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RESUMO

O pinhdo manso (Jatropha curcas L. - Euphorbiaceae) ¢ considerada uma excelente
fonte de biodiesel disponivel que apresenta algumas vantagens sobre as chamadas
oleaginosas produtoras de biodiesel, como o alto contetdo de 6leo nas sementes (30-
50%), relativa facilidade de conversdo a biocombustivel e auséncia de competicdo com
culturas de alimento, em fun¢do de ser uma espécie que ocorre de forma espontanea em
diversas regides tropicais de clima arido e semiarido. No entanto, para que J. curcas
seja uma alternativa vidvel para a expansao da fronteira agricola em diversas localidades
do Nordeste brasileiro, dois problemas devem ser confrontados: a salinidade e a
salinizacdo dos solos. Solos salinos e sdédicos podem ocorrer naturalmente em regides
semiaridas, e a irrigacdo nessas areas, se feita de forma ndo apropriada, acarreta
problemas de salinizacdo dos solos, o que diminui a produgdo e a produtividade das
culturas. Neste trabalho, ap6s uma andlise global de genes diferencialmente expressos
em raizes de dois acessos de pinhdo-manso sob estresse salino (150 mMol / 3h),
membros de varias familias de FTs foram identificados através da técnica de
sequenciamento RNA-seq em um dos acessos, onde o perfil de expressao foi descrito e
os FTs responsaveis por ampla quantidade de regulagdes em termos de alvos super-
representativos foram destacados. Estes resultados auxiliaram na compreensdo dos
mecanismos de respostas a salinidade e tolerancia em pinhao-manso, sugerindo grande
potencial biotecnologico para disponibilizagdo de valiosos recursos, como candidatos
potenciais para transgenia, visando aumentar a eficicia da resposta a tolerancia
especifica ao estresse estudado. Adicionalmente, uma analise na regido regulatoria
5'UTR de genes de fator de transcrigdo provenientes de ESTs de J. curcas revelou
provaveis elementos cis-regulatorios envolvidos na regulacdo e expressao de genes de
fatores de transcri¢do de J. curcas, o que permitiu gerar um mapa in silico de elementos
cis-regulatérios, o que pode contribuir no desenvolvimento de ferramentas
biotecnoldgicas inovadoras, tais como proposi¢do de promotores sintéticos associados a
genes responsivos a estresses, bem como no desenvolvimento de marcadores
moleculares funcionais (baseados em mMmRNAs e cDNAs) ou mesmo gendmicos
(associados a potenciais polimorfismos), que possam discriminar genotipos

potencialmente tolerantes, para uso futuro em selegao assistida.

PALAVRAS-CHAVE: gendmica funcional. pinhdo-manso. RNA-seq. salinidade.



ABSTRACT

Physic nut (Jatropha curcas L. - Euphorbiaceae) is considered an excellent source of
available biodiesel that has some advantages over so-called biodiesel oilseeds, such as
high oil content in seeds (30-50%), relative ease of conversion. biofuel and lack of
competition with food crops, as it is a species that occurs spontaneously in various
tropical regions of arid and semiarid climate. However, for J. curcas to be a viable
alternative for the expansion of the agricultural frontier in several localities of Northeast
Brazil, two problems must be confronted: salinity and soil salinization. Saline and sodic
soils can occur naturally in semi-arid regions, and irrigation in these areas, if not
properly done, causes problems of soil salinization, which decreases crop yield and
productivity. In this work, after a global analysis of differentially expressed genes in
roots of two J. curcas accessions (150 mMol / 3h), members of several FT families
were identified by the RNA-seq sequencing technique in one of the accessions, where
the expression profile was described and the TFs responsible for the large amount of
overrepresentative targeting regulations were highlighted. These results helped to
understand the mechanisms of response to salinity and tolerance in Jatropha curcas,
suggesting great biotechnological potential for the availability of valuable resources, as
potential transgenic candidates, aiming to increase the effectiveness of the stress
tolerance response studied. Additionally, an analysis in the S'UTR regulatory region of
transcription factor genes from J. curcas ESTs to identify cis-regulatory elements was
focused, revealing likely elements involved in the regulation and expression of J. curcas
transcription factor genes, which allowed the generation of an in silico map of cis-
regulatory elements, may contribute to the development of innovative biotechnological
tools, such as the proposition of synthetic promoters associated with stress-responsive
genes, as well as the development of functional molecular markers. (based on mRNAs
and cDNAs) or even genomic (associated with potential polymorphisms) that may

discriminate potentially tolerant genotypes for future use in assisted selection.

KEYWORDS: functional genomics. jatropha curcas. RNA-seq. salinity.



LISTA DE FIGURAS

Revisiao Bibliografica

Figura 1 - Tipos florais de Jatropha curcas L.............ccocoeveienciienienieeiiennnnnn, 16
Figura 2 - Modelo da regulacao da homeostase idonica via SOS para respostas

A0 SLIESSE SAIMNO..c.ueiuiiiiiiiieiieieeer e 24
Figura 3 - Esquema ilustrando a metodologia geral utilizada na técnica de

sequenciamento RNA-SEQ.....cccevruiirieeiiierieeiienie et 42
Figura 4 - Mecanismos indiretos de cooperatividade entre fatores de

ELANSCIIGAD. ..eeevveeeirieetrieeeteeeetteeeetteeeeteeeeteeeeaeeeesseeeeaseeesaseeensseeeneeas 46
Figura 5 - Estrutura 3D do dominio AP2..........ccooiieeiiieeieeeeeeee e 48
Figura 6 - Estrutura dos dominios R2 e R3 de diferentes proteinas MYB........ 50
Figura 7 - Dimerizagado funcional entre monomeros de proteinas NAC............ 51
Figura § - Complexo dimérico entre dois mondmeros de dominio bHLH........ 52
Figura 9 - Estrutura do dominio WRKY .......c.coooiiiiiiiiiiieeecce e 54
Figura 10 -  Tlustragdo da interacdo dimérica entre a-helices de monomeros

|72 1 USRS 55
Figura 11 -  Estrutura tridiminensional de a-hélices de duas proteinas HD-Zip.. 56
Figura 12 -  Modelo molecular do complexo multimérico DEF/GLO/SQUA..... 58
Figura 13-  Modelo simplificado do posicionamento dos promotores de genes

€I CUCATIOTOS ..o utteniieeuteesiteeteeeieeettesteeteesateeteesateebeeenseenseesnseensaeans 59

Artigo I - De novo RNA-Seq transcriptome analysis of J. curcas accessions under
salt stress

Figure 1 - Aspects of J. curcas leaves after three hours of exposition to

Hoagland solution plus NaCl solution...........cccceeeveeeiiieenieeenieeennnnnn 68
Figure 2 - Venn diagrams comparing different results from the two

annotation rounds of the RNA-Seq J. curcas.........cccceevvvcnvcncene. 69
Figure 3 - Heatmaps representing the gene expression profiles of Jc171 and

JCI83 ACCESSIONS. ...cueeiuiiiiiiieiiirieeteete ettt 73
Figure 4 - Heatmap representing the hierarchical clustering analysis of the 57

DEGs of the salt-tolerant Jc183, and the correspondent expressions

by salt-sensitive Jc171 accession, after three hours of salt

EXPOSUTE. ..eeeenuurteeeruitteeeeaiteeeeesiteeeesetreeeeaaseeeesaseaeeesastaeeeennneeeessnnnees 80
Figure 5 - RT-qPCR results of selected Jc183 candidate genes, reference

genes, and negative controls, performed with root cDNAs of

Jatropha curcas Jc183 (salt-tolerant) and Jc171 (salt-sensitive)

plants after three hours of salt-exposure...........cccccocuevieniriienieenennene 85



Artigo II - Physic nut transcription factors: identification and transcriptional

Figure 1 -
Figure 2 -
Figure 3 -
Figure 4 -
Figure 5 -

Figure 6 -

Figure 7 -

modulation under salt stress

Venn diagram showing numbers of Jatropha curcas RNA-Seq

ETANSCIIPES. ceuviieeitieeeiieeeteeeertee e et e e eteeesteeeseseeesaseesssseeesseeenseeensaeennnes 101
Visual damages on leaves of Jatropha curcas Jc171 accession,

after three hours of NaCl eXpoSition..........ccceeveeecieeeeciieenieeesvee e, 102
Transcription factor (TF) families associated with differentially
EXPIESSEA ZENES....veiieiieeiiieeeiieeeiieesteeesateeeeaeessaeesseeesseeesseeensseeenns 102
Families of transcription factors showing differentially expressed

ZCTICS e uuttteeeeieteeeeeetteeeeasitaeeeeettaee e e e aaaeee e naaaeeeantateeeataeeeeannaeeeeanraeas 103
Venn diagram comparing the enriched GO terms (A) or the

enriched TFs (B) identified..........ccceeviiieiiieeiieeeeee e 104

Heatmaps based on gene expression modulation of TFs family
members identified in J. curcas Jc171 roots after three hours of

NACT EXPOSTION. ...cuvieeiieiieeiieeiee e eiee e ere e e e eseeeereesseeesseenees 106
RT-qPCR results of eight candidate genes encoding TFs using
cDNAs of J. curcas root after three hours of NaCl exposition.......... 109

Artigo III - Dominant position of cis-acting regulatory elements in promoters of

Figure 1 -
Figure 2 -
Figure 3 -

Figure 4 -

Figure 5 -

physic nut (Jatropha curcas L.) transcription factors genes

Transcription factors family distribution based on J. curcas EST

ANNOLALIONS. ...ttt ettt sttt ettt sae et et e b et sae e 142
Gene ontology analysis of J. curcas ESTs annotated for
transcription factors relative the Biological Process categories......... 143
Gene ontology analysis of J. curcas ESTs annotated for
transcription factors relative the Molecular Function categories....... 144

Venn diagram showing the distribution of CAREs mapped along

the segments of the promoter regions of J. curcas trancription

FACTOTS ZOIMES. .. uviiieiiieeeiiiee ettt ettt e e e et e e eaaeeenneees 148
Venn diagram showing the distribution of (CAREs) mapped along

the segments of the promoter regions of J. curcas trancription

factors and constitUtIVe ZENES........coeevverieriiriinieniieneeiceeeeeee e 149



LISTA DE TABELAS

Artigo I - De novo RNA-Seq transcriptome analysis of J. curcas accessions under

Table 1 -

salt stress

Selected genes and respective expressions by the J. curcas salt-
tolerant (Jc183) and the salt-sensitive (Jc171) accessions, based on
the in silico RNA-Seq analysis and the RT-qPCR results................. 81

Artigo II - Physic nut transcription factors: identification and transcriptional

Table 1 -

Table 2 -

modulation under salt stress

RT-qPCR parameters [amplification efficiency (E), slope (S),

correlation coefficient (R), and Y intercept] derived from the

standard curves using serial dilution of Jatropha curcas root

CDINAS SAMPIES....oeiiiiiiiiiiieciie ettt ettt et e e ereeeeeaee e 109
Selected putative transcript factor genes (DEGs) with the

respective in silico expressions based on RNA-Seq data and their
expression by RT-qPCR analysis with J. curcas cDNAs from roots

after three hours of NaCl eXposition..........cccceeveevieniienienieniienee 110

Artigo III - Dominant position of cis-acting regulatory elements in promoters of

Table 1 -

Table 2 -

physic nut transcription factors genes

Transcrption factor identify in silico characterized by identificate

acess of the proteins and of the ESTs, family and genic

identification of the sequence reference (RefSeq) of the NCBI........ 178
The 25 more prevalent CAREs, based on the number of motifs and

FT genes showing the motif in the respective promoter, the motif
sequence, and some details from the reference associated................ 181



2.1

3.1
3.1.1
3.1.2
3.1.3
3.2
3.2.1
3.2.2
3.23
324
3.2.5
3.3
3.3.1
332
333
334
3.3.5
3.4
3.5
3.6

4.1

4.2

43

SUMARIO

INTRODUQCAO........oooeeeeeeeeeeeeeeeeeeeeeeee e, 11
OBJETIVO GERAL........c.oooioiieeeee et 13
OBJETIVOS ESPECIFICOS........o oottt 13
REVISAO BIBLIOGRAFICA...........ooovorieiinieeieieniesieses s 14
O PINHAO MANSO.....oouiiiiiriirieieieieie st 14
Aspectos gerais da espécie e caracteristicas botanicas..................c.......... 14
Centro de origem e distribuicdo geografica.................cccocoeeviiiniiinnnnnn. 17
A importancia econdomica do 6leo do pinhdo manso.................c..cccuveenneee. 18
ESTRESSE SALINO......citiiiieeieeeteeete ettt e e eaae e eaae e e 19
Extensao da salinidade e interferéncia sobre os solos................................ 19
Mecanismos de tolerancia ao efeito ionico e toxicidade............................ 21
Mecanismos de tolerancia ao estresse 0smotico.................ccceeeveeeeneennnen. 25
Mecanismos de tolerancia ao estresse oxidativo.......................c..ceeeeeenn. 27
Efeito da salinidade na germinacio, estabelecimento e crescimento........ 30
BIOINFORMATICA........ooriiiiriieiieiesiissieeise i 32
HISEOTICO. .......ooiiiiieiie e e e 32
Banco de dados de bioinformatica.....................cccooeiiiiiiiiini 33
Bases de dados de fatores de transcricao...................cccoceeevveeieiieiiiiiinnnnn.. 34
Bases de dados de elementos cis-regulatorios.................ccccoeceeeiieniinnennen. 36
Ferramentas computacionais...............ccccoeeevviiiieiiiie e 37
TRANSCRIPTOMICA ..ot 39
FATORES DE TRANSCRICAO. ...t 43
PROMOTORES REGULATORIOS.........covrirrieesieriesisseesiesssssses e 58
RESULTADOS ... .ottt ettt e e s aneeenaee s 61
ARTIGO I. DE NOVO RNA-SEQ TRANSCRIPTOME ANALYSIS OF J.

CURCAS ACCESSIONS UNDER SALT STRESS......ooooiiieeeeieeee 61

ARTIGO II. PHYSIC NUT TRANSCRIPTION FACTORS:
IDENTIFICATION AND TRANSCRIPTIONAL MODULATION

UNDER SALT STRESS ...ttt teeeeeee s eeesees e eeseeseseseeeesesens 95
ARTIGO III. DOMINANT POSITION OF CIS-ACTING REGULATORY
ELEMENTS IN PROMOTERS OF PHYSIC NUT (JATROPHA CURCAS

L.) TRANSCRIPTION FACTORS GENES.......oeiieieieeeeeeeeeeeeeeeeeeeae 137
CONSIDERACOES FINAIS......oooiimoeeieeeeeeeeeeeeeeeeee e 183
REFERENCIAS........ooooeeeeeeteeeeeeeeeeeeeeee e e eees e s 184



11

1 INTRODUCAO

O pinhdo-manso (Jatropha curcas L.) € uma espécie perene, monodica, da familia
das Euforbidceas (mamona, mandioca, seringueira, etc), de crescimento rapido,
caducifolio, com frutos do tipo capsula ovoide (trilocular, com uma semente por
loculo), cujas sementes apresentam potencial para produzir acima de 1.200 kg de 6leo
por hectare. Por ser um arbusto que vegeta espontaneamente em diversas regides do
Brasil, embora ndo seja originaria do pais, o pinhdo-manso poderia contribuir para a
expansao da fronteira agricola, com a incorporagdao de areas marginais, sem competir
com a producdo de alimentos. Entretanto, nas condi¢des da regido Nordeste, solos
salinos e soddicos podem ocorrer naturalmente, onde a associagdo com a elevada
evapotranspiragdo, a baixa pluviosidade e as propriedades fisicas e fisico-quimicas de
solos desfavoraveis, leva a toxidez das plantas, acarretando na diminuicdo do
crescimento e da produtividade esperada.

Os fatores de transcricdo (FTs) sdo importantes proteinas que regulam a
expressao de genes alvos, cuja afinidade e seletividade dos FTs ¢ influenciada pelas
estruturas secunddrias dos dominios de ligagio ao DNA que contatam bases dos
elementos cis-regulatorios presentes nos promotores dos genes. Atuando como
moduladores da expressdao génica, os FTs direcionam vias regulatorias que definem
estagios do desenvolvimento e respostas a estimulos ambientais e agentes estressores.

Pesquisas genéticas envolvendo diversas espécies vegetais tém mostrado que as
plantas respondem aos estresses ambientais com alteragdes fisiologicas e metabolicas
para uma maior tolerancia, de acordo com os genes presentes no organismo em estudo
e, principalmente, na maneira como eles sdo regulados. Além disso, muitos dos genes
de respostas aos diferentes estresses em plantas sdo compartilhados, em fungdo da
sintenia, de tal forma, que um estudo nesta direcdo acabaria beneficiando outros em
andamento nos programas de melhoramento genético ao redor do mundo. Neste sentido,
explorar a variabilidade genética disponivel, para identificar gen6tipos elites, portadores
de genes favoraveis para produgdo, mesmo em condi¢cdes nao ideais, € objetivo do
melhoramento genético, e isso requer novas metodologias.

Dentre as técnicas de estudos globais dos genes, a técnica RNA-seq, para
estudos em transcriptomica, gera perfis transcricionais baseados em reads de cerca de
30 - 400 pb, e que sdo geradas a partir de RNAs poli A" de plantas em condig¢des

experimentais sob estresse versus controle (sem estresse). Neste trabalho, a técnica
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RNA-seq foi aplicada em resposta ao estresse salino (150 mMol de NaCl). Para o
pinhdo-manso, atualmente, ¢ disponibilizado na base de dados publica NCBI
(http://www.ncbi.nlm.nih.gov/) cerca de 150 mil sequéncias nucleotidicas e quase 30
mil proteica, além de um genoma sequenciado também disponivel, o que auxiliou na
anotacao dos fatores de transcrigdo e da prospeccao de elementos cis-regulatérios em
promotores dos respectivos genes. Essas regides promotoras, que ficam 5’ (upstream)
do sitio de inicio da transcricdo dos genes, sdo moduladores de expressdo de genes
reconhecidos pelos fatores de transcrigdo. Percebe-se, entdo, que o conhecimento desses
elementos € essencial para o entendimento da regulagao dos genes e ¢ fundamental para
interpretar ¢ modelar as respostas da célula aos diversos estimulos, além de contribuir
para o desenvolvimento de ferramentas biotecnologicas inovadoras, tais como a

proposi¢do de promotores sintéticos de plantas, associados a genes responsivos a

estresses especificos.
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2 OBJETIVO GERAL

Identificagdo de elementos cis-regulatérios em promotores de genes de fatores de
transcrigdo de pinhdo-manso (J. curcas L) e resposta destes genes, com base no

transcriptoma RNA-seq, ao estresse de salinidade.

2.1 OBJETIVOS ESPECIFICOS

» Realizar a prospeccdo de elementos cis-regulatorios em sequencias genOmicas de
pinhdo-manso (J. curcas), a partir do ancoramento de ESTs disponiveis para a espécie,
oriundos de banco publico (NCBI).

* Identificar genes de fatores de transcri¢do associados a tolerancia ao estresse salino,
tendo como base a expressao diferencial do transcriptoma RNA-seq.

* Validar a expressdo, a partir da técnica RT-qPCR, de genes para fatores de transcri¢ao

associados com a expressao diferencial RNA-seq, em resposta ao estresse salino.
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3 REVISAO BIBLIOGRAFICA

3.1 O PINHAO MANSO
3.1.1 Aspectos gerais da espécie e caracteristicas botanicas

Carl Linnaeus foi o primeiro designar cientificamente o pinhdo manso em 1753,
a espécie Jatropha curcas, o qual pertence ao Reino Plantae, Divisdo Embryophyta,
Classe Spermatoporida, Ordem Malpighiales, Familia Euphorbiaceae, Género Jatropha
(PEIXOTO, 1973). Também conhecida popularmente como pinhao da india, pinhdo de
purga, pinhao de cerca, pinhao branco, figo do inferno, pinhdo paraguaio, pinhao croa,
/pinhdo dos barbados, purgante de cavalo, mandobi guacu, medicineira, purgueira ou,
simplesmente purga (TOMINAGA et al., 2007). A designacdo cientifica do género
Jatropha deriva do grego “iatrds” (o doutor) e “trophé” (comida), o que sugere sua
utilizagdo na etnobotanica medicinal; o epiteto especifico curcas ¢ a designacdo vulgar
da purgueira em Malabar, India (HELLER, 1996). O género Jatropha encontra-se
representado por cerca de 175 espécies, distribuidas nas regides semidridas da América
Tropical, Asia e Africa (AUGUSTUS et al., 2002), sendo anteriormente dividido em
dois subgéneros (Jatropha e Curcas), com 10 seccdes e 10 subsecgdes, adaptados as
espécies Euroasiaticas, Africanas e Americanas (DEHGAN e WEBSTER, 1979). O
subgénero Jatropha possui maior distribuigdo, tendo espécies encontradas na Africa,
ndia, América do Sul, Antilhas, América Central e Caribe. Ja 0 subgénero Curcas, com
excecdo do pinhdo-manso estd restrito ao México e regides adjacentes (deserto do
Saara, Arizona e Texas) (DEHGAN e WEBSTER, 1979). A familia Euphorbiaceae ¢
representada por aproximadamente 320 géneros e 8.000 espécies, distribuindo-se
principalmente nos tropicos e subtropicos, em diferentes habitats (WEBSTER, 1994).

O pinhdo manso ¢ uma planta arbustiva, caducifélia, de crescimento rapido, cuja
altura pode atingir mais de cinco metros e diametro do tronco de 20 cm, com poucas
ramificagdes, mas pode chegar até cerca de 80 cm (CORTESAO, 1956). A espécie ¢
monoica, isto €, possui flores de sexo separado, com flores masculinas e femininas na
mesma inflorescéncia e eventualmente com presenca de flores hermafroditas (BRASIL,
1985) (Figura 1la-b). As flores sdo pequenas de coloragdo amarelo-esverdeadas, sendo
as flores masculinas (Figura lc-d), com dez estames, surgindo em maior numero e

localizadas nas extremidades superiores das ramificacdes, enquanto as flores femininas
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(Figura le-f) sd3o menos numerosas e encontram-se nas bases das ramificagdes,
apresentando um pedunculo longo, ndo articulado, com trés células elipticas, ovario
com trés carpelos (Figura 5g), cada um com um léculo que produz um 6vulo, € com trés
estigmas bifurcados (DIAS et al., 2007). O periodo da florada ¢ longo, e a polinizagdo ¢
feita por abelhas, formigas, moscas e outros insetos (JONGSCHAAP et al., 2007). As
flores de uma mesma inflorescéncia abrem em dias diferentes, sendo que a floragao das
flores femininas ocorre primeiro que das flores masculinas da mesma inflorescéncia, o
que favorece a polinizacdo cruzada (SATURNINO et al., 2005). As folhas sdo verde-
escuras e brilhantes, largas e alternas, em forma de palma, com trés a cinco l6bulos e
pecioladas, com nervuras esbranquicadas e salientes na face inferior (ARRUDA et al.,
2004). A filotaxia em espiral com os peciolos longos e esverdeados, dos quais partem as
nervuras divergentes. O peciolo é longo e esverdeado, do qual partem as nervuras
divergentes e o caule ¢ liso, lenhoso, com medula desenvolvida, mas pouco resistente. O
floema ¢ formado por longos canais que se estendem até as raizes, nos quais circula o
latex, suco leitoso que ocorre em abundancia em qualquer ferimento da planta. O tronco
¢ dividido desde a base, em ramos compridos (SATURNINO et al., 2005; TOMINAGA
et al., 2007). Os frutos sdo do tipo capsula ovoide, trilocular, com 1,5 a 3,0 cm de
diametro, e sao formados por um pericarpo ou casca dura e lenhosa, pesando entre 1,5 e
2,8g. No geral, 53 a 62% do peso do fruto ¢ representado pelas sementes e 38 a 47%
pela casca (HEIFFIG e CAMARA, 2006). As sementes sdo ovaladas, endospérmicas,
com tegumento rigido, quebradigo e de fratura resinosa. Debaixo do involucro da
semente existe uma pelicula branca cobrindo a améndoa, o endosperma ou alblimen,
que ¢ abundante e oleaginoso, com o embrido provido de dois largos cotilédones
achatados e folidceos. Quando secas, as sementes apresentam de 1,5 a 2,0 cm de
comprimento e 1,0 a 1,5 cm de largura. O peso varia entre 0,551 ¢ 0,797 g, dependendo
da variedade e dos tratos culturais. A casca representa de 33,7 a 45% e a améndoa de 55
a 66% do peso da semente. Na semente ainda ¢ encontrado: 7,2% de dgua e 55,3% de
acucar, amido, albumindides e materiais minerais, sendo 4,8% de cinzas ¢ 4,2% de
azoto e apresentando um teor de 6leo que varia entre 33 e 38 % (DIAS et al., 2007). O
sistema radicular do pinhdo manso ¢ do tipo pivotante, com uma raiz principal que
atinge grandes profundidades, além de grande quantidade de raizes laterais,

responsaveis pela nutricdo da planta. De uma forma geral, a profundidade do sistema
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radicular é equivalente a altura da planta, assim como o didmetro de exploragdo de solo

(AVELAR, 2006).

Figura 1. Tipos florais em Jatropha curcas L. Flores hermafroditas = A e B (Corte longitudinal). Flores
masculinas = C e D (Corte longitudinal). Flores femininas = E e F (Corte longitudinal). G = Ovario (Corte
transversal). Es-estame; Gl-glandula; Ov-ovario; Pt-pétala; Pd-peduncolo; Sp-sépala; St-estigma; Tr-
tricomas. Adaptado a partir de Brasileiro et al. (2012).
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3.1.2 Centro de origem e distribuicio geografica

Vérios cientistas tentaram identificar a origem da Jatropha curcas, mas ainda
ndo existe uma definicdo precisa e as informagdes obtidas continuam controversas.
Muitos autores relatam que o pinhdo manso ¢ originado do México e América Central,
mas encontrado em abundéncia em areas tropicais e subtropicais na Africa e Asia, onde
supostamente foi disseminado por navegantes portugueses para paises latino-
americanos, africanos e asiaticos pelas ilhas de Cabo Verde e Guiné-Bissau, durante a
primeira metade do século XIX, quando a espécie ja era um importante produto de
exportagdo (RAO et al., 2008). Outros autores colocam que o pinhdo manso ¢ originado
da América do Sul, e que foi introduzido nas Ilhas do Arquipélago de Cabo Verde em
1873, onde foi posteriormente disseminado para todas as regides tropicais, ocorrendo
em varios paises como India, Cabo Verde, Malasia, Tailandia, Filipinas, além de
algumas regides do Brasil (BELTRAO, 2005). Arruda et al. (2004) apontam que o
pinhdo manso possivelmente ¢ originario do Brasil, tendo sido introduzido por
navegadores portugueses nas ilhas do Arquipélago Cabo Verde e Guiné, de onde foi
disseminado pelo continente Africano e atualmente est4 distribuido em todas as regides
tropicais do globo. Dias et al. (2012), com base em registros historicos e conceitos
genéticos, sugeriram que o centro de origem e o de domesticacdo de Jatropha curcas é
0 México, e que ndo ha registros do uso de J. curcas e seus produtos anteriores aos
povos Olmeca do México, que viveram 3500-5000 anos. Além disso, a existéncia de
genotipos nao-toxicos, que sO existem neste pais, juntamente com estudos de DNA,
também sugerem fortemente que centro de domesticagdo da espécie € o México. Pecina-
Quintero et al. (2014), com base em marcadores moleculares de DNA, confirmaram os
relatos de Dias et al. (2012), demonstrando que o México detém grande diversidade
genética de J. curcas, mais precisamente no estado de Chiapas, sendo o centro de
origem mais provavel, onde seu germoplasma possui caracteristicas especiais nao
partilhadas com outros genétipos encontrados no resto do pais. No entanto, o
germoplasma mais domesticado ¢ encontrado fora de Chiapas, sugerindo que os centros
de origem e domesticagdo estdo em estados diferentes, mais proximos da bacia do Golfo
do México, como em Veracruz, Puebla, Hidalgo e Yucatan, uma vez que apresentam
individuos com auséncia ou baixo teor de ésteres de forbol, um derivado de diterpeno

tetraciclico.
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Devido a sua rusticidade, resisténcia a pragas e a longas estiagens, a distribuicdo
geografica de J. curcas ¢ bastante vasta, adaptando-se a uma gama de condigdes
edafoclimaticas muito variaveis e se desenvolvendo tanto nas regides tropicais secas
como nas zonas equatoriais imidas, assim como pode povoar areas de solos arenosos e
pouco férteis, como em terrenos aridos e pedregosos, podendo suportar longos periodos
de seca (ARRUDA et al., 2004). No Brasil, a espécie ¢ encontrada desde o Maranhao
até o Parana, propagando-se com mais facilidade nos estados do Nordeste, assim como

em Goids e Minas Gerais (DRUMMOND et al., 2008).

3.1.3 A importancia economica do 6leo do pinhao manso

A utilizagdo do 6leo extraido das sementes do pinhdo manso ¢ antiga. Em Cabo
Verde, o 6leo de J. curcas foi utilizado para iluminacdo de casas, e a partir de 1936,
comecou a exportagio de sementes para Lisboa para a mesma finalidade (FERRAO et
al., 1983). No Brasil, a principal fonte de dleos vegetais atualmente ¢ a soja, seguido do
dendé (palma) e outras oleaginosas anuais como o girassol, a mamona, a canola, o
algoddo e o amendoim (PAZETO, 2013). No entanto, algumas espécies sdo indicadas
como potencialidades para o futuro, como o pinhdo-manso, que apresenta maior
estabilidade oxidativa que o 6leo de soja, menor viscosidade e densidade quando
comparada a0 da mamona e melhores propriedades a frio que o 6leo de palma
(TAPANES et al., 2008).

Em relacio a produtividade, dependendo do espacamento, a producdo de
sementes de pinhdo manso pode passar dos 6.000 kg por hectare, sendo possivel
produzir mais de 2.000 kg por hectare de 6leo (TOMINAGA et al., 2007). De acordo
com este autor, com o aprimoramento do sistema de produ¢do e melhoramento genético,
o pinhdo manso pode produzir acima de 4.000 kg de 6leo por hectare, mas em fung¢do da
regido do plantio, idade da cultura, bem como da quantidade de chuva e da fertilidade
do solo a produtividade do pinhdo manso pode variar muito. O 6leo do pinhdo manso ¢
composto por aproximadamente 80% de acidos graxos insaturados e 20% de acidos
saturados, perfil adequado para a produgdo de biodiesel, sendo o acido ol€ico o de maior
abundancia, seguido do acido linoléico, palmitico e estearico (LU et al., 2009).
Aproximadamente 1% de compostos nao-saponificaveis (tocoferois, fosfolipideos,
carotenoides e produtos oxidados) sdo encontrados no 6leo (TAPANES et al., 2008). O

0leo pode ser extraido e convertido em biodiesel, e os residuos resultantes podem



19

também ser convertidos em energia. A torta contém aproximadamente 8% de 6leo, o
qual ¢ reextraido com solventes organicos, geralmente hexano, sendo o farelo residual
ensacado para aproveitamento como fertilizante natural (BRASIL, 1985).

O biodiesel ¢ um éster de acido graxo obtido a partir da reagdo quimica de
transesterificagdo de qualquer triglicerideo do 6leo vegetal com um alcool de cadeia
curta (metanol ou etanol), na presenga de um catalisador acido ou basico. Como
resultado, obtém-se além do éster (biodiesel), a glicerina (TAPANES et al., 2008). A
glicerina ¢ utilizada como matéria-prima da industria de cosméticos, produtos
farmacéuticos, alimentacdo, bebidas, filmes de celulose, papel, sabdes e resinas
(OLIVERIO, 2006). Comparado ao 6leo diesel derivado de petrdleo, o biodiesel pode
reduzir em 78% as emissoes de gas carbonico, reduzir em 90% as emissdes de fumaga e

praticamente eliminar as emissdes de 6xido de enxofre (ACCARINI, 2006).

3.2 ESTRESSE SALINO
3.2.1 Extensio da salinidade e interferéncia sobre os solos

Cerca de 19% dos 230 milhdes de hectares de terras irrigadas do globo terrestre
sdo afetadas pela salinidade ou pela ocorréncia de sodicidade (Organizacao das Nagdes
Unidas para a Agricultura e Alimentagdo - FAO, 2008). Em regides aridas e semiaridas
do mundo, as concentracdes de sais podem atingir valores elevados, prejudicando o solo
e as plantas (MEDEIROS et al., 2010). Isso decorre principalmente devido as
caracteristicas edafo-climaticas dessas regioes, relacionadas com o intemperismo fisico
e quimico das rochas, materiais geologicos e biologicos, € que apresentam elevados
niveis de temperatura, evaporagdo e transpiragdo, além da baixa e irregular precipitacao,
que juntamente com o manejo inadequado da 4gua, contribuem ainda mais para o
aumento da salinidade local e consequente prejuizo as culturas (RENGASAMY, 2010).
No Brasil, estima-se que hé, aproximadamente, nove milhdes de hectares com
problemas de salinidade, sendo a maior parte desta area localizada nos perimetros
irrigados do Nordeste (CRUZ et al., 2006). Estas areas tem o uso da irrigacdo
intensificada, uma vez que sdo regides de alta produtividade agricola, e a irrigagao
desempenha um papel fundamental para garantir a alta produtividade, mesmo em

periodos de déficit hidrico (LIMA-JUNIOR et al., 2010).
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Grande parte dos eventos de salinizacdo e sodificagdo dos solos ocorrem devido
a um processo natural conhecido como salinizagdo primdaria, sem a interferéncia
antropogénica (MUNNS, 2005). A intemperizagdo quimica dos minerais ¢ rochas da
crosta terrestre ¢ a principal fonte responsavel pela liberacao e distribuicao de ions para
o halomorfismo naturalmente induzido ao solo (DAKER, 1988). O aumento da
concentracdo de sais na superficie dos solos em zonas aridas e semiaridas acontece por
meio da ascensao dos ions por capilaridade, devido a alta demanda evaporativa e quanto
mais alto for o nivel fredtico, ou por serem transportados pelas dguas de outros locais
(SAHI et al., 2003). A agua deposita seus sais excedentes na camada superficial do solo
e, com o tempo, estes precipitam e se acumulam, tornando o solo salino
(CHINNUSAMY et al., 2005). Além disso, a escassez da precipitacdo pluvial dificulta a
lixiviagdo dos sais localizados na camada aravel do solo (RIBEIRO et al., 2009). No
entanto, um dos maiores problemas da salinidade, principalmente em regides aridas e
semiaridas, tem sido também ocasionado pelo processo conhecido como salinizagdo
secundaria, que ocorre devido ao acumulo de sal proveniente da utilizagao incorreta de
técnicas de irrigagdo associadas a drenagem deficiente e a presenca de aguas
subsuperficiais ricas em sais soluveis localizadas em baixa profundidade (ASHRAF e
FOOLAD, 2007). A aplicacao de fertilizantes de forma excessiva e pouco parcelada ao
longo do ciclo cultural pode ainda intensificar este processo (OLIVEIRA et al, 2010).

A caracterizacdo dos solos quanto a salinidade ¢ baseada na condutividade
elétrica do extrato saturado do solo (CEzss), percentual de sodio trocavel (PST) e pH,
ainda que sejam analisados outros parametros, como a capacidade de troca de cations
(CTC), razdo de adsorcao de sodio (RAS) e a propor¢dao no solo de teores de ions de
Ca2*, Mg2*, Na’, CI', SO*, HCO*, K*, CO3% e NO* (SANTOS e MURAOKA, 1997;
Oliveira et al, 2010). Os solos sdo classificados como salinos quando apresentam pH
inferior a 8,5, CEss superior a 4 dS m™ e PST inferior a 15%; salinos-soédico quando
possuem pH proximo de 8,5, CEes superior a 4 dS m™ e PST superior a 15%; e sédicos
quando possuem pH, em geral, na faixa de 8,5 a 10, CEgs inferior a 4 dS m™!' e PST
superior a 15% (SCHERER et al., 1996).

A interacdo eletroquimica existente entre os sais € as particulas constituintes do
solo promove o efeito da salinidade sobre o mesmo, refletindo o grau de estabilizagdo
de seus agregados (SPERA et al., 2008). Neste processo, o acimulo de cations de menor

valéncia sobre a superficie das particulas do solo (argilas) pode ocasionar a expansao
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das mesmas a ponto de dispersa-las, em fun¢do do enfraquecimento de suas forgas de
ligacdo (LIMA, 1997). As particulas de argila, juntamente com a adgua de percolacao,
sao eluviadas apds serem dispersas, elevando a densidade do solo através da ocupagao
dos espagos porosos (SPERA et al., 2008). Limitagcdes na disponibilidade de ar e na
condutividade hidraulica para as plantas podem ser ocasionados pela reducdao da
porosidade natural e maior adensamento do solo, além de interferir na atividade

biologica de microrganismos e facilitar o processo de erosao (SANTI et al., 2002).

