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RESUMO GERAL

As técnicas de melhoramento genético de plantas se tornaram promissoras e tém contribuido
para que paises superem o desafio de atender a crescente demanda por alimentos, em especial
em um cenario de escassez de recursos como a agua. Um dos gargalos estd nas informacdes
quantitativas sobre as complexas caracteristicas necessarias as plantas para enfrentar, entre
outras situacOes, secas, alagamentos, altas temperaturas. Os métodos de transformacdo e
regeneracdo para a maioria das culturas sdo de baixa eficiéncia, tempo demorado e trabalho
intensivo, ou simplesmente ndo estdo disponiveis. Com essas deficiéncias tém-se a
necessidade da utilizacdo de plantas modelo para andlise rapida de potenciais genes alvos
envolvidos na resposta de estresses abioticos e bioticos. Nesse cenério, Setaria viridis tem se
demonstrado como um excelente modelo para plantas que realizam fotossintese C4. Essa
espécie pertence ainda ao mesmo grupo de culturas de importancia econémica como o milho,
sorgo e a cana-de-acucar. Por duas abordagens diferentes, este estudo se propbe a entender
melhor como esta planta responde ao estresse hidrico. Na primeira abordagem os efeitos do
gene 6rfao CcUNK8 de Coffea canephora, previamente identificado como um gene candidato
que estava potencialmente relacionado em processos de tolerancia a seca no cafeeiro, foi
caracterizado por meio da transformacdo genética de S. viridis. A segunda abordagem teve
como objetivo identificar e caracterizar os genes de S. viridis que codificam as proteinas PYL-
PYR-RCAR/SnRK2/PP2C do sistema tripartite envolvidas nos primeiros passos da percepcao
do acido abscisico (ABA) em resposta ao estresse abiodtico. Além do potencial uso destes
genes em biotecnologia, a identificacdo dos genes que controlam essa importante via de
sinalizacdo, bem como o estudo de sua regulacédo, sdo essenciais para melhor compreender 0s
mecanismos envolvidos nas respostas das plantas a estresses abioticos.

Palavras-chave: Estresse abiotico. Acido abscisico. Setaria viridis. Transformacdo genética.



GENERAL ABSTRACT

Genetic breeding techniques became promising in helping countries to overcome the
challenge of growing demand for food, especially in a scenario of scarce resources, such as
water. There is a gap regarding the quantitative information on the complex conditions faced
by plants, such as drought and high temperature conditions, for example. For most of crops,
the transformation and regeneration times used in transgenic methods have low efficiency,
and are also time consuming or simply not available. Due to these drawbacks, there is a need
to use model plants to perform rapid analysis of potential target genes involved in the
responses to abiotic and biotic stresses. In this scenario, Setaria viridis has been demonstrated
to be an excellent model for plants performing C4 photosynthesis. This species belongs to the
same plant group of crops of high economic importance, such as corn, sorghum and
sugarcane. By two different approaches, the study presented here aimed to better understand
how this plant responds to drought stress. The first approach was to study the effects of the
orphan gene CcUNKS8 from Coffea canephora, previously reported as a candidate gene
involved in drought tolerance processes in this plant species, through genetic transformation
of S. viridis. The second approach was to identify and characterize the S. viridis genes coding
the PYL-PYR-RCAR/SnNRK2/PP2C proteins of tripartite system involved in the first steps of
abscisic acid (ABA) perception in response to abiotic stress. In addition to their potential use
biotechnology, the identification of the genes controlling this important signalling pathway as
well as the study of their regulation, are essential to better understand the mechanisms
involved in plant responses to abiotic stresses.

Keywords: Abiotic stress. Abscisic acid. Setaria viridis. Genetic transformation.



LISTA DE FIGURAS

PRIMEIRA PARTE

Figura 1 - Mecanismos de formacdo de novos genes, que podem ocorrer por quatro

Figura 2 -
Figura 3 -

Figura 4 -
Figura 5 -
Figura 6 -

processos distintos, duplicacdo do DNA, retro transposicdo do RNA, fuséo
génica e formacao de novos genes em regides Nao codantes. ...........cccevevevereennnns 18
Modelo geral de resposta ao estresse abiOtiCo. .........cccecvveveereiiere e 20

Esquema das vias reguladoras envolvidas nas respostas a seca, salinidade e

BSEIESSE TTHO. woevviieie ettt et ne et 24
Estrutura quimica do &cido abscisico (£) ABA. ... 25
Via de biossSintese de ABA. ..ot 26
Componentes principais da via de transducédo de sinal do ABA. ..........ccccceevvenee 28

SEGUNDA PARTE - ARTIGOS
ARTIGO 1

Figural -

Figura 2 -

Figura 3 -

Figura 4 -

Figura 5 -

Figura 6 -

Figura 7 -

Representacdo esquematica do T-DNA clonado no vetor binario p6i (DNA
Cloning Service, AleManNa)..........cccooiiiiiniiiee e 44
Anédlise do produto de PCR de plantas ZmUbi:CcUNK8. M: Marcador 100
pb (Invitrogen™); B:Branco; C-: planta ndo transgénica; C+: controle
positivo (DNA plasmidial contendo a construgdo génica ZmUbi:CcUNKS);
em SequUéNCia 0S 27 EVENTOS POSITIVOS. .......eivririeieieiesie st 47
Anélise da expressdo génica relativa de folhas das plantas Ty de S. viridis
transformados com o vetor ZmUbi:CcUNK8 comparados com plantas da
linhagem n&o-transgenica (NT). ...c.coveiiiieieeie e 48
(A) Imagem térmica representativa de plantas S. viridis nos diferentes
regimes hidricos com respectivas temperaturas médias. (B) Gréafico do
conteddo médio de &gua no solo das plantas de S. viridis em cada regime
0] Lo 1 oo TSR 49
Gréaficos com valores de eficiéncia fotossintética apresentados pelas plantas
de S. viridis transgénicas e a linhagem ndo transgénica (NT). .....ccccooeviniiirnnnnns 50
Gréaficos com valores de biomassa da parte aérea apresentados pelas plantas
de S. viridis transgénicas e a linhagem ndo transgénica (NT). .......ccccoeveeiieinennne 52
Gréaficos com valores de biomassa de raiz apresentados pelas plantas de S.

viridis transgénicas e a linhagem nédo transgénica (NT). .....cccoevevvereiienieeriesnenn 53



Figura8 - Gréficos com numero de perfilhos apresentados pelas plantas de S. viridis

transgénicas e a linhagem ndo transgénica (NT). .....ccccovvrenenrinin e

ARTIGO 2

Fig 1

Fig 2

Fig 3

Fig 4

Fig 5

Fig 6

Sequence alignment of S. viridis SVPYL, SvPP2C and SvSnRK2 proteins and
SbPYL, SbPP2C and ShSnRK2 from Sorghum bicolor. For each protein, total
length is indicated in amino acids (aa). Conserved residues are shaded with black
or grey shading. (A) Sequence alignment of the eight characterized SvPYL and
SbPYL receptors. Conserved residues and residues involved in ligand binding in
ABA receptors are marked by black arrows, and the Gate and Latch domains
are indicated. (B) Sequence alignment of the 12 SvPP2Cs and the nine
characterized SbPP2Cs. Residues involved in interaction of ABA, PYLs and
Mg*3/Mg*? ions are marked by black arrows, asterisks and triangles, respectively.
Phosphatase sites are marked with black points. (C) The subclass Il SvYSnRK2
amino acid sequences are compared with the predicted amino acid sequences of

SbSnRK2s. The functional domains ATP binding site, activation loop and motif I

are indicated. The phosphatase sites are marked with black points. ............cccccoeevennie

Phylogenetic analysis of ABA core signalling protein components from Setaria
viridis. Maximum likelihood phylogeny of functionally characterised (A) SvPYL
(B) SvPP2C (C) SvSnRK2 proteins and their close homologs from Arabidopsis
thaliana (At), Sorghum bicolor (Sb) and Oryza sativa (Os). The phylogenetic tree
was constructed using FastTree 2.1.5 program. Branch colour scale represents

SH-like local support (red to lower values and green to higher values.......................

(A) MEME analysis of 10 conserved motifs of SVPYL, SvPP2C and SvSnRK2
proteins. Different colour boxes correspond to different motifs. (B) Gene

structure of ABA core signalling components. Filled boxes and single lines show

exons and iNtrons, reSPECLIVEIY. ........ccooiiiiiiiiieee e

Cis-elements in the putative promoter regions of SvPYL, SvPP2C and SvSnRK2

genes related with ABA-responsive element (ABRE), low temperature-

responsive element (LTRE) and MYB binding site (MBS).........cccoceiiniiiininnnnnn.

Setaria viridis accession A10.1 (left) and Ast-1 (right) in the reproductive stage

(RP), 32 days post-germination (DPG). .......cccceovuieiiiiiiie e

Physiological responses of S. viridis accessions submitted to abiotic stresses and

exogenous ABA treatment. Photosynthesis (A), stomatal conductance (gs) and

.53

..86

..88

.89



transpiration rate (E) are shown for drought (A), exogenous ABA application (B),
salt stress (C) and COld StrESS (D). ....evvveueiiiiieie e 90
Fig 7 Expression profile of SYPYL, SvPP2C and SvSnRK2 genes in different abiotic
stresses in A10.1 and Ast-1 accessions of S. viridis.The heat map shows the fold-
change in expression of genes when compared to non-stress conditions at the
beginning of the experiment (control; 0 h). (A): drought stress, (B): exogenous
ABA treatment, (C): salt stress, (D): Ccold stress. CTL represent the control of
the experiment (Untreated SAMPIES)......ccviieiieie i 91
Fig 8 LC-MS analysis of ABA leaf accumulation in A10.1 and Ast-1 accessions of S.
viridis submitted to (A) drought, (B) exogenous ABA, (C) salt and (D) cold. The
results are shown as the peak areas ratio obtained from samples and peak areas
obtained from the internal standard (AAsa/AIS). ..o, 91



LISTA DE TABELAS

SEGUNDA PARTE - ARTIGOS

ARTIGO 1

Tabela 1 - Pares de primers utilizados para RT-gPCR. ........ccccciiiiiiniiiceeee e 45

Tabela 2 - Eventos de S. viridis transformados com o gene CcUNKS8 utilizados no
experimento de déficit hidrico e suas respectivas geracdes. A analise de

geracéo foi realizada por meio de teste de X.........oveeeveereeeeeeeeeeeeeeeeeeeeeee e 46

ARTIGO 2
Table 1 List of SYPYL,SvPP2C and SvSnRK2 genes and their features. .........ccccccoevvereennenn. 85



SUMARIO

PRIMEIRA PARTE ..ottt 12
O 1N = 10 5 10 07X @ TN 12
2 REFERENCIAL TEORICO ...ttt 16
2.1 Setaria viridis como planta modelo ............ccooveiiiii i 16
A €11 (1S - T USSP 17
2.3  Estresse abiotico €M PlaNTas.........ccccviiiiiiiiiiece s 19
A B 1=  Tof ) ] o | o PP PR 21
2.5 ESTFESSE SAIINO.....uiiiiiiiiieiieiie e bbbttt bbb 21
2.6 ESTIeSSE A TrI0...cciiiiiie et 22
2.7 Estrutura, biossintese e transporte do acido abscisico (ABA) .........ccccceevvevvevieinenne. 24
2.7.1 Sistema tripartiteo: PYL-PP2C/SNRK ........ccoiiiiiiiiiieiecrsese s 27
2.7.2 PYR/PYL/RCARS: Receptores de ABA ... 28
2.7.3 FOSTAtASES: PP2CS.... e iuiiiieiiieie ettt sttt te s sre e reenneeneenneennes 29
2.7.4 QUINASES: SNRKZ ...ttt e eb e s aee e be e s bt e e ereesaeeeans 30
REFERENCIAS ..ottt 31
SEGUNDA PARTE — ARTIGOS ..ottt 40
ARTIGO 1 - ANALISE FUNCIONAL DO GENE ORFAO CcUNK8 DE
Coffea canephora VIA TRANSFORMAGCAO GENETICA DE Setaria viridis ....... 40

ARTIGO 2 - IDENTIFICATION AND CHARACTERIZATION OF CORE
ABSCISIC ACID (ABA) SIGNALLING COMPONENTS AND THEIR
GENE EXPRESSION PROFILE IN RESPONSE TO ABIOTIC STRESSES
TN SELANTA VITTAIS cuvii vttt e e e e e sb e e s sab e e s sabe e s sbbeeesbeeeans 58



12

PRIMEIRA PARTE
1 INTRODUCAO

Na ultima década, observou-se um aumento na populacdo mundial, estima-se que a
esta deve aumentar para 9,8 bilnhdes de pessoas até 2050 (ORGANIZACAO DAS NACOES
UNIDAS - ONU, 2017). Consequentemente, para alimentar a populagdo em crescimento, a
produtividade do setor agropecuério precisa ser aumentada consideravelmente (ZHOU;
ELSHKAKI; GRAEDEL, 2018). Um dos principais obstaculos para o aumento da sua
produtividade nos préximos anos sera o desenvolvimento de genotipos melhor adaptados a
estresses bidticos ou abidticos (BEVAN et al., 2017).

As plantas estdo sujeitas a varios tipos de pressdes ambientais, tais como seca,
congelamento, salinidade, radiacdo dentre outros. Essas pressbes ambientais
consequentemente levam a limitacdo da produtividade no campo (SAVVIDES et al., 2016;
XIONG; ZHU, 2001).

Fatores como maior urbanizacdo, industrializagdo e mudancas climaticas continuam a
intensificar os efeitos prejudiciais desses estresses quanto a produtividade das culturas. Como
consequéncia do declinio de alimentos disponiveis, gera-se uma ameaca a Seguranca
alimentar global (LOBELL; FIELD, 2007; NAGAJYOTI; LEE; SREEKANTH, 2010;
REDDY, 2015; SAVVIDES et al., 2016). Em média, mais de 50% das principais das grandes
culturas foram danificadas por efeitos adversos do estresse abiotico (POLTRONIERI et al.,
2014).

O estresse abidtico em plantas pode resultar no desbalanco nutricional (influenciando
negativamente na absorcao de nutrientes), reducdo do potencial hidrico, reducéo na absor¢do
de &gua do solo, fechamento estomatico, reducdo na fotossintese, consequentemente,
interferindo drasticamente nos processos de crescimento e desenvolvimento da planta, bem
como na sua produtividade (ROY; NEGRAO; TESTER, 2014).

A engenharia genética de plantas tem sido utilizada para estudos visando a produgéo
de cultivares tolerantes a estresse abidtico. Algumas estrategias utilizadas consistem no
fortalecimento dos sistemas de resposta da planta, intervindo, principalmente, em diferentes
etapas da resposta: de sensores, componentes de sinalizagdo / regulacdo (por exemplo,
receptores, quinases, etc.), para direcionar genes de acdo ou efetores (por exemplo, genes
biossinteticos, enzimas antioxidantes, proteinas de choque térmico, etc.) (CABELLO;
LODEYRO; ZURBRIGGEN, 2014). Para isso, frequentemente, genes alvo sdo identificados
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e utilizados na transformacéo genética de plantas visando a principalmente conferir tolerancia
a estresses (DATTA, 2012).

O melhoramento genético de monocotiledéneas como milho (ISHIDA et al., 1996),
sorgo (ZHAO et al., 2000) e cana de acucar (ENRIQUEZ-OBREGON et al., 1998) seja por
métodos classicos ou por engenharia genética é conhecido, porém devido a complexidade e
tamanho do seu genoma faz com que estudos sejam desenvolvidos utilizando espécies
modelo.

Dessa forma, o uso de plantas modelo do género Setaria viridis com metabolismo C,
representa uma abordagem importante para a caracterizacao inicial de ativos biotecnoldgicos
de interesse (SOOD; PRASSAD, 2017). As principais caracteristicas que tornam essa planta
tdo interessante para planta modelo séo: (i) genoma de tamanho reduzido (510 Mb), (ii) tempo
de geracdo curto (9 a 12 semanas), (iii) plantas de pequeno porte (30 a 50 cm), (iv)
propagacdo por meio de sementes, (v) facilidade de manejo, (vi) alta produgéo de sementes,
(vii) facilidade de manipulagdo por meio de cultura de tecidos in vitro, (viii) disponibilidade
de protocolos otimizados e eficientes de transformacdo genética mediados por A. tumefaciens
ou biobalistica e, por fim, disponibilidade das sequéncias dos genomas nuclear (JGI Setaria
viridis v.2.1) e cloroplastidial (GenBank NCBI: KT289405), bem como seu transcriptoma
(http://sviridis.org/resources) (DOUST; DIAO, 2017).

A engenharia genética torna-se uma ferramenta importante para (i) a superexpressao
de genes proprietarios validados em outras culturas, relacionados a tolerancia a estresses
abioticos, (ii) a superexpressdao de genes proprietarios validados na propria culturas,
relacionados a tolerancia a estresses abidticos e (ii) prospeccdo de promotores tecido-
especifico, estresse-induzido ou constitutivos para aplicacdes biotecnolédgicas diversas
(BALTES; GIL-HUMANES; VOYTAS, 2017).

Duas diferentes abordagens de engenharia genética foram utilizadas neste trabalho,
para que mecanismos de tolerancia a seca pudessem ser estudados. Como foco inicial deste
estudo tem-se a caracterizacdo de genes considerados genes orfaos. As analises dos projetos
de sequenciamento de plantas como Coffea sp., Arabidopsis thaliana e Oryza sativa
demonstram uma alta porcentagem (cerca de 20-30%) de genes considerados genes 6rfaos, ou
seja, genes que nao apresentam nenhuma similaridade com as sequéncias depositadas nos
bancos de dados. Infere-se que os genes oOrfdos tenham sua origem em processos de
especiacdo, portanto poderiam estar interligados a vias de resposta Unicas de organismos
tolerantes ou suscetiveis a uma dada condicdo (TAUTZ; DOMAZET-LOSO, 2011).
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Em C. canephora e C. arabica foram identificados e caracterizados alguns genes
orfaos. Alguns desses genes possuem um perfil de expressdo heterogénea quanto a tecidos e
em diferentes tratamentos nas analises in silico. A anéalise do gene 6rfdo CcUNKS e os dados
de gPCR mostraram uma maior expressdo em folhas submetidas a estresse hidrico, quando
comparado a folhas em condigdes normais de irrigagdo. Logo, CcCUNKS8 pode ser considerado
um gene canditado a tolerancia a seca (MARRACCINI et al., 2012; VIEIRA et al., 2013). Do
potencial envolvimento desse gene na resposta a seca, gerou-se um interesse quanto a sua
utilizacdo em transgenia para estudo detalhado da sua possivel funcéo. Para isso, plantas
transgénicas foram geradas e submetidas a déficit hidrico para analises subsequentes quanto a
possivel funcéo desse gene.

Como segunda abordagem deste estudo, a identificacdo e caracterizacdo in silico assim
como a compreensao do perfil de expressdo desses mesmos genes alvo que possuem um papel
importante na resposta priméria ao estresse foram utilizadas.

