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RESUMO 

 

As plantas são organismos sésseis que continuamente enfrentam situações 
ambientais adversas, o que acarreta em reduções significativas da biomassa e da 
produtividade. O trabalho, aqui exposto, teve como objetivo avaliar o papel dos 
fatores de transcrição ASR (do ingles ABA, stress and ripening) na resposta a 
estresses abióticos em plantas de arroz. Também teve como objetivo avaliar as 
respostas de plantas de Arabidopsis thaliana ao estresse produzido nos momentos 
iniciais da exposição ao metal alumínio. O capítulo 1 da presente tese, compara a 
expressão de miRNAs entre plantas silenciadas para o gene ASR5 (ASR5_RNAi) e 
plantas não transformadas (controle). De um total de 279 miRNAs maduros 
identificados, distribuídos em 60 famílias, 159 foram diferencialmente expressos 
quando as duas bibliotecas foram comparadas. Uma correlação negativa entre o 
MIR167 e seu gene alvo (LOC_Os07g29820) também foi confirmada por PCR em 
tempo real. Este é o primeiro trabalho sugerindo o envolvimento das proteínas ASR 
na regulação da expressão de miRNAs em planta. O segundo capítulo apresenta o 
estudo das proteínas ASR na manutenção da homeostase do pH em plantas de 
arroz. Verificou-se uma diminuição do crescimento radicular em plantas silenciadas 
em solução ácida, quando comparadas com plantas não transformadas nas mesmas 
condições. Também foi analisada a viabilidade da ponta de raízes quanto ao dano 
causado pelo baixo pH e diferentes concentrações de Ca+2, demonstrando que a 
adição de CaCl2 é capaz de aliviar o efeito tóxico do excesso de protons H+. 
Diversos genes reprimidos nas plantas silenciadas e envolvidos no mecanismo de 
manutenção do pH em células vegetais, também foram investigados. O terceiro e 
último capítulo é dedicado ao estudo da resposta inicial de plantas de Arabidopsis 
thaliana ao estresse por alumínio. Plantas com 7 dias de idade foram expostas a 
uma concentração de 25 µM de AlCl3 durante 3 horas e modificações na abundância 
de proteínas foi investigada com a técnica de espectrometria de massa. Um total de 
3.213 proteínas foram identificadas, sendo que destas, 293 apresentaram variação 
no nível de expressão. Diversas proteínas com expressão induzida são 
funcionalmente associadas com a detoxificação de espécies reativas de oxigênio 
(ROS), indicando que o tratamento ocasionou estresse oxidativo nas raízes de A. 
thaliana. Também foram identificadas uma proteína mitocondrial carreadora de 
substrato e uma acyl-CoA oxidase com possível papel nos mecanismos de defesa 
em resposta a alumínio e com potencial para futuros estudos funcionais na planta 
modelo. De uma maneira geral, os resultados aqui apresentados mostram, pela 
primeira vez, que ASR5 está envolvida na regulação de miRNAs e na homeostase 
do pH em plantas de arroz, além de identificar proteínas responsivas ao estresse por 
alumínio em A. thaliana. 
 

Palavras-chave: Proteínas ASR. Alumínio. Oryza sativa. Arabidopsis thaliana. 
miRNA 
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ABSTRACT 

 

Plants are sessile organisms that continuously face adverse environmental 
situations, leading to a significant reduction in biomass and yield. The aim of the 
present work was to further study the ASR (ABA, stress and ripening) transcription 
factors in rice plants. Moreover, the responses of Arabidopsis thaliana to aluminum 
stress were also analyzed. The chapter 1 of this thesis compares the expression of 
mature miRNAs in the ASR5 silenced plants (ASR5_RNAi) and in non-transformed 
plants (control). From a total of 279 mature miRNA of 60 families, 159 were 
differentially expressed. A negative correlation of MIR167 and its target gene 
(LOC_Os07g29820) was also confirmed by real time RT-qPCR. This is the first 
report showing the involvement of ASR proteins in miRNA gene expression 
regulation. The second chapter presents the study of participation of ASR proteins in 
the maintenance of pH homeostasis in rice plants. The evaluation of root growth in 
ASR5_RNAi plants upon acid solution showed inhibition of root growth when 
compared to non-transformed plants in the same condition. Root tip feasibility and 
damage caused by low pH and different concentrations of Ca+2 was also analyzed. 
The results indicate that addition of CaCl2 is capable of alleviating the toxic effects of 
H+ protons. Several genes downregulated in silenced plants and involved in pH 
maintenance in plant cells have also been investigated. This work demonstrates the 
importance of ASR transcription factors in a biological process not yet described. The 
third and final chapter describes the study of the initial response of Arabidopsis 
thaliana to aluminum stress. Seven-day old seedlings were treated with 25 µM AlCl3 
for 3 hours and submitted to quantitative analyses by mass spectrometry. A total of 
3,213 proteins were identified, from which 293 proteins were differentially responsive 
upon aluminum treatment. Several proteins with increased expression in response to 
the treatment are functionally associated with reactive oxygen species (ROS), 
indicating that the Al3+ exposure caused oxidative stress in the roots of A. thaliana. A 
mitochondrial substrate carrier (At1g78180) and an acyl-CoA oxidase (At3g51840) 
with a putative role in Al defense were also up-regulated and constitute interesting 
targets for functional studies of aluminum toxicity in the model plant. Overall, the 
results here presented show for the first time that ASR5 is involved in miRNA and pH 
homeostases regulation in rice plants and also identify proteins responsive to 
aluminum stress in A. thaliana. 
 

Keywords: ASR proteins. Aluminum. Oryza sativa. Arabidopsis thaliana. miRNA 
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LISTA DE ABREVIATURAS 

 

ABA - ácido abscísico 

Al - Alumínio 

cDNA - DNA complementar 

Cv - cultivar  

DNA - ácido desoxiribonucleico (do Inglês, deoxiribonucleic acid) 

GA - giberilina (do Inglês, gibberellin) 

µM - micromolar 

mM - milimolar 

PCR - reação em cadeia da DNA polimerase (do ingles, polymerase chain reaction) 

PUGNAc - O-(2-acetamido-2-deoxy-D-glucopyranosylideneamino)N-

phenylcarbamate  

RNAi - RNA de interferência 

RNAseq - sequenciamento de RNA (do ingles, RNA sequencing) 

ROS - Espécies reativas de oxigênio (do ingles, reactive oxigen species) 

RT-qPCR - Reação em cadeia da DNA polimerase quantitative precedida de 

transcrição reversa (do ingles, reverse transcription quantitative PCR) 

s - segundos 

Ssp - subespécie 
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1 INTRODUÇÃO 

 

Além do aumento da população mundial, existem diversas preocupações 

acerca do futuro da produção agrícola. A disponibilidade de terras aráveis está 

decrescendo em virtude de técnicas de manejo não sustentáveis, que, por sua vez, 

têm intensificado problemas como a erosão e a degradação do solo (STOCKING, 

2003). Estudos recentes indicam que as mudanças climáticas globais afetarão 

seriamente o crescimento das mais variadas culturas de interesse agronômico, bem 

como a própria conservação das terras cultivadas (CHRISTENSEN et al., 2007; 

MEEHL et al., 2007). Ainda, Van Velthuizen et al. (2007) estimaram que somente 

3,5% da área terrestre pode ser considerada totalmente livre de fatores limitantes ao 

crescimento vegetal. 

Uma vez que existem limitações físicas, morfológicas e moleculares inerentes 

à habilidade de resposta das plantas, a superação dessas restrições passa pelo 

desenvolvimento e aplicação de novas tecnologias que visem, principalmente, o 

melhoramento das culturas em resposta aos mais variados estímulos ambientais. As 

modernas abordagens de estudos transcritômicos, metabolômicos e proteômicos, 

conjuntamente com análises integradas desses dados têm propiciado um melhor 

entendimento dos sistemas biológicos como um todo (CRAMER et al., 2011), mas a 

compreensão dos complexos mecanismos subjacentes ainda está distante de ser 

plenamente revelada.  

 

1.1 TOXIDEZ POR ALUMÍNIO 

Apesar de abundante na crosta terrestre (KOCHIAN et al., 2002), o alumínio 

encontra-se geralmente quelado a outros ligantes ou em formas não fitotóxicas 

como aluminosilicatos ou precipitados (DRISCOLL; SCHECHER, 1990). Entretanto, 

em solos com baixo pH (<5), a solubilidade do alumínio é intensificada e o metal 

torna-se um agente xenobiótico extremamente pernicioso e, consequentemente, 

fator limitante da produção agrícola. Estima-se que cerca de 50% dos solos aráveis 

do mundo são considerados ácidos (VON UEXKÜLL; MUTERT, 1995), um processo 

que ocorre naturalmente devido a exposição à chuva ácida ou à remoção de cátions 
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básicos do solo, mas que pode ser intensificado com o emprego de técnicas 

agrícolas inapropriadas (DELHAIZE; MA; RYAN, 2012). No Brasil, os solos 

chamados latossolos e argissolos ocupam aproximadamente 58% da área territorial 

e são caracterizados como profundos, altamente intemperizados, ácidos, de baixa 

fertilidade natural sendo, algumas vezes, saturados por alumínio (EMBRAPA, 2006). 

Uma vez em solos ácidos, o alumínio passa a ser incorporado pelas plantas, 

interagindo com diferentes alvos tanto no apoplasto quanto no simplasto e 

interferindo nos mais variados processos celulares (MARON et al., 2008). A toxidez 

do metal passa a ser perceptível quando da inibição do crescimento da raiz que, 

consequentemente, prejudica a absorção de água e nutrientes (BARCELO; 

POSCHENRIEDER, 2002; FAMOSO et al., 2010), aumentando a sensibilidade da 

planta a estresses de outra natureza. Estudos indicam que a inibição do crescimento 

radicular decorre do dano ao DNA e consequente bloqueio celular, culminando na 

diferenciação do centro de quiescência (ROUNDS; LARSEN, 2008). Dessa forma, a 

sobrevivência das plantas em meio contendo altas concentrações de alumínio 

depende da existência de mecanismos de detoxificação externos (ou de resistência) 

e/ou internos (ou de tolerância) (MA et al., 2002). O primeiro caso inclui 

modificações da parede celular, permeabilização seletiva da membrana plasmática, 

aumento do pH da rizosfera, bem como exudação de ácidos orgânicos (AO) e 

compostos fenólicos (MARON et al., 2008). Malato, citrato e oxalato formam 

complexos no citosol ou na interface raiz-solo, protegendo o tecido radicular (MA; 

RYAN; DELHAIZE, 2001). Em Arabidopsis, 70% da resistência ao alumínio é 

condicionada pela atividade do malato secretado pelas raízes das plantas expostas 

ao metal (LIU et al., 2009). No segundo caso, a quelação do metal no citosol e a 

compartimentalização no vacúolo já foram descritas para algumas espécies 

(GREVENSTUK; ROMANO, 2013; JIAN ZHENG S; FENG MA J; MATSUMOTO, 

1998; MA et al., 1997). Em uma minuciosa revisão, Magalhães (MAGALHAES, 

2006) postula que os genes de tolerância a alumínio são conservados entre 

monocotiledôneas e dicotiledôneas. Com base nesse modelo, Arabidopsis e arroz 

consagram-se como excelentes ferramentas para o estudo de mecanismos de 

resistência e tolerância ao alumínio em plantas, uma vez que possuem genomas 

completamente sequenciados e recursos genéticos, tais como populações mutantes, 

disponíveis publicamente.  
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Sensitive to proton rhizotoxicity 1 (STOP1) em Arabidopsis e Al3+resistance 

transcription factor 1 (ART1) em arroz, são fatores de transcrição ortólogos 

(OHYAMA et al., 2013), identificados por análise de mutantes e caracterizados como 

componentes moleculares chave na expressão de genes em raízes submetidas a 

elevadas concentrações de alumínio. Em A. thaliana STOP1 foi inicialmente 

identificado em plântulas sensíveis ao baixo pH e, posteriormente, foi demonstrado 

ser fundamental na resposta da planta ao alumínio (IUCHI et al., 2007). Embora sua 

expressão não seja induzida pelo metal, ele é o regulador de, pelo menos, três 

importantes genes na resposta da planta a Al3+. ALMT1 e MATE1 são proteínas 

envolvidas no efluxo de malato e citrato, respectivamente, responsáveis pela 

detoxificação externa de alumínio (LIU et al., 2009). ALS3 é um half-type 

transportador ABC regulado por STOP1 e está possivelmente envolvido no 

direcionamento de Al3+ para tecidos menos sensíveis ao metal (LARSEN et al., 

2005). Apesar dos genes regulados por STOP1 contribuírem de maneira significativa 

na resistência a alumínio em Arabidopsis, pelo menos dois outros genes atuam 

independentemente desse fator de transcrição. ALS1 codifica uma proteína 

membrane-spanning domain de um transportador ABC localizado no tonoplasto 

(LARSEN et al., 2007), enquanto STAR1 codifica um domínio de ligação a ATP de 

um transportador ABC localizado na membrana plasmática. Embora nenhum desses 

genes seja induzido por alumínio e seu mecanismo de funcionamento permaneça 

desconhecido, mutantes com perda de função são sensíveis ao metal (HUANG; 

YAMAJI; MA, 2010).  

