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RESUMO

Previsdes indicam que o Brasil deverd assumir a lideranca na exportacdo de produtos agricolas a partir
de 2024. Em 2017, estima-se que a agricultura brasileira podera ter a maior safra da historia. Nesse
contexto, investimentos em pesquisas cientificas em plantas modelo e em espécies relevantes
economicamente sdo de vital importancia a fim de permitir a manutencdo do crescimento do setor
agricola em nosso pais. Embora o cenario seja positivo e bastante promissor, diversos estresses
ambientais afetam a agricultura, ocasionando perdas severas em produtividade e rendimento. Estresses
bidticos e abioticos, como seca, alagamento, doencas e patdgenos sdo grandes contribuintes para a
diminuicdo do potencial genético de desenvolvimento e reproducdo das culturas agricolas. Os
mecanismos moleculares envolvidos na tolerancia/resisténcia a estresses tém sido intensamente
estudados, com grande énfase nos mecanismos de resposta inerentes aos estresses individuais. Em
plantas, um dos processos desencadeados em resposta a estresses € conhecido como Morte Celular
Programada (Programmed cell death-PCD). A ocorréncia de PCD em plantas é anteriormente marcada
pela resposta de hipersensibilidade (hypersensitive response — HR), uma forma de PCD seguida por
autolise. Diversas familias génicas sdo sabidamente envolvidas com o processo de PCD em plantas e
foram recentemente propostas como integrantes de uma rede de controle de PCD, conhecida como
morteossomo (deathsome). Entre essas familias envolvidas com PCD, muitas sdo apenas conhecidas
superficialmente ou apresentam alguns poucos genes ja caracterizados, como as familia LSD (Lesion
Simulating Disease), Metacaspase, NF-Y (Nuclear Factor Y), PLAC8 (Placenta Specific 8) e GILP
(GSH-induced LITAF domain protein). Devido a importancia dos mecanismos desencadeados em
estresses, investigacdes detalhadas dos genes atuantes em HR e PCD podem contribuir
expressivamente para a completa compreensdo das rotas de resposta induzidas durante esses processos.
A presente tese enquadrou-se no contexto atual de valer-se de diferentes ferramentas de
bioinformatica, tendo como objetivo final a caracterizagdo in silico de cinco familias génicas
relacionadas com PCD em plantas: LSD, Metacaspase, NF-Y, PLAC8 e GILP. A identificacdo de
todos os genes pertencentes a essas familias, bem como a descricdo detalhada da estrutura génica e
proteica permitiu a determinacdo de muitos aspectos proprios de cada familia, os quais podem explicar
seu envolvimento em PCD. Somados a esses dados, aspectos evolutivos de cada familia génica
também foram investigados. Nossos resultados servem como base para trabalhos aprofundados
considerando genes especificos, alem de representar o ponto inicial para a compreensdo da funcéo

dessas familias em plantas, especialmente no mecanismo de PCD.
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ABSTRACT

Predictions indicate that Brazil should reach the leadership in the exportation of agricultural products
until 2024. In 2017, it is estimated that Brazilian agriculture may have the highest harvest in the
history. In order to maintain the growth of the agricultural sector in our country, investments in
scientific research in model plants and in economically relevant species are very important. Although
the scenario is very positive and promising, numerous environmental stresses affect agriculture,
causing severe losses in productivity and yield. Biotic and abiotic stresses, such as drought, flooding,
diseases and pathogens are major contributors to a decrease in the genetic potential for development
and reproduction of agricultural crops. The molecular mechanisms involved in tolerance/resistance to
biotic and abiotic stresses have been intensively studied, with focus in the response mechanisms
inherent to individual stresses. In plants, one of the processes triggered in response to stresses is known
as Programmed Cell Death (PCD). The occurrence of PCD in plants is marked by the previously
hypersensitivity response (HR), a form of PCD followed by autolysis. Several gene families are known
to be involved with the PCD process in plants and have been recently described as members of a PCD
network, known as deathsome. The majority families involved with PCD are poor understood. Some
of them present few genes already characterized, such as the Metacaspase, NF-Y (Nuclear Factor Y),
PLACS8 (Placenta Specific 8) and GILP (GSH-induced LITAF domain protein) family. Due to the
importance of the mechanisms triggered in stresses, detailed investigations considering the genes
involved in HR and PCD can contribute for a complete understanding of the responses induced during
these processes. The present thesis is based on bioinformatics tools, aiming the in silico
characterization of five gene families related to PCD in plants: LSD, Metacaspase, NF-Y, PLAC8 and
GILP. The identification of all genes belonging to these families, as well as a detailed description of
gene and protein structure allowed a determination of several aspects own of each family, which can
explain their involvement in the PCD. In addition, evolutionary aspects from each family were also
investigated. Our results will serve as a basis for future deep studies considering specific genes and
represents the starting point for understand the role of these gene families in plants, especially in PCD

mechanism.
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1. INTRODUCAO GERAL

1.1 CULTURAS AGRICOLAS

A Organizacdo Mundial do Comércio (OMC) recentemente destacou o Brasil como terceiro
maior exportador mundial de gréos, superado apenas pela Comunidade Europeia e Estados Unidos. A
Organizacdo das NacBes Unidas para Agricultura e Alimentacdo (FAO), prevé que o Brasil devera
assumir a lideranca na exportacdo de produtos agricolas a partir de 2024, quando a area plantada sera

de 69,4 milhdes de hectares (http://sna.agr.br/brasil-e-o-terceiro-maior-exportador-mundial-de-

produtos-agropecuarios/) (acesso abrill2017).

O avanco da producdo agricola sobre areas de pecuaria degradada, bem como o uso de areas
de abertura (de primeiro plantio) e principalmente o aumento do plantio da segunda safra no Centro-
Oeste e no MATOPIBA (regido produtiva nos estados do Maranhdo, Tocantins, Piaui e Bahia) vém
impulsionando a ampliacdo da area agricola, segundo a Confederacdo da Agricultura e Pecuaria do

Brasil (CNA), (http//sna.agr.br/brasil-e-o-terceiro- maior-exportador-mundial-de- produtos-

agropecuarios/) (acesso abril’2017). Estima-se que em 2017 o Brasil poderd ter a maior safra da
historia. A estimativa da producdo de grdos para a safra 2016/17 é de 215,3 milhdes de toneladas. O
crescimento em relacdo a safra anterior deverd ser de 15,3%, ou seja, 28,6 milhdes de toneladas. A
area total plantada estd estimada em 59,7 milh6es de hectares, o0 que representa um crescimento de
aproximadamente 2,3%, quando comparada com a safra anterior
(http/Aww.conab.gov.br/OlalaCMS/uploads/arquivos/17_01_11 11 30_39 boletim_graos_janeiro_2
017.pdf).

O expressivo aumento da area plantada em nosso pais e 0 consequente impulso que isso
representa para nossa economia evidencia a importancia de investimentos em pesquisas cientificas que
contemplem préaticas agricolas superiores, bem como a melhoria das cultivares vegetais utilizadas no
plantio. No que se refere as pesquisas, a espécie Arabidopsis thaliana é uma das mais utilizadas ha
mais de 40 anos como modelo entre as dicotiledoneas. Apesar de sua proximidade com outras espécies
como nabo, repolho, couve, brdcolis e colza, ela ndo possui importancia econdmica direta, ficando sua

importancia restrita a pesquisas nas areas de genética, bioquimica e fisiologia (Delatorre and Silva,
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2008). Além de Arabidopsis, outra planta modelo entre as monocotiledoneas é o arroz. Isso se da
devido ao pequeno tamanho de seu genoma - 430 Mbp - (Arumuganathan and Earle, 1991) e a grande
facilidade na manipulacdo genética e molecular (Gale; Devos, 1998). A soja [Glycine max (L.)
Merrill], além de Lotus japonicus e Medicago truncatula, também foram recomendadas pela
comunidade cientifica internacional como plantas modelo para estudos genéticos e moleculares (Gepts
et al., 2005).

Segundo dados da CONAB (Companhia Nacional de Abastecimento) (www.conab.gov.br), a
producdo brasileira de soja para a safra 2016/2017 tem projecdo de crescimento de 8,7%, atingindo
103,8 milhdes de toneladas. Esse crescimento é previsto em funcdo da maior liquidez, rentabilidade e
menor custo para a cultura. Atualmente a soja € a principal cultura produzida no Brasil, seguida pelo
milho e pelo arroz. Em nivel mundial, o Brasil € o segundo maior produtor de soja, atras apenas dos
EUA. A producdo de soja representa uma importante alavanca na economia de nosso pais, 0 que

destaca fortemente a relevancia de estudos envolvendo essa cultura agricola.

1.2 AMEACAS AS CULTURAS AGRICOLAS: ESTRESSES BIOTICOS E ABIOTICOS

Embora o cenario agricola seja bastante positivo, diferentes estresses ambientais afetam a
agricultura, ocasionando perdas severas em produtividade e rendimento. A maioria das plantas
cultivadas cresce em ambientes abaixo do adequado devido as alteraces climaticas constantes, o que
limita o potencial genético de desenvolvimento e reproducdo das culturas agricolas (Bray et al.,2000;
Rockstrom and Falkenmark, 2000). Tal fato é enfatizado na andlise da diferenca entre o rendimento
maximo e o rendimento médio das culturas (Atkinso and Urwin, 2012). Essa diferenca pode ser
explicada por condicBes ambientais ndo favorawveis, conhecidas como estresses, que levam a alteragdes
fisiologicas potencialmente danosas (Shao et al., 2008). De modo geral, estima-se que perdas em torno
de 50% em produtividade sdo ocasionadas por estresses abioticos (Ahmad et al., 2016), tais como
seca, alagamento, quimicos organicos e inorganicos, calor/frio, metais pesados e salinidade. AlEm dos
estresses abioticos, estresses bidticos como doencas ocasionadas por pestes e patdgenos contribuem
negativamente para a diminuicdo da produtividade. As perdas ocasionadas por estresses abidticos sdo
geralmente maiores do que as perdas decorrentes de estresses bioticos (Ashraf et al., 2012) (Figura 1).
Isso se da devido ao fato de que alteracOes climaticas (estresses abioticos) podem atingir uma area
inteira de uma lavoura, 0 que ndo necessariamente acontece com estresses bioticos, que geralmente

ficam retidos em uma area/espaco.
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Figura 1: Perdas mundiais ocasionadas em diversas culturas agricolas, como resultado da ocorréncia
de estresses. Adaptado de Ashraf et al. (2012).

Além dos danos causados por condicbes de estresse isoladamente, sabe-se que diferentes
danos podem ocorrer simultaneamente na planta. Plantas sob condicbes de estresse abiotico, por
exemplo, tornam-se mais suscetiveis aos danos causados por ervas daninhas, insetos e doencas,
aumentando consideravelmente as perdas (Dita et al.,, 2006). Nesse sentido, 0s mecanismos
moleculares envolvidos na tolerncia/resisténcia a estresses bidticos e abidticos tém sido intensamente
estudados, com grande énfase nos mecanismos de resposta inerentes aos estresses individuais
(Mengiste et al., 2003; Suzuki et al., 2005; Abugamar et al., 2009; Atkinso and Urwin, 2012). Estudos
submetendo plantas a um estresse ou varios simultaneamente tém destacado conjuntos de genes que
sd0 modulados em ambas as condicdes. Tais genes tém sido propostos como genes de resposta geral a
estresses ou representantes de pontos de sobreposicdo entre vias de sinalizacdo (Atkinson and Urwin,
2012; Atkinson et al., 2013; Bostock et al., 2014; Prasch and Sonnewald, 2014; Rasmussen et al.,
2013; Rivero et al., 2013; Suzuki et al., 2014).

1.3 AS RESPOSTAS A CONDICOES DE ESTRESSE E A MORTE CELULAR PROGRAMADA

O desenvolvimento e a manutengdo dos organismos multicelulares dependem de um balanco
constante entre a proliferacdo das células e a morte das mesmas, o que garante a homeostasia celular.

Esse programa de delecdo de células é um fendmeno bioldgico comum e essencial desde as fases
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iniciais até a fase adulta. Em organismos multicelulares, a indugdo de processos de morte celular pode
ocorrer como resposta a estimulos intra ou extracelulares. De acordo com sua fisiopatologia e
caracteristicas morfoldgicas, os processos de morte celular podem ser distinguidos em apoptose,
autofagia, necrose e senescéncia (Su et al., 2015). Em plantas, todos esses processos também sdo
identificados (Reape, 2008; Minina et al., 2013; Michaeli et al., 2016), exceto apoptose, que &
aparentemente exclusiva de animais (van Doorn, 2011). No entanto, um outro tipo de apoptose
relacionada com morte celular programada (apoptotic-like programmed cell death — PCD) ¢é relatada
em plantas e comumente chamada apenas de PCD (Tabela 1) (van Doorn, 2011). Esta ocorre em uma
série de processos que vao desde o desenvolvimento até a senescéncia (Del Duca et al., 2014). Assim
como em animais, a ocorréncia de PCD em plantas estd intimamente relacionada as respostas de

invasdes de patdgenos e condicdes de estresse (Reape et al., 2008).

Dois tipos de PCD podem ser identificados em plantas, a que ndo € seguida por autdlise e a
seguida por autolise, as quais apresentam caracteristicas proprias (Figura 2) (van Doorn, 2011). A
ocorréncia de PCD em plantas como resposta a invasdes de patdgenos é anteriormente marcada pela
resposta de hipersensibilidade (hypersensitive response — HR), uma forma de PCD seguida por
autolise. A HR é acompanhada pela geracdo de ROS (reactive oxygen species) no apoplasto,
cloroplastos e mitocondrias, o aumento do nivel de calcio celular, encolhimento citoplasmético,
condensacdo da cromatina, vacuolizacdo e rompimento do cloroplasto (Coll et al., 2011). Sua
importancia esta relacionada a percepcdo da planta ao ataque do patdgeno e consequente

comprometimento do crescimento de agentes patogénicos (Rusterucci et al., 2001; Mur et al., 2008).

Embora usualmente a HR seja reportada como um importante marcador de interacdes
bidticas, muitas de suas caracteristicas, como a morte celular localizada e a inducdo de genes
associados com defesa (pathogenesis-related ou genes PR) sdo compartilhadas com respostas a
estresses abidticos, como excesso de excitacdo energética (excess excitation energy — EEE)
(Zurbriggen et al., 2010). Devido a sobreposicdo das caracteristicas de resposta encontradas em
condicGes de estresse bidtico e abidtico, investigacGes detalhadas dos mecanismos de HR e PCD
podem contribuir expressivamente para a completa compreensdo dessas rotas de resposta, bem como

sobre o conhecimento dos genes atuantes em ambos 0S processos.
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Organismo | Processo Critérios de definigio Outros critérios

Animais 1)Apoptose Presenga de corpos apoptoticos ou bolhas na superficie da célula Condensagdo da cromatina, fragmentagéo
Degradagio em outras células depois de fagocitose. nuclear. Sinais de “find-me” e “ear-me”.

2) Autofagia Aumento no niumero de autofagosomos, autolisosomos e pequenos
vaciolos liticos

3) Necrose Nenhum dos critérios descritos acima. Dilatagdo da célula e das organelas.
uptura da membrana plasmatica.
Ruptura d b 1 t

Plantas 1) Seguida por autélise Ripida liberagao do citoplasma depois da ruptura do tonoplasto. Condensagdo da cromatina. Aumento do
volume vacuolar e diminuigdo do volume
citoplasmatico.

2) Nao-seguida por Auséncia de rapida liberagio do citoplasma. Dilatagdo das organelas. Auséncia de
autolise aumento do volume vacuolar.

Tabela 1: Diferentes tipos de PCD em animais e plantas e suas caracteristicas. Adaptado de van Doorn
et al. (2011).

Diversas familias génicas sdo sabidamente envolvidas com o processo de PCD em plantas.
Coll et al. (2011), via screening de duplo hibrido em levedura, propuseram varios genes, que atuariam
em conjunto regulando PCD em A. thaliana e que constituriam o chamado morteossomo
(deathosome) (Figura 2). Entre 0s genes propostos como atuantes nessa rede, o gene LSD1 (Lesion
Simulating Disease 1) ocupa papel central no controle da PCD induzida por HR (Dietrich et al., 1994;
Cabreira et al.,, 2013) (Figura 2). Alguns mutantes Isd formam lesdes que se assemelham aquelas
resultantes em doencas, embora o fenotipo ocorra mesmo na auséncia de patdgeno (Dietrich et al.,
1994). Dietrich et al. (1997) demonstraram o envolvimento do gene AtLSD1 na regulacdo negativa da
HR, via um sinal dependente de superoxido. O papel de AtLSD1 na regulacdo negativa de PCD reside
em controlar a extensdo da morte celular, para que essa ndo se estenda alem do limite adequado da HR,
0 que causaria a destruicdo total do 6rgdo da planta (Epple et al., 2003; Moeder and Yoshioka, 2008).
Esse fenbmeno é observado quando genes LSD sdo mutados, levando a uma acelerada morte celular
(Dietrich et al., 1994; Dietrich et al., 1997; Rusterucci et al., 2001; Kaminaka et al., 2006; He et al.,
2011).

Além de sequéncias pertencentes as familias génicas ja conhecidas (Figura 2, genes em preto),
oito proteinas de funcdo desconhecida foram descritas como atuantes no morteossomo (Figura 2, genes
em cinza). Entre as proteinas com dominio ja conhecido esta a proteina metacaspase do tipo |
(AtMC1), que atua regulando positivamente PCD. Coll et al. (2010) demonstraram que a interagdo de
AtLSD1 com AtMC1 retém esta Ultima inativa no citoplasma, impedindo a propagacdo de PCD nas
células vizinhas a infeccdo (Figura 3). A interagdo de AtLSD1 com o regulador positivo de PCD
AtbZIP10 (basic region leucine zipper 10), outra proteina com dominio conhecido, ocorre também via

retencdo desta no citoplasma, impedindo que a mesmo se desloque para o nucleo da célula e ative PCD
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(Kaminaka et al., 2006). Apenas as interagdes descritas acima foram demonstradas detalhadamente.
No que se refere as outras interagdes presentes no morteossomo, embora estas tenham sido
demonstradas como resultados de ensaios de duplo-hibrido em levedura, estudos mais detalhados
ainda merecem ser feitos. Além do morteossomo, hd um registro na literatura da interacdo de AtLSD1
com outro regulador negativo de PCD chamado de AtGILP (GSH-induced LITAF domain protein) (He
et al., 2011). Considerando esses resultados e o envolvimento dessas sequéncias na rede de regulacéo
de PCD, é de especial interesse a investigacdo desses genes, 0 que poderd contribuir para o
entendimento do mecanismo de resposta a estresses e revelar potenciais genes-alvos para abordagens
biotecnologicas.

METACASPASE-1
(Al1902170)

/ 4A*&
/

L0!1 e &’AleIP‘IO (At4g02640)

|
(At1932540)¢ — A>LIN1 (Al1g$4830)

\ ‘1 :
xi‘\ R l \ P

LOL2 4—&4( 1AAB
(At4g21610)  \ (QtZgzzem)/

< \iir,/
AtT1p493<—> LSD1 <€«—>» At1906460
(At5g22330)  (At4g20380) At5063135

Figura 2: Morteossomo em A. thaliana, representado a interacdo comprovada (via duplo hibrido de
levedura) de possiveis reguladores de PCD com AtLSD1. As proteinas escritas em cinza ainda ndo tem
funcdo conhecida (Coll et al., 2011).

Além das proteinas com alguma funcdo j& descrita presentes no morteossomo, estudos
referentes a caracterizacdo das familias génicas atuantes no processo ainda ndo foram conduzidos. No
que se refere a familia LSD, a investigacdo do perfil de expressdo dos genes presentes em soja
(GmLSD1 a GmLSD8) foi realizada durante minha dissertacdo de mestrado (Cabreira et. al, 2013).
Ademais, nenhum outro estudo foi realizado visando a caracterizagdo completa da familia. Assim
como para a familia LSD, a ampla caracterizacdo da familia génica metacaspase ainda ndo foi
realizada. Devido ao papel no importante mecanismo de PCD, é de especial interesse a completa
caracterizacdo dos genes descritos no morteossomo, bem como das familias as quais esses genes
pertencem. A identificacdo dos genes paralogos/ortdlogos as sequéncias propostas no morteossomo

(incluindo as familias LSD e metacaspase) podera contribuir para o entendimento da evolucdo dessas
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familias, bem como permitir a elucidacdo do envolvimento destes genes na resposta da planta a

estresses bibticos e abidticos.

Patégeno

Célula )| Célula
adjacente [J| infectada

\
METACASPASE-1 METACASPASE-1

HR- Morte ™
celular

Figura 3: Modelo de atuacdo de AtLSD1 e AtMCL1. Apo6s a percepcdo do ataque de patdgenos via NB-
LRR na célula inicial da infeccdo, moléculas sinalizadoras de dano séo liberadas como ROS e SA.
AtMC1 atua ativando HR e morte celular, que em ultima andlise, leva a resisténcia. Esses sinais sdo
propagados as células vizinhas a célula inicial da infeccdo. A fim de evitar a extensdo da HR e da PCD
(que pode levar a destruicdo do 6rgdo da planta), AtLSD1 interage via dominio dedo de zinco LSD (o
qual também é presente em AtMC1) com AtMC1, retendo esta no citoplasma, impedindo a propagacéao
da PCD. A mesma interagdo ndo ocorre com AtMC2, a qual regula negativamente AtMC1, por sua vez
regulando negativamente PCD, tal qual AtLSD1. Modificado de Coll et al. (2011).

1.4 EXPLORANDO A FUNCAO GENICA POR MEIO DA GENOMICA E DA BIOINFORMATICA

A genbmica é um campo multidisciplinar da ciéncia que estuda funcdo, evolucdo e
mapeamento de genes e genomas e pode ser dividida em trés grandes areas: a) estrutural, a qual se
concentra na estrutura de genomas; b) comparativa, a qual consiste na analise e comparacdo de
genomas de diferentes espécies, a fim de entender a evolucdo de regides génicas e intergénicas e )
funcional, a qual inclui o perfil do transcritoma global, genética reversa e clonagem baseada em
mapeamento (Gutterson and Zhang, 2004). Abordagens combinando diversas ferramentas para estudos
na area da gendmica sdo fundamentais para uma melhor compreensdo do desenvolvimento das plantas

e suas respostas a diferentes condicOes ambientais.
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A comparagdo entre genomas inteiros baseada em alinhamentos de DNA tem sido uma das
areas com grande investimento cientifico (Miller et al., 2004). Tais compara¢cdes aumentam a precisao
e profundidade da andlise génica e inferéncia evolutiva e funcional de espécies modelos para outras
espécies sob investigacdo. A colinearidade entre 0s genomas é o que embasa 0 campo da genémica
comparativa, permitindo inferir relagcbes entre taxons intimamente relacionados ou ndo (Paterson et al.,
2000). Entre as Brassicaceae, por exemplo, 0s mapas genéticos mostram colinearidade quase que
completa, exceto por pequenas inversdes encontradas em Brassica oleracea (Lan et al., 2000). Ja entre
as gramineas, que inclui muitas culturas alimentares (arroz, trigo, milho, sorgo, cevada, aveia, centeio
e painco), a conservagdo em grandes extensdes cromossdmicas abrangendo 65 milhdes de anos de
evolugdo é uma observacdo recorrente em diferentes trabalhos (Paterson et al., 2000). A partir da
sequéncia de um gene é possivel realizar diversas investigacdes em bancos de dados e fazer inferéncias
da funcdo a partir da similaridade com sequéncias conhecidas (Miller et al., 2004). Essa abordagem € o
ponto inicial para estudos avancados complementares que incluem a validacdo experimental dos
resultados observados.

Grande aliada dos estudos de genbmica comparativa, a bioinformatica € essencial para o
desenvolvimento de pesquisas que incluem investigacdo in silico. Na segunda década do século 21, as
pesquisas baseadas em Omicas (genbmica, transcritbmica, protedmica, interatbmica e metabolomica)
permitiram abordar complexos sistemas biologicos globais subjacentes a varias funcGes da planta
(Mochida and Shinozaki, 2011). Essas abordagens tratam cada uma das vias como componentes
interligados do sistema celular da planta (Figura 4). Diferentes tipos de conjuntos de dados podem ser
gerenciados, como anotacdo e evolucdo de genes, investigacdo de dominios e estrutura gene/proteina,
localizacdo subcelular, expressdo génica, andlise de metabdlitos, modificacbes pds-traducionais,
predicdo de pequenos RNAs e seus alvos, rede de regulagdo e interacdo proteina-proteina (Mochida
and Shinozaki, 2011; Bolger et al., 2017).

As analises in silico permitidas pela bioinformatica sdo apoiadas no crescente numero de
bancos de dados disponiveis para download ou investigacdo online (Martinez, 2011; Bolger et al.,
2017). Na planta modelo A. thaliana, por exemplo, no que se refere a anotacdo de sequéncias, um
expressivo nimero de genes foram anotados eletronicamente, ou seja, ndo curados (0 que significa que
seus dados ndo sdo avaliados por um pesquisador) e/ou faltantes de validacdo experimental (Figura 5)
(Bolger et al., 2017). Tais dados demonstram que, embora com crescente dados disponiveis para
investigacdo, a quantidade de informacdes ndo exploradas em pesquisa cientifica (anotados

eletronicamente e ndo anotados) ainda se mantem expressiva.
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Mapa de metabolitos B de dados PMN (Plant metaboli k) e Reactome

Petfil de metabolomas PRIMe (Platform for RIKEN. lomics), GMD (Golm bolome database)

Bancos de dados PPDB (Plant Proteome DataBase), PhosPhAL (rabidopsis Protein P hosphor Site D RIPP-DB (Phosphoproteome Database)
PODB2 (Plant Organelles Database 2), SUBAII bicdopsis Stock

Bioinformatica

Metiloma de DNA SIGnAL (Salk Analasis b )

Epigenoma de cromatina EPIC (E; Plants I C:
Figura 4: Diferentes areas émicas e as fontes de pesquisa disponiveis. Adaptado de Bolger et al.
(2017).

Funcio molecular Processo biolégico Componente celular

Funclimdices Dados curados
un¢io molecular ou A
Processo biolégico Qualquer dominio Dados eletronicos

@ Dados experimentais

@ Naio-anotados

Figura 5: Visdo geral do nimero de genes anotados em A. thaliana. Adaptado de Bolger et al. (2017).

Nos dltimos anos, bancos de dados publicos disponiveis online Vvém aumento
consideravelmente, ndo apenas para a planta modelo A. thaliana, mas também para muitas plantas
cultivadas (Tabela 2). Tais bancos contém informacdes ditas de longa duracdo, que se atualizam
sistematicamente, de forma que sdo resultados de uma quantidade macica de dados gerados pela
investigacdo em varios contextos da biologia vegetal (Dhanapal and Govindaraj, 2015). O perfil
publico da grande maioria dos bancos garante a méxima acessibilidade e visibilidade a pesquisadores
em diferentes campos de interesse, permitindo a formulacdo de novas hipdteses e a resposta a muitas

questdes basicas, como estrutura génica, por exemplo.

22



Nome da planta

Consércio/Iniciativa

URL

Arabidopsis lyrata

Alfafa Consorcio http://www.alfalfa-genome.org/www/

Algodio BGI http://www.cottondb.org/wwwroot/cdbhome.php
Arabidopsis The Arabidopsis Genome http://www.arabidopsis.org/

thaliana e Initiative

Arroz Consorcio (IRGPS) http://rgp.dna.affrc.go.jp/E/IRGSP/index.html

Banana Consorcio http://www.musagenomics.org/

Batata Consércio (PGSC) http://www.potatogenome.net/index.php/Main_Page

Brachypodium Consércio http://www.brachypodium.org/

distachyon

Cacau Consorcio http://www.cacaogenomedb.org/

Cevada Consorcio http://www.public.iastate.edu/~imagefpc/IBSC%20
Webpage/IBSC%20Template-home.html

Colza Consorcio (MGPB) http://www.plantgdb.org/BrGDB/

Feijao Consorcio http://www.phytozome.net/commonbean.php

Feijdo-da-china

Dado nio disponivel

http://vigra.comparative-legumes.org/

Genome Sequencing
Consortium (IWGSC)

Gandu International Initiative for | http://www.icrisat.org/gt-bt/lipg/Home.html
Pigeonpea Genomics
(ITIPG)

Grao-de-bico Consorcio (ICRISAT- http://www.icrisat.org/gt-
BGI) bt/ICGGC/GenomeManuscript.html

Lotus japonicus Consorcio http://www.kazusa.or jp/lotus/

Maconha Consorcio http://genome.ccbr.utoronto.ca/index.html?org=C.+s
ativa&db=canSat3 &hgsid=11252

Maca Consorcio http://www.rosaceae.org/species/malus/malus_spp

Mamao Consorcio http://www.plantgdb.org/CpGDB/

Mamona TIGR http://castorbean.jcvi.org/

Melancia International Watermelon http://www.iwgi.org/

Genomics Initiative
Milho Consdrcio http://www.maizegdb.org/
Morango Consércio http://www.strawberrygenome.org/
Paingo Beijing Genomics Institute | http://www.phytozome.net/foxtailmillet.php
and the Joinit Genomes
Institute

Pepino International Cucurbit http://www.icugi.org/cgi-bin/ICuGl/index.cgi
Genomics Initiative
(ICuGI)

Péssego International Peach http://www.rosaceae.org/peach/genome
Genome Initiative

Physcomitrella JGI http://genome.jgi-

patens psf.org/Phypal 1/Phypal 1.home.html

Pinhdo-manso Consorcio http://www.kazusa.or.jp/jatropha/

Populus JGI http://genome.jgi-

trichocarpa psf.org/Poptrl 1/Poptrl 1.home.html

Soja JGI https://phytozome.jgi.doe.gov/

Sorgo JGI http://www.plantgdb.org/SbGDB/

Tamara Consorcio http://qatar-
weill.cornell.edu/research/datepalmGenome/downloa
d.html

Thellungiella Consorcio http://www.brassica.info/info/events.php

parvula

Tomate Consorcio http://solgenomics.net/organism/Solanum_lycopersic
um/genome

Trigo International Wheat http://www.wheatgenome.org/

Tabela 2: Exemplos de genomas de plantas disponiveis publicamente. Adaptado de Dhanapal and

Govindaraj (2015).
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O avangco em muitas areas de estudos bioldgicos vem sendo fomentado pelas plataformas de
bioinformatica, especialmente no que diz respeito a investigacdo de questfes gendmicas iniciais e a
possivel fluidez para outras tecnologias de alto rendimento (Figura 6). Abordagens combinatorias,
utilizando malktiplas plataformas dmicas e a integracdo dos seus resultados sdo estratégias eficazes para
auxiliar a esclarecer os sistemas moleculares como um todo, objetivando como Ultima meta a melhoria
da produtividade das plantas de cultivo (Dhanapal and Govindaraj, 2015). As abordagens
combinatdrias sdo vidveis devido aos diferentes bancos que hospedam dados diversos (Tabela 3).
Dessa maneira, 0 progresso permitido pelas plataformas 6micas na area de pesquisa vegetal e a
integracdo com a ciéncia animal tornou essas metodologia importantes para a investigacdo da funcao

génica e sua associagdo com alteracBes fenotipicas.

de culturas
agricolas

publico

Figura 6: Fluxograma de diversas abordagens combinatorias para pesquisa em dmica. Adaptado de
Dhanapal and Govindaraj (2015).

