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RESUMO

A cana-de-aglcar € uma cultura de grande importancia social e econémica para o
Brasil. Além da produgédo de agucar, que coloca o pais como o maior produtor mundial, a
cana-de-agucar tem alcangado grande destaque na producdo de energia renovavel e pouco
poluente, o etanol. Devido ao rapido crescimento das areas cultivadas e do aumento no
numero de industrias processadoras da cana-de-acucar, milhares de novos empregos tém
sido gerados no Brasil. Por se tratar de uma cultura tdo importante para a sociedade e
economia brasileira, a cana-de-agucar vem ganhando cada vez mais destaque e atencédo das
instituicbes de pesquisa publicas e privadas. Grande parte da pesquisa e experimentacao
desenvolvida atualmente para esta cultura visa o desenvolvimento de variedades mais
adaptadas as condicdes edafoclimaticas do Brasil e mais resistentes e tolerantes contra
pragas e doencgas. Outro importante campo de estudo que tem sido bastante focado no
momento € a compreensdo dos mecanismos bioquimicos da sintese de sacarose com a
finalidade de aumentar a producao deste agucar e conseqlientemente de etanol.

O desenvolvimento de um sistema genético capaz de modificar o metabolismo da
planta, através de um estimulo artificial, pode ser muito atil no aumento da produtividade e
qualidade ou na redugado dos custos envolvidos com a produgdo de cana-de-aglucar. Esta
tecnologia podera contribuir significativamente para um avang¢o ainda maior da cana-de-
aglcar no pais. A partir desta premissa, o presente estudo buscou identificar e caracterizar
um sistema de inducdo de expressao génica disparado pela aplicacdo externa de etanol em
folhas de cana-de-acucar.

Para isso, fazendo uso da técnica de macroarranjos de cDNA, analisamos a
expressao génica de 3.575 ESTs, isolados de folhas de cana-de-aglcar, em resposta a
aplicacdo de etanol. Setenta ESTs apresentaram padrdo de expressao alterado pelo etanol.
Dentre estes, foram identificados ESTs que codificavam para proteinas relacionadas ao
processo de transcricdo e traducdo e estresse abidtico. Muitos genes cuja funcdo ainda
permanece desconhecida também foram identificados nesta analise. Dos 70 ESTs
identificados, 48 tiveram expressdo induzida pela aplicagdo de etanol.

A partir dos ESTs selecionados como induzidos pelo tratamento com etanol, foi
possivel selecionar o gene ERD (early responsive dehydration) como candidato para

identificacdo e caracterizacdo da sua seqiéncia promotora. O EST do gene ERD apresentou
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um perfil de expressao interessante, com expressao basal baixa durante os tratamentos
controle e indugdo da expressao apds a primeira hora de tratamento com etanol.

Estudos realizados com varias espécies de plantas demonstram que o sistema alc
€ um sistema eficiente de expressdo génica baseado na inducdo por etanol. A partir desta
informacdo, desenvolvemos um vetor de expressdao contendo o promotor alcA regulando a
expressdao do gene repérter da p-glucuronidase e em seqléncia, o promotor constitutivo
Ubi-1 de milho controlando a expressdo do gene alcR, um fator de transcrigdo indispenséavel
para a ativagcao do sistema. Posteriormente, esta construcao foi utilizada para transformacéo
genética de plantas de cana-de-aglcar que no momento estdo sendo selecionadas e
analisadas quanto a introgressédo estavel do cassete génico.

Outra etapa do presente estudo foi realizada com o gene SsNAC23, ja descrito
como induzido por estresse de frio, estresse hidrico e herbivoria. Neste trabalho foi
demonstrado que SSNAC23 também é induzido pela aplicagdo de etanol nas folhas de cana-
de-agucar logo ap6s uma hora de exposicdo ao agente indutor.

Concluindo, os resultados obtidos neste trabalho contribuem para elucidar
questdes importantes do processo de regulacdo da expressdao génica induzida por etanol,
além da validacdo de um processo util para aplicagdo na agricultura. A partir dos dados
gerados nas analises de macroarranjos de cDNA foi possivel ainda, validar um novo método
de quantificacdo do erro estatistico resultante das analises realizadas no programa SOM

(Self Organizing Maps).
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ABSTRACT

The sugarcane is a very important crop in Brazil, the biggest producer of the
World. Besides sugar, the sugarcane is also used to produce ethanol, a very important
renewable source of energy in Brazil. Nowadays this crop is responsible for generation of
thousands of job positions directly and indirectly linked to the sugar and ethanol industry
and market. Since the sugarcane is getting an important role in the Brazil economy,
Brazilians researchers are focusing a lot of work in this crop to breed new varieties with
improved traits and better adaptation to stressing environmental, such as cold, poor and
acid soils, and attack of pests and diseases. Other important field of study is the
improvement of sucrose content to increase the efficiency of ethanol production.

The development of a genetic system triggered by an external stimulus and able
to modify the plant metabolism may be very useful to improve productivity and quality,
besides the cost reduction of sugarcane production. This technology might permit Brazil to
increase the expansion of this crop without degrading the environmental. Therefore, the aim
of this work was the identification of an efficient system of gene expression induced by
ethanol.

The technique of cDNA array was used to check the expression of 3,575 ESTs
isolated from sugarcane leaves previously treated with ethanol. Seventy ESTs showed
expression profile altered by ethanol. Among these ESTs with altered expression we have
identified sequences encoding proteins involved with transcription and translation and genes
previously reported as responsive to abiotic and biotic stresses. Forty eight of the 70 ESTs
with altered expression were up-regulated by ethanol. The SsNAC23, a gene induced by
cold, dry and insect attack, was also responsive to ethanol in this study. The expression of
SsNAC23 in sugarcane leaves was increased after one hour of exposition to ethanol.

The expression analysis of genes induced by ethanol in arrays filters allowed us
select a candidate gene whose promoter region will be identified and studied. The gene
chosen was the ERD, Early Responsive to Dehydration, whose expression profile was the
absence of expression under control treatment and high induction after one hour of ethanol
application.

Previous works have showed that the genetic system based in ethanol induction,

also known as alc system, can be very useful in crops. This system was tested in several



plant species and the results were very promising. Therefore, one of the goals of this work
was the production of genetic altered sugarcane plants with the alc system. For that, we
have developed an expression cassette using the alcA promoter regulating the expression of
the B-glucuronidase, used as a reporter gene, and the constitutive promoter Ubi-1 from
maize controlling the expression of the gene alcR, a transcriptor factor essential to activation
of the alc system. The transformed sugarcanes are being analysed and selected to construct
introgression.

The results obtained in this work will contribute to understanding of gene
expression regulation using an external and chemical inductor as well as provide new
insights to the development of new approaches of gene expression control in sugarcane.
Besides that, the array data was also used to validate a new statistical method of error

estimation by using the SOM software.
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INTRODUCAO GERAL

1. Origem e caracteristicas da cana-de-acucar

A cana-de-agucar (Saccharum spp) é uma graminea semiperene cujo centro de
origem nao é bem definido. Acredita-se que essa espécie vegetal teve origem no Sudeste
Asiatico ha cerca de 6.000 anos a.C. (Daniels e Roach, 1987). Desde entdo, a cana-de-
agucar vem se disseminando pelo mundo, principalmente em paises tropicais e subtropicais.

O género Saccharum, do qual a cana-de-agucar faz parte, compreende seis
espécies descritas, S. officinarum, S. barbieri, S. sinense, S. spontaneum, S. robustum e S.
edule (Mukherjee, 1957).

O melhoramento da cana-de-agucar teve inicio concomitantemente com seu cultivo,
tornando-a, juntamente com o milho, uma das espécies mais manipuladas pelos processos
de melhoramento genético (Matsuoka, 1999a). As variedades modernas sado resultado de
hibridagdes intra e interespecificas entre as espécies S. spontaneum e S. officinarum
(Stevenson, 1965). A espécie S. spontaneum ¢ tida como responsavel pelo vigor vegetativo
e resisténcia a estresses bidticos e abidticos enquanto que S. officinarum contribui com alto
teor de agucar (Ming et al, 1998).

Devido a sua origem multiespecifica, a cana-de-aglUcar apresenta um genoma
bastante complexo com nivel de ploidia variavel (2n = 40 até 128), além de aneuploidia
(Heinz, 1987). Deste modo, a cana-de-agUcar tornou-se uma planta heterozigética, com
diferentes alelos por lécus génico (Ma et al.,, 2003). Essa caracteristica torna-a menos
suscetivel aos efeitos de mutagdes deletérias e pode contribuir para o surgimento de novos
genes (Ma et al., 2003). Entretanto, essa mesma caracteristica dificulta o processo de
melhoramento genético convencional. O processo de sele¢do por intercruzamento visando a
obtencdo de variedades de cana-de-agUcar mais adaptadas as condigdes climéticas, mais
resistentes a doencas e pragas e consequentemente mais produtivas, é muito lento,
podendo levar até 15 anos para ser concluido e para disponibilizar uma nova variedade
comercial (Burnquist, 2000). O processo de melhoramento genético pode ser efetivamente
reduzido por meio da engenharia genética, através de técnicas modernas de andlises e
manipulacao genética de plantas. As novas técnicas de identificagdo e isolamento de genes
de interesse podem ser utilizadas para gerar variedades mais produtivas e melhor adaptadas
as condicbes ambientais adversas, além de acelerar o processo de melhoramento da cana-

de-acgucar. Conseqientemente, promove o aumento da produtividade e a reducado das



perdas no processo de produgédo da cana-de-agucar.

2. Importancia econémica da cana-de-acucar

Devido a sua extraordinaria capacidade de estocar sacarose nos entrenéds, a cana-
de-acucar transformou-se em uma importante fonte de energia para o homem e
consequentemente, de potencial econdmico, tornando-se um alvo prioritdrio para o
melhoramento genético (Moore, 2005).

A partir da sacarose acumulada no colmo da cana-de-agucar é possivel produzir o
agucar e o alcool (etanol), produtos estes, amplamente utilizados pela populagdo mundial e
cuja demanda vem crescendo ano apds ano. Assim, a cana-de-agUcar vem se destacando
como uma das mais importantes espécies vegetais cultivadas pelo homem na atualidade,
contribuindo com cerca de 65% de todo o agucar produzido (Ingelbrecht et al., 1999).

A cana-de-agucar é cultivada em varias regides do mundo, dentre elas, podemos
destacar como mais importantes os paises do continente americano, africano e asiatico,

totalizando cerca de 121 paises produtores (http://www.sugarcanecrops.com/) (Figura 1).

