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RESUMO

As plantas, sendo organismos sésseis, desenvolveram um conjunto de mecanismos que
possibilitam a adaptacdo a condicdes ambientais adversas visando a manutengao da homeostase
energética para o desenvolvimento e propagacdo. Tais respostas valem-se da integracdo entre a
biossintese de hormonios, ativa¢do de vias génicas de resposta a estresse € um balanco adequado
do uso da energia disponivel. Os actcares, além de serem fontes de carbono e energia, também
atuam como moléculas sinalizadoras podendo agir conjuntamente com sinais hormonais na
adaptacdo a estresses bidticos e abidticos e no controle do desenvolvimento. Nesse contexto,
diversos estudos apontam para uma importante relacdo entre o dcido abscisico (ABA), um dos
principais hormonios relacionados a resposta a estresses, € a glicose. A sinalizacdo por ABA,
além de atuar sobre a regulacdo da transcricdo, é conhecida por envolver fatores de controle de
estabilidade do RNAm. Contudo, a participacdo destes mecanismos em respostas mediadas por
glicose ainda é pouco explorada. Num primeiro momento, o presente trabalho visou avaliar o
potencial das participacdes de regulacdes pOs-transcricionais em resposta a ABA e glicose em
Arabidopsis thaliana, através da determinacao do perfil de expressio de RNAm apds a inibicao
da transcri¢do. Um modelo experimental com condi¢des de inibi¢ao de transcricdo otimizadas foi
estabelecido e utilizado para andlise de transcriptoma por microarranjos CATMA em resposta a
glicose € ABA. Um total de 962 genes foi identificado como diferencialmente expresso apds os
tratamentos, sugerindo uma possivel regulacdo pos-transcricional por glicose sobre 204
transcritos, por ABA sobre 245 e pela combinacdo dos dois sinais sobre 513 transcritos. Esses
genes foram classificados de acordo com o Gene Ontology, sugerindo uma relacio importante
com respostas adaptativas a condicdes de estresse. Aparentemente, as respostas mediadas por
glicose e ABA seguem estratégias opostas, sendo que as respostas pds-transcricionais por ABA
podem também atuar como um mecanismo rapido de retro-regulacdo negativa sobre a via central
de sinalizacdo desse hormdnio, uma forma de dessensibilizar e reiniciar as respostas da via. Na
segunda parte deste trabalho, levando em consideracdo as evidéncias do envolvimento do
controle de estabilidade de RNAm na sinalizacdo por glicose, foi avaliada a participacdo da via
de regulacdo por microRNAs (miRNAs) em respostas mediadas por esses sinal durante os
estagios iniciais de desenvolvimento da planta. Os mutantes agol-25 e hyll-2, deficientes em

atividade e biossintese de miRNAs, respectivamente, apresentaram hipossensibilidade a glicose
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durante um determinado periodo do desenvolvimento da planta, entre a germinacdo € o
estabelecimento. Tal resultado levanta a possibilidade de que a via dos miRNAs participa do
atraso do desenvolvimento mediado por glicose. Visando compreender quais miRNAs poderiam
estar envolvidos, andlise de expressdo em larga escala por reacdo em cadeia da polimerase em
tempo real (QRT-PCR) de 200 precursores de miRNAs (pri-miRs) em resposta a glicose foi
conduzida, apontando para uma potencial regulacdo sobre 38 deles, vérios dos quais ja s@o
conhecidos por participarem direta ou indiretamente do controle de desenvolvimento da planta.
Aparentemente, a deficiéncia na maquinaria de miRNAs leva a um desbalango nas regulacdes de

genes responsivos a glicose durante os primeiros estagios de desenvolvimento.
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ABSTRACT

Plants, as sessile organisms, have developed a set of mechanisms that allow efficient
adaptation to adverse environmental conditions. These processes rely on the integration of
hormone biosynthesis, activation of stress-responsive pathways and on a balanced use of the
available energy. Sugars, besides their role as carbon and energy sources, may also function as
signaling molecules that may act together with hormonal signals to trigger adaptive responses to
biotic and abiotic stresses. In this context, several studies have indicated an important relation
between abscisic acid (ABA), one of the major hormones related to abiotic stresses responses,
and glucose. ABA signaling, besides its function over transcription control, is known to involve
factors regulating the stability of mRNAs. However, the importance of glucose-mediated mRNA
decay control is essentially unknown. Our work intended to evaluate the potential of the
participation of post-transcriptional regulations in response to ABA and glucose in Arabidopsis
thaliana, by determining mRNA profile alteration in response to these signals after transcription
inhibition. An experimental model which optimizes the conditions for transcription inhibition
was established and used for transcriptome profiling with CATMA microarrays. A total of 962
genes were found to be differentially expressed after the treatments, suggesting a possible post-
transcriptional control acting upon 204, 245 and 513 transcripts in response to glucose, ABA and
the combination glucose + ABA, respectively. The genes were classified by their functions
according to Gene Ontology, suggesting a close relation with adaptive response to stress
conditions. Apparently, ABA- and glucose-mediated control of mRNA stability follows two
opposite strategies, while ABA post-transcriptional responses may also act as a fast negative
feedback mechanism over its own core signaling pathway, as a way to desensitize and reset the
pathway responses. The second part of this work focused on the participation of microRNAs
(miRNAs) pathway in responses mediated by glucose during plant early developmental stages.
The mutants agol-25 and hyll-2, which are deficient in miRNA activity and biogenesis,
respectively, showed hyposensitivity to glucose during a narrow time window of early plant
development, between germination and seedling establishment. Such result raises the possibility
that miRNA pathway may be involved in the glucose-mediated delay of early seedling
development. To obtain further evidences about which miRNAs could be involved, the

expression profile of 200 pri-miRs was evaluated by large-scale quantitative real-time
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polymerase chain reaction (QRT-PCR) profiling, indicating that 38 pri-miRNA are potentially
regulated by glucose, several of which are known to participate directly or indirectly in plant
development. The data indicate that deficiency in miRNA machinery leads to an imbalance on

glucose control over gene expression during early seedling development.
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INTRODUCAO

Importdncia da compreensdo das vias de regulacdo que modulam respostas adaptativas e o
crescimento da planta

As plantas, sendo organismos sésseis, desenvolveram um conjunto de mecanismos para se
adaptarem a condi¢des ambientais adversas, como variagdes de temperatura, alta salinidade, seca
e também a ataque de patdgenos. Estresses abidticos sdo as principais causas mundiais de perdas
em plantagdes, reduzindo a producdo média em mais de 50% (Boyer 1982; Wang et al., 2003;
IPCC, 2007). Indicios apontam para um aumento de regides cultivdveis enfrentando condi¢des de
seca e alta salinidade (Wang et al., 2003; Tester & Langrindge, 2010), podendo ainda as perdas
de producdo aumentarem devido as mudancas climaticas globais (IPCC, 2007; Marris, 2008;
Battisti & Naylor, 2009). Esses fatores indicam a necessidade do desenvolvimento de cultivares
resistentes as variacoes climéticas (Tester & Langrindge, 2010).

A adaptacao a um determinado tipo de estresse € geralmente composta tanto por respostas
especificas como generalizadas (Kultz, 2005). Tais respostas se valem da integracdo entre a
biossintese de hormonios, ativacdo de programa de expressdao gé€nica de resposta a estresse € um
balan¢o adequado do uso da energia disponivel, influenciando diretamente o desenvolvimento da
planta. Dessa forma, as respostas t€ém de ser coordenadas, ocorrendo um ajuste no tempo de uso
intensivo de nutrientes para garantir o fornecimento adequado de energia para que os eventos
relacionados ao desenvolvimento se completem (Gibson, 2005). Os fitormonios orquestram o
desenvolvimento da planta através da modulacdo do crescimento em resposta a fatores
intrinsecos e ambientais (Wolters & Jurgens, 2009; Depuydt & Hardtke, 2011). Contudo, a
andlise das regulacdes hormonais é complexa devido a existéncia de grande redundancia entre os
membros das familias génicas, retro-regulagdes, além das interagdes entre as diferentes vias
hormonais (Wolters & Jurgens, 2009). J4 os carboidratos nao s6 atuam como fontes de carbono e
energia, mas também como moléculas sinalizadoras, podendo agir conjuntamente com sinais
hormonais na adaptacio a estresses € no controle do desenvolvimento (Ledén & Sheen, 2003;
Rolland et al., 2006). Genes de resposta a estresse estdo sendo usados para aumentar a tolerancia
de plantas transgénicas (Thomashow, 1999; Hasegawa et al., 2000; Zhang, 2003; Bartels &
Sunkar, 2005; Denby & Gehring, 2005; Umezawa et al., 2006; Pennisi, 2008; Wan et al., 2009),



sendo uma motivacdo para o uso de organismos-modelo como Arabidopsis thaliana a
compreensdo das redes de resposta adaptativas, fundamentais para sua aplicagdo em plantas de
interesse econdmico (Denby & Gehring, 2005; Valliyodan & Nguyen, 2006; Zeller et al., 2009;
Yang et al., 2010).

Adaptacdo a condigoes de estresse e a sinalizacdo por dcido abscisico e glicose

Um dos principais hormonios vegetais relacionado as respostas a estresses € o 4cido
abscisico (ABA), sendo considerado um mensageiro essencial das respostas adaptativas
(Umezawa et al., 2006). Através da regulacdo de sua sintese/degradacao, transporte e transducao
de seu sinal, o ABA controla um conjunto de genes envolvidos na adaptacdo e aclimatacdo a
estresse, como atenuacdo do crescimento vegetativo, transporte de fons e dgua que resultam no
fechamento dos estdmatos e evitando a transpiracdo, e induzindo o ajuste do metabolismo para
tolerar seca e baixa temperatura (Ton et al., 2009; Cutler et al., 2010; Kim et al., 2010).
Aparentemente a sinalizacdo por ABA também estd envolvida na resposta de defesa a patégenos
(Asselbergh et al., 2008; Ton et al., 2009; Cao et al., 2011; Kim et al., 2012), e através da
interacdo com outros dois fitormonios, o 4cido jasmonico e o dcido salicilico, essencialmente
relacionados a respostas a patdgenos, coordenam a otimizacdo da resisténcia tanto a estresse
abiotico como bidtico (Kim et al., 2012).

Além das respostas hormonais, varios outros sinais devem estar envolvidos na interacao
de respostas adaptativas a estresse nas plantas, como fluxo de cdlcio, espécies reativas de
oxigénio e privacdo de energia (revisdo em Baena-Gonzdlez, 2010). A manutencdo da
homeostase energética € fundamental para o desenvolvimento e estd em constante ajuste devido
as flutuacdes ambientais, as quais t&€m impacto sobre a absor¢do de luz, fixagdo de carbono ou
mesmo na disponibilidade de oxigénio, diminuindo dessa forma a eficiéncia da fotossintese e
respiragdo e, por consequéncia, a disponibilidade de energia das células (Baena-Gonzalez, 2010).
Para o reestabelecimento da homeostase energética em resposta a essas perturbacdes, ocorre uma
reprogramagdo do metabolismo e expressao génica para desviar as fontes de energia das vias
biossintéticas relacionadas ao desenvolvimento para processos de defesa, aclimatacio e por fim,
adaptacdo (Baena-Gonzélez, 2010). As respostas em condi¢cdes de deficiéncia energética se

baseiam na transdugdo de sinal envolvendo, pelo menos parcialmente, duas quinases do tipo



SnRK1 (Sucrose non-fermenting related kinasel), KIN10 e KIN11, ambas reprimidas por glicose
ou trealose 6-fosfato (Baena-Gonzalez et al., 2007; Baena-Gonzélez, 2010). Interessantemente,
um dos alvos de regulacdo de SnRK1, o fator de transcricdo (FT) ArbZIP63 aparentemente atua
como um né de integracdo das sinalizacdes por glicose e ABA, numa resposta adaptativa a

estresse de acordo com a disponibilidade energética (Matiolli et al., 2011 — Anexo 1).

Controle do desenvolvimento mediado por glicose e dcido abscisico

O padrao de desenvolvimento das plantas também € direcionado para a percepcdo e
adequacdo a estimulos ambientais. A coordenagdo do desenvolvimento com a disponibilidade de
nutrientes, como agucares soldveis (glicose e sacarose) ou minerais (fosfato ou nitrogénio, por
exemplo), € essencial para o organismo otimizar seu ciclo de vida (Gibson, 2005). A
embriogénese origina uma plantula que possui células indiferenciadas nos meristemas do caule e
da raiz, os quais formam a maioria dos 6rgaos pés-embriondrios de uma forma modular (Depuydt
& Hardtke, 2011). Os meristemas apical do caule e laterais ddo origem aos 6rgdos situados acima
do chao, como peciolos, caule, folhas e flores, enquanto o meristema apical da raiz forma o
sistema de raizes e suas ramificagdes (Osmont et al., 2007; Barton, 2010). A vantagem desse
desenvolvimento modular pds-embriondrio € que possibilita uma resposta apropriada aos
estimulos ambientais, essencial para o desenvolvimento de um organismo que, por ser séssil,
deve se adaptar ao meio (Depuydt & Hardtke, 2011).

A semente é uma estrutura que geralmente abriga um embrido completamente
desenvolvido, e permite que ele sobreviva até o estabelecimento da plantula em condi¢Oes
favoraveis (Koornneef et al., 2002). A transicdo da germinagdo para o estabelecimento comeca
com a absorcdo da dgua pela semente, levando a uma progressiva maturagdo do embrido que
resulta na expansao dos cotilédones, que se tornam verdes, ocorrendo mobilizacdo dos estoques
de reserva para prover energia e carbono em suporte ao crescimento e desenvolvimento do
sistema autotréfico. Dessa forma, a mudanga do estado de dorméncia para a germinagdo € um
passo crucial no ciclo de vida desses organismos (Koornneef et al., 2002). Similarmente, as
plantulas também t€m a capacidade de evitar o crescimento frente a mudangas repentinas nas
condi¢des ambientais (Lopez-Molina et al., 2001; Dekkers et al., 2004; Finkelstein et al., 2008;

Rodriguez-Gacio et al., 2009). Esse controle é feito principalmente através do balanco de dois



fitormoOnios antagodnicos, a giberelina e o ABA, que atuam sobre o controle da maturagao do
embrido, transi¢cdo do estado de dorméncia para a germinacdo e inibicdo do crescimento, mas
também depende da interagdo com outros hormonios como brassinosterdides e auxina (revisao
em Finkelstein et al., 2008; Rodriguez-Gacio et al., 2009; Raghavendra et al., 2010; Cutler et al.,
2010).

Aclcares como sacarose e glicose influenciam a floracdo de algumas espécies de plantas,
fotossintese, a transicao entre fases do desenvolvimento e a senescéncia, e o desenvolvimento e
maturacdo de 6rgdos (Paul & Pellny, 2003; Gibson, 2005). Apesar de serem essenciais para o
desenvolvimento, acticares em altas concentracdes no meio atuam negativamente sobre o
crescimento da planta, envolvendo regulacdes parcialmente dependentes da sinalizacdo por ABA
(Rolland et al., 2006; Duarte et al., Capitulo 2). Por exemplo, mutantes de A. thaliana
identificados como deficientes em regulacdes por acucares, tais como glucose-insensitive (gin),
sucrose uncoupled (sun), impaired sucrose induction (isi), e sugar insensitive (sis), também se
mostraram deficientes em biossintese de ABA (aba), como aba2/isi4/ginl/sis4 e aba3/gin5, ou
insensiveis ao hormoénio (ABA insensitive — abi), como abid/sun6/isi3/gin6/sis5 (Zhou et al.,
1998; Arenas-Huertero et al. 2000; Huijser et al. 2000; Laby et al. 2000; Rook et al. 2001;
Arroyo et al., 2003). Aparentemente, os FTs ABI3, ABI4 e ABI5 estdo diretamente relacionados
com o controle do desenvolvimento tanto por glicose como por ABA (Arenas-Huertero et al.,
2000; Cheng et al., 2002; Arroyo et al., 2003; Reyes & Chua, 2007; Dekkers et al., 2008; Fujita
etal., 2011).

O controle transcricional da expressdo génica

O crescimento e desenvolvimento de todos os organismos dependem da regulacdo da
expressdo génica. Enquanto os mecanismos bdsicos relacionados a transcricdo e tradugdo se
mantiveram conservados entre procariotos e eucariotos durante a evolucdo, o aparecimento de
organismos mais complexos se deve em parte ao aumento da complexidade de suas redes de
regulagcdes. Por exemplo, alteragdes na expressao de genes que codificam para reguladores da
transcricdo sdo consideradas como uma das principais fontes de diversidade e mudanca que
delineiam a evolucdo (Carrol, 2000), embora estudos recentes apontem para um impacto

significativo de RN As nao-codificantes no processo evolutivo (Ponting et al., 2009).



A expressdo de uma proteina ou RNA ndo-codificante biologicamente ativos em células
eucaridticas € controlada em diferentes niveis por diversos processos durante a expressao génica,
através da estrutura da cromatina, inicio da transcri¢cao, processamento e modificagdo dos RNAm
transcritos, transporte do RNAm para o citoplasma, inicio e elongacdo da tradu¢do do RNAm,
modificagdes pos-traducionais, e transporte e degradacdo da proteina expressa (Adeli, 2011). A
regulacdo da expressdo génica, no entanto, ocorre principalmente através do controle sobre o
inicio da transcricdo. Aproximadamente 10% do genoma de Arabidopsis apresenta regulacdo
transcricional por ABA (Nemhauser et al., 2006; Cutler et al., 2010), enquanto aproximadamente
7% do genoma € regulado por glicose (Li et al., 2006).

O DNA nos eucariotos encontra-se empacotado no nucleo das células em estruturas de
nucleoproteinas, as cromatinas, através do enovelamento do DNA em torno de um complexo
proteico formado por histonas, os nucleossomos (revisdo em Orphanides & Reinberg, 2002). A
cromatina pode ser encontrada numa forma altamente compactada de dificil acesso a informacao,
a heterocromatina, ou descondensada, a eucromatina (Orphanides & Reinberg, 2002). Dessa
forma, um primeiro nivel de controle da expressdo génica se dd por alteracdes na estrutura da
cromatina que permitem ou ndo o acesso as informagdes contidas no DNA pelos fatores
responsaveis pela transcricdo. Essas regulacdes epigenéticas se valem da metilacdo das citosinas
do DNA, modifica¢gdes pds-traducionais das histonas, ou ainda do envolvimento de complexos
polycomb (Henderson & Jacobsen, 2007).

Contudo, um gene inserido numa sequéncia randomica de DNA ¢€ inerte, uma vez que
depende de sequéncias especificas e proteinas capazes de direcionar a transcri¢do para que a
informacdo para a qual ele codifica seja expressa e visivel para a selecio (Wray et al., 2003).
Todo gene com impacto fenotipico € flanqueado por sequéncias reguladoras que, em conjunto
com a expressdo e atividade de varias proteinas codificadas em outras regides do genoma,
regulam sua expressdo em resposta a determinadas condi¢cdes ambientais ou em tipos celulares
especificos (Figura 1 — Wray et al., 2003). De uma forma geral, o ponto final de diversas cascatas
de transducdo de sinal € a ativac@o de proteinas reguladoras que se ligam a motivos especificos
nas regides promotoras dos genes (Meshi & Iwabuchi, 1995; Beckett, 2001; Orphanides &
Reinberg, 2002; Warren, 2002; Wray et al., 2003).
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Figura 1. Representacdo esquemadtica de um gene das etapas do controle transcricional da expressdo. A.
Organizagdo de um gene eucariotico, apresentando as posigdes relativas da unidade transcricional, regido
promotora, e os sitios de regulacio cis onde se ligam os fatores de transcri¢do (barras veticais). B. Modelo
de um promotor em operacdo. O inicio da transcri¢ao requer diversas proteinas que interagem de maneira
especifica, dentre elas o complexo proteico da RNA polimerase (~15 proteinas); proteina TATA-binding
(TBP; 1 proteina); fatores associados a TBP (TAFs, ou fatores de transcricdo de uma forma geral; ~8
proteinas); fatores e co-fatores de transcricdo, cujas composi¢des e ndmeros variam; fatores de
dobramento da molécula de DNA, que permitem a interacdo entre as proteinas; e complexos de

remodelag@o da cromatina (~12 proteinas ou mais) (Adaptado de Wray et al., 2003).

Um dos principais grupos de proteinas que controlam a expressdao génica sdo os FTs
(regulador frans), geralmente definidos como proteinas que apresentam um dominio de ligacdo
especifico ao DNA capaz de se ligar a uma regido promotora do genoma com sequéncia
complementar (elemento de regulacdo cis), ativando ou reprimido a transcricdo do gene alvo
(Figura 1 — Riechmann et al., 2000; Mitsuda & Ohme-Takagi, 2009). A regido promotora possui
um promotor central onde a maquinaria de base da transcri¢do se liga, e diversos sitios de ligagao

de FTs que podem estar arranjados em moddulos, os quais separadamente contribuem para o



aspecto final da taxa de iniciacdo da transcri¢ao (revisdo em Wray et al., 2003). Comparacdes de
andlises gendmicas de fungos e animais mostram que as familias de FTs de angiospermas estio
sob expansdo, possivelmente refletindo a capacidade das angiospermas de se adaptar a diferentes
condi¢des ambientais (Corréa et al., 2008). Por exemplo, entre 5-10% do genoma de Arabidopsis
codifica para FTs, um valor superior ao encontrado para metazodrios com aproximadamente o
mesmo tamanho de genoma como a mosca-das-frutas Drosophila melanogaster (4,7%) e o

nematelminto Caenorhabditis elegans (3,6%) (Mitsuda & Ohme-Takagi, 2009).

O controle pos-transcricional da expressdo génica

O RNAm dos eucariotos € sintetizado como uma molécula precursora que precisa ser
primeiramente processada antes de se tornar ativa. As trés principais etapas de processamento sao
a adicao do cap 5’ (7-metilguanosina), a remoc¢ao de sequéncias através do splicing, e a formagao
da cauda poli-A na por¢do 3’ do RNAm por poliadelinagao (Fisher er al., 2011). Uma etapa
importante de controle da expressdo gé€nica ocorre através de regulacdes pds-transcricionais, as
quais estdo geralmente associadas a respostas adaptativas rdpidas de ajuste do crescimento e
metabolismo. Tais regulacdes podem ocorrer durante o processamento do RNAm, mediando a
estabilidade do RNAm, ou pelo controle da tradu¢do desta molécula (Figura 2 — revisdao em
Belototsky & Sieburth, 2009; Houselley & Tollervey 2009; Floris et al., 2009).

Durante a maturacdo da molécula de RNAm, o mecanismo de splicing remove os introns
do pré-RNAm, podendo um mesmo gene apresentar formas alternativas de splicing que sdo
produzidas em determinadas respostas adaptativas (Palusa et al., 2007; Floris et al., 2009). Por
outro lado, dois processos essenciais para a maturacdo do RNAm, a adi¢do do cap 5’ e da cauda
poli-A, podem também sinalizar para a degradacdo da molécula. A deadenilacdo (remocdo da
cauda poli-A) e a remocao do sinal cap 5’ da molécula precedem a degradacio do RNAm, que
pode ocorrer por um complexo de exonuclease 3°-5’ nos exossomos, ou por degradacdo por
exonuclease 5°-3’ ap6s a remocao do cap 5’ (Belototsky & Sieburth, 2009; Houselley &
Tollervey 2009; Floris et al., 2009). Dois fatores aparentemente influenciam o decaimento dos
RNAm: a presenga de elementos conservados nas regides ndo-traduzidas (UTR) do RNAm (3’ e
5’-UTR) que se correlacionam com maior ou menor estabilidade do RNAm; e a presenca de ao

menos um intron no gene, que garante moléculas de RNAm mais estdveis do que as provenientes



de genes sem introns (Gutiérrez et al., 2002; Narsai et al., 2007; Belototsky & Sieburth, 2009;
Christie et al., 2011). Um sistema de vigilancia citoplasmético também atua sobre os RNAs
através do Nonsense-Mediated mRNA Decay (NMD), que identifica RNAm com cédons de
parada prematuros ou com regido 3’-UTR muito longa e direciona para a remog¢do do cap 5,
iniciando seu decaimento (Belototsky & Sieburth, 2009). Finalmente, o controle sobre a traducao
do RNAm permite uma modulagdo fina dos niveis de proteina sintetizados. A resposta adaptativa
traducional pode ocorrer através da modulacao da associagio RNAm-polissomos, ou através do

controle direto dos niveis de polissomos, que limitaria o consumo de energia (revisdo em Floris et

al., 2009).
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Figura 2. O controle da expressdo génica ocorre de forma transcricional e pds-transcricional. O controle

pos-transcricional € considerado como as regulacdes que ocorrem entre a maturagdo do RNAm e a sintese

da proteina (processamento do RNAm, controle de estabilidade do RNAm, traducio).



Outro mecanismo de controle da expressdo génica ocorre pelo silenciamento de RNA, o
qual envolve pequenas moléculas de RNA de 19-24 nucleotideos que inibem a expressao génica
através de uma interacdo sequéncia-especifica, atuando sobre a transcri¢do, estabilidade do
RNAm ou traducdo (Floris et al., 2009; Brodersen et al., 2008; Voinnet, 2009). O silenciamento
envolve quatro processos bioquimicos bdsicos: (1) inducdo por um RNA dupla-fita, (2)
processamento do RNA dupla-fita em pequeno RNA, (3) metilacdo do pequeno RNA, (4) e
incorporagdao do pequeno RNA no complexo-efetor que se associa por complementariedade
parcial ou completa com 0 RNA ou DNA alvo (Voinnet, 2009). RNAs dupla-fita podem derivar
diretamente da replicacdo de virus, transcricdo de genes com sequéncias repetidas invertidas, ou a
partir de loci que produzem RNAs que formam estruturas secundarias em forma de alca (Voinnet,
2009). Alternativamente, os RNAs dupla-fita podem ser sintetizados a partir de um RNA
simples-fita por uma das seis RNA polimerases dependentes de RNA (RNA-dependent RNA
polymerase — RDR1-6). Os pequenos RNAs sdo classificados de acordo com sua biogénese e
funcdo em microRNAs (miRNAs), ou em uma das diversas classes de pequenos RNAs de
interferéncia (small-interfering RNAs — siRNAs), como trans-acting siRNAs (ta-siRNAs),
natural antisense transcript-derived siRNAs (nat-siRNAs), heterochromatic siRNAs (hc-
siRNAs), e repeat-associated siRNAs (ra-siRNAs) (revisdo em Voinnet, 2009). Pequenos RNAs
também podem efetuar controle transcricional através da metilacdo de DNA dirigida por RNA
(RNA-directed DNA Methylation), que levam a modificacdes epigenéticas e subsequente
silenciamento dos genes metilados (Aufsatz et al., 2002; Havecker et al., 2010).

Os miRNAs representam um dos principais grupos de pequenos RNAs (Figura 3), com
338 integrantes conhecidos para A. thaliana (miRbase - http://www.mirbase.org/; Agosto/2012).
Os genes de MIRNAs sdo transcritos principalmente pela RNA polimerase II (RNApol II)
gerando transcritos primarios (pri-miRs). Os pri-miRs sdo primeiramente estabilizados pela
proteina ligante de RNA DAWDLE (DDL) pela sua conversao em precursores de miRNAs (pré-
miRNASs), uma estrutura em hairpin auto-complementar (Voinnet, 2009). Em seguida, o pre-
miRNA € processado por um complexo formado pela interacio com as proteinas SERRATE
(SE), HYPONASTIC LEAVESI (HYL1), DICER-likel (DCL1), e o complexo nuclear cap-
binding (CBC), sofrendo entdo um segundo processamento pela DCL1, originando uma estrutura

de 21 nucleotideos em duplex, o miRNA/miRNA*, que € exportado para o citoplasma pela



proteina HASTY e por outros fatores (Voinnet, 2009). Esse fragmento duplex € metilado pela
HUA ENHANCERI1 (HEN1), mecanismo de protecdo contra exonucleases como SDN (Small
RNA Degrading Nuclease), sendo entdo reconhecido preferencialmente pela ARGONAUTEI1
(AGO1) e integrado no complexo de silenciamento (RNA-induced silencing complex — RISC), o
qual atua sobre RNAs com sequéncia parcialmente ou totalmente complementar ao miRNA (Mi

et al., 2008; Voinnet, 2009).
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Figura 3. Biogénese de miRNAs em plantas. Em plantas, a maioria dos pri-miRs € transcrita pela RNApol
II de regides localizadas entre genes codificantes de proteinas. A interacdo com a proteina DDL estabiliza
o pri-miR através de sua conversdo em pre-miRNAs. Essa reacdo requer a agdo conjunta e interagao fisica
com as proteinas SE, HYL1, DCLI1 e o complexo CBC. Pre-miRNA ou miRNAs maduros sdo exportados
para o citoplasma possivelmente pela acdo da exportina HASTY e outros fatores. O duplex
miRNA/miRNA* € metilado pela HEN1, reacdo que protege a molécula da degradacdo por SDN. A fita-
guia do miRNA ¢ incorporada pelas proteinas AGO e encaminhada para as reagdes de silenciamento,

enquanto a fita complementar miRNA* € degradada (adaptado de Voinnet, 2009).
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Regulagdes pds-transcricionais possuem papéis importantes no monitoramento da
disponibilidade de nutrientes (Pant et al., 2009), resposta a estresses bidticos e abidticos (Zhang
et al., 2008; Floris et al., 2009), e controle sobre o desenvolvimento (revisio em Fornara &
Coupland, 2009; Poethig, 2009; Nonogaki, 2010). Por exemplo, deficiéncia sobre o controle da
atividade de splicing na proteina STABILIZEDI1 compromete a maturacdo da COLD-
REGULATED 15A (COR15A), levando a hipersensibilidade ao frio, estresse salino e a respostas
mediadas por ABA (Lee et al., 2006). Desregulacdo na expressdo de proteinas relacionadas a
atividade de deadenilagdo, como PARN (poly-A ribonuclease) ou complexo de deadenilase
CCR4/CAF]1, afetam a viabilidade do embrido ou resisténcia a doengas (Reverdatto et al., 2004;
Chiba et al., 2004; Nishimura et al., 2005; Sarowar et al., 2007). Proteinas envolvidas com o
mecanismo de remocdo do cap 5’, como DCP1, DCP2 ou VCS (VARICOSE) participam do
desenvolvimento das plantas como formagdo dos cotilédones, padrdo de venagdo ou
funcionamento dos meristemas do caule e raiz (Goeres et al., 2007; Iwasaki et al., 2007; Xu et
al., 2007).

Similarmente, regulagdes envolvendo pequenos RNAs também participam do controle do
desenvolvimento e adaptacdo a estresse. RegulacOes por nat-siRNAs foram relacionadas a
adaptacdo a estresse salino (Borsani et al., 2005), enquanto que ta-siRNAs, os quais dependem
dos miRNAs para sua biossintese, atuam sobre o desenvolvimento das folhas (revisdao em Allen
& Howell, 2010). Multiplos aspectos do controle do desenvolvimento e adaptacdo a sinais
ambientais mostram-se dependentes de regulacdes por miRNAs, os quais também participam de
respostas adaptativas sob o controle do ABA (Pant et al., 2009; Fornara & Coupland, 2009;
Poethig, 2009; Nonogaki, 2010; Zhang et al, 2008; Laubinger et al., 2010). Deficiéncia nos
fatores de processamento e atividade de miRNAs provocam hipersensibilidade a esse hormonio
(Zhang et al., 2008; Earley et al., 2010; Laubinger et al., 2010), apontando para uma possivel
relagdo entre a via de regulacdo por pequenos RNAs e a sinalizagdo por ABA.

Indicios também apontam para a existéncia de controle de estabilidade de RNAm
envolvendo actcares (Ho et al., 2001), principalmente através de vias traducionais (revisao em
Smeekens et al., 2010). Recentemente, encontramos evidéncias para a existéncia de regulagdes

pos-transcricionais na repressao sinérgica do FT AtbZIP63 a combinacdo de ABA e glicose
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(Matiolli et al., 2011 — Anexo 1). Contudo, a participagdo destes mecanismos em respostas

mediadas por glicose ainda € pouco explorada.

A transdugdo do sinal na via da glicose

Os agucares nao s6 apresentam uma fun¢do central no metabolismo como fonte de energia
e armazenamento, ou como integrante de componentes estruturais das células, mas também
podem atuar como moléculas sinalizadoras que controlam a expressdo génica (revisdo em
Smeekens et al., 2010; Eveland & Jackson, 2012). Além de detectar a falta de nutrientes, as
plantas sdo capazes de identificar a presenca de acucares por diversas vias que direta ou
indiretamente reconhecem trealose, frutose, glicose ou sacarose (Rolland et al., 2006). Apesar
dos mecanismos envolvidos ainda ndo serem completamente compreendidos, a proteina
HEXOKINASEI (HXK1) foi identificada como um dos componentes centrais da percep¢ao e
sinalizacdo por glicose (Baena-Gonzélez et al., 2010). Aparentemente deve haver interagdo entre
a sinalizacdo por glicose e fitormonios, uma vez que HXK1 tem papel positivo e negativo sobre
os efeitos de auxinas e citocinina, respectivamente (Moore et al., 2003; Rolland et al., 2006).
Além disso, glicose atua como antagonista do etileno por promover a degradacio de seu
regulador central EIN3 via proteossomo, sendo esse efeito ausente no mutante nulo de HXK1
gin2 (Moore et al., 2003; Yanagisawa et al., 2003).

O efeito da glicose sobre a expressdo génica pode requerer a atividade sensora da HXK1,
de forma independente de sua atividade enzimadtica, através de um complexo nuclear que regula
diretamente os genes alvos (Moore et al., 2003; Smeekens et al., 2010; Eveland & Jackson,
2012). Alternativamente, o controle da expressdo gé€nica por acglicares pode ocorrer por uma via
independente da atividade de HXK1, envolvendo ou ndo o metabolismo da glicose (Rolland et
al., 2006; Smeekens et al., 2010). Foi proposto que a transducdo de sinais extracelulares de
glicose pode envolver a participacdo de proteinas G (heterotrimeric guanine nucleotide binding
proteins) acopladas a receptores (GPCRs) (Chen & Jones, 2004), sendo que em Arabidopsis esse
complexo ainda estaria associado a outro regulador que reiniciaria o sistema, o RGS1 (Regulator

of G-Protein Signaling 1) (Temple & Jones, 2007; Chen, 2008).
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Via de sinalizacao do dcido abscisico

A expressdo dos genes em resposta a ABA se baseia na regulacdo direta de FTs que
reconhecem e se ligam a elementos cis nas regides promotoras dos genes-alvos, denominados
ABREs (ABA-responsive elements) (Fujita et al., 2011). Essas proteinas formam o grupo dos
AREBs (ABRE-binding protein) ou ABFs (ABA-binding fator), e codificam para FTs do tipo
bZIP (revisao em Umezawa et al., 2010). Além desses FTs, a expressao génica mediada por ABA
¢ controlada por receptores, mensageiros secunddrios, cascatas de proteinas quinase/fosfatase, e
fatores de remodelacdo da cromatina, que atuam sobre a atividade de miRNAs, maturacdo e
estabilidade de RNAm, e a degradacdo de proteinas (Fujita ef al., 2011).

Recentemente, a via central de sinalizacdo do ABA foi desvendada, sendo composta pelos
receptores PYR/PYL/RCAR, pelas fosfatases do tipo 2C (PP2C) como reguladores negativos, e
pelas quinases SNFI-related protein kinase 2 (SnRK2) como reguladores positivos (Umezawa et
al., 2010). Na auséncia de ABA, as PP2Cs inativam as quinases SnRK2 por defosforilacdo direta
(Figura 4A). Contudo, em resposta a fatores ambientais ou de desenvolvimento, o ABA liga-se ao
receptor e promove a interacdo dos receptores PYR/PYL/RCAR com PP2C, resultando na
inibicdo da PP2C e consequente ativagdo da SnRK2, que passa a fosforilar seus alvos, como os
FTs, ativando-os (Figura 4A; Umezawa et al., 2010). Essa indu¢do de SnRK2 por ABA, contudo,
ndo ocorre no mutante insensivel ao hormdnio abil-1, que inativa constitutivamente essas

quinases mesmo na presenca do receptor PYR1 e ABA (Figura 4B; Umezawa et al., 2009).
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Figura 4. Modelo da via de sinalizagio do ABA (adaptado de Umezawa er al., 2010). A.
PYR/PYL/RCAR, PP2C e SnRK?2 formam um complexo de sinalizacdo no qual, na auséncia de ABA,
PP2C regula negativamente SnRK2. Na presenca do hormoénio, PYR/PYL/RCAR liga-se ao ABA e
interage com PP2C, inibindo sua atividade de fosfatase, liberando SnRK2 para ativar seus alvos. B. No
mutante abil-1, que ndo possui a ligacio de PYR/PYL/RCAR, a inativagdo de SnRK2 é constitutiva

mesmo na presenca de ABA.



OBJETIVOS

O presente estudo visou avaliar a importancia do controle de estabilidade de RNAm mediado
por glicose e ABA, compreender e identificar os fatores envolvidos com essas regulacdes e 0s
possiveis reflexos para o crescimento e desenvolvimento de Arabidopsis thaliana.

Especificamente, os seguintes pontos foram abordados:

e [Estabelecimento de um protocolo para avaliar a estabilidade do RNAm em resposta a
glicose e ABA em condig¢des de inibi¢do de transcri¢do;

e Identificacdo de transcritos regulados de forma pds-transcricional por glicose ou ABA
através de andlise em escala gendmica;

e Identificacdo das possiveis vias de regulacdo pds-transcricionais relacionadas as
sinalizagdes por glicose ou ABA e compreensdo dos mecanismos subjacentes;

e Avaliacdo do envolvimento da maquinaria de miRNAs no controle da germinacdo e
desenvolvimento da plantula mediado por glicose e ABA;

e Identificacdo de miRNAs potencialmente regulados por glicose no controle da
germinacao;

e Avaliacdo das vias de regulacdo por miRNAs possivelmente envolvidas no controle de

desenvolvimento mediado por glicose.
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CAPITULO 1

Avaliaciao da importancia do controle da estabilidade de
RNAm na sinalizacao por glicose e ABA e na interacao

desses sinais em Arabidopsis thaliana
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INTRODUCAO

O estabelecimento do balango adequado entre demanda e disponibilidade de carboidratos
¢ uma necessidade de todos os organismos para otimizar seu crescimento, desenvolvimento e
propagacdo. As plantas, como organismos fotoautotréficos, sdo unicas pela sua capacidade de
produzir os carboidratos de que necessitam, através da captura da energia da luz e sua
transformacdo em energia quimica, sendo os agucares sintetizados nas folhas transportados
através do floema até os 6rgados drenos como raizes, folhas jovens e zonas meristematicas. Além
de servirem como fonte de energia e carbono, os acticares sao moléculas sinalizadoras que atuam
sobre o controle da expressdo génica e, dessa forma, regulam o crescimento e desenvolvimento
da planta (Eveland & Jackson, 2012). Andlises de mudancas de perfis de RNAm mostraram que
variacdes dos niveis de carboidratos promovem diversas alteracdes nas fungdes celulares como
sintese reduzida de proteinas e mobilizac¢do de fonte alternativas de energia (Price et al., 2004).

Virios aspectos da sinalizacdo por carboidratos sdao dependentes da interagcdo com
hormonios, como etileno (Zhou et al., 1998; Moore et al., 2003; Yanagisawa et al., 2003), auxina
e citocinina (Moore et al., 2003; Rolland et al., 2006), ¢ ABA (Arenas-Huertero et al., 2000;
Laby et al., 2000; Rook et al., 2001; Li et al., 2006). Em especial, uma estreita relacdo entre as
sinalizagdes por ABA e carboidratos foi revelada pela identificacdo de mutantes deficientes em
regulagcdes por acucares que também se mostraram deficientes em biossintese ou sensibilidade ao
ABA, como aba2/isi4/ginl/sis4, aba3/gin5 ou abi4/sun6/isi3/gin6/sis5. Interessantemente, a
interacdo entre glicose e ABA € responsdvel pela repressdo sinérgica da expressio do FT
AtbZIP63, regulacdo que deve atuar de forma a adequar o uso da energia disponivel com o
crescimento e a tolerincia ao estresse, € que se mostrou parcialmente dependente de fatores pos-
transcricionais (Matiolli et al., 2011 — Anexo 1). Diversas evidéncias indicam a importancia de
mecanismos de controle de estabilidade de RNA envolvendo a sinalizacio por ABA, como
atividade de splicing, deadenilagdo ou atividade de pequenos RNAs (Nishimura et al., 2005; Lee
et al., 2006; Zhang et al., 2008; Earley et al., 2010; Laubinger et al., 2010), e embora evidéncias
também apontem para uma importancia dos acgucares nas regulacdes pos-transcricionais
(Smeekens et al., 2010), o envolvimento de glicose e a interacdo desta hexose com ABA no

controle de estabilidade de RNAm € ainda um ponto a ser explorado.
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MATERIAIS E METODOS

Material vegetal e condicoes de crescimento

Para cultura in vitro de A. thaliana, 10 mg de sementes foram esterilizadas e colocadas
para crescer em meio de cultura MS liquido (Murashige & Skoog, 1962) modificado (MS/2),
como descrito por Gauer (2004). As amostras foram colocadas no escuro a 4°C por dois dias para
quebra de dorméncia, sendo transferidas para crescimento em luz artificial ténue continua sob

agitacdo suave (70 RPM) e temperatura de 22°C.

Inibicdo da transcrigdo

Tratamentos com cordicepina (Sigma — Numero de catdlogo C3394) foram conduzidos
com o seguinte ensaio: 10 mg de sementes de A. thaliana foram germinadas em 10 mL de meio
liquido MS/2 suplementado com 0,3% de glicose sob luz continua ténue, a 22°C e agitacio
constante a 70 RPM. No quinto dia, as plantulas foram lavadas em 25 mL de MS/2 sem glicose e
transferidas para 10 mL de MS/2 sem glicose, e foram em seguida crescidas por mais 24h sob as
mesmas condicdes. No sexto dia, as plantulas receberam o tratamento de 50 pg/mL, 100 pg/mL
ou 200 pg/mL de cordicepina (concentracdes finais) a partir de soluc@o estoque de 1 mg/mL,
sendo expostas ao composto por diferentes tempos e tendo como controle plantulas que ndo
receberam o tratamento. Alternativamente, Actinomicina D (Sigma — Numero de catidlogo
A1410) também foi usada para comparagdo com cordicepina na avaliacdo da eficiéncia dos

inibidores de transcri¢ao.

Tratamentos com glicose, ABA e ABA + glicose

As plantulas de seis dias crescidas nas condi¢cdes descritas acima receberam tratamentos
com glicose, ABA e ABA + glicose em dois ensaios diferentes, a partir de solucdes-estoque
esterilizadas por filtracdo de glicose 20%, e ABA 100 mM dissolvido em metanol (Merck). No
primeiro deles, conduzido para avaliar a resposta pds-transcricional a esses sinais, as plantas
cultivadas que tiveram sua transcri¢@o inibida por cordicepina, foram em seguida submetidas a 2h
de tratamento com as seguintes concentracdes finais de cada reagente: glicose 2%, ABA 100 uM,

ou glicose 2% + ABA 100 uM. No segundo ensaio, as mesmas condi¢des de crescimento acima
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descritas foram utilizadas, mas ndo houve tratamento prévio com cordicepina, sendo as plantas
submetidas diretamente a 2h de tratamento com glicose 2%, ABA 100 uM, ou glicose 2% + ABA
100 uM.

