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RESUMO 

 

 

A soja, será fortemente afetada pela mudança climática, que projeta uma contenção de área 

plantada de 41%, em todo o país para 2070. Dentre os estresses abióticos, o déficit hídrico é o 

principal fator que leva a perdas de rendimento em importantes culturas. O desenvolvimento 

de materiais tolerantes ao déficit hídrico é significativamente vantajoso em áreas sujeitas à 

ocorrência do estresse. Recentemente, alguns avanços foram obtidos na identificação de genes 

responsivos ao déficit hídrico, potencialmente capazes de aumentar a tolerância das plantas 

em condições de restrição hídrica. Compreender os mecanismos moleculares na resposta ao 

déficit hídrico é importante na definição de estratégias biotecnológicas e de melhoramento. As 

tecnologias genômicas, como o RNA-seq são ferramentas úteis para essa finalidade, podendo 

oferecer um melhor entendimento sobre os mecanismos ativados pelas plantas em resposta ao 

estresse. Objetivou-se avaliar o transcriptoma de duas cultivares de soja contrastantes na 

resposta de tolerância ao déficit hídrico, BR 16 (sensível) e Embrapa 48 (tolerante), em folhas 

e raízes submetidas a dois níveis de déficit hídrico (moderado e severo). Genes 

diferencialmente expressos, foram identificados e categorizados, sendo alguns selecionados 

para validação via RT-qPCR. Duas importantes famílias de fatores de transcrição 

(AP2/EREBP e WRKY) foram selecionadas para melhor entendimento de seus mecanismos 

de resposta e oscilações da expressão gênica em resposta ao déficit hídrico. Foram detectadas 

diferenças nos perfis de expressão entre os materiais avaliados, sendo possível inferir que a 

cultivar Embrapa 48 responde mais rapidamente ao estresse do que a cultivar BR 16, 

apresentando maior número de genes diferencialmente expressos (up-regulados) já no 

primeiro nível (moderado) de estresse, enquanto BR 16 exibiu um perfil de expressão 

predominantemente down-regulado no mesmo período. Esse comportamento persiste em 

todas as classes de genes relatados, sendo ainda mais evidente nas folhas, reforçando a ideia 

de que a resposta sob a influência do estresse ocorre especialmente nas folhas para ambas as 

cultivares. Os resultados mostram, que a cultivar Embrapa 48 além de exibir uma modulação 

gênica inicial mais acelerada, ainda mantém genes associados aos processos de 

desenvolvimento, inerente ao metabolismo primário, ativo por mais tempo. Adicionalmente, 

foram identificados e selecionados os 10 principais genes de cada uma das famílias de fatores 

de transcrição (AP2/EREBP e WRKY) na resposta de tolerância ao déficit hídrico. 

 

Palavras-chave:  AP2/EREBP. WRKY. Fatores de transcrição. ABA. Fisiologia do estresse 

abiótico. 
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ABSTRACT 

 

 

Soybean will be strongly affected by climate change, with a projected 41% restraint in 

cultivated land, in the whole country, for 2070. Among abiotic stresses, drought is the main 

factor leading to yield loss of important crops. The development of tolerant materials to water 

deficit is significantly advantageous in areas subject to stress. Recently, some advance has 

been made in the identification of genes responsive to drought, that are potentially capable of 

increasing plant tolerance to hydric restriction. The understanding of the molecular 

mechanisms involved in water deficit response is important for the definition of 

biotechnological and genetic improvement strategies. Genomic technologies, such as RNA- 

seq, are useful tools and can offer a better understanding on activated mechanisms in plants 

due to stress response. We aimed to assess the transcriptome of two soybean cultivars with 

contrasting drought response, BR 16 (sensitive) and Embrapa 48 (tolerant), in leaves and  

roots exposed to different levels of water deficit (moderate and severe). Differentially 

expressed genes were identified and categorized, and some were selected for validation with 

RT-qPCR. Two important transcription factor families (AP2/EREBP e WRKY) were singled 

out for a more detailed analysis of its response mechanisms and gene expression fluctuations 

under water deficit conditions. Differences were detected in expression profiles between 

samples, and we infered cultivar Embrapa 48 responds more rapidly to stress than cultivar BR 

16, presenting a vast number of differentially expressed genes (up-regulated) at the first stress 

level (moderate), while BR 16 exhibited a predominantly down-regulated profile in the same 

level. This behavior persists in all reported gene classes, being even more evident in leaves, 

reinforcing the idea that stress response occurs especially in leaves, in both cultivars. Results 

show cultivar Embrapa 48 not only exhibits a faster initial genic modulation but also 

maintains genes associated to developmental processes, inherent to primary metabolism, 

active for longer. Additionally, we identified and selected the top ten genes from each 

transcription factor family (AP2/EREBP and WRKY) in water deficit tolerance response. 

 

Keywords:  AP2/EREBP. WRKY. Transcription factors. ABA. Abiotic stress physiology. 
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CAPÍTULO 1 – CONSIDERAÇÕES GERAIS 

1 INTRODUÇÃO 

A soja (Glycine max (L). Merr.) é a leguminosa de maior importância econômica e 

agrícola mundial. O Brasil é o segundo maior produtor de soja ficando atrás apenas dos 

Estados Unidos (EUA). Os Estados Unidos, Brasil e Argentina, juntos, são responsáveis por 

82,62 % da safra no mundo. Devido ao favorável clima em todas as fases da cultura, a 

produtividade média da safra brasileira 2016/17 foi acima da dos últimos anos, atingindo 

3.364 kg/ha (COMPANHIA NACIONAL DE ABASTECIMENTO - CONAB, 2017a). Assim 

como outras culturas, a soja é afetada por estresses bióticos e abióticos. Desse modo, com a 

expansão das áreas agrícolas e oscilações climáticas, estabelece-se novas exigências 

relacionadas a fatores que afetam diretamente a produtividade, como o ataque de pragas e 

doenças (estresses bióticos) ou ocorrência de secas, inundações, altas e baixas temperaturas, 

alta salinidade do solo, entre outros (estresses abióticos).  

As mudanças climáticas previstas para as próximas décadas, resultante do 

aquecimento global, são uma ameaça eminente à produção agrícola nacional. Uma vez que a 

agricultura é uma atividade fortemente sujeita aos fatores ambientais, estudos preveem que, o 

aumento da temperatura no país irá reduzir a área propícia aos cultivos de soja, café, algodão, 

arroz, feijão e milho (AGRITEMPO, 2018). Várias estratégias podem ser utilizadas para 

mitigar os efeitos do ambiente, por exemplo o déficit hídrico, desde o plantio direto, manejo 

do solo, rotação de culturas, até o uso de ferramentas em biotecnologia. As tecnologias 

genômicas são ferramentas úteis para um melhor entendimento sobre os efeitos do estresse 

nas plantas, bem como, para auxiliar no desenvolvimento de estratégias biotecnológicas que 

visem a obtenção de plantas com maior tolerância aos estresses ambientais. Plantas 

geneticamente modificadas por meio da transgenia ou por meio das novas ferramentas de 

edição gênica representam uma oportunidade de minimizar os danos causados pela seca (entre 

outros fatores abióticos/bióticos) com o intuito de maximizar a produção em áreas marginais 

ou tradicionais afetadas pelo clima. 

Produtos gênicos envolvendo respostas ao déficit hídrico podem ser classificados em 

dois grupos: aqueles oriundos de genes regulatórios e funcionais, que são aquelas que atuam 

diretamente contra os danos causados pelo estresse. A classe primária de proteínas 

regulatórias compreende os fatores de transcrição (FT) ABA responsive element binding 

(AREB), APETALA2/ethylene responsive element binding protein (AP2/EREBP), NAC, 



18 

 

Basic leucine zipper (bZIP), MYC, MYB e as proteínas cinases: Mitogen activated protein 

kinases (MAPK), Calcium dependent protein kinases (CDPK), receptor de proteínas cinases, 

proteínas ribossomais cinases, regulador transcricional de proteínas cinases e fosfatases, as 

quais sincronizam o sinal de transdução e a expressão gênica durante a resposta ao estresse 

(WANI et al., 2013). 

Dentre os genes que codificam elementos regulatórios existem diversas classes e 

famílias, as quais já foram bem descritas e avaliadas em inúmeras espécies. Um exemplo, foi 

o estudo realizado por Paul et al. (2015), os quais investigaram plantas de Oryza sativa 

transformadas com um membro da família de FT AP2/EREBP, o gene DREB1/CBF de 

Arabidopsis thaliana (A. thaliana), em que a sua superexpressão induziu tolerância à 

desidratação dos eventos transgênicos. Outro trabalho nesta mesma linha, foi desenvolvido 

em tabaco, o qual por meio da transgenia foi dirigida uma superexpressão do gene de 

Brachypodium distachyon, BdWRKY36, pertencente à família de FT WRKY, em que 

obtiveram uma resposta de tolerância à seca nos eventos avaliados (SUN et al., 2015). Em A. 

thaliana, aproximadamente 6% do proteoma é classificado como FT (RAYKO et al., 2010), 

tais proteínas possuem importante papel em rotas metabólicas e regulatórias, bem como um 

envolvimento na detoxificação, biossíntese de osmólitos, proteólises de substratos celulares, 

canais de água, transporte de íons, Heat shock protein (HSP) e Late embryogenesis abundant 

protein (LEA) (JOSHI et al., 2016b). 

De modo geral, desenvolver e utilizar-se de ferramentas biotecnológicas/genômicas na 

identificação/caracterização de promotores, genes, rotas metabólicas entre outros fatores que 

respondem ao déficit hídrico induzindo tolerância, torna-se fundamental para definição dos 

melhores alvos a serem alterados por meio da engenharia genética de plantas. Ao cruzar as 

fronteiras da incompatibilidade genética entre os indivíduos, as ferramentas de engenharia 

genética possibilitam gerar intercâmbio gênico entre espécies e incorporam características de 

difícil introgressão na cultura (por ser de natureza complexa e que envolve a 

modulação/resposta de inúmeros genes em conjunto). Ou ainda, todo o entendimento da 

função dos genes, atua na viabilidade da modificação de forma precisa e pontual do genoma 

alvo, conferindo maiores chances na obtenção de uma planta com características de interesse 

agrícola. 

Em soja, a caracterização molecular aprofundada para tolerância à seca, pode ser 

amplamente explorada. Devido à complexidade que contempla as respostas de tolerância e 

levando-se em consideração sua identidade poligênica, deixa margem para um vasto universo 

gênico ainda não explorado. Apesar dos esforços desprendidos por Rodrigues et al. (2012), 
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por exemplo, os quais empregaram a Hibridização subtrativa supressiva (HSS), técnica que 

permitiu a investigação de genes diferencialmente expressos e do perfil/modulação das classes 

gênicas em condições de seca, das cultivares BR 16 e Embrapa 48, não foi possível o retrato 

mais informativo de genes diferencialmente expressos como nos dados gerados por RNA-seq, 

apresentados aqui neste estudo. 

Oya et al. (2004) determinaram as cultivares BR 16 e Embrapa 48 como sensível e 

tolerante ao déficit hídrico respectivamente. Nesse estudo, foi mensurada a suscetibilidade de 

dez cultivares de soja fundamentando-se na resposta de rendimento das mesmas condições de 

déficit hídrico. Baseando-se nesta classificação dos materiais BR 16 (sensível) e Embrapa 48 

(tolerante), o objetivo deste trabalho foi avaliá-los determinando as principais respostas 

moleculares de diferentes tecidos (folha e raiz), sob desidratação, a partir da análise do 

transcriptoma utilizando a plataforma de RNA-seq.  

1.1 OBJETIVO GERAL 

Obter dados de transcriptoma de soja sob déficit hídrico em cultivares com 

sensibilidade contrastante BR 16 (sensível) e Embrapa 48 (tolerante), com ênfase no 

metabolismo de categorias gênicas funcionais e em duas famílias de FT, AP2/EREBP e 

WRKY.  

1.2 OBJETIVO ESPECÍFICO 

a) Detectar genes diferencialmente expressos e seus respectivos níveis de dinâmica 

de expressão sob os tratamentos (estresse por déficit hídrico moderado e severo), 

de acordo com o tecido (folha e raiz) e genótipos (Embrapa 48 e BR 16); 

b) Realizar uma análise comparativa da oscilação da expressão gênica entre as duas 

cultivares (Embrapa 48 e BR 16); 

c) Selecionar os 10 genes, classificados como pertencentes às famílias de FT 

(AP2/EREBP e WRKY), mais relevantes na resposta de tolerância ao déficit 

hídrico.  

d) Obter informações da região promotora destes genes “Top 10” das duas famílias 

de transcrição. 
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1.3 HIPÓTESES LEVANTADAS 

a) A Embrapa 48 responde mais fortemente ao déficit hídrico exibindo um maior 

número de genes diferencialmente expressos em relação à BR 16; 

b) A Embrapa 48 apresenta uma resposta de tolerância mais rápida, exibindo uma 

expressão gênica diferencial deste o nível moderado de estresse, comparada à BR 

16; 

c) A Embrapa 48 exibe maior número de genes classificados como FT comparado 

com a BR 16; 

d) A Embrapa 48 apresenta maior número de genes up-regulados pertencentes à 

família gênica AP2/EREBP em relação à BR 16; 

e) Espera-se uma modulação gênica mais intensa em folhas quando comparada a 

raízes. 
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2 FUNDAMENTAÇÃO TEÓRICA 

2.1 IMPORTÂNCIA ECONÔMICA DA SOJA NO BRASIL E NO MUNDO 

Em um contexto mundial a soja é uma das commodities mais importantes 

economicamente. Essa relevância está fortemente associada ao comércio do complexo soja, as 

quais lideram a linha das exportações do Brasil com tendência à permanência desta elevação 

ainda por um longo período, visto que a demanda de soja continua crescendo e com 

satisfatório valor de mercado (CONAB, 2017b). Segundo estimativa da CONAB (2017b), 

para a safra 2017/18 da oleaginosa, o EUA permanece liderando com notáveis 33,60 %, 

seguido por Brasil representando 31,04 % e finalmente Argentina, com sua parcela de  

16,54 % da safra mundial. 

Com a demanda crescente pela leguminosa e por seus derivados, as transações 

também seguem no mesmo ritmo. Segundo o United States Department of Agriculture 

(USDA, 2018), 150,4 milhões de toneladas de soja em grãos devem ser movimentadas 

mundialmente, 4,2 % a mais que na safra 2016/17. A China é o principal país em que as 

importações devem aumentar, com 97 milhões de toneladas (+3,75 %), seguida pela União 

Europeia, com 14 milhões de toneladas (+4,6 %), México (+4,2 %), Japão (+3,9 %), Tailândia 

(+2,4 %) e Egito (+32,4 %). Diante destes dados, observa-se que a demanda mundial por soja 

se mantém estável, ainda sustentada por sua aplicabilidade na geração de farelo e óleo. A 

oferta da oleaginosa na safra 2017/18 também permanece sólida, uma vez que há uma 

preferência dos agricultores em cultivar a soja frente a outros grãos e cereais (CEPEA, 2018). 

Com relação ao Brasil, segundo Pereira (2017), na safra 2017/18, será o maior 

exportador de soja do mundo, com 64 milhões de toneladas de soja em grãos exportadas, 

aumento de 4,07 %, em relação às exportações da safra 2016/17 que foram de 61,50 milhões 

de toneladas. O complexo soja, composto pela soja em grãos e seus derivados, foi o principal 

produto exportado em 2016, representando 13,72 % de toda a exportação brasileira, ou seja, 

US$ 25,42 bilhões, ficando à frente de produtos importantes como minérios, petróleo e 

combustíveis (CONAB, 2017b). Assim como em outros países produtores do grão, no Brasil, 

a área cultivada com soja nas principais regiões agricultáveis continua aumentando, um 

esforço necessário para atender a progressiva demanda pelo produto. Proporcionalmente à 

área cultivada com outros grãos em escala mundial, a de soja tem sido a que mais cresceu no 

decorrer das últimas décadas (DALL’AGNOL, 2018). 
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O ramo agroindustrial da soja tem expressiva importância socioeconômica no país, 

pois movimenta um amplo número de agentes e organizações ligados aos mais diversos 

setores econômicos, como empresas de pesquisa e desenvolvimento, fornecedores de 

insumos, indústrias de máquinas e equipamento, produtores rurais, cooperativas 

agropecuárias, cooperativas agroindustriais, processadoras, produtores de óleo, fabricantes de 

ração e usinas de biodiesel, dentre outras. Em outros termos, o complexo soja é um 

importante gerador de riquezas, empregos e divisas, se transformando em um dos principais 

vetores de desenvolvimento regional do país (HIRAKURI; LAZZAROTTO, 2014). O setor 

do agronegócio representa quase 23 % do total produto Interno Bruto Nacional (PIB), sendo 

que o PIB de cadeias no setor da soja, de janeiro a junho de 2017, teve aumento de 2,22 % 

com valor estimado em R$ 103,2 bilhões (CEPEA; CONFEDERAÇÃO DA 

AGRICULTURA E PECUÁRIA DO BRASIL - CNA, 2017). 

No Brasil, a soja é a principal cultura em extensão de área e volume de produção. 

Tanto no Brasil, como nos Estados Unidos, a produtividade estimada para a safra 2016/17 foi 

muito superior à média normal das últimas safras, assim, e apesar do aumento de área 

estimado em 2,35 %, a CONAB (2018) prevê uma redução de produtividade para o Brasil e, 

consequentemente, uma redução na produção para a safra 2017/18, passando de 114 milhões 

de toneladas para 111,56 milhões de toneladas. Os maiores Estados produtores de soja 

nacional, hoje, estão localizados na Região Centro-Sul do Brasil (Mato Grosso, Rio Grande 

do Sul, Paraná, Goiás e Mato Grosso do Sul) que concentram 75 % da área cultivada (25,8 

milhões de hectares) e 77 % da produção nacional (79,25 milhões de toneladas) (CONAB, 

2017a). 

A cultura da soja é amplamente difundida devido à sua versátil utilização em 

diferentes segmentos. Em 2016, 40,20 milhões de toneladas de grãos de soja foram 

esmagadas, produzindo, aproximadamente, 7,83 milhões de toneladas de óleo da leguminosa. 

Esse, empregado, especialmente, para o consumo humano e para fabricação de biodiesel. 

Além disso, significativa parte da produção do farelo de soja, juntamente com o milho, são os 

principais componentes da ração animal, o que torna a produção de carnes um importante elo 

na cadeia produtiva de grãos (CONAB, 2017a). 
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2.2 ESTRESSES ABIÓTICOS QUE COMPROMETEM A CULTURA DA SOJA – PERDAS RELACIONADAS 

AO ESTRESSE HÍDRICO 

No Brasil, dentre os fatores ambientais adversos (déficit hídrico, alta salinidade, baixas 

e altas temperaturas, alagamento, poluentes) o déficit hídrico é o que mais afeta de maneira 

negativa o crescimento, metabolismo e produtividade da soja. Assim, seus efeitos nas plantas 

incluem redução nas taxas de assimilação de CO2, alteração do tamanho das células foliares 

(epiderme diminui, parênquima esponjoso aumenta), taxa de transpiração, potencial de água 

nas plantas, taxa de crescimento e condutância estomática (LAWLOR, 2013), tudo isso 

refletindo na redução da produtividade e, também da qualidade final do produto. Nos últimos 

anos no país, segue uma tendência à expansão de áreas plantadas, contudo, as regiões que 

mais sofrem com estas ocorrências de longos períodos sem água, regiões áridas e semi- 

áridas, não conseguem avançar no aumento de área para cultivo, além de prejuízos 

econômicos em consequência da perda da produtividade (CONAB, 2014). 

Os estresses abióticos, na safra 2015/16, foram os principais responsáveis pela quebra 

de produção ocorrida na cultura da soja, especialmente as elevadas temperaturas e os períodos 

de estresse hídrico (falta ou excesso de chuva) enfrentado pelas plantas. A quebra na produção 

nacional de soja chegou a 9,7 % totalizando 186 milhões de toneladas, por influência do 

fenômeno El Niño (CONFEDERAÇÃO DA AGRICULTURA E PECUÁRIA DO BRASIL, 

2017; HIRAKURI, 2016). Apesar desse percentual aparentemente não ter relevância, a 

cultura da oleaginosa ocupa uma vasta área produtiva (mais de 33 milhões de hectares) o que 

reforça os impactos negativos, tornando-os bastante marcantes. As perdas econômicas 

ocorridas na safra 2015/16 foram superiores às ocorridas na safra 2013/14 (R$ 9,2 bilhões), 

ano em que também foi marcada por intervenções climáticas nos estados sojicultores 

(HIRAKURI, 2016). 

Isso pode revelar um indício de que as alterações ambientais estão sendo cada vez 

mais impactantes na agricultura brasileira, agregando força quando se observa as más práticas 

de manejo, como a mobilização excessiva do solo, a baixa diversificação de espécies 

cultivadas, a nutrição desequilibrada do solo e o cultivo em sistema de plantio direto com 

pouca palha, as quais, muitas vezes não estão baseadas em critérios técnicos adequados e se 

transformam em um facilitador para a propagação de pragas e doenças em seus cultivos, 

dentre os quais a lavoura é exposta (HIRAKURI, 2016). 
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2.3 REMODELAÇÃO CELULAR/MOLECULAR EM CONDIÇÕES DE DÉFICIT HÍDRICO 

O déficit hídrico é um agravante quando se trata da queda na produtividade das 

culturas, acarretando grandes perdas no mundo todo. Os danos celulares (metabólicos, 

bioquímicos e fisiológicos) provocados pelo estresse, comprometem o desenvolvimento da 

planta e isso dependerá da intensidade, duração e, principalmente, da fase do ciclo de vida em 

que ocorre. Tais danos podem tornar-se irreparáveis e irreversíveis podendo levar à morte 

vegetal (CHAVES; OLIVEIRA, 2004). Estresses abióticos, no geral, são condições 

ambientais comuns que afetam o crescimento e o rendimento das mais variadas culturas. O 

desenvolvimento adaptativo ao estresse é dependente da ativação de uma cascata de redes 

moleculares envolvidas na percepção do estresse, sinal de transdução, expressão de genes 

estresse-regulados e metabólitos.  