3.2.2 Mecanismos de tolerincia ao efeito ionico e toxicidade

Altas concentracoes de sais no solo causam estresse hiperidnico, ¢ a
consequéncia deste estresse, juntamente ao estresse osmotico, acaba por ser altamente
danosa as plantas (ZHU, 2001). Um dos processos mais importantes para a tolerancia
das plantas em ambientes salinos ¢ o controle do balango idnico, determinado pelo
desenvolvimento de mecanismos de acumulacao de solutos, através da absorcao de ions
do meio externo, ou pela mobilizacdo de seus proprios constituintes organicos
(YAMAGUCHI ¢ BLUMWALD, 2005). Em ambientes hipersalinos o transporte
passivo de Na' para o interior celular é favorecido em fun¢do da formagdo de um
gradiente eletroquimico, devido as elevadas concentracdes extracelulares do ion,
possibilitando o transporte passivo do ion para o interior celular (BLUMWALD, 2000).
O potencial da membrana plasmatica é dissipado pela entrada de Na' na célula,
facilitando a entrada de CI contra o gradiente eletroquimico, que ¢ mediada por um
transportador ativo (MUNNS, 2005).

Dois processos preponderantes que previnem a parada de crescimento das
plantas em ambientes salinos sdo a compartimentalizagido dos ions de Na" no vactolo e
a exclusdo destes ions excedentes da célula, constituindo assim mecanismos de
tolerancia a salinidade (TAIZ e ZEIGER, 2004). Mesmo ocorrendo o risco de toxidez
i6nica e/ou deficiéncia nutricional, o controle do armazenamento dos ions no vacuolo
permite que a planta mantenha a turgescéncia, sem afetar os sistemas enzimaticos do
citoplasma, e sem custos energéticos para sintese de solutos organicos (MARTINOIA et
al., 1986). Ainda de forma alternativa a compartimentalizagdo no vacuolo, os sais
podem ser transportados para a parede celular, o que, no entanto, pode resultar na

desidratacao da célula (MUHLING e LAUCHLI, 2002).
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Os processos de compartimentalizagdo de Na“ no vactiolo e eliminagio de altas
concentragdes intracelulares deste ion requerem transporte dependente de energia, e sao
realizados com a regulacao de proteinas transportadoras que integram a membrana
plasmatica e a membrana do vacuolo (MANSOUR et al., 2003). Tais proteinas estdo
envolvidas no controle do potencial de membrana e na transducdo de sinais em plantas
(ZIMMERMANN et al., 2001). As células vegetais tendem a manter alta razao entre os
ions K'/Na" no citosol em condigdes fisiologicas, onde os niveis de K' sdo
relativamente altos e os niveis de Na' sdo baixos (MUNNS et al., 2006). O equilibrio do
K" e do Na" intracelular é importante para a atividade de muitas enzimas citosolicas,
manuten¢do do potencial de membrana e do potencial osmotico que regula o volume
celular (ZHU, 2003). A manutengdo da homeostase do Na" e do K" torna-se ainda mais
crucial sob estresse salino, pois os niveis de Na“ e CI', predominantes em ambientes
salinos, aumentam nos tecidos, mas os niveis de K" e Ca?" diminuem, devido a
competi¢ao cationica pelos sitios de adsor¢do localizados nas proteinas transportadoras
de alta afinidade pelo ion K* ou daquelas de baixa afinidade, que sdo fortemente
influenciadas pelo ion Ca”™ (MARSCHNER, 1995). Um dos principais efeitos nocivos
das elevadas concentragdes do ion Na” é o de deslocar o fon Ca" dos sitios de liga¢do
das membranas plasmaticas intracelulares, com a consequente perda da seletividade
ionica das células radiculares, impedindo assim homeostase de Ca®" nestas células
(MAATHUIS e AMATMANN, 1999). O ion potasio ¢ um dos ions mais abundantes no
meio intracelular, sendo um nutriente essencial para as plantas, pois contribui
significativamente para a manutencdo do potencial osmoético do vacuolo e turgor
celular, ¢ um ativador de reacdes enzimaticas vitais e € essencial na sintese de proteinas
(TAKAHASHI et al., 2007). Na sintese proteica, ha exigéncia do K" na ligagdo do
tRNA aos ribossomos, a qual necessita de altas concentragdes desse ion para ocorrer
(BLAHA et al., 2000).

As proteinas transportadoras H'-ATPases (V-ATPase) € as H'-PPases (VPPase)
estdo entre as primeiras proteinas transportadoras de Na' identificadas em plantas,
responsaveis por gerar um gradiente de protons de H™ no vacuolo e por auxiliar na
manutenc¢io de altas concentra¢des de K e baixas concentragcdes de Na" no citosol
(HASEGAWA et al, 2000). As V-ATPases sdo constituidas por um complexo
multienzimatico composto por 10 subunidades (RATAJCZAK, 2000). Ja as V-PPases

tém sido encontradas unicamente em plantas vasculares e algas (SAKAKIBARA et al.,
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1996). Além da compartimentalizagdo do Na', também ¢ sugerido que a planta envia
ions Cl” excedentes no citoplasma para o interior do vacuolo através de transportadores
antiporter de CI/H" envolvidos nos processos de compartimentalizagdo deste anion,
através do acoplamento e movimentacdo do ion a favor do gradiente de protons
(HASEGAWA et al., 2000). Transportadores de Cl” tém sido isolados em algumas
espécies e uma familia denominada CLC tem sido mais estudada (BARBIER-BRYGOO
et al., 2000). Uma proteina com participagdo no seqiiestro intracelular de Na* para o
interior do vacuolo, denominada NHX1, foi encontrada em Arabdopisis thaliana (NASS
et al., 1997). O gene AtNHXI que codifica esta proteina no tonoplasto atua na
compartimentaliza¢do de Na' para dentro do vactiolo e sua expressio sofre aumentos
consideraveis sob estresse mediado por NaCl e KCI, sugerindo uma rota na resposta a
estresse osmoético e idnico (GAXIOLA et al.,, 1999). A atividade dessas proteinas
antiporteres tem sido relacionada a outras espécies vegetais como: arroz (FUKUDA et
al., 1999), algodao (WU et al., 2004), trigo (BRINI et al., 2005), Atriplex gmelini
(Hamada et al.,, 2001) e Brassica napus (WANG et al.,, 2003). Outras proteinas
identificadas em Arabidopsis thaliana, denominadas AKT1 (Arabidopsis K* transporter
1) e KATI1 (K* Arabidopsis thaliana channel 1), sdo seletivas para K™ em concentragdes
fisiologicas normais dos ions Na® ¢ K no meio extracelular, porém, quando ocorre
aumento nos niveis de Na" no meio externo, tais carreadores passam a transportar sodio
em vez de potassio para dentro das células (BLUMWALD et al., 2000). HKT1 ¢ outro
transportador que foi inicialmente caracterizado de alta afinidade para a aquisi¢do de K*
(SCHACHTMAN e SCHROEDER, 1994). Posteriormente, esta proteina foi definida
em uma variedade de espécies vegetais como um simporter para Na'/K" (RUS et al.,
2001). Foi demonstrando em ensaio que o transporte de K™ era estimulado pela proteina
transportadora HKT1 em baixas concentragdes de Na™ no meio externo e, ao contrario,
o transporte de K" pela proteina era inibido com o aumento dos niveis de Na+ no meio
extracelular, induzindo a aquisi¢do de Na" para o meio intracelular (RUBIO et al.,
1995). A familia de proteinas transportadoras Kup/Hak (Kup - K™ Uptake / Hak - High
Affinity K* Transporter) apresentam maior afinidade ao K que HKT1, no entanto, esses
transportadores também sd3o permedveis a fons Na“" em ambientes salinos
(TAKAHASHI et al., 2007).

A via de sinalizagdo SOS (Salt Overly Sensitive) ¢ um dos principais

componentes envolvidos na tolerdncia ao estresse salino (GUPTA e HUANG, 2014). E
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composta por trés proteinas (SOS1, SOS2 e SOS3) cuja interagdo culmina na exclusdo
de Na" do citoplasma e, ainda, influenciam na ativa¢do de outros transportadores que
atuam para o restabelecimento da homeostase ionica (MUNNS, 2005). O aumento
transiente dos ions de calcio vindos do apoplasto e carreados para o interior celular
dispara uma cascata de sinalizagdo que inicia o processo de adaptagcdo celular ao
estresse (LIU e ZHU, 1998). Quando os niveis de concetra¢io intracelular de Ca** estio
altos, esses ions se ligam a proteina SOS3 através de um dominio de ligagio ao Ca** que
altera sua conformacdo (Figura 2) e a habilita para interagir com a proteina SOS2, do
tipo serina/treonina quinase, que possui um dominio catalitico amino-terminal e um
dominio regulatorio carboxiterminal (ISHITANI et al., 2000). A proteina SOS2
permanece em estado inativo por um sistema de auto-inibigdo até proteina SOS3
interagir com a SOS2 tornando-a uma proteina quinase ativa, em um sistema
dependente de Ca** (ALBRECHT et al., 2001). No passo seguinte da via a proteina
SOS2 fosforila a SOSI1 ativando-a, que inicia um mecanismo de exclusdo de Na" do
citoplasma através de atividade antiporter de Na*/H" (SHI et al., 2000). E proposto que
o complexo SOS2-SOS3 influenciem na atividade de outros transportadores de ions
além da ativagdo de SOS1, como na inativa¢do da proteina HKT1 ou na inibi¢dao da
expressdo do gene que a codifica, € na ativagdo de NHX (antiporter Na'/H" de vacuolo),
que resulta no sequestro do excesso de ions Na', contribuindo, mais uma vez, para a

homeostase idnica (MAHAJAN e TUTEJA, 2005).
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Figura 2. Modelo da regulagdo da homeostase idnica via SOS para respostas ao estresse salino. O
estresse salino € percebido por receptores presentes na membrana plasmatica da célula que inclui uma
perturbagio citosélica de Ca?*, que interage com SOS3 e a conformagdo da proteina é modificada de uma
maneira que a conecta com SOS2. Essa interacdo libera SOS2 de sua auto-inibigdo resultando em um
complexo com SOS3 que fosforila SOS1, um antiporter Na*/H*, que promove o efluxo do excesso de
Na". Adaptado a partir de Gupta e Huang (2014).
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3.2.3 Mecanismos de tolerancia ao estresse osmotico

A salinidade no solo influencia marcadamente o potencial hidrico do tecido
radicular da planta, podendo causar interrup¢do no influxo de agua e reducdo da
turgéncia celular na epiderme da raiz (CRAMER e BOWNMAN, 1991). O ajusto
osmotico € um mecanismo chave para a manuten¢do da absorcao hidrica e do turgor
celular (TURNER et al., 2007). Neste sentido, como resposta as mudancgas no potencial
osmodtico do meio, as plantas sintetizam e acumulam metabdlitos de baixo peso
molecular, que sdo conhecidos como osmossolutos, osmoprotetores ou solutos
compativeis (MUNNS, 2005). Esses compostos atuam auxiliando no ajustamento
osmotico, quando em altas concentragdes na célula, e na prote¢ao celular, quando em
baixas concentragdes (ASHAF e FOOLAD, 2007).

A medida que as células sdo expostas & salinidade, o0 movimento da agua ocorre
do compartimento com maior potencial hidrico para o compartimento de menor
potencial hidrico, e o fluxo de carbono pode ser alterado para atender a biossintese de
solutos compativeis e geracao de energia necessaria para esta biossintese, aumentando a
concentragdo intracelular, inibindo assim a perda de agua pela célula e propiciando a
sua aquisicdo (MAHAJAN e TUTEJA, 2005). Esta habilidade de tolerancia a salinidade
¢ claramente diferenciada entre espécies e também entre gendtipos (MUNNS et al.,
2002).

O termo “soluto compativel” faz referéncia a solutos que ndo sio toxicos para a
célula vegetal e que sdo compativeis com a atividade metabolica mesmo em altas
concentragdes no citosol (WYN JONES et al., 1977). Outras fung¢des conferidas aos
solutos compativeis sdo a contribui¢do na regulacdo do pH citosolico, desintoxicagdo do
excesso de NH*', e protecdo de plantas removendo ROS gerados por estresse oxidativo
(ZHU, 2001). Em adicdo, os solutos compativeis em concentragdes elevadas no
citoplasma podem auxiliar no balangco osmotico quando os eletrdlitos no citoplasma
estdo em menor concentra¢do que no vactiolo, permitindo a célula manter um potencial
de turgor positivo, requerido para a expansao celular e abertura de estdomatos, e um
efeito protetor nas proteinas e estruturas celulares quando os eletrdlitos estdo em
concentrac¢do elevada no citoplasma (NABIL e COUDRET, 1995).

Dentre os principais grupos de solutos compativeis destacam-se: os compostos

poliidroxilicos, tais como glicose, frutose, sacarose, trealose ou rafinose; acidos
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orgénicos, tais como oxalato e malato; polidlcoois de cadeia linear (glicerol, manitol ou
sorbitol) e ciclicos (inositol, pinitol, etc.); compostos amino-quaternarios (glicina
betaina, alanina betaina, prolina betaina), aminoacidos protéicos (prolina, arginina,
glicina, serina, etc) e ndo-protéicos (citrulina, ornitina, hidroxiprolina, etc.), poliaminas
(putrescina, espermidina e espermina), dentre outros compostos (ASHRAF ¢ HARRIS,
2004).

A prolina ¢ um dos osmodlitos mais pesquisados nos estudos acerca de estresses
abidticos em plantas cultivadas, e seu acimulo em plantas sob estresse salino ¢
conhecido como um mecanismo adaptativo ao estresse (HASANUZZAMAN et al.,
2014). Sob condicdes de estresse salino, a prolina ¢ produzida a partir do acido
glutdmico e seu teor pode apresentar valores 100 vezes maiores nas plantas submetidas
a estresse quando comparadas as plantas controle, dependendo da espécie
(VERBRUGGEN e HERMANS, 2008). Além disso, a acumulagcdo da prolina ¢
induzida pelo aumento da concentragio dos ions Na* e CI, pela diminui¢do da atividade
de prolina desidrogenase (uma enzima catabolica de prolina) (PARIDA e DAS, 2005).
As reagdes de sintese da prolina sdo realizadas pela acdo das enzimas pirrolina-5-
carboxilato sintetase (PSCS) e pirrolina-5-carboxilato redutase (PSCR) (DELAUNEY e
VERMA, 1993).

Durante os estresses osmoticos, além de atuar como um osmorregulador e ser
uma fonte de carbono e nitrogénio, a prolina auxilia na estabilizagdo das estruturas das
proteinas, do pH citoso6lico e na protegdo da membrana plasmatica, no sequestro de
espécies reativas de oxigénio durante estresse oxidativo (SHARMA e DUBEY, 2005).

Entre os compostos amino-quaternarios, a glicina betaina (GB) ¢ produzida
diante o estresse salino na tentativa de controlar a capacidade das células em reter agua
sem causar prejuizos as plantas (TUTEJA, 2007). Uma vez que a GB pode promover
maior producdo de vacuolos nas raizes, algumas plantas podem minimizar o efeito da
salinidade na parte aérea, devido a produgdo de GB nas raizes, fazendo com que o Na*
se acumule e ndo seja transportado para a parte aérea (ASHRAF e FOOLAD, 2007). Foi
demonstrado que a aplicacdo exdgena em plantas que ndo produzem GB promoveu
melhor desenvolvimento sob estresse salino, diminuindo a concentracdo de Na' e
aumentando a absor¢do de K', além de agir beneficamente na transdu¢io de sinais e
equilibrio i6nico (TUTEJA, 2007). No entanto, foi observado em alguns casos que a alta

concentracdo de GB pode inibir o acimulo de prolina e causar danos nos tecidos de
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folhas sob altas concentragdes de GB exodgena, e por estes motivos, os efeitos da glicina
betaina vao depender da concentracdo aplicada e da resposta de diferentes tipos de
plantas ao seu acaimulo (AHMAD et al., 2013).

O aumento do processo de sintese de proteinas de membrana, denominadas
aquaporinas, envolvidas no movimento da 4gua entre os meios intracelular e
extracelular, ¢ outro mecanismo de ajuste osmotico (HASEGAWA et al., 2000). A
regulacdo da quantidade das aquaporinas ¢ afetada por estresses provocados por

salinidade e seca, bem como sua distribui¢cdo no tonoplasto (SMART et al., 2001).

3.2.4 Mecanismos de toleridncia ao estresse oxidativo

Além dos efeitos i6nico e osmotico ocasionados pela salinidade, as plantas
podem sofrer por estresse oxidativo, com produgdo de espécies reativas de oxigénio
(Reactive Oxygen Species - ROS), tais como o peroxido de hidrogénio (H20,), o radical
superoxido (O27) e o radical hidroxil (HO-), os quais sdo altamente reativos e
prejudiciais as células vegetais em concentracdes elevadas, mas que, em niveis
relativamente baixos, podem atuar como moléculas sinalizadoras de mecanismos que
minimizam o estresse abidtico (AHMAD et al., 2013). Os danos citotdéxicos das ROS
produzidas durante o estresse salino podem ser traduzidos em diversos processos
degenerativos, alterarando o metabolismo celular, atuando, por exemplo, na
peroxidagdo de lipidios da membrana celular e pigmentos fotossintéticos, desnaturacdo
de proteinas e morte celular programada (ALSCHER et al., 199). A nivel de material
genético, o excesso de ROS podem causar hipo ou hipermetilacio do 4cido nucleico,
delecdo e substituicdo de bases do DNA, alteragdes cromossdmicas (aneuploidia e
poliploidia) e rearranjo cromossomico (CASSELLS e CURY, 2001).

O estresse oxidativo tem sido constatado em plantas expostas a salinidade e
também a outros tipos de injirias, como a temperaturas extremas, seca, luz UV,
herbicidas e exposi¢do a 0zonio (INZE e VAN MONTAGU, 1995). As espécies reativas
de oxigénio podem ser produzidas nos peroxissomos, cloroplastos e mitocondrias. Nos
cloroplastos, uma vez que ¢ local de producao de O, molécula que pode receber
elétrons e formar ROS passando pelos fotossistemas, cuja eliminagdo réapida de ROS
neste local ¢ um mecanismo de prote¢do dos cloroplastos antes de chegarem até o

estroma e prejudicar o ciclo de Calvin (GILL e TUTEJA, 2010). A fotorrespiragdo nos
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peroxissomos, durante estresses abiodticos, também ¢é uma fonte produtora de ROS
(MITTLER, 2002).

A oxidag¢ao lipidica origina diversos produtos secundarios que agravam o dano
oxidativo celular, entre eles o 4cido malondialdeido (MDA), que ¢ o principal e mais
estudado produto da peroxidacdo lipidica, e considerado um marcador molecular para
designar a peroxidagdo lipidica nas células de plantas submetidas a diferentes estresses
abiodticos, entre eles, a salinidade (DAVEY et al., 2005)

Plantas tolerantes a salinidade podem possuir um eficiente sistema de defesa
contra o estresse oxidativo, através de enzimas antioxidativas que as protegem pela
remocao efetiva de ROS (HOEKSTRA et al., 2001). Dentre as enzimas que participam
dos sistemas de defesa das plantas destacam-se a catalase (CAT), a superdxido
dismutase (SOD), a peroxidase (POX), o ascorbato peroxidase (APX), a glutationa
peroxidase (GPX) e a redutase da glutationa (GR) (Breusegem et al., 2001). Dentre os
metabolitos ndo enzimaticos que podem ser importantes nos sistemas de defesa
destacam-se o ascorbato (AsA), o monodesidroascorbato (MDHA), a glutationa
reduzida (GSH), o a-tocoferol e os carotenoides (MITTLER, 2002).

Nas plantas sob estresse salino, a atividade das enzimas antioxidantes como a
CAT, POX, glutationa redutase (GR) e superdxido dismutase (SOD) aumentam,
existindo correlagdo entre os niveis destas enzimas e a tolerancia ao sal (SUN et al.,
2007). Assim, o balanco entre as atividades das enzimas antioxidantes no metabolismo
celular € crucial para a manuten¢do do equilibrio dinamico das ROS (MITTLER, 2002).

As SOD sao metaloenzimas responsaveis pela dismutagdo do radical superdxido
em oxigénio molecular e peroxido de hidrogénio H202 (ASADA et al., 1999). As SOD
apresentam-se na forma de trés isoenzimas nas plantas superiores (Fe-SOD, Mn-SOD e
Cu/Zn-SOD), classificadas de acordo com o ion metalico presente no grupo prostético e
estao distribuidas em diferentes compartimentos celulares (ARORA et al., 2002). A Fe-
SOD ¢ encontrada principalmente nos cloroplastos, a Mn-SOD nas mitocondrias e
peroxissomos ¢ a Cu/Zn-SOD nos cloroplastos, citosol e, possivelmente, no espaco
extracelular (ALSCHER et al., 2002).

O H0; produzido pela reacdo catalisada pelas SODs também ¢ formado
espontaneamente pela dismutag¢do do radical superdxido (O2"), onde pode ser eliminado
do metabolismo celular por agdo das enzimas CAT, APX e POX (ARORA et al., 2002).

A concentracao deste elemento pode variar de 0,03 — 1uM (sem estresse) a 0.1 - 10uM
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(sob estresse), bem como a quantidade de dias que isso pode ocorrer, dependendo da
espécie vegetal e de uma série de outras variaveis (DEMIDCHIK, 2015). J4 a produgao
do radical hidroxila (HO") ¢ realizada através das reagdes “Haber-Weiss”, a partir dos
radicais superdxido (O27) e peroxido de hidrogénio (H202) (SCANDALIOS, 1993).

As POX s3o enzimas amplamente distribuidas nas células, encontradas
associadas as paredes celulares, membranas celulares, vactiolos e citoplasma (ASADA,
1992). Sao enzimas capazes de oxidar varios substratos na presenca de H>O> ou de
hidroperéxidos organicos, € por apresentarem menor massa molecular (35 kDa) que as
CAT, as POX apresentam maior mobilidade dentro dos diversos compartimentos
celulares onde a sua acdo ¢ requerida (SIEGEL, 1993).

O ascorbato ¢ um importante composto no processo antioxidativo, classificado
como componente chave do sistema antioxidativo das plantas, e estd relacionado aos
estresses abiodticos e bidticos (DIPIERRO et al., 2005). Encontra-se em alta
concentracdo no interior das células, estando distribuido no citosol, mitocondria,
peroxissomos, apoplasto e, principalmente, no interior dos cloroplastos (MITTLER,
2002). A sintese de ascorbato ocorre em mitocondrias e a manutencdo da sua
concentragdo em plantas submetidas a determinada condicdo de estresse, envolve
complexa interacdo entre sintese, degradacdo, transporte e armazenamento no interior
das células (CREISSEN et al., 1999). O ascorbato ¢ requerido como doador de elétrons
para que alguns sistemas de defesa enzimaticos possam atuar eliminando as ROS do
interior das células (FOYER e NOCTOR, 2000). As APX, por exemplo, utilizam o
ascorbato como doador de elétrons na reacdo de eliminagdo de H2O2 (ASADA, 1992).
As APX sdo encontradas, principalmente, nos cloroplastos e no citosol, podendo
também estar associadas as mitocondrias, peroxissomos e ao apoplasto (ARORA et al.,
2002).

O ciclo do ascorbato-glutationa ¢ uma eficiente via de células vegetais que
dispdem de H>O; em determinados compartimentos onde estes metabolitos ¢ produzido
e ndo existe catalase presente, fazendo uso de antioxidantes ndo enzimaticos, como o
ascorbato e a glutationa, este ciclo esta bem demonstrado nos cloroplastos, citosol e nas

mitocondrias de nodulos radiculares (POLLE, 2001).
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3.2.5 Efeito da salinidade na germinacao, estabelecimento e crescimento das
plantas
As respostas das plantas a salinidade sdo muitas vezes acompanhadas por

alteragdes morfoldgicas e anatdémicas (Taiz e ZEIGER, 2013). Uma vez que ¢ possivel
as plantas serem adaptadas e ajustadas osmoticamente ao estresse salino, o gradiente de
potencial poderd ser mantido, no entanto, associado a reducdes na condutividade
hidraulica das raizes e maior fechamento estomatico, o que resulta em menores taxas de
absor¢ao e assimilagao de CO» por unidade de area foliar, induzindo a reducgdo da taxa
liquida de fotossintese e, consequentemente, em menores taxas de crescimento
(AZAIZEH et al., 1992).

O efeito negativo da salinidade ¢ provocado pela dificuldade na absorcdo de
agua pela semente, reduzindo a velocidade dos processos metabolicos e bioquimicos,
além de atrasar ou inibir a germinagdo e interferindo no processo de embebi¢do ¢ no
alongamento celular do embrido (HARTER et al., 2014). A captacdo de agua durante o
estabelecimento das plantulas acarreta a acumulagdo de ions, principalmente no eixo
embrionario (ASHRAF, 2004). Os ions acumulados ao atingir concentracdes toxicas
podem afetar varios processos fisiologicos e metabolicos dos tecidos embrionarios,
incluindo a divisdo e diferenciagdo celular, a atividade de enzimas e a captagdo e
distribuicdo de nutrientes, podendo ocasionar atraso da emergéncia das plantulas, da
mobilizacao das reservas ¢ diminuir a viabilidade das sementes (MISRA ¢ DWIVEDI,
2004). Assim, o fato da semente germinar, verificado pela emissdo da radicula, sob
substrato salino, ndo garante que esta torne-se uma plantula apta para se desenvolver
(KRZYZANOWSKI ¢ FRANCA-NETO, 2001).

Modificagdes no status hidrico impostas pela salinidade influenciam
marcantemente as respostas na taxa de crescimento foliar de plantas submetidas a
estresse salino (CRAMER e BOWMAN, 1991). Entre as alteragcdes anatomicas
decorrentes dos efeitos da salinizagdo, destacam-se: a lignificacdo das paredes celulares,
que provocam alteragdes na espessura dos tecidos; presenca de estrias de Caspary, que
atuam reduzindo o transporte de ions Na' pela via apoplastica; armazenamento de
cristais de oxalato de calcio nas células; e reducdo no nimero de células dos feixes
vasculares, com desorganizacdo na acomodagdo dessas células (HUNSCHE et al.,
2010). Nas folhas, a salinidade reduz o crescimento e acelera a abscisao foliar (ZEKRI,
1991). Também ocorre o aumento da espessura do mesofilo foliar, em fun¢do do

aumento no comprimento € no nimero de camadas de células paligadicas e esponjosas,
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além de aumentar a producdo de fibras e cristais de oxalato de céalcio (PARIDA et al.,
2004). Efeitos transientes na alteracdo do turgor foliar em plantas afetadas pela
salinidade também geralmente sao produzidos, embora nem sempre o turgor ¢ reduzido
(MUNNS, 1993). O turgor das folhas de variedades sensiveis ao sal ¢ usualmente maior
do que variedades relativamente tolerantes ao sal, presumivelmente, em consequéncia
da baixa exclusdao de sal pelas raizes de variedades sensiveis, promovendo altas
concentracdes de sal nas folhas, enquanto que as variedades tolerantes, que excluem
maiores quantidade de sais pelas células das raizes, mantém menores concentragdes de
sais nas folhas (YANG et al., 1990).

A redugdo no potencial hidrico da solugdo nutritiva pode causar interrupgao do
influxo de 4gua ou uma reducdo da turgescéncia celular na epiderme da raiz (CRAMER
e BOWMAN, 1991). Em plantas salinizadas frequentemente ocorre o aumento da
suberiza¢do da hipoderme e endoderme nas raizes, com formacao de estrias de caspary
bem desenvolvidas, como forma de reduzir o transporte de Na' pela via apoplastica
(SHANNON e GILL, 1994). No entanto, esse mecanismo pode limitar a absor¢do de
agua e nutrientes pelas raizes (OLIVEIRA et al., 2010).

A inibicdo do crescimento das raizes, decorrente da salinidade, estd associada
com a expansao da parede celular, papel atribuido primordialmente para as peroxidases
(POD) ligadas ionicamente a parede celular (LIN e KAO, 2001). Além da acdo
antioxidativa aumentada em func¢do da implica¢do de diferentes tipos de estresses nos
vegetais, as POD exercem importantes funcdes no crescimento, diferenciagao,
desenvolvimento e lignificacdo da parede celular, podendo, em alguns casos, ter o seu
efeito acentuado quando associado a fatores bidticos e abidticos (MENEZES et al.,
2004). O mecanismo de espessamento da parede celular, ocasionado pela incorporagdo
de lignina, promove rigidez estrutural e resisténcia aos tecidos das plantas, o qual
diminui a extensibilidade da parede celular em decorréncia da formagdo de pontes
difenil entre polimeros da parede, por acdo das POD (POLLE et al., 1994). Neste
sentido, a reducdo do crescimento das raizes sob estresse salino esta diretamente
associada com o aumento dos niveis de peroxido de hidrogénio (H20>), essencial para a
atividade das POD (LIN e KAO, 2001). E importante salientar a complexidade do
processo de biossintese de lignina, que envolve inumeras etapas enzimadticas que

compdem o metabolismo secundario nas plantas, o qual confere vérias fungdes
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fisiolégicas para sobrevivéncia e adaptacdo a perturbacdes ambientais (STRACK,
1997).

A salinidade também influencia negativamente diferentes aspectos da
reproducao, incluindo a polinizagdo, florescéncia, desenvolvimento de frutos e producdo
de sementes (SHANNON et al., 1994). A germinacdo ¢ afetada pela salinidade ndo
apenas por dificultar a absor¢ao de 4gua em fun¢ao da redugao do potencial osmético do
substrato até as células do embrido, mas também por facilitar a entrada de ions em
quantidades toxicas nas sementes durante a embebicido (MACHADO-NETO et al.,
2006). Além disso, a reducdo da capacidade de germinar também ¢ atribuida a reducao
das atividades enzimaticas da semente, em funcdo do processo de hidratagdo, pois a
agua constitui a matriz onde ocorre a maioria dos processos bioquimicos e fisioldgicos

que resultam na protrusdo da raiz primaria (YE et al., 2005).

3.3 BIOINFORMATICA

3.3.1 Historico

A bioinformatica ¢ considerada um campo de estudo para analise de sistemas
bioldgicos através da informatica (HOGEWEG, 2011). O termo “Bioinformatica” foi
utilizado primeiramente por Pauline Hogeweg em 1979 para estudos de processos de
informatica em estudos de biologia sistemacional (BARNES e GRAY, 2003). A partir
da década de 1980, com o aprimoramento das técnicas de sequenciamento e de novas
tecnologias, a bioinformatica passou a fazer parte de todos os projetos bioldgicos como
forma de armazenar e analisar grandes quantidades de dados, e com a apresentacdo dos
resultados em interfaces acessiveis via web, tornando a pesquisa mais interativa e
dindmica (BAYAT, 2002). Desde entdo, a tecnologia da computagdo, matematica e
biologia molecular se tornaram proveitosamente combinadas para responder a perguntas
fundamentais nas ciéncias naturais, e em especial, para auxiliar no manejo da grande
quantidade de dados gerado no sequenciamento de DNA, RNA e aminoacidos
(HAGEN, 2000). Dada a riqueza das informacgdes disponiveis, a bioinformatica possui
papel central, e integrador, permitindo que experimentos sejam feitos in silico e que o
uso da bancada, para experimentos in vitro ou in vivo, sejam adiados, até que um foco
maior seja dado a pesquisa seja considerada (MARTINS et al., 2009). No Brasil, a
bioinformatica foi utilizada pela primeira vez de maneira sistematica e em larga escala

em 1997, no projeto de sequenciamento do genoma da bactéria Xylella fastidiosa,
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causadora da doenca do amarelinho nas laranjeiras (CIB, 2004). Atualmente, a
bioinformatica tem sido utilizada para a realizagao de diversos estudos, entre eles para a
constru¢do de banco de dados, mineracdo de dados, andlises de sequéncias,
identificacdo de genes e predigdo de suas fungdes, previsdo da conformacdo
tridimensional das proteinas, construcdo de arvores filogenéticas e modelos evolutivos,
construgdo de bibliotecas gendmicas, transcriptomicas e protedmicas, estudo de fungdes

biologicas, entre outras (MATIOLI e FERNANDES, 2012).

3.3.2 Bancos de Dados de Bioinformatica

Devido ao avango dos recursos computacionais e da disponibilidade de genomas
completos sequenciados de organismos, inclusive de plantas, houve uma crescente
necessidade da disponibilidade de informacdes em bancos de dados biologicos
(PEVZNER, 2004). Atualmente, existem uma série de bancos disponibilizados on-line
em bases de dados biologicos. Os portais de bioinformdtica organizam os dados de
diferentes organismos na forma de bancos de dados de genomas, transcriptomas,
proteomas, estruturas tridimensionais, sequéncias intergénicas e peptidicas (JONES e
PEVZNER, 2004).

Uma das principais bases de dados sobre informagdes biologicas ¢ o GenBank
do Centro Nacional para Informagao Biotecnologica dos EUA (NCBI - National Center
for Biotechnology Information - www.ncbi.nlm.nih.gov). O GenBank tem sido
expandido para incluir dados de expressao de sequéncias (ESTs), dados de sequéncias e
estrutura tridimensional de proteinas, colecdo de anotacdes de sequéncias de DNA
depositadas de diferentes organismos, informagdes sobre diferentes tipos de interagdes
biologicas, taxonomia e literatura biomédica (BENSON et al., 2011).

O INSDC (International Nucleotide Sequence Database Collaboration) compoe
uma colaboragdo internacional formada pelo o NCBI, o ENA (European Nucleotide
Archive) e o DDBJ (DNA Data Bank of Japan), que mantém um conjunto de dados
biologicos em constante sincronia (Barnes e Gray, 2003). O ENA ¢ desenvolvido e
mantido pelo EMBL-EBI (European Bioinformatics Institute) e contém informacdes
sobre sequéncias nucleotidicas contabilizadas em cerca de 255,1 milhdes (LESK, 2008).
O DDBJ além de oferecer ferramentas de pesquisa de sequéncias de DNA e proteinas,
fornece acesso a diversas ferramentas de analises de bioinformatica (WHEELER et al.,

2006).



34

Desenvolvida pelo NCBI na Library of Medicine (NLM), o PubMed ¢ uma base
de dados disponivel na web do sistema de busca e recuperagao Entrez do NCBI, que
inclui o MEDLINE, Nucleotide Sequences, Protein Sequences, Macromolecular
Structures ¢ Whole Genomes (BARNES e GRAY, 2003). O servigo do Entrez fornece
mecanismos de busca em diversos bancos de dados disponibilizados pelo NCBI, que
integra literatura cientifica, bancos de dados de DNA e proteinas, estruturas
tridimensionais de proteinas, genomas completos e informagdes taxonOmicas de
organismos conhecidos em seu sistema de busca (JONES e PEVZNER, 2004).

O Uniprot (http://www.uniprot.org/) é um repositorio de sequéncias de proteinas
com cobertura abrangente e abordagem sistemdtica para a anotacdo de proteinas.
Integra, interpreta e padroniza os dados de literatura e de outros numerosos recursos
para alcancar a mais abrangente base de dados sobre proteinas (SUZEK et al., 2007).
No UniProt ha dois médulos principais, o UniProtKB (Protein Knowledgebase), onde
toda a anotag¢do das sequéncias proteicas ¢ encontrada, e o UniRef (UniProt Reference
Clusters), que agrupa as sequéncias do UniProt nos niveis 50%, 90% e 100% de
identidade (The UniProt Consortium, 2014; http://www.uniprot.org/). O UniProtKB ¢
divido em dois modulos, o de sequéncias anotadas por métodos automaticos (TrEMBL)
e o Swiss-Prot, onde as sequéncias passam por curadoria manual (APWEILER et al.,
2010). As anotagdes do Swiss-Prot descrevem func¢des das proteinas, modificacdes poOs-
traducionais, dominios e sitios, estruturas secundarias, entre outras informacdes

(SUZEK et al., 2007).

3.3.3 Bases de Dados de Fatores de Transcricao

PInTFDB - Plant Transcription Factor Database

A base de dados de fatores de transcricdo de plantas (PInTFDB;
http://pIntfdb.bio.uni-potsdam.de/v3.0/) € um interativo portal que fornece conjuntos de
putativos fatores de transcricdo e outros elementos reguladores transcricionais em 19
espécies de plantas cujos genomas foram completamente sequenciados e anotados, onde
para cada familia de genes, ¢ fornecida uma descri¢ao basica que ¢ complementada por
referéncias bibliogréaficas e alinhamentos de sequéncias multiplas de dominios protéicos

(PEREZ-RODRIGUEZ et al., 2010).

DBD - Transcription factor prediction database
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O DBD (DNA-binding domain - http://transcriptionfactor.org) ¢ uma base de
dados de sequéncias preditas de dominios de ligagdo ao DNA de fatores de transcrigao
para todos os proteomas disponiveis publicamente, em que sdo oferecidas novas opgdes
de pesquisa, como busca por nomes de genes em organismos modelo (WILSON et al.,

2008).

JASPAR

Disponivel em http://jaspar.cgb.ki.se. 0 JASPAR ¢ uma base de dados aberta
para deteccdo, anotacdo e analise de potenciais perfis de ligagdo de fatores de
transcricdo de eucariotos, com complementacdo de uma interface para navegacao,
selecdo de subconjuntos e um conjunto de ferramentas de programagdo para analise de

genoma ampla e comparativa de regides regulatorias (SANDELIN et al., 2004).

TRANSFAC

Base de dados de fatores de transcricdo de organismos eucariotos e sitios de
ligacdo de fatores de transcri¢do (TFBSs - Tramscription Factor Binding Sites), o
TRANSFAC (http://genexplain.com/transfac/) tem sido cuidadosamente mantido e
curado para disponibilizagdo de andlises de sequéncias gendmicas para potenciais sitios
de ligacdo de fatores de transcricdo, além de uma complexa plataforma on line
(geneXplain) que possui uma interface padronizada com sistema de gerenciamento de
fluxogramas para uma ampla gama de aplicagdes de bioinformdtica e biologia de

sistemas (WINGENDER, 2008).