No Brasil, o cultivo da cana-de-aglcar teve inicio na primeira metade do século XVI,
ocupando o titulo de monocultura mais antiga sendo explorada no Pais (Carvalho, 1993)
(Figura 2). A cultura se adaptou muito bem as condigbes edafoclimaticas ocupando
diferentes regides do territério nacional, estabelecendo-se principalmente nas regibes
Centro-Sul e Nordeste (Carvalho, 1993). E uma cultura de grande importancia econémica,
especialmente para o Brasil, ja que dentre os paises que cultivam a cana-de-agucar, o Brasil
ocupa posicao de destaque, contribuindo com 34% de toda a producdo mundial, seguido
pela india e pela Australia.

O Brasil é o maior produtor mundial de cana-de-aglucar com uma safra estimada em
455 milhdes de toneladas em 2006, ocupando uma é&rea de cerca de 6 milhdes de hectares
(GCEA/ IBGE, 2006). Tal montante representa menos de 10% da superficie agricola do Pais
(Macedo e Nogueira, 2005). Embora os estados de Pernambuco, Alagoas, Rio de Janeiro e
Minas Gerais tenham uma contribuicdo bastante efetiva na producado nacional, com quase
30% do total produzido, somente o estado de Sao Paulo é responsavel por cerca de 52% da
safra brasileira (IBGE, 2006), ou seja, pouco mais da metade de toda cana-de-acgucar
produzida no Pais. Ha cerca de 50 mil produtores e 308 unidades de processamento
industrial, produzindo 17,7 milhdes de toneladas de aglicar e 13,7 milhdes de m® de etanol

por ano (Saciloto, 2003).



o Cana-de-acgucar

Figura 1. Distribuicdo da cana-de-aglcar no mundo.

A agroindUstria canavieira é responsavel por 600 mil empregos diretos e geragédo de
divisas para o pais através da exportagdo de acglcar e alcool, seus principais produtos
(Raizer, 1998). Com o grande apelo atual dos combustiveis renovaveis e da agroenergia, a
expectativa é que a area plantada com cana-de-aglcar no pais sofra uma acelerada
expansao, principalmente no Estado de Sao Paulo, estado onde se concentra grande parcela
da populacao brasileira e da frota de veiculos e indlstrias do Pais.

A qualidade dos varios produtos e subprodutos gerados com o processamento da
cana-de-acucar é dependente em grande parte da qualidade do insumo que chega até as
usinas. Fatores como a variedade de cana-de-acucar utilizada, condigdes de solo e clima em
que a cana foi cultivada, estagio de maturagdo da cana no momento da colheita, pureza do
mosto, entre outros, pode interferir na qualidade do insumo e conseqlientemente na
qualidade do produto final. Deste modo, uma importante estratégia para se obter o
aumento da produtividade e da qualidade é a utilizacdo de variedades melhoradas

geneticamente.
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Figura 2. Distribui¢cdo da cana-de-agucar no Brasil. Fonte GCEA/ IBGE, 2006

Atualmente, a demanda mundial por etanol combustivel tem gerado novas
oportunidades de negécio para o Brasil no mercado externo. Os impactos ambientais
provocados pela emissdo de gases precursores do efeito estufa na atmosfera tem levado
varios paises a iniciar programas e estratégias para diversificagdo da matriz energética,

reduzindo a dependéncia por combustiveis fosséis ndo renovaveis.

3. A cana-de-acucar e o Projeto Genoma

Com o surgimento dos estudos de gendmica, a descoberta de genes de interesse
tornou-se um processo mais rapido e eficaz na geracdo de informacgbes Uuteis ao
melhoramento genético (Grivet e Arruda, 2001). Varios projetos cujos objetivos sdo estudar
e entender o transcriptoma de diferentes espécies vegetais em diferentes condigcdes
experimentais, j& foram e vem sendo conduzidos (Ewing et al. 1999; White et al., 2000;
Dong et al., 2003; Ma et al.,, 2003). Esses projetos, denominados Projeto Genoma EST
(Expressed Sequence Tag), passam a ser uma valiosa ferramenta para a descoberta de
genes que sdo expressos em tecidos especificos, em fases distintas do desenvolvimento do

organismo e em resposta a condigdes adversas de cultivo da planta. Desta maneira, os ESTs



identificados podem revelar informacgdes sobre centenas ou mesmo milhares de genes de
um organismo em uma condicdo temporal e espacial Unica, além de permitir a identificagcao
de diferentes isoformas de transcritos (Andrews et al., 2000) e auxiliar o mapeamento
genético (Schuler, 1997; Wu et al., 2002).

A importéncia s6cio-econ6mica da cana-de-agucar despertou grande interesse na
obtencdo de dados para um melhor entendimento dos processos fisiolégicos e bioquimicos
que ocorrem nessa cultura. Deste modo, a cana-de-aglcar passou a ser o modelo de estudo
do Projeto SUCEST (Sugarcane EST), desenvolvido em rede por varios laboratérios do
Estado de Sao Paulo com apoio financeiro da FAPESP. Esse projeto disponibilizou um
conjunto muito grande de informacgdes, identificando cerca de 43 mil provaveis transcritos
(SAS — Sugarcane Assembled Sequences), obtidos de diferentes tecidos/6rgaos vegetais.
Destes, 29,7% né&o apresentam nenhuma homologia com outras seqliéncias génicas ou
protéicas previamente identificadas em qualquer outro organismo (Vettore et al., 2003).

Os transcritos identificados no Projeto SUCEST podem representar genes de grande
importancia econémica para cana-de-aglcar, em especial, aqueles relacionados ao
metabolismo de sacarose, tolerdncia a condigdes adversas de clima e solo e a resisténcia a
doencas e pragas (FAPESP, 2001), pois podem ser utilizados em programas de
melhoramento genético biotecnoldégico, ou seja, pela criacdo de plantas geneticamente
modificadas.

Devido ao crescente numero de transcritos identificados através dos projetos ESTs,
novas técnicas foram desenvolvidas com o objetivo de avaliar a expressdao de milhares de
genes simultanemante. Dentre essas técnicas destacam-se o macro e microarranjos de DNA
(macro and microarray), técnicas estas que tem sido amplamente utilizadas por grupos de
pesquisa em varios locais do mundo. Basicamente, nesta técnica, seqiéncias conhecidas de
DNA (cDNA, produto de PCR ou oligonucleotideos) sao fixadas em laminas de vidro (chip
microarray) ou membranas de ndilon (filter macroarray) e hibridadas com sondas de cDNA
da amostra que se deseja investigar. Através do pareamento complementar da sonda com o
DNA fixado podem ser verificados os padrdes de expressdao de milhares de genes
simultaneamente, comparando-se a intensidade do seu sinal nos diversos tratamentos.

Os macroarranjos sdo uma alternativa ao uso de microarranjos. Embora o numero
de genes avaliados simultaneamente no macroarranjo seja bem menor do que nos
microarranjos, a vantagem do uso de macroarranjos estd no fato de que essa tecnologia
emprega metodologias rotineiras, robustas e de facil implementagcdo na maioria dos

laboratérios de biologia molecular, sem a necessidade de investimentos vultosos em



equipamentos e reagentes (Felix et al, 2002).

O conjunto de dados e informacgbes sobre os genes transcritos, gerados a partir do
Projeto SUCEST, além de contribuir com as pesquisas que estavam em andamento
possibilitou o surgimento de novos estudos e perspectivas com a cana-de-agucar. Dentre
eles, podemos destacar o SUCAST (Sugarcane Signal Transduction), que foi criado para
identificar e caracterizar as sequéncias de transcritos, obtidas através do Projeto SUCEST,
envolvidos em vias de transducédo de sinal na cana-de-agucar (Souza et al, 2001). O objetivo
principal desse projeto foi identificar os ESTs envolvidos na regulacdo dos processos de
crescimento e desenvolvimento da planta (fatores de transcricdo, receptores, fosfatases,
quinases, etc.). Deste modo, conhecendo melhor os genes envolvidos nas vias de sinalizagao
€ possivel fazer inferéncias sobre diferentes aspectos do metabolismo da cana-de-agucar. A
descoberta do modo de acdo de cada transcrito dentro das vias metabdlicas revela
potenciais alvos para o melhoramento dirigido das variedades de cana-de-agucar.

A partir do banco de dados do Projeto SUCEST também foi possivel identificar genes
associados ao estresse por frio (Nogueira et al, 2003), estresse oxidativo (Kurama et al,
2002), ao metil jasmonato (De Rosa Jr et al., 2005), genes inibidores de protease
associados a resisténcia a patégeno (Soares-Costa et al, 2002, Falco e Silva-Filho, 2003e
Mello et al, 2003), tecido-especificidade envolvida na transdugédo de sinal (Papini-Terzi et al,
2005) e também avaliar tecido-especificidade de transposons (de Araujo et al, 2005). No
momento, outros estudos, como este que visa identificar genes induzidos por etanol, vem
sendo desenvolvidos por véarios laboratérios de pesquisa nas universidades e centros de
pesquisa do Brasil, utilizando a informacdo gerada, armazenada, organizada e

disponibilizada pelo projeto SUCEST.

4. Variedades de Cana-de-acucar

A cana-de-agucar é uma das espécies domesticadas que vem sendo cultivada ha
mais tempo pelo homem (6000 a. C.), passando por processos de melhoramento desde o
seu primeiro uso (Matsuoka, 1999a). No inicio, o processo de melhoramento era
inconsciente com a selecdo de plantas mais vigorosas para o plantio de novas lavouras pelo
proprio agricultor. Atualmente, as variedades cultivadas sdo resultado de cruzamentos entre
as espécies S. spontaneum e S. officinarum (Stevenson, 1965), variedades que foram
escolhidas em fungdo das suas caracteristicas bastante favoraveis para o seu cultivo e
producdo. A espécie S. spontaneum contribui com o seu vigor vegetativo enquanto que S.

officinarum é responsavel pelo aumento no teor de sacarose no colmo (Ming et al, 1998).



Ao longo dos anos, muitos estudos foram realizados com as diversas variedades de
cana-de-agucar originadas nos programas de melhoramento. Nesses estudos, dados sobre
produtividade agricola, caracteristica vegetativa e resisténcia a pragas e moléstias foram
observados. Resultados desses estudos de caracterizacdo botanica deixam claro a
necessidade continua de desenvolvimento de novas cultivares, que devem estar sempre se
adaptando as novas realidades de cultivo e produgdo, tais como novas regides produtoras,
novos tipos de solo, novas técnicas de cultivo e manejo e maior acimulo de sacarose (Raizer
e Vencovsky, 1999).

