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RESUMO 

 

 
A cana-de-açúcar é um a cult ura de grande im portância social e econôm ica para o 

Brasil.  Além  da produção de açúcar, que coloca o país com o o m aior produtor m undial, a 

cana-de-açúcar t em  alcançado grande destaque na produção de energia renovável e pouco 

poluente, o etanol.  Devido ao rápido crescim ento das áreas cult ivadas e do aum ento no 

núm ero de indúst r ias processadoras da cana-de-açúcar,  m ilhares de novos em pregos têm  

sido gerados no Brasil.  Por se t ratar de um a cultura tão im portante para a sociedade e 

econom ia brasileira,  a cana-de-açúcar vem  ganhando cada vez m ais destaque e atenção das 

inst itu ições de pesquisa públicas e privadas. Grande par te da pesquisa e exper im entação 

desenvolvida atualm ente para esta cultura visa o desenvolvim ento de var iedades m ais 

adaptadas às condições edafoclim át icas do Brasil e m ais resist entes e t olerantes cont ra 

pragas e doenças. Out ro im portante cam po de estudo que t em  sido bastante focado no 

m om ento é a com preensão dos m ecanism os bioquím icos da síntese de sacarose com  a 

finalidade de aum entar  a produção deste açúcar e conseqüentem ente de etanol. 

O desenvolvim ento de um  sist em a genét ico capaz de m odificar o m etabolism o da 

planta,  at ravés de um  est ím ulo ar t ificial,  pode ser m uito út il no aum ento da produt iv idade e 

qualidade ou na redução dos custos envolv idos com  a produção de cana-de-açúcar. Esta 

tecnologia poderá cont r ibuir significat ivam ente para um  avanço ainda m aior da cana-de-

açúcar no país. A par t ir desta prem issa, o presente estudo buscou ident ificar e caracter izar  

um  sist em a de indução de expressão gênica disparado pela aplicação externa de etanol em  

folhas de cana-de-açúcar. 

Para isso, fazendo uso da t écnica de m acroarranj os de cDNA, analisam os a 

expressão gênica de 3.575 ESTs, isolados de folhas de cana-de-açúcar, em  resposta a 

aplicação de etanol. Setenta ESTs apresentaram  padrão de expressão alt erado pelo etanol.  

Dent re estes, foram  ident if icados ESTs que codif icavam  para proteínas relacionadas ao 

processo de t ranscr ição e t radução e est resse abiót ico. Muit os genes cuja função ainda 

perm anece desconhecida tam bém  foram  ident ificados nesta análise. Dos 70 ESTs 

ident ificados,  48 t iveram  expressão induzida pela aplicação de etanol.  

A part ir dos ESTs selecionados com o induzidos pelo t ratam ento com  etanol, foi  

possível selecionar o gene ERD ( ear ly  responsive dehydrat ion)  com o candidato para 

ident ificação e caracterização da sua seqüência prom otora. O EST do gene ERD apresentou 



 

 ix 

um  perf il de expressão interessante, com  expressão basal baixa durante os t ratam entos 

cont role e indução da expressão após a prim eira hora de t ratam ento com  etanol. 

Estudos realizados com  vár ias espécies de plantas dem onst ram  que o sistem a alc 

é um  sist em a eficiente de expressão gênica baseado na indução por etanol. A part ir desta 

inform ação, desenvolvem os um  vetor de expressão contendo o prom otor alcA regulando a 

expressão do gene repórter da -glucuronidase e em  seqüência,  o prom otor const it ut ivo 

Ubi-1 de m ilho cont rolando a expressão do gene alcR,  um  fator  de t ranscr ição indispensável 

para a at ivação do sist em a. Posteriorm ente, esta construção foi ut ilizada para t ransform ação 

genét ica de plantas de cana-de-açúcar que no m om ento estão sendo selecionadas e 

analisadas quanto a int rogressão estável do cassete gênico. 

Outra etapa do presente estudo foi realizada com  o gene SsNAC23,  j á descr it o 

com o induzido por est resse de fr io,  est resse hídrico e herbivor ia. Neste t rabalho foi  

dem onst rado que SsNAC23 tam bém  é induzido pela aplicação de etanol nas folhas de cana-

de-açúcar logo após um a hora de exposição ao agente indutor. 

Concluindo,  os resultados obt idos neste t rabalho cont ribuem  para elucidar   

questões im portantes do processo de regulação da expressão gênica induzida por etanol,  

além  da validação de um  processo út il para aplicação na agr icultura. A part ir  dos dados 

gerados nas análises de m acroarranjos de cDNA foi possível ainda, validar um  novo m étodo 

de quant ificação do erro estat íst ico resultante das análises realizadas no program a SOM 

(Self Organizing Maps) . 
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ABSTRACT 

 

 
The sugarcane is a very im portant  crop in Brazil,  the biggest  producer of the 

Wor ld. Besides sugar, the sugarcane is also used to produce ethanol, a very im portant  

renewable source of energy in Brazil.  Nowadays t his crop is responsible for generat ion of 

thousands of job posit ions direct ly and indirect ly linked t o t he sugar and ethanol indust ry  

and m arket . Since the sugarcane is get t ing an im portant  role in t he Brazil econom y,  

Brazilians researchers are focusing a lot  of work in this crop to breed new variet ies with  

im proved t raits and bet t er adaptat ion to st ressing environm ental,  such as cold, poor and 

acid soils, and at tack of pests and diseases. Other im portant  field of study is t he 

im provem ent  of sucrose content  t o increase the eff iciency of ethanol product ion. 

The developm ent  of a genet ic system  t riggered by an external st im ulus and able 

to m odify the plant  m etabolism  m ay be very useful t o im prove product ivity and quality,  

besides t he cost  reduct ion of sugarcane product ion. This t echnology m ight  perm it  Brazil to 

increase the expansion of th is crop without  degrading the environm ental. Therefore, t he aim  

of t his work was t he ident ificat ion of an eff icient  system  of gene expression induced by 

ethanol.   

The t echnique of cDNA array was used to check the expression of 3,575 ESTs 

isolated from  sugarcane leaves prev iously t reated with ethanol. Seventy ESTs showed 

expression profile alt ered by ethanol. Am ong t hese ESTs w it h altered expression we have 

ident ified sequences encoding proteins involved with t ranscript ion and t ranslat ion and genes 

prev iously report ed as responsive t o abiot ic and biot ic st resses. Fort y eight  of the 70 ESTs 

with alt ered expression were up- regulated by ethanol. The SsNAC23, a gene induced by 

cold, dry  and insect  at tack, was also responsive to ethanol in th is study.  The expression of 

SsNAC23 in sugarcane leaves was increased aft er one hour of exposit ion to ethanol.       

The expression analysis of genes induced by ethanol in arrays filt ers allowed us 

select  a candidate gene whose prom oter region will be ident ified and studied.  The gene 

chosen was the ERD, Early Responsive t o Dehydrat ion, whose expression profile was the 

absence of expression under cont rol t reatm ent  and high induct ion aft er  one hour of ethanol 

applicat ion.    

Prev ious works have showed t hat  t he genet ic system  based in ethanol induct ion,  

also known as alc system , can be very useful in crops. This system  was tested in several 
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plant  species and the result s were very prom ising. Therefore, one of t he goals of th is work 

was the product ion of genet ic alt ered sugarcane plant s with the alc system . For that , we 

have developed an expression casset te using the alcA prom oter  regulat ing the expression of  

the - glucuronidase,  used as a reporter gene,  and the const itut ive prom oter Ubi-1  from  

m aize cont rolling t he expression of the gene alcR,  a t ranscriptor factor essent ial t o act ivat ion  

of t he alc system . The t ransform ed sugarcanes are being analysed and selected t o const ruct  

int rogression.   

The results obtained in th is work will cont ribute t o understanding of gene 

expression regulat ion using an external and chem ical inductor as well as provide new  

insights to t he developm ent  of new approaches of gene expression cont rol in sugarcane.  

Besides that , t he array data was also used to validate a new stat ist ical m ethod of error  

est im at ion by using t he SOM software. 
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I NTRODUÇÃO GERAL 

 

 

1 . Origem  e característ icas da  cana- de- açúcar 

A cana-de-açúcar (Saccharum  spp)  é um a gram ínea sem iperene cujo cent ro de 

origem  não é bem  definido. Acredita- se que essa espécie vegetal t eve origem  no Sudeste 

Asiát ico há cerca de 6.000 anos a.C. (Daniels e Roach,  1987) . Desde então, a cana-de-

açúcar vem  se dissem inando pelo m undo,  pr incipalm ente em  países t ropicais e subt ropicais. 

O gênero Saccharum , do qual a cana-de-açúcar faz par t e,  com preende seis 

espécies descritas, S. officinarum ,  S. barbier i,  S. sinense,  S.  spontaneum ,  S. robustum  e S.  

edule  (Mukherj ee, 1957) .   

O m elhoram ento da cana-de-açúcar t eve início concom itantem ente com  seu cult ivo,  

tornando-a, juntam ente com  o m ilho, um a das espécies m ais m anipuladas pelos processos 

de m elhoram ento genét ico (Matsuoka, 1999a) .  As variedades m odernas são resultado de 

hibridações int ra e int erespecíf icas entre as espécies S. spontaneum  e S. off icinarum  

(Stevenson, 1965) .  A espécie S. spontaneum  é t ida com o responsável pelo vigor vegetat ivo 

e resist ência a est resses biót icos e abiót icos enquanto que S. officinarum  cont r ibui com  alto 

teor  de açúcar (Ming et  al, 1998) . 

Devido a sua origem  m ult iespecífica, a cana-de-açúcar apresenta um  genom a 

bastante com plexo com  nível de ploidia variável ( 2n =  40 até 128) ,  além  de aneuploidia 

(Heinz, 1987) . Deste m odo, a cana-de-açúcar tornou- se um a planta heterozigót ica, com  

diferentes alelos por lócus gênico (Ma et  al. ,  2003) . Essa característ ica torna-a m enos 

suscet ível aos efeit os de m utações deletérias e pode cont r ibuir para o surgim ento de novos 

genes (Ma et  al. ,  2003) . Ent retanto, essa m esm a caracter íst ica dificulta o processo de 

m elhoram ento genét ico convencional.  O processo de seleção por  int ercruzam ento v isando a 

obtenção de variedades de cana-de-açúcar m ais adaptadas às condições clim át icas, m ais 

resist entes a doenças e pragas e conseqüentem ente m ais produt ivas, é m uito lento,  

podendo levar até 15 anos para ser concluído e para disponibilizar um a nova variedade 

com ercial ( Burnquist ,  2000) . O processo de m elhoram ento genét ico pode ser efet ivam ente 

reduzido por m eio da engenhar ia genét ica, at ravés de t écnicas m odernas de análises e 

m anipulação genét ica de plantas.  As novas técnicas de ident ificação e isolam ento de genes 

de interesse podem  ser ut ilizadas para gerar var iedades m ais produt ivas e m elhor adaptadas 

às condições am bientais adversas, além  de acelerar o processo de m elhoram ento da cana-

de-açúcar. Conseqüentem ente, prom ove o aum ento da produt iv idade e a redução das 
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perdas no processo de produção da cana-de-açúcar.  

 

2 . I m port ância econôm ica da  cana- de- açúcar 

Devido a sua ext raordinár ia capacidade de estocar sacarose nos entrenós, a cana-

de-açúcar t ransform ou- se em  um a im portante fonte de energia para o hom em  e 

conseqüentem ente, de potencial econôm ico,  tornando- se um  alvo pr ioritár io para o 

m elhoram ent o genét ico (Moore,  2005) .  

A part ir da sacarose acum ulada no colm o da cana-de-açúcar é possível produzir o 

açúcar e o álcool (etanol) , produtos estes, am plam ente ut ilizados pela população m undial e 

cuja dem anda vem  crescendo ano após ano. Assim , a cana-de-açúcar vem  se destacando 

com o um a das m ais im portantes espécies vegetais cult ivadas pelo hom em  na atualidade,  

cont ribuindo com  cerca de 65%  de todo o açúcar produzido ( I ngelbrecht  et  al. ,  1999) . 

A cana-de-açúcar é cult ivada em  vár ias regiões do m undo, dent re elas, podem os 

destacar com o m ais im portantes os países do cont inente am er icano, afr icano e asiát ico,  

totalizando cerca de 121 países produtores (ht tp: / / www.sugarcanecrops.com / )  (Figura 1) .  

No Brasil,  o cult ivo da cana-de-açúcar t eve início na pr im eira m etade do século XVI ,  

ocupando o t ít ulo de m onocultura m ais ant iga sendo explorada no País (Carvalho, 1993)  

(Figura 2) . A cultura se adaptou m uit o bem  as condições edafoclim át icas ocupando 

diferentes regiões do t err itório nacional, estabelecendo- se principalm ente nas regiões 

Centro-Sul e Nordeste  (Carvalho,  1993) . É um a cult ura de grande im portância econôm ica,  

especialm ente para o Brasil,  já que dent re os países que cult ivam  a cana-de-açúcar, o Brasil 

ocupa posição de destaque, cont r ibuindo com   34%  de t oda a produção m undial, seguido 

pela Í ndia e pela Aust rália. 

O Brasil é o m aior produtor m undial de cana-de-açúcar com  um a safra est im ada em  

455 m ilhões de toneladas em  2006, ocupando um a área de cerca de 6 m ilhões de hectares 

(GCEA/  I BGE, 2006) . Tal m ontante representa m enos de 10%  da superfície agr ícola do País 

(Macedo e Nogueira,  2005) . Em bora os estados de Pernam buco,  Alagoas, Rio de Janeiro e 

Minas Gerais tenham  um a cont r ibuição bastante efet iva na produção nacional, com  quase 

30%  do total produzido, som ente o estado de São Paulo é responsável por cerca de 52%  da 

safra brasileira ( I BGE, 2006) , ou seja, pouco m ais da m etade de toda cana-de-açúcar 

produzida no País.  Há cerca de 50 m il produtores e 308 unidades de processam ento 

indust rial,  produzindo 17,7 m ilhões de t oneladas de açúcar e 13,7 m ilhões de m 3 de etanol 

por  ano (Saciloto,  2003) . 
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Figura 1. Dist ribuição da cana-de-açúcar no m undo. 

 

A agroindúst ria canavieira é responsável por 600 m il em pregos diretos e geração de 

divisas para o país at ravés da exportação de açúcar e álcool, seus pr incipais produtos 

(Raizer, 1998) . Com  o grande apelo atual dos com bust íveis renováveis e da agroenergia, a 

expectat iva é que a área plantada com  cana-de-açúcar no país sofra um a acelerada 

expansão, principalm ente no Estado de São Paulo, estado onde se concent ra grande parcela 

da população brasileira e da frota de veículos e indúst rias do País. 

A qualidade dos vár ios produtos e subprodutos gerados com  o processam ento da 

cana-de-açúcar é dependente em  grande par t e da qualidade do insum o que chega até as 

usinas. Fatores com o a var iedade de cana-de-açúcar ut ilizada, condições de solo e clim a em  

que a cana foi cult ivada, estágio de m aturação da cana no m om ento da colheita, pureza do 

m osto, ent re out ros, pode interferir na qualidade do insum o e conseqüentem ente na 

qualidade do produto final.  Deste m odo, um a im portante est ratégia para se obter o 

aum ento da produt ividade e da qualidade é a ut ilização de var iedades m elhoradas 

genet icam ente. 

 

Cana-de-açúcar 

0° 
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Figura 2. Dist ribuição da cana-de-açúcar no Brasil.  Fonte GCEA/  I BGE, 2006 

 

Atualm ente, a dem anda m undial por etanol com bust ível t em  gerado novas 

oportunidades de negócio para o Brasil no m ercado externo. Os im pactos am bientais 

provocados pela em issão de gases precursores do efeito estufa na atm osfera tem  levado 

vár ios países a iniciar program as e est ratégias para diversif icação da m at riz energét ica,  

reduzindo a dependência por  com bust íveis fosséis não renováveis. 

 

3 . A cana- de- açúcar e o Projet o Genom a 

Com  o surgim ento dos estudos de genôm ica, a descoberta de genes de interesse 

tornou- se um  processo m ais rápido e eficaz na geração de inform ações úteis ao 

m elhoram ento genét ico ( Gr ivet  e Arruda, 2001) . Vár ios proj etos cujos obj et ivos são  estudar 

e entender o t ranscriptom a de diferentes espécies vegetais em  diferentes condições 

experim entais, já foram  e vem  sendo conduzidos (Ewing et  al.  1999;  Whit e et  al. ,  2000;  

Dong et  al. ,  2003;  Ma et  al.,  2003) . Esses proj etos, denom inados Proj eto Genom a EST 

(Expressed Sequence Tag) ,  passam  a ser um a valiosa ferram enta para a descoberta de 

genes que são expressos em  tecidos específ icos, em  fases dist intas do desenvolvim ento do 

organism o e em  resposta a condições adversas de cult ivo da planta. Desta m aneira, os ESTs 

Áreas mais cult ivadas 
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ident ificados podem  revelar inform ações sobre centenas ou m esm o m ilhares de genes de 

um  organism o em  um a condição t em poral e espacial única, além  de perm it ir a ident if icação 

de diferentes isoform as de t ranscrit os (Andrews et  al. ,  2000)  e auxiliar o m apeam ento 

genét ico ( Schuler,  1997;  Wu et  al.,  2002) .   

A im portância sócio- econôm ica da cana-de-açúcar despertou grande interesse na 

obtenção de dados para um  m elhor entendim ento dos processos f isiológicos e bioquím icos 

que ocorrem  nessa cultura. Deste m odo, a cana-de-açúcar passou a ser o m odelo de estudo 

do Proj eto SUCEST ( Sugarcane EST) ,  desenvolv ido em  rede por  vários laboratórios do 

Estado de São Paulo com  apoio financeiro da FAPESP.  Esse proj eto disponibilizou um  

conjunto m uito grande de inform ações, ident ificando cerca de 43 m il prováveis t ranscr itos 

(SAS – Sugarcane Assem bled Sequences) ,  obt idos de diferentes tecidos/ órgãos vegetais.  

Destes, 29,7%  não apresentam  nenhum a hom ologia com  out ras seqüências gênicas ou  

protéicas previam ente ident ificadas em  qualquer out ro organism o ( Vet t ore et  al. ,  2003) .   

Os t ranscr itos ident ificados no Proj eto SUCEST podem  representar genes de grande 

im portância econôm ica para cana-de-açúcar, em  especial, aqueles relacionados ao 

m etabolism o de sacarose, tolerância a condições adversas de clim a e solo e à resist ência a 

doenças e pragas (FAPESP, 2001) , pois podem  ser ut ilizados em  program as de 

m elhoram ento genét ico biotecnológico, ou seja, pela criação de plantas genet icam ente 

m odificadas.  

Devido ao crescente núm ero de t ranscrit os ident if icados at ravés dos proj etos ESTs,  

novas técnicas foram  desenvolv idas com  o obj et ivo de avaliar a expressão de m ilhares de 

genes sim ultanem ante. Dent re essas t écnicas destacam - se o m acro e m icroarranjos de DNA 

(m acro and m icroarray) ,  t écnicas estas que t em  sido am plam ente ut ilizadas por grupos de 

pesquisa em  vários locais do m undo. Basicam ente, nesta t écnica, seqüências conhecidas de 

DNA (cDNA, produto de PCR ou oligonucleot ídeos)  são f ixadas em  lâm inas de vidro ( chip  

m icroarray)  ou m em branas de náilon ( filt er m acroarray)  e h ibridadas com  sondas de cDNA 

da am ostra que se deseja invest igar . At ravés do paream ento com plem entar da sonda com  o 

DNA fixado podem  ser verificados os padrões de expressão de m ilhares de genes 

sim ultaneam ente,  com parando-se a intensidade do seu sinal nos diversos t ratam entos.  

Os m acroarranjos são um a alt ernat iva ao uso de m icroarranjos. Em bora o núm ero 

de genes avaliados sim ultaneam ente no m acroarranjo seja bem  m enor do que nos 

m icroarranjos, a vantagem  do uso de m acroarranjos está no fato de que essa t ecnologia 

em prega m etodologias rot ineiras, robustas e de fácil im plem entação na m aioria dos 

laboratórios de biologia m olecular, sem  a necessidade de invest im entos vultosos em  
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equipam entos e reagentes (Felix  et  al,  2002) . 

O conj unto de dados e inform ações sobre os genes t ranscr it os, gerados a par t ir do 

Projeto SUCEST,  além  de cont r ibuir  com  as pesquisas que estavam  em  andam ento 

possibilitou o surgim ento de novos estudos e perspect ivas com  a cana-de-açúcar. Dent re 

eles, podem os destacar o SUCAST (Sugarcane Signal Transduct ion) ,  que foi criado para 

ident ificar e caracter izar as sequências de t ranscr itos, obt idas at ravés do Proj eto SUCEST,  

envolv idos em  vias de t ransdução de sinal na cana-de-açúcar (Souza et  al,  2001) . O obj et ivo 

principal desse projeto foi ident ificar os ESTs envolv idos  na regulação dos processos de 

crescim ento e desenvolvim ento da planta ( fatores de t ranscrição, receptores, fosfatases,  

quinases, et c.) . Deste m odo, conhecendo m elhor os genes envolvidos nas v ias de sinalização 

é possível fazer inferências sobre diferentes aspectos do m etabolism o da cana-de-açúcar. A 

descoberta do m odo de ação de cada t ranscr ito dent ro das v ias m etabólicas revela 

potenciais alvos para o m elhoram ento dir igido das variedades de cana-de-açúcar. 