PlantTFDB - Plant Transcription Factor Database

Com um recurso de fornecimento bastante abrangente de fatores de transcricao e
suas  interacdes com genes alvo, a base de dados PlantTFDB
(http://planttfdb.cbi.pku.edu.cn/) possui 320370 fatores de transcricdo identificados em
165 espécies, além de promover uma abundante atualizacdo de anotagdo funcional e
evolutiva para fatores de transcrigdo identificados, a partir da geracdo de trés novos
tipos de anotacdo para a investigacdo de mecanismos funcionais: i) um conjunto de
motivos de ligagdo ndo redundantes de fatores de transcricdo derivados de
experimentos; ii) multiplos tipos de elementos cis-regulatorios identificados a partir de
dados de sequenciamento de alto desempenho; iii) interacdes regulatorias curadas da
literatura e inferidas pela combinagdo de motivos de ligacdao de fatores de transcrigdo e

elementos cis-regulatérios (JIN et al., 2016).
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3.3.4 Bases de Dados de Elementos Cis-Regulatorios

PlantCARE

A base de dados de elementos cis-regulatorios  PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) utiliza motivos obtidos
principalmente da literatura, sendo complementado com um numero crescente de dados
previsto pela propria base, fornecendo uma descricdo geral de sitios especificos de
ligagdo fatores de transcricdo, além dos niveis de confianga pela evidéncia
experimental, informagdo funcional e posicdo no promotor (LESCOT et al., 2002).
Novos elementos cis-regulatérios identificados também podem ser enviados

automaticamente a base, e em sequida adicionados no portal apos curagem.

PLACE - Plant cis-acting regulatory DNA elements

Assim como na base PlantCARE, os motivos dos elemententos cis-regulatorios
da base de dados PLACE (http://www.dna.affrc.go.jp/htdocs/PLACE/) sdo extraidos de
artigos publicados proveniente de promotores de genes de plantas vasculares, além de
suas variacdes nas diferentes espécies que sdo compilados de artigos publicados
posteriormente (HIGO et al., 1999). As informacdes de cada motivo na base de dados
PLACE contém, além da sequéncia do motivo, uma breve descri¢ao e definicdo de cada
elemento e o numero de identificagdo no PubMed e de acesso no GenBank, para que o

usudrio possa acessar o resumo da literatura e a anotagdo na base de dados.

PlantPAN - The Plant Promoter Analysis Navigator

Além de uma base de dados, o PlantPAN (http://plantpan2.itps.ncku.edu.tw) ¢
uma plataforma sistematica que fornece um recurso informativo para deteccao, analise e
reconstru¢do de vias de regulacdo transcricional em plantas, que incluem os proprios
sitios dos elementos cis-regulatérios e outros importantes elementos reguladores, como
ilhas CpG (CpG islands) e repeticOes em tandem localizadas nas regides conservadas
dos promotores dos genes (CHOW et al., 2016). Atualmente, a base de dados PlantPAN
contém depositados 16960 fatores de transcricdo e 1143 motivos de elementos cis-
regulatérios no portal a partir de 76 espécies de plantas, além de atualizacdo das
informacdes das anotagdes depositadas, adicionamento de matrizes de fatores de
transcricdo verificadas experimentalmente e melhoramento das visualizagdes das vias
de regulagdes transcricionais, através da incorporagdo de varios recursos e funcdes, tais

como: 1) curagem abrangente de informacdes de fatores de transcricdo (condigdes de


http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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resposta, genes alvo e seqiiéncia dos motivos de ligagdo); ii) perfis de co-expressdo de
fatores de transcrigcdo e seus genes alvos sob varias condigdes; iii) interagdes proteina-
proteina entre fatores de transcri¢do e seus co-fatores; e iiii) vias de elementos cis-

regulatorios alvos de fatores de transcricao.

AGRIS - Arabidopsis Gene Regulatory Information Server

A base de dados AGRIS (http://agris-knowledgebase.org/) é um recurso de
informacdo sobre sequéncias promotoras de genes de Arabidopsis, juntamente com
fatores de transcricdo e seus respectivos genes alvos (YILMAZ et al., 2011).
Atualmente, a base AGRIS contém trés bancos de dados: ArcisDB que consiste em um
banco de aproximadamente 33000 regides promotoras anotadas de genes de Arabdopsis,
com uma descricdo de seus elementos cis-regulatorios preditos e validados
experimentalmente; o banco AtTFNet contém informacao de aproximadamente 1770
fatores de transcricdo agrupados em 50 familias, baseadas na presenca de dominios
conservados especificos; e AtRegNet que ¢ um banco que possui 19.013 interagdes
diretas entre fatores de transcri¢do e genes alvos. Além das significativas contribuigdes
na identificagcdo de todo o conjunto de intera¢des de fatores de transcrigdo e DNA, que
sdo a chave para compreender as vias regulatdrias que governam a expressao génica de
Arabidopsis, algumas ferramentas foram incorporadas na base de dados que incluem o
conjunto completo de palavras de tamanho variando entre 5 e 15 letras presentes no
genoma de Arabdopsis e a integracdo do banco AtRegNet com ferramentas de

visualizagao.
3.3.5 Ferramentas Computacionais

Alinhamento de Sequéncias - BLAST

Para a busca de sequéncias em bancos de dados, ¢ necessario utilizar uma
ferramenta que reconheca as sequéncias mais similares, € assim facilitar a comparacao e
o alinhamento entre elas (SCHNEIDER, 2003). A homologia entre sequéncias pode ser
analisada através do alinhamento obtido a partir de algoritmos e métodos estatisticos
para availiar a significatividade (DURBIN et al., 1998). O programa BLAST (Basic
Local Alignemnt Search Tool) usa métodos de similaridade local entre as sequéncias,
através da localizagdo, alinhamento e comparacdo de segmentos nucleotidicos ou
peptidicos no banco de dados, e calcula a significancia estatistica da diferenca entre as

sequéncias (ALTSCHUL, 1997). O BLAST pode ser utilizado para a identificacdo de
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um gene em um genoma ou de possiveis homologos em um banco de dados, detec¢do
de éxons, localizagdo de dominios proteicos, predicao de genes e proteinas, inferéncia
de relagdes evolutivas e funcionais, bem como identificar membros de familias génicas
(Barnes ¢ GRAY, 2003; LESK, 2008). O resultado do BLAST ¢ baseado em calculos
estatisticos apds a obtengdo de casamentos (matches) significativos entre as sequéncias,
com a distribuicdo dos alinhamentos locais existentes e as pontuagdes (scores)
atribuidas aos alinhamentos obtidos entre as sequéncias comparadas (ALTSCHUL,
1997; SCHNEIDER, 2003). O algoritmo processa os dados utilizando a heuristica
comparativa por pares de segmentos, com a finalidade de encontrar o menor nimero de
falhas (gaps) e diferengas (mismatches) nos fragmentos resultantes. O e-value
representa o nimero de alinhamentos com scores iguais ou melhores que seria de se
esperar que ocorressem ao acaso, dado o tamanho da base de dados (LESK, 2008).
Assim, quanto menor o e-value, melhor o alinhamento, de forma que, num banco de
dados de grandes propor¢des, um e-value igual a zero significa que ndo ha
probabilidade de que um alinhamento entre duas sequéncias tenha ocorrido ao acaso

(ALTSCHUL, 1997).

CLUSTAL X

Programa de execucdo de alinhamentos multiplos biologicamente informativos a
partir de sequéncias de bases nucléicas ou peptidicas alinhadas que dao origem a um
determinado resultado (PROSDOCIMI et al., 2002), onde também ¢ possivel a
visualizacdo através de uma interface grafica da relagdo filogenética das sequéncias em

questao através de cladogramas (THOMPSON et al., 1997).

MEGA

O programa de analises genéticas de evolugdo molecular (Molecular
Evoluntionary Genetics Analysis) foi desenvolvido para analisar caracteres
evolutivamente informativos (SUDHIR et al., 1993) que permitem a analise de uma
matriz de dados através de métodos utilizados para calculo de distancias genéticas,
como distancia de Kimura-2-parametros (KIMURA, 1980), distancia de Tamura
(TAMURA et al., 2011) e distancia de Tajima-Nei (TAJIMA e NEI, 1984), além de
disponibilizar os algoritmos para reconstrugdes fenéticas e filogenéticas através de
geracdo de dendrogramas como o UPGMA (Unweighted Pair Group Method with
Arithmetic Means) (SNEATH e SOKAL, 1973), NJ (Neighbor-Joinning) (SAITOU e
NEI, 1987) e Maxima Parcimoénia (FITCH, 1971).
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TREE VIEW

E um programa para visualizagdo de arvores filogenéticas capaz de ler diferentes
formatos de arquivos, como Nexus, Phylip, Nona, Mega e Clustal W/X, além de gerar
opgdes de visualizagdo das arvores em diferentes formas, como em forquilha,

radicalmente e em paralelo (PAGE, 1996).

CLUSTER

Um ambiente computacional e grafico é fornecido pelo programa para a andlise
de sequéncias gendmicas que incluem ferramentas de clusterizagao hierarquica
(Hierarchical Clustering), analises de componentes principais (Principal Component
Analysis), agrupamento de médias K (K-Means Clustering) e auto-organizacido de

mapas (Self Organizing Maps) (EISEN et al., 1998).

3.4 TRANSCRIPTOMICA

O transcriptoma de uma espécie pode ser entendido como produto da parte
expressa do genoma, ou seja, o genoma funcional, sendo representado pelo conjunto de
todos os transcritos derivados de genes produzidos em uma célula em determinado
momento e condi¢do fisioldgica, os quais sdo compostos por uma colecdo de moléculas
de RNA codificadoras de proteinas e nao codificadoras (ncRNA) (WANG et al., 2009).
O transcriptoma fornece caracteristicas sobre o padrao de expressdao de um determinado
organismo, tecido ou célula em questdo, e sua analise ¢ fundamental para compreender
a funcdo, estrutura e as interacdes dos genes envolvidos num determinado processo
(MIR et al., 2004), além de constituir uma abordagem de alta performance para a
investigacdo do comportamento de milhares de genes, permitindo também a inferéncia
sobre a fung¢do de grupos de genes co-regulados (AMARAL et al., 2006). Entre os
principais objetivos num estudo de transcriptomica destacam-se: a quantificacdo dos
diferentes niveis de expressdo de cada transcrito durante o desenvolvimento do
organismo e sob diferentes condigdes; o catdlogo de todos os elementos de transcricao,
incluindo mRNAs, ncRNA ¢ miRNA; a determinagdo da estrutura transcricional dos
genes e do local de inicio das extremidades 5' e 3'; assim como os padrdes de splicing e
de outras modificacdes pos-transcricionais (WANG et al., 2009).

O estudo da expressdo génica em larga escala possibilitou gerar um grande

volume de resultados, favorecendo o estudo da regulagdo génica em fun¢do do grande



40

nimero de novos genes descobertos nos projetos genomas, desenvolvimento dos
arranjos de DNA e pelas técnicas de analise de transcriptomica (NAGALAKSHMI et
al., 2008). Consequentemente, a otimizagao de processos biologicos envolvidos pode
ser encaminhada através do conhecimento global destes mecanismos e na modulacao
e/ou alteragdo dos padrdes de expressio em uma determinada condigdo
(HRDLICKOVA et al., 2016).

A quantificacdo da expressdo génica tem sido o foco do perfil transcriptomico
tradicionalmente, contudo, ¢ possivel obter informagdes estruturais altamente resolvidas
de populagdes de RNAs com o advento das tecnologias de sequenciamento em
plataformas de alto rendimento (SHIRAKI et al., 2003). O fato da concentragdo relativa
de transcritos de determinados genes ser diretamente proporcional ao seu nivel de
expressdo permite, através da quantificagdo dos mesmos, inferir sobre os niveis de
expressao destes genes em condi¢des especificas (NAGALAKSHMI et al., 2008).

As primeiras tentativas de compreender os transcriptomas incluiram analises do
RNA total em diferentes organismos, bem como a presenca e a quantidade de transcritos
de interesse (MOROZOVA et al., 2009). Os primeiros estudos baseados em genes
utilizavam uma técnica de baixo rendimento denominada Northern blot, que usa
radioatividade e grandes quantidades de RNA (ALWINE et al., 1977). Devido a elevada
quantidade de RNA exigida pela técnica e a sua complexidade, o uso do método em
estudos de expressdo génica foi reduzido e possibilitou o desenvolvimento de métodos
baseados em PCR quantitativa de transcri¢do reversa (RT-qPCR), facilitando a deteccao
de transcritos de uma s6 vez usando uma baixa quantidade de RNA (SCHMID et al.,
2005). Com o advento da técnica RT-qPCR, que permite quantificar o nimero de copias
de cDNA da sequéncia alvo, ficou possivel analisar comparativamente o nimero de
copias do molde de DNA e a quantidade de RNAm que o gerou (AMARAL et al. 2006).
Logo, tal estratégia tem permitido andlises globais da expressdo de genes de interesse,
pois ha uma relagdo direta entre o niimero de cdpias e os niveis de expressdo de
determinados genes (BENDERS et al., 2005).

Entre as principais formas de estudo da expressdo génica para o estabelecimento
de perfis transcricionais estdo os arranjos de cDNA, cujas sequéncias sdo provenientes
do método Tag de sequéncia expressa (Expressed Sequence Tag - EST) (ADAMS et al.,
1993), que estuda a expressdo de genes por sequenciamento parcial de clones

complementares de DNA (cDNA), revelando assim a sequéncia e abundancia de uma
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populacdo de RNAm expresso, para a identificacdo de regides codificantes no DNA
genomico (KING et al., 2011). A abundancia dos diferentes transcritos esta relacionada
ao quantitativo de clones de cDNA correspondentes a cada um dos transcritos presentes
em uma biblioteca, sendo, por isso, uma biblioteca genémica funcional (BOUCK e
VISION, 2007). Esse método teve papel fundamental na identificagdo de novos genes
em genomas na década de 1990 (HRDLICKOVA et al., 2016).

Entre 1990 e 2000 foram desenvolvidas tecnologias de sequenciamento de alto
rendimento que tornaram as analises da expressdo génica mais apuradas para o estudo
de transcriptomas (KASUGA et al., 2005), como por exemplo novas técnicas de
hibridizacdo subtrativa, Microarray, SAGE (Serial Analysis of Gene Expression) e
cDNA-AFLP (Amplified Fragment Length Polymorfism, AFLP) (POGGELER et al.,
2006). No entanto, estas tecnologias possuem algumas limitagdes, como a necessidade
de conhecer previamente o genoma de estudo, intervalo dinamico limitado (niveis de
expressao) ou o risco de hibridagdo cruzada (WARD et al., 2012). A partir de 2005
tecnologias de sequenciamento de nova geragcdo (next generation sequencing, NGS)
comecaram a ser utilizadas, baseadas em plataformas de sequenciamento massivo de
cDNA, capazes de gerar informagdo sobre milhdes de pares de bases em uma Unica
corrida (ZHANG et al.,, 2012). Entre estas tecnologias, a tecnologia de RNA-seq
permite organizar um quadro quase completo dos eventos transcriptdmicos de uma
amostra biologica (SHENDURE, 2008), pois pode evidenciar, mesmo se tratando de
transcritos raros, o conjunto de sequéncias em um ponto especifico (ZHONG et al.,
2012). A tecnologia de RNA-seq tem superado limitagdes de outras tecnologias de
ampla utilizacdo, como os Microarrays, devido principalmente a necessidade de
menores quantidades de RNA (WANG et al., 2009), além da possibilidade de identificar
a estrutura e a quantificacdo exata dos niveis de expressdo de éxons, assim como a
caracterizacdo de genes, localizagdo precisa dos limites de transcri¢ao, identificacdo das
extremidades 5 e 3’ dos genes e locais de splicing alternativo e variantes de splicing
(ZHONG et al., 2012).

A abordagem aplicada na tecnologia RNA-seq consiste na purificagdo do
RNAm, preparacdo e fragmentacdo de uma biblioteca de cDNA, obtida a partir do
RNAm e no sequenciamento através de uma plataforma (Figura 3). Inicialmente, uma
populacdo de RNAm total ou fracionado ¢ convertido, através de transcri¢do reversa,

em bibliotecas de cDNA com tamanhos homogéneos. Adaptadores sdo adicionados em
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uma ou ambas as extremidades dos fragmentos de cDNA e uma sequéncia curta ¢ obtida
a partir de cada molécula de cDNA, através de tecnologia de sequenciamento de alto
desempenho. Em seguida, os reads de sequéncias resultantes podem ser alinhados com
o genoma de referéncia, com o transcriptoma, por montagem de novo ou pelas
estratégias combinadas. Os reads sdo utilizados para gerar um perfil de expressao para
cada gene e sdo classificados em trés tipos: reads exonicos, reads de juncao e reads de
final de cauda poly (A) (WANG et al., 2009). Quando cada transcrito for inteiramente
coberto por um Unico contig, que representa uma regido consenso de segmentos de
DNA, a montagem de um transcriptoma pode ser considerada finalizada (MEYER et al.,

2012).
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Figura 3. Esquema ilustrando a metodologia geral utilizada na técnica de sequenciamento RNA-
seq. Imagem adaptada de Wang et al., 2009.

A abordagem RNA-seq encontra-se comercialmente disponivel em algumas
plataformas de NGS, como Illumina e Ion Proton System (WANG et al., 2009;
BROWN et al.,, 2017). A escolha da plataforma mais apropriada depende das
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particularidades de cada projeto, como a disponibilidade ou ndo de um genoma de
referéncia, a longitude das leituras e o recurso financeiro (BARBA et al., 2014).

A plataforma Illumina, durante os ultimos cinco anos, tem sido usada com maior
frequéncia em diferentes projetos que envolvem sequenciamento, se tornando uma das
opgdes mais recomendaveis em fungdo de oferecer uma série de vantagens, como:
custo, quantidade de nucleotideos capazes de serem sequenciados numa mesma corrida,
longitude das leituras geradas, precisao, tempo e rendimento de sequenciamento (LIU et
al., 2012; BARBA et al., 2014). O sequenciamento na plataforma Illumina ¢ realizado
através da sintese de uma nova molécula utilizando DNA polimerase e nucleotideos
terminadores marcados com diferentes fluoréforos, muito semelhante ao que ocorre na
técnica Sanger (HENSON et al., 2012). A inovacdo desta metodologia consiste na
clonagem in vitro dos fragmentos em uma plataforma so6lida de vidro, onde ocorre a
amplificacdo das amostras por PCR, processo também conhecido como PCR de fase

solida (TURCATTI et al., 2008).

3.5 FATORES DE TRANSCRICAO

Os fatores de transcricdo (FTs) s@o importantes proteinas que regulam a
expressdao de genes alvos, e sdo compostos por pelo menos dois dominios distintos,
sendo um dominio de ativacdo/repressao e um dominio ligagdo ao DNA, que se conecta
a sequéncias especificas da regido regulatoria dos genes para controlar a atividade da
RNA polimerase II (ZHENG et al., 2016).

Os genes que codificam FTs compreendem uma fragdo substancial dos genomas
de eucariotos (TONOIKE et al., 1994). Em Arabidopsis thaliana, cerca de 1.700 genes
para FT sdo sugeridos, o que representa mais de 5% dos 30.000 genes estimados para a
espécie (RIECHMANN e RATCLIFFE, 2000). Nas células vegetais, alguns genes de
FTs sdo expressos constitutivamente, enquanto outros genes respondem a estimulos
especificos (LIU et al., 1999).

A afinidade e seletividade dos FTs ¢ influenciada pelas estruturas secundarias
dos dominios de ligagdo ao DNA, que contatam bases dos elementos cis-regulatérios
presentes nos promotores dos genes (HUANG et al., 1996). Por exemplo, o dominio de
ligacdo C-terminal do fator de transcricdo Trilex GT2 (G72-box-binding factor) em
arroz perde a atividade quando residuos de prolina sdo substituidos por outros

aminoacidos, quebrando a hélice do dominio (NI et al., 1996).
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Os FTs sdao regulados em seus dominios por, no minimo, cinco diferentes
mecanismos: controle da atividade por intermédio de quinases e fosfatases que
fosforilam e desfosforilam dominios dos FTs; degradacdo proteolitica dos FTs ou de
seus correguladores; modulagdo de interacdes proteina-proteina entre os FTs,
correguladores ¢ o complexo de transcri¢ao basal; regulacdo da ligagdo do FT no sitio
do DNA; e pela modificagdo da estrutura da cromatina (WHITMARSH e DAVIS,
2000). Estudos recentes indicam que complexos de fatores de transcri¢ao se ligam a
combinagdes especificas de histonas modificadas na cromatina, afetando o acesso de
outros FTs e a iniciacdo da transcrigdo (MARTINO et al, 2009; LI et al., 2010).

Cada FT possui geralmente apenas um tipo de dominio de ligacdo ao DNA,
ocorrendo em unidade ou em multiplas copias (LIU et al., 1999). Por exemplo, a
maioria das proteinas Myb-relacionadas possuem dois dominios Myb de ligagdo ao
DNA (BARANOWSKIJ et al., 1994). Adicionalmente, muitos FTs também podem se
associarem entre si através de dominios idénticos e ndo idénticos, formando
homoligomeros e heteroligdmeros, respectivamente, o que pode afetar tanto a
especificidade da ligagdo quanto a afinidade dos FTs nos sitios de ligagdo (VIGNALI et
al., 2000). Uma vez que normalmente os heteroligdmeros se formam a partir de
proteinas com especificidades distintas de ancoramento ao DNA, a mistura e as
combinagdes de diferentes proteinas, em vez das proteinas individuais, aumentam muito
o repertorio de resultados possiveis que essas proteinas podem modular, diversificando
assim, a especificidade e a intensidade da ligagdo dos FTs ao DNA por este mecanismo
combinatorio (SHOGREN-KNAAK et al., 2006).

Outra consequéncia comum da oligomerizagdo de FTs ¢ o aumento da afinidade
na ligacdo a um determinado sitio do DNA (OAKLEY et al., 2003). Por exemplo, a
proteina homeodominio de leveduras MATa2 pode se ligar no DNA como um
mondmero, assim como se heterodimerizar com outra proteina homeodominio, a
MATal, ou ainda formar heterotetrdimeros com a proteina MADS box MCMI1
(JOHNSON et al., 1998). Como resultado, o heterodimero MATa2/MATal e o
heterotetramero MATa2/MCM1 ligam-se ao DNA com mais forga, afinidade e
especificidade de sequéncia do que o mondomero MATa2 solitdirio (TAN e
RICHMOND, 1998).

Tipicamente, os FTs reconhecem motivos curtos, de comprimento variando de 6

a 12 pb nas sequéncias de DNA, e esta baixa especificidade sugere que mecanismos
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mais complexos, que ndo seja a simples afinidade dos FTs nas bases do DNA, estejam
envolvidos no controle tanto da ocupacao do sitio como no resultado funcional (SPITZ
e FURLONG, 2012). De fato, foi constatado que 99,8% dos motivos de ligacdo
encontrados no genoma humano nao sao ligados por seus respectivos TFs cognatos e,
portanto, fica claro que a simples presenca de um motivo ndo significa que este sera
reconhecido por seu TF correspondente (WANG, et al., 2012). Neste sentido, muitos
estudos focalizam a compreensao dos principios que governam o reconhecimento
especifico de motivos de DNA pelos FTs (BULYK et al., 2002).

A ocupacdo combinatdria de multiplos FTs em sitios adjacentes ¢ uma ligagao
cooperativa frequentemente associada com interagdes proteina-proteina, € a resposta
transcricional resultante pode produzir diversos efeitos de comutacdo, dependendo de
como os FTs interagem uns com os outros (GIORGETTI et al., 2010). A importancia da
ligacdo cooperativa ¢ refletida por observagdes em que muitos FTs ndo podem ocupar
individualmente seus sitios no DNA nucleossomal (ADAMS e WORKMAN, 1995),
mas interagdes cooperativas entre um grupo de FTs podem permitir a ligacdo no
nucleossomo (ZARET e CARROLL, 2011).

Alguns mecanismos nos quais os FTs podem atuar cooperativamente existem,
inclusive de forma indireta, refor¢ando assim a ocupacao de cada um no sitio de ligacao
(SPITZ e FURLONG, 2012), por exemplo: dois ou mais FTs podem recrutar um cofator
comum, ou diferentes componentes de um complexo multiproteico, como mediadores
de transcricdio da RNA Polimerase II (Fig. 4a); alguns FTs podem atuar
cooperativamente na ativacdo do complexo de remodelagem da cromatina (Fig. 4b); um
FT pode impedir o reposicionamento do nucleossomo ao permanecer ligado a um
determinado sitio, regulando assim a ligacao de outros FTs (Fig. 4¢); alguns FTs podem
induzir a flexdo local no DNA, o que pode aumentar a afinidade de outros FTs nos sitios

(Fig. 4d).
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Figura 4. Mecanismos indiretos de cooperatividade entre fatores de transcricdo. Adaptado a partir
de Spitz e Furlong (2012).

O genoma de Arabidopsis contém grandes familias de fatores de transcrigdo,
como AP2/ERF, bHLH, MYB e MADS-box, que contém mais de 100 membros cada
(RIECHMANN e RATCLIFFE, 2000; TOLEDO-Ortiz et al., 2003).

A classificacdo dos fatores de transcrigdo esta estritamente relacionada com o
mecanismo de acdo, que ¢ a ligagdo ao DNA e sua influéncia na transcri¢ao, na qual
depende de suas caracteristicas estruturais (HEIM et al., 2003). As estruturas modulares

das proteinas FTs, compreendidas pelos dominios, com regides especificas responsaveis
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pela ligacdo ao DNA e por produzirem o efeito inibitério ou estimulatério da
transcricdo, sdo frequentemente utilizadas como a fonte para esta classificacao
(BAILEY et al., 2003). Muitos dominios de ligagdo ao DNA dos fatores de transcrigao
de plantas tém carater basico e contém residuos de reconhecimento dos elementos cis-
regulatorios que, na maioria dos casos, sdo altamente conservados (HUANG et al.,
1996). Na base de dados de dominios conservados do NCBI (CDD - Conserved Domain
Database, https://www.ncbi.nlm.nih.gov/cdd) encontram-se depositados para fatores de
transcri¢do um total de 689 dominios, divididos em 262 superfamilias e 556 familias.
Além dos dominios curados pela propria base do NCBI, outros dominios também
encontra-se anotados por bases externas, como SMART (Simple Modular Architecture
Research Tool), Pfam (Protein families), COGs (Clusters of Orthologous Groups of
proteins), TIGRFAM (The Institute for Genomic Research's database of protein
families) e PRK [PRotein K(c)lusters].

Com base nas similaridades entre as estruturas dos dominios de ligagdo ao DNA,
de multimerizagdo para ativagao/repressao, ¢ de acordo com a caracterizagao do nimero
e o espacamento dos residuos dos motivos conservados (RICHMANN e
MEYEROWITZ, 1998), os fatores de transcri¢do podem ser classificados em diversas

familias, entre as principais, incluem:

AP2/ERF

Apetala2/Ethylene Response Factor compreende uma grande familia de fatores
de transcricdo que sdao frequentemente envolvidos na regulagdo de processos de
crescimento e desenvolvimento das plantas (DUBOUZET et al., 2003), e respostas a
estresses bidticos (NAKANO et al., 2006) e abidticos das plantas (GUTTERSON e
REUBER, 2004; LAKHWANI et al., 2016). A expressdao de muitos genes AP2/ERF
tem sido documentada demonstrando ser regulada por uma variedade de estimulos
internos e externos (PRE et al., 2008), através de varias vias de sinaliza¢do envolvidas
por fitormonios, como &cido jasmoénico, acido abscisico, acido salicilico, etileno,
decorrentes de infec¢do por patéogenos e ferimento, e de respostas a outros tipos de
estresses como salinidade, seca, frio e elevada temperatura (MCGRATH et al., 2005;
LATA ¢ PRASAD, 2011).

A familia de fatores de transcricdo AP2/ERF possui um dominio de liga¢do ao
DNA altamente conservado, conhecido como dominio AP2, composto por trés fitas

folha-f antiparalelas e uma fita a-hélice (Figura 5), e constituido de 58-59 aminoacidos
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envolvidos na ligacdo de alta afinidade em sequéncias alvo de DNA (ALLEN et al.,
1998; JOFUKU et al., 2005). O dominio AP2 ¢ essencial para a atividade dos FTs
AP2/ERF de ligagao ao elementos cis-regulatérios (KAGAYA et al., 1999), incluindo o
motivo GCC-box, DRE (dehydration responsive element)/CRT (C-repeat element)
(SUN et al., 2008), e motivos CAACA e TTG encontrados nas regides promotoras dos
genes alvos (WANG et al., 2015).

As proteinas AP2/ERF sao classificadas de acordo com o ntimero e sequéncia
especifica do dominio de ligacdo ao DNA (AP2, RAV e ERF): Membros da subfamilia
AP2 contém dois dominios AP2, enquanto que membros da subfamilia RAV contém
um dominio AP2 e um dominio adicional B3 de ligagdo ao DNA, e membros da
subfamilia ERF cont¢ém um dominio ERF e um dominio AP2 (RIECHMANN e
MEYEROWITZ, 1998). Os genes da subfamilia AP2 demonstram participar na
regulagdo de processos de desenvolvimento, como florescéncia, diferenciacdo de células
epidérmicas foliares e embriogénese (MOOSE e SISCO, 1996; BOUTILIER et al.,
2002). O envolvimento de membros da subfamilia RAV tem sido demonstrado em
respostas aos hormonios etileno e brassinosterdides (ALONSO et al., 2003; HU et al.,
2004). Muitas proteinas da subfamilia ERF foram identificadas em diversas func¢des
relacionadas a processos celulares, como transdug¢do de sinal hormonal (STOCKINGER
et al., 1997), regulacdo do metabolismo (LIU et al., 1998; GU et al., 2000), processos de
desenvolvimento (YAMAMOTO et al.,1999), e respostas a estresses bidticos e
abioticos (OHME-TAKAGI e SHINSHI, 1995; ZHANG et al., 2005).

Figura 5. Estrutura 3D do dominio AP2, destacando as trés folhas B-pregueadas antiparalelas, uma o-
hélice e a indicagdo dos dominios N-terminal e C-terminal. Adaptado a partir de Allen et al. (1998).
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MYB

Funcionalmente diversa e representada em todos os eucariotos, a familia MYB
contém membros de FTs que sdo envolvidos em uma variedade de processos especificos
de plantas (ZHAO et al., 2008), incluindo morfogénese celular (ISHIDA et al., 2007),
metabolismo secundario (LIPPOLD et al., 2009), diferenciag¢ao celular (BAUMANN et
al., 2007) e resposta a estresses (NESI et al., 2001).

As proteinas MYB sdo agrupadas em quatro subfamilias, de acordo com os
arranjos do dominio MYB de reconhecimento ao DNA (RAMSAY e GONDA, 2008).
As subfamilias sdo compostas por uma, duas, trés ou quatro repeticdes imperfeitas de
hélice-volta-hélice (HTH - helix-turn-helix) que reconhecem motivos 5'-[GA]JGATAA-
3', localizados no sulco maior do DNA (YANHUI et al., 2006). Cada repeti¢ao ¢
constituida por aproximadamente 50 aminoacidos, contendo residuos de triptofano
regularmente espacados, formando um cluster de triptofano na estrutura HTH
tridimensional (OGATA et al.,, 1994). A subfamilia RORIR2R3 contém quatro
dominios MYB, enquanto a subfamilia RIR2R3 e¢ R2R3 contém trés e dois dominios,
respectivamente, ¢ a subfamilia R1-MYB contém apenas um dominio MYB (Figura 6)
(DU et al., 2009). Cada proteina MYB contém duas regides distintas, um dominio
conservado N-terminal de ligacdo ao DNA e um dominio C-terminal consideravelmente
diverso, responsavel pela modulacdo da atividade regulatoria da proteina (AMBAWAT
etal., 2013).

Diferentes genes R2ZR3-MYB controlam o desenvolvimento da antera, incluindo
AtMYB21, AtMYB24, AtMYBS57, AtMYB108/BOS1, AtMYB35/TDF1, AtMYBS0 e
AtMYB99 (CHENG et al., 2009; MANDAOKAR ¢ BROWSE, 2009), ¢ AtMYB23
controla a iniciagdo do desenvolvimento de tricomas foliares em Arabidopsis thaliana
(AMBAWAT et al., 2013). Proteinas MYB também sdo importantes na regulacdo do
desenvolvimento e diferenciacdo da raiz (FENG et al., 2004; MU et al., 2009) e no
controle da biossintese de flavonoides e do metabolismo de fenilpropanoides (PAZ-
ARES et al., 1987; RABINOWICZ et al., 1999). Estudos recentes demonstraram que
genes MYB também sdo regulados pos-tranducionalmente por microRNAs, incluido
AtMYB33, AtMYB35, AtMYB65 ¢ AtMYBI101, envolvidos no desenvolvimento do
pélen e da antera, e que sdo alvos da familia miR159 (ADDO-QUAYE et al., 2008).
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Dominio R2 Dominio R3

Figura 6. Estrutura dos dominios R2 e R3 de diferentes proteinas MYB. Em destaque, residuos de
aminoacidos de ligacdo ao DNA no dominio R2 (R61, R69 E34 ¢ D35) ¢ R3 (E87, D88, R112 ¢ Y120).
Adaptado a partir de Hichri et al. (2011).

NAC

A familia NAC (NAM - No Apical Meristem), (ATAF - Arabidopsis
Transcription Activation Factor) e (CUC - Cup-Shaped Cotyledon) compreende um dos
grandes grupos de FTs especificos de plantas (PURANIK et al., 2011), representando
cerca de 151 genes em arroz (Oryza sativa) (NURUZZAMAN et al., 2010), 152 em soja
(Glycine max) (LE et al., 2011), 117 em Arabidopsis thaliana (OOKAA et al., 2003),
152 em Tabaco (RUSHTON et al., 2008), 163 em Populus trichocarpa (HU et al.,
2010), 147 em Setaria italica (PURANIK et al., 2013), 145 em Gossypium raimondii
(SHANG et al., 2013) e 167 em Musa acuminate (CENCI et al., 2014).

Tipicamente, um membro da familia NAC contém um dominio N-terminal de
ligacdo ao DNA conservado, compreendido por aproximadamente 160 residuos de
aminoacidos, que ¢ dividido em cinco subdominios (A, B, C, D ¢ E) (AIDA et al., 1997,
OOKA et al., 2003). Em contraste, o dominio C-terminal ¢ uma regido de atividade de
ligacdo proteica altamente variavel, e confere importantes fungdes de regulacdo da
atividade transcricional (OLSEN et al., 2005; FANG et al., 2008). A dimerizagao entre
dominios da regido N-terminal NAC ¢ comum, e pode funcionar na modulagio
especifica de ligacio ao DNA (Figura 7) (MULLER, 2001; ERNST et al., 2004).

A participagdo de proteinas NAC tem sido demonstrada em diversos processos
de desenvolvimento, incluindo embriogénese (DUVAL et al., 2002), remobilizagdo de

nutrientes (WATERS et al.,, 2009), controle do ciclo celular (KIM et al., 2007;
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WILLEMSEN et al., 2008), morfogénese floral (SABLOWSKI ¢ MEYEROWITZ,
1998), desenvolvimento lateral da raiz (HE et al., 2005), desenvolvimento do meristema
apical da folha (NIKOVICS et al., 2006), florescimento induzido por estresse (YOO et
al., 2007; KIM et al., 2007), senescéncia foliar (UAUY et al., 2006) e sinalizagdo
hormonal (KIM et al., 2006). Além disso, numerosos FTs NAC tém sido associados
com respostas de defesas a estresses biodticos e abidticos como, infecgao (REN et al.,
2000), seca (TRAN et al., 2004), salinidade (HE et al., 2005; ZHENG et al., 2009) ¢
choque térmico (JIANG et al., 2006). H4 também diversas evidéncias indicando que
uma consideravel por¢do de membros de FTs NAC tém fungdo crucial nos processos de
desenvolvimento do tecido vascular xilematico (ZHONG et al., 2006; YAMAGUCHI et
al., 2008).

Monomero B

Monomero A

Figura 7. Dimerizacdo funcional entre monémeros de proteinas NAC. Os dois mondmeros sdo mostrados
em azul e vermelho, assim como a regido responsavel pela ligagdo ao DNA, que ¢ mostrada em amarelo.
Adaptado a partir de Ernst et al. (2004).

bHLH
A familia de FTs bHLH (basic/helix-loop-helix) é composta por proteinas que

contém um dominio formado por aproximadamente 60 aminodcidos com duas regides

funcionalmente distintas (TOLEDO-ORTIZ et al., 2003). Uma regido N-terminal
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basica, com cerca de 15 aminoacidos, envolvida na ligacdo ao DNA, e uma regido HLH
C-terminal, com fung¢des de dimerizagdo e ativagao transcricional (FERRE-D'AMARE
et al., 1994), constituida principalmente por residuos hidrofobicos que formam duas o-
hélices amfipaticas separadas por uma regido de dobra varidvel em sequéncia e
comprimento (ATCHLEY et al., 1999).

