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RESUMO

O feijoeiro comum (Phaseolus vulgaris L.) € um género alimenticio de primeira
necessidade fortemente associado a seguranga alimentar mundial. Dos fatores que
afetam a sua producgdo, episédios de estresses abidticos, como a seca, figuram
como de grande risco e impacto, podendo restringir as areas de cultivo e o
rendimento das lavouras. A caracterizagdo em larga escala da expressao diferencial
de genes envolvidos na resposta da planta aos estresses abidticos possibilita tragar
o perfil dos genes, bem como das rotas metabdlicas, envolvidos nos mecanismos de
tolerancia aos estresses abidticos. Nesse estudo, a expressdo de genes
relacionados a resposta aos estresses abidticos em tecido foliar e radicular de dois
genatipos de feijoeiro comum contrastantes quanto a tolerancia ao estresse de seca
foi avaliada pela analise de RNA-Seq. Um novo transcritoma de feijoeiro comum foi
construido apresentando 1668 novos loci e 23 169 novas isoformas. Ao todo foram
identificados 54 807 transcritos distribuidos em 28 640 genes. A analise de
expressao diferencial em tecido foliar e radicular foi realizada através do pacote
edgeR, Bioconductor, possibilitando identificar 1242 genes diferencialmente
expressos (GDE). Destes, 458 genes tiveram expressao diferenciada no gendtipo
tolerante (191 induzidos e 267 reprimidos) quando comparado ao genétipo sensivel.
A anotagao funcional revelou no genétipo tolerante um predominio de genes nas
categorias enriquecidas oxidoreductase activity, oxidation-reduction process,
regulation of gene expression, regulation of macromolecule metabolic process e
dioxygenase activity. Por meio da técnica de gPCR, dos 15 GDEs selecionados para
caracterizagdo, 74,42% foram validados quanto a expressao diferencial.
Adicionalmente, um total de 151 283 variantes foram identificadas, sendo 135 167
SNPs e 16 115 Indels. A anotacao e predicao de efeitos das variantes foi realizada
com SnpEff v4.2, onde foram identificados 330 378 efeitos putativos para as
variantes encontradas. Os dados utilizados nesse estudo seréo disponibilizados no
Sequence Read Archive (NCBI). Os resultados deste estudo contribuem para a
ampliagdo do conhecimento sobre os mecanismos génicos, bem como das variantes
funcionais, relacionados com a tolerancia a estresses abiéticos em feijoeiro comum.

Palavras-Chave: Estresse abidtico, transcritoma, gendmica funcional, RNA-Seq,
SNPs.



ABSTRACT

The common bean (Phaseolus vulgaris L.) is an important foodstuff strongly
associated with an issue if global food security. Among the factors that affect their
agricultural production, abiotic stress episodes listed as high risk and impact, can
restrict the area under cultivation and crop yields. The characterization of high-
throughput differential gene expression involved in plant response to abiotic stresses
enables profile the genes, and the metabolic pathways, involved in the mechanisms
of tolerance to abiotic stresses. In this study, the expression of genes related to
response to drought stress in leaf and root tissue of two contrasting common bean
genotypes for stress tolerance was evaluated by RNA-Seq. A new Phaseolus
vulgaris transcriptome was built featuring 1,668 new loci and 23,169 new isoforms. In
all, 54,807 transcripts were identified, found being distributed in 28,640 genes.
Through the edgeR package (Bioconductor), they determined by differential
expression analysis of leaf and root 1,242 differentially expressed genes. Of these,
458 genes had different expression in tolerant genotype (191 up-regulates and 267
down-regulated) when compared to the sensitive genotype. Functional annotation
revealed in tolerant genotype predominance of genes in the categories enriched
oxidoreductase activity, oxidation-reduction process, regulation of gene expression,
regulation of macromolecule metabolic process and dioxygenase activity. By qPCR,
of the 15 DEGs identified via RNA-Seq and selected for characterization, 74.42%
were validated for differential expression. Additionally, a total of 151,283 variants
were identified, of which 135,167 are SNPs and 16,115 are indels. Through functional
annotation, performed in SnpEff v.4.2, were identified 330,378 effects caused by
variants. The data used in this study were deposited in the Sequence Read Archive
(NCBI) and will be available. The results of this study contribute to the expansion of
knowledge about the gene mechanisms, as well as their functional variants, related
to abiotic stresses tolerance in beans.

Keywords: Abiotic stress, transcriptome, functional genomics, RNA-Seq, SNPs.



1. Introducgao

O feijoeiro comum pertence a familia Fabaceae, género Phaseolus L.,
espécie Phaseolus vulgaris L, sendo, portanto, uma leguminosa (1). As leguminosas
constituem a terceira maior familia de angiospermas e incluem varias espécies
cultivaveis importantes, como ervilhas (Pisum sativum L.), amendoim (Arachis
hypogaea L.), soja (Glycine max (L.) Merr.) e o feijoeiro comum (Phaseolus vulgaris
L.) (2).

Assim como outras leguminosas consumidas na forma de graos secos, o
feijoeiro comum constitui uma importante fonte nutricional para um grande numero
de pessoas, particularmente na populacdo de baixa renda de paises em
desenvolvimento. Devido ao seu baixo custo, quando comparado as fontes proteicas
derivadas de animais, e ao grande fornecimento de nutrientes como proteinas, fibras
dietéticas, carboidratos complexos, vitaminas e minerais, o feijoeiro é considerada a
leguminosa mais importante para o consumo humano. Por apresentar alto teor de
lisina em suas proteinas, as leguminosas sdo consideradas um bom complemento
para uma dieta baseada em graos cereais basicos, como o arroz e o milho, que
possuem baixo teor proteico e pequena quantidade desse aminoacido essencial (3—
6).

Além da importancia nutricional do feijoeiro, tem sido demonstrada sua
capacidade nutracéutica devido ao seu alto teor de compostos bioativos como amido
resistente, polifendis, oligossacarideos, fragdes proteicas ndo digeriveis e peptideos
bioativos (7). Dentre os efeitos observados dos compostos bioativos estdo: indugao
de atividade protetora de mucosas, agao anti-inflamatéria e antioxidante, além do
auxilio na prevengao e tratamento de doencas como diabetes, hipertensdo e até

mesmo na inibi¢do da proliferagdo de células cancerigenas (8—12).

Aproximadamente, 75% da produ¢cdo mundial de feijao é proveniente de
apenas nove paises, sendo o Brasil o terceiro maior pais produtor, atras da india e
de Myanmar. Dentro do Mercosul, o Brasil € o responsavel por cerca de 90% da

producao e consumo de feijao, correspondendo a aproximadamente 3,1 milhdes de



toneladas ao ano no periodo de 2009 a 2013 (13). Na safra 2014/2015, a area total
plantada foi superior a 3 milhdes de hectares, com produtividade estimada em 1025
kg/ha e producdo total de 3,12 milhdes de toneladas. Os principais estados
brasileiros produtores foram o Parana (640,9 mil toneladas), Minas Gerais (512,4 mil
toneladas) e Mato Grosso (484,5 mil toneladas) (13).

Assim como acontece com a maioria dos principais paises produtores de
feijao, a producao brasileira é praticamente toda destinada ao mercado consumidor
interno. Essa caracteristica de producao voltada ao mercado interno, associada com
o fato de que os graos de feijoeiro sdo pouco consumidos nos paises desenvolvidos,
gera um pequeno aporte de divisas para o pais. Contudo, a sua grande importancia
comercial e nutricional para os paises consumidores, assim como, descobertas
recentes do potencial de seus componentes bioativos para o tratamento e prevengao

de doencas, tem levado a um expressivo numero de estudos com essa espécie.

Mesmo com a sua grande importancia, somente recentemente os
mecanismos que originaram a espécie foram esclarecidos. Em 2014 foi publicado o
genoma do feijoeiro comum Andino, com tamanho estimado em 587 Mpb, com
aproximadamente 27 mil genes identificados (14). Ja o genoma do feijoeiro comum
Mesoamericano foi publicado em 2016, com tamanho estimado em 549,6 Mpb e
aproximadamente 30 mil genes identificados (2). Atualmente, considera-se que a
espécie Phaseolus vulgaris L. teve origem na Mesoamerica, dispersando-se
posteriormente pelas Américas, originando o0s pools génicos Andino e
Mesoamericano. Posteriormente, a espécie teria passado por ao menos 2 processos

independentes de domesticagéo, gerando os pool génicos atuais (2,15).

Estudos recentes com Phaseolus vulgaris L., englobam pesquisas em
genética gendmica para avango do conhecimento (14,16), reducdo na perda de
qualidade do grdo em decorréncia do armazenamento (17,18), melhoria nas
caracteristicas nutricionais (4), resisténcia e/ou tolerancia aos estresses bidtico e
abidtico(19-24). Adicionalmente, pesquisas destinadas a aplicacdo de seus
componentes na area da saude (8,10,12) e na produgcédo de alimentos funcionais

(25,26) também vém sendo conduzidas.



Com a ampla difusdo de estudos com essa espécie, cresce a demanda por
técnicas que permitam gerar e ampliar os conhecimentos basicos e aplicados em
relacéo ao feijoeiro comum. Nesse sentido, os estudos destinados ao entendimento
dos perfis de transcricido destacaram-se, evoluindo de técnicas que examinavam um
pequeno numero de genes até tecnologias capazes de avaliar todo o perfil
transcricional em um dado momento (transcritoma), como as baseadas no
sequenciamento de nova geracdo. Essas tecnologias reduziram tanto o custo por
reacao, quanto o tempo de execucao dispendido para o sequenciamento, tornando a
técnica acessivel para uma gama de abordagens experimentais (27). Dessa forma,
a transcritbmica consolidou-se tendo como objetivos principal catalogar todas
espécies de transcritos, incluindo os mRNAs, non-coding RNAs e small RNAs,
visando determinar a estrutura dos genes, em relagdo aos sitios de inicio da

transcrigéo, regides UTR 5’ e 3', sitios de splicing, dentre outros (28).

A estratégia de analise por RNA-Seq depende do organismo a ser estudado,
das informacgdes ja disponiveis, bem como dos objetivos desejados. Por exemplo,
quando ndo ha genoma de referéncia disponivel, é possivel a construcdo do
transcritoma através do montagem de novo. Uma vez que exista a disponibilidade do
genoma de referéncia para a espécie, sendo este bem anotado, € possivel realizar a
identificacdo de novos transcritos através do mapeamento de reads no genoma.
Paralelamente, os pesquisadores podem estar interessados em realizar apenas a
quantificacdo dos niveis de mRNA ou microRNAs (miRNAs), bem como na

identificacao de variantes estruturais, como os SNPs e Indels (29).

A despeito da grande difusdo dessa tecnologia, os estudos utilizando RNA-
Seq ainda estdo sujeitos a uma série de vieses que podem ser introduzidos em
todas as etapas do processo para obtencdo dos dados, desde o planejamento
experimental, preparo das bibliotecas até no sequenciamento propriamente dito (29).
Igualmente, diversos métodos e algoritmos estdo disponiveis e sdo implementados
para analise dos dados de RNA-Seq em suas varias etapas, como o alinhamento
dos reads, montagem de transcritos e analise de expressao génica diferencial
(incluindo procedimentos de normalizagdo, modelagem estatistica, determinagéo da
variancia, dentre outros) (30). Sabidamente nenhum método de analise é livre de
erros e a validagao dos resultados obtidos € necessaria. Dessa forma, para os

experimentos de quantificagdo dos perfis de transcricdo, a validagdo de alguns



genes diferencialmente expressos (GDEs) por PCR quantitativa (qPCR) é
amplamente relatada como forma de validagao dos resultados de RNA-Seq (22,30-
32).

A PCR quantitativa (QPCR) é uma das técnicas com maior difusdo e aplicagao
em estudos envolvendo diversas espécies, seja para mensurar a expressao de
genes de interesse ou validar experimentos de microarranjo e RNA-Seq. A técnica
baseia-se na amplificagéo in vitro de copias do DNA complementar ao RNA (cDNA),
monitorando em tempo real a quantidade de moléculas produzidas em cada ciclo
(33). Sua simplicidade conceitual e facilidade de execugdo, aliadas com a
velocidade, sensibilidade e especificidade em um ensaio homogéneo, a

transformaram no padrao para a quantificagéo de acidos nucleicos (34,35).

