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Resumo

A soja (Glycine max) é o principal produto do agronegdcio nacional. A despeito de sua
importancia estratégica e dos progressos de seus programas de melhoramento, essa cultura
ainda sofre severas perdas devido a ocorréncia de condi¢fes adversas, com énfase a seca.
Desta forma, a adicdo de tecnologias que propiciem 0 uso de novas ferramentas no
melhoramento, se faz imperativo. Os trabalhos aqui apresentados tiveram como objetivos
analisar os transcriptomas de acessos contrastantes (tolerante e sensivel) de soja, submetidos
a desidratacdo radicular, visando o seu entendimento e mineragdo de possiveis alvos
moleculares para aplicacdo no melhoramento da referida espécie. Analises globais dos
transcriptomas produzidos indicaram que tais acessos expressaram 120.770 tags
DeepSuperSAGE, dos quais 1.127 foram induzidos somente no acesso tolerante, enquanto
que 1.557 foram induzidos em ambos, quando comparados aos acessos Seus respectivos
controles. A categorizacdo do transcriptoma via ferramenta Gene Ontology, indicou que
CDPK e CBL foram as familias proteicas com maior nimero de representantes induzidos
para a categoria “Funcdo Molecular”. Adicionalmente, a validacdo de nove transcritos
(HMGR, XET, WRKY20, RAP2-4, EREBP, NAC3, PER, GPX5 e BMY) indicou que a
partir de 25 minutos de submissdo do estresse os transcriptomas dos acessos analisados ja
sdo submetidos a reorganizacdo para enfrentar a nova condi¢ao imposta. Em outro trabalho,
foi realizada mineragdo de dados nas bibliotecas analisadas, buscando-se transcritos
especificos associados a osmoprotecdo. Foram encontrados 35 unitags diferencialmente
expressas associadas a quatro classes de osmoprotetores, sendo: prolina (P5CS: 4 transcritos,
P5CR: 2 transcritos), trealose (TPS1: 9, TPPB: 1), glicina betaina (BADH: 4) e myo-inositol
(MIPS: 7, INPSL1: 8)], os quais foram mapeados em 25 loci no genoma de soja. A andlise da
gendmica estrutural dos genes ancoradores das referidas unitags indicou que 0s mesmos
estdo presentes em todos os cromossomos da espécie analisada, com alta densidade para
algumas regides subterminais e sintenia observada entre alguns pares cromossémicos. Tais
genes e loci sdo importantes alvos para futuros ensaios, visando obtencdo de maior
tolerancia ao estresse aqui analisado. Dessa forma os trabalhos aqui apresentados fornecem
recursos inéditos de genémica funcional para aplicacdo no melhoramento de soja, sendo
que, o desdobramento biotecnoldgico dos dados aqui obtidos auxiliard na manutencdo da

estabilidade da cadeia produtiva dessa cultura e diminuicéo de perdas econémicas.

Palavras-chave: transcriptomica, tolerancia, estresse, seca.
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Abstract

Soybean (Glycine max) is the main crop of the Brazilian agribusiness. Despite the success of
their breeding programs, this crop still suffers severe losses due to adverse conditions, with
emphasis on drought. Thus, the adoption of new technologies enabling the breeding effort is
essential. This work aimed to analyze the transcriptomes of contrasting soybean accessions
(tolerant and sensitive to drought), undergoing root dehydration, trying to identify potential
molecular targets for use in breeding programs. Global transcriptomes analyzes indicated
120,770 unique DeepSuperSAGE tags (26 bp) expressed, of which 1,127 were induced in
the tolerant accession while 1,557 were induced in both accessions when compared to their
respective controls. The Gene Ontology categorization of the transcripts anchoring unitags
indicated CDPK and CBL as the protein families with the largest number of representatives
in the "Molecular Function™ category. Additionally, nine transcripts (HMGR, XET,
WRKY20, Rap2-4, EREBP, NAC3, PER, and GPX5, BMY) validated by RT-qPCR
indicated that after 25 minutes of stress submission the transcriptomes of both accessions
were undergoing reorganization responding to the new condition imposed. The data mining
in the annotated unitags, searching for transcripts related to osmoprotectants, resulted in 35
differentially expressed unitags in four groups: proline (P5CS: 4 unitags; P5CR: 2),
trehalose (TPS1: 9; TPPB: 1), glycine betaine (BADH: 4) and myo-inositol (MIPS: 7,
INPS1: 8). Those unitags were mapped at 25 loci on the soybean genome (Phytozome
assembly). The structural genomics analysis comprising the genes anchoring unitags
indicated their location all over the soybean chromosomes, with high density for some
subterminal regions and strong synteny between legume chromosomes. Such genes and loci
are valuable targets for future trials, aiming to achieve higher stress tolerance. Thus, the
works presented here provide novel functional genomics insights and resources for future
use in soybean breeding programs, helping the agribusiness productive sector with reduction

of potential financial losses.

Keywords: transcriptomics, tolerance, stress, drought.
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1. Introducéo

A soja (Glycine max L. Merrill) é um vegetal de reconhecida importancia
mundial, do qual se obtém proveitos em diversos segmentos. E amplamente utilizada na
alimentacdo humana, por conter macro e micronutrientes essenciais, além de responder
por mais da metade da producdo global de Oleo vegetal e representar uma fonte
potencial para a producdo de biodiesel (Wilson, 2008; USDA, 2013).

Em nosso pais, a soja é considerada o principal produto do agronegocio, com
negociacOes anuais que ultrapassam US$ 20 bilhdes (MAPA, 2013). Entretanto, apesar
desse status e de ser uma das leguminosas mais bem estudadas, o agronegdcio do
complexo soja (6leo, farelo e farinha) tem sofrido perdas consideraveis devido a
estresses abidticos, com énfase para a seca (Valliyodan e Nguyen, 2008). Nos EUA,
existem relatos de perdas ao redor de 40% provocadas pela estiagem (Specht, 1999). No
Brasil, a safra de 2004/2005 foi severamente prejudicada na regido sul (detentora de
40% da producdo de soja no pais) devido a esse fendmeno, levando a uma reducédo de
25% na producdo dessa regido, acarretando em prejuizos de 2,32 bilhdes de dolares
(Martins et al., 2008). Dados recentes de &rgdos oficiais, como Ministério da
Agricultura e Pecuaria (MAPA) e Instituto Brasileiro de Geografia e Estatistica ainda
ndo estdo disponiveis, entretanto ha relatos em periddicos ndo cientificos, que abordam
temas associados a producdo agropecudria, indicando que, na safra de soja 2011/2012,
essa mesma regido foi novamente afetada por periodos de seca, sendo que os 75,3
milhGes de toneladas registradas na safra passada (2010/2011) foram reduzidos a 65,2
milhGes de toneladas (Revista Globo Rural, 2012). Infelizmente, a tendéncia deste
panorama é cada vez pior, tendo em vista as perspectivas de mudancas climaticas

(aquecimento global; Manalavan et al., 2009).



Devido ao exposto, 0 melhoramento visando uma maior adaptacéo da cultura da
soja as condigdes de déficit hidrico se faz necesséario. Consequentemente, estudos
relacionados a genética, fisiologia e biologia molecular dos mecanismos de defesa, que
sustentam as plantas sob essa condi¢do, sdo fundamentais para o desenvolvimento de
variedades adaptadas a condi¢Bes ndo ideais, uma vez que as caracteristicas associadas a
tolerancia / resisténcia a estresses sdo controladas por multiplos genes (ou, do inglés,
Quantitative Trait Loci - QTLs), sendo dificultosas para o melhoramento tradicional
(Pathan et al., 2007; Valliyodan e Nguyen, 2008).

Anélises em alta escala do transcriptoma figuram entre as alternativas mais
utilizadas para um melhor entendimento molecular de questdes bioldgicas, se tornando
uma abordagem de elevada importéncia aos pesquisadores que anseiam estudar como 0s
organismos elaboram suas respostas e se comportam sob determinadas situa¢des. Dentre
as diversas metodologias disponiveis, a técnica de SuperSAGE (e seus derivados)
representa uma das mais eficientes, por apresentar arquitetura aberta e alto rendimento,
especificidade e sensibilidade (Matsumura et al., 2008; Molina et al., 2008; Terauchi et
al., 2008). Assim, o emprego dessa técnica para identificacdo de genes de soja que
confiram melhor desempenho frente a seca, podera proporcionar informacdes valiosas
as quais contribuirdo, sobremaneira, para um melhor entendimento dos mecanismos
envolvidos, gerando informacgfes inéditas para aplicagdo no melhoramento da referida

espécie.



2. Objetivos

2.1 Objetivo Geral
Analisar padrdes de transcricdo de diferentes acessos de soja (tolerante e sensivel), sob
condicBes de desidratacdo radicular, propiciando o estabelecimento de estratégias para

incorporagdo de genes importantes a cultivares comerciais.

2.2. Objetivos especificos

2.2.1. ldentificagdo de unitags (sequencias expressas de 26 pares de bases)
diferencialmente transcritas, a partir de bibliotecas SuperSAGE, utilizando-se de
métodos estatisticos (p < 0,05);

2.2.2. Anotar unitags das diferentes bibliotecas por meio de ferramentas de
bioinformaética, utilizando diversos bancos de dados publicos;

2.2.3. Categorizar os transcriptomas expressos, visando o entendimento da orquestracdo
de seus transcritos constituintes;

2.2.4. ldentificar genes-candidatos relacionados ao estresse de desidratagéo radicular e
que possam estar envolvidos nas vias metabolicas principais e responsivas ao estresse
aqui analisado;

2.2.5. Validar a expressao de unitags diferencialmente transcritas via RT-qPCR;



3. Estado da Arte

3.1. Soja — Importancia de um vegetal multiuso

A soja (G. max) é um vegetal de grande importancia econdmica, pertencente a
familia das leguminosas (Fabaceae). A demanda por essa cultura é alta e continua a
crescer devido a sua utilizacdo na fabricacdo de géneros alimenticios e outros produtos
industrializados (Wilson, 2008). E amplamente utilizada na alimentagdo humana e
animal por ser fonte de proteinas de alta qualidade, aminoécidos essenciais, vitaminas,
acidos graxos essenciais (como o 6mega 3), fitoquimicos e farmacos, além de auxiliar
na redugdo do colesterol e no combate a diabetes, obesidade e certos tipos de cancer
(Singh et al., 2007). Possui empregabilidade, também, na fabricacdo de corantes e
cosmeéticos, além da obtencdo de biodiesel, tornando-se uma alternativa renovavel e
menos poluidora ao uso de combustiveis fosseis (Singh et al., 2007). Atualmente,
responde por 56,7% da producdo mundial de 6leo vegetal (USDA, 2013); além disso,
segundo a Global Industry Analysts, Inc (2013), tal cultura alcancara a movimentacao
anual de US$ 43,2 bilhdes de dblares, no ano de 2015, somente considerando derivados

alimenticios da soja.

O Brasil € o maior produtor de soja do globo, exportando cerca de 34,8 milhdes de
toneladas meétricas anuais, seguido pelos Estados Unidos da América, Argentina e
Paraguai, respectivamente (Soystats, 2013). Em nosso pais, a soja € a cultura que mais
cresceu nas Ultimas trés décadas e corresponde a 49% da area plantada em grdos
(MAPA, 2013). O complexo soja (grao, farelo e 6leo) é o principal gerador de divisas
cambiais, com negocia¢fes anuais que ultrapassam US$ 20 bilhGes (MAPA, 2013a).

Previsdes indicam que em 2019, a producédo nacional deve representar 40% do comércio



mundial do grdo e 73% do 6leo de soja (MAPA, 2013a). Segundo previsdes do
Ministério da Agricultura, Pecuaria e Abastecimento (2013b), o Valor Bruto da
Producdo (VBP) das 20 principais culturas agricolas do pais devera alcancar o recorde
de R$ 277,2 bilhdes (98% do total), em 2019, sendo o complexo da soja responsavel por

89,3 bilhdes (32,2% do total).

Com o status de principal cultura vegetal produzida no pais, e com indices
elevados de crescimento previsto para 0s proximos anos, a soja é uma das leguminosas
de maior interesse para a realizacdo de pesquisas. Para tanto, consideraveis
investimentos foram e continuam sendo feitos por diversos paises com o intuito de obter
informacdes - incluindo o sequenciamento de todo o genoma (Schmutz et al., 2010) —
para aplicacdo direta no melhoramento dessa espécie. No caso do Brasil, a EMBRAPA
— Soja, em associa¢do com outras instituicdes, dentre as quais a UFPE, € responsavel
pelo consércio GENOSOJA, o qual se apresenta como uma contraparte brasileira a um
esforco internacional para estudos de genémica do referido vegetal, incluindo estudos
do genoma da soja em nivel estrutural e funcional, sequenciando e caracterizando
importantes regides e seus produtos. Deste modo, contribui para a identificacdo de
genes diferencialmente expressos no transcriptoma, considerando, especialmente,
estresses bidticos e abiodticos que afetam essa cultura no hemisfério sul (Benko-Iseppon

etal., 2012).

3.2. Soja e seca: problematica e desenvolvimento cientifico atual

Os vegetais sdo sujeitos a uma gama de estresses bidticos e abidticos que afetam

seu desenvolvimento, com arduas consequéncias a producdo agricola, aos produtores e a



economia (Valliyodan e Nguyen, 2008; Manalavan et al., 2009), sendo a seca o
principal fator limitante da producédo agricola em nosso planeta (Valliyodan e Nguyen,
2008). Globalmente, a area cultivada com soja ocupa mais de 100 milhGes de hectares,
sendo que Brasil e Estados Unidos, paises frequentemente submetidos a esse fenémeno,
sd80 responsaveis por cerca de metade desse quantitativo (FAO, 2012). Estudos
realizados em campo e em ambientes com condig¢des controladas demonstram que tal
situacdo reduz severamente a producgédo de grdos (de 25 a 50%). Revisdo aprofundada
sobre tais dados pode ser vista em Ku et al. (2013).

No Brasil, a seca na regido Sul afetou severamente a safra de soja 2011/2012,
sendo que os 75,3 milhGes de toneladas registradas na safra passada foram reduzidos a
65,2 milhdes de toneladas, naquele ano. A produtividade média nacional, que na safra
anterior foi de 51,9 sacas por hectare, caiu para 43,3 sacas por hectare (Revista Globo
Rural, 2012). Nos anos de 2004/2005, esses dados chegaram a ter propor¢des maiores
devido a periodos de seca mais significativos, levando a perdas de cerca de 25% e a
prejuizos de 2,32 bilhGes de ddlares na regido Sul, detentora de 40% da producdo
brasileira de soja, a época (Martins et al., 2008).

Um tergo da populagdo mundial reside em regides com déficit hidrico e, devido
aos elevados niveis de CO, na atmosfera e as mudancas climaticas (como o
aquecimento global), prevé-se que a seca se tornard mais frequente e severa no futuro
(Valliyodan e Nguyen, 2008). Devido a essa perspectiva, 0 melhoramento visando
melhor adaptacdo as condicOes de déficit hidrico se torna uma boa opcéo para reducao
de perdas (Martins et al., 2008). Apesar de largos recursos serem destinados ao
melhoramento de soja, poucos progressos tém sido feitos em relagéo a tolerancia a seca.
Para tanto, o entendimento de como as plantas respondem ao déficit hidrico a nivel

molecular (orquestragdo génica), celular e fisiologico torna-se fundamental para o



desenvolvimento de variedades tolerantes (Bray, 2004; Shinozaki e Yamaguchi-

Schinozaki, 2007; Pathan et al., 2007).

3.3. Métodos para anélise de transcriptoma

O genoma das celulas eucariotas contém milhares de genes cuja expressdo €
precisamente regulada para manté-las vivas e funcionais. A detecgdo de mudangas na
atividade génica é usada para definir a identidade, funcdo e estado de proliferacdo das
células, sendo o perfil de expressdo dos genes frequentemente correlacionado com a
presenca ou auséncia de seus RNAs mensageiros (RNAm) correspondentes nas células.
Desta forma, métodos para a apuracdo dos niveis de RNAm revelam o padrdo
transcricional temporal e espacial de genes e permitem a correlagdo da atividade génica
com processos bioldgicos e doengas. Um total de 27 métodos para anélise da expressdo
génica em larga escala (chamado também de Transcriptoma) sdo descritos por Shimkets
et al. (2004). Tais metodologias podem ser divididas em duas categorias principais

(Terauchi et al., 2008):

a. Baseadas em hibridizacdo de fitas de nucleotideos complementares a sequencias

alvos imobilizadas (tais como cDNAs, amplicons ou oligonucleotideos);

b. Baseadas no sequenciamento e contagem de transcritos.

O principal representante do primeiro grupo é a técnica de Microarray (Schena et
al., 1995). Resumidamente, esse método, baseado em “chips” de DNA, analisa a
hibridizacdo de alvos fluorescentes (representados por RNAs mensageiros das células
sob analise) a microscépicos grupos de sondas de cDNAs de genes especificos, colados

quimicamente a uma regido fixa chamada spot. A anélise da hibridizacdo sonda-alvo é



realizada por meio de um sistema informativo baseado em cores capturadas por meio de
um leitor (ou scanner) que consiste de alguns lasers, um microscopio especial e uma

camera.

A técnica de microarray ao longo dos anos tem contribuido grandemente para
analises de transcriptoma em espécies-modelo sendo ainda considerada uma técnica
padrdo para andlise de expressdo génica. Entretanto, anélises utilizando essa
metodologia, em espécies cultivadas, as quais constituem a maioria das espécies, ainda
é considerada dificultosa uma vez que para o desenho de tal ensaio é requerido um
trabalho laborioso e financeiramente oneroso para obtengdo de ESTs (Matsumura et al.,
2008). Muitas outras desvantagens existem em relacdo a essa técnica, a citar: pobre
correlagéo entre diferentes plataformas de microarray; resultado semi-quantitativo; tem
como pré-requisito a necessidade de grandes quantidades de RNA para a obtencdo de
respostas robustas; hibridizacdo cruzada de sondas com diferentes alvos; deteccdo
dificultosa de transcritos com numero de copias abaixo de 50 unidades por célula;
ambiguidade na andlise de dados e interpretacdo dos resultados, dentre outras

(Matsumura et al., 2008; Murphy, 2002).

No gue tange ao segundo grupo, 0s principais representantes sao as analises de
bibliotecas ESTs (Expressed Sequence Tags; Adams et al., 1991), SAGE (Serial
Analyses of Gene Expression; Velculescu et al., 1995), MPSS (Massively Parallel
Signature Sequencing; Brenner et al., 2000) e, recentemente, RNA-Seq (Morin et al.,
2008). A analise de bibliotecas ESTs é um método comum para averiguar o padrdo de
expressdo génica, embora 0 objetivo primario embutido na obtencdo dessas seja a
geracdo de sequencias génicas (Meyers et al., 2004). Com o sequenciamento de
milhares de clones, o nimero de transcritos de diferentes genes pode ser enumerado

através de ferramentas de bioinformatica, sendo sua frequéncia a representacao do perfil
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de expressdo desses na amostra bioldgica em estudo (Terauchi et al., 2008). Apesar da
ampla aplicabilidade dessa técnica em estudos gendmicos, essa metodologia apresenta
diversas limitagcGes que impedem seu uso em certas aplicacdes. Devido ao seu protocolo
de obtencdo, sua qualidade ¢é baixa, sendo que a porcentagem de ESTs com alto escore
em busca de similaridades pode ser muito restrita (Lorkowski e Cullen, 2003).
Adicionalmente, dependendo do tipo de biblioteca de cDNA (priméria ou normalizada)
usada para gerar essas sequencias, a redundancia pode ser muito alta reduzindo a

possibilidade de encontrar transcritos raros (Lorkowski e Cullen, 2003).