Extracdo de RNA

As extracdes de RNA total para as andlises por qRT-PCR foram realizadas a partir de
aproximadamente 400 mg de plantulas de A. thaliana. As amostras foram maceradas em
nitrogénio liquido e homogeneizadas em 2 mL de tampao de extragdo (Guanidina HCL 8 M, Tris
HCL pH 8 50 mM, EDTA pH 8 20 mM e B-mercaptoetanol 50 mM). Em seguida, foram
realizadas duas extracdes com fenol:cloroférmio:dlcool isoamilico (25:24:1) e uma com
cloroférmio:élcool isoamilico (24:1), sendo o RNA precipitado por 2h ou overnight a -20°C com
0,2 volumes de acetato de s6dio 3M pH 5,2 e 1 volume de etanol absoluto gelado. Apds lavagem
com etanol 70% seguida por etanol absoluto gelados, o pellet foi ressuspendido em 20 uL de
dgua milli-Q tratada com DEPC. A integridade do RNA foi verificada através de eletroforese em

gel de agarose 1% (m/v) contendo 5% de formaldeido, de acordo com Logemann et al. (1987).

Sintese de DNA complementar

RNA foi tratado com TURBO DNA-free (Ambion), segundo as recomendacdes do
fabricante, antes da sintese do DNA complementar (cDNA) para andlise por qRT-PCR com
oligonucleotideos que ndo abrangiam jun¢do éxon-éxon. Para sintese de cDNA, a reacdo de
transcri¢do reversa foi realizada de acordo com o seguinte protocolo: a 3 pg de RNA foram
adicionados 1,5 pL de oligo dT(18) 10 mM e &4gua tratada com DEPC para um volume de
13,5 uL, sendo incubados a 70°C por 10 min para desnaturacdo do RNA. Em seguida, as
amostras foram incubadas em gelo, sendo 10,5 pL da seguinte propor¢do de reagentes
adicionados: 2 pL dgua tratada com DEPC, 3 pL de ImPromll 5x buffer (Promega), 3 pL de
ImPromlIl MgCl, (25 mM, Promega), 1,25 pL de uma mistura de dNTPs 10 mM cada
(Invitrogen) e 1,25 uL de RNaseOUT RNase Inhibitor (40 U/uL Invitrogen). Ap6s incubagdo a
42°C por 2 min, foi adicionado 1,0 uL de ImPromll reverse transcriptase (Promega). A reacdo
foi incubada a 42°C por 40 min para a transcri¢do reversa e, em seguida, a 70°C por 15 min para

inativacao da enzima.
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RT-PCR e PCR quantitativa em tempo real

Utilizando as anotagdes disponiveis no TAIR (The Arabidopsis Information Resource —
http://www.arabidopsis.org), os oligonucleotideos para a realizacdo de qRT-PCR foram
desenhados seguindo os seguintes critérios: entre 19 e 22 pb de extensdo, Ty de
aproximadamente 60°C, amplicon com aproximadamente 100 pares de base (pb), conteido de
guanina-citosina entre 35-55%, posicionamento proximo a regido 3’ do gene e contendo quando
possivel a0 menos uma juncdo éxon-éxon para eliminar a amplificacdo de DNA gendmico
contaminante e a necessidade do tratamento com DNAse. Em seguida, suas sequéncias foram
analisadas no Primer-BLAST (Ye et al., 2012 — http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
afim de avaliar a especificidade, sendo confirmada pela andlise dos amplicons provenientes de
RT-PCR em gel de agarose e pela curva de dissociac@o da reacdo de qRT-PCR.

As andlises de expressdo por qRT-PCR foram conduzidas conforme descrito por
Czechowski et al. (2005) e Udvardi et al. (2008). As amplificacdes foram realizadas em
termociclador PTC-100 (MJ Research, Inc), sob as seguintes condi¢des: 94°C por 5 min; 34
ciclos de 94°C por 30 segundos, 56°C por 1 min e 72°C por 1 min e 30 s, finalizando com uma
extensdo prolongada de 72°C por 10 min. Todas as reagdes foram feitas com a seguinte
concentracdo final de reagentes: 1x Taq buffer (Fermentas), MgCl, 1,5 mM (Fermentas), 200 uM
de cada ANTP (Invitrogen), 400 uM de cada oligonucleotideo, 0,5 U de enzima Tag DNA
Polymerase (Fermentas) e aproximadamente 120 ng cDNA.

As reacoes de qRT-PCR foram realizadas com o sistema de deteccao ABI PRISM 7500
HT (Applied Biosystems), utilizando SYBR Green (Invitrogen) como detector. As reacdes foram
preparadas em placas de 96 pogos (Applied Biosystems), sendo conduzidas com 6,25 uL de
Master Mix SYBR Green (Invitrogen), 0,25 uL de ROX (referéncia passiva), 200 nM de cada
oligonucleotideo, e 1 uL cDNA, totalizando 12,5 pL de reagdo. As condi¢des para as reacOes
foram as seguintes: passo inicial de 50°C por 2 min e 95°C por 10 min, seguidos de 40 ciclos de
95°C por 15 segundos e 60°C por 1 min, ocorrendo a leitura da fluorescéncia a cada ciclo. Curvas
de dissociacao foram obtidas ao término de cada reagdo, através do aquecimento de 60°C para
95°C, subindo 1°C por min. A linha de base foi coletada entre os ciclos 3 e 15, sendo o threshold

ajustado para a fase exponencial de amplificacdo de cada gene para a obtengdo dos valores de Ct.
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A eficiéncia das reacOes para a andlise por qRT-PCR foi obtida através de curvas padrao
de amplificacdo compostas por diluicdes seriadas de 6 pontos: 1, 1/3, 1/9, 1/27, 1/81 e 1/243,
correspondendo a 120 ng, 40 ng, 13,33 ng, 4,44 ng, 1,48 ng, e 0,49 ng de RNA, respectivamente.
A determinacdo da eficiéncia é um pré-requisito para a utilizacdo do método de quantificacdo
AACt, devendo apresentar valores entre 90% e 110%. O nivel de expressdao de cada gene foi
quantificado em relagdo ao controle ndo tratado, utilizando como padronizacdo o gene controle
endogeno Pdf2/PP2AA3 ou Actin2 (Czechowski et al., 2005) e a equagdo 224 onde ACt =
Ctgene de interesse = Cleontrole endogeno © AACt = ACtiratamento~ ACctreferencia (Livak & Schmittgen, 2001).
Teste t de Student foi realizado para confirmacao de diferencas significativas entre os niveis de
expressdo dos genes. Na Tabela Suplementar 1 encontra-se a descri¢do dos oligonucleotideos

utilizados.

Microarranjos CATMA e andlise dos dados

O RNA das amostras utilizadas para os microarranjos CATMA foi extraido com o
QIAGEN RNeasy Plant Mini Kit (Qiagen), de acordo com as recomendacdes do fabricante. A
qualidade das amostras de RNA foi verificada através do Agilent 2100 Bioanalyzer com o RNA
6000 Nano Assay Kit, de acordo com as indicacdes do fabricante (Agilent Technologies).

A quantidade precisa de RNA foi determinada através do RiboGreen® Quantitation
Reagent (Turner Bioscience) em um leitor BMG FluoStar Galaxy (BMG Labtechnologies). As
amostras purificadas de RNA foram diluidas em tampao Tris-EDTA (TE) 1x para uma
concentracdo de 50 ng/uL, tendo como valor inicial de referéncia a quantificagdo feita pela
andlise com o Bioanalyzer. Em placas de 96 pocos, 49uLL de TE 1x foram aliquotados e foi
adicionado 1 pL de cada amostra diluida. Para a calibracao foi utilizado oito pontos de diluicao
do padrao 0,24 — 5Kb ladder, com concentragdes variando entre 2,5 ng/uL e 100 ng/uL. Em
seguida, 50 uLL de Ribogreen diluido 1/200 vezes foi adicionado a cada um dos pogos. A placa foi
coberta para proteger da luz e agitada por 5 min, sendo as amostras quantificadas em seguida.

ApOs essa etapa, as amostras de RNAm foram purificadas com colunas QIAGEN RNeasy
Mini Kit (QIAGEN) e amplificadas com MessageAmpll aRNA Amplification (Ambion), segundo
as instrucdes do fabricante. 5 pg de RNA amplificado (aRNA) foram marcados com dCTP-Cy3

ou dCTP-Cy5 por transcricdo reversa utilizando-se oligonucleotideos randdmicos. Cada amostra
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foi marcada duas vezes (dye swap), uma vez com Cy3 e uma com Cy5. As sondas resultantes
foram purificadas com o Qiaquick PCR Purification kit (QIAGEN) e eluidas em 42 puL de TE. A
quantidade de sondas marcadas foi determinada através do espectrofotdmetro Nanodrop
(NanoDrop Tecknologies).

Para a precipita¢do, foram misturados 30 pmol de cada alvo marcado com Cy3 e Cy5,
sendo o volume ajustado para 200uL, para em seguida serem adicionados 20 puL de acetato de
sédio 3M, 2 uL de acrilamida a 5 pg/uL e 500 uL de etanol 96%. As amostras foram incubadas
por uma hora a -20°C e centrifugadas por 30 min a 14000 g e 4°C. O sobrenadante foi descartado
e as amostras foram lavadas com 1 mL de etanol 70%, sendo centrifugadas por 10 min a 14000 g
e 4°C. O sobrenadante foi removido e os tubos foram deixados abertos por 15 min para secar as
amostras, sendo ressuspendidas em 35 pL de dgua Milli-Q.

As laminas de microarranjos foram aquecidas por 10 min a 65°C e preparadas numa pré-
hibridizacdo em 50 mL de solu¢do contendo 12,5 mL de SSC 20x, 5 mL de BSA 10% e 0,5 mL
de SDS 10% e 32 mL de dgua milli-Q. As laminas foram depositadas em recipientes Coplin e
deixadas a 42°C por 45 min. Em seguida, foram lavadas com dgua milli-Q e isopropanol, sendo
secas com um spray de nitrogénio. Para a hibridizacdo das amostras, uma solug@o contendo 40
pL de SSC 20x, 40 uLL de formamida e 1,6 uL. de SDS 10% pré-aquecido a 42°C foi preparada,
enquanto as amostras marcadas foram desnaturadas a 95°C por 10 min. As laminas foram
colocadas em camaras de hibridizacdo Corning e, apds isso, 35 uL da solucdo de hibridizacdo
foram adicionados as amostras marcadas, sendo essa mistura aplicada as laminas, as quais foram
deixadas a 42°C overnight. Antes da leitura, as 1aminas foram lavadas consecutivamente em
quatro solucdes contendo, respectivamente, 2x SSC + 0,2% SDS (pré-aquecida a 42°C), 1x SSC,
0,2x SSC e 0,05x SSC por 7 min em cada. As laminas foram secas com o spray de nitrogénio e
foi feita a leitura, realizada com o Genepix 4200A (Axon instruments, USA). As andlises
estatisticas para corre¢do de viés e ruidos nos dados foram realizadas de acordo com o descrito
por Lurin et al. (2004).

Os genes diferencialmente expressos foram classificados segundo os critérios do Gene
Ontology (GO) através do Classification SuperViewer (Provart & Zhu, 2003), disponivel no The
Bio-Array Resource for Plant Functional Genomics (BAR - http://www.bar.utoronto.ca), e

através do MapMan versao 3.5 (Thimm et al., 2004), ambos se baseando no banco de dados do
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TAIR de Janeiro de 2010. O Genevestigator (Www.genevestigator.com; Zimmerman et al., 2006)

foi utilizado para avaliar o comportamento de genes selecionados em resposta a diferentes sinais.
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RESULTADOS E DISCUSSAO

Estabelecimento das condicoes de inibicdo da transcricdo para andlise da estabilidade de
transcritos

Andlise prévia de expressdo transiente (2h / 4h) do gene do FT AtbZIP63 em resposta a
2% de glicose mostraram que a repressao da expressao desse gene pelo agicar ocorre por uma via
independente da atividade sensora de HXKI1, e evidéncias indicam que essa regulacdo nao
envolve mudancas nos niveis de ABA (Matiolli et al., 2011 — Anexo 1). A combinagdo de glicose
com ABA promove uma repressio sinérgica de AtbZIP63 e de seu homdlogo, AtbZIP3, indicando
um mecanismo de regulacdo compartilhado que consiste da modulacdo da sensibilidade de
glicose por ABA. Contudo, a repressdo sinérgica de AtbZIP63 em resposta a combinagdo dos
sinais glicose e ABA resulta parcialmente de um controle pos-transcricional da estabilidade de
RNAm. Esta conclusdo deriva da observacdo de que linhagens transgénicas homozigotas de A.
thaliana ec6tipo Columbia (Col-0) para um l6cus do gene marcador Gus sob o controle do
promotor de AtbZIP63 e da regido 5’UTR, reproduz apenas parcialmente a repressao sinérgica de

AtbZIP63 por ABA e glicose (Figura 5).
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Figura 5. A repressio sinérgica de AtbZIP63 por ABA + glicose ndo pode ser reproduzida pelo promotor
desse gene. Plantulas transgénicas das linhagens homozigotas PH3.13.4 e PH3.35.8 contendo o gene
reporter GUS sob controle do promotor de ArbZIP63, de sua regido 5’UTR e de 36 pb da sequéncia
codificante foram crescidas por 6 dias em MS/2 liquido sob luz constante a 22°C e tratadas em seguida
com 100 uM ABA, glicose 2% (Glc) e manitol 2% (Man) por 4h. Os valores de expressdo sdo dados em
relacdo ao controle ndo-tratado (Ctrl) da linhagem. Os niveis dos transcritos foram normalizados em
relagdo aos de PP2AA3. As barras acima de cada coluna representam os desvios padroes médios de trés
experimentos independentes. Abaixo estdo indicados os valores de expressdo. Adaptado de Matiolli et al.

(2011 — Anexo 1).

A cordicepina (3’-deoxiadenosina) ¢ uma molécula andloga a adenina que quando
incorporada interrompe a polimerizagdo da cadeia de RNAm por ndo permitir a formacdo da
ligacdo fosfodiéster. Ela atua, portanto, como um inibidor da elonga¢do da transcricdo (Seeley et
al., 1992; Holtorf et al., 1999; Gutiérrez et al., 2002; Palusa et al., 2007). Com o objetivo de
estabelecer e otimizar as condi¢des de inibi¢do da transcri¢do, uma curva de resposta a doses
crescentes de cordicepina (50 pg/mL, 100 pg/mL e 200 pg/mL) foi conduzida com uma cinética
de tratamentos de 1h, 2h e 4h acompanhando o decaimento dos niveis de RNAm dos transcritos

classificados como instaveis At5g03430 e MPK3 (Gutiérrez et al., 2002) por qRT-PCR. Os niveis
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foram normalizados em relacdo aos niveis de transcritos de Actin2 ou PP2AA3, ambos estdveis.
Tratamentos com 100 pg/mL e 200 ug/mL de cordicepina permitiram evidenciar o decaimento de
At5g03430 e MPK3, enquanto 50 ug/mL foi aparentemente ineficiente para inibir a transcri¢do de
todos os genes analisados (Figura 6) e, portanto, essa concentracao foi excluida dos experimentos

subsequentes.
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Figura 6. Avaliacdo da eficiéncia da inibicdo da transcri¢do por cordicepina. O decaimento dos niveis de
RNAm dos transcritos At5g03430 e MPK3 apés tratamento de 2 horas com 50 pug/mL, 100 pg/mL ou
200 ug/mL de cordicepina em relacdo ao controle ndo-tratado. Os niveis dos transcritos foram
normalizados em relacdo aos de PP2AA3. As barras verticais sobre cada coluna indicam o desvio padrio
de duas réplicas bioldgicas. Os nimeros abaixo de cada barra representam a variacdo dos niveis de

transcrito em resposta a cada tratamento, em relaco a amostra nao tratada (Ctrl).

Uma andlise de decaimento foi conduzida com outro inibidor de transcri¢do, a
Actinomicina D, um antibidtico que forma um complexo com o DNA bloqueando o movimento
da RNA polimerase (Seeley et al., 1992; Holtorf et al., 1999; Johnson et al., 2000). Os
tratamentos foram realizados nas mesmas condi¢des utilizadas para os ensaios com cordicepina.
Contudo, a cordicepina mostrou-se mais eficiente que a actinomicina na inibi¢do da transcri¢ao
de AtbZIP63 (Figura 7), possivelmente devido a uma melhor penetracdo da cordicepina em

tecidos foliares (Johnson et al., 2000; Gutiérrez et al., 2002). Além disso, o tratamento com
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actinomicina induziu a expressdao de MPK3 (Figura 7), transcrito considerado de meia-vida curta

por Gutiérrez et al. (2002).
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Figura 7. Andlise comparativa de eficiéncia da inibicdo da transcri¢do por cordicepina e Actinomicina D.
Os niveis de RNAm de AtbZIP63 e MPK3 foram avaliados em plantulas de Arabidopsis de 6 dias apds
tratamento com 100 pg/mL de cordicepina ou 100 pg/mL de actinomicina D por 3h em relacdo ao
controle sem tratamento (Ctrl). Os niveis dos transcritos foram normalizados em relagdo aos de PP2AA3.
As barras verticais sobre cada coluna indicam o desvio padrao de trés réplicas bioldgicas. Os nimeros
abaixo de cada barra representam a variacdo dos niveis de transcrito em resposta a cada tratamento, em

relacdo a amostra nao tratada (Ctrl).

Para uma andlise mais robusta do tempo de tratamento necessdrio para poder avaliar o
envolvimento de um controle da estabilidade do RNAm, ampliamos a analise para ArbZIP9, outro
gene de fator de transcricdo bZIP homdlogo préximo a AtbZIP63. O padrdo das respostas
apresentado tanto por AthbZIP9 como por AtbZIP63 apds os tratamentos com cordicepina foi
similar ao obtido para os transcritos instiaveis At5g03430 e MPK3, usados como controles de
RNAm de meia-vida conhecida (Figura 8). Nota-se um decaimento mais acentuado dos niveis
dos transcritos na primeira hora de tratamento, seguido de uma fase de estabilizacdo (Figura 8). A
diminuicdo do decaimento de transcritos pode ser considerada uma consequéncia do

comprometimento das funcgdes celulares devido a inibicdo da transcricdo, como por exemplo, a
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degradacdo dos préprios efetores do processo de decaimento de RNAm (Seeley et al., 1992;
Holtorf et al., 1999). Dessa forma, as medidas de meia-vida s@o mais adequadamente obtidas a
partir de tempos curtos de tratamento e, por isso, definimos o periodo de inibi¢ao de transcricao

para 1h para os experimentos.
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Figura 8. Cinética de decaimento dos niveis de RNAm de AtbZIP9, AtbZIP63, MPK3 e At5g03430 apds o
tratamento com cordicepina. Os niveis dos transcritos foram normalizados em relacdo aos de PP2AA3. As

barras verticais em cada ponto indicam o desvio padrao médio de ao menos trés réplicas bioldgicas.

Para ser confirmada a eficécia da inibi¢ao da transcricao, a forte ativagdo transcricional do
gene Rd29b por ABA (Uno et al., 2000) foi avaliada apds o tratamento com cordicepina (Figura
9). O protocolo estabelecido permitiu inibir quase completamente (97%) a indugdo transcricional

desse gene pelo hormonio (Figura 9).
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Figura 9. Inibicdo da ativacfo transcricional de AtRd29b por ABA na presenca de cordicepina, utilizada
para avaliar a eficiéncia da inibi¢do da transcri¢do. Expressdo em relacdo ao controle sem tratamento
(Ctrl) de plantulas tratadas por 2h com 100 uM ABA (ABA); plantulas expostas a 100 pg/mL de
cordicepina por 3h (Cord); e plantulas expostas a 100 pg/mL de cordicepina por 1h seguido de 2h com
100 pg/mL de cordicepina e 100 uM ABA (Cord + ABA). Os niveis dos transcritos foram normalizados
em relacdo aos de Actin2. As barras verticais sobre cada coluna indicam o desvio padrdo de trés réplicas
bioldgicas. Os resultados de qRT-PCR de amostras tratadas com cordicepina que se mostraram

significativos pelo teste t de Student estdo marcados com a. Adaptado de Matiolli et al. (2011 — Anexo 1).

Outros genes com respostas fortes a glicose ou ABA identificados por Li et al. (2006)
também foram avaliados em condi¢des de inibicao de transcricdo. Apesar de ndo ser conhecido se
suas vias de respostas sdo essencialmente transcricionais como no caso de AfRd29b, eficiéncia de
pelo menos 97% na inibicdo da transcri¢do também foi observada para os genes At5g51440 e
CORI5A, fortemente induzidos por glicose e ABA, respectivamente (Tabela Suplementar 2). No
caso de genes cuja inducdo em resposta ao sinal é mais ténue, os 3% residuais de atividade
transcricional ndo foram suficientes para que a resposta ao sinal apds a inibi¢do da transcri¢do
fosse significativa, como exemplificado para Ar2¢g35300 em resposta ao ABA, e para FLAIG,
GPT2 e At5g26220 em resposta a glicose (Tabela Suplementar 2). A eficiéncia da inibicdo da
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transcricdo também pdde ser verificada para genes reprimidos por glicose ou ABA, como por
exemplo, At1g23390 e At5g48430, respectivamente. Para ambos ndo ha diferenca significativa
nas respostas apresentadas pelas amostras tratadas com cordicepina + sinal em relagao as tratadas
somente com cordicepina, ao passo que na auséncia do inibidor os niveis desses transcritos sao
reduzidos em relacdo ao controle sem tratamento, revelando se tratar de regulacoes
essencialmente transcricionais (Tabela Suplementar 2). O fato de haver decaimento dos niveis
desses transcritos apds a inibi¢cdo da transcricdo indica apenas que se trata de transcritos instaveis.

Esses dados confirmam que a dose de 100 pg/mL de cordicepina por um periodo de lh
para as andlises de regulacdo pOs-transcricional em resposta a glicose e/ou ABA ¢é eficiente.
Usando esse protocolo de inibicdo da transcricdo, mostramos que a meia-vida do RNAm de
AtbZIP63 ¢é de 95 minutos, inferida pelo decaimento dos niveis de RNAm pela comparagdo entre
o controle ndo-tratado e amostras tratadas somente com cordicepina. Isso implica que
aproximadamente 83% da repressdo sinérgica desse gene apds 4h de tratamento com a
combinacdo de glicose + ABA pode ser resultado de um controle pds-transcricional (Matiolli et
al., 2001 — Anexo 1). Isso se deve ao fato de a combinagdo glicose + ABA promover uma
reducdo nos niveis de AtbZIP63 em 33 vezes ap0s 4h, enquanto o esperado pela meia-vida seria
de apenas 5,6 vezes (Matiolli et al., 2011). Esse tltimo dado levanta a pergunta de qual seria a
importancia das regulacdes pds-transcricionais na sinalizagdo de glicose e ABA. Para abordar
essa pergunta numa escala gendmica, os perfis de resposta a glicose ou ABA em condi¢des de
inibi¢do da transcri¢do foram analisados através da plataforma de microarranjos CATMA (Sclep
et al., 2007 — http://www.catma.org/), em colaboracdo com o Dr. Jean-Pierre Renou, do Institut
National de la Recherche Agronomique (INRA) — Unité de Recherche em Genomique Végétale
(URGYV), Franca.

Regulagdo pos-transcricional na sinalizacdo por glicose e dcido abscisico: uma avaliacdo em
escala genomica em A. thaliana

Para se evidenciar o possivel envolvimento de regulacdes pOs-transcricionais nas
respostas mediadas por glicose e/ou ABA através dos microarranjos CATMA, as comparagdes
foram feitas em relacdo a amostras tratadas somente com cordicepina, como representado na

Figura 10.
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Figura 10. Representacdo esquemadtica das comparagdes feitas nos experimentos de microarranjos para
avaliar regulagdes pés-transcricionais mediadas por glicose e/ou ABA em escala gendmica. Plantulas de
seis dias tiveram a transcri¢do inibida por 1h com 100 pg/mL de cordicepina, seguindo tratamento com
glicose 2% e/ou ABA 100uM, ou manitol 2% (controle osmético) por 2h. Cada par de setas indica a
comparacdo de uma réplica bioldgica entre dois tratamentos e o “dye swap”, realizado para corrigir viés
nos resultados causados pela marcagdo com Cy3 (verde) e Cy5 (vermelho), como detalhado nos Materiais

e Métodos. Cord: cordicepina; Glc: glicose; Man: manitol.

Considerando-se que a transcricdo foi eficientemente inibida (Figura 9), a “repressao” de
um gene deve refletir uma perda de estabilidade do RNAm promovida pelo sinal. Ou seja, o
decaimento dos niveis do transcrito € mais rdpido na amostra tratada com cordicepina + sinal em
relacdo a amostra tratada somente com cordicepina. Por sua vez, a “indugdo” resultaria da
estabilizacio do RNAm promovida pelo sinal, uma vez que ndo hé transcri¢io. Ou seja, o
decaimento dos niveis do transcrito é mais lento na amostra tratada com cordicepina + sinal. Os
transcritos que apresentaram alguma resposta osmotica (resposta a manitol) foram excluidos da
andlise, resultando ao final da andlise na identificagdo de um total de 962 genes (p < 0,05)
diferencialmente expressos apds os tratamentos, dos quais 204 em resposta a glicose, 245 a ABA
e 513 a ABA + glicose (Tabela 1). Na Figura 11 esta representado o niimero de genes exclusivos

e compartilhados entre cada tratamento.
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Tabela 1. Numero de genes diferencialmente expressos em resposta a glicose e/ou ABA apds a inibigéo

da transcri¢ao.

Tratamento Estabilizados  Desestabilizados Total
Cordicepina + Glicose 28 176 204
Cordicepina + ABA 207 38 245
Cordicepina + Glicose + ABA 246 267 513
A CG B CG C
49

N AV Y ANNANG"
5 o ) Ll

CA CGA CA CGA

Figura 11. Diagrama Venn mostrando o nimero de genes exclusivos e compartilhados entre (A) o total
regulado por cordicepina + glicose (CG), cordicepina + ABA (CA) e cordicepina + glicose + ABA

(CGA); (B) entre os estabilizados; (C) entre os desestabilizados por esses sinais.

Os dados da Tabela 1 e Figura 11 mostram uma clara distin¢ao no sentido das regulacdes
pOs-transcricionais por glicose e ABA. Enquanto a maioria dos transcritos regulados por ABA foi
estabilizada (84,5%), a glicose atuou no sentido oposto, desestabilizando 86,3% dos transcritos
que responderam a esse sinal. No total, somente 16 genes apresentaram regulacdo pos-
transcricional comum em resposta a glicose ou ABA (Figura 11A), dos quais oito foram
estabilizados tanto por ABA como glicose (Figura 11B), enquanto cinco foram desestabilizados
por ambos os tratamentos. (Figura 11C). Trés transcritos responderam de forma oposta aos dois
tratamentos, sendo estabilizados por ABA e desestabilizados por glicose (Tabela Suplementar 3).
Portanto, as regulacdes pods-transcricionais induzidas por glicose e ABA aparentemente agem
essencialmente sobre fatores distintos.

Surpreendentemente, apenas 68% dos genes regulados por glicose e 64% dos regulados

por ABA responderam de maneira similar a combinagdo glicose + ABA (Figura 11A), ao passo
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que 44% do total de genes regulados por glicose + ABA ndo apresentou resposta significativa aos
tratamentos por glicose ou ABA separadamente. Esses dados sugerem a existéncia de regulacoes
antagdnicas por glicose e ABA e que esses dois sinais podem atuar de forma aditiva (Tabelas
Suplementares 4 e 5).

Com o intuito de dar maior suporte aos resultados obtidos, estes foram comparados com
os dados de Li et al. (2006) e Price et al. (2004). Ambos os trabalhos analisaram mudancas de
perfis de RNAs em escala gendmica em resposta a glicose ou ABA usando condi¢des
experimentais similares as nossas, exceto por ndo haver inibi¢do da transcricdo. Dos genes que
responderam de forma pds-transcricional a glicose, 51,8% e 62,4% também foram identificados
por esses trabalhos, respectivamente (desconsiderando as sondas exclusivas da plataforma
CATMA, ausentes na plataforma Affymetrix usada por esses autores). Com relacdo a resposta
pOs-transcricional a ABA, 57,4% dos genes também foram identificados por Li ef al. (2006). A
diferenca no nimero de genes sobrepostos deve-se provavelmente ao critério mais restritivo
adotado por esses autores para classificar um gene como diferencialmente expresso. Por exemplo,
adotando-se um corte de expressdo mais restritivo de log, > |1| para nossos resultados, a
sobreposi¢do com os dados de Li ef al. (2006) das respostas a glicose € ABA aumentam para
67% e 78%, respectivamente. Por outro lado, uma resposta pds-transcricional fraca pode ser
mascarada pela transcricdo e, dessa forma, ela s6 seria detectada em condicdes de inibicdo de
transcricdo, caracterizando os genes identificados exclusivamente por nossos experimentos. De
uma forma geral, considerando o total de genes identificados por Li et al. (2006) e Price et al.
(2004) como responsivos a glicose ou ABA, as comparacOes sugerem que ao menos 9,7% e
24,2% dos genes regulados por glicose ou ABA, respectivamente, respondem ao menos de forma
parcial a esses sinais através de regulacdes pds-transcricionais.

Para corroborar os resultados obtidos pelos microarranjos, procuramos validar os dados
por gRT-PCR. Por serem técnicas diferentes, os valores absolutos dos resultados de
microarranjos € de qRT-PCR ndo sdo diretamente compardveis. Dessa forma, foram apenas
considerados os sentidos (estabilizacdo ou desestabiliza¢do) das regulag¢des. Utilizando amostras
de novos experimentos conduzidos nas mesmas condi¢des usadas para as andlises em larga
escala, foi avaliado um conjunto de 34 genes representativos de eventos de estabilizacdo ou

desestabilizacdo por glicose ou ABA. Destes 34 genes, 31 tiveram o sentido de sua regulagcao
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reproduzido (91%), dos quais 29 (85%) apresentaram suporte estatistico significativo pelo teste t
de Student (p < 0,05; Tabela Suplementar 6), apontando para uma alta confiabilidade dos
resultados obtidos.

Para compreender de que forma as regulacdes transcricionais e pds-transcricionais podem
atuar sobre o controle dos niveis de um transcrito, um conjunto de genes potencialmente
relevante para essa abordagem foi selecionado a partir da comparacdo entre nossos dados de
regulacdes pds-transcricionais com dados da literatura descrevendo genes regulados por glicose
ou ABA (Li et al., 2006), para uma analise comparativa detalhada (Tabela 2). A comparagdo
entre os niveis do transcrito apds o tratamento com o inibidor de transcri¢io em relagdo ao
controle ndo-tratado é um indicativo de sua meia-vida. Por essa relacdo, € possivel notar a
existéncia de transcritos que sofrem um decaimento mais lento, como Atlg23200, SPS2F e
NDL]I, transcritos com um decaimento mais acelerado, como PYL7 e CIPK6, e transcritos
instaveis, como MYB3, PYL4 e¢ BT2 (Tabela 2). Além disso, os transcritos DREBIC e ERDI0
apresentaram estabilizacdo apds a inibicdo da transcricdo (Tabela 2), mais provavelmente
refletindo o envolvimento de repressores instiveis no controle desses RNAm (Figura 12A).

A andlise comparativa da amplitude de variacdo dos niveis dos transcritos em resposta a
glicose ou ABA na presenga ou auséncia de cordicepina revelou a existéncia de regulacdes que
podem ser explicadas por um controle essencialmente pds-transcricional, e regulacdes que
também dependem de fatores transcricionais. No primeiro caso, a amplitude da resposta (nimero
de vezes) ao sinal sem e com cordicepina sdo similares (por exemplo, ANAC032 ou Atlg23200,
transcritos estabilizados, e NDLI ou BT5, desestabilizados — Tabela 2). Ja nas regulacdes que
além do controle pés-transcricional também depende da atividade transcricional, a amplitude da
resposta ao sinal ndo € totalmente reproduzida apds a inibicdo da transcri¢do, contudo é
significativamente diferente da resposta observada somente a cordicepina (por exemplo,
Ar2g17880 e AKINBETAI — Tabela 2). Esta ultima categoria provavelmente requer fatores
instaveis cuja manutencdo depende da transcricdo (Figura 12B). Alguns casos, contudo,
apresentaram aumento dos niveis de transcrito apds a inibicdo da transcricdo em uma ordem que
excede os 3% esperados segundo a eficiéncia prevista pela anélise de expressdo de Rd29b (Figura
9). Foram eles DREBIC, DREB2A, SPS2F e At5g50360 (Tabela 2). Embora isso sugira a

participacdo de fatores transcricionais e pds-transcricionais, nenhum cendrio satisfatério para
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explicar essas observacdes pdde ser elaborado. Novas andlises considerando a possibilidade do
envolvimento de mecanismos de controle de estabilidade de RNAm serdo realizadas.

Outro processo mais complexo foi detectado no caso de MYB3 e PYL7, para os quais uma
regulacdo dos transcritos é evidenciada apenas em condic¢des de inibicdo de transcri¢do (Tabela
2). Uma possivel explanacdo para esse padrdo € uma regulacdo por feed-foward ou retro-

regulacdo negativa (Figuras 12C e 12D, respectivamente).

Repressor Inibigao da transcrigao Repressor _
instavel — | Gene A i raoca transey '§> A A2 instavel '\ Gene A
Regulador Regulador
instavel W instavel \\\J
Sinal ’T"T"f Gene B Inibigio da transcrigdo > Sinal 'T‘ Gene B
Regulador Regulador
poés-transcricional poés-transcricional
Repressor Repressor
/ transcricional \, / transcricional 5&
Sl \ ] Goneic Inibigdo da transcrigdo > Sinal ]  Genec
Regulador Regulador
poés-transcricional pos-transcricional
. Repressor
) Repressor Sinal == % Gene D —_— A
Sinal == GeneD —> transericlonai o o transcricional
Inibigdo da transcricao >

Figura 12. Possiveis interacdes entre resposta transcricional e pds-transcricional sobre o controle dos
niveis de um transcrito. A intensidade das regulacdes estd representada pela espessura das setas. Aumento
dos niveis de um transcrito esta representado por setas em vermelho (1), e diminui¢cdo por setas em verde
(1) A. Estabilizag¢@o de um transcrito apds a inibi¢do da transcri¢do em relacdo ao controle ndo tratado. B.
Envolvimento de fatores transcricionais e pds-transcricionais no controle dos niveis de um transcrito. C.
Regulagdo por feed-foward, pela qual um mesmo sinal ativa um regulador positivo € um negativo de um
gene e que dependem diferencialmente da atividade transcricional. Neste caso, na auséncia do inibidor de
transcricdo, nao € notada alteracdo nos niveis do transcrito em resposta ao sinal. D. Retro-regulacio
negativa envolvendo um fator dependente da transcri¢do, revelando uma regulagdo somente na presenca

do inibidor da transcrigio.
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Tabela 2. Niveis de RNAm obtidos por qRT-PCR para transcritos sob controle pés-transcricional.

Expressao Relativa

Identificacio  Controle ABA Glc Cord Cord + ABA Cord + Glc
ANAC032 1,00 - 6,34* -2,0° - 3,83 (7,65)
At1g23200 1,00 - 2,63 -1,46 - 1,84 (2,67)
At1g26500 1,00 - 2,43 937" - 2,98¢ (3,14)

2 PYL7 1,00 327° - -5,13" -1,42¢(3,61) -
& P4 102 428 - 653" -50,25°(-3,1) -
NDLI 1,00 - 2,217 -1,41 - 3,77 (-2,67)
BTS 1,00 - 28,24 -14,86 - 41,31 (-2,78)
TSPS 1,00 - 9,5 9,71° - 24,64¢ (-2,54)
DREBIC 1,04 20,08* - 1,06 6,55¢ (6,17) -
ERDIO 1,05 - 39,327 2,37 - 13,08 (5,51)
SPS2F 1,05 50,79* - -1,25 6,73¢ (8,42) -
A15g50360 1,03 732,2° - -7,68" 52,58° (403,8) -
AtbZIP60 1,00 3,80° - -5,48" -2,43%(2,26) -
CIPK6 1,01 7,22° - 3,96 -1,73€(2,29) -
DREB2A 1,01 17,63 - 2,73" 2,71¢(7,4) -
AT5G64510 1,00 3,68" - -1,92 1,38°(2,65) -
; NF-YB2 1,02 11,32 - -6,94" -1,45¢ (6,06) -
S pscsi 1,00 68,84° ; 2,06" 2,29¢ (4,72) -
PYL6 1,02 -124,6 - -19,28" 74,7 (-3,87) -
BT2 1,00 - 9,33* -66,3" - -293,1¢ (-4,42)
NFU3 1,00 - 2,67 227" - -19,47¢ (-8,58)
PYL5 1,01 -8,83" - -15,5" -31,0° (-2,0) -
CRK30 1,01 -79,9* - 227" -45.4° (-2,0) -
A12g17880 1,00 - -32,0% -6,99" - -19,79¢ (-2,83)
AKINBETAI 1,01 - -13,41° -5,35" - -11,31€(-2,11)
" MYB3 1,00 - 1,08 -15,65" - -7,65¢ (2,05)
8‘ PYL7 1,00 - 1,05 -4,62° - -2,15%(2,15)
Nota. Os valores representam o numero de vezes que os niveis de um transcrito é maior (valores

positivos) ou menor (valores negativos) que o encontrado no controle sem tratamento em relacdo as
amostras tratadas com ABA, glicose (Glc), cordicepina (cord), cordicepina + ABA (Cord + ABA), ou
cordicepina + glicose (Cord + GlIc). Entre parénteses estd indicado a resposta pds-transcricional pela
comparacdo Cord vs Cord + sinal. Teste t de Student (p < 0,05) e fold > |2,0| foram considerados para uma

diferenca significativa entre as comparagdes de a. Controle vs Glc ou ABA; b. Controle vs Cord; ¢. Cord

vs Cord + Glc ou Cord + ABA.
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Regulagdo pos-transcricional em resposta a combinacdo de Glicose e ABA

A avaliacdo do efeito combinado de glicose e ABA na presenga de cordicepina foi
realizada para identificar possiveis regulacdes sinérgicas pds-transcricionais. O efeito sinérgico
seria considerado caso o sinal da resposta apresentada ao tratamento com glicose + ABA fosse
superior a soma das respostas aos tratamentos com glicose e ABA separadamente.

Considerando essa defini¢cdo, nenhum caso de efeito sinérgico foi encontrado (Tabela
Suplementares 3, 7 e 8). Contudo, glicose e ABA aparentemente podem exercer um efeito aditivo
sobre a resposta dos transcritos (Tabelas Suplementares 3 a 5, 7 e 8). Sugerimos que a repressao
sinérgica por glicose e ABA requer a presenca de um fator dependente da transcricdo, como

observado para AtbZIP63 (Matiolli ef al., 2011 — Anexo 1).

Classificacdo e andlise dos genes por ontologia

Para compreender melhor o sentido fisioldgico das regulagdes pds-transcricionais em
resposta a0 ABA e a glicose, classificamos os transcritos diferencialmente expressos segundo
suas possiveis fungdes de acordo com o Gene Ontology, utilizando a ferramenta Classification
SuperViewer do servidor BAR, e pelo software MapMan (Thimm et al., 2004), tendo como
banco de dados o TAIR. Para essas andlises, foram utilizados os transcritos que apresentaram
resposta poés-transcricional significativa aos tratamentos com ABA, glicose, e os que
responderam exclusivamente a combinacdo desses sinais.

O mapeamento realizado pelo MapMan (Figura 13) permite evidenciar que as regulacdes
pOs-transcricionais por glicose € ABA atuam basicamente sobre as mesmas categorias de
ontologia, embora através de regulacdes opostas e envolvendo fatores distintos, como destacado
previamente pela Tabela 1 e Figura 11. Ressalta-se um envolvimento relevante do controle pds-
transcricional mediado por esses sinais com transcritos relacionados a resposta a estresse,
controle da transcricdo, desenvolvimento, respostas a hormonios e modificacdo e degradacdo de
proteinas (Figura 12). Similarmente, as andlises de enriquecimento pelo Classification
SuperViewer (Figura Suplementar 1) indicam que as respostas pds-transcricionais a glicose ou
ABA atuam principalmente sobre quatro processos bioldgicos correspondentes a resposta a

estimulo bidtico ou abidtico e desenvolvimento.
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Os dados também indicam uma estreita relacdo da regulacdo pés-transcricional modulada
por glicose e ABA com fatores de controle da transcricdo (78 FTs) e quinases (22). De uma
forma geral, atuacdo da regulacdo pds-transcricional sobre um nimero relevante de genes com
funcdes centrais em vias de sinaliza¢do, como exemplo os FTs e quinases, sugere a necessidade

de haver respostas adaptativas rdpidas aos estimulos ambientais.

Fatores de transcricdo e quinases: regulacdo pds-transcricional por ABA e glicose como
mecanismo de acdo rdpida em pontos centrais da resposta a estresses e controle do
desenvolvimento

Como a andlise de ontologia apontou para uma relagdo significativa dos transcritos sob
controle pos-transcricional por glicose ou ABA e resposta a estresse abidtico (Figura 13),
comparamos nossos dados com os obtidos por Matsui et al. (2008), no qual foi avaliada a
alteracdo do transcriptoma de A. thaliana em resposta a 2h e 10h de tratamento de seca, frio e alta
salinidade (Tabela Suplementar 9). As andlises confirmam uma grande correlacdo entre os
transcritos sob controle poés-transcricional por glicose e principalmente por ABA e genes
responsivos a estresses. Do total de transcritos regulados de forma pos-transcricional por ABA,
até 21%, 61% e 62% também sdo responsivos a condicdes de frio, seca e alta salinidade,
respectivamente (Tabela Suplementar 9), valores que correspondem a importancia do ABA nas
respostas adaptativas a estresse. Com relac@o a glicose hd uma menor sobreposi¢do, uma vez que
14%, 32% e 51% do total de transcritos sob controle pds-transcricional ao agicar também
participam de respostas a frio, seca e alta salinidade, respectivamente (Tabela Suplementar 9).
Nota-se ainda uma maior sobreposi¢do dos transcritos sob controle pds-transcricional com as
respostas apds 10h de estresse, o que pode representar uma resposta adaptativa em duas fases:
uma emergencial iniciada em curto prazo que ocorreria de forma pds-transcricional, seguida de
uma fase dependente da ativacdo transcricional de adaptacdo de longo prazo.

Outra categoria enriquecida pelas andlises de ontologia é a que envolve os FTs. No total,
identificamos 78 genes de fatores de regulacdo da transcri¢ao sob controle pds-transcricional por
ABA e/ou glicose (Tabelas Suplementares 10 a 12), sugerindo um impacto significativo do
controle da degradacdo de RNAm sobre a rede de regulacio transcricional relacionadas a esses

sinais. Foram 23 FTs regulados de forma pds-transcricional por glicose, 38 por ABA e 16
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exclusivamente pela combinacdo glicose + ABA. Trés familias de FTs aparecem enriquecidas,
com um nudmero significativo de representantes: AP2-EREBP, com 18 FTs, bZIP, com 10 FTs, e
Myb, com 8 FTs (Tabelas Suplementares 10 a 12).

