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...la Madre del Maíz cambió su forma de paloma y adoptó la humana; le presento al 
muchacho sus cinco hijas, que simbolizan los cinco colores sagrados del maíz: blanco, 
rojo, amarillo, moteado y azul. Como el joven tenía hambre, la Madre del Maíz le dio 

una olla llena de tortillas y una jícara llena de atole; él no creía que eso pudiera 
saciar su hambre, pero las tortillas y el atole se renovaban mágicamente, de manera 
que no podía acabárselos. La Madre del Maíz le pidió que escogiera a una de sus hijas 

y él tomó a la Muchacha del Maíz Azul, la más bella y sagrada de todas... 
 
 
 

 
 

 
Lenda huichol que fala sobre a seleção 
antropogênica realizada por esta nação 
indígena pré-colombiana com o milho. 
 

(Furst, Peter T. y Nahmad, Salomón. Mitos y 
arte huicholes. México, Secretaría de 
Educación Pública (Col. Septentas, 50), 
1972). 

 

 iv



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

"Não haverá parto se a semente não for plantada, muito 
tempo antes...  Não haverá borboletas se a vida não 

passar por longas e silenciosas metamorfoses..."  
 

Rubem Alves
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RESUMO 

  

 O seqüenciamento de ESTs (etiquetas de seqüências expressas) e a sua 

organização em bancos de dados constituem poderosas ferramentas para identificar 

genes de interesse expressos em determinados tecidos e/ou tipos celulares. Neste 

trabalho criou-se um banco de seqüências expressas chamado MAIZESTdb, que contém 

ESTs de diversos tecidos de milho, porém enriquecido com seqüências provenientes do 

endosperma de milho em desenvolvimento. O MAIZESTdb contém 227.431 ESTs vindos 

de mais de 30 órgãos e tecidos de milho diferentes, 30.531 seqüenciados em nosso 

laboratório a partir de bibliotecas construídas com RNA mensageiro de endosperma. 

Estas seqüências representam uma grande contribuição na identificação de novos 

genes expressos no endosperma. A análise deste banco de ESTs possibilitou a 

identificação de 4.032 transcritos preferencialmente expressos no endosperma, e a 

sua anotação revelou uma ampla variedade de prováveis genes novos envolvidos no 

desenvolvimento e no metabolismo do endosperma.  

 O banco MAIZESTdb foi utilizado neste trabalho para a identificação de fatores 

de transcrição (TFs) expressos no endosperma de milho, e, especialmente, na 

identificação de fatores preferencialmente expressos no endosperma, que podem 

desempenhar papéis regulatórios importantes durante a formação da semente. Foram 

identificados 1.233 TFs expressos em milho, 414 dos quais expressos no endosperma 

em desenvolvimento. Foram identificados ainda, através de análises in silico, 113 TFs 

preferencialmente expressos no endosperma, conjunto este que representa 9.2% dos 

TFs expressos identificados em milho, e que possivelmente contém reguladores 

importantes dos processos de especificação celular e desenvolvimento do endosperma 

de milho. Esta é a maior coleção de fatores de transcrição já descrita para este 

tecido, e representa uma fonte de dados importante para identificação de 

reguladores dos principais processos relacionados ao desenvolvimento do endosperma, 

como metabolismo de nitrogênio e carboidratos e controle da massa da semente.  

 xii



 Uma das famílias mais representadas entre os TFs preferencialmente expressos 

no endosperma foi a família NAC de fatores de transcrição. Esta família apresentou 12 

membros preferencialmente expressos no endosperma de milho. Um novo membro da 

família NAC, chamado de EPN-1 (Endosperm Specific NAM 1), teve seu perfil de 

expressão caracterizado. Sua expressão pode ser detectada desde os 5 DAPs, embora 

o pico de expressão ocorra entre 20 e 25 DAP, e ele apresenta expressão preferencial 

no endosperma. O promotor do gene EPN-1 foi clonado, seqüenciado e analisado 

quanto aos seus possíveis elementos CIS regulatórios; foram encontrados elementos 

conservados relacionados à endosperma-especificidade, elementos relacionados à 

regulação por ácido abscísico e giberelinas, e elementos conservados presentes nos 

promotores de α-amilases, indicando uma possível relação deste gene com o processo 

de transição entre a maturação e a germinação da semente. Ensaios de expressão 

transitória com o promotor do gene EPN-1 revelaram que sua expressão está dirigida à 

camada de aleurona do endosperma de milho, o que constitui mais uma evidência de 

sua possível função na regulação de genes relacionados aos processos de maturação e 

germinação da semente. 
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ABSTRACT 

 

 The sequencing of ESTs (expressed sequence tags) and its organization in 

databases constitute powerful tools to identify genes of interest in certain tissues 

and/or cell types. In this work we have created MAIZESTdb, a database of ESTs 

expressed in diverse maize tissues. The importance of this database, however, is that 

it is enriched with sequences from developing maize endosperm. The MAIZESTdb 

contains 227,431 ESTs coming from more than 30 different maize tissues and organs, 

30,531 of which sequenced from endosperm cDNA libraries constructed in our 

laboratory.  These sequences represent a great contribution for the identification of 

novel genes expressed in endosperm. The analysis of this ESTs database led to the 

identification of 4,032 transcripts preferentially expressed in the endosperm, and its 

annotation revealed a great variety of new genes involved in endosperm metabolism 

and development. 

 The MAIZESTdb was then used to identify transcription factors (TFs) expressed 

in maize endosperm, and, mainly, in the identification of TFs preferentially expressed 

in the endosperm. We identified 1,233 TFs expressed in diverse maize tissues, 414 of 

which expressed in developing endosperm.  We also identified, through in silico 

comparison of transcript abundance and library source, 113 TFs with preferential 

expression in endosperm, representing 9,2% of the TFs identified in this work. This 

dataset probably contains important regulators of cellular specification of the 

endosperm development. This is the biggest TFs collection reported for this tissue, 

and represents an important source of data for identification of regulators for main 

processes related to the endosperm development such as nitrogen and carbohydrate 

metabolism and control of seed mass. 

 One of the most represented families among the TFs preferentially expressed 

in endosperm was the NAC family of transcription factors. This family presented 12 

members with preferential expression in the endosperm. A new member of the NAC 

family, called EPN-1 (Endosperm Specific NAM 1), was characterized. Its expression 

 xiv



can be detected preferentially in the endosperm, beginning early at 5 DAPs, and the 

peak of expression occurs between 20 and 25 DAP. The EPN-1 promoter was cloned 

and sequenced, and its sequence was screened for putative CIS-acting regulatory 

elements. Conserved elements related to endosperm-specific expression were found, 

as well as elements related to abscisic acid and gibberellins regulation and conserved 

elements found in the promoters of alpha-amylases, indicating that this gene may 

have a regulatory role during the transition from the seed maturation to the seed 

germination process. Transient expression assays were conducted using the EPN-1 

promoter driving a reporter gene and its expression was directed to the aleurone 

layer of the endosperm, what constitutes an additional evidence of its possible role in 

the regulation of genes related to the maturation and germination processes. 
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INTRODUÇÃO GERAL 

 

1. Os Cereais 

 

Entre as plantas cultivadas, os cereais merecem grande destaque em relação à 

área plantada, produção e contribuição para alimentação animal e humana. No ano de 

2005, mais de 681 milhões de hectares foram cultivados com cereais em todo o mundo, 

produzindo pouco mais de 2,2 bilhões de toneladas de grãos. Três espécies contribuíram 

com 89% deste total: arroz (614 milhões de toneladas), trigo (626 milhões de toneladas) 

e milho (692 milhões de toneladas) (FAO, 2006; Tabela 1). O grande sucesso no cultivo de 

cereais deve-se, principalmente, à sua alta produtividade, facilidade de colheita e à 

capacidade dos cultivares em adaptarem-se a diferentes condições ambientais (Lazzeri 

and Shewry, 1993). 

O principal produto resultante do cultivo de cereais é o grão, apesar de caules e 

folhas serem bastante utilizados para silagem. Em termos botânicos, o grão é uma 

cariopse, tipo de fruto em que a parede da semente (testa) encontra-se fundida com a 

parede do fruto (pericarpo) (Lazzeri e Shewry, 1993). Pesquisas recentes têm mostrado 

que proteínas vegetais representam 65% da quantidade total de proteínas ingeridas em 

todo o mundo, e que 47% destas são proteínas de grãos de cereais (Millward, 1999). 

 

Tabela 1. Produção e área cultivada com cereais no mundo 

Espécie 
Produção 

(milhões de toneladas) 
Área 

(milhões de hectares) 

Milho 692,0 147,0 
Trigo 626,5 216,2 
Arroz 614,7 153,5 

Cevada 138,3 56,5 
Sorgo 56,9 42,7 

Milheto 27,3 35,9 
Aveia 24,6 11,8 

Centeio 15,0 6,6 
Triticale 13,5 3,5 

Fonte: FAOSTAT Database, 2006. 
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2. Milho: origem, genética e importância econômica 

 

O milho (Zea mays L.) é uma gramínea de origem centro e sul-americana, 

pertencente à família Poaceae e à tribo Andropogoneae, que engloba também o sorgo, o 

Trypsacum e o Coix (Claynton, 1973; 1983). O milho é uma das plantas cultivadas mais 

importantes atualmente, e a espécie mais produzida nos países em desenvolvimento. 

Seu cultivo pode ser feito na amplitude latitudinal de 50ºN a 50ºS - o que compreende 

climas tropicais, subtropicais e temperados - e do nível do mar a altitudes superiores a 

3000 metros. Devido à sua alta adaptabilidade a diversos ambientes, o milho é o cereal 

mais cultivado em termos de número de países (cerca de 70). Apenas no ano de 2005 

foram produzidas aproximadamente 692 milhões de toneladas de milho em cerca de 147 

milhões de hectares. Os Estados Unidos respondem por pouco mais de 41% dessa 

produção, e os cinco maiores produtores concentram cerca de 71%. O Brasil ocupa a 

terceira posição no ranking mundial, produzindo 34,8 milhões de toneladas em cerca de 

11,4 milhões de hectares. 

Além de ser uma das culturas de maior importância econômica no mundo, o milho 

merece destaque como planta modelo para pesquisa básica em Genética e Bioquímica, 

sendo o sistema genético mais estudado entre as monocotiledôneas, devido à ampla 

disponibilidade de mutantes e à facilidade de efetuar-se cruzamentos controlados 

(Chasan, 1994; MGDb - www.maizegdb.org). 

O genoma do milho está organizado em 10 cromossomos (n=10, 2n=20) que 

contém cerca de 2,5 bilhões de pares de bases, tamanho comparável ao do genoma 

humano (~3,2 bilhões de pares de bases).  Uma porção significativa deste genoma 

compreende regiões repetitivas (Hake and Walbot, 1980), a maioria delas contendo 

retroelementos, fragmentos móveis de DNA que se transpõe no genoma através de 

intermediários de RNA utilizando transcriptases reversas (Bennetzen, 2000). 

 A família das Gramíneas é formada por cerca de 10.000 espécies, muitas delas 

com grande importância econômica. O conteúdo haplóide dos genomas é bastante 

variável entre as espécies, indo desde 0,45 picogramas em arroz até 11,7 picogramas em 

aveia, e elas apresentam diferentes número de cromossomos (Arumanagathan and Earle, 

1991). A construção de mapas genéticos comparativos de várias espécies de gramíneas, 

tais como milho, trigo e arroz, tem facilitado o conhecimento e a localização de genes 
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nos genomas deste grupo (Gale and Devos, 1998). Recentes pesquisas têm revelado que 

os genomas de gramíneas possuem um alto grau de similaridade, não somente em 

relação aos genes, mas também em relação aos grupos de ligação nos cromossomos 

(Cook, 1998).  A descoberta da colinearidade dos genes nos cereais, os quais possuem 

uma estreita relação evolutiva, tem permitido uma nova perspectiva no estudo de como 

os genes e as informações geradas podem ser usados sinergisticamente para o 

melhoramento de todas as espécies de gramíneas (Bennetzen et al., 1998). Isso 

representa uma oportunidade para entender como a evolução favoreceu a formação de 

novos padrões morfológicos e vias metabólicas partindo de um mesmo conjunto inicial 

de material genético. Uma ampla variedade de espécies de gramíneas tem sido estudada 

com o intuito de identificar alelos úteis para a engenharia genética e melhoramento da 

produção de grãos. 

 

3. O endosperma da semente de milho 

A semente do milho é composta basicamente de duas partes: o endosperma e o 

embrião (Figura 1). Pesquisas recentes têm mostrado que o sucesso na formação da 

semente depende da interação entre seus dois principais componentes, e que a presença 

de um endosperma intacto é de extrema importância para o desenvolvimento apropriado 

do embrião (Consonni et al., 2005).  
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Figura 1. Principais tipos celulares e estágios do desenvolvimento do 
endosperma de milho (adaptado do original de Matt Evans – 
www.ciwdpb.stanford.edu/research/research_evans.php) 
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O endosperma constitui cerca de 80% do peso da semente. Sua função é distinta 

entre sementes de monocotiledôneas e dicotiledôneas. No primeiro grupo, o endosperma 

possui função de armazenamento de nutrientes a serem utilizados pelo embrião durante 

a germinação e no início do crescimento da plântula. Na maioria das dicotiledôneas, ao 

contrário, o endosperma assiste à embriogênese nutrindo o embrião apenas nos estágios 

iniciais, sendo completamente assimilado durante esta fase. Os cotilédones, folhas 

formadas durante a embriogênese, assumem a função de tecido de reserva de nutrientes 

a serem utilizados durante o processo de germinação (Lopes e Larkins, 1993). 

Endosperma e embrião são produzidos por meio de um processo de dupla 

fertilização único em plantas superiores, no qual um núcleo espermático se funde com a 

célula-ovo do megagametófito, originando o zigoto diplóide que dará origem ao embrião, 

e outro núcleo espermático se funde com a célula central binucleada, dando origem ao 

endosperma triplóide (revisado por Russell, 1992 e Olsen, 2004). Logo após a 

fertilização, as células centrais começam a se dividir em ciclos repetitivos de mitose, 

sem a formação de parede celular ou citocinese, formando o endosperma coenócito 

(Figura 1). Então é iniciado o processo de celularização, e até o quarto dia após a 

polinização (DAP) o tecido deixa de ser uma única célula multinucleada e assume uma 

morfologia multicelular uninucleada. Entre 4 DAP e 15 DAP ocorre um rápido 

crescimento do endosperma, devido tanto à expansão quanto à divisão celular. Aos 12 

DAP o endosperma preenche a região central da semente. As divisões celulares cessam 

nesta região, e os núcleos iniciam um processo de endoreduplicação (duplicação 

cromossômica sem mitose) que eleva substancialmente o conteúdo de DNA. No milho, 

entre 10 a 20 DAP, o conteúdo de DNA aumenta de 3 vezes o conteúdo do genoma 

haplóide para até 600 vezes. Acredita-se que o papel da endoreduplicação seja 

possibilitar altos níveis de expressão gênica em um tecido que demanda uma intensa 

atividade gênica e onde existem grandes limitações, tanto em termos de espaço quanto 

de tempo. Leiva-Neto et al. (2004) propõem ainda que a endoreduplicação funcione 

como um acúmulo de nucleotídeos para serem usados durante a embriogênese e/ou a 

germinação. 

Entre 8 e 12 DAP se inicia o acúmulo de grandes quantidades de amido e de 

proteínas de reserva no endosperma amiláceo, e aos 16 DAP inicia-se o processo de 

maturação, preparando as sementes para dissecação e dormência. Aos 23 DAP o processo 
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de dissecação já se iniciou, e por volta de 25-30 DAP a quantidade relativa de água no 

endosperma começa a diminuir, sinal que mantém o desenvolvimento germinativo 

reprimido (revisado em Olsen, 2001, Lopes e Larkins, 1993 e Olsen, 2004).  

O endosperma completamente desenvolvido é formado por 4 tipos celulares 

principais: o endosperma amiláceo, a camada basal de transferência (BETL, de basal 

endosperm transfer layer), a aleurona, composta por uma única camada de células, e a 

região que permeia o embrião (ESR, de embryo surrounding region) (Olsen, 2001; Figura 

1).  

O endosperma amiláceo representa a maior parte da massa da semente. As células 

da região central do endosperma acumulam uma grande quantidade de amido, enquanto 

as regiões periféricas são mais ricas em proteínas de reserva. A aleurona é a camada 

celular mais externa do endosperma, e é conservada durante os processos de maturação 

e dissecação da semente. As células da aleurona são morfológica e funcionalmente 

distintas dos outros tipos celulares do endosperma. Quando as sementes começam a 

germinar, estas células, estimuladas por giberelinas produzidas pelo embrião, iniciam a 

produção de enzimas hidrolíticas. Estas enzimas catalisam a degradação de paredes 

celulares e macromoléculas de reserva (amido, proteínas e DNA) acumulados durante o 

desenvolvimento no endosperma amiláceo. Na região chalazal da semente, próximo ao 

pedicelo, a camada de aleurona é substituída pela camada basal de transferência 

(BETL), que faz a interface entre o tecido esporofítico e a semente, mediando a entrada 

de nutrientes maternos (Thompson et al., 2001; Offler et al., 2003). A região que 

permeia o embrião (ESR) corresponde a uma pequena área localizada no pólo micropilar, 

circundando a porção basal do embrião. É caracterizada por células pequenas com 

citoplasma denso que podem desempenhar funções na nutrição do embrião e/ou na 

formação de uma barreira física entre o embrião e o endosperma durante o 

desenvolvimento da semente (Opsahl-Ferstad et al., 1997). 