Analises estruturais de cristalografia demonstraram que as interagdes entre duas
regides HLH separadas por polipeptideos promovem a formagao de homodimeros e/ou
heterodimeros, e que a regido basica de cada monomero liga-se a metade da sequéncia
de reconhecimento do DNA, formando dimeros simétricos (Figura 8) (MA et al., 1994;
SHIMIZU et al., 1997). A sequéncia central do motivo de reconhecimento do DNA por
FTs bHLH ¢ um hexanucleotideo consenso conhecido por E-box (5'-CANNTG-3'),
sendo uma das mais comuns, entre os diferentes tipos de E-boxes, o palindromo G-box
(5'-CACGTG-3") (TOLEDO-ORTIZ et al., 2003). Acredita-se que a dimerizagdo ¢ a
variedade de diferentes E-boxes fornecem mecanismos pelos quais as proteinas bHLH
geram uma diversidade de mecanismos de regulagdo transcricional (FAIRMAN et al.,
1993).

Em plantas, as proteinas bHLH tém sido previamente descritas funcionalmente
na regulagao transcricional associada com a biossintese de antocianina (WEISSHAAR e
JENKINS, 1998), sinaliza¢ao de fitocromos (ATCHLEY e FITCH, 1997), deiscéncia de
frutos e desenvolvimento de células da epiderme e dos carpelos (MOL et al., 1998; HU

et al., 2000).

¥ 5

105 Alomémero 1

Monomero 2

5.1

DNA

Figura 8. Complexo dimérico entre dois mondémeros de dominio bHLH. Hélices reconhecimento de
DNA representadas por cilindros. Adaptado a partir de Ma et al. (1994).
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WRKY

Os FTs WRKY sao conhecidos por regularem a expressao de genes alvos por
ligagdo especifica na regido promotora contendo a sequéncia W-box
[(TYTTGAC(C/T)] (EULGEM et al., 1999). Analises de ressondncia magnética
nuclear (NMR) demonstraram que o dominio WRKY ¢ constituido por cerca de 60
residuos de aminoacidos, que contém uma sequéncia motivo conservada WRKYGQK
na regido N-terminal e um dominio zinc finger do tipo C2H2 na regido C-terminal
(Figura 9) (EULGEM et al., 2000; YAMASAKI et al., 2008). Embora o dominio de
ligacdo N-terminal seja altamente conservado, as estruturas globais das proteinas
WRKY sdo altamente divergentes (WU et al., 2005; PARK et al., 2005).

As proteinas WRKY podem ser classificadas em trés grandes grupos, com base
no numero de dominios WRKY e nas caracteristicas do motivo zinc-finger
(YAMASAKI et al., 2005). O grupo 1 contém dois dominios WRKY incluindo um
motivo C2-H2 (C-X4-5-C-X22-23-H-X1-H), enquanto o grupo 2 contém um dominio
WRKY incluindo um motivo C2-H2, e o grupo 3 possui um dominio WRKY com um
motivo distinto zinc-finger C2-H-C (C-X7-C-X23-H-X1-C) (PARK et al., 2005;
ZHOU et al., 2008).

Um numero elevado de FTs WRKY's tem sido identificado em plantas (CHEN et

al., 2011). Em Arabidopsis foram detectados 74 genes WRKYs (ULKER e
SOMSSICH, 2004), cerca de 100 em arroz (SONG et al.,, 2010), 68 em sorgo
(PANDEY e SOMSSICH, 2009), 197 em soja (SCHMUTZ et al., 2010), 80 em pinus
(Liu e Ekramoddoullah, 2009), e cerca de 45 em cevada (MANGELSEN et al., 2008).
Proteinas WRKY em plantas tem demonstrado envolvimento em respostas relacionadas
ao desenvolvimento (XU et al., 2006), resisténcia a doencas (DONG et al., 2003) e
estresses bidticos e abidticos (KARAM et al., 2002; CHEN e CHEN, 2002). Evidéncias
adicionais também demonstraram que FTs WRKYs possuem envolvimento na
senescéncia (ROBATZEK e SOMSSICH, 2002), na via de sinalizacdo de giberelina
(ZHANG et al., 2004), assim como na resposta combinada nas condigdes de estresse
hidrico e choque térmico (RIZHSKY et al., 2002), assim como de seca e frio (MARE et
al., 2004).
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Figura 9. Estrutura do dominio WRKY'. A estrutura consiste de cinco folhas-f antiparalelas do dominio
N-terminal e residuos conservados de Cys/His do dominio zinc finger C2H2 na regido C-terminal. O ion
de zinco ¢ representado por uma esfera vermelha. As regides N e C-terminal sdo representadas pelas
letras N e C, respectivamente. Adaptado a partir de Yamasaki et al. (2008).

bZIP

Uma das mais diversas familias de fatores de transcri¢do, bZIP ¢é caracterizada
pela presenca de um dominio altamente conservado, composto por 60-80 aminoacidos e
subdividida em duas regides funcionalmente e estruturalmente distintas (WANG et al.,
2015). A regido basica compreende aproximadamente 16 residuos de aminoacidos com
motivos invariantes N-x7-R/K-x9, que ¢é responsavel pela ligagdo ao DNA em um
pseudopalindromo (AATGACTCAT/TACTGAGTA) e identificagdo da localizacdo
nuclear, enquanto a regido Leu zipper ¢ composta por repeticdes heptidicas de leucina
ou outro aminoacido hidrofébico identificado na regido C-terminal, sendo responsavel
por mediar a homo e/ou heterodimerizacio de proteinas bZIP (Figura 10)
(ELLENBERGER et al., 1992; PTASHNE e GANN, 1997).

Genes que codificam fatores de transcrigdo bZIP tém sido identificados
extensivamente em plantas, incluindo Arabidopsis (JAKOBY et al., 2002), arroz
(NIJHAWAN et al., 2008), sorgo (WANG et al., 2011), milho (WEI et al., 2012) e
cevada (POURABED et al., 2015). Como outros FTs, os membros bZIP sdo expressos
constitutivamente ou num 6rgdo especifico, de acordo com a fase de desenvolvimento
(CHERN et al., 1996) ou ciclo celular (JAILLON et al., 2007), além de estarem
envolvidos em vdarios processos bioldgicos, como na regulacdo da diferenciagdo de
orgios e tecidos (JAKOBY et al., 2002), embriogénese e maturagdo de sementes
(IZAWA et al., 1994), e ainda na sinalizag¢do e repostas a estimulos bidticos e abidticos

(RODRIGUEZ-URIBE e O'CONNELL, 2006; SCHMUTZ et al., 2010).
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Figura 10. Ilustragdo da interacdo dimérica entre a-helices de mondémeros bZIP. Adaptado a partir de
Ellenberger et al. (1992).

HD-Zip

Encontradas em todos os organismos eucarioticos, os FTs da familia HD-Zip sao
caracterizados por conterem um motivo LZ (leucine zipper) que atua como dominio de
dimerizagdo com outras proteinas, ¢ um homeodominio conservado HD, com
aproximadamente 60 aminoécidos distribuidos em uma estrutura formada por trés o-
hélices (Figura 11), que permite a interacdo especifica do dominio com o DNA
(MOENS e SELLERI 2006; ARIEL et al. 2010). Em plantas, os FTs HD-Zip tém sido
analisados em diferentes espécies, incluindo Arabidopsis thaliana (HENRIKSSON et
al., 2005), Oryza sativa (AGALOU et al., 2008), Populus trichocarpa (HU et al., 2012),
Cucumis sativus (FU et al., 2013) e Glycine max (CHEN et al., 2014 ).

As proteinas HD-Zip podem ser classificados em quatro subfamilias (HD-Zip I,
I, III e IV), de acordo com um conjunto de caracteristicas distintas, que incluem
dominio conservado de ligagdo ao DNA, estrutura génica, motivos conservados
adicionais e funcdes biologicas (ARIEL et al., 2007). Em Arabidopsis, a subfamilia HD-
Zip I compreende 17 membros que codificam proteinas de tamanho similar (~35kDa),
que ligam-se a sequéncias pseudopalindromas [CAAT(A/T)ATTG] (HENRIKSSON et
al., 2005). Alguns genes HD-Zip I sdo envolvidos na via de sinalizagdo do ABA e
sacarose, resposta a estresses abiOticos, embriogénese e desenvolvimento foliar
(HIMMELBACH et al., 2002; JOHANNESSON et al., 2003). A subfamilia HD-Zip II
consiste de nove membros que, da mesma forma que HD-Zip I, também reconhecem
sequéncias pseudopalindromas [CAAT(A/T)ATTG], e possuem um motivo denominado
CPSCE, que contém aminoacidos conservados de Cys, Pro, Ser, Cys e Glu, localizados
proximos ao dominio LZ (TRON et al., 2002; CIARBELLI et al., 2008). A maioria

destes genes sdo principalmente envolvidos no desenvolvimento de 6rgaos mediado por
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fitocromo, como na morfogénese foliar, além de resposta a auxina e alteragdo lumnitica
(MORELLI e RUBERTI, 2002). Os cinco membros incluidos na subfamilia HD-Zip III
possuem trés dominios adicionais (ELHITI e STASOLLA, 2009). MEKHLA ¢ um
dominio envolvido possivelmente na sinalizacdo redox e luz (MUKHERIJEE et al.,
20006), enquanto o dominio START possui capacidade de ligagdo lipidica (SCHRICK et
al., 2004), e SAD ¢ um dominio de ativagdo transcricional (De CAESTECKER et al.,
2000). A subfamilia HD-Zip IV compreende 16 membros em Arabidopsis que possuem
os mesmos dominios START e SAD de HD-Zip III (ARIEL et al., 2007; ELHITI e
STASOLLA, 2009). No entanto, nao contém o dominio MEKHLA (MUKHERIJEE et
al., 2006; CHEN et al., 2014). As proteinas HD-Zip IV ligam-se preferencialmente a
motivos que contém uma sequéncia palindromica denominada TAA core
[GCATT(A/T)AATGC] (OHASHI et al., 2003; NAKAMURA et al., 2006), ¢ estdo
envolvidas a uma série de respostas a estresses abioticos (YU et al., 2008; HARRIS et
al., 2011) e no controle transcricional das células epidérmicas e subepidérmicas

(JAVELLE et al., 2011; NADAKUDUTI et al., 2012).

Figura 11. Estrutura tridiminensional de a-hélices, de um arranjo de duas proteinas HD-Zip, que podem
se ligar ao suco maior do DNA. Adaptado a partir de Harris et al. (2011).

MADS-box

Proteinas da familia de FTs MADS-box, cujo nome se refere a quatro membros
identificados originalmente (MCM1, AG, DEFA e SRF), estdo presentes em todos os
genomas eucaridticos analisados até agora, com maior predominancia de membros em
genomas de espécies vegetais (SHORE e SHARROCKS., 1995; GRIMPLET et al.,
2016). Analises estruturais de proteinas MADS-box tém demonstrado uma
caracterizacdo modular fundamental, denominada MICK, proveniente das regides N-
terminal e C-terminal, onde quatro dominios podem ser identificados (M - MADS-box; 1
- intervening; K - keratin-like; C - C-terminal domains), sendo o dominio M o mais

conservado, com cerca de 56 aminodcidos, e com a fung¢do principal de ligacdo ao DNA
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e um menor papel de dimerizagdo (TONACO et al., 2006). O dominio I ¢ menos
conservado e tem uma fungao especifica na formagao de dimeros de ligagdo ao DNA
(MASIERO et al., 2002), enquanto o dominio K, de aproximadamente 80 residuos,
contém repeticdes heptidicas em dobras de a-hélices anfipaticas que medeiam o
processo de dimerizagdo e formac¢do de complexos multiméricos (EGEA-CORTINES et
al., 1999). O dominio C-terminal, predominantemente hidrofobico, ¢ o menos
conservado e responsavel pela ativagdo transcricional através de interagdao proteica
(KAUFMANN et al., 2005).

Os FTs MADS-box s3o envolvidos em diversas atividades bioldgicas de plantas,
sendo identificados inicialmente como reguladores do desenvolvimento floral (SHORE
e SHARROCKS, 1995; GRAMZOW et al., 2010). O modelo ABC tem sido proposto
para explicar como ¢ orquestrado a identificagdo do desenvolvimento floral em
Arabidopsis thaliana por meio dos genes AG, AGL1-6, AP1-3 ¢ PI, os quais atuam
individualmente ou em combinagdo para ditar a ativacdo do desenvolvimento de uma
regido especifica do meristema floral (FLANAGAN e Ma, 1994; SHORE e
SHARROCKS, 1995). Em Antirrhinium majus, este modelo ¢ caracterizado por meio
dos genes MADS-box DEFA, GLO, PLE, SQA, DEFH24/49, enquanto em Petunia
hybrida ¢ intermediado por fbp-2 e pMADSI-2 (DAVIES e SCHWARZ-SOMMER,
1994). Adicionalmente, padrdes de expressdo de genes MADS-box sugerem que
subconjuntos particulares de genes podem estar envolvidos no controle de outros
processos, como embriogénese e desenvolvimento de frutos e raizes (SHORE e
SHARROCKS, 1995).

Interagdes proteina-proteina entre FTs MADS-box e outros FTs parece ser
comum, indicando que as especificidades de tais oligomerizagdes sdo essenciais na
formagcdo de um complexo regulatorio transcricional especifico, sendo um dos
mecanismos para a seletividade da ativagdo de genes alvos (MASIERO et al., 2002).
Em Antirrhinum majus, a formagdao de um complexo multimérico entre as proteinas
MADS-box SQUA (SQUAMOSA), DEF (DEFICIENS) e GLO (GLOBOSA), envolvidas
no controle da arquitetura floral, demonstrou alteracdo na afinidade e na forca de
ligacdo dos FTs em motivos CArG-box [CC(A/T)6GG] encontrados em promotores de
genes alvos (Figura 12) (SOMMER et al., 1990; EGEA-CORTINES et al., 1999). A
interacdo heteroligomérica do complexo DEF/GLO/SQUA via dominios C-terminal das

proteinas apresentaram propriedades moleculares e fenotipocas distintas quando
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comparadas ao heterodimero DEF/GLO e ao homodimero SQUA/SQUA (TROBNER
et al., 1992; ZACHGO et al., 1995).

COMPLEXO DEF / GLO / SQUA

eo GENE ALVO

Figura 12. Modelo molecular do complexo multimérico DEF/GLO/SQUA baseado nos fendtipos e dados
moleculares. A formagéo heteroligomérica das proteinas DEF/GLO e SQUA produzem um complexo de
ligagdo ao DNA com maior forca e afinidade nos genes alvos quando comparada com os respectivos
homodimeros ou heterodimeros. Adaptado a partir de Egea-Cortines et al. (1999).

3.6 PROMOTORES REGULATORIOS

Promotor ¢ um fragmento de DNA composto por motivos de elementos cis-
regulatorios que sdo responsaveis por inicia e regular a transcrigdo de um gene
(MITHRA et al., 2017). O estudo dos promotores dos genes ¢ primordial para o
entendimento global da regulacdo da expressdo dos genes em plantas (HERNANDEZ-
GARCIA e FINER 2014). Embora a participacdo de um determinado segmento de DNA
na regulacdo da expressdo gé€nica sO poder ser demonstrada experimentalmente, o
promotor dos genes ¢ convencionalmente divido em trés regides (Figura 13): a) o
promotor central (Core promoter), cuja localizagdo encontra-se na posi¢ao entre +1 e -
100 pb em referéncia ao sitio inicial de transcricdo +1 TSS (Transcription Start Site), e
possui um papel central na formagdao de complexos de pré-iniciagdo da transcri¢cdo, com
elementos cis-regulatérios como TATA-box, BRE (TFIIB Recognition Element), Inr
(Initiator) e MTE (Motif Ten Element), que sdo tipicamente encontrados nesta regido; b)
seguindo no sentido upstream do TSS, a regido proximal (Proximal promoter) €
localizada na posig¢ao entre -101 e -1000 pb, e funciona como um local de ancoramento
para a maioria dos fatores de transci¢ao; c) a regido distal (Distal promoter), localizada
entre -1001 e -3000 pb, contém elementos cis-regulatérios que sdo comumente

conhecidos como estimuladores (enhancers) e silenciadores (silencers) ou repressores,



59

que promovem contribuem para ativacdo e repressao, respectivamente, da transcri¢ao
(LICHTENBERG et al., 2009). Além destes, os isoladores (insulators), através da
ligacdo do seu fator de transcri¢ao correspondente, impedem a interacdo entre um

estimulador ou silenciador e um fator de transcri¢ao cognato (Ashley et al., 2008).

OCDI‘I’INEKD de iniciagdo da transcrigdo

, RNA Polimerase II

@@ O Fatores de Transcrigio
B B0 Elementos cis-regulatorios

Promotor distal Promotor proximal  Promotor central ORF

Figura 13. Modelo simplificado do posicionamento dos promotores de genes em eucariotos. Adaptado a
partir de Hernandez-Garcia e Finer (2014). ORF (Open Reading Frame).

Os promotores de acordo com a aplicag@o na biotecnologia podem ser agrupados
em quatro classes:
Promotores constitutivos — Regulam a expressdao dos genes na maioria dos tecidos e
durante todo o ciclo de vida das plantas, direcionando a expressdo em muitos 6rgaos e
tecidos e sob variadas condicdes, além de poderem atuar em niveis de expressao
moderada quanto em alta expressao, como por exemplo, em tecidos meristematicos de
crescimento rapido e tecidos vasculares (HERNANDEZ-GARCIA e FINER, 2014). Os
promotores constitutivos também sao frequentemente utilizados na avaliacdo dos niveis
de expressdo de transgenes em varios tecidos e em todos os estagios de
desenvolvimento das plantas (BENFEY e CHUA, 1990).
Promotores espago-temporais — Regulam a expressdo dos genes de forma restrita a
determinadas células, tecidos e oOrgdos, assim como a certos estdgios de
desenvolvimento (HERNANDEZ-GARCIA e FINER 2014). Os promotores espago-
temporais mais frequentemente reportados sdo os especificos de genes induzidos
durante o desenvolvimento da semente (KAWAKATSU ¢ TAKAIWA, 2010), embora
os especificos de tecidos de frutos t€ém merecido atecao especial devido a possibilidade
do melhoramento do valor nutricional (COSGROVE, 2000). Os promotores espaco-

temporais os especificos do polén e da antera sdo Uteis para o controle da esterilidade
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masculina, que ¢ um importante tragco na reproducdo das plantas (PEREMARTI et al.,
2010).

Promotores induziveis — Sao responsiveis a estimulos ambientais, fornecendo uma
regulacdo precisa da expressao dos genes através do controle externo, como resultado
de estressse bidticos ou abidticos e sinais enddgenos (HERNANDEZ-GARCIA e
FINER, 2014).

Promotores sintéticos — Sao compostos por combinagdes de sequéncias em promotores
centrais, proximais, distais, além de sequéncias intronicas que possam conter regides
regulatorias, onde arranjos de elementos cis-regulatérios dentro de um promotor
sintético podem resultar em uma expressdo mais especifica, intensa e precisa do

transgene (RUSHTON et al., 2002).
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4 RESULTADOS

4.1 De novo RNA-Seq transcriptome analysis of J. curcas accessions under salt
stress

Track your recent Co-Authored submission to INDCRO +  Caixa de entraca x

Industrial Crops and Products <eesserver@eesmail.elsevier.com= ter, 30deabr09:51 ¥y 4w

paraeu =
¥ inglés + > portuguéds = Traduzir mensagem

** Automated email sent by the system ==

Dear Dr. George Andre Cabral,

‘You have been listed as a Co-Author of the following submission:

Joumal: Industrial Crops and Products

Title: De novo RNA-Seq transcriptome analysis of J. curcas accessions under salt stress

Corresponding Author: Ederson Kido

Co-Authors: Marislane C de Souza, M.Sc.; Eliseu Binneck, Dr.; George André L Cabral, M.5c.; Manassés D da Silva, Dr.; Ana Maria Benke-lseppon, Dr.; Marcelo F Pompelli, Dr.; Lauricio Endres;

To be kept informed of the status of your submission, register or log in (if you already have an Elsevier profile).

Register here: https:(/ees elsevier. com/indcro/default asp?acw=&pg=preRenistration aspduser=coauthor&ame=George André&Iname=Cabral&email=geolimma@gmail.com

Orlog in: https://ees elsavier com/indero/dafault asp?acw=&pg=login asp&email=geolimma@gmail.com

If you did not co-author this submission, please do not follow the above link but instead contact the Corresponding Author of this submission at ederson kido@omail.com:kido.ufpe@amail.com.

Thank you,

Indusirial Crops and Products

Marislane Carvalho Paz de Souza!, Eliseu Binneck?, George André de Lima Cabral',
Manassés Daniel da Silva', Ana Maria Benko Iseppon', Marcelo Francisco Pompelli?,
Lauricio Endres*, Ederson Akio Kido!"

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

?Brazilian Agricultural Research Corporation (EMBRAPA), EMBRAPA-Soybean,
86001970 - Londrina, PR, Brazil

3Federal University of Pernambuco (UFPE), Bioscience Center, Department of Botany,
50670-901 - Recife, PE, Brazil

“Federal University of Alagoas (UFAL), Agricultural Sciences Center, 57072-970 -
Maceio, AL, Brazil

* Corresponding author (e-mail address: kido.ufpe@gmail.com)

Desativar para: inglés



62

Abstract

Jatropha curcas (physic nut) is an oleaginous, non-food, small tree that represents an
excellent source of biodiesel, among other products, including some medicinal ones. In
this way, J. curcas could be an option for farmers in tropical and semi-arid regions,
especially where salinity can compromise production and yield of crops. We generated
and analyzed the root RNA-Seq transcriptome of two J. curcas accessions (salt-tolerant
Jc183, and salt-sensitive Jc171) after salt-treatment (150 mM NaCl/three hours). The de
novo transcriptome covering 101 Mb assembled 145,422 transcripts (126,343
UniGenes), and around half of them encoded predicted proteins. Comparing the total of
differentially expressed genes (DEGs) by Jc183 (57) with that of Jc171(4,646), the
intensive transcriptional effort of Jc171 stood out, probably trying to minimize the
damages, some of them visually observed only in Jc171 leaves. The functional
characterization of DEGs by the MapMan software, using M. esculenta genes as the
reference, associated them with metabolic processes showing impacts on plant salt-
stress responses. The associated processes covered the metabolisms of hormones,
CHOs, lipids, amino acids, redox, and also secondary metabolites. Further, nine selected
DEGs, including S-adenosylmethionine synthase (SAM), carboxylesterase (CXE),
Phenylalanine ammonia-lyase (PAL), homeobox-leucine zipper protein (HD-Zip), NAC
TF gene, methionine-gamma Iyase (MGL), S-adenosylmethionine-dependent
methyltransferase (SAMe), peroxidase (PX), and xyloglucan endotransglucosylase
(XTH), were evaluated by RT-qPCR analysis, trying to validate their in silico
expression. The developed functional molecular markers could be useful in marker-
assisted selection process in breeding programs. Additionally, the data covering DEGs,
provided as Supplementary information, may help to understand the molecular
mechanisms involving J. curcas plants responding to salt stress, which is crucial for the
development of salt-tolerant plants.

Keywords: Bioinformatic; Abiotic stress; Euphorbiaceae; Physic nut

Introduction

Physic nut (Jatropha curcas L.;) 1s an oilseed plant from Euphorbiaceae Family,
with a widespread distribution, covering tropical and semiarid regions (Africa, Asia, and
South America), and along all the Brazilian regions. Its occurrence combines different

climates and soils conditions, including marginal agricultural production areas, and
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those relatively deficient in nutrients (Wang et al., 2018; Beltrdo e Oliveira, 2008). J.
curcas seeds present expressive oil contents (40 - 50%), with a relatively high amount
of unsaturated fatty acids, which are the preferred by the biodiesel industries (Pramanik,
2003; Wang et al., 2018; Grover et al., 2014).

In Brazil, biodiesel production has increased in the last decade, mainly from
soybean oil processing. However, soybean is a versatile crop, very important for human
and animal nutrition. J. curcas, instead, not compete with the food market, and could be
an option to be explored. Although, J. curcas is a relatively drought-tolerant plant, it is
also considered a salt-sensitive one. Salinity in the soil is one of the leading causes of
losses in agricultural production worldwide (FAO, 2015). It is estimated that globally
20% of all irrigated land are currently affected by salt stress (Taiz et al., 2017). Several
factors, including soil composition, poor drainage, and inadequate irrigation could
provoke salt stress. The combination of these factors became the Brazilian Northeast
region potentially sensitive to salinity.

Plants in saline soils may grow irregularly due to osmotic stress caused by
reduced water absorption, and the high concentration of ions, which interfere with the
nutrient uptake, raising cytotoxicity (Munns, 2005). To understand the molecular
mechanisms by which plants respond to salt stress is crucial to plant breeding programs.
In this way, comparing the global expressed profiles of distinct accessions responding to
salt NaCl is beneficial to uncover genes related to salt-tolerance mechanisms. Some
transcriptomic approaches have been applied to J. curcas plants responding to abiotic
stress, such as cold (Wang et al., 2013; Wang et al., 2014), flooding (Juntawong et al.,
2014), drought (Cartagena et al, 2015; Sapeta et al., 2015; Zhang et al., 2015), and also
salinity (Zhang et al., 2014). However, in the present study, plants of two Brazilian J.
curcas accessions were exposed (three hours) to salt NaCl (150 mM), and RNA-Seq
libraries generated of their roots allowed the comparison of gene expression profiles,
aiming to develop functional molecular markers potentially useful to assist selection

steps in breeding programs.
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Materials and Methods

Plant materials and NaCl treatment

Two J. curcas accessions (Jc183 and Jc171) from the seed bank of the Semiarid
Tropical Agricultural Research Center (Embrapa Agroenergia, Brasilia, DF - Brazil),
initially collected in different Brazilian regions (Supplementary Table S1), were
selected for the salt assay, based on previous studies (Lozano-Isla et al., 2018). The
Jc183 accession was considered the salt-tolerant, concerning the accession Jc171. The
conducted salt assay followed a completely randomized experimental design with two
accessions, two treatments (without salt or with NaCl, 150 mM, three hours of salt
exposure), and three biological replicates of each accession. Seeds of homogeneous
sizes and weights were sown (March 2016) in pots (50 L) containing washed sand (20
kg), being cultivated in greenhouse at UFAL/CECA (Rio Largo, AL, Brazil; geodesic
coordinates: 09°28'02" S; 35°49°43”W; altitude: 127 m; climate: humid, metathermic,
moderate water deficiency in the summer (December - March), and water excess in
winter, according to Thornthwaite and Mather method (1955). After the first eophylls
(10 DAG, days after germination), seedlings were thinned to one plant per pot. Plants
were irrigated every three days with Hoagland nutrient solution (Epstein, 1972) with
one-fifth strength. Seven days before the salt application (65 DAG), plants were
irrigated daily with Hoagland nutrient solution full strength. On the day before the salt
application, plants were irrigated at 16 h. The salt was applied at 9-10 h and consisted of
NaCl (150 mM) added to the Hoagland solution. After salt exposure (three h), roots
were collected, immediately frozen in liquid nitrogen, and stored (-80 °C) until RNA

extraction.

RNA extraction and RNA-Seq libraries

Total RNAs were extracted from roots using SV Total RNA Isolation kit
(Promega, USA), following the manufacturer's instructions. RNAs integrities were
verified in RNA agarose gel (1.5% w/v), and the RNAs concentrations estimated in
NanoDrop 2000 spectrophotometer (Thermo Scientific ™). RNAs showing absorbance
ratio 260/280 nm close to 2.0, and a minimum of 50 pL. RNA solution (80 ng/uL) were
sent to ESALQ - Genomic Center (Sdo Paulo University, Piracicaba, SP, Brazil) for the
RNA-Seq libraries generation and sequencing. All the RNAs integrities were re-

evaluated, using the Agilent 6000 Bioanalyzer (Agilent Technologies, CA, USA). The
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total of 12 RNA-Seq libraries (two accessions x two treatments x biological triplicates)
was generated following the Illumina TruSeq Stranded mRNA Sample Prep kit
(Illumina Inc, CA, USA), “LS” Protocol. Libraries were sequenced on an Illumina
HiSeq 2500 (100 bp, single-end reads), using flow Cell HiSeq run with the HiSeq SBS
v4 chemistry.

De novo transcriptome assembly and DEGs identification

RNA-Seq raw sequence data were analyzed (FastQC v0.11.5) for reads qualities,
before and after the initial filtering and trimming, using default parameters of the
Trimmomatic tool (v.0.36; Bolger et al., 2014). Reads showing low quality, or unknown
adapters and nucleotides, were excluded. Pairs of high-quality reads (Phred quality
score, Q > 30 for all bases) were used for de novo transcriptome assembly performed
with the Trinity software v.2.2.0 (Grabherr et al., 2011). A de Bruijn graph data
structure represented the overlapping among the reads, and short reads with overlap
regions were assembled into longer contigs. The longest transcripts in the cluster units
were regarded as unigenes to eliminate redundant sequences. The alignment package
Bowtie (v4.4.7; Langmead et al., 2009) was used to map reads back to unigenes.
According to the comparison results, the expression levels were estimated employing
RSEM (RNA-Seq by expectation maximization; Li and Dewey, 2011). Differences of
an abundance of the unigene expression among the samples were represented using
FPKM (Fragments Per Kilobase of transcript per Million mapped reads) method.
Matrices of normalized FPKM values generated from the RSEM counts were used for
the differential expression analyzes between the experimental conditions using the
edgeR package (Robinson et al., 2010). Differentially expressed unigenes, henceforth,
DEGs, for brevity, were determined based on p-value < 0.0001, false discovery rate
(FDR <0.005), and fold change (FC) based on Log, (FC) > 1 (positive expression
modulation) or < -1 (negative modulation). FC is the ratio of the unigene abundance

considering two RNA-Seq libraries.

Functional annotation of the assembled transcripts
Assembled transcripts (henceforth, transcripts, for brevity) were annotated using
the BLASTx alignment (e-value < 107'%) to various protein databases, including sets

downloaded from J. curcas presented in the UniProtKB database
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(http://www.uniprot.org/), and those including the taxonomically related species
Manihot esculenta and Ricinus comunnis from the Phytozome portal (v.12.1.6;
https://phytozome.jgi.doe.gov/pz/portal.html). Annotation contributions based on each
dataset were observed by Venn diagrams (Oliveros, 2015). Also, a second round of
functional annotation using Trinotate pipeline (https://trinotate.github.io/) were
performed (BLASTX, e-value < 107), against several databases, including: NCBI (non-
redundant) protein database (Nr) (ftp://ftp.ncbi.nih.gov/blast/db/), UniProt/SwissProt
database, Kyoto Encyclopedia of Genes and Genomes (KEGG), GO (Gene Ontology),
eggNOG and InterproScan. Trinotate also provided a web-based graphical interface to
support local user-based navigation of annotations and differential expression data

(Bryant et al., 2017).

Metabolic pathways, and heatmaps

Metabolic pathways associated with DEGs were identified applying MapMan
software (v.3.6.0; Thimm et al., 2004), using M. esculenta best hits from BLAST
alignments. Unigenes were hierarchically clustered by the Cluster 3.0 software
(https://cluster2.software.informer.com/3.0/), based on the FC values modulated in the
comparison stressed versus negative control (henceforth, S vs. C, for brevity), being the

clusters visualized as heatmaps using the JavaTreeview v.1.1 software (Saldanha, 2004).

Expression validation by RT-qPCR

The expression analysis by RT-qPCR assay validated DEGs representing
candidates selected based on the functional annotation and their expression modulated
on the contrast S vs. C. To this end, cDNAs from RNAs pre-treated with DNase were
evaluated on real-time PCR Thermocycler LineGene 9600 (Bioer, Hangzhou, China), in
reactions including biological and technical triplicates for each experimental treatment,
negative controls, and two reference genes [actin (Tang et al., 2016), and B-tubulin (Xu
et al., 2016)], tested adequately for this purpose. The proposed primer pairs
(Supplementary Table S2) were designed (Primer 3 tool; Rozen and Skaletsky, 2000)
based on the J. curcas transcripts and the following parameters: amplicon size (70 - 200
bp), melting temperature [50 - 80°C, 70°C (optimum)], and GC content (45 - 55%).
Primers synthesized by Bioneer Corporation (South Korea) first amplified cDNAs in a
conventional PCR test. After that, the RT-qPCR reactions (10 pL) included: 1 uL cDNA
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(sample diluted 1/5), 5 uL SYBR™ Green (GoTaq ® qPCR Master Mix, Promega), 0.3
uL of each primer (5 uM) and 3.4 uL ddH»O. The reactions followed the settings: initial
denaturation of 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 60
s. The dissociation curves were obtained heating the amplicons from 65 to 95°C for 20
min after the RT-qPCR cycles. The LineGene software (v.1.1.10) estimated the Tm and
Cq values, and the absolute and relative quantifications. Relative expression data were
evaluated using the REST 2009 software (Relative Expression Software Tool v.2.0.13;
Pfaffl et al., 2002), applying randomization test with 2,000 permutations, and testing the
hypothesis of significant differences between the control and treatment groups. Also,
the MIQE protocol was followed to increase the results reliabilities (7he Minimum
Information for Publication of Quantitative Real-Time PCR Experiments; Bustin et al.,
2009).

Results and discussion
Visible damages on the J. curcas leaves

After three hours of salt exposure (150 mM NaCl), the salt-sensitive Jc171
accession presented visible damages on leaves, not observed in the salt-tolerant Jc183,
which included, leaves slightly curved, wilted looking, and brown colored areas on the
edges, progressing to necrosis (Fig.1). Walia et al., (2005) also noted visual damage of
salinity stress on leaves of the sensitive rice cultivar IR29, in the form of necrosis at
about one-third of leaf length. In the upland cotton (G. hirsutum) visible damage owing
to salinity stress appeared on the leaves of salt-sensitive Nan Dan Ba Di Da Hua
genotype, after 200 mM NaCl treatment (Peng et al., 2014); the same authors pointed
that after 0.5 h, distinct wilting and dehydration were observed on leaves of the
analyzed genotypes, and after four h, both genotypes showed more severe wilting. All
mentioned damages can significantly compromise photosynthesis, influencing the

growth and development of plants and their yields directly.
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Figure 1. Aspects of Jatropha curcas leaves after three hours of exposition to Hoagland solution plus
NaCl solution (150 mM). A) Both accessions: the salt-sensitive Jc171 (blue ribbon) and the salt-tolerant
Jc183 (red ribbon) accession. B) Leaves (Jc171) showing visible damages: browning at the edges and
brown spots.

The J. curcas transcriptome

The RNA-Seq libraries (12) generated with high-qualities RNAs (RIN > 8§,
Supplementary Fig. S1) after Illumina HiSeq 2500 sequencing provided for each
accession (three biological replicates x two treatments) similar amounts of raw reads
[113,668,090 (Jc183), and 124,618,733 (Jc171)]. Those reads showing good qualities
(Phred score > 30), after filtering and trimming of adapters and low-quality bases,
comprised 96,9 % (Jc183), and 96,3 % (Jc171) of the reads. The total of reads before
and after the trimming step, concerning each library is shown in Supplementary Table
S3. The de novo transcriptome generated based on the assembled transcripts covered
101 MB (based on unigenes, the size was 77 MB). The transcriptome also covered
145,422 transcripts (126,343 unigenes) and presented a GC percentage of 41.55. The
N50 for transcripts comprised 1308 bp (based on unigenes, 993 pb), which is the
maximum length where at least 50% total assembled sequence resides in contigs of at
least that length; further details of the generated transcriptome are shown in

Supplementary Table S4.

Functional annotation of the assembled transcripts

The first round of transcript (145,422) annotation, exploring J. curcas proteins
(UniProtKB, 27,650 deposited sequences) and those from taxonomic-related species [M.
esculenta (41,381) and R. comunnis (31,221), Phytozome database], in individually
BLASTx analysis (e-value < e'°), identified 27,363 transcripts encoding predicted
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proteins observed in Euphorbiaceae family. Specifically, 25,668 transcripts associated
directly with the J. curcas proteins, and other 1,695 transcripts with proteins from the
two related species (Fig. 2A). Those transcripts encoding conserved proteins associated
with the three species were 19,508 (Fig. 2A). From the set of 25,668 transcripts
associated directly with the J. curcas proteins, only 9,288 transcripts (Fig. 2B) were
properly annotated (protein name or gene function) based on those associated proteins.
About the proteins properly annotated from the J. curcas-related species, another 14,642
transcripts were declared annotated (Fig. 2B). Considering only the sequence
similarities with the J. curcas transcripts, the exclusive contribution of R. cumunnis
exceeded that of M. esculenta (Fig. 2A), however, when considered the informative

annotations, that position inverted (Fig. 2B).