Interessantemente, a regulacdo pds-transcricional por ABA incluiu membros de familias
de FTs que estdo envolvidos nas cascatas transcricionais da resposta a seca. Podemos citar a
presenca de cinco ABA responsive element binding protein/ABRE binding factor (AREB/ABF),
que sdo reguladores do tipo bZIP; oito DREB/CBF (DRE binding protein/CRT binding factor),
FTs do tipo AP2/EREBP; quatro FT's NF-Y (nuclear factor Y) do tipo CCAAT-binding; trés FTs
C2H?2 zinc finger protein (ZFP); e cinco NAC/SNAC (Stress-inducible NAM, ATAF, e CUC)
(Zhu, 2002; Shinozaki et al., 2003; Yang et al., 2010). A Figura 14 exemplifica essa integracao

de sinais na resposta adaptativa a estresse.
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Figura 14. Representacdo esquematica das sinalizacdes em resposta a seca, calor e frio, envolvendo a
participacdo de classes de fatores de transcri¢do que também apresentaram regulagdo pds-transcricional
em resposta a ABA e/ou glicose. Adaptado de Yang et al. (2010). Regulagbes pOs-transcricionais foram
encontradas para FT's dos seguintes grupos: NF-YA, NF-YB, AREB, CBF/DREB, SNAC (marcados pelas

estrelas — Tabelas Suplementares 10 a 12).
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Essa relacdo dos FTs sob controle pds-transcricional em resposta ao ABA com respostas
adaptativas a condi¢des de estresse foi confirmada pelas regulagdes (indugdo ou repressiao) desses
FTs em resposta a condicdes de seca (30/38 FT's — Figura 15), estresse osmético (35/38 FTs —
Figura 15) e salino (34/35 FTs — Figura 15). O padrdo observado para as respostas poOs-
transcricionais a ABA se assemelha ao das respostas de curto prazo ao hormonio (ABA Study 6 —
Figura 15). Glicose, por outro lado, atuou de forma a desestabilizar transcritos de FT's envolvidos
com resposta a seca (Figura 16), uma vez que dos 23 transcritos de FTs sob controle pos-
transcricional por glicose, 16 estdo relacionados a resposta adaptativa a seca (Figura 16).

As comparagdes pelo Genevestigator também apontaram para uma co-regulacio
significativa de FTs sob regulagdo pds-transcricional por glicose e respostas a condi¢des de
estresse energético (Figuras 16). Baixa concentracdo de CO,, extensdo da noite e seca limitam a
fotossintese, levando a baixa produg¢do de acticares. Dessa forma, genes induzidos nessas
situacdes de estresse estariam envolvidos com resposta adaptativa a estresse energético. Portanto,
seria esperado que fossem reprimidos na presenca de reposicdo energética, como por exemplo
tratamento com glicose. De fato, dos 23 transcritos de FT's que se mostraram responsivos de
forma pds-transcricional a glicose, 21 apresentam resposta no sentido oposto durante a privacio
de CO,, 19 a extensdo da noite e 16 a seca (Figura 16), sugerindo um envolvimento da regulacao
pOs-transcricional na adequaco a estresse de privacao energética.

A desestabilizagdo dos RNAm desses FTs pela glicose (Figura 16) provavelmente reflete
um processo visando acelerar a transicdo de um programa catabdlico induzido pela caréncia
energética para um programa anabdlico, desativando a via catabdlica na qual esses FTs podem
estar envolvidos. Tal suposi¢do estd de acordo com o fato de que 53 transcritos dos 204 regulados
pos-transcicionalmente por glicose (26%) também sdo alvos de KIN10 (Tabela Suplementar 13),
quinase que controla a reprogramacdo da expressdo gé€nica em resposta a condi¢des que
promovem deficiéncia energética, como escuriddao, agicar e condi¢des de estresse (Baena-

Gonzalez et al., 2007).
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Figura 15. Padrio de expressdo dos FTs regulados de forma pés-transcricional por ABA em resposta a seca, estresse osmdtico, estresse salino e dcido
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comparagdo entre dados publicos de microarranjos. O padrio de resposta pds-transcricional de cada transcrito, denotado pelo seu AGI, estd representado
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microarranjos, com vermelho indicando indugdo, e verde, repressao.
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microarranjos, com vermelho indicando indug¢do, e verde, repressao.
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Além dos FTs, as proteinas do grupo das quinases sdo centrais no processo de percep¢ao e
transducdo de sinais para a adaptacdo a estresses. Dentre as quinases descritas em plantas,
Mitogen-activated protein kinases (MAPKS), calcium-dependent protein kinases (CDPKs),
calcineurin B-like (CBL) e CBL-interacting protein kinase (CIPK), sucrose-non-fermenting
protein (SNF1) e SNF1-related kinase 2 e 3 (SnRK2 e SnRK3) estdo associadas a resposta a
estimulos ambientais e adaptagdo osmotica (Yang et al., 2010). No total, identificamos 22
quinases do conjunto dessas familias reguladas de forma pds-transcricional por glicose ou ABA e
pela combinacao dos sinais (Tabelas Suplementares 14 a 16).

Em A. thaliana, uma das principais superfamilias de quinases ¢ a CDPK-SnRK (Hrabak et
al., 2003), sendo também a que apresentou maior nimero de transcritos com regulacdo pos-
transcricional por glicose e/ou ABA (Tabelas Suplementares 14 a 16). As quinases SnRK foram
divididas em trés classes: SnRK1, SnRK2 e SnRK3 (Halford er al., 2003). O genoma de A.
thaliana contém dez genes SnRK?2 e 29 genes SnRK3, enquanto hd somente duas formas ativas
de SnRK1, SnRK1.1 e SnRK1.2, também conhecidas como KIN10 e KIN11 (Hrabak er al.,
2003). No total, nove quinases pertencentes a essa superfamilia foram reguladas de forma pos-
transcricional (Tabelas Suplementares 14 a 16): SnRK3.16 e SnRK2.8, desestabilizadas por
glicose; SnRK3.14, SnRK3.22, SnRK3.9 e SnRK2.7 estabilizadas por ABA; e SnRK3.24,
SnRK3.10 e SnRK3.15 estabilizadas exclusivamente por glicose + ABA.

Como as quinases SnRK2 e SnRK3 podem ativar reguladores da transcricdo do tipo
AREBP (como os FTs do tipo bZIP) para desencadear programas de adequagdo ao estresse
abiotico (Figura 17), os dados apresentados sobre a regulacdo pds-transcricional envolvendo
AREBs (Tabelas Suplementares 10 a 12) e quinases (Tabelas Suplementares 14 a 16),
principalmente em resposta ao ABA, possivelmente reflete um duplo controle visando coordenar

uma resposta rapida e eficiente ao estresse.
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Figura 17. Convergéncia das respostas adaptativas a estresse envolvendo quinases e fatores de
transcricdo. ABA response element binding proteins (AREBPs) atuam como n6 na ligacdo entre as redes
de sinalizacdo metabdlica e de estresse, sendo potenciais alvos de fosforilacdo pelos trés tipos de SNF-
related protein kinases (SnRKs), apresentando multiplas fun¢des na resposta a estresses, germinacio e
desenvolvimento. Destacados em azul estdo os grupos de quinases que apresentaram regulacdo pds-
transcricional por glicose e ABA em nossos estudos (Tabelas Suplementares 14 a 16); em amarelo, o
grupo de fatores de transcricdo da familia bZIP que também apresentou regulacdo pds-transcricional por
esses sinais (Tabelas Suplementares 10 a 12). SnAKs (SnRK1-activating kinases). Adaptado de Hey et al.
(2010).

A participagdo do controle da estabilidade de transcritos associada a fatores envolvidos com
outros hormonios

A andlise por ontologia mostrou que a regulacdo pds-transcricional por glicose ou ABA
envolveu também transcritos relacionados a outros hormonios, seja por sintese/degradacao,
transducdo do sinal ou resposta a ativagdo promovida pelo hormonio (Tabelas Suplementares 17
e 18). Trata-se de um dado interessante, uma vez que através de uma andlise utilizando dados

publicos de microarranjos, Nemhauser et al. (2006) sugeriram que sao poucos 0s genes que sao
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alvos em comum de ABA, 4cido giberélico, auxina, etileno, citocinina, brassinosterdides e
jasmonato no controle do crescimento.

A regulagdo pds-transcricional por glicose, por exemplo, atuou de forma a desestabilizar
transcritos relacionados a transdu¢do de sinais hormonais através do controle sobre diferentes
FTs, como AT5G61590, ERF104 ou ERF2, (sinalizacdo por etileno) ou BTI e RVEI (auxina;
Tabela Suplementar 17). Além disso, com relacdo a auxina, a glicose também atuou de forma a
desestabilizar um transcrito relacionado ao seu transporte polar (A71G20925). O controle pos-
transcricional por glicose também envolveu transcritos de importancia para a sinalizacdo por
ABA, como a quinase SnRK3.16 e o receptor de ABA PYLS (Tabela Suplementar 17), ambos
associados ao no6 central de sinalizacdo desse hormonio (Umezawa et al., 2010; Figura 4). Além
de SNRK3.16 e PYLS, outro fator desestabilizado por glicose € que pode estar relacionado as
regulacOes por ABA € GPAI (Tabela Suplementar 17), proteina G que faz parte da cascata de
sinalizagdo celular, atuando como intermedidrio na transducao do sinal captado por um receptor,
e que foi associada a sensibilidade a ABA (Ullah et al., 2002; Lapik & Kaufman, 2003; Pandey et
al., 2006; Tuteja, 2009). Nesse contexto, as desestabilizacdes por glicose de PYLS e SnRK3.16
poderiam promover uma diminui¢do da sensibilidade ao ABA amenizando, desta forma, a
amplitude de pelo menos certos aspectos da resposta a estresse abidticos.

Ja as regulacdes pds-transcricionais por ABA atuaram principalmente de forma a
estabilizar transcritos envolvidos com a sinalizagdo por outros hormdnios (Tabela Suplementar
18), como os FTs BIM1 (brassinosterdides), MYB3 (4acido salicilico) e MBFIC (etileno). Além
disso, ABA também estabilizou MIPS2 (Tabela Suplementar 18), transcrito que participa da
sintese do myo-inositol, molécula que além de atuar na regulacdo de genes relacionados a
tolerancia a estresse, sintese de oligossacarideos e regulacdo da morte celular (Donahue et al.,
2010), também € co-fator do receptor de auxina TIR1 (Tan et al., 2007). Por outro lado, o
controle pos-transcricional por ABA atuou de forma a desestabilizar NIT2 (Tabela Suplementar
18), uma de trés nitrilases relacionadas a conversao de indol-3-acetonitrila em 4cido
indolilacético (AIA), auxina envolvida com o crescimento da planta (Kutz et al., 2002). A auxina
€ um hormonio vegetal com fun¢des fundamentais no controle do crescimento e desenvolvimento
da planta, através da modulacdo da expressdo génica que levam a mudangas na divisao celular,

elongacdo e diferenciacdo (Teale et al., 2006). A estabilizacdo do transcrito MIPS2 por ABA
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representa possivelmente um mecanismo para aumentar rapidamente a sensibilidade a auxina em
resposta a ABA, resultando desta forma em alteragdes no desenvolvimento e crescimento auxina-
dependentes. Em contrapartida, a desestabilizacdo de NIT2 pode ser um mecanismo de controle
para atenuar essa resposta.

Nossos dados providenciam fortes evidéncias de que a regulacio do decaimento de
RNAm por ABA e glicose constitui um mecanismo envolvido nos processos de interacio entre as
sinalizagdes por esses dois sinais e outros hormonios. Além do controle pds-transcricional por
glicose ou ABA atuar sobre reguladores da transcri¢do responsivos a outros hormonios, merece
destaque a desestabilizacdo promovida por glicose em fatores relacionados ao transporte de
auxina e ao né central de sinalizacdo do ABA, além do possivel efeito das regulacdes pods-
transcricionais por ABA também sobre a sensibilidade e sinaliza¢do por auxina. Tais interacdes
podem influenciar diretamente o padrao de crescimento e desenvolvimento da planta, sendo que a

regulacdo pos-transcricional pode ser uma maneira mecanistica de integrar sinais hormonais.

Genes do no central de percepcdo e sinalizagdo de ABA apresentam resposta pos-
transcricional ao préoprio hormonio: uma possivel retro-regulacdo negativa através do controle
de estabilidade do RNAm

A anélise detalhada dos dados de ontologia revelou que a expressdao de diversos genes
descritos como participantes do né central de sinalizacdo do ABA (Figura 4) sao regulados pos-
transcricionalmente pelo préprio hormonio. Este resultado sugere a existéncia do envolvimento
de fatores pds-transcricionais na retro-regulacdo negativa pelo préprio ABA, possivelmente
visando amenizar a intensidade da sinalizacdo ou de reiniciar o sistema de maneira rdpida,
representando um novo aspecto da sinalizacdo por ABA. Dessa forma, focamos o estudo na
compreensdo desse novo mecanismo.

O no6 central de regulacdo € composto por quatro niveis: receptores de ABA
(PYR/PYL/RCAR), fosfatases (PP2C), quinases (SnRK?2) e, finalmente, seus alvos, que sdo
essencialmente FTs (Figura 4; Umezawa et al., 2010). As proteinas PP2Cs interagem com o
dominio II da regido C-terminal de quinases SnRK?2 de forma constante e independente de ABA

(Yoshida et al., 2006). Dessa forma, na auséncia desse hormonio, PP2Cs reprimem a via de

sinalizacdo do ABA através da defosforilacdo e inativagdo das SnRK2s. Contudo, o aumento da
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quantidade de ABA em resposta a sinais de desenvolvimento ou ambientais, e sua ligacdo ao
receptor PYR/PYL/RCAR, promovem a interagdo do receptor com a PP2C (Ma et al., 2009; Park
et al., 2009), liberando as SnRK2s da regulacdo negativa das fosfatases. Isso permite que as
quinases SnRK2s fosforilem seus substratos como, por exemplo, fatores de transcri¢do do tipo
AREB/ABFs ou proteinas de membrana, ativando assim o programa de expressdo génica

relacionado a adequacgao ao sinal hormonal (Figura 4).

Receptores soliiveis de ABA: as proteinas PYR/PYL/RCAR

Os receptores de ABA do tipo PYR/PYL/RCAR foram descobertos recentemente, através
de screening de biblioteca quimica que permitiu o isolamento do gene PYRABACTIN
RESISTANCEI (PYRI; Park et al., 2009), e através do sistema de duplo-hibrido, que identificou
uma proteina que interagia com ABI1, REGULATORY COMPONENT OF ABA RECEPTORI
(RCARI1; Ma et al., 2009). Tanto PYRI como RCARI codificam proteinas com dominio
START/Bet V allergen e pertencem a uma familia com 14 membros em Arabidopsis, conhecidos
por PYRI e PYRI-like (PYL) 1-13 ou RCARI-RCARI4 (Figura Suplementar 2; Umezawa et al.,
2010).

As proteinas PYR/PYL/RCAR, além de poderem se ligar ao ABA, interagem com as
fosfatases PP2Cs do subgrupo A de forma dependente de ABA (Ma et al., 2009; Park et al.,
2009), inibindo a atividade de fosfatase das PP2Cs. Dessa forma, PYR/PYL/RCAR atuam como
uma subunidade reguladora negativa de PP2C, podendo mudar o status da sinalizagdo de ABA
para “ativo” (Figura 4; Umezawa et al., 2010). Quatro transcritos desse grupo apresentaram
regulacdo pds-transcricional por ABA: PYL4-6, desestabilizados, e PYL7, estabilizado (Figura
Suplementar 2). Dessa forma, a regulacdo pds-transcricional sobre os receptores atuaria
principalmente de forma desestabilizd-los, tendo como possivel reflexo uma dessensibilizacdo da

via.

Proteinas fosfatases tipo 2C (PP2Cs)
Um dos principais mecanismos de transducdo de sinal € a fosforilagdo reversivel de
proteinas, mediadas por quinases e fosfatases. As fosfatases PP2Cs sdo enzimas monoméricas

que formam a maior familia de fosfatases em Arabidopsis, com 76 membros, divididos em dez
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grupos (Schweighofer et al., 2004). O subgrupo A € formado por nove genes, contendo a maioria
dos genes envolvidos com a transdugcdo de sinal de ABA, os quais foram primeiramente
associados com a sinalizacdo desse hormodnio através da identificacdo de mutantes insensiveis ao
ABA, abil-1 e abil-2 (Koornneef et al., 1984; Leung et al., 1997). Além de ABII e ABI2, o
subgrupo A da familia das PP2Cs também abrange reguladores de ABA, como
HYPERSENSITIVE TO ABAI (HABI) e HOMOLOGY TO ABI2 (HAB2 — Figura Suplementar 3),
identificado por similaridade de sequéncia com ABI2 (Saez et al., 2004), e HIGHLY ABA-
INDUCED PP2C GENE 1 (HAII) e HAI2. Enquanto as mutagdes dominantes em abil-1 e abi2-1
conferem insensibilidade ao ABA por ocorrerem no sitio catalitico das PP2Cs, impedindo a
ligacdo dos receptores PYR/PYL/RCAR (Figura 4B), os mutantes nulos das PP2Cs ABA-
HYPERSENSITIVE GERMINATION 1 (AHGI), AHG3, HABI e HAB2 apresentam
hipersensibilidade ao ABA. Dessa forma, as PP2Cs devem ser reguladores negativos da via de
sinalizacdo do ABA (Hirayama & Shinozaki, 2007), fato corroborado pela hipersensibilidade de
mutantes knockout PP2C duplos (ahgl-1/ahg3-1) e triplos (habl-1/abil-2/abi2-2 e habl-1/abil-
2/pp2ca-1; Nishimura et al., 2007; Rubio et al., 2009).

Os resultados dos microarranjos indicam que pode haver controle pos-transcricional por
ABA da expressao de quatro genes de PP2C (Figura Suplementar 3): HABI, ARABIDOPSIS
THALIANA PROTEIN PHOSPHATASE 2CA (AHG3/PP2CA), HAIl e HAI2. O controle pds-
transcricional por ABA se deu de forma a estabilizar esses transcritos (Figura Suplementar 3). O
subgrupo A de PP2Cs, apesar de ser funcionalmente redundante, apresenta expressao
diferenciada em tecidos e Orgdos. Por exemplo, enquanto ABI1 estd localizada no citosol e
nucleo, com fungdo de regulacdo de diferentes tecidos, desde células-guarda a sementes, AHGI e
AHG3 localizam-se no nucleo e atuam principalmente nas sementes (Umezawa et al., 2010).
HAIl, ABI1 e ABI2 foram descritas por ligarem-se a SnRK2s na sinalizacdo por ABA
(Umezawa et al., 2009; Fujita et al., 2009). Além disso, andlise de expressdo no mutante triplo
SRK2D/E/l (SnRK2.2/2.6/2.3) mostrou que os nove genes PP2Cs do grupo A estdao regulados
positivamente por essas quinases (Fujita ef al., 2009). Dessa forma, a existéncia de controle pos-
transcricional em quatro das nove PP2Cs do subgrupo A € um indicio de que hd uma necessidade
de um controle fino sobre a sinalizacdo do ABA nos diversos tecidos e estidgios de

desenvolvimento da planta. Além disso, o controle pds-transcricional, através da estabilizacdo
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dos transcritos de PP2C, atuaria no sentido de diminuir a atividade das SnRK2s, interrompendo a

transdugdo do sinal da via do ABA.

SNF 1-related protein kinase 2 (SnRK2)

A familia SnRK?2, identificada como proteinas quinases ativadas por ABA (Mustilli et al.,
2002; Yoshida et al., 2002), possui 10 membros em Arabidopsis, designados SnRK2A-J
(Yoshida et al., 2002) ou SnRK2.1-2.10 (Hrabak et al., 2003), os quais estao divididos em trés
subclasses (Kobayashi et al., 2004). Uma caracteristica dessas proteinas € sua alta conservagao
entre as plantas superiores (Figura Suplementar 4). As proteinas SnRK?2s apresentam o dominio
catalitico de quinase conservado, enquanto a porcdo C-terminal é relativamente diversa (Yoshida
et al., 2002; Hrabak et al., 2003).

Além da relacdo com resposta a ABA, proteinas SnRK2s também atuam na resposta a
estresse osmotico, como SRK2C/SnRK2.8 (Mikolajczyk et al., 2000; Umezawa et al., 2004).
Além disso, cada subclasse de SnRK2 apresenta um modo de resposta diferente a ABA ou
estresse osmotico (Boudsocq et al., 2004; Kobayashi et al., 2004). A subclasse 1 € rapidamente
ativada por estresse osmoético em um minuto, mas ndo € ativada por ABA. Em contrapartida, as
subclasses II e III sdo ativadas tanto por ABA como por estresse osmoético, sendo que a ativagao
por ABA da subclasse III € muito forte em relacdo a II. As trés quinases da subclasse III,
SRK2D/SnRK2.2, SRK2E/OST1/SnRK2.6 e SRK2I/SnRK?2.3, sdo fortemente ativadas por ABA
com tempo de resposta inferior a 30 minutos (Yoshida et al., 2006). Designadas como
reguladores positivos globais da sinalizagdo de ABA, a subclasse III atua desde o controle da
abertura de estomatos através da SRK2E/OST1/SnRK2.6 (Mustilli et al., 2002; Yoshida et al.,
2002), como em tecidos separados das células-guarda, como sementes e tecidos vegetativos (Fujii
et al., 2007).

Nossos microarranjos identificaram apenas um transcrito de SnRK2 sob controle pds-
transcricional em resposta a ABA: SnRK2.7, o qual foi estabilizado pelo hormdnio apds a
inibicdo da transcricio (Figura Suplementar 4). Tanto SnRK2.7 como SnRK2.8 sdo
principalmente expressas em folhas, flores e raizes — mais especificamente células-guarda,
tecidos vasculares e meristemas apicais — localizando-se no citoplasma e nucleo, similarmente as

SnRKs da subclasse III (Mizoguchi et al., 2010). Além disso, em comparacdo feita entre os
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mutantes Srk2d/e/i (SnRK2.2/SnRK2.3/SnRK?2.6) e Srk2c/f (SnRK2.7/SnRK?2.8), Mizoguchi et
al. (2010) verificaram que as subclasses II e III compartilham parte dos alvos de regulacio via os
FTs AREB/ABFs. Nesse contexto, € possivel que SnRK?2.7 desempenhe um papel na sinalizacao
do ABA sob a forma de uma resposta pds-transcricional. Sua estabiliza¢do pelo controle pods-
transcricional pode ocorrer de forma a manter um nivel minimo de quinases na via de sinalizacao
do ABA, para contrabalancear a desestabilizacdo dos receptores (Figura Suplementar 2) e

estabilizacdo das fosfatases PP2C (Figura Suplementar 3).

Fatores de transcricdo e a resposta a ABA

Uma das principais formas de modulacdo da expressao génica € através da regulacdo da
expressdo e/ou atividade de FTs (Beckett 2001; Wray et al., 2003; Corréa et al., 2008), sendo a
participacao de FT's na resposta adaptativa a condi¢des de estresse amplamente estudada (Yang et
al., 2010). A andlise de promotores de genes induzidos por ABA levou a identificacdo de
elementos cis designados ABA-responsive elements (ABREs — Zhang et al., 2005; Gémez-Porras
et al.,2007), os quais podem ser alvos de ligacdo de proteinas do tipo ABRE-binding (AREBs) ou
ABRE-binding factors (ABFs — Choi et al., 2000; Uno et al., 2000; Umezawa et al., 2010). Os
genes AREB/ABFs codificam FTs do tipo bZIP pertencentes ao grupo A (Corréa et al., 2008), o
qual € composto por 13 genes em Arabidopsis, dos quais trés apresentaram regulacdo pos-
transcricional da expressdo em resposta a ABA. Adicionalmente, além dos FTs do tipo
AREB/ABFs, a regulacdo pos-transcricional por ABA incluiu transcritos de 33 membros de
outras familias de FTs (Tabela Suplementar 11). Embora a localizacdo destes FTs na via de
sinaliza¢do pelo ABA ndo seja conhecida, eles devem ter um papel na elaboracdo das respostas
ao hormoénio. Da mesma forma que o observado para o transcrito de SnRK2.7 (Figura
Suplementar 4), a estabilizacdo desses FT's de forma pds-transcricional por ABA pode ocorrer de
forma a manter os niveis dos fatores responsaveis pela transducao do sinal para quando a via for
reiniciada.

De acordo com nossos dados, aparentemente ocorre uma modulacio do fluxo da
sinalizacdo desencadeada pelo ABA que pode ocorrer em duas fases (Figura 18). O hormoénio
ativa a via através da interacdo com os receptores PYR/PYL/RCAR, levando a inibicdo da

atividade das PP2Cs, e liberando as SnRK2s para atuarem sobre seus alvos (Figura 4 — Umezawa
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et al., 2010). Em um modelo possivel que envolve as regulacdes pos-transcricionais, o sinal
desencadeado pelo ABA leva a estabilizacdo dos efetores de sua resposta, as quinases e os FTs,
que podem assegurar uma resposta inicial ao hormdnio. Em decorréncia dessa resposta inicial, os
transcritos dos receptores e fosfatase seriam, respectivamente, desestabilizados e estabilizados
por regulagdes poOs-transcricionais diretas ou indiretas, refletindo provavelmente um processo de
retro-regulacdo negativa. Essa retro-regulacdo, que atuaria no sentido de mudar o status da via
para desligado, deve dessensibilizar a resposta ao ABA, enquanto a estabilizacdo das quinases e
FTs devem garantir um pool de transcritos minimo responsdveis pela ativagdo rapida dos demais

genes da via do ABA quando ela for reiniciada (Figura 18).

A

AREB/ABF
PYR/PYL - PP2C =—— SnRK2
outros FTs
Desestabilizagao de receptor e Manutengao dos niveis de transdutores
estabilizagdo de PP2C para desligar a via de sinal para quando a via for reiniciada

I3 3 ¥ 3

ABA ———> ABA-PYR/PYL — PP2C - SnRK2 ——> FTs ——> Respostas ao ABA

Regulagdes
poés-transcricionais

Figura 18. Possivel modelo do envolvimento de regulagdes pds-transcricionais na retro-regulacio
negativa do né central de sinalizacdo do ABA. Linhas pretas representam controles dependentes da
transcricdo, sendo as linhas continuas uma regulacio ativa, e linhas pontilhadas a auséncia da regulacao.
Linhas em verde ou vermelho representam desestabilizacdo e estabilizacdo pds-transcricionais,
respectivamente. A. Na auséncia de ABA, as fosfatases PP2C inativam as quinases SnRK2, e a via
encontra-se desligada. B. Na presenca de ABA, os receptores PYR/PYL se ligam ao hormdnio e inibem a
atividade das PP2Cs, permitindo que as quinases SnRK2 ativem seus alvos. Através de regulacdes pos-
transcricionais decorrentes dessa sinal inicial, ocorreria desestabilizacdo de receptores e estabilizacdo de
PP2Cs no sentido de dessensibilizar resposta ao ABA, enquanto hd estabilizacdo de SnRK2 e de FTs,

provavelmente para manter os niveis basais destes transcritos para quando a via for ativada novamente.
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Avaliagdo da importdncia das regulacoes pos-transcricionais por ABA sobre transcritos
do né central de sinalizacdo desse hormonio através da comparacdo com dados publicos e
evidéncias de mecanismos de controle de estabilidade de RNAm envolvidos

Dados de mudangas de expressdo gé€nica em larga escala promovidas por mutacdes em
genes do nd central da sinalizacdo por ABA foram explorados para avaliar o envolvimento do
controle poés-transcricional da expressdo génica mediada pelo ABA com o né central. Dessa
forma, o conjunto de transcritos regulados pds-transcricionalmente por ABA foi comparado com
dados de microarranjos feitos com os seguintes mutantes de componentes do nd central de
sinalizacdo do ABA: mutante duplo (Srk2c/f) e triplo (Srk2d/e/i) de quinases SnRK2s (Figura 4 e
Figura Suplementar 4 — Fujita et al. 2009; Nakashima et al. 2009; Mizoguchi et al. 2010);
mutantes de fosfatases PP2Cs ahgl-1, ahg3-1 (Nishimura et al., 2007) e abil-1 (Genevestigator;
Figura 4 e Figura Suplementar 3), além de mutante triplo (arebl/areb2/abf3) e abi4-102
(Genevestigator) de FTs AREB/ABF (Figuras 4 e 17 — Yoshida et al., 2010).

De um total de 245 transcritos regulados pds-transcricionalmente por ABA (Tabela 1),
171 apresentaram sua regulacio alterada em pelo menos um dos mutantes analisados (Tabela
Suplementar 19). Esta analise comparativa indica que a regulagdo de 70% dos genes sob controle
pos-transcricional mediado por ABA depende ao menos parcialmente dos reguladores do né
central de sinalizacdo do ABA, incluindo os receptores PYR/PYL/RCAR, as fosfatases PP2Cs e a
SnRK?2 mencionados anteriormente (Figuras 4 e 18). Esses dados apontam para uma estreita
relacdo entre a regulacdo pds-transcricional por ABA e a ativacdo das respostas promovidas por
esse hormonio através do n6 central. Nesse sentido, o controle pds-transcricional representa um
mecanismo de adequacdo rdpido da sensibilidade e resposta ao ABA e, além disso, a retro-
regulacdo possivelmente resultaria na amenizagdo da resposta ao ABA, gerando uma homeostase
de resposta ao hormonio e reiniciando o sistema (Figura 18).

Para compreender quais mecanismos de regulacdo de estabilidade de RNAm poderiam
estar envolvidos na retro-regulacdo pés-transcricional dos elementos do n6 central de sinalizacao
do ABA, analisamos dados de expressdo disponiveis no Genevestigator e na literatura para
mutantes envolvidos com diferentes vias de controle de estabilidade de RNAs. O controle pos-
transcricional da estabilidade de RNAm pode ocorrer por diferentes vias como, por exemplo,

durante o processamento do RNAm através do controle de splicing, remocao do cap 5’ ou da
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cauda poli-A, envolvendo complexo de exonuclease 3’-5’ ou degradagdo 5°-3°, através do
sistema de vigilancia por NMD, por miRNAs, ou ainda por uma das diferentes classes de siRNAs
(Belototsky & Sieburth, 2009; Houselley & Tollervey, 2009; Floris et al., 2009; Voinnet, 2009).
Dessa forma, o envolvimento da atividade de splicing foi avaliado pelo mutante do gene ABH1
(ABA HYPERSENSITIVE 1), que codifica a cap binding protein CBP80 envolvida no complexo
de splicing, e que também € conhecido por apresentar hipersensibilidade ao ABA (Hugouvieux et
al., 2001; Kuhn et al., 2008; Christie et al., 2011). Participacdo de miRNAs foi inferida pela
alteracoes de expressio em mutantes de DCLI, SE, e HYLI, envolvidos na formagdo do
complexo de processamento dos miRNAs (Figura 3 — Kurihara & Watanabe, 2004; Kurihara et
al., 2006; Lobbes et al., 2006; Dong et al., 2008). Além disso, transcritos que sdo potenciais
alvos de degradacdo por miRNA segundo andlise de degradoma (identificacdo das extremidades
5’ dos fragmentos gerados pela degradacdo dos RNAm), foram inferidos pela comparacdo com
os dados de German et al. (2008). O envolvimento de nat-siRNAs foi avaliado a partir do
transcriptoma do mutante do gene DCL2, (Genevestigator), enquanto o de NMD foi avaliado a
partir do perfil de RNA nos mutantes dos genes UPFI (UP-FRAMESHIFT 1) e UPF3 (Yoine et
al., 2006; Kurihara et al., 2009). A participacdo de deadenilacdo por poli(A)-ribonuclease
(PARN) em resposta a ABA foi avaliada pelos genes desregulados no mutante do gene AHG?2
(Nishimura et al., 2005), e a atuagdo de exossomos no processamento e degradacao de RNA 3°-5°
foi avaliada pelos dados de Chekanova ef al. (2007), que identificaram possiveis alvos nos
mutantes de RRP4 (RIBOSOMAL RNA PROCESSING 4), RRP41 e CSIA.

O resultado dessas comparacOes (Tabela Suplementar 20) indica que dos nove genes
relacionados a via central de sinalizacdo do ABA e que apresentaram resposta pds-transcricional
ao hormodnio, ha evidéncias para controle de estabilidade de RNAm para cinco deles: PYL4-6,
HABI e HAII, havendo indicios de controle da atividade de splicing para PYL5; regulagdo por
siRNAs sobre HAIIl enquanto atividade de miRNAs poderia atuar sobre PYL4, PYL6, HABI e
HAII (Tabela Suplementar 20). Expandindo essa andlise para os 171 transcritos que apresentaram
resposta pds-transcricional a ABA e que dependem do né central de sinaliza¢do desse hormdnio
(Tabela Suplementar 20), ha indicios para o envolvimento de ao menos um dos mecanismos de
regulacdo de estabilidade de RNAm para 130 deles. Mais especificamente, o controle da

atividade de splicing (ABH1) abrangeu 47 genes, enquanto 20 genes sdo possiveis alvos de
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atuacdo de exossomos (RRP4, RRP41 e CSL4), 23 de regulagdo por siRNA (DCL2), e seis
podem ser alvos de deadenilagdo (PARN), sendo apenas trés os potenciais alvos de NMD. O
mecanismo de controle pds-transcricional com maior nimero de alvos foi a regulacdo da
estabilidade por miRNAs, havendo indicios de sua atuagdo para 95 genes (Tabela Suplementar
20).

O levantamento desses dados indica que hd diversas evidéncias de mecanismos de
controle de estabilidade de RNAm para os transcritos identificados como regulados pds-
transcricionalmente por ABA, dando suporte a nossa analise experimental, e permite que o foco
de estudos futuros seja voltado a confirmacdo da possivel retro-regulacdo negativa da sinalizacao
do ABA através de mecanismos pds-transcricionais. Para essa avaliacdo, um conjunto
representativo de genes devem ser analisados em mutantes deficientes em vias de controle de
estabilidade do RNAm. Uma abordagem complementar para elucidar quais sao 0os mecanismos
associados ao controle da estabilidade do RNAm em resposta ao ABA e também a glicose,

consiste em identificar as extremidades 5’ dos fragmentos gerados pela degradagdo dos RNAm

através da analise de degradoma (Addo-Quaye et al., 2008; German et al., 2008).
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CONCLUSOES

Um modelo experimental otimizado das condi¢des de inibi¢do da transcricdo foi
estabelecido, permitindo andlise de respostas pos-transcricionais mediadas pelos sinais
glicose e ABA;

Andlise em larga escala das mudancgas dos perfis de transcritos através de microarranjos
indica que glicose e ABA seguem estratégias opostas de regulacdo: enquanto ABA
majoritariamente estabiliza os RNAms, a glicose, de maneira contrastante, promove a
degradacdo de seus alvos. Aparentemente, glicose e ABA agem sobre fatores distintos
através das regulacdes pds-transcricionais;

Respostas sinérgicas mediadas pela combinacdo de glicose e ABA mostraram-se
dependentes de fatores transcricionais, como observado para AtbZIP63;

As andlises detalhadas das regulagdes pos-transcricionais por qRT-PCR indicam a
existéncia de transcritos com diferentes meias-vidas, variando de um decaimento lento a
transcritos instdveis. Além disso, as andlises apontam para regulacdes que ocorrem
essencialmente por vias pds-transcricionais, e regulacdes que também dependem de
fatores transcricionais. Essas regulacdes podem ocorrer por vias ndo lineares, havendo
uma interacdo entre fatores estdveis e instdveis para o controle da expressdo génica,
através de retro-regulacdes ou regulacdes por feed-foward.

A atuacgdo da regulacdo pos-transcricional mediada por glicose e ABA sobre um nimero
relevante de genes com funcdes centrais em vias de sinalizacdo, como FTs e quinases,
sugere a necessidade de haver respostas adaptativas rapidas aos estimulos;

Uma relagdo relevante entre a regulagdo pés-transcricional modulada por esses dois sinais
e genes de resposta a estresses abidticos e energéticos foi abordada. ABA aparentemente
atua no sentido de estabilizacdo dos transcritos para adaptacdo as condicdes de estresse,
enquanto glicose age no sentido contrdrio, possivelmente contrabalanceando o estresse
energético decorrente dos estresses abidticos;

A regulacdo pds-transcricional também se mostrou como uma via mecanistica de integrar
os sinais hormonais. Em especial, hd indicios para a existéncia de retro-regulacdo

negativa sobre a via de sinalizacdo do ABA, uma provavel de forma de dessensibilizar e
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reiniciar as respostas da via. A comparagdo com dados disponiveis na literatura apontam
para um potencial envolvimento de diversos mecanismos de controle de estabilidade de

RNA.

PERPECTIVAS

Determinar os alvos de regulagdes por miRNAs e siRNAs em resposta a glicose ou ABA
através da anélise por degradoma;

Utilizar bibliotecas de pequenos RNAs e sequenciamento de nova geracdo para
identificacdo dos fatores envolvidos nas regulagdes pds-transcricionais por glicose ou
ABA;

Avaliar as vias de regulacdo pds-transcricionais envolvidas com o possivel mecanismo de
retro-regulacio negativa da via de sinalizacdo do ABA, através da andlise de expressao do
conjunto selecionado de genes em mutantes deficientes em componentes relacionados a
controle de estabilidade de RNAm;

Avaliar a possivel retro-regulacdo negativa por fatores pods-transcricionais sobre o nd
central de sinalizacdo do ABA através de uma cinética;

Identificar motivos conservados relacionados ao controle de estabilidade do RNAm;
Avaliar o grau de conservacgdo evolutivo do controle de estabilidade de RNAm mediado
por glicose e ABA;

Elucidar a inter-dependéncia das respostas sinérgicas a ABA e glicose em regulacdes

transcricionais e pds-transcricionais;
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MATERIAL SUPLEMENTAR

Tabela Suplementar 1. Descricdo dos oligonucleotideos utilizados para andlise de expressdo por qRT-

PCR.

Identificacio AGI Direto Reverso E-E
Actin2 AT3G18780 GTACAACCGGTATTGTGCTGG CTCTCTCTGTAAGGATCTTCATG X
AKINBETA1 AT5G21170 TGGAGATCAAGGAAGAAGCTG CTACAAAGGGTAAATCTGGGA X
ANACO032 AT1G77450 ACAGTCTAAGATTGGACGATTG TGTCAGTCACAGGCTTTAACC X
ARP4 AT1G18450 AGTTAAAGTGTTGGCAAGCGGT TGTTCCTCATACTCAGACTTGG X
AT1G02820 AT1G02820 GTTTTCAGACGAGGGTTTGC ATGGTGCCTTCTCGCTTG X
AT1G23200 AT1G23200 CACGATCACCGCTCAATCAC TAAGTTTCCGACGCAGTAGC
AT1G23390 AT1G23390 GTTATTTCACTAGATGGAACTC TGATTCATCACTGGTTTAGCT X
AT1G26500 AT1G26500 AGTTGTAGAGGCTTATGGGTT GCTTCGCTTGCCCGTTTAATC
AT2G17880 AT2G17880 CGTTTATGATCGGAGGACTCT CAATTCCGTCCACCGTAACTG
AT2G35300 AT2G35300 GGCGCAGGCCAAAGCTGAC GGGTAGGGTAGGTGGAGTG
AT2G37580 AT2G37580 CGCCGATCACCGAGACCAC CACCATGAGACACACGGAGC
AT3G12860 AT3G12860 TTTCTCAGATAACAGCACTACAG CGTGGGGCAACACCTTTGTC X
AT3G15450 AT3G15450 CGTCAAAGGTTGTTCTGTGG TTGAGTTCTTCCCAGATAAAC X
AT4G12980 AT4G12980 CTTCAGATGTTTGCGATGC TCCAAGGATGAGGATAGAG X
AT5G03430 AT5G03430 CTTAACGGGAAAGGATAATGC ACTTGATTTCTACGAACACATC X
AT5G17460 AT5G17460 CTTCAAGGATATACAAACTCG TGGACTGTGCCTTCTGCC
AT5G26220 AT5G26220 CGACATTGAGCATGAGGAAG TGAGAAACAATAGGCTTCAAC X
AT5G44260 AT5G44260 TCCAATTACAACAGAGTAGTCC CAAAGAAGCTCGACGGTGGTG
AT5G48430 AT5G48430 GATGAAGAAGGTCAGCGATG CAACGTCAAACTCCACCAAAG
AT5G50360 AT5G50360 TTATATCGGACGGTTTAGGGAG TTCATCACAAGCCACACACTC
AT5G51440 AT5G51440 TTCTTCTCACATATACTCGATC GATTTCGCTTACCTGGTCC X
AT5G52190 AT5G52190 TTGTTTGTGTTGTTTGAGATGG AAGATTAGTATGACGAGCACG
AT5G64510 AT5G64510 CCTTTCTTTACCATATGATGTG GATGACGCAAGCTAACAGATC X
AtbZIPO AT5G24800 GAGAGTCAAGGTGAAACTAG CGAGGTATTTCCCGTGTAGT X
AtbZIP60 AT1G42990 AAACGAAGAAGGAGAGTAAGA GTCCTAGTCTCAAGCATTCTC X
AtbZIP63 AT5g28770 CGCGTTAATAGGATGCTCTC GTTTGAGTTACATCAGTGAGA X
BT2 AT3G48360 GACGCCGAATCGAGGAAGAA CGTTTGATGGACCGACCAATG X
BTS AT4G37610 CAGAGGAATGATGAAGCAACAT CATATCTTGTTTCTCATAGCAAG X
CCOAMT AT1G67980 GCTTACGAAGTTGGACTAGAG ACTCACATTTGTCGTTCACC X
CIPK6 AT4G30960 AAGAGTGAGAGTAGAGTAAGG CACTTCCACGACAACAAACG
COR15A AT2G42540 CTAAAGGTGACGGCAACATCC TTCAACAACGTAGTCTTTCGC
CRK30 AT4G11460 GAAGTTTACAAGGGTACGTTAT CTGAAGTTTTGCTACAAGAAGC
CYP76C2 AT2G45570 TCTTGGACCTGTTTGGAGC CACCTTTCTGACCAATCACAC
DREBI1C AT4G25470 ATGGATGAAGAGGCGATGTTG CGACATCAAAATTATAGTTCCA
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Tabela Suplementar 1. Continuacio.