 

4. Fatores reguladores da transcrição 

A eficiência dos mecanismos moleculares e bioquímicos que controlam fenômenos 

biológicos tais como diferenciação, controle celular, desenvolvimento e resposta a 

estímulos ambientais está estritamente relacionada com a fina regulação da expressão 

gênica. Esta regulação assegura que uma determinada proteína seja produzida em sua 
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exata quantidade, no exato momento e no local apropriado para que sua função 

biológica no desenvolvimento do organismo seja cumprida (Näär et al, 2001). 

 

Em células eucarióticas, a indução da expressão gênica e da atividade de 

proteínas biologicamente ativas pode ser regulada em diversos níveis  (Meshi and 

Iwabuchi, 1995; Beckett, 2001; Warren, 2002; Wray et al., 2003): 

1. Estrutura da cromatina - a estrutura física do DNA compactado e a presença de 

histonas e de ilhas de metilação podem afetar a habilidade das proteínas regulatórias 

(conhecidas como fatores de transcrição) e da RNA polimerase de acessar genes 

específicos e iniciar a sua transcrição; 

2. Iniciação da transcrição - este é o principal ponto de regulação da expressão 

gênica, que pode ser afetada pela ligação de diferentes reguladores (ativadores ou 

repressores) ao promotor do gene e das interações entre eles e o complexo basal de 

transcrição; 

3. Processamento e modificação pós transcricionais - RNAs mensageiros 

eucarióticos devem ser poliadenilados, e os íntrons devem ser removidos com precisão; 

neste ponto podem ocorrer splicings alternativos, que darão origem a diferentes 

proteínas a partir de um mesmo gene; 

4. Transporte do mRNA -  o mRNA processado deve sair do núcleo e chegar ao 

citoplasma, onde será traduzido; 

5. Estabilidade do transcrito - Ao contrário dos mRNAs procarióticos, que 

possuem uma meia-vida de 1 a 5 minutos, a estabilidade dos mRNAs eucarióticos pode 

variar bastante. Alguns transcritos instáveis apresentam sinais para rápida degradação 

(geralmente na porção 3' não traduzida); 

6. Iniciação da tradução - Muitos mRNAs têm múltiplos códons de iniciação (ATG), 

e a habilidade dos ribossomos em reconhecer o sítio correto pode afetar a produção da 

proteína; 

7. Modificações pós-traducionais - Entre as mais comuns estão a glicosilação, a 

acetilação, a fosforilação e a formação de pontes dissulfeto; 

8. Transporte da proteína - Para que possam tornar-se biologicamente ativas após 

a tradução, as proteínas devem ser transportadas para o seu sítio de ação; 
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9. Controle da estabilidade da proteína - Muitas proteínas são rapidamente 

degradadas, enquanto outras permanecem estáveis, fato relacionado a seqüências 

específicas de aminoácidos que levam à rápida degradação. 

Exemplos de regulação em cada um desses passos são conhecidos, embora para  a 

maioria dos genes o principal nível de regulação ocorra durante a transcrição do DNA em 

mRNA através da atuação de proteínas regulatórias, os fatores de transcrição. Fatores de 

transcrição são proteínas que se ligam a regiões específicas nos promotores dos genes e 

controlam a produção do RNA mensageiro. Eles podem ser divididos em 2 tipos: (1) 

Fatores basais, necessários para a formação do complexo de pré-iniciação da 

transcrição, presentes em todas as células e ativos nas mais diversas condições e (2) 

Fatores de transcrição sítio-específicos, presentes apenas nos tipos celulares onde atuam 

e/ou em determinado momento do ciclo de vida do organismo. Fatores  sítio-específicos 

reconhecem e se ligam a seqüências específicas localizadas nos promotores dos genes 

(elementos CIS), e, associados a outros componentes da maquinaria de transcrição, 

como fatores basais, cofatores, remodeladores de cromatina e a própria RNA polimerase 

II, ativam ou reprimem a síntese do mRNA (Figura 2; Kuhlemeier, 1992; Kornberg, 1999; 

Lee e Young, 2000). 
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Figura 2. Esquema do complexo de iniciação da transcrição, contendo o complexo basal 
associado à RNA polimerase, os ativadores e os repressores ligados ao promotor do gene 
a ser transcrito (adaptado de GeneNetWorksTM).  
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Com base nas similaridades entre seqüências de aminoácidos e entre as estruturas 

dos domínios de ligação ao DNA e de multimerização, os fatores de regulação da 

transcrição podem ser classificados em famílias, caracterizadas por motivos conservados, 

entre as quais podemos citar: 

 

4.1. Família bZIP (basic-region leucine zipper) 

É caracterizada por dois subdomínios: uma região básica e um zíper de leucinas. A 

região básica é composta por cerca de 30 aminoácidos básicos, que formam uma 

estrutura em forma de hélice para interagir com o DNA-alvo. O zíper de leucinas é 

constituído por repetições de resíduos de leucina a cada sete aminoácidos, numa 

extensão de 20 a 40 resíduos, com um número de repetições de leucina variando entre 

três e nove. Esta região é responsável pela dimerização com outras proteínas (Meshi e 

Iwabuchi, 1995; Landschultz et al., 1998; Pabo e Sauer, 1992; Hurst, 1995).  

Análises genéticas, moleculares e bioquímicas indicam que os fatores bZIP são 

reguladores importantes de processos específicos de angiospermas como o 

desenvolvimento de órgãos (Walsh et al., 1997; Chuang et al., 1999); elongação celular 

(Yin et al., 1997; Fukasawa et al., 2000); controle do balanço nitrogênio/carbono (Ciceri 

et al., 1999); mecanismos de defesa (Niggeweg et al., 2000; Zhang et al., 1999; Despres 

et al., 2000; Pontier et al., 2001); vias de sinalização de hormônios e da sacarose (Choi 

et al., 2000; Uno et al., 2000; Niggeweg et al., 2000); resposta à luz (Osterlund et al., 

2000; Ulm, et al., 2004); e controle osmótico (Satoh et al., 2004). 

O gene Opaco-2 (O2) codifica um fator de transcrição desta família bastante 

estudado.  Desde a descoberta do mutante opaco-2 (o2) de milho rico em lisina (Mertz et 

al.,1964), muitos pesquisadores têm trabalhado com o intuito de desvendar os 

mecanismos moleculares e bioquímicos que levam ao aumento do conteúdo de lisina no 

endosperma da semente. Estudos realizados nos últimos 30 anos revelaram que sementes 

homozigotas o2o2 apresentam uma redução de aproximadamente 70% no conteúdo de 

zeínas, proteínas de reserva de milho, devido principalmente a uma drástica redução das 

α-zeínas de 22 kDa,  e que o conteúdo de outras proteínas e enzimas relacionadas ao 

metabolismo de açúcar e nitrogênio no endosperma está alterado nestas sementes 

(Giroux et al., 1994; Gallusci et al., 1996; Vettore et al., 1998; Kemper et al., 1999). A 

clonagem do gene O2 revelou que ele codifica uma proteína pertencente à classe dos 
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fatores de transcrição do tipo bZIP (Schmidt et al., 1987; Motto et al., 1988). Mais tarde, 

foi demonstrado que a proteína O2 controla a transcrição das α-zeínas de 22 kDa e do 

gene da albumina b-32 de milho através do reconhecimento de uma seqüência específica 

em seus promotores (Lohmer et al., 1991; Schmidt et al., 1992). Em seguida, foi 

descoberto que, além do gene de α-prolaminas, a proteína O2 também controla a 

transcrição de genes de β-prolaminas de milho e Coix (Cord Neto et al., 1995).  

Evidências mais recentes sugerem que a proteína O2 está envolvida na regulação 

coordenada da síntese de proteínas e do metabolismo de açúcar e nitrogênio durante a 

maturação das sementes de milho (Yunes et al. 1998, Gallusci et al., 1996; Kemper et 

al., 1999).  

Em leveduras, o fator GCN4 é um dos componentes mais importantes no sistema 

regulatório do metabolismo de nitrogênio. Foi demonstrado, em cevada, que um fator 

contendo um motivo similar a GCN4 tem um papel importante na indução da síntese de 

proteínas de reserva por nitrogênio, e, em arroz, que este motivo, que é altamente 

conservado nos promotores dos genes de proteínas de reserva entre os cereais, tem um 

papel importante no controle da expressão endosperma-específica destas proteínas. A 

composição de prolaminas em sementes de milho também parece ser influenciada pela 

quantidade de nitrogênio. Essas observações, os efeitos da mutação o2 em enzimas que 

fazem parte do metabolismo de aminoácidos e carbono e as similaridades funcional e 

estrutural entre a proteína O2 e o fator GCN-4 sugerem que O2 pode estar envolvido em 

um controle geral do metabolismo de aminoácidos no endosperma de milho (Kemper et 

al., 1999; Onodera et al., 2001, Arruda et al., 2000). 

 

4.2.  Família helix-loop-helix (HLH) 

 Fatores de transcrição pertencentes a essa família são componentes regulatórios 

importantes em muitas vias transcricionais relacionadas ao desenvolvimento de um 

organismo. São fatores envolvidos em processos como proliferação celular e 

diferenciação, determinação de linhagem celular e do sexo e até neurogênese e 

miogênese, e são encontrados desde leveduras até humanos (Atchley and Fitch, 1997). 

Proteínas HLH são caracterizadas por possuírem 2 domínios altamente 

conservados, o de ligação ao DNA e o de interação com outras proteínas.  O primeiro, 

composto principalmente por resíduos básicos, permite a ligação específica a uma  
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seqüência de 6 nucleotídeos conhecida como E-box (CANNTG). O segundo motivo, 

formado principalmente por resíduos hidrofóbicos, é chamado de domínio helix-loop-

helix e permite interações entre proteínas e a formação de homo e heterodímeros.  O 

motivo de dimerização contém cerca de 50 aminoácidos e se dispõe na forma de duas α-

hélices anfipáticas separadas por um loop de tamanho variável.  Algumas proteínas 

conhecidas como bHLH (basic helix-loop-helix) contêm ainda um motivo de dimerização 

do tipo zíper de leucinas, caracterizado por hepta-repetições de resíduos de leucina que 

ocorrem imediatamente após o motivo HLH, na porção C-terminal da proteína .   

Em milho, duas famílias de reguladores, r e c1, controlam a transcrição de genes 

do metabolismo de antocianinas em diversos tecidos, como anteras, sementes, folhas e 

plântulas. Os membros da família r (R, Lc, Sn, B) codificam fatores de transcrição do 

tipo bHLH (Ludwig et al., 1989; Radicella et al., 1991; Consonni et al., 1993). 

 

4.3. Família Homeobox 

O papel das proteínas desta família está relacionado ao controle da determinação 

genética do desenvolvimento e diferenciação celular (Gehring, 1994). Fatores homeobox 

foram identificados pela primeira vez como proteínas expressas a partir de regiões de 

um cromossomo de Drosophila que continham seqüências conservadas chamadas 

homeoboxes. Esta nomenclatura foi adotada porque estes genes foram identificados por 

mutações que afetavam a morfologia da mosca. Essas mutações são chamadas de 

homeóticas por muitas vezes envolverem duplicações de partes do corpo (homeose) 

(Bürglin, 2005).  

 A seqüência amplamente conservada entre os diversos genes homeóticos  é 

conhecida como homeodomínio, e é composta por cerca de 60 aminoácidos próximos à 

região C-terminal, cuja estrutura tridimensional apresenta três estruturas α-hélice 

consecutivas, com a terceira interagindo principalmente com o sulco maior da dupla fita 

de DNA.  O domínio é composto por cerca de 50 aminoácidos, organizados numa 

estrutura globular que mantém a habilidade de ligação ao DNA.  As hélices 2 e 3 

interagem formando uma estrutura do tipo helix-turn-helix (Meshi e Iwabuchi, 1995; 

Luscombe et al, 2000). 
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4.4. Família MYB 

O domínio MYB foi originalmente descrito como o domínio de ligação ao DNA do 

proto-oncogene MYB. Apresenta duas a três cópias de uma seqüência repetitiva 

composta por 51 a 53 aminoácidos com três resíduos conservados de triptofano, 

intercalados por intervalos de 18-19 aminoácidos, formando assim uma estrutura 

hidrofóbica.   

Algumas da funções desempenhadas por proteínas MYB são regulação do ciclo 

celular, proliferação e especificação celular. Alguns membros dessa família em plantas 

constituem uma subfamília caracterizada pelo domínio MYB tipo R2R3, entre eles os 

fatores C1, P, PL, Zm1 e Zm38 de milho, que estão envolvidos na regulação da 

biossíntese de fenilpropanóides (Meshi e Iwabuchi, 1995; Avila et al., 1993). 

 

4.5. Família MADS 

 Este nome é derivado das iniciais dos quatro membros inicialmente identificados 

neste grupo (MCM1 de levedura, envolvido na resposta a ferormônios, AGAMOUS de 

Arabidopsis, e DEFA de Antirrhinum, envolvidos no desenvolvimento floral, e SRF 

humano, fator de regulação de genes expressos no início do desenvolvimento).  O 

domínio MADS é composto por 56 aminoácidos, consistindo num par de α-hélices anti-

paralelas que formam um coiled coil (estrutura protéica muito estável na qual α-hélices 

sofrem torções helicoidais adicionais) e de uma estrutura antiparalela β-sheet dupla fita, 

envolvida também em interações com outras proteínas acessórias (Meshi e Iwabuchi, 

1995; Luscombe et al, 2000). 

Os fatores MADS-box mais estudados são aqueles envolvidos na determinação da 

identidade dos órgãos florais. Análises de mutantes florais resultaram na criação de um 

modelo genético chamado ABC, que explica como a combinação de três classes de genes 

(A, B e C) determina a identidade dos 4 órgãos florais (pétala, sépala, estame e carpelo; 

revisado por Coen e Meyerowitz, 1991). 

 

4.6.  Família Zinc-finger 

 Zinc finger é um dos domínios mais encontrados entre as proteínas de ligação ao 

DNA, e elas podem desempenhar as mais diversas funções. Uma grande variedade de 

fatores de transcrição contendo zinco foram descritas, nas quais um ou mais íons zinco 
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estabilizam a estrutura terciária do motivo. O clássico motivo zinc-finger é caracterizado 

por dois resíduos conservados de cisteína e dois resíduos conservados de histidina que 

ligam-se a um íon zinco, formando um tetraedro. A porção finger é composta por cerca 

de 30 aminoácidos que compreendem duas estruturas antiparalelas β-sheet e uma 

estrutura em α-hélice (Meshi e Iwabuchi, 1995; ; Luscombe et al, 2000). 

 

4.7.  Família NAC 

Esta família é formada por proteínas específicas de plantas que apresentam um 

domínio altamente conservado, definido como NAC. Este domínio foi nomeado com base 

nas primeiras proteínas identificadas em Arabidopsis thaliana: NAM, ATAF1 e 2 e CUC2 

(Aida et al., 1997).  

O domínio NAC pode ser subdividido em cinco subdomínios (A a E). O domínio 

como um todo é rico em aminoácidos básicos (R, K e H) , mas a distribuição dos resíduos 

positivos e negativos entre os domínios é desigual. Os subdomínios C e D são ricos em 

aminoácidos básicos e pobres em aminoácidos ácidos, enquanto o subdomínio B contém 

uma alta proporção de aminoácidos ácidos. Sinais de localização nuclear (NLS, de 

nuclear localization signal) putativos foram encontrados nos subdomínios C e D (Kikuchi 

et al., 2000). O domínio de ligação ao DNA está localizado numa região de   60 

aminoácidos localizada nos subdomínios D e E (Duval et al., 2002).  O domínio NAC 

consiste numa estrutura β-sheet antiparalela torcida, que se encontra com uma α-hélice 

N-terminal de um lado e com uma hélice menor do outro lado. Esta estrutura sugere que 

o domínio NAC está envolvido na dimerização destas proteínas, e a face do dímero rica 

em resíduos positivos se liga ao DNA (Ernst et al., 2004). 

Membros dessa família podem estar envolvidos em diversos processos celulares, 

tais como formação do meristema apical (Souer et al., 1996), resposta a patógenos e 

sinalização para crescimento (Xie et al. 1999), senescência (John et al. 1997; Guo et al., 

2004), desenvolvimento de flores,  folhas, raízes e sementes (Sablowski e Meyerowitz, 

1998; Xie et al., 2000; Ge et al., 2004) e resposta a diferentes estresses (Kikuchi et al., 

2000; Collinge e Boller, 2001; Tran et al. 2004). Guo et al. (2003) identificaram o 

primeiro membro da família NAC expresso especificamente no endosperma de milho. O 

gene foi chamado de NRP1 (de NAM-related protein 1) e seu pico de expressão ocorre 

aos 25 DAP. Sua função, no entanto, permanece desconhecida, embora tenha sido 
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demonstrado que este gene sofre imprinting de maneira gene-específica, assim como 

alguns genes que possuem papéis importantes na regulação do desenvolvimento do 

endosperma (Alleman e Doctor, 2000; Baroux et al. 2002), como MEA, FIS2 e FIE em 

Arabidopsis (Chaudhury et al., 2001; Grossniklaus et al., 1998; Luo et al., 1999) e FIE1 

em milho (Danilevskaya et al., 2002). 