A presente tese enquadra-se no contexto atual de valer-se de diferentes ferramentas de
bioinformatica, tendo como objetivo final a caracterizacdo in silico de algumas familias génicas
previamente propostas por Coll et al. (2011) como constituintes do morteossomo e relacionadas com o
processo de PCD. A linha de pesquisa seguida por essa tese representa o desdobramento dos trabalhos
conduzidos durante minha dissertacdo de Mestrado, onde foram iniciados os estudos investigativos
sobre a familia LSD (elemento central no morteossomo). Durante o Mestrado, buscamos compreender
e caracterizar a familia génica LSD, com énfase na espécie modelo soja. Esse trabalho apresentou a
identificacdo e caracterizacdo dos oitos genes pertencentes a familia LSD em soja, mostrando a
modulacdo da expressdo génica em condicdes de estresse bidtico e abidtico desencadeantes de PCD
(Cabreira et al., 2013). Assim, nossos dados reforcaram o envolvimento dos genes LSD no controle da

PCD e foram pioneiros na caracterizacdo completa da familia génica em uma espécie vegetal.
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Como continuidade desse assunto, a presente tese foi desenvolvida a fim de realizar a
caracterizacdo completa de algumas familias de genes relacionados com PCD efou pertencentes ao
morteossomo. Foram abordados diferentes aspectos para caracterizagdo @énica, incluindo a
identificacdo e investigacdo da estrutura de genes paralogos e ortdlogos, andlise evolutiva, localizagdo
subcelular, verificacdo do perfil de expressdo e possiveis redes de interacdo proteina-proteina. A
caracterizacdo dessas familias génicas visa contribuir com o0s conhecimentos sobre o mecanismo de
resposta das plantas a condicGes de estresse e fornecer informagdes importantes para trabalhos futuros

mais aprofundados nessa area do conhecimento.

Os resultados obtidos estdo divididos em cinco artigos, sendo que cada um é composto por

dados referentes a uma familia génica, sendo distribuidos da seguinte maneira:

a) Capitulo 1: esse capitulo é resultado da investigacdo da familia génica LSD, que inclui
AtLSD1, gene com papel central no morteossomo. Esse capitulo esta apresentado na forma
de um artigo cientifico, publicado em 2015 no periédico Molecular Genetics and
Genomics.

b) Capitulo 2: esse capitulo € constituido pelo estudo da familia génica Metacaspase, que
contém o gene codificante da proteina AtMC1, que interage diretamente com AtLSD1
durante PCD. O capitulo esta apresentado em forma de artigo cientifico, publicado em
2015 no periddico Functional and Integrative Genomics.

c) Capitulos 3 e 4: esses capitulos sdo constituidos por resultados de estudo de alguns dos
genes com funcdo desconhecida descritos no morteossomo, 0s quais compdem as familias
génicas NF-Y e PLACS, respectivamente.

d) Capitulo 5: esse capitulo € dedicado & caracterizacdo da familia génica composta por
genes GILP, que ndo foi incluida no modelo do morteossomo proposto por Coll et al.
(2011). Entretanto, em trabalho publicado no mesmo ano, foi mostrado que a proteina
AtGILP1 interage com AtLSDL1 e regula negativamente PCD (He et al., 2011).
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Nome do banco de dados

Aplicacdes e dados disponiveis

AgBase Funcional genomica em plantas cultivaveis.

AutoSNPdb Identificagiio de SNPs e sequéncias de EST em arroz, cevada e Brassica.

BarleyBase Visualizagio e analise de dados de microarranjo em plantas.

BBGD Banco de dados online para analises genémicas em mirtilo.

BIOGEN BASE-CASSAVA | Informagdes gendmicas ¢ fenomicas de mandioca.

CastorDB Banco de dados contendo diversas informacdes sobre Ricinus communis.

ChromDB Banco de dados de cromatina.

CR-EST Fonte de ESTs em plantas cultivaveis.

CSRDB Banco de dados de pequenos RNAs em cereais.

DEBDOM Banco de dados do genoma de Banana.

DRASTIC Informagdes sobre expressdo génica de espécies de plantas em resposta a
patogenos e alteragdes ambientais.

FLAGdb++ Informacdes do genoma de Arabidopsis.

GabiPD Banco de dados integrado de 6micas.

GCP Informagdes comparativas de genes responsivos a estresses em plantas.

GDR Banco de dados genémicos para espécies de Rosaceae.

GeneCAT Anilises de co-expressdo de genes.

GeneSeqger@PlantGDB Predi¢io de estrutura génica em genomas de plantas.

GERMINATE Informagdes genotipicas e fenotipicas em genomas de plantas.

GGT Software para analise ¢ visualizagdo de dados genéticos.

GrainGenes Informagdes sobre genomas de pequenos cereais.

Gramene Banco de dados comparativo de diversas espécies de gramineas.

MaizeGDB Informagdes genéticas e gendmicas sobre milho.

MANET Rede de ancestralidade molecular. Traga a evolugdo da arquitetura de proteinas
em rede de metabdlitos.

Medicago Banco de dados para a mineragdo de dados na planta modelo Medicago

truncatula contendo gendmica integrada, genética e informagdes biologicas.

Metacrop e Metacrop 2.0

Banco de dados detalhado do metabolismo de culturas agricolas.

Narcisse

Conservagdo do genoma a partir de uma visdo de espelho de regides de sintenia.

NIASGBdb Informagdes sobre genética de plantas agricolas e doengas.

P3db Fosforilagdo de proteinas em plantas.

Panzea Apresenta relagdes entre gendtipos e variagdes fenotipicas em milho.

Bando de dados de pimenta Dados de transcritoma de pimenta.

(Pepper EST dabatase)

PIP Informagdes sobre marcadores polimérficos em introns de plantas.

PLACE Banco de cis-elementos em DNA de plantas.

Banco de snoRNA Dados sobre pequenos RNAs nucleares em plantas.

PlantCARE Banco de cis-elementos em DNA de plantas.

PlantTFDB Banco de dados de fatores de transcrigdo em plantas.

PlantTribes Gendmica comparativa de genes e familias génicas em diversas plantas.

PlecDom Informagdes sobre dominios de Lectina em plantas.

PInTFDB Banco de dados de fatores de transcrigdo em plantas.

PmiRKB Informagdes sobre microRNAs em plantas.

PMRD Informagdes sobre microRNAs e seus alvos em plantas.

PODB Colecdo de organclas visualizaveis de plantas e protocolos para diversas
finalidades.

POGs/PlantRBP Gendmica comparativa em arroz, milho e Arabidopsis.

PoMaMo Informagdes sobre o genoma da batata.

PREPSuite Informacgdes sobre edi¢io de RNA em plantas.

PRGDRB Informacgdes sobre genes envolvidos em mecanismos de defesa em plantas.

pssRNAMiner Servidor para andlise de cascatas de regulacdo de pequenos RNAs em plantas.

RadishBase Banco de dados para analises genéticas e genomicas de radite.

RoBuST Banco de dados integrado de culturas de raizes e bulbo

Bancos de dados disponiveis em diferentes espécies vegetais e suas aplicacdes

Dhanapal e Govindaraj (2015).

. Adaptado de
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2) OBJETIVO GERAL

O objetivo geral deste estudo foi caracterizar genes pertencentes a rede de controle de PCD descrita
como morteossomo, com énfase especial as familias génicas LSD (Lesion Simulating Disease),
Metacaspase, NF-Y (Nuclear Factor Y), PLAC8 (Placenta Specific 8) e GILP (GSH-induced LITAF
domain protein). Para cada familia génica, as questdes abordadas foram determinadas conforme os
dados disponiveis e as perguntas cientificas a serem respondidas. Assim, 0s objetivos especificos estdo

descritos nos diferentes manuscritos publicados e/ou submetidos.
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Abstract The Lesion Simulating Disease (LSD) genes
encode a family of zinc finger proteins that play a role in
programmed cell death (PCD) and other biological pro-
cesses, such as plant growth and photosynthesis. In the
present study, we report the reconstruction of the evolution-
ary history of the LSD gene family in Viridiplantae. Phy-
logenetic analysis revealed that the monocot and eudicot
genes were distributed along the phylogeny, indicating that
the expansion of the family occurred prior to the diversifi-
cation between these clades. Sequences encoding proteins
that present one, two, or three LSD domains formed sepa-
rate groups. The secondary structure of these different LSD
proteins presented a similar composition, with the p-sheets
being their main component. The evolution by gene dupli-
cation was identified only to the genes that contain three
LSD domains, which generated proteins with equal struc-
ture. Moreover, genes encoding proteins with one or two
LSD domains evolved as single-copy genes and did not
result from loss or gain in LSD domains. These results
were corroborated by synteny analysis among regions con-
taining paralogous/orthologous genes in Glycine max and
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Populus trichocarpa. The Ka/Ks ratio between paralogous/
orthologous genes revealed that a subfunctionalization
process possibly could be occurring with the LSD genes,
explaining the involvement of LSD members in different
biological processes, in addition to the negative regulation
of PCD. This study presents important novelty in the evolu-
tionary history of the LSD family and provides a basis for
future research on individual LSD genes and their involve-
ment in important pathway networks in plants.

Keywords Lesion Simulating Disease (LSD) - Zinc
finger LSD domain - LSD family phylogeny - Gene
duplication - Synteny - Protein secondary structure

Introduction

The sessile nature of plants means that they are able to
adjust their metabolic processes according to environ-
mental changes. During the signaling of stress responses,
which trigger changes at the transcriptome, cellular, and
physiological levels (Atkinson and Urwin 2012), one of the
well-characterized reactions is known as the hypersensitive
response (HR), which triggers the network of programmed
cell death (PCD) (van Doorn et al. 2011). PCD regulates
the growth and spread of lesions at the initial site of dam-
age and in the cells that surround this area (Mur et al. 2008;
Rusterucci et al. 2001). Efforts to elucidate the genes that
mediate the PCD processes have resulted in the identifica-
tion of the Lesion Simulating Disease (LSD) protein fam-
ily. The LSD family was initially identified in Arabidop-
sis thaliana by the analysis of mutants that spontaneously
form necrotic lesions in the absence of pathogenic infection
(Dietrich et al. 1994). Genes belonging to this family nega-
tively regulate PCD under stress conditions (Dietrich et al.
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1997; Epple et al. 2003) and are exclusive to Viridiplan-
tae (Cabreira et al. 2013). The A. thaliana LSDI gene
(AtLSDI) is the well-characterized member of this family
and acts as a cellular hub that makes a central contribution
to the oxidative stress response (Kaminaka et al. 2006).
This gene enhances ROS (reactive oxygen species)-scav-
enging capacity in the signaling pathway that is related to
oxidative stress (Jabs et al. 1996; Kliebenstein et al. 1999;
Mateo et al. 2004; Mullineaux and Baker 2010). Together
with EDS1 (Enhanced disease susceptibilityl) and PAD4
(Phytoalexin deficientd), AtLSDI acts as an ROS/ethylene
homeostatic switch, controlling light acclimation and path-
ogen defense (Muhlenbock et al. 2008). Moreover, AtLSD]
regulates acclimation to excess excitation energy (Mateo
et al. 2004), the response to cold stress (Huang et al. 2010),
and lysigenous aerenchyma formation under hypoxic con-
ditions (Muhlenbock et al. 2007). The role of AtLSD1 in
the regulation of cellular signaling homeostasis, photo-
synthesis, water use efficiency, and seed yield has recently
been reported (Wituszynska et al. 2013). Additionally, the
gene OsLSDI (Oryza sativa LSDI) regulates PCD and
callus differentiation (Wang et al. 2005); OsLOL2 (Oryza
sativa LSD1-like 2) is involved in rice growth and disease
resistance (Bhatti et al. 2008; Xu and He 2007); BohLOLI
(Bambusa oldhamii LDS1-like 1) (Yeh et al. 2011) partici-
pates in growth and biotic stress response in bamboo, and
GmLSD1 to GmLSD8 (Glycine max LSD) are modulated in
response to fungi and dehydration stresses (Cabreira et al.
2013). These studies have demonstrated the involvement of
LSD members in important biological processes in plants,
especially responses to abiotic and biotic stresses.

The LSD proteins contain exclusively the zinc finger
LSD domain CxxCRxxLMYxxGASxVxCxxC (Dietrich
et al. 1997). This characteristic allows differentiation
between the LSD gene family and the metacaspase gene
family, since metacaspase genes present one zinc finger
LSD domain and the peptidase_C14 domain. The statement
about which domain(s) compose the proteins is important
to distinguish between these gene families. The consensus
sequence of LSD domains in LSD proteins shows broad
conservation (Cabreira et al. 2013) and is required for pro-
tein—protein interactions (Coll etal. 2010; He et al. 201 1a, b;
Kaminaka et al. 2006; Li et al. 2013). The LSD domains
contain conserved cysteine residues that allow the forma-
tion of the C2C2 arrangement (Cabreira et al. 2013), essen-
tial for the nuclear localization of the protein (He et al.
2011a). The changes in LSD protein conformation medi-
ated by the presence of a different number of LSD domains
and the evolution mechanism that is involved in the gen-
eration of LSD proteins (containing one, two, or three LSD
domains) remain unexplored.

In the present study, we report the phylogenetic
reconstruction of the LSD gene family in Viridiplantae
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considering the secondary structure of proteins, chromo-
somal location, duplication pattern, and synteny analysis.
These results provide important insights about the evolu-
tionary history of the LSD family. These insights could be
useful in further studies of PCD mechanisms in plants.

Materials and methods
LSD gene annotation and structure analysis

Previously identified sequences (Cabreira et al. 2013)
were used to reconstruct an LSD phylogenetic tree. These
sequences correspond to genes identified in Manihot escu-
lenta, Ricinus communis, Linum usitatissimum, Populus
trichocarpa, Medicago truncatula, Lotus japonicus, Phaseo-
lus vulgaris, Glycine max, Cucumis sativus, Prunus persica,
Malus domestica, Arabidopsis thaliana, Arabidopsis lyrata,
Capsella rubella, Brassica rapa, Thellungiella halophila,
Carica papaya, Citrus sinensis, Citrus clementina, Euca-
lyptus grandis, Vitis vinifera, Mimulus guttatus, Aquilegia
caerulea, Sorghum bicolor, Zea mays, Setaria italica, Oryza
sativa, Brachypodium distachyon, Selaginella moellendorffii,
Physcomitrella patens, Chlamydomonas reinhardtii, and
Volvox carteri. In reference to our previous annotation, the
following four corrections were performed according to the
recent Phytozome update (v.9.1, http://phytozome.org): (a)
the sequences previously annotated as Acol (Aquilegia caer-
ulea 1) and Aco2 were removed from the analysis (Acol is
unavailable in the Phytozome, and Aco2 corresponds to an
alternative transcript of Ace3), and the sequences previously
named Aco3 and Aco4 were renamed as Acol and Aco2,
respectively; (b) the sequences annotated as Ppe4 (Prunus
persica 4) and Bdi5 (Brachypedium distachyon 5) were also
removed because they are unavailable in the Phytozome, pre-
cluding further analysis. The sequences used for alignments
are provided in Supplementary Material 1.

We analyze the intron/exon structure and the intron
phase distribution using the Gene Structure Display Server
(GSDS) program, developed by the Center of Bioinfor-
matics (CBI), Peking University (Guo et al. 2007). The
sequences were accessed using the Phytozome database
(June/2013).

Phylogenetic analysis of the LSD genes

The complete sequences from the 113 LSD genes were
aligned using the Muscle algorithm as implemented in
MEGA v.5.05 (Tamura et al. 2011). The sequences were
edited manually and back-translated to nucleotide sequences
for analyses at the DNA level. Contiguous insertion—deletion
events (indels) that had more than one base pair (bp) were
treated as single mutations (Simmons and Ochoterena 2000).
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A Bayesian inference (BI) was generated using BEAST v.
1.4.7 (Drummond and Rambaut 2007); a run of 207 chains
was performed, and the trees were sampled every 1000 gen-
erations. The Yule tree prior, the HKY substitution model,
and the uncorrelated log-normal relaxed clock were used in
the BEAST analysis. The TRACER v.1.4 (http://beast.bio.
ed.ac.uk/Tracer) was used to check the convergence of the
Monte Carlo Markov chains (MCMCs) and for adequate
effective sample sizes (EES >200) after the first 10 % of
the generations had been deleted as burn-in. The final joint
sample was used to estimate the maximum clade credibility
tree with the TreeAnnotator program, which is part of the
BEAST package. The statistical support for the clades was
determined by accessing the Bayesian posterior probability
(PP). The trees were visualized using FigTree v1.3.1 (http://
tree.bio.ed.ac.uk/software/figtree/).

Protein secondary structure prediction

We previously identified LSD proteins containing three, two,
and one LSD domain(s) (Cabreira et al. 2013). To evaluate
whether proteins with a distinct number of LSD domains
adopt a different structure, we analyzed the secondary struc-
ture of the LSD proteins. The analysis of protein sequences
of Gmal.SD1, Gmal.SD8, and Osal.SD5 (Oryza sativa
LSDS5), which have three, two, and one LSD domain(s),
respectively, was conducted using the PSIPRED second-
ary structure prediction server (http://bioinf.cs.ucl.ac.uk/
psipred/) (Buchan et al. 2010; McGuffin et al. 2000). We
used the protein that does not belong to the LSD family as a
negative control for this analysis. The AthMC1 (Arabidopsis
thaliana metacaspase 1_At1g02170) contains the LSD1-like
zinc finger domain (characteristic of the LSD family) and the
peptidase_C14 domain (characteristic of the caspase family).
We analyzed the positions of the LSD domains using the
SMART database (http://smart.embl-heidelberg.de/).

Chromosomal localization, duplication events, synteny,
and Ka/Ks substitution rate analysis

We analyzed the chromosomal localization and the mecha-
nisms that are involved with the LSD genes evolution. The
species previously studied (Cabreira et al. 2013) and with a
genome available in the PLAZA v.2.5 (http://bioinformat-
ics.psb.ugent.be/plaza/) database were analyzed using the
WGmapping tool, search id HOMO000593 (July/2013).

We analyzed 100 kb syntenic regions between orthol-
ogous genes in G. max LSD (GmalLSD) and Populus
trichocarpa LSD (PtrLSD). In addition, the syntenic
regions that contain GmalSD and PtrLSD paralogous
genes were considered. We performed the analyses in the
Genome Duplication Database (PGDD) (http://chibba.
agtec.uga.edu/duplication/) (Lee et al. 2013), which uses

the BLASTP tool to search for potential anchors (E <le—5,
top 5 matches) among every possible chromosome pair in
multiple genomes. The homolog pairs identified are used
as the input in the multiple collinearity scan (MCsan) pro-
gram, and an E value <le—10 is used as a significant cut-
off (June/2013). We search the putative classification of the
genes identified in the Phytozome and the PLAZA data-
bases (July/2013). In addition, we accessed the protein sim-
ilarity of duplicated genes in Phytozome (August/2013).

We analyze the ratio of the number of nonsynonymous
substitutions per nonsynonymous site (Ka) to the number of
synonymous substitutions per synonymous site (Ks) in the
orthologous and paralogous GmalSD and PtrLSD genes
using the PGDD database (http://chibba.agtec.uga.edu/dupli-
cation/) (June/2013). In this database, the protein sequences
were aligned using CLUSTALW as a guide to the CDS (cod-
ing DNA sequence) alignments by PAL2NAL (http://abacus.
gene.ucl.ac.uk/software/pamlhtml). Finally, the Nei-Gojo-
bori method was used to generate the Ka and Ks ratio.

Results

Genes with different LSD domain structures form
separate groups along the LSD gene family evolution

The unrooted phylogenetic tree generated by Bayesian
information (BI) was well supported, as show by posterior
probability (PP) (Fig. 1). Two major clades of sequences
were observed, the first comprising the sequences with
one and two LSD domains and the second including the
sequences with three LSD domains (Fig. 1). The phylogeny
was structured according to the number of LSD domains
encoded by the LSD genes. The Rco2 (Ricinus communis
2) gene was the unique exception to this pattern. It encodes
two LSD domains and localized in the group of genes that
encode proteins with three LSD domains. We do not iden-
tify clades comprising only monocot and eudicot genes.
These genes were interspersed along the phylogenetic tree,
forming several subclades. We found a subclade containing
only LSD genes from chlorophyte, lycophyte, and moss.
We compare the exonsfintrons of the individual LSD
genes (Fig. 1). Among the 113 sequences, the number of
introns ranged from O (Ppal and Ppa2) to 9 (Vvi3). In
general, phylogenetically related genes exhibited a simi-
lar gene intron/exon composition. In the 27 sequences of
subclades A and C (two LSD domains; Fig. 1, blue genes),
around 63 % contains three introns, except Sbi2, Mes4,
and Csi3 (two introns); Ptrd, Lus7, Mes2, Cpal, and Tha3
(four introns); Sitl (six introns); and Mgu3 (seven introns).
The subclade B genes (one LSD domain; Fig. 1, red genes)
contain one to six introns. The subclade D (three LSD
domains; Fig. 1, black genes) formed by monocots and
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Fig. 1 Evolutionary relationships among the 113 LSD genes based
on unrooted tree obtained by Bayesian inference. The PP is shown
above the branches. The taxa terminologies are abbreviated using the
first letter of the genus and the first two letters of the species named
according to (Cabreira et al. 2013), (see Supplementary Table S2).
The black shading indicates the sequences with three LSD domains.
The blue shading indicates the sequences with two LSD domains.
The red shading indicates the sequences with one LSD domain. The
eudicot species (triple asterisk), the monocot species (double aster-
isk), and the basal organism (asterisk) are shown. The right side
provides a detailed illustration of the relative intronfexon length and
number in each gene. The intron/exon figures were generated using
the GSDS program and redrawn. The orange square indicates the
Rco2 sequence (color figure online)

chlorophyte, lycophyte, and moss comprised sequences
that ranged from zero (Ppal and Ppa2) to six introns (Sit 3
and Smol). In the 37 sequences of subclade E (three LSD
domains; Fig. 1, black genes), 76 % contains five introns,
except Gmab (three introns); Bdil, Gma7, and Acol (four
introns); Csil and Lus5 (six introns); Sit5 (seven introns);
and Vvi3 and Mur2 (eight introns). In the 35 sequences
of subclade F (three LSD domains; Fig. 1, black genes),
around 72 % contained four introns and the sequences Csa3
(two introns); Rco2, Thal, Bra5, Ath2, and Osa2 (three
introns); Mgu2, Gma4, and Lus2 (five introns); and Vvi2
(six introns) were exceptions.

The product of RNA splicing results from the joining
of a 5’ splicing site to a 3 splicing site (Sharp 1981). The
RNA splicing is an important mechanism, which can gener-
ate different intron phases and different reading frames. The
reading frame is related to the position of the intron within
or between codons. Introns between codons are designated
phase 0, introns between the first and the second bases of a
codon are designated phase 1, and introns between the second
and the third bases of a codon are designated phase 2. A cor-
relation between intron phases results in an excess of sym-
metric exons and symmetric exon sets were reported (Long
et al. 1995). We observe that the intron phases were remark-
ably well conserved in the related genes. In general, consid-
ering the subclades that contain sequences with three LSD
domains, subclade E had the first and second introns in phase
1, and subclade F had the first, second, and third introns in
phase 1. We identified sequences with variable intron phase in
subclade D (formed by monocot and chlorophyte, lycophyte,
and moss). Among the sequences with two LSD domains, the
majority possessed the first and second introns in phase 1.

Distinct number of LSD domains and the maintenance
of secondary structure in LSD proteins

The prediction of secondary structure, which constitutes
the second level of protein structure, provides the loca-
tion of B-sheets or/and a-helices within a protein or protein
family. To predict which structure (B-sheets or a-helices) is

predominant in the chain of LSD proteins, we analyzed the
amino acid sequences of three different LSD proteins. In
general, the predictions were accurate and reliable, based
on the confidence of prediction value represented in Fig. 2
(blue bars). We observed that B-sheets are the main compo-
nent of the secondary structures of GmalLSD1 (three LSD
domains), Gmal.SD8 (two LSD domains), and Osal.SD5
(one LSD domains) (see Fig. 2 and Supplementary Mate-
rial 2 for details). As exemplified by soybean and rice, these
observations were confirmed in several species such as M.
esculenta, R. communis, C. papaya, Z. mays, and S. bicolor
(Supplementary Material 3). Therefore, the number of LSD
domains did not alter the secondary structure of LSD pro-
teins. AfMCI (negative control) revealed a different protein
structure than that of the LSD proteins. It has both p-sheets
and w«-helices, but the a-helices are the main component.
We identified two B-sheets in regions that contain the zinc
finger LSD domains in LSD proteins, but only one f-sheet
was found in this region in the ATIMCI control.

Genome distribution and expansion of LSD genes

Figure 3 illustrates the chromosomal location of LSD genes
and the putative mechanism of their duplication. The com-
plete results are presented in Supplementary Table S1. We
found LSD genes distributed on various chromosomes
throughout the genomes analyzed.

Single LSD isoforms (without a corresponding paralo-
gous gene) were more often found than genes subjected to
block and tandem duplication processes. This was observed
for the single LSD gene in Chlamydomonas reinhardtii and
for the two copies of the LSD gene in chromosome 7 and 4
for §. bicolor and Z. mays, respectively. Nevertheless, we
observed that the block and tandem duplication contrib-
uted substantially to LSD family expansion in species such
as P. trichocarpa and G. max. These species have passed
through polyploidization events.

We identified that the duplication processes were
restricted to genes with three LSD domains (Supplemen-
tary Table S1). All genes that contained two or one LSD
domains did not have a matching paralogous gene.

Although some gene copies were generated from tandem
or block duplication, we found that some genes appeared as
part of both processes, as the genes in chromosome 3 and
12 of O. sativa ssp. japonica. These data indicate that these
genes are included in a set of tandem-duplicated genes that
are present in a block-duplicated region.

Syntenic analysis of LSD orthologous/paralogous genes
in Glycine max and Populus trichocarpa

We analyze a 100-kb syntenic region between LSD orthol-
ogous/paralogous genes. Supplementary Table S2 shows
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Fig. 2 Secondary structure of LSD proteins. GmaL.SD1 (three LSD
domains), GmalLSD8 (two LSD domains), and OsaLSD5 (one LSD
domain) were analyzed using the PSIPRED program. ArhAMC1 was

the protein family classification for all genes per syntenic
region based on the Phytozome and PLAZA databases. In
addition, we analyze the Ka/Ks values.

We chose two related species (soybean and poplar) with
the entire genomes assembled and annotated and with a rela-
tively large number of LSD members. Poplar and soybean
have experienced different numbers of genome duplications:
poplar underwent one complete genome duplication after the
genome triplication event (y) and soybean passed through
two duplication events (Lin and Paterson 2011). Therefore,
this analysis allows a comparison between syntenic regions
after a different number of genome duplications.

Figure 4 illustrates the syntenic region between orthologous
genes in soybean (GmaLSD) compared with poplar (PtrLSD)
genes. Poplar and soybean frequently contain the same pro-
tein families distributed in their syntenic regions, indicating
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used as a control for the analysis. The orange line under the amino
acid sequence highlights the LSD domains, and the blue line high-
lights the C14 domain (color figure online)

a common origin for the chromosomes. We observed Ka/Ks
ratios in orthologous genes that suggest a negative selection.
Only one exception to this pattern was observed in the syntenic
regions between Gmal.SD3 and PtrL.SDI and Gmal.SD3 and
P1rLSD2. In these regions, the Ka/Ks ratio of Glymal5g22100
and Ptrichoc_0011s15820 and Glymal5g22100 and
Ptrichoc001s43290 (belonging to the nitrate, formate, and iron
dehydrogenase family) suggests neutral selection.