B C
Jc Uni.KB Rc Phy Jc Uni.KB Rc Phy eggNOG KEGG

TWA (I) TWA (II)

Jc Uni.KB =

Jc Uni.KB TWS (1)

Figure 2. Venn diagrams comparing different results from the two annotation rounds of the RNA-Seq J.
curcas transcripts: the first (I) round (BLASTX, e-value < €'%) against proteins of J. curcas/UniProtKB
(Jc UniP), Ricinus communis/Phytozome (Rc Phy) and M. esculenta/Phytozome (Me Phy), and the
second (II) performing the Trinotate software (e-value < €) against several protein databases
(UniProt/SwissProt, KEGG, eggNOG, GO). A) The individual and shared contribution of the datasets
used in I round, considering only similarities results. B) Comparison described before (A), but only
considered the annotated results. C) The individual and shared contribution of the datasets used in the II
round. D) Transcripts annotated by the I round compared with transcripts without similarities (TWS 1I)
from the II round. E) transcripts encoding predicted proteins similar to those from the I round, regardless
of whether there is functional annotation, compared with the transcripts without similarities (TWS 1II)
from the II round. F) Transcripts annotated (TWA) by the two annotation rounds.
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In short, concerning the 27,661 proteins from the UniProtKB database (January
2019), most of them (24,288) are annotated as uncharacterized proteins. The inclusion
of the proteomes from R. cumunnis and M. esculenta, increased the annotation
efficiency, especially M. esculenta (Phytozome database). The second round of
annotation with the Trinotate pipeline (Bryant et al., 2017), considering a less stringent
analysis (e-value < ¢%) and several databases, showed 63,079 transcripts encoding
predicted proteins similar to those from UniProt/SwissProt (62,278 transcripts),
eggNOG (42,121), KEGG (46,013), and Gene Ontology (58,637). The individual
contribution of each database (Fig. 2C) highlighted the contribution of the
Uniprot/SwissProt database, which is formed of manually cured sequences. However,
83,144 transcripts did not reach the required similarity threshold. Comparing the two
annotation rounds, from the 83,144 transcripts failing to hit the II threshold (II round),
some of them were previously annotated with J. curcas proteins or its related species (I
round), but 80,921 remained non-associated (transcripts without similarity - TWS 11,
Fig. 2D). If discounting those transcripts showing acceptable similarities with the J.
curcas and the related species (probably non-annotated), 78,220 transcripts remained
without reaching the threshold (Fig. 2E).

In turn, the individual and overlapped contribution of the two annotation rounds
are shown in Fig. 2F. Besides the 24,058 (21,835+2,223) transcripts annotated by I
round analysis (Euphorbiaceae family members), another 40,443 transcripts were
annotated by the Il round analysis (Fig. 2F). In total, 64,501 transcripts were adequately
annotated, while 80,921 were non-annotated (78,220 not reaching the similarity

threshold after II rounds of annotation). Both sets are available for further researches.

The differentially expressed genes (DEGs) in response to the salt stimulus

The analysis of the expressed profiles of Jc183 and Jcl71, comparing the
respective contrast S vs.C, and considering the required thresholds (p-value < 0.0001,
FDR < 0.005, Log> FC > 1 or < -1), identified 57 and 4,646 DEGs, respectively. The
salt-sensitive Jc171 accession presented more transcriptional effort responding to the
salt stimulus, trying to minimize the damages, as those visually observed in its leaves
(Fig. 1). In a similar pattern, the stress response of the salt-sensitive rice IR29 genotype
was characterized by a relatively large number of induced probe sets (in a GeneChip

analysis, using the rice genome Affymetrix array), when compared to the salt-tolerant
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FL478 (Walia et al., 2005). Another assay (Walia et al., 2007) using the same
GeneChip, including two japonica rice lines (Agami and M103), besides the two indica
lines mentioned above, revealed a strikingly large number of induced genes, in response
to the applied salinity stress, by the sensitive lines (IR29 and M103) in relation to the
tolerant ones.

From the Jc183 DEGs (40 UR and 17 DR; Supplementary Table S5), 23 (13 UR
and 10 DR) were exclusively DEGs by Jc183 (five non-annotated, three URs and two
DR), and 34 were DEGs also detected by Jc171, 33 of them presenting the same
regulation by both accessions (27 UR and six DR), and one divergence (DR/Jc183, and
UR/Jc171 for DEG encoding Galactinol synthase 1). From the set of 34 shared DEGs,
five remained non-annotated (four UR by both accessions, and one DR also by both
accessions; Supplementary Table S5). Details of the Jc183 DEGs (Trinity ID,
annotation, regulation, logoFC, and the sequence in FASTA format), are available in the
Supplementary Table S5. Concerning the Jc171 profile, from the 4,612 identified DEGs
(2,753 UR and 1,859 DR), 1,296 UR DEGs remained non-annotated. The correspondent
details covering the Jc171 DEGs were shown in the Supplementary Table S6.

The two distinct J. curcas expressed profiles could contribute to identify useful
salt-related tolerance genes for plant breeding programs. A previous study conducted by
plant physiologists (UFPE, Brazil) showed differences between the same accessions
analyzed here, highlighting a better recovery capacity of Jc183 after saline stress (750
mM NaCl, 50 h) than the Jc171 accession, inclusive showing an earlier emergence of

the juvenile leaf (Real-Cortes, personal communication).

Metabolic responses of the J. curcas accessions to the salt stimulus

A comparative MapMan analysis performed with 2,749 DEGs of both
accessions, based on the correspondent M. esculenta best hits (BLAST alignments),
covered 15 Jc183 DEGs (eight UR and seven DR), 2,711 Jc171 DEGs (1,338 UR and
1,373 DR), and 23 DEGs shared by both profiles, all of them presenting the same
regulation (18 UR, and five DR). The analyzed DEGs, comprising more than half of all
detected DEGs, identified MapMan bin codes (Thimm et al., 2004) associated to several
metabolism pathways (CHOs, lipids, amino acids, phytohormones, and redox;
Supplementary Table S7), as well as with secondary metabolites. The heatmaps

represented by the expression modulated by each accession associated with the
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MapMan bin codes are presented in the Fig. 3. In general, the induced genes grouped
and separated from the repressed genes; the induced genes exceeded the repressed ones,
and the expression modulated by Jcl171 in response to the salt-stimulus, was more
intense than that of Jc183, since some of the corresponded genes not modulated its
expression or was n.d. in the Jc183 profile (Fig. 3). Details covering each accession and

MapMan category are discussed below.
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Figure 3. Heatmaps representing the gene expression profiles of Jc171 and Jc183 accessions, generated
by hierarchical clustering analysis, and involving different metabolisms: A) hormone; B) CHO; C) Amino
acid; D) Lipid; E) Redox; F) Secondary metabolites. The columns represent the expression modulated by
the accessions after three hours of salt exposure (150 mM NaCl), in relation to the correspondent control
without salt. The rows represent each Jatropha curcas RNA-Seq transcript and the annotated MapMan
bin code. The clusters are on the left side. The up- and down-regulation of the transcripts are indicated in
red and green, respectively, and the intensity of the colors increases with increasing expression
differences based on the legend. The bin code description is provide in the Supplementary Table S7.

Phytohormone metabolism

The heatmap associated to the phytohormone metabolism (Fig. 3A) followed
those general characteristics mentioned before: two groups; the induced group (Jc171)
clustering more genes than the repressed one; expressed modulation by Jcl171 more
intense than those observed by Jc183.

Under normal conditions, the development of the root system architecture (RSA)
of dicotyledonous plants, comprising the main root (MR) and the lateral roots (LRs), are
under influence basically of auxin (AUX) and cytokinin (CK), two antagonistic
phytohormones in some actions. However, under salt stress, the RSA development is

influenced by abscisic acid (ABA), ethylene (ETH), jasmonic acid (JA), AUX, and
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brassinosteroids (BR) (Julkowska and Testerink, 2015). Also, under osmotic stress
conditions, ABA regulates root growth via an interacting hormonal network with
cytokinin (CK), besides ETH and AUX (Rowe et al., 2016). According to Fig. 3A, some
induced genes were associated to ABA (bin codes 17.1.1.1.10, 17.1.3, and 17.2.3), ETH
(17.5.1, 17.5.2, and 17.5.3), AUX (17.2.3), JA (17.7.1.4, 17.7.3), BR (17.3.1.2.5),
gibberellin (GA; 17.6.1, 17.6.3), and salicylic acid (SA; 17.8.1).

After a saline stimulus, the endogenous ABA level increase due to the action of
dioxygenases (9-cis-epoxycarotenoid-dioxygenase; EC 1.13.11.51), which correspond
to the bin code 17.1.1.1.10 (Fig. 3A), cleaving carotenoid precursors (Julkowska and
Testerink, 2015). The ABA accumulation assists the plant acclimatization under stress,
including stomatal closure, growth modulation, and synthesis of protective metabolites,
some of them (e.g., proline, sugars, myo-inositol, polyamines) are osmoprotectant
compounds that present important roles in ionic adjustment.

A JA action model in response to saline stress was presented by Riemann et al.
(2015). Briefly, during osmotic stress, phytohormones are affected, some in a positive
way [ABA, JA, and 12-OPDA (JA-precursor 12-oxo-phytodienoic acid)] and others,
such as GA, in a repressed way. These phytohormones interfere with regulatory proteins
that are crucial in metabolism. When JA is produced, the JAZ repressor is degraded,
releasing MYC2, which is a versatile transcription factor (TF), also activated by ABA,
for acting. In turn, with the reduced level of bioactive GA, DELLA proteins (which are
GA repressors) accumulate and interact with JAZ, also releasing MYC2 from
repression. MYC2, in turn, activates metabolic pathways, such as the secondary
compounds for flavonoids and terpenoids (isoprenoids), some of them are also
osmoprotectant-related compounds, helping plants to saline-stress acclimatization.
Concerning the repressed genes (Jc171), the correspondent counterpart in Jc183 was
non-modulated or n.d. In this group, CK transcripts stood out (bin code 17.4.2, Fig. 3A).
CK is closely related to ABA metabolism, acting antagonistically in certain situations
(Guan et al., 2014). Arabidopsis CK-deficient showed enhanced salt (250 mM NacCl)
and drought tolerance, and the observed CK-downregulation was associated with cell
membrane integrity and ABA hypersensitivity, rather than stomatal density and ABA-

mediated stomatal closure (Nishiyama et al., 2011).

CHO metabolism
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The heatmap representing major and minor CHO metabolism presented the two
groups mentioned before, with the induced genes grouping apart from the repressed
ones, but the induced genes numerically lower than the repressed ones (Fig. 3B). Some
of the induced Jc183 genes modulated in a similar way of Jc171, while regarding the
repressed Jc171 genes, the correspondent Jc183 almost not modulated its expression.
Covering major CHO metabolism, the sucrose synthesis, represented by one of the main
enzymes - Sucrose-phosphate synthase (bin code 2.1.1.1; DEG by Jc171; Fig. 3B), was
repressed, reflecting the expected lower CO; fixation under saline stress. Still, in major
CHO metabolism, the genes representing starch synthesis (2.1.2.1, 2.1.2.2; 2.1.2.3) was
repressed (Fig. 3B), except by one induced starch synthase gene (both accessions).
Starch is also an osmoprotective compound and thus protects macromolecules
(membranes and proteins) from denaturing conditions (Singh et al., 2015). In turn,
osmoprotectant compounds associated with the minor CHO metabolism
[oligosaccharides of the raffinose family (3.1.1.2, 3.1.2.2; 3.1.3), and myo-inositol
(3.4.3)], were induced by both accessions (Fig. 3B), probably helping to minimize salt-

stress damages.

Amino acid metabolism

About amino acid metabolism (Fig. 3C), the heatmap followed the mentioned
overall characteristics: induced and repressed genes (Jc171) grouped in independent
clusters; the induced group clustering more genes; the Jc171 expression showing more
expressive modulation than Jc183. From this set, the induced gene encoding methionine
gamma-lyase (MGL; bin code 13.2.3.4.1, Fig. 3C) comprised one of the candidates
selected to the RTq-PCR analysis. MGL converts methionine to 2-Ketobutyrate, a
precursor in the Ile biosynthesis (Vijay and Jander, 2009), and studies covering drought-
stress response pointed the amino acids Ile, Leu and Val increasing their abundances
(Hildebrandt, 2018). Zhang et al. (2019) applying transcriptomic and metabolomic
strategies to compare two contrasting sesame (Sesamum indicum) genotypes responding
to salt stress (150 mM NaCl, different time points up to 24 h) observed many free amino
acids accumulating higher in ST (salt-tolerant) than in SS (salt-sensitive) genotype,
indicating this fact as a positive feature for withstanding salinity stress. The studied
amino acids included: alanine, asparagine, aspartate, glutamate, glutamine, glycine,

isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, proline, serine,
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threonine, tyrosine, and valine. Although substantial salt-induced accumulation was
observed to arginine, glutamine, glycine, methionine, ornithine, phenylalanine, and
tyrosine, most of the genes involved in the biosynthesis of these amino acids were up-
regulated in both genotypes under salt stress.

Based on the heatmap (Fig. 3C), an induced expression also involved genes,
such as OASTL (cysteine synthase, also O-acetyl-serine (thiol) lyase, bin code
13.1.5.3.1) and SAT (serine acetyltransferase, 13.1.5.3.2). The respective enzymes are
involved with the cysteine biosynthesis. Transgenic plants overproducing SAT, OASTL
or both enzymes present not only elevated levels of the respective products (cysteine
and O-acetyl-serine, OAS) but also glutathione and other metabolites; in several cases,

the transgenic plants were tolerant to the abiotic stresses (Sirko et al., 2004).

Lipids metabolism

About lipid metabolism, the heatmap followed most all of the general
characteristic mentioned before: two groups (induced and repressed grouping apart), but
in this case, almost the same amount of induced and repressed genes; more intense
modulation by Jc171 when compared with Jc183 (Fig. 3D). A clear divergence in
regulation (repression by Jc171 and induction by Jc183) involved the gene encoding
SGT (UDP-glucose:sterol glucosyltransferase; DN32792 cl1 g1, bin code 11.8.3, Fig.
ID). The SGT enzyme catalyzes the glycosylation of sterols to produce sterol
glycosides. These glycosylated sterols play a crucial role in modulating the properties
and function of cell membranes (Ramirez-Estrada et al., 2017). The mentioned authors
correlated the expression of SISGT4 (tomato) with a marked increase in response to
osmotic, saline and cold stress. Also, an induced triacylglycerol lipase gene (by both
accessions) stood out (DN30663 c0 gl; bin code 11.9.2.1, Fig. 1D). In A. thaliana, a
related gene (At2g31690) was among the most exclusively saline-stress induced in roots

(Ma et al., 2006).

Redox metabolism
About the redox metabolism, the heatmap also presented the two primary
groups, but almost all related genes were induced (Jc171), and again Jc171 modulated

its expression more intensely than Jc183 (Fig. 1E). One divergence in gene regulation
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(induced by Jc171 and repressed by Jc183) was observed (DN34560 co gl, Fig. 1E)
involving the bin code 21.2.2, which is related to ascorbate. Ascorbate and glutathione
are potent antioxidants that react directly with singlet oxygen and superoxide radical
(reactive oxygen species, ROS), or by detoxification of hydrogen peroxide (H20>)
(Foyer and Noctor, 2011). At the cellular level, the salt-stress alter the ionic homeostasis
causing an imbalance in redox status in the cell, with subsequent high production of
ROS, which is perceived by the antioxidant systems related to ascorbate and glutathione
(bin code 21.2 in Fig. 1E), ferredoxin-thioredoxin reductase (21.1), superoxide
dismutase (21.6), and ascorbate peroxidase (Foyer and Noctor 2009). In Eutrema
salsugineum, the induction of ascorbate-glutathione in response to saline stress (300
mM NaCl) prevented the harmful production of singlet oxygen in the photosystem PSII
(Wiciarz et al., 2017). In the roots of Arabidopsis under salt stress (150 mM NacCl), salt-
induced changes in the cell redox status affected the meristem root, impacting auxin
transport (Jiang et al., 2016). Besides the importance of the antioxidant systems and the
ROS scavenging, details of the generated profiles need further studies.

Secondary metabolites process

Concerning the secondary metabolites process (Fig. 1F), the heatmap also
presented the general characteristics mentioned before: two groups, separating the
induced genes from the repressed ones (Jc171); the repressed genes comprising a
smaller set; the Jc171 modulating its expression more intensively when compared to
Jc183. Induced genes covered phenylpropanoids metabolism (bin code 16.2, Fig. 1F). In
this group, the bin code 16.2.1.1, corresponding to the PAL gene (phenylalanine
ammonia lyase) was selected to the RT-qPCR validation assay. The PAL enzyme is the
entry point into the phenylpropanoid pathway, being a crucial enzyme that catalyzes the
first step in that pathway and leads not only to the accumulation of phytoalexins but also
contributes to the development of plants and their responses to biotic stresses (Zhang et
al., 2013).

Gruber et al. (2009) reported global transcriptional changes in the secondary
metabolism, including phenylpropanoid, flavonoid, and isoprenoid pathways, in
Medicago root apexes responding to salt stress (100 mM NaCl, one hour after salt
treatment). Also, it should be noticed that isoprenoids and phenylpropanoids are part of

the antioxidant defense, and their representatives are orchestrated daily by drought-
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stressed Platanus acerifolia plants during Mediterranean summers (Tattini et al., 2015).
Additionally, salinity stress-induced genes involved in the flavonoid biosynthesis
pathway in the salt-sensitive rice accession IR29 were observed but not in the salt-

tolerant FL478 (Walia et al., 2005).

Selection of Jc183 DEGs and their expression validation by RT-qPCR

The hierarchical clustering of salt-tolerant Jc183 DEGs, and the corresponded
expression by Jc171, allowed to select candidates to the RT-qPCR analysis (Fig. 4). The
respective heatmap (Fig. 4) highlighted potential genes to be explored as a functional
molecular marker for marker-assisted selection process in J. curcas breeding programs.
From the cluster with UR Jc183 DEGs almost not modulated by Jc171, two candidates
were  selected  [S-adenosylmethionine-dependent — methyltransferase  (SAMe),
Phenylalanine ammonia-lyase (PAL). Another six candidates included UR Jc183 DEGs
also induced by Jcl71 [S-adenosylmethionine synthase (SAM), peroxidase (PX),
carboxylesterase (CXE), homeobox-leucine zipper protein (ATHB), TF of NAC family,
methionine-gamma lyase (MGL)]. Also, one DR Jcl83 DEG (xyloglucan
endotransglucosylase, XTH) was selected to the RT-qPCR validation assay.
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Figure 4. Heatmap representing the hierarchical clustering analysis of the 57 DEGs of the salt-tolerant
Jc183, and the correspondent expressions by salt-sensitive Jc171 accession, after three hours of salt
exposure (150 mM NaCl), based on the ratio of Log,FC (Fold Change) values, concerning the
abundances of the transcript in the stressed library, in relation to the negative control library. DEG:
differentially expressed gene [p-value < 0.0001; false discovery rate, FDR <0.005; Log, (FC) > 1 (up-
regulation, red) or < -1 (down-regulation, green). On the right, the DEGs and its functional annotation.
DEG with red asterisk were validated by RT-qPCR assay.
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The in silico data to be validated by the RT-qPCR analysis, from each selected
candidate gene, are shown in Table 1. The proposed primers pairs (candidates and
references genes, Supplementary Table S2) amplified cDNA samples (except PX
primers with Jc171 cDNAs), presenting a unique amplicon (data not shown). RT-qPCR
parameters [amplification efficiency (E), slope (s), and correlation coefficient (R)],
related to each primer pair and target, based on standard curves from serial dilution of
root cDNAs samples (accessions and treatments), presented acceptable values
(Supplementary Fig. S2), according the MIQE protocol (Bustin et al., 2009), aiming to
ensure reliable relative qPCR expression data between samples. In general, the RT-

gPCR results confirmed most of the in silico data, as described below.

Table 1. Selected genes and respective expressions by the J. curcas salt-tolerant (Jc183) and the salt-sensitive (Jel171)

accessions, based on the in silico RNA-Seq analysis” and the RT-qPCR results™".

Method SAMe PAL SAM PX CXE HD-Zip NAC MGL XTH
Accession

in silico

Jc183 3.53/UR 4.44/UR 13.5/UR 249/UR 2.87/UR 2.95/UR 2.76/UR 2.36/UR  -2.08
Jcl71 n.s n.s 15.51/UR 2.76/UR 3.46/UR 5.09/UR 4.73/UR 4.99/UR n.s

RT-qPCR

Jc183 0.97m.s 14.25/UR 12.30/UR 0.95/n.s 9.31/UR 5.03/UR 1.73/n.s 15.71/UR 0.20/DR
Jcl71 0.95/n.s 2.65 UR 1.19/n.s n.s 2.93/UR 18.69/UR 5.88/UR 8.16/UR 0.36/DR

UR: induced; DR: repressed; n.s: not significant at p < 0.05; SAMe: S-adenosylmethionine-dependent methyltransferase; PAL:
Phenylalanine ammonia-lyase; SAM: S-adenosylmethionine synthase; PX: Peroxidase; CXE: Carboxylesterase; HD (Zip):
Homeobox-leucine zipper; NAC: NAC transcript factor protein; MGL: Methionine-gamma lyase; XTH: Xyloglucan
endotransglucosylase/hydrolase; * Log,FC (FC: ratio of the abundances in the stressed library in relation to the respective

control library);**Relative expression based on the REST software (v.2.0.13) (Pfaffl et al., 2002).

Carboxylesterase (CXE)

The induced DEG encoding CXE (EC 3.1.1.1), by both accessions (Table 1),
confirmed its regulation in the RT-qPCR analysis (Fig. 5). CXEs are enzymes (o/p-
hydrolase superfamily; Liu et al., 2014) that hydrolyze esters of short chain fatty acids.
In plants, some of their biological functions are related to signal transduction and gene
regulation (Lord et al., 2013). In plant signaling, CXEs activate phytohormones, such as
SA and JA (Gershater and Edwards, 2007). The ICME (isoprenylcysteine
methylesterase) gene, member of a small subfamily belonging to CXE family, encodes a
protein involved in the Arabidopsis salt-response (200 mM NaCl), as a positive

regulator of ABA signaling (Lan et al., 2010).

Homeobox-leucine zipper domain protein (HD-Zip)
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The induced DEG (both accessions; Table 1) encoding ATHB-7 confirmed its
UR regulation by RT-qPCR analysis (Fig. 5). The HD-Zip protein is a potential TF
widely distributed in plants, playing roles in plant growth and response to abiotic stress
(Shen et al., 2018). The overexpression of ATHB-12 (A. thaliana) gene conferred salt
tolerance (100 mM NaCl) in transgenic yeasts, regulating Na* exclusion and increasing
NacCl tolerance (Shin et al., 2004). ATHB12 was involved in osmotic stress responses
(Olsson et al., 2004). In transgenic tobacco, the expression of CaHDZI2 (Cicer
arietinum) transgene conferred salt stress tolerance (200 mM NaCl); in turn, the

CaHDZ12 silencing in chickpea plants led to a higher salt-sensitivity (Sen et al., 2017).

Methionine gamma-lyase (MGL)

The DEG encoding MGL (EC 4.4.1.11), induced by both accessions (Table 1),
confirmed its expression by RT-qPCR analysis (Fig. 5). Arabidopsis plants responding
to salt stress (100 mM NacCl), induced the AtMGL gene. MGL catalyzes the degradation
of L-methionine to a-ketobutyrate, methanethiol, and ammonia. The a-Ketobutyrate is a
precursor of isoleucine (Ile), an essential amino acid that also accumulates in plant cells

under salt stress (Farhangi-Abriz and Ghassemi-Golezani, 2016).

Phenylalanine ammonia-lyase (PAL)

The induced Jc183 DEG encoding PAL (Table 1) confirmed its expression in the
RT-gqPCR assay (Fig. 5). PAL (EC 4.3.1.5) is a crucial enzyme in the phenylpropanoid
pathway, catalyzing the deamination of L-phenylalanine (L-phe) to provide cinnamic
acid, a precursor of secondary metabolites (Ibrahim et al., 2019). Phenolic acid,
flavonoids, anthocyanins, lignins, and phytoalexins are derived from phenylpropanoids
(Hsieh et al., 2010). Valifard et al. (2015) showed positive and significant correlations
between the PAL gene induction, its enzymatic activity, and the phenolic content in
Salvia species. The authors observed PAL activity increasing (42 - 45%) together to the
phenolic content accumulation (35 - 43%) in the first six hours after the stress treatment
(100 mM NaCl). Also, the induction of the LjPAL gene in Lotus japonica increased the
PAL activity and the response to saline stress (150 mM NaCl) (Mrazova et al., 2017).

S-Adenosyl-L-methionine synthase (SAM)
The induced DEG encoding SAM (EC 2.5.1.6), by both accessions (Table 1),
confirmed its expression by Jc183 (RT-qPCR; Fig. 5). SAM catalyzes the generation of
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S-adenosylmethionine (Lindermayr et al., 2006), which is a Polyamine (PA) precursor.
PAs, such as putrescine, spermidine, and spermine, are osmoprotectant compounds with
relevant contributions on the osmotic adjustment of the cells under salt stress (Chen et
al., 2018; Baniasadi et al., 2018). The positive correlation of PA accumulation with salt-
tolerance of A. thaliana plants (Kasinathan and Wingler, 2004), probably reflected their
roles on proteins and membranes stabilization, and the free radicals scavenging (Jang et
al., 2012). Transgenic tobacco plants overexpressing SAMS?2 gene (from Suadea salsa)
also presented increased PAs content, and salt-stress tolerance (200 mM NaCl) (Qi et
al., 2010). A SAM? ortholog was downregulated in J. curcas plants after two h/100 mM
NaCl but upregulated at seven days (Zhang et al., 2014). The authors highlighted the

association of SAM with ETH biosynthesis from methionine.

NAC transcript factor protein

The induced DEG encoding the NAC TF (both accessions; Table 1) confirmed
its regulation only by Jc171 (RT-qPCR, Fig. 5). The NAC superfamily (NAM, AFAT,
and CUC) is one of the largest families of plant-specific TFs (Shao et al., 2015), playing
crucial roles in abiotic stress responses, including salt, drought, and cold (Mao et al.,
2014; Sakuraba et al., 2015). A NAC TF gene induced at two hours after the salt stress
in J. curcas plants presented downregulation at seven days (Zhang et al., 2014).
Transgenic rice plants overexpressing the ONAC022 gene showed induction also two
hours after salt-treatment (150 mM NaCl) (Hong et al., 2016). The ONACO022 acts as a
transcriptional activator stress-responsive and plays a decisive role in drought and salt-
stress tolerance modulating an ABA-mediated pathway. Positive regulation of NAC was
associated with the synthesis and accumulation of proline, osmoprotective sugars, and
LEA proteins (late embryogenesis abundant); all of these compounds play relevant roles

in abiotic stress tolerance (Song et al., 2011).

Peroxidase (PX)

The induced DEG (both accessions, Table 1) encoding PX, not confirmed its
expression by Jc183 in the RT-qPCR assay, and no amplicon was amplified with the
proposed primers using Jc171 cDNAs (Fig. 5). PXs (EC 1.11.1.7) are oxidoreductase
enzymes that catalyze the reduction of peroxides, such as hydrogen peroxide (H202),
and the oxidation of organic and inorganic compounds (Chanwun et al., 2013). PX-ROS

interactions are notable against harmful by-products of oxidative metabolism,
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participating in cellular detoxification and free radical scavenging (Schaffer and

Bronnikova, 2012).

S-adenosylmethionine-dependent methyltransferase (SAMe)

The gene encoding SAMe (Jc183 DEG, and n.s. by Jcl171, Table 1) only
confirmed the n.s. expression of Jc171, according to the RT-qPCR results (Fig. 5). In J.
curcas plants under 150 mM NaCl, the SAMe expression showed the highest expression
in root tissue (by semi-quantitative RT-PCR) after eight hours of salt exposure (Eswaran
et al., 2012). SAMe is synthesized from ATP and methionine, a reaction catalyzed by
methionine adenosyltransferase (SAM; Luka et al., 2009), also known as S-Adenosyl-L-
methionine synthase (synonyms; https://www.brenda-enzymes.org/). SAM-binding
methyltransferases utilize the methyl donor SAM as a cofactor to methylate proteins,
small molecules, lipids, and nucleic acids (Martin and McMillan, 2002). SAMes play an
essential role in cellular metabolism, transcription, signal transduction and
detoxification (Hayashi et al., 2018). The overexpression of SAMe in Hibiscus
cannabinus plants responding to NaCl (200 mM, six days) conferred salt-tolerance (Niu
et al., 2016). The salt-induced SAMe gene (named /bSIMTI) in sweet potato (lpomoea
batatas) under saline stress (86 mM NaCl/ four weeks) showed induction in the first 12
hours of stress; the salt-tolerance was correlated with osmotic balance adjustment,
membrane integrity and photosynthesis protection, and ROS detoxification (Liu et al.
2015). Probably, the three hours of salt-exposure time was not enough to show the

SAMe induction by Jc183 accession.

Xyloglucan endotransglucosylase/hydrolase (XTH)

The gene encoding XTH was DR DEG by Jc183 (Table 1), and the DR
expression was confirmed by RT-qPCR assay, also by Jc171 (Fig. 5). The xyloglucans
(hemicellulosic polymers of dicotyledonous plants) bind to cellulose fibrils, whose
interactions are modulated by expansin enzymes and XTHs (Malinowski et al., 2004).
Thus, XTH (EC 2.4.1.207) is involved with wall remodeling and cell expansion. Under
abiotic stress, XTH acts on the flexibility of tissues (leaf and root), conferring greater
cell wall extensibility, and better plant adaptation (Tenhaken, 2015). In transgenic
Arabidopsis plants responding to saline stress (100 mM NaCl), the CaXTH gene

(Capsicum annuum) was induced after six days of salt treatment. Positive expression of
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the CaXTH gene in pepper roots conferred a low reduction in root length of plants under
salt stress (Cho et al., 2006). Depending on the abiotic stress, the cell wall is a target to
be affected. In the present study, the wall remodeling and cell expansion in roots do not
appear to be affected after three hours of J. curcas have been exposed to salt (150 mM

NaCl), based on the XTH gene expression.
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Figure 5. RT-qPCR results of selected Jc183 candidate genes, reference genes, and negative controls,
performed with root cDNAs of Jatropha curcas Jc183 (salt-tolerant) and Jc171 (salt-sensitive) plants
after three hours of salt-exposure. Expression values normalized by the reference genes actin and beta-
tubulin, and the relative expression data calculated by the REST software (v.2.0.13) (Pfaffl et al., 2002).
Genes: HD-zip (homeobox-leucine); PX (Peroxidase); MGL (methionine-gamma-lyase); NAC Transcript
factor; CXE (Carboxylesterase Probable 17); PAL (phenylalanine ammonia lyase); XTH (xyloglucan
endotransglucosylase); SAMe (S-adenosylmethionine-dependent methyltransferase); and SAM (S-
adenosylmethionine synthase 1).

Conclusion

Sensitive plants in saline conditions use protection strategies, trying to stabilize
photosystems, protect membranes and proteins, modulate the redox state, and provide
detoxification of free radicals. The de novo J. curcas RNA-Seq transcriptome generated
based on two accessions responding to salinity (150 mM NaCl, after three h), covered
101 MB and assembled 145,422 transcripts, around half of them encoding predicted
proteins. Curiously, the salt-sensitive Jc171 accession induced more differentially
expressed genes than the salt-tolerant Jc183. Based on Jc171 DEGs, the correspondent
genes by Jc183, involving different metabolisms (phytohormone, CHO, lipid, amino

acid, redox), and some secondary metabolites, presented their expressions almost not
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modulated or even not detected. Based on the smaller number of Jc183 DEGs, the
correspondent expressions by Jcl71 was less similar. Although the intensive
transcriptional effort of Jc171 inducing more DEGs in response to the salt stimulus, this
effort was not enough to avoid the visible damages observed only in Jc171 leaves. In
general, the upregulated genes numerically exceeded the downregulated ones, and
despite some similar regulations presented by both accessions, the non-modulation by
Jc183 suggest better control of the ionic homeostasis applying different salt-tolerance
strategies from those observed in the Jc171 expressed profile. Some of the DEGs
candidates involved in salt-stress tolerance with their expressions validated by RT-
gPCR assays could be explored as functional molecular markers to be applied in
marker-assisted selections, in J. curcas breeding programs. Thus, the present data not
only uncovered genes related to salt-response but also promoted an overview of the
molecular mechanisms underlying J. curcas salt-tolerance, providing potential
functional molecular markers useful to the breeding programs. However, further studies
are necessary to fully elucidate the molecular basis involving the development of plants

under salt stress.
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Abstract:

Physic nut (Jatropha curcas), a small oleaginous tree spontaneously occurring in arid
and semi-arid tropical regions, is a sustainable and renewable energy source
for biodiesel. However, the J. curcas yield in such areas should consider soil salinity
and its consequences. Transcription factor (TF) proteins recognize cis-regulatory
elements in promoters of genes regulating their expression. In the present work,
differentially expressed genes (DEGs) encoding putative TFs in physic nut plants after
three hours of NaCl (150 mM) exposition covered 23 TF families. The expressed
profiles of members from AP2/ERF and NAC families basically presented induction
after the salt treatment, while members of bHLH, FHY3-FAR1, and ARF families were
repressed. The gene ontology (GO) enrichment analysis concerning the induced TF
DEGs highlighted terms related to abiotic stress responses, while the repressed TF
DEGs stood out terms highlighting the basal metabolism. In turn, the TF enrichment
analysis predicted TFs over-represented targeting promoters of induced TF DEGs. The
enriched TFs are good candidate as transgenes. Additionally, RT-qPCR analyses
validated the up-regulation of six DEGs (RAVI, ERF9, ZATI12, PTI5, MYB340, and
BZIP4) of eight candidates, suggesting the reliability of the expressed J. curcas TFoma
after three hours of salt exposition (150 mM NaCl). The results help to understand the
molecular basis of salinity stress response in physic nut plants. Also, provide valuable
resources to select potential candidates for transgenic studies, as well as to develop

functional molecular markers to assist selection steps in breeding programs.
Key words: Jatropha curcas; RNA-Seq; transcriptome; abiotic stress; salinity.

Introduction

Physic nut (Jatropha curcas L.), a perennial tropical plant belonging to the
Euphorbiaceae family, has been an alternative source of renewable biofuel producer
(Openshaw 2000). J. curcas presents some advantages over so-called oleaginous
biodiesel plant producers, including the high (30—-50%) oil content in the seeds allied to
the relatively easily biofuel conversion (Deore and Johnson 2008), and no competition
with human food destination. Since it is a spontaneous species occurring in arid and
semi-arid tropical regions (Johnson et al. 2011), two problems need to be addressed: soil
salinity and plant salt stress. Crop production in arid and semi-arid regions must consider

natural saline/sodic soils, high plant evapotranspiration, low rainfall, and unfavorable



97

physical/physicochemical soil properties, which associated to irrigation problems leads
to soil salinization, and its consequence in plant growth (Campos et al. 2012).

In plants growing in regions with low water availability, the high salt levels in
soil solution reduce the osmotic potential in the root zone sufficiently to reduce water
absorption (Dasgan et al. 2002), also the ions acting on protoplasm disturb the mineral
plant nutrition (Munns 2002), limiting the plant growth (Gurgel et al. 2003).

Plants exposed to environmental stresses change their metabolisms according to
the genes properly activated or repressed (Benko-Iseppon et al. 2005). Based on the set
of transcription factor (TFs) activated by signal transduction in response to a stimulus,
genes are expressed and the transcriptomes are reprogrammed. The TF proteins
recognize the cis-regulatory elements (CRE) in the promoters of genes that will be
expressed regulating that expression (Wang et al. 2009). In this way, TFs play a key role
in biotic and abiotic stress responses, as well as in plant development (Riechmann et al.
2000), through the spatial and temporal regulation based on their targets (Zhang et al.
2011; Jin et al. 2014). Therefore, to characterize the TFoma after three hours of NaCl
exposition (150 mM) helps to understand the transcriptional dynamics of J. curcas plants

responding to the salt and also to improve the salt tolerance.

Materials and Methods
a) Plant material and the salinity assay

Two Brazilian physic nut accessions named Jc183 e Jc171 (Lozano-Isla et al.
2018) were carried out in a salt treatment assay with plants growing in greenhouse
(March 2016) at the Agricultural Science Center/Federal University of Alagoas
(UFAL/CECA, Rio Largo, AL, Brazil; geodesic coordinates 09°28'02"S; 35°49'43"W,
altitude: 127 m). The classified climate, according to Thorthwaite and Mather (1955), is
wet, megathermic, with moderate water deficiency in the summer (December to March)
and some excess of water in the winter (July to September).

Homogeneous seeds (size and weight) of both accessions were sown in pots (50
L) filled with 20 kg of washed sand. From the first eophiles (5-10 days after
germination, DAG), the seedlings were thinned, leaving only the most vigorous
plant per pot. The plants were sampled in a completely randomized design with three
biological replicates (two accessions x two treatments (with and without salt) x three

biological replicates). During their cultivation, plants were irrigated (4 p.m.) every three
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days with Hoagland nutrient solution (20% w/v) (Epstein, 1972). A week before the salt
application (60 DAG), plants received Hoagland solution 100% (full strength) every
day. To the salt application, a NaCl solution (150 mM) was added to the Hoagland
solution, and plants were salt exposed (9 a.m.) for three hours. Plants irrigated only with
the Hoagland solution comprised the negative control. After the NaCl exposure time,

root samples were collected, immediately frozen in liquid nitrogen (N,), being kept in -

80°C until RNA extraction.

b) RNA isolation, the RNA-Seq libraries, and its sequencing

Total RNA was isolated from the root samples using the SV Total RNA
Isolation System (Promega). The RNA concentration was estimated by NanoDrop
spectrophotometer (Thermo Scientific NanoDrop 2000), and the RNA quality assessed
by absorbance ratios (OD 260/280 nm > 1.9 and OD 260/230 nm > 1.9), and agarose gel
electrophoresis, 1.5% (w/v). Re-analysis of the RNAs integrities by the Agilent
Bioanalyzer 2100 system (Santa Clara, CA, USA) identified samples with RIN (RNA4
Integrated Number) > 9.0. High-quality RNAs were used to generate RNA-Seq libraries
(12: two accessions x three biological replicates x two treatment), at the Genomic
Center of the "Luiz de Queiroz" College of Agriculture (ESALQ/USP, Piracicaba, SP,
Brazil). The RNA-Seq libraries were sequenced (2x100 bp paired-end) using the
[Mlumina HiSeq2500 Platform (Eurofins MGW, Germany).