 

 Estas são as famílias de fatores de transcrição mais estudadas. Entretanto, muitas 

proteínas que apresentam capacidade de ligação ao DNA em seqüências específicas não 

apresentam homologia com domínios já descritos, e outras possuem mais de um motivo 

atuando conjuntamente na interação com o DNA. Deste modo, à medida que novos 

fatores de transcrição forem descobertos e caracterizados, essa classificação poderá ser 

complementada, e até mesmo novas classes poderão ser criadas. 

 

5. O seqüenciamento de Expressed Sequence Tags (ESTs) como ferramenta para a 

descoberta de novos genes 

Com o advento da era genômica, a identificação de genes tornou-se um processo 

mais dinâmico, capaz de gerar um vasto volume de informação em um curto período de 

tempo (Grivet e Arruda, 2001). Vários projetos têm sido conduzidos em diferentes 

espécies vegetais com o intuito de estudar o transcriptoma, ou seja, a população de 

RNAs transcrita de um determinado organismo, tecido, estágio de desenvolvimento,  ou 

mesmo em resposta a tratamentos hormonais ou a estresses bióticos e abióticos (Ewing 

et al., 1999; White et al., 2000; Dong et al., 2003; Ma et al., 2003). Esses projetos são 

denominados projetos EST (Expressed Sequence Tag ou Etiqueta de Seqüência Expressa), 

e constituem uma poderosa ferramenta para identificar genes expressos em 

determinados tecidos e/ou tipos celulares de interesse. Nos projetos EST, bancos de 

dados contendo pequenas seqüências de DNA são gerados a partir do seqüenciamento de 

moléculas de cDNA sintetizadas das populações de mRNA com o auxílio de primers 

específicos que se ligam ao vetor (plasmídio) utilizado no processo de clonagem gênica. 

Essas seqüências são usadas na montagem de contigs ou clusters que, na maioria das 

vezes, possuem ORFs (open reading frames) representando a região codificadora de 

diversos genes (Telles et al., 2001). Desta forma, a tradução destas ORFs fornece os 

primeiros indícios da função da proteína codificada por um determinado clone de cDNA. 
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Bancos de ESTs contém informações biológicas de centenas de genes de um organismo, 

além de permitirem a identificação de diferentes isoformas de transcritos (Andrews et 

al., 2000) e o mapeamento gênico (Schuler, 1997; Wu et al., 2002). Outro aspecto 

importante dos ESTs é o acesso a informações sobre os genes expressos em organismos 

que contêm um genoma muito grande ou complexo (Vettore et al., 2001), tais como o 

milho, a cana-de-açúcar e o homem. 

Uma grande quantidade de ESTs obtidos a partir de diferentes populações de 

mRNA pode fornecer uma estimativa da abundância relativa de transcritos de genes de 

interesse em diferentes tecidos/órgãos vegetais e também em diversas condições 

biológicas (Audic e Claverie, 1997). Esse processo de investigação do padrão de 

expressão de um gene in silico, conhecido como “northern digital”, aliado a 

metodologias experimentais, possibilita a identificação e a análise de uma ampla gama 

de genes, os quais podem ser selecionados e utilizados em programas de melhoramento 

genético via biotecnologia. 

 

Desta forma, o presente trabalho de doutoramento descreve, sob a forma de três 

artigos científicos, um deles já publicado e dois em processo de submissão: 

1. A construção de um banco de ESTs enriquecido com seqüências vindas do 

endosperma de milho em desenvolvimento e a sua utilização para a identificação de 

genes preferencialmente expressos no endosperma (Capítulo I);  

2. A identificação, a partir do banco de ESTs criado, de fatores de transcrição 

expressos no endosperma em desenvolvimento, incluindo um subconjunto de fatores 

preferencialmente expressos no endosperma (Capítulo II); e 

3. A caracterização de um novo fator de transcrição preferencialmente expresso 

na camada de aleurona do endosperma, que pode ser um componente importante para a 

regulação da transição entre os processos de maturação e germinação da semente de 

milho (Capítulo III). 
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OBJETIVOS 

 

Esta tese de doutoramento foi realizada considerando-se os seguintes objetivos: 

 

1. Identificar, classificar e anotar os fatores de transcrição 

- Expressos no endosperma 

- Preferencialmente expressos no endosperma 

2. Avaliar o perfil de expressão e a possível função de alguns desses fatores de 

transcrição 

 

Os objetivos específicos do Capítulo I foram: 

– Identificar genes expressos no endosperma de milho através do seqüenciamento de 

ESTs (Expressed Sequence Tags); 

– Criar um banco de dados com as seqüências geradas; 

– Identificar e categorizar os genes tecido-específicos ou com expressão preferencial 

no endosperma. 

 

Os objetivos específicos do Capítulo II foram: 

– Identificar os fatores de transcrição (TFs) expressos no endosperma de milho 

presentes no banco de seqüências MAIZESTdb; 

– Classificar e anotar os TFs identificados; 

– Identificar os TFs tecido-específicos ou com expressão preferencial no endosperma, 

que possivelmente têm um papel fundamental no desenvolvimento deste tecido 

durante a formação da semente. 

 

Os objetivos específicos do Capítulo III foram: 

– Avaliar a seqüência e a estrutura gênica do gene EPN-1 (Endosperm Preferred NAM-1), 

identificado pela primeira vez em milho, e compará-lo a ortólogos; 

– Clonar o promotor do gene EPN-1 e avaliar os possíveis elementos-CIS regulatórios; 

– Avaliar seu perfil de expressão e sua possível função. 
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CAPÍTULO I 

 

 

 

 

 

Endosperm-preferred expression of maize genes as revealed by transcriptome-

wide analysis of expressed sequence tags 

 

 

Natalia C. Verza, Thaís R. Silva, Germano Cord Neto, Fábio T.S. Nogueira, 

Paulo H. Fisch, Vicente E. de Rosa Jr, Marcelo M. Martins, André L. Vettore, 

Felipe R. da Silva and Paulo Arruda 
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APÊNDICE AO CAPÍTULO I 

 

Material suplementar disponível no endereço eletrônico do periódico Plant Molecular 

Biology  

 

 MAS

nr sequence

alignment
a b

c d

 

 

 

Supplemental figure 1 - Schematic representation of the overlaping parameters used to compare 

ESTs and MASs with complete cDNA sequences. Curator-revised categorization was performed when 

BLASTX   (cutoff value E = 10-5) alignment length (ab) was at least 50% of maximum overlapping 

length (cd). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental figure 2 - EST source project, clustering pipeline and endosperm-preferred MASs 

selection. EST sequence data were generated from nine endosperm cDNA libraries (MAIZEST 

project) or retrieved from public maize EST projects (MaizeGDB, http://www.maizegdb.org and 

Génoplante, http://www.genoplante.com). After trimming procedure, the sets of ESTs were 

clusterized using CAP3 program to generate Maize Assembled Sequences (MASs). Among those, a 

subset of endosperm-preferred transcripts was selected for curator-revised functional annotation 

according to the Gene Ontology consortium (http://www.geneontology.org). 
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Supplemental figure 3 - Expression profiling of ESTs randomly chosen from 10, 15 and 20 DAP endosperm 

libraries and hybridized with 33P-labeled RNA from immature endosperm and leaves and roots from young 

seedlings. Three 96-well plates containing EST clones were randomly sampled from the 10, 15 and 20 DAP 

endosperm cDNA libraries. Additionally, a 96-well plate containing DNA of the empty plasmid vector 

pSPORT1 (Life Technologies, USA) was used as a negative hybridization control. The plasmid DNA was 

spotted onto nylon membranes and three replicate filters were produced containing 384 clones each. Total 

RNA from endosperm (a mix of 10, 15 and 20 DAP), leaf and root from 7-day-old maize seedlings were 

isolated and used for probe synthesis. cDNA array hybridization and washing steps were performed 

essentially as described by Nogueira et al. (2003). The average and CV among the signal intensities of four 

replicated spots representing each EST spotted onto filters was estimated. The CV values were used to 
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access the signal variation among replicate spots. The ESTs displaying CV values lower than 30% in all 

replicate filters were considered for analysis. (A) Typical membranes hybridized with RNA from 10, 15 and 

20 DAP endosperm mix, leaf and root. Arrows indicate an endosperm-preferred EST and constitutive EST. 

(B) Expression ratios between endosperm, leaf and root tissues. Only the normalized expression ratios 

were used to construct the scatter plots. Expression ratios are plotted against the number of MAIZEST 

clones analyzed. Ratios below 1 were inverted and multiplied by –1 to aid better interpretation of the 

scatter plots. 

 

Supplemental table 1: Endosperm specific sequences used for screening of non-
endosperm tissue libraries 

Accession                                                   Description 

AF072725            Zea mays starch branching enzyme IIb (ae), complete cds 

AF371280             Zea mays Hageman factor inhibitor mRNA, complete cds 

AF371279             Zea mays legumin 1 mRNA, complete cds 

AF371278             Zea mays alpha globulin mRNA, complete cds 

AF371277             Zea mays 22kD alpha zein 5 mRNA, complete cds 

AF371276             Zea mays 22kD alpha zein 4 mRNA, complete cds 

AF371275             Zea mays 22kD alpha zein 3 mRNA, complete cds 

AF371274             Zea mays 22kD alpha zein 1 mRNA, complete cds 

AF371273             Zea mays 19kD alpha zein B4 pseudogene, mRNA sequence 

AF371272             Zea mays 19kD alpha zein B5 mRNA, partial cds 

AF371271             Zea mays 19kD alpha zein B3 mRNA, complete cds 

AF371270             Zea mays 19kD alpha zein B2 mRNA, complete cds 

AF371269             Zea mays 19kD alpha zein B1 mRNA, complete cds 

AF371268             Zea mays 19kD alpha zein D2 mRNA, complete cds 

AF371267             Zea mays 19kD alpha zein D1 mRNA, complete cds 

AF371266             Zea mays 10kD delta zein mRNA, complete cds 

AF371265             Zea mays 18kD delta zein mRNA, complete cds 

AF371264             Zea mays 15kD beta zein mRNA, complete cds 

AF371263             Zea mays 50kD gamma zein mRNA, complete cds 

AF371262             Zea mays 16kD gamma zein mRNA, complete cds 

AF371261             Zea mays 27kD gamma zein mRNA, complete cds 

M29411                Zea mays DNA binding protein opaque-2 (O2) mRNA, complete cds 

Sequences available at http://www.ncbi.nlm.nih.gov/entrez/ 
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Supplemental table 2: Complete maize sequences used to estimate redundancy into the MASs set 

Accession                                       Description 

AB112936 ZmpOMT1 mRNA for plastidic 2-oxoglutarate/malate transporter 
AB112937 ZmpDCT1 mRNA for plastidic general dicarboxylate transporter 
AB112938 ZmpDCT2 mRNA for plastidic general dicarboxylate transporter 
AB112939 ZmpDCT3 mRNA for plastidic general dicarboxylate transporter 
AB127981 mRNA for MinE 
AF330034 isopentenyl pyrophosphate isomerase mRNA 
AF330035 ADP-glucose pyrophosphorylase small subunit mRNA 
AF330036 geranylgeranyl-diphosphate synthase mRNA 
AF450481 DREB-like protein (DREB1A) mRNA 
AF545813 SET domain protein 113 (sdg113) mRNA 
AF545814 SET domain protein 110 (sdg110) mRNA 
AY029312 seven transmembrane protein Mlo1 mRNA 
AY122271 cultivar B73 SET domain-containing protein SET118 (SET118) mRNA 
AY122272 cultivar B73 SET domain-containing protein SET104 (SET104) mRNA 
AY122273 cultivar B73 SET domain-containing protein SET102 (SET102) mRNA 
AY172976 SET domain protein 123 mRNA 
AY183450 legumin-like protein mRNA 
AY187718 SET domain protein SDG111 mRNA 
AY187719 SET domain protein SDG117 mRNA 
AY195849 fertilization-independent type 1 mRNA 
AY195850 fertilization-independent type 2 mRNA 
AY211982 transparent leaf area peptide mRNA 
AY219173 submergence induced protein SI397 mRNA 
AY241545 glyoxalase I (GlxI) mRNA 
AY243800 plasma membrane intrinsic protein (PIP1-1) mRNA 
AY243801 aquaporin (PIP2-1) mRNA 
AY243802 aquaporin (PIP2-5) mRNA 
AY291061 photosystem II subunit PsbS precursor, mRNA nuclear gene for chloroplast product. 
AY315822 non-photosynthetic NADP-malic enzyme mRNA 
AY372244 cellulose synthase catalytic subunit 10 (CesA10) mRNA 
AY389497 cultivar Chalqueno ribosomal protein S6 kinase mRNA 
AY466159 DEAD box RNA helicase (DRH1) mRNA 
AY472082 narrow sheath 2 mRNA 
AY485263 adenine phosphoribosyltransferase (apt1) mRNA 
AY485529 heat shock protein HSP101 (HSP101) mRNA 
AY488135 allene oxide synthase (aos) mRNA 
AY488136 allene oxide cyclase (aoc) mRNA 
AY496080 tousled-like kinase 2 (TLK2) mRNA 
AY501430 rolled leaf1 mRNA 
AY505017 Gl1 protein mRNA 
AY515607 putative zinc finger protein ZmZf mRNA 
AY530961 dTDP-glucose 4,6-dehydratase mRNA 
AY530962 26S proteasome regulatory complex ATPase RPT3 mRNA 
AY536525 phospholipase C (PLC) mRNA 
AF039304 cpSecY (csy1) mRNA chloroplast gene for chloroplast product. 
AF390542 ATP synthase subunit 9 (atp9) mRNA mitochondrial gene for mitochondrial product. 
AF534133 S male sterility locus ORF355 and ORF17 mRNA mitochondrial genes for mitochondrial products. 
AF536187 bicistronic S male sterility locus variant 1 mRNA mitochondrial gene for mitochondrial products. 
AF536188 bicistronic S male sterility locus variant 2 mRNA mitochondrial gene for mitochondrial products. 
AF536189 bicistronic S male sterility locus variant 3 mRNA mitochondrial gene for mitochondrial products. 
AF536190 bicistronic S male sterility locus variant 4 mRNA mitochondrial gene for mitochondrial products. 
AF536191 bicistronic S male sterility locus variant 5 mRNA mitochondrial gene for mitochondrial products. 
MIZMMSODA Mn-superoxide dismutase (Sod3.2) mRNA mitochondrial gene for mitochondrial product. 
MIZMMSODB Mn-superoxide dismutase (Sod3.3) mRNA mitochondrial gene for mitochondrial product. 
MIZMMSODC Mn-superoxide dismutase (Sod3.4) mRNA mitochondrial gene for mitochondrial product. 
 (…) 
Sequences retrieved from EMBLdatabase (http://www.ebi.ac.uk/embl/) on March 18, 2004. 
Observação: Esta tabela contém 747 linhas, mas apenas as 55 primeiras linhas e a nota de rodapé estão representadas 
aqui. A tabela completa pode ser obtida através do endereço eletrônico 
http://www.springerlink.com/(qxyuv3bcuhbtevygc1ldcum3)/app/home/contribution.asp?referrer=parent&backto=issu
e,10,10;journal,9,339;linkingpublicationresults,1:100330,1/, no link Electronic Supplementary Material – OPEN ESM. 
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Supplemental Table 3. List containing the 4,032 endosperm-preferred MASs 

MAS Best hit BlastX E-value 
Accession 
numbera 

MZCCL10001A03.g dbj|BAC64996.1| P0443G08.20 [Oryza sativa] 5,0E-22 CO439028 
MZCCL10001D01.g ref|XP_467965.1| remorin protein-like [Oryza sativa] 2,0E-48 CO439052 

MZCCL10001D04.g gb|AAL58889.1|AF461049_1 11 kDa methionine-rich 
protein [Zea mays] 6,0E-39 CO442451 

MZCCL10001D06.g gb|AAA33537.1| gamma zein [Zea mays] 1,0E-26 CO468283 
MZCCL10001D08.g ref|NP_909861.1| putative transposase [Oryza sativa] 3,0E-53 CO439058 
MZCCL10001E03.g ref|XP_464346.1| putative protein kinase 2 [Oryza sativa] 1,0E-142 CO439063 
MZCCL10001F11.g ref|XP_476301.1| unknown protein  [Oryza sativa] 2,0E-66 CO439077 
MZCCL10001G09.g ref|NP_910634.1| P0534A03.14 [Oryza sativa] 1,0E-56 CO449900 
MZCCL10001G10.g gb|AAP32017.1| gamma zein [Zea mays] 1,0E-26 CO454286 
MZCCL10002A07.g no hits - CO439101 