As plantas têm respostas adaptativas estresse-específicas, assim como respostas de 

proteção a mais de uma interferência ambiental. Os sinais de percepção e rotas de sinalização 

podem ser específicos ou sofrerem cross-talk, sendo ativas em períodos de estresse distintos, 

podendo até mesmo haver estas vias cruzadas entre fatores estressantes no âmbito biótico e 

abiótico ao mesmo tempo. A cascata de ativação coordena e controla respostas fisiológicas e 

bioquímicas adaptativas necessárias (HUANG et al., 2012). Alguns ajustes na fisiologia da 

planta, como enrolamento e permanência de área verde foliar, deposição de cera epicuticular, 

fechamento estomático, aumento no crescimento de raízes e mecanismos na remodelagem 

bioquímica, bem como, redução da fotossíntese, resistência à fotoinibição, ajuste osmótico e 

estabilização de membrana em nível celular, retratam uma performance comum e marcante da 

planta perante a condições de estresse (KHAZAEI et al., 2013). 

Após a percepção e transmissão de sinais, em decorrência do déficit hídrico nas 

plantas, há um aumento na concentração de ácido abscísico (ABA) no xilema, o qual regula 

FTs que induzem inúmeras respostas adaptativas ao estresse, em que auxiliam na redução do 

crescimento foliar, na alteração de crescimento e perfil das raízes, induzem o fechamento 

estomático limitando a taxa de transpiração, participam da ativação de genes ligados ao ajuste 

osmótico, compartimentalização iônica, e à condutividade hidráulica (SALISBURY; ROSS, 

2013; VERSLUES; ZHU, 2005). O fechamento estomático é uma das linhas de defesa a ser 

ativada em resposta à deficiência hídrica em plantas. Este mecanismo resulta na menor 

absorção de dióxido de carbono (CO2) e somado a baixa concentração de água na célula, leva 

uma redução das taxas fotossintéticas, contribuindo para menor acúmulo de biomassa. Com o 

fechamento estomático e consequente redução da assimilação de CO2, há acúmulo de ATP e 
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do poder redutor (NADPH), além da redução no conjunto do aceptor final da cadeia de 

transporte de elétrons (NADP
+
). O excesso da atividade redutora pode induzir uma limitação 

exagerada da cadeia de transporte de elétrons. Neste processo, pode haver escape de elétrons, 

que reagem com o oxigênio molecular (O2), formando, portanto, as espécies reativas de 

oxigênio (EROs) (CAVATTE et al., 2011). 

As EROs são produzidas quando os elétrons da molécula de água são transferidos ao 

oxigênio e essas, causam danos nas membranas dos tilacoides. Os cloroplastos são as 

organelas mais suscetíveis ao estresse oxidativo, principalmente em razão da elevada 

concentração de oxigênio no interior dos mesmos (CORNIC; BRIANTAIS, 1991; CORNIC; 

MASSACCI, 1996). De acordo com estudos de Miller et al. (2010) e Tuteja, Singh e Tuteja 

(2011), as enzimas superóxido dismutase (SOD), glutationa redutase (GR), peroxidases 

(POX) e outras redutases são ativadas em resposta ao estresse oxidativo induzido pelo déficit 

hídrico. O efeito negativo das EROs pode ser atenuado pela presença de compostos 

antioxidantes (e.g. ascorbato, glutationa, tocoferol e carotenoides) (DESIKAN et al., 2004). 

O conteúdo de carotenóides foliares, por exemplo, aumenta a partir do avanço do 

estresse por déficit hídrico, minimizando danos ao aparato fotossintético o que caracteriza 

uma estratégia para dissipação do excesso de energia luminosa, utilizado pelas plantas, 

principalmente, mediante às condições impostas pela deficiência hídrica, na qual os 

carotenóides desempenham papel fotoprotetor (ROJAS et al., 2012). Os carotenóides 

absorvem espectro de luz visível de 400 – 700 nm, comportando-se como um filtro à radiação 

ultravioleta, a qual atua em torno de 200 – 400 nm. Portanto, reduz os possíveis danos 

celulares oriundos da incidência intensa de luz, bem como exerce função fotoprotetora a partir 

da ágil extinção dos estados excitados da clorofila, preservando, assim, as células da 

fotooxidação (TAIZ; ZEIGER, 2009). 

A queda na taxa fotossintética nem sempre é resultado da redução da condutância 

estomática (MANSFIELD; DAVIES, 1981). As mudanças na atividade fotossintética podem 

estar associadas aos danos de membrana nas células do mesofilo, a diminuição no teor de 

clorofila ou, ainda, alteração na síntese e transporte de assimilados (CORNIC; MASSACCI, 

1996). Este decréscimo na taxa de fotossíntese líquida sob estresse, também está relacionado 

com danos bioquímicos de natureza não-estomática, causada pela oxidação dos lipídios 

encontrados no cloroplasto, especialmente na membrana dos tilacóides e às mudanças na 

estrutura dos pigmentos e proteínas. Além do comprometimento da operação do ciclo de 

Clavin, como por exemplo baixa atividade da rubisco, ou ainda incapacidade de regenerar a 

ribulose- 1,5- bifosfato, devido a queda de NADPH e ATP (TAIZ; ZEIGER, 2013). 
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Os efeitos primários de plantas sob déficit hídrico são por exemplo, redução potencial 

de água e desidratação celular, os quais alteram diretamente as propriedades físicas e 

bioquímicas das células, que por sua vez, podem provocar efeitos secundários. Sendo esses, a 

alteração da atividade metabólica, citotoxidade iônica e produção EROs, as quais iniciam e 

aceleram o rompimento da integridade celular, podendo levar a morte celular (TAIZ; 

ZEIGER, 2009).  O ácido abiscísico (ABA) regula a expressão de vários genes sob condições 

de dessecação e estresse osmótico (INGRAM; BARTLES, 1996). Já a resposta na raiz é 

distinta, ao contrário do que ocorre na parte aérea, há expansão do sistema radicular, pois o 

ABA inibe a síntese de etileno local (BLUM, 1997; HANSON; HITZ, 1982; HSIAO, 1973). 

Na porção aérea da planta, ocorre um aumento das taxas de citocininas e auxinas, protegendo 

o aparelho fotossintético e cloroplastos, amenizando o efeito do déficit hídrico, permitindo a 

recuperação mais rápida da planta frente ao estresse (KRAMER; BOYER, 1995; 

YORDANOV; VELIKOVA; TSONEV, 2000). 

Em plantas submetidas ao estresse, o ajuste osmótico pode ocorrer a partir do acúmulo 

de solutos orgânicos de baixo peso molecular, aminoácidos livres e íons inorgânicos. O ajuste 

osmótico, é um processo pelo qual o potencial de água da planta pode ser reduzido sem que 

haja decréscimo no turgor celular, pois as mudanças no potencial de água resultam em 

mudanças no potencial osmótico, ou seja, o ajuste osmótico é o aumento líquido na 

concentração de soluto na célula. A manutenção do turgor possibilita a continuação da 

expansão celular e favorece manutenção de altas condutâncias estomáticas sob potenciais de 

água menores, sugerindo que o ajuste osmótico aumenta a tolerância à seca. Durante o ajuste 

osmótico, ocorre compartimentalização de íons no vacúolo, prevenindo enzimas citosólicas e 

outras organelas dos efeitos nocivos dos íons. Com isso, solutos compatíveis (prolina, 

manitol, glicina-betaína) são acumulados no citoplasma. Como eles são compostos orgânicos 

osmoticamente ativos, as moléculas de água formam uma camada de solvatação espessa, que 

favorece a redução do potencial osmótico, tornando o potencial de água mais negativo na 

planta. Portanto, o ajuste osmótico mantém o gradiente decrescente de potencial de água entre 

o solo e a planta durante condições de déficit hídrico, permitindo que as plantas continuem a 

absorver água do solo (TAIZ; ZEIGER, 2009). 

Os osmólitos mais comumente encontrados são os carboidratos solúveis (sacarose, 

frutose e glicose) e prolina, apesar dos íons inorgânicos também contribuírem para o ajuste 

osmótico (Na
+
, NO3

-
, SO4

-
, K

+
, Cl

-
, Ca

+
) (CHEN; JIANG, 2010). O acúmulo de prolina é uma 

característica relevante em muitas espécies sob deficiência hídrica (BANDURSKA, 2000; 

BANDURSKA; GO´RNY; ZIELEZIN´SKA, 2008; COSTA; HUANG, 2006; JAVADI; 
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ARZANI; EBRAHIMZADEH, 2008). Este aminoácido regula o acúmulo de nitrogênio 

utilizável, é osmoticamente ativo e contribui para a estabilidade de membranas (OZTURK; 

DEMIR, 2002). Além disso, a prolina pode agir como uma molécula sinalizadora e reguladora 

capaz de ativar múltiplas respostas, que são elementos do processo de adaptação e tolerância. 

Outra função importante é a capacidade antioxidante, estabilizando EROs e ainda a ativação 

de enzimas de desintoxicação de vias alternativas (MATYSIK et al., 2002; RUGGIERO et al., 

2004; SZABADOS; SAVOURE, 2010). 

Além dos osmoprotetores citados acima, existem moléculas cuja função é igualmente 

importante na proteção da estrutura celular ao mais severo nível de estresse, são o grupo das 

chaperonas que inclui as proteínas: Late embryogenesis abundant proteins (LEA) e 

Dehidrinas (DHN). As proteínas LEA desempenham um papel de proteção, ativam o sistema 

de reparo de danos das membranas celulares. Estas proteínas são hidrofílicas e ligam-se 

fortemente à água. Sua função pode estar associada à capacidade de reter água e deste modo 

evitar a cristalização de proteínas e outras moléculas importantes durante períodos de seca. 

Em relação as LEA, têm-se como exemplo as proteínas de choque térmico Heat shock 

proteins (HSP), as quais atuam na ativação do sistema de reparo das membranas, além de 

participarem da síntese, degradação, transporte, maturação e proteção de proteínas em vários 

tecidos e em estádios de maturidade também distintos. Podem ainda recuperar a forma 

original de proteínas inativadas pela dessecação (BOHNERT et al., 2001; SEKI et al., 2001). 

Já as DHN, estabilizam macromoléculas permitindo o crescimento celular em raízes sob 

déficit hídrico e assim como outras chaperonas atuam na proteção de proteínas contra agentes 

desnaturantes, mediante a captura de íons e reestabelecimento das pontes de hidrogênio, o que 

auxilia na estabilidade de membrana (CHAVES; OLIVEIRA, 2004). 

2.4 FATORES DE TRANSCRIÇÃO E SEU PAPEL NA TOLERÂNCIA A ESTRESSES 

Os FT participam na cascata de ativação gênica de diversas vias metabólicas 

relacionadas a estresses bióticos e abióticos. O estresse em plantas inicia-se a partir de uma 

complexa via de respostas, começando com a percepção do estresse, o qual desencadeia uma 

cascata de eventos moleculares, sendo finalizada em vários níveis de respostas fisiológicas, 

metabólicas e de desenvolvimento (BRAY, 1993). Mudanças de expressão gênicas, induzidas 

por estresse, por sua vez podem participar na geração de fitohormônios tais como ABA, ácido 

salicílico e etileno. Estas moléculas podem amplificar os sinais e induzir uma segunda etapa 

de sinalização podendo seguir a mesma via metabólica ou usar outra via metabólica. Inúmeros 
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FTs atuam na resposta ao estresse, alguns são dependentes de ABA e outros não, tais vias são 

denominadas ABA-dependente ou ABA-independente quando assim são ativadas. Existem 

elementos que são induzidos por ambas as vias, podendo ocorrer respostas cruzadas entre 

estas diferentes vias de sinalização (LEUNG; MERLOT; GIRAUDAT, 1997; WANG et al., 

2008). 

Fatores de transcrição são ativados ou reprimidos por proteínas cinases ou fosfatases, e 

regulam diretamente a expressão de uma variedade de genes abaixo da cascata de sinalização 

(downstream), interagindo com o cis-elemento específico na região promotora. 

Adicionalmente, os próprios FTs são regulados por outros componentes acima da cascata de 

sinalização (upstream) (HIRAYAMA; SHINOZAKI, 2010) e após várias modificações à 

nível pós-traducional, como ubiquitinação e sumoilação, eles formam uma rede regulatória 

complexa que modula a expressão de genes sensíveis ao estresse, ativando vários processos 

fisiológicos e metabólicos (MIZOI et al., 2013). A ubiquitinação é uma reação rápida e 

reversível que consiste na adição de uma proteína, a ubiquitina, a um resíduo de lisina do 

substrato através de uma ligação isopeptídica (CIECHANOVER et al., 1980). Grande parte 

das ubiquitinas conhecidas são membros da família do Small ubiquitin related modifier 

(SUMO), essas, são pequenas com peso cerca de cerca de 12 kDa (SARACCO et al., 2007). A 

adição de SUMO (ou sumoilação) é uma conjugação reversível e que necessita de energia, 

este processo atua na regulação das atividades biológicas cruciais. A SUMOilação é 

importante na diversificação de respostas ao estresse das plantas (CASTRO et al., 2012). As 

enzimas da via do SUMO são homólogas às da via da ubiquitinação, porém são específicas do 

processo (MEULMEESTER; MELCHIOR, 2008) (Figura 1). 

Nas últimas décadas, foram realizadas pesquisas importantes para a identificação e 

caracterização de diferentes FTs que contribuem para a resposta ao estresse por seca (JOSHI 

et al., 2016b). Em plantas, grande parte dos genes (até 10 %) são potencialmente codificados 

em FTs (FRANCO-ZORRILLA et al., 2014), os quais são categorizados dentro de diferentes 

famílias gênicas, bem como: AREB, AP2/EREBP, MYB, WRKY, NAC, HD-Zip, Zinc Finger 

Proteins, bHLH, ARF/Aux-IAA e bZIP e são classificadas de acordo com a diferença da 

estrutura do seu domínio de ligação ao DNA (GOLLDACK; LÜKING; YANG, 2011; JIN et 

al., 2014). São inúmeros os FTs existentes que atuam nos estresses abiótico e biótico, dentre 

eles o C-repeat binding factors - CBF (CBF1, CBF2, CBF3, CBF4, CBF2-1, CBF2-2) 

(CHINNUSAMY; ZHU; ZHU, 2007; KUME et al., 2005; XIONG; FEI, 2006), membros da 

família AP2/EREBP, que atuam, principalmente, em baixas temperaturas (frio) ativando 

genes Cold-regulated genes COR (COR78/RD29A; COR47; COR15a, COR 6.6) 
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(STOCKINGER; GILMOUR; THOMASHOW, 1997; YAMAGUCHI-SHINOZAKI; 

SHINOKAKI, 1994); DREB1/DREB2 (DREB1a, DREB1b, DREB1c, DREB2A, DREB2B); 

que atuam em situações de déficit hídrico, frio e alta salinidade; NAM, ATAF, and CUC  

(NAC) (NAC2, NAC019, NAC055, NAC072, NAC6, NAC1, NAC2, NAC23) (HU, 2006; 

NAKASHIMA et al., 2007) e bZIP (ABF1, ABF2, ABF3, ABF4, bZIP 44, bZIP 62, bZIP78, 

bZIP132) que respondem a condições de estresse abiótico e biótico (como defesa contra 

patógenos) (DEPPMANN; ALVANIA; TAPAROWSKY, 2006; LIAO et al., 2008a); 

MYC/MYB (MYB2, MYB76, MYB92, MYB177) (AGARWAL et al., 2006; LIAO et al., 2008b) 

que, também, são induzidos pelos estresses relacionados ao DREB (Figura 1). 

Alguns elementos específicos induzem pelo seu sinal particular a expressão de FT 

alvo, é o caso do gene Inducer of CBF expression (ICE) (ICE1, ICEr, ICErl) que ativam a 

expressão dos membros CBFs (ZARKA et al., 2003) (Figura 1). Vários trabalhos relacionam 

uma tolerância ao estresse em plantas ao desempenho dos FT. A superexpressão do AtCBF1 

ou AtCBF3 tanto em construções estresse-induzidas como constitutivas em plantas 

transgênicas de tomate (Solanum lycopersicum) (HSIEH et al., 2002); tabaco (Nicotiana 

tabacum) (KASUGA et al., 2004); trigo (Triticum) e arroz (Oryza sativa) (OH et al., 2005) 

proporcionam tolerância ao frio. Em outros estudos relacionados ao mesmo gene, a 

superexpressão e respostas em arroz (Oryza sativa) (DUBOUZET et al., 2003); milho (Zea 

mays) (QIN et al., 2004) também foram semelhantes.  

Já os FTs DREB e outros como AREB não possuem esta característica, são acionados 

por inúmeras moléculas e respostas. Os DREB desempenham papel importante na ativação de 

genes funcionais relacionados à tolerância à seca, salinidade, frio e calor (NAKASHIMA et 

al., 2007; SAKUMA et al., 2006b). Em A. thaliana DREB1A mutante, por exemplo, foi 

possível observar a indução constitutiva da expressão dos genes COR (alvos do CBF) 

(CHINNUSAMY; ZHU; ZHU, 2006). O gene AtDREB2A, foi inserido em plantas e essas 

apresentaram tolerância ao calor, desidratação e salinidade (SAKUMA et al., 2006). Análises 

moleculares amplas mostraram que o ABA regula a expressão de inúmeros genes sob 

condições de estresse osmótico, e o elemento ABA-responsivo (ABRE) é o principal cis-

elemento para a expressão de genes sensíveis ao ABA.  

Os FTs são reguladores-chave da expressão gênica (Figura 1). A proteína ABRE-

ligada e o FT ABRE-ligado controlam a expressão gênica em uma via ABA-dependente. As 

proteínas cinases relacionadas com Sucrose non-fermenting (SNF1 e 2), proteínas fosfatases 

do tipo do grupo A e 2C e os receptores ABA controlam a via de sinalização ABA 

(NAKASHIMA; KAZUKO; KAZUO, 2014). As vias de sinalização independentes de ABA, 

https://pt.wikipedia.org/wiki/Nicotiana_tabacum
https://pt.wikipedia.org/wiki/Nicotiana_tabacum
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como os FTs DREB e NAC também estão envolvidas em respostas de tolerância, incluindo 

seca, calor e frio. Ainda de acordo com Nakashima, Kazuko e Kazuo (2014), existem 

interações entre a principal via de sinalização ABA e outros fatores de sinalização na resposta 

ao estresse, além disso, o controle de ABA ou a expressão dos fatores de sinalização do 

desequilíbrio ambiental podem favorecer tolerância a condições adversas. A superexpressão 

de FTs estresse-específicos ampliam a tolerância ao déficit hídrico e rendimento de grãos em 

comparação com as plantas controles no campo (FUGANTI-PAGLIARINE et al., 2017). 

Zhou et al. (2008), relataram a resposta de tolerância ao frio de plantas de A. thaliana 

transgênicas contendo o gene GmWRKY2. Enquanto, neste mesmo estudo também em plantas 

de A. thaliana mutantes, o gene GmWRKY54 conferiu tolerância à seca e à salinidade, o que 

foi atribuído a uma possível regulação do DREB2A e Recombinant zinc finger protein 

(STZ/Zat10). A superexpressão do gene GmWRKY13 em um dos eventos transgênicos 

avaliados, por outro lado, apresentou aumento na sensibilidade ao estresse salino e osmótico 

(mannitol), mas reduziu a sensibilidade ao ABA quando comparado às plantas selvagens.  

Adicionalmente, as plantas transgênicas contendo o gene GmWRKY13 mostraram um 

aumento em raízes laterais. Tais resultados indicam que, os três genes GmWRKY avaliados 

possuem papeis distintos na resposta de tolerância ao estresse abiótico. A compreensão de 

FTs envolvidos na regulação das respostas da planta que contribuem para a tolerância ao 

déficit hídrico através de suas vias/atividade e cross-talk, é, portanto, uma fonte potencial em 

estratégias para programas de melhoramento de culturas (JOSHI et al., 2016a). 
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Figura 1 - Modelo esquemático da regulação transcricional de diferentes FTs na resposta de 

tolerância ao déficit hídrico em plantas. 

 

Fonte: Adaptada de Joshi et al. (2016a). 

2.5 FATORES DE TRANSCRIÇÃO DA FAMÍLIA WRKY E AP2/EREBP 

A família de fator de transcrição WRKY é uma das mais importantes em plantas, 

sendo amplamente distribuída entre todos os organismos vivos variando de eucariota 

unicelular a plantas superiores (RUSHTON et al., 2010). Estes FTs são parte integrante de 

muitas vias de sinalização envolvidas na regulação de diversos processos em plantas, podem 

atuar como repressores ou ativadores e participam da sinalização e regulação transcricional 

por meio das interações com uma variedade de proteínas, incluindo MAP cinases, 

calmodulina, histonas desacetilases, proteínas de resistência entre outras (KHAN et al., 2017). 

Os FTs pertencentes à família WRKY são marcados pelo domínio de DNA-ligante WRKY 

com cerca de 60 aminoácidos com sequências invariantes de WRKY (triptofano, arginina, 

lisina e tirosina) no N-terminal e uma atípica estrutura Zinc-finger no C-terminal. A estrutura 

Zinc-finger é CX4-5CX22-23HXH ou Cx7Cx23HxC (EULGEM et al., 2000; RUSHTON et 

al., 2010). FT WRKY interagem com a região W-box (com motif principal TTGACC/T) do 
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promotor de seus genes-alvo. Em soja já foram identificados 182 genes classificados como 

pertencentes a família WRKY (BENCKE-MALATO et al., 2014). 

Mutantes de A. thaliana contendo o gene OsWRKY08 demonstraram-se tolerantes ao 

estresse osmótico por manitol, através do aumento do número de raízes laterais e indução do 

crescimento de raízes principais durante a germinação das sementes (SONG; JING; YU, 

2009). Ainda em A. thaliana, sob altas temperaturas, os genes WRKY25, WRKY26, WRKY33 e 

WRKY39 foram diferencialmente expressos, em que Li et al. (2011) sugerem uma regulação 

cruzada entre os genes WRKY25, WRKY26 e WRKY33 refletindo na interação sinergética 

entre estes três genes durante o estresse por altas temperaturas. Outro membro da família 

WRKY, o gene OsWRKY74 está envolvido nas respostas de tolerância contra o frio em arroz 

(RAMAMOORTHY et al., 2008). Os FT WRKY18, WRKY40 e WRKY60 de A. thaliana 

participam de rotas-chave na resposta a estresses bióticos e abióticos, formando uma rede 

reguladora altamente interativa que orquestra a expressão de genes de defesa em plantas 

(CHEN et al., 2010). 