We observed three different types of block duplica-
tion between poplar and soybean (Supplementary Table
S2). A small duplication block was found in the syntenic
regions that contain GmalSDI and PtrLSDI1 (78.0 %
protein similarity), GmaLSDI and PtrLSD2 (75.1 % pro-
tein similarity), GmalSD2 and PtrLSDI1 (69.3 % pro-
tein similarity), GmalSD3 and PirLSDI1 (67.2 % pro-
tein similarity), GmalLSD3 and PtrLSD2 (59.9 % protein
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Fig. 3 Analysis of chromosomal location and the mechanism of LSD
gene generation in the available species using the WGmapping tool
in the PLAZA database. For each species, the individual scale in Mb
is shown. The black vertical line represents the chromosomes, scaf-

similarity), GmalLSD4 and PtrLSDI (75.3 % protein simi-
larity), GmalLSD4 and PtrLSD2 (73.0 % protein similar-
ity), GmaLSD5 and PtrLSD3 (82.8 % protein similarity),
and GmaLSD5 and PtrLSD5 (82.1 % protein similarity). A
large duplication block was observed in the syntenic region
that contains GmaLSD6 and PrrLSD3 (753 % protein
similarity) and GmaLSD7 and PtrLSD3 (77.6 % protein
similarity, data not shown). A huge duplication block was
observed in the syntenic regions that possess GmalLSD6
and PrrLSDS5 (75.3 % protein similarity), GmaLSD7 and
PtrLSD5 (77.6 % protein similarity), and GmaLSD8 and
PtrL.SD4 (58.6 % protein similarity).

Figure 5 shows the syntenic regions between LSD paral-
ogous genes in soybean and poplar. In accordance with the
syntenic regions between the orthologous genes, we observed
a high degree of conservation in the protein families. For the

folds, or contigs and shows their number at the fop. The black, red,
and green horizontal lines represent the single-copy genes, the block,
and the tandem-duplicated genes, respectively (color figure online)

majority of the genes, the Ka/Ks ratio also suggested negative
selection (Supplementary Table S2). Two exceptions were
observed: in the syntenic region that contains GmaLSD3 and
Gmal.§D4 and in the region that contains Glyma09g09990
and Glymal5g22100 (nitrate, fromate, and iron dehydroge-
nase family). These exceptions could suggest neutral selec-
tion. The same pattern was observed for Glyma(01g40750 and
Glymal7g16560 (E3 ubiquitin ligase family) in the syntenic
region that contains GmaLSD6 and GmaLSD7.

We verified two different types of duplication block
in LSD paralogous genes (Supplementary Table S2). A
huge duplication block was found between GmalSDI
and GmalLSD2 (99.4 % protein similarity), GmaLSD3
and GmalLSD4 (87.8 % protein similarity), GmaLSD5
and GmalLSD6 (86.9 % protein similarity), GmaLSD6 and
GmaLSD7 (78.9 % protein similarity), and PtrLSD3 and
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Fig. 4 Syntenic regions between GmaLSD and PtrLSD orthologous
genes analyzed in the PGDD database. The green horizontal line rep-
resents the chromosome. The blue and red vertical line and arrows
represent the duplicated orthologous genes; the red line represents
the sequence that was used as the search query (indicated at the top

PtrLSD5 (78.2 % protein similarity). A large duplication
block was observed in the syntenic region that contains
GmaLSD5 and GmaLSD7 (80 % protein similarity) and
PtrLSD1 and PtrLSD2 (88.3 % protein similarity).

We observed that the number of LSD domain was main-
tained between paralogous/orthologous genes (Figs. 4, 5).
Therefore, the syntenic regions showed that duplicated LSD
genes originate proteins with equal structure of domains.

Discussion

LSD gene diversification occurred before the separation
of the monocots and eudicots

The phylogenetic analysis performed in this study shows that
the distribution of the LSD genes among the Viridiplantae

@ Springer

oWestern p

of each of the syntenic regions). The white arrow indicates that there
were no duplicated genes. The gene code that was used in the PGDD
is located next to the arrows. The e value for each syntenic region is
shown (color figure online)

species reflects the number of LSD domains that they encode
and that this distribution is well supported (Fig. 1). The pro-
posed scenario based on the unrooted tree suggests that all
genes evolved during the same time and emphasizes the
idea that the common ancestor of each of these genes pre-
ceded the separation of monocots and eudicots. Addition-
ally, the incongruence observed in the localization of Rco2
(with two LSD domains) could be explained by the finding
that while other proteins with two LSD domains comprise
the second and third domains (i.e., the core and C-terminal
domains), Rco2 is exclusively formed by the first and third
LSD domains (i.e., the N- and C-terminal domains) (data
not shown). Thus, despite the absence of the second domain,
Rco2 is closer to proteins that show three LSD domains.
Structural divergence between exon/intron within
gene families is also a mechanism for their evolution (Li
et al. 2009). The differences observed in the exon—intron
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Fig.5 Syntenic regions between the GmaLSD and PtrLSD paralo-
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resents the sequence that was used as the search query (indicated
at the top of each of the syntenic regions). To illustrate the lack

structure of paralogous/orthologous genes could be
explained by several mechanisms, such as exon/intron gain/
loss, point mutation, insertion/deletion, exonization (a pro-
cess in which an intronic or intergenic sequence becomes
exonic), and pseudoexonization (the opposite process of
exonization) in a DNA sequence (Xu et al. 2011). Although
related paralogous/orthologous genes contain exon/intron
that is conserved, events of exon/intron modifications
might have occurred during the evolution of the LSD fam-
ily. We observed modifications in the number of intron to
specific genes, as observed in the subcluster that is con-
tained in subclade E (between the Tha2 and Gma6 genes)
(Fig. 1). The genes that belong to this subcluster contain
five introns, except Mtr2, Gma7, and Gma6.

Genes that showed modifications in their intron number
had also alterations in their intron phase. This pattern is

m GmaLSD3 and GmaLSD-I

LR
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23425 5480

» Soybean
+

Soybean

17
amp

Western p.

of duplication of GmaLSD8 and PtrLSD4, Glyma07g31590 and
Ptrichoc0004s04280 were used as query sequences. The white arrow
indicates that there were duplicated genes. The gene code that was
used in PGDD is located next to the arrows. The e value for each syn-
tenic region is shown. The black squares represent the lack of dupli-
cated GmaLSD8 and PtrLSD4 genes (color figure online)

remarkable in the subclade that is formed between the Tha2
and Gma6 genes (contained in subclade E). In these, Mtr2
and Gma7 showed modifications, but remained clustered
with related genes. We conclude that, despite the variation,
they still resemble their corresponding paralogous/ortholo-
gous genes.

In summary, we verify that the analysis of intron/exon
structure of LSD genes corroborates the phylogenetic anal-
ysis. Therefore, the combination of these results suggests
that all the LSD genes might have a common ancestor.

B-sheet composition in LSD proteins is maintained
independent of the number of LSD domains

Protein secondary structure carries information about the
structural arrangements that occur in a protein. To date,
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data involving the proteins of the LSD family are associated
with protein—protein interactions (Coll et al. 2010; He et al.
2011b; Kaminaka et al. 2006; Li et al. 2013), the role of the
zinc finger LSD domains (He et al. 2011a), and their con-
servation in protein sequences (Cabreira et al. 2013). These
studies revealed that zinc finger LSD domains are funda-
mental for the functionality of these proteins.

B-sheets are formed by the pairing of multiple f-strands
that are held together by typical patterns of hydrogen bonds
that run in parallel or antiparallel (essential to maintain
protein stability), which involve interactions between resi-
dues that are often separated by large distances along the
primary sequence of proteins (Cheng and Baldi 2005). We
showed that f-sheets are the main component in the assem-
bly of these LSD proteins (Fig. 2; see also Supplementary
Material 2 and Supplementary Material 3 to an overview
of these results). Three sequential B-sheets (indicated by
the yellow arrow) generally overlap the LSD domain posi-
tion (indicated by the orange line) (Fig. 2). Regardless of
the number of LSD domains (exemplified as GmLSDI1,
GmLSDS8, and Osal.SD5), the structures of B-sheets are
maintained. Thus, the high conservation of LSD domains
(Cabreira et al. 2013) and B-sheets that overlap with their
positions points to a possible similar protein secondary
structure in all the LSD family. The results of previous
studies and the present data suggest an important role for
LSD domains in LSD protein structure and activity.

The majority of LSD genes are single-copy genes

In gene families, gene duplication events are fundamen-
tal for the families’ evolution because duplicated genes
provide the raw materials for the generation of new gene
functions (Yin et al. 2013). Duplication of genomic con-
tent can occur by many independent mechanisms, such
as tandem duplication (local duplications that involve one
or two genes), block/segmental duplications (duplications
of subchromosomal-length regions), and whole-genome
duplications (WGD) originated by polyploidy events
(Flagel and Wendel 2009).

The analysis of the distribution of LSD genes reveals
that they are located on various chromosomes, and several
members were found on duplicated chromosomal segments
(Fig. 3). Similar results were observed for the annexin gene
family in Viridiplantae (Jami et al. 2012).

Block duplication process is more frequent in plants
because most of them are polyploids, and numerous dupli-
cated chromosomal blocks are maintained within their
genomes (Yin et al. 2013). Several plant species, such as A.
thaliana (Simillion et al. 2002), rice (Yu et al. 2005), and soy-
bean (Schmutz et al. 2010), experienced WGD during their
evolution. This phenomenon is particularly prominent in eud-
icot plants, which share a y event (Lin and Paterson 2011).

@ Springer

The genes originated by the tandem duplication process
do not present a matching paralog (Fig. 3; Supplementary
Table S1), suggesting that the duplicated copies are quickly
lost. The exceptions to this scenario are the tandem-dupli-
cated genes in poplar (PtrLSD1 and PtrLSD2) and soybean
(GmalLSD3 and GmalSD4), and species that had under-
gone genome duplications during their evolutionary histo-
ries (Lin and Paterson 2011). Therefore, we suggested that
the majority of the LSD genes are single-copy genes that
were duplicated, but maintained throughout evolution in an
ancestral genome. These events resulted in a current sce-
nario that consists of a large number of orthologous LSD
genes.

A common origin of LSD genes is particularly interest-
ing for sequences that possess one and two LSD domains.
Although certain sequences with three LSD domains are
subject to duplications, the sequences with one or two LSD
domains do not show duplicated genes (Supplementary
Table S1). Synteny analysis of GmalLSD8 and PtrL.SD4
(both of which present two LSD domains) supports this
result (Fig. 5). These genes are located in a very large
duplication block and do not have matching paralogs. This
result shows that they are descendants from an ancestral
genome and that their duplication did not occur after the
split between these genomes or that the duplicated copy
was lost during evolution.

Synteny analysis demonstrates high conservation
between the related species poplar (Populus trichocarpa)
and soybean (Glycine max)

Synteny is an inference that two or more chromosomes
or segments are derived from a common ancestor (Lyons
et al. 2008). The analysis of physical synteny may be used
to explain the events that a genome has undergone prior to
achieving its current structural form. These genomic events
can include the evolutionary repositioning of genes respon-
sible for shared phenotypes between two related species
(McClean et al. 2010).

Although several breakpoints occur in the syntenic
regions between poplar and soybean, a significant syn-
teny is still maintained (Fig. 4). These breakpoints can be
explained by the different number of duplications in these
species. Thus, syntenic regions containing LSD genes iden-
tified as intraspecies (GmaLSD x GmaLSD and PtrLSD x
PtrLSD) and interspecies (GmaLSD x PtrLSD) emphasize
that the LSD genes originated from a common ancestor.

LSD genes with the same number of LSD domains
formed syntenic regions (Figs. 4, 5). As exemplified by
soybean and poplar, this observation was confirmed in sev-
eral species such as M. esculenta, R. communis, C. papaya,
and S. bicolor (data not shown). Therefore, these results
show that the LSD genes that encode proteins with one,
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two, and three LSD domains are not the result of loss or
gain in LSD domains. We conclude that the duplicated cop-
ies retain the original number of domains.

Although duplicated genes can undergo neofunction-
alization (when one copy acquires a novel function) or
subfunctionalization (in which both copies are mutated
and adopt complementary functions), pseudogenization is
the most common fate of the copies after the duplication
process (Cagliari et al. 2011). The Ka/Ks ratio generates
insights into the processes that drive the changes at the
molecular level. A Ka/Ks ratio >1 shows that neofunc-
tionalization through positive selection acted during the
sequence divergence, and a Ka/Ks ratio <1 suggests that
subfunctionalization through negative selection operated
during the divergence (Fan et al. 2013; Zhang et al. 2002).

The results for the homologous Rxp regions in soybean
suggest that smaller Ks values (0.16, 0.17) are associated
with recent duplication regions and that high Ks values
(0.62—0.67) are associated with ancient polyploidy events
(Kim et al. 2009). Based on these data, we observed that
the syntenic regions with GmaLSD! and GmalSD2,
GmLSD3 and GmalSD4, and GmalLSD5 and GmaLSD6
can be associated with recent duplication regions (low Ks
values). Moreover, the syntenic regions with GmaLSD6
and GmalLSD7 and GmalSD5 and GmalSD7 generally
exhibit high Ks values, suggesting an association with an
ancient polyploidy event. Therefore, these results suggest
that the GmaLSD genes could have been derived from dif-
ferent duplication events.

Because gene duplication makes a major contribution to
the evolution of new gene functions, duplicated genes can
experience a substantial relaxation of selection compared
with unduplicated genes (Kondrashov et al. 2002). An
evolutionary model of gene duplication proposed by Kon-
drashov et al. (2002) holds that an apparent early phase of
relaxed constraint or even near-neutrality that is followed
by a negative selection period occurs at the first stages after
gene duplication. The model proposed that the later stages
of this process most likely provide a long-term advantage
by enabling the creation of new functions. In terms of the
syntenic regions analyzed, the Ka/Ks ratio shows that both
paralogous and orthologous sequences appear to be evolv-
ing under similar levels of negative selection (Supple-
mentary Table S2). This finding indicates that a subfunc-
tionalization process probably could be occurring in LSD
genes. In fact, we observed different expression patterns of
GmaLSD genes in various organs and plants subjected to
Phakopsora pachyrhizi infection and dehydration (Cabreira
et al. 2013). Thus, the differential expression together with
the low Ka/Ks supports a possible subfunctionalization of
these genes. Previous studies have shown that the preva-
lence of variable expression in soybean after polyploidi-
zation has revealed that several paralogous genes undergo

subfunctionalization (Fan et al. 2013; Roulin et al. 2013).
Accordingly, our results reinforce the theory of the reten-
tion of duplicate genes through subfunctionalization, which
may constitute a transitional step to neofunctionalization
(Roulin et al. 2013).

Figure 6 summarizes and provides a comprehensive
overview of the results. In summary, we state that the
diversification of the LSD family precedes the separation
of monocots and eudicots. We observed that the different
number of LSD domains does not alter the protein sec-
ondary structure, which suggests a similar conformation
in all LSD proteins. Proteins that are composed of one,
two, and three domains are not a result of a loss or gain
in LSD domains. Duplicated LSD genes generated cop-
ies with equal numbers of LSD domains. The majority of
the LSD genes are maintained as a single copy in the dif-
ferent species and are orthologous in several genomes.
Together, these results suggest the existence of a common
ancestor of the LSD proteins. Finally, although the major-
ity of members are related to the negative regulation of
PCD, LSD members probably could be involved in other
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Fig. 6 Model of possible LSD family evolution. The rectangles rep-
resent genes encoding proteins with three LSD domains (black), two
LSD domains (blue), and one LSD domain (red). The dark pink and
green rectangles represent the mutated copy with complementary
functions. The black rectangle shows the copy that keeps the original
function, and the brown rectangle indicates the copy that acquires a
novel function (color figure online)
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biological processes, due the occurrence of functionaliza-
tion processes.
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Abstract Programmed cell death (PCD) is an ordered cell
suicide that removes unwanted or damaged cells, playing a
role in defense to environmental stresses and pathogen inva-
sion. PCD is component of the life cycle of plants, occurring
throughout development from embryogenesis to the death.
Metacaspases are cysteine proteases present in plants, fungi,
and protists. In certain plant—pathogen interactions, the PCD
seems to be mediated by metacaspases. We adopted a com-
parative genomic approach to identify genes coding for the
metacaspases in Viridiplantae. We observed that the
metacaspase was divided into types I and 11, based on their
protein structure. The type I has a metacaspase domain at the
C-terminus region, presenting or not a zinc finger motif in the
N-terminus region and a prodomain rich in proline.
Metacaspase type 1I does not feature the prodomain and the
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zinc finger, but has a linker between caspase-like catalytic
domains of 20 kDa (p20) and 10 kDa (p10). A high conser-
vation was observed in the zinc finger domain (type I proteins)
and in p20 and pl10 subunits (types I and II proteins). The
phylogeny showed that the metacaspases are divided into
three principal groups: type I with and without zinc finger
domain and type Il 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 con-
dition. The study of metacaspase can clarify their assignment
and involvement in plant PCD mechanisms.
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Programmed cell death (PCD)

Programmed cell death (PCD) is a genetically programmed
and highly ordered cell suicide process that removes unwant-
ed or damaged cells from both eukaryotic and prokaryotic
organisms. PCD is recognized as a key mechanism in organ
development and in tissue homeostasis (De Pinto et al. 2012).
PCD also plays a major role in defense responses against
certain kinds of environmental stresses, development and sur-
vival against pathogen invasion, and other external stimuli.
PCD acts to remove any mutated, infected, or damaged cells
from surrounding healthy tissue in both plant and animal sys-
tems (Baskett 2012; Greenberg and Yao 2004; Gunawardena
2008; Lord and Gunawardena 2012; Pennell and Lamb 1997;
Potten and Wilson 2004; Ranganath and Nagashree 2001;
Rogers 2005; Sanmartin et al. 2005; Zhang et al. 2013).

The term PCD was used for the first time to describe a cell
death process controlling tadpole tail development (Tata
1966). PCD-like processes have been reported in several uni-
cellular groups, suggesting that some components of the PCD
machinery existed early in the evolution of the eukaryotic
lineage (Nedelcu 2009).

PCD shares several morphological and biochemical fea-
tures with apoptosis in animals (Greenberg 1996; Levine
et al. 1996; Woltering et al. 2002). Therefore, it is thought that
some of the components of the cell death machinery are con-
served in both apoptosis and PCD (Baskett 2012). However,
unlike apoptosis in animal cells, relatively little is known
about PCD in plants, even though its role in plant develop-
ment and physiology is well established (Beers and
McDowell 2001; Coll et al. 2011; Jones 2001; Lam 2004;
Love et al. 2008; Williams and Dickman 2008). The lack of
plant PCD knowledge has led to speculative comparisons with
animal cell death (Dickman and Reed 2004; Lord and
Gunawardena 2012; Ranganath and Nagashree 2001).
However, plant PCD is not considered to be synonymous with
apoptosis since different forms of plant PCD have been found
to exhibit only some of the morphological and molecular hall-
marks of apoptosis (Cacas 2010; Danon et al. 2004; De Pinto
etal. 2012). For instance, in plant PCD in cell culture models,
cell condensation has been observed, but it is not accompanied
by cell fragmentation and formation of the cellular apoptotic
bodies that characterize apoptosis. Morphologically, a key dif-
ference between the PCD of plants and apoptosis in animals is
the absence of engulfment by neighboring cells in plants (Lam
2004). These distinctive features observed are likely due to the
presence of the cell wall and the absence of phagocytes in
plants (De Pinto et al. 2012).

PCD in animals requires the cysteine-dependent aspartyl
protease activity of caspase enzymes. Caspases represent a
family of proteases, which have cysteine in their active site
and are able to induce cleavage in correspondence to aspartate
residues (De Pinto et al. 2012; Thornberry and Lazebnik
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1998). Despite their importance in metazoans and the ubiqui-
tous occurrence of PCD in eukaryotes, caspases are not con-
served in the genomes of yeasts, protozoans, and plants (Lam
and Zhang 2012). However, caspase-like enzymatic activity
has been found to be essential in many forms of plant PCD
(Baskett 2012; del Pozo and Lam 1998; Woltering et al.
2002). In this scenario, metacaspases have emerged as the best
candidates to perform this role, because they contain a
caspase-specific catalytic dyad of histidine and cysteine, as
well as a conserved caspase-like secondary structure (Suarez
et al. 2004).

PCD in plants

The current classification of PCD in plants was based on mor-
phological criteria, being divided into two broad categories:
vacuolar cell death and necrosis (Lord and Gunawardena
2012; van Doorn et al. 2011). Vacuolar cell death is charac-
terized by the removal of cell content through a combination
of autophagy-like processes and the release of hydrolases
from collapsed vacuoles. The early rupture of the plasmatic
membrane, shrinkage of the protoplast, and absence of vacu-
olar cell death features characterizes necrotic cell death (Lord
and Gunawardena 2012).

PCD is an essential part of the life cycle of plants, occurring
throughout plant development from embryogenesis to the
death of the whole plant (Lord and Gunawardena 2012;
Rogers 2005; Staal and Dixelius 2007). From seed germina-
tion until seed production, developmental cell death is mani-
fested (De Pinto et al. 2012).

Within plant systems, PCD falls within two broad catego-
ries: environmentally induced and developmentally regulated
(Coll et al. 2010). The induction of PCD is required for many
growth and developmental processes, such as the develop-
ment of endosperm and aleurone cells in cereals or seed stor-
age tissues (Fath et al. 2000; Lombardi et al. 2010; Young and
Gallie 2000), differentiation of tracheary elements (Fukuda
2000; Kwon et al. 2010), female gametophyte differentiation
(Wu and Cheun 2000), leaf abscission and whole plant senes-
cence (De Pinto et al. 2012; Lee etal. 2007a, b), deletion of the
embryonic suspensor (Bozhkov et al. 2005a, b; Giuliani et al.
2002; Rogers 2005), and anther dehiscence (Rogers 2005;
Senatore et al. 2009; Wilson etal. 2011). PCD is also required
for xylem differentiation (Fukuda 1997), leaf senescence (De
Michele et al. 2009; Lim et al. 2007), flower senescence
(Rogers 2006), and leaf morphogenesis (Gunawardena et al.
2004; Lord and Gunawardena 2011; Lord and Gunawardena
2012; Wright et al. 2009), leaf and flower senescence, elimi-
nation of reproductive organs in unisexual flowers, pollen
rejection in the self-incompatibility response, fruit dehiscence,
and pod shattering (van Doorn and Woltering 2005;
Vercammen et al. 2007).
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In contrast, environmentally induced PCD is mostly a re-
sult of external factors including heat shock (Balk et al. 2003
Lord and Gunawardena 2011; Zhang et al. 2009), pathogen
infection (Lam et al. 2001; Mur et al. 2008), and oxygen
treatment (Gunawardena et al. 2001).

Metacaspases in viridiplantae

True caspases have not yet been described in plants (Lord and
Gunawardena 2012). Nevertheless, two broad groups of
caspase-like proteases have been identified in plant systems:
cysteine endopeptidases (Rojo et al. 2004) and serine endo-
peptidases (Coffeen and Wolpert 2004).

Cysteine endopeptidases are further divided into two
groups, vacuolar processing enzymes (Sanmartin et al. 2005)
and metacaspases (Bozhkov and Jansson 2007; Bozhkov et al.
2010; Lord and Gunawardena 2012; Sanmartin et al. 2005).

Metacaspase is a family of cysteine proteases described in
plants (Vercammen et al. 2004), fungi (Madeo et al. 2002),
and protists (Lee et al. 2007a, b; Mottram et al. 2003; Szallies
et al. 2002) based on homology with caspase-like domains
(Rezanezhad etal. 2011; Uren et al. 2000). Instead of cleaving
substrate with D residue at P position (referred to the N-
terminus direction from the cleaved bond) as caspases in an-
imals, metacaspase enzymes prefer R or K at the cleavage site
(Lee et al. 2008; Ojha et al. 2010; Vercammen et al. 2007;
Watanabe and Lam 2005). Together with the eukaryotic
caspases, legumains, paracaspases, separases, and the bacteri-
al clostripains and gingipains, they belong to the clan CD of
cysteine proteases. Clan CD includes organisms that utilize a
catalytic His-Cys dyad for their activity (Vercammen et al.
2006).

Plant metacaspases are classified into type I and type 11
based on overall structure and the level of sequence similarity
(Baskett 2012; Trzyna et al. 2008; Uren et al. 2000). Both type
I and type 1l metacaspases have a putative conserved caspase-
like catalytic domain composed of 20 kDa (p20) and 10 kDa
(p10) subunits (Ojha et al. 2010), which contain the catalytic
amino acid dyad histidine/cysteine. The catalytic histidine lies
in the H(Y/F) SGHG sequence and the catalytic cysteine in the
active-site pentapeptide DXCHS (where X is A or §) se-
quence (Suarez et al. 2004; Zhang et al. 2013).

Type L, but not type 11, metacaspases exhibit an N-terminus
extension that usually contains a zinc-finger motif as well as a
proline-rich stretch and may or may not contain a glutamine-
rich region (Lam and Zhang 2012).

Type II metacaspases have only been identified in plants
and have no obvious prodomain, but harbor a linker region of
160-180 amino acids between the p20 and p10 subunits (Ojha
et al. 2010). It is hypothesized that this longer linker may
interfere with proper dimer formation (Lam and Zhang 2012).

It has been hypothesized that type 1 represents the ancient
form of the metacaspase family and that the evolution of type

II had occurred before the emergence of multicellular plants
from their photosynthetic, unicellular ancestors (Lam and
Zhang 2012). It is speculated that eukaryotic metacaspases
originate possibly from a horizontal gene transfer between
the mitochondrial endosymbionts (x-proteobacteria) and the
early eukaryotes (Koonin and Aravind 2002). Moreover,
metacaspase-like proteins are present not exclusively in o-
proteobacteria but also in all Bacteria groups, such as
cyanobacteria, the known ancestors of plant chloroplasts
(Vercammen et al. 2007).

The distribution of the caspase-like protease family dem-
onstrated that while caspases and paracaspases are, so far,
limited to metazoans and Dictyostelium, respectively,
metacaspases are highly conserved in plants and fungi. This
distribution suggests that metacaspases are likely the most
closely representative of the eukaryote ancestral protease
(Uren et al. 2000).

The increasing availability of genome sequences from var-
1ous eukaryotic groups provides an opportunity to explore the
degree of conservation of gene families throughout evolution.
We adopted a high-throughput comparative genomic ap-
proach to conduct a broad survey of fully sequenced
Viridiplantae genomes, in order to identify the presence of
homologous genes coding for the metacaspase gene family
(Supplementary Table 1). Metacaspase gene and protein se-
quences were obtained through blast searches (blastp, blastx,
and tblastx) against the Protein and Genome databases with
the default parameters provided at the Phytozome Web site
(http://www.phytozome.net). We used the nucleotide and
protein sequences from the well-described metacaspase genes
of the model plant Arabidopsis thaliana as queries for the
blast searches.

Compared with the genomes of protozoa and fungi with a
single or a few type I metacaspase genes and no type I
metacaspase genes (Tsiatsiani et al. 2011), genomes of higher
plants encode larger metacaspase families including both type
I and type Il members (Table 1).

The high number of metacaspases in plant genomes would
indicate that members of this protease family might have
evolved specialized functions after gene amplification (Lam
and Zhang 2012). However, there is no evidence indicating
either specialization or redundancy in the physiological func-
tions of different metacaspase genes expressed in the same
organism (Tsiatsiani et al. 2011).

