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"You have to do your own growing, no
matter how tall your grandfather was."
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Resumo

A cana-de-acgUcar é uma cultura de importancia industrial, cultivada em paises
tropicais e subtropicais. Dentre os fatores abidticos, a seca € o que mais
negativamente impacta a produtividade vegetal. Portanto, o desenvolvimento de
variedades tolerantes a seca esta relacionado com a sustentabilidade e a
viabilidade econémica da cultura. O presente trabalho pretende contribuir para um
melhor entendimento dos processos envolvidos na resposta da cana-de-acucar a
seca, através da identificacdo e validacao de alvos moleculares diferencialmente
expressos apoOs tratamento de supressao de rega (24 h), com vistas ao
desenvolvimento futuro de marcadores moleculares funcionais. Para tanto,
andlises in silico de bibliotecas HT-SuperSAGE (de raizes de variedades
tolerantes e sensiveis sob estresse e sem estresse) possibilitaram identificar alvos
moleculares relacionados a diferentes estratégias de resposta e a genes de
fatores de transcricdo (FTs). Destes, 26 alvos foram validados via RT-gPCR
(dentre os quais, duas aquaporinas e cinco fatores de transcricdo), com ao menos
dois dos cinco genes de referéncia padronizados. Adicionalmente, a analise in
silico identificou 94 genes FTs enriquecidos que controlam a expressao dos
transcritos HT-SuperSAGE mais induzidos nos dois conjuntos de cultivares
contrastantes em resposta ao estresse. Também foram identificados os
elementos regulatérios atuantes em Cis (cis-Acting regulatory elements - CARE)
mais prevalentes em regides promotoras de nove dos 146 FTs induzidos. Dessa
forma, os resultados aqui apresentados fornecem recursos valiosos de genémica
funcional para aplicacdo no melhoramento da cana-de-acucar frente ao déficit
hidrico, cujo desdobramento biotecnoldgico auxiliard na sustentabilidade da
manutencao e expansao dessa cultura.

Palavras-chave: Transcriptdmica. RT-gPCR. Expressao génica. Promotores.



Abstract

Sugarcane is a significant industrial crop and it is grown in tropical and subtropical
countries. Among the abiotic factors, drought is the one that most negatively
impacts plant productivity. Therefore, the development of drought-tolerant varieties
is related to the sustainability and economic viability of the crop. This paper aims
to contribute to a better understanding of the processes involved in the response
of sugarcane to drought, through the identification and validation of differentially
expressed molecular targets after irrigation suppression (24 h) treatment, with a
view to the future development of functional molecular markers. To this end, in
silico analyzes of HT-SuperSAGE libraries (from roots of tolerant and sensitive
cultivars under stress and without stress) made it possible to identify molecular
targets related to different response strategies and genes of transcription factors
(TFs). Of these, 26 targets were validated via RT-qPCR, (including two aquaporins
and five transcription factors), with at least two of the five standardized reference
genes. In addition, in silico analysis identified 94 enriched TFs genes that control
the expression of the most induced HT-SuperSAGE transcripts in the two sets of
contrasting cultivars in response to stress. The most prevalent cis-Acting
regulatory elements (CARE) of nine of the 146 induced TFs were also identified.
Thus, the results presented here provides valuable functional genomics resources
for application in sugarcane breeding against water deficit, whose biotechnological
development will help in the sustainability of the maintenance and expansion of
this crop.

Keywords: Transcriptomics. RT-gPCR. Gene expression. Promoters.
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1 INTRODUCAO

A cana-de-acUcar (Saccharum spp. hibrido) € uma importante
graminea de propagacdo vegetativa pertencente ao género Saccharum, tribo
Andropogoneae e familia Poaceae. Seus principais produtos sdo acucar e 0
biocombustivel etanol. Segundo a Food and Agriculture Organization of the
United Nations (FAO), a producdo mundial dessa cultura totaliza
aproximadamente dois bilhGes de toneladas de biomassa anuais, originando
um faturamento bruto de mais de 48 bilh6es de ddlares. A cana-de-agucar é
cultivada em mais de 100 paises ocupando aproximadamente 26 milhdes de
hectares e o Brasil, com 684,77 milhdes de toneladas estimadas pela
Companhia Nacional de Abastecimento (CONAB) para safra 2016/2017,
desponta como maior produtor mundial dessa cultura, sendo também o
principal processador da cana-de-agucar em acucar e etanol.

A demanda crescente por acucar e biocombustiveis tem favorecido a
expansao do setor, exigindo maior produtividade e condicbes de crescimento
em regides antes consideradas adversas, em decorréncia de fatores climaticos
e/ou de solos. Entre os estresses abidticos, o déficit hidrico € o mais prejudicial
e afeta constantemente as areas de expansdo de cultivo. Portanto, o
desenvolvimento de genoétipos de cana-de-acucar tolerantes a seca esta
estritamente relacionado a sustentabilidade e a viabilidade econdmica da
cultura.

A complexidade do carater tolerancia a seca dificulta a obtencdo de
gendtipos tolerantes ao déficit hidrico a partir de métodos convencionais, como

o melhoramento genético classico. A seca provoca um complexo conjunto de
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respostas moleculares nas plantas, que se iniciam com a percepcdo do
estresse — culminando em cascatas de transduc¢éo de sinais — e se manifestam
como alteracbes aos niveis celular, fisiologico e morfoldgico. Essas alteracdes
incluem: fechamento dos estdmatos, a repressao do crescimento celular e da
fotossintese, além da ativacdo da respiracdo celular. As plantas em condicdes
de seca também acumulam osmdlitos e sintetizam proteinas especificamente
envolvidas na toleréncia ao estresse.

Além das dificuldades para analisar a complexidade das respostas das
plantas a seca, a cana-de-acucar € um desafio do ponto de vista genético: o
complexo Saccharum spp. hibrido foi originado a partir de cruzamentos
interespecificos que resultaram em um dos genomas mais complexos do reino
vegetal. Assim, é um grande desafio tentar melhorar a cana-de-agucar para o
déficit hidrico e isso tem incentivado pesquisas de gendmica funcional,
principalmente a partir de transcriptomas, que vém obtendo sucesso em
identificar novos genes, gerar dados de regulacao génica, além de possibilitar a
descoberta de genes candidatos a marcadores moleculares funcionais.

Como milhares de etiquetas (tags) de 26 pares de bases podem ser
sequenciadas em um mesmo experimento HT-SuperSAGE (Super Serial
Analysis of Gene Expression), um compreensivo padrdo do transcriptoma pode
ser gerado, permitindo a deteccdo de milhares de transcritos diferencialmente
expressos. Essa tecnologia possibilita analises qualitativas e quantitativas do
transcriptoma de um ou mais genomas de eucariotos, a partir da mudanca da
frequéncia de, teoricamente, todo mMRNA possuidor de cauda poli-A.

O presente trabalho, a partir da metodologia de transcriptbmica HT-

SuperSAGE, apresenta uma contribuicdo para um maior entendimento dos
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processos envolvidos na resposta da cana-de-aglcar a seca atraves da
identificagcdo e validacdo de alvos moleculares de diferentes estratégias de
tolerancia a seca e de genes responsivos de fatores de transcri¢do, visando o
desenvolvimento de marcadores moleculares funcionais para uso em selecao
assistida ou mesmo uso para transformacéo genética de cultivares. Para tanto,
foram selecionados e disponibilizados seis genes de (aTUB, GAPDH, H1,
SAMDC, UBQ, 25S rRNA), utilizados na validacdo de um total de 26 alvos. Os
alvos validados neste trabalho distribuem-se em um painel de 15 diferentes
componentes de sete estratégias de resposta a seca (atenuacao do estresse
de excesso de etileno; crescimento radicular; degradacdo proteica;
detoxificagcdo oxidativa; biossintese de acidos graxos; transporte de
aminoacidos, e metabolismo de carboidratos), quatro alvos validados na
padronizacdo de genes de referéncia (PIP1-1 [estresse salino], ACC oxidase
[estresse salino], AS [déficit hidricol e PFPal [déficit hidrico]), duas
aquaporinas (PIP1-1 e PIP 1-3/PIP1-4) de um conjunto de 54 aquaporinas
diferencialmente expressas (DE) e cinco fatores de transcricdo (SCEREB5S8,
ScMYB103, ScARF43, ScNAC5 e ScZIM14) de um painel de 541 TFs DE.
Também foram identificados os elementos regulatérios atuantes em Cis (cis-
Acting regulatory elements - CARE) mais prevalentes em regides promotoras
de nove dos TFs induzidos. Esses dados fornecem pistas valiosas das
respostas de variedades tolerantes e sensiveis ao estresse, bem como sao
fontes de alvos interessantes para estudos de transgenia e desenvolvimento de

marcadores moleculares para sele¢éo assistida.
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2 REVISAO DA LITERATURA

2.1 A cultura da cana-de-agUcar

A cana-de-acUcar (Saccharum spp. hibrido) € uma importante graminea
C4, de propagacao vegetativa, com relevante habilidade em acumular elevados
niveis de sacarose nos colmos (RAE et al., 2005; DILLON et al., 2007). As
cultivares comerciais modernas dessa graminea apresentam um dos genomas
mais complexos do reino vegetal, com cariétipo 2n variando de 100 a 130
cromossomos (D'HONT et al., 1996) e um tamanho 2C estimado em 10.000 Mb
(D’HONT e GLASZMANN, 2001). Apresenta também elevados niveis de ploidia
(D’HONT e GLASZMANN, 2001), além de frequentes eventos de aneupliodia
(GRIVET e ARRUDA 2001), o que resultou em cultivares comerciais com grau
de ploidia estimado em aproximadamente 12X (WANG et al., 2010). Essa
complexidade pode ser explicada pelos cruzamentos interespecificos entre
Saccharum officinarum, S. barbieri, S. sinense e as espécies selvagens S.
spontaneum e S. robustum (D’HONT et al.,1996; GRIVET e ARRUDA 2001).

O valor dessa cultura é dado pelos seus principais produtos, o acucar e
0 biocombustivel etanol (MENOSSI et al. 2008). Também é utilizada in natura,
como racdo animal, ou como matéria-prima para a fabricacdo de rapadura,
melado e aguardente. Seus residuos também sao aproveitados na agricultura e
indastria — o vinhoto é transformado em adubo e o bagaco é queimado nas
caldeiras para geracdo de energia térmica ou convertido em etanol de segunda
geracao (CAPUTO et al., 2008; MENOSSI et al. 2008; CARDONA, QUINTERO
e PAZ, 2010; HOFSETZ e SILVA, 2012).

No ano de 2013, a producdo mundial dessa cultura totalizou

aproximadamente dois bilhbes de toneladas de biomassa e resultou em um
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faturamento bruto de mais de 48 bilh6es de ddélares (FAO, 2015). A cana-de-
acucar é cultivada em mais de 100 paises, ocupando mais de 26 milhdes de
hectares. O Brasil, com 684,77 milhdes de toneladas estimadas para safra
2016/2017 que estédo sendo cultivadas em 8,9 milhGes de hectares, expansao
de 318,4 mil hectares, ou 3,7% em comparacdo a safra anterior, desponta
como maior produtor mundial dessa cultura, como também o principal
processador da cana-de-acUcar em acUcar e etanol (FAO, 2015; CONAB,
2017). Segundo a Companhia Nacional de Abastecimento (CONAB, 2017), a
producdo nacional esta concentrada no estado de S&o Paulo responséavel pela
producdo de 381,70 milhdes de toneladas cultivadas em 4,65 milhdes de
hectares, que corresponde a 52,3% de toda a area cultivada com cana-de-
acucar no pais. Em seguida estdo os estados de Goias (com 10,4% da area
total cultivada), Minas Gerais (9,2%), Mato Grosso do Sul (6.9%), Parana com
(7,0%), Alagoas (3,8%), Pernambuco (3%) e Mato Grosso (2,6%), com os
demais estados representando (4,8%).

Apesar da expansdo em sua area de cultivo, a lavoura brasileira de
cana-de-acUcar apresentou na safra 2012/2013 um desenvolvimento aquém do
estimado e 8,3% inferior ao da safra 2011/2012. O clima foi o principal agente
da queda na produtividade, consequéncia das chuvas escassas em 2011 e
2012 para as regifes Sudeste e Centro-Oeste, que também afetaram o final da
colheita de 2012 da regido Nordeste, reduzindo a brotacdo e o
desenvolvimento da cultura em diversas regiées do pais, tanto nas areas
antigas como nas areas de renovacao e expansado (CONAB, 2012). Somando-

se as intepéries inesperadas, a cultura da cana-de-acucar esta se expandindo
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para regides nao tradicionais de cultivo, onde o déficit hidrico € o maior desafio

a sua produtividade (VIANNA e SENTELHAS, 2014).

2.2 Déficit hidrico em vegetais: Causas, consequéncias e respostas

moleculares

Os estresses abioticos, principalmente o déficit hidrico e alta salinidade,
afetam negativamente o0 crescimento e desenvolvimento vegetal,
representando uma das principais forcas seletivas durante a evolucéo vegetal
(ELSAYED, RAFUDEEN e GOLLDACK, 2014). Estima-se que 0s estresses
abioticos possam reduzir o potencial de producédo das plantas cultivadas em
até 70% e, dentre esses estresses, a seca € considerada o mais prejudicial
(GOSAL et al., 2009). A deficiéncia hidrica, devido a sua capacidade de afetar
simultaneamente um namero variado de caracteristicas morfolégicas e
funcionais nas plantas, acaba se tornando uma limitacdo importante para a
producdo agricola sustentavel em todo o mundo (SILVA et al.,, 2008). As
principais causas da seca na cultura da cana-de-aclUcar estdo associadas a
variabilidade e ma distribuicdo da pluviosidade nas areas de cultivo (FARIAS et
al., 2008), que tendem a aumentar a medida que a cultura é expandida para
regides néo tradicionais de plantio. Além disso, as previsdes climaticas até o
ano de 2030 do Intergovernmental Panel on Climate Change (IPCC) nédo séo
animadoras; sao esperados periodos maiores de calor e seca, resultantes do
aquecimento global (BATES et al., 2008) e essas condicfes climaticas devem
afetar negativamente a producao de areas de cultivo da cana-de-acuUcar.

Os principais prejuizos causados pela seca nas regides de plantio de
cana-de-acUcar sdo a reducdo de produtividade (CONAB, 2012) e o aumento

do indice de mortalidade das soqueiras, reduzindo assim o tempo de
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renovacdo dos canaviais (FARIAS et al., 2008). Como a maior parte das
plantacbes brasileiras de cana-de-aclcar é feita em regime de sequeiro (SILVA
et al., 2002), essa cultura é extremamente exposta as intempéries climaticas.

A reducdo de conteudo hidrico celular em plantas provoca um complexo
conjunto de respostas moleculares, que partem da percepcdo do estresse —
ativando cascatas de transducéo de sinas — e se manifesta como alteracdes
aos niveis celular, fisiologico e morfolégico (BRAY, 1993). Essas alteracbes
incluem: fechamento dos estébmatos, a diminuicdo do crescimento celular e
fotossintese, além da ativacdo da respiracdo celular. As plantas em condicfes
de seca ainda respondem e se aclimatam acumulando osmdlitos e proteinas
especificamente envolvidas na tolerdncia ao estresse (SHINOZAKI e
YAMAGUCHI-SHINOZAKI, 2007).

Os genes expressos durante a seca podem ser classificados em dois
grupos funcionais (SHINOZAKI e YAMAGUCHI-SHINOZAKI, 2007):

- O primeiro grupo codifica proteinas associadas a tolerancia da planta
ao estresse, incluindo aquaporinas (Maurel et al., 2008), proteinas
transportadoras de aminoacidos (TEGEDER, 2012), proteinases (KIDRIC et al.,
2014) e enzimas de remocao de espécies reativas de oxigénio (GILL e TUTEJA
2010), todas com funcéo protetora nas células. Esse grupo ainda contém as
enzimas requeridas na biossintese de osmdélitos (KIDO et al., 2013), como
prolina (Verbruggen e Hermans, 2008), acucares (FERNANDEZ et al., 2010) e
dehidrinas (ABEDINI et al., 2017)

- O segundo grupo inclui véarias proteinas componentes de vias
regulatérias, como fatores de transcricdo (SINGH et al., 2002), proteinas

quinases (BARTELS et al., 2005), fosfatases (SINGH et al., 2015), enzimas
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envolvidas no metabolismo de fosfolipidios (FOCKE et al., 2003) e na
biossintese do ABA (GUO et al., 2016).

Como indicado por Hu e Xiong (2014), uma maior elucidacdo dos
complexos mecanismos de resisténcia a seca acelerard o desenvolvimento de
novas variedades com maior resisténcia ao estresse. Boa parte desse
conhecimento pode ser obtido através da genbmica funcional, a partir de

transcriptomas expressos em diferentes condi¢des de déficit hidrico.

2.3 Andlises globais da expresséo génica

O sequenciamento total de um genoma néo esclarece muitos dos
mecanismos moleculares complexos envolvidos na regulacdo da expressao
génica. Essa etapa, conhecida como gendmica estrutural, € apenas o inicio de
um processo que visa compreender a funcdo das estruturas ativas dos
genomas. A segunda etapa, denominada gendmica funcional, consiste em
utilizar as informacdes providas pela genbmica estrutural para o
desenvolvimento de abordagens metodoldgicas aplicadas na caracterizacao
das funcdes génicas (HIETER e BOGUSKI, 1997).

Entre as tecnologias mais utilizadas para analises de expressao génica,
destacam-se 0s métodos baseados em hibridacdo — por exemplo:
complementary DNA (cDNA) microarrays (SAHA et al, 1995) - e,
especialmente, os métodos baseados em sequenciamento — Expressed
Sequence Tag (EST) (ADAMS et al., 1991); Serial Analysis of Gene Expression
(SAGE) (VELCULESCU et al., 1995) e suas versdes aprimoradas — Long Serial
Analysis of Gene Expressionl (LongSAGE) (SAHA et al., 2002) e Super Serial

Analysis of Gene Expression (SuperSAGE) (MATSUMURA et al., 2003); RNA-
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seq (MORTAZAVI, 2008) e mais recentemente a Massive analysis of cDNA
ends (MACE) (KAHL et al., 2012).

As técnicas baseadas em sequenciamento utilizam a frequéncia
observada de fragmentos dos transcritos expressos na amostra, obtidos a partir
de clones de cDNA, que devem ser sequenciados, agrupados, contados e
identificados. A abundancia de fragmentos encontrados para um determinado
gene pode fornecer uma estimativa de sua atividade na amostra estudada,
além de possibilitar a descoberta de novos genes e possiveis transcritos
alternativos (HARBERS e CARNINCI, 2005). Essas técnicas sdo consideradas
técnicas de “plataforma aberta”, ou seja, permitem ter uma visdo geral de quais
s80 0s genes que estdo sendo expressos, sem a necessidade de selecdo

prévia que existe nos métodos baseados em hibridacéo (PINHEIRO, 2009).

2.3.1 Genbdmica estrutural e transcriptdbmica na cana-de-acucar: ferramentas,

disponibilidade de dados e aplicacdes

Na ultima década, o conhecimento nas areas de genética, gendmica
estrutural e transcriptdbmica tem avancado consideravelmente com o aumento
do processamento de dados e das novas plataformas de sequenciamento de
alta performance (MARDIS, 2008; GLENN, 2011). Todavia, apesar da
importancia da cana-de-aglcar para a economia mundial (FAO, 2015) e das
novas plataformas de sequenciamento, seu genoma ainda nao esta
completamente sequenciado (SETTA et al., 2014), estando disponiveis 0 seu
DNA plastidial (GenBank: AE009947.2; CALSA JUNIOR et al., 2004),
mitocondrial (GenBank: PRINA380328) e trechos genbémicos sequenciados a
partir de BACs (REZENDE et al., 2012; SETTA et al., 2014; OKURA et al.,

2016).
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Apesar das dificuldades quanto a auséncia de genoma, foram realizados
mais de 60 ensaios, segundo busca recente (03/2017) no pubmed (termos de
busca: sugarcane AND transcriptome), em gendmica funcional a partir de
diferentes tecnologias transcriptbmicas que vém obtendo sucesso em gerar
dados de regulacdo génica, além de possibilitar a descoberta de genes
candidatos a marcadores moleculares funcionais. Abaixo ensaios que
relacionam as principais metodologias de obtenc&o de transcriptoma da cana-
de-acucar sob déficit hidrico:

1- Macroarranjos e derivados:

Rodrigues et al. (2009) monitoraram a resposta transcricional das
cultivares SP83-5073 (tolerante a seca) e SP90-1638 (sensivel a seca) frente
ao deficit hidrico de supressdo de rega (2, 8 e 10 dias), via chip de
macroarranjo composto de 3.575 clones de ESTs de cana-de-acucar. Essa
equipe identificou uma grande diferenca nos perfis transcricionais das
variedades contrastantes, onde 165 genes foram diferencialmente expressos
no acesso tolerante, enquanto que 432 genes foram diferencialmente
expressos nos cultivares sensiveis, sendo identificada a repressdo de
importantes vias relatadas ao estresse nas plantas sensiveis. Lembke et al.
(2012), por sua vez, analisaram, a partir de um arranjo de 21.901 sondas sense
e antisense de oligonucleotideos de cana-de-acUcar, a resposta da cultivar
sensivel SP90-1638 sob déficit hidrico (24, 72 e 120 h de supressédo de rega) e
detectaram 987 sondas diferencialmente expressas (928 sense e 59 antisense)
e por fim determinaram que 0S genes antisense apresentavam, em sua
maioria, 0 mesmo padrdo transcricional de seu respectivo gene sense (i.e.

guando um transcrito sense era induzido o seu respectivo antisense também
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aumentava sua transcricdo). Recentemente, Li et al (2016) performaram um
microarranjo, (4 x 44 K) com 15.593 sondas de cana-de-acUcar, na cultivar
chinesa GT21 sobre trés niveis de estresse hidrico (leve , moderado e severo;
alcancados no terceiro, sétimo e nono dia se supressdao de rega,
respectivamente) e identificaram 1.501 genes diferencialmente expressos (821
induzidos e 680 reprimidos), 901 dos quais foram anotados em 36 categorias
GO e 325 foram mapeados em 101 vias metabdlicas importantes como
biossintese de metabolitos secundarios, ribossomos, metabolismo de carbono.

2- High-Throughput Super Serial Analysis of Gene Expression (HT-

SuperSAGE):

Kido et al. (2012), a partir de quatro bibliotecas HT-SuperSAGE
[tolerante estressada (quatro cultivares tolerantes CTC15, CTC6, SP83-2847 e
SP83-5073 sob supressdo de rega por 24 h), tolerante controle (mesmos
cultivares com rega mantida), sensivel estressada (quatro cultivares sensiveis
(CTC9, CTC13, SP90-3414, e SP90-1638 sob supressao de rega de 24 h) e
sensivel controle (mesmos cultivares com rega mantida)], sequenciaram mais
de oito milhdes de transcritos que corresponderam a 205,975 tags nao
redundantes (unitags) sequenciadas, com 75.404 unitags mapeadas em
164.860 ESTSs, disponibilizando um painel de dados valioso para estudos
posteriores.

3- Sequenciamento de alta performance de microRNAS:

Ferreira e colaboradores (2012) realizaram um sequenciamento de alta
performance de oito bibliotecas de microRNAs (miRNAs) oriundos de tecido
foliar de dois cultivares, RB867515 (tolerante) e RB855536 (sensivel),

submetidos a quatro tratamentos de seca (2, 4, 6 e 8 dias de supresséo de
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rega). Esse ensaio permitiu identificar 18 familias de miRNA e, dentre todos os
21 miRNAs unicos (sem redundancia), sete foram diferencialmente expressos.
Posteriormente essa equipe validou os niveis de expressao, via RT-gPCR, de
cinco miRNAs (ssp-miR164, ssp-miR394, ssp-miR397, ssp-miR399-seq 1 e
miR528). Esses dados constituiram um aumento significante no numero de
miRNAs identificados na cana-de-agucar.

Posteriormente, Thiebaut et al (2014) analisaram a expressao de sRNA
em folhas e raizes de oito cultivares de cana-de-acucar (CTC15, CTC6, SP83-
2847 SP83-5073 e CTC9, CTC13, SP90-1638 e SP90-3414, tolerantes e
sensiveis a seca, respectivamente), em resposta ao tratamento com déficit
hidrico (24 horas de supressdo de rega), através da andlise de
sequenciamento de alta performance oito bibliotecas de sRNAs, cada uma
composta de 4 cultivares em bulk, totalizando 35 milhdes de reads nas
bibliotecas de RNA foliar e 24 milhdes de reads (raizes), permitindo detectar 28
(folha) e 36 (raiz) familias conservadas.

Thiebaut et al. (2014) constataram que genes da via de biosintese de
sRNAs foram reprimidos nas bibliotecas de cultivares tolerantes e induzidos
nas compostas por sensiveis em resposta ao tratamento de supresséao de rega.
Porém, ao se validar os dados de expressdo por genotipo em trés dos oito
acessos (SP90-1638 - sensivel; SP83-2847 e SP83-5073 -tolerantes), via RT-
gPCR, observaram respostas divergentes entre acessos tolerantes e dentro
das réplicas biol6gicas desses acessos (apenas o perfil de expressao de
miR159 foi confirmada no cultivar tolerante SP83-2847, mas ndo pelo SP83-

5073, também tolerante). Esses resultados indicaram que ao menos uma
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fracdo dos microRNAs tem uma regulagéo similar em cultivares de tolerancia
contrastante ao déficit hidrico.

4- RNA-seq:

Vargas et al. (2014) analizaram dados de sequenciamento de oito
bibliotecas RNA-seq de RNAs extraidos de raizes e brotos de plantas da
cultivar SP70-1143 inoculadas com a bactéria diazotrofica (mutualista)
Gluconacetobacter diazotrophicus PAL5 e submetidas a supressao de rega (3
dias) para caracterizar os efeitos da associacéo entre a cana-de-acglcar e este
organismo diazotréfico. Essa estratégia resultou em um transcriptoma de
referéncia composto de mais de 160 milhdes de reads (19 a 26 milhdes de
reads por biblioteca), representando 119.225 transcritos Unicos, dentre 0s
guais, 20.103 foram diferencialmente expressos nas bibliotecas nao inoculadas
com G. diazotrophicus e 25.781 nas inoculadas. Os ensaios de RT-gPCR
revelaram que as raizes inoculadas possuiam maiores niveis de colonizagéo
por G. diazotrophicus sob tratamento de supressdo de rega. Também
observaram que as plantas colonizadas pela bactéria apresentaram varios
genes que responderam a seca de maneira oposta as plantas ndo inoculadas,
especialmente em raizes, indicando que essa interacdo pode disparar a

ativacao de genes que aumentam a tolerancia a seca na planta hospedeira.

Quanto a disponibilidade de dados de genes expressos, destacam-se 0S
seguintes bancos de dados publicos:

1- NUCEST ou entrez EST (https://www.ncbi.nlm.nih.gov/nucest):

Banco integrante ao portal do National Center for Biotechnology

Information (NCBI), que apresenta para Saccharum hybrid cultivar 284.441



36

Expressed sequence tags (EST) geradas em diferentes tecidos, condi¢cbes de
tratamento e estagios de desenvolvimento.

2- Gene index project (ftp://occams.dfci.harvard.edu/pub/bio/tgi/data/):

Este banco do Computational Biology Laboratory (Universidade de
Harvard) inclui um total de 121.370 unigenes de Saccharum officinarum
consistindo de 42.377 TCs (sequencias do tipo “Tentative Consensus”) e
78.993 singletons (sequéncias nao clusterizadas).

3- SUCEST (http://sucest-fun.org/):

Um banco originado de um grande consércio de pesquisadores
brasileiros que originou a maior colecdo de ESTs de cana-de-aclucar do mundo,
com aproximadamente 238,000 ESTs originadas de 26 diversas bibliotecas de
cDNA (PINTO et al., 2004).

4- GRASSIUS (Grassius; http://grassius.ora/):

Base de dados que apresenta o conjunto completo de fatores de
transcricdo (FT) de cinco gramineas, incluindo a cana-de-acucar, com 1.354

FTs (YILMAZ et al., 2009).

2.3.2 A tecnologia SuperSAGE

A SuperSAGE (Super Serial Analysis of Gene Expression), gera um
abrangente perfil de transcricdo, a partir de andlises qualitativas e quantitativas
de padrdes de transcricdo de milhdes de tags de 26 pares de bases (pb)
sequenciadas em um mesmo experimento, oriundas de um ou mais genomas
de eucariotos por ensaio; baseando-se nas mudancas de frequéncia em RNA
mensageiros possuidores de cauda poliA (MATSUMURA et al.,, 2004). A
técnica se torna ainda mais valiosa quando combinada com tecnologias de

sequenciamento (de nucleotideos) de alto desempenho (MATSUMURA et al.
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2010; MATSUMURA et al, 2011; MATSUMURA et al., 2012). Essa
combinagao, denominada High-Throughput-SuperSAGE ou deepSuperSAGE,
fornece muito mais dados (trés a quatro ordens de magnitude), com custos
relativamente baixos, reducao de tempo e esfor¢cos quando comparados com a
utilizacéo do sequénciamento tradicional (MATSUMURA et al., 2011).

Nesta metodologia, o cDNA é sintetizado a partir de um primer /
adaptador dT. Apds a digestdo com a enzima de corte frequente, Nlalll, um
segundo adaptador é ligado ao final do cDNA clivado. Posteriormente, 0s
fragmentos com os adaptadores sao digeridos com EcoP15] (enzima de
restricdo do tipo Il de corte a 26-27 pb da extremidade 3’ do local de
reconhecimento, demoninada tagging enzime), e purificados via eletroforese de
gel de poliacrilamida para posterior sequenciamento (MATSUMURA et al.,

2008) (Figura 1).



Figura 1. Fluxograma da técnica HT-SuperSAGE.
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MRNA o™ ™ AARAAAAA

l Sintese de cDNA com primer dT

Digestéio com enzima de

ancoragem l
TCCGGTACCTCTAGATCAG
GTAC "™ TITTTTITITTIT maccam‘rcrm.
l Ligagdo do linker

C. TG — TCCGGTACCTCTAGATCAG
Adaptador
P'} CTGC! AC — CTAGGCCATGGAGATCT

26-27pb 4P Digestdo com a ‘tagging enzyme’

Adaptador

Adaptador Eiéé éié!:“
TAC
-

Tag SuperSAGE de 26-27pb

.

Sequenciamento das fags

AAAAAAAMAMAMNLC TGC TCCGGTACCTCTAGATCAG
TITTTTITTTTITT TAGGCCATGGAGATCTA

Microesferas
magnéticas

Fonte: Traduzido de Matsumura et al. (2008).

O aumento no tamanho da tag melhora significativamente a eficiéncia da

identificacdo dos genes correspondentes as tags em relagcdo as duas

metodologias anteriores - SAGE, com 14 pb (VELCULESCU et al., 1995) e

LongSAGE com 22 pb (MATSUMURA et al., 2008), proporcionando novas

aplicacdes a HT-SuperSAGE, dentre as quais estao:
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1- Observacdo simultinea de perfis da expressdo génica de duas ou mais

espécies gue estdo interagindo (como por exemplo as interacdes de parasita e

hospedeiro descritas por Matsumura et al., 2003);

2- Utilizacdo de tags para producdo de RNA de interferéncia iRNA (Matsumura

et al., 2004);

3- Utilizacdo de tags como primers para 3’RACE PCR (MATSUMURA et al.,

2003, MATSUMURA et al., 2004, MATSUMURA et al., 2008);

4- Confeccédo de chips microarray (MATSUMURA et al., 2004; MATSUMURA et

al., 2008).

Essa técnica tem sido utilizada com sucesso para estudar respostas em
plantas frente a estresses bioticos e abiodticos, identificando dezenas de
milhares de genes diferencialmente expressos, tais como, arroz (MATSUMURA
et al., 2003), banana (COEMANS et al., 2005), grdo-de-bico (MOLINA et al.,
2008; MOLINA et al., 2011), feijao-caupi (KIDO et al., 2011), cana-de-acucar
(KIDO et al., 2012), ambrosia americana (KELISH et al., 2014), lima mexicana

(CANALES et al 2016).

2.4 Programas de melhoramento da cana-de-acucar no Brasil

Devido ao seu papel na economia mundial, a cana-de-acucar esta
constantemente inserida em programas de melhoramento que visam a
introducdo de caracteristicas de interesse agrondmico, como resisténcia a
pragas e patodgenos, tolerancia a herbicidas (CIDADE et al., 2006), incluindo
também aumento no teor de sacarose (BARBOSA et al., 2015), tolerancia a
ambientes alagados (DEREN et al., 1991), seca e frio (IAC, 2015) e maturacéo

precoce (CARNEIRO et al., 2015).
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Atualmente existem no Brasil trés grandes programas de melhoramento
genético de cana-de-agucar: (I) Rede Interuniversitaria para o Desenvolvimento
do Setor Sucroalcooleiro (RIDESA, sigla RB), constituida de um convénio entre
nove universidades federais (UFPR, UFSCar, UFV, UFRRJ, UFS, UFAL,
UFRPE, UFG, UFMT e UFPI). Trata-se do maior programa de melhoramento
da cana-de-agucar brasileiro e de maior sucesso, sendo responsavel por 62%
das variedades cultivadas no pais (RIDESA, 2015); (Il) Centro de Tecnologia
Canavieira (CTC), fundado em 1969, em uma iniciativa de um grupo de usinas
da regido de Piracicaba, SP, com o objetivo de investir no desenvolvimento de
variedades mais produtivas e agregar qualidade a producéo de agucar e alcool.
Reestruturado em 2004, com o objetivo de se tornar o principal centro mundial
de desenvolvimento e integracdo de tecnologias da industria sucroenergética, o
CTC possui 0 maior e mais completo banco de germoplasma de cana-de-
acucar do mundo com mais de cinco mil variedades, resultando na capacidade
de dobrar a taxa de inovacéao do setor (CTC, 2015); (lll) Instituto Agronémico
de Campinas (IAC), precursor da pesquisa agricola no Brasil, iniciou suas
atividades em 1892, com Franz W. Dafert, cientista austriaco que desenvolveu
o primeiro estudo envolvendo 42 variedades nobres de cana (Saccharum
officinarum) em duas condi¢cdes de cultivo. Nas décadas de 40 e 50, foram
avaliados os primeiros genotipos desenvolvidos em Campos e Piracicaba, que
resultaram nas primeiras variedades criadas no Brasil. Atualmente, o programa
foi responsavel pelo lancamento de 39 variedades de cana-de-acucar (IAC,
2015).

A despeito do sucesso de producdo obtido em variedades de cana-de-

acucar advindas de programas de melhoramento genético classico, o
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langamento de uma nova variedade de cana-de-agucar demanda de oito a 12
anos de trabalho (MORAIS, 2015). Nesse sentido, uso da engenharia genética
se mostra como uma excelente oportunidade de obtencédo de uma agricultura

mais eficiente e com resultados obtidos em curto prazo.
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3 OBJETIVOS

3.1 Objetivo geral

Identificar e validar alvos moleculares de cana-de-agUcar com base em
tags HT-SuperSAGE diferencialmente expressas sob condicbes de déficit

hidrico (resposta imediata apds 24 h de supresséao de rega).

3.2 Objetivos especificos

1. Identificar novos alvos moleculares responsivos (induzidos e reprimidos)

ao déficit hidrico.

2. ldentificar, em regibes promotoras de transcritos de cana-de-acucar e

sequéncias gendmicas de sorgo, sequéncias regulatérias em cis.

3. Validar as expressoes, via RTqQPCR, de ao menos 25 alvos selecionados

com base nas tags HT-SuperSAGE.
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One of the most challenging aspects of RT-qPCR data analysis is the identification of reliable reference genes. Ideally, they should be
neither induced nor repressed under different experimental conditions. To date, few reference genes have been adequately studied
for sugarcane (Saccharum spp.) using statistical approaches. In this work, six candidate genes (aTUB, GAPDH, H1, SAMDC,
UBQ, and 255 rRNA) were tested for gene expression normalization of sugarcane root tissues from drought-tolerant and -sensitive
accessions after continuous dehydration (24 h). By undergoing different approaches (GeNorm, NormFinder, and BestKeeper), it was
shown that most of them could be used in combinations for normalization purposes, with the exception of SAMDC. Nevertheless
three of them (H1, aTUB, and GAPDH) were considered the most reliable reference genes. Their suitability as reference genes
validated the expression profiles of two targets (AS and PFPal), related to SuperSAGE unitags, in agreement with results revealed
by previous in silico analysis. The other two sugarcane unitags (ACC oxidase and PIP1-1), after salt stress (100 mM NaCl), presented
their expressions validated in the same way. In conclusion, these reference genes will be useful for dissecting gene expression in
sugarcane roots under abiotic stress, especially in transcriptomic studies using SuperSAGE or RNAseq approaches.