A família AP2/EREBP inclui um grande grupo de FT específicos de plantas e é 

caracterizada pela presença do domínio de ligação APETALA2/ethylene responsive factor 

(AP2/ERF) altamente conservado, constituído por 58 a 60 aminoácidos. Esta classe de FT 

interage diretamente com o elemento GCC-box e/ou Dehydration-responsive element/C-

repeat element (DRE/CRT) cis-elemento ativado na região promotora (SAKUMA et al., 

2002; XU et al., 2008). A superfamília AP2/EREBP é dividida de acordo com o número e 

similaridade dos domínios AP2/ERF em quatro subfamílias principais: AP2, ERF, DREB e 

RAV (relatada por ABI3/VP1) (SAKUMA et al., 2002). Em uma análise de genômica foi 

identificado um vasto número de membros da família AP2/ERFBP em várias espécies, com 

145 representantes em A. thaliana (RIECHMANN; MEYEROWITZ, 1998), 170 em arroz 

(Oryza sativa) (RASHID et al., 2012) 178 em sorgo (Sorghum bicolor) (SRIVASTAV et al., 

2010), 200 em álamo (Populus) (ZHUANG et al., 2008), 291 em repolho chinês (Brassica 

rapa subsp. Pekinensis) (SONG; LI; HOU, 2013), 171 em milheto (Pennisetum glaucum) 

(LATA et al., 2014), 116 em bambu (Bambusa vulgaris) (WU et al., 2015) e 148 em soja 

(Glycine max) (ZHANG et al., 2008). 

As subfamílias ERF e DREB/C-repeat binding factor (CBF) foram amplamente 

estudadas devido ao envolvimento em respostas a estresses bióticos e abióticos em plantas 

(NAKASHIMA; KAZUKO; KAZUO, 2014; RASHID et al., 2012; SHARONI et al., 2011). 

Os fatores de transcrição de DREB/CBF desempenham um papel importante na regulação dos 

genes, respondendo a vários estresses, como frio, seca, alta salinidade e calor, em diferentes 
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espécies (KIDOKORO et al., 2015; NAKASHIMA; ITO; YAMAGUCHI-SHINOZAKI, 

2009; ZONG et al., 2016). O DREB1A/CBF e DREB2, com 11 e 6 genes identificados em 

arroz (Oryza sativa) respectivamente, atuam, nessa mesa ordem, em resposta ao estresse por 

frio e déficit hídrico. Ambos atuam em rotas ABA-independente (NAKASHIMA; KAZUKO; 

KAZUO, 2014; SRIVASTAV et al., 2010). Os genes OsDREB1A, OsDREB1B, OsDREB1C, 

e OsDREB1D de arroz (Oryza sativa), foram caracterizados por Dubouzet et al. (2003). Os 

FTs DREB1/CBF, interagem especificamente com DRE/CRT e regulam a expressão de 

importantes genes estresse responsivos. Diferentes estudos confirmam que a expressão de 

genes DREB1/CBF é diferencialmente regulada por outros genes como ICE1, High 

expression of osmotically responsive genes 1 (HOS1), MYB15, SAP e Miz 1 (SIZ1), 

Phytochrome-interacting factor (PIF7), (Calmodulin-binding transcription activator 3 

(CAMTA3) (DONG; FARRÉ; THOMASHOW, 2011; QIN; SHINOZAKI; YAMAGUCHI-

SHINOZAKI, 2011). 

A superexpressão do gene DREB1A/CBF induziu expressão de inúmeros genes 

estresse-responsivos proporcionando melhor tolerância em relação ao déficit hídrico, 

incluindo tomate (Solanum lycopersicum), crisântemo (Chrysanthemum), batata (Solanum 

tuberosum) (IWAKI et al., 2013), soja (Glycine max) (DE PAIVA ROLLA et al., 2014), arroz 

(Oryza sativa) (DATTA et al., 2012; NAKASHIMA; ITO; YAMAGUCHI-SHINOZAKI, 

2014; PAUL et al., 2015), tabaco (Nicotiana tabacum) (PHUONG et al., 2015), cana-de-

açúcar (Saccharum officinarum) (AUGUSTINE et al., 2015), amendoim (Arachis hypogaea) 

(BHATNAGAR-MATHUR et al., 2014; TIWARI et al., 2015) e trigo (Triticum) 

(SHAVRUKOV et al., 2016). O gene OsDREB1F é reportado como induzido por déficit 

hídrico e ABA exógeno (WANG et al., 2008). A superexpressão do gene OsDREB1G 

também é conhecida por promover tolerância ao déficit hídrico (CHEN et al., 2008). 

Mais recentemente, plantas de tabaco (Nicotiana tabacum) transgênico com elevado 

nível de tolerância à seca e salinidade foi obtido através da superexpressão do gene SsCBF4 

da suculenta Suaeda salsa (ZHANG et al., 2015). A expressão estresse-induzida e constitutiva 

dos genes OsDREB2A e OsDREB2B em plantas de arroz transgênicas tem resultado no 

aumento da tolerância ao estresse osmótico (CUI et al., 2011; MIZOI et al., 2013).  Plantas de 

A. thaliana superexpressando OsDREB2B exibiram ativação ampliada dos genes alvo do 

DREB2A e consequente aumento na tolerância à seca (MATSUKURA et al., 2010). O 

mesmo foi observado em soja transgênica, em que a superexpressão do DREB2A ampliou a 

condição de tolerância a este mesmo estresse (ENGELS et al., 2013). 
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Sob condições normais, o DREB2A é controlado por dois mecanismos: (I) Growth 

regulating factor 7 (GRF7), o qual inibe a expressão do DREB2A ligando-se à uma curta 

porção da região promotora (SINGH; LAXMI, 2015) e (II) degradação direcionada pela 

proteólise mediada por proteossoma 26S auxiliado pelas proteínas DREB2A- interacting 

protein 1 and 2 (DRIP1) e (DRIP2) (MORIMOTO et al., 2013; SINGH; LAXMI, 2015) 

(Figura 1). Assim, a expressão estresse-induzida do DREB2A sob condições de déficit hídrico, 

atua como um mecanismo de minimizar a perda ineficiente de energia (SINGH; LAXMI, 

2015). Além dos membros DREB1A e DREB2, vários outros FTs do tipo AP2/EREBP 

também foram caracterizados em arroz com o objetivo de melhorar a tolerância ao estresse 

abiótico. Entre eles, a superexpressão do gene HARDY (um subgrupo da família A-4 

AP2/EREBP) obtido a partir de plantas de A. thaliana em Trifolium levou à tolerância ao 

estresse osmótico (ABOGADALLAH et al., 2011). OsDERF1 foi estabelecido como um 

modulador negativo no ajuste osmótico interagindo diretamente com uma região GCC-box 

localizada no promotor do gene OsERF3 (WAN et al., 2011). Além disso, o OsERF3 contém 

um domínio Ethylene-responsive element binding factor-associated amphiphilic repression 

(EAR), que reprime a produção de etileno ao nível severo de estresse por déficit hídrico 

(ZHANG et al., 2013). No entanto, Joo et al. (2013) descreveram o gene OsERF4a como um 

regulador positivo do crescimento das plantas e tolerância à seca em arroz. Além disso, a 

expressão ectópica do gene JERF3 em tomate (Solanum lycopersicum), libera açúcares 

solúveis e prolina com aumento da tolerância à seca nesta mesma espécie (ZHANG et al., 

2010). 

2.6 ANÁLISE DE TRANSCRIPTOMA E A FERRAMENTA RNA-SEQ  

Algumas tecnologias vêm trazendo avanços nos estudos de transcriptoma nos últimos 

anos. O sequenciamento do RNA (RNA-seq), por exemplo, possui uma vasta aplicação, 

porém, o protocolo de análise nem sempre é o mesmo para todos os casos (CONESA et al., 

2016). O RNA-seq se resume na combinação de uma metodologia de sequenciamento de alto 

rendimento com métodos computacionais para capturar e quantificar transcrições presentes 

em um extrato de RNA (OZSOLAK; MILOS, 2011). As sequências de nucleotídeos geradas 

são tipicamente cerca de 100 pb de comprimento, mas podem variar de 30 pb a mais de 

10.000 pb, dependendo do método de sequenciamento utilizado. O RNA-Seq se dispõe da 

profunda amostragem do transcriptoma, com muitos fragmentos leves das sequências alvo, 

para permitir a reconstrução computacional do RNA original, alinhando as sequências (reads) 
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geradas com um genoma de referência, para assim, fazer a montagem final dos transcritos 

(WANG; SNYDER, 2009). O intervalo dinâmico típico de cinco ordens de grandeza para 

RNA-seq é uma das vantagens-chave em relação ao transcriptoma oriundo de metodologias 

como a de Massive Parallel Signature Sequencing (MPSS), DNA microarray, Serial Analysis 

of gene expression. (SAGE), Differential display (RT-PCR), EST sequencing (LOWE et al., 

2017). 

Adicionalmente, a quantidade de RNA utilizado é muito menor para aplicação do 

RNA-seq (concentração em nanograma), enquanto em outras metodologias, há uma 

necessidade maior de moléculas de RNA, ficando limitado à microgramas. Deste modo, o 

RNA-seq permitiu um estudo mais refinado das estruturas celulares, chegando a análises em 

uma única célula quando combinado com amplificação linear do cDNA (HASHIMSHONY et 

al., 2012). Supostamente, não há limite de quantificação em RNA-seq para transcritos longos 

e que são supexpressos em relação ao material comparado, porém, fragmentos pequenos, 

menores do que 100 pb, em regiões não repetitivas, a quantificação pode ser comprometida 

(OZSOLAK; MILOS, 2011). 

O RNA-seq pode ser uma ferramenta na identificação de genes que compõe um 

genoma, além da possibilidade de discriminar aqueles genes ativos/reprimidos nas condições 

ambientais e metabólicas exatas em que a planta se encontra no momento da coleta de tecidos 

para análise. A contagem de sequências (reads) pode ser usada para presumir o nível de 

expressão gênica relativo (TACHIBANA, 2015). Há um avanço constante na metodologia do 

RNA-seq, principalmente pelo desenvolvimento e inovação das tecnologias de 

sequenciamento de DNA, aumentando o rendimento, a precisão e o comprimento das 

sequências (TACHIBANA, 2015). As estratégias transcriptômicas têm ampla aplicação em 

diversas áreas de pesquisa biomédica, incluindo diagnóstico e perfil de doenças (OZSOLAK; 

MILOS, 2011). Estudos também foram realizados em soja, em que foi possível obter o perfil 

de expressão de uma família de FT (GmAP2/EREB-like) em plantas sob condições de déficit 

hídrico (MARCOLINO-GOMES et al., 2013), análise do transcriptoma ao longo das 

oscilações diárias da modulação gênica em plantas sob déficit hídrico (RODRIGUES et al., 

2015), e ainda em Chen et al. (2016) em que identificaram e compararam genes 

diferencialmente expressos em folhas sob condições de déficit hídrico e encharcamento. Mais 

recentemente, Janiak et al. (2018), observaram que a tolerância à seca pode ser atribuída aos 

padrões de expressão que existem antes da ocorrência de estresse em cevada (Hordeum 

vulgare).  
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Em suas variadas abordagens, o RNA-seq permitiu a identificação, em grande escala, 

dos sítios de início da transcrição e descoberta do uso de promotores alternativos, além das 

novas alterações de splicing (COSTA et al., 2013). O RNA-seq também pode identificar 

polimorfismos de nucleotídeos únicos associados à doença (SNP), expressão específica do 

alelo e fusão de genes, contribuindo para a compreensão de variantes causais da doença 

(KHURANA et al., 2016). Os retrotransposons são elementos transponíveis que proliferam 

nos genomas eucarióticos através de um processo que envolve a transcrição reversa, o RNA-

seq, neste caso, pode fornecer informações sobre a transcrição de retrotransposons endógenos 

que podem influenciar a transcrição de genes vizinhos por vários mecanismos epigenéticos 

que levam à doença alvo (SLOTKIN; MARTIENSSEN, 2007). 

Análises transcriptômicas permitem a identificação de genes e rotas que respondem e 

enfrentam estresses ambientais bióticos e abióticos, viabilizando o reconhecimento de novas 

redes transicionais em sistemas complexos. Um exemplo dessa aplicabilidade foi 

demonstrado na análise comparativa de uma variedade de grão-de-bico (Cicer arietinum) em 

diferentes estádios de desenvolvimento, em que foram observados perfis transcricionais 

distintos associados aos estresses de seca e salinidade, incluindo a identificação do papel das 

isoformas dos transcritos do AP2/EREBP (GARG et al., 2016). A Transcriptômica 

revolucionou a compreensão de como os genes são modulados/expressos, oscilando e 

adequando-se às condições ambientais. Ao longo das últimas três décadas, as novas 

tecnologias redefiniram e reinventaram o que é possível investigar. A integração com outras 

plataformas de informação está gerando uma visão cada vez mais interativas das 

complexidades celulares (LOWE et al., 2017). 
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Abstract 26 

Water deficit stress is considered the major threat to soybean production 27 
worldwide. Considering that the tolerance to water deficit stress is a genetical complex 28 
trait, the identification of genes and the understanding of the respective involved routes in 29 
plants is necessary. To study the oscillations of gene expression in leaves and roots of 30 
soybean, two contrasting soybean genotypes, BR 16 (sensitive) and Embrapa 48 (tolerant), 31 
under different stress levels (moderate and severe) were evaluated. Additionally, a large 32 
difference in the expression pattern between both genotypes was detected. The differentially 33 
expressed genes in Embrapa 48 represented approximately 47% of confronting among all 34 
54,175-soybean genes, while BR 16 represented 42%, for the experimental conditions 35 
evaluated. Moreover, when the analysis was restricted to only eight gene categories 36 
(Transcription factor (TF), amino acid, ABA precursor, ABA metabolism, development, 37 
drought, peroxidase and sucrose), it was observed that Embrapa 48 showed 770 more up-38 
regulated genes than BR 16, totaling 2,456 and 1,882  expressed genes, respectively. In 39 
general, the response in leaves is more active than roots, in which was possible to define the 40 
differences in gene profile between Embrapa 48 and BR 16.  According to the results, it is 41 
possible to infer that Embrapa 48 responds to stress faster than BR 16, presenting a larger 42 
number of genes expressed, while the sensitive genotype exhibited a down-regulated 43 
expression activity. This behavior persisted throughout all functional and biologic reported 44 
categories. Embrapa 48 exhibits initial gene modulation directed for dangers 45 
stress, maintaining genes related to active development processes, in other words, to basic 46 
functions. Additionally, our study allowed the identification of important candidate genes for 47 
drought tolerance. As example, those genes expressed exclusively in the drought tolerant 48 
cultivar Embrapa 48, belonging to the category of dehydration responsive genes, or genes 49 
with contrasting expression pattern between Embrapa 48 and BR 16 (Glyma13g35970), 50 
which possibly act in the drought tolerance response.  51 
 52 
Keywords: abiotic stress, drought-tolerance response, abscisic acid (ABA), osmoregulation. 53 

 54 
1 Introduction 55 

Soybean, considered a worldwide commodity, is affected by biotic and abiotic 56 
stresses. In this way, due to climate changes and expansion of agricultural areas, new 57 
requirements related to factors that directly affect agricultural productivity have been 58 
established (Haggag et al., 2015). Therefore, the development of biotechnological tools for 59 
identification/characterization of promoters, genes, and other factors that add tolerance to 60 
abiotic stresses, such as drought, has great importance in the productive aspect (Abdallah et 61 
al., 2015; Cardi et al., 2017). Crop yield is highly affected by water deficit stress, in which the 62 
plants present physiological strategies, biochemical and morphological modulation as an 63 
adaptive/defense method under stress conditions.   64 

Oya et al. (2004), evaluating different parameters to determine the contrast 65 
sensitivity profile of soybean genotypes under water deficit stress, found high yield at 66 
Embrapa 48 and therefore, was considered tolerant, while BR 16 was classified as sensitive 67 
when based in yield characteristics of the evaluated plants under water deficit conditions. 68 
However, molecular characterization, which is a highly informative analyze, capable of 69 
demonstrating the reason for this difference in performance between sensitive and tolerant 70 
cultivars, have not been performed. The molecular tolerance responses are considered 71 
complex traits controlled by many genes (Molina et al., 2008). An initial response at the 72 
cellular level is activated by inducing a complex network of signal transduction orchestrated 73 
by a sequence of molecular events. Some genes are considered principal codes for proteins 74 
that act directly (functional genes), avoiding the possible damages caused by stress, or has 75 
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regulatory roles, acting as activators and/or deactivators of proteins, in metabolic routes and in 76 
the activation of the gene cascades (Khazaei et al., 2013). 77 

Several transcriptomic studies have already been performed in different species and 78 
experimental conditions. In soybean, research was performed using RNA sequencing (RNA-79 
seq) as a platform for evaluating gene expression (Rodrigues et al., 2015), in which it was 80 
observed the daytime transcriptome fluctuations during water deficit stress. Furthermore, 81 
Marcolino-Gomes et al. (2015) characterized the expression profile of the transcription factor 82 
(TF) family GmAP2/EREBP. Similarly to this work, Rodrigues et al. (2012) employed 83 
Suppressive Subtractive Hybridization (SSH) for transcriptome analysis in soybean under 84 
drought conditions, and found differentially expressed genes and profile/modulation of gene 85 
classes in a both evaluated cultivars (Embrapa 48 and BR 16). However, a more informative 86 
description of differentially expressed genes up and down regulated in data generated by 87 
RNA-seq was not evaluated. Recent data shows that the deficit water stress has resulted in 88 
strong losses in soybean productivity. An example occurred in January 2018 in Argentina, in 89 
which the Buenos Aires stock exchange reduces the soybean harvest estimate to 37 million 90 
tons (down almost 30% from the previously prediction) (Agro-DBO, 2018). Thus, the refined 91 
and more complete analysis of the soybean transcriptome in response to water deficit stress, 92 
using RNA-seq as a potential tool in the more detailed reporting of genes and their respective 93 
expression profiles, would be very useful in the direction of strategies for genetic engineering 94 
and genome editing.  95 

Therefore, in order to expand the knowledge and reveal new perspectives about the 96 
oscillation of the soybean transcriptome in stress conditions, in this study, gene expression 97 
profiles of contrasting soybean genotypes (BR 16 and Embrapa 48)  was compared by RNA-98 
seq, allowing the evaluation of the main molecular peculiarities that differentiate these 99 
cultivars in both tissues (leaf and root), under different stress levels (moderate and severe). 100 

 101 
2 Results 102 
2.1 Comparative differentially expressed genes in leaf and root in response to moderate 103 
and severe stress library 104 

The transcriptomic analysis by RNA-seq platform was used to identify differential 105 
expressed genes in two soybean cultivars (BR 16 and Embrapa 48), under water deficit 106 
conditions. Samples from roots and leaves of plants submitted to moderate (25 and 50 min 107 
under stress) and severe stress (100 and 150 min under stress). The differential expression was 108 
calculated based on calibration with control samples (not stressed). A total of 47,177,642 109 
reads were obtained after adapter removal, it was reduced to 23,246,624 reads (Table 1), 110 
when mapping considering only sequences with a maximum two mismatches in the first 32 111 
bases. Furthermore, were obtained 55,787 mRNAs annotated, whose, 51,322 were hit by at 112 
least 1 mRNA and 39,951 pass the low counts filter. 113 

Differentially expressed genes under water deficit conditions were distributed 114 
between up and down-regulated genes (Table. 2). Based in Figure 1 in S1 and Figure 1 in S2, 115 
it can be inferred that the stress responses are more evident in leaves, where genes 116 
differentially expressed (up and down-regulated) respond more intensively when compared to 117 
roots in both cultivars. Additionally, Embrapa 48 showed more up-regulated genes at 118 
moderate stress in leaves, different from BR 16 (Table 2 and Figure 1 in S1), which presented 119 
similar number of genes differentially expressed distributed in up and down-regulated, 120 
considering the same tissue and level of stress (Table 2).  121 

In the moderate stress, the number of up-regulated genes from Embrapa 48 (4693 in 122 
leaf) exceeded the amount of BR 16 expressed genes (2009 in leaf), maintaining this structure 123 
when analyzing the total number of differentially expressed genes (up and down). Embrapa 124 
48 evidenced more genes (±11%) than BR 16, obtaining the sum 25203 differentially 125 
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expressed genes, whereas BR 16 had only 22517 (Table 2). Embrapa 48 presented a number 126 
of differentially expressed genes greater than that exhibited by BR 16 (Figure 1A, C and D) 127 
for almost all treatments (except for leaf on severe stress). Regarding the treatment of leaf in 128 
severe stress library, it was possible to observe a large number of up-regulated genes (4125) 129 
exclusive of BR 16 modulating, while Embrapa 48 presented a few less (3588) (Figure 1B). 130 
Considering the roots, the moderate stress BR 16 showed 2389 exclusive genes, increasing 131 
this number to 3267 exclusive genes in next stress level. This was also observed for Embrapa 132 
48 (3591 in moderate stress) and (3494 in severe stress). However, the increase in the number 133 
of genes from one level of stress to the other was not as high as in BR 16 (Figure 1C and D). 134 
In general, BR 16 showed a higher gene activation in severe stress, reaching almost double 135 
differentially expressed genes when compared to the number of genes obtained in the 136 
moderate stress (Figure 1). On the other hand, Embrapa 48 has demonstrated a more active 137 
gene modulation since the moderate stress library (Figure 1A and C). 138 

Among the genes that presented the highest differential expression obtained by 139 
RNA-seq, the Glyma09g31740 gene (Dehydrin) identified in leaf of Embrapa 48 under severe 140 
stress, stood out, presenting the highest expression level among all up-regulated genes and a 141 
fold-change of 1594.81 (Log2= 10.63) (red arrow shown in Figure 2D). Moreover, the gene 142 
Glyma20g29770 achieved a high expression level in leaf of BR 16 in the severe stress, with 143 
fold-change 1186.29 (Log2= 10.21) (no annotation) (red arrow shown in Figure 2B).  144 

In roots, the difference in the general expression profile was not as much evident 145 
between cultivars (Table 2 and Figure 1 in S2). Embrapa 48 and BR 16 showed more number 146 
of differential expression gene in severe stress, considering the moderate stress (Table 2). 147 
Embrapa 48 obtained more down-regulated genes than BR 16 (Table 2). Considering the 148 
intensity of gene modulation based on both profile expression (up and down), Embrapa 48 149 
maintained a higher pattern in the moderate stress, obtaining 3575 genes, whereas BR 16 150 
presented only 2431 exclusive genes (Figure 1C). In the roots of Embrapa 48, the gene 151 
Glyma03g26310 (AP2 domain) was highlighted, obtaining high level of fold-change 544.18 152 
(Log2= 9.08), when compared to the others genes in same treatment (red arrow shown in 153 
Figure 3D). 154 