A obtencdo de méxima produtividade em cana-de-agUcar depende principalmente
de dois fatores: 1) um correto planejamento de plantio; e 2) um adequado manejo das
variedades. Desta forma, o potencial genético é fator determinante para garantir
produtividade e qualidade de produgdo. Atualmente no Brasil, ha centenas de variedades de
cana-de-agUcar a disposicdo dos produtores. Cada uma com especificidade para diferentes
manejos, épocas de safra e adaptabilidade local. Se a existéncia de muitas variedades é
uma situacdo vantajosa, por outro lado torna a correta decisdo da variedade uma tarefa
bastante dificil de ser tomada pelo agricultor. Caracteristicas agronémicas de trés variedades
comerciais de cana-de-agucar, desenvolvidas pela Estacdo Experimental da COPERSUCAR
(hoje denominada Centro de Tecnologia Canavieira, Piracicaba, SP) foram escolhidas para se
realizar o presente estudo em funcdo da sua importdncia e potencial para o setor alcool-
acucareiro do Estado de Sado Paulo. Detalhes fitotécnicos destas variedades estdo descritos a

seguir:

4.1 Variedade SP89-1115

Essa variedade apresenta caracteristicas como alta produtividade e teor de
sacarose, 6tima brotacdo de soqueira além de ser uma planta precoce. A época da colheita
deve ser realizada até o meio da safra. Apresenta habito semi-ereto e com baixa quantidade
de fibra. Apresenta um florescimento freqliente, uma caracteristica que nado é muito
desejada pelos produtores, uma vez que ocorre translocacdo de sacarose para a
inflorescéncia e diminui o acimulo no colmo. E bastante resistente ao carvdo, mosaico,

ferrugem e escaldadura.

4.2 Variedade SP90-3414
Essa variedade é resultado de cruzamentos entre as variedades SP80-1079 e SP82-

3544. Destaca-se pelo seu porte ereto, por ndo apresentar florescimento e por sua alta



producdo. E uma variedade indicada para colheita do meio para o final da safra. Apresenta
teor médio de sacarose e fibras. Com relacdo as doencas e pragas, € susceptivel a

escaldadura e possui resisténcia intermediaria ao carvao e broca.

4.3 Variedade SP80-3280

Apresenta alto teor de sacarose e boa brotacdo em soqueira. Devido ao crescimento
inicial vigoroso, o seu perfilnamento € intermedidrio e o fechamento das entrelinhas é bom.
E uma variedade que apresenta florescimento. No entanto, apresenta pouca isoporizacdo do
colmo. Apresenta resisténcia média ao carvdo, mosaico, ferrugem e broca, porém ¢é

tolerante a escaldadura.

5. Indutores de expressao génica

A regulacdo da expressdao dos genes pode ocorrer em diferentes momentos e
mecanismos da maquinaria celular. A expressao génica esta relacionada com a taxa de
transcricdo do DNA, processamento do RNA ou através do processo de traducdo do RNA
mensageiro (mRNA). A transcricio do DNA depende principalmente da estrutura da
cromatina e da ativacao do mecanismo de transcricdo, envolvendo fatores de transcricdo e
proteina de polimerizagdo de RNA (enzima RNA polimerase). No processamento do transcrito
primario ocorre o revestimento da extremidade 5 (cap), adicdo da cauda poli-A na
extremidade 3’ e a correta remocgado dos introns. A estabilidade do mRNA maduro na
citoplasma da célula estd relacionado com a sua taxa de traducdo. Qualquer interferéncia
em algum desses mecanismos pode interferir na expressdo de um gene.

A expressdo génica é influenciada por diferentes fatores, internos e externos, como
hormdnios, estdgio de desenvolvimento do organismo, estresses bi6ticos e abiéticos.

Estresses abibéticos induzem a mudangas morfoldgicas, bioquimicas e fisiolégicas nas
plantas (Andjelkovic e Thompson, 2006). Durante a aquisicdo de tolerdncia ao estresse
também ocorrem mudancas na expressao dos genes. Os produtos génicos induzidos pelo
estresse podem ser classificados de duas maneiras: 1) genes que diretamente protegem
contra o estresse e 2) genes que regulam a expressdao de outros genes (Bray, 1997;
Hasegawa et al., 2000).

Um causador de estresse abidético em plantas é o aluminio. Na sua forma de maior
toxidez (AI**) é capaz de inibir a elongacdo das raizes apés poucos minutos do inicio da
exposicdo da planta ao Al (Ryan et al.,, 1993). Em plantulas de milho foi observado que o

gene GST27.2, uma glutationa S-transferase, é induzido por estresse provocado pelo



aluminio (Cancado et al., 2005). A enzima codificada por GST27.2 possui importante papel
na detoxificacdo de compostos téxicos presentes nas células. A indugdo desse gene pode
estar relacionada ao mecanismo de tolerancia ao estresse por Al em milho.

Um dos mais importantes estresses ambientais que afetam o crescimento e a
produtividade das plantas é o frio (Xin e Browse, 2000). Plantas variam consideravelmente
na sua habilidade de tolerar condi¢gdes de frio intenso. Enquanto plantas oriundas de regides
de clima temperado resistem a temperaturas inferiores a -5 °C, plantas de clima tropical e
subtropical apresentam pouca ou nenhuma capacidade de sobrevivéncia em temperaturas
proximas a 0 °C (Tomashow, 2001). Cana-de-aglcar, uma planta de clima tropical, é
considerada sensivel a baixas temperaturas (Tai e Lentini, 1998). Estudos utilizando a
técnica de cDNA macroarray identificaram genes de cana-de-acglcar com perfil de expressao
alterados em condi¢cdes de baixa temperatura (Nogueira et al., 2003). Dentre eles, foi
identificado um gene pertencente a familia de proteinas com dominio NAC (Kikuchi et al.,
2000), denominado SsNAC23. Estudos com esse fator de transcricdo sugerem que em folhas
de cana-de-aglUcar had um sistema bioquimico que identifica e sinaliza condi¢cdo de baixa
temperatura (Nogueira et al., 2005).

A habilidade de regular a expressdao de genes em plantas superiores, através de
meétodos exb6genos, apresenta vantagens consideraveis, tanto para a ciéncia basica quanto
para a ciéncia aplicada na agricultura (Gatz, 1997). Diferentes métodos quimicos de
regulacdo da expressédo de transgenes em plantas tém sido relatados (Ayoma e Chua, 1997;
Gatz, 1997). Esses métodos permitem que a expressdo seja ativada ou desativada, de
acordo com a adicao ou remocao do quimico especifico, sendo este um indutor ou inibidor
(Wang et al., 2003). Diferentes substancias podem ser utilizadas como indutores de
expressao de transgenes: dexametasona (Ayoma e Chua, 1997), tetraciclina (Gatz e Quail,
1988), ethephon (Van Loon e Antoniw, 1982) e etanol (Caddick et al., 1998) dentre outros.

O etanol é um indutor quimico que nao apresenta toxicidade nos niveis requeridos
para a inducdo. Além disso, é de facil utilizacdo, podendo ser aplicado nas plantas por

pulverizagédo, submersdo das raizes e adicionado ao meio de cultura (Salter et al,1998).



OBJETIVOS

Objetivo Geral

O objetivo maior deste trabalho foi a identificacdo de genes expressos em folhas

de cana-de-acgucar induzidos por etanol, visando a obtencdo de um sistema de inducao

quimica da expressao génica por meio da aplicagao de etanol.

Objetivos Especificos

Identificagcdo de genes induzidos por etanol em folhas de cana-de-acgucar;

. Construcao de um cassete de expressdo com o sistema alc de regulagdo génica

ativado por etanol e sua utilizagdao para transformacao genética de cana-de-agucar;
Avaliacdo do perfil de expressdao do gene SsNAC23 em folhas de cana-de-acucar

tratadas com etanol;

. Propor uma técnica de facil implementacdo e uso para estimar o erro estatistico

promovido pelo agrupamento de dados de arranjos de cDNA, baseado na

metodologia 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:
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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

@ Springer

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 pEm 2
s~ 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 11
(Invitrogen, USA) using 3 uM of an oligo-dT18V (V = A,
C or G) primer, with 3,000 Ci mmol~' [**P]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 [**P]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 Amp” gene of the
pSPORT1 vector (Invitrogen) used in the cDNA libraries
(Vettore et al. 2001). This probe was synthesized with the
primers 5'-GTGGTCCTGCAACTTTATCCGC-3' and 5'-
TAGACTGGATGGAGCGGATAA-3' in the presence of
[**P]CTP. After hybridisation and washing as described
before (Mondego et al. 2005), the filters were exposed to



Plant Cell Rep

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 pg) 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 [**P]JCTP 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).
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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 (7 = 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

Accession® Blast Hit (E-value)® Description® Ratios®
T1/TO T4/TO T12/TO

Genes up-regulated in SP80-3280 variety

Gene regulation
1 CA293457 AAM94159 (3E-04) Putative RGA protein 1.4 32 2.9
2 CA129983 C86382 (2E-56) 60S acidic ribosomal protein 1.2 2.1 1.8
3 CA294535 XP_475510 (6e-68) 508 ribosomal protein L10 1.5 1.5 1.5
4 CAI119317 AAF64312 (6e-19) Plastid ribosomal protein L19 precursor 1.3 1.7 1.6
5 CA128696 NP_909185 (1e-57) 60S ribosomal protein L.26 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 HI 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 14 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) NPRI 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 14 3.6 3.1
25 CA126100 AAX96578 (3e-59) Unknown protein 1.0 2.1 24
26 CA294259 NP_566113 (4e-35) Unknown protein 1.4 1.9 1.7
27 CAI22671 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 14 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 14
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 BADA46590 (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 14 1.0
40 CA128874 No hit 2.5 9.5 3.0
41 CA119555 No hit 0.8 1.5 2.5
@ Springer
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Table 1 continued

Accession® Blast Hit (E-value)® Description® Ratios?
T1/TO T4/TO T12/TO

42 CAI125651 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 14
46 CA122935 No hit 1.3 14 1.6
47 CA120904 No hit 0.7 1.2 1.6
48 CA295623 no hit 1.8 14 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 CAAS57636 (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 CAI21162 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(le-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 AAQ72578 (2e-32) Unknown protein 1.0 1.0 1.2
66 CA189734 BADG68838 (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 CAI123017 No hit 0.4 04 04

Accession numbers in italics represent the ESTs up-regulated and down-regulated in all sugarcane cultivars

% GenBank accession number

® The best hit from BlastX analysis

¢ 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/TO = 1 h after treatment/control; T4/TO = 4 h
after treatment/control; T12/TO = 12 h after treatment/control

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).