1. Introduction events [5-7]. Because of this complexity, the use of molecular
tools represents an attractive approach to the improvement

Sugarcane (Saccharum spp.) is a major crop with vegetative  of sugarcane breeding programs. Moreover, transcriptomic

propagation and capacity to accumulate high levels of sucrose
in the culms [1-3]. World production of this crop in 2011
resulted in about two billion tons of raw material, which
corresponded to a gross income of more than US$ 52 billion
[4]. Despite the economic importance of sugarcane, the
knowledge of relevant genetic mechanisms remains chal-
lenging, due to the fact that this crop presents one of the
largest and most intricate genomes of the plant kingdom,
with diploid numbers ranging from 100 to 130 chromosomes,
indicating a high ploidy level, as well as regular aneuploidy

studies have been prioritized, allowing identification of can-
didate genes involved in developmental processes and plant
responses to environmental cues, which have eventually led
to the discovery of functional molecular markers [8]. Reverse
transcription quantitative real-time PCR (RT-qPCR) is based
on a high specific polymerase chain reaction associated with
sensitive fluorescence, allowing the detection of variations
in gene expression, including discreetly transcribed genes
[9, 10]. This technology has been used as a diagnostic tool for
identification of plant pathogens, transgene expression [9],



and human diseases [11, 12] and confirmation of transcrip-
tional profiles generated by different methodologies, such
as EST libraries [13], Microarray [14], HT-SuperSAGE [15],
and RNAseq [16]. The reliability of RT-qPCR data based
on relative quantification is depending upon comparative
transcription of target genes to stable reference genes [17, 18].
The use of reference genes that undergo changes in tran-
scription across experimental groups can dramatically alter
the conclusions on targeted gene expression [18]. In order to
test for normalization of reference gene expression, several
statistical algorithms, such as GeNorm [17], NormFinder
[19], and BestKeeper [20], have recently been developed.
Despite the importance of proper reference gene selection for
reliable and accurate RT-qPCR assays, most reports involving
sugarcane have not described, or compared, methods in
order to determine the efficiency of reference genes [21-
23], suggesting arbitrary criteria for this selection. To our
knowledge, only one systematic study aimed to assess, stan-
dardize, and validate reference genes (GAPDH, p-tubulin,
B-actin, and 25S rRNA) for tissue and genotype-specific
gene expression analysis in sugarcane [24]. Additionally, this
kind of study has not been carried out before under stress
conditions which often alter the behavior of some genes.
Thus, a rigorous selection of reference genes for expression
profiling validation in sugarcane under biotic or abiotic stress
was yet to be described. In the present work, screening
and validation of new reliable reference genes for expres-
sion analysis in sugarcane roots were carried out. Besides,
additional resources for target validation were evaluated,
especially considering comprehensive transcription profiling,
like those provided by HT-SuperSAGE [25], in sugarcane,
revealing hundreds of candidate genes responsive against
drought stress, requiring subsequent validation.

2. Materials and Methods

2.1. Plant Material and Treatments. Sugarcane drought assay:
accessions were previously evaluated in a glasshouse trial
conducted by the Center for Sugarcane Technology (CTC)
in Piracicaba, Brazil (22° 41' S; 47° 33' W), aiming to identify
drought-tolerant and drought-sensitive ones. Four accessions
were selected as drought-tolerant (CTC6, CTCI5, SP83-
2847, and SP83-5073) and another four as drought-sensitive
(CTCY, CTC13, SP90-3414, and SP90-1638). Some of them
were previously reported as tolerant and sensitive to drought
based on chlorophyll and water content measurements
together with field observations [28]. Briefly, for the drought
stress assay, plants of each accession were grown under
glasshouse conditions (30.2+5.7°C (maximum), 16.8 +1.9°C
(average), and 9.3 + 3.0°C (minimum) and 71.5 + 5.1%
(average) relative humidity under natural photoperiod) in
40 L pods in a randomized experimental design (compris-
ing six repetitions) under daily irrigation (4 L:h™") until
reaching three months of age. Plants were submitted to
drought conditions by continuous dehydration caused by the
interruption of irrigation during 24 hours. Roots of both,
stressed and unstressed plants, were collected, immediately
frozen in liquid nitrogen, and stored at —80°C until total RNA
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extraction. On the other hand, the salinity stress assay was
performed as follows: acclimated plants of the RB931011 clone
in vitro cultivated (referred to as salt tolerant by the Brazilian
RIDESA program of sugarcane breeding) were grown in a
greenhouse (UFPE, Recife, PE, Brazil; 8° 04'S, 34° 55'W) in
pots containing washed sand (washed) and they were watered
daily with Hoagland solution, throughout three months.
Later, NaCl (100 mM) was added to the nutritive solution
as the salt stress. Roots from both stressed and nonstressed
(negative control) plants were collected after stress induction
(30 and 90 min) and immediately frozen in liquid nitrogen
until a total RNA extraction was performed.

2.2. Total RNA Isolation, Purification, cDNA Synthesis, and
HT-SuperSAGE Libraries. Total RNA was extracted with
RNeasy Mini kit (Qiagen) according to the manufacturer’s
instructions, treated with DNAse (Qiagen), and purified
with RNeasy Mini kit (Qiagen). RNA samples were quan-
tified using Quant-iT RNA assay kit (Invitrogen) with the
Qubit fluorometer (Invitrogen). RNA integrity was verified
in 1.5% agarose gel electrophoresis with blue-green loading
dye (LGC Biotechnology) staining. The purified RNA (1 ug)
of each sugarcane accession was reverse-transcribed using
QuantiTect Reverse Transcription Kit (Qiagen) according
to the manufacturer’s instructions and resuspended in a
final volume of 20 uL. The cDNA synthesis reaction was
incubated at 42°C for 2 minutes (genomic DNA digestion),
42°C for 15 minutes (reverse transcription), and 95°C for
3 minutes (enzyme inactivation) and stored at —20°C. The
procedures for HT-SuperSAGE library generation followed
Matsumura et al. [29], including the attachment of library-
specific adaptors carried out by GenXPro GmbH (Frank-
furt, Germany), allowing the identification of library-specific
reads after SOLEXA sequencing. Concerning the drought
stress, four libraries were generated as described by Kido
et al. [25]: the bulk of tolerant accessions under stress and
the respective negative control and the bulk of sensitive
accessions after stress and the respective negative control.
The bulks were composed by equimolar amounts of poly-A*
mRNA from all accessions comprising the respective library.
In relation to the salt stress, equimolar amounts of total RNA
from each sample/time were assembled to compose the two
bulks used to generate the SuperSAGE libraries (stressed and
control).

2.3. Primer Design, Amplification Efficiency, and RT-qPCR
Analysis. Sugarcane ESTs (Table1) from dbEST database
(http://www.ncbi.nlm.nih.gov/nucest), related to indepen-
dent pathways as an attempt to minimize the effects of
coregulation, were used for primers design with the Primer
3 software [30] with minor modifications: the amplicon
length range was set to 70-200 bp, the melting temperatures
were between 40°C (minimum), 50°C (optimum), and 60°C
(maximum), and the CG content ranged from 45 to 55%
(optimum of 50%). In relation to H1 and SAMDC, the
primers sequences were obtained from the literature [23].
All primer pairs were synthesized by Bioneer Corporation
(South Korea) and some details of these primers are given
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in Tablel. An initial standard PCR was performed with
the potential reference genes, using the sugarcane cDNA
samples (bulk of tolerant and sensitive accessions), in order
to investigate the PCR products. Amplicons were analyzed
on 1.5% agarose gel electrophoresis followed by blue-green
loading dye staining (LGC Biotechnology). Additionally, a
dissociation curve analysis was made, in RT-qPCR assay, to
confirm the specificity of the amplification by the candidate
genes. Calibration curves using a dilution series of the
c¢DNA pool (1, 107", 1072, 107, and 107*) were made to
calculate the PCR amplification efficiencies (E = 107 /slopey
[27] for each quantified candidate gene, their respective
correlation coefficients (R), and y interceptors. The RT-
qPCR amplifications were performed on LineGene 9660
model FQD-96A (Bioer), using SYBR Green detection. Each
reaction mixture comprised 1 4L of template cDNA (diluted
5-fold), 5 uL of HotStart-IT SYBR Green qPCR Master Mix
2x (USB), 0.05uL of ROX (normalization dye), 1.95uL of
ultrapure water, and 1L of each primer (0.05 M), forming
a final volume of 10 uL. Three biological and three technical
replicates were used in each run for RT-qPCR analysis, and a
no template control (NTC) was also included. The reactions
were subjected to an initial denaturation step of 95°C for
2 min, followed by 40 cycles at 95°C for 155, 58°C for 30s,
and 72°C for 30 s in 96-well reaction plates. The dissociation
curves were analyzed at 65-95°C for 20 min after 40 cycles.
The baseline and quantification cycle (Cq) were determined
using the LineGene 9600 software (version 1.1.10).

2.4. Data Analysis. The potential reference genes were
ranked, and the number of candidate genes required for
an optimal normalization was indicated according to their
gene expression stability using sugarcane cDNA samples,
after being analyzed by the GeNorm (version 3.5) [17],
NormFinder (version 0.953) [19], and BestKeeper (version
1) [20] software. The GeNorm and NormFinder input data
were based on relative quantities applying the AACq method
[31]. The GeNorm software determines the reference gene
stability measurement (M) as the average pairwise variation
of each reference gene with all the other reference genes
and enables the elimination of the least stable gene and
the recalculation of the M values, resulting in the ranking
of the most stable genes. The average expression stability
value (M-value) was a parameter for quantification of stable
reference gene candidates, in which a low M-value indicated
a more stable expression [17]. The NormFinder tool was
applied to identify and rank the most suitable genes for
RT-qPCR normalization from the set of candidates, con-
sidering intragroup and intergroup variations, in a model-
based approach of mixed linear effect modeling [19]. The
BestKeeper software, using raw Cq values as input, was
applied to identify the most stable expressed genes by a
Pearson correlation coefficient (geometric mean of Cq values
of candidate genes), calculating the standard deviation (SD)
of Cq values among the entire data set. The relative gene
expression levels (based on the relative quantities after the
AACq method) were evaluated with the REST® tool (Relative
Expression Software Tool, version 2.0.13), which bases its
performance on pairwise comparisons using randomization

47

The Scientific World Journal

and bootstrapping techniques (Pairwise Fixed Reallocation
Randomization Test) [32]. The normalization of the RT-
qPCR was performed by taking the geometric averages of
the combined reference genes, using the negative control to
normalize this relative expression, and testing the hypothesis
of significant differences between the control and treatment.
With the input of multiple target and reference genes and
based on the normalized values of the target genes, the
software indicates the direction of the difference between the
groups, as well as their P value. Also, the MIQE guidelines
(The Minimum Information for Publication of Quantita-
tive Real-Time PCR Experiments) [26] were followed in
order to increase transparency and reliability of the results
obtained.

3. Results

3.1. RNA Integrity, Specificity, and Efficiency Amplifications.
All the reference candidate genes (aTUB, GAPDH, HI,
SAMDC, UBQ, and 25S rRNA) amplified the cDNAs gen-
erated from the RNAs samples (Supplemental Figure 1(a) in
Supplementary Material available online at http://dx.doi.org/
10.1155/2014/357052) using the proposed primers. Based on
standard PCR amplifications, only a single product was
observed with a specific primer pair (Supplemental Figure
1(b)) and these results were supported by the dissociation
curve analysis (Supplemental Figure 1(c)). Based on the
standard curves using a serial dilution of the cDNA pool
(Supplemental Figure 2), the real-time PCR amplification
efficiency (E), considering the selected six candidate genes,
ranged from 98.34% to 100.89%, with correlation coefficients
(R) varying from 0.984 to 0.999, while the slopes ranged
from -3.50 to —3.21 (Table 2). Considering the efficiency
of 100%, the value of the expected slope should be -3.32,
while slopes ranging from -3.10 to —3.58 would represent
efficiency comprising 90% to 110%, thereby characterizing
acceptable reactions. These parameters derived from the RT-
qPCR analysis, and others in accordance with the MIQE
Guidelines, are shown in Tables 2 and S2. The results showed
favorable conditions for amplification, efficiency in successive
dilutions, and acceptable variations in gene expression across
samples, representing potential for choosing a suitable refer-
ence gene. Thus, in gene expression studies, fluctuations due
to pipetting errors, variations in the quantification of samples,
or the concentration of reagents could be normalized with the
aid of these suitable reference genes [33].

3.2. Gene Expression Stability of the Reference Gene Candi-
dates. The six candidate genes selected for normalization
(aTUB, GAPDH, HI, SAMDC, UBQ, and 25S rRNA) in
RT-qPCR tests showed Cq values ranging from 13.06 to
28.00 (Supplemental Table S1). Most of the candidate genes
presented Cq values with slight variations (below one cycle),
except UBQ and SAMDC. Based on these values, 255 rRNA
was the most abundantly transcribed gene (average Cq =
14.00), while «TUB was the least abundant (average Cq =
27.48). These data, in order to assess the gene expression sta-
bility of the reference gene candidates, were used in GeNorm
[17], NormFinder [19], and BestKeeper [20] analysis.
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TaBLE 3: Expression stability values for sugarcane candidate calculated by NormFinder and BestKeeper software.
Rankitig NormFinder analysis BestKeeper analysis

Gene name M Gene name CV £ SD

1 «TUB 0.11 Hl (1.06 + 0.26)
2 H1 0.16 «TUB (1.06 + 0.29)
3 GAPDH 0.19 GAPDH (1.33+£0.31)
4 25S rRNA 0.28 25S rRNA (3.89 +0.55)
5 UBQ 031 UBQ (2.04 £ 0.50)
6 SAMDC 0.33 SAMDC (2.53 +0.57)

M: average expression stability value; CV: coefficient of variance; SD: standard deviation; aTUB: alpha-tubulin; HI: histone Hl; GAPDH: glyceraldehyde 3

phosphate dehydrogenase; 255 rRNA: 25S ribosomal RNA; UBQ: ubiquitin; SAMDC: S-ad ylmethionine decarboxylase.
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s 0.151
£ 070 s 0150 0.147
2 Z 0.145
& 2
g 0.65 g 0.140
g 0135 0.134
& 0.60 2 0.131 '
3 Z 0.130
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-
< 0.50 0.120

SAMDC  UBQ  25SrRNA H1 GAPDH Vass Vija Viss Vsss
«TUB

<— Least stable genes —> Most stable genes

FIGURE 1: Average gene expression stability values (M) of six sugar-
cane potential reference genes (aTUB: alpha-tubulin; GAPDH: glyc-
eraldehyde 3 phosphate dehydrogenase; HI: histone Hl; SAMDC: S-
adenosylmethionine decarboxylase; UBQ: ubiquitin; 255 rRNA: 258
ribosomal RNA) based on the GeNorm analysis [17].

3.2.1. GeNorm Analysis. Considering the average expression
stability values (M-value), «TUB (M = 0.61), GAPDH (M
= 0.62), and histone Hl (M = 0.63) were the most stable
genes while SAMDC represented the most variable (M =
0.87) gene. However, all of them showed an expressive high
stability with M-values below 1 (Figure 1), suggesting that
all the six candidates may be adequate for normalizing gene
expression data under the conditions used in the present
work. Besides, based on the pairwise variation (V) data
(Figure 2), it was possible to determine the optimal number
of reference genes required for the relative quantification
analysis and to investigate the effect of gene addition in this
normalization. The data suggested that the addition to the
two most stable genes (aTUB and GAPDH) considering a
third gene (V,/; = 0.15; Figure 2), a fourth (V;, = 0.14),
or even more genes (V5 and V;; Figure 2) still exhibited
desired values (below 0.15 as proposed by Vandesompele
et al. [17]). To normalize the gene expression in the above
mentioned sugarcane samples, « TUB, GAPDH, and H1 seem
to be sufficient (Figure 1).

3.2.2. NormFinder and BestKeeper Analysis. Basically, the
gene expression stability ranking provided by the Norm-
Finder and BestKeeper software exhibited the same order,

FIGURE 2: Pairwise variation (V) analysis for six potential reference
genes of sugarcane (a-tubulin, glyceraldehyde 3 phosphate dehydro-
genase, histone H1, S-adenosylmethionine decarboxylase, ubiquitin,
and 255 rRNA) based on the GeNorm analysis [17]. The addition to
the two most stable genes («TUB and GAPDH) of a random third
gene (V,/; = 0.15), a fourth gene (V;,, = 0.14), or even more (V5
and V) still exhibited desirable values (basically below than 0.15).

with only the first two candidates switching places comparing
the ranking (Table 3). The two software programs identified
histone H1 (M = 0.28; CV + SD = 1.06 + 0.26) and aTUB
(M = 0.32; CV + SD = 1.06 + 0.29) as the most stable
genes, followed by GAPDH, 25S rRNA, UBQ, and SAMDC
(see respective values in Table 3). Again, SAMDC showed the
highest instability, in agreement with the GeNorm results.
All the three software programs presented fairly consistent
results showing the first three (Hl, aTUB, and GAPDH)
as the most stable and reliable genes for RT-qPCR data
normalization. Two of them (HI1 and a«TUB) are reported
as RT-qPCR normalizing genes suitable for sugarcane roots
under abiotic stress for the first time.

3.3. Normalization of Target Genes. In order to assess the
applicability of the recommended histone Hl, aTUB, and
GAPDH as reference genes in relative expression studies
using RT-qPCR, four targets based on sugarcane Super-
SAGE unitags annotated as glutamine-dependent asparagine
synthetase (AS, EC 6.3.5.4), pyrophosphate fructose-6-
phosphate 1-phosphotransferase alpha subunit (PFPal, EC
2.71.90), plasma membrane intrinsic protein (PIPI-1), and 1-
aminocyclopropane-1-carboxylate oxidase (ACC oxidase, EC
1.14.17.4) were evaluated (Table 4). HT-SuperSAGE survey
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FIGURE 3: Relative expression of glutamine-dependent asparagine synthetase (AS), pyrophosphate-fructose 6-phosphate 1-phosphotransfer-
ase (PFPal), plasma membrane intrinsic protein 1-1 (PIP1-1), and 1-aminocyclopropane-1-carboxylate oxidase (ACC oxidase) by the REST
software v. 2.0.13 (after the AACq method) in cDNAs of sugarcane roots under abiotic stress (24 h of continuous dehydration or salt stress;
100 mM NaCl), normalized by the reference genes H1, «TUB, and GAPDH. (a) Tolerant bulk (CTC6, CTCI15, SP83-2847, and SP83-5073
accessions) compared to its negative control. (b) Susceptible bulk (CTC9, CTCI13, SP90-1638, and SP90-3414) compared to its negative control.
(c) Salt-tolerant accession (RB931011) after 30 min of salt stress compared to its negative control. (d) RB931011 after 90 min of salt stress
compared to its negative control. Relative expression with the median value (horizontal dotted line at the colored box) and range comprising
100% of the observations (horizontal bars), being 50% of them in the confidence interval at 95% (colored box).

pointed SD282748 unitag as a potential AS being upregulated
1.92 times in the drought-tolerant bulk after the stress (24 h
of continuous dehydration) as compared to the unstressed
control while no relevant unitag frequency change was
observed (P < 0.05) with the sensitive contrast (Table 4).
The RT-qPCR relative quantification results confirmed the
overexpressed status in relation to both ¢cDNA bulks with
1.473-fold change for the tolerant bulk compared to its neg-
ative control (Figure 3(a)) and no significant change (1.038

times) considering the sensitive bulk in the comparative con-
trast (Figure 3(b)). In turn, SD179780 unitag (annotated as
PFPal) did not respond (P < 0.05) to water deficit stimulus in
any contrast analyzed involving sugarcane drought-tolerant
or -sensitive accessions, in agreement with the RT-qPCR
results, showing constitutive expression of this gene (Figures
3(a) and 3(b), resp.). In an attempt to explore the use of the
proposed reference genes, a target relative to the ASS122537
unitag (ACC oxidase) from the salt HT-SuperSAGE libraries,



51

The Scientific World Journal

TABLE 4: Relative expression rates of target genes (PFPal, AS, PIP1-1, and ACC oxidase) based on RT-qPCR with roots, cDNAs of sugarcane
accessions under abiotic stress, and respective unitag regulation by SuperSAGE analysis covering drought® stress (24 h of continuous

dehydration) or salt” stress (100 mM NaCl).

. - &
Unitag Asifctation SuperSAGE [FC/Regulation” ] RT-qPCR
Tolerant Sensitive Tolerant Sensitive
SD282748" AS 1.92°/UR -1.10°/ns 1.473°/UR 1.038"/ns
D179780" PFPal 1.99°/ns -1.07"/ns 0.756"/ns 1.403°/ns
; 2.174/UR (30")
ASS122537° ACC oxid 1.95/UR - -
oxidase 1.830/ns (90)
U
AS5140030° PIPL-1 ~13U/ns - 0.805/ns (30') -

1.057/ns (90")

AS: glutamine-dependent asparagine synthetase (EC 6.3.5.4); PFPal: pyrophosphate fructose-6-phosphate 1-phosphotransferase alpha subunit (EC 2.7.1.90);
ACC oxidase: I-aminocyclopropane-1-carboxylate oxidase (EC 1.14.17.4); PIP1-1: plasma membrane intrinsic protein. “Bulk with four accessions by each library;
FC: fold change [ratio of the frequencies (normalized to 1,000,000) observed in the stressed library in relation to the control library]; “relative expression level
by REST software (v.2.0.13) after the AACq method, * P < 0.05 [27]; UR: upregulated; ns: not significant at P < 0.05. The time in the parentesis represents the

salt stress exposition (min).

which was induced (UR) by the salt-tolerant accession
(1.95 times after the salt stress exposition, NaCl 100 mM),
showed overexpression after 30 min according to RT-qPCR
results (Figure 3(c) and Table 4). Another target relative to
the ASS140030 unitag (PIPI-1) from sugarcane after salt
stress presented RT-qPCR results confirming the constitutive
expression observed in silico (P < 0.05), even after the
bulk has been opened in two times of salt exposition (30
and 90 min, Figures 3(c) and 3(d) and Table 4). The same
PIPI-1 had been validated by RT-qPCR with cDNAs from the
drought-tolerant and -sensitive sugarcane accessions (24 h of
continuous dehydration) using GAPDH and 25S rRNA as
the reference genes, in a previous work, showing differential
expressions as expected by the SuperSAGE analysis [34].

4. Discussion

The understanding of sugarcane physiology under environ-
mental stress remains under intensive research, due to the
socioeconomic importance of this crop and the increasing
unpredictability of environmental conditions worldwide. In
this regard, gene expression analysis is an attractive approach
to dissect plant physiological response to stress conditions.
Nevertheless, reference gene selection has received limited
attention in sugarcane. RT-qPCR is currently one of the most
used techniques for gene expression analysis, due to its rapid,
specific, and highly sensitive parameters. However, problems
with RNA samples variations, standardization, and protocols
efficiency (RNA extraction, RT, and qPCR) have routinely
been observed [35]. Furthermore, the choice of normalizing
genes remains one of the most time consuming and dif-
ficult steps in RT-qPCR. It requires reference genes to be
constitutively expressed under external stimuli. Additionally,
it needs to exhibit little or no behavior change in different
cell types or tissues, as well as in specific developmental
stages and experimental conditions [36-38]. Stal Papini-
Terzi et al. [21] described transcriptional profile of signal
transduction events in different sugarcane tissues, using
reference genes selected based upon the literature (tubulin

and actin), microarray data, and ESTs (polyubiquitin and 14-
3-3 proteins). To individually normalize gene expression in
sugarcane under certain conditions, Rocha et al. [22] relied
upon four reference genes (14-3-3, polyubiquitin, GAPDH,
and 25S rRNA). Moreover, Rodrigues et al. [23] used -
tubulin as the reference gene based on previous data [24]. To
our knowledge, Iskandar et al. [24] represented an attempt
to prospect stable sugarcane reference genes by checking the
reliability of four genes (f-actin, -tubulin, GAPDH, and 25S
rRNA) in leaf, root, and internode tissues of some sugarcane
cultivars and representatives of Saccharum genus, but none of
them under abiotic stress. According to the authors, GAPDH
was the most stable gene (CV = 51%) comparing different
tissues, followed by f-actin and B-tubulin (CV = 81% and
68%, resp.); regarding species, f-actin showed the lowest
coefficient of variation (31%) followed by GAPDH (33%).
Although these methods are useful for prospecting candidate
reference genes [21] or addressing gene expression using
validated reference genes for target tissues [22, 23], selection
using more appropriate statistical approaches should be the
method of choice for identification of new reliable refer-
ence genes. In this way, software programs like GeNorm,
NormFinder, and BestKeeper have assisted researchers by
indicating reference genes suitable for expression profiling
normalization studies [39]. In the present study, a group
of potential reference genes (aTUB, GAPDH, H1, SAMDC,
UBQ, and 25S rRNA) were evaluated by the three software
programs, in order to evaluate their reliability for expression
profiles normalization in sugarcane roots under abiotic stress
(24 h of continuous dehydration). Basically, all three software
programs pointed histone Hl, «TUB, and GAPDH as the
most reliable reference genes, with some of them switching
places in the ranking. This set of genes was employed here
as reference genes to validate sugarcane cDNAs relative
to unitags from SuperSAGE libraries composed of roots
of plants after stress exposition. Thus, the gene expression
stability ranking provided by NormFinder and BestKeeper
software showed the same order after the third place. Besides,
based on the GeNorm analysis and M-values, all the six can-
didates may be suitable for normalizing gene expression data



The Scientific World Journal

52

TaBLE 5: Potential reference gene combinations (and number of genes involved in each comparison) used in gene expression normalization
of glutamine-dependent asparagine synthetase (AS), with cDNAs of sugarcane accessions (root under drought stress, 24 h of continuous

dehydration).

Comparison  Gene combinations Number of genes Expression” value P value Regulation
1 «TUB, H1, and SAMDC 3 1.431 0.112 ns
2 GAPDH, 258 rRNA, and SAMDC 3 1.482 0.009 ns
3 «TUB, H1, GAPDH, 25S rRNA, and SAMDC 5 1.496 0.113 ns
4 aTUB, H1, UBQ, and SAMDC 4 1.557 0.105 ns
5 UBQ and SAMDC 2 1.595 0.305 ns
6 «TUB and H1 2 1519 0.000 UR
7 GAPDH and 255 rRNA 2 1.600 0.017 UR
8 aTUB, H1, GAPDH, and 255 rRNA 4 1.559 0.011 UR
9 «TUB, H1, and UBQ 3 1.667 0.033 UR
10 GAPDH, 258 rRNA, and UBQ 3 1.725 0.017 UR
11 «TUB, H1, GAPDH, 25S rRNA, and UBQ 5 1.640 0.017 UR

“REST software analysis after the AACq method. UR: upregulated; ns: not significant at P < 0.05; «TUB: alpha-tubulin; H1: histone Hl; SAMDC: S-
adenosylmethionine decarboxylase; GAPDH: glyceraldehyde 3 phosphate dehydrogenase; 255 rRNA: 258 ribosomal RNA; UBQ: ubiquitin.

as presented here. But, combining the two best candidates
(aTUB and H1) with the most variable one (SAMDC, M =
0.87), as reference genes normalizing the target AS (induced
in SuperSAGE analysis), the REST software did not detect
the expected overexpression (comparison 1, Table 5) due to
the SAMDC largest standard deviation (SD) influencing the
P value calculated, consequently leading to a false negative
and possible misinterpretation of data. Alias, any other
combination including SAMDC as reference gene did not
reveal the alleged overexpression (comparisons 2-5, Table 5),
indicating that this gene is not suitable for gene expression
normalization in roots of sugarcane accessions under the
evaluated stress. However, Hong et al. [40] reported SAMDC
as the most reliable reference gene in grass Brachypodium
distachyon when evaluated under four abiotic stress condi-
tions (high salt (300 mM), cold (4°C for 5h), heat (42°C
for 2h), and drought (400 mM mannitol)). In addition, Li
and Chen [41], when describing SAMDC as a target gene,
verified that this gene was induced in roots of rice seedlings at
three leaf stages (after application of 171 mM salt for 24 h and
20 mM exogenous abscisic acid (ABA) and dehydration using
15% PEG6000). These results highlight the need to choose
appropriate reference genes for each experiment, especially
under stress conditions.

On the other hand, the other five genes («TUB, GAPDH,
Hl, UBQ, and 25S rRNA) could be successfully employed
in the normalization analyses, composing different combi-
nations of reference genes (comparisons 6-11, Table 5), with
similar results to that observed for the proposed set (Hl,
«TUB, and GAPDH). In relation to the 255 rRNA gene, it
was the most abundant transcript (Cq 13.06), in agreement
with results previously obtained from rice (Cq values of 15
[42]) and sugarcane (Cq values of 16.6 [24]). This can be
explained by the fact that rRNA comprises the majority of
total RNA present in a cell and, thus, further dilution for its
use in RT-qPCR approaches [43] would be required. In the
present work, only a 1:5 dilution was applied. Furthermore,
the abundance of transcripts can affect the stability and,

therefore, the normalizing results for the reference gene
candidates [44]. In turn, GAPDH was also one of the most
stable genes, confirming it to be an appropriate reference gene
for experiments involving sugarcane roots under water deficit
conditions. Concerning aTUB, it was indicated by GeNorm
as the most stable gene using the bulks of accessions, both
under regular irrigation and after 24 h of continuous dehydra-
tion. By the NormFinder and BestKeeper analysis, this gene
was the second most appropriate reference gene. However,
Fan et al. [38] assessing the reliability of reference genes in
14 different tissues and developmental stages of Phyllostachys
edulis observed that aTUB showed a larger variation (M =
1.94) among all candidates. Similar results were reported by
Zhong et al. [45] with litchi (Litchi chinensis Sonn.) under
several experimental conditions (tissues, organs, develop-
mental stages, and varieties), showing «TUB as the most
variable gene among 10 candidates. Under biotic and abiotic
stresses «TUB also displayed instability, as demonstrated by
Die et al. [39], Hong et al. [40], and Zhu et al. [46]. Thus,
the selection of suitable reference genes to normalize gene
expression in sugarcane and other plant species seems to be
essential because reference genes may be differently regulated
in different species, displaying particular gene expression
patterns [43]. The proposed reference genes (H1, aTUB,
and GAPDH) validated the gene expression of sugarcane
cDNAs related to SuperSAGE unitags, showing upregulation
or even constitutive basis, in the mentioned drought assay.
Among those targets, AS is a crucial component of the
asparagine synthesis, acting as a key member in nitrogen
assimilation, recycling, and storage in higher plants [47]. The
overexpression results observed in the present study sup-
ported those found in a previous microarray [48] showing AS
induction in wheat accession considered tolerant to drought
after 36 h of irrigation suppression. AS were also detected
by RT-PCR, using mRNA samples from roots and shoots
(two-week-old plantlets), significantly induced after salinity
(250 mM), osmotic stress (using mannitol 5.0% (w/v)), and
exogenous abscisic acid (ABA) application (20 mM) [49].
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Altogether, these results indicate the involvement of the AS
gene in response to several stresses. Considering PFP«l, the
constitutive expression observed in the present assay has been
reported previously and was in agreement with Lim et al.
[50] who demonstrated by semiquantitative RT-PCR that
the expression of PFPal in wild-type Arabidopsis was also
constitutive in different tissues (roots, leaves, and flowers)
and also in distinct developmental stages (15, 25, and 45
days after planting). PFPal is responsible for the addition
of phosphate to the second D-fructose 6-phosphate in the
glycolysis pathway [51] and is essential for maintenance of
carbohydrate metabolism and other processes in plant cells
[50]. In sugarcane, PFPs are known to play a prominent
role in sucrose accumulation, especially in immature and
metabolically active tissues, taking part in glycolysis and in
carbon compartmentalization [52].

The effort to explore the use of the proposed reference
genes (H1, aTUB, and GAPDH) normalizing the expressions
of sugarcane cDNAs (associated with SuperSAGE unitags)
also from roots of plants under salt stress (100 mM) was
effective in a preliminary study. This way, the induction
of ASSI122537 unitag (annotated as ACC oxidase, enzyme
responsible to convert the ethylene precursor ACC to ethy-
lene, [53]), as revealed by in silico SuperSAGE analysis, was
confirmed by RT-qPCR after 30 minutes of salt exposition
(tolerant accession), suggesting that rapid ethylene produc-
tion is an adaptive response to the new conditions imposed
by the salt stress to the evaluated genotype. Unfortunately
this overexpression was not detected during the 90 min of
stress exposition. Nevertheless, there is evidence that a variety
of stressful conditions trigger the synthesis of ethylene [54].
Regarding salt stress, it has been observed that this hormone
signaling may be required for triggering the tolerance pro-
cess. Yang et al. [55], when evaluating Arabidopsis mutants
(ein2-5, ein3-1, and ctrl-1) and wild plants ecotype Col-0,
found that mutants insensitive to ethylene (ein2-5 or ein3-
1) were more sensitive to saline stress when compared to
their wild counterpart. The opposite was found in the mutant
sensitive to ethylene (ctrl-1), which showed significant tol-
erance to salt stress. Concerning the PIPI-1, the RT-qPCR
results showed no significant differences in any of the two
sampled times, confirming the SuperSAGE results with the
bulk comprising both sampling times. The same target in
RT-qPCR assay confirmed differential expressions expected
by the SuperSAGE analysis, with root ¢cDNAs from the
drought-tolerant and -sensitive sugarcane accessions (24 h of
continuous dehydration) and GAPDH and 25S rRNA as the
reference genes [34]. An explanation could be that the time
intervals used for stress exposition were not enough for PIP1-1
expression. In rice, Guo et al. [56] reported PIP1-1 expression
in response to salt stress (250 mM NaCl) after 2 h of stress
exposition.

5. Conclusions

The potential of the six proposed reference genes (aTUB,
GAPDH, Hl1, SAMDC, UBQ, and 25S rRNA) was con-
firmed after they were tested with cDNAs from sugarcane
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roots under drought stress (24h of continuous dehydra-
tion) and analyzed by three different software programs
(GeNorm, NormFinder, and BestKeeper). With the exception
of SAMDC, all the other candidate genes seem to be suitable
for sugarcane expression profiling normalization, but three of
them (aTUB, Hl, and GAPDH) were considered as the best
reference genes. In this study, two new reference genes were
reported for the first time for sugarcane («TUB and Hl), to
undergo a RT-qPCR validation study involving expression in
roots under abiotic stresses. Also, the present work pointed
GAPDH and 25S rRNA genes, both indicated by Iskandar et
al. [24], as reference genes in a previous study, also suitable
for use with sugarcane root under abiotic stress. Using the
proposed set of reference genes («TUB, H1, and GAPDH),
it was confirmed that the relative expression profile, with
the aid of the REST software, of cDNAs was associated with
unitags (26 bp) and annotated as AS and PFPal, using a
bulk of cDNAs relative to the drought-tolerant sugarcane
accessions (four accessions, 24 h of continuous dehydration),
in agreement with the HT-SuperSAGE data. Another two
unitags (associated with ACC oxidase and PIP1-1) had their
expression profiles validated by RT-qPCR, using cDNAs from
sugarcane roots after salt stress exposition (100 mM NaCl), in
an attempt to explore other possibilities using these reference
genes. In conclusion, this set of reference genes will be useful
for dissecting gene expression in sugarcane roots, especially
in advanced transcriptomic studies using SuperSAGE or
RNAseq approaches covering abiotic stresses.

Conlflict of Interests

The authors have declared that they have no conflict of
interests.

Acknowledgments

The authors acknowledge the Brazilian institutions FINEP
(Financiadora de Estudos e Projetos), FACEPE (Fundagio
de Amparo a Ciéncia e Tecnologia do Estado de Pernam-
buco), and CNPq (Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico) for financial support and fellow-
ships. They also thank Dr. Bjérn Rotter, Ruth Jungmann,
Dr. Peter Winter (GenXPro GmbH, Germany), and Eng.
Ernestino Ciambarella (Labtrade do Brasil) for scientific and
technical advice.

References

[1] G. E. Welbaum and FE. C. Meinzer, “Compartmentation of
solutes and water in developing sugarcane stalk tissue,” Plant
Physiology, vol. 93, no. 3, pp. 11471153, 1990.

[2] A. L. Rae, C. P. L. Grof, R. E. Casu, and G. D. Bonnett,

“Sucrose accumulation in the sugarcane stem: pathways and

control points for transport and compartmentation,” Field Crops

Research, vol. 92, no. 2-3, pp. 159-168, 2005.

S. L. Dillon, E. M. Shapter, R. . Henry, G. Cordeiro, L. Izquierdo,

and L. S. Lee, “Domestication to crop improvement: genetic

resources for Sorghum and Saccharum (Andropogoneae),”

Annals of Botany, vol. 100, no. 5, pp. 975-989, 2007.