Analyzing just eight categories of the twelve selected in this study, for leaf and root, 155 
Embrapa 48 showed approximately 770 more up-regulated genes when compared to BR 16, 156 
totaling 2456 and 1882 expressed genes respectively, whereas to down-regulated genes 157 
occurred, totaling 1686 in Embrapa 48 and 2408 in BR 16 (Figure 4). 158 

 159 
2.2 Analysis of patterns expression and functional roles of leaf under water deficit stress 160 

RNA-seq transcriptome data of Embrapa 48 and BR 16 genotypes showed 161 
significantly different expression patterns to leaves, according to the different metabolism and 162 
biological process (Figure 5). Twelve categories were selected based on the results of 163 
MapMan 3.6 ORC bioinformatics tool: transcript factor, aminoacid, tricarboxylic cicle acid 164 
(TCA), sucrose, photorespiration, light reactions, lipids, cell wall, acid abscisic (ABA) 165 
precursor, ABA metabolism, drought/Salt, peroxidase, development.  166 

It is possible to verify the impact of stress, being the greatest difference between 167 
cultivars observed in the leaf (Figure 5 and Figure 1 in S1), in which the higher contrast was 168 
observed in the modulation of the gene expression pattern. Considering the results obtained 169 
for leaf, in the moderate stress library, it is observed that in the tolerant cultivar Embrapa 48, 170 
most of the genes presented an up-regulation pattern in all categories, indicating gene 171 
modulation against the damages of stress, besides maintaining the basic plant metabolism 172 
processes such as photosynthesis, respiration, growth and development, primary metabolism 173 
genes such as sugars and amino acids, as well as for secondary metabolism (flavonoids, 174 
terpenes, phenylpropanoids and phenolics and waxes) (Figure 5). This same profile was not 175 
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observed in the sensitive cultivar, which in the moderate period of stress, presented a strong 176 
profile of down regulation of the genes compared to Embrapa 48, which intensified as the 177 
stress increase occurred (Figure 5). 178 

As regards the functional category, the tolerant cultivar Embrapa 48 presented a 179 
pattern with a higher number of up-regulated genes compared to cultivar BR 16 for both 180 
periods. With increased stress, the number of down-regulated genes increases for both 181 
cultivars, but with higher intensity in BR 16 sensitive (Figure 5). It was observed that in both 182 
cultivars, the highest number of expressed genes related to the amino acid category occurred 183 
at the libraries from leaf, mainly in the severe stress library. Embrapa 48 presented 69 genes 184 
and BR 16 86 genes. However, Embrapa 48 showed, in proportion to the number of genes 185 
observed, a higher concentration of up-regulated genes in relation to BR 16 (Figure 5). In 186 
addition, the analysis of the gene group classified in sucrose, lipids, cell wall, light reaction, 187 
photorespiration, tricarboxylic cicle acids (TCA) and secondary metabolism categories and in 188 
the leaf transcriptome, revealed that Embrapa 48 also showed up-regulated profile genes 189 
expressed in both periods of stress (moderate and severe), when compared with BR 16 (Figure 190 
5). 191 

Genes responsive to drought stress classes were predominantly up-regulated in 192 
Embrapa 48 (25 genes) when compared to BR 16 (11 genes), in both libraries (moderate and 193 
severe), considering leaf (Figure 6). Some genes, in this same class, such as Glyma09g40090 194 
(dehydration-responsive protein-related), were differentially expressed (up-regulated) in 195 
moderate stress, however, it has a higher fold-change (Fc) in Embrapa 48 (5.3) than in BR 16 196 
(3.6). Also in moderate stress, the genes Glyma14g06200, Glyma13g35970, Glyma18g53780, 197 
Glyma02g05840, Glyma16g32180, Glyma11g35590, Glyma01g07020, Glyma09g26650, 198 
Glyma01g07020 were exclusively expressed in Embrapa 48. Twenty genes stood out among 199 
the others due to their remarkable performances in the tolerant cultivar and expressive levels 200 
of expression. Among those differentially expressed, in the Embrapa 48 leaf under moderate 201 
stress, the Glyma03g04920 (Fc= 34.36), Glyma13g22420 (Fc=22.26), Glyma10g03640 202 
(Fc=21.02), Glyma11g13940 (Fc=19.32), Glyma13g43970 (Fc=18.55), Glyma01g26230 203 
(Fc=17.75), Glyma12g05910 (Fc=16.96),  Glyma15g05350 (Fc=15.9), Glyma17g07070 204 
(Fc=15.66), Glyma11g15060 (Fc=15.63) genes exceed their standard of expression compared 205 
to the 693 exclusive of this treatment. On the other hand, Glyma03g29440 (Fc=192.2), 206 
Glyma04g00710 (Fc= 63.66), Glyma07g38580 (Fc=60.31), Glyma11g05530 (Fc=56.55), 207 
Glyma17g11160 (Fc=43), Glyma16g04440 (Fc=37.74), Glyma11g21420 (Fc=36.85), 208 
Glyma08g18900 (Fc=35.51), Glyma07g06620 (Fc=34.34), Glyma18g52700 (Fc=32.39), of 209 
the 921 differentially expressed genes on Embrapa 48 leaf under severe stress had high 210 
expression profiles. Some gene are notable for being detected in a contrasting behavior in 211 
Embrapa 48 and BR 16, which possibly act decisively in the drought tolerance response, 212 
which is a characteristic reported in Embrapa 48. An example, in moderate stress, is 213 
Glyma13g35970, described as RD22 nutrient reservoir, which presented high expression in 214 
Embrapa 48, reaching a fold-change of 31.8. While in severe stress presented fold-change of 215 
11.17 in Embrapa 48 and -6.02 (Fc) in BR 16. 216 

In the peroxidase category, the vast majority of differentially expressed genes 217 
occurred in leaf in the severe stress library, for both cultivars (Figure 6). BR 16 overcame the 218 
number of expressed genes, prevailing those with down-regulated profile when compared to 219 
Embrapa 48 (predominance of up-regulated genes). This pattern was maintained for both 220 
libraries (moderate and severe stress) (Figure 6). For BR 16 and Embrapa 48, the highest 221 
number of peroxidase genes was found in severe stress library, for both tissues. In leaf (Figure 222 
6) the most common gene profile was down-regulation, characteristic reproduced in moderate 223 
and severe libraries when compared with root. The highest number of abscisic acid (ABA) 224 



55 

 

genes in leaf from both cultivars was differentially expressed in moderate stress library as up-225 
regulated profile.  226 

Some ABA-related genes were exclusive from one of the cultivars evaluated. In the 227 
moderate stress library, the genes Glyma15g40070 (Nine-cis-epoxycarotenoid dioxygenase 3 228 
(NCED3)) and Glyma08g10190 (Nine-cis-epoxycarotenoid dioxygenase (NCED5)) occurred 229 
only in Embrapa 48, in both categories (precursors and genes linked to ABA) (Table 1 in S3). 230 
By analyzing the moderate stress in leaf, the ABA-precursor category was common to BR 16 231 
and Embrapa 48. Furthermore, some genes were found only in the metabolism map and not in 232 
ABA precursors, for both cultivars. Interestingly, some genes linked to ABA metabolism 233 
occurred in both cultivars, highlighting the Glyma15g40070, Glyma03g37140 and 234 
Glyma20g23500 (Table 1 in S3).  235 

For leaves from both cultivars, the largest number of differentially expressed genes 236 
categorized as TF was presented in the severe stress library, although most of them were 237 
suppressed by the stress treatment. For the tolerant genotype, contrary to the severe stress 238 
library, the most differentially expressed TF genes in the moderate stress library presented up-239 
regulated profile (Figure 6). For leaf, genes responsive to drought stress classes were 240 
predominantly up-regulated in Embrapa 48 when compared to BR 16, in both libraries 241 
(moderate e severe) (Figure 6).  242 

 243 
2.3 Comparative analysis of pattern expression and functional roles of root under water 244 
deficit stress 245 

Considering the results obtained from the MapMan 3.6 ORC1 bioinformatics tool, in 246 
the moderate stress library for roots, it was observed that in the tolerant cultivar, Embrapa 48, 247 
most of the genes presented an up-regulation pattern in sucrose and TCA categories. 248 
However, in the severe stress, BR 16 genes expressed to sucrose was mostly up-regulated in 249 
relation Embrapa 48 (Figure 7). Aminoacid category genes did not show induction as that 250 
found in leaves (Figure 7). Additionally, the analysis of the gene group classified in sucrose, 251 
lipids, cell wall, and secondary metabolism categories, in the root transcriptome, revealed that 252 
there was no such visible difference between the gene expression (Figure 7). 253 

Regarding genes responsive to drought stress in root, for Embrapa 48 it was up-254 
regulated, in both moderate and severe stress (Figure 8). In BR 16 and Embrapa 48, the 255 
highest number of peroxidase genes was found in the severe stress library, for both tissues. In 256 
this category, up-regulated genes predominated (Figure 8). In the ABA gene class, this 257 
scenario was inverted to Embrapa 48, when comparing its performance in leaf. BR 16 in the 258 
moderate and severe stress libraries presented a major number up-regulated gene (Figure 8). 259 
The largest number of differentially expressed genes related to TF was observed in the severe 260 
stress library, for both cultivars, predominantly the down-regulated expression profile (Figure 261 
8).  262 

 263 
2.4 Validation of genes expression 264 

Using the RT-qPCR method, the primer Glyma17g17860 265 
(5´AAAGGCACAGAGTGATGAAT 3´ (forward) - 3´ CTTGATGACCTTGTGTACCA 266 
5´(reverse)) was used to validate the RNA-seq data, from the selection of the target genes, 267 
was considered a gene commonly described as responsive to water deficit stress, indicating 268 
the response of plant Late Embryogenesis Abundant protein 18 (LEA 18). The RNA-seq 269 
values showed low variation compared with the respective values from the RT-qPCR analyses 270 
(Figure 9A). In general, the linear equation demonstrated a high and good correlation 271 
coefficient value between RNA-seq and qPCR (R

2
=0.9895) (Figure 9B). Additionally, genes 272 

from LEA18 (Glyma17g17860) were highly up-regulated in severe stress of leaf treatment, 273 
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especially in Embrapa 48 reaching the value highest level (fc= 131.3) compared to BR 16 (fc= 274 
70.34) (Figure 9C). 275 

 276 
3 Discussion 277 

The stress response in plants is a process coordinated by physiologic and 278 
biochemical reactions, such as gene expression control, gene activation or inactivation, 279 
protein synthesis, post-translational modification and crosstalk in different metabolic 280 
pathways. Therefore, it has become essential to study the responses of drought sensitive and 281 
tolerant plants at a genetic level, identifying the molecular differences between these two 282 
types of cultivars (Neves-Borges et al., 2012). Herein, soybean genotypes demonstrated 283 
different molecular responses under water deficit, pointing Embrapa 48 as tolerant and BR 16 284 
as sensitive. Similar phenotyping was obtained by Oya et al. (2004). 285 

The LEA 18 genes was selected to this validation study. LEA proteins are a large and 286 
highly diverse gene family present in plant species. LEAs are proposed to play a role in 287 
various stress tolerance responses (Gao and Lan, 2016). Olvera-Carrillo et al. (2010) 288 
demonstrated that overexpression of a representative member of the LEA proteins confers 289 
tolerance to severe drought in A. thaliana plants. LEA 18 is not suggested as a membrane 290 
stabilizing protein, as observed for other LEA proteins. Instead, a possible function of LEA 291 
18 could be the composition-dependent modulation of membrane stability, e.g., during 292 
signaling or vesicle-mediated transport (Hundertmark et al., 2011). The up-regulation of the 293 
LEA18 gene was more intense in Embrapa 48, evidencing this cultivar as superior for drought 294 
tolerance responses, when compared to BR 16. According to observations, especially in 295 
leaves, Embrapa 48 responds to stress quickly, presenting a higher number of up-regulated 296 
genes expressed in moderate stress libraries when compared to BR 16. This behavior persists 297 
throughout the gene classes, both in amino acid and sucrose related genes as seen in Figure 5. 298 
In words, it exhibits a faster initial gene modulation. Both classes cited may be related to the 299 
osmoregulation mechanisms of the plant, such as proline, trehalose, mannitol, ectoine, glycine 300 
and betaine, providing tolerance to cellular dehydration (Ha et al., 2015). Therefore, increase 301 
in stress tolerance due to water deficiency occurs mainly through osmotic adjustment and 302 
osmoprotective character (Conde et al., 2008). 303 

Proline is an amino acid that acts on the osmoregulation in plants under stress 304 
conditions, providing tolerance to cellular dehydration (Varshney et al., 2011; Wani and 305 
Gosal, 2011). The accumulation of organic solute in response to drought is an important 306 
mechanism to maintain cellular turgor, contributing to a reduction of water potential (Ψw), 307 
which increases the water absorption capacity of plants (Silva et al., 2009). A major 308 
concentration of proline genes was showed in Embrapa 48 (Table 1 in S3). Thus, 309 
osmoregulation such as tolerance response, acts efficiently, contributing to positive response, 310 
delaying the damages caused by the low water content inside the plant cells. Osmoregulation 311 
is considered one of the main and most important tolerance mechanism, being able to 312 
characterize/determine a plant with a high degree of tolerance or susceptibility (Pantuwan et 313 
al., 2002). Sucrose has great metabolic importance in plants, being fundamental in tissues 314 
such as roots. According to studies conducted in maize (Zea mays) by Ogawa et al. (2005), 315 
sugars in roots contributed to both initiation and elongation, collaborating for a better 316 
performance of the plant in drought conditions. Auxin and sugars have been found to play an 317 
important role in the initiation of lateral roots (Takahashi et al., 2003). Responses observed in 318 
these studies corroborate with results obtained in this study, which was possible to detect the 319 
predominance of sucrose-related among the up-regulated genes in Embrapa 48, considering 320 
the moderate stress library in leaf and root to the detriment of the cultivar sensitiveness to 321 
water deficit stress (BR 16) (Figure 5 and 7). 322 



57 

 

Gargallo-Garriga et al. (2014), in metabolite analyses, suggest that leaves and roots 323 
present a contrasting metabolism in response to changes of environmental conditions, 324 
presenting different physiological mechanisms and function in adapting to stress. Many 325 
metabolic products and soluble sugars are produced in leaves but allocated and used in roots, 326 
due to root energy requirements for the assimilation of soil resources and growth. However, 327 
other molecules, such as terpenes and metabolites related to anti-stress mechanisms, are 328 
increased in leaves under drought. Thus, it is possible that the sucrose levels higher in leaves 329 
since the first level of stress observed in Embrapa 48, provides energy to primary metabolism 330 
and defense responses, inducing osmoregulation. Furthermore, solutes are accumulated to 331 
prepare cells to translocation of metabolites from leaves to root (Figure 5). On the other hand, 332 
BR 16 showed predominance only in up-regulated genes in root under severe stress (Figure 333 
7). The metabolism of roots also appears to be strongly homeostatic and conserved than 334 
leaves, as also suggested by Gargallo-Garriga et al. (2014). 335 

The reduction of stomatal conductance is a way of defense against cell dehydration. 336 
Rodrigues et al. (2012) developed similar tests to the ones performed in the present study and 337 
verify superior stomatal conductance in Embrapa 48 to all levels of stress, compared to BR 338 
16. Thus, BR16 has probably entered oxidative stress precociously due stomatal closure and 339 
consequent reduction of CO2 assimilation. It leads to accumulation of ATP, energy reduction 340 
(NADPH) and reduction of final acceptor set of electron transport chain (NADP

+
).  The 341 

excessive reduced activity of NADPH can induce an exaggerated limitation of the electron 342 
transport chain. In this process, electrons can escape and react with molecular oxygen (O2), 343 
forming the reactive oxygen species (ROS) (Cavatte et al., 2011). This disordered 344 
accumulation of ROS causes oxidative stress. 345 

 Down-regulation of TCA (Tricarboxylic Acid) cycle and amino acid biosynthesis 346 
apparently acts to avoid energy loss under oxidative stress conditions (Urbanczyk-Wochniak 347 
et al., 2003). In this way, BR 16 was possibly under oxidative stress since the first stress 348 
situation, presenting higher number of down-regulated genes, whereas Embrapa 48 presented 349 
a down-regulated gene profile in the severe stress library. The high level of up-regulated 350 
peroxidases found in Embrapa 48 since the moderate stress in leaves is another characteristic 351 
that reinforces that hypothesis. Peroxidases act by combating the ROS, thus, it can be inferred 352 
that Embrapa 48 did not come to collapse due to oxidative stress (Figure 6). In addition, 353 
assuming that Embrapa 48 has a higher degree of tolerance than BR 16, it is evident that the 354 
predominance of up-regulated activity of abscisic acid (ABA) in Embrapa 48 (Figure 6) has 355 
led to whole response, activating signalized molecules of the stress, such as ROS, and at the 356 
same time recruiting the synthesis of peroxidases (Figure 6), providing equilibrium to the 357 
system.  For example, Jiang and Zhang (2002) reported that a significant increase in ABA 358 
content precedes ROS increase, followed by activities of antioxidant enzymes increase. 359 
Shinozaki and Yamaguchi-Shinozaki and Shinozaki (2006) also concluded that water deficit 360 
stress induce the accumulation of ABA in plants. ABA accumulation promotes changes in 361 
gene expression and in stomata closing, leading to concomitant reduction in transpiration, 362 
carbon assimilation decreases and water loss.  363 

The better performance of Embrapa 48 under water deficit is supported by the strong 364 
presence of up-regulated genes related to TF and drought (Figure 6). Stress-induced 365 
transcription factors are considered powerful targets, such as a natural starting point for 366 
mechanisms regulation of expression of several genes, and key to genetic transformation 367 
strategies (Woodrow et al., 2012). Interestingly, Embrapa 48 releases energy for the 368 
stimulation (of more focused) genes to combat the effects of stress, and conservation 369 
secondary metabolism (Figure 6). Furthermore, it is able to preserve genes of primary 370 
metabolism activated with basic function in plants, as well as, development, light reactions, 371 
photorespiration equilibrium and energy suppliers (Figure 5 and 6). 372 
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Changes in photosynthetic activity can be associated with membrane damage in 373 
mesophyll cells, decrease in chlorophyll content, or alteration in the synthesis and transport of 374 
assimilates. This decrease in the rate of liquid photosynthesis under stress is also related to 375 
biochemical damage of non-stomatal nature caused by the oxidation of lipids found in 376 
chloroplast, especially in the thylakoid membrane, and changes in pigment and protein 377 
structure. However, Embrapa 48 possibly maintained the photosynthetic activity on leaf, since 378 
the stimulation of gene classified in lipid and cell wall metabolism remaining up-regulated on 379 
both levels of stress compared to BR 16 (Figure 5). 380 

Among those twenty differentially expressed genes selected as the Top genes, in 381 
Embrapa 48 leaf under moderate and severe stress, the genes that excelled in their expression 382 
patterns exclusive of these two treatments, are annotated in several classes, histone H2A 383 
variant 1-related, histone H3 (H3) , glutathione s-transferase u1-related, histone H3 (H3), 384 
histone H4 (H4), histone H2B (H2B), raffinose synthase, proline-rich protein 4, Protein 385 
kinase domain (Pkinase), zinc finger protein-related, 3 , 4-dihydroxy-2-butanone-4-phosphate 386 
synthase and G-box-binding factor 2-related. Some of these categories are linked to the 387 
processes of osmoregulation, energy balance of cells and gene regulation. 388 

In summary, the top genes can be applied as potential candidates for future studies 389 
aiming at drought tolerance, since these genes were exclusive in the tolerant cultivar, 390 
presenting high levels of differential expression and also participate important roles in the 391 
tolerance response.  A more intense gene modulation in Embrapa 48 was observed under 392 
moderate stress, maintained the basal metabolism, which was not observed in BR 16. 393 
Additionally, the gene modulation response under water deficit stress was predominantly in 394 
leaves to both cultivars. Furthermore, a confident correlation between RNA-seq and RT-395 
qPCR was obtained. 396 

 397 
4 Methods  398 
4.1 Plant Materials and Experimental Design in hydroponic solution 399 
4.1.1 Plant growth and drought stress treatment for Transcriptome analysis 400 

Based on the method and experimental design proposed by Martins et al., 2008, 401 
soybean transcriptomic data under water deficit conditions using hydroponic system was 402 
evaluated. Seeds of the soybean cultivars BR 16 and Embrapa 48, classified by Oya et al. 403 
(2004) as sensitive and tolerant to water deficit, respectively, were germinated on germination 404 
paper during four days in a growth chamber at 25 ± 1 ºC and 100% relative humidity. 405 
Seedlings were placed in 36 L boxes containing Hoagland's solution 50% (without 406 
modifications) (Hoagland and Arnon, 1950), which was continuously aerated and replaced on 407 
a weekly basis. These boxes were then transferred to a greenhouse under a natural 408 
photoperiod of approximately 12/12 h light/dark cycle, temperature of 30 ± 5 ºC and relative 409 
humidity (RH) of 60 ± 10%, where the plants were allowed to grow until the V4 stage (Fehr 410 
et al., 1971). The experimental design was a randomized complete block design, 2x5 factorial, 411 
with three replications. The factors were two cultivars (BR 16 and Embrapa 48) and five 412 
periods of dehydration (0, 25, 50, 125 and 150 min). The stress was applied by removing the 413 
plants out of the hydroponic solution and leaving them in boxes without nutrient solution for 414 
up to 150 min under ambient-air exposure. For each time of water deficit, roots from 15 plants 415 
were collected, pooled and frozen in liquid nitrogen before storage at -80 ºC. The same 416 
procedure was performed for leaf samples. 417 

 418 
4.2 Library construction and sequencing run 419 

The total RNA was extracted from leaves and root samples from BR 16 and Embrapa 420 
48 plants, using the Trizol Reagent (Invitrogen). Bulks of total RNA was made using all 421 
samples of same tissue (25 and 50 min - moderate stress library) and (125 and 150 min - 422 
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severe stress library), and the control. . Additionally, DNase treatment (Life Technologies 423 
Grand Island, NY, USA) with high-quality total RNA was used to analyze the transcripts. The 424 
RNA-seq libraries were built using the Nugen-OvationH kit according to the manufacturer’s 425 
instructions (NuGEN Technologies Inc., San Carlos, CA, USA). The libraries obtained were 426 
subjected to sequencing by Illumina HiSeq2000 (Illumina, San Diego, CA, USA).  427 

 428 
4.3 Mapping of readings and functional classification 429 

Mapping of the readings was performed with the soybean genome (Phytozome 430 
Glycine max v1.1) using the GeneSifter platform 431 
(http://www.geospiza.com/Products/AnalysisEdition.shtml). To compare gene expression 432 
between different times and conditions, log

