AtPLACS8-11.1 e AtPLACS8-11.2 em

Arabidopsis thaliana;

d) Realizar andlises fenotipicas das plantas mutantes plac8-11 cultivadas sob

condic¢des normais de crescimento e frente a diferentes estresses abidticos;

e) Identificar parceiros de interacdo para AtPLAC811.1 e AtPLAC811.2 através de
experimento de interacdo proteina-proteina utilizando o sistema TurbolD-marcacdo de

proximidade.
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3 RESULTADOS

Os resultados desta tese serdo apresentados em trés capitulos, abrangendo os objetivos

especificos descritos anteriormente:

Capitulo I - Controle da morte celular programada (PCD) em plantas: Novas percepcdes
do deathosome de Arabidopsis thaliana. Artigo cientifico publicado na revista Plant Science.

Capitulo Il - Caracterizagdo molecular e funcional do gene At1g52200 (AtPLACS-11.1)

envolvido na morte celular programada. Capitulo redigido em formato de artigo cientifico.

Capitulo 11l — Emprego do método TurbolD-marcacéo de proximidade para a busca dos
interatores de AtPLACS8-11.1 e AtPLACS-11.2. Capitulo referente aos resultados do

Doutorado Sanduiche.
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Capitulo |

Controle da morte celular programada (PCD) em plantas: Novas percepgdes do
deathosome de Arabidopsis thaliana

Este capitulo é referente ao artigo “Programmed cell death (PCD) control in plants:
“New insights from the Arabidopsis thaliana deathosome”, publicado em 2020 na revista Plant
Science. Nesse trabalho apresentamos uma atualizagcdo do chamado “AtLSD1 - deathosome”,
proposto anteriormente por Coll, Epple e Dangl (2011) como uma rede composta por Varios
genes em Arabidopsis relacionados ao controle da morte celular mediada pela Resposta de
Hipersensibilidade (HR) em plantas.
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ARTICLE INFO ABSTRACT

Keywords:
Programmed cell death
Hypertensive response
Arabidopsis thaliana
Deathosome
Metacaspase

LSD1

Programmed cell death (PCD) is a genetically controlled process that leads to cell suicide in both eukaryotic and
prokaryotic organisms. In plants PCD occurs during development, defence response and when exposed to ad-
verse conditions. PCD acts controlling the number of cells by eliminating damaged, old, or unnecessary cells to
maintain cellular homeostasis. Unlike in animals, the knowledge about PCD in plants is limited. The molecular
network that controls plant PCD is poorly understood. Here we present a review of the current mechanisms
involved with the genetic control of PCD in plants. We also present an updated version of the AtLSD1 deatho-

some, which was previously proposed as a network controlling HR-mediated cell death in Arabidopsis thaliana.
Finally, we discuss the unclear points and open questions related to the AtLSD1 deathosome.

1. Introduction

Plant development progresses in different phases: vegetative
growth, reproduction phase, seed production, and senescence. All these
events are governed by biochemical and genetic circuits resulting from
endogenous alterations and in response to environmental stresses
[1-3]. Eukaryotic and prokaryotic organisms have a fundamental bio-
logical cellular process known as programmed cell death (PCD) that
controls cell suicide in a conserved and genetically regulated manner,
causing the death of single cells, specific tissues, or whole organs [4-6].
PCD acts controlling the number of cells by eliminating damaged, old,
or unnecessary cells to maintain cellular homeostasis. PCD in plants
triggers the expression or activation of proteases, lipases, nucleases, and
transporters, which act in relevant events such as signaling pathways,
cell differentiation, nutrient mobilization, protein maturation, synth-
esis, and degradation of hormones [5,7-9].

PCD is an integral and fundamental component of the plant life
cycle, occurring during its development (dPCD) and in response to the
environment (ePCD). dPCD is present during different stages of cell
differentiation, as well as occurring during cell aging. In this sense,
dPCD encompasses reproductive and vegetative processes, such as dif-
ferentiation of tracheal components, xylem formation, embryogenesis,
pollen maturation, seed maturation, and leaf senescence [9-12]. As part
of its defense mechanism, plant cells use ePCD to program plant cell
death when exposed to different abiotic and biotic stress [4,13-15].
Due to the sessile condition of plants, PCD is extremely important, al-
lowing plants to overcome adverse environmental conditions, and for
defense responses to microbial pathogens and herbivorous insects
[5,6,15-17].