O 4cido abscisico (ABA) é um dos fitormdnios mais estudados em resposta a diversos
tipos de estresses abidticos, regula uma diversidade de adaptacdes fisioldgicas relacionadas
com o déficit hidrico, destaca-se o ajuste osmotico, a condutividade hidraulica em raizes,
fechamento e abertura de estdmatos, limitacdo da transpiracdo e processo de murcha,
compartimentalizacdo idnica e regulacdo do crescimento de brotos e raizes (CUTLER et al.,
2010).

As descobertas sobre a complexa sinalizacdo na via de transducdo de sinal do ABA
fornecem informacdes sobre como ocorre a percepcao e transmissdo do sinal desencadeando
diferentes eventos moleculares (MA et al., 2009; PARK et al., 2009). Dessa forma, a melhor
identificacdo de genes ABA dependente associados com a resisténcia ou aumento da
tolerancia a fatores abidticos em S. viridis, podera contribuir para o desenvolvimento de
ferramentas biotecnoldgicas, que poderdo ser aplicadas em diversas espécies de gramineas de
importancia econémica mundial.

No entanto, recentemente, dois grupos independentes desvendaram um novo receptor
intracelular de ABA em Arabidopsis thaliana. As proteinas PYL/RCARSs estdo envolvidos na
via de percepgéo e sinalizacdo do ABA junto a fosfatases do tipo 2C (PP2C) e SNF-1 proteina
quinase 2 (SnRK2). Em condiges regulares de crescimento, os niveis celulares de ABA sdo
baixos, as PP2Cs pertencentes ao clado A interagem com as SnRK2s subclasse 111 e ocorre a
inibicdo da atividade das quinases. J& em alta concentracdo de ABA em células sob estresse
osmotico, como seca e alta salinidade, o ABA é reconhecido por receptores do tipo
PYL/PYR/RCAR que inibem a atividade das PP2Cs. O complexo formado por ABA-
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PYL/PYR/RCAR-PP2C esta apto a ativar proteinas SnRK2 (MA et al., 2009; PARK et al.,
2009).
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2 REFERENCIAL TEORICO

2.1 Setaria viridis como planta modelo

Dentro do género Setaria estdo listadas mais de 100 espécies, no entanto duas se
destacam Setaria italica e Setaria viridis. As duas espécies sao filogeneticamente proximas, a
segunda espécie é considerada ancestral (KELLOG, 2017). Sao recentes os relatos de
interesse na utilizacdo de Setaria viridis como planta modelo para pesquisas bésicas e
aplicadas em Poaceaes, uma vez que esta pertence ao mesmo grupo vegetal de culturas de
importancia econémica como o milho, sorgo e a cana-de-aglicar (BENNETZEN et al., 2012;
BRUTNELL et al., 2010; DOUST et al., 2009).

H& uma série de caracteristicas que tornam S. viridis promissora como planta modelo,
entre elas estdo: genoma pequeno (~515 Mb); ciclo de vida curto entre 9 a 12 semanas
(dependendo das condicgdes de fotoperiodo); € uma planta de pequeno porte; requer cuidados
simples para seu desenvolvimento e crescimento; e um sistema reprodutivo que ocorre por
meio de autofecundagdo (DOUST; DIAO, 2017).

S. viridis possui metabolismo fotossintético C4. Espécies com esse tipo de
metabolismo possuem vantagens adaptativas aos estresses abioticos, tais como: seca, calor e
frio, resultando em possiveis rendimentos elevados em comparacdo com as plantas de
metabolismo fotossintético C3, devido a diferencas anatbmicas e bioquimicas, em que o
dioxido de carbono concentra-se em torno da ribulose-1,5-bisfosfato carboxilase oxigenasse
(RubisCO) (COELHO; HUANG; BRUTNELL, 2017).

Com o sucesso e as limitaces gerados apds anos de utilizacdo de Arabidopsis
thaliana como planta modelo, uma nova demanda levou ao estudo aprofundado de Setaria
viridis como um sistema modelo alternativo para culturas de metabolismo C, alimenticias
como milho, sorgo e cana-de-agUcar, e gramineas bioenergéticas como Miscanthus
(BENNETZEN et al., 2012; BRUTNELL et al., 2010; DOUST et al., 2009). Com os estudos
de S. viridis duas importantes linhas de pesquisa foram aprofundadas, uma abordando a
produtividade agronémica que compreende caracteristicas como: eficiéncia fotossintética,
tamanho/arquitetura da planta, fisiologia e tolerancia a estresses abidticos, a maioria dessas
caracteristicas possuem um sistema complexo de sinalizagdo/resposta (BRUTNELL,;
BENNETZEN; VOGEL, 2015). A outra linha de pesquisa aborda o detalhamento dos
mecanismos genéticos, que estdo se tornando cada vez mais acessiveis com as tecnologias de

sequenciamento de nova geracdo. Compreender como os traits funcionam em S. viridis pode
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influenciar consideravelmente a probabilidade de manipulagBes genéticas bem sucedidas em
culturas alimenticias e bioenergéticas economicamente importantes (BRUTNELL et al.,
2010).

2.2 Genes orfaos

Os genes 6rfdos ou no hits foram identificados primeiramente no projeto genoma de
levedura (DUJON, 1996). Estudos posteriores inferem que os genes 6rfaos representam uma
fracdo substancial de cada genoma existente, 0 numero total de genes orfdos em todas as
linhagens evolutivas excede em muito o nimero de familias de genes conhecidos. Por isso, é
importante o estudo de como tais genes foram originados (TAUTZ; DOMAZET-LOSO,
2011).

Os genes orfaos ndo possuem similaridade com sequéncia presente nos genomas de
outros organismos. De acordo com a definicdo mais aceita, sdo genes que nao codificam para
dominios de proteinas identificadas. Geralmente, as proteinas que ndo mostram qualquer
similaridade de sequéncia em BLASTP com valores de corte (E = e-value) E < 10” ou E <10°
19 550 classificadas como 6rfas. Ha evidéncias crescentes a partir de dados de sequenciamento
de genomas e transcriptomas, que 0s genes Orfaos apresentam uma restrita distribuicdo
filogenética (KHALTURIN et al., 2009).

A comparagdo de sequéncias de DNA de um novo gene com a sequéncia
correspondente em outra espécie que ndo apresenta tal gene, pode indicar o mecanismo que
levou a sua divergéncia. O processo mais comum que da origem para novos genes € a
duplicacdo que pode ocorrer mediado por DNA ou mecanismos baseados em RNA. O
primeiro envolve tipicamente um crossing-over desigual, 0 que pode levar a expansdo em
namero de copias de genes em familias de genes pré-existentes (FIGURA 1). Cruzamentos
também podem ocorrer entre elementos repetitivo intercalados, tais como elementos
transponiveis, levando & duplicacdo de genes de coOpia Unica e insercdo de genes nos
cromossomos ndo-homologos (RANZ; PARSCH, 2012).

O segundo caso € a duplicacdo baseada em RNA, ocorre quando 0 mRNA de um gene
existente € transcrito de forma reversa (RT) e inserido em um novo local no genoma. O
terceiro mecanismo ocorre quando um novo gene é criado por meio da fusdo de dois genes
distintos para formar um gene quimérico, ou pela adi¢do ou rearranjo de éxons que codificam
proteina a partir de um gene pré-existente. O quarto mecanismo € a formacao de uma nova
proteina a partir de DNA ndo codificante (RANZ; PARSCH, 2012).
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Figura 1 - Mecanismos de formacdo de novos genes, que podem ocorrer por quatro processos
distintos, duplicacdo do DNA, retro transposicdo do RNA, fusdo génica e formagao
de novos genes em regides ndo codantes.
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Fonte: Adaptado de Ranz e Parsch (2012).

A elevada quantidade de dados de sequéncias de DNA e o desenvolvimento de
ferramentas in silico para analisar e comparar 0s genomas permitiram a identificacdo de novos
genes que sdo Unicos para uma espécie.

Até 0 momento, estudos de caso tém centrado principalmente sobre a estrutura, o
padrdo de evolucdo da sequéncia e a caracterizacdo preliminar da funcdo dos genes recém
evoluidos. Os estudos tém focado em avaliar as alteracdes da funcdo génica associados com
fenotipos aberrantes, e estudos mais detalhados de como as proteinas codificadas sdo
integradas as redes de interacdo proteina-proteina e quais fungdes irdo desempenhar. O papel
na determinacédo funcional de novos genes relacionando-os com a adaptacao e divergéncia de
espécies. Esses questionamentos deverdo ser aprofundados em estudos envolvendo tais genes,
e pode-se, dessa, forma desvendar as suas reais contribui¢des no fendtipo dos organismos
(RANZ; PARSCH, 2012).

As andlises de expressdo de genes visando a identificar genes candidatos para
tolerancia a seca, foram feitas em folhas dos clones 14, 73 e 120 (tolerantes a seca) e do clone

22 (sensivel a seca) de Coffea canephora Conilon cultivados em diferentes regimes hidricos
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(irrigado vs. ndo-irrigado) (MARRACCINI et al., 2012; VIEIRA et al., 2013). Os genes
orfaos foram identificados in silico de acordo com o tecido em que foram expressos em C.
canephora. Com a busca de genes candidatos para a toleréncia a seca, identificou-se um gene
orfao CcUNKS8 que possui a expressdo induzida em plantas submetidas ao déficit hidrico, um

gene em potencial para transgenia em estudos de déficit hidrico.

2.3 Estresse abiotico em plantas

As respostas ao estresse abiotico sdo importantes para organismos sésseis como as
plantas, porque esse tipo de organismo ndo consegue sobreviver a menos que sejam capazes
de se adaptar as mudangas ocorridas no meio ambiente. O termo estresse abiotico é definido
como os efeitos ocorridos quando as condigdes ambientais adversas limitam o crescimento e
produtividade das plantas (BOYER, 1982), dentre eles hd uma amplitude de estresses que
podem ocorrer devido aos inimeros fatores que compdem as condi¢bes ambientais as quais as
plantas estdo submetidas, como alta luminosidade, alta intensidade de UV, baixas
temperaturas, déficit hidrico, salinidade e exposi¢do a metais pesados (SUZUKI et al., 2014).

A maior parte das informacoes fisiologicas de resposta ao estresse foram observadas
em plantas modelos submetidas a condi¢des controladas, entretanto essa abordagem
frequentemente ndo se correlaciona diretamente com as condi¢gdes de campo. Entretanto, o
conhecimento exportado de plantas modelo torna-se a base para aplicacdo de transgenia de
genes isolados e caracterizados que possuam papel importante na geracdo de cultivares
responsivas a estresses abioticos.

Os efeitos oriundos do estresse em crescimento e expressao génica de plantas é dose
dependente, evidenciando a alta precisdo que permite detectar o nivel de estresse em que as
plantas estdo submetidas e as respostas especificas que serdo geradas (CLAEYS et al., 2014).
Uma resposta comum a diferentes estresses abioticos em que as plantas sdo submetidas € a
reducdo da fotossintese que estd associada aos inimeros danos ocorridos no metabolismo e
crescimento. Em condigGes de estresse, diversos metabolitos s&o produzidos para gerar
resposta ao estresse como osmoprotetores e outros que sdo respostas especificas como as
fitoquelatinas (FIGURA 2). Além disso, a integracdo de estimulos ambientais e respostas
fisiolégicas € mediada por uma rede interconectada de hormdnios vegetais como o acido
abscisico, jasmonato, &cido salicilico ou etileno que modulam as respostas aos estresses
(PELEG; BLUMWALD, 2011).
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Figura 2 - Modelo geral de resposta ao estresse abiotico.
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Legenda: As células recebem sinais de estresse por meio de sensores, e 0s sinais séo transmitidos para
vias de sinalizacdo, onde mensageiros secundarios (hormonios vegetais), transdutores de sinal e
reguladores transcricionais funcionam. Os genes induzidos por estresse sdo regulados por multiplos
sinais de estresse e alguns deles sdo regulados por fatores de transcricdo (TFs) que s&o induzidos por
estimulos de estresse, e cascata de transcrigdo. Alguns genes induziveis pelo estresse codificam
proteinas que estdo diretamente envolvidas na tolerancia ao estresse. Outros genes induzidos pelo
estresse codificam proteinas reguladoras, como transdutores de sinal, que presumivelmente formam
feedback positivos e negativos para regular as respostas ao estresse.

Fonte: Hirayama e Shinozaki (2010).

Estresse abiotico (seca, salinidade, temperaturas extremas, luz UV ou Og), reduz a
condutancia estomaética reduzindo a difusdo de CO, pela cdmara subestomatica que limita a
assimilacdo de carbono necesséria para a manutencéo do crescimento e desenvolvimento das
plantas (ROY; NEGRAOQ; TESTER, 2014). As plantas possuem diversos mecanismos para
manter o sistema fotossintético funcional, e a medida fotossintética é comumente utilizada

como um indicador de tolerancia ao estresse abidtico em genotipos.
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2.4 Déficit hidrico

Seca é considerada a mais devastadora dos estresses abidticos, e causa redugdo
dréstica na produtividade de grandes culturas (HARRISON et al.,, 2014). Prolongados
periodos com baixa precipitacdo aliado a uma maior demanda de evapotranspiracdo levam ao
déficit hidrico no campo (MISHRA; CHERKAUER, 2010). O déficit hidrico
consequentemente gera falta de umidade suficiente para proporcionar um crescimento e
desenvolvimento do ciclo de vida completo (MANIVANNAN et al., 2008).

A seca severa afeta principalmente o crescimento e desenvolvimento das plantas de
maneira que ocorra uma reducdo substancial no acimulo de biomassa e na taxa de
crescimento da cultura. As principais consequéncias da seca nas plantas é a reducdo na taxa
de divisdo e expansdo celular, tamanho da folha, crescimento radicular, conteudo relativo de
agua e de nutrientes que diminuem a produtividade e a eficiéncia de uso de 4gua (WUE)
(FAROOQ et al., 2009; LI et al., 2009). Modelos climaticos preveem um aumento na
intensidade e a frequéncia do déficit hidrico no cenério de mudancas climaticas globais
(SOLOMON, 2007; WALTER et al., 2011).

O déficit hidrico estimula a biossintese de acido abscisico (ABA), que ocasiona uma
reducdo da condutdncia estomética para minimizar as perdas com transpiracdo
(YAMAGUCHI-SHINOZAKI; SHINOZAKI, 2006). A resposta da planta a um Unico
estresse é detectada por diferentes 6rgdos e tecidos, e o sinal é transmitido para todo o
individuo alterando o balanco hormonal, esse fator torna o déficit hidrico um estresse
complexo que acarreta em consequéncias devastadoras para as plantas (FIGURA 3).

Setaria € sabidamente uma espécie tolerante a estresse abidtico, particularmente a
seca. A eficiéncia de uso de agua é descrito como superior ao do milho, trigo e sorgo
(DOUST; DIAO, 2017). No entanto, as fases em que ela é mais sensivel a seca é no final da

fase vegetativa e inicio da fase reprodutiva (~35-50 dias ap0s a germinacao).

2.5 Estresse salino

Ap0s anos de estudos, sabe-se que além de regides de solos aridos e semiaridos do
planeta, o cultivo irrigado intensivo deu origem a problemas com salinidade. O estresse salino
¢ um fator limitante na produtividade de uma cultura (MAURYA; GOTHANDAM, 2014;
ZORB et al., 2013), que pode alterar o conteido de agua na planta e a pressdo osmotica
(CHAVES; FLEXAS; PINHEIRO, 2009).
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O estresse salino desencadeia o0 estresse oxidativo, favorecendo a produgdo ou
aumentando a disponibilidade de ROS (espécies reativas de oxigénio), alterando a sintese
proteica (GEISSLER; HUSSIN; KORYO, 2009), e a eficiéncia fotossintética (MITTAL,;
KUMARI; SHARMA, 2012). Além disso, a salinidade associa-se ao aumento de alguns
horménios como ABA e ocasiona a diminuicdo de outros como auxina, citocininas e
giberelinas (NIMIR et al., 2015).

Estresse salino e de seca se intensificam a medida que o solo fica saturado pela
salinidade, reduzindo o potencial hidrico. Nesse cenario ocorre uma restricdo das plantas em
obter agua e nutrientes, em tal condicdo, as plantas respondem de duas maneiras.
Primeiramente, altas concentraces de Na' nas raizes ocasionam estresse osmotico e, em
segundo lugar, ocorre uma alteracdo no equilibrio de nutrientes essenciais gerando estresse
ionico. Em uma situagdo de desequilibrio dos fons Na* e CI" no solo pode dar origem a razdes
idnicas toxicas de Na* / Ca?*, Na* / K*, Ca** / Mg?* e CI" / NO* que substituem nutrientes
essenciais e gerar competicdo pela absorcdo de nutrientes nas plantas (MUNNS; JAMES;
LAUCHLLI, 2006). O Na" externo possui um impacto negativo no influxo intracelular de K",
no entanto fons K* sdo um dos elementos essenciais requeridos para o crescimento. Niveis
limitantes de fons K* podem ocasionar um disttirbio no balango osmatico, levando a perda de
funcionalidade dos estdomatos (KUMAR et al., 2017).

O estresse salino induz o fechamento estomatico que causa impacto direto na atividade
fotossintética e na diminuicdo da transpiracdo, reduzindo assim a absorcdo de ions salinos
toxicos (BRUMOS et al., 2009; LOPEZ-CLIMENT et al., 2008).

2.6 Estresse de frio

Dentre 0s muitos estresses abidticos em que as plantas podem ser submetidas no meio
ambiente 0 estresse por baixas temperaturas € um deles, esse estresse pode limitar o
crescimento e a distribuicdo geogréfica das plantas, impactando na reprodugéo de culturas que
possuem importancia econdmica. Na adaptacdo aos ambientes adversos, as plantas ativam
mecanismos complexos para evitarem ou tolerarem ao estresse por frio (FIGURA 3). A
aclimatagcdo ao frio é um dos mecanismos mais bem entendidos que contribuem para o
aumento da tolerancia em plantas. Durante o periodo de aclimatagdo, ocorre a modulacdo de
multiplos processos morfoldgicos e fisiologicos com o objetivo de estabilizar a nova condicéo

de homeostase celular e metabdlica, que envolve ainda mudangas na homeostase dos
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fitohormonios, permitindo a adaptacdo a condic¢des adversas (HIRAYAMA,; SHINOZAKI,
2010; THEOCHARIS; CLEMENT; BARKA, 2012; ZHU; DONG; ZHU, 2007).

Baixas temperaturas podem causar transtornos severos na homeostase do metabolismo
e na fisiologia celular que podem levar a morte da planta. Estresse por frio pode ser dividido
em estresse por resfriamento (<15°C e acima da temperatura de congelamento), e estresse por
congelamento (abaixo da temperatura de congelamento). Estresse por resfriamento inibe a
atividade de enzimas relacionadas a fotossintese, respiracao e processos bioquimicos como a
eliminacdo de espécies reativas de oxigénio (EROs), gerando danos oxidativos que podem
resultar na acumulacao de compostos toxicos e na inibicdo de reagdes metabdlicas (O'KANE;
BOYD; BURDON, 1996; YANG et al., 2005). Enquanto o estresse por congelamento resulta
na formacdo de cristais intracelulares que induzem a desidratacdo celular e o estresse
osmotico, gerando danos na membrana celular e morte de tecidos (UEMURA; STEPONKUS,
1995; WEBB; STEPONKUS, 1993).