Identificacio AGI Direto Reverso E-E
DREB2A AT5G05410 GCTACAAAGCCTCAACTACG TTCTCCAGATCCAAGTAACTC

ERDI1O0 AT1G20450 TTGAAACAGCAACACCGATTG TTGGCGTGATAACCTGGAAGC

ERF107 AT5G61590 CTCAGGGGAAGAAAAGCTGT AGGCTGTGGTACATCGGTTC

FLALG AT2G35860 GTTCAGGGTATTGATGGAGTC CAATTTACCTCTTCTTGATTTAG X
GLP9 AT4G14630 CAGCAGATGGCGTGTTTGTG GCGTTATTTGTATTTCCAGGTC X
GPT2 At1g61800 CTTTGTCTGGTGGGTAGTGG TCCGCTTCATCGTATTACCG X
HATI1 AT5G59220 CGATCATAAGCCAGACCGTC GCAAGTACTCCAAGGACACG X
HVA22 AT4G24960 AGAGAACAGTTCAAGAAACAC AGCCTCGTGTCCCTCCCG X
MPK3 AT3g45640 GTCTGTTGGTTGTATCTTTATG AAGCAACTCTGTCAATAAGCG X
MYB3 AT1G22640 CGCCGCTGGATTACAAAGAT GAGTTCATCTTCTTCTTCAGT X
NDL1 AT5G56750 TTGGTTGAGGTTCAGGCTTG GAGATGGTCTGTATAATCCG X
NFU3 AT4G25910 GATTCCAGAGATCATGTCCG CCTTAACTCAGAGAGAACCTT X
NF-YB2 AT5G47640 GCAGTATCACCAACATCATCAG CACCTCCACTGTCGCTACC

P5Cs1 AT2G39800 TGCTGTGTTCCACAACGCC CCTCTCATTATCCATCTCGT
PP2AA3/PDF2 Atl1gl3320 TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT X
PYL4 AT2G38310 CGTCGTTGATGTTCCTCCAG CTCAGCCGCAGTATTCTCG

PYL5 AT5G05440 CGGTGACGACACTACACGC GCTTAGAGTTTCCTCCTCC

PYL6 AT2G40330 GACGGCAAGAAGAGGACACG CGAGTTTAGCCAGCGATTGC

PYL7 AT4G01026 GTTCATCTTGTTTGGTCACTG AGATTTGACATTTACTTCTCTG X
Rd20 AT2G33380 CGAAGGAAGGTATGTCCCA ATTTCCCTCGGTTACATTCC X
Rd29b AT5G52300 AAGGAGCGGTCACTTCTTG CCATAGTCCCAACGGTGGT X
REV3 AT1G67500 CAACACCTAGCCACGATATGC CTGAGCACGCAAGGGAATTG X
SPS2F AT5G11110 TCCCGCTTTGATGCCTCCA GATTACATTAAGCCTAGCTCC X
TPS8 AT1G70290 GTCAAACCACAAGGTGTAAGCA ATGTCTTCGTCTGATCTATCG X
UPS5 AT1G26440 CTGTTCAGGCACTTCCTTTAG CAGTAAACATCACCAGCATTCC X

Nota. A dltima coluna (E-E) marca os oligonucleotideos construidos com pelo menos uma jungdo éxon-

éxon.
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Tabela Suplementar 2. Niveis de RNAm obtidos por qRT-PCR para genes com respostas dependentes da

transcricao.
Expressao Relativa
Identificacio  Controle ABA Glc Cord Cord + ABA Cord + Glc
A12G35300 1,04 31,62° - 1,72 2,94 (1,72) -
At5G26220 1,01 - 21,25% 247" - 3,21 (1,3)
FLAI6 1,01 - 9,64" 1,95 - 2,90 (1,49)
GPT2 1,00 - 27,807 225" - 2,98 (1,32)
AT5G51440 1,07 - 77,65 -1,92 - 1,70° (3,26)
CORIS5A 1,16 5775% - 2,71 107,6°(39,7) -
Rd29b 1,01 244 5% - -1,04 8,37°(8,72) -
AT5G44260 1,01 - -4,13% -4,81° - -7,8 (-1,62)
ATI1G23390 1,00 - -16,01* -13,8" - -14,53 (-1,05)
At5G48430 1,0 -15,03" - -2,42° -4,95 (-2,05) -

Nota. A inibicdo da transcricdo com cordicepina apresentou eficiéncia de ao menos 97%. Os 3% de
atividade transcricional residuais s6 foram detectados para genes com indugdes muito fortes em resposta
ao sinal (AT5G51440, CORI5A e AtRd29b). Para transcritos com respostas mais té€nues, a atividade
transcricional residual ndo foi suficiente para que a diferenca entre amostra tratada com cordicepina e a
tratada com cordicepina + sinal fosse significativa (AT2G35300, AT5G26220, FLA16, GPT2, AT5G1440).
Similarmente, a eficiéncia da inibi¢cdo também foi verificada para genes com repressao transcricional, para
os quais nio houve diferenca significativa em resposta ao sinal apds a inibi¢ao da transcricdo com relagcao
a amostra tratada somente com cordicepina (AT1G23390, HATI, AT5G48430). Os valores representam o
nimero de vezes que os niveis de um transcrito é maior (valores positivos) ou menor (valores negativos)
que o encontrado no controle sem tratamento em relacdo as amostras tratadas com ABA, glicose (Glc),
cordicepina (cord), cordicepina + ABA (Cord + ABA), ou cordicepina + glicose (Cord + Glc). Entre
parénteses estd indicado a resposta pds-transcricional pela comparagdo Cord vs Cord + sinal. Teste t de
Student (p < 0,05) e fold > |2,0| foram considerados para uma diferenca significativa entre as comparagdes

de a. Controle vs Glc ou ABA; b. Controle vs Cord; ¢. Cord vs Cord + Glc ou Cord + ABA.
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Tabela Suplementar 3. Transcritos que responderam de forma pds-transcricional tanto a glicose como a

ABA.
Sinal (log2)
CGvs CGA vs
AGI CA vs Cord Descricao
Cord Cord
member of the ERF (ethylene response factor) subfamily B-3
AT5G61590  -1,68 -0,68 -1,87
of ERF/AP2 transcription factor family
AT5G28770  -1,44 -0,64 -1,19 bZIP protein BZO2H3
AT1G03850  -1,02 -0,55 -1,03 glutaredoxin family protein
AT4G26530  -0,82 -0,55 -0,79 putative fructose-bisphosphate aldolase
AT1G13245  -0,67 -0,57 -1,12 ROTUNDIFOLIA LIKE 17 (RTFL17)
AT5G18670  -1,04 0,64 -0,73 putative beta-amylase BMY3 (BMY3)
AT5G52190  -1,04 0,69 -0,68 sugar isomerase (SIS) domain-containing protein
AT2G15960  -1,50 0,59 -0,92 Unknown protein
protease inhibitor/seed storage/lipid transfer protein (LTP)
AT3G22600 0,83 1,20 1,27
family protein
AT1G12080 0,95 0,74 - unknown protein
AT2G44670 0,97 1,01 0,92 senescence-associated protein-related
AT3G21890 1,01 1,00 1,92 zinc finger (B-box type) family protein
AT1G26500 1,10 0,80 1,09 pentatricopeptide (PPR) repeat-containing protein
rotein with putative sucrose-phosphate synthase activity.
AT5G11110 1,25 2,08 2,11 P P prosp Y Y
Involved in pollen exine formation
homologous to a eukaryote specific ABA- and stress-inducible
AT4G24960 1,38 2,18 2,48
gene first isolated from barley

AT1G23200 1,57 1,87 2,01 pectinesterase family protein

Nota: a expressao dos tratamentos cordicepina + glicose (CG), cordicepina + ABA (CA), cordicepina +
glicose + ABA (CGA) € em relagdo a amostras tratadas somente com cordicepina (Cord). A descri¢ao dos
genes foi obtida no banco de dados do TAIR. Estabilizacdo estd representada com valores positivos em

vermelho, desestabiliza¢do por valores negativos em verde, resposta abaixo do valor de corte por (-).
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Tabela Suplementar 4. Transcritos desestabilizados de forma pés-transcricional exclusivamente por

glicose + ABA.
Sinal (Log,)
AGI CGA CG ABA Descricao
AT3G48360 -1,47 -0,99 | -0,33 BTB AND TAZ DOMAIN PROTEIN 2 (bt2); (ATBT2)
AT2G44380 -1,15 @ -0,55 -0,63 DC1 domain-containing protein
ATI1G55330 -1,04  -0,55 -0,09 ARABINOGALACTAN PROTEIN 21 (AGP21)
AT2G41090 -0,94 -0,30 -0,35 calmodulin-like calcium-binding protein, 22 kDa (CaBP-22)
AT2G17230 -0,94 | -0,46 -0,52 EXORDIUM LIKE 5 (EXLS5)
AT4G27280 -0,87 @ -0,52 -0,16 calcium-binding EF hand family protein
ATIGTS830 -0.87 | 026 042 LOW-MOLECULAR-WEIGHT CYSTEINE-RICH 67 (LCR67);PLANT DEFENSIN
1.2 (PDF1.1)
AT4G11650 -0,85 $ $ OSMOTIN 34 (ATOSM34)
AT3G43720 -0,83  -032 -043 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein
ATSG43700 083 | 025 -049 AUXIN INDUCIBLE 2-11 (ATAUX2-11);INDOLE-3-ACETIC ACID INDUCIBLE 4
(TAA4)
AT5G65390 -0,83 + 0,08 -0,26 ARABINOGALACTAN PROTEIN 7 (AGP7)
AT1G07135 -0,83 = -0,37 -0,14 glycine-rich protein
AT5G04530 -0,82 | -0,55 -0,21 3-KETOACYL-COA SYNTHASE 19 (KCS19)
AT2G41100 -0,82 ' -0,39 -0,19 TOUCH 3 (TCH3);ARABIDOPSIS THALIANA CALMODULIN LIKE 4 (ATCAL4)
AT4G30280 -0,80 @ -0,40 -0,30 XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 18 (XTH18)
AT2G33830 -0,78 ' -0,56 -0,09 dormancy/auxin associated family protein
AT1G48480 -0,78  -0,16 -0,13 RECEPTOR-LIKE KINASE 1 (RKL1)
AT1G14870 -0,76 @ -0,52 -0,44 PLANT CADMIUM RESISTANCE 2 (PCR2)
AT3G13520 -0,75  -0,29 -0,03 ARABINOGALACTAN PROTEIN 12 (AGP12); (ATAGP12)
AT5G35525 -0,75  -0,38 -0,35 unknown protein
AT2GISI60 074 | 054 0,19 ARABIDOPSIS THALIANA BASIC LEUCINE-ZIPPER 2 (ATBZIP2);G-BOX
BINDING FACTOR 5 (GBF5)
AT1G01190 -0,72 @ -0,22 -044 CYTOCHROME P450, FAMILY 78, SUBFAMILY A, POLYPEPTIDE 8 (CYP78AS)
AT5G39580 -0,71  -0,49 -0,30 peroxidase, putative
AT5G56870 -0,70 ' -0,49 -0,10 beta-galactosidase 4 (BGAL4)

Nota: cordicepina + glicose (CG), cordicepina + ABA (CA), cordicepina + glicose + ABA (CGA).

Desestabilizacdo estd representada por sinais negativos em verde; resposta ndo significativa pela

estatistica, em cinza. Os valores em preto da coluna CG correspondem a resposta por efeito osmoético, e

por isso ndo foram considerados como responsivos a glicose. O sinal ($) indica que ndo foi possivel ser

feita a analise estatistica.
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Tabela Suplementar 5. Transcritos estabilizados de forma pds-transcricional exclusivamente por glicose

+ ABA.
Sinal (Log;)
AGI CGA CG ABA Descricao
AT2G38760 0,73 = 0,33 0,30 ANNEXIN ARABIDOPSIS 3 (ANNAT3); ANNEXIN 3 (ANN3)
AT3G22370 0,73 0,33 048 ALTERNATIVE OXIDASE 1A (AOX1A); (ATAOX1A)
AT4G34710 0,74 0,51 0,15 ARGININE DECARBOXYLASE 2 (ADC2)
AT5G54960 0,74 0,37 0,53 PYRUVATE DECARBOXYLASE-2 (PDC2)
AT1G31760 0,74 0,06 0,08 SWIB complex BAF60b domain-containing protein
AT3G09260 0,74 @ 0,11 0,15 (PYK10); (PSR3.1); (BGLU23);LONG ER BODY (LEB)
AT2G43920 0,75 -0,38 0,05 thiol methyltransferase, putative
AT3G59220 0,76 =~ 0,38 0,27 PIRIN (PRN); (PRN1); (ATPIRIN1)
AT2G30670 0,77 -0,38 -0,14 tropinone reductase, putative / tropine dehydrogenase, putative
AT4G35720 0,77 0,56 0,39 unknown protein
AT4G10090 0,78 0,42 0,48 unknown protein
AT2G31560 0,78 0,54 0,39 unknown protein
AT1G68490 0,79 @ 043 0,22 unknown protein
AT5G53120 0,81 0,53 045 (SPMS);SPERMIDINE SYNTHASE 3 (ATSPDS3)

MYROSINASE-BINDING PROTEIN-LIKE PROTEIN-470 (ATMLP-

AT3G16400 0,83 = 0,37 0,38
470);NITRILE SPECIFIER PROTEIN 1 (NSP1)

AT3G16390 0,85 0,36 0,53 NITRILE SPECIFIER PROTEIN 3 (NSP3)
AT4G22212 0,86 @ 0,12 0,02 defensin-like (DEFL) family protein

AT2G18230 0,87 043 0,38 ARABIDOPSIS THALIANA PYROPHOSPHORYLASE 2 (AtPPa2)
AT2G01021 0,88 @ 0,30 0,08 unknown protein

AT5G19110 0,88 @ 0,39 -0,09 extracellular dermal glycoprotein-related / EDGP-related

DEHYDRATION RESPONSE ELEMENT B1A (DREB1A);C-REPEAT

AT4G25480 0,89 043 0,53
BINDING FACTOR 3 (CBF3); (ATCBF3)

AT1G66270 0,91 0,16 0,16 BGLU21

AT2G38390 0,93 -0,13 -0,08 peroxidase, putative

AT4G36010 0,94 = 0,50 0,20 pathogenesis-related thaumatin family protein
AT4G22210 0,98 0,18 0,15 LOW-MOLECULAR-WEIGHT CYSTEINE-RICH 85 (LCR85)
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Tabela Suplementar 5. Continuacéo.

Sinal (Log,)
AGI CGA CG ABA Descricao
AT2G43620 1,07 0,09 0,04 chitinase, putative
AT4G19760 1,09 @ 0,12 0,06 glycosyl hydrolase family 18 protein
AT3G50970 1,83 @ 0,31 $ LOW TEMPERATURE-INDUCED 30 (LTI30); (XERO2)
AT4E20990 2,37 | -0,15 0,05 No hit — Eugene prediction

Nota: cordicepina + glicose (CG), cordicepina + ABA (CA), cordicepina + glicose + ABA (CGA).

Estabilizacdo estd representada por sinais positivos em vermelho; resposta ndo significativa pela

estatistica, em cinza. Os valores em preto da coluna CG correspondem a resposta por efeito osmético, e

por isso ndo foram considerados como responsivos a glicose. O sinal ($) indica que ndo foi possivel ser

feita a andlise estatistica. AT4E20990 corresponde a um possivel gene previsto pelo Eugene, sistema

utilizado para a constru¢do das sondas da plataforma CATMA.
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Tabela Suplementar 6. Validacio dos resultados de microarranjos pela andlise de genes responsivos a glicose e ABA por qRT-PCR.

Microarranjos  qRT-PCR Microarranjos qRT-PCR
Identificacio AGI Identificacao
CAvs Cord  CA vs Cord AGI CAvs Cord  CA ys Cord

ARP4 AT1G18450 e ] AT1G02820  AT1G02820 e

AT5G17460  AT5G17460 e ] AT1G23200  AT1G23200 e e
AT5G48430  AT5G48430 e ] AT1G26500  AT1G26500 e e
AtbZIP60 AT1G42990 e ] AT2G17880  AT2G17880 e e
AtbZIP63 AT5G28770 e e AT3G15450  AT3G15450 e e
CCOAMT  AT1G67980 e e AT5G52190  AT5G52190 e ]
CIPK6 AT4G30960 e e ATbZIP63  AT5G28770 e ]
DREBIC AT4G25470 e e ERF107 AT5G61590 e e
DREB2A AT5G05410 I e FLA16 AT2G35860 I I
GLP9 AT4G14630 B NDLI1 AT5G56750 I e
HAIl AT5G59220 I e NFU3 AT4G25910 I e
HVA22 AT4G24960 I e REV3 AT1G67500 I I
NF-YB2 AT5G47640 I I TSP8 AT1G70290 T e |
P5CS1 AT2G39800 e ]

PYL4 AT2G38310 e e

PYL5 AT5G05440 e ]

PYL6 AT2G40330 e ]

PYL7 AT4G01026 e ]

Rd20 AT2G33380 e e

SPS2F AT5G11110 e e

UPS5 AT1G26440 B e

Nota. Como os valores absolutos dos resultados de microarranjos e de qRT-PCR ndo sdo diretamente comparaveis, sdo apresentados os sentidos das
regulagdes: desestabilizacdo em verde; estabilizacdo em vermelho. Em cinza estdo apresentados os transcritos que nfo tiveram alteracdo dos niveis pela
analise por qRT-PCR. As respostas ao tratamento cordicepina + ABA (CA) e cordicepina + glicose (CG) sdo em relagdo a amostras tratadas somente com

cordicepina (Cord). Valores de qRT-PCR considerados estatisticamente significativos segundo o teste t de Student estdo denotados por um (t).
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Tabela Suplementar 7. Transcritos desestabilizados de forma pés-transcricional por glicose + ABA e que

também foram desestabilizados pelos tratamentos com glicose ou ABA.

Sinal (Log,)

AGI CGA CG CA Descricao
AT5G56750 -2,13 -2,45 -0,01 N-MYC DOWNREGULATED-LIKE 1 (NDL1)
AT1G80440 -2,02 -2,13 -0,29 kelch repeat-containing F-box family protein
AT3G15450 -1,96 -2,08 -0,23 unknown protein
AT5G49450 -1,72 -2,25 -0,02 Arabidopsis thaliana basic leucine-zipper 1 (AtbZIP1)
AT5G15350 -1,72 -0,81 -0,51 EARLY NODULIN-LIKE PROTEIN 17 (ENODL17)
AT1G76600 -1,52 -1,64 -0,33 unknown protein

REGULATOR OF THE ATPASE OF THE VACUOLAR MEMBRANE
AT1G68840 -1,49 -1,04 -0,53 (RAV2);TEMPRANILLO 2 (TEM2);ETHYLENE RESPONSE DNA
BINDING FACTOR 2 (EDF2)

AT4G36040 -147 -1,19 -0,53 DNALI heat shock N-terminal domain-containing protein (J11)
AT2G17880 -1,4 -1,63 -0,38 DNALJ heat shock protein, putative

AT2G32150 -1,39 -1,.4 0,09 haloacid dehalogenase-like hydrolase family protein
AT1G03870 -1,38 -0,59 @ -0,5 FASCICLIN-LIKE ARABINOOGALACTAN 9 (FLA9)

SENESCENCE-ASSOCIATED GENE 21 (SAG21); ARABIDOPSIS
THALIANA LATE EMBRYOGENENSIS ABUNDANT LIKE 5 (AtLEAS)
AT3G10020 -1,32 -1,38 | 0,12 unknown protein
AT5G22920 -1,28 -1,29 -0,41 zinc finger (C3HC4-type RING finger) family protein
ENDOPLASMIC RETICULUM-DENINE NUCLEOTIDE
TRANSPORTER 1 (ER-ANT1)

AT4G02380 -1,37 -1,76 -0,05

AT5G17400 -1,26 -1,58 -0,02

AT3G57450 -1,22  -0,89 [-0,25 unknown protein

AT3G15630 -1,17 -1,15 -0,38 unknown protein

AT4G27450 -1,12 -1,1 -041 unknown protein

AT5G39785 -1,12 -1,69 @ 0,12 structural constituent of ribosome

AT1G02820 -1,12 -1,29 0,28 late embryogenesis abundant 3 family protein / LEA3 family protein
AT4G32480 -1,11 -1,45 -0,22 unknown protein

AT2G20670 -1,11 -1,19 -0,06 unknown protein

AT1G67500 -1,11 -1,25 [-0,39 ARABIDOPSIS THALIANA RECOVERY PROTEIN 3 (ATREV3)
AT1G77210  -1,09 -0,95 -0,22 SUGAR TRANSPORTER 14 (STP14); (AtSTP14)
AT1G61820 -1,08 -0,9 -0,48 BETA GLUCOSIDASE 46 (BGLU46)
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Tabela Suplementar 7. Continuacéo.

Sinal (Log,)
AGI CGA CG CA Descricao
AT1G71030 -1,07 -1,07 -0,33 ARABIDOPSIS MYB-LIKE 2 (MYBL2)
AT5G26740 -1,07 -1,05 -0,09 unknown protein
AT3G62420 -1,06 -1,18 0 BASIC REGION/LEUCINE ZIPPER MOTIF 53 (ATBZIP53)
AT1G78290 -1,04 -1,26 -0,32 serine/threonine protein kinase, putative
AT1G30730 -1,03 -1,01 -0,48 FAD-binding domain-containing protein
AT5G16110 -1 -1,32 0,31 unknown protein
AT2G37750 -0,97 -1,03 -0,14 unknown protein
AT4G25910 -0,95 -1,7 0,43 NFU DOMAIN PROTEIN 3 (NFU3); (AtCNFU3)
AT4G37250 -0,95 -1,01 -0,13 leucine-rich repeat family protein / protein kinase family protein
AT5G61600 -0,94 -0,91 -0,18 ETHYLENE RESPONSE FACTOR 104 (ERF104)
AT3G52840 -0,93 -0,74 -0,3 beta-galactosidase 2 (BGAL2)
AT1G35140 -0,93 -1,4 | 0,19 PHOSPHATE-INDUCED 1 (PHI-1);EXORDIUM LIKE 7 (EXL7)
AT3G13450 -0,92 -0,8 -0,08 DIN4 (DARK INDUCIBLE 4)
AT1G12440 -0,91 -0,87 0,12 zinc finger (AN1-like) family protein
AT1G47240 -0,91 -0,77 -0,44 NRAMP METAL ION TRANSPORTER 2 (NRAMP2); (ATNRAMP2)
AT1G47655 -0,91 -0,92 0,11 Dof-type zinc finger domain-containing protein
AT4G27745 -0,91 -0,81 0,06 unknown
AT3G61190 -0,9 -1,18 -0,44 BON ASSOCIATION PROTEIN 1 (BAP1)
AT1G80920 -0,89 -1,54 0,03 J8 mRNA, nuclear gene encoding plastid protein
AT3G26740 -0,89 -1,02 -0,23 CCR-LIKE (CCL)
AT4G38470 -0,88 -0,96 -0,26 protein kinase family protein
AT1G31817 -0,86 -1,03 -0,19 NUCLEAR FUSION DEFECTIVE 3 (NFD3)
AT2G36900 -0,85 -1,01 0,3 MEMBRIN 11 (MEMBI11); (ATMEMBI11)
MERISTEM-5 (MERISB);MERISTEM 5 (MERI-5);XYLOGLUCAN
AT4G30270 -0,83 -0,92 -0,06 ENDOTRANSGLUCOSYLASE/HYDROLASE 24
(XTH24);SENESCENCE 4 (SEN4)
AT1G76990 -0,83 -0,81 -0,09 ACR3
AT1G25400 -0,82 -1,23 -0,37 unknown protein
AT1G70290 -0,82 -0,87 0,02 TREHALOSE -6-PHOSPHATASE SYNTHASE S8 (TPSS8); (ATTPSC)
ATIG27130 -0.82 -0.92 4032 ARABIDOPSIS THALIANA GLUTATHIONE S-TRANSFERASE TAU

13 (ATGSTU13);GLUTATHIONE S-TRANSFERASE 12 (GST12)
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Tabela Suplementar 7. Continuacéo.

Sinal (Log,)
AGI CGA CG CA Descricao
AT2G20130 -0,8 -0,91 046 LIKE COV 1 (LCV1)
AT2G21185 -0,79 -0,91 @ -0,01 unknown protein
AT1E61070 -0,79 -0,79 @ -0,09 EUGENE prediction
AT1G58180 -0,78 -0,75 = 0,06 BETA CARBONIC ANHYDRASE 6 (BCA6)
AT2G33990 -0,78 -0,95 @ -0,19 1Q-domain 9 (iqd9)
AT3G52060 -0,76 -0,73 $ unknown protein
AT2G20120 -0,75 -0,91 @ 0,33 CONTINUOUS VASCULAR RING (COV1)
ATIGI3260 075 -0,61 |-0.18 RELATED TO ABI3/VP1 1 (RAV1);ETHYLENE RESPONSE DNA
BINDING FACTOR 4 (EDF4)
AT4G29905 -0,75 -0,81 | -0,05 unknown protein
AT1G78460 -0,74 -1,1 | -0,1 SOUL heme-binding family protein
AT3G10113  -0,73 -0,75 @ 0,53 myb family transcription factor
AT2G36320 -0,72 -0,98 = 0,07 zinc finger (AN1-like) family protein
AT3G29240 -0,72 -0,86 @ 0,19 unknown protein
AT2G29400 071 09 | 0,05 TYPE ONE PROTEIN PHOSPHATASE 1 (TOPP1);PROTEIN
PHOSPHATASE 1 (PP1-AT)
AT3G24120 -0,71 -0,9 & 0,12 myb family transcription factor
AT4G31290 -0,71 -0,97 = 0,28 ChaC-like family protein
AT4G10160 -0,71 -0,71 = 0,04 zinc finger (C3HC4-type RING finger) family protein
AT5G61440 -0,71 -0,73 @ -0,26 ATYPICAL CYS HIS RICH THIOREDOXIN 5 (ACHTS)
AT4G19420 -0,7 -0,75 | -0,33 pectinacetylesterase family protein
AT1G67980 -1,52 -1,03 -1,15 CAFFEOYL-COA 3-O-METHYLTRANSFERASE (CCOAMT)
GLUTAMINE DUMPER3 (GDU3);LESS SUSCEPTIBLE TO BSCTV 1
AT5G57685 -1,08 -0,76  -0,8
(LSB1)
AT3Gl16150 -1,07 -0,73 -0,74 L-asparaginase, putative / L-asparagine amidohydrolase, putative
ATSGOSA40 -1,05 -103 097 PYRABACTIN RESISTANCE 1-LIKE 5 (PYL5);REGULATORY
COMPONENT OF ABA RECEPTOR 8 (RCARS)
AT5G48430 -1,001 -1,02 -1,05 aspartic-type endopeptidase
AT1G76160 -1 -0,86  -0,56 SKUS Similar 5 (sks5)
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Tabela Suplementar 7. Continuacéo.

Sinal (Log,)

AGI CGA CG CA Descricao
AT5G18290 -0,98 -0,83 -0,59 (S1P1;2);SMALL AND BASIC INTRINSIC PROTEIN 1B (SIP1b)
AT2G40330 -0,83 -0,59 -0,79 PYRI1-LIKE 6 (PYL6)
AT4G14630 -0,77 -0,93 -0,92 GERMIN-LIKE PROTEIN 9 (GLP9)
AT2G38310 -1,23  -0,46 -1,33 PYRI-LIKE 4 (PYL4)
AT4G33610 -1,23 $ -0,91 glycine-rich protein
AT1G13110 -0,96 @ -0,35 -0,77 CYTOCHROME P450, FAMILY (CYP71B7)
AT4G18197 -0,54  -0,09 -0,74 PEROXIN 17 (PEX17);PURINE PERMEASE 7 (PUP7)
AT1G58320 -0,89 -0,53 -0,72 unknown protein
AT3G44300 -0,89 @ -0,16 -0,72 NITRILASE 2 (NIT2);NITRILASE 2 (AtNIT2)
AT1G52200 -0,72 @ -047 -0,67 unknown protein
AT3G04720  -0,7 0 -0,66 PATHOGENESIS-RELATED 4 (PR4);HEVEIN-LIKE (HEL)

Nota: um corte de |0,7| log, foi aplicado para filtrar os genes diferencialmente expressos em resposta a
cordicepina + glicose + ABA e aumentar a confiabilidade da andlise. Cordicepina + glicose (CG),
cordicepina + ABA (CA), cordicepina + glicose + ABA (CGA). Desestabilizacdo estd representada por
sinais negativos em verde; estabilizacdo por sinais positivos em vermelho; resposta ndo significativa pela
estatistica, em cinza. Os valores em preto da coluna CG correspondem a resposta por efeito osmético, e
por isso ndo foram considerados como responsivos a glicose. O sinal ($) indica que ndo foi possivel ser

feita a analise estatistica.
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Tabela Suplementar 8. Transcritos estabilizados de forma pds-transcricional por glicose + ABA e que

também foram estabilizados pelos tratamentos com glicose ou ABA.

Sinal (Log;)
AGI CGA CG CA Descricao
AT3G27250 0,7 0,12 1,11 unknown protein

exostosin family protein; A. THALIANA GLYCOSYLTRANSFERASE

AT5G62220 0,7 0,36 0,57
18 (ATGT18)

AT1G52827 0,71 = 0,51 0,65 CADMIUM TOLERANCE 1 (CDT1)

AT5GO08130 0,71 | 0,34 0,58 Arabidopsis thaliana basic helix-loop-helix (bHLH) family protein (BIM1)
AT5G62130 0,72 = 0,35 0,77 Perl1-like protein-related

AT5G51160 0,72 0,6 0,56 ankyrin repeat family protein

ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 104

AT5G64530 0,72 = 0,38 0,63
(ANACI104);XYLEM NAC DOMAIN 1 (XND1)

AT1G44960 0,72 0,2 0,73 unknown

AT1G73480 0,73 = 0,36 1,2 hydrolase, alpha/beta fold family

AT4G23920 0,74 = 0,51 0,59  UDP-D-GLUCOSE/UDP-D-GALACTOSE 4-EPIMERASE 2 (UGE2)
AT5G12840 0,74 0,6 1,05 NUCLEAR FACTOR Y, SUBUNIT Al (NF-YAI)
AT3G24500 0,76 & 0,48 0,86 MULTIPROTEIN BRIDGING FACTOR 1C (MBF1C)
AT3G15670 0,76 = 042 0,85 late embryogenesis abundant protein, putative
AT4G29190 0,78 = 0,24 1,19 zinc finger (CCCH-type) family protein

AT2G15970 0,78 = 0,33 1,05 (FL3-5A3);CYCLOPHILLIN 19 (ATCYP19)
AT3G30210 0,79 | 0,03 0,63 MYB DOMAIN PROTEIN 121 (MYB121)

AT5G53590 0,79 | 049 0,75 auxin-responsive family protein

SEC14 cytosolic factor, putative / phosphoglyceride transfer protein,
AT3G24840 0,79 & 041 0,59

putative
AT1G26450 0,79 = 0,53 0,76 beta-1,3-glucanase-related
AT4G11320 0,8 0,61 0,75 cysteine proteinase, putative
AT1G52690 0,81 @ 041 1,21 late embryogenesis abundant protein, putative
AT5G52420 0,81 @ 0,38 1,19 unknown protein
AT1G79270 0,83 | 0,18 0,91 EVOLUTIONARILY CONSERVED C-TERMINAL REGION 8 (ECTS)
AT4G08455 0,84 0,65 0,93 BTB/POZ domain-containing protein
AT4G40010 0,84 0,6 0,9 SNF1-RELATED PROTEIN KINASE 2.7 (SNRK2.7)

AT2G22430 0,85 0,85 1,09 ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 6 (ATHB6)
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Tabela Suplementar 8. Continuacéo.

Sinal (Log;)
AGI CGA CG CA Descricao
AT5G22290 0,86 = 0,51 1,24 ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 89 (anac089)
AT4G34230 0,86 0,6 0,66 CINNAMYL ALCOHOL DEHYDROGENASE 5 (CAD-5)
ATSG63790 086 | 041 | 124 ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 102
(anac102)
AT1G27930 0,86 @ 0,32 0,67 unknown
ATSG20070 087 059 087 ARABIDOPSIS THALIANA NUDIX HYDROLASE HOMOLOG 19
(ATNUDX19)
AT1G77680 0,89 0,68 0,82 ribonuclease II family protein
AT2G46420 0,89 @ 0,39 0,65 unknown protein
AT1G21790 0,9 0,1 097 unknown
AT3G13620 0,91 0,73 0,66 amino acid permease family protein
ATIGTTI20 092 [2001] 1,07 ARABIDOPSIS THALIANA ALCOHOL DEHYDROGENASE
(ATADH); (ATADH1)
AT2G17840 0,92 = 0,25 0,66 EARLY-RESPONSIVE TO DEHYDRATION 7 (ERD7)
ARABIDOPSIS THALIANA GLUTATHIONE S-TRANSFERASE TAU
AT5G62480 0,95 0,71 0,92 9 (ATGSTU9);GLUTATHIONE S-TRANSFERASE 14
(GST14);GLUTATHIONE S-TRANSFERASE 14B (GST14B)
AT1G70850 0,97 = 0,51 0,87 MLP-LIKE PROTEIN 34 (MLP34)
AT2G32510 099 |08 113 MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE 17
(MAPKKK17)
AT2G23120 1 0,12 1,05 unknown
AT2G41870 1,01 = 0,39 1,21 remorin family protein
AT4GI11310 1,02 0,71 1,26 cysteine proteinase precursor-like
AT4G30470 1,02 0,71 1,03 cinnamoyl-CoA reductase-related
AT4G27410 1,05 @ 031 1,1 RESPONSIVE TO DESICCATION 26 (RD26)
AT1G07870 1,05 = 0,35 0,74 protein kinase family protein
AT1G26440 1,05 | 0,54 1,21 ARABIDOPSIS THALIANA UREIDE PERMEASE 5 (ATUPSS); (UPSS)
AT3G24520 1,06 0,74 1,14 HEAT SHOCK TRANSCRIPTION FACTOR C1 (HSFC1)
AT2G39800 1,07 02 141 DELTAI-PYRROLINE-5-CARBOXYLATE SYNTHASE 1 (P5CS1)
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Tabela Suplementar 8. Continuacéo.

Sinal (Log;)
AGI CGA CG CA Descricao
GLUTATHIONE S-TRANSFERASE 30 (GST30);GLUTATHIONE S-
TRANSFERASE TAU 17 (ATGSTU17);GLUTATHIONE S-
AT1G10370 1,08 0,1 1,1
TRANSFERASE 30B (GST30B);EARLY-RESPONSIVE TO
DEHYDRATION 9 (ERD9)
DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN 2
AT5G05410 1,09 0,75 1,52
(DREB2)
AT4G21570 1,1 042 0,81 unknown protein
AT1G51140 1,11 0,6 1,34 basic helix-loop-helix (bHLH) family protein
AT3G62260 1,12 = 0,51 1,25 protein phosphatase 2C, putative / PP2C, putative
BETA-AMYLASE 1 (BAM1);BETA-AMYLASE 7 (BMY7); (TR-
AT3G23920 1,13 = 0,52 1,03
BAMY)
AT3G29575 1,17 0,65 1,75 ABI FIVE BINDING PROTEIN 3 (AFP3)
AT1G18450 1,17 0,68 1,43 ACTIN-RELATED PROTEIN 4 (ARP4)
AT5G15960 1,17 @ 0,09 1,33 cold and ABA inducible protein kinl (KIN1)
(AHG3);ARABIDOPSIS THALIANA PROTEIN PHOSPHATASE 2CA
AT3G11410 1,17 0,77 1,58
(PP2CA)
ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 3
AT4G34000 1,18 0,73 1,43
(ABF3);DC3 PROMOTER-BINDING FACTOR 5 (DPBF5)
ATIG80110 1,18 = 048 1,48 ARABIDOPSIS THALIANA PHLOEM PROTEIN 2-B11 (ATPP2-B11)
AT1G56600 1,19 0,1 0,86 ARABIDOPSIS THALIANA GALACTINOL SYNTHASE 2 (AtGolS2)
LATE EMBRYOGENESIS ABUNDANT 14 (LEA14);LIGHT STRESS-
AT1G01470 1,2 0,41 1,24
REGULATED 3 (LSR3)
AT3G22830 1,22 = 0,34 141 HEAT SHOCK TRANSCRIPTION FACTOR A6B (HSFA6B)
AT1G16850 1,23 = 046 1,33 unknown protein
AT3G61890 1,23 = 0,35 1,68 ARABIDOPSIS THALIANA HOMEOBOX 12 (ATHB12)
AT5G40390 1,25 0,99 0,75 SEED IMBIBITION 1-LIKE (SIP1)
AT3G57010 1,3 0,85 0,74 strictosidine synthase family protein
AT5G03210 1,31 0,83 1,07 unknown protein
AT2G21130 1,31 | 0,38 1,17 peptidyl-prolyl cis-trans isomerase / cyclophilin (CYP2) / rotamase
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Tabela Suplementar 8. Continuacéo.

Sinal (Log;)
AGI CGA CG CA Descricao
AT5G17460 1,33 = 0,27 1,36 unknown protein
AT4G25670 1,34 = 0,53 1,04 unknown protein
AT1G18980 1,44 0,72 1,54 germin-like protein, putative
AT3G03341 1,51 0,65 1,61 unknown protein
AT5G43150 1,56 0,93 1,27 unknown protein
AT2G46680 1,57 0,89 1,85 ARABIDOPSIS THALIANA HOMEOBOX 7 (ATHB7)
AT4G12550 1,6 =~ 049 0,93 AUXIN-INDUCED IN ROOT CULTURES 1 (AIR1)
AT5G59220 1,81 1,5 2,38 HIGHLY ABA-INDUCED PP2C GENE 1 (HAI1)
AT4G12545 1,81 @ 0,52 0,84 protease inhibitor/seed storage/lipid transfer protein (LTP) family
AT5G47640 1,87 1,23 2,16 NUCLEAR FACTOR Y, SUBUNIT B2 (NF-YB2)
AT1G56170 1,89 = 0,55 1,71 NUCLEAR FACTOR Y, SUBUNIT C2 (NF-YC2); (HAP5B)
AT1G78070 1,94 1,4 1,93 unknown
AT2GATTIO 2,12 $ 281 ARABIDOPSIS THALIANA TSPO (OUTER MEMBRANE
TRYPTOPHAN-RICH SENSORY PROTEIN)-RELATED (ATTSPO)
LOW TEMPERATURE INDUCED 29 (LTI129);LOW TEMPERATURE
AT1G20450 2,17 1,1 241 INDUCED 45 (LTI45);EARLY RESPONSIVE TO DEHYDRATION 10
(ERD10)
AT4G22610 2,34 1,16 0,73 protease inhibitor/seed storage/lipid transfer protein (LTP) family
AT3G02230 0,82 0,91 @ 0,19 REVERSIBLY GLYCOSYLATED POLYPEPTIDE 1 (RGP1)
ATIGEESSO 083 096 | 042 ERF (ethylene response factor) subfamily B-6 of ERF/AP2 transcription
factor family
AT2G35860 073 109 | 013 FASCICLIN-LIKE ARABINOGALACTAN PROTEIN 16 PRECURSOR

(FLA16)

Nota: um corte de |0,7| log, foi aplicado para filtrar os genes diferencialmente expressos em resposta a

cordicepina + glicose + ABA e aumentar a confiabilidade da andlise. Cordicepina + glicose (CG),

cordicepina + ABA (CA), cordicepina + glicose + ABA (CGA). Estabilizacao estd representada por sinais

positivos em vermelho; resposta nao significativa pela estatistica, em cinza. Os valores em preto da coluna

CG correspondem a resposta por efeito osmoético, e por isso ndo foram considerados como responsivos a

glicose. O sinal ($) indica que ndo foi possivel ser feita a andlise estatistica.
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Tabela Suplementar 9. Comparacdo dos transcritos que apresentaram resposta pds-transcricional a

glicose ou ABA com as respostas observadas em condi¢des de estresses a seca, frio e alta salinidade.

Regulacio pés-transcricional por ABA / Regulacio pés-transcricional por glicose /
Adaptacio a estresse Adaptacio a estresse
Mesmo sentido  Resposta oposta Mesmo sentido  Resposta oposta

Estresse +/+ -/- +/- -1+ Total +/+ -/- +/- -1+ Total
Frio 2h 10 0 0 3 13 1 0 0 27 28
Frio 10h 31 2 10 9 52 0 3 1 24 28
Seca 2h 100 2 2 0 104 3 1 5 37 46
Seca 10h 132 9 7 1 149 5 10 7 44 66
NaCl 2h 104 6 2 2 114 3 2 5 56 66
NaCl 10h 128 10 10 4 152 3 4 13 84 104

Nota. Cada coluna mostra as comparacgdes entre os transcritos regulados de forma pds-transcricional com
relacdo aos identificados por Matsui et al. (2008), respectivamente. O sinal (+) representa estabilizacdo
pos-transcricional ou indu¢do em condi¢cdes normais de transcricdo, enquanto (-) representa

desestabilizacdo  pOs-transcricional ou repressio em condigdes normais de transcrigdo.
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Tabela Suplementar 10. Fatores de transcrigdo regulados de forma pds-transcricional por glicose.

Sinal (log2)
AGI Simbolo Familia CGos CGAs
Cord Cord
AT1G75490 DREB2D AP2-EREBP -0,86 -0,49
AT5G61600 ERF104 AP2-EREBP -0,91 -0,94
AT5G61590 ERF107 AP2-EREBP -1,68 -1,87
AT1G68550 ERF118 AP2-EREBP 0,96 0,83
AT5G47220 ERF2, ATERF2 AP2-EREBP -0,65 -0,59
AT1G13260 RAV1, EDF4 AP2-EREBP -0,61 -0,75
AT1G68840 RAV2,RAP2.8, TEM2, EDF2 AP2-EREBP -1,04 -1,49
AT2G21240  BPC4, BBR/BPC4, ATBPC4 BBR/BPC -0,61 -0,51
AT3G19860 bLHL121 bHLH -0,71 -0,63
AT5G49450* ATBZIP1 bZIP -2,25 -1,72
AT5G24800 ATBZIP9, BZO2H2 bZIP -1,13 -0,50
AT3G62420 ATBZIP53 bZIP -1,18 -1,06
AT5G28770* ATBZIP63, BZO2H3 bZIP -1,44 -1,19
AT3G21890 - C2C2(Zn)-CO-like 1,01 1,92
AT3G07650 COL9 C2C2(Zn)-CO-like -0,86 -0,59
AT1G47655 DOF1.6 C2C2(Zn)-Dof -0,92 -0,91
AT3G55980 SZF1, ATSZF1 C3H-type 1(Zn) -0,58 -0,67
AT3G24120 - GARP-G2-like -0,90 -0,71
AT3G10113 - Myb -0,75 -0,73
AT1G71030* MYBL2, ATMYBL2 Myb -1,07 -1,07
AT5G17300* RVE1 Myb -0,69 -
AT5G13080 ATWRKY75, WRKY75 WRKY -0,66 -
AT3G48360 BT2 TAZ -0,99 -1,47

Nota: a expressao dos tratamentos cordicepina + glicose (CG) e cordicepina + glicose + ABA (CGA) sdo
em relagdo a amostras tratadas somente com cordicepina (Cord). A classificacdo foi feita com base no
banco de dados do TAIR, Gene Ontology e segundo Mitsuda & Ohme-Takagi (2009). Estabilizacio estd
representada com valores positivos em vermelho, desestabilizacdo por valores negativos em verde, e nio-
responsivo pelo sinal (-). Os fatores de transcricio marcados com asterisco sdo alvos de regulacdo por

KIN10.
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Tabela Suplementar 11. Fatores de transcrigcdo regulados de forma pds-transcricional por ABA.