Hypersensitive response (HR) is a form of PCD that occurs specifi-
cally under stress conditions linked to plant resistance [18,19]. HR is a
type of cell death used as a defense mechanism triggered by several

Abbreviations: PCD, programmed cell death; dPCD, developmental programmed cell death; ePCD, environmental programmed cell death; HR, hypersensitive
response; ROS, reactive oxygen species; TFs, transcriptional factors; Y2H, yeast-two-hybrid assay; LSD1, lesion simulated diseasel; EDS1, enhanced disease sus-
ceptibilityl; PAD4, Phytoalexin deficient4; H,O,, hydrogen peroxide; MC1, metacaspasel; CAT, catalase
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Fig. 1. Three types of Programmed Cell Death in plants. Apoptosis-like cell death involves features like cell shrinkage, maintaining the vacuolar and plasma
membrane intact, DNA cleavage into smaller fragments, active mitochondria with cytochrome c release, and production of ROS ending with the cascade of event-
mediated cell degradation by metacaspases [38-45]. In cell death associated with senescence, the first organelles to be disassembled are chloroplasts. In addition, it is
also characterized by DNA cleavage, membrane, and vacuole decomposition, increased levels of some hormones (ABA, ET, JA, SA, SL), decreased cytokinin hormone
level, and mitochondria disassembly [48,54,56-58]. When cell death is mediated by vacuoles occurs the activation of vacuolar Processing Enzymes (VPEs), en-
largement and vacuolar membrane collapse, releasing of lytic enzymes to the cytosol having acidification of the cytoplasm [59-61,63].

pathogens, such as bacteria, fungi, insects, nematodes, and viruses [20].
In HR occurs the limitation of pathogen growth and confinement by
rapid local death of plant tissues, which extend to the surroundings of
the pathogen infection site [20-22]. After induction by abiotic elicitors
and chemical inducers (salicylic acid and acetylsalicylic acid), the hy-
persensitive cell produces antimicrobial molecules such as phytoalexins

and synthesizes pathogenesis-related proteins (PR) (chitinase, gluca-
nase, defensin) [23-26]. HR is considered a specialized form of PCD
which share symptomology similar to different types of PCD [19], in-
cluding plant apoptosis-like cell death and vacuolar cell death features
(Fig. 1). Notable hallmarks of apoptosis in HR response include mem-
brane blebbing, chromatin condensation, genomic DNA fragmentation,

30



F. Valandro, et al.

cell-wall alterations, ion fluxes modifications, and generation of re-
active oxygen species (ROS), reactive oxygen intermediates (ROI), and
nitric oxide (NO) [27-30]. Besides, HR presents features of vacuolar cell
death with growth of lytic vacuoles and tonoplast rupture [31].

In contrast to the regulation of animal PCD, the molecular network
that controls the distinct forms of plant PCD are poorly understood
[13,32]. Coll et al. (2011) proposed a diagram depicting interactions
between known cell death regulators in A. thaliana and their yeast-two-
hybrid interacting partners. The called AtLSD1 deathosome highlights
the known central regulator of HR-related PCD, LESION SIMULATING
DISEASE1 (LSD1 - At4g20380), and its interaction partners. Here we
firstly review the general aspects involved with PCD in plants. Then we
further present an updated version of AtLSD1 deathosome [33], with
the addition of interaction partners recently described in the literature
[1. We also describe the gene families involved with the regulation of
the HR-related PCD in plants, using AtLSD1 as central component of
this network. Finally, we discuss the unclear points and open questions
about AtLSD1 deathosome in HR-mediated PCD.

2. General aspects of programmed cell death (PCD) in plants

Plant PCD classification is based on the similarities with cellular and
biochemical markers of death in animal cells [5,11,34]. Therefore,
plant PCD can be identified as (1) apoptosis-like cell death, (2) cell
death associated with senescence, and (3) vacuolar cell death [35]
(Fig. 1).

Plant apoptosis-like cell death (Fig. 1) counts with the presence of a
rigid cell wall, and differ from animal apoptosis by the lack of apoptotic
bodies, phagocytes, and macrophages [36,37]. The main characteristics
resulting from the apoptotic process in plants are the condensation of
the nucleus, DNA cleavage, cell shrinkage, cytochrome c release from
mitochondria, production of reactive oxygen species (ROS) by mi-
tochondria and chloroplast, and finally cell degradation linked to plant
proteases activation [38-43]. Due to the onset of cell death, activation
of caspase-like proteases (CLPs) occurs, resulting in the proteolytic
activation of other plant cell death proteases (PCDPs) or transcriptional
factors (TFs) involved in their expression. The processes proceed with
the inactivation of endogenous proteinase inhibitors or in the im-
mediate processing of proteins involved in orderly cell cleavage and
degradation, which leads to cell death [44,45].

