UNIVERSIDADE FEDERAL DE PERNAMBUCO
CENTRO DE BIOCIENCIAS
PROGRAMA DE POS-GRADUACAO EM GENETICA

MITALLE KAREN DA SILVA MATOS

Fatores de Transcricdo WRKY: Modulagdo da Expresséo e Interagdes

Moleculares Sob Estresse em Feijdo-Caupi (Vigna unguiculata)

Recife
2019



MITALLE KAREN DA SILVA MATOS

Fatores de Transcricdo WRKY: Modulacédo da Expresséo e Interacdes

Moleculares Sob Estresse em Feijdo-Caupi (Vigna unguiculata)

Tese apresentada ao Programa de POs-
Graduacgdo em Genética da Universidade
Federal de Pernambuco como parte dos
requisitos exigidos para obtencédo do titulo
de Doutora em Genética.

Area de concentracio: Biologia
Molecular

Orientadora: Dra. Ana Maria Benko Iseppon
Coorientador: Dr. Jo&do Pacifico Bezerra Neto

Recife
2019



Catalogacao na fonte
Elaine C Barroso
(CRBA4 1728)

Matos, Mitalle Karen da Silva

Fatores de transcricdo WRKY: modulacdo da expresséo e interagbes moleculares
sob estresse em feijao-caupi (Vigna unguiculata) / Mitalle Karen da Silva Matos — 2019.

119 f.. il fig., tab.

Orientadora: Ana Maria Benko Iseppon

Coorientador:Jodo Pacifico Bezerra Neto

Tese (doutorado) — Universidade Federal de Pernambuco. Centro de
Biociéncias. Programa de Pds-Graduag¢do em Genética, 2019.

Inclui referéncias, apéndice e anexos

1. Genética vegetal 2. Bioinformatica 3. Desidratacao radicular |.

Iseppon, Ana Maria Benko (orient.) Il. Bezerra Neto, Jodo Pacifico (coorient.)
1. Titulo

581.15 CDD (22.ed.) UFPE/CB — 2020-163




MITALLE KAREN DA SILVA MATOS

Fatores de Transcricdo WRKY: Modulacdo da Expresséao e Interagcdes

Moleculares Sob Estresse em Feijdo-Caupi (Vignha unguiculata)

Tese apresentada ao Programa de Poés-
Graduacdo em Genética da Universidade
Federal de Pernambuco como parte dos
requisitos exigidos para obtencédo do titulo
de Doutora em Genética.

Aprovada em: 30/08/2019.

BANCA EXAMINADORA

Dra. Ana Maria Benko Iseppon (Orientadora)

Universidade Federal de Pernambuco

Dra. Valesca Pandolfi (Examinadora externa)

Universidade Federal de Pernambuco

Dr. Lucas André Cavalcanti Brandao (Examinador interno)

Universidade Federal de Pernambuco

Dr. José Ribamar Costa Ferreira Neto (Examinador externo)

Universidade Federal de Pernambuco

Dra. Lidiane Lindinalva Barbosa Amorim (Examinadora externa)

Instituto Federal do Piaui



Aos meus pais, Paulo Jorge e Sonia Maria,
E ao meu esposo, Luan Ramos,

Dedico.



AGRADECIMENTOS

A Deus, fonte de sabedoria suprema, e & Maria Santissima, que, guiados por
seu amor incondicional, me deram protecéo e forcas durante toda minha caminhada.

Aos meus pais, Paulo Jorge e SOnia Maria, que sempre foram minha base,
minha forca, meu porto seguro e a quem devo tudo o que sou.

Ao meu amigo e meu amor Luan Ramos, por sua paciéncia, respeito e parceria,
me permitindo crescer ao seu lado como ser humano. Sou muito feliz e realizada por
ter vocé.

A professora Ana Maria Benko Iseppon, que me permitiu e me direcionou a
conquista desse sonho. Uma das mulheres nas quais me inspiro e que tem minha
admiracao plena e gratidao eterna.

Ao Jodo Pacifico, por toda sua paciéncia e carinho nos meus inimeros
momentos de desespero, me mostrando a luz da calmaria e da vitéria. Vocé € mais
gue um coorientador na minha vida, vocé é um amigo que quero levar para sempre
comigo.

A Lidiane Amorim, para sempre minha ‘mae cientifica’. A gratiddo que sinto por
tudo que vocé me ensinou nunca sera expressa suficientemente. Obrigada por ter se
preocupado com a minha formacé&o desde a iniciacdo cientifica até o doutorado.

A todos da familia LGBV, pelos momentos vividos, as boas e numerosas risadas
e todo conhecimento compartilhado. Momentos Unicos, com cada um, que levarei
comigo sempre. Em particular, agradeco aqueles que me deram motivos especiais
para continuar: Flavia Czekalski, Artemisa Borges, Carolline Pires, Carlos André,
Livia Maria, Vanessa Cristina, Neto Ferreira, Diogo Cavalcanti e Marx de Oliveira.

A Thialisson Cacci e Wilson Dias, que me permitiram crescer como formadora
ao orienta-los em seus projetos académicos. A aprendizagem € mutua nessa
caminhada e desejo muito sucesso aos dois.

A toda equipe gestora e docente da escola Frei Campo Mayor, que me
acolheram com um carinho absurdo, facilitando minha jornada dupla. Em especial,
agradeco aos meus amigos Ivone Sales, Karla Danielle, Juliana Albertim, Ricardo
Anderson, Joao Alfredo e Pablo Gonzaga, pela honra em ter sido acolhida por
VOCES.

Aos membros da banca examinadora, pelas contribuicbes e com a minuciosa

leitura para o aperfeicoamento deste trabalho.



A Coordenagcio de Aperfeicoamento de Pessoal de Nivel Superior - CAPES, pela
bolsa concedida durante a execugéo deste trabalho e pelo apoio financeiro para a
geracdo do transcriptoma do feijdo-caupi, através da Rede Intersys (Edital Biologia
Computacional).

A Universidade Federal de Pernambuco (UFPE), por meio do Programa de Pds-
Graduacao em Genética (PPGG), pela oportunidade e suporte durante todo o periodo

do Doutorado.
MUITO OBRIGADAI!IL.



“Cada descoberta nova da ciéncia é uma
portanova pela qual encontro mais umavez
Deus, o autor dela”.

(Albert Einstein)



RESUMO

A seca é um dos fatores ambientais de maior impacto sobre a produtividade
agricola, podendo reduzir ou até mesmo inviabilizar o processo fotossintético. Neste
cenario, o feijdo-caupi [Vigna unguiculata (L.) Walp.] figura como uma das
leguminosas mais tolerantes, porém ainda sofre com regimes de secas ocorrentes.
Dentre os mecanismos de resposta vegetal, destaca-se a modulacdo da regulacéo
génica mediada pelos fatores de transcricdo (Transcription Factors -TFs) associados
a vérias vias envolvidas na obtencdo da tolerancia da planta. Assim, buscamos
identificar e caracterizar os TFs WRKY, uma das maiores familias de TFs em plantas,
no genoma do feijdo-caupi e avaliar seu perfil transcricional (RNA-Seq e qPCR) sob
desidratacdo radicular em gendétipos contrastantes. Também selecionamos genes de
referéncia adequados para as analises de expressao génica via gPCR. Ferramentas
bioinforméticas permitiram a caracterizacdo de 92 genes VUWRKY, revelando a
estrutura organizacional e evolutiva da familia WRKY na espécie. Os dados
transcricionais obtidos no banco CpGC (Cowpea Genome Consortium) permitiram
associar 97 isoformas a 55 genes VUWRKY, revelando sequéncias promissoras para
validacdo experimental da resposta. Para uma anélise mais precisa e confiavel da
expressao génica, selecionamos genes de referéncia para a desidratacao radicular (e
estresse salino), para serem utilizados na gPCR. Os resultados confirmaram o padrao
de resposta dos VUWRKY, indicando um universo de 22 alvos induzidos sob
desidratacéo radicular. Em conjunto, nossos dados fornecem potenciais candidatos
para estudos biotecnoldgicos futuros visando a tolerancia ao estresse hidrico no

feijdo-caupi e espécies proximas.

Palavras-chave: Bioinformatica. Desidratacdo radicular. Genes de Referéncia.

gPCR. Transcriptoma.



ABSTRACT

Drought is one of the environmental factors with the greatest impact on
agricultural productivity, and may reduce or even render the photosynthetic process
unfeasible. In this scenario, cowpea [Vigna unguiculata (L.) Walp.] is one of the most
tolerant legumes, but still suffers from drought regimes. Among the mechanisms of
plant response, the modulation of gene regulation mediated by transcription factors
(Transcription Factors -TFs), associated with several pathways involved in obtaining
plant tolerance, stands out. Thus, we sought to identify and characterize WRKY TFs,
one of the largest families of plant TFs, in the cowpea genome and to evaluate its
transcriptional profile (RNA-Seq and gPCR) under root dehydration in contrasting
genotypes. We also selected suitable reference genes for gPCR gene expression
analysis. Bioinformatic tools allowed the characterization of 92 VUWRKY genes,
revealing organizational and evolutionary structure of the WRKY family on specie. The
transcriptional data obtained from CpGC database (Cowpea Genome Consortium)
allowed to associate 97 isoforms with 55 VUWRKY genes, revealing promising
sequences for experimental response validation. For a more accurate and reliable
analysis of gene expression, we selected reference genes for root dehydration (and
saline stress) to be used in gPCR. The results confirmed response pattern of VUWRKY,
indicating a universe of 22 targets induced under root dehydration. Taken together, our
data provide potential candidates for future biotechnological studies aiming at water

stress tolerance in cowpea and nearby species.

Key words: Bioinformatics. Root Dehydration. Reference Genes. gPCR.

Transcriptome.
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1 INTRODUCAO

O feijdo-caupi [Vigna unguiculata (L.) Walp.], também conhecido como feijao
verde, feijdo de corda ou feijao macassar, pertence ao grupo das Leguminosas e
figura como uma cultura agricola de significativa importancia socioeconémica,
especialmente para o Norte/Nordeste do Brasil. A cultura € particularmente
caracterizada pelo alto teor de proteinas, boa adaptacdo a solos de baixa
fertilidade, temperaturas elevadas e ambientes de baixa disponibilidade hidrica.
Embora seja usada principalmente como uma cultura de gréos, o feijao-caupi
também é empregado como forrageira, para adubacéo verde e protecdo do solo,
uma vez que se associam simbioticamente com bactérias do género Rhizobium.

Apesar dessas caracteristicas vantajosas, o feijdo-caupi pode ter sua
produtividade diminuida em regides com limitacdes hidricas frequentes. Sua
capacidade de producdo em condicbes ambientais Otimas pode chegar a 3.000
kg.hal. Entretanto, a produtividade média da cultura no Brasil, entre os anos de
2007 e 2017, foi de 381 kg.ha! (Embrapa Arroz e Feijao, 2018). Em area plantada,
a regido Nordeste se destaca no cultivo do feijdo-caupi, porém muitas vezes a
cultura experimenta periodos de seca moderada, devido a baixa precipitacdo
pluviométrica regional. Dessa forma, o desenvolvimento de variedades bem
adaptadas para as condi¢des de déficit hidrico aumentaria o rendimento da cultura,
especialmente nessa regiao.

Véarios sdo os atores moleculares envolvidos na percepcdo do estresse,
transducdo de sinal e respostas a seca em plantas. Em termos de respostas
vegetais, os fatores de transcricdo (Transcription Factors - TFs) destacam-se como
elementos-chave dos mecanismos de sinalizagdo e adaptagéo da planta por meio
de interagBes especificas com elementos cis-regulatérios nos promotores de genes
relacionados ao estresse. Tais proteinas atuam na orquestracdo molecular
ativando ou reprimindo a expressao de genes-alvo e direcionando a expressao de
forma sincronizada.

Inimeras familias de TFs s&o descritas e conhecidas por sua atuagdo como
integradores centrais de vias especificas ativadas pela seca. TFs WRKY figuram
como uma das maiores familias de reguladores transcricionais em plantas, atuando

em cascatas de sinalizacbes que modulam diversas respostas vegetais, incluindo
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a seca. A familia é caracterizada pela presenca de pelo menos um dominio de
ligacdo ao DNA (DNA Binding Domain — DBD), composto por 60 residuos de
aminoacidos com um heptapeptideo [WRKYGQK] altamente conservado, seguido
de um motivo dedo de zinco n&do candnico (C2H2 ou C2HC) na regidao C-terminal.
Um namero crescente de trabalhos tem investigado o potencial dessa familia de TF
para tolerancia a seca em vegetais.

Neste sentido, diversos segmentos biotecnoldgicos tém concentrado seus
esforcos na criacdo de cultivares com caracteristicas agrondmicas desejaveis e que
contribuam para minimizar as perdas na sua producédo. A identificacdo de genes
WRKY centrais nas vias de resposta a desidratacdo radicular em acessos
tolerantes do feijdo-caupi, pode apresentar-se como um recurso para modificacéo
de caracteres complexos na cultura e em outras plantas relacionadas, além de se
mostrarem como provaveis recursos tecnoldgicos para a proxima geracdo de
cultivos biotecnoldégicos.

Para o feijdo-caupi, a disponibilizacdo recente do sequenciamento genémico
de alta qualidade tem permitido que estudos funcionais progridam na espécie,
auxiliando na compreensédo da base genética frente as respostas adaptativas. A
associacao dessas informacdes ao genoma expresso em condicdes estressantes
fornecera candidatos em potencial para o melhoramento da cultura. Neste contexto,
a base de dados CpGC (Cowpea Genome Consortium) possui significativa
disponibilidade de dados transcricionais da espécie sob diferentes estresses
ambientais, obtidos pela tecnologia do RNA-Seq.

A validacdo dos candidatos identificados in silico, envolvidos nas vias de
tolerancia/resisténcia do vegetal, tem sido crucial para os estudos em curso. A PCR
guantitativa em tempo real (QPCR) é considerada um método valioso e confiavel
para quantificacdo de genes, mas apresenta algumas variaveis que devem ser
consideradas para sua aplicacdo. Um dos pré-requisitos mais importantes da
técnica € a escolha de genes de referéncia confiaveis para normalizacdo precisa
dos niveis de expressao.

Neste contexto, o presente trabalho objetivou identificar e caracterizar a
familia de TF WRKY no feijao-caupi em nivel estrutural e funcional, utilizando os
dados genbmicos e transcriptdmicos disponiveis para a espécie (CpGC), além de
analisar sua modulacdo frente a desidratacdo radicular, validando os melhores

candidatos para aplicacdes biotecnolégicas. Ainda, objetivamos identificar genes
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de referéncia para normalizacéo das reacbes de qPCR para feijdo-caupi quando
submetido a diferentes estresses abidticos.

1.1 OBJETIVOS

1.1.1 Objetivo geral

Identificar e caracterizar genes e transcritos codificantes dos TFs da familia WRKY
relacionados a resposta sob desidratacéo radicular no feijao-caupi, validando os
melhores candidatos diferencialmente expressos e relacionando-os as interacfes

existentes com outros grupos responsivos aos estresses.

1.1.2 Objetivos especificos

Realizar anotacao estrutural e funcional de TFs WRKY relacionados a desidratacao

radicular no banco de dados Phytozome, CpGC e em bancos de dados publicos;

Estabelecer um perfil da expresséo in silico dos transcritos modulados sob a

condicdo analisada;

Validar a expressdo dos melhores candidatos a TFs diferencialmente expressos

por meio de PCR em tempo real (QPCR).

Identificar genes normalizadores para reac6es de qPCR no feijao-caupi submetido

a estresse.



21

2 REFERENCIAL TEORICO

2.1 EFEITOS DOS FATORES AMBIENTAIS SOB O CRESCIMENTO E
DESENVOLVIMENTO DAS PLANTAS

Os organismos vivos estdo em constante interacdo com os fatores
externos, tratando-se de situacao particularmente verdadeira para as plantas. Uma
vez que estao enraizadas no ambiente em que crescem, 0s vegetais ficam sujeitos
as mudancas de condi¢cdes provocadas pela multiplicidade de fatores ambientais
(Pereira, 2016). Para compreender o processo de resposta de um organismo
particular em uma determinada condic¢éo, as influéncias ambientais geralmente sao
consideradas separadamente. Tais fatores podem ser de natureza bidtica ou
abidtica e interferem diretamente no desenvolvimento e sobrevivéncia dos vegetais
(Schulze et al., 2005).

Os fatores ambientais bi6ticos compreendem as interacdes diretas com
outros seres vivos, as quais podem ser benéficas, como a simbiose com bactérias
fixadoras do nitrogénio atmosférico, ou ainda prejudiciais, como infec¢cdes por
patdgenos, danos mecanicos por herbivoria ou pisoteio, entre outros (Hartley,
2001). Sob condi¢bes naturais, as plantas tém que lidar com diferentes organismos,
incluindo outras plantas, que interagem a qualqguer momento do seu
desenvolvimento, seja competindo pelos mesmos recursos, se defendendo dos
ataques ou colaborando com microrganismos para seu crescimento (Brooker, 2006;
van Dam, 2008; Glazebrook e Roby, 2018). As vias de resposta para cada tipo de
interacdo devem ser precisamente caracterizadas pela planta, diferenciando os
sinais patogénicos versus mutualistas pelos sistemas de percepc¢aol/receptor, a fim
de adaptar suas respostas (Plett e Martin, 2018).

J& os fatores abioticos, incluem parametros e recursos que determinam o
crescimento de uma planta, como intensidade luminosa, temperatura,
disponibilidade hidrica, minerais e COz2, entre outros. Entretanto, o efeito de cada
fator abiodtico sobre a planta ird depender da quantidade ou intensidade deste,
podendo ter uma influéncia benéfica, e assim auxiliar no seu desenvolvimento, ou
atuar de maneira prejudicial, quando disponiveis em niveis extremos ou

insuficientes (Schulze et al., 2005; Pereira, 2016). Os vegetais dificilmente
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encontram quantidades e/ou intensidades 6timas de todos os recursos abioéticos
essenciais para o seu desenvolvimento. Além do crescimento, outros processos
bioldgicos (como a reproducéo, propagacdo da semente, etc.) podem ser afetados
na planta como uma reacao a variacao na disponibilidade dos recursos abiéticos
presentes no meio (Schulze et al., 2005), gerando situa¢des para as quais usamos
o termo estresse (Kranner et al., 2010; Cramer et al., 2011). Assim, fatores
ambientais que causam o estresse e suas rea¢des podem servir como medida para
classificar a forca do estresse em uma escala de intensidade, variando de
deficiéncia a oferta excessiva (Madlung e Comai, 2004; Schulze et al., 2005).

Considerando-se a quantidade de fatores interagindo simultaneamente, 0s
estresses podem ser agrupados em trés categorias: (I) estresse unico, (II) maltiplo
individual ou (I11) multiplo combinado. O estresse Unico ocorre quando apenas um
fator afeta o crescimento e desenvolvimento do vegetal, enquanto o estresse
multiplo representa o impacto de dois ou mais fatores ocorrendo em diferentes
periodos sem sobreposicdo (multiplo individual) ou simultaneamente com algum
grau de sobreposicao entre eles (multiplo combinado). Diferentes combinacdes de
estresse podem resultar em uma gama de efeitos nas plantas, dependendo da
natureza, gravidade e duracéo dos estresses (Pandey et al., 2017).

Entre os principais agentes bidticos causadores de estresse para as
plantas, podemos citar bactérias, fungos, nematoides, virus e insetos herbivoros.
Doencas causadas pelo ataque de tais agentes sdo responsaveis por grandes
perdas de rendimento das culturas agricolas em nivel mundial (Redondo-Gomez,
2013; Verma et al., 2013). Ja os estressores abidticos incluem niveis extremos de
luz (alta e baixa), radiacdo (UV-A e UV-B), temperatura excessivamente alta ou
baixa (frio, congelamento), disponibilidade de 4gua (seca, inundacéo e submerséo),
fatores quimicos (metais pesados e pH do solo), excesso de sédio (salinidade),
insuficiéncia ou excesso de nutrientes essenciais, poluentes gasosos (0z6nio,
diéxido de enxofre), fatores mecanicos e outros estressores de menor frequéncia
(Redondo-Gomez, 2013; Pereira, 2016).

2.2 ESTRESSES BIOTICOS E ABIOTICOS EM VEGETAIS

Os vegetais desenvolveram ao longo do seu processo evolutivo,

mecanismos de respostas que lhes permitam detectar alteragbes externas e
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responder as variaveis ambientais estressantes, ajustando sua fisiologia e
metabolismo, a fim de minimizar as perdas sofridas, ao manter recursos para o
crescimento e reproducdo em um ambiente de continua mudanca (Pinto et al.,
2011; Velazquez et al., 2011; Atkinson e Urwin, 2012).

A primeira etapa para o estabelecimento da resposta de defesa nos
vegetais € a percepcao do estresse, permitindo uma aclimatacéo rapida e eficiente
as condicdes estressantes do meio (Rejeb et al., 2014). Entretanto, em ambientes
naturais, as plantas podem, frequentemente, ser acometidas por multiplos
estresses de qualquer natureza e, por vezes, de maneira simultanea. O efeito da
interacdo simultanea de tais fatores podem ser antagbnicos, sinérgicos ou aditivos
para os vegetais, sendo a resposta a tais combinacdes ditada pela natureza da
relacdo entre os fatores estressores (Atkinson et al., 2013; Rejeb et al., 2014,
Pandey et al., 2015a, b; Choudhary et al., 2016; Ramu et al., 2016; Pandey et al.,
2017). No caso de algumas coocorréncias, as interacdes ndo acontecem apenas
entre o fator estressor e a planta na interface da planta, mas também diretamente
entre os fatores de estresse dentro e fora da interface da planta. A natureza de tais
interacdes é determinante para a magnitude do impacto na resposta das culturas
(Mittler, 2006; Pandey et al., 2017).

As chances de ocorréncia de estresses abibticos no futuro tendem a um
aumento gradual na frequéncia e amplitude frente as mudancas nas condi¢des
climéticas, afetando significativamente a produtividade das culturas (Ahuja et al.,
2010; Mittler et al., 2012; Ramegowda e Senthil-Kumar, 2015). Em um cenério de
mudancas climaticas, a seca e o estresse térmico sao talvez os dois fatores mais
limitantes do crescimento das culturas agricolas e sua combinacdo induz muitas
alteracdes fisiologicas, comprometendo o rendimento e a qualidade dos vegetais
(Mittler, 2006; Prasad et al., 2011; Carmo-Silva et al., 2012; Vile et al., 2012;
Jedmowski et al., 2015). Do mesmo modo, plantas que crescem em regides aridas
e semiaridas muitas vezes tendem a encarar efeitos mais acentuados do estresse
salino quando combinados com o estresse térmico (Keles e Oncel, 2002; Wen et
al., 2005; Lietal., 2011). Outras diferentes combinacdes de estresses abidticos que
ocorrem na natureza podem ter um efeito prejudicial significativamente maior que
o causado por cada estresse individual, o que ja tem sido relatado por diversos

autores (Tabela 1).
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Tabela 1: InteragBes negativas ou positivas considerando-se as coocorréncias de estresses

ambientais em plantas (adaptado de Suzuki et al., 2014 e de Lamichhane e Venturi, 2015).

_Tipo df:' ez 6 Coocorréncia de estresses Referéncias
interacao estresse
Calor + alta luz Mittler e Blumwald, 2010
Calor + 0zbnio Kasurinen et al., 2012
Calor + salinidade Lietal., 2011
Calor + UV Mittler e Blumwald, 2010
Nutrientes + CO2 Mittler e Blumwald, 2010
Salinidade + nutrientes Mittler e Blumwald, 2010
Abibtico Salinidade + 0z6nio Mittler e Blumwald, 2910
Vs, Seca + calor Prasad et al., 2011; Vile et al., 2012
Abibtico Seca + compactacéo do solo | Alameda et al., 2012
Seca + congelamento Sales et al., 2013
Seca + frio Su et al.,, 2015
Seca + metais pesados Silva et al., 2012
Seca + nutrientes Mittler e Blumwald, 2010
Seca + salinidade Ahmed et al., 2013
Seca + UV Bandurska et al., 2013
UV + metais pesados Srivastava et al., 2012
Zhu et al., 2010; Madgwick et al.,
Interacéo Calor + pats 2011; Richerzhagen et al., 2011,
negativa alor + patogenos Zhang et al., 2012; Ahanger et al.,
2013; Aguilar et al., 2015.
CO:2 + patdégenos Géria et al., 2013
Nutrientes + patégenos Mittler e Blumwald, 2010
Abiotico Ozbnio + patégenos Pollastrini et al., 2015
_\{s_. Salinidade + patégenos Mittler e Blumwald, 2010; Kissoudis
Biotico et al., 2015, 2016
Seca + patogenos Cho_i et al., 2013; Valerio et al., 2013;
Dauvis et al., 2014; Ochola et al., 2015
Seca + calor + patbgenos Prasch e Sonnewald, 2013; Sharma
e Pande, 2013
Sega + salinidade + Goudarzi et al., 2011
patégenos
McMullen et al., 2012; Ma et al.,
Bidtico 2013; Whitelaw-Weckert et al., 2013;
VS. Patdgeno + patégeno Del Ponte et al., 2014; Kuzdralinski et
Biotico al., 2014; Van Molken et al., 2014;
Lamichhane e Venturi 2015.
CO2 + alta luz + salinidade Perez-Lopez et al., 2013
I Ozbnio + UV Mittler e Blumwald, 2010
Abidtico — -
Vs, Sal!n!dade + calor Rivero et al., 2013 .
Abibtico Salinidade + CO2 Zaghdoud et al., 2013; Yi et al., 2015
~ Seca + CO2 Song et al., 2014
Interagéo ——
Positiva Seca + ozo[no lyer et gl., 2013
- Calor + patégenos Ghandi et al., 2016
Abidtico - y -
vs. Bibtico Oz0bnio + patdgenos Mittler e Blumwald, 2010
Salinidade + patégenos Moldakimova et al., 2012
vs?llg}z')ct?co Patégeno + herbivoro Van Mdlken et al., 2012

Além da forte influéncia exercida sobre os fatores abioticos, € presumivel

ainda que as alteracdes climaticas interfiram na relagéo planta-patégeno, uma vez
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gue podem aumentar a susceptibilidade das plantas aos organismos patogénicos
e as pragas herbivoras, além de reduzir sua capacidade competitiva com ervas
daninhas (Valerio et al., 2013; Suzuki et al., 2014; Pandey et al., 2017). Sabe-se
gue o aumento da temperatura facilita a propagacao de patdgenos (Kudela, 2009;
Zhang et al., 2012; Ahanger, 2013; Sharma e Pande, 2013; Aguilar et al., 2015) e
gue solos em condi¢des salinas e/ou de seca podem aumentar a severidade do
ataque patogénico (Goudarzi et al., 2011; Choi et al., 2013; Sharma e Pande, 2013;
Kissoudis et al., 2015; Ochola et al., 2015; Kissoudis et al., 2016). Semelhante as
diferentes combinagdes citadas, as plantas ainda enfrentam mais de um estresse
biético simultaneamente ou sequencialmente (Tabela 1). A ocorréncia de
coinfeccdes fungicas, virais, bacterianas e/ou ataque de herbivoros (Mbega et al.,
2012; Van Molken et al., 2012; Dung et al., 2013; Barros et al., 2014; Van Mélken
etal., 2014; Cuellar et al., 2015) sdo comuns na natureza, podendo causar sintomas
mais severos de uma ou de ambas as doencas.