A par t ir do banco de dados do Projeto SUCEST tam bém  foi possível ident ificar genes 

associados ao est resse por frio (Nogueira et  al,  2003) , est resse oxidat ivo ( Kuram a et  al,  

2002) , ao m et il jasm onato (De Rosa Jr et  al., 2005) , genes inib idores de protease 

associados a resistência a patógeno ( Soares-Costa et  al,  2002, Falco e Silva-Filho, 2003e 

Mello et  al,  2003) , tecido- especificidade envolvida na t ransdução de sinal (Papini- Terzi et  al,  

2005)  e tam bém  avaliar t ecido- especif icidade de t ransposons (de Araujo et  al,  2005) . No 

m om ento,  out ros estudos,  com o este que visa ident if icar  genes induzidos por  etanol, vem  

sendo desenvolvidos por vár ios laboratórios de pesquisa nas universidades e cent ros de 

pesquisa do Brasil,  ut ilizando a inform ação gerada, arm azenada, organizada e 

disponibilizada pelo proj eto SUCEST. 

 

4 . Variedades de Cana- de- açúcar 

A cana-de-açúcar é um a das espécies dom est icadas que vem  sendo cult ivada há 

m ais t em po pelo hom em  (6000 a. C.) ,  passando por processos de m elhoram ento desde o 

seu pr im eiro uso (Matsuoka, 1999a) .  No início, o processo de m elhoram ento era 

inconsciente com  a seleção de plantas m ais vigorosas para o plant io de novas lavouras pelo 

próprio agr icultor. Atualm ente, as variedades cult ivadas são resultado de cruzam entos ent re 

as espécies S. spontaneum  e S. officinarum  (Stevenson, 1965) ,  variedades que foram  

escolhidas em  função das suas característ icas bastante favoráveis para o seu cult ivo e 

produção. A espécie S. spontaneum  cont r ibui com  o seu v igor vegetat ivo enquanto que S.  

officinarum  é responsável pelo aum ento no t eor de sacarose no colm o (Ming et  al,  1998) .  
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Ao longo dos anos, m uitos estudos foram  realizados com  as diversas variedades de 

cana-de-açúcar or iginadas nos program as de m elhoram ento. Nesses estudos, dados sobre 

produt ividade agrícola, caracter íst ica vegetat iva e resist ência a pragas e m olést ias foram  

observados. Resultados desses estudos de caracter ização botânica deixam  claro a 

necessidade cont ínua de desenvolvim ento de novas cult ivares, que devem  estar sem pre se 

adaptando as novas realidades de cult ivo e produção,  tais com o novas regiões produtoras,  

novos t ipos de solo, novas técnicas de cult ivo e m anejo e m aior acúm ulo de sacarose (Raizer  

e Vencovsky,  1999) . 

A obtenção de m áxim a produt ividade em  cana-de-açúcar depende principalm ent e 

de dois fatores:  1)  um  correto planejam ento de plant io;  e 2)  um  adequado m anejo das 

var iedades.  Desta form a, o potencial genét ico é fator determ inante para garant ir  

produt ividade e qualidade de produção.  Atualm ente no Brasil,  há centenas de variedades de 

cana-de-açúcar à disposição dos produtores. Cada um a com  especificidade para diferentes 

m anejos, épocas de safra e adaptabilidade local. Se a exist ência de m uitas var iedades é 

um a sit uação vantajosa, por out ro lado t orna a correta decisão da variedade um a tarefa 

bastante difícil de ser t om ada pelo agr icult or. Característ icas agronôm icas de t rês var iedades 

com erciais de cana-de-açúcar, desenvolvidas pela Estação Experim ental da COPERSUCAR 

(hoj e denom inada Cent ro de Tecnologia Canavieira,  Piracicaba, SP)  foram  escolhidas para se 

realizar o presente estudo em  função da sua im portância e potencial para o setor álcool-

açucareiro do Estado de São Paulo. Detalhes fit ot écnicos destas variedades estão descr itos a 

seguir:  

 

4 .1  Variedade SP8 9 - 1 1 1 5  

Essa variedade apresenta característ icas com o alta produt iv idade e teor de 

sacarose, ót im a brotação de soqueira além  de ser um a planta precoce. A época da colheita 

deve ser realizada até o m eio da safra.  Apresenta hábito sem i- ereto e com  baixa quant idade 

de f ibra. Apresenta um  florescim ento freqüente, um a característ ica que não é m uit o 

desejada pelos produtores, um a vez que ocorre t ranslocação de sacarose para a 

inf lorescência e dim inui o acúm ulo no colm o.  É bastante resist ente ao carvão, m osaico,  

ferrugem  e escaldadura.  

 

4 .2  Variedade SP9 0 - 3 4 1 4  

Essa var iedade é resultado de cruzam entos ent re as var iedades SP80-1079 e SP82-

3544. Destaca- se pelo seu port e ereto, por não apresentar florescim ento e por sua alta 
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produção. É um a variedade indicada para colheita do m eio para o final da safra. Apresenta 

teor m édio de sacarose e fibras. Com  relação às doenças e pragas, é suscept ível à 

escaldadura e possui resist ência int erm ediár ia ao carvão e broca.   

 

4 .3  Variedade SP8 0 - 3 2 8 0  

Apresenta alto t eor de sacarose e boa brotação em  soqueira.  Devido ao crescim ento 

inicial vigoroso,  o seu per f ilham ento é int erm ediár io e o fecham ento das ent relinhas é bom . 

É um a var iedade que apresenta f lorescim ento. No entanto, apresenta pouca isopor ização do 

colm o. Apresenta resist ência m édia ao carvão, m osaico, ferrugem  e broca, porém  é 

tolerante a escaldadura. 

 

5 . I ndut ores de expressão gênica 

A regulação da expressão dos genes pode ocorrer em  diferentes m om entos e 

m ecanism os da m aquinaria celular.  A expressão gênica está relacionada com  a taxa de 

t ranscrição do DNA, processam ento do RNA ou at ravés do processo de t radução do RNA 

m ensageiro (m RNA) . A t ranscrição do DNA depende pr incipalm ente da est rutura da 

crom at ina e da at ivação do m ecanism o de t ranscr ição, envolvendo fatores de t ranscr ição e 

proteína de polim erização de RNA ( enzim a RNA polim erase) . No processam ento do t ranscrito 

prim ár io ocorre o revest im ento da ext rem idade 5’ ( cap) , adição da cauda poli-A na 

ext rem idade 3’ e a correta rem oção dos int rons. A estabilidade do m RNA m aduro na 

citoplasm a da célu la está relacionado com  a sua taxa de t radução. Qualquer int erferência 

em  algum  desses m ecanism os pode inter ferir  na expressão de um  gene.   

A expressão gênica é inf luenciada por d iferentes fatores, int ernos e externos, com o  

horm ônios,  estágio de desenvolv im ento do organism o,  est resses biót icos e abiót icos. 

Est resses abiót icos induzem  a m udanças m orfológicas, bioquím icas e fisiológicas nas 

plantas (Andj elkovic e Thom pson, 2006) . Durante a aquisição de tolerância ao est resse 

tam bém  ocorrem  m udanças na expressão dos genes. Os produtos gênicos induzidos pelo 

est resse podem  ser  classif icados de duas m aneiras:  1)  genes que diretam ente protegem  

cont ra o est resse e 2)  genes que regulam  a expressão de out ros genes (Bray, 1997;  

Hasegawa et  al. ,  2000) . 

Um  causador de est resse abiót ico em  plantas é o alum ínio. Na sua form a de m aior  

tox idez (Al3+ )  é capaz de inibir a elongação das raízes após poucos m inutos do início da 

exposição da planta ao Al (Ryan et  al. ,  1993) .  Em  plântulas de m ilho foi observado que o 

gene GST27.2, um a glutat iona S- t ransferase, é induzido por est resse provocado pelo 
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alum ínio (Cançado et  al. ,  2005) . A enzim a codificada por GST27.2 possui im portante papel 

na detoxificação de com postos tóxicos presentes nas célu las. A indução desse gene pode 

estar relacionada ao m ecanism o de tolerância ao est resse por  Al em  m ilho. 

Um  dos m ais im portantes est resses am bientais que afetam  o crescim ento e a 

produt ividade das plantas é o frio (Xin e Browse, 2000) .  Plantas variam  consideravelm ente 

na sua habilidade de tolerar condições de frio intenso. Enquanto plantas oriundas de regiões 

de clim a t em perado resist em  a t em peraturas inferiores a -5 oC, plantas de clim a t ropical e 

subt ropical apresentam  pouca ou nenhum a capacidade de sobrevivência em  tem peraturas 

próxim as a 0 oC ( Tom ashow, 2001) . Cana-de-açúcar, um a planta de clim a t ropical, é 

considerada sensível a baixas t em peraturas ( Tai e Lent ini,  1998) . Estudos ut ilizando a 

técnica de cDNA m acroarray ident ificaram  genes de cana-de-açúcar com  perfil de expressão 

alt erados em  condições de baixa t em peratura (Nogueira et  al. ,  2003) . Dent re eles, foi 

ident ificado um  gene pert encente à fam ília de proteínas com  dom ínio NAC (Kikuchi et  al. ,  

2000) , denom inado SsNAC23.  Estudos com  esse fator de t ranscrição sugerem  que em  folhas 

de cana-de-açúcar há um  sistem a bioquím ico que ident if ica e sinaliza condição de baixa 

tem peratura (Nogueira et  al. ,  2005) .   

A habilidade de regular a expressão de genes em  plantas super iores, at ravés de 

m étodos exógenos, apresenta vantagens consideráveis, tanto para a ciência básica quanto 

para a ciência aplicada na agr icultura (Gatz, 1997) . Diferentes m étodos quím icos de 

regulação da expressão de t ransgenes em  plantas têm  sido relatados (Ayom a e Chua,  1997;  

Gatz, 1997) . Esses m étodos perm it em  que a expressão seja at ivada ou desat ivada,  de 

acordo com  a adição ou rem oção do quím ico específ ico, sendo este um  indutor ou inib idor  

(Wang et  al. ,  2003) . Diferentes substâncias podem  ser ut ilizadas com o indutores de 

expressão de t ransgenes:  dexam etasona (Ayom a e Chua, 1997) , t et raciclina (Gatz e Quail,  

1988) ,  ethephon (Van Loon e Antoniw,  1982)  e etanol (Caddick et  al. ,  1998)  dent re out ros. 

O etanol é um  indutor quím ico que não apresenta tox icidade nos níveis requeridos 

para a indução. Além  disso,  é de fácil ut ilização,  podendo ser aplicado nas plantas por  

pulverização, subm ersão das raízes e adicionado ao m eio de cultura ( Salt er  et  al,1998) .   
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OBJETI VOS 

 

 

 
Objet ivo Geral 

 

O obj et ivo m aior deste t rabalho foi a ident ificação de genes expressos em  folhas 

de cana-de-açúcar induzidos por etanol, v isando a obtenção de um  sistem a de indução 

quím ica da expressão gênica por  m eio da aplicação de etanol. 

 

 

Objet ivos Específicos 
 

I .  I dent if icação de genes induzidos por etanol em  folhas de cana-de-açúcar;  

I I .  Const rução de um  cassete de expressão com  o sist em a alc de regulação gênica 

at ivado por etanol e sua ut ilização para t ransform ação genét ica de cana-de-açúcar;  

I I I .  Avaliação do perfil de expressão do gene SsNAC23 em  folhas de cana-de-açúcar 

t ratadas com  etanol;  

IV.  Propor um a técnica de fácil im plem entação e uso para est im ar o erro estat íst ico 

prom ovido pelo agrupam ento de dados de arranjos de cDNA, baseado na 

m etodologia de SOM ( Self Organizing Maps) . 
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Abstract The control of gene expression in precise time

and space is a desirable attribute of chemically inducible

systems. Ethanol is a chemical inducer with favourable

features, such as being inexpensive and easy to apply. The

aim of this study was to identify ethanol-responsive genes

in sugarcane. The cDNA macroarray technique was adop-

ted to identify transcript changes in sugarcane leaves

(Saccharum spp. cv SP80-3280) exposed to ethanol. The

expression profiles of sugarcane genes were analysed using

nylon filters containing 3,575 cDNA clones from the leaf

roll library of the SUCEST project. Seventy expressed

sequence tags (ESTs) presented altered expression patterns,

including ESTs corresponding to genes related to tran-

scriptional and translational processes, abiotic stress and

others. Several genes of unknown function were also

identified. Among the 48 ESTs up-regulated by ethanol, an

abiotic stress-responsive protein and an unknown function

gene presented rapid induction by ethanol. The macroarray

data of selected ethanol-responsive EST were confirmed by

RNA-blot hybridisation. The expression profile of the 48

up-regulated genes was compared in two other cultivars:

SP89-1115 and SP90-3414. Surprisingly, no gene showed a

similar expression profile in the three cultivars. This result

suggests that sugarcane plants have a high diversity in their

responses to ethanol.

Keywords Macroarray � Expression profiling �

Chemical inducer � Saccharum spp.

Abbreviations

SUCEST Sugarcane EST genome project

EST Expressed sequence tag

ALCR Alcohol-regulated transcription factor

alcA Alcohol dehydrogenase gene

Introduction

Environmental signals can alter gene expressions by

altering the activity of transcription factors that interact

with regulatory DNA sequences. The identification of these

regulatory sequences could be used to control the expres-

sion of recombinant genes in plants (Haran et al. 2000).

One of the most important challenges in plant biotech-

nology is the control of expression through a simple,

inexpensive and safe activating mechanism. The activation

of transgenic traits only when their expression is needed

would prevent the energy wasted by plants and might avoid

undesirable effects (Haran et al. 2000).

Some chemical products are used for repression, inacti-

vation or activation of gene expression in plants (Zuo and

Chua 2000). Chemicals, such as the steroids dexamethasone

and stradiol, benzothiadiazol, methoxyfenozide, herbicides,

copper and ethanol, are used to regulate transgene expression

(Padidan 2003). Chemical-inducible systems are a very
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interesting tool because they allow the spacial, temporal and

quantitative control of target gene expressions (Padidan

2003; Wang et al. 2003). There is an ethanol-inducible sys-

tem based on the alc regulon of Aspergillus nidulans

(Felenbok et al. 1988). This system is constituted by an

alcohol-regulated transcription factor (ALCR) and a pro-

moter derived from the alcA gene. In the absence of ethanol,

the ALCR protein is inactive but when ethanol is present, it

interacts with the ALCR protein, activating it. The activated

ALCR then binds to the alcA promoter inducing the tran-

scription of the target gene (Felenbok 1991).

The use of ethanol as an inducer has several advantages:

ethanol is a biodegradable molecule, inexpensive, easy to

apply and safe, because the amounts required to start

induction are considered not toxic (Wang et al. 2003). It is

worth noting the opposition that genetically modified

organisms have received in several countries. Even con-

sidering that most of the concerns of the people have not

found scientific support, there are a growing number of

initiatives to develop new technologies that address some

of the issues raised by society, for instance, the use of

marker-free selection systems (De Vetten et al. 2003) and

the use of genes from the same species. In the latter case,

the development of an ethanol-induced system based on

sugarcane genes would be interesting for several applica-

tions in sugarcane biotechnology.

Techniques for expression profile analysis on a large

scale, such as cDNA array, can be helpful in the discovery

of novel genes involved in biotic and abiotic stress

(Cushman and Bohnert 2000). There is a large collection of

sugarcane expressed sequence tags (SUCEST; Vettore

et al. 2001) that allows for the analysis of the gene

expression profile following different treatments using

cDNA macroarrays. This technique was already success-

fully used to identify genes differentially expressed in

response to MeJA (De Rosa et al. 2005) and cold stress

(Nogueira et al. 2003) in sugarcane.

The aim of this work was the identification of genes

whose expression in sugarcane leaf was affected by ethanol

application. The macroarray technique was used to analyse

the expression profile of 3,575 EST clones in sugarcane

plants during ethanol exposition. The identification of

ethanol-responsive genes would permit the indication of

those that are promising for cloning and the characteriza-

tion of their promoter regions.

Materials and methods

Plant material and ethanol treatment

The sugarcane (Saccharum spp.) cultivars SP80-3280,

SP89-1115 and SP90-3414 were used. Plantlets were

obtained by vegetative propagation and acclimated for

40 days in a greenhouse at the Centro de Tecnologia

Canavieira (CTC, Piracicaba, SP, Brazil). The plantlets

were then transferred to a growth chamber at 26�C with a

16-h photoperiod and photon flux density of 70 lEm�2

s�1. After 1 week, the plantlets were sprayed with a 2.5%

(v/v) ethanol solution, whereas control plantlets were

sprayed only with water. Ethanol-treated and control leaves

were collected 0, 1, 4 and 12 h after pulverization and

immediately frozen in liquid nitrogen and stored at �70�C

until RNA extraction. Three independent experiments were

carried out with the SP80-3280 cultivar, and one experi-

ment was done with the SP89-1115 and SP90-3114

cultivars.

RNA extraction and cDNA synthesis

Total RNA was isolated from the leaves of treated and

untreated sugarcane plantlets using the Trizol Reagent,

according to the manufacturer’s instructions (Life Tech-

nologies, USA). The cDNA probes were synthesized from

total RNA as described by Schummer et al. (1999).

Reverse transcriptions were performed with Superscript II

(Invitrogen, USA) using 3 lM of an oligo-dT18V (V = A,

C or G) primer, with 3,000 Ci mmol�1 [33P]CTP and

unlabelled ATP,GTP and TTP (1 mM each) for 20 min at

42�C. Unlabelled CTP was then added to a final concen-

tration of 1 mM, and the reaction continued for another

hour. cDNA probes were purified with ProbeQuant G-50

micro-columns according to the manufacturer’s instruc-

tions (Amersham Biosciences, USA), and the radio-

labelled probe intensity was quantified in a 1217 Rack Beta

liquid scintillation counter to verify [33P]CTP

incorporation.

Hybridization of cDNA macroarray filters

Nylon-filters containing 3,575 EST plasmid clones from a

cDNA library of immature sugarcane leaves were acquired

from the Brazilian Clone Collection Center (BCCCenter,

UNESP, Jaboticabal, Brazil). Each EST was spotted at two

different locations on each filter.

Variations in the amount of DNA of each EST were

estimated by hybridising the filters with an oligonucleotide

probe that recognized the sequence of the Ampr gene of the

pSPORT1 vector (Invitrogen) used in the cDNA libraries

(Vettore et al. 2001). This probe was synthesized with the

primers 50-GTGGTCCTGCAACTTTATCCGC-30 and 50-

TAGACTGGATGGAGCGGATAA-30 in the presence of

[33P]CTP. After hybridisation and washing as described

before (Mondego et al. 2005), the filters were exposed to
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imaging plates for 96 h and then scanned in a phosphor-

imager FLA3000-G (Fujifilm, Japan). The probe was

removed from the filters by boiling in a 0.1% (w/v) SDS

solution. The filters were then hybridized with the cDNA

probes at 42�C for 18 h and then washed (Mondego et al.

2005). The filters were sealed, exposed to imaging plates

for 96 h, and scanned as described above.

Data analysis of the nylon filter arrays

Quantification of the signal intensity of each spot was done

with the Array Vision Software (Imaging Research, Can-

ada). The local background was subtracted automatically

from the signal intensity of each spot. To eliminate the

variations in signal intensity amongst replicate filters, each

spot was normalized as a ratio of the average intensity of

all the spots on each filter. The normalized data were

analysed using the SAM software (Significance Analysis of

Microarrays, Tusher et al. 2001) using the 1.5 minimum

fold-induction or repression relative to the control and 1%

or less False Discovery parameters. Three separate analy-

ses were carried out with each data set from the three

cultivars experiments.

The expression profile data from those genes selected by

the SAM software were processed as follows. The

expression data set from each gene for each ethanol treat-

ment was divided by the value detected in the reference

condition (control treatment), and converted into the log-

arithm (base 2). Positive and negative values refer to up-

and down-regulated ESTs, respectively, with respect to the

reference condition.

RNA-blot analysis

The total RNA (10 lg) from control and ethanol-treated

sugarcane leaves was eletrophoresed on a 1% (w/v) agarose

gel containing formaldehyde and transferred to Hybond XL

nylon filters (Amersham Biosciences) by capillarity,

according to the manufacturer’s manual. The RNA filters

were hybridized with a 26S rRNA probe to confirm equal

RNA loading except for the RNA blots with samples of

sugarcane treated and untreated with ethanol, whose RNA

loading was checked only with EtBr. The filters were

stripped and re-hybridized with cDNA radio-labelled

probes synthesized using the Ready To Go kit (AP Biotech,

USA) and [32P]CTP as described by Sambrook et al.

(1989). After hybridisation, the filters were washed, sealed

and exposed to imaging plates for 24 h. Detection was

carried out using a FLA3000 phosphorimager (Fujifilm)

and data analysis done using the ImageGauge software

(Fujifilm).

Results

Identification of ethanol-responsive genes with nylon

arrays

Plantlets from the sugarcane variety SP80-3280 were

sprayed with a 2.5% (v/v) ethanol solution. After 0, 1, 4 and

12 h, the leaves were cut and used to produce cDNA probes,

which were hybridized onto nylon filters containing 3,575

sugarcane ESTs. The average signal of the replicated spots

was used for statistical analyses using the SAM software

(for details see ‘‘Material and methods’’). The selection of

ethanol-responsive genes was done using the statistical

analysis of the microarray software (Tusher et al. 2001),

comparing the expression levels between each time after the

ethanol spray and the control treatment (T = 0). In addition,

to be considered as induced by ethanol, the ratio between

the intensity of the genes in each ethanol treatment and their

respective intensities in the control had to be at least 1.5.