Senescence acts on the remobilization and recycling of accumulated
nutrients in senescent organs to assist the growth of new vegetative and
reproductive or storage organs, like seeds [46,47]. Some authors de-
scribe senescence (Fig. 1) as a slow form of PCD that represents the end
of the development of plant organs, tissues, and cells [48-50]. How-
ever, senescence is also discussed as a fundamental cell differentiation
process that occurs before PCD. This position is based on the fact that
leaf yellowing can be reversible if the process was not too far ahead and
the leaves can then greenish again. Also, the senescent process can
result in cell death by PCD, but this is not mandatory [51,52]. Im-
portant hallmarks of PCD, such as DNA laddering and retracted pro-
toplast were observed following the senescence process showing that
the senescence and cell death are not synonymous but the senescence
can trigger PCD [53].

Initially, the onset of the senescence process is caused by the per-
ception and transduction of signals that trigger alterations in gene ex-
pression, affecting the levels of regulatory plant hormones, leading to
increased concentration of senescence promoting hormones, such as
abscisic acid (ABA), ethylene, jasmonic acid (JA), salicylic acid (SA)
and strigolactones (SLs), and decreased cytokines that suppress the
senescence process [48,54]. During early senescence, there is an in-
crease in antioxidants compounds such as tocopherol, ascorbic acid
(AsA), and glutathione [55]. There is also an increase in the level of
other regulators such as sugars, calcium, and ROS that may act in the
regulation of senescence-associated gene (SAGs) expression, allowing
the progression of senescence [54,56,57]. Significant metabolic and
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structural changes occur during senescence, including chloroplast de-
composition, chlorophyll degradation, reduction of photosynthetic ac-
tivity and expression of genes associated with photosynthesis, and loss
of cellular integrity. All these changes are associated with the re-
mobilization of recovered nutrients. At the end of senescence, there is a
decrease in antioxidant compounds, loss of cell viability, degradation of
organelles, and cell death [54,57,58].

During vacuolar cell death (VCD) (Fig. 1), plants use their vacuoles
and vacuolar lytic contents to gradually digest all or most all of their
cell materials that are terminally differentiated [59,60]. Vacuolar pro-
cessing enzymes (VPEs) are responsible for the maturation and activa-
tion of vacuolar proteins and the conversion of inactive hydrolytic en-
zymes to active forms, leading to vacuolar disruption and thus initiating
the proteolytic cascade that culminates with vacuole-mediated cell
death [61-63]. VCD occurs in all plant cells and tissues being involved
not only in the immune response but also in plant development and
response to stress inducers [64-66]. The main cytological features of
VCD are vacuole enlargement by fusion of vesicles carrying a cyto-
plasmic content. Rupture of vacuolar membranes, releasing of lytic
enzymes to the cytosol leading to intracellular acidification that attacks
organelles, rapidly degrading residual cellular content [59,60,63].

3. HR-mediated cell death regulation: an update on the AtLSD1
deathosome

Information on the genetic, molecular, and physiological mechan-
isms involved in PCD in plants can be carried out through the identi-
fication of A. thaliana mutants that exhibit uncontrolled cell death [67].
One of the best-studied mutants, in terms of PCD, is Isd1 [68]. Char-
acterized by having uncontrolled cell death in contact with HR-eliciting
bacteria, LSD1 has been useful in identifying genes with essential roles
in signal transduction pathways for pathogen recognition, HR, and
systemic acquired resistance (SAR) [69].

AtLSD1 deathosome was proposed in 2011 to describe genes related
to PCD control in plants based on protein-interacting experiments,
through yeast-two-hybrid assay (Y2H), revealing complementary pu-
tative LSD1 interaction partners in Arabidopsis [33]. AtLSD1-deatho-
some highlights the known central regulators of HR-related PCD in
plants: METACASPASE-1 (At1g02170) and LESION SIMULATING DIS-
EASE1 (LSD1 - At4g20380), which act antagonistically regulating PCD
in plants [70-72].