A exposicdo simultanea aos diferentes estressores bibticos e abidticos
resulta na implantacdo de estratégias adaptativas que sao diferentes, mas por
vezes compartilhadas com as respostas observadas sob estresses Unicos nos
vegetais (Atkinson e Urwin, 2012; Rejeb et al., 2014; Pandey et al.,, 2015). A
capacidade das plantas em reconhecer, integrar e responder a tais variaveis é
facilitada por fenbmenos de tolerancia cruzada, em que a exposi¢cdo a um unico
estresse desencadeia uma maior tolerancia a diversos outros fatores ambientais
(Foyer et al., 2016). Desse modo, estudos sobre estresses individuais permitem
identificar vias metabdlicas e de sinalizacdo que se cruzam, auxiliando também na
elucidacdo dos mecanismos de resposta exclusivos de cada estresse, adaptados

as necessidades especificas da planta (Atkinson e Urwin, 2012; Suzuki et al., 2014).

2.3 RESPOSTAS VEGETAIS A CONDICOES ABIOTICAS ADVERSAS

As respostas vegetais aos estresses abioticos sdo altamente complexas e
envolvem mudancgas nos niveis fisioldgico, bioquimico e molecular, ativando um
programa especifico de expressao génica referente a condicdo ambiental que Ihes
esta sendo imposta (Atkinson e Urwin, 2012). Este rearranjo metabélico pode vir a
influenciar sua viabilidade celular por meio da producéo de ROS (Reactive Oxygen

Species), responsaveis pela oxida¢cdo dos componentes multicelulares, como as
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proteinas, lipidios e &cidos nucléicos, causando danos celulares extensos e inibi¢cao
de processos fisiolégicos, com consequente aumento do dano (Jaspers e
Kangasjarvi, 2010; Zhang et al., 2014).

Para sobreviver a essas condi¢fes, as plantas ativam mecanismos de
adaptacdo moleculares que repercutem em todos os niveis de organiza¢do. Em
nivel celular, as respostas incluem ajustes do sistema de membrana, modificagdes
da arquitetura da parede celular, alteracdes no ciclo e na divisao celular (Fujita et
al., 2006). Em nivel genbmico, as plantas ativam genes estresse-induzidos que
estédo envolvidos na protecao direta contra os estresses, que se classificam em dois
grupos: (1) proteinas funcionais e estruturais, e (ll) proteinas reguladoras (Benko-
Iseppon et al., 2011). O primeiro grupo inclui genes codificadores de proteinas de
membrana, enzimas para biossintese de osmalitos, enzimas de desintoxicacao e
proteinas de protecdo (Reis et al., 2012). O segundo grupo inclui proteinas
reguladoras da transducao do sinal, como as quinases ou fosfatases, e os fatores
de transcricdo (Alves et al., 2013) (Figura 1).

Ja& o minucioso controle dos genes estresse-induzidos pode ocorrer em dois
niveis da expressdo génica: (1) a nivel transcricional (quantidade de mRNA
produzido) e/ou (2) a nivel traducional (quantidade de proteinas produzidas) (Alves
et al., 2014). Para a maioria dos genes, essa regulacdo é realizada em nivel
transcricional, garantindo desta forma um menor gasto energético da célula, além
de niveis adequados de proteinas. Dentre os diversos mecanismos regulatérios
transcricionais, os fatores de transcricdo (Transcription Factors — TFs) estdo no
topo de cascatas moleculares, o que faz com que qualquer alteracdo na sua
atividade resulte na modulacéo das redes de adaptacdo da planta, tornando-os
potenciais alvos para melhorar as respostas a estresses abiéticos complexos
(Tripathi et al., 2014). De forma genérica, a regulacao da transcri¢do é o resultado
dos efeitos combinados das propriedades estruturais do DNA e suas interagdes

com os TFs.
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(A) PROTEINAS REGULADORAS

Quinases e Fosfatases
Metabolismo de Fosfolipideos

Fatores de Transcricao Slcasisiess B ABA

MYB, DREB2, s
ARES. MY, Seca/Salinidade (Acido Abcisico)
NAC, bZIP, etc.
Ativacao Ativacao
Proteinas protetoras Enzimas
de macromoléculas desintoxicantes e
(LEA e chaperonas) antioxidantes

Canais de
aguae
transportadores

Enzimas da sintese de
osmolitos
(prolina, aglucares, etc.)

Proteases

(B) PROTEINAS FUNCIONAIS E ESTRUTURAIS

Figura 1: Principais grupos de genes envolvidos na resposta aos estresses abiéticos, especialmente
a seca e salinidade. As células vegetais sdo estimuladas frente ao estresse e enviam sinais por
diferentes cascatas de sinalizacdo (A), ativando genes que codificam proteinas envolvidas

diretamente na resposta ao estresse (B). (Fonte: Benko-Iseppon et al., 2011).

2.3.1 TFs envolvidos naresposta a estresses

Os TFs estdo entre os principais elementos envolvidos no processo de
tolerancia ao estresse, participando de cascatas de eventos moleculares alterando
diretamente a expressao de genes de defesa (Amorim et al., 2017). A modulacéo
da funcdo dos TFs através de interacdes com proteinas reguladoras é um processo
crucial na ativagao ou repressao de caminhos de transducéo de sinais (Van et al.,
2009). Em Arabidopsis, verificou-se que estresses como seca, salinidade, injuria,
metais pesados, estresse osmoético e oxidativo, induzem a expressao de TFs para
modular genes especificos com regies de ligacdo definidas (Figura 2). A
importancia desses fatores para a regulacédo dos genes de estresse induzidos se
reflete na composicdo gendmica dos vegetais. Em Arabidopsis thaliana (L.) Heynh,
por exemplo, sdo conhecidos de 27.416 genes codificadores de proteinas, mais de
1.700 genes (6%) codificam TFs (Feller et al., 2011).



28

Estresse ambiental (Seca, Salinidade, Frio, etc. )

Membrana Celular

Fator de transcrigdo

e

; 3
[ Fator de transcricdo }

i Gene estresse responsivo

Ntcleo

Figura 2: Modelo de ativacdo transcricional e regulagdo da expressdo génica frente ao estresse
abidtico. O modelo mostra proteinas (TFs, MAPK - Mitogen-Activated Protein Kinases), receptores

gerais, genes e complexo proteico (Fonte: Amorim et al., 2016).

Os TFs sdo proteinas que reconhecem motivos de DNA em regides
reguladoras ou intensificadoras de genes e, desta forma, facilitam ou inibem o
acesso da RNA polimerases ao DNA. A ligacdo dos TFs a esses motivos €&
diretamente influenciada pela conservacéo dessas sequéncias, sua abundancia no
DNA, assim como da conservacdo de dominios de ligacao (Amorim et al., 2017).
Os TFs sdo compostas por, no minimo, quatro dominios discretos: o dominio de
ligacdo ao DNA, o sinal de localizagéao nuclear (NLS - Nuclear Localization Signal),
o dominio de ativacdo da transcri¢do e o local de oligomerizagéo que, juntos, atuam
como reguladores da expressao de genes-alvo por meio de transducéo de sinais
acionando diversas vias (Du et al., 2009).

Além disso, eles ainda interagem com a maquinaria de transcricdo génica,
com as proteinas que remodelam a cromatina e até mesmo com outros TFs. Essas
proteinas atuam como reguladores-chave de iniameros processos celulares e
apresentam-se como excelentes candidatos para modificar caracteres complexos

em plantas cultivadas, além de mostrarem-se como provaveis recursos
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tecnologicos para a proxima geracdo de cultivos biotecnolégicos (Ambawat et al.,
2013).

Os TFs sao classificados em familias distintas de acordo com suas
caracteristicas estruturais e a conservacdo dos seus dominios de ligacdo ao DNA,
podendo ainda subdividir-se de acordo com o numero e a distancia das regifes
conservadas. Exemplos incluem hélice-alga-hélice, dedos de zinco, hélice-volta-
hélice e ziper de leucina (Liu et al., 1999; Cai et al., 2012). A modulacdo da funcao
de TFs através das suas interacdes com outras proteinas reguladoras € um
processo crucial para a ativagéo ou repressao de vias de transducao de sinal que
sdo reguladas pelas interacdes entre proteinas com diferentes TFs (Alves et al.,
2014).

Nos ultimos anos, estudos tém identificado varias proteinas que interagem
com TFs envolvidos na defesa vegetal. Mais de 50 familias de TFs funcionam como
integradores das complexas redes de regulacdo génica ativadas por estresse
(Krannich et al. 2015). Dentre as principais familias identificadas nos organismos
vegetais, merecem destaque a WRKY (contém a sequéncia de aminoacido
WRKYGQK); AP2/ERF (APETALA 2/Ethylene Response Factor); bZIP (Basic
Leucine  Zipper); MYC (Myelocytomatosis Related Proteins); NAC
(NAM/ATAF1/CUC2) e MYB (Myeloblastosis Related Proteins) (Alves et al., 2014).
Uma fracdo significativa dos membros dessas familias de TFs desempenha um
papel importante no mecanismo de resposta ao estresse, o qual aumenta os seus

niveis de expresséao para favorecer o desenvolvimento de cultivares tolerantes.

e TFs da familia WRKY

Os TFs WRKY figuram como uma das familias de proteinas reguladoras
mais abundantes do reino vegetal (Rushton et al., 2010). A familia é definida pela
presenca de um dominio de ligagcdo ao DNA altamente conservado, composto por
60 aminoéacidos que inclui a sequéncia heptapeptidica [WRKYGQK] quase
invariante na regiao N-terminal, além de um motivo dedo de zinco do tipo C2H2 (Cxa-
5Cx22-23HXH) ou C2HC (Cx7Cx23HXC), na por¢cédo C-terminal (Rushton et al., 2010).

De acordo com o numero de dominios WRKY e o padrao dos motivos dedo
de zinco presentes na proteina, bem como em suas relacdes filogenéticas, a familia

pode ser classificada em trés grandes grupos principais (Eulgem et al., 2000).
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Proteinas com dois dominios WRKY séo classificadas no grupo | e tém uma maior
atividade de ligagdo ao DNA no dominio C-terminal (Eulgem et al., 1999). Os
membros dos grupos Il e Il apresentam apenas um dominio WRKY na sua
estrutura e diferenciam-se pelas sequéncias de aminoacido do motivo dedo de
zinco. Geralmente, proteinas dos grupos | e Il compartilham o motivo dedo de zinco
do tipo C2H2, enquanto o grupo lll apresenta o padrdo C2HC. O grupo Il é ainda
classificados nos subgrupos lla, llb, lic, lld e lle, de acordo com na sequéncia
primaria dos aminoacidos (Eulgem et al., 2000; Rushton et al., 2010).

Yamasaki e colaboradores (2005) revelaram a estrutura tridimensional do
dominio WRKY da proteina AtWRKY4 (Figura 3) de Arabidopsis, onde a assinatura
WRKYGQK esta diretamente envolvida na ligacdo ao DNA. O motivo reconhece e
se liga ao elemento W-box com a sequéncia principal (C/T)TGAC(C/T) presente
nas regides promotoras dos genes-alvo (Eulgem e Somssich, 2007). Alguns genes
WRKY apresentam em seus préprios promotores as sequéncias W-box, atuando
como reguladores de seus proprios genes (Petitot et al., 2013). Alteracbes na
sequéncia heptapeptidica [WRKYGQK] tem sido descritas em outras espécies
(Yang et al., 2017; Wan et al., 2018; Singh et al., 2019) e podem estar relacionadas

com reconhecimento de novos elementos cis regulatérios (Cai et al., 2008).

iy

W-box: TTGAC[C/T]
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Figura 3: Estrutura por ressonancia magnética nuclear (NMR - nuclear magnetic resonance) do
dominio WRKY de Arabidopsis (WRKY4). (I) Estrutura terciaria da familia TF designando DBD em
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complexo com DNA. (II) Estrutura primaria esquematica desenhada para predicGes de escala e

desordem para um TF selecionado. (Fonte: Lindemose et al., 2013).

TFs da familia WRKY foram identificados em muitas espécies de plantas,
sendo que o numero de representantes varia entre espécie. Exemplos incluem A.
thaliana (74), Lotus japbnicas (61), Oryza sativa (102), Triticum aestivum (160),
Cicer arietinum (78) e Medicago truncatula (98) (Eulgem et al., 2000; Wu et al.,
2005; Okay et al., 2014; Song et al., 2014; Kumar et al., 2016). As interacdes dessas
proteinas com outras moléculas podem desempenhar papéis na sinalizacéo,
transcricdo, remodelacdo da cromatina e outros processos celulares importantes

para a ativacdo da imunidade da planta (Chi et al., 2013).

2.4 TFS WRKY E A RESPOSTA A SECA EM VEGETAIS

Sob reduzida disponibilidade hidrica, o crescimento e desenvolvimento das
plantas sofrem efeitos drasticos. Para minimizar tais efeitos, as plantas modificam
sua arquitetura radicular, redirecionando seu crescimento para permitir sua
sobrevivéncia (Bechtold e Field, 2018). A seca, um dos estresses mais limitantes
da produtividade agricola, ainda é responsavel pela inibicdo da fotossintese, o
fechamento dos estdbmatos, alteracdes nos processos de respiracdo e assimilacdo
de nutrientes, entre outros (Lata et al., 2011; Pinheiro e Chaves, 2011; Siddiqui et
al., 2015).

Além dos efeitos citados, a deficiéncia hidrica estimula a producdo do
fitormbnio acido abscisico (ABA), um regulador central da resposta ao estresse,
que confere particular tolerancia a seca, induzindo a expressao de genes estresse
responsivos via cascatas de sinalizacéo (Cutler et al., 2010; Kim et al., 2015). Além
dos eventos regulatérios mediados pelo fitormdnio ABA, outros grupos de genes
(ativados pelo déficit hidrico) conferem tolerdncia a planta, seja através da
producado de proteinas responsivas ao estresse, seja pela regulacdo da expressao
destas proteinas, mediada pelos TFs (Hirayama e Shinozaki, 2010; Osakabe et al.,
2014).

A caracteristica intrinseca dos TFs faz com que qualquer alteragédo na sua
atividade resulte na modulacéo das redes de adaptacdo da planta, o que os torna

potenciais alvos para melhorar as respostas a estresses abioticos complexos, como
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a seca (Tripathi et al.,, 2014). Neste sentido, estudos acerca dos TFs que
respondem ao estresse abiotico, possibilitam a elucidagdo de mecanismos
celulares que definem a adaptacdo ambiental da planta (Golldack et al., 2011). O
papel da familia WRKY sob condicbes de seca, tem sido evidenciado em
abordagens biotecnolégicas e de transgenia para o desenvolvimento de genoétipos
mais tolerantes (Phukan et al., 2016; Finatto et al., 2018).

Em soja, Luo e colaboradores (2013) verificaram que a inducdo de
GsWRKY20 promoveu o fechamento dos estdmatos mediado pelo ABA, resultando
em um significativo declinio na perda da &gua e, consequentemente, maior
tolerancia a  restricdo  hidrica. Na videira  (Vitis vinifera) os
genes VVWWRKY?7, 8 e 28 foram induzidos em resposta ao estresse hidrico pelo
acumulo de ABA, que resultou no fechamento estomatico para reduzir a perda de
agua pela planta (Wang et al., 2014).

Em plantas de Arabidopsis superexpressando os genes TaWRKY1 e 33 do
trigo em condicbes de estresse hidrico, ambas linhagens apresentaram maior taxa
de germinacdo quando comparadas com o tipo selvagem (He et al., 2016). Em
outro estudo com Arabidopsis superexpressando o0 GmWRKY54 da soja, também
foi detectado a tolerancia ao estresse hidrico (Zhou et al., 2008). Neste estudo, as
plantas foram privadas de agua por um periodo de 18 dias e, apds a reidratacao,
apenas 30% das plantas selvagens sobreviveram, contrastando com a taxa de
sobrevivéncia de 85% das linhagens transgénicas.

Plantas de trigo transgénicas superexpressando o TF TaWRKY2
aumentaram a tolerancia a seca e o rendimento de grdos em trigo sob condi¢des
de estresse hidrico (Gao et al., 2018). Os autores identificaram uma taxa de
sobrevivéncia maior nas linhas transgénicas do trigo, em decorréncia da baixa
perda de agua pelas folhas, quando comparadas com as plantas selvagens. Os
teores de prolina, acUcares soluveis e clorofila foram melhor protegidos dos danos
oxidativos e osmoéticos nas linhas transgénicas. Além disso, o aumento do
rendimento de gréos refletiu os efeitos cumulativos de um maior comprimento da
panicula, mais gréos por espiga e maior biomassa acima do solo, comparado as
plantas selvagens.

Sob estresse hidrico, SIWRKY32 e SIWRKY74 foram significativamente
induzidos no tomate (Huang et al., 2012). No arroz, foi demonstrado que a inducéo

do OsWRKY30 em linhagens transgénicas melhorou a tolerancia a seca (Shen et
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al., 2012). A tolerdncia a mdultiplos estresses, incluindo a seca, também foi
observada em plantas quando um unico gene WRKY é sobreexpresso (Qiu e Yu,
2009; Wang et al., 2013).

2.5 CARACTERISTICAS GERAIS DAS LEGUMINOSAS: CLASSIFICACAO E
IMPORTANCIA

A familia Fabaceae ou Leguminosae, cujos membros sdo comumente
conhecidos como leguminosas destaca-se como a terceira familia de plantas
superiores com maior riqgueza de espécies, abrigando cerca de 730 géneros e
aproximadamente 19.500 espécies (Lewis et al., 2005; Yahara et al., 2013). E um
dos grupos mais diversificados e abundantes da flora mundial, com distribuicéo
cosmopolita e importante papel ecoldgico para quase todos os biomas do mundo,
além de apresentar espécies nativas em todos 0s continentes, a excecdo da
Antartida (Schrire et al., 2005a, b). Em linhas gerais, as leguminosas apresentam
uma diversidade bastante rica no que se refere a morfologia, fisiologia e ecologia
de suas espécies, representando um dos grupos mais espetaculares no processo
evolutivo de diversificacao das plantas (LPWG, 2017). Na flora brasileira, Fabaceae
apresenta-se como a familia mais rica em diversidade de espécies e figura entre as
cinco com maior nimero de individuos do pais. Sao registrados para o Brasil cerca
de 222 géneros e aproximadamente 2.837 espécies de leguminosas distribuidas
em todos os dominios fitogeograficos. Estima-se que o Cerrado seja 0 bioma que
abriga maior diversidade de espécies descritas (44,48%), seguido pela Amazbénia
(40,46%), Mata Atlantica (35,14%), Caatinga (21,71%), Pantanal (5,81%) e Pampa
(5,21%) (FDB, 2017).

A riqueza das leguminosas néo se resume a sua diversidade e abundéancia,
apresentando ainda uma grande importancia ecoldgica e biolégica, uma vez que
dependem de uma ampla gama de insetos polinizadores e se relacionam com
herbivoros especificos, participando de redes alimentares caracteristicas (Harmon
et al., 2009). O potencial econémico da familia € bem acentuado, ficando atras
apenas de Poaceae, incluindo espécies exploradas pela medicina popular; na
producdo de Oleo e resina, cortica, lenha, carvdo, vernizes, tintas e corantes;
utilizadas como plantas ornamentais; pela industria de alimentos, cosméticos e de

medicamentos. Além disso, compreende espécies consideradas como modelos
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vegetais (M. truncatula, G. max e L. japonicus), que contribuem para o
desenvolvimento cientifico e tecnoldgico (Lewis et al., 2005; Saslis-Lagoudakis, et
al., 2011; Souza e Souza, 2011; Yahara et al., 2013; LPWG, 2017).

Uma das principais caracteristicas ecolégicas das leguminosas € a
capacidade que algumas espécies possuem de fixar 0 nitrogénio atmosférico,
quando associadas simbioticamente com bactérias Gram-negativas do género
Rhizobium, o que viabiliza seu uso por agricultores para o melhoramento do solo
na adubacdo verde (Souza e Souza, 2011; Downie, 2014; LPWG, 2017).
Adicionalmente, algumas espécies de leguminosas apresentam importancia na
alimentacao animal, sendo utilizadas como forrageiras e estrume verde em regides
temperadas e tropicais (Lewis et al., 2005). Similarmente, a familia tem grande
destaque na dieta alimentar humana, perdendo em importancia apenas para 0s
cereais (Graham e Vance, 2003). Todavia, as leguminosas apresentam
caracteristicas nutricionais complementares as dos cereais, apresentando
excelentes fontes de proteinas e minerais essenciais, compostos secundarios de
promocao a saude, bem como de Oleo vegetal processado para consumo humano,
além de compreender um terco de todo o nitrogénio da proteina na dieta (Vance et
al., 2000; Grusak, 2002; Graham e Vance, 2003; Gepts et al., 2005).

2.5.1 Vigna unguiculata L. (Walp)

O feijdo-caupi [Vignha unguiculata L. (Walp)], popularmente conhecido como
feijdo-macassar, feijdo verde ou feijdo-de-corda, é uma leguminosa amplamente
adaptada, versatil e nutritiva, destacando-se como uma das principais fontes de
proteinas, vitaminas, sais minerais e fibras em varias regides do mundo (Timko et
al., 2007). Sua plasticidade fenotipica, associada a ampla variabilidade genética
resulta em boa adaptacdo a diversos ambientes. Além disso, apresenta elevado
potencial produtivo e boa capacidade de fixacdo de nitrogénio atmosférico, o que a
torna uma cultura de elevado valor estratégico (Freire-Filho et al., 2011).

E uma leguminosa cultivada em diferentes partes do mundo, ocupando cerca
de 10,4 milhdes de hectares principalmente de regides tropicais e subtropicais da
América, Asia e Africa. Sua producdo global é estimada em 5,5 milhdes de
toneladas de grédos, com a Nigéria figurando como o maior produtor mundial (FAO,

2017). O Brasil, de acordo com o registrado para o ano de 2017, conta com uma
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area de 1.390.198 hectares para o cultivo do feijao-caupi, com producédo de 647.143

toneladas (Embrapa Arroz e Feijao, 2018) (Figura 4).
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Figura 4: Produgéo anual de feijdo-caupi no BRASIL em toneladas, entre os anos
de 1985 e 2017 (Fonte: Embrapa Arroz e Feijao, 2018).

O feijdo-caupi é cultivado em quase todo territério brasileiro, com safra
superior nas regides Norte, Nordeste e Centro-Oeste (Embrapa Arroz e Feijao,
2018). Em especial nas regibes Norte e Nordeste do Brasil, o feijao-caupi é o
principal grao que compde a dieta da populagéo, principalmente as de baixa renda,
além de tratar-se de uma das principais fontes de emprego e renda (Lima et al.,
2007; Freire-Filho et al., 2011).

A producédo do feijao-caupi no Brasil, considerada ha pouco tempo uma
atividade exclusivamente voltada ao mercado interno, especialmente na regiao
Nordeste, vem assumido maior importancia no mercado externo. Atualmente, 0s
principais importadores de feijdio-caupi produzido no Brasil sdo: india, Egito,
Paquistdo, Vietna e Indonésia, gerando uma receita de 77,5 milhdes de délares
(Damasceno-Silva et al., 2016).

Visando atender as demandas internas e externas do mercado consumidor,
a producao do feijado-caupi tem sofrido grandes transformagfes. Essa progressao
tem gerado demanda por cultivares melhoradas e, consequentemente, tem
impulsionado o aumento da produtividade, estabelecimento de lavoura tecnificada
e produtores com novos perfis, tornando-se um agronegdécio bastante promissor no
pais (Freire-Filho et al., 2011). O maior exemplo desta nova viséo € aregiao Centro-

Oeste, cujo cultivo em larga escala é realizado por medios e grandes produtores
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que priorizam, entre outros fatores, a utilizacao de cultivares melhoradas, refletindo
diretamente na sua produtividade.