Uma característica peculiar das plantas de arroz consiste na sua capacidade 

de tolerar concentrações elevadas de alumínio, quando comparadas a outros 

cereais (FAMOSO et al., 2010). Muito embora o mecanismo dessa resposta ainda 

não tenha sido esclarecido, genes chave têm sido identificados. Al3+resistance 

transcription factor 1 (ART1), um fator de transcrição do tipo dedo de zinco C2H2, foi 

caracterizado como fundamental na regulação da expressão de genes envolvidos na 

detoxificação do alumínio (YAMAJI et al., 2009). Seis genes regulados por ART1 já 

foram descritos. OsFRDL4 (Ferric Reductase Defective Like 4) é um transportador 

de citrato do tipo MATE (multidrug and toxic compound extrusion) responsável por 

parte da variação na tolerância entre diferentes genótipos de arroz (YOKOSHO; 

YAMAJI; MA, 2011). STAR1 codifica um domínio de ligação a nucleotídeo de um 

transportador ABC (bacterial-type), que interage com o domínio transmembrana de 
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um transportador ABC codificado por STAR2. Diferentemente do gene STAR1 de 

Arabidopsis, a expressão do complexo composto pelas proteínas STAR1 e STAR2 

(não identificado na planta modelo) em arroz é induzida em resposta ao alumínio, 

muito embora plantas mutantes também apresentem fenótipo de sensibilidade ao 

metal. Postula-se que estejam envolvidos no transporte de UDP-glucose para o 

apoplasto, onde o substrato atuaria modificando a parede celular e prevenindo o 

acúmulo de alumínio (HUANG et al., 2009). A proteína Nrat1 está envolvida com o 

transporte específico de alumínio para o meio intracelular (XIA et al., 2010). OsALS1 

de arroz e AtALS1 de Arabidopsis são proteínas localizadas no tonoplasto, porém, o 

gene OsALS1 é induzido em resposta ao alumínio e é expresso em todo o tecido 

radicular, enquanto AtALS1 é constitutivamente expresso na tecido vascular, 

hidatódios e ápice da raiz (HUANG et al., 2012; LARSEN et al., 2007). Mais 

recentemente, Xia et al. (XIA; YAMAJI; MA, 2013) caracterizaram OsCDT3 como um 

pequeno peptídeo ancorado na membrana plasmática, cujo papel seria barrar a 

entrada de alumínio no simplasto, ligando-se diretamente ao metal e evitando os 

malefícios de sua toxicidade. O gene codificante da proteína OsCDT3 é expresso 

principalmente em raízes e induzido por Al+3, mas não por pH ou outros metais. 

Plantas com nocaute do gene apresentaram menor tolerância ao alumínio, bem 

como um aumento na concentração do metal em vacúolos de células da raiz.  

Em uma abordagem diferente, Arenhart et al. (ARENHART et al., 2013a) 

demonstraram que os níveis de expressão do gene ASR5 (do inglês absiscic acid, 

stress and ripening) aumentam em resposta a alumínio e que plantas ASR5-RNAi 

foram incapazes de crescer em meio contendo o metal. Recentemente, foi provado 

que a proteína ASR5 também atua como regulador direto da expressão de STAR1 

(ARENHART et al., 2014) e que, como ART1, também participa na regulação de 

genes de resposta ao alumínio. 

1.2 ARABIDOPSIS THALIANA: EUDICOTILEDÔNEA MODELO DE ESTUDO 
VEGETAL 

Arabidopsis thaliana é uma planta herbácea da família Brassicaceae 

largamente utilizada como organismo modelo para estudos de plantas nas áreas de 

pesquisa básica em genética, biologia celular e molecular. Apesar de não apresentar 

importância agronômica, possui relação filogenética com espécies cultivadas tais 

como o repolho (Brassica oleraceae, grupo Capitata) e o rabanete (Raphanus 
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sativus). O emprego de plantas de Arabidopsis nas mais variadas áreas de pesquisa 

acadêmica e aplicada decorre de uma série de características muito peculiares ao 

organismo. Esta espécie possui um genoma pequeno, de aproximadamente 125 

Mpb, sequenciado e anotado (ARABIDOPSIS INITIATIVE, 2000), bem como mapas 

genéticos e físicos de todos os cromossomos 

(http://www.arabidopsis.org/servlets/mapper). O ciclo de vida é de aproximadamente 

6 semanas, desde o período de germinação até a maturação das sementes, e o 

processo de polinização é eminentemente autogâmico. Cada planta é capaz de 

produzir cerca de 5000 sementes em um espaço restrito e com técnicas simples de 

cultivo (tanto in vitro quanto ex vitro). Por fim, eficientes protocolos de transformação 

utilizando Agrobacterium tumefaciens, bem como um amplo número de linhagens 

mutantes e a disponibilidade de tais informações 

(http://www.arabidopsis.org/index.jsp), fazem deste organismo um modelo para o 

estudo das plantas com flores. 

 

1.3 ARROZ: MONOCOTILEDÔNEA MODELO DE ESTUDO 

O arroz (Oryza sativa) é considerado um alimento de fundamental relevância 

na dieta de 2,4 bilhões de pessoas, atingindo uma produção mundial anual de 590 

milhões de toneladas (EMBRAPA, 2014). No Brasil, a produção anual é estimada 

em 11,7 milhões de toneladas, sendo o Estado do Rio Grande do Sul o principal 

produtor nacional (IBGE, 2014). Além de sua inquestionável importância econômica, 

o arroz é considerado planta modelo de estudo para as monocotiledôneas, uma vez 

que possui o menor genoma entre os cereais (OUYANG et al., 2007) e apresenta 

sintenia com os genomas do milho e do trigo (MOORE et al., 1995). A 

disponibilidade de protocolos para a transformação genética mediada por A. 

tumefaciens (UPADHYAYA et al., 2000) possibilita estudos fisiológicos, genéticos e 

moleculares, fundamentais para o entendimento dos mais variados processos 

biológicos. 
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1.4 GENES ASR (ABA, STRESS AND RIPENING) 

Genes ASR (do ingles absiscic acid, stress and ripening) foram inicialmente 

descritos em tomate (IUSEM et al., 1993) e tem sido identificados exclusivamente 

em plantas vasculares, muito embora estejam ausentes na planta modelo A. thaliana 

(CARRARI; FERNIE; IUSEM, 2004).  

Suas funções têm sido relacionadas ao desenvolvimento dos frutos (CAKIR et 

al., 2003; CHEN et al., 2011), bem como à resposta da planta a estresses abióticos 

(ARENHART et al., 2013a; DAI et al., 2011; HSU et al., 2011; HU et al., 2013; JHA et 

al., 2012; JOO et al., 2013a, 2013b; KALIFA et al., 2004a; KIM et al., 2009; LIU et al., 

2012; YANG et al., 2005) e bióticos (LIU et al., 2010).  

Uma característica pertinente à proteínas ASR é a presença de dois domínios 

altamente conservados (YANG et al., 2008). O primeiro é composto por seis a sete 

resíduos de histidina na região amino-terminal com atividade de ligação a DNA 

dependente de zinco (ÇAKIR et al., 2003; KALIFA et al., 2004a). O segundo domínio 

compreende a maior parte da região carboxi-terminal, onde também se identifica o 

sinal de localização nuclear, sendo esta região denominada de domínio WDS (do 

ingles, water, deficit, stress). Na figura 1 pode ser observado o alinhamento das 

proteínas ASR de arroz, com destaque para o domínio WDS. 

 
Figura 1. Alinhamento das seqüências de aminoácidos das seis proteínas da família ASR de arroz. 
Em destaque, o domínio WDS conservado entre os membros (conforme ARENHART et al., 2008). 

               10        20        30        40        50        60        70        80        90       100                 

      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

OsASR1  -MTEYYSSTVDECYETTGRQHGHGHGHGHGHGHG--HGGMRVESHTDDYYSEGGEIDRGRRNNSMHSQEYLMRQQSGHGGYG------------------

OsASR2  -------------------------------------------------------MAEEKKHHHLFHHK-----KDGEEES----------------SGV

OsASR3  ----------------------------------------------------------------MGHHH-----KNDDKAA------------------A

OsASR4  ----------------------------------------------------------------MFGHH-----KNEEKMA------------------A

OsASR5 -------------------------------------------------------MAEEKHHHHLFHHK-----KDDEPATGVDSYGEGVYTSETVTTEV

OsASR6  MADEYGRGGYGRSGAGAGDDYESGGYNRSSSGGADEYAAGRSGRAQKPVXDASKRFTKSRRRATTYGXRRRRVNKSGPRASDSGX----NNRSGANRSTA

              110       120       130       140       150       160       170       180       190       200         

      ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|

OsASR1  -YGGGQQQEYYKREEREHKQRERVG----------EIGALASGA----------FALYEGHQAKKDPANAQRHRIEQGVAAVAAVGAGGYAYHEHREQKQ

OsASR2  VD--------YDKEKKHHKHLEQLG----------GLGAIAAGA----------YALHEKHQAKKDTENAHGHKVKEEVAAVAALGAAGFAFHEHHEKKD

OsASR3  AAG-----GDHRKEEKHHKHMEQLA----------KLGAVAAGA----------YAMHEKHKAKKEPENARSHRVKEEIAATIAAGSVGLAIHEHHKKKE

OsASR4  AGAAPKDAGDYRKEEKHHKHMEQIA----------KLGAAAAGA----------YAMHEKKQAKKDPEHARSHKMKEGIAAAVAVGSAGFALHEHHEKKE

OsASR5  VAGGQDEYERYKKEEKQHKHKQHLG----------EAGALAAGA----------FALYEKHEAKKDPENAHRHKITEEIAATAAVGAGGYAFHEHHEKKK

OsASR6  ATSPARRVQRRXGAEADEEYVDGLSSRAPGEVQEGGEGAQEQGAPREVGPXRRXFAMYERHQAKKDPENAQRHRIEEGVAAAAALGSGGFAFHEHHDKKE

              210       220       230  

      ....|....|....|....|....|....|...

OsASR1  ASYGAKEQQYGYARMPQQQGYYCN---------

OsASR2  AKKHAADQY------------------------

OsASR3  AKKHG---HHH----------------------

OsASR4  AKKHRRHAHHHH---------------------

OsASR5  DHKSAEESTGEKKH---------------HLFG

OsASR6  AKQAAKDAEEEAEEESGSGARGGEGKKKHHLFG
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A proteína ASR1 de tomate é eminentemente desestruturada (unfolded) e 

monomérica na ausência de zinco, sendo o metal fundamental para a formação de 

homodímeros e maior ordenamento (fold) na estrutura da proteína (GOLDGUR et 

al., 2007; ROM et al., 2006). Por outro lado, a proteína ASR5 de arroz não é capaz 

de formar homodímeros, muito embora a ligação de zinco também tenha sido 

confirmada (ARENHART et al., 2014).  

Atuando tanto como chaperonas (KONRAD; BAR-ZVI, 2008) quanto como 

fatores de transcrição (ARENHART et al., 2014; RICARDI et al., 2014), essa família 

de proteínas desempenha papel na resposta das plantas aos mais variados 

estímulos ambientais. Quando superexpressas em Arabidopsis, proteínas ASR de 

lírio foram capazes de conferir menor suscetibilidade à seca, bem como aumentar o 

índice de germinação de sementes em concentrações inibitórias de manitol e sal, 

indicando uma conservação dos mecanismos downstream à proteína (YANG et al., 

2005). 

Análises in silico revelaram seis cópias de genes ASR no genoma do arroz, 

estando dispersas em diferentes cromossomos (Frankel et al., 2006) (Tabela 1).  

 

Tabela 1. Localização, tamanho do íntron (em pb), e da proteína (em aminoácidos) dos genes ASR 
em arroz. Dados extraídos e modificados de Frankel et al (2006).  
 
  Cromossomo Tamanho do 

íntron 

Tamanho da 

proteína (aa) 

ESTs Em tandem 

com 

Arroz      

ASR1 II splicing  63/71/91/105 sim  

ASR2 I 440 182 sim  

ASR3 I 131 105 sim ASR4 

ASR4 I 131 96 sim ASR3 

ASR5 XI 119 138 sim  

ASR6 IV 84 229 sim  

(aa) = aminoácidos 

Splicing = diferentes formas de transcritos 

ESTs = Expressed sequence tags 

 

Em arroz, proteínas ASR foram inicialmente identificadas em biblioteca de 

cDNA de plantas submetidas a altas concentracões de sal e, posteriormente, 

também caracterizadas como sendo responsivas a ABA e manitol 
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(VAIDYANATHAN; KURUVILLA; THOMAS, 1999). Seu possível vínculo na resposta 

a estímulo hormonal foi previamente sugerida (TAKASAKI et al., 2008), bem como 

seu envolvimento na regulação de genes relacionados à fotossíntese (ARENHART 

et al., 2013). Em levedura (Saccharomyces cerevisiae), a superexpressão de 

proteínas ASR de arroz foi capaz de aliviar a produção de espécies reativas de 

oxigenio (EROs) causadas por estresse oxidativo (KIM; KIM; YOON, 2012). Plantas 

transgênicas de arroz superexpressando proteinas ASR foram mais tolerantes ao 

frio (JOO et al., 2013a; KIM et al., 2009) e seca (JOO et al., 2013b), quando 

comparadas à plantas não transgênicas. Recentemente, fatores de transcrição do 

tipo ASR foram identificados como componentes fundamentais na resposta a 

estresse por altas concentrações de alumínio em plantas de arroz. O referido estudo 

indicou que a expressão dos membros dessa família em arroz depende do tecido ou 

estímulo específico. A proteína ASR5 é a mais expressa em raízes e, acredita-se, 

ser componente fundamental no mecanismo de resposta ao estresse decorrente de 

altas concentrações de alumínio (ARENHART et al., 2013).  

 

1.5 miRNAs E O PAPEL NA RESPOSTA A ESTRESSES ABIÓTICOS E 
BIÓTICOS 

MicroRNAs (miRNAs) é uma classe de pequenos RNAs não codificantes, 

processados a partir de um grampo precursor, de maneira precisa, e cuja função é 

reprimir o mRNA alvo através de clivagem ou inibição traducional durante a 

regulação da expressão gênica (CHEN, 2009; JONES-RHOADES; BARTEL, 2004; 

JONES-RHOADES; BARTEL; BARTEL, 2006;). Estimativas indicam que 1-4% dos 

genes no genoma humano codificam miRNAs e que um único miRNA é capaz de 

regular até 200 mRNAs (ESQUELA-KERSCHER; SLACK, 2006). Fatores de 

transcrição têm sido identificados como ativadores ou repressores de miRNAs em 

plantas. Um exemplo é o mecanismo de sinalização PHR1-miR399-PHO2, envolvido 

na homeostase de fósforo (BARI et al., 2006). PHR1 (Phosphate Starvation 

Response 1) controla a expressão do miR399. Quando fósforo se torna um recurso 

limitante, PHR1 é ativado e induz a expressão do miR399, reprimindo a expressão 

de PHO2 (uma enzima de conjugação de ubiquitina tipo E2), a qual regula 

negativamente a captação de fósforo.  