2-
 was used to transform the normalized readings 433 

by mapped million (RPM). Then a test analysis was run (t-test for two group comparisons). 434 
Libraries tagged with a barcode produced thousands of readings from each library. Contig 435 
sequences were submitted to the non-redundant protein database NCBI through Blast X 436 
(Altschul et al., 1997) in order to search for similarity with known proteins. In addition, 437 
sequences were analyzed by the moderateware AutoFact (Koski et al., 2005), which is an 438 
automated annotation tool that assigns biological information for a given sequence by 439 
comparing different databases. We used the UniRef90 and UniRef100, KEGG (Kanehisa and 440 
Goto, 2000), Pfam (Finn et al., 2010), Smart (Schultz et al., 1998) databases. In order to 441 
establish the GO (Gene Ontology) terms (Ashburner et al., 2000), we employed the Blast2Go 442 
program to classify the sequences according to the molecular function and biological process 443 
described to the respective protein (Götz et al., 2008; Carbon et al., 2009). 444 

 445 
4.4 Analysis of differential gene expression 446 

Using the GeneSifter platform 447 
(http://www.geospiza.com/Products/AnalysisEdition.shtml), we applied a pairwise 448 
comparison between the control and water deficit treatment using all libraries synthesized 449 
from plants of the same time period/treatment. In the pairwise analysis, we only used genes 450 
with more than 20 mapped readings to compare gene expression using the edgeR statistical 451 
test (Robinson et al., 2010). A ratio of expression (fold-change) was performed by dividing 452 
values of gene expression under water deficit and control conditions. The statistical test was 453 
combined with the multiple-hypothesis-testing correction method of Benjamini and Hochberg 454 
(Benjamini and Hochberg, 1995), which calculates the False Discovery Rate (FDR) to qualify 455 
statistically significant and differentially expressed genes by avoiding inflation of type-1 456 
errors. Differential gene expression was considered significant at an adjusted p-value ≤ 0.01, 457 
and down- and up-regulation was established in the range of ≤ -2 to ≥ 2fold-change (fc), 458 
respectively. We also applied a stringent statistical significance cutoff (adjusted p-value 459 
≤0.001) to improve confidence. 460 

 461 
4.5 Classification and analyse of functional categories 462 

Analyses through MapMan 3.6 ORC1 463 
(http://mapman.gabipd.org/web/guest/mapman-version-3.6.0) allowed us to visualize 464 
differentially expressed genes, which was calculated based on calibration with time 0 of stress 465 
(control) and were classified by functional categories in several pathways. Twelve categories 466 
were mapped and selected for analysis (transcript factor, aminoacid, tricarboxylic cicle acid 467 
(TCA), sucrose, photorespiration, light reactions, lipids, cell wall, acid abscisic (ABA) 468 
precursor, ABA metabolism, drought/Salt, peroxidase, and development).  469 

 470 

http://mapman.gabipd.org/web/guest/mapman-version-3.6.0
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4.6 Validation of genic expression 471 
4.6.1 Gene Selection  472 

The selection of the gene for validation was performed through the search of data 473 
deposited in the GeneSifter - Analysis Edition (GSAE) System Requirements, an online 474 
moderateware analysis that assists in the rapid visualization of the amount of data generated 475 
by Next Gen Sequencing and Microarray Analysis, besides explore them by biological 476 
definition (Table 1 in S4). Differential gene expression was considered significant at an 477 
adjusted p-value ≤ 0.01, and down- and up-regulation was established in the range of ≤ -2 478 
to ≥ 2 fold-change (fc), respectively. 479 

 480 
4.6.2 Expression analysis 481 

Relative expression levels of the target genes were measured in root and leaf samples 482 
from Embrapa 48 and BR 16 plants for each bulk time point (0, 25- 50, 125-150 min under 483 
water deficit), generating (control, moderate and severe) libraries, with three biological 484 
replicates, each with three technical replicates, were analyzed. After the DNAse treatment 485 
(Invitrogen/Life Technologies, Grand Island, NY, USA), high quality total RNA was used to 486 
synthesize cDNA strands (Superscript II First Strand Synthesis, Invitrogen/Life Technologies, 487 
Grand Island, NY, USA), and cDNA quality was verified using a standard PCR reaction with 488 
an actin primer that spanned an intronic region. Additionally, the genes were amplified by 489 
qPCR using a StepOne RT-qPCR Thermocycler (Applied Biosystems/Life Technologies, 490 
Grand Island, NY, USA) with the following cycling FAST parameters: 95 ºC for 20 seconds, 491 
40 cycles at 95 ºC for 3 seconds, 60 ºC for 30 seconds and Melt Curve 95 ºC for 15 seconds 492 
and 60 ºC for 1 minute. 493 

 Data were collected during the extension phase, and dissociation curves were 494 
performed by heating each amplicon from 60 to 95 ºC and taking readings at one-degree 495 
intervals to verify the specificity of the primers. The Rest2009 moderateware package (Pfaffl 496 
et al., 2002) was used to evaluate the data because this program provided a more robust 497 
statistical analysis. The normalization of the real-time quantitative RT-qPCR was performed 498 
by taking the geometric average of the selected endogenous genes (FYVE and B-act, 499 
according with analyses of Marcolino-Gomes et al. (2015), and the control plants (0 min 500 
under stress) were used to normalize the relative expression. Hypothesis testing was used to 501 
determine whether the differences between the control and treatment conditions were 502 
significant (Pfaffl et al., 2002). 503 

 504 
4.6.3 Primer design and efficiency analysis 505 

Primers for the target genes were designed based on the GeneModels of the selected 506 
genes using the program Primer Express 3.0 (Applied Biosystems/Life Technologies, Grand 507 
Island, NY, USA), resulting in (5´AAAGGCACAGAGTGATGAAT 3´ (forward) - 3´ 508 
CTTGATGACCTTGTGTACCA 5´(reverse)). Primer sequences were determined for the 509 
3’end of each gene, and the amplicons spanned up to 150 base pairs (bp). Primer sequences 510 
were BLASTed against the soybean genome (Phytozome database v1.0, 511 
http://www.phytozome.net/search.php) to verify the specificity of each primer, and standard 512 
curves were produced from serial dilutions of a cDNA pool to estimate the efficiency of the 513 
PCR amplification reactions. 514 

 515 
5 Final considerations 516 

It was observed an abundant set of information comparing the different functions and 517 
metabolic activity of differentially expressed genes in leaves and roots of two sensitivity 518 
genotypes that are contrasting to water stress. According to shown data, the difference in the 519 
response evidenced in leaves and roots is remarkable, which connect each other to better 520 
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performance of the plants under stress conditions. In fact, the leaves orchestrate a greater 521 
number of up-regulated genes, which may or may not be active on leaves. In addition, 522 
Embrapa 48 (tolerant genotype) anticipates the timing of gene activity from the first signs of 523 
stress (moderate stress). Furthermore, the top 10 genes might be potential study tools as 524 
candidates for future work aiming at drought tolerance. 525 
 526 
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Table 1 - Differentially gene expression in leaves and roots of BR 16 and Embrapa 48 at 1037 
moderate and severe stress condition. 1038 

 1039 

Sample Reads after adapter removal Mapped reads  

[0..2 mis] 

% of mapped reads  

[0..2 mis] (Mean) 

Embrapa 48 leaf 12,480,047 6,139,313 49.2 

Embrapa 48 root 12,241,551 6,137,155 50.2 

BR 16 leaf 11,305,266 5,414,745 47.6 

BR 16 root  11,150,778 5,555,411 49.7 

Total 47,177,642 23,246,624 - 

 1040 

Table 2 - Embrapa 48 and BR 16 general RNA-seq analysis. 1041 

 1042 

  Up-regulated genes number Down-regulated genes number 

TRATAMENT Embrapa 48 BR 16 Embrapa 48 BR 16 

Leaf (moderate stress) 4693 2009 1238 2128 

Leaf (severe stress) 4247 2311 2694 5167 

Root (moderate stress) 2479 2274 3162 2165 

Root (severe stress) 3031 2834 3659 3629 

TOTAL 14450 9428 10753 13089 

Embrapa 48 total genes  25203 

BR 16 total genes  22517 
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 1043 

Figure 1 - Venn’s diagram. Number of genes differentially expressed in both libraries, highlighting common genes between cultivars. (A) BR 16 1044 
and Embrapa 48 leaf in moderate stress library; (B) BR 16 and Embrapa 48 leaf in severe stress; (C) BR 16 and Embrapa 48 root in moderate 1045 
stress library; (D) BR 16 and Embrapa 48 root in severe stress library. The size of the circle follows a proportion related to the number it 1046 
represents. Dark gray circles represent the cultivar Embrapa 48 and light gray the BR 16. 1047 
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 1048 

Figure 2 - Volcano plots. Expression data (fold-change) were plotted using log2 scale (x-axis) 1049 
and -log10 transformation of the p-value (y-axis). Datasets were filtered to remove genes with 1050 
low expression levels (blue line on the X-axis ≥1 and -1) and (red lines on the Y-axis), the red 1051 
line is the threshold applied to delimitate a significance cut off (p<0.001). The red points were 1052 
used to represent genes up regulated and green points to genes down regulated. The red 1053 
arrows indicate the top highest expression in same genes.  (A) leaf of BR 16 during moderate 1054 
stress library; (B) leaf of BR 16 during stress severe stress library; (C) leaf of Embrapa 48 1055 
during moderate stress library; (D) leaf of Embrapa 48 during severe stress library. 1056 
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 1057 

Figure 3 - Volcano plots. Expression data (fold-change) were plotted using log2 scale (x-axis) 1058 
and -log10 transformation of the p-value (y-axis). Datasets were filtered to remove genes with 1059 
low expression levels (blue line on the X-axis ≥1 and -1) and (red lines on the Y-axis), the red 1060 
line is the threshold applied to delimitate a significance cut off (p<0.001). The red points were 1061 
used to represent up-regulated genes and green points to down-regulated genes. The red 1062 
arrows indicate the top highest expression in same genes.  (A) roots of BR 16 during 1063 
moderate stress library; (B) roots of BR 16 during severe stress library); (C) roots of Embrapa 1064 
48 during moderate stress library); (D) roots of Embrapa 48 during severe stress library. 1065 
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 1066 

Figure 4 - Graphic representation of eight gene categories (enriched biological process from MapMan 3.6 ORC), analyzed in up and down-1067 
regulated gene groups to the cultivars BR 16 and Embrapa 48. 1068 
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 1069 

Figure 5 - Metabolism_overview_mapping (MapMan 3.6 ORC). BR 16 leaf moderate stress; BR 16 leaf severe stress; Embrapa 48 leaf moderate 1070 
stress; Embrapa 48 leaf severe stress; Genes that were differentially expressed in response to water deficit were mapped to specific stress-related 1071 
gene group. The color scale showed the log2 fold change: red = down-regulated and blue = up-regulated. Light reac. is the abbreviation of “light 1072 
reaction” and photresp. is the abbreviation of “photorespiration”. 1073 
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 1074 

Figure 6 - Modified maps of MapMan 3.6 ORC. BR 16 leaf in moderate stress; BR 16 leaf in 1075 
severe stress; Embrapa 48 leaf in moderate stress; Embrapa 48 leaf in severe stress. 1076 
Functional roles triggered in soybean plants under water deficit stress. Genes that were 1077 
differentially expressed in response to water deficit were mapped to specific stress-related 1078 
pathways. The color scale show the log2 fold change: red = down-regulated and blue = up-1079 
regulated. 1080 

 1081 
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 1082 

Figure 7 - Metabolism_overview_mapping (MapMan 3.6 ORC). BR 16 root in moderate stress; BR 16 root in severe stress; Embrapa 48 root in 1083 
moderate stress; Embrapa 48 root in severe stress. Genes that were differentially expressed in response to water deficit were mapped to specific 1084 
stress-related gene group. The color scale show the log2 fold change: red=down-regulated and blue=up-regulated. 1085 
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 1086 

Figure 8 - Modified maps of MapMan 3.6 ORC. BR 16 root in moderate stress; BR 16 root in 1087 
severe stress; Embrapa 48 root in moderate stress; Embrapa 48 root in severe stress. 1088 
Functional roles triggered in soybean plants under water deficit stress. Genes that were 1089 
differentially expressed in response to water deficit were mapped to specific stress-related 1090 
pathways. The color scale show the log2 fold change: red = down-regulated and blue = up-1091 
regulated. 1092 
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 1093 

Figure 9 - RT-qPCR validation of differentially expressed genes in soybean under water deficit stress identified in RNA-seq analysis. (A) 1094 
represents RNA-seq and RT-qPCR results to LEA18 gene validated in Embrapa 48 leaf in moderate and severe library; Embrapa 48 root in 1095 
moderate and severe library; BR 16 leaf in moderate and severe library; BR 16 root in moderate and severe library. (B) represents the correlation 1096 
of the fold-change analyzed by between RNA-seq (y-axis) and qPCR (x-axis). (C) RT-qPCR to LEA18 gene. Fold-change in (y-axis) and 1097 
treatments to each gene (x-axis). 1098 

1099 
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 1100 

S1) Figure 1 Metabolism_overview_mapping of leaf (MapMan 3.6 ORC). 1101 
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 1102 

S2) Figure 1 Metabolism_overview_mapping of root (MapMan 3.6 ORC). 1103 
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S3) Table 1 - ABA Regulatory Genes with differential expression in cultivars BR 16 and Embrapa 48 (the genes in purple represent the 1104 
commons Glymas between BR 16 and Embrapa 48). 1105 

 1106 

  Wm82.a1.v1 Wm82.a2.v1 PFAM_Description 

BR 16
a
 

Glyma08g42340 Glyma.08g310600 TB2/DP1, HVA22 family 

Glyma11g12740 Glyma.11g119700 TB2/DP1, HVA22 family 

Glyma12g04920 Glyma.12g044900 TB2/DP1, HVA22 family 

Glyma18g12530 Glyma.18g105400 TB2/DP1, HVA22 family 

Glyma19g20090 Glyma.19g067900 bZIP transcription factor 

Glyma19g30230 Glyma.19g122800 bZIP transcription factor 

Glyma20g23510 Glyma.20g102100 GRAM domain 

Embrapa 48
b
 

Glyma04g02730 Glyma.04g024900 TB2/DP1, HVA22 family 

Glyma01g05370 Glyma.01g045400 TB2/DP1, HVA22 family 

Glyma04g37440 Glyma.04g197600 TB2/DP1, HVA22 family 

Glyma06g20570 Glyma.06g192700 TB2/DP1, HVA22 family 

Glyma06g33130 Glyma.06g229400 GRAM domain 

Glyma09g29380 Glyma.09g164100 GRAM domain 

Glyma10g43290 Glyma.10g286800 GRAM domain 

Glyma10g43300 Glyma.10g286900 GRAM domain 

Glyma16g05520 Glyma.16g050700 GRAM domain 

Glyma17g10730 Glyma.17g098800 TB2/DP1, HVA22 family 

Glyma20g10600 Glyma.20g049200 bZIP transcription factor 

Glyma20g23510 Glyma.20g102100 GRAM domain 

Glyma0273s00200 no correspondence NA 

Common to both 

cultivar 

Glyma03g37140 Glyma.03g213300 TspO/MBR family 

Glyma08g10190 Glyma.08g096200 Retinal pigment epithelial membrane protein 

Glyma08g41060 Glyma.08g229300 TB2/DP1, HVA22 family 

Glyma14g03090 Glyma.14g027000 TB2/DP1, HVA22 family 

Glyma15g40070 no correspondence NA 

Glyma18g15480 Glyma.18g121600 TB2/DP1, HVA22 family 
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Glyma20g23500 Glyma.20g102600 GRAM domain 
a
 Gene expressed exclusively in BR16   

b
 Gene expressed exclusively in Embrapa 48   

 1107 

 1108 

S4) Table 1 - Genes selected for RNA-seq validation. 1109 

 1110 

  
Wm82.a1.v1 Wm82.a2.v1 Annotation 

Embrapa 48            

expression profile 

BR 16                     

expression profile 

Drought-responsive gene Glyma17g17860 Glyma.17g164200 

LEA 18  

(Late embryogenesis 

abundant protein 18) 

UP in leaf severe and 

moderate stress and UP in 

root moderate and severe 

stress time 

UP in leaf severe stress 

and DOWN in leaf 

moderate stress 
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CAPÍTULO 3 – COMPARATIVE TRANSCRIPTIONAL PROFILE OF AP2/EREBP 

AND WRKY TRANSCRIPTION FACTORS IN SOYBEAN GENOTYPES WITH 

CONTRASTING WATER DEFICIT TOLERANCE IDENTITIES 
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ABSTRACT 1 

Water deficit stress is considered the major threat to soybean production worldwide. 2 

Therefore, due to the genetic complexity that permeates drought tolerance traits, the 3 

identification of genes involved in water stress responses in plants is necessary. 4 

Here, new data about soybean plant responses under moderate and severe stress 5 

levels was assessed in two contrasting water deficit tolerance soybean cultivars, 6 

comparing leaves and roots. Genes from two important transcription factor families, 7 

AP2/EREBP and WRKY. Additionally, a difference in the expression pattern between 8 

both genotypes was detected, in which approximately 25,203 genes were modulated 9 

during water deficit stress in Embrapa 48 (tolerant), while for BR 16 (sensitive) it was 10 

22,517. Evaluating only three categories (Transcription factor, AP2/EREBP and 11 

WRKY families), Embrapa 48 presented more than 609 up-regulated genes when 12 

compared to BR 16. The AP2/EREBP family exhibited greater activity in BR 16, 13 

reaching 10.72% among the up-regulated. Additionally, Embrapa 48 presented 14 

3.99% down-regulated WRKY genes, while BR 16 showed 1.62%. The AP2/EREBP 15 

and WRKY families have distinct roles and expression profiles, often acting together 16 

and oppositely in the tolerance response. Finally, this study was identified and limited 17 

the top ten genes of the AP2/EREBP and WRKY gene families in the stress 18 

tolerance response under water deficit. 19 

Keywords: RNA-seq, Transcription factors (TF), cross-talk, negative regulator. 20 

 21 

1 INTRODUCTION 22 

Soybean (Glycine max L. Merrill) crops have faced several losses in productivity due 23 

to water deficit stress. In stress conditions, plants develop molecular mechanisms of 24 

prevention and protection against damage caused by water restriction. Genetic 25 

products involving responses to drought can be classified into two groups: the 26 

functional and regulatory genes (De Carvalho, 2008; Molina et al., 2008). Different 27 

stress response strategies involving functional genes, which act directly against the 28 

damage caused by stress, are activated in an effort to counter the effects of adverse 29 

conditions, including morphological alterations in leaves, shoots and roots, variations 30 

in gene regulation, which triggers innumerable episodes of cascade expression 31 

induction, changes in stomatal conductance mediated by abscisic acid (ABA), 32 

osmoregulation from the accumulation of osmotically active molecules and the 33 

activity of antioxidant enzymes (Nakashima et al., 2014). 34 
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The precise control of the metabolic pathways and of this regulatory network of 35 

events that are triggered by stress are the key factors in determining the tolerance 36 

level of the plant. In this context, transcription factors (TFs) play an important role in 37 

the regulation of the process of signaling the perception of stress and transmitting it 38 

to the transduction pathway, activating defense genes. Regulatory genes are 39 

composed by several classes and families. Transcription factors (TF) are involved in 40 

the activation/inactivation of genes related to innumerable biological processes (Zhu, 41 

2016). In A. thaliana nearly 6% of the proteome is dedicated to TF (Rayko et al., 42 

2010). 43 

The regulatory group primarily involve TFs (AP2/ERF, AREB, WRKY, MYC, NAC, 44 

bZIP, and MYB), protein kinases (MAPK- mitogen activated protein kinases, CDPK- 45 

calcium-dependent protein kinases) and others signals (Wani et al., 2013). The 46 

AP2/EREBP family includes a large group of plant-specific TFs and is characterized 47 

by the presence of highly conserved AP2/ERF (APETALA2/Ethylene Responsive 48 

Factor) binding domain, consisting of 58-60 amino acids. This TF interact directly with 49 

GCC-box and/or DRE/CRT (Dehydration-responsive element/C-repeat element) cis-50 

acting elements at the promotor region (Yamaguchi-Shinozaki and Shinozaki, 2006). 51 

Riechmann and Meyerowitz (1998), in a study of genome-wide, identified a multitude 52 

of AP2/EREBP members of various plant species, such as 145 in Arabidopsis 53 

thaliana (A. thaliana). AP2/EREBP superfamily is divided according to similarity of 54 

AP2/ERF domains in four major subfamilies: AP2 (Apetala 2), ERF (Ethylene 55 

response factor), DREB (Dehydration-responsive element-binding protein) and RAV 56 

(Related to ABI3/VP1) families.  57 

The ERF and DREB/CBF (C-repeat binding factor) subfamilies have been largely 58 

studied due to their involvement in plant abiotic and biotic responses (Rashid et al., 59 

2012; Nakashima et al., 2014). CBF/DREB associated transcription factors play an 60 

important role in genes regulation, responding to various stresses, such as cold, 61 

drought, high salinity and heat in different species (Kidokoro et al., 2015; Zong et al., 62 

2016). According to Kidokoro et al. (2009), DRIP (DREB-Interacting Protein) and 63 

PIF7 (Phytochrome-Interacting Factor 7) are proteins that negatively regulate DREB 64 

genes, and DREB 2A is negatively regulated by GRF (Growth-regulating factor 7). 65 

WRKY also represents a transcription factor family with multiple roles in biotic/abiotic 66 

stress responses, as well as in developmental/physiological processes (Jiang et al., 67 

2015). In a genome-wide study using SMART analysis, it was identified a total of 188 68 



90 

 

members containing WRKY (tryptophan, arginine, lysine and tyrosine) domains (Yu 69 

et al., 2016). This family is considered the most important TF family of plants and 70 

consists of ̴60 amino acid-severe four-stranded β-sheed WRKY DNA binding 71 

domain/s (DSD and Zing-finger) motifs. WRKY TFs interact with W-box (with core 72 

motif TTGACC/T) and clustered W-boxes present in the promoter of downstream 73 

genes. Recently studies of Chu et al. (2015) demonstrated that the overexpression of 74 

the GhWRKY 41 gene enhanced salt tolerance and Li et al. (2015) observed that the 75 

overexpression of the SpWRKY 1 gene enhanced drought tolerance, both in 76 

transgenic tobacco by studying reactive oxygen species (ROS) levels and stomatal 77 

conductance regulation. 78 

WRKY has often been described as a booster of ROS production in cells. ROS, such 79 

as hydrogen peroxide, superoxide and hydroxyl radicals, have negative impact on 80 

the cell wall, inducing cell damage, oxidative stress and lipid peroxidation (Das and 81 