Como descrito por Navarro et al. (36), nos ultimos 15 anos um grande niumero
de métodos para deteccadto de DNA em qPCR foram desenvolvidos e
comercializados. As principais metodologias implementadas se baseiam em um dos

seguintes métodos:

a) Corante de ligagdo ao DNA (DNA binding dyes): sdo moléculas que se
ligam a fita do DNA e, quando excitadas por determinado comprimento de onda,
emitem fluorescéncia que é entdo captada e utilizada para a quantificagdo. Existe
uma grande variedade dessas moléculas para comercializagdo, como Brometo de
etidio, YO-PRO-1, SYBR® Green |, SYBR® Gold, SYTO, BEBO e EvaGreen, sendo
que a mais utilizada € o SYBR® Green |.

b) Oligonucleotideos marcados com fluoréforo: nesse sistema, os fluoroforos,
pequenas moléculas fluorescentes, estao ligados a oligonucleotideos que funcionam
como sondas, ligando-se a uma regido especifica do fragmento a ser amplificado.
Nesse sistema de deteccdo, utiliza-se a atividade nucleasica 5 da Tag DNA
Polimerase para gerar o sinal fluorescente durante a qPCR, sendo o sistema

comercial TagMan™ o mais conhecido.

Com a possibilidade de aplicagdo dessas tecnologias em pesquisas de
genética e gendmica, muitos estudos tém sido realizados visando a caracterizagao
da gendmica funcional do feijoeiro comum, agregando conhecimento a respeito dos

genes e rotas metabdlicos presentes em Phaseolus vulgaris L.. Por exemplo, Patel



et al. (37) realizaram a montagem e a notagdo do transcritoma da variedade
SRR1283084 de feijoeiro comum, enquanto O’Rourke et al. (32) identificaram 26,964
genes distribuidos em sete tecidos diferentes, constituindo um atlas da expressao
génica para feijoeiro, onde foram verificados a ocorréncia de genes diferencialmente
expressos em varios estadios de desenvolvimento e em trés condi¢gdes de

suplementacao de nitrogénio.

Embora a espécie seja amplamente estudada, muitas questbes sobre o
feijoeiro permanecem ndo esclarecidas. Do ponto de vista agronémico, muitos
aspectos necessitam ser avaliados, visando o aumento do conhecimento sobre
caracteres importantes e o fornecimento de subsidios para os programas de
melhoramento de feijoeiro. Dentre os fatores relevantes, a tolerancia aos estresses
abidticos tem papel fundamental nas pesquisas com feijoeiro comum, principalmente
com a expectativa de aumento na frequéncia desse tipo de estresse, em decorréncia

das mudancas climaticas.

De acordo com Wani et. al. (38), os principais fatores ambientais que impéem
estresse as plantas sdo a seca, salinidade, calor, frio, congelamento, oz6nio e a
incidéncia da radiagao ultra violeta (UV). Destes, os mais frequentes e significativos
mundialmente sdo os estresses por seca, salinidade e temperaturas extremas, que
afetam o crescimento, produtividade e frequentemente levam a mudancas
morfoldgicas, fisioldgicas e bioquimicas nas plantas (39). Adicionalmente, estresses
abidticos relacionados com a deficiéncia de nutrientes, bem como com o excesso de
metais como aluminio, cadmio e mercurio sdo impactantes sob as espécies

cultivaveis em geral.

Dentre os estresses abioticos que acometem as cultivares, o estresse por
seca talvez seja o mais severo, estando relacionado com a redugdo da produgao
agricola mundial (38). De fato, a seca é o fator ambiental que desencadeia as
maiores perdas na producao de feijoeiro comum. Devido ao seu sistema radicular
limitado e superficial, o feijoeiro comum é bastante suscetivel a seca, principalmente
nos periodos de floragao (40). Igualmente, nesse periodo a exposi¢gdo dessa espécie
as altas temperaturas leva a redugdo na produgéo de vagens e, consequentemente,
de gréos (41). A ocorréncia desses estresses, de forma isolada ou em conjunto com

outros estresses abidticos ou bidticos, afeta o feijoeiro em varios estadios de



desenvolvimento, podendo levar a perdas de até 100% na produgédo dos graos,

dependendo da intensidade e periodo de ocorréncia (42).

Para a agricultura, a seca esta relacionada a deficiéncia de umidade no solo,
impossibilitando que sejam atendidas as demandas da planta para o seu
crescimento ou producdo (43). Estima-se que ondas de seca e calor provocaram
prejuizo de aproximadamente 210 bilndes de dodlares entre 1980 e 2011,
considerando-se apenas os Estados Unidos (43). A seca pode ocorrer em periodos
moderados ou muito longos e extremamente danosos, restringindo as colheitas e
afetando a producédo de alimentos (44). Esse fendmeno tem se tornado mais
intenso, elevando a preocupagdao com a seguridade alimentar a medida que sao
esperados aumentos na demanda por alimentos nas proximas décadas (45).
Espera-se que em 2050 mais de 50% das areas cultivaveis serao afetadas por esse

fenbmeno (44).

Durante o processo evolucionario, as mudancgas climaticas tém imposto
pressdo seletiva sob as populagdes bioldégicas e a sua diversidade genética,
selecionando variagbes bioldgicas que desempenham um importante papel na
reposta adaptativa as mudangas ambientais (46). Essa pressao seletiva pode
conferir aumento na frequéncia de alelos vantajosos para a resposta adaptativa as
mudancgas climaticas (47, 48). O impacto da seca sobre a agricultura tem acelerado
a busca por variedades cultivadas melhor adaptadas as mudancgas climaticas atuais,
visando reduzir a vulnerabilidade dos sistemas produtivos (49,50). A capacidade
adaptativa as condi¢cdes de seca é uma caracteristica sofisticada, sendo dependente
de adaptagbes em diferentes niveis, incluindo alteragées na morfologia da planta,

nas estruturas anatdémicas e nas reacgdes bioquimicas e fisioldgicas (51).

Plantas submetidas ao déficit hidrico ativam diferentes mecanismos de
resisténcia, visando o equilibrio entre crescimento e sobrevivéncia sob estas
condigbes (52). Esses mecanismos visam a tolerdncia aos periodos de baixa
disponibilidade de agua e podem ser classificados em mecanismos de prevencao a
desidratacdo, escape, tolerancia e recuperagcdo a seca (51). Algumas espécies
possuem melhor capacidade para lidar com a seca do que outras, por exemplo, o

feijao-caupi (Vigna unguiculata L.), considerado bem adaptado as condi¢des de seca



e de alta temperatura, quando comparado a outras espécies, incluindo Phaseolus

vulgaris L. (53).

Gendtipos de feijoeiro mais produtivos sob condigdes de seca foram
desenvolvidos a partir da combinagcdo de variedades Mesoamericanas,
possibilitando uma étima adaptacao dos genétipos com gréo do tipo Mesoamericano
no Brasil e na América Central em detrimento das variedades Andinas. Esforgcos tém
sido realizados para identificar o amplo conjunto de mecanismos associados com
tolerancia a seca em genotipos de feijoeiro Mesoamericano, como caracteristicas
fisiologicas, fenotipicas e moleculares (54). A despeito dos esforgos globais, devido a
grande complexidade da resposta das plantas a seca, a correlagao precisa entre os
mecanismos genéticos e a tolerancia a seca ainda nao foi totalmente esclarecida.
Contudo, tem se demonstrado que a resposta genética ao estresse por déficit hidrico
esta sob regulagdo de um grande numero de genes, os quais sofrem forte influéncia

dos fatores ambientais (48,55).

A busca por genes responsivos a seca tem sido realizada através de estudos
de expressao génica, como a geragao de expressed sequence tags (ESTs) e
avaliacao dos perfis de transcricdo via RT-qPCR, possibilitando a identificacdo de
centenas de genes induzidos ou suprimidos em condi¢ées de deficiéncia hidrica.
Recchia et al. (56) identificaram 1120 genes diferencialmente expressos em raiz de
BAT 477, quando submetido a interrupcdo da irrigacdo durante seu
desenvolvimento. Usando o mesmo gendtipo tolerante (BAT 477), Muller et al. (22)
identificaram em folha 802 diferentes EST entre os estadios de floracdo e
enchimento de graos. Recentemente, Wu et al. (31) construiram um transcritoma de
novo para Phaseolus vulgaris sob condi¢gao de seca, onde foram obtidos 49 Mpb de
transcritos unicos, dos quais 42% foram anotados. Nesse estudo, foi verificado a
ocorréncia de 8932 genes diferencialmente expressos entre as cultivares tolerante
(Long 22-0579) e suscetivel (Naihua).

Os estudos com estresses abidticos especificos sao amplamente
desenvolvidos e de fundamental importadncia, ampliando o conhecimento dos
mecanismos envolvidos para obtencdo de tolerancia. No entanto, em condi¢cbes de
cultivo, as plantas estdo submetidas a ocorréncia de varios estresses abidticos, e

bidticos, simultaneamente ou sequencialmente, sendo esta uma ameaca importante



enfrentada pelas plantas (23, 57, 58). A reposta da plantas a combinagédo de dois
diferentes estresses abidticos ndo pode ser diretamente extrapolada a partir da
resposta das plantas a cada um dos estresses isoladamente (59). Nesse sentido,
tem se demonstrado ainda que estresses que ocorrem simultaneamente, como seca
e calor, seca e salinidade e calor e metais pesados, sdo mais danosos para a planta
do que a ocorréncia dos estresses separadamente (58). Dessa forma, a obtencéo de

cultivares resistentes a mais de um tipo de estresse € extremamente desejavel.

Com os avangos em tecnologias de gendmica funcional, como o
sequenciamento de nova geracdo e o fornecimento de ferramentas de
bioinformatica, cada vez mais robustas para melhor explorar o transcritoma in silico,
espera-se um crescimento exponencial de dados de expressao génica para feijoeiro,
fornecendo uma melhor compreensdo dos complexos mecanismos envolvidos na
resposta aos estresses abidticos. Neste estudo, foram aplicadas ferramentas de
bioinformatica para explorar os potenciais genes responsivos a seca em folhas e
raizes sob condi¢cdes de estresse abidticos, com particular interesse no estresse de

seca.

Através do sequenciamento de RNA (RNA-Seq) foi realizada a caracterizagao
da expressao génica de dois gendtipos contrastantes quanto a resposta ao estresse
de seca, BAT 477 (tolerante a seca) e Pérola (sensivel a seca). Adicionalmente,
foram verificados os genes diferencialmente expressos avaliando-se os gendtipos e
tecidos, sob trés condicdes de estresse. Como estudo complementar, foi realizada a
caracterizagdo de mais de 150 mil variantes (SNPs e indels) presentes nos dois
gendtipos. Mais de 130 mil SNPs foram caracterizados quanto aos seus potenciais
efeitos com o software SnpEff. Adicionalmente, foram identificados os genes
afetados pela ocorréncia dos SNPs, os quais foram categorizados de acordo com os
termos do Gene Ontology Consortium (GO terms). Igualmente, todos os genes

diferencialmente expressos foram categorizados através dos GO terms.

Os resultados obtidos, bem como os dados utilizados para a analise, serao
disponibilizados e contribuirdo para o enriquecimento do conhecimento dos genes e
mecanismos moleculares que estdo potencialmente relacionados a resposta aos

estresses abidticos.



2. Objetivos

Construir um transcritoma de feijoeiro especifico para condicao de estresses
abidticos, compara-lo ao transcritoma de referéncia para o feijoeiro (Phytozome

v.11.0) e, se possivel, identificar novos loci e isoformas.

Identificar genes diferencialmente expressos entre dois gendtipos de feijoeiro
com fendtipo contrastante para deficit hidrico, bem como relaciona-los com os
possiveis mecanismos fisiolégicos envolvidos na resposta de tolerancia aos

estresses abiodticos.

Identificar as variantes, SNPs e indels, presentes nos gendtipos utilizados,
determinar os seus efeitos e, se possivel, estabelecer suas relagbes com a

divergéncia fenotipica entre os genétipos.

Selecionar um conjunto de SNPs com potencial aplicagdo para construgao de

um painel de genotipagem para Phaseolus vulgaris L..



3. Metodologia

3.1. Material vegetal

Foram utilizados dois gendtipos de feijoeiro comum (Phaseolus vulgaris L.),
BAT 477 e Pérola, bem caracterizados quanto a sua performance sob condi¢des de
déficit hidrico, conforme demonstrado por Lanna et al. (60). O gendtipo BAT 477 foi
desenvolvido pelo Centro Internacional de Agricultura Tropical (CIAT, Cali, Colémbia)
e € considerada tolerante a seca (61), enquanto que Pérola é uma -cultivar
desenvolvida pelo programa de melhoramento genético da Empresa Brasileira de
Pesquisa Agropecuaria (Embrapa) em 1994, sendo caracterizada como um genétipo
suscetivel a seca (62). Ambos o0s genoétipos possuem origem mesoamericana e

apresentam habitos de crescimento tipo Il (63,64).