Sinal (log2)
AGI Simbolo Familia CA vs Cord CGA vs Cord
AT3G61630 CRF6 AP2-EREBP 0,57 -
AT4G25490 DREBI1B, CBF1 AP2-EREBP 0,76 -
AT4G25470 DREBIC, CBF2, FTQ4 AP2-EREBP 0,91 -
AT5G51990 DREBI1D, CBF4 AP2-EREBP 1,44 0,69
AT5G05410 DREB2A AP2-EREBP 1,52 1,09
AT3G11020 DREB2B AP2-EREBP 0,72 -
AT4G36900 ERF009, RAP2.10 AP2-EREBP 0,76 0,57
AT5G61590 ERF107 AP2-EREBP -0,68 -1,87
AT1G51140 bHLH122 bHLH 1,34 1,11
AT5G08130 BIM1, bHLH046 bHLH 0,58 0,71
AT4G34000 ATBZIP37, ABF3, DPBF5 bZIP 1,43 1,18
AT3G19290* ATBZIP38, AREB2, ABF4 bZIP 0,72 -
AT4G01120* ATBZIP54, GBF2 bZIP 1,28 -
AT1G42990 AtBZIP60 bZIP 0,57 0,58
AT5G28770* ATBZIP63, BZO2H3 bZIP -0,64 -1,19
AT3G21890 - C2C2(Zn)-Dof 1,00 1,92
AT5G60850 OBP4, AtDof5. 4 C2C2(Zn)-Dof 0,76 -
AT3G19580* AZF2 C2H2(Zn) 0,75 -
AT4G29190 - C3H-type 1(Zn) 1,19 0,78
AT3G61890* ATHB-12 Homeobox 1,68 1,23
AT4G40060 ATHB-16 Homeobox 0,59 -
AT2G22430 ATHB-6 Homeobox 1,09 0,85
AT2G46680 ATHB-7 Homeobox 1,85 1,57
AT3G22830 HSFAG6b, AT-HSFA6B HSF 1,41 1,22
AT3G24520 HSFC1, AT-HSFC1 HSF 1,14 1,06
AT3G24500 MBFI1C, ATMBFI1C MBF1 0,86 0,76
AT3G30210 MYBI121 MYB 0,63 0,79
AT1G22640 MYB3 MYB 0,64 -
AT5G67300 MYB44, ATMYBRI MYB 0,71 —
AT1G77450 ANACO032 NAC 1,70 0,63
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Tabela Suplementar 11. Continuagéo.

Sinal (log2)

AGI Simbolo Familia CAvs Cord CGA vs Cord
AT5G22290 ANACO089 NAC 1,00 0,86
AT5G63790 ANACI102 NAC 1,24 0,86
AT5G64530 ANAC104, XND1 NAC 0,63 0,72
AT4G27410 RD26, ANACO072 NAC 1,10 1,05
AT5G12840 NF-YA1, ATHAP2A, HAP2A NFYA/HAP2 1,05 0,74
AT1G30500 NFYA7 NFYA/HAP2 0,55 -
AT5G47640 NF-YB2, HAP3b NFYB/HAP3 2,16 1,87
AT1G56170 NF-YC2, ATHAPSB, HAP5B NFYC/HAPS 1,71 1,89

Nota: a expressao dos tratamentos cordicepina + ABA (CA) e cordicepina + glicose + ABA (CGA) sao
em relacdo a amostras tratadas somente com cordicepina (Cord). A classificacdo foi feita com base no
banco de dados do TAIR, Gene Ontology e segundo Mitsuda & Ohme-Takagi (2009). Estabilizacio estd
representada com valores positivos em vermelho, desestabilizacdo por valores negativos em verde, e ndo-
responsivo pelo sinal (-). Os fatores de transcri¢do marcados com asterisco sdo alvos de regulacdo por

KIN10.
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Tabela Suplementar 12. Fatores de transcri¢do regulados de forma pds-transcricional exclusivamente por

glicose + ABA.
Sinal (log2)
AGI Simbolo Familia CGA vs Cord
AT4G25480 DREBI1A, ERF072, CBF3 AP2-EREBP 0,89
AT5G47230 ERFS5, ERF102 AP2-EREBP -0,53
AT3G50260 ERF011, CEJ1, DEARI1 AP2-EREBP 0,51
AT5G43700 TIAA4, ATAUX2-11 AUX-TIAA -0,83
AT2G18160 ATBZIP2, GBF5 bZIP -0,74
AT5G62430 CDF1, AtDof5,5 C2C2(Zn)-Dof 0,58
AT1G75540 STH2 C2C2-CO-like -0,58
AT3G54810 GATAS8, BME3, BME3-ZF C2C2-GATA (Zn) -0,51
AT3G60530 GATA4 C2C2-Gata(Zn) -0,60
AT2G40140 ATSZF2, CZF1, ZFAR1 C3H-type 1(Zn) -0,62
AT2G40970 MYBCl1 GARP-G2-like -0,68
AT1G07530 SCL14, ATGRAS2 GRAS -0,53
AT4G35550 HB-4, WOX13 Homeobox 0,67
AT5G08520 - MYB -0,57
AT5G59780 MYB59 MYB -0,52
AT5G07680 ANACO079, ATNAC4, ANACO080 NAC 0,55

Nota: a expressdo dos tratamentos cordicepina + glicose + ABA (CGA) € em relacdio a amostras tratadas
somente com cordicepina (Cord). A classificagdo foi feita com base no banco de dados do TAIR, Gene
Ontology e segundo Mitsuda & Ohme-Takagi (2009). Estabilizacdo estd representada com valores

positivos em vermelho, desestabilizag@o por valores negativos em verde.
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Tabela Suplementar 13. Transcritos que apresentaram regulacio pds-transcricional por glicose e que sido
alvos da regulag@o por KIN10. Como os microarranjos sdo de plataformas diferentes, foram comparados

somente os sentidos das regulagdes.

AGI Descricao CGvs Cord KIN10
AT5G49450 bZIP family transcription factor AtbZIP1 - +
AT1G80440 kelch repeat-containing F-box family protein - +
AT3G15450 unknown protein - +
AT2G17880 DNALJ heat shock protein, putative - +
AT1G80920 J8; heat shock protein binding / unfolded protein binding - +
ATSGI8770 BZO0O2H3 (basic leucine zipper O2 homolog 3); DNA binding / ~ .

transcription factor
AT1G35140 PHI-1 (PHOSPHATE-INDUCED 1) - +
AT2G32150 haloacid dehalogenase-like hydrolase family protein - +
AT3G10020 unknown protein - +
AT5G22920 zinc finger (C3HC4-type RING finger) family protein - +
AT1G78290 serine/threonine protein kinase, putative - +
AT5G56100 glycine-rich protein / oleosin - +
AT2G39570 ACT domain-containing protein - +
AT1G25400 unknown protein - +
AT2G20670 unknown protein - +
AT3G15630 unknown protein - +
AT4G27450 unknown protein - +
AT1G78460 SOUL heme-binding family protein - +
AT1G71030 ATMYBL2 (Arabidopsis myb-like 2); DNA binding / ~ .\
transcription factor
AT5G18670 BMY3 (beta-amylase 3); beta-amylase - +
AT1G03850 glutaredoxin family protein - +
AT3G26740 CCL (CCR-LIKE) - +
AT5G42900 unknown protein - +
AT4G38470 protein kinase family protein - +
AT3G07310 unknown protein - +
AT1G77210 sugar transporter, putative - +
AT3G15620 UVR3 (UV REPAIR DEFECTIVE 4) - +
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Tabela Suplementar 13. Continuagéo.

AGI Descricao CGvs Cord KIN10
AT3G30775 ERDS (EARLY RESPONSIVE TO DEHYDRATION 5, ~ .
PROLINE OXIDASE); proline dehydrogenase
AT4G30270 MERISB (MERISTEM-5); hydrolase, acting on glycosyl bonds - +
AT1G61820 BGLUA46; hydrolase, hydrolyzing O-glycosyl compounds - +
AT1G70290 ATTPSS (Arabidopsis thaliana trehalose phosphatase/synthase ~ .\
8); transferase, transferring glycosyl groups
AT3G29240 unknown protein - +
AT2G34070 unknown protein - -
AT3G13450 DIN4 (DARK INDUCIBLE 4) - +
AT4G35770 SEN1 (DARK INDUCIBLE 1) - +
AT1G10140 unknown protein - +
AT1G70820 phosphoglucomutase, putative / glucose phosphomutase, putative - +
AT1G58180 carbonate dehydratase/ zinc ion binding - +
AT4G19420 pectinacetylesterase family protein - +
AT4G16520 ATGSF (AUTOPHAGY 8F); microtubule binding - +
AT3G52060 unknown protein - +
AT2G24550 unknown protein - +
AT3G47160 protein binding / zinc ion binding - +
AT5G17300 myb family transcription factor - +
AT4G28270 zinc finger (C3HC4-type RING finger) family protein - +
AT1G56220 dormancy/auxin associated family protein - +
AT2G38210 ethylene-responsive protein, putative - +
AT5G24165 unknown protein - +
AT1G42550 PMI1 (PLASTID MOVEMENT IMPAIRED1) - +
AT2G39400 hydrolase, alpha/beta fold family protein - +
AT1G05340 unknown protein - +
AT1G03610 unknown protein - +
ATAG35630 PSAT (phosphoserine aminotransferase); phosphoserine .\ ~

transaminase

Nota: a express@o dos tratamentos cordicepina + glicose (CG) é em relacdo a amostras tratadas somente
com cordicepina (Cord). O sentido da resposta aos tratamentos estd representado como: desestabilizacao

(-); estabilizacio (+).
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Tabela Suplementar 14. Quinases reguladas de forma pés-transcricional por glicose.

Sinal (log2)
AGI Descricao CAvs Cord CGA vs Cord
At3g17510 SnRK3.16, CIPK1 -1,27 -0,65
At2g07180* protein kinase, putative -0,91 -0,64
At4g37250% protein kinase family protein -1,01 -0,95
At1g78290 SNRK?2.8, SRK2C -1,26 -1,04
At4g38470%* protein kinase family protein -0,96 -0,88
At5g59440* ATTMPK.1, ATTMPK.2, ZEUSI -1,01 -0,59

Nota: a expressao dos tratamentos cordicepina + glicose (CG) e cordicepina + glicose + ABA (CGA) sdo
em relacdo a amostras tratadas somente com cordicepina (Cord). A descricdo foi feita com base no banco
de dados do TAIR. Desestabilizacdo estd representada por valores negativos em verde. Estdo marcadas
por um asterisco as quinases que apresentaram resposta a ao menos uma das condicdes de estresse (ABA,

frio, seca ou estresse salino) analisadas por Matsui et al. (2008).

Tabela Suplementar 15. Quinases reguladas de forma pés-transcricional por ABA.

Sinal (log2)
AGI Descricao CAvs Cord CGA vs Cord
At1g65250 protein kinase family protein -0,54 -
A2g30360* CIPK11, PKSS5, SNRK3.22, SIP4 (SOS3-INTERACTING 0,54 0,52
PROTEIN 4)
At4g23050%* protein kinase, putative 0,58 -
Atlg07870* protein kinase family protein 0,74 1,05
At4g18700* ATWLA4, SnRK3.9, WL4, CIPK12 0,83 -
At4g40010* SRK2F, SNRK2.7 0,90 0,84
At2g32510* MAPKKK17 1,13 0,99
At4g30960* CIPK6, SNRK3.14, SIP3 (SOS3-INTERACTING PROTEIN 3) 1,17 0,66

Nota: a expressdo dos tratamentos cordicepina + ABA (CA) e cordicepina + glicose + ABA (CGA) sdo
em relacdo a amostras tratadas somente com cordicepina (Cord). A descricdo foi feita com base no banco
de dados do TAIR. Estabilizacdo estd representada por valores positivos em vermelho, desestabilizacdo
por valores negativos em verde, e ndo-responsivo pelo sinal (). Estdo marcadas por um asterisco as
quinases que apresentaram resposta a ao menos uma das condicdes de estresse (ABA, frio, seca ou

estresse salino) analisadas por Matsui et al. (2008).
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Tabela Suplementar 16.

ABA.

Quinases reguladas de forma pés-transcricional exclusivamente por glicose +

Sinal (log2)
AGI Descricao CGA vs Cord
At1g48480* RKL1 -0,78
Atl1g53730* SRF6 (STRUBBELIG-RECEPTOR FAMILY 6) -0,63
At2g02800 APK2B (PROTEIN KINASE 2B) -0,52
At4g08920* ATCRY1, BLU1, HY4, OOP2, CRY1 (CRYPTOCHROME 1) -0,50
ATCIPK 14, CIPK14, SnRK3.15, ATSR1 (ARABIDOPSIS
At5g01820%* 0,51
THALIANA SERINE/THREONINE PROTEIN KINASE 1)
At5g14640* ATSK13, SK13 (SHAGGY-LIKE KINASE 13) 0,55
ATSR2, ATSRPK1, PKS7, SnRK3.10, CIPK7 (CBL-
At3g23000%* 0,62
INTERACTING PROTEIN KINASE 7)
At5g10930*  SnRK3.24, CIPKS5 (CBL-INTERACTING PROTEIN KINASE 5) 0,66

Nota: a expressdo dos tratamentos cordicepina + glicose + ABA (CGA) é em relacdo a amostras tratadas

somente com cordicepina (Cord). A descricdo foi feita com base no banco de dados do TAIR.

Estabilizacdo estd representada por valores positivos em vermelho, desestabilizacdo por valores negativos

em verde. Estdo marcadas por um asterisco as quinases que apresentaram resposta a ao menos uma das

condi¢des de estresse (ABA, frio, seca ou estresse salino) analisadas por Matsui et al. (2008).
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Tabela Suplementar 17. Genes responsivos de forma pés-transcricional a glicose e que sdo descritos como relacionados a sintese,

degradacdo, transducdo do sinal ou resposta a ativagdo por hormonios segundo a anélise por ontologia.

AGI

Sinal (log2)

Descricao

Processo Biologico

Funcio

AT3G15450

AT5G61590

AT3G17510

AT3G61190

AT4G27450

AT1G71030

AT1G03850

AT4G30270

AT5G61600

-2,08

-1,68

-1,27

-1,18

-1,07

-1,02

-0,92

-0,91

unknown protein

EREF (ethylene response factor) subfamily B-3 of
ERF/AP2 transcription factor family
CBL-INTERACTING PROTEIN KINASE 1
(CIPK1);SNF1-RELATED PROTEIN KINASE
3.16 (SnRK3.16)

BON ASSOCIATION PROTEIN 1 (BAP1)

unknown protein

ARABIDOPSIS MYB-LIKE 2 (MYBL2)

glutaredoxin family protein
MERISTEM 5 (MERI-5); XYLOGLUCAN
ENDOTRANSGLUCOSYLASE/HYDROLASE 24
(XTH24);SENESCENCE 4 (SEN4)
ETHYLENE RESPONSE FACTOR 104 (ERF104)

98

Auxin induced-regulated-

responsive-activated

Ethylene signal transduction

response to abscisic acid stimulus

response to salicylic acid stimulus
Auxin induced-regulated-
responsive-activated
response to abscisic acid stimulus;
response to ethylene stimulus;
response to salicylic acid stimulus;
response to gibberellin stimulus;
response to jasmonic acid stimulus
response to cytokinin stimulus
response to brassinosteroid
stimulus; gibberellic acid mediated
signaling pathway

Ethylene signal transduction

unknown protein

transcription factor activity

kinase activity, protein binding

protein binding, phospholipid binding

unknown protein

transcription factor activity, DNA

binding

electron carrier activity
xyloglucan:xyloglucosyl transferase
activity, hydrolase activity, acting on
glycosyl bonds

transcription regulator activity



Tabela Suplementar 17. Continuagéo.

AGI Sinal (log2) Descricao Processo Biolégico Funcao
transcription regulator activity, protein
AT5G63160 -0,91 BTB AND TAZ DOMAIN PROTEIN 1 (btl) response to auxin stimulus bindi
inding
AT2G20120 -0,91 COV1 (CONTINUOUS VASCULAR RING) auxin mediated signaling pathway -
o ) ] phosphoric ester hydrolase activity,
phosphatidic acid phosphatase family protein / o ) )
AT3G58490 -0,87 response to abscisic acid stimulus  sphingosine-1-phosphate phosphatase
PAP2 family protein
activity
AT1G20925 -0,85 auxin efflux carrier family protein auxin polar transport auxin:hydrogen symporter activity
gibberellic acid mediated signaling ~ GTPase activity, GTP binding,
ARABIDOPSIS THALIANA G PROTEIN
AT2G26300 -0,83 pathway; abscisic acid mediated signal transducer activity,
ALPHA SUBUNIT 1 (ATGPA1)
signaling pathway GTPase inhibitor activity,
SENESCENCE 1 (SEN1);DARK INDUCIBLE 1
AT4G35770 -0,79 response to jasmonic acid stimulus; unknown
(DIN1)
REGULATORY COMPONENTS OF ABA
AT5G53160 -0,71 response to abscisic acid stimulus unknown
RECEPTOR 3 (RCAR3);PYRI-LIKE 8 (PYLS)
transcription factor activity,
AT5G17300 -0,69 REVEILLE 1 (RVEI) auxin mediated signaling pathway
DNA binding
transcription factor activity,
ETHYLENE RESPONSIVE ELEMENT
AT5G47220 -0,65 ethylene mediated signaling pathway  transcription activator activity,
BINDING FACTOR 2 (ERF2)
DNA binding
AT2G38210 -0,63 PUTATIVE PDX1-LIKE PROTEIN 4 (PDX1L4) response to ethylene stimulus -
transcription factor activity,
RELATED TO ABI3/VP1 1 (RAV1);ETHYLENE
AT1G13260 -0,61 response to brassinosteroid stimulus DNA binding, transcription
RESPONSE DNA BINDING FACTOR 4 (EDF4)
repressor activity
AT4G24960 1,38 HVA22 HOMOLOGUE D (HVA22D) response to abscisic acid stimulus unknown

Nota: Andlise de ontologia foi realizada com o Classification SuperViewer , MapMan e de acordo com o banco de dados do TAIR.
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Tabela Suplementar 18. Genes responsivos de forma pds-transcricional 2 ABA e que sdo descritos como relacionados a sintese,

degradacao, transdu¢do do sinal ou resposta a ativagao por hormonios segundo a andlise por ontologia.

AGI

Sinal (log2)

Descricao

Processo Biolégico

Funcao

AT3G44300

AT5G61590

AT3G04720

AT1G03850

AT2G33380

AT5G08130

AT1G53130

AT2G22240

AT1G22640

AT4G20880

AT5G67300

-0,72

-0,68

-0,66

-0,55

0,57

0,58

0,60

0,63

0,64

0,68

0,71

ERF/AP2 transcription factor family

LIKE (HEL)

glutaredoxin family protein

RESPONSIVE TO DESSICATION 20

(RD20);CALEOSIN 3 (CLO-3)

basic helix-loop-helix (bHLH) (BIM1)

GRIM REAPER (GRI)

(MIPS2)

MYB-type transcription factor (MYB3)

(MYB44)

NIT?2 (nitrilase 2); indole-3-acetonitrile nitrilase

EREF (ethylene response factor) subfamily B-3 of

PATHOGENESIS-RELATED 4 (PR4);HEVEIN-

MYO-INOSITOL-1-PHOSTPATE SYNTHASE 2

ethylene-responsive nuclear protein (ERT2)

MYB DOMAIN PROTEIN R1 (MYBR1);

100

Auxin synthesis-degradation

Ethylene signal transduction

response to ethylene stimulus
response to cytokinin stimulus
response to salicylic acid stimulus

brassinosteroid mediated signaling
pathway
salicylic acid mediated signaling
pathway; jasmonic acid mediated

signaling pathway
response to auxin stimulus

response to salicylic acid stimulus
Ethylene induced-regulated-
responsive-activated
response to salicylic acid stimulus;
response to ethylene stimulus;
response to gibberellin stimulus;
response to jasmonic acid stimulus;

response to auxin stimulus

nitrilase activity

transcription factor activity

chitin binding

electron carrier activity
lipoxygenase activity, calcium ion
binding
transcription factor activity, DNA

binding

inositol-3-phosphate synthase
activity

transcription factor activity

transcription factor activity, DNA

binding



Tabela Suplementar 18. Continuagéo.

AGI Sinal (log2) Descricao Processo Bioldogico Funcao
transcription factor activity, DNA
AT3G19290 0,72 AREB2, ABF4 (ABRE BINDING FACTOR 4) abscisic acid.signal transduction bindi
inding
AT5G62490 0,73 ATHVA22B, HVA22B | ATHVA22B response to abscisic acid stimulus unknown
AT5G53590 0,75 auxin-responsive family protein response to auxin stimulus unknown
transcription coactivator activity,
MULTIPROTEIN BRIDGING FACTOR 1C ethylene mediated signaling
AT3G24500 0,86 transcription factor activity, DNA
(MBFIC) pathway;
binding
AUXIN-INDUCED IN ROOT CULTURES 1
AT4G12550 0,93 response to auxin stimulus lipid binding
(AIR1)
SOS3-INTERACTING PROTEIN 3 (SIP3);SNF1-
RELATED PROTEIN KINASE 3.14
AT4G30960 1,17 basipetal auxin transport kinase activity
(SNRK3.14);CBL-INTERACTING PROTEIN
KINASE 6 (ATCIPK6)
abscisic acid induced-regulated-
AT5G15960 1,33 cold and ABA inducible protein kinl (KINT1) unknown
responsive-activated
DPBF5, ABF3 (ABSCISIC ACID RESPONSIVE transcription factor activity, DNA
AT4G34000 1,43 abscisic acid signal transduction
ELEMENTS-BINDING FACTOR 3) binding
AT4G24960 2,18 HVA22 HOMOLOGUE D (HVA22D) response to abscisic acid stimulus unknown
abscisic acid induced-regulated-
AT5G59220 2,38 HIGHLY ABA-INDUCED PP2C GENE 1 (HAI1) Hydrolase activity
responsive-activated
abscisic acid induced-regulated-
AT2G47770 2,81 ARABIDOPSIS THALIANA TSPO-RELATED -

responsive-activated

Nota: Andlise de ontologia foi realizada com o Classification SuperViewer (banco de dados do TAIR de Janeiro de 2010); as descrigdes

foram obtidas no banco de dados do TAIR.
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Tabela Suplementar 19. Genes com regulagdo pds-transcricional por ABA e que se apresentam diferencialmente expressos em mutantes

relacionados a via de sinalizagdo do ABA. A coluna CATMA mostra o valor da expressdo obtida nos microarranjos (log2). inducio estd

representada por (U), repressdo por (D), diferenga ndo significativa por (-), dado ndo disponivel por (nd). Expressdo de um mesmo mutante

analisada em mais de uma condi¢do estd separada por barras. A nota abaixo detalhada as comparacdes nos experimentos. Os 13 genes da via

central de percep¢do ao ABA estdo destacados: PYR/PYL/RCAR (azul), PP2C (roxo) e SnRK?2 ( ).
PP2Cs SnRKs FTs
Lietal. srk2c/f ¢ . srk2d/eli ® . arebl/areb2/abf3’
AGI GO Function CATMA* (2006)® ahgl-1¢ ahg3-1¢ abil-1° Seca/ ABA srk2d/efi’  Seca/ABA/NaCl/ abi4-102 Dry/ NaCl/ ABA
vs arebl/areb2/abf3
AT2G41870 DNA or RNA binding 1,21 U - - -/- -/- U - -/-1-
AT1G07430 hydrolase activ. 0,60 U U U -/- -/- D D/D/D/D - -/-1-
AT1G23200 hydrolase activ. 1,87 U - - D/- -/- - -/-1-1- - -/-/-
ATI1G54010 hydrolase activ. -0,66 - D - -/U -/- - -/-1-1- U -/-/-
AT1G72770 hydrolase activ. 0,57 U - - -/- -/- - D/D/D/- - -/-/-
AT1G73480 hydrolase activ. 1,20 U - - -/D -/- U -/-1-1- - -/-/-
AT1G78680 hydrolase activ. 0,59 - D D u/- -/- - -/-1-1- - -/-/-
AT2G45600 hydrolase activ. 0,58 - - - nd/ - -/- D -/-1-1- - -/-/-
AT3G11410 hydrolase activ. 1,58 U - - -/- -/- D D/D/D/- - D/D/-
AT3G14067 hydrolase activ. 0,62 U D - -/- -/- - -/-/-1- - -/-1-
AT3G16150 hydrolase activ. -0,74 - - U -/- -/- - -/-/-1- - -/-1-
AT3G17790 hydrolase activ. 0,65 U - - -/U -/- - -/-/-1- U -/-1-
AT3G62260 hydrolase activ. 1,25 U - - -/U -/- - -/-/-1- - -/-1-
AT4G11310 hydrolase activ. 1,26 D D D -/- -/- D -/-1-1- - -/-/-
AT4G11320 hydrolase activ. 0,75 - D D -/- -/- D -/-1-1- - -/-/-
AT5G04250 hydrolase activ. 1,08 U U - -/- -/- - EVEYE - -/-/-
AT5G18670 hydrolase activ. 0,64 - - - D/- -/- - -/-1-1- D -/-/-
AT5G20070 hydrolase activ. 0,87 - - - D/- -/- D -/-/-1- - -/-1-
AT5G23220 hydrolase activ. 0,54 - D - -/- -/- U -/-/-/D - -/-1-
AT5G59220 hydrolase activ. 2,38 U - D -/- -/- - D/D/D/- - D/D/-
AT1G07870 kinase activ. 0,74 U - - -/- -/- U -/-/-]- - -/-1/-
AT1G65250 kinase activ. -0,54 - - - -/- -/- - -/-/-1- D -/-1/-
AT2G30360 kinase activ. 0,54 U D - -/- -/- - -/-1-1- - -/-1/-
AT2G32510 kinase activ. 1,13 U - - -/- -/- - -/-/-/D - -/-1/-
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Tabela Suplementar 19. Continuagéo.

PP2Cs SnRKs FTs
Lietal. srk2c/f ¢ srk2d/eli ® . arebl/areb2/abf3’
AGI GO Function CATMA* (2006)® ahgl-1° ahg3-1¢ abil-1° Seca/ ABA srk2d/efi®  Seca/ABA /NaCl/ abi4-102 Dry / NaCl/ ABA
vs arebl/areb2/abf3

AT4G30960 kinase activ. 1,17 U D - -/- -/- - -/-/-]- - -/-1/-

0,90 U D - -/- D/D U -/-1-1- U -/-1-
AT1G13110 other binding -0,77 - - - -/- -/- U EYEVE - -/-1-
AT1G18980 other binding 1,54 - - D -/D -/- - -/-1-1- - -/-1-
AT1G76180 other binding 0,73 U D D -/- -/- U -/-/-/D - -/-1-
AT1G80110 other binding 1,48 U - - -/- -/- U -/-/-1- - -/-1-
AT2G33380 other binding 0,57 U D D u/- -/- - D/D/D/D - D/D/D
AT2G47770 other binding 2,81 U U - -/D D/- - D/D/D/D D -/-1-
AT3G04720 other binding -0,66 - D D -/- -/- D -/-/-1- - -/-1-
AT3G22600 other binding 1,20 U D D -/D -/- U -/-1-1- - -/-1-
AT3G53980 other binding 0,55 - D D -/- -/- U -/-1-1- - -/-/-
AT4G22610 other binding 0,73 - - - u/- -/- - -/-1-1- - -/-/-
AT5G03380 other binding -0,54 - - - -/- -/- D -/-1-1- - -/-/-
AT5G17450 other binding 0,88 - - - -/- -/- U -/-1-1- - -/-/-
AT5G47610 other binding 0,55 - - - -/- -/- D -/-1-1- - -/-/-
AT5G52190 other binding 0,69 - - - -/- -/- D -/-/-1- - -/-1-
AT1G76160  other enzyme activ. -0,56 - - - U/U -/- U -/-/-]- - -/-/-
AT1G77120  other enzyme activ. 1,07 U U - -/- -/- - -/-1-1- - -/-/-
AT2G21130  other enzyme activ. 1,17 U U - -/- -/- - -/-1-1- nd -/-/-
AT2G39800  other enzyme activ. 1,41 - D D -/- -/- U -/-1-1- - -/-/-
AT3G57010  other enzyme activ. 0,74 U - - -/- D/- D -/-/-/D - -/-1/-
ATA4G25100  other enzyme activ. -0,64 - D D U/- -/- U -/-/-]- - -/-/-
ATA4G30470  other enzyme activ. 1,03 U - - U/D -/- - -/-/-]- - -/-/-
ATAG34230  other enzyme activ. 0,66 U D - -/U -/- - -/-/-]- - -/-/-
AT5G38430  other enzyme activ. -1,33 - D - D/U -/- U -/-/-1- - -/-1-
AT5G62220  other enzyme activ. 0,57 U - D D/- -/- D -/-1-1- - -/-/-
AT1G03850 other mol. func. -0,55 - - - -/U -/- U -/-1-1- D -/-/-
AT2G43510 other mol. func. -0,61 - - - u/- -/- D -/-1-1- D -/-/-
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Tabela Suplementar 19. Continuagéo.

PP2Cs SnRKs FTs
Lietal. , srk2c/f ¢ . srk2d/eli ® . arebl/areb2/abf3’
AGI GO Function CATMA* ahgl-1° ahg3-1° abil-1 srk2d/eli abi4-102
ey 1" o o sl A8 Tt
AT4G27140 other mol. func. 0,59 - U U -/- -/- - -/-1-1- - -/-/-
AT1G13740 protein binding 0,57 U U - -/ - -/- - EYEYE - -/-1-
AT1G20450 protein binding 2,41 U D D -/ - -/- U -/-/-1D - -/-1-
AT1G27930 protein binding 0,67 - - - -/ - -/- U EYEYE - -/-/-
AT2G22240 protein binding 0,63 U U - -/D -/- D -/-1-1- - -/-/-
AT2G40330 protein binding -0,79 D - - -/ - -/- U u/-/-1/- D -/-1/-
AT3G29575 protein binding 1,75 U - - -/- -/- D -/-1-1- - -/-1/-
AT4G26530 protein binding -0,55 D - - -/- -/- U -/-1-1- - -/-1/-
AT5G01520 protein binding 0,89 U U - -/- D/- D -/-1-1- D -/-/-
AT5G15500 protein binding 0,76 - nd nd nd / nd -/- - -/-/-1D nd -/-1/-
ATS5G57900 protein binding 0,80 U - - -/ - -/- D -/-1-1- - -/-/-
AT2G24150  receptor binding or activ. 0,62 - D - -/ - -/- U -/-1-1- - -/-/-
AT2G38310  receptor binding or activ. -1,33 D - - -/U -/ - U -/-1-1- - -/-1/-
AT5GO05440  receptor binding or activ. -0,97 D - - -/ - -/- - -/-1-1- - -/-1/-
AT1G30500 FT activ. 0,55 U - - -/D -/- - -/-1-1- - -/-/-
ATI1G51140 FT activ. 1,34 U - - -/- -/- - -/-1-1- D -/-/-
ATI1G56170 FT activ. 1,71 U - - -/- -/- U -/-1-1- D -/-/-
AT1G77450 FT activ. 1,7 U U - -/- -/- D EYEYE - -/-1/-
AT2G22430* FT activ. 1,09 - - - -/- -/- - -/-1-1- - -/-/-
AT2G46680* FT activ. 1,85 U - - -/- -/- - -/-1-1- D -/-1-
AT3G19290 FT activ. 0,72 - - - -/- -/- D -/-1-1- U -/-1-
AT3G19580 FT activ. 0,75 U - - u/- -/- - -/-1-1- - -/-/-
AT3G21890 FT activ. 1 U - D D/- -/- - -/-1-1- - -/-/-
AT3G22830 FT activ. 1,41 U - - u/- -/- - D/D/D/- - -/-/-
AT3G24500 FT activ. 0,86 U - - -/- -/- D -/-1-1- - -/-/-
AT3G24520 FT activ. 1,14 U - - D/- -/- - -/-1-1- - -/-/-
AT3G30210 FT activ. 0,63 U - - -/- -/- - -/-1-1- - D/D/-
AT3G61630 FT activ. 0,57 - - - u/U -/- U -/-1-1- - -/-/-
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Tabela Suplementar 19. Continuagéo.

PP2Cs SnRKs FTs
Lietal. srk2c/f ¢ srk2d/eli ® . arebl/areb2/abf3’
AGI GO Function CATMA* (2006)® ahgl-1° ahg3-1¢ abil-1° Seca/ ABA srk2d/efi*  Seca/ABA /NaCl/ abid-102 Dry / NaCl/ ABA
vs arebl/areb2/abf3
AT3G61890* FT activ. 1,68 U - - -/- -/- - -/-/-1- D -/-/-
AT4G01120 FT activ. 1,28 - - U -/- -/- - -/-1-1- - -/-1-
AT4G25470 FT activ. 0,91 U - - U/- -/- - -/-1-1- - -/-1-
AT4G27410* FT activ. 1,1 U - - -/D -/- - -/-1-1- D -/-1-
AT4G34000* FT activ. 1,43 U - - -/- -/- U -/-1-1- - -/-1-
AT4G36900 FT activ. 0,76 - - - -/D -/- - -/-/-1- - -/-/-
AT4G40060 FT activ. 0,59 - - - -/D -/- U -/-/-1- - -/-/-
AT5G05410* FT activ. 1,52 U U U u/- -/- - -/-/-1- - -/-/-
AT5G08130 FT activ. 0,58 - - - -/U -/- - -/-/-1- - -/-/-
AT5G12840 FT activ. 1,05 - - - -/- -/- D -/-1-1- - -/-1-
AT5G22290 FT activ. 1 U - - -/- D/- - -/-1-1- - -/-1-
AT5G28770 FT activ. -0,64 D - - -/- -/- U -/-1-1- - -/-1-
AT5G43840 FT activ. 0,53 U - - -/- -/- U D/D/D/D D -/-1-
AT5G47640 FT activ. 2,16 U - D -/- -/- - -/-/-1- - -/-/-
AT5G51990* FT activ. 1,44 U - - -/- -/- - -/-/-1- - -/-/-
AT5G60850 FT activ. 0,76 - - - D/- -/- - -/-/-1- - -/-/-
AT5G61590 FT activ. -0,68 D - - -/D -/- - -/-/-1- - -/-/-
AT5G63790 FT activ. 1,24 - - - -/- -/- D -/-/-1- - -/-1-
AT5G67300 FT activ. 0,71 U - - Uu/U -/- - -/-/-1- - -/-/-
AT1G10370 transferase activ. 1,10 U D - D/- -/- - -/-1-1- - -/-/-
AT1G53680 transferase activ. 0,56 - - - -/- -/- D -/-1-1- - -/-/-
AT1G56600 transferase activ. 0,86 U U - -/- -/- D D/D/D/- D D/D/-
AT1G67980 transferase activ. -1,15 - - - -/U -/- - -/-/-1- - -/-/-
AT2G29450 transferase activ. 0,64 U D - u/- -/- - -/-/-1- - -/-/-
AT5G40390 transferase activ. 0,75 U D D -/- -/- - -/-/-1- - -/-/-
AT5G62480 transferase activ. 0,92 U - - -/- -/- D -/-/-1/D - -/-/-
AT1G26440 transporter activ. 1,21 - - - -/- -/- D -/-1-1- - -/-/-
AT1G71960 transporter activ. 0,68 U U - -/- -/- - -/-1-1- - -/-/-
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Tabela Suplementar 19. Continuagéo.

PP2Cs SnRKs FTs
Lietal. srk2c/f ¢ srk2d/eli ® . arebl/areb2/abf3’
AGI GO Function CATMA* (2006)® ahgl-1° ahg3-1¢ abil-1° Seca/ ABA srk2d/efi*  Seca/ABA /NaCl/ abid-102 Dry / NaCl/ ABA
vs arebl/areb2/abf3
AT2G41190 transporter activ. 0,54 U - - -/- D/- U -/-/-/D - -/D/D
AT3G13620 transporter activ. 0,66 - - - -/- -/- D EYEVE - -/-1-
AT4G17340 transporter activ. 0,69 U D D -/- -/- U EYEVE - -/-1-
AT1G01470 unknown 1,24 U U - -/- -/- - D/-/-/- - -/-1-
AT1G04560 unknown 0,68 U U - -/- -/- - D/D/D/D - -/-/-
AT1G12080 unknown 0,74 - - - -/- -/- - -/-/-1- U -/-/-
AT1G15330 unknown 0,69 - U U -/- -/- D -/-/-1- - -/-/-
AT1G16850 unknown 1,33 U U - -/nd -/- - -/-/-1- - -/-1/-
AT1G21790 unknown 0,97 U - - -/- -/- D -/-/-1- - -/-/-
AT1G34000 unknown -0,59 - D - -/- -/- - -/-1-]- - -/-1-
AT1G52200 unknown -0,67 D - - -/- -/- U -/-1-]- - -/-1-
AT1G52690 unknown 1,21 U - - -/- D/- - D/D/D/D - -/-/-
AT1G62780 unknown -0,66 - D - -/- -/- - -/-1-]- - -/-1-
AT1G64355 unknown 1,05 - - - -/- -/- D -/-/-1- - -/-1/-
AT1G68585 unknown -0,65 D - - D/- -/- - -/-/-1- - -/-1/-
AT1G70850 unknown 0,87 D D D -/- -/- D -/-/-1- - -/-/-
AT1G78070 unknown 1,93 U - - -/D -/- D -/-/-1- - -/-/-
AT1G79270 unknown 0,91 U - - D/- -/- D -/-/-1- - -/-1/-
AT2G15960 unknown 0,59 - - - -/D -/- - -/-/-1- - -/-1/-
AT2G15970 unknown 0,91 - - - -/- -/- U -/-/-1- - -/-1/-
AT2G17840 unknown 0,66 U U - D/- -/- D -/-/-1- - -/-1/-
AT2G23120 unknown 1,05 - - - D/D -/- - D/-/-/- - -/-1/-
AT2G38790 unknown 0,64 - - - u/- -/- - -/-/-1- - -/-/-
AT2G38820 unknown 0,71 - U - -/- -/- - -/-/-1- - -/-/-
AT2G39050 unknown 0,56 U - - -/- -/- D -/-/-1- - -/-/-
AT2G46420 unknown 0,65 - - - -/U -/- D -/-/-1- - -/-1/-
AT3G05880 unknown 0,61 U - D -/- -/- - -/-/-1- - -/-1/-
AT3G11690 unknown 0,56 U - - -/- D/- - -/-/-1- - -/-1/-
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Tabela Suplementar 19. Continuagéo.

PP2Cs SnRKs FTs
Lietal. srk2c/f ¢ srk2d/eli ® . arebl/areb2/abf3’
AGI GO Function CATMA* (2006)® ahgl-1° ahg3-1¢ abil-1° Seca/ ABA srk2d/efi*  Seca/ABA /NaCl/ abid-102 Dry / NaCl/ ABA
vs arebl/areb2/abf3
AT3G12320 unknown 0,62 - - - D/- -/- - -/-1-1- - -/-/-
AT3G15670 unknown 0,85 U - - -/- D/- - D/D/D/D - -/-/-
AT3G50970 unknown 2,49 U U - D/D -/- - D/-/-/- - -/-/-
AT3G51750 unknown 0,73 U - - -/D D/- D -/-1-1- - -/-/-
AT3G51810 unknown 0,76 U U U -/- -/ - D D/-/-/D - -/-1/-
AT3G53400 unknown 0,59 - - - -/- -/- U -/-/-1- - -/-1/-
AT3G54000 unknown 0,64 - - - U/- -/- - -/-/-1- - -/-1/-
AT4G01026 unknown 0,61 - - - -/- -/- U -/-/-]- - -/-/-
AT4G23870 unknown 0,56 - D D -/- -/- - -/-/-1- U -/-/-
AT4G24960 unknown 2,18 U - D -/D -/- U “[--1- - -/-1/-
AT4G27657 unknown 1,14 U U - -/U -/- D “[--1- - -/-1/-
ATA4G28240 unknown 0,58 - - - D/- -/- D “[--1- - -/-1/-
AT4G35190 unknown 0,94 U - - D/- -/- - “[--1- - -/-1/-
AT4G36600 unknown 0,69 U U U -/- -/- D D/D/D/D - -/-/-
AT5G05220 unknown 0,76 U U U -/D D/- D -/-/-1- - D/D/-
AT5G15960 unknown 1,33 U - - -/D -/- - -/-/-1- - -/-/-
AT5G19875 unknown 0,57 U D - D/nd -/- U -/-/-1- - -/-/-
AT5G43150 unknown 1,27 U - - -/D -/- U -/-/-1- - -/-1/-
AT5G49280 unknown 0,66 U D D u/- -/- - -/-/-1- - -/-1/-
AT5G52300 unknown 0,61 U - - -/nd D/- D D/D/D/D D -/-/-
AT5G52310 unknown 1,05 U U - D/- -/- - D/D/D/- - -/-/-
AT5G52420 unknown 1,19 - U - -/- -/- D -/-/-/- - -/-/-
AT5G58650 unknown 0,72 - U - -/- -/- D -/-/-1- - -/-/-
AT5G62130 unknown 0,77 - - D -/- -/- - -/-/-1- - -/-/-
AT5G62490 unknown 0,73 U - - -/- D/- - D/D/D/- D D/D/-
AT1G01240 nd 0,74 - - - -/- -/- D -/-1-1- - -/-/-
AT1G44960 nd 0,73 - U - -/- -/- - -/-1-1- - -/-/-
AT1G68500 nd 0,73 U - - nd/- -/- D -/-1-1- - -/-/-
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Tabela Suplementar 19. Continuagéo.

PP2Cs SnRKs FTs
Lietal. srk2c/f ¢ srk2d/eli ® arebl/areb2/abf3’
AGI GO Function CATMA*® 2006)" ahgl-1° ahg3-1¢ abil-1° Seca/ ABA srk2d/efi*  Seca/ABA /NaCl/ abi4-102" Dry/ NaCl/ ABA
vs arebl/areb2/abf3
AT1G72610 nd -0,71 - D D -/- -/- - -/-1-1- D -/-/-
AT3G17520 nd 0,52 U U - -/- D/- D D/D/D/D D -/-1-
AT3G52920 nd 0,58 U - - -/D -/- - EYEVE - -/-1-
AT3G63060 nd 0,88 U U - -/- D/- - EYEVE - -/-1-
AT4G20880 nd 0,68 - - - U/- -/- - -/-1-1- - -/-/-
AT5G45310 nd 1,18 - - - -/- D/- D -/-1-1- - -/-/-
AT5G64310 nd 1,09 U - - u/- -/- - -/-1-1- - -/-/-
Nota.

* Regulagdo poés-transcricional por ABA segundo os microarranjos CATMA. Valores positivos em vermelho indicam estabilizagdo do
transcrito, e desestabilizagdo por valores negativos em verde;

" Expressdo apGs tratamento de 4h com ABA (Li et al., 2006);

© Expressdo nos mutantes ahgl-I e ahg3-1 de plantas de 2 dias crescidas em meio contendo 0,5uM ABA em compara¢do com Col-0
(Nishimura et al., 2007; Genevestigator);

¢ Expressdo em hipocétilo e sementes, respectivamente, no mutante abil-1 em comparagio com Ler-0 (Genevestigator);

¢ Expressdo no mutante srk2¢/f de plantas de duas semanas ap6s 4h de seca ou 100uM ABA, em comparagdo com Col-0 (Mizoguchi et al.,
2010; Genevestigator);

" Expressio em sementes do mutante srk2d/e/i em comparacio com Col-0 (Nakashima et al., 2009);

& Expressdo no mutante srk2d/e/I de plantas de doze dias em comparagdo com o triplo-mutante arebl/areb2/abf3 ou apds 6h de seca, 50uM
ABA ou 250mM NaCl em comparacio com Col-0 (Fujita et al., 2009);

" Expressio de plantulas no mutante abi4-102 em comparacio com Col-0 (Genevestigator);

! Expressdo no mutante arebl/areb2/abf3 de plantas de doze dias apés 6h de seca, 250mM NaCl ou 50uM ABA em comparacdo com Col-0
(Yoshida et al., 2010).
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Tabela Suplementar 20. Genes com regulacio pés-transcricional por ABA e que se apresentam diferencialmente expressos em mutantes de
controle da estabilidade de RNAm. A coluna CATMA mostra o valor da expressdao obtida nos microarranjos (log2). Inducdo estd
representada por (U), repressdo por (D), diferenga ndo significativa por (-), dado ndo disponivel por (nd). Expressdo de um mesmo mutante
analisada em mais de uma condicdo estd separada por barras. Para o mutante ahg2 € dado o fold da expressdo (mutante / WT). Possiveis
alvos de regulacdo por miRNA estdo marcados por um X. A nota abaixo detalhada as comparacdes nos experimentos. Os 7 genes da via
central de percep¢do do ABA para os quais hd indicios de controle de estabilidade do RNAm estdo destacados: PYR/PYL/RCAR (azul) e
PP2C (roxo).