MZCCL10002A08.g dbj|BAD01240.1| AP2 domain-containing protein AP29-
like [Oryza sativa] 1,0E-114 CO439102 

MZCCL10002B09.g dbj|BAD09117.1| putative uridine kinase/uracil 
phosphoribosyltransferase [Oryza sativa] 5,0E-47 CO439112 

MZCCL10002C05.g ref|NP_908624.1| putative sarcosine oxidase [Oryza 
sativa] 4,0E-50 CO451769 

MZCCL10002C07.g gb|AAU44042.1| putative circadian clock coupling factor 
ZGT [Oryza sativa] 2,0E-23 CO439119 

MZCCL10002C10.g ref|NP_917194.1| P0707D10.11 [Oryza sativa] 4,0E-16 CO453469 

MZCCL10002E04.g ref|XP_507054.1| PREDICTED OJ1202_E07.24 gene 
product [Oryza sativa] 1,0E-54 CO439135 

MZCCL10002F01.g ref|NP_914460.1| gigantea-like protein [Oryza sativa] 2,0E-46 CO439143 
MZCCL10002F05.g emb|CAE03144.2| OSJNBa0081L15.6 [Oryza sativa] 1,0E-145 CO439146 
MZCCL10002F07.g gb|AAL16995.1| Hageman factor inhibitor [Zea mays] 1,0E-86 CO441034 
MZCCL10002G09.g no hits - CO439155 
MZCCL10003A12.g gb|AAL16980.1| 15kD beta zein [Zea mays] 4,0E-45 CO452643 

MZCCL10003C02.g ref|XP_478367.1| chorismate mutase/prephenate 
dehydratase-like protein [Oryza sativa] 9,0E-61 CO439182 

MZCCL10003C04.g ref|XP_468052.1| kinesin motor protein 1-like [Oryza 
sativa] 2,0E-25 CO439184 

MZCCL10003C05.g dbj|BAD45504.1| phospholipase -like [Oryza sativa] 2,0E-38 CO439185 

MZCCL10003D05.g emb|CAA69075.1| S-adenosylmethionine decarboxylase 
[Zea mays] 2,0E-26 CO439192 

MZCCL10003E12.g pir||JQ1005 glucose-1-phosphate adenylyltransferase (EC 
2.7.7.27) [Zea mays] 0 CO467438 

MZCCL10003H02.g ref|XP_470218.1| Putative retroelement [Oryza sativa] 1,0E-155 CO439222 
MZCCL10003H04.g no hits - CO445753 
MZCCL10004A07.g ref|XP_462835.1| B1085F09.24 [Oryza sativa] 3,0E-24 CO443552 
MZCCL10004A11.g no hits - CO439238 
MZCCL10004D01.g no hits - CO439257 
MZCCL10004F07.g ref|NP_917778.1| P0006C01.15 [Oryza sativa] 1,0E-18 CO454844 
MZCCL10004G12.g no hits - CO439289 
(...)    
a The Accession Number corresponds to the longest sequence-read of the respective MAS 

Observação: Esta tabela contém 4.034 linhas, mas apenas as 35 primeiras linhas e a nota de rodapé estão 
representadas aqui. A tabela completa pode ser obtida através do endereço eletrônico 
http://www.springerlink.com/(qxyuv3bcuhbtevygc1ldcum3)/app/home/contribution.asp?referrer=parent&backto=issu
e,10,10;journal,9,339;linkingpublicationresults,1:100330,1/, no link Electronic Supplementary Material – OPEN ESM. 
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Supplemental Table 4. GO terms for the 2,403 anotatted endosperm-preferred MAS 

MAS Molecular function ontology Biological process ontology 

MZCCL10142D02.g GO:0003700 GO:0045449 
MZCCL10075F08.g GO:0005554 GO:0000004 
ZMZZEN6067F10.g GO:0005524 GO:0007046 
MZCCL10093F02.g GO:0005554 GO:0000004 
MZCCL15026A08.g GO:0004826 GO:0006432 
MZCCL10125C02.g GO:0004497, GO:0016491 GO:0006118, GO:0006725 
MZCCL15009G01.g GO:0005554 GO:0000004 
ZMZZEN5004F09.g GO:0005554 GO:0000004 
ZMZZEN7041H11.g GO:0003723, GO:0003735 GO:0042254 
MZCCS20027A10.g GO:0005554 GO:0000004 
ZMZZEN6096H04.g GO:0005554 GO:0000004 
MZCCL10112A11.g GO:0003743 GO:0007275 
ZMZZEN6044H12.g GO:0004386 GO:0006268 
MZCCL10094H09.g GO:0003676, GO:0003723  
ZMZZEN1034G12.g GO:0004553, GO:0016787 GO:0005975 
MZCCL10004H06.g GO:0045735 GO:0019538 
MZCCL15026F12.g GO:0045544 GO:0045487 
MZCCL10214E10.g GO:0005554 GO:0000004 
MZCCL10005F02.g GO:0003999, GO:0016757 GO:0006168, GO:0009116 
MZCCL10011G05.g GO:0003676, GO:0004474 GO:0006097, GO:0006099 
ZMZZEN6071H03.g GO:0005554 GO:0000004 
MZCCL10016E08.g GO:0005554 GO:0000910 
MZCCL10006H10.g GO:0004553 GO:0005975 
ZMZZEN7035A09.g GO:0008415 GO:0000004 
MZCCL20041C08.g GO:0004672, GO:0005524 GO:0006468 
MZCCL10054F01.g GO:0005488 GO:0006839 
ZMZZEN6088A07.g GO:0003872 GO:0006096 
ZMZZEN6004E05.g GO:0005554 GO:0000004 
ZMZZEN5044C05.g GO:0004867 GO:0009611 
MZCCS20013E07.g GO:0005554 GO:0000004 
MZCCL10081A09.g GO:0005554 GO:0000004 
MZCCL10032E03.g GO:0005554 GO:0000004 
MZCCL20005G01.g GO:0045735 GO:0019538 
MZCCL10147H04.g GO:0016758 GO:0005975, GO:0030259 
ZMZZEN5019B07.g GO:0005489 GO:0006118, GO:0016070 

 

Observação: Esta tabela contém 2.045 linhas, mas apenas as 37 primeiras linhas estão representadas aqui. 
A tabela completa pode ser obtida através do endereço eletrônico 
http://www.springerlink.com/(qxyuv3bcuhbtevygc1ldcum3)/app/home/contribution.asp?referrer=parent&
backto=issue,10,10;journal,9,339;linkingpublicationresults,1:100330,1/, no link Electronic Supplementary 
Material – OPEN ESM. 
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Abstract 

- Background 

We have recently created a database of maize ESTs called MAIZEST 

(www.maizest.unicamp.br), that focuses on genes expressed in developing endosperm. 

The MAIZEST compiles over 227,000 maize ESTs, 64,537 of which coming from 

developing endosperm. This database contains over 80% of the genes expressed in the 

endosperm, and is a powerful tool for genome-wide approaches of data mining and gene 

discovery. In this work we describe the identification of maize TFs preferentially 

expressed in developing endosperm. 

 

- Results 

We identified 1,233 maize TFs, 414 of which coming from endosperm libraries. We 

also identified 113 putative endosperm-preferred TFs, represented by 326 ESTs from 

developing endosperm. This endosperm-preferred set accounts for 9.2% of all identified 

maize TFs, and may represent part of the regulators involved in endosperm specification 

and development. The most represented TF family among the endosperm-preferred TFs 

was the Zinc-finger domain family (13,2%) followed by the NAM family (10,6%) and the 

bZIP family (17%). This indicates that these are probably important regulators of the 

endosperm development.  

 

- Conclusion 

This paper describes the identification of an extensive collection of maize 

endosperm-preferred transcription factors, which represents an important source of 

potential candidates for regulators of major aspects of the endosperm development, 

such as nitrogen and carbohydrate metabolism and control of seed mass.
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Background 

Transcription factors (TFs) are sequence-specific DNA binding proteins that are 

capable of activating and/or repressing transcription. They are mainly responsible for 

the selectivity in gene regulation, and are often expressed in a tissue-specific, 

developmental-stage-specific, or stimulus-dependent manner [1]. TF genes constitute a 

considerable proportion of the eukaryotic genome. The programmed and regulated 

interactions between TFs and genomic DNA bring a genome to its life and define many of 

its functional features [2]. Many mutants impaired in their development or metabolic 

processes have been associated with altered expression of TF genes (for reviews: [1], 

[3]). 

TFs can be grouped into gene families according to the type of DNA-binding 

domain they encode. Functional redundancy is not unusual within TF families; therefore 

the proper characterization of particular transcription-factor genes often requires their 

study in the context of a whole family.  The largest transcription factor family found in 

the eukaryotic genomes contains a DNA-binding motif known as zinc finger. Based on the 

structure and spatial arrangement of this domain, the zinc finger gene family can be 

further subdivided into several classes, including plant-specific ones, such as WRKY [4], 

YABBY [5] and Dof [6].  Plant zinc finger TFs have been associated to the regulation of 

several biological processes, such as flower development, leaf and lateral shoot 

initiation, salt tolerance, carbon and nitrogen metabolism and seed development (for 

reviews: [4], [7]).  Another important TF class in plants is the bZIP family. Its estimated 

that in Arabidopsis and rice 5,28% and 5,74% of their TF content, respectively,  are 

represented by bZIPs, which are about four times as many bZIP genes as yeast, worm 

and human ([8], [9]). bZIPs regulate diverse biological processes such as pathogen 

defense, light and stress signaling, seed maturation and flower development (reviewed 

in [10]). Much of what is known about the genetic and molecular mechanisms regulating 

seed storage compounds comes from studies of a bZIP protein originally isolated from 

maize, the Opaque 2 (O2; [11], [12]). The O2 protein binds to and activates 

transcription from diverse motifs in promoters of genes encoding storage proteins, and 

enzymes of carbohydrate and amino acid metabolism. O2 is involved in the coordinated 

regulation of protein synthesis, nitrogen and sugar metabolism during the maturation of 

maize seeds [13]. 
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The necessity of using genomic approaches becomes clear when it is considered 

that less than 10% of the Arabidopsis transcription factors have been genetically 

characterized [3], and even a smaller fraction of the TF content is known in maize. We 

have created a large database enriched in genes expressed in developing maize 

endosperm called MAIZESTdb (www.maizest.unicamp.br; [14]). The MAIZESTdb compiles 

over 227,000 maize ESTs, 64,537 coming from developing endosperm, clustered into 

29,206 maize assembled sequences (MAS). This database contains over 80% of the genes 

expressed in the endosperm, and is a powerful tool for genome-wide approaches for 

data mining and gene discovery. In this work we focused on the identification of maize 

TFs expressed in developing endosperm. The results are discussed in the context of the 

regulatory components of the complex network underlying seed development. 

 

Results and discussion 

Transcription factors expressed in maize endosperm 

The cereal endosperm is a suitable model for gene regulation studies [15]. Maize 

endosperm begins as a triploid tissue with the union of two polar nuclei and one sperm 

nucleus. For the first 4 days after pollination (DAP), the endosperm nuclei divide 

synchronously without cell wall formation. The process of cellularization of the 

endosperm coenocyte is completed up to 4 DAP in maize, when the tissue changes from 

a multinucleate single cell to a uninucleate multicellular morphology. Most of the 

endosperm cells are produced between 4 and 12 DAP, with the mitotic index peaking 

between 6 and 8 DAP. Around 12 DAP, the endosperm begins to accumulate large 

amounts of starch and storage proteins. By 16 DAP, the maturation program has 

initiated, preparing the seeds for desiccation and dormancy, and by 23 DAP desiccation 

has begun. At around 25-30 DAP, the relative water content of the endosperm begins to 

decrease, and the seed desiccation is a signal to arrest germinative development 

(reviewed in: [15]; [16]; [17]). 

The regulation of gene expression in a particular cell type depends on the activity 

of different types of TFs: those expressed in most cells/tissues, probably regulating the 

basic cell metabolism, and those expressed specifically or preferentially in that 

particular cell/tissue type. The cell-specific TFs are, most probably, the responsible for 

the cell specification and development. To identify these two types of TFs expressed in 
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the developing maize endosperm, the 29,206 Maize Assembled Sequences (MASs) of 

MAIZEST database [14] were compared to the TRANSFAC, the Pfam and the GenBank 

databases. These searches resulted in the identification of 1,233 (4,2% of the MAS set) 

MASs representing TFs, 414 of which coming from endosperm libraries (Table 1). 

 The frequency of ESTs for individual genes in diverse cDNA libraries can be 

used to estimate the expression patterns of these genes [18]. By searching for MASs 

composed only by ESTs originated from endosperm libraries, we identified 113 putative 

endosperm-preferred TFs, distributed among 53 contigs and 60 singletons (Table 1). 

These 113 MASs are composed by 326 ESTS from developing endosperm, and may 

represent part of the regulators involved in endosperm specification and development.  

The Arabidopsis genome codes for ~1,533 transcriptional regulators, which 

account for ~5.9% of its estimated total number of genes [8]. If the number of genes in 

maize is similar to that of rice, which is estimated to be around 40,000 genes [19, 20], 

and maize contains TFs in a proportion similar to that of Arabidopsis, one could 

estimate that the maize genome codes for ~2,300 TFs. We analyzed a collection of 

227,000 ESTs corresponding to 24,000 putative genes (~60% of the maize genome [14]) 

and obtained 1,233 TFs expressed in all maize tissues, which is in good agreement with 

the expected number.  The 414 TFs expressed in developing endosperm accounts for 33% 

of the identified maize TFs, and the endosperm-preferred set of TFs identified accounts 

for 9.2% of all identified maize TFs. 

To estimate the level of redundancy among the MAS sequences representing 

endosperm expressed TFs, the 414 TF MASs were compared with each other using 

BLASTN [21].  Two sequences were considered as originating from the same transcript 

when they had 98% nucleotide identity over a minimum of 100 bp. The comparison was 

made within each TF family, and the average redundancy found was 10,4%, indicating 

that we have identified at least 369 endosperm-expressed TFs. Information about 

sequences, library contribution and annotation for all of the 414 MAS can be accessed 

through the MAIZEST database (www.maizest.unicamp.br; [14]). 

 

Classification of the maize transcription factors 

In accordance with the structural features of the DNA-binding domains that they 

encode, TFs can be grouped into distinct families. We used the TRANSFAC classification 
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[21] for the distribution of the endosperm-preferred TFs identified, including those 

identified in the Pfam [22] and in the GenBank [23] databases. When classification was 

not possible, TFs were placed in the “Other” group. The distribution of these 

endosperm-preferred TFs among the main families is shown in Table 2. 

The most represented TF family expressed in the developing maize endosperm 

was the Zinc-finger domain, with 50 MAS (12,1% of the TFs), followed by the 

Homeodomain family, with 38 MASs (9,2%) and the bZIP family, with 28 MASs (6,7%) 

(Figure 1). A different distribution was found among the endosperm-preferred TFs 

(Figure 1). The Zinc-finger domain family remained as the most represented one, with 

13,2% of the endosperm-preferred TFs (15 MASs), while the NAM family was the second, 

with 10,6% (12 MASs), and the bZIP family had 9,7% (Figure 1). This indicates that these 

families of TFs are probably more important for the regulation of endosperm 

development. 

 

Functional annotation of endosperm-preferred-transcription factors 

Nitrogen and carbohydrate metabolism 

The nitrogen and carbohydrate metabolisms in developing endosperm require a 

strikingly coordination of complex processes ([25], [26]), involving a regulatory network 

of TFs among other regulatory processes. The bZIP Opaque-2 (O2) gene is the most 

studied maize endosperm-preferred TF involved in nitrogen and carbohydrate 

metabolism.  The recessive opaque-2 (o2) mutation gives an opaque character to the 

mature seed, and produces a very marked decrease in the prolamin storage protein 

content, mainly the 22-kD [alpha]-zein, while the proportions of lysine and tryptophan 

are increased, producing grains with improved nutritional quality. Various aspects of 

endosperm metabolism are modified in o2 seeds: RNase activity is higher in o2 than in 

wild-type [27], amino acid metabolism, especially aspartate metabolism, appeared to 

be altered [13] as well as the expression of various enzymes related to nitrogen and 

sugar metabolism ([25]; [28]). Finally, mutant kernels are more susceptible to plant 

pathogens and yield is decreased [29]. Studies have shown that key enzymes involved in 

amino acid and carbon metabolism are altered in o2 mutants. The activity of Aspartate 

kinase (AK), an important enzyme involved in the synthesis of several amino acids, 

including Thr, Lys, Met, and Leu, is up-regulated by o2 [30]. However, the effect of o2 
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on AK must be indirect, as there is no evidence that O2 inhibits the expression of the 

gene. The o2 mutation also affects the activity of the bifunctional lysine ketoglutarate 

reductase-saccaropine dehydrogenase (LKR-SDH), which regulates Lys degradation in 

maize endosperm.  Kemper et al. [31] showed that LKR-SDH is down-regulated by the o2 

mutation as a consequence of reduced levels of mRNA. 

Other TFs have recently been associated with sugar and nitrogen metabolism. 