Apesar da recente incorporacdo no mercado produtor de feijado-caupi (datado
do ano de 2006), a regido Centro-Oeste detém a maior produtividade nacional da
cultura. Em contrapartida, na regidao Nordeste, em funcédo de ser cultivado por
pequenos produtores (agricultura familiar), o feijdo-caupi ainda apresenta baixa
produtividade em comparacédo a regidao Centro-Oeste, apesar de demandar uma
grande area de cultivo (Embrapa Arroz e Feijao, 2018) (Figura 5).

Mesmo tendo-se em vista 0s avangos proporcionados pelos programas de
melhoramento genético do feijdo-caupi, com a obtencdo de cultivares com
caracteres de interesse agronémico que atendam as exigéncias dos pequenos,
meédios e grandes produtores (Damasceno-Silva, 2009; Freire-Filho et al., 2011),
algumas cultivares comerciais ndo apresentam resisténcia/tolerancia a muitos
estresses ambientais que atingem a cultura. Assim, o feijdo ainda sofre severas
perdas em decorréncia de diversos fatores externos. Entre estes fatores podemos
destacar os de natureza abidtica, com énfase para a seca, que se apresenta como

um dos fatores mais impactantes na fisiologia do vegetal.
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Figura 5: Dados da produtividade média da cultura do feijao-caupi nas regifes
mais produtoras do Brasil. (Fonte: EMBRAPA ARROZ E FEIJAO, 2018).
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2.6 REDES DE BIOTECNOLOGIA DO FEIJAO-CAUPI — BANCO CpGC

Redes de biotecnologia tém direcionado esforcos no desenvolvimento de
recursos gendmicos para a cultura do feijdo-caupi, o que tém viabilizado o
surgimento e disponibilizacdo de novas metodologias e informagdes que
fornecerdo subsidios aos programas de melhoramento genético vegetal dessa
leguminosa. Entre os principais recursos de gendmica do feijdo-caupi, podemos
citar: Physical Map of cowpea (Close et al., 2011), HarvEST: Cowpea (Muchero et
al., 2009), Cowpea Genespace/Genomics Knowledge Base (CGKB) (Chen et al.,
2007), The Cowpea Genomics Initiative (CGIl) (Chen et al., 2007) e o Cowpea
consensus genetic linkage map (Lucas et al., 2011). Mais recentemente, foi
disponibilizada a montagem do genoma da variedade 1T97K-499-35, com um
tamanho de montagem de 519,4 Mb em 722 estruturas e 11 pseudocromossomos
(Lonardi et al., 2019).

O Brasil, por sua vez, tem contribuido efetivamente na geracédo de bancos
genbmicos desta leguminosa. Com inicio em 2004, o Consorcio do Genoma do
Feijdo-Caupi (CpGC - Cowpea Genome Consortium), um projeto de gendmica
funcional, estrutural e comparativa do feijao-caupi, que tem propiciado a integracao
dos pesquisadores e da cultura a rede gendmica internacional (Benko-lseppon et
al., 2005, 2008; Kido et al., 2011; Benko-Iseppon, 2009). Especificamente, em
relagdo a transcriptdmica, os transcritos expressos foram gerados com diferentes
acessos de feijdo-caupi (resistentes e susceptiveis/ tolerantes e sensiveis) sob
diferentes condi¢cdes de estresses bibticos [submetidos a infeccdo por CpSMV
(Cowpea Severe Mosaic Virus) e CABMV (Cowpea Aphid-borne Mosaic Virus)] e
abidticos (condicbes de desidratacao radicular e alta salinidade) por meio de
sequenciamento de ESTs (Expressed Sequence Tags), tags SuperSAGE (Super
Serial Analysis of Gene Expression) e, mais recentemente, por RNA-Seq (RNA
Sequencing).

Tais metodologias tém possibilitado a identificacdo de genes-candidatos
potencialmente Uteis para o melhoramento da cultura. Sobretudo, a tecnologia de
RNA-Seq apresenta diversas vantagens sobre as tecnologias existentes, como
exemplo, ndo se limita ao conhecimento prévio do genoma ou dos transcritos de
um organismo, mostrando-se como uma técnica atrativa para espécies cuja

sequéncia gendomica ndo foi previamente determinada (Wang et al., 2009).
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Ademais, a tecnologia promete desvendar complexidades anteriormente
inacessiveis ao transcriptoma, tais como a identificacdo de expressdo alelo-
especifica, isoformas de genes, identificacdo de mutacdes, novos promotores e a
localizacdo exata dos limites da transcricdo (Wang et al., 2009; Oshlack et al.,
2010).

Desse modo, a geracdo massiva de dados sobre a expressao de genes em
diversas condi¢cBes pode auxiliar no desenvolvimento de cultivares do feijao-caupi
altamente produtivas e rentaveis, sendo a anotacdo desses genes um dos
requisitos béasicos para o entendimento da gendmica funcional, ou seja, a chave
para a interpretacdo biolégica dos dados (Conesa et al., 2005; Shivashankar et al.,
2006).
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Abstract

Drought is one of the most impactful environmental stresses on agricultural productivity and
cowpea (Vigna unguiculata L. Walp) is among the most water stress tolerant legume crops.
Multiple cellular components are important in controlling plant responses to water stress,
among which the WRKY family of transcription factors (TFs) has been shown to have a key
role. Little information is currently available on the structure and organization of this TF family
in cowpea and how its members are expressed in response to water deficit. Therefore, have
used the recently released cowpea genomic assembly and transcriptomic data generated by
RNA-seq analyses of cowpea plants under water deficit to identify members of the VUWRKY
TF family. Ninety-two (92) complete VUWRKY genes were found in the cowpea genome that
comprise three groups | (15 members), 11 (58 members) and 111 (16 members) based on their
domain characteristics. Three genes having distinct domain structure were placed in
unclassified group. The 92 genes are distributed across all 11 cowpea pseudochromosomes
with a distribution density varying from 1 to 19.5% indicative of some gene clustering. Domain
analysis of the encoded proteins identified 4 major variants of the conserved heptapeptide motif
[WRKYGQK]. Analysis of cis-regulatory elements in the promoter regions of the VUWRKY
genes identified 8 candidate binding motifs belonging to six TF families, most of which control
abiotic stress-related gene expression. RNA-seq analysis of CpGC (Cowpea Genome
Consortium) database identified 97 VUWRKY expressed splice variants which associated to
55 of VUWRKY genes. Of these, 83 were modulated under water deficit tolerant cultivar with
expression values varying between times and isoforms analyzed. gPCR data confirmed the
expression trends (up/down) and indicated a set of 22 induced genes under water stress, with
VUWRKY18, 21 and 75 exhibiting significant induction levels in the tolerant genotype. The
results point out that the drought-tolerant accession exhibited an earlier stress perception,
followed by a higher modulation of specific WRKYs, as compared with the susceptible
genotype. The data provide a framework for the future directed modification of specific
VUWRKY members to improve water stress tolerance in this import climate resilient legume

in the developing world and beyond.

Keywords: abiotic stress, bioinformatics, drought, gPCR, RNA-Seq, root dehydration,

validation, Vigna unguiculata.



41

Introduction

Global climate change has contributed to the rich biodiversity found in plants today by
driving changes in genetic composition, phenology, growth, and species distribution through
the interactive processes of species and environments (Pefiuelas et al., 2013). Today, climate
change is considered as one of the most serious threats to crop growth, with some individuals
and organizations predicting dramatic reduction in global crop productivity due to elevated
temperature and reduced water availability in coming decades (Rogelj et al., 2016; Zandalinas
et al., 2018; Raza et al., 2019). Abiotic stresses, including water deficit and salinity, can lead
to a loss in the average yield of some crops by more than 50%, which presents a significant
challenge to the growing world population (Gill et al., 2015).

Plants respond and adapt to environmental stress by short-term responses to prevent severe
damage and by long-term adaptations to acquire stress tolerance at the whole plant level
(Takahashi and Shinozaki, 2019). The effects of water deficit on plants are quite variable,
depending on the duration, intensity and speed at which the deficit occurs, plant developmental
stage, and genotype. Usually, plants perceive dehydration stress in the roots and transmit water
deficit signals to distant organs mainly using molecular signal cascades involving Ca* channels
and reactive oxygen species (ROS) (Christmann et al., 2013; Takahashi and Shinozaki, 2019).
Changes in gene expression under stress is regulated by complex transcriptional networks that
include the perception, signal transduction, gene expression and ultimately metabolic changes
in the plant, thus providing stress tolerance (Mittler and Blumwald, 2010; Lata et al., 2011,
Todaka et al., 2015; Amorim et al., 2017). In order to maintain growth and productivity, plants
must adapt to stress conditions in molecular, physiological, and biochemical levels (Osakabe
et al., 2014). At the physiological level, for example, plants can adapt to drought by reducing
water loss by closing of stomata and leaf rolling, or developing adaptation mechanisms, such
as developing root systems; completing life cycle in a short period of time, before a severe
water deficit, or adjusting osmotic balance and turgidity (Xu et al., 2010).

At the molecular level, rapid changes in the gene expression pattern are among the primary
mechanisms for the adaptation to the limiting environmental conditions. Several stresses
induce a variety of genes in different plants (Hirayama and Shinozaki, 2010; Benko-Iseppon et
al., 2011; Takahashi and Shinozaki, 2019). Such stress-responsive mechanisms are regulated
by Transcription Factors (TFs) that can modulate a cluster of downstream target genes. Thus,
TFs are excellent candidate genes for genetic manipulation of complex stress tolerance traits
(Khan et al., 2018a). The response initiates when the plant recognizes the stress at the molecular
level. From stress recognition, induced genes activate signal transduction pathways, which
transmit information within individual cells and in the whole plant, leading to the activation of
various physiological and metabolic responses (Nakashima et al., 2009; Osakabe et al., 2014).

An ever increasing number of sequencing and functional genome projects have provided
valuable insights into the genes and regulatory factors associated with specific situations like
abiotic/biotic stresses in plants (Langridge and Fleury 2011; Rodrigues et al., 2012; Van Verk
et al., 2013), including those involved in regulation and signal transduction (Matsui et al.,
2010). Transcriptional regulation of plant genes is directly controlled by networks of
transcription factors, that are involved in the initial steps of gene regulation, triggering signal
transduction in response to stress (Mizoi et al., 2012; Nuruzzaman et al., 2013; Tripathi et al.,
2014; Amorim et al., 2016; Kimotho et al., 2019). Many TF families are plant-specific and play
unique roles in stress regulation (Jiang et al., 2012). The plant-specific WRKY family is among
the largest TF families, playing a significant role in several signaling pathways, including the
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regulation of biotic and abiotic stresses, senescence, and germination, as well as in plant
development processes (Eulgem et al., 2000; Eulgem, 2006; Rushton et al., 1995; 1996; 2010).
WRKY transcription factors are classically defined by the presence of a DNA binding domain
consisting of about 60 amino acids, with a signature designated as the WRKY domain with an
invariant WRKYGQK sequence and an atypical zinc-finger structure at the C-terminus (motif
Cx4-5Cx22-23HxH or Cx7Cx23HxC) (Eulgem et al., 2000; Bakshi and Oelmdiller, 2014). The
WRKY domain can bind to a DNA motif termed W-box (TGACC(A/T)) or SURE (sugar-
responsive cis-element) element in target gene promoters, regulating their response under
biotic and abiotic stress (Rushton et al., 1995; Sun et al., 2003; Wu et al., 2017; Yue et al.,
2019). Depending on the presence of one or two domains, the amino acid sequence and the
structure of its zinc finger motifs, WRKY TFs can be classified into three main Groups (I, 11
and I11) (Eulgem et al., 2000; Yue et al., 2019). Additionally, the Group Il can be subdivided
into five Subgroups, based on primary amino acid sequence (lla, I1b, lic, 1ld, and 11d) (Rushton
etal., 2010; Yue et al., 2019).

Cowpea [Vigna unguiculata (L.) Walp.] is a herbaceous annual crop member of the
Fabaceae family and is considered an economically and socially important legume in many
parts of the developing world. Cowpea grains are high in protein (~ 25-30%), dietary fiber,
vitamins, and minerals and, like other legumes, are rich in lysine but limited in its content of
sulfur amino acids (Phillips et al., 2003; Singh et al., 2014). Cowpea is specifically noted for
its capacity to grow under adverse environmental conditions, such as water deficit and saline
soils (Ehlers and Hall, 1997; Freire-Filho et al., 1999; Singh et al., 2010; Boukar et al., 2018).
As a result, it is often the primary source of dietary protein for humans and stover for animal
fodder in environmentally challenged regions where subsistence farming is prevalent. It may
also be used to recover degraded or poor lands through the nitrogen fixation in association with
rhizobium (Bado et al. 2012; IAEA, 1998).

Once considered an orphan legume, its growth capacity under harsh conditions has made it
a target for genetic improvement using both conventional and molecular assisted breeding
strategies. It can also be genetically transformed thus allowing for the manipulation of
endogenous genomic features or introduction of new traits (Cruz and Aragéo, 2014). Cowpea
is adiploid (2n = 22 chromosomes; Bortoleti et al., 2012), self-fertilizing plant with a relatively
small genome size estimated at 620 Mbp (Arumuganathan and Earle, 1991; Boukar et al., 2018)
making it ideal for genomic (Timko et al, 2008; Mufioz-Amatriain et al., 2016) and
transcriptomic (Mufioz-Amatriain et al., 2016; Chen et al., 2017; Santos et al., 2018; Spriggs
et al., 2018) studies. Recently, a high quality draft genome has been assembled and made
available to the research community facilitating functional genomic studies (Lonardi et al.,
2019).

The introduction of high-throughput next-generation sequencing (NGS) technologies and
accompanying improvements in RNA-Seq analysis (Wang et al., 2009; Metzker, 2010;
Ozsolak and Milos, 2011) and quantitative Real-Time- Polymerase Chain Reaction (QPCR),
technologies has allowed for a more robust capacity to analyze transcriptomic changes in plants
under physiological and aphysiological growth conditions. In this context, these functional
genomic tools off the ability to explore the molecular and physiological mechanisms
underlying plant abiotic stress response including response to water deficit (Gill et al., 2015;
Latef and Ahmad, 2015; Moustafa and Cross, 2016).

In this present study, we identified members of the cowpea WRKY TF gene family
(VUWRKY) using the recently published cowpea draft genome assembly (Lonardi et al., 2019)
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and characterized the transcriptional response of the various VUWRKY gene family members
to water deficit using a combination of RNA-Seq for root dehydration available in the CpGC
(Cowpea Genome Consortium) database and qPCR expression profiling, to answer the
following questions: (i) Do WRKY cowpea genes participate on physiological and/or adaptive
processes related to water deficit? (ii) Are they early expressed? (iii) Are VUWRKY isoforms
differentially expressed? (iv) Is there any difference between drought sensitive and tolerant
cowpea expression profiles? Our data show that significant alteration occur in specific
members of the family in water deficit tolerant and sensitive cultivars opening the future
possibility for directed modification of this important agronomic trait through alteration of TF
expression.

Materials and Methods
Plant materials, root dehydration analysis, and generation of the cowpea transcriptome.

Two cowpea accessions were used in these studies which have previously been described
as being drought sensitive ('Santo Inécio’ — Sl) or drought tolerant (‘Pingo de Ouro' — PO)
(Bastos et al., 2011; JesUs-Pires et al., 2019). The seed of the two plants were germinated and
seedlings transferee to a hydroponic system (Rodrigues et al., 2012) for growth. Following
three weeks of growth, the plants were submitted to different times of root dehydration by the
suspension of the plants such that the roots were no longer in contact with the nutrient solution
in each container.

Root tissues were collected at 25 (T25), 50 (T50), 75 (T75), 100 (T100) and 150 (T150)
min after the initiation of root dehydration, immediately frozen in liquid nitrogen, and stored
at -80 °C until used for RNA extraction. For each experimental time, control plants (T0) were
maintained in the nutrient solution and collected simultaneously to those submitted to root
dehydration. Total RNA samples were obtained from the various samples using the "SV Total
RNA Isolation System" kit (Promega), according to the manufacturer's recommendations. The
concentration and purity of the extracted RNA were verified using a Qubit fluorimeter
(Invitrogen®) and the integrity of the material was confirmed by visual examination following
electrophoresis on 1% (w/v) agarose gels. Aliquots of the RNA extracted from the tolerant
accession (PO) at TO, T25 and T150 were converted to cDNA and sequenced using the HiSeq
[llumina 2500 platform by the paired-end method. To obtain a more robust transcriptome reads
from experiments with cowpea severe mosaic virus (CPSMV) and cowpea aphid borne mosaic
virus (CABMYV) were added to the assay. Transcriptome assembly was performed by the 'de
novo' approach through the Trinity software (Grabherr et al., 2011) and the transcriptome
deposited in the CpGC database (Jesus-Pires et al., 2019).

In silico mining of cowpea WRKY sequences

Initially, a keyword search was done for cowpea WRKY genes available in the genome data
(Lonardi et al., 2019) deposited in the Phytozome database
(https://phytozome.jgi.doe.gov/pz/portal.html; Goodstein et al., 2012). The returned genes had
their encoded protein sequences confirmed for the presence of the WRKY domain and these
sequences were used to mine the transcripts expressed in cowpea (CpGC bank). In addition,
WRKY sequences from six other plant species (Supplementary Table 1), obtained from the
Plant Transcription Factor Database v4.0 (Jin et al., 2017), were also used as a seed sequence
to search for expressed WRKY. These searches were performed, via tBLASTn, against the
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CpGC database for the screening of transcripts, using an e-value of e-5 as a cut-off. The mined
sequences were submitted to ORF (Open Reading Frame) characterization with the aid of the
Transdecoder v.5.0.2 (https://github.com/TransDecoder/TransDecoder/wiki; Haas et al., 2013)
followed by conserved domain characterization using Batch CD-search/rps-BLAST
(https://mww.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi; Marchler-Bauer et al., 2017).
Genomic and transcriptomic sequences with incomplete ORFs and/or incomplete domains (as
well as those that did not present integrity in the protein sequence) were excluded from the
evaluation.

WRKY classification and chromosomal location

VUWRKY (Vigna unguiculata WRKY) genomic and expressed sequences were used to
generate a Neighbor-Joining tree (1000 replicates) based on the alignment produced with
Clustal W at the MEGA X package (Kumar et al., 2018). In addition, the gene sequences had
their domains isolated through the program SMART (http://smart.embl.de; Letunic et al.,
2015), which were used to generate a multiple alignment using the online tool Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) visualized by the Jalview v.2.11.0 (Waterhouse et
al., 2009). After these steps, the VUWRKYs were classified into three main groups according to
their structure and the proposed classification for higher plants (Eulgem et al., 2000; Rushton
et al., 2010): Group I, with two WRKY domains and C2H2 (Cx4-5Cx22-23HxH) zinc finger
motif; Group Il, one WRKY domain and C2H2 (Cx4-5Cx22—-23HxH), and Group Ill, one
WRKY domain and C2-HC (Cx7Cx23HxC) motif instead of the standard C2H2. Group Il was
further subdivided in Ila, Ilb, lic, 1ld, and lle based on the primary amino acid sequence,
according to Rushton et al. (2010).

Using the data available in the Phytozome database and in the LIS (Legume Information
System - https://legumeinfo.org/) database, the distribution, relative position, and abundance of
WRKY sequences on the 11 cowpea pseudochromosome molecules were determined and this
information used to generate the schematic representation (virtual karyotype) shown in Figure
5.

Analysis of cis-regulatory elements in the VUWRKY gene promoters

VUWRKY promoter regions, available up to 1.0 kb 5” upstream of the predicted start site of
the coding region in each gene, was identified in the cowpea genome (Phytozome database)
and analyzed using e MEME v5.0.5 software (http://meme-suite.org/index.html; Bailey et al.,
2009). The program parameters were adjusted as described: (i) motif distribution: any number
of repetitions (anr); (ii) maximum number of motifs to be found: 10. Only motifs with an e-
value < 1e-05 were considered. The identified motifs were submitted to TomTom v5.0.5
(http://meme-suite.org/tools/tomtom; Gupta et al., 2007) for annotation of putative cis-
regulatory elements using the JASPAR (Khan et al., 2018b) database. Only candidate cis-
regulatory elements associated with a target motif having highly significant p-values were
considered.

Gene structural predictions and analysis of conserved protein motifs

VUWRKY gene structure was analyzed to determine the number and location of exons and
introns, with the aid of the GSDS web server v2.0 (http://gsds.cbi.pku.edu.cn/; Hu et al. 2015)
and compared with the sequences available from the expressed transcripts (CpGC database).
Conserved motifs in the encoded proteins were identified by MEME (v.5.0.5). The defined
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parameters were adjusted for: motif distribution, 0 or 1 per sequence; minimum width of the
subjects, 6; maximum frame width, 60; minimum of sites by reason, 15; maximum number of
motifs to be found, 50. Only motifs with an e-value < 1e-10 were considered.

Ortholog groups

To identify orthologs of the cowpea VUWRKY genes responsive to abiotic stress tolerance
in other model plants, peptide sequences of related WRKY members were downloaded from
public annotated databases [Phaseolus vulgaris (90 sequences; http://www.phytozome.net/),
Glycine max (199 sequences; http://www.phytozome.net/), Arabidopsis thaliana (71
sequences;  http://www.arabidopsis.org/) and  Oryza sativa (75  sequences;
http://rice.plantbiology.msu.edu/)]. Protein sequences of WRKY genes from the above
mentioned five species, including cowpea, were clustered into ortholog groups with OrthoMCL
1.4 (http://orthomcl.org/orthomcl/).

RNA-Seq expression analysis of WRKY

The gene expression level was calculated using RSEM based on the number of reads
mapped against the assembled transcriptome (Li and Dewey, 2011). For the identification of
differentially expressed genes (DEGS) between the control and stressed libraries, the edgeR
tool (Robinson et al., 2010), implemented in the Bioconductor package (Huber et al., 2015)
was used. Genes were considered differentially expressed when their transcript presented fold-
change (log2FC) values higher than 1 [log2.FC > 1 (up-regulated)] or lower than -1 [log2FC < -
1 (Down-regulated)] and with significance value (FDR - False Discovery Rate), below 0.05
(adjusted p-value <0.05). The log2FC values of each transcript were used as input data for the
Cluster 3.0 (v.1.52) software (Eisen et al., 1998) to perform the hierarchical clustering of the
transcripts and the results were visualized using JAVA TreeView (Saldanha, 2004).

Primer design and quantitative real-time PCR (qPCR)

To confirm the differential expression revealed in analysis of the RNA-Seq data, a subset of
the dehydration responsive genes, and with known orthologs in other plant species previously
reported to be involved in water stress response (Supplementary Table 2), had their expression
profiles validated by gPCR. We first used ORF finder
(http://Iwww.ncbi.nIm.nih.gov/gorf/orfig.cgi) to identify all possible ORF and the start and end
of the longest ORF in the 26 candidate cowpea transcripts selected. Two sets of primers were
designed for each transcript using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/index.cgi?LINK_LOC=BlastHome). The designed primers and their respective
amplicons are described in the Supplementary Table 2.

The gene specific primers were tested for their ability to amplify their selected target using
RNA prepared from the root tissues of the two cowpea accessions (PO and Sl) at the TO
(control), T25, T50, T75 and T100 of the root dehydration experiment. gPCR was carried out
using the iQ SYBR Green Supermix Kit (Bio-Rad, Hercules, CA) on an iCycler real-time PCR
detection system (Bio-Rad, Hercules, USA), following the manufacturer’s instructions. The
fold changes were calculated according to Schmittgen and Livak (2008). Relative expression
was normalized to by a cowpea Ubiquitin gene (CpGC database) obtained via tBLASTn using
a 150 bp Arabidopsis thaliana Ubiquitin sequence (NM_001084884; Gl: 240255763) as probe.
The ubiquitin gene presents stable expression in cowpea under salt and water stresses, as
revealed in previous experiments conducted by our group (Amorim et al., 2018). For each time
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point, three biological replicates, with three technical replicates each, were analyzed. The
expression values of biological replicate 2 from Sl cultivar at 0 min were used for calibration.

Data were submitted to analysis of variance (ANOVA) and evaluated by t-Test at (p < 0.05
or p < 0.01), using the Assistat Statistical Program (http://www.assistat.com/) in an entirely
randomized design, with five treatments and three replicates per treatment. The experimental
unit corresponded to the average of three technical replicates in each biological replicate.
Graphs were constructed using excel program, in which the relative expression value (REV) at
each time point represents the average of three technical replicates of the three biological
replicates. Comparisons were made between genotypes (significance level at the right side of
the graphs), between times (at the bottom of the graphs, the right side of the abscissa), and for
interaction genotype and time (on the left side of the graphs between both lines). Genotypes
followed by the same letter were statistically similar, while the ones followed by different
letters showed significant differences. On the other hand, times followed by the same uppercase
letter were statistically similar, while those followed by different letters showed significant
differences. For each time, the relative differential expression was also calculated by dividing
the average expression value of PO by that of SI. Figure 1 shows a workflow with the major
steps performed in the present work.
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Figure 1. Workflow showing the major steps performed in the present work. Cowpea WRKY (VUWRKY)
sequences were identified in the genome data deposited in the Phytozome database, using WRKY keyword.
Afterwards, they were classified in groups and subgroups according to their structure and proposed classification
for higher plants. VUWRKY genes were mapped in pseudochromosomes and their cis-regulatory elements in
promoter regions were identified for each gene. In parallel, expressed RNA-Seq transcripts from Cowpea
Genome Consortium (CpGC) bank were mined using seed sequence to search for WRKY sequences of other
plant species. The correspondence between gene (Phytozome) and expressed (CpGC) sequences was performed
by a local BLASTN. The expressed VUWRKY transcripts were characterized for the distribution of introns and
exons of each isoform and conserved motif pattern in the protein sequence. A heatmap was generated based on
logzFC values of each modulated transcript, revealing the transcriptional profile of WRKY family under water
deficit. A set of transcripts was selected based on in silico expression and/or gene orthology to known abiotic
stress responsive sequences, followed by biological validation by qPCR.



