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RESUMO

O trigo (Triticum aestivum L.) € uma importante cultura no Brasil. Poucas cultivares sdo recomendadas para
producdo do tipo sequeiro no Bioma Cerrado onde a escassez de 4gua limita o rendimento de grdos. Aqui
reportamos uma andlise de transcriptoma do MGS1 Alianga (cultivar de trigo adaptada ao Cerrado) sob estresse
de seca. Um grupo de 4.422 transcritos diferencialmente expressos foi encontrado em raizes e folhas. O numero
de transcritos reprimidos em raiz (1.102) foi menor que os transcritos induzidos (1.706), enquanto o oposto ocorreu
em folhas (1,017 induzidos e 647 reprimidos). O niimero de transcritos comuns entre ambos 6rgads foi 1.249,
enquanto 2.124 foram especificos para raiz e 1.049 especificos para folhas. Analises de RT-qPCR de 35 transcritos
selecionados ao acaso revelou uma correlagio de 0,78 com os dados de transcriptoma. Os transcritos
diferencialmente expressos foram distribuidos por todos os cromossomos e componentes do genoma. O numero
de transcritos no genoma B foi maior do que nos genomas A e D. Ainda, um grande nimero de transcritos
relacionados a seca foi mapeado nos cromossomos 3B, 5B e 2B. Quando consideramos ambos orgdos, 116
diferentes rotas metabolicas foram alteradas. Uma rota em comum, entre as trés mais alteradas em ambos 6rgaos,
foi o metabolismo do amido e da sacarose. A comparacdo de transcritos derivados de raiz e de folha permite a
identificagdo de transcritos importantes relacionados a respota ao estresse de seca em cada um destes 6rgdos. Os
dados obtidos, também, abrem caminho para o desenvolvimento de futuros marcadores e sele¢do de genes
candidatos ligados a caracteristica. Estes resultados sdo uteis para o entendimento de rotas metabolicas envolvidas
na tolerancia a seca em trigo. A informagao gerada sera usada, a mais longo prazo, para propositos de transgenia.
Para isto, a metodologia de duplo-haploides ¢ desejavel e uma primeira investigagao sobre a eficiéncia de protocolo
se mostrou necessaria. Microsporos sao células gaméticas com capacidade de dar origem a uma nova planta via
embriogénese in vitro. Plantas duplo-haploides geradas pela cultura de microsporos isolados sdo completamente
homozigotas e representam uma importante ferramenta para estudos genéticos ¢ melhoramento de plantas O
processo androgenético € desencadeado por diferentes pré-tratamentos de estresse, os quais sdo empregados para
mudar os microsporos da rota gametofitica para a rota esporofitica. Embora a cultura de microsporos isolados
tenha inumeras vantagens, importantes limitagdes tem impedido sua apliagdo em larga escala. Diferengas
genotipicas na resposta androgenética e na formagdo de plantas albinas ainda constituem desafios. Embora o
albinismo seja principalmente uma caracteristica genética, pré-tratamentos e meios de cultura apropriados podem
evitar este fendmeno até certo ponto. A resposta androgenética de cinco gen6tipos de trigo brasileiro foi avaliada
no presente estudo. Dois pré-tratamentos foram testados: frio (4°C) e acido 2-hidroxinicotinico (100 mg/L). O frio
foi melhor que o pré-tratamento quimico, produzindo mais plantas verdes em quatro de cinco genétipos. Somente
dois gendtipos brasileiros tratados com acido 2-hidroxinicotinico produziram plantas, e um deles apenas uma tnica
planta albina. Nossos reultados mostram, também, que o meio semiliquido (contendo 10% de Ficoll) promoveu

uma maior resposta androgenética que o meio liquido, aumentando o numero de embrides e plantas regeneradas.

Palavras-chave: Sequenciamento 454 « Estresse abiotico ¢ Expressdo génica diferencial * RNA-seq * RT-qPCR

Androgénese * Duplo-haploides * Triticum aestivum.