Em Arabidopsis, miRNAs mostraram-se essenciais para o correto 
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desenvolvimento da raiz (CARLSBECKER et al., 2010) e a relação entre fatores de 

transcrição e miRNAs foi descrita na rota de sinalização de auxinas no 

desenvolvimento de raízes adventícias (GUTIERREZ et al., 2009). Em plantas, 

mutações em genes envolvidos na biogênese de miRNAs e no seu mecanismo de 

regulação afetam o desenvolvimento (CHEN, 2009; RAMACHANDRAN; CHEN, 

2008; XIE; KHANNA; RUAN, 2010). Em mutantes de arroz, insensíveis à auxina, um 

circuito de feedback entre a família miR167 e OsARF6 (auxin responsive fator 6) tem 

sido proposto como um importante loop regulatório na sinalização do fitohormônio 

auxina ou no desenvolvimento da raiz (MENG et al., 2009). 

Muitos resultados também indicam que os miRNAs estão envolvidos na 

regulação de uma variedade de genes em resposta a estresses abióticos e bióticos. 

Um miRNA é o regulador chave do metabolismo do sulfato, em plantas com 

deficiência do metal (JONES-RHOADES; BARTEL, 2004). O mesmo fenômeno foi 

caracterizado em resposta à deficiência de fosfato (FUJII et al., 2005). Durante a 

limitação de cobre, miRNAs são induzidos e reprimem seu alvo regulatório, 

mantendo o controle da homeostase (YAMASAKI et al., 2007). Diversos miRNAs 

apresentaram os níveis de expressão aumentados em condições limitantes de ferro, 

indicando seu possível papel na adaptação das plantas à deficiência do metal 

(KONG; YANG, 2010).  

Em um estudo pioneiro, o papel regulatório dos miRNAs na resposta a 

alumínio em arroz também foi sugerido. Raízes de cultivares tolerante e sensível 

foram expostas a altas concentrações do metal e miRNAs de diferentes famílias 

foram analisados. Os possíveis genes alvos identificados sugerem que os miRNAS 

de arroz estão envolvidos no controle de várias rotas metabólicas em resposta à 

exposição ao metal (LIMA et al., 2011).  

O miR393 de Arabidopsis foi o primeiro pequeno RNA implicado na PTI 

bacteriana (PTI – do inglês, PAMP-triggered immunity, imunidade desencadeada por 

PAMP; PAMP – do inglês, pathogen-associated molecular patterns, padrão 

molecular associado ao patógeno – NAVARRO et al., 2006). A transcrição do 

MIR393 é induzida pelo peptídeo derivado da flagelina (chamado de flagelina 22) e 

degrada o mRNA da proteína F-box receptora da auxina (TIR1 – do inglês, transport 

inhibitor response 1) e proteínas relacionadas. Em outro exemplo, foi observado que 

o miR825 de Arabidopsis tem como alvo tres potenciais reguladores positivos da PTI 

(EULALIO et al., 2007; FAHLGREN et al., 2007). 
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Apesar de numerosos estudos demonstrarem a importância dos miRNAs 

como mediadores na regulação da expressão gênica, o mecanismo da regulação 

dos próprios miRNAs ainda é pouco conhecido. Estudos indicam que os genes MIR 

de plantas são transcritos pela RNA polimerase II (MEGRAW et al., 2006; XIE et al., 

2005; ZHOU et al., 2007), situação similar ao que ocorre em animais (CAI; 

HAGEDORN; CULLEN, 2004; LEE et al., 2004). Com o objetivo de identificar e 

analisar a região promotora dos genes MIR em Arabidopsis, Zhao et al. (ZHAO; 

ZHANG; LI, 2013) realizaram um experimento de imunoprecipitação da enzima RNA 

polimerasedo tipo II, seguido por análise de microarranjo (ChIP-chip). Com base nos 

motivos de ligação da proteína ao DNA, foram preditos os sítios de início da 

transcrição e as regiões proximais dos promotores de 167 genes codificantes de 

miRNAs. 

Apesar do progresso obtido em anos recentes, a descoberta de proteínas 

envolvidas no controle da expressão dos miRNAs, bem como a identificação de cis-

elementos dos promotores de genes MIR é fundamental para um melhor 

entendimento das redes regulatórias nas quais os miRNAs possuem papel crucial. 

 

1.6  ESPECTROMETRIA DE MASSA  

O emprego de estratégias quantitativas para análise em larga escala de 

transcritos tem esclarecido aspectos relacionados tanto ao desenvolvimento quanto 

a fisiologia de plantas, porém, reações enzimáticas e rotas de sinalização dependem 

da atividade de proteínas, fonte de informação não contemplada por tais técnicas.  

O balanço entre a síntese e a degradação de proteínas determina sua 

abundância e esse processo é independente do controle transcricional (PIQUES et 

al., 2009). Além disso, modificações pós-traducionais, isoformas e variantes de 

splice não são capturados pela mera análise da quantidade de transcritos.  

Porém, modernas técnicas de espectrometria de massa possibilitam o estudo 

da complexidade do proteoma. A análise quantitativa do conjunto de proteínas e a 

dinâmica de suas mudanças em várias condições de crescimento e estímulos tem 

se tornado uma abordagem amplamente utilizada, sendo a análise de milhares de 

proteínas uma ferramente extremamente valiosa (ARSOVA; ZAUBER; SCHULZE, 

2012).  
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Recentemente, vários métodos para a análise quantitativa de proteomas tem 

sido desenvolvidos (BANTSCHEFF et al., 2007; DOMON; AEBERSOLD, 2010; 

SCHULZE; USADEL, 2010), dentre eles, a marcação de aminoácidos utilizando 

isótopos estáveis esta sendo empregada em pesquisas das mais variadas áreas de 

estudo (ENGELSBERGER et al., 2006; GOUW; KRIJGSVELD; HECK, 2010). 

Experimentos de proteômica quantitativa tem aprofundado o conhecimento 

sobre variados aspectos da biologia de organelas, regulação do crescimento e 

também sinalização (SCHULZE; USADEL, 2010). Por exemplo, mudanças na 

abundância de proteínas foram monitoradas em resposta ao calor (PALMBLAD; 

MILLS; BINDSCHEDLER, 2008) e durante a senescência das folhas (HEBELER et 

al., 2008).  

Dessa forma, a técnica possui um grande potencial para identificar proteínas 

diferencialmente expressas nos momentos iniciais da resposta ao estresse por 

alumínio, com potencial para indentificar elementos chave na cascata de sinalização 

que ativa os mecanismos de adaptação da planta ao metal. 

O excess de alumínio é limitante ao desenvolvimento das plantas, sendo o 

pH determinante na atividade biológica do metal. Dessa maneira, é a interação 

entre o baixo pH e o alumínio que determina a fitotoxicidade do metal. 

Compreender quem são e como atuam os elementos chave no processo de 

resposta a um ou ambos os estresses é fundamental. As proteínas ASR são 

importantes mediadores dessa resposta e, como tal, seu estudo é ferramenta 

indispensável para o entendimento da resposta da planta a esses estresses. Muito 

embora Arabidopsis não possua proteínas ASR, a identificação de genes envolvidos 

tanto na resposta ao pH quanto ao alumínio na planta modelo, demonstra uma 

conservacão dos mecanismos de sinalização tanto em monocotiledôneas quanto 

em eudicotiledôneas, validando seu uso em estudos genéticos e fisiológicos. 
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2. OBJETIVOS 

 

2.1 OBJETIVO GERAL 

O presente trabalho tem como objetivo analisar o papel das proteínas ASR na 

regulação de genes MIR, codificantes de miRNAs, bem como determinar seu 

possível papel na regulação do mecanismo de homeostase do pH em arroz. Além 

disso, este trabalho visa identificar proteínas potencialmente envolvidas nos 

mecanismos de defesa da planta em resposta ao metal alumínio. 

 

2.1.1 Objetivos específicos: 

1. Identificar miRNAs diferencialmente expressos em raízes de arroz 

(Oryza sativa cultivar Nipponbare) provenientes de plantas silenciadas 

para o gene ASR5 e plantas não transformadas; 

2. Determinar o padrão de expressão dos miRNAs identificados; 

3. Identificar genes MIR potencialmente regulados pelas proteínas ASR5; 

4. Avaliar o efeito do silenciamento do gene ASR5 nas plantas 

transgênicas de arroz submetidas ao estresse provocado pelo baixo 

pH; 

5. Comparar o perfil de expressão de proteínas diferencialmente 

expressas em plantas de Arabidopsis thaliana submetidas ao estresse 

pelo metal alumínio; 

6. Identificar genes com potencial envolvimento no mecanismo de defesa 

da planta em resposta ao estresse por alumínio. 
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3. RESULTADOS E DISCUSSÃO 

Os resultados e discussão serão apresentados em três capítulos. O capítulo 1 

é dedicado à análise dos dados obtidos a partir do transcritoma de duas bibliotecas 

de microRNAseq de arroz, comparando o perfil de expressão de miRNAs de plantas 

silenciadas para o gene ASR5 (ASR5_RNAi) e plantas não transformadas. O 

capítulo 2 descreve o estudo das proteínas ASR na manutenção da homeostase do 

pH em plantas de arroz. O capítulo 3 é dedicado ao estudo da resposta inicial de 

plantas de Arabidopsis thaliana ao estresse por alumínio com o uso da técnica de 

espectrometria de massa.  
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Identification and in silico characterization of soybean trihelix-GT and bHLH

transcription factors involved in stress responses

Marina Borges Osorio*, Lauro Bücker-Neto*, Graciela Castilhos, Andreia Carina Turchetto-Zolet,

Beatriz Wiebke-Strohm, Maria Helena Bodanese-Zanettini and Márcia Margis-Pinheiro

Programa de Pós-Graduação em Genética e Biologia Molecular, Departamento de Genética,

Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil.

Abstract

Environmental stresses caused by either abiotic or biotic factors greatly affect agriculture. As for soybean [Glycine

max (L.) Merril], one of the most important crop species in the world, the situation is not different. In order to deal with

these stresses, plants have evolved a variety of sophisticated molecular mechanisms, to which the transcriptional

regulation of target-genes by transcription factors is crucial. Even though the involvement of several transcription fac-

tor families has been widely reported in stress response, there still is a lot to be uncovered, especially in soybean.

Therefore, the objective of this study was to investigate the role of bHLH and trihelix-GT transcription factors in soy-

bean responses to environmental stresses. Gene annotation, data mining for stress response, and phylogenetic

analysis of members from both families are presented herein. At least 45 bHLH (from subgroup 25) and 63

trihelix-GT putative genes reside in the soybean genome. Among them, at least 14 bHLH and 11 trihelix-GT seem to

be involved in responses to abiotic/biotic stresses. Phylogenetic analysis successfully clustered these with members

from other plant species. Nevertheless, bHLH and trihelix-GT genes encompass almost three times more members

in soybean than in Arabidopsis or rice, with many of these grouping into new clades with no apparent near orthologs

in the other analyzed species. Our results represent an important step towards unraveling the functional roles of plant

bHLH and trihelix-GT transcription factors in response to environmental cues.

Key words: drought, gene expression, Glycine max, phylogeny, plant-microbe interactions.

Introduction

Soybean [Glycine max (L.) Merril] is one of the most

important crop species in the world. It is widely used for

both human and animal consumption due to the high pro-

tein and oil contents of its grains. More recently, the poten-

tial for using soybean oil in renewable fuel production has

also emerged (Programa Nacional de Produção e Uso de

Biodiesel). Since it belongs to the Fabaceae family, soy-

bean also takes part in the process of organic nitrogen fertil-

izer production through its symbiotic association with ni-

trogen-fixing bacteria (Gepts et al., 2005). Currently,

soybean producers are primarily concerned with losses

caused by drought stress, Asian Soybean Rust (ASR,

caused by the fungus Phakopsora pachyrhizi) and soybean

cyst nematode (SCN, caused by Heterodera glycines) (EM-

BRAPA, 2007). Furthermore, the genetic variability found

in soybean germplasm for those characteristics is restricted,

which increases the vulnerability of this species to environ-

mental stresses (Priolli et al., 2002; Miles et al., 2006).

As sessile organisms, higher plants are continuously

exposed to a great variety of environmental stimuli. Be-

cause their survival depends on the ability to cope with

those stimuli, plants have evolved a variety of sophisticated

molecular mechanisms in response to environmental

stresses. These generally involve alterations in gene ex-

pression, leading to changes in plant physiology, metabo-

lism and developmental activities. Whether caused by

abiotic (such as drought, salt and cold) or biotic factors

(such as pathogens and insects), environmental stresses

have serious adverse effects on agriculture. Therefore, a

thorough understanding of the molecular mechanisms in-

volved in plant stress tolerance has become pivotal for the

development of new strategies and technologies related to

the increasing demand on agricultural production (Rao et

al., 2006; Yoshioda and Shinozaki, 2009).

Upon stimuli perception, responses of plants to envi-

ronmental stresses comprise the activation of a multitude of

interconnected signaling pathways (Singh et al., 2002). The

phytohormones abscisic acid (ABA), ethylene (ET), jas-

monic acid (JA) and salicylic acid (SA), aside from reactive
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oxygen species (ROS), are known to act as messenger mol-

ecules that trigger specific (but at times overlapping) path-

ways of this complex network, leading to the accumulation

of stress-related gene products (Yoshioda and Shinozaki,

2009). Besides, a great number of studies have highlighted

the importance of the transcriptional regulation of target-

genes through transcription factors in plant responses to en-

vironmental stresses (Zhou et al., 2008; Chen et al., 2009;

Zhang et al., 2009). Transcription factors act by binding to

cis-elements in the promoter regions of target-genes,

thereby activating or repressing their expression. Trans-

criptional reprogramming is known to result in both spa-

tially and temporally altered expression patterns of stress-

related genes. Thus, transcription factors are key players in

fine-tuning stress responses at the molecular level (Singh et

al., 2002; Eulgem, 2005).

A large part of a plant’s genome is devoted to tran-

scription. With the recent completion of the soybean ge-

nome sequencing and assembly, a comparative analysis of

putative transcription factor-encoding genes found in both

soybean and the model dicot Arabidopsis thaliana can be

performed. In the leguminous plant (whose genome is six

times larger than that of A. thaliana), over 5,600 transcrip-

tion factors were identified, these corresponding to about

12% of the predicted protein-coding loci (Schmutz et al.,

2010). In contrast, in the model plant the total number of

transcription factors (~2,300) comprises only up to 7% of

the predicted protein-coding loci (Singh et al., 2002). The

overall distribution of these genes among known transcrip-

tion-factor families is similar among the two genomes,

although some families are relatively sparser or more abun-

dant in soybean. Thus, even though the A. thaliana genome

often serves general comparisons, differences in biological

function between species might occur (Schmutz et al.,

2010).