A maior parte das plantas de clima temperado sdo capazes de tolerar estresse por
congelamento, quando previamente expostas a estresse por resfriamento. Este € o processo de
aclimatacdo ao frio (THOMASHOW, 1999). Durante o periodo de aclimatacdo ao frio
inicializa-se uma mudanca global no trascriptoma, e as plantas tornam-se tolerantes as
temperaturas de congelamento devido a acumulagdo de osmélitos em grande quantidade como
0s acucares sollveis, proteinas anticongelamento, bem como alterando a composicdo da
membrana, as duas Ultimas estratégias favorecem a protecdo celular contra a desidratacéo
(YAMADA et al., 2002).

O ABA ¢ sabidamente o horménio do estresse e possui um papel crucial no estresse
por desidratacdo. No entanto, estudos inferem que o ABA desempenha fungéo na aclimatacéo

ao frio por desencadear respostas celulares e osméticas especificas.
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Figura 3 - Esquema das vias reguladoras envolvidas nas respostas a seca, salinidade e estresse
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Fonte: Hirayama e Shinozaki (2010).

2.7 Estrutura, biossintese e transporte do acido abscisico (ABA)

O é&cido abscisico, ou ABA, é composto por um anel de 6 carbonos. Sendo um
sesquiterpeno (FIGURA 4) de quinze carbonos sintetizados, em parte, nos cloroplastos e em
outros plastidios pela via do acido mevalénico (NEWMAN; CHAPPELL, 1999). Esse
fitohorménio foi descoberto em 1960 e inicialmente era denominado dormina ou absicisina,
atualmente ABA é conhecido como um importante regulador de crescimento em plantas.

O ABA é um importante regulador de crescimento de plantas, e inclui
desenvolvimento de sementes e embrides, desenvolvimento de mudas, crescimento vegetativo
e reprodutivo, assim como manutencdo da dorméncia de sementes (BARRERO et al., 2005;
FUJII; ZHU, 2009). O principal papel desse hormonio € controlar o inicio e a manutencdo da
dorméncia de sementes e de gemas, e das respostas do vegetal ao estresse, principalmente o
estresse hidrico. ABA também influenciar outros aspectos do desenvolvimento de uma planta,
por agir antagonicamente com outros hormonios vegetais (CUTLER et al., 2010;
WASILEWSKA et al., 2008).
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Figura 4 - Estrutura quimica do &cido abscisico () ABA.

Fonte: Fernando e Schroeder (2016).

A estrutura molecular do ABA possui vérias caracteristicas importantes que facilitam
sua funcdo bioldgica. Sdo elas, a cadeia lateral com as duas ligac@es duplas (FIGURA 4) e 0
estereocentro do ABA. A exposi¢do a luz UV altera a conformacéo da forma ativa para a
forma inativa (CUTLER et al., 2010).

O é&cido abscisico pertence a classe de metabolitos conhecidos como isoprenoides, ou
terpenoides. O isopentenilo (IDP) é um precursor de cinco carbonos (C5), molécula a partir da
qual o ABA é derivado. Originalmente, acreditava-se que todos os isoprenoides eram
sintetizados a partir do mevalonato (MVVA) até que recentemente, uma via secundaria foi
identificada para a sintese de IDP, inicialmente em certas eubactérias e finalmente, em plantas
superiores (NAMBARA; MARION-POLL, 2005). Vérias enzimas que utilizam [-caroteno
para sintetizar ABA estéo envolvidas.

A via de conversao de B-caroteno em ABA € mediada por meio de enzimas
catalizadoras (FIGURA 5). O estresse abiotico desencadeia a ativacdo de genes responsaveis
pela biossintese de ABA como zeaxantina epoxidase (ZEP), 9-cis-epoxycarotenoide
dioxygenases (NCED), ABA aldeido oxidase (AAO) (TUTEJA, 2007).
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Figura 5 - Via de biossintese de ABA.
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Fonte: Vishwakarma et al. (2017).

O transporte do &cido abscisico (ABA) dentro das plantas foi mostrado de varias
maneiras, por exemplo, na utilizagdo de ABA marcado com radiois6topo como marcador de
plantas mutantes que possuiam deficiéncia de ABA e selvagens (EVERAT-
BOURBOULOUX, 1982; FREY et al., 2004; HOLBROOK et al., 2002; IKEGAMI et al.,
2009; ZEEVAART; BOYER, 1984). O ABA é sintetizado dentro das células. Assim, a
primeira movimentacdo do ABA ocorre no transporte trans-membrana de dentro para o
exterior das células responsaveis por sua sintese. O ABA foi detectado no xilema
(HARTUNG; SAUTER; HOSE, 2002; TARDIEU; PARENT; SIMONNEAU, 2010),
indicando que o ABA ¢ exportado para o exterior das células apds sua biossintese. Uma vez
exportado do local da biossintese, o acido abscisico pode ser transportado para células
vizinhas ou atuar em células distantes induzindo respostas fisiol6gicas. Segundo o modelo
proposto, os sitios de ligacdo do ABA podem ocorrer no interior ou na superficie da
membrana plasmatica (ALLAN et al., 1994; ANDERSON; WARD; SCHROEDER, 1994;
SCHWARTZ; TUCKERS; ASSMANN, 1994; YAMAZAKI et al., 2003).

O papel do ABA no controle das respostas das plantas possivelmente desencadeie

acbes em varios niveis, incluindo alteracdo no perfil de transcritos, processamento de RNA,
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modificagBes pos-transcricionais em proteinas, e metabolismo de receptores secundarios.
Aproximadamente 200 loci regulam a resposta ao ABA e milhares de genes sdo regulados por
ABA em diferentes contextos (FINKELSTEIN, 2013).

2.7.1 Sistema tripartiteo: PYL-PP2C/SnRK

Designa-se por receptores, as proteinas que permitem a interacdo de determinadas
substancias com 0s mecanismos do metabolismo celular. A molécula que se liga a um
receptor € chamada de um ligante, e pode ser um peptideo ou outras moléculas pequenas,
como hormonios (VENIS, 1985). Os receptores tém varias caracteristicas como (i) alta
afinidade com o ligante; (ii) ligacdo saturavel e reversivel; (iii) alta especificidade. Ao se ligar
aos receptores da célula, a molécula ABA desencadeia para 0s mensageiros downstream da
via e, ativando assim genes responsivos, que irdo atuar na regulacdo da expressdo de outros
genes. Na via de sinalizacdo do ABA, a percepcdo dos receptores de ABA é de suma
importancia (CUTLER et al., 2010).

Por meio da genética, diversas proteinas relacionas a sinalizacdo hormonal foram
identificadas a partir do screening de mutantes de Arabidopsis com sensibilidade ao hormonio
alterada. Muitos receptores de hormonios foram clonados utilizando esta metodologia
(SANTNER; ESTELLE, 2009). No entanto, para 0 ABA ndo foi possivel a obtencdo de
resultados positivos porque os receptores de ABA possuem redundancia funcional ou efeitos
pleiotrdpicos, incluindo a letalidade de embrides ou gametas (SANTIAGO et al., 2012).
Utilizando técnicas bioquimicas, proteinas que se ligam ao ABA (CHLH/ABAR/GUNDb)
foram as primeiras identificadas (SHEN et al., 2006), posteriormente proteinas acopladas G e
receptores GCR2 (LIU et al., 2007), GTG1/GTG2 (PANDEY; NELSON; ASSMANN, 2009),
também foram encontrados por evidéncia farmacologica.

Mediante a um agonista monitorado seletivo a ABA, pyrabactina (4-bromo-N-pyridin-
2-yl methyl naphthalene-1-sulfonamide), foi possivel identificar uma familia de receptores
soluvel em ABA nomeados de PYRABACTIN RESISTANCE 1 (PYR1)-like (PYL) (PARK et
al., 2009). Apds descobertas recentes sob a transducdo de sinal do ABA, indica-se que 0s
primeiros eventos da via de sinalizagdo ocorrem por meio de um modulo central de
sinalizagcdo composto por trés classes de proteinas: PYR/RCARs (regulatory components of
ABA receptors), proteinas fosfatases do tipo 2Cs (PP2Cs), e Sucrose NonFermentingl-related
proteina quinase 2 (SNRK2s). Nesse modelo, PYR/RCARs atuam como receptores de ABA,

PP2Cs atuam como reguladores negativos da via e SnRK2s como reguladores positivos da
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sinalizacdo downstream (MA et al., 2009; PARK et al., 2009). Uma via de regulacdo negativa
dupla € estabelecida, pelo complexo ABA-PYR/RCARs que inibem a atividade das fosfatases
PP2C, e PP2Cs consequentemente inativam SnRK2s (PARK et al., 2009; UMEZAWA et al.,
2010; VLAD et al., 2009). Assim, na auséncia de ABA, as PP2Cs estdo ativas e inibem a
atividade de sinalizagdo downstream das SnRK2. Na presenga de ABA, PYR/RCARs
interagem com PP2Cs e inibem a atividade das fosfatases, permitindo a ativacdo e
fosforilacdo de proteinas SNRK2 com proteinas alvo (FIGURA 6).

Figura 6 - Componentes principais da via de transducao de sinal do ABA.
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Fonte: Adaptado de Fernando e Schroeder (2016).

2.7.2 PYR/PYL/RCARSs: Receptores de ABA

Os receptores de ABA, PYR/PYL/RCAR sdo proteinas membros de uma superfamilia
de proteinas soltveis de ligagdo-ligante, pertencentes a superfamilia do dominio START
(IYER; KOONIN; ARAVIND, 2001), nomeadas de Bet v I-fold superfamily (RADAUER,;
LACKNER; BREITENEDER, 2008). Nessa familia génica estdo incluidos 13 genes
homologos similares ao PYR1, tais genes foram nomeados PYR-like 1 até PYR-like 13
(PYL1-PYL13) (PARK etal., 2009).

Mutantes de pyrl respondem normalmente ao ABA, sugerindo que a redundancia
funcional de outros membros da familia pode mascarar a funcdo do PYR1 na transducéo do

sinal do ABA. No entanto, o triplo e quadruplo mutante pyrl pyll pyl4 e pyrl
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pyll pyl2 pyl4, respectivamente, demonstram insensibilidade ao ABA na germinacgdo de
sementes e crescimento de plantulas (PARK et al., 2009). O mutante quadruplo demonstra
ainda insensibilidade ao ABA no fechamento estomatico induzido por ABA (NISHIMURA et
al., 2010) e nas respostas transcricionais mediadas por ABA (PARK et al., 2009). Estudos
recentes mostram que um mutante séxtuplo com seis receptores PYR/PYL nocauteados
(PYR1, PYLL, PYL2, PYL4, PYL5 e PYLS8), possui um fendtipo de alta insensibilidade ao
ABA. A germinacdo e crescimento ocorrem mesmo em uma concentracdo de ABA de 100
uM, e suas folhas sdo excessivamente sensiveis a seca (GONZALEZ-GUZMAN et al., 2012).
Plantas transgénicas superexpressando PYL1 ou PYL4 tornam o triplo mutante sensivel ao
ABA novamente, demonstrando a especificidade funcional da via de sinalizacdo do ABA
(PARK et al., 2009).

Em Arabidopsis a superexpressao dos genes PYL9/RCAR1, PYL5/RCARS8 e
PYL8/RCAR3 produz um aumento na resposta ao ABA ou o aumento da tolerancia a seca
(MA et al., 2009; SAAVEDRA et al., 2010; SANTIAGO et al., 2009).

2.7.3 Fosfatases: PP2Cs

As proteinas fosfatases podem ser divididas em duas grandes subclasses: proteinas
tirosina fosfatase (PTPs) e proteinas serina/treonina fosfatases. O genoma de Arabidopsis
possui 76 proteinas fosfatases do tipo 2C, que séo subdividas em 10 grupos (A até J) (KERK
et al., 2002; SCHWEIGHOFER; HIRT; MESKIENE, 2004). Utilizando alinhamento do sitio
catalitico o clado A das PP2Cs é formado por dois subgrupos, o primeiro ABI1, ABI2, HAB1
e HAB2, e o0 segundo PP2CA/AHG3 e AHGL.

Estudos demonstram que as fungbes de ABI1 e ABI2 sdo redundantes como
reguladores negativos da via de sinalizacdo do ABA porque a perda das funcdes desses genes
resulta em fenétipos de hipersensibilidade ao ABA assim como o fendtipo de um duplo
mutante (GOSTI et al., 1999; MERLOT et al., 2001; SHEEN, 1998). ABI1 e ABI2 séo
responsaveis por aproximadamente 50% da inducdo da atividade das PP2Cs induziveis por
ABA, sugerindo que esses dois membros da familia PP2C possuem uma funcéo essencial na
sinalizacdo de PP2C mediada por ABA, porém outras PP2Cs também estdo envolvidas na
resposta da sinalizagédo de ABA (MERLOT et al., 2001).

As fosfatases pertencentes a familia de proteinas dependentes de metais (Mn?*/Mg*")
(PPM) e PP2Cs do clado A que atuam como reguladores negativos na sinalizacdo de ABA

tém sido demonstradas apds 2009 e, possivelmente, as fungbes das PP2Cs sdo altamente
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conservadas em diferentes espécies (KOMATSU et al., 2009; SAEZ et al., 2004). Dois genes
homdlogos pertencentes ao clado B das PP2Cs também possuem atuacdo na sinalizacdo de
ABA (BEN-ARI, 2012).

2.7.4 Quinases: SNRK2

Proteinas de fosforilagdo reversivel, catalisadas por proteinas quinases e fosfatases,
representam a maior forma de modificacdo pos-tradicional reversivel. Estudos bioquimicos e
de genética molecular observam que as proteinas de fosforilacdo reversivel estdo envolvidas
em quase todos os eventos principais do metabolismo celular (HUNTER, 1995).

Baseados em andlises da origem evolutiva das quinases, SnRKs sdo pertencentes a
superfamilia CDPK-SnRK, que podem ser subdividas em trés quinases SnRK1, SnRK2, e
SnRK3 (HRABAK et al., 2003). As trés subfamilias de SnRKs possuem alta identidade nas
sequéncias dos dominios das quinases porém héa divergéncias nos dominios C-terminal que
sdo os provaveis reguladores das atividades desencadeadas por vias de sinalizacdo de estresse
e/ou variagdes no metabolismo (HALFORD; HEY, 2009; HRABAK et al., 2003).

Pelo menos, dez genes pertencentes a subfamilia SnRK2 foram identificados no
genoma de A. thaliana. Na superfamilia de proteinas SnRK, as do tipo 2 possuem uma funcao
importante na sinalizagdo de ABA e podem ser divididas em trés subclasses, que diferem
entre si quanto a sua ativacdo em resposta ao ABA (BOUDSOCQ et al., 2007; KOBAYASHI
et al., 2005). As proteinas da subclasse classe | correspondem a genes nédo ativados por ABA,
enquanto as proteinas da subclasse Il sdo fracamente ativadas por ABA e proteinas da
subclasse Il sdo altamente ativadas por ABA.

A identificacdo do sistema tripartide da via de sinalizacdo do ABA ja foi identificado
em algumas espécies de moncotiledoneas, no entanto em S. viridis ainda ndo foi reportado
nenhuma identificacdo e caracterizacdo deste sistema, o que se tornou o foco deste trabalho

visto a importancia de S. viridis como planta modelo para plantas de metabolismo C4.
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RESUMO

No cafeeiro, mas também em outras espécies de plantas (Arabidopsis thaliana, Oryza sativa) e de
microrganismos, as analises dos projetos de sequenciamento demostram uma alta porcentagem (cerca
de 20-30%) de genes considerados no hits, ou seja, genes para 0s quais nenhuma similaridade com as
sequéncias depositadas nos bancos de dados é encontrada. Em Coffea canephora e Coffea arabica
foram identificados e caracterizados alguns genes no hits. Infere-se que no hits possam ter se originado
de processos de especiagdo, portanto poderiam estar interligados a vias de resposta Unicas de
organismos tolerantes ou susceptiveis a uma dada condigdo. Dados de expressdo génica relativa
mostraram que 0 no hit CcUNKS8 apresentou maior expressdo em folhas estressadas quando
comparado a folhas controle de C. canephora sendo um gene canditado de tolerancia a seca e foi
entdo selecionado para transformacdo genética utilizando Setaria viridis como planta modelo. O T-
DNA contendo o gene CcUNKS foi inserido em plantas de Setaria viridis por transformacéo
genética via Agrobacterium tumefaciens e a expressao deste gene foi quantificada por meio de PCR
em tempo real nos 27 eventos primarios de transformacéo, os eventos apresentam niveis de expressao
génica variados entre si na geracdo Ty, subdividindo entre baixa, média e alta . Em alguns eventos foi
observado um acimulo de biomassa radicular se comparados a individuos ndo transformados.

Palavras-chave: Coffea. Expressdo génica. Genes 0Orfdos. Seca. Setaria viridis.
Transformacdo genética.

ABSTRACT

In the coffee tree, but also in other species like (Arabidopsis thaliana, Oryza sativa)
and microorganisms, the analyzes of the sequencing projects show a high percentage (about
20-30%) of genes considered no hits, that is, genes for which no similarity with the sequences
deposited in the databases is found. Coffea canephora and Coffea arabica were identified and
characterized some genes no hits. It is inferred that no hits may have originated from
speciation processes, so they could be interconnected to single response pathways of
organisms tolerant or susceptible to a given condition. Relative gene expression data showed
that the no hit CcUNKS8 showed higher expression in stressed leaves when compared to
control leaves of C. canephora being a candidate drought tolerance gene and was then
selected for genetic transformation using Setaria viridis as a model plant. The T-DNA
containing the CcUNKS8 gene was inserted into plants of Setaria viridis by genetic
transformation via Agrobacterium tumefaciens and the expression of this gene was quantified
by means of real-time PCR in the 27 primary transformation events, the events have varied
levels of gene expression among them in the T, generation, subdividing between low,
medium and high. In some events an accumulation of root biomass was observed when
compared to untransformed individuals.

Keywords: Coffea. Gene expression. Orphan genes. Drought. Setaria viridis. Genetic
transformation.
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1 INTRODUCAO

A capacidade das plantas a se adaptarem aos diferentes estresses é diretamente ou
indiretamente relacionada a habilidade de modificar o nivel de fotossintese, que altera
processos bioquimicos e fisioldgicos, e consequentemente o crescimento e desenvolvimento
de toda a planta. Para minimizar os efeitos adversos causados pelo estresse e para completar o
ciclo de vida, as plantas possuem diferentes respostas adaptativas (VERSLUES et al., 2006).
A resposta das plantas ao déficit hidrico é altamente complexa, ocorrendo a ativacdo de
respostas multiplas envolvendo complexas interacdes génicas e crosstalk com diversas vias
moleculares.

As plantas apresentam mecanismos que as fazem resistir & seca os quais estao
divididos em escape, retardo e tolerancia. No escape, as plantas apresentam um rapido
desenvolvimento fenoldgico completando seu ciclo de vida antes que o déficit se torne severo
o suficiente para provocar danos. O retardo esta relacionado a manutencg&o do turgor e volume
celular, tanto pela presenca de um sistema radicular abundante para absorcdo de dgua quanto
pela reducdo da perda por transpiracdo. Por fim, tem-se a tolerdncia a seca que € um
mecanismo da planta que permite manter seu metabolismo, mesmo com o déficit hidrico
presente (VERSLUES et al., 2006).