Using these two cut off parameters, 70 ESTs were selected.

The ESTs whose expression was significantly altered by the

ethanol treatment thus represented about 2% of the total

ESTs originally spotted on the arrays filters (Table 1). The

selected genes encoding known proteins were grouped into

a class with similar biological functions (1) nucleic acid and

protein metabolism; (2) cellular dynamics; (3) and stress

response (Table 1). Thirty-one of the selected ESTs had

unknown functions, of which 16 encoded proteins pre-

senting no hit in the GenBank database.

Among the ESTs identified, 48 (68.6%) were up-regu-

lated and 22 (31.4%) were down-regulated (Table 1).

Histones, ribosomal proteins, early responsive to dehy-

dration protein (ERD) and peroxidase are examples of

genes identified in this work as inducible by ethanol. The

genes repressed by ethanol included a ring finger protein, a

receptor-like serine/threonine kinase and a RNA helicase.

Most of the ESTs identified had their expression altered

after 1 or 4 h of ethanol treatment. After 12 h, 31 genes

showed lower expression than in the first hours (Fig. 1).

Evaluation of gene expression profiles in other

sugarcane cultivars

The selection of candidate genes to be used in an ethanol-

induced system must take into account the possible influ-

ence of genotype on the gene expression profile. To get an

insight into this topic, two sugarcane varieties, SP89-1115

and SP90-3414, were evaluated. Around 50% of the genes

induced in the SP80-3280 variety were also induced in one

of the other two varieties, and only 14 genes (29.1%) were

induced in the three varieties (indicated in italics of

Table 1, Fig. 2). Considering that only a single
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Table 1 Average expression ratios and sequence similarities of ethanol-responsive sugarcane ESTs

Accessiona Blast Hit (E-value)b Descriptionc Ratiosd

T1/T0 T4/T0 T12/T0

Genes up-regulated in SP80-3280 variety

Gene regulation

1 CA293457 AAM94159 (3E-04) Putative RGA protein 1.4 3.2 2.9

2 CA129983 C86382 (2E-56) 60S acidic ribosomal protein 1.2 2.1 1.8

3 CA294535 XP_475510 (6e-68) 50S ribosomal protein L10 1.5 1.5 1.5

4 CA119317 AAF64312 (6e-19) Plastid ribosomal protein L19 precursor 1.3 1.7 1.6

5 CA128696 NP_909185 (1e-57) 60S ribosomal protein L26 1.8 1.8 1.7

6 CA119363 AAX96401 (3e-29) 60S ribosomal protein L38 1.7 1.1 1.2

7 CA294757 CAB88393 (3E-22) Trypsin inhibitor 3.8 2.1 0.8

Cellular dynamics

8 CA116806 P40267 (3e-16) Histone H1 0.7 1.5 2.5

9 CA118922 CAA40362 (2e-20) Histone H1 0.8 1.1 1.6

10 CA124635 P62786 (3e-27) Histone H4 1.1 1.3 1.6

11 CA124643 P62786 (6e-36) Histone H4 1.0 1.3 1.7

12 CA120539 P62786 (3e-27) Histone H4 1.0 1.2 1.6

13 CA128654 P62786 (7e-39) Histone H4 0.9 1.4 1.6

14 CA129817 P62786 (6e-36) Histone H4 1.0 1.2 1.8

15 CA123642 CAA74307 (3e-65) Calmodulin 1.7 1.1 1.1

16 CA120001 AAR29963 (2e-16 ) Cellulose synthase catalytic subunit 1.6 2.2 2.0

Stress response

17 CA295973 CAH69372 (2e-84) Class III peroxidase 2.4 1.7 1.3

18 CA296014 BAB63915 (2e-65) ERD 4 4.4 1.5 0.9

19 CA300472 AAX18700 (1e-30) NPR1 6.5 2.7 2.6

Others

20 CA119441 NP_921405 (4e-30 ) Putative CGI-203 homolog 1.0 2.1 2.6

21 CA190212 BAD11349 (7E-43) BRI1-KD interacting protein 1.3 1.6 1.4

22 CA117139 NP_912465 (9e-17) NAC 1.1 1.3 1.7

23 CA120594 AAC39501 (1e-31) Nodulin-like protein 0.8 1.3 2.3

Unknown and no hit proteins

24 CA123859 AAU44092 (2e-29) Unknown protein 1.4 3.6 3.1

25 CA126100 AAX96578 (3e-59) Unknown protein 1.0 2.1 2.4

26 CA294259 NP_566113 (4e-35 ) Unknown protein 1.4 1.9 1.7

27 CA122671 NP_566593 (5e-31) Unknown protein 1.1 1.4 1.7

28 CA130287 XP_463043 (2e-14) Unknown protein 1.1 1.3 1.6

29 CA300395 XP_463043 (1E-10) Unknown protein 1.2 1.4 1.5

30 CA117495 XP_550628 (6e-11) Unknown protein 1.5 1.1 2.0

31 CA119831 AAM34403 (4e-05) Unknown protein 1.2 1.6 1.4

32 CA296215 XP_470272 (2e-16) Unknown protein 1.2 1.9 1.4

33 CA118738 XP_479628 (4e-14 ) Unknown protein 1.3 1.7 1.3

34 CA128320 CAG06679 (0.13) Unknown protein 1.4 1.5 1.5

35 CA123802 XP_464722 (3e-10) Unknown protein 2.3 1.7 1.3

36 CA118497 BAD46590 (3e-76) Unknown protein 1.7 0.8 0.8

37 CA128221 no hit 1.4 1.5 1.0

38 CA130306 No hit 1.5 1.7 0.8

39 CA129408 No hit 3.0 1.4 1.0

40 CA128874 No hit 2.5 9.5 3.0

41 CA119555 No hit 0.8 1.5 2.5
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hybridisation was done at each time point after the ethanol

spray in the case of SP89-1115 and SP90-3414, we can

speculate that the fraction of genes induced in the three

genotypes could be overestimated, even considering the

use of an algorithm specific for single hybridisation sta-

tistics (Drummond et al. 2005).

RNA-blot analysis

Three ethanol-induced ESTs, CA128874 (no hit),

CA296014 (ERD 4) and CA300472 (NPR 1), were used as

probes in RNA-blot hybridisation to validate the macro-

array data. These genes were selected due to their profile of

Table 1 continued

Accessiona Blast Hit (E-value)b Descriptionc Ratiosd

T1/T0 T4/T0 T12/T0

42 CA125651 No hit 0.7 1.6 2.1

43 CA121993 No hit 1.2 1.2 1.9

44 CA125789 No hit 1.0 1.2 1.7

45 CA121251 No hit 1.1 1.9 1.4

46 CA122935 No hit 1.3 1.4 1.6

47 CA120904 No hit 0.7 1.2 1.6

48 CA295623 no hit 1.8 1.4 1.4

Genes down-regulated in SP80-3280 variety

Gene regulation

49 CA124254 AAG23693 (4e-62) 40S ribosomal protein S24 1.3 1.3 1.4

50 CA122198 P25866 (6e-74) Ubiquitin carrier protein 1.0 0.8 1.2

51 CA117179 CAA09199 (5e-34) RNA helicase 0.6 0.6 1.1

52 CA125259 AAU44196 (9e-27) RING-H2 finger protein 0.5 0.4 0.5

53 CA121094 CAA57636 (1e-19) Small subunit ribosomal protein S28 1.1 1.4 1.4

54 CA121946 BAA22083 (5e-13) RNA binding protein 0.8 1.3 1.4

55 CA301169 ABE87449 (4e-12) Reverse transcriptase 1.3 1.0 1.2

Cellular dynamics

56 CA121162 BAE20250 (4e-45) Histone H3 1.0 1.1 1.2

57 CA130347 AAB36498 (4e-42) Histone H3 0.9 1.0 1.2

58 CA121135 XP_469838 (1e-73) Putative ankyrin 1.4 0.7 0.7

Stress response

59 CA130162 JS0731(1e-14) Wound-induced basic protein 1.2 1.2 1.4

60 CA116742 BAD29543 (6e-13) DRE/CRT binding factor 1 0.2 0.2 0.3

Others

61 CA120110 XP_480472 (4e-40) Auxin efflux carrier protein-like 0.8 0.9 1.1

62 CA296079 BAA35120 (5e-85) NADH dependent glutamate synthase 1.2 1.2 0.6

63 CA127352 XP_480583 (4e-23) Receptor-like serine/threonine kinase 0.5 1.2 0.8

64 CA125401 AAV25244 (2e-14) Putative phosphate translocator 0.8 1.0 1.3

Unknown and no hit proteins

65 CA122078 AAO72578 (2e-32) Unknown protein 1.0 1.0 1.2

66 CA189734 BAD68838 (1e-07) Unknown protein 0.1 0.2 0.1

67 CA121449 No hit 0.8 0.8 1.1

68 CA300807 No hit 0.6 0.8 1.0

69 CA118219 No hit 0.5 0.5 0.5

70 CA123017 No hit 0.4 0.4 0.4

Accession numbers in italics represent the ESTs up-regulated and down-regulated in all sugarcane cultivars
a GenBank accession number
b The best hit from BlastX analysis
c Description indicates the putative functions of the gene products expected from similarity
d Expression ratios of Ethanol-treated intervals (1, 4 and 12 h) in relation to its control (0 h): T1/T0 = 1 h after treatment/control; T4/T0 = 4 h

after treatment/control; T12/T0 = 12 h after treatment/control
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induction after treatment with ethanol. Figure 3 compares

the expression profiling of these genes using the macroar-

ray approach and RNA-blot. The expression profiles

observed using both techniques were very similar for all

the genes tested, indicating consistency between the two

data sets. Figure 4 compares the expression profiling of the

ESTs CA128874 (no hit), CA296014 (ERD 4), and

CA300472 (NPR 1) in samples of RNA extracted from

sugarcane leafs untreated and treated with ethanol.

Discussion

Effect of ethanol in the expression profiling of

sugarcane leaves

High-density filters were used to identify alterations in the

gene expression profile in the ESTs of sugarcane plantlets

after exposure to ethanol. Seventy genes were identified

with their expressions significantly altered by ethanol, in

the SP80-3280 sugarcane cultivar (Table 1). These genes

are involved in different biological process, such as nucleic

and protein metabolism, dynamic cell processes and stress

conditions, indicating that several metabolic processes

were altered during the ethanol treatment of sugarcane

plants.

Several genes related to nucleic acid and protein

metabolism were up- or down-regulated by ethanol stress

in the SP80-3280 sugarcane variety. Six genes encoded

different ribosomal proteins, of which five were up-regu-

lated in plants treated with ethanol, including L10

(accession CA294535 and CA129983), L19 (CA119317),

L26 (CA128696) and L38 (CA119363), and one, the

ribosomal protein S24 (CA124254), was down-regulated.

Ribosomal proteins are involved in the translation of

mRNA into a polypeptide chain during protein synthesis.

The fine regulation of this process is thought to play an

important regulatory role in the translational control of

gene expression.

Another gene involved in gene regulation and up-regu-

lated by ethanol encoded a trypsin inhibitor (CA294757).

Fig. 1 Expression profiles of 70 ethanol-responsive ESTs identified

in the macroarray analysis of the SP80-3280 cultivar. The numbers on

the X-axis refer to each EST described in Table 1. The right Y-axis

shows the basal expression in the control treatment and the left Y-axis

shows the fold change corresponding to the log2 (ratios) for each EST.

The black circles show gene expressions in the control condition

(basal expression axis); the white squares, white circles, and white

triangles show gene expression changes after 1, 4, and 12 h of ethanol

treatment, respectively (fold change axis). The fold changes are

expressed as log2 of the ratio of the expression value in the treatment

condition to the value in the control experiment

Fig. 2 A comparison of 70 differential expression genes obtained

from the SP80-3280 sugarcane cultivar with two other cultivars:

SP89-1115 and SP90-3414. a Venn diagram of 66 up-regulated genes

in three sugarcane cultivars (SP80-3280, SP89-1115, and SP90-3414)

exposed to ethanol. b Venn diagram of 58 down-regulated genes in

three sugarcane cultivars. Values indicate the number of genes
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This gene showed high induction by ethanol after the first

hour of plant treatment (Table 1). As the time of plant

exposition to ethanol increased, the induction of the trypsin

inhibitor was decreased. The gene encoding a putative

RNA helicase protein (CA117179) was down-regulated by

the ethanol treatment. This enzyme shows dsRNA

unwinding activity and is associated with several RNA

metabolism processes, such as transcription, splicing,

ribosome biogenesis, RNA transport to the cytoplasm,

translation, RNA degradation and organelle gene expres-

sion (de la Cruz et al. 1999).

Genes involved in cell dynamics also presented changes

in their expression profiles due to ethanol. Genes that

encoded histone proteins were represented in this group,

although these proteins were also related to gene regulation.

In this study, the histones H1 (CA116806 and CA118922),

H3 (CA130347 and CA121162) and H4 (CA124635,

CA120539, CA128654, CA129817 and CA124643) were

identified as ethanol-responsive. H1 and H4 were induced

by ethanol during the three times of plant exposition, with

greater induction after 12 h of treatment, indicating that the

chromatin structure may be modified in response to ethanol.

In this study, we also identified genes responsive to

stress conditions, including a wound-induced protein

(CA130162), a peroxidase class III (CA295973), NPR1

(CA300472) (nonexpresser of pathogenesis-related gene)

and ERD 4 (CA296014) (early responsive to dehydration).

Peroxidases are present at all stages of plant life, due to

several stressful conditions that plants meet. Under chem-

ical stress, peroxidases are often induced at the beginning

of an event, and then slowly decrease with time (Klumpp

et al. 2000). This type of response was found in the present

study, in which peroxidase had an elevated expression in

the first hour of ethanol exposition and subsequently

decreased. The NPR1 gene is a key component of the

salicylic-acid-regulated PR (pathogenesis-related) gene

expression and disease resistance (Cao et al. 1997; Shah

et al. 1997). A sequence analysis of NPR1 revealed four

ankyrin repeats, which are found in proteins with diverse

Fig. 3 A comparison between

the EST macroarray and RNA-

blot analyses for ethanol-

regulated sugarcane ESTs. The

graphs show the expression

profile observed in macroarray

(black triangle) and RNA-blots

(white triangle). In RNA gel

blots, each lane was loaded with

total RNA isolated from

sugarcane leafs not-treated with

ethanol (control) and sugarcane

leafs treated with ethanol after

1, 4, and 12 h

Fig. 4 RNA-blot analyses of CA128874 (no hit), CA296014 (ERD

4), and CA300472 (NPR 1). In the RNA gel blots, each lane was

loaded with total RNA isolated from sugarcane leafs not-treated with

ethanol (control); sugarcane leafs not-treated with ethanol after 1, 4,

and 12 h of water application; and sugarcane leafs treated with

ethanol after 1, 4, and 12 h of 2.5% ethanol solution application
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biological functions, and represent domains interacting

with other proteins (Bork 1993; Michaely and Bennet

1992). This protein interacts with bZIP transcriptional

factors regulating the expression of genes associated with

salicylic acid induction (Zhang et al. 1999). NPR1 was

induced during the whole (12 h) ethanol treatment, with a

peak of expression of up to six times in the first hour. After

4 and 12 h of ethanol exposition the expression was about

2.5-fold. The ERD 4 gene also showed an induction peak

after 1 h of ethanol exposition, presenting 4.4 times more

expression than found in control plants. This gene has been

shown to be related to dehydration stress. The ERD gene

produced metabolic proteins to protect cells and also

showed a function in regulating genes that were involved in

transducing the stress response signals (Thomashow 1999;

Ingran and Bartels 1996; Steponkus et al. 1998; Bohnert

et al. 1999). The higher expression of genes encoding an

ERD suggested that ethanol caused dehydration, and

probably its expression would protect plants against this

stress.

A gene encoding a calmodulin protein was up-regulated

after 1 h of ethanol exposition (CA123642). Calmodulin

(CaM) is a calcium (Ca2+) signal transducer involved in

controlling many biochemical processes in both plants and

animals (Snedden and Fromm 2001; Yang and Pooviah

2003). Biotic and abiotic stimuli alter intracellular Ca2+

fluxes, triggering a signalling cascade (Sanders et al. 2002;

Berrige et al. 2003). CaM serves as a sensor to detect and

translate Ca2+ signals regulating the activities of target

proteins, which allow organisms to adapt to the changing

environment (Baum et al. 1996). Calmodulin could act

perceiving the ethanol stimulus and thus modulate the

expression of other sugarcane genes.

The EST encoding a RING-H2 finger protein

(CA125259) was repressed after ethanol exposure. The ring

finger domain is found in numerous proteins that participate

in the regulation of many growth and development pro-

cesses in eukaryotic organisms (Salinas-Mondragón et al.

1999). At the molecular level it may be involved in tran-

scriptional regulation, vesicular transport, peroxisomal

biogenesis and in protein degradation (Borden 2000 and

Freemont 2000). RING-H2 domains have been described as

part of proteins that are involved in a ubiquitination path-

way, associated with E3 ubiquitin ligases (Jackson et al.

2000). DRE/CRT binding factor 1 (CA116742) is a tran-

scription factor induced by dehydration and low-

temperatures and controls the expression of several genes

related to stress tolerance (Kazuo and Kazuko 2000).

However, this EST was down-regulated by ethanol stress.

NADH-glutamate synthase is a glutamate synthase form

that uses NADH as the electron donor for ammonium ion

incorporation into glutamate molecule by conversion of L-

glutamine plus 2-oxoglutarate to L-glutamate. Glutamate is

used for the synthesis of amino acids, nucleic acids and in

protein biosynthesis (Suzuki and Knaff 2005). Since the

application of ethanol repressed the expression of NADH-

glutamate synthase, we may suggest that this compound

might affect DNA replication, transcription and translation.

The expression profile of the 70 up- and down-regulated

genes was compared in two other sugarcane cultivars,

SP89-1115 and SP90-3414, using a single cDNA array

hybridisation. Figure 2 illustrates the comparison of the

gene expression profile between the three sugarcane culti-

vars. Of the 48 up-regulated genes in the SP80-3280

cultivar, only 14 were up-regulated in the other two culti-

vars. A similar result occurred for the down-regulated

genes; in SP80-3280, 22 genes were down-regulated.

Amongst these, only 4 genes presented the same charac-

teristics in the SP89-1115 and SP90-3414 cultivars. This

result suggests that different sugarcane varieties show great

diversity in their response to ethanol application, probably

because of their different foliar architecture, cuticle thick-

ness, etc. In this sense, our data highlight an unexpected

difficulty in the construction of an ethanol-based system

using sugarcane genes.

The data presented in this work can help in the identi-

fication of ethanol-induced systems similar to the alc

system of A. nidulans (Salter et al. 1998). Some genes,

such as CA300472 (similar to NPR1 gene) and CA296014

(ERD 4), present interesting characteristics for this pur-

pose. Both have low levels of basal expression, rapid

induction after ethanol exposition and elevated expression

levels. The one encoding an ERD 4 protein was particu-

larly interesting, because it was induced in both SP80-3280

and SP89-1115. We are starting the identification of the

promoter region of both promoters, and future work will

evaluate their usefulness in an ethanol-induced system.

Vreugdenhil et al. (2006) verified in wild Solanum tu-

berosum that application of solution with low

concentration of ethanol was responsible for down-regu-

lation of the expression of at least some of the genes

involved in cell division and in storing reserves in this

species. In our studies we also showed that application of

low concentration of ethanol was responsible by alteration

in gene expression of non-transformed sugarcane plants but

the genes that presented alteration of expression did not

result in perceptible toxic symptoms or developmental

alterations in the sugarcane plants tested. Although the

results obtained in S. tuberosum indicate deleterious effects

of ethanol in the tubers development, it is not possible to

extrapolate the same effects to sugarcane, because both

species are distantly related. Until now, there is no report

about deleterious effects promoted by ethanol application

on sugarcane leafs. New experiments will be carried out to

check the physiological and biochemical effects of ethanol

application in sugarcane leaf.
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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 regulated by biotic

and abiotic stress. Using the SUCEST sugarcane EST database, we have identified 26 members of the NAC domain protein family, referred to

collectively as Saccharum sp. NACs (SsNACs). Several SsNACs genes displayed a similar pattern of tissue/organ expression. One of these,

SsNAC23, was found to be induced by chilling stress. SsNAC23 showed strong similarity to the Arabidopsis ATAF1 and rice OsNAC6

proteins, which have been phylogenetically classified into dicot and monocot ATAF sub-subfamilies, respectively. Molecular modeling of the

SsNAC23 3-D structure and its nuclear localization suggest that this protein has conserved transcription factor domains. The expression of

SsNAC23was strongly induced at 4 8C but not at 12 8C, indicating that this gene is involved in the response to extreme low temperature stress.

SsNAC23 was also induced by water stress and herbivory. The role of SsNAC23 in sugarcane plants subjected to stress stimuli is discussed.