3.2. Delineamento experimental

O experimento foi realizado em casa de vegetagdo na unidade da Embrapa
Soja em 2010, usando delineamento em blocos casualizados, com cinco repeti¢oes.
As plantas dos dois gendtipos foram crescidas sob condigbes ambientais
controladas em sistema de hidroponia, utilizando solugdo nutritiva proposta por
Hewitt (65), conforme recomendado por Martins et al., (66). As sementes foram pre-
germinadas em papel filtro umido, em ambiente escuro, com controle da umidade
relativa (~ 65%) e da temperatura (~ 25°C). Os brotos foram entdo transferidos para
os suportes de forma que as raizes fossem completamente submersas na solugao
nutritiva. Durante 15 dias as mudas foram mantidas na casa de vegetagdo a
aproximadamente 25°C e 60% de umidade relativa, com periodo de incidéncia

luminosa de 12h.
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Apds 15 dias de crescimento, as plantas de ambos os gendtipos foram
submetidas aos estresses abioticos, através da retirada da solucao nutriente, e
mantidas em camara escura. A amostragem foi realizada em trés tempos: 0 min
apos a indugao do estresse (condigdo controle), 75 min apos a indugao do estresse
(T7s - condigado de estresse intermediario) e 150 min apds a indugéo do estresse (T 150
- condigdo de estresse intenso). Conforme estabelecido previamente para soja,
esses tempos foram baseados nas taxas de fotossintese e respiracdo, em que a
taxa maxima de fotossintese foi encontrada no tempo 0 e o maior valor de

respiragao foi obtido apds 150 min de indugéo do estresse (66).

3.3. Extracao de RNA, preparo das bibliotecas e sequenciamento

Amostras de folhas e raizes jovens foram coletadas apés o 15° dia de
crescimento para ambos os genétipos, em cada um dos trés tempos (To, T7s € Tiso),
e foram armazenadas em freezer a -80°C, totalizando doze amostras. O RNA total
foi individualmente extraido para o preparo das bibliotecas, utilizando o produto
comercial PureLink® RNA Mini Kit (Ambion®, Carlsbad, California), conforme as
instrugcdes do fabricante, seguido pela digestdo do DNA gendmico contaminante
através do tratamento com a enzima PureLink® DNase (Ambion®, Carlsbad,
California). A qualidade e pureza de cada amostra de RNA foram estimados através
de espectrofotometria utilizando o NanoVue™ Plus Spectrophotometer (General
Electric Company, GE). Adicionalmente, a integridade das amostras de RNA foi
verificada usando tecnologia de microfluidos com o equipamento Agilent 2100
Bioanalyzer instrument (General Electric Company, GE). As bibliotecas de RNA-Seq
foram preparadas usando lllumina TruSeq RNA kit, seguindo as instru¢gdes do
fabricante e sequenciadas como replicas técnicas nas plataformas de
sequenciamento Genome Analyzer |l e HiSeq2000, ambas fabricadas pela lllumina.
Uma Jlane de sequenciamento com 2x100 cycles (paired-end) foi utilizada para

sequenciar as 12 bibliotecas em multiplex em ambas as plataformas.
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3.4. Diagnostico e controle de qualidade dos dados

O diagndstico de qualidade dos dados gerados pelos sequenciamentos foi
realizado através do software FastQC v.0.11.3 (67). Apds a interpretagdo das
estimativas de qualidade, foram definidos os paradmetros para o controle de
qualidade dos reads e realizada a retirada das bases com baixa qualidade
associada. Para a remogao das sequéncias provindas de adaptadores e bases com
estimativas de qualidade insatisfatorias, a partir da extremidade 5, as 15 primeiras
bases dos reads oriundos do GAIl, assim como as 17 bases iniciais dos reads
provindos do sequenciamento no HISeq2000 foram descartadas. O software
utilizado para o controle de qualidade dos dados de sequenciamento foi o
Trimmomatic v.0.33 (68), onde além do descrito acima, os parametros
implementados foram: LEADING:39 SLIDINGWINDOW:4:30 TRAILING:30
MINLEN:50.

Ao término do controle de qualidade, os reads que apresentavam menos do
que 50 pb de tamanho foram eliminados. Dessa forma, para cada biblioteca foram
recuperados 2 conjuntos de dados com alta qualidade que foram utilizados nas
etapas posteriores, um formado pelos reads ‘paired-end” e outro composto pelos
“single reads” ou reads O6rfaos (reads cujo os pares correspondentes foram

descartados).

3.5. Montagem de transcritoma para P. vulgaris sob estresse abiético

Como etapa previa a analise de expressao génica diferencial, foi montado um
transcritoma representativo para P. vulgaris em resposta aos estresses abibticos
induzidos pela remocdo do meio de crescimento. Para a obtencdo deste
transcritoma, foi utilizado o fluxo de trabalho sugerido para o software Cufflinks

v2.2.1 (69). Inicialmente, para cada biblioteca, foi realizado o mapeamento dos
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reads no genoma de referéncia para feijoeiro (14) através do software TopHat v.2.1.0
(70). Foi utilizada a versdao do genoma com mascara para as regides repetitivas
(Pvulgaris_218 v1.0.hardmasked.fa, disponivel para acesso no site Phytozome
v.11.0 (71), visando impossibilitar o mapeamento de reads oriundos de regides de
DNA repetitivo. Na etapa seguinte, foi realizada a retirada dos reads duplicados,
produzidos por viés na etapa de “PCR em ponte” ou no preparo das bibliotecas,
através do algoritmo “MarkDuplicates” implementado no software Picard-Tools v.

1.139 (disponivel em: https://broadinstitute.github.io/picard/, acesso em 03/2016).

Apds a retirada dos reads duplicados, Cufflinks v2.2.1 foi utilizado para a
montagem de um transcritoma por biblioteca sequenciada, totalizando 24
transcritomas. Em cada montagem, tanto o genoma de referéncia
(Pvulgaris_218_v1.0.hardmasked.fa) quanto as informagbes sobre a anotagdo de
genes fornecidas pelo arquivo GFF3 (Pvulgaris_218 v1.0.gene.gff3, disponivel para
acesso no site Phytozome v.11.0) foram utilizadas como guia durante a montagem.
Adicionalmente, foram consideradas como isoformas apenas os transcritos que
possuiam ao menos 20% da abundancia encontrada para a isoforma principal (-F
=0.2) e algoritmo para corregdo de viés descrito por Roberts, et al.,, (72) foi

implementado através da inclusdo do argumento “—b” na linha de comando.

Para a construcdo de um transcritoma representativo, os transcritomas de
todas as bibliotecas foram combinados através do algoritmo Cuffmerge utilizando os
parametros definidos por padrdo. Apdés a obtencdo de um unico transcritoma de
feijoeiro em condi¢des de seca, o algoritmo Cuffcompare foi utilizado para comparar
os loci e transcritos montados com o0s genes e transcritos conhecidos
disponibilizados na base de dados Phytozome v.11.0
(Pvulgaris_218_v1.0.gene.gff3). Ambos, Cuffmerge e Cuffcompare sao algoritmos

inclusos em Cufflinks tools.

3.6. Analise de genes diferencialmente expressos
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A anadlise de expressao diferencial foi aplicada visando determinar genes
diferencialmente expressos entre o gendtipo tolerante a seca (BAT477) e o gendtipo
suscetivel (Pérola), assim como, para encontrar os genes diferencialmente
expressos dentro de cada gendtipo em relagdo ao tempo de submisséo ao estresse.
Adicionalmente, a expressao génica diferencial foi avaliada em folha e raiz.
Inicialmente, os reads que passaram pelo controle de qualidade foram mapeados ao
genoma com TopHat v2.1.0. O alinhamento foi direcionado a partir das informacoes
contidas no arquivo merged.gtf, gerado pelo Cuffmerge e que corresponde ao
transcritoma especifico para condicdes de estresse abidtico. Os reads duplicados,
geralmente vieses de sequenciamento, foram retirados logo apdés a etapa de
mapeamento, utilizando o algoritmo “MarkDuplicates” implementado no software
Picard-Tools v.1.139.

A abundancia dos reads alinhados foi quantificada para cada gene através do
software HTSeq (73). A analise de expressao diferencial foi realizada com o software
edgeR (74), onde foram avaliados somente os genes com contagem por milh&do
maior do que 1 (CPM > 1) em ao menos duas das amostras avaliadas. A dispersao
no conjunto de dados foi estimada através da fungédo “estimateCommonDisp”
(edgeR), a partir de um conjunto de genes selecionados por ndao responderem ao
tratamento implementado (~3900 genes). A expresséao diferencial foi realizada para
as doze bibliotecas através de comparagdes par-a-par (pairwise), entre os diferentes
genotipos, tecidos vegetais e tempos de estresse fisioldgico (Tabela 1), e os niveis
dos genes diferencialmente expressos foram estimados usando como critério o valor
de FPKM (Fragments Per Kilobase Million). Foram consideradas como

diferencialmente expressos os genes com |log do Fold Change| =2 e FDR < 0.01.

3.7. Anotagao Funcional

A anotacéo génica foi realizada para todos os novos loci descobertos durante
a montagem do transcritoma de seca, bem como para todos os genes considerados
como diferencialmente expressos em ao menos uma das comparagoes realizadas.

Inicialmente, os genes foram comparados com o banco de dados de sequéncias de
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proteinas ndo redundantes (Nr) através do algoritmo BLASTx v.2.2.30 (75) usando
as configuragbes padrdao. Para os novos loci que nao foram identificados com
BLASTXx, a comparagcdo com o Nr foi realizada com o algoritmo PSI-BLAST (76). O
conjunto de novos loci que nao foram identificados nas etapas anteriores, foi
submetido a predicdo de ORFs (open reading frame), utilizando o software
Transdecoder v.2.0.1. (77). Os bancos de dados "Pfam-A.hmm.gz" (modificado em
10/11/15) e "Uniref90" (modificado em 01/21/16) foram utilizados para identificagéo

das sequéncias com OREFs.

A ferramenta BLAST2GO toolv3.1 (Free PRO Trial) (78) foi utilizada para
categorizagdao das sequéncias pelos termos do Gene Ontology Consortium (GO),
utilizando a base de dados disponivel na versao go 201508-assocdb-data. Para
identificar os termos gene ontology enriquecidos, foi utilizado o teste exato de Fisher,
tendo como critério de corte FDR < 0.05. Durante o teste exato de Fisher, é realizada
a busca por termos mais representados em um conjunto de genes (grupo teste) do
que em um grupo de referéncia. Nesse estudo, foram comparados os grupos de
GDE em cada comparagao (Tabela 1) com o grupo de referéncia formado por todos
0s genes descritos para o genoma do feijoeiro (14), somados aos novos /oci
identificados nesse trabalho. Adicionalmente, para sequéncias com até 2000pb, o
banco de dados Rfam (79) (disponivel em: http://rfam.xfam.org) foi utilizado na

busca de RNAs ndo codantes.

A anotagao dos genes foi realizada também através da busca por homologia
com as sequéncias disponiveis no banco de dados da KEGG (Kyoto Encyclopedia of
Genes and Genomes)(80), visando identificar genes correspondentes as enzimas
envolvidas em rotas metabdlicas especificas que pudessem estar relacionadas com

a resposta a condicao de seca.

3.8. Identificagao de variantes estruturais

A analise para descoberta de variantes foi realizada seguindo o fluxo de

trabalho denominado “The GATK best practices for variant calling on RNA-seq’,
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proposto para aplicagdo com o software Genome Analyze Toolkit (GATK) v.3.4-46
(81). Inicialmente, foi realizado o mapeamento dos reads que passaram pelo
controle de qualidade através do software STAR v.2.4.1 (82). Em seguida, foi
realizada a marcagado dos reads duplicados com o algoritmo “MarkDuplicates”,
implementado no software Picard-Tools v1.119. A chamada das variantes (Variant
Calling) foi realizada com o software GATK v.3.4-46 aplicando o algoritmo
“HaplotypeCaller”. Visando aumentar a qualidade das variantes descobertas, foram
promovidas as etapas de realinhamento de indels (RI) e recalibragdo dos indices de

qualidade das bases sequenciadas (base quality score recalibration — BQSR).

Para as etapas de recalibracéo de indels e BQSR, devido a auséncia de um
conjunto de SNPs conhecidos para feijoeiro, foi implementada uma abordagem
descrita pelo “GATK team” para espécies que nao sao consideradas referéncias no
estudo gendmico. Inicialmente, a analise de Variant Calling foi realizada suprimindo
as etapas de Rl e BSRQ. O conjunto de variantes obtido nessa etapa foi submetido
a um controle de qualidade onde foram aplicados os parametros Fisher Strand (FS)
> 30 e Quality Depth (QD) < 2. Igualmente, foram aceitos apenas SNPs identificados
com no minimo 35 pb de distancia fisica entre os 2 SNPs mais proximos, de acordo
com as recomendacdes do GATK (83,84). As variantes que atenderam aos critérios
de filtragem foram entao utilizadas como grupo de variantes conhecidas nas etapas

de BQRS e Rl em uma segunda analise de Variant Calling.