ABSTRACT

Wheat (Triticum aestivum L.) is an important crop cultivated in Brazil. Few cultivars are recommended for rainfed
production in the Cerrado Biome where water scarcity limits grain yield. Here we report a transcriptome analysis
of MGS1 Alianga (a wheat cultivar adapted to the Cerrado) under drought stress. A set of 4,422 differentially
expressed transcripts was found in roots and leaves. The number of down-regulated transcripts in roots (1,102)
was lower than the up-regulated transcripts (1,706), while the opposite occurred in leaves (1,017 induced and 647
repressed). The number of common transcripts between the two tissues was 1,249, while 2,124 were specific to
roots and 1,049 specific to leaves. Quantitative RT-PCR analysis of 35 randomly selected transcripts revealed a
0.78 correlation with the transcriptome data. The differentially expressed transcripts were distributed across all
chromosomes and component genomes. The number of transcripts on the B genome was greater than on the A and
D genomes. Additionally, a greater number of drought related transcripts was mapped on chromosomes 3B, 5B
and 5D. When considering both tissues, 116 different metabolic pathways were changed. One common pathway,
among the top three changed pathways in both tissues, was starch and sucrose metabolism. The comparison of
root- and leaf-derived transcripts allows the identification of important transcripts related to water stress response
in each of these tissues. It also paves the way for future marker development and selection of candidate genes
linked to that trait. These results are useful for understanding the metabolic pathways involved in wheat drought
response. The information generated will be used for transgenic wheat purposes. For this the doubled-haploid
method is desirable and an investigation about the protocol eficiency is needed. Microspores are gametic cells with
capacity to give rise to a new plant via in vitro embryogenesis. Doubled haploid plants generated by isolated
microspore culture are completely homozygous and represent an important tool for plant genetics and breeding
research. This process is triggered by different stress pretreatments, which are employed to switch microspores
from gametophytic to a sporophytic pathway. Although isolated microspore culture has innumerous advantages,
important limitations have prevented its application on a large scale. Genotypic differences in androgenic response
and the formation of albino plants remain great challenges. Although albinism is a major genetic characteristic,
appropriated pretreatments and culture medium can avoid this phenomenon to some extent. The androgenic
response of five Brazilian wheat genotypes was evaluated in the present study. Two pretreatments were tested:
cold (4°C) and 2-hydroxynicotinic acid (100 mg/L). Cold was better than chemical pretreatment, producing more
green plants in four out of five genotypes. Only two Brazilian genotypes treated with 2-hydroxynicotinic acid
produced plants, and one of them produced a single albino plant. Our results also show that semi-liquid medium
(containing 10% Ficoll) promoted a higher androgenic response than did liquid medium, increasing the number of

embryos and regenerated plants.

Key-words: 454 Sequencing * Abiotic stress ¢ Differential gene expression * RNA-seq * RT-qPCR * Androgenesis

* Doubled-haploid ¢ Triticum aestivum.
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INTRODUCAO

O trigo e sua relacao com o Brasil

Estudos indicam que o trigo se originou de gramineas silvestres provenientes da Asia,
entre 10.000 e 15.000 anos A.C. (Scheeren, 1986), sendo a cultura chave para o
desenvolvimento da civilizag@o ocidental. A espécie autdgama Triticum aestivum L. pertence a
familia Poaceae, faz parte do grupo dos hexaploides (2n=6x=42 cromossomos) € possui
conjuntos completos de cromossomos de trés outras espécies. E um alopolipléide que surgiu
naturalmente ap6s dois rounds de hibridagdes entre trés espécies diploides diferentes (cada uma
com um conjunto de sete pares de cromossomos). A primeira hibridagdo ocorreu entre a espécie
diploide doadora do genoma A (7. urartu) e espécie também diploide doadora do genoma B
(esta ainda ndo descoberta ou extinta, proxima a Aegilops speltoides) a cerca de 0,5 milhdes de
anos atras dando origem ao trigo tetraploide 7. furgidum (tendo seu genoma simbolizado por
AABB). A terceira espécie (7. tauschii) doadora do genoma D se hibridizou com o trigo
tetraploide a cerca de 8.500 anos atrds dando origem ent3o ao trigo hexaploide 7. aestivum
(tendo seu conjunto de trés genomas representando por AABBDD). (Feldman e Levy, 2012;
Leach et al., 2014). Estas hibridagdes ocorreram de forma natural e conferiram grande

resisténcia a fatores ambientais e estresses biodticos e abiodticos (Brammer, 2003).

O trigo foi introduzido no Brasil por imigrantes europeus (Federezzi et al., 1999;
Ambrosi et al., 2000; Cunha, 2005), no ano de 1534, na capitania de Sdo Vicente, durante a
colonizacdo (Scheeren, 1986; Ambrosi et al., 2000; Cunha, 2005). Este cereal foi incorporado
para satisfazer o consumo europeu, comecando no estado de Sdo Paulo de onde foi se
espalhando para as terras do sul, as quais possuiam melhores condi¢cdes ambientais para seu
desenvolvimento (Ambrosi et al., 2000; Cunha, 2005), apesar de possuir uma grande
adaptabilidade agrondmica, sendo cultivado em regides subtropicais e tropicais (Silva e
Andrade, 2001; Dalmago et al., 2009). E considerado um dos itens de fundamental seguranga

alimentar para o Brasil (Guarienti, 2009).