¢) Transcriptome assembly and the transcript annotation

The quality data of the reads (base sequence quality and content) generated from
the RNA-Seq paired-end libraries were visualized with the FastQC software (v.0.11.5),
before and after adapter filtering and trimming (paired-end) steps using default
parameters of the Trimmomatic tool (v.0.36; Bolger et al. 2014). After excluding reads
showing low quality and those with unknown adapters and nucleotides, pairs of high-
quality reads (Phred > 30, all bases) were used for de novo transcriptome assembly
performed with the Trinity 2.2.0 software (Grabherr et al. 2011). The expression levels
of assembled transcripts and UniGenes were estimated by RSEM software (Li e Dewey
2011), and the alignment package Bowtie (v4.4.7; Langmead et al. 2009) was applied to
map reads back to UniGenes. The normalized FPKM (Fragment Per Kilobase of cDNA

Per Million fragments mapped) matrices were generated from the RSEM counts, which
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were used for the differential expression analyses performed by edgeR package
(Robinson et al. 2010).

Potential transcripts encoding TFs were identified by BLASTx alignments (e-
value < ¢'°) against proteins sets downloaded (August 2018) from the databases: NCBI
(J. curcas; https://www.ncbi.nlm.nih.gov/), Phytozome v.12 (Ricinus communis and
Manihot esculenta, https://phytozome.jgi.doe.gov/pz/portal.html), and
UniProtKB/SwissProt (http://www.uniprot.org/).

d) Identification of the differential expressed genes (DEGs)

The gene expression analysis between experimental samples detected
differentially expressed genes (DEGs) as those UniGenes showing p-value < 0.0001,
FDR (False Discovery Rate) < 0.005, and LogoFC > 1 (classified as up-regulated, UR)
or < -1 (down-regulated, DR). Fold change (FC), based on Log>FC values, was the ratio
representing the modulation of the UniGene abundance in the stressed library compared
to the negative control (henceforth, S vs. C, for brevity). The modulation of the gene
expression data, after hierarchical clustering analysis performed by Cluster software
(v.3.0; https://cluster2.software.informer.com/3.0/), generated heatmaps, visualized with
the JavaTreeview software (v.1.1; http://jtreeview.sourceforge.net). The Venn diagrams

were generated by online tool Venny (http://bioinfogp.cnb.csic.es/tools/venny/).

e) The GO and TF enrichment analyses

Together with the Gene Ontology analysis, a functional GO terms enrichment
analysis identified those over-represented (Fisher’s exact tests, p-value < 0.01) based on
the input file applied to the PlantRegMap tool (Plant Transcriptional Regulatory Map;
http://plantregmap.cbi.pku.edu.cn; Jin et al. 2014). The input file corresponded to the
set of genes encoding TFs, and individually covered the UR DEGs, the DR DEGs, and
the non-DEGs (n.s.). A similar procedure was performed involving the TF enrichment

analysis applying the respective tool also provided by the same database.

f) The gene expression validation by RT-qPCR assay
The gene expression of DEGs candidates encoding TFs [RAP2-3 (ethylene-
responsive transcription factor RAP2-3), RAVI(AP2/ERF and B3 domain-containing

transcription factor RAVI), ERF9 (ethylene-responsive transcription factor 9),
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DREBIH (dehydration-responsive element-binding protein 1H), ZAT12 (Zinc finger
protein ZAT12), PTI5 (pathogenesis-related genes transcriptional activator PTIS),
MYB340 (Myb-related protein 340), and BZIP4 (basic leucine zipper 4); Table S1] were
analyzed in RT-qPCR assays. Primer pair were designed based on the correspondent
RNA-Seq transcript using the online Primer 3 tool (Rosen and Skaletsky 2000),
following some parameters: amplicon size (between 70 and 200 bp), melting
temperature [50°C (minimum), 70°C (optimum) and 80°C (maximum)], and GC content
(45 - 55%). Proposed primers (Supplementary Table S1) were synthesized by
Invitrogen Life Technologies (USA) and previously tested amplifying cDNAs in
conventional PCR. After that, RT-qPCR reactions were performed in a real-time
LineGene 9600 equipment (Bioer®, Hangzhou, China) using SYBR Green detection
system. The PCR reaction (10 pL) included 5 pL of SYBR Green SuperMix (Applied
Biosystems, Foster City CA, EUA), 1 uL of diluted ¢cDNA (1/10), 0.3 pL of each
primer (5 uM) and 3.4 pL ddH2O. The reactions followed the settings: initial
denaturation of 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 60
s. All RT-qPCR reactions were performed in 96-well plates with three biological, and
three technical replicates, the negative controls, and two reference genes adequately
tested for the present assays [f-tubulin and actin (Ma et al. 2016)]. The dissociation
curves were obtained, heating the amplicons from 65 to 95°C for 20 min after the RT-
gPCR cycles. The LineGene software (v.1.1.10) estimated the Cq values (quantification
cycles), and the absolute and relative quantifications. The relative expression data
evaluated by REST 2009 software (Relative Expression Software Tool v.2.0.13; Pfaffl
et al. 2002) applied randomization test with 2,000 permutations and considered the
hypothesis of significant differences between the control and treatment groups. The
MIQE (The Minimum Information for Publication of Quantitative Real-Time PCR

Experiments; Bustin et al. 2009) protocol was followed to assure data reliabilities.

Results
a) The J. curcas de novo transcriptome and the DEGs encoding TFs

The high-throughput sequencing of the J. curcas RNA-Seq libraries (12) of roots
exposed to NaCl (150 mM, three hours) generated 238,286,823 raw reads. After
removing adapters and trimming low quality bases, 230,140,599 high-quality reads
(Phred > 30, all bases; 96.58% of the reads) allowed the de movo transcriptome
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assembly, with 145,422 transcripts (101 Mb) and 126,342 UniGenes (76 Mb), showing
a GC% of 41.55, and the Nso comprising 1,308 bp for transcripts, and 993 pb for
UniGenes. The global transcriptome will be not addressed in the presented report, only
those transcripts encoding potential TFs.

Based on the BLASTx analysis (e-value ¢'°) of the transcripts against protein
databases from Euphorbiaceae species (Figure 1), 1,876 transcripts encoding TFs were
identified. The inclusion of R. communis and M. esculenta (Phytozome database), both
J. curcas-related species, besides increased the sequence similarities (Figure 1), also

increased the efficiency of the annotation process.

Uniprot J. curcas Phytozome R. communis

NCBI FTs J. curcas Phytozome M. esculenta

Figure 1. Venn diagram showing numbers of Jatropha curcas RNA-Seq transcripts (from
roots of plants after three hours of NaCl exposition; 150 mM) encoding transcript factor
proteins similar (e-value < e') to those from different public proteins databases (NCBI,
https://www.ncbi.nlm.nih.gov/.; Phytozome, https://phytozome.jgi.doe.gov/pz/portal.html;
UniProt, https://www.uniprot.org/).

The declared DEGs from each accession [p-value < 0.0001, FDR < 0.005,
LogFC > 1 (UR) or < -1(DR)] in response to the salt-treatment was quite different
(4,646 from Jc171, and 57 from Jc183), highlighting the great effort of the Jc171 trying
to minimize visible damages only observed in Jc171 leaves (Figure 2). Based on that,
the present investigation of TFs differentially expressed in response to the salt-treatment

was restricted to the Jc171expressed profile.
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Figure 2. Visual damages on leaves of Jatropha curcas Jc171 accession, after three hours of NaCl
exposition (150 mM), and not observed in the Jc183 accession.

From the Jc171 DEGs (4,646), 148 of them encoding TFs (78 UR and 70 DR;
Table S4) encompassed 23 TF families (Figure 3).
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Figure 3. Transcription factor (TF) families associated with differentially expressed genes [DEG: p-value < 0.0001,
FDR < 0.005, LogoFC > 1 or < -1] from Jatropha curcas Jc171accession after salt-treatment (150 mM NacCl). The
TF family name is followed by the total of DEGs and the correspondent percentage.
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The TF families outstanding in isoforms members were: AP2/ERF, MYB,
bHLH, FHY3/FAR1, WRKY, NAC, ARF, HD-zip, and bZIP (Figure 3). Concerning a
single TF family, the proportion of induced DEGs to the repressed DEGs was variable
(Figure 4).
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Figure 4. Families of transcription factors showing differentially expressed genes [DEG: p-value <
0.0001, FDR < 0.005, Log>FC > 1 or < -1] from Jcl71accession after salt-treatment (150 mM NaCl): the
induced DEGs are represented by red bars, and the repressed DEGs by the green bars.

TF families presenting more induced DEGs were AP2/ERF (22), MYB (14),
NAC (9) and WRKY (7), while families showing more repressed DEGs were
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FHY3/FAR1 (15), bHLH (13), ARF (9) and MYB (6) (Figure 4). Also, some TF

families only presented UR or DR isoforms members (Figure 4).
¢) The GO enrichment analysis

From the 78 induced DEGs encoding TFs, 71 identified by the PlantRegMap
tool in the input gene list presented 128 enriched GO terms (p-value < 0.01). From the
57 of 70 repressed DEGs (TFs) in the input gene list, the enriched GO terms were 143.
When the input gene list involved 958 TFs codified by non-DEGs, the enriched GO
terms were 435. All the enriched terms were distributed into the three main GO
categories [Biological process (BP), Molecular function (MF), and Cellular Component
(CC); Supplementary Table S2].

Comparing the three sets of enriched GO terms in a Venn diagram, six terms
highlighted the UR DEGs codifying TFs (Figure 5A): metabolic process
(GO:0008152), death (GO:0016265), heterocyclic compound binding (GO:1901363),
response to wounding (GO:0009611), cell death (GO:0008219), and organic cyclic
compound binding (GO:0097159). Eight enriched terms outstood the repressed DEGs
(Figure 5A): single-organism cellular process (GO:0044763), vegetative phase change
(GO:0010050), cell proliferation  (GO:0008283), single-organism  process
(GO:0044699), negative regulation of growth (GO:0045926), regulation of cell
proliferation (GO:0042127), cell fate commitment (GO:0045165), and regulation of
circadian rhythm (GO:0042752).

A B

UR DEGs DR DEGs UR DEGs DR DEGs

Non-DEGs Non-DEGs
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Figure 5. Venn diagram comparing the enriched GO terms (A) or the enriched TFs
(B) identified by the respective PlantRegMap tool using individually different input
gene list: the UR DEGs, the DR DEGs or the non-DEGs. DEG: differentially
expressed gene (thresholds: p-value < 0.0001, FDR < 0.005, Log,FC > 1 (UR, up-
regulated) or < -1 (DR, down-regulated).

d) TF enrichment analysis

Defining 72 UR DEGs codifying TFs, as the target genes in the input list, the TF
enrichment tool predicted 1,164 regulations by 245 TFs; those enriched TFs counted
126. When DR DEGs comprised the input gene list, 58 target genes predicted 185 TFs
and 729 regulations; from the predicted TFs, 55 were considered enriched. When 1,000
TFs non-DEGs (n.s.) comprehended the input gene set, 11,936 predicted regulations
involved 302 TFs, being 123 the enriched TFs. All the enriched TFs, their TF families,
and number of predicted targets genes presented in the input gene list (UR, DR or non-
DEGs) are presented in the Supplementary Table S3. Comparing the three sets of
enriched TFs in a Venn diagram, those enriched TFs interacting exclusively with
promoters of UR DEGs (as their targets) were 39, exclusively with the DR DEGs were
another 19 TFs, and those with the non-DEGs were another 34 TFs (Figure 5B).

ERF family members (22) comprised most of the enriched TFs predicted
interacting with the UR DEGs; also, ERF family (28) stood out with the non-DEGs;
while Dof family members (9) interacted most with the DR DEGs. The distribution of
the TF families by enriched FTs predicted targeting promoters of TF genes comprising
the UR DEGs, the DR DEGs, or the non-DEGs, all codifying putative TFs expressed in
roots of J. curcas after the salt exposition, is presented in the Supplementary Table S4,

and the number or possible target genes in the Supplementary Table S3.

e) Expressed profiles of the most representative TF families associated to the salt
response

The heatmaps with the expressed profiles of members of the most representative
TF families are shown in Figure 6, and the respective expression data modulated, based
on the ratio of Log>FC values expressed by Jc171 after the salt-treatment in relation to
the negative control is provided in the Supplementary Table S5, together with the
sequence fasta format.

Almost all members of the AP2/ERF family were up-regulated after the salt
stimulus (Figure 6A). A similar profile was observed with members of the NAC family
(Figure 6E). Members of MYB (Figure 6B), WRKY (Figure 6F), and bZIP (Figure



106

6H) family showed more up-regulation than down-regulation. A balance with up- and
down-regulated members comprised the HD-ZIP family (Figure 6I). In turn, almost all
members of the bHLH family presented down-regulation (Figure 6C), and the totality
of the FHY3-FAR1 (Figure 6D) and ARF (Figure 6G) members exhibited down-

regulation after the salt-treatment.
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Figure 6. Heatmaps based on gene expression modulation of TFs family members identified in Jatropha
curcas Jc171 roots after three hours of NaCl exposition (150 mM), in relation to the negative control
without salt (ratio of LogoFC values). The up- and down-regulation of the differentially expressed genes
are indicated in red and green, respectively, and the intensity of the colors follow the legend.

f) Expression validation of TF DEGs by RT-qPCR analysis

Eight TF DEGs candidates were evaluated in RT-qPCR assays to confirm the in
silico expressed profiles. The selected DEGs (RAP2-3, RAV1, ERF9, DREBIH, ZATI2,
PTI5, MYB340, and BZIP4) and the reference genes (f-tubulin and actin) presented in
the respective dissociation curves the unique expected amplicons (Supplementary
Figure S1). The RT-qPCR parameters [amplification efficiency (E), slope (s), and
correlation coefficient (R)] derived from standard curves generated using serial dilution
of root cDNAs samples (accessions and treatments) and each primer pair presented

acceptable values (Table 1), as those recommended following the MIQE protocol
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(Bustin et al. 2009), aiming to ensure reliable relative qPCR data. In general, most of
the RT-qPCR results (75 %) confirmed the in-silico gene expression (except for RAP2-3
and DREBIH), suggesting the reliability of the expressed TFoma (Figure 7, and Table
2).

12

10

o lEE

RAP2-3 RAV1 ERF9 DREBIH ZAT12 PTI5 BZIP4 MYB340

Figure 7. RT-qPCR results of eight candidate genes encoding TFs using cDNAs of Jatropha curcas
root after three hours of NaCl exposition (150 mM). Expression data calculated by the REST
software (v.2.0.13) (Pfaffl et al. 2002) considering biological and technical triplicates and actin and
[S-tubulin as the reference genes.

Table 1. RT-qPCR parameters [amplification efficiency (E), slope (S), correlation coefficient (R), and Y intercept]
derived from the standard curves using serial dilution of Jatropha curcas root cDNAs samples (accessions and
treatments) and each primer pair.

Gene (candidate/reference*) E (%) R S Y intercept
RAP2-3 91.51 -0.994 -3.54 27.78
RAVI 91.30 -0.998 -3.55 36.14
ERF9 105.45 -0.992 -3.20 34.68
DREBIH 98.69 -0.996 -3.35 33.64
ZATI2 104.71 -0.927 -3.21 33.88
PTI5 104.91 -0.915 -3.21 32.55
MYB340 109.78 -0.974 -3.11 34.12
BZIP4 91.03 -0.999 -3.56 32.59
[-tubulin* 96.00 -0.986 -3.42 30.90
Actin* 90.15 -0.998 -3.58 26.99

*reference gene: actin and f-tubulin (Ma et al., 2016).
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Table 2. Selected putative transcript factor genes (DEGs) with the respective in silico expressions based on RNA-Seq data
and their expression by RT-qPCR analysis with Jatropha curcas cDNAs from roots after three hours of NaCl exposition (150
mM).

Method RAP2-3 RAVI1 ERF9 DREBIH ZATI2 PTI5 BZIP4 MY340

2.072-2.260

I olo *
MSICO 2665 (UR) 2413 (UR) 3.390 (UR) 2.294 (UR) 3.659 (UR) 2.738 (UR)  (UR) 4392 (UR)

2.634
RT-gPCR” 1512 (ns.) 2.023 (UR) 2.555(UR) 1.849 (ns.) 2.468 (UR) 2.225 (UR) (UR) 2.346 (UR)

DEGs (differentially expressed genes: p-value < 0.0001, false discovery rate (FDR <0.005), and fold change (FC) based on
Log, (FC) > 1 (up-regulated, UR) or < -1 (down-regulated, DR). * Log,FC values (FC: ratio of normalized transcript abundance
observed in the stressed library in relation to the respective abundance in the control library). “Relative expression by REST
software (v.2.0.13) (Pfaffl et al., 2002), UR (p <0.05) considering biological and technical triplicates, and actin and f-tubulin
as the reference genes.

Discussion

Plant transcriptomic studies have been performed identifying TFs associated
with abiotic stresses and their interaction with the transcriptional reprogramming
activation in living cells (Seki et al. 2002). Since many TFs described in plant abiotic
stress responses play a crucial role in stress tolerance processes (Lata et al. 2011), the
expression modulated by TFs usually results in dramatic metabolic changes (Liu et al.
1999). Here, a de novo RNA-Seq transcriptome analysis uncovered the TFoma
differentially expressed in roots of a J. curcas Brazilian Jcl7laccession plants after
three hours of salt exposition (150 mM NaCl). From the assembled transcripts encoding
TFs (1,876), almost 8% were differentially expressed after the salt stimulus (78 UR and
70 DR; thresholds: p-value < 0.0001, FDR < 0.005, LogoFC > 1 or < -1). Jel71 seeds
presented particular ability in germination, despite the presence of NaCl (50, 75, 100,
and 150 mM) (Lozano-Isla et al. 2018).

a) The GO enrichment analysis

The enriched GO terms associated with UR or DR DEGs individualized the two

distinct sets of genes encoding TFs.

The enriched GO terms based on the UR DEGs pointed out stress responses, as

expected, but also cell death among others terms (Table S2). Programmed cell death
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(PCD) is a critical process in eukaryotic cells (Lam 2008), mediating adaptive responses
of plants to environmental stresses (Shabala 2009). The Jc171 accession after three
hours of the salt exposition presented visible damages in the leaves, probable
progressing to necrosis (Figure 2). The ionic imbalance induced by salt stress also
promotes PCD (Katsuhara and Shibasaka 2000; Huh et al. 2002). Otherwise, the
transcription factor MYBI08 (also named BOSI1, botrytis sensitivel), despite
suppressing PCD dissemination in A. thaliana injury sites (Mengiste et al. 2003), was
associated with oxidative stress, salinity, and water deficit responses. In the present
work, two induced MYBI08-related DEGs were identified (DN31858 c0 gl and
(DN20826 c0 gl; Supplementary Table S5).

In turn, the enriched GO terms associated with the DR DEGs highlighted more
plant developmental activities, including regulation of circadian rhythm (Table S6),
which is involved in adaptive responses to stresses (Hotta et al. 2007; Legnaioli et al.
2009; Grundy et al. 2015; Seo and Mas 2015). Metabolic and biochemical processes
affected by circadian rhythms include photosynthesis and respiration (Kreps and Kay
1997), stomatal opening (McClung, 2001, water uptake by roots (Takase et al. 2011),
and cellular Ca®" levels oscillations (Johnson et al. 1995). The MYB-related TF CCA1
(circadian clock associatedl) is a transcriptional activator strictly involved in circadian
rhythm regulation, binding promoters of at least two genes (Lhch, light-harvesting
chlorophyll a/b-protein) encoding proteins related to the photosystem II (Wang and
Tobin 1998). In the present work, the putative CCAI codified by the DEG
DN29723 c0 g2 (Supplementary Table S5) could contributed with the expected
photosynthesis inhibition of Jc171 after the salt stimulus. It is known that saline stress
causes disturbances in photosynthesis, leading to a decrease in plant growth (Sudhir and
Murthy 2004; Barhoumi et al. 2007), as salinity increases soil osmotic potential,
reducing water uptake by root, and compromising root growth rates (Munns and Tester
2008) and growth of the leaves, reducing the photosynthesis (Julkowska and Testerink
2015).

b) The TF enrichment analysis

The enriched TFs predicted interacting with the UR DEGs codifying TFs were

more comprehensive (broadly distributed into TF families) than those predicted based
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on the DR DEGs (Figure 5B). The predicted TFs indicated an increased regulatory

demand for particular TFs in the Jc171 salt-stress response.

Two enriched TF from the BBR-BPC family [BPCl (BASIC
PENTACYSTEINE1) and BPC6 (BASIC PENTACYSTEINEG6)] stood out probable
inducing 29 — 41 TFs after the salt stimulus, 25 of them shared by the two enriched TFs
(Supplementary Table S6). The BPCl is the regulator of the floral homeotic STK gene
(seedstick), which controls tissue identity through the regulation of a wide range of
processes (Kooiker et al. 2005), while BPC6 is a transcriptional regulator of LHPI (like
heterochromatin proteinl) gene, which is associated with a PRC (polycomb-repressive
complex) component involved in plant epigenetic control by histone methylation

(Schuettengruber and Cavalli 2013; Hecker et al. 2015).

Enriched TFs members of Dof family also presented meaningful interactions
with the UR DEGs. The enriched Dof zinc finger proteins DOF3.1 and DOF3.6,
predicting targeting 28 - 33 DEGs, shared 22 DEGs as their targets (Supplementary
Table S6). The DOF3.6 was associated with plant growth and development, targeting
genes induced by salicylic acid, such as ORGI, ORG2, and ORG3 (OBP3-responsive
genes; Kang et al. 2003). OBP3 is also a Dof transcription factor. Other enriched TFs
from Dof family were DOF5.6 and DOF3.4, each one regulating 23 UR DEGs (13
shared targets; Supplementary Table S6). DOF5.6 acts on the regulation of vascular
tissue development (Guo et al. 2009), while DOF3.4 is involved in the cell cycle
regulation (Skirycz et al. 2008).

Among the enriched TF members of the AP2/ERF family, ERF1B (Ethylene-
responsive transcription factor 1B) and ERF5 (Ethylene-responsive transcription factor
5) stood out, regulating 15 and 16 UR DEGs, respectively (12 shared targets,
Supplementary Table S6). ERF1B was related to salinity tolerance in Avicennia
officinalis (Krishnamurthy et al. 2017), while ERF5 was previously associated with

drought and salinity responses in Solanum lycopersicum (Pan et al. 2012).

Concerning the C2H2 family, the enriched transcription factor IIIA (TFIIIA)
stood out, targeting 23 induced TF DEGs (Supplementary Table S6); the 7FIIIA gene
over expression was associated with salt-tolerance in Medicago truncatula (De Lorenzo
et al. 2007). In turn, the three enriched TFs from the WRKY family predicted
interactions targeting only two-three UR DEGs (Supplementary Table S6), e.g., the
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TF WRKY]1, already associated with salinity and drought tolerance in Triticum
turgidum (Mondini et al. 2012), were predicted targeting the promoters of ERFIB and
ZAT10 (Zinc finger protein ZAT10 ) DEGs (Supplementary Table S6).

¢) The differentially expressed TFoma after the salt-treatment

Concerning almost 70 TF families identified in plants (Pérez-Rodriguez et al.
2010; Hong 2016), based on the DNA-binding domains (Riechmann et al. 2000), the
identified J. curcas DEGs (148) encompassed 23 TF families with members displaying
differential expression after the salt stimulus. Although the TF involvement in abiotic
stress tolerance has been established (Reyes et al. 2004; Yanhui et al. 2006; Du et al.
2009; Yang et al. 2011; Cabello et al. 2012; Xie et al. 2012; Zhu et al. 2014; Zhang et
al. 2014), and TFs families have been reported to orchestrate stress response pathways
in plants, such as MYB, AP2/ERF, bZIP, MYC, NAC, HD-zip, and WRKY (Singh et
al. 2002; Shameer et al. 2009), a comprehensive TFoma covering TFs differentially
expressed in J. curcas roots after salt stimulus has not been presented. Until now, TF
families presenting a J. curcas genome-wide analysis include WRKY (Xiong et al.
2013), NAC (Wu et al. 2015), MYB (Zhou et al. 2015), and AP2/ERF (Tang et al.
2016). In the mentioned reports, the authors exploring DGE (Digital Gene Expression)
analysis identified TFs from those family in tissues (root, stem, leaf or seed) of plants
under stress (drought, phosphate or nitrogen starvation, and salinity). The applied salt
stress involved plants/seedlings under 100 mM NaCl for 2 hours or 2 - 7 days. Also, the
gene expression of selected candidates when validated was performed using semi-
quantitative RT-PCR (Xiong et al. 2013; Zhou et al. 2015; Tang et al. 2016) or RT-
gPCR analysis (Wu et al. 2015; Tang et al. 2016).

In the present work, despite the wide distribution covering 23 TF families, some
families were not detected presenting DEGs. Those families included ABI3VP1, LFY,
SBP, Alfin-like, CCAAT, LIM, Sigma70-like, CPP, LOB, SRS, CSD, TAZ, ARR-B,
DBP, mTERF, TCP, BBR/BPC, E2F-DP, Tify, BES1, EIL, TIG, BSD, FHA, NOZZLE,
TUB, G2-like, OFP, ULT, GeBP, SAP, VARL, Dof, PBF-2-like, VOZ, GRF, PLATZ,
YABBY, RWP-RK, HRT, S1Fa-like, Zn-clus, and C3H.

Besides not represented in the present TFoma, Dof family members have been
associated with abiotic stress tolerance (Li et al. 2016; Wen et al. 2016), including

salinity (Ma et al. 2015). The same has been reported with TCP (salinity: Zhou et al.
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2013; Yin et al. 2018), and CCAAT family members (drought: Nelson et al. 2007;
Kuromori et al. 2014). A broad RNA-Seq analysis with Hippophae rhamnoides plants
under drought stress presented repressed TF members from the families ABI3VP1, Dof,
YABBY, CCAAT, FHA, G2-like, and C3H, while the induced TFs involved members
from the families mTERF, PLATZ, TUB, LIM, and Orphans (Ye et al. 2018).

The main results involving TF family members encoded by the Jc171 DEGs are

highlighted below.
c.1.) AP2/ERF family

Members of the AP2/ERF family play fundamental roles in plant development
and biotic or abiotic stress responses (Tang et al. 2017). Some AP2/ERF possible
encoded by UR DEGs were:

e Ethylene-responsive transcription factor 3 (DN37072 cl gl; Supplementary
Table S5): the over-expression of ERF3 gene was confirmed in plants under cold
and drought stress (Cao et al. 2006b; Trujillo et al. 2008); also, its over-expression
in wheat (Triticum aestivum) transgenic plants, positively regulated physiological
adaptive response to salinity and drought tolerance, through increasing proline
content, chlorophyll accumulation, and cell redox homeostasis regulation (Rong et
al. 2014).

e Ethylene-responsive transcription factorl1 (DN7846 c0 gl; Supplementary Table
S5): the ERFI gene expression was modulated by jasmonic (JA; Dombrecht et al.
2007), gibberellic acid (GA; Liu and Hou 2018), and abiotic stresses, including cold
(Vergnolle et al. 2005); the TF protein contains a repressor domain that interacts
with dehydration-responsive element (DRE) in the promoter of the ACS2/5 (I-
Aminocyclopropane-1-carboxylic acid synthase - ACS) gene, affecting the ETH
biosynthesis under increasing ABA levels (Li et al. 2011).

e Ethylene-responsive transcription factor 21 (DN51470 cO gl; Supplementary
Table SS5): the ERF21 binds to the promoter of RD294 gene (Mitsuda et al. 2010),
which is recognized to regulate mechanisms of perception and fast induction in
water deficit situations (Yamaguchi-Shinozaki et al. 1993).

e Ethylene-responsive transcription factor ERF12 (DN27804 c0 gl; Supplementary
Table S5): the ERF12 (also known as DREB26) gene was highly responsive to salt
treatment (200 mM NacCl), heat, and drought (Krishnaswamy et al. 2011); as a
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DREB subfamily member (Guo et al. 2005) has an amphiphilic repression motive
(Zhao et al. 2014), which is characteristic of repressor proteins that inhibit the
expression of stress-related genes (Kazan 2006).

Dehydration-responsive  element-binding  protein  1H  (DN11306 c0 gl;
Supplementary Table S5): as a DREB subfamily member, DREBIH plays a
crucial role in plant development and gene expression mediated by abiotic stresses
(Zhao et al. 2014). However, the RT-qPCR analysis not confirmed the DEG up-
regulation (Table 2).

Dehydration-responsive  element-binding  protein 2C  (DN18083 c0 g2;
Supplementary Table S5): the DREB2C is a transcriptional activator of genes,
such as CORI54 (cold-regulated 15a; salinity tolerance; Song et al. 2014), HsfA3
(heat shock factor a3; heat stress response; Chen et al. 2010), NCED9 (9-cis-
epoxycarotenoid dioxygenase 9; ABA biosynthesis; Je et al. 2014a), CYS4
(phytocystatin 4; thermotolerance; Je et al. 2014b).

Ethylene-responsive transcription factor 1B (DN74024 cO gl; Supplementary
Table S5): the ERF1B is related to the ETH signaling (Corbacho et al. 2013); the
transcript up-regulation has been reported in plant responding to drought in soybean
(Ferreira Neto et al. 2013), and tomato (Egea et al. 2018).

AP2/ERF and B3 domain-containing transcription factor RAV1 (DN49504 c0 gl;
Supplementary Table SS5): the RAV1 presents roles in ABA signaling during seed
germination, and the initial seedling development (Feng et al. 2014). The RT-qPCR
analysis validated the DEG up-regulation (Table 2).

Ethylene-responsive transcription factor 9 (DN31778 c0 gl; Supplementary
Table S5): the ERF9 gene is induced in leaves and roots at different stages of
development under saline stress in tomato genotypes (Gharsallah et al. 2016).
The RT-qPCR analysis confirmed the DEG up-regulation (Table 2).
Ethylene-responsive transcription factor RAP2-3 (DN5779 c0 gl; Supplementary
Table S5): the RAP2-3 modulates osmotic tolerance inducing genes like PDCI
(pyruvate decarboxylasel), SUSI and SUS4 (sucrose synthases) when associated to
ABA signaling (Gibbs et al. 2015; Papdi et al. 2015). In this case, the RT-qPCR
analysis not confirmed the DEG up-regulation (Table 2).

Pathogenesis-related genes transcriptional activator PTI5 (DN43242 c3 gl;
Supplementary Table SS): the PTIS activates genes regulated by salicylic acid



116

(SA), such as PRI and PR2 (pathogenesis-related genes) (Gu et al. 2002), which
are involved in the systemic acquired resistance (SAR) process during
phytopathogen infection (Ryals et al. 1996; Feys and Parker 2000). The RT-
gPCR analysis confirmed the DEG up-regulation (Table 2).

c.2.) WRKY family
One of the primary TF groups involved in the control of biotic and abiotic stress

responses (Ulker and Somssich 2004; Rushton et al. 2010). In the proposed TFoma, 10

members (7 UR and 3 DR) were identified, and some of them are presented below.

e WRKY transcription factor 40 (DN51829 c0 gl, and DNS85701 c0 gl;
Supplementary Table S5): the WRKY40 acts primarily on plant defense
susceptibility but suffering influence from previous stresses (stressors may have
an antagonistic, synergistic or additive effect on plant; Anderson et al. 2004;
Asselbergh et al. 2008); this TF negatively modulates the expression of
repressors of the JA signaling pathway (JAZ7, JAZ8, and JAZ10), taking part in
the defense systems (Glazebrook 2005).

e WRKY transcription factor 70 (DN63330 cO gl; Supplementary Table S5):
the WRKY70 is a saline stress-response regulator interacting with another TF
(Cys2/His2 zinc finger Zat7); both TFs presented involvement increasing salt
tolerance (Ciftci-Yilmaz et al. 2007).

e WRKY transcription factor 45 (DN99021 cO gl; Supplementary Table S5):
the WRKY45 gene expression is induced in ABA hormone-related response, and
also in stress responses, including NaCl, dehydration, cold, heat, and pathogens
infections (Yu and Qiu 2009).

e WRKY transcription factor 57 (DN40050 cO gl; Supplementary Table SS5):
the WRKYS57 interacts with promoters of genes, such as RD294 (Yamaguchi-
Shinozaki and Shinozaki 1993) and NCED3 (Chernys and Zeevaart 2000),
assisting the plant adaptation to water stress tolerance, by increasing ABA levels
(Finkelstein et al. 2002); the phytohormone ABA regulates essential processes
(germination, seed dormancy, and stomatal behavior; Liotenberg et al. 1999);
also, this TF affects A. thaliana germination under ABA influence and abiotic

stress (osmotic, salinity and drought; Jiang et al. 2012).



117

c.3.) MYB family
Members of the MYB family have been investigated in biotic and abiotic stress

responses (Denekamp and Smeekens 2003; Seo et al. 2009). In the proposed TFoma, 14

MYB members were associated to the DEGs (8 UR and 6 DR), including:

e Transcription factor MYB108 (DN20826 c0 gl; Supplementary Table S5):
MYBI108 regulates abiotic stresses responses (e.g., salinity, drought and cold) by
the JA pathway and the ROS-mediated cellular signaling (Mengiste et al. 2003;
Schmid et al. 2005).

e Transcription factor KUA1 (DN61071 cO gl; Supplementary Table S5):
KUAL is a transcriptional repressor of genes encoding peroxidases (PRXs; Lu et
al. 2014); PRXs also promote ROS generation, such as H>2O, which can cleave
the polymers of the cell wall, restricting plant growth (Passardi et al. 2004).

e Myb-related protein 340 (DN41011 c2 g4; Supplementary Table S5):
MYB340 activates the PAL gene (phenylalanine ammonia-lyase) transcription
binding on its promoter (Moyano et al. 1996); the PAL enzyme is involved in the
phenylpropanoid metabolism, and stresses (e.g., drought, and salinity)
stimulating that metabolism (Cabane et al. 2012) generate precursors for lignin
biosynthesis (Davin and Lewis 1992), which is also associated to stress tolerance
(Liu et al. 2018). The RT-qPCR analysis confirmed the DEG up-regulation
(Table 2).

e Transcription factor MYBSI (DN15053 cO gl; Supplementary Table S5):
MYBSI recognizes the TATCCA motif in promoters of genes (e.g., a-amylase
gene), inducing its expression (Lu et al. 2002); however, during salt stress the a-
amylase activity, degrading starch and releasing soluble sugar molecules, is
reduced (Lin and Kao 1995; Othman and Al-Karaki 2006; Siddiqui and Khan
2011), affecting processes, such as germination and plant growth (Mei and Song
2008).

e Transcription factor SRMI1  (Salt-Related MYBI1; DNS50735 c0 gl;
Supplementary Table S5): SRM1 regulates the synthesis and signaling of ABA
during germination and seed development in salinity conditions, activating the
expression of the NCED3/STOI gene, which is a mediator of the ABA
biosynthesis (Iuchi et al. 2001; Barrero et al. 2006).
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e MYB-like transcription factor ETCIl (enhancer of try and cpc 1;
DN98044 c0 gl; Supplementary Table S5): ETCI acts as a negative regulator
of trichome development, but also promoting an increase in the development of
root hairs (Kirik et al. 2004).

e Transcription factor MYB59 (DN20471 c0 gl; Supplementary Table S5): TF
involved in cell cycle regulation, and root growth (Mu et al. 2009); TF also
responding to ETH, and JA (Razzaque et al. 2017).

c.4) HD-ZIP family
Members of the HD-Zip family play a significant role in plant growth and
development, responding to several phytohormone stimuli, and stresses (Ge et al.