In the original AtLSD1-deathsome, sixteen proteins belonging to
eight main gene families (Metacaspase, LSD1, PLACS8, bZIP, MYB, NF-Y,
AUX/IAA and PRP) were presented, some of them are well documented
in plant PCD. The updated version of AtLSD1-deathsome, proposed in
this work, brings ten new partners and adds important new gene fa-
milies in HR-related PCD, such as EDS1/PAD4 and Catalase. The
number of publications regarding proteins related to PCD has been
increasing in the last ten years. So, we compiled in Table 1 some of the
most relevant publications from gene families found in the updated
AtLSD1-deathsome.

3.1. Lesion simulated disease (LSD1)

Efforts to understand genes regulating the PCD mechanism have
resulted in the discovery of a mutant class that spontaneously showed
lesion, even without pathogen infection. This mutant class presented
histochemical and molecular markers of plant disease, hence the family
name Lesion Simulating Disease (LSD) [68]. LSD genes encode a well-
characterized class of zinc finger proteins composed by one, two, or
three conserved zinc finger LSD domain CxxCRxxLMYxxGASxVxCxxC
[73,74]. The consensus sequence of LSD domains is widely main-
tained], especially in the C2C2 arrangement, and is fundamental for
protein-protein interactions [70,75-79]. In A. thaliana, three LSD genes
are described: LSD1, LOL1 (LSD-like 1), and LOL2 (LSD-like 2) [71].

The involvement of the LSD family in several biological processes,
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Table 1
Published articles of gene families related with PCD in plants.