As plantas podem também adaptar-se a seca a partir de mecanismos como ajustamento
osmatico, ajustamento da parede celular, producdo de folhas menores, reducdo da area foliar e
aumento da densidade e profundidade das raizes. A reducdo da area foliar e o fechamento dos
estdmatos sao mecanismos que limitam muito a produtividade, pois afetam a absorcédo de CO,
e a interceptacdo de luz pela planta (ROSENTHAL et al., 1987). O estresse hidrico como dito
faz com que o sistema radicular se torne mais denso e profundo o que possibilita a maior
exploracdo do perfil do solo em busca de agua, o que vai depender das caracteristicas
morfoldgicas e genotipicas de cada planta. Ha evidéncias de que a raiz atua como sensor
primario do deficit hidrico no solo, enviando assim um estimulo a parte aérea (BLACKMAN;
DAVIES, 1985).

No intuito de entender 0s processos que levam algumas plantas a terem uma maior
tolerdncia a seca, ocorreram avancos na descoberta e descricdo de genes envolvidos nesse
processo. Genes oOrfaos foram detectados em diversas espécies, como Arabidopsis thaliana e
Oryza sativa (GUO et al., 2007; HORAN et al., 2008). Algumas dessas sequéncias nao
possuem nenhuma similaridade com sequéncias depositadas nos bancos de dados publicos, e
sdo denominadas “no hits” ou genes orfios (TAUTZ; DOMAZET-LOSO, 2011). O
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aparecimento desses genes pode estar relacionado a respostas adaptativas especificas para
cada espécie de condicBes adversas durante o processo evolutivo.

O gene CcUNKS8 (UNKnown) foi previamente identificado no genoma de Coffea
canephora potencialmente envolvido no processo de tolerancia a seca. As analises de
expressao de genes utilizando Coffea canephora Conilon identificaram genes candidatos para
tolerancia a seca. Os estudos foram realizados em folhas dos clones 14, 73 e 120 (tolerantes a
seca) e do clone 22 (sensivel a seca) cultivados em diferentes regimes hidricos (irrigado vs.
ndo-irrigado) (MARRACCINI et al.,, 2012; VIEIRA et al., 2013). Para todos os clones
analisados, a expressao do gene CcUNK8 sempre foi maior na condicao de déficit hidrico que
nas plantas irrigadas, particularmente nos clones tolerantes (14 e 73) que no clone sensivel 22.
Este no hit pode ser um gene que desempenha papel crucial em determinados processos

bioldgicos do cafeeiro.
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2 MATERIAL E METODOS
2.1 Cultura de tecidos e transformacao genética de Setaria viridis

A construcdo contendo o gene CcUNKS8 encontra-se sob o controle do promotor
constitutivo da ubiquitina de milho (ZmUbi) e integra também o gene hpt como agente
seletivo, que confere resisténcia a higromicina. A construcdo foi sintetizada pela empresa
DNA Cloning Service (FIGURA 1) e introduzida em Agrobacterium tumefaciens EHA105
para a transformacao genética de Setaria viridis.

Sementes maduras de Setaria viridis foram selecionadas para inducdo de calos
embriogénicos em meio de inducdo de calos [CIM; consiste em sais MS (MURASHIGE;
SKOOG, 1962), 1 mg/L d-biotina, 0,5 mg/L piridoxina HCI, 0,5 mg/L &cido nicotinico, 100
mg/L mio-inositol, 0,1 mg/L tiamina-HCI, 0,6 mg/L CuSQ,, 30 g/L sacarose, 2 mg/L 2,4-
4cido diclorofenoxiacético, 0,5 mg/L kinetina e 4 g/L Phytagel™, pH 5,8]. Calos
embriogénicos foram utilizados para transformacéo genética mediada por Agrobacterium, de
acordo com o protocolo de Martins et al. (2015). Os possiveis calos transgénicos resistentes a
30 mg/L higromicina foram transferidos para meio seletivo de regeneracdo [MRS; consiste
em sais MS, 1 mg/L d-biotina, 0,5 mg/L piridoxina HCI, 0,5 mg/L acido nicotinico, 100 mg/L
mio-inositol, 0,1 mg/L tiamina-HCI, 20 g/L sacarose, 2 mg/L kinetina, 150 mg/L Timentin®,
30 mg/L higromicina B, 2 g/L Phytagel ™, pH 5,8]. As plantas regeneradas foram submetidas
a anélise molecular por meio de PCR para confirmacédo da presenca do transgene.

Figural- Representacdo esquematica do T-DNA clonado no vetor binario p6i (DNA
Cloning Service, Alemanha).

P2x35S hpt T-NOS

Legenda: O T-DNA é delimitado pelas bordas direita (RB) e esquerda (LB), contendo 0s promotores
p2x35S (promotor duplicado do mosaico da couve-flor (Camv)) e ZmUDbi-1 (promotor da ubiquitina de
milho) que controlam a expresséo do gene hpt e do cDNA CcUNKS, respectivamente.

Fonte: Da autora (2017).

2.2 Anélise molecular

As plantas regeneradas que se mostraram resistentes a higromicina foram utilizadas
para extracdo de DNA, utilizando o método CTAB modificado (DOYLE, 1987). A insercdo
do gene foi confirmada por meio de PCR utilizando os primers descritos na Tabela 1.
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2.3 Analises da expressao por PCR quantitativo em tempo real

O RNA total de folhas foi isolado utilizando Trizol® (Thermo Fischer Sci.). O RNA
total foi tratado com RQ1 RNase-free DNase (Promega), para eliminacédo de residuos de DNA
e posterior sintese reversa da primeira fita do DNA complementar (cDNA) com o kit
RevertAid First Strand cDNA Synthesis (Thermo Fisher Sci.). Todos 0s processos acima
listados foram realizados de acordo com as instrucfes do fabricante.

As analises de RT-qPCR foram realizadas utilizando Platinum® SYBR® Green, e as
aliquotas de cDNA acima obtidas utilizadas como template da reacdo. O protocolo utilizado
foi o recomendado por Step One Plus Real Time PCR System (Applied Biosystems). Os pares

de primers utilizados na reacédo estdo descritos abaixo.

Tabela 1 - Pares de primers utilizados para RT-qPCR.

Primer Sequéncia

SiCUL TCTCATCACGAGGGACTACTT Forward
CTTGCCAACAACCACCAATC Reverse

SiSUI CCAGAGCTTGGACAGGTCATTTC Forward
ACAATGCCAGCCTGGACAA Reverse

CcUNKS8 GGCTGAAGCCAAATCTGCTA Forward
TCACATTTCCACGTGAATCC Reverse

Fonte: Da autora (2017).

Os niveis de expressao relativa foram calculados utilizando g-Gene (MULLER, 2002).
Os pares de primers SiCUL e SiSUI foram usados como genes de referéncia (MARTINS et
al.,, 2016) e as médias geométricas das quantidades relativas (RQs) foram calculadas
utilizando o software BestKeeper (PFAFFL et al., 2004). A eficiéncia individual de
amplificacdo foi estabelecida por meio do LinRegPCR v.2013.0 na janela de linearidade

(RAMAKERS et al., 2003).
2.4 Déficit hidrico

Plantas de diferentes eventos transgénicos contendo a constru¢do UBI:CcUNKS8 foram
germinados em meio MS seletivo e a linhagem ndo transgénica em meio MS. Apds sete dias

de germinacdo, houve o transplante dos individuos para potes com a capacidade de 0,2 L
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contendo uma mistura de solo, vermiculita e substrato na proporgéo 3:1:0.5, respectivamente.
O desenvolvimento das plantas ocorreu sem restricdo no regime hidrico até a quarta fase de
desenvolvimento (MARTINS et al., 2016). Na quarta fase de desenvolvimento, as plantas
foram divididas em trés grupos contendo seis individuos por evento que permaneceram em
regimes hidricos diferenciados: controle de irrigacdo, estresse moderado e estresse severo.
Para o estabelecimento dos regimes hidricos o primeiro grupo, controle de irrigacao teve os
vasos saturados de agua e pesados. O peso inicial apresentado foi mantido durante todo o
experimento. Nos demais regimes hidricos, os vasos foram saturados e pesados. A irrigacdo
foi suspendida até o estabelecimento do nivel de estresse desejado, para 0 seu
estabelecimento, a perda de agua no solo foi monitorada via diferenca de peso e aspectos
morfoldgicos. Apos o estabelecimento dos niveis de estresse moderado e severo, procedeu-se
com a pesagem dos vasos e a manutengdo de agua durante o experimento foi baseada no peso
apresentado. Analises fisioldgicas periddicas foram realizadas. As trocas gasosas foram
medidas na folha bandeira (+1) utilizando o equipamento LI-6400XT, LICOR com a
densidade do fluxo fotossintético fixado em 1.500 pmol m>s™' e 400 ppm CO,, foi ainda
utilizada uma luz de LED vermelho-azul como fonte interna de luz da camara de medicdo. Ao

final do experimento foram realizadas analises de biometria.

Tabela 2 - Eventos de S. viridis transformados com o gene CcUNKS8 utilizados no
experimento de déficit hidrico e suas respectivas geracdes. A analise de geracdo
foi realizada por meio de teste de X?.

Evento Geracéo
6, 44, 52,36, 62 T1 Heterozigose
31, 32 T2 Homozigose

Fonte: Da autora (2017).
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3 RESULTADOS E DISCUSSAO
3.1 Transformacao genética

Utilizando o vetor de transformacdo ZmUbi:CcUNKS8 calos embriogénicos de S.
viridis foram transformados e regenerados em meio seletivo contendo 30 mg/L de
higromicina B. Foram obtidas 27 possiveis plantas transgénicas oriundas de calos
independentes. Apos a extracdo do DNAg, foi realizada a confirmagdo da integracdo do
transgene no genoma das plantas regeneradas em meio seletivo, com o auxilio da técnica de
PCR. Foi testada a integracdo do gene alvo CcUNKS, possibilitando a confirmacdo da sua
insercdo, por meio da presenca do amplicon esperado de 171 pb. Todos os 27 possiveis

eventos foram confirmados como mostrado na Figura 2.

Figura 2 - Andlise do produto de PCR de plantas ZmUbi:CcUNKS8. M: Marcador 100 pb
(Invitrogen'"); B:Branco; C-: planta ndo transgénica; C+: controle positivo (DNA
plasmidial contendo a construcdo génica ZmUbi:CcUNKS); em sequéncia os 27
eventos Ty positivos.

-— .-
Eventos positivos

Fonte: Da autora (2017).

3.2 Analise da expressao do gene CcCUNKS8 nas plantas transgénicas

Apbs a confirmacdo dos eventos transformados, procedeu-se com a analise da
expressao génica de CcUNK8. Como pode ser verificado na figura 3, dos eventos gerados na
transformacéo genética foi possivel detectar a expressdo génica em 17 eventos To. Os niveis
de expressédo do gene CcUNKS variam de 0,1 — 400 vezes mais expresso em relacdo a planta

ndo transformada.
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Figura 3 - Andlise da expressdo génica relativa de folhas das plantas T, de S. viridis
transformados com o vetor ZmUbi:CcUNK8 comparados com plantas da
linhagem néo-transgénica (NT). Eixo X: eventos de transformacdo T, Eixo Y:
Expressdo relativa. As analises foram realizdas utilizando os genes SiCUL
(culina) e SiSUI (fator de traducdo SUI1) como genes enddgenos.
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Fonte: Da autora (2017).

O gradiente de expressdo génica encontrado nas plantas T, pode ser justificado pelo
sitio de insercdo do T-DNA, o nimero de copias inseridas no genoma.

3.3 Déficit hidrico de S. viridis transformadas com o gene CcCUNKS8

Em estudos prévios com o gene CcUNKS foi possivel identificar in silico, por meio de
bibliotecas de folhas de Coffea canephora com e sem estresse de seca a indugdo desse gene
com o estresse de seca (VIEIRA et al., 2013). Mediante ao resultado prévio de expressao
génica e padrdo de segregacdo mendeliana (dados ndo apresentados) eventos de
transformacéo foram selecionados para analise em experimento de déficit hidrico. Diferentes
niveis de estresse foram utilizados considerando que as plantas podem apresentar fenétipos
diferenciados quando submetidas a delineamentos experimentais diversificados (GILBERT;
MEDINA, 2016). As plantas encontravam-se na quarta fase de desenvolvimento (MARTINS
etal., 2016).

Parametros fisiologicos como fotossintese e trocas gasosas foram acompanhados a fim
de monitorar 0 comportamento das plantas mediante ao estresse. As plantas transformadas e
ndo transformadas foram submetidas a dois niveis de estresse (moderado e severo) e um
controle de irrigacdo. No final de 28 dias em que as plantas foram submetidas a diferentes
regimes hidricos, ndo foi possivel identificar fendtipo diferenciado entre plantas transgénicas
e a linhagem néo transgénicas.

Para validar que os diferentes regimes hidricos propostos foram alcancados, o

conteldo de agua no solo foi medido e correlacionado com foto térmica das plantas. A
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imagem térmica evidencia por meio da diferenca de coloracdo e também pela temperatura
média, que h& diferenca entre a temperatura média apresentada por plantas de diferentes
regimes hidrico. Corroborando ainda com o contedo de agua no solo apresentado por cada
regime hidrico (FIGURA 4).

Figura4 - (A) Imagem térmica representativa de plantas S. viridis (T, e T, - tabela 2) nos
diferentes regimes hidricos com respectivas temperaturas médias. (B) Gréfico do
contetdo médio de &gua no solo das plantas de S. viridis em cada regime hidrico.

Severo N Moderado Controle

SWC

SWC (g/g)
o
5

Severo Moderado Controle

Nivel de estresse hidrico

Fonte: Da autora (2017).

O déficit hidrico ndo afeta somente a morfologia das plantas, mas causa danos severos
ao metabolismo ocasionando mudancas na fisiologia das plantas afetadas. Ajustes osmoticos
como o acumulo de solutos em vacuolos estdo entre as principais alteracdes que podem
ocorrer e auxiliar plantas a tolerarem melhor o déficit hidrico. Alteragdes na concentragdo de
pigmentos fotossintéticos como clorofila e carotenoides decrescem em niveis significativos
quando as plantas se encontram em déficit hidrico intenso (AJITHKUMAR et al., 2013).
Parametros fisiologicos como taxa fotossintética e trocas gasosas foram acompanhados e
analisados ao longo do periodo de exposicdo das plantas nos diferentes regimes hidricos,
visando a analisar se as plantas transgénicas apresentavam niveis maiores de fotossintese

qguando em estresse se comparadas com as plantas da linhagem néo transgénica (FIGURA 5).
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Figura 5 - Graficos com valores de eficiéncia fotossintética apresentados pelas plantas de S.
viridis transgénicas (T, e T, - tabela 2) e a linhagem nao transgénica (NT).
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Legenda: (A) Fotossintese das plantas de S. viridis transgénicas (T, e T, - tabela 2) e a linhagem néo
transgénica (NT) na condicédo controle de irrigacdo em 35, 39, 43 e 50 dias apds o transplante (DAT)
com os respectivos desvios padrdo. Acima das barras encontram-se 0s valores da taxa de inibigdo em
relacdo a medida inicial (35 DAT). (B) Fotossintese das plantas de S. viridis transgénicas e a linhagem
ndo transgénicas (NT) na condicdo de estresse moderado no decorrer do periodo de 0, 20, 28 dias apds
estresse (DAS). (C) Fotossintese das plantas de S. viridis transgénicas e a linhagem ndo transgénica
(NT) na condigdo de estresse severo no decorrer do periodo de 0, 20, 28 dias ap0s estresse (DAS). (*)
gendtipos significativamente diferentes utilizando o Teste t.

Fonte: Da autora (2017).
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As plantas na condicdo controle de irrigacéo tiveram um decréscimo na fotossintese
devido ao envelhecimento das folhas, em que ocorre uma diminui¢do natural dos pigmentos
fotossintéticos. E possivel observar que as plantas que se encontravam em déficit hidrico
apresentaram fotossintese inicial homogénea. Apos o estabelecimento do estresse os niveis de
fotossintese decairam na maioria dos genétipos em ambos os regimes hidricos. No estresse
severo, a taxa fotossintética aproxima-se de zero, podendo se correlacionar diretamente ao
nivel baixo de agua disponivel no solo. O evento 36 apresenta taxa fotossintética maior que o
NT em ambos os regimes hidricos em 20 DAS, enquanto o evento 31 possui fotossintese
significativamente maior que o NT no estresse moderado em 20 dias apds estresse (DAS).

No mesmo periodo, foi analisada a taxa de transpiracdo apresentada por todas as
plantas nos diferentes regimes hidricos. Os dados de transpiracdo (ndo apresentados) seguem
a mesma tendéncia dos dados de fotossintese (FIGURA 5).

Ao término do ciclo de vida das plantas que foram submetidas aos diferentes regimes
hidricos, anélises de biometria foram realizadas. Pardmetros como biomassa, nimero de
perfilhos e nimero de inflorescéncias foram mensurados a fim de analisar se as plantas
submetidas aos diferentes regimes hidricos apresentavam algum fenotipo correlacionado ao
tratamento a que foram submetidas.

O acumulo de biomassa aérea nas plantas submetidas ao controle de irrigacédo e,
portanto, mantidas sob irrigacdo durante todo o experimento ndo apresentou nenhum ganho
significativo de biomassa. E possivel observar que ndo existe nenhum evento que se comporte
de maneira superior quanto ao acUmulo de biomassa quando comparado com 0 ndo
transformado (FIGURA 6). Os eventos 62 e 52 apresentam maior biomassa quando
comparados ao ndo transformado. Nos dados referentes aos regimes hidricos moderado e
severo, houve uma normalizacdo em relacdo a condicdo controle de irrigacdo e estdo

apresentados como o percentual de inibicdo de biomassa.
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Figura 6 - Graficos com valores de biomassa da parte aérea apresentados pelas plantas de S.
viridis transgénicas e a linhagem néo transgénica (NT).
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Legenda: (a) Biomassa de parte aérea das plantas de S. viridis transgénicas (T, e T, - tabela 2) e a
linhagem ndo transgénica (NT) na condicéo controle de irrigacdo com os respectivos desvios padréo.
Fonte: Da autora (2017).

As analises de biomassa radicular apresentam na condic¢do controle de irrigagcdo um
ganho significativamente maior dos eventos 32 e 31 comparados ao ndo transformado. Os
demais eventos ndo possuem acumulo significativo de biomassa radicular (FIGURA 7). No
regime moderado, o percentual de inibicdo de alguns eventos mostrou-se significativo com
perfis diferenciados. Os eventos 36 e 44 apresentam uma menor taxa de inibicdo em relacéo
ao nao transformado, todavia os eventos 32 e 31 apresentam uma taxa de inibicdo maior que o

nao transformado.
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Figura 7 - Graficos com valores de biomassa de raiz apresentados pelas plantas de S. viridis
transgénicas e a linhagem nao transgénica (NT).
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Legenda: (a) Biomassa de raiz das plantas de S. viridis transgénicas (T, e T, - tabela 2) e ndo
transformadas (NT) na condicdo controle de irrigacdo com os respectivos desvios padrdo. (b) Taxa de
inibicdo da biomassa de raiz em relagdo ao controle das plantas de S. viridis transgénicas e a linhagem
ndo transgénica (NT) na condigéo de estresse moderado e severo com 0s respectivos desvios padréo.
(*) gendtipos significativamente diferentes utilizando teste.