[3



The Scientific World Journal

[4] FAOSTAT, “Food and Agriculture Organization of the United
Nations,” in FAO Statistical Databases, 2011, http://faostat.fao.
org/.

A. D’Hont, L. Grivet, P. Feldmann, S. Rao, N. Berding, and J. C.

Glaszmann, “Characterization of the double genome structure

of modern sugarcane cultivars (Saccharum spp.) by molecular

cytogenetics,” Molecular and General Genetics, vol. 250, no. 4,

pp. 405-413,1996.

L. Grivet and P. Arruda, “Sugarcane genomics: depicting the

complex genome of an important tropical crop,” Current Opin-

ion in Plant Biology, vol. 5, no. 2, pp. 122-127, 2002.

[7] N.Jannoo, L. Grivet, N. Chantret et al., “Orthologous compari-
son in a gene-rich region among grasses reveals stability in the
sugarcane polyploid genome,” The Plant Journal, vol. 50, no. 4,
Pp- 574-585, 2007.

[8] J. M. Manners and R. E. Casu, “Transcriptome Analysis and
Functional Genomics of Sugarcane,” Tropical Plant Biology, vol.
4, no. 1, pp. 9-21, 2011.

[9] C. Gachon, A. Mingam, and B. Charrier, “Real-time PCR: what
relevance to plant studies?” Journal of Experimental Botany, vol.
55, no. 402, pp. 1445-1454, 2004.

[10] S. Guénin, M. Mauriat, J. Pelloux, O. van Wuytswinkel, C.
Bellini, and L. Gutierrez, “Normalization of qRT-PCR data: the
necessity of adopting a systematic, experimental conditions-
specific, validation of references,” Journal of Experimental
Botany, vol. 60, no. 2, pp. 487-493, 2009.

[11] E Rizzi, L. Belloni, P. Crafa et al., “A novel gene signature for
molecular diagnosis of human prostate cancer by RT-qPCR,”
PLoS ONE, vol. 3, no. 10, Article ID 3617, 2008.

[12] G. Gao, R. D. Chernock, H. A. Gay et al,, “A novel RT-PCR
method for quantification of human papillomavirus transcripts
in archived tissues and its application in oropharyngeal cancer
prognosis,” International Journal of Cancer, vol. 132, no. 4, pp.
882-900, 2013.

[13] S.Y.C. Yong, C. Y. Choong, P. L. Cheong et al., “Analysis of ESTs
generated from inner bark tissue of an Acacia auriculiformis x
Acacia mangium hybrid,” Tree Genetics and Genomes, vol. 7, no.
1, pp. 143-152, 2011.

[14] A. Golisz, M. Sugano, S. Hiradate, and Y. Fujii, “Microarray
analysis of Arabidopsis plants in response to allelochemical L-
DOPA,” Planta, vol. 233, no. 2, pp. 231-240, 2011

[15] C. Molina, M. Zaman-Allah, E. Khan et al., “The salt-responsive
transcriptome of chickpea roots and nodules via deepSuper-
SAGE,” BMC Plant Biology, vol. 11, article 31, 2011.

[16] P. M. Bleeker, E. A. Spyropoulou, P. J. Diergaarde et al., “RNA-
seq discovery, functional characterization, and comparison
of sesquiterpene synthases from Solanum lycopersicum and
Solanum habrochaites trichomes,” Plant Molecular Biology, vol.
77, no. 4-5, pp. 323-336, 2011.

[17] J. Vandesompele, K. de Preter, F. Pattyn et al., “Accurate nor-
malization of real-time quantitative RT-PCR data by geometric
averaging of multiple internal control genes,” Genome Biology,
vol. 3, no. 7, 2002.

[18] L.Gutierrez, M. Mauriat, S. Guénin et al., “The lack of a system-
atic validation of reference genes: a serious pitfall undervalued
in reverse transcription-polymerase chain reaction (RT-PCR)
analysis in plants,” Plant Biotechnology Journal, vol. 6, no. 6, pp.
609-618, 2008.

[19] C.L. Andersen, ]. L. Jensen, and T. E. @rntoft, “Normalization of
real-time quantitative reverse transcription-PCR data: a model-
based variance estimation approach to identify genes suited for

5

(6

54

11

normalization, applied to bladder and colon cancer data sets,”
Cancer Research, vol. 64, no. 15, pp. 5245-5250, 2004.

[20] M. W. Pfaffl, A. Tichopad, C. Prgomet, and T. P. Neuvians,
“Determination of stable housekeeping genes, differentially
regulated target genes and sample integrity: bestKeeper—excel-
based tool using pair-wise correlations,” Biotechnology Letters,
vol. 26, no. 6, pp. 509-515, 2004.

[21] E. Stal Papini-Terzi, E. Riso Rocha, R. Zorzetto Nicoliello Véncio
et al., “Transcription profiling of signal transduction-related
genes in sugarcane tissues,” DNA Research, vol. 12, no. 1, pp. 27-
38, 2005.

[22] E R. Rocha, E S. Papini-Terzi, M. Y. Nishiyama Jr. et al,
“Signal transduction-related responses to phytohormones and
environmental challenges in sugarcane,” BMC Genomics, vol. 8,
article 71, 2007.

[23] E A. Rodrigues, M. L. de Laia, and S. M. Zingaretti, “Analysis
of gene expression profiles under water stress in tolerant and
sensitive sugarcane plants,” Plant Science, vol. 176, no. 2, pp.
286-302, 2009.

[24] H. M. Iskandar, R. S. Simpson, R. E. Casu, G. D. Bonnett, D. J.
Maclean, and J. M. Manners, “Comparison of reference genes
for quantitative real-time polymerase chain reaction analysis of
gene expression in sugarcane,” Plant Molecular Biology Reporter,
vol. 22, no. 4, pp. 325-337, 2004.

[25] E. A. Kido, J. R. C. Ferreira Neto, R. L. O. Silva et al., “New
insights in the sugarcane transcriptome responding to drought
stress as revealed by Super SAGE,” The Scientific World Journal,
vol. 2012, Article ID 821062, 14 pages, 2012.

[26] S.A.Bustin, V. Benes, J. A. Garson et al., “The MIQE guidelines:
minimum information for publication of quantitative real-time
PCR experiments,” Clinical Chemistry, vol. 55, no. 4, pp. 611-622,
2009.

[27] R. Rasmussen, “Quantification on the light cycler,” in Rapid
Cycle Real-Time PCR, Methods and Applications, S. Meuer,
C. Wittwer, and K. Nakagawara, Eds., pp. 21-34, Springer,
Heidelberg, Germany, 2001.

[28] E Thiebaut, C. Grativol, M. Carnavale-Bottino et al., “Compu-
tational identification and analysis of novel sugarcane microR-
NAs,” BMC Genomics, vol. 13, no. 2, p. 290, 2012.

[29] H. Matsumura, D. H. Kriiger, G. Kahl, and R. Terauchi,
“SuperSAGE: a modern platform for genome-wide quantitative
transcript profiling,” Current Pharmaceutical Biotechnology, vol.
9, no. 5, pp. 368-374, 2008.

[30] S. Rozen and H. Skaletsky, “Primer3 on the WWW for general
users and for biologist programmers,” Methods in Molecular
Biology, vol. 132, pp. 365-386, 2000.

[31] K. J. Livak and T. D. Schmittgen, “Analysis of relative gene
expression data using real-time quantitative PCR and the 2-
AACT method,” Methods, vol. 25, no. 4, pp. 402-408, 2001.

[32] M. W.Pfaffl, G. W. Horgan, and L. Dempfle, “Relative expression
software tool (REST) for group-wise comparison and statistical
analysis of relative expression results in real-time PCR,” Nucleic
acids research, vol. 30, no. 9, p. €36, 2002.

[33] Apllied Biosystems, “Guide to Performing Relative Quantita-
tion of Gene Expression Using Real-Time Quantitative PCR,”
2004.

[34] M.D.Silva,R. L. O.Silva, ]. R. C. Ferreira Neto et al., “Expression
analysis of sugarcane aquaporin genes under water deficit,’
Journal of Nucleic Acids, vol. 2013, Article ID 763945, 14 pages,
2013.



12

[35] T. Nolan, R. E. Hands, and S. A. Bustin, “Quantification of
mRNA using real-time RT-PCR,” Nature Protocols, vol. 1, no. 3,
pp. 1559-1582, 2006.

[36] K. Dheda, J. F. Huggett, S. A. Bustin, M. A. Johnson, G.
Rook, and A. Zumla, “Validation of housekeeping genes for
normalizing RNA expression in real-time PCR,” BioTechniques,
vol. 37, no. 1, pp. 112-119, 2004.

[37] M. Banda, A. Bommineni, R. A. Thomas, L. S. Luckinbill,
and J. D. Tucker, “Evaluation and validation of housekeeping
genes in response to ionizing radiation and chemical exposure
for normalizing RNA expression in real-time PCR,” Mutation
Research—Genetic Toxicology and Envir tal M
vol. 649, no. 1-2, pp. 126-134, 2008.

[38] C. Fan, J. Ma, Q. Guo, X. Li, H. Wang, and M. Lu, “Selection
of reference genes for quantitative real-time PCR in bamboo
(Phyllostachys edulis),” PLoS ONE, vol. 8, no. 2, Article ID
€56573, 2013.

[39] J. V. Die, B. Romin, S. Nadal, and C. I. Gonzilez-Verdejo,
“Evaluation of candidate reference genes for expression studies
in Pisum sativum under different experimental conditions,”
Planta, vol. 232, no. 1, pp. 145-153, 2010.

[40] S.-Y. Hong, P. ]. Seo, M.-S. Yang, E. Xiang, and C.-M. Park,
“Exploring valid reference genes for gene expression studies
in Brachypodium distachyon by real-time PCR,” BMC Plant
Biology, vol. 8, article 112, 2008.

[41] Z.-Y. Li and S.-Y. Chen, “Differential accumulation of the S-
adenosylmethionine decarboxylase transcript in rice seedlings
in response to salt and drought stresses,” Theoretical and Applied
Genetics, vol. 100, no. 5, pp. 782-788, 2000.

[42] Q.-E Li, S. S. M. Sun, D.-Y. Yuan, H.-X. Yu, M.-H. Gu, and Q.-
Q. Liu, “Validation of candidate reference genes for the accurate
normalization of real-time quantitative RT-PCR data in rice
during seed development,” Plant Molecular Biology Reporter,
vol. 28, no. 1, pp. 49-57, 2009.

[43] M. Jain, A. Nijhawan, A. K. Tyagi, and J. P. Khurana, “Validation
of housekeeping genes as internal control for studying gene
expression in rice by quantitative real-time PCR,” Biochemical
and Biophysical Research Communications, vol. 345, no. 2, pp.
646-651, 2006.

[44] R. Hu, C. Fan, H. Li, Q. Zhang, and Y.-E. Fu, “Evaluation of
putative reference genes for gene expression normalization in
soybean by quantitative real-time RT-PCR,” BMC Molecular
Biology, vol. 10, article 1471, p. 93, 2009.

[45] H.-Y. Zhong, ].-W. Chen, C.-Q. Li et al., “Selection of reliable
reference genes for expression studies by reverse transcription
quantitative real-time PCR in litchi under different experimen-
tal conditions,” Plant Cell Reports, vol. 30, no. 4, pp. 641-653,
2011

[46] X.Zhu, X. Li, W. Chen et al.,, “Evaluation of new reference genes
in papaya for accurate transcript normalization under different
experimental conditions,” PLoS ONE, vol. 7, no. 8, Article ID
€44405, 2012.

[47] L. Gaufichon, M. Reisdorf-Cren, S. J. Rothstein, F. Chardon,
and A. Suzuki, “Biological functions of asparagine synthetase
in plants,” Plant Science, vol. 179, no. 3, pp. 141-153, 2010.

[48] M. Mohammadi, N. N. V. Kav, and M. K. Deyholos, “Transcrip-
tional profiling of hexaploid wheat (Triticum aestivum L.) roots
identifies novel, dehydration-responsive genes,” Plant, Cell and
Environment, vol. 30, no. 5, pp. 630-645, 2007.

[49] H. Wang, D. Liu, J. Sun, and A. Zhang, “Asparagine synthetase
gene TaASNI1 from wheat is up-regulated by salt stress, osmotic

¢}

55

The Scientific World Journal

stress and ABA,” Journal of Plant Physiology, vol. 162, no. 1, pp.
81-89, 2005.

[50] H. Lim, M.-H. Cho, ].-S. Jeon, S. H. Bhoo, Y.-K. Kwon, and
T.-R. Hahn, “Altered expression of pyrophosphate: fructose-
6-phosphate 1-phosphotransferase affects the growth of trans-
genic Arabidopsis plants,” Molecules and Cells, vol. 27, no. 6, pp.
641-649, 2009.

[51] R. E. Reeves, D. J. South, H. J. Blytt, and L. G. Warren,
“Pyrophosphate: D-fructose 6 phosphate 1 phosphotransferase.
A new enzyme with the glycolytic function of 6 phosphofruc-
tokinase,” Journal of Biological Chemistry, vol. 249, no. 24, pp.
7737-7741, 1974.

[52] J.-H. Groenewald and F. C. Botha, “Down-regulation of pyro-
phosphate: fructose 6-phosphate 1-phosphotransferase (PFP)
activity in sugarcane enhances sucrose accumulation in imma-
ture internodes,” Transgenic Research, vol. 17, no. 1, pp. 85-92,
2008.

[53] H. Kende, “Ethylene biosynthesis,” Annual Review of Plant
Physiology and Plant Molecular Biology, vol. 44, no. 1, pp. 283~
307, 1993.

[54] U. Druege, “Ethylene and plant responses to abiotic stress,” in
Ethylene Action in Plants, N. A. Kahn, Ed., pp. 81-118, Springer,
New York, NY, USA, 2006.

[55] L. Yang, Y.-G. Zu, and Z.-H. Tang, “Ethylene improves Ara-
bidopsis salt tolerance mainly via retaining K* in shoots and
roots rather than decreasing tissue Na" content,” Environmental
and Experimental Botany, vol. 86, pp. 60-69, 2013.

[56] L. Guo, Y. W. Zi, H. Lin et al., “Expression and functional
analysis of the rice plasma-membrane intrinsic protein gene
family,” Cell Research, vol. 16, no. 3, pp. 277-286, 2006.



56

5 ARTIGO |

Unraveling Drought-tolerant and -sensitive Sugarcane Cultivars
by HT-SuperSAGE Analysis
Artigo aceito para publicacéo no periédico GENE (ISSN: 0378-1119)



57

Unraveling Drought-tolerant and -sensitive Sugarcane Cultivars

by HT-SuperSAGE Analysis

Manassés Daniel da Silva', Roberta Lane de Oliveira Silva®, José Ribamar Costa

Ferreira Neto', Ana Maria Benko-Iseppon’ and Ederson Akio Kido®"

Federal University of Pernambuco (UFPE), Bioscience Center, Department of
Genetics, 50670-420 Recife, PE, Brazil

“Corresponding author

Email addresses:

MDS: manassesdaniel@gmail.com

RLOS: lane.roberta@gmail.com

JRCFN: netocostaferreira@gmail.com

AMBI: ana.iseppon@gmail.com

EAK: kido.ufpe@gmail.com
Abstract: Drought is the most damaging among the major abiotic stresses. The
complexity involving both the quantitative feature of drought tolerance and the
sugarcane genome makes breeding difficult. Transcriptomic studies allow a global
overview of expressed genes, therefore providing the basis for the identification of
functional molecular markers useful in MAS (marker-assisted selection). In this work,
we report the analysis of HT-SuperSAGE tags (26 bp) generated by two contrastant
sugarcane bulks. Each one of them formed by four cultivars considered either tolerant or
sensitive to drought. We identified induced unitags with different expressions in the
tolerant and sensitive bulk of cultivars after 24 h of irrigation suppression. The ESTs

presenting these unitags allowed a proposal of 15 molecular candidates, which

expressed profiles validated by RT-qPCR considering each cultivar separately. The
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proposed targets were grouped into seven broad metabolic processes: ethylene stress
attenuation; root growth; protein degradation; oxidative detoxification; fatty acid
synthesis; amino acid transport; and carbohydrate metabolism. Two drought-tolerant
cultivars (SP83-2847 and CTC6) presented, each of them, nine induced targets, sharing
six of them. Among the sensitive cultivars, CTC13 induced one (repressed other two),
while SP90-1636 induced two and repressed one. These candidates acting as useful
markers may be promising in MAS.

Keywords: bioinformatic, water deficit, abiotic stress, RT-gPCR, Saccharum spp.

1. Introduction

Sugarcane (Saccharum spp. hybrid.) is a significant grass, with sugar and ethanol as its
two major products [1]. It is grown in more than 100 countries occupying
approximately 26 million hectares. With an estimate of 654.6 million tons for the
2015/2016 season, Brazil is emerging as the world's largest sugarcane producer, as well
as the major manufacturer of sugar and ethanol [2,3]. However, biotic and abiotic
stresses negatively influence crops production [4]. Among the abiotic stresses, drought
is the most damaging and often affects agriculture areas [5,6]. Water deficit causes a
complex set of molecular responses in plants, which begins with stress perception,
proceeds with a signal transduction cascade, and culminates with physiological and
morphological changes at cellular levels. These responses include the closure of the
stomata, the suppression of cell growth and photosynthesis, the activation of cellular
respiration, among others [7]. Plants under drought can also synthesize and accumulate
some metabolites and proteins distinctively involved in stress tolerance [8]. Besides the
complexity of plant responses to drought, the present sugarcane hybrids have one of the
most complex genomes of the plant kingdom. They have high polyploidy [9] and

frequent aneuploidy events [10], with karyotypes ranging from 100 to 130
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chromosomes [11], in addition to a size 2C estimated at 10,000 Mb [9]. These hybrids
resulted from the Saccharum spp. complex originated from interspecific crosses
between Saccharum officinarum, S. barbieri, S. sinense and the wild species of S.
spontaneum and S. robustum [9,10]. To sum up, the complexity of the drought tolerance
character and the sugarcane genome make it difficult to obtain tolerant plants by
conventional plant breeding programs. Therefore the improvement of sugarcane for
drought conditions is still a major challenge. This challenge has encouraged the
inclusion of new techniques in sugarcane breeding programs. Despite the new platforms
for high-performance sequencing [12,13], and the fact that the sugarcane genome is not
yet fully resolved [14], functional genomics studies have been carried out. They have
been conducted with transcripts generated by oligoarrays [15,16], deep sequencing of
small RNAs [17,18], SuperSAGE [19], RNA-seq [20] and microarray technology [21].
Such effort has provided some gene regulation data, useful for identifying suitable
functional molecular markers. To this end, the present study exploited the available data
from high-throughput (HT-) SuperSAGE libraries of two bulks (of four cultivars each)
contrasting in sugarcane responses to the irrigation suppression for 24 h [19]. The
SuperSAGE technique with 26-bp tags sequencing has some advantages regarding
simplicity of data analysis and cost [22,23], when compared to the microarray
methodologies widely applied in sugarcane studies (see [15,16,21]). Researchers have
used SuperSAGE to study plant responses to biotic and abiotic stresses, identifying
differentially expressed genes in plants such as rice [22], banana [24], chickpea [25,26],
cowpea [27], ragweed [28], Mexican lime [29], and also sugarcane [19]. The aim of this
work was the analysis of sugarcane transcriptomes in response to irrigation suppression
for 24 h, to select molecular targets involved in different drought tolerance strategies.

2. Methods



60

2.1.  Sugarcane cultivars, HT-SuperSAGE libraries and unitags annotation
Eight sugarcane cultivars from the Sugarcane Research Center (Centro de Tecnologia
Canavieira— CTC, Piracicaba, S&o Paulo, Brazil) formed two distinct pools regarding
the applied stress (24 h after irrigation suppression). The tolerant bulk consisted of
cultivars CTC6, CTC15, SP83-2847 and SP83-5073, while the sensitive bulk comprised
cultivars CTC9, CTC13, SP90-3414 and SP90-1638. These cultivars have been reported
as tolerant and sensitive to drought, based on field observations by sugarcane producers,
and some physiological analyses, including their relative content of water and
chlorophyll [30,31]. Stress was applied to seedlings grown under greenhouse conditions
(in 40 L pots, in a completely randomized experimental design with six replicates),
under daily irrigation (4 L.h™), during three months. The cultivation conditions
indicated temperatures of 30.2 £ 5.7 °C (maximum), 16.8 £ 1.9 °C (average) € 9.3 £ 3.0
°C (minimum), relative humidity of 71.5 £ 5.1% (average) and natural photoperiod.
Thereafter, plants were stressed by irrigation suppression, for 24 h, with their roots
under stress and those from plants without stress (negative control) collected,
immediately frozen in liquid nitrogen and stored at -80 °C until total RNA extraction.
Total RNA were isolated by Trizol® (Invitrogen), treated with DNAse (Qiagen®),
purified with the RNeasy Mini kit (Qiagen®) and quantified in a spectrophotometer. The
bulks of each treatment [stressed and negative control (not stressed)], comprised
purified RNAs of each cultivar of the respective bulk (tolerant or sensitive), in an
equimolar quantity. The HT-SuperSAGE libraries [tolerant stressed (SD24T), tolerant
negative control (SDTC), sensitive stressed (SD24S) and sensitive negative control
(SDSC)] followed Matsumura et al. [22] with modifications, including the sequencing
by IHlumina Genome Analyzer 1l (SOLEXA technology) [19]. To summarize, the

available data comprised 205,975 unitags (unique tags) and their observed frequencies



61

in the libraries. These frequencies observations allowed unitags to be classified as up-
expressed (induced), down-expressed (repressed) or non-significant (p<0.05), after
Audic-Claverie test [32]. Also for each single unitag, the modulation of its gene
expression (FC: Fold Change) was calculated as the frequency observed ratio in one
library compared to the other. Unitags induced in the tolerant contrast (SD24T vs.
SDTC,; stressed versus respective negative control) and repressed or not significant in
the sensitive contrast (SD24S vs. SDSC) were aligned (BLASTnN) against Expressed
Sequence Tags (ESTs) from dbEST (http://www.ncbi.nlm.nih.gov/nucest) and Gene
Index (SoGl; ftp://occams.dfci.harvard.edu/pub/bio/tgi/data/). Accepted alignments
comprised those with best hit with sugarcane sequences showing score 42 - 52,
plus/plus orientation, and with 5’'CATG preserved. Also, the ESTs anchoring unitags
were aligned against CDSs (BLASTnN) from the Phytozome database
(http://www.phytozome.org/), to confirm the identities (e-value cutoff e ~>2).
Furthermore, these ESTs were categorized by the Blast2GO tool
(https://www.blast2go.com).

2.2. RNA extraction and cDNA synthesis

Total RNAs from tolerant and sensitive cultivars were extracted and purified as
mentioned before. The RNAs integrities were verified on 1.5% (w / v) agarose gel
stained with Blue-Green Loading Dye (LGC Biotechnology®). Samples were
quantitated using the Quant-iT ™ RNA Assay Kit (Invitrogen®) in Qubit fluorometer
(Invitrogen®). Total RNAs (1 ng) were converted into cDNAs using the QuantiTect
Reverse Transcription Kit (Qiagen®) and resuspended in a final volume of 20 pL. The
cDNA synthesis was incubated at 42 °C for 2 min in gDNA Wipeout Buffer (for
removal of contaminating genomic DNA), 42 °C for 15 min (reverse transcription) and

95 °C for 3 min (inactivation of the enzyme), in a thermocycler. Samples were stored at
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-20 ° C until the RT-qPCR reactions. RT-gPCR assays followed the guidelines of the
MIQE protocol (The Minimum Information for Publication of Quantitative Real-Time
PCR Experiments) [33], aiming to increase reliability in the results.

2.3.  Primer design, amplification efficiency, and RT-gPCR analyses

RT-gPCR validated the gene expression of 15 molecular candidates (Table S1).
Meticulous care was taken to confirm the identities of the ESTs used in the primer
designs. Initially, they were BLASTn aligned against RefSeq mRNA (NCBI;
http://www.ncbi.nlm.nih.gov/) and sorghum CDSs from Phytozome database
(http://mwww.phytozome.org/). Primers were designed based on sugarcane ESTs
showing the selected unitags using Primer 3 software [34]. The following parameters
were applied: amplicon size (between 70 and 200 bp), melting temperature [between
40°C (minimum), 50°C (optimum) and 60°C ), And GC content [between 45-55% (50%
optimum)]. Primers from the scientific literature were those related to 25S rRNA and
GAPDH [35]. The designed primers (Table S1) were used to amplify the proposed
candidates (AAT, Na* dependent neutral amino acid transporter; ACC, acetyl-CoA
carboxylase; ACCD, 1-aminocyclopropane-1-carboxylate deaminase; AP, aspartic
proteinase; R-EXP, beta-expansin 8 precursor; PFK, 6-phosphofructo-2-kinase; TRX,
thioredoxin-like 1-2; E2, ubiquitin conjugating enzyme; 20SPR4, 20S proteasome beta 4
subunit; TPI, triosephosphate isomerase; FBA, fructose-bisphosphate aldolase; TKT,
transketolase; C13, legumain cysteine-type endopeptidase; LDP, dihydrolipoyl
dehydrogenase e MDH, malate dehydrogenase). All primers were synthesized by
Bioneer Corporation (South Korea) and tested in cDNAs amplifications using
conventional PCR, under the conditions of 5 min at 95 °C, followed by 35 cycles of 95
°C for 155, 58 °C for 30 s, and 72 °C for 30 s. PCR products were analyzed on 1.5% (w

/ v) agarose gel stained with Blue-Green Loading Dye (LGC Biotechnology®). The RT-
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gPCR promoted dissociation curves to confirm the amplification specificity of the
proposed candidates. Also, calibration curves were made using cDNAs samples from
the tolerant and sensitive cultivars bulks and serial dilutions (1, 107, 10%, 107 e 10).
These curves had the purpose of calculating the amplification efficiency (E =

1Q( Vstandard curve slope). 1361y of each candidate (Fig. S.1, Fig. S.2). RT-gPCR reactions
were carried out in a final volume of 10 pL, including: 1 pL of the cDNA sample
(diluted five times), 5 uL of the HotStart-IT SYBR™ Green qPCR Master Mix 2x
(USB®), 0.05 pL of ROX, 1.95 uL of ultrapure water, and 1 pL of each primer (0.05
uM). In all reactions of RT-gPCR (in 96-well plates), performed using three biological
and three technique replicates, a negative control (cDNA sample), and two reference
genes (25S rRNA and GAPDH) were used. RT-gPCR reactions were performed on
LineGene 9660, model FQD-96A (Bioer®), using SYBR Green detection system. These
reactions used the following programming: initial denaturation of 95 ° C for 2 min,
followed by 40 cycles of 95 ° C for 155,58 ° C for 30 s, and 72 ° C for 30 s. The
dissociation curves were analyzed at 65 to 95 ° C for 20 min after 40 cycles. The
LineGene 9600 software (version 1.1.10) determined the quantification cycles (Cq),
melting temperatures, and absolute and relative quantifications. Relative expression data
were calculated by the AACq method and evaluated using the REST software (Relative
Expression Software Toll, version 2.0.13) [37], using randomization test with 2000
permutations.

2.4.  Unitags mapping in metabolic KEGG maps

Enzymes of the glycolysis pathway (map00010), TCA cycle (map00020) and Pentose
phosphate pathway (map00030) according to the KEGG database (www.kegg.jp) and
their EC numbers (Enzyme Commission Numbers) were associated with the annotated

ESTs anchoring specific unitags. Furthermore, the pathways were mapped using the
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Kegg Mapper tool (http://www.genome.jp/kegg/tool/map_pathway2.html; [38]),
following the colors: red for induced unitags, green for repressed and yellow for non-
significant, based on their expressed regulation.

3. Results and discussion

3.1.  The induced unitags presented by the bulk of tolerant cultivars

From the universe of 205,975 HT-SuperSAGE unitags, 9,831 (Table S.2) were induced
in the tolerant cultivars, concerning the stressed treatments versus the negative control
[SD24T vs. SDTC], but showing different expression by the sensitive bulk. This set is
potentially relevant, as the unitags observed in the bulk of tolerant cultivars presented
induced regulation, while in the bulk of sensitive cultivars, these unitags were absent,
repressed or n.s (non-significant) after Audic-Claverie tests (p<0.05). Considering these
unitags, 1,533 were exclusive in those tolerant cultivars, and from the remainder
presented in the sensitive contrast [SD24S vs. SDSC], 1,772 were suppressed.
Concerning the BLASTn alignments with those tolerant induced unitags, the acceptable
alignments (CATG preserved at the 5' end), involved 5,077 unitags and 30,252 ESTs (S.
officinarum or S. spp.). Concerning these 5,077 unitags identified in ESTs, 1,808
anchored in ESTs with informative annotations (gene or its function) and GO terms
available, 1,565 in ESTs with some useful annotations and 614 in ESTs only
characterized by GO terms . Unitags presented in ESTs with no annotations or without
GO terms counted 1,090 (data not shown).

The 50 unitags that presented greatest changes in their expressions after stress stimulus
based on the FC values and the informative annotations (or GO terms) of the respective
Saccharum ESTs anchoring these tolerant induced unitags are shown in Table 1. This
set included some detoxification enzymes, such as thylakoid ascorbate peroxidase

[tAPX, EC 1.11.1.11, unitag SD8928 (FCro = 183.99)], cytoplasmic ascorbate
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peroxidase [CAPX, EC 1.11.1.11, unitag SD182788 (FCtq = 29.41)] and quinone
reductase [QR, EC 1.6.5.2, unitag SD108897 (FCrq = 25.83, FCsens = - 2.66)]. Even in
normal conditions, plants produce reactive oxygen species (ROS) in several metabolic
processes that include electron transport. The influence of ROS in the expression of
genes involved in growth, cell cycle/ programmed cell death, defense against pathogens,
systemic signaling, and responses to abiotic stresses was reported [39-41]. However,
some responses to plant abiotic stresses lead to ROS overproduction and once these
elements are highly reactive and toxic, they cause damage to proteins, lipids,
carbohydrates and DNAs, leading to oxidative stress [42,43]. Plant strategy against
oxidative stress is a process known as ROS scavenging. The main enzymes of the ROS
scavenging machinery are superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT,
EC 1.11.1.6), ascorbate peroxidase, (APX, EC 1.11.1.11), glutathione peroxidase (GPX,
EC 1.11.1.9), glutathione reductase (GR, EC 1.6.4.2), monodehydroascorbate reductase
(MDHAR, EC 1.6.5.4), dehydroascorbate reductase (DHAR, EC 1.8.5.1), guaiacol
peroxidase (GOPX, EC 1.11.1.7) and glutathione-S-transferase (GST, EC 2.5.1.18)
[43,44]. Seven of these nine key enzymes were detected: APX [one of the 50 most
induced unitags (Table 1) and observed as isoforms from distinct compartments (tAPX,
in the thylakoids and cAPX in the cytoplasm)]; SOD (unitag SD225439, FCrq = 3.21,
FCsens = -3.66); CAT (unitag SD246162, FCro = 3.18); MDHAR (unitag SD108442,
FCro= 3.39); DHAR (unitag SD160961, FCrq = 2.38, FCsens = -11.18); GPX [unitag
SD109179, FCro=4.77); and GST (unitag SD114493, FC+q = 9.93). In general, the
tolerant bulk showed a strong induction of many of these enzymes, when compared to
the sensitive bulk. This information suggests a more efficient ROS scavenging
machinery at tolerant cultivars, even after 24 h of irrigation suppression, making them

good candidates for functional molecular markers in breeding programs.
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Moreover, among the 50 most induced unitags (Table 1) were two chaperones: 17.5
kDa heat shock protein of class 1l (unitag SD113531, FCrq = 39.34, FCsens = -13.07)
and heat shock protein 81-1 (unitag SD89732, FCro = 17.88, FCgens = -2.28).
Chaperones are proteins responsible for the folding, grouping, transporting, as well as
for the degradation of several proteins under normal cellular conditions and they assist
in the refolding under stress conditions. They participate in the defense line restoring
the normal conformation of denatured stressed proteins, being crucial in plant
homeostasis. Many of these expressed chaperones stressed proteins correlated with
resistance to stress were initially identified as heat shock proteins (Hsps) [45].

Two enzymes of the protein degradation pathway were observed (Table 1): ubiquitin
conjugating enzyme E2 (unitag SD214183, FCr, = 31.39, validated by RT-gPCR) and
polyubiquitin (unitag SD15211, FC+q = 21.46). Ubiquitins are enzymes responsible for
the regulation of different proteins through ubiquitination, which is the covalent
attachment of an ubiquitin on the substrate protein to be recognized by a proteasome
where it is degraded [46,47]. Ubiquitins play a critical role in regulating plant responses
to abiotic stresses by facilitating responses to environmental stimuli by modulating the
abundance of the major downstream transcriptional factors responsive to stress [48,49].
The overexpression of a single ubiquitin increases multiple stress tolerance with no
negative effect on plant growth under favorable development conditions [48,49].
Transgenic tobacco plants overexpressing a wheat ubiquitin gene were more tolerant to
saline stress (150 mM NacCl), and dry (200 mM mannitol for 45 days) than the wild
tobacco plants [49]. In the same way, accentuation in tolerance to water deficit (20%
polyethylene glycol-PEG for 15 days) and saline stress (200 mM NaCl for seven days)
was observed in transformed plants of Arabidopsis sp overexpressing the ubiquitin-

conjugating enzyme gene from soybean [48].
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Additionally, two transcription factors (TFs) were present in the set of 50 most tolerant
induced unitags (Table 1): the leucine zipper homeodomain 16 (HD-Zip 16, unitag
SD78974, FCrq = 28.61) and the low temperature induced 15 kDa maize protein
(MLIP15, unitag SD231907, FCtq = 18.68). TFs are signal transmitting proteins that
regulate growth and development as well as plant adaptation to stresses by temporal and
spatial regulation of target genes [50,51]. The protein homeodomain leucine zipper
(HD-Zip) is found only in plants and encode more than 47 isoforms divided into four
subfamilies HD-Zip | to IV [52,53]. Henriksson et al. [52] analyzed the expression of 17
isoforms of HD-Zip | and verified the induction of six of them against the application of
ABA treatment and seven against saline stress.

Other interesting annotated sugarcane ESTs, which expressly modulated their
expressions, based on the respective tolerant induced unitags, are available in Table 1.
3.2.  Gene expression validation of induced unitags by RT-qgPCR

The gene expression of 15 molecular candidates (Table 2) were independently validated
by RT-gPCR for each cultivar (tolerant or sensitive). All of the designed primers (Table
S1) for the proposed candidates (AAT, ACC, ACCD, AP, B-EXP, PFK, TRX, MDH,
LDP, E2, 20SPR4, C13, TPI, FBA, TKT) and for the applied reference genes (GAPDH
and 25S rRNA) amplified cDNAs generated from the RNAs samples. Also, the
dissociation curves for each primer pair showed specificity, only amplifying one
product (Fig. S1). Similarly, there was no amplification in the templates controls
(NTCs) (data not shown). Efficiencies of amplification (E), correlation coefficients (R)

and slopes, for each candidate (Fig. S.2), stimated from standard curve using serial

dilution (10°, 107, 10°%, 10° e 10™) and a pool of root cDNAs (tolerant or sensitive)
from plants under or without stress (negative control), ranged, respectively, from 92.89

to 100.89%, 0.98 to 1.00 and -3.30 to -3.50 (Table S1). These results presented
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favorable amplification conditions and acceptable variations to generate reliable data of
relative expression among samples. According to the MIQE protocol [33], acceptable
values for efficiency range from 90% to 110% and -3.10 to -3.58 for the slope, reaching
100% slope efficiency when in -3.32.

The proposed candidates embodied diferent metabolic processes: Ethylene stress
attenuation; root growth; protein degradation (Ubiquitination pathway and plant
proteases); oxidative detoxification; fatty acid synthesis; amino acid transport;
carbohydrate metabolism (Glycolysis, TCA cycle, Pentose phosphate pathway). In
general, the RT-gPCR results validated the in silico data of the selected induced unitags,
showing differences among the cultivars, even among the tolerant or the sensitive ones,
as shown below (Table 2 and Fig. 1).