Roychoudhury, 2014). Thus, WRKY genes involved in this process can be recruited 82 

in extreme conditions, remaining inactive during the initial phases of stress. In 83 

soybean, three stress-induced genes were reported in Zhou et al. (2008): 84 

GmWRKY13, GmWRKY21 and GmWRKY54. GmWRKY 21-transgenic A. thaliana 85 

plants were tolerant to cold stress, whereas GmWRKY 54 conferred salt and drought 86 

tolerance, possibly by DREB 2A and STZ/Zat10 regulation.  Additionally, the A. 87 

thaliana gene AtWRKY 46 regulates stress hormones and developmental responses, 88 

facilitating growth of lateral roots in osmotic/salt stress through ABA signaling and 89 

auxin homeostasis control (Ding et al., 2015). 90 

Over the years, several plants transcriptome of different tissues and species have 91 

aided in a better understanding of the gene expression regulation in response to 92 

adverse/stressful conditions. Although different technologies have been developed in 93 

soybean the molecular characterization for drought tolerance has been addressed 94 

only in few studies, leaving space to a vast unexplored gene possibility. The objective 95 

of this study was to gain insight into dynamics gene regulatory networks and cross-96 

talk of AP2/EREBP and WRKY TF family in responses to water deficit stress in 97 

contrasting soybean genotypes Embrapa 48 (water deficit stress tolerant) and BR 16 98 

(water deficit stress sensitive).  99 

 100 

 101 

 102 
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2 RESULTS 103 

2.1 Comparative analysis of expression patterns of TF AP2/EREBP and WRKY 104 

families  105 

A total of 47,177,642 reads were obtained after adapter removal, it was reduced to 106 

23,246,624 reads (Table 1), when mapping considering only sequences with a 107 

maximum two mismatches in the first 32 bases. Furthermore, were obtained 55,787 108 

mRNAs were obtained, whose, 51,322 were hit by at least 1 mRNA and 39,951 pass 109 

the low counts filter. 110 

Two important TF families, AP2/EREBP and WRKY, were selected to study. 111 

Assuming the differentially expressed (activated and repressed) genes designated as 112 

a member of the AP2/EREBP family, in Embrapa 48 they represented, in number, 113 

48.93% of the genes annotated as AP2/EREBP by the SoyBase database (reference 114 

genome Wm82.a1.v1), while in BR 16, it corresponded to 40.92%. For the class of 115 

WRKY genes, Embrapa 48 exhibited 28.46% of genes annotated for this family, with 116 

19.23% represented in BR 16. 117 

Among the up-regulated transcripts in the TF category, Embrapa 48 showed 85.86% 118 

members of TF class, 9.68% related to AP2/EREBP and 4.46% to the WRKY family, 119 

while BR 16 presented 84.07%, 10.72% and 5.21%, respectively (Figure 1). In 120 

relation to down-regulated genes classified in TF, BR 16 presented 3.36% more 121 

genes than Embrapa 48, reaching 4.63% of AP2/EREBP family and 1.62% of WRKY 122 

family. For Embrapa 48, the following results were obtained: 5.62% and 3.99 % of 123 

AP2/EREBP and WRKY family, respectively.  124 

The expression of AP2/EREBP and WRKY familiy genes was suppressed or induced 125 

under water deficit stress for the genotypes, libraries and tissues (Figs. 2 and 2B). 126 

Furthermore, in general, the number of genes related to the AP2/EREBP family was 127 

higher than the WRKY family (Figs. 2A and 2B) for both cultivars. 128 

Regarding the moderate and severe stress in leaves, Embrapa 48 presented more 129 

up-regulated genes (89 genes) in the AP2/EREBP family than BR 16 (33 genes) 130 

(Figure 2A). The difference between Embrapa 48 and BR16 was more intense in this 131 

gene family. For the WRKY classification, Embrapa 48 surpassed BR 16, exhibiting 132 

more negatively regulated genes (18 and 13 respectively). BR 16 presented 15 up-133 

regulated genes in the moderate library, while Embrapa 48 showed 12 genes (Figure 134 

2A).  135 
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Considering the moderate and severe stress in roots, the major contrasts between 136 

the cultivars was found for the AP2/EREBP family. Embrapa 48 exhibited 59 up-137 

regulated genes more than BR16 and 16 down-regulated genes less than BR16.  138 

This discrepancy was not observed for the WRKY family, in which Embrapa 48 139 

reached 45 up and 18 down-regulated genes and BR 16 reached 27 up and 13 140 

down-regulated genes. In general, Embrapa 48 presented a more evident dynamic 141 

positive expression of both gene families than BR 16 (Figure 2A and B).  142 

This can also be observed in the heat map data in Figure 3. In general, the dynamic 143 

expression of the AP2/EREBP family was more intense than WRKY, in which 144 

Embrapa 48 and BR 16 presented 248 and 213 differentially expressed genes, 145 

respectively. For WRKY, the cultivars were modulated to 114 and 86 genes, 146 

respectively (Figs. 3A and B). Considering AP2/EREBP, the gene activity was more 147 

intense in leaf than root for both gene cultivars (Figure 3A). Interestingly, in the 148 

AP2/EREBP category many genes did not occur in roots, which were evidenced by 149 

the black hole exposed by the heat map (Figure 3A). The dynamic of activation 150 

profile in leaf of AP2/EREBP and WRKY gene families varied significantly between 151 

cultivars. The tolerant cultivar demonstrated the highest number of differentially 152 

expression genes of both families when combining the two stress conditions 153 

(moderate and severe) (Figure 3A and B). Furthermore, for the AP2/EREBP family, 154 

Embrapa 48 presented a positively regulated differential gene expression than BR 16 155 

in leaf in the two stress levels. However, considering the WRKY family, Embrapa 48 156 

exhibited more differentially expression down-regulated genes in leaf and root when 157 

compared to BR 16 (Figure 3B). 158 

 159 

2.2 Validation of genes expression 160 

The RT-qPCR method to validate the RNA-seq data from the selection of the target 161 

genes considered a gene commonly described as responsive to water deficit stress, 162 

indicating the response of Late Embryogenesis Abundant protein 18 (LEA18) and 163 

some members of AP2/EREBP and WRKY families (Table 2 in S2). The RNA-seq 164 

values showed low variation compared with respective values from the RT-qPCR 165 

analyses (Figure 4B). The obtained expression pattern was widely compatible 166 

between both assays (R2=0.9895) (Figure 4C). Additionally, gene from LEA18 167 

(Glyma17g17860) was highly up-regulated in severe stress in leaf, particularly in 168 
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Embrapa 48, reaching nearly twice the value of fc (131.3), while for BR 16 the fc 169 

value was 70.34 (Figure 4A). 170 

Glyma08g01430 (WRKY 75) was highlighted in two treatments considering leaf in 171 

severe stress, in which Embrapa 48 obtained fc = 26.6, while for BR 16 fc = 9.94. 172 

Considering roots under severe, BR 16 exhibited fc = 2.52 and Embrapa 48 fc = 173 

39.79. Glyma05g32040 (AP2) was highlighted in Embrapa 48 in leaf under severer 174 

stress (fc = 150.88), while BR 16 showed fc = 13.54. Glyma0041s00200 (AP2) 175 

showed positively differential regulated expression in BR 18 to all treatments. 176 

However, Embrapa 48 presented down-regulation for root in the two libraries 177 

(moderate and severe stress). For Glyma13g17250 (ERF 018), the differential 178 

expression was more intense in leaf in moderate stress, reaching fc = 32 and fc = 179 

75.25 for Embrapa 48 and BR 16 respectively, while to severe stress, the cultivars 180 

presented fc = 8.8 and fc = 63.19, respectively. Considering Glyma17g14110 (DREB 181 

1E) in leaf for both stress conditions, Embrapa 48 was more evident (fc = 482.16 in 182 

moderate and fc = 387 in severe stress) than BR 16 (fc = 82.74 in moderate and fc = 183 

86 in severe stress). Finally, Glyma20g29410 (DREB 1A) was more intensively 184 

expressed in Embrapa 48, mainly in leaf severe stress, reaching fc = 26.18) and root 185 

in moderate stress (fc = 15.05) (Figure 4A). 186 

 187 

2.3 Top genes in AP2/EREBP and WRKY families and analyze of promoters 188 

To further understand the response to water deficit stress in soybean, the top 10 189 

genes were selected within the AP2/EREBP and WRKY families (Table 2). These 190 

genes presented quite discrepant differential expression between Embrapa 48 and 191 

BR 16, achieving high fold-change in profile of up or down regulated, for tissues (leaf 192 

or root) and/or different libraries. The top 10 genes might be the key genes acting in 193 

the modulation against stress. Those genes, which are differentially expressed during 194 

stress, are good sources of stress-responsive promoters and cis-elements 195 

(Hernandez-Garcia and Finer, 2014). Among the evaluated genes, only it was not 196 

possible to obtain data from the Glyma16g05880 promoter region. The identification 197 

of what each promoter region exclusively contained was prioritized in an attempt to 198 

understand the levels of expression presented in this study. The gene 199 

Glyma06g04490, belonging to the AP2/EREBP family exhibited the highest number 200 

of cis-exclusive elements, reaching 17 classifications. In the WRKY family, the gene 201 

Glyma08g01430 exhibited the largest number of exclusive cis-elements, reaching 18 202 
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classifications (Table 1 in S3 and Table 2 in S3). Interestingly, for these two 203 

mentioned genes, the level of leaf expression under severe stress of Embrapa 48 204 

was the highest among the top 10 (Table 2). 205 

 206 

3 DISCUSSION 207 

Signal transduction through membrane receptors transmit the information of the 208 

environmental condition that affects the plant, synchronizing an extensive and 209 

efficient gene cascade, altering the metabolic profile. Since plant development is 210 

largely affected by abiotic environmental stresses, such as water deficit stress, efforts 211 

have been dedicated to determining the characteristics and mechanisms involved in 212 

the water deficit stress tolerance response in plants (Neves-Borges et al., 2012). 213 

AP2/EREBP and WRKY are among the numerous gene families activated during the 214 

stress stages in the different tissues. These genes are described as important TF in 215 

drought tolerance and other stresses in several species. The increase of tolerance to 216 

such stresses (salinity, ionic stress, drought, and low temperature stresses) were 217 

obtained in a large number of transgenic plants of different species utilizing TF 218 

(DREB): Oryza sativa (Paul et al., 2015), A. thaliana (Chen et al., 2015) Saccharum 219 

spp. Hybrid.Co 86032 (Augustine et al., 2015), Glycine max (Rolla et al., 2014), and 220 

TF (WRKY): Nicotiana tabacum (Sun et al., 2015), Oryza sativa (Cai et al., 2014). 221 

Among these two large families, the AP2/EREBP family stands out, which, according 222 

to the expression standards presented here, have a greater number of genes 223 

activated in the tolerant cultivar (Embrapa 48) throughout the stress period, when 224 

compared to the sensitive cultivar (BR 16). This may be an indication of greater direct 225 

participation of the AP2/EREBP family in drought tolerance responses than the 226 

WRKY family. The expression of the GmDREB 1 gene, member of AP2/EREBP 227 

family, under various abiotic stress conditions in soybean had been related. DREB 228 

1E, for example, responded in heat (42 °C), cold (4 °C), NaCl (250 mM), and drought 229 

(four and seven days) of stress conditions (Kidokoro et al., 2015) (Figure 5). In the 230 

work, it was observed that DREB 1E (Glyma17g14110) was strongly active in leaf of 231 

Embrapa 48 under moderate and severe stress, participating in the water deficit 232 

stress tolerance process. 233 

ERF 018 (Glyma13g17250), also a member of the AP2/EREBP family, have been 234 

shown to be involved in the response to both biotic and abiotic stresses (Nakano et 235 

al., 2006), reaching greater fold-change in leaf of BR 16 in moderate and severe 236 



95 

 

stress in relation the Embrapa 48 (Figure 5). However, Gaion et al. (2017) showed 237 

that lower sensitivity to ethylene enhances plant growth in both irrigated and stressed 238 

conditions. Some ERF that modulate ethylene-dependent transcription (positive or 239 

negative regulation) regulate the expression of ethylene inducible genes downstream 240 

of EIN3 (Yang et al., 2005). Therefore, Embrapa 48 probably maintained low level of 241 

ethylene because it did not need to activate many ERF genes, such as ERF 018, 242 

maintaining a normal plant growth rate. When overexpressed, the TcWRKY 53 243 

(Tlaspi caerulescens) gene, two ethylene response factor (ERF) family genes, 244 

NtERF5 and NtEREBP-1, presented low transcription levels in TcWRKY 53 245 

transgenic tobacco plants (Wei et al., 2008). Additionally, the expression of the LEA 246 

family, NtLEA5 gene did not show alteration, suggesting that the increased osmotic 247 

stress tolerance occur due to an interaction with ERF (TF) (Figure 5).  248 

For example, according to Morimoto et al. (2013) and Singh and Laxmi (2015), the 249 

DREB 2A, which is classified within the AP2/EREBP family, is regulated by two 250 

mechanisms under normal conditions: (I) GRF7 (growth-Regulation Factor7) inhibits 251 

expression of DREB 2A binding to its moderate promoter position and (II) target 252 

degradation by 26S proteasome mediated proteolysis assisted by DRIP1 (DREB2A- 253 

interacting protein1) and DRIP2 protein. The TF ERF 53 (Ethylene response factor 254 

53) and two homologous, RGLG2 (RING domain ligase 2) and RGLG1 have been 255 

functioned similarly to DREB 2A/DRIPs regarding regulation processes. Thus, the 256 

activation of DREB 2A conditional to water deficit stress provides the organism with 257 

an efficient energy-saving tool (Hsieh et al., 2013) (Figure 5). As observed in this 258 

study, most of the differentially expressed genes to AP2/EREBP family occurred in 259 

leaf, and was not expressed in root, for both cultivars and the treatments. This 260 

indicates that genes reserved for root growth/depth induction are prioritized in this 261 

tissue and are prioritized in relation to those associated with AP2/EREBP family, 262 

probably expanding and diversifying the response, being one of the tolerance 263 

strategies carried out in plants (Ogawa et al., 2005). This response can also be 264 

attributed to the fact that AP2/EREBP genes are highly specific under organ/tissue 265 

regulation by drought (Jin et al., 2009; Wang et al., 2011). 266 

On the other hand, the genes members of the WRKY family did not follow the same 267 

behavior of the AP2/EREBP family genes observed in roots (Figure 3A and B). 268 

WRKY TF plays important roles in physiological and cellular processes, including 269 

senescence (Besseau et al., 2012), root development (Grunewald et al., 2012), plant 270 
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growth (Yu et al., 2012), and others. For this reason, it is possible that the WRKY 271 

family is more active than AP2/EREBP in roots of all libraries and cultivars. 272 

Furthermore, it possibly does not act in tissue-specific processes (Figure 3B). The 273 

wide involvement of WRKY proteins in plant physiological processes makes the 274 

elucidation of their co-expression traits extremely complex (Rinerson et al. 2015). 275 

Dias et al. (2016) observed the expression pattern determined by RT-qPCR showing 276 

that, the GmWRKY 6, GmWRKY 46, GmWRKY 56, GmWRKY 106 and GmWRKY 277 

149 genes are differentially expressed between a drought tolerant and a susceptible 278 

soybean genotype in stress conditions (Figure 5).  279 

The interaction between many TF plays an important role in the mechanism of 280 

response, generating specificity in stress responses. Drought responsive gene 281 

promoters contain a DRE/CRT motif, in which ABA-independent DREB/CBF TF binds 282 

and act as a coupling element for ABRE in ABA-dependent gene expression (Singh 283 

and Laxini, 2015). It has been already shown that the DREB 1A/CBF3, DREB 2A, 284 

and DREB 1C proteins interact with AREB/ABF (Lee et al., 2010). Thus, there is a 285 

crosstalk between ABA-dependent and independent signaling and regulatory 286 

pathways (Figure 5). Under osmotic stress conditions, AREB/ABF TF and SnRK2s 287 

regulate the transcriptional activation of DREB 2A gene, suggesting a complex 288 

interaction between DREB and AREB regulatory regions at the transcript and protein 289 

level (Kim et al., 2011) (Figure 5).  290 

The interpretation that the AP2/EREBP family might act in advanced/strongly front 291 

the stress than WRKY family and the possible distinct function in drought tolerance 292 

responses is supported by the fact that the activation of the WRKY family depends 293 

on ABF1, which belongs to the TF bZIP category. Additionally, Phukan et al. (2016) 294 

believe that in the future it will be necessary even more studies about TF dependent 295 

interaction between other TFs, such as MYC MYB, ERF and NAC, acting with WRKY 296 

to regulate various responses in order to elucidate the relations among them and the 297 

stress responses. ABA signal perception leads to induction of WRKY 18 and WRKY 298 

40 and their product could bind to W-Box present in WRKY 60 and thereby induce it 299 

(Figure 5). However, WRKY act in cross-talk with various gene class, such as 300 

AP2/EREBP, being often inactivated to trigger or even amplify the activity of other 301 

genes that are more important at that particular moment of stress. WRKY TF have 302 

also been reported as positive regulator of ABA-responsive genes like Dehydration 303 

Response Element Binding Protein 1a (DREBP 1a), DREBP 2a MYB 2, ABF 4, ABI 4 304 
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and Response to ABA 18 (RAB18) (Rushton et al., 2012). Additionally, for studies 305 

conducted in rice, WRKY genes have identified WRKY 25 and WRKY 33 as positive 306 

and negative regulators of ABA signaling (Xie et al., 2005).  307 

Genetic studies confirmed that WRKY 33 acts upstream of NCED3/NCED5 to 308 

negative regulation in ABA biosynthesis (Li et al., 2015). Das and Roychoudhury 309 

(2014) showed the increased expression of WRKY 71 and low induction was 310 

reported for WRKY 24, in ABA-treated, for the salt tolerant rice variety Pokkali. In 311 

Glycine soja WRKY 20 was isolated (Figure 5), which regulates ABA signaling and 312 

enhanced drought tolerance. GsWRKY 20 has also been reported with high 313 

expression in the shoot tips, flowering and the inflorescence meristems of wild 314 

soybean (Luo et al., 2013). Glycine max in transgenic lines overexpressing 315 

GmWRKY 54 enhanced the drought and salt tolerance. High levels of GmWRKY 54 316 

are capable to modulate the expression of the TF gene, salt tolerance Zinc finger 317 

(STZ/Zat10) and DREB 2A (Figure 5). The overexpression GmWRKY 13 transgenic 318 

plants decreased sensitivity to ABA, while these plants showed less tolerance to high 319 

salt and mannitol in relation to the wild types. Thus, it can be understood that 320 

GmWRKY 13 is a negative regulator of abiotic stress response when overexpressed 321 

alone (Zhou et al., 2008). GhWRKY 17 overexpressed in transgenic tobacco plants 322 

(Nicotiana benthamiana) increased drought and salt sensitivity, but lowered ABA 323 

sensitivity leading to low transcription of ABA-inducible genes like AREB (ABA-324 

responsive element binding), NCED (9-cis-epoxycarotenoid dioxygenases), DREB 325 

(DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN), ERD (Early 326 

Responsive to Dehydration), and LEA. It points the important influence of WRKY 327 

proteins in activating a proper response against dehydration and high salinity (Yan et 328 

al., 2014).  329 

The signalization of cascades in salinity, drought, osmotic, and oxidative stresses is 330 

regulated by the AtWRKY 8, AtWRKY 57 and AtWRKY 28 genes (Babitha et al., 331 

2013). In high ABA concentration, AtWRKY 57 has enhanced its expression, 332 

reflecting on water deficit stress tolerance to the plant. In this same study, it was 333 

confirmed the binding of WRKY 57 to the W-box of responsive to desiccation 29A 334 

(Rd29A) and 9-cis-epoxycarotenoid dioxygenase 3 (NCED 3) promoters. Therefore, 335 

WRKY 57 acts directly inducing genes that are responsive to stress (Jiang et al., 336 

2012) (Figure 5). 337 
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Stress-induced promoters are useful tools for the regulation of genes linked to stress 338 

defense or those imminently lethal ones that are activated in response to stress 339 

related (Hernandez-Garcia and Finer, 2014). According to Hernandez-Garcia and 340 

Finer (2014), differentially expressed genes in stress condition are good sources of 341 

stress-responsive promoters and cis-regulatory elements (CREs). Promoters and 342 

OsNCED 3 and Wsi18 genes, induced in the synthesis and signaling of ABA, were 343 

strongly drought-inducible in high-salinity treatments in transgenic line of rice (Yi et 344 

al., 2011; Bang et al., 2013).  345 

Among the top 10 selected genes categorized as belonging to the AP2/EREBP 346 

family, Glyma06g04490 is highlighted for presenting bZIP, MYB and WRKY CREs 347 

associated in promoter region, which is more important than others genes 348 

(Glyma20g34550, Glyma20g29410, Glyma19g31960, Glyma17g17010, 349 

Glyma15g19910, Glyma10g02080, Glyma02g42960, Glyma01g42500, 350 

Glyma03g26520). Among the top 10 genes and categorized as belonging to the 351 

WRKY family, Glyma13g44730, Glyma08g01430, Glyma03g05220 and 352 

Glyma06g06500 have the promoter region composed of at least two distinct cis-353 

elements linked to (MYC and MYB), (MYB and ERF), (bZIP and WRKY) and (DREB 354 

and bZIP) respectively, deserving prominence among the top 10 genes. Gene 355 

families such as MYB, MYC, ERF, bZIP, DREB and WRKY transcription factors could 356 

also be good candidates for identifying stress-inducible promoters. Inducible 357 

promoters that mediate rapid responses under stress conditions can contribute as 358 

potential key-elements in the control genes that provide protection during the initial 359 

stages of stress (Hernandez-Garcia and Finer, 2014; Khan et al., 2017). 360 

 361 

4. METHODS 362 

4.1 Plant Materials and Experimental Design in hydroponic solution 363 

4.1.1 Plant growth and drought stress treatment for Transcriptome analysis 364 

Based on the method and experimental design proposed by Martins et al. (2008), it 365 

was performed an evaluated experiment with soybean transcriptomic data under 366 

water deficit conditions, using a hydroponic system. Seeds of the soybean cultivars 367 

BR 16 and Embrapa 48, classified for Oya et al. (2004) as sensitive and tolerant to 368 

water deficit, respectively, were germinated on germination paper during four days in 369 

a growth chamber at 25 ± 1 ºC and 100% relative humidity. Seedlings were placed in 370 