E recomendado que, ao fim da segunda andlise de Variant Calling seja
implementado novamente o controle de qualidade descrito anteriormente, de forma
que o conjunto de variantes obtido seja utilizado como referéncia em uma nova
analise de Variant Calling. Esse procedimento deve ser realizado sucessivamente
até que seja verificada uma convergéncia no numero de variantes obtido. Apds
determinada a convergéncia no numero de variantes identificadas, foi realizada a

predicdo dos seus efeitos através do software SnpEff v.4.2 (85).
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ABSTRACT

Background: The common bean (Phaseolus vulgaris L.) is an important foodstuff, and its cultivation is
strongly associated with global food security. Drought episodes are listed as high risk and high impact,
affecting the agricultural production of the common bean. In this study, a broad characterization of
genes related to the response to drought stress in leaf and root tissue was evaluated by RNA

sequencing (RNA-Seq).

Results: In total, 54,750 transcripts were identified, representative of 28,590 genes, of which 1,618
were first described for the common bean and 1,242 were differentially expressed genes (DEGS) in the
leaves and roots of genotypes contrasting to drought. Of these, 458 genes showed different expression
in the tolerant genotype (191 up- and 267 down-regulated) with a predominance of genes in categories
of oxidative stress, responses to stimulus, and kinase activity, among others. Through quantitative real-
time PCR (qPCR), 88.64% of the evaluated DEGs were validated for differential expression. A total of
151,283 variants with high quality was identified among the expressed genes, of which 135,167 were
SNPs and 16,116 were Indels. From 183,033 SNP variant effects identified, 49.67% were annotated as

the modifier type, while the remaining 50.33% were classified as low (29.21%), high (1.91%) and
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moderate impact (19.21%) types. Functional effects were estimated for 85,780 variants, most as silent

(59.49%). The raw data files were submitted to the NCBI Sequence Read Archive (SRA) database.

Conclusions: In this study, new genes were revealed for drought tolerance, and a P. vulgaris
transcriptome map of Mesoamerican origin was built featuring 1,618 new loci and 23,112 new isoforms.
The increasing availability of genetic information supports a better understanding of the drought

tolerance mechanisms in beans, contributing to the research progress.

Keywords: Phaseolus vulgaris, water deficit, transcriptome, functional genomics, RNA-Seq, SNPs.

Background

The climatic phenomenon of drought has become more intense and worrisome because the world
demand for agricultural products is expected to increase over the coming decade [1]. During the
evolutionary process, climate changes have imposed a selective pressure under biological populations,
and genetic diversity, considered as the source of allelic variation, plays an important role in the
adaptive response to environmental changes [2]. This directional selection pressure would provide an
increased allelic frequency that is most advantageous for the adaptive response [3,4]. However, most
cultivated species strongly need to rely on a combination of approaches to overcome readily the impact
of global warming from ongoing climate changes. This impact under the farming systems has
accelerated the search for cultivated varieties better adapted to actual climate changes to reduce
vulnerabilities in cropping systems [5,6]. According to Food and Agriculture Organization of the United
Nations (FAO), the term “drought” in agriculture means an insufficient amount of water in the soil to
meet plant demands at a particular time. Consequently, plants submitted to drought stress activate
different mechanisms of resistance, maintaining a balance to optimize the plant yield under drought

conditions [7] and seeking to survive.

The common bean (Phaseolus vulgaris L.) is a new world crop [8], grown extensively in all continents as

a monoculture or in intercropping systems, from lowland tropics to semiarid regions in temperate
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environments, with or without irrigation [9]. Among the legumes, the common bean is quoted as the
major source of nutrients for millions of people in developing countries, representing an important origin
of total protein, energy and micronutrients consumed around the world [10]. Drought has a great impact
on the global production of common beans, resulting in yield losses of over 60% under terminal or
intermittent drought stress, with more critical effects when the soil water depletion level reaches 60-70%
during the grain-filling period [11,12]. In Latin America, the areas of bean growth most affected by
drought are northeastern Brazil and the central and northern highlands of Mexico [13]. Lines with higher
yield in drought environments have resulted from a combination of races from the Mesoamerican
genepool, Durango and Mesoamerica [14], followed by excellent adaptation of the small-seeded beans
in Central America and Brazil [11]. Despite the global efforts, due to the highly complex plant response
to drought episodes, the precise correlation between genes and drought tolerance remains to be

demonstrated.

Efforts have been made to identify the broad set of mechanisms associated with enhanced drought
tolerance under water restriction in Mesoamerican dry bean genotypes, such as physiological,
phenological and molecular traits [11]. Regarding physiological indicators of tolerance to water deficit,
the robustness of the root system, osmotic adjustment, relative water content and stomatal conductance
are noted as important mechanisms related to drought tolerance [15,16]. Concerning phenological traits,
shortening of the number of days to maturity was observed under drought stress in resistant common
bean cultivars [17]. The phenotypic traits and molecular data association resulted in the identification of
quantitative trait loci (QTL) related to drought stress in the common bean [18,19]. The genetic
responses to drought stress are under the effect of numerous genes whose expression undergoes a
strong environmental influence. Progress from QTLs towards the identification of candidate genes has
been tried using the linkage disequilibrium (LD), through a methodology that combines comparative in

silico analysis based on the large volume of genomic information currently available [20]. However,
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candidate genes have not delivered as much as anticipated for crop breeding, especially for drought

tolerance [21].

An increasing set of common bean genomic data is becoming available for the scientific community. In
2014, the Andean common bean genome was made available, estimated at 587 mega base pairs (Mbp)
in size, with ~27 thousand genes, of which 91% were retained in synteny blocks with Glycine max [22].
More recently, the Mesoamerican genome was estimated at 549.6 Mbp, with ~30 thousand genes, of
which 94% were functionally annotated [23]. These reference genomes represent a valuable and useful
resource in plant breeding, allowing more accurate and predictive research based on genomic
information. The identification of drought-responsive genes through expression profiling studies is
favoured as more genome information is available. Blair et al. [24] realized that, under drought abiotic
stresses, low soil phosphorus and high soil aluminium toxicity, 4,219 unigenes derived from cDNA
libraries prepared using contrasting genotypes (BAT 477 as drought tolerant (DT) were identified and
characterized, contributing to thousands of newly described sequences for common beans.
Subsequently, Recchia et al. [25], using a suppression subtractive hybridization (SSH) library, identified
1,120 DEGs in the roots of a DT genotype (BAT 477) when submitted to an interruption of irrigation
during its development. Using the same tolerant genotype (BAT 477), Mdiller et al. [26] identified 802
differentially ESTs (expressed sequence tags) in the leaf in the flowering and grain-filling developmental
stages. Recently, cCDNA libraries contrasting the tolerant (Long 22-0579) and sensitive (Naihua)
genotypes from different gene pools were constructed to identify drought-responsive genes in the leaf
[27] and generated 49 Mbp of unique transcriptome sequences, of which 42% were annotated, 18%
were assigned into Gene Ontology (GO) terms and only 8,932 were DEGs. Using qPCR, several
differential expression profiles of identified drought tolerant genes were investigated for the stress-
related response. Many of the identified and validated genes encode, among others, transcription
factors, oxidative stress-responsive proteins and genes related to the components of photosystem I

[25,27,28],
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Here, we report the expression profiling of the two drought-responsive contrasting genotypes, BAT 477
(DT) and Pérola (drought sensitive - DS), using RNA-Seq and multiple bioinformatics resources to
explore the potential candidate drought-responsive genes in leaves and roots tissues. New genes and
isoforms were identified through this study, providing a drought transcriptome map for common beans,
and more than 150,000 variants (SNPs and Indels) were characterized according to the SNP effect. In
addition, non-coding RNAs and Long non-coding RNAs (IncRNAs) were identified as differentially
expressed in response to drought conditions. From Kyoto Encyclopedia of Genes and Genomes
(KEGG), 70 metabolic pathways were identified for new genes, and 97 metabolic pathways for DEGs.
The results provided a broad overview under the transcriptional regulation in response to drought,

enriching the public database of genes potentially involved in abiotic stress.

METHODS

Plant material

Two well-known genotypes of the common bean, BAT 477 and Pérola, characterized according to their
contrasting performance under drought stress, were used in the present study [15]. The lineage BAT
477, characterized as DT, was developed at the International Center for Tropical Agriculture (CIAT, Cali,
Colombia), while the Pérola cultivar, characterized as DS, was developed at the EMBRAPA (Brazilian
Company for Agricultural Research) breeding programme in 1994 [29]. Both lineages have

Mesoamerican origin and present growth habit type 11l [30,31].

Experimental conditions

Both varieties were maintained in a controlled environment (hydroponics system) with a specific nutrient
solution, according to the recommendations of Martins et al. [32]. Briefly, the plants were grown in
plastic containers with an aerated pH 6.6-balanced nutrient solution [33]. The seeds were pre-
germinated on moist filter paper in the dark room with controlled temperature and relative humidity. The

seedlings were placed in tray supports, keeping their roots completely immersed in nutritive solution,
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and the hydroponic system was maintained in a greenhouse at 25°C and 60% relative humidity, under
natural day light. After 15 days, the seedlings were submitted to the treatments in which they were
completely removed from the hydroponic solution for 0 min (To; control), 75 min (T+s), and 150 min (T1so).
As previously established, these times were based on the photosynthesis rates for which the minimum
and maximum values were obtained at time zero and 150 min after being subjected to water stress,
respectively [32]. The experiment was conducted in the form of random complete blocks with five
replications, in a double factorial arrangement, and two sampled genotypes and water regime as

factors.

Physiological evaluation and statistical analysis

The physiological evaluations consisted of seven treatments: 0 min (To; control), 25 min (Tzs), 50 min

(Tso), 75 min (T7s), 200 min (T100), 125 min (T125) and 150 min (T1s0). In all treatments, the photosynthetic
rate (umol CO, m?s™), stomatal conductance (mmol H,0 m™s™), leaf temperature (°C) and leaf

transpiration rate (mmol H,O m™ s™) were evaluated using a LI-6400 Portable Photosynthesis System
model (LI-COR Inc., Lincoln, Nebraska, USA). Measurements were taken on the expanded leaf
subjected to progressive water deficit treatments, for the periods of 0 min, 25 min, 50 min, 75 min, 100
min, 125 min, and 150 min of dehydration. The osmotic (¥s) and hydric potential (W) in Mega Pascal
(Mpa), were taken according to the methodology described by Bajji et al. [34]. The data were submitted
to ANOVA analysis using the SAS (Statistical Analysis System v.7.0, SAS Institute Inc., Cary, North
Carolina, USA) program, and the treatment means were compared using Tukey's test at 95% of

statistical significance.
Library preparation and RNA-Seq

Fresh leaves and roots from three treatments (To, T+s and Tiso) for both lineages (BAT 477 and Pérola)

were sampled from 15-day seedlings and were stored at -80 °C, totalling twelve different RNA-Seq

23



libraries (Figure 1). Total RNA was individually extracted from those libraries using a commercial
PureLink® RNA Mini Kit (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA), following the
manufacturer's instructions. The RNA gquantity and purity were estimated through spectrophotometry
using a NanoVue™ Plus Spectrophotometer (General Electric Co. , Boston, Massachusetts, USA), and
the integrity was verified using microfluidics technology and the Agilent 2100 Bioanalyzer instrument
(General Electric Co., Boston, Massachusetts, USA)). The RNA-Seq libraries were prepared using the
lllumina’s TruSeq RNA kit (lllumina, Inc., San Diego, California, USA) following the manufacturer’s
instructions and were paired-end sequenced in a technical replicate system using two Illumina platforms
(GAIl and HiSeq 2000).

Pre-processing data

The quality of sequenced paired-end reads was first visualized using the FastQC v.0.11.3 software [35].
The sequences were trimmed to eliminate adapters and low quality bases, with the cutting of the first 15
bases (GAIl) and first 17 bases (HiSeq 2000) at the 5’ portion, allowing a maximum of two mismatches
between the adapter sequences and reads. In addition, sequences of four contiguous nucleotides with
an average score Q < 30 and reads shorter than 50 base pair (bp) were trimmed. These procedures
were performed using Trimmomatic software v.0.35 [36]. Finally, the high-quality paired-end and single-

end (orphan) reads from each RNA-Seq sequenced libraries were retained for further analysis.