Fonte: Da autora (2017).

Figura8 - Graficos com numero de perfilhos apresentados pelas plantas de S. viridis
transgénicas e a linhagem ndo transgénica (NT).
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Legenda: Numero de perfilhos das plantas de S. viridis transgénicas (T, e T, - tabela 2) e a linhagem
ndo transgénica (NT) na condic¢do controle de irrigacdo com os respectivos desvios padrao.
Fonte: Da autora (2017).
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Anélise do numero de perfilhos foi realizada ao final do experimento. As plantas do
controle de irrigacdo ndo apresentaram nenhuma diferenga significativa das plantas néo
transformadas (FIGURA 8).

Para uma analise mais abrangente dos resultados, é preciso relacionar taxa
fotossintética, taxa de crescimento, bem como o regime hidrico das plantas, uma vez que o
unico fator extrinseco que houve variagdo foi a disponibilidade de agua no substrato.
Mudangas nos valores de fotossintese, bem como na taxa de crescimento nas plantas dos
diferentes eventos de S. viridis em estudo, que tiveram a irrigagdo suspensa, sd80 uma
consequéncia da disponibilidade de agua no substrato, que se refletiu no potencial hidrico
foliar (dados ndo mostrados). Sabe-se que normalmente ocorre numa situacdo de déficit
hidrico em plantas devido aos seguintes eventos: fechamento estomatico, aumento da
temperatura foliar, diminuicdo do conteudo relativo de agua e, concomitantemente, do
potencial hidrico, reducdo da taxa de crescimento, diminui¢do da concentracdo de clorofila e,
por ultimo, mudancas em variaveis relacionadas ao aparato fotoquimico.

A taxa fotossintética inicial manteve-se proximo aos valores retratados na literatura
indicando gue as plantas estavam saudaveis e ndo apresentavam estresse hidrico inicialmente.
No controle de irrigacdo o decaimento das taxas de fotossintese deve-se a senescéncia foliar
aonde os niveis de clorofila decaem refletindo no nivel de fotossintese. Nas plantas que foram
mantidas sob estresse, 0 decaimento da taxa fotossintética relaciona-se com a degradacdo da
clorofila, o estresse severo onde a disponibilidade de dgua no solo é proxima de zero as
plantas tém a sua taxa fotossintética também decrescida a niveis proximos de zero. O evento
36 destaca-se quanto as taxas fotossintéticas apresentadas em 20 DAS no estresse moderado e
severo, entretanto a superioridade na fotossintese nao é refletida nos parametros biométricos
avaliados. Os eventos 32 e 31, que apresentam biomassa radicular significativamente maior
gue o ndo transformado na condicdo controle de irrigacdo, possuem taxa de fotossintese maior
que a linhagem n&o transgénica. No entanto outros eventos possuem taxas de fotossintese
superiores a linhagem ndo transgénica, porém ndo tiveram sua biomassa aumentada. O
acumulo de biomassa radicular dos dois eventos superiores pode estar relacionado a uma
maior eficiéncia no uso da agua (WUE), que pode ser uma adaptacdo fisioldgica que
provoque um aumento na biomassa. O acumulo de biomassa nesses eventos pode ser uma
caracteristica que se apresente como dose dependente do gene, considerando o fato do gene
estar em homozigose nesses eventos, enquanto 0s demais eventos encontram-se em
heterozigose. A avaliagdo do numero de perfilhos ndo se correlaciona diretamente com o0s

fenotipos apresentados, nem com as analises fisioldgicas realizadas.
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4 CONCLUSAO

Utilizando a construgdo ZmUBI:CcUNKS para transformacgdo genética de S. viridis,
foram gerados 27 eventos de transformacdo que em analise de expressdao génica demostraram
um gradiente de expressdo na geracdo T, podendo ser subdividido em baixa, média e alta. Por
meio da expressao génica, eventos de transformacdo foram analisados quanto a funcéo
putativa do gene de tolerancia a seca, e ndo foi possivel identificar um fendtipo de toleréncia
nas plantas transgénicas quando comparadas as plantas nao transgénicas.

Os resultados gerados desse trabalho nos fazem inferir que o gene CcUNKS8
proveniente de coffea canephora nas condic¢des analisadas ndo demonstrou estar envolvido no
aumento da tolerancia a seca de plantas transgénicas de S. viridis. A ndo funcionalidade desse
gene no aumento da tolerancia a seca em plantas de S. viridis pode estar correlacionado com a
maquinaria necessaria para o seu funcionamento, visto que esse gene € proveniente uma
espécie dicotiledonea e foi inserido em uma espécie monocotiledénea. Por ser um gene
exclusivo de C. canephora fatores evolutivos podem estar associados com a dependéncia de
outros genes para que o gene CcUNK8 desempenhe as funcées preditas in silico.

As analises de expressdo génica demonstram que o gene foi expresso em todos 0s
eventos de transformacdo gerados, no entanto estudos para identificar se a proteina
corresponde foi traduzida ndo foram realizados. A auséncia de estudos correlacionados a
presenca e possivel funcdo da mesma poderiam demonstrar se a falta de fen6tipo poderia ser
correlacionada a ndo traducdo da proteina, ou a se ocorresse a traducdo as hipoteses pelas
quais ela ndo estaria desempenhando a sua fungdo predita. Assim como o0 gene pode atuar em
um conjunto génico espécifico que nao estava presente em S. viridis, é possivel que a porteina

necessite de um complexo proteico para desempenhar a sua funcéo.
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ARTIGO 2 - IDENTIFICATION AND CHARACTERIZATION OF CORE ABSCISIC
ACID (ABA) SIGNALLING COMPONENTS AND THEIR GENE EXPRESSION
PROFILE IN RESPONSE TO ABIOTIC STRESSES IN Setaria viridis

(VERSAO PRELIMINAR)
Artigo formatado de acordo com a revista Plant and Cell Physiology.
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Abstract
Abscisic acid (ABA) is an essential phytohormone that regulates growth, development and
adaptation of plants to environmental stresses. In Arabidopsis and also other higher plants, it was already
shown that the mechanism of ABA signal transduction involves three core components namely
PYR/PYL/RCAR ABA receptors (PYLs), type 2C protein phosphatases (PP2Cs) and class 111 SNF-1-related
protein kinase 2 (SnRK2s). In the present study, we reported the identification and characterization of the core
ABA signalling components in Setaria viridis, an emerging plant model for cereals and feedstock crops
presenting C4 metabolism. This led to the identification of eight PYL (SvPYLL1 to 8), twelve PP2C (SvPP2C1 to
12) and eleven SnRK2 (SvSnRK2.1 through SvSnRK2.11) genes in the S. viridis genome. In order to study the
gene expression profiles of these genes, two different S. viridis genotypes (A10.1 and Ast-1) were submitted to
drought, salinity and cold stresses, in addition to application of exogenous ABA. For the different treatments
and plant genotypes, differential gene expression profiles were found, demonstrating the variations of ABA
stress responses within the same species. These differential responses to stresses demonstrated by S. viridis
accessions were also assessed by physiological measurements such as photosynthesis, stomatal conductance
and transpiration rate. This study allows a comprehensive analysis of gene regulation of the core ABA
signalling components in Setaria viridis submitted to different treatments and provides suitable targets for

genetic engineering of C4 plants aiming tolerance to abiotic stresses.

Keywords: Abiotic stress - Abscisic acid - PYL/SnRK2/PP2C — Setaria viridis
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Introduction

Abscisic acid (ABA) is a phytohormone involved in the control of many aspects of plant growth and
development including embryo maturation, cell division and elongation, seed dormancy, germination, root
growth and floral induction (Lopez-Molina et al. 2001, Finkelstein et al. 2002, 2008, Cutler et al. 2010,
Miyakawa et al. 2013). In addition, ABA also responds to a variety of environmental stresses, including biotic
and abiotic stresses such as drought, cold and salinity (Sah et al. 2016, Vishwakarma et al. 2017, Yoshida et al.
2014). Chemically, ABA is a sesquiterpene synthesized in plants from the carotenoid p-carotene, via multiple
enzymatic reactions that involves zeaxanthin oxidase (ZEP), 9-cis-epoxycarotenoid dioxygenase (NCED), ABA-
aldehyde oxidase (AAO) and molybdenium cofactor sulfurase (MCSU) (Nambara and Marion-Poll 2005). In
abiotic stress conditions, ABA levels increase, leading to a signalling cascade that ultimately activates plant
adaptation responses to stress (Xiong et al. 2002). The ABA-activated signalling network has recently emerged,
and the identification of ABA receptors is among the most important advances in stress signalling in the past
decade (Cutler et al. 2010, Zhu 2016).

ABA receptors were first uncovered in Arabidopsis, where three core components have been
identified: the ABA receptor PYR/PYL/RCAR (PYL) protein family, the negative regulator type 2C protein
phosphatase (PP2C) and the positive regulator class I11 SNF-1-related protein kinase 2 (ShnRK2). Some of these
receptors were also identified in other plant species such as sorghum, maize and rubber tree (Dalal and
Inupakutika 2014, Fan et al. 2016, Guo et al. 2017). PYR proteins were identified through genetic analyses,
which found that PYR1 (from Pyrabactin Resistance 1) and members of its 13 relative proteins (Pyrabactin
Resistance 1-Like; PYL) are necessary for proper ABA signal transduction in Arabidopsis (Park et al. 2009).
This study also demonstrated that PYR1 binds to ABA and inhibits the group A protein phosphatases 2Cs
(clade A PP2Cs), whose members include the proteins ABA-insensitive 1 and 2 (ABI1, ABI2) and
Hypersensitive to ABA 1 (HAB1). The genetic evidences demonstrated so far suggest that the PP2Cs act as
negative regulators of ABA-dependent pathways, and this function appears to be conserved from Arabidopsis
to moss (Komatsu et al. 2009). The main targets of PP2Cs identified to date are related to protein kinases
implicated as positive regulators of ABA signalling (Komatsu et al. 2009, Cutler et al. 2010). Among these
kinases, the class 111 SNF-1-related protein kinases 2 (SnRK2s) are the most implicated kinases for positive
ABA signalling, especially because of the strong phenotype observed for the triple mutant snrk2.2/2.3/2.6 in
Arabidopsis, which could germinate and grow on 50 uM ABA, an abnormal phenotype demonstrated by ABA-

insensitive mutants (Fujii et al. 2007). Some evidence has been shown that the SnRK2s can directly
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phosphorylate members of the ABF/AREB/ABI5 clade of bZIP transcription factors, promoting ABA-induced
gene expression (Johnson et al. 2002, Kobayashi et al. 2005, Furihata et al. 2006, Fujii et al. 2007). In
summary, ABA binds to a PYL protein, resulting in inhibition of PP2Cs through the ABA-PYL-PP2C complex.
This complex leads to accumulation of phosphorylated SnRK2s, which leads to phosphorylation of ABA-
responsive element binding factors (ABFs) and subsequent ABA gene expression for appropriate cellular
responses (Cutler et al. 2010).

Some important crops used as sources of food and feedstock belong to the Panicoideae subfamily and
include cereal grains and grasses such as sugarcane (Saccharum spp.), maize (Zea mays), sorghum (Sorghum
bicolor) and switchgrass (Panicum virgatum) (Sage and Zhu 2011). Abiotic stresses such as cold, drought and
salinity are among the most deleterious environmental stresses in these crops, responsible for great yield losses
worldwide (Pereira 2016). Despite of the advancements achieved in these crops towards the comprehension of
the molecular and biochemical pathways associated with abiotic stresses, the complexity of the genome and the
long generation times required for reliable studies has been hindering the progress of these studies. In this
context, S. viridis has emerged as a suitable C4 model species for molecular and genetic studies. It is a short,
fast-growing, C4 metabolism plant, with its genome sequence available, making it a suitable model plant for
genetic studies (Brutnell et al. 2010, Bennetzen et al. 2012). Moreover, S. viridis is highly responsive to
Agrobacterium tumefaciens-mediated genetic transformation, with well-established transformation protocols
(Brutnell et al. 2010, Martins et al. 2015b) and more recently, spike-dipping methods have also been proposed
(Martins et al. 2015a, Saha et al. 2016). Genetically engineered S. viridis plants can be used in a proof-of-
concept approaches to evaluate phenotypes related to important agricultural traits such as abiotic stress
tolerance, resistance to pathogens and improved yield and biomass (Fahlgren et al. 2015, Muthamilarasan et al.
2015, Muthamilarasan and Prasad 2015) and the promising genes could be further transferred to a target crop.

In the present study, we report the identification and characterization of the ABA receptors PYL and
the core signalling components PP2C (clade A) and SnRK2 gene families in S. viridis. Since phenotypic
variability in natural accessions of S. viridis has been reported (Li and Yang 2008, Layton and Kellogg 2014,
Saha et al. 2016), we used two different S. viridis genotypes (A10.1 and Ast-1) to study gene expression of core
ABA signalling components under drought, salinity, cold and exogenous ABA application. A total of 8 PYLs
(SvPYL1 through SvPYL 8), 12 PP2Cs (SvPP2C1 through SvPP2C 12) and 11 SnRK2s (SvSnRK2.1 through
SvSnRK2.11) were found in S. viridis genome. Differential gene expression was found for the different

treatments and accessions, demonstrating that even within the same species the abiotic stress responses can be
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variable. Gas exchange measurements and image phenotyping analysis also demonstrated that the two
accessions studied have slightly different responses to abiotic stresses. This study provides suitable targets for

genetic engineering of C4 plants aiming tolerance to abiotic stresses.

Results

Genome-wide identification and characterization of the core ABA signalling components in S. viridis

The search for PYR/PYL, PP2C and SnRK2 genes in S. viridis genome was performed using two different
strategies. For both strategies applied, similar number of genes was found. Based on amino acid sequences of S.
viridis, eight, twelve and eleven putative genes of PYR/PYL, PP2C and SnRK2 were identified, respectively
(Supplementary Fig 1) and described separately below. The complete set of gene orthology for Setaria viridis
(Sv) PYLs, PP2Cs and SnRK2s, in comparison with Arabidopsis thaliana (At), Oryza sativa (Os) and Sorghum

bicolor (Sb) is presented in Table S1.

SVPYLs of S. viridis

The PYR/PYL genes identified were designated as SvPYL1 through SvPYL8. The size of their corresponding
SVPYL proteins ranged from 141 to 220 amino acids (aa), with molecular weight (MW) from 15.11 to 23.67
KDa and pl from 5.24 to 8.88 (Table 1). They contained the polyketide cyclase 2 domain (PF10604) localized
between the positions 43-213 aa (Fig. 1A). It was also possible to identify in SYPYL proteins a conserved motif
1 related to the well-known “GATE” and “LATCH” loop regions and motifs 2-3 involved in ABA binding (Fig.
1A; Fig. 3A).

A phylogenetic analysis was performed based on similarities to PYL proteins from Arabidopsis (AtPYLs), Oryza
sativa (OsPYLs) and Sorghum bicolor (SbPYLs), which divided SvPYLs in subfamilies I, Il and Il (Fig. 2A).
SvPYL1-3, SVPYL4-6 and SvPYL7-8 were classified as subclass I, 11 and I, respectively. Except to SvPYL?7,
all SVPYL proteins identified have ortholog proteins in Arabidopsis (Table S1). Intron-exon analysis of SvPYL
genes demonstrated that only genes clustered into subfamily I have 2 introns while those from subfamilies Il and

111 did not present intronic regions (Fig. 3B).

SVPP2Cs of S. viridis
In total, 12 SYPP2C genes, designated as SvPP2C1 to SvPP2C12, were identified in S. viridis genome (Fig 2B).

Three isoforms were observed for SYPP2C2 (SvPP2C2.1, SvPP2C2.2 and SvPP2C2.3) while two isoforms were
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found for SvPP2C3 (SvPP2C3.1 and SvPP2C3.2) and SvPP2C7 (SvPP2C7.1 and SvPP2C7.2). The size of
SvPP2C proteins ranged from 117 (SvPP2C2.3) to 479 (SvPP2C10) amino acids with MW between 12.47 to
49.71 KDa and pl ranging from 4.35 to 8.50 (Table 1). Based on Pfam analysis, a protein domain PF00481 was
identify and conserved in all putative SYPP2C proteins. Furthermore, we were able to identify in SvPP2Cs the
binding residues for PYL and the cofactors Mn®*/Mg?" in the motifs 2, 3, 5 and 7 (Fig. 3A). Excepted
SvPP2C2.2, SvPP2C2.3, SVPP2C3.2 and SvPP2C11, SvPP2Cs sequences contain well-characterized functional
residues and domain regulators of ABA necessary to interaction with PYLs and SnRK2s proteins (Fig. 1B).
Analysis of proteins demonstrated that SvPP2Cs have orthologs mainly in O. sativa (OsPP2Cs) and S. bicolor
(SbPP2Cs), with exception to SvPP2C8 and SvPP2C11 (Table S1). Intro-exon analysis showed a variable
numbers of introns in SYPP2C genes, with the predominance of three introns in the majority of the genes (Fig.

3B).

SvSnRK2s of S. viridis

Based on the presence of Pfam domain PF0069 and similarity with query sequences, 11 non-redundant SnRK2
genes (named from SvSnRK2.1 to SvSnRK2.11) were found in S. viridis genome. SnRK2.4 was the only gene
presenting two isoforms, (named SvSnRK2.4.1 and SvSnRK2.4.2). The length of putative SvSnRK2 proteins
ranged from 295 to 454 aa, with MW from 33.43 to 51.67 KDa and pl from 4.73 to 8.30 (Table 1). Excepted to
SvSnRK2.4.2 protein, which lacks the ATP-binding loop domain, all these phosphatases contained the five
important conserved motifs, including: (1) the ATP-binding domain (motif 5), (2) the activation loop (motif 2),
(3) the PP2C interface residues (also called SnRK2 box), (4) the motif I (motif 6) and (5) ABA box domains,
(Fig. 1C; Fig 3A). The bootstrap values deduced from the phylogenetic analysis revealed that SvSnRK2s were
divided into subclasses I, Il and Il (Fig 2C). The Subclass | includes SvSnRK2.6, SvSnRK2.7, SvSnRK2.8,
SvSnRK2.10 and SvSnRK2.11, with the predominance of eight introns in their corresponding genes (Fig. 3B).
The SvSnRK2.4, SvSnRK2.5 and SvSnRK2.9 were classified into subfamily 1I, with these genes containing
mostly eight introns (Fig. 3B). Finally, subfamily Il comprised the genes SvSnRK2.1, SvSnRK2.2 and
SvSnRK2.3, with genes containing 7 to 8 introns (Fig. 3B). Orthologs of SvSnRK2s genes could be find in S.
bicolor and/or O. sativa (Table S1 and Fig. 3C).