36 L boxes containing 50% Hoagland's solution (without modifications) (Hoagland 371 
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and Arnon, 1950), which was continuously aerated and replaced on a weekly basis. 372 

These boxes were then transferred to a greenhouse under a natural photoperiod of 373 

approximately 12/12 h light/dark cycle, temperature of 30 ± 5 ºC and 60 ± 10 % 374 

relative humidity (RH), where the plants were allowed to grow until the V4 stage 375 

(Fehr et al., 1971). The experiment followed a randomized complete block design 376 

3x5 factorial, with three replicates. The factors were two cultivars (BR 16 and 377 

Embrapa 48) and five times of dehydration (0, 25, 50, 125 and 150 min). Stress 378 

conditions were simulated by removing the plants out of the hydroponic solution and 379 

leaving them in boxes without nutrient solution for up to 150 min, under ambient-air 380 

exposure. For each time of water deficit, roots from 15 plants were collected, pooled 381 

and frozen in liquid nitrogen before storage at -80 ºC. The same procedure was 382 

performed for leaf samples. 383 

 384 

4.1.2 Library construction and sequencing run 385 

The total RNA was extracted from leaves and root samples from BR 16 and Embrapa 386 

48 plants using the Trizol reagent (Invitrogen). Bulks of total RNA was made utilizing 387 

all samples of same tissue (25 and 50 min - moderate stress) and (125 and 150 min - 388 

severe stress) for leaf and root, generating four libraries from BR 16 cultivar and four 389 

libraries from Embrapa 48. Additionally, DNase treatment (Life Technologies Grand 390 

Island, NY, USA) and high-quality total RNA were used to analyze the transcripts. 391 

The RNA-seq libraries were built using the Nugen-OvationH kit according to the 392 

manufacturer’s instructions (NuGEN Technologies Inc., San Carlos, CA, USA). The 393 

obtained libraries were subjected to sequencing by Illumina HiSeq2000 (Illumina, 394 

San Diego, CA, USA).  395 

 396 

4.1.3 Mapping of reads and functional classification 397 

Mapping of reads was performed with the soybean genome (Phytosome Glycine max 398 

v1.1) using the GeneSifter platform (http://www.geospiza.com/Products/ 399 

AnalysisEdition.shtml). To compare gene expression between different times and 400 

conditions, log2- was used to transform the normalized reads per million mapped 401 

values (RPM). Then, an analysis was run and tested (t-test for two group 402 

comparisons). Libraries tagged with a barcode produced thousands of reads from 403 

each library. Contig sequences were submitted to the non-redundant protein 404 

database NCBI through Blast X (Altschul et al., 1997), to search for similarity to 405 
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known proteins. In addition, sequences were analyzed by the moderate ware 406 

AutoFact (Koski et al., 2005), which is an automated annotation tool that assigns 407 

biological information for a given sequence by comparing different databases. We 408 

used the UniRef90 e UniRef100, KEGG (Kanehisa and Goto, 2000), Pfam (Finn et 409 

al., 2010), Smart (Schultz et al., 1998) databases. In order to establish the GO (Gene 410 

Ontology) terms (Ashburner et al., 2000), we employed the Blast2Go program to 411 

classify the sequences according to the molecular function and biological process 412 

described to the respective protein (Götz et al., 2008; Carbon et al., 2009). 413 

 414 

4.1.4 Analysis of differential gene expression 415 

Using the GeneSifter platform (http://www.geospiza.com/Products/ 416 

AnalysisEdition.shtml), we applied a pairwise comparison between the control and 417 

water deficit treatment, using the two libraries synthesized from plants of the same 418 

time period/treatment. In the pairwise analysis, we only used genes with more than 419 

20 mapped reads to compare gene expression using the edgeR statistical test 420 

(Robinson et al., 2010). The ratio of expression (fold-change) was acquired by 421 

dividing values of gene expression under water deficit and control conditions. The 422 

statistical test was combined with the multiple-hypothesis-testing correction method 423 

of Benjamini and Hochberg (1995), which calculates the False Discovery Rate (FDR), 424 

to qualify statistically significant, differentially expressed genes by avoiding inflation 425 

of type-1 errors. Differential gene expression was considered significant at an 426 

adjusted p-value ≤ 0.01, and down- and up-regulation was established in the range 427 

of ≤ -2 to ≥ 2 fold-change (fc), respectively. We also applied a stringent statistical 428 

significance cutoff (adjusted p-value ≤0.001) to improve confidence. 429 

 430 

4.1.5 Classification and characterization functional  431 

Analyses through MapMan 3.6 ORC1 (http://mapman.gabipd.org/web/guest/ 432 

mapman-version-3.6.0) allowed us to visualize differentially expressed genes, which 433 

was calculated based on calibration with time 0 of stress (control) and were classified 434 

by functional categories in several pathways. Three categories were mapped and 435 

selected to analyses: transcript factor, the AP2/EREBP and WRKY families.  436 

 437 
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4.1.6 Validation of gene expression 438 

4.1.6.1 Gene Selection  439 

 The gene selection for validation was performed through the search of data 440 

deposited in the GeneSifter - Analysis Edition (GSAE) System Requirements, an 441 

online analysis moderateware that assists in the rapid visualization of the amount of 442 

data generated by Next Gen Sequencing and Microarray Analysis. Differential 443 

expression gene was considered significant at an adjusted p-value ≤ 0.01, and down- 444 

and up-regulation was established in the range of ≤ -2 to ≥ 2 fold-change (fc), 445 

respectively. Seven genes were also explored by biological definitions and differential 446 

expression profiles: Glyma17g17860 (LEA 18), Glyma08g01430 (WRKY 75), 447 

Glyma05g32040 (AP2), Glyma0041s00200 (AP2), Glyma13g17250 (ERF 018), 448 

Glyma17g14110 (DREB 1E) and Glyma20g29410 (DREB 1A) (Table 1 in S2). 449 

 450 

4.1.6.2 RT-qPCR analysis 451 

Relative expression levels of the target genes were measured in root and leaf 452 

samples from Embrapa 48 and BR 16 plants. Bulk time point (0, 25-50, 125-150 min 453 

under water deficit) was analyzed, generating libraries (control, moderate and 454 

severe) with three biological replicates, each with three technical replicates. After 455 

DNAse treatment (Invitrogen/Life Technologies, Grand Island, NY, USA), high quality 456 

total RNA was used to synthesize cDNA strands (Superscript II First Strand 457 

Synthesis, Invitrogen/Life Technologies, Grand Island, NY, USA), and cDNA quality 458 

was verified using a standard PCR reaction with an actin primer that spanned an 459 

intronic region. Additionally, carrying out the amplification efficiency analysis, the 460 

genes were amplified by qPCR using a StepOne RT-qPCR Thermocycler (Applied 461 

Biosystems/Life Technologies, Grand Island, NY, USA) with the following cycling 462 

FAST parameters: 95 ºC for 20 seconds, 40 cycles at 95 ºC for 3 seconds, 60 ºC for 463 

30 seconds and Melt Curve 95 ºC for 15 seconds and 60 ºC for 1 minute. 464 

 Data were collected during the extension phase, and dissociation curves were 465 

performed by heating each amplicon from 60 to 95 ºC and taking readings at one-466 

degree intervals to verify the specificity of the primers. The Rest2009 moderateware 467 

package (Pfaffl et al., 2002) was used to evaluate the data because this program 468 

provided a more robust statistical analysis. The normalization of the real-time 469 

quantitative RT-qPCR was performed by taking the geometric average of the 470 

selected endogenous genes (FYVE and B-act, according with analyses of Marcolino-471 
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Gomes et al. (2015), and the control plants (0 min under stress) were used to 472 

normalize the relative expression. Hypothesis testing was used to determine whether 473 

the differences between the control and treatment conditions were significant (Pfaffl 474 

et al., 2002). 475 

 476 

4.1.6.3 Primer design and efficiency analysis 477 

Primers for the target genes were designed based on the GeneModels of the 478 

selected genes using the program Primer Express 3.0 (Applied Biosystems/Life 479 

Technologies, Grand Island, NY, USA) (Table 2 in S2). Primer sequences were 480 

determined for the 3’end of each gene, and the amplicons spanned up to 150 base 481 

pairs (bp). Primer sequences were BLASTed against the soybean genome 482 

(Phytozome database v1.0, http://www.phytozome.net/search.php) to verify the 483 

specificity of each primer, and standard curves were produced from serial dilutions of 484 

a cDNA pool to estimate the efficiency of the PCR amplification reactions. 485 

 486 

4.1.7 Promoter analysis 487 

The drought gene regulatory sequences from the top 10 genes to AP2/EREBP and 488 

WRKY families selected and analyzed using promoter sequence 2 kb upstream of 489 

the translational start site. To map the domains regions, the Genomatix program was 490 

employed utilizing the tool Gene2Promoter, which provides access to promoter 491 

sequences of all genes annotated in the available genomes. Promoter regions were 492 

thoroughly annotated and validated according to highest scientific standards, 493 

including Genomatix proprietary technology (e.g. PromoterInspector, oligo-capping, 494 

comparative genomics) (http://www.genomatix.de/cgi-495 

bin/c2p/c2p.pl?s=8a5d8b1c9bd7f6d975b5578c2d1de62a). In a more restrictive 496 

analysis, we selected only the cis-elements found at the upstream 200bp to the 497 

target gene. Additionally, the data were filtered by strictly identifying cis-elements 498 

unique to each evaluated gene. This filter was applied to the top 10 gene classes 499 

(AP2 / EREBP and WRKY) 500 

 501 

4.2 Concluding remarks 502 

The AP2/EREBP and WRKY families are responsive to water deficit stress, but they 503 

tend to be different, often opposite, in the tolerance response in some cases up and 504 

down-regulated or inducers and repressors of gene activation respectively. They can 505 
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operate in cross-talk between different metabolic pathways or in feedback control 506 

mechanism, as well as the WRKY 54, extending the response of FT as the DREB 2A. 507 

In addition, the top 10 genes might be potential study tools in the analysis of their 508 

promoters and regulatory mechanisms, since they were highlighted in a contrasting 509 

manner between the two evaluated cultivars, Embrapa 48 (tolerant) and BR 16 510 

(sensitive). 511 

 512 
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Tables 759 

Table 1. Embrapa 48 and BR 16 general RNA-seq data. 760 

Sample Reads after adapter removal Mapped reads [0..2 mis]   % of mapped reads [0..2 mis] (Mean)  

Embrapa 48 leaf 12,480,047 6,139,313 49.2 

Embrapa 48 root 12,241,551 6,137,155 50.2 

BR 16 leaf 11,305,266 5,414,745 47.6 

BR 16 root  11,150,778 5,555,411 49.7 

Total 47,177,642 23,246,624 - 
761 
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Table 2 - Top 10 genes.  762 

Family Wm82.a1.v1 Wm82.a2.v1 Genome localization 

Embrapa 48 BR 16 Embrapa 48 BR 16 

Leaf expression profile  Leaf expression profile  Root expression profile  Root expression profile  

Short stress Long stress Short stress Long stress Short stress Long stress Short stress Long stress 

AP2/EREBP 

Glyma01g42500 Glyma.01g216000.1 Chr01:54666766..54676069 reverse - - 14.38 12.23 110.96 110.73 28.29 27.24 

Glyma02g42960 
Glyma.02g261700.1 

Chr02:44767828..44770286 forward - - - - - 10.05 - - 

Glyma03g26520 Glyma.03g112700  Chr03:31930425..31931607 - 15.64 - 15.11 27.74 37.81 57.19 17.61 

Glyma06g04490 Glyma.06g042100.1 Chr06:3179136..3180497 reverse 4.24 48.02 - - - -5.43 - - 

Glyma10g02080 Glyma.10g016500.1 Chr10:1475606..1477360 reverse 2.12 11.17 - 2.16 6.6 5.4 - - 

Glyma15g19910 Glyma.15g180000.1 Chr15:17375377..17376578 reverse 22.26 2.23 8.99 2.88 51.52 36.46 - - 

Glyma20g29410 
Glyma.20g155100 Chr02:39389515..39390591 

12.72 8.93 5.39 7.91 6.6 6.3 19.47 28.61 

Glyma17g17010 Glyma.17g158300.1 Chr17:13595433..13600012 reverse 8.48 - - - -25.74 - -6.57 -14.54 

Glyma19g31960 Glyma.19g138000.1 Chr19:39934458..39938605 reverse 7.42 14.52 -3.34   - - - 2.75 

Glyma20g34550 Glyma.20g203500.1 Chr20:44033567..44034010 forward - 8.1 - 24.46 6.6 16.2 8.52 18.71 

WRKY 

Glyma03g05220 Glyma.03g042700.1 Chr03:5405762..5409385 forward - - - - 75.16 66.57 28.95 - 

Glyma06g06500 Glyma.06g061800.1 Chr06:4648505..4651568 reverse 6.36 - - - -2.27 - 3.04 - 

Glyma07g02630 Glyma.07g023300.1 Chr07:1772171..1774607 reverse - - - 13.19 21.08 - - - 

Glyma08g01430 
Glyma.08g011300.1 Chr08:901327..902577 forward 

2.12 317.17 - 29.82 15.85 4.05 13.38 26.41 

Glyma08g02580 Glyma.08g021900.1 Chr08:1762687..1764910 reverse - - - - 36.19 22.33 - - 

Glyma08g08720 Glyma.08g082400.1 Chr08:6229164..6231818 forward 7.42 15.64 2.25 - - - - - 

Glyma13g44730 Glyma.13g370100.1 Chr13:45564565..45566732 forward - 13.09 - - - - 109.91 108.77 

Glyma16g05880 Glyma.16g054400.1 Chr16:5336881..5339714 forward - - -2.78 - 46.23 43.21 12.57 11.74 

Glyma18g06360 
Glyma.18g056600.1 

Chr18:4952759..4956347 forward 2.12 60.31 - 8.51 - - - - 

Glyma19g26400 Glyma.19g094100.1 Chr19:33279312..33281763 reverse -4.72 29.04 - - - - 17.03 14.31 

* The negative signal in front the number, represented down-regulation gene. 763 
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 764 

Figure 1. Graphic representation of eight gene categories (enriched biological process from MapMan 3.6 ORC) analyzed in up and 765 

down-regulated gene groups to cultivars Embrapa 48 and BR 16. 766 
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 767 

Figure 2. Modified maps of MapMan 3.6 ORC. Genes differentially expressed in response to water deficit were mapped to specific 768 

stress-related pathways. The color scale show the log2 fold change: red = down-regulated and blue = up-regulated. 769 

(A) BR 16 leaf in moderate stress; BR 16 leaf in severe stress; Embrapa 48 leaf in moderate stress; Embrapa 48 leaf in severe 770 

stress. Functional roles triggered in soybean plants under water deficit stress.  771 

(B) BR 16 root in moderate stress; BR 16 root in severe stress; Embrapa 48 root in moderate stress; Embrapa 48 root in severe 772 

stress.773 
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 774 

Figure 3. Heat Map visualization of up and down-regulated genes characterized 775 

within the category AP2 Family (A) and the WRKY Family (B) classified from 776 

(MapMan 3.6 ORC) for thecultivars BR 16 and Embrapa 48, under different 777 

treatments. Green cells represent down-regulated genes and red cells represent up-778 

regulated genes. 779 
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 780 

Figure 4. Validation of differentially expressed genes in soybean under water deficit 781 

stress. 782 

(A)The RT-qPCR validation of differentially expressed genes in soybean under water 783 

deficit stress identified in RNA-seq analysis in Embrapa 48 leaf in moderate and 784 

severe library, Embrapa 48 root in a moderate and severe library, BR 16 leaf in a 785 

moderate and severe library and BR 16 root in a moderate and severe library. Fold-786 

change in (y-axis) and treatments to each gene (x-axis).  787 

(B) Represent the comparison between RNA-seq and qPCR results to genes 788 

validated in Embrapa 48 leaf in moderate and severe library; Embrapa 48 root in 789 

moderate and severe library; BR 16 leaf in moderate and severe library; BR 16 root 790 

in moderate and severe library. The relationship of the elements of the x-axis are 791 

best described in S1 (Figure 1). 792 

(C) Correlation of the fold-change analyzed between RNA-seq (y-axis) and qPCR (x-793 

axis).794 
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 795 

Figure 5. Cross-talk between WRKY and AP2/EREBP TF families in a ABA-mediated signaling. Transcriptional regulation activated 796 

in response to abiotic stress conditions. Transcriptional regulatory network involves interaction of Cis-regulatory elements (CREs) 797 

and TF. Phosphorylated DREB2A, AREB/ABF TFs, AREB1 and 2, ABF3 and 1 are active-genes (yellow star), resulting in induction 798 

of gene expression with DRE and ABRE-promoter region respectively.  GRF, DRIP1, DRIP2, RGLG1, RGLG2 and ERF53, 799 

WRKY13, WRKY104 are negative-regulated. WRKY25, WRKY33, WRKY20, WRKY535, WRKY17 and ERF are regulators. 800 
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S1) Figure 1. Legend A graph axis X 815 
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S2) Table 1 and Table 2  821 

 822 

Table 1 | Genes selected for RNA-seq validation. 823 

Wm82.a1.v1 Wm82.a2.v1 Annotation 
Embrapa 48 up or down 

expression 
BR 16 up or down 

expression 

Glyma17g17860 Glyma.17g164200 
LEA 18 ( Late embryogenesis 
abundant protein 18) 

UP in leaf severe and 
moderate stress and UP 
in root moderate and 
severe stress  

 UP in leaf severe 
stress  and DOWN in  
leaf moderate stress  

Glyma13g17250 Glyma.13g112400 ERF 018 (AP2 domain) UP in leaf and root UP in leaf and root 

Glyma20g29410 Glyma.20g155100 DREB 1A (AP2 domain) UP in leaf and root UP in leaf and root 

Glyma17g14110 Glyma.17g131900 DREB 1E (AP2 domain) UP in leaf and root UP in leaf and root 

Glyma0041s00200 Glyma.U037700 (AP2 domain) 
UP in leaf and DOWN in 
root 

DOWN in leaf and 
root 

Glyma05g32040 Glyma.05g186700 (AP2 domain) not occur UP in leaf  

Glyma08g01430 Glyma.08g011300 WRKY 75 (WRKY domain) 
UP in leaf and root in 
severe and moderate 
stress 

UP in leaf severe 
stress  and root 
severe and moderate 
stress 

824 
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Table 2 | Primers design for RNA-seq validation. 825 

  Wm82.a1.v1 Wm82.a2.v1 Sequence 

Primer Name 

Glyma17g17860-F 
Glyma.17g164200 

5´AAAGGCACAGAGTGATGAAT3´ 

Glyma17g17870-R 3´CTTGATGACCTTGTGTACCA5´  

Glyma08g01430-F 
Glyma.08g11300 

5´CCTGAAAGGTGGCAAAGAAA3´ 

Glyma08g01430-R 3´CTTCACATTGCAACCTCGAT5´ 

Glyma05g32040-F 

Glyma.05g186700 

5´GGAGGAAGAACCGAGGAGAA3´ 

Glyma05g32040-R 3´GCTTTGTTGCCTCTGAAACG5´ 

Glyma0041s00200-F 

Glyma.U037700 

5´GCTTGGACAGAAGCAACCTG3´ 

Glyma0041s00200-R 3´TTCCTTTTTGCCCTTCCTT5´ 

Glyma20g29410-F 

Glyma.20g155100 

5´AGGTCAGCCTGCCTCAACTT3´ 

Glyma20g29410-R 3´GGCACCATCCCTTCTTCTTG5´ 

Glyma13g17250-F 

Glyma.13g112400 

5´GAAAATGGGGCAAATGGGTA3´ 

Glyma13g17250-R 3´GTCGGGGAAATTGAACTTGG5´ 

Glyma17g14110-F 

Glyma.17g131900 

5´AGGATTTGGCTCGGAACGTA3´ 

Glyma17g14110-R 3´CAATCAGCAACGGCATCAAT5' 

826 
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S3) Table 1and Table 2  827 

Table 1 | Promoter analysis of AP2/EREBP family 828 

Gene symbol Glyma GeneID Detailed Matrix Information 
Start 

position 
End 

position 
Anchor 
position 

Genomic 
start pos 

Genomic 
end pos Strand Sequence 

Ethylene-
responsive 
transcription factor 
ERF096-like 

Glyma.20g203500 100775830 

Heat shock transcription factor B2A 16 38 27 44028311 44028333 + aaagaagaTTCTtccggtagaac 

Heat shock transcription factor B2A 71 93 82 44028366 44028388 + gaagaatcTTCTtccggatgaag 

Heat stress transcription factor B-2a (HSF6) 19 41 30 44028314 44028336 + gaagattcTTCCggtagaacaaa 

Secondary wall NAC binding elements 76 96 86 44028371 44028391 + atcttcttccggatGAAGaaa 

NAC domain containing protein 2 73 101 87 44028368 44028396 + agaatcttcttccggatGAAGaaattatt 

AGL15, Arabidopsis MADS-domain protein 
AGAMOUS-like 15 79 99 89 44028374 44028394 + ttcttccggatgaaGAAAtta 

Sequence motif from the promoters of different 

sugar-responsive genes 92 110 101 44028387 44028405 + agAAATtattttttttaat 

AC-type motifs, MYB46/MYB83-responsive 
elements 152 172 162 44028447 44028467 + caacaatGTTGctgggtgtat 

Transcription factor TGA2 178 196 187 44028473 44028491 + atgtccgtgACTTcaaatg 

   
        

AP2-like ethylene-
responsive 
transcription factor  
At2g41710 

Glyma.20g155100 100786651 

KH and zinc finger CCCH domain-containing 
protein 7 17 12 39387798 39387788 + aaaaAAAGaag 
KH and zinc finger CCCH domain-containing 
protein 21 31 26 39387784 39387774 + ataaAAAGgat 

Dof zinc finger protein DOF4.2 16 38 27 39387789 39387767 + agttaataAAAAggatttttcca 

Dof zinc finger protein DOF4.2 114 136 125 39387691 39387669 + agtaattgAAAAggaaaaaacaa 

Avian C-type LTR TATA box                49 65 57 39387756 39387740 + cagtataTTAGcttgag 

Arabidopsis 6b-interacting protein 1-like 1 57 75 66 39387748 39387730 + tagcttgagGTGAattgtt 
Storekeeper (STK), plant specific DNA binding 
protein important for tuber-specific and sucrose-
inducible gene expression 74 88 81 39387731 39387717 + tttTAAAcgattgta 
NAC WITH TRANSMEMBRANE MOTIF 1-LIKE 8 
(NTL8/NTM1-like 8) 110 132 121 39387695 39387673 + agcaagtaattgaaaaGGAAaaa 