O Brasil € o segundo maior importador mundial de trigo, estando atras apenas do Egito.
Estimativas da Food and Agriculture Organization of the United Nations (FAO -
http://faostat.fao.org/site/339/default.aspx) indicam que desde o ano de 2008 o Brasil manteve-

se entre a 16* e 20? posicao mundial na produgdo de trigo. A média da producdo entre 2008 e
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2013 ficou ao redor de 5 a 6 milhdes de toneladas, representando cerca de 54% do consumo
interno (de Mori e S6 e Silva 2013; FAO, 2013) que chega a dez toneladas por ano (Scheeren
et al, 2002; Scheeren, 2005). Ja no quesito produtividade, o Brasil ficou classificado em 56°,
com 2.480 kg/ha, enquanto a Irlanda ocupou a primeira posi¢do com 9.063 kg/ha (FAO, 2013).
No entanto, em condi¢des de campo para trigo irrigado, ja foi relatado rendimento de 8.000
kg/ha (Silva e Andrade, 2001), demonstrando que o trigo brasileiro tem potencial genético
proximo ao nivel dos paises que lideram neste quesito. Portanto, a agdo de fatores ambientais

(estresses bioticos e abidticos) tem papel fundamental na menor produtividade deste cereal.

O trigo possui amplas possibilidades de expansio no pais. A medida que novas
tecnologias foram se desenvolvendo, a producdo de trigo também foi aumentando (Federezzi
et al., 1999). Mas, apesar deste aumento, a produ¢do ainda ¢ pequena quando comprada ao seu
potencial, existindo a possibilidade de expansdo do cultivo no pais para somar ainda mais na

produgdo total (Cunha, 2005).

No Brasil, a produgéo de trigo esta dividida em trés grandes areas, as regioes Sul (RS,
SC e sul do PR), Centro-Sul (PR, MS e SP), que juntas representam 98% da producdo, e Central
(GO, DF, MG, MT, BA) (Cunha et al., 2011). Cerca de 90% da producdo se da apenas na regido
sul, onde tem-se um clima predominantemente frio e umido (Scheeren et al., 2008; Cunha et
al., 2011). Essa regido caracteriza-se por solos acidos com aluminio, ¢ clima imido, ndo ha uma
estagdo seca e a precipitacdo pluvial excede a da necessidade da cultura, causando, assim,
estresses associados ao excesso de umidade; além disso, a presenga de geadas também afeta
negativamente a cultura (Scheeren et al, 2002). A regido Central ainda € pouco expressiva, mas
com um grande potencial para o crescimento de producdo (Scheeren et al, 2002). Esta ultima
incluindo uma parte do estado de SP, caracteriza-se por ser quente e seca, caracteristicas que
influenciam bastante na producdo (Cunha et al., 2011). A regido Central ¢ constituida
principalmente do bioma Cerrado (Fig 1), o qual € considerada a nova fronteira para a expansao
da triticultura (Silva e Andrade 2001). Cerca de 25%
(ftp://geoftp.ibge.gov.br/mapas_tematicos/mapas_murais/biomas.pdf) da area do territorio
brasileiro (8,5 milhdes de km?)
(http://www.ibge.gov.br/home/geociencias/cartografia/default territ area.shtm) ¢ ocupada
pelo bioma Cerrado. Neste bioma, a temperatura varia de 22 °C na regido mais ao sul a 27 °C
na regido mais ao norte, apresentando estagdes secas e chuvosas (Yamada, 2005). Contudo
mesmo na estagdo chuvosa (80% do total da precipitagdo) pode ocorrer escassez de dgua, com

duracdo de uma a trés semanas (Embrapa-Cerrados, 2005).
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Na safra de 2012/13, um total de 105 gendtipos de trigo foram recomendados para
plantio no Brasil. Contudo, somente trés destes eram para cultivo no Cerrado com sistema
sequeiro (BR18 Terena, MGS1 Alianca e MGS Brilhante), e outros quatro para sistema
sequeiro e irrigado (CD 105, CD 111,CD 116 e CD117) (IAPAR, 2012). Isto demonstra a falta
de genotipos disponiveis para esta area tdo promissora. Ainda, os trés genotipos disponiveis
para sistema sequeiro sdo cultivares "antigas", em outras palavras, com caracteristicas nao
apropriadas para as adversidades atuais. A producao de trigo no Cerrado contribui apenas com