Ensaios baseados na tecnologia SAGE tém sido amplamente utilizados para
estudos de expressdo génica. Em tal metodologia, desenvolvida por Velculescu et al.,
1995, um fragmento (tag) de 15 pares de bases de extensdo € isolado de cada cDNA que
constitui a biblioteca sob analise, sendo que diversas tags sdo clonadas e concatenadas
em um mesmo vetor plasmidial. Apds sequenciamento, as tags sdo anotadas via analises
de bioinformatica e, pela combinacdo da frequéncia com sua anotacdo, um
compreensivo e quantitativo perfil de expressdo génica pode ser derivado (Terauchi et

al., 2008).

Em relacdo a metodologia baseada em ESTs, a tecnologia SAGE possui maior
rendimento uma vez que cada inserto pode gerar informacéo para até 50 tags, resultando
em aproveitamento de cerca de 50 vezes maior que o0 sequenciamento de ESTS
(Terauchi et al., 2008). Adicionalmente, certas caracteristicas inerentes a metodologia
SAGE, e as técnicas que compdem o grupo “b”, se sobrepdem as observadas em
microarray. Como exemplo, em contraste aos grupos de dados analogos obtidos por
métodos baseados em hibridizacdo, os dados SAGE, e de suas versdes otimizadas, sdo
digitais e faceis de manusear utilizando-se ferramentas de bioinformatica, facilitando a

comparacdo direta do perfil de expressdo de diferentes genes e a comparagdo entre
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bancos de expressdo génica (Terauchi et al., 2008). Somando-se a isso, destaca-se o fato
de SAGE ser considerada uma técnica de “arquitetura aberta”, ou seja, ndo necessita de
conhecimento prévio sobre as sequéncias de transcritos, além de ter a capacidade de
descobrir transcritos inéditos. Tal caracteristica ndo estd disponivel para a técnica de
microarray, a qual é considerada uma metodologia de “arquitetura fechada”, onde se
pode avaliar somente os genes imobilizados no chip (Meyers et al., 2004; Terauchi et

al., 2008; Matsumura et al.,2008)

A despeito das amplas vantagens supracitadas, a tecnologia SAGE apresenta
sérias limitagBes. A extensdo de sua tag, 15 pb, é muito curta para a identificacdo
inequivoca do gene correspondente. Adicionalmente, para organismos desprovidos de
bancos de dados, essa metodologia se mostra quase indcua, uma vez que buscas através
do BLAST necessitam de banco de dados para serem executadas. Para contornar tal
problema, diversos métodos para obter sequéncias de maior extensdo a partir de tags
SAGE vém sendo reportados (Matsumura et al., 2008), muitos baseados principalmente
em amplificacdes via PCR de fragmentos de cDNA, utilizando-se tais tags como
primers. Entretanto, essas tags sdo consideradas muito curtas para amplificacdo de
fragmentos unicos de cDNA via 3> RACE (Matsumura et al., 2008; Terauchi et al.,

2008).

Outra técnica, denominada Massively Parallel Signature Sequencing (MPSS),
criada por Brenner et al. (2000), constitui-se em uma das mais novas tecnologias para
analise de transcriptoma. Baseia-se na clonagem individual de moléculas de cDNA em
microesferas e sequenciamento de tags, utilizando um método ndo convencional e
engenhoso capaz de sequenciar um grande numero de sequéncias em paralelo. O
resultado final é apresentado na forma de milhares de tags distintas, constituidas de 16 a

20 nucleotideos (nt) de extensdo. Essa caracteristica (extensdo da tag) é uma das duas
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vantagens que essa metodologia apresentada sobre SAGE, uma vez que diminui a
ambiguidade no processo de anotacdo (Reinartz et al., 2002). A outra est4 associada a
natureza automatizada da MPSS, a qual torna possivel a producdo de milhdes de tags,
fornecendo uma melhor amostragem e possibilitando a identificagdo de genes
biologicamente importantes e com baixos niveis de expressao (Reinartz et al., 2002).
Tal fato se contrapde aos dados SAGE, cujos bancos de dado sdo constituidos de 20.000
a 60.000 tags, sendo que ainda ndo esta claro se tal montante é significativo para
andlises de todos os genes em uma amostra (Reinartz et al., 2002). Entretanto,
diferentemente de SAGE, MPSS possui uma metodologia bastante complexa néo

podendo ser realizada em laboratdrios individuais (Meyers et al., 2004).

Por sua vez, a técnica de RNA-Seq, é beneficiada pelo uso de metodologias de
sequenciamento desenvolvidas recentemente. Em geral, uma populacdo de transcritos
[total ou fracionada, tal como poli (A)*] é convertida em uma biblioteca de fragmentos
de cDNA com adaptadores anexados a ambas extremidades (Wang et al., 2009). Tal
técnica representa uma das mais modernas atualmente. Revisdo aprofundada pode ser

vista em Wolf (2013).

3.3.1 SuperSAGE e derivados

Atualmente, dentre as versdes melhoradas da tecnologia SAGE e das diversas
metodologias para analise em alto escala de transcriptoma, SuperSAGE (Matsumura et
al., 2003) é uma das mais eficientes e modernas (Terauchi et al., 2008). Nessa técnica,
as tags possuem 26 pb e s&o obtidas a partir da fragmentacdo de cDNAs por meio de
uma enzima de restricdo do tipo Ill, chamada EcoP151 (ver esquema na Figura 1A e

1B). Geralmente, a extensdo das tags depende da habilidade de uma determinada
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enzima clivar sitios distantes de seus motivos de reconhecimento na molécula de DNA,
sendo que a enzima supracitada apresenta a maior distancia entre esses pontos
(Matsumura et al., 2008). O aumento na extensdo da tag melhora significativamente o
processo de anotacdo, ou seja, identificacdo das tags correspondentes aos genes. Para
demonstrar tal propriedade, Matsumura et al., (2005) selecionaram, aleatoriamente, 50
tags SuperSAGE, obtidas em um experimento anterior (Matsumura et al., 2003), e as
utilizaram como queries (sequéncias de consulta) para a busca de sequéncias de DNA
que apresentassem um pareamento perfeito com essas. As tags foram “quebradas” a
partir da extremidade 3’ para formar fragmentos com a extensdo de 20 pb ou 18 pb
(correspondente a tags de LongSAGE ou MPSS, respectivamente) e 15 pb
(correspondente a SAGE) e entdo alinhadas via BLAST contra o GenBank, banco este
constituido por milhGes de sequéncias de cerca de 130 mil espécies, a época. O nimero
de espécies apresentando pareamento com um determinado tipo de tag foi enumerado.
Os resultados mostraram que as tags SAGE parearam, em média, com sequéncias de
DNA pertencentes a 7,5 espécies diferentes, sendo que todas as 50 tags desse grupo
parearam com duas ou mais espécies, nenhuma tag apresentou especificidade. As tags
de 20 pb parearam, em média, com sequéncias de DNA pertencentes a 1,3 espécies com
um méaximo de quatro espécies. Por sua vez, as tags SuperSAGE parearam, em média,
com 1,1 espécies, com um maximo de apenas duas espécies. Devido a essa
caracteristica, SuperSAGE apresenta significativa vantagem sobre as demais
metodologias, podendo ser utilizada, com eficiéncia, para estudar amostras bioldgicas
nas quais dois ou mais eucariotos estdo mixados (parasita — hospedeiro, patdgeno-
hospedeiro, etc.), possibilitando o estudo do transcriptoma de interacdo (Terauchi et al.,
2008; Matsumura et al., 2005). Adicionalmente, para organismos desprovidos de

sequéncias em bancos de dados, as tags SuperSAGE se mostram adequadas e atuam
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eficientemente na recuperagédo das sequéncias adjacentes, através da técnica 3° RACE,

facilitando o processo de anotagdo via BLASTX (Matsumura et al., 2005; Terauchi et

al., 2008; Matsumura et al., 2003b). Outro fator relevante a ser mencionado, se

relaciona a adequacdo dessa técnica as novas tecnologias de sequenciamento,

proporcionando uma maior amostragem (milhdes de tags) do transcriptoma, diminuindo

custos e tempo de producdo e originando atualizagdes com maior rendimento e

eficiéncia nas analises, como HT-SuperSAGE (Matsumura et al.,

DeepSuperSAGE (Figura 1; Matsumura et al., 2012).
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Figura 1. Esquema de obtencdo de bibliotecas SuperSAGE (A) e DeepSuperSAGE (B),

utilizando-se das técnicas de sequenciamento de nova geracdo (Next Generation

Sequence) 454 Genome Sequencer e Illumina Genome Analyzer, respectivamente.

Adaptado de Matsumura et al. (2012).
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A era da transcriptbmica é uma realidade para soja, bem como para muitas
outras culturas de importancia econdmica. Recentemente, foi desenvolvida uma base de
dados genémicos que inclui tal espécie, no qual estdo alocadas as sequencias
componentes de seu genoma, bem como informagOes sobre expressdao, composi¢do
génica e proteica (Goodstein et al., 2012). Adicionalmente aos esforcos realizados para
0 sequenciamento total do seu genoma, outras fontes de informacdo tém sido
desenvolvidas, incluindo banco de dados de ESTs (Expressed Sequence Tags), full-
lenght cDNA e plataformas microarranjos (Valliyodan e Nguyen, 2008). Tais recursos
fornecem uma gama de oportunidades para aplicacdo no melhoramento de soja através
do ganho de informacdo por meio do entendimento da orquestracdo génica, durante
periodos de condi¢Bes ndo favoraveis, desenvolvimento de marcadores moleculares,

transgenia, etc.

3.4. Transcriptdmica de soja: ferramentas, disponibilidade de dados e aplicagdes

Na Ultima década, o conhecimento nas areas de genética, genébmica e
transcriptobmica de soja tem avancado consideravelmente. Muitos dos recursos
disponiveis previamente somente para espécies consideradas modelo, agora estdo
disponiveis para essa cultura. Tal espécie possui uma mapa genético bastante detalhado
(Cregan, 2008), um mapa fisico completado recentemente (Shoemaker et al., 2008) e
disponibilidade de informagdes de genética reversa para o estudo da funcdo dos genes
(Bilyeu, 2008).

Especificamente, em relacdo ao campo da transcriptdmica, dados de soja obtidos
a partir de varios projetos resultaram em 35986 unigenes alocados na base de dados

publica GenBank, do NCBI, (National Center for Biotechnology Information) até
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Setembro de 2013. O projeto “The Gene Index” (do Computational Biology Laboratory,
Harvard University) inclui um total de 137174 unigenes consistindo de 73178 TCs
(sequencias do tipo “Tentative Consensus”) e 63866 singletons (sequéncias néo
clusterizadas), além de 130 ET (singletons mature transcripts; Quackenbush et al.,
2001). Adicionalmente, trés plataformas de microarranjos estdo disponiveis: duas
consistindo de 18432 genes derivados de conjuntos de cDNA de baixa redundancia
(Vodkin et al., 2008). e uma plataforma mista denominada “Soybean GeneChip”
(http://www.affymetrix.com). Essa Gltima possui cerca de 37500 transcritos de G. max,
15800 do fungo Phytophtora sojae (que geralmente ataca culturas de soja) e 7500
transcritos do nematdide Heterodera glycines (um nematédeo danoso a plantacfes de
soja; Valliyodan e Nguyen, 2008). Uma quarta plataforma de microarranjo esta
comercialmente disponivel, sendo denominada de 66 K Affymetrix Soybean Array
GeneChip e é utilizada para analises de maior abrangéncia.

Uma recente andlise (Dezembro/2013) no banco de dados PubMed (NCBI)
apresentou 37 trabalhos relacionados aos termos “soja e transcriptoma” (Tabela 1).
Filtrando-se os associados a seca, observa-se que Le et al. (2012; Tabela 1) utilizaram a
plataforma de microarray GeneChip Soybean Genome Arrays (GCSGA) para analises
de expressdo global em tecidos foliares, da cultivar Williams 82, em dois estadios
diferentes de desenvolvimento (V6 e R2) submetidos ao estresse acima mencionado (na
condigdo de: umidade do solo a 5% e conteudo hidrico da folha a 32+2%). Ha et al.
(2013; Tabela 1), por sua vez, utilizaram GCSGA e técnica de sequenciamento de alto
rendimento (sequenciamento Illumina) para analisar a orquestracdo génica da familia de
fatores de transcricdo ARF (Auxin Responsive Factor) em diferentes tecidos (em
estadios de desenvolvimento pré-determinados) de plantas de soja expostas a déficit

hidrico (0, 2 e 10 h), observando que os transcriptomas produzidos em resposta ao
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estresse eram tecido-especificos. Marcolino-Gomes et al. (2013; Tabela 1) analisaram a
expressdo de dez fatores de transcricdo do tipo APETALAZ2/Ethylene Responsive
Element Binding-like (AP2/EREB-like), em dois acessos fiosiologicamente
contrastantes para resposta a déficit hidrico. Tais autores observaram a inducéo de nove
desses apds a aplicacdo do estresse, além de constatarem diferencas transcricionais que
foram dependentes da extensdo do tratamento a que 0s acessos foram expostos e do
tecido analisado. Rodrigues et al. (2012; Tabela 1) utilizaram bibliotecas subtrativas
(SSH) para analisar o padrdo de genes diferencialmente expressos em soja submetida a
déficit hidrico nos tempos de 0 a 150 mim (com intervalo de 25 min entre 0s
tratamentos). Enquanto que Li et al. (2011; Tabela 1) analisaram a resposta de uma
linhagem chinesa (HJ-1) submetida a estresse salino (120 mM NaCl) ou alcalino (70
mM NaCl e 50 mM NaHCO3) ou seca (2% PEG 8000), por 48 h, focando em seu
trabalho, identificar, principalmente, genes responsivos somente ao estresse alcalino o
qual, segundo os autores, é fator limitante ao cultivo de soja na China. Por fim, Le et al.
(2011; Tabela 1) utilizaram GCSGA e sequenciamento I[llumina para analisar a
orquestracdo génica da familia de fatores de transcricdo NAC, em folhas de soja,
quando da exposicao da plantas soja ao déficit hidrico (conteudo hidrico foliar de 60%)
durante estadios de desenvolvimento pré-determinados (V6 e R2). A analise sistematica
desses autores identificou importantes alvos tecido-especificos responsivos a
desidratacdo, os quais serdo utilizados para caracterizacdo molecular aprofundada e

futuro desenvolvimento de soja transgénica tolerante a seca.
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Tabela 1. Apresentagdo dos trabalhos disponiveis abordando os termos “soja” e “transcriptomica” na base de dados PubMed (NCBI), em

dezembro de 2013, evidenciando o tecido ou 6rgao estudado, condicdo analisada, bem como a tecnologia empregada e o foco da analise.

Tecido /érgao

Condicéo

Tecnologia

Foco

Autores

Noédulos, Meristema Apical do Caule
(MAC), Raiz e Vagem Verde

Raiz

14 Diferentes Tecidos (Raiz, Flor,
Vagem, etc..)
Folhae MAC

Semente
Folha

Raiz e Folha

Folha

Raiz e Folha
Raiz e Folha
Raiz
Cotilédones e Tegumento

Raizes e brotos
Folha

Semente

Raiz
Raiz

Folha e MAC

Estresse por Déficit Hidrico e Tecidos
Né&o Estressados em Estadios
Especificos de Desenvolvimento

Micorrizagéo

Tecidos Nao Estressados em Estadios
Especificos de Desenvolvimento
Floracdo Ap6s Dia Curto
Desenvolvimento da semente
(Fertilizacéo até a Maturidade)
Seca

Estresse Alcalino

Infeccdo por Aphis glycines

7 CondicGes Diferentes, Incluindo
Deficiéncia de Ferro e Infeccéo por
Agentes Patogénicos, etc..
Déficit hidrico
Infecclo por Meloidogyne javanica
Tecidos N&o Estressados em Estéadios
Especificos de Desenvolvimento
Deficiéncia de Potassio
Infeccéo por B. japonicum
Vagem, Grdo de 2 mm e 5 mm, além
do Gréo Maduro
Seca, Salinidade e Estresse Alcalino
Estresse por Aluminio
Comparacao entre Genétipos
(Selvagem e Mutante)

Microarray (GCSGA) e
Sequenciamento Illumina

Microarray (GCSGA)

Microarray (GCSGA) e
Sequenciamento Illumina
Sequenciamento Illumina

Sequenciamento Illumina
Microarray (GCSGA)
Microarray (GCSGA)

Microarray (GCSGA)

Microarray (GCSGA)
SSH**
Sequenciamento de ESTs
Sequenciamento Illumina

Sequenciamento Illumina
Sequenciamento Illumina

Microarray (GCSGA)

Sequenciamento Illumina
Microarray (GCSGA)

Sequenciamento Illumina

Familia ARF de Fatores de
Transcricao

Fatores de Transcricao
GmNF-YAla/b

Transportadores de Silicio
Anélise Global
Anélise Global

Analise Global
Familia TIFY de Fatores de
Transcricao

Anélise Global

Fatores de Transcricao
Analise Global
Analise Global

Andlise de MicroRNAs

Analise Global
Analise Global

Analise Global

Anédlise de MicroRNAs
Analise Global

Anélise Global

Ha et al. (2013)

Schaarschmidt et al. (2013)

Deshmukh et al. (2013)
Wong et al. (2013)
Jones e Vodkin (2013)
Le et al. (2012)
Zhu et al. (2013)

Studham e Maclntosh et al.
(2013)

Zhu et al. (2012)

Rodrigues et al. (2012)
Saetal. (2012)
Shamimuzzaman e Vodkin
(2012)

Wang et al. (2012)
Reid et al. (2012)

Asakura et al. (2012)

Li et al. (2011)
You et al. (2011)

Hunt et al. (2011)

*GCSGA: GeneChip Soybean Genome Arrays — Affimetrix; **SSH: Suppressive Subtractive Hybridization (obtida via Sequenciamento Illumina)
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Continuacdo da Tabela 1.