16

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
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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 log, (ratios) for each EST.
The black circles show gene expressions in the control condition

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

SP80-3280
a) 8)
SP89-1115 v SP90-3414
(34) (39)
SP80-3280
b) 22)
SP89-1115 v SP90-3414
(38) (33)

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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(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 log, of the ratio of the expression value in the treatment
condition to the value in the control experiment

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 LI10
(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).
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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

Time (hours)

No hit (CA128874)

ERD 4 (CA296014)

NPR 1 (CA300472)

rRNA

Fig. 4 RNA-blot analyses of CA128874 (no hir), CA296014 (ERD
4), and CA300472 (NPR I). 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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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 NPRI1 revealed four
ankyrin repeats, which are found in proteins with diverse
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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 (Ca®") 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 Ca**
fluxes, triggering a signalling cascade (Sanders et al. 2002;
Berrige et al. 2003). CaM serves as a sensor to detect and
translate Ca®* 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-Mondragén 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
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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. fuberosum 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
SsNAC23 was strongly induced at 4 °C but not at 12 °C, 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

* Corresponding author at: Centro de Biologia Molecular e Engenharia
Genética, Universidade Estadual de Campinas (UNICAMP) 6010, 13083-
970 Campinas, SP, Brazil. Tel.: +55 19 3788 1137; fax: +55 19 3788 1089.

E-mail address: parruda@unicamp.br (P. Arruda).

involved in signaling pathways, including mitogen-activated
protein kinases (MAPKSs), histidine kinases, Ca**-dependent
protein kinases (CDPKs), SOS3 Ca®* 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 ATAFI, ATAF2 and CUP-

0168-9452/$ — see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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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. NACI mediates auxin signaling to promote
lateral root development [15]. CUCI 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 ATAFI 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 NACI showed upregulation of the
auxin-responsive gene TIRI (TRANSPORT INHIBITOR
RESISTANTI) with a corresponding downregulation being
observed in NACI 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 sugarcane NAC, 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 SsSNAC23 in response to stress stimuli is
discussed.
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2. Methods
2.1. Plant growth and treatments

Sugarcane plantlets (Saccharum sp. cv. SP80-3280),
propagated axenically in vitro [7], were maintained at 26 °C
on a 16 h/8 h day/night cycle with a photon flux density of
70 pEm2s~'. To compare the SsNAC23 expression
profiles at 4 and 12 °C, 3-month-old plantlets were
transferred to 4 or 12 °C under the same photoperiod
conditions. Control plantlets were maintained at 26 °C. 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 uM ABA 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 O,
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 instar Diatraea 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 and O. sativa NAC 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
<1077° 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 MEGA?2 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), OsNACS5 or ONACO009 (AK063399),
OsNAC4 or ONAC068 (AK073848), OsNAC3 or ONAC067
(AK073667), ONACO010  (AK063406), ONAC002
(AK104712), NAP or ANACO029 (CAA10955), jasmo-
nate-regulated NAC1 or ANAC056 (JaNACI1, NP_188170),
jasmonate-regulated NAC2 or ANACO055 (JaNAC2,
AAM61076), AtNAM or ANACO018 (AAD17314), ANAC

or ANACO19 (NP_175697), ATAFI or ANACO002
(NP_171677), ATAF2 or ANAC036 (CAC35884),
ANAC025 (NP_564771), ANAC032 (NP_177869),
ANACO047  (NP_187057), ANACO81 (NP_680161),
ANACI102 (NP_201184), BnNAC5-8 (AY245883),
BnNACS5-7  (AY245882), BnNACS-11  (AY245884),
BnNAC5-1 (AY245881), BANAC3 (AY245880), BaNAC18
(AY245886), BnNACI4  (AY245885), BnNACI-1
(AY245879), SsNACI9  (CA140418), SsNACI14

(CA132543), and SsNACS8 (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

RNA was 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 °C for 16 h with a 3'-fragment of SsNAC23 or full-length
cDNA of SsMAPK, both labeled with a->*P dCTP [29]. The
blots were then washed at high stringency and exposed to
imaging plates. Each RNA gel-blot experiment was repeated
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twice. Later, the blots containing total RNA from sugarcane
organs/tissues and different treatments were re-hybridized
under the same conditions with a a-*?P-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: 5'-GGATCCGCG-
ATTGAGCGAGGGAGGAA-3' and reverse: 5'-GGAT-
CCGAACGGCTTGCCCCAGTACA-3'). The single PCR
product was isolated from agarose gel using the Concert™™
rapid gel extraction system (Invitrogen, USA) and then
subcloned into the pGEM-T EASY vector (Promega, USA).
The vector was subsequently digested at the BamHI
restriction site included at the 3’- and 5’-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 8-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 layers were 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 2.5M CaCl, 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 staining with 4’,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 lut4 structure. The atomic
coordinates of the lut7 pdb structure, solved at 1.7 A
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 lut7 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 x 30 x 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 'nm™") 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
SsSNAC23 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 (ANACO001 to ANAC105) and rice (ONAC001
to ONACO075), 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 < 1073° 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).
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A phylogenetic analysis of selected SsSNAC 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 (SsSNACS8, 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 ATAFI and
ATAF?2, although ATAF1 is also induced by cold and drought
stress, as well as treatment with ABA (Fig. 1B; [5,20]).
Other Arabidopsis NAC 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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Table 1
Summary of the SsNACs identified in the SUCEST database
Name SAS ID Accession no.” EST no. Highest identity” Accession no.*
SsNAC1 SCAGRT2039C10 CA137402 6 ONAC040 BAD09611
SsNAC2 SCBGLR1118D05 CA119152 15 ANACO014 NM_202225
SsNAC3 SCCCCL4009H05 CA094553 2 OsNAC7 AB028186
SsNAC4 SCCCCL5072D12 CA095553 3 ANACO033 NM_202449
SsNACS5 SCCCCL6005A08 CA096752 6 OsNACS8 BAA89802
SsNAC6 SCCCFL4092A07 CA235099 1 Triticum sp.GRAB2 AJ010830
SsNAC7 SCCCLB1024F12 CA111892 5 ANACO079 NM_120850
SsNAC8 SCCCLR1070C08 CA120159 19 OsNAC3 AB028182
SsNAC9 SCCCLRI1C04HO01 CA189789 18 ANACO083 NM_121321
SsNAC10 SCCCRZ1004G12 CA147133 3 ANAC036 NM_127259
SsNAC11 SCCCST3005F09 CA180484 4 ANACO073 NM_118992
SsNAC12 SCEPLB1042D02 CAll12161 22 ANACO053 NM_111885
SsNAC13 SCEPRT2048G05 CA138286 3 ANACO021 NM_179486
SsNAC14 SCEQRT1024G08 CA132543 16 OsNACS AB028184
SsNAC15 SCEQRT1028D09 CA132861 1 PhNAM2 AAM34765
SsNAC16 SCEQRT1031E06 CA133129 11 ONACO007 AK062952
SsNAC17 SCEQRT2030D12 CA138754 6 ANAC041 NM_128908
SsNAC18 SCEZRT2019E05 CA140061 3 ANACO087 NM_203071
SsNACI19 SCEZRT2023G12 CA140418 8 Triticum sp. GRAB1 CAA09371
SsNAC20 SCJFRT1009A08 CA133624 2 ANAC100 NM_125536
SsNAC21 SCILRT1015C08 CA135079 2 ANACO056 NM_112419
SsNAC22 SCJLRT1018B06 CA135405 1 P. hybrida NAC protein AC007454
SsNAC23 SCCCCL4007D12 CA094345 28 OsNAC6 protein ABO028185
SsNAC24 SCMCLB2082D05 CA271774 1 N. tabacum NAC protein AB021178
SsNAC25 SCMCRT2106G06 CA142777 1 ANACO021 NM_179486
SsNAC26 SCQGRT3042B03 CA260833 1 ANAC104 NM_125849

# Accession numbers refer to SAS containing the NAC domain sequence.

° Highest identity based on [16] when applicable.

¢ Accession numbers refer to NAC domain proteins homologous to identified SSNACs.

proteins have a glutamine-rich motif (M3), ATAFI-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 SsSNACs 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 SsNACI4 and
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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.
SsSNAC23 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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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 distinguished within 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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Table 2
Summary of the tissue/organ-specific library pools from the SUCEST
database

EST library ID* Tissue/organ- Total no.
specific library poolsb of ESTs
CL6 Calli 5518
AMI1, AM2, LBI, 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

# Identification of each EST library within the SUCEST database [24].
° EST libraries were grouped into seven library pools according to the
source tissues from which the library was derived.

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 the NAC dimer 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 15 NAC 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 (3-sheet packed against an
N-terminal «-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 SSNAC23 model and ANAC structures
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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.

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].
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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 sequence were 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 3-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 SINAC (CAC42087), tomato LeNAC1 and LeNAC2 (AAR88435 and AAF(04915, respectively), wheat TSGRAB1 (CAA09371), and Phaseolus PvNAC2

(AAKS84884). SSNAC23 protein is in bold.

showed backbone root mean standard deviation (R.M.S.D.)
equal to 1.5 A, indicating high conservation in the domain
structure (Fig. 4A). The SSNAC23 dimer 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 Argl9 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
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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 5'-coding region, an Xbal-digested 3'-
DNA fragment of SsNAC23 cDNA was generated as a
specific probe for all RNA gel-blot analyses. In general,
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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 Argl9 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).

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 °C for 48 h (Fig. 7A). The SsNAC23 expression was
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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 °C [2], we
evaluated the SsSNAC23 expression profile under moderately
low temperature. Interestingly, SSNAC23 expression was not
induced or repressed in leaves of sugarcane plantlets
exposed to 12 °C (Fig. 7A). These results showed that
SsNAC23 is induced at 4 but not at 12 °C. 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. 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 OSNACS6 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 (400x). Arrows indicate the nuclei.

induced at 5 °C [46] but not at 12 °C [47]. The SsNAC23
mRNA levels remained high as long as the plantlets were
kept at 4 °C and returned within 3 h to basal levels when 48-
h-cold treated plantlets were transferred to 26 °C (data not
shown).