5%, sendo a maior parte desta sob o plantio

Figura 1. Localizagdo do bioma Cerrado no Brasil. Fonte: Documentos 190 ISSN 1517 — 5111, novembro 2007
— Mapeamento de cobertura vegetal do bioma cerrado: estratégias e resultados, EMBRAPA, Edson Eyil Sano,

Roberto Rosa, Jorge Luis Silva Brito, Laerte Guimaraes Ferreira, p. 15

irrigado (Embrapa-Cerrados, 2005; Fischer, 2009). Embora no sistema irrigado a média possa
chegar a 4.000 kg/ha (de Mori e S6 e Silva, 2013), é o sistema sequeiro que tem o grande
potencial de aumentar a producdo de trigo, uma vez que requer menos investimentos e possui
uma grande area de expansdo. Contudo, para que isto seja possivel, tem-se de lidar com trés

principais estresses abioticos: acidez do solo, calor e seca (Scheeren et al., 2008).

No Cerrado brasileiro, o trigo também ¢ uma alternativa importante para prevenir as
consequéncias negativas da monocultura. O monocultivo de tomate e de leguminosas aumenta

a incidéncia de doengas como esclerotinia, rizoctoniose e fusariose. O trigo ndo é hospedeiro
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desses fitopatogenos, constituindo-se na principal alternativa para romper o ciclo biologico dos
mesmos, por meio da rotacdo com estas culturas no Cerrado (Silva e Andrade 2001; Tibola et

al., 2009).

Seca

A seca ¢ amplamente aceita como o estresse ambiental mais importante na agricultura e
0 maior obstaculo para a sobrevivéncia da planta, sua produtividade e qualidade (Tuberosa e
Salvi 2006; Cattivelli et al., 2008; Harb et al., 2010; Nezhadahmadi et al., 2013). De um modo
geral, o déficit de agua no solo e atmosfera por um periodo prolongado de tempo, afeta o
metabolismo e o desenvolvimento das plantas. Agronomicamente, a seca ocorre quando a
capacidade/necessidade da planta ¢ maior que a agua disponivel, levando a prevengdo do
crescimento (Wang et al., 2013) e restringindo a expressao total do potencial genético da planta

(Swindale e Bidinger 1981; Boyer, 1982).

A seca ja constitui um importante obstaculo e espera-se que esta condigdo piore devido
a aumentos de temperatura e mudangas no perfil de precipitagdo (Budak et al., 2013; Comas et
al., 2013; Wang et al., 2013). De acordo com o Painel Intergovernamental sobre Mudangas no
Clima (IPCC — AR4), no fim deste século, a temperatura global devera aumentar 1,1-6,4 °C
com intensificacdo da escassez de agua em varias regides do globo. No Brasil, o rendimento de
trigo devera reduzir de 1,3% a 30% (Siqueira et al., 1994; Siqueira e Salles, 2001; Jaggard et
al., 2010). Previsdes indicam que em pouco mais de 10 anos, 1,8 bilhdes de pessoas sofrerdo
com absoluta falta de agua e 65% do mundo viverd em ambientes com escassez de agua
(Nezhadahmadi et al., 2013). Uma vez que a produgao de trigo brasileira no Cerrado esta sendo
realizada no sistema irrigado e espera-se que os recursos de agua diminuam num futuro
proximo, o melhoramento do trigo para ser usado no sistema sequeiro terd importancia

ambiental e sdcio-econdomica.

As plantas desenvolveram diferentes mecanismos para lidar com estresses relacionados
a agua, sendo a tolerancia a seca uma caracteristica quantitativa envolvendo uma complexa
resposta em niveis molecular, metabdlico e fisiologico (Pennisi, 2008; Rosales et al., 2013),
bem como a interagdo dos genes entre si ¢ com 0 meio ambiente (Reynolds e Tuberosa, 2008;
Budak etal., 2013). No trigo, o tempo dos estadios fenoldgicos, metabolismo de carboidratos,