P. vulgaris drought-specific transcriptome assembly

The high-quality reads were mapped to the reference genome using TopHat v2.1.0. [37] and duplicated
reads were marked and removed using Picard tools [38]. The transcriptome was assembled using reads
that mapped in each of those twelve RNA-Seq libraries using the Cufflinks v2.2.1 [39,40] software in the
RABT mode [41]. An alternative isoform was set when the abundance was, at least, 20% compared with
the principal isoform (-F = 0.2). The reference genome and gene annotation (GFF3 file), available at

Phytozome v.11.0 for P. vulgaris [22], were used to guide the assembly. In addition, reads that represent
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repetitive DNA sequence regions were masked, and, to obtain a single representative transcriptome for
all libraries, the individual assembled transcripts were merged using the Cuffmerge algorithm following
the default parameters. A comparative analysis was also performed using the Cuffcompare algorithm to
evaluate the transcripts overlapped between the transcriptomes available in the Phytozome v.11.0
database, and the drought-specific transcriptome was assembled. Finally, a set of particular reads from

the drought-specific transcriptome was appropriately sampled.

Differential Gene Expression (DGE) analysis

The DEGs were identified using the edgeR [42] Bioconductor package. The abundance of reads was
quantified using HTSeq [43], and only genes with counts-per-million (CPM) > 1 in at least two samples
were kept in the analysis. The estimation of common dispersion was conducted by the function
“estimateCommonDisp” from a set of all genes that did not respond to the implemented treatment
(~3900 genes). This strategy was applied to improve the variation estimate without biological replicate
samples, according to the edgeR manual. Levels of DEGs were estimated based on their relative
abundance against the reference sequence, using the FPKM (Fragments Per Kilobase Million)
parameter. We defined an FDR (False discovery rate) < 0.01 and the [log2 ratio| > 2 as a threshold to
judge the significance of differences in gene expression. The DGE analyses were performed across all
RNA-Seq libraries, in a pairwise comparison among different genotypes, plant tissue and physiological

stress time (Table 1).

Table 1. Description of the comparisons performed between different samples of transcripts derived
from the 12 sequenced libraries, including the number of up- and down-regulated genes in each
comparison.

Library Number  Up- Down-
comparison Genotype(s) Tissue Treatment of  regulated regulated
ID DEGs DEGs DEGs
Pérola x
1 BATA77 Root All 21 1 20
Pérola x
2 BATA77 Leaf Al 139 65 74
3.1 BAT447 Root ToX Tz 192 177 15
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3.2 BAT447 Root Tz X Tuso 4 0 4

3.3 BAT447 Root To X Tiso 687 569 118
4.1 Pérola Root ToX T 123 110 13
4.2 Pérola Root T2 X Tiso 31 13 18
4.3 Pérola Root To X T1s0 405 338 67
51 BAT447 Leaf ToX T 2 2 0
5.2 BAT447 Leaf T X T1so 14 13
53 BAT447 Leaf To X Tiso 251 206 45
6.1 Pérola Leaf ToX T 0 0
6.2 Pérola Leaf T75 X T1s0 25 25
6.3 Pérola Leaf ToX Tiso 208 149 59
Pérola x
7 BATA77 Root To 46 20 26
Pérola x
8 BATA77 Root Tss 17 7 10
Pérola x
9 BATA77 Root Tis0 5 1 4
Pérola x
10 BATA77 Leaf To 76 41 35
Pérola x
11 BAT477 Leaf Tss 97 31 66
Pérola x
12 BATA77 Leaf Tis0 57 25 32
Gene Annotation

The gene annotation was carried out for the drought-specific transcriptome assembly and DGES in
pairwise comparisons across the RNA-Seq libraries. Initially, the major transcripts for each gene were
compared with the NCBI's non-redundant protein database (NR) through the BLASTx v.2.2.30+
algorithm [44] using the standard configurations. For new loci without hits in BLASTX, the comparison
was made through PSI-BLAST [45]. The prediction of open reading frames (ORFs) on raw reads was
conducted with Transdecoder v2.0.1 [46]. In addition, the new loci with no hit were annotated against

the Mesoamerican transcriptome and IncRNAs [23] available in [http://denovo.cnag.cat/genomes/bean/]

using BLASTn v.2.2.30+. The BLAST2GO tool v4.1 (BioBam® Valencia, Spain; Free PRO Trial, [47])
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was used for GO categorization (E-value < 10, annotation cutoff = 55). The GO terms with significant
changes in abundance were identified using Fisher's exact test, with FDR correction (p < 0.05). The
identification of genes involved in specific metabolic pathways was performed using the KEGG
database [48]. Additionally, for sequences up to 2,000 bp, the Rfam database [49], was used to search

non-coding RNA.
Variant call and characterization procedure

The Genome Analyze Toolkit (GATK) v.3.4-46 [50] performed the calls of SNPs and Indels (using
“HaplotypeCaller” algorithm), as well as analysis of base quality score recalibration and Indel
realignment. The mapping step was performed using STAR v.2.4.1 [51], and duplicate reads were
identified and removed using Picard tools v1.119 [38]. Quality control filters were used such as a Fisher
Strand (FS) > 30, a Quality Depth (QD) < 2, and a minimum of 35 bp of physical distance between two
consecutive SNPs according to GATK recommendations [52,53]. The annotation and variant prediction
of those high-quality SNPs was performed using the SnpEff v.4.2 software [54] and an “in-home”
genome database built from the genome Phaseolus_vulgaris_218 v.1 [22] combined with

Pvulgaris_218 v1.0.gene_exons.gff3 (Phytozome v.11.0). Putative SNPs effects categorized as high
were annotated based on GO terms and were integrated in the KEGG pathway through BLAST2GO tool

v4.1,

Differentially expressed gene validation by qPCR

To perform validation using gPCR, 15 target differentially expressed genes were evaluated using the 12
cDNA samples taken to develop the libraries. The amplifications based on the TagMan® Gene
Expression assay (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) were performed using
the Applied Biosystems® 7500 Real-Time PCR System device (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA), followed by the determination of the C, (quantification cycle) values using 7500

Software v.2.3 (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). The C, values were
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subjected to the 272 method [55], and the significance was determined by ANOVA and Tukey's test (p
< 0.05) with R [56] using the packages agricolae v.1.2-4 and multcomp v.1.4-6. A set of three reference
genes was used (Elongation factor, assay ID AI20SMX; 18S ribosomal RNA, assay ID AlI39QS5 and
PvT197, assay ID AIRR961), for which the stability was assessed with the geNorm Plus application (M
values) integrated into the gbase™"S/qPCR data analysis software package (Biogazelle, Zulte, Belgium;

[57]).
RESULTS

Evaluation of physiological conditions

The physiological parameters measured on plants grown hydroponically exposed to a short-term water
deficit are presented in Additional file 1. In the hydroponic experiments, the photosynthetic rate (mol CO,
m?s™), stomatal conductance (umol H.O m?s™) and leaf transpiration rate (mmol H,O m?s™*) showed
decreasing values, while the leaf temperature (°C) was increased, and the internal CO, concentration
(mol CO, mol™) varied across the dehydration process. These data indicated that the dehydration
treatments were effective because it triggered changes in the plant physiological behaviour at both
genotypes. In general, the tolerant genotype (BAT 477) presented lower values of the photosynthetic
rate (p-value < 0.05 at To and Ts) and stomatal conductance (p-value < 0.05 at Tso) than the sensitive
Pérola genotype. For leaf transpiration, BAT 477 presented a reduced value at T, (p-value < 0.05).
Similar values of the leaf temperature and CO, concentration were obtained for both genotypes.

Providing a drought-specific transcriptome for P. vulgaris

All raw sequence data generated a total of ~ 580,000,000 paired-end 100-bp reads, totalling 5.8 Giga
base pairs (Gbp) of RNA-Seq data, of which ~329 and ~250 millions of reads were obtained, and
82.76% and 96.13% were retained (Q30) for further assembly in HiSeq and GAll, respectively
(Additional file 2). The raw data were summarized in Additional file 2 and deposited in the SRA/NCBI

database repository through the accession number SRP077562
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(http://www.ncbi.nlm.nih.gov/sra/SRP077562). The coverages of the bean genome per library were ~

4x, while that of the total RNA-Seq was 94.96x and that of the coding DNA sequence (CDS) was
476.39x. The total mapped reads per library was 87.52% (SD + 3.72%). Here, we propose a new P,
vulgaris drought-specific transcriptome that was assembled into 28,590 loci with 54,750 transcripts, of
which 1,618 new loci (5.66%) and 23,112 new isoforms were described.

Newly discovered genes and functional annotation

From the newly identified 1,668 genes, 839 showed hits with previous sequences evaluated using both
BLASTx and PSI-BLAST, while the remaining 829 (49.70%) showed no homology with the NR. The
greatest sequence similarities were identified with P. vulgaris (42%), Vigna angularis (adzuki bean)
(21.06%) and G. max (10.35%). Fifth loci corresponded to repetitive elements (48 loci as transposons,
retrotransposons and rRNASs), and bacterial rRNAs (two) were removed from the DGE analysis. A set of
58 loci categorized as non-coding RNA was classified into seven biotypes: a) Gene, SnRNA, SnoRNA,
CD-box (56.8%); b) Gene, miRNA (25.3%); ¢) Gene, SnRNA, snoRNA, HACA-box (11.6%); d) Intron
(3.2%); e) Gene (1.1%); f) Gene, antisense (1.1%); g) Gene, tRNA (1.1%).

From the new loci, 1,886 GO terms (GO IDs) were identified, and 466 GO terms were directly annotated
(Additional file 3 and 4), of which 1,301 revealed a significantly relative abundance compared with the
previously annotated P. vulgaris genes and 1,300 terms were over-represented (Additional file 5) in
biological process (69.02%), molecular function (18.52%) and cellular component (12.45%). Through
KEGG analysis 70 metabolic pathways were identified containing 77 associated enzymes (Additional
file 6). For the remaining 769 loci, 261 presented high similarity with transcripts encoding proteins, and
136 had IncRNAs according to the Mesoamerican genome [23] homology (Additional file 7). Altogether,
372 new loci had no hit with previous sequences. From these, 23 potential protein-encoding loci were
identified through ORF prediction (12 complete and 11 partial ORFs). A group of 349 loci remained

without information.

Differentially expressed genes (DEGS)
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For the whole set of genes (28,590), the comparative transcriptome analysis revealed differences in
gene expression patterns between BAT 477 (DT) and Pérola (DS), even under control conditions
(Additional file 8). For the leaves and roots, the number of expressed genes (CPM >1) was similar,
although the set of genes and tissue distribution varied considerably. In total, 21,696 genes were
identified for DT, with 17,425 (80.31%) common to both tissues (leaf and root), 2,423 (11.17%) exclusive
in the root, and 1,848 (8.52%) exclusive in the leaves. For Pérola, a set of 21,699 was identified under
control conditions, of which 17,484 (80.58%) were expressed in both tissues, 2,550 (11.75%) were
exclusive in the roots, and 1,665 (7.67%) were exclusive in the leaves. Between the contrasting
genotypes, considering the leaf tissues, 816 genes were expressed only in BAT 477 and 692 in Pérola
(Additional file 8); for the root, 489 were expressed only in BAT 477 and 675 in Pérola.

Compared with the control condition (To), the T+s condition showed an increased in the overall number of
expressed genes in DS (326) and DT (42). Interestingly, within genotypes, while DS was increased in
both tissues (189), DT was increased in the root (332) with reduction in the leaves. Between the
genotypes, an increase in the total number of genes expressed specifically in DS (an additional of 232
for leaves and 198 for roots) was observed. By contrast, at T1s, there was an increase in the number of
expressed genes in DT (301), mainly in the root (63 genes), compared with the susceptible genotype
(30 genes), of which the genes were preferentially expressed in the leaves. Overall, between the
genotypes, a higher number of genes was expressed in the leaves for DS (900) than for the tolerant
genotype (653); however, in the root, an opposite trend was noted: more genes were observed for DT
(615) than for DS (536) (Additional file 8). In general, a greater number of KEGG pathways linked to
DEGs was observed in the comparison of To Vs Tiso within genotypes for the up- and down-regulated
genes, in both tissues and genotypes (Additional file 6).

For DGE analysis, in each pairwise comparison (Figure 2 and Additional file 9), the value of the
dispersion utilized was 0.191, according to that estimated in edgeR. In the root tissue, at T, 192 DEGs

for DT and 123 for DS were observed, of which 177 (91.71%) and 110 (89.43%) were up-regulated,
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respectively (Figure 2). At the Tiso, in the root tissue, 681 DEGs were reported in DT (569 up- and 112
down-regulated), of which 184 (27.02%) were common to the T treatment. However, in DS, 403 DEGs
were identified (338 up and 65 down-regulated), of which 103 (25.56%) were common to both
treatments (Figure 2). For the leaf tissue, at Tiso, a Set of 251 DEGs was identified in DT (82.07% up-
regulated) and 208 in DS (71.64% up-regulated). From the DEGs, only one IncRNA was verified in the
leaf tissue, from the DS genotype; considering the root tissue, six INCRNAs were identified that were
responsive to drought stress with high reliability (fold change = 4 and FDR <0.01), four in DT, of which
three were up-regulated, and two in DS (Additional file 10). For the leaf tissue, only a small portion of
DEGs identified in T1s was differentially expressed in relation to T+s, being 5.58% for DT and 11.53% for
DS (Figure 2).