Basic helix-loop-helix (bHLH) proteins constitute

one of the largest families of transcription factors. They are

found in all three eukaryotic kingdoms and are involved in

a myriad of regulatory processes. Members of this family

share the bHLH signature domain, which consists of ~60

amino acids comprising two distinct regions, a basic stretch

at the N-terminus consisting of ~15 amino-acids involved

in DNA binding, and a C-terminal region of ~40 amino-

acids composed of two amphipathic !-helices, mainly con-

sisting of hydrophobic residues linked by a variable loop

(the “helix-loop-helix” region). This region is responsible

for promoting protein-protein interactions through the for-

mation of homo- and hetero-dimeric complexes (Toledo-

Ortiz et al., 2003; Carretero-Paulet et al., 2010; Pires and

Dolan, 2010). The Lc protein from Zea mays, reported as a

transcriptional activator in the anthocyanin biosynthetic

pathway (Ludwig et al., 1989), was the first plant bHLH

member identified. The involvement of bHLH members in

plant developmental processes (Szecsi et al., 2006; Me-

nand et al., 2007), light perception (Liu et al., 2008), iron

and phosphate homeostasis (Yi et al., 2005; Long et al.,

2010; Zheng et al., 2010), and phytohormone signalling

pathways (Abe et al., 1997; Friedrichsen et al., 2002; Lo-

renzo et al., 2004; Anderson et al., 2004; Fernandez-Calvo

et al., 2011; Hiruma et al., 2011; Seo et al., 2011) has also

been reported. In fact, Arabidopsis MYC2 is to date the

most extensively characterized plant bHLH transcription

factor, and it seems to be a global regulator of hormone sig-

nalling. MYC2 has been described as an activator of ABA-

mediated drought stress-response (Abe et al., 1997, 2003).

It also regulates JA/ET-induced genes, either as an activa-

tor in response to wounding, or as a suppressor in pathogen

responses (Anderson et al., 2004; Lorenzo et al., 2004;

Hiruma et al., 2011). In these cases, the activity of MYC2 is

itself subject to regulation by JAZ proteins, in a SCFCOI1

proteosome degradation – dependent pathway (Chini et al.,

2007). Additionally, MYC2 seems to form homo- and

heterodimers with two other closely-related bHLH proteins

(MYC3 and MYC4), and their interaction is essential for

full regulation of JA responses in Arabidopsis (Fernan-

dez-Calvo et al., 2011).

Trihelix-GT factors constitute another family of

plant-specific transcription factors. They are characterized

by binding specificity for GT-elements present in the pro-

moter region of many plant genes (Hiratsuka et al., 1994;

Nagano et al., 2001) and are among the first transcription

factors identified in plants (McCarty and Chory, 2000).

They share one or two trihelix (helix – loop – helix – loop –

helix) structures, each consisting of three putative !-heli-

ces, which are responsible for binding to DNA (Zhou,

1999). Dimerization of GT factors, or interaction between

trihelix-GT and other transcription factors appear to play a

major role in the regulatory function of this family (Zhou,

1999). In addition, recent studies demonstrated that post-

translational modifications may occur in at least some GT-

factors, as shown for Arabidopsis light-responsive GT-1

(Maréchal et al., 1999; Nagata et al., 2010). Members of the

trihelix-GT family were first described as being involved in

the regulation of light-responsive genes (Green et al., 1987,

1988). Nevertheless, further studies in rice and Arabidopsis

showed that some GT factors are not light-responsive at the

transcriptional level (Dehesh et al., 1990; Kuhn et al.,

1993). The involvement of this family in seed maturation

(Gao et al., 2009), control of flower morphogenesis (Grif-

fith et al., 1999; Brewer et al., 2004; Li et al., 2008), and re-

sponse to environmental cues (O’Grady et al., 2001; Park et

al., 2004; Wang et al., 2004; Xie et al., 2009; Fang et al.,

2010) has also been reported.

In recent years, a growing number of transcription

factors belonging to families, such as AP2, NAC and

WRKY, have been connected to the responses of soybean

against environmental stresses (Zhang et al., 2009; Pinhei-

ro , 2009; Zhou , 2008). In addition, the involvement of two

soybean trihelix-GT factors [GmGT-2A (Glyma04g39400)

and GmGT-2B (Glyma10g30300)] in abiotic stress toler-
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ance has recently been proposed, following heterologous

expression in Arabidopsis (Xie , 2009). Nevertheless infor-

mation regarding soybean bHLH and trihelix-GT members

and their roles in this species remains scarce. In the present

study we, therefore, aimed at identifying soybean bHLH-

and trihelix-GT-encoding genes, as well as investigating

their involvement in response to environmental stresses.

Given the dimension of the bHLH family in plants (with

more than 600 members in Arabidopsis divided into 32

groups), we decided to focus on a single monophyletic

group (subfamily 25, Carretero-Paulet et al., 2010), once

we had found some interesting soybean candidates within

the LGE Soybean Genome database (Nascimento et al.,

2012) that belong to this group. At least 45 bHLH (from

subgroup 25) and 63 trihelix-GT putative genes reside in

the soybean genome. Among these, at least 14 bHLH and

11 trihelix-GT seem to be involved in responses to

abiotic/biotic stresses. A phylogenetic analysis allowed us

to successfully cluster these genes with members of bHLH

and trihelix-GT proteins from other plant species. All to-

gether, our results represent an important step towards un-

derstanding the molecular mechanisms by which soybean

responds to environmental cues.

Material and Methods

Sequence identification and annotation

In order to identify putative soybean bHLH sequen-

ces, the TAIR (The Arabidopsis Information Resource)

gene id from all 17 bHLH proteins belonging to subgroup

25 in Arabidopsis was used to search the soybean database

in Phytozome and at JGI (Joint Genome Institute). Soybean

peptide homologs for each A. thaliana sequence were iden-

tified from a BLASTP search with default parameters in

Phytozome and redundant sequences were manually dis-

carded. The protein sequences obtained were scanned for

the existence of the bHLH domain using the SMART data-

base. The software MEME (multiple EM for motif elicita-

tion) version 4.4.0 was used for motif identification, using

the following parameters: minimum and maximum motif

width set to 6 and 50 amino acids, respectively, with any

number of motif repetitions. Motif detection was restricted

to a maximum of 10. Identified motifs were also compared

with conserved compositions already described for bHLH

sequences. In addition, the bHLH domain was manually

delimited according to plant-specific boundaries, as deter-

mined by Toledo-Ortiz et al. (2003) and Carretero-Paulet et

al. (2010). Classification of soybean sequences in subgroup

25 was accomplished by mismatch counting from the con-

sensus established for A. thaliana (Carretero-Paulet et al.,

2010). Sequences with more than 8 mismatches in con-

served positions were discarded. Moreover, no mismatches

were allowed at residues H9, E13 and R16 of the basic region,

since these are crucial for DNA-binding activity, and a con-

sensus among subgroup 25 sequences.

The identification of putative trihelix-GT protein se-

quences from soybean was accomplished as follows: the

conserved trihelix sequence of previously reported soybean

genes (O’Grady et al., 2001; Xie et al., 2009) along with

motifs predicted for this family (Fang et al., 2010), were

blasted (TBLASTN) against the soybean genome in Phyto-

zome. All homologous sequences with an E-value of less

than 0.0001 were scanned for the existence of the trihelix

domain using SMART (domains with less significant

scores than default cut-offs were also analyzed). Motif

identification and comparison with conserved trihelix-GT

compositions were performed using MEME. Sequences

that did not fit these criteria were removed from the analy-

sis.

To determine the intron-exon organization of all

bHLH and trihelix-GT genes, the full length coding se-

quences were aligned with the corresponding genomic se-

quences available on Phytozome. Intron-exon maps of the

genes were drawn using Fancy Gene v1.4 software.

Gene expression data mining

Expression profiles of the identified bHLH and

trihelix-GT sequences in both biotic and abiotic situations

were obtained by mining the LGE Soybean Genome data-

base. A “gene” search was carried out using Phytozome’s

gene model codes and each gene had its 5’ and 3’ untrans-

lated regions verified in Gbrowse. Gene expression was

confirmed by database searches in NCBI ESTs and LGE

superSAGE stress experiments with soybean leaves in-

fected with Asian soybean rust (accession PI 561356, resis-

tant) vs. uninfected leaves, and soybean roots subjected to

drought (cultivar BR16, susceptible / cultivar Embrapa-48,

tolerant) vs. untreated roots from both cultivars.

Phylogenetic analysis

The phylogenetic analysis of plant trihelix-GT factors

was performed using protein sequences from A. thaliana,

G. max, Medicago truncatula and Oryza sativa. For plant

bHLH transcription factors, protein sequences from A.

thaliana, G. max, O. sativa and Physcomitrella patens were

used. In both cases, multiple sequence alignments were

conducted with full-length protein sequences using the

CLUSTALW tool (Thompson et al., 1994) implemented in

MEGA ver. 4.0 (Tamura et al., 2007). The phylogenetic

analysis was performed by two different and independent

approaches, viz. the neighbor-joining (NJ) and Bayesian

methods. The NJ method was performed within MEGA

v4.0. Molecular distances of the aligned sequences were

calculated according to the p-distance parameter, with gaps

and missing data treated as pairwise deletions. Branch

points were tested for significance by bootstrapping with

1000 replications. Bayesian analysis was conducted in

MrBayes 3.1.2 software (Huelsenbeck et al., 2001; Ron-

quist and Huelsenbeck, 2003) with the mixed amino-acid

substitution model + gamma + invariant sites. Two inde-
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pendent runs of 5,000,000 generations each, with two Me-

tropolis-coupled Monte Carlo Markov chains (MCMCMC)

were run in parallel, each one starting from a random tree.

Markov chains were sampled every 100 generations and

the first 25% of the trees were discarded as burn-in. The re-

maining ones were used to compute the majority rule con-

sensus tree (MrBayes command allcompat), and the

posterior probability of clades and branch lengths. The

unrooted phylogenetic trees of trihelix-GT and bHLH pro-

teins were visualized and edited using the software FigTree

ver. 1.3.1.

Results and Discussion

Identification and analysis of soybean

bHLH-encoding genes

In the past few years several phylogenetic studies

have emerged as attempts to perform the classification of

bHLH proteins in plants (Heim et al., 2003; Toledo-Ortiz et

al., 2003; Carretero-Paulet et al., 2010; Pires and Dolan,

2010). Nevertheless, the number of proposed subfamilies

varies considerably among these studies. In the present one,

the classification suggested by Carretero-Paulet et al.

(2010) proposing the division of plant bHLH transcription

factors into 32 subfamilies was used, since it represents the

most recent and comprehensive study, so far.

From the BLASTP search at Phytozome, using all 17

Arabidopsis bHLH protein sequences from subgroup 25,

67 non-redundant homolog peptides were identified in the

soybean genome. Seven of these were removed from the

analysis as they did not contain any bHLH domain. Another

15 sequences were discarded after mismatch counting per-

formed with their aligned domains. Using MEME, two

other highly conserved motifs (with E-values of less than

1.7 e-851) were identified among the soybean subgroup 25

sequences. They are formed by residues right adjacent to

the bHLH domain and had been previously reported (Heim

et al., 2003; Li et al., 2006; Carretero-Paulet et al., 2010;

Pires and Dolan, 2010). General characteristics related to

the 45 remaining putative soybean bHLH genes are shown

in Table 1. Remarkably, members of this subgroup were

found spread throughout the 20 soybean chromosomes,

with protein sequences ranging from 165 to 691 amino ac-

ids. Among the 45 annotated ORFs, 42 presented corre-

sponding ESTs, suggesting that they are expressed genes

and not pseudogenes. A complete overview of the gene ex-

pression results obtained for this group is presented in Fig-

ure 1. Differential expression in at least one of the stress

situations/experiments available in LGE database was de-

tected for 14 ORFs, four of these were differentially ex-

pressed in more than one situation and three respond to both

abiotic and biotic stresses.

Lately, a growing number of studies accessing the

functional role of specific plant bHLH transcription factors

have been reported (Friedrichsen et al., 2002; Szécsi et al.,
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Table 1 - Annotation of soybean bHLH (subgroup 25) encoding-genes.

Accession number

in Phytozome

Chromosome ORF (bp) Expression confirmed

by EST (GenBank

Accession)

Glyma01g04610 1 795 BE021678.1

Glyma01g09400 1 1587 BU765737.1

Glyma01g39450 1 667 AW782148.1

Glyma02g13860 2 1539 BI786324.1

Glyma02g16110 2 861 AW460021.1

Glyma03g21770 3 1575 FK005566.1

Glyma03g29710 3 1203 BI427219.1

Glyma03g31510 3 879 BW666688.1

Glyma03g32740 3 1446 BM732402.1

Glyma04g01400 4 1293 CA853113.1

Glyma04g05090 4 855 FK457664.1

Glyma04g34660 4 732 FG990727.1

Glyma04g37690 4 1041 CA937888.1

Glyma05g01590 5 675 EV276804.1

Glyma05g35060 5 741 BE473364.1

Glyma05g38450 5 1029 BF325330.1

Glyma06g01430 6 1173 BU551063.1

Glyma06g17420 6 1050 FG995242.1

Glyma06g20000 6 810 CO978579.1

Glyma07g10310 7 498 BE347561.1

Glyma08g01210 8 942 FG994001.1

Glyma08g04660 8 528 -

Glyma08g46040 8 1761 BM885094.1

Glyma09g14380 9 1473 CA936197.1

Glyma09g31580 9 906 -

Glyma10g03690 10 852 BW657011.1

Glyma10g04890 10 1302 BI785116.1

Glyma10g12210 10 1074 CO978592.1

Glyma10g28290 10 2076 BW675573.1

Glyma10g30430 10 987 FG999826.1

Glyma11g05810 11 1146 GR843316.1

Glyma11g12450 11 1263 BU082612.1

Glyma12g04670 12 1215 BE661807.1

Glyma13g19250 13 1437 BQ741548.1

Glyma14g10180 14 1269 EV269688.1

Glyma15g33020 15 1428 BI699764.1

Glyma16g10620 16 1788 FK024158.1

Glyma17g08300 17 1098 CX708610.1

Glyma17g10290 17 690 FG993937.1

Glyma17g34010 17 807 -

Glyma18g32560 18 1743 BI317112.1

Glyma19g32570 19 1101 FG996268.1

Glyma19g34360 19 879 GR826097.1

Glyma20g22280 20 1281 BE658194.1

Glyma20g36770 20 999 BE474708.1
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2006; Liu et al., 2008; Chandler et al., 2009; Todd et al.,

2010; Zheng et al., 2010). Nevertheless, a deeper (and

broader) functional characterization of this family, focus-

ing on the connection of members/subgroups to the biologi-

cal processes they control, remains to be done. A first step

in this direction has been recently taken by Carretero-

Paulet et al. (2010) and Pires and Dolan (2010), where

comprehensive information relating both classification and

function of previously characterized plant bHLH transcrip-

tion factors was assembled. More specifically, information

regarding the function of subgroup 25 members is still

scarce and concerns Arabidopsis members only. An alter-

native transcript of At1g59640 (ZCW32/BPE) seems to be

involved in the control of petal size, whereas its counterpart

is expressed ubiquitously (Szécsi et al., 2006). Further-

more, At4g34530 (CIB1) and At1g26260 (CIB5) were

shown to interact with blue-light receptor CRY2 and pro-

mote floral initiation (Liu et al., 2008). Of most interest for

this study, is the redundant role of At1g18400 (BEE1,

Brassinosteroid Enhanced Expression1), At4g36540

(BEE2) and At1g73830 (BEE3) in brassinosteroids

(BRs)/ABA antagonistic cross-talk during cell elongation

(Friedrichsen et al., 2002). According to these authors,

BEE1, 2 and 3 are early-response genes induced by BRs

through the BRI1 receptor complex, and their expression is

repressed by ABA through a yet unknown ABA receptor.