The expression of a rice mitogen-activated protein kinase
gene (OsMAP1 or OsMAPKS5) was induced at 12 °C but not
at4 °C [47], suggesting that different pathways are triggered

A L S R F
- - SsNAC23
Ssactin
rRNA

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 *?P-labeled sugarcane full-length
cDNA (Ssactin) as a control.
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in response to distinct ranges of low temperature in rice.
These data, together with the distinct regulation of SSNAC23
at 4 and 12 °C (Fig. 7A), led us to the hypothesis that
sugarcane might also show a differential response to extreme
(4 °C) and moderate (12 °C) 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
OsMAPKS (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 °C, 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 SsSNAC23.
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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 °C 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 **P-labeled 3'-fragment of SsNAC23. All filters were subsequently re-
hybridized with the **P-labeled sugarcane full-length cDNA (Ssactin) as a control.

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 ATAFI 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 ATAFI 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,

Diatraea saccharalis

Absence
4

Presence
4 12 24h

-

ORI ——

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.

0 12 24h 0

SsNAC23
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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 26 members 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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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].
ATAF?2 is wounding-inducible, whereas ATAF] 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, CUCI 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 (3-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 (3-sheet structures not only for binding DNA
but also for interacting with other proteins, as proposed for
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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 °C, but not by
exposure a moderately low temperature (12 °C) (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 °C but
transient induction at 12 °C (Fig. 7A, lower panel). The
distinct expression profiles of SsMAPK and SsNAC23 in
response to 4 and 12 °C 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 °C 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 °C),
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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CAPITULO I1-Dados complemetares

SsNAC23: um gene de cana-de-acucar induzido por etanol

O gene SsNAC23 pertence a uma familia de fatores de transcricdo que possuem
dominio NAC. Proteinas pertencentes a essa familia apresentam regido N-terminal
conservada, enquanto que a regido C-terminal é bastante variavel em seqUéncia de
amino&cidos e tamanho (Aida et al., 1997). Membros da familia NAC estdo envolvidos na
regulagdo transcricional, durante o desenvolvimento vegetal (Ooka et al., 2003) e em
resposta a estresses bidticos e abi6ticos (Collinge et al., 2001; Hegedus et al., 2003).

Nogueira et al. (2003) constataram que o gene SsNAC23 de cana-de-acgucar
apresentou alteragcdes de expressdo em resposta a condicbes de baixa temperatura. A
expressdo de SsNAC23 foi fortemente induzida a 4 °C, embora o mesmo ndo fosse
observado para temperatura de 12 °C. Esse resultado indicou que o gene poderia estar
envolvido com mecanismos de resposta bioquimica e/ou fisiolégica ao estresse provocado
por baixa temperatura em cana-de-acgucar. Outros 25 membros da familia de proteinas com
dominio NAC também foram identificados nesse estudo, embora a maioria ndo apresentasse
comportamento semelhante ao SSNAC23 em reposta ao estresse por frio. Analises de RNA-
blot (conforme descrito em Nogueira et al., 2005), utilizando amostras de RNA extraidas de
folnas de cana-de-agucar submetidas a estresse hidrico, demonstraram que SsNAC23
também é induzido por este tipo de estresse. Do mesmo modo, SsNAC23 apresentou
elevada indugdo da sua expressdao apOs exposicdo ao ataque de larvas de Diatrea
saccharalis (Nogueira et al., 2005), indicando que SsNAC23 ¢ possivelmente um gene com
resposta abrangente para varios estresses abiéticos e bidticos.

A partir da premissa de que o gene SsSNAC23 apresenta alteracdes de expressdao em
resposta a diferentes estresses, resolvemos verificar se o etanol também poderia atuar
como indutor da expressdao de SsNAC23 em folhas de cana-de-agucar.

No estudo realizado com macroarranjos de cDNA (Capitulo I) observamos que um
membro da familia de proteinas com dominio NAC, um EST com elevada similaridade para a

proteina OsNAC de arroz, presente nas membranas utilizadas, ndo teve sua expressao
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significativamente alterada pela aplicagdao de etanol nas folhas da cana-de-acgucar. O fato
desse gene ndo ter sua expressao alterada por etanol, no entanto, ndo nos desmotivou a
testar o perfil de expressdao de SSNAC23 em folhas de cana-de-acgucar tratadas com etanol.
Membranas de néailon foram confeccionadas com amostras de RNA total extraido de
folhas de cana-de-acgucar coletadas 1, 4 e 12 horas ap6s a aplicagdo de solugédo 2,5 % (v/v)
de etanol e agua (controle). As membranas foram hibridizadas com a sonda radioativa
sintetizada a partir da regido 3’ nao traduzida do gene SsNAC23. Os resultados obtidos no
RNA-blot indicam que o gene SsNAC23 tem sua expressdo induzida pelo etanol,
principalmente no periodo de 1 hora apés a aplicagcdo. Nos periodos de 4 e 12 horas,
também se observou aumento na expressao em relagdo ao controle embora esse aumento
nédo tenha sido tdo marcante como no periodo de 1 hora apds o tratamento com o etanol

(Figura 1).

SP80-3280
C 1h 4h 12h

W!‘ ﬂ‘ SSNAC23

Figura 1- Analise de expressdo do gene SsNAC23 em reposta ao etanol. (C) controle com agua; (1h)
1 hora ap0s aplicagdo de etanol; (4h) 4 horas apds aplicagdo de etanol; (12h) 12 horas ap6s aplicagao
de etanol; (SP80-3280) variedade SP80-3280 de cana-de-agucar da Coopersucar, utilizada neste
estudo.

Em um trabalho recente com Arabidopsis thaliana (Tran et al., 2007), foi observado
que proteinas com dominio NAC (ANACO19, ANAC055 e ANACO072) atuam como
amplificadores da expressdo do gene ERD 1 (Early Responsive to Dehydration Stress). Essa
informacdo esta de acordo com resultados obtidos neste estudo, visto que um gene da

familia ERD foi identificado como altamente induzido em pléntulas de cana-de-agucar, 1h
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ap6s a aplicagédo foliar de solugcdo 2,5 % de etanol, conforme demonstrado no experimento
com macroarranjos de cDNA (Capitulo I). Assim, como o gene SsSNAC23 foi induzido por
etanol, poderiamos especular que este gene em cana-de-acgucar tenha entre suas fungdes, a
semelhanca do que foi observado em Arabidopsis, o papel de amplificador ou ativador da

expressao do gene ERD em cana-de-agucar.
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Resumo

O controle da expressdo génica de forma temporal e espacial é uma importante
caracteristica para sistemas quimicos de indugdo. Sistemas de inducdo que promovem a
ativacdo ou inativacdo da expressdo génica tém se tornado importante ferramenta para a
analise genética, estudos bioquimicos e fisiolégicos, além de possuirem inUmeras aplicagdes
praticas para o setor biotecnoldgico. O sistema de inducdo de expressdo génica através de
etanol, chamado sistema alc, tem sido utilizado com sucesso em espécies de plantas como
Arabidopsis, tabaco e batata dentre outras. Resumidamente, o sistema alc se caracteriza
pela agdo de um fator de transcricdo, ativado pelo etanol, sobre um promotor induzivel. O
etanol utilizado como indutor quimico apresenta caracteristicas favoraveis, tais como baixo
custo e facilidade de manuseio e aplicagdo. O objetivo deste trabalho foi desenvolver um
vetor de expressdo com o sistema alc ativando o gene repdrter gus para ser testado em

plantas transgénicas de cana-de-agucar.

Palavras-chave: expressao génica, sistema alc, etanol, Saccharum spp., vetor de expressao
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Abstract

The spatial and temporal control of genetic expression is an important feature of
systems based in chemical induction. Since these systems are able to promote the
activation or inactivation of genes it might be useful as tool for genetic analysis, biochemical
studies and physiological evaluation. Besides that, genetic systems based in chemical
induction have great potential to practical use in the biotechnology field. The system of
gene expression based in ethanol induction, often denominated as alc system, has been
efficiently used in plant species such as Arabidopsis, tobacco, and potato. The modus
operandis of the alc system is based in the action of one transcription factor, activated by
ethanol, that binds to inducible promoter. The use of ethanol as a chemical inductor involves
several advantages such as low cost and easy application and handling. The aim of this
work was the development of a genetic construction with the system alc controlling the
expression of the gene reporter gus to be used in the genetic transformation of sugar cane

plants.

Key words: gene expression, alc system, ethanol, Saccharum sp., expression vector
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Introducao

O estudo da expressdo de transgenes em plantas € uma das estratégias mais lteis
para a caracterizagdo e compreensao da funcdo de um gene e de seu papel na fisiologia da
planta (Roslan et al, 2001). Com o recente desenvolvimento de novas técnicas e estratégias
aplicadas a engenharia genética, hoje ja é possivel controlar a expressdo de genes de
interesse utilizando promotores ativados por indutores quimicos. Sistemas de expressao que
utilizam esses promotores apresentam importantes vantagens: permitem que a atividade
génica seja induzida em determinadas fases do desenvolvimento da planta; permite
modular a expressdo do gene e entdo avaliar o fenétipo da planta para diferentes niveis do
produto génico; verificar se o efeito fenotipico é reversivel ou permanece estavel em
estagios especificos do desenvolvimento por meio da exposicdo alternada e temporal ao
indutor (Garoosi et al, 2005). Em fungado destes beneficios, os sistemas de expressao génica
que fazem uso da inducgdo quimica tém sido desenvolvidos e aprimorados para utilizagcdo em
plantas (Gatz e Lenk, 1998; Jepson et al, 1998; Zuo and Chua, 2000).

O etanol, embora seja um hidrocarboneto de baixo peso molecular, volatil e
inflamavel, é considerado como um indutor quimico praticamente sem efeitos téxicos para
plantas nos niveis necessarios para promover a indugao, que variam entre 0,1 a 5% (Salter
et al., 1998). Além disso, é de facil utilizacdo, podendo ser aplicado nas plantas por
pulverizagédo, submersdo das raizes ou adicionado ao meio de cultura (Salter et al,1998).