48

Results
Genomic Analysis
Identification and characterization of VUWRKY TF gene family

Little information is currently available on the structure and organization of the WRKY TF
gene family in cowpea (designated here as VUWRKY). Therefore, we key word searched the
annotated genes of the recently released cowpea genomic assembly (Lonardi et al., 2019) using
the term “WRKY” and recovered 93 non-redundant sequences corresponding to putative
WRKY domain containing proteins. The identified genes were analyzed for the presence of the
complete WRKY domain as the first basic curation criterion (Figure 1). As a result, one
sequence (Vigun08g124900.1) was removed because it lacked the conserved WRKYGQK
motif, while the remaining 92 candidates presented the complete heptapeptide sequence.

The sequences were then classified into one of three groups based on the number of WRKY
domains present and type of atypical zinc finger binding motif they contained (as described in
the materials and methods section) and phylogenetic analysis was then carried to sort the genes
into groups and subgroups based on their structural similarity (Figure 2).

Of the 92 genes identified, 15 presented features characteristic of group I, 58 were placed
in group 1, and represented by 58 sequences, and 16 sequences were placed in group Ill. The
members of group Il could be further subdivided into subgroup Ila (6 members), subgroup b
(15 members), subgroup Illc (20 members), subgroup Ild (8 members) and subgroup lle (9
members). Three genes (VUWRKY90, VUWRKY91, VUWRKY92) were difficult to classify based
on their domain structure and phylogenetic position. All three genes encode proteins that
cluster with members of groups I and 111, but they do not present the intrinsic characteristics of
the groups (presence of two WRKY domains and the C2-HC motif, respectively). We therefore
designated these as “unclassified”.

Datamining of expressed VUWRKY transcripts in CpGC database returned a total of 356
candidate sequences, of which 198 had the complete ORFs and 119 had complete WRKY
domains. For subsequent analyses, transcripts with incomplete or truncated ORFs and those
missing critical domains at the N or C-terminal regions were disregarded. In the end, a total of
97 VUWRKY transcripts were identified CpGC database that were then used in subsequent
analyses. To determine the correspondence between the 97 VUWRKY and the 92 VUWRKY
genes identified in the genomic assembly and a pairwise BLASTn was performed. As shown
in Table 1, the 97 expressed transcripts were derived from 55 VUWRKY genes.
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Figure 2. Neighbor-Joining (NJ) tree of 92 cowpea WRKY (VUWRKY) representatives in the cowpea genome.
Bootstrap values (> 70) regard 1000 replicates. Groups and subgroups are distinguished by different colors
(Groups: I-red; Ila-blue; 1lb-green; lic-brown; 11d-purple; lle-pink; 111-yellow and unclassified-grey).

Based on their phylogenetic classification and the order/position of the genes in the
pseudochromosomes within each group/subgroup (described below), the genes identified here
were designated VUWRKY1 to VUWRKY92. The expressed transcripts and their encoded
proteins isoforms were named based upon the gene from which they arise (e.g., VUWRKY 1-
92) and given the suffix 'i' (Isoform) followed by the number associated with the name of the
transcript in the CpGC databank (e.g., VUWRKYO01 _i2, VUWRKYO0L i3, etc., see Table 1).
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Table 1: Cowpea WRKY genes identified in the present work, with their respective Phytozome database ID, the
WRKY group to which they belong (according to Eulgem et al., 2000; Rushton et al., 2010), the isoforms ID
expressed in the Cowpea Genome Consortium (CpGC) database and their identification in the present work.

Cowpea WRKY gene ID Cowpea WRKY WRKY Group | ID WRKY Transcripts Cowpea WRKY
Present Paper gene (Phytozome) (Fig.1) (CpGC) Transcripts Present Paper
TR127859_c2_g2_i2.pl VUWRKYO01_i2
TR127859_c2_g2_i3.pl VUWRKYO01_i3
TR127859_c2_g2_i4.pl VUWRKYO01_i4
. TR127859_c2_g2_i5.pl VUWRKYO01_i5
VUWRKYO01 Vigun01g006200 Group | TR127859_¢2_g2_i6.pl VUWRKYO01 i6
TR127859_c2_g2_i7.pl VUWRKYO01_i7
TR127859_c2_g2_i9.p1 VUWRKYO01_i9
TR127859 c2_g2_i10.p1 VUWRKYO01_i10
. TR4682_c0_g1_il.pl VUWRKY02_il
VUWRKY02 Vigun01g156000 Group | TRA4682 c0 gl i3.pl VUWRKY02 i3
VUWRKY03 Vigun02g055200 Group | TR7693 c0_gl_i3.p1 VUWRKY03_i3
VUWRKY04 Vigun03g204300 Group | TR16623_c0_g2_il.pl VUWRKYO04_il
VUWRKY05 Vigun03g371400 Group | — —
VUWRKY06 Vigun05g038000 Group | ﬁgiggig:gt:égi xmggggﬁ
VUWRKY07 Vigun05g055800 Group | TR117052_c0_g2_il.pl VUWRKY07 _il
TR113959_c1_g1_i3.p1 VUWRKYO08_i3
VUWRKY08 Vigun05g092400 Group | TR113959 c1 gl i4.pl VUWRKY08_i4
TR113959 _c1 gl i5.p1 VUWRKY08_i5
VUWRKY09 Vigun06g060000 Group | — —
VUWRKY10 Vigun06g082700 Group | - —
] TR127859 c2_gl_i9.pl VUWRKY11_i9
VUWRKY11 Vigun08g130700 Group | TR127859 c2 gl ill.pl VUWRKY11 i11
TR61138 ¢3 gl _il.pl VUWRKY12_il
VUWRKY12 Vigun08g206800 Group | TR61138 ¢3_gl_i9.pl1 VUWRKY12_i9
TR61138 ¢3 gl i14.p1 VUWRKY12_i14
VUWRKY13 Vigun08g217500 Group | TR121718 c0 gl i4.pl VUWRKY13 i4
VUWRKY14 Vigun09g067500 Group | TR39449 c0_gl i2.p1 VUWRKY14 i2
TR93324_¢c0_g1_i3.p1 VUWRKY15_i3
i TR93324 c0_gl_i4.pl VUWRKY15_i4
VUWRKY15 Vigun10g092300 Group | TR93324_c0_gl_i5.p1 VUWRKY15_i5
TR93324 c0 gl i6.p1 VUWRKY15_i6
] TR162834_c3 g3 _i4.pl VUWRKY16_i4
VUWRKY16 Vigun05g298900 Group lla TR162834 ¢3_g3_i13.p1 VUWRKY16 113
] TR72981 c0_gl_i2.p1 VUWRKY17_i2
VUWRKY17 Vigun08g045300 Group lla TR72981_c0_gl i4.pl VUWRKY17 i4
VUWRKY18 Vigun08g045400 Group lla — -
TR13411_c0_gl_i3.p2 VUWRKY19_i3
i TR13411_c0_gl_i5.p1 VUWRKY19_i5
VUWRKY19 Vigun09g215300 Group lla TR13411_c0 g1 i6.p1 VUWRKY19_i6
TR13411 ¢0 gl i7.pl VUWRKY19 i7
VUWRKY20 Vigun09g215400 Group lla - —
VuUWRKY21 Vigun10g195700 Group lla - —
VUWRKY?22 Vigun01g202800 Group lIb — —
VUWRKY23 Vigun02g063800 Group Ilb - -
i TR52139_cl1_g3_i3.p1 VUWRKY24_i3
VUWRKY24 Vigun03g138300 Group IIb TR52139_c1_g3_i4.pl VUWRKY24_id
VUWRKY25 Vigun03g212000 Group IIb — —
. TR57532_c2_g3_i3.p1 VUWRKY26_i3
VUWRKY26 Vigun03g333800 Group IIb TR57532 2 g3_id.pl VUWRKY26_i4
i TR14570_c0_g1_i4.pl VUWRKY?27_i4
VUWRKY27 Vigun03g405100 Group Ilb TR14570 c0 gl i5.pl VUWRKY27 5
TR57532_c2_gl_il.pl VUWRKY?28_i1l
TR57532_c2 gl _i2.p1 VUWRKY28_i2
VUWRKY?28 Vigun05g044300 Group b ﬁggggggjﬁigi xmggggﬁ
TR57532_c2 gl _i5.p1 VUWRKY28_i5
TR57532_¢2 gl _i6.p1 VUWRKY?28_i6
VUWRKY29 Vigun05g228000 Group Ilb - -
VUWRKY30 Vigun06g053700 Group b TR134661_c0_g1_il.pl VUWRKY30_il
VUWRKY31 Vigun06g159600 Group Ilb TR156309 c2 gl i3.pl VUWRKY31 il
VUWRKY 32 Vigun07g131500 Group lIb — —
TR103680_c0_g1_il.pl VUWRKY33_il
VUWRKY33 Vigun08g201800 Group IIb TR139074_c0_gl_i5.p1 VUWRKY33_i5
TR139074_c0_gl i7.p1 VUWRKY33_i7
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Cowpea WRKY gene ID Cowpea WRKY WRKY Group | ID WRKY Transcripts Cowpea WRKY
Present Paper gene (Phytozome) (Fig.1) (CpGC) Transcripts Present Paper
VUWRKY34 Vigun09g044800 Group Ilb TR156309 c1 gl il.pl VUWRKY34 il
VUWRKY35 Vigun09g078100 Group Ilb — —
VUWRKY36 Vigun11g119100 Group IIb - -
VUWRKY 37 Vigun01g071800 Group llc — —
VUWRKY38 Vigun01g198600 Group llc TR130502_c4_g2_i2.pl VUWRKY38_i2
VUWRKY39 Vigun02g051100 Group llc TR128374 cl g3 _i4.pl VUWRKY39_i4
VuWRKY40 Vigun03g048500 Group llc - —
VUWRKY41 Vigun03g068900 Group llc TR157317_c0_g1_i2.pl VUWRKY41_i2
VUWRKY42 Vigun03g069800 Group llc — —
VUWRKY43 Vigun03g144800 Group llc - -
VUWRKY44 Vigun03g412200 Group llc — —
VUWRKY45 Vigun05g049400 Group llc TR50247_c0_g1_i2.pl VUWRKY45_i2
VUWRKY46 Vigun05g060300 Group llc - -
VUWRKY47 Vigun06g131100 Group llc — —
VUWRKY48 Vigun07g127100 Group llc TR130502_c4_g2_i4.pl VUWRKY48_i4
VUWRKY49 Vigun08g042500 Group llc — —
- TR6508_c0_g1_il.pl VUWRKY50_i1
VUWRKY50 Vigun08g192900 Group lic TR6508_C0_3U2_$1 VOWRKYS0 12
VuUWRKY51 Vigun09g104500 Group llc - -
VUWRKY52 Vigun09g128100 Group llc — —
VUWRKY53 Vigun09g128400 Group lic TR132186_c0_gl_i2.pl VUWRKY53_i2
) TR119633_c1_gl_il.pl VUWRKY54 i1
VuUWRKY54 Vigun09g222700 Group llc TR119633 ¢l gl i2.pl VUWRKY54 2
VUWRKY55 Vigun10g014400 Group llc TR89641 c0 gl il.pl VUWRKY55 il
VUWRKY56 Vigun10g138200 Group llc — -
VUWRKY57 Vigun01g197800 Group Iid TR109555_c0_gl_i2.pl VUWRKY57_i2
VUWRKY58 Vigun02g146400 Group IId TR115618 c0_g2_i4.pl VUWRKY58_i4
i TR121788_cl_g3_il.pl VUWRKY59_il
VUWRKY59 Vigun03g280900 Group Ild TR121788_cl g3 i3.pl VUWRKY59 i3
i TR123540_c0_g1_i2.p3 VUWRKY60_i2
VUWRKY60 Vigun03g389500 Group IId TR123540 0_gl_i3.pl VUWRKY60 i3
VUWRKY61 Vigun07g103700 Group IId — —
VUWRKY62 Vigun08g065100 Group Ild = =
VUWRKY63 Vigun09g031900 Group IId — —
VUWRKY64 Vigun09g200200 Group Iid TR17124 c0 gl i2.p1 VUWRKY®64 i2
VUWRKY65 Vigun03g040900 Group lle TR131891 c0 gl_il.pl VUWRKY®65 _il
VUWRKY66 Vigun03g096500 Group lle ﬁﬁgggﬁgjgijiﬁ xmggggz:i
VUWRKY67 Vigun03g138800 Group lle TR116592 cl1 g3_il.pl VUWRKY67_il
VUWRKY68 Vigun04g145700 Group lle - —
VUWRKY69 Vigun05g060600 Group lle — —
i TR58821 _c0_g1_il.pl VUWRKY70_il
VUWRKY70 Vigun05g207000 Group lle TR58821 0 gl i2.pl VUWRKY70 i2
VUWRKY71 Vigun06g134600 Group lle TR116592 cl1_g3_i2.pl VUWRKY71 i2
VUWRKY72 Vigun07g221500 Group lle - —
VUWRKY73 Vigun10g134800 Group lle — —
VUWRKY74 Vigun02g181700 Group I — —
VUWRKY75 Vigun03g037200 Group Il TR124875 c0 gl_i2.pl VUWRKY75 _i2
VUWRKY76 Vigun03g090000 Group Il — —
VUWRKY77 Vigun05g085500 Group I TR93511 cl1 gl il.pl VUWRKY77 il
VUWRKY78 Vigun05g182100 Group Il TR113964 c3 gl_i2.pl VUWRKY78_i2
VUWRKY?79 Vigun05g182200 Group Il — —
VUWRKY80 Vigun05g182300 Group Il TR146008 c0 gl _il.pl VUWRKY80 _il
VUWRKY81 Vigun05g182400 Group Il — —
VUWRKY82 Vigun06g122600 Group 11 I?;gig:gg:gt:igi xmg’gggﬁ
) TR70733 c0_g2_il.pl VUWRKY83 il
VUWRKY83 Vigun08g112200 Group I TR70733 €0 g2 i2.pl VUWRKYS3 12
VUWRKY84 Vigun08g112300 Group I TR70733 c0 gl il.pl VUWRKY84 il
VUWRKY85 Vigun09g133700 Group I TR34712_c0 gl i2.pl VUWRKY85_i2
VUWRKY86 Vigun09g133800 Group Il TR58167 c0_g1_il.pl VUWRKY86_il
VUWRKY87 Vigun09g153200 Group I TR102341 c0 gl ilpl VUWRKY87 gl il
VUWRKY86 Vigun09g133800 Group Il TR102341_c0_g2_il.pl VUWRKY87_g2_il
VUWRKY88 Vigun10g002700 Group I TR79364 c0 gl i2.pl VUWRKY88 i2
VUWRKY89 Vigun10g144200 Group Il TR103577_c1 g1_i9.p1 VUWRKY89_i9
VUWRKY90 Vigun08g130300 Unknow ﬁgggggig:gt:;gi xmggggjz
VUWRKY91 Vigun05g118000 Unknow — —
VUWRKY92 Vigun07g162700 Unknow — —
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Analysis of conserved protein domain structure in the VUWRKY gene family members

Using the predicted proteins encoded by the various VUWRKY genes, multiple sequence
alignments and analysis of conserved domains using MEME software analysis revealed the
general features of the various family members. As noted previously all of the genes encoded
proteins with defined by the presence of a DNA binding domain consisting of about 60 amino
acids, with a conserved WRKYGQK motif at the N-terminal region and a zinc finger motif at
the C-terminal region of the protein (Figure 3). In general, the sequence of the 60 amino acid
DNA binding domain was less variable among members of subgroup Ilb, with 63.9%
conservation than members of group 111 with only 30.1% conservation. Most of the identified
VUWRKY gene sequences (90.2%) exhibited the well-conserved heptapeptide domain
[WRKYGQK]. However, in 9 VUWRKY genes (9.8%) contained variants of this motif with at
least one amino acid substitution within the predicted invariant motif: [WKKYGQK]
(VUWRKY20); [WRKYGEK] (VUWRKY15, VUWRKY40); [WRKYGKK] (VUWRKY42,
VUWRKY49, VUWRKY51, VUWRKY53, VUWRKY54), and [WKKYEDK] (VUWRKY90)
(Figure 4). It is interesting to note that none of the gene sequences identified had modifications
in the cysteine and histidine specific residues of the zinc finger motif. Outside of the conserved
DNA binding domain, the sequences of the encoded VUWRKY proteins were more variable in
terms of length and amino acid sequence (data not shown).
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Figure 3. Alignment of cowpea WRKY protein domain regions in different groups/subgroups. WRKY domains
are outlined (black boxes). Potential zinc ligands are indicated by arrowheads. For Group | of VUWRKY
sequences, both WRKY domains are indicated (N- and C-terminal). Consensus sequences are shown at the bottom
of each alignment.
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Figure 4. Amino acid consensus sequence of the heptapeptide region of the DNA binding domain of 92 VUWRKY
genes identified by the MEME tool.

Organization of the VUWRKY in the cowpea genome

Using tools available on the Phytozome web interface it is possible to located the 92 identified
VUWRKY genes on the 11 cowpea pseudochromosomes (Figure 5). This in silico analysis
showed that all 11 pseudomolecules contained at least one VUWRKY gene, with the distribution
of genes per pseudomolecule ranging from 1 to 18 (representing 1 to 19.5 % of the total family).
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The genes were concentrated in euchromatic regions. It is worth mentioning the clustering of
the WRKY in specific points of the chromosomes where they appear (Figure 5).
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Figure 5. Schematic representation of the chromosomal locations of 92 genes WRKY genes identified in cowpea.
The VUWRKY highlighted in blue correspond to the genes expressed under root dehydration (CpGC data bank).
The pseudochromosomes were designed based on information available in the LIS (Legume Information System)
database. Chromosome numbers are indicated in the upper region and the position of its centromere by a gray
block, with the surrounding dark blue part including its possible variation. Black rectangles highlight possible
pairs of homologous VUWRKY (Cheng et al., 2016).

Pseudomolecule 3 contained the highest number of VUWRKY genes (18) distributed among
the three groups | (2 genes), Il (14 genes), and Il (2 genes). Pseudomolecule 5 appears
contained the next largest number with 16 totl genes distributed among groups | (3 genes), Il
(7), 11 (5). It also contained the one Unclassified gene. In contrast, pseudochromosomes 4 and
11 contained only one VUWRKY gene each (subgroups lle and Ilb, respectively), representing
the chromosomes with the lowest number of anchored genes (Figure 6).



56

20

18

16

14

m Unknown

12 m Group |l
8 m Group lle
§ 10 m Group Ild
z
o Group llc
(‘]D:J 8 Group llIb

o~

4 m Group lla
6 = Group |
l : I
‘"Bl l I Ao

Chr1 Chr2 Chr3 Chr4 Chr5 Chr6 Chr7 Chr8 Chr9 Chr10 Chri1

N

Figure 6. Distribution of 92 VUWRKY genes representatives along the 11 cowpea pseudochromosomes, also
considering their classification in groups and subgroups.

Identification of cis-regulatory elements in VUWRKY gene promoters

The search for cis-regulatory elements in the promoter regions of the 92 VUWRKY genes
returned a total of eight motifs with significant e-values and within the reliable parameters. As
for the identity of the TFs, the ZF-HD families (two motifs, Figure 7A, F), BBR-BPC (Figure
7B), TCP (Figure 7C), Dof (Figure 7D), MYB (two motifs, Figure 7E, G) and CPP (Figure
7H) were associated with recognition of such target motifs.

The cis-regulatory elements associated with BB-BPC TF type (JASPAR ID MA1402.1; Figure
7B) were the most abundant, observed at 160 positions of 63 VUWRKY (Figure 8), followed
by Dof TFs (JASPAR ID MA1267.1; Figure 7D) anchored at 96 positions relative to 54
VUWRKY genes (Figure 8). MYB (JASPAR ID MA1027.1; Figure 7G) and CPP (JASPAR
ID MA1379.1; Figure 7H) target motifs were found in six sites of four and five VUWRKY,
respectively, corresponding to the least abundant promoters among the genes analyzed.
Interestingly, all identified cis-regulatory elements were located in the promoter region of at
least one of the expressed VUWRKY genes under root dehydration, also confirmed by gPCR.
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Figure 7. Predicted cis-regulatory sequences in the promoter regions of the WRKY genes of cowpea. Figures A-
H show consensus sequence and below the Transcription Factor (TF) annotation associated with the indicated
sequence of its JASPAR matrix (according to the Tomtom software output), as well as the e-value and number of
anchored sites.
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Figure 8: Distribution of predicted cis-regulatory elements in the promoter regions of the VUWRKY genes.
Content and distribution of motifs by the promoter are represented by rectangles and colored squares. Colored
boxes (section CCREs | TFs) provide information on TFs associated with the motifs identified, as well as their
respective JASPAR ID matrices. The "+" and "-" signals represent sense and antisense chains of the promoter
regions analyzed.
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Transcriptomic Analysis
Structural variation in expressed isoforms of VUWRKY genes

Based on BLASTn comparisons, the 97 VUWRKY transcripts identified in the CpGC database
arise from 55 members of the VUWRKY gene family by differential splicing with some genes
giving rise to multiple splice variants and protein isoforms. A phenetic tree was constructed
using the predicted protein coding sequence of the various isoforms (Figure 9A) and the
underlying gene structure to determine the nature of the splicing variations that occurred
(Figure 9B). In some cases the splice variants of a single gene gave rise to protein isoforms
with significantly different protein domain compositions as defined by MEME analysis (Figure
9C).

Expressed VUWRKY transcripts exhibited some diversity in relation to the number of
introns (Figure 9b), ranging from one to six, with most members (42.3%) having two introns
(Supplementary Table 3). In all subgroups of the family it was possible to find transcripts with
this intron pattern, with subgroup I1d being the most representative, with six (85.7%) of seven
members presenting two introns, followed by (sub) groups Il and llc, with 73.3% (11/15) and
72.7% (08/11) of the transcripts, respectively. Within the family groups, members of the
subgroup Ilb showed a higher variation in exon/intron structure, with one (VUWRKY26_i4;
VUWRKY28_i2; VUWRKY28 _i6) to six (VUWRKY27_i4) introns. In contrast, the expressed
transcripts of subgroup Il1d were shown to be more conserved in terms of gene structure, with
their members exhibiting a pattern of two introns, with a single exception of the transcript
VUWRKY®60 _i2, which presented only one intron. Interestingly, three transcripts exhibit no
intronic region, being one of group I (VUWRKY15 i4) and two of the 'Unclassified'
(VUWRKY90 _i1; VUWRKY90 i2) group (Supplementary Table 3).

A total of 38 conserved motifs varying in length from 11 to 60 amino acids were identified
among the 97 VUWRKY expressed at the CpGC bank (Table 2). As expected, the DNA binding
domain containing the conserved WRKYGQK heptapeptide sequence (motif 1) was present in
all of the proteins. The only exception was VUWRKY80_1 which appear to be a splice variant
giving rise to an isoform missing most of the N-terminal portions of the full-length protein.
Almost all transcripts contained motif 2 (including VUWRKY®80_1), which comprises part of
the zinc finger structure of the protein (Supplementary Table 3). Motif 3 corresponds to the
WRKY domain of the C-terminal region of group | proteins, is absent in only four isoform
(VUWRKY13_14, VUWRKY14_12, VUWRKY15_14, and VUWRKY15_15).

Some motifs were restricted to specific VUWRKY groups. For example, motifs 05 and 21,
are only found isoforms in subgroup Ilb, and motifs 07 and 08 are unique to members of group
I. Likewise, six motifs were shared between members of only two groups (motif 04, groups |
and llc, motif 06, groups Ila and I1b, motifs 16, 18 and 30, groups I and I1b, motif 28, groups |
and lle). Notably, most members of the same subgroup shared one or more motifs outside the
WRKY domain and sometimes had the same specific location in the protein sequence (Figure
9C). Thus, it was possible to identify patterns conserved within the same VUWRKY group, as
well as exon/intron patterns present in the expressed isoforms, validating the groups observed
in the NJ tree (Figure 2).
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Table 2: Consensus sequence of the 38 motifs identified by the MEME tool in VUWRKY transcripts expressed
in the CpGC database, followed by the values of statistical validation (e-value), number of anchored sites and the
size of the motif identified.