We observed that the metacaspase genes identified could
be divided into two classes, type I and type IL, based on their
protein structure (Fig. 1). The type I metacaspases could pres-
ent or not present a prodomain rich in proline, were character-
ized by a zinc finger motif in the N-terminus region, and
necessarily had a metacaspase domain at the C-terminus re-
gion. Metacaspase type II does not have the prodomain and
the zinc finger motif, but has an insert (linker) between the p20
and p10 subunits (Fig. 1).
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Table 1 Metacaspases divided

into type I* (without the zinc- Group Species Type I * Type I Type II Total
finger prodomain), type I (with
the zinc-finger prodomain), or Eudicot Manihot esculenta 9 3 1 13
type II groups Ricinus communis 6 2 1 9
Linum usitatissimum 8 2 2 12
Populus trichocarpa 5 7 2 14
Medicago truncatula 5 0 2 7
Phaseolus vulgaris 6 0 3 9
Glycine max 9 2 5 16
Cucumis sativus 2 3 1 6
Prunus persica 4 2 1 7
Malus domestica 6 2 1 9
Fragaria vesca 3 2 1 6
Arabidopsis thaliana 1 2 6 9
Arabidopsis lyrata 3 1 6 10
Capsella rubella 2 2 6 10
Brassica rapa Chiifu-FPsc 9 3 8 20
Thellungiella halophila 2 2 4 8
Carica papaya 3 3 1 7
Gossypium raimondii 13 3 1 17
Theobroma cacao 6 3 1 10
Citrus sinensis 6 2 1 9
Citrus clementina 8 1 1 10
Eucalyptus grandis 4 2 1 7
Vitis vinifera 3 2 1 6
Solanum tuberosum 3 3 1 7
Solanum lycopersicum 4 3 1 8
Mimulus guttatus v2.0 8 1 9 18
Aquilegia coeruela 1 2 2 5
Monocot Sorghum bicolor v2.1 4 2 7 13
Zea mayz 7 3 3 13
Setaria italica 5 2 4 11
Panicum virgatum 7 2 7 16
Panicum hallii v0.5 4 2 5 11
Oryza sativa 4 1 3 8
Brachypodium distachyon 4 2 4 10
Lycophyta Selaginella moelledorffii 0 1 3 4
Bryophyta Physicomitrella patens v3.0 e v1.6 2 1 4 7
Chlorophyta Chlamydomonas reinhardtii 1 0 1 2
Volvox carteri 1 0 1 2
Coccomyxa subellipsoidea C-169 3 0 1 3
Micromonas pusilla CCMP1545 0 0 1 1
Micromonas pusilla RCC299 1 0 0 1
Ostreococcus leucimarinus 1 0 0 1
Total 183 76 113 372

Motif analysis using the default parameters of the MEME  Motif analysis also demonstrated that the zinc finger domain
software (http://meme.nbcer.net/meme/) demonstrated the  is well conserved in all type I proteins (Fig. 3).
conservation degree of p20 and p10 subunits identified in In order to generate new insights about the evolution of the
both type I and type II metacaspase proteins (Fig. 2a, b). = metacaspase family in Viridiplantae, some representative
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Fig. 1 Metacaspases are divided into two classes, type I and type II,
based on their protein structure. The type I metacaspases could present
or not present a prodomain rich in proline, include a zinc finger motif in
the N-terminus region, and necessarily have a metacaspase domain at the

species of the identified genes were submitted for phylogenet-
ic analysis. The phylogenetic analysis was reconstructed fol-
lowing protein sequence alignments using the conserved
metacaspase domain from representatives of the identified
proteins, through a Bayesian approach using Beast software
(Drummond and Rambaut 2007). The mixed amino acid sub-
stitution model plus gamma and invariant sites were used in a

Fig. 2 Analysis of consensus sequence conservation in the metacaspase
gene family. The analysis of 370 metacaspase genes was performed using
the MEME platform (http://meme.nbcr.net/meme/), using default
parameters. The total height of each cell indicates the conserved
sequence at each position. The height of each letter is proportional to
the corresponding relative frequency. The amino acids are colored
according to their chemical properties: blue for most hydrophobic

o

ro
C-terminus region. Type II metacaspases do not have the prodomain and
the zinc finger motif, but feature an insert (linker) between the p20 and

pl0 subunits. The catalytic amino acid regions containing histidine (h)
and cysteine (c¢) residues are shown as dotted lines

run of 20,000,000 generations with two Metropolis-Coupled
Monte Carlo Markov chains (MCMCMC) that were run in
parallel (starting each from a random tree). Markov chains
were sampled every 100 generations, and the first 10 % of
the trees was discarded as burn-in. The remaining trees were
used to compute the majority rule consensus tree and the pos-
terior probability of clades (Fig. 4).

residues (A, C, F, I, L, V, and M); green for polar, noncharged,
nonaliphatic residues (N, Q, S, T); red for positively charged residues
(K and R); orange for glycine (G); rose for histidine (H); yellow for
proline (P); and turquoise for tyrosine (Y). Black star indicates the
conservation of cysteine and histidine residues. a P20 and b P10
metascapase conserved domains
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Fig. 3 Analysis of consensus sequence conservation of the zinc finger
domain in the metacaspase type I gene family. The analysis of the zinc
finger domain in the metacaspase type I gene family was performed using
the MEME platform (http:/meme.nber.net/meme/). The total height of
each cell indicates the conserved sequence at each position. The height of
each letter is proportional to the corresponding relative frequency. The

The phylogeny showed that the metacaspases are divided into
three classes (with exceptions): type I with (green names, Fig. 4)
and without (pink names, Fig. 4) zinc finger domain and type II
metacaspases (blue names, Fig. 4). The ancient representatives
(algae and moss, indicated with asterisks in Fig. 4) are presented
as outgroup inside the principal clusters formed by metacaspase
genes (type | with and without zinc finger and type II). This
observation suggests that these three classes of metacaspases
originated in the early stages of Viridiplantae evolution
(Fig. 4). We also observed that some monocot and eudicot rep-
resentatives formed subclusters inside the three classes, indicat-
ing that duplication events might have occurred after the mono-
cot and eudicot divergence (Fig. 4). We hypothesized that the
acquisition of the zinc finger domain seems to have occurred
later during the metacaspase gene family evolution. The absence
of the zinc finger domain seems to be a property of the ancient
condition based on the fact that no zinc finger domains were
observed in algae representatives.

The role of the metacaspase gene family in plant stress
responses

Plant pathogen attacks can induce PCD at the infection sites
through a mechanism known as hypersensitive response
(HR). HR is an integral part of plant immune systems and
one of the most dramatic manifestations of PCD (Bozhkov
and Lam 2011). During HR, plants attempt to block the inva-
sion of biotrophic pathogens, leading to localized cell death at
the site of infection (Ameisen 2002; Jones 2001; Vercammen
et al. 2007). As a result, the plant isolates the pathogen in an
inhospitable environment, thus limiting pathogen spread and
avoiding greater damage and even the death of' the entire plant
(De Pinto et al. 2012; Greenberg 1996) (Fig. 5).

In plants, R genes are involved extensively in the recogni-
tion of pathogens, functioning as controlling adaptors in a
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amino acids are colored according to their chemical properties: blue for
most hydrophobic residues (A, C, F, I, L, Vand M); green for polar, non-
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plant apoptosome-like structure (Hoeberichts and Woltering
2003). This apoptosome-like structure would be activated by
the pathogen avirulence signals, and R gene products could
then help in the activation of caspase-like proteases involved
with PCD (Fig. 5) (Lord and Gunawardena 2012).

Following a pathogen attack, one of the first host responses
is the production of high levels of reactive oxygen species
(ROS) (Hamann et al. 2008) (Fig. 5). During PCD, a strong
interplay occurs between ROS and other signaling molecules,
redox metabolites, lipid messengers, or plant hormones, the
result of which is the modification of the biological response
to altered ROS levels and cell fate determination (De Pinto
et al. 2012). Oxidative stress-induced PCD, therefore, repre-
sents a dramatic example of a metacaspase-dependent process
conserved from protozoa to plants (Tsiatsiani et al. 2011).

Different phytohormones are involved in modulating HR
cell death under various conditions. Salicylic acid (SA) is a
well-known mediator of systemic acquired resistance (SAR)
in plants. Nitric oxide (NO) cooperates with SA to induce HR
cell death and activate defense mechanisms (Lam 2004).
Jasmonic acid (JA) and ethylene regulate cell death under
stress conditions and during development. The effects of these
phytohormones on PCD are believed to be stress-specific. JA,
for instance, negatively regulates cell death in A. thaliana un-
der oxidative stress by ozone treatment, but it might work as a
positive factor to promote cell death by the fungal toxin
fumonisin B1 (Lam 2004).

Several genes involved in HR have been identified in dif-
ferent species (Cabreira et al. 2013; Liao et al. 2014; Wu et al.
2014; Eck et al. 2014; Kumar et al. 2014). In certain plant—
pathogen interactions, the development of PCD seems to be
mediated by metacaspases (Fig. 5) (Ahmad et al. 2012;
Hoeberichts et al. 2003; Uren et al. 2000). Metacaspases play
important roles in different species in response to various
pathogens and elicitors, and during various abiotic stresses
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Fig. 4 Phylogenetic analysis of
the metacapase gene family. The
Bayesian phylogenetic analysis
was reconstructed following
protein sequence alignments
using a Bayesian approach by
employing Beast software. The
metacaspase genes belonging to
type I with and without zinc
finger domain are colored in
green and pink, respectively. The
metacaspase genes belonging to
type II are colored in blue. The
asterisks indicate ancient species
(algae and moss representatives).
The numbers in the branches of
the tree indicate the posterior
probability values. The acronym
of metacaspase genes were named
using the first letter of the genus
followed by the first letter of the
species: AtMC (Arabidopsis
thaliana) Metacaspase; ReMC
(Ricinus comunnis); PIMC
(Populus trichocarpa); GmMC
(Glycine max); FYMC (Fragaria
vesca); ZmMC (Zea mayz),
OsMC (Oriza sativa); BAMC
(Brachypodium distachyon),
SmMC (Selaginella
moelledorffii); CreMC
(Chlamydomonas reinhardtii);
VeMC (Volvox carteri); SB(MC
(Sorghum bicolor)

(Coll et al. 2010; Hao et al. 2007; He et al. 2008; Sanmartin
etal. 2005; Vercammen et al. 2007; Watanabe and Lam 2011;
Zhang et al. 2013).

Evidence suggests that metacaspases are involved in facil-
itating the development of the morphological features typical
of the various classes of PCD, through proteolytic activation
of other metacaspases and degradative enzymes (Ahmad et al.
2012; van Doorn et al. 2011). The involvement of
metacaspases in cell death is developed in response to ROS,
ultraviolet light, herbicide-induced stress, and senescing
flowers (Ahmad et al. 2012; He et al. 2008; Vercammen
et al. 2007; Watanabe and Lam 2011).

In A. thaliana, several metacaspase genes (4/MC) are in-
volved in stress responses. A statistically significant reduction
in cell death phenotypes in response to pathogen inoculation

% SmMcC1

04

was observed in knockout mutants of Arabidopsis type 11
metacaspase genes (Baskett 2012; He et al. 2008). Type I
metacaspase AfMCI has been found to be a positive regulator
of hypersensitive cell death (Coll et al. 2010; De Pinto et al.
2012). Watanabe and Lam (2011) showed that AtMC4 is a
positive regulator of PCD brought on by abiotic and biotic
stress (Watanabe and Lam 2011). At/MC4 and AtMC5 are rap-
idly induced in infection with bacterial pathogens (Baskett
2012; Watanabe and Lam 2005).

The importance of the type II metacaspases was demon-
strated in the resistance of Nicotiana benthamiana against
Colletotrichum destructivum (Hao et al. 2007). The authors
have shown that virus-induced gene silencing of a type II
Nicotiana benthamiana metacaspase (NbMCA1) enhanced le-
sion development following infection with Colletotrichum
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Fig. 5 In plants under stress
conditions, metacaspase type [
positively regulates
hypersensitive response cell death
by NB-LRR (nucleotide binding
domain) that recognizes
pathogenic agents at the site of
infection. LSD1 negatively
regulates the spread of cell death
in cells adjacent to the site of
infection, presumably by binding
to type | metacaspase, rendering it
inactive in the cytoplasm.
Metacaspase type I negatively
regulates the function of
metacaspase type I through an
unknown mechanism. Adapted
from Coll et al. (2011)

cell

destructivum, a fungal pathogen of the cowpea, but not the
bacterial Pseudomonas syringae pv. tomato (Baskett 2012).

Rice (Oryza sativa) metacaspase (OsMC) genes are also
expressed under abiotic and biotic stresses. OsMC3J is
expressed in Magnaporthe oryzae-infected resistant plants,
OsMCI in plants under cold stress, OsMC6 and OsMC8 in
plants under drought stress, and OsMC6 is expressed when
rice leaves were damaged by beef armyworms (Dona et al.
2013; Gupta et al. 2012; Ning et al. 2002; Wang and Zhang
2014).

Other studies have pointed to metacaspase involvement in
plant PCD responses, notably in Norway spruce (Picea abies)
(De Pinto et al. 2012; Suarez et al. 2004) and tomato
(Esculentum personicum) (Baskett 2012). Knocking down
type Il metacaspases in P, abies abolishes somatic embryogen-
esis related to PCD (Bozhkov et al. 2005a, b; Suarez et al.
2004; Vercammen et al. 2006). Tomato type Il metacaspase
(LeMCAT1) was upregulated following inoculation with the
fungal pathogen Botrytis cinerea (Baskett 2012; Hoeberichts
et al. 2003; Zhang et al. 2013).

Are metacaspases true caspases?

The assignment of metacaspases and caspases to the same
family is controversial. First, metacaspases possess substrate
specificity (cleavage at arginine or lysine) different from that
of caspases (cleavage at aspartic acid). Therefore,
metacaspases may not be responsible for the PCD caspase
activity detected in nonanimal representatives ( Asplund-
Samuelsson et al. 2012). Second, P1 preference of
metacaspases is basic whereas that of caspases is acidic
(Gongzalez et al. 2007; Vercammen et al. 2004). Third, previ-
ous phylogenetic analyses of clan CD peptidases have shown

@ Springer

Adjacent plant

METACASPASE |

RESPONSE

Pathogenic stimulus

METACASPASE Il

HIPERSENSITIVE

(CELL DEATH)

that caspases and metacaspases constitute separate groups,
suggesting different functions for both kinds of proteins
(Cambra et al. 2010).

On the other hand, although a major divergence of the
amino acid specificity of caspases and metacaspases may have
occurred during evolution, their target proteins should fall into
similar functional groups if the role of caspases and
metacaspases was conserved ( Carmona-Gutierrez et al.
2010). Caspases and metacaspases do fulfill the criteria of
homology (common cellular program, PCD, and common
substrates, at least in part) and represent variants of the same
enzyme that has varied in evolution, in particular regarding the
cleavage site: whereas metacaspases exist in virtually all eu-
karyotic organisms lacking caspases, the presence of caspases
excludes that of metacaspases. In this light, caspases and their
aspartate specificity may constitute a secondary development
in just one branch of eukaryotes that includes higher animals.
Thus, different lines of evidence reinforce the rational concept
that caspases evolved from metacaspases ( Carmona-
Gutierrez et al. 2010).

In fact, although metacaspases have been involved in re-
sponses to stress (Belenghi et al. 2007; Bidle and Falkowski
2004), the role of metacaspases in PCD remains enigmatic
(Cambra et al. 2010). Nuclear translocation of N. spruce
metacaspase during cell disassembly in the embryo-
suspensors and in the dying epimastigotes of Trypanosoma
cruzi, associated with the identification of Tudor staphylococ-
cal nuclease as a common substrate for both N. spruce
metacaspase mcll-Pa and human caspase-3, suggests that
metacaspases can execute PCD-like effector caspases
(Tsiatsiani et al. 2011). In this scenario, the study of plant
metacaspase genes can clarify their involvement in PCD
mechanisms.
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Abstract

The Nuclear Factor of Y box (NF-Y) is a transcription factor composed of three subunits (NF-
YA, NF-YB, and NF-YC) involved in the regulation of genes related to physiological processes.
In plants, NF-Y genes act in development, in addition to biotic and abiotic stresses response.
Regarding Glycine max (Gm), the NF-Y genes are poorly investigated. In this important crop, the
characterization of genes related to stresses represents an important material for improvement of
cultivars. In this study, GmNF-Y genes were investigated through an extensive data mining using
several bioinformatics approaches. We identify a total of 21 genes of GmNF-YA, 23 to GmNF-
YB, and 24 to GmNF-YC subunits. During evolution, GmNF-Y genes arose by block duplication
and subfuctionalization processes could be occurring in this family. In silico expression analyses
indicate that GmNF-Y genes are not ubiquitously expressed in organs; their expression are
instead organ-dependent. In several biotic and abiotic stresses, the majority of GmNF-Y genes
are modulated, especially during Phakopsora pachyrhizi infection, representing a new
characterization for these genes. In addition, in root hair inoculated with Bradyrhizobium
japonicum, some genes are modulated. Our results have showed an overview of the NF-Y family
in soybean, through the characterization of GmNF-Y genes and their expression pattern,

suggesting their involvement in plant defense responses.
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stresses.

Introduction

The Nuclear Factor of Y box (NF-Y) is a eukaryotic conserved oligotrimeric transcription
factor involved in the regulation of genes related to different physiological processes. NF-Y is
composed of three subunits: NF-YA, NF-YB, and NF-YC. Each subunit is required for DNA
binding, subunit association, and transcriptional regulation (Stephenson et al. 2007). The three
NF-Y subunits interact, forming a heterocomplex in plants (Baudin et al. 2015) that can bind
CCAAT DNA motifs, controlling the expression of target genes. NF-YA performs specific
recognition and binding to the CCAAT-box sequence in the promoter of target genes. NF-YB
and NF-YC promote chromatin accessibility to NF-YA and to additional transcription factors
involved with the transcriptional regulation process (Baudin et al. 2015; Nardini et al. 2013;
Oldfield et al. 2014).

It has been previously showed that NF-Y genes are involved with the transcriptional
control of gametogenesis, embryogenesis, nodule development and rhizobia symbiosis, seed
germination, development and desiccation, grain filling, bud dormancy, hormonal signaling and
flowering time, root architecture and elongation, fruit ripening, blue light responses,
photosynthesis, endoplasmic reticulum stress response, and drought tolerance (Baudin et al.
2015; Fornari et al. 2013; Hwang et al. 2016; Kim et al. 2016; Kumimoto et al. 2010; Li et al.
2016; Liu and Howell 2010; Mei et al. 2015; Mu et al. 2013; Nelson et al. 2007; Quach et al.
2015; Soyano et al. 2013; Stephenson et al. 2010; Stephenson et al. 2011; Sun et al. 2014; Xu et
al. 2014; Yadav et al. 2015; Zanetti et al. 2010). These results clarify that the characterization of
NF-Y genes in several species could contributed to the understanding of the mechanisms

involved with the genetic regulation in plants.

While most eukaryotic genomes possess only one or two genes encoding each NF-Y

subunit, in vascular plants each subunit is encoded by gene families (Riechmann and Ratcliffe
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2000). In Physcomitrella patens, 2 NF-YA, 9 NF-B, and 12 NF-YC proteins were identified
(Zhang et al. 2015a). In the emerging monocot model plant Brachypodium distachyon, there are
7 NF-YA, 17 NF-B, and 12 NF-YC proteins (Cao et al. 2011). In rice, there are at least 10 NF-
YA, 11 NF-B, and 7 NF-YC genes (Thirumurugan et al. 2008), while in Arabidopsis there are 10
genes coding for NF-YA subunit, 13 for the NF-B subunit, and 13 for the NF-YC subunit
(Gusmaroli etal. 2002).

Soybean (Glycine max) is one of the most important crops in the world. Different types of
stresses severely restrict soybean productivity. The identification of genes related to stresses
regulation is a fundamental issue, representing the raw material for improvement of soybean
cultivars. Regarding the NF-Y family, it is poorly investigate in soybean. Here, we carried out an
extensive data mining to identify NF-Y genes (GmNF-Y) in soybean genome. We characterized
their duplication and evolution, and gene structures. In silico expression analyses of GmNF-Y in
organs and stresses conditions were investigated. Our results contribute to the knowledge about

the GmNF-Y and lay a foundation for deep characterization of this gene family in soybean.

Material and Methods
NF-Y gene annotation and domains characterization

The nucleotide and protein sequences of the Arabidopsis thaliana genes were used as

queries to BLAST searches in  NCBI (http//www.ncbi.nim.nih.gov), Phytozome

(http/Amww.phytozome.org/), and Gramene (http//www.gramene.org) databases. Genes with at
least 25% of homology with the queries were examined to the presence of the NF-Y domains
(Stephenson et al. 2007) using SMART (http// smart.embl-heidelberg.de/) and InterProScan
Signature  (http//smart.embl-heidelberg.de/). The exon-intron of each GMNF-Y gene was
investigated using GSDS (http://gsds.cbi.pku.edu.cn/). ~ GmNF-Y domain conservation was

investigated using MEME (http//meme.sdsc.edu/meme/).

Duplication events, synteny, and Ka/Ks substitution rate analysis

We have analyzed the mechanisms that are involved with the evolution of GmNF-Y genes
using the WGmapping tool in the PLAZA % 3.0 database
(http//bicinformatics.psb.ugent.be/plaza/). The physical co-localization of NF-Y genes in

soybean genome was analyzed in the Genome Duplication Database (PGDD) (http://chibba.
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agtec.uga.edu/duplicatior/), considering 100 kb syntenic region between paralogous GmNF-Y.
This analysis uses the BLASTP tool to search for potential anchors (E <le—5, top 5 matches)
among every possible chromosome pair in multiple genomes. The homolog pairs identified are
used as the input in the multiple collinearity scan (MCsan) program, and an E value <le—10 is
considered a significant cut-off. The putative classification of the genes identified in the syntenic

regions was accessed using Phytozome and the PLAZA databases.

The ratio of the number of nonsynonymous substitutions per nonsynonymous site (Ka) to
the number of synonymous substitutions per synonymous site (Ks) in paralogous GmNF-Y genes
was analyzed using the PGDD database (http//chibba.agtec.uga.edu/duplicatior/). In this
database, the protein sequences were aligned using CLUSTALW as a guide to the CDS (coding
DNA sequence) alignments by PAL2NAL (http//abacus. gene.ucl.ac.uk/software/paml.html).

Finally, the Nei-Gojobori method was applied to generate the Ka and Ks ratio.

Expression analysis of GmNF-Y genes

The expression pattern of GmNF-Y genes was analyzed using BAR (The Botany Array

Resource, http:/bar.utoronto.ca/) and Genevestigator (In the BAR database, gene expression was

analyzed in leaves, flowers, green pods, SAM (Shoot Apical Meristem), roots, root tips, and
nodules. An additional expression analysis was performed in roots inoculated with
Bradyrhizobium japonicum. Gene expression was monitored in soybean stripped roots and root
hairs in different hours after inoculation (HAI). Using Genevestigator database
(https//genevestigator.convVgv/), the expression of GmNF-Y genes was investigated under
different stress conditions, for different perturbations (biotic, chemical, temperature and stress),
and in different soybean tissues (inflorescence, roots, seedling and shoots).

Results

GmNF-Y gene annotation and protein in silico characterization

Using BLAST approaches, a total of 21 genes encoding GmNF-YA, 23 GmNF-YB, and 24

GmNF-YC subunits in soybean genome were identified (Figure 1 and ESM1 - Electronic
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Supplementary Material 1). These genes were distributed in several locus, among 2 and 20
chromosomes. A wide difference in the length of GmNF-Y genes was observed, ranging to 500
bp up to 6000 bp. Analysis of exon-intron structure showed that the number of exons in GmNF-
YA genes range of four up to six. In GmNF-YB and GmNF-YC genes, even the majority of genes
possess one exon, the exon number vary of one up to five in GmNF-YB, and one up to six in
GmNF-YC. Larges 5"UTR compared to the total gene length were observed in some sequences,
as GmMNF-YA9, GmNF-YA10, GmNF-YA 11, GmNF-YA14, GmNF-YB15, GmNF-YCS,
GmNF-YC9, GmNF-YC11, GmNF-YC12, GmNF-YC13 and GmNF-YC15. In addition, wide
3'UTR were also observed in GmNF-YB14, GmNF-YB19 and GmNF-YC21. The consensus
analyses of the GmNF-Y domains showed a high degree of amino acid conservation, especially
for GmNF-YA and GmNF-YC subunits (Figure 3).

NF-Y genes are located in a duplicated region

Block duplication processes generated all GmNF-Y genes encoding subunits A and B
(Supplementary material 1). Regarding subunit C, GmNF-Y13, GmNF-Y15, and GmNF-Y24
were originated by tandem duplication, and GmNF-Y18 by tandem and block duplication.
Considering the analysis of syntenic regions containing the duplicated NF-Y genes, GmNF-YA4,
GmNF-YB4 and GmNF-YC10 exemplify the results (Figure 2 and Supplementary material 2). A
small duplication block between GmNF-YB4 and GmNF-YB2; a large duplication blocks
between GmNF-YA4 and GmNF-YA5, GmNF-YB4 and GmNF-YB3, and between GmNF-YB4
and GmNF-YB1, and a huge duplication between GmNF-YB4 and GmNF-YB11, GmNF-YB4 and
GmNF-YB5, and between GmNF-YC10 and GmNF-YC20 was found.

To analyze the processes that have driven the changes at the molecular level, the Ka/Ks
values between GmNF-Y syntenic genes were evaluated. The results showed that all Ka/Ks
values were <1, indicating that a subfuctionalization process could be acting on these paralogous

sequences (Supplementary material 2).

In silico expression of GmMNF-Y
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The results considering in silico expression of GmNF-Y in each organ and stress conditions
is showed in Supplementary figures 1-3. All NF-Y genes available in BAR were presented.
Figure 3 exemplify the results for all subunits.

Regarding subunit A, we observed that in green pods, GmNF-YA2 was upregulated, while
GmNF-YA8 and GmNF-YA12 were downregulated. In nodules, GmNF-YA4, 5, 6, 9, and 11 were
highly upregulated, while GmNF-YA1 was downregulated. In roots, GmNF-YA2 was
downregulated. In root tips, GmNF-YA3, 7, 8, 9, 10, 12, and 18 were downregulated. GmNF-YA5
was downregulated in flowers. Regarding the NF-B subunits, GmNF-YB4 was up- and GmNF-
YB19 downregulated in nodules. In roots, GmNF-YB4 was up- and GmNF-YB16 was
downregulated. In root tips, GmNF-YB1, 2, 3, 4, 5, and 17 were downregulated, while GmNF-
YB21 was upregulated. In leaves, GmNF-YB16 was up-, while GmNF-YB17 was downregulated.
The expression of genes corresponding to subunit C demonstrated that GmNF-YC3 was
upregulated, while GmNF-YC9 and GmNF-YC10 were downregulated in nodules. In roots,
GmNF-YC4 and GmNF-YC11 were upregulated. In root tips, GmNF-YC3 and GmNF-YC7 were
downregulated, while GmNF-YC20 was upregulated. GmNF-YC3, 20 and 21 were upregulated in
SAM.

In root hairs of plants growing in soil colonized with Bradyrhizobium japonicum (see
example in Figure 3 and all results in supplementary figures 1-3), GmNF-YA2 (12 HAI) and
GmNF-YA17 were upregulated (12 and 24 HAI). GmNF-YA6 was downregulated in stripped
roots (48 HAI). Regarding subunit B genes, GmNF-YB17 was highly upregulated in root hairs
(12 HAI), and downregulated in stripped roots (48 HAI) and root hairs (48 HAI) (Figure 3).
Considering subunit C, GmNF-YC4, 7, 9, 19, and 20 were downregulated, while GmNF-YC11
was highly upregulated in stripped roots (48 HAI). GmNF-YC11 (48 HAI), GmNF-YC19 (12
HAI), and GmNF-YC20 (24 HAI) were downregulated in root hairs (Figure 3).

Under stress conditions, the majority of GmNF-YA genes were modulated, being highly up-
or downregulated in inflorescences (Figure 3). GmNF-YB4 was highly modulated under biotic
stress conditions. GmMNF-YC10 was highly induced after P. pachyrhizi inoculation. In roots,
seedlings, and shoots, the majority of GmNF-YA and some GmNF-YB genes were modulated
under biotic stress, especially under P. pachyrhizi fungi infection. For elicitor, nutrient,
chemical, and temperature stress conditions, the majority of GmNF-Y genes were typically

downregulated in all tissues.
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Discussion

The gene families size reflects the number of duplicated genes. As observed to several
gene families, considering the NF-Y family, soybean presents a high number of genes in
comparison with other species, as Arabidopsis (36 NF-Y genes) (Gusmaroli et al. 2002) and rice
(28 NF-Y genes) (Thirumurugan et al. 2008). Even with variation in length, the structural
analysis of GmNF-Y genes by exon-intron composition showed that some genes present a very
similar structure, as observed in all GmNF-YA genes, in which the majority presents five exons.
The composition of GmMNF-YA18 suggests an exon gain, since it is the only one with six exons,
while the composition of GmNF-YA6, 9, 10 and 11 suggests the loss of one exon. In relation to
GmNF-YB and GmNF-YC, the majority genes possess only one exon, maybe representing the
ancestral structure in these subunits. As the GmNF-Y genes are located in duplicated regions,
appointed a common origin of paralogous genes, the acquisition of exons may have occurred
during the evolution.

Block duplication events happen frequently in plants, because most of them are polyploids
and retain duplicated chromosomal blocks. We found the majority of the GmNF-Y genes are
located in duplicated blocks (Supplementary material 1 and 2, Figure 2), suggesting that
segmental duplication contributed significantly to the family expansion. Similar results were
observed in annexin (Jami et al. 2012) and LSD (Lesion Simulating disease) family in
Viridiplantae (Cabreira et al. 2015). Interestingly, genes corresponding to subunit C were not
duplicated or the duplicated copy was lost, as observed for GmNF-YC14, GmNF-YC17, and
GmNF-YC23 (ESM 3). In fact, several genes from other families present in the syntenic regions
had no correspondent paralogous (Figure 2, white arrows), suggesting that the duplicated genes
were lost. Multiple episodes of unequal crossovers might lead to increases/decreases in gene
copy. Tandem duplication often results from unequal crossing-over. The occurrence of tandem
duplication was observed in some genes encoding subunit C, including GmNF-YC13, GmNF-
YC15, and GmNF-YC24. An unequal crossover mechanism should have driven the evolution in
this subunit.

Soybean experienced whole genome duplication during their evolution. The high Ks values
observed in the majority of the syntenic regions indicate that the duplicated blocks are a result of

ancient polyploidy events (Kim et al. 2009). During evolution, duplicated genes can undergo
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pseudogenization, neofunctionalization or subfunctionalization (Cagliari et al. 2011). A Ka/Ks
ratio >1 indicates a neofunctionalization process (through positive selection), and a Ka/Ks ratio
<1 suggests a subfunctionalization process (through negative selection) (Fan et al. 2013). In this
study, the Ka/Ks ratio <1 suggests a subfunctionalization process can be acting in GmNF-Y
sequences. In soybean, it has been shown that several paralogous genes are undergoing
subfunctionalization (Fan et al. 2013). The different expression patterns of GmNF-Y genes in
different tissues and stresses, associated with the Ka/Ks ratio, reinforce the occurrence of
subfunctionalization.