Maize Dof1 is a member of the Dof TF family unique to plants that has been shown to 

regulate several genes involved in carbohydrate metabolism. Overexpression of Dof1 in 

transgenic Arabidopsis caused a remarkable rise in amino acid concentrations, 

especially in the glutamine level, and an elevation in the nitrogen content [6]. In 

addition, a transcription profiling in response to sugar using microarray in Arabidopsis 

showed that glucose treatments affected several families of TFs, including bHLH, MYB, 

AP2, and various zinc finger–containing factors [32]. 

In the present study we identified 15 Zinc-domain containing endosperm-

preferred TFs, including one Dof, 6 MYB family members, 6 bHLH family members and 5 

AP2 factors, totalizing 32 endosperm-preferred as potential candidates for regulating 

nitrogen and carbohydrate metabolism in developing endosperm.  

 

Control of seed mass 

In angiosperms, seed development depends on the interaction between the 

triploid endosperm and the diploid sporophytic and embryonic genomes to orchestrate 

morphogenesis and the deposition of seed reserves in the developing seed [33]. Because 

the maternal plant contributes with two genome equivalents to the triploid tissue, the 

endosperm has been implicated to serve as the site of parent-of-origin effects on seed 

mass through the imprinting of genes thought to be involved in enhancing or suppressing 

endosperm size and, therefore, seed and embryo mass [34]. It was shown that, in 

Arabidopsis and maize, the endosperm plays a central role in the control of seed size 

([35], [36]). 

Recent studies in Arabidopsis reported that a member of AP2/EREBP family, 

Apetala2, controls seed mass, in part through its activity in the maternal sporophyte and 

endosperm ([37], [38]). Members of this plant-specific family of TFs play a variety of 

roles throughout the plant life cycle, from being key regulators of several 
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developmental processes, like floral organ identity determination, control of leaf 

epidermal cell identity and germination, to forming part of the mechanisms used by 

plants to respond to various types of biotic and environmental stress [39]. AP2/EREBP 

genes can be found expressed not only in flowers, but also in leaves, stems, seedlings 

and seeds, suggesting that they might be involved in a range of functions.  Three 

Apetala2-like genes strongly expressed in endosperm were identified in Petunia [40]. 

Their expression pattern resembles that of prolamin seed storage proteins of maize, 

which start to be expressed coordinately in the maize endosperm at 8 to 12 days after 

pollination. 

We have found 26 MAS belonging to the AP2/EREBP family of TFs, and five of 

these presented endosperm-preferred expression. These evidences make these 

transcription factors, specially the endosperm-preferred ones, good candidates for 

controlling seed mass in maize.  

 

Regulation of endosperm development 

In plants, insects and mammals, Polycomb group (PcG) proteins are involved in 

the regulation of various developmental processes ([41], [42], [43], [44]). Examples of 

PcGs are the Fertilization-Independent Endosperm gene (FIE), that regulates endosperm 

and embryo development and represses flowering during embryo and seedling 

development, and MEDEA (MEA), that functions as a suppressor of endosperm 

development [45]. FIE and MEA form a PcG complex that regulates endosperm and 

embryo development [46]. FIE and MEA, and Fertilization-Independent Seed2 (FIS2), a 

zinc finger protein, were shown to control expression of Pheres1 (PHE1), a MADS-box 

gene which regulates seed development [47]. In addition to control MADS-box genes in 

plants, PcG proteins control expression of homeobox genes in Arabidopsis [48], and this  

function seems to be conserved, as in mammals and insects PcG proteins also control 

the expression of homeotic genes . 

This intricate and complex regulatory network involved in endosperm 

development involves TFs from four different families. We have identified five PcGs, 

two of them with endosperm-preferred expression. In addition, the new TF collection 

has 15 Zinc-domain MASs, 4 MADS-box MASs and 7 Homeobox MASs, all of them 
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presenting endosperm-preferred expression, representing possible targets for the PcG 

regulatory complex. 

 

Stage-specific TFs 

Large sets of ESTs from redundant non-normalized cDNA libraries can be used to 

evidence differential expression of individual genes in distinct tissues and/or 

developmental stages.  In our study, since some endosperm libraries were constructed 

from endosperm RNA extracted at distinct and defined stages of endosperm 

development, we were able to identify TFs preferentially expressed at different stages 

(Table 3). The endosperm-preferred TFs were searched for sequences coming from 

endosperms at 10 days after pollination (DAP), 15 DAP and 20 DAP. Of the 113 

endosperm-preferred TFs, information about endosperm developmental stage was 

available for 81 TFs. The relative expression of each one was calculated as the number 

of ESTs from a given stage in its MASs, divided by the total number of ESTs available for 

this stage. We found 36 MASs expressed only at 10 DAP, 12 MASs expressed only at 15 

DAP and 18 MASs expressed only at 20 DAP (Table 3).  

TFs presenting preferred early expression, that are probably involved in 

specification of cell fate, include members of the Polycomb Group, such as FIE1 and 

Enhancer of zeste-like protein 2, that are known to maintain homeotic gene repression 

to control cell identity and differentiation and Homeobox family members, related to 

the regulation of growth patterns and cell-fate acquisition, and that was shown to be 

regulated by PcG genes [49]. Some NAC-family genes also presented an early expression 

pattern in the endosperm, and we couldn’t find previous report of that. These genes 

represent new candidates involved in the early stages of the endosperm developmental 

pathway.  

bZIP family members can be found expressed at all stages during development, 

although members of the NAC and the Zinc domains families usually presented a late 

expression pattern, concentrating the expression at 15 DAP and 20 DAP. 

NAC is a multigenic family of TFs specific to plants and are found to play roles in 

a diverse set of developmental processes, including developmental programmes, 

defense and abiotic stress responses (reviewed in [50]). A member of NAC family, AtNAM 

was found to be up-regulated in Arabidopsis developing seeds [51], and a NAM-related 
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protein (NRP1) of maize was already reported as an endosperm-specific member of this 

family [52]. We have found 24 MASs corresponding to NAM-family TFs, 12 of them having 

endosperm-preferred expression. The majority of the NAM members had a late 

expression pattern, in special the endosperm-preferred ones. After 20 DAP, when the 

NAM transcripts seems to accumulate in endosperm, the relative water content of the 

endosperm begins to decrease, and the initiation of seed desiccation provides a signal to 

arrest germinative development. It is possible that these TFs are involved in the 

regulation of the desiccation process, in response to the hydric stress accompanying 

seed desiccation, and in the transition from the maturation to the germination process. 

 

The expression pattern of a subset of endosperm-preferred-transcription factors 

corroborates the in silico findings 

In order to access the accuracy of the in silico approaches to identify endosperm-

preferred genes, we used RT-PCR to perform an expression profile analysis of five TFs 

selected among the 113 endosperm-preferred group. We used samples from 15 DAP 

endosperm, young leaves and roots, coleoptiles and 30 DAP embryos. As shown in Figure 

2, all of the tested genes presented an endosperm-preferred expression, including four 

novel maize genes, an EREBP-family like TF, a NAM-family like TF, a PHD finger protein-

related TF and a Zinc finger family PCP-1 like protein. Two genes were used as controls: 

the endosperm-specific Opaque-2 and the housekeeping α-tubulin. The experimental 

procedure, with the presence of a gene known to be preferentially expressed in maize 

seeds, demonstrates that the computational-based procedure identified genes 

specifically, or, at least, predominantly expressed in developing endosperm, and 

constitutes a valuable tool for gene discovery. 

 

Conclusion 

 

We reported here the identification of a collection of 414 maize endosperm-

expressed transcription factors, 113 of which being preferentially expressed in 

developing endosperm.  This is the most extensive collection of endosperm-preferred 

transcription factors reported, and represents an important source of potential 

candidates for main regulators of important aspects of endosperm development, such as 
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nitrogen and carbohydrate metabolism and control of seed mass. These endosperm-

preferred genes are also good candidates for studies of gene-function relationships by 

screening populations of maize mutants. A better understanding of the complex 

mechanisms involved in regulation of the endosperm development can provide tools for 

genetically engineered plants with improved seeds. 

 

Methods 

 

Plant material 

Maize (Zea mays L.) plants from the Oh43 inbred line were grown in the 

greenhouse. Immature ears were harvested before self pollination. The upper third of 

the endosperms, containing only endosperm, aleurone and pericarp tissues were 

harvested at 10, 15 and 20 days after pollination (DAP). Embryos were dissected 

manually. Roots, leaves and coleoptiles were harvested from 5-day-old seedlings 

germinated under controlled conditions. All the tissues were immediately frozen in 

liquid nitrogen and stored at -80 ºC. 

 

RNA extraction and RNA-blot analysis 

Total RNA was isolated from frozen material as described by Manning (1991; [53]) 

for endosperm and embryo tissues and using the TRIzol reagent (Invitrogen, Carlsbad, 

CA) for roots, leaves and coleoptiles. The purity and integrity of the RNA were assessed 

by the absorbance at 260/280 nm and agarose gel electrophoresis.  

Ten micrograms of total RNA were electrophoresed in a 1% (w/v) agarose gel 

containing formaldehyde and transferred to a Hybond-N+ filter (Amersham Biosciences) 

as described by Sambrook et al. (1989). The filters were hybridized with the cDNA 

inserts of transcription factors labeled with [α-32P]dCTP, and hybridization was done at 

42°C (Sambrook et al.,1989). The blots were then washed at high stringency and 

exposed to imaging plates. Images were obtained using the Image Gauge software 

(Fujifilm). 
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Transcription factors identification 

Putative transcription factors were identified by sequence homology based on the 

screening of the entire MAIZESTdb maize ESTs database 

(http://www.maizest.unicamp.br; [14]) using the TRANSFAC Professional data set 

(release 8.2 Professional; [22]), the Genbank [24] and a subset of transcription factor 

domains from Pfam database (release 7.0; [23]). We combined automated search and 

manual curation to generate a collection of endosperm-expressed transcription factors 

as complete as possible. 

First, the 5,597 transcription factors in the TRANSFAC Professional data set were 

used to perform BLASTX [21] searches against the 29,206 MASs from MAIZESTdb.  Only 

matches with an E value ≤ 1.E– 15 were included, and the TF classification from 

TRANSFAC was maintained. In order to eliminate false positives, the nucleotide 

sequences of the MASs retrieved from the first search were then compared to the 

complete set of proteins from all organisms available from GenBank, using BLASTX. All 

results from BLAST searches were manually inspected, and it were removed some false 

positive matches including proteases, splicing factors, kinases, translation factors and 

many others that are not transcription factors. 

In a parallel protein domain and motif analysis, the entire complement of MASs 

was searched with a subset of TF motifs selected from Pfam 7.0, using the default 

settings and the Pfam gathering threshold [23], and the matches with transcription 

factor motifs not identified yet were included. These MASs were allocated in one of the 

TRANSFAC TF classes when it was possible, or included in the “Other” group. 

 

In silico endosperm-preferred TFs identification 

The MAIZESTdb [14] MASs set represents a large and diverse collection of 

transcripts from genes expressed in different maize tissues and also constitutes an 

endosperm-enriched database for gene discovery and expression analysis. Thus, the 

MAIZESTdb tools allowed the analysis of ESTs distribution among MASs, and made it 

possible to infer the likelihood of tissue-specific expression. MASs consisting of ESTs 

derived exclusively from endosperm libraries were considered endosperm-preferred 

transcripts. 
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 Tables 

 

Table1 

Table 1. Transcription factors (TFs) expressed in developing maize endosperm  

Number of sequences analized1 227,431 
Number of sequences from endosperm2 64,537 
Number of MAS3 analized 29,206 
Number of MAS representing TFs4 1,233 
Number of TF MAS expressed in endosperm 414 
Endosperm-preferred MAS5 113 
1Total sequences from MAIZEST database [17] 
2Total sequences derived from developing endosperm cDNA libraries. 

3MASs, Maize Assembled Sequences [17] 
4Transcription factor (TF) sequences were identified by comparing the MAS set with TRANSFAC 
Professional 8.2 (Biobase), GenBank, and with a set of TF domains from the Pfam database 
5Sequences that appear only in the endosperm libraries 

 
 
Table 2 
 

Table 2. Distribution of endosperm-preferred transcription factors among the main families 

MAS1 No. of 
sequences2 Class Highest identity3 e-value4 

Zinc Domains 
MZCCL10172D03.g 8 Zinc Finger Zinc finger PCP1-like 0 
MZCCL10209H12.g 5 Zinc Finger Zinc finger PCP1-like 2.E-75 
MZCCL10107E04.g 3 PHD-finger PHD finger protein-related 1.E-174 
MZCCL15009C05.g 3 Zinc Finger Zinc finger transcription factor-like protein 6.E-45 
MZCCL10126H06.g 2 PHD-finger PHD finger protein-related 1.E-111 
MZCCS15001B10.g 1 RING finger COP1 1.E-119 
ZMZZEN7040A01.g 1 Zinc Finger Trithorax 1-like protein 4.E-80 
MZCCL10112F02.g 1 WRKY WRKY3-like protein 1.E-69 
ZMZZEN5056A01.g 1 YABBY Yabby10 protein 1.E-56 
ZMZZEN1038F05.g 1 Zinc Finger Putative Zinc finger transcription factor 5.E-34 
ZMZZEN1059B06.g 1 GATA GATA-1 zinc finger protein 3.E-23 
MZCCL10156H03.g 1 GATA Zinc finger (GATA type) family protein 9.E-23 
ZMZZEN2006H01.g 1 Dof Prolamin-box binding factor 1.E-21 
MZCCL10174G03.g 1 WRKY WRKY7-like protein 3.E-15 
MZCCL10127A03.g 1 Zinc Finger ZFP2-like protein 5.E-14 

bZIP family     
MZCCL15028H02.g 22 bZIP Opaque-2 0 
MZCCL10006F06.g 12 bZIP Opaque-2 0 
MZCCL10016E07.g 6 bZIP Rice seed b-Zipper 4 (RISBZ4)-like 4.E-56 
MZCCL20023E03.g 4 bZIP Putative bZIP transcription factor 8.E-33 
MZCCL10186G08.g 3 bZIP bZIP family transcription factor 1.E-82 
ZMZZEN1054G11.g 3 bZIP Opaque-2 4.E-63 
MZCCL10013F06.g 1 bZIP TRAB1-like 7.E-36 
MZCCL10125H06.g 1 bZIP Putative bZIP transcription factor 2.E-40 
MZCCL20021D04.g 1 bZIP OSE2-like protein 4.E-25 
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MZCCL20017C12.g 1 bZIP Putative bZIP transcription factor 2.E-27 
MZCCL20028B04.g 1 bZIP Putative bZIP transcription factor 1.E-130 
MADS family     

MZCCL10095D11.g 1 MADS ZAG2 1.E-109 
MZCCL10057C06.g 1 MADS ZAG2 1.E-105 
MZCCL20034F06.g 1 MADS MADS box protein 1 3.E-92 
MZCCL10013G09.g 1 MADS MADS-box transcription factor-like 8.E-46 
Homeodomain family 

MZCCL10121F06.g 3 Homeobox Hox7-like protein 2.00E-38 
MZCCL10056F10.g 3 Homeo-Zip Putative Hox4 protein 7.00E-30 
MZCCL10216G12.g 1 Homeo-Zip OCL3 protein 5.00E-97 
ZMZZEN6061C10.g 1 Homeo-Zip OCL5 protein 1.00E-56 
MZCCL15029D11.g 1 Homeobox Putative WUSCHEL homeobox protein 2 2.00E-26 
ZMZZEN6070H06.g 1 Homeobox Putative WUSCHEL homeobox protein 11 3.00E-23 
MZCCL10079H04.g 1 Homeobox Putative homeodomain protein 1.00E-14 
Helix-loop-helix family 

MZCCS20044E10.g 11 bHLH bHLH protein family 6.00E-16 
ZMZZEN5008D08.g 2 bHLH Putative bHLH transcription factor 7.00E-74 
ZMZZEN7010B07.g 1 bHLH Putative transcription factor PCF6 5.00E-68 
MZCCL10202D08.g 1 bHLH bHLH protein family 5.00E-46 
MZCCL10075H11.g 1 bHLH bHLH protein family 7.00E-21 
MZCCS20019G07.g 1 bHLH Putative bHLH transcription factor 1.00E-11 
NAC family 

ZMZZEN3009C11.g 30 NAC NAM-related protein 1-like 1.E-117 
MZCCL10018G09.g 23 NAC NAM-related protein 1-like 1.E-111 
MZCCS15005C05.g 7 NAC NAM-related protein 1-like 4.E-85 
MZCCL20006E06.g 4 NAC NAM-related protein 1-like 6.E-74 
MZCCL10127E04.g 4 NAC OsNAC3 protein-like 3.E-32 
ZMZZEN6071D10.g 3 NAC NAM-related protein 1-like 2.E-85 
MZCCL10058G04.g 2 NAC OsNAC2 protein-like 4.E-88 
ZMZZEN5053D04.g 2 NAC NAM-related protein 1-like 5.E-67 
ZMZZEN7014B11.g 2 NAC Putative NAM (no apical meristem) protein 2.E-29 
MZCCL20010G12.g 1 NAC OsNAC1 protein-like 6.E-61 
ZMZZEN7015E08.g 1 NAC NAC2 protein-like 3.E-19 
MZCCL10055H06.g 1 NAC NAM-like protein 1.E-13 
APETALA2/EREBP family 