Tecido /6rgao

Condicéo

Tecnologia

Foco

Autores

Raiz e Parte Superior
Raiz

Tegumento
Raiz e Parte Superior
Cotilédones
Folha

Raiz e Folha

9 Diferentes Tecidos (Nédulos,
Raiz, MAC, vagens, etc.)
Raiz
Raiz
Folha

Flores, folhas, Vagens, Sementes,
Raiz e Nodulos

Raiz, Folhas, Sementes, Vagem,
Flores e Caule

Raiz
Pélen
Raiz
Folha
Folhas, Caule e Cotilédones
Folha

Folha

Crescimento sob Disponibilidade
Limitante de Nitrogénio

Infecgdo por Heterodera glycines

Comparacéo entre Gendtipos de Cores
Diferentes

Plantas Ap6s 12 Dias de Germinagdo e
Estresse de Desidratacdo Radicular
Comparacao entre Gen6tipos (Selvagem e
pPRNAiSP-)

Infecgdo por Xanthomonas axonopodis
pv. glycines
Déficit hidrico
Tecidos N&o Estressados em Estadios
Especificos de Desenvolvimento
Estresse por Aluminio
Estresse por Aluminio

Estresse Alcalino

Tecidos Nao Estressados em Estadios
Especificos de Desenvolvimento

Tecidos Ndo Estressados em Estadios
Especificos de Desenvolvimento

Infeccéo por Bradyrhizobium japonicum

Plantas Apos 10 Dias de Germinagdo
Infeccdo por Phytophthora sojae
Infeccéo por Phakopsora pachyrhizi
Resposta a Glifosato
Comparacao entre Gen6tipos (Selvagem e
Transgénico)

Infeccdo por Pseudomonas syringae

Sequenciamento Illumina
Microarray (GCSGA)
Microarray (GCSGA)

Microarray (GCSGA) e
Sequenciamento Illumina

Microarray (GCSGA) e
Sequenciamento Illumina

Sequenciamento Illumina

SSH** e Sequenciamento Illumina

Microarray (GCSGA) e
Sequenciamento Illumina

Microarray (GCSGA)
Microarray (GCSGA)
Microarray (GCSGA)

Sequenciamento Illumina

Sequenciamento Illumina

Microarray (GCSGA) e
Sequenciamento Illumina
Microarray (GCSGA)
Microarray (GCSGA)
Microarray (GCSGA)
Microarray (GCSGA)

Microarray (GCSGA)
Microarray (GCSGA)

Genes Associados a Eficiéncia no Uso
do Nitrogénio
Analise Global

Genes Associados a Sintese de
Pigmentos

Familia NAC de Fatores de
Transcricdo

Analise Global

Analise Global

Fatores de Transcricdo AP2/EREB-
like

Citocromo P450 Monoxigenase

Anélise Global
Anélise Global
Analise Global

Anélise Global
Analise Global

Analise Global

Analise Global
Analise Global
Analise Global
Analise Global

Anaélise Global

Via dos Fenilpropandides

Hao et al. (2011)
Matsye et al. (2011)
Kovinich et al. (2011)

Leetal. (2011)
Schmidt et al. (2011)

Kim et al. (2011)

Marcolino-Gomes et al.
(2013)

Guttikonda et al. (2010)

Duressa et al. (2010a)
Duressa et al. (2010b)
Geetal. (2011)

Severin et al. (2010)
Libaut et al. (2010a)

Libaut et al. (2010b)

Haerizadeh et al. (2009)
Zhou et al. (2009)
Panthee et al. (2009)
Zhu et al. (2008)

Cheng et al. (2008)
Zabala et al. (2006)

*GCSGA: GeneChip Soybean Genome Arrays — Affimetrix; **SSH: Suppressive Subtractive Hybridization (obtida via Sequenciamento Illumina)
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Abstract

Drought is a significant constraint to yield increase in soybean. The early perception of water deprivation is critical for
recruitment of genes that promote plant tolerance. DeepSuperSAGE libraries, including one control and a bulk of six
stress times imposed (from 25 to 150 min of root dehydration) for drought-tolerant and sensitive soybean accessions,
allowed to identify new molecular targets for drought tolerance. The survey uncovered 120,770 unique transcripts
expressed by the contrasting accessions. Of these, 57,610 aligned with known cDNA sequences, allowing the
annotation of 32,373 unitags. A total of 1,127 unitags were up-regulated only in the tolerant accession, whereas
1,557 were up-regulated in both as compared to their controls. An expression profile concerning the most
representative Gene Ontology (GO) categories for the tolerant accession revealed the expression “protein binding”
as the most represented for “Molecular Function”, whereas CDPK and CBL were the most up-regulated protein
families in this category. Furthermore, particular genes expressed different isoforms according to the accession,
showing the potential to operate in the distinction of physiological behaviors. Besides, heat maps comprising GO
categories related to abiotic stress response and the unitags regulation observed in the expression contrasts
covering tolerant and sensitive accessions, revealed the unitags potential for plant breeding. Candidate genes related
to “hormone response” (LOX, ERF1b, XET), “water response” (PUB, BMY), “salt stress response” (WRKY, MYB) and
“oxidative stress response” (PER) figured among the most promising molecular targets. Additionally, nine transcripts
(HMGR, XET, WRKY20, RAP2-4, EREBP, NAC3, PER, GPX5 and BMY) validated by RT-qgPCR (four different time
points) confirmed their differential expression and pointed that already after 25 minutes a transcriptional
reorganization started in response to the new condition, with important differences between both accessions.
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Introduction

Soybean [Glycine max (L.) Merr.] is recognized as a relevant
global crop with an annual contribution to the world economy
around US$ 48,6 billion dollars [1], and increasing importance
due to its multiple uses in food, feed and industrial applications,
such as oil and biodiesel production. In Brazil, soybean
represents the main agribusiness product; the country is the
largest producer in the world [2]. Despite this status and the
fact that soybean is one of the most studied legumes, the soy
complex agribusiness has suffered significant losses due to

PLOS ONE | www.plosone.org

abiotic stresses, with emphasis on drought [3]. In USA, there
are reports of around 40% losses caused by water deficit [4],
whereas in Brazil, in 2004-2005, soybean severely damaged
by drought resulted in approximately 25% yield reduction [5], in
an area (southern region) responsible for about 40% of this
yield. Last year (2012), in a less severe drought, the production
reduced in almost 11% in that same region [6].

Unfortunately, this scenario is increasingly uncertain,
considering the climate change perspectives [7]. Therefore,
breeding programs looking for effective soybean plants
adapted to water deficit are crucial. Studies regarding genetics,
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physiology and molecular biology of tolerance mechanisms
sustaining plant growth and vyield under water deficit are
essentials for the development of new varieties. In general,
features associated with tolerance controlled by many genes
make conventional plant breeding more difficult [3,8].
Transcriptome analysis is one of the widest alternatives
adopted to identify the repertoire of genes and their biological
responses to certain stimuli. Soybean data from various
transcriptome projects resulted in a set of 35,986 unigenes [9]
stored in GenBank at NCBI (National Center for Biotechnology
Information) until May, 2013. Similarly, The Gene Index Project
(The Computational Biology Laboratory, Harvard University)
includes a total of 137,174 unigenes, consisting of 73,178 TC
(Tentative Consensus) sequences, 63,866 singletons and 130
singletons mature transcripts (ET) [10]. Additionally, two
microarray slide sets are available; each one consisting of
18,432 single-spotted PCR products derived from the low
redundancy cDNA sets [11]. A mixed Soybean GeneChip
(http://www.affymetrix.com) is commercially available with
~37,500 G. max transcripts, 15,800 Phytophtora root and stem
root transcripts, and over 7,500 soybean cyst nematode
transcripts [3]. Another commercially available microarray
platform is the 66 K Affymetrix Soybean Array GeneChip.
Despite having high performance, affordable price and still be
widely used, microarray technology has serious limitations.
Some of them including the cross-hybridization of probes with
different potential targets, semi-quantitative results, uncertainty
in analysis and interpretation of data, as well as the inability to
analyze and discover new genes (only restricted to those
immobilized on chips) [12].

A recent survey (May, 2013) at PubMed database (NCBI)
showed 81 reports related to “soybean and transcriptome”,
most of them using microarray approaches, as in the case of
Le et al. [13] that used the 66 K Affymetrix Soybean Array
GeneChip for genome-wide expression profiling of leaf tissues
(soybean cv. Williams 82) subjected to drought stress (soil
moisture content of 5% and leaf relative water content =
3212%) from two stages (V6 and R2). Concerning the reports
using high-throughput sequencing methods, Libaut et al. [14]
studied the transcriptome of root hair cells under
Bradyrhizobium japonicum infection. After that, Libault et al.
[15] tried to generate a transcriptome atlas using various
soybean tissues; Le et al. [16] focused on the NAC
transcription factor family in soybean during development and
dehydration stress; Li et al. [17], otherwise, looked for stress
associated microRNAs in G. max by deep sequencing, while
Hao et al. [18] searched for soybean genes associated with
nitrogen-use efficiency, and Kido et al. [19] looked for plant
antimicrobial peptides in soybean transcriptome after P.
pachirizy induction. Moreover, Fan et al. [20] analyzed the late
expression (48 h after stress) to different conditions including
drought (2% PEG 8000), in leaves and roots of seedlings (two-
leaf stage) of the soybean inbred line HJ-1. Using RNA-Seq
method, specifically, Severin et al. [21] searched for a high-
resolution gene expression in a collection of fourteen different
tissues; Hunt et al. [22] tried to characterize the transcriptional
profiles of a wild-type and glabrous soybean lines while Reid et
al. [23] looked for transcript abundance changes that occur

PLOS ONE | www.plosone.org

Early Response of Soybean to Root Dehydration

during AON (autoregulation of nodulation), and Peiffer et al.
[24] attempted to identify candidate genes underlying an iron
efficiency quantitative trait locus.

Thus, it is clear that there is still a gap in regard to reliable
information on transcriptomics to recognize the initial response
to water deficit response in soybean. Also, no previous
transcriptome approaches evaluated contrasting (tolerant/
sensitive) soybean accessions. Thus, the aim of this study was
to fill this gap using DeepSuperSAGE (26 bp tags), a highly
sensitive transcriptome method, comparing contrasting
accessions under root dehydration stress (25-150 min), aiming
to identify tolerance-associated gene candidates, especially
regarding the early response not evaluated up to date.

Results and Discussion

Qualitative and Quantitative Analysis of the
DeepSuperSAGE Libraries

The DeepSuperSAGE libraries based on the total number of
sequenced tags [2,551,286, of which 1,030,443 for ‘Embrapa
48’ (tolerant accession) and 1,520,843 for ‘BR 16’ (sensitive
accession)] allowed a comprehensive evaluation of the
soybean transcriptome under root dehydration stress. Thus,
after singlets exclusion from the total number of tags, 120,770
unitags (unique tags) followed for further analysis. Comparing
the contrasts between two libraries, the unitag number ranged
from 73,807 to 89,205 (Table 1). It should be highlighted that
the estimated number of protein-coding loci for soybean is
66,153 [25]. Thus, the high number of unitags (120,770 for the
four libraries) could be justified by the presence of sister
unitags (those with a single base difference in a given position
and not grouped in a consensus unitag), possibly constituting
potential SNPs, alternative transcripts or (less probably)
artifacts.

The number of differentially expressed up- (UR) and down-
regulated (DR) unitags and those not differentially expressed
(n.s.), at the level of p < 0.05 (see Material and Methods), for
some contrasting libraries can be seen in Table 1. The n.s.
unitags accounted for more than 70% of the total, regardless of
the considered contrast (Table 1), and probably regard
housekeeping genes or genes associated to other
physiological processes. Otherwise, the number of UR unitags
was higher than the DR in all contrasts (Table 1), also when
comparing both accessions under stress (ET1-6 vs BT1-6) and
even both negative controls (ETO vs BTO; Table 1).

Primary Annotation of DeepSuperSAGE Unitags

After annotation (BLASTn) of the 120,770 unitags against
different EST databases, 57,610 (47.7%) of them presented
ESTs matches tolerating a single mismatch (TSM) maximum in
the alignments (Table 2). From those TSM alignments, 32,373
unitags (56.2%) could be annotated based on previous
characterized ESTs (Table 2), disregarding the “unknown” hits
(ESTs, cDNAs or mRNAs) or just clones or chromosomes
annotations with no given function. Concerning the annotated
unitags, 14,903 (46.0%) of them showed 100.0% identity (26
bp of the unitag) in perfect BLASTn alignments with ESTs
(Table 2), which 14,545 of them with G. max ESTs (data not
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Table 1. Number of differentially expressed soybean unitags (UR: u-regulated; DR: down-regulated; n.s.: non-significant at p
< 0.05) based on SuperSAGE libraries contrasts.

ET1-6 vs ETO BT1-6 vs BTO ET1-6 vs BT1-6 ETO vs BTO

Tags % Tags % Tags % Tags %
UR 13,532 18.1 10,751 12.0 12,347 16.7 6,468 79
DR 7,423 9.9 5,587 6.3 7,634 10.3 3,135 3.8
n.s. 53,878 72.0 72,867 81.7 53,826 73.0 73,067 88.3
Unitags 74,833 100.0 89,205 100.0 73,807 100.0 82,67 100.0

*ETO (tolerant accession ‘Embrapa 48’; unstressed control); BTO (sensitive accession ‘BR 16’; unstressed control); ET1-6 (‘Embrapa 48’ after root dehydration stress); BT1-6

(‘BR 16’ after root dehydration stress).
doi: 10.1371/journal.pone.0083466.t001

Table 2. Summary of primary annotation of the unitags.

Features Alignment unitag-EST Total %
Single mismatch Perfect

Unitags - 120,770 100.0
Unitags with no hit - - 63,160 52.3
Unitags with hits 26,911 30,699 57,610 47.7
With descriptions 17,470 14,903 32,373 56.2*
Without description 9,441 15,796 25,237 438
With GO terms 18,619 17,366 35,985 62.5

“ In relation to 57,610 (unitags with hits).
doi: 10.1371/journal.pone.0083466.t002

shown). Such ESTs, when related to differentially expressed
unitags, are potentially useful for primer and probe design,
aiming RT-gPCR validation and, at the same time, avoiding
following sequencing for unitag identification. Alternatively,
from those unitags with appropriate ESTs (57,610), it was
possible to characterize 35,985 unitags by GO (Gene
Ontology), i.e., more expressive than those 32,373 unitags
associated with ESTs with appropriate annotations (Table 2).
Thus, for those unitags aligned to ESTs without a decent gene/
function description, the GO characterization was a valuable
reference and information source.

Regarding perfectly aligned (100% identity) unitags with
ESTs (Table 2), 15,796 remained non-annotated. Those
unitags and appropriate ESTs can be a valuable source of
candidates for further evaluations and inferences on their
function, especially concerning those differentially expressed
and responsive against root dehydration stress. On the other
hand, besides the 14,903 unitags presented ESTs descriptions,
others 17,366 unitags showed EST-GO terms (Table 2). The
best characterized set of unitags (i.e., adequate annotation and
carriage GO terms) comprised 24,924. Another appealing
group (9,441 unitags with a single mismatch; Table 2) showed
ESTs with no informative descriptions, requiring further
characterization. A third useful group comprised 63,160 unitags
with “no hit” after BLASTn (Table 2). These numbers
emphasize the importance of the DeepSuperSage open
architecture technology, allowing access to new gene-
candidates.
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Anchoring of Unitags in Soybean Genome

The unitags aligned via BLASTn against soybean transcripts
and genome, both from the Phytozome database (http://
www.phytozome.net/), allowed the identification of potential
non-annotated genes. The BLASTn analysis involved in TSM
alignments of unitags - ESTs comprised 71,171 unitags and
44,204 ESTs, which was restricted to 27,190 unique ESTSs,
when only the best hits were considered. On the other hand,
the BLASTn analysis against the soybean genome included
TSM alignments, ending up with 77,163 anchored unitags in 20
chromosomes and some scaffolds (data not shown). In an
effort to determine which unitags were present in each group
(ESTs, chromosomes or scaffolds), a Venn diagram (Figure 1)
showed that, from the 71,171 aligned unitags with the soybean
ESTs, 78 were also anchored in scaffolds, while 69,645 were
anchored in chromosomes, as well. This result is consistent
with what it was expected since the DeepSuperSAGE tags are
generated mainly from the 3’'UTRs presented in both genomic
and transcripts sequences. Moreover, 1,448 unitags (Figure 1)
aligned only with ESTs. When analyzing in which transcript
region these alignments took place, almost all of them (1,290)
showed match (TSM) with coding regions (CDS; data not
show). This was not a predicted outcome. Once the Nialll is a
frequent cutting enzyme, it was expected the digestion in
3'UTR of each expressed transcript, as mentioned before. A
possible explanation for these results could be a partial
digestion of cDNAs by the Nialll enzyme. In an attempt to
minimize it, the cDNAs underwent a process of double
digestion by the enzyme. Nevertheless, a lack of the Nialll
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Figure 1. Venn diagram for sets of soybean unitags aligned* with soybean ESTs and genomic sequences**. * Via BLASTn

(tolerating maximum of one mismatch).

** Soybean genome browser (Phytozome database: http://www.phytozome.net/).

doi: 10.1371/journal.pone.0083466.g001

enzyme restriction site in the 3'UTR or an unforeseen gene
transcript sampling or even an alternative, non-described,
transcript for an already predicted gene, could all explain these
generated unitags.

Besides, 7,440 unitags exclusively anchored in genomic
regions, without any ESTs alignments, with almost all of them
(7,423 unitags) anchoring in the predicted chromosomes (only
17 anchored in scaffolds; Figure 1). From this total of
chromosomes anchored unitags, 1,865 were differentially
expressed in the stressed vs control contrast involving tolerant
or sensitive accession (data not shown). To almost all of them
(1,667) it was observed the perfect match of the unitags (26
bp) with the genomic sequences (data not shown). These
results can indicate the presence of genes in those regions or
of new transcripts that were sampled, or even of alternative,
non-described, already predicted genes, but all these
possibilities would include transcripts that have significant
responses to the applied stress.

A more detailed analysis comprising 296 unitags anchored to
chromosome 1, using the tool genome browser at the
Phytozome site, showed 82 unitags anchored at introns and
another 35 at the exon/intron borders (Figure 2). To the
majority of these anchored sites, gene expression was
reinforced by available RNA-Seq data, as indicated in the
genome browser (Figure 2). Additionally, 179 unitags anchored
in regions without predicted genes in their surroundings,
notwithstanding 106 of those unitags presented in their
respective loci RNA-Seq data covering it (Figure 2). In those
sites covered by the RNA-Seq, differentially expressed unitags
(p < 0.05) were observed after the stress stimulus (Figures 3A,
3B and 3C). Regarding this differential gene expression
response, Embrapa 48 showed more induced unitags than its
counterpart BR 16 (Figures 3A, 3B and 3C). Thus, the
DeepSuperSAGE data, in association with the RNA-Seq data
mentioned for those unannotated regions of the soybean
genome, suggest that those regions may play important roles
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in the plant physiology, acting in response to root dehydration
and assisting in plant homeostasis maintenance. Meanwhile,
more studies are needed to determine the real importance of
these sequences in the analyzed stress response.

Distribution of the Differentially Expressed
DeepSuperSAGE Unitags

For a better understanding of the contrasts between libraries,
it is necessary to understand the effects included in each
comparison. The ET1-6 vs ETO contrast (approach I[)
addressed the drought-tolerant response to root dehydration;
BT1-6 vs BTO (ll), the drought-sensitive response to the stress;
ETO vs BTO (lll), the differences between the accessions under
normal conditions (controls), and ET1-6 vs BT1-6 (IV), the
differences when both accessions were under stress.