Analysis of cis-acting regulatory elements (CARE) of putative promoter regions in SvPYL, SvPP2C and
SvSnRK2 genes was performed using PlantCARE database. With exception to SvPYL1 gene, the putative

promoter regions for remaining (n=7) SvPYL genes analysed presented at least one of the following
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DNA binding domains: MYB binding site (MBS), low temperature responsive element (LTRE) and ABA-
responsive element (ABRE) (Fig. 4). The ABRE DNA motif was predominant in the promoter region of SvPYL
subfamily I (SvPYL7-8), with at least four of these cis-elements present in these sequences. Regarding the
subfamily Il, MYB, LTE and ABRE elements were found in SvPYL4 and SvPYL5 promoter regions while one
MBS was found in SYPYL6 promoter region.

All putative promoter regions of SvPYLs, SvPP2Cs and SvSnRK2s genes analysed contain the ABRE element.
This DNA motif was present up to 18 times in the promoter region of the SYPP2C5 gene (Fig. 4). Regarding the
SvSnRK2 promoter regions, at least two different CAREs were found, excepted in SvSnRK2.1, SvSnRK2.4.1 and

SvSnRK2.4.2 promoter regions. The MBS element was not detected only in SvSnRK2.4 promoter region (Fig. 4).

Physiological responses of two natural accessions of S. viridis to abiotic stresses and exogenous ABA
application

Physiological plasticity was already reported for different accessions of S. viridis that occur naturally in different
world locations (Layton and Kellogg 2014, Li and Yang 2008, Saha et al. 2016). Here, we evaluated the
physiological responses of two S. viridis genotypes (A10.1 and Ast-1) under well-watered conditions and
submitted to drought, salinity, cold and exogenous ABA application. The accession A10.1 is originated from
United States and it is the genotype frequently used for genetic transformations (Brutnell et al. 2010, Martins et
al. 2015a, b, Saha et al. 2016), while the accession Ast-1 originates from Azerbaijan (GRIN, USDA website,
www.ars-grin.gov) (Fig 5).

Gas exchange measurements revealed that physiological responses of A10.1 and Ast-1 to drought stress and
exogenous ABA application were slightly different (Fig.6A, B). In drought conditions, the genotype A10.1
achieved the minimum photosynthetic rate (A) after 36 h of water deprivation, while the accession Ast-1 reached
the minimum A after 45h (Fig. 6A). In addition, Ast-1 plants were able to re-establish ~65% of the initial
photosynthesis 4 h after rehydration, while A10.1 plants could re-establish ~55% of initial A in the same
condition (Fig. 6A). These results suggest that, at least in our experimental conditions, Ast-1 genotype can be
slightly more resistant to dehydration than A10.1 plants. Interestingly, the photosynthetic rate of Ast-1 plants
was not affected after 24 h of drought exposure, but the stomatal conductance (gs) and the transpiration rate (E)
decreased at this time point (Fig. 6A). Exogenous application of ABA had different effects on A10.1 and Ast-1
plants. As 100 uM ABA was able to inhibit A by ~40% in A10.1 plants, only ABA concentration levels at 200

UM were able to cause a significant A inhibition in Ast-1 plants, suggesting that the accession A10.1 could be
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more responsive (sensitive) to ABA when compared to Ast-1 (Fig. 6B). Under salinity and cold conditions, A, gs
and E were similar between the accessions, as shown in Fig. 6C, D. In both genotypes, 100 mM NacCl treatment
caused an inhibition of ~30% of A after 96 h, while 200 mM NaCl was able to inhibit A by the double, ~60% of
initial A (Fig. 6C). In our experiments, S. viridis plants of A10.1 and Ast-1 genotypes were grown in controlled
conditions at 25°C. The gradual decrease of temperature induced a linear inhibition of A, with the minimum A
rate achieved at 5°C in both accessions. However, during cold treatment gs and E presented a bell-shaped curve

response, decreasing at 15°C and 5°C, but increasing at 10°C in both genotypes (Fig. 6D).

Gene expression profile of putative core ABA signalling components in S. viridis accessions submitted to
different abiotic stresses

To investigate the expression pattern of S. viridis PYL, PP2C and SnRK2 genes, gRT-PCR experiments were
performed in leaves of A10.1 and Ast-1 plants submitted to drought, salinity, cold and exogenous ABA
application. The tissues were collected during the time course of the treatments, based on the physiological
responses observed previously (Fig. 6). All data represent the fold-change in expression of genes when compared
to non-stress conditions at the beginning of the experiment (0 h). Conventionally, we designated low, moderate
and strong up- or downregulation as being 2-3, 4-10 and >10-fold change of expression related to controls,

respectively (Fig. 7).

Drought stress

For drought treatment, the transcripts were analysed at 0 (control), 24, 39 and 45 h after stress application, with
differential expression patterns observed between the two genotypes (Fig. 7A). In the results obtained for A10.1
accession, it was verified low levels of expression of the SvPYL4 and 7, while the expression of SvPYL1, 2, 3 and
8 was significant in control conditions. Overall, the drought stress downregulated the expression of SvPYLs, and
SVPYL2 and 3 greatly increased their expression after re-watering, when the transcript levels were compared to
the last time point of drought (Fig. 7A and Fig. S2). For Ast-1 accession, we observed downregulation of
SVPYL3 transcripts in drought conditions, while the expression SvPYL1, 4, and 7 genes was upregulated.
Expression of SVPYL1 increased after 39 h of drought stress, but these levels decreased when the photosynthesis
rate reached its minimum (Fig. 6A). During re-watering of Ast-1 plants, expression of SVPYL2 and 4 appeared

slightly upregulated when compared to dehydrated plants (Fig.7A and Fig. S2).



66

Concerning the ABA core signalling components, all SvSnRK2s (exceptSvSnRK2.1) and all SvPP2Cs (except
SvPP2C2.2, 11 and 12), responded to drought in at least one time point analysed in A10.1 plants (Fig. 7A and
Fig S2). In this genotype, SnRK2 genes presented differential expression patterns, some of them being
upregulated (like SvSnRK2.3, 4.1/4.2, 5, 6, 9, 10 and 11) and the others slightly down-regulated (like SvSnRK2.2,
7 and 8), mainly in early (24 h) or late (45 h) stages of drought. Regarding the PP2C genes of group A,
expression of SvPP2C1 and SvPP2C8 decreased slightly in A10.1 plants in early stages of drought treatment,
while it appeared upregulated for SvPP2C2.1, 3.1/3.2, 4, 5, 6, 7.1/7.2, 9 and 10 genes. In Ast-1 genotype,
excepted SvSnRK2.7 and 8, and excepting SvPP2C3.1/3.2, 8 and 12 genes, the expression profile of all
remaining SvSnRK2 and SvPP2C genes were significantly upregulated in response to drought in at least one time
point (Fig. S3). In addition, expression of most of SvSnRK2 and SvPP2C genes upregulated under drought

conditions appeared downregulated during re-watering.

Salt treatment

For salt treatment, the transcripts were analysed 48, 72 and 96 hours after the addition of 200 mM NaCl, which
was the salt concentration that significantly affected the physiological traits in both genotypes (Fig. 6C).

Except SVPYL genes, A10.1 plants largely activated the core ABA signalling genes during salt stress (Fig. 7C,
Fig S2). For this genotype and excepted for SYPP2C1 and 2.2 genes, expression profiles of SvSnRK2.3, 4.1/4.2,
9, 10, 11 genes and of all SYPP2C genes demonstrated that they were upregulated in 48 h of salt treatment. In
addition, expression of SvSnRK2.7 and 8 was downregulated under salt stress. On the other hand, expression of
SVPYL3, 5 and 6, SnRK2.8, 9 and 11, and SvPP2C2.1, 3.2 and 12 genes was slightly upregulated in at least one

time point under salt treatment in Ast-1 plants , (Fig. 7C and Fig S5).

Cold Treatment

For cold treatment transcript analyses, the tissues were collected 24 h after the achievement of the desirable
temperature (15, 10 and 5°C). In A10.1 plants under cold stress, SVPYL1, 2, 3, 7 and 8 were downregulated (Fig.
7D, Fig. S2). For this genotype submitted to temperatures below 15°C, transcripts of SvSnRK2.4.1/4.2, 5 and 9
genes appeared slightly upregulated while those of SYyPP2C4, 5, 7.1/7.2 and 10 genes were strongly upregulated.
Regarding Ast-1 plants, SVPYL genes appeared to be low responsive to cold, with SYPP2C3.2 and 8 being
weakly upregulated (Fig. 7D and Suppl. Fig S2). Overall, SvSnRK2 genes were upregulated (~2-3 fold) during

cold stress (Fig S2). Interestingly, the isoforms SvSnRK2s 4.1 and 4.2 were downregulated in Ast-1 plants at
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15°C but the decrease in the temperature led to the upregulation of these genes (Fig. S6). Moreover, 8 out of 14
SVPP2C genes in Ast-1 plants under cold stress were slightly upregulated, but SyPP2C7.1 demonstrated the

same pattern as SvSnRK4.1/4.2, being downregulated at 15°C and upregulated at lower temperatures (Fig. S6).

Treatment by exogenous ABA

Finally, expression levels of genes of ABA signalling components were analysed in plants under exogenous
ABA treatment. The tissues were collected after 2, 4 and 6 h after ABA application at 100 uM and 200 puM,
according to physiological responses observed for A10.1 and Ast-1 plants, respectively (Fig. 6B). PYL receptor
genes responded differently between A10.1 and Ast-1, as observed in Fig. 7B and Fig. S2.

In A10.1 accession, SVPYL8 was significantly downregulated after ABA application, while in Ast-1 significant
downregulation was observed for SVPYL3 and 4. In A10.1 plants, SvPYL4 was upregulated in a time course-
dependent manner under ABA treatment, while SnRK2.3 was strongly downregulated after 2 h of exogenously
applied ABA (Fig. 7B and Fig. S4). However, SvSnRK2.3 was weakly upregulated in Ast-1 accession in the
same time, demonstrating contrasting effects of ABA application among the genotypes. The PP2C genes were

mostly upregulated in both genotypes, especially after 2 h of ABA application (Fig. 7B and Fig.S4).

ABA accumulation in S. viridis submitted to abiotic stresses

An increase in ABA levels was detected in leaves of Ast-1 and A10.1 plants after all treatments, as expected.
The results were expressed as the ratio of the peak areas obtained for the samples (Aasa) and peak areas from
internal standard (As), as showed in Fig. 8. During drought and cold stresses, A10.1 plants showed an increase
of ~3-fold in leaf ABA levels, with the double observed for Ast-1 (Figs. 8A,D). In salt stress conditions, these
results were inverted, with Ast-1 plants having a 2-fold increase in ABA levels higher than A10.1 plants (Fig.
8C). In plants treated by exogenous ABA, the levels of ABA accumulation drastically increased when compared
to non-treated plants (Fig. 8B). As the concentration of exogenous ABA used in Ast-1 plants was 2-fold higher
than the concentration used for the A10.1 genotype, ABA accumulation was also the double in Ast-1 plants.

These data suggest low levels of ABA turnover in S. viridis after exogenous ABA treatment.

Discussion
The core ABA signalling components are promising targets for plant genetic engineering towards improving

important agricultural traits such as plant biomass, yield and tolerance to abiotic stresses, as this phytohormone
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is involved in many aspects of plant growth, development and responses to environmental changes. Some
monocot, C4 plants including maize, sorghum, switchgrass and sugarcane consist of important crops for human
and animal feeding, in addition to their use as biofuels feedstock (Akashi and Nanasato 2018). In general,
genetic transformation of these plants is laborious and time-consuming, in addition to genome sequences not
fully annotated, making functional genomics studies more difficult. Thus, the use of model plants with fast
growth and short life cycles, suitable transformation protocols and genome fully available is pivotal to accelerate
genomic studies and, if possible, translate them to target crops. In this context, S. viridis emerged as a powerful
model for C4 plants, as demonstrated by a diverse array of studies (for a review, see Huang, 2016). In order to
better characterize this model plant, the main objectives of the present work were to identify, characterize and
perform a comprehensive analysis of the gene expression pattern of its core ABA signalling system that includes
the pyrabactin-like receptors (PYL), Ser/Thr phosphatases (clade A PP2Cs) and Snfl-related protein kinases
(SNRK2s). In this study, two different accessions of S. viridis, (A10.1 and Ast-1) were used and submitted to
drought, salt and cold stresses, in addition to exogenously applied ABA, in order to analyse possible differences
in the gene expression of this core ABA signalling system within the species.

Eight putative SYPYL genes were found in the S. viridis genome. These genes encode proteins containing the
polyketide cyclase 2 domain (PF10604), which is a subfamily of Bet v 1-like superfamily, characterized by
presence of a hydrophobic cavity that acts as ABA binding site (Cutler et al. 2010). Our analysis revealed that
Setaria has the same number of SvPYL genes found in sorghum (Dalal and Inupakutika 2014), but a lower
number compared to maize, which contains 11 PYL genes (Fan et al. 2016), and to the more distant A. thaliana,
which has 14 PYL receptors genes (Park et al. 2009). Besides the conserved domain PF10604, plant PYL
proteins characterised up to now are known to have the ‘GATE’ and the ‘LATCH’ conserved domains, which
are B3 sheet loops present in all PYL protein sequences. The results presented here also demonstrated that the
eight putative SVPYL proteins also contain these domains. The binding of ABA lead to conformational changes
of these ‘GATE’ and ‘LATCH’ domains, which in turn facilitate ABA-mediated interaction of PYL with the
protein phosphatases PP2Cs (Melcher et al. 2009). In Arabidopsis, PP2C genes are categorized into 13
subfamilies, from A to L (Schweighofer et al. 2004, Xue et al. 2008), where the clade A subfamily consisting of
9 proteins, contains 6 PP2Cs that act as negative regulators of ABA signalling (Cutler et al. 2010). Based on the
presence of highly conserved amino acid residues involved in PYL and SnRK2 protein interaction, in the binding
of the cofactors Mn**/Mg®* and constituting the domain PF00481, we found 12 putative PP2C-encoding genes in

S. viridis genome, all of them clustering in the clade A of other plant species PP2Cs (Santiago et al. 2012, Soon
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et al. 2012, Dalal and Inupakutika 2014). However, in 4 (SvPP2Cs2.2/2.3, 3.2 and 11) out of 12 SvPP2Cs
proteins, the amino acid residues involved for PYL and SnRK2 interactions were not found, suggesting that
these proteins are not functional. The high orthology of SvPP2Cs with other plant PP2C deduced from the
phylogenetic analyses indicate their close evolutionary relationship.

The modulation of signal transduction pathways is often controlled by reversible phosphorylation of proteins. In
this regard, the subclass Il plant-specific sucrose non-fermenting 1-related subfamily 2 (SnRK2) protein kinases
have been implicated in ABA signaling as important modulators (Cutler et al. 2010). In Setaria, it was identified
eleven putative SnRK2 genes. This was based on the presence of conserved domains such as PF0069, ATP-
binding loop, activation loop, PP2C interface residues, SnRK2 box and ABA box (Dalal and Inupakutika 2014,
Ng et al. 2011, Soon et al. 2012, Yoshida et al. 2006). Similar number of SNRK2 genes was also identified in
other higher plants such as Arabidopsis, maize and sorghum, where 10 SnRK2s were found in each species
(Dalal and Inupakutika 2014, Fan et al. 2016). Because all the genes coding for the core factors of ABA
signalling system were identified in Setaria, this system should function as described for other plants, with
binding of PYL proteins to PP2Cs (and therefore inhibiting these phosphatases) in the presence of ABA, which
in turn allows accumulation of phosphorylated SnRK2s responsible for subsequent phosphorylation of ABA-
responsive element binding factors (ABFs) (Yoshida et al. 2015). The ABFs are responsible for the activation of
ABA-related genes, which control different aspects of plant growth, development and responses to
environmental changes.

To gain insight on global gene expression of identified ABA core components in Setaria under abiotic stresses,
gRT-PCR experiments were performed using RNA extracted from leaves of A10.1 and Ast-1 genotypes of S.
viridis submitted to different abiotic treatments. The time points chosen for gene expression analysis were based
on the physiological traits, particularly to select plants showing decreased rates of photosynthesis after the stress
application. The expression profiles of most of the genes coding for the core ABA signalling components were
quite variable throughout the time between the different treatments and between the two Setaria genotypes. Our
data was represented as the fold change of gene expression in relation to the beginning of the experiments (time
0h), and in this context it is worth to note that even in control conditions most of the core ABA signalling
components have variable expression levels throughout the time. This may indicate that PYLs, SnRK2s and
PP2Cs regulate their expression levels to maintain plant homeostasis even when plants are not submitted to
drastic environmental changes. As the application of ABA and the cold treatment did not drastically changed the

expression profile of S. viridis PYL, PP2C and SnRK2 genes, we will focus the discussion on these core ABA
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signalling components under drought and salt stresses. However, it is worth noting that physiological responses
(Fig. 6) and accumulation of endogenous ABA levels (Fig. 8) were observed in all conditions tested, and the

gene expression profile obtained is probably reflecting our specific experimental conditions.