condutancia de estomatos, ajuste osmotico, senescéncia retardada da folha bandeira, tempo de
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florescimento, aumento na razao parte aérea:raiz, valores elevados de carboidratos soliveis na
haste pouco depois da antese e aumento da cobertura do solo, entre outros fatores, tem sido
associados com a resposta de tolerancia a seca (Morgan, 1983; Dorion et al., 1996; Fischer et
al., 1998; Slafer ¢ Whitechurch, 2001; Verma et al., 2004; Moinuddin et al., 2005; Foulkes et
al., 2007; Reynolds et al., 2007). De modo a compreender os mecanismos subjacentes a esta
resposta, estudos de expressao génica diferencial tem sido realizados em trigo usando genes-
alvo, bibliotecas subtrativas de cDNA e microarranjos (Zhang et al., 2004; Houde et al., 2006;
Rampino et al., 2006; Xue et al., 2006; Mohammadi et al., 2007; Diab et al., 2008; Mohammadi
et al., 2008; Xue et al., 2008; Ergen e Budak, 2009; Ergen et al., 2009; Li et al., 2012).

Embora a tecnologia e o melhoramento insistente tenham feito progresso na
investigacdo da tolerancia a seca, as bases genéticas da tolerdncia em trigo ainda sdo elusivas.
Isto pode ser demonstrado pela diminui¢do da produtividade quando plantas de trigo sdo
submetidas a ambientes secos (Budak et al., 2013; Wang et al., 2013a,b). Para desenvolver
genotipos com aumentada tolerancia a seca, a identificacdo de moléculas relacionadas a estresse
e a determinacdo de seus papéis e localizacdo em diversas redes fisiologicas, bioquimicas e
génicas torna-se necessaria (Budak et al., 2013). Para que estas metas sejam alcancgadas, genes
podem ser identificados usando a tecnologia de sequenciamento de nova gera¢do (NGS — do

inglés Next Generation Sequencing) para a analise de transcritomas.

Uma das técnicas que utiliza o NGS ¢ o RNA-seq. Esta tecnologia permite a obten¢ao
do perfil de expressdo baseado na presenga e quantidade de RNAs transcritos a partir de um
genoma em um determinado momento ou condicdo especifica. Esta metodologia pode melhorar
a compreensdo da resposta a seca em trigo, revelando genes candidatos, fornecendo perfis de
expressdo e anotagdo funcional de genes presentes em redes transcricionais complexas (Budak
et al., 2013; Oono et al., 2013), sendo assim possivel amostrar transcritomas inteiros de uma
maneira mais eficiente e economica (Varshney et al., 2009; Thakur et al., 2013). Também
permite a deteccdo de transcritos raros ou aqueles instaveis em bactérias, diminuindo erros
associados a clonagem (Vera et al., 2008), evitando regides nao-codificantes e repetitivas e
possibilitando sequenciamento em organismos nao-modelos (Hou et al., 2011). O NGS permite,
ainda, uma descri¢do mais completa do transcritoma, uma vez que produz um grande numero
de sequéncias, discrimina variantes de splicing, alelos e outras isoformas e nao ¢ limitado pelo

numero de transcritos pré-definidos como sondas em microarranjos (Deyholos, 2010).



16

Em espécies-modelo, estudos de transcritoma geralmente sdo realizados mapeando os
reads a um genoma de referéncia. Infelizmente, até o momento, esta estratégia ndo esta
disponivel para trigo. O sequenciamento e a anotacao génica ainda estdo incompletos, embora
em fase final. Enorme progresso tem sido feito pelo Consoércio Internacional do Genoma do
Trigo IWGSC — do inglés International Wheat Genome Sequencing Consortium). Este projeto
tem um grande obstaculo, sequenciar um genoma hexaploide altamente repetitivo, 40 vezes
maior que o do arroz (Oono et al., 2013). Tendo isto em vista, a tecnologia de RNA-seq

apresenta-se como boa alternativa para prospectar o genoma do trigo (Duan et al., 2012).

A complexidade do genoma do trigo deve ser considerada no uso de NGS. O genoma
do trigo hexaploide - 7. aestivum - possui um tamanho de 17 gigabases, com 124.121 genes
anotados, sendo mais de 80% composto por sequéncias repetidas de transposons (Brenchley et
al., 2012). Até o momento existem poucos relatos de RNA-seq em trigo, incluindo estudos
relacionados ao contetido proteico de graos (Cantu et al., 2011), eventos de poliploidizagado
(Pont et al., 2011), desenvolvimento do amido do endosperma (Pellny et al., 2012), SNPs
(Single nucleotide polymorphism) (Lai et al., 2012), desenvolvimento de ferramentas para
montagem de novo de genomas (Duan et al., 2012),tolerancia ao estresse bidtico causado por
Fusarium graminearum (Kugler et al., 2013), regulagdo nutriente-responsiva (Oono et al.
2013), padrao de expressdo de genes homeodlogos (Leach et al., 2014), transcriptoma a mudanca

climatica no estagio reprodutivo (Kumar et al. 2015).