2015; Mao et al. 2016). In wheat (Triticum aestivum) plants, the salt-sensitive CS

genotype presented 21 induced HD-Zip genes, while the salt-tolerant DK presented

18 (Yue et al. 2018). In the present TFoma, eight HD-Zip members and DEGs were

identified (4 UR and 4 DR), and some of them stood out:

e Homeobox-leucine  zipper protein HATS5 (DEG  DN25199 c0 gl;
Supplementary Table S5): TF associated with salt stress tolerance in
Thellungiella halophila (halophytic plant; Wang et al. 2004).

e Homeobox-leucine zipper protein ATHB-12 (DN61457 c0_gl; Supplementary
Table S5): in transgenic plants under drought conditions, ATHB12 and ATHB7
act as negative plant development regulators in response to the ABA levels
(Olsson et al. 2004); the salinity induces ABA biosynthesis (Mahajan and Tuteja
2005), in response to the osmotic and water deficit stresses (Popova et al. 1995;
He and Cramer 1996).

e Homeobox-leucine zipper protein ATHB-7 (DN73459 c0 gl; Supplementary
Table SS5): in tomato, the ectopic expression of ATHB7 conferred drought
tolerance (Mishra et al. 2012); also, it was strongly induced by drought and by
ABA (Soderman et al. 1996).

c.5) NAC family
Members of the NAC (NAM, ATAF, and CUC) family present crucial roles
in plant development (Kunieda et al. 2008; Ohtani et al. 2011) and stress responses
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(Takasaki et al. 2015). From the induced DEGs, three NAC TFs stood out after the

NacCl application.

e NAC domain-containing protein 72 (DN34336 cO gl; Supplementary Table
S5): the AtNACO72 gene was induced by ABA (100 uM ABA), salinity (250 mM
NaCl), and drought (Tran et al. 2004); NAC72 (Poncirus trifoliata) is the
transcriptional repressor of ADC (arginine decarboxylase) gene (Wu et al. 2016),
which enzyme is critical for the putrescine (Put) biosynthesis (Put is an
osmoprotectant compound reducing oxidative damages in roots; Zhang et al.
2014); NAC?72 induction has been associated with stress level (Wu et al. 2016);
the related TF binds to the CATGTG motif in promoters of genes, such as ERD]
(early responsive to dehydration stress 1) gene, which protein (ClpA, ATP-
dependent CLP protease ATP-binding subunit clpA; Tran et al. 2004) is essential
for the maintenance of the chloroplast enzymatic apparatus (Sjogren and Clarke
2011).

e NAC domain-containing protein 100 (DN30888 c0 gl; Supplementary Table
S5): NAC100 binds promoters of cell expansion-related genes, such as CESA2
(cellulose synthase2), and PIP (Plasma Membrane Intrinsic Protein) aquaporins
(Pei et al. 2013), which are gateways for cell membrane water exchange (Yaneff
et al. 2015).

e NAC domain-containing protein 2 (DN23154 c0 g2, and DN23154 c0 g3;
Supplementary Table SS): NAC2 gene induction in roots of A. thaliana plants
responding to saline stress (200 mM NaCl) was reported (He et al. 2005).

c.7) bZIP family

Members of the bZIP family mediate several biological processes, including
energetic metabolism (Baena-Gonzalez et al. 2007), cell expansion (Fukazawa et al.
2000), tissue and organ differentiation (Silveira et al. 2007), seed maturation and
embryogenesis (Lara et al. 2003). bZIP members also participate in biotic (Thurow et
al. 2005), and abiotic stress responses (Ji et al. 2018), including drought and salinity
(Ying et al. 2012; Liu et al. 2014). Two bZIP members associated with three induced
DEGs stood out:

e Basic leucine zipper 43 (DN36296 c4 gl; Supplementary Table S5): bZIP43 is
a positive regulator of PHLHI09 gene (Nowak and Gaj 2016), which was
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associated increasing LEA (late embryogenesis abundant) protein and enhancing
plant stress tolerance (Nowak and Gaj 2016).

e Basic leucine zipper 4 [DN10303 c0O gl, and DN41139 c0 g2; Supplementary
Table S5]: bZIP4 is also a positive regulator of the bHLH109 gene (Nowak and
Gaj 2016), and the DEG (DN41139 c0 g2) up-regulation was confirmed by RT-
gPCR results (Table 2).

¢.8) CoHo-ZFP (C2Ha type Zinc Finger Protein) family
Members of the CoHo-ZFP family are involved in several biological processes

(Gourcilleau et al. 2011), including growth mediation, plant development, and abiotic

stress responses (Ding et al. 2016). In this case, the TF member stood out was:

e Zinc finger protein ZAT12 (DN26908 c0 gl; Supplementary Table S5): this
TF regulate the expression of several oxidative-stress-response genes, including
APX (Ascorbate Peroxidase), CAT (Catalase), GR (Glutathione Reductase),
POD (Guaiacol Peroxidase) and SOD (Superoxide Dismutase) (Rizhsky et al.
2004; Davletova et al. 2005; Rai et al. 2012); the DEG up-regulation was
confirmed the by RT-qPCR analysis (Table 2).

Conclusions

The present study represents the first TFoma differentially expressed in roots of
J. curcas plants after salt stress (three hours of NaCl exposition, 150 mM), based on
RNA-Seq de novo assembly strategy followed by gene expression validation in RT-
gPCR assays. The proposed TFoma represents 148 DEGs (78 UR and 70 DR) codifying
TFs encompassing 23 TF families. The GO enrichment analysis identifying those terms
over-represented and exclusively associated with the UR or the DR DEGs,
differentiated the two sets of DEGs. Enriched GO terms related to stress responses
represented the UR DEGs, while GO terms more related to the basal metabolism
represented the DR DEGs. The TF enrichment analysis stood out the most
representative TFs predicted interacting with the sets of genes encoding TFs (UR, DR,
and the non-DEGs). Predicted TFs regulating cognate TFs genes (as their target genes)
were identified, as well as enriched TFs predicting interactions with more than 40 UR
DEGs; some of them sharing more than 20 targets. These TFs are promising transgene

candidates. The RT-qPCR analysis confirmed the in silico gene expression of 75% of
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eight selected DEGs (from different TF families), and some of them could be functional
molecular markers for marker-assisted selection on plant breeding programs, helping to
develop J. curcas salt-tolerant accessions. The results help to understand the molecular

mechanisms involved in J. curcas plants responding to salt-exposure.
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ABSTRACT

The physic nut (Jatropha curcas L.) is an oilseed crop that stands out among the others
for its potential to produce biofuel along with its relevant capacity of growth in a wide
range of soil and climatic conditions, sometimes even bearing abiotic stresses. During
the plant development, transcription factors (TF), responds to complex signaling
pathways. Therefore, according to the physiological processes involved, TFs modulate
the transcription initiation rate of selected genes, by contacting the cis-acting regulatory
elements (CARE) presented in the promoters of these genes. Thus, promoters and TFs
are crucial components for specificity and intensity of gene expression regulation. In
this study, CAREs were mapped by in silico analysis, focusing on the regulatory region
(1.5 kb) upstream the TSS (transcription start site) of 106 potential TF genes previously
identified and classified into 29 families, of J. curcas ESTs available in a public library
(NCBI). Based on the CARE motifs, they were quantified, and their analyzed
distribution along the promoter regions was subdivided into five segments (300 pb
each). The prospection over the promoters detected a total of 20,158 motifs comprising
209 unique CARESs, most of them presenting 60-70 motifs. The multiple CARE motifs
identified in some promoters of TF genes revealed possible gene regulation controlled

by many TFs, involving cooperative actions of TFs and the target gene. Also, it was
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observed auto-regulation of TF-encoding gene with the translated TF protein binding to
the detected CARE motif. Based on the six TF families with the most prevalent motifs,
some CAREs, were distributed along five prospected promoter segments, especially
those associated with a constitutive developmental function. On the other hand, those
related to stress responses and ABA stimulus were not uniformly distributed, showing a
motif dominant position in some of those segments. Since the amount of CARE and
motif location are important elements to be considered for modeling efficient synthetic
promoters, these results may help J. curcas breeding programs, in developing tools,

aiming to increase transcription efficiency of genes, responsive to abiotic stresses.

KEYWORDS: cis-acting regulatory element, transcription factors, genomic, in silico

promoter analysis, Euphorbiaceae.
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INTRODUCTION

The physic nut (Jatropha curcas L.) is an oilseed crop from the Euphorbiaceae
family, which stands out among others due to its potential for the biofuel production
(Nahar and Sunny, 2011). Since J. curcas presents relative rusticity, pest resistance, and
drought tolerance, the geographical distribution is quite broad, adapting to a wide range
of climatic conditions in the tropical and equatorial regions, also tolerating not very
fertile soils (Arruda et al., 2004). During the crop cultivation, plants may be affected by
abiotic stresses, of which drought and salinity are the most damaging, generally
provoking economic lost. Plants when trying to tolerate these stresses modulate their
transcriptomes activating or repressing genes. In this process, the transcription factors
(TFs) are the primary proteins regulating gene expression. TFs have two primary
domains, the activation/ repression domain, and the DNA binding domain, connecting
specific sequences of the target genes to the RNA polymerase II (Zhang et al., 2016).
Both domains operate together, through complex signaling pathways, responding to
internal and external stimuli, modulating the transcription initiation rate of target genes
involved in different physiological and biochemical processes (Franco-Zorrilla et al.,
2014).

A substantial fraction of the eukaryotic genomes comprised TF genes classified
into TF families. In Arabidopsis thaliana about 1,700 TFs are known, representing more
than 5% of the estimated total genes (Riechmann et al., 2000). Some of those TF
families, such as AP2/ERF, bHLH, MYB, and MADS, comprise more than 100
members each. The TF influence on gene transcription depends on their structural
features, but its classification into families is strictly related to the action mechanism,
which reflects the DNA binding domain (Parenicova et al., 2003). The TF affinity/
selectivity is influenced by the DNA binding domains secondary structures, contacting
bases of the cis-acting regulatory elements (CAREs) in the promoters of the target
genes, providing essential conditions for gene expression (Brivanlou & Darnell, 2002).
The promoter is one of the most critical components of the regulation, specificity, and
intensity of expression of native and transgenic genes in plants (Hernandez-Garcia &
Finer, 2014).

The gene expression pattern may be influenced not only by the presence or
absence of the CAREs individually but mainly by the combinatorial control between the

TFs (Pilpel et al., 2001). A single TF rarely controls the expression of a gene; however,
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precise combinations of TFs are essential for gene expression in higher organisms
(Bhattacharjee et al., 2013). Thus, TFs and CAREs are an integral part of the regulation
of gene expression, and both are essential for interpreting and modeling cellular
responses to perceived stimuli (Wang et al., 2009), being involved in almost all aspects
of cellular activity (Xiong et al., 2005). With the increasing advances in obtaining
genomic sequences from plants and the development of bioinformatics tools, much
information is now available for selection and identification of new plant promoters and
their regulatory components (Zhang et al., 2015). The ESTs (Expressed Sequence Tag)
is one of the most common sequences available in biomolecule public databases
(Reverter et al., 2004). The analysis of expressed gene sequences by bioinformatics
tools has been a valuable resource for the functional investigation of target genes and its
supposed regulation (Won et al., 2009). Also, there are some databases with tools
covering plant TFs and CAREs, such as PLACE (Higo et al., 1999), PlantCARE (Lescot
et al., 2002), PlantTFDB (Perez-Rodriguez et al., 2009), iTAK (Zheng et al., 2016),
GTRD (Yevshin et al., 2017), among others. Trying to understand the CAREs related to
J. curcas TF genes, the present work sought to identify those genes derived from
available public ESTs (Genbank), mapped them into genomic sequences, and

prospected the CARE motifs over segments covering potential promoter regions.

METHODS

The J. curcas biomolecule sequences, the EST annotation process, and the Gene
Ontology analyzes

J. curcas sequences (ESTs and genomics) were downloaded from The National

Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/) and the

Jatropha Genome Database (TFp://TFp.kazusa.or.jp/pub /jatropha/). The downloaded
J.curcas ESTs, trying to avoid redundancies, were clustered with the online tool

EGassembler (http://www.genome.jp/tools/egassembler/; Masoudi-Nejad et al., 2000),

applying the identity cut-off of 0.95. The resulted contigs and singlets were annotated,
providing the J. curcas TF identification, based on BLASTx similarities (e-value < e'%)
with the UniProtKB/Swiss-Prot cured protein sequences from the UniProt
Knowledgebase (http://www.uniprot.org/).

The gene ontology (GO) analyzes, and the functional enrichment of GO terms

(Threshold: p-value < 0.01) was performed by the online tool PlantRegMap
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(http://plantregmap.cbi.pku.edu.cn; Jin et al., 2015) applying the UniProt IDs of the
proteins related to the identified J. curcas TFs. From the enriched GO terms,
hierarchical clustering was carried out, with summarization and removal of GO terms

redundancies, applying the REViGO algorithm (http://revigo.irb.ht/; Supek et al., 2011).

The promoter regions of J. curcas TFs genes and the CARE prospection

The contigs e singlets previously identified were aligned via BLASTx (e-value <
e'%) with J. curcas protein sequences from the RefSeq database (NCBI). The respective
accession numbers related to the RefSeq TF sequences were identified in the J. curcas
genome (organism txid180498; https://www.ncbi.nlm.nih.gov/projects/sviewer/) using
the NCBI Sequence Viewer tool, aiming to map the TSS (transcriptional start site) of
each predicted TF gene. The region delimited up to -1500 bp upstream (5’ end) of the
TSS was considered the promoter region of each gene, where the CAREs were
prospected applying the NewPLACE tool (http://www.dna.affrc.go.jp/PLACE/; Higo et
al., 1999). The potential promoters were partitioned into five segments (300 bp each) to
facilitate the CARE prospection. The promoter region of eight contitutive genes (GC)
[apx (ascorbate peroxidase; Park et al., 2010a), pgd! (phosphogluconate dehydrogenase
decarboxylating 1; Park et al., 2010a), ubia (polyubiquitin-A; Cornejo et al., 1993), ubib
(polyubiquitin-B; Wang et al., 2003), act? (actin-2; He et al., 2009), act7 (actin-7;
McElroy et al., 1991), tuba2 (tubulin alpha-2 chain; Jeon et al., 2000) and cc/-2
(cytochrome cl1-2; Jang et al., 2002)] were analized for comparision with the
distribution of CAREs found in promoters of TFs. The identified CAREs were analyzed
considering the promoter segments, and the CAREs shared by these sets determined

using the Venny tool (http://bioinfogp.cnb.csic.es/tools/venny/).

RESULTS

The J. curcas TF genes

The J. curcas ESTs (46,874) from the NCBI database comprised 19,959 unique
sequences (6,121 contigs and 13,838 singletons). From these sequences, 335 were
similar in BLASTX analysis (e-value < e'°) with cured TF proteins from the UniprotSP
database, and 222 of them were positioned by similarities (BLASTn, e-value < ¢%°) in
the J. curcas genome from the Jatropha Genome Database. The manual curation

allowed classifying 106 putative TFs genes into 29 TF families (Table 1). The TF
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families and the identified members (respective EST, gene and protein IDs) are
presented in Table 1. The represented TF families and respective numbers of members
were: AP2/ERF (16), MYB (11), bHLH (nine), HD-Zip (eight), GATA (six), NFY (six),
bZIP (five), TCP (five), HSF (four), LAV (four), TAF (three), NAC (three), WRKY
(three), CAMTA (two), GBF (two), GRF (two), MADS-box (two), SWI/SNF (two),
Trihelix (two), ARF (one), C2H2 (one), CNOT2/3/5 (one), GRAS (one), GroTLE (one),
GTF (one), SEU (one), SHH2 (one), SPT4 (one), and WHIRLY (one). The relative

distribution of the TF families is shown in the Figure 1.

Insert Table 1
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Figure 1. Transcription factors family distribution based on J. curcas EST annotations.

A general functional view of these putative TF proteins encoded by the J. curcas
ESTs using a GO enrichment analysis (REViGO tool; Supek et al., 2011) pointed 138
terms distributed in the main categories: Biological Process (114), Molecular Function
(15) and Cell Component (nine). From the 114 enriched GO terms related to Biological
Process, 46 (40%) represented 64 - 71 putative TF genes (Table S1). The enriched
Biological Processes GO terms showing the most significant p-values (p-value <0.01)

included (Figure 2): heterocycle metabolic process, response to endogenous stimulus,
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organic cyclic compound metabolic process, biosynthetic process, biological regulation,
developmental process, nitrogen compound metabolic process, cellular process, positive
regulation of nucleic acid-templated transcription, response to stimulus, primary
metabolic process, organic substance metabolic process, multicellular organismal
process and anatomical structure development. According to the Figure 2, most of the
enriched GO terms clustered with greater semantic similarities, and regulation (36.8%)
and response (22.8%) were the central keywords, reinforcing the regulatory role of TFs

in cellular activity processes, and the TF responsiveness to environmental stimuli.
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Figure 2. Gene ontology analysis (http://revigo.irb.hr) of J. curcas ESTs annotated for transcription factors (p-value
<0.01), relative the Biological Process categories. The color of an individual bubble indicates the value of p-value.
The size of the bubble representing the GO term shows the frequency of the term in the annotation database.

Concerning the 15 enriched GO terms related to Molecular Function, seven
(47%) represented 46 - 84 putative TF genes (Table S1). The GO enrichment (Figure 3)
highlighted the terms: binding and its relatives (DNA binding, sequence-specific DNA
binding, nucleic acid binding transcription factor activity), transcription factor activity,

and protein dimerization activity. All of those GO terms representing functional actions
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involving TFs. Also, as expected, about the Cell Component GO categories, the nucleus

was the location showing the most relevant p-value (Table S1).
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Figure 3. Gene ontology analysis (http://revigo.irb.hr) of J. curcas ESTs annotated for transcription factors
(p-value <0.01), relative the Molecular Function categories. The color of an individual bubble indicates the
value of p-value. The size of the bubble representing the GO term shows the frequency of the term in the

annotation database

The most prospected CAREs in the promoters of the J. curcas TF genes

The CARE prospection covering 1,500 bp in the potential promoter regions of

the putative 106 TF genes detected 20,158 motifs, representing 209 unique CAREs
(almost 52% of the 469 CAREs available in the newPLACE database). Basically, 48 -

91 CARE motifs were detected by TF promoter, but most of the promoters (around
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60%) presented 60 - 70 motifs. The TF genes showing higher numbers of CAREs in
their respective promoters were erf012 (91), nf-yc2 (86), divaricata (85; ref. gene
LOC105632398), nf-yc3 (82), and hat3 (81). From the 209 detected CAREs, only two
were presented in all TF promoters (CACTFTPPCA1 and CAATBOX1; Table 2). The
25 most prevalent CAREs (Table 2), representing 13,156 of the 20,158 detected motifs
(around 65%) were identified in at least 84 of the 106 TF promoters.

Insert Table 2

According to the Table 2, the most prevalent CARE (detected in almost all TF
promoters analyzed; 105) was DOFCOREZM (1,340 AAAG motifs). This motif is the
core site for binding of Dof proteins. TF genes showing expressive DOFCOREZM
motifs (25 — 29; Table S2) in their potential promoters were: zhd4 (29), gamyb (28),
tecp3 (27), hdg2 (26), and hat4 (25). Considering the motif distributed along the
promoter segments (S; — Sy; Table S2), the TF gene gt-3b presented 61% of them in S;
(-1 to -300 bp). Relevant motif concentration in S; was also perceived in the promoters
of the TF genes hdg? and gata26 (around 50%; Table S2). In the others segments of
these promoters, the motif concentration was lower or even not detected. But,
considering others TF promoters, some different motif dominant position (MDP) were
verified: Sy (-301 to -600 pb; TF genes: erf4 and arf5); Su (-601 to -900 pb; TF genes:
myb25 and patl); Siv (-901 to -1200 pb; TF genes: dpbf3 and hsfc); Sv (-1201 to -1500
pb: TF genes: tcp3 and zhd4).

Another CARE well detected and in almost all analyzed promoters (104; Table
2) was GTICONSENSUS [motif GRWAAW (R = A/G; W = A/T)]. This CARE
corresponds to GT-1 binding site of TFs from the Trihelix family. TF genes showing in
their promoters expressive numbers of GRWAAW motifs were (Table S2): erf003 (18),
erf004 (17), tcp2 (16), dpbf3 (16), athb-12 (16) and hsfcl (16). Some TF genes showed
the MDP (Table S2) in Sy [#f2b (50% of the motifs in its promoter), bhlh121 (46%), and
gt-3b (41%)]. But, another TF genes presented the MDP (Table S2) in Sy [athb-12
(56%), bhih95 (50%), and bhihi47 (46%)], Sm [hat7 (66%), taf4b (46%), and gt-1
(45%)], Siv [myb86 (ref. gene LOC105642721; 53%), seuss (45%), dpbf2 and zhd4
(both with 41%)], or Sv [erf012 (75%), divaricata (ref. gene LOC105631171; 60%),
and fcp3 (46%)]. Thus, distinct TF promoters showed the MDP in different segments.
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However, the highest motif concentration (75%) in Sv (erf012; Table S2) was due the
fact that the respective motif was not detected in the first three segments.

Another CARE well represented (detected in the 106 analyzed promoters; Table
2), was CACTTFPPCA1 (motif YACT). Expressive motif abundance was observed in
the promoters of the TF genes (Table S2): erf002 (19), not3 (18), myb86 (ref. gene
LOC105642721; 17), tcp9 (16), and tcp23 (16). Concerning the MDP, few TF genes
showed a YACT MDP in S; [nf-yb9 (41%)], Su [gtag (63%; almost not detected in the
others segments)], and Sw [erf034 (45%)], but a distal MDP was well represented in Siv
[genes nac25 (45%), divaricata (ref. gene LOC105631171; 54%), mybB44 (67%), val2
(50%), and bhlh95 (45%)], and Sv [genes fus3 (54%), myb308 (40%), myb86 (ref. gene
LOC105642721; 47%), and hat3 (40%)]. Thus, the distal segments seem to concentrate
the YACT motifs.

The CARE ARRIAT (motif NGATT; the ARR1-binding site), presented in 105
putative TF genes (Table 2), was detected (14 — 16 motifs) in the promoters of the genes
(Table S2): tafl (16), hat4 (15), erfF011 (14), erfF084 (14), vall (14), and nf-ya9 (14).
The NGATT MPD detection (Table S2) was, basically, in S; [genes vall (71%), swi3b
(63%), and bzip16 (50%)], and Siv [genes erf073 (63%), hat4 (50%), and ail6 (45%)].

The ROOTMOTITFAPOX1 (motif ATATT), another CARE well detected and
presented in almost all analyzed promoters (105; Table 2), showed expressive
concentration (Table S2) in the promoters of the TF genes gbf1 (21 motifs), dpbf2 (21),
swi3d (20), and gtal (19). Concerning the ATATT concentration, the MDP (Table S2)
was verified in Siv [genes gbf1, hsfcl, and erf010 (90, 63, and 41%, respectively)] and
Sv [gene bhlh79 (55%)].

In turn, the GATABOX (motif GATA), also detected in almost all potential TF
promoters, showed relevant motif concentration (Table S2) in the promoters of the
genes myblrl (16), abi3 (14), erf005 (13), grf7 (13), and gt-3b (12), while the GATA
MDP (Table S2) was detected basically in Sy [erf005 (38%), myblri (31%)], Sui [leunig
(54%)], and Sv [abi3 (43%)].

In general, based on the results concerning those most detected CAREs
presented in almost all promoters analyzed, the characteristic motifs were not uniformly
distributed along the entire promoters, being the motifs concentrated in few segments,

showing a variable MDP according to the TF gene/ promoter.
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The CARES distribution on promoter segments according to the TF families’ members
and CG genes

Considering the six TF families showing the most frequently detected motifs
(AP2/ERF, bHLH, bZIP, MYB, HD-ZIP, and HSF), an analysis was performed trying to
find a CARE profile shared by promoters of genes from one of those TF families. Based
on the Venn diagrams, using the motifs detected over each promoter segment from
genes members of the mentioned TF family, the results showed that the majority of the
different CARE motifs were qualitatively identified in the five promoter segments,
being only a few motifs observed in a particular sector (Figure 4). Some CAREs
commonly noted in the five segments were ROOTMOTIFTAPOXI,
GT1CONSENSUS, CAATBOX1, ARRIAT, and CACTFTPPCA1 (Table S3). The
mapping of these motifs considering the promoter segments and the TF family is
provided in the Table S4. When this CARE distribution is compared with those
comprising FT genes relative to some stress-responsive and ABA-related genes (Table
S3), the representative CARE motifs were not uniformly distributed along the
promoters, being the MDPs observed in some segments accord the TF family. For
instance, the CARE DRECRTCOREAT (Table S4) presented MDP in S; (AP2/ERF and
bZIP TF families), Sy (HSF family), Siv and Sv (HD-Zip family), and Si, Sui, Siv, and
Sv (MYB TF family). In turn, the CARE ABREZMRAB28 (Table S4) showed the
MDP in S; (bHLH family), Sy (AP2/ERF family), and Sy (HD-Zip family), while the
ABREATCONSENSUS (Table S4) showed the MDP in S; (bHLH family), Su (MYB
family), and Siv, Sv (AP2/ERF family). On the other hand, the CARE
ABREMOTIFAOSOSEM presented the MDP mapped only in Sy (bHLH and bZIP
families), while the ABREOSRAB21 showed the MDP only in Sm (AP2/ERF and
HDZip families), and the MYCATRD22 showed the MDP only in Sy (HD-Zip family),
and S;, Siv (bHLH family).
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Figure 4. Venn diagram showing the distribution of cis-acting regulatory elements (CAREs) mapped
along the segments (SI — SV) of the promoter regions of J. curcas trancription factors genes
delimited from the start transcription site (STS) to the upstream -1,500 bp: SI (-1 to -300 bp), SII (-
301 to -600 bp), SIII (-601 to -900 bp), SIV (-901 to -1200 bp), SV (-1201 to -1500 bp).

The most abundant CAREs foud in the promoters of the constitutive genes were
DOFCOREZM, CACTFTPPCAl, GATABOX, MARTBOX, CAATBOXI,
ROOTMOTIFTAPOX1, POLASIG3, GTICONSENSUS, ARRIAT, ACGTATERDI1
and TAAAGSTKST] (Table S5). In all, 141 CAREs were foud in the promoter region
of the constitutive genes analyzed (Table S6), where 136 CAREs had a distributed
presence between the promoters of TFs and CG genes, 73 CAREs found exclusively in
the set of promoters of TFs, and only five CAREs found exlcusively in the promoters of
CG (Figure 5). Most CAREs were evenly distributed, and with a few motif units across
the sectors of the CG promoters. However, in the promoter region of certain CG, some
CAREs have concentrated on segments determined. For example, DOFCOREZM
presente the MDP in Sm (apx) and in Sv (act2), CACTFTPPCAI in Siv (pgdl) and S;
(ubia), MARTBOX in Siv (ubia e ubib) and Sui (act?), and CAATBOXI1 in Su (act2)
(Table S5). Among the CAREs involved in the ABA response, MYCATRD22 was
found in Sy (pgd!) and Sy (unib), ABRERATCAL in Sy (tuba2) and ABRELATERDI1
in St (apx), St (pgd! e act?) and Sy (tuba?2) (Table S7).

CG TF

Figure 5. Venn diagram showing the
distribution of cis-acting regulatory elements
(CAREs) mapped along the segments of the
promoter regions of J. curcas trancription
factors and constitutive genes.
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DISCUSSION

The set of J. curcas TF genes

From the putative TFs identified from the J. curcas ESTs/ contigs, 106 were
manually cured and classified into 29 TF families. The most abundant TF family based
on the identified genes belongs to the AP2/ERF family (16 members). This TF family
regulates different development processes and responses to plant stresses (Lakhwani et
al., 2016). Also, AP2/ERF is the largest family of plant-specific TFs (Yamasaki et al.,
2013), comprising 147 AP2/ERF identified members in Arabidopsis (Nakano et al.,
2006), 170 in rice (Rashid et al., 2012), 291 in cabbage (Song et al., 2013), 116 in
bamboo (Wu et al., 2015), and 173 in willow (Rao et al., 2015). AP2/ERF proteins are
classified according to the number of specific sequences of the DNA-binding domain
(AP2, RAV, and ERF): the AP2 group presents two AP2 domains; the RAV group
contains an AP2 domain and a B3 domain, and the ERF group, an ERF domain and an
AP2 domain (Gu et al., 2017).

The majority of AP2/ERF identified members comprised the ERF (Ethylene
Response Factor) subfamily (13 candidates). This relative proportion is in agreement
with the observed to the others plant species. From ERF subfamily, 122 members have
been identified in Arabidopsis and 139 in rice (Nakano et al., 2006). TFs from ERF
subfamily bind specifically to strictly conserved DNA motif sequences named GCCbox
(GCCGCC), which are responsible for modulating the transcription of genes bearing
this CARE in their promoters (Ohme-Takagi and Shinshi, 1995;). ERF proteins are
involved in different stages of plant development, from seed germination to growth and
plant development (Biittner and Singh, 1997), as well as in plant responses to biotic and
abiotic stresses, through signaling pathways influenced by phytoregulators, including
ABA, salicylic acid (Onate-Sanchez and Singh, 2002), jasmonic acid (Brown et al.,
2003), and ethylene (Fujimoto et al., 2000). Among the AP2/ERF members identified in
the present analysis, the following members stand out:

a) ERF002 (ref. gene LOC105648655): ERF (Class IV, conserved N-terminal
domain MCGGAAI/L) regulator of genes involved in ethylene biosynthesis
(Tournier et al., 2003); its overexpression resulted in premature tomato seed

germination (Joseleau et al., 1992);
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b) ERF004 (ref. gene LOC105637492): regulator of floral organ development, also
acting on cell wall elongation (Shi et al., 2011); the expression pattern was
associated with anther dehiscence (Aharoni et al., 2004);

c) ERF005 (ref. gene LOC105632315): ERF acting in the innate immunity of the
plant by activation of plant defense pathways in response to pathogens (Moffat et
al., 2012); it was associated with defense genes responding to ethylene, salicylic
acid, and jasmonic acid signaling;

d) ERF009 (ref. gene LOC105646903): ERF (Class II, transcriptional inhibitor;
Fujimoto et al., 2000) acting on plant defense mechanisms against necrotic fungi,
mediating the DEARI1-dependent (DREB and EAR Motif Protein 1)
ethylenesignaling pathways; a transcriptional repressor of the gene encoding DREB
(Dehydration-Responsive Element Binding Protein; Maruyama et al., 2013);

e) ERF0I10 (ref. gene LOC105639746): ERF (Class II) acting on transcription
regulation through elements responsible for dehydration (DREs), in drought or cold
induced gene promoters (Ohta et al., 2001);

f) ERFO0I11 (ref. gene LOC105630926): ERF (Class II) acting as transcriptional
repressor with altered expression under abiotic stresses (K* depletion, cold, UV, and
H>02) (Lee et al.,, 2005); under increasing ABA levels, it negatively regulates
ethylene biosynthesis by repressing involved genes (Li et al., 2011); also observed
responding to jasmonic acid (Dombrecht et al., 2007);

g) ERF012 (ref. gene LOC105649572): ERF (Class II) presenting an essential
domain for activation of repression in target motifs (GCC-box); it was involved in
the regulation of seed desiccation tolerance (Gonzalez-Morales et al., 2016), and in
the regulation of other ERFs (Ohta et al., 2001);

h) ERF0I8 (ref. gene LOC105638000): it is another example of TF synergy; the
overexpression of selected ethylene responsive ERFs, including ERFO18, presented
involvement in the regulation of stem diameter growth and wood chemotype of
Populus trichocarpa (Vahala et al., 2013);

1) ERF073 (ref. gene LOC105642565): TF strongly induced by ethylene
(Arabidopsis), without responses to cold and dehydration (Licausi et al., 2010); it
showed modulation of ethylene responses under hypoxic conditions (Yang et al.,

2011);
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The second TF family in the number of members identified (11; the MYB
family) is also involved in several plant-specific processes, including cell
morphogenesis, secondary metabolism, cell differentiation and stress response
(Ambawat et al., 2013). The MYB family comprises four subfamilies, according to the
MYB domain arrangements of the DNA-binding domains (Dubos et al., 2010; Chen et
al., 2016). Each subfamily is composed of one, two, three or four imperfect repeats of
helix-loop-helix that recognize the 5'-[GA]JGATAA-3' motifs located in the major
groove of the DNA (Yanhui et al., 2006). The subfamily ROR1R2R3 contains three
MYB domains, while the R2R3 and R1R2R3 subfamilies have respectively two and
three domains (Shin et al., 2011), and the subfamily R1-MYB, only one MYB domain
(Du et al., 2009). The MYB family also is a significant TF family with more than 100
members in pear (Li et al., 2016), and up to more than 200 in cotton (He et al., 2016).
Several MYB TF members were reported induced during the early stages under stressed
conditions, such as stress osmotic (Lippold et al. 2009), ABA treatments (Jung et al.,
2008), and high salinity, drought, and low temperature (Baldoni et al., 2015). In our
analysis, the identified MYB members were:

a) MYBIRIA (ref. gene LOC105640456): TF activating genes responding to
dehydration in potato (Shin et al., 2011); when over-expressed in chickpea under
drought stress interacted by the C-terminal domain with galactosyltransferase, two
protein kinases and ABA-responsive protein (ABR17-like; Ramalingam et al.,
2015);

b) MYB6 (ref. gene LOC105636993): TF regulator of innate immunity responses
mediated by MLA (Leucine-Rich Repeat Protein), where the active state of MLA
releases MYB6 from the WRKY1 repressor, and stimulates its binding to cognate
cis elements to initiate resistance signaling to the biotic stress caused by Blumeria
graminis, in barley (Chang et al., 2013);

c) MYB25 (ref. gene LOC105633683): TF involved in the regulation of the process
affecting cotton fiber cell differentiation (Walford et al., 2011);

d) MYB44 (ref. gene LOC105639771): TF involved in the primary mechanism of
stomatal closure, triggering the ABA signaling pathway, besides repressing the
expression of a set of genes, favoring the tolerance processes to salinity and drought

stresses (Jung et al., 2008);
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e) MYB86 (ref. genes LOC105642721 and LOC105631441): TF acting as a
transcriptional repressor (Hemm et al., 2001); it is involved in the regulation of UV
protection, cold tolerance, phenylpropanoid pathway (Jin et al., 2000, Vannini et al.,
2004); and also in the osmotic adjustment (Park et al., 2010b);
f) MYB308 (ref. gene LOCI110008593): a potential repressor of the
phenylpropanoid pathway after the cinnamic acid synthesis, through competitive
inhibition with activating factors (Tamagnone et al., 1998);

Another TF family based on the number of members detected was bHLH (nine

members); some of them were:

a) ICEI (Inducer of CBF Expression I; ref. gene LOC105630202): TF that controls
the gene expressing CBF3 [C-repeat (CRT)-Binding Factor-3), one of the TFs that
bind to cis elements CRT/DRE [C-repeat (CRT)/dehydration-responsive element] to
activate the transcription of genes responding to cold stress (Liu et al., 1998);
b) bHLHS1 (ref. gene LOC105645984): a positive regulator of hypocotyl and root
elongation of Arabidopsis seedlings responding to methyl jasmonate (Chen et al.,
2015);
c) bHLH63 (ref. gene LOC105630155): also known as CIBI (cryptochrome-
interacting basic-helix-loop-helix 1), this TF interacts with CRY2 (cytochrome 2)
through blue light mediation to regulate transcription and floral initiation in
Arabidopsis (Liu et al., 2008);
d) bHLH79 (ref. gene LOC105636735): TF induced during the stages of
inflorescence development in Syringa oblata (Zengh et al., 2015);
e) bHLH93 (ref. gene LOC105630754): TF acting as a regulator of flowering time
in Arabidopsis plants under specific photoperiod conditions (Sharma, 2011);
f) bHLHI2] (ref. gene LOC105629018): TF responsible for activation and
expression of the potassium transporters HAKS under K* depletion conditions
(Clouse and Sasse, 1998);
g) bHLHI47 (ref. gene LOC105643560): TF regulating negatively the
brassinosteroid signaling (BRs), which involves many aspects of the growth and
development of plants (Clouse and Sasse, 1998).