Salter et al. (1998) desenvolveram um sistema de expressdo controlado por etanol
utilizando o sistema génico alc, do fungo Aspergillus nidulans, que usa o etanol como
indutor. A inducdo por etanol ocorre pela acdo do gene alcR, que codifica um fator de
transcricao responsavel pela ativagdo da expressdo dos genes alcA e aldA, que por sua vez
codificam as proteinas alcool desidrogenase | e aldeido desidrogenase, respectivamente
(Pateman et al, 1983). Na presenca do etanol a proteina ALCR muda sua conformacgéao
estrutural tornando-se ativa e capaz de se ligar nas regides promotoras dos genes alcA e

aldA, e desta forma, induzindo a transcricdo dos mesmos. O funcionamento do sistema alc

45



desenvolvido por Salter et al. (1998) esta esquematizado na figura 1. O gene alcR é
controlado por um promotor geralmente constitutivo, tal como o CaMV35S, para garantir
altos niveis da proteina ALCR. Essa proteina por sua vez s6 é ativada apés a ligagdo com
etanol. JA4 o gene de interesse é controlado pelo promotor do gene alcA, cuja atividade é
dependente da proteina ALCR. Desta forma, o gene de interesse s6 sera ativado quando na

presenca de etanol (revisto por Li et al., 2005).

A) ll:
H pCaMV35S aleR tNOSH pdlcA | Ganea alun >w
¢ %I
j Sem expressio

B) m{pCaMV355 [ alcR palcA [ Gene alun>@—

Etanol < >Z@

P

Figura 1- Funcionamento do sistema alc. a) sem etanol, a proteina ALCR é produzida,
mas fica na sua forma inativa, e ndo ha producdo da proteina de interesse. b) a
aplicacdo de etanol ativa a proteina ALCR, que aciona o promotor de alcA, sendo entéo,
sintetizada a proteina do gene alvo (mofificado a partir de Li et al., 2005).

Uma vantagem do sistema alc é que o mesmo é muito sensivel a presencga de etanol,
com rapida inducdo mesmo em concentragbées muito baixas. Salter et al. (1998)
observaram que foi necessario a adicdo de apenas 0,01% (1,7 mM) de etanol no meio de
cultura para iniciar a expressao do gene CAT (chloranphenicol acetyl transferase) apés 4
horas de exposigdo. A indugdo de expressdo génica usando o sistema alc também tem sido
estudada através da absorgcdo do etanol pelas raizes ou pulverizacdo das folhas. Esses

meétodos tém sido utilizados com sucesso em plantas transgénicas de tabaco, no qual a



expressao do gene reporter CAT foi observada depois de 2 horas de aplicagdo atingindo um
pico apés 96 horas por absorgdo radicular e 24 horas depois da pulverizacdo das folhas
(Salter et al., 1998). De acordo com Sweetman et al. (2002), baixas concentragdes de
vapor de etanol também induzem de forma eficiente o sistema de expressado do gene alc em
plantas transgénicas de tabaco, batata (Solanum tuberosum) e sementes de oleaginosas
(Brassica napus). Tratamento com vapor de etanol em tubérculos de batata geneticamente
alteradas com o sistema alc induziu a expressado uniforme do gene B-glucoronidase (GUS)
(Sweetman et al., 2002). O uso de vapor de etanol como um indutor quimico também tem
sido relatado em estudos com Arabidopsis (Roslan et al., 2001) e tomate (Garoosi et al,
2005). Adicionalmente, o sistema alc tem sido usado para promover a expressao
espacialmente controlada, através da combinacdo do gene alcR com promotores tecidos
especificos que permitem a expressao apenas no tecido alvo (Devaux et al., 2003; Maizel e
Weigel, 2004).

Partindo da premissa de que o sistema alc pode ser aplicado de forma eficiente na
cultura da cana-de-agucar, o presente trabalho teve por objetivo transformar plantas de
cana-de-aglucar com um vetor de expressdo contendo o sistema alc controlando a expressao
do gene replrter gus e a partir de plantas de cana-de-acglcar geneticamente transformadas
de forma estavel com o sistema alc, validar a estratégia de controle temporal e espacial

utilizando etanol como indutor quimico.

Materiais e Métodos

1 - Construcao dos vetores

1.1 — Vetor pACNGUS

O gene gus e o terminador NOS foram retirados do vetor pBlI101.2 (Jefferson et al.,
1987) através de digestdo enzimatica com as enzimas BamHI| e EcoRI. O inserto foi entao
clonado no vetor pACN (Syngenta®, EUA; Figura 3A) digerido com as mesmas enzimas
(eliminando o gene CAT e o terminador NOS original). O novo vetor foi entdo denominado
pACNGUS (Figura 4A).
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1.2 — Vetor pUBILN

Inicialmente, o vetor pAHC17 (Christensen e Quail, 1996) foi modificado para a
adicdo de um sitio de multipla clonagem logo apés o sitio BamHI| (Figura 2). Assim, dois
oligonucleotideos complementares foram sintetizados com os sitios de restricdo das enzimas
EcoRV, Sacl, Miul e Kpnl (PLSense: 5 GATCCCGATATCGAGCTCACGCG TGGTACC3’; e
PLAnti-sense: 5 GATCGGTACCACGCGTGAGCTCGATATCGG 3’). Para a formacgdo da fita
dupla 1 nmol de cada um dos oligonucleotideos foi adicionado a solugdo contendo 10 mM de
Tris-HCI (pH 7,5), 100 mM NACI, 1 mM EDTA. Essa solucdo permaneceu em banho-maria a
94 °C durante 2 minutos e entdo, foi resfriada gradualmente a temperatura ambiente
(Schlégl et al.,, 2004). O fragmento de DNA dupla fita originado (Figura 2) foi
posteriormente ligado ao vetor pAHC17 (linearizado com a enzima BamHI) na proporgédo de
100:1 (Sambrook et al., 1989). A partir destas alteragbes o vetor pAHC17 passou a ser
denominado de pAHC17L1.

Para a construcao do vetor pUBILN o vetor pAHC17L1 foi digerido com as enzimas
Hindlll e Kpnl. O produto dessa digestdo (promotor UBI:intron:sitio de multipla clonagem)
foi recuperado do gel de agarose 0,8 % e purificado com o kit “GFX DNA and Gel Band
Purification” (Amersham Bioscience®, EUA). O terminador NOS foi amplificado por PCR para
adicdo dos sitios de restrigdo Kpnl na extremidade 5’ (oligo  sense
5’GGTACCGATCGTTCAAACATTTGGCS3’, o sitio de Kpnl aparece sublinhado) e Hindlll e Sphl

na extremidade 3’ (oligo anti-sense 5° AAGCTTGCATGC CCGATCTAGTAACATAGATGACS’, em

sublinhado estdo os sitios de Hindlll e Sphl, respectivamente). Os dois insertos (promotor
UBI e terminador NOS da nopalina sintase) foram clonados juntos no plasmideo pRT104
(Topfer et al., 1987) digerido com Hindlll. O novo vetor foi denomidado de pUBILN (Figura
4B).
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5' GATCCC GAqCTChCGCGTi'iii'_"?‘-.- 3 PL-8
frrrrrtrrr ettt
it GG CTCGAGTGCGCACCATGECTAG 5' PL-AS

Figura 2- Sequéncia de DNA inserida no vetor pAHC17. Os nucleotideos em azul
representam o sitio da enzima BamHI, reconstituido apds a ligagdo com o vetor
linearizado; os nucleotideos em verde representam o sitio da enzima EcoRV; os
nucleotideos em vermelho representam o sitio da enzima Sacl; os nucleotideos em preto
representam o sitio da enzima Mlul e os nucleotideos em rosa representam o sitio da
enzima Kpnl.

1.3 — Vetor pUBILNalcR

O gene alcR foi retirado do vetor pbinSRNACatN (Syngenta®, EUA; Figura 3C)
através de amplificacdo por PCR utilizando a enzima DNA polimerase proofreading (Platinum
Pfx tag DNA polymerase, Invitrogen®, EUA) e oligonucleotideos especificos adicionados de
enzimas de restricdo (sense 5" ACGCGTCAGATACGCGCS3 com sitio para Mlul e anti-sense
5" GAATTCCTACAAAA A GCTGTCAACTTTCC3" com sitio para EcoRI). O produto da PCR, de
aproximadamente 2,6Kb, foi recuperado do gel de agarose e subclonado no vetor pGEMT-
Easy (Promega®, EUA) apds reacdo de adenilagdo (tampao Taq 1x, ATP 0.2 mM, 5 unidades
de Tag DNA polymerase, incubagdo por 30 minutos a 70 °C). Posteriormente, o gene alcR
foi retirado do vetor pGEMT-Easy, através da digestdo com a enzima Mlul, e clonado no

vetor pUBILN clivado com a mesma enzima.

1.4 — Vetor pALCs

A construcdo pUBILNalcR (Figura 4C) foi digerida com a enzima Hindlll, liberando o
cassete “promotor ubiquitina:alcR:NOS”. Assim, 0 inserto “promotor
ubiquitina: alcR:terminador NOS3" ” foi recuperado e clonado no vetor pACNGUS linearizado
com a mesma enzima, Hindlll. O vetor resultante, contendo os dois cassetes de expresséo,
recebeu a denominagédo de pALCs (Figura 4D). A confirmacgédo da identidade das construcdes
foi obtida através de digestdes enziméticas seguida de eletroforese em gel de agarose e

também por seqlenciamento.
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Figura 3- Representacdo esquematica de vetores de expressdo utilizados. a) vetor
pACN; b) vetor pAHC17 e ¢) vetor binSRNACatN.

50



2 — Material vegetal e transformacao de cana-de-acucar

Plantas transgénicas de cana-de-agucar foram produzidas em colaboracdo com o
Centro de Tecnologia Canavieira (CTC, Piracicaba - SP), utilizando-se o genétipo Q117. A
transferéncia dos cassetes de expressao para as células vegetais foi realizada mediante a
técnica de biolistica, seguindo os protocolos e procedimentos de rotina adotados pelo
laboratério de transformacdo genética da cana-de-aglUcar pertencente ao CTC e descritos
em detalhes por Saciloto (2003). Sucintamente, para obtencdo dos calos foi utilizada a
regido meristemética apical de planta com idade de 3 meses. O meristema foi entéao
seccionado e colocado em placas com meio so6lido Cl-3clav (Saciloto, 2003) e
posteriormente, foram produzidos calos friaveis adequados para transformacao por
biolistica. Os plasmideos a serem utilizados (pALCs, pACNGUS e pHA9) foram purificados e
concentrados a 1 pg/pL e entdo, cerca de 10 pg de plasmideo foram precipitados por
centrifugacdo a 11.200 g por 1 min sob particulas de tungsténio em presencga de solucéo de
cloreto de célcio 2,5 M e espermidina ‘free base” 0,1 M. Posteriormente, o “pellet” foi lavado
duas vezes em etanol absoluto e duas vezes em etanol 95%, sendo ressuspendido em 30
ML de etanol. Quatro microlitros desta mistura foram utilizados para o bombardeamento de
cada placa de Petri. O bombardeamento foi realizado conforme descrito por Rech e Aragéo
(1998) com modificagbes citadas em Saciloto (2003). Logo ap6és o bombardeamento, os

calos foram colocados em meio de selegdo contendo geneticina.