# 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: NAC domain protein; Saccharum sp.; Abiotic stress; Biotic stress; Transcription factor

1. Introduction

Plants vary considerably in their ability to survive under

stress conditions. Stress-regulated genes play an important

role in stress tolerance mechanisms when plants are exposed

to hostile environments [1]. Chilling, for instance, is a

common abiotic stress that unfavorably affects plant growth,

especially those of tropical and subtropical origin, such as

sugarcane [2]. Molecular studies using cDNA arrays have

identified several genes that are upregulated by biotic and

abiotic stress [3–8]. Many of these genes encode proteins

involved in signaling pathways, including mitogen-activated

protein kinases (MAPKs), histidine kinases, Ca2+-dependent

protein kinases (CDPKs), SOS3 Ca2+ sensor family, as well

as transcription factors. The sequencing of entire plant

genomes has revealed that transcription factors often belong

to large gene families, such as MYB (MYB DNA-binding

domain), ERF (EREBP/ethylene response factor), bZIP, and

WRKY [9,10]. Some members of these families play a role

in regulating defense responses to biotic and environmental

stress while others appear to coordinate plant developmental

pathways [9,11].

An interesting family of transcription factors, unique to

plants, is the NAC domain protein family [12,13]. The name

derives from a highly conserved N-terminal region

originally associated with the NO APICAL MERISTEM

(NAM) gene in Petunia and the ATAF1, ATAF2 and CUP-
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SHAPED COTYLEDON (CUC) of Arabidopsis thaliana

[12]. In contrast to the conserved N-terminal region, the

carboxy terminus of NAC domain proteins is highly variable

in length and amino acid sequence [14]. Additionally, the

NAC domain protein family shows no sequence homology

to any other proteins in the GenBank nr (non-redundant)

database [15]. Recently, it was shown that NAC domain

proteins in rice (Oryza sativa) and A. thaliana constitute a

large superfamily whose members have different roles in

plant development [16]. For instance, the Arabidopsis NAP

(NAC-like activated by AP3/PI) was found to be upregulated

in flower organ primordia by the two MADs box proteins,

APETALA3 (AP3) and PISTILLATA (PI) [17]. NAP was

expressed mainly underneath the inflorescence meristem

and in the pedicels, as well as in developing sepals of young

flowers. Other examples include the Arabidopsis NAC1 and

CUC genes. NAC1 mediates auxin signaling to promote

lateral root development [15]. CUC1 is required for

complete penetrance of the cupped cotyledon phenotype

[18] whereas CUC3 seems to be involved in establishing the

boundary regions containing cells with low proliferation

and/or differentiation rates [19].

NAC domain genes have also been implicated in biotic

and abiotic stress responses. The potato StNAC and the

Arabidopsis ATAF1 and ATAF2 were found to be induced

by pathogen attack and wounding [20]. More recently, it

was found that Brassica napus BnNAC family members

were differentially regulated in response to biotic and

abiotic stress [21]. Finally, it was demonstrated that the

Arabidopsis TIP (TCV-INTERACTING PROTEIN) inter-

acts specifically with the capsid protein of turnip crinkle

virus (TCV), suggesting that TIP may participate in virus

resistance mechanism [22]. However, the correlation

between family classification and the putative physiological

roles of NAC domain proteins in stress responses has not

been elucidated.

Two lines of evidence suggest that NAC domain proteins

are involved in transcriptional regulation. First, A. thaliana

lines over-expressing NAC1 showed upregulation of the

auxin-responsive gene TIR1 (TRANSPORT INHIBITOR

RESISTANT1) with a corresponding downregulation being

observed in NAC1 anti-sense lines [15]. Second, BnNACs

were capable of activating gene expression in yeast and

recognize a cis-acting element within the CaMV 35S

promoter sequence that is also found in some plant promoter

sequences [21].

Here, we report the identification of 26 non-redundant

sugarcane genes encoding NAC domain proteins, including

a chilling-inducible sugarcaneNAC, SsNAC23 [7]. RNA gel-

blot analysis showed that SsNAC23 was strongly induced by

extreme chilling stress, water stress and herbivory. Predic-

tion of the three-dimensional structure of the NAC domain

and in vivo analysis showed that SsNAC23 has the

conserved characteristics of NAC domain transcription

factors. The role of SsNAC23 in response to stress stimuli is

discussed.

2. Methods

2.1. Plant growth and treatments

Sugarcane plantlets (Saccharum sp. cv. SP80-3280),

propagated axenically in vitro [7], were maintained at 26 8C

on a 16 h/8 h day/night cycle with a photon flux density of

70 mE m!2 s!1. To compare the SsNAC23 expression

profiles at 4 and 12 8C, 3-month-old plantlets were

transferred to 4 or 12 8C under the same photoperiod

conditions. Control plantlets were maintained at 26 8C. The

leaves of control and chilling-treated plantlets were

harvested after 0, 1, 3, 6, 12, and 48 h of treatment (six

plantlets per time point). Plants were also treated with

abscisic acid (ABA) or polyethylene glycol (PEG) by

transferring sugarcane plantlets to rooting medium [7]

supplemented with 100 mMABA or 20% (p/v) PEG 6000, a

polymeric osmolyte that does not penetrate plan cells and is

relatively non-toxic [23]. For the ABA treatment, plants

were sampled at 0, 1, 3, 6, 12, 24 and 48 h while for the

treatment with PEG, the leaf samples were sampled after 0,

3, 6, 12, 24, and 48 h. The expression pattern of SsNAC23 in

apical meristem tissues, leaves, roots, and stem was

examined using one-month-old sugarcane plantlets culti-

vated in a greenhouse. Flowers were obtained from

sugarcane plants grown at the Copersucar experimental

station (http://www.ctc.com.br). For the bioassay with

sugarcane borer, third and fourth instarDiatraea saccharalis

larvae were starved overnight prior to the experiments.

Larvae were placed on the mature terminal leaves of three-

month-old sugarcane plants and then removed after 0, 4, 12

and 24 h. Tissue samples were collected from sites close to

where larvae had fed and were immediately frozen in liquid

nitrogen.

2.2. Identification and sequence analysis of sugarcane

NAC domain proteins

A. thaliana andO. sativaNAC domain proteins [16] were

used as drivers to identify and classify a set of non-redundant

sugarcane assembled sequences (SASs) [24] sharing

similarities to NACs in the SUCEST database (http://

sucest.lad.ic.unicamp.br/public). SASs with an e-value

"10!30 were considered to represent putative sugarcane

NAC domain-containing genes (referred to hereafter as

SsNACs; Saccharum sp. NACs). Subsequently, the identified

sequences were inspected for the presence of a conserved N-

terminal NAC domain sequence using Pfam database [25]

and BLASTP algorithm. To identify gene redundancy

among sequences retrieved from the SUCEST database, the

DNA sequences of all SsNAC candidates were aligned using

the CLUSTALX program [26]. Those SASs whose DNA

sequences showed more than 95% identity were considered

redundant.

An un-rooted, neighbor-joined phylogenetic tree (1000

bootstraps) was inferred by using the MEGA2 program [27]
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and the protein sequences corresponding to the NAC domain

amino acids to ensure the most conserved alignment. Motifs

present in the C-terminal region of Arabidopsis, rice,

Brassica napus, and orthologous sugarcane NAC domain

proteins belonging to sub-subfamilies I and II were detected

using the pattern prediction program package MEME-

MAST, version 3.0 ([28]; http://www.sdsc.edu/MEME).

Peptide sequences common to proteins that are targeted for

rapid turnover were identified with PEST-FIND software

(http://www.at.embnet.org/embnet/tools/bio/PESTfind).

Sequences from the following list (accession numbers in

parentheses) were used for the alignment and phylogenetic

analysis of sub-subfamilies I–V: OsNAC6 or ONAC048

(AK068392), OsNAC5 or ONAC009 (AK063399),

OsNAC4 or ONAC068 (AK073848), OsNAC3 or ONAC067

(AK073667), ONAC010 (AK063406), ONAC002

(AK104712), NAP or ANAC029 (CAA10955), jasmo-

nate-regulated NAC1 or ANAC056 (JaNAC1, NP_188170),

jasmonate-regulated NAC2 or ANAC055 (JaNAC2,

AAM61076), AtNAM or ANAC018 (AAD17314), ANAC

or ANAC019 (NP_175697), ATAF1 or ANAC002

(NP_171677), ATAF2 or ANAC036 (CAC35884),

ANAC025 (NP_564771), ANAC032 (NP_177869),

ANAC047 (NP_187057), ANAC081 (NP_680161),

ANAC102 (NP_201184), BnNAC5-8 (AY245883),

BnNAC5-7 (AY245882), BnNAC5-11 (AY245884),

BnNAC5-1 (AY245881), BnNAC3 (AY245880), BnNAC18

(AY245886), BnNAC14 (AY245885), BnNAC1-1

(AY245879), SsNAC19 (CA140418), SsNAC14

(CA132543), and SsNAC8 (CA120159).

2.3. Identification of the SsNAC23 and SsMAPK

(Saccharum sp. mitogen-activated protein kinase)

full-length sequences

To obtain the full-length cDNA sequences of SsNAC23

and SsMAPK, the longest EST of each SAS was re-

sequenced using an ABI PRISM 3700 DNA sequencer and

M13 forward and reverse primers. Sequences were analyzed

using the PHRED-PHRAP package (http://www.phrap.

org/). The identified full-length sequences of SsNAC23

and SsMAPK were submitted to GenBank database under

accession numbers AY742218 and AY738652, respectively.

2.4. RNA gel-blot analysis

RNAwas isolated using Trizol reagent (Invitrogen, USA)

as described by the manufacturer. Fifteen micrograms of

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

containing formaldehyde and transferred to a Hybond-N+

filters (Amersham Pharmacia Biotech, USA) as described by

Sambrook et al. [29]. RNA gel-blots were hybridized at

42 8C for 16 h with a 30-fragment of SsNAC23 or full-length

cDNA of SsMAPK, both labeled with a-32P dCTP [29]. The

blots were then washed at high stringency and exposed to

imaging plates. Each RNA gel-blot experiment was repeated

twice. Later, the blots containing total RNA from sugarcane

organs/tissues and different treatments were re-hybridized

under the same conditions with a a-32P-labeled sugarcane

full-length wheat [30] ortholog actin cDNA (accession

number AY742219).

2.5. Nuclear localization of SsNAC23

The SsNAC23 coding region (891 bp) was amplified by

PCR using internal primers (forward: 50-GGATCCGCG-

ATTGAGCGAGGGAGGAA-30 and reverse: 50-GGAT-

CCGAACGGCTTGCCCCAGTACA-30). The single PCR

product was isolated from agarose gel using the ConcertTM

rapid gel extraction system (Invitrogen, USA) and then

subcloned into the pGEM-T EASY vector (Promega, USA).

The vector was subsequently digested at the BamHI

restriction site included at the 30- and 50-ends and ligated

into the pBI221 plant expression vector (Clontech, USA)

downstream of the CaMV 35S RNA promoter and fused in-

frame upstream of the b-glucuronidase (GUS) reporter gene.

The construct was checked by appropriate digestion and

DNA sequencing.

A helium biolistic gene transformation system (Bio-Rad,

USA) was used to transiently transform onion (Allium cepa)

epidermal cells with the SsNAC23<GUS fusion construct.

Onion cells were also transformed with pBI221 as a control.

Inner epidermal single cell layerswere peeled from the onions

and placed on MS solid medium [31]. Five micrograms of

plasmid DNA purified on a column (Qiagen, USA) and

dialyzed against water was precipitated onto 1.6 mm gold

particles (Bio-Rad, USA) using 2.5 M CaCl2 and 1 M

spermidine (Sigma, USA). DNA-coated particles were rinsed

with absolute ethanol, re-suspended in ethanol, and used

to bombard the onion cells at 1300 psi. The bombarded

tissue was incubated for approximately 24 h in the dark

before histochemical analysis. The SsNAC23<GUS fusion

protein was detected in transformed cells by histochemically

staining the bombarded onion epidermis with X-gluc [32].

The position of the nucleus in each cell was determined

by stainingwith 40,6-diamidino-2-phenylindole (DAPI, [32]).

X-gluc staining was detected and photographed in trans-

formed cells using a Nikon Eclipse E600 microscope

(Nikon, Japan) with bright-field optics, and the DAPI-stained

nuclei of the same cells were visualized using fluorescence

optics.

2.6. Determination of the SsNAC23 DNA-binding NAC

domain three-dimensional structure

A multiple peptide alignment was generated with

ClustalW [33] and displayed with BOXSHADE (http://

helix.nih.gov/apps/bioinfo/boxshade.html). The structure of

the DNA-binding NAC domain of Arabidopsis ANAC

(abscisic-acid-responsive NAC, pdb 1ut7, [34]) was used to

predict the three-dimensional structure of the SsNAC23.

We used the 68% sequence identity between ANAC (chain
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A) and SsNAC23 to map the SsNAC23 NAC domain

sequence in the three-dimensional structure described for

chain A of ANAC in the 1ut4 structure. The atomic

coordinates of the 1ut7 pdb structure, solved at 1.7 Å

resolution, were used as a template for comparative

modeling based on the satisfaction of spatial restraints

[35] implemented in the program MODELLER 6v2 [36].

Twenty-five different models of the structure of SsNAC23

were generated. The quality of the predicted fold was

evaluated in MODELLER using the score of the variable

target function method [36]. The stereochemical quality of

the five best scoring models was assessed by PROCHECK

software [37] at the same resolution as the 1ut7 structure.

The final model was selected based on the overall

stereochemical quality.

To refine the final molecular model of the SsNAC23

structure, additional energy minimization and equilibrating

molecular dynamics simulations were done using the

program GROMACS 3.14 [38] on a Linux workstation.

The initial protein model was submitted to a steepest-

descent (SD) energy minimization (5000 steeps) to remove

bad van der Waals contacts. For further relaxation of the

structure, an un-restrained molecular dynamics simulation

was done for 100 peak seconds (p.s.) in water (spc216

model) with Berendsen-type temperature (312 K) and

pressure (1 atm) coupling in a 30 # 30 # 30 simulation

cell [38,39], using the PME (particle mesh Ewald) method

[40]. An unrestrained, multiple step, conjugate-gradient

(CG) minimization process (to 0.1 kJ mol!1 nm!1) was

used to obtain the minimum energy structure of the protein.

A combinatorial extension method (CE; [41]) was used to

superimpose the target and modeled backbones. The

SsNAC23 model obtained is available for non-profit use

directly from the authors.

3. Results

3.1. Identification of sugarcane NAC domain containing-

sequences and phylogenetic analysis of stress-responsive

NAC proteins

An ordered set of NAC domain protein sequences from

Arabidopsis (ANAC001 to ANAC105) and rice (ONAC001

to ONAC075), described by Ooka et al. [16], was used as

driver to identify and classify sugarcane NAC domain-

containing sequences encoded by SASs produced by the

assembly of 237,954 ESTs [24]. Queries consisting of the

full-length protein sequence of each member of the

Arabidopsis and rice NAC domain protein families were

used to screen the SUCEST database. Candidate SASs were

selected based upon an e-value "10!30 and the presence of

at least four out of five conserved N-terminal NAC

subdomains (A through D, [12]). Using this approach, we

identified 35 EST clusters corresponding to 26 non-

redundant SsNACs (Table 1).

A phylogenetic analysis of selected SsNAC sequences

containing the entire 160 amino acid-long NAC domain

sequence (subdomains A through E, [12]) along with

Arabidopsis and rice NAC domain proteins [16] was

performed using the neighbor-joining method. Twenty

SsNACs were separated into 14 previously described

NAC subfamilies (data not shown). Of the identified

SsNACs, SsNAC23 was previously shown to be regulated

by chilling stress [7]. SsNAC23, together with other three

sugarcane NAC domain proteins (SsNAC8, SsNAC14 and

SsNAC19), belong to the ATAF, NAP, and OsNAC3

subfamilies, respectively (Fig. 1A). The members of these

subfamilies have been proposed to be involved in the

response to biotic and abiotic stress [16].

Detailed phylogenetic analysis showed that these three

subfamilies could be further divided into five sub-

subfamilies, namely dicot ATAF (I), monocot ATAF (II),

OsNAC3 (III), ANAC (IV), and NAP (V) (Fig. 1A). To

determine the reliability of the classification of these five

sub-subfamilies using the neighbor-joining method, we also

performed a phylogenetic analysis using the maximum

parsimony (MP) method (PROTPARS in Felsenstein’s

program package PHYLIP, version 3.5c). The reliability

of the MP results was assessed by examining the level of

significance of the MP analysis using bootstrap testing with

1000 replicates and similar results to the neighbor-joining

method were observed (data not shown). In addition,

searching of published expression profile data

[5,7,8,20,21,42,45] revealed that several biotic and abiotic

stress-responsive ANACs and ONACs occur in all five sub-

subfamilies, mainly in sub-subfamilies I and II (Fig. 1B). For

instance, wounding induces the expression of ATAF1 and

ATAF2, although ATAF1 is also induced by cold and drought

stress, as well as treatment with ABA (Fig. 1B; [5,20]).

Other ArabidopsisNAC domain genes have been reported to

be induced or repressed by biotic and abiotic stress,

including the already described AtNAM (Arabidopsis NAC

DOMAIN PROTEIN NAM) and NAP (Fig. 1B; [8]). Of the

proteins classified in the monocot ATAF sub-subfamily,

OsNAC6 and SsNAC23 are encoded by stress-induced genes

(Fig. 1B; [7,42]). Finally, besides ANACs, ONACs, and

SsNACs, the Brassica NACs classified in the dicot ATAF

sub-subfamily have also been reported to be responsive to

biotic and abiotic stress (Fig. 1B; [21]).

To complement the phylogenetic data of previously

described stress-induced NAC domain genes of sub-

subfamilies I and II, which include SsNAC23, we identified

conserved motifs in the carboxy terminus (transcriptional

activation region; [12]) of the proteins of these sub-

subfamilies (Fig. 1C). Fig. 1C illustrates the position of each

C-terminal motif found in representative proteins of sub-

subfamilies I and II. Based on these domains, the dicot

ATAF sub-subfamily could still be divided into ATAF1- and

ATAF2-like proteins that share transcriptional activation

regions with serine-rich (M1) and acidic amino acid-rich

(M2) motifs (Fig. 1D). Moreover, while most ATAF2-like
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proteins have a glutamine-rich motif (M3), ATAF1-like

proteins include a motif containing proline-rich regions

(M4) as well as a hydrophobic amino acid-rich motif (M5,

Fig. 1C and D). The motifs found in the proteins belonging

to the monocot ATAF sub-subfamily were similar, except for

motif M2 that is present only in OsNAC6 and SsNAC23.

Motifs M1, M2, and M5 were conserved in both sub-

subfamilies (dicot and monocot ATAF, Fig. 1C).

To assess the expression profile of all SsNACs in several

sugarcane tissue/organs, we used the cDNA library

information available in the SUCEST database (http://

sucest.lad.ic.unicamp.br/public). EST counting was used to

access information on gene expression levels [43]. To avoid

potentially misleading interpretations of gene expression

levels, the records of EST sequences were individually

inspected and clone IDs were retrieved and displayed in a

catalog such that EST sequences obtained from opposite

ends of the same cDNA clone were scored as one. Non-

normalized cDNA libraries were grouped into library pools

(Table 2) and used for further analysis. Additionally, a SAS

encoding an actin (accession number CA192497, referred to

hereafter as Ssactin) was included in the analysis as an

internal control. The relative abundance of ESTs was

calculated as the number of SsNAC and Ssactin ESTs in a

given library pool divided by the total number of ESTs in

that pool (Fig. 2). Most SsNACs showed a similar pattern of

expression in the root pool, except for SsNAC14 and

SsNAC23, which showed higher expression than the other

members. Thirty percent (8/26) of SsNACs displayed tissue/

organ-enriched expression, while the remaining were

represented in several tissue/organs analyzed (Fig. 2).

3.2. Structure and cellular localization of SsNAC23

Since SsNAC23 was shown to be strongly upregulated in

response to chilling stress in sugarcane [7], we focused on

characterizing the SsNAC23 protein in detail. The longest

cDNA clone representing SsNAC23 in the SUCEST

database (Table 1) was completely sequenced. A 1.56 kb

cDNA was identified and found to contain an 891 bp open

reading frame (ORF) encoding a 296 amino acid protein

with features characteristic of known NAC domain proteins,

including the five N-terminal A through E NAC subdomains

(Fig. 3) and a predicted molecular mass of 34 kDa.