Considering the UR unitags, a Venn diagram (Figure 4A)
isolated 1,127 unitags only observed in the drought-tolerant
accession response to the stress (approach 1), in contrast to
3,773 unitags only observed in the sensitive accession
response (approach Il), and while 1,557 unitags showed
induction in both accessions. These exclusive UR unitags from
the drought-tolerant accession probably included those
transcripts and genes responsible for a better performance of
this accession under the stress applied. The annotation of
these tolerant-exclusive UR unitags showed 484 with
informative descriptions (gene/function) and GO terms
associated while 162 presented only descriptions, 209 only GO
terms and 272 with no information regarding their role (Table
3).
Another useful set regarded the 4,141 UR unitags shared by
the approaches | and IV (Figure 4A) that highlight the
differentially induced expression of the drought-tolerant
accession under stress as compared with the appropriate
negative control or the sensitive accession also under stress.
Considering these unitags, 1,734 presented informative
descriptions and GO terms associated, while 561 only
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Figure 3. Number of unitags differentially expressed for each accession, and mapped in genomic regions* with predicted
coverage by RNA-Seq*. (A) unitags mapped in introns; (B) unitags mapped in exon/intron borders; (C) unitags mapped in

genomic regions without any predicted gene.
www.phytozome.net/).

UR: up-regulated; DR: down-regulated.

doi: 10.1371/journal.pone.0083466.9g003

presented descriptions, 809 only GO terms and 1,037 lacked
any knowledge (Table 3). A third relevant set included 290
unitags over-expressed in |, Il and IV (Figure 4A), regarding UR
unitags in the respective approaches: tolerant, sensitive, and
both accessions under stress response.

The same evaluation may be carried out in the DR unitags
(Figure 4B). In this analysis, 1,812 unitags showed suppression
exclusively in the drought-tolerant accession response to root
dehydration (approach 1) while 1,798 presented in approaches |
and IV (Figure 4B). From these 3,610 DR unitags (1,812 +
1,798), 1,691 presented adequate descriptions and GO terms,
while 421 presented only descriptions; 766 only GO terms,
whilst 732 remained uncharacterized (data not shown). Another
group (339 DR unitags, Figure 4B) showed DR unitags in the

PLOS ONE | www.plosone.org

* According to the soybean genome browser (Phytozome database: http:/

approaches | (tolerant), Il (sensitive), and IV (both accessions
under stress). The real meaning of these suppressed sets
should be investigated.

The high number of promising candidates based on unitags
highlights the potential of the DeepSuperSAGE technology in
the disclosure of relevant transcripts responding to the applied
stress. The first step to understand the functional background
relies on the use of bioinformatic tools and the effective
annotation and functional categorization of the differentially
expressed unitags.
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doi: 10.1371/journal.pone.0083466.9g004

Table 3. Number of soybean UR unitags presented in different comparisons.

Exclusive UR unitags

Common UR unitags

Descriptions / GO terms (ET1.6 vs ETO)1

With description / with GO 484
With description / no GO 162
No Description / with GO 209
No Description / no GO 272
Total 1,127

(ET1.6 vs ET0)! & (ET1.6 vs BT1.6')2
1,734

561

809

1,037

4,141

UR (up-regulated); *ETO (tolerant accession ‘Embrapa 48’; unstressed control); BTO (sensitive accession ‘BR 16’; unstressed control); ET1.6 (‘Embrapa 48’ after root

dehydration stress); BT1.6 (‘BR 16’ after root dehydration stress).
doi: 10.1371/journal.pone.0083466.t003

Functional Categorization of ESTs Anchoring
DeepSuperSAGE Unitags

The GO categorization [26] of 42,042 ESTs related to the
unitags resulted in 179,670 different terms, including the three
main categories: Biological Process (BP; 67,459), Molecular
Function (MF; 61,568) and Cellular Component (CC; 50,643).
The categorization of the ESTs related to the drought-tolerant
accession (Figure 5) considered the GO terms regarding the
8,634 differentially expressed unitags (65.7% of all UR and DR
unitags, approaches |, Figure 4A and 4B, respectively). The CC
category refers to the place in the cell where the gene products
are working [27]. The most represented CC subcategories
were: “nucleus” (GO: 0005634; 575 UR and 444 DR tags),
“cytoplasm” (GO: 0005737; 580 UR and 399 DR unitags) and
“plasma membrane” (GO: 0005886; 321 UR and 329 DR
unitags) (Figure 5). The expected prevalence of these cell
compartments represent the lodging site of the genetic material
responsible by the coordination of their cellular functions and
reactions, and also because cell membranes are the first stress
receptors, protecting the cell from modifications affecting both
stress perception and rigidity of the cell structure [28]. For
instance, a change in the fluidity of the plasma membrane
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might induce a conformational change in a receptor that
activates a downstream kinase cascade [29]. Furthermore,
cellular membranes threatened by reactive oxygen species
(ROS) during cell metabolism, as a result of stress [30-32],
produce lipid peroxides that can be used as a stress indicator
[28].

Regarding the MF categories, the terms most represented
was “protein binding” (GO: 0005515756; 756 UR and 711 DR
unitags), “metal ion binding” (GO: 0046872; 310 UR and 276
DR unitags) and “ATP binding” (GO: 0005524; 306 UR and 241
DR unitags) (Figure 5). “Protein binding” represents selective
and non-covalent interactions with any protein or protein
complex, including binding to calcium-dependent proteins,
calmodulin receptors, and transcription factors, among others.
Considering those descriptions, the importance of this category
can be seen in a brief summary where abiotic stresses (mainly
drought and salinity) induce changes in cytosolic Ca% levels
[33]. Ca?*-binding proteins [calcium-dependent protein kinase
(CDPK), calmodulin (CaM), and calcineurin B-like protein
(CBL)] serve as transducers of the Ca?* signal, leading to the
activation of the signaling pathways, resulting in plant
responses to those stresses [34-36]. These Ca?*-binding
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Figure 5.
DeepSuperSAGE unitags.
respective control.

doi: 10.1371/journal.pone.0083466.g005

protein classes were expressed in all the evaluated contrasts
(data not shown), whereas CDPKs and CBLs presented a
higher number of up-regulated unitags when comparing both
stressed accessions in relation to the appropriate negative
controls (Table S1). CDPKs have recognized participation in
abiotic stress tolerance, especially in the modulation of ABA
signaling to reduce ROS [37]. In turn, CBLs showed an
association with drought tolerance and osmotic stress in
Arabidopsis. Loss-of-function Arabidopsis mutants lacking
CBL1, CBL9, or CIPK1 found to be more sensitive to drought
and osmotic stress than the wild-type plants [38,39].

In turn, “metal ion binding” represents proteins that interact
selectively in a non-covalent way with any metal ion. In this
way, dehydrins, considered effective in the tolerance process
to different stresses [40], present metal binding properties to Fe
*3, Co*2, Ni*2, Cu*2 and Zn*? [41]. Considering the contrasting
accessions after stress, a total of 101 unitags associated with
this protein family could be identified. Interestingly, the
sensitive accession had an increased number of up-regulated
unitags (70) than its tolerant counterpart (50) (Table S2).
Considering UR unitags in the tolerant accession, 24 of them
were n.s. or non-observed in the sensitive accession (Table
S2), becoming potential targets for further studies.

“ATP binding” includes proteins that interact selectively and
in a non-covalent way with ATP (adenosine 5'-triphosphate), a
universally relevant coenzyme and enzyme regulator. Among
them, ABC transporters stand out, also for their involvement in
the abscisic acid (ABA) transport [42]. This stress-related
hormone plays a key role in the tolerance process against
abiotic stresses, especially regarding drought and salinity [43].
In the present evaluation, 23 possible ABC transporters found
to be differentially expressed in the analyzed accessions, being
eight induced only in the tolerant accession (Table S3).

In general, the analyzed transcripts in both accessions
showed similar isoforms regulation based on unitags, but some
presented contrasting regulation (e.g. UR in the tolerant and
DR/n.s. in the sensitive) or accession-specific unitags (Table
S1, S2 and S3), and these may act in their physiological
differentiation when the drought stress is applied. Concerning

PLOS ONE | www.plosone.org

[9)

Gene Ontology categorization of the tolerant accession transcripts based on the UR" and DR’ soybean
UR: up-regulated; DR: down-regulated ; *Unitags from tolerant accession under stress versus

the BP categories (biological processes in which the gene
products are involved [27]), the two most depicted
subcategories were “response to abiotic stress” (GO: 0009628;
1248 UR; 764 DR unitags; Figure 5) and “response to biotic
stress” (GO: 0009607; 387 UR; 164 DR unitags; Figure 5).
Further details will be address in the next topic, due to the
importance and pertinence of the “response to abiotic stress” to
the current evaluated subject (root dehydration). The second
well represented subcategory was “response to biotic stress”
that highlights the crosstalk mechanism, i.e., the co-activation
of genes among both biotic and abiotic stress types. For
example, the interaction of transcriptional regulation of
environmental challenges, such as heavy metal (CuSO,)
stress, with incompatible necrotrophic pathogen infection
revealed significant overlap between biotic and abiotic stress
responses [44]. Also, large-scale microarray transcriptome data
strongly supported the existence of such interaction between
signaling networks [45]. Moreover, the reactive oxygen species
(ROS) generation is as a key process shared between biotic
and abiotic stress responses [46,47]. Thus, a growing number
of evidences supports the notion that plant signaling pathways
consist of complex networks with some crosstalk, thereby
allowing plants to regulate both abiotic stress tolerance and
disease resistance.

Analysis of the GO Subcategory “Response to Abiotic
Stress”

The expression patterns by heats maps of differentially
expressed unitags related to “abiotic stress response” GO
category, considered different contrasts and the modulation
expression values (FC) of such unitags. This GO category
included “response to hormone stimulus” (GO: 0009725),
“response to water” (GO: 0009415), “response to salt stress”
(GO: 0009651) and “response to oxidative stress” (GO:
0006979).
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mentioned in the discussion.
doi: 10.1371/journal.pone.0083466.9g006

Response to Hormone Stimulus

Hormones are chemical messengers that trigger different
processes in animal development, being also present in the
vegetal kingdom controlling various aspects of plant growth
and development [48]. Plant hormones [salicylic acid (SA),
jasmonic acid (JA), ethylene (ET) and ABA] form a complex
system that plays key roles in disease resistance and response
to abiotic stresses, including drought [49,50].

The UR unitags clusterization covering “response to
hormone stimulus” and the tolerant response (approach I)
compared with the sensitive one (approach Il) or even both
accessions under stress (approach Ill) resulted in a heat map
(Figure 6A; Table S4) where clusters 1 and 2 (left side of the
heat map) might be highlighted. The Cluster 1 (Figure 6A;
Table S4) regards unitags presented in both accessions and
co-induced mainly in approaches | and Il, also some unitags in
lll. Such a similar expression even in contrasting accessions
may represent a key role of such genes in the process of
acclimatization to the additional condition imposed. Example of
this group was a lipoxygenase, with meaningful FCs [LOX,
TD23336; FC, = 36.0, FC, = 1.5, FC,, = 8.5] (Figure 6A). LOX is
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an enzyme implicated with developmental processes and
responses to stress and hormones in plants. Bell and Mullet
[51] observed water deficit response associated with
overexpression of some LOX isoforms in soybean (G. max)
and pea (P. sativum).

The Cluster 2 (Figure 6A; Table S4) covered UR unitags in
the tolerant response (I and lll) and DR or absent in the
sensitive response (IlI). Such unitags may be associated with
genes whose regulation helps in the distinction of physiological
behavior among accessions. Representative of this group was
an Ethylene-responsive transcription factor 1b (ERF1b,
TD49069; FC, = 9.6, FC, = -1.9 and FC,, = 9.6), a gene known
for its activation in response to ethylene hormone. The
expressions of ethylene-related genes occur through
transduction of the ethylene signal from receptors to dedicated
transcription factors [52]. ERFs (restricted to plants), an AP2/
EREBP-type transcription factors, which serve as trans-acting
factors at the last step of transduction [53], presented
implications on stress tolerance against abiotic stress. An ERF
protein, JERF3, overexpressed in tobacco was responsible for
a better adaptation to stresses, such as water deficit, freezing
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and high salinity [54]. The same authors observed the
transcription factor activity on the control of genes involved in
the oxidative stress regulation. The overexpression of another
ERF gene in rice (TSRF1) also increased the tolerance against
drought [55]. In the same way, a putative transcription factor
ERF1b (UR in our soybean libraries), usually correlated with
basal metabolic processes (development and fruit ripening in
plum) [56], showed results indicating a possible involvement in
soybean root dehydration response. Also, two AP2/EREBP
transcripts, with expressions validated by RT-qPCR (see the
specific item), reinforced this association. Another highly
modulated unitag was associated to the xyloglucan
endotransglycosylase family (XET, TD34204; FC, = 26.4, FC,,
= 26.4). Enzymes of this family have the potential to
enzymatically modify wall components modulating the degree
of cross-linking in the cell wall to allow cells to expand during
development [57]. The first molecular genetic evidence that
connects the cell wall and plant stress tolerance was provided
after overexpression of a cell wall peroxidase in tobacco,
improving the seed germination of transgenic plants under
osmotic stress [58]. Other putative XET transcript isoform
unitag (TD31210) analyzed by RT-qPCR, in the present work,
validated the contrasted expression showed by the accessions
(see the results along this article).

Response to Water

Unitags associated to the GO “response to water” and up-
regulated in the approach I, when compared with the in silico
expression in the approaches Il and Illl, regarding their
modulation of expression, presented, as in the previous
situation, two clusters (1 and 2, Figure 6B). The modulation of
the respective genes highlighted in that clusters may be
explained in accordance with the reasoning presented in Figure
6A.

The Cluster 1 (Figure 6B; Table S5) showed unitags
available in both accessions and up-regulated in most of the
three approaches (I, Il, and some of the Ill). This was the case
of the putative U-box E3 ubiquitin ligase (PUB, TD2635) that
showed one of the highest frequency modulation (FC, = 45.0,
FC, = 17.3, FC,, = 2.2). Such protein is a part of the ubiquitin-
proteasome (Ub-26S) pathway, a cascade mediated by three
sequential ubiquitination enzymes that modify the selective
ubiquitin ligation. About more than 5% (> 1,300 genes) of the
Arabidopsis genome encodes main components that operate in
the Ub-26S pathway, where about 1,200 genes encode for E3
ubiquitin ligase components [59]. This abundance illustrates
how valuable this protein degradation process is in plants. The
large number of E3 ubiquitin ligase genes relative to the Ub
pathway-related genes in Arabidopsis and other eukaryotes is
indicative of the importance of the E3 ubiquitin ligase step
during the selectivity of the ubiquitin-proteasome pathway.
Some induced isoforms present intimate relationship with
abiotic stress, especially water stress, acting as negative
regulators in Arabidopsis, coordinately controlling a drought
signaling pathway by ubiquitinating cytosolic RPN12a [60].

In turn, the cluster 2 (Figure 6B; Table S5) includes unitags
potentially valuable in the tolerance response. The three most
expressed unitags in this group (TD87112, TD53834 and
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TD66619), annotated as B-amylase (BMY) enzymes, showed
FCs (FC, and FC,;) ranged from 19.2 to 24.0 (Table S5). BMY
expression and activity is affected by abiotic stress including
osmotic stress and drought. Exposure of barley [61], pearl
millet and maize [62] to osmotic stress (300 mM sorbitol for
four days) resulted in the increase of vacuolar BMY activity and
BMY protein levels. Similarly, when cucumber cotyledons
treated with 30 or 50% polyethylene glycol for up to one day,
BMY activity increased followed by increases in sucrose and
maltose [63]. Yang et al. [64], in turn, observed that both a- and
B-amylase activities were enhanced by water stress, with the
former enhanced more than the latter, and were significantly
correlated with the concentrations of soluble sugars in the
stems. It has been suggested that these sugars work in the
osmotic adjustment process in plants [65].

Response to Salinity

The exposure to drought or salt stress triggers many
common reactions in plants. Both stresses lead to cellular
dehydration, which causes osmotic stress and water removal
from the cytoplasm into the extracellular space, resulting in a
reduction of the cytosolic and vacuolar volumes [66]. Early
responses to water deficit and salt stresses are largely
identical, except for the ionic component. These similarities
include metabolic processes, such as photosynthesis [67] and
hormonal processes, like rising levels of the plant hormone
ABA [68]. Those processes include genes potentially involved
in the crosstalk response. The heat map, comprising unitags
associated to the GO category “response to salinity” and up-
regulated in the tolerant response, when compared with those
observed in the approaches Il and lll, highlighted two distinct
clusters (Figure 7A).

The Cluster 1 (Figure 7A; Table S6) encloses unitags
presented in both accessions, but UR in the approaches I, Il
and lll, or even n.s. in the approach lll. The up-regulation in
approach Il regarded unitags with a higher expression in the
tolerant after stress, when compared with the sensitive one.
This situation regarded TD1254 unitag (FC, = 6.1, FC, = 3.1
and FC, = 1.5), a possible WRKY transcription factor.
According to Eulgem et al. [69] members of this family were
overexpressed responding to various stress types. Among 72
WRKY genes (Arabidopsis), 49 presented differential
expression in response to hormones (salicylic acid treatment)
or biotic stress (infection by a bacterial pathogen) [70]. Also,
these genes were implicated in responses to wounding (A.
thaliana [45]), drought and heat (tobacco [71]) and cold
(Solanum dulcamara [72]). At least 64 soybean SuperSAGE
unitags were possible WRKY transcription factors transcripts
(data not show).

The Cluster 2 (Figure 7A; Table S6) contain unitags induced
in approaches | and Il (absent or n.s. in the approach Il). One
of the most expressed modulated unitags in this group was
TD22175 (FC, = 28.8, FC,, = 3.4), a possible MYB transcription
factor. Members of the MYB family are abundant in all
eukaryotes, being the most frequent transcription factor family
(TF) in plants [73]. In the present data, 425 unitags annotated
as MYB TFs (data not show). MYB TFs are key factors in the
regulation pathways that control development, metabolism and
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'Gray spots: no expressed unitags; Red: up-regulated unitags; green: down-regulated unitags; black:

constitutive expression 2. Tolerant accession under stress vs. respective control (1); Sensitive accession under stress vs. respective
control (Il); and Tolerant accession vs. Sensitive accession (both under stress; Ill). Arrows indicate transcripts mentioned in the

discussion.
doi: 10.1371/journal.pone.0083466.g007

response to biotic and abiotic stress [74]. Concerning their role
in the drought tolerance, Seo et al. [75] reported that a R2R3-
type MYB TF (MYB96) regulated drought stress response by
integrating ABA and auxin signals. The putative MYB124
observed in the DeepSuperSAGE data (MYB124_TD22175)
could be, along with MYB88, generating regular stomatal
patterning, as in Arabidopsis [76], optimizing gas exchange and
guard cell ion transport.