Logo Consensus Motif E-value | Sites | Width
1. LDDGYRWRKYGQKVVKGNPNPRSYYRCTS 4.1e-2204 | 96 29
2. PGCPVRKQVZRASEDPSILITTYEGKHN 6.7¢-1520 | 87 28
3. DDGYNWRKYGQKQVKGSEYPRSYYKCTHPNCQVKKKVERSHDGHITEIIYKGTHNHPKPQ | 5.3e-1316 | 25 60
4. GATRTVREPRVVVQTTSEVDI 5.0e-322 33 21
5. HPLPPSATAMASTTSAAASMLLSGSSTSS 7.3e-280 18 29
6. LVEAATKAJTTDPNFRAALAAAISSIIGS 1.7e-269 25 29
7. HDVPAARASSHVNANASNANQ 4.7e-174 23 21
8. YDGEGDEPESKRRKLESYNDD 1.8e-166 23 21
9. IQSPPSTSSPHLFPTITLDLT 2.6e-143 27 21
10. MLSNLAMSGLGHMQAKLPVMPVHPFLAQQ 5.5e-163 15 29
11. LVKVQEENKNLLHLLADVAESYPELQIKL 6.2e-187 26 29
12. KHENLETTSSASIGPEYCNQSTNLQTQNGGTLNDSGEAVDA 1.5e-140 15 41
13. NPSNDYGFMMPKGEPNVEAIPEHVGGLNL 1.2e-134 16 29
14. NVKLSGDLGLASPSPLTFFSK 1.5e-111 15 21
15. SGTSFHRGAGRKINPTTLPQQSHPGIEVS 4.4e-145 15 29
16. SGFNEPSETTDGSSZRTATDSEYVAQLSFSTEQAPNKREGQSNSTAGSGGFNANNANKSY 1.4e-332 17 60
17. GIGSVNPHTDMQVDNPEHVELHNGGDGDI 6.4e-138 15 29
18. DQRAFDDVGGGTEHSTPIEEHGDEZGBNR 2.1e-168 19 29
19. ASKSQEAGNFILLQPPGPFGFSKNVTSQI 2.5e-109 15 29
20. ASGVLHSHVHRPEPSQVHNGMGRLERPSL 3.5e-106 16 29
21 TDSATQSPIKKARVSVRARSE 5.4e-105 15 21
22. SSTFSNEEEEFEQGTQGSVSG 3.1e-098 24 21
23. PNGSSVYQEIMSRMPLGPHM 3.7e-069 15 20
24, RQQLAHSHGFSFGMN 9.4e-058 16 15
25. IRPSFVNGYSFSDSFNNSRPK 1.5e-067 15 21
26. PEKCKNNGFDDIYTSSFAFKP 1.9e-058 15 21
27. WGNVQKGNIVGAANW 2.9e-054 15 15
28. EENVTRSISEHSGSGRTGEFF 4.6e-045 15 21
29. PQPTVGKFLFESEGNVRHSEL 1.3e-042 17 21
30. GNGDSVTGGVGGAPS 9.7e-056 15 15
3L SAANSAALDSEFGFTQFGLDNSNFKFVNP 2.3e-036 15 29
32. NFSEFSFHSQT 2.1e-020 27 11
33. LLADKVVSSFEKVLSLLNCGA 2.5e-014 15 21
34. NPLFAQNLNNSLEEQQQHQQQ 7.9e-019 15 21
35. SYKRRKTRPKWTERV 6.9e-022 16 15
36. HFYQQCTTNQQTPSR 5.3e-015 15 15
37. EVIEELIQGKELATKLKNLL 1.1e-013 15 20
38. VSKIFVRTDASDTSL 8.9e-013 15 15
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Figure 9. (A) Neighbor-joining tree of expressed VUWRKY identified at CpGC data bank. The groups and
subgroups are delimited by the colors red (1), blue (lla), green (llb), orange (llc), yellow (lll) and gray
(Unclassified). Gene structure of expressed VUWRKY regarding exon-intron composition is indicated in (B).
Gray lines and yellow boxes represent the introns and exons, respectively, of the expressed genes, while the blue
regions correspond to the 5 'and 3' UTRs. (C) Distribution of conserved motifs identified by MEME in VUWRKY
proteins. (D) The consensus sequence of each identified motif is represented by different boxes/colors and sizes,
numbered from 1 to 38.

Expressed VUWRKY under root dehydration

To further analyze the role of the VUWRKY gene family in response to dehydration stress, we
determined the transcription profiles of the family members in the roots of a drought sensitive
(‘'Santo Inécio' — SI) and drought tolerant (‘Pingo de Ouro' — PO) cultivar before and after
imposition of dehydration stress. RSEM values were compared between control (TO) vs.
stressed (T25 and T150) and 83 of 97 previously identified VUWRKY transcripts were
expressed, with 3 variants expressed exclusively in the T25 samples (VUWRKY15 i5;
VUWRKY28_ i2; VUWRKY90 il) and 6 in the T150 samples (VUWRKYO0L i3;
VUWRKYO01_i9; VUWRKY02_i3; VUuWRKY33 il; VuWRKY80_il; VuWRKY82_i2)
(Figure 10). Five transcripts present in the CpCG data bank (VUWRKYO01_i7; VUWRKY12_i9;
VUWRKY59 il1; VUWRKY83 il; VUWRKY83 i2) were not expressed in any of the
dehydration treatment samples.

25’ treatment 150’ treatment

83 6

(90.2%) (6.5%)

Figure 10: Venn diagram representing the number of VUWRKY transcripts expressed under root dehydration as
compared with the not stressed control (TO) vs. t treatments with different exposition times (T25 and T150). The
blue and yellow circles correspond to the genes expressed at 25 min and 150 min after stress imposition,
respectively, and the intersection indicates the genes expressed in both treatments.

Based on the here defined statistical reliability criteria, 18 and 23 VUWRKY transcripts
were differentially expressed at the times of 25 and 150 min after stress imposition,
respectively. However, when considering such criteria to determine the intersection of the
transcripts expressed in both comparisons, only eight transcripts achieved statistical confidence
in terms of their differential expression (induction/repression). Considering their log2FC, the
83 VUWRKY transcripts were grouped into four large groups (1, 11, 1l and V), with group IV
subdivided into two subgroups (IVVa and IVVb) (Figure 11a, Supplementary Table 4).
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Figure 11: Gene expression profiles of WRKY TFs identified in the cowpea transcriptome under root
dehydration. Expression levels are indicated by the intensity of the color, where red indicates induction and green
indicates repression of the associated transcript when compared to the not stressed control in each analyzed time.
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(A) Heatmap of the 83 VUWRKY expressed in the analyzed condition. Colored bars limit the different clusters
[cluster 1 = blue; cluster 2 = orange; cluster 3 = gray; cluster 4 = pink (shades of pink delimit the subdivision of
the group 4)]. When considered p-values and FDRs with 0.05 of reliability, (B) 18 transcripts were expressed in
T25 and (C) 23 transcribed in T150. At the intersection of the times (D) eight transcripts are within the statistical
reliability criteria. (E) Intensity scale of induction or repression of the transcript.

Cluster |1 comprised 25 transcripts whose expression varied at the initial time (log2FC
between -2.59 and 2.39), most of them being induced at the late (150 min) evaluated time (18
transcripts with log2FC from 1.16 to 7.99). Cluster Il included 18 repressed or constitutively
expressed transcripts at T25 (log2FC from -4.87 to -0.17), but their expression increased at
T150 (log2FC 0.02 - 2.77). Cluster 111 was composed of 13 repressed up to not modulated
VUWRKY representatives in T25 (log2FC -1.37 to 0.93), but in T150 most of the transcripts
showed a tendency to be repressed (log.FC between -3.56 and -0.35). 12 transcripts of
subgroup 1Va presented constitutive expression or induction in T25 (log2FC: 0.22 to 4.21),
decreasing or repressing their expression in T150 (log2FC: 2.57 to -0.3), while most of the 15
transcripts of the subgroup Vb presented induction in both times or at least in one of them
(T25 =log2FC 0.49 t0 5.77; T150 = log2FC -0.08 to 2.33).

Considering transcripts with expression values within the statistical reliability criteria at
T25, ten, five and three VUWRKY were induced (log2FC: 1.02 to 3.35), repressed (-2.23 to -
1.06) or were not modulated (-0.87 to 0.95), respectively (Figure 11b). Furthermore, in the final
time (T150) 15 transcripts had their expression induced (log>FC: 1.03 to 7.99), and five were
repressed (-3.56 to -1.80) whereas three showed constitutive expression (-0.87 to 0.95) (Figure
11c).

The intersection with transcripts expressed in both treatments, presents a set of eight
VUWRKY grouped into three clusters (A, B and C), the first one formed by three induced
transcripts (log2FC: 1.02 to 2.24) in the first comparison that were later repressed (-1.8 to -
2.57). The second group formed by a single transcript that increased its expression during the
course of stress (T25: 0.73 and T150: 1.22). In turn, the third group was composed of four
transcripts that showed induction in their expression along the evaluated times (T25: -2.23 to -
0.93; T150: 0.72 to 1.31) (Figure 11d).

Validation of VUWRKY transcription revealed gPCR

Of the 83 VUWRKY expressed sequences under root dehydration, we selected 26 for further
analysis. These genes also were selected because their orthologs in other plants species had
been previously reported to be responsive to abiotic stress such as drought and salt
(Supplementary Table 5). A set of two primers pairs were designed for each of the VUWRKY
genes (Supplementary Table 2). The selected genes span the range of different VUWRKY
groups and subgroups (i.e., groups | (5 sequences); Il1a (5); 11b (2); Ilc (3); I1d (5); lle (1) and
I (5).

gPCR allowed to identify the transcriptional behavior of each of the 26 selected transcripts.
Total RNA was isolated from the roots of the dehydration sensitive Sl cultivar and the tolerant
PO cultivar before TO and at 25 (T25), 50 (T50), 75 (T75), and 100 (T100) min after the
initiation of root dehydration and the relative abundance of the various VUWRKY transcripts
determined by gRT-PCR (Figure 12).

Among the 26 investigated transcripts, three reached expression levels with log2FC between
10 and 20 (VUWRKY'11, 86 and 89), three between 25 and 50 (VUWRKY8, 16 and 82), two
between 60 and 90 (VUWRKY53 and 87) and three between 150 and 300 (VUWRKY18, 21
and 75). The remaining 15 exhibited a relative expression level below 10.
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Figure 12. Water deficit responsiveness of 26 cowpea VUWRKY genes. Real-time PCR was performed with
cDNAs derived from five different time points (0, 25, 50, 75 and 100 min) after water deficit for both analyzed
genotypes (‘Santo Inacio’ — sensitive/ blue; ‘Pingo de Ouro’ — tolerant/ red). The level of statistical significance
was shown as ** (t-Test at p < 0.01), * (t-Test at p < 0.05) and ns (not significant by t-Test): (1) on the right side
of the graph, for comparison between genotypes; (2) at the bottom, right side of the abscissa, for comparison
between times, and (3) on the left side of the graph between the two lines, for interaction genotype x time.
Genotypes followed by the same letter were statistically similar, while when followed by different letters showed
significant differences. On the other hand, times followed by the same uppercase letter were statistically similar,
while when followed by different letters showed significant differences. The graphics show the values of fold
change in the comparison of relative levels of expression between genotypes for each analyzed time.
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Most of the transcripts (22 out of 26) were induced compared to time 0 (zero) for both
genotypes with the exception of VUWRKY3, 4, 6, and 66. For the tolerant genotype (PO),
among the 22 induced transcripts, six reached their highest expression level at T25, five at
T50, 10 T75 and only one at T100 in the tolerant SI genotype. In turn, in the sensitive
genotype (SI - blue in the graphs; Figure 10), only two reached their highest level of
expression at T25, 10 at T50, three at T75 and six at T100. Thus, in general, the transcripts
of the sensitive genotype responded later and with lower expression values when compared
to the tolerant.

Comparing the results of RNA-Seq techniques (only for the tolerant PO genotype) and
the gPCR results in the same accession, the repressed transcripts (VUWRKY?3, 4, 6 and 66)
presented the same tendency in qPCR in all or at least in one of the times (Figure 11a).
Regarding transcripts induced in qPCR, eight were associated with only one isoform, of
which five (VUWRKY48, 53, 75, 86 and 89) were validated in terms of their expression
identified by RNA-Seq in T25. The remaining induced transcripts (14) were associated with
more than one isoform and may reflect the response of more than one transcript. However,
eight (VUWRKYS, 11, 16, 19, 28, 60, 82, and 87) of these transcripts were validated in at
least one of the times evaluated by the RNA-Seq.

Other relevant data for gPCR were the values of the relative Differential Expression
between both genotypes [DEG, calculated by dividing the average expression value of PO
by that of SI in each time point . It is worth mentioning that the vast majority of the analyzed
genes showed DEgs higher than 1.0 (one) at time 0 (zero), indicating a higher level of relative
expression the genes in the PO tolerant genotype even before applying the water deficit
treatment, reaching 6.1x for VUWRKY86, 7.0x for VUWRKY53 and 11.8x for VUWRKY18.
Exceptions to this rule were VUWRKY38 and VUWRKY58, with DEG before water deficit
treatment smaller than 1.0 and VUWRKY48 with a value equal to 1.0. After water deficit
treatment, in comparison with sensitive genotype, the tolerant genotype kept its induction in
all times tested (values greater than 1), with DEg values ranging between 0.7 and 5.9x in the
22 genes up-regulated. Additionally, among the analyzed genes, 10 stood out for having a
high level of expression after treatment with water deficit, with DEg values high or above
average (VUWRKYS, 11, 16, 18, 21, 75, 82, 86, 87 and 89). Six of these genes showed
orthology with genes from other species involved in abiotic stress tolerance pathways (see
Supplementary information 2).

Discussion

Since the description of the WRKY family in plants (Ishiguro and Nakamura, 1994),
many members have been described, including monocot species such as corn (Zea mays,
120 representatives, Zhang et al., 2017a), rice (Oryza sativa L. ssp. indica, 102 and ssp.
japonica, 98 members, Ross et al., 2007), wheat (Triticum aestivum L., with 171; Ning et
al., 2017), and dicots as eucalyptus (Eucalyptus grandis, with 79; Fan et al., 2018), cotton
(Gossypium raimondii with 112 and G. arboretum with 109 members, Ding et al., 2015) and
melon (Cucumis melo L., 56 members, Jiao et al., 2018). Within legumes, the number of
WRKY encoding genes varies significantly (Song et al., 2018) with 70 representatives
reported for the diploid species chickpea (Cicer arietinum L.; Wagas et al., 2019) and 188
for the tetraploid soybean (Glycine max; Yu et al., 2016). In the present work, the WRKY
family was deeply studied in cowpea, uncovering 92 WRKY encoding genes in the cowpea
genome recently published by Lonardi et al. (2019). This number indicates a relative
conservation in the number of representatives when compared to its congener species (Vigna
angularis with 91 VaWRKY and V. radiata with 85 VIWRKY: Srivastava et al., 2018).
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The classification of cowpea VUWRKY proteins in three large groups (I, Il and I11) and
five subgroups (lla to lle) after NJ analysis corroborated the existing infrafamilial
classification previously observed for A. thaliana, G. max, O. sativa and Populus
trichocarpa (Rushton et al. 2010). As observed for other legumes (Song et al., 2018; Waqas
et al., 2019), in cowpea group Il was the largest and most diverse, with subgroup llc having
the highest number of representatives. The evolutionary analysis of the family suggests that
the diversification into groups and subgroups had a more significant expansion within the
subgroup llc, after their origin through the loss of the N-terminal domain from members of
group I (Zhang and Wang, 2005; Brand et al., 2013).

It is worth noting that, proteins placed in the ‘unclassified’ group, VuWRKY92 is more
closely related to groups I and Ilc members, even do not present these groups characteristics.
In an evolutionary context, this unclassified variant may indicate a diversification of WRKY
members in cowpea. Besides, the independent positioning of VUWRKY90 and 91 in the NJ
tree may denote the loss of the N-terminal domain, with sub-functionalization and retention
of the ancestral function (Karanja et al., 2017). Therefore, the deletion of a domain seems to
be the driving force in the expansion of this family into new WRKY variants in cowpea.
Another hypothesis is based on the possibility that unclassified genes are remnants of
sequencing errors and/or assembly, appearing as pseudogenes on cowpea genome (Jimmy
and Babu, 2019). In addition, the non-induction of isoforms by the VUWRKY91 and
VUWRKY92 genes in transcriptome data on CpGC bank, reinforce such evidence (Xie et
al., 2018).

WRKY's bind to W-box elements (through the central motif TTGACC/T) in the promoter
regions of the target genes to regulate signal transduction and metabolic pathways during
stress response (Rushton et al. 2010; Phukan et al., 2016). Structural analysis of the
VUWRKY domains revealed that, although most family members have the conserved
heptapeptide sequence [WRKY GQK], some proteins contain variant motifs in their domain.
Changes in the WRKYGQK pattern may interfere with the binding affinity of TF to DNA
(Ciolkowski et al., 2008) or may, still, allow recognition of novel cis-binding sequences,
other than the W-box element (Cai et al., 2008; van Verk et al., 2008; Zhou et al., 2008). The
specific interaction between a WRKY-TF and its DNA target occurs due to the three-
dimensional structure of the WRKY domain, which includes a positively charged f chain,
responsible for binding to the cis-regulatory element in the target promoter. Brand et al.
(2013) suggested that the element recognized by WRKY (W-box) is formed by an ultra-
conserved 'GAC' core, preceded by a thymine and a pyrimidine at the downstream position.
This central nucleus is responsible for interacting with the WRKYSs, while the other residues
will direct the recognition by specific TFs. Changes in any of these patterns may interfere
with the precise recognition affinity and binding. In this study, four variant isoforms (two
expressed from the VUWRKY 15 gene and one from each VUWRKY53 and 54) were induced
under conditions of root dehydration, suggesting a functional activity of these proteins in
cowpea under water deficit. In fact, variants of the WRKY heptapeptide motif have been
reported in several species (Satapathy et al., 2014; Kumar et al., 2016; Karanja et al., 2017,
Cui et al., 2018), demanding further studies to determine the binding functions and
specificities of these protein variants in the plant response under stress.

To infer on the distribution, relative position and abundance of WRKY family members
in the cowpea genome, an in silico mapping of the identified VUWRKY was carried out,
revealing some clustered groups of tandem duplicated genes in the pseudochromosomes of
cowpea, besides some disperse representatives. Serial and segmental duplications played a
key role in the expansion of gene families during the evolution (Bellieny-Rabelo et al., 2013;
Jiang et al., 2013), besides inducing gene neofunctionalization (Panchy et al., 2016). In fact,
tandem and segmental duplications have also been considered among the driving forces
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behind the expansion and diversity of the WRKY family (Zhang et al., 2005; Yinetal., 2013;
Silva et al., 2017; Zhang et al., 2017b). In another Fabaceae, chickpea (C. arietinum L.), the
evolution of WRKY genes was shown to be predominantly associated with segmental
duplications. Also, in soybean duplicated and clustered WRKY genes with similar structural
characteristics were detected, but with distinct gene expression patterns in the analyzed
tissues (Song et al., 2018).

Our results indicate that segmental duplications are also associated with WRKY
expansion in cowpea. Interestingly, three clustered VUWRKY genes duplicated in tandem
(at pseudochromosome 8 e 9) and correspond to proteins with variations in the heptapeptide
domain sequence (namely VuWRKY20, 53 and 90). Of these, VUWRKY90 and
VUWRKY19 (a VUWRKY20 analog) were expressed under root dehydration. In contrast,
the VUWRKY20 gene and the VUWRKY53 variants were not regulated against the stress
analyzed, leading us to infer that (despite their common origin) there is a diversification of
their biological functions.

Cis-regulatory elements present in gene promoters are important transcriptional switches
involved in the expression control through TF-biding, regulating an extensive network of
genes involved in various biological phenomena (Zhang et al., 2005). The specific
interaction of these regulatory factors is able to induce molecular cascades, controlling the
activation, suppression, and modulation of plant signaling pathways in developmental
processes and in response to stress (Sheshadri et al., 2016). In this context, VUWRKY genes
identified herein had the sequences of their predicted promoters evaluated for the presence
of the cis-regulatory elements as well as the identity of the associated binding TFs. This
approach allows to infer on the potential physiological and/or adaptive processes in which
the WRKY TFs participate, once the functions of the regulating factors are determined. The
MEME analysis allowed the identification of eight motifs, with statistical reliability, in the
VUWRKY promoter regions, associating the potential cis-regulatory elements to other six
TF-families.

As expected, the identified elements are known to be involved in plant development
processes and in responses to environmental stresses, according to literature data. This is the
case of BBR-BPC, present in the cis-regulatory region of many VUWRKY. They are plant-
specific TFs and regulate gene induction or repression in association with plant development
and phytohormone signaling, such as ethylene, cytokine and abscisic acid (ABA) (Monfared
et al., 2011; Simonini and Kater, 2014; Mu et al., 2017; Shanks et al., 2018). ABA
accumulation is known to be associated with water stress, regulating the closure of the
stomata to reduce water loss through transpiration (Schroeder et al., 2001). This process was
impaired in an Arabidopsis mutant for the ABO3 gene encoding AtWRKY63, confirming
WRKY involvement in the ABA-dependent water stress response pathway (Ren et al.,
2010). In cowpea, the promoter regions of 63 WRKY genes had cis-elements recognized by
BBR-BPC TF members, being 39 regulated under root dehydration, confirming the role of
the WRKY TFs in response to water deficit in this legume crop.

Considering the Zinc-finger Homeobox family (ZF-HD), for instance, Rizhsky et al.
(2004) observed that the expression of AtWRKY25 was dependent on the ZF protein
encoded by the AtZat12 in Arabidopsis mutants subjected to oxidative stress. Similarly, Dof
genes may be involved in a direct interaction with other TFs, including members of the
WRKY family, suggesting that they are essential in regulating plant physiological processes
(Le Hir and Bellini, 2013). In the present work with water deficit stress in cowpea, at least
one of the six TF families recognized the motifs in the promoter regions of the 55 regulated
WRKY genes, where 97 isoforms were expressed in the CpGC data bank. Of these, 26 genes
were validated for their response to water deficit via gPCR and were associated mainly with
BBR-BPC and Dof TFs, besides associations with TCP, MY B-related and ZF TFs. Notably,
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many cowpea WRKY genes showed more than one cis element in their promoter region,
suggesting that their regulation may occur in response to different physiological conditions,
or even under various environmental stresses.

In this scenario, we analyzed the architecture of isoform VUuWRKY, including
exon/intron characterization and position, in order to reveal isoform structural
diversification. The alternative splicing is one of the molecular mechanisms that most
contributes to isoform diversity, modulating the function of the protein (Hiller et al., 2005).
In fact, alternative splicing was responsible for the regulation of 55 VUWRKY genes that
triggered 97 isoforms of all WRKY subgroups, with the genes VUWRKYO01 and 28 figuring
as the most induced variants. In addition, splicing is related to the evolutionary history of
the group, since the preserved splicing sites in WRKY domains contribute, among other
factors, the evolution and classification of the family (Agarwal et al., 2011).

Although intronic regions are untranslated units, they may contain elements that regulate
gene expression (Koralewski and Krutovsky, 2011) and a positive correlation was identified
between their size and gene expression (Ren et al., 2006; Das and Bansal, 2019). The protein
variants identified here were quite diverse with splicing giving rise to isoforms with
significant structural differences. In agreement with this fact, we observed that the expressed
VUWRKY exhibited diversified motifs along with its composition and distribution but were
conserved within the groups and subgroups of the family, further illustrating their relation
in each group. Most variations in motif structure occurred outside the WRKY domain,
providing binding specificity for the VUWRKY under different conditions as proposed in
other studies (Phukan et al., 2016). In the present work, some identified isoforms of subgroup
Ild (VUWRKY58_i4, VUWRKY59 i3, VUWRKY59 i1, VUWRKY®64_i2) and group I
(VUWRKY83_i2, VUWRKY84 i1, VUWRKYS86_i1l and VUWRKY88_i2) exhibited the
motif LXXLL, reported to function as activators of biological processes (Savkur and Burris,
2004) and in plant defense (Pandey and Somssich, 2009; Ishihama and Yoshioka, 2012).
Interestingly, one of the expressed isoforms of VUWRKY83 does not exhibit the motif
described as a result of alternative splicing, leading us to infer that such isoforms participate
in different signaling pathways. Other studies also report the presence of LXXLL motif in
WRKY of subgroup Ild in grape (Zhang and Feng, 2014) and of group I1l in common bean
(Wang et al., 2016).

Rigorous control and fine-tuning of WRKY protein regulation during the responses to
abiotic stresses in plants contribute to the induction of complex signaling networks (Chen et
al., 2012). It is also known that these TFs are involved in the initial stages of the signaling
cascade in response to adverse conditions (Franco-Zorrilla and Solano, 2016). In fact,
cowpea RNA-Seq data showed that VUWRKY transcripts are strictly modulated in the
tolerant access of cowpea during the first minutes of exposure to stress, including expression
of variant isoforms. For instance, induction of VUWRKYO0L1 leads to the generation of five
isoforms in the tolerant genotype and with distinct log2FC values.

The gPCR validation confirmed the regulation of this gene in the initial periods after
stress imposition, as well as its modulation in the drought susceptible accession. In a similar
approach in soybean under root dehydration (Ferreira-Neto et al., 2013), results of HT-
SuperSAGE validated by gPCR, which showed that GmWRKY20 (ortholog to VUWRKY75)
was induced in the tolerant genotype at all early times analyzed (25, 50, 75 and 100 min),
whereas in the susceptible genotype the induction of the gene was restricted to the initial
times evaluated (25 and 50 min). In the present work, RNA-Seq and gqPCR revealed that
VUWRKY75 was also induced at all times tested for both genotypes. However, the induction
in the tolerant genotype was significantly higher than that found for the susceptible genotype,
indicating a role of this gene in stress tolerance response.
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The gPCR validation confirmed in the majority of cases the same type of expression
indicated by our RNA-Seq data. The high similarity of the responses between the results
from different transcriptomic techniques was also observed in other reports. For example,
Nuruzzaman et al. (2014) validated the transcriptional profile of differentially expressed
WRKY in rice lineages with contrasting tolerance to drought based on microarray data. The
expression profile revealed that most of the OSWRKY genes were activated in response to
water stress in the tolerant lineage during the reproductive stages of plant growth. Besides,
results showed a similarity of gene expression measured by RT-PCR/gPCR techniques. In
another report in corn with RNA-Seq, ZmWRKYs were analyzed under leaf dehydration
(Wang et al., 2018a) uncovering 14 induced genes, where ZmWRKY106 was selected for
validation in different situations. gPCR results indicated that the treatment with high-
temperature plus dehydration significantly induced expression of ZmWRKY106 in the early
hours of stress, whereas ABA and high salinity treatments induced more discreet gene
modulation (Wang et al., 2018a), thus confirming the trend in the positive regulation
indicated by the RNA-Seq data. Under stress, differences in the expression level of
regulatory proteins may lead to significant changes in the degree of tolerance to abiotic stress
as a consequence of the distinct regulation of genes located downstream of TFs (Nakashima
etal., 2014).