A identificacdo de sequéncias relacionadas a tolerdncia a seca em trigo, por meio de
RNA-seq, abre grandes oportunidades para a elucidacdo da resposta da planta a este estresse.
Apos a identificagdo, tais sequéncias poderdo ser usadas em diversas abordagens e projetos
como, por exemplo, transformacdo genética, desenvolvimento de marcadores moleculares,

assisténcia ao melhoramento genético tradicional, sele¢do assistida, entre outros.

Melhoramento, Transgenia e Interacio da cultura de tecidos com programas de

melhoramento genético

O melhoramento genético das plantas cultivadas, tem como alguns de seus objetivos
contribuir com o aumento do rendimento, expansdo do potencial agricola, estabilidade da
produgdo e aumento de resisténcia contra fatores adversos (Moraes-Fernandes, 1985; Borém,

2005). Um desafio continuo para os programas de melhoramento vegetal no Brasil é gerar
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genotipos altamente produtivos, que tenham tolerdncia ou resisténcia aos diversos estresses
bioticos e abidticos. As doengas fungicas, tais como a ferrugem da folha, a giberela e a brusone,
o estresse hidrico e o aluminio toxico no solo, fazem parte dos principais fatores limitantes da

producdo de graos (Darko et al., 2004; Lobato et al., 2007; Passioura, 2007; Bolton et al., 2008).

A cultura de tecidos vegetais (parte significativa da biotecnologia) pode interagir de
varias maneiras com os programas de melhoramento genético. Alguns exemplos podem ser
citados: a) conservagao e avaliacdo de germoplasma; b) aumento da variabilidade genética para
fins de selecdo; c) introgressdo de genes de interesse em espécies-alvo (polinizagdo in vitro,
cultura de embrides, fusdo de protoplastos, haploidizagdo, transformacdo genética) e d)
aceleracdo de programas de melhoramento (germinagao de sementes e cultura de frutas in vitro,
clonagem de genétipos para teste de capacidade de combinagdo, cultura de anteras ou

micrésporos para obtengdo de haploides, limpeza clonal) (Ferreira et al., 1998).

A transformacdo genética ou transgenia ¢ uma das ferramentas biotecnologicas
atualmente disponiveis que pode auxiliar os programas de melhoramento de maneira Unica,
especialmente em situacdes de dificil solucao por técnicas convencionais. O dominio da técnica
pode auxiliar na introducdo de genes especificos, oriundos de outros organismos, em genotipos
de trigo (sem a co-integragdo de genes indesejaveis), além de genes ndo existentes na natureza
e modificados artificialmente, levando ao aumento do pool génico disponivel para os programas

de melhoramento.

Um fator limitante para a melhoria de genétipos de trigo via engenharia genética € a
recalcitrancia da espécie (Ji et al., 2013). Além disto, como j& mencionado, as caracteristicas
do genoma (grande tamanho e poliploidia) representam desafios adicionais (Bhalla et al., 2006).
Varios métodos ja foram descritos para a geragao de plantas de trigo transgénicas, dentre eles a
transferéncia direta de DNA para protoplastos (Lorz et al., 1985), eletroporagdo (He et al.,
1994), método do tubo-polinico (Chong et al., 1998) e vortex (Serik et al., 1996), contudo estes
nao sdo facilmente reproduziveis. Os métodos mais usados sdo os de bombardeamento e sistema
Agrobacterium, os quais sdo mais reprodutiveis e t€ém apresentado melhores resultados (Jones

et al., 2005; Bhalla et al., 2006; Ji et al., 2013).

Descrigdes das primeiras transformagdes de trigo obtidas com sucesso por meio da
técnica de bombardeamento ocorreram no ano de 1992 (Jones et al., 2008). Este método, apesar
de eficaz, traz desvantagens como fragmentacdo do DNA no momento do bombardeio, insercao

de partes do vetor e inser¢do de varias copias do gene (Hu et al., 2003). Além disso, estas
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multiplas copias frequentemente sofrem rearranjos em trigo (Janakiraman et al., 2002), sendo

um agravante para as etapas posteriores de cruzamento e segregagao.