Among the DEGs in the roots, 73 in T+swere common to both genotypes (69 up-regulated and four
down-regulated); however, in T1s, this total was 245 (227 up- and 18 down-regulated). For the leaves,
from the 353 DGES in Tis0, 106 were the same in both genotypes (92 up- and 14 down-regulated)
(Additional file 11). Between the genotypes, 17 DEGs were identified in the roots at T, and only five
were identified in Tiso; however, in the leaves, at Tzs and Tis0, 97 and 57 DEGs were identified,
respectively (Table 1).

Functional annotation of differentially expressed genes (DEGs)

The GO categorization provided by BLAST2GO for all 1,242 DEGs is described in Additional file 3. The
most representative distributions filtered by node score inside biological process were oxidation-
reduction process, proteolysis, response to light stimulus and response to oxidative stress; for molecular
function, the most representative distributions were protein serine/threonine kinase activity, iron ion
binding, heme binding, transcription factor activity — sequence-specific DNA binding and signal
transducer activity (Additional file 12). Through KEGG pathway analysis, 97 metabolic processes were

identified containing 145 associated enzymes (Additional file 6).
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Regarding the functional annotation, within the genotypes and root tissue at T+, 27 enriched terms were
associated with DT up-regulated genes, some of them related to the oxidoreductase activity
(GO:0016491, GO:0016705 and GO:0016706), oxidation-reduction process (G0O:0055114), among
others. For the DS, only one term related to the oxidoreductase activity was reported (Additional file 5).
No enriched terms were identified for down-regulated DEGs in the roots at T+, as well as in the leaves
at Trsand Tiso. By contrast, in the leaf tissue at T+, only two DEGs were reported for DT, a translocator
protein homologue (Phvul.001G205900) and low-temperature-induced genes (Phvul.007G069800);

none was reported for Pérola.

For DT, over the long dehydration treatment (T1s0) 51 over-represented GO terms for up-regulated
genes were identified in the roots. The DEGs were involved in the same terms described for T+, in
addition to other terms such as antiporter activity (GO:0015297), growth factor activity (GO:0008083),
response to biotic stimulus (GO:0009607), antiporter activity (GO:0015297), nucleic acid-templated
transcription (G0:0097659), receptor binding (GO:0005102) and 41 other terms related to regulatory
processes (Additional file 5). Down-regulated genes were also categorized in GO terms, such as
oxidoreductase activity (GO:0016705 and GO:0016706). For DS, enriched GO terms similar to those
previously related to the Ts and Tis treatments in the DT genotype were reported, such as
oxidoreductase activity (GO:0016705, GO:0016706 and GO:0016491), oxidation-reduction process
(GO:0055114), dioxygenase activity (G0O:0051213), heme binding (G0O:0020037), tetrapyrrole binding

(G0:0046906), metabolic process (GO:0008152) and iron ion binding (GO:0005506)(Additional file 5).

Regarding KEGG analysis, within the genotypes, in the DT root tissues, 75 pathways for the up- and 47
for the down-regulated genes were identified between the treatments; however, for DS, it was 49 and
24, respectively. In the leaf tissue, 51 and 18 pathways for the up- and down- regulated genes among
treatments were reported for DT; however, for DS, it was 55 and 14, respectively. In both comparisons
for the root tissue, pathways exclusively represented in up-regulated DEGs were verified from DT, 17 for

To vs Tz and 28 for To vs Tiso; however, for DS, one and two KEGG pathways were identified for the
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same comparisons. Regarding DEGs identified in leaf tissues, a total of four and eight KEGG pathways
were exclusively identified for To vs Tis for DT and DS, respectively, and another 12 were verified in

DEGs from the Tys vs Tiso comparison from DS (Additional File 6).

For KEGG analysis based on DEGs between genotypes, in leaf tissues, nine metabolic pathways were
identified in DT. Among these, four were exclusive in DT (Tropane, piperidine and pyridine alkaloid
biosynthesis; Lysine degradation; Cysteine and methionine metabolism; Sulphur metabolism), being two
common to all three treatments for the DT (Cysteine and methionine metabolism and Sulphur
metabolism). For DS, 15 pathways were identified, five common to all three treatments and 10

exclusively in DS. For roots, 10 pathways were identified in DS and none in DT (Additional file 6).
Variant call and characterization

Initially, the variant calling was performed suppressing the base quality score recalibration (BSRQ) and
Indel realignment (IR) analysis, and the variants that passed on imposed quality filters (FS > 30.0, QD <
2.0, -window 35 and -cluster 3) were used as references for the BSRQ and IR in the second step of
variant calling. This second group of variants identified served as a standard in a third variant calling
step. The results evidenced a convergence of the numbers of SNPs and Indels called, indicating that
the increase in the number of steps of BSRQ and IR would not lead to quality improvement of the
variants identified (Table 2).

Table 2. Number of variants identified after each Base Quality Score Recalibration (BQSR) step.

Variants \ Haplotype caller step Vg;h;;t First BSRQ Second BSRQ

SNPs 119,371 119,573 119,572
BAT 477 Insertions 7,141 6,596 6,591
Deletions 7,560 7,260 7,261

SNPs 96,061 96,198 96,192

Pérola Insertions 6,180 5,643 5,638
Deletions 6,697 6,411 6,412

All SNPs 134,870 135,175 135,167
Insertions 8,194 7,656 7,652

Deletions 8,749 8,462 8,464
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Total 151,813 151,293 151,283

Atotal of 151,283 variants was identified, 135,167 SNPs and 16,116 Indels, of which 120,726 SNPs and

13,631 were placed inside of one gene. For DT, 119,572 SNPs and 13,852 Indels were identified;
however, for DS, 96,192 SNPs and 12,050 Indels were identified (Table 2). The variants were widely

distributed in the P. vulgaris genome, with one variant for each 3,413 bases (Figure 3). Furthermore,

variants affecting 71.80% of the 27,197 loci described for the reference genome of common bean were

found [22]. In total, 183,033 putative effects were identified classified as modifier (49.68%), low

(29.21%), high (1.91%) and moderate impact (19.21%) types. Classification by the functional class was

reported for 85,780 variants and revealed 59.49% as silent, 40.04% as missense and 0.47% as

nonsense. The largest proportion of the predicted effects occurred in exons (45.76%), and a significant

number of effects (20.15%) was also observed in the 5’ and 3’ UTR regions, suggesting possible

changes in the regulatory regions (Table 3). The Ts\Tv ratio was 1.34.

Table 3. Number of effects by type according to SnpEff classification.

Type of effect Count Percent (%)
3_prime_UTR_variant 26,765 14.48%
5 prime_UTR_premature_start_codon_gain_variant 1074 0.58%
5 prime_UTR_variant 9,041 4.89%
disruptive_inframe_deletion 317 0.17%
disruptive_inframe_insertion 223 0.12%
frameshift_variant 2,831 1.53%
inframe_deletion 166 0.09%
inframe_insertion 203 0.11%
initiator_condon_variant 8 0.01%
intergenic_region 17,465 9.46%
intron_variant 38,910 21.04%
missense_variant 34,257 18.53%
non_conding_transcript_variant 10 0.01%
splice_acceptor_variant 10 0.01%
splice_donor_variant 83 0.05%
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splice_region_variant 1,815 0.98%

start_lost 66 0.04%
stop_gained 432 0.23%
stop_lost 83 0.05%
stop_retained_variant 82 0.04%
synonymous_variant 50,951 27.56%

Validation of the DEG by gPCR

Validation through qPCR of a set of 15 DEGs constituted a biological replicated experiment. The gene
expression profile obtained by gPCR was 88.64%, concordant with the results obtained in RNA-Seq
analysis for the DEGs in implemented comparisons (Figure 4; Additional file 14). From 15 DEGs
identified by RNA-Seq, most of them (60%; POX, LEA, OPDA, CWI, MYB, GST, HSTF, FHOS2C)
correlated well with the qPCR results, presenting high correspondence (100%) and a strong coefficient
of correlation (= 60%), which were important technical validation parameters of the RNA-Seq
experiments (Additional file 15). Among the genes with high correspondence between RNA-Seq and
gPCR methodologies, those that were shown to be up-regulated for DT with more hydric stress were
glutathione S-transferase (GST; Phvul.008G113700) and peroxidase (POX; Phvul.009G140700). GST, a
well-characterized detoxification enzyme family member involved in stress tolerance, presented
increased expression in the leaf tissue of DT at Ty, T7s and Tis. The POX enzyme presented an up-
regulation in Toand T+sin DT, followed by weak up-regulation in subsequent Tis, treatments in the
leaves, while DS showed the opposite pattern of expression—increased up-regulation at Tiso. In the
roots, the expression level of peroxidase was gradually increased over the treatments, with significant

levels at Tiso Of the DT.

DISCUSSION

For plants to grow and utilize their nutrients efficiently, water must be adequately supplied. Episodes of
drought with a temporary decrease in water availability lead to stress and induce changes in several

morphological, physiological, biochemical and molecular processes in plants [58]. Hydroponics is a
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useful system to study plant responses to abiotic stresses, including drought. However, in the soil
condition, during drought stress, a slower water deprivation process occurs, allowing the plant to adapt
to the water deficit; in the hydroponic systems, water deprivation occurs abruptly by removing the plant
from the nutrient solution [59,60]. As an advantage, the hydroponic systems overcome the effects of
several abiotic stresses other than water stress, such as the problems of heterogeneity and drainage
[61], allowing the maintenance of constant conditions such as temperature, relative humidity, and the
light regimen [32]. A more uniform water stress can facilitate the discovery of more related genes and,
consequently, the recognition of mechanisms more directly involved in the response to the
environmental changes. Although it may be found that hydroponic and soil-grown plants induce different
responses, studies have shown that the responses should be the same but expressed differently in time
[61,62]. In a comparative overview of the datasets generate from hydroponically versus soil-grown
plants similar activation of metabolic processes was demonstrated in response to stress, triggering
similar expression of many genes [62]. In addition, the expression pattern of soybean homologues to
Arabidopsis drought genes in roots under the two water deficit systems revealed that the genes were
differentially induced, and there is an urgent need to access both systems [60]. Consequently, the use of
hydroponics system is a valid option to understand the mechanisms of the plant response to water
stress [62]. Additionally, experiments with root tissue samples are favoured because this organ can be

easily accessed and collected for analysis under different stress conditions [63].

As previously reported by Lanna et al. [15], in soil, osmotic stress was shown to be an important
component of drought tolerance for the BAT 477 and Pérola genotypes. In the present study, hydroponic
stress failed to predict significant differences in the physiological parameter of the osmotic potential,
among treatments and genotypes, probably due to the short periods of dehydration condition, which is
critical to the plant’s solute concentration and/or amount of water control in the metabolic fluids.
Otherwise, it was shown that the process of dehydration reduced the values of gas exchange, such as

the photosynthetic rate, transpiration rate, stomatal conductance at values close to zero, which may be
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a consequence of the decline in photosynthesis due to darkness and dehydration condition.
Chloroplasts are sensitive to a broad set of stressful environments such as drought and light intensity,
among others, reducing the photosynthetic rate by stress-induced stomatal or nonstomatal limitations,

as reviewed by Ashraf and Harris [64].

Functional annotation of newly discovered transcripts

Approximately 3.87% of the transcripts represented newly discovered genes (5.66% of all genes) within
the Andean and Mesoamerican gene pools [22,23]. However, all the new genes described are involved
directly or indirectly in the mechanisms of plants affected by water stress; the most interesting was that
several reported enriched GO terms were related to abiotic stimulus and the defence response. These
are especially important because there is intense interest in exploring the potential of candidate target
genes that confers tolerance to drought for the implementation of breeding strategies. Among the
discovered genes, a considerable number (34 of 466 new genes with GO terms) was annotated to
protein kinase (PK) GO terms (Additional file 4). These enzymes play a fundamental role in various
regulatory mechanisms of the cell through signal transduction pathways during biotic and abiotic stress
[65]. In addition, different types of PK not previously described for common beans were identified,
including various receptor-like kinase genes (20 new for beans) that could be strongly associated with
the mechanisms of the response of external stimuli such as water deficit, activating signalling networks

to adapt the plant to the changing environment, as described previously [66].