Regulation of SVPYL genes

In all conditions tested, expression levels of the SvPYL genes may be considered low or downregulated,
compared to those of SnRK2 and PP2C genes. It is described that in some species such as A. thaliana and Zea
mays, PYR/PYL/RCAR genes are usually expressed constitutively or immediately after the perception of stress
signals to sense changes in ABA (Fujita et al. 2009, Cutler et al. 2010, Yoshida et al. 2015, Fan et al. 2016).
Because our expression analysis was performed based on decreased rates of photosynthesis after the stress
application, it is possible that the stresses were perceived before any physiological penalties could be observed,
partially explaining the low levels or the downregulation of SvPYL gene expression determined in our
experimental conditions. The most distinctive results from PYL gene expression analysis were noticed in salinity
conditions, where the majority of the genes were downregulated in A10.1 plants in contrast to Ast-1 genotype,
which did not demonstrate decrease in most of the PYL transcript levels when compared to control plants (Fig.
7). The gene expression responses in drought, cold and exogenously applied ABA were also different between
Ast-1 and A10.1 plants, suggesting that one of the genotypes could be more sensitive to ABA changes. In fact, to
inhibit the photosynthesis rate to the same levels, it was necessary the application of 2-fold ABA concentration
in Ast-1 plants, reinforcing the differences in ABA sensitivity between these two Setaria accessions. Contrasting
expression levels were observed when some SvPYL and SvPP2C genes are compared in drought and stress
conditions (Fig. S2). This result can be clearly observed for SYPYL2 and SvPP2C10 genes in both accessions,
with SvPYL2 downregulated while SvPP2C10 was upregulated during drought conditions, but inverting the
expression pattern after plant rewatering (Fig. S2). In Arabidopsis, the orthologs of SvPYL2 (AtPYL2) and
SvPP2C10 (AtHAB1) are known to interact to activate ABA-signalling responses and confer drought resistance
(Cao et al. 2013, 2017). Contrasting expression of PYL and PP2C genes have already been demonstrated in
Arabidopsis. For instance, it was demonstrated, using a systems biology approach, that AtPYL4 and its PP2C
partners ABI1, HAB1, HAI1 and AHG3 have opposed expression patterns in the presence of ABA (Kilian et al.
2007, Lumba et al. 2014). The recovery of S. viridis after rewatering (Fig. 6) and the responses obtained for gene
expression analysis of SVPYL2 and SvPP2C10 render these genes promising targets for drought tolerance in

grasses.
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Regulation of SvPP2C genes

The group-A phosphatase PP2C genes were largely activated in drought conditions in both S. viridis genotypes
and in A10.1 plants under salt stress (Fig. 7A, C). As key negative regulators of ABA signaling, it is worth
noting that expression of most of SYPP2C genes was strongly upregulated under all abiotic stress conditions
tested. Yoshida et al. (2015) already reported that transcriptional regulation mediated by group-A PP2Cs was
extremely important for ABA signalling. In addition to SnRK2s, these phosphatases could also interact with
transcription factors and other phosphatases and kinases, altering their activities in response to abiotic stresses. In
this regard, it was described that AtPP2Cs interact with kinases such as ShnRK3/CIPK and the mitogen-activated
kinase kinase kinase 64 (MAP3K 34). Ohta et al. (2003) demonstrated that two Arabidopsis group A PP2Cs,
ABI2 and ABI2, interact with several SnRK3/CIPKs, which are members of the SnRK3/calcineurin B-like
(CBL)-interacting protein kinase (CIPK) families, responsible for mediating various signalling pathways through
interactions with CBL proteins. Moreover, it has been shown that SnRK3.17/CIPK3 is involved in the induction
of gene expression in response to ABA, cold and high salinity (Kim et al. 2003), indicating that these proteins
might be involved in PP2C-mediated ABA signalling. Therefore, it is thought that group-A PP2Cs might form a
complex signalling network not only with SnRK2, but with a myriad of proteins such as kinases, phosphatases,
transcription factors and metabolic enzymes, to fine-tune ABA signalling in plants under abiotic stresses
(Yoshida et al. 2015). This fine-tuning is extremely important to balance between the positive effects of ABA on
plant survival during stress and the detrimental effects of this hormone on plant development and growth. Our
results on gene expression analysis show that PP2Cs are the most responsive components of the core ABA-
signalling network in S. viridis under abiotic stresses, corroborating the importance of PP2Cs to the fine-tuning

of the complex ABA responses in monocot plants.

Regulation of SnRK2 genes

The SnRK2 kinase genes were differentially expressed in S. viridis, depending on the accession and the stress
applied (Fig. 7). Similar results were obtained when expression patterns of wheat SnRK2 genes were analysed
under similar conditions, with ABA application showing the weakest stress response among the treatments
(Zhang et al. 2016). It was observed that SvSnRK2.4, SvSnRK2.9, SvSnRK2.10 and SvSnRK2.11 were the genes
most up-regulated under drought and salt stresses in S. viridis, especially in Ast-1 accession. The protein
orthology analysis revealed that SvSnRK2.4 and SvSnRK2.11 have similarity with AtSnRK2.7/AtSnRK2.8 and

AtSnRK2.9, respectively, while SvSnRK2.9 and SvSnRK2.10 did not demonstrate orthology with other
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Arabidopsis kinases (Table S1). However, SYSnRK2.9 and SvSnRK2.10 have orthology with the SbShRK2.9
and ShSnRK2.10 kinases identified in sorghum (Dalal and Inupakutika 2014). Interestingly, the most responsive
SvSnRK2 genes to drought and salt stresses do not belong to the subclass Il (SvSnRK2.1, SvSnRK2.2 and
SvSnRK2.3), but to the subclasses | (SvSnRK2.10 and SvSnRK2.11) and Il (SvSnRK2.4 and SvSnRK2.9). SnRK2
members of the subclass 11l are known to be strongly activated by ABA, acting as positive regulators of ABA
signalling (Mustilli et al. 2002, Yoshida et al. 2002, Yoshida et al. 2006, Fujii et al. 2007). However, in
agreement with our analysis in S. viridis, SnRK2 genes from subclasses | and 1l were upregulated in the
phylogenetically related plant sugarcane (Saccharum officinarum) submitted to NaCl and PEG treatments (L.i et
al., 2017). In addition, subclass Il SnRK2s 2.7 and 2.8 from Arabidopsis, which have high orthology with
SvSnRK2.4, have been demonstrated to participate in the regulation of some drought-responsive genes involving
the ABA-responsive element binding factors AREB/ABF (Mizoguchi et al. 2010). More recently, protein-protein
interactions studies revealed that homo- and heteromerization of OST1 (subclass 111 AtSnRK2.6) with AtSnRKs
2.2, 2.3 and 2.8 occurred during osmotic stress in Arabidopsis. In addition, several OST1-complexed proteins
were identified as type 2A protein phosphatase (PP2A) subunits, suggesting that broad interaction network
between SnRK2-type protein kinases and PP2A-type protein phosphatases other than the well-established
interactions of SnRK2-type protein kinases with PP2Cs can occur (Waadt et al. 2015). The high responsiveness
of subclasses | and 1l SvSnRK2 genes in our experimental conditions reinforces the results described above,
especially because these SvSnRK2 genes were strongly downregulated after plant rewatering, suggesting the
involvement of SvSnRKs 2.4, 2.9, 2.10 and 2.11 in drought responses of S. viridis. Yeast two-hybrid studies and
other protein-protein interaction analysis will help to corroborate this complex ABA signalling network involved
in abiotic stress responses in monocot plants.

In addition to the differential gene expression patterns of the core ABA signalling network components observed
for A10.1 and Ast-1 accessions, it was also demonstrated that different genotypes have distinctive physiological
responses under abiotic stresses (Fig. 6). The different physiological responses observed for A10.1 and Ast-1
accessions under drought stress were already demonstrated in a study by Saha et al. (2016) and, as discussed by
the authors, these differential responses are probably due to distinctive osmotic adjustments that ultimately lead
to changes in the root and leaf radial water movement (Saha et al. 2016, Sade et al. 2014). As radial water
movement through the xylem can be determined by anatomical and morphological structures, the different
physiological responses between the accessions is not surprising, since A10.1 and Ast-1 have distinguishing

morphology (Fig. 5). Obviously, other factors such as cellular components could be responsible for the
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physiological responses during osmotic stresses in plants, for instance aquaporins membrane water channels,
chaperones and osmolytes (Sade et al. 2014, Zhu et al. 2016). Moreover, the differences in gene expression and
physiological traits in response to abiotic stresses observed between A10.1 and Ast-1 genotypes may reflect the
different geographical locations from where these accessions are originated, since the environmental factors by
which these genotypes are submitted are also different. Thus, the distinctive responses of A10.1 and Ast-1 plants
reflect the diverse adaptive mechanisms that allow plants to survive under adverse environmental conditions.

In summary, the present study allows a comprehensive analysis of gene regulation of the core ABA signalling
components in Setaria viridis submitted to different treatments and provides suitable targets for genetic

engineering of C4 plants aiming tolerance to abiotic stresses.

Materials and Methods

Identification of ABA receptor PYR/PYL/PP2C/SnRK2 in Setaria viridis

Two strategies were used to identify the core ABA components in the genome of Setaria viridis. In the first
strategy, a total of 2,819, 17,744 and 1,586 protein sequences corresponding to PYR/PYL, PP2C protein
phosphatases and SnRK2s, available in the National Center for Biotechnology (NCBI), were downloaded,
respectively. Thlastn searches were performed using a e-value cutoff set to 10™° against genome files

downloaded from Phytozome v10.2 database (https://phytozome.jgi.doe.gov/pz/portal.html). The redundant

sequences were removed using a custom Perl. After removal of the redundant sequences, putative sequences
were screened for the existence of domains by Pfam (Sonnhammer et al. 1997). The specific domain observed
was the polyketide cylase2 domain (PF10604) to PYR/PYL, PF00481 to PP2Cs and SnRK-specific Pfam
domain (PF0069). Protein sequences with no catalytic domain were excluded from the dataset. Molecular weight
(MW), theoretical isoelectric point (pl) and protein length (aa) were manually calculated using the EXPASy

server  (http://web.expasy.org/protparam/).  Position of domain was predicted in HMMSCAN

(https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan).

The second strategy searched PYR/PYL/RCAR, PP2C and SnRK2 genes from S. viridis and their orthologs in

Arabidopsis thaliana, Oryza sativa, Sorghum bicolor in the GreenPhyl plataform (http://www.greenphyl.org/)

using the keywords PYL/PYR/RCAR, PP2C and SnRK2. We identified a total of 35, 45 and 54 sequences for
PYL/PYR/RCAR, PP2C and SnRK2, respectively. BLASTn searches were carried out using these sequences as
query against the S. viridis genome (e-value < ™) to isolate Sv genes that were further translated to compare
their corresponding polypeptides with those of other species using the MAFFT program (Katoh and Toh 2008),

available on the Galaxy instance (Goecks et al. 2010) of the South Green Platform (http://www.southgreen.fr/).
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The conserved amino acids were identified using the GeneDoc program

(http://www.nrbsc.org/old/gfx/genedoc/). Genes that did not contain specific domains were removed. To perform

phylogenetic analyses, the families were extended by searching for homolog proteins in complete proteomes of
interest (i.e. S. viridis and A. thaliana). Firstly, a Hidden Markov Model (HMM) profile was built using
hmmbuild of the HMMER software package (Durbin et al. 1998) from the core polypeptides of the family,
aligned with the MAFFT program (Katoh and Toh 2008), using a maximum of 100 iterations, and cleaned with
GBlocks (Castresana 2000). Secondly, the complete proteome was screened with this profile using hmmsearch

to extract the family sequences.

Phylogenetic, exon/intron and motif analysis

For phylogenetic analysis, amino acid sequences of putative PYL, PP2C and SnRK2 proteins of S. viridis, S.
bicolor, O. sativa and A. thaliana were analysed. The genes of S. viridis were named based on numbering of S.
bicolor and A. thaliana orthologs genes, estimated in Proteinortho v5.11 with an algebraic connectivity threshold
of 0.1 and e-value of 10®° (Lechner et al. 2011). Sequences were aligned with MUSCLE program and
phylogenetic trees were constructed using FastTree 2.1.5 program (Price et al. 2010). The trees were visualized

using the online program ITOL (https://itol.embl.de/). The sequences data of SvPYL, SvPP2C and SvSnRK2

genes were deposited in the GenBank database under the mnemonic numbers MG766907 to MG766942. The
exon/intron structure of these gene was examined using Gene Structure Display Server (GSDS:

http://gsds.cbi.pku.edu.ch). Pfam prediction and conserved evolutionary domains were analysed using Multiple

Em for Motif Elicitation (MEME Suite 4.11.1) server software (Bailey et al. 2009).

Promoter analysis

The 1500 bp promotor sequences of ABA signalling core components were retrieved using a custom script in
Perl language. The analysis to identify cis-acting regulatory elements (CARE) ABRE, LTRE and MBS in the
upstream DNA sequence were investigated by PlantCARE program

(http://bicinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al. 2002).

Plant material
Seeds of S. viridis accessions A10.1 and Ast-1 were germinated in pots containing latosoil, substrate

(Plantmax®) and vermiculite (Agrifloc, Brasil Minérios) in a mixture of 3:1:0.5 (w/w/w). Plants were


http://www.nrbsc.org/old/gfx/genedoc/
https://itol.embl.de/
http://gsds.cbi.pku.edu.ch/
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maintained in a growth chamber (Conviron PGW40) under 16 h photoperiod of 450 pmol m % * light intensity,

25 + 2°C and 65% relative humidity.

Abiotic stress treatments and physiological measurements

Before the application of abiotic stresses to S. viridis accessions, plants were grown in pots in a growth chamber
under the conditions described above until the reproduction phase (RP; 32 days after planting DAP) (Martins et
al. 2016). Plants were watered to field capacity every day and fertilized (once a week) with a solution of 2,5 g.I™*
Plantafol® N:P:K (20:20:20). Physiological measurements were performed in the flag leaf using an open gas
exchange system with a 6 cm? clamp-on leaf cuvette (LI-6400XT, LICOR). Photosynthetic photon flux density
(PPFD) was fixed at 1.500 umol m s * and 400 ppm CO,, using a red-blue LED light source built into the leaf

cuvette.

Drought stress treatment

Water stress (WS) was applied in both genotypes by withholding the water supply to pots containing 32 DPG
plants for 44 h. We monitored the net photosynthesis rate for a total period of WS, until a decay of the
photosynthesis rate could be observed. After the period of WS the plants were re-watered, with monitoring of net
photosynthesis rate. A well-watered (WW) set of plants in the field capacity for both accessions were grown
under the same conditions with similar irrigation and fertilization regimes as described before. Portion of leaves
was collected from water-stressed, re-watered and control plants and frozen immediately in liquid nitrogen,

being stored at —80 °C for further analysis.

Salt stress treatment

For the salt treatment, different concentrations of NaCl were used for the observation of physiological responses
in both accessions. The NaCl concentrations used were 0 (unstressed), 50, 100 and 200 mM for A10.1 and Ast-1
genotypes. The plants were irrigated with salt solution every day until field capacity. The photosynthesis was
then measured every 24 h until 96 h after the application of NaCl solution. Leaf portions were collected during
the treatment in 0, 24, 48, 72 and 96 h, frozen immediately in liquid nitrogen and stored at —80 °C for further

analysis.

Exogenous ABA treatment
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In the dose-dependent assay, plants in the RP were treated with 0 (control), 50 and 100 uM of exogenous ABA
(() ABA, Sigma) for A10.1 accession and 0, 100 and 200 uM exogenous ABA for Ast-1 for 6 h. The net
photosynthetic rate was measured at 2 h intervals until 6 hours after the application of ABA solution. Leaves
were collected after 0, 2, 4 and 6 h treatment, frozen immediately in liquid nitrogen and stored at —80 °C for

further analysis.

Cold stress treatment

For imposing the cold stress, the plants were submitted to decay of 5 °C per day in temperature. The initial
temperature was 25 °C until the final temperature reached 5 °C. During the cold stress the light intensity was the
same throughout the experiment. Photosynthesis analysis was performed every 24 h in different temperatures
(25, 20, 15, 10 and 5 °C) and control group plants were kept at 25 °C. Sample leaves were collected in all

temperatures, frozen immediately in liquid nitrogen and stored at —80 °C for further analysis.

RNA isolation and cDNA synthesis

About 200 mg of starting material was used for RNA isolation. Total RNA was isolated using TRIzol Reagent
(Thermo Scientific), according to the manufacturer’s instructions. Genomic DNA was removed using RQ1
RNase-free DNase (Promega), according to the manufacturer’s instructions. Total RNA was quantified using a
NanoDrop ND-1000 Spectrophotometer (Uniscience), and RNA integrity was verified in agarose gel
electrophoresis. Reverse transcription reaction was carried out with 1 pg of total RNA and oligo (dT) in a total
volume of 20 pul using RevertAid First Strand c¢cDNA Synthesis Kit (Thermo Scientific), following the

manufacturer’s recommendations. cDNA samples were diluted (1:20) prior to use in RT-gPCR assays.

gRT-PCR experiments
Primers of ABA receptor were designed using the software Primerquest

(https://www.idtdna.com/primerquest/Home/Index). RT-qPCR was carried out in a 96-well optical plate with a

StepOnePlus Real-Time PCR Systems (Applied Biosystems). Reactions were performed using Platinum SYBR
Green PCR SuperMix-UDG with ROX (Invitrogen), 0.2 uM of each primer and 1 pl of diluted cDNA (1:20) in a
final volume of 10 pl. The following thermal cycling condition was used for all amplifications: 2 min at 50 °C
min, 20 sec at 95 °C, followed by 40 amplification cycles of 95 °C for 3 sec, and 60 °C for 30 sec. After 40

cycles, the melting curve and amplification curve were checked to evaluate specific amplification. The relative


https://www.idtdna.com/primerquest/Home/Index
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expression levels of these genes were analysed by the 2 (Schmittgen and Livak 2008), using the cullin
(SvCUL), clathrin adaptor complex (SVCAC), translation factor SUI1 (SvSUI), eukaryotic initiation factor 4-
alpha (SvelF4a) and elongation Factor 1-alpha (SveF'la) genes as the internal controls (Martins et al. 2016). The

amplified primers and internal controls were listed in supplementary materials (Table S2).

ABA extraction

Leaf samples from all treated samples and controls in the final set point of analysis were collected and freeze-
dried. Subsequently, 150 mg of powdered plant materials were extracted at 4 °C for 12 h under agitation in 10 ml
of 80% methanol. Before the extraction, 50 pl of 3,5-Dichloro-4-hydroxybenzoic acid 0.1 g.I" (Sigma) was
added (internal standard; IS). The extracts were centrifuged at 4 °C at 10000 g for 5 min. The supernatant was
evaporated, and then aqueous residue was adjusted to 5 ml with water before passed through preconditioned C18
SPE cartridges (3 ml, 500 mg), with 3mL deionized water, followed by 3 mL methanol. The cartridges were
washed with 1 ml 20% methanol containing 0.1% (v/v) formic acid and the retained phytohormones were eluted
with 1 ml 80% methanol. The extract was evaporated in vacuum at room temperature and adjusted for 300 pl

with water.

ABA detection by HPLC-(ESI)- MS

The samples of S. viridis submitted to abiotic stresses and the controls were analysed by high performance liquid
chromatography coupled to mass spectrometry (LC-MS) for determination of ABA accumulation in leaves. The
samples were analysed in a Shimadzu® Nexera XR, equipped with LC-20AD- XR pumps, coupled to a Bruker
Daltonics® Amazon SL mass spectrometer with an lon Trap analyzer and the data acquisition were carried out
with the Compass Data Analysis data system (Bruker Daltonics®). Chromatographic analysis of the leaf sample
extracts for determination of ABA proportion was performed on an Agilent® Eclipse Plus C18 RRHD analytical
column 2.1 mm internal diameter x 50 mm length, 1.8 um particle size) placed in an oven maintained at 40 °C
using 0.1% formic acid as solvent A and methanol plus 0.1% formic acid as solvent B with the following
gradient elution program: at O min, it started with 20% B which was increased to 50% B in 8 min, then to 100%
B in 8.5 min, continued at 100% B to 12 min for washing and was equilibrated back to 20% B from 12.1 min to
15 min at a solvent flow rate of 0.3 mL/min. Electrospray ionization method was used for mass spectrometry
under the following conditions: spray voltage (negative mode= 4000 V); temperature of the capillary 180 °C.