In cowpea, the results of the root dehydration assay indicate that a group of WRKY genes
play a prominent role in water deficit tolerance mechanism, because of their differential
expression and early response in the tolerant genotype, in relation to the initial time and to
the control treatment in the susceptible genotype. The relative expression values obtained by
gPCR confirmed a general later activation of VUWRKY genes in the drought susceptible
genotype and, still, with lower induction values, as compared to the values of the tolerant
accession. A similar response was observed among common bean accessions, where
differences in the transcriptional regulation of seven WRKY genes were observed among
tolerant and drought susceptible genotypes, of which only PvWRKY33 showed a lower
expression level in the tolerant genotype as compared with the susceptible one (Wu et al.,
2017). Similarly, in our data, the VUWRKY38, 48, 58, and 62 were the only genes, among
the validated ones, that did not follow such behavior. Their expression values were similar
between the genotypes tested, with a slightly higher response in susceptible access.

Recent studies confirm the association of WRKY protein expression with drought
tolerance in different plant species (Chu et al., 2015; Kiranmai et al., 2018; Wang et al.,
2018b; Liu et al., 2019). For instance, Ma et al. (2019) analyzed the expression pattern of
GmWRKY16 to multiple abiotic stresses, including drought. The authors verified that the
induction of GmWRKY16 conferred higher tolerance to drought and salinity, being more
efficient at rehydration and water loss, with adequate accumulations of proline, ABA and
MDA (Malondialdehyde), under the analyzed stress conditions. Qiao et al. (2016) evaluated
mutant Arabidopsis plants for wrkyl insertion and observed that AtWRKY1 (ortholog to
VUWRKY13) acts on the ABA-dependent pathway, being involved with stomatal closure.
Besides, AtWRKY1 was able to bind to the W-box elements of MYB2, ABCG40, DREB1A
and ABI5 genes, controlling their transcripts in response to water stress or ABA treatment
(Qiao et al., 2016). Wheat transgenic plants overexpressing TaWRKY?2 also exhibited
increased drought tolerance under conditions of water deficit (Gao et al., 2018). A higher
survival rate was observed in the wheat transgenic lines, due to the lower water loss by the
leaves when compared to the wild plants. Also, proline, soluble sugar, and chlorophyll
content were more efficiently protected from oxidative and osmotic damage in transgenic
lines. In another investigation, the overexpression of AtWRKY 30 (ortholog to VUWRKY82)
was evaluated under drought and heat conditions in transgenic wheat plants (El-Esawi et al.,
2019) leading to a significant increase in gas exchange efficiency and relative leaf water
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content, plant biomass, higher osmolyte, and chlorophyll content, besides a reduction of
ROS-induced oxidative stress. qPCR revealed the induction of genes related to the tolerance
(ERF5a, DREB1, DREB3, WRKY19, TIP2, and AQP7) in the transgenic line under
conditions of heat and drought, compared to the normal conditions. Taken together, the
results showed that the induction of AtWRKY 30 increased the stress tolerance efficiency in
transgenic wheat line when compared to the wild type.

More than 20 cowpea genes can be associated with ortholog genes of the analyzed species
previously reported for their importance on abiotic stress tolerance. For example: AtWRKY33
(ortholog to VUWRKY11), is involved in oxidative, salt and ABA stresses (Jiang and
Deyholos, 2009); AtWRKY40 (ortholog to VUWRKY21 and VUWRKY18) is involved in ABA
signaling (Shang et al. 2010); GmWRKY54 (ortholog to VUWRKY48) participates in salt and
drought tolerance (Zhou et al., 2008); GmWRKY13 (ortholog to VuWRKY60 and
VUWRKY®64) is involved in salt and mannitol tolerance (Zhou et al., 2008); OsWRKY45
(ortholog to VUWRKY75 and VUWRKY86) is involved in water deficit and salt tolerance (Qiu
and Yu 2009), and AtWRKY46 (ortholog to VUWRKY®87) is involved in heat tolerance and
osmotic stress (Suzuki et al. 2005).

Cowpea transcriptome data (RNA-Seq), as well as qPCR results, uncovered promising
VUWRKY genes responsive to root dehydration, highlighting, as previously mentioned, a
potential involvement of these proteins in stress tolerance, besides the differences in time
and intensity comparing tolerant and susceptible genotypes. Considering our gPCR data, the
genes VUWRKY18 (group Ila), VUWRKY21 (group lla) and VUWRKY75 (group I11) deserve
mentioning due to their significant induction under root dehydration in the tolerant genotype
[262.84x (T75), 287.79x (T100), 143.98x (T50), respectively], indicating their participation
in cowpea drought tolerance response, deserving complementary studies.

Concluding remarks and perspectives

Taken together, our data indicate that:

»  Cowpea presents 92 complete VUWRKY genes in its genome, of which 55 were
associated with 97 transcripts expressed under root dehydration (CpGC RNA-Seq data
bank).

*  VUWRKY of all known classes were identified, as well as three with distinguishing
characteristics, annotated as “unclassified” WRKY members, some induced under the here
studied stress condition.

* Most of the genes validated by qPCR (22 of 26) were upregulated under root
dehydration conditions and, comparing RNA-Seq and gPCR data, similar expression
tendencies were recognized.

«  Water stress tolerance in cowpea is associated with a rapid perception of stress,
followed by a more efficient and higher modulation of WRKY TFs.

« Although the susceptible accession also induced VUWRKY in the early stages of
exposure to root dehydration, gPCR data showed a faster response of the tolerant genotype,
which triggers its genes at more significant expression levels

* Due to their role in activating molecular signaling cascades, the regulation of
VUWRKY in the cowpea drought tolerant accession seems to provide a more targeted and
accelerated response when compared to susceptible accession. In this way, the plant is able
to induce vital physiological processes at significant levels so as to tolerate, for a more
extended period of time, the low availability of water in the substrate.

Considering that cowpea presents superior performance under abiotic stress (including
drought) when compared to other grain legumes (Varshney et al., 2009) the present work is
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a pioneering study showing the transcriptional profile of most induced WRKY genes under
root dehydration in tolerant and susceptible genotypes using RNA-Seq and gPCR
approaches. In view of the results, the candidates identified in the tolerant accession deserve
functional evaluation aiming to potential applications including the generation of molecular
markers for breeding purposes as well as their biotechnological use for plant transformation.
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4 DISCUSSAO GERAL

Os TFs WRKY séo integrantes de uma das maiores familia de reguladores
transcricionais em plantas, atuando em cascatas de sinaliza¢cbes que modulam
diversas respostas vegetais. Desde seu primeiro relato em plantas, a familia tem
sido identificada em vérias espécies. A conclusédo recente do sequenciamento e
montagem do genoma do feijdo-caupi permitiu a identificacdo de 92 sequéncias
gendmicas codificantes de proteinas WRKY, com caracteristicas e propriedades

particulares da familia e da espécie.

Anadlises estruturais e evolutivas das sequéncias VUWRKY permitiram o
agrupamento da familia nos grupos I, Il e Ill e nos subgrupos lla, lib, lic, Iid e lle,
consistente com o reportado na literatura para outras plantas superiores. No
entanto, trés genes ndo puderam ser classificados nos grupos previstos, sendo
alocados no grupo ‘unclassified’.

Analisados em conjunto, nossos dados sugerem que membros da familia
WRKY podem estar sofrendo uma diversificacdo génica na espécie. Uma das
evidencias se baseia na estrutura do dominio WRKY que, segundo a literatura,
apresenta uma sequéncia heptapeptidica altamente conservada [WRKYGQK]
responsavel pelo reconhecimento dos motivos W-box. Nossos achados revelaram
alteracdes nesta assinatura proteica para alguns genes com atividade sob

condi¢cOes de desidratacao radicular.

Além disso, pdde-se verificar a presenca de genes duplicados em tandem
nos cromossomos do feijdo-caupi, incluindo um do grupo ‘unclassified’
(VUWRKY90), reforcando a hipétese da diversificacdo génica e com manutencao
da funcéo bioldgica. E interessante notar que trés genes WRKY duplicados em
tandem correspondem as proteinas com variacfes na sequéncia heptapetidica do

dominio, os quais foram modulados em condi¢cGes de desidratacao radicular.

Consistente com os relatos da literatura, os dados de RNA-Seq (banco
CpGC) mostraram que os transcritos VUWRKY sao rigorosamente modulados no
acesso tolerante do feijao-caupi durante os primeiros minutos de exposi¢cdo ao
estresse, apresentando, inclusive, variacdes na expressao das isoformas. Para
confirmacéo deste padrédo regulatério, validamos a resposta biologica de alguns

genes por gPCR. Uma das etapas primarias para realizacao da técnica é a escolha
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de bons genes de referéncia, visto as inUmeras variagdes existentes no processo.
Aqui, identificamos um grupo de genes normalizadores (VuAct, UE21D, Ukn e F-
BOX) que, em combinacdes especificas, podem ser aplicados em reacdes de
gPCR para normalizar os valores de expressao dos genes do feijdo-caupi, quando

a planta é submetida a desidratacao radicular ou sob alta salinidade.

Com isso, 0 padrao de expressdo da familia WRKY foi confirmado pela
técnica de gPCR em acessos contrastantes para desidratacdo radicular no feijao-
caupi. Apesar do acesso sensivel também induzir os VUWRKY nos estagios iniciais
de exposicao a desidratacdo radicular, os dados da gPCR evidenciam a eficacia na
resposta do gendtipo tolerante, que aciona seus genes mais rapidamente e em
niveis mais significativos permitindo uma resposta mais direcionada e acelerada a
desidratacdo radicular. Com isso, assim como verificado em outros vegetais, a
planta consegue manter seus processos fisioldgicos vitais em niveis significativos
de modo a tolerar, por um periodo maior de tempo, a baixa disponibilidade de 4gua

no meio.
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5 CONCLUSOES

e A cultura do feijao-caupi possui em sua configuragdo gendmica 92 sequéncias
destinadas a codificar TFs WRKY, com representantes classificados nos trés

grupos e cinco subgrupos da familia;

e Trés genes VUWRKY ndo apresentaram as caracteristicas estruturais
definidoras de nenhum grupo, podendo compreender sequéncias em processo

de diversificacdo da funcao bioldgica na espécie.

e Sob condicdes de desidratacao radicular, o acesso tolerante do feijao-caupi
aciona 55 dos 92 genes VUWRKY identificados no genoma de referéncia,

modulando 97 diferentes isoformas;

e As isoformas moduladas no acesso tolerante sdo resultantes de splicing

alternativo dos genes, apresentando diferentes valores de expressao.

e Variacbes na assinatura padrdo do dominio WRKY parecem néo interferir na
atividade funcional de algumas proteinas, uma vez que foram induzidas sob

desidratacéo radicular.

e A gPCR evidenciou que a resposta do genotipo tolerante ocorre de maneira
mais rapida e em niveis mais significativos, comparativamente ao genotipo

sensivel.

e A tolerancia a desidratacéo radicular no feijao-caupi parece estar associada a
uma rapida percepcédo do estresse, seguida da modulacéo eficiente dos seus

genes reguladores, como os TF WRKY.

e Em condicbes de desidratacdo radicular e estresse salino, o feijdo-caupi
apresenta genes que nao alteram sua expresséao, podendo ser utilizados como

normalizadores para reacgdes de qPCR.

e Diferentes combinagdes entre genes VuAct, UE21D, Ukn e F-BOX, mostraram-
se como os melhores genes de referéncia para normalizacdo de dados de
gPCR para o feijdo-caupi, quando submetido a restricdo hidrica e alta
salinidade.
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Abstract

Background: Due to cowpea ability to fix nitrogen in poor soils and relative tolerance to drought and salt stresses,
efforts have been directed to identifying genes and pathways that confer stress tolerance in this species. Real-time
quantitative PCR (gPCR) has been widely used as the most reliable method to measure gene expression, due to its
high accuracy and specificity. In the present study, nine candidate reference genes were rigorously tested for their
application in normalization of gPCR data onto roots of four distinct cowpea accessions under two abiotic stresses:
root dehydration and salt (NaCl, 100 mM). In addition, the regulation of four target transcripts, under the same
referred conditions was also scrutinized.

Results: geNorm, NormFinder, BestKeeper, and ACt method results indicated a set of three statistically validated RGs
for each stress condition: (I) root dehydration (actin, ubiquitin-conjugating enzyme E2 variant 1D, and a Phaseolus
vulgaris unknown gene—UNK), and (1l) salt (ubiquitin-conjugating enzyme E2 variant 1D, F-box protein, and UNK). The
expression profile of the target transcripts suggests that flavonoids are important players in the cowpea response to
the abiotic stresses analyzed, since chalcone isomerase and chalcone synthase were up-regulated in the tolerant and
sensitive accessions. A lipid transfer protein also participates in the cowpea tolerance mechanisms to root dehydra-
tion and salt stress. The referred transcript was up-regulated in the two tolerant accessions and presented no differen-
tial expression in the sensitive counterparts. Chitinase B, in turn, generally related to plant defense, was an important
target transcript under salt stress, being up-regulated at the tolerant, and down-regulated in the sensitive accession.

Conclusions: Reference genes suitable for gPCR analyses in cowpea under root dehydration and salt stress were
identified. This action will lead to a more accurate and reliable analysis of gene expression on this species. Additionally,
the results obtained in this study may guide future research on gene expression in cowpea under other abiotic stress
types that impose osmotic imbalance. The target genes analyzed, in turn, deserve functional evaluation due to their
transcriptional regulation under stresses and biotechnological potential.
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Background

Cowpea [Vigna unguiculata (L.) Walp] is one of the most
important legumes cultivated by subsistence farmers, for
both human and livestock consumption, mainly in the
semi-arid regions of Africa [1] and Brazil [2]. In Africa,
it is used for the livelihoods of millions of people in the
semi-arid regions of West and Central regions [3] and is
considered the most important grain legume crop in the
sub-Saharan region. Regarding its potential for grain sup-
ply in dry areas (due to its wide genetic variability and
good nitrogen fixation capacity), this crop minimizes the
almost exclusive dependence on common bean, confer-
ring to cowpea a strategic value in Brazil [2].

Given the cowpea great economic and socio-cultural
importance, in addition to its rusticity and phenotypic
plasticity on adverse soil and climatic conditions (with
peculiar features of tolerance/resistance to stresses), the
Cowpea Functional Genome Consortium (CpFGC) was
created [4]. Using different methodological approaches
(i.e. ESTs, HT-SuperSAGE and RNA-Seq) this effort
resulted in the generation of millions of transcripts
obtained from cowpea plants under different abiotic [root
dehydration and salt (NaCl, 100 mM)] and biotic (infec-
tion by Cowpea Aphid-borne Mosaic Virus—CABMV
and Cowpea Severe Mosaic Virus—CPSMYV) stresses [4].
These data provide a good start for identifying putative
genes and gene families associated with resistance/toler-
ance to such challenging conditions [4].

Real-time quantitative PCR (qPCR) is the most com-
monly used method of validation of transcriptomic stud-
ies, due to its high sensitivity and specificity [5]. Despite
the advantages, its reliability depends on various factors,
such as the integrity and purity of RNA, the efficacy of
various reagents and enzymes used in RNA extrac-
tion, sample quantification, and reverse transcription,
among others [5]. Such variables can cause quantitative
and qualitative differences between the analyzed sam-
ples. Thus, the careful planning of protocols is manda-
tory when implementing qPCR, and the use of reference
genes (RGs) as normalizers is an essential prerequisite.
RGs should ideally be constitutively expressed in the
studied tissue or cell type and should not be affected by
the treatments performed. Additionally, uniform tran-
script abundance across the different groups being ana-
lyzed (e.g., across treatments) is necessary, serving as
a “calibrator” to compare the different samples of the
same quantitative level. This way, the use of suitable RGs
ensure that the observed variation in the relative quanti-
fication of the target transcripts is due to changes in the
gene expression, avoiding false positives or negatives in
the transcriptome analysis.

Housekeeping genes are required for basal procedures
and cellular survival, being often stably expressed and
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therefore used as normalizers without validating their
suitability [6]. Nevertheless, increasing evidence show-
ing that the transcription level of commonly used RGs
(such as 18S ribosomal RNA, 25S ribosomal RNA, glyc-
eraldehyde-3-phosphate dehydrogenase, elongation fac-
tor 1-alpha, among others [7, 8]) can vary considerably
depending on the state of development and physiologi-
cal conditions, especially under stress. Therefore, various
statistical methods have been developed to validate the
expression stability of candidate RGs, and to allow the
selection of the most suitable candidates for particular
condition/tissue/species. NormFinder [9], geNorm [10]
and BestKeeper [11] algorithms, besides the ACt method
[12], are the most widely used approaches.

Unfortunately, only a limited number of stud-
ies addressing gene expression and qPCR have been
reported for cowpea so far. Coetzer et al. [13] used the
glyceraldehyde-3-phosphate dehydrogenase C-subunit
gene as normalizer in the evaluation of target tran-
scripts in leave tissues of cowpea plants under drought.
Mellor et al. [14] used the actin gene as normalizer to
evaluate RSG3-301 (acronym of “resistance to S. gesneri-
oides race 3”) transcript levels involved in the resistance
response of transgenic cowpea roots (Blackeye cultivar)
to the attack by the root parasitic weed, Striga gesne-
rioides. Huang et al. [15] also used the actin gene as an
endogenous control to analyze target genes expression of
cowpea (cultivar B301) during compatible and incompat-
ible interactions with different races (SG3 and SG4z) of
Striga gesnerioides. In turn, Shui et al. [16], used the small
nuclear RNA U6 gene as an endogenous control to ana-
lyze target microRNAs in the leaves and roots of cowpea
plants under drought treatment. The studies above have
in common the fact that the respective RGs employed
were not previously subjected to careful statistical analy-
sis to determine their stability, following statistical tests,
in the condition/tissue/plant analyzed. In addition, only
one reference gene was used in each proposed assay,
which reduces the statistical robustness of the results.
According to MIQE (Minimum Information for publica-
tion of Quantitative real-time PCR Experiments) guide-
lines [5], which presents a series of indications on good
practices in experiments involving qPCR, normalization
should be carried out against multiple RGs, chosen from
a variety of candidate RGs tested from independent path-
ways with the application of at least one algorithm [5, 10].
However, few works have focused on the selection of RGs
in cowpea based on different statistical software. The first
study was conducted by Da Silva et al. [17], who evalu-
ated the expression stability of eight candidate genes in
cowpea under drought stress during biological nitrogen
fixation, using geNorm and NormFinder algorithms.
The genes of the regulatory subunit of phosphatase 2A
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protein (VuPp2A) and polyubiquitin 28 (Vullbg28) were
the best normalizers suggested by both algorithms, for
global analysis (nodules and leaves tissues).

The present study was undertaken to select and vali-
date suitable RGs tested for effective normalization of
cowpea qPCR data. Root tissues of four contrasting cow-
pea accessions (tolerant and sensitive), under two dif-
ferent abiotic stresses [root dehydration or salt (NaCl,
100 mM)] were analyzed through three different algo-
rithms (NormFinder [9], geNorm [10], BestKeeper [11]),
and also the ACt method [12], to find the most suitable
RGs for each experimental condition. In addition, the
transcriptional regulation of four cowpea target tran-
scripts [chalcone isomerase (VuCHI), chalcone synthase
(VuCHS), lipid transfer protein (VuLTP), and chitinase
B (VuCHiB)] was scrutinized. The gene expression data
obtained from a Next Generation Sequencing approach
(HT-SuperSAGE) has been used to evaluate the partici-
pation of these targets in response to the studied stresses.
The proposed RGs will serve to validate RNA-Seq and
HT-SuperSAGE data generated by the CpFGC, as well as
will benefit future studies on gene expression in cowpea
and related species.

Methods

Plant material and treatments (root dehydration and salt
stresses)

Two independent experimental trials were performed in
the present study: one with root dehydration (Additional
file 1: Fig. S1A) and the other with salt stress (Additional
file 1: Fig. S1B). For root dehydration assay (Additional
file 1: Fig. S1A), cowpea cultivars ‘Pingo de Ouro’ (PO;
drought-tolerant) and ‘Santo Indcio’ (SI; drought-sensi-
tive) were grown in a greenhouse at Embrapa-Soybean
station (Londrina, Brazil), under hydroponic conditions
(30 L plastic containers, pH 6.6, and balanced nutrient
solution, as reported by Kulcheski et al. [18]). Briefly,
cowpea seedlings, with the first trifoliate leaf fully devel-
oped, were submitted to root dehydration (in the dark)
for 0 minutes (negative control), 25 (T1), 50 (T2), 75
(T3), 100 (T4), 125 (T5), and 150 (T6) minutes (Addi-
tional file 1: Fig. S1A) after removal of the nutrient solu-
tion from the tray. At the end of each treatment, the roots
were frozen in liquid nitrogen and stored at — 80 °C until
total RNA extraction.

For salt stress (Additional file 1: Fig. S1B), seeds of two
contrasting cultivars, named ‘Pititba’ (PI; salt-tolerant;
[19, 20]) and ‘BR14-Mulato’ (BR; salt-sensitive; [21]) were
grown in pots with washed sand watered with 200 ml of
1/2 strength Hoagland’s Solution. Seedlings (with first
trifoliate leaf fully developed) were submitted to dif-
ferent periods of exposition to salt (NaCl added to the
Hoagland’s Solution to a final concentration of 100 mM).
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Roots were collected at 0 minutes (negative control; only
with Hoagland Solution and water), 30 (T1), 60 (T2)
and 90 (T3) minutes after irrigation with saline (NaCl,
100 mM) Hoagland’s Solution (Additional file 1: Fig.
S1B).

The treatment times mentioned in the trials were dis-
tinct because the events were independent, and these
treatments took into account physiological analyzes
(manuscript in preparation) indicating that the plants
begin to undergo stress effects. The experimental designs
were factorials (cultivars x extent of the stress) with
three biological replicates (five plantlets composed each
replicate).

Total RNA isolation and cDNA synthesis

Total RNA of cowpea root tissues (in all cultivars and
treatments) was isolated using ‘SV Total RNA Isola-
tion System Kit’ (Promega, Madison, WI) following the
manufacturer’s instructions. The genomic DNA (gDNA)
was eliminated by RNase-free DNase I digestion during
the isolation procedure. The quantity and quality of the
isolated RNA were evaluated, respectively, using a Nan-
oDrop ND-1000 UV-Vis Spectrophotometer (Thermo
Fisher Scientific) and by electrophoresis agarose gels 1%
(w/v), stained with Blue Green (LGC, Sao Paulo, Bra-
zil). For each sample, the total RNA (1 pg) was reverse-
transcribed into cDNA, using the ‘Improm-II"" Reverse
Transcriptional System’ (Promega) with oligo (dT) prim-
ers following the manufacturer’s recommendations. The
quality of each ¢cDNA was assessed by using standard
PCR reaction with an actin primer pair [F: GGAACA
TCCCGTTCTCTTGA and R: CTCTCAGGAGGAGCA
ACCAC, amplicon of 708 bp; template Contigl6004
(CpFGC database; Additional file 2: S1 Appendix)] that
spanned intronic regions.

HT-SuperSAGE libraries, statistical analysis,

and unitag-gene annotation

The HT-SuperSAGE libraries were synthesized for
root dehydration and salt stresses. For root dehydra-
tion assay, two HT-SuperSAGE libraries were generated
for each cultivar: POT1-6 (drought-tolerant cultivar
under stress—a bulk with similar amounts of RNAs poly
AT from samples covering the six stress times; Addi-
tional file 1: Fig. S1A), and POTO (drought-tolerant
cultivar, negative control; Additional file 1: Fig. S1A);
SIT1-6 (drought-sensitive cultivar under stress—bulk
of six stress times; Additional file 1: Fig. S1A), and SITO
(drought-sensitive cultivar, negative control; Additional
file 1: Fig. S1A). The salt stress included the following
libraries: PTS3T (salt-tolerant cultivar Pitidba under
stress—bulk of three stress times; Additional file 1: Fig.
S1B), and PTTO (salt-tolerant cultivar, negative control;
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Additional file 1: Fig. S1B); BRS3T (salt-sensitive acces-
sion BR14-Mulato under stress—bulk of three stress
times), and BRTO (salt-sensitive cultivar, negative control;
Additional file 1: Fig. S1B). All HT-SuperSAGE libraries
were generated at GenXPro GmbH (Frankfurt, Germany)
as described by Matsumura et al. [22] and submitted to
[llumina sequencing technology.

HT-SuperSAGE tags (26-bp) were analyzed to find
unique and differentially expressed unitags (p<0.05)
based on Poisson statistics developed by Audic and Clav-
erie [23], as implemented in DiscoverySpace (v.4.01) soft-
ware [24]. The singlets (tags sequenced only once) were
excluded from the evaluation. Unitags were annotated
by BLASTn against nucleotide sequences from Vigna
unguiculata available at Phytozome Database (https://
phytozome.jgi.doe.gov/pz/portal.html#). The BLASTn
alignments (unitag-EST) with e-value <0.001 and scores
higher than 50 (i.e., with a maximum of one mismatch)
were identified between the plus/plus matches. Unitags
with mismatch regarding the four first bases “CATG”
were not accepted to guarantee the integrity of the
unitags.