It is know that members of plant NF-Y family are involved with several processes, as
development and biotic stress. NF-YB2 confers drought tolerance and leads to improved corn
yields in transgenic Z. mays (Ma et al. 2015a; Ma et al. 2015b; Nelson et al. 2007). In A.
thaliana, the overexpression of NF-YA5 and NF-YB1 reduces water loss in leaves and improves
drought tolerance. In addition, ectopic expression of NF-YC from Amaranthus hypochondriacus
and NF-YB from Picea wilsonii confers resistance to water deficiency in Arabidopsis (Palmeros-
Suarez et al. 2015; Zhang et al. 2015b). In foxtail millet, NF-YA1 and NF-YB8 were highly
activated in leaves and/or roots by drought and salt stresses and were induced under abscisic acid
and H,O, treatments (Feng et al. 2015). In rice, the overexpression of NF-YA7 improved drought
tolerance (Lee et al. 2015) while the overexpression of HAP2E confers resistance to pathogens,
salinity, and drought (Alam et al. 2015).

It was previously described that NF-YA3 of soybean is induced by various stress
treatments, and their overexpression in Arabidopsis reduced leaf water loss and enhanced
drought tolerance (Ni et al. 2013). Otherwise, the GmNF-Y family is poorly explored. Our study
characterized for the first time that GmNF-Y genes are not ubiquitously expressed in soybean
organs; their expression are instead organ-dependent. Our results demonstrate for the first time
that GmNF-Y genes were modulated under P. pachyrhizi fungi, representing a new
characterization for these genes (Figure 3). Phakopsora pachyrhizi fungi is one of the most
important pathogens that affect soybean production, responsible for the development of Asian
Soybean Rust (ASR) disease. The pathogen attacks leaves, stems, and pods and may defoliate
soybean plants in a few days, leading to drastic crop losses. Identifying genes involved in
susceptible or resistant response and characterizing their individual roles are key steps for
engineering soybean resistant soybean plants. Thus, additional experiments are necessary to

better understand the function of these genes in response to ASR.
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An interaction between soybean plant and symbiotic soil bacteria, started by the infection
of the plant root hair cells by symbiont, results in the nodulation process. In this study, especially
after soil bacteria inoculation, the expression of some genes was induced in nodule (Figure 3),
indicating these genes could play an important role in soybean nodule association besides
plant/pathogen interaction. Recently, a phylogenetically conserved group of NF-Y, which
interacts to control nodulation, was described (Baudin et al. 2015). MtNF-YB16 and MtNF-
YC1/MtNF-YC2 interact with MINF-YAL and MtNF-YA2 to form NF-Y trimers in yeast and in
planta. Moreover, a similar trimer was formed in common bean (Baudin et al. 2015). A number
of independent NF-Y subunits had been reported to participate in nitrogen-fixing rhizobia
symbiosis. This includes the Medicago truncatula NF-YALl and A2 (Combier et al. 2006;
Laloum et al. 2014; Laporte et al. 2014), NF-YAL and NF-YB1 from Lotus japonicus (Soyano et
al. 2013), and NF-YC1 from common bean (Zanetti et al. 2010). In soybean, nodulation and
nodule activity are strongly reduced under stress conditions (Sinclair TR 2007). Thus, it is
important to note that the modulation of NF-Y genes in both conditions (stresses and nodulation)
is an interestingly characteristic to be deep explored, clarifying the importance of this family to

soybean improvement.

Conclusion

Altogether, the results presented here have demonstrated that segmental duplication
contributed significantly to the expansion of this gene family, and the subfuctionalization process
can drive the evolution of duplicated genes. Several GmNF-Y members are modulated in
soybean nodules and under different stresses. The modulation of GmNF-Y expression, especially
in response to ASR, suggested their involved in the plant stress response. Future experiments
might be important to clarify the relationship between GmNF-Y and the transcription regulation
of physiological processes that culminate with the resistance/tolerance of soybean plants to

biotic/abiotic stress conditions.
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Figure 1 . GmNF-Y genes structure and onservation of NF-Y domains. The total
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height of each cell indicates the conserved sequence at each position. The height of
each letter is proportional to the corresponding relative frequency. The amino acids

are colored according to their chemical properties.
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indicates genes without correspondent paralogous.



ALY

=
-

ey 2y 0y

i

TOk-NwY

IVHTT 1y 3008

e )

w @

_ TV

spodug

Tigk-Nwg

E18k-iNwD

sane3]

THH FT 424 1008 AN
[£%
=— fr=——

L18h-Nwg WHZ3 g0y

gA-nw9 YA-4NW9

72



BIVAINWO
LIVANWY
HYANWO
0IVANWO
BYAINWD

O.cc/eimeisdue) jewndo o) O.ZT BIus

BN TEY

(ug'0) sunexie / (Uz1) auleye

(PayaIuul %0z sisewhsoloyd) jesy

(ug'0) euyeie /(yg) auiee

(ug0) suleye /(yg) auleye

ssens

B+ IV

R

nopbuop|BqUE| XUBAA

eejos'o

wnyuodel'g

©iny's

gsco6srid

SOuUAIb Yy

H9L-L00S/09091-50Q7

1244Ayoed o

opoig

o0Us

5.ce/einieisd e} [ wido of 0.2 UIus

EYTEET ET

(ug'0) suieie /(yg) suiese

ss8NS

‘nopbuop)equ el Xue A

seu oAb H

852065vid

eejos'o

©iny's

CEVELA™

124iAyoed o

2Ro1g

Bupees

D.2e/@injeladws) e wido o) O.2T YIYs

aineiedwe)

(ug'0) sunedie / (Uz L) suleye

(PaNqIuUl %02 sissyuksoloyd) Jesy

(4g'0) suneye /(Yg) suleye

ssans

nopbuopiequelxue A\

862065vId

oejos'o

wnyuodel'g

eimi's

12yiAyoedd

anoig

Sj100y

O.2c/@injeadws) e wpdo o) O.ZT YIS

ainesadwe)

(ug0) auiese / (Uz1) suleie
(PaMAIYUl %0z Siseyuksoloud) jesy

(yg°0) auyeye /(49) euleye
(4 0) suyesie /(Ug) sueye

SSONS

BN +iv
LEBOLYI

1edrwsyd

VR ™
eejos'e

e
wnouodel'g

einj's

NnopbuoPI BqUEI XUBAA

852065vId

onoig

CEFEREEIG IV

12437q58d o

eefos g

opoig

snjed

LY AINWD

SYAINWO

PYAINWO

EVAINWO

Y AINWD

UoRIpuCS

uopeqinued

Auojeuy

SUOI}IPU0] SSa.1S

P nd e -dn

Xew suphlo

P IND 31 -UMog

T oo %0 ez

E ' %0
eI

oL EL0

oz

Figure 3. A) Expression profile of GmNF-YA, GmNF-YB and GmNF-YC genes in

leaves, flowers, green pods, SAM (Shoot Apical Meristem), roots, root tips,

nodules, and roots inoculated with Bradyrhizobium japonicum. Red color indicates

Hours After

up- and blue indicates downregulated genes (Log 2 ratio). HAL:

B) Expression profile of GmNF-Y genes under different stress

Inoculation.

conditions. Red color indicates up- and green indicates downregulated genes (Log 2

ratio).
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WG Mapping Analysis

Acronym Gene ID (PLAZA database)
GmNFYAL Glyma.14G010000 Block duplicated
GmNFYA2 Glyma.02G303800 Block duplicated
GmNFYA3 Glyma.08G335900 Block duplicated
GmNFYA4 Glyma.13G202300 Block duplicated
GmNFYA5 Glyma.12G236800 Block duplicated
GmNFYA6 Glyma.15G173300 Block duplicated
GmNFYA7 Glyma.07G036200 Block duplicated
GmNFYAS8 Glyma.08G124200 Block duplicated
GmNFYA9 Glyma.17G051400 Block duplicated
GmNFYA10 Glyma.13G107900 Block duplicated
GmNFYA11 Glyma.09G068400 Block duplicated
GmNFYA12 Glyma.05G166100 Block duplicated
GmNFYA13 Glyma.15G027400 Block duplicated
GmNFYA14 Glyma.15G129900 Block duplicated
GmNFYA15 Glyma.16G005500 Block duplicated
GmNFYA16 Glyma.10G082800 Block duplicated
GmNFYA17 Glyma.02G195000 Block duplicated
GmNFYA18 Glyma.19G200800 Block duplicated
GmNFYA19 Glyma.09G023800 Block duplicated
GmNFYA20 Glyma.03G203000 Block duplicated
GmNFYA21 Glyma.18G071000 Block duplicated
GmNFYB1 Glyma.08G329300 Block duplicated
GmNFYB2 Glyma.18G077500 Block duplicated
GmNFYB3 Glyma.02G300200 Block duplicated
GmNFYB4 Glyma.15G118800 Block duplicated
GmNFYB5 Glyma.09G014100 Block duplicated
GmNFYB6 Glyma.08G141000 Block duplicated
GmNFYB7 Glyma.05G183200 Block duplicated
GmNFYBS8 Glyma.05G193300 Block duplicated
GmNFYB9 Glyma.08G001300 Block duplicated
GmNFYB10 Glyma.17G005600 Block duplicated
GmNFYB11 Glyma.07G268100 Block duplicated
GmNFYB12 Glyma.09G046200 Block duplicated
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GmNFYB13

Glyma.15G153900

Block duplicated

GmNFYB14

Glyma.10G153500

Block duplicated

GmNFYB15

Glyma.20G234900

Block duplicated

GmNFYB16

Glyma.19G178500

Block duplicated

GmNFYB17

Glyma.03G177700

Block duplicated

GmNFYB18

Glyma.20G198500

Block duplicated

GmNFYB19

Glyma.07G249000

Block duplicated

GmNFYB20

Glyma.02G154000

Block duplicated

GmNFYB21

Glyma.10G192000

Block duplicated

GmNFYB22

Glyma.10G048900

Block duplicated

GmNFYB23

Glyma.17G025300

Block duplicated

GmNFYC1

Glyma.02G277000

Block duplicated

GmNFYC2

Glyma.14G038800

Block duplicated

GmNFYC3

Glyma.13G189400

Block duplicated

GmNFYC4

Glyma.06G311400

Block duplicated

GmNFYC5

Glyma.15G227300

Block duplicated

GmNFYC6

Glyma.20G232400

Block duplicated

GmNFYC7

Glyma.10G155900

Block duplicated

GmNFYC8

Glyma.15G261300

Block duplicated

GmNFYC9

Glyma.08G165700

Block duplicated

GmNFYC10

Glyma.18G007100

Block duplicated

GmNFYC11

Glyma.19G236400

Block duplicated

GmNFYC12

Glyma.03G239400

Block duplicated

GmNFYC13

Glyma.13G207700

Tandem duplicated

GmNFYC14

Glyma.08G148200

No duplicated

GmNFYC15

Glyma.13G207500

Tandem duplicated

GmNFYC16

Glyma.13G284000

Block duplicated

GmNFYC17

Glyma.02G089600

No duplicated

GmNFYC18

Glyma.12G069200

Tandem and Block
duplicated

GmNFYC19

Glyma.11G148000

Block duplicated

GmNFYC20

Glyma.11G250000

Block duplicated

GmNFYC21

Glyma.06G169600

Block duplicated

GmNFYC22

Glyma.04G196200

Block duplicated

GmNFYC23

Glyma.06G038200

No duplicated

GmNFYC24

Glyma.13G207600

Tandem duplicated

ESM 1. Detailed data on gene acronym, locus, and duplication type of GmNF-Y
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GmNF-YA4 and GmNF-YAS

Soybean
Gm Chrl3

31.50-31.70Mb

4 Gm Chrl2
3 46-39 66Mb

o Soybean

Glyma.12G235800 Dehydrin Glyma.13G201300 Dehydrin 0.09 [0.23] 37
Protein tyrosine Protem tyrosine kinase
kinase (Pkinase Tyr) (Pkinase Tyr) /Di- 0.10
Glyma.12G235900 | /Di-glucose binding | Glyma.13G201400 | glucose binding within | 0.02 |0.19
within endoplasmic endoplasmic reticulum
reticulum (Malectin) (Malectin)
SUMO-
ACTIVATING SUMO-ACTIVATING
Glyma.12G236000 ENZYME SUBUNIT Glyma.13G201500 ENZYME SUBUNIT 2 0.0110.11] 0.09
2
EXPRESSED EXPRESSED
Glyma.12G236300 PROTEIN Glyma.13G201700 PROTEIN 0.0410.11] 0.36
snRNP-specific snRNP-specific protein-
protein-like factorand like factor and related
Glyma.12G236400 | related proteins // G- | Glyma.13G201900 proteins // G-protein |0.02 |0.12| 0.16
protein beta subunit- beta subunit-like protein
like protein (contains W D40 repeats)
Glyma.12G236600 SMC proteins Glyma.13G202100 SMC proteins 0.01]0.08] 0.12
CAROTENOID CAROTENOID
9.10(9'.10Y- 9.,10(9',10"-
Glyma.12G236700 Gl .13G202200 0.03]10.12] 0.25
v CLEAVAGE ymd CLEAVAGE
DIOXYGENASE 1 DIOXYGENASE 1
TRANSCRIPTION TRANSCRIPTION
Glyma.12G236800 FACTOR NF-Y Glyma.13G202300 FACTOR NF-Y 0.0510.12] 0.41
ALPHA-RELATE ALPHA-RELATE
ACID ACID
Glyma.12G236900 PHOSPHATASE- | Glyma.l13G202400 PHOSPHATASE- |0.02]0.08] 0.25
RELATED RELATED
X-BOX X-BOX
Glyma.12G237000 | TRANSCRIPTION | Glyma.13G202500 TRANSCRIPTION ]0.01]0.13] 0.07
FACTOR-RELATED FACTOR-RELATED
Glyma.12G237100 No annotation Glyma.13G202600 No annotation 0.05]0.15]| 0.33
ZINC FINGER ZINC FINGER CCCH
CCCH DOMAIN- DOMAIN-
Glyma.12G237300 CONTAINING Glyma.13G202800 CONT AINING 0.0310.19] 0.15
PROTEIN 56 PROTEIN 56
MATE EFFLUX MATE EFFLUX
FAMILY PROTEIN FAMILY PROTEIN
Glyma.12G237400 | FRD3 (MULTIDRUG| Glyma.13G203000 | FRD3 (MULTIDRUG |0.20 (0.53 | 0.37
RESISTANCE RESIST ANCE
PROTEIN) PROTEIN)

GmNF-YB4 and GmNF-YB3
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Soybean

»#Gm Chrl5
€©22-5 42Mb

Gm Chro2
A757-4777Mb

- Soybean

Glyma.02G299800 No Annotation Glyma.15G117900 No Annotation 0.60 0.00
CCAAT-BINDING CCAAT -BINDING

Glyma.02G300200 TRANSCRIPTION Glyma.15G118800 TRANSCRIPTION 029 115 0.25
FACTOR-RELATED FACTOR-RELATED
ADP-ribose diphosphatase ADP ribose diphosphatase

Glyma.02G300500 /, ADPRPPase [/ NAXY) (o 1 5Grigopg / ADPRPPase /INAD(H) ) 37y 41 g 99

diphosphatass / NADP diphosphatass / NADP
pyrophosphatase pyrophosphatase

GmNF-YB4 and GmNF-YB11

Soybean

ld—g—w Gm Chrl5
L 922.-0.42Mb

-
. 5

== G CHIr07
44.03-44 23Mb

& SHE & & & Soybean
& Ly
Glyma.07G267300 No annotation Glyma.15G117900 No annotation 0.68 0.22
MICROTUBULE- MICROTUBULE-
Glyma.07G267400 ASSOCIATED PROTEIN Glyma.15G118000 ASSOCIATED PROTEIN 0.13 039 0.33
70-5 70-5
Glyma.07G267500 PPRrepeat (PPR) Glyma.15G118100 Glyma.07G267500 026 077 033

COPPER TRANSPORT METAL ION BINDING

Glyma.07G267600 PROTEIN ATOXI1- Glyma.15G118400 PROTEIN-RELATED 034 1.63 0.20

RELATED
COPPER TRANSPORT COPPER TRANSPORT
Glyma.07G267700 PROTEIN ATOXI- Glyma.15G118500 PROTEIN ATOX1- 0.07 052 0.13
RELATED RELATED
SGMNF1-RELATED SGMNF1-RELATED
PROTEIN KINASE PROTEIN KINASE
Glyma.07G267900 REGULATORY Glyma.15G118600 REGULATORY 0.22 070 0.31
SUBUNIT BET A-1 SUBUNIT BET A-1
NUCLEAR
TRANSCRIPTION CCAAT-BINDING
Glyma.07G268100 Glyma.15G118800 TRANSCRIPTION 048 1.74 0.27

FACTOR Y SUBUNIT B- FACTOR-RELATED

6-RELATED
GmNF-YB4 and GmNF-YB1
Soybean
P " 4 4 {d—d—w GM Chri5s
\ ' e 022.9.42Mb
Gm Chr08
44.62-44.82M0
r r Soybean
& & &
Glyma.08G328700 No annotation Glyma.15G117900 No annotation 0.54 0.00
CCAAT-BINDING CCAAT-BINDING
Glyma.08G329300 TRANSCRIPTION Glyma.15G118800 TRANSCRIPTION 0.29 1.17 0.24
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FACTOR-RELATED

ADP ribose diphosphatase
/ ADPR-PPase // NAD(+)
diphosphatass / NADP

FACTOR-RELATED

ADP-ribose diphosphatase

/ ADPR-PPase // NAD(+) 0.38
diphosphatass / NADP
pyrophosphatase

Glyma.08G330100 Glyma. 15G118900 1.19 0.31

pyrophosphatase

GmNF-YB4 and GmNF-YBS5

Soybean

4 et GM Chrl5s
L LA 822.8 43Mb

<heDhedchor O 1109
096-1.16Mb

[ P PP PP Soyhean

Glyma.09G012700
Glyma.09G0 12800

Glyma.09G0 13000
Glyma.09G0 13100
Glyma.09G0 13300

Glyma.09G0 13700

Glyma.09G013800

Glyma.09G0 13900

Glyma.09G0 14000

Glyma.09G0 14100

Glyma.09G0 14200

Glyma.09G0 14300

Glyma.09G014400

No annotation Glyma.15G1 17600

CottoGmNFibreexpre

ssedprotein Glyma.15G1 17700

No annotation Glyma.15G1 17900

MICROTUBULE-

ASSOCIATED Glyma.15G1 18000
PROTEIN 70-5

PPRrepeat (PPR) Glyma.15G1 18100
METAL 1ION

BINDING PROTEIN- Glyma.15G1 18400
RELATED

Glyma.09G013800  Glyma.15G1 18500

SGMNF1-RELATED
PROTEIN KINASE
REGULATORY
SUBUNIT BET A-1

ACYL CARRIER
PROTEIN 3, Glyma.15GI1 18700
MITOCHONDRIAL

CCAAT-BINDING
TRANSCRIPTION  Glyma.15G118800
FACTOR-RELATED

ADP xibose
diphosphatase /
ADPR-PPase I
NAD(+)
diphosphatase /
NADP
pyrophosphatase

DNA-BINDING
PROTEIN-LIKE
PROTEIN

BIFUNCTIONAL
INHIBITOR/LIPID-
TRANSFER
PROTEIN/SEED
STORAGE
ALBUMIN
SUPERFAMILY
PROTEIN

Glyma.15G1 18600

Glyma.15G1 18900

Glyma.15G1 19000

S Glyma.15G119100

Mo annotation
No annotation

No annotation

MICROTUBULE-
ASSOCIATED
PROTEIN 70-5
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Supplementary Figure 1-3: Expression profile of GmNF-YA, GmNF-YB and
GmNF-YC genes in leaves, flowers, green pods, SAM (Shoot Apical Meristem),
roots, root tips, nodules, and roots inoculated with Bradyrhizobium japonicum. In
order to generate more understandable figures, the expression data were adapted
from BAR images. Red color indicates up- and blue indicates downregulated genes.
A direct comparison of each specific gene in each organs/tissues is applicable.

However, comparison among different genes is not adequate.
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Abstract

PLACS is a cysteine-rich protein described as a central mediator of tumor evolution in mammals,
being a promising candidate for diagnostic and therapeutic targeting. The PLAC8 gene also acts
in the contact hypersensitivity response and serves a role in psoriatic skin. In plants, PLACS8
motif-containing proteins are involved in determination of organ size, growth, response to
infection, Ca®" influx, Cd resistance, and zinc detoxification. In general, the PLAC8 motif-
containing proteins present the conserved CCXXXXCPC or CLXXXXCPC region. However,
there is no devised nomenclature for the PLAC8 motif-containing proteins. Here, through the
analysis of 445 sequences, we show that PLAC8 motif-containing proteins compose a unique
gene family, and we propose a unified nomenclature. This is the first report indicating the
existence of different groups of PLACS8 proteins, which we have called types I, Il, and Ill. The
type | genes are found in mammals, fungi, plants, and algae, while the types Il and Ill are
exclusive to plants. Our study describes for the first time the PLACS type Il proteins. Whether
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these sequences maintain their known functional role or possess distinct functions of types | and

Il genes, remains unclear.

Key words: PLAC8 genes; phylogenetic reconstruction; Programmed Cell Death; Cell

Differentiation; Cysteine-rich proteins.

Introduction

Programmed cell death (PCD) is a genetically regulated process of cellular suicide that
plays a fundamental role in a variety of developmental and physiological processes, removing
infected or damaged cells in all multicellular organisms. A significant increase in the knowledge
about PCD has occurred in the last years. In the plant model Arabidopsis thaliana, several genes
mvolved with PCD have been identified. Recently, a network called the “deathsome”, composed
by several genes related to PCD control, has been proposed®. LSD1 (Lesion simulating disease
1), a central gene in this network, negatively regulates PCD under stress conditions®* by
physically interacting with positive regulators of Hypersensitive Response (HR), such as bZIP10
(a basic region leucine zipper (bZIP) transcription factor)®, and type | metacaspase (MC1)®. In
addition, two genes encoding PLAC8 (Placenta-specific 8) motif proteins, At1g52200 and
At4g23470, were also described as components of the A. thaliana deathsome?.

The first PLAC8 protein was identified through a microarray analysis on placental
(hence the name PLAC: Placenta-specific) and embryonic RNA in mouse’. Mouse PLACS is a
cysteine-rich protein of 112 amino acids, encoded by a gene located at chromosome 5. PLAC8
expression is not restricted to the uterus and placenta of mammals; it is highly expressed in
phagocytes, macrophages, and neutrophils, and is essential to optimal Killing of bacteria by these
cells®. In myeloid cells, PLAC8 expression plays a role in differentiation, proliferation, and

%11 and provides a mechanistic link between primary oncogenic mutations and the

apoptosis
induction of autophagy'®. The overexpression of PLACS increased growth rate, resistance to
apoptotic stimuli, and loss of the cell cycle checkpoint, and promoted tumorigenic conversion™®.
PLAC8 is also required is a critical upstream regulator of brown fat differentiation, and
thermoregulation *3.
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In pancreatic ductal adenocarcinoma, PLAC8 is a central mediator of tumor
progression, being a promising candidate gene for diagnostic and therapeutic targeting*. When
overexpressed, PLAC8 can suppress p53 expression'®. In addition, PLACS8 expression is affected
by p53 mutation and Ras activation. Downregulation of PLAC8 by RNA interference reduced
tumor formation by 100% in murine colon cancer!®. Therefore, PLAC8 represents a critical node
in gene networks underlying the malignant phenotype®®.

Increased expression of PLAC8 has been reported in early stages of pancreatic cancer®,
while decreased PLACS8 expression is associated with oncogenesis in the liver'’. PLACS8 acts in
apoptosis protection in fibroblasts'® and apoptosis induction in human lymphocytes®®; inhibits
cell differentiation in primary acute myeloid leukaemia cells*!, and inducts the epithelial-to-
mesenchym transition in cultured colon cancer cells®®. Altogether, these results suggest that the
role of PLAC8 seems to be highly cellular and is physiologically context-dependent.

Since the first report in humans more than ten years ago’, the increased numbers of
proteins containing the cysteine-rich PLAC8 domain have provided an ongoing challenge in
their clear identification and logical classification across species. Until now, there has been no
devised nomenclature for naming these proteins. In this context, comparative functional
genomics associated with a high-throughput phylogenetic analysis covering several genomes can
contribute to understanding the relationship among the PLAC8 motif-containing proteins.

From this perspective, we first discuss the PLACS8 motif-containing proteins’ functions
in mammals and plants. Then, we suggest the first unified nomenclature based on the initial
characterized PLACS8 gene. Finally, we propose a classification of the PLAC8 family in three
different groups (types I, Il, and I1I), two of them restricted to plants.

Material and Methods
PLACS8 genes identification

In order to overcome the confused nomenclature and contribute to the currently
incomplete characterization of the PLACS8-containing proteins, we retrieved all of the PLACS-
like sequences using the cysteine-rich domain that defines these proteins (Pfam PF04749)
according the SMART database (http// smart.embl-heidelberg.de/). The baits At4g23470 and
At1g52200 were used as queries in BLAST searches conducted against the NCBI
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(http//mwww.ncbi.nlm.nih.gov), Metazome (https://metazome. jgi.doe.gov/), FungiDB
(http://fungidb.org/fungidb/), Phytozome (http:/Amww.phytozome.org/), and PLAZA
(http//bioinformatics.psb.ugent.be/plaza/versions/plaza_v3 dicots/) databases.

Evolutionary processes

The complete sequences from representative species were aligned using the Muscle
algorithm as implemented in MEGA v.5.05 (Tamura et al. 2011). A Bayesian inference was
generated using BEAST v. 1.4.7%% and a run of 10 chains was conducted®* and the trees were
sampled every 1000 generations. The Yule tree prior, the JTT substitution model and the
uncorrelated log-normal relaxed clock were used in the BEAST analysis. The TRACER v.1.4
(http//beast.bio.ed.ac.uk/Tracer) was used to check the convergence of the Monte Carlo Markov
Chains (MCMCs) and for adequate effective sample sizes (EES >200) after the first 10% of the
generations had been deleted as burn-in. The final joint sample was used to estimate the
maximum clade credibility tree with the TreeAnnotator program, which is part of the BEAST
package. The statistical support for the clades was determined by accessing the Bayesian
posterior  probabilty (PP). The trees were visualized using FigTree v1.3.1
(http://tree.bio.ed.ac. uk/software/figtree/).

Gene structure and PLACS8 proteins characterization

The gene  structure  was analyzed using the  Exon-Intron Graphic Maker
(http//wormweb.org/exonintron) or manually drawn. The cysteine-rich domain that defines these
proteins (Pfam PF04749) was selected according the SMART database (http// smart.embl-
heidelberg.de/). Their amino acid sequences were analyzed MEGA v.5.05 (Tamura et al. 2011)

and manually aligned to access domain conservation using MEME @ software

(http://meme.sdsc.edu/meme/).

Results and discussion

Distinct names of the PLAC8 motif-containing proteins in mammals and plants
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The search for PLACS8 genes showed that several distinct names have been used to
designate the PLAC8 motif-containing proteins. Onzin and Cornifelin (CNFN) acronym have
been used to designate the PLACS8 human protein®® 2. Fruit weight-2.2 (FW2.2) and Cell
number regulator (CNR) have been used to described PLACS8-containing proteins related to
organ size and cell number control?®: 21 22 23. 24,25, 28 ' Cys_rich PCR (Plant Cadmium Resistance)
acronym had been used to denominate proteins involved with resistance to chemical
elements?”?®, The Mid1-complementing activity (MCA) name has been employed to nominated

proteins related to Ca®* influx at the plasma membrane?®-3031:32,

Onzin and Comifelin (CNFN)

The name ‘cornifelin’ was proposed to specify a gene highly expressed in psoriatic skin,
whose overexpression alters the protein composition of the cornified cell envelope (a structure
that is formed beneath the plasma membrane)?’. Regarding the name ‘onzn’, it was used to
nominate a leukocyte inhibitory factor-regulated gene in the uterus, which presented an
uncharacterized cysteine-rich domain that did not conform to consensus zinc- or RING-finger
domains?*.

Since the first report’!, several studies have investigated the role of onzin. Onzin was
described as a new c-Myc target gene highly expressed in 32D cells and markedly repressed by
c-Myc'®. Onzin also interacts with PLSCR1 (Phospholipid Scramblase 1), which is proposed to
mediate the bidirectional movement of the plasma membrane during proliferation and apoptosis®.
Overexpression of onzin in fibroblasts resulted in growth, loss of cell cycle control, resistance to
apoptosis, and tumorigenesis’®. The opposite result was found when the reduction of endogenous
onzin levels was obtained by shRNA.

Onzin contributes to intracellular killing within the neutrophil®. Leukaemic cell
differentiation-inducing agents significantly inhibited the expression of onzin in acute myeloid
leukaemic cell lines and primary cells as well as cells of some onzin-expressing solid tumor
celis*!. In addition, onzin also plays a critical role in the contact hypersensitivity response

through the regulation of pro-inflammatory factors®!.

Fruit weight-2.2 (FW2.2) and Cell number regulator (CNR)
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The fw2.2 acronym designated a PLAC8 motif-containing protein included in a
quantitative trait locus (QTL), the expression of which modulates fruit size?’. fw2.2 was
demonstrated to act as a negative regulator of cell division during the early stages of fruit
development following pollination®®. FW2.2 interacts with the regulatory subunit (beta) of casein
kinase Il (CKII)?*. The CKII protein has been linked to a wide variety of cellular functions,
including cell division control. In soybean, expression of FWL1 (Glycine max FW2.2-like 1) is
induced after Bradyrhizobium japonicum inoculation, suggesting that it is involved in the cellular
remodeling programm required for response to rhizobial infection?®. In addition, GmFWL1
controls (directly or indirectly) nuclear size and chromatin condensation.