3 — Isolamento de DNA genémico e amplificacdao por PCR

DNA genémico foi isolado a partir de discos foliares utilizando o0 método CTAB (Doyle
& Doyle, 1987). Aproximadamente 50 ng de DNA isolado foram utilizados como molde para
reacbes de amplificacdo por PCR com o objetivo de confirmar a presenga do transgene.
Diferentes combinagcbes de pares de oligonucleotideos foram utilizados para amplificar
diferentes regides do cassete de expressdo: regido do gene gus; regido do gene alcR;
regido do terminador NOS e regido do gene enddégeno SsSNAC23 (Tabela 1). A condigédo
usada para 30 ciclos de amplificacdo foi a seguinte: desnaturagdo a 94 °C por 1 min,

anelamento de primer entre 52 a 60 °C por 1 min, polimerizagdo a 72 °C por 1-1,5 min. O
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produto de PCR foi visualizado em luz UV apés eletroforese em gel de agarose 0,8 % e

coloragdo com EtBr.

Tabela 1- Descricdo dos oligonucleotideos utilizados nas reagées de PCR

Alvo Par de Sequéncia (5°-37) Produto (pb) Presenca
dligos n°
SENSE — ACGGAGAGCCACAAACG (alcA) pALCs e pACNGUs
GUS 1 ANTI-SENSE — ACGTTCTACAGGACGGACGA (GUS) ~500
SENSE — ATGTTACGTCCTGTAGAAACCC (GUS) pALCs e pACNGUS
GUS 2 ANTI-SENSE — GGGGTACCTCATTGTTTCCCT (GUS) ~2.000
SENSE — GGTACCGATCGTTCAAACATTTGGC (NOS) PALCs e
tNOS 3 ANTI-SENSE — CCGATCTAGTAACATAGATGAC (NOS) ~260 pACNGUS
SENSE — CATCTATTCATATGCTCTAACCTTG (Ubi-1)
alcR 4 ANTI-SENSE — CAATCCTTGTTCCAACGC (alcR) ~400 pALCs
SENSE — CTACAAGTTCGATCCATGGC (NAC23) Todas as plantas
SsNAC23 5 ANTI-SENSE — GTCGCCACGAACGGCAACTG (NAC23) ~470

4 — Inducao por etanol

Plantas

transgénicas e

selvagens de

cana-de-acucar foram

utilizadas nos

experimentos de indugédo por etanol. Essas plantas foram cultivadas em condigdo de casa-

de-vegetagcdo até atingirem cerca de 2 meses de idade. Dois experimentos de inducgéo

foram realizados. No primeiro experimento amostras das folhas das plantas tratadas foram

colhidas 5 horas apés pulverizagdo com etanol, para detectar a presenga da proteina GUS.

Em um segundo experimento, essas mesmas plantas foram novamente pulverizadas com

etanol, desta vez utilizando uma dose de 4% (v/v). Neste segundo experimento a coleta de

amostras de folhas foi feita apds 24 horas da aplicacdo do etanol. Em ambos experimentos,

amostras das folhas foram coletadas antes da pulverizacdo com etanol, tanto em plantas

transgénicas quanto em plantas selvagens, para serem utilizados como controle negativo

para aplicacdo de etanol.
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5 — Deteccdo de atividade de GUS

Para ensaio histoquimico de GUS, os tecidos foliares foram incubados a 37°C, em
solugdo contendo 100 mM de NaH,PO4,.H,O; 0.5 mM de KsFe(CN)e.3H.O, 10 mM
Na,EDTA.2H,0, 0,1 % de Triton X-100, 1 mM de X-Gluc (McCabe et al., 1988). Apds cerca
de 40 horas, essa solugédo foi substituida por etanol 70% e em seguida, as amostras foram
observadas visualmente e com auxilio de Ilupa estereoscopica. A atividade da B-
Glucuronidase in vitro foi determinada por ensaio fluorimétrico com o substrato 4-
methyllumberlliferil p-D-glucuronide (4-MUG) (Jefferson et al., 1987). A liberacdo de 4-
methyl umbelliferone (4-MU) foi medida através de um fluorimetro apés 10, 30 e 60
minutos de reacdo, além disso, a fluorescéncia das amostras foi visualizada na presencga de
luz UV. Para determinar a concentracao total de proteina presente nos extratos vegetais das

amostras foi utilizado o método colorimétrico descrito por Bradfort (1976).

Resultados e Discussao

O sistema alc em cana-de-acgucar

O sistema alc de indugdo de expressdo génica apresenta duas pecgas fundamentais
para o seu funcionamento: o promotor do gene alcA e o gene alcR. Além disso, para que se
torne ativo necessita do contato direto com a molécula do etanol, seu indutor quimico.
Diversos estudos com o sistema alc foram realizados em plantas (Li e al., 2005). A maioria
desses estudos utilizam o promotor constitutivo CaMV35S para controlar a expressao do
gene alcR. No entanto, apesar do promotor CaMV35S ser funcional em folhas de cana-de-
agucar, ele apresenta baixa atividade em monocotiledéneas (Jang et al., 2002; Tadesse et
al., 2003), o que poderia reduzir a eficacia da nossa estratégia. Por este motivo, o promotor
CaMV35S foi substituido pelo promotor Ubi1T do gene que codifica a proteina ubiquitina em
milho. O promotor UbifT é um promotor forte e capaz de expressar constitutivamente genes
em monocotiledbneas, de forma que proteinas recombinantes possam ser produzidas em

altos niveis (Cornejo et al., 1993).
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Construcao do vetor de expressao para transformacao de cana-de-acucar

Os vetores pACN e binSRNACatN (Syngenta®, EUA), contendo parte do sistema alc e
o sistema alc completo, respectivamente, foram a base para a construgdo de um novo vetor
de expressdo para utilizacdo em monocotiledéneas, como a cana-de-agucar. Trés vetores
preliminares foram desenvolvidos para que construgdo final contendo os cassetes

UBI:alcR:NOS e alcA:GUS:NOs pudesse ser realizada.

Vetor pACNGUS

A partir do vetor pACN, o gene que codifica a proteina cloranfenicol acetil
transferase (CAT) foi substituido pelo gene da p-glucuronidase. Desse modo, o promotor do
gene alcA, quando ativo, passa a ser 0 reponsavel pela expressdao do gene repérter gus

(Figura 4A).

Vetor pUBILN

O vetor pUBILN foi obtido pela modificacdo do vetor pAHC17 (Christensen e Quail,
1996) que contém o promotor ubiquitina de milho e o terminador NOS da nopalina sintase.
O vetor pAHC17 possui apenas um sitio de restricdo (BamHI|) capaz de favorecer a insergao
do gene de interesse entre o promotor e a regidao terminadora, tornando o mecanismo de
clonagem bastante limitado (Figura 3B). Para inser¢cdo de outros sitios de restricdo nesse
vetor dois oligonucleotideos foram desenhados (PL-S e PL-AS), de modo que um fosse
complementar ao outro, formando uma fita dupla de DNA. Esses 6ligos possuem as
seqléncias de reconhecimento das enzimas BamHIl, EcoRV, Sacl, Miul e Kpnl, que
funcionou como um sitio multiplo de clonagem. Desta maneira, o vetor pAHC17 foi
primeiramente digerido com a enzima BamHI| e em seguida o vetor foi ligado ao fragmento
de DNA contendo os sitios de restricdo. Apds a ligacdo, o sitio de BamHI foi reconstituido
em apenas uma das extremidades, uma vez que a sequéncia ap6s o sitio Kpnl é capaz de
parear com a extremidade protuberante do plasmideo linearizado, mas nao reconstitui o
sitio BamHI. Desta forma, o sitio BamHI| segue como sitio Uunico. O vetor resultante foi

chamado entdo de pAHC17/L1.
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Para facilitar a retirada do cassete de expressdo, visto que em alguns casos é
necessario a transferéncia do cassete para outro vetor, foi feita uma nova modificacdo logo
ao final do terminador NOS, com a remogéao do sitio da enzima de restricdo EcoRIl e a adigao
dos sitios para Sphl e Hindlll. Sitios de restricdo para essas duas enzimas também estavam
presentes antes do promotor Ubi1, permitindo assim, que a digestdo com uma dessas duas

enzimas fosse capaz de liberar o cassete de expressdo do vetor pUBILN (Figura 4B).

Vetor pUBILNalcR
O vetor pUBILNalcR foi resultado da clonagem do gene alcR no vetor pUBILN

formando o cassete de expressao UBI:alcR:NOS (Figura 4C).

Vetor pALCs

O vetor pALCs foi utilizado para transformacdo genética de plantas de cana-de-
acucar e foi obtido pela unido do vetor pACNGUS com o cassette de expressdao do vetor
pUBILNalcR, resultando em um vetor Unico contendo os dois cassetes de expressdo do
sistema alc (Figura 4C). Embora relatos afirmem n&o haver influéncia na orientagdo dos
cassetes na eficicia do sistema, os mesmos foram clonados em orientagdes contrérias para

evitar problemas durante a transcricao.
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Figura 4- Representacao esquematica de vetores de expressao construidos. a)
vetor pACNGUS; b) vetor pUBILN; c¢) vetor pUBILNalcR e d) vetor pALCs.
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Geracdo de plantas transgénicas de cana-de-acucar

Os vetores pALCs e pACNGUS foram utilizados separadamente para a transformacéao
genética de calos friaveis de cana-de-agucar por meio de biolistica no laboratério do Centro
de Tecnologia Canavieira (CTC, Piracicaba —SP). Vinte e uma plantulas transgénicas de
cana-de-agucar bombardeadas com o vetor pALCs foram regeneradas e outras 55 plantulas

com o vetor pACNGUS foram obtidas ap6s selecdo em meio de cultura com agente seletivo.

Avaliacdo das plantas transgénicas

Uma caracterizacdo preliminar foi realizada com uma parcela das plantulas
regeneradas para identificar os eventos positivos. A partir de DNA gendmico extraido das
folhas foram realizadas analises PCR utilizando varias combinagdes de iniciadores (descritos
em Materias e Métodos).