Gene family Article Reference Year

LSD1 It is the first report on the Arabidopsis mutant class Isd that spontaneously form necrotic lesions on leaves. [68] 1994
The Arabidopsis LSD1 is a zinc finger protein that monitors a superoxide-dependent signal and negatively regulates plant cell death [73] 1997
pathway via either repression of a prodeath pathway or activation of an antideath pathway, in response to signals from cells
suffering pathogen-induced hypersensitive cell death.
LSD1 regulates salicylic acid-dependent induction of copper-zinc superoxide dismutase responsible for detoxification of [298] 1999
accumulating superoxide before it can trigger a cell death cascade in Arabidopsis thaliana.
EDS1 and PAD4 are essential regulators of reactive oxygen intermediates and SA-dependent signaling in a plant defense potentiation [84] 2001
circuit controlled by LSD1 in Arabidopsis.
Broccoli florets express similar genes during detached (harvest-induced) senescence to those expressed in Arabidopsis leaves during [299] 2004
senescence, in particular, the broccoli LSD1 and BI homologues are upregulated at 12 and 24 h, prior to DNA degradation and before
the onset of visible senescence.
The Arabidopsis LSD1 prevents photooxidative damage controlling PAD4-, EDS1-, and SA-dependent stomatal closure and [81] 2004
subsequent photorespiratory production of ROS.
OsLSD1, a rice zinc finger protein, plays a negative role in regulating plant PCD, whereas it plays a positive role in callus [300] 2005
differentiation.
The Arabidopsis transcription factor bZIP10 shuttles between the nucleus and the cytoplasm and can be retained outside the nucleus [78] 2006
by LSD1. AtbZIP10 and LSD1 act antagonistically in both pathogen-induced hypersensitive response and basal defense responses.
The formation of lysigenous aerenchyma in Arabidopsis depends on the plant defense regulators LSD1, EDS1, and PAD4 that operate [301] 2007
upstream of ethylene and reactive oxygen species production.
Molecular phylogeny, evolution, and functional divergence of the LSD1-like gene family: inference from the rice genome [302] 2007
The rice OsLOL2, a LSD1-related gene in rice, encodes a zinc finger protein involved in rice growth and disease resistance. [303] 2007
Overexpression of rice OsLOL2 gene, a LSD1-related gene in rice, confers disease resistance to Pseudomonas syringae pv. Tabaci in [304] 2008
tobacco through the induction of PR proteins and HR-like reaction.
LSD1, EDS1 and PAD4 constitute a ROS/ethylene homeostatic switch, controlling light acclimation and pathogen defense holistic [82] 2008
responses. LSD1 suppresses ROS production and photorespiration via direct or indirect regulation of SOD and CAT gene expression
and activity. PAD4-and EDS1-dependent cellular ethylene production, together with EIN2, modulate ethylene-induced programmed
cell death.
Arabidopsis LSD1 plays an important role in ROS responses to repress cell death under low temperature. Cell death phenotype [83] 2010
requires EDS1 and PAD4.
The LSD1-type zinc finger motifs of PsLSD1 are a novel nuclear localization signal and directly bind to importin a, suggesting that [76] 2011
the nuclear import of LSD1 may rely on the interaction between its zinc finger motifs and importin a.
The bamboo BohLOL1, a homolog of Arabidopsis LSD1 and LOL1I, is upregulated during growth, which uniquely occurs in growing [305] 2011
bamboo, and in response to biotic stress.
The Arabidopsis AtGILP functions as a plasma membrane anchor, bringing other regulators of PCD, such as AtLSD1, to the plasma [77] 2011
membrane, and negatively regulate hypersensitive cell death.
The expression of the Glycine max LSD genes can be regulated by biotic (Phakopsora pachyrhizi infection) and abiotic (dehydration) [75] 2013
stresses.
The wheat zinc finger protein TaLSD1 negatively regulates the plant hypersensitive cell death and is involved in disease resistance [306] 2013
against the stripe rust pathogen.
LSD1 physically and genetically interacts with catalases in the light-dependent runaway cell death and hypersensitive responses cell [79] 2013
death processes in Arabidopsis. The accumulation of SA is required for PCD regulated by LSD1 and catalases.
Apart from playing an important role in abiotic and biotic stress responses, LSD1, EDS1, and PAD4 also participate in the regulation [80] 2013
of photosynthesis, transpiration, cellular signaling, and seed yield.
Gm-LSD1 -2 is involved in the defense response of Glycine max to Heterodera glycines parasitism through the establishment of an [307]. 2015
environment whereby the protected, living plant cell could secrete materials in the vicinity of the parasitizing nematode to disarm it.
LSD1 and HY5 perform opposite roles to regulate excess red light (RL)-triggered PCD associated with ROS and SA production. LSD1 [268] 2015
suppresses the EDS1 expression by upregulation of SR1, whereas HY5 promotes the EDSI expression under RL.
LSD1 and EDS1 are antagonistic regulators of UV-C-induced PCD in Arabidopsis thaliana. [147] 2015
A rice LSD1-like-type ZFP gene OsLOL5 enhances saline-alkaline tolerance in transgenic Arabidopsis thaliana, yeast and rice [308] 2016
Arabidopsis and poplar PAD4, LSD1 and EDS1 constitute a molecular hub, which is able to regulate plant survival during drought [309] 2016
stress, vegetative biomass production and generative development, cell division and cell death, as well as affect the cell wall
structure and physical properties of wood in poplar.
LSD1 constitutes a condition-dependent molecular regulator of diverse cellular processes that balance between cell division and cell [67] 2017
death pathways by acting as a redox-sensing scaffold protein and transcription regulator.
Molecular regulators belonging to the LSD1 family play an important role in the precise balancing of diverse PCD players during [85] 2018
syncytium development required for successful nematode parasitism.
The proposed mathematical models and biological experiments presented in this study prove that SA and H,0, are conditionally [310] 2019
regulated by LSD1/EDS/PAD4 to govern WUE, biomass accumulation and seed yield in Arabidopsis.
Biotechnological potential of LSD1, EDS1, and PAD4 in the improvement of crops and industrial plants. [311] 2019
The uncoupled expression of nuclear genes associated with photosynthesis (PhANGs) and plastid genes (PhAPGs) contributes to cell [312] 2019
death in the Isd1 mutant.

MC The LeMCAL, a type-II metacaspase, is upregulated upon infection of tomato leaves with Botrytis cinerea, a fungal pathogen that [313] 2003
induces cell death in several plant species, but is not regulated during chemical-induced PCD in suspension-cultured tomato cells.
The first experimental evidence for metacaspase function in the activation and/or execution of PCD in plants, and its requirement in [314]. 2004
plant embryogenesis.
Two Arabidopsis metacaspases AtMCP1b and AtMCP2b are arginine/lysine-specific cysteine proteases and activate apoptosis-like [72] 2005
cell death in yeast.
The Arabidopsis MCAS is part of an evolutionary conserved PCD pathway activated by oxidative stress, being strongly up-regulated [94] 2008
by UVC, H,0,, or methyl viologen. A recombinant metacaspase-8 cleave after arginine and complement the H,O, no-death
phenotype of a yeast metacaspase knockout.
The AtMC1 and AtMC2, type-I metacaspases, antagonistically control PCD in Arabidopsis. AtMC1 is a positive regulator of cell death [70] 2010
and requires conserved caspase-like putative catalytic residues for its function, whereas AtMC2 negatively regulates cell death and is
independent of the putative catalytic residues.