The CNR genes were described as orthologs of fw2.2 in maize (Zea mays)?®. CNR1 acts
to reduced owverall plant size when ectopically overexpressed. The opposite phenotype is
observed when CNR1 is cosuppressed or silenced. The differences in plant and organ size
occurred by changes in cell number, rather than cell size. In addition, CNR2 expression is
negatively correlated with tissue growth activity and hybrid seedling vigor?®. All these results are

consistent with the observations of fw2.2 genes.

Cys-rich PCR (Plant Cadmium Resistance)

The PLAC8 motif-containing proteins PCR were described as sequences that confers a
strong Cd (a widespread soil pollutant) resistance at the plasma membrane level?’. These authors
showed that AtPCR1 presents two hydrophobic segments, which form helix structures that may
function as transmembrane domains. These domains (CCXXXXCPC) are situated in the N-
terminal region of the protein and deletion or mutations in CC and CPC residues to AA and
AAA strongly reduce the capacity of AtPcrl to confer Cd(ll) resistance. Interestingly, the
complete Cys-rich region in the first putative transmembrane domain of AtPcrl is important for
Cd(Il) resistance at the plasma membrane level. In addition, AtPCR2 is involved in
detoxification in the presence of high concentrations of zinc and in the transfer of zinc from the

root to the shoot?®,

The Midl-complementing activity (MCA)

The PLAC8 motif-containing protein MCAL corresponds to an integral plasma

membrane protein MCA1 (Midl-complementing activity) that connects Ca®* influx with
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mechanical stimulation in A. thaliana®®. MCAL rescues the ability to take up Ca*'ions in
response to mating factor; mca mutants are defective in Ca®* uptake*. MCAL has no significant
similarity to that of any protein characterized as an ion channel component. Analysis of MCAL
domains showed at least two potential transmembrane segments and the PLAC8 domain at the
carboxyl-terminal half. In addition, the MCA2 protein has a distinct role in Ca®* uptake in roots,
and an overlapping role with MCAL in plant growth®!.

In rice, MCAL is involved in the regulation of plasma membrane Ca®* influx and
reactive Oxygen species generation induced by hypo-osmotic stress®’. OsMCAZL-suppressed
plants showed retarded growth and shortened rachises®?. In addition, a SNP in OSMCA1 responds

for a plant architecture defect by deactivation of bioactive gibberellin®?.
The PLACS8 family: A consolidated nomenclature to designate PLACS8 proteins

Including all above-described names for designate PLACS8 genes, a total of 445 proteins
containing the PLAC8 domain were identified (Supplementary Table 1 and Figure 1A). The
common characteristic observed in all proteins is the cys-rich PLAC8 domain. In the context of
different names to refer PLACS8 proteins, an evident confusion and incomplete characterization
of these proteins is presently common. A new nomenclature containing PLAC8 acronym and the
number of identified gene (according BLAST output) was set. This unified can clarify the
present arbitrary gene annotation of the PLAC8 motif-containing proteins.

Considering the number of genes identified, lineage-specific fluctuations in gene family
size were observed among taxa (Figure 1, Supplementary Table 1). In humans, three proteins
containing the PLAC8 motif were identified. The first one corresponds to the cornifelin
protein?®. The second one matches to the PLACS itself’, which is also named onzin?’. Finally,
the third one corresponds to a protein sequence that was not previously described, and we called
it PLACS8-like 1 (Supplementary Table 1, Figure 2). In Aspergillus nidulans, two PLAC8 genes
were found (Supplementary Table 1). In comparison with mammals and fungi, Viridiplantae
presented a greater or equal number of genes, with soybean being the species with the highest
number of members (Figure 1A).

Based on domain structure analysis (SMART database), we can distinguish three groups
of PLAC8 domains, allowing the classification of PLAC8 proteins in types I, I, and Il (Figure

1B-E). A prominent discrepancy in numbers of copies between groups was observed, since the
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representative genes of type | were always larger than those of types Il and Ill (Figure 1A). In

addition, single-copy genes were found exclusively in types Il and IlI.

The lengths of the three types of PLAC8 domains vary from 95 to 110 amino acids, all
them starting with a tryptophan residue (W) (Figure 1 B-E and Supplementary Table 1). Based
on this classification, we notice that the sequences belonging to the type | group correspond to
the most well-characterized PLACS8 proteins until now. Their involvement in PCD and
differentiation in mammals, in addition to different biological roles already described in plants,
highlight their functional importance. Regarding the type Il group, representative genes were
investigated exclusively in Arabidopsis?® and rice®3?, and different functions have been
proposed in comparison to type I. Concerning the genes classified as type Ill, they are all

functionally uncharacterized and are now described for the first time.

The evolutionary history of the PLAC8 motif

The relationship of the previously named onzin, cornifelin, FWL, PCR, CNR, and MCA
genes and the sequences now identified was emphasized by the evolutionary analysis
(Supplementary Material 1, tab 1 and 2, and Figure 2). The unrooted phylogenetic tree
performed according bayesian inference indicated that these genes compose a unique gene
family whose unique domain present in the sequences is the PLACS8. All these results summarize
the importance to group together all the families acronym used until now (onzin, cornifelin,
FWL, PCR, CNR, and MCA) in unify the name to designate all PLAC8 genes.

During the evolutionary process, the well-conserved cysteine-rich region of the PLACS8
domain (CCXXXXCPC or CLXXXXCPC) was maintained in all PLAC8 proteins. It starts at
residue 15 in types | and Il, and at residue 16 in type Il (Figure 1 B-E, black lines). These motifs
are present in the N-terminal region of PLACS8 proteins, allowing anti-apoptotic activity'® and
mediating the interaction of onzin with Akt and Mdm2'°, and with PLSCR1® in mammals. In
plants, deletion or mutations in the CC and CPC residues reduce the capacity of AtPcrl to confer
Cd(ll) resistance?’. These results, in addition to the high conservation of these cysteine-rich
regions, highlight the importance of their maintenance throughout the evolution, allowing the
functionality of PLACS8 proteins.
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The existence of three different types of PLAC8 genes was corroborated by a well-
supported phylogenetic tree topology, confirming the proposed classification (Figure 2). The
spread of the PLAC8 domain through the evolutionary process presents an interesting
evolutionary scenario. While the type | PLAC8 proteins (337 genes) were widely distributed
(algae, fungi, plants, and mammals), the type Il (48 genes) and type Il (71 genes) were present
only in plants, emerging from lycophyte and bryophyte, respectively (Figure 1). The existence of
types 1l and Il groups exclusively in plants entails a question: were these groups not maintained
in algae, humans, and fungi through the evolutionary process (as the copies were lost), or did the
emergence of these different types of PLACS proteins occur exclusively in plants?

Human PLAC1 and PLACY are not phylogenetically related to PLAC8 gene

PLAC1 and PLAC9 are common cited as genes related to PLACS, since they share the
same acronym name for genes. PLACL is a gene strongly expressed in all trophoblast derived
cells in the placenta®. Similar to PLACS, studies indicated that PLAC1 is also expressed by a
wide variety of human cancers and cancer-derived PLAC1 has the potential to promote tumor
growth and function®®. Another gene that carries the PLAC acronym is PLAC9, which is weakly

expressed though highly enriched in placenta’.

To clarify if PLAC1 and PLAC9 human genes are members of PLAC8 family, these
sequences were investigated and included in the phylogenetic analysis. We observed that the
PLAC8 motif was absent in their proteins. Furthermore, the phylogenetic analysis evidenced that
PLAC1 and PLAC9 human genes have no relationship with PLACS8 genes (Figure 2). These
genes localized as outgroup in the phylogenetic tree, highlighting that they share different
evolutionary history. Is important to note the names PLAC2-PLAC7 have been assigned in

GenBank to other genes derived from placent’.

Conclusion and Perspectives

In light of the data discussed here, the PLACS8 family constitutes a group of proteins

involved in several important biological processes in plants and mostly apoptosis networks in
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mammals. The existence of PLACS8 genes in several clades highlights the importance of their
maintenance through the evolutionary process (Figure 3).

In the present study, the evolutionary history of the PLAC8 proteins was reconstructed,
providing the first evidence that the PLACS8 motif-containing proteins compose a unique gene
family (Figure 3). We propose a unified nomenclature for the PLAC8 family, overcoming the
current nomenclature confusion. Our developed unified nomenclature will be helpful to achieve
quick prediction considering the future investigation of new PLAC8 genes, since from the
nomenclature point of view, the newly cloned gene(s) will always be characterized/named based
on sequence similarity with the presently characterized PLACS proteins.

Here we provide the first report comprising the existence of different groups of PLAC8
proteins (types I, Il, and I1l) based on domain composition. The proteins of type Ill group were
described for the first time. Whether the type Il have the same functional role of type I and Il

genes, or whether this type is functionally distinct from them, remains unclear.
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Figure and legends

Species Group Total of genes 1 1;1““ m
spergillus nidulans Eurotiomycetes 2 2 0 0
lomo sapiens Mammalia 3 3 0 0
Chlorophyte™
i Bryophyte
laginella moellendorffii | _Spike mosses 7 5 | 1 1| Lycophyte
anicum vi m Monocot 14 10 0 4 s
taria italica Monocot 13 10 0 3
hum bicolor Monocot 11 8 1 2
mays Monocot 14 11 1 3
limulus guttatus Eudicot 4 2 1 1 Astaide
lanum lycopersicum Eudicot 15 11 1 3
lanum tuberosum Eudicot 19 13 2 4 <
} Rosid S-
=
inum usitatissimum Eudicot 13 74 4 2 5,
ihot esculenta Eudicot 16 10 2 4 e
opulus trichocarpa Eudicot 18 14 1 3
icinus communis Eudicot 10 . 1 2
Carica Eudicot 13 1| 1 1 Malvidae
ium raimondii Eudicot 23 18 2 3
Theobroma cacao Eudicot 19 17 1 1
ucumis sativa Eudicot 6 4 1 1
ragaria vesca Eudicot 4 3 0 1
cine max Eudicot 25 17 4 4 Fabidae
icago truncatula Eudicot 17 14 2 1
haseolus vulgaris Eudicot 9 6 1 2
nus persica Eudicot 13 8 2 3 ]
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Figure 1. A) The total number of PLAC8 genes annotated per species and the number of types I,
I, and Il proteins. Adapted from the Phytozome (http//www.phytozome.org/). B-D) PLACS8
domain analysis. The height of each letter is proportional to the corresponding relative

frequency. The amino acids are coloured according to their chemical properties: Blue for most
hydrophobic residues (A, C, F, I, L, V, and M); Green for polar, non-charged, non-aliphatic
residues (N, Q, S, and T); Red for positively-charged residues (K and R); Orange for glycine
(G); Rose for histidine (H); Yellow for proline (P); and Turquoise for tyrosine (Y). The black bar
indicates the conserved cysteine-rich region. B) 337 sequences of the type 1. C) 48 sequences of
the type Il. D) 71 sequences of the type Ill. E) Detailed illustration of PLAC8 domain of types I,
I, and IIl proteins from Arabidopsis thaliana. The black bar indicates the conserved cysteine-

rich region.
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Figure 2. Unrooted tree (Bayesian inference) showing the evolutionary relationships among
PLAC8 genes from representative species. The posterior probability is shown above the
branches. The taxa terminologies are abbreviated using the first letter of the genus and the first
two letters of the species (see Supplementary Material 1). Black shading indicates type |
proteins. Blue shading indicates type Il proteins. Red shading indicates type Il proteins. The
right side provides a detailed illustration of the relative intron/exon length and number in each
gene. PLAC1 and PLAC9 genes were used as the outgroup. The intron/exon figures were
generated using the PLAZA database (Viridiplantae) or manually drawn (human genes). The
green boxes represent the 5’and 3° UTR. The blue boxes show exons, and the lines connecting

them represent the introns.
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Figure 3. Overview of PLACS8 family function and evolution. Dotted circles represents functions
observed to Type | gene, while dotted plus dashed circles shows function found in Type Il genes.
Blue arrow show genes exclusively found in plants, while green arrow indicates PLAC8 genes

observed in plants and humans.

SPECIES TYPE | ACRONYM GENE / LOCUS
MePLACS81 >cassavad.l 026034m CDS
MePLACS82 >cassava4.l 030847m CDS
MePLACS83 >cassavad.l 020997m CDS
MePLAC84 >cassavad.l_016859m CDS
| MePLACS85 >cassavad.l 023829m CDS
MePLACB86 >cassava4.l 018107m CDS
MePLACS87 >cassavad.l 026618m CDS
Manihot esculenta MePLACBS8 >cassavad.l 024830m CDS
MePLAC89 >cassavad.l 009432m CDS
MePLACS810 >cassavad.l 018068m
I MePLAC812 ME06512G01420
MePLAC812 MEQ7520G02900
MePLACS813 >cassavad.l 014438m CDS
m MePLAC814 >cassava4.l 013090m CDS
MePLAC815 >cassavad.l 014516m CDS
MePLAC816 >cassava4.l 016062m CDS
RcPLACS81 >30174.m008709 CDS
RcPLACS82 >30115.m001188 CDS
Ricinus communis | RcPLACS3 >29692.m000524 CDS
RcPLAC84 >29801.m003194 CDS
RcPLACS5 >29692.m000523 CDS
RcPLACB86 >28883.m000737 CDS
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RcPLACS87

>29806.m000933

Il | RePLACSS 29729.m002275
i LREPLACE9 >30190.m011251 CDS
RcPLAC810 >30174.m008635 CDS
LuPLACS81 >Lus10021696 CDS
LUPLACS82 >Lus10034298 CDS
LUPLACS83 > us10019478 CDS
I | LuPLACS84 > us10043325 CDS
LUPLACS85 >Lus10004063 CDS
LUPLAC86 > us10008890 CDS
Linum usitatissimum LUPLACS7 > us10009036 CDS
LuPLACS88 >Lus10014256
| [LuPLACB9 > us10025955
LUPLAC810 > us10041875
LuPLAC811 >Lus10028421
i |LUPLACB12 >Lus10017509 CDS
LUPLAC813 >Lus10018826 CDS
MtPLAC81 >Medtr8g104870.1 CDS
MtPLAC82 >Medtr4g086330.1 CDS
MtPLAC83 >Medtr4g086320.1 CDS
MtPLAC84 >Medtr8g104890.1 CDS
MtPLAC85 >Medtr1g075550.1
MtPLAC86 >Medtr2g101660.1
| [MtPLACE? >Medtr5g008240.4
MtPLAC88 >Medtr6g084940.1
Medicago truncatula MtPLAC89 >Medtr8g104830.1
MtPLAC810 Medtr7g044840
MtPLAC811 Medtr8g075150
MtPLAC812 Medtr5g022670
MtPLAC813 Medtr5g017650
MtPLAC814 Medtr7g100870
| | MtPLACBI5 MT8G075150
MtPLACB816 MT5G022670
I | MtPLAC817 Medtr8g098735.1 CDS
PVPLACS81 >Phvul.005G169200.1 CDS
PVPLAC82 >Phvul.002G319200.2 CDS
| |[PvPLACB3 >Phvul.002G319100.1 CDS
Phaseolus vulgaris PVPLAC84 >Phvul.002G318900.1 CDS
PVPLACS85 >Phvul.002G319000.1 CDS
PVPLAC86 >Phvul.007G124700.1 CDS
Il | pvPLACS? >Phvul.002G106200.3
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i PvPLACSS8 >Phvul.002G158600.1 CDS
PvPLACB89 >Phvul.002G158700.1 CDS
GmPLACS81 >Glyma05g34883.1 CDS
GmPLACS82 >Glyma08g04830.1 CDS
GmPLACS83 >Glyma07g33441.1 CDS
GmPLAC84 >Glyma01g20980.1 CDS
GmPLACS5 >Glyma02g15020.1 CDS
GmPLAC86 >Glyma01g44060.1
GmPLACS87 >Glyma02g 29850.2
GmPLACB88 >Glyma05g 34870.2

I | GmPLACS89 >Glyma05g 34876.1
GMPLAC810 >Glyma07930410.1
GmPLACS811 >Glymallg01530.1
GmPLAC812 >Glymal3g43327.1

Glycine max GmPLACB813 >Glymal5g01990.3
GmPLAC814 Glymal3g32140.1
GmPLACB815 Glyma07g30800.1
GmPLAC816 Glyma02g43090.1
GmPLACS817 Glyma09g31910.1
GmPLAC818 Glyma01g36860.1

I GmPLACS819 Glymallg08430.1
GMPLAC820 Glyma02g05130.1
GmPLACS821 Glymal16g23240.1
GmPLAC822 >Glyma08g01990.1 CDS

" GmPLAC823 >Glyma05937590.1 CDS
GmPLAC824 >Glyma01g43010.1 CDS
GmPLAC825 >Glymallg02480.2 CDS
PpPLACS1 >ppa021734m CDS
PpPLACS82 >ppa011430m CDS
PpPLACS3 >ppa019128m CDS

| PpPLAC84 >ppa023567m CDS
PpPLACS5 >ppa018965m CDS
PpPLACS6 >ppa017696m CDS

Prunus persica PpPLACS7 >ppa017482m CDS
PpPLACS8 >ppa020240m CDS

I PpPLACS89 Prupe.1G307600.1
PpPLAC810 Prupe.5G219500.1
PpPLACS811 >ppa010454m CDS

Il | PpPLAC812 >ppa015403m CDS
PpPLAC813 >ppa022606m CDS

Fragaria vesca | | FvPLACSBL >mrna26238.1-v1.0-hybrid CDS
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FvPLACS82 >mrna00157.1-v1.0-hybrid CDS
FvPLACS83 >mrna28586.1-v1.0-hybrid CDS
I | FvPLACS4 mrna31806.1-v 1.0-hybrid CDS
AtPLACS1 >AT3G18460.1 CDS
AtPLACS2 >AT3G18470.1 CDS
AtPLACS3 >AT3G18450.1 CDS
AtPLAC84 >AT1G49030.1 CDS
AtPLACS5 >AT1G58320.1 CDS
| [APLACES >AT1G14870.1 CDS
AtPLACS7 >AT5G35525.1 CDS
AtPLACSS >AT1G14880.1 CDS
Arabidopsis thaliana AtPLAC89 >AT1G68630.1 CDS
AtPLACS810 >AT1G68610.1 CDS
AtPLACS811 >AT1G52200.1
AtPLACS812 AT2G40935.1
I | AtPLAC813 AT4G35920
AtPLACS814 AT2G17780
AtPLACS815 >AT5G41390.1 CDS
I | AtPLAC816 >AT1G63830.2 CDS
AtPLAC817 >ATAG23470.1
AIPLACS1 >923732 CDS
AIPLACS?2 >479349 CDS
AIPLACS3 >479347 CDS
AIPLACB84 >337030 CDS
I | AIPLACS5 >911287 CDS
AIPLACS6 >493614 CDS
Arabidopsis lyrata AIPLACET 2475448 CDS
AIPLACSS >926146 CDS
AIPLAC89 >483158 CDS
AIPLAC810 AL7G04830
I | AlPLACS11 AL3G38580
AIPLAC812 492525 CDS
1 LAIPLACB13 924569 CDS
AIPLACS814 330382 CDS
CrPLACS81 >Carubv10010385m CDS
CrPLAC82 >Carubv10011498m CDS
CrPLACS3 >Carubv10018179m CDS
Capsella rubella I | crPLACS4 >Carubv10010549m CDS
CrPLACS5 >Carubv10016079m CDS
CrPLACB86 >Carubv10021324m CDS
CrPLACS87 >Carubv10022063m CDS
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CrPLACB88 >Carubv10021976m CDS
CrPLACB9 >Carubv10024118m CDS
I CrPLAC810 CRU_007G04020
CrPLACS811 CRU_003G30700
m CrPLAC812 >Carubv10005554m CDS
CrPLAC813 >Carubv10020877m CDS
BrPLACS1 >Bra018953 CDS
BrPLAC82 >Bra022322 CDS
BrPLACS3 >Bra018774 CDS
BrPLAC84 >Bra022323 CDS
BrPLAC85 >Bra026796 CDS
I BrPLAC86 >Bra026181 CDS
BrPLAC87 >Bra026794 CDS
BrPLAC88 >Bra004328 CDS
Brassica rapa BrPLACS89 >Bra004325 CDS
BrPLAC810 >Bra016960
BrPLACS811 >Bra027875
BrPLAC812 BR03G55000
Il | BrPLAC813 BR01G02530
BrPLAC814 BR09G09150
BrPLAC815 >Bra019301 CDS
| BrPLAC816 >Bra013693 CDS
BrPLAC817 >Bra027663 CDS
>evm.model.supercontig_296.1
CpPLACS1 CDS
>evm.model.supercontig_13.19
CpPLACS82 CDS
>evm.model.supercontig_62.18
CpPLACS3 CDS
>evm.model.supercontig_2.225
CpPLACS84 CDS
>evm.model.supercontig_2.228
| CpPLACS5 CDS
. >evm.model.supercontig_2.226
Carica papaya CpPLACS6 CDS
CpPLACS87 >evm.TU.supercontig_1.195
CpPLACS88 >evm.TU.supercontig_2.212
CpPLACS89 >evm.TU.supercontig_2.213
CpPLACS810 >evm.TU.supercontig_2.215
CpPLACS11 >evm.TU.supercontig_92.67
Il | cpPLACSB12 CP00006G02880
i >evm.model.supercontig_180.15
CpPLACS813 CDS
. . .. GrPLAC81 >G0rai.002G174700.1 CDS
Gossypium raimondii |
GrPLAC82 >Gorai.002G174600.1 CDS
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GrPLACS83 >Gorai.005G159200.1 CDS
GrPLAC84 >Gorai.002G174500.1 CDS
GrPLAC85 >Gorai.006G252400.1 CDS
GrPLACB86 >G0rai.012G150200.1 CDS
GrPLAC87 >Gorai.002G175600.1 CDS
GrPLACS8 >Gorai.013G043200.1 CDS
GrPLAC89 >Gorai.006G062300.1 CDS
GrPLAC810 >Gorai.002G175100.1 CDS
GrPLACS811 >Gorai.002G175300.1 CDS
GrPLAC812 >Gorai.002G175400.1
GrPLAC813 >Gorai.003G023000.1
GrPLAC814 >Gorai.006G195300.1
GrPLAC815 >Gorai.007G006900. 1
GrPLAC816 >Gorai.008G184700.1
GIPLAC817 >Gorai.008G184800.1
GrPLAC818 >Gorai.012G012300.1
| LGrPLACB19 GR03G00740
GrPLAC820 GR07G19200
GrPLAC821 >Gorai.008G248500.1 CDS
I | GrPLAC821 >Gorai.004G139700.1 CDS
GrPLAC822 >Gorai.003G156800.1 CDS
TcPLACSL >Thecc1EG012297t1 CDS
TcPLAC82 >Thecc1EG012293t1 CDS
TCcPLACS3 >Thecc1EG012292t1 CDS
TcPLAC84 >Thecc1EG012291t1 CDS
TCcPLACS5 >Thecc1EG011842t1 CDS
TCcPLACS6 >Thecc1EG011011t1 CDS
TCcPLACS? >Thecc1EGO00600t1 CDS
TcPLACSS >Thecc1EG010997t1 CDS
I | TcPLACB89 >Thecc1EG011009t1 CDS
Theobroma cacao TCcPLAC810 >Thecc1EG020938t1 CDS
TcPLAC811 >Thecc1EG007048t1 CDS
TcPLACS812 >Thecc1EG011843t1 CDS
TcPLACS813 >Thecc1EG010995t1 CDS
TCcPLAC814 >Thecc1EG011002t1 CDS
TcPLACB15 >Thecc1EG011102t1 CDS
TcPLACB16 >Thecc1EG012285t1 CDS
TcPLACS817 >Thecc1EG011840t1l CDS
Il | TcPLAC819 TC0001G01310
I | TcPLAC818 >Theccl1EG016303t1 CDS
Citrus sinensis | | CsiPLACSL >orangel.1g041663m CDS
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CsiPLAC82 >orangel.1g031629m CDS
CsiPLAC83 >0orangel.1g031916m CDS
CsiPLACB4 >orangel.19g042250m CDS
CsiPLAC85 >0rangel.1g030039m CDS
CsiPLACB6 >orangel.19g029667m CDS
Il | CsiPLACS8 CS00017G01580
I | csiPLAC87 >orangel.1g025094m CDS
CcPLACS81 >Ciclev10017041m CDS
CcPLACS82 >Ciclev10017071m CDS
| CcPLACS3 >Ciclev10016920m CDS
Critus clementina CcPLACB4 >Ciclev10016918m CDS
CcPLACS5 >Ciclev10033938m CDS
CcPLACB86 >Ciclev10016864m CDS
Il | ccPLACSS >Ciclev10025703m
Il | CcPLACS? >Ciclev10021784m CDS
EgPLACS81 >Eucgr.B00710.1 CDS
EgPLACB2 >Eucgr.H02012.1 CDS
EgPLACS3 >Eucgr.G02148.1 CDS
EgPLAC84 >Eucgr.H01656.1 CDS
EgPLACS85 >Eucgr.G02143.1 CDS
EgPLACB86 >Eucgr.G02147.1 CDS
EgPLAC87 >Eucgr.G02154.1 CDS
| EgPLACS88 >Eucgr.G02142.1 CDS
EgPLACS89 >Eucgr.101157.1 CDS
EgPLAC810 >Eucgr.G02119.1 CDS
Eucalyptus grandis EgPLACS811 >Eucgr.B00709.1 CDS
EgPLAC812 >Eucgr.G02100.1 CDS
EgPLACB813 >Eucgr.B00708.1 CDS
EgPLACB14 >Eucgr.K02209.1 CDS
EgPLAC815 >Eucgr.B02945.1 CDS
EgPLAC816 >Eucgr.G02155
I EgPLAC827 EG0010G21440
EgPLAC821 EG0009G 19540
EgPLACB17 >Eucgr.D01828.1 CDS
EgPLACB818 >Eucgr.D02309.1 CDS
Il [ EgPLACB819 >Eucgr.E00640.1 CDS
WPLAC81 >GSVIVT01017057001 CDS
WPLACB82 >GSVIVT01008259001 CDS
Vitis vinifera I WPLACS3 >GSVIVT 01031066001 CDS
WPLACB4 >GSVIVT01011690001 CDS
WPLACB85 >GSVIVT01011692001 CDS

106



WPLAC86

>GSVIVT 01031754001 CDS

WPLAC87 >GSVIVT 01031755001 CDS
WPLAC88 >GSVIVT 01011687001 CDS
WPLAC89 >GSVIVT 01031753001 CDS
WPLAC810 >GSVIVT 01011693001 CDS
WPLAC811 >GSVIVT 01011689001 CDS
WPLAC812 >GSVIVT 01011694001 CDS
WPLAC813 >GSVIVT 01011928001 CDS
WPLAC814 >GSVIVG01011926001
WPLAC815 >GSVIVG01025863001

Il | WPLACB16 VWW00G16540
1 LWPLACB17 >GSVIVT 01026997001 CDS
WPLAC818 >GSVIVT 01019394001 CDS
>PGSC0003DMT 400042614
StPLACS1 CDS
>PGSC0003DMT 400042615
StPLACS82 CDS
>PGSC0003DMT 400014353
StPLACS83 CDS
>PGSC0003DMT 400014354
StPLACS84 CDS
>PGSC0003DMT 400081919
StPLACS5 CDS
>PGSC0003DMT 400081921
StPLAC86 CDS
| >PGSC0003DMT 400075916
StPLACS7 CDS
>PGSC0003DMT 400014899
StPLACS8 CDS
>PGSC0003DMT 400014898
StPLAC89 CDS
Solanum tuberosum >PGSC0003DMT 400033759
StPLAC810 CDS
>PGSC0003DMT 400014897
StPLAC811 CDS
>PGSC0003DMT 400014896
StPLAC812 CDS
>PGSC0003DMT 400056038
StPLAC813 CDS
| | StPLACBI4 ST03G009030
StPLAC815 ST02G026830
>PGSC0003DMT 400012782
StPLAC816 CDS
>PGSC0003DMT 400012781
|| LStPLACB17 CDS
>PGSC0003DMT 400049953
StPLAC818 CDS
>PGSC0003DMT 400000176
StPLAC819 CDS
Solanum lycopersicum I | slPLACS1 >Solyc06g066590.2.1 CDS
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SIPLAC82 >Solyc039120600.2.1 CDS
SIPLACS3 >Solyc039119660.1.1 CDS
SIPLAC84 >Solyc01g005470.2.1 CDS
SIPLAC85 >Solyc04g007900.2.1 CDS
SIPLAC86 >Solyc029090730.2.1 CDS
SIPLACS7 >Solyc08g013920.2.1 CDS
SIPLACS8 >Solyc08g013910.2.1 CDS
SIPLAC89 >Solyc129037950.1.1 CDS
SIPLACB810 >Solyc129013570.1.1 CDS
SIPLACS811 >S0lyc10g081410.1.1
Il | slPLAC812 SL02G083540
SIPLAC813 >Solyc10g012080.2.1 CDS
I | sipLACB14 >Solyc01g094870.1.1 CDS
SIPLACB815 >Solyc089081360.2.1 CDS
AcPLACS1 >Aquca_026_00254.1 CDS
| [AcPLACE? >Aquca_015 00087.1 CDS
Aquilegia caerulea AcPLACS3 >Aquca_017 00774.1 CDS
AcPLACS84 >Aquca_002_01130.1 CDS
Il | AcPLACS85 >Aquca_075 00029.1
I | AcPLACS6 >Aquca_013 00246.1 CDS
SbPLACS81 >Sh01g002370.1 CDS
SbPLACS?2 >Sh06g019050.1 CDS
SbPLAC83 >Sh01g002360.1 CDS
| | SbPLACE4 >5h04g003560.1 CDS
SbPLACS5 >5h04g034060.1 CDS
Sorghum bicolor ShPLACS6 >Sh01g002350.1 CDS
SbPLACS7 >Sh04g024020.1 CDS
ShPLACS8 >5h01g002340.1 CDS
1 ShbPLAC89 Sobic.001G499200.1
i |.SbPLACB10 >5h01g048960.1 CDS
SbPLACS811 >Sh01g030600.1 CDS
ZmPLACS81 >GRMZM2G015941 T01 CDS
ZmPLACS82 >GRMZM2G053387_T01 CDS
ZmPLACS83 >GRMZM2G023081 T01 CDS
ZmPLAC84 >GRMZM2G119755 T01 CDS
Zea mays | | ZmPLACS5 >GRMZM2G151230_T01 CDS
ZmPLACS6 >>GRMZM2G367431 P01
ZmPLACS87 >GRMZM5G892035 P01
ZmPLACS88 GRMZM2G325477_T01
ZmPLAC89 GRMZM2G168257 T02
ZmPLAC810 GRMZM?2G334628 T05
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ZmPLACS811