Inicialmente 15 plantulas pALCs e 10 plantulas pACNGUS foram analisadas por PCR.
Para a reacdes de PCR que utilizaram o par de éligonucleotideos 1, esperava-se um produto
de aproximadamente 500 pb nas plantas pALCs e pACNGUS. Os eventos testados
apresentaram um fragmento de tamanho esperado, porém de intensidade muito fraca
(Figura 5). Um fragmento de tamanho menor (~450pb) também foi amplificado e com
melhor intensidade. Além disso, houve amplificagdo em amostra de DNA de planta
selvagem. Assim, o produto amplificado pode ser resultado de anelamento inespecifico dos
iniciadores utilizados na reacado de PCR com regides do genoma da cana-de-agucar. Algumas
modificagbes no protocolo de reacgdo, temperatura de anelamento e programacéao dos ciclos
foram realizadas, mas os resultados nao apresentaram alteragbes significativas que
apontassem para a confirmacgédo da introgressao do cassete génico. Resultados semelhantes
foram obtidos com os demais pares de iniciadores testados. Os resultados obtidos com a
técnica de PCR nao foram satisfatorios e conclusivos, uma vez que ndo foi possivel
determinar com exatidao se plantas transformadas eram eventos positivos ou ndo para o
sistema alc ou se limitagbes da técnica de PCR para o sistema e organismo em questao
impediram a identificagdo dos eventos positivos. Novos testes utilizando as técnicas de

Southern blot e Northern blot serdo realizados futuramente dando continuidade ao trabalho.
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Figura 5- Eletroforese em gel de agarose 1% do produto de PCR a partir de DNA de
plantas potencialmente transformadas de cana-de-agucar utilizando o par de 6ligos 1. M
— marcador de peso molecular de 1Kb (Fermentas); 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) controle positivo
para a reacao utilizando o vetor pALCs; 15) controle negativo - planta selvagem; e 16)
controle negativo da reacdo - agua. A seta indica o tamanho aproximado de 500 pb
esperado para a banda ampificada.

Ensaios com indutor quimico e deteccdo da atividade de GUS

Devido aos resultados preliminares obtidos por PCR ndo serem conclusivos quanto a
transgenia das plantulas de cana-de-aglcar regeneradas, resolvemos entao verificar in situ
a atividade da proteina GUS. Vinte e uma plantulas obtidas para o vetor pALCs e outras 10
plantulas regeneradas com o vetor pACNGUS foram tratadas com etanol 2,5% (v/v).
Passados 5 horas apés a pulverizagcdo do etanol, a atividade da proteina GUS foi avaliada
através reacao histoquimica com substrato X-Gluc. Como esperado, plantas selvagens de
cana-de-aglUcar ndo apresentaram atividade de GUS. Plantas potencialmente transgénicas
para o vetor pACNGUS também n&o apresentaram atividade detectavel para a proteina
GUS. Esse resultado foi esperado, uma vez que o promotor do gene alcA ndo é ativado
apenas pela presencga de etanol e sim através do fator de transcrigdo AlcR ativo. Uma vez
que o sistema alc estd completo no vetor pALCs, o fator de transcricdo AlcR deve ser
constantemente expresso na planta devido ao promotor constitutivo Ubi-1. A proteina ALCR

disponivel na célula e a presenga de etanol exdgeno deveriam proporcionar a atividade do
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promotor do gene alcA e consequentemente a transcricdo do gene B-glucuronidase. Os
resultados obtidos com as plantas transformadas com o vetor pALCs foram contrarios ao
que era esperado. Nao foi detectada atividade de GUS em nenhuma das 21 plantas
analisadas. Como controle positivo desse experimento foram utilizadas folhas de petunia
transgénica contendo o gene GUS (Ulian et al., 1993; material cedido pelo CTC), as quais
apresentam forte atividade desta enzima (resultados nao mostrados).

Um segundo experimento de indug¢do por etanol foi realizado com as mesmas
plantulas de cana-de-acgucar. Desta vez, aumentou-se a dose de etanol aplicado de 2,5
para 4% (v/v) e as folhas foram coletadas 24 horas apés a aplicacdo. Como o ensaio
histoquimico é um método qualitativo e os resultados obtidos no experimento anterior ndo
foram satisfatérios, neste segundo experimento foi realizado um ensaio fluorimetrico in
vitro que € mais sensivel do que o0 método histoquimico além de permitir a quantificagdo da
atividade da proteina GUS por meio da fluorescéncia emitida pelo produto da reagcdo com o
substrato MUG (4-metilumbeliferil B-D-glucuronideo), a metilumbeliferona (Jefferson et al.,
1987). Em concordancia com os resultados obtidos nos testes histoquimios, os extratos
proteicos das plantulas transformadas com pALCs e pACNGUS, assim como de plantas
selvagens de cana-de-aglUcar (controle negativo), todas nao tratadas com etanol, nao
apresentaram atividade fluorimétrica produzida pela proteina GUS. Plantulas transformadas
com pACNGUS e com pALCs tratadas com etanol também nao apresentaram fluorescéncia.

A figura 6 ilustra os resultados obtidos pelo ensaio fluorimétrico com substrato MUG.
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Figura 6- Ensaio fluorimétrico de fluorescéncia da metilumbeliferona sob luz ultravioleta
em plantas potencialmente transformadas de cana-de-acgucar. 1) controle negativo; 2) E.
Coli expressando GUS — controle positivo I; 3) Arabidopsis transgénica expressando GUS
— controle positivo |1; 4) petlnia transgénica expressando GUS — controle positivo Il1; 5)
planta pALCs 1 sem etanol; 6) planta pALCs 1 com etanol; 7) planta pALCs 2 sem
etanol; 8) planta pALCs 2 com etanol; 9) planta pALCs 3 sem etanol; 10) planta pALCs 3
com etanol; 11) planta 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) planta pACNGUS 1 sem etanol; 18) planta 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) planta selvagem com etanol. A coloragdo escura nos tubos
2, 3 e 4 indicam atividade da enzima GUS.

Conclusodes

Até o momento, os resultados obtidos ndao foram suficientes para comprovar a
transformacdo estavel das plantas regeneradas com os cassetes de expressdo e a
funcionalidade do sistema alc em cana-de-agucar. A cana-de-aglcar por ser um organismo
de genoma bastante complexo, polipléide, pode interferir ou mesmo impedir a expressao ou
traducdo do gene repérter. Em adicdo aos testes de PCR, histoquimico e fluorimétrico,
novos testes com as técnicas de Southern blot e Northern blot serdo realizados para

analisar as plantulas de cana-de-acgucar transformadas 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 ({1, Ra, Ra, R2), and two
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for profile (I, Ry, M3, My). 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 (11, Ra, M3, M) 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 la, 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

la 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 Nikkil4 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 DATAL is given as in Kerr et al. (2001):
In(Yijrg) = p+ Ai + Dj + (AD)ij + Gy + (AG)ig + (VG)kg + €ijig,

where p is the overall mean effect, A; is the effect of the i-th array, D; is th e effect of the j-th dye, (AD);;
is the effect of the interaction between the i-th array and the j-th dye, G is the effect of the g-th gene,
(AG)q is the effect of the interaction between the i-th array and the g-th gene, (VG)gg4 is the effect of the
interaction between the k-th treatment (each time point) and the g-th gene, and ¢;;z, 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@)iy — (V@)o,. All genes that for at least one treatment k (not control) (VG)r, — (VG)oy > 0 and the
99% confidence interval does not contain zero, are selected. For those pre-selected genes the correlation
coeficient 74, p =1,2,...,7, between gene g and profile p is calculated. Gene g is assigned to profile p if
rgp > 0.9 and 7y, is the largest of {ry1,...,7¢7}. The authos define genes ”795% 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:

In(Yijg) = p+Pj+Vi+Gy+ (PV)j+ (PG)jg

+H(VG)kg + (PVG)jrg + €ijhg,

where y;14 is the expressed value for the j-th plant variety, k-th treatment and g-th gene, i is the
expression general mean , P; the effect due to the j-th plant variety, V;, is the effect due to the k-th
treatment, G, is the effect due to the g-th gene, (PV),i is the effect due to the interaction between the
j-th variety and the k-th treatment, (PG),, is the effect due to the interaction of the j-th variety and the
g-th gene, (VG)y,4 is the effect due to the interaction of the k-th treatment and the g-th gene, (PVG) ;g is
the effect due to the interaction of the j-th variety, the k-th treatment and the g-th gene, and €;;14 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. (PVG)jkg; 7 =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, Na, N3, Ny); Ny € {I; My; R }; k=1,2,3,4}.

5. Kerr’s procedure was then employed, genes were tentatively classified in one of the 4 x 3* = 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 - DATA?2

(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 T 16 nodes T 30 nodes
NPP [ PP | NPP | PP | NPP | PP NO | YES
T 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
1 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

(
(
(
(
(
(4) SOM30 NPP - SOM with 30 nodes, without pre-processing
(

)
)
3) SOM6 PP - SOM with 6 nodes, with 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
Vv 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; @ - First Quartile; Q5 - Median; Q3 - Third Quartile;
Max - Maximum; IR - Interquartile Range; £ - 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 T 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+4IB 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 — figurela.eps

This is Figure 1a.

Additional file 2 — figurelb.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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Conclusoes

O principal objetivo deste trabalho foi a identificagdo de genes expressos em folhas
de cana-de-agucar que fossem induzidos pela aplicacao foliar de uma solugédo diluida de etanol,
visando desta forma, a obtencdo de um sistema de indugao quimica para controle da expressao

génica. Os resultados obtidos no presente trabalho, nos permitem concluir que:

* A técnica de macroarranjos de DNA foi eficiente e reprodutivel durante a anélise e
identificagdo em larga escala, de genes com padrdo alterado pelo tratamento com
etanol em folhas de cana-de-agucar;

e A aplicacdo externa de etanol em folhas de cana-de-acglUcar foi responsavel pela rapida
inducao da expressédo de varios genes, tais como ERD4 e NPRI;

e O gene SsNAC23, ja descrito como induzido por estresse de frio, estresse hidrico e
herbivoria, também teve sua expressao induzida pela aplicacao de etanol em folhas de
cana-de-agucar.

e A viabilidade do sistema alc de expressdo génica ndo pode ser avaliada de forma
conclusiva até o momento em plantas de cana-de-agucar, potencialmente
transformadas com o cassete contendo o sistema alc controlando a expressdo do gene

GUS.
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