SsNAC23 presented 82% identity and 83% similarity at

the amino acid level to OsNAC6 [12] (Table 1). Sequence

analysis of the SsNAC23 transcriptional activation region

(Fig. 1C) identified a non-cannonical PEST domain

(peptidic sequence enriched in proline, glutamic acid,

serine, and threonine [44]) that is present in a motif

conserved among dicot and monocot ATAF sub-subfamily

members (M1; Fig. 1D). The PEST domains are common in

regulatory proteins that are rapidly targeted for degradation

by the ubiquitin-26S proteosome pathway [44].
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Table 1

Summary of the SsNACs identified in the SUCEST database

Name SAS ID Accession no.a EST no. Highest identityb Accession no.c

SsNAC1 SCAGRT2039C10 CA137402 6 ONAC040 BAD09611

SsNAC2 SCBGLR1118D05 CA119152 15 ANAC014 NM_202225

SsNAC3 SCCCCL4009H05 CA094553 2 OsNAC7 AB028186

SsNAC4 SCCCCL5072D12 CA095553 3 ANAC033 NM_202449

SsNAC5 SCCCCL6005A08 CA096752 6 OsNAC8 BAA89802

SsNAC6 SCCCFL4092A07 CA235099 1 Triticum sp.GRAB2 AJ010830

SsNAC7 SCCCLB1024F12 CA111892 5 ANAC079 NM_120850

SsNAC8 SCCCLR1070C08 CA120159 19 OsNAC3 AB028182

SsNAC9 SCCCLR1C04H01 CA189789 18 ANAC083 NM_121321

SsNAC10 SCCCRZ1004G12 CA147133 3 ANAC036 NM_127259

SsNAC11 SCCCST3005F09 CA180484 4 ANAC073 NM_118992

SsNAC12 SCEPLB1042D02 CA112161 22 ANAC053 NM_111885

SsNAC13 SCEPRT2048G05 CA138286 3 ANAC021 NM_179486

SsNAC14 SCEQRT1024G08 CA132543 16 OsNAC5 AB028184

SsNAC15 SCEQRT1028D09 CA132861 1 PhNAM2 AAM34765

SsNAC16 SCEQRT1031E06 CA133129 11 ONAC007 AK062952

SsNAC17 SCEQRT2030D12 CA138754 6 ANAC041 NM_128908

SsNAC18 SCEZRT2019E05 CA140061 3 ANAC087 NM_203071

SsNAC19 SCEZRT2023G12 CA140418 8 Triticum sp. GRAB1 CAA09371

SsNAC20 SCJFRT1009A08 CA133624 2 ANAC100 NM_125536

SsNAC21 SCJLRT1015C08 CA135079 2 ANAC056 NM_112419

SsNAC22 SCJLRT1018B06 CA135405 1 P. hybrida NAC protein AC007454

SsNAC23 SCCCCL4007D12 CA094345 28 OsNAC6 protein AB028185

SsNAC24 SCMCLB2082D05 CA271774 1 N. tabacum NAC protein AB021178

SsNAC25 SCMCRT2106G06 CA142777 1 ANAC021 NM_179486

SsNAC26 SCQGRT3042B03 CA260833 1 ANAC104 NM_125849

a Accession numbers refer to SAS containing the NAC domain sequence.
b Highest identity based on [16] when applicable.
c Accession numbers refer to NAC domain proteins homologous to identified SsNACs.
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Fig. 1. Comparison of deduced amino acid sequences and expression patterns of NAC domain genes and conserved motifs in transcriptional activation regions.

(A) Un-rooted phylogram of Arabidopsis,B. napus, rice and sugarcane NAC domain proteins. The five sub-subfamilies distinguishedwithin the ATAF, NAP and

OsNAC3 subfamilies [16] are shown in gray rectangles. The phylogram was generated as a consensus of 1000 bootstrap replicates by the neighbor joining

method (the bootstrap values are indicated close the branch divisions, when>50%). The scale bar indicates the relative amount of change along branches. The

accession numbers are given in Section 2. (B) Comparison of the expression profiles of AtNACs,OsNACs, BnNACs, and SsNACs and their respective references.

Full squares represent an induction at the transcription level, whereas empty squares represent downregulated mRNA levels in response to the stress/treatment

under consideration. (C) NAC domains are identified by white rectangles while motifs (M1 to M5) in transcriptional activation regions are identified by black
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Certain basic residues in the NAC domain sequence

involved in DNA-binding are conserved in Arabidopsis [34].

The basic amino acid-rich extremities of the b-strands 4 and

5 that protrude from the face of theNACdimer are likely to be

important at the DNA-protein interface [34]. This is in

agreement with biological data observed in yeast expressing

deletion mutants of AtNAM [13]. A sequence alignment

using 15NAC sequences from different plant species showed

that the basic residues conserved among Arabidopsis NACs

are also present in other plants (Fig. 3). Moreover, since the

most conserved parts of the primary structure among the

NAC domains analyzed coincided with the secondary

elements described in the ANAC structure [34], we

hypothesized that the overall folding of the secondary

structure element might be conserved in all NAC proteins.

Based on this reasoning, molecular modeling was used to

obtain the putative structure of the NAC domain of the

SsNAC23 protein. A Ramachandran plot of the backbone

angles of modeled SsNAC23 structure showed that no

residues lay in the disallowed regions, and stereochemical

parameters checked with Procheck software [37] were as

good as or better than expected at the 95% confidence level

(data not shown). A natural consequence of the homology

modeling procedure is the targeting of the initial 3-D

coordinates from the initial used structure (ANAC) to the

obtained model (SsNAC23). To avoid the unnatural identity

of the obtained initial model to ANAC structure in the

refinement process of our model, we performed 100 p.s. of

un-restrained molecular dynamics in the initial model of the

SsNAC23 using GROMACS [38], with additional energy

minimization of the final structure.

The final SsNAC23 model fold maintained the overall

structure of a twisted anti-parallel b-sheet packed against an

N-terminal a-helix [34]. The secondary structure of the

modeled SsNAC23 was almost identical to the ANAC

structure, with minor differences (Fig. 4A). The backbone

superimposition of the SsNAC23model andANACstructures
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rectangles. M1, serine-rich motif; M2, acidic amino acid-rich motif; M3, glutamine-rich motif; M4, proline-rich motif; M5, hydrophobic amino acid-rich motif.

(D) Amino acid sequences of all motifs found by the MEME-MAST program [28].

Table 2

Summary of the tissue/organ-specific library pools from the SUCEST

database

EST library IDa Tissue/organ-

specific library poolsb
Total no.

of ESTs

CL6 Calli 5518

AM1, AM2, LB1, LB2 Meristematic tissues 39116

FL1, FL3, FL4, FL6, FL8 Floral organs 52430

LV1, LR1, LR2 Leaves 19676

RT1, RT2, RT3 Roots 25302

ST1, ST3, SB1, RZ1, RZ2, RZ3 Stem 49785

a Identification of each EST library within the SUCEST database [24].
b EST libraries were grouped into seven library pools according to the

source tissues from which the library was derived.

Fig. 2. Relative abundance of SsNAC-representing clusters in sugarcane

tissue/organ-enriched library pools. Each SsNAC is represented by a single

row and each tissue/organ library pool is represented by a single column.

Since actin is reported to be present in most plant tissues/organs, an SAS

encoding sugarcane actin (Ssactin) was included as an internal control. The

relative abundance of ESTs was calculated as the number of ESTs in a given

library pool divided by the total number of ESTs in that pool (Table 2). The

normalized values were analyzed using the CLUSTER program [52] and the

image was generated by Tree View software downloaded from http://

rana.lbl.gov. The SsNAC and Ssactin names are shown on the right and

the color intensity scale representing the relative abundance is indicated at

the bottom. M, meristematic tissues; F, floral organs; L, leaves; R, roots; St,

stem; C, calli.
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showed backbone root mean standard deviation (R.M.S.D.)

equal to 1.5 Å, indicating high conservation in the domain

structure (Fig. 4A). TheSsNAC23dimer structure had a shape

fold configuration (Fig. 4B) with a positively charged internal

surface rich in Arg, Lys and His. The residues that allow the

formation of the interdomain salt bridge (Arg19 and Glu26 in

Fig. 4A) and the Glu67, which is important for coordinating

the Arg19 position at the domain interface, were all

conserved. All of the basic residues at the DNA-contacting

surface were conserved when compared with the structure of

ANAC (Fig. 4C), indicating that the SsNAC23 molecular

model retained all of the important features that characterize

DNA-contacting proteins.

A degenerate bipartite nuclear localization signal (NLS),

IKKALVFYAGKAPKGEKTN [45], conserved in several

NAC domain proteins among different plant species, was

identified in the SsNAC23 protein (Fig. 5A). The presence of

this sequence suggested that SsNAC23 could be targeted to

the nucleus. To test this hypothesis, the SsNAC23 ORF was

fused to the N-terminal of the Escherichia coli GUS gene

using the vector pBI221 (Section 2). Recombinant DNA

constructs encoding the SsNAC23<GUS fusion and a GUS

protein alone were introduced into onion epidermal cells by

particle bombardment [32]. Most of the transiently

expressed SsNAC23<GUS fusion protein was targeted to

the nucleus (Fig. 5B). In contrast, the GUS protein alone was

detected throughout the cytosol (Fig. 5B). These results

agree with previous findings for the NAC1 and ANAC

proteins in Arabidopsis [15,45].

3.3. SsNAC23 gene expression under chilling stress

Since NAC domain genes have a high degree of sequence

conservation in the 50-coding region, an XbaI-digested 30-

DNA fragment of SsNAC23 cDNA was generated as a

specific probe for all RNA gel-blot analyses. In general,
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Fig. 3. Alignment of 15 NAC domain protein sequences from different plant species. Only amino acids belonging to the NAC domain sequencewere used in the

alignment. Subdomains A through E are shown by lines below the sequences. Amino acid identification: white on black, identical residues and white on light

gray, conserved residues. Arg, Lys and His residues, conserved in these sequences, are marked by a blue star and the secondary elements described in the ANAC

structure [34] are shown at the top of the alignment, where curved arrows represent a-helices and dark yellow arrows represent b-strands. The accession

numbers for each protein sequence (in parentheses) are given in Section 2, except for petunia NAM3 and NAM10 (AAM34766 and AAM34773, respectively),

potato StNAC (CAC42087), tomato LeNAC1 and LeNAC2 (AAR88435 and AAF04915, respectively), wheat TsGRAB1 (CAA09371), andPhaseolus PvNAC2

(AAK84884). SsNAC23 protein is in bold.
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RNA gel-blot results for tissue/organ-enriched expression

profiling confirmed the findings of the in silico analysis

(Fig. 2). SsNAC23 was moderately expressed in roots and

young leaves of non-stressed, 1-month-old sugarcane

plantlets, was only marginally detected in stems and was

not detected in apical meristematic tissue and floral organs

(Fig. 6).

To examine the expression of SsNAC23 in response to low

temperature in detail, 3-month-old sugarcane plantlets were

kept at 4 8C for 48 h (Fig. 7A). The SsNAC23 expression was

induced within 1 h and increased steadily in the 48 h after

the onset of chilling treatment. Since sugarcane growth is

strongly affected by temperatures below 16 8C [2], we

evaluated the SsNAC23 expression profile under moderately

low temperature. Interestingly, SsNAC23 expression was not

induced or repressed in leaves of sugarcane plantlets

exposed to 12 8C (Fig. 7A). These results showed that

SsNAC23 is induced at 4 but not at 12 8C. Similar findings

have been reported for the rice lip19 gene encoding a bZIP-

type DNA-binding protein, the expression of which is
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Fig. 4. Structural conservation of the NAC domain of the SsNAC23 protein. (A) Structural alignment of the obtained SsNAC23 model (in red) and the ANAC

structure (in blue) backbones. The conserved Arg19 and Glu26 residues responsible for interdomain salt bridges are represented in CPK (thick lines for the

SsNAC23 model and thin lines for the ANAC structure). (B) Structure of the SsNAC23 backbone dimer model represented and colored according to the

secondary structure presented in Fig. 3. (C) Stereo representation of the DNA-contacting basic surface of the SsNAC23 structure colored according to the

secondary structure presented in Fig. 3. Conserved basic residues in the internal surface, important for the DNA-binding function (Arg and Lys), were

structurally aligned and represented in CPK (thick lines for the SsNAC23 model and thin lines for the ANAC structure).
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induced at 5 8C [46] but not at 12 8C [47]. The SsNAC23

mRNA levels remained high as long as the plantlets were

kept at 4 8C and returned within 3 h to basal levels when 48-

h-cold treated plantlets were transferred to 26 8C (data not

shown).

The expression of a rice mitogen-activated protein kinase

gene (OsMAP1 or OsMAPK5) was induced at 12 8C but not

at 4 8C [47], suggesting that different pathways are triggered

in response to distinct ranges of low temperature in rice.

These data, together with the distinct regulation of SsNAC23

at 4 and 12 8C (Fig. 7A), led us to the hypothesis that

sugarcane might also show a differential response to extreme

(4 8C) and moderate (12 8C) chilling stress at the molecular

level. To test this hypothesis, we have identified a cDNA in

the SUCEST database that encodes a protein very similar to

OsMAPK5 (94% identity at the amino acid sequence level;

[48]). Fig. 7A (lower panel) shows a marked accumulation

of SsMAPK transcripts at 4 and at 12 8C, but with distinct

expression profiles. These results, together with the

differential expression of SsNAC23 in response to a specific

range of low temperature, suggested that there could be

distinct signaling systems that perceive and transduce

temperature signals in sugarcane leaves.

3.4. Effects of water stress, ABA, and herbivory on the

expression of SsNAC23

Some cold-inducible genes also respond to water deficit

[5] and herbivory [48]. We therefore examined the effects of

water stress and herbivory on the expression of SsNAC23.
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Fig. 5. Nuclear localization of SsNAC23 in onion epidermal cells. (A) Alignment of the degenerate bipartite nuclear localization motif from selected NAC

domain proteins using the CLUSTALW program [26]. The accession numbers of SsNAC23, ATAF1, ATAF2, ANAC and OSNAC6 are specified in Section 2

while those of Petunia NAM10 and Lycopersicum esculentum NAC domain protein 2 (LeNAC2) are given in Fig. 3. Amino acid identification: white on black,

identical residues and white on light gray, conserved residues. Asterisks indicate the presence of the basic amino acid lysine (K). (B) Histochemical staining of

GUS activity in cells 24 h after particle bombardment (upper panel) and DAPI staining of the same cells to identify nuclei (lower panel). The cells were

photographed with a Nikon Eclipse E600 microscope (400#). Arrows indicate the nuclei.

Fig. 6. RNA gel-blot analysis of organ-enriched expression of SsNAC23. A,

apical meristem; L, leaves; S, stem; R, roots; F, floral organs. All filters were

subsequently re-hybridized with the 32P-labeled sugarcane full-length

cDNA (Ssactin) as a control.
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Fig. 7B shows that the expression of SsNAC23 was

transiently induced by PEG-mediated water stress (simu-

lated by a solution of PEG 6000; [49]), as also observed for

the SsNAC23 orthologues ATAF1 and OsNAC6 [5,42].

Interestingly, SsNAC23 did not show a well-defined

responsiveness to exogenous ABA (data not shown). This

finding differs from the previously identified SsNAC23

orthologous genes ATAF1 and OsNAC6 from Arabidopsis

and rice, respectively (Fig. 1A), which are responsive to

exogenous ABA [5,42]. This may be attributable to the

different plant species used, as well as the stress treatment

and conditions of plant growth. SsNAC23 transcripts also

accumulated transiently after 4 h of tissue damage caused by

herbivory (feeding by Diatraea saccharalis), with the

maximum transcript accumulation at 12 h (Fig. 8). Together,

these results suggest a complex regulation of the SsNAC23

gene during biotic and abiotic stress.

4. Discussion

4.1. The sugarcane NAC domain protein family

In this work, we identified 26members of sugarcane NAC

domain proteins (SsNACs, Table 1) using Arabidopsis and

rice protein sequences as drivers to probe the SUCEST

database. Phylogenetic analysis using protein sequences

from four SsNACs and members of the ATAF, NAP and

OsNAC3 subfamilies [16], along with B. napus NAC

domain proteins, showed that these three subfamilies

actually represented five sub-subfamilies (Fig. 1A). The

inclusion of two dicot and two monocot species improved

the resolution of the evolutionary relationships in this set of

proteins. The ATAF subfamily showed a clear distinction

between dicots and monocots (sub-subfamilies I and II),

while the sub-subfamilies ANAC and OsNAC3 contained

only dicot and monocot members, respectively (Fig. 1A).

Nevertheless, additional information, such as common

motifs, expression patterns, and map positions is required

to support this orthology [50]. MEME-based analysis of the

transcriptional activation regions revealed common motifs

(M1, M2 and M5) among proteins belonging to dicot and

monocot ATAF sub-subfamilies (Fig. 1C), suggesting that

these regions were conserved in parallel with NAC domain
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Fig. 7. RNA gel-blot analysis of SsNAC23 and SsMAPK expression. (A) Time course of SsNAC23 (upper panel) and SsMAPK (lower panel) expression in

sugarcane plantlets in response to low temperature. Plantlets were exposed to 4 or 12 8C for the indicated periods (h). (B) Plantlets were subjected to PEG-

mediated water stress for 3, 6, 12, 24 and 48 h and the blots were hybridized with the 32P-labeled 30-fragment of SsNAC23. All filters were subsequently re-

hybridized with the 32P-labeled sugarcane full-length cDNA (Ssactin) as a control.

Fig. 8. RNA gel-blot analysis of SsNAC23 expression in response to insect

feeding. Plantlets were subjected to feeding by sugarcane borers for the

indicated periods (h). All filters were subsequently re-hybridized with the
32P-labeled sugarcane full-length cDNA (Ssactin) as a control.
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structures. Therefore, it is possible that both NAC

subdomains and transcriptional activation regions are

involved in determining similar functions in dicot and

monocot plant species. Moreover, several members of ATAF

sub-subfamilies I and II have been reported to be regulated

by biotic and abiotic stress (Fig. 1B). Eight B. napus NAC

domain genes were differentially regulated in response to

wounding, insect feeding, cold stress, and dehydration [21].

ATAF2 is wounding-inducible, whereas ATAF1 is predicted

to be induced by biotic and abiotic stress, as observed for its

orthologues OsNAC6 and SsNAC23 [5,7,20,42]. These

findings suggest that stress-related functions could be

conserved among dicot and monocot members of ATAF

sub-subfamilies.

Most SsNACs were expressed at low levels in sugarcane

tissue/organs (Table 1, Fig. 2), but seven of them were

expressed at relatively high levels, especially SsNAC23,

which is the highest expressed sugarcane NAC gene

(Table 1). Few SsNACs displayed organ/tissue-enriched

expression (Fig. 2). This may indicate that most sugarcane

NAC domain proteins have similar or even redundant roles

in distinct plant organs. In fact, it has been demonstrated

that, in Arabidopsis, CUC1 and CUC2 are functionally

redundant genes that are involved in regulating shoot apical

meristem (SAM) formation and organ separation [18]. Most

SsNACs had at least one EST from the root pool, which

suggested an important role for these proteins in this organ.

Indeed, when Arabidopsis NAC1 was expressed in the anti-

sense orientation, lateral root development was reduced

[15].

4.2. Stress-inducible SsNAC23 encodes a putative

DNA-binding protein that is targeted to the nucleus

SsNAC23 shares 82% identity with the rice OsNAC6 and

shows extensive similarity with other NAC domain

homologs identified in plants, including Arabidopsis ANAC

(Fig. 3). The secondary structural elements described in the

ANAC structure [34] coincided with the highly conserved

domains of the alignment, including certain positively

charged residues that were conserved in all plant species

studied (Figs. 3 and 4). ANAC is currently the only NAC

domain protein for which the DNA-binding domain X-ray

structure has been determined [34]. In our modeling study,

the NAC domain from SsNAC23 showed a very similar

structural fold to the NAC domain of ANAC protein

(Fig. 4A). Moreover, the positions of residues that

participate in the formation of the dimer through salt

bridges were conserved, and there were numerous basic

residues in the surface that contact with DNA (Fig. 4B).

Furthermore, the conservation of the b-sheet scaffold in the

NAC primary sequences among several plant species

(Fig. 3), together with the extensive similarity in structure

between SsNAC23 and ANAC (Fig. 4), suggested that these

proteins can use b-sheet structures not only for binding DNA

but also for interacting with other proteins, as proposed for

ANAC [45]. Indeed, some BnNACs have been reported to

interact with isolated NAC domains from other NAC domain

family members [21] and the NAC domain have been found

to be sufficient for the interaction between Arabidopsis

RING-H2-type RHA2a protein and ANAC [45]. Finally, we

found that SsNAC23 contains a degenerate bipartite nuclear

localization signal that can direct reporter GUS fusions to

the nucleus in onion epidermal cells (Fig. 5B). Both

Arabidopsis NAC1 [15] and ANAC [45] were also able to

target green fluorescent protein (GFP) and GUS fusions to

the nucleus, suggesting that the predicted degenerate

bipartite nuclear localization signal is highly conserved

among NAC domain proteins (Fig. 5A).

SsNAC23 was induced by chilling to 4 8C, but not by

exposure a moderately low temperature (12 8C) (Fig. 7A,

upper panel). In contrast, the expression of SsMAPK,

another sugarcane gene possibly involved in cold stress,

showed long-term induction during exposure to 4 8C but

transient induction at 12 8C (Fig. 7A, lower panel). The

distinct expression profiles of SsMAPK and SsNAC23 in

response to 4 and 12 8C suggest that sugarcane has

mechanisms to distinguish these two ranges of low

temperature. Other plant species, such as Arabidopsis and

rice, have been described as having distinct molecular

responses to different ranges of cold stress [8,47]. A possible

reason for the existence of distinct transcript accumulation

patterns in response to extreme and moderate chilling stress

may be related to the fact that exposure to 12 8C for 2 days

only includes responses that allow sugarcane metabolism to

acclimate to growth at low temperature.

SsNAC23 may be involved in dehydration-related

responses since it was also induced by polyethylene

glycol-mediated water stress (Fig. 7B). In addition,

sugarcane plantlets exposed to feeding by D. saccharalis

for varying times showed a high accumulation of SsNAC23

transcript after 12 h of exposure to the larvae (Fig. 8).