Whether this pathway is also related to the ABA-dependent

stress-responsive network, still requires further study. Mo-

reover, Poppenberger et al. (2011) have demonstrated that

At1g25330 (CESTA), a close homolog of BEE1 and BEE3

(Figure 2), is also involved in BR signaling, possibly by

heterodimerization with its closest homologs. Remarkably,

it has also been shown that lack of CESTA activity results

in the misregulation of genes that are not only BR-respon-

sive but also stress-responsive, such as Arabidopsis ERD5

(Early Responsive to Dehydration 5), TTL4 (Tetratrico-

petide-Repeat Thioredoxin-Like 4), WRKY18 and a puta-

tive LRR-disease resistance protein (Poppenberger et al.,

2011), further suggesting that these pathways might indeed

share common features.

As an attempt to predict gene function of the anno-

tated genes, a comparison of their amino-acid sequences

with subgroup 25 bHLH protein sequences from three other

model plant species was carried out. Indeed, representative

members from diverse taxonomic groups (P. patens, bryo-

phytes; O. sativa, monocotyledonous; and A. thaliana,

dicotyledonous) were included in the phylogenetic analysis

in order to access the evolutionary features of this sub-

group. The results obtained from the phylogenetic analysis

proved to be consistent, since the clades formed were

highly supported by posteriori probabilities (Figure 2, on

left) and bootstrap (data not shown) analyses. Unlike previ-

ous phylogenetic reconstructions of the bHLH family that

used the bHLH domain only, this study presents a tree re-

constructed from full-length protein sequences. This adds
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Figure 1 - Expression pattern of bHLH encoding-genes under drought

stress and P. pachyrhizi infection. The expression data were obtained from

superSAGE experiments available at www.lge.ibi.unicamp.br/soja/.

Blocks indicate up-regulation (red), down-regulation (green), non-sig-

nificant differences (p > 0.05) but expression detected (blue), and expres-

sion not detected (white). Contrasting expression might reflect detection

of a single gene by different tags. Drought stress was carried out in roots

from Embrapa-48 (tolerant cultivar) and BR 16 (susceptible cultivar).

Soybean leaves from PI561356 (resistant genotype) were infected with P.

pachyrhizi.
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accuracy and reliability to the tree resolution, since the

short length of the bHLH domain (~60 amino-acids), along

with its extremely high conservation within subgroups may

compromise the reliability of the analysis (Amoutzias et

al., 2004).

Patterns of intron distribution among bHLH-enco-

ding genes from diverse species were shown to be con-

served within subgroups and provide another criterion in

phylogenetic analysis (Li et al., 2006; Carretero-Paulet et

al., 2010). In this study, the overall intron-exon organiza-

tion of bHLH subfamily 25-encoding genes from soybean

and other three species was established (Figure 2, on right).

Among 89 sequences, the number of introns ranged from 1

(Pp1s270_17v6) to up to 12 (LOC_Os03g12940), and in

many cases, phylogenetically related proteins exhibited a

closely related gene structure, corroborating the clustering

results.

Since it is a basal species among land plants, the moss

P. patens was added to this classification in order to help in-

fer about this group’s ancestral state (Rensing et al., 2008).

Notably, all 12 members from P. patens grouped together

into a clade, instead of grouping with the other plant spe-

cies, indicating that the radiation within this subgroup has

occurred independently in mosses and vascular plants, after

the divergence of these taxonomic groups. The same result

was obtained by Carretero-Paulet et al. (2010), even when a

different method was applied [maximum likelihood (ML)

analysis from bHLH-domain alignments]. Nevertheless,

the chance that genes belonging to this subgroup might

have independently evolved similar functions in both mos-

ses and vascular plants should not be discarded, as sug-

gested by Menand et al. (2007). In fact, while studying

plant bHLH ancestry, Pires and Dolan (2010) concluded

that the complex regulatory machinery that may be ob-

served in modern plant lineages actually arose early in plant

evolution.

The most striking feature that can be inferred from

our phylogenetic analysis, which is in accordance with

other previously published plant bHLH phylogenies (men-

tioned above), is the importance of gene duplication during

the evolution of this family as a whole. Recurring events of

single-gene duplications (“birth-and-death evolution”),

combined with domain shuffling seem to rule bHLH evolu-

tion and diversification (Morgenstern and Atchley, 1999;

Amoutzias et al., 2004; Nei and Rooney, 2005). Further-

more, whole genome duplication (WGD) events also seem

to have had an active effect (as seen in the outer clades in

Figure 2, on the left), and this seems to be even more in-

tense in the soybean genome. According to our results, the

subgroup in question encompasses almost three times more

members in soybean than in Arabidopsis or rice (Table 1),

with many of these grouping into new clades with no appar-

ent near orthologs in the other analyzed species (Figure 2,

in gray on the left side). Indeed, soybean suffered from two

WGD events with an impressive retention of homologous

blocks (Schmutz et al., 2010). Furthermore, specifically in

the case of transcription factors (and other genes working in

complex networks), duplications resulting from WGD

events are vastly overretained, simply because they may be

too costly to be removed, thus making functional redun-

dancy a common feature among transcription factors, espe-

cially in plant species. Once retained, homologous dupli-

cates might diverge in function or even subfunctionalize

(Freeling, 2009), thus providing a source of evolutionary

novelty in the form of new regulatory networks (Carre-

tero-Paulet et al., 2010).

With all that in mind, an integrated analysis of both

the expression profile (Figure 1) and the phylogeny (Figu-

re 2) presented herein provides a hint at the roles of sub-

group 25 bHLH soybean genes. By focusing on soybean-

near homologs shown in the tree (Figure 2 on left) we could

see that for most of the paralogs whose expression has been

detected, a divergent profile seems to prevail. An exception

would be the cases of Glyma03g31510 and

Glyma19g34360, which were both repressed during

drought stress, with a broadly negative response in the lat-

ter, as its mRNA levels were down-regulated in both the

susceptible and the tolerant cultivars analyzed. Moreover,

the transcripts from Glyma19g32570 were up-regulated

during ASR infection in the resistant genotype, whereas its

counterpart Glyma03g29710 exhibited opposite differen-

tial expression. The near paralogs Glyma05g01590 and

Glyma17g10290 also seem to be moving in different direc-

tions. Whereas the first seems to be up-regulated in re-

sponse to fungal stress, the latter seems to be broadly

down-regulated, in both susceptible and tolerant cultivars

submitted to drought, as well as in P. pachyrhizi’s infec-

tion. Furthermore, while Glyma15g33020 seems to be pos-

itively involved in soybean defense against ASR and dur-

ing drought stress in tolerant Embrapa-48 cultivar, its

nearest paralog (Glyma09g14380) was not differentially

expressed in any of the situations assessed, and their near

homolog Glyma17g08300 seems to be negatively involved

in drought stress responses, since it was down-regulated in

the same cultivar. Whether the examples mentioned above

reflect functional divergence or subfunctionalization

among duplicate homologs still requires further analysis.

Even though comparison of soybean genes with their

orthologs in other species (such as Arabidopsis) is a tenta-

tive approach, and as such needs to be performed carefully.

In this context it would be interesting to address the func-

tion of BEE orthologs in soybean, so as to determine whe-

ther they are similar to their Arabidopsis counterparts, and

whether they somehow connected to stress responses. In

this respect, special attention should be given to

Glyma05g35060, which clustered together with the

Arabidopsis BR-responsive genes, and whose transcripts

turned out to be up-regulated in Embrapa-48 tolerant culti-

var in response to drought.
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Figure 2 - Phylogenetic relationships among bHLH subgroup 25 members. The phylogenetic tree shown on the left comprises 89 plant bHLH protein se-

quences. The Bayesian analysis was conducted using Mr.Bayes v3.1.2, after alignment of full-length bHLH proteins from selected plant species by means

of ClustalW. The unrooted cladogram was edited using Fig Tree v1.3.1 software. Nodal support is given by posteriori probability values shown next to the

corresponding nodes. The scale bar indicates the estimated number of amino acid substitutions per site. The gray area denotes a specific soybean cluster.

Previously reported bHLH genes were identified according to their accession/locus numbers, the other genes were designated according to their locus ID

in Phytozome. A. thaliana (At); G. max (Glyma); O. sativa (LOC_Os) and P. patens (Pp). The graph on the right shows gene organization of full-length

coding sequences from 89 plant bHLHs. Intron-exon maps were drawn using Fancy Gene v1.4 software, according to sequence data available in

Phytozome.
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Identification and analysis of soybean trihelix-GT

encoding genes

The first isolated and described soybean GT-factor

was GmGT-2 (Glyma02g09060), which binds to an ele-

ment within the Aux28 promoter, and whose mRNA levels

were down-regulated by light in a phytochrome-dependent

manner (O’Grady et al., 2001). In a global approach using

massive EST analysis, Tian et al. (2004) identified 13 puta-

tive trihelix genes in the soybean genome. Two of these

[GmGT-2A (Glyma04g39400) and GmGT-2B

(Glyma10g30300)] were cloned and had their roles in abio-

tic stress tolerance described using transgenic Arabidopsis

plants (Xie et al., 2009). The current annotation analysis in-

dicates the occurrence of at least 63 GT-like genes in the

soybean genome. 56 of these had their expression con-

firmed in the NCBI databases (Table 2). Unfortunately,

since information available in Phytozome is not yet defini-

tive, full-length cDNAs were not obtained for most se-

quences, so only gene-models were considered for this

analysis. The 63 soybean trihelix-GT genes encode pro-

teins with lengths ranging from 201 to 885 amino acids,

distributed across most of the soybean chromosomes, ex-
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Table 2 - Annotation of soybean trihelix-GT encoding-genes.

Accession number in

Phytozome (gene)

Chromosome ORF (bp) Expression confirmed

by EST (GenBank

Accession)

Glyma01g29760 1 819 BW682708.1

Glyma01g35370 1 834 GR826253.1

Glyma02g09050 2 1653 FG988995.1

Glyma02g09060

(GmGT-2)

2 1896 AF372498.1

Glyma03g18750 3 765 DB957166.1

Glyma03g34730 3 1368 FK016354.1

Glyma03g07590 3 822 -

Glyma03g34960 3 1617 BE555145.1

Glyma03g40610 3 1626 -

Glyma04g37020 4 2217 CO982525.1

Glyma04g39400

(GmGT-2A)

4 1335 AI900211.1

Glyma06g15500 6 1494 BW678214.1

Glyma06g17980 6 2655 EH258249.1

Glyma07g04790 7 1107 CO981809.1

Glyma07g09690 7 1083 BM731493.1

Glyma07g18320 7 876 -

Glyma08g05630 8 942 AW351117.1

Glyma08g28880 8 981 CO979268.1

Glyma09g01670 9 918 FK019218.1

Glyma09g19750 9 1155 BE659959.1

Glyma09g32130 9 1014 GR829369.1

Glyma09g38050 9 969 AI460860.1

Glyma10g36980 10 1335 BU765094.1

Glyma10g07490 10 1494 GD961953.1

Glyma10g34520 10 1374 BE820805.1

Glyma10g36950 10 1350 BU549085.1

Glyma10g36960 10 2004 BW666798.1

Glyma10g07730 10 1785 FG992486.1

Glyma10g30300

(GmGT-2B)

10 1746 CA953306.1

Glyma10g34610 10 1017 -

Glyma10g44620 10 978 GR827102.1

Accession number in

Phytozome (gene)

Chromosome ORF (bp) Expression confirmed

by EST (GenBank

Accession)

Glyma11g25570 11 1026 CO979922.1

Glyma11g37390 11 1125 BI317190.1

Glyma12g33850 12 924 CD415252.1

Glyma13g21350 13 1410 CX708572.1

Glyma13g26550 13 957 BI702330.1

Glyma13g30280 13 939 DB955747.1

Glyma13g21370 13 1464 CO981764.1

Glyma13g36650 13 921 CA800657.1

Glyma13g41550 13 1221 GD834531.1

Glyma13g43650 13 1014 EV282528.1

Glyma15g03850 15 1233 BF068981.1

Glyma15g08890 15 603 BM085616.1

Glyma15g12590 15 696 -

Glyma15g01730 15 1113 GD914877.1

Glyma16g01370 16 1113 CA801229.1

Glyma16g14040 16 801 CO980073.1

Glyma16g28240 16 1785 FK012336.1

Glyma16g28250 16 1395 BQ296282.1

Glyma16g28270 16 1332 -

Glyma17g13780 17 2433 BQ273464.1

Glyma18g01360

(GmGT-1)

18 1131 BG406222.1

Glyma18g43190 18 879 -

Glyma18g51790 18 990 BQ786728.1

Glyma19g37410 19 1359 GR845650.1

Glyma19g37660 19 1641 BF066376.1

Glyma19g43280 19 1803 FK019637.1

Glyma20g30630 20 1338 BG726775.1

Glyma20g30640 20 1935 BW679178.1

Glyma20g30650 20 1893 EH261764.1

Glyma20g32940 20 1572 FG988154.1

Glyma20g36680 20 1773 BE607585.1

Glyma20g39410 20 960 BI699475.1
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cept for chromosomes 5 and 14. There is an average of 3.5

GT-factor-encoding genes per chromosome, with the high-

est number of 9 genes found in chromosome 10, whereas a

single member was detected in chromosomes 12 and 17, re-

spectively. Three genes (Glyma09g19750,

Glyma10g34610 and Glyma20g30630) with incorrect gene

model predictions were manually curated.