GRMZM2G325477_T02

Il | zZmPLAC812 ZM01G04050
| LZmPLACB13 >GRMZM2G060564 T01 CDS
ZmPLAC814 >GRMZM2G065696 T01 CDS
SrPLACS81 >S5i019325m CDS
StrPLAC82 >5i008410m CDS
SrPLACS83 >5i018556m CDS
SrPLAC84 >5i038888m CDS
| | SrPLACS5 >5i038822m CDS
SrPLACB86 >5i008245m CDS
Setaria italica SIPLAC87 >5i039847m CDS
SrPLACS88 >5i039668m CDS
SrPLAC89 Seita.9G296400.1
SrPLACS810 Seita.9G296600.2
SrPLACS811 >5i036850m CDS
I | srPLAC812 >S5i037708m CDS
SrPLAC813 >5i037597m CDS
PviPLAC81 >Pavirv00052537m CDS
PviPLAC82 >Pavirv00008509m CDS
PViPLACS3 >Pavirv00066814m CDS
PViPLAC84 >Pavirv00022453m CDS
| |PviPLACS5 >Pavirv00022476m CDS
PviPLAC86 >Pavirv00061728m CDS
Panicum virgatum PViPLAC87 >Pavirv00010814m CDS
PviPLACS8 >Pavirv00049055m CDS
PViPLAC89 >Pavirv00051291m CDS
PviPLAC810 >Pavirv00050063m CDS
PviPLACS811 >Pavirv00001210m CDS
| LPViPLACB12 >Pavirv00001211m CDS
PviPLACB813 >Pavirv00027236m CDS
PviPLAC814 >Pavirv00027879m CDS
OsPLACS1 >LOC 0s02936940.1 CDS
OsPLACS2 >LOC_0s03g61470.1 CDS
OsPLACS3 >LOC 0s03g61440.1 CDS
OsPLAC84 >LOC 0s02936950.1 CDS
Oryza sativa I | OsPLACS5 >LOC_0s02g52550.1 CDS
OsPLACS6 >LOC 0S10G02300.1
OsPLACS7 >LOC 0S03G61500.1
OsPLACS3 >LOC_0S02G18540.1
OsPLACS9 LOC 0s01g16210.1
Il | OsPLACB810 LOC 0s03g06120.1
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OsPLACS11

>LOC_0s03g03180.1 CDS

OsPLAC812 >LOC 0s10g39100.1 CDS
BdPLACS81 >Bradi5g12460.1 CDS
BdPLACS2 >Bradi3g46930.1 CDS
I | BdPLACS83 >Bradi3g58080.1 CDS
Brachypodium distachyon BdPLAC84 >Bradilg30630.1 CDS
BdPLACS5 >Bradi1g03090.1 CDS
| | BdPLACSS >Bradilg43866.1
BdPLACS7 >Bradi2g09980. 1
Il | BdPLACSS >Bradi3g32060.1 CDS
SmPLACS1 >122730 CDS
SmPLAC82 >69283 CDS
I | sSmPLACS3 >38123 CDS
Selaginella moellendorffii SMPLACS84 >69284 CDS
SmPLACS5 439474
Il | smPLACS7 >934284
I | smPLACS6 >164732 CDS
PpaPLACS1 >Pp1s189_77V6.1 CDS
PpaPLACS?2 >Ppl1s24 101V6.1 CDS
PpaPLACS83 >Pp1s28 13V6.1 CDS
PpaPLAC84 >Pp1s68_109V6.1 CDS
PpaPLACS5 >Pplsl 243V6.1
Physcomitrella patens PpaPLACB86 >Pp1s35 289V6.1
PpaPLACS87 >Ppls188_69V6.1
PpaPLACS3 >Ppls322 40V6.1
PpaPLAC89 >Ppls372 61V6.1
PpaPLAC810 Pp3c21_3760V3.2
PpaPLAC811 Pp3c17 4810V3.2
Il | ppaPLACS812 >Pp1s28 120V6.1 CDS
PtPLACS1 Potri.008G132900.1 CDS
PtPLACS82 Potri.010G108800.1 CDS
PtPLACS3 >Potri.010G127700.1 CDS
PtPLAC84 Potri.012G060900.1 CDS
PtPLAC85 Potri.012G092200.1 CDS
Populus trichocarpa | | PtPLACB6 Potri.010G6109100.1 CDS
PtPLAC87 Potri.008G132800.1 CDS
PtPLACS3 Potri.010G109000.1 CDS
PtPLAC89 Potri.007G042800.1 CDS
PtPLAC810 Potri.010G127800.1 CDS
PtPLAC811 Potri.010G6108900.1 CDS
PtPLAC812 Potri.010G6109100.3 CDS
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PtPLAC813 Potri.006G024900.2 CDS
PtPLAC814 Potri.015G088800.1
Il | PtPLACB15 PT05G11000
PtPLAC816 >Potri.003G130700.1 CDS
I | ptPLAC817 >Potri.001G101100.1 CDS
PtPLAC818 >Potri.014G087600.1 CDS
CsPLACS1 Cucsa.074420.1 CDS
| | CsPLACS2 Cucsa.009110.1 CDS
Cucumis sativus CsPLACS3 Cucsa.337240.1 CDS
CsPLACS84 Cucsa.045730.1 CDS
Il | CsPLACS5 >Cucsa.322780.6
I | CsPLACS86 >Cucsa.106690.1 CDS
| [ MgPLACSL Migut.100935.1 CDS
Mimulus guttatus MgPLAC82 Migut.100936.1 CDS
Il | MgPLACS3 >Migut.H02182.1
I | MgPLAC84 >mgv1a012408m CDS
Cornifelin >ENST00000222032 CDS
Homo sapiens I | PLAC8 human (ONZIN) ENST00000311507
PLACS8-like 1 human ENST00000311450

. . AnPLACS81 >CADANIATO00000240
Aspergillus nidulans |
ANnPLACS2 >CADANIAT00001906
ChrPLACS1 Crel7.9738050
Chlamydomonas |
reinhardtii ChrPLAC82 Crel17.9g738000
ChrPLACS3 Cre02.9145900
Acronym Acronym at [ Acronym at Acronym at Acronym at
Species PLACS FWL PCR CNR MCA
GmPLAC82 GmFWL3
Glycinemax | GmPLACS3 GMFW L2
GmPLACS84 GmFWL7
AtPLACS1 AtFWL9 PCR4
AtPLACS2 AtFWL6 PCR7
AtPLACS3 AtFWL4 PCR5
Arabidopsis AtPLAC84 AtFWLS PCR6
thaliana AtPLACS5 AtFWL1 | PCR9
AtPLACS6 AtFWL3 PCR2
AtPLACS87 AtFWL2 PCR3
AtPLACS8 AtFWL7 PCR1
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AtPLACS810 AtFWL5
AtPLAC813 MCA1
AtPLAC814 MCA?2
ZmPLACS81 ZmCNR1
ZmPLACS82 ZmCNR3
ZmPLACS83 ZmCNR9
ZmPLAC84 ZmCNR7

Zea mays ZmPLACB85 ZmCNR2
ZmPLACS87 ZmCNRO5
ZmPLACS88 ZmCNR0O4
ZmPLACB89 ZmCNRO06
ZmPLAC810 ZmCNRO8
ZmPLACS811 ZmCNR10
OsPLACS1 OsFWL1 OsCNR02
OsPLAC82 OsFWL8 OsCNR09
OsPLACS3 OsFWL5 OsCNR10
OsPLACB4 OsFWL2 OsCNR04

Oryza sativa OsPLACS85 OsFWL3

OsPLACS86 OsPcrl OsCNR11 12
OsPLACS7 OsCNRO08
OsPLACS8 OsCNR14
OsPLACB89 OsCNR15
OsPLAC810 OsMCA1

Supplementary Material 1, tab 1 and 2: Detailed data on species, type, acronym, and
gene/locus of PLACS genes.
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Abstract

Lipopolysaccharide-induced tumor necrosis factor-o. (LITAF) is a membrane protein that is highly
dependent on correct location to exert transcription factor activity and protein quality control. In
humans, LITAF, PIG7 (p53-inducible gene 7), and SIMPLE (small integral membrane protein of
the lysosome/late endosome) refer to the same gene, which acts as a tumor suppressor. In animals,
several studies have shown that the transcription factor activity and nuclear translocation of
LITAF protein are critical for the induction of several immune cells via classical pathways. In
plants, LITAF protein corresponds to the plasma membrane protein AtGILP (Arabidopsis thaliana
GSH-induced LITAF domain protein). The conservation of LITAF proteins across species and
their putative role is still unclear. In this study, we investigate the LITAF containing-proteins,
which we call GILP proteins, in Viridiplantae. We identified a total of 59 genes in 46 species,
whose gene copies range from one to three. Phylogenetic analysis showed that multiple copies
were originated via block duplication posteriorly to monocot and eudicot separation. Analysis of
the LITAF domain of GILP proteins allowed the identification of a putative domain signature in
Viridiplantae, containing a CXXCX41HXCPXC motif. The subcellular location for the majority
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of GILP proteins was predicted to be in the plasma membrane, based on a transmembrane domain
positioned within the LITAF domain. In silico analysis showed that the GILP genes are neither
tissue-specific nor ubiquitously expressed, being responsive to stresses conditions. Finally,
investigation of the GILP protein network resulted in the identification of genes whose families
are known to be involved with biotic and/or abiotic stress responses. Together, the expression
modulation of GILP genes, associated with their plasma membrane location suggests that they

could act in the signaling of biotic/abiotic stress response in plants.

Introduction

The basis of innate immunity in plants occurs through a single overarching inception, the
recognition of danger signals (Andolfo and Ercolano, 2015). Plants perceive pathogen-associated
molecular patterns (PAMPSs) through transmembrane pattern recognition receptors (PRRs) and
initiate PAMP-triggered immunity (PTI). PTI acts as the first defense line against pathogens (He
et al, 2011). The second line of defense is known as effector-triggered immunity (ETI), which is
one of the most effective innate immune strategies in plants, normally leading to a hypersensitive
response (HR) (He et al., 2011). At the infection site, through the initiation of HR, a genetically
regulated process of cellular suicide known as programmed cell death (PCD) is activated to
remove mutated, infected or damaged cells.

Recently, knowledge about PCD in plants has increased, especially in Arabidopsis
thaliana. Coll et al. (2011) identified several genes involved with PCD control, which constitute
what the authors named the “deathsome”. The LSD1 (Lesion simulating disease 1) gene, which
negatively regulates PCD under stress conditions (Dietrich et al., 1997; Epple et al., 2003;
Cabreira et al, 2013), is a central gene in the deathsome. LSD1 physically interacts with bZIP10
(a basic region leucine zipper transcription factor) (Kaminaka et al., 2006), and type | metacaspase
(MC1) (Coll et al., 2010), retaining these proteins in the cytoplasm and inhibiting their action as
positive regulators of HR.

A protein encoded by the At5g13190 gene, and containing the LITAF
[lipopolysaccharide (LPS)-induced tumor necrosis factor alpha (TNF-a) factor] domain was also
described as AtLSD1 interaction-protein (He et al., 2011). The LITAF domain is composed of 68
amino acids, with an N-terminal CxxC knuckle, a hydrophobic region, and a C-terminal
(H)XCxxC knuckle (Ponting et al., 2001).
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The human gene coding the LITAF motif-containing protein has been described in three
independent studies. Firstly, the gene was called PIG7 (p53-inducible gene 7), which was
positively regulated by the tumor suppressor protein p53 (Polyak et al., 1997). Second, this same
gene was named as an LPS-regulated gene, which encodes a protein that translocates into the
nucleus, following cellular activation by LPS and upregulation of TNF-o transcription, hence their
name LITAF (Myokai et al., 1999). Finally, this gene was described as an unglycosylated small
integral membrane protein of the lysosome/late endosome (SIMPLE) (Moriwaki et al, 2001).
Therefore, PIG7, LITAF and SIMPLE refer to the same gene, whose N-terminal protein region
contains two PPXY domains responsible for binding to WWOX, NEDD4 and TSG101 proteins
(Ludes-Meyers et al.,, 2004; Shirk et al., 2005). In this manuscript, we will refer to LITAF motif-
containing protein in human as LITAF protein.

Several studies in humans have shown that the transcription factor activity and nuclear
translocation of LITAF protein are critical for the induction of several immune cells via classical
pathways (Zou et al, 2015). LITAF protein has become a novel target for developing better
therapeutics for the treatment of systemic and local forms of inflammation (Merril et al., 2011).
Based on the fact that LITAF expression can be induced by p53, LITAF has been identified as a
potential tumor suppressor gene (Polyak et al., 1997). LITAF expression is significantly lower in
tumor tissues when compared with isogenic normal tissues (Abba et al., 2004; Fernandez-Cobo et
al, 2006; Wang et al., 2009). In prostate cancer, shRNA-LITAF cells significantly enhanced
cancer malignancy (Zhou et al,, 2001). In patients with acute leukemia, LITAF sensitizes leukemic
cells to chemotherapeutic agents (Wang et al., 2009). Therefore, LITAF protein may serve as a
switch in the balance between classical inflammation and alternative activation in cancer, acting as
a transcription factor or as a recruiting factor targeting partner proteins to the lysosome for
degradation (Zou etal., 2015).

A single report has investigated a plasma membrane LITAF protein called GILP (GSH-
induced LITAF domain protein) in A. thaliana (He et al., 2011). The authors showed that AtGILP
uses both its N- and C-terminal domains to interact with the N-terminal domain of AtLSDI.
Moreover, AtGILP was upregulated in response to avirulent pathogen and fumonisin B, (FB;),
which are known to trigger PCD. The overexpression of AtGILP suppressed pathogen-induced
PCD. Taken together, these results suggest that AtGILP may acts as a membrane anchor, bringing
other regulators of PCD to the plasma membrane (He et al., 2011).
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Since the first report in humans around twenty years ago (Polyak et al., 1997), the
existence and putative roles of LITAF proteins across species remains unexplored. In this context,
comparative  functional genomics associated with a high-throughput phylogenetic analysis
covering several genomes can contribute to understanding the relationship between the LITAF
proteins. In this study, we investigate the LITAF-containing proteins, which we call GILP
proteins, in Viridiplantae. We propose the nomenclature of the plant GILP genes and their
phylogenetic reconstruction and characterization are presented. In silico expression analysis and
protein-protein interaction networks are also shown. These insights could be useful in further
functional studies of individual GILP proteins in plants.

Material and Methods

Identification of GILP Genes

To identify gene sequences encoding LITAF proteins, the complete nucleotide and
protein sequences of At5g13190 (AtGILP gene) were used as queries to perform BLAST searches
against 46 species with sequenced genomes. tBLASTx and BLASTn were conducted in NCBI

(National Center for Biotechnology Information (http//www.ncbi.nimnih.gov) and Phytozome

(http/Aww.phytozome.org/) databases. Genes were individually analyzed for the presence of the
previously characterized LITAF domain (He et al, 2011) using SMART (http// smart.embl-
heidelberg.de/) database. We adopted the acronym GILP, previously used by He et al. (2011) to
refer to the LITAF protein in A. thaliana (AtGILP gene). Nomenclature of identified genes was
based on BLAST output. Gene structure composition was analyzed using the Exon-

Intron Graphic Maker (http://wormweb.org/exonintron).

Evolutionary Processes

The complete amino acid sequences encoding the LITAF domains from representative
species were aligned using the Muscle algorithm, implemented in MEGA v.5.05 (Tamura et al.,
2011). A Bayesian inference was generated using BEAST v.1.4.7 (Drummond and Rambaut
2007). A run of 107 chains was performed, and the trees were sampled every 1000 generations.
The Yule tree, the JTT substitution model and the uncorrelated log-normal relaxed clock were

used in the BEAST analysis. The TRACER v.1.4 (http//beast.bio.ed.ac.uk/Tracer) was used to
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check the convergence of the Monte Carlo Markov Chains (MCMCs) and for adequate effective
sample sizes (EES > 200) after the first 10% of the generations had been deleted as burn-in. The
final joint sample was used to estimate the maximum clade credibility tree with the TreeAnnotator
program, which is part of the BEAST package. The statistical support for the clades was
determined by accessing the Bayesian posterior probability. The trees were visualized using
FigTree v1.3.1 (http//tree.bio.ed.ac.uk/software/figtree/).

We also investigated the mechanisms involved with the evolution of multiples copies of
GILP genes from species available in the PLAZA v3.0 database
(http//bioinformatics.psb.ugent.be/plaza/). The physical co-localization of GILP genes was
analyzed in the Genome Duplication Database (PGDD) (http//chibba. agtec.uga.edu/duplication/),

considering a 100 kb syntenic region.

GILP Protein Characterization

LITAF motif regions were selected based on SMART prediction. Their amino acid
sequences were analyzed in MEGA v.5.05 (Tamura et al., 2011) and manually aligned to access

domain conservation using MEME software (http//meme.sdsc.edu/meme/). To investigate

subcellular localization, TargetP (http//www.cbs.dtu.dk/services/TargetP/)  and Cello
(http://cello.life.nctu.edu.twy/) prediction tools were used. TMHMM
(http:/Awww.cbs.dtu.dk/servicess TMHMM-2.0/) and Phobius (http://phobius.sbc.su.se/) were used
to detect transmembrane domains.

In silico Functional Investigation of GILP Genes

To gain insights about gene expression, GILP genes were examined using the RNA-Seq
database BAR (The Botany Array Resource, httpJ//bar.utoronto.ca/). Plant organs and tissues of
the representative species Arabidopsis, Glycine max and Oryza sativa in normal and stress
conditions were examined (Toufighi et al., 2005). To investigate the proteins that potentially
interact with GILP proteins, the functional protein association network of Oryza sativa,
Arabidopsis and Glycine max were investigated. These analyses were conducted in STRING

(string-db.org).

Results
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A Small Family of GILP Genes in Viridiplantae

Using the AtGILP gene (the unique LITAF protein investigated in plants until now) as
bait to BLAST search, 59 genes were identified in Viridiplantae (Supplementary material 1).
GILP genes were absent in basal organisms, such as the chrolophyte species Volvox Carteri and
Chlamydomonas reinhardtii. At least one gene copy was identified from bryophyte species.
Duplication of GILP sequences was found from monocot to eudicot species. The hexaploid bread
wheat Triticum aestivum presented the highest number of copies identified (three genes).
Monocots, wheat and Ananas comosus were the unique species with more than one gene. In
eudicots a maximum of two GILP genes were found in Amaranthus hypochondriacus, Gossypium
raimondii, Kalanchoe marnieriana, Brassica rapa, Malus domestica, Glycine max, Populus
trichocarpa, Salix purpurea and Manihot esculenta.

In regard to the exon-intron structure, the number of exons ranged from two to three
(Figure 1). Considering the representative genes analyzed, the majority presented three exons,
even in the basal organisms. Some genes exhibited a wide intronic region, as observed in
ZmGILP1 and SbGILP1. In the duplicated genes, very similar structures were observed, as the
PtGILP1 and PtGILP2 genes.

The Evolutionary History of GILP Genes

The unrooted phylogenetic tree showed a clear separation between bryophyte, lycophyte,
monocot and eudicot species (Figure 1). A high posterior probability value supported this
separation. GILP genes from monocot and eudicot species were separated in two well-supported
subclades, indicating that these genes are more related inside the specific group.

The investigation concerning what kind of duplication (tandem or block duplication
processes) contributed to the acquisition of multiples copies of GILP genes in Glycine max,
Populus trichocarpa, Brassica rapa and Gossypium raimondii suggested that only block
duplication occurred in this gene family (Figure 2A). The syntenic regions are located in a huge
duplication block (Glycine max, Populus trichocarpa, Brassica rapa) or in a large duplication
block (Gossypium raimondii). In regards to the other species with duplicated genes, no results
were found in PLAZA and/or PGDD database. Finally, the analysis of Ka/Ks rate between
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duplicated genes showed values < 1, indicating that a subfunctionalization process could be acting

in these sequences (Figure 2B).

Many GILP Proteins Have A Transmembrane Domain Present

We analyzed all putative GILP proteins to investigate the LITAF motif and their rate of
conservation at each amino acid position. According to the SMART tool prediction, the motif
region is composed of 66 amino acids (Figure 3). Comparison of all GILP proteins indicated a
total conservation of residues in some positions, as detailed in Figure 3. Positions 6 to 9 (CxxC)
and 52 to 57 (HxCPxC) showed a conserved cysteine, histidine and proline region, which
corresponds to the two knuckles. In addition, the initial (PAPF) and final (DFEK) amino acid
positions were also well conserved.

The subcellular localization of all GILP proteins was also investigated. The TargetP tool
uses the presence of any of the N-terminal presequences to predict targeting to chloroplast (cTP),
mitochondrial (mTP) or secretory pathways (SP). None of these target sequences were found in
GILP proteins (Supplementary table 2). Subsequently, subcellular localization prediction was
performed using the CELLO database, which identifies sequences targeting proteins to
chloroplasts, the  cytoplasm, the  cytoskeleton, the  endoplasmic  reticulum, the
extracellular/secretory space, the golgi, lysosomes, mitochondria, the nucleus, peroxisomes, the
plasma membrane, and vacuoles. The results showed that the majority of GILP proteins (40 out of
59) were predicted to be localized to the plasma membrane (Supplementary table 2).
Transmembrane regions were identified in the majority of GILP proteins, corroborating the
prediction that GILP proteins are putatively located in the plasma membrane (Supplementary table
2). The region containing the transmembrane domain in the majority of GILP proteins is located
inside the LITAF domain (Figure 3), around the 69-88 amino acid position for short proteins and
around the 89-107 position in long proteins (as illustrated in Figure 4).

The GILP Genes are Neither Tissue-Specific Nor Ubiquitously Expressed

In order to generate a wide characterization of the GILP family, the relative expression of
GILP genes was investigated in representative species using the RNA-Seq BAR database.

Considering monocot species, rice OsGILP1 was highly expressed in the inflorescence (P5), root,
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and stigma and downregulated in seeds (S5) (Figure 5A). In addition, under abiotic stress,
OsGILP1 was downregulated in salt, upregulated in cold stress and in coleoptile in aerobic
conditions.

GILP genes were investigated in eudicot species, soybean and Arabidopsis. In soybean,
the expression showed slight variation among tissues/organs analyzed, except for nodules
inoculated with Bradyrhizobium japonicum (GmGILP1 and GmGILP2) and in roots (GmGILP2)
(Figure 5B). AtGILP1 showed a variable expression in tissues/organs (Figure 6). AtGILP1
expression was upregulated in leaves and during the final stages of flower development. In the
initial stages of flower development, seed development, and shoot apex, AtGILP1 was down
regulated.

Under abiotic stress conditions, AtGILP1 was upregulated in all conditions analyzed
(hypoxia, selenate, auxin (IAA) and cytokinin treatment), except in guard and mesophyll cells
sprayed with abscisic acid (ABA), where the expression was downregulated (Figure 6). Under
biotic stress, AtGILP1 was upregulated after Golovinomyces orontii and Hyaloperonospora
arabidopsidis infection.

We also investigated the network of genes that are coexpressed or interact with GILP
proteins (OsGILP1, AtGILP1, GmGILP1 and GmGILP2) according to database predictions. For
this purpose, we considered the results based on experimental evidence or coexpression by
microarray, and text-mining. We observed that few genes were present in GILP protein networks
(Figure 8). OsGILP1 network is composed of an amine oxidase and genes from the LSD family
(Figure 8A). Proteins involved with membrane processes were found in the network of AtGILP1,
including the transmembrane proteins Atlg50740, SYP122 and SYP121 (Figure 8B). Proteins
related to PCD processes were also found in the AtGILP1 network, including At4g34150 and
At2g23810. In GmGILP1 and GmGILP2 networks, ring and zinc finger proteins were observed,
as well as several proteins from the Lysine Specific Demethylase family (Figure 8C). GmGILP1
and GmGILP2 networks share the majority of proteins, except the Lysine Specific Demethylase 1
Glyma02g18210 (GmGILP2) and the Lysine Specific Demethylase 1 Glyma02g59100
(GmMGILPY).

Genes belonging to the LSD (Lesion simulating disease) gene family are present in
OsGILP1, AtGILP1, GmGILP1 and GmGILP2 networks. Based on experimental predictions,
OsLSD3 and OsLSD4 were found in the OsSGILP1 network, while GmLSD1, GmLSD2 and
GmLSD4 were found in GmGILP1 and GmGILP2 networks. Considering the AtGILP1 network,
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an ALSD1 putative interaction-protein was also identified based on text-mining and coexpression
data.

Discussion

Gene duplications originating from genome polyploidization or from region-specific
duplication is a remarkable feature in plant genome evolution. Gene duplication is an important
mechanism for the appearance of new genes, as well as genetic nowvelty in organisms (Lawton-
Raunh A 2003; Magadum et al., 2013). The plasticity of a genome or species in response to
alterations in environments would be impaired without gene duplication (Magadum et al., 2013).
Investigation of the mechanisms that generate duplicate copies and the subsequent dynamics and
fate of the duplicated genes is vital to clarify many aspects of evolutionary forces shaping intra-
specific and inter-specific genome content, evolutionary relationships, and interactions (Magadum
et al., 2013). In this study, we identified for the first time, a small gene family in plants, which
contains the LITAF domain and we have named the GILP family. LITAF domain-containing
proteins have been extensively investigated as p53-inducible genes in humans (Polyak et al.,
1997). However, LITAF-containing proteins in plants have not been described until now.

Several questions considering the molecular evolutionary dynamics of gene duplication
are unclear, including the relative roles in the maintenance of duplicated genes, and whether
different gene classes (such as transcriptional regulators wversus structural housekeeping genes)
have distinct evolutionary rates (Lawton-Rauh A 2003). While some families present a big
number of genes, such as the WRKY gene family (3035 WRKY genes in 43 species) (Mohanta et
al, 2016), some families are small, e.g. the LSD gene family (113 LSD genes in 32 species)
(Cabreira et al., 2015). Regarding the GILP proteins, we have identified a small gene family
composed of 59 genes in 46 species, and the gene copies range from one to three in each species.
The monocot Triticum aestivum presented the highest number of GILP genes (three copies), which
IS not surprising, since this species originated from two recent hybridization events between three
diploid progenitors, donors of the A, B, and D subgenomes (Marcussen et al., 2014).

Duplicated genes have the property of initially being functionally redundant, allowing
compensation for deleterious variation in a sister copy (Bozorgmehr, 2012). Plants are not the only

organisms in which LITAF-containing proteins were duplicated. In dipteran insects, an expansion
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likely due to an ancient gene duplication event occurred, in contrast to mammals and other
invertebrates that contain a single LITAF gene (Smith et al., 2012). Since gene duplication did not
occur with the LITAF gene in humans, functional redundancy and compensation by a sister copy is
absent. In the case of deleterious mutations, variations in the LITAF gene are responsible for
important disease phenotypes. In Charcot-Marie-Tooth (CMT), LITAF mutations correspond to 1-
2% of the reported cases. These mutations occur mostly in the LITAF C-terminus region (SLD),
specifically around the hydrophobic domain that is flanked by the two CX2C motifs (Lacerda et
al, 2014). Some human LITAF mutants mislocalize to the mitochondria instead of late
endosomes/lysosomes, while others show partial mislocalization with a portion of the protein in
the late endosome/lysosome and the rest localized to mitochondria (Lacerda et al., 2014,
Sinkiewicz-Darol et al, 2015). LITAF mutations could affect the regulation of endosomal
trafficking, which not only controls protein degradation but also regulates intracellular signaling
(Zhu et al, 2013; Chin et al., 2013). Additionally, the accumulation of non-functional LITAF
protein, resulting from mutations, has been reported in cancer (Matsumura et al., 2004).

Due to the existence of duplicated GILP genes in plants, the mutation of a single gene
might be compensated by their paralogs. The in silico investigation of GmGILP1 and GmGILP2
duplicated genes showed a similar expression pattern, suggesting a putative expression
redundancy (Figure 8). However, the resultant mutant phenotype and/or functional compensation
from a duplicated copy are completely unknown, as GILP mutants have never been phenotypically
analyzed.

Here we present the first phylogenetic reconstruction of LITAF-containing proteins
(GILP), including sequences from eudicot, monocot, lycophyta and bryophyta (Figure 2A).
Extensive BLAST searches showed that GILP genes are absent in algae organisms, suggesting
that the rise of this gene family occurred in bryophyte and expanded from monocot. The unrooted
tree formed two clades. The first clade contains the lycophyta and bryophyte organisms. The
second one is subdivided in two groups, composed of eudicot or monocot GILP genes. These
results indicate that the gene duplication process, which was the origin of the multiplication in
each species, occurred posterior to monocot and eudicot separation (Figure 1). The GILP gene
structure containing three exons potentially represents the ancestral condition for the GILP family.
It is present in lycophyta and bryophyta and was maintained during the evolution in most of the

identified genes. Taken together, the phylogenetic reconstruction shows the emergence of the
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GILP family in embryophyte, followed by an expansion into multiple copies, in contrast to
humans and other vertebrates.