MZCCL20025G09.g 13 ERF Putative transcription factor EREBP1 4.E-28 
MZCCL10005A11.g 2 AP2 AP2 domain-containing transcription factor 8.E-24 
MZCCL20042F02.g 1 AP2 AP2 domain-containing transcription factor 6.E-36 
MZCCL10193B06.g 1 AP2 WRINKLED1-like protein 3.E-19 
MZCCL20022H07.g 1 ERF ERF1-like transcription factor 3.E-11 
HMG (high-mobility group) family 

MZCCS15031G06.g 1 HMG Putative SSRP1 protein 1.E-15 
Myb family 

MZCCS20011C07.g 4 MYB Putative typical P-type R2R3 Myb protein 4.E-39 
MZCCL10097G05.g1 1 MYB Putative typical P-type R2R3 Myb protein 1.E-75 
MZCCL10142D02.g 1 MYB Putative Myb-family transcription factor 2.E-64 
MZCCL15026F02.g 1 MYB Putative Myb-family transcription factor 3.E-28 
MZCCL10068G01.g 1 MYB Circadian clock associated protein LHY-like 9.E-28 
ZMZZEN6076B05.g 1 MYB Putative c-Myb-like transcription factor 4.E-27 
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Heat shock factor family 

MZCCL10023G08.g 3 HSF Heat shock factor RHSF2-like 8.E-66 
MZCCL10084F08.g 3 HSF Heat shock factor RHSF4-like 1.E-51 
MZCCL10160C11.g 1 HSF Heat shock factor RHSF6-like 7.E-58 
MZCCL20049C08.g 1 HSF Heat shock factor RHSF4-like 7.E-17 
GRAS family 

ZMZZEN6040H08.g 1 GRAS Scarecrow transcriptional regulator-like protein 6.E-16 
Other 

MZCCL10045B04.g 10 - Fertilization-independent endosperm protein 1  1.E-162 
MZCCL10186E06.g 6 - Heat shock protein HSP90 1.E-136 
MZCCL10038G04.g 6 - Putative VIP1 transcription factor 5.E-27 
MZCCL10026E03.g 5 - Heat shock protein HSP82 1.E-139 
MZCCS20012A11.g 4 - Putative VIP2 transcription factor 1.E-161 
ZMZZEN5005A11.g 4 - Putative transcription factor X1 2.E-54 
MZCCL10039B11.g 3 - TATA box binding protein-associated factor 1.E-138 
MZCCL15012H09.g 3 - Transcription initiation factor IIB 2.E-88 
MZCCM15002E07.g 3 - Putative co-repressor protein 9.E-49 
ZMZZEN5055B11.g 3 - Transcription initiation factor IIA small subunit 8.E-46 
ZMZZEN5026G12.g 3 - Putative CCAAT-binding transcription factor 2.E-33 
MZCCL20014D07.g 2 - Putative auxin response factor 10 (ARF10)-like 1.E-139 
MZCCL20034D01.g 2 - Heat shock protein HSP82 1.E-120 
ZMZZEN6065G08.g 2 - Transcription initiation factor IIH 1.E-71 
MZCCL20004F04.g 2 - Squamosa-promoter binding-like protein 3.E-60 
MZCCL10075G04.g 2 - TATA box binding protein-associated factor 6.E-50 
MZCCS10002E02.g 2 - TATA box binding protein-associated factor 3.E-48 
MZCCL10084A05.g 2 - Hd1-like protein  5.E-41 
MZCCL10200C10.g 2 - Transcriptional regulator FUSCA3 7.E-33 
ZMZZEN6050A03.g 2 - Putative auxin-regulated IAA22 2.E-32 
MZCCL10161E11.g 2 - Enhancer of zeste-like protein 2 6.E-27 
ZMZZEN6049A09.g 2 - Putative auxin-regulated IAA8 3.E-25 
ZMZZEN6039F09.g 2 - Putative CCAAT-binding transcription factor 2.E-21 
ZMZZEN6002G01.g 1 - Response regulator 10  1.E-132 
MZCCS20026C03.g 1 - Putative auxin response factor 7 (ARF7)-like 1.E-131 
MZCCS15007G06.g 1 - Putative auxin response factor 7 (ARF7)-like 1.E-121 
MZCCS15013B03.g 1 - Putative auxin response factor 10 (ARF10)-like 1.E-111 
ZMZZEN5030B10.g 1 - Putative co-repressor protein 1.E-102 
ZMZZEN6061H10.g 1 - Putative auxin response factor 1 (ARF1)-like 3.E-80 
MZCCL20022G06.g 1 - Transcription initiation factor IIB 2.E-74 
MZCCL15035F11.g 1 - Putative transcription regulatory protein SNF2 3.E-74 
MZCCL15009F05.g 1 - Putative transcriptional regulatory protein 4.E-62 
MZCCL10077B06.g 1 - Putative ethylene-insensitive protein EIL3 2.E-44 
ZMZZEN6097G06.g 1 - Putative transcriptional corepressor LEUNIG 2.E-41 
MZCCL10178A09.g 1 - Putative HAP3 transcriptional-activator 1.E-40 
ZMZZEN1009H11.g 1 - Putative transcription factor IIIB 70 KD subunit 1.E-39 
ZMZZEN5062G11.g 1 - VIP1/ABI3-like transcription factor 3.E-38 
MZCCL10212F09.g 1 - Putative transcriptional regulatory protein 3.E-23 
MZCCL10210H11.g 1 - ABA response element binding factor 2.E-18 
ZMZZEN7004F11.g 1 - Putative trancription factor 3.E-17 
1MAS, Maize Assembled Sequences, are the  sets of contigs and singletons (Verza et al 2005). 
2Number of endosperm-preferred sequences in contigs 
3Best GenBank hit 
4E-value correspondent to the best hit of the blastX of the MAS consensus sequence against the GenBank 
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Table 3 
 
Table 3. Relative expression of endosperm-preferred transcription factors during endosperm 
development 

Relative expression1 

Highest identity MAS 
10 DAP 15 DAP 20 DAP 

NAM-related protein 1-like MZCCL10018G09.g 0.6 1.6 17.4 
Fertilization-independent endosperm protein 1  MZCCL10045B04.g 3.1 1.6 0 
Zinc finger PCP1-like MZCCL10172D03.g 0.6 3.1 1.2 
NAM-related protein 1-like MZCCL20006E06.g 0 1.6 3.7 
NAM-related protein 1-like MZCCS15005C05.g 0 6.3 0 
Transcription initiation factor IIB MZCCL15012H09.g 0 4.7 0 
Putative bZIP transcription factor MZCCL20023E03.g 0 0 3.7 
Zinc finger transcription factor-like protein MZCCL15009C05.g 0 3.1 0 
Putative transcription factor EREBP1 MZCCL20025G09.g 0 0 2.5 
Heat shock protein HSP82 MZCCL20034D01.g 0 0 2.5 
Opaque-2 MZCCL10006F06.g 4.3 1.6 3.7 
Putative typical P-type R2R3 Myb protein MZCCS20011C07.g 0 0 2.5 
Putative VIP2 transcription factor MZCCS20012A11.g 0 0 2.5 
Putative Hox4 protein MZCCL10056F10.g 1.9 0 0 
Heat shock factor RHSF4-like MZCCL10084F08.g 1.9 0 0 
Putative VIP1 transcription factor MZCCL10038G04.g 1.2 1.6 0 
Heat shock protein HSP82 MZCCL10026E03.g 1.2 0 2.5 
AP2 domain-containing transcription factor MZCCL10005A11.g 1.2 0 0 
OsNAC2 protein-like MZCCL10058G04.g 1.2 0 0 
Hd1-like protein  MZCCL10084A05.g 1.2 0 0 
OsNAC3 protein-like MZCCL10127E04.g 1.2 0 0 
Enhancer of zeste-like protein 2 MZCCL10161E11.g 1.2 0 0 
TATA box binding protein-associated factor MZCCS10002E02.g 1.2 0 0 
PHD finger protein-related MZCCL10107E04.g 0.6 1.6 1.2 
Rice seed b-Zipper 4 (RISBZ4)-like MZCCL10016E07.g 0.6 0 1.2 
TATA box binding protein-associated factor MZCCL10075G04.g 0.6 0 1.2 
PHD finger protein-related MZCCL10126H06.g 0.6 0 1.2 
bZIP family transcription factor MZCCL10186G08.g 0.6 0 1.2 
Zinc finger PCP1-like MZCCL10209H12.g 0.6 0 1.2 
Opaque-2 MZCCL15028H02.g 0 1.6 1.2 
Putative auxin response factor 10 (ARF10)-like MZCCL20014D07.g 0 1.6 1.2 
Putative transcriptional regulatory protein MZCCL15009F05.g 0 1.6 0 
Putative co-repressor protein MZCCM15002E07.g 0 1.6 0 
Putative Myb-family transcription factor MZCCL15026F02.g 0 1.6 0 
Putative WUSCHEL homeobox protein 2 MZCCL15029D11.g 0 1.6 0 
Putative transcription regulatory protein SNF2 MZCCL15035F11.g 0 1.6 0 
COP1 MZCCS15001B10.g 0 1.6 0 
Putative auxin response factor 7 (ARF7)-like MZCCS15007G06.g 0 1.6 0 
Putative auxin response factor 10 (ARF10)-like MZCCS15013B03.g 0 1.6 0 
Putative SSRP1 protein MZCCS15031G06.g 0 1.6 0 
bHLH protein family MZCCS20044E10.g 0 0 1.2 
Squamosa-promoter binding-like protein MZCCL20004F04.g 0 0 1.2 
OsNAC1 protein-like MZCCL20010G12.g 0 0 1.2 
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Putative bZIP transcription factor MZCCL20017C12.g 0 0 1.2 
OSE2-like protein MZCCL20021D04.g 0 0 1.2 
Transcription initiation factor IIB MZCCL20022G06.g 0 0 1.2 
ERF1-like transcription factor MZCCL20022H07.g 0 0 1.2 
Putative bZIP transcription factor MZCCL20028B04.g 0 0 1.2 
MADS box protein 1 MZCCL20034F06.g 0 0 1.2 
AP2 domain-containing transcription factor MZCCL20042F02.g 0 0 1.2 
Heat shock factor RHSF4-like MZCCL20049C08.g 0 0 1.2 
Putative bHLH transcription factor MZCCS20019G07.g 0 0 1.2 
Putative auxin response factor 7 (ARF7)-like MZCCS20026C03.g 0 0 1.2 
Hox7-like protein MZCCL10121F06.g 0.6 0 0 
TRAB1-like MZCCL10013F06.g 0.6 0 0 
MADS-box transcription factor-like MZCCL10013G09.g 0.6 0 0 
Heat shock factor RHSF2-like MZCCL10023G08.g 0.6 0 0 
TATA box binding protein-associated factor MZCCL10039B11.g 0.6 0 0 
NAM-like protein MZCCL10055H06.g 0.6 0 0 
ZAG2 MZCCL10057C06.g 0.6 0 0 
Circadian clock associated protein LHY-like MZCCL10068G01.g 0.6 0 0 
bHLH protein family MZCCL10075H11.g 0.6 0 0 
Putative ethylene-insensitive protein EIL3 MZCCL10077B06.g 0.6 0 0 
Putative homeodomain protein MZCCL10079H04.g 0.6 0 0 
ZAG2 MZCCL10095D11.g 0.6 0 0 
Putative typical P-type R2R3 Myb protein MZCCL10097G05.g1 0.6 0 0 
WRKY3-like protein MZCCL10112F02.g 0.6 0 0 
Putative bZIP transcription factor MZCCL10125H06.g 0.6 0 0 
ZFP2-like protein MZCCL10127A03.g 0.6 0 0 
Putative Myb-family transcription factor MZCCL10142D02.g 0.6 0 0 
Zinc finger (GATA type) family protein MZCCL10156H03.g 0.6 0 0 
Heat shock factor RHSF6-like MZCCL10160C11.g 0.6 0 0 
WRKY7-like protein MZCCL10174G03.g 0.6 0 0 
Putative HAP3 transcriptional-activator MZCCL10178A09.g 0.6 0 0 
Heat shock protein HSP90 MZCCL10186E06.g 0.6 0 0 
WRINKLED1-like protein MZCCL10193B06.g 0.6 0 0 
Transcriptional regulator FUSCA3 MZCCL10200C10.g 0.6 0 0 
bHLH protein family MZCCL10202D08.g 0.6 0 0 
ABA response element binding factor MZCCL10210H11.g 0.6 0 0 
Putative transcriptional regulatory protein MZCCL10212F09.g 0.6 0 0 
OCL3 protein MZCCL10216G12.g 0.6 0 0 
1The relative abundance of ESTs  for each MAS  was calculated as the number of ESTs present in a given library pool 
(10 DAP pool, 15 DAP pool and 20 DAP pool) divided by the total number of ESTs in that pool. The values were 
multiplied by 104 to aid better interpretation. 
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Figures 
 
Figure 1. 
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Figure 1. Distribution of the transcription factors (TFs) among the main families; 161 out 
of 414 TF MASs and 41 out of 113 endosperm-preferred TF MASs were unable to classify. 
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Figure 2. 
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Figure 2. RT-PCR analysis of the expression profiles of endosperm-preferred genes 
selected by in silico approaches. (A) Opaco-2 (MAS MZCCL10006F06.g); (B) NAM-family 
like TF (MAS MZCCL10018G09.g); (C) EREBP-family like TF (MAS MZCCL20025G09.g); (D) 
PHD finger protein-related / SET domain-containing protein (MAS MZCCL10107E04.g); (E) 
Zinc finger family PCP-1 like protein (MAS MZCCL10172D03.g); (F) Alpha-tubulin gene. 
En: endosperm; L: leaf; R: root; Co: coleoptile; Em: embryo. 
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Abstract 

The NAC (NAM/ATAF1/2/CUC) domain protein family is widely distributed in 

plants, and some of their members are involved in biotic and abiotic stress responses. 

Screening a large maize ESTs database enriched in endosperm sequences, we have 

identified 12 members of the NAC-family that are preferentially expressed in developing 

endosperm. One of these, called EPN-1, was found to be preferentially expressed in the 

aleurone layer. EPN-1 expression can be detected early at 5 days after pollination and 

peaks at 20-25 DAP. The analysis of the promoter sequence of EPN-1 revealed the 

presence of CIS-elements related to endosperm-specificity and ABA and GA signaling. We 

discuss here the possible role of EPN-1 in maize seeds in late embryogenesis and seed 

maturation processes. 

 

Keywords: NAC domain protein; Zea mays; Endosperm; Aleurone; Transcription factor; 

CIS-acting elements; Seed maturation. 

 

Introduction 

The maize seed is composed by two main parts: the embryo and the endosperm. 

It has been shown that the success of their development depends on the interaction 

between these two seed components, and the presence of an intact endosperm is 

required for the proper embryo development (Consonni et al., 2005). The maize 

endosperm is a highly specialized nutritive tissue consumed by the embryo as energy 

supply during embryogenesis. The developed endosperm consists of the starchy 

endosperm, a central mass of cells that accumulate starch and storage proteins, a basal 

layer of transfer cells (BETL) that mediates the entering of maternal nutrients into the 

seeds, and a one-cell-thick layer of aleurone cells that surround the starchy endosperm. 

During germination, over gibberellins stimulus coming from the germinating embryo, the 

aleurone produces a range of hydrolytic enzymes that digest cell walls, storage proteins 

and starch present in the endosperm. 

Maize endosperm is a triploid tissue formed by the fusion of two polar nuclei and 

one sperm nucleus. Until the fourth day after pollination (DAP), the endosperm nuclei 

divide synchronously without cell wall formation. Then the tissue changes from a 

multinucleate single cell to a uninucleate multicellular morphology. Most of the 
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endosperm cells are produced up to 12 DAPs, when it begins to accumulate large 

amounts of starch and storage proteins. By 16 DAPs the maturation program has 

initiated, preparing the seeds for desiccation and dormancy, and by 23 DAP desiccation 

has begun. At around 25-30 DAP, the relative water content of the endosperm initiates to 

decrease, and the seed desiccation, controlled by hormone signaling, maintain the 

germinative development arrested (reviewed in: Lopes and Larkins, 1993; Olsen, 2001 

and Olsen, 2004). 

The hormone abscisic acid (ABA) plays a central role in suppressing precocious 

germination in developing maize seeds and regulates the expression of diverse genes 

during the seed maturation process. In developing seeds, ABA is synthesized by embryo 

tissues, and is also transferred from maternal tissues to the seed during water stress 

(Ober and Setter, 1992). Maize kernels deficient in ABA synthesis are viviparous, 

germinating on the ear midway through kernel development (Robertson, 1955; Neill et 

al., 1986.) While the ABA levels are important to prevent precocious seed germination, 

GAs play a crucial role in promoting germination of many types of mature seeds. In 

wheat and barley, GAs promote the expression of hydrolytic enzyme genes, leading to 

the mobilization of endosperm reserves for the embryo nutrition (for review, see 

Jacobsen et al., 1995). In maize, GAs and ABA play antagonistic roles in controlling 

vivipary, and GA1 and GA3 levels in maize embryos decline prior to the peak of ABA 

concentration (White et al., 2000). 