3.2.1.  Ethylene stress attenuation / ACCD

Ethylene is an important phytoregulator, acting in several physiological processes, such
as root initiation, fruit ripening, seed germination, foliar abscission, gravitational
responses, senescence, phytogulator biosynthesis, and stress signaling [54-56]. Plants
under biotic or abiotic stresses present ethylene in higher concentrations, favoring an
inhibition of plant growth by a physiological condition known as "ethylene stress” [57-
59]. ACCD (1-aminocyclopropane-1-carboxylate deaminase; EC 3.5.99.7) catalyzes the
conversion of ACC (1-aminocyclopropane-1-carboxylic acid), the immediate precursor
of ethylene biosynthesis, into ammonia and a-ketobutyrate [54]. The reduction of ACC
levels through ACC deaminase leads to the decrease of the excessive ethylene levels in
plants, thus limiting stress damages [59-66]. In silico data for the unitag SD57621, a
putative ACCD, showed bulk results of FCto = 1.90. The RT-qPCR results for the
corresponding ACCD, showed significant induction (UR) of two tolerant cultivars

(CTC6 and SP83-2847, respectively 1.93 and 1.73 fold; Table 2; Fig. 1). In turn, all
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sensitive cultivars did not show significant differences in expression after the applied
stress (Table 2, Fig. 1). Therefore, at least in these two tolerant cultivars, the proposed
ACCD could be acting inhibiting ethylene stress and be limiting its damages, thus,
favoring these sugarcane cultivars to grow and better tolerate stress. Four induced
unitags related to plant growth genes were observed which supports this perspective.
For cell division cycle #48, the unitag SD70367 presented FCrq = 2.05 and FCseps = -
1.95, and for the eukaryotic translation initiation factor 3/subunit 7, three unitags
considered n.s. by the sensitive bulk showed positive tolerant FC: SD103709 (FCrq =
3.39); SD214026 (FCro = 1.94), and SD103711 (FCr = 1.93).

3.2.2. Root growth / 3-expansin 8

Expansins (a- and B-expansins), previously defined as group-1 grass pollen allergen, are
the primary mediators of plant cell wall growth at low pH, implicating in cell division
and elongation [67-70]. The in silico data for R-expansin 8 (3-EXP8), based on the
unitag SD240878, showed FCrq = 2.78 and FCgens = -1.14. The RT-gPCR data
presented diversified results (Table 2, Fig. 1): one tolerant cultivar showing induction
(SP83-5073), another tolerant cultivar with repression (CTC15), and two sensitive
cultivars (CTC 13 and SP90-1638) also with induction after the stress. Transcription of
ExpB8 was induced (5, 10, 15 and 20 h) in the apical part of the maize roots treated
with a wW of -1.6 MPa, in relation to the control [water potential (wW) of -0.03 Mpa]
[71]. Also, the expression of B-expansin EXP B2 was significantly induced in soybean
roots of plants simultaneously submitted to drought (0.2% PEG), and hormone (0.5 uM
indole acetic acid - AlA), when compared with the control treatment [72]. The authors
also observed that soybean EXP B2 increased the cell division and elongation,
accentuating the growth and the assimilation of P in transgenic Arabidopsis

overexpressing this target. Likewise, sugarcane R-EXP8 could participate in the
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architecture of the root system and contribute to drought tolerance, favoring a better
acclimatization to this stress.
3.2.3. Protein degradation: Ubiquitination Pathway (E2, 20SP(4) and Plant
Proteases (AP, C13)
Protein degradation and cleavage of proenzymes are important events for the
development and plant acclimatization to stress conditions. Two main components of
the ubiquitination pathway, involved in degradation of ubiquitin-labeled peptides, were
here validated by RT-gPCR: ubiquitin conjugating enzyme (E2; EC 6.3.2.19), and 20S
proteasome beta 4 subunit (20SP34; EC 3.4.25.1). The RT-qPCR results for E2 (unitag
SD214183, FCrq = 31.39), one of the 50 most overexpressed, showed induction by the
tolerant cultivar SP83-2847 (Table 2, Fig. 1). Further, RT-gqPCR results for 20SPR4
(unitag SD230987, FCrq = 2.23, FCsens = 1.13; Table 2), showed induction by the
tolerant cultivar SP83-5073, and by the sensitive cultivar SP90-3414; but, repression by
the sensitive cultivar SP90-1638 (Table 2, Fig. 1). An efficient regulation of the
breakdown of irreversibly degraded proteins during stress conditions, accurate
processing of stock proteins, activation of functional proteins in the vacuoles by
proteases, and degradation of ubiquitin-labeled peptides are events required for
adequate initial acclimatization to stress. Presumably, some sugarcane cultivars are
taking advantage of these processes.
Proteases are essential for the development and maintenance of plant protein
homeostasis [73], catalyzing peptide bonds [74]. The protease of aspartic acid (AP; EC
3.4.23), represented by the unitag SD212448 (FCro = 3.39, FCsens = -1.14; Table 2), is
one of the most active endopeptidases in acid pH [75]. APs participate in pre-protein
processing and in vitro protein degradation [76]. They are also present in the conduction

and degradation of storage proteins during seed germination [77,78], degradation of
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ribulose-1,5-bisphosphate carboxylase / oxygenase (Rubisco) in senescent leaves [79]
and hydrolyzing proteins that are irreversibly damaged in responses to abiotic and biotic
stresses [80-82]. The RT-qPCR results for this candidate showed induction of three
(CTCe6, SP83-2847, SP83-5073) of the four tolerant cultivars, whereas no significant
variation was observed for any of the sensitive cultivars, confirming the in silico results
(Table 2, Fig. 1). AP induction in roots of sugarcane tolerant to water deficit
(RB867515), after drought treatments (24 h, three days and five days), was also
reported using cONA-AFLP [83].

In turn, cysteine proteinases have functions similar to AP, being essential in plant
development, with involvement in storage, protein degradation, senescence,
programmed cell death and in response to biotic and abiotic stresses [84,74]. Likewise,
Legumain cysteine proteinases are vacuolar processing enzymes (VPE), functioning as
seed storage proteins (legumins) [85], besides responding to several abiotic stresses
[86]. The RT-qPCR results (Table 2, Fig. 1) for similar C13 (Legumain cysteine-type
endopeptidase; EC 3.4.22.34), represented by the unitag SD34777 (FCro = 2.15, FCsens
= -1.55; Table 2) were induced by two tolerant cultivars (CTC6 and SP83-2847) and
two sensitive cultivars (CTC9 and SP90-3414).

3.2.4. Oxidative detoxification / TRX

Thioredoxin 1-2 disulfide reductase (TRX, EC 1.8.1.9) acts on plastidial detoxification,
regulating the redox state of target proteins (NADP-malate dehydrogenase, fructose-1,6-
bisphosphatase, and chloroplast 2-Cysteine peroxiredoxin) [87-91]. The RT-gPCR
results for putative TRX (Table 2, Fig. 1), represented by the unitag SD125268 (FCrq =
5.93, FCsens = -1.14; Table 2), showed induction by CTC15 and SP83-2847 (tolerant
cultivars), and CTC9 (sensitive cultivar). Probably, these sugarcane cultivars take

advantage of this enzyme activation during plastidial detoxification, and plant
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acclimatization to the applied stress. The TRX CDSP 32, a 32 kD chloroplast protein
activated by drought conditions in potato plants (Solanum tuberosum L.), presented
induction after increasing water deficit for 12 days, with the leaf relative water content
(RWC) reaching 60%, while the control presented 95% RWC foliar [87]. TRX genes
evaluated in rice plants submitted to dehydration (25% de PEG for 1, 9 and 24 h)
preponderantly induced most of them [92].

3.2.5. Fatty acid synthesis / ACC

Acetil CoA carboxilase (ACC, EC 6.4.1.2) is an enzyme that catalyzes the ATP-
dependent carboxylation of acetyl-coenzyme A into malonyl-CoA, which are monomers
of the fatty acid biosynthesis pathway, also being the primary regulator of this pathway
[93,94]. A potential induced ACC (unitag SD65889, FCro= 4.70, FCsens = -1.67; Table
2) presented RT-gPCR results (Table 2, Fig. 1) showing induction by the tolerant
cultivars CTC6 and SP83-2847, and repression by the sensitive cultivar CTC13. In
these cultivars, the ACC may be involved in the synthesis of flavonoids, signaling
responses to stress, or participating in the dryness reduction by epicuticular wax
deposition. In peanut, there are reports of ACC overexpression in one of two tolerant
genotypes under water suppression (seven days). Under stress, the tolerant genotype
COCO041 significantly increased leaf epicuticular wax deposition (EWL), while the
sensitive genotype decreased the EWL [95]. The ACC locus was mapped in a major
QTL (Quantitative Trait Loci) for drought tolerance in the millet grass (Pennisetum
glaucum (L.) R. Br.), using a segregated population [96], along with 17 other genes.
Besides ACC, HT-SuperSAGE unitags were detected for other four genes presented in
this QTL.: uridylate kinase (unitag SD86688, FCtq = 4.80, FCsens = 1.28); serine
threonine kinase (unitag SD25475, FCtq = 8.48, FCsens = -1.25); chlorophyll a/ b

binding protein (unitag SD253068, FC+, = 3.18), and ubiquitin conjugating enzyme
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(unitag SD214183, FCrq = 31.39). The latter was validated here by RT-gPCR (Table 2,
Fig. 1), and all of them are promissing for the use in the sugarcane breeding, due to the
existing synteny between grasses.

3.2.6. Amino acid transport / AAT

Amino acid transporters are responsible for the flow of amino acids across membranes,
a secondary active process mediated by a co-transport of a proton and an amino acid,
and they are essential for plant growth and development [97, 98]. These carrier proteins
respond to environmental stimuli, such as luminosity, abiotic and biotic stresses, and
their transcription levels can be regulated even with post-transcriptional regulation [99-
101]. The unitag SD252857, a potential Na*-dependent amino acid transporter (AAT;
Table 2), showed induction by the tolerant (FC+q = 6.50) and n.s. by the sensitive bulk
(FCsens = 1.17). Its induction expression was validated by RT-qPCR (Table 2, Fig. 1) for
three of the four tolerant cultivars (CTC6, CTC15, and SP83-2847), and only one
sensitive cultivar (CTC9). Besides, there is a genome-wide survey covering the gene
family of amino acid transporters in rice (Oryza sativa L.) [102], but no reports are
known addressing the role of the Na'-dependent amino acid transporter in plants under
abiotic stresses. Despite this, the AAT induction may indicate that the transport of
neutral amino acids (nine of the 20 amino acids) would be more pronounced in the
tolerant cultivars under 24 h after irrigation suppression when compared with the
sensitive cultivars under the same stress.

3.2.7. Carbohydrate metabolism

3.2.7.1. Glycolytic pathway / PFK, TPI, FBA

The 6-phosphofructo-2-kinase (PFK; EC 2.7.1.105), a glycolysis key enzyme [103],
was represented here by the tolerant induced unitag SD133647 (FCto = 2.67, FCgens = -

1.02; Table 2). The RT-gPCR results (Table 2, Fig. 1) validated the induction
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expression of CTC6 (tolerant cultivar; 3.08 fold) and SP90-1638 (sensitive cultivar;
2.58 fold) and the suppression of CTC13 (sensitive cultivar; 0.66 fold). The enzyme
triosephosphate isomerase (TPI; EC 5.3.1.1) was another candidate here validated. This
protein catalyzes the conversion of dihydroxyacetone phosphate into D-glyceraldehyde-
3-phosphate in the glycolysis pathway [104], and it was represented by the unitag
SD42156 (FCrq = 2.10, FCsens = -1.73). The RT-gPCR results confirmed the induction
expression of the tolerant cultivar SP83-2847 (2.44 fold; Table 2, Fig. 1). In turn,
fructose-bisphosphate aldolase (FBA; EC 4.1.2.13) catalyzes the reversible cleavage of
fructose bisphosphate into glyceraldehyde 3-phosphate and dihydroxyacetone phosphate
[105]. This enzyme was represented here by the unitag SD99499 (FCrq = 2.78 and
FCsens = -1.52), which presented in RT-gPCR assays (Table 2, Fig. 1), induction
expression of the tolerant cultivars CTC6 (1.57 fold) and SP83-2847 (1.76 fold), and
also of the sensitive cultivar SP90-3414 (1.61 fold). The transcriptional levels of some
enzymes of the glycolysis pathway, including PFK, TPI, and FBA, were detected
stressed in roots of rice seedlings, in response to dryness (in Whatman paper after six
hours) [106]. Furthermore, based on additional enzymes of the glycolysis pathway
[glucose 6-phosphate isomerase (GPI, EC 5.3.1.9), enolase (ENO, EC 4.2.1.11),
pyruvate kinase (PYK, EC 2.7.1.40) and glyceraldehyde phosphate (GAPDH, EC
1.2.1.12)] facing the same stresses, the authors suggested that glycolysis rates were
accentuated in rice cells to compensate for the energy reduction caused by the abiotic
stresses. Besides, PFK, TPI, and FBA, other components of the glycolysis pathway, also
presented unitags (Table S.3). Those include the previously cited [GPI (unitag
SD210623, FCrq = 3.83, FCsens = 1.26), ENO (unitag SD135385, FCrq = 25.43), PYK
(unitag SD106518, FCrq = 5.56, FCsens = 3.51)] and phosphoglucomutase (PGM, EC

5.4.2.2; unitag SD100485, FCro = 2.97, FCsens = 1.76), Fructose-bisphosphate aldolase
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(ALD, unitag SD117579, FC+q = 3.18), phosphosglycerate kinase (PGK, EC 2.7.2.3,
unitag SD140350, FCrq = 2.38), triosephosphate isomerase (TIM, EC 5.3.1.1, unitag
SD167995, FCro = 5.96), phosphoglycerate mutase (iPGM, EC 5.4.2.12; unitag
SD75391, FCrq = 1.76, FCsens = 1.49). All these unitags presented induction by the
tolerant bulk and n.s. by the sensitive bulk (Table S.3, Fig. S.3), reinforcing the
glycolysis accentuation, after 24 h of irrigation suppression, in tolerance response.
Accordingly, PFK, FBA, and TPI are attractive candidates for future use in sugarcane
breeding programs.

3.2.7.2. TCA cycle / LDP, MDH

Dihydrolipoyl dehydrogenase (LDP, EC 1.8.1.4) is a crucial component of the
tricarboxylic acid (TCA) cycle which is an important aerobic pathway for the
carbohydrates and fatty acids oxidations, catalyzing the electron transfer between
pyridine nucleotides and disulfide compounds [107]. LPD, represented here by the
unitag SD86754 (FCro = 5.93, FCsens = -1.38), presented induction of the tolerant
cultivar CTC15 (1.74 fold) in the RT-gPCR assays (Table 2, Fig. 1). This enzyme is
involved with some abiotic stresses responses [108-110]. LDP overexpression in
mangrove (Rhizophora apiculata) plants under hydroponic culture, 24 hours after
exposed to 450 mM NaCl, was validated by RT-qPCR [108]. Malate dehydrogenase
(MDH; EC 1.1.1.37), another TCA cycle enzyme, catalyzes the conversion (reversible
reaction) of oxaloacetate into malate [109]. The unitag SD70910 (Table S.4), a putative
MDH, showed induction by the tolerant bulk (FCto = 9.61 and FCsens = -1.33) after the
applied stress. The RT-qPCR results presented induction of the tolerant cultivar CTC6
(2.46 fold; Table 2, Fig. 1). Also, MDH has been reported in plant acclimatization to
some abiotic stresses [110-112]. MDH overexpression was detected in apple plants with

improved cold and salt tolerance when compared to wild-type plants [112]. The authors
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concluded that MDH conferred transgenic apple plants greater tolerance to the studied
stresses, modifying the redox state and increasing the salicylic acid level.

The mapping of TCA cycle components, according to KEGG Pathway database,
considered nine unitags annotated to them (Table S.4), presenting all of them induced
by the tolerant bulk but not by the sensitive bulk (Fig. S.4). As pointed to a glycolysis, a
better energy efficiency could be expected by the tolerant cultivars in the drought stress
tolerance responses.

3.2.7.3. Pentose phosphate pathway / TKT

Transketolase (TKT; EC 2.2.1.1) participates in the second stage of the Pentose
phosphate pathway, a process of glucose turnover, and it takes part of the Calvin cycle
[113]. The unitag SD13813 (FCtq = 12.72 and FCsens = - 1.37; Table 2), a potential
TKT, was one of the 50 most induced unitags by the tolerant bulk after the applied
stress (Table 1). The RT-gPCR (Table 2, Fig. 1) validated this induction expression of
the tolerant cultivars CTC6 (1.74 fold) and SP83-5073 (1.83 fold). TKT responsiveness
to environmental factors has been already reported, such as its involvement in
rehydration process of Craterostigma plantagineum, a resurrection plant, with the
induction of two TKT transcripts (in leaves and roots, after six and seven hours,
respectively) [114].

Regarding the mapping of unitags of pentose phosphate cycle components (KEGG
Pathway database), eight of ten unitags (Table S.5) showed induction by the tolerant
bulk, and at the same time n.s. or repressed by the sensitive bulk (Fig. S.5). The data
overview suggests that sensitive cultivars are not so efficient in the mobilization of the
energy machinery when under stress (24 h after irrigation suppression).

3.3. Individualizing sugarcane cultivars tolerant and sensitive to drought
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The expression validation by RT-qPCR, of each proposed candidate and each cultivar
composing the formed bulk, showed that not all cultivars from the same bulk had the
same molecular responses as the results observed in silico for the entire bulk (Table 2,
Fig. 1). This fact was expected, due to the different genetic backgrounds involved, the
several processes acting and reflecting on some tolerance to stress in those cultivars, and
particularly due to the intricate nature of the drought tolerance feature [115],
culminating with a gradual tolerant phenotype in response to the applied stimulus.
Joining genes and transcripts from a variety of genetic backgrounds is a plus when
combining different genotypes in bulks. Another positive feature was the financial
resources savings due to the lower number of libraries to be generated and sequenced.
However, the presence of two or more genotypes in a bulk means a combination of
common and distinct genotype transcripts, and if a differentiated expression is detected,
it is necessary to find out which genotype potentially transcribed that transcript of
interest. Besides, the dilution factor triggered by this mixed sample can interfere with
the detection of a particular transcript.

The tolerant cultivars closer to the expected in silico inductions presented by the
tolerant bulk were SP83-2847 and CTC6, each of them showing nine of the 15
candidates validated by RT-qPCR. From these nine, both tolerant cultivars shared six
candidates: ACCD (from the Ethylene stress attenuation); AP and C13 (Protein
degradation); ACC (Fatty acid synthesis); FBA (Glycolysis), and AAT (Amino acid
transporter). These functional molecular markers are probably acting in the tolerance
response, attenuating the ethylene stress and positively contributing to the better energy
allocation, protein homeostasis, amino acid transport, and synthesis of flavonoids
(signaling responses to stress or favoring the epicuticular wax deposition). In total,

SP83-2847 and CTC6 validated 12 markers; except for LDP (from the TCA cycle), [3-
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EXP8 (root growth accentuation) and 20SPR4 (Ubiquitination Pathway). In turn, the
tolerant cultivar SP83-5073 induced AP (plant protease), RB-EXP8 (root growth
accentuation), 20SPR4 (Ubiquitination Pathway), and TKT (Pentose phosphate
pathway), while CTC15 induced AAT (Amino acid transporter), LDP (TCA cycle), and
TRX (Oxidative detoxification). Some targets validated samples of only one tolerant
cultivar, but four of them (B-EXP8, PFK, MDH, and TPI) showing distinctive induction
(Fig. 1). The relative importance of these candidates for the tolerance response needs
further studies.

Concerning the enzymatic activities of CAT and APX, two ROS (Reactive oxygen
species) detoxification enzymes, estimated in plants under water suppression periods (3,
10 and 20 days), two of those four drought-tolerant sugarcane cultivars reported here
(SP83-2847 and SP83-5073) were evaluated and showed different responses [116]. In
SP83-2847 an increase in both enzymatic activities occurred in the first treatment time.
The same was not observed for SP83-5073, indicating that CAT and APX may have a
protective role only in SP83-2847 [116].

Trying to evaluate the same set of eight sugarcane cultivars reported here, Thiebaut et
al. [31] analyzed the expression of SRNAs in leaves and roots of plants after 24 h of
irrigation suppression. The validation results (RT-gPCR), however, only considered
SP83-2847 and SP83-5073 (as drought-tolerant cultivars), and SP90-1638 (-sensitive
cultivar), and four targets. Based on those results, only the expression profile of one
(miR159) was confirmed by the tolerant cultivar SP83-2847, but not by SP83-5073.
These results are in the same direction obtained here since SP83-2847, which the main
favorable agronomic trait is rusticity [117], induced nine targets when compared with

SP83-5073, which validated only four. Our results also indicate CTC6, which presents
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high productivity and production stability as the favorable agronomic traits [118], as
another elite drought-tolerant accession.

Regarding the sensitive cultivars, half of them hardly presented induced candidates. The
cultivar CTC13 (Table 2) only induced R-EXP8 (root growth accentuation) but
repressed PFK (Glycolysis), and ACC (Fatty acid synthesis). The cultivar SP90-1638
induced PFK (Glycolysis) and 3-EXP8 (root growth accentuation) but repressed
20SPR4 (Ubiquitination Pathway). In turn, the cultivar SP90-3414 induced 20SP(34
(Ubiquitination Pathway), C13 (Protein degradation), FBA (Glycolysis), and ACC
(Fatty acid synthesis). In the same way, CTC9 induced AAT (Amino acid transporter),
TRX (Pentose phosphate pathway), ACC (Fatty acid synthesis), and C13 (Protein
degradation), and repressed R-EXP8 (root growth accentuation). Despite the fact that
drought-sensitive cultivars induced some candidates, their molecular profiles were
distinct from those presented by SP83-2847 and CTC6 (both drought-tolerant cultivars).
Keeping in mind that these cultivars, although being sensitive to the applied stress, have
some favorable agronomic traits, such as ratooning and high productivity (SP90-1638)
or high productivity and precocity (CTC9), according to the Brazilian breeding program
[118]. Some targets, such as ACCD (Ethylene stress inhibition), MDH and LDP (from
the TCA cycle), and AP and E2 (protein degradation) did not present induction by any
of the evaluated sensitive cultivars, and their importance in the tolerance response

should be verified in additional studies.

4. Conclusions
For a transcriptomic study, the choice of suitable cultivars is of great importance,
especially when reviewing a complex character such as drought tolerance. Here, the

HT-SuperSAGE technique allowed the evaluation of four drought-tolerant cultivars and
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four drought-sensitive cultivars, after 24 h of irrigation suppression. Based on the
results of 15 proposed and validated candidates, covering wide-ranging metabolic
processes, their genetic profiles allowed to discriminate the drought-tolerant and also
the -sensitive cultivars. Two drought-tolerant cultivars were considered similar (CTC6
and SP83-2847) and very promising for breeding purposes, showing very distinct
profiles from two drought-sensitive cultivars (CTC13 and SP90-1638). The proposed

set of molecular candidates could be promising in sugarcane breeding programs.
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Table(s)

Table 1. The 50 most induced HT-SuperSAGE unitags expressed by the tolerant bulk
(four sugarcane cultivars) and at the same time repressed (or n.s. at p-value < 0.05 in

Audic-Claverie test) by the sensitive bulk after 24 h of irrigation suppression. Also, their

respective EST anchoring the unitag, the EST annotation and the fold change values
(FC) considering the tolerant and the sensitive contrast (FC,,j, FCqens, respectively).

Unitag FCrpq FCogens EST ID Annotation

SD110234 209.02 -1.09 CO373199  S-adenosyl-L-methionine decarboxylase
SD148347 192.33 -27.14 TC114152 0

SD8928 183.99 n.d. TC131103 Thylakoid-bound ascorbate peroxidase
SD244046 106.50 n.d. CF574491 ribosomal protein

SD15507 87.82 1.69 TC144209 Cysteine proteinase inhibitor

SDI151012 7828 sd. TC141418 ;z;;:;);ia induced conserved protein region containing
SD177657 59.61 n.d. CF573548 Profilin

SD113531 39.34 -13.07 TC137214 17.5 kDa class II heat shock protein
SD247649 31.79 -1.63 TC133246 0

SD214183 31.39 n.d. CF573288 ubiquitin-conjugating enzyme
SD182788 29.41 n.d. TC120640 Cytosolic ascorbate peroxidase
SD78974 28.61 n.d. TC135929 Homeodomain leucine zipper protein 16
SD21711 28.21 1.40 CA251528 3-hydroxydecanoyl-ACP dehydratase
SD108897 25.83 -2.66 TC144102 Quinone reductase 2

SD135385 2543 nd. TC132317 Enolase

SD980S 25.04 n.d. TC139637 Glycine-rich RNA binding protein
SD271576 24.24 -1.18 TC145473 O-methyltransferase 2

SD974 23.05 -2.11 TC117869 60S ribosomal protein L27

SD97410 2225 n.d. TC113567 0

SDI5211 21.46 n.d. TC116548 Polyubiquitin

SD181737 19.47 n.d. TC146390 Elongation factor 1-alpha

SD71948 19.07 1.50 TC116208 NADH ubiquinone oxidoreductase subunit
SD231907 18.68 n.d. TC113683 MLIP15

SD20245 18.68 n.d. CF576896 histone protein

SD260174 18.68 -2.17 TC137231 Acid phosphatase

SD146732 18.28 1.01 TC117661 0

SD89732 17.88 -2.28 CF571626 heat shock protein 81-1

SD130835 17.88 -20.22 TC128723 Adhesive/proline-rich

SD97673 17.09 -19.16 TC113567 0

SD59386 16.96 n.d. TC128702 0

SD170716 16.69 n.d. TC133350 Reticulon

SD81084 16.69 -22.88 CA236418 Short-chain dehydrogenase/reductase SDR
SD20852 16.69 -2.19 TC145671 ENODA40

SD67697 15.9 -2.63 CA123780  Protein translation factor SUIl homolog
SD216657 15.83 1.32 CA154394 0

SD28082 15.1 -6.39 TC143544 Aquaporin PIP2-4

SD233168 15.1 n.d. CA293374 22 kDa drought-inducible protein
SD9802 14.7 n.d. TC122856 Glycine-rich protein

SD66227 14.41 -1.54 TC133157 Protein kinase domain
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Cont.
Unitag FCrq FCgens EST ID Annotation
SD202531 14.31 n.d. CF576381 Glucose-6-phosphate/phosphate antiporter
SD212840 14.31 1.27 CF575729 stress-related protein
SD160238 13.91 n.d. TC120160 0
SD275064 13.91 n.d. TC144939 Histone H4
SD212934 13.91 n.d. TC148493 Metallothionein-like protein 1B
SD243866 13.51 -15.97 TC119187 Aquaporin PIP2-1
SD82594 13.51 -9.58 CAI135157 Elongation factor 1-alpha
SD230319 13.28 2.20 TC153087 608 ribosomal protein L23A
SD9806 13.11 n.d. TC153183 Glycine-rich RNA binding protein
SD193697 13.11 1.69 TC114241 0
SD13813 12.72 -1.37 TC134850 Transketolase. chloroplast

*In bold: repressed (p value < 0.05)
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Table 2. Proposed candidate genes and their results based on in silico analysis of HT-SuperSAGE unitags expressed by drought-
tolerant or -sensitive bulks (four cultivars each one) and their relative expression by RT-qPCR, using sugarcane cDNAs from roots
of each cultivar after 24 h of irrigation suppression.

Candidate genes
Method ACCD TRX LDP B-EXP8 E2 20SPB4 AP C13
HT-SuperSAGE*
Tolerant bulk 1,90/ UR 594"/ UR 5.93"/UR 2.78"/UR 31.39"/UR  2.23"/UR 339" /UR 2.15"/UR
Sensitive bulk 1.09"/ns.  -1.14"/ns.  -1.38"/ns. -1.14"/ns. notdetected  1.13"/n.s. -1.14" /ns.  -1.55"/DR
RT-qPCR™
Tolerant cultivar
CTC6 1.93/UR 1.05 / n.s. 1.23 /n.s. 1.87 / n.s. 0.89 /n.s. 0.77 / n.s. 2.18/UR 3.71/UR
CTCIS 0.64/n.s. 332/UR 1.74 / UR 0.27 /DR 0.85/n.s. 1.12/n.s. 1.16 /n.s. 0.93 /n.s.
SP83-2847 1.73/UR 1.74/ UR 0.86/n.s 0.97 /ns. 1.77/UR 1.00 / n.s. 1.64 / UR 2.23/UR
SP83-5073 1.20/n.s. 1.32/n.s. 1.07/ n.s. 3.87/UR 091 /ns. 1.72/UR 2.01/UR 1.34/n.s.
Sensitive cultivar
CTCY9 1.20/ns. 2.34/UR 1.00 / n.s. 0.44 /DR 1.47 / n.s. 1.47 / n.s. 1.15/n.s. 290/ UR
CTCI3 0.95/n.s. 1.13 /n.s. 0.83 /n.s. 4.57/UR 0.96 /n.s. 0.92/n.s. 0.77 / n.s. 1.29 /n.s.
SP90-1638 1.63 /n.s. 1.27 /n.s. 1.06 /n.s. 2,16/ UR 0.88/n.s. 0.48 /DR 2.01/ns. 1.19/n.s.
SP90-3414 1.17/n.s. 0.94 /n.s. 1.27 /n.s. 0.99/ns. 0.97 /n.s. 1.71 /UR 1.03 /n.s. 240/ UR
Cont.
Candidate genes
Technics and PFK TPI FBA TKT MDH ACC AAT
Accesses
HT-SuperSAGE
Tolerant bulk 2.67"/UR ~ 2.10'/UR 278" /UR 12.72"/UR 9.61"/UR 4.70"/UR  6.50"/ UR
Sensitive bulk -1.02"/ns. -1.73"/DR  -1.52"/ns. -1.37"/ns. -1.33"/ns. -1.66"/DR  1.17"/n.s.
RT-qPCR™
Tolerant cultivar
CTC6 3.08/UR  0.70/n.s. 1.57/UR  1.74/UR  246/UR  1.62/UR  237/UR
CTCIS 1.11/ns.  097/ns. 1.30/n.s. 1.23 /ns. 1.14 /ns. 1.56 / n.s. 1.89/UR
SP83-2847 1.13/n.s. 2.44/UR 1.76 / UR 1.23 /ns. 0.83 /n.s. 2.23/UR 1.64/ UR
SP83-5073 1.01/ns.  0.93/ns. 1.31/ns. 1.83/UR 1.25/n.s. 1.70 / n.s. 0.90 /n.s.
Sensitive cultivar
CTCY9 0.69/n.s. 0.87 /n.s. 1.47 / ns. 1.48 /ns 1.09 /n.s. 246/ UR 3.40/UR
CTCI3 0.66/DR  0.88/n.s. 0.78 /n.s. 0.80/n.s 0.73 /ns 0.51/DR 0.97 /n.s.
SP90-1638 2.58/UR 1.02/ n.s. 1.09 / n.s. 0.79 / ns. 1.52/n.s. 0.72 / n.s. 1.27 /n.s.
SP90-3414 1.08/n.s. 0.96 / n.s. 1.61 / UR 1.17 /ns. 0.70 /n.s 1.61 /UR 1.42 /ns.

“Fold change [FC: ratio of frequencies (normalized to 1,000,000) observed in the stressed library in relation to the respective control library]; ** Relative expression

based on the REST software (v.2.0.13) [37] after the AACq method; UR: ind P
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Fig. 2. RT-qPCR of candidate genes carried out by sugarcane root cDNAs under 24 h of continuous dehydration and negative control. The expression values were normalized by the
reference genes GAPDH (Glyceraldehyde 3 phosphate dehydrogenase) and 25S rRNA (25S ribosomal RNA) and Relative expression data calculated by REST software (v.2.0.13)
[37]. Tolerant accesses: CTC6, CTC15, SP83-2847 and SP83-5073; Sensitive accesses CTC9, CTC13, SP90-1638 and SP90-3414). ACCD: 1-aminocyclopropane-1-carboxylate
deaminase; AP: aspartic proteinase; AAT: Na+ dependent neutral amino acid transporter; TRX: thioredoxin-like 1-2, cloroplasto; PFK-2: 6-phosphofructo-2-kinase; B-EXP: beta-ex-
pansin 8 precursor; ACC: acetyl-CoA carboxylase; E2, ubiquitin conjugating enzyme; 20SPR4, 20S proteasome beta 4 subunit; TPI, triosephosphate isomerase; FBA, fructose-bis-
phosphate aldolase; TKT, transketolase; C13, legumain cysteine-type endopeptidase; LDP, dihydrolipoyl dehydrogenase; MDH, malate dehydrogenase.
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The present work is a pioneer study specifically addressing the aquaporin transcripts in sugarcane transcriptomes. Representatives
of the four aquaporin subfamilies (PIP, TIP, SIP, and NIP), already described for higher plants, were identified. Forty-two distinct
aquaporin isoforms were expressed in four HT-SuperSAGE libraries from sugarcane roots of drought-tolerant and -sensitive
genotypes, respectively. At least 10 different potential aquaporin isoform targets and their respective unitags were considered to be
promising for future studies and especially for the development of molecular markers for plant breeding. From those 10 isoforms,
four (SoPIP2-4, SoPIP2-6, OsPIP2-4, and SsPIP1-1) showed distinct responses towards drought, with divergent expressions between
the bulks from tolerant and sensitive genotypes, when they were compared under normal and stress conditions. Two targets (SsPIP1-
1 and SoPIP1-3/PIP1-4) were selected for validation via RT-qPCR and their expression patterns as detected by HT-SuperSAGE
were confirmed. The employed validation strategy revealed that different genotypes share the same tolerant or sensitive phenotype,
respectively, but may use different routes for stress acclimation, indicating the aquaporin transcription in sugarcane to be potentially

genotype-specific.

1. Introduction

Sugarcane (Saccharum spp.) is a valuable crop once it accu-
mulates high levels of sucrose in the stems [1, 2]. In 2011,
the twenty largest sugarcane producers generated about 1.7
billion tons of sucrose worldwide, valued about 52.5 billion
dollars [3]. However, abiotic stresses can reduce the potential
yield of these cultivated plants by 70%, with drought being the
most dangerous one [4]. Water deficit, and its influence onto a
variable number of morphological and functional characters
in plants, eventually becomes one of the main obstacles to
sustainable agricultural production worldwide [5].

The reduction of the water content in a plant cell provokes
a complex network of molecular responses, involving stress

perception, signal transmission in a transduction cascade
and physiological, cellular, and morphological changes [6],
including stomatal closure, suppression of cell growth and
photosynthesis, and activation of cellular respiration. Plants
under drought still respond to it and adapt by accumulating
specific osmolytes and proteins for stress tolerance [7].
Genes expressed during drought can be classified into
two functional groups. The first group encodes proteins
that increase plant tolerance to stress, such as water chan-
nels proteins (aquaporins), proteases, and detoxification
enzymes, all having a protective function. To this group
belong enzymes catalyzing the biosynthesis of osmolytes, like
derivatives of amino acids, sugars and various LEA (Late-
Embryogenesis-Abundant) proteins. The second group of



genes encodes various proteins, such as transcription factors,
kinases, phosphatases, and enzymes involved in regulatory
pathways, as phospholipid metabolism and ABA biosynthesis
[7]. The aquaporins or MIPs (Major Intrinsic Proteins) are
proteins assembling into water channels of cell membrane
and facilitate osmosis for rapid bidirectional transport of
water [8]. Besides, these proteins are also involved in many
plant metabolic processes, including acquisition of nutrients,
cell growth, carbon fixation, cell signaling, and various stress
responses [9, 10]. The aquaporins also allow permeation of
small molecules such as glycerol [11], urea [12] CO2 [13],
ammonia [14], boric acid [15], H202 [16], and even arsenic
[17]. According to the phylogenetic analysis of Johanson and
Gustavsson [18], plant aquaporins are classified into four
main subfamilies, widely distributed among higher plants:
PIPs (plasma membrane intrinsic proteins), TIPs (tonoplast
intrinsic proteins), SIPs (small basic intrinsic proteins),
and NIPs (26 kDa intrinsic proteins). The aquaporins are
presently and extensively studied, since their importance
spans from animal [19] and human physiology [20] to osmo-
adaptation of microorganisms [21] and vegetables [22, 23].
The transcripts encoding sugarcane aquaporins have only
marginally been described, despite their significant physio-
logical influence and participation in several processes during
plant growth and acclimation against biotic and abiotic
stresses [24, 25].

The present study is a first attempt to derive expres-
sion markers (functional molecular markers) from HT-
SuperSAGE transcriptional profiles in contrasting sugarcane
genotypes, in particular addressing specific sugarcane aqua-
porins, with the aim of better understanding the molecular
processes occurring during drought response of the plant.
HT-SuperSAGE, among all the genome-wide transcriptome
profiling techniques was chosen for its efficiency to generate
highly reliable transcription profiles. The increase in the size
of the tag to 26 bp, the characteristic of SuperSAGE, drasti-
cally improves the annotation of the tag to the corresponding
gene [28], allowing to establish genome-wide gene expression
profiles of two or more species in one sample (e.g., host-
parasite interactions [29, 30]). Besides, SuperSAGE com-
bined high-throughput next-generation sequencing [31, 32],
designated DeepSuperSAGE or HT-SuperSAGE, provides
even more informations (three to four orders of magnitude)
at relatively low cost compared to traditional Sanger sequenc-
ing.