[102] 2011

(continued on next page)
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Table 1 (continued)

Gene family

Article

Reference

Year

PLAC8

AtMCP2d, the most abundantly expressed member of the type II metacaspase subfamily in Arabidopsis, is a positive mediator of cell
death triggered by some forms of fungal toxin, bacterial pathogen- or herbicide-induced stress.

Vitis vinifera has six metacaspases genes. The Thompson seedless grapes, which present abnormal PCD in ovule cells and subsequent
ovule abortion, upregulates MC1, MC3, and MC4 at 35 days after flowering, during ovule development.

The pepper metacaspase 9 (Camc9) is a positive regulator of pathogen-induced cell death via the regulation of reactive oxygen
species production and defense -related gene expression in plants.

AtMC9 is specifically expressed in developing xylem vessel elements, and is required for efficient progression of autolysis during
vessel cell death.

The plant metacaspase AtMC1 in pathogen-triggered programmed cell death and aging: Functional linkage with autophagy

The rice MC2, MC5, MC7 and MC8 are preferentially expressed in mature tissues, when compared to young tissues, indicating a role
in senescence. OsMC1, OsMC5, OsMC6 and OsMC8 are regulated by multiple biotic and abiotic stresses such as Magnaporthe oryzae
infection, pest damaged, cold stress and drought stress, which usually lead to PCD. OsMC4 and OsMC6, especially OsMC6, might
have been selected during cultivated rice domestication.

Phylogenetic analysis of the metacapase gene family in Viridiplantae showed that the metacaspases are divided into three principal
groups: type I with zinc finger domain, type I without zinc finger domain, and type II metacaspases. The algae and moss are
presented as outgroup, suggesting that these three classes of metacaspases originated in the early stages of Viridiplantae, being the
absence of the zinc finger domain the ancient condition.

Members of the OsMC family display differential expression patterns in response to abiotic and biotic stresses and stress-related
hormones. Protein-protein interaction analyses show OsMC1 (localized in the nucleus) interacting with OsLSD1 and OsLSD3 while
OsMC3 (evenly distributed in the cells) only interacting with OsLSD1, and that the zinc finger domain in OsMC1 is responsible for
the interaction activity.

Tomato possesses eight metacaspase genes (SIMCI —8), SIMCI — 6 belong to type I metacaspases, and SIMC7 — 8 type II
metacaspases. SIMCs have distinct expression patterns in various tomato tissues, and most of them are regulated by drought, cold,
salt, methyl viologen, and ethephon treatments.

Rubber tree has nine metacaspase genes (HbMC1 —9), HbMCI — 7 belong to type I metacaspases, and HbC9 — 8 type II metacaspases.
HbMCs have distinct expression patterns in various tissues and developmental stages, and most of them are regulated by drought,
cold, and salt stress, implying their possible functions in tissue development and plant stress responses.

Metacaspases versus caspases in development and cell fate regulation.

Cucumber has five metacaspase genes (CsMC1I —5), CsMC1 — 3 belong to type I metacaspases, and CsMC4 — 5 type II metacaspases.
CsMCs have distinct expression patterns in various tissues and developmental stages, and the transcript levels of CsMC genes are
regulated by multiple abiotic stresses such as NaCl, PEG, and cold, implying their possible functions in tissue development and plant
stress responses.

PttMC13 and PttMC14, AtMC9 homologs in hybrid aspen (Populus tremula X tremuloide), are involved in downstream proteolytic
processes and cell death of xylem elements.

Around 90 metacaspase genes were identified in the genomes of four cotton species (Gossypium raimondii, Gossypium barbadense,
Gossypium hirsutum, and Gossypium arboreum), and classified as type-I or type-II genes. During developmentally regulated PCD, type-
II MC genes may play an important role related to fiber elongation, while type-I genes may affect the thickening of the secondary
wall; during environmentally induced PCD, the expression levels of four genes were affected in the root, stem, and leaf tissues within
6 h of an abiotic stress treatment.

Seventy metacaspase genes were identified in Rosaceae genomes, including 8, 7, 8, 12, 12, and 23 MC genes in the genomes of F.
vesca, P. mume, P. persica, P. communis, P. bretschneideri and M. domestica, respectively. The vast majority of MC gene of P. communis,
P. bretschneideri and M. domestica was expanded by large-scale gene duplication, and expression profiling revealed that PbMC01 and
PbMCO3 are detected in all four pear pollen tube and seven fruit development stages.