In the present study, three novel genes involved in response to abscisic acid (ABA) (XLOC_002778,
XLOC_009245, XLOC_017074) and one in ABA biosynthesis (XLOC_011282) were reported. ABAis a
well-characterized phytohormone that triggers several pathways for plant stress responses, mainly by
the activation of a transcriptional regulatory network involved in drought [67]. Transcription factors (TF)
were also newly reported for common beans, such as MYB (XLOC_009355) and WRKY

(XLOC_002066), which have been proposed to regulate several processes, such as hormonal induction
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during stress and responses to diverse biotic or abiotic environments [68,69]. Among others, a less-
specific TF was also identified, including GTE1 (XLOC_005373, XLOC_011757), which functions as a
general transcription factor [70], and ethylene-responsive TF (XLOC_013281), which is differentially
regulated by ethylene and various forms of abiotic stress [71]. Genes related to jasmonic (JA), ethylene
(ET) and salicylic acid (AS) were also newly described and related to the GO terms of biosynthetic
process and mediated signalling pathway (XLOC_013281; XLOC_002778; XLOC_024793;
XLOC_026696; XLOC_006232; XLOC_006232; XLOC_028474; XLOC_028574, XLOC_011121), in
addition to auxins (XLOC_018037) and cytokinins (XLOC_001761, XLOC_019264). The role of these
hormones in abiotic stress tolerance [72-74] and plant defence, as well as plant development and

growth through efficient signalling networks and an elaborate crosstalk, has been broadly reviewed [75].

These findings also revealed a new class of chaperones (four new loci) for previous common beans
transcriptional studies. Chaperones play an important role in protein homeostasis and, although
constitutively expressed, are extremely active in the signalling of stresses such as drought, temperature
extremes and salinity [76]. There are several diverse groups of chaperones in the organisms, sharing
the property to bind to unstable substrate protein [77,78]. These co-chaperones identified in the present
study, known as DnaJ/HSP40 proteins (XLOC 010633, XLOC _028205) and p23 proteins
(XLOC_010687), were described as key regulatory factors that modulate the activity of HSP70 and
HSP90 chaperones, respectively [79-81]. Finally, several genes related to plant disease resistance in
several ways were newly identified for common beans (more than 30 genes), contributing to the
enrichment of the biotic stress-related gene database. This would be expected because, during the
drought stress, the plant becomes more predisposed to diseases/infections and susceptible to insect

and pest infestations [82].

Long non-coding RNAs
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LncRNAs have been identified as regulators of many fundamental biological processes such as tissue
development or the response to external stimuli [83-88], as well as the response to osmotic, saline and
drought stress [84-87]. Efforts have been made and many stress-responsive INCRNA transcripts have
been predicted and identified in some species, such as Medicago truncatula [86] and P. vulgaris [23]
and wheat [89]. To date, only a few plant IncRNAs with potential roles in response to drought stress
have been characterized, such as Arabidopsis [90], foxtail millet [81] and maize [87]. In this study,
IncRNAs were identified as DEGs responsive to drought stress with high reliability (fold change =4 and
FDR <0.01), of which three were specifically detected and up-regulated in the DT root tissues
(Additional file 11). The recently demonstrated function of IncRNA in cell differentiation and development
[91] has suggested that INcCRNA expression could play a critical role in the molecular mechanisms for
the ability of root development under drought stress in BAT477 because this line demonstrated a greater
ability for this function [92]. Our results suggest that these IncRNAs could be potential targets to explore
the functional role of IncRNAs for the bean mechanisms of tolerance. More recently, a genome-scale
screening platform based on CRISPR-mediated interference (CRISPRI) has been used for the
identification of INcCRNA function in human cells [93], opening a new perspective to functionally test other

organisms.

DEGs

At To, a specific profile of gene expression by genotype was observed, as well as a considerable
variation between the root and leaf tissue modulated by the activation of different genes along the
dehydration periods (T - T1s0). This differential expression pattern over time demonstrated the
effectiveness of the stress-induced protocol implemented. In the root tissue, there was an increased
number of DEGs up-regulated in the DT genotype (T+s = 108 genes; Tiso = 342) compared with that in
the DS genotype (T+s = 41; T1s0 = 111) with a predominance of enriched categories related to osmotic
and redox processes, signal transduction mechanisms, transcription factors, as well as the development

of cellular metabolism. Regarding the physiological aspects, in dry conditions, the DT genotype
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develops the root tissue for access to deeper layers of the soil, as an important adaptive advantage in
the mechanism of bean tolerance [15], although this potential is dependent on favourable environmental
conditions such as soil type [94]. BAT 477 (DT) stands out for presenting differentiated root growth,
suggesting a strong effect of genetic factors controlling these traits. Asfaw & Blair [92] identified 15
regions containing QTLs related to root development under dry conditions, from which the most
favourable alleles were derived from the parental BAT477. A detailed annotation of these QTLS regions,
integrating the information of the genes identified in this study, together with the high linkage
disequilibrium in the bean genome [95], may be used for the selection of the traits related to root

development and will be effective in the breeding programme for drought tolerance.

Plants can adapt to environments with large variations in climate conditions to survive and grow, which
has driven the evolution of a highly flexible metabolism [96]. This environmental condition of stress
leads to the formation of ROS (reactive oxygen species) such as superoxide, hydrogen peroxide (H-0.),
hydroxyl radical, and singlet oxygen [97], which are regulated by a cellular antioxidant defence system
consisting of enzymatic and non-enzymatic antioxidants that protect the cell from oxidative damage. In
this study, it was clearly observed in the DT genotype that the gene expression involved in redox and
related processes showed an increase in leaf and root from treatment T, the time immediately
subsequent to the plants’ removal from the nutrient solution. Approximately, 15% of enriched terms were
directly related to these, such as oxidation-reduction, oxidoreductase activity, electron carrier activity
and iron ion binding. These lines of evidence suggest that, in the DT genotype, the oxidative stress may
have been the primary factor to trigger the signalling pathway mediating several other responses, such
as cell wall modification and pH regulation, activation of transmembrane transporters and growth
factors, the production of heat shock proteins, LEA and chaperones, and ethylene synthesis, signals
that act on anatomical structures and induce the production of factors involved in programmed cell
death. Non-enzymatic antioxidants, such as ascorbate, glutathione, proline and betaine, were also

identified in the present study as DEGs (Additional file 4). Although the redox process has been strongly
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activated in the roots and leaves, the associated DEGs were completely different. However, in the roots,
the main DEGs were peroxidases, lipoxygenases (linoleato 13s-lipoxygenase-3-chloroplatic-like),
dioxygenases (Gibberellin and leucoantocianidins), oxidases (1-aminociclopropano-1-carboxilato),
NADP-dependent malic enzymes and Cytochrome P450 (CYP) proteins; in the leaves, the main DEGs
were cationic peroxidase, oxidases (poliphenol oxidase e long chain alcohol oxidase), lipoxygenases
(seed linoleato 9s-lipoxygenase), lysine-ketoglutarate reductase saccharopine dehydrogenase, zinc-
binding alcohol dehydrogenase family protein and protein hothead-like. These DEGs identified between
tissues indicate that the DT triggers distinct mechanisms of drought tolerance, inducing expressive

antioxidant responses.

The dehydration stress in DT drove changes in expression of genes related to developmental and
cellular growth processes associated with the contexts of cell division, differentiation, structuration.
Additionally, many terms related to kinases play a central role in the regulation of cell function [Krebs et
al. 1985 - [98] and adaptive responses [99]. The overexpression of CDPK enhances crop stress
resistance/tolerance to cold, salt and drought, such as that for rice [100] and pepper [101], and has
been involved in specific tissue growth and development [102]. In the root tissue of the DT still
highlighted in T-s terms related to metabolic processes of polysaccharides, aminoglycans, chitin, and
glucosamine, which are related to plant adaptation process under stress, such as restructuring of the
cell wall at lower water content and secondary wall formation [103,104]. In addition, the GO terms
related to the chitin process were linked to the same set of differentially expressed genes (four genes) in
the root tissue under dehydration (T7s and Tiso) for DT and DS. The enzymatic hydrolysis of chitin
involves an initial cleavage by chitinases into chitin oligosaccharides and further cleavage to N-
acetylglucosamine (GIcNAc), and monosaccharides by chitobiases (reviewed by Hamid et al. [105]). In
the present study, the enzyme chitinase (Phvul.005G155800) displayed increased expression after
drought stress in both genotypes and tissues, highlighting the DT genotype in T for leaf tissue and Tiso

for the root. In plants, cell wall glycoproteins containing GIcNAc appear to be an endogenous substrate
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for plant chitinases [106]. Their important role in plant defence against biotic stress is well known;
moreover, it has been demonstrated that they are expressed under normal conditions and act in

response to abiotic agents (ethylene, jasmonato) and conditions (cold, drought) [107,108].

We also observed that most genes related to oxidation-reduction terms were up-regulated genes in DT
roots in early stress (T+s); however, in DS, it was identified in late stress (T1so) (Figure 5), suggesting that
the susceptibility also seemed to be related to the late response to stress. On the other hand, the
tolerance could be attributed to the ability to activate genes promoting an immediate response at the
beginning of stress, increasing the chances of adaptation minimizing and/or fighting the effects of the
lack of water. These findings are supported by previous results of the physiological characterization of
Bat477 and Pérola genotypes evaluated under water deficit [15], in which the DS genotype triggered
late perception and signalling pathways induced by water deficit compared with DT. In addition, the
terms associated with the antioxidant system early activated in DT can be an important mechanism of
tolerance in beans, inhibiting and/or reducing the damage caused by the deleterious effects of ROS to
cells and tissues [109]. Among the stress-inducible genes, those involved in direct protection from
stress, including the synthesis of regulatory proteins such as transcription factors, protein kinases, and
phosphatase, were activated early in DT. In the DS plants (commercial cultivar Pérola), several genes
related to the response to biotic stimulus in roots were identified, an expected finding because disease

resistance is one of the main pillars of genomic breeding of common bean lines [110].

KEGG pathways of DEGs

Our data showed that, among the KEGG pathways enriched by DEGs up-regulated in DT, two were
common to all treatments in leaves. These pathways are related to the regulation of sulphur-containing
amino acid metabolism (cysteine and methionine) and sulphur metabolism, which are essential
elements for plant growth [111]. In the present study, these findings suggested that these pathways are
important to improve stress tolerance in the common bean due to the formation of many sulphur-

containing defence compounds involved in plant defence signalling [112]. These processes of sulphur
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metabolism consist of the uptake of inorganic sulphur (sulphate) by roots, followed by sulphate
reduction and assimilation in leaves, leading to the synthesis of sulphur-containing amino-acids
(reviewed by Wirtz and Droux [113]). Increased demand for reduced sulphur is seen involved in
regulating essential processes in the plant, including protection against stresses, through the induction
of S-containing compounds with cysteine as precursors for essential biomolecules [114]. Of interest is
the antioxidant glutathione (GSH), which has been a central molecule determinant of cellular redox
homeostasis [115]. Moreover, the biosynthesis of methionine from cysteine resulted in the hormone
ethylene, polyamines and nicotine amine all involved at variable degrees in the modulation of the plant

responses to stresses [116-118].

qPCR validation

Our results validated a high proportion of DEGs in RNA-seq experiments using qPCR (88.64%) with an
overall strong correlation (61%) between both methods. As the experiment was carried out as biological
replicates with the same genotypes and design used for the RNA-seq study, this similarity was
expected. Although gPCR-based methods have been considered the gold standard for gene
expression, it is negatively affected by several factors, besides being sensitive to low expression genes,
and the specificity of amplification [119]. In addition, the differential isoform expression not considered
for primer designing is a challenging situation and may interfere significantly compared with sampling
different genes [120]. Of the 15 DEGs identified by RNA-Seq, 60% correlated well with gPCR results
(100% of correspondence), an important technical validation of the RNA-Seq experiments. Among those
eight validated genes, the antioxidant enzymes GST and POX, which are involved in maintaining
cellular redox balance [121,122], have been up-regulated in the DT in several treatments of leaves and
root tissues. The enzyme POX, up-regulated in the leaves of DT (To, Tzs) and roots (Tiso), have been
shown to be closely associated with the response to abiotic stresses, such as drought tolerance [123].
Increased expression of POX was reported in the root tissue of soybean promoting drought tolerance

(Mohammadi et al. [124]), as well as in other plants (Katam et al. [125]; Sheoran et al. [126]). Our study
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also showed an up-regulation of GST in DT at all conditions in the leaf tissue. Xu et al [127] reported an
overexpression of GST from Tomato (LeGSTUZ2) in Arabidopsis, resulting in increased activity of
enzymes related to antioxidant responses and improving tolerance to salinity and drought stresses.
These findings represent evidence that these enzymes have a favourable impact on the drought
tolerance mechanism of the common bean and could be used as targets in the search and development

of more tolerant genotypes.