Response to Oxidative Stress

Reactive oxygen species (ROS) production is a unifying
commonality in a large number of abiotic stresses [77]. The
redox-modulated changes are main events in cellular
responses since ROS may help stress perception, but also
damage the cell due to oxidation of membranes and other
cellular components [78]. Responsive genes in such situations
are, therefore, relevant to the maintenance of cellular
homeostasis in adverse situations. The heat map based on the
“response to oxidative stress” GO category and UR unitags in
the approach |, compared with the approaches Il and lll,
presented a set of UR unitags (approaches | and Ill), probably
acting in the physiological behavior differentiation showed by
the accessions, since these unitags were absent or n.s. in the
sensitive accession (approach Il, Cluster 1, Figure 7B; Table
S7). One of the highest expressed modulated unitag
(TD46995; FC, = 1104, FC, = 110.4) was a putative
peroxidase (PER). PER is an enzyme with oxidoreductase
function that oxidizes a vast array of compounds (hydrogen
donors) in the presence of H,O,. Like other enzymes from the
ROS group, PER is a “ROS Scavenging Enzyme”. ROS
scavenging increases the level of antioxidant enzymes,
contributing to salt tolerance in different plants, including
soybean [79]. This is in consonance with Zhang and Kirkhan
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[80] that observed an increase of peroxidase activity
associated to the water deficit response.

Differential Response of the Accessions Based on
Biological Processes (BP)

A sample of the differential behavior between the studied
accessions can be observed in the Figure 8, representing
some BP subcategories with UR unitags observed in the
approaches |, 1l and Ill. Considering six among 10 analyzed
subcategories [‘translation” (GO: 0006412), “metabolic
process” (GO: 0008152), “response to water deprivation” (GO:
0009414), “regulation of transcription” (GO: 0045449),
“response to wounding” (GO: 0009611), “transmembrane
transport” (GO: 0055085)], the number of UR unitags in the
tolerant accession (approach I) was larger than that in the
sensitive one (approach |Il), indicating that, in those
subcategories, the tolerant accession recruited and
differentially expressed a larger number of unique transcripts.
Also based on those subcategories, from the approach Ill it
was clear that some UR unitags belonging to the tolerant
accession were also up-regulated in relation to the sensitive
accession, both under stress. From the quantitative point of
view, the approach lll revealed how many unitags were up-
regulated in the tolerant accession, in relation to the sensitive
one (both under stress). Here, the subcategory
“transmembrane transport” had the largest number of UR
unitags in the approach Ill, as compared to approach I. At a
first glance, the results seemed to be incoherent. However, to
the set of common UR unitags from approaches | and Ill it is
necessary to include the constitutively expressed unitags from
the approach |, as these tags are indeed up-regulated, when
compared to the contrast Il (both accessions under stress).
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On the other hand, in four subcategories [‘oxidation
reduction” (GO: 0055114), “transport” (GO: 0006810),
“response to stress” (GO: 0006950), “defense response” (GO:
0006952)], a larger absolute number of UR unitags expressed
by the sensitive accession (approach Il), when compared to the
tolerant one (approach ), demonstrated for those
subcategories that the sensitive accession recruited and
induced more unitags (Figure 8). Despite of this higher number
of inducted unitags by the sensitive accession, in these
subcategories, the overexpression by the tolerant accession in
relation to the counterpart sensitive one, when both under
stress, were demonstrated (approach Ill, Figure 8), pointing to
a higher transcriptional efficiency of the tolerant over the
sensitive after the stress. In short, the transcripts pool from the
tolerant comparing with the sensitive accession, varied in both,
quantitative and qualitatively aspects.

PLOS ONE | www.plosone.org

Expression Analysis of Unitags in Contrasting
Accessions by RT-qPCR

The strategy to generate two DeepSuperSAGE libraries for
each accession [negative control and bulk of samples
gathering different times of stress imposition (25, 50, 75, 100,
125 and 150 min) reduced the number of libraries and became
economically more realistic the project, but in turn also became
more difficult to analyze the expression over the times
sampled. The use of the RT-gPCR method provided the
opportunity to integrate the differential expression of the
candidate gene to the temporal variant opening of the bulked
sample, based on expression in the times: 25, 50, 75, 100 min.
The hereby studied nine genes (Table S8), covering
contrasting and similar accession responses, present a concise
overview of how transcriptional orchestration works in the
analyzed condition, helping the understanding of the plant
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physiological behavior of each accession, and presenting the
way that a transcript population changes over time in the
addressed situation.

Regarding the unitags showing different response between
the accessions (UR in the tolerant and DR or n.s. in the
sensitive contrasts in relation to the appropriate negative
control), those validated by RT-gPCR were:

a) 3-hydroxy-3-methylglutaryl coenzyme A reductase
[HMGR, EC 1.1.1.34; soybean gene model Glyma11g09330.1;
unitag TD36676 (FCerant = 24.0, FCyirsitive = -9.8)].

The HMGR enzyme acts in the metabolism of isoprenoids,
also called terpenoids. In plants, terpenoids show variation in
structure and function, covering besides isoprenols (essential
to biomembranes), also hormones, carotenoids and
clorophyllins (photosynthetic pigments), among others [81].
Terpenoids can be synthesized by two mechanisms:
desoxyxylulose 5-phosphate/2-C-methyl-D-erythritol 4
phosphate pathway (also called DPX pathway), widespread in
eubacteria, and Mevalonate (MVA) pathway, prevalent in
archaea and eukaryotes [82]. The HMGR enzyme catalyzes a
key regulatory step of the MVA pathway, being modulated by
various endogenous and external stimuli [83], including
phytohormones, calcium, calmodulin, light, wounding, elicitor
treatment, and pathogen attack [84]. Recently, Yang et al. [85]
demonstrated in Savia miltiorrhiza hairy roots that HMGR
mRNA levels and the enzyme activity were stimulated by
abscisic acid (ABA) and methyl jasmonate (MJ), hormones
known to be involved in the water deficit response, as well as
polyethylene glycol (PEG), a compound that mimic drought
stress effects in plants. The studied accessions differed
regarding the transcriptional regulation of the unitag TD36676,
in the course of the tested times (Figure 9), with the tolerant
accession showing overexpression (p < 0.05) at all sampled
times (MRGEL: 1.2 to 24; Figure 9), compared to the
appropriate negative control (TO). Exception occurred for T3, in
which the expression did not change (Figure 9). The sensitive
accession, in turn, did not show differential expression at times
T1, T3, T4, whereas, in T2, the expression decreased in regard
to the sensitive negative control (MRGEL: - 1.5; Figure 9).
Therefore, a role of this gene together with the MVA pathway in
root dehydration differential response showed by the tolerant
accession is likely.

b) Xyloglucan endotransglycosylase [XET, EC 2.4.1.207;
soybean gene model Glyma13g38040.1; unitag TD31210
(FCtoleranl = 288! FCsensitive = _68)]

The XET or XTH enzyme acts in processes covering plant
cell wall modifications. During cellular expansion, XET
enhances the extensibility of the cell wall by cleaving
xyloglucan at the xyloglucan—cellulose network presented in
the plant cell wall [86,87]. Under water deficit conditions, the
plant upper part growth inhibition and maintenance of root
growth are often associated, in a well adaptive mechanism.
However, in dry soils conditions, plant roots tend to grow
seeking water richer zones. Despite XET relationship to plant
cell wall strengthening processes [88], studies have shown a
positive correlation with root elongation [89,90] and also of
other plant organs [91]. The RT-qPCR results related to
TD31210 unitag showed different behavior in both contrasting
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accessions as shown in Figure 9. The tolerant accession
presented overexpression at all the analyzed stress times
(MRGEL: 1.3 to 4.8 times, relative to TO; Figure 9). On the
other hand, the sensitive one failed to keep this overexpression
during the same studied times. Expression modulation for this
accession (MRGEL: 1.9 to 2.2; Figure 9) occurred only in the
first two times (25 and 50 min; Figure 9). In the following times
(75 and 100 min), the expression was not significant or showed
suppression (MRGEL: -1.6; Figure 9). Thus, the results
suggest that radicular growth and soil remodeling may be
involved in the tolerance observed in Embrapa 48 (tolerant
accession), enabling the reestablishment of the proper
functioning of its physiology.

c) Transcription Factor WRKY20 [soybean gene model
Glyma05g36970.1; TD57178 unitag (FCgerant = 21.6, FCqensitive =
-4.4)].

The main steps in plant tolerance to adverse environmental
conditions process are stress condition perception, signal
transduction, activation and regulation of stress responsive
genes. The two previous steps requiring greater efforts at the
transcriptional level, with a large portion of the plant genomics
capacity driven by TFs. Soybean has 5,671 putative TFs,
distributed in 63 families, which equates to 12.2% of the 46,430
predicted soybean protein-coding loci [25], while Arabidopsis
and rice genomes code more than 2,100 and 2,300 TFs
respectively [92]. Among TFs, WRKY is one of the largest
families of plant transcriptional regulators modulating plant
processes [93], also in plant stress responses. In rice, for
instance, OsWRKY11 overexpression (under the control of
HSP101 promoter) led to enhance drought tolerance [94].
Recently, Luo et al. [95] observed that the expression of wild
soybean WRKY20 in Arabidopsis enhances drought tolerance
and regulates ABA signalling. The differential behavior of the
analyzed accessions for the expression (RT-gPCR) based on
the TD57178 unitag was evident. The tolerant accession kept
its induction over all the stress times tested (25, 50, 75, 100
min) modulating the expression (MRGEL) 2.3 to 3.6 times in
relation to TO (Figure 9); the sensitive accession, in turn,
showed overexpression only in the early time points (25 and
50, MRGEL: 3.1 and 3.4, respectively, Figure 9). According to
Chen et al. [96] the strict control and fine-tuning of WRKY
proteins during plant stress responses contribute to the
installation of complex signaling networks, highlighting the
importance of WRKY proteins in plant abiotic stress response.

The unitags with similar regulation in both accessions under
stress (Figure 9) allowed six genes to be RT-qPCR validated:

a) NAC3 transcription factor [NAC3; soybean gene model
Glyma06g38410.1; unitag TD33178 (FC\gerant = 33.6, FCyensitive =
10.8); cluster 1 (gene expression heat map Figure 6A); Table
S4].

Under stress conditions, plants do not induce only gene
transcriptions that operate in cellular protection, namely,
enzyme coding genes and other functional proteins, but they
also produce the regulatory transcripts that act in the
transduction of signals from their perception organs. In this
context are the transcription factors (TF) coding genes. Among
the plant-specific transcription factors, NAC (NAM, ATAF,
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CUC) proteins constitute one of the largest families, present in
a wide range of land plants [97]. The NAC was the most
represented in the expression cluster “Response to hormonal
stimulus” (Figure 6A). Specifically, the TD33178 unitag (NAC3
isoform) showed large modulation for both accessions (Figure
6A; Table S4); this being induced at all analyzed time intervals
[tolerant accession (MRGEL: 3.0 to 3.9; sensitive accession:
MRGEL: 2.0 to 3.1; Figure 9). This TF participation in the
tolerance process to abiotic stresses has been demonstrated.
Liu et al. [98] obtained tobacco transgenic lines transformed
with AhNAC3 (from peanut), and those showed hyper-
resistance to dehydration and drought stresses and
accumulated more proline and less superoxide anion (O,7) than
wild type under dehydration and drought conditions. They also
observed that four functional genes, superoxide dismutase,
pyrroline-5-carboxylate synthetase, late embryogenic abundant
proteins, and early response to drought 10, were induced in the
transgenic lines, been suggested that NAC3 improves water
stress tolerance by increasing superoxide scavenging and
promoting the accumulation of various protective molecules.

b) AP2 (Apetala2) / ERF family, also called AP2/EREBP
[99,100], presented the soybean gene models
Glyma13g01930.1 and Glyma16g27950.1 associated,
respectively, to the unitags TD1001 (FCyerant = 7-2; FCyensitive =
6.0) and TD200 (FCggrant = 22.0; FCyepitive= 21.0).

The AP2/ERF (EREBP) is a plant-specific TF large family
that shares a well-conserved DNA-binding domain, comprising
AP2, RAV, EREBP subfamilies, with the EREBP subfamily
subdivided into DREB (Dehydration-responsive element-
binding) or A subgroup and the ERF (Ethylene response factor)
or B subgroup [101]. The up-regulation of those unitags
observed in both accessions, in relation to the expression in
the appropriate unstressed controls, suggests a conservative
action even in contrasting accessions. Concerning the TD1001
unitag, the level of expression was similar for both accessions,
considering each time evaluated, showing differential
expression since 25 min after stress (Figure 9). Additionally,
the unitag expression level in both accessions was smaller
than those observed in TD200 (Figure 9). BLASTn analysis
based on the RefSeq_RNA database (NCBI) revealed that
Glyma13g01930.1 represents, specifically, an FT-type RAP2-4
(data not shown). RAP2-4 is a TF AP2/DREB-type, which
belongs to EREBP subfamily. This TF was down-regulated by
light but up-regulated by salt and drought stresses, in
Arabidopsis [102]. Recently, Rae et al. [103] investigated the
expression and function of RAP2-4B and RAP2-4 (both DREB
TFs) using microarray-based transcriptional profiling of double
knockout and overexpression lines. Expression analysis of
stressed and control plants revealed both genes highly
expressed in stems and roots and differentially induced in
response to cold, dehydration and osmotic stress. The same
authors also concluded that RAP2-4 is a probable significant
aquaporin co-expression network regulator during the early
phase of dehydration response. During that study, six
aquaporin genes — from which three (AtPIP2; 1, AtPIP2,;2 and
AtPIP2;3) from the PIP group and three (AtTIP1;1, AtTIP2;2
and A(TIP 2;3) from the TIP group — were down-regulated in
the double knockout line and consequently up-regulated in the
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appropriate overexpression line [103]. In relation to the TD200
unitag (Glyma16g27950.1; annotated as a TF AP2/ERF,
EREBP subfamily), the tolerant accession response revealing a
faster response (25 min) than the sensitive accession (50 min;
Figure 9). Also, in general, the average gene expression level
presented by the tolerant accession was higher than the
observed in the sensitive (Figure 9) also considering each
analyzed time point. BLAST2Seq analysis performed to gather
similarity between Glyma16g27950.1and Glyma13g01930.1
transcripts, since they belong to the same EREBP subfamily,
did not show significance (data not shown). As mentioned
before, this TF subfamily comprises DREBs and ERFs [101]. In
soybean, the overexpression of a DREB homologous gene
(GmDREB2) activated expression of downstream genes in
transgenic Arabidopsis, resulting in enhanced tolerance to
drought and high-salt stresses, without plant growth retardation
[104]. Besides, its overexpression in tobacco resulted in higher
proline content rates compared to wild type plants under
drought condition [104]. ERFs also respond to drought
tolerance. In soybean, GmERF3, a member of this subfamily,
showed its expression induced by biotic stress [soybean
mosaic virus, SMV] and abiotic stresses, such as high salinity,
drought and hormones (ABA, SA, JA and ET) [105]. Aditionally,
osmoregulation is among the known ERF-associated
mechanisms. The overexpression of GmERF3 in transgenic
tobacco led to higher levels of free proline and soluble
carbohydrates compared to wild-type plants under drought
conditions [105].

c) B-amilase [BMY; soybean gene model Glyma15g10480.1;
unitag TD2590 (FCerant = 4.0, FCqersitve = 3.5); cluster 1, gene
expression heat map Figure 6B; Table S5].

As mentioned before, it has been suggested that f-amylases
act in the cellular osmotic regulation, when the plant is exposed
to drought [65]. According to Ocampo and Robles [106]
osmotic adjustment is the plant capacity to increase its solute
concentration in leaves, roots and other organs responding to
dehydration. This leads to the maintenance of the turgor
pressure when the plant water potential declines, being crucial
to the support of several biochemical and physiological
processes [107]. In this study, one of the most abundant
transcript classes in the gene expression heat map “Response
to water” comprised 16 induced B-amylase isoforms in the
tolerant accession and repressed or n.s. in the sensitive one
(Figure 3B; Table S5). EST anchoring the TD2590 unitag after
primers design and the respective RT-gPCR validation
confirmed induction expression by both accessions, since the
beginning of stress imposition (25 min) until the end time (100

min) [tolerant accession MRGEL: 2.5 to 2.9; sensitive
accession: MRGEL: 1.9 to 3.2; Figure 9]. Such similar
regulation in contrasting accessions, suggests the BMY

importance in soybean root dehydration stress response.

d) Glutathione Peroxidase 5 [GPX5, EC 1.11.1.9; soybean
gene model Glyma11g02630.1; unitag TD9230 (FCyerant = 16.9,
FCeensive= 12.8); gene expression heat map Figure 7B; Table
S7].

Plant survival in non-favorable growth conditions depends on
its ability of stress perception, stimulus propagation and its
physiology adaptation to new situations. As it was mentioned in
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the previous section (“‘Response to Oxidative Stress”)
modulation of genes related to the cell redox status modulation
is of utmost importance once such molecules act in the stress
perception; however their excess presence damage cell
structure [78]. By analyzing the active components of this
response to oxidative stress and the gene expression heat map
“Response to Oxidative Stress” (Figure 7B, Table S7), it was
noticed that GPX and PER (see next target) were the most
abundant enzymes. The TD9230 unitag, a potential GPX5
(Figure 7B; Table S7), after RT-gPCR validation, confirmed
induction in both accessions, for all the analyzed time intervals,
it being more modulated in the tolerant accession than in the
sensitive (Figure 9). Yoshimura et al. [108] generated
transgenic tobacco plants expressing a GPX-like protein in the
cytosol (TcGPX) or chloroplasts (TpGPX). The transgenic
plants showed increased tolerance to oxidative stress caused
by application of methylviologen (MV: 50 pM) under moderate
light intensity (200 JE m2 sec™), chilling stress under high light
intensity (4 °C, 1000 yE m? sec™), or salt stress (250 mM
NaCl). In the transgenic plants the capacity of the
photosynthetic and antioxidative systems remained higher than
those of wild-type plants under chilling or salt stress.

e) Peroxidase [PER, EC 1.11.1.7; soybean gene model
Glyma20g31190.1; unitag TD25364 (FCyerant = 33.6, FCoonsitive=
10.6); gene expression heat map Figure 7B; Table S7].

As mentioned before, PER was one of the most active
components responding to oxidative stress (Figure 7B, Table
S7). The unitag TD25364, a potential PER, presented induction
(RT-gPCR; Figure 9) in both accessions. However, the tolerant
accession response was faster, inducing PER since the time
interval of 25 min, than the sensitive accession that only began
to respond at the 50 min time interval (Figure 9). The quick
response of the ROS scavenging associated machinery is of
utter importance to plant organisms exposed to non-favorable
growth conditions since it confers adaptative advantages to the
organisms that behave adopting such transcriptional strategy.
In this way, the tolerant accession would be more effective in
this transcriptional response to the generated oxidative stress.