NMD" Splicing ¢ miRNA ¢ Deadenilacéo * Alvos de Exossomo #
AGI GO Function CATMA* . t . .
upfl-1 ou upf3-1 abhl dcl2-1 dcll-7  hyll-2 se-1 ahg2-1 miRNA rrpd™ Y rerpd 1*¥cs14-2
AT1G72770 hydrolase activ. 0,57 -/- -/- - - - D - - -/-/-
AT5G59220 hydrolase activ. 2,38 -/- -/- D - - U - X -/-/-
AT3G16150 hydrolase activ. -0,74 -/- -/- U - - - nd - -/-/-
AT1G54010 hydrolase activ. -0,66 -/- -/- - U - D 1,21 - -/-/-
AT2G45600 hydrolase activ. 0,58 -/- -/ - - - - U 1,04 - -/-1/-
AT3G14067 hydrolase activ. 0,62 -/- D/D - - - - nd - -/-1/-
AT5G18670 hydrolase activ. 0,64 -/- U/U - - - - 0,51 - -/-/-
AT3G17790 hydrolase activ. 0,65 -/- -/- - - U D 0,99 - -/-/-
AT4G11320 hydrolase activ. 0,75 -/- D/- - U - - 0,47 - -/-/-
AT5G20070 hydrolase activ. 0,87 U/U -/- - - - - 0,96 - -/-/-
AT5G04250 hydrolase activ. 1,08 -/- -/- - D - - nd X -/-1U
AT1G73480 hydrolase activ. 1,20 -/- -/ - - - D - 0,96 X -/-/U
AT3G62260 hydrolase activ. 1,25 -/- -/ - - - - - nd - D/D/-
AT4G11310 hydrolase activ. 1,26 -/- D/- - U - - nd - -/-/-
AT1G23200 hydrolase activ. 1,87 -/- -/ - U - - U nd - -/-/-
AT1G65250 kinase activ. -0,54 -/- D/D - - - D 0,96 - -/-/-
AT2G30360 kinase activ. 0,54 -/- D/- - - - - nd X -/u/-
AT4G30960 kinase activ. 1,17 U/U -/- - D - D 0,89 - -/UD/-
ATI1G13110 other binding -0,77 -/- D/- - - - D 1,06 - -/-/-
AT3G04720 other binding -0,66 -/- -/U - U D D nd - -/-1/-
AT3G53980 other binding 0,55 -/- u/U - - U U 0,87 - -/-/-
AT5G47610 other binding 0,55 -/- u/- D - D U nd - -/-1/-
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Tabela Suplementar 20. Continuagéo.

NMD"® Splicing ¢ miRNA ¢ Deadenilacéo ° Alvos de Exossomo ®
AGI GO Function CATMA* . t . .
upf1-1 ou upf3-1 abhl dcl2-1 dcll-7 hyll-2 se-1 ahg2-1 miRNA rrp4* i rrp4 1™/ cs14-2
AT2G33380 other binding 0,57 -/- -/D - - - D 1,14 X -/-/D
AT5G52190 other binding 0,69 -/- -/- - - - U 0,95 - -/-/-
AT4G22610 other binding 0,73 -/- -/- - - - - nd - -/-/-
AT5G17450 other binding 0,88 -/- D/- U - - - 1,15 - -/-/-
AT3G22600 other binding 1,20 -/- D/- U U D D 0,82 - -/-/-
AT1G80110 other binding 1,48 -/- -/- - - - U nd - -/-1-
AT1G18980 other binding 1,54 -/- -/- - - - D nd - -/D/-
AT2G47770 other binding 2,81 -/- -/- - D - U nd - -/-1-
AT4G25100 other enzyme activ. -0,64 -/- -/- U - D - 0,45 - -/-1/-
AT1G76160 other enzyme activ. -0,56 -/- -/- - U - - 0,71 X -/-1/-
AT5G62220 other enzyme activ. 0,57 -/- -/D - U - - nd - -/-/-
AT4G34230 other enzyme activ. 0,66 -/- -/- - - - D 1,14 - -/-1/-
AT3G57010 other enzyme activ. 0,74 -/- D/- - - D - 1,00 - -/-/-
AT4G30470 other enzyme activ. 1,03 -/- -/- - D - D 0,85 - -/-/D
AT1G77120 other enzyme activ. 1,07 -/- -/- - - - - 0,93 - -/-/-
AT2G39800 other enzyme activ. 1,41 -/- -/- D - - D 1,12 - -/-1/-
AT2G43510 other mol. func. -0,61 -/- -/U U - D D nd - -/-1/-
AT1G03850 other mol. func. -0,55 -/- U/U - D - D 0,97 - -/-/-
AT4G27140 other mol. func. 0,59 -/- -/- - - - U 1,01 - -/-/-
AT2G40330 protein binding -0,79 -/- nd - - - D - - -/-1-
AT4G26530 protein binding -0,55 -/- D/D D D - - nd - -/-/-
AT1G13740 protein binding 0,57 -/- -/- - - - - 1,21 - -/-1/-
AT5G01520 protein binding 0,89 -/- -/D U D D - 0,79 X -/-1/-
AT3G29575 protein binding 1,75 -/- -/- - D - U 1,37 - -/-1/-
AT1G20450 protein binding 2,41 -/- -/- - D - - 0,98 - -/-/-
AT2G38310 receptor binding or activ. -1,33 -/- -/- - U - - 0,99 - -/-1/-
AT5G05440 receptor binding or activ. -0,97 -/- u/- - - - - - - -/~
AT5G61590 FT activ. -0,68 -/- -/- - - U D 0,90 - -/U/-
AT5G28770 FT activ. -0,64 -/- -/- - D - D nd - -/-/-
AT1G30500 FT activ. 0,55 -/- -/- - - - - nd - -/-1-
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Tabela Suplementar 20. Continuagéo.

. NMD" Splicing * miRNA ¢ Deadenilacéo * . c Exossomo #
AGI GO Function CATMA*? Alvos de miRNA RNAG RNAG
upfl-1 ou upf3-1 abhl dcl2-1 dcll-7 hyll-2  se-1 ahg2-1 rrp4” " frrp417/esl4-2
AT5G08130 FT activ. 0,58 -/- D/- - - - - 0,86 X -/-/D
AT5G67300 FT activ. 0,71 -/- -/- - U U - nd - -/-/-
AT3G19580 FT activ. 0,75 -/- -/- - - D - 0,94 - -/-/-
AT4G36900 FT activ. 0,76 -/- -/- - - - - nd X -/-/-
AT5G60850 FT activ. 0,76 -/- -/- - - - - 0,81 - -/-/-
AT3G24500 FT activ. 0,86 -/- -/- - D D D 1,10 - -/-/-
AT4G25470 FT activ. 0,91 -/- -/D D - - U nd - -/-/-
AT3G21890 FT activ. 1,00 -/- -/U - - - - nd - -/-/-
AT5G12840 FT activ. 1,05 -/- -/- - - - - 1,03 X -/-/-
AT2G22430 FT activ. 1,09 -/- -/- - - - - 1,29 - -/-/-
AT4G27410 FT activ. 1,1 -/- -/U U U - D 0,88 - -/-/-
AT3G24520 FT activ. 1,14 -/- -/D D - - - nd - -/-/-
AT5G63790 FT activ. 1,24 -/- -/- U U - - nd - -/-/D
AT1G51140 FT activ. 1,34 -/- -/- - D - - 1,14 - -/-/-
AT3G22830 FT activ. 1,41 -/- -/- - - - - 1,06 - -/U/-
AT4G34000 FT activ. 1,43 -/- -/- - - - - 1,02 - u/u/-
AT5G05410 FT activ. 1,52 -/- D/- - - - - 0,84 - -/-/-
AT3G61890 FT activ. 1,68 -/- -/- - D - - 1,15 X -/-/-
AT1G77450 FT activ. 1,70 -/- -/U - - D - nd - -/-/-
AT1G56170 FT activ. 1,71 -/- -/- - - - U 1,05 - -/-/-
AT2G46680 FT activ. 1,85 -/- -/- - D D - nd - -/-/-
AT5G47640 FT activ. 2,16 -/- -/- - - - - 1,05 - -/-/-
AT2G29450  transferase activ. 0,64 -/- D/D - - D D 1,22 - -/-1-
ATS5G40390  transferase activ. 0,75 -/- -/- - - - - 1,32 - -/-1-
ATI1GS56600 transferase activ. 0,86 -/- -/D nd nd nd - 1,00 - -/-/-
AT1G10370  transferase activ. 1,10 -/- -/D - U - - 1,06 - -/-/-
AT2G41190  transporter activ. 0,54 -/- -/- - - - - 0,97 - -/-/-
AT3G13620 transporter activ. 0,66 -/- -/- - - - - nd - -/-1/-
ATIG71960 transporter activ. 0,68 -/- -/- - - U - nd - -/-1/-
AT4G17340  transporter activ. 0,69 -/ - -/- - U - - 0,56 - -/-/-
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Tabela Suplementar 20. Continuagéo.

. NMD" Splicing * miRNA ¢ Deadenilacéo * . c Exossomo #
AGI GO Function CATMA*? Alvos de miRNA RNAL RNAL
upfl-1 ou upf3-1 abhl dcl2-1 dcll-7 hyll-2  se-1 ahg2-1 rrp4”frrp417 /csl4-2
AT1G52200 unknown -0,67 -/- -/- - U - D nd - -/-1/-
AT1G68585 unknown -0,65 -/- -/U D - - - nd - -/-1/-
AT1G34000 unknown -0,59 -/- -/- - - - - nd X -/U/-
AT2G39050 unknown 0,56 -/- -/- U - - U nd X -/-1/-
AT4G23870 unknown 0,56 -/- -/- D D - - 0,74 - -/-1/-
AT3G11690 unknown 0,56 -/- -/- - D - D 0,97 - -/-1-
AT5G19875 unknown 0,57 -/- -/U - - - - nd - -/-/-
AT3G53400 unknown 0,59 U/U D/D - - - - nd X -/-1-
AT2G15960 unknown 0,59 -/- -/- - - - D 0,84 X U/U0/-
AT5G52300 unknown 0,61 -/- -/- - - - - 1,51 - -/-/-
AT3G12320 unknown 0,62 -/- -/- - - - - nd X -/-1/-
AT2G38790 unknown 0,64 -/- D/D - U - - nd - -/-1/-
AT2G46420 unknown 0,65 -/- U/U - U U - 1,32 - -/-/-
AT5G49280 unknown 0,66 -/- -/- - - - - 0,84 X -/-1-
AT1G04560 unknown 0,68 -/- -/- - - - U 1,26 - -/U/-
AT1G15330 unknown 0,69 -/- -/- - - - U 0,95 - -/-/-
AT2G38820 unknown 0,71 -/- -/- - D - - 1,18 - -/-1-
AT5G58650 unknown 0,72 -/- -/- U - - - nd - -/-/-
AT3G51750 unknown 0,73 -/- -/- D D - - nd - -/-/-
AT1G12080 unknown 0,74 -/- -/- - D D - nd X -/-/-
AT5G05220 unknown 0,76 -/- -/- - - - - nd - -/-/D
AT3G51810 unknown 0,76 -/- -/- - - - U 1,13 - -/-1-
AT5G62130 unknown 0,77 -/- -/- - - - U 1,24 - -/-1-
AT3G15670 unknown 0,85 -/- -/- - - - - nd - -/-/-
AT1G70850 unknown 0,87 -/- -/- - - - - 0,64 - D/D/-
AT2G15970 unknown 0,91 -/- -/- - - - U 0,56 X -/U/-
AT1G79270 unknown 0,91 -/- Uu/U - - - U 1,23 - -/-1-
AT4G35190 unknown 0,94 -/- -/- - - U - nd - -/-/-
AT1G21790 unknown 0,97 -/- -/D - D - - nd - -/-/-
AT1G64355 unknown 1,05 -/- -/D - - - - nd - -/-1/-
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Tabela Suplementar 20. Continuagéo.

. NMD" Splicing * miRNA ¢ Deadenilacéo * . c Exossomo ®
AGI GO Function CATMA*? Alvos de miRNA RNAL RNAL
upfl-1 ou upf3-1 abhl dcl2-1 dcll-7 hyll-2  se-1 ahg2-1 rrp4”frrp417 csl4-2
AT2G23120 unknown 1,05 -/- -/D - - - - nd - -/-1/-
AT5GS52310 unknown 1,05 -/- D/D D D - U 1,62 X -/-1-
AT4G27657 unknown 1,14 -/- D/D D U - - nd - -/-1/-
AT1G52690 unknown 1,21 -/- D/D - D - - nd - -/-1-
AT5G15960 unknown 1,33 -/- -/- - - - U 1,20 X -/-1/-
AT1G16850 unknown 1,33 -/- -/- - - - - nd - u/-/-
AT1G78070 unknown 1,93 -/- D/D - - D - 1,21 X -/-/-
AT4G24960 unknown 2,18 -/- u/- - - - U nd - -/-1/-
AT3G50970 unknown 2,49 -/- -/- D D U - nd - -/-/-
AT3G17520 nd 0,52 -/- -/- - - - U nd - -/-/-
AT3G52920 nd 0,58 -/- -/- - - U - 1,51 X -/-/-
AT4G20880 nd 0,68 -/- -/- - - - - nd X -/-/-
AT1G68500 nd 0,73 -/- -/U - D - - nd - -/-/-
AT1G01240 nd 0,74 -/- -/- - D - - 0,87 X -/-/-
AT3G63060 nd 0,88 -/- -/- - - - - 1,48 - -/-/-
AT5G64310 nd 1,09 -/- -/- - U - - nd - -/-/-
AT5G45310 nd 1,18 -/- -/D - - - U 1,28 - -/-/-
Nota.

* Regulagdo pos-transcricional por ABA segundo os microarranjos CATMA. Valores positivos em vermelho indicam estabiliza¢do do
transcrito, e desestabilizagdo por valores negativos em verde;

" Alvos de NMD identificados nos mutantes upfI-1 ou upf3-1 (Yoine et al., 2006; Kurihara et al., 2009);

¢ Alvos de atividade de splicing identificados no mutante abhl sem tratamento e com ABA em comparacdo com o tipo selvagem (Kuhn er

al., 2008; Genevestigator);,

¢ Alvos de miRNAs identificados nos mutantes dci2-1, dcll-7, hyll-2 e se-1 em comparacio com o tipo selvagem (Genevestigator);

¢ Alvos de Deadenilag@o identificados no mutante AtPARN/ahg2-1 em comparagio com o tipo selvagem (Nishimura et al., 2005);

"Identificacdo de alvos de miRNAs por parallel analysis of RNA ends (German et al., 2008);

£ Alvos de regulagdo 3’-5’nos mutantes rrp4<"", rrp41®**" e ¢sl4-2 (Chekanova et al., 2007).
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Figura Suplementar 1. Andlise de enriquecimento segundo as trés classes de ontologia feita pelo Classification SuperViewer dos genes
com resposta pos-transcricional a (A) Glicose; (B) ABA; (C) glicose + ABA. O enriquecimento ¢ calculado pela comparacdo da frequéncia
encontrada de cada classe em relacdo a esperada segundo o genoma de A. thaliana, com base no banco de dados do TAIR de Janeiro de

2010.
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Figura Suplementar 2. Relagio evolutiva da familia PYR/PYL/RCAR em plantas. Arvore filogenética

baseada na sequéncia de aminodcidos de A. thaliana (AT), Oryza sativa (0s), Selaginella moellendorffii
(Sm) e Physcomitrella patens (Pp; adaptado de Umezawa et al., 2010). Os transcritos que apresentaram
possiveis controles pds-transcricionais (nossas andlises) encontram-se destacados, estando representados

por quadros verdes os que foram desestabilizados por ABA, e por quadros vermelhos os estabilizados.
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Figura Suplementar 3. Relacdo evolutiva da subfamilia de fosfatases PP2C do grupo A em plantas.
Arvore filogenética baseada na sequéncia de aminodcidos de A. thaliana (AT), Oryza sativa (Os),
Selaginella moellendorffii (Sm), Physcomitrella patens (Pp) e Chlamydomonas reinhardtii (Cr; adaptado
de Umezawa et al., 2010). Os transcritos estabilizados por ABA por possiveis controles p0s-

transcricionais identificados pelos microarranjos encontram-se destacados por quadros vermelhos.
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Figura Suplementar 4. Relacio evolutiva do subgrupo A da familia SnRK2 em plantas. Arvore
filogenética por Neighbor-Joining, indicando as trés subclasses, baseada na sequéncia de aminoacidos de
A. thaliana (AT), Oryza sativa (Os), Selaginella moellendorffii (Sm), Physcomitrella patens (Pp),
Chlamydomonas reinhardtii (Cr) e Ostreococcus tauri (Ot — adaptado de Umezawa et al., 2010). O
transcrito que apresentou possivel estabilizagdo pOs-transcricional por ABA identificado pelos

microarranjos encontra-se destacado por um quadro vermelho.
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CAPITULO 2

O envolvimento da via dos miRNAs no controle do
desenvolvimento primario mediado por glicose em

Arabidopsis thaliana
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Abstract

In plants, sugars such as glucose act as signaling molecules that promote changes in gene
expression programs impacting on growth and development. A few evidences have revealed the
potential participation of mRNA decay control in some aspects of glucose-mediated regulatory
responses suggesting a possible role of microRNAs (miRNAs) in these responses. In order to get
some hints about glucose-mediated development modulation involving miRNA-related
regulatory pathways, early seedling development of mutants impaired in miRNA biogenesis
(hyll-2) and miRNA-activity (agol-25) was evaluated. Both mutants exhibited a glucose
hyposensitive phenotype between germination and seedling establishment, indicating that
miRNA regulatory pathways may be involved in the glucose-mediated delay of early seedling
development. To obtain further evidences about which miRNAs could be involved in glucose-
mediated responses during these early developmental stages, the expression profile of 200
primary miRNA transcripts (pri-miRs) was evaluated by large-scale quantitative real-time
polymerase chain reaction (qQRT-PCR) profiling. 38 pri-miRs were regulated by glucose, several
of which are known to participate directly or indirectly in plant development. The data indicates
that in response to glucose, deficiency in miRNA machinery leads to a deregulated expression of
several miRNA target genes but also of the three Abscisic Acid Insensitive transcription factors
ABI3, ABI4 and ABI5 mRNAs. It is concluded that miRNA-regulatory pathways may participate

in the adjustments of growth and development triggered by glucose signaling.

Key words: abscisic acid, AGOI, development delay, glucose, HYL1, miRNA, plant

development, post-transcriptional control

Abbreviations: abscisic acid (ABA); Arabidopsis thaliana (Arabidopsis); double-stranded RNA
(dsRNA); glucose insensitive (gin); microRNA (miRNA); precursor miRNA (pre-miRNA);
primary miRNA (pri-miR); quantitative real-time polymerase chain reaction (QRT-PCR); RNA-
induced silencing complex (RISC); Relative Quantification (RQ); trans-acting siRNA (ta-
siRNA).
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Introduction

Photosynthetic-derived sugars are the main source of carbon skeletons and energy in
plants. Thus, it is not surprising that glucose (Moore et al., 2003; Li et al., 2006; Price et al.,
2004), fructose (Cho and Yoo, 2011; Li et al., 2011), sucrose (Vaughn et al., 2002) and trehalose-
6-phosphate (Delatte er al., 2011) are important signaling molecules that impact on gene
expression and on several aspects of plant growth and development phases (e.g., germination,
flowering, senescence) (Eveland and Jackson, 2011). In addition, sugars such as glucose have
shown to interact with the hormones abscisic acid (ABA), ethylene (Yanagisawa et al., 2003;
Karve et al., 2012), auxin and cytokinin (Moore et al., 2003) for regulating plant development
(Rolland et al, 2006). The only sugar sensor that has been described unambiguously up to now is
Hexokinasel (HXK1), which senses glucose. Remarkably, HXK1-sensing directly mediates the
glucose-dependent transcriptional repression of chlorophyll a/b-binding protein 2 CAB2 gene
(Cho et al., 2006). Alternatively, effects of glucose over gene expression may occur through an
HXK1-independent pathway, which may or may not involve glucose metabolism (Rolland e? al.,
2006; Smeekens et al., 2010). Further evidence for transcriptional control comes from the
observation that the APETALA2-type transcription factor ABI4, component of ABA signaling
pathway, is involved in sugar-induced gene expression changes (Li et al., 2006; Bossi et al.,
2009). In addition, regulation of Arabidopsis thaliana (Arabidopsis) S-group bZIP-type
transcription factor mRNA translation by sucrose (Rahmani et al., 2009), and the glucose-
induced degradation of the Ethylene Insensitive 3 (EIN3) transcription factor (Yanagisawa et al.,
2003), show that post-transcriptional regulations are also involved in sugar signaling. Moreover,
it has been shown that glucose may modulate the stability of the Arabidopsis transcription factor
AtbZIP63 mRNA as part of a regulatory scheme integrating energetic and abiotic stress (Matiolli
et al., 2011). This observation prompted us to address the question of whether miRNAs-related
regulatory pathways participate in glucose responses. MIRNA genes are mainly transcribed by
RNA polymerase II, resulting in a primary miRNA (pri-miR) transcript that is first converted into
a precursor miRNA (pre-miRNA) by DICER-likel (DCL1). Subsequently, the C2H2-zinc finger
protein SERRATE (SE), the double-stranded RNA (dsRNA)-binding protein HYPONASTIC
LEAVES]1 (HYL1) and DCLI, interact to trim the pre-miRNA generating a 21-nucleotide
double-stranded miRNA/miRNA* duplex that is exported to the cytoplasm through the action of
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HASTY and other factors (Voinnet, 2009). This mature duplex fragment is then methylated by
HENI1, protecting the fragment from degradation by exonucleases, being then recognized
preferentially by ARGONAUTE1 (AGOI1) and integrated into the RNA-induced silencing
complex (RISC) through a process that also might require HYL1 activity (Eamens et al., 2009),
which guides the miRNA to the target mRNAs promoting its cleavage and/or translational
repression (Mi et al., 2008; Voinnet, 2009). Sensitivity of seedling development to glucose was
used as a readout to analyze the capacity of hyl/-2 mutant, which is defective in pre-miRNA
production (biosynthesis mutant), and ago/-25 mutant, that is impaired in miRNA activity, to
modulate glucose responses. Both mutants showed a glucose-insensitive phenotype (gin) which
was defined by the lower capacity of glucose to delay early seedling development. This
phenotype was correlated with the regulation of a set of 38 pri-miRs expression by 4% glucose in
young seedlings. The data indicate that miRNA-related regulatory processes modulate glucose-
induced delay of seedling development and some clues about the underlying mechanisms are

provided.
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Materials and Methods
Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used for comparison with abi4-1
(Finkelstein, 1994), aba2-1 (Schwartz et al., 1997), agol-25 (Morel et al., 2002), hyll-2
(Vazquez et al., 2004) and Landsberg erecta (Ler) as a wild-type control for gin2-1 (Moore et al.,
2003). Seeds were surface-sterilized and sown in plates with half-strength Murashige and Skoog
media (MS/2) containing 0.5% (w/v) agar (Type E), adjusted to 1% to 6% glucose, 4% mannitol
or 0.5uM to 4uM ABA (all Sigma-Aldrich reagents). For phenotypic assays, each plate contained
at least 20 seeds of each genotype and the assays were carried out in replicates or triplicates. For
expression analysis assays, 0.05 mg of seeds of each evaluated genotype was plated in triplicates
or quadruplicates. The plates were placed in the dark at 4°C for two days for stratification and

then incubated at 24°C under continuous light (50 pmol m~s™) for ten days.

RNA isolation and cDNA synthesis

Total RNA was isolated following a LiCl-based protocol for seeds (Onate-Sanchez and
Vicente-Carbajosa, 2008), except for addition of 3 uL of glycogen 20 mg mL™" (Roche) in the last
precipitation step. For pri-miRs profiling, total RNA was treated with TURBO DNA-free
(Ambion) following manufacturer’s recommendations. For other qRT-PCR analysis, DNAse
treatment was carried out only in case the primers pairs did not spanned exon-exon junctions.
Synthesis of cDNA was carried out with ImProm II Reverse Transcriptase (Promega), according

to manufacturer’s instructions.

qRT-PCR analysis

Gene expression analysis by qRT-PCR was conducted as described by Czechowski et al.
(2005) and Udvardi et al. (2008), evaluating gene expression with Delta-Delta Ct method (Livak
and Schmittgen, 2001). For the pri-miRs profiling, cDNA was diluted four times before qRT-
PCR analysis with SYBR Green (Applied Biosystems) on a 384-well 7900HT Real-Time PCR
(Applied Biosystems), using PP2AA3 (Atlgl3320), At2g283904, At5g15710 and UBQIO0
(At4g05320) as reference genes. For the validation of pri-miRs profiling results, qRT-PCR was
performed with SYBR Green (Invitrogen) on a 96-well 7500 Fast Real-Time PCR (Applied
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Biosystems), using PP2AA3 (Atlgl3320) as reference gene. For the large scale expression
analysis, differences in gene expression were considered significant for fold change > |1.5]
between treated and control samples and when p < 0.05 according to Student’s 7 test. Sequences

of the qRT-PCR primers are given in Supplementary Table S1.

125



Results
hyll-2 and agol-25 mutants exhibit a glucose insensitive phenotype during the transition from
germination to seedling establishment

In order to evaluate the involvement of miRNAs-related regulatory pathway in glucose-
induced delay of Arabidopsis early seedling development (reviewed in Gibson et al., 2005;
Eveland and Jackson, 2012), development of the miRNA biogenesis mutant hy//-2, the miRNA
activity mutant agol-25 and their corresponding wild-type counterpart Col-0 was scored as
germination (festa rupture; Supplementary Fig. S1A), post-germination (radicle elongation;
Supplementary Fig. S1B), and establishment (cotyledon development and greening;
Supplementary Fig. S1C) in response to a range of glucose or mannitol (osmotic control)
concentrations. In addition, the glucose insensitive mutants gin2-/ (HXK1 glucose sensor mutant
in Ler background; Moore et al., 2003) and abi4-1 (Apetala2-type transcription factor involved in
ABA signalization in Col-0 background; Leén and Sheen, 2003) were included as controls.

A first set of experiments revealed that during the transition from germination to seedling
establishment the miRNA-deficient mutants were significantly less sensitive to high
concentrations of glucose than seedlings from their corresponding wild-type accessions, being
comparable to the glucose-hyposensitive mutant abi4-1 (Supplementary Fig. S2). Nevertheless,
after a prolonged period of incubation (10 days) at 4% glucose, all genotypes reached the
seedling establishment phase (data not shown). Similar results were obtained with different seed
batches although variation in development rate was observed between them (data not shown).

From these initial data it was deduced that 4% of glucose is the most favorable conditions
to accurately evaluate the degree of glucose sensitivity of the miRNA pathway mutants
(Supplementary Fig. S2). Under this condition and after two days, only 50% of Ler and 20% of
Col-0 seedlings germinated (Fig. 1A), while 80% of agol-25 and nearly all hyll-2 seeds
germinated (Fig. 1A), indicating a significant lower sensitivity of the miRNA deficient genotypes
to 4% glucose which was comparable to the gin2-1 response (Fig. 1A). The same differences in
glucose sensitivity were essentially maintained among the different genotypes for both the post-
germination and seedling establishment stages until the fifth day (Fig. 1A). These differences in
glucose sensitivity were not due to differential capacity to germinate since in the absence of

glucose, early seedling development of all genotypes was almost indistinguishable
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(Supplementary Fig. S2). In addition, the osmotic control 4% mannitol was unable to reproduce

the effects of glucose (Fig. 1B), indicating that glucose-mediated delay of seedling development

is not due to osmotic effect. Together, these observations imply that miRNAs-related machinery

is involved in glucose-induced early seedling development delay and that this effect appears to be

restricted to a limited developmental window between germination and seedling establishment.
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Fig.1. Glucose-induced delay on early seedling development is dependent on miRNA machinery activity.

(A) Effects of 4% glucose on germination and development of miRNA-deficient mutants agol-25 and

hyll-2 was less severe than the observed for wild-type Col-0 and Ler, and was similar to the glucose

insensitive gin2-1. (B) Osmotic control 4% mannitol could not reproduce the delay observed for glucose.

In media not supplied with sugar, all seeds reached post-germination stage after two days, and



establishment within three days (data not shown). In glucose-supplied media, growth arrest was not
observed before seedling establishment. Seeds (n = 20) of each genotype were sown in MS/2 plates
supplied or not with the indicated sugar, kept for two days at 4°C in the dark for stratification and
transferred to continuous light (50 umol m™® s™) at 24°C. Germination (festa rupture), post-germination
(radicle elongation), and establishment (cotyledons greening) were scored from two to five days after light

exposure. Results presented are the means + SD of three biological replicates.

Since glucose effect can be mediated by ABA signaling pathway during early seedling
development (Le6n and Sheen, 2003; Dekkers et al., 2008), it was important to verify whether
seedling development of the miRNA-deficient mutants would also be affected by ABA
(Supplementary Fig. S3). Except for hyll-2, that was found to be more sensitive to ABA
(Supplementary Fig. S3; Lu and Fedoroff, 2000; Kim et al., 2008), and for abi4-1 which was
found to be ABA hyposensitive (Supplementary Fig. S3; Finkelstein, 1994), no significant
differences between the agol-25 and wild-type genotypes were observed for germination and
post-germination (Supplementary Fig. S3). Therefore, it appears that the glucose insensitivity
phenotype of miRNA-related regulatory pathway mutants is independent of ABA-related
signaling pathway.

Expression of miRNAs genes in response to glucose

To identify which miRNAs may be involved in the glucose-induced early seedling
development delay, a platform established for quantification of 200 pri-miRs expression by qRT-
PCR was used (Szarzynska et al., 2009; Pant et al., 2009). Although pri-miRs are not the
biologically active molecules, their accumulation may reflect the levels of the mature miRNA
(Bari et al., 2006; Pant et al., 2009). The expression analysis was carried out with RNAs from
Col-0 and Ler seedlings grown for three days in media supplied or not with 4% glucose or
mannitol (osmotic control). A total of 38 pri-miRs belonging to 32 families were found to be
regulated by glucose in Col-0, 33 of which showed the same response in Ler accession (Fig. 2).
In addition, only five of the 38-glucose responsive miRNA precursors — pri-miR156d,f, pri-
miR167d, pri-miR3932a, and pri-miR825a — were found to require glucose HXKI1-sensing

activity, as revealed by the comparison between pri-miRs accumulation in gin2-1 seedlings and
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Ler wild-type (Fig. 2). This result suggests that HXK1-sensing pathway is not the main route
involved in glucose-mediated regulation of miRNA genes expression. In a new set of
experiments the glucose-specific regulation of ten pri-miRs accumulation among twelve that
were evaluated (83%) was confirmed (Supplementary Fig. S4 and Table 1), essentially validating
the high throughput data. Quite noticeably, the mature forms of several identified glucose-
responsive pri-miRs are known to target mRNAs that participate directly or indirectly in plant

development (Table 1; Supplementary Table S2).
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Fig. 2. Pri-miRs levels in Col-0 and Ler seedlings after 3 days of light exposure grown in control media,
4% glucose (Glc) media and 4% manitol (Man) media. Potential HXK1-sensing dependent pri-miRs are
marked with an asterisk. Seed dormancy was previously broken by imbibition for 2 days at 4° C in the

dark. This set of glucose-responsive pri-miRs (column 3) presented at least 1.5 fold expression difference
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to non-treated control samples (column 2), at least 2 fold difference to mannitol-treated samples (column
1), and were considered to be significantly different according to Student’s ¢ Test (p < 0.05). The boxes
represent the log, values of the relative quantification between (Col-0 vs Col-0 + treatment) and (Ler vs
Ler + treatment); green boxes indicate repression, red boxes indicate induction. Mannitol-treatet Ler is not

shown.

Table 1. Validation by qRT-PCR of glucose-regulated pri-miRs related to development control and their

expression in agol-25 and hyll-2 mutants.

Untreated (RQ) Glucose-treated (RQ)
agol-25/ hyll-2/ Col-0/ agol-25/ hyll-2/ Target

Pri-miRNAs Developmental Process Reference
Ctrl Ctrl Ctrl Ctrl Ctrl Family
Pri-miR156d  0.94 2.67 0.43 0.10 0.67 Wu et al., 2009; Martin et
SPL Vegetative leaves emergence
Pri-miR156f  0.67 2.39 0.07 ND 0.18 al., 2010
Seedling growth and
Pri-miR159b  0.95 4.54 2.90 3.31 34.45 MYB Reyes and Chua, 2007
development / ABA response
Pri-miR166¢ 1.19 0.57 0.38 0.17 0.55 HD-ZIP 11T Leaf flattening Husbands et al., 2009
Embryo development / ABA Li et al., 2008; Yamamoto
Pri-miR169a  0.41 2.18 4.90 2.03 9.02 NF-Y
response et al., 2009
Lateral root development / leaf
Pri-miR390a  0.88 29.53 5.04 3.11 130.56 TAS3 Marin et al., 2010
polarity
Pri-miR773  0.63 258 2090 770 20.74 MET2 Biotic stress response Fahlgren elf aé-é 12(?07; Lier
al.,
Arabinogalactan-proteins
Pri-miR775 0.99 1.09 18.83 9.91 12.17 GT TarBase
biosynthesis
Pri-miR823 1.00 1.32 10.80 5.65 10.43 CMT3 Embryo development TarBase
Pri-miR828 1.33 1.24 18.74 4.92 25.45 MYB Nutrients availability control Luo et al., 2011

Note. The values are the relative quantification (RQ) from 3 days old seedlings grown in media supplied
or not with 4% glucose in comparison with untreated Col-0 seedlings (Ctrl). Target gene families are

based on the indicated published results or according to TarBase database (Vergoulis ef al., 2011).

Possible reasons for the gin phenotype of agol-25 and hyll-2

In an attempt to get some insights into how miRNAs-related pathways may mediate
sensitivity of early seedling development to glucose, a set of ten glucose-responsive pri-miRs
whose mature forms are known to be involved in developmental cues (miR156, miR159,

miR166, miR169, miR390, miR823), biotic stress response (miR773), adaptation to mineral
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nutrient availability (miR828), arabinogalactan-proteins biosynthesis (miR775) were analyzed
into more detail (Table 1). The analysis consisted in evaluating the glucose-mediated expression
changes of these ten selected MIRNA genes together with their target genes in Col-0, ago/-25 and
hyl1-2 mutants backgrounds.

Deficiencies in HYL1 or AGO1 were shown to exert different effects over the
accumulation of the selected pri-miRs (Table 1; Supplementary Fig. S5). Since HYL1 is required
for pri-miR processing, higher accumulation of pri-miRs in untreated hyl/-2 mutant would be
expected. Indeed, all ten pri-miRs tested but one (pri-miR166¢) were found to be more abundant
(pri-miR1564d,f, pri-miR159b, pri-miR169a, pri-miR390a, pri-miR773) or present at equal levels
(pri-miR775, pri-miR823, pri-miR828) in hyll-2 as compared to the wild-type (Table 1; Fig. 3
and 4; Supplementary Fig. S5). Pri-miR166¢ was found to be significantly reduced in hyll-2
(Table 1; Supplementary Fig. S5), indicating the existence of an alternative role for HYL1 or a

feedback regulation affecting pri-miR166c expression.
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Fig. 3. Expression of (A) pri-miR159b, (B) MYB33, (C) MYBI101 and (D) ABI3, (E) ABI4 and (F) ABI5 in
Col-0, agol-25 and hyll-2 seedlings grown in 4% glucose or control media after three days of light
exposure. All expression values are in comparison to untreated Col-0. The values are means of three
biological replicates + SD. Below each graph is given the relative transcript abundance. Changes in
transcript accumulation were considered significant for differences with fold change > |1.5| and according
to Student’s ¢ test (p < 0.05) for the following comparisons: a. untreated agol-25 or hyll-2 vs untreated

Col-0; b. glucose vs untreated samples (same genotype); ¢. glucose-treated mutant vs glucos-treated Col-0.
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Fig. 4. Expression of (A-B) pri-miR156d.f, and (C) SPL13 in Col-0, agol-25 and hyll-2 seedlings grown
in 4% glucose or control media after three days of light exposure. All expression values are in comparison
to untreated Col-0. The values are means of three biological replicates + SD. Below each graph is given
the relative transcript abundance. Changes in transcript accumulation were considered significant for
differences with fold change > [1.5| and according to Student’s ¢ test (p < 0.05) for the following
comparisons: a. untreated agol-25 or hyll-2 vs untreated Col-0; b. glucose vs untreated samples (same

genotype); ¢. glucose-treated mutant vs glucos-treated Col-0.

In untreated agol-25 plants the accumulation of most of the pri-miRs was not affected
(Table 1; Supplementary Fig. S5), a result that was expected since AGO1 is not involved in
miRNA biogenesis. However, pri-miR169a and pri-miR773 levels were reduced in agol-25
(Tablel; Supplementary Fig. S5), possibly reflecting an indirect effect, such as feedback
regulations. Curiously, most pri-miRs accumulation in response to glucose in agol-25 appears be

attenuated in comparison to Col-0, except for pri-miR166¢c and pri-miR156d,f, both of which

133



being repressed by glucose and presented a stronger fold change in comparison to Col-0 (Fig. 3
and 4; Supplementary Fig. S5).

Inverse correlation between changes of pri-miRs levels and the accumulation of the target
mRNA in response to glucose in the wild-type was observed only for pri-miR166¢/PHYV, pri-
miR390/TAS3, pri-miR775a/At1g53290 and pri-miR773/MET2 (Supplementary Fig. S5). For the
remaining six miRNAs and their targets, pri-miR828/TAS4, pri-miR823/CMT3, pri-miR169a/NF-
YAS5, pri-miR156d-156f/SPL13, and pri-miR159/MYB33-MYB101 (Fig. 3 and 4; Supplementary
Fig. S5), the glucose-induced modulation of pri-miRs levels was unexpectedly correlated with
parallel changes of their targets. Overall, the wild-type pattern of target mRNA accumulation in
control conditions and/or in response to glucose was found to be qualitatively similar in the ago!-
25 and hyll-2 mutants, yet some quantitative differences were observed in both mutants for PAP/
that 1s a target of TAS4 derived frans-acting siRNAs (ta-siRNA), as part of feed-back regulatory
loop (Luo et al., 2011), for TAS4 in hyll-2, for NF-YA5 and SPLI3 in agol-25, and for MYB33 in
hyl1-2 (Fig. 3 and 4; Supplementary Fig. S5). Additionally, the mRNA level of the transcriptional
factor Squamosa Promoter-Binding Protein Like 13 (SPL13), whose accumulation was reported
to lead to delay of vegetative leaves emergence (Martin et al., 2010; Nonogaki, 2010), was found
to be significantly higher in both agol-25 and hyll-2 as compared to Col-0 (Fig. 4). How these
observed quantitative differences in miRNA target genes mRNA levels in the agol-25 and hyll-2
mutants are involved in the glucose insensitive phenotype of these mutants remains elusive.

A potential candidate gene to explain the gin phenotype of agol-25 and hyll-2 is the
transcription factor MYB33 gene which is regulated by miR159b and mediates ABA-induced
seedling developmental inhibition (Reyes and Chua, 2007). The lower level of MYB33 mRNA in
agol-25 than in wild-type in response to glucose (Fig. 4B) may partly explain the gin phenotype
of agol-25. However, the higher amount of MYB33 mRNA in response to glucose in hyl/-2 in
comparison to the wild-type (Fig. 3B) would be expected to increase glucose sensitivity of hyll-2
which is the opposite of the observed gin phenotype of hyll-2. Since MYB33 is part of an ABA-
related network which involves ABI3 and ABI5 and retards seedling development under abiotic
stress conditions (Reyes and Chua, 2007), but also because mutants for ABI3, ABI4 and ABI5
have been described as gin mutants (reviewed in Gibson, 2005) it was important to evaluate the

glucose-induced modulation of the expression of these three genes in the miRNA pathway
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mutants. ABI3, ABI4 and ABI5 expression was found to be strongly induced by glucose (Fig. 3D-
F) but not by mannitol discarding the possibility of an osmotic effect (Supplementary Fig. S4).
This glucose-specific effect was significantly attenuated in the ago/-25 and hyll-2 mutants (Fig.
3D-F) which is surprising because ABI3, ABI4 and ABI5 are not known to be direct miRNA
targets. In any case, it is thus possible that these three ABA signaling elements are partly

responsible for the gin phenotype of miRNA pathway mutants.
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Discussion

Developmental processes and responses to environmental changes may rely on fast and
fine adjustments of mRNA or protein profiles, which can be achieved through miRNA-mediated
control of mRNAs decay and/or translation (Voinnet, 2009; Floris et al., 2009). Thus, the
regulation of MIRNA gene expression is crucial for proper growth and development. The
modulation of the expression of up to 38 pri-miRs genes by glucose shown in this study (Fig. 2;
Supplementary Table S2), mainly via HXK1-sensing independent pathway, reveals a new aspect
of how sugar signaling could impact on seedling growth and development. Moreover, since
glucose and other sugars are involved in energy-mediated growth control, which has been shown
to be integrated into the diurnal fluctuation of starch accumulation (Smith and Stitt, 2007; Graf et
al., 2010), it is tempting to suggest that miRNA are also integrated in this regulatory circuit.

Making the reasonable assumption that the level of pri-miR reflects the accumulation of
active mature miRNA (Bari et al., 2006; Pant et al., 2009) the consequences of pri-miRs
regulation by glucose on the accumulation of their target mRNA was not found to be fully
predictable based solely on the activity of miRNA-mediated mRNA degradation. Indeed, among
ten target mRNAs that were analyzed into more details, the accumulation of only four of them
(Fig. 3, 4 and Supplementary Fig. S5) showed an inverse correlation with the levels of glucose-
promoted changes of pri-mRs levels in wild-type (Supplementary Fig. S5). The trend observed
for the remaining six targets mRNA was to follow the expression pattern of the pri-miR (Fig. 3, 4
and Supplementary Fig. S5). These later results may reflect feed-forward (Vidal et al., 2010) or
dampening regulatory mechanisms, differential tissue-specific expression patterns of the miRNA
and its target (Voinnet, 2009) or even control of miRNA activity (Alonso-Peral et al., 2012).