Floral homeotic protein AGL15 113 133 123 39387692 39387672 + aagtaattgaaaagGAAAaaa 

Paired amphipathic helix domain-containing 
protein 131 147 139 39387674 39387658 + aaaCAACtagtaaccac 

AP2/ERF and B3 domain-containing transcription 
factor RAV1 152 164 158 39387653 39387641 + accAACAaaaaga 

Suppressor of overexpression of CO 1 (AGL20) 151 171 161 39387654 39387634 + gaccaacaaaaagaGAAAcaa 

PBF (MPBF) 151 173 162 39387654 39387632 + gaccaacaaAAAGagaaacaaga 



 

 

1
2

2
 

Gene symbol Glyma GeneID Detailed Matrix Information 
Start 

position 
End 

position 
Anchor 
position 

Genomic 
start pos 

Genomic 
end pos Strand Sequence 

NAC domain containing protein 16 152 180 166 39387653 39387625 + accaacaaaaagagaaaCAAGaaaaagcc 

Dof3 - single zinc finger transcription factor 166 188 177 39387639 39387617 + aaacaagaaAAAGccacttgggc 

Myb domain protein r1 (ATMYB44) 180 200 190 39387625 39387605 + cacttgggcaGTTAcatatgc 

   
        

AP2-like ethylene-
responsive 
transcription factor  
At2g41710 

Glyma.19g138000 100786651 

WRKY DNA-binding protein 50 38 54 46 39939244 39939228 + ttctttGGACtttactt 

WUSCHEL-related homeobox 13 65 75 70 39939217 39939207 + catCAATtagt 
Zinc finger of Arabidopsis thaliana 6 (Cold induced 
zinc finger protein 2) 79 89 84 39939203 39939193 + caaaCACTata 

SQUA promoter binding proteins 110 126 118 39939172 39939156 + tttttGTACaaaaactt 

Homeobox-leucine zipper protein HAT2 122 140 131 39939160 39939142 + aacttaaaTGATattaaaa 

Homeobox protein 34 136 154 145 39939146 39939128 + taaaatttTAATtattcac 

Flowering locus C 151 171 161 39939131 39939111 + tcacacaaaaacaaGAAAtat 
Cis-element involved in SA (salicylic acid) 
induction of secretion-related genes via NPR1 173 187 180 39939109 39939095 + agaGAAGaattaaca 
Homeobox-leucine zipper protein REVOLUTA 
(REV, IFL1) 189 207 198 39939093 39939075 + ttcctatATGAtttaatct 

   
        

AP2-like ethylene-
responsive 
transcription factor 
ANT 

Glyma.17g158300 100792451 

GT1-Box binding factors with a trihelix DNA-
binding domain 38 56 47 13601129 13601111 + ttttattaaGTTAattagt 

Homeobox protein 25 41 59 50 13601126 13601108 + tattaagtTAATtagttaa 

Myb domain protein 57 41 61 51 13601126 13601106 + tattaagttaaTTAGttaaca 

Myb domain protein 27 45 65 55 13601122 13601102 + aagttaatTAGTtaacaaaat 

Plant specific floral meristem identity gene LEAFY 
(LFY) 118 130 124 13601049 13601037 + gGCCAgtggttga 

Myb domain protein 31 (AtMYB31) 116 136 126 13601051 13601031 + ctggccagtgGTTGaaacttg 

Trihelix transcription factor GT-1 145 163 154 13601022 13601004 + ctgttattgGTTAgaccta 

GT2-box and GT3-box motifs 158 176 167 13601009 13600991 + gacctagtgGTAAattgtg 

   
        

Ethylene-
responsive 
transcription factor 
ERF017 

Glyma.15g180000 100813688 

CA-rich element 13 31 22 17377482 17377464 + gccttcaAACCacttatat 

ULT1 interacting factor 1 (AT4G37180) 58 74 66 17377437 17377421 + atgtccaagATTCaaat 

Myb domain protein 62 (BW62B) 91 111 101 17377404 17377384 + aacatattcaatTAGGagggc 

Mammalian C-type LTR TATA box 109 125 117 17377386 17377370 + ggcttTAAAaaagataa 
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Gene symbol Glyma GeneID Detailed Matrix Information 
Start 

position 
End 

position 
Anchor 
position 

Genomic 
start pos 

Genomic 
end pos Strand Sequence 

Dof zinc finger protein DOF4.7 (AT4G38000) 109 131 120 17377386 17377364 + ggctttaaaAAAGataattattc 

Class I GATA factors 116 132 124 17377379 17377363 + aaaaaGATAattattca 
M-phase-specific activators (NtmybA1, NtmybA2, 
NtmybB) 141 161 151 17377354 17377334 + catccAACAggcaaagttgca 

Myb family transcription factor (G2-like family) 159 175 167 17377336 17377320 + gcaaataaaATTCccca 

WRKY plant specific zinc-finger-type factor 
associated with pathogen defence, W box 178 194 186 17377317 17377301 + agattTTGAcaatgtac 

   
        

Ethylene-
responsive 
transcription factor 
RAP2-2-like 

Glyma.10g016500 100780763 

Lentivirus LTR TATA box 64 80 72 1478017 1478001 + caaTATAatacggagta 

Lentivirus LTR TATA box 158 174 166 1477923 1477907 + ataTATAataaaattga 

Squamosa promoter-binding-like protein 14 66 82 74 1478015 1477999 + atataaTACGgagtatt 
DNA-binding protein of sweet potato that binds to 
the SP8a (ACTGTGTA) and SP8b (TACTATT) 
sequences of sporamin and beta-amylase genes 101 113 107 1477980 1477968 + aaAACTatttata 

Calmodulin binding WRKY transcription factor 11 166 182 174 1477915 1477899 + taaaaTTGAcaatatga 

   
        

Dehydration-
responsive element 
binding protein 2 

Glyma.06g042100 732579 

Lateral organ boundaries 2 22 12 3181355 3181335 + gtggCGGCgcaaggcgagtgc 
Promoter elements involved in MgProto (Mg-
protoporphyrin IX) and light-mediated induction 12 42 27 3181345 3181315 + aaggCGAGtgcctgccactcgtgctcaactg 

Brassinazole-resistant 1 protein 25 43 34 3181332 3181314 + gccactCGTGctcaactgc 
ABA (abscisic acid) inducible transcriptional 
activator 71 87 79 3181286 3181270 + gtttgCCACgtggcggt 

Tobacco bZip transcription activator (TAF-1) 71 89 80 3181286 3181268 + gtttgccACGTggcggtgt 

BBES1/BZR1-like protein 3 (AT4G18890) 73 91 82 3181284 3181266 + ttgccaCGTGgcggtgtct 

Cis-acting element conserved in various PAL and 
4CL promoters 99 119 109 3181258 3181238 + tttttttacaggtgGGTGtaa 

Myb domain protein 55 103 123 113 3181254 3181234 + tttacaggTGGGtgtaacggg 

Myb-related protein 3R-1 (PC-MYB1) 113 133 123 3181244 3181224 + ggtgtAACGggattggcgcgt 

E2F transcription factor 3 120 142 131 3181237 3181215 + cgggattGGCGcgtgggtcgtca 

Coupling element 3 (CE3), non-ACGT ABRE 123 141 132 3181234 3181216 + gattggCGCGtgggtcgtc 

Rice iron-related transcription factor 2 123 141 132 3181234 3181216 + gattggCGCGtgggtcgtc 
Arabidopsis thaliana signal-responsive gene1, 
Ca2+/ calmodulin binding protein homolog to 
NtER1 (tobacco early ethylene-responsive gene) 126 142 134 3181231 3181215 + tggCGCGtgggtcgtca 

WRKY transcription factor 8 164 180 172 3181193 3181177 + ttttgTTGCcttttcta 
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Gene symbol Glyma GeneID Detailed Matrix Information 
Start 

position 
End 

position 
Anchor 
position 

Genomic 
start pos 

Genomic 
end pos Strand Sequence 

Soybean embryo factor 4 181 191 186 3181176 3181166 + aaTTTTtatca 
Root hair-specific element with a 3-nucleotid 
spacer between left part (LP) and right part (RP) 175 199 187 3181182 3181158 + tttctaaatttttatCACGttgtga 
DIVARICATA 1 (myb related R-R-type factor 
AT5G58900) 180 198 189 3181177 3181159 + aaattttTATCacgttgtg 

   
        

Dehydration-
responsive 
element-binding 
protein 2C-like 

Glyma.02g261700 100798277 

bZIP protein G-Box binding factor 1 8 26 17 44767736 44767754 + aagcgcCACGtcaccacat 

Phytochrome interacting factor3-like 5 8 26 17 44767736 44767754 + aagcgcCACGtcaccacat 

Myb family transcription factor REVEILLE 1 48 64 56 44767776 44767792 + atcagaaaTATCtagag 

Heat stress transcription factor A-6b 49 71 60 44767777 44767799 + tcagaaatATCTagagaatgcta 
SHI related sequence 1 (STYLISH 1) (secondary 
DNA binding preference) 147 159 153 44767875 44767887 + acactAGCCagaa 

Myb-like protein of Petunia hybrida 158 178 168 44767886 44767906 + aaataaaaccGATAagccgaa 

Shoot-apical-meristem arrest 2 (AT5G08750) 169 181 175 44767897 44767909 + ataaGCCGaaaaa 

LOB domain-containing protein 19 171 191 181 44767899 44767919 + aagCCGAaaaacattgagttc 

   
        

Dehydration-
responsive 
element-binding 
protein 1E 

Glyma.01g216000 100789097 

Arabidopsis thaliana class A heat shock factor 1a 98 120 109 54671112 54671090 + actaaatATTCttaaaatacttg 
GAAA motif involved in pollen specific 
transcriptional activation 121 137 129 54671089 54671073 + tccgaGAAActctttga 

Homeobox 51, Late Meristem Identity 1 2 20 11 54671208 54671190 + tttaaaaaTAATggttttt 

Homeobox-leucine zipper protein ATHB-7 157 175 166 54671053 54671035 + agtaaaattgATTGaacac 

Myb domain protein 56 81 101 91 54671129 54671109 + tatattaaacGTTAtgtacta 

NAC domain containing protein 5 112 134 123 54671098 54671076 + aaatACTTgtccgagaaactctt 

Salt tolerance zinc finger (ZAT10) 161 183 172 54671049 54671027 + aaattgattgaacactCACTgtt 

Squamosa promoter-binding-like protein 9 91 107 99 54671119 54671103 + gttatGTACtaaatatt 
Zea mays MYB-related protein 1 (transfer cell 
specific) 62 80 71 54671148 54671130 + atatataTATAtaatataa 

Zinc finger and SCAN domain containing 4 171 185 178 54671039 54671025 + aACACtcactgttaa 

   
        

Uncharacterized 
LOC100527194 

Glyma.03g112700 100527194 

Sunflower homeodomain leucine-zipper protein 
Hahb-4 14 32 23 31932050 31932032 + gtgaagtattATTAacata 

Growth-regulating factor 9 34 44 39 31932030 31932020 + tttcTGACata 

Homeobox-leucine zipper protein ATHB-6 66 84 75 31931998 31931980 + caaaaTAATaattaaaata 
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Gene symbol Glyma GeneID Detailed Matrix Information 
Start 

position 
End 

position 
Anchor 
position 

Genomic 
start pos 

Genomic 
end pos Strand Sequence 

Homeobox-leucine zipper protein ATHB-53 137 155 146 31931927 31931909 + ttaatCTATaattttttta 

Indeterminate(ID)-domain 5 protein (RAVEN) 191 209 200 31931873 31931855 + agcttTTGTttttttttat 

 829 

830 
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Table 2 | Promoter analysis of WRKY family 831 

Gene symbol Glyma GeneID 
Detailed Matrix Information 

Start 
position 

End 
position 

Anchor 
position 

Genomic 
start pos 

Genomic 
end pos 

Chromosome Strand Sequence 

WRKY53 
Glyma.19g094100 732586 

Sunflower homeodomain leucine-
zipper protein Hahb-4 

126 144 135 33282000 33281982 19 + tatatatatcATTAnnnnn 

            

Probable WRKY 
transcription factor 26 

Glyma.18g056600 100127397 

GA-regulated myb gene from barley 13 33 23 4951780 4951800 18 + atatgtattcGTTAacgtttt 

OCS-like elements 13 33 23 4951780 4951800 18 + atatgtattcgttaACGTttt 

GAZ-like 3 (AT5G22990) 25 37 31 4951792 4951804 18 + taACGTtttcctt 

Squamosa promoter-binding-like 
protein 9 

80 96 88 4951847 4951863 18 + tatgtGTACtttaaatt 

Target of early activation tagged 1 
(RAP2.7) (tertiary DNA binding 
preference) 

85 95 90 4951852 4951862 18 + gtacTTTAaat 

Class I GATA factors 130 146 138 4951897 4951913 18 + gaataGATAaaatttaa 

Botrytis-susceptible1 (MYB108) 143 163 153 4951910 4951930 18 + ttaaggatcaaTTAGgaaatt 

WUSCHEL-related homeobox 13 148 158 153 4951915 4951925 18 + gatCAATtagg 

Myb domain protein 59 147 167 157 4951914 4951934 18 + ggatcaatTAGGaaatttggg 

Homeodomain glabrous 9 167 183 175 4951934 4951950 18 + gcatatTAAAtatttta 

Probable WRKY 
transcription factor 40 

Glyma.13g370100 100798375 

Homeobox-leucine zipper protein 
ATHB-24 

32 50 41 45563654 45563672 13 + actactttttATTActaat 

KANADI 4 (Aberrant Testa Shape) 
(secondary DNA binding preference) 

80 92 86 45563702 45563714 13 + ttgatgATTCata 

Homeobox 51, Late Meristem Identity 
1 

102 120 111 45563724 45563742 13 + tattttaaTAATgatttta 

Transcription factor NAC2 110 138 124 45563732 45563760 13 + taatgattttatatgcaCATGaaataagg 

Anther-specific myb gene from tobacco 131 151 141 45563753 45563773 13 + aaataaggttGTTAgactgag 

ICE (inducer of CBF expression 1), 
AtMYC2 (rd22BP1) 

150 168 159 45563772 45563790 13 + aggatACATgtgtttttag 

ICE (inducer of CBF expression 1), 
AtMYC2 (rd22BP1) 

178 196 187 45563800 45563818 13 + acacaACAAatgtctattc 

            

Probable WRKY 
transcription factor 28 

Glyma.08g082400 100816891 

WRKY DNA-binding protein 45 3 19 11 6227329 6227345 8 + tatgtTTAActttttac 

WRKY DNA-binding protein 70 5 21 13 6227331 6227347 8 + tgtttAACTttttacac 

Reproductive Meristem 1 (secondary 
DNA binding preference) 

14 24 19 6227340 6227350 8 + ttttACACgtt 

Homeobox-leucine zipper protein 
HAT2 

93 111 102 6227419 6227437 8 + atagtaaaTGATcaaagta 
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Gene symbol Glyma GeneID 
Detailed Matrix Information 

Start 
position 

End 
position 

Anchor 
position 

Genomic 
start pos 

Genomic 
end pos 

Chromosome Strand Sequence 

Probable WRKY 
transcription factor 41 

Glyma.08g021900 100127375 

GCN4, conserved in cereal seed 
storage protein gene promoters, similar 
to yeast GCN4 and vertebrate AP-1 

1 17 9 1765392 1765376 8 + tgattTGAGtcattttt 

Circadian clock associated 1 
(secondary DNA binding preference) 

21 37 29 1765372 1765356 8 + ttattaGATAttgatta 

PBF (MPBF) 90 112 101 1765303 1765281 8 + gagcactcaAAAGggttaacaca 

Upstream sequence elements in the 
promoters of U-snRNA genes of higher 
plants 

146 162 154 1765247 1765231 8 + aatctcCCACttcctcc 

            

WRKY25 protein Glyma.08g011300 100127378 

TESMIN/TSO1-like CXC 2 6 36 21 899849 899879 8 + aggtaattaaaataCAAAttattaaaactaa 

Zinc finger of Arabidopsis thaliana 6 
(Cold induced zinc finger protein 2) 

27 37 32 899870 899880 8 + ttaaAACTaaa 

Myb-domain transcription factor 
werewolf 

35 55 45 899878 899898 8 + aaaatatactGTTCtgtattc 

ABORTED MICROSPORES 49 67 58 899892 899910 8 + tgtattCATCtgatcttga 

GATA transcription factor 19 (HANABA 
TARANU LIKE 2, HANL2) 

54 68 61 899897 899911 8 + tcatctGATCttgat 

ABA response elements 76 92 84 899919 899935 8 + gtattgtACGTgaaaat 

NACL-inducible gene 1 78 90 84 899921 899933 8 + attGTACgtgaaa 

Squamosa promoter binding protein-
like 14 

76 92 84 899919 899935 8 + gtattgTACGtgaaaat 

Two-component response regulator 
ARR14 (secondary DNA binding 
preference) 

102 112 107 899945 899955 8 + gaaGATTttca 

Arabidopsis NAC domain containing 
protein 19 

101 127 114 899944 899970 8 + ggaagattttcacgtTACGtcacacag 

Myb domain protein 98 104 124 114 899947 899967 8 + agattttcacGTTAcgtcaca 

Phytochrome interacting factor3-like 5 105 123 114 899948 899966 8 + gattttCACGttacgtcac 

Rice transcription activator-1 (RITA), 
basic leucin zipper protein, highly 
expressed during seed development 

111 127 119 899954 899970 8 + cacgttACGTcacacag 

AGL15, Arabidopsis MADS-domain 
protein AGAMOUS-like 15 

113 133 123 899956 899976 8 + cgtTACGtcacacagaaaatt 

P1BS, PHR1 binding sequences 123 141 132 899966 899984 8 + cacagaAAATtctactatt 

Heat shock transcription factor B2A 124 146 135 899967 899989 8 + acagaaaaTTCTactattattta 

AP2/ERF and B3 domain-containing 
transcription factor RAV1 

157 169 163 900000 900012 8 + gtcAACAaaataa 

Homeobox protein 25 181 199 190 900024 900042 8 + gctacagtTAATtgttttt 

            

Probable WRKY 
transcription factor 40 

Glyma.07g023300 100807966 
Myb family transcription factor 
REVEILLE 1 

40 56 48 1775459 1775443 7 + agtaaaaaCATCttgaa 
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Gene symbol Glyma GeneID 
Detailed Matrix Information 

Start 
position 

End 
position 

Anchor 
position 

Genomic 
start pos 

Genomic 
end pos 

Chromosome Strand Sequence 

Heat stress transcription factor A-6b 41 63 52 1775458 1775436 7 + gtaaaaacATCTtgaaaaaaaaa 

Trihelix transcription factor GT-2 100 118 109 1775399 1775381 7 + tagatgttgGTCAaaattc 

            

Protein Polar localization 
during asymmetric division 
and redistribution-like 

Glyma.06g061800 102667044 

DREB and EAR motif protein 5 
(RAP2.9) 

11 31 21 4652431 4652411 6 + atgaaacaCCGAtaaaaccac 

Mammalian C-type LTR TATA box 18 34 26 4652424 4652408 6 + accgaTAAAaccacgaa 

NAC domain containing protein 13 19 47 33 4652423 4652395 6 + ccgataaaaccacgaatCAAGcaaattgc 

NAC secondary wall thickening 
promoting factor 1 

26 46 36 4652416 4652396 6 + aaccacgaatcaaGCAAattg 

Nodulin consensus sequence 2 42 56 49 4652400 4652386 6 + aattgcCTCAtaata 

Drosophila initiator motifs 72 82 77 4652370 4652360 6 + ttTCATtcggc 

CCHC-type zinc knuckle protein 92 108 100 4652350 4652334 6 + tttcgTTCActtgtttt 

Wheat NAC-domain DNA binding 
factor (DNA binding site II) 

140 166 153 4652302 4652276 6 + gtttgtaatggctatGACGtcatgaaa 

NAM-like protein CUP-SHAPED 
COTYLEDON 1 

143 171 157 4652299 4652271 6 + tgtaatggctatgacgtCATGaaaacacg 

bZIP transcription factor Elongated 
Hypocotyl 5 

149 167 158 4652293 4652275 6 + ggctatgACGTcatgaaaa 

Root hair-specific element with a 2-
nucleotid spacer between left part (LP) 
and right part (RP) 

153 177 165 4652289 4652265 6 + atgacgtcatgaaaaCACGtattgt 

NAC domain containing protein 3 153 179 166 4652289 4652263 6 + atgacgtcatgaaaaCACGtattgtaa 

bZIP protein G-Box binding factor 1 162 180 171 4652280 4652262 6 + tgaaaaCACGtattgtaaa 

            

Probable WRKY 
transcription factor 33 

Glyma.03g042700 102666898 

RAP2.2, involved in carotenoid and 
tocopherol biosynthesis and in the 
expression of photosynthesis-related 
genes 

11 21 16 5404783 5404793 3 + aaATCTatata 

Calmodulin-binding transcription 
activator 1 (AtSR2) 

22 38 30 5404794 5404810 3 + agaCGCGaaatatttac 

Wheat bZIP transcription factor HBP1B 
(histone gene binding protein 1b) 

43 61 52 5404815 5404833 3 + catgctcTTACgttgattt 

AS1/AS2 repressor complex binding 
motif II 

52 60 56 5404824 5404832 3 + acgTTGAtt 

WRKY transcription factor 7 50 66 58 5404822 5404838 3 + ttacgTTGAtttttcaa 

Target of early activation tagged (EAT) 
2 (secondary DNA binding preference) 

73 83 78 5404845 5404855 3 + caACCTaggca 

NAC with transmembrane mtif 1-like 8 
(NTL8/NTM1-like 8) 

121 143 132 5404893 5404915 3 + atagattatcttctGAAGtaaca 

NAC domain containing protein 5 125 147 136 5404897 5404919 3 + attaTCTTctgaagtaacattct 



 

 

1
2

9
 

Gene symbol Glyma GeneID 
Detailed Matrix Information 

Start 
position 

End 
position 

Anchor 
position 

Genomic 
start pos 

Genomic 
end pos 

Chromosome Strand Sequence 

Heat stress transcription factor B-3 136 158 147 5404908 5404930 3 + aagtaacaTTCTatatttcttta 

Opaque-2 regulatory protein 169 185 177 5404941 5404957 3 + ttgggtataTCATcata 

PHAVOLUTA (Homeobox-leucine 
zipper protein ATHB-9) 

173 191 182 5404945 5404963 3 + gtatatcaTCATaataaat 

 832 