2. Methodology

2.1. Unitags Annotation, GO Categorization of ESTs, and
Aquaporin Isoforms Identification. Bioinformatics analyses
covered the 8,787,315 tags (26 bp) described by Kido et al. [33]
from four root HT-SuperSAGE libraries [SD24T (the bulk of
the tolerant genotypes CTC6, CTCI5, SP83-2847, SP83-5073,
under stress (24h of continuous dehydration), totalizing
2,542,552 tags); SDTC (the tolerant bulk with daily irrigation,
comprising 1,909,543 tags); SD24S (the sensitive bulk of
stressed genotypes CTC9, CTCI3, SP90-3414 and SP90-
1638, with 2,170,998 tags) and SDSC (the bulk of sensitive

95

Journal of Nucleic Acids

genotypes without stress, covering 2,164,222 tags)]. After
singlet exclusion (tags sequenced only once per library),
the unique tags (unitags) were classified as up- (UR) or
down-regulated (DR), based on the Audic and Claverie test
(P < 0.05; [34]), using the DiscoverySpace 4.0 software [35].
The unitag frequencies normalized to a million per library
allowed the evaluation of the unitag expression modulation
by fold change values (FC) comparing two frequencies. The
unitags were aligned by BLASTn with expressed sequence
tags (ESTs) from nine public databases, comprising sugarcane
ESTs from NCBI (http://www.ncbi.nlm.nih.gov/nucest), and
grass ESTs (Poaceae family) from Gene Index (http://
compbio.dfci.harvard.edu/tgi/plant.html), including Sac-
charum officinarum (SoGI 3.0), Sorghum bicolor (SbGI 9.0),
Zea mays (ZmGI 19.0), Oryza sativa (OsGI 18.0), Panicum
virgatum (PaviGI 1.0), Triticum aestivum (TaGI 12.0),
Hordeum vulgare (HvGI 11.0), and Festuca arundinacea (FaGI
3.0). Only BLASTn alignments (e value < 0.0001) with scores
421052 (100% identity), plus/plus orientation and a preserved
5'CATG were accepted, and the best tag - hit was selected
prioritizing sugarcane sequences or sequences from closely
related species with adequate annotation. ESTs anchoring
unitags were then categorized via Gene Ontology (GO;
http://www.geneontology.org/GO.doc.shtml), using the
Blast2GO tool [36].

Potential ESTs from the MIP gene superfamily were
identified using the keywords “aquaporin,” “major intrin-
sic protein,” “PIP] “TIP” “PIN,” “SIP} “plasma membrane
intrinsic protein” “tonoplast intrinsic protein,” “nodulin-26-
like intrinsic protein” and “small basic intrinsic protein” in
the EST annotations, or “water transporter” in the GO
terms. These ESTs were classified into the plant aquaporin
subfamilies (TIP, NIP, SIP, PIP) and analyzed with the NCBI
Conserved Domain Search tool (http://www.ncbi.nlm.nih
.gov/Structure/cdd/wrpsb.cgi) in an effort to confirm their
conserved domains. Also ESTs were BLASTx aligned with
proteins sequences from the UniProtKB/Swiss-Prot database
(http://www.uniprot.org/help/uniprotkb), trying to confirm
the isoform identity by using curated sequences (e-value
cutoffe'?).

2.2. Comparative and Phylogenetic Analysis of the Putative
Aquaporin Isoforms Based on Unitag Expressions. The pre-
dicted peptides from ESTs related to the tags after translation
with the ORF finder tool (http://www.ncbi.nlm.nih.gov/
projects/gorf/) and BLASTp analysis were subsequently
aligned via Clustal W [37]. A dendrogram of the aligned
sequences was generated using the MEGA v.5.2.1 software
[27], according to the following parameters: Neighbor Joining
tree method, pairwise deletion option, and 1000 bootstrap
replicates. For a better assignment of the isoforms into the
aquaporin subfamilies, 15A. thaliana aquaporin protein
sequences were included in addition to the predicted pro-
teins. Also, two sequences served as outgroups, one from
humans and one from Yersinia pseudotuberculosis. In addi-
tion to the phylogenic tree, a heat map was established based
on fold changes of the unitags responding to the applied
stress.
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2.3. cDNA Synthesis, Primer Design, and RT-qPCR Analysis.
The RNA of each genotype sample constituting the bulks
(tolerant stressed, tolerant control, sensitive stressed, and
sensitive control) was isolated from sugarcane roots using
the RNAeasy Plus Micro Kit (Qiagen) and DNase treat-
ment. The cDNA synthesis reaction was performed with the
SuperScriptTM First Strand kit Synthesis System for RT-PCR
(Invitrogen) according to the manufacturer’s protocol, using
1g of RNA quantified by the Qubit fluorometer (Invitrogen).
Primer pairs were designed from ESTs anchoring unitags,
tolerating a maximum of one mismatch, and using the default
parameters of the Primer3 software [38] with some minor
modifications [amplicon size: 70 to 200 bp; primer Tm: 40
to 60°C; GC content: 45 to 55%]. These ESTs anchored
unitags differentially regulated in the tolerant and sensitive
genotype bulks. Prior to the validation of unitags by RT-
qPCR, standard curves using a dilution series of the cDNA
pool were made to calculate the gene-specific PCR efficiency
and regression coefficient (R?) for each gene (Table 6). The
RT-qPCR amplifications were performed on the LineGene
9660 model (Bioer), using SYBR Green detection. Each
reaction mixture comprised 1 4L of template cDNA (diluted
5-fold), 5uL of HotStart-IT SYBR Green qPCR Master Mix
2x (USB), 0.05 uL of ROX, 1.95 uL of water, and 1 4L primer
(500nM each) to a final volume of 10 L. The reactions
were denatured at 95°C for 2min, followed by 40 cycles
of 95°C for 155, 58°C for 30s, and 72°C for 15s in 96-
well reaction plates, with the detection of the fluorescence
signal at the end of each extension step. The melting curves
were analyzed at 65-95°C for 20 min after 40 cycles. Three
biological replicates and three technical replicates were used
for RT-qPCR analysis. The relative quantification data were
analyzed with the REST® v.2.0.13 software [26].

3. Results and Discussion

3.1. Aquaporin Data-Mining and Categorization of EST
Anchoring Unitags. The universe of 8,787,315 tags (26 bp)
generated from the four HT-SuperSAGE libraries presented
205,975 unique tags (unitags) [33], from which 289 anchored
in 484 putative aquaporin ESTs, distributed in nine different
databases (details in Table 1), totaling 1,579 BLASTn results
with scores of 42 to 52 (100% identity). This set of 484 ESTs
anchoring unitags (Table 1) represented the basis for the
analysis of transcript profiles based on the respective unitags.

The keyword (“aquaporin,” “major intrinsic protein,”
“tonoplast intrinsic protein,” “plasma membrane intrinsic
protein,” “small basic intrinsic protein,” “nodulin-26-like
intrinsic protein,” “PIP} “TIP] “NIP] “SIP”) searches in
the EST annotation identified 1,347 ESTs, while the “water
transport” GO expression identified 342 ESTs (Figure 1).
The searches in the GO terms increased the aquaporin
identifications by almost 15%, representing 230 alignments of
the total (1,579; Figure 1).

The unitag annotation efficiency relied on the used EST
database. As mentioned by Kido et al. [39], Gene Index is
a good source for unitag annotation, as it displays adequate
gene or protein function descriptions. In the present case,
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FIGURE 1: Percentage of HT-SuperSAGE unitags from sugarcane
plants (24 h of continuous dehydration or regular daily irrigation)
identified as potential aquaporins after keyword searches in the EST
annotation (“aquaporin,” “tonoplast intrinsic protein,” “PIP} “TIP,
“NIP” “SIP”) or in the GO terms (“water transport”). Total of unitags:
1,579.

the SoGI (Saccharum officinarum L.) dataset representing
282,683 ESTs that resulted in 121,342 unique sequences
[42,377 TC (Tentative Consensus clusters) plus 78,965 single-
tons) after clustering. This species took part in the sugarcane
breeding programs [40, 41] performed around the world.

Almost all unitags related to the aquaporin annotations
(260 of 289; Table 1) anchored in SoGI sequences, which
exceeded those obtained with the partial dbEST dataset
(http://www.ncbi.nlm.nih.gov/dbEST/dbEST _summary.
html) by almost six times. This dbEST is composed of 277,266
ESTs, mostly from Brazilian sugarcane hybrids (SUCEST-
FAPESP project) [42] (Table 1). This may mainly be due
to the sizes of the SoGI sequences, as most alignments
occurred in the CTs. Nevertheless, the partial dbEST dataset
was the second best source for mapping unitags, but its real
annotation power was affected by the nonadequate descrip-
tions of the cDNAs (many “unknown” hits). As Sorghum
bicolor is the most closely related diploid of S. officinarum
[2], this species could contribute to the identification of
aquaporin isoforms. However, after redundancy exclusion,
only 19 unitags anchored in seven unique ESTs based on the
best hits (Table 1). This poor performance may be explained
by the low number of ESTs available in the SbGI dataset
(46,043), being the second smallest databank used (Table 1),
in contrast with the high number of available sugarcane
ESTs, reinforced by the high homology between sorghum and
sugarcane.
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TasLE 1: EST databases used for unitag annotations from sugarcane HT-SuperSAGE libraries (tolerant/sensitive genotypes after 24 h of
continuous dehydration or regular daily irrigation) and BLASTn nonredundant results.

Total Align.

Species Database Annot."/ESTs PIP TIP NIP SIP  BlastN R (up toone  Unitags Uniq\:e ‘?"“"‘35,
Align. mismatch) s RIS
Saccharum spp. dbEST ~ 24/256,636 0 0 0 0 154 41 105 43 34 23
Saccharum officinarum  SoGl ~ 265/121,342 157 85 21 11 683 158 425 260 127 50
Sorghum bicolor SbGI 68/46,043 34 23 5 6 74 11 63 19 7 74
Zea mays ZmGI  347/315,134 142 154 35 19 49 7 29 13 15 20
Oryza sativa OsGI  283/201,220 121 95 33 7 119 26 72 20 86 3
Panicum virgatum PaviGI ~ 147/85,244 58 45 28 174 31 116 22 57 0
Triticum aestivum TaGl  542/222,152 138 128 32 14 253 20 197 23 123 5
Hordeum vulgare HvGI 110/83,100 32 33 12 9 34 2 30 16 21 7
Festuca arundinacea FaGI 27/30,244 5 1 1 1 39 10 27 17 14 5
Total 1,913/1,361,144 687 564 167 73 1,579 306 1,064 289" 484 45"

* Aquaporin, tonoplast intrinsic Frotein and major intrinsic protein, membrane integral protein (PIP, TIP, NIP e SIP); * number of nonredundant ESTs (putative

aquaporins) anchoring unitags,

The unitags proved to be highly specific for aquaporins.
A total of 263 unitags (91% of 289) were associated with
aquaporin isoforms (189 unitags anchored in just a single EST
from a unique database); 19 unitags (7%) were not isoform-
specific but comprised the same subclass (PIP1 or PIP2) and
only seven (2%) were not specific to any subclass.

3.2. Comparative Analysis of the Putative Aquaporin Isoforms
Identified by the Unitags. Regarding the total of 484 anno-
tated aquaporin-ESTs anchoring unitags (Table 1), 470 of
them (97.10%) aligned with aquaporin-proteins isoforms with
an e value < 107%° (BLASTx), from the UniProtKB/Swiss-
Prot database, a high-quality annotated databank. This fact
confirmed the isoforms identities (data not shown). All of
them represented 42 distinct isoforms belonging to the four
subfamilies (PIP, TIP, SIP, and NIP) based on the ESTs
annotations. The 42 isoforms and their respective number
of unitags [considered UR, DR or n.s. (P < 0.05)] in the
two main HT-SuperSAGE libraries contrasts are shown in
Table 2. According to this table, one unitag or more could
be associated with a specific isoform. In some cases, two
or more ESTs from one database present the same isoform
annotation. The Gene Index databases used throughout this
work minimized this situation due to the assembled TC (Ten-
tative Consensus) clusters. Besides, unitags aligning more
than one locus in the same EST could be resulted by partial
NlallI digestions. In an attempt to avoid this situation, it was
performed double digestions. Additionally, this event could
be resulted by sister-tags anchoring one specific EST and
isoform. In this case, tags showing a single base substitution
(sister-tags) were considered as two different unitags. On
the other hand, alternative transcripts could anchor varied
unitags. Also, specific isoforms could be mapped in several
loci (in the same or in different chromosomes). In addition,
Saccharum hybrids show complex genomes, as a result of
polyploidy and aneuploidy events [40, 41]. Therefore, this

water transporter”; “number without redundancy among the nine databanks.

diversity of unitags (UR and DR) associated to aquaporin
isoforms could allow identify biotechnologically interesting
candidates.

From the 71 unique ESTs involved in perfect unitag-
EST BlastN alignments (score 52; Table 1), 24 putative
aquaporins showed ORFs with over 180 amino acids in size,
and these sequences, together with MIP protein sequences
from Arabidopsis thaliana, Homo sapiens, and Yersinia pseu-
dotuberculosis were compared in a phenetic analysis. The
resulting tree confirmed that putative aquaporins clearly
divide into four major clusters, representing the PIP, TIP, SIP,
and NIP subfamilies (Figure 2). This tree was consistent with a
previous analysis of aquaporin phylogeny in higher plants [10,
18,43, 44]. As expected, the human HsAPQI isoform grouped
with the PIP subfamily, since the human APQI subfamily
was recently recognized to be phylogenetically more similar
to the PIP subfamily than to other plant subfamilies [45].
Also, YpGIpF grouped with the NIP aquaporin subfamily.
The YpGIpF isoform belongs to a MIP family related to the
bacterial GIpF protein glycerol uptake facilitator, classically
associated with aquaglyceroporins from NIP and APQ3
subfamilies [45]. Therefore, this tree, which is supported by
the scientific literature, presents the 24 aquaporin isoforms
identified by HT-SuperSAGE unitags expressed after 24 h of
continuous dehydration stress. Moreover, considering only
the nine isoforms identified from S. officinarum ESTs, this
smaller set was also distributed across the four aquaporin
subfamilies described for higher plants.

Additionally, the heat maps (Figure 2) revealed by the
expression modulation of the unitags (FCs) in the tolerant
or sensitive bulks (both with their respective unstressed con-
trols) show that some PIP isoforms are divergently regulated
in the bulks of genotypes. Thus, from the 12 PIP transcripts,
eight were repressed in the tolerant genotypes under stress.
At the same time, eight of those transcripts were induced
in the sensitive bulk. Furthermore, the majority of the
PIP transcripts showed divergent modulations (contrasting
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FIGURE 2: Neighbor Joining dendrogram (MEGA v.5.2.1 software [27]) and integrated heat map (bootstrap values of 1,000 replications),
showing the phenetic grouping of 24 potential aquaporin amino acid sequences identified by HT-SuperSAGE unitags from sugarcane
accessions after 24 h of continuous dehydration (with their respective EST and unitag identifiers), and aquaporins sequences of Arabidopsis
thaliana, human and Yersinia pseudotuberculosis (all these labeled by an asterisk). Nomenclature: Isoforms are preceded by the abbreviated
species name (At-Arabidopsis thaliana; Hs-Homo sapiens; Hv-Hordeum vulgare; Os-Oryza sativa; Pv-Panicum virgatum; Sb-Sorghum bicolor;
So-Saccharum officinarum; Yp-Yersinia pseudotuberculosis; Zm-Zea mays).

results) when the response of both bulks of stressed genotypes
is compared. Taken together, different genotypes may have
developed different survival strategies.

On the other hand, the TIP transcripts similarly
responded to the stress (comparing the modulation between
both bulks of genotypes, Figure 2). Of the seven TIP
subfamily isoforms studied (Figure 2), five were induced in
both bulks of genotypes responding to stress, suggesting the
participation of these isoforms in water transport. Finally,
the only SIP subfamily representative studied here showed
distinct regulation between the analyzed bulks, whereas the
two NIP subfamily representatives distinctly responded:
NIP3-1 was induced in the tolerant bulk and suppressed in
its sensitive counterpart, while NIP3-2 was not modulated
in the tolerant bulk, but was induced in the sensitive bulk
(Figure 2). For these subfamilies, a larger amount of data is
required for further analysis.

3.3. Transcriptional Profile of Putative Aquaporins Based on
Unitags. The 30 most expressed unitags, based on their nor-
malized frequencies (tpm) in the HT-SuperSAGE libraries,
associated to the aquaporin subfamilies PIP (15), TIP (10),
SIP (3) and NIP (2) are displayed in Table 3. According to
Kjellbom et al. [46] many aquaporin genes are constitutively
expressed, with a large number of transcripts (as presented in
Table 3), while others are temporally and spatially regulated
during plant development or stress responses, as is, for
example, the case with unitag SD173276 (Table 3).

After necessary redundancy exclusion, we identified 42
potential aquaporin isoforms. The contribution of each aqua-
porin subfamily is presented in Figure 3. In each comparison
(SD24T vs SDTC: 26; SD24S vs SDSC: 28; SD24T vs SD24S:
28; SDTC vs SDSC: 28), 26-28 isoforms were identified as
being expressed in sugarcane roots after onset of stress (24 h
of continuous dehydration) or under normal daily irrigation



TABLE 2: Putative sugarcane aquaporin isoforms (42) based on
unitags of root dehydration (24h) observed in the two main
contrasts of HT-SuperSAGE libraries.

Aquaporin SD24T versus SDTC ~ SD24S versus SDSC
isoform UR DR ns. UR DR ns
SsPIPI1-1 —_ 1 1
SoPIP1-2 2 1 -
PvPIP1-2 1
SoPIP1-3/PIP1-4
OsPIP1-3/PIP1-4
SoPIP1-5
PvPIPI-5
SoPIP2-1
ZmPIP2-1
OsPIP2-1
PvPIP2-1 —
TaPIP2-1 —
OsPIP2-2 -
PvyPIP2-2 —
OsPIP2-3 - -
ZmPIP2-3 —
SoPIP2-4 3
OsPIP2-4 -
PvPIP2-4 -
FaPIP2-4 -
SoPIP2-5 1
TaPIP2-5
SoPIP2-6
TaPIP2-6
SsTIPI-1
SoTIP1-1
SbTIP1-1
ZmTIPI-1 - —
HvTIP1-1
TaTIP1-1
TaTIP1-2
SoTIP2-2
HvTIP2-2
PvTIP2-2 —
SoTIP2-3

PyTIP2-3 - —
SoTIP4-2 — - -
PyNIPI-1 - 1 — - 1
SoNIP1-2 - —
SoNIP3-1 1 2
SoSIP1-1 1
SoSIP1-2 3 5 2 2 1 10
Isoforms are preceded by the abbreviated species name (Fa: Festuca arun-
dinacea; Hv: Hordeum vulgare; Os: Oryza sativa; Pv: Panicum virgatum; Sb:
Sorghum bicolor; So: Saccharum officinarum; Ss: Saccharum spp.; Ta: Triticum
aestivum; Zm: Zea mays). HT-SuperSAGE libraries: SD24T (bulk of tolerant
genotypes under stress; SD24S (bulk of sensitive genotypes under stress);
SDTC (control bulk of tolerant genotypes); SDSC (control bulk of sensitive

genotypes). DR: down-regulated; UR: up-regulated. n.s.: not significant at P
< 0.05.
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conditions. This number of isoforms is close to that of other
higher plants (31 aquaporin isoforms in maize [43, 47], 35 in
A. thaliana [48], 39 in rice [47]), and more than twice the
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TasLe 3: The 30 HT-SuperSAGE unitags most expressed and
annotated as aquaporins from sugarcane libraries with contrasting
genotypes under stress (24 h of continuous dehydration) or normal
daily irrigation.

Tags per million (tpm)

Unitag id Aquaporin

SD24T SDTC SD24S SDSC
SD173282 SoTIP2-2 1,096 3,784 1,643 1,816
SD231437  SoPIP1-3/PIP1-4 819 1,551 1,140 990
SD87583  SoPIP1-3/PIP1-4 964 956 1,186 520
SD119746 SoTIP2-3 1,162 1,041 771 530
SD173276 SoTIP2-2 564 1,879 496 0
SD182865 SoTIP2-2 535 876 501 674
SD87593  SoPIPI-3 /PIP1-4 579 601 750 377
SD80613 SoTIP1-1 318 234 775 571
SD80612 SoTIPI1-1 437 393 423 453
SD250744 SoPIP2-1 321 577 265 508
SD19004 HvTIPI1-1 422 395 411 210
SD176669 SoPIP2-6 275 591 310 183
SD243880 SoPIP2-1 176 326 334 496
SD28080 SoPIP2-4 406 329 224 312
SD176663 SoPIP2-6 135 340 227 136
SD241279 SoPIP1-5 151 184 257 107
SD84960 SsTIPI-1 202 216 29 136
SD243849 SoPIP2-1 108 123 13 40
SD54852 SoPIP2-1 107 143 22 52
SD96918 SoSIP1-2 106 66 96 49
SD96922 SoSIP1-2 89 43 114 49
SD202395 PvNIPI-1 39 53 40 98
SD243867 SoPIP2-1 37 42 79 43
SD87586  SoPIP1-3/PIP1-4 31 54 28 55
SD250859 SoPIP2-1 39 96 0 32
SD198883 SoPIP2-5 39 27 30 37
SD21811 SoSIP1-1 26 16 26 26
SD84958 SsTIPI-1 29 15 9 17
SD217703 SoNIP3-1 29 15 13 13
SD36243 HvTIP2-2 31 9 12 9

Isoforms are preceded by the abbreviated species name (Hv: Hordeum
vulgare; Pv: Panicum virgatum; So: Saccharum officinarum; Ss: Saccharum
spp). SuperSAGE libraries: SD24T (bulk of tolerant genotypes under stress;
SD24S (bulk of sensitive genotypes under stress); SDTC (control bulk of
tolerant genotypes); SDSC (control bulk of sensitive genotypes).

amount predicted for vertebrates (11 to 13 isoforms) [49, 50].
The number of aquaporin isoforms in sugarcane may be even
higher, since some isoforms respond only in specific tissues
[51] or after - salinity [52], freezing [53], mycorrhization [54],
light [55, 56], and cell growth stresses [10]. Therefore, the real
number of aquaposin isoforms can only be estimated approx-
imatively by whole genome sequencing. Since sugarcane has
one of the most complex genomes of the plant kingdom,
with a diploid number of chromosomes ranging from 100 to
130 as a result of aneuploidy and polyploidy events [41], this
approach would require significant efforts and investments.
The most transcribed 19 aquaporin unitags belonged to
the PIP and TIP subfamilies (Table 3), which matches a report
by Alexandersson et al. [51], who analyzed the transcriptional
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W Down-regulated
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B Down-regulated
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TIP SIP NIP

ns.
B Down-expressed
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FIGURE 3: Representation of aquaporin subfamilies expressed in sugarcane after 24 h of continuous dehydration ((a), (b), and (c)) and
during normal irrigation (d), involving bulks of genotypes tolerant and sensitive to stress. HT-SuperSAGE libraries: SD24T (bulk of tolerant
genotypes under stress; SD24S (bulk of sensitive genotypes under stress); SDTC (control bulk of tolerant genotypes); SDSC (control bulk of

sensitive genotypes).

profile of 35 Arabidopsis aquaporins in three different tis-
sues (roots, leaves, and flowers) during water deficit stress
(watering suppression). These authors concluded that in all
the studied tissues, the PIP, and TIP aquaporins showed
higher expression levels, whereas NIPs aquaporins exhibited
particularly low transcriptional levels under stress. Zhu
etal. [52] also confirmed a lower amount of NIP and SIP
in corn under controlled conditions (continuously aerated
hydroponic medium, and parameters described by Gibeaut
et al. [57]), as compared to the PIP and TIP, which could
be related to the aquaporin transport specificity [58]. NIPs

are related to the transport of small solutes [31], whereas the
physiological functions of SIPs, in addition to water transport
[59], still remain unclear. Otherwise, PIPs form primary
channels mediating efficient water uptake and thereby control
plasma membrane potentials of permeability, while TIPs, in
addition to their high water transport capacity in tonoplasts
[60], also transport CO2 [13] and urea [12].

In the present work, SIP and NIP subfamilies were less
responsive to the applied stress. We noticed, that NIPs were
not up-regulated in the sensitive bulks t SD24S versus SDSC
(Figure 3(b)), as well as among the down-regulated unitags



in the tolerant bulks SD24T versus SD24S (Figure 3(c)). On
the other hand, the SIP subfamily also harbored no isoform
among the down-regulated unitags in the contrast SD24T
versus SDTC (Figure 3(a)). Alexandersson et al. [51] also
confirmed that some SIP isoforms presented little expression
variation in Arabidopsis plants under drought stress (watering
suppression extended until 12 days). Therefore, AtSIPI-1 was
considered as constitutively expressed. This low responsive-
ness to water deficit can be explained by the unique location
of these aquaporins in the endoplasmic reticulum [59], an
organelle with tortuous structure and high surface-to-volume
ratio with high demand for osmotic balance volume and,
therefore, may not require the water transport mediated by
aquaporins [59]. Thus, further studies are necessary to define
SIP functions more clearly.

The level of aquaporin transcripts varied less than 10
times based on the unitags in the contrasts, except for the
SD173276 unitag (a potential SoTIP2-2), which was almost
two thousand times higher in the tolerant SDTC versus SDSC
contrast, and almost 500 times in the sensitive contrast SD24S
versus SDSC (data not shown).

Alexandersson et al. [51] also observed that most aqua-
porins do not alter their expression under water deficit
stress, and no Arabidopsis aquaporin isoforms varied their
expression more than twice until the seventh day of stress
treatment.

The contrast analysis of the tolerant bulks defined four
possible targets: one exclusively up-regulated PIPI-1 iso-
form (SD264077 unitag, FC 3.58), and three exclusively
down-regulated PIP2-2s (SD176950 unitag, FC -2.34), PIP2-
1 (SD176664 unitag, FC -1.73) and NIP1-1 (SD202395 unitag,
FC -1.36).

In rice, the PIPI-1 isoform promoted salt stress tolerance
[23], and it was involved in the rehydration after cooling
stress in tolerant genotypes [61]. PIP1-1 overexpression con-
ferred tolerance to water deficit in rice and to salt stress in
transgenic Arabidopsis [62]. This isoform also responded to
drought and daytime in grapevine [56]. The up-regulated
SD264077 unitag, as a possible PIPI-1 isoform, was validated
in the present work by RT-qPCR analysis, as detailed in the
next chapter, and represents a potential target for further
studies, including the development of molecular markers
for marker-assisted selection in breeding (real-time PCR-
assisted selection) [63] or cis-genesis (insertion of genes
in different accessions of the same species [64]), already
successfully applied by Joshi et al. [65]. These authors inserted
resistance genes to apple scab under the control of the
RubisCO promoter in varieties known to be susceptible to the
pathogen.

Isoform PIP2-2 is down-regulated over four times in
Arabidopsis under 12 days of drought [51] and in barley under
salt stress [66]. As expected, it was also observed in the
tolerant bulk analysis of the present study, showing FC -2.34.
The subsequent PIP2-2 monitoring revealed that aquaporin
expression increased sensitivity to salt stress in transgenic
rice [67]. This point is relevant, since crosstalks involving
shared pathways in response to drought and salinity stress
are regular [68, 69]. Thus, this isoform, after appropriate
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RT-qPCR validation, could be useful as stress-indicator in
breeding programs.

On the other hand, the potential usefulness of unitags
related to PIP2-1, PIP2-5, PIP2-6, TIPl-1, TIP2-2, SIPI-1,
and SIPI-2 in breeding programs still need to be confirmed.
In relation to the PIP2-5 isoform (up- and down-regulated
simultaneously in the present study, depending on unitags),
Jang et al. [70] observed that overexpressing this aquaporin
reduced drought tolerance of transgenic Arabidopsis and
tobacco. The same group proposed that PIP2-5 expression
influenced the transcription levels of other PIPs and H+-
ATPases (enzymes that regulate the cytoplasmic pH in which
levels of H+ interfere with the control of the opening and
closing of the aquaporins channels known as the aquaporin
gating [71]). Lembke et al. [25] also observed this isoform
to be down-regulated under water deficit (72 hours of
watering suppression), despite the detected induction via
oligonucleotide array hybridization.

Therefore, for the tolerant bulk of genotypes, this isoform
is expected to restrain its expression under root dehydration
(24 h).

Basically, up- or down-regulation and constitutive expres-
sion were all observed in the contrast analysis of tolerant
bulks, (except that down-regulation was not observed in the
SIP subfamily; Figure 3(a)).

The sensitive bulk of genotypes also presented all three
expression levels for each aquaporin subfamily (with the
exception of the NIP subfamily, in which up-regulation was
not observed; Figure 3(b)). The analysis of the sensitive
bulks allowed the identification of only up-regulated [PIP2-
2 (SD176665 unitag, FC 4.83), PIP2-4 (SD176663 unitag,
FC 1.66), PIP2-6 (SD176669 unitag, FC 1.70)] or only
down-regulated [PIPI-1 (SD264077 unitag, FC -4.56), NIP1-
1 (SD202395 unitag, FC -2.00)] aquaporin isoforms. These
exclusively up- or down-regulated isoforms, respectively, may
represent a panel of markers based on real-time PCR, and
suggesting high stress sensitivity. In this way, at least two
candidates are particularly appealing: (a) PIP1-1, that was up-
regulated (SD264077 unitag, FC 3.58) in the tolerant bulks
and entirely differently regulated (SD264077 unitag, FC -
4.56) in the sensitive bulks; (b) PIP2-2 isoform, which was
exclusively down-regulated in the tolerant bulks (SD176950
unitag, FC -2.34) and up-regulated in the sensitive bulks
(SD176665 unitag, FC 4.83). Thus, both isoforms are strong
candidates for further research aiming at molecular marker
development and cis-genesis. Finally, further studies are
needed to determine the true meaning of each stress-
responsive isoform.

When comparing both genotype bulks under stress
(SD24T versus SD24S), all three expression levels (up- or
down-regulation and constitutive expression) were observed
for each aquaporin isoform subfamily. Notably, a specific
isoform in the SIP subfamily was down-regulated in the
tolerant bulk, but not in the sensitive bulk (Figure 3(c)).
Two more isoforms are worth mentioning: PIP2-4 (SD176664
unitag, FC 3.64), which was more transcribed in the stressed
tolerant bulk than in the stressed sensitive one, and PIP2-1
(SD176669 unitag, FC -1.13), which is being less transcribed
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TABLE 4: Aquaporin unitags with distinct expression rates in root HT-SuperSAGElibraries from contrasts of tolerant” (SD24T versus SDTC)
and sensitive® (SD24S versus SDSC) sugarcane genotypes and after continuous dehydration (24 h).

Unitag Anotation FC" Unit?g T FC’ Unit",‘g s
regulation regulation
SD264077 SsPIP1-1 3.58 UR -4.56 DR
SD2444 SoPIP1-3/PIP1-4 5.93 UR -2.66 DR
SD231548 SoPIP1-3/PIP1-4 3.18 UR 1.28 n.s.
SD243866 SoPIP2-1 13.51 UR -=15.97 DR
SD243874 SoPIP2-1 3.18 UR -2.14 DR
SD28082 SoPIP2-4 15.10 UR -6.39 DR
SD28080 SoPIP2-4 1.23 UR -1.39 n.s.
SD198883 SoPIP2-5 1.46 UR =125 n.s.
SD36536 SoTIP1-1 297 UR -1.90 n.s.
SD80612 SoTIP1-1 L1 UR -1.07 n.s.
SD84958 SsTIPI1-1 2.02 UR -1.82 DR
SD36243 HvTIP2-2 3.53 UR 1.34 n.s.
SD182891 SoTIP2-2 2.78 UR -5.85 DR
SD119963 SoTIP2-3 5.56 UR 1.93 n.s.
SD119859 SoTIP2-3 3.18 UR -2.66 DR
SD217703 SoNIP3-1 1.93 UR -1.01 n.s.
SD21811 SoSIPI-1 1.65 UR 1.01 n.s.
SD96919 SoSIP1-2 238 UR -1.06 n.s.
SD233575 SoPIP1-3/PIP1-4 —-6.56 DR 4.21 UR
SD231438 SoPIP1-3/PIP1-4 -5.16 DR 1.38 n.s.
SD231437 SoPIP1-3/PIP1-4 -1.89 DR L15 UR
SD205705 SoPIP1-3/PIP1-4 -1.87 DR -1.14 n.s.
SD231440 SoPIP1-3/PIP1-4 -2.79 DR -2.14 n.s.
SD241279 SoPIP1-5 -1.22 DR 2.40 UR
SD91837 SoPIP2-4 -17.81 DR 132 s,
SD243847 SoPIP2-1 =750 DR -1.60 n.s.
SD243911 SoPIP2-1 -5.62 DR -1.33 n.s.
SD54851 SoPIP2-1 -2.53 DR 1.87 n.s.
SD176663 OsPIP2-4 =251 DR 1.66 UR
SD176664 SoPIP2-4 -173 DR 1.02 n.s.
SD84616 SoPIP2-5 -4.42 DR 132 n.s.
SD176669 SoPIP2-6 =215 DR 1.70 UR
SD19005 HvTIPI-1 -1.87 DR 1.84 n.s.
SD19006 HvTIPI-1 -5.16 DR 4.67 UR
SD7939 TaTIP1-1 -2.95 DR 1.76 n.s.
SD80616 SsTIP1-1 -2.81 DR 2.34 UR
SD182871 SoTIP2-2 -6.09 DR -1.63 n.s.
SD173276 SoTIP2-2 -3.33 DR 496.29 UR
SD119919 SoTIP2-3 —6.56 DR 1.61 n.s.
SD194892 SoNIP3-1 -2.34 DR -1.60 n.s.

Isoforms are preceded by the abbreviated species name (Hv: Hordeum vulgare; Os: Oryza sativa; So: Saccharum officinarum; Ss: Saccharum spp. and Ta: Triticum
aestivum). HT-SuperSAGE libraries: SD24T (bulk of tolerant genotypes under stress; SD24S (bulk of sensitive genotypes under stress); SDTC (control bulk of
tolerant genotypes); and SDSC (control bulk of sensitive genotypes). FC: ratio of the frequencies (normalized to 1,000,000) observed in the stressed library in
relation to the control library. DR: down-regulated; UR: up-regulated; n.s.: not significant at P < 0.05.
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FIGURE 4: Relative quantification of SsPIP1 aquaporin-1 (unitag SD264077) and SoPIP1-3/PIPI1-4 (unitag SD231548) with sugarcane cDNAs
[tolerant genotypes: (a) CTC6, (b) CTCI5, (c) SP83-2847, (d) SP83-5073; sensitive genotypes [(e) CTC9, (f) CTCI3, (g) SP90-1638, (h) SP90-
3414] under stress (24 h of continuous dehydration). The expression ratios of the same genotypes under control condition were normalized
by reference genes GAPDH and 25S rRNA. “Relative expression (REST” v. 2.0.13 software) with the mean value (horizontally dotted line)
and range of the observations (100%, horizontal bars); in red: confidence interval at 95%.

in the stressed tolerant bulk as compared to the stressed
sensitive bulk.

The unitag related to PIP2-4 (SD176664) was down-
regulated in the tolerant bulks after onset of the stress,
and it had no relevant expression changes in the sensitive
bulks. Nevertheless, it was more expressed in the tolerant
bulk when compared with the sensitive bulk, upon stress or
even under control conditions. Thus, the tolerant genotypes
seemed to produce more PIP2-4 transcripts than the sensitive
genotypes. In maize, this aquaporin isoform was up-regulated
after only two hours of salt stress, in which time the recovery
phase of the osmotic potential falls [52].

In turn, the PIP2-I-related unitag (SD176669) behaved
differently under stress and its reaction depends on the
genotype (it was down-regulated as compared to the tolerant
bulks, and up-regulated as compared to the sensitive bulks).
When considering the contrast between both control and
stressed bulks of genotypes, this unitag was better expressed
in the sensitive bulk than in the tolerant one. By taking into
account that this aquaporin isoform increases insensitivity to
salinity [67] in transgenic rice and the fact that salinity and
drought share many response pathways [68, 69], this isoform
deserves further investigation.

Analysis of controls of the two different genotype
bulks s showed that the aquaporin isoforms are present
in all subfamilies and expressed in the three studied lev-
els during normal daily irrigation (Figure 3(d)). Four iso-
forms [PIP1-2 (SD92576 unitag); PIP2-1 (SD176664 unitag);

PIP2-4 (SD176663 and SD176950 unitags); PIP2-6 (SD176669
unitag)] presented significantly higher abundance in the
tolerant bulk, while only one (NIPI-1) was less expressed
in relation to the sensitive bulk. In turn, five isoforms
(PIP2-2, PIP2-3, PIP2-5, PIP2-6, and TIP4-2) were similarly
transcribed in both bulks, while another five isoforms (PIP2-
1, PIP2-4, TIP2-2, TIP2-3, and SIP1-2) presented all the three
expression levels. Differences in the transcriptional profiles
of both controls bulks reinforce the expression modulation
of genes presenting in the genotypes composing the bulks.