Also, agol-25 and hyll-2 mutants had variable consequences on target mRNAs
accumulation as compared to the wild-type (Fig. 3, 4 and Supplementary Fig. S5). Although
target mRNA would be expected to accumulate to higher levels in miRNA mutants, it was found
to be true for a limited set of targets in the agol-25 and/or the hyll-2 mutants either in control
conditions and/or in response to glucose, (NF-YAS, TAS3, Atl1g53290, MYB33 and SPLI13; Fig. 3,
4 and Supplementary Fig. S5). Such absence of correlation between miRNA levels and target
mRNA accumulation in agol-25 and hyll-2 mutants have been previously reported (Kurihara et

al., 2009). A feasible explanation relies on the fact that since miR168 targets AGOI in a feedback
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regulation, levels of AGOI mRNA may be increased in miRNA-deficient mutants (Vaucheret et
al., 2004), what could have implications in target mRNA regulation considering that agol-25 is a
weak allele.

The absence of systematic increase of target mRNA levels in these mutants may be due to
different reasons including the strength of the mutation which is leaky in the case of ago/-25 and
activity redundancy which have been reported for AGO proteins (Mi et al., 2008) and HYLI1
(Vazquez et al., 2004; Szarzynska et al., 2009). The few differences in target gene mRNA levels
that were observed in agol-25 and hyll-2 as compared to the wild type did not provide a clear cut
reason for the gin phenotype of these mutants. For instance, MYB33 may partly be involved in the
agol-25 gin phenotype but cannot be responsible for the hyl/-2 glucose insensitivity (Fig. 3). It is
however possible that rather than a single causal change it is the combination of small or subtle
alterations that underlies the gin phenotype of the agol-25 and hyll-2 mutants between
germination and seedling establishment. Alternatively, since ABI3, ABI4 and ABIS are known to
modulate sensitivity of seedling development to glucose (Arenas-Huertero et al., 2000; Cheng et
al., 2002; Arroyo et al., 2003; Dekkers et al., 2008), the weaker accumulation of ABI3, ABI4 and
ABI5 mRNA in response to glucose in agol-25 and hyll-2 mutants could be directly involved in
the gin phenotype of these mutants. How the glucose-mediated regulation of these ABA signaling
elements is altered in the agol-25 and hyll-2 mutants is unknown but is likely to be indirect.

To conclude, the regulation of miRNA expression by glucose support the notion that
mRNA decay control represents another mechanistic aspect involved in tuning glucose regulatory

network.
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Figure SS. Expression of MIRNA genes pri-miRs and the respective miRNA targets in Col-0,
agol-25 and hyll-2 seedlings.
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Supplementary Data

Supplementary Table S1. Primers sequences.

Primer Sequences

Target AGI Forward (5' - 3') Reverse (5'- 3') Reference
PAP1/AtMYB75 AT1G56650 GGTTGAACTATTTGAAGCCA GCAATTAAAGACCACCTATTC
TAS4 AT3G25795 CGACCTCGATCCTTCACCT ATTTTCTAGACCTGCATTGTTTAT tuoetal, 2011
AT2G28390 AT2G28390 AACTCTATGCAGCATTTGATCCACT TGATTGCATATCTTTATCGCCATC
AT5G15710 AT5G15710 AAGTTCGCCAGCAAAACATGTC GCTGACCAGGTCTTCATTAACACTG
PP2AA3/PDF2 At1g13320 TAGATCGCTCGGAACTTGGAAA CCTCACCAAAACTCAAATCACTCC
Pri-miR156d AT5G10945 CAGAAGAGAGTGAGCACACAAAGGG GTGAGCACGCAAAAGCAACCATATAC
Pri-miR156f AT5G26147 TGGTGAGGAATTGATGGTGACA CCTTCAAATATGCAAGAAAGCCAC
Pri-miR159b AT1G18075 GGAGGGTTTAGCAGGGTGAAGTAAAG CCAAAGAAGAGTGAAGCCATTAAAGGG
Pri-miR166¢ AT5G08712 AGTGTTGAGAGGATTGTTGTCTGGC GAATGAAGCCTGGTCCGAGAATCATC
Pri-miR169a AT3G13405 AAAGTAACATGATCGGCAAGTTGTCC GCGACACAAAGTAACGTGTAGCC Pant et al.,
Pri-miR390a AT2G38325 TAGCGCCATGATGATCACATTC AATGAAACTCAGGATGGATAGCG 2009
Pri-miR399c AT5G62162 CATCTTTCTATTGGCAGGCGACTTGG AAGCAGTGACAGGGCAACTCTCC
Pri-miR773 AT1G35501 AGGAGGCAATAGCTTGAGCAAA AGGTGACAGCTTTAGTCGATGGA
Pri-miR775 AT1G78206 CATTGAAACTGTCTTTCAACATTCCA TGGCACTGCTAGACATCGAAAAT
Pri-miR823 AT3G13724  CCATTTAGTTCTAGTGGGTGGTGAT  GATATGTTTCACTGTTACCATTACCAATCT
Pri-miR827a AT3G59884 TCCTTGTGTTGATCGATTGGTTTA CGATGCAAAACCACGAAAGAG
Pri-miR828 ATAG27765 AAATGATTCACTCACTCGTAT GATATTAAATAGTCCCACTTCC
uBQ10 ATA4G05320 GGCCTTGTATAATCCCTGATGAATAAG AAAGAGATAACAGGAACGGAAACATAGT
ABI3 AT3G24650 GCAGTGCCGCCTCAATTAC TTCTGGTTTCCATCCCTGCC
ABl4 AT2G40220 GAGGTGGCGTTAGGGCAGG GGTGGATGAGTTATTGATAGAC
ABI5 AT2G36270 GCAAGAAAACAAGCATATACAG TTCCTCTTCCTCTCCAACTC
ARF3 AT2G33860 CTGTCTCTGAGGGGATTCG GGCTCCACCATCCGAACAAG
AT1G53290 AT1G53290 TATCGAAGAGGAGTACAGTAAG TAGCAGAGAGAGTCGATCTG
CMT3 AT1G69770 TCAGGTTCACAATCAAAGTCC AATTCGCTCCCTTTCTCTTGG
MET2/DMT2 ATAG14140 AGGTTTACGCTATGATGCTGG GTAGTTCCATACTCTTTGTTTAT This Work
MYB33 AT5G06100 GCACGTATGGCTGCACATTTG CACTCAAGTGCCTCAACATGC
MYB101 AT2G32460 CATTCATCATTGGGAGCAAACC ATAATTCATCATCATCATCCACC
NF-YA5 AT1G54160 AATGCCGTAAACCGTACCTTC GCTTCTTTGTATTGAGGAAACG
PHV/ATHB9 AT1G30490 AACATGAAGAGTTTCTCGAAG AGCACAACCTCCAACCACATT
SPL13A AT5G50570 ACAATGCAGCAGGTTTCATG GACGACCGATATGTTCAGGC
TAS3 AT3G17185 AAACATAACCTCCGTGATGC GCTCAGATAGGATAACACCG
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Supplementary Table S2. Glucose-regulated pri-miRs and corresponding miRNAs targets.

. . Glucose-responsive Mannitol fold | .
miRNA Family pri-miRNAS Glucose fold Target Family Target Genes
156d 1,24 | -1,67 AT1G27360, AT1G27370, AT1G53160,
156/157 156f -1,02 | -7,62 SPL AT1G69170, AT2G33810%*, AT2G42200,
157a 1,24 | -2,83 AT3G15270%*, AT3G57920, AT5G43270,
157c 1,95 | -2,50 AT5G50570, AT5G50670
158 158b 1,34 | 3,42 PPR -
AT2G26950, AT2G32460, AT4G26930,
159 159b 3,24 ] 6,70 MYB AT5G55020
AT1G06580, AT1G62590, AT1G62670,
AT1G62860, AT1G62910, AT1G62930,
AT1G63070, AT1G63080, AT1G63130,
161 161a 1,89 | 4,90 PPR AT1G63150, AT1G63230, AT1G63330,
AT1G63400, AT1G64580, AT2G41720,
AT3G16710, AT4G26800, AT5G16640,
AT5G41170, AT5G65560
AT1G66690, AT1G66700, AT1G66720,
163 1632 1,86 | -1,87 SAMT AT3G44860, AT3G44870
AT1G56010, AT3G12977, AT3G15170,
164 164 L15]-2,59 NAC AT5G07680, AT5G53950, AT5G61430
165a 1,17 | 3,68
! ! AT1G30490, AT1G52150, AT2G34710
165/166 165b 1,63 | 3,36 HD-ZIP Il ! ! !
166¢ 355 | -1,61 AT4G32880, AT5G60690
167 167d 2,72 | -3,38 ARF -
AT1G17590, AT1G54160, AT1G72830,
169 1692 1,90 | 4,37 HAP2 AT3G20910, AT5G12840
AT1G50055, AT2G27400, AT2G39675,
173 173a 1,64 | 5,61 TAS1,TAS2 AT2G39681
390 390a 1,29 | 9,88 TAS3 AT3G17185
394 394a -1,06 | 5,51 F-Box AT1G27340
AT3G22890, AT4G14680, AT5G10180,
395 395a -1,21 | 4,67 APS,AST AT5G43780
399a 2,45 5,03
399 399¢ 17,71 | 8,00 E2-UBC AT2G33770
402 402 1,10 | 2,52 ROS1-Like AT4G34060
413 413 1,55 | 4,96 - -
773 773a 4,72 | 17,45 MET2 AT4G14140
775 775 4,00 | 22,28 GT AT1G53290
777 777 1,23 | 3,25 CIP4.1-like AT1G30060
779 779 2,84 ] 7,39 - AT5G53890
823 823 4,40 | 17,06 CMT3 AT1G69770
825 825 1,22 | -3,61 - -
827 827 -1,53 ] 3,39 SPX AT1G02860
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Supplementary Table S2. Continued.

miRNA Family Gluc:;?;;eslzzr;sive MC?I::::; :ZII: | Target Family Target Genes
828 828 1,41 | 3,93 MYB AT1G66370
829 829 2,85 | 10,91 - -
850 850 -1,31 ] -3,90 - -
856 856 6,67 | 13,39 CHX AT5G41610
861 861 1,43]-2,31 - -
863 863 -1,12] -3,39 - -
865 865 -1,08 | 2,03 - -
3932 3932b -1,09 | -9,87 - -
4221 4221 2,35 | 7,06 - -

Note. Red denotes induction by glucose; green represents repression. Mannitol and glucose fold values are
in comparison to the pri-miR expression in non-treated Col-0 seedlings. Potential HXK1-dependent pri-
miRs (Fig. 1) are underlined. SPL genes marked with an asterisk are exclusive targets of miR156. Target
gene families are based on miRBase (Kozomara and Griffiths-Jones, 2011) and TarBase (Vergoulis et al.,

2011) databases.

Kozomara A, Griffiths-Jones S. 2011. miRBase: integrating microRNA annotation and deep-

sequencing data. Nucleic Acids Research 39, D152-D157.
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Supplementary Fig. S1. Phases considered for development monitoring. (A) Germination (festa rupture);

(B) Post-germination (radicle elongation); (C) Establishment (cotyledons greening).

147



A .
- w
= g " 80
il 3 3
g —+— Col-0 : —+— Col-0 £ e —+— Col-0
'E --@-- ag01-25 E --@- ag01-25 E ~--@-- ago1-25
£ — 4~ hyl12 E — 4~ hyl12 b — 4 hyl12
o -=
é —— abid-1 9 —— abid-1 2 —— abid-1
8 w
0+ T T T ¢ 2
0% 1% 2% 4% 6%
[Glucose]
B .
2 = &
3 n E
i = i
g g g
= —i—Col-0 s —t—Col-0 = —ip—Col-0
-E <@+ ago1-25 E <@+ 3g01-25 E <@+ agol1-25
= -
£ — 4 hyl1 E — & hyl1 ] — 4 hyl1
E o =
8 —8— abid-1 2 —— abid-1 £ —— abid-1
&
0% 1% 2% a% 6% 0% 1% 2% 4% 6%
[Glucose] [Glucose] [Glucose]
C Z .
& 3 3
~ ° i
= £ £
3 ——Col-0 c ——Col-0 = —+—Col-0
d €
.g «o«@+ 3g01-25 E «+«@+ 3g01-25 % «+o@+ 3g01-25
E - hyl12 E - hyl12 b - hyl12
o £
: —— abia-1 ¥ —— abid-1 £ —— abid-1
8 w
0+ T T T " o
0% 1% 2% 4% 6% 0% 1% 2% 4% 6%
[Glucose] [Glucose] [Glucose]

Supplementary Fig. S2. Effects of different concentrations of glucose on early seedling development of wild-type Col-0, miRNA-deficient
mutants agol-25 and hyll-2, and glucose-tolerant mutant abi4-1. Germination (festa rupture), post-germination (radicle elongation), and
establishment (cotyledons greening) were scored three days (A), five days (B) and seven days (C) after light exposure. Seeds (n = 20) of
each genotype were sown in MS/2 plates supplied with the indicated sugar concentration, kept for two days at 4°C in the dark for

stratification and transferred to continuous light (50 umol m™s™) at 24°C. Results presented are the means + SD of two biological replicates.
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Supplementary Fig. S3. Effects of different ABA concentrations on early seedling development of wild-type Col-0, miRNA-deficient

mutants agol-25 and hyll-2, ABA-insensitive mutant abi4-1, and ABA-biosynthesis mutant aba2-1. Germination (festa rupture), post-

germination (radicle elongation), and establishment (cotyledons greening) were scored (A) three days and (B) five days after light exposure.

Except for the ABA-insensitive mutant abi4-1, all genotypes had the development arrested before establishment within five days (data not

shown). Seeds (n = 20) of each genotype were sown in MS/2 plates supplied with the indicated ABA concentration, kept for two days at 4°C

in the dark for stratification and transferred to continuous light (50 umol m™ s™') at 24°C. Results presented are the means + SD of two

biological replicates.
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Supplementary Fig. S4. Expression of MIRNA genes pri-miRs, ABI3, ABI4, and ABI5 in Col-0 seedlings
grown in 4% glucose, 4% mannitol or control media after three days of light exposure. All expression
values are in comparison to untreated Col-0. The values are means of three biological replicates + SD.
Below each graph is given the relative transcript abundance. Changes in transcript accumulation were
considered significant for differences with fold change > |1.5] and according to Student’s ¢ test (p < 0.05)

for the following comparisons: b. glucose vs untreated samples; d. mannitol- vs glucose-treated samples.
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Supplementary Fig. S4. Continued.
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Supplementary Fig. SS. Expression of MIRNA genes pri-miRs and the respective miRNA targets in
Col-0, agol-25 and hyll-2 seedlings grown in 4% glucose or control media after three days of light
exposure. All expression values are in comparison to untreated Col-0. The values are means of three
biological replicates + SD. Below each graph is given the relative transcript abundance. Changes in
transcript accumulation were considered significant for differences with fold change > |1.5| and according
to Student’s ¢ test (p < 0.05) for the following comparisons: a. untreated agol-25 or hyll-2 vs untreated

Col-0; b. glucose vs untreated samples (same genotype); ¢. glucose-treated mutant vs glucos-treated Col-0.
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Supplementary Fig. S5. Continued.
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The Arabidopsis bZIP Gene AtbZIP63 Is a Sensitive
Integrator of Transient Abscisic Acid
and Glucose Signals!WIIOAl

Cleverson Carlos Matiulliz, Juarez Pires Tumazz, Gustavo Turqueto Duarte, Fernanda Manso Prado,
Luiz Eduardo Vieira Del Bem, Amanda Bortolini Silveira, Luciane Gauer, Luiz Gustavo Guedes Corréa,
Rodrigo Duarte Drumond, Américo José Carvalho Viana, Paolo Di Mascio, Christian Meyer,

and Michel Vincentz*

Centro de Biologia Molecular e Engenharia Genética, Universidade Estadual de Campinas, Cidade
Universitaria Zeferino Vaz, CP6010 Campinas, Sao Paulo, Brazil (C.CM.,, J.PT, GT.D., LEV.D.B, ABS, LG,
LG.GC, RD.D., AJ.C.V, M.V); Departamento de Biologia Vegetal, Instituto de Biologia, Cidade Universitaria
Zeferino Vaz, CP6009 Campinas, Sao Paulo, Brazil (M.V.); Unité de Nutrition Azotée des Plantes, Institut
Jean-Pierre Bourgin, INRA, 78026 Versailles cedex, France (C.M.); and Departamento de Bioquimica, Instituto
de Quimica, Universidade de Sio Paulo, CP26077 Sao Paulo, Brazil (EM.P, P.D.M.)

Glucose modulates plant metabolism, growth, and development. In Arabidopsis (Arabidopsis thaliana), Hexokinasel (HXK1) is
a glucose sensor that may trigger abscisic acid (ABA) synthesis and sensitivity to mediate glucose-induced inhibition of
seedling development. Here, we show that the intensity of short-term responses to glucose can vary with ABA activity. We
report that the transient (2 h/4 h) repression by 2% glucose of AtbZIP63, a gene encoding a basic-leucine zipper (bZIP)
transcription factor partially involved in the Snfl-related kinase KIN10-induced responses to energy limitation, is independent
of HXK1 and is not mediated by changes in ABA levels. However, high-concentration (6%) glucose-mediated repression
appears to be modulated by ABA, since full repression of AtbZIP63 requires a functional ABA biosynthetic pathway.
Furthermore, the combination of glucose and ABA was able to trigger a synergistic repression of AtbZIP63 and its homologue
AtbZIP3, revealing a shared regulatory feature consisting of the modulation of glucose sensitivity by ABA. The synergistic
regulation of AtbZIP63 was not reproduced by an AthZIP63 promoter-5'-untranslated region::g-glucuronidase fusion, thus
suggesting possible posttranscriptional control. A transcriptional inhibition assay with cordycepin provided further evidence
for the regulation of mRNA decay in response to glucose plus ABA. Overall, these results indicate that AtbZIP63 is an
important node of the glucose-ABA interaction network. The mechanisms by which AtbZIP63 may participate in the fine-
tuning of ABA-mediated abiotic stress responses according to sugar availability (i.e., energy status) are discussed.

To optimize their growth and development as ses-
sile organisms, plants have developed a range of

through photosynthesis, which relies on light access,
represents an important signal that, in combination

efficient mechanisms to sense and respond ade-
quately to ever-changing environmental conditions.
For instance, the availability of sugar produced
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with developmental and other environmental cues
such as mineral nutrition, water availability, or path-
ogen attacks, influence the use of energy resources to
ensure survival and propagation (Corruzi and Zhou,
2001; Forde, 2002; Rolland et al., 2006; Rook et al., 2006;
Gutiérrez et al., 2007; Smith and Stitt, 2007; Baena-
Gonzalez and Sheen, 2008).

Sugars are key metabolic signals that control gene
expression (Koch, 1996; Price et al., 2004; Li et al., 2006)
and modulate different developmental phases, includ-
ing embryogenesis, germination, seedling development,
root growth, flowering, and important processes such
as photosynthesis, senescence, and stress responses
(Smeekens, 2000; Rolland et al., 2002; Moore et al.,
2003; Gibson, 2005). Several sugar sensing and signal-
ing mechanisms have been described. Suc, for exam-
ple, which is the main transported form of sugar,
specifically regulates the mRNA translation of five
members of S-group basic-leucine zipper (bZIP) tran-
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scriptional regulators in Arabidopsis (Armbidopsis thali-
ana; Rook et al., 1998; Wiese et al., 2004).

Gle, one of the hydrolytic hexose products of Suc, is
a major sugar signaling metabolite. The characteriza-
tion of glucose insensitive (gin2) mutants has provided
compelling evidence for a Hexokinasel (HXKI)-de-
pendent Glc sensing and signaling pathway that is
uncoupled from HXK phosphorylation activity and
mediates the repression of photosynthetic gene ex-
pression and growth control in Arabidopsis (Moore
et al., 2003). The molecular mechanisms responsible
for Gle-dependent transcriptional repression of the
chlorophyll /b CAB2 involve a nuclear HXK1 com-
plex that binds the CAB2 promoter (Cho et al., 2006).
Complementation of the gin2 Arabidopsis mutant
with rice (Oryza sativa) HXK5 and HXK6 indicates
that HXK-mediated Glc sensing is conserved in an-
giosperms (Cho et al., 2009).

Other Glc sensing pathways have been described (for
review, see Rolland et al., 2002, 2006). One of them is a
glycolysis-dependent pathway that requires HXK cat-
alytic activity and regulates the expression of the path-
ogenesis-telated genes PRT and PR2 (Xiao et al,, 2000).
A third pathway is involved in the regulation of a
restricted number of genes such as those coding for
chalcone synthase and cell wall invertase and is inde-
pendent of increased HXK activity and HXK1 (Roitsch,
1999; Xiao et al., 2000). Genetic evidence also indicates
that a HXK-independent Glc sensing and signaling
mechanism involving a G protein-coupled receptor
system exists in plants (Ullah et al., 2002; Chen et al.,
2003a, 2006; Chen and Jones, 2004; Huang et al., 2006).
Interestingly, a genetic interaction between G protein
signaling and a Golgi-localized hexose transporter has
been reported (Wang et al., 2006).

The use of Glc signaling mutants has revealed a
relationship between Gle and the signaling pathways
of hormones such as abscisic acid (ABA; Zhou et al.,
1998; Arenas-Huertero et al., 2000; Huijser et al., 2000;
Laby et al., 2000; Rook et al., 2001; Brocard et al., 2002;
Cheng et al., 2002; Brocard-Gifford et al., 2004), ethyl-
ene (Zhou et al,, 1998; Gibson et al., 2001; Cheng et al.,
2002; Cho et al., 2010), and auxin and cytokinin (Moore
et al., 2003). HXK1-dependent Gle-induced responses
require ABA synthesis and subsequent ABA signal
transduction (Zhou et al., 1998; Arenas-Huertero et al.,
2000; Cheng et al., 2002). Within this regulatory cas-
cade, the ABA biosynthetic genes ABA2/GINT encod-
ing a short<hain dehydrogenase/reductase (Cheng
et al, 2002), ABA3/GIN5 encoding a molybdenum
cofactor sulfurase (Arenas-Huertero et al., 2000), and
the ABA signaling gene ABI4/GIN6 gene coding for a
transcriptional regulator of the APETALAZ domain
family (Finkelstein et al., 1998; Arenas-Huertero et al.,
2000) have pivotal roles (for review, see Ledn and
Sheen, 2003; Rolland et al., 2006). ABI4 also represses
the promoter of an rbeS gene in response to Gle or ABA
(Acevedo-Hernandez et al., 2005), which may partly
reflect the central role of ABI4 in retrograde signaling
from the chloroplast to the nucleus (Koussewitzky
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et al., 2007). Moreover, ABI4 is a regulator of Man-
induced inhibition of seedling germination (Pego
et al., 1999; Huijser et al., 2000), suggesting a general
role for ABI4 in hexose signaling. ABI4 is also involved
in the synergistic activation of APL3 (a large subunit of
ADP-glucose pyrophosphorylase) by Glc and ABA and is
an example of a Gle-induced response that is modu-
lated by ABA (Rook etal., 2001; Li et al, 2006). Several
other ABA signaling components were shown to be
involved in defining Glc sensitivity (Ramon et al,
2008).

Qur knowledge of the interactions between Gle and
ABA signaling pathways and their integration with
developmental programs is still incomplete. For in-
stance, we still do not know whether ABA synthesis
and/or signaling are involved in HXK-independent
Gle-induced responses. It is also unclear to what extent
short-term responses to Gle fluctuations are interrelated
with ABA (Li et al., 2006). The latter point is becoming
increasingly relevant to our understanding of how
carbon resources are used to minimize growth inhibi-
tion under conditions of energy limitation and ABA-
mediated abiotic stress responses (Baena-Gonzalez and
Sheen, 2008; Usadel et al., 2008). Transcription factor
genes coregulated by short-term treatment with Gle or
ABA have been identified and represent potential can-
didates for integrating transient changes in Glc and
ABA (Li et al., 2006). Recently, some members of the
Arabidopsis S- and C-groups of bZIP transcription
factor genes (Jakoby et al, 2002; Corréa et al., 2008)
have emerged as important mediators of the adaptive
responses induced by the Snfl-related kinases (SnRK1)
KIN10 and KIN11 during energy or sugar limitation
(Baena-Gonzalez et al., 2007; Usadel et al., 2008). In
addition, a restricted set of S-group proteins associates
with C-group members by forming heterodimers, thus
creating another level of interaction in the regulation of
gene expression (Weltmeier et al., 2006; Alonso et al,
2009).

During work on the functional diversification of
C-group bZIP genes, we observed that the expression
of AthZIP63 (At5g28770), one of the four Arabidopsis
group C members thatis likely to represent an ancestral
angiosperm function (Vincentz et al., 2003), is regulated
by Glc, ABA, and Man, suggesting the involvement of
this gene in the cross talk between carbohydrate and
ABA-mediated responses (e.g., in abiotic stress). To
assess this possibility, we investigated the dependence
of Gle-induced repression of AthZIP63 on ABA synthe-
sis and signaling. We show here that the Gle-induced
repression of AtbZIP63 is independent of HXK1 and
that the short-term response of AtbZIP63 to 2% Glc does
not rely on ABA accumulation. Furthermore, the
requirement of ABA synthesis to obtain full repression
of AtbZIP63 by 6% Glc together with the synergistic
repression of AZIP63 by Glc+ABA, which partly
relies on posttranscriptional regulation, suggest that
ABA modulates Glc-mediated responses. Since
AbZIP63 is involved in the control of energy homeo-
stasis (Baena-Gonzalez and Sheen, 2008), mediating
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partially KIN10-induced responses, we also discuss
the importance of the modular regulation of AtbZIP63
expression by Glc and ABA.

RESULTS

AtbZIP63 Is Repressed by Glc and ABA, and
Gle-Induced Repression Is Independent of HXK1 Glc
Sensing Achivity

To evaluate the short-term responses of C-
bZIP genes AtZIP9 (At5g24800), AtbZIP10 (Atdg02640),
AthZIP25 (At3g54620), and AthZIP63 (At5g28770) to Gle
and ABA signals, wild-type Columbia (Col-0) seedlings
grown for 6 d (growth stage 1.0, corresponding to fully
opened cotyledons; Boyes et al., 2001) under constant
dim light (20 umol m™ s and in half-strength Mur-
ashige and Skoog (MS/2) liquid medium were treated
for 4 h with 2% Glc or 100 um ABA. Treatment efficiency
was verified by the induction of Rd29% (At5g52310) by
ABA (Arroyo et al, 2003) and repression of XTR7
(At4g14130) by Glc (Price et al.,, 2004). While AtbZIP63
was repressed by both Gle (6.7-fold; Fig. 1A) and ABA
(3.3-fold with 100 um and 2-fold with 10 uwm; Fig. 1A;
Supplemental Fig. S1), AtbZIP9 and AtbZIP1) only
responded to Gle. ABZIP9 was repressed by Gle and
AtbZIP10, being induced (3.3- and 2.2-fold, respectively)
by this signal (Fig. 1A). These alterations were not caused
by osmotic stress, since 2% mannitol only marginally
changed the mRNA levels of these genes (Fig. 1A).
AtbZIP25 was not responsive to Glc or ABA (Fig. 1A).

To determine whether the Gle-induced repression
of AtbZIP9 and AtbZIP63 is mediated by HXK1
(At4g29130) Glc sensing activity (Moore et al., 2003)
or requires HXK catalytic activity to produce down-
stream regulatory metabolites (glycolysis dependent;
Xiao et al,, 2000), the Clc analogue Man, which is
readily phosphorylated by HXK and poorly metabo-
lized, was used. The promotion of Glc-like responses
by Man would be indicative of HXK sensing activity,
whereas the absence of any response to Man would be
indicative of a glycolysis-dependent or HXK-indepen-
dent pathway. Man was almost as efficient as Glc in
repressing AtbZIP63 mRNA (Fig. 1A), suggesting a
role for HXK sensing and signaling in this regulation.
In contrast, AtbZIP9 mRNA was unresponsive to Man
(Fig. 1A), indicating that Glc-induced repression of
AtbZIP9 was dependent on Glc metabolism or inde-
pendent of HXK activity (Xiao et al.,, 2000; Villadsen
and Smith, 2004). Interestingly, AtbZIP25 was specif-
ically repressed by Man (Fig. 1A), revealing the pos-
sible existence of a Man-restricted signaling pathway.

To evaluate more precisely the involvement of
HXK1 sensing activity in the control of AtbZIP63
expression by Glc, we analyzed the regulation of this
gene in an HXK1 null mutant, gin2-1 (ecotype Lands-
berg erecta [Ler] background), which is deficient in Gle-
dependent photosynthetic gene repression (Moore
et al., 2003; Cho et al., 2006). Expression analysis was
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done under low-nitrogen conditions (MS/10; Moore
et al, 2003). Under these conditions, there was no
HXK1l-mediated Gle-induced inhibition of carbonic
anhydrase (At5gl4740) photosynthetic gene expres-
sion in gin2-1 (Fig. 1C; Moore et al., 2003), while the
HXK1-independent Glc-induced repression of the Gn-
dependent Asparagine synthetasel (ASN1; At3g47340)
gene was, as expected, still effective in the gin2-1 mutant
(Fig. 1B; Baena-Gonzalez et al, 2007). The levels of
AtbZIP63 mRNA in response to Glc were also not
significantly different between gin2-1 and the wild type
(Fig. 1B), indicating that a pathway independent of HXK1
Cle sensing activity was involved in the Gle-induced
regulation of this gene. Similarly, the Gle-induced repres-
sion of AthZIP9 expression was as efficient in Ler and
gin2-1 and, therefore, is also independent of HXK1 Glc
sensing activity (data not shown). Several lines of genetic
evidence support the role of ABA synthesis and sensing
in Glc-mediated responses (see the introduction; for
review, see Ledon and Sheen, 2003). Since AfhZIP63 is
also regulated by ABA (Fig. 1A), we next examined the
extent to which Gle-dependent control of AthZIP63 ex-
pression is connected to ABA signaling.

The Repression of AtbZIP63 by Glc Is Modulated
by ABA

The interaction between Glc and ABA to regulate
gene expression may involve Gle-triggered modula-
tion of ABA levels, as suggested previously (Arenas-
Huertero et al., 2000). To assess the possibility that
Gle-induced repression of AtbZIP63 could be the result
of an increase in ABA content, we monitored the
changes in ABA levels in response to short-term Gle
treatment. In addition, the changes in ABI5 (At2g36270)
mRNA levels were used as a positive control to verify
the efficiency of the treatments (Fig. 2B), since this gene
is induced by ABA (Lopez-Molina et al., 2003; Price
et al., 2003).

Two percent Glc or mannitol had no substantial
effect on ABA accumulation in whole seedlings after 4
h of treatment, while 6% Glc or mannitol was able to
induce a 10- or 5-fold increase in ABA content, respec-
tively (Fig. 2A). These findings indicate that the re-
pression of AtbZIP63 by 2% Glc (Fig. 2C) was not
mediated by ABA accumulation. Treatment with 2%
mannitol had only a marginal effect on AthZIP63
expression, probably because of osmotic activity (Fig.
2C), which could also be the reason for ABI5 mRNA
induction by 2% Glc or mannitol (3.5- and 4.7-fold,
respectively; Fig. 2B). At higher sugar concentrations
(e.g., 6% Glc or mannitol), AtbZIP63 down-regulation
was around three times greater than the repression
caused by 2% of the corresponding hexose (Fig. 2C).
As expected, 6% Glc or mannitol strongly induced
ABI5, most likely as the result of an increase in ABA
content (Fig. 2, A and B; Price et al., 2003). The stronger
repression of AthZIP63 by 6% Glec could be triggered
by the combination of the Glc signal and an increase in
ABA content that has been induced by high concen-
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Figure 1. The expression of the Arabidopsis C-group bZIP genes
AtbZIP9, AthZIP10, AthZIP25, and AthZIP63 is regulated by ABA,
Glc, or Man, and Glc-mediated regulation of AthZIP63 is independent
of HXK1 sensing activity. Wild-type Col-0 and Ler or mutant gin2-
1 seedlings were grown for 6 d in M5/2 or M5/10 liquid medium for Ler
and gin2-1 and were subsequently treated with 100 um ABA, 2% Glc,
2% Man, or 2% mannitol for 4 h, Total RNA was analyzed by gRT-PCR
assays. A, Relative transcript abundance of C-group bZIP genes. The
data are means = sp (error bars) of at least three independent exper-
iments. B, Expression of AthZIP63 and AtASNT in response to Glec
treatment in gin2-1, a HXK1 null mutant, and the corresponding Ler
wild type. The data are means of at least three independent experi-
ments. C, RNA integrity. C stands for the untreated control. The
effectiveness of the treatments was verified by evaluating the induction
of Rd2?9a by ABA and the repression of XTR7 by Glc and Man by
semiquantitative RT-PCR. Carbonic anhydrase (CAA; At5g14740) was
used as a control for HXK1-mediated Glc-dependent gene repression.
The differences from the untreated control were considered significant
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trations of sugars (Fig. 2A). This result suggests that
Glc and ABA may interact to repress AthZIP63. In the
case of 6% mannitol, the AtbZIP63 repression (Fig. 2C)
could be attributed to an increase in ABA content (Fig.
2A), which is in agreement with the repression ob-
served in response to ABA application (Fig. 1A). To
further assess the contribution of ABA to the repres-
sion of AtbZIP63 by 6% Glc or mannifol, we analyzed
the expression of AtbZIP63 in the ABA-deficient mu-
tant aba2-1 (Col-0 ecotype; accumulates approximately
10% of the wild-type ABA level; Léon-Kloosterziel
et al., 1996). The repression of AtbZIP63 by 6% Glc was
significantly less effective in aba2-1 than in the wild-
type (12-fold repression versus 33-fold, respectively;
Fig. 2C), and essentially the same value was obtained
when 2% Glc was used (Fig. 2C). The same trend was
observed in the case of 6% mannitol, although the
difference between aba2-1 and the wild type was more
tenuous (2.4-fold repression versus 3-fold, respec-
tively; Fig. 2C), possibly because mannitol exerts an
ABA-independent osmotic activity and/or aba2-1 is
slightly leaky. Interestingly, the supply of 1 um ABA to
aba2-1 seedlings treated with 6% Glc or mannitol
restored the wild-type AthZIP63 mRNA repression
level (Fig. 2C). As a control, the induction of ABI5 by
6% Glc or mannitol was reduced in aba2-1, and full
induction could also be restored by exogenously ap-
plied 1 um ABA (Fig. 2B). These results support the
hypothesis of a combinatorial effect of Glc and ABA to
modulate AtbZIP63 repression. We next were inter-
ested in evaluating the mechanism involved in this
regulatory pattern.

The Synergistic Repression of AtbZIP63 by a
Combination of Glc and ABA Partly Involves the
Modulation of mRNA Decay

Initially, we wished to determine whether Glc- and
ABA-induced repression of AtbZIP63 could be the
result of transcriptional control. To this end, the ex-
pression of the GUS reporter gene under the control of
the AtbZIP63 promoter and the 5" untranslated region
(UTR) sequence in response to ABA, Glc, and Man
was evaluated in transgenic seedlings containing the
AtbZIP63 promoter-5'UTR:GUS fusion. Two trans-
genic lines homozygous for a single insertion of the
AbZIP63 promoter-5'UTR:GUS transgene and that
were representative of the overall expression pattern
found among six independent lines were analyzed.
The detection of GUS activity in situ and in plant
extracts indicated that transgenic seedlings grown
with 0.3% Gle accumulated more GUS activity than
those grown in 2% Glc (Fig. 3, A and B), suggesting
that AtbZIP63 promoter and 5'UTR sequences were

at P<2 0.05 (Student’s f test) and are indicated by the letter a. Expression
data are normalized to the Acfin?2 mRNA levels, and the relative
quantification refers to the respective untreated wild-type Col-0 or Ler
genolype.
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Figure 2. The repression of AthZIP63 by Glc is modulated by ABA. A,
Quantification of ABA in untreated whole seedlings or seedlings treated
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nitol treatments are indicated by letters a and ¢, respectively (n=6; P<
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apparently able to mediate Glc-induced regulation. We
next measured the transient effect of Glc and ABA on
GUS mRNA. The Gle- and ABA-induced repression of
AtbZIP63 was partly mediated by the AthZIP63 pro-
moter and 5'UTR sequences, since changes in GUS
mRNA accompanied those of AthZIP63 mRNA in
response to these signals (Fig. 3C). Collectively, these
data provide evidence for a role of transcription and /
or 5'UTR-mediated control of mRNA stability in the
regulation of AtbZIP63 expression by Glc and ABA.
This finding prompted us to investigate whether ABI4,
which encodes for an AP2-type transcriptional reg-
ulator involved in ABA and Gle response pathways
(Finkelstein et al., 1998; Acevedo-Hemandez et al., 2005),
would be part of both Gle- and ABA-mediated regula-
tion of AthZIP63 expression. To this end, we analyzed the
AthZIP63 responses to Glc and ABA in the abi4-1 mutant
(Col-0 ecotype), which lacks ABI4 activity (Soderman
et al., 2000). The Gle- and ABA-induced repression of
AtbZIP63 was stronger in the abi4-1 mutant compared
with the wild type (23.3- versus 8.3-fold for Glc and 13.6-
versus 4-fold for ABA; Supplemental Fig. S2), suggesting
that ABI4 antagonizes the Gle- and ABA-induced re-
pression of AtbZIP63. This possibility is reinforced by
the presence of two ABI4-binding sites, CCAC, in the
AtbZIP63 promoter (Supplemental Table S1).

A comparison of how signals alone and in combi-
nation can regulate the expression of target genes
could provide clues about how these signals interact.
Therefore, we analyzed the regulation of AthZIP63
mRNA abundance by combinations of ABA, Glc, and
Man. The most important finding of this analysis was
that the combination of Glc and ABA synergistically
repressed AfBZIP63 (Fig. 3C), a response also observed
in the Wassilewskija (Ws) ecotype (data not shown).
The combination Gle+ABA repressed AtbZIP63 mRNA
by approximately 33-fold, which was almost 3-fold
more than the sum of the repression levels observed for
each stimulus separately (approximately 3.8-fold for
ABA and approximately 8.3-fold for Glg; Fig. 3C). This
response was specific for the combination Glc+ABA,
since no synergy was observed when the Man+ABA
combination was used (Fig. 3C). Moreover, among the
four members of the group-C bZIP genes, the syner-
gistic response was restricted to AthZIP63 (Supple-
mental Fig. $3). The evolutionary relatedness between
C-group and S-group bZIP genes (Corréa et al., 2008)
prompted us to evaluate the Gle- and ABA-mediated
regulations of the S-group genes AtbZIP1 (At5g49450),
AthZIP2 (ARgl8170), AZIP11 (At4g34590), and
AtbZIP53 (At3g62420), which are functionally related
to AtbZIP63 (Baena-Gonzalez et al., 2007; Dietrich et al.,
2011). None of them were synergistically down-
regulated by Gle+ABA, but interestingly, AthZIP11
was synergistically induced by these signals (Fig. 4),

were performed as described in Figure 1 except that transcript levels
were normalized to PDF2 mRNA.
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Figure 3. The synergistic repression of AthZIP63
by ABA+Gle cannot be reproduced by AthZIP63
promoter sequences. Transgenic seedlings of the
PH3.13.4 and PH3.35.8 lineages (both homozy-
gote for one transgenic locus) containing the
reporter gene GUS under the control of the
AthZIP63 promoter, 5 UTR, and 36 bp of coding
sequences were grown for 5 d in MS/2 solid
medium supplemented with 0.3% Glc or 2% Glc
{(w/v) under constant light at 22°C for GUS activity
assays (A and B) and for 6 d in M5/2 liquid
medium and were treated for 4 h with 100 gm
ABA, 2% Clc, 2% Man, or different combinations
of these molecules (used at the same final con-
centration as when applied individually) for gRT-
PCR assays (C). A, Histochemical analysis of in
situ GUS activity in the PH3.35.8 lineage. B,
Relative GUS activity in PH3,13.4 and PH3.35.8
lineages. The raw fluorescence units were nor-
malized by total protein content. Relative GUS
activity refers to the respective genotype treated
with 0.3% Gle. Relative GUS activity was defined
in the linear portion of the enzymatic kinetic.
Significant differences are represented by the
letter a (n = 3; P < 0.05). C, Relative transcript
abundance of AtbZIP63 and GUS in transgenic
seedlings. The data are means *+ so (error bars) of
three independent experiments. Total RNA was
treated with DNase and analyzed by qRT-PCR as
described in Figure 1 except that transcript levels
were normalized to PDF2 mRNA. The numbers at
the bottom represent mean decreases of transcript
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revealing the diversification of ABA- and Gle-related
regulatory output. However, AtbZIP3 (At5g15830), an-
other S-group gene that is down-regulated by Glc and
ABA (Li et al., 2006), shared synergetic down-regula-
tion with AtbZIP63 (Fig. 4), raising the possibility that
these two genes are under the control of the same
regulatory mechanisms. Indeed, AtbZIP63 and Atb-
ZIP3 promoters share common motifs related to Glc
and ABA regulation (Supplemental Table S1).
Surprisingly, the AtbZIP63 promoter and 5'UTR se-
quences were not sufficient to synergistically repress
the GUS reporter gene (Fig. 3). Thus, the repression of
AthZIP63 mRNA accumulation by the combination
Gle+ABA may either require a transcriptional regula-
tory element not included in our construct or involve a
control of AbZIP63 mRNA decay. To assess this latter
possibility, we determined the half-life of AthZIP63
mRNA by using cordycepin (3-deoxyadenosine) to in-
hibit transcription (Holtorf et al., 1999; Gutiérrez et al.,
2002; Souret et al., 2004). We designed a protocol that
produced almost complete inhibition (97%) of ABA-
mediated Rd29h mRNA transcription (Fig. 5A; Uno
et al., 2000), indicating that conditions for the efficient
inhibition of transcription were achieved. The half-lives
of AIMPK3 (At3g45640) and AfF12 (At5g03430) mRNA
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the corresponding untreated (Unt.) sample.

were in good agreement with previous results (Fig. 5B;
Gutiérrez et al., 2002), further indicating that our pro-
tocol was efficient. Under our conditions, the half-life of
AtbZIP63 mRNA was approximately 95 min (Fig. 5B).
This estimate implies that only around 17% of the
synergistic repression fold of AfbZIP63 mRNA after a
4-h treatment with Gle+ABA (expected 5.6-fold based
on half-life estimation versus the observed 33-fold
reduction; Fig. 3C) can theoretically be accounted for
by transcriptional control. The remaining 83%, there-
fore, must be related to mRNA degradation. The
increase of AtbZIP63 mRNA decay rate by simulta-
neously combining cordycepin and Gle+ABA (half-life
of AtbZIP63 mRNA was reduced to approximately 33
min; Fig. 5B) agrees with a control of AtbZIP63 mRNA
stability by these two signals. The increased AthZIP63
mRNA decay triggered by Glc+ABA seems to be
specific, since the Actin2 reference gene used to nor-
malize quantitative reverse transcription (qRT)-PCR
data was stable among all treatments. To further
confirm and refine this conclusion, we also examined
the impact of Glc and ABA signals individually on the
posttranscriptional control of AtbZIP63 mRNA. The
addition of Glc or Glc+ABA to seedlings treated with
cordycepin reduced AtbZIP63 mRNA accumulation
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Figure 4. The expression of the Arabidopsis S-group bZIP genes
AthZIP1, AtbZIF2, AthZIP3, AthZIP11, and AthZIP53 is regulated by
Glc and ABA. Wild-type Col-0 seedlings were grown for 6 d in MS/2
liquid medium under constant dim light and were subsequently treated
with 2% mannitol (osmotic control), 100 um ABA, and/or 2% Glc for
4 h. Total RNA was extracted and analyzed. cDNA synthesized from
total RNA treated with DNase was used in qRT-PCR assays. S-group
bZIP transcript levels were normalized to the PDF2 mRNA levels, and
the relative quantification refers to untreated Col-0. The data are means
+ sn (error bars) of three independent experiments. Differences from
the untreated control were considered significant at P< 0.05 (Student’s
t test) and are indicated by the letter a. The number at the top of each
column corresponds to the relative expression level.

by almost 3-fold compared with the control treatment
with cordycepin alone (Fig. 5C). These results indicate
that Glc alone may also control the stability of AthZIP63
mRNA and that the expected Glc+ABA-mediated syn-
ergistic repression was hindered in the presence of
cordycepin (Fig. 5C), raising the possibility that suc-
cesstul synergism requires transcription. This latter
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conclusion also applies to Glc-induced down-regulation
of AthZIP63, since this regulation was significantly
weaker in the presence of cordycepin compared with
the samples treated only with Gle (Fig. 5C). In contrast,
the ABA-mediated reduction of AtbZIP63 mRNA in
the presence of cordycepin was not significantly dif-
ferent from the control treatments with cordycepin or
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Figure 5. The control of AthZIP63 and AthZIP3 mRNA decay is
involved in the response to Gle+ABA. Inhibition of transcription was
performed with 100 pg mL~! cordycepin (Cord). Wild-type Col-0 6-d-
old seedlings were grown in MS/2 liquid medium, treated with
cordycepin, and harvested after 0, 1, and 2 h for half-life measurements
or pretreated with cordycepin for 1 h and then treated with 100 g ABA
andfor 2% Gle (w/v) for an additional 2 h. A, ABA-mediated induction
of Rd29b was used to monitor the efficiency of transcription inhibition.
B, Kinetics of mRNA decay and half-life of AtbZIP63 in the absence and
presence of Glc+ABA and of two genes with known half-lives (AtMPK3
[At3g45640] and AtF12 [At5g03430]; Gutiérrez et al., 2002); A = decay
constant; t1/2 (h) = half-life in hours; t1/2 (min) = half-life in minutes. C,
Repression of AthZIP63 and AthZIP3 by 2% Glc, 100 um ABA, and 2%
Glc + 100 pum ABA with or without cordycepin. Transcript levels were
normalized to the Actin? mRNA. Significant differences between
treated samples with or without cordycepin are indicated by the letter
a(n=3; P< 0.05). The numbers at the bottom represent mean
decreases of transcript amounts in response to each treatment relative
to the untreated (Unt.) sample.
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ABA alone (Fig. 5C), indicating that ABA acts mainly
by limiting transcription.