For the enzyme involved in cell wall degradation, GH10 Xylanase, the results of RNA-Seq and gPCR
were not perfectly correlated, but in the same direction and showing a similar trend, being DEG between
DT and DS and up-regulated in the roots of DT at To and T+ (confirmed using both methodologies). In
addition, by qPCR, this enzyme was up-regulated in DT leaves and roots for all treatments in the
present study. This enzyme presents predominantly an endo-beta-1,4-xylanase activity (GO:0005975)
and hydrolase activity (GO:0004553), previously described in soybean as LOC100801147, and acts in
the breakdown of hemicellulose, suggesting the disassembly of cell wall components during drought
stress. The high levels of expression in the roots of DT over all treatments probably imply the cell
expansion necessary to maintain the root growth under drought to absorb water in the deeper layers of
the soil and, therefore, maintain the water status of the plant. In leaves, although the gene expression in
DT was greater than that in DS, down-regulation was observed during the treatments (greater than
50%), and the expression level was three times smaller than that in the root. Loss of leaf area is the
most important morphological adaptation to drought in common beans [128]. During the drought stress,
while the root is strategically stimulated to grow to explore the water in the soil, the leaves become
reduced in cell turgor caused by osmotic stress, and the mechanical power of the cell is also reduced to

expand the polysaccharide network [129].

Genomic regions with variants of high impact
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Through genome re-sequencing, numerous SNPs have been identified for species [130], providing
more subsidies for genome wide association analysis, identification of genomic regions of agronomic
interest, genomic selection and studies of genetic diversity. In this study, 3,067 transcripts, belonging to
2,501 genes, were under high impact (~2%). Although these are significantly lower in number, the
functional annotation revealed that the affected genes are mostly involved in the cellular response to
stimulus, response to stress, oxidation-reduction stress and regulation of gene expression (Figure 6;
Additional files 4 and 6). These genes are targets for subsequent functional studies because they can
be related to the divergence resulting from the adaptive process to which the genotypes were imposed
during their development process. Bat 477 is a well-known source of drought tolerance developed by
CIAT [131], whose adaptive advantage is attributed to the root systems [94], while DS (Pérola) was
developed for growing under adequate cultivation conditions. An SNP set carrying variants filtered for
high impact was identified in the present study, allowing follow up of the genetic variations and their
contribution to phenotypic diversity in a large and representative sample of accessions. In a recent
study [132], variants of high impact identified in genes involved in horse fertility were assigned to
putative deleterious effects and were recommended for selection against these effects, demonstrating

how genetic information can be used to benefit the breeding programmes.

CONCLUSION

In this study, we constructed a bean transcriptome under drought conditions. The presence of these
terms from functional annotation resulting from the newly loci sampled in this study would suggest the
absence of transcripts related to drought stress in the P. vulgaris reference transcriptome, possibly due
to the absence or low level of expression under normal conditions. On the other hand, the sampling and
identification of hundreds of new loci and thousands of new isoforms in this study resulted from the high
coverage obtained through RNA-Seq, increasing the power to detect new genes. As more genes
become available, the chance will be greater to perform more refined mining to obtain better knowledge

of the control of specific routes related to the response to drought stress, which can be used for
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breeding drought-resistant plants. In addition, a broad genome SNP coverage increases the perspective

of predicting target genic regions and/or genomic candidate variants, allowing more refined studies. The

results of this study contribute to the expansion of knowledge about the gene mechanisms, as well as

their functional variants, related to two contrasting common drought-tolerant bean genotypes.
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BSRQ: Base quality score recalibration

CDS: Coding DNA sequence

CIAT: International Center for Tropical Agriculture

Cq: Quantification cycle

CPM: Counts-per-million

DEG(s): Differentially expressed gene(s)

DGE: Differential Gene Expression

DS: Drought sensitive

DT: Drought tolerant

ET: Ethylene acid

EMBRAPA: Brazilian Company for Agricultural Research
FAO: Food and Agriculture Organization of the United Nations
FDR: False discovery rate
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FS: Fisher Strand

GO: Gene Ontology

GATK: Genome Analyze Toolkit
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Gbp: Giga base pairs

Indel: Insertion or deletion

IR: Indel realignment

JA: Jasmonic acid

KEGG: Kyoto Encyclopedia of Genes and Genomes
LD: Linkage disequilibrium

IncRNAS: Long non-coding RNAs

Mbp: Mega base pairs

Mpa: Mega Pascal

NR: NCBI's non-redundant protein database

ORF: Open reading frame

PK: Protein kinase

QD: Quality Depth

gPCR: Quantitative real-time PCR (qPCR)

QTL: Quantitative trait loci

SD: Standard Deviation

SNP: Single nucleotide polymorphism

SRA: Sequence Read Archive

SSH library: Suppression subtractive hybridization library
To: Control condition

T2s: 25 minutes after being subjected to water stress
Tso: 50 minutes after being subjected to water stress
T+s: 75 minutes after being subjected to water stress
Ti00: 100 minutes after being subjected to water stress

Tis: 125 minutes after being subjected to water stress

47



Tis0: 150 minutes after being subjected to water stress

TF: Transcription factor

Ww: Hydric potential

Ws: Osmotic potential
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FIGURES

Figure 1. A representative scheme detailing the twelve RNA-Seq libraries evaluated in the present
study. Two different plant tissues (leaves and roots) from each contrasting genotype (BAT 477 vs.
Pérola) were submitted to drought stress, and the plant tissues were sampled at three different times.
Figure 2. Differentially expressed genes between treatments for each genotype and tissue. a) DEGs
from BAT 477 in the root; b) DEGs from Pérola in the root; ¢) DEGs from BAT 477 in the leaf; d) DEGs
from Pérola in the leaf.

Figure 3. Distribution of variants (SNPs and Indels) in Phaseolus vulgaris chromosomes.

Figure 4. Comparisons between the gene expression profiles obtained for DEGs by RNA-Seq and

gPCR analyses.
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Figure 5. Comparison of genes associated with the terms related to oxidative stress obtained for BAT
477 and Pérola.

Figure 6. Functional annotation showing the most relevant GO terms associated with transcripts under
high-impact predicted effects, according to SnpEff. The terms were filtered according to the node score.

The numbers represent the total transcripts linked to each term.

Aditional file 1. Physiological parameters measured on plants grown hydroponically exposed to short-
term water deficit. Statistical analysis presents the mean, standard deviation (SD) and coefficient of
variation (CV) as a percentage of physiological analyses performed on two bean genotypes at seven
distinct times of treatment, as described in the methodology. (XLSX 10.8 kB)

Additional file 2. Information of raw sequences derived from each library sequenced on the lllumina
Genome Analyzer and Illumina HiSeq2000 platforms, including the total number of reads in base pairs,
the paired- and single-end total resulting reads and the quality control (cc) data. The numbers shown
represent the pair of reads, each pair with 2x150 bp before QC control. (XLSX 9.3 kB)

Additional file 3. Functional annotation based on Blast2GO with high BLAST e-value predicted for the
new loci constructed by Cufflinks, the differentially expressed genes (DEGs) and the most relevant GO
terms associated with transcripts under high-impact predicted effects, according to SnpEff. (XLSX 4.7
MB)

Additional file 4. Classification of new loci on the “Biological Process” (A), “Molecular Function” (B) and
“Cellular Component” (C) GO categories. The values indicated on the plot refer to the "Node Score",
which is one of the criteria used to define the most relevant terms. (JPG 4.7 MB)

Additional file 5. Description of the Gene Ontology (GO) enrichment analysis for the new loci, DEGs
and genes under high-impact effects using Fisher's exact test corrected for multiple testing using FDR

<0.05. (XLSX 142.7 KB)
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Additional file 6. Metabolic pathways identified through KEGG analysis for the new loci, DEGs and
SNPs under high-impact effects. (XLSX 80.2 KB)

Additional file 7. Description of the new loci with no hits found using the Blastx or PSI-Blast against the
NR database, the Mesoamerican transcriptome sequences and IncRNAs described by Vlasova et al.
(2016). (XLSX 347.2 KB)

Additional file 8. Comparison of the number of genes expressed in leaf and root tissues, as well as
between genotypes, in the control condition (without induction of physiological stress - A), after 75 min
of physiological stress (B) and 150 min of physiological stress (C). Comparisons were performed with
treatments between the leaf and root of the BAT 477 genotype (a), between the leaf and root of the
Pérola genotype (b), between BAT 477 and Pérola considering the leaf tissue (c) and between BAT 477
and Pérola considering the root tissue (d). (PNG 2.6 MB)

Additional file 9. DEG list including the up- and down-regulated genes based on the pairwise
comparison among the libraries, for which the identification was based on the Cufflinks loci ID and
corresponding ID to the P. vulgaris v.1.0 annotation files (Phytozome). (XLSX 75.4 KB)

Additional file 10. Expression profile from the Long non-conding RNAs (IncRNAS) categorized as
DEGs (Fold Change > 4 and FDR < 0.01). (PNG 577.6 kB)

Additional file 11. Comparison of the differentially expressed genes (DEGs) found for BAT 477 and
Pérola genotypes in response to the treatments: a) DEGs up-regulated between T+s and T, for the root
tissue; b) DEGs down-regulated between T+s and T, for the root tissue; ¢) DEGs up-regulated between
Tis0 and Ty for the leaf tissue; d) DEGs down-regulated between Tiso and Ty, for the leaf tissue; ) DEGs
up-regulated between Tiso and Ty, for the root tissue; f) DEGs down-regulated between Tiso and Ty for the
root tissue. (PNG 2.2 MB)

Additional file 12. Classification of DEGs on the “Biological Process” (A); “Molecular Function” (B) and
“Cellular Component” GO categories. The values indicated on the plot refer to the "Node Score", which

is one of the criteria used to define the most relevant terms. (PNG 8.2 MB)

64



Additional file 13. Descriptions of TagMan probes with the identification of their efficiency of
amplification and corresponding annotation based on the BioMart tool available in Phytozome v.12.
(XLSX 10.8 kB)

Additional file 14. Expression profile for the 15 genes selected for gPCR validation. The data were
analysed using the Delta-Delta Ct method and the DS genotype under the control condition (T,) as the
reference sample. The statistical tests were performed separately with each sample and tissue using
ANOVA and Turkey's test with a 95% confidence interval and correction by FDR < 0.05 (the
significances were represented by letters). a) Phvul.006G171000 (aquaporin NIP — AQP), b)
Phvul.001G205900 (Peripheral-type benzodiazepine receptor and related proteins — PBR), c)
Phvul.006G060700 (DNAJ Homologue subfamily C member — DNAJC), d) Phvul.005G158500 (Beta-
fructofuranosidase/Insoluble isoenzyme CWINV1-Related - GH32), ) Phvul.005G155800 (Class IV
Chitinase — CHIA), f) Phvul.001G075400 (Protein phosphatase 2C — PP2C), g) Phvul.008G113700
(Glutathione S-transferase — GST), h) Phvul.007G061800 (Heat shock transcription factor — HSF), i)
Phvul.007G259400 (Late embryogenesis abundant (LEA) group 1 — LEA), j) Phvul.002G228700
(Linoleate 13S-lipoxygenase — LOX), k) Phvul.002G184600 (Myb proto-oncogene protein, plant — MYB),
) Phvul.005G084500 ( No apical meristem (NAM) protein / NAC Domain-containing protein 9-related —
NAM_NAC), m) Phvul.003G131500 (12-oxophytodienoate reductase — NADH), n) Phvul.009G140700
(Peroxidase — POX) and o) Phvul.009G120500 (Glycosy! hydrolase family 10 — GH10). (XLSX 335.8
kB)

Additional file 15. Proportion of the correspondence between DEGs identified by RNA-Seq and gPCR
results and correlation coefficient measurement using the Pearson's and Spearman's methods. (XLSX

335.8 k)
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5. Conclusoes

Nesse estudo, foi construido um transcritoma especifico de feijoeiro sob
condicdes de estresse abiodtico, contendo 1668 novos loci e 23 169 novas isoformas,
totalizando um conjunto de 54 807 transcritos. Dos 1668 novos loci, 791 foram
identificados e anotados, sendo genes que ainda ndo haviam sido relatados para o
genoma de referéncia. Adicionalmente, foram verificados 1242 genes
diferencialmente expressos (GDEs), estando distribuidos entre as comparacdes
implementadas. Dos 1242 GDEs, quinze genes foram analisados através da técnica
de qPCR, onde 74,4% dos resultados obtidos em RNA-Seq foram validados.

Foram identificadas 151 283 variantes, sendo 135 167 SNPs e 16 115 indels.
Todos os SNPs verificados tiveram anotacao funcional realizada com SnpEff v.4.2,
demonstrando a ocorréncia de 330 378 efeitos causais em decorréncia da presenca

das variantes.

Os dados utilizados nesse estudo foram depositados no Sequence Read
Archive (NCBI) e serdo disponibilizados publicamente. Os resultados deste estudo
contribuirdo para a ampliagdo do conhecimento sobre os mecanismos génicos, bem
como de suas variantes funcionais, relacionados com a tolerdncia a seca em

feijoeiro.
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