About the HD-Zip family, some of the featured TF members were:
a) ATHB-6 (ref. gene LOC105630651): TF responsible for regulating diverse plant

responses, such as stomatal closure, seed dormancy and inhibition of vegetative
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growth; it is induced by ABA during drought stress, functioning as a negative
regulator of the ABA signaling pathway (S6derman et al., 1999);
b) ATHB-54 (ref. gene LOC105649782): TF highly expressed in leaves, stems, and
flowers of Arabidopsis under water deficit, different light conditions, or in responses
to ABA (Henriksson et al., 2005);
c) HB-12 (ref. gene LOC105642795): TF regulating negatively the expression of
GA200x1 gene (gibberellin 20-oxidase 1), which enzyme is crucial in the
gibberellin synthesis (Son et al., 2010); it is induced by drought and exogenous
ABA stimulus, acting together with ABHB-7 as negative regulators of plant growth
under these conditions (R¢é et al., 2014);
d) HAT3 (ref. gene LOC105643198): TF presenting induction in response to
luminosity changes (Bou-Torrent et al., 2012); it is positively regulated by SPT
(Spatula), a crucial TF in the regulation and development of carpel tissues (Alvarez
and Smyth, 1999);
e) HAT4 (ref. gene LOC105632304): also known as ATHB-2 (A. thaliana
homeobox 2), this TF is a plant morphogenesis regulator during light signals
responses and phytochrome signaling (Carabelli et al., 1993);
f) HATS (ref. gene LOC105640489): also called ATHB-1 (A. thaliana homeobox
1), this TF is a transcriptional regulator involved in leaf and hypocotyl development
(Aoyama et al., 1995); its expression is regulated by PIF1 (Phytochromeinteracting
Factors; TF from the bHLH family), which negatively regulates the expression of
genes involved in the chlorophyll biosynthesis pathway in the dark, besides acting
directly and indirectly in the gibberellins biosynthesis (Castillon et al., 2007);
g) HAT7 (ATHB-3; ref. gene LOC105642825): this TF inhibits the primary root
development in Arabidopsis without affecting the secondary development (Hanson,
2000); it is a repressor of ATHB-13, another HD-Zip TF related to the cold
tolerance, mediating the activation of proteins capable of stabilizing cell membranes
and inhibiting growth under low-temperature conditions (Cabello et al., 2012);
These mentioned putative TFs composed the set of 106 J. curcas TFs (classified
into 29 families) mapped in the J. curcas genome. Taking into account, the transcripts,
the loci, and the genes, together with the scientific literature showing their action on
plant development or regulating genes responding to environmental stresses, these data

is a valuable resource to be exploited by J. curcas breeders around the world.
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The CARES most prevalent in promoters of J. curcas TF genes
Few studies addressing the global TF set expressed by crops have been published (Riechmann et :
TFs genes responding to stimulus, the prospection of CAREs were carried out over
some promoter regions. From those more prevalent CAREs based on the motifs
detected (Table 2), the following should be mentioned:
a) DOFCOREZM: the representative motif (AAAAG) is the specific binding
domain of Dof protein, which is a plant TF associated with seed germination (Papi
et al., 2002), phytochrome signaling (Park et al., 2003), light responses (Yanagisawa
2000), phytoregulator responses (auxin and gibberellins; Kisu et al., 1998;), and
drought (Zhang et al., 1995); this motif was detected in promoters of 36 Dof genes
(Cucumis sativus), suggesting that these TFs can be regulated by themselves (Wen
et al., 2016); such motifs were also observed in promoters of genes encoding PEPC
(phosphoenolpyruvate  carboxylase), and GST (glutathione S-transferase)
(Yanagisawa, 2000); in promoters of 141 ERF genes (Brachypodium distachyon),
they ranged from 2 to 24 motifs per promoter (Cui et al., 2016); this CARE was also
the most abundant in promoters of 50 genes preferentially expressed during the
meiosis of A. thaliana pollen grains (Li et al., 2014);
b) GTICONSENSUS: the respective motif [GRWAAW (R=A/G; W=A/T)] is the
Trihelix GT-1 binding site found in promoters of light-regulated genes (Liu et al.,
2011), highly expressed genes involved with reproductive cells development
(Sharma et al., 2011), phosphate transporter genes (Liu et al., 2011); concerning
141 promoters of Brachypodium distachyon ERF genes, they ranged up to 17 motifs
per promoter (Cui et al., 2016);
c¢) ARRIAT: the considered motif (NGATT) is the TF Myb-4rARRI1 binding site;
this TF act as repressors in cytokine regulatory pathway, which phytoregulator
(cytokine) is recognized for acting on the regulation of stress-induced leaf
senescence (Biichert et al., 2011); the expression of the pph gene (pheophytin
pheophorbide hydrolyase), which encodes the enzyme responsible for catalyzing
chlorophyll degradation in foliar senescence, was suppressed by FT ARRI,
repressing the chlorophyll degradation process (Zhang et al., 2016);
d) CACTTFPPCAI: the representative motif (YACT) is detected in the promoter of
the gene codifying PEP carboxylase (ppcAl; phosphoenolpyruvate carboxylase;
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Gowik et al., 2004), which catalyzes the reaction between PEP and CO,, in the
photosynthesis process (Izui et al., 2004) - PEP has a crucial function in stomatal
opening processes (Britto and Kronzucker, 2005); this is one of the most observed
motifs along the promoter of the gene coding GST (glutathione-S-transferases) in
Salicornia brachiata, which presents functions in plant growth and development,
besides hormone signaling responding to abiotic stresses (Tiwari et al., 2016).
These few examples showed that the CARE motif and the respective TF carrying
the necessary binding site domain are crucial elements in the expression of target genes.
Therefore, the distribution of motifs detected in promoters of genes could improve the

understanding of the regulatory role implicit by particular CARE:s.

The qualitative and quantitative aspect of the CARES in promoter regions

Some motifs could be very prevalent in promoters of a particular set of genes.
For instance, the motif YACT (CARE CACTTFPPCAL1) was the most common in
promoters of rice genes encoding metal ion transport proteins (OsNramp), with more
than 100 copies detected at -600 and -1000 bp of the promoter region of seven OsNramp
genes (Bervald, 2009), also this motif presented around 90 copies over the promoter
regions of rice phosphate transporter genes (Hatorangan et al., 2009). In this way, the
number of copies and the spacing between specific CAREs should be crucial for the
modeling of relevant synthetic promoters. In addition, concerning TF genes and their
involvement with stress responsive genes, the presence of multiple CAREs in promoters
of these TF genes potentiate combinations of responses to the same environmental
stimulus or even to different stimuli. Thus, although TFs belonging to the ERF
subfamily (APF2/ERF family) mediate ethylene responses, they include members that
respond to biotic and abiotic stresses (Dey and Vlot, 2015). For instance, ERF1 binds to
CAREs in promoters of different genes that regulate responses to pathogens (De Boer et
al. 2011) or tolerance to drought, salinity or temperature stress (Cheng et al., 2013).
Also, TFs from the AP2/ERF family, in addition to the ability to bind to GCC-box
(AGCCGCC motif) in promoters of particular genes (Fujimoto et al. 2000), have the
property of binding to RCCGCC motifs of DRE/CRT elements (dehydration responsive
element/C-repeat) (Wang et al. 2012). The induced expression of the TF DREB2A
(DREB subfamily) in Arabidopsis under drought stress is resulted, at least in part, by the
presence of DRE/CRT elements (Liu et al., 1998).
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Still concerning drought tolerance, a total of 57 bHLH TFs were identified as
genes responsive to drought (Li et al., 2016). Thus, TF members of the bHLH family
would be good candidates to increase the plant stress tolerance, due to their performance
by maintaining turgid leaves in stressed environments (Castilhos et al., 2014).
Individually, the TF bHLH122 would be a positive regulator considering the expression
of genes related to drought stress signaling (Liu et al., 2014). Otherwise, the TF
bHLH092 would respond to osmotic stress (Jiang et al., 2009) and regulate the circadian
rhythms in Arabidopsis (Hanano et al., 2008). Likewise AP2/ERF and bHLH families,
studies revealed that MYB family members, such as A/MYB2 (Urao et al., 1993),
AtMYB44 (Jung et al., 2008), AtMYB60 (Cominelli et al., 2005) and AtMYB61 (Liang
et al., 2005), are induced by water deficit stress in Arabidopsis, through involvement in
the regulation of stomatal opening (Urao et al., 1993).

The CAREs that occurred only in the promoters of CGs
(ZDNAFORMINGATCABI, GARE20SREPI, PYRIMIDINEBOXOS,
GMHDLGMVSPB and BSIEGCCR) are linked to the regulation of genes related to
metabolic processes of development that undergo environmental and hormonal
influences. For example, CARE BS1EGCCR, of AGCGGG motif, is a tissue-specific
vascular system found in the promoter of the ccr gene (Cinnamoyl-CoA reductase),
which encodes the first enzyme responsible for catalyzing the biosynthesis of lignin
monomeric units (Lacombe et al., 2000). ZDNAFORMINGATCAB1 (ATACGTGT),
also called Z-box, is an element involved in the transcriptional activity mediated by
luminosity (LRE - light-responsive element) which responds to a broad spectrum of
light (Yadav et al., 2005), found in promoters of genes related to development, such as
cabl (chlorophyll a/b binding protein gene), cop! and hy5 (Ang et al., 1998; Yadav et
al., 2002). GMHDLGMVSPB (CATTAATTAG) was found in the promoter of a
member encoding a family protein CesA (cellulose synthase), composed of catalytic
subunits of a large protein complex responsible for the deposition of cellulose in the cell
wall (Creux et al., 2008). PYRIMIDINEBOXOS (CCTTTT) is considered a responsive
element to Gibberellic acid (GARE - Gibberellin-respons cis-element) which was found
in the promoter of the genes RAmyIA in rice and Amy2/32b and barley, which encode a-
amylase during the development of the endosperm (Roger et al., 1994; Morita et al.,
1998). GARE2OSREPI (TAACGTA) is also a gibberellin-responsive element (GARE -

Gibberellin-responsive element) found in the promoter region of a gene encoding REP-1
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(cystein proteinase), an enzyme responsible for the degradation of glutein in the
endosperm in rice (Sutoh & Yamauchi, 2003). During germination of cereal seeds,
gibberellins (GAs) are synthesized in the embryo and induce the expression of
hydrolytic enzymes, such as a-amylases and proteinases, to degrade and mobilize starch
and protein allocation for energetic storage of the embryo for growth (Jacobsen and
Beach, 1985; Fincher, 1989).

Concerning the presence of multiple CAREs in TF gene promoters, considering
those TF families showing the most prevalent CAREs in the present work (AP2/ERF,
bHLH, bZIP, MYB, HD-Zip and HSF), also considering those TF responding to
environmental stress or the ABA stimulus, some of the shared CAREs comprised
DRECRTCOREAT, ABRERATCAL, and MYCATRD22. The MYCATRD22, a
dehydration responsive element, was a CARE detected in the present work in promoters
of several TF genes from different families [AP2/ERF (eight members), MYB (four)
and bHLH (two)]. The representative motif of this CARE (CACATG) is a target of two
TFs [rd22BP1 (MYC) e ATMYB2 (MYB)], which are transcription activators of rd22
(responsive to desiccation 22) gene, in response to drought or ABA stimulus (Abe et al.,
1997). This CARE was found in promoters of 159 ERF genes in rice (Pegoraro et al.,
2013), and in promoters of 25 genes with significant expressions in response to osmotic
stress in leaves of Arabidopsis (Vandepoele et al., 2009). Superimposed on the motif
CACATG in the rd22 gene promoter was identified the motif CANNTG, representing
the CARE MYCCONSENSUSAT, which is also a water stress responsive recognition
site, besides a regulatory function was associated with the TF CBF3 responding to
drought (Abe et al., 2003).

Another CARE identified in the present study, in promoters of genes belonging
to several FT families, was MYCATERD, presented in AP2/ERF (11 members), MYB
(three) and NFY (two). This CARE presents the motif CATGTG, a consensus sequence
recognized by the TF NAC, which is required for the expression of erdl (early
responsive to dehydration stress 1) gene. This gene encodes ClpA (ATP binding subunit
of the caseinolytic ~ATP-dependent protease), which interact with the
chloroplastlocalized ClpP protease to facilitate proteolysis, being related to the
embryonic and leaf development in Arabidopsis (Akita et al., 1997). Microarray
analyses showed induction of NAC genes in transgenic Arabidopsis plants under water

deficit stress, increasing the drought tolerance (Tran et al., 2004).
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Still in the present work, the CARE ABRERATCAL was detected in promoters
of members of the AP2/ERF (five members), bHLH (five), MYB (two), NAC (two),
HD-Zip (two), HSF (two), NFY (two), besides at least one member from the families
ARF, TGA, GATA, LEUNIG and VAL. The CARE motif ACGCG (G/T/C)
corresponds to a binding site of TF from the CAMT family (Calmodulin-binding
transcription activator), whose members mediate the transcriptional activation of genes
in response to transient cytosolic Ca** signals (Kaplan et al., 2006). In plants, transient
Ca?" signals mediate responses to environmental stresses, including salinity, drought and
cold, suggesting a relevant role in the initial phase of the signal transduction pathway of
these stresses (Knight, 2000). The Ca*" signaling triggered in Arabidopsis is recognized
by activating class I genes of TCP factors through the binding sites n the
promoter region (Whalley et al.,  2011). TCP proteins regulate
different aspects of plants development by molecular signaling pathways involving the
phytoregulators cytokinin, auxin and jasmonic acid, besides involvement in defense
signaling pathways, stress acclimatization, and interaction with other TFs (Aguilar-
Martinez et al., 2013). Also, the activity of some TF bHLH proteins can be suppressed
by an increase in intracellular concentration of Ca?>" (Hermann et al., 1998), and it has
been confirmed that the Ca** ion binds to the 4/NG1, TF (bHLH family) that recognizes
E-boxes motif present in promoter regions of many saline stressinduced genes (Kim and
Kim, 2006).

Another CARE with motif identified in promoters of genes belonging to several
FT families (AP2/ERF, bHLH, bZIP, HD-Zip, HSF, NAC, GATA, MYB, TAF, and
NFY), was DRECRTCOREAT. The related motif RCCGCA (R = G/A) has been
described in promoters of rice genes encoding OsDREB1A and OsDREB2A, which are
critical TFs in the activation of the expression of genes responsive to salinity, drought,
and cold (Dubouzet et al., 2003). TFs DREB1A bind efficiently in both the GCCGAC
and ACCGAC motifs and the DREB1A overexpression in transgenic Arabidopsis plants
showed functional results in drought and cold tolerance (Qin et al. 2004).

In a similar way, CAREs responding to ABA [ABREs (4BA-Responsive
Elements; ACGTGG/TC)], such as ABREATCONSENSUS (YACGTGGC - Y = C/T),
ABREZMRAB28 (CCACGTGG), ABREMOTIFAOSOSEM (TACGTGTC), and
ABREOSRAB21 (ACGTSSSC - S = C/G), were detected in promoters of genes from

several TF families, including AP2/ERF (four members), and others families with at
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least one identified TF member (bHLH, HSF, HD-Zip, MYB, NF-YB, and TGA).
ABRESs are binding elements of ABFs (4BA-responsive elements binding factors), such
as ABF3 and ABF4, and positive regulators of NYEI1 transcripts, whose protein act
crucially on chlorophyll degradation during the maturation and senescence of vegetative
organs in Arabidopsis, via ABA signaling (Choi et al., 2000). ABA, in turn, is a
phytoregulator that play essential roles in plant growth and development (Leung and
Giraudat, 1998), mediating physiological processes and adaptive responses to various
adverse environmental conditions, such as salinity and drought (Uno et al., 2000). In the
promoter region of the ERF(002 gene in tomato (Solanum lycopersicum) three ABRE
motifs (positions -929, -1.183 and -1.194 bp) were associated with the germinative
development process, through loss of inhibition typically influenced by ABA, favoring
seeds germination (Pirrello et al., 2006). Therefore, the proper interpretation of CARE
motifs in specific TF promoters may contribute to the appropriate modeling of synthetic
promoters responsive to stress events to which the plants are exposed. For example,
recently the construction of a synthetic promoter used the artificial design of the element
2xW-box (2 x TTGAC), of the WBOXATNPRI CARE (Zhu et al., 2015), a target
element of WRKY TFs specifically induced by salicylic acid (SA) (Chen & Chen, 2000)
and essential in the expression of nprl (nonexpressor of PR genes 1), a pathogenicity-
related defense gene (Yu et al., 2001). The synthetic element 6xABRE (6 X
TACGTGTC), CARE motif ABREMOTIFAOSOSEM, was used for the construction of
a synthetic promoter in the gene rd29a (Response to Dehydration29a) (Wu et al., 2018),
recognized by regular mechanisms of perception and rapid response in situations of
drought, cold and salinity (Yamaguchi-Shinozaki et al., 1993). The generated 6xABRE
reporters have been demonstrated as useful tools in the temporal and quantitative
analysis of the transcriptional response of rd29a mediated by treatment of the hormone
ABA and saline stress on roots of Arabidopsis thaliana (Wu et al., 2018). The increase
in the transcriptional stimulus of BZIP TFs HSBF (hex-1-specific binding factor) and
ASF-1 (activation sequence factor-1), that participate in epigenetic regulation via histone
modification in response to water stress and the presence of ABA, was conferred both
on young leaves with mature tobacco, from the construction of the synthetic element
hex-1 (histone H3), which contains the motif YACGTGGC (ABREATCONSENSUYS)
(Lam & Chua, 1991). The artificial combination of the ATATT motif, belonging to
CARE ROOTMOTIFTAPOX1, was used for the synthesis of a green tissue specific
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promoter (Green tissue-specifically Expressed AT-rich element - GEAT) in rice, whose
specificity of expression has been demonstrated in several photosynthetic tissues, such
as leaf, sheath, panicle and stem (Wang et al., 2015). The construction of four synthetic
copies in Arabidopsis thaliana of CARE DRECRTCOREAT (GCCGAC), essential for
the transcriptional activation of ABA-independent pathways responsive to cold, drought
and salinity stress (Yamaguchi-Shinozaki & Shinozaki, 1994), demonstrated an efficient
response in the quantitative increase of expressed transcripts of the gene cor/Sa (Kim et
al., 2002), a cold-responsive gene (COR) involved in the cold acclimatization of adult
plants and tolerance to osmotic stress during the early stages of plant development
(Wang & Hua, 2009; Liu et al., 2014). Interestingly, in the latter study, it has been
shown that when only two copies of GCCGAC motifs are fused in the promoter, the
transcriptional response to cold tolerance is not effective. Therefore, the importance of
understanding the functional elements responsible for directing gene expression is
crucial for the construction of synthetic promoters of interest, in order to enable the
expression of potential transgenes (Venter, 2007). Moreover, the selection, number of
copies and spacing of CARE motifs determine the force and spatiotemporal pattern of
the synthetic promoters (Liu and Stewart, 2016). Depending on the elements included
synthetic promoters can generate constitutive, spatiotemporal inductive combinations
(Hernandez-Garcia & Finer, 2014). A synthetic promoter referred to as DRS, consisting
of 11 bp tandem repeats of auxin-responsive TGTCTC elements (CARE AuxRE),
behaved as in vitro ARF1 TF binding sites in promoters of the GH3 gene in soybean,
showing greater auxin responsiveness than the natural composition (Ulmasov et al.,
1997).

A transient expression analyzes with the gusA reporter gene system comparing
two copies of the ACGT motif differently influencing the expression of the gene
encoding PP2C (protein phosphatase 2C) in response to salicylic acid or abscisic acid in
tobacco demonstrated the spacing importance between motifs (Mehrotra and Mehrotra,
2010). In the case, two copies of ACGT motifs on synthetic promoters resulted in
inducibility to salicylic acid when separated by five bp, but when separated by 25 bp
allowed the promoter of the PP2C gene to be induced by abscisic acid and not by
salicylic acid. Thus, synthetic promoters differing from native promoters can provide
expression profiles that do not exist in nature and therefore present applicability as a tool

in plant breeding programs (Hernandez-Garcia & Finer, 2014).
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CONCLUSIONS

The in silico investigation of TF genes derived from J. curcas ESTs public
available (NCBI), with the mapping of the respective genes over the J. curcas genome,
provided potential promoter regions (1.5 kb upstream of the TSS of the TF genes), in
which CAREs prospected over five segments. The motifs detection allied to respective
quantification of them in the promoter segments could help to understand the CAREs
influencing the TF gene expression, especially those responding to environmental
stimuli. The results revealed CAREs involved in the regulation and expression of J.
curcas TF genes, and their interactions with cognate TFs, as well as to anticipate
cooperative actions involving genes and TFs, allowing a better understanding of the
transcriptional regulation of these genes during normal plant development or under
stress conditions. The CAREs, especially those associated with a constitutive and
developmental function, based on the six TF families showing the most curent motifs,
were distributed along the promoter segments, while most of which related to stress
responses and ABA stimulus, were not equally distributed in the prospected sectors. The
importance of this finding still requires further studies and may help in the development
of innovative biotechnology tools, including the proposition of synthetic promoters,
aimed to increase the transcription efficiency of J. curcas genes, mainly those

responsive to stress, which would be useful for the plant breeding programs.
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Table 1. Transcrption factor identify in silico characterized by identificate acess of the proteins and of the ESTs, (BlastX, e-

value ¢'), family and genic identification of the sequence reference (RefSeq) of the NCBL

Alinhament (BlastX, e-value'®)

EST Protein ID e-value Transcription Factor Family Gene ID
GT981049.1  XP _012081678.1 le'*! AP2-like ethylene-responsive transcription factor AIL6 AP2/ERF 105641695
GWS877927.1 XP _012086183.1 2¢'3 AP2-like ethylene-responsive transcription factor At2g41710 AP2/ERF 105645242
Contig3256 XP_012085806.1 6e™* AP2-like ethylene-responsive transcription factor BBM AP2/ERF 105644909
Contig855 XP_012090506.1 9¢!* Ethylene-responsive transcription factor 2 (ERF002) AP2/ERF 105648655
Contig986 NP _001295747.1 5¢7® Ethylene-responsive transcription factor 3 (ERF003) AP2/ERF 105633012
Contig3303 NP _001295676.1 6e! Ethylene-responsive transcription factor 4 (ERF004) AP2/ERF 105637492
GW617574.1  XP_012070057.1 4¢3 Ethylene-responsive transcription factor 5 (ERF005) AP2/ERF 105632315
GW880806.1 XP 012088236.1 1e!%®  Ethylene-responsive transcription factor 9 (ERF009) AP2/ERF 105646903
FM890952.1 XP 012079279.1 4¢’'? Ethylene-responsive transcription factor 10 (ERF010) AP2/ERF 105639746
Contig8323 XP 012068309.1 3e'% Ethylene-responsive transcription factor 11 (ERFO11) AP2/ERF 105630926
Contig9625 XP _012091650.1 le?! Ethylene-responsive transcription factor 12 (ERF012) AP2/ERF 105649572
Contig4551 XP_012077090.1 2¢  Ethylene-responsive transcription factor 18 (ERF018) AP2/ERF 105638000
GW877349.1 XP 012083682.1 6e ! Ethylene-responsive transcription factor 34 (ERF034) AP2/ERF 105643210
Contig4984 XP 012088313.1 2¢7'% Ethylene-responsive transcription factor 54 (ERF054) AP2/ERF 105646962
Contigl625 XP 012082821.1 2¢'%? Ethylene-responsive transcription factor 73 (ERF073) AP2/ERF 105642565
GT978427.1  XP_012073423.1 le'™* Ethylene-responsive transcription factor 84 (ERF084) AP2/ERF 105635041
GW611399.1  XP_012073833.1 2e'%7  Auxin response factor 5 (ARF5) ARF 105635367
GT973126.1  XP_012087135.1 1e>* Transcription factor bHLHS51 bHLH 105645984
Contigl1769 XP_012067264.1 0 Transcription factor bHLH63 bHLH 105630155
GW876147.1 XP 012075467.1 4¢1%  Transcription factor bBHLH79 bHLH 105636735
GWS881219.1 XP 012068085.1 3e® Transcription factor bHLH93 bHLH 105630754
GT978533.1  XP_012078963.1 9¢!57 Transcription factor bHLH95 bHLH 105639494
GW878262.1 XP_012065925.1 2e Transcription factor bHLH121 bHLH 105629018
Contigl890  XP 012084104.1 3e* Transcription factor bHLH147 bHLH 105643560
Contigd487  NP_001306848.1 6e!'® Transcription factor ICE1 bHLH 105630202
Contig2723  XP_020533722.1 6e!'* Transcription factor SPATULA (SPT) bHLH 105630933
FM896789.1 XP_012079779.1 2¢1% Abscisic acid-insensitive 5-like protein 1 (DPBF2) bZIP 105640154
GT971719.1 NP _001295728.1 1e®® Abscisic acid-insensitive 5-like protein 2 (DPBF3) bZIP 105644237
Contig5691 XP_012080771.1 6 bZIP transcription factor 16 (BZIP16) bZIP 105640957
Contigl1257 XP_012091145.1 4¢3 Transcription factor RF2b bZIP 105649181
FM890713.1 XP_012078126.1 2¢'2° Transcription factor TGA3 bZIP 105638859
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FM888151.1
GW875656.1
GT972837.1
GW618109.1
GW877859.1
Contig4530
Contig907
Contig859
FM894487.1
Contig1262
JK613187.1
Contig2777
Contig4454
GT972943.1
Contigl1338
Contig45
GW612122.1
GW614059.1
Contig3495
Contig1993
Contig4894
Contig420
Contig3931
Contig3415
GT971697.1
Contig2217
GW611053.1
Contig3196
Contig2804
GT969949.1
Contig4908
FM895492.1
Contig1905
GW615638.1
Contig2623

XP_020534070.1
XP_012084590.1
XP_012084038.1
XP_020541430.1
XP_012092669.1
XP_012083638.1
XP_012067181.1
XP_012070091.1
XP_012093243.1
XP_012093246.1
XP 012079074.1
XP 012067143.1
XP 012081428.1
XP 012079593.1
XP_012086689.2
XP_020535325.1
XP_012081491.1
XP_012067920.1
XP 012083130.1
XP_012091954.1
XP_012083669.1
XP_012070041.1
XP_012080202.1
XP_012083177.1
XP_012086347.1
XP_020536555.1
XP_012081059.1
XP_012076960.1
XP_012076680.1
XP_012085841.1
XP_020533551.1
XP_012078073.1
XP_012091051.1
XP_012088064.1
XP_012067820.1

4¢3

66—123

9e-121
2e-136
3e—115
6¢70
46—149
2e°

26—166
86-73
6e-43

7e—1 10

26—135
56—98

26—129

ze—l 11
6e-70

26—122
3e-42
4e83
67

Zinc-finger homeodomain protein 4 (ZHD4)

Calmodulin-binding transcription activator 2 (CMTA?2)
Calmodulin-binding transcription activator 5 (CMTAS)
General negative regulator of transcription subunit 3 (NOT3)

GATA transcription factor 1 (GATAL)
GATA transcription factor 4 (GATA4)
GATA transcription factor 5 (GATAS)
GATA transcription factor 26 (GATA26)

GATA zinc finger domain-containing protein 7 (gtaG)
GATA zinc finger domain-containing protein 9 (gtal)

G-box-binding factor 1 (GBF1)
G-box-binding factor 4 (GBF4)
Scarecrow-like transcription factor PAT1
Growth-regulating factor 2 (GRF2a2)
Growth-regulating factor 7 (GRF7)
Transcriptional corepressor LEUNIG
General transcription factor IIE subunit 1
Homeobox-leucine zipper protein ATHB-6
Homeobox-leucine zipper protein ATHB-12
Homeobox-leucine zipper protein ATHB-54
Homeobox-leucine zipper protein HAT3
Homeobox-leucine zipper protein HAT4
Homeobox-leucine zipper protein HATS
Homeobox-leucine zipper protein HAT7
Homeobox-leucine zipper protein HDG2
Heat shock factor protein HSF30

Heat shock factor protein HSF8

Heat stress transcription factor A-2 (HSFA2)
Heat stress transcription factor C-1 (HSFC1)

B3 domain-containing transcription factor ABI3
B3 domain-containing transcription factor FUS3
B3 domain-containing transcription repressor VAL1
B3 domain-containing transcription repressor VAL2

Developmental protein SEPALLATA 1
MADS-box protein CMB1

C2H2
CAMTA
CAMTA
CNOT2/3/5
GATA
GATA
GATA
GATA
GATA
GATA
GBF
GBF
GRAS
GRF
GRF
GroTLE
GTF
HD-Zip
HD-Zip
HD-Zip
HD-Zip
HD-Zip
HD-Zip
HD-Zip
HD-Zip
HSF
HSF
HSF
HSF
LAV
LAV
LAV
LAV
MADS-box
MADS-box

105631573
105643958
105643515
105650400
105650386
105643177
105630095
105632343
105650892
105650895
105639587
105630069
105641485
105639999
105645559
105635776
105641498
105630651
105642795
105649782
105643198
105632304
105640489
105642825
105645373
105638131
105641182
105637902
105637712
105644942
105630373
105638817
105649107
105646752
105630574
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GW879514.1
GW880385.1
Contig2137
Contig1844
Contig4593
Contig2003
GW615075.1
Contig963
GW878023.1
GW875559.1
Contigl187
Contig2221
GW614724.1
Contig808
GT973652.1
Contigl1324
GW875226.1
FM894510.1
Contig3806
Contig3340
Contig3046
Contigl107
GW880065.1
Contig2200
GW613857.1
GT981631.1
GT973402.1
GW610999.1
Contig3245
GW875662.1
GT972269.1
GW878450.1
Contig3143
Contig4590
Contig918

XP_012071151.1
XP_012089895.1
XP_012068582.1
XP_012070162.1
XP_012068751.1
XP_012080161.1
XP_012071707.1
XP_012079312.1
XP_012083029.1
XP_012068953.1
XP_012075785.1
XP_012070614.1
XP_012091551.1
NP_001306860.1
XP_012077008.1
XP_012086120.1
XP_012081482.1
XP_012071003.1
NP _001295673.1
XP_012087361.1
XP_012066097.1
XP_012074200.1
XP_012065876.1
XP_012073569.1
XP_012081764.1
XP_020534043.1
XP_012089643.1
XP_012068247.1
XP_012068877.1
NP_001306852.1
XP_012074215.1
XP_012087026.1
XP_012080249.1
XP_012084808.1
XP_012085608.1

9e-25
1e®
36—156
36—132
4e’17

6e-135
le-145
26-91
8e-123
76—130
le—l 16
86—129
66-108

56-28
2¢®
36—1 19
36—139
46—160
46—145
2e760
26—131
8e ¥
36—103
424
16—140
16—128
66—127
7e—124
430
7e36
2e736
36-109

Transcription factor APL

Myb-related protein 308 (MYB308)

Transcription factor DIVARICATA

Transcription factor DIVARICATA

Transcription factor GAMYB

Transcription factor MYBI1R1

Transcription factor MYB25

Transcription factor MYB44

Transcription factor MYB86

Transcription factor MYB86

Transcription repressor MYB6

NAC domain-containing protein 18 (ANACO018)

NAC transcription factor 25 (AtNACO025)

NAC transcription factor 29 (AtNAC029)

Nuclear transcription factor Y subunit A-3 (NF-YA3)
Nuclear transcription factor Y subunit A-9 (NF-YA9)
Nuclear transcription factor Y subunit B-3 (NF-YB3)
Nuclear transcription factor Y subunit B-9 (NF-YB9)
Nuclear transcription factor Y subunit B-6 (NF-YB6)
Nuclear transcription factor Y subunit C-2 (NF-YC2)
Transcriptional corepressor SEUSS

Protein SAWADEE HOMEODOMAIN HOMOLOG 2
Transcription elongation factor SPT4 homolog 2
SWI/SNF complex subunit SWI3B

SWI/SNF complex subunit SWI3D

Transcription initiation factor TFIID subunit 1 (TAF1)
Transcription initiation factor TFIID subunit 15 (TAF15)
Transcription initiation factor TFIID subunit 4b (TAF4B)
Transcription initiation factor TFIID subunit 9 (TAF9)
Transcription factor TCP2

Transcription factor TCP3

Transcription factor TCP9

Transcription factor TCP14

Transcription factor TCP23

Trihelix transcription factor GT-1

MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
NAC
NAC
NAC
NFY
NFY
NFY
NFY
NFY
NFY
SEU
SHH2
SPT4
SWI/SNF
SWI/SNF
TAF
TAF
TAF
TAF
TCP
TCP
TCP
TCP
TCP
Trihelix

105633182
110008593
105631171
105632398
105631288
105640456
105633683
105639771
105642721
105631441
105636993
105632781
105649499
105650420
105637932
105645194
105641516
105633082
105636210
105646169
105629170
105635724
105628974
105635174
105641778
105631625
105648008
105630869
105631389
105634014
105635738
105645895
105640523
105644117
105644757
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JK610975.1
Contig4446
Contigl315
Contig2829
Contig4153

XP_012087841.1
XP_012091932.1
XP 012076351.1
XP 012071503.1
XP 012091128.1

8e-62
56-145
56-117

le—ll

Trihelix transcription factor GT-3b

Single-stranded DNA-binding protein WHY 1, chloroplastic
Probable WRKY transcription factor 17 (WRKY17)
Probable WRKY transcription factor 32 (WRKY32)
Probable WRKY transcription factor 70 (WRKY57)

Trihelix
WHIRLY
WRKY
WRKY
WRKY
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105646582
105649768
105637490
105633511
105649166

Table 2. The 25 more prevalent CAREs, based on the number of motifs and FT genes showing the motif in the respective promoter, the motif sequence, and some
details from the reference associated.

CARE Motifs TF Motif Functions Reference
detected Genes Sequence
DOFCOREZM 1340 105 AAAG Core site required for binding of Dof proteins Yanagisawa and Schmidt
(1999)
GT1CONSENSUS 992 104 GRWAAW Consensus GT-1 binding site in many light-regulated genes Buchel et al. (1999)
CAATBOX1 978 106 CAAT Seed storage protein gene Shirsat et al. (1989)
CACTFTPPCAL 973 106 YACT Mesophyll-specific gene expression in the C4 plant Gowik et al. (2004)
ARRIAT 858 105 NGATT Response regulators operate as transcriptional activators Sakai et al. (2000)
ROOTMOTIFTAPOX1 858 105 ATATT Motif found in promoter of rolD gene Elmayan and Tepfer (1995)
GATABOX 708 105 GATA Conserved GATA motif Reyes et al. (2004)
POLLENILELATS2 645 104 AGAAA Binding site required for pollen specific expression Bate and Twell (1998)
MYCCONSENSUSAT 553 105 CANNTG Recognition site found in the promoters of the dehydration-responsive Abe et al. (2003)
gene rd22 and many other genes in Arabidopsis
EBOXBNNAPA 537 105 CANNTG Control  light-responsive tissue-specific  activation Hartmann et al. (2005)
phenylpropanoid biosynthesis genes
POLASIGI 526 102 AATAAA Poly A signal found in legA gene of pea, rice alpha-amylase. Near Loke et al. (2005)
upstream elements (NUE) in Arabidopsis
MARTBOX 494 86 TTWTWTTWTT Most common element in flowering plants and is suggested to play role ~ Cserhati (2015)
in transcriptional regulation
POLASIG3 446 96 AATAAT Plant polyA signal, consensus sequence for plant polyadenylation signal ~Heidecker and Messing (1986)
GTGANTGI10 429 100 GTGA Regulation of late pollen genes Rogers et al. (2001)
WRKY710S 377 97 TGAC A core W-box, binding site of rice WRKY71, a transcriptional repressor Zhang et al. (2004)
of the gibberellin signaling pathway
SEFAMOTIFGM7S 295 98 RTTTTTR Sequence found in promoter region of beta-conglycinin (7S globulin) Allen et al. (1989)

gene, SEF4 (soybean embryo factor 4) binding motif



IBOXCORE

TAAAGSTKSTI1

GT1GMSCAM4
OSE2ROOTNODULE

NODCON2GM
CURECORECR

ACGTATERDI

WBOXNTERF3

POLASIG2

294

267

259
242

242
232

218

200

193

100

101

93
88

88
95

84

88

90

GATAA

TAAAG

GAAAAA
AAAGAT

CTCTT
GTAC

ACGT

TGACY

AATTAAA

Conserved sequence upstream of light-regulated genes of both
monocots and dicots

Motif found in promoter of KST1 gene; Target site for StDof1 protein
controlling guard cell-specific gene expression

Plays a role in pathogen- and salt-induced CaM-4 gene expression

One of the motifs of organ-specific elements characteristic of the
promoters activated in infected cells of root nodules

One of two putative nodulin consensus sequences

CuRE (copper-response element) involved in oxygen-response of Cyc6

and Cpx1 genes in Chlamydomonas

Required for etiolation-induced expression of erd1 (early responsive to
dehydration) in Arabidopsis

Maybe involved in activation of a transcriptional repressor ERF3 gene
by wounding in tobacco

Poly A signal potential candidate for stable transcripts generated
SIGolS3 and SIGolS4 genes in Solanum lycopersicum
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Terzaghi and Cashmore (1995)
Plesch et al. (2001)

Park et al. (2004)
Fehlberg et al. (2005)

Sandal et al. (1987)
Quinn et al. (2000)

Simpson et al. (2003)
Nishiuchi et al. (2004)

Filiz et al. (2015)
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5 CONSIDERACOES FINAIS:

O presente estudo permitiu verificar a resposta global da modulagdo de genes
expressos em raizes de pinhdo-manso (Jatropha curcas L.) envolvidos na resposta ao
estresse de salinidade (150mMol de NaCl / 3h). Estas analises formam o primeiro passo
para identifica¢ao de interacdes regulatorias destes genes durante o desenvolvimento ou
sob condigdes de estresse. Foram detectados representantes de varias familias de FTs a
partir de transcritos identificados por RNA-seq e provaveis genes de FTs que controlam
a expressao desses transcritos RNA-seq em resposta ao estresse aplicado, destacando os
FTs responsaveis por ampla quantidade de regulacdes, em termos de alvos super-
representativos nos genes induzidos, reprimidos e ndo diferencialmente expressos.
Assim, a realizagdo da analise funcional, consequente da reprogramagdo transcricional
do conjunto de FTs expressos em raizes pinhdo-manso aqui apresentados, pode sugerir
grande potencial biotecnoldgico, servindo para disponibilizacdo de valiosos recursos,
como candidatos potenciais para transgenia, visando aumentar a eficicia da resposta a
tolerancia especifica ao estresse estudado. Estes resultados auxiliam na compreensao
dos mecanismos moleculares de respostas a salinidade e tolerancia em pinhdo-manso.

Adicionalmente, foi realizado a investigagdo in silico de genes de FTs derivados
do banco publico (NCBI) de ESTs, com o mapeamento dos seus respectivos elementos
cis-regulatérios [1500 pb upstream do sitio inicial de transcri¢do (TSS)]. Os CAREs
associados especificamente com fungdo constitutiva e de desenvolvimento, foram
detectados ao longo da regido promotora dos genes FTs, enquanto os CAREs
responsiveis a estresses e estimulos de ABA sdo distribuidos de forma pontual ao longo
dos setores. Desta forma, a identificagdo da localizacdo dos motivos com suas
respectivas quantificacdes pode ajudar a compreender a influéncia dos CAREs na
expressdo dos genes, durante o desenvolvimento normal da planta e especialmente pela
resposta a estimulos ambientais. Logo, a importancia desta abordagem se apoia na
proposta de desenvolvimento de promotores sintéticos, que possam aumentar a
eficiéncia da transcri¢ao de genes FTs, principalmente aos de respostas a estresses, 0s

quais podem ser utilizados em programas de melhoramento de plantas.
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