Conclusions

This work provides novel genomic resources to support
soybean approaches aiming to increase drought tolerance. A
global evaluation of the soybean transcriptome under root
dehydration stress using DeepSuperSAGE and high
throughput sequencing allowed the identification of 1,127
unitags exclusively overexpressed in the stress-tolerant
accession, many of them with considerable expression fold
changes as compared to the tolerant negative control. Some of
these were non-annotated unitags (209) only characterized by
gene ontology terms using the EST anchoring the unitag. Other
non-annotated induced unitags (272) showed “no hits”; these
unknown transcripts were probably not yet associated to
drought. Both groups comprise potential targets for further
evaluation, validation and transgenesis. Also, some up-
regulated unitags could be associated with important
categories recognized by their role in plant abiotic stress

response (e.g. “response to hormone stimulus”, “response to
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water”, “response to salt stress” and “response to oxidative
stress”), revealing that the response to water deficit in both
accessions recruited a repertoire of different genes, from the
quantitative and qualitative point of views, with a higher number
of induced genes as compared to those repressed.
Additionally, data validation by RT-gPCR revealed an
accession-specific transcriptome reprogramming detected 25
minutes after stress imposition, highlighting not only the
effective responses associated to the tolerant accession, but
also the non-efficient responses considering the sensitive
accession.

Materials and Methods

Biological Material, Experimental Design and Stress
Application

For root dehydration treatment, soybean (G. max)
accessions ‘Embrapa 48 (drought-tolerant) and ‘BR 16’
(drought-sensitive) [109] were grown in a greenhouse at
Embrapa-Soybean station (Londrina, Brazil) using an aerated
hydroponic system in 30 L plastic containers with pH 6.6-
balanced nutrient solution as described by Kulcheski et al.
[110]. Briefly, seeds were pre-germinated on moist filter paper
in the dark at 25°C = 1°C and in 65% + 5% relative humidity.
Plantlets were then placed in polystyrene supports, so the roots
of the seedlings were fully immersed in the nutrient solution.
Each seedling tray was maintained in a greenhouse at 25°C +
2°C and in 60% * 5% relative humidity under natural daylight
(photosynthetic photon flux density (PPFD) = 1.5 x 10% uymoles
m2 s, equivalent to 8.93 x 10* lux) for 12 h/day. After 15 days,
seedlings with the first trifoliate leaf fully developed (V2
developmental stage) [111] were submitted to different root
dehydration periods, when the nutrient solution was removed
from each plastic container where the roots were kept, in the
tray, in the dark, without nutrient solution or water for 0 minutes
(negative control) or 25 (T1), 50 (T2), 75 (T3), 100 (T4), 125
(T5), 150 minutes (T6). At the end of each period, the roots of
the seedlings were immediately frozen in liquid nitrogen and
stored at -80°C until RNA extraction. The experimental design
was a factorial (accession x root dehydration times) with three
replicates. Each replicate composed of five plantlets sampled
in bulk. To avoid the impact of volatile compounds, each
treatment was carried out in isolated spaces presenting the
same growing conditions.

RNA Extraction and Generation of DeepSuperSAGE
Libraries

Total RNA was extracted of each treatment using the Plant
RNeasy (Qiagen) kit, taking equimolar RNA quantities of each
sample for bulk composition. Four DeepSuperSAGE libraries
were generated with the bulks or the control RNA samples:
ET1-6 (root dehydration-tolerant accession after stress — bulk
of six times), BT1-6 (root dehydration-sensitive accession after
stress — bulk of six times), ETO (tolerant accession, negative
control) and BTO (sensitive accession, negative control).
DeepSuperSAGE libraries were generated according to the
procedures described by Matsumura et al. [112], under the
guidance of GenXPro GmbH (Frankfurt, Germany) technical
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staff, with posterior SOLEXA sequencing of the tags. The data
presented here can be downloaded from the Genosoja project
(http://bioinfo03.ibi.unicamp.br/soybean/) [113].

Statistical Analysis and Unitag-Gene Annotation

Tags (26 bp) were analyzed to identify unique tags (unitags)
and those differentially expressed (p < 0.05), based on Poisson
statistics developed by Audic and Claverie [114], as
implemented in DiscoverySpace (v.4.01) software [115]. The
singlets (tags sequenced only once) were excluded from the
present evaluation. Unitags were annotated by BLASTn [116]
against nucleotide sequences from following databases: (1)
NCBI (the Plant Reference Sequence Database — RefSeq, and
a limited dbEST file with ESTs from genera Cicer and Pisum;
National Center for Biological Information, accessed in October
2012 [117]); (2) Kyoto Encyclopedia of Genes and Genomes,
KEGG (ESTs from Lotus japonicus; G. max; Vigna unguiculata;
Phaseolus vulgaris; P. coccineus; Medicago truncatula; Arachis
hypogaea and A. thaliana; accessed in October 2012 [118]; (3)
Resource for Plant Comparative Genomics, PlantGDB [119]
(plant mRNAs multifasta file); (4) Plant Gene Indices / Gene
Index Project (PHVGI, release 3-1; PCGI, release 1; GMGI,
release 15; MTGI, release 9; LJGI, release 5 [10]); (5) Soybean
Phytozome V5.0 (Glyma1 cDNA dataset [27]); (6) NordEST:
cowpea ESTs from Brazilian NordEST network clustered with
ESTs from the HarvEST-cowpea project [120]. The clusters
and singlets were previously annotated by BLASTx (e-value cut
off &%) against the UniProtKB/Swiss-Prot database [121]. The
BLASTn alignments (unitag-hit) with e-values of 0.001 or less
and scores higher than 42, reflecting unitag-EST alignments
tolerating a maximum of a single mismatch (TSM) were
identified among the plus/plus alignments without mismatches
regarding the four first bases CATG, to guarantee the integrity
of the unitag. Besides the BLASTn analysis of unitags against
ESTs, the soybean genome available in the Phytozome
database (http://www.phytozome.org/) was also used in order
to anchor unitags (TSM alignments) and to complement the
analysis.

Gene Ontology of ESTs Anchoring DeepSuperSAGE
Unitags

Multifasta file comprising the ESTs related to the unitags
alignments (TSM) was analyzed by a local BLASTx using the
UniProtKB/Swiss-Prot database and e-value cut-off ™. The
result imported by the software BLAST2GO v.2.4.4 [122]
allowed the GO-mapping step. The GO terms in a data matrix
together with the previously annotation results enabled data
filtering and searches by keyword in a spreadsheet file.

Keyword Search and Tag-Gene Annotation

Keyword searches performed on the original EST
annotations included all BLASTn results and databases.
Searches carried out on GO terms tried to confirm identities.
The choice for best unitag-hit (EST) considered three
consecutive rounds of redundancy elimination: (i) hits with
inadequate/limited gene description and no GO term available;
(i) hits with only adequate description or only GO terms
available and (iii) hits with adequate description and GO terms
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available. In each elimination round, only the best alignment
(higher score, alignment size and identity) for each unitag,
presenting (i) an adequate described soybean hit or (ii) in the
absence of that, the best described hit from a soybean related
species, suggested by Doyle and Luckow [123] or (iii) in the
absence of both, an adequate described hit from another
angiosperm, remained as the most informative ones.

The Fold Change Estimation, the Heat Maps and Venn
Diagram

Values reflecting expression data (p-value and up- or down-
regulation regarding each unitag) were associated to the data
matrix together with the respective unitag annotation, GO
terms, the normalized frequencies in the libraries and the fold
change values (FC). FC values comprised the ratio (R) of the
normalized frequencies of one unitag in the contrast of two
libraries, where the “zero” frequency was replaced by “one”.
When R > 1 the FC were immediately considered and when R
< 1 the FC = - 1/R. Negative FC values indicated repressed
unitags. To generate heat maps considering different
comparisons,  differentially =~ expressed  unitags  were
hierarchically clustered (HAC) with support of the Cluster 3.0
(v.1.1.4r3) software [124] using default parameters and FC
values as input data. The lateral dendrograms were generated
using the TreeView software [125]. Finally, the Venn diagrams
were generated with assistance of the software Venny [126].

RT-gPCR Analyses

In order to substantiate the DeepSuperSAGE expression,
nine selected unitags were validated by RT-gPCR. Unitags
were selected based in their annotation, expression
differentially regulated by the accessions and expressive FC
values. Then, cDNAs related to the selected unitags were used
for primers development, using the tool QuantPrime (http://
www.quantprime.de/) and default parameters. The selected
transcripts involved transcription factors [AP2 / ERF (EREBP),
WRKY and NAC family], xyloglucan endotransglycosylase,3-
hydroxy-3-methylglutaryl coenzyme A reductase 4, peroxidase,
glutathione peroxidase 5 and 3-amilase (Table S8).

Considering that DeepSuperSAGE and RT-gPCR are
different methods, the expression levels observed with these
procedures were not expected to be similar. So, to validate the
DeepSuperSAGE data, the samples were not pooled for the
RT-gPCR analysis, as they were for DeepSuperSAGE, and it
was considered an agreement between the two approaches,
when at least in one time point in RT-qPCR, similar results to
DeepSuperSAGE (p < 0.05) were demonstrated. For this
purpose, cDNA synthesis was achieved using total RNA
extracted with Trizol® reagent (Invitrogen) and the QuantiTec®
Reverse Transcription Kit (Qiagen); both according to the
manufacturer’'s  instructions. RT-gPCR analyses were
performed in a 7300 Real Time System (Applied Biosystems)
thermocycler and the Platinum® SYBR® Green gPCR SuperMix
UDG (Invitrogen). The reactions conditions were 50°C for
2 min, 95°C for 2 min, 45 cycles at 95°C for 15 s, 62°C for 30 s,
and 72°C for 30 s; data were collected in the exponential phase
of the RT-gPCR. The formula E =[10""s,¢][1- 1 was applied to
calculate the reaction efficiency. For each time point (0, 25, 50,
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75, 100 min under root dehydration stress, three biological
replicates, each with three technical replicates, were analyzed.
Results were captured by the Sequence Detection program
(Perkin Elmer) and analyzed by the Relative Expression
Software Toll (REST) version 2.0.7 [127]. Gmp-actin and
GmRNA18S were used as reference genes for normalization
[128]. Primers sequences, their efficiencies in RT-qPCR
reactions and expected amplicons (bp) for the selected target
genes are showed in Table S8.

All relative quantification was assessed using REST software
2009 [127,128], REST Standard, using the pair-wise fixed
randomization test with 2,000 permutations.

Supporting Information

Table S1. Ca?-binding proteins [calcium-dependent
protein kinase (CDPK), calmodulin (CaM), and calcineurin
B-like protein (CBL)] differentially expressed in at least
one treatment. Unitags associated to CDPKs, CaM and CBLs,
their normalized frequencies, p-value [114], fold changes (FC;:
tolerant accession under stress vs tolerant accession control;
FC,: sensitive accession under stress vs sensitive accession
control), regulation (in different approaches), identification,
appropriate annotated EST, reference data bank, gene
acronym and score regarding each unitag-EST alignment.
*GMGI: Glycine max Gene Index (Plant Gene Indices / Gene
Index Project Database); GDB: PlantGDB database; KEGG:
Kyoto Encyclopedia of Genes and Genomes Database;
PHVGI: Phaseolus vulgaris Gene Index (Plant Gene Indices /
Gene Index Project Database) '.ET1.6, tolerant accession
under stress library; ETO, tolerant accession control library
2.BT1.6, sensitive accession under stress library; BTO, sensitive
accession control library. UR: up-regulated; DR: down-
regulated; n.s.: not significant (p < 0.05); (-) unitag not
expressed.

(XLS)

Table S2. Dehydrin transcripts differentially expressed in
at least one treatment. Unitags associated to dehydrins, their
normalized frequencies, p-value [114], fold changes (FC;:
tolerant accession under stress vs tolerant accession control;
FC,: sensitive accession under stress vs sensitive accession
control), their regulation (in different approaches), identification,
appropriate annotated EST, reference data bank, gene
acronym and score regarding each unitag-EST alignment.
*GMGI: Glycine max Gene Index (Plant Gene Indices / Gene
Index Project Database); GDB: PlantGDB database; MTGI:
Medicago truncatula Gene Index (Plant Gene Indices / Gene
Index Project Database) '.ET1.6, tolerant accession under
stress library; ETO, tolerant accession control library 2.BT1.6,
sensitive accession under stress library; BTO, sensitive
accession control library. UR: up-regulated; DR: down-
regulated; n.s.: not significant (p < 0.05); (=) unitag not
expressed.

(XLS)

Table S3. ABC transporters differentially expressed in at
least one treatment. Unitags associated to ABC transporters,
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their normalized frequencies, p-value [114], fold changes (FC;:
tolerant accession under stress vs tolerant accession control;
FC,: sensitive accession under stress vs sensitive accession
control), their regulation (in different approaches), identification,
appropriate annotated EST, reference data bank, gene
acronym and score regarding each unitag-EST alignment.
*GMGI: Glycine max Gene Index (Plant Gene Indices / Gene
Index Project Database); GDB: PlantGDB database; MTGI:
Medicago truncatula Gene Index (Plant Gene Indices / Gene
Index Project Database) '.ET1.6, tolerant accession under
stress library; ETO, tolerant accession control library 2.BT1.6,
sensitive accession under stress library; BTO, sensitive
accession control library. UR: up-regulated; DR: down-
regulated; n.s.: not significant (p < 0.05); (=) unitag not
expressed.

(XLS)

Table S4. Data on the corresponding unitags presented in
the heatmap regarding the GO category “Response to
hormones” (Figure 6A). Unitags associated to the term
“Response to hormones”, their normalized frequencies, p-value
[114], fold changes (FC,: tolerant accession under stress vs
tolerant accession control; FC,: sensitive accession under
stress vs sensitive accession control; FC,;: tolerant accession
under stress vs sensitive accession under stress), their
regulation (in different approaches), identification, appropriate
annotated EST, reference data bank, gene acronym and score
regarding each unitag-EST alignment. *GMGI: Glycine max
Gene Index, MTGI: Medicago ftruncatula Gene Index,
Phaseolus coccineus Gene Index (Plant Gene Indices / Gene
Index Project Database); GDB: PlantGDB database; KEGG:
Kyoto Encyclopedia of Genes and Genomes Database .ET1.6,
tolerant accession under stress library; ETO, tolerant accession
control library 2.BT1.6, sensitive accession under stress library;
BTO, sensitive accession control library. UR: up-regulated; DR:
down-regulated; n.s.: not significant (p < 0.05); (-) unitag not
expressed.

(XLS)

Table S5. Data on the corresponding unitags presented in
the heatmap regarding the GO category “Response to
water” (Figure 6B). Unitags associated to the term “Response
to water”, their normalized frequencies, p-value [114], fold
changes (FC;: tolerant accession under stress vs tolerant
accession control; FC,: sensitive accession under stress vs
sensitive accession control; FC,: tolerant accession under
stress vs sensitive accession under stress), their regulation (in
different approaches), identification, appropriate annotated
EST, reference data bank, gene acronym and score regarding
each unitag-EST alignment. *GMGI: Glycine max Gene Index
(Plant Gene Indices / Gene Index Project Database); GDB:
PlantGDB database; KEGG: Kyoto Encyclopedia of Genes and
Genomes Database '.ET1.6, tolerant accession under stress
library; ETO, tolerant accession control library 2.BT1.6, sensitive
accession under stress library; BTO, sensitive accession control
library. UR: up-regulated; DR: down-regulated; n.s.: not
significant (p < 0.05); (=) unitag not expressed.

(XLS)
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Table S6. Data on the corresponding unitags presented in
the heatmap regarding the GO category “Response to
salinity” (Figure 7A). Unitags associated to the term
“Response to salinity”, their normalized frequencies, p-value
[114], fold changes (FC,: tolerant accession under stress vs
tolerant accession control; FC,: sensitive accession under
stress vs sensitive accession control; FC,;: tolerant accession
under stress vs sensitive accession under stress), their
regulation (in different approaches), identification, appropriate
annotated EST, reference data bank, gene acronym and score
regarding each unitag-EST alignment. *GMGI: Glycine max
Gene Index (Plant Gene Indices / Gene Index Project
Database); GDB: PlantGDB database; KEGG: Kyoto
Encyclopedia of Genes and Genomes Database '.ET1.6,
tolerant accession under stress library; ETO, tolerant accession
control library 2.BT1.6, sensitive accession under stress library;
BTO, sensitive accession control library. UR: up-regulated; DR:
down-regulated; n.s.: not significant (p < 0.05); (-) unitag not
expressed.

(XLS)

Table S7. Data on the corresponding unitags presented in
the heatmap regarding the GO category “Response to
oxidative stress” (Figure 7B). Unitags associated to the term
“Response to oxidative stress”, their normalized frequencies, p-
value [114], fold changes (FC,: tolerant accession under stress
vs tolerant accession control; FC,: sensitive accession under
stress vs sensitive accession control; FC,;: tolerant accession
under stress vs sensitive accession under stress), their
regulation (in different approaches), identification, appropriate
annotated EST, reference data bank, gene acronym and score
regarding each unitag-EST alignment. *GMGI: Glycine max
Gene Index (Plant Gene Indices / Gene Index Project
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Abstract

Background: Despite the importance of osmoprotectants, no previous in silico evaluation of high throughput data
is available for higher plants. The present approach aimed at the identification and annotation of osmoprotectant-
related sequences applied to short transcripts from a soybean HT-SuperSAGE (High Throughput Super Serial
Analysis of Gene Expression; 26-bp tags) database, and also its comparison with other transcriptomic and genomic
data available from different sources.

Methods: A curated set of osmoprotectants related sequences was generated using text mining and selected seed
sequences for identification of the respective transcripts and proteins in higher plants. To test the efficiency of the seed
sequences, these were aligned against four HT-SuperSAGE contrasting libraries generated by our group using soybean
tolerant and sensible plants against water deficit, considering only differentially expressed transcripts (p < 0.05). Identified
transcripts from soybean and their respective tags were aligned and anchored against the soybean virtual genome.

Results: The workflow applied resulted in a set including 1,996 seed sequences that allowed the identification of
36 differentially expressed genes related to the biosynthesis of osmoprotectants [Proline (P5CS: 4, P5CR: 2),
Trehalose (TPST: 9, TPPB: 1), Glycine betaine (BADH: 4) and Myo-inositol (MIPS: 7, INPST: 8)], also mapped in silico in
the soybean genome (25 loci). Another approach considered matches using Arabidopsis full length sequences as
seed sequences, and allowed the identification of 124 osmoprotectant-related sequences, matching ~10.500 tags
anchored in the soybean virtual chromosomes. Osmoprotectant-related genes appeared clustered in all soybean
chromosomes, with higher density in some subterminal regions and synteny among some chromosome pairs.

Conclusions: Soybean presents all searched osmoprotectant categories with some important members
differentially expressed among the comparisons considered (drought tolerant or sensible vs. control; tolerant vs.
sensible), allowing the identification of interesting candidates for biotechnological inferences. The identified tags
aligned to corresponding genes that matched 19 soybean chromosomes. Osmoprotectant-related genes are not
regularly distributed in the soybean genome, but clustered in some regions near the chromosome terminals, with
some redundant clusters in different chromosomes indicating their involvement in previous duplication and
rearrangements events. The seed sequences, transcripts and map represent the first transversal evaluation for

osmoprotectant-related genes and may be easily applied to other plants of interest.
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Background

Osmoprotectants figure among the most fundamental
solutes in living organisms, being present from bacteria
and fungi to higher plants and animals [1]. Main plant
osmoprotectants are chemically composed by amino acids
or carbohydrates, but share common features as low mole-
cular weight and nontoxic character even at high concen-
trations, playing vital roles during abiotic stresses in plants
as salinity, drought and chilling [2].