Mining the LGE gene expression superSAGE experi-

ments revealed that 11 soybean trihelix-GT genes were dif-

ferentially expressed in the abiotic/biotic conditions tested

(Figure 3). In accordance with our analyses, five trihelix-GT

genes were up-regulated under drought in the tolerant

cultivar (Embrapa-48), whereas only two genes were down-

regulated in this genotype. In the susceptible cultivar

(BR16), Glyma10g34520 had its transcript levels increased

in response to water deficit and the opposite situation oc-

curred with Glyma10g36950. When plants were infected

with P. pachyrhizi, only two genes displayed up-regulation

of mRNA levels in response to biotic stress whereas two oth-

ers seemed to be down-regulated. Interestingly, none of the

soybean trihelix-GT previously reported as responsive to

stress conditions and particularly to abiotic stress [GmGT-

2A (Glyma04g39400) and GmGT-2B (Glyma10g30300)]

were detected in the superSAGE experiments herein as-

sessed. Divergence in experimental parameters and geno-

types used might explain this unexpected result.

Transcript levels from Glyma01g35370 and

Glyma20g30640 increased when plants were infected with

ASR, while the opposite situation occurred with

Glyma16g28240 and Glyma17g13780 mRNA levels. A

rice GT-factor (OsRML1) was already reported to be

upregulated in response to Magnaporthe grisea (Wang et

al., 2004), which corroborates a connection between patho-

gen attack and trihelix-GT gene regulation. It is also possi-

ble that Glyma01g35370 may be involved in plant

responses to both abiotic and biotic stresses, since the gene

expression profile was modulated during water deficit and

P. pachyrhizi infection.

The superSAGE experiments suggested that, at least

in some cases, the same gene has variable transcript levels

in different cultivars and/or in response to different stresses

or agents. For example, when water deficit was imposed on

soybean plants, Glyma10g36950 was down-regulated in

the susceptible (BR16) and the tolerant (Embrapa-48) culti-

vars, whereas its transcript levels did not change in re-

sponse to ASR. In another case, Glyma09g38050 was up-

regulated in response to drought stress in Embrapa-48, but

no differences were detected in BR16. Furthermore,

Glyma13g26550 was down-regulated in response to

drought stress in the tolerant cultivar, whereas its expres-

sion in cultivar BR16 did not exhibit any alterations. In

these cases, in addition to differential gene regulation, there

may be other factors contributing to distinct regulatory

function, such as post-translational modifications or varia-

tion in dimerization partners (Zhou, 1999).

Stress-responsive soybean transcription factors 241

Figure 3 - Expression pattern of trihelix-GT encoding-genes under drought

stress and P. pachyrhizi infection. The expression data were obtained from

superSAGE experiments available at www.lge.ibi.unicamp.br/soja/.

Blocks indicate up-regulation (red), down-regulation (green), non-signi-

ficant differences (p > 0.05) but expression detected (blue), and expression

not detected (white). Contrasting expression might reflect detection of a

single gene by different tags. Drought stress was carried out in roots from

Embrapa-48 (tolerant cultivar) and BR 16 (susceptible cultivar). Soybean

leaves from PI561356 (resistant genotype) were infected with P.

pachyrhizi.
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Modifications in individual cis-regulatory elements

on trihelix-GT promoter regions of duplicated genes might

lead to the processes of transcriptional neofunctionalization

or subfunctionalization (Haberer et al., 2004), which may

explain gene induction or repression without any counter-

part response during the same stimuli. This seems to be the

case for Glyma03g07590 and its nearest paralog

Glyma01g29760, or for Glyma16g28240 and the phylo-

genetically related Glyma02g09050. Further studies focus-

ing on identifying cis-elements, as well as performing pro-

moter analyses to verify inducible expression patterns may

clarify the involvement of duplicated genes in stress-

related responses.

A previous study regarding the phylogenetic analysis

encompassing Arabidopsis and rice GT factors (Fang et al.,

2010) showed that this family could be classified into three

subfamilies (! , " and #), with unique composition of pre-

dicted motifs. Unfortunately, these results were not repro-

duced in our analysis, even when full-length protein se-

quences (Figure 4) or the trihelix domains alone were

aligned (data not shown). An exception occurred with sub-

family #, which had already been described as having low

sequence similarity with the other reported GT factors. The

introduction of soybean and M. truncatula sequences in the

phylogeny might have affected the expected distribution

within those subgroups. Besides, we also inserted into our

tree the soybean gene AAK69274 described by Fang et al.

(2010), which could neither be identified in the soybean ge-

nome nor detected in the expression database. According to

our analysis, this unexpected result seems to indicate the

242 Osorio et al.

Figure 4 - Bayesian phylogenetic tree of 137 plant trihelix-GT proteins. The Bayesian analysis was conducted using Mr.Bayes v3.1.2 software after

alignment of full-length trihelix-GT proteins from selected plant species using ClustalW. The unrooted cladogram was edited using Fig Tree ver. 1.3.1

software. Nodal support is given by posteriori probability values shown next to the corresponding nodes. The scale bar indicates the estimated number of

amino acid substitutions per site. The gray area denotes GT# subfamily described by Fang et al. (2010). Previously reported GT factors were identified ac-

cording to their accession/locus numbers, the other genes were designated according to their locus ID at Phytozome. A. thaliana (At); G. max (Glyma);

Medicago truncatula (Medtr) and O. sativa (LOC_Os).
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Figure 5 - Gene organization of phylogenetically related full-length coding sequences from Arabidopsis and soybean trihelix-GT transcription factors.

Intron-exon maps were drawn using Fancy Gene ver. 1.4 software.
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occurrence of an alternative splicing in Glyma19g37410 or

Glyma03g34730, both considered to be phylogenetically

closest to the unidentified gene locus.

Hence, when taking into account the full-length pro-

tein sequence, the GT-factor family might be divided into

two subgroups, in one of these subgroups a branch corre-

sponded to the already described subfamily ! (Figure 4, in

gray). Despite the fact that subfamilies " and # were not

distinguished, other probabilities supported our tree, espe-

cially when inner nodes were observed.

When gene organization among Arabidopsis and soy-

bean sequences was compared (Figure 5), the number of

introns ranged from zero (twenty three genes) up to 16

(At5g63420 and Glyma06g17980), and some phylogeneti-

cally close sequences showed the same gene structure. For

example, the Arabidopsis At3g10040 and its soybean

ortholog do not have intron, whereas At2g33550 and re-

lated members have two introns, with remarkable differ-

ences in intron size.

As observed for bHLH transcription factors, the soy-

bean GT factor family encompasses almost three times

more members than Arabidopsis or rice, a consequence of

the WGD events that took place during plant evolution. In

several cases, soybean paralogs clustered with one M.

truncatula gene, indicating that these paralogs probably de-

rived from a WGD event that occurred after the divergence

of the two legume species. Similarly, Schmutz et al. (2010)

refer to a Glycine-specific WGD event, estimated to have

occurred about 13 million years ago. However, the possi-

bility that extra M. truncatula orthologs might arise upon

the completion of its genome sequencing should not be dis-

carded.

Recently, the OsGT! subfamily was proposed to par-

ticipate in the regulation of stress tolerance in rice (Fang et

al., 2010). OsGT! -1 showed more specific expression pat-

tern than their counterparts OsGT!-2 and OsGT!-3, which

are supposedly redundant. None of them was responsive to

light, but their transcript levels increased in response to salt

and cold stresses, whereas OsGT!-1 was upregulated by

ABA and SA stimulus. It is possible that some soybean

members of this subfamily may act in response to stressor

agents, but more studies are required in order to understand

whether the pattern seen in rice GT! factors also occurs in

soybean and M. truncatula. Our analysis, so far, does not

indicate their involvement in an abiotic and/or biotic stress

response. Moreover, soybean genes previously reported as

involved in stress responses (Xie et al., 2009) together with

other genes herein identified are dispersed in different tree

branches, indicating that this family is in fact evolutionarily

diversified.

Conclusion

The present study identified new members of soybean

bHLH and trihelix-GT transcription factor families, some

of which seem to be involved in responses to environmental

stresses. It also emphasizes the role of duplication events in

the expansion and evolution of soybean transcription factor

families, indicating that exciting new layers of complexity

might exist in this species’ regulatory mechanisms, includ-

ing biotic and abiotic stress responses.
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Abstract

Soybean [Glycine max (L.) Merril], one of the most important crop species in the world, is very susceptible to abiotic

and biotic stress. Soybean plants have developed a variety of molecular mechanisms that help them survive stress-

ful conditions. Hybrid proline-rich proteins (HyPRPs) constitute a family of cell-wall proteins with a variable

N-terminal domain and conserved C-terminal domain that is phylogenetically related to non-specific lipid transfer

proteins. Members of the HyPRP family are involved in basic cellular processes and their expression and activity are

modulated by environmental factors. In this study, microarray analysis and real time RT-qPCR were used to identify

putative HyPRP genes in the soybean genome and to assess their expression in different plant tissues. Some of the

genes were also analyzed by time-course real time RT-qPCR in response to infection by Phakopsora pachyrhizi, the

causal agent of Asian soybean rust disease. Our findings indicate that the time of induction of a defense pathway is

crucial in triggering the soybean resistance response to P. pachyrhizi. This is the first study to identify the soybean

HyPRP group B family and to analyze disease-responsive GmHyPRP during infection by P. pachyrhizi.

Keywords: fungal disease, HyPRP genes, Glycine max, real time RT-qPCR.
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Introduction

Soybean [Glycine max (L.) Merril], one of the most

important and extensively cultivated crops in the world, is

widely used for human and animal consumption because of

the high protein and oil content of its seeds. Recently, soy-

bean oil has emerged as a source of renewable fuel and its

advantages over current food-based biofuels have been

demonstrated (Hill et al., 2006). However, unfavorable

field conditions may severely restrict the soybean yield,

with one of the major concerns among Brazilian soybean

producers being Asian soybean rust (ASR) disease. ASR, a

severe disease caused by the fungus Phakopsora

pachyrhizi, results in significant yield losses in soybean

production and is rapidly spreading around the world

(Pivonia et al., 2005; Carmona et al., 2005).

Understanding the mechanisms that regulate the ex-

pression of stress-related genes is a fundamental issue in

plant biology and is essential for the genetic improvement

of soybean. As part of a study aimed at improving the abil-

ity of soybean to survive unfavorable conditions, He et al.

(2002) analyzed the expression of a soybean gene encoding

a hybrid proline-rich protein (SbPRP). The distribution of

SbPRP mRNA was organ-specific and its expression was

modulated by ABA (abscisic acid), circadian rhythm, salt

and drought stress; there was also significant up-regulation

in response to viral infection and salicylic acid.

Hybrid proline-rich proteins (HyPRPs), a subset of

proline-rich proteins (PRPs), are poorly glycosylated cell

wall glycoproteins specific to seed plants. HyPRPs can be

classified into two groups (A and B) based on the specific

position of cysteine residues in the carboxy-terminal do-

main that is absent in other PRP sub-classes. More specifi-

cally, group A HyPRPs have 4-6 cysteine residues whereas

the group B carboxy-terminal domain has eight cysteines in

a conserved pattern. The latter group of HyPRPs usually

contains a signal peptide followed by a central proline-rich

domain (PRD) and a hydrophobic carboxy-terminal

non-repetitive domain with the eight conserved cysteine

motifs, known as the eight-cysteine motif domain (8CM)

(Josè-Estanyol and Puigdomènech 2000; Josè-Estanyol et

al., 2004; Battaglia et al., 2007).
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Although huge progress has been made in under-

standing the molecular mechanisms underlying HyPRP ac-

tion in several plants (Deutch and Winicov, 1995; Richards

and Gardner, 1995; Goodwin et al., 1996; Josè-Estanyol

and Puigdomènech, 1998; Wilkosz and Schläppi, 2000;

Bubier and Schläppi, 2004; Zhang and Schläppi, 2007;

Priyanka et al., 2010; Dvoráková et al., 2011; Huang et al.,

2011; Xu et al., 2011), the roles of the soybean HyPRP

gene family still remain largely unknown. The sequencing

and assembly of the soybean genome (Schmutz et al.,

2010) may provide new approaches for identifying pro-

tein-coding loci possibly involved in the ability of soybean

to survive stressful conditions.

In this report, we describe the identification and anno-

tation of the soybean group B HyPRP family and its expres-

sion in different tissues based on microarray analysis. A

subtractive library enriched for genes induced in response

to P. pachyrhizi was analyzed and genes closely related to

SbPRP were investigated in time-course real time RT-

qPCR experiments in response to ASR.

Material and Methods

Annotations

In order to identify all possible soybean group B

HyPRP sequences the conserved eight-cysteine motif

(8CM) carboxy-terminal domain of a previously reported

SbPRP (He et al., 2002) was aligned (TBLASTN software)

against the whole genome of Williams 82 soybean cultivar

that is deposited in the Soybase and The Soybean Breeders

Toolbox database. Homologous sequences with an e-value

< 1e-06 were re-aligned against the soybean genome to re-

cover the maximum number of related proteins. All posi-

tive matches were scanned for the 8CM carboxy-terminal

domain in the SMART database (with default threshold).

Sequences that shared the general organization of HyPRPs

were aligned by their carboxy-terminal domain in order to

evaluate the presence of the eight-cysteine motif; no gaps

were inserted in the conserved 8CM core. Sequences that

did not fit these criteria were excluded from the analysis.

Cluster analysis

Multiple sequence alignments of the 35 soybean

HyPRPs were done with the entire carboxy-terminal do-

main sequences (8CM) using the MUSCLE tool imple-

mented in MEGA v.5.0 (Tamura et al., 2011). Cluster

analysis was done using two independent approaches: the

neighbor-joining (NJ) method and the Bayesian method.