The subcellular localization was predicted to be in the plasma membrane for the majority
of GILP proteins (Figure 3, double black bar and Figure 4). The predicted transmembrane region
was necessary for AtGILP localization in the plasma membrane (He et al., 2011). Under biotic and
abiotic stresses, the plasma membrane represents a boundary for plants to sense changes in their
environment. PRRs act as part of multi-protein complexes at the plasma membrane, signaling the
recognition and response to stresses in a highly sensitive and specific manner (Monaghan and
Zipfel 2012). In this context, plasma membrane proteins, such as AtGILP1 (which interacts with
AtLSD1, the negative regulator of PCD), function in the regulation of PCD triggered by stresses
(He at al, 2011). Our expression analysis shows that OsGILP1, AtGILP1, GmGILP1 and
GmGILP2 are modulated in response to stresses and/or stress signaling conditions, such as
drought, salt and cold (OsGILP1) and IAA, cytokinin, hypoxia and Hyaloperonospora
arabidopsidis fungus infection (AtGILP1) (Figures 5 and 7). The expression modulation of GILP
genes associated with the cellular localization at the plasma membrane (Supplementary material 2)
suggests that they could be acting in stress response signaling. It has already been proposed that
LITAF proteins may act as membrane anchors, recruiting other proteins to the membrane via
protein—protein interaction (He at al., 2011).

GILP-interaction network investigation allowed the identification of several genes,
whose families are known to be involved with biotic and/or abiotic stress responses (Figure 8).
Amino oxidase, which was identified in the OsGILP1 network (Figure 8A), is involved in
symbiotic interactions and plant defense responses (Cona et al, 2006). Lysine specific histone
demethylase 1 (found in the GmGILP1 and GmGILP2 networks) is included in a family known to
act in chromatin modification, which regulates plant immunity against biotic stress (Ding and
Wang 2015). In regard to the AtGILP1 network, TET8 for example, is a transmembrane protein
involved in development, pathogenesis and immune responses (Wang et al, 2012). In addition,
SYP122 and SYP121 are members of the syntaxin family and are involved in the fusion of
transport vesicles to target membranes. In soybean, roots engineered to overexpress SYP38
(syntaxin 31) induced the expression of a LSD gene (Pant et al., 2015), suggesting that they could
act together. Therefore, the identification of several proteins related to PCD converges with the
modulation of gene expression during stress conditions. These results reinforce the putative

involvement of the GILP gene family in PCD.
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The LSD genes are present in all GILP networks investigated (Figure 8). LSD proteins
are zinc finger proteins related to negative regulation of PCD (Dietrich et al., 1997; Epple et al.,
2003; Coll et al., 2010; Cabreira et al., 2013). He et al. (2011) showed the physical interaction of
AtGILP1 and AtLSD1 by both the N-terminal and the C-terminal domains of AtGILP with the N-
terminal domain of AtLSD1. The existence of LSD sequences in all analyzed networks, suggests
that during PCD, GILP members act in coordination with with LSD genes. It is known that
AtGILP negatively regulates hypersensitive cell death, similarly to AtLSD1 (He et al, 2011).
Therefore, GILP interaction network analysis reinforces that the GILP genes could act at the
plasma membrane in parallel with other regulators of PCD, especially LSD members.

Human LITAF acts as a LPS-induced transcription factor involved in activating TNF- «
gene expression, since it directly binding to specific sequences in the TNF- a promoter region
(Myokai et al., 1999; Stucchiet al., 2006). LITAF also binds to the TNF-o promoter in response
to bacterial LPS stimulation to influence the expression of TNF-« (Tang et al., 2003), as well as
additional LPS-induced cytokines (Tang et al., 2006). Anopheles gambiae LITAF-like 3 was also
described as a transcription factor, which modulate SRPNG6 transcript abundance, indicating that it
acts as part of the mosquito anti-Plasmodium immune response (Smith et al., 2012). In plants, the
possible binding of a GILP sequence to the promoter of a target gene was not investigated until
now. Therefore, it is still unclear if GILP genes from plants act as transcription factors, as
observed in other species.

Another open question is whether paralogs play the same function during PCD. For
example, the expression modulation of the GmGILP1 and GmGILP2 paralogs during
Bradyrhizobium japonicum infection has not indicated that these genes act as each other. In the
LSD family, it is known that AtLSD1 and AtLOL1 have opposite roles during PCD, since AtLSD1
regulates and AtLOL1 induces, cell death (Epple et al, 2003). Future detailed studies should
analyze the function of paralogous genes during PCD.

In the present work we described a new gene family, composed of one (minimum) or
three (maximum) genes in each Viridiplantae species. Our results indicate that this family
expanded by duplication through the evolution, leading to the acquisition of new gene copies. A
domain signature of GILP proteins from plants was described and it is different to vertebrates. In
accordance with previous studies, we showed that the GILP family represents a class of plasma
membrane proteins. Finally, the modulation of GILP gene expression in stresses conditions and a

network of protein-protein interactions composed of sequences related to PCD control were
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described. Together, our results indicate that GILP genes from plants could act in the PCD
network, perhaps bringing others important proteins to the transmembrane region. Future deep
characterization of these newly identified GILP proteins could serve to clarify the role of this gene

family in the PCD process.
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Figure 1. Unrooted tree (Bayesian inference) showing the evolutionary relationships among GILP
genes from representatives species. The posterior probability is shown above the branches. The
taxa terminologies are abbreviated using the first letter of the genus and the first two letters of the
species (see Supplementary Material 1). The right side provides a detailed illustration of the
relative intron/exon length and number in each gene. The intron/exon structure were generated

using the PLAZA database or manually drawn. The green boxes represent the 5’and 3’"UTR. The
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Figure 2. A) GILP genes location analyses conducted in PLAZA database. GILP genes from
Glycine max, Populus trichocarpa, Gossypium raimondii and Brassica rapa were showed.
Syntenic regions between GILP genes analyzed using the PGDD database. The green horizontal
line represents the chromosome. The blue and red vertical lines and arrows represent the
duplicated orthologous genes; the red line represents the sequence that was used as the search
query (indicated at the top of each syntenic region). * huge duplication block (Glycine max,
Populus trichocarpa, Brassica rapa) ** large duplication block (Gossypium raimondii). The white
arrow indicates genes without correspondent paralogous genes in this duplicated region. B) Ka
and Ks values, and Ka/Ks ratios of the paralogous GmNF-Y genes analyzed in the PGDD database.
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hydrophobic residues (A, C, F, I, L, V, and M); Green for polar, non-charged, non-aliphatic
residues (N, Q, S, and T); Red for positively charged residues (K and R); Orange for glycine (G);
Rose for histidine (H); Yellow for proline (P); and Turquoise for tyrosine (). Single line
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Figure 4: Analysis of the complete sequence of short and long GILP proteins using TMHMM tool.
Amino acid region outside, inside and anchored in plasma membrane are showed by different

colors.
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Figure 5: Expression profile of GILP genes conducted in the RNA-seq BAR database. Red color

indicates up- and blue indicates downregulated genes (Log 2 ratio) under the described conditions,

as plotted in the bar scale. A) OsGILP1 expression during development in different tissues/organs.

OsGILP1 expression was also monitored in seedlings under drought, salt and cold stresses. B)

GmGILP1 and GmGILP2 expression different organs/tissues and in roots

Bradyrhizobium japonicum. HAI: Hours After Inoculation with soil bacteria.
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protein interaction of GmGILP2. Dotted spaced line represents the proteins of network which are
common of GmGILP1 and GmGILP2 proteins.

GROUP SPECIES LOCUS ACRONYM

. Manes.08G103200 MsGILP1
i Manes 09G185800 MsGILP2
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Eutrema salsugineum Thhalv10014995m.g EsGILP1

: n Brara.B0047 BrGILP1
Brassica rapa Chiifu-FPsc Brara JO2111 BiCILP2
Gossypium raimondii Gorai.008G156500 GrGILP1
Gorai.005G195900 GrGILP2

Theobroma cacao Thecc1EG008435 TcGILP1
Citrus sinensis orangel.1g032751m CsiGILP1
Eucalyptus grandis Eucgr.B0354 EgCGILP1
Vitis vinifera GSVIVT 01000954001 WGILP1
R A——— Kalax 007050053 KmGILP1
Kalax 013350054 KmGILP2

Solanum Iycopersicum Solyc01g009780 SIGILP1
Mimulus guttatus Migut.K0103 MgGILP1
Agquilegia coeruela Aquca_021_00021 AcGILP1
Amaranthus AHYPO_004823 AhyGILP1
hypochondria AHYPO_000339 AhyGILP2
Sorghum bicolor Sobic.004G157800 SbGILP1

Zea mayz GRMZM2G010235 ZmGILP1

Setaria italica Seita.1G172800 SiGILP1
Setaria viridis Sevir.1G175600 SvGILP1
Panicum virgatum Pavir.Ab01504 PvGILP1
Panicum hallii Pahal.0269s 0034 PhGILP1

Oryza sativa LOC_0s02g31100 OsGILP1
MONOCOT Brachypodium Bradidg4432 BdGILP1
Brachypodium stacei Brast04G188700 BsGILP1
Zostera marina Zosma7g01360 ZmaGILP1
Traes_2DS_FD31C0778 TaGILP1

Triticum aestivum Traes_2BS_7C849A3EB TaGILP2
Traes_2AS_4133C82FB TaGILP3

Aco017825 AcoGILP1

I C—— Aco003618 AcoGILP2
Selaginella moelledorflii 121042 SmGILP1
Amborella trichopoda evm_27.modelAmTr AtrGILP1
EXCORIXAA Musa acuminata GSMUA_Achr9Go1170 MaGILP1
Spirodela polyrhiza Spipo0G0074500 SpGILP1
BRYOPHYTA Physicomitrella patens Pp3c26_1170 PpaGILP1

ESM 1. Detailed data on gene acronym and locus of GILP genes.
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Torget? |
Loc Reliability Cello TMHMM Phobius
MsGILP1 0 2 Plasma Membrane X (70-88)
MsGILP2 0 2 Plasma Membrane X (69-88)
ReGILP1 [§] 2 Plasma Membrane X (69-88)
SpuGILP1 0 3 Extracellular (68-90) (69-88)
SpuGILP2 0 3 Extracellular (68-90) (69-88)
LuGILP1 0 2 Plasma Membrane X (69-88)
PIGILP1 o] 2 Plasma Membrane X (69-88)
PIGILP2 (8] 3 Plasma Membrane (68-90) (69-88)
MIGILP1 0 2 Plasma Membrane (65-87) (65-85)
PvuGILP1 0 1 Plasma Membrane (69-91) (69-89)
GmGILP1 0 2 Plasma Membrane (73-95) (74-92)
GmGILP2 0 2 Plasma Membrane (73-95) (74-92)
CsGILP1 (¢) 2 Plasma Membrane (68-90) (68-98)
PpGILP1 0 2 Plasma Membrane X (69-88)
MdGILP1 (8] 1 Plasma Membrane X (97-116)
MdGILP2 0 1 Plasma Membrane X X
AtGILP1 0 3 Plasma Membrane (68-90) (69-88)
AIGILP1 0 3 Plasma Membrane (68-90) (69-88)
AhGILP1 o 3 Extracellular (68-90) (69-88)
CrGILP1 [§] 3 Plasma Membrane (68-90) (69-88)
BrGILP1 0 2 Plasma Membrane (68-90) (69-88)
BrGILP2 [¢] 2 Plasma Membrane X (69-88)
BstGILP1 [§] 3 Extracellular (69-91) (69-88)
CgGILP1 0 3 Extracellular (68-90) (69-88)
EsGILP1 [¢] 3 Extracellular (69-91) (69-88)
ThGILP1 0 3 Plasma Membrane (69-91) (69-88)
GrGILP1 0 2 Plasma Membrane (68-90) (69-88)
GiGILP2 0 3 Plasma Membrane (70-92) (71-90)
TeGILP1 [§] 3 Plasma Membrane (68-90) (69-88)
CsiGILP1 [§] 2 Plasma Membrane X (69-88)
EgGILP1 0 2 Plasma Membrane X (69-88)
WGILP1 0 3 Plasma Membrane (64-86) (65-84)
KmGILP1 0 1 Extracellular X (72-90)
KmGILP2 (8] 2 Extracellular X (72-90)
SIGILP1 0 3 Plasma Membrane X (89-107)
MgGILP1 0 2 Plasma Membrane (88-110) (89-107)
AcGILP1 0 2 Plasma Membrane (104-126) (104-123)
AhyGILP1 [¢] 2 Extracellular X (90-109)
AhyGILP2 (6] 1 Extracellular 90-112) (90-110)
ShGILP1 0 2 Plasma Membrane X (89-107)
ZmGILP 1 0 1 Plasma Membrane X (90-108)
SIGILP1 0 2 Plasma Membrane X (89-107)
SvGILP1 (0] 2 Plasma Membrane X (89-107)
PvGILP1 0 1 Plasma Membrane X (90-108)
PhCILP1 [§] 1 Extracellular X X
OsGILP1 (6] 1 Plasma Membrane X (90-108)
BAGILP1 0 2 Plasma Membrane X (86-104)
BsGILP1 0 2 Extracellular X (86-104)
ZmaGILP1 (6] 3 Extracellular X (79-98)
TaGILP1 C 1 Extracellular (22-44) (24-42)
TaGILP2 S 2 Extracellular (15-37) (15-34)
TaGILP3 S 2 Extracellular (15-37) X
AcoGILP1 0 2 Plasma Membrane X (102-121)
AcoGILP2 0 5 Plasma Membrane (45-67) (46-65)
SmGILP1 0 14 Plasma Membrane X X
AuGILP1 0 2 Extracellular X (83-102)
MaGILP1 0 3 Extracellular (45-67) (46-65)
SpGILP1 0 5 Extracellular (67-89) (67-87)
PpaGILP1 0 2 Plasma Membrane X X

ESM 2. Prediction of subcellular localization of the proteins encoded by GILP genes. The analysis
of the existence of signal peptide was performed using the tools SignalP and TargetP. Phobius and
TMHMM tools were employed to predict the existence of transmembrane domain.
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Todos 0s organismos Vvivos precisam lidar com varios fatores desencadeantes de dano ao
longo de suas vidas, 0 que acarreta a necessidade do emprego de uma ampla variedade de estratégias
defensivas para responder e superar a nocividade causada pela ocorréncia de estresses. Para garantir
respostas adequadas e apropriadas, as plantas utilizam sistemas de deteccdo de dano altamente
sensiveis, bem como mecanismos de transducdo de sinal robustos e interligados (Petrov et al., 2015).
Além disso, diferentes medidas de protecdo a estresses sdo desencadeadas de uma forma altamente
especifica e rigorosamente controlada, de modo a garantir a ocorréncia das reacdes adequadas sem
desperdicio excessivo de recursos energéticos. ApOs atingir certo limiar de alteragBes bioquimicas e
moleculares, as células vegetais ndo podem mais manter processos metabdlicos usuais e entdo a Morte
Celular Programada (PCD) ¢ induzida (Wituszynska and Karpinski, 2013). A ativacdo de respostas
multiplas, envolvendo complexas interagdes génicas e crosstalk com muitas vias moleculares ¢ uma
caracteristica marcante na adaptacdo da planta a diferentes danos (Duque et al., 2013). Embora a morte
de células seja desfavoravel a producdo de biomassa, a inducdo de PCD em tecidos submetidos a
estresses favorece 0 organismo como um todo. Ela permite a adaptacdo e sobrevivéncia da planta por
meio da transducdo de sinais de células afetadas para células sadias, levando a tolerancia/resisténcia a
estresses ¢ aclimatagdo a condigdes adversas (Wituszynska and Karpinski, 2013).

Em animais, a cascata de eventos e moléculas que regulam a PCD ja foi bem descrita,
enquanto que em plantas o mecanismo de PCD ainda permanece pouco compreendido (Wituszynska
and Karpinski, 2013; Minina et al., 2014). Muitos estudos e descobertas em plantas séo resultado da
comparagdo direta com o mecanismo de PCD em animais e oriundos de estudos de gendmica
comparativa. Em animais, a caracterizacdo de genes relacionados a inducdo ou repressdo do
mecanismo de apoptose vem sendo intensificada, devido a significAncia desse processo no
estabelecimento de patologias, como diferentes tipos de cancer. Nesse sentido, a utilizacdo da
gendmica comparativa para investigacdo da funcdo génica em animais e plantas pode esclarecer
diversos mecanismos e processos conservados entre esses diferentes reinos.

A presente tese foi embasada no estudo de algumas familias génicas relacionadas a respostas
a estresses efou constituintes do morteossomo, importante rede de interagdo e auto-regulagéo,
fundamental para o mecanismo de PCD. A rede de genes pertencentes a0 morteossomo apresenta
papel fundamental para a ativacdo e posterior controle da extensdo de morte celular, de forma que
alguns genes apresentam papeis opostos, como AtMC1 (regulador positivo de PCD) e AtLSD1
(regulador negativo de PCD), necessitando atuar em conjunto (Coll et al,. 2010).

140


https://www.ncbi.nlm.nih.gov/pubmed/?term=Petrov%20V%5BAuthor%5D&cauthor=true&cauthor_uid=25741354

Em nosso grupo, a linha de pesquisa sobre PCD teve inicio com os estudos investigativos da
familia génica LSD. Como desdobramento, a escolha das familias génicas a serem exploradas nessa
tese levou em consideragdo seu envolvimento direto com o gene AtLSD1, que ocupa papel central no
morteossomo. Nesse sentido, além do estudo de algumas familias génicas reportadas como integrantes
do morteossomo (LSD, Metacaspase, NF-Y e PLACS), a caracterizacdo da familia a qual pertence
AtGILP (que também interage diretamente com AtLSD1) foi igualmente conduzida.

A caracterizacdo da familia LSD demonstrou que esta € exclusiva de Viridiplantae. Um total
de 113 genes foram identificados e a diversificacdo da familia antecede a separacdo entre
monocotileddneas e dicotiledonias. A expansdo da familia parece ter ocorrido no clado embriofitas,
que apresentam multiplas copias génicas, ao contrario das espécies basais, que apresentam apenas um
gene LSD. A andlise das sequéncias preditas de aminoacidos para 0s genes LSD permitiram a
identificacdo de proteinas com um, dois e trés dominios dedo de zinco LSD. Nossos resultados
permitiram a proposicdo de um modelo de evolucdo para a familia, no qual um ancestral comum daria
origem a proteinas LSD com um, dois e trés dominios. Proteinas com um e dois dominios podem néo
ter sido duplicadas, ou as copias duplicadas teriam sido perdidas ao longo da evolucdo. Ja as proteinas
que possuem trés dominios parecem ter seguido dois cenérios: duplicacdo em tandem ou em bloco
seguida por divergéncia funcional ou auséncia de duplicacdo. A familia LSD é a mais estudada entre
as familias pertencentes ao morteossomo. Trabalhos vém mostrando seu envolvimento em PCD
condicionada por estresse abiotico, como frio (Huang et al., 2010), hipdxia (Muhlenbock et al., 2007)
e excesso de luz (Muhlenbock et al., 2008), além do envolvimento na PCD ocasionada por estresse
biotico (Cabreira et al., 2013). O gene AtLSD1 é o mais bem caracterizado, embora outros genes
igualmente presentes no morteossomo, como AtLOL1 e AtLOL2 também merecam atencdo especial.
Outra questdo em aberto é a caracterizacdo completa de proteinas que possuem um e dois dominios
LSD, uma vez que apenas proteinas com trés dominios vém sendo exploradas.

No que se refere a caracterizacdo da familia Metacaspase, cisteina-proteases descritas em
plantas (Vercammen et al., 2004), fungos (Madeo et al., 2002) e protistas (Lee et al., 2002; Lee et al.,
2007), um total de 372 genes foram identificados em Viridiplantae. Assim como para a familia LSD,
diferentes tipos de proteinas foram identificadas e compreendem dois grupos distintos. Proteinas do
tipo | apresentam o dominio metacaspase e podem apresentar ou ndo o dominio dedo de zinco LSD
(também encontrado nessas proteinas) e uma regido rica em prolina. J4 as proteinas do tipo Il ndo
apresentam o dominio dedo de zinco LSD e a regido rica em prolina, mas possuem uma regidao de

ligacdo (linker) entre os dominios cataliticos p10 e p20. A condicdo sem dominio LSD parece ser a
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ancestral, de forma que foi encontrada nos organismos basais. Tais resultados foram corroborados pela
analise filogenética. Em plantas, poucos genes metacaspase foram caracterizados até o momento.
Esses incluem genes de tomate (Hoeberichts et al., 2003), trigo (Wang et al., 2012), Nicotiana
benthamiana (Hao et al., 2007) e Capsicum annuum (Kim et al., 2013). Em Arabidopsis existem nove
genes metacaspase e apenas dois (AtMC1 e AtMC2) foram caracterizados até o momento. Nesse
sentido, nosso trabalho representou uma fonte importante para investigacdo de genes metacaspase em
diferentes espécies. Devido a importancia da funcdo do gene AtMC1 durante PCD (Coll et al., 2010), a
investigacdo de outros genes metacaspase pode esclarecer o envolvimento dessa familia no mecanismo
de PCD, bem como permitir a investigacdo e expansdo de tais resultados para espécies de importancia
economica.

Com relacdo a familia génica NF-Y, a ampla caracterizacdo dessa familia vem sendo feita em
diversas espécies, como Brachypodium distachyon (Cao et al. 2011), painco (Feng et al., 2015), feijao
(Ripodas et al., 2015), tomate (Li et al., 2016), sorgo (Malviya et al., 2016), uva (Ren et al., 2016),
Arabidopsis (Zhao, et al., 2016) e arroz (Yang et al. 2017). Sabe-se que essa familia é ausente em
algas e seu surgimento foi na espécie Selaginella moellendorffii (Cagliari et al., 2011). Em soja, a
caracterizacdo completa da familia da familia NF-Y ndo havia sido realizada. Por esse motivo, nosso
trabalho objetivou a identificacdo e descricdo dos genes NF-Y de soja. Foram identificados 68 genes,
sendo 21 pertencentes a subunidade A (NF-YA), 23 a subunidade B (NF-YB) e 24 a subunidade C
(NF-YC). A andlise dos mecanismos de duplicacdo e evolugdo mostrou a ocorréncia de duplicagdo em
bloco e a atuacdo do processo de subfuncionalizagdo na manutencdo da familia. Analises in silico dos
genes NF-Y mostraram a modulacdo da expressdo génica em condicdes de estresses, especialmente
durante a infeccdo por Phakopsora pachyrhizi. Desta forma, nossos resultados corroboram a
proposicdo da familia como constituinte do morteossomo, de modo que a expressdo génica de muitos
genes NF-Y é modulada durante condicdes que disparam PCD. Trabalhos futuros, contemplando a
validacdo experimental do papel dessa familia no morteossomo poderdo esclarecer o envolvimento da
familia nesse mecanismo, sendo que 0s genes podem estar relacionados a regulacdo positiva ou
negativa de PCD.

A investigacdo da familia de proteinas ricas em cisteinas PLAC8 permitiu a identificacdo de
445 genes, que apresentavam nomes distintos na literatura, sugerindo o ndo agrupamento em uma
mesma familia génica. Nosso trabalho prop6s uma nomenclatura unificada para oS genes que possuem
0 dominio PLACS8. As variacbes encontradas no dominio PLAC8 permitiram a identificacdo de grupos

de genes, que agruparam separadamente na analise filogenética, corroborando a existéncia de trés
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diferentes tipos de genes PLACS8. Os genes do tipo | sdo encontrados em mamiferos, fungos, plantas e
algas, enquanto os genes do tipo Il e Ill sdo exclusivos de plantas. Até o momento, apenas genes do
tipo 1 e Il foram investigados e sdo relacionados a diferentes mecanismos em plantas, que véo desde a
determinagdo do tamanho de oOrgdos (Frary et al., 2000; Cong et al. 2002; Cong et al., 2006; Libault et
al., 2010; Guo et al., 2010; Liu et al., 2015), controle do fluxo de calcio (Nakagawa et al., 2007
Yamanaka et al., 2010; Kurusu et al., 2012) e resisténcia a elementos quimicos (Song et al. 2004;
Song et al., 2010). Tais resultados sugerem que o0s genes PLAC8 podem estar relacionados ao
mecanismo de PCD em plantas, sendo no controle do desenvolvimento ou na resposta a estresses em
plantas. Dessa forma, esses resultados corroboram a proposicdo de membros da familia PLAC8 como
componentes do morteossomo. Entretanto, muitas questdes ainda permanecem em aberto. O papel
exato dos genes PLAC8 no mecanismo de PCD ainda é desconhecido. Ainda, considerando o grande
nimero de cOpias de genes PLACS, funcBes antagonistas podem ser encontradas para as diferentes
copias. De qualquer forma, como nosso trabalho foi pioneiro em identificar genes PLAC8 em
Viridiplantae, o mesmo representa uma fonte importante de dados para serem profundamente

investigados futuramente, especialmente, no que se refere aos genes do tipo Ill, nunca antes descritos.

A Ultima familia génica estudada em nosso trabalho foi a classe que retne proteinas de
membrana que possuem dominio LITAF. Extensivamente estudadas em humanos, apenas uma
proteina contendo o dominio LITAF havia sido descrita em Arabidopsis e 0 gene que a codifica
nomeado como gene AtGILP (GSH-induced LITAF domain protein) (He et al. 2011). A interacdo
fisica de AtLSD1 e AtGILP (He et al. 2011) motivou a investigacdo dessa familia. Nosso trabalho
objetivou uma ampla busca por genes GILP em Viridiplantae. Como resultado, foi observado que a
familia é ausente em algas e seu surgimento foi na espécie Selaginella moellendorffii. Foi identificado
um total de 59 genes e o ndmero de coOpias variou de uma a trés. Analises in silico mostraram a
modulacdo da expressdo génica durante condicGes de estresse. Tais resultados reforcam a proposicéo
dessa familia como participante do morteossomo. A familia GILP é a menos estudada entre todas as
familias exploradas nessa tese. Tendo em vista a existéncia de apenas um trabalho em plantas (He et

al., 2011), muitas questdes ainda permanecem desconhecidas e merecem ser exploradas.

Considerando todas as familias aqui investigadas, nossos resultados mostraram a expansao
das familias em Viridiplantae, o que determinou a existéncia de mdltiplas cdpias génicas. Além disso,
a existéncia de diferentes grupos de proteinas em cada familia foi uma caracteristica comumente

observada, sendo que muitos grupos foram descritos pela primeira vez neste estudo. Embora muitos
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genes nessas familias venham sendo investigados, a sua grande maioria ainda permanece sem
caracterizacdo funcional. Assim, embora a investigacdo dessas familias tenha sido motivada pela
presenca no morteossomo, 0 papel dessas familias em rotas diferentes e mecanismos distintos ndo
podem ser descartados. Muitas questdes permanecem em aberto em todas as familias aqui apresentadas
e nossos resultados representam apenas o ponto inicial para a compreensdo da funcdo dessas familias
em plantas. Seja como proteinas ancoras na membrana, (transdutoras de sinal), como fatores de
transcricdo ou atuando em redes de interagdo proteina-proteina, a investigacdo do papel dessas familias
na sinalizacdo de estresses representa um importante desafio na compreensdo do mecanismo de PCD

em plantas.

Sabendo que AtLSD1 e AtLOL1 atuam de forma antagonista no controle da PCD (Epple et al.,
2003), o mesmo pode ocorrer entre membros das outras familias génicas, de forma que a maioria ndo
se apresenta em cépia Unica nos genomas estudados. Uma vez que muitas espécies possuem mais de
um gene de cada familia, a manutencdo de todas as cdpias com a mesma fungcdo bioldgica pode ndo ser
vantajosa. Além disso, as diferentes cOpias podem interagir entre si, formando complexos a fim de
controlar positiva ou negativamente a PCD. Embora interagdes entre genes LSD, Metacaspase, PLAC8

e GILP ainda ndo tenham sido descritas, esta € uma hipétese interessante a ser explorada.

Estratégias de superexpressdo e silenciamento podem ser utilizadas para desvendar o papel de
genes descritos na sinalizacdo de PCD. A obtencdo de plantas transgénicas ou mutantes possibilitara a
realizacdo de ensaios de inoculacdo com patdgeno ou quimicos sinalizadores de dano celular,
permitindo a analise fenotipica das plantas e das alteracdes em nivel de expressdo génica. Estas
analises certamente serdo Uteis para um melhor entendimento do papel desempenhado pelas familias

pertencentes ao morteossomo em varios processos biologicos, especialmente no controle de PCD.

As estratégias aplicadas durante o desenvolvimento dessa tese permitiram ampliar meus
conhecimentos e delinear minha experiéncia na area de bioinforméatica, identificacdo e caracterizacdo
de genes/familias génicas. Durante o primeiro ano dessa tese, esforgos significativos foram
empregados no estudo da familia de fatores de transcricio WRKY, resultando em um artigo cientifico,
no qual divido a primeira autoria (Bencke-Malato et al., 2014). Esse estudo ndo foi incluido nessa tese,
j& que ndo faz parte da linha de pesquisa com PCD. No entanto, contribuiu enormemente para minha
formacdo, ja& que meu envolvimento incluiu a mesma linha de pesquisa na qual baseia-se essa tese

(identificacdo e andlise filogenética).
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