Although biotic and abiotic stress is very complex and still

not fully understood [1], our results suggest that there is a

similar molecular mechanism in the plant responses to these

stimuli. Herbivory induced plant responses that possibly

involve a jasmonic acid-independent pathway and cross-talk

with pathways related to abiotic stress, such as water stress

[51]. Hence, it is possible that sugarcane NAC23 is involved

in a pathway of cross-talking between severe chilling (4 8C),

PEG-mediated water stress, and herbivory. The functional

characterization of SsNAC23 will provide new insights in

the role of this protein in any of these stress conditions.
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CAPÍ TULO I I - Dados com plem etares 

 

SsNAC2 3 : um  gene de  cana- de- açúcar  induzido por et anol 

 

O gene SsNAC23 pert ence a um a fam ília de fatores de t ranscr ição que possuem  

dom ínio NAC.  Proteínas per t encentes a essa fam ília apresentam  região N- term inal 

conservada, enquanto que a região C- term inal é bastante var iável em  seqüência de 

am inoácidos e tam anho (Aida et  al. ,  1997) . Mem bros da fam ília NAC estão envolvidos na 

regulação t ranscricional, durante o desenvolv im ento vegetal ( Ooka et  al. ,  2003)  e em  

resposta a est resses biót icos e abiót icos (Collinge et  al. ,  2001;  Hegedus et  al. ,  2003) . 

Nogueira et  al.  ( 2003)  constataram  que o gene SsNAC23 de cana-de-açúcar 

apresentou alt erações de expressão em  resposta a condições de baixa t em peratura. A 

expressão de SsNAC23 foi for t em ente induzida a 4 oC, em bora o m esm o não fosse 

observado para t em peratura de 12 oC. Esse resultado indicou que o gene poderia estar  

envolv ido com  m ecanism os de resposta bioquím ica e/ ou f isiológica ao est resse provocado 

por baixa t em peratura em  cana-de-açúcar. Out ros 25 m em bros da fam ília de proteínas com  

dom ínio NAC tam bém  foram  ident if icados nesse estudo, em bora a m aioria não apresentasse 

com portam ento sem elhante ao SsNAC23 em  reposta ao est resse por fr io. Análises de RNA-

blot  ( conform e descrito em  Nogueira et  al. ,  2005) ,  ut ilizando am ostras de RNA ext raídas de 

folhas de cana-de-açúcar subm et idas a est resse hídrico, dem onst raram  que SsNAC23  

tam bém  é induzido por este t ipo de est resse. Do m esm o m odo, SsNAC23 apresentou  

elevada indução da sua expressão após exposição ao ataque de larvas de Diat rea 

saccharalis (Nogueira et  al. ,  2005) , indicando que SsNAC23 é possivelm ente um  gene com  

resposta abrangente para vár ios est resses abiót icos e biót icos.  

A part ir da prem issa de que o gene SsNAC23 apresenta alt erações de expressão em  

resposta a diferentes est resses, resolvem os verificar se o etanol tam bém  poder ia atuar  

com o indutor  da expressão de SsNAC23  em  folhas de cana-de-açúcar.   

No estudo realizado com  m acroarranj os de cDNA (Capitu lo I )  observam os que um  

m em bro da fam ília de proteínas com  dom ínio NAC, um  EST com  elevada sim ilaridade para a 

proteína OsNAC de arroz, presente nas m em branas ut ilizadas, não t eve sua expressão 
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significat ivam ente alt erada pela aplicação de etanol nas folhas da cana-de-açúcar.  O fato 

desse gene não ter sua expressão alterada por  etanol, no entanto, não nos desm ot ivou a 

testar  o per fil de expressão de SsNAC23 em  folhas de cana-de-açúcar t ratadas com  etanol. 

Mem branas de náilon foram  confeccionadas com  am ost ras de RNA total ext raído de 

folhas de cana-de-açúcar coletadas 1, 4 e 12 horas após a aplicação de solução 2,5 %  (v/ v)  

de etanol e água (cont role) . As m em branas foram  hibridizadas com  a sonda radioat iva 

sintet izada a part ir da região 3’ não t raduzida do gene SsNAC23.  Os resultados obt idos no 

RNA-blot  indicam  que o gene SsNAC23  t em  sua expressão induzida pelo etanol,  

principalm ente no período de 1 hora após a aplicação. Nos períodos de 4 e 12 horas,  

tam bém  se observou aum ento na expressão em  relação ao cont role em bora esse aum ento 

não tenha sido tão m arcante com o no per íodo de 1 hora após o t ratam ento com  o etanol 

(Figura 1) . 

 

 

 

 

 

 

 

 

 

Figura  1 -  Análise de expressão do gene SsNAC23  em  reposta ao etanol. (C)  cont role com  água;  (1h)  
1 hora após aplicação de etanol;  (4h)  4 horas após aplicação de etanol;  (12h)  12 horas após aplicação 
de et anol;  (SP80-3280)  var iedade SP80-3280 de cana- de- açúcar da Coopersucar , ut ilizada neste 
estudo. 
 

 

Em  um  t rabalho recente com  Arabidopsis thaliana (Tran et  al.,  2007) ,  foi observado 

que proteínas com  dom ínio NAC (ANAC019, ANAC055 e ANAC072)  atuam  com o 

am plificadores da expressão do gene ERD 1 (Early Responsive t o Dehydrat ion St ress) . Essa 

inform ação está de acordo com  resultados obt idos neste estudo, vist o que um  gene da 

fam ília ERD foi ident if icado com o altam ente induzido em  plântulas de cana-de-açúcar,  1h 

  

  

SsNAC23 

rRNA 
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após a aplicação foliar  de solução 2,5 %  de etanol,  conform e dem onstrado no exper im ento 

com  m acroarranjos de cDNA (Capít ulo I ) .  Assim , com o o gene SsNAC23 foi induzido por  

etanol,  poderíam os especular que este gene em  cana-de-açúcar t enha ent re suas funções, a 

sem elhança do que foi observado em  Arabidopsis,  o papel de am plificador ou at ivador da 

expressão do gene ERD em  cana-de-açúcar. 
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Resum o 

 

O cont role da expressão gênica de form a tem poral e espacial é um a im portante 

caracter íst ica para sist em as quím icos de indução. Sistem as de indução que prom ovem  a 

at ivação ou inat ivação da expressão gênica t êm  se tornado im portante ferram enta para a 

análise genét ica, estudos bioquím icos e fisiológicos, além  de possuírem  inúm eras aplicações 

prát icas para o setor b iotecnológico. O sist em a de indução de expressão gênica at ravés de 

etanol, cham ado sistem a alc,  t em  sido ut ilizado com  sucesso em  espécies de plantas com o 

Arabidopsis,  tabaco e batata dent re out ras. Resum idam ente, o sist em a alc se caracteriza 

pela ação de um  fator de t ranscrição, at ivado pelo etanol, sobre um  prom otor induzível. O 

etanol ut ilizado com o indutor quím ico apresenta característ icas favoráveis,  tais com o baixo 

custo e facilidade de m anuseio e aplicação. O objet ivo deste t rabalho foi desenvolver um  

vetor de expressão com  o sist em a alc at ivando o gene repórter gus para ser testado em  

plantas t ransgênicas de cana-de-açúcar.   

 

Palavras-chave:  expressão gênica, sistem a alc,  etanol,  Saccharum  spp., vetor  de expressão 
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Abst ract  

 

The spat ial and t em poral cont rol of genet ic expression is an im portant  feature of 

system s based in chem ical induct ion. Since these system s are able to prom ote t he 

act ivat ion or inact ivat ion of genes it  m ight  be useful as t ool for genet ic analysis, b iochem ical 

studies and physiological evaluat ion. Besides that , genet ic system s based in chem ical 

induct ion have great  potent ial to pract ical use in the biotechnology f ield. The system  of 

gene expression based in ethanol induct ion, oft en denom inated as alc system , has been  

eff icient ly used in plant  species such as Arabidopsis,  tobacco, and potato. The m odus 

operandis of t he alc system  is based in the act ion of one t ranscript ion factor, act ivated by 

ethanol, that  binds to inducible prom oter. The use of ethanol as a chem ical inductor involves 

several advantages such as low cost  and easy applicat ion and handling. The aim  of t his 

work was the developm ent  of a genet ic const ruct ion with the system  alc cont rolling the 

expression of t he gene reporter  gus t o be used in the genet ic t ransform at ion of sugar cane 

plant s. 

 

Key words:  gene expression, alc system ,  ethanol, Saccharum  sp., expression vector 
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I nt rodução 

 

O estudo da expressão de t ransgenes em  plantas é um a das est ratégias m ais úteis 

para a caracterização e com preensão da função de um  gene e de seu papel na f isiologia da 

planta (Roslan et  al,  2001) . Com  o recente desenvolv im ento de novas t écnicas e est ratégias 

aplicadas à engenhar ia genét ica, hoj e já é possível cont rolar a expressão de genes de 

interesse ut ilizando prom otores at ivados por indutores quím icos. Sist em as de expressão que 

ut ilizam  esses prom otores apresentam  im portantes vantagens:  perm it em  que a at iv idade 

gênica seja induzida em  determ inadas fases do desenvolv im ento da planta;  perm ite 

m odular a expressão do gene e então avaliar o fenót ipo da planta para diferentes níveis do 

produto gênico;  ver if icar se o efeito fenot ípico é reversível ou perm anece estável em  

estágios específicos do desenvolvim ento por  m eio da exposição alt ernada e t em poral ao 

indutor (Garoosi et  al,  2005) . Em  função destes benefícios, os sist em as de expressão gênica 

que fazem  uso da indução quím ica t êm  sido desenvolv idos e apr im orados para ut ilização em  

plantas (Gatz e Lenk,  1998;  Jepson et  al, 1998;  Zuo and Chua, 2000) . 

O etanol, em bora seja um  hidrocarboneto de baixo peso m olecular, volát il e 

inf lám avel, é considerado com o um  indutor quím ico prat icam ente sem  efeit os tóxicos para 

plantas nos níveis necessários para prom over a indução, que variam  entre 0,1 a 5%  (Salt er  

et  al. ,  1998) .  Além  disso, é de fácil ut ilização, podendo ser aplicado nas plantas por  

pulverização, subm ersão das raízes ou adicionado ao m eio de cultura (Salt er et  al,1998) .  

Salt er et  al.  ( 1998)  desenvolveram  um  sistem a de expressão cont rolado por etanol 

ut ilizando o sistem a gênico alc,  do fungo Aspergillus nidulans,  que usa o etanol com o 

indutor. A indução por etanol ocorre pela ação do gene alcR,  que codif ica um  fator de 

t ranscrição responsável pela at ivação da expressão dos genes alcA e aldA, que por sua vez 

codificam  as proteinas álcool desidrogenase I  e aldeído desidrogenase, respect ivam ente 

(Patem an et  al,  1983) . Na presença do etanol a proteína ALCR m uda sua conform ação 

est rutural tornando-se at iva e capaz de se ligar nas regiões prom otoras dos genes alcA e 

aldA,  e desta form a, induzindo a t ranscrição dos m esm os. O funcionam ento do sist em a alc 
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desenvolvido por Salter  et  al.  ( 1998)  está esquem at izado na f igura 1. O gene alcR é 

cont rolado por um  prom otor geralm ente const itut ivo, tal com o o CaMV35S, para garant ir  

altos níveis da proteína ALCR. Essa proteína por sua vez só é at ivada após a ligação com  

etanol. Já o gene de interesse é cont rolado pelo prom otor do gene alcA,  cuja at iv idade é 

dependente da proteína ALCR. Desta form a, o gene de interesse só será at ivado quando na 

presença de etanol ( rev isto por  Li et  al. ,  2005) .  

 

 

 

 

 

 

 

 

 

 

 

 

Figura 1 -  Funcionam ento do sist em a alc.  a)  sem  etanol, a proteína ALCR é produzida,  
m as fica na sua form a inat iva, e não há produção da proteína de interesse. b)  a 
aplicação de etanol at iva a proteína ALCR, que aciona o prom otor de alcA,  sendo então,  
sintet izada a proteína do gene alvo (m ofif icado a part ir  de Li et  al. ,  2005) . 

 

Um a vantagem  do sist em a alc é que o m esm o é m uito sensível à presença de etanol,  

com  rápida indução m esm o em  concentrações m uito baixas. Salt er et  al.  ( 1998)  

observaram  que foi necessár io a adição de apenas 0,01%  (1,7 m M)  de etanol no m eio de 

cultura para in iciar a expressão do gene CAT (chloranphenicol acet yl t ransferase)  após 4  

horas de exposição. A indução de expressão gênica usando o sist em a alc tam bém  tem  sido 

estudada at ravés da absorção do etanol pelas raízes ou pulverização das folhas. Esses 

m étodos t êm  sido ut ilizados com  sucesso em  plantas t ransgênicas de tabaco, no qual a 
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expressão do gene repórter CAT foi observada depois de 2 horas de aplicação at ingindo um  

pico após 96 horas por absorção radicular e 24 horas depois da pulverização das folhas 

(Salt er et  al.,  1998) .  De acordo com  Sweetm an et  al.  ( 2002) ,  baixas concent rações de 

vapor de etanol tam bém  induzem  de form a eficiente o sist em a de expressão do gene alc em  

plantas t ransgênicas de t abaco, batata (Solanum  tuberosum )  e sem entes de oleaginosas 

(Brassica napus) .  Tratam ento com  vapor de etanol em  tubérculos de batata genet icam ente 

alt eradas com  o sist em a alc induziu a expressão uniform e do gene -glucoronidase (GUS)  

(Sweetm an et  al. ,  2002) .  O uso de vapor de etanol com o um  indutor  quím ico tam bém  tem  

sido relatado em  estudos com  Arabidopsis (Roslan et  al.,  2001)  e tom ate (Garoosi et  al,  

2005) . Adicionalm ente, o sistem a alc t em  sido usado para prom over a expressão 

espacialm ente cont rolada, at ravés da com binação do gene alcR com  prom otores t ecidos 

específ icos que perm it em  a expressão apenas no tecido alvo (Devaux et  al. ,  2003;  Maizel e 

Weigel, 2004) . 

Part indo da prem issa de que o sist em a alc pode ser aplicado de form a eficiente na 

cultura da cana-de-açúcar, o presente t rabalho t eve por obj et ivo t ransform ar plantas de 

cana-de-açúcar com  um  vetor de expressão contendo o sist em a alc cont rolando a expressão 

do gene repórter gus e a part ir de plantas de cana-de-açúcar genet icam ente t ransform adas 

de form a estável com  o sistem a alc,  validar a est ratégia de cont role tem poral e espacial 

ut ilizando etanol com o indutor  quím ico. 

 

Mat eriais e M ét odos 

1  -  Const rução dos vet ores  

1.1 – Vetor pACNGUS 

 

O gene gus e o t erm inador NOS foram  ret irados do vetor pBI101.2 ( Jefferson et  al. ,  

1987)  at ravés de digestão enzim át ica com  as enzim as Bam HI  e EcoRI . O inser to foi então 

clonado no vetor pACN ( Syngenta® ,  EUA;  Figura 3A)  diger ido com  as m esm as enzim as 

(elim inando o gene CAT e o t erm inador NOS or iginal) . O novo vetor foi então denom inado 

pACNGUS (Figura 4A) .  
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1.2 – Vetor pUBILN 

Inicialm ente, o vetor pAHC17 (Chr ist ensen e Quail,  1996)  foi m odif icado para a 

adição de um  sít io de m últ ipla clonagem  logo após o sit ío Bam HI  (Figura 2) . Assim , dois 

oligonucleot ídeos com plem entares foram  sintet izados com  os sít ios de rest rição das enzim as 

EcoRV, SacI ,  Mlu I  e Kpn I  (PLSense:  5’ GATCCCGATATCGAGCTCACGCG TGGTACC3’;  e 

PLAnt i- sense:  5’ GATCGGTACCACGCGTGAGCTCGATATCGG 3’) .  Para a form ação da fita 

dupla 1 nm ol de cada um  dos oligonucleot ídeos foi adicionado a solução contendo 10 m M de 

Tr is-HCl (pH 7,5) , 100 m M NACl, 1 m M EDTA. Essa solução perm aneceu em  banho- m aria a 

94 oC durante 2 m inutos e então, foi resfriada gradualm ente a t em peratura am biente 

(Schlögl et  al. ,  2004) . O fragm ento de DNA dupla fita or iginado (Figura 2)  foi  

posteriorm ente ligado ao vetor pAHC17 ( linearizado com  a enzim a Bam HI )  na proporção de 

100: 1 (Sam brook et  al.,  1989) . A part ir destas alt erações o vetor pAHC17 passou a ser  

denom inado de pAHC17L1.   

Para a const rução do vetor pUBILN o vetor pAHC17L1 foi digerido com  as enzim as 

Hind I I I  e Kpn I .  O produto dessa digestão (prom otor UBI : int ron: sít io de m últ ipla clonagem )  

foi recuperado do gel de agarose 0,8 %  e purificado com  o k it  “ GFX DNA and Gel Band  

Pur if icat ion”  (Am ersham  Bioscience® ,  EUA) . O t erm inador NOS foi am plificado por PCR para 

adição dos sít ios de rest r ição Kpn I  na ext rem idade 5’ ( oligo sense 

5’GGTACCGATCGTTCAAACATTTGGC3’,  o sit io de Kpn I  aparece sublinhado)  e Hind I I I  e Sph I  

na ext rem idade 3’ (oligo ant i- sense 5’ AAGCTTGCATGC CCGATCTAGTAACATAGATGAC3’, em  

sublinhado estão os sít ios de HindI I I  e Sph I ,  respect ivam ente) . Os dois insertos (prom otor  

UBI  e t erm inador NOS da nopalina sintase)  foram  clonados j untos no plasm ideo pRT104 

(Topfer et  al. ,  1987)  diger ido com  Hind I I I .  O novo vetor foi denom idado de pUBILN (Figura 

4B) . 
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Figura 2 -  Seqüência de DNA inserida no vetor  pAHC17.  Os nucleot ídeos em  azul 
representam  o sít io da enzim a Bam HI , reconst it uído após a ligação com  o vetor  
linearizado;  os nucleot ídeos em  verde representam  o sít io da enzim a EcoRV;  os 
nucleot ídeos em  verm elho representam  o sít io da enzim a SacI ;  os nucleot ídeos em  preto 
representam  o sít io da enzim a MluI  e os nucleot ídeos em  rosa representam  o sít io da 
enzim a KpnI .  
 

1.3 – Vetor pUBILNalcR  

O gene alcR foi ret irado do vetor pbinSRNACatN (Syngenta® ,  EUA;  Figura 3C)  

através de am plificação por PCR ut ilizando a enzim a DNA polim erase proofreading (Plat inum  

Pfx taq DNA polym erase, I nv it rogen® ,  EUA)  e oligonucleot ídeos específicos adicionados de 

enzim as de rest r ição ( sense 5´ ACGCGTCAGATACGCGC3´ com  sít io para Mlu I  e ant i- sense 

5´ GAATTCCTACAAAA A GCTGTCAACTTTCC3´  com  sít io para EcoRI ) . O produto da PCR, de 

aproxim adam ente 2,6Kb, foi recuperado do gel de agarose e subclonado no vetor pGEMT-

Easy (Prom ega® ,  EUA)  após reação de adenilação ( tam pão Taq 1x, ATP 0.2 m M, 5 unidades 

de Taq DNA polym erase, incubação por 30 m inutos a 70 oC) . Poster iorm ente, o gene alcR 

foi ret irado do vetor pGEMT- Easy, at ravés da digestão com  a enzim a Mlu I ,  e clonado no 

vetor  pUBILN clivado com  a m esm a enzim a. 

 

1.4 – Vetor pALCs 

A const rução pUBILNalcR (Figura 4C)  foi digerida com  a enzim a Hind I I I ,  liberando o 

cassete “prom otor ubiquit ina: alcR: NOS” . Assim , o inserto “prom otor  

ubiquit ina: alcR: t erm inador NOS3´ ”  foi recuperado e clonado no vetor  pACNGUS linearizado 

com  a m esm a enzim a, HindI I I .  O vetor resultante, contendo os dois cassetes de expressão,  

recebeu a denom inação de pALCs (Figura 4D) . A confirm ação da ident idade das construções 

foi obt ida at ravés de digestões enzim át icas seguida de elet roforese em  gel de agarose e 

tam bém  por seqüenciam ento. 
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Figura 3 -  Representação esquem át ica de vetores de expressão ut ilizados. a)  vetor  
pACN;  b)  vetor pAHC17 e c)  vetor  b inSRNACatN. 
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2  –  M at er ia l veget a l e  t ransform ação de  cana- de- açúcar 

Plantas t ransgênicas de cana-de-açúcar foram  produzidas em  colaboração com  o 

Centro de Tecnologia Canavieira (CTC, Piracicaba -  SP) , ut ilizando- se o genót ipo Q117. A 

t ransferência dos cassetes de expressão para as célu las vegetais foi realizada m ediante a 

técnica de biolíst ica, seguindo os protocolos e procedim entos de rot ina adotados pelo 

laboratório de t ransform ação genét ica da cana-de-açúcar pert encente ao CTC e descr itos 

em  detalhes por Saciloto (2003) . Sucintam ente, para obtenção dos calos foi ut ilizada a 

região m erist em át ica apical de planta com  idade de 3 m eses. O m er ist em a foi então 

seccionado e colocado em  placas com  m eio sólido CI -3clav (Saciloto, 2003)  e 

posteriorm ente, foram  produzidos calos fr iáveis adequados para t ransform ação por  

biolíst ica. Os plasm ídeos a serem  ut ilizados (pALCs, pACNGUS e pHA9)  foram  pur if icados e 

concent rados a 1 g/ L e então, cerca de 10 g de plasm ídeo foram  precip itados por  

cent r ifugação a 11.200 g por 1 m in sob part ículas de t ungstênio em  presença de solução de 

cloreto de cálcio 2,5 M e esperm idina ‘free base”  0,1 M. Posteriorm ente, o “pellet ”  foi lavado 

duas vezes em  etanol absoluto e duas vezes em  etanol 95% , sendo ressuspendido em  30  

L de etanol. Quatro m icrolit ros desta m istura foram  ut ilizados para o bom bardeam ento de 

cada placa de Pet ri.  O bom bardeam ento foi realizado conform e descr it o por Rech e Aragão 

(1998)  com  m odificações citadas em  Saciloto (2003) . Logo após o bom bardeam ento,  os 

calos foram  colocados em  m eio de seleção contendo genet icina. 