The NJ method was done using MEGA v.5.0. The molecu-

lar distances of the aligned sequences were calculated ac-

cording to the p-distance parameter, with gaps and missing

data treated as pairwise deletions. Branch points were

tested for significance by bootstrapping with 1000 replica-

tions. Bayesian analysis was done in MrBayes v.3.1.2

(Huelsenbeck and Ronquist, 2001; Ronquist and Huelsen-

beck, 2003) with the mixed amino acid substitution model

+ gamma + invariant sites. Default settings were main-

tained, with the exception of Nchains and Nswaps that were

set to eight and two, respectively. Two independent runs of

2,000,000 generations each with two Metropolis-coupled

Monte Carlo Markov chains (MCMCMC) were run in par-

allel, each one starting from a random tree. Markov chains

were sampled for every 100 generations and the first 25%

of the trees were discarded as burn-in. The remaining trees

were used to compute the majority rule consensus tree

(MrBayes command allcompat) and the posterior probabil-

ity of clades and branch lengths. The unrooted phylogenetic

tree was visualized and edited using the software FigTree

v.1.3.1.

Data mining

The expression profiles of the identified soybean

HyPRP sequences that responded to infection by ASR were

determined by analyzing a subtractive library. Leaves from

accession PI 561356 (a resistant soybean genotype) were

removed 12 to 192 h after P. pachyrhizi inoculation and

used to construct a cDNA library. This experiment was

done as part of the Genosoja project, a Brazilian soybean

genome consortium, and the results can be obtained from

the LGE database (http://www.lge.ibi.unicamp.br/soja/) by

members of the consortium.

The gene expression patterns in six tissues (root and

root tip, nodule, leaves, green pods, flower and apical

meristem) were determined by microarray analysis and the

results are available from Soybean Atlas hosted at the Uni-

versity of Missouri. Gene expression was confirmed based

on EST data obtained from NCBI.

Reverse transcription and real time RT-qPCR

Soybean total RNA was extracted from leaves, closed

flowers, open flowers, pods, seeds, stems and roots using

TRIzol reagent (Invitrogen) and then treated with DNAse I

(Promega), according to the manufacturer’s specifications.

The first-strand cDNA synthesis reaction was done using

approximately 2 !g of DNA-free RNA, M-MLV Reverse

Transcriptase systemTM (Invitrogen) and a 24-oligo dT an-

chored primer. Real time RT-qPCR was done in a StepOne

Real-time Cycler (Applied Biosystems). The PCR-cycling

conditions consisted of 5 min of initial denaturation at

94 °C, 40 cycles of 10 s denaturation at 94 °C, 15 s anneal-

ing at 60 °C and 15 s extension at 72 °C, with a final exten-

sion of 2 min at 40 °C. The reaction products were

identified by melting curve analysis done over the range of

55-99 °C at the end of each PCR run, with a stepwise tem-

perature increase of 0.1 °C every s. Each reaction mixture

(25 !L) contained 12.5 !L of diluted DNA template, 1 X

PCR buffer (Invitrogen), 2.4 mM MgCl2, 0.024 mM dNTP,

0.1 !M of each primer, 2.5 !L SYBR-Green (1:100,000;

Molecular Probes Inc.) and 0.3 U of Platinum Taq DNA

polymerase (Invitrogen). The first-strand cDNA-reaction
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product (1:100) was evaluated in relative expression analy-

ses. Technical quadruplicates were used in all real time

RT-qPCR experiments and the template was omitted from

negative controls. The same approach was applied to RNA

extracted from soybean leaves to measure HyPRP expres-

sion in response to ASR.

The PCR amplification reactions were done using

gene specific primers (Glyma06g07070: Forward CACCC

ACTCCAACTCCATCT, Reverse GGCTTCGGAGGAG

AAGGT; Glyma14g14220: Forward AAAAACTGTTCC

TGCTGGCTT, Reverse TAAGGCAAACACGTGTTTA

CCTAG; Glyma04g06970: Forward GTCCTCCTCCTTC

TCCTCCTT, Reverse GAGCGTCACAGGTACGTTCA;

Glyma17g11940: Forward GAAGGTTTGGCTGATTTG

GA, Reverse AATGAACCTAACATGATGGAAGC) and

the products obtained were sequenced. Sequencing was

done on an ABI PRISM 3100 Genetic Analyzer automatic

sequencer (Applied Biosystems) in the ACTGene Labora-

tory (Centro de Biotecnologia, UFRGS, RS, Brazil) using

forward and reverse primers, as described by the manufac-

turer. Primer pairs designed to amplify an F-box and

metalloprotease gene sequences were used as internal con-

trols to normalize the amount of cDNA template present in

each sample (Libault et al., 2008). Relative changes in gene

expression were described after comparative quantification

of the target and reference gene amplified products using

the 2-!!Ct method (Livak and Schmittgen, 2001). The rela-

tive expression levels in soybean plants under mock or fun-

gal infection were analyzed using Student’s t-test with

p < 0.05 indicating a significant difference (identified by an

asterisk in the figures).

Bioassay for the analysis of HyPRPs expression

during infection by ASR

The soybean plant reaction to ASR was evaluated by

inoculating a field population of P. pachyrhizi spores ini-

tially collected from Brazilian soybean fields and main-

tained on a susceptible cultivar under greenhouse

conditions until use. The experiment was done at Embrapa

Soja (Londrina, PR, Brazil). Briefly, soybean plants were

grown in a pot-based system and maintained in a green-

house at 28 " 1 °C on a 16/8 h light/dark cycle at a light in-

tensity of 22.5 #Em-2/s. The Embrapa-48 genotype was

used as susceptible host as it develops a tan lesion after in-

fection by ASR (van de Mortel et al., 2007), and the

PI561356 genotype was used as a resistant host in which

the resistance to soybean rust is mapped on linkage group G

(Abdelnoor R.V., personal communication). Uredospores

were harvested from infected leaves with sporulating

uredia and diluted in distilled water with 0.05% Tween-20

to a final concentration of 3 x 105 spores/mL. The spore sus-

pension was sprayed onto three plants per pot at the V2 to

V3 stage of growth. The V2 stage consists of a fully devel-

oped trifoliolate leaf at a node above the unifoliolate nodes

and V3 stage is characterized by three nodes on the main

stem, with fully developed leaves beginning with the uni-

foliolate nodes (Fehr and Caviness, 1977).

Spores were omitted in mock inoculations. After the

fungal or mock inoculations, water-misted bags were

placed over all plantlets for one day to aid the infection pro-

cess and to prevent the cross-contamination of mock-

infected plants. One trifoliolate leaf from each plant was

collected at 1, 12, 24, 48, 96 and 192 h after inoculation

(hai), frozen in liquid nitrogen and stored at -80 °C for RNA

extraction. Three biological replicates from each genotype

were analyzed for both treatments.

Results

Identification and microarray analysis of soybean

HyPRP encoding genes

Annotation analysis based on the TBLASTN search

of the 8CM carboxy-terminal domain of a previously re-

ported SbPRP against Williams 82 soybean cultivar coding

sequences in the Soybase and The Soybean Breeders Tool-

box database identified 35 GmHyPRP-encoding genes in

the soybean genome. The GmHyPRP genes were located in

ten chromosomes, with protein sequences ranging in size

from 120 to 385 amino acids. Chromosome 17 contained

the highest number of GmHyPRP genes (10 out of 35),

whereas only a single gene was detected in each of chromo-

somes 1, 4, 6 and 14. Figure 1 shows the relative locations

of the genes on their respective chromosomes and genes lo-

cated at loci close to each other are indicated as possible

tandem duplications. A standardized nomenclature based

on the gene order in the chromosomes was used for all

GmHyPRP genes identified in this work. This same ap-

proach has recently been used by other researchers to facili-

tate the description of their findings (Table 1).

The previously reported SbPRP gene corresponds to

the gene model Glyma14g14220 in the Williams 82 ge-

nome and, based on our criteria, was identified as

GmHyPRP16. Only two gene models, corresponding to

Glyma20g06290 (GmHyPRP33) and Glyma20g35080

(GmHyPRP35), were corrected manually and, based on the

genomic sequence, one of them (Glyma20g35080) showed

two possible open reading frames (ORFs), with or without

the presence of an intron. However, a gene model without

introns became more probable when all HyPRP cDNA se-

quence encoding proteins were analyzed, since none of the

corresponding genes contained introns in their genomic se-

quences. Among the annotated genes, 29 had correspond-

ing expressed sequence tags (ESTs) and 27 had their full

length proteins confirmed, indicating that they are unlikely

to be pseudogenes. Only for six genes were there no ESTs

in either of the databases analyzed.

All soybean HyPRPs had an N-terminal secretion sig-

nal, except for GmHyPRP34 in which the peptide signal

was replaced by a low complexity region. Since this protein

was more related to a HyPRP than to any other class of cell
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wall proteins (data not shown), in the present study the cor-

responding gene was considered to be a member of the soy-

bean HyPRP gene family. The sequences for GmHyPRP08,

GmHyPRP14, GmHyPRP15, GmHyPRP29, GmHyPRP23

and GmHyPRP33 belong to the conserved-type (C-type)

HyPRPs and those for GmHyPRP04 and GmHyPRP25

contain glycine-rich N-terminal domains. In the first group,

the 8CM cluster analysis formed a stable branch in the tree,

but this was not the case for the second group (Figure 2, left

side; Supplementary Material Figure S1).

Expression of the soybean GmHyPRP gene family

was initially analyzed in response to ASR disease by min-

ing a subtractive library in order to identify responsive

genes. Six genes were up-regulated during infection by P.

pachyrhizi (Figure 2, middle). GmHyPRP15 and

GmHyPRP29 coded for soybean C-type HyPRPs while the

other four genes (GmHyPRP02, GmHyPRP11,

GmHyPRP16 and GmHyPRP32) formed a stable branch in

which all members responded to the pathogen.

The expression profile of the 35 soybean genes identi-

fied as described above was assessed in six vegetative plant

organs: root and root tip, nodule, leaves, green pods, flower

and apical meristem (Figure 2, right side). Three genes

(GmHyPRP22, GmHyPRP34 and GmHyPRP35) were not
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Figure 1 - Representation of the locations for GmHyPRP genes on each soybean chromosome. The asterisks indicate possible tandem duplicated genes.

Gm indicates chromosome numbers.
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detected in any tissue. The other genes exhibited variable

expression patterns. For example, GmHyPRP06,

GmHyPRP08, GmHyPRP09, GmHyPRP20 and

GmHyPRP27 were expressed in specific organs with dif-

fering transcript levels. A low, ubiquitous expression was

observed for GmHyPRP30 while the opposite was true for

GmHyPRP15, GmHyPRP23 and GmHyPRP14 (C-type),

all of which exhibited a high, ubiquitous expression in all

218 Soybean HyPRP family and response to ASR disease

Table 1 - Annotation of soybean HyPRP-encoding genes. Gene nomenclature was based on chromosomal order1.

Accession number in

Phytozome (gene)

Proposed name Chromosome CDS/ORF (bp) Expression confirmed by EST

(GenBank accession number)

Full-length protein

confirmed by cDNA

Glyma01g17820 GmHyPRP01 1 387 BQ273195.1 +

Glyma04g06970 GmHyPRP02 4 534 EV274219.1 +

Glyma05g04380 GmHyPRP03 5 414 EV263905.1 +

Glyma05g04390 GmHyPRP04 5 519 AI496419.1 +

BF595475.1

Glyma05g04400 GmHyPRP05 5 411 EV278968.1 +

Glyma05g04430 GmHyPRP06 5 405 CA784637.1 +

Glyma05g04440 GmHyPRP07 5 411 EV271119.1 +

Glyma05g04450 GmHyPRP08 5 540 AW569247.1 -

Glyma05g04460 GmHyPRP09 5 381 - -

Glyma05g04490 GmHyPRP10 5 396 BG511695.1 +

Glyma06g07070 GmHyPRP11 6 666 BI945945.1 +

AW279308.1

Glyma09g01680 GmHyPRP12 9 387 FK021328.1 +

Glyma09g10340 GmHyPRP13 9 375 FK001188.1 +

Glyma13g11090 GmHyPRP14 13 1155 AW152930.1 +

GR835813.1

BG649969.1

Glyma13g22940 GmHyPRP15 13 684 EV278617.1 +

Glyma14g142202
GmHyPRP16 14 381 EV274235.1 +

Glyma15g12600 GmHyPRP17 15 384 AW278280.1 +

Glyma15g13740 GmHyPRP18 15 360 - -

Glyma15g13750 GmHyPRP19 15 360 AW277674.1 +

Glyma15g13760 GmHyPRP20 15 387 - -

Glyma15g13770 GmHyPRP21 15 390 AW156395.1 -

Glyma15g17570 GmHyPRP22 15 420 - -

Glyma17g11940 GmHyPRP23 17 573 EV280964.1 +

Glyma17g14840 GmHyPRP24 17 408 FK018257.1 +

Glyma17g14850 GmHyPRP25 17 513 FK014996.1 +

Glyma17g14860 GmHyPRP26 17 411 BQ453492.1 +

Glyma17g14880 GmHyPRP27 17 417 BU083296.1 +

Glyma17g14890 GmHyPRP28 17 414 BE347345.1 +

Glyma17g14900 GmHyPRP29 17 537 AW398015.1 +

Glyma17g14910 GmHyPRP30 17 396 EV268166.1 +

Glyma17g14930 GmHyPRP31 17 396 EV271098.1 +

Glyma17g32100 GmHyPRP32 17 381 BE347495.1 +

Glyma20g062903
GmHyPRP33 20 987 BM886103.1 +

BF070112.1

Glyma20g35070 GmHyPRP34 20 369 - -

Glyma20g350803 4
GmHyPRP35 20 408/360 - -

Soybean HyPRP-encoding gene annotation was based on Phytozome gene models. The expression data were obtained from the NCBI database.
1The same approach was recently used by Le et al. (2011).
2Previously reported as SbPRP (soybean proline-rich protein) by He et al. (2002).
3Indicates a correction in the Phytozome gene models.
4Based on the gene sequence Glyma20g35080 has two possible ORFs (with or without introns).
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organs examined. The genes in the branch responsive to in-

fection by P. pachyrhizi (GmHyPRP02, GmHyPRP11,

GmHyPRP16 and GmHyPRP32) were almost exclusively

highly expressed in leaves; GmHyPRP29 was not ex-

pressed in leaves whereas GmHyPRP15 had a more ubiqui-

tous expression.