Transcription factors are largely responsible for the selectivity in gene regulation, 

and are often expressed in a tissue-specific, developmental-stage-specific, or stimulus-

dependent manner (Zhang, 2003). The regulatory mechanisms underlying mid and late-

embryogenesis events remain largely unknown. There are a few known regulators of 

seed maturation identified in studies from maize and Arabidopsis. The maize Vp1 

(Viviparous-1) gene is required for ABA induction of maturation-specific genes, 

contributing to desiccation tolerance acquisition and arrest in embryo growth. VP1 also 

inhibits the expression of germination-specific alpha-amylase genes in aleurone cells and 

seems to be involved in preventing precocious hydrolysis of storage compounds 

accumulated in the endosperm (Hoecker et al., 1995). The VP1 gene is weakly expressed 

in the starchy endosperm, while highly expressed in the aleurone and embryo during the 

maturation phase. The VP1 protein is involved in the regulation of a number of diverse 
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genes like the rice bZIP TRAB1, that interacts with both VP1 and CIS-ABA-responsive 

elements (ABREs) and mediates ABA signals (Hobo et al., 1999). Other key factors 

participate in maturation programmes in the cereal endosperm, like GAMYB, BPBF and 

SAD (Gubler et al., 1995; Isabel-Lamoneda et al., 2003), mainly regulating the post-

germination phase. 

NAC proteins (from (petunia NAM and Arabidopsis ATAF1,2 and CUC2; Souer et al, 

1996; Aida et al, 1997) constitute one of the largest families of plant-specific 

transcription factors. NAC family members are involved in developmental processes, 

including formation of the shoot apical meristem, floral organs and lateral shoots, as 

well as in stress responses and plant defense (Olsen et al., 2005). Several NAC genes are 

found to be induced by hormones like the abscisic acid-responsive NAC gene (ANAC) from 

Arabidopsis thaliana (Greve et al., 2003) and the HSINAC (from HvSPY-interacting NAC 

protein), that has been shown to be a negative regulator of GA response in barley 

aleurone, inhibiting GA3 up-regulation of alpha-amylase expression (Robertson, 2004). 

In the present study, we have cloned and characterized a NAC-family transcription 

factor, EPN-1 (Endosperm-Preferred NAM-1), which has an endosperm-preferred pattern 

of expression and is preferentially expressed in maize aleurone. We have isolated the 

EPN-1 promoter and used it to drive the b-glucuronidase gene in transient expression 

assays. We found that this novel NAC-family gene may be involved in the regulation of 

maturation and germination pathways during maize seed development. 

 

Results and Discussion 

 

Identification of NAC-family transcription factors expressed in maize endosperm  

We have created a large database enriched in genes expressed in developing 

maize endosperm (Verza et al., 2005). Screening the database for transcription factors 

sequences, we identified over 1,200 TFs; 414 of which expressed in the endosperm. 

From the set of TFs expressed in maize endosperm, 113 of were found to be 

preferentially expressed in maize endosperm (Verza et al., in preparation), and may play 

important roles in the regulation of endosperm development.  

Interestingly, the plant-specific NAC family was one of the most represented TF 

families within the 113 TFs set, with 12 TFs preferentially expressed in the maize 
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endosperm (Table 1). These 12 TFs correspond to 10 non-redundant NAC-family members 

preferentially expressed in maize endosperm (see Material and Methods). Since NAC is a 

multigenic family of TFs that are found to play roles in a diverse set of developmental 

processes, including developmental programmes, defense and abiotic stress responses, 

and the majority of the endosperm-preferred NAC members had a late expression 

pattern (Verza et al., in prep), we believe that these TFs may be involved in the 

regulation of late endosperm developmental processes, such as the response to the 

hydric stress accompanying seed desiccation. We decided to characterize one of these 

endosperm preferred NAC-family TFs, that we named Endosperm-Preferred NAM-1 (EPN-

1). 

 

The EPN-1 gene, its sequence features and genomic organization 

The complete sequence of the EPN-1 cDNA was already available in the MAIZEST 

database (www.maizest.unicamp.br), as the consensus sequence of the ESTs cluster 

MZCCL10018G09.g (Verza et al., 2005). We used this consensus sequence to design 

primers to clone and re-sequence the complete EPN-1 cDNA. The coding sequence is 

1,074 bp long and is 73% identical to the petunia NAM gene (Souer et al., 1996; accession 

X92205) and 84% identical to the Zea mays NAM-related protein 1 (NRP1), an endosperm-

specific NAC-family member (Guo et al., 2003; accession AY325313) .  

The EPN-1 sequence encodes a 357 amino acid protein. The alignment of the EPN-

1 predicted protein sequence with related NAC-family sequences is shown in Figure 1. 

The NAC domain, represented by the 5 underlined sub-domains in the alignment, is 

located at the N-terminal portion, and is strictly conserved among all the sequences. 

The C-terminal region of EPN-1 is highly specific, sharing 65% of identity with the related 

maize NRP-1. 

 The comparison of the EPN-1 cDNA sequence with the genomic maize sequences 

available through the TIGR database revealed that the gene is composed by four exons 

and three introns, a structure distinct from that of the petunia NAM gene (Figure 2), but 

very similar to that of the maize NRP-1. The translation start codon is located within the 

second exon (Figure 2). 
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The EPN-1 gene is preferentially expressed in the maize endosperm 

To access the expression pattern of the EPN-1 gene and confirm the in silico 

findings, we carried out an RT-PCR analysis using cDNAs from maize endosperm, root, 

leaf, coleoptile and embryo tissues. The EPN-1 transcripts can be found preferentially in 

the endosperm sample (Figure 3). The transcripts can be found in the endosperm at 5 

days after pollination (DAP), rising to a peak around 25 DAP (Figure 3). This expression 

pattern suggests a late role of this gene during the endosperm development, although 

the few transcripts found at early stages may perform a regulatory function since the 

beginning of the developmental process.  

 

The EPN-1 promoter has conserved endosperm-specificity, ABA and GA-binding CIS-

elements 

The promoter sequence of EPN-1 was retrieved using the coding sequence to 

perform a BLASTN (Altschul et al., 1997) analysis against the TIGR maize genomic 

sequences. The resulting sequence was used to design primers to clone and sequence a 

1,900 pb DNA fragment upstream the translation start. As CIS-regulatory elements are 

major controllers of gene expression located within the 5' upstream sequence (Haberer 

et al., 2004), we used the PlantCare (Lescot et al., 2002) and the Place (Higo et al., 

1999) tools to identify possible conserved motifs for gene expression and regulation 

(Figure 4).  Two TATA boxes were identified, one located within the first intron, at 

position -113 from the initial ATG, and the second located at position -352. The EPN-1 

promoter revealed endosperm-specificity related elements like the Prolamin-box, 

conserved in many cereal seed storage protein genes, the GCN-4-motif, that plays a 

central role in controlling endosperm-specific expression, and the RY/Sph motif, that is 

involved in high-level expression of several seed-specific genes, as well as functioning as 

a negative element repressing expression in non-seed tissues. The RY/Sph motif is also 

involved in response to Abscisic Acid (ABA) signaling through the maize VP1 binding. VP1 

is specifically required for properly regulation of the maturation program in maize seed 

development, and the Sph element is an enriched sequence motif in promoters of genes 

co-activated by ABA and VP1. 

Interestingly, a number of hormone-related elements were also found in the EPN-1 

promoter, like eight ACGT-containing ABA response elements (ABREs), three amylase box 
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(also called Amy Box and Box I), conserved sequences found in 5'-upstream region of 

alpha-amylase genes that are related to a gibberellin (GA)-induced expression, one 

Pyrimidine box, an accessory motif for the transcriptional response to GA found in the 

promoter of barley alpha-amylase genes (Amy2/32b) (Mena et al., 2002) and two TATC-

boxes, that have been shown to be related to GA responsiveness, being part, together 

with the Pyrimidine box, of a gibberellin response complex that give a high level of GA-

regulated expression. These findings suggest that EPN-1 may have a regulatory role 

during late embryogenesis, possibly in the transition from seed maturation to 

germination processes, and might be regulated by ABA and GA.  

 

Transient assays show that EPN-1 promoter drives aleurone-specific expression 

To assay the pattern of expression driven by the EPN-1 promoter, we conducted a 

transient expression analysis in which a 1,9kb fragment of the EPN-1 promoter region 

was cloned into the promoter-less pRT103GUS vector driving the β-glucuronidase gene 

(pEPN-GUS; Figure 5a). The plasmid pRT103GUS containing the bacterial GUS gene driven 

by the constitutive CaMV35S promoter was used as control. Immature maize seeds were 

sectioned transversally, and the caps were prepared by peeling back the entire pericarp 

and removing the aleurone layer from half of the cap area, remaining a portion of the 

intact aleurone layer. The caps, as well as the longitudinally sectioned seeds, were 

bombarded with DNA-coated microprojectiles and the GUS activity was evaluated by 

counting the blue spots (Figure 5d). Figure 5c shows that the EPN-1 promoter directed 

the expression preferentially in the aleurone layer of the seed, in contrast to the wide 

spread pattern given by the CaMV35S:GUS (Figure 5b). The EPN-1 gene, thus, is the first 

NAC-family transcription factor shown to be preferentially expressed in the aleurone 

layer. This pattern of expression reinforces its possible role in regulating the maturation 

to germination transition process in maize seeds. 

 

Conclusion 

 

In the present study, we have cloned and characterized an endosperm-specific 

member of the NAC-family of transcription factors, EPN-1. The results show that EPN-1 is 

expressed preferentially in the aleurone layer of the maize endosperm, and its promoter 
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has conserved CIS-elements related to ABA- and GA-regulated transcription, likewise 

conserved sequences found in alpha-amylase promoters and the Sph element, bound by 

the VP1 transcription factor. Since VP1 is known to be expressed only in seed tissues, and 

it regulates maturation and dormancy in plant seeds by activating genes responsive to 

the stress hormone abscisic acid (ABA), it may be possible that EPN-1 expression could 

be regulated by VIP1, being part of the ABA- and GA-signaling pathways in maize seeds. 

Although several NAC-family transcription factors have been reported as 

candidates for stress and hormone responses, none of them have been demonstrated to 

be preferentially expressed in the aleurone layer. Further investigation needs to be done 

to unravel the regulatory effects of ABA and GA in the EPN-1 expression, and to clarify if 

there is any interaction between VP1 and EPN-1 during seed development. 

 

Material and Methods 

 

Screening of Databases and Sequence Alignments 

The identification of the maize endosperm-preferred NAC-family transcription 

factors was conducted as described in Verza et al. (in preparation).  

To identify gene redundancy among sequences retrieved from the MAIZEST 

database (Verza et al., 2005), the consensus sequences (MASs) of all endosperm-

preferred NAC TFs were aligned using the CLUSTALW program (Thompson et al., 1994). 

Those MASs whose DNA sequences showed more than 95% of identity were considered 

redundant. 

The predicted protein sequences were aligned using ClustalX and colored using 

the BoxShade 3.21 tool (http://www.ch.embnet.org/software/BOX_form.html). 

 

Plant Growth 

Maize (Zea mays L.) plants from the Oh43 inbred line were grown in the 

greenhouse. Ears were self pollinated and harvested at 10 days after pollination (DAP) 

and 30 DAP for the hormone assay and at 25 DAP for the transient expression assay. 

Embryos were dissected manually. Roots, leaves and coleoptiles were harvested from 5-

day-old seedlings germinated under controlled conditions. The 25 DAP seeds for the 
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transient assay were immediately used, and the other tissues were frozen in liquid 

nitrogen and stored at -80 ºC. 

 

RNA Extraction and RT-PCR analysis 

 Endosperm and embryo total RNA free from genomic DNA were extracted 

according to Manning (1991), and roots, leaves and coleoptiles total RNA were extracted 

using the Trizol reagent (Invitrogen, USA) as described by the manufacturer. The RT-PCR 

reactions were performed with 500ng of total RNA using the one-step AccessQuickTM RT-

PCR System (Promega). The products were separated by electrophoresis in agarose gel 

and visualized by UV excitation of ethidium bromide-stained DNA. The primers used to 

amplify the EPN-1 gene were ZmESN1fwd (5’-CATGGCGGCGGACC-3’) and ZmESN1rev (5’-

GATGGCGTGTGGAAGTACTGA-3’). 

 

EPN-1 promoter isolation, vector construction and transient expression assays in 

immature maize endosperm 

The 1,9 kb fragment of the EPN-1 promoter was amplified from maize Oh43 

genomic DNA using the primers ZmNAMprofwd (5’- CCAGTCAACATAGCCCAACT-3’) and 

ZmNAMprorev (5’- GAGGTCAGTCCTCGAGTCAGAGA -3’). The single PCR product was 

isolated from agarose gel using the Concert™ rapid gel extraction system (Invitrogen, 

USA) and then subcloned into the pGEM-T EASY vector (Promega, USA). The vector was 

subsequently digested at the HincII and the XhoI restriction sites included at the 3′- and 

5′-ends and ligated into the promoter-less pRT103GUS vector digested with the same 

restriction enzymes. 

Ears were harvested at 20 days after pollination, surface sterilized for 15 min with 

5% commercial bleach, and rinsed four times in distilled water. Seeds were dissected 

from the cob and sectioned longitudinally and transversally. The caps were dissected by 

removing the the entire pericarp and half of the aleurone layer area. 9 transversal 

sections and 6 longitudinal sections were flattened on 100-mm-diameter Petri dishes 

containing 20 mL of MS medium (Murashige and Skoog, 1962), with the sliced surface 

facing upward. Five micrograms of column-purified DNA was used to coat 3 mg of 1- to 3-

pm-diameter gold particles as reported by Yunes et al. (1998). The endosperms were 

bombarded twice with 0.5 pg DNA using a high-pressure helium-driven particle 
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acceleration device (Sanford et al., 1991). After bombardment, the samples were 

incubated for 24 hr in the dark at room temperature. The endosperms were then stained 

for GUS activity according to the method of Jefferson (1987). To minimize experimental 

errors, all constructs were analyzed using seeds of the same ear. 
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Tables with brief and concise titles and legends 

 

Table1 

 

Table1. Endosperm-preferred NAC-family transcription factors 

MAS1 No. of 
sequences2 Highest identity3 e-value4 

ZMZZEN3009C11.g 30 NAM-related protein 1-like 1.E-117 
MZCCL10018G09.g5 23 NAM-related protein 1-like 1.E-111 

MZCCS15005C05.g 7 NAM-related protein 1-like 4.E-85 
MZCCL20006E06.g 4 NAM-related protein 1-like 6.E-74 
MZCCL10127E04.g 4 OsNAC3 protein-like 3.E-32 
ZMZZEN6071D10.g 3 NAM-related protein 1-like 2.E-85 
MZCCL10058G04.g 2 OsNAC2 protein-like 4.E-88 
ZMZZEN5053D04.g 2 NAM-related protein 1-like 5.E-67 
ZMZZEN7014B11.g 2 Putative NAM (no apical meristem) protein 2.E-29 
MZCCL20010G12.g 1 OsNAC1 protein-like 6.E-61 
ZMZZEN7015E08.g 1 NAC2 protein-like 3.E-19 
MZCCL10055H06.g 1 NAM-like protein 1.E-13 
1MAS, Maize Assembled Sequences, are the sets of contigs and singletons (Verza et al, 2005) 
2Number of endosperm-preferred ESTs in the cluster 
3Best GenBank hit 
4E-value correspondent to the best hit of the blastX of the MAS consensus sequence against the 
GenBank 
5MAS corresponding to the EPN-1 gene 
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Original figures 

 

 

ZmEPN-1       1 MAADQQPQLQEEMNDDAVGGGLRLPPGFRFHPSDFEIVSFYLTNKVLNTR-FTCTAITEA 

ZmNRP-1       1 MADQQQPQQQPQEMDVDRTGGLELPPGFRFHPSDFEIINDYLTKKVHDRD-YSCIAIADA 

OsNAC1        1 ---------------------MDLPPGFRFHPTDEELITHYLLRKAADPAGFAARAVGEA 

PhNAM         1 ----------MENYQHFDCSDSNLPPGFRFHPTDEELITYYLLKKVLDSN-FTGRAIAEV 

ANAC021/22    1 -----METEEEMKESSISMVEAKLPPGFRFHPKDDELVCDYLMRRSLHNNHRPPLVLIQV 

 

 

ZmEPN-1      60 DLNKIEPWDLPSKAKMGEKEWYFFYQKDRKYPTGLRANRATEAGYWKATGKDKEVYN--A 

ZmNRP-1      60 DLNKTEPWDLPKVAKMGEKEWCFFYQKDRKYPTGLRANRATEAGYWKATGKDKEVYNPFA 

OsNAC1       40 DLNKCEPWDLPSRATMGEKEWYFFCVKDRKYPTGLRTNRATESGYWKATGKDREIFR--- 

PhNAM        50 DLNKCEPWELPEKAKMGEKEWYFFSLRDRKYPTGLRTNRATEAGYWKATGKDREIYS--- 

ANAC021/22   56 DLNKCEPWDIPKMACVGGKDWYFYSQRDRKYATGLRTNRATATGYWKATGKDRTILR--- 

 