Selection of the candidate RGs, target transcripts
and primers design
The workflow of qPCR assay and stability analysis of the
RGs is depicted in Additional file 3: Fig. S2. For the selec-
tion of the candidate RGs, a literature search in PubMed
Database (https://www.ncbi.nlm.nih.gov/pubmed/) was
carried out using the terms ‘Phaseolus vulgaris AND
qPCR’; ‘Vigna unguiculata AND qPCR’ In addition, a
data mining for candidate RGs also was performed in the
CpFGC database.

Nine candidates were selected for the present study
(Table 1) including:

+ six (B-TUB: beta-tubulin; EFI-a: elongation factor
1-alfa; FBOX: F-box protein; UE21D: ubiquitin-con-
jugating enzyme E2 variant 1D; UNK: Phaseolus vul-
garis unknown gene; and ZMP: zinc metalloprotein-
ase) anchored in Phaseolus vulgaris genes;

+ one (GAPC: glyceraldehyde-3-phosphate dehydroge-
nase C-subunit) anchored in soybean (Glycine max)
gene;

« and two candidate RGs (VuACT: actin and
VulBQIO: polyubiquitin 10) anchored in Vigna
unguiculata genes, previously designed by our group
(CpFGC, Cowpea Functional Genome Consortium).

The candidate RGs obtained from in V. unguiculata
genes were identified by BLASTn search (cutoff<e ')
in CpFGC database, using predicted Vigna radiata
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(actin) and Arabidopsis (ubiquitinl0) genes as queries
(Additional file 2: S1 Appendix). All candidates were
also selected based on their involvement in diverse plant
cellular processes reducing, thus, the probability of
co-regulation.

The primer pairs were designed using the online
Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/)
with the following parameters: annealing temperature
of 57-63 °C (optimal 60 °C), primer length of 18-22 bp
(optimal 20 bp), GC contents of 45-55% (optimal 50%)
and amplicon length of 100-200 bp (Table 1).

The target transcripts (VuCHiB, VuLTP, VuCHI,
VuCHS; Table 1), whose expression was analyzed in the
present work, were chosen because of their presence in
both analyzed assays (root dehydration and salt stress
HT-SuperSAGE libraries) and up-regulation (FC>5;
p<0.05) in the ‘Pingo de Ouro’ accession, considered tol-
erant to the drought stress. Fold change (FC) is a meas-
ure describing how the unitag expression modulated
after the stress. The FC values were based on the ratio
(R) of the normalized unitag frequencies considering
two libraries (treatment and control). In the case of R<1,
the FC=—1/R, being the negative FC values indicator
of repressed unitags; in the case of ‘zero’ frequency in a
library, this value was replaced by ‘one’

qPCR setup, amplification efficiency, and relative
expression analysis
Although the root dehydration assay covered six expo-
sition stress times, three of them (25, 75 and 150 min.)
was chosen for the RTqPCR data validation, representing
the initial, intermediate, and late stress exposition times,
respectively. For salt stress, the studied points were 30, 60
and 90 min. Three biological and three technical repli-
cates per sample were used to ensure statistical reliability.
The same number was used for the not stressed controls
maintained under the same condition. The qPCR reac-
tions were performed in 96-well plates and performed on
the LineGene 9660 (Bioer), using SYBR Green detection.
Reactions were prepared in a total volume of 10 pL con-
taining: 1 pL of 10 fold diluted template, 5pL ‘HotStart-
IT SYBR Green qPCR Master Mix 2x’ (USB), 0.05 pL of
ROX, 1pL of each primer (500nM) and nuclease-free
water to a final volume of 10puL. The PCR program was
adjusted to 95 °C for 2 min, followed by 40 cycles of 95 °C
for 155, 58 °C for 30s, and 72 °C for 15s. After amplifi-
cation, dissociation curves were produced (60-95 °C at
a heating rate of 0.1 °C/sec and acquiring fluorescence
data every 0.3 °C) to confirm the specificity of the PCR
products.

The amplification efficiency (E= 10"
curve); Additional file 3: Fig. S2) for all primer pairs was
determined from a 5-point standard curve generated by

—1/slope of the standard
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serial dilutions of cDNA (10-fold each) in technical trip-
licates. Slopes in the range of -3.58 to -3.10 were con-
sidered acceptable for the qPCR assay [28]. These slope
values correlated to amplification efficiencies between
90% (E=1.9) and 110% (E =2.1; Additional file 3: Fig. S2).
The Rest2009 software package (standard mode) was
used for relative expression analysis of target transcripts.
REST bases its performance on pairwise comparisons (of
target transcripts and reference genes) using randomi-
zation and bootstrapping techniques—Pair-wise Fixed
Reallocation Randomization Test© [29, 30]. Hypothesis
testing (p <0.05) was used to determine whether the dif-
ferences in target transcripts expression between the
control and treatment conditions were significant.

Statistical analyses of candidate RGs expression stability
The expression stability of each candidate RG was evalu-
ated by four different strategies (Additional file 3: Fig. S2).
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GeNorm algorithm [10] calculates an expression stabil-
ity value (M) for each candidate RG. Then, the algorithm
determines the pairwise variation (V) of each candidate
RG with all of the others studied. At the end of the anal-
ysis, by stepwise exclusion of the gene with the highest
M-value (less stable), this tool allows for the ranking of
the tested RGs according to their expression stability. The
optimal number of RGs required for normalization was
determined by pairwise variation V /V ;. According to
Vandesompele et al. [10], a cut-off value of V, . ,<0.15
dispense the inclusion of additional RG. Despite the pos-
sibility to achieve this prerequisite with the use of only
two stable RGs, it is recommended the use of at least
three reference genes (NF, n=3) for calculation of a
qPCR normalization factor [10].

The NormFinder [9] algorithm provides a stability value
(SV) for each candidate RG. Different from geNorm, the
NormFinder takes information by comparing the vari-
ation within and between user-defined sample groups,
such as “Untreated/Treatment I/Treatment II, etc” The

Table 1 Candidate reference genes, target transcripts and respective primers pairs used in the present work

Gene Anchor specie”  Cellular function Primer sequences Amplicon References
size (bp)
VUACT Vigna unguiculata  Diverse functions, ranging from cell motility to F: TCAGGTGTCCAGAGGTGTTGTA 151 CpFGC Database
(Contig16004) maintenance of cell shape and polarity R: ATGGTTGTGCCTCCTGAAAGTA
VuUBQ10 Vigna unguiculata  Protein ubiquitination pathway F: GTCTAAGGGGAGGAATGCAGAT 150 CpFGC Database
(Contig282) R: CAAAGATCAACCTCTGCTGGTC
B-TUB Phaseolus vulgaris  Internal cell architecture maintenance drives F: CCGTTGTGGAGCCTTACAAT 117 [25]
(XM_007147394.1)  cytoplasmic streaming and others R: GCTTGAGGGTCCTGAAACAA
EFl-a Phaseolus vulgaris  Enzymatic release of aminoacyl tRNAs to the F: GGTCATTGGTCATGTCGACTCTG 146 [26]
(XM_007151727.1)  ribosome R: GCACCCAGGCATACTTGAATGACC
FBOX Phaseolus vulgaris  Mediation of protein—protein interaction F: CACCAGGATGCAAAAGTGG 163 [27]
(XM_007131876.1) R: ATCCGCTTGTCCCTTGAAC
UE21D  Phaseolus vulgaris  Protein ubiquitination pathway; DNA repair F: AGAAAAGCCCCCAAGTGTTC 161 [27]
(XM_007145751.1)  pathway R: CTGCCATCTCCTTCTTCAGC
UNK Phaseolus vulgaris  Unknown function, putatively a membrane- F: ATTCCCATCATGCAGCAAAG 192 [27]
(XM_007131494.1)  associated protein R: AGATCCCTCCAGGTCAATCC
ZMP Phaseolus vulgaris  Metalloproteinase (i.e., protease enzyme whose F: GCAACCAACCTTTCATCAGC 156 [27]
(XM_007162147.1)  catalytic mechanism involves a metal) R: AGAAATGCCTCAACCCTTTG
GAPC Glycine max Catalyzes an essential energy-yielding step in F: ATCAGCCAAGGACTGGAGAG 130 [13]
(XM_003526927.3)  carbohydrate metabolism R: ACGGAATGCCATACCAGTCA
VuCHIB  Vigna unguiculata  Hydrolytic enzyme that breaks down glycosidic F: CCATCTGGTTCTGGATGACC 130 CpFGC Database
(Contig5335) bonds in chitin. It plays an important role not R: CCGTTGATGATGTTCGTCAC
only in plant defense but also in various abiotic
stresses
vulTP Vigna unguiculata  Play important roles in biotic and abiotic stresses  F: TGTGATGATGGAAGCGAATG 124 CpFGC Database
(Contig14261) responses R: TGAGCAGCAATCAGAGGTTG
VuCHI Vigna unguiculata  Catalyzes the conversion of naringenin chalcone  F: CACATACCATTTCCCAGCAG 149 CpFGC Database
(Contig12804) to naringenin and is strictly required for flavo- R: TGGAAGACACTGCCCTTGAG
noid production
VUCHS Vigna unguiculata  Catalyzes the first committed step in the flavonoid  F: GACTGCACAGACCATTGCAC 144 CpFGC Database

(Contig7106)

biosynthetic pathway

R: GGATCGAAGGCTTCAGAAAG

Candidate reference genes (VUACT: actin; VuUBQ10: polyubiquitin 10; 8-TUB: beta-tubulin; EF1-a: elongation factor 1-alfa; FBOX: F-box protein; UE21D: ubiquitin-
conjugating enzyme E2 variant 1D; UNK: Phaseolus vulgaris unknown gene; ZMP: zinc metalloproteinase; GAPC: glyceraldehyde-3-phosphate dehydrogenase
C-subunit). Target transcripts (VuCHiB: chitinase B; VuLTP: lipid transfer protein; VuCHI: chalcone isomerase; VuCHS: chalcone synthase). Vu (Vigna unguiculata). *Based
on RefSeq-NCBI and Cowpea Functional Genome Consortium (CpFGC) databases
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SV is given by a combined measure of intra-and inter-
group-variation associated to the candidate RGs expres-
sion. The lower SV, the more stable are the expressed
RGs. The fundamental principle is that a stable candidate
RG should have minimal variation across experimental
groups and subgroups [9].

The BestKeeper [11] algorithm determines the most
stable gene from a panel of up to ten potential candi-
date RGs. The geometric mean of the Cq values for each
sample across all potential RGs are combined together to
form the BestKeeper index. Then, each individual gene
is compared in a pairwise fashion by Pearson correlation
coefficient to the BestKeeper index (gene with the highest
coefficient of correlation with the BestKeeper index indi-
cates the highest stability and the highest ranked gene is
the most stable). Pfaffl et al. [11] suggest the use of the
best three to four most stable RGs to provide adequate
normalization of the results.

The ACt method compares the relative expression of
all pairwise combination of candidate RGs within each
condition to identify which pairs show less variability
and hence which gene(s) has the most stable expression
by calculating the average SD of the relative expression
of the pair of genes (the lower the average SD, the more
stable the candidate RG expression) [12].

MIQE guidelines

In the present work, the Minimum Information for Pub-
lication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines [5] was followed aiming experimen-
tal stringency and transparency, in order to increase the
reliability and integrity of the data obtained (Additional
file 4: Table S1).

Results

RGs and target transcripts: data mining and expression
under abiotic stresses

All proposed candidate RGs present known functions/
annotations (Table 1) and are involved in basal or vital
cellular processes, as expected for a potential normal-
izer gene. The candidate RG “UNK” (XM_007131494.1;
namely as “unknown” by Borges et al. [27]) was anno-
tated in our work (through genetic ontology) as putative
membrane protein (similar to AT3G13410; Arabidopsis
thaliana). The initial screening of nine candidate RGs
(except ZMP and GAPC) and four target transcripts
(Table 1) by qPCR showed that all evaluated primer
pairs were functional in all cowpea samples, amplify-
ing a single band as indicated by the presence of a single
peak in melting curves (Additional file 5: S2 Appendix).
Means of Cq (quantification cycle) for each candidate
RG varied from 16.58 (VullBQI10) to 22.17 (FBOX), for
root dehydration stress (Additional file 6: Table S2),
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and from 15.58 (VullBQI0) to 21.61 (FBOX), for salt
stress (Additional file 7: Table S3). It is noteworthy that
VulIBQ10 and FBOX presented, respectively, the highest
and smallest transcripts average abundance in both ana-
lyzed conditions. Considering, preliminarily, a stringent
Cgs SD (standard deviation) < 1 associated to CVs (coef-
ficient of variance), all potential RGs were constitutively
expressed in the treatments evaluated, with the excep-
tion of EFI-a (11.36+1.90), B-TUB (6.70+1.33), and
VullBQ10 (6.64+1.04), concerning samples under salt
stress (Table 2). However, f-TUB, VullBQ10, and EFI-«
were maintained in the study, in order to corroborate its
expression using the more robust strategies.

The selection of target transcripts (VuCHI, chalcone
isomerase; VuCHS, chalcone synthase; VuLTP, lipid
transfer protein and VuCHiB, chitinase B) (Table 3) was
based on their regulation in the HT-SuperSAGE libraries
(see Methods) of the Cowpea Functional Genome Con-
sortium (CpFGC). Despite their presence in both experi-
ments, their regulation was distinct (Table 3). All target
transcripts were up-regulated (UR) in ‘Pingo de Ouro’
(drought-tolerant accession), whereas in ‘Santo Inacio’
(drought-sensitive accession) their expression was vari-
able including UR, down-regulation (DR) or not differen-
tial expression [also denominated not significant (ns) at
the level of p<0.05] (Table 3). In turn, HT-SuperSAGE
data for salt treatment indicated VuLTP and VuCHS as
interesting target transcripts. While the VuLTP was UR
in the ‘Pitiaba’ (salt-tolerant accession) and DR in the
‘BR14-Mulato’ (salt-sensitive accession); VuCHS was UR,
in the salt-tolerant and “ns” in the salt-sensitive accession
(Table 3).

Considering the functional primer pairs, all amplifi-
cation efficiency values in the qPCR analysis presented
acceptable values (90 to 110% [28]) and ranged between
95.68 and 106.28% (Table 4). The y-intercept values var-
ied from 33.12 to 38.03, while linear regression coeffi-
cients (%) for all seven genes were >0.990 (Table 4).

Expression stability of candidates RGs based on four
different statistical analyses

In the present study, the expression stability of the candi-
date RGs was analyzed in accessions under abiotic stress
[root dehydration or salt (NaCl, 100 mM)], using four
different approaches: geNorm, NormFinder, BestKeeper
and ACt method.

According to GeNorm analysis, all candidate RGs
tested showed reduced “M” values (Fig. 1a, b), below
1.5, which is the default limit. Considering that the
RGs are not co-regulated, stepwise exclusion of the
gene with the highest “M” value brings a combination
of two RGs that had the most stable expressions of the
tested samples. For root dehydration, the most stable
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candidate RGs were VuACT/UE21D, followed by UNK
and 5-TUB (Fig. 1a). The two most stable RGs can-
not be ranked in order because of the required use of
gene ratios for gene stability measurements [10]. For
salt stress treatment, after the stepwise exclusion of the
gene with the highest “M” value, the four best RGs were
UNK/UE21D, followed by FBOX and VuACT (Fig. 1b).

The geNorm also gives an estimate of the optimal num-
ber of RGs necessary for reliable normalization. This
value is obtained from the “V” value analysis. A V-value
below the established 0.15 threshold suggested by Van-
desompele et al. [10] indicates that inclusion of an addi-
tional gene is not required for data normalization. Since
this value was already reached after the first analysis
(V2/3) for both assays (Fig. 2a, b), the inclusion of an
additional candidate RG is not required. Thus, the two
RGs could be used for normalization under these condi-
tions; however, the use of the three most stable RGs for
calculation of a qPCR normalization factor is recom-
mended [10].

The best candidate reference genes according to
NormFinder are those with the lowest stability value
(Table 5), with minimal intra- and inter-group varia-
tion. Regard to root dehydration, the most stable were:
B-TUB (0.104); UE2ID (0.122); FBOX (0.138); and
VuACT (0.141) (Table 5). For salt stress, the best can-
didate RGs were: FBOX (0.099); UE21D (0.116); UNK;
and S-TUB (Table 5). UNK and -TUB presented a sta-
bility value of 0.125 and assumed different positions for
ranking purposes in Table 5.

The output of the NormFinder analysis revealed simi-
lar results to the geNorm. Both algorithms suggested
UNK, UE21D, and FBOX as three of four most stable
genes (Fig. 3) for salt stress; for root dehydration assay,
the referred strategies listed UE21D, VuACT, and 5-TUB
among the four most stable (Fig. 3).

The BestKeeper algorithm computes Pearson correla-
tion coefficient to the BestKeeper index. The candidate
reference gene with the highest Pearson coefficient of
correlation with the BestKeeper index presents the high-
est stability. The analysis revealed -TUB (0.958), UNK
(0.925), VuACT (0.910), and UE21D (0.875; Table 6) as
the four most stable RGs for root dehydration [following
the results from geNorm (Fig. 3)]. Besides these, 3-TUB,
UE21D, and VuACT were also among the most stable, as
indicated by NormFinder (Fig. 3).

For salt stress, the four most stable RGs were UNK
(0.982), B-TUB (0.979), FBOX and UE2ID (both 0.975)
(Table 6). FBOX and UE21D exhibited identical “r” values
(despite presenting different positions in Table 6 due to
their ranking). The four most stable candidate RGs indi-
cated by BestKeeper were the same as those indicated by
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NormFinder (Fig. 3); while in geNorm, UNK and FBOX
and UE21D also figured among the four most stable
(Fig. 3).

The ACt method is based on the comparison of ‘pairs
of genes’ using a simple ACt approach. All pairs of can-
didate reference genes are compared to each other, and
the genes are ranked according to the average standard
deviation (SD) based on the relative expression of the
pair of genes (the lower the average SD, the more sta-
ble is the candidate RG). For root dehydration, the most
stable were, respectively: UE21D (0.60), S-TUB (0.62),
UNK (0.64), and VulUBQI10 (0.66) (Fig. 4). This set con-
tains 75% of RGs also ranked as more stable by geNorm
and BestKeeper (Fig. 3); compared to NormFinder this
result was 50% (Fig. 3). For salt treatment, the most sta-
ble, respectively, were FBOX (0.70), UNK (0.71), UE21D
(0.72), and 5-TUB (0.76) (Fig. 4). Again, a confluence of
75% of the data was observed qualitatively in relation to
the other approaches used (Fig. 3).

Considering both stresses analyzed, the gene EFI-a was
the less stable candidate RG, as also revealed by geNorm,
NormFinder and Bestkeeper (Figs. 1a, b, 4; Tables 5, 6).

Conservation of the candidates RGs stability

between both abiotic stresses

Comparing the results, based on the data of the two ana-
lyzed assays and the algorithms employed, including the
ACt method, some of the RG candidates presented as the
most stable on one stress condition were also considered
stable in the other stressful situation. Among the can-
didate RGs showing this expression stability, it is worth
mentioning:

Table 2 Coefficient of variance (CV) and standard
deviation (SD) based on Cqgs values of the candidates
to cowpea reference genes

Gene Salt stress (NaCl, Root dehydration
100 mM)
CV (%)+SD CV (%)% SD

UNK 4544082 357+£0.73

B-TUB 6.70£1.33 337£067

FBOX 423+£091 297 +0.66

UE21D 4541084 3244062

VuUuBQ10 6.64+£1.04 3.17+£0.53

VUACT 4.40+£0.90 3284071

EFl-a 11.364£1.90 3.66+0.62

Vu (Vigna unguiculata); B-TUB (beta-tubulin); EF7-a (elongation factor
1-alfa); VUACT (actin); UE21D (ubiquitin-conjugating enzyme E2 variant 1D);
UNK (Phaseolus vulgaris unknown gene); FBOX (F-box protein); VuUBQ10
(polyubiquitin 10)

104



105

Amorim et al. Plant Methods (2018) 14:88 Page 9 of 17

Table 3 Transcriptional modulation of selected cowpea targets transcripts in the accessions and treatments analyzed

Gene Unitag name Root dehydration Salt stress (NaCl, 100 mM)

Tolerant accession (Pingo  Sensitive accession (Santo  Tolerant accession Sensitive accession

de Ouro) Inacio) (Pitiuba) (BR14-Mulato)

FC Reg. (*) FC Reg. (¥) FC Reg. (*) FC Reg. (*)
VuChiB Cp1020 5.10 UR —1.09 ns 1.20 ns 440 UR
VulTP Cp1050 11.21 UR —1.94 DR 2.80 UR —7.90 DR
VuCHI Cp1131 5.65 UR 1.15 ns 1.20 ns 9.50 UR
VuCHS Cp2022 47.70 UR 13.70 UR 2.20 UR 140 ns

Reg. (gene regulation); FC [Fold change: measure describing how much a quantity changes going from an initial (control) to a final value (treatment)]; UR:
(up-regulated); DR: (down-regulated); ns (not significant at the level of p <0.05). Vu (Vigna unguiculata); VuCHiB (chitinase B); VULTP (lipid transfer protein); VuCHI
(chalcone isomerase); VuCHS (chalcone synthase)

*Gene regulation at the level of p <0.05

Table 4 Characterization of cowpea qPCR reactions, indicating the category of the primer pairs used, amplified CRG or TT
name, source (reference), efficiency (%) and sensitivity (y-intercept)

Category Name Reference Slope (-) Efficiency (%) R? y-intercept
CRG VUACT CpFGC 318 106.28 —0.989 35.09
CRG B-TUB [25] 325 103.09 —0.993 35.34
CRG EF1-a [26] 338 97.63 —0.995 33.12
CRG FBOX [27] 3.28 101.78 —0.982 35.77
CRG UE21D [27] 3.30 100.92 —0.995 3463
CRG VuUBQI10 CpFGC 340 96.84 —0.997 38.01
CRG UNK [27] 335 98.84 —0.989 3517
T VuChiB CpFGC 340 96.84 —0.996 38.03
T VulLTP CpFGC 3.38 97.24 —0.995 35.56
T VuCHI CpFGC 343 95.68 —0.996 37.01
T VuCHS CpFGC 3.31 100.50 —0.996 33.69

CRG (Candidate Reference Gene); TT (Target Transcript); Cowpea Functional Genome Consortium (CpFGC); Vu (Vigna unguiculata); B-TUB (beta-tubulin); EF1-a
(elongation factor 1-alfa); VUACT (actin); UE21D (ubiquitin-conjugating enzyme E2 variant 1D); UNK (Phaseolus vulgaris unknown gene); FBOX (F-box protein); VuUBQ10
(polyubiquitin 10); VuCHiB (chitinase B); VuLTP (lipid transfer protein); VuCHI (chalcone isomerase); VuCHS (chalcone synthase); R? (Coefficient of Determination)

« UE21D, which is one of the four most stable dur- Reference genes choice and HT-SuperSAGE data validation
ing salt stress assay, considering the four analytical by qPCR
approaches; and one the two most stable during the  Considering that HT-SuperSAGE and qPCR are dif-
root dehydration assay, considering the geNorm, ferent approaches, the expression levels in both meth-
NormFinder, and ACt strategies (Fig. 3); ods are not expected to be identical. So, to validate the

« UNK: it was considered among the three most sta- HT-SuperSAGE data, the samples were not pooled for
ble during the salt stress assay (based on the four the qPCR analysis (as they were for HT-SuperSAGE
analytical approaches), and also among the three libraries analysis; see Methods section). An agreement
most stable during the root dehydration assay based  between both approaches was considered when, at least
on the geNorm, BestKeeper and ACt approaches in one-time point, similar gene expression regulation was
(Fig. 3). demonstrated in both approaches (HT-SuperSAGE and

qPCR), as adopted by Ferreira Neto et al. [31].
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Fig. 1 geNorm analysis, indicating the average expression stability
(M value) of all seven candidate reference genes in cowpea
accessions under: a root dehydration stress; and b salt stress (NaCl,
100 mM). The most stably expressed genes present lower M values.
CRGs (Candidate Reference Genes); Vu (Vigna unguiculata); B-TUB
(beta-tubulin); EF1-a (elongation factor 1-alfa); VUACT (actin); UE21D
(ubiquitin-conjugating enzyme E2 variant 1D); UNK (Phaseolus vulgaris
unknown gene); FBOX (F-box protein); VuUBQ10 (polyubiquitin 10).
*The two most stable RGs of the geNorm analysis cannot be ranked
in order because of the required use of gene ratios for gene-stability
measurements [10]

The most stable genes under both stresses suggested
by the geNorm (which were also the most stable by the
others algorithms) (Fig. 3) were used as reference genes
for the expression validation of the HT-SuperSAGE
data. Thus, VuACT, UE21D, and UNK (Fig. 1a) were the
selected RGs for validation of the root dehydration assay,
whereas UNK, UE21D, and FBOX (Fig. 1b) were chosen
for salt stress assay.