To confirm the array results for GmHyPRP16 and its

paralogs, gene expression was measured by real time RT-

qPCR in different soybean tissues (Figure 3). The four

genes screened were detected in almost all tissues tested.

GmHyPRP11 had a tissue-specific expression pattern and

was not detected in flowers (either opened or closed).
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Figure 2 - Cluster analysis and expression patterns of soybean HyPRPs. Left - Bayesian cladogram of 35 soybean HyPRP proteins. The Bayesian analysis

was done using Mr. Bayes v.3.1.2, after alignment of the conserved C-terminal domains of HyPRPs using Muscle. The unrooted cladogram was edited us-

ing FigTree v.1.3.1. Nodal support is given by the posteriori probability values above the branches. Numbers below the branches denote bootstrap values

obtained for the same input data using neighbor-joining analysis in MEGA. The scale bar indicates the estimated number of amino acid substitutions per

site. The genes were designated according to their locus ID in Phytozome. C-type proteins are shown in blue, glycine-rich N-terminal domains in red and

genes responsive to ASR in bold. Middle - HyPRP expression [absence (-); presence (+)] in leaves from PI561356 (resistant genotype) infected with P.

pachyrhizi (12-192 h). The data were obtained from subtractive library experiments available at www.lge.ibi.unicamp.br/soja/. Right - Microarray analy-

sis of the expression profiles in root, root tip, nodule, leaves, green pods, flower and apical meristem of soybean plants. Data available at http://digbio.mis-

souri.edu/soybean_atlas/.
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Time-course of HyPRP gene response to infection

by P. pachyrhizi

Since GmHyPRP16 and its paralogs were respon-

sive in an ASR subtractive library and since all of them

were expressed in leaves, real time RT-qPCR was used to

analyze their transcript levels in soybean plants inocu-

lated with P. pachyrhizi. A time-course experiment was

used to examine the GmHyPRP02, GmHyPRP11,

GmHyPRP16 and GmHyPRP32 expression pattern in

leaves of the highly susceptible soybean genotype

Embrapa-48 and in the more disease-resistant genotype

PI561356 (Figure 4). In view of the difficulty in detect-

ing GmHyPRP11 cDNA, this gene was analyzed at only

two time points. Figure 4 shows that the susceptible soy-

bean host HyPRP transcripts were significantly

up-regulated at 24 h post-infection, with an additional in-

crease, especially in SbPRP GmHyPRP16, at 192 h

post-infection. In contrast, in the resistant soybean host,

the expression of HyPRP transcripts was already

strongly up-regulated 12 h after fungus inoculation and

in all cases anticipated the gene response to infection by

P. pachyrhizi. These plants exhibited less induction

when compared to a susceptible genotype, with higher

fold change occurring in GmHyPRP32 (192 h

post-infection). The response to ASR also involved the

expression of GmPR4 (Glyma19g43460) (data not

shown).
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Figure 3 - Expression profile of four soybean HyPRP-encoding genes in

different plant tissues as assessed by real time RT-qPCR. The level of ex-

pression is shown relative to that of Glyma06g07070 in pods. The columns

are the mean of three biological samples (pool of three plants each sam-

ple). Y bar indicates the standard error of the mean.

Figure 4 - Expression profile of four soybean HyPRP-encoding genes in response to infection by Phakopsora pachyrhizi in the highly susceptible geno-

type Embrapa-48 and in the resistant genotype PI561356. Expression was assessed by real time RT-qPCR and is shown relative to the levels of F-box and

metalloprotease. The columns are the mean of three biological samples (pool of three plants each sample). Y bar indicates the standard error of the mean.

Asterisk (*) indicates p < 0.05 compared to mock.
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Discussion

HyPRP organization and expression pattern

Soybean is a palaeotetraploid genome with two major

duplication events dated to about 44 and 15 million years

ago (Schlueter et al., 2004). Soybean was the first legume

species sequenced (Schmutz et al., 2010) and its genome

contains 950 megabases distributed in 20 chromosomes

and > 46,000 protein-coding genes. During evolution poly-

ploidy has had a deep effect on the soybean genome struc-

ture and organization and has contributed to the emergence

of duplicated gene blocks that have been retained and re-

main active (Schmutz et al., 2010). Previous studies indi-

cated that the genus Glycine has approximately twice as

many chromosomes as its relatives (Doyle et al., 2004).

Large scale analysis has shown that ~75% of soybean genes

are present in multiple copies. Diversification and gene

loss, as well as chromosomal rearrangements, have modi-

fied the genomic structure over time (Schmutz et al., 2010).

Zhu et al. (1994) estimated that 25% of duplicated genes

have been lost since the last polyploidization event. EST

analysis indicated that each soybean gene family consists

of on average 3.1 members, a smaller number than would

be expected if all copies from two duplication events were

retained and expressed (Nelson and Shoemaker, 2006).

However, the survival rates of duplicated gene classes vary,

with some being more prone to retention than others. Gene

families are retained and tend to grow if they have struc-

tural and/or functional features that allow diverse functions

or undergo rapid subfunctionalization (Adams and Wendel,

2005; Lan et al., 2009).

To gain insight into the evolutionary dynamics of the

soybean HyPRP family a phylogenetic analysis of their

corresponding amino acid sequences was done using the

entire carboxy-terminal domain (8CM) from Cucumis

sativus (cucumber), Glycine max, Medicago truncatula and

Prunus persica (peach) (Figure S2). Analysis of the 81

genes recovered from the databank revealed that soybean

had the highest number of members, indicating that ge-

nome duplication events probably contributed to a greater

number of genes than in the other species analyzed here.

We identified 35 soybean HyPRP-encoding genes

that are widely distributed among plant chromosomes (1, 4,

5, 6, 9, 13, 14, 15, 17 and 20) and are arranged in tandem on

chromosomes 5, 15, 17 and 20. This structural organization

is characteristic of several cell wall glycoprotein-encoding

genes in other species, such as Arabidopsis thaliana and

Oryza sativa (rice) (Jose-Estanyol et al., 2004; Sampedro et

al., 2005). HyPRP families with multiple copies have been

described in other species (Dvorakova et al., 2007) and the

large number of genes found in soybean agrees with the

number expected for cell wall glycoproteins in plants, e.g.,

expansin-like A protein, that has 26 members in A. thaliana

and 34 members in O. sativa (Sampedro et al., 2005).

Possibly the most striking feature of the 35 soybean

HyPRPs was the complete absence of introns in their ge-

netic structure. Jain et al. (2011) have demonstrated that

intronless genes constitute a significant portion of the rice

(19.9%) and Arabidopsis (21.7%) genomes and are associ-

ated with different cellular roles and gene ontology catego-

ries. Rapidly regulated genes may have lower intron

densities and is crucial for rapid gene regulation during

stress, cell proliferation, differentiation, or even during de-

velopment. In this context, introns can delay appropriate

regulatory responses, which may explain their absence

from these sequences (Jeffares et al., 2008). Since HyPRPs

are involved in a broad spectrum of plant responses to

abiotic, biotic and developmental processes it is not surpris-

ing that a rapid adjustment in gene expression could help to

overcome environmental challenges.

The N-terminal domain of known HyPRPs is highly

variable in size and amino acid composition, probably be-

cause its repetitive nature allows it to undergo rearrange-

ment (Fischer et al., 2002). In such cases, phylogenetic

analyses based on a single domain rather than the full-

length protein appear to be more reliable, despite the do-

mains small size and poor sequence conservation (Brink-

man and Leipe, 2001). As described here, the 8CM motif

was examined to establish a relationship between soybean

HyPRPs and their counterparts in other plants. This domain

is widely distributed in seed plants and is shared by

2S-albumins, lipid transfer proteins (LTP), HyGRPs (hy-

brid glycine-rich proteins), amylase and trypsin inhibitors,

and group B HyPRPs. The 8CM domain is involved in a va-

riety of functions such as seed storage, enzymatic protec-

tion and inhibition, lipid transfer and cell wall structure

(José-Estanyol et al., 2004). Since protein groups with dis-

tinct functions show high structural similarity with the

8CM domain it has been proposed that they share a com-

mon ancestral gene that accumulated modifications without

altering the basic protein organization and acquired new

functions over time (Henrissat et al., 1988). During plant

evolution, the first HyPRP was possibly derived from an

LTP that incorporated a proline-rich N-terminal domain by

gene fusion or by the introduction of a repetitive element

that became shorter and that was occasionally replaced by

the glycine-rich domain (Dvorakova et al., 2007). Evolu-

tionary history explains how sequences with N-terminal

domains rich in glycine (GmHyPRP04 and GmHyPRP25)

form a stable relationship with typical HyPRPs since un-

conventional N-terminal domains appear to occur in a re-

petitive and independent manner, indicating their poly-

phyletic origin (as shown by cluster analysis). Even a

sequence without a signal peptide (GmHyPRP34) proved

to be closer to HyPRPs than to other related proteins. This

has never been described before and could be an artifact

since the respective gene was not detected in the expression

database, i.e., it could be a pseudogene.
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C-type HyPRP proteins are a specific group of pro-

teins with an N-terminal that is unusual in length and has a

high content of hydrophobic residues. Soybean proteins

that share these characteristics form a stable branch, as

shown by cluster analysis. Even when the respective genes

were analyzed together with those of other species they re-

mained in the same branch (Figure S2). These proteins may

be less divergent because they are ubiquitously expressed

(Dvorakova et al., 2007), as was the case for GmHyPRP14,

GmHyPRP15, GmHyPRP23 and GmHyPRP33 in this

study. On the other hand, microarray experiments indicated

that HyPRP08 and HyPRP29 had a distinct expression pat-

tern. Interestingly, both of these proteins had the smallest

N-terminal domain among soybean C-type HyPRPs (data

not shown).

The overall gene expression in several soybean tis-

sues (Figure 2 - right side, and Figure 3) revealed that in

some cases duplicated members had overlapping speci-

ficities and similar activities. Other related paralogs di-

verged in their gene expression patterns. Modifications in

the cis-regulatory elements of promoter regions could lead

to transcriptional neofunctionalization or subfunctionali-

zation (Haberer et al., 2004), which in turn could explain

the similar or divergent responses in different plant tissues

or even in response to the same stressor stimulus, e.g.,

HyPRP genes that maintain promoter recognition sites re-

lated to plant defense (GT1GMSCAM4 and

WBOXATNPR1 identified upstream of the start of tran-

scription; data not shown) and that are responsive to infec-

tion by P. pachyrhizi. Further studies involving promoter

transformation to verify inducible expression patterns may

clarify the involvement of duplicated genes in stress-

related responses.

Response of soybean cultivars to infection by P.
pachyrhizi

Phakopsora pachyrhizi induces biphasic global gene

expression in response to ASR disease. The first peak of

gene expression occurs during early infection and is a

non-specific defense response similar to pathogen triggered

immunity (PTI). The second peak of gene expression coin-

cides with haustoria formation and effector secretion and is

consistent with the activation of RPP2- and RPP3-medi-

ated resistance (Mortel et al., 2007; Panthee et al., 2007;

Schneider et al., 2011).

Twelve hours after fungal infection, when the early

processes of apressorium formation and epidermal cell pen-

etration occurred, the tolerant soybean genotype

(PI561356) presented an up-regulation in HyPRP transcript

levels whereas in the susceptible cultivar (Embrapa-48) no

similar change was detected. The Embrapa-48 response

occurred only 24 h after pathogen inoculation. Since the

soybean HyPRP-encoding genes analyzed showed an ex-

pression peak in the first hours after fungal infection, we

postulate that they might be involved in a non-specific de-

fense response. The intense but late HyPRP expression in

Embrapa-48 cultivar could be a decisive factor involved in

plant susceptibility to pathogen attack since experiments

based on global expression analysis suggest that the timing

and the degree of induction of a defense pathway are piv-

otal in inducing the soybean resistance response to P.

pachyrhizi (Mortel et al., 2007; Choi et al., 2008; Goellner

et al., 2010; Schneider et al., 2011). A delayed attempt to

block fungal invasion may not be as effective in stopping

the infection as a less intense but early gene upregulation,

such as observed in the resistant PI561356 genotype. Gene

expression is reportedly faster and of greater magnitude in

the incompatible interaction (Mortel et al., 2007; Panthee et

al., 2007; Schneider et al., 2011).

Some cell wall proteins, e.g., extensins and proline-

rich proteins (PRP), can respond promptly to pathogens,

probably by enhancing physical barriers (Showalter, 1993;

Schnabelrauch et al., 1996). The extensins are hydroxy-

proline-rich glycoproteins (HRGPs) involved in cell wall

self-organization during stress (Cannon et al., 2008) and it

seems reasonable to suggest that GmHyPRPs may have an

equivalent function through modification of the cell wall

structure during ASR infection. HyPRPs were recently

shown to be associated with cell-wall extension processes

(Dvoráková et al., 2011). A subcellular localization experi-

ment also indicated that at least HyPRP16 was secreted into

the cell wall (Figure S3) where it possibly contributed to a

defense mechanism against pathogen attack, perhaps by

providing more than just a mechanical barrier.

Soria-Guerra et al. (2010) reported that HRGP tran-

script levels were upregulated in susceptible and resistant

genotypes of Glycine tomentella during infection by P.

pachyrhizi. Microarray experiments have demonstrated

that several cell wall genes among those that encode for

PRPs and HRGPs were upregulated in response to nema-

tode invasion of the soybean root system (Khan et al.,

2004). Even a role as one component in the defense signal-

ing cascade cannot be ruled out since A. thaliana AZI1 (a

HyPRP) has been shown to be involved in plant defense to

ASR (Jung et al., 2009).

This work is the first to identify the soybean HyPRP

group B family and to analyze disease-responsive

GmHyPRP during infection by P. pachyrhizi. Our results

indicate that the time of induction of a defense pathway is

crucial to triggering the soybean resistance response to P.

pachyrhizi, the causal agent of ASR. Future studies will im-

prove our understanding of the relationship between the

proteins described here and their role(s) in adaptation to bi-

otic stress. Such information will provide a valuable ge-

netic resource for engineering tolerance in soybean crops.
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