The two main comparisons SD24T versus SDTC and
SD24S versus SDSC revealed that from a total of 18 up-
regulated unitags in the tolerant bulks, eight were down-
regulated in sensitive bulks, while from 22 other unitags,
down-regulated in the tolerant bulks, eight were up-regulated
in the sensitive bulks (Table 4). The same isoforms showing
different expression levels (Table 4) can be explained by
the similarities between aquaporins sequences, in part a
consequence of the high level of duplicated plant MIP genes,
which is higher than that observed in vertebrates, possibly
reflecting the environmental pressures plants are exposed
to [45, 49], and also the aneuploidy and polyploidy events
observed in the Saccharum complex [41].

3.4. Unitag Expression Validation by RT-qPCR. The use of
RT-qPCR for the confirmation of aquaporin gene expres-
sion changes in grass (maize [72] and sugarcane [25]) has
already been reported. In the present work we attempted to
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TABLE 5: Primers sequences for RT-qPCR of SsPIP1-1, SoPIP1-3/PIP1-4 (designed from sugarcane ESTs), 255 rRNA, and GAPDH (as reference

genes).
" Regression -
Unitag EST/cluster Database® Gene Primers Tm Amplicon ‘%o @ ¢ Amplification
(‘C)  (bp) () efficiency (%)
’ 5'-GTTCCTATCCTTGCCCCACT-3'
SD264077 gil35203438  dbEST  SsPIPI-1 3 -AGGCGTGATCCCTGTTGTAG-5' 84.6 134 0.995 95.55
SoPIPl- 5'-GACTCCCATGTTCCTATCCTTG-3'
TC127588 I
A SoGL pIPl4 3-CGTGATCCCTGTTGTAGATGAT-5' 843 142 — —
;s 255 5-GCAGCCAAGCGTTCATAG-3'
— gi33464288  dbEST RNA  3'- CGGCACGGTCATCAGTAG-5' 829 172 0.999 99.82
U U
= TC531505  SoGI  GAPDH > “GETICAL TTGARCEE TG i) 81.8 100 0.984 100.89

3'- TGAGGTGTACCTGTCCTCGTT-5'

Isoforms are preceded by the abbreviated species name (So: Saccharum officinarum; Ss: Saccharum spp.).
" Databases: dbEST (NCBI; http://www.ncbi.nlm.nih.gov/), Gene Index (SoGI; http://compbio.dfci.harvard.edu/tgi/)].

determine which genotype was responsible for the bulk of
expression in tolerant or sensitive genotypes. To that end,
each genotype composing that bulk was independently tested
by RT-qPCR analysis. Thus, two unitags [SD264077 (PIPI-1)
and SD231548 (PIP1-3/PIP1-4)] considered UR in the tolerant
bulk as well as DR and n.s. in the sensitive were selected for
expression validation using two reference genes (255 rRNA
and GAPDH), both reported to be suitable for sugarcane
(Table 5). The relative expression results of the tolerant and
sensitive genotypes for the two target genes are shown in
Table 6, together with their respective unitag results.

PIPI1-1 (SD264077 unitag) was induced by stress in two of
the tolerant genotypes (CTC6 and SP83-2847), in comparison
to the respective controls (Table 6, Figure 4). Nevertheless,
in the remaining tolerant genotypes (CTC15 and SP83-5073)
both PIPI-1 genes were down-regulated under the same
conditions (Table 6, Figure 4). Thus it can be concluded that
CTC6 and SP83-2847 were responsible for the unitag up-
regulation. The overexpression of rice PIP1-1 in root and leaf
(within 24 h) enhanced the tolerance to drought (200 mM
mannitol) and salt stress (100 mM NaCl) in transgenic Ara-
bidopsis [62]. Also, PIPI-1 aquaporin isoforms in grapevine
were highly expressed in roots (RT-qPCR) in response to
water deficit (8 days of constant dehydration [56]).

PIP1-3/PIP1-4 (SD231548 unitag), were stress-induced in
genotype SP83-2847 (Table 6, Figure 4), in agreement with
the HT-SuperSAGE data. It should be noted that in phylo-
genetic analyses PIP1-3 and PIP1-4 are highly similar with
barley PIP amino acid sequences, being grouped together
as one isoform, while they are phylogenetically more distant
from PIPI-1 (from barley and rice, [73]). A. thaliana PIP1-3
and PIP1-4 isoforms had their transcription level increased
more than five times, covering the first 48 h of drought stress
(250 mM mannitol), in leaves and roots, as well as in response
to salt (150 mM NaCl) and cold stresses [48]. In turn, PIP1-
3 overexpression in transgenic rice, combining aquaporin
coding sequence with a constitutive corn promoter, showed
enhanced stress tolerance to cold [74].

However, in relation to water transport by PIP1-3, which
appears to be less permeable to water [74], this isoform could
work best in conjunction with PIP2 subgroup members, in

TaBLE 6: Relative expression rates of aquaporins PIPI-1
(SD264077 unitag) and PIP1-3/PIP1-4 (SD231548 unitag) in
bulks of tolerant or sensitive genotypes, respectively, and RT-qPCR
data (both in bulks and each genotype).

Target gene

Technique and genotypes PIP1-1 PIP1-3/PIP1-4
Modulation of gene expression®
HT-SuperSAGE
Tolerant bulk' 3.580°/UR 3.180°/UR
Sensitive bulk' -4.560" /DR 1.280" /ns
RT-qPCR and Tolerant
Genotypes
CTC6 1.652°/UR 1.271°/ns
CTCl15 0.740°/DR 0.670°/DR
SP83-2847 1.836"/UR 1.468°/UR
SP83-5073 0.324"/DR 0.383°/DR
RT-qPCR and sensitive
Genotypes
CTC9 1.030"/ns 1.205°/ns
CTCI13 0.635"/DR 0.644"/DR
SP90-1638 1.536"/ns 1.236°/ns
SP90-3414 0.324"/DR 0.383"/DR

'Bulk of the four tolerant or sensitive genotypes; &p < 0.05;" fold change [FC:
ratio of the frequencies (normalized to 1,000,000) observed in the stressed
library in relation to the control library]; “relative expression level using the
REST software (v. 2.0.13) [26]; DR: down-regulated; UR: up-regulated; ns:
not significant at P < 0.05.

which in silico analysis showed them to be mostly DR. Con-
sidering the remaining components of the tolerant bulk,
the genotype CTC6 did not show significant differences
in transcript levels, while CTCI15 and SP83-5073 presented
down-regulated transcription at the onset of root dehydration
(Table 6, Figure 4).

The strategy of opening bulks in the RT-qPCR validation
reinforced the transcription modulation of sugarcane aqua-
porins and gave hints to genotype-specific expression. Thus,
plants considered physiologically tolerant or sensitive to root
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dehydration (24h) varied in the expression of aquaporin
isoforms. The same was observed with up (O. sativa L. cv.
Zhonghan 3) and lowland (cv. Xiushui) rice under water
deficit [75]. The RT-qPCR results revealed genotype-specific
differences for PIP1-2, PIP1-3, PIP2-1, and PIP2-5 isoforms in
roots, and PIPI1-2 and PIPI1-3 in leaves. The above mentioned
isoforms were up-regulated in upland rice, whereas they
remained unchanged or DR in lowland rice [75].

Finally, the RT-qPCR protocol, in the present work
applied for unitags validation, as well as the identified unitags
for PIP1-1 and PIP 1-3/PIP1-4, define a set of functional
molecular markers based on the expression profiles validated
with appropriate genotypes. This expression marker set will
assist breeders in marker-assisted selection of elite genotypes
more tolerant to abiotic stresses.

4, Conclusions

The present work is a pioneer study specifically addressing
the aquaporin transcripts in sugarcane transcriptomes estab-
lished from HT-SuperSAGE transcription profiles from roots
of tolerant and sensitive genotypes after 24 h of continuous
dehydration. Almost all 26 bp unitags were annotated using a
public sugarcane EST databases, especially S. by S., allowing
the identification of potential aquaporins. Categorizing the
EST-anchored unitags by Gene Ontology (GO) enhanced the
annotation efficiency by almost 15%. These procedures iden-
tified potential isoforms of the four aquaporin subfamilies
(PIP, TIP, NIP, and SIP) already described for higher plants,
together with their respective expression profiles in sugarcane
under abiotic stress. Moreover, an efficient protocol for RT-
qPCR was developed, enabling gene expression validation
of SuperSAGE unitags related to PIP aquaporins (PIP1-1
and PIP1-3/PIPI1-4) and involving reference genes encoding
GAPDH and 25S rRNA, testing each genotype individu-
ally the employed, validation strategy revealed genotype-
specificity of the response to the applied stress.

Conflict of Interests

The authors declare that there is no conflict of interests.

Acknowledgments

The authors thank Dr. Bjorn Rotter, Ruth Jungmann, Nicolas
Krezdorn, and Dr. Peter Winter (GenXPro GmbH, Germany)
for scientific and technical advices. This work has been
funded by Brazilian institutions Financiadora de Estudos
e Projetos (FINEP), Fundagio de Amparo a Ciéncia e
Tecnologia do Estado de Pernambuco (FACEPE), and Con-
selho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq).

References
[1] G. E. Welbaum and E C. Meinzer, “Compartmentation of

solutes and water in developing sugarcane stalk tissue,” Plant
Physiology, vol. 93, no. 3, pp. 1147-1153, 1990.

105

Journal of Nucleic Acids

[2] S.L.Dillon, E. M. Shapter, R. J. Henry, G. Cordeiro, L. Izquierdo,
and L. S. Lee, “Domestication to crop improvement: genetic
resources for Sorghum and Saccharum (Andropogoneae),”
Annals of Botany, vol. 100, no. 5, pp. 975-989, 2007.

[3] FAOSTAT, “Food and Agriculture Organization of the
Unite Nations. In: FAO statistical databases,” 2011, http://
faostat.fao.org/.

[4] S. S. Gosal, S. H. Wani, and M. S. Kang, “Biotechnology and
drought tolerance,” Journal of Crop Improvement, vol. 23, no. 1,
pp. 19-54, 2009.

[5] M. D. A. Silva, J. A. G. Da Silva, ]J. Enciso, V. Sharma, and J.
Jifon, “Yield components as indicators of drought tolerance of
sugarcane, Scientia Agricola, vol. 65, no. 6, pp. 620-627, 2008.

[6] E. A. Bray, “Molecular responses to water deficit,” Plant Physiol-
ogy, vol. 103, no. 4, pp. 1035-1040, 1993.

[7] K. Shinozaki and K. Yamaguchi-Shinozaki, “Gene networks
involved in drought stress response and tolerance,” Journal of
Experimental Botany, vol. 58, no. 2, pp. 221-227, 2007.

[8] S.D.Tyerman, C. M. Niemietz, and H. Bramley, “Plant aquapor-
ins: multifunctional water and solute channels with expanding
roles,” Plant, Cell and Environment, vol. 25, no. 2, pp. 173-194,
2002.

[9] C. Maurel, “Plant aquaporins: novel functions and regulation
properties,” FEBS Letters, vol. 581, no. 12, pp. 2227-2236, 2007.

[10] M. Besse, T. Knipfer, A. J. Miller, J.-L. Verdeil, T. P. Jahn, and
W. Fricke, “Developmental pattern of aquaporin expression in
barley (Hordeum vulgare L.) leaves,” Journal of Experimental
Botany, vol. 62, no. 12, pp. 4127-4142, 2011.

[11] P. Gerbeau, J. Giglii, P. Ripoche, and C. Maurel, “Aquaporin
Nt-TIPa can account for the high permeability of tobacco cell
vacuolar membrane to small neutral solutes,” Plant Journal, vol.
18, no. 6, pp. 577-587, 1999.

[12] L.-H. Liu, U. Ludewig, B. Gassert, W. B. Frommer, and N.
Von Wirén, “Urea transport by nitrogen-regulated tonoplast
intrinsic proteins in arabidopsis,” Plant Physiology, vol. 133, no.
3, pp- 1220-1228, 2003.

[13] N. Uehleln, C. Lovisolo, E Siefritz, and R. Kaldenhoff, “The
tobacco aquaporin NtAQPI is a membrane CO, pore with
physiological functions,” Nature, vol. 425, no. 6959, pp. 734-737,
2003.

[14] D. Loqué, U. Ludewig, L. Yuan, and N. Von Wirén, “Tonoplast
intrinsic proteins AtTIP2;1 and AtTIP2;3 facilitate NH, trans-
port into the vacuole,” Plant Physiology, vol. 137, no. 2, pp. 671~
680, 2005.

[15] C. Dordas, M. J. Chrispeels, and P. H. Brown, “Permeability
and channel-mediated transport of boric acid across membrane
vesicles isolated from squash roots,” Plant Physiology, vol. 124,
no. 3, pp. 1349-1361, 2000.

[16] T. Henzler and E. Steudle, “Transport and metabolic degrada-
tion of hydrogen peroxide in chara corallina: model calculations
and measurements with the pressure probe suggest transport of
H,0, across water channels,” Journal of Experimental Botany,
vol. 51, no. 353, pp. 2053-2066, 2000.

[17] G. P. Bienert, M. Thorsen, M. D. Schiissler et al., “A subgroup
of plant aquaporins facilitate the bi-directional diffusion of
As(OH), and Sb(OH), across membranes,” BMC Biology, vol.
6, article 26, 2008.

[18] U. Johanson and S. Gustavsson, “A new subfamily of major

intrinsic proteins in plants,” Molecular Biology and Evolution,
vol. 19, no. 4, pp. 456-461, 2002.



Journal of Nucleic Acids

[19] M. S. Lucero, E Mirarchi, ]J. Goldstein, and C. Silberstein,
“Intraperitoneal administration of Shiga toxin 2 induced neu-
ronal alterations and reduced the expression levels of aquaporin
1 and aquaporin 4 in rat brain,” Microbial Pathogenesis, vol. 53,
no. 2, pp. 87-94, 2012.

[20] G. Di Giusto, P. Flamenco, V. Rivarola et al., “quaporin 2-
increased renal cell proliferation is associated with cell volume
regulation,” Journal of Cellular Biochemistry, vol. 113, no. 12, pp.
3721-3729, 2012.

[21] C. Geijer, D. Ahmadpour, M. Palmgren et al., “Yeast aquaglyc-
eroporins use the transmembrane core to restrict glycerol
transport,” The Journal of Biological Chemistry, vol. 287, no. 28,
pp. 23562-23570, 2012.

[22] M. Ayadi, D. Cavez, N. Miled, F. Chaumont, and K. Masmoudi,
“Identification and characterization of two plasma membrane
aquaporins in durum wheat (Triticum turgidum L. subsp.
durum) and their role in abiotic stress tolerance,” Plant Physi-
ology and Biochemistry, vol. 49, no. 9, pp. 1029-1039, 2011.

[23] C. Liu, T. Fukumoto, T. Matsumoto et al., “Aquaporin OsPIP1;1
promotes rice salt resistance and seed germination,” Plant
Physiology and Biochemistry, vol. 63, pp. 151-158, 2013.

24] C. Maure, L. Verdoucq, D.-T. Luu, and V. Santoni, “Plant aqua-

[24] C. Maure, L. Verdoucg, D.-T. Luu, and V. § “Plant aq
porins: membrane channels with multiple integrated functions,”
Annual Review of Plant Biology, vol. 59, pp. 595-624, 2008.

[25] C.G.Lembke, M. Y. Nishiyama Jr., P. M. Sato, R. F. Andrade, and
G. M. Souza, “Identification of sense and antisense transcripts
regulated by drought in sugarcane,” Plant Molecular Biology, vol.
79, no. 4-5, pp. 461-477, 2012.

[26] M. W.Pfaffl, G. W. Horgan, and L. Dempfle, “Relative expression
software tool (REST) for group-wise comparison and statistical
analysis of relative expression results in real-time PCR,” Nucleic
Acids Research, vol. 30, no. 9, p. €36, 2002.

[27] K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, and
S. Kumar, “MEGA5: molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and max-
imum parsimony methods,” Molecular Biology and Evolution,
vol. 28, no. 10, pp. 2731-2739, 2011.

[28] H. Matsumura, D. H. Kriiger, G. Kahl, and R. Terauchi,
“SuperSAGE: a modern platform for genome-wide quantitative
transcript profiling,” Current Pharmaceutical Biotechnology, vol.
9, n0. 5, pp. 368-374, 2008.

[29] H. Matsumura, S. Reich, A. Ito et al., “Gene expression analysis
of plant host-pathogen interactions by SuperSAGE,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 100, no. 26, pp. 1571815723, 2003.

[30] H. Matsumura, S. Reich, M. Reuter et al., “perSAGE: a potent
transcriptome tool for eukaryotic organisms,” in Current Tech-
nologies and Applications, S. M. Wang, Ed., pp. 77-90, Horizon
Scientific Press, Norwich, UK, 2004.

[31] H. Matsumura, K. Yoshida, S. Luo et al., “High-throughput
SuperSAGE,” Methods in Molecular Biology, vol. 687, pp. 135~
146, 2011.

[32] H. Matsumura, N. Urasaki, K. Yoshida, D. H. Kruger, G. Kahl,
and R. Terauchi, “SuperSAGE: powerful serial analysis of gene
expression,” Methods in Molecular Biology, vol. 883, pp. 1-17,
2012.

[33] E. A. Kido, J. R. C. Ferreira Neto, R. L. O. Silva et al., “New
insights in the sugarcane transcriptome responding to drought
stress as revealed by SuperSAGE,” The Scientific World Journal,
vol. 2012, pp. 1-14, 2012.

106

13

[34] S. Audic and ].-M. Claverie, “The significance of digital gene
expression profiles,” Genome Research, vol. 7, no. 10, pp. 986-
995, 1997.

[35] N.Robertson, M. Oveisi-Fordorei, S. D. Zuyderduyn etal., “Dis-
coverySpace: an interactive data analysis application,” Genome
Biology, vol. 8, no. 1, article R6, 2007.

[36] A. Conesa, S. Gotz, J. M. Garcia-Gémez, J. Terol, M. Talén,
and M. Robles, “Blast2GO: a universal tool for annotation,
visualization and analysis in functional genomics research,’
Bioinformatics, vol. 21, no. 18, pp. 3674-3676, 2005.

[37] J. D. Thompson, D. G. Higgins, and T. ]. Gibson, “CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice,” Nucleic Acids Research, vol.
22, no. 22, pp. 4673-4680, 1994.

[38] S. Rozen and H. Skaletsky, “Primer3 on the WWW for general
users and for biologist programmers,” Methods in Molecular
Biology, vol. 132, pp. 365-386, 2000.

[39] E. A. Kido, P. K. de Aradjo Barbosa, J. R. C. E. Neto et al.,
“Identification of plant protein kinases in response to abiotic
and biotic stresses using superSAGE,” Current Protein and
Peptide Science, vol. 12, no. 7, pp. 643-656, 2011.

[40] A.D’Hont, L. Grivet, P. Feldmann, S. Rao, N. Berding, and J. C.
Glaszmann, “Characterisation of the double genome structure
of modern sugarcane cultivars (Saccharum spp.) by molecular
cytogenetics,” Molecular and General Genetics, vol. 250, no. 4,
pp- 405-413, 1996.

[41] L. Grivet and P. Arruda, “Sugarcane genomics: depicting the
complex genome of an important tropical crop,” Current Opin-
ion in Plant Biology, vol. 5, no. 2, pp. 122-127, 2002.

[42] A. L. Vettore, E. R. Da Silva, E. L. Kemper, and P. Arruda, “The
libraries that made SUCEST,” Genetics and Molecular Biology,
vol. 24, no. 1-4, pp. 1-7, 2001.

[43] E Chaumont, FE. Barrieu, E. Wojcik, M. J. Chrispeels, and
R. Jung, “Aquaporins constitute a large and highly divergent
protein family in maize,” Plant Physiology, vol. 125, no. 3, pp.
1206-1215, 2001.

[44] M. X. Nguyen, S. Moon, and K. H. Jung, “Genome-wide
expression analysis of rice aquaporin genes and development of
a functional gene network mediated by aquaporin expression in
roots,” Planta, vol. 238, no. 4, pp. 669-681, 2013.

[45] G. Soto, K. Alleva, G. Amodeo, ]. Muschietti, and N. D.
Ayub, “New insight into the evolution of aquaporins from
flowering plants and vertebrates: orthologous identification and
functional transfer is possible,” Gene, vol. 503, no. 1, pp. 165-176,
2012.

[46] P. Kjellbom, C. Larsson, I. Johansson, M. Karlsson, and U.
Johanson, “Aquaporins and water homeostasis in plants,” Trends
in Plant Science, vol. 4, no. 8, pp. 308-314, 1999.

[47] A. Bansal and R. Sankararamakrishnan, “Homology modeling
of major intrinsic proteins in rice, maize and Arabidopsis:
comparative analysis of transmembrane helix association and
aromatic/arginine selectivity filters,” BMC Structural Biology,
vol. 7, article 27, 2007.

[48] J. Y. Jang, D. G. Kim, Y. O. Kim, J. S. Kim, and H. Kang, “An
expression analysis of a gene family encoding plasma mem-
brane aquaporins in response to abiotic stresses in Arabidopsis
thaliana,” Plant Molecular Biology, vol. 54, no. 5, pp. 713-725,
2004.

[49] R. Zardoya, “Phylogeny and evolution of the major intrinsic
protein family,” Biology of the Cell, vol. 97, no. 6, pp. 397-414,
2005.



14

[50] E. Magni, C. Sarto, D. Ticozzi et al., “Proteomic knowledge of
human aquaporins,” Proteomics, vol. 6, no. 20, pp. 5637-5649,
2006.

[51] E. Alexandersson, L. Fraysse, S. Sjovall-Larsen et al., “Whole
gene family expression and drought stress regulation of aqua-
porins,” Plant Molecular Biology, vol. 59, no. 3, pp. 469-484,
2005.

[52] C. Zhu, D. Schraut, W. Hartung, and A. R. Schiffner, “Differ-
ential responses of maize MIP genes to salt stress and ABA,
Journal of Experimental Botany, vol. 56, no. 421, pp. 2971-2981,
2005.

[53] R. Aroca, G. Amodeo, S. Fernidndez-Illescas, E. M. Herman, E.
Chaumont, and M. J. Chrispeels, “The role of aquaporins and
membrane damage in chilling and hydrogen peroxide induced
changes in the hydraulic conductance of maize roots,” Plant
Physiology, vol. 137, no. 1, pp. 341-353, 2005.

[54] N. Uehlein, K. Fileschi, M. Eckert, G. P. Bienert, A. Bertl, and
R. Kaldenhoff, “Arbuscular mycorrhizal symbiosis and plant
aquaporin expression,” Phytochemistry, vol. 68, no. 1, pp. 122-
129, 2007.

[55] F. Lopez, A. Bousser, I. Sissoéff et al., “Diurnal regulation of
water transport and aquaporin gene expression in maize roots:
contribution of PIP2 proteins,” Plant and Cell Physiology, vol.
44, no. 12, pp. 1384-1395, 2003.

[56] R. K. Vandeleur, G. Mayo, M. C. Shelden, M. Gilliham, B. N.
Kaiser, and S. D. Tyerman, “The role of plasma membrane
intrinsic protein aquaporins in water transport through roots:
diurnal and drought stress responses reveal different strategies
between isohydric and anisohydric cultivars of grapevine,” Plant
Physiology, vol. 149, no. 1, pp. 445-460, 2009.

[57] D. M. Gibeaut, J. Hulett, G. R. Cramer, and J. R. Seemann,
“Maximal biomass of Arabidopsis thaliana using a simple, low-
maintenance hydroponic method and favorable environmental
conditions,” Plant Physiology, vol. 115, no. 2, pp. 317-319, 1997.

[58] I. S. Wallace, W.-G. Choi, and D. M. Roberts, “The structure,
function and regulation of the nodulin 26-like intrinsic protein
family of plant aquaglyceroporins,” Biochimica et Biophysica
Acta, vol. 1758, no. 8, pp. 1165-1175, 2006.

[59] E Ishikawa, S. Suga, T. Uemura, M. H. Sato, and M. Maeshima,
“Novel type aquaporin SIPs are mainly localized to the ER
membrane and show cell-specific expression in Arabidopsis
thaliana,” FEBS Letters, vol. 579, no. 25, pp. 5814-5820, 2005.

[60] C.Maurel, E Tacnet, J. Giiclii, J. Guern, and P. Ripoche, “Purified
vesicles of tobacco cell vacuolar and plasma membranes exhibit
dramatically different water permeability and water channel
activity,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 94, no. 13, pp. 7103-7108, 1997.

[61] X. Yu, Y. H. Peng, M. H. Zhang, Y. J. Shao, W. A. Su, and
Z. C. Tang, “Water relations and an expression analysis of
plasma membrane intrinsic proteins in sensitive and tolerant
rice during chilling and recovery,” Cell Research, vol. 16, no. 6,
pp. 599-608, 2006.

[62] L. Guo, Y. W. Zi, H. Lin et al., “Expression and functional
analysis of the rice plasma-membrane intrinsic protein gene
family,” Cell Research, vol. 16, no. 3, pp. 277-286, 2006.

[63] V. Terzi, G. Pastori, P. R. Shewry, N. Di Fonzo, A. Michele
Stanca, and P. Faccioli, “Real-time PCR-assisted selection of
wheat plants transformed with HMW glutenin subunit genes,”
Journal of Cereal Science, vol. 41, no. 1, pp. 133-136, 2005.

[64] H.]J.Schouten, E. A. Krens, and E. Jacobsen, “Do cisgenic plants
warrant less stringent oversight?” Nature Biotechnology, vol. 24,
no. 7, p. 753, 2006.

107

Journal of Nucleic Acids

[65] S. G. Joshi, ]. G. Schaart, R. Groenwold, E. Jacobsen, H. J.
Schouten, and E. A. Krens, “Functional analysis and expression
profiling of HerVf1 and HerVi2 for development of scab resis-
tant cisgenic and intragenic apples,” Plant Molecular Biology,
vol. 75, no. 6, pp. 579-591, 2011.

[66] M. Katsuhara, Y. Akiyama, K. Koshio, M. Shibasaka, and K.
Kasamo, “Functional analysis of water channels in barley roots,”
Plant and Cell Physiology, vol. 43, no. 8, pp. 885-893, 2002.

[67] M. Katsuhara, K. Koshio, M. Shibasaka, Y. Hayashi, T.
Hayakawa, and K. Kasamo, “Over-expression of a barley aqua-
porin increased the shoot/root ratio and raised salt sensitivity
in transgenic rice plants,” Plant and Cell Physiology, vol. 44, no.
12, pp. 1378-1383, 2003.

[68] S. Mahajan and N. Tuteja, “Cold, salinity and drought stresses:
an overview,” Archives of Biochemistry and Biophysics, vol. 444,
no. 2, pp. 139-158, 2005.

[69] G.-T. Huang, S.-L. Ma, L.-P. Bai et al., “Signal transduction
during cold, salt, and drought stresses in plants,” Molecular
Biology Reports, vol. 39, no. 2, pp. 969-987, 2012.

[70] J. Y. Jang, S. H. Lee, J. Y. Rhee, G. C. Chung, S. J. Ahn,
and H. Kang, “Transgenic Arabidopsis and tobacco plants
overexpressing an aquaporin respond differently to various
abiotic stresses,” Plant Molecular Biology, vol. 64, no. 6, pp. 621-
632, 2007.

[71] C. Tournaire-Roux, M. Sutka, H. Javot et al., “Cytosolic pH
regulates root water transport during anoxic stress through
gating of aquaporins,” Nature, vol. 425, no. 6956, pp. 393-397,
2003.

[72] R. Gu, X. Chen, Y. Zhou, and L. Yuan, “Isolation and character-
ization of three maize aquaporin genes, ZmNIP2;1, ZmNIP2;4
and ZmTIP4;4 involved in urea transport,” BMB Reports, vol.
45, no. 2, pp. 96-101, 2012.

[73] T. Horie, T. Kaneko, G. Sugimoto et al., “Mechanisms of water
transport mediated by PIP aquaporins and their regulation via
phosphorylation events under salinity stress in barley roots,”
Plant and Cell Physiology, vol. 52, no. 4, pp. 663-675, 2011.

[74] T. Matsumoto, H.-L. Lian, W.-A. Su et al., “Role of the aquaporin
PIP1 subfamily in the chilling tolerance of rice,” Plant and Cell
Physiology, vol. 50, no. 2, pp. 216-229, 2009.

[75] H.-L. Lian, X. Yu, D. Lane, W.-N. Sun, Z.-C. Tang, and
W.-A. Su, “Upland rice and lowland rice exhibited different
PIP expression under water deficit and ABA treatment,” Cell
Research, vol. 16, no. 7, pp. 651-660, 2006.



108

7 ARTIGO IV
Analise da Expressado de Genes de Fatores de Transcricao de

Cana-de-acucar sob Déficit Hidrico

Artigo a ser submetido a revista Genetics and Molecular Biology (ISSN: 0100-
8455)



109

Anélise da Expressdo de Genes de Fatores de Transcri¢do de Cana-de-agucar sob
Déficit Hidrico
Manassés Daniel da Silva®, José Ribamar Costa Ferreira Neto', George André de Lima
Cabral', Ana Maria Benko-Iseppon® e Ederson Akio Kido*"
Resumo
Este trabalho representa uma anélise transcricional global de fatores de transcri¢do
(FTs) expressos 24 h apds o inicio da supressdo de rega, em raizes de hibridos
modernos de cana-de-agucar. Para tanto, tags HT-SuperSAGE (205.975) de raizes de
dois bulks de quatro cultivares cada, um considerado sensivel e outro tolerante, foram
alinhadas contra 1.354 sequéncias nucleotidicas de FTs de Saccharum spp. A partir da
expressao dos cultivares tolerantes foram identificados 534 FTs e a partir de cultivares
sensiveis, 526. Nos cultivares tolerantes, 264 FTs foram diferencialmente expressos
(DE), sendo 146 induzidos e 118 reprimidos; enquanto que nos sensiveis, dos 277 FTs
DE, 133 foram induzidos e 144 foram reprimidos. Dentre os FTs DE, as familias mais
abundantes foram AP2/EREB, bZIP e ZIM. A andlise in silico também identificou
provaveis FTs que controlariam a expressdo das unitags mais induzidas nos dois bulks,
em resposta ao estresse aplicado. Adicionalmente, expressdes de cinco FTs foram
validadas via RT-gPCR, a partir de cada cultivar (separadamente), identificando-se
elementos regulatorios atuantes em Cis, mais prevalentes em regides promotoras de
nove FTs induzidos. Os dados fornecem indicios da resposta imediata de cultivares
contrastantes ao déficit hidrico, sendo candidatos naturais com potencial para estudos
futuros envolvendo selecdo assistida por marcadores (SAM) e transgenia.
Palavras-chave: transcriptoma, Saccharum spp., regulacdo génica, HT-SuperSAGE
Introducéo

Ao longo da histéria evolutiva as plantas adquiriram mecanismos de tolerancia a

estresses, cujos processos envolvem mudancas fisioldgicas e bioguimicas que resultam

em mudangas adaptativas ou morfolégicas (Boyko e Kovalchuk, 2008, Urano et al.,
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2010). Assim, a partir da percepcdo de condicBes ndo favoraveis, ocorre uma
reprogramacao transcricional direcionada a minimizar os efeitos deletérios nas células
vegetais (Han e Wagner, 2013; Ferreira Neto et al., 2016).

Neste contexto, avancos em analises gendmicas de larga escala revelaram
complexas redes de regulacdo génica (gene regulatory networks, GRNs) que controlam
a expressdo génica global, modificacdes pos-traducionais (alosteria) e a composicao
metabdlica (Urano et al., 2010). As GRNs sdo compostas por diferentes regulacfes
genéticas e epigenéticas, que acarretam mudangas na expressao de fatores de transcricéo
(FTs), na distribuicdo de nucleossomos, nas modificacbes de histonas, na metilacdo do
DNA, e nos RNAs ndo codificadores de proteinas (non-protein-coding RNAS,
npcRNASs), conduzindo a importantes rotas que respondem a estresses abioticos (Urano
et al., 2010).

A maior classe de genes reguladores da expressdo génica, com suas 58 familias e
abrangendo mais de 5% de todo conjunto de genes no grupo de vegetais superiores (Jin
et al., 2014), envolve os TFs (proteinas compostas basicamente de quatro dominios:
ligacdo ao DNA, oligomerizacdo, sinal de localizagdo nuclear e regulacdo da
transcricdo) (Liu et al., 1999). O dominio de ligacdo ao DNA é o principal dominio,
snedo responsavel pela nomenclatura das diferentes familias de TFs (Yamasaki et al.,
2013). A familia APETALA 2 /ethylene-responsive element binding factor (AP2/EREB)
é a maior familia de TFs especificas de plantas, com isoformas de vérias subfamilias
envolvidas em respostas a estresses abidticos, tais como frio, desidratacdo, calor, bem
como na resposta ao regulador de crescimento etileno e no desenvolvimento de flores,
raizes, embrides e sementes (Yamasaki et al., 2013). A familia bHLH (basic helix-loop-
helix), também uma das principais familias de FTs em plantas superiores, apresenta

representantes com atuacdo na sinalizacdo de fitocromos, na biossintese de flavonoides,
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na sinalizacdo hormonal e também nas respostas a estresses (Feller et al., 2011). A
familia. WRKY, nomeada em razdo da presenca do motivo WRKY, apresenta TFs
importantes na regulacdo da reprogramacdo transcricional em resposta a estresses em
plantas (Chen et al., 2012). Os FTs da familia MY B, por sua vez, tém recebido bastante
atencdo em virtude de serem ABA responsivos, em decorréncia de déficit hidrico
(Yamaguchi-Shinozaki e Shinozaki, 2006). A familia NAC, um anacronismo aos trés
primeiros genes descritos [NAM (No Apical Meristem), ATAF1-2, e CUC2 (Cup-
Shaped Cotyledon)] representa TFs especificos de plantas com mais de 140 transcritos
identificados em arroz (Xiong et al., 2005; Nakashima et al., 2012). TFs desta familia
foram reportados em respostas a estresses bidticos e abioticos (Nakashima et al., 2012),
bem como em aumentos na tolerdncia a estresses abidticos (principalmente seca e
salinidade) e em trabalhos com gramineas transgénicas superexpressando genes NAC
(Gao et al., 2010; Jeong et al., 2010; Xue et al., 2011; Saad et al., 2013).

Dentre as gramineas, a cana-de-acUcar (Saccharum spp. hibrida) é uma
importante cultura cultivada em mais de 100 paises, ocupando aproximadamente 26
milhdes de hectares. O Brasil destaca-se como o maior produtor mundial dessa cultura,
bem como o principal processador e produtor de seus principais produtos (aclcar e
etanol) (FAO, 2016). Dentre 0s estresses abidticos, o déficit hidrico é o mais prejudicial,
afetando periodicamente determinadas areas de cultivo (Gosal et al., 2009; Zingaretti et
al., 2012). Apesar da importancia da cultura e das perdas ocasionadas por deficit hidrico
ainda ndo ha na literatura um estudo de expressdo em larga escala das diferentes
familias de TFs (TFoma) em gendtipos considerados tolerantes ou sensiveis de cana-de-
acucar em resposta a seca. No presente trabalho, a partir da metodologia de

transcriptobmica HT-SuperSAGE, dois grupos de quatro cultivares cada, sendo um
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considerado tolerante e outro sensivel, foram associados com respostas imediatas (24 h)
de TFs ao estresse de supresséo de rega.

Material e Métodos

Cultivares de cana-de-agUcar, descri¢do das bibliotecas HT-SuperSAGE

Oito cultivares de cana-de-acucar do Centro de Tecnologia Canavieira — CTC,
Piracicaba, Sdo Paulo, Brasil - formaram dois conjuntos de acessos contrastantes para a
condicdo de déficit hidrico. O grupo (bulk) tolerante consistiu dos cultivares CTCS,
CTC15, SP83-2847 e SP83-5073, enquanto que o bulk sensivel foi composto por CTC9,
CTC13, SP90-3414 e SP90-1638. Estes cultivares tém sido reportados como tolerantes
e sensiveis a seca, com base em observacdes de campo por produtores de cana-de-
acucar e analises fisiologicas, incluindo seu contetdo relativo de agua e clorofila
(Thiebaut et al., 2012; Thiebaut et al., 2014).