The MRM (Multiple Reaction Monitoring) mode was used for determination of ABA and IS. ABA and IS were
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monitored at m/z transitions of 263 — 153, 219; 204.6 —160.7, respectively. The normalized collision energies

for ABA and IS were 0.30 and 0.35, respectively.
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Table 1 List of SYPYL,SvPP2C and SvSnRK2 genes and their features.
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Gene Name | Chr pc?stiiir;n poFs!ir;?c:n aa pl MW PFAM Genlegank
SvPYL1 9 34761413 34763538 207 5.24 22.13 48-192 | MG766913
SWPYL2 | 1 | 2710051 | 27134290 | 201 | 597 | 2175 | 43-180 | Mo 009
SWPYL3 | 4 | 35821353 | 35821973 | 206 | 6.71 2213 | 52-198 | MG766907
SVPYL4 9 | 46321820 46323300 | 220 6.62 22.93 | 70-213 | MG766908
SVPYL5 3 15949957 15951675 204 8.88 21.58 | 56-197 | MG766909
SVPYL6 5 39467969 39468592 207 6.75 22.70 51-194 | MG766910
SVPYL7 3 5043188 5045597 141 8.74 15.11 47-131 | MG766912
SVPYLS8 1 1156602 1160325 211 5.92 23.67 55-198 | MG766911
SvPP2C1 3 8481733 8485238 451 4.99 47.10 | 176-434 | MG766927

SVPP2C2.1 | 6 387891 391296 444 5.03 47.08 | 113-396 | MG766928

SVPP2C22 | 6 387891 391296 328 5.24 35.25 | 132-281 | MG766929

SVPP2C2.3 | 6 389629 391657 117 4.35 12.47 1-104 | MG766930

SvPP2C3.1 | 7 785451 790598 451 5.30 47.17 | 119-410 | MG766931

SvPP2C3.2 | 7 786886 790598 354 6.72 36.81 | 116-354 | MG766932
SvPP2C4 2 25703196 25705262 376 6.80 39.38 78-364 | MG766933
SVPP2C5 5 40142449 40144716 401 5.87 4251 | 87-390 | MG766934
SvPP2C6 3 16922545 16924778 422 7.05 43.93 85-411 | MG766935

SVPP2C7.1 | 9 47906442 47908435 397 5.69 42.35 71-330 | MG766936

SVPP2C7.2 | 9 | 47906340 | 47908359 | 397 5.69 4235 | 71-330 | MG766937
SvPP2C8 1 1190419 1194718 358 5.79 38.52 | 105-345 | MG766938
SvPP2C9 3 11944691 11947945 381 5.28 40.63 58-364 | MG766939

SVPP2C10 | 5 25838987 25843846 479 4.73 49.71 | 176-462 | MG766940
SvPP2C11 | 5 33933094 33934782 226 6.08 23.68 | 44-226 | MG766941
SvPP2C12 | 3 9748111 9750887 398 8.50 41.23 89-376 | MG766942

SVSnRK2.1 | 9 4714220 4719224 366 4.81 41.48 | 28-284 | MG766915

SVSNRK2.2 | 9 | 11263105 11266229 | 362 4.73 40.73 | 23-279 | MG766916

SVSNRK2.3 | 3 | 46484835 46487553 | 375 4.94 4155 | 37-293 | MG766917

SVSnRK2.4.1| 9 41982274 41986678 | 344 5.10 39.13 4-260 | MG766918

SVSnRK2.4.2| 9 41982637 41986678 295 4.94 33.43 2-211 | MG766919

SVSNRK2.5 | 2 44725651 44730688 | 339 5.30 38.47 4-260 | MG766920

SVSNRK2.6 | 1 | 26704997 26709453 | 454 8.30 51.67 | 94-350 | MG766921

SVSnRK2.7 | 7 19178334 | 19183417 358 6.00 40.99 4-260 | MG766922

SVSnRK2.8 | 3 274209 277259 379 5.99 43.05 4-260 | MG766923

SVSNRK2.9 | 9 | 35394567 35397834 | 333 5.40 37.90 5-261 | MG766924

SVSnRK2.10 | 3 18332249 18337532 | 360 5.68 41.77 4-260 | MG766925

SVSnRK2.11 | 5 | 41261960 | 41266866 | 362 6.06 42.34 4-260 | MG766926

Chr: Chromosome location; aa: length of amino acids; pl: isoelectric point; MW: molecular weight;
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Fig 1 Sequence alignment of S. viri Sv, SvPP2C én SvSnRZ rteis and SbPYL, SbPP2C and
ShSnRK2 from Sorghum bicolor. For each protein, total length is indicated in amino acids (aa). Conserved
residues are shaded with black or grey shading. (A) Sequence alignment of the eight characterized SvPYL and
SbPYL receptors. Conserved residues and residues involved in ligand binding in ABA receptors are marked
by black arrows, and the Gate and Latch domains are indicated. (B) Sequence alignment of the 12 SvPP2Cs
and the nine characterized SbPP2Cs. Residues involved in interaction of ABA, PYLs and Mg*/Mg*? ions are
marked by black arrows, asterisks and triangles, respectively. Phosphatase sites are marked with black points.
(C) The subclass 111 SvYSnRK2 amino acid sequences are compared with the predicted amino acid sequences of

SbSnRK2s. The functional domains ATP binding site, activation loop and motif | are indicated. The phosphatase

sites are marked with black points.
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Fig 2 Phylogenetic analysis of ABA core signalling protein components from Setaria viridis. Maximum likelihood phylogeny of functionally characterised (A) SvPYL (B)

SvPP2C (C) SvSnRK2 proteins and their close homologs from Arabidopsis thaliana (At), Sorghum bicolor (Sh) and Oryza sativa (Os). The phylogenetic tree was constructed

using FastTree 2.1.5 program. Branch colour scale represents SH-like local support (red to lower values and green to higher values.
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Fig 4 Cis-elements in the putative promoter regions of SvPYL, SvPP2C and SvSnRK2 genes related with ABA-

responsive element (ABRE), low temperature-responsive element (LTRE) and MY B binding site (MBS).

Fig 5 Setaria viridis accession A10.1 (left) and Ast-1 (right) in the reproductive stage (RP), 32 days post-

germination (DPG).



Drought stress Exogenous ABA Salt stress Cold stress
50 60 60 60
50 . —— =50 50 P ™
- 40 0 - v . & K & o * ;_‘_._-i
» £ 40 — H40 T % ==
g 30 g & ¥
prs O 30 O 30 'f‘ 30
b5 2 = o
2 £ g2 S 20
3 a 2 =
E 10 <10 <10 g 10
= 15 0 9 =
Oh  24h  36h 39h 42h  45h RW2h RW4h o 2h - ch t <h 4 " b 25°C 20°C 15°C 10°C sc
-10 -10
03 0,45 0,45
0,25 04 04

H,0 m3s')
o
i

s (mol H,0 ms)

0,15
3 0,1
0,05 Oh 2h 4h 6h
0,05 0,05
9 ) ) 0 0
Oh  24h  36h  39%h 42k  45h RW2h RWdh Oh 24h 4sh 72h 96h 25°C 20°C 15°C 10°C s°c
0,007 0,009 0,008 0,45
4
0,006 0,007 i
T 035
i ~ 0,006
20,008 > %
& o 7 03
-] E 0,005 e
o 0.004 Q, 0 025
= = 0.004 =
3 0,003 s < 02
b} £ 0,003 g
S £ 0,15
= 0,002 = %
~ 0,002 0.1
0,001 = 0,001 0
0 0 0 0
oh 24h 36h 3%h 42h  45h RW2h RW4h oh 2h 4h 6h oOh 24h 48h 72h 96h 25°C 20°C 15°C 10°C s°c
== Control Ast-] ==@=Control A10.] ===Ast-] ====A10.1 =@ Control Ast-1 ==@==Control A10.] =@ Ast-1 100uM =@ Control Ast-1 ==@==Control A10.] =~@==Ast-1 100mM w@=Control Ast-] e=@e=Control A10.] «lieAst-] w—pumAl0.1
—4—Ast-12004M =—#=A10.1 1004M = Ast-1 200mM =———A10.1 100mM =—4=A10.1 200mM
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Fig 7 Expression profile of SvPYL, SYPP2C and SvSnRK2 genes in different abiotic stresses in A10.1 and Ast-1
accessions of S. viridis.The heat map shows the fold-change in expression of genes when compared to non-stress
conditions at the beginning of the experiment (control; 0 h). (A): drought stress, (B): exogenous ABA treatment,

(C): salt stress, (D): Ccold stress. CTL represent the control of the experiment (untreated samples).
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Fig 8 LC-MS analysis of ABA leaf accumulation in A10.1 and Ast-1 accessions of S. viridis submitted to (A)

drought, (B) exogenous ABA, (C) salt and (D) cold. The results are shown as the peak areas ratio obtained from

samples and peak areas obtained from the internal standard (Aaga/Ass).
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Fig S1 Phylogenetic analysis of ABA core signalling components from S. viridis. Maximum likelihood
phylogeny of functionally characterized SVPYL / SvPP2C / SvSnRK2 proteins and their close homologs from
Arabidopsis thaliana (At), Sorghum bicolor (Sb) and Oryza sativa (Os). The phylogenetic tree was constructed
using FastTree 2.1.5 program. Branch colour scale represents SH-like local support (red to lower values and

green to higher values).
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Fig S2 Expression profile of SYPYL, SvPP2C and SvSnRK2 genes in different abiotic stresses in two accessions
of S. viridis (A10.1 and Ast-1). The figure shows the fold-change in expression of genes when compared to non-

stress conditions at the beginning of the experiment (control; Oh)."P> 0.05, unpaired t test.
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Fig S3 Expression profile of SVPYL, SvPP2C and SvSnRK2 genes in different abiotic stresses in A10.1 and Ast-1 accessions of S. viridis. The graphics shows the fold-change

in expression of genes when compared to non-stress conditions at the beginning of the experiment (control; 0 h). (A):A10.1 with drought stress. (B) Ast-1 with drought stress.
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Fig S4 Expression profile of SYPYL, SvPP2C and SvSnRK2 genes in different abiotic stresses in A10.1 and Ast-1 accessions of S. viridis. The graphics shows the fold-change

in expression of genes when compared to non-stress conditions at the beginning of the experiment (control; Oh). (A) A10.1 treated with exogenous ABA. (B) Ast-1 treated

with exogenous ABA.
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Fig S5 Expression profile of SVPYL, SYPP2C and SvSnRK2 genes in different abiotic stresses in A10.1 and Ast-1 accessions of S. viridis. The graphics shows the fold-change

in expression of genes when compared to non-stress conditions at the beginning of the experiment (control; 0 h). (A) A10.1 treated with salt stress. (B) Ast-1 treated with salt

stress.
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Fig S6 Expression profile of SVPYL, SvPP2C and SvSnRK2 genes in different abiotic stresses in A10.1 and Ast-1 accessions of S. viridis. The graphics shows the fold-change

in expression of genes when compared to non-stress conditions at the beginning of the experiment (control; 0 h). (A) A10.1 treated with cold stress. (B) Ast-1 treated with

cold stress.
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Table S1 Orthologs of SVPYL, SYPP2C and SvSnRK2 genes compared to those of S. bicolor and/or O. sativa, and A. thaliana.

# Species Genes  Alg.-Conn. Os_PP2C Sv PP2C Sh_PP2C At PP2C
4 4 1 OsPP2C06 SvPP2C10 ShPP2C1 AtHAB1
3 50.166 OsPP2C08,0sPP2C51 SvPP2C12 ShPP2C6,SbPP2C5 *
4 90.14 OsPP2C09,0sPP2C30 SvPP2C7.2,SvPP2C7.1,SvPP2C5 ShPP2C8,SbPP2C7 AtHAI3, AtHAI2
4 50.166 OsPP2C37 SvPP2C3.1,SvPP2C2.1 ShPP2C9 AtAHG1
3 3 1 OsPP2C49 SvPP2C6 ShPP2C4 *
2 2 1 OsPP2C50 SvPP2C9 * *
4 4 1 OsPP2C53 SvPP2C1 SbPP2C2 AtABI2
3 3 1 OsPP2C68 SvPP2C4 ShPP2C3 *
# Species Genes  Alg.-Conn. Os_PYL Sv_PYL Sh_PYL At PYL
3 405 OsPYL1 SVPYL1 * AtPYR1,AtPYL1
4 504 OsPYL10 SVPYL8 SbPYLS8 AtPYL9,APYLS
3 3 1 OsPYL11 * ShPYL7 APYL7
4 50.166 OsPYL2 SVPYL2 SbPYL3,SbPYL2 AtPYL2
4 405 OsPYL4 SVPYL6 ShPYL6 APYL6
4 405 OsPYL5 SVPYL5 ShPYL5 AtPYL5
4 4 1 OsPYL6 SWPYL4 ShPYL4 APYL4
2 2 1= SVPYL3 * APYL3
# Species Genes  Alg.-Conn. Os_SnRK?2 Sv_SnRK2 Sh_SnRK?2 At SnRK?2
4 80.25 OsSAPK8,0sSAPK10 SvSnRK2.2,SvSnRK2.1, SvSnRK2.3 ShSnRK2_1,ShSnRK2_2 AtSnRK2_6,AtSnRK2_3
3 30.667 OsSAPK4 SvSnRK2.10 ShSnRK2_10 *
4 80.113 OsSAPK2,0sSAPK1 SvSnRK2.5,SvSnRK2.4.1 SbSnRK2_4,SbSnRK2_5 AtSnRK2_7,AtSnRK2_8
4 10 0.544 OsSAPK7,0sSAPK6  SvSnRK2.7,SvSnRK2.6 ShSnRK2_6,ShSnRK2_7 AtSnRK2_5,AtSnRK2_4,AtSnRK2_10,AtSnRK2_1
4 50.2 OsSAPKS5 SvSnRK2.11,SvSnRK?2.8 ShSnRK2_8 AtSnRK2_9
3 3 1 OsSAPK3 SvSnRK2.9 ShSnRK2_9 *
2 2 1 OsSAPK9 * ShSnRK2_3 *
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Table S2 Sequence of the primer pairs used for RT-gPCR analyses.

104

Gene name S. viridis Phytozome Primer Sequences (5 - 3")
ID

PYL 1o0uPYL1 Sv 9G318000 F: GCGAGGTCAGCGTCATC

R: GGTGATGGAGAAGCCGAAG
PYL 2 Sv 1G031000 F: GTTGGTGACATCGACTGAAATG

R: GACACTGCAGGGATAAGGATAG
PYL 3 Sv 4G251800 F: CGTCGTCGTCGAGTCCTA

R: TCTGGAGGTTGAGCCTGA
PYL 4 Sv 9G441100 F: TCGTCGTGGAGTCCTACAT

R: CTGGAGGTTGCACCTGAC
PYL 5 Sv3G213000 F: CGTGGTGGTCGAGTCGTA

R: CAGCGACTGGAGGTTGC
PYL 6 Sv 5G374800 F: AGTCCTACGTGGTGGATGTA

R: GACCCATAACCTTGCGTTCTA
PYL 7 Sv 3G077900 F: TGAGACATGCTACTTTGTCGAG

R: GAGCGGTGATGTAGGAGATTG
PYL 8 Sv 1G013800 F: GTGATCGAGTCCTTCGTTGTG

R: CGACTTGAGGTTGCACTTGA
SnRK2.1 Sv 9G078200 F: CTGGAGAACACACTGCTAGATG

R: GGTCACTCCACATGACCATAC
SnRK2.2 Sv 9G167300 F: CATTGCTCCTGAGGTTCTTCT

R: GATCTTGGCACTCTGGAGATATG
SnRK2.3 Sv 3G387400 F: TCCCGACTATGTCCATGTATCT

R: ACGAACCAAGGATGGCTTATT
SnRK2.4.1 Sv 9G384100.1 F: TGCACTGCTGGGAGATTTAG

R: GTGGTGCAACACTACCATCTA
SnRK2.4.2 Sv 9G384100.2 F: GAACCTGCCCATTGAGATGA

R: CTGGATGATCGCCATGACTT
SnRK2.5 Sv 2G405700 F: GTTGTGCTAACTCCCACACA

R: TTGGTCATCCTCGCTAAATCTC
SnRK2.6 Sv 1G194000 F: GGGAGAATTACGATTAGGGAGATTAG

R: GGGCACTGTTGTCCTTCTT
SnRK2.7 Sv.7G108300 F: CTGTGGAGTGACCCTTTATGT

R: GGTTCCTGATCTCCCTAATTGT
SnRK2.8 Sv 3G004100 F: GCAGTACAAGATTCCAGAGTATG

R: GGGTTTGCGACGAAGATG
SnRK2.9 Sv 9G323900 F: GAATATGCTGCTGGTGGAGAG

R: CAAGGAGGGTGTTCTCAAGTTTA
SnRK2.10 Sv 3G235900 F: GGGTGATCCTAACTCCAACAC

R: TTGCTCATCCTCGCTAAACC
SnRK2.11 Sv 5G400900 F: GTGGGAGCATACCCATTTGA

R: GGAACCATGGATGGCTCTTTA
PP2C1 Sv 3G124100 F: AGCCAAACAGGGAAGATGAG
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SuUl

Sevir.2G348300

: ACCACTCCTCCAGAACATAGA
: CCAGAGCTTGGACAGGTCATTTC

Gene name S. viridis Phytozome Primer Sequences (5" - 3")
ID

R: GATCGGGACATGGCAAGAA
PP2C2.1 Sv 6G004900.1 F: GTGATCTACATCAACGGCCATC

R: ATCTCAGGCTCAGCGATCA
PP2C2.2 Sv 6G004900.2 F: ATGCGTGGCAGCAAGTTA

R: ATTCGGAAGGTGCTGGAATG
PP2C3.1 Sv 7G004500.1 F: GTCGAGCAAGGTGAAGAAGTAG

R: GCCGCCAGAACCTGATG
PP2C3.2 Sv 7G004500.2 F: GTCGAGCAAGGTGAAGAAGTAG

R: GCCGCCAGAACCTGATG
PP2C4 Sv 2G184100 F: GACGAGTGCCTCATCCTG

R: CTCAGCGCACCACTTCT
PP2C5 Sv 5G384400 F: GACGCAGGTTGGAGATGAG

R: TCGAACTCCGAGACCACTT
PP2C6 Sv 3G223900 F: GACGCCGTGTCCATCAG

R: CGTCAAAGACGCCAAAGAAAT
PP2C7.1 Sv 9G463500.1 F: CCATTGGCGACAGCTACC

R: AGGATCAGGAACTCGTCCTC
PP2C7.2 Sv 9G463500.2 F: CTGAAGCCGTTCGTGATCT

R: ACCTCGTTGCTCACCAC
PP2C8 Sv 1G014100.1 F: ACAGGATCGATGAGCGAAAG

R: CTAGCTAGAACCAAGCATTCCA
PP2C9 Sv 3G168300.1 F: GAGCCTGACAGAAAGGATGAG

R: TTGATCGCGACATAGCAAGTAT
PP2C10 Sv 5G211600 F: CTAACAGGGAGGATGAGTATGC

R: GACCGTGACATTGCAAGAAC
PP2C12 Sv3G141300 F: CCACTGATCACAAGGTGACTAC

R: TGGCCAGGATGAGGAACT
CuL Sevir.3G038900 F: TCTCATCACGAGGGACTACTT

R: CTTGCCAACAACCACCAATC
CAC Sevir.1G284400 F: CTGCTTCTGGTCTTCGTGTT

R: GTATGATCCTGCTCTCGTGATG
EFL1 Sevir.3G272400 F: TGGTATGCTTGTCACCTTTGGT

R: CTCGTGGTGCATCTCAACTGA
EFL4 Sevir.1G088000 F: GTCTGCTAAGGTGCTGGATAAA

R

F

R

: ACAATGCCAGCCTGGACAA