 

ZmEPN-1     118 AEGVAVLVGMKKTLVFYRGRAPRGDKTNWVMHEYRLEGSGRLPAGLASATGSAAANAAAA 

ZmNRP-1     120 AEG-LLLVGMKKTLVFYKGRAPRGDKTNWVMHEYRLEGSGRLPASPASASGSATNIAAAM 

OsNAC1       97 -GK--ALVGMKKTLVFYTGRAPRGGKTGWVMHEYRIHG----------------KHAAAN 

PhNAM       107 -SKTSALVGMKKTLVFYRGRAPKGEKSNWVMHEYRLDG----------------KFAYHY 

ANAC021/22  113 ---KGKLVGMRKTLVFYQGRAPRGRKTDWVMHEFRLQG---------------SHHPPNH 

 

 

ZmEPN-1     178 LKASA--YKDEWVVCRVFHKTTGIKKTTTAAPAYQVAMAGAEMDQNQNNIP--------- 

ZmNRP-1     179 MKASASACKDEWVVCRVFNKTTGIKKT--AAPAYQVAMAGPEMDQNQNNIPAIPIPMPLQ 

OsNAC1      138 SKQD-----QEWVLCRVFKKSLELAPAAAAAVGRRGAGAGTDVGPSSMPMADDVV----- 

PhNAM       150 ISRSS---KDEWVISRVFQKS-------CSTVGTTSNGGKKRLNSSFNNMYQEVS----- 

ANAC021/22  155 SLSSP---KEDWVLCRVFHKN------------TEGVICRDNMGSCFDETAS-------- 

 

 

ZmEPN-1     227 ----FPMPMQFSMLPDFSLDP----VPPYYPYPNAGAGMPMLPMAAGIGGGAGG------ 

ZmNRP-1     237 LPLPVPMQMQFPILPDFAMDP----VAPYYPNPNAGAGM-MPPMALAGMGGAGG------ 

OsNAC1      188 ----GLAPCALPPLMDVSGGGGGAGTTSLSATAGAAAAPPAAHVTCFSNALEGQFLDTPY 

PhNAM       195 ----SPSSVSLPPLLESS---------PYNNTATSAAASKKEHVSCFSTIST-------- 

ANAC021/22  192 --------ASLPPLMDPYINFD---QEPSSYLSDDHHYIINEHVPCFSNLSQNQ------ 

 

 

ZmEPN-1     273 --LHLNGAALFGNPMAAPQPMSFYH-QMGTGTAC--------------------AGGFDV 

ZmNRP-1     286 --LQING-ALFGNPVPAPLPMNFYHHQMGMGAAAGQVDMGAAAGQMDMGAAGAGAGGFDV 

OsNAC1      244 LLPAADPADHLAMSSASPFLEALQMQYVQDAAAAGGAGMVHE---------LLMGGGWYC 

PhNAM       234 --PSFDPSSVFDISSNSNTLHSLPAPSFSAILDPSSTFSRNS---------VFPS---LR 

ANAC021/22  235 ----TLNSNLTNSVSELKIPCKNPNPLFTGGSASATLTGLDS----------------FC 

 

 

ZmEPN-1     310 SAPESRPSSMVSQKD----DQANGAEISSMMSVAGPGPATTTT--IEMDGVWKY-- 

ZmNRP-1     343 AAPESRPSSMVSQKD----EQANAAEISSMMSVTGPG-SATTT--IEMDGIWKYKY 

OsNAC1      295 NKGERERLSGASQDTGLTSSEVNPGEISSSSRHNAWIITTRPSGPIEIFIHHH--- 

PhNAM       280 SLQENLHLPLFSGGT----SAMHGG--FSSPLANWPVPETQKVDHSELDCMWSY-- 

ANAC021/22  275 SSDQMVLRALLSQLT-----KIDGSLGPKESQSYGEGSSESLLTDIGIPSTVWNC- 
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PhNAM       107 -SKTSALVGMKKTLVFYRGRAPKGEKSNWVMHEYRLDG----------------KFAYHY 

ANAC021/22  113 ---KGKLVGMRKTLVFYQGRAPRGRKTDWVMHEFRLQG---------------SHHPPNH 

 

 

ZmEPN-1     178 LKASA--YKDEWVVCRVFHKTTGIKKTTTAAPAYQVAMAGAEMDQNQNNIP--------- 

ZmNRP-1     179 MKASASACKDEWVVCRVFNKTTGIKKT--AAPAYQVAMAGPEMDQNQNNIPAIPIPMPLQ 

OsNAC1      138 SKQD-----QEWVLCRVFKKSLELAPAAAAAVGRRGAGAGTDVGPSSMPMADDVV----- 

PhNAM       150 ISRSS---KDEWVISRVFQKS-------CSTVGTTSNGGKKRLNSSFNNMYQEVS----- 

ANAC021/22  155 SLSSP---KEDWVLCRVFHKN------------TEGVICRDNMGSCFDETAS-------- 

 

 

ZmEPN-1     227 ----FPMPMQFSMLPDFSLDP----VPPYYPYPNAGAGMPMLPMAAGIGGGAGG------ 

ZmNRP-1     237 LPLPVPMQMQFPILPDFAMDP----VAPYYPNPNAGAGM-MPPMALAGMGGAGG------ 

OsNAC1      188 ----GLAPCALPPLMDVSGGGGGAGTTSLSATAGAAAAPPAAHVTCFSNALEGQFLDTPY 

PhNAM       195 ----SPSSVSLPPLLESS---------PYNNTATSAAASKKEHVSCFSTIST-------- 

ANAC021/22  192 --------ASLPPLMDPYINFD---QEPSSYLSDDHHYIINEHVPCFSNLSQNQ------ 

 

 

ZmEPN-1     273 --LHLNGAALFGNPMAAPQPMSFYH-QMGTGTAC--------------------AGGFDV 

ZmNRP-1     286 --LQING-ALFGNPVPAPLPMNFYHHQMGMGAAAGQVDMGAAAGQMDMGAAGAGAGGFDV 

OsNAC1      244 LLPAADPADHLAMSSASPFLEALQMQYVQDAAAAGGAGMVHE---------LLMGGGWYC 

PhNAM       234 --PSFDPSSVFDISSNSNTLHSLPAPSFSAILDPSSTFSRNS---------VFPS---LR 

ANAC021/22  235 ----TLNSNLTNSVSELKIPCKNPNPLFTGGSASATLTGLDS----------------FC 

 

 

ZmEPN-1     310 SAPESRPSSMVSQKD----DQANGAEISSMMSVAGPGPATTTT--IEMDGVWKY-- 

ZmNRP-1     343 AAPESRPSSMVSQKD----EQANAAEISSMMSVTGPG-SATTT--IEMDGIWKYKY 

OsNAC1      295 NKGERERLSGASQDTGLTSSEVNPGEISSSSRHNAWIITTRPSGPIEIFIHHH--- 

PhNAM       280 SLQENLHLPLFSGGT----SAMHGG--FSSPLANWPVPETQKVDHSELDCMWSY-- 

ANAC021/22  275 SSDQMVLRALLSQLT-----KIDGSLGPKESQSYGEGSSESLLTDIGIPSTVWNC- 
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Figure 1. Alignment of five NAC-family proteins: maize EPN-1 and NRP-1 (AAP86221); 
rice OsNAC1 (BAC53810); petunia NAM (CAA63101) and Arabidopsis ANAC021/22 
(Q84TE6); Subdomains A to E are shown by lines above the sequences. Amino acid 
identification: white on black, identical residues and white on light grey, conserved 
residues. 
 

 

 74



 

(A)

(B)

(C)

(D)

(A)

(B)

(C)

(D)

(C)

(D)

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic representation of gene structures of NAC-family members. Boxes 
represent exons and lines introns. Lengths are scaled up. (A) maize EPN-1; (B) maize 
NRP-1 (AAP86221); (C) petunia NAM (CAA63101) and (D) Arabidopsis CUC1 (AB049069) 
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Figure 3. RT-PCR showing the endosperm-preferred expression of EPN-1, and its 
expression pattern during endosperm development; En: endosperm; L: leaf; R: root; Co: 
coleoptile; Em: embryo; DAP: days after pollination. 
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GAGAAGGGTTCGAGGATTTTCTGAACAAATTACGCATGACGAGTTTTTTTTTTAGACTGGTTCGATTTGGGTGGCCATTAATTCGTGTGGATTGGGA

TGACACCATGCATCTTTTGGATGTATTAAGAGAGATACGCTATATCCGATTGTTTTTTCATGCATTAAATTGTGGGACAATCTTAAAGCACCGGCGGA

ATCCTAGGACGACGGCGGCGCCAACAGATTGGCGGGAGTGGACTAGCTAGTACGTCACGATCAAGACTCATGCGTGCATGCATGGCATGTCTTCT

TTGTTGCATCACAGGTGATGAGATATATGCATGCATGGCACCGTATGTACCCATGGTCCCCATGGACAAGCGCACGTTGCCGCCACTTTTCTAGGG

AAAGCGCTAGCATGCCATGGCATGCCATGCCATGCCACTTCATGCACCCGGCGCGGACTACGGCACCACGTAGGCATACATGGCACATGCATGGA

CGTACTACTCTAGCTATCTGTATGTAGAGCACGCACAATGCGTGATAATTCGATAAGAGGATCATCACGCAGCTTGCTTGGCTAAATCAATTCCTTC

GAAAGTAAGCAATAGAAAAGCAAAAAATATCCTCTGCAATTGCATATGCATGCATAAAATCAAGCAGCTGGCTCAGTAACGCGGGCTAAAAACTGAC

CATGGTTTCCAGGGGCTGGCGCGCCTGGTGGACGCACACTTGTCAGTCTCGGGCACCGAGAGCTATACGCACGGGTTCTGTGCGTGACAGTGTG

AGCGCAGGCTACACACACATCATCGTATCGTGTCCAGAGCAGATAGATACATGAGGGTGTGTCTACATACATACACACAGCCAGCAGAGTCAGCCA

GCACACCGCGCGCGTTCTCCATGCACCGGAAACGTACTGGGTCGAGCAGTGACGCTCTGGCGCCCGCAATGATCAGCAGTACCAGATCACGACG

ACCCCAGTCACCGGCCTGCTTGTCCCAGATGGATGCCTACGTACGTACGCGCGTCTACAGCGCAGCGCCTGCACCGCGTGCGAGACAGCGTGGA

CCCCGCGCCATCCGGCCTGTCGTCCGCAGACTTGGGTCACGAAGGGCTTGCAGGCGGGCGCATATAGCCGGCCGCTGACGCGCGCGCATGTCG

ACGAGAGGGACGACGCGCGCCAGCCGCAGCACAGCAGCCCTCCTGTTGCCGCCTCATGCAGATGAGGCGGCGACGGCCGGCCGGCCTGCGTG

GGTGGATACGAGAGCGGCGTGCGGACGCGTACGTCCACAGGAATCGCAGGCAAACCGGAGGGAGGGTCTCAGTCTCACGCCGCGCGCAGGCAG

ATCGAGAGACGACATTCCAGAAGCCGGGCACCTGTCTGTCGCCAGCAGCGGCCGCGCGCGCGAGGACAAGCGCGGCACAGTTGGAAAGAACAA

GCGTCCAATGGCCAGTAGAAACAGACGCCACCAGAAAAAGAGGAGGCTTCGGCGGAAAGTGGCTTGCGCGGACACGCTTCCCGCCTATTTAAGC

CGCGCTCGCGCGCGCTGCGGCTGGCACAGTGCCTCTCGCTCACTGACTGACTGTAATACCAGAGATCGAACAACTTGGTCCTGCAGCTCAAGAAG

AGAGTTTTTGTGCATGTATGTGTGCTTCGGTTGGGTTTTTCTTTCAGTACTGTCGTTGTCAGATTATATATTGAGATCCTTTTGTTTGCTTGATACTAC

GGTTGGTTTTGCTGCTGCTCTTCCTGGATCTCTGACTGACTGACTGACCTCAGTTGGGGGCCGGGGGCAAGAGAGAGAGAGAGAGCCATG
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Figure 4. Conserved CIS-elements found in EPN-1 promoter; 1,9kb upstream from the 
initial ATG were screened using PlantCare and Place.  
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Figure 5. Spatial distribution of GUS activity driven by EPN-1 promotor in 20 DAP maize 
endosperm caps. Half of the aleurone layers were removed from the caps just before 
microprojectile bombardment with the β-glucuronidase (GUS) gene under the control of 
the EPN-1 or 35S promoters. (A) Schematic representation of the pRT103GUS construct; 
(B) Schematic representation of the pEPN1:GUS construct; (C) p35S:GUS bombarded caps 
showing expression in the aleurone and sub-aleurone cell layers;  (D) pEPN-1:GUS 
bombarded caps showing expression exclusively in the aleurone cell layer; (E) GUS 
activity measured as the number of blue spots within the cap area (error bars represents 
the SD among three biological repeats). 
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CONCLUSÕES 

 

• As 30.531 seqüências expressas de endosperma em desenvolvimento obtidas neste 

trabalho, compiladas com 196.900 seqüências expressas de milho disponíveis em 

bancos de dados públicos, possibilitaram a construção de um banco (MAIZESTdb) 

contendo 227.431 ESTs provenientes dos mais diversos órgãos e tecidos de milho e 

representando aproximadamente 24.000 genes, o que constitui uma boa 

ferramenta para a prospecção e descoberta de novos genes; 

• O MAIZESTdb é um banco de ESTs enriquecido com seqüências vindas de 

bibliotecas de cDNA construídas a partir de endosperma em desenvolvimento, o 

que possibilitou a identificação de mais de 80% dos genes expressos neste tecido; 

• As 30.531 seqüências expressas de endosperma em desenvolvimento obtidas neste 

trabalho tiveram grande contribuição na descoberta de novos genes, já que a 

maioria dos cDNAs seqüenciados vieram de bibliotecas construídas com mRNAs 

extraídos no início do desenvolvimento, aos 10 e 15 DAPs, quando a expressão de 

genes de proteínas de reserva ainda se mantém baixa; 

• A análise do banco de ESTs de diferentes órgãos e tecidos de milho possibilitou a 

identificação de 4.032 transcritos preferencialmente expressos no endosperma, e 

a sua anotação revelou uma ampla variedade de prováveis genes novos envolvidos 

no desenvolvimento e no metabolismo do endosperma; 

• Considerando o número de genes em milho similar ao número de genes estimado  

em arroz, que é cerca de 40.000, o MAIZESTdb contém cerca de 60% dos genes de 

milho; 

• A disponibilidade de grandes coleções de ESTs provenientes de diferentes tecidos 

de uma planta constitui uma boa ferramenta para identificação de genes 

órgão/tecido-específicos ou preferencialmente expressos em um órgão ou tecido 

através da comparação das seqüências provenientes de diferentes bibliotecas de 

cDNA; 

• Foram identificados neste trabalho 1.233 fatores de transcrição expressos em 

milho, 414 dos quais expressos no endosperma em desenvolvimento; 
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• Foram identificados ainda, através de análises in silico, 113 fatores de transcrição 

preferencialmente expressos no endosperma. Este conjunto representa 9.2% dos 

fatores de transcrição expressos em milho identificados neste trabalho, e 

possivelmente contém reguladores importantes dos processos de especificação 

celular e desenvolvimento do endosperma de milho; 

• O valor médio de redundancia encontrado entre os 414 fatores de transcrição 

expressos no endosperma foi de 10,4%, o que significa que nós identificamos pelo 

menos 369 fatores de transcrição expressos no endosperma;  

• Esta é a maior coleção de fatores de transcrição já descrita para este tecido, e 

representa uma importante fonte de dados para identificação de reguladores dos 

principais processos relacionados ao desenvolvimento do endosperma, como 

metabolismo de nitrgênio e carboidratos e controle da massa da semente; 

• Utilizando análises in silico do MAIZESTdb, nós identificamos 12 membros da 

família NAC de fatores de transcrição que são preferenciamente expressos no 

endosperma de milho; 

• Um novo membro da família NAC de fatores de transcrição, chamado de EPN-1 

(Endosperm Preferred NAM 1), teve seu perfil de expressão caracterizado. Sua 

expressão pode ser detectada desde os 5 DAPs, embora o pico de expressão ocorra 

entre 20 e 25 DAP, e ele apresenta expressão preferencial no endoserma em 

relação a outros tecidos de milho; 

• O promotor do gene EPN-1 foi clonado, seqüenciado e analisado quanto aos seus 

possíveis elementos CIS regulatórios; foram encontrados elementos conservados 

relacionados a endosperma-especificidade, elementos relacionados à regulação 

por ácido abscisico e giberelinas, bem como elementos conservados presentes nos 

promotores de α-amilases, indicando uma possível relação deste gene com o 

processo de transição entre a maturação e a germinação da semente; 

• Ensaios de expressão transitória com o promotor do gene EPN-1 revelaram que sua 

expressão está dirigida à camada de aleurona do endosperma de milho, o que 

constitui mais uma evidência de sua possível função na regulação de genes 

relacionados aos processos de maturação e germinação da semente. 
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