O estresse (24 h de supressdo de rega) foi aplicado conforme descrito por Kido
et al., (2012). Apo6s o periodo de tratamento, ambos 0S grupos tiveram suas raizes
coletadas, imediatamente congeladas e estocadas a -80 °C até a extracdo de RNA total.
RNA totais foram isolados via Trizol® (Invitrogen), tratados com DNAse (Qiagen®),
purificados com RNeasy Mini kit (Qiagen®) e quantificados em espectrofotometro.
Bulks de cada tratamento [estressados e controles negativos (ndo estressados)], foram
constituidos de RNAs purificados de cada cultivar de seu respectivo bulk (tolerante ou
sensivel), em uma quantidade equimolar.

O sequenciamento das bibliotecas HT-SuperSAGE [tolerante estressada
(SD24T), tolerante controle negativo (SDTC), sensivel estressada (SD24S) e sensivel
controle negativo (SDSC)] baseou-se na metodologia de Matsumura et al. (2003) com
modificacdes, incluindo-se o sequenciamento via Illumina Genome Analyzer 1l

(tecnologia SOLEXA) (Kido et al., 2012).
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Em resumo, os dados disponiveis compreendem a 205,975 unitags (tags Unicas)
e suas respectivas frequéncias observadas nas oito bibliotecas. As frequéncias
observadas permitiram classificar as unitags como up-regulated (UR), down-regulated
(DR) ou néo significativa n.s. (p<0.05), apds teste de Audic-Claverie (Audic e Claverie,
1997). Também foi estimada, para cada unitag, a modulacdo de sua expressdo génica
(FC: Fold Change), calculada como a razéo da frequéncia observada em uma biblioteca
comparada com outra.
Identificacdo de fatores de transcricéo e anélise de expressao

Unitags oriundas dos contrastes tolerante (SD24T vs. SDTC) e sensivel (SD24S
vs. SDSC) foram alinhadas (BLASTN) contra sequéncias de fatores de transcrigdo (FTSs)
do GRASSIUS (http://grassius.org/), um banco de dados com sequéncias de FTs
curadas de varias espécies de gramineas (Yilmaz et al., 2009). Os alinhamentos
classificados como aceitaveis compreenderam aqueles com best hit (melhor
alinhamento) entre sequéncias de cana-de-acucar, score > 44 (52 correspondendo a
100% de identidade), permitindo até um erro em um alinhamento de 26pb, e com
5'CATG preservado. Também foram prospectados dominios conservados nos peptideos
traduzidos (Bioedit tool version 7.2.5, Hall, 1999) de transcritos FTs com unitags
identificadas, com o uso da ferramenta NCBI Batch Web Conserved Domain Search
(https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi; Marchler-Bauer et al.,
2015). A analise de cluterizacdo hierarquica foi realizada no software Cluster 3.0
(v.1.52) (Eisen et al., 1999) utilizando as unitags mais diferencialmente expressas (p-
value < 1e™) sobre parametros padrido e valores FC como dados de entrada. Os
dendrogramas laterais foram gerados usando o programa TreeView (Page, 1996).
Finalmente, os diagramas de Venn foram gerados com o auxilio da ferramenta Venny

(Oliveros et al., 2017).
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Prospeccao de Elementos regulatorios em Cis (Cis-Acting regulatory elements -
CARE)

TFs induzidos foram posicionados em BACs de cana-de-acucar (Setta et al.,
2014) usando-se a ferramenta BLASTn (e-value < 1e%), com posterior identificacéo de
potenciais regifes promotoras, delimitando-se 2000 pb upstream do inicio do
alinhamento feito pelo software BioEdit (Hall, 1999). Elementos regulatorios em Cis
(Cis-Acting regulatory elements) foram minerados in silico com auxilio da ferramenta
newPLACE (https://sogo.dna.affrc.go.jp; Higo et al., 1999).
Andlise de enriquecimento de FTs

Com o intuito de identificar os TFs cujos alvos tivereram maior expresséo,
unitags significativamente induzidas (p-value < 0.0001) e exclusivas de cada bulk de
cultivares foram mapeadas em ESTs de cana-de-agUcar oriundas da base de dados
NCBI. Sequencias contendo as unitags foram alinhadas (BLASTX, e-value cutoff ™)
com proteinas curadas da base de dados UniProtKB/SuissProt. As proteinas
relacionadas foram consideradas alvos diferencialmente induzidos e foram consideradas
no enriquecimento de TFs (TF Enrichment) a partir da ferramenta PlantRegMap (Plant
Transcriptional Regulatory Map; http://plantregmap.cbi.pku.edu.cn/tf_enrichment.php;
Jin et al 2016), considerando um threshold limite de p-value < 0.05.
Extracdo de RNA e sintese de cDNA para o0s ensaios RT-gPCR

RNAs totais de cultivares tolerantes e sensiveis de cana-de-agUcar foram
extraidos e purificados como mencionado anteriormente. A integridade dos RNAs foi
verificada em gel de agarose 1.5% (w / v) corado com Blue-Green Loading Dye (LGC
Biotecnologia®). As amostras foram quantificadas com o uso do Quant-i7 ™ RNA
Assay Kit (Invitrogen®) em fluorometro Qubit (Invitrogen®). Alicotas de RNAs totais

(1 pg) foram convertidos em cDNAs usando o QuantiTect Reverse Transcription Kit
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(Qiagen®) e resuspensos em um volume final de 20 pL. A sintese de cDNA foi incubada
a 42 °C por 2 min em tampdo gDNA Wipeout (para a remocgao de contaminantes de
DNA genomico), 42 °C for 15 min (transcri¢do reversa) e 95 °C por 3 min (inativagédo
da enzima), em termociclador. As amostras obtidas foram estocadas a -20 ° C até os as
reacoes RT-gPCR.

Os ensaios de RT-qPCR seguiram as diretrizes do protocolo MIQE (The
Minimum Information for Publication of Quantitative Real-Time PCR Experiments)
(Bustin et al., 2009), com o objetivo de aumentar a confiabilidade nos resultados.
Desenho de primers, eficiéncia da amplificacéo e anélises de RT-gPCR

Transcritos TFs foram alinhados (BLASTn) contra RefSeq mRNA (NCBI;
http://www.ncbi.nlm.nih.gov/) para reconfirmacgdo individual da anotag&o. Primers
foram desenhados com base em FTs de cana-de-acUcar que continham unitags
utilizando-se a ferramenta Primer 3 (Rozen e Skaletsky, 2000). Os seguintes parametros
foram aplicados: tamanho de amplicon (entre 70 e 200 bp), temperatura de dissociacdo
[entre 50°C (minima), 70°C (6tima) e 80°C (méxima), conteudo GC [entre 45-55%
(50% 6timo)], e um grampo CG (CG clamp). Os primers desenhados para amplificar os
candidatos propostos (SCARF43, SCEREB58 ScMYB103, SCNACS5 e ScZIM14) estdo
disponibilizados na Tabela S2. Os primers utilizados como genes de referéncia foram
aTubulin, Histone H1 e GAPDH, genes de referéncia disponibilizados pela literatura
(Silva et al., 2014). Todos os primers foram sintetizados pela Bioneer Corporation
(Coreia do Sul) e testados inicialmente em amplificacbes de cDNAs em PCR
convencional, com a programacéo de ciclagem de 5 min a 95 °C, sequido de 35 ciclos
de 95 °C por 15 s, 58 °C por 30 s, e 72 °C por 30 s. Produtos PCR foram analisados em
géis de agarose a 1,5% (w / v) corado com Blue-Green Loading Dye (LGC

Biotecnologia®). Curvas de dissociacdo também foram analisadas em RT-gPCR para



116

confirmacdo de especificidade da amplificacdo dos candidatos propostos. Além disso,
curvas de calibragdo foram feitas utilizando amostras de cDNAs das cultivares
tolerantes e sensiveis e de diluicdes seriadas (1, 107, 102, 10 e 10™). Estas curvas
tinham o propésito de calcular a eficiéncia de amplificagdo (E = 10 /standard curve slope).
Rasmussen, 2001) de cada candidato(Figura S1).

Reagdes RT-qPCR foram realizadas em volume final de 10 pL, incluindo-se: 1
uL da amostra de cDNA (diluida cinco vezes nas absolutas e a 10 nas relativas), 5 uL
de GoTag® qPCR Master Mix (Promega), 2 pL de 4gua ultrapura, e 1 uL de cada primer
(0.05 uM). Todas as reagdes RT-qPCR (em placas de 96 pocos) foram performadas em
trés réplicas bioldgicas e trés técnicas, um controle negativo (CDNA sample), e
normalizados por trés genes de referéncia (oTubulin, Histone H1 ¢ GAPDH). Reagdes
de RT-gPCR foram realizadas em termociclador LineGene 9660, modelo FQD-96A
(Bioer®), utilizando-se o sistema de deteccdo de SYBR Green. Estas reacdes seguiram a
seguinte programacao: desnaturacdo inicial de 95 ° C por 2 min, seguida por 40 ciclos
de 95 ° C por 15se 60 ° C por 60 s. As curvas de dissociacdo foram analisadas entre 65
- 95 ° C por 20 min apos os 40 ciclos RT-qPCR. O programa LineGene 9600 (versao
1.1.10) determinou os ciclos de quantificacdo (Cq), temperatura de dissociacédo, e
quantificacdes absolutas e relativas. Os dados da expresséo relativa foram calculados
com o método AACq e avaliados usando o programa REST software (version 2.0.13)

(Pfaffl, Horgan e Dempfle, 2002), utilizando-se teste de randomizacdo com 2000

permutacoes.
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Resultados
Identificacdo e classificagdo de TFs em cana-de-acucar sob estresse de seca.

A partir de 2.264 alinhamentos das unitags HT-SuperSAGE com transcritos FTs
da base de dados GRASSIUS, compreendendo 1.833 unitags de cana-de-agucar apos 24
h de supressdo de rega, expressas em raizes dos cultivares tolerante (bulk T) e/ou
sensivel (bulk S), foram identificadas 582 potenciais FTs. Esses FTs cobriram 38 das 41
familias descritas para cana-de-acucar (Tabela 1, Fig. 1), ndo sendo constatadas
componentes somente das familias BBR/BPC, C2C2-CO e C2C2-YABBY.

Com base no bulk T foram detectados 534 potenciais FTs (Fig. 1B), e com base
no bulk S foram detectados 526 (Fig. 1C). As familias FTs mais abundantes em
isoformas presentes nos bulks (Fig. 1A) ou isoladamente no bulk T (Fig. 1B) e no bulk S
(Fig. 1C) foram AP2/EREB (bulk T: 46 isoformas; bulk S: 44), bZIP (bulk T: 42
isoformas; bulk S: 43) e bHLH (bulk T: 36 isoformas). De modo geral, a ordem em
abundancia de isoformas nas familias FTs foi similar nos dois bulks de cultivares.
Variacdes mais evidentes foram observadas na familia MYB Related, com o bulk T

apresentando cinco isoformas a mais que o bulk S (Fig 1B e 1C).


http://grassius.org/family.html?KEYWORDS=BBR/BPC&SPECIES=4

Tabela 1. Familias de fatores de transcricdo identificadas a partir de alinhamentos de unitags expressas em genotipos tolerantes de

cana-de-agucar (Saccharum spp.) sobre déficit hidrico (24 h de supresséo de rega) com sequéncias nucleotidicas de fatores de
transcricdo* e suas respectivas regulac@es (p > 0,05).

Famile Alrvamentos A g S o Unlogs - cniege | Uniage - Uniagons
ABI3 55 24 45 3 3 31 5 3 25
Alfin (ALF) 38 7 34 0 3 19 2 1 27
AP2/EREB 293 49 249 16 20 127 26 36 124
ARF 51 22 33 1 17 1 1 26
ARID 14 5 13 0 9 0 1 3
ARR-B 5 3

bHLH 120 38 112 6 10 73 13 8 61
bZIP 187 48 161 12 16 86 18 22 81
BZR 10 10 0 0 8 2 0 4
C2C2-Dof 16 15 0 0 11 3 2
C2C2-GATA 31 23 2 6 9 0 6 13
C2H2 27 23 1 0 19 0 3 11
C3H 129 31 89 6 6 58 8 9 48
CCAAT 47 15 36 7 1 21 3 4 20
CPP 13 6 1 0 0 1 4
SBP 11 4 11 1 2 5 0 2

E2F-DP 5 5 1 0 1 0 0 5
EIL 12 3 11 0 2 6 0 0

G2 like 35 14 25 7 0 12 2 1 17
GeBP 15 3 15 0 0 13 0 1 12
GRAS 131 32 109 7 8 64 11 6 70
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Fanilia  Alinhamentos (SRS Unitags™ |\ RTENC DRTEXC ns TEXC URSEXC DRSBAC  SBXC.
GRF 1 1 1 0 0 1 0 1 0
Homeobox 125 28 122 8 8 79 10 12 64
HSF 19 5 18 1 4 11 1 0 9
MADS 41 12 33 4 0 20 3 1 19
MYB Related 91 23 76 2 5 52 8 9 42
MYB Family 71 17 69 3 4 41 8 2 41
NAC 124 28 98 17 5 53 9 8 53
NLP 52 2 52 7 6 33 10 8 23
Orphans 214 52 188 17 10 125 14 20 95
TCP 1 1 1 0 0 1 0 1 0
Trihelix 3 3 1 0 0 1 0 0

TUB 70 23 49 4 6 31 5 5 23
VOzZ 3 3 2 0 0 0 0

WHIRLY 3 1 3 0 0 2 0 0 2
WRKY 58 20 57 4 9 31 8 5 28
ZF-HD 4 1 4 0 0 2 1 0 3
ZIM 139 36 60 11 5 30 8 5 32
Totais 2264 582 1862** 149 145 1111 179 184 1004

* sequéncias de Saccharum spp. hibrido oriundas do banco de dados GRASSIUS (grassius.org). **com redundancia de mesma unitag mapeada
em trancrito diferente.
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B
BAPZEREE mbIIP EbHLH BZIIM
mCiH mGRAS mHomeobox mNAC
WABI3 mMYB Related mTUB WARF
»WERKY wMYB Family © CCAAT mMADS
G2 like CICI-GATA  Alfin(ALF) CIH2
Others
C
EAP2/EREB  mbZIP wbHLH BZIM
mGRAS mC3H mHomeobox mNAC
WABI3 BMMYB Related WTUB B ARF
EWRKY BMYB Family 1 CCAAT B G2like WAPZEREE  mbZIP MBHLH HGRAS
=MADS C2C2-GATA ~Alfin(ALF) ~C2H2 :g :i; :x ::;:;""
Others wMYB Family wMYB Related #CCAAT ~ wG2like
»MADS CICI-GATA rAlfin(ALF) »CPP
Oihers

Fig. 1 Distribuicdo de FTs por familia no transcriptoma de Saccharum spp. (A) e respectivas
distribuicdes de FTs por familia em acessos tolerantes (B) e acessos sensiveis (C). Os nimeros das
20 maiores familias FT foram contados separadamente, enquanto que as demais familias e os
membros Orfaos foram integrados em outros.

A curagem das anotagdes das TFs contendo unitags alinhadas foi feita por
analise de dominio em sequéncias traduzidas in silico (dados ndo mostrados), que
detectaram dominios em 303 polipeptidios, sendo o0s mais prevalentes SANT
superfamily (em 43 peptideos), ZIM/tify superfamily (em 31), bZIP superfamily (em 28)
e zf-CCCH superfamily (em 28).

Perfis de expressdo de fatores de transcricdo de cana-de-acUcar em acessos
contrastantes

Com base nas unitags expressas pelo bulk T sob estresse (24TS) em relacéo ao
respectivo controle negativo (TC), dos FTs identificados, 146 foram considerados
induzidos (unitags UR, upregulated) e 118 reprimidos (unitags DR, downregulated; p <

0.05). Com base no bulk S sob estresse (24SS), em relacdo ao controle negativo sensivel
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(CS), 133 FTs foram considerados induzidos e 144 reprimidos. A distribuicdo das
familias diferencialmente expressas nas comparac6es estudadas [contrastes T (24TS vs
TC) e S (24SS vs SC)] esté representada na Fig. 2 De acordo com esta figura, as
familias mais abundantes em FTs diferencialmente expressos pelo bulk T foram
AP2/EREB (30 FTs), bZIP (22), ZIM (20) e NAC (19); pelo bulk S foram AP2/EREB
(28), bZIP (26), ZIM (21) e bHLH (19). Diferentemente da distribui¢cdo geral, com
todas as unitags expressas, que apresentou perfis semelhantes nos dois grupos de
cultivares, quando se considera as respostas diferencialmente expressas se observam
diferencas evidentes na modulacdo transcricional de parte das familias em resposta ao
estresse aplicado. Por exemplo, a familia NAC apresentou mais que o dobro (19 contra
oito) em FTs diferencialmente expressos pelo bulk T em relacdo ao bulk S, enquanto
que a familia ARF mais que quintuplicou (11 contra duas) na mesma comparagédo, ao

passo que a familia C2C2-GATA, quase dobrou (10 contra seis) (Fig. 2).

40

Y [ 24TxC
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Members
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Family
Fig. 2 Fatores de transcrigdo diferencialmente expressos sobre supressao de rega por 24 h.

Na tentativa de identificar FTs de respostas expressivas pelo bulk T frente ao

estresse, 0s conjuntos de unitags UR e DR de cada bulk de cultivares foram comparados
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em diagrama de Venn (Fig. 3). Assim, 57 FTs apresentando unitags UR no contraste T
ndo foram detectadas (n.d.) ou foram consideradas ndo diferencialmente expressas (n.s.)
no contraste S. Deste grupo de 57 FTs, merecem destaques as familias NAC, GRAS e
ARF, com oito, oito e sete isoformas, respectivamente. Outro grupo formado por 31
unitags DR no contraste T ou foram n.d. ou n.s. no contraste S, com destaques para as
familias ZIM, C3H e WRKY com 5, 3 e 3 isoformas, respectivamente. Outro grupo de
FTs apresentou unitags com regulagdes opostas nos contrastes estudados: 28 FTs com
unitags UR no contraste T foram consideradas DR no contraste S (destaques para as
familias bZIP, TUB e AP2/EREB, todos com 4 isoformas), ao passo que 16 FTs de
unitags DR no contraste T foram consideradas UR no contraste S (destaque para a
familia ZIM com 4 isoformas). Esses conjuntos sdo particularmente interessantes para
estudos futuros, visando desenvolvimento de marcadores moleculares funcionais ou

mesmo como alvos moleculares para estudos de transgenia (Tabela S2).

DR TOL UR SENS

50
(15.5%)

34
(10.5%)

28
(8.7%)

UR TOL N DR SENS

Fig. 3 Diagrama de Venn evidenciando as respostas dos diferentes bulks
de cultivares frente ao estresse de supressdo de rega por 24 h, a partir

de unitags HT-SuperSAGE diferencialmente expressas (UR, upregulated;
DR, downregulated em teste Audic-Claverie, p < 0,05).
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A andlise de clusterizacdo hierarquica para os FTs diferencialmente expressos
mais expressivos no contraste T (p-value < 1e™) mostrou a formago de quatro grandes
grupos: Cluster 1, composto de 16 FTs de unitags DR no contraste T e consideradas UR
(12 FTs) ou n.s. (1) ou n.d. (2) no contraste S; Cluster 2, com 12 TFs de unitags DR em
ambos os contrastes; Cluster 3, com 23 FTs com unitags UR no contraste T e DR (13)
ou n.s. (6) ou n.d. (4) no contraste S; Cluster 4, com 19 FTs de unitags UR em ambos 0s
contrastes (Fig. 4). Detalhes envolvendo as 70 unitags (composicéo, regulacdo, fold
change e p-value) e os alinhamentos com transcritos da base de dados GRASSIUS,
estdo disponiveis na Tabela S2.

Os Clusters 1 e 3, por representarem unitags de regulacdo oposta nas repostas
dos bulks de cultivares sdo particularmente interessantes. Dentre os transcritos do
Cluster 1, que foram expressivamente reprimidos no contraste T e de resposta induzida
no contraste S, merecem destaques SCGRAS71, familia GRAS (unitag SD57840: FCrq
= -1,69 e FCsens = 1,25), SCNAC58, familia NAC (unitag SD62818: FCro = -15.94 €
FCsens = 2,98), SCEREB23 familia AP2/EREB (unitag SD8726: FCro = -2.33 € FCgens =
2,08) e SCARF34, familia ARF (unitag SD271598: FCrq = -1,74 € FCsens = 1,59).
Dentre os transcritos do Cluster 3, merecem destaque os FTs expressivamente induzidos
no contraste T e reprimidos no contraste S: ScZIM43, familia ZIM (unitag SD98547:
FCrol = 5,66 € FCsens = -1,33), ScZIM46, também da familia ZIM (unitag SD103749:
FCrol = 2,17 € FCsens = -1,29), SCEREB104, familia AP2/EREB (unitag SD148064:
FCrol = 2.68 € FCsens = -1,62) e SCCA2P3, familia CCAAT (unitag SD191687: FCrq =

2,15 e FCSens = -3,18).
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Fig. 4 Clusterizacdo hierarquica’ em relacdo a sequéncias mais diferencialmente
expressas (p <0,0001) em 24TxC (contraste dos acessos tolerantes, estresse de 24 horas e
controles controlados) e suas respectivas respostas em 24SxC (contraste dos sensiveis sob
estresse de 24 h de supressdo de rega e respectivo controle). 1 Pontos vermelhos: unitags
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Fold change
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4,36
1,45
-1.45
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induzidas; Verde: unitags reprimidas; Preto: unitag constitutiva ou ndo detectada.
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Prospeccao de Cis-Acting regulatory elements (CARE) em regides promotoras de

FTs induzidos

BACs disponiveis de cana-de-agucar

serviram para mapear

elementos

regulatorios atuando em Cis (CARE) de nove FTs de expressdo induzida no contraste T.
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Foram identificados 3.705 CAREs compreendendo 186 motivos, de um total de 469 da
base de dados newPLACE (https://sogo.dna.affrc.go.jp; Higo et al., 1999). Aqueles com
provaveis regides promotoras, delimitadas em 2.000 pb no sentido upstream do inicio
dos alinhamentos, envolveram nove FTs (ScMYB103, ScMYB106, ScMADS39,
ScbzIP15, ScCOL31, ScGRAS76, ScCMYB88, SCARF33 e SCMADS9) e sete BACs
(KF184822.1, KF184682.1, KF184769.1, KF184713.1, KF184667.1, KF184668.1 e
KF184716.1) (Tabela 2). Os motivos CAREs mais prevalentes detectados em cada
regido promotora dos nove FTs analisados, bem como as fungdes previstas para estes
motivos, estdo dispostos na Tabela 2. Os dez motivos CARES mais prevalentes dentre

0s 186 motivos detectados estdo dispostos na Figura 5.

cis-Acting regulatory elements

255

Fig. 5 Os dez mais Cis-Acting regulatory elements de cana-de-aglcar mais
prevalentes entre os 186 motivos identificados na regido promotora (2,000 pb
upstream) de nove fatores de transcricdo de cana-de-aglcar induzidos (p<0.05)
em cultivares tolerantes ap6s 24 h de supressdo de rega.
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Tabela 2. Fatores de transcricdo UR (p-value <0,05) que permitiram extrair 2.000 pares de bases upstream do inicio do transcrito, em sequéncias genémicas de
cana-de-aglcar (BACs - bacterial artificial chromossome), seus Cis-Acting regulatory elements (CARE) mais prevalentes, suas respectivas fungdes e respectivas

referéncias

Fator d? Unitag (s) BACid Os cinco mais CARES Respegt_we Funcoes Referéncias
transcrgédo guantities
CACTFTPPCAL 25 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
ACGTATERD1 20 early responsive to dehydration Simpson et al., 2003
ScMYB103 SD123185 KF184822.1 ARR1AT 18 response regulators operate as transcriptional activators Sakai et al., 2000
ROOTMOTIFTAPOX1 17 root specific promoter Elmayan e Tepfer 1995
GTGANTG10 16 regulation of late pollen genes Rogers et al., 2001
CGCGBOXAT 30 ethylene signaling, abscisic acid signaling, and light signal perception  Yang e Poovaiah, 2002
GTGANTG10 18 regulation of late pollen genes Rogers et al., 2001
ScMYB106 SD123185 KF184822.1 CACTFTPPCAl 16 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
SD123186 ARRI1AT 16 response regulators operate as transcriptional activators Sakai et al., 2000
ACGTATERD1 14 early responsive to dehydration Simpson et al., 2003
Yanagisawa e Schmidt,
DOFCOREZM 33 core site required for binding of Dof proteins 1999
CACTFTPPCA1 30 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
ScMADS39 SD25691 KF184682.1 ARR1AT 22 response regulators operate as transcriptional activators Sakai et al., 2000
SD123660 EBOXBNNAPA 22 control light-responsive and tissue-specific activation of Hartmann et., 2005
phenylpropanoid biosynthesis genes
MYCCONSENSUSAT 22 site found in the promoters of the dehydration-responsive gene rd22 Abe et al., 2003
ARR1AT 24 response regulators operate as transcriptional activators Sakai et al., 2000
CACTFTPPCAL 23 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
Yanagisawa e Schmidt,
ScbzIP15  SD20988 KF184769.1 DOFCOREZM 22 core site required for binding of Dof proteins 1999
GTGANTG10 21 regulation of late pollen genes Rogers et al., 2001
WRKY710S 19 binding site of rice WRKY71 Zhang et al., 2004



Continuagdo

Fator d? Unitag (s) BACid Os cinco mais CARES Respegt_lve Funcoes Referéncias
transcrgdo guantities
CGCGBOXAT 28 ethylene signaling, abscisic acid signaling, and light signal perception  Yang e Poovaiah, 2002
CAATBOX1 17 seed storage protein gene Shirsat et al., 1989
ScCOL31 SD255166 KF184713.1 ACGTATERD1 16 early responsive to dehydration Simpson et al., 2003
MYCCONSENSUSAT 16 site found in the promoters of the dehydration-responsive gene rd22 Abe et al., 2003
CACTFTPPCAlL 16 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
CACTFTPPCAlL 19 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
GTGANTG10 18 regulation of late pollen genes Rogers et al., 2001
Yanagisawa e Schmidt,
ScGRAS76 SD29759 KF184667.1 DOFCOREZM 17 core site required for binding of Dof proteins 1999
CGACGOSAMY3 16 cis-elements required for rice alpha-amylase Amy3D expression Hwang et al., 1998
ACGTATERD1 16 early responsive to dehydration Simpson et al., 2003
CACTFTPPCAL 51 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
CURECORECR 28 copper and hypoxic response Quinn e Merchant, 1995
ScMYB88  SD5407 KF184668.1 DOFCOREZM 26 core site required for binding of Dof proteins Yanagisawa eSchmidt, 1999
CAATBOX1 24 seed storage protein gene Shirsat et al., 1989
ARRI1AT 19 response regulators operate as transcriptional activators Sakai et al., 2000
CACTFTPPCAL 44 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
Yanagisawa e Schmidt,
DOFCOREZM 26 core site required for binding of Dof proteins 1999
SCARF33  SD88130 KF184716.1 MYCCONSENSUSAT 22 site found in the promoters of the dehydration-responsive gene rd22 Abe et al., 2003
EBOXBNNAPA 29 control Ilght-re_spor_lswe and_tlssue-speuflc activation of Hartmann et., 2005
phenylpropanoid biosynthesis genes
GATABOX 21 conserved GATA motif Reyes et al., 2004
CACTFTPPCAL 31 mesophyll-specific gene expression in the C4 plant Gowik et al., 2004
MYCCONSENSUSAT 28 site found in the promoters of the dehydration-responsive gene rd22 Abe et al., 2003
control light-responsive and tissue-specific activation of
ScMADS9 SD98266 KF184682.1 EBOXBNNAPA 28 phenylpropanoid biosynthesis genes:; Hartmann et., 2005
ARR1AT 19 response regulators operate as transcriptional activators Sakai et al., 2000
CAATBOX1 19 seed storage protein gene Shirsat et al., 1989
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Enriquecimento de FTs

Considerando os transcritos exclusivamente induzidos pelo bulk T apds o estresse
aplicado foram identificadas 8.198 interacGes entre 235 FTs e 636 genes, sendo que 0S
alvos supra-representados foram detectados para 58 destes FTs (Tabela S3). A partir dos
transcritos exclusivamente induzidos pelo bulk S, foram detectadas 9.681 interagdes entre
235 FTs e 778 genes, sendo que os alvos supra-representados foram detectados para 44 dos
FTs (Tabela S3). Os alvos supra-representados dos transcritos induzidos pelo bulk T foram
regulados principalmente por FTs das familias Dof (5 FTs e 770 interacGes),
MIKC_MADS (5 FTs e 347 interacOes) e C2H2 (2 FTs e 314 interagdes) (Figura 7). Os
TFs que mais regularam os alvos individualmente foram Sobic.001G106200 (familia
TALE, apresentando 232 regulacbes nos tolerantes); Sobic.001G526800 (familia
MIKC_MADS, com 195 regulagbes); Sobic.009G014400, Sobic.001G420300,
Sobic.006G267900, Sobic.008G136100 e Sobic.004G266200 (todos da familia Dof,
apresentando 187, 187, 156, 121 e 119, respectivamente). Por sua vez, alvos supra-
representados dos transcritos induzidos pelo bulk S apds o estresse foram regulados
principalmente por FTs das familias Dof (trés FTs com 557 interacGes), C2H2 (dois FTs e
380 interacOes), AP2/EREB (trés FTs e 323 interacbes) e MYB (nove FTs e 304
interacdes) (Figura 7). Os TFs que mais regularam os alvos individualmente no bulk S
foram Sobic.001G106200 (familia TALE, apresentando 249 interacGes; sendo este o
mesmo TF responsavel por 232 interacbes nos tolerantes), Sobic.001G420300,
Sobic.009G014400 e Sobic.008G136100 (familia Dof, com 211, 211 e 135 interacGes,
respectivmente), Sobic.003G058200 (familia AP2/EREB, com 194 interacdes),
Sobic.009G024400 e Sobic.008G014801 (familia C2H2, ambos regulando 190 alvos).

Assim, diferencas nas respostas transcricionais dos bulks de cultivares foram

observadas, tais como as auséncias de interaces de FTs na familia B3 e niveis menores de
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interacdo de membros bZIP, Dof, GRAS, G2-like, MIKC_MADS e WRKY, advindas da
expressdo induzida do bulk S em compara¢do ao bulk T (Figura 6). Diferengas foram
observadas também ao nivel de FTs exclusivos de cada bulk , conforme visto no diagrama
de Venn (Figura 7). Para os 110 FTs enriquecidos a partir dos dois contrastes, que resultou
em 94 FTs distintos (Tabela S3), 16 FTs foram comuns aos dois bulks de cultivares
(compreendendo as familias AP2/EREB, bHLH, C2H2, GATA, MYB, MYB_related,
NAC, TALE e TCP); 57 foram enriquecidos a partir de expressao induzida do bulk T (15
familias: AP2/EREB, ARF, B3, BBR-BPC, bHLH, bZIP, Dof, , GRAS, MIKC_MADS,
MYB, NAC, TCP e WRKY) e 21 foram enriquecidos a partir do bulk S (11 familias:
AP2/EREB, ARF, ARR-B, BBR-BPC, CAMTA, GATA, HSF, MYB, NAC, TCP e
Trihelix).
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Fig. 6 Familias identificadas na analise de TF Enrichment em transcritos HT-SuperSAGE
exclusivamente induzidos (p-value < 0,0001) para cada bulk de cultivares de cana-de-aglcar
contrastantes e suas espectivas quantidades de interacéo.
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Fig. 7 Diagrama de Venn destacando o nimero de FTs com interacdes com
alvos supra-representados, identificados a partir dos transcritos induzidos de
cada bulk de cultivares ap6s a aplicacdo do estresse de supressdo de rega de 24
h.

Validacédo por PCR em tempo real quantitativa de FTs diferencialmente expressos
nos dados HT-SuperSAGE

Para confirmar a acuracia e reprodutibilidade dos dados HT-SuperSAGE, bem
como a contribuicdo individual de cada um dos cultivares, na expressao diferencial
detectada a partir dos bulks, cinco FTs induzidos apés o estresse, de familias variadas, e
que apresentaram primers eficientes em analises de RT-gPCR, foram validados seguindo
recomendacdes do protocolo MIQE (Pfaffl et al., 2009). Os FTs selecionados foram
SCARF43 (familia ARF), SCEREB58 (familia AP2/EREB), ScNAC5 (familia NAC),
ScMYB103 (G2 like family) e ScZIM14 (familia ZIM) (Tabela 3), cujos resultados de RT-
gPCR mostraram concordancia geral com as mudangas nas frequéncias dos transcritos
determinados pela analise HT-SuperSAGE (Figura 8 e Tabela 3), sugerindo confiabilidade
aos perfis gerados. Assim, o alvo FT ScARF43, representado pela unitag SD88130,

considerada UR no contraste T (FCTol = 3,39) e n.s. no contraste S (FCSens = 1,05),
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apresentou nos ensaios de RT-gPCR, inducdo pelo acesso tolerante SP83-2847 (2,41
vezes), repressao pelo cultivar sensivel SP90-1638 (0,23 vezes), sendo considerada n.s.
para os demais. O alvo FT SCEREB58 [unitag SD151691, UR no contraste T (FCTol =
1,81) e DR no contraste S (FCSens = -1,96)] apresentou nos ensaios de RT-gPCR uma
inducéo pelo cultivar tolerante CTC15 (1,91 vezes), repressdo pelo cultivar tolerante SP83-
2847 (0,35 vezes), sendo considerada n.s. para os demais. O alvo FT ScMYB103 (unitag
SD123186, anotada como ScGLK32, membro da familia G2 like), considerada UR no
contraste T (FCTol = 1,73) e n.s. no contraste S (FCSens = -1,16), apresentou nas analises
de RT-gPCR inducdo pelos cultivares tolerantes CTC15 (2,40 vezes) e SP83-2847 (1,50
vezes), repressdo (0,61vezes) pelo cultivar tolerante CTC6, sendo considerada n.s. para 0s
demais. Por sua vez, o alvo FT ScCNAC5 [unitag SD13308, UR no contraste T (FCTol =
4,60) e n.s. no contraste S (FCSens = 1,31)], apresentou nas analises de RTgPCR inducao
pelos cultivares tolerantes CTC15 (1,76 vezes) e CTC6 (1,53 vezes), sendo considerada
n.s. para os demais. Por fim, o alvo FT ScZIM14 [unitag SD258836, UR no contraste T
(FCTol = 3,11) e n.s. no contraste S (FCSens = 1,10)], apresentou nas analises de RT-
gPCR inducdo expressiva pelos cultivares tolerantes SP83-5073 (3,34 vezes) e CTC15
(2,03), repressdo pelo cultivar tolerante CTC6 (0,46 vezes), inducdo pelo cultivar sensivel

SP90-3414 (1,53 vezes), e expressao n.s. para 0s demais.
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Tabela 3 Genes candidatos propostos e seus respectivos resultados baseados nas analises in silico de
unitags HT-SuperSAGE expressas por expressed bulks tolerantes ou sensiveis (quatro cultivares em
cada) e suas expressdes relativas adiquiridas via RT-gPCR de cDNAs de raizes extraidos apds estresse
(24 h de supressdo de rega) ou sob condicBes de controle.

. Genes alvos
Técnica e Acessos
ScEREB58 ScMYB103 ScARF43 ScNAC5S ScZIM14
HT-SuperSAGE®
Tolerantbulk  1,81%/UR 1,73"/UR 3,39"/UR 4,60"/ UR 3,11"/UR
Sensitive Bulk ~ -1,96"/ DR -1,16* / ns. 1,05" / n.s. 1,31%/ns. 1,10/ ns.
RT-gPCR™
Tolerant accession
CTC6 1,30/ ns. 0,61/DR 1,07/ ns. 1,53/ UR 0,46/ DR
CTC15 1,91/ UR 2,40/ UR 1,18/ n.s. 1,76 / UR 2,03/ UR
SP83-2847 0,35/ DR 1,50/ UR 2,41/ UR 0,70/ ns. 0,68/ n.s.
SP83-5073 1,08/ ns. 0,69/ n.s. 0,98/ n.s. 1,36/ ns. 3,34/ UR
Sensitive accession
CTC9 0,95/n.s. 1,81/ns. 1,35/ns. 1,11/ns. 1,17/ ns.
CTC13 1,07/ ns. 1,47/ ns. 0,93/n.s. 1,06/ n.s. 1,42/ ns.
SP90-1638 0,76/ n.s. 0,45/ ns. 0,23/ DR 1,42/ ns. 0,87 /n.s.
SP90-3414 0,77/ ns. 0,64/ n.s. 1,53/ UR 0,76/ n.s. 1,53/n.s.