 

3  –  I solam ent o de DNA genôm ico e am plif icação por PCR 

DNA genôm ico foi isolado a par t ir de discos foliares ut ilizando o m étodo CTAB (Doyle 

& Doyle,  1987) . Aprox im adam ente 50 ng de DNA isolado foram  ut ilizados com o m olde para 

reações de am plificação por PCR com  o obj et ivo de confirm ar a presença do t ransgene.  

Diferentes com binações de pares de oligonucleot ídeos foram  ut ilizados para am plificar  

diferentes regiões do cassete de expressão:  região do gene gus;  região do gene alcR;  

região do t erm inador NOS e região do gene endógeno SsNAC23 (Tabela 1) . A condição 

usada para 30 ciclos de am plif icação foi a seguinte:  desnaturação a 94 oC por 1 m in,  

anelam ento de prim er ent re 52 a 60 oC por 1 m in, polim er ização a 72 oC por 1- 1,5 m in. O 
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produto de PCR foi v isualizado em  luz UV após elet roforese em  gel de agarose 0,8 %  e 

coloração com  EtBr. 

 

Tabela 1 -  Descrição dos oligonucleot ídeos ut ilizados nas reações de PCR 

 
Alvo 
 

 
Par de 
óligos no 

 
Sequência ( 5 ’- 3 ’)  

 
Produto ( pb)  

 
Presença 

 

GUS 

 

1 

SENSE – ACGGAGAGCCACAAACG (alcA)  

ANTI -SENSE – ACGTTCTACAGGACGGACGA ( GUS) 

 

~ 500 

pALCs e pACNGUs 

 

GUS 

 

2 

SENSE – ATGTTACGTCCTGTAGAAACCC ( GUS) 

ANTI -SENSE – GGGGTACCTCATTGTTTCCCT ( GUS) 

 

~ 2.000 

pALCs e pACNGUS 

 

tNOS 

 

3 

SENSE – GGTACCGATCGTTCAAACATTTGGC (NOS) 

ANTI -SENSE – CCGATCTAGTAACATAGATGAC (NOS) 

 

~ 260 

PALCs e 

pACNGUS 

 

alcR 

 

4 

SENSE – CATCTATTCATATGCTCTAACCTTG ( Ubi-1)  

ANTI -SENSE – CAATCCTTGTTCCAACGC (alcR)  

 

~ 400 

 

pALCs 

 

SsNAC23 

 

5 

SENSE – CTACAAGTTCGATCCATGGC (NAC23)  

ANTI -SENSE – GTCGCCACGAACGGCAACTG (NAC23)  

 

 

~ 470 

Todas as plantas 

 

4  –  I ndução por et anol 

Plantas t ransgênicas e selvagens de cana-de-açúcar foram  ut ilizadas nos 

experim entos de indução por etanol. Essas plantas foram  cult ivadas em  condição de casa-

de-vegetação até at ingirem  cerca de 2 m eses de idade. Dois exper im entos de indução 

foram  realizados. No pr im eiro exper im ento am ost ras das folhas das plantas t ratadas foram  

colhidas 5 horas após pulver ização com  etanol,  para detectar a presença da proteína GUS.  

Em  um  segundo exper im ento,  essas m esm as plantas foram  novam ente pulver izadas com  

etanol,  desta vez ut ilizando um a dose de 4%  (v / v) . Neste segundo experim ento a coleta de 

am ost ras de folhas foi feita após 24 horas da aplicação do etanol. Em  am bos exper im entos,  

am ost ras das folhas foram  coletadas antes da pulver ização com  etanol, tanto em  plantas 

t ransgênicas quanto em  plantas selvagens, para serem  ut ilizados com o cont role negat ivo 

para aplicação de etanol. 
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5  –  Det ecção de at iv idade  de  GUS 

Para ensaio histoquím ico de GUS, os t ecidos foliares foram  incubados a 37oC, em  

solução contendo 100 m M de NaH2PO4.H2O;  0.5 mM de K4Fe(CN) 6.3H2O, 10 m M 

Na2EDTA.2H2O, 0,1 %  de Trit on X- 100, 1 mM de X-Gluc (McCabe et  al., 1988) . Após cerca 

de 40 horas,  essa solução foi subst ituída por etanol 70%  e em  seguida,  as am ost ras foram  

observadas v isualm ente e com  auxílio de lupa estereoscópica. A at ividade da -

Glucuronidase in v it ro foi determ inada por ensaio fluorim ét rico com  o subst rato 4-

m ethyllum ber lliferil -D-glucuronide (4-MUG)  ( Jefferson et  al. ,  1987) . A liberação de 4-

m ethyl um belliferone (4-MU)  foi m edida at ravés de um  fluor ím etro após 10, 30 e 60 

m inutos de reação, além  disso, a fluorescência das am ost ras foi v isualizada na presença de 

luz UV. Para determ inar a concent ração total de proteína presente nos ext ratos vegetais das 

am ost ras foi ut ilizado o m étodo color im étr ico descr ito por  Bradfort  (1976) . 

 

Result ados e Discussão 

O sist em a alc em  cana- de- açúcar 

O sistem a alc de indução de expressão gênica apresenta duas peças fundam entais 

para o seu funcionam ento:  o prom otor do gene alcA e o gene alcR.  Além  disso, para que se 

torne at ivo necessita do contato direto com  a m olécula do etanol, seu indutor quím ico.  

Diversos estudos com  o sistem a alc foram  realizados em  plantas (Li e al. ,  2005) . A m aior ia 

desses estudos ut ilizam  o prom otor const itut ivo CaMV35S para cont rolar a expressão do 

gene alcR.  No entanto, apesar do prom otor CaMV35S ser funcional em  folhas de cana-de-

açúcar, ele apresenta baixa at ividade em  m onocot iledôneas ( Jang et  al. ,  2002;  Tadesse et  

al. ,  2003) , o que poderia reduzir a eficácia da nossa est ratégia.  Por este m ot ivo, o prom otor  

CaMV35S foi subst itu ido pelo prom otor Ubi1 do gene que codifica a proteína ubiquit ina em  

m ilho.  O prom otor  Ubi1 é um  prom otor  fort e e capaz de expressar const it ut ivam ente genes 

em  m onocot iledôneas, de form a que proteínas recom binantes possam  ser produzidas em  

altos níveis (Cornejo et  al.,  1993) . 
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Const rução do vet or de expressão para t ransform ação de cana- de- açúcar 

Os vetores pACN e binSRNACatN (Syngenta© ,  EUA) , contendo part e do sist em a alc e 

o sist em a alc com pleto, respect ivam ente, foram  a base para a construção de um  novo vetor  

de expressão para ut ilização em  m onocot iledôneas, com o a cana-de-açúcar. Três vetores 

prelim inares foram  desenvolvidos para que const rução f inal contendo os cassetes 

UBI : alcR: NOS e alcA: GUS: NOs  pudesse ser  realizada. 

 

Vetor pACNGUS 

 A part ir do vetor pACN, o gene que codifica a proteína cloranfenicol acet il  

t ransferase (CAT)  foi subst ituído pelo gene da -glucuronidase.  Desse m odo,  o prom otor do 

gene alcA,  quando at ivo, passa a ser  o reponsável pela expressão do gene repórter gus 

(Figura 4A) .   

 

Vetor pUBILN 

O vetor pUBILN foi obt ido pela m odif icação do vetor  pAHC17 (Christ ensen e Quail,  

1996)  que contém  o prom otor ubiquit ina de m ilho e o t erm inador NOS da nopalina sintase.  

O vetor pAHC17 possui apenas um  sít io de rest r ição (Bam HI )  capaz de favorecer a inserção 

do gene de interesse ent re o prom otor  e a região term inadora, tornando o m ecanism o de 

clonagem  bastante lim itado (Figura 3B) . Para inserção de out ros sít ios de rest rição nesse 

vetor dois oligonucleot ídeos foram  desenhados (PL-S e PL-AS) , de m odo que um  fosse 

com plem entar ao out ro, form ando um a fita dupla de DNA. Esses óligos possuem  as 

seqüências de reconhecim ento das enzim as Bam HI , EcoRV, SacI ,  Mlu I  e KpnI ,  que 

funcionou com o um  sít io m últ iplo de clonagem . Desta m aneira, o vetor pAHC17 foi  

prim eiram ente digerido com  a enzim a Bam HI  e em  seguida o vetor foi ligado ao fragm ento 

de DNA contendo os sít ios de rest rição. Após a ligação, o sít io de Bam HI  foi reconst it uído 

em  apenas um a das ext rem idades, um a vez que a seqüência após o sít io Kpn I  é capaz de 

parear com  a ext rem idade protuberante do plasm ídeo linear izado, m as não reconst itui o 

sít io Bam HI . Desta form a, o sít io Bam HI  segue com o sít io único. O vetor  resultante foi  

cham ado então de pAHC17/ L1. 
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Para facilitar a ret irada do cassete de expressão, v isto que em  alguns casos é 

necessário a t ransferência do cassete para out ro vetor, foi feita um a nova m odif icação logo 

ao final do t erm inador NOS, com  a rem oção do sít io da enzim a de rest rição EcoRI  e a adição 

dos sít ios para SphI  e Hind I I I .  Sít ios de rest rição para essas duas enzim as tam bém  estavam  

presentes antes do prom otor Ubi1,  perm it indo assim , que a digestão com  um a dessas duas 

enzim as fosse capaz de liberar  o cassete de expressão do vetor pUBILN (Figura 4B) .   

 

Vetor pUBILNalcR 

O vetor pUBILNalcR foi resultado da clonagem  do gene alcR no vetor pUBILN 

form ando o cassete de expressão UBI : alcR: NOS (Figura 4C) .   

 

Vetor pALCs 

O vetor pALCs foi ut ilizado para t ransform ação genét ica de plantas de cana-de-

açúcar e foi obt ido pela união do vetor pACNGUS com  o casset t e de expressão do vetor  

pUBILNalcR, resultando em  um  vetor único contendo os dois cassetes de expressão do 

sist em a alc (Figura 4C) . Em bora relatos afirm em  não haver influência na orientação dos 

cassetes na eficácia do sist em a, os m esm os foram  clonados em  orientações cont rárias para 

ev itar  problem as durante a t ranscrição.   
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Figura 4 -  Representação esquem át ica de vetores de expressão const ruídos.  a)  
vetor  pACNGUS;  b)  vetor pUBILN;  c)  vetor  pUBI LNalcR e d)  vetor  pALCs. 

A B 

D 
C 
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Geração de p lant as t ransgênicas de cana- de- açúcar 

Os vetores pALCs e pACNGUS foram  ut ilizados separadam ente para a t ransform ação 

genét ica de calos fr iáveis de cana-de-açúcar por m eio de biolíst ica no laboratório do Cent ro 

de Tecnologia Canavieira (CTC, Piracicaba –SP) . Vinte e um a plântulas t ransgênicas de 

cana-de-açúcar bom bardeadas com  o vetor pALCs foram  regeneradas e out ras 55 plântulas 

com  o vetor  pACNGUS foram  obt idas após seleção em  m eio de cultura com  agente selet ivo.  

 

Avaliação das plant as t ransgênicas 

Um a caracterização prelim inar foi realizada com  um a parcela das plântulas 

regeneradas para ident if icar os eventos posit ivos. A part ir de DNA genôm ico ext raído das 

folhas foram  realizadas análises PCR ut ilizando vár ias com binações de in iciadores (descritos 

em  Mater ias e Métodos) . 

I nicialm ente 15 plântulas pALCs e 10 plântulas pACNGUS foram  analisadas por PCR. 

Para a reações de PCR que ut ilizaram  o par de óligonucleot ídeos 1, esperava-se um  produto 

de aprox im adam ente 500 pb nas plantas pALCs e pACNGUS. Os eventos t estados 

apresentaram  um  fragm ento de tam anho esperado, porém  de intensidade m uit o fraca 

(Figura 5) . Um  fragm ento de tam anho m enor (~ 450pb)  tam bém  foi am plificado e com  

m elhor int ensidade. Além  disso, houve am plificação em  am ost ra de DNA de planta 

selvagem . Assim , o produto am plif icado pode ser resultado de anelam ento inespecífico dos 

iniciadores ut ilizados na reação de PCR com  regiões do genom a da cana-de-açúcar. Algum as 

m odificações no protocolo de reação, t em peratura de anelam ento e program ação dos ciclos 

foram  realizadas, m as os resultados não apresentaram  alt erações signif icat ivas que 

apontassem  para a confirm ação da int rogressão do cassete gênico. Resultados sem elhantes 

foram  obt idos com  os dem ais pares de in iciadores t estados. Os resultados obt idos com  a 

técnica de PCR não foram  sat isfatór ios e conclusivos, um a vez que não foi possível 

determ inar com  exat idão se plantas t ransform adas eram  eventos posit ivos ou não para o 

sist em a alc ou se lim itações da técnica de PCR para o sist em a e organism o em  questão 

im pediram  a ident ificação dos eventos posit ivos. Novos t estes ut ilizando as t écnicas de 

Southern blot  e Northern blot  serão realizados futuram ente dando cont inuidade ao t rabalho.     
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Figura 5 -  Elet roforese em  gel de agarose 1%  do produto de PCR a part ir de DNA de 
plantas potencialm ente t ransform adas de cana- de-açúcar ut ilizando o par de óligos 1. M 
– marcador de peso molecular de 1Kb (Ferm entas) ;  1)  pAlCs- 1;  2)  pALCs- 2;  3)  pALCs-
3;  4)  pALCs-4;  5)  pALCs- 5;  6)  pALCs-6;  7)  pALCs- 7;  8)  pALCs-8;  9)  pALCs-9;  10)  
pACNGUS-1;  11)  pACNGUS- 2;  12)  pACNGUS- 3;  13)  pACNGUS-4;  14)  cont role posit ivo 
para a reação ut ilizando o vetor pALCs;  15)  cont role negat ivo -  p lanta selvagem ;  e 16)  
cont role negat ivo da reação -  água. A seta indica o tam anho aproxim ado de 500 pb  
esperado para a banda am pificada.   
 

 

Ensaios com  indutor quím ico e  det ecção da  at iv idade  de  GUS 

Devido aos resultados prelim inares obt idos por  PCR não serem  conclusivos quanto a 

t ransgenia das plântulas de cana-de-açúcar regeneradas, resolvem os então verificar in situ  

a at ividade da proteína GUS.  Vinte e um a plântulas obt idas para o vetor pALCs e out ras 10  

plântulas regeneradas com  o vetor pACNGUS foram  t ratadas com  etanol 2,5%  (v/ v) .  

Passados 5 horas após a pulver ização do etanol, a at ividade da proteína GUS foi avaliada 

at ravés reação hist oquím ica com  subst rato X-Gluc. Com o esperado, plantas selvagens de 

cana-de-açúcar não apresentaram  at ividade de GUS. Plantas potencialm ente t ransgênicas 

para o vetor pACNGUS tam bém  não apresentaram  at ividade detectável para a proteína 

GUS. Esse resultado foi esperado, um a vez que o prom otor do gene alcA não é at ivado 

apenas pela presença de etanol e sim  at ravés do fator de t ranscrição AlcR at ivo. Um a vez 

que o sist em a alc está com pleto no vetor pALCs, o fator de t ranscrição AlcR deve ser  

constantem ente expresso na planta devido ao prom otor  const itut ivo Ubi- 1. A proteína ALCR 

disponível na célu la e a presença de etanol exógeno dever iam  proporcionar a at ividade  do 

   M   1    2    3    4    5    6    7    8    9   10  11  12  13  14  15   16   

500pb 
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prom otor  do gene alcA e consequentem ente a t ranscr ição do gene B- glucuronidase.  Os 

resultados obt idos com  as plantas t ransform adas com  o vetor pALCs foram  cont rários ao 

que era esperado. Não foi detectada at iv idade de GUS em  nenhum a das 21 plantas 

analisadas. Com o cont role posit ivo desse experim ento foram  ut ilizadas folhas de petúnia 

t ransgênica contendo o gene GUS (Ulian et  al.,  1993;  m ater ial cedido pelo CTC) , as quais 

apresentam  fort e at iv idade desta enzim a ( result ados não m ost rados) . 

Um  segundo experim ento de indução por etanol foi realizado com  as m esm as 

plântulas de cana-de-açúcar. Desta vez, aum entou- se a dose de etanol aplicado de 2,5  

para 4%  (v/ v)  e as folhas foram  coletadas 24 horas após a aplicação. Com o o ensaio 

histoquím ico é um  m étodo qualitat ivo e os resultados obt idos no experim ento anterior  não 

foram  sat isfatórios, neste segundo experim ento foi realizado um  ensaio f luor ím et rico in  

vit ro que é m ais sensível do que o m étodo histoquím ico além  de perm it ir  a quant if icação da 

at ividade da proteina GUS por m eio da f luorescência em it ida pelo produto da reação com  o 

subst rato MUG (4- m et ilum belifer il ß-D-glucuronídeo) , a m et ilum beliferona (Jefferson et  al. ,  

1987) . Em  concordância com  os resultados obt idos nos testes hist oquím ios, os ext ratos 

proteicos das plântulas t ransform adas com  pALCs e pACNGUS, assim  com o de plantas 

selvagens de cana-de-açúcar ( cont role negat ivo) , todas não t ratadas com  etanol, não 

apresentaram  at ividade fluorim ét rica produzida pela proteína GUS. Plântulas t ransform adas 

com  pACNGUS e com  pALCs t ratadas com  etanol tam bém  não apresentaram  fluorescência.  

A figura 6 ilust ra os resultados obt idos pelo ensaio fluorim ét rico com  subst rato MUG. 
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Figura 6 -  Ensaio fluorim ét rico de fluorescência da m et ilum beliferona sob luz ult ravioleta 
em  plantas potencialm ente t ransform adas de cana-de-açúcar. 1)  cont role negat ivo;  2)  E.  
Coli expressando GUS – cont role posit ivo I ;  3)  Arabidopsis t ransgênica expressando GUS 
– cont role posit ivo I I ;  4)  petúnia t ransgênica expressando GUS – cont role posit ivo I I I ;  5)  
planta pALCs 1 sem  etanol;  6)  planta pALCs 1 com  etanol;  7)  p lanta pALCs 2 sem  
etanol;  8)  planta pALCs 2 com etanol;  9)  p lanta pALCs 3 sem etanol;  10)  p lanta pALCs 3 
com  etanol;  11)  p lanta pALCs 4 sem  etanol;  12)  planta pALCs 4 com  etanol;  13)  planta 
pALCs 5 sem  etanol;  14)  planta pALCs 5 com  etanol;  15)  planta pALCs 6 sem  etanol;  
16)  planta pALCs 6 com etanol;  17)  p lanta pACNGUS 1 sem etanol;  18)  p lanta pACNGUS 
1 com  etanol;  19)  planta pACNGUS 2 sem  etanol;  20)  planta pACNGUS 2 com  etanol;  
21)  planta pACNGUS 3 sem  etanol;  22)  planta pACNGUS 3 com etanol;  23)  planta 
selvagem  sem  etanol;  e 24)  p lanta selvagem  com  etanol. A coloração escura nos tubos 
2, 3 e 4 indicam  at ividade da enzim a GUS. 
 

 

Conclusões 

Até  o m om ento, os resultados obt idos não foram  suficientes para com provar a 

t ransform ação estável das plantas regeneradas com  os cassetes de expressão e a 

funcionalidade do sistem a alc em  cana-de-açúcar. A cana-de-açúcar por ser um  organism o 

de genom a bastante com plexo,  poliplóide, pode inter fer ir ou m esm o im pedir a expressão ou 

t radução do gene repórter. Em  adição aos t estes de PCR, histoquím ico e f luor im ét r ico,  

novos testes com  as técnicas de Southern blot  e Northern blot  serão realizados para 

analisar as plântulas de cana-de-açúcar t ransform adas com  os vetores pALCs e pACNGUS.  
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Abstract

Background: DNA arrays have been a rich source of data for the study of genomic expression for a wide variety

of biological systems. Gene clustering is of the paradigmas quite used to assess the significance of a gene (or

group of genes). However, due to the massive input of data concerns should be raised about the apparent

statistical significance of some genes. Moreover, most of the gene clustering techniques are applied to cDNA

array data without a statistical error measure.

Results: We propose an easy-to-implement and simple-to-use technique (via bootstrap resampling) to evaluate

the statistical error for the nodes provided by SOM-based clustering. Comparisons between SOM and

model-based clustering are presented for simulated as well as for two real data sets. We also implement a

bootstrap-based pre-processing procedure for SOM, that improves the false discovery ratio of differentially

expressed genes.

Conclusions: We propose a simple solution of providing SOM with statistical meaning, via bootstrap resampling.