To face such constraints many plants accumulate
organic osmolytes, or compatible solutes, in response to
the resulting osmotic stress, maintaining cell turgor and
therefore the driving gradient for water uptake. They
include sugars, mainly fructose and sucrose, sugar alcohols
(like Myo-inositol), complex sugars (like trehalose and
fructans) and charged metabolites (like glycinebetaine,
proline and ectoine) [1,3].

Osmolytes can also act as free-radical scavengers or
chemical chaperones by directly stabilizing membranes
and/or proteins [4]. Moreover, the accumulation of com-
patible solutes may also protect plants against damage by
scavenging of reactive oxygen species, and by their cha-
perone-like activities in maintaining protein structures
and functions [5]. Plant cells defend against stresses by
modulating their expression according to the type and
severity of stress and developmental stage of the plant
[6].

Most previous works focused on expression assays
regarding a single osmoprotectant as in Chen et al. [7] or
searches in EST databases as in Barros et al. [8] or even
their expression evaluation in transgenic plants [9,10]. No
previous appreciation regarding in deep evaluation of tran-
scriptomics databases generated under stress with Next
Generation Sequencing (NGS) was carried out up to date.
In the present work an ‘in silico’ annotation workflow was
carried out integrating high throughput transcriptomics in
soybean (Glycine max) plants under water deficit and bio-
tic stress using HT-SuperSAGE, as compared with tradi-
tional transcriptomics and genome distribution of plant
osmoprotectants.

The present approach focused on seven genes related to
the biosynthesis of four classes of the most important
plant osmoprotectants: Proline (genes P5CS and P5CR),
Trehalose (TPS1 and TPPB), Glycine betaine (BADH and
CMO) and Myo-inositol (INPSI).

Proline - Comprises a proteinogenic amino acid,
essential for primary metabolism in plants during
drought and salt stresses, presenting a molecular chaper-
one role due to its stabilizing action either as a buffer to
maintain the pH of the cytosolic redox status of the cell
[11] or as antioxidant through its involvement in the
scavenging of free highly reactive radicals [12] or still act-
ing as a singlet oxygen quencher [13]. In higher plants,
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proline biosynthesis may proceed either via glutamate, by
successive reductions catalyzed by Delta(1)-pyrroline-5-
carboxylate synthase (P5CS) and Delta(1)-pyrroline-5-
carboxylate reductase (P5CR) or by ornithine pathway,
by ornithine d-aminotransferase (OAT), representing
generally the first activated osmoprotectant after stress
perception [14,15].

Trehalose - In plants this sugar participates mainly in
the response to dehydration being first described in the so
called resurrection plants Myrothamnus flabellifolius [16]
and Selaginella tamariscina [17] both able to recover after
almost complete dehydration. Such ability to act in the
stabilization of proteins and membranes [18], as well as its
role in ROS scavenging process [19] are the possible fea-
tures of its cellular function during non-ideal conditions
encountered by plants, where it’s synthesis normally
occurs by the formation of the trehalose-6-phosphate
(T6P) from the UDP-glucose and glucose-6-phosphate, a
reaction catalyzed by the trehalose 6-phosphate synthase
(TPS). Afterwards the T6P is dephosphorylated by the tre-
halose-6-phosphate phosphatase (TPP) resulting in the
formation of free trehalose [20]. A transgenic assay using
Agrobacterium-mediated gene transfer allowed the inser-
tion of the gene TPSI from yeast to tomato plants and
resulted in higher content of chlorophyll and starch,
besides pronounced tolerance to drought, salinity and oxi-
dative stress, despite some pleiotropic changes [21].

Glycine betaine (GB) - Regards a quaternary ammo-
nium compound (QAC) occurring in plants, animals and
microorganisms. According to Chen and Murata [22] GB
accumulates in chloroplasts and plastids especially in
halotolerant plants, but also in other plants under high
salinity, drought and cold stresses [23], with a recognized
role associated to antioxidative responses [24]. In most
organisms GB is synthesized either by the oxidation (or
dehydrogenation) of choline or by the N-methylation of
glycine. However, the pathway from choline to GB has
been the main GB-accumulation pathway in plant species
[25]. In this pathway choline is converted to betaine alde-
hyde by choline monooxygenase (CMO) [26], which is
then converted to GB by betaine aldehyde dehydrogenase
(BADH) [27].

Mpyo-inositol - This osmoprotectant is an important
cellular component forming the basis of a significant
number of lipid signaling molecules involved in diverse
pathways, including stress responses. Myo-inositol is the
most abundant stereoisomer among the nine existing in
nature, composed by a cyclohexanehexol, which is a cyc-
lic carbohydrate with six hydroxyl groups, one on each
carbon ring [28], acting as substrate in the biosynthesis
of many compounds, especially the raffinose family oli-
gosaccharides (RFOs) [29] that accumulate in plants
under stress conditions [30]. In multicellular eukaryotes,
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Myo-inositol becomes incorporated into phosphatidyli-
nositol phosphate (PtdInsP), Myo-inositol phosphate
(InsP), and certain sphingolipid signalling molecules
that act in diverse processes, including regulation of
gene expression [31]. It is synthesized by a two-step
pathway, including: (1) conversion of D-glucose-6-P to
D-Myo-inositol (1)-Monophosphate, 1D-MI-1-P, which
is catalyzed by a L-Myo-inositol 1-phosphate synthase
(MIPS) [32], and (2) specific dephosphorylation to free
Myo-inositol by the Mg** dependent L-Myo-inositol
1-phosphate phosphatase (IMP) [33]).

Considering the potential of these molecules for plant
biotechnological approaches, the present work generated a
curated list of osmoprotectants, osmoprotectant-related
sequences and important regulatory elements, indicating
most adequate tools for their identification and annota-
tion. To evaluate the sensitivity of the proposed approach,
the generated seed sequences and the proposed workflow
were used to search of osmoprotectant-related sequences
in short sequences (26 bp) generated from HT-Super-
SAGE [34] deposited in the GENOSOJA (Brazilian Soy-
bean Genome Consortium) data Bank [35]. A significant
number of tags matched to known osmoprotectant-related
sequences showing the effectiveness of the present
approach useful for searches in other (actually very abun-
dant) databanks comprising second generation sequences
associated to the high performance sequencing approaches
[e.g. Pyrosequencer (454 Roche®), Solexa (Illumina®) and
SOLID (Applied Biosystems®™)] regarding genomic and
transcriptomic libraries.

The present work also represents the first overall evalua-
tion of the osmoprotectants in a higher plant comparing
the prevalence of genes encoding enzymes of osmoprotec-
tants biosynthetic pathways in sequence databanks with
different backgrounds considering tissues, stages, stress
conditions and also molecular approaches used to gener-
ate transcripts (ESTs, subtractive, cDNA full length,
HT-SuperSAGE, BACs, etc.). In this aspect soybean offers
one of the most abundant data sources for such an evalua-
tion in legumes (see Benko-Iseppon et al. [36]), due to its
importance as a source of food and oil in our planet.

Results and discussion

Seed sequences and annotation routine

The strategy regarding the use of seed sequences to find
relevant literature and posterior mining and curation
(Figure 1) was very effective, allowing the identification of
1,996 seed-sequences (Additional file 1) related to the pro-
cured osmoprotectants (proline, trehalose, Myo-inositol
and glycine betaine). The sequences were aligned
(BLASTY, cutoff e'°) against the soybean peptide database
at Phytozome v8.0 [37], also permitting the identification
of the respective transcripts from soybean transcriptome
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used to associate with the transcripts from HT-Super-
SAGE libraries.

Selection of HT-SuperSAGE tags for expression evaluation
After exclusion of the singlets, 2,551,286 tags from four
libraries were selected for further evaluation, concerning
120,770 unitags. Considering the contrasts between any
pair of libraries compared the number of unitags per
library ranged from 73,807 to 89,205. The numbers of dif-
ferentially expressed tags [upregulated (UR) and downre-
gulated (DR) at the level of p < 0.05] for each compared
pair of libraries are presented in the Table 1. In all ana-
lyzed contrasts, the number of tags differentially expressed
overruled the observed amount in the comparison among
the controls. The same situation was observed in relation
to the UR and DR tags, highlighting the effect of the stress
application in the gene activation in both accessions, indi-
cating a richness of analyzable transcripts in the present
approach.

Identification of osmoprotectant-related genes and
differential expression in soybean

The carried approach was very successful, allowing the
identification of 36 differentially expressed HT-Super-
SAGE tags associated to 65 osmoprotectant-related
sequences anchored in 25 loci (Glyma sequences; Addi-
tional file 2) based on the generated seed sequence bank
(Additional file 1). Many of them regard interesting candi-
dates for a posterior in deep evaluation, as further
discussed.

Betaine aldehyde dehydrogenase (BADH, EC 1.2.1.8)

A total of 77 osmoprotectants OSMTL sequences pre-
sented significant similarity (BLASTX, e-value cut-off e '°)
to G. max sequences from four loci coding BADHs and
annotated as Aldehyde Dehydrogenase Family 10A (Addi-
tional file 1). Out of four loci, one (Glyma06g19820) was
associated with four HT-SuperSAGE tags in BLASTn
alignments, tolerating at most a single mismatch (Addi-
tional file 2). From these, two (GmDr_44 and 3640) were
induced after stress in both tolerant and sensible acces-
sions (Embrapa 48 and BR-16), being mapped in the
3'UTRs of all three alternative transcripts of the locus Gly-
ma06g19820 (Additional file 2). Other two tags
(GmDr_2643 and 55655) were induced only in the
drought sensible accession BR-16 after stress regarding the
same three transcripts, whereas one of them (GmDr_2443)
was mapped in the 3'UTR and another in the CDS
(GmDr_55655) (Additional file 2). The tag GmDr_55655
also mapped in the transcript Glymal1g27100.1 with a
mismatch in the CDS region, but no 3'UTR was identified
for this transcript (Additional file 2). Despite its induction
in the sensible accession in relation to the control, the
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Figure 1 Schematic representation of the in silico steps for the generation of the local bank of seed sequences, their annotation,
SuperSAGE tag-gene association, expression evaluation and anchoring of osmoprotectant candidates and their matched tags in the
soybean virtual chromosomes.

normalized frequency was only six tmp (tags per million; The members of the ALDH (aldehyde dehydrogenase)
Additional file 2). Thus, the locus Glyma06g19820 gene superfamily here identified in soybean genome
emerged as a likely BADH candidate gene induced in  were also categorized by Kotchoni et al. [38] that pro-
response to the water deficit stress in the studied libraries. ~ vided a unified nomenclature for the soybean ALDH

Table 1 Tags from soybean drought tolerant and sensible accessions, considering contrasting libraries and their
expression profile.

Contrast TS vs. TC SS vs. SC TS vs. SS TC vs. SC Total

UR 13,532 10,751 12,347 6,468 43,098
DR 7423 5,587 7,634 3,135 23,779
ns. 53,878 72,867 53,826 73,067 253,638
Unitags 74,833 89,205 73,807 82,670 320,515

UR: upregulated HT-SuperSAGE tags (p < 0.05, DiscoverySpace 4.01); DR: downregulated tags; n.s.: not significant; TS: drought-tolerant Embrapa 48 roots under
water deficit; TC: drought-tolerant Embrapa 48 root without stress; SS: drought-sensible BR-16 roots under water deficit; SC: drought-sensible BR-16 roots without
stress).
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members, including the ALDH family 10, also described
as putative BADH. A previous work [39] also observed
the induction of BADH (almost 8-fold and 2-fold
increase) under salinity and its accumulation in response
to water stress or drought, indicating a common
response of the plant to osmotic changes that affect its
water status. The importance of identifying different
candidates of this enzyme was highlighted by Nakamura
et al. [40] that isolated two BADH transcripts (BBD1
and BBD2) from barley, one of them (BBD2) more simi-
lar to previously reported BADH genes from dicots.
Both barley BADH genes showed different expression
patterns. While BBD1 transcript was more abundant in
roots and was induced to higher levels under salinity,
drought and abscisic acid (ABA) treatment, the BBD2
transcript was more abundant in leaves after induction
by salt, drought, PEG and ABA treatments, showing the
potential of both genes for breeding purposes.

Delta(1)-pyrroline-5-carboxylate synthase

(P5CS, EC 1.5.1.12)

Polypeptides regarding seven transcripts of delta(1)-pyrro-
line-5-carboxylate synthase 2 were similar to 19 OSMTL
sequences (Additional file 1). Considering the transcripts,
only Glymal8g40770.1 was not linked to a SuperSAGE
tag. Seven tags matched with transcripts of the remaining
six loci. From these, four were differentially expressed in
the stressed library as compared with the negative control:
one DR (downregulated GmDr_18680 mapped in the
3'UTR of Glyma01g24530.1) in both tolerant and sensible
accessions; two DR tags in the sensible accession (tag
GmDr_4918 mapped in the last CATG of the CDS of Gly-
ma02g41850.1 and in the CDS of Glymal4g07120.1, and
also tag GmDr_20800 at the 3’'UTR of Glyma07g16510.1),
besides a UR tag (FC = 9.6) only in the tolerant accession
(tag GmDr_57499 at the CDSs of Glyma02g41850.1 and
Glymal4g07120.1) (Additional file 2). The fact that both
tags were associated to the CDS of Glyma02g41850.1
(Additional file 2) may be justified by the absence of the
CATG sequence in the 3’'UTR region. Even in the absence
of expressive induction, the most prevalent tag (19-40
tpm; GmDr_4918) was observed in all libraries (Additional
file 2).

Significant upregulation (RTqPCR) in leaves of PvP5CS
(from common bean Phaseolus vulgaris) was demon-
strated with transcription increase after 4d drought stress
(2.5 times the control level), 2 h post-treatment (200 mM
NaCl) of salt stress (about 16.3 times the control) and 2 h
after of cold stress (11.7-fold). Another P5CS (PvP5CS2)
also from common bean [41] presented predicted amino
acid sequence showing 83.7% identity with PvP5CS and an
overall 93.2% identity with GmP5CS [G. max P5CS], sug-
gesting PvP5CS2 represented a soybean P5CS homolog
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gene. Indels (insertion and deletion events) and SNPs (sin-
gle nucleotide polymorphisms) were found in the cloned
PvP5CS2 genome sequence when the authors compared
different accessions, helping in the development of a mole-
cular marker in the chromosome b01. The association of
molecular markers and phenotypes, in this case Pro accu-
mulation is highly applicable for genetic improvement of
plants and germplasm screening.

Delta(1)-pyrroline-5-carboxylate reductase

(P5CR, EC 1.5.1.2)

The seed sequences OSMTL431, 432 and 434 were
similar to P5CR polypeptides from two soybean loci
(Glyma19g31230 and Glyma03g28480; Additional file 1),
which transcripts were associated to SuperSAGE tags
(Additional file 2). Of these one was repressed in the
sensible accession (GmDr_4445, mapped at the 3'UTR
region of the transcript Glymal9g31230.1) after stress
(Additional file 2). A second one (GmDr_42728, mapped
in the 3'UTR of Glyma03g28480.1 and CDS of Gly-
ma03g28480.1) was not significantly modulated in the
tolerant accession under stress as compared with the
respective control, but presented a significant difference
when compared to the sensible accession under stress
(fold change of 12,0) (Additional file 2).

Previous genomic analysis indicated that there are only
two to three copies of the P5CR gene in the soybean gen-
ome [42], similar to the proposed for pea [43]. Besides, the
primary structure of pea P5CR is 85% identical with that
of soybean isolated by Delauney and Verma [42]. The
mentioned pea P5CR exhibited significant homology to
human, yeast, and E. coli P5CR [43], a conservation that
favours the here used approach in the search of orthologs
using seeds sequences.

The suggestion that P5CR gene is osmoregulated was
confirmed after subjecting soybean seedlings to osmotic
stress (400 mM NaCl solution), resulting in an almost six-
fold increase in the level of root PSCR mRNA [42]. An
interesting aspect in association with proline overexpres-
sion and accumulation regards its influence on the con-
centration of other amino acids, suggesting a coordinated
regulation of distinct metabolic pathways [44]. Free amino
acid levels were compared in wild type and transgenic soy-
bean (G. max cv. Ibis) transformed with P5CR in sense
and antisense directions. The most rapid increase in Pro
content was found in the sense transformants that exhib-
ited the least water loss, while the slowest elevation of Pro
levels was detected in the antisense transformants that
exhibited the greatest water loss during stress. Corre-
spondingly, the level of the Pro precursors Glu and Arg
was higher in sense transformants and lower in antisense
ones compared to the wild type plants during the initial
exposure to stress (drought and heat) [44].
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Myo-inositol 1-phosphate synthase (MIPS, EC 5.5.1.4)

A total of 13 OSMTL seed sequences (Additional file 1)
presented similarities to polypeptides from three soybean
Mpyo-inositol sequences. With exception of the transcript
Glyma08g14670.1 that matched with MIPS1 the other two
transcripts, matching MIPS2 and MIPS3, were associated
to tags (Additional file 2). The tag GmDr_37 (mapped at
the 3'UTR in all four alternative transcripts of Gly-
mal8g02210) was the most frequent tag (615-1446 tpm)
being DR in both stressed accessions (Additional file 2).
The other tag (GmDr_3907) presented a perfect match
with the 3'UTR of all three alternative transcripts of Gly-
ma05g31450, with DR expression in the sensible accession
under stress (Additional file 2). Another tag, GmDr_5821
(mapped at the 3’'UTR in four alternative transcripts of
Glymal8g02210) was induced (UR) in the tolerant acces-
sion Embrapa 48 under stress when compared with the
respective control (Additional file 2). Considering all tran-
scripts identified the locus Glymal8g02210 (MIPS2)
seems to be the most interesting candidate for future vali-
dation and transgenic expression (in detriment to Gly-
ma05g31450, MIPS3).

The confirmation of such a differential expression
regarding MIPS is useful for plant breeding as highlighted
by Kaur et al. [45] that observed two divergent genes
encoding MIPS1 and MIPS2 (isolated from a drought-
tolerant plant) in chickpea with differential expression but
discrete overlapping roles, despite their pronounced diver-
gence in respect to their introns composition, at the same
time retaining 85% identity to their exons. Expression ana-
lysis showed both genes being expressed in all organs
except seed, where only MIPS2 transcript was detected.
Under environmental stresses (high temperature and sali-
nity), only MIPS2 was induced whereas MIPS1 expression
remained the same. Also, in those conditions of high tem-
perature and salinity MIPS2 retained higher activity than
MIPSI.