FFold change [FC. ratio of frequencies (normalized to 1,000,000) observed in the stressed Nibrary In relation {0 the respective control Tibrary]; ¥ Relalive expression based on
the REST software (v.2.0.13) [37] after the AACq method (expression values were normalized by aTubulin, GAPDH and Histone H1); UR: induced; DR: repressed. ns: not
significant at p <0.05 [32]
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Fig. 8 RT-gPCR dos genes candidatos performada em cDNAS raizes de cana-de-agUcar sobre déficit hidrico
(24 h de desidratagédo continua). Os valores de expressdo foram normalizados por oTubulina GAPDH e
Histona H1. Dados relativos & expressao calculados pelo software REST (v.2.0.13).
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Discusséo

Fatores de transcri¢do sdo proteinas que orquestram uma ampla gama de processos
celulares através da regulacdo da expressao de genes alvos, em resposta a diferentes fatores
de desenvolvimento e ambientais (Lemon et al., 2000; Jin et al., 2014). Com base nas
relevantes fungdes bioldgicas, os FTs tém sido extensivamente estudados nas mais
importantes culturas, incluindo gramineas (Burdo et al., 2014; Brito et al., 2015; Liu et al.,
2015; Poersch-Bortolon et al., 2016). Apesar da importancia econémica da cana-de-agutcar
e dos FTs serem excelentes candidatos para modificar caracteres complexos nas plantas
(Century et al., 2008), ndo ha na literatura especializada nenhum trabalho apresentando o
perfil transcricional do conjunto de TFs expressas por hibridos modernos de cana-de-
acucar, de diferentes respostas ao déficit hidrico, sob este estresse abidtico. Ha na
literatura, entretanto, relato de FTs de cana-de-acUcar relativos a biossintese de lignina
(Brito et al., 2015) e de eventos de transformacdo génica em plantas de tabaco, por
exemplo, com TF individual (SodERF3 de Saccharum officinarum L. cv Ja60-5), que
culminaram acentuando a tolerancia das plantas transgénicas para seca e salinidade
(Trujillo et al., 2008). Ha também evento de transformacdo de plantas de cana-de-agucar
com TF da familia AP2/EREB de Arabidopsis thaliana (AtDREB2A CA), acarretando
maior tolerancia da planta transgénica ao déficit hidrico (Reis et al., 2014). Logo, o
trabalho aqui proposto é pioneiro em abordar a resposta imediata (24 h apds supressdo de
rega) do conjunto de FTs expressas em raizes de hibridos comerciais de cana-de-agucar,
com historias distintas de respostas ao deficit hidrico, conforme informacdes
disponibilizadas pelo programa de melhoramento genético da cana-de-agucar do Centro de
Tecnologia Canavieira (CTC, Piracicaba, SP). Os resultados disponibilizados cobrem um
conjunto de FTs e de elementos regulatérios atuantes em Cis, e podem ser uteis para

estudos de respostas estresse-especifica ou mesmo para desenvolvimento de futuros
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marcadores moleculares funcionais, com potencial para uso em selecdo assistida (SAM)
e/ou transgenia.

A anotacédo funcional do conjunto reportado de FTs (Figura 1, Tabela 1) seguiu o
padrdo esperado para outras gramineas (Xiong et al., 2005; Burdo et al 2014), estando as
familias AP2/EREB, bZIP e bHLH dentre aquelas mais abundantes em isoformas de FTs
observadas em raizes de cana-de-agUcar, tanto no conjunto (Fig. 1A) quanto nos contrastes
T (Fig. 1B) e S (Fig. 1C), em separado. As analises de dominio, por sua vez, confirmaram
para parte dos polipeptideos as anotacoes fornecidas pelo banco GRASSIUS (Figura 2), a
qual é uma importante fonte de sequéncias nucleotidicas e peptidicas para FTs de
gramineas, incluindo milho (Zea mays L.), sorgo (Sorghum bicolor (L.) Moench), cana-de-
acucar (Saccharum spp. hibrida), arroz (Oryza sativa L.) e Brachipodium (Brachypodium
distachyon (L.) Beauv.), sendo muito util para identificacdo e classificacdo de FTs neste
grupo vegetal (Yilmaz et al., 2009). De modo geral, diferencas na ordem das familias de
FTs expressas pelos bulks T e S ndo foram observadas, com base na abundancia de
isoformas, indicando que para genes FTs as diferencas sdo mais ao nivel de regulacéo,
conforme verificados na Figs. 3 e 4. Ambos os contrastes (T e S) apresentaram niimeros
semelhantes de FTs diferencialmente expressos (264 e 277 isoformas DE,
respectivamente), porém as familias diferiram em abundéncia de isoformas DE (Fig. 3),
sendo muitas delas exclusivas de cada bulk de cultivares (Fig. 4), e portando padrdes
variados de expressédo (Fig. 5).

Em relacdo a familia NAC (28 isoformas detectadas; 24 expressas no contraste T e
25 no S), a comparacdo entre os dois bulks mostrou 2,37 vezes mais transcritos DE
expressos nos tolerantes que nos sensiveis. Foram oito TFs exclusivamente induzidos pelo
bulk T (SCNAC5, SCNAC19, SCNAC22, SCNAC23, ScNAC42, ScNAC43, ScNAC46 e

ScNACA47), sendo que para SCNACS5 (unitag SD13308) as analises de RT-gPCR, com cada
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cultivar isoladamente, validou a expressdo UR para dois cultivares tolerantes [CTC15
(1,76 vezes); CTC6 (1,53 vezes)]. Os FTs NAC apresentam uma variedade de funcdes no
desenvolvimento de plantas e em respostas a estresses abiéticos (Nakashima et al., 2012),
sendo que a expressdo induzida de genes NAC em resposta a estresses abidticos fora
reportada para frio (4°C), seca, salinidade (250 mM NaCl) e também para acdo de
fitoreguladores, tais como ABA e JA, basicamente em arroz e A. thaliana (Rabbani et al.,
2003;Tran et al., 2004; Ohnishi et al., 2005). A superexpressdo de gene NAC estresse
responsivo (SNAC10) em raizes de plantas transgénicas de arroz acentuaram a tolerancia a
seca (Jeong et al., 2010).

Recentemente, plantas de trigo expressando o gene SNACL de arroz mostraram
significava tolerancia a seca e salinidade, em multiplas geracdes, tendo controlado de
modo eficiente a expressdao de genes envolvidos na sinalizacdo via ABA, incluindo PI3K
(1-phosphatidylinositol-3-phosphate-5-kinase), SPS (sucrose phosphate synthase), PP2C3
(type 2C protein phosphatases) e RCAR (regulatory components of ABA receptor) (Saad et
al., 2013). Transcritos destes genes também apresentaram unitags HT-SuperSAGE do
presente ensaio sendo expressas, por exemplo: PI3K (unitag SD241907; FCy = 3,18 e
FCsens = -1,42), SPS (unitag SD80522; FCio = 3,39 e FCeens = 1,88), PP2C3 [duas unitags:
SD86612 (FCio = 2,97 € FCeens = 1,46) e SD42438 (FCio = -8,65 € FCgens = -1,14)] €
RCAR [duas unitags: SD122705 (FCiolerante = 1,97 € FCsensivet = -1.70) e SD122727
(FColerante = 2,20 € FCsensivel = -1,42)]. De acordo com Saad et al., 2013, resultados de RT-
gPCR nas plantas de trigo transgénicas, mostraram para PI3K, SPS e RCAR, inducéo (de
1,3 a 3,4 vezes) em comparagcdo com plantas controle ndo transgénicas, e para PP2C3, a
expressdo mostrou-se claramente reprimida em dois de trés eventos transgénicos, estando
estes resultados em acordo com as analises HT-SuperSAGE do presente trabalho. Assim,

os FTs NAC DE identificados ou seus alvos validados podem ser Uteis como marcadores
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moleculares funcionais para ensaios de SAM ou para estudos de transgenia, visando um
aumento da tolerancia ao estresse hidrico.

Em relacdo a familia ARF (auxin response factor) [22 isoformas detectadas; 19
expressas pelo bulk T e 21 pelo bulk S], a comparagédo entre os bulks mostrou 5,50 vezes
mais isoformas DE pelo bulk T que pelo S (11 versus dois), sendo que sete apresentaram
apenas unitags UR no contraste T (SCARF9, SCARF12, ScCABI17, SCARF28, SCARF31,
SCARF33 e SCARF43). Esta tltima (unitag SD88130) teve a expressdo UR validada via
RT-gPCR para o cultivar tolerante SP83-2847 e de expressao oposta (DR) para o cultivar
sensivel SP90-1638 (e n.s. para 0s demais). Transcritos da familia ARF s&o proteinas de
ligacdo a sequéncias especificas de DNA, que disparam mudancgas transcricionais em
resposta a auxina, através da selecdo de genes-alvo, atuando como FTs (Li et al., 2016;
Weijers e Wagner 2016). Analises gendmicas globais de genes da familia ARF foram
conduzidas em importantes gramineas cultivadas, como arroz (Wang et al 2007), milho
(Xing et al., 2011) e sorgo (Wang et al., 2010), o qual é considerado o dipldide mais
proximo da cana-de-acucar (Dillon et al, 2007 ). Genes ARF foram implicados na
sinalizacdo para IAA e BR, e em respostas para frio, sal e seca (Wang et al., 2010; Hu et
al., 2015; Xu et al., 2016), estando envolvidos nas respostas aos estresses abioticos em
multiplas vias de transducdo de sinais. Analises de RT-gPCR também detectaram a
superexpressdo de genes SbARF10, 16, e 21 em raizes de plantas de sorgo sob estresse de
seca (Wang et al., 2010), estando concordantes com as analises HT-SuperSAGE e de
validacdo de SCARF43, logo, ha potencial para exploracéo destes alvos pelo melhoramento
genético.

Em relacdo a familia AP2/EREB foram detectadas 49 isoformas [46 a partir do
contraste T (30 consideradas DE) e 44 a partir do S (38 DE)]. Essa familia especifica de

plantas € uma das mais ricas em FTs (Yamasaki et al., 2013), apresentando, em gramineas,
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de 121 (em Hordeum vulgare L.; Guo et al., 2016) a 163 genes (em arroz; Sharoni et al.,
2011). A isoforma SCEREB58 (unitag SD151691) teve sua expressdo validada por RT-
gPCR, mostrando-se UR pelo cultivar tolerante CTC15. Entretanto, outro cultivar tolerante
(SP83-2847) mostrou regulacdo oposta (DR), enquanto os demais ndo modularam
significativamente a expressdo (Tabela 3, Figura 8). Essa familia de FTs conduz
importantes papeis na regulacdo transcricional, em diferentes fases do desenvolvimento
vegetal: na germinacdo (Wang et al., 2008), no desenvolvimento embrionario (Mantiri et
al., 2008), no florescimento (Krizek e Fletcher, 2005), na frutificacdo (Karlova et al.,
2011), bem como em respostas a estresses bidticos (Sharoni et al., 2011) e abidticos,
incluindo salinidade (Guo et al., 2016), seca (Guo et al., 2016; Sharoni et al., 2011), frio
(Du et al., 2016), entre outros. A expressdo de TF SodERF3 de Saccharum officinarum L.
cv Ja60-5 em plantas transgénicas de tabaco, quando tratadas com ABA (0,1 mM) ou sob
estresse salino (350 mM de NaCl) acentuou a tolerancia destas plantas a seca (30 dia de
supressdo de rega) e salinidade (Trujillo et al., 2008). Ainda, a transformagdo com FT
AtDREB2A CA (de A. thaliana) em plantas de cana-de-acucar levou a uma maior
tolerancia ao déficit hidrico (2 — 4 h ap0s supressao de rega), sem prejuizos na biomassa,
como resultado da ativacdo de genes envolvidos em respostas ao déficit hidrico, tais como
galactinol synthase (metabolismo da rafinose), P5CS (delta-1-pyrroline-5-carboxylate
synthetase), late embryogenesis abundant proteins (LEA), DHY (dehydrins), e os genes
Saccharum Drought Responsive 2 e 4 (SCDRs) (Reis et al., 2014). Transcritos destes
genes contendo unitags HT-SuperSAGE do presente ensaio sendo expressas foram
detectadas para P5CS (sintese de prolina; SD130985; FCio = 5,81 € FCeens = -1,10) e DHY
(SD83601; FCio = 5,17). Logo, FTs DE da familia AP2/EREB podem também ser valiosas
para estudos visando o entendimento das respostas transcricionais da cana-de-acuUcar frente

a estresses abioticos, com aplica¢bes nos programas de melhoramento.
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Em relacdo a familia ZIM (Zinc-finger protein expressed in Inflorescence
Meristem) foram detectadas 36 isoformas [36 detectadas no contraste T (20 TFs DE) e 29
no contraste S (21 TFs DE)]. A familia ZIM, também definida como familia génica TIFY,
em razdo da conservacdo do padrdo de aminoacidos TIF[F/Y]XG (Vanholme et al., 2007),
também participa de respostas a fitoreguladores (Shi et al., 2016), estresses bioticos
(Zhang et al., 2015) e abioticos (Zhang et al., 2015; Huang et al., 2016; Zhao et al., 2016).
As andlises in silico mostraram ao menos trés FTs com destacadas modulacdes da
expressdo pelo bulk T: ScZIM43 (unitag SD98547; FCroq = 5,66 € FCgens = -1,33),
ScZIM46 (unitag SD103749; FCrq = 2,17 € FCsens = -1.29) e ScZIM14 (unitag SD258836;
FCroi= 3,11 e FCsens = 1,10). A validagéo via RT-qPCR deste Gltimo mostrou ser UR para
os cultivares tolerantes SP83-5073 (3,34 vezes) e CTC15 (2,03 vezes) e para o cultivar
sensivel SP90-3414 (1,53 vezes); expressdo DR foi observada para o cultivar tolerante
CTC6 (0,46 vezes) e n.s. para os demais. A regulacdo UR detectada também em acesso
sensivel parece ndo ser suficiente para um fendtipo tolerante devido a complexidade do
carater (Hu et al., 2014). A expressdao UR para sete genes ZIM/TIFY foi reportada em
plantas de algod@o ap6s uma hora sob estresse hidrico, em condi¢bes de 17 % PEG 6000
(Zhao et al 2016). Os mesmos autores reportaram ainda a superexpressdo do gene GaJAZ5
(familia TIFY) em A. thaliana, culminando com o decréscimo da perda de agua, da
abertura estomatal e do acumulo de H,O,, sugerindo ser a familia vital, por serem
reguladores importantes na sinalizacdo de JA, nas respostas ao estresse de déficit hidrico e
frio (Chini et al., 2007).

A familia CCAAT, cujos membros sdo conhecidos como Fator Y ou HAP, estdo
presentes em eucariotos superiores (Laloum et al., 2013) conferindo funcdes importantes
na tolerancia a estresses (Nelson et al., 2007) e em vias de respostas transcricionais (Park

et al., 2010). Das 15 isoformas detectadas (cinco delas DE) mereceram destaques as
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isoformas ScCCA2P4 (unitag SD272530; FCrq = 3,90 e FCsens = -1,46) e SCCA2P3 (unitag
SD191687; FCroq = 2,15 e FCsens = -3,18). Plantas transgénicas de milho expressando
ZmNF-YB2 (membro da familia CCAAT) mostraram tolerdncia aumentada & seca,
proporcionando melhor contetdo de clorofila, condutancia estomética e manutencdo da
fotossintese, com reflexos também em condic¢es de campo (Nelson et al. 2007). Tal fato é
indicativo de que ScCCA2P3 e ScCA2P4 sdo alvos interessantes para aumentar a tolerancia
da cana-de-agUcar, com aplicagdes em programas de melhoramento.

Fatores de transcricdo da familia G2 like (Golden2 like) foram inicialmente
caracterizados em milho como reguladores de processos de diferenciacdo do cloroplasto
(Rossini et al., 2001). Estudos posteriores confirmaram essa participacdo (Chen et al.,
2016), bem como em vias de resisténcia ao Fusarium graminearum em A. thaliana
(Savitch, et al 2007), na regulacdo do desenvolvimento e maturacdo de frutos (Nguyen et
al., 2014), e em resposta a estresses abioticos, dentre os quais frio e seca (Liu et al., 2016).
Um total de 59 genes G2 like foram identificados no genoma do milho e 20 transcritos G2
like tiveram suas expressdes monitoradas em tecido foliar de plantas sob tratamento de frio
(4 °C por 6 h, 12 h e 24 h) e seca (20% PEG6000, no intervalo de 30 min - 6 h), sendo que
10 destes transcritos foram UR em ambos os tratamentos (Liu et al., 2016). Na presente
andlise in silico foram detectadas 14 isoformas [10 expressas no contraste T (seis TFs DE)
e 13 no contraste S (2 TFs DE)]. O alvo FT ScMYB103 (ou ScGLK32), representado pela
unitag SD123186 (FCTol = 1,73 e FCSens = -1,16), apresentou nas analises de RT-gPCR
inducdo por dois cultivares tolerantes [CTC15 (2,40 vezes) e SP83-2847 (1,50 vezes)],
sendo que outro cultivar tolerante (CTC6) apresentou expressdo divergente (0,61vezes),
enquanto os demais foram de expressdo n.s. A provavel regido promotora deste alvo
também foi caracterizada (ver item a seguir). As analises in silico, juntamente com a

validacdo em raizes de ao menos dois cultivares tolerantes, bem como a caracterizacéo de
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uma regido promotora, aumentam o repertério informativo da familia frente ao déficit
hidrico, em um tecido ainda pouco estudado (raiz), talvez em razdo da origem dos tecidos
(foliar) das primeiras caracterizagbes (Rossini et al., 2001), logo, se constituem em bons
candidatos também para caracterizacdo funcional em tecido radicular.

A transformacdo genética de plantas com promotores indutiveis fornece uma
regulacdo mais precisa da expressdo trangenica através de um controle externo
(Hernandez-Garcia e Finer, 2014), aumentando, assim, as chances de que a produtividade
da planta transformada néo seja afetada em condi¢Ges normais de cultivo. Logo, a busca
por esses promotores em genoma de referéncia constitui uma estratégia importante a ser
perseguida. Entretanto, a complexidade do genoma da cana-de-agucar, de natureza
polipléide e aneuploide (Wang et al., 2010), fazem com que a montagem de um genoma de
referéncia seja um desafio maior. Ha, no entanto, fragmentos gendmicos disponiveis em
cromossomos artificiais de bactérias (BACs; Rezende et al., 2012; Setta et al., 2014;
Visendi et al., 2016). Assim, dos 312 BACs disponibilizados por Setta et al. (2014), ap0s
prospeccdo por regido promotora, definida como 2.000 pb upstream ao inicio dos
alinhamentos com transcrito TF, em somente nove foram detectadas regides maiores (0
tamanho médio da maioria dos BACs foi de 115 kb).

Dentre os CAREs identificados a partir destas regides promotoras merecem
destaques, pela prevaléncia e por estarem relacionados diretamente com o estresse de seca,
os elementos indutiveis MYCCONSENSUSAT e ACGTATERDI1, (Abe et al., 2003;
Simpson et al., 2003), além de DOFCOREZM (o segundo mais prevalente), requerido para
ligacdo de proteinas Dof (Yanagisawa e Schmidt, 1999). Envolvimento de TFs Dof tem
sido reportados em respostas de plantas a estresses abioticos (Gupta et al., 2016) e também
bidticos (Kang et al., 2016). Desta forma, a presenca destes CARES em promotores

candidataria estes promotores a uma possivel natureza estresse-especifica em cana-de-
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acucar, para o estresse em questdo, sendo necessarios, no entanto, estudos complementares
que confirmem essa regulacdo/ inducdo, bem como validem os resultados em plantas
transgéncias devidamente avaliadas.

Experimentos de alto desempenho como microarranjos e de sequenciamentos de
segunda geracéo, tém gerado quantidades enormes de dados de expressdo, depositados em
bancos publicos, podendo estes ser reutilizados ou reanalisados por diferentes grupos de
pesquisa. Nestas analises, novas ferramentas estdo sempre buscando comparagdes com 0s
dados depositados em situac@es especificas ainda ndo investigadas (Rung e Brazma, 2012).
A ferramenta TF enrichment da base de dados PlantTFDB 4.0 (Jin et al., 2016;
http://plantregmap.cbi.pku.edu.cn/tf_enrichment.php) é uma delas, ao proporcionar
encontrar FTs que possuam alvos significativamente supra-representados nos genes de
entrada (input genes), se utilizando de dados de ChlP-seq e de regulacdes transcricionais
identificadas na literatura.

Considerando os transcritos contendo unitags HT-SuperSAGE exclusivamente
induzidas por cada bulk ap6s o estresse, a ferramenta identificou 94 TFs distintos
envolvidos em 17.879 regulacdes (8.198 no bulk T e 9.681 no bulk S). Na expressdo dos
cultivares tolerantes, FTs das familias Dof e TALE (Three Amino acid Loop Extension)
seriam responsaveis individualmente por mais de 100 regulacbes. Um deles, FT
Sobic.001G106200 (TALE), responsavel por mais de 200 regulagdes em ambos os bulks,
participaria da ativacdo de diversos genes em diferentes estratégias de respostas e
mitigacdo ao déficit hidrico, sendo um bom candidato para transformacéo génica devido ao
amplo expectro de atuacdo apds o curto tempo de exposicdo ao estresse. TALE é uma
superclasse de genes homeobox conservados em animais, plantas e fungos, sendo
subdividida em duas classes (KNOTTED1-LIKE homeobox - KNOX and BEL1-like

homeobox - BLH or BELL) envolvidas principalmente no controle do desenvolvimento de
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tecidos vegetais, como meristemas apicais, folhas, colmos e inflorescéncias (Di Giacomo,
lannelli e Frugis, 2013). Membros das duas classes respondem a estresses abidticos, dentre
0s quais: desidratacdo, sal (200 mm de NaCl) e frio (4 = 1 °C) (Jain et al., 2008). Estes FTs
seriam também candidatos reguladores de amplo espectro para ensaios futuros de
transgenia.

Outro conjunto potencialmente valioso compreende os FTs Dof (DNA-binding One
Zinc Finger; 614 interagfes / cinco FTs: Sobic.009G014400, Sobic.001G420300,
Sobic.006G267900, Sobic.008G136100 e Sobic.004G266200). Unitags HT-SuperSAGE
identificaram cinco FTs Dof distintos, mas de expressdo DE nos cultivares sensiveis (trés
UR; duas DR), e n.s. ou ndo detectada nos tolerantes. Vale resaltar que o elemento
regulatorio requerido para ligacdo de proteinas Dof (DOFCOREZM) foi 0 segundo CARE
mais prevalente no conjunto das nove potenciais regides promotoras, reforcando a
participacdo deste grupo de TFs na transcricdo de genes de cana-de-acgUcar. A familia
DOFREZM ¢é exclusiva de plantas, com atuagdes nas respostas de diversos genes
envolvidos em variados processos biologicos, que incluem producéo de fitoreguladores e
adaptacdo ambiental (YYanagisawa, 2004), participando das respostas a estresses abidticos
(Gupta et al., 2016). Logo, proteinas Dof e sitios de regulacdo DOFCOREZM podem ser
alvos interessantes em ensaios de transformacao estresse-especifica, visando ativacOes de
genes de amplo espectro.
Consideracdes Finais

O presente estudo permitiu verificar a resposta global de FTs expressos em raizes
de cana-de-acucar, de hibridos modernos, subdivididos em dois grupos de cultivares
(tolerantes ou sensiveis ao déficit hidrico), frente a um estresse imediato de supressdo de
rega (apds 24 h). Representantes de quase todas as familias de FTs foram detectados a

partir de unitags HT-SuperSAGE, com destaques para as familias mais ricas em FTs



143

responsivos a fatores ambientais e que, segundo a literatura, controlam ampla gama de
genes relacionados com respostas a estresses abidticos. Foram identificados provaveis
genes FTs que controlam a expressdo dos transcritos HT-SuperSAGE mais superexpressos
nos dois bulks de cultivares contrastantes, em resposta ao estresse aplicado, com destaques
para TFs responsaveis por amplo nimero de regulagdes, em termos de alvos supra-
representados nos genes induzidos de cada bulk. Estes FTs sdo candidatos potenciais para
transformacé@o génica de plantas com genes FTs de amplo espectro, visando aumentar a
resposta tolerante ao defict hidrico. Adicionalmente, elementos regulatérios atuantes em
Cis, prevalentes em nove regides promotoras de FTs de cana-de-agucar, também foram
identificados e controlariam genes relacionados com a resposta a estresses abioticos e com
a sinalizacdo em respostas a fitoreguladores. Estas regifes promotoras também s&o
candidatos naturais para ensaios de transgenia, na inducdo de uma resposta estresse-
especifica, 0 que em tese diminuiria potenciais prejuizos a produtividade da planta
transformada em situacGes de ndo estresse. Logo, o0 esforco aqui apresentado disponibiliza
valiosos recursos, representados pelo conjunto de FTs expressos em raizes de plantas de
cana-de-agucar, sugerindo grande potencial biotecnologico, tanto como candidatos naturais
para estudos futuros de SAM, guanto em estudos de transgenia, na espera de uma resposta
tolerante especifica ao estresse estudado, em condicgdes de estresse, com uso dos elementos

regulatorios aqui identificados.
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8 DISCUSSAO GERAL

A analise da estabilidade de seis potenciais genes de referéncia (aTUB,
GAPDH, H1, SAMDC, UBQ, 25S rRNA) feita a partir de metodologias estatisticas
de trés softwares diferentes (GeNorm, Normfinder e Bestkeeper) teve como
objetivo ampliar o numero de genes disponiveis para a normalizacdo de ensaios
de validagéo via RT-gPCR de perfis transcricionais de raizes de cana-de-agucar
sobre déficit hidrico. Com pequenas mudancas na ordem de estabilidade, todas
as trés metodologias estatisticas selecionaram Histona H1, aTubulina e GAPDH
como o conjunto de genes normalizadores mais estavel. Dentre estes genes, a
literatura relata GAPDH, aTUB, UBQ e 25S rRNA estdo sendo rotineiramente
estudados na normalizacdo de dados de RT-gPCR em varias espécies vegetais,
incluindo gramineas como arroz (JAIN et al., 2006; LI et al., 2009), trigo
(PAOLACCI et al., 2009), Brachypodium distachyon (HONG et al., 2008) e bambu
(FAN et al., 2013). Por outro lado, ndo encontramos estudos indicando Histona H1
como normalizador e sim alguns trabalhos reportando a participacdo de histona
H3 na normalizacdo de eudidicotiiedéneas como ervilha (DIE et al., 2010),
algodao (TU et al., 2007) e chicéria (MAROUFI et al., 2010), sem ensaios prévios

com histonas para cana-de-acucar.

Posteriormente foi conduzida a identificacdo de alvos a partir da técnica
HT-SuperSAGE que monitorou a expressdo de transcritos de quatro acessos
previamente considerados tolerantes (THIEBAUT et al., 2014) ao déficit hidrico
versus outro grupo de quatro acessos considerados sensiveis (THIEBAUT et al.,
2014), onde a validacao dos 26 alvos propostos via RT-gPCR permitiu discriminar
cada acesso. Estes candidatos sdo agrupados em sete processos metabolicos

envolvidos com a resposta a seca: atenuacdo do estresse de excesso de etileno;
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crescimento radicular; degradacdo proteica; detoxificacdo oxidativa; biossintese
de &cidos graxos; transporte de aminoacidos, e metabolismo de carboidratos e
duas classes de familias génicas: aquaporinas e fatores de trancricdo. Com a
abertura do bulk, para 22 dos 26 alvos validados, destacaram-se 0s acessos
tolerantes CTC6 e SP83-2847, por induzirem 11 e 15 dos 22 candidatos,
respectivamente e ambos compartilham sete destes alvos. No total, esses dois
candidatos validaram 16 candidatos. Para o grupo de acessos sensiveis, dois
deles (CTC9 e SP90-3414) induziram quatro e seis candidatos, respectivamente.
Outro acesso sensivel, CTC13, induziu um candidato (e reprimiu quatro),
enquanto que SP90-1638, induziu dois (e reprimiu dois). Baseados nesses
resultados, os acessos CTC6 e SP83-2847 foram considarados igualmente
tolerantes ao estresse aplicado, enquanto que CTC13 SP90-1636 foi considerado
igualmente sensiveis a0 mesmo estresse. Portanto, o conjunto de candidatos
propostos pode funcionar como marcadores moleculares funcionais para a
selecdo de acessos tolerantes ao déficit hidrico e podem ser promissores nos

programas de melhoramento da cana-de-acgUcar.

Partindo-se para analises de familias especificas, foram idientificadas 42
isoformas distintas de aquaporinas, membros das quatro subfamilias (PIP, TIP,
SIP e NIP) de aquaporinas descritas em vegetais superiores (MAUREL et al.,
2008), estando de acordo com a média encontrada em outras espécies vegetais
(JANG et al., 2004; BANSAL e SANKARARAMAKRISHNAN, 2007). Ao final,
foram destacados 40 (18 induzidos nos tolerantes e ao mesmo tempo reprimidas
ou nao significativas nos sensiveis; 22 reprimidas nos tolerantes e ao mesmo
tempo induzidas ou néo significativas nos sensiveis) potenciais alvos distintos de

isoformas de aquaporinas e suas respectivas unitags para estudos futuros de
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validacdo do perfil transcricional detectado. Entre estes alvos, dois (PIP1-1 e
PIP1-3/PIP1-4) foram validados via RT-qPCR e apresentaram potencial para
desenvolvimento de marcadores moleculares para uso no melhoramento

genético.

Apesar da importancia econdmica da cana-de-agucar e dos TFs serem
excelentes candidatos para melhorar caracteristicas complexas nas plantas
cultivadas (CENTURY et al.,, 2008), nenhum trabalho apresentou o perfil
transcricional de todo o conjunto de FTs, em cana-de-agucar frente a estresses
abidticos, incluindo-se o déficit hidrico. Sendo relatados para essa cultura os FTs
associados a biossintese de lignina (BRITO et al.,, 2015), e de trabalhos com
transformacéo génica com foco em um FT (TRUJILLO et al., 2008; REIS et al.,
2014). Portanto, esse trabalho €, desta forma, pioneiro em abordar a resposta do
conjunto total de fatores de transcricdo de raizes de cana-de-acucar frente ao
déficit hidrico em estagio inicial (24 h de supressdo de rega), possibilitando a
disponibilizacdo de um conjunto de 541(264 nos tolerantes e 277 nos sensiveis)
FTs diferencialmente expressos para SAR ou mesmo para transgenia, que pode
ser estresse-especifica com uso de alguns dos Cis-Acting Regulatory Elements
de cana-de-acucar aqui identificados.

Devido a possibilidade de se utilizar sequéncias genémicas provenientes
de montagens de BACs de cana-de-agucar (REZENDE et al., 2012; SETTA et al.,
2014; VISENDI et al., 2016), descartou-se a utilizacdo do genoma de sorgo na
identificacdo de CARE. Foi possivel a identificacdo de sequéncias CARE em nove
regides promotoras de 2.000 pb upstream do inicio dos transcritos TFs de cana-
de-acucar induzidos, a partir do uso de 312 montagens de BAC de Setta et al.,

(2014), destacam-se os promotores MYCCONSENSUSAT e ACGTATERD1
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(quarto e 13  mais prevalentes, respectivamente), por serem relacionados
diretamente a seca (ABE et al.,, 2003; SIMPSON et al., 2003) e DOFCOREZM
(segunda mais prevalente), um motivo requerido para ligacdo de proteinas Dof
(YANAGISAWA e SCHMIDT, 1999), sendo reportados TFs Dof envolvidos em
respostas vegetais a estresses hidticos (KANG et al., 2016) e abioticos (GUPTA
et al., 2016). Portanto esses CAREs sao fortes candidatos a promotores estresse-
especificos de cana-de-acUcar para 0 estresse de seca, sendo necessarios
futuros ensaios de transformacdo ectépica em organismos modelos para
confirmacdo de seu controle estresse-especifico. Experimentos microarranjo de
alta performance e sequenciamento de nova geracéo tém gerado uma quantidade
substancial de dados de analises amplas da expressdo do genoma, onde boa
parte desses dados sendo rotineiramente depositadas em banco de dados
publicos e podem ser reutilizados por outros grupos de pesquisa para comparar
dados com os obtidos em seus ensaios e/ou minerar situacdes especificas néo
investigadas em dados publicados (RUNG e BRAZMA, 2012). Este trabalho recai
sobre a segunda alternativa utilizando-se da ferramenta de enriquecimento de
FTs (TF enrichment) da base de dados PlantTFDB 4.0 (JIN et al.,, 2016;
http://plantregmap.cbi.pku.edu.cn/tfenrichment.php) para identificacdo de FTs
responsaveis pela inducdo de exclusivamente UR para dois bulks contrastantes
de cana-de-acucar. Essa ferramenta utiliza dados de regulacdo transcricional
obtidos da literatura e de dados da metodologia ChlP-seq, reconhecendo os mais
presentes nas regulacbées (JIN et al., 2016). Ao fim, destacou-se o FT
Sobic.001G106200 (TALE), responsavel mais de 200 regulagcbes em ambos os
bulks, indicando uma participacdo na ativacdo de diversos genes em diferentes

estratégias de respostas e mitigacdo do déficit hidrico, sendo um bom candidato
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para transformacéo génica em ensaios futuros que visem uma resposta de amplo
espectro em tempo curto. Three Amino acid Loop Extension (TALE) é uma
superclasse de TFs homeobox conservada em animais, plantas e fungos e é
subdividida em duas classes (KNOTTED1-LIKE homeobox - KNOX e BEL1-like
homeobox - BLH ou BELL) envolvida principalmente no controle do
desenvolvimento de diversos tecidos vegeteais, como gema apical, folhas, caules
e inflorescéncias (DI GIACOMO, IANNELLI e FRUGIS, 2013) e membros das

duas classes respondem a diferentes estresses abioticos (JAIN et al., 2008).
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9 CONCLUSOES

A estratégia de se utilizar a tecnologia HT-SuperSAGE no monitoramento
da transcricdo de quatro acessos considerados tolerantes ao déficit hidrico versus
outro grupo de quatro acessos considerados sensiveis, permitiu identificar alvos
moleculares relacionados a diferentes mecanismos de resposta e a genes
pertecentes a duas importantes classes de proteinas, aquaporinas e fatores de

transcri¢ao.

Quanto as aquaporinas, apresenta-se o primeiro painel de transcritos do
conjunto total (com respectivas isoformas das familias PIP, TIP, SIP e NIP) dessa

classe de proteinas na cana-de-agucar e a sua resposta ao déficit hidrico.

Também é disponibilizada a resposta do FToma [conjunto total de fatores

de transcricdo (FTs)] da cana-de-acucar frente ao déficit hidrico.

Os BACs disponiveis para cana-de-acUcar permitiram identificar os
elementos regulatorios atuantes em Cis (cis-Acting regulatory elements - CARE)
mais prevalentes em regides promotoras de nove dos FTs induzidos. Os CARE
mais prevalentes sédo controlados por FTs relacionados a estresses abidticos e
vias de sinalizacdo hormonal e podem ser usados em ensaios de transgenia
estresse-especifica, diminuindo potenciais prejuizos a produtividade da planta

transformada;

A padronizacdo dos genes normalizadores indicou H1, aTUB e GAPDH
como os HKGs mais adequados para estudos de RT-gPCR em raizes de
gendtipos de cana-de-acucar submetidos ao déficit hidrico, sendo H1 e aTUB

relatados pela primeira vez para a espécie.
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Ao todo foram validados via RT-gPCR 26 alvos relacionados a diferentes
estratégias de resposta a seca (15 alvos validados), e genes pertecentes a duas
grandes classes de proteinas: aquaporinas (dois alvos validados) e fatores de
transcricdo (cinco alvos validados), com ao menos dois genes de referéncia
padronizados e quatro outros alvos (PIP1-1 [estresse salino], ACC oxidase
[estresse salino], AS [déficit hidrico] e PFPal [déficit hidrico]) utilizados na
validacdo da estabilidade do melhor conjunto de genes de referéncia (GAPDH,

aTUB e H1).

As cultivares CTC6 e SP83-2847 foram separadas, a partir da validagéo de
15 alvos, relacionados a sete estratégias de aclimatacdo a seca, como 0S mais

tolerantes (cada um induzindo nove dos 15 alvos),

CTC13 (induziu apenas um alvo e reprimiu dois) e SP90-1636 (induziu
apenas dois dos 15 alvos e reprimiu um) foram destacadas como as cultivares
mais sensiveis e essas cultivares podem ser utilizadas como padrdo de novos

ensaios de transcriptdmica frente ao estresse hidrico.

Todos esses dados fornecem pistas valiosas das respostas de variedades
tolerantes e sensiveis ao estresse, bem como séo fontes de alvos e promotores
interessantes para estudos de transgenia e desenvolvimento de marcadores

moleculares para selecdo assistida.
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