Potato has eight metacaspase genes (SotubMC1 — 8), SotubMCs are differentially regulated in various developmental tissues and by
multiple stresses and plant hormones, suggesting their distinct and essential role in plants. Some of the tissues, such as leaf
undergoing senescence, displayed higher relative expression of some of the metacaspases, implying their involvement in leaf
senescence.

The type I metacaspase gene in peanut (Arachis hypoganea L.), AhMC1, is a positive factor in aluminum (Al)-induced PCD.

The crystal structures of Metacaspase 4 from Arabidopsis, AtMC4, were determined and are characterized by a Ca®*-dependent
metacaspase self-cleavage and activation that mediates plant PCD and immune response.

The relationship between molecular responses of barley (Hordeum vulgare L.) to drought tolerance and PCD was verified in this
study. Tolerant barley modulates PCD to alleviate drought stress damages probably via MC1 (Metacaspase 1) and TSN1 (Tudor-SN 1)
hub genes.

The tomato fruit weight gene fw2.2 governs a quantitative trait locus that accounts for 30% of fruit size variation, with increased
fruit size chiefly due to increased carpel ovary cell number.

The QTL fw2.2 directly affects the size of developing tomato fruit, with secondary effects on fruit number and photosynthate
distribution.

Arabidopsis PCR1 is located at the plasma membrane and reduces the Cd levels in Cd-treated Arabidopsis cells and AtPcrl-
transformed yeast.

The tomato fw2.2 interacts with the highly conserved regulatory unit of CKII kinase and thus may affect the regulation of cell
division via CKII- mediated pathways in common with yeast and animals.

MCAL1 is a plasma membrane protein that correlates Ca?™ influx with mechanosensing in Arabidopsis thaliana.

Members of the fw2.2 gene family in Zea mays have been named CNR (Cell Number Regulator) and two of them, CNR1 and 2, exert
their effect on plants and organ size by modulating cell number.

Plant FW2.2-like gene family and the larger related family of proteins with the PLAC8 domain are critical components of the cellular
regulatory schema to control cell division and organogenesis.

The soybean plasma membrane protein FWL1 is specifically expressed in root hair cells in response to rhizobia and in nodules, and is
critical in nodule development.

Arabidopsis PCR2 is a zinc (Zn) exporter implicated in two processes, namely, the detoxification of Zn in the presence of high
concentrations of Zn and the transfer of Zn from the root to the shoot.

The avocado FW2.2-like transcript level is considerably higher in small fruit tissues than in the same normal fruit tissues at all
examined stages of fruit growth, this gene may have a role as negative regulator of fruit cell division.

The plasma membrane protein MCA1 and its paralog MCA2 from Arabidopsis thaliana are involved in mechanical stress-induced
Ca?* influx, with overlapping roles in plant growth, but distinct when related to Ca uptake in roots.
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Table 1 (continued)