O sistema de transformacdo por Agrobacterium primeiramente foi considerado ndo
funcional para espécies de monocotiledoneas. Contudo, este impasse foi superado com uso de
cepas bacterianas super-virulentas (McCormac et al.,, 1998), bem como a adigdo de
determinados compostos que induzem a viruléncia (acetoseringona por exemplo) (Wu et al.,
2003) e o uso de vetores binarios contendo genes adicionais de viruléncia (Khanna e Daggard,
2003). Em alguns estudos, a eficiéncia do sistema Agrobacterium ultrapassa a do

bombardeamento em trigo (Hu et al., 2003).

No Brasil, hd poucos registros de uso da transgenia em trigo, at¢é o momento.
Vendruscolo et al. (2007) descreveram a obtengdo de um trigo mais tolerante a seca, produzido
pelo bombardeamento de particulas, usando como alvo embrides imaturos. Outro estudo, com
participacdo da Embrapa Trigo, mas realizado no SCIRO (Commonwealth Scientific and
Industrial Research Organisation - Australia), refere-se a transformagdo de trigo
(bombardeamento de particulas) objetivando plantas mais resistentes ao aluminio acido do solo

(Pereira et al., 2010).

Alguns prerequesitos para o sucesso nos processos de transformacao sdo: genotipo, tipo
de explante, condi¢des de cultura e genes marcadores e de selecdo. Em termos de gendtipo, a
cultivar Bobwhite tem sido uma das mais utilizadas ¢ recomendada para experimentos de
transformagdo (Weeks et al., 1993; Pellegrineschi et al., 2002; Pereira et al., 2010; Brunner et
al., 2011) devido a sua alta frequéncia de regeneracdo e potencial de transformacao (Liu et al.,

2002; Pellegrineschi et al., 2002; Bhalla et al., 2006; Shariatpanahi et al., 2006).

Além da notavel e consagrada aplicacdo de plantas duplo-haploides (DH) no
melhoramento genético vegetal, acelerando a formagdo de populagdes para os mais variados
fins (Zhang et al., 2008), a cultura de microsporos isolados (IMC — do inglés: insolated
microspore culture), também, vem sendo usada como uma ferramenta para o desenvolvimento
e estudos de organismos geneticamente modificados. Os tecidos originados da cultura de
micrésporos, assim como 0s proprios microsporos, sdo excelentes explantes para a
transformagdo genética, visto que a transferéncia de genes para estas células darfo origem a
plantas haploides transformadas e que poderdo ser diploidizadas tornando-se homozigotas
diploides (para maiores detalhes ver proximo topico). O método de bombardeamento mostrou

ser eficiente, resultando na obteng@o de plantas transgé€nicas de cevada a partir de embrides
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derivados de micrésporos (Wan e Lemaux, 1994) e de trigo (Folling e Olesen, 2001) e cevada

a partir de microsporos isolados (Yao et al., 1997).

Apesar da IMC ja estar estabelecida para algumas culturas, continua sendo uma técnica
dificil de realizar com baixa eficiéncia. Apesar de muitas revisdes e trabalhos destacarem a
importancia dos microsporos como alvos de transformagdo genética, ha poucos trabalhos neste
sentido. Alguns mostrando apenas expressdo transiente outros regenerando plantas quimeras e
pouquissimas plantas homozigotas. Ainda ha a necessidade de estabelecimento de um protocolo

otimizado de transformagao usando os micrésporos como alvos para regenerar plantas DH.

Androgénese
Formagdo do gameta masculino

O aparelho reprodutor masculino, denominado androceu, ¢ composto pelos estames.
Estes por sua vez dividem-se em filete, tecido conectivo e antera. A antera ¢ formada por quatro
microsporangios ou sacos polinicos. Cada saco polinico contém as células mae do pélen, que
estdo envoltas por um tecido nutritivo mais interno denominado tapete, camadas médias,
endotécio e epiderme da antera (Bedinger, 1992; Vidal e Vidal, 2000; Zanettini e Lauxen,
2003).

Ocorrendo o desenvolvimento normal, as células mae de pdlen (2n) irdo sofrer meiose.
Cada célula mae dara origem a quatro células haploides (n), denominadas micrésporos, que
estardo reunidos em uma tétrade e serdo liberados pela acdo da enzima calase. Os microésporos
liberados irdo aumentar de volume, formar um vacuolo e as duas membranas (exina ¢ intina)
que apresentam um poro. Também conterdo muitos ribossomos em seu citoplasma e um grande
vacuolo central que desloca o nucleo para a periferia da célula, no sentido oposto ao poro

(Bedinger, 1992; Vidal e Vidal, 2000; Zanettini ¢ Lauxen, 2003).