Concerning the root dehydration qPCR assay, the target
VuLTP was up-regulated in the drought-tolerant acces-
sion (Pingo de Ouro) only 150 min after the stress impo-
sition (Table 7; Additional file 8: Table S4). In turn, in
relation to the drought-sensitive accession (Santo Inicio),
this target showed no differential expression (ns) during

Q4  Determination of optimal number of RGs for normalization
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Fig. 2 geNorm output, calculated by pairwise variation analysis
between normalization factors NF, and NF, |, indicating the
optimal number of reference genes (RGs) required for reliable
normalization in cowpea accessions under: a Root dehydration stress
and b salt stress (NaCl, 100 mM). RGs (Reference Genes)

Table 5 The NormFinder analysis of candidate reference
genes (RGs) showing stability values in both experiments
performed (a lower value indicates a more stable
expression)

RGs acronym  Root Dehydration stress  Salt stress (NaCl,

100 mM)
Stability value Rank  Stability value Rank
B-TUB 0.104 1 0.125 4
UE21D 0.122 2 0.116 2
FBOX 0.138 3 0.099 1
VUACT 0.141 4 0.162 5
UNK 0.144 5 0.125 3
VuUBQ10 0.190 6 0.177 6
EF1-a 0.227 7 0.324 7

Vu (Vigna unguiculata); B-TUB (beta-tubulin); UE21D (ubiquitin-conjugating
enzyme E2 variant 1D); FBOX (F-box protein); VUACT (Actin); UNK (Phaseolus
vulgaris unknown gene); VuUBQ10 (polyubiquitin 10) and EFT1-a (elongation
factor 1-alfa)

all exposition times (Table 7; Additional file 8: Table S4).
Considering the salt stress assay, VuLTP also presented
up-regulation by the salt-tolerant accession (Pitiuba) at
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Salt stress

Root dehydration

Delta-Ct

Fig. 3 Intra- and inter-assay comparisons of the four most

stable cowpea candidate reference genes, considering geNorm,
NormFinder, BestKeeper, and ACt approaches. Vu (Vigna unguiculata);
B-TUB (beta-tubulin); EF1-a (elongation factor 1-alfa); VUACT

(actin); UE21D (ubiquitin-conjugating enzyme E2 variant 1D); UNK
(Phaseolus vulgaris unknown gene); FBOX (F-box protein); VuUBQ10
(polyubiquitin 10); *The two most stable candidate reference genes
of this algorithm cannot be ranked in order because of the required
use of gene ratios for gene-stability measurements [10]

all the analyzed stress times (Table 7; Additional file 9:
Table S5), opposite to the salt-sensitive accession (BR14-
Mulato), which showed no differential expression in the
referred time points (Table 7; Additional file 9: Table S5).

The contrasting drought-responsive accessions dif-
fered regarding the expression level of VuCHiB, in the
course of the qPCR-tested times. Santo Indcio showed
up-regulation only at the first time point (25 min).
However, the expression of VuCHiB did not change at
any time in Pingo de Ouro (Table 7; Additional file 8:
Table S4). Considering the salt stress, Pititba showed
up-regulation only at the last time (90 min), while
BR14-Mulato showed down-regulation in the first two
times (Table 7; Additional file 9: Table S5). VuCHiB
was the only down-regulated transcript from the stress
imposition analyzed by qPCR.

qPCR analysis indicated that the VuCHS gene was
up-regulated in both accessions under root dehydra-
tion over all the stressful times (Table 7; Additional
file 8: Table S4). For salt stress, the same transcript was
up-regulated in ‘Pitiuba’ in 30, 60, and 90 min; while
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BR14-Mulato showed up-regulation in 30 and 60 min
(Table 7; Additional file 9: Table S5).

The up-regulation of VuCHI transcript in cowpea
Pingo de Ouro accession was confirmed by qPCR at 75
and 150 min. However, contrary to results from HT-
SuperSAGE, qPCR data showed that the Santo Inacio
accession was up-regulated in all the analyzed times
after stress (Table 7; Additional file 8: Table S4). In
salt stress assay, VuCHI was also up-regulated in both
Pitiitba and BR-14 Mulato accessions, in all the stress
times (Table 7; Additional file 9: Table S5).

The results of qPCR and expression libraries were vali-
dated for nine of sixteen comparisons (approximately
56%) (Table 7). In addition, qPCR data suggests VuLTP,
VuCHI, and VuCHS (in both abiotic stresses studied) as
potential targets for biotechnological approaches. This
is due to two findings: (1) VuLTP is up-regulated in both
tolerant accessions and has different regulation on both
respective sensitive accessions, for both stress conditions
studied; (2) the results indicate the participation (up-
regulation) of the VuCHI and VuCHS in response to the
abiotic stresses analyzed, even in cowpea accessions quite
genetically distinct (tolerant and sensitive).

On the other hand, VuCHiB presents biotechno-
logical potential regarding salt stress, only. The tolerant
accession up-regulated a transcript coding the referred
enzyme, while sensitive accession presented down-regu-
lation of this target (Table 7; Additional file 9: Table S5).

Discussion
Due to the existence of potential errors during the
preparation, synthesis, sequencing, and analysis of tran-
scriptomic libraries (e.g., subtractive libraries, HT-Super-
SAGE, RNA-Seq, among others), a second technique is
required to validate (corroborate) the gene expression
results. The currently most used technique for such pur-
pose is quantitative real-time PCR [32], considered a gold
standard validation method. Therefore, in order to ensure
the reliability and precision of qPCR data, the MIQE
guidelines [5] was applied for the acquisition of the
results presented here (Additional file 4: Table S1). There
is a lack of a systematic validation of RGs in cowpea (i.e.,
out of five works [13-17] addressing this theme, four
omitted any information on how RGs expression stability
and primer efficiency were evaluated). The present work
represents a pioneering effort for a detailed analysis of
candidate RGs in tolerant and sensitive cowpea cultivars
in response to abiotic stresses (root dehydration and salt)
rigorously tested for effective normalization of the qPCR
data. These RGs may be also useful in the qPCR analysis
of gene expression studies in other closely related species.
In terms of standardization and quality, all qPCR reac-
tions (Table 4) showed amplification efficiencies between
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Table 6 qPCR descriptive statistics of the candidate reference genes in cowpea under root dehydration and salt stress
(NaCl, 100 mM), measured by BestKeeper software

Abiotic stress Candidate Rank Pairwise correlation (PC) coefficient Min Max SD PC coefficient p value
;e::;ence GM AM min max SD CV [x-fold] [x-fold] [£x-fold] [r]

Salt stress UNK 1 1991 1993 1860 2210 064 324 —247 450 1.58 0.982 0.001
B-TUB 2 1981 1985 1800 2340 100 503 —360 1271 2.03 0.979 0.001
FBOX 3 2159 2161 2010 2410 068 3.13 —285 5.84 1.62 0.975 0.001
UE21D 4 1840 1842 1700 2070 060 324 —265 4.99 1.52 0.975 0.001
VuUBQ10 5 1555 1558 1380 1800 0.78 503 —327 5.28 1.74 0.920 0.001
VUACT 6 2041 2043 1870 2300 066 323 —344 6.50 1.59 0915 0.001
EFT-a* 7 1658 1668 1440 2280 136 816 —443 70.08 262 0.948 0.001

Root dehydration B-TUB 1 1993 1995 1860 2130 055 276 —257 263 148 0958 0.001
UNK 2 2035 2037 1930 2220 060 295 —207 3.56 1.53 0.925 0.001
VUACT 3 2174 2175 2060 2350 053 245 —228 3.56 1.46 0910 0.001
UE21D 4 19.04 1905 1807 2040 051 265 —1.97 2.59 143 0.875 0.001
FBOX 5 2216 2217 2120 2370 056 252 —196 296 148 0.870 0.001
VuUBQI10 6 16.57 1658 1580 1790 045 270 —168 247 1.37 0816 0.001
EFT1-a 7 16.84 1685 1580 1850 047 278 —203 3.11 1.39 0475 0.019

Vu (Vigna unguiculata); UNK (Phaseolus vulgaris unknown gene); B-TUB (beta-tubulin); FBOX (F-box protein); UE21D (ubiquitin-conjugating enzyme E2 variant 1D);
VuUBQ10 (polyubiquitin 10); VUACT (actin); EF1-a (elongation Factor 1-alfa); GM: the geometric mean of PC; AM: the arithmetic mean of PC; Min PC and Max PC: the
extreme values of PC; SD: the standard deviation of the PC; CV: the coefficient of variance expressed as a percentage of the PC level; Min [x-fold] and Max [x-fold]: the
extreme values of expression levels expressed as an absolute x-fold over- or under-regulation coefficient; SD [+ x-fold]: standard deviation of the absolute regulation

coefficient; [r]: Pearson correlation coefficient

*Inconsistent data: SD>1[11]

90 and 110%, considered, therefore, acceptable [28].
According to Pfaffl et al. [29], uncorrected small effi-
ciency differences between target and reference genes
generate false expression ratio, resulting in over/under-
estimation of the ‘real’ initial RNA amount. The y-inter-
cept (33.12 to 38.03) and 7 (>0.990) values (Table 4), for
all seven RG candidates, revealed that the adopted setup
for qPCR was also sufficient to obtain good efficiency,
accuracy, and sensitivity [33].

Previous studies have reported the importance of using
more than one statistical method for reference gene sta-
bility evaluation. Thus, it is expected that the compari-
son using different approaches might provide a more
reliable set of RGs under a given experimental condi-
tion. Based on this, here we applied the four most com-
mon approaches (geNorm, NormFinder, Bestkeeper and
the ACt method) to evaluate a set of candidate RGs for
qPCR normalization of cowpea accessions after the abi-
otic stresses (root dehydration or salt) application. Intra-
assay, for salt stress, there was a convergence of at least
75% in the genes indicated as most stable RGs, in regard
to the four most stable suggested by all strategies (Fig. 3).
For root dehydration, this value has been reached con-
sidering geNorm, BestKeeper, and NormFinder (Fig. 3).
The variation occurred especially regarding their ranking
(Fig. 3). Such discrepancies in ranking are not surprising,
has been reported in previous studies [e.g., 34—36].

Considering its fundamental role in the protein biosyn-
thesis [37], the housekeeping gene EFI1-a has been used
for normalization of qPCR data in some crop species,
such as Vigna mungo [38], coffee [39] and potato [40],
during salt stress. In the legume crop Caragana interme-
dia under osmotic, salt, cold and heat stress, the EFI-a
gene showed to be stable using geNorm, NormFinder,
and BestKeeper algorithms [41]. Also, in combination
with SAND (SAND family protein) and UNK2 (hypothet-
ical protein), EFI-a was appropriate for normalizing gene
expression data in salt-treated and in cold-treated leaves
of the same species [41]. Contrarily, in our study, EFI-a
gene was found to be one of the least stable, indicating
that it is not a suitable reference gene in cowpea under
root dehydration or salinity stress. Although housekeep-
ing genes are generally indicated as good normalizers in
qPCR data, these contrasting results have shown that
they need to be evaluated efficiently in different species,
tissues, and stress conditions.

In addition to EFI-a, actin and tubulin genes (both
evolved in basic and essential processes in the cell) are
also known as traditional RGs in plants [42]. 5-TUB was
ranked among the most stable genes considering the root
dehydration samples and the applied strategies (Fig. 3),
while VUACT was recommended using the geNorm,
NormPFinder, and Bestkeeper strategies (Fig. 3). Similarly,
paralogous of actin (i.e.,, ACT-1, 2, 4 or 11) were ranked
as the top most stable genes in cotton (for different stages
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Fig. 4 Cowpea candidate reference genes evaluated by the

ACt method and ranked according to expression stability for

root dehydration and salt assays. Vu (Vigna unguiculata); B-TUB
(beta-tubulin); UE21D (ubiquitin-conjugating enzyme E2 variant 1D);
VUACT (actin); UNK (Phaseolus vulgaris unknown gene); FBOX (F-box
protein); VuUBQ10 (polyubiquitin 10) and EF7-a (elongation factor
1-alfa)

of development of flower verticils and fruit) [43], in rice
under salt stress [44], and in peanut under biotic and abi-
otic stresses [45].

Another candidate RG whose expression stability
deserves mentioning codify a UE21D (Ubiquitin-con-
jugating enzyme E2 variant 1D). UE21D carries out the
transfer of ubiquitin to a protein substrate and figures
among the main enzymes in the regulatory step for the
selective protein degradation mechanism. It is a crucial
regulatory step for an essential housekeeping role by
removing abnormal proteins that arise through biosyn-
thetic errors and natural proteins that acquire non-native
conformations, supplying amino acids needed to pro-
duce new proteins [46]. All applied methods indicated
the UE21D among the four most stable for both stress
types (Fig. 3). Thus, this candidate RG is indicated as a
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major actor for the standardization of qPCR reactions
in cowpea root tissue under abiotic stresses, in contrast
to its reduced expression stability previously observed
by Borges et al. [27] in common bean (Phaseolus vul-
garis) leaves under fungal infection (Colletotrichum
lindemuthianum).

The difference between gene expression stability of
UE21D and VulBQIO is worth mentioning. As pre-
viously mentioned, UE21D was among the four most
stable gene applying the four evaluated approaches, con-
cerning both abiotic stresses studied (Fig. 3). In turn,
VullBQI10 (also associated with ubiquitination pro-
cesses) fell outside the list of the four most stable gene,
in both analyzed situations (except for root dehydra-
tion, using the ACt method; Fig. 3). The fact that both
genes are involved in ubiquitination mechanisms could,
a priori, indicate a possible co-regulation, with close
results in the rankings, reducing the reliability of our
results. However, it was observed in Arabidopsis that
even within the polyubiquitin group (divided in UBQ3/
UBQ4 and the UBQIO/UBQI1/UBQI14 subtypes) the
RNA level of their constituents are independently mod-
ulated, within and between subtypes [47]. One major
limitation in geNorm is its insensitivity to coregulated
candidate RGs, therefore demanding the choice of can-
didates preferentially from different pathways and func-
tional classes [10]. However, it is sometimes difficult to
avoid using coregulated genes for geNorm, especially
when dealing with unknown, hypothetical or poorly
annotated genes [9]. In this context, it is noteworthy that
the supposed molecular function of UNK, based on the
genetic ontology, is a membrane protein (Table 1), with
no functional overlap with another candidate RGs ana-
lyzed here. When coregulated genes are absent, geNorm
and NormFinder usually provide almost the same general

Table 7 Comparison between the HT-SuperSAGE expression libraries and qPCR data in cowpea roots under abiotic stress

treatments
Gene Root dehydration Salt stress (NaCl, 100 mM)
HT-SS qPCR assay* HT-SS gPCR assay*
assayt assayt
(Pingo de Ouro) VGE# (Santo Inacio) VGE#+ (Pitiiiba) TOL VGE+ (BR14-Mulato) VGE#
TOL SEN SEN
TOL SEN 25’ 75’ 150/ 25/ 75’ 150’ TOL SEN 30’ 60’ 90’ 30/ 60’ 90’
VuChiB  UR ns ns ns ns No UR ns ns Yes ns UR ns ns UR  Yes DR DR ns No
VulTP UR DR ns ns UR Yes ns ns ns No UR DR UR UR UR Yes ns ns ns No
VuCHI UR UR ns UR UR Yes UR  UR UR Yes UR ns UR  UR UR Yes UR UR UR No
VuCHS  UR ns UR  UR UR Yes UR  UR UR No ns UR UR UR UR No UR  UR ns Yes

HT-SS (HT-SuperSAGE); Vu (Vigna unguiculata); VuCHiB (Chitinase B); VULTP (Lipid transfer protein); VuCHS (Chalcone synthase); VuCHI (Chalcone isomerase)

1 and * p<0.05. TOL (tolerant accession); SEN (sensitive accession); UR (up-regulated); DR (down-regulated); ns (not significant at p <0.05); 25/, 75’ and 150’ (minutes
under root dehydration); 30/, 60’ and 90’ (minutes under salt stress), VGE (Validation of Gene Expression); # between HT-SuperSAGE and gPCR data
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ranking, with only minor differences in order, as observed
in the present work (Fig. 3).

Another interesting result was that two candidate RGs
(UE21D and UNK) considered among the most stable in
root tissue under dehydration were also stable in the same
tissue under salt stress (Fig. 3). It is known that plants
exhibit a range number of response to environmental
changes and that molecular mechanisms include signal
recognition, signal transduction, and signal responses,
among others [48]. Some of these mechanisms are shared
among distinct stresses since plants are often exposed to
a myriad of abiotic and biotic stresses under field condi-
tions [48]. Thus, such RGs become strong candidates for
application of stability tests on other abiotic stress types,
with emphasis on those that have a similar physiologi-
cal impact on tissues, like freezing, that imposes osmotic
stress on plants, similarly to what occurs with drought
and salt stresses [49].

The RG F-BOYX, in turn, presented as one of the three
most stable genes using the performed strategies and
considering the salt stress applied. However, similar
behavior was not evidenced (at least comprising the
top four) considering the root dehydration stress sam-
ples (except by the NormFinder result; Table 5). Despite
this, for the referred assay, the observed stability indices
of this RG are within the acceptable standards indicated
by the four approaches (stability value, NormFinder [9];
M-value, geNorm [10]; coefficient of correlation with
the BestKeeper index [11]; and average SD for relative
expression of ‘pairs of genes’; ACt approach [12]). There-
fore, F-BOX is another important RG to be considered
in gene expression of cowpea addressing saline or other
osmotic stress.

Regarding the target transcripts, only the expression of
the VuCHI gene was validated in both accessions under
root dehydration (Table 7; Additional file 8: Table S4).
The VuCHI (EC 5.5.1.6) is an enzyme of the isoflavonoid
pathway in plants and catalyzes the cyclization of chal-
cone into (2S)-naringenin. Naringenin defines a critical
branch point for the synthesis of several major classes of
flavonoids, including flavanones, flavonols, and anthocy-
anins [50, 51]. Flavonoids have a significant contribution
to the response mechanisms of higher plants to a variety
of abiotic stresses. Its function is mainly associated with
the inhibition of cellular reactive oxygen species (ROS)
production [52]. Even considering the validation index
of approximately 56%, it is important to emphasize that
qPCR analyses indicated that these targets have biotech-
nological potential.

Besides CHI, also the gene encoding VuCHS presented
up-regulation in both situations, and accessions stud-
ied, differently than the HT-SuperSAGE data indicated
(Table 7). VuCHS (EC 2.3.1.74) is another key enzyme
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involved in the regulation of flavonoids biosynthesis.
VuCHS is the entry point of the flavonoid pathway and
catalyzes the transformation of the 4-Coumaroyl-CoA
and Malonyl-CoA to chalcone, leading phenylpropanoids
pathway to flavonoids biosynthesis [50, 51]. Thus, there
are indications that compounds derived from the enzy-
matic action of VuCHS and VuCHI actively participate in
the process of tolerance to stresses that cause an osmotic
imbalance (such as root dehydration and salt stress) in
cowpea.

The gene codifying a VuLTP, in turn, presented con-
trasting regulation between the accessions (Table 7;
Additional File 8: Table S4; Additional File 9: Table S5),
considering both conditions analyzed by qPCR. VuLTP
gene was induced in the two tolerant employed acces-
sions, while presented no differential expression in the
sensitive counterparts. The involvement of this gene
in response to drought in other plant species has been
reported. Guo et al. [53] found that the rice loss-of-
function mutant LTP3 was sensitive to drought stress,
whereas overexpressing plants were drought tolerant.
Additionally, Wang et al. [54] observed that a wheat
lipid transfer protein 3 (wWLTP3) could enhance the
basal thermotolerance and oxidative stress resistance in
Arabidopsis.

The only transcript analyzed whose qPCR indicated
down-regulation was VuCHiB, in the salt-sensitive acces-
sion. With regard to the salt-tolerant accession, VuCHiB
was up-regulated in the last time point analyzed (90 min;
Table 7; Additional File 9: Table S5). Chitinases are
enzymes that degrade chitin (a linear polymer of B-1,
4-N-acetylglucosamine). Chitin is the second most abun-
dant biopolymer on the planet [55] and is found in the
outer skeleton of many organisms (insects, algae, yeasts,
crabs, fungi, among other [56]). Plant chitinases are clas-
sified as PR (pathogen-related) proteins that act in plant
self-defense against phytopathogens and pests [57]. Some
chitinases genes are up-regulated in response to abiotic
stresses, such as drought in cucumber [58] and high salt,
in rice [53]. This fact, now, is also reported in cowpea
tolerant accessions under radicular dehydration and salt
stresses. Data mining in the CpFGC datasets uncovered
just over a dozen VuCHiB isoforms (data not shown).

Conclusion

Taken together, the here applied approaches allowed the
identification of converging RGs within and between tri-
als, considering the four different cowpea accessions ana-
lyzed. The presenting work represents the first evaluation
of RGs for cowpea subjected to root dehydration or salt
stress. Except for EF1-a (using BestKeeper algorithm for
salt stress assay), all other candidates showed acceptable
stability thresholds according to the four strategies. For
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root dehydration stress, the candidates VuACT, UE21D,
used in qPCR validation activities, were ranked among
the most stable genes in the four approaches scrutinized.
The UNK gene also applied in the qPCR analysis with the
root dehydration samples ranked among the most stable
RGs considering three approaches (geNorm, BestKeeper,
and ACt method). In turn, the candidates UNK, UE21D,
and FBOX were the most stable genes for salt stress,
based on all used strategies. In summary, these findings
provide useful tools for the normalization of qPCR exper-
iments and enable accurate and reliable gene expression
evaluations related to cowpea transcriptomics.

Regarding the comparative analysis of the target genes,
both qPCR and HT-SuperSAGE approaches presented a
56% agreement on results. This data may reflect a random
sampling deviation or real technique variation, demon-
strating the importance of validation of gene expression
results in transcriptomic studies. The target genes rep-
resent promising candidates for biotechnological use
after these validations. Our results suggest that flavo-
noids (or its derivatives) are essential players in the cow-
pea response to the conditions analyzed. This fact was
observed from the up-regulation, in all accessions and
situations, of transcripts encoding VuCHS and VuCHI,
key enzymes in the synthesis of those compounds.
According to qPCR analyses, VuLTPs also participate in
the tolerance processes. This gene presented contrasting
regulation between the accessions in the analyzed situa-
tions. The analyzed VuLTP was up-regulated in the toler-
ant ones, and no differentially expressed in the sensitive
counterparts, for both stresses. Since these proteins are
involved in multiple actions, their specific involvement
or function still needs to be scrutinized. VuCHiB, in turn,
is an interesting target gene only in cowpea under salt
stress, due to its differential expression in both analyzed
accessions (up-regulated in the tolerant; down-regulated
in the sensitive). Such a target is commonly associated
with plant responses to pathogenic organisms, adding
value to its biotechnological potential since this gene can
act in diverse situations.

Besides, cowpea beans, when compared to other leg-
umes of economic importance, are still a crop with lim-
ited gene expression research. The present study provides
some grounds for future research on the gene expres-
sion of cowpea under root dehydration or saline stress,
or similar conditions that impose osmotic imbalance. The
analyzed targets, in turn, aggregate information on the
molecular physiology of cowpea under unfavorable con-
ditions, as well as revealing a potential for future use in
breeding programs.
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Additional files

Additional file 1. Figure S1A and S1B. Experimental design for the
assays [radicular dehydration and salt (NaCl, 100 mM) presented in this
work. Dashed lines represent the bulks formation to the HT-SuperSAGE
libraries synthesis.

Additional file 2. Appendix S1. Sequences used in the present work.

Additional file 3. Figure S2. Schematic representation of the steps per-
formed to analyze the candidate reference genes evaluated in the present
study. Legend: SD (Standard Deviation); r* (Pearson s Correlation Coef-
ficient); CRGs (Candidate Reference Genes); CpFGC (Cowpea Functional
Genome Consortium).

Additional file 4. Table S1. MIQE checklist for reviewers, and editors. All
essential information (E) must be submitted with the manuscript. Desir-
able information (D) should be submitted if available.

Additional file 5. Appendix S2. Melting curve for seven candidate refer-
ence genes [(FBOX) F-box protein; (VUACT) actin; (VuUBQ10) polyubiquitin
10; (eEF-1a) eukaryotic elongation factor 1a; (B-TUB) beta-tubulin; (UNK)
Phaseolus vulgaris unknown gene; (UE21D) ubiquitin-conjugating enzyme
E2 variant 1D] with single peak.

Additional file 6. Table S2. Cgs obtained for the candidate reference
genes analyzed for the root dehydration assay.

Additional file 7. Table S3. Cgs obtained for the candidate reference
genes analyzed for the salt stress assay (NaCl, 100 mM).

Additional file 8. Table S4. Data explored by REST software to analyze
the relative expression of target transcripts in cowpea under root dehydra-
tion stress.

Additional file 9. Table S5. Data explored by REST software to analyze
the relative expression of target transcripts in cowpea under salt stress.
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Chapter 12
Transcription Factors Involved in Plant
Drought Tolerance Regulation

Lidiane L. Barbosa Amorim, Joao Pacifico Bezerra-Neto,
Romulo da Fonseca do Santos, José Ribamar Costa Ferreira Neto,
Ederson Akio Kido, Mitalle Matos and Ana Maria Benko-Iseppon

12.1 Introduction

The complex genetic basis related to drought tolerance requires a deeper under-
standing of molecular and physiological mechanisms, also concerning regulation of
networks involved in related responses such as water deficit, osmotic, oxidative,
and heat stress. The recognition of these mechanisms is fundamental for the
development of adapted cultivars to each type of abiotic stress [180, 227]. When
exposed to drought, plants induce a series of changes at the physiological, bio-
chemical, and molecular levels. Such modifications may affect cell viability due to
the production of reactive oxygen species (ROS) responsible for the oxidation of
multicellular components, such as proteins, lipids, and nucleic acids [90, 258].

Drought is also responsible for inhibition of respiration, stomatal closure.
stimulation of root growth, changes in photosynthesis, and assimilation of nutrients,
among others [123, 175, 201]. In addition to the mentioned effects, the refered
stress stimulates the production of abscisic acid (ABA), a central regulator of the
stress rtesponse, which confers tolerance, increasing expression of many
stress-responsive genes by inducing signaling cascades [37, 112].

In addition to regulatory events mediated by ABA, other groups of genes acti-
vated by drought confer tolerance to the plant, including transcription factors
(TFs) that play a role as regulators and central molecular switches in the control of
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