Myo-inositol monophosphatase (IMP, EC 3.1.3.25)

A total of 12 seed sequences (OSMTL61-66, OSMTL331-
335 and OSMTL94) presented similarities with annotated
IMP polypeptides regarding 10 G. max loci (Additional
file 1), for those 19 SuperSAGE tags were identified. From
the differentially expressed tags (Additional file 2),
GmDr_3452 mapped at the last CATG of the Gly-
ma08g19430.1, with bases in the CDS and 3'UTR and was
induced after stress in both accessions. Similarly other tags
were induced in the tolerant accession under stress
(GmDr_23844, at the 3’'UTR of Glymal6g28310.1 and
GmDr_32375 at the 3’UTRs of both Glyma07g30110.1
and Glyma08g07200.1) (Additional file 2). By the other
hand, the tag GmDr_5543 was mapped at the 3’'UTR of
three alternative transcripts of Glyma04g01170, being
upregulated in the sensible accession and downregulated
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in the tolerant accession under stress (Additional file 2).
Also the tag GmDr_25343 (mapped at the 3’'UTR of Gly-
mal5g07240.1) was downregulated in the tolerant acces-
sion after stress (Additional file 2). The abundance and
differential expression of various IMP candidates in
diverse comparisons indicate an important role in soybean
water deficit. Despite of that and of the known role of
these osmoprotectant-related genes, it is interesting that
few expression essays or transgenic approaches have been
carried using these candidates up to date.

In Arabidopsis transformants [46], two IMP candidate
genes, IMPL1 and IMPL2 were expressed in a similar
manner both in the vegetative and reproductive organs.
The expression of IMP genes in a promoter-GUS assay on
developing seeds was not coupled with the expression of
the genes encoding MIPSs, which supply the substrate for
IMPs in a ‘de novo’ synthesis pathway. Instead, IMP
expression was correlated with SAL1 expression (encoding
Myo-inositol polyphosphate 1-phosphatase), which is
involved in the Myo-inositol salvage pathway.

Trehalose-6-phosphate synthase (TPS, EC:2.4.1.15)

After BLASTx 53 TPS OSMTL sequences were associated
with 26 soybean transcripts of 21 loci (Additional file 1).
From these, tags matched 22 transcripts and 17 loci,
including TPS5, TPS7, TPS9 and TPS11 (Additional
file 1). Among the differentially expressed tags (Table S2),
three (GmDr_1203, GmDr_3893 and GmDr_9994)
mapped at Glyma01g03870.1, Glyma06g19590.1 and Gly-
mal7g07530, respectively and were considered induced in
both accessions under stress. In turn, tag GmDr_62319
(Glyma04g35190.1, 3’'UTR) was induced only in the sensi-
ble accession, while tag GmDr_25843 (Glyma01g03870.1,
3'UTR) was repressed under stress in the tolerant acces-
sion (Additional file 2).

Other two tags (GmDr_48598 and GmDr_57367, both
mapping in Glyma01g03870.1, 3’'UTR) were also DR in
the tolerant accession under stress (Additional file 2).
These two tags with different expression behavior for the
same transcript could be considered as a possible annota-
tion mistake, but further analysis showed that they regard
sister tags, differing by a SNP, both mapping to Gly-
ma01g03870.1 in an upstream site when compared to the
mapped GmDr_25843 tag. Therefore, this last tag could
be the result of a partial NlalIIl digestion, with the DR
expression being questionable and therefore demanding
validation. By the other hand, this possibility is quite unli-
kely, since a double digestion with NiaIII was carried out
prior to generation of HT-SuperSAGE libraries.

A similar situation was observed for two tags
(GmDr_169137 and GmDr_198028, mapped both at Gly-
ma06g19590.1) considered UR in the tolerant accession,
while other two UR tags (GmDr_53228 and GmDr_61653)
aligned to the same transcript with a single mismatch
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(Additional file 2). A careful analysis revealed that the tags
GmDr_169137, GmDr_198028 and GmDr_53228 mapped
to CDS region, while GmDr_61653 mapped at the 3'UTR,
in a CATG near the Poli-A tail, as expected for most
SuperSAGE tags (Additional file 2). Thus, the most valid
representative of this transcript seems to be GmDr_61653,
induced in the tolerant accession under stress (Additional
file 2).

Additional differentially expressed tags included
GmDr_80395 (Glymal0g41680, 3'UTR) considered UR in
the tolerant accession under stress; GmDr_66719 (mapped
with two alternative transcripts of Glymal7g07530 at
3UTR) UR in the sensible accession; GmDr_9508 (Gly-
ma06g42820 and Glymal2g15500, both at CDS region),
DR in the tolerant accession under stress (Additional file 2).

Such abundance and induction of TPS were also
observed in other species. For example rice (Oryza sativa)
contains 11 OsTPS genes, but only OsTPS1 showed TPS
activity [47]. To demonstrate the physiological function of
OsTPS1 the authors used the respective gene to transform
rice plants and found that OsTPS1 overexpression
improved the tolerance of seedling to cold, high salinity
and drought conditions without other significant phenoty-
pic changes.

Trehalose-phosphatase family protein (TPP; EC 3.1.3.12)
Contrasting with the results generated for TPS, a single
transcript was observed for TPP (Glyma04g41640.1) in a
locus associated to sixteen available OSMTL sequences
(Additional file 1). This transcript was associated to only
two differentially expressed tags (GmDr_43033 and
GmDr_108104), both mapped at the 3’'UTR region (Addi-
tional file 2), with discrete expression (2-5 tpm) in two out
of four libraries. As in our case, few examples in the litera-
ture associated TPP expression with water deficit stress in
plants, maybe due to their restricted prevalence in pre-
viously analyzed libraries. Despite the scarce number of
reports the work of Ge et al. [48] revealed the transient
upregulation of OsTPP1 (rice) after salt, osmotic and
abscisic acid (ABA) treatments, with discrete upregulation
under cold stress. Also, the overexpression lines analysis
revealed that OsTPP1 triggered abiotic stress response
genes, suggesting a possible transcriptional regulation
pathway in stress induced reprogramming initiated by
OsTPP1.

Tag-gene anchoring in the soybean genome

The search for osmoprotectant-associated homologs in
soybean genes that matched with SuperSAGE tags recov-
ered 179 sequences. However, these sequences were
anchored in only 124 loci in the soybean genome (Addi-
tional file 3), what indicates the occurrence of alternative
splicing of primary transcripts, suggesting an important
role of osmoprotectants in vital processes during abiotic

Page 7 of 11

stresses in plants, probably inducing specific transcripts
for particular environmental conditions. The anchoring of
these osmoprotectant-related sequences and their respec-
tive SuperSAGE tags in the soybean virtual chromosomes
revealed that osmoprotectant-related genes are present in
19 out of 20 soybean chromosomes (Figure 2). Most
osmoprotectant-related sequences presented syntenic
regions among non homologous chromosomes, often
forming gene clusters mainly on both arms of chromo-
somes 2, 6 and 8, followed by chromosomes 5 and 17. On
the opposite, some chromosomes presented few copies, as
in the case of chromosomes 11-16 and 19-20, whereas
chromosome 10 presented no match. The great number
of osmoprotectant-related members in the short arm of
chromosome 2 is also accompanied by a preferential dis-
tribution in the subterminal region, a phenomenon also
observed in a lesser extent in the chromosomes 1, 5, 6, 7,
8,9 and 17. Less frequently, gene-rich regions were also in
the pericentromeric regions (e.g. in chromosomes 2, 3, 11
and 18) or intercalary regions.

A similar distribution was observed in regard to aqua-
porin genes, another gene family associated to drought
stress in soybean [49]. Besides redundancies among chro-
mosomes, aquaporins were also prevalent in terminal
and subterminal gene clusters. As for aquaporins, the
observed redundancy of osmoprotectant-related gene
clusters corroborates previous suggestions of the soybean
octoploid nature [50].

Another previous approach anchoring 59 soybean
defense genes (two super-families: R resistance and PR
pathogen related genes) in the virtual chromosomes of the
legume Medicago truncatula revealed 1,253 sites, most of
them clustered in subterminal or terminal positions. The
59 sequences were distributed in all nine medicago chro-
mosomes, whereas 58 genes presented similarities with
distinct segments in the same chromosome or appeared
twice in distinct chromosomes [51]. Similar clustering was
described for arabidopsis [52], indicating that such a distri-
bution may occur in regard to different gene families and
plant groups.

The redundancies observed probably reflect past dupli-
cation events, increasing the number of osmoprotectant-
related genes in soybean genome [53,54]. The observed
clustering and prevalence in some chromosomes, espe-
cially those combining different gene categories (as in the
short arm of chromosomes 2, 6, and 7 or in the long arms
of chromosomes 6, 8 and 9) indicate that these regions
probably regard QTLs (Quantitative Trait Loci) useful for
mapping approaches and marker assisted selection.

Conclusions

High throughput sequencing is generating a huge
amount of sequences in given tissues and under con-
trasting conditions. In the present case we evaluated
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(white circle) in their expected position. Each osmoprotectants name is shown outside in described position of SoyBase. Syntenic relationships
are shown as color lines between chromosome regions. Red line - Proline (P5CS and P5CR); Green line - Trehalose (TPST and TPPB); Purple line -
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osmoprotectant-related sequences in 26-bp tags from
HT-SuperSAGE libraries from soybean coupled with
Solexa/Illumina® sequencing in a digital gene expression
profile. The approach permitted tags identification and
annotation and their association with sequences from
different sources (genomic regions, transcripts and pro-
teins); identifying 36 differentially expressed osmopro-
tectant-related transcripts relative to 25 loci potentially

active comprising four osmoprotectants classes. The
1,996 seed sequences and the workflow are also applic-
able to evaluate other angiosperms. Their clustering
observed in soybean may be prevalent in other plant
groups (or at least in legumes) and may be associated to
interesting QTLs for breeding purposes or still for meta-
bolic engineering in association with drought and sali-
nity and chilling tolerance.
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Methods

Seed sequences and annotation routine

The selection of seed sequences (Additional file 1) was
based in a literature search in the PubMed database [55]
using the key words “Osmoprotectants” AND “Plant
Stress”. In the selected articles the NCBI [56] descriptors
for posterior mining were selected and retrieved from the
Uniprot SwissProt (cutoff e°) using BLASTx. In order to
confirm their involvement in the biosynthesis of osmopro-
tectants (proline, trehalose, Myo-inositol and glycine
betaine) the sequences were aligned (BLASTX, cutoff e *°)
against the soybean peptide database at Phytozome v. 8.0
[37], also allowing the identification of the respective tran-
scripts from soybean transcriptome used to associate with
the available SuperSAGE tags.

Biological material, experimental design and stress
application - Soybean HT-SuperSAGE libraries were gen-
erated according to the procedures described by Matsu-
mura et al. [57] at GenXPro GmbH, with posterior
SOLEXA sequencing of the tags. The generated tags are
distributed into four libraries (Additional file 2) including
root tissues subjected to dehydration: two libraries from
the drought tolerant cultivar Embrapa 48 [Tolerant after
stress (TS) and negative control (TC)] and two libraries
from a drought sensible cultivar BR-16 [Sensible after
Stress (SS) and negative control (SC)]. The conditions for
the generation of the mentioned libraries, time frame
experiments, and laboratory protocols used are described
in Soares-Cavalcanti et al. [58]. The generated sequences
are available at the GENOSO]JA database (Brazilian Soy-
bean Genome Consortium) [35].

Statistical analysis, tag-gene annotation and the tag
fold change estimation - The in silico procedures are
illustrated in Figure 1. Initially 26 bp-tags were analyzed
with the DiscoverySpace (v.4.01) software [59] aiming to
identify unique tags (unitags) and those unitags differen-
tially expressed (p < 0.05) considering a contrast among
two libraries. Tags counted only once (singlets) were
excluded from the present evaluation. Unitags were anno-
tated by BLASTn [60] against nucleotide sequences from
the soybean Phytozome database v8.0 (Glymal cDNA
dataset) [37,50]. BLASTn alignments (tag-hit) with e-
values of 0.0001 or less and tolerating a single mismatch
maximum (TSM) were taken into account. Moreover,
only plus/plus alignments without mismatches regarding
the four first bases CATG were accepted, in order to guar-
antee the integrity of the SuperSAGE tag. Specific keyword
searches on the original glyma annotations were per-
formed looking for the transcripts and tags candidates.
Values reflecting expression data (p-value and up- or
down-regulation regarding each tag) were associated to
the data matrix including the respective tag annotation,
the normalized frequencies in the libraries and the fold
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change values (FC). FC estimative were based on the ratio
(R) of the normalized frequencies of the tag in the contrast
of the two libraries, where the ‘zero’ frequency was
replaced by ‘one’. When R > 1 the FC were directly consid-
ered and when R < 1 the FC = - 1/R. Negative FC values
indicated repressed tags.

Tag-gene identification and anchoring in the soybean
genome

A further approach consisted in the identification and
generation of a curated list consisting of seven genes
related to the biosynthesis of four classes of osmoprotec-
tants [i.e. Proline (genes P5CS and P5CR), Trehalose
(TPS1 and TPPB), Glycine betaine (BADH and CMO)
and Myo-inositol (INPS1)]. For this purpose a initial list
was generated based on well known data from Arabidop-
sis thaliana (Additional file 3) used to identify corre-
sponding sequences at SoyBase available on Phytozome
[37,50], allowing the construction of a local database
comprising complete soybean osmoprotectants for the
alignment with the previously identified SuperSAGE tags
and posterior anchoring in the SoyBase web server (con-
sisting of pseudochromosomes from genome sequences
including mainly BACs and molecular markers).

Circos mapping

Sequence matches for the nine selected osmoprotectant-
related genes were aligned against the SoyBase pseudo-
chromosomes aiming to infer about their distribution in
the virtual chromosomes available at SoyBase. BLAST
algorithm parameters (score, e-value and percentage of
identity) were adjusted to allow the anchoring of soybean
sequences position along the soybean virtual chromo-
somes. Afterwards the identified anchoring positions
were submitted to the Circos program [61] and so edited
to generate a picture of higher resolution. This approach
allowed the generation of a graph based on a circular
organization of the soybean chromosomes (n = 20),
allowing the identification of a virtual ideogram with lin-
ear distribution of the osmoprotectants identified, the
associated SuperSAGE tags, as well as redundant
portions.

Additional material

Additional file 1: Table S1. BLASTx (Identity % and e-value) results
regarding nucleotide sequences involved in the biosynthesis pathway
and corresponding best hit (cut-off e'% in the Uniprot-SwissProt and
Phytozome (v.8 Glycine max) databases, represented by the respective
loci/transcripts in soybean (Glyma) as well as their annotation.

Additional file 2: Table S2. BLASTn results (Identity %, e-value) using
HT-SuperSAGE 26-bp tags against Glycine max seed sequences given in
Table S1. Libraries consisted of soybean cultivar Embrapa 48, tolerant (T)
against drought, with roots submitted to water deficit after 1-6 h of
stress submission (TS) as compared with the tolerant non stressed

58


http://www.biomedcentral.com/content/supplementary/1471-2105-14-S1-S7-S1.xls
http://www.biomedcentral.com/content/supplementary/1471-2105-14-S1-S7-S2.xls

Kido et al. BMC Bioinformatics 2013, 14(Suppl 1):57
http://www.biomedcentral.com/1471-2105/14/51/S7

control (TC). The same treatment was given to the drought sensible
cultivar (BR-16) considering stressed (SS) and its respective control (SC).
Tag annotation occurred against transcripts on the soybean Phytozome
database. For each library normalized frequencies were considered (tpm:
tags per million). Regarding comparisons among different treatments,
fold change (FO), regulation (reg) [including upregulated (UR, in red)
downregulated (DR, in green) and also non significant differential
expression (ns), at 5% level] are given, as well as the tag-mapping
position in the respective soybean transcript (Glyma).

Additional file 3: Table S3. Main soybean transcripts similar to known
osmoprotectants-genes (1) from Arabidopsis thaliana (used as seed
sequences). Il. tBLASTn results and sequence evaluation of soybean
Osmoprotectants-genes. Information available include number of hits,
best match of each gene class and features of hits: size range (maximal
and minimal) in nucleotides (n), ORF (Open Reading Frame) size range in
amino-acids (aa), e-value range based on SoyBase web resource, as well
as number of matching HT-SuperSAGE tags.

List of abbreviations used

ABA: abscisic acid; ALDH: aldehyde dehydrogenase; Arg: arginine; BACs:
bacterial artificial chromosome; BADH: betaine aldehyde dehydrogenase;
CDS: coding sequence; CMO: choline monooxygenase; DR: down-regulated;
FC: fold change value; GB: glycine betaine; GENOSOJA: Brazilian Soybean
Genome Consortium; Glu: Glutamic acid; Glucose-6-P: glucose 6-phosphate;
HP-SA: high performance sequencing approaches; HSP70: 70 kilodalton heat
shock proteins; HT-SuperSAGE: High Throughput Super Serial Analysis of
Gene Expression; IMP: L-Myo-inositol 1-phosphate phosphatise; MIPS: L-Myo-
inositol 1-phosphate synthase; NGS: next generation sequencing; OAS: O-
acetyl-L-serine; OAS-TL: O-acetyl-L-serine thiol lyase; OAT: ornithine d-
aminotransferase; OsTPS: Oryza sativa Trehalose-6-phosphate synthase; P5CR:
delta(1)-pyrroline-5-carboxylate reductase; P5CS: delta(1)-pyrroline-5-
carboxylate synthase; PEG: polyethylene glycol; Pro: Proline; PtdinsP:
phosphatidylinositol phosphate; QTLs: quantitative trait loci; RT-qPCR: real-
time quantitative PCR; SAL1: myo- inositol polyphosphate 1-phosphatase;
SAT: serine acetyltransferase; SNP: single nucleotide polymorphism; T6P:
trehalose-6-phosphate; TPP: trehalose-6-phosphate phosphatise; TPPB:
Trehalose 6- phosphate phosphatase B; TPS: Trehalose-6-phosphate synthase;
TSM: tolerating a single mismatch; UDP: Glycosyltransferase/trehalose-
phosphatase family protein; UR: up-regulated; UTRs: untranslated region.
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7. Considerac0es Finais

Nossos estudos nos permitiram concluir que:

L)

L)

X/
L X4

X/

L X4

X/

L X4

X/
L X4

A construcdo de bibliotecas DeepSuperSAGE e HT-SuperSAGE se
apresenta como uma estratégia robusta e eficiente para analises de

transcriptomas;

O desenho experimental adotado para o presente ensaio, utilizando
acessos contrastantes de soja submetidos a déficit hidrico, propiciou a
identificacdo de unitags intimamente associadas ao processo de

tolerancia;

Entre acessos contrastantes de soja, 0s transcriptomas produzidos em

resposta a déficit hidrico variam tanto quanti quanto qualitativamente;

A partir de 25 minutos de submissao do estresse, acessos contrastantes

de soja ja iniciam a reprogramacdo de seus transcriptomas;

Transcritos associados a osmoprotetores (P5CS, P5CR, TPS1, TPPB,
INPS1, BADH, MIPS) sdo expressos em ambos acessos em resposta
ao déficit hidrico, potencialmente, desempenhando importantes papéis

na manuteng&o da fisiologia dos mesmos.
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