O microsporo sofrerd sua primeira mitose, caracteristicamente assimétrica, resultando
na formacdo de uma célula vegetativa (grande) e outra célula generativa (menor). Numa
segunda mitose, a célula generativa dividir-se-4 em duas, formando as duas células
espermaticas ou gametas masculinos. Portanto o grdo de polen maduro ¢ tricelular (Bedinger,

1992; Kaltchuk-Santos ¢ Bodanese-Zanettini, 2002).
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Haploides e Duplo-haploides

Individuos haploides sdo aqueles que possuem apenas metade de seu conjunto
cromossOmico, ou seja, sdo plantas com n cromossomos ao invés de 2n (diploides). O grande
significado da existéncia de plantas haploides tanto para o melhoramento como para a pesquisa
genética foi reconhecido desde a primeira observacdo natural destas em 1921 por Bergner em
Datura stramonium (Blakeslee et al., 1922). Mas sua origem foi descoberta somente apos
quatro décadas quando Guha e Maheshwari (1964) observaram que estas plantas surgem de
polens imaturos em condi¢des in vitro, como um produto imediato da meiose. Em um
experimento onde colocaram anteras de D. innoxia em condi¢des in vitro, nao
intencionalmente, recuperaram plantas haploides representando o conjunto cromossomico
paterno pos-meiose. E a partir desta “redescoberta” das plantas haploides, muitos trabalhos t€ém

sido desenvolvidos.

Plantas haploides possuem um desenvolvimento “normal”, porém por conterem apenas
metade do conjunto cromossomico, sdo estéreis. Na auséncia de pareamento homologo, o
processo meidtico resultara em gametas desbalanceados que contém menos do que o conjunto
necessario (n) de cromossomos. Contudo, a fertilidade porde ser restaurada por meio da
duplicacdo do conjunto cromossémico (espontaneamente ou induzida), dando origem entdo as
plantas denominadas DH. Em outras palavras, plantas completamente homozigotas
geneticamente normais e fenotipicamente estaveis representando toda a variagdo gamética

devido ao processo de recombinacdo da meiose (Islam e Tuteja, 2012).

As plantas DH s@o uma ferramenta valiosa para os programas de melhoramento genético
uma vez que permite a producao de plantas completamente homozigotas em uma unica geragao.
Esta tltima caracteristica faz com que a liberagdo de cultivares seja acelerada em cerca de cinco
anos, quando comparada ao melhoramento tradicional (Barkley e Chumley, 2012). O uso destas
plantas DH traz ainda como vantagem melhor eficiéncia de selecdo, uma vez que um numero
menor de plantas € necessario para a busca de caracteristicas selecionadas, bem como a auséncia
do mascaramento da heterozigose reduz os custos; e permite uma sele¢do induzida de algumas
caracteristicas ainda in vitro. Por exemplo, a selegdo in vitro tem sido usada para desenvolver
genotipos resistentes a patogenos e tolerantes a desequilibrios minerais e a seca (Liu et al.,
2002), sem mencionar seu uso na pesquisa basica e avancada (Abdollahi et al., 2007) e na

detecgdo de QTLs (do inglé€s, Quantitative Trait Loci) (Seymour et al., 2012).
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Os DH representam um grande avango na manipulacao genética in vitro, constituindo-
se em uma importante ferramenta dentro da biotecnologia. Existem varias técnicas para a
geracdo destes individuos incluindo a gimnogénese, eliminagdo de cromossomos em embrides
hibridos interespecificos, a cultura de anteras e de microsporos isolados (Forster et al., 2007).
Contudo, a IMC vem ocupando espago significativo nas pesquisas da area de biologia celular
(Rodrigues et al., 2004), sendo reconhecida como a de maior potencial para produzir grandes
numeros de haploides ¢ DH (Kasha et al., 2001; Zheng, 2003; Forster et al., 2007),
especialmente em situagdes em que ndo se obtém resultado satisfatorio pelas outras técnicas de
haploidizagao (Kasha et al., 2001; Zheng et al., 2002). Ao utilizar o micrdsporo, ha a vantagem
de isolar milhares de células de uma vez (Jahne e Lorz, 1995; Peters et al., 1999; Li et al., 2005),
ja que ha cerca de mil a dois mil graos de polen por antera (Peters et al., 1999). Em trigo a IMC
permite a regeneracdo de um maior numero de plantas férteis por espiga (Patel et al., 2004; Li
et al., 2005; Shariatpanahi et al., 