Since AtbZIP63 and AthZIP3 are coregulated in
response to ABA and/or Glc, we wondered whether
the regulation of AtbZIP3 expression also involves the
control of mRNA stability. As with AbZIP63, efficient
synergistic repression of AtbZIP3 did not tolerate
transcriptional inhibition by cordycepin (Fig. 5C), in-
dicating that both genes are subjected to similar reg-
ulatory aspects. However, in contrast to AtbZIP63, the
Glc- and ABA-mediated reduction of AthbZIP3 mRNA
levels was attributable mainly to transcriptional re-
pression (Fig. 5C).

Together, these data support the idea that Gle- and
Gle+ABA-induced repression of AtbZIP63 mRNA levels
and Gle+ABA-induced reduction of AtbZIP3 transcripts
are partly attributable to accelerated mRNA decay,
which requires ongoing transcription for full efficiency.
For instance, continuous transcription may be necessary
to maintain an active pool of a factor mediating mRNA
decay in response to Glc+ABA. Alternatively, a specific
transcriptional control step in response to Gle+ABA
may be required to trigger posttranscriptional control of
AtbZIP63 and AtbZIP3 mRNAs. Based on this reason-
ing, it is conceivable that the Glc+ABA-mediated tran-
scriptional activation of an AtbZIP63-related microRNA
(miRNA) gene may be involved. However, this possi-
bility was discarded, because the synergistic repression
of AtbZIP63 remained functional in miRNA pathway
mutants (Supplemental Fig. 54). Moreover, this result
was further supported by the lack of any AthZIP63-
related miRNA in miRBase (http:/ /www.mirbase.org/;
Griffiths-Jones et al., 2008).

To obtain some additional clues about the physio-
logical role of AtbZIP63, we searched for putative
AtbZIP63 target genes.

ASN1, SEN1, and DIN10 Are Putative Target Genes
of AthZIP63

AtbZIP63 has been shown to interact with the
SnRK1.1 KIN10 to promote the expression of GIn-
dependent ASN1 in a transient protoplast assay system
(Baena-Gonzalez et al., 2007). KIN10 is a key regulator
of energetic stress adaptation, which involves a large
extent of transcriptional changes (Baena-Gonzalez etal.,
2007). To further assess the involvement of AthZIP63 in
KIN10-mediated responses, we analyzed the expres-
sion of selected genes that are known to be induced by
KIN10 and highly coexpressed with AtbZIP63 (http:/ /
cressexpress.org; Srinivasasainagendra et al, 2008) in
two AtbZIP63 mutants corresponding to T-DNA inser-
tion lines (atbzip63-1 in Col-0 and atbzip63-2 in Ws; Fig.
6, A and B). We found that ASNT and SENT (for
senescence-associated protein 1; Atdg35770) are misre-
gulated in both atbzip63-1 and athzip63-2 after 24 h of
darkness when compared with their respective wild-
type genotypes. Additionally, DIN10 (for dark induc-
ible 10; At5g20250) expression was found to present
significant differences from the wild type only in
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atbzip63-1 (Fig. 6C). DIN10 is a putative raffinose syn-
thase (EC 2.4.1.82) from the GH36 family (http:/ /www.
cazy.org/GH36.html) that shares approximately 38%
identity with a functionally characterized raffinose
synthase from pea (Pisum sativum; European Bioinfor-
matics Institute accession no. AJ426475; Peterbauer
et al., 2002) that catalyzes the conversion of Suc and
galactinol into myoinositol and raffinose. The differen-
tial expression profile between atbzip63-1 and atbzipe3-2
could be due to the different genetic backgrounds,
Col-0 and Ws, respectively. In conclusion, these results
support the notion that AtbZIP63 participates in the
KIN10-mediated transcriptional changes.

DISCUSSION

Higher plants have evolved strategies to use their
energy resources in such a way as to optimize growth
and development and ensure survival (Polge and
Thomas, 2006; Smith and Stitt, 2007; Baena-Gonzalez
and Sheen, 2008; Baena-Gonzalez, 2010). Recent evi-
dence indicates that the SnRK1 kinases KIN10 and
KIN11 are key players in the ability of plants to ad-
just to energy deprivation. The interaction of KIN10
with members of S-group bZIP transcription factors
(AtbZIP1, AtbZIP2/GBF5, AtbZIP11, and AthZIP53)
and AtbZIP63, a C-group bZIP factor, can partially
trigger the transcriptional responses involved in energy
reposition (Baena-Gonzalez et al., 2007; Usadel et al.,
2008).

As shown here, AtbZIP63 is also an early Gle-
responsive gene that is a good candidate for a role in
Glc transduction pathways (Fig. 1A). The Gle-sensing
activity of HXK1 is not involved in this regulation (Fig.
1B), and the participation of Glc phosphorylation and/
or further metabolism requires more analysis. Moreover,
the 2% Glc-induced repression of AHZIP63 does not
involve changes in ABA levels (Fig. 2). However, ABA
can interact with Gle to modulate AtbZIP63 repression
(Figs. 2 and 3), indicating that ABA-related processes are
not limited to long-term adaptive responses to Glc but
are also involved in early Gle-triggered regulation,
further emphasizing the importance of the link between
ABA and Glc signaling (Gibson, 2005). Recently, a HXK1-
dependent early seedling developmental arrest was
found to be promoted by low 2% Glc. Interestingly, this
long-term response appeared to be also uncoupled from
ABA synthesis but requires low-nitrogen conditions (Cho
etal., 2010). Whether short-term Gle-mediated repression
of AtbZIP63 can also be modulated by nitrogen supply is
an interesting possibility related to nitrogen/carbon reg-
ulatory features that remains to be tested.

The strong repression of AtbZIP63 by Clc and ABA
and the striking synergistic negative effect conferred by
the combination Glc+ABA on the mRNA level of
AtbZIP63 constitute good support for the idea that
AtbZIP63 is a cross talk node between Glec and ABA
signaling cascades. The repression of AtbZIP63 by Glc
is consistent with the reported interaction between

699



Matiolli et al.

A atbzip63-1 atbzip63-2
1w 2rv
5TR JUTR
|
L Y J
AthZIP63
B Col-0 atbzip63-1 WS athzip§3-2
CRY = __Sesg R
r Ty o, % Ty % 2 B %, 9 W Y
‘v‘v%'g,v‘?@’% 1’-9@'%-7-?@14’,
% gt ?f %
() L
8, 9 L7 L)
(o @ASN1 OSEN1 @ DIN1O
55 14 4

atbzip63-1

Light 24h dark

RQ (Relative Quantification)

N

=

o

=2}

S
L

(&)

(=]
4

24h dark

Figure 6. Putative AtbZIP63 target genes. The expression of ASNT (At3g47340) and SENT (At4g35770) is misregulated in two
AthZ1IP63 T-DNA insertion mutants after dark-induced energy starvation. A, Schematic representation of T-DNA insertion sites in
athzip63-1 and atbzip63-2 mutants. LB, T-DNA left border; RB, T-DNA right border. Primers used to locate -DNA insertion and
detect chimeric transcripts are indicated by the arrows (for primer sequences, see Supplemental Table $2). B, PCR amplification
from genomic DNA of the T-DNA insertion region and RT-PCR after DNase treatment showing chimeric transcripts between
AthZIP63 and T-DNA in both athzip63-1 and atbzip63-2 mutants, Size differences between amplification products from
genomic DNA (1,200 bp) and cDNA (810 bp) in athzip63-1 are due to introns that are absent in spliced AthZIP63 mRNA. C,
ASNT, SENT, and DINT0 transcript accumulation in athzip63-1 (Col-0 ecotype) and athzip63-2 (Ws ecotype) 6-d-old seedlings
after 24 h of dark treatment. Significant differences related to seedlings of the same genotype without dark treatment (light) are
represented by the letter a (n= 3; P < 0.05) and those between equally treated mutants and their respective wild-type genotype
are represented by the letter b (n = 3; P <2 0.05). Growth (MS/2), treatments, and qRT-PCR analysis were performed as described
in Figure 1 except that transcript levels were normalized to the PDF2 mRNA.

AtbZIP63 and KIN10, which is possibly involved in a
broader regulatory scheme dedicated to optimizing en-
ergy supply under adverse conditions (Baena-Gonzalez
et al., 2007). The identification of the three KIN10-
activated genes ASN1, SEN1, and DIN10 as putative
AtbZIP63 target genes (Fig. 6C) is in agreement with
the participation of AtbZIP63 in the KINI10-related
signaling pathway.

We hypothesize that the Glc-induced repression of
AtbZIP63 and the attenuation of KIN10-mediated
processes by Glc or Suc (Baena-Gonzalez et al., 2007;
Usadel et al., 2008) help to tune and ultimately reset
to minimum levels the KIN10/AtbZIP63-mediated
energy starvation response. A further level of com-

700

plexity is added to this regulatory scheme by the
ABA-induced repression of AtbZIP63. This control
suggests that AtbZIP63 activity is incompatible with
ABA-mediated responses and, more particularly,
with abiotic stress (Seki et al., 2007), an energy-
consuming process (Shinozaki and Yamaguchi-
Shinozaki, 2006) that requires adjustment according
to the available energy level. For instance, the ABA-
induced accumulation of osmolytes such as sugars
and Pro (Seki et al., 2007; Kempa et al., 2008) im-
proves tolerance to drought and salt stress but also
provides an alternative source of energy, carbon, and
even nitrogen that may be essential when energy is
scarce.

Plant Physiol. Vol. 157, 2011

165



We propose that AtbZIP63 integrates a network that
coordinates the use of available energy to sustain
growth with the need to correct the adverse effect of
abiotic stress and that an important mechanistic
aspect of AtbZIP63 participation involves the fine-
tuning of AtbZIP63 mRNA levels by two mecha-
nisms. First, ABA or low Gle concentration (2%)
directly down-regulates AtbZIP63 expression partly
at the transcriptional level (Figs. 1A and 3C). Direct
ABA measurement revealed that short-term treat-
ment with 2% Glc did not alter ABA levels (Fig. 2A),
suggesting that Glc-mediated regulation of AtbZIP63
does not rely on a linear pathway in which the
stimulation of ABA accumulation by Gle would sub-
sequently trigger this response. However, as sug-
gested by the observation that the stronger repression
of AtbZIP63 by 6% Glc compared with 2% Gle (33-
versus 11-fold) is ABA2 dependent (Fig. 2C), it is
likely that ABA can modulate the sensitivity to Glc.
This possibility is further supported by the synergis-
tic repression conferred by Glc+ABA (Fig. 3C). The
latter regulatory feature constitutes the second mech-
anism by which AtbZIP63 integrates Glc and ABA
signals. The synergistic response most likely reflects a
situation of unlimited energy availability that favors
an optimal response to abiotic stress. Interestingly,
only part of the response (15% of the total repression
fold) was associated with the AthZIP63 promoter and
5'UTR sequences (Fig. 3C), suggesting that a post-
transcriptional control step acting on AtbZIP63
mRNA was also involved. Three additional pieces
of evidence support this conclusion. First, the esti-
mated half-life of AtbZIP63 mRNA (Fig. 5B) cannot
explain the large decrease in AtbZIP63 mRNA in
response to Glc+ABA treatment solely by invoking
transcriptional inhibiion. Second, the AtbZIP63
mRNA decay rate was accelerated by ABA+Glc
treatment (approximately 3-fold compared with the
untreated control; Fig. 5B). Third, even under pre-
established transcriptional inhibition with cordy-
cepin, Glec and Glc+ABA still significantly reduced
AtbZIP63 mRNA levels by 3-fold (Fig. 5C). How-
ever, Gle+ABA-induced synergistic repression was
hampered by cordycepin-induced transcriptional
inhibition (Fig. 5C), indicating that an unstable or
Gle+ABA transiently induced regulatory factor may be
involved. Together, these results provide evidence for a
pathway regulating AfbZIP63 mRNA decay that is
effidently activated by the convergence of Glc and
ABA signals. Interestingly, this regulatory model for
AtbZIP63 also applies to the evolutionarily related
S-group AtbZIP3 gene. Since S-group genes apparently
derived from C-group genes (including AtbZIP63) in
the ancestral lineage of angiosperms (Corréa et al.,
2008), it remains to be defined whether this regulatory
feature is an ancestrally shared derived character or
reflects an event of convergence. Conserved regions
were identified in the 3'UTR sequences of AthZIP3 and
AtbZIP63 (Supplemental Fig. S5) and represent putative
posttranscriptional cis-regulatory sequences.

Plant Physiol. Vol. 157, 2011

166

Arabidopsis C-Group bZIPs, ABA, and Glc Signaling

The control of mRNA metabolism during ABA-
mediated stress responses has been described and may
involve various mechanisms (Lu and Fedoroff, 2000;
Xiong et al., 2001; Nishimura et al., 2005; Kant et al.,
2007), including miRNA- or small interfering RNA-
mediated regulation (Borsani et al., 2005; Reyes and
Chua, 2007). However, the direct participation of
miRNA in the repression of AtbZIP63 mRNA accu-
mulation is incompatible with our observation that
AtbZIP63 synergistic repression was almost the same
in ago1-25 and dcl1-9 when compared with their re-
spective wild-type genotypes (Supplemental Fig. 54).
Interestingly, the synergistic response was stronger in
the iiyl1-2 miRNA biogenesis mutant compared with
the wild type (150- versus 40-fold in the Col-0 ecotype;
Supplemental Fig. 34), and the hypersensitivity of this
mutant to ABA (Lu and Fedoroff, 2000) may partly
explain this result. Several molecular pathways are
involved in the control of mRNA decay (Narsai et al.,
2007; Houseley and Tollervey, 2009), and further anal-
ysis should reveal the mechanistic aspects of the
synergistic down-regulation of AtbZIP3 and AthZIP63
mRNA levels by Glc and ABA. Suc-mediated transla-
tional control has been shown to be a relevant post-
transcriptional regulatory step of a subset of S-group
bZIP genes (Wiese et al., 2004), and our data highlight
the importance of mRNA stability control as an addi-
tional means to regulate the expression of members of
C- and S-group bZIP genes.

The previous description of an ABI4-dependent syn-
ergistic transcriptional induction of APL3 (Atdg39210)
by ABA+GIc (Li et al,, 2006), together with the partly
posttranscriptional synergistic repression of AthZIP63
and AtbZIP3 shown here (Figs. 3C and 5), underlies the
mechanistic versatility involved in the interaction be-
tween ABA and Glc.

It remains now to define to what extent the core
signaling components PYR/PYL/RCAR-PP2C-Snrk2
and downstream ABF bZIP regulators (Hubbard et al.,
2010; Umezawa et al., 2010) mediate the ABA-induced
regulation of AtbZIP63 expression and whether ABA-,
Gle-, and KIN10-related signaling converge toward
specific regulatory hubs or act through distinct path-
ways (Halford and Hey, 2009).

AtbZIP63 may function as part of a heterodimeri-
zation network involving C- and S-group bZIPs
(Ehlert et al., 2006; Kang et al., 2010). The modulation
of DNA binding specificity by heterodimerization
together with divergent expression patterns may
contribute to establish specific gene expression pro-
files (Fig. 4; Weltmeier et al., 2006). For instance, DNA
binding specificity of the AtbZIP1 homodimer is
drastically different from that of the AtbZIP1/63
heterodimer (Kang et al., 2010), which, in addition
to the opposite ABA-mediated regulation of AtbZIP1
and AtbZIP63 expression (Figs. 2 and 4), is expected
to promote a shift in target gene selection. Similarly,
the repression of AtbZIP63 expression by Glc and/or
ABA may affect the activity of potential AtbZIP63
heterodimerization partners, such as AtbZIP10,
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which is a positive regulator of the hypersensitive
defense response (Kaminaka et al., 2006), or AtbZIP1,
AtbZIP53, and AtbZIP11, which stimulate Pro degra-
dation and Asn synthesis (Weltmeier et al., 2006;
Baena-Gonzalez et al., 2007; Hanson et al., 2008;
Kang et al., 2010; Dietrich et al., 2011). In any case, the
finding that synergistic down-regulation by Gle+ABA
among the above-mentioned bZIP genes is restricted
to AthZIP63 suggests a prominent role for this bZIP
regulator in shaping the heterodimerization network
of C- and S-group proteins in response to Glc and
ABA.

Glc is one of the oldest signaling molecules in life’s
evolutionary history, and a comprehensive knowledge
of the diversity of its associated regulatory networks
remains an important issue in understanding the reg-
ulation of plant growth and development. Our results
highlight the interplay of transcriptional and posttran-
scriptional regulatory processes in integrating Glc and
ABA signals.

MATERIALS AND METHODS
Plant Material, Growth Conditions, and Treatments

Arabidopsis (Arabidopsis thaliana) Cal-D, Ws, and Ler wild-type ecotypes,
as well as the mutants aba2-1 (Léon-Kloosterziel et al., 1996; Cheng et al.,
2002), abi4-1 (Finkelstein, 1998), gin2-1 (Jang et al, 1997), atbzip63-1
(SALK_006531), and atbzip63-2 (FLAG_610A08), were obtained from the
Arabidopsis Biological Resource Center. Segregation analysis of kanamycin
resistance was used to isolate genotypes homozygous for one T-DNA locus.
Seeds (10 mg) were surfaced sterilized and incubated in MS/2 for 72 hat4°C
in the dark to break dormancy. Seedlings were subsequently grown for5 d
in10 mL of liquid M5/2 or M5/ 10 salt medium (Sigma) adjusted to 03% Glc
(w/v) at 22°C, constant light (20 pmol m~2s 1, and constant agitation (70
rpm). The medium was then replaced by 10 mL of Gle-free medium, and
seedlings were further grown for 24 h followed by 2- or 4-h treatments with
2% or 6% Glc or mannitol, 2% Man, or 100 um *cis trans-ABA (Sigma).
Transcription inhibition assays consisted of challenging 6-d-old seedlings
(MS/2) with 100 ug mL " (final concentration) cordycepin (3-deoxyaden-
osine; Sigma). Measurements of mRNA half-life were performed as de-
scribed by Lam et al. (2001) and Gutiérrez et al. (2002), with samples treated
with cordycepin for 1 and 2 h. Since the degradation of a mRNA obeys first-
order kinetics, the difference in mRNA levels between 0and 1 h was used to
estimate the decay constant (1), which was used in the equationt, ,, = In(2)/
A to estimate the transcript half-life. Gle- and ABA-mediated postiranscrip-
tional responses were evaluated by incubating seedlings with 100 pg mL !
cordycepin for 1 h followed by 2-h treatments with 2% Glc and/or 100
ABA.

DNA Constructs, Plant Transformation, and
GUS Detection

Transgenic lines expressing a translational fusion between the AHZIP63
promoter and the reporter gene GLIS were obtained following the strategy
described by Silveira et al. (2007). The At#hZIP63 (At5g28770) promoter, 5'UTR
sequence (75 bp), and 36 bp coding for the first 12 amino acids (approximately
2.8 kb) were amplified from genomic DNA with two specific primers,
5 -GGTGATTGCCCAATCTGCAGCTTTAATCG-3' and 5 -GTGATGGGATCC-
GGAGATTTCTTCG-3', in which a Pstl and a BamHI restriction site, respec-
tively, was introduced to facilitate a translational fusion with GLIS in PBI121
plant transformation binary vector (Chen et al, 2003b) from which the cauli-
flower mosaic virus 355 promoter was removed. Poly(A) signals are from the
nopaline synthase gene present in pBI121. Two homozygous lines (PH3.13.4 and
PH3.35.8) for a single transgenic locus were selected based on kanamycin
resistance segregation, and the presence of the chimeric gene was verified by
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PCR amplification. In situ detection of GUS activity was realized as described by
Silveira et al. (2007). Fluorometric GUS assays were performed as described
previously (Jefferson et al.,, 1987). GUS activity was standardized with respect to
protein content in the extract determined by the bicinchoninic acid method
(BCA Protein Assay Kit; Thermo Scientific) following the manufacturer’s
instructions.

RNA Isolation, DNase Treatment, RT, and PCR

Total RNA was isolated with a buffer containing 8 M guanidine-HCI
(Invitrogen), 50 mm Tris-HCI, pH 8.0 (Invitrogen), 20 mm EDTA, pH 8.0
(Invitrogen), and 50 mm S-mercaptoetanol (Gibco) following the methodol-
ogy described by Logemann et al. (1987). When necessary, RNA was treated
with DNase (Turbo DNA Free; Ambion) following the manufacturer’s
instructions. cDNA synthesis from 1.5 ug of total RNA (final volume of
125 pL) was performed using ImProm II Reverse Transcriptase (Promega)
and oligo(dT),, essentially according to the manufacturer's instructions.
Semiquantitative PCR conditions were basically realized as described by
Silveira et al. (2007). Control genes for ABA, Glc, and Man treatments were
Rid29a for ABA (Al5¢52310; Arroyo et al., 2003) and XTR7 for Glc and Man
(At4g14130; Price et al., 2004), respectively. The carbonic anhydrase gene
(At5g14740) was used as a Glc-repressible HXK1-dependent positive control
(Moore et al., 2003). Primers and annealing temperatures are given in
Supplemental Table 52.

Real-Time PCR Analysis

qRT-PCR was performed using an ABI PRISM 7500 HT (Applied Biosys-
tems). Gene expression was calculated with the Delta-Delta cycle threshold
method (Livak and Schmitigen, 2001). Actin2 (At3g18780) or PDF2 (At1g13320)
was used as the reference gene (Czechowski et al., 2005). ABI5 (At2g36270),
Ri29a (At5g52310), and Rd29b (At5g52300) were used as controls for ABA
treatment. Primers of all genes are given in Supplemental Table 52. For most of
the genes, one primer spanning an exon-exon juncion was designed. In the
case of intronless genes, DNase-treated RNA was used, and a control without
reverse transcriptase was included.

ABA Quantification by HPLC-Tandem
Mass Spectrometry

For ABA extraction, 200 mg of powdered Col-0 seedlings was mixed with
1 mL of extraction solvent (acetone:wateracetic acid, 80:19:1 [v/v/v]) and 60
ng of (—)5.8' 8" B'-d-ABA intemal standard (NRC Plant Biotechnology
Institute; hitp:/ /wwwanrecnre.geca/eng/ibp/pbi.html). The supernatant
was lyophilized at room temperature and dissolved in 100 pL of methanol:
acetic acid (99:1, v/v), combined with 900 pL of wateracetic acid (99:1, v/v),
and centrifuged for 1 min. The supematant was passed through a 1-mL solid-
phase extraction cartridge (Oasis HLB 1; Waters) previously equilibrated with
1 mL of methanol and 1 mL of watermethanol:acetic acid (90:10:1, v/v/v).
ABA was eluted with 1 mL of methanol:water:acetic acid (80:19:1, v/v/v) and
lyophilized. Samples were resuspended in 120 pl. of 0.07% acetic acid:
acetonitrile (85:15, v/v) and analyzed with a HPLC system (Shimadzuy;
Phenomenex Mercury MS C-18 column, 20 x 4 mm, 5-um particle size)
coupled to a triple quadrupole mass spectrometer (Quattro II; Micromass)
using a FCV-12AH valve (Shimadzu) to direct the flow rate, ranging from 17.4
to 21 min, to the mass spectrometer. The mobile phase consisted of 0.1% formic
acid as solvent A and acetonitrile as solvent B, witha flow rate of 0.2 mL min 1
from 0 to 22.1 min, 0.6 mL min " from 22.3 to 34.5 min, and 0.2 mL min "' until
35.0 min. Negative multiple reaction monitoring analyses were done moni-
toring the mass transition of ABA (mass-to-charge ratio 263 — 153) and ABA-
d, (mass-to-charge ratio 267 — 156) with the following parameters: source
temperature at 100°C, desolvation temperature at 200°C, capillary voltage at
4.0 KV, collision energy at 15 eV, and sample cone voltage and extractor cone
voltage at 20 and 5 V, respectively. For ABA determination, a standard curve
containing ABA (0-0.04 ng pl ') and the intemal standard ABA-d, (0.1 ng
pL7Y) was used. Data were processed by Mass Lynx NT version 3.2 software
(Micromass).

Statistical Analysis

All statistical comparisons were done using Student’s f test (P < 0.05).
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Figure S1. The expression of AtbZIP63 is repressed by 10 uM ABA. Wild-type
Columbia-0 (Col-0) seedlings were grown for six days in MS/2 liquid medium and were
subsequently treated with 10 uM ABA. Total RNA was analyzed by qRT-PCR assays.
The data are the mean +/- standard deviation (error bar) of four independent
experiments. The numbers above the bars represent the mean values of the relative
quantification. The effectiveness of the treatments was verified by evaluating the
induction of ABIS5. The differences to the untreated control were considered significant
when P < 0.05 (Student’s 7 test) and are indicated by letter a. Expression data are
normalized to the PDF2 mRNA levels and the relative quantification 1s referring to the

untreated Col-0.

171



>

2,50

B AtbZIP63

2.00 - 1,63

RQ (Relative Quantification)
g 3 3

2
o
!

Untreated

Col-0 abi4-1 Col-0 abid4-1

C ABA C ABA C Glc C Glc

— -
Rd29a XTR7

Figure S2. ABI4 modulates ABA- and Glc-induced ArbZIP63 repression. Regulation of

AtbZIP63 expression by ABA and Glc was compared between abi{-and wild-type Col-
0. A. Relative transcript abundance of 4rbZIP63 m untreated and treated abi4-1 and
Col-0 wild-type 6-day-old seedlings. Significant difference between untreated and
treated seedlings of the same genotype (letter a) and equally treated abi4-7 and Col-0
wild-type (letter b) (n = 3: P < 0.05) are indicated. The number above each column
represents the relative expression level (RQ). B. RNA integrity and treatments

efficiency. Growth (MS/2), treatments and qRT-PCR analysis were performed as

described in Figure 1.
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Figure S3. Regulation of three C-group bZIP genes AtbZIP9. AtbZIP10 and AtbZIP25 by
different combinations of ABA. Glc and Man. Combinations of (ABA + Gl¢) and (ABA
+ Man) had at most additive regulatory effects when compared to each signal applied
individually. Wild-type Col-0 6-day-old seedlings were grown in MS/2 and subsequently
treated with ABA 100pum. 2% Glec (w/v), 2% Man (w/v) or different combinations of
these molecules for 4 h. Transcripts levels were normalized to the expression of Actin2
mRNA. The data are the mean +/- standard deviation (error bar) from two independent
experiments. The numbers in the bottom of the graphic represent the relative quantity of
transcript compared to those in untreated seedlings. Control of treatment efficiency was

determined by quantifying AtbZIP63 mRNA levels (see Figure 3).
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Figure S2. ABI4 modulates ABA- and Gle-induced 4¢tbZIP63 repression. Regulation of

AtbZIP63 expression by ABA and Glc was compared between abi4-and wild-type Col-
0. A. Relative transcript abundance of A¢bZIP63 in untreated and treated abi4-1 and
Col-0 wild-type 6-day-old seedlings. Significant difference between untreated and
treated seedlings of the same genotype (letter a) and equally treated abi4-1 and Col-0
wild-type (letter b) (n = 3: P < 0.05) are indicated. The number above each column
represents the relative expression level (RQ). B. RNA integrity and treatments
efficiency. Growth (MS/2), treatments and qRT-PCR analysis were performed as

described m Figure 1.
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Figure S3. Regulation of three C-group bZIP genes AtbZIP9, AtbZIP10 and AthZIP25 by
different combinations of ABA, Glc and Man. Combinations of (ABA + Glc) and (ABA
+ Man) had at most additive regulatory effects when compared to each signal applied
individually. Wild-type Col-0 6-day-old seedlings were grown in MS/2 and subsequently
treated with ABA 100um. 2% Glc (w/v), 2% Man (w/v) or different combinations of
these molecules for 4 h. Transcripts levels were normalized to the expression of Actin2
mRNA. The data are the mean +/- standard deviation (error bar) from two independent
experiments. The numbers in the bottom of the graphic represent the relative quantity of
transcript compared to those in untreated seedlings. Control of treatment efficiency was

determined by quantifying 4tbZIP63 mRNA levels (see Figure 3).
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Figure S4. The synergistic repression of ArbZIP63 by Gle+ABA does not rely directly on miRNA activity. The regulation of 4rbZIP63 expression by ABA,
Gle and Gle+ABA was compared between homozygous mutants that lack an mtact nuRNA pathway and wild-type Col-0. dc/1-9 (Tacobsen et al. 1999) 15 a
nonlethal allele that is deficient in miRNA biogenesis. Originally isolated in WS (Wassilewskija) background, the dcl1-2 was back crossed six times mto Col-0
(Hervé Vaucheret, personal communication). iip/J-2 (Lu & Fedoroff, 2000; Vazquez et al., 2004; Han et al., 2004) shows reduced accumulation of nuRNA.
agol-25 (Morel et al, 2002) is impaired in miRNA-directed cleavage of target mRNA. Seedlings of Col-0, /y/I-2 and agol-25 were grown in MS/2 liquid
medium as described in Material and Methods, and were subsequently treated with 100pM ABA and/or 2% Gle for 4 h. dcli-2 homozygous seedlings were
identified in the progeny resulting from selfing of (DCL1 / dcl1-9) heterozygous plants and which was grown for 8 days m solid MS/2 supplemented with 0.3%
Gle. deli-0 seedlings and their corresponding wild-type Col-0 (grown under the same conditions as delI-0) were then transferred to Gle-free MS/2 liquid
medium for 24 h and subsequently treated as described above. PDF2 was used as reference control gene. The data on the graphic are the mean +/- standard
deviation (error bar) from three independent experiments for each treatment. A. Relative AfbZIP63 transcript abundance in untreated genotypes. quantification
1s referning to the untreated wild type Col-0. Letter b represents a significant difference of expression between equally treated mutants and Col-0. del1-9 and
agol-25 show reduced accumulation of AtbZIP63 mRNA compared to Col-0, indicating that the regulation by miRNA may have an indirect effect on A:hZIP43
expression. B. Fold repression of 4tbZIP63 m treated Col-0, dcl1-0, hyll-2 and agol-23. relative quantification 15 refernng to the respective untreated
genotype. Letter a represents a significant difference of expression between treated mutant and the same treatment in Col-0. C. Treatments effectiveness was
verified by evaluating the nduction of Rd20a by ABA and repression of X7 by glucose. €SD2 (4r2g28190; Cu/Zn Superoxide Dismutase 2), whose post-
transcriptional induction results from the down-regulation of nuR398 (Sunkar et al., 2006), was used as a control of nuRNA pathway mutants. Letter a
represents a sigmificant difference of expression between treated and untreated plants (for Rd20a and Xi-7) and letter b between equally treated mutants and

Col-0 (for €SD2). Differences were considered significant when P < 0.05 (n=3).
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> _!r)d—)_>—i UTR AthZIP63 (189nt)

— - > — 3 => —>— 3’ UTR AtbZIP3 (210nt)

1Atb21p3 19 AACATTA 25 2Atb21P3 43 ﬁ?ﬁﬂ? 50 3AchIP3 116 TTGTTTTT 123

TTTH ANRRNNN
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1111 | 11

AtbzIP63 105 TTTTTITGIC 114 AtbzIPG3 81 lGrrrrrrcl HHUA l;'\rl"rﬁ'\m'ﬁ 103 ATbZIP63 170 TAAA 176

B bt - Palindromic sequence
25 50 165 181
P— —

== 3'UTR AtbZIP63
21 44 159 181

\AthIPGB sense 21 TTTGTAACATTAATCTTAAGACAT 44
LERRLEE 1 et

AtbZIP63 antisense 181 TTTGTAA-ATTTAACAAAAGACAT 159

AtbZIP63 sense 25 TAACATTAATCTTAAGACATATGTTA 50

FELEEL  DLTErnnd (INAAR
AtbZIPE3 antisense 50 TAACATATGTCTTAAGATTAATGTTA 25

AtbZIP63 sense 165 TTTGTTAAATTT-ACAAA 181
DEELD DREERRD 1
AtbzIP63 antisense 181 TTTGT-AAATTTAACAAA

C bt - Palindromic sequence

63 103

3" UTR AtbZIP3

AtbZIP3 sense 78 TTAAACCGTTTAACTACG--TACCAAAG 103

I|I|I||I|III I [
AtbZIP3 antisense 90 AAACGGTTTAAAAAGTGATACCAAAG

Figure 55. Sequence analysis of AtbZIP3 and A:bZIP63 3° UTEs. Sequence motifs shared by drabidopsis thaliana
and 4. hrata AthZIPE3 or AtbZIP3 orthologs were in a first step identified. 4thTP3 and its 4. byrata ortholog
(483428 — JGI accession number) 3'UTEs are 94.2% identical while 4rbZIP63 and its ortholog (489663) 3 UTRs
are §7% identical Subsequently. the presence of shared motives in both 4. thaliang AfZIP63 and A:ZIP3 was
evalnated. A — Schematic representation and alignment of the six common motifs between ArbZIP? and ArhZTPE3
3" UTEs. B — Palindromic sequences present in ArbZIP63 3" UTE along with inverted repeats that may potentially
form a secondary stucture. C — Palindromic sequence present in 47bZTP3 3° UTE. The alisnments were produced
by Blast2Seq

{www nchi nlm nih: gov/blastbl2seq whlast? cm; optimized for Blastn, word size=7 and low complexity filter off).
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Table SI. Common promoter motfs between AfbZIP63 and AthZIF3 .

Motif name Motif sequence Responsivenes: Trauscription factor Relerence
CANBNNAPA CNAACAC o ond endsepermsperificity | Unknows Ellerstrom er al_(1996)
MYCCONSENSUSAT CANNTG [AMYC? (Arabidopsis - GHLH) Abe ot ol (2003); Lea eral_(2005)
WBOXHVISOL TGACT SUSIBAZ (barley - WRKY) Suneral (2003)

BoX GATAAG LMYBI (tomato - MYB-like) Giulizno et al. (L988); Rose er al. (1999}
ABRELATERDIL ACGTIG [ABA, dehydration, etiolstion [bZ1P-type ABRE binding protein (AREB:; Arabidopriz) | Simpson et al. (2003); M etal_ (2006)
RECSCONSENSUS AATCCAA Light leaf shoot Unkimows Manzara & Gruizzem (1988): Donald & Cazhmore (1990)
TBOXATGAPB ACTTIG Light Uxlmows Chan ez al_(2001)

TGACGTVMAMY TGACGT | Cotyledon, seed zermmation Unknows ¥ amauch (2001)

[HDMOTIEPCPRY CTAATIGITIA Pathogen defenze |ED arzlew) Kofhags et al_{19949)

UPRMOTIFIIAT cC NCCACG __|UPR Unkinown Martinez & Chrispeels (2003); Ok et al_(2003)
SREATMSD TTATCC Suger repression Uxdmows Tatematzu et al (2005}

GTIGMSCAME GAAANA Pathogen- and salt-induction (GT-1-like (sovbean) Park etal (2004)

DPBFCOREDCDC3 [ACACNNG [ABA bZIP (carrot, Arabidopsiz) Kam eral_(1597)

PYRIMIDINEBOXHVEPBI _|TTTTTIC GA, ABA Crkmown Cercos e al_(1999)

Only promoter blocks conserved between Arabidopsis thaliana AtbZIF3 and AbZIP63 and their corresponding Arabidapsiz hrata (-90% of identity} orthologs were analyzed. We used the complete upstream intergenic
space of 4. thaliana genes in the alignments. Orthologs promoters were aligned using BLATn (Kent, 2002 - Genome Research) and motifs present within the conserved blacks were predicted using PLACE
(http/fwww.dna affic go jp/PLACE/). All presented motifs are identical between 4. thaliana and A lyrata orthologs. ABI4 binding motif (CCAC; Koussevitzky et al, 2007) was only present m AthZIP63 promoter and its
4 hrata corresponding ortholog.
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Table Sli. Primers used in PCR assays
Primers (5" - 3%)
AGI Gene forward reverse Exon-exon junction

Atdg14130 Xir-T# cgtcactgotiactacttgtcticac ccataagceattgagetcggtigoe Yes
Atdg14130 Xir-7* cigcitactactigicticac cccttgageaaagacatiag Yes
Atbg52310 Rd204# CCaaagaagaaaciggaggag cacatcatcactictcgoeg Yes
Atbgs2310 Rg204* CCcaccaaagaagaaactoy ttotcctgoctictoatcag Yes
Atsg14740 CAA# gctictcattgagaaggatga gaatgaacgggggaatice Yes
At2gagz2io ABI13* fraagazaacaageatatacag ttccicticoiciccaactc Yes
Athgh2310 Rd208* aaggagogatcacttcttg ccatagtcccaacagtgat Yes
At2g28190 csD2* gtogacaatcagaticctcty fticcagtootcagactaaqe Yes
Athg49450 AthZIP1*  |caggttccoacatagatgag cagtgtcttccattaacttctg Mo
At2g18160 AthZIP2*  |coggtacagoatttggtatig acicatcatattcatatcatcg Mo
Athg15830 AthZIP3* |cgagaaccaccagctittag goatgtgataaccigacgaag Mo
Aidg3455%0 AthZIF11* |ogcaaggagaicaagaatgaag gatagigtigogtigtgatg Mo
At3g62420 AthZIF53* |ogcticggagitgacggatag aaggotictgcatagaticag Mo
AtSg24800 AthZiFP9*  |gagagicaaggigaaactag cgaggtatttcccgigiagt Yes
Atdg02640 AthZIF10* |cctcgaaacacaggitaatg gccatittcaccttagetct Yes
At3gh4620 AthZIF25* |gctcaaggcetccatigigg ccatcaagatcategicate Yes
Athg287T0 AthZIFG3* |cocattaataggatoctetc gittgagitacatcagigaga Yes
At3g18780 Actin2* cgtacaaccgatatigiogcigg ctetctctgtaagoatceticaty Yes
At3g45640 AtMFPK3*  |otcigttagtigtatciitatg aagcaacictgtcaataageg Yes
Ateg03430 AtF12* cilaacgogazaggataatge acttgattictacgaacacatc Yes
At1g13320 Pdf2* catgticcaaactcttaccty gitctccacaaccgottogt Yes
At3gd7340 ASN* aggtgcogacgagatcttta gigaagagccttgatctiac Yes
Atdgasiio SENT cagagtcggatcaggaaton attatgatticatcgtgttice Yes
Athg20250 DINTO* tgtcagtgatictcctogaa caccatcacgagcaggatc Yes

T-DMNA left border athzip63-1 1w atittgccogatttcogaac Mo
T-DMA left border athzip63-2 2nv gaattggoattictacaggac Mo
AtBg28770 specific primer 1 irv cigtgaaactigigicictag Mo
At5g2a8770 specific primer 2 2w atggaaaaatggtictccga Mo
GUs* gcaattgctgtgccaggea gcatcgaaacgcageacgat Mo

(#), semiguantitative RT-PCR;(*), gRT-PCR
Anealing temperatures for all primers is 60°C
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Table Sl A. ActinZ gRT-PCR cydes at threshold R= 0.2 from different ecofypes and
mutant lines.

a Col Ler W= abaz-1 abid-1 abi5-1 gin2-1

Untreated  15.30£0.58 15112035 15132037 15155042 15.10+040 1520058 15412065
(55} () (209 [14) (14} [22) (12)

ABA 15.28+0.30 15.16+0.35 15044021 15.30£0.20 15.32:¢0.33
(13} (8} M 5} (8}

Gle 15.40:0.44 15512042 1533:030 1541034 1530+0.27 15482037 15462020
(21} 4] {14} 18] {8} {13 i8)

b

ABA 0.25 0.88 0.44 0.28 048

Glc 012 018 0.14 0.18 0.18 0.23 0.18

a. Cycle average by treatment + standard deviation. Mumbers in parenthesis represent the
number of experiments analysed. b. Significance of Student's ¢ test of the ActinZ cycles
compared to its comespondent unireated genotype. No significant difference was found.

Table Slll B. POF2 gRT-PCR cycles at threshold R= 0.2 from Col-0 ecotype
and mutant fines.

a Col agoi-25 hyit-2 dcl1-9 aba2-1

Untreated 19.25:024 16.84+044 16282022 18154038 18.15:0.32
{15) {19} =) (&} (14}

ABA 19.01+£0.38 10.04+0.18 10.34+054 18.9140.32 18.14+0.43
(17) {22} {7 (@) (11)

Gl 18,0540 55 10064038 18.86:0.28 10.08.+047 18.968:0.09
{18 (24} (15} (7} (12)

b

ABA 0.16 0.8z 0.56 0.88

Gl 0.23 0.85 0.18 0.13 0.38

a. Cycle average by treatment + standard deviation. Numbers in parenthesis
represent the number of experiments analysed. b. Significance of Student’s £
test of the PDF2 cycles compared to its comespondent untreated genotype. Mo
significant difference was found.
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