Gene family Article Reference Year
Brassica juncea PCR1 is a Ca®* efflux transporter that is required for the efficient radial transfer of Ca?* in the root and is implicated
in the translocation of Ca to the shoot.
Plasma membrane protein OsMCA1 is involved in regulation of hypo-osmotic shock-induced Ca** influx and modulates generation [334] 2012
of reactive oxygen species in cultured rice cell
The sweet cherry CNR family members PavCNR12 and PavCNR20 are potential candidates to control fruit size in both sweet and [335] 2013
sour cherry.
Rice has eight FW2.2-like (FWL) genes (OsFWL1 —8), and it was reported that OsFWL3 and OsFWL5 regulate grain size and plant [336] 2013
height, respectively.
Physalis floridana CNR1 encodes a cell membrane-anchored protein that functions as a negative regulator of cell division through [337] 2015
molecular interactions of CNR1with AG2 and of AG2 with CyclinD2;1, thus directing cell division and contributing to the natural
variation of berry size within the Physalis species.
OsPCR1 (Oryza sativa) is localized at the plasma membrane, enhancing grain weight and size as well as influencing the Zn [124] 2015
concentration in the brown rice and husks.
An SNP in rice MCA1 generates a loss-of-function mutation resulting in plant architecture defect by upregulation of genes related to [338] 2015
GA deactivation, which decreased bioactive GA levels.
The PbFWLs are fw2.2-like genes in pear fruit, localized in the plasma membrane being negatively related to the cell division, once [119] 2016
they are more expressed in small-sized fruit cultivar.
GmFWLI affect nodule organogenesis by interacting with membrane microdomains in soybean plants infected with the nitrogen- [339] 2017
fixing symbiotic bacterium Bradyrhizobium japonicum.
It provides the first report comprising the existence of different groups of PLAC8 proteins (types I, II, and III) based on domain [108] 2018
composition. It suggests the first unified nomenclature based on the initially characterized PLAC8 gene.
Heterogeneous expression of the rice genes OsFWL3 — 7 affects Cd resistance in yeast, and OsFWL4 mediates the translocation of Cd [340] 2018
from roots to shoots.
Activation of OsFWL5 expression in rice triggers HO, accumulation and cell death, and increases resistance to Xanthomonas oryzae [123] 2019
pv. Oryzae, which is associated with increased expression of genes involved in jasmonic acid-related signaling.
The rice OsFWL4 gene belongs to the FW 2.2-Like family and acts as a negative regulator of the tiller number and plant yield. [341] 2020
GILP The plasma membrane protein AtGILP interacts with AtLSD1, and negatively regulates hypersensitive cell death in Arabidopsis. [77] 2011
The GILP family is composed of one (minimum) or three (maximum) genes in each Viridiplantae species. The expression modulation [126] 2018
of GILP genes associated with their plasma membrane location suggests that they could act in the signaling of biotic/abiotic stress
response in plants.
NEF-Y The Arabidopsis transcription factor AtNF-YB1 confer drought tolerance and its orthologous in maize ZmNF-YB2 lead to improved [171] 2007
corn yields on water-limited acres.
The wheat genome has 10 TaNF-YA, 11 TaNF-YB, and 14 TaNF-YC genes, and expression analysis revealed that some of the wheat [342] 2007
NF-Y genes are expressed ubiquitously, while others are in an organ-specific manner, and that nine NF-Y members are potentially
involved in plant drought adaptation.
The Arabidopsis NFYAS5 is regulated by drought stress at both transcriptional and posttranscriptional level, and is important for [172] 2008
drought resistance in an ABA-dependent manner.
In Arabidopsis, the response to ER stress involves the proteolytic activation of bZIP28, the upregulation of the NF-YC2, and the [152] 2010
translocation of the NF-YB3 from the cytosol to the nucleus to form a transcriptional complex that upregulates the expression of ER
stress-induced genes.
The Arabidopsis miR169 is strongly down-regulated, whereas its targets, NFYA family members, are strongly induced by nitrogen [176] 2011
starvation.
Functional and transcriptome analysis reveals an acclimatization strategy for abiotic stress tolerance mediated by Arabidopsis NF-YA [343] 2012
family members.
Homologous NF-YC2 subunit from Arabidopsis and tobacco are activated by photooxidative stress and induces flowering. [153] 2012
The NF-YB family has 20 members in Populus trichocarpa and the expression of four homologs (PeNF-YB7, -8, -11, —13) in P. [344] 2013
euphratica is upregulated in the leaves in response to drought stress.
NFYAL1 is involved in the regulation of postgermination growth arrest under salt stress and ABA treatment in Arabidopsis. [345] 2013
GmNFYAS3, a target gene of miR169, functions in positive modulation of drought stress tolerance and has potential applications in [173] 2013
molecular breeding to enhance drought tolerance in crops.
The transcription factor PANF-YB?7 isolated from fast-growing poplar clone NE-19 [Populus nigra X (Populus deltoides X Populus [346] 2013
nigra)] positively confers drought tolerance and improves water-use efficiency in Arabidopsis.
AtHAP5A as a transcription factor interact with CCAAT motif in vivo, and AtXTH21, one direct target of AtHAP5A, is involved in [175] 2014
freezing stress resistance in Arabidopsis.
The transcription factor DPB3 — 1, key for drought and heat stress tolerance in Arabidopsis, form a transcriptional complex with NF- [347] 2014
YA and NF-YB subunits, and the identified trimer enhances heat stress-inducible gene expression during heat stress responses in
cooperation with DREB2A in Arabidopsis.
In Brassica napus, NF-Y members are regulated by abiotic stresses in ABA-dependent or ABA-independent manner, and BnNF-Y [348] 2014
promoter analysis shows that multiple members contain abiotic stress-responsive elements.
The soybean genome has 21 GmNF-YA, 32 GmNF-YB, and 15 GmNF-YC genes. Expression analysis revealed that certain groups of [349] 2015
soybean NF-Y genes are likely involved in specific developmental and stress responses.
Rice NF-YA?7 is induced by drought stress and its overexpression 