Even for highly structured situations in which model-based procedures should outperform model-free

alternatives, SOM will be a very powerful source of exploratory information for gene expression levels in cDNA

array data studies.
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Background

The analysis of gene expression by cDNA arrays is a great achievement in genetic technology by which one

can study thousands of genes in a single set of experiments at a reasonable cost. However, due to the

massive quantity of data and subtle nature of gene expression, the analysis of cDNA arrays data is a

challenge to statistical techniques. Besides grouping, since the object of such analysis is the selection of a

small number of genes, the automatic grouping of such promising genes would be desirable. Hierarquical

clustering [1] and Self Organizing Maps [2] are two of the most popular choices. Since clustering techniques

are performed on a sample of gene expressions, groups are subject to an statistical error (see Datta &

Datta, 2003, and references therein), whose estimate for clustering methods is usually not an easy task.

Kerr & Churchill (2001) provides a group clustering procedure, equiped with error measures, in which the

ANOVA model developed in Kerr et al. (2000) is used for grouping genes. Yeung et al. (2001) uses a

leave-one-out procedure to select the number of clusters.

We propose a simple error measure estimate for SOM via bootstrap which should help one to understand

whether the resulting nodes are statistically significant or simply due to the pre-defined number of nodes of

the algorithm. We also study the effects of pre-processing in SOM clustering techniques, filtering genes

which are clearly non-induced and will be only a computational and statistical burden to the SOM

procedure.

We study the performance of SOM and the model-based method proposed by Kerr & Churchill (2001) in a

simulation study and two real data sets. The model-based method has an overall better performance, with

much less genes selected, higher sensitivity and higher specificity. The use of bootstrap confidence regions

for SOM groups enables a clustering that is statistically meaningful, while the pre-processing improves its

sensitivity and specificity.

Section 2 presents the model, the data sets and the simulation procedure. Results are presented in Section

3, where the behavior of each clustering method is discussed. Some final comments are made in Section 4.

Results and Discussion

Table 1 shows the number of selected genes in DATA1 (Chu et al., 1998) for analysis performed by SOM

and the model-based clustering algorithm by Kerr & Churchill (2001). The profiles from Chu et al, 1998

are used as basis for classification. A total of eight clustering procedures were employed. SOM analysis was

performed, with or without pre-processing, and three options of nodes: 6, 16 or 30. The model-based

method, proposed by Kerr et al. (2001), is employed with pre-processing, and either with a 95% stability
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procedure or not. As a general trend, SOM’S results will improve when the number of nodes increase

and/or pre-processing is performed, the latter having a slightly stronger effect than the former. Anyway,

the model-based method has a much better performance (in selecting less genes) than any SOM’s

configuration. Notice for instance that when pre-processing and stability are employed on the model-based

setup 229 genes are selected while the best SOM’s performance happens for 30 nodes and pre-processing,

for which 2883 genes are profiled as induced. Performing the SOM’s method with more than 7 nodes

(number of profiles considered) allows some of those to be associated with non-selected genes, which results

in a smaller final number of selected genes.

TABLE 1

TABLE 2

Table 2 summarizes the results for the simulation study. One notices that for low error models (1,2 and 3),

the model-based method has a quite good performance, being able to assign all induced genes to its correct

profile. Moreover, the model-based selects relatively few non induced genes and has a ratio of

approximately 5 false positives to one true positive, which is very important for the more expensive (time

consuming and moneywise) analysis to be carried out with every selected gene (e.g. Northern blotting or

real-time PCR). The specificity of the procedure decreases for the higher error models (5,6 and 7) while its

sensitivity increases. That means that the ratio between false positives and true positives stays reasonable

(between 1.88 and 5.43) even in more critical situations. The latter specificity performance should not be

considered a problem since, under the error conditions of variances 40, 80 or even 800 times larger than the

experiment variance, the very nature of expression profiles should be compromised.

SOM shows an overall specificity and sensitivity homogeneous performance along the error structures. This

however is not a good property since the false positives/true positives ratios will vary between 51.83 and

635.67. Among the SOM procedures the 30 nodes with pre-processing procedure shows the best

performance, overall and locally.

Table 3 shows the results for DATA2 (Camargo et al., unpublished manuscript). P-values were computed

both as if residuals distribution would be normal (only as a rule of thumb) and, more realistically (see Kerr

et al., 2002 and Drummond et al., 2005, for evidences of non-normality of array residuals), via bootstrap

resampling. Both sets of p-values resulted in all effects being statistically highly significant. This indicates

that all model effects are numerically relevant for the evaluation of the residuals, which will be later used

in the bootstrap resamples of the clustering algorithm.

For DATA2, three genes were selected by the model-based method: one for profile (I1, R2, R2, R2), and two
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for profile (I1, R2,M3,M4). The genes were selected with 95% bootstrap stability, in the sense of Kerr &

Churchill (2001), for all four levels 90, 95, 99 and 99.9, with one exception, where a stability of more than

94% but less than 95% was obtained for (I1, R2,M3,M4) and level 95%.

Analysis by SOM was performed with either 6, 15 or 30 nodes, which results are shown in Table 4. The

method selects an average of 15 (9.8 or 4.9) genes to each profile if 6 (16 or 30) nodes, pre-processing and

bootstrap confidence region are used. Results worsen without confidence regions; an average of 31.5 (11.8

or 8.2) if 6 (16 or 30) nodes are employed. If neither pre-processing nor bootstrap confidence regions are

employed, the average number of selected genes per profile goes to 595.8, 223.4 and 119.1 for 6, 16 and 30

nodes, respectively.

TABLE 3

TABLE 4

FIGURES 1 and 2

Figures 1a, 1b, 2a and 2b show the behavior of the first two principal components of SOM analysis on

DATA2 (with 99% bootstrap confidence regions) for 6 nodes with pre-processing, 6 nodes without

pre-processing, 16 nodes with pre-processing and 30 nodes with pre-processing, respectively.

One should notice how hard it is to distinguish the behavior of genes (on their first two principal

components). One can see, from comparisons between Figures 1a and 1b, that nodes are slightly dislocated

when pre-processing is applied and that the confidence regions are larger. This enlargment is due to the

smaller effective sample size. However, in either case, five non-overlapping nodes are presented. For 30

nodes (Figure 2b), some stronger differences of nodes location appear, showing that some caution must be

applied when choosing the number of nodes. It becomes very hard to distinguish statistically meaningful

nodes because most will have some bootstrap overlapping with some of the others. The nodes themselves

will be quite different from the ones selected by either 6 or 16 nodes, as illustrated respectively by Figures

1a and 2a.

Conclusions

DNA arrays can be a powerful tool to understand how genes respond to specific stimulae. However, due to

its high dimensionality/low reprodutibility , one must be cautious with its patterns. Computational results

can be easily obtained but one should restrain from concluding their statistical significance and

generalization. We propose a simple solution of providing SOM with statistical meaning, via bootstrap

resampling. Whenever SOM is applied to a data set and bootstrap regions of confidence are built the
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analyst is able to clearly separate statistically meaningful nodes from spurious (purely numerical) ones. We

think is important to point out that, guven the variability in microarray data, it is not a very googd idea to

use SOM with a large number of nodes.

Another issue that we address is the model-based/free approach to clustering. If no prior information is

available model-based techniques can be quite inefficient. On the other hand whenever some set of prior

profiles can be pursued, model-based techniques will perform much more adequately than purely mode-free

techniques, as illustrated in two data sets and by the simulation study. We have seen that prior knowledge

used in the model building makes the model-based procedure much more efficient than the model-free

alternative. It is also important to have in mind that some supervision can almost always provide superior

performance to totally unsupervised procedures.

Even for highly structured situations in which model-based procedures should outperform model-free

alternatives, SOM will be a very powerful source of exploratory information for gene expression levels in

cDNA array data studies. Its performance and usefulness can be statistically enhanced if a measure of

quality for each node (such as the proposed bootstrap confidence region) is used and if several pre-defined

number of nodes are employed, preventing distortions due to numerical but not statistically meaningful

convergences. This series of runs is not a burden due to the easeness of implementation and computation

speed; therefore, we recommend that some runs should be performed, each with a different number of

nodes.

Methods

Two clustering techniques were employed, the SOM and the model-based method by Kerr & Churchill

(2001). SOM is implemented in Matlab following Tamayo et al. (1999), Kohonen (2001) and Nikkilä et al.

(2002).

Comparisons between SOM and the methods proposed by Kerr & Churchill (2001) were conducted by the

analysis of two data sets and a simulation study. Two data sets, DATA1 (Chu et al., 1998), and DATA2

(Camargo et al., unpublished manuscript), are used to exemplify the bootstrap error measure for SOM, as

well as to compare its performance to Kerr’s model-based method. DATA1 deals with the gene expression

during meiosis and sporulation for Saccaromyces cerevisae. This data is the result of the study of gene

expression during meiosis and spore formation. Analysis were performed in seven time points: 0, 0.5, 2, 5,

7, 9 and 12 hours, each one in a different microarray. Time zero was used as control. DATA2 studies gene

expression from Saccharum officinarum on the presence of ethanol. Three varieties of sugar-cane were
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used, each one studyed in four time points: 0, 1, 4 and 12 hours, being the time point 0 considered as

control. Varietie one had three replications in each time, varieties two and three had only on replication in

each time.

In SOM’s implementation, a bootstrap confidence region was constructed, to infer the statistical

significance of each node, i.e, its separation from the other nodes. 500 bootstrap resamples are taken using

the same initial values for the nodes. Each resample is taken from the original data and tha SOM’s

procedure is re-evaluate using the same inicial nodes. The resulting bootstrap nodes are then assigned by

distance to the original data nodes. The respective distances from each bootstrap node to its assigned data

node are computed and their quantiles are used to construct confidence regions in SOM’s principal

components.

SOM is a fast and relatively easy method to implement, thence it is a powerful tool for exploratory data

analysis. Therefore, it is usually applied to the whole data set and groups are then selected based on the

resulting clusters (see Tamayo et al. (1999) for details). We tested whether pre-processing in which clearly

non-induced genes are eliminated from the analysis would enable SOM to classify the remaining genes in a

more effficient way. The pre-processing (for all model-based and model-free procedures) eliminated genes

whose expressions (VG for DATA1 and PVG for DATA2) were statistically equal to the respective control

expression for all time points under consideration.

Since the (model-based) method by Kerr works under some pre-selected profiles, it has a simple way of

assigning genes (that are considered expressed) to clusters, because profiles are decided prior to testing.

For SOM, however, allocation is not as direct. For DATA1 and simulated data, for which one has known

profiles tags, we choose as the node associated to a particular profile the node to which the majority of the

genes from this profile are assigned.

The model for DATA1 is given as in Kerr et al. (2001):

ln(yijkg) = µ + Ai + Dj + (AD)ij + Gg + (AG)ig + (V G)kg + εijkg,

where µ is the overall mean effect, Ai is the effect of the i-th array, Dj is th e effect of the j-th dye, (AD)ij

is the effect of the interaction between the i-th array and the j-th dye, Gg is the effect of the g-th gene,

(AG)ig is the effect of the interaction between the i-th array and the g-th gene, (V G)kg is the effect of the

interaction between the k-th treatment (each time point) and the g-th gene, and εijkg is the error term.

The pre-processing used in both methods was described by Kerr et al. (2001). It is based on 99%

bootstrap confidence intervals for the differences in gene expression (g) at a treatment (k) and control (0):
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(V G)kg − (V G)0g. All genes that for at least one treatment k (not control) (V̂ G)kg − (V̂ G)0g > 0 and the

99% confidence interval does not contain zero, are selected. For those pre-selected genes the correlation

coeficient rgp, p = 1, 2, ..., 7, between gene g and profile p is calculated. Gene g is assigned to profile p if

rgp > 0.9 and rgp is the largest of {rg1, ..., rg7}. The authos define genes ”95% stability” as those which are

assigned to the same profile in the analysis of original data and at least 95% of bootstrap repeats of the

procedure (see Kerr & Churchil (2001) for more details).

DATA1 served as a basis for numerical simulations as follows. For each simulated data set, there were 6118

genes, 6048 of which would be not simulated as a potentially diffrentially expressed gene. From the 6118

simulated genes, 10 would be sampled from each of the seven profiles presented by Chu et al. (1998), with

a total of 70 potentially expressed genes per sample. Seven error structures were considered: (1)

resampling from the original residuals in Chu’s data (variance equals .0146); (2) normal distribution with

variance .0146; (3) normal distribution with variance .0300; (4) normal distribution with variance .2500; (5)

normal distribution with variance .5000; (6) normal distribution with variance 1.0000; and (7) normal

distribution with variance 10.0000; 200 replications were made for each setup.

The second data set was analyzed accordingly to the model:

ln(yijkg) = µ + Pj + Vk + Gg + (PV )jk + (PG)jg

+(V G)kg + (PV G)jkg + ǫijkg,

where yjkg is the expressed value for the j-th plant variety, k-th treatment and g-th gene, µ is the

expression general mean , Pj the effect due to the j-th plant variety, Vk is the effect due to the k-th

treatment, Gg is the effect due to the g-th gene, (PV )jk is the effect due to the interaction between the

j-th variety and the k-th treatment, (PG)jg is the effect due to the interaction of the j-th variety and the

g-th gene, (V G)kg is the effect due to the interaction of the k-th treatment and the g-th gene, (PV G)jkg is

the effect due to the interaction of the j-th variety, the k-th treatment and the g-th gene, and εijkg is the

error term for the i-th observation of the (j, k, g)-th combination of factor levels.

The focus of interest is the combined effect of variety, treatment and gene, i.e. (PV G)jkg; j = 1, 2, 3;

k = 1, 2, 3, 4 (where k = 1 is the control effect); g = 1, 2, . . . , 3575. We create profiles as follows:

1. Gene expressions were ordered by their values in each time individually.

2. Levels of expression were defined as 90, 95, 99 and 99.9, where the numbers represent the percentage

of genic expression considered median.
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3. Gene expressions in each time (k = 1, 2, 3, 4) were classified in three classes - Induced (I), Repressed

(R) or Median (M) - if their expression level was respectively beyond the 95th percentile (97.5th,

99.5th or 99.95th), below the 5th percentile (2.5th, .5th or .05th), or in between those bounds.

4. Profiles were built as {(N1, N2, N3, N4); Nk ∈ {Ik;Mk;Rk}; k = 1, 2, 3, 4}.

5. Kerr’s procedure was then employed, genes were tentatively classified in one of the 4 × 34 = 324

classes, and 95% stable genes were selected.
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Figures
Figure 1 - 99% Confidence Region for SOM’s first two PC’s with 6 Nodes - DATA2

(a) Pre-processed (b) Whithout Pre-processing

Figure 2 - 99% Confidence Region for SOM’s first two PC’s - DATA2

(a) with 16 Nodes Pre-processed (b) with 30 Nodes - Pre-processed

Tables
Table 1 - Number of Selected Genes for data from [4] - SOM and Model-based method proposed by
Kerr et al. (2001)

NPP - SOM without pre-processing

PP - Pre-processed SOM

NO - Without 95% Bootstrap stability for Model-based

YES - 95% Bootstrap stability for Model-based

Profile SOM Model-based
6 nodes 16 nodes 30 nodes

NPP PP NPP PP NPP PP NO YES

1 789 977 1,678 1,690 1,148 878 82 12

2 2,194 692 1,730 571 982 371 52 11

3 777 288 755 656 367 449 88 15

4 2,044 923 735 0 594 597 163 28

5 314 0 0 155 463 385 254 118

6 0 0 498 174 82 0 168 39

7 0 791 0 210 568 203 20 6

Total 6,118 3,681 5,396 3,456 4,204 2,883 827 229

Table 2 - Simulation Results for SOM and Model-based Technique - Performance by Clustering
Methods. Correctly and Incorrectly Classified Percentages. False Discovery Ratio.

(A) Percentage of Potentially Differentially Expressed Genes that are Correctly Classified as Expressed
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Error Structure
Case 1 2 3 4 5 6 7

(1) 100 100 100 57.44 7.80 0.36 0.00
(2) 30.27 26.72 28.73 22.97 15.40 11.20 7.86

(A) (3) 29.33 30.61 30.57 17.48 17.43 10.41 6.51
(4) 38.24 42.86 38.37 43.39 39.84 28.58 21.50
(5) 38.09 43.01 36.84 44.40 32.84 27.79 11.19

(1) 5.78 6.37 5.73 1.25 0.31 0.02 0.002
(2) 74.87 73.96 71.52 66.26 66.01 58.86 57.86

(B) (3) 47.37 50.85 45.34 29.51 32.78 25.81 21.25
(4) 46.93 55.61 53.94 64.86 48.76 49.60 50.82
(5) 31.67 33.19 48.61 26.63 26.02 25.63 16.35

(1) 4.99 5.50 4.95 1.88 3.43 5.59 -
(2) 213.68 239.12 215.10 249.21 370.34 454.10 635.67

(C) (3) 133.96 143.55 128.15 145.89 162.51 214.24 281.78
(4) 106.04 112.12 121.46 129.16 105.73 149.96 204.24
(5) 68.96 66.68 114.01 51.83 68.46 79.67 126.24

(B) Percentage of Not Differentially Expressed Genes that are Wrongly Classified as Expressed

(A) False Discovery Ratio

(1) Model-based

(2) SOM6 NPP - SOM with 6 nodes, without pre-processing

(3) SOM6 PP - SOM with 6 nodes, with pre-processing

(4) SOM30 NPP - SOM with 30 nodes, without pre-processing

(5) SOM30 PP - SOM with 30 nodes, with pre-processing

Table 3 - Analysis of Variance for Etanol Data

SS - sum of squares; df - degrees of freedom; MS - mean squares; Ratio = MS/0.0638

∗ both from a F-distribution table and bootstrap quantile

Source SS df MS Ratio p-value∗

P 298.10 2 149.05 2,336.52 0.000

V 25.39 3 8.46 132.68 0.000

G 37,665.72 3,574 10.54 165.21 0.000

PV 58.94 6 9.82 153.98 0.000

PG 6,192.42 7,148 0.87 13.58 0.000

VG 867.58 10,722 0.08 1.27 0.000

PVG 1,560.83 21,444 0.07 1.14 0.000

Error 1,824.46 28,589 0.06

Total 48,493.43 71,499

Table 4 - Number of Genes Assigned by SOM to Each Node - Etanol Data

Sample Statistics: Min - minimum; Q1 - First Quartile; Q2 - Median; Q3 - Third Quartile;

Max - Maximum; IR - Interquartile Range; x̄ - Mean; SD - Standard Deviation

PP (or NPP) - with Pre-processing (Without)

IB (or NIB) - with Bootstrap Confidence Region (Without)
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Number Number of Genes
of

Nodes Min Q1 Q2 Q3 Max IR x̄ SD

NPP+NIB 107 137 593 1058 1110 921 595.8 464.8
6 PP+NIB 3 8 13 71 77 63 31.5 31.2

PP+IB 1 1 5 43 44 42 15 18.7

NPP+NIB 16 50 188 289 1037 239 223.4 245.6
16 PP+NIB 1 7 12 16 33 9 11.8 7.8

PP+IB 1 3 7 13 31 10 9.8 7.7

NPP+NIB 4 13 63 124 819 111 119.1 178.4
30 PP+NIB 0 2 5 11 21 9 8.2 6.6

PP+IB 1 3 4 6 17 3 4.9 3.4

Additional Files
Additional file 1 — figure1a.eps

This is Figure 1a.

Additional file 2 — figure1b.eps

This is figure 1b. The description under figures 1 a and b is: 99% Confidence Region for SOM’s first two

PC’s with 6 Nodes - DATA2 (a) Pre-processed (b) Whithout Pre-processing.

Additional file 3 — figure2a.eps

This is Figure 2a.

Additional file 4 — figure2b.eps

This is figure 2b. The description under figures 1 a and b is: 99% Confidence Region for SOM’s first two

PC’s - DATA2 (a) with 16 Nodes Pre-processed (b) with 30 Nodes - Pre-processed.
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FI GURE 1 A 
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FI GURE 1 B 
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FI GURE 2 A  
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FI GURE 2 B 
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Conclusões 
 
 
 

O principal obj et ivo deste t rabalho foi a ident ificação de genes expressos em  folhas 

de cana-de-açúcar que fossem  induzidos pela aplicação foliar de um a solução diluída de etanol,  

visando desta form a, a obtenção de um  sist em a de indução quím ica para cont role da expressão 

gênica.  Os resultados obt idos no presente t rabalho, nos perm it em  concluir  que:  

 

 A técnica de m acroarranjos de DNA foi ef iciente e reprodut ível durante a análise e 

ident ificação em  larga escala, de genes com  padrão alt erado pelo t ratam ento com  

etanol em  folhas de cana-de-açúcar;  

 A aplicação externa de etanol em  folhas de cana-de-açúcar foi responsável pela rápida 

indução da expressão de vários genes, tais com o ERD4 e NPRI ;   

 O gene SsNAC23,  já descrito com o induzido por est resse de fr io,  est resse hídr ico e 

herbivoria, tam bém  teve sua expressão induzida pela aplicação de etanol em  folhas de 

cana-de-açúcar. 

 A viabilidade do sist em a alc de expressão gênica não pode ser avaliada de form a 

conclusiva até o m om ento em  plantas de cana-de-açúcar,  potencialm ente 

t ransform adas com  o cassete contendo o sistem a alc cont rolando a expressão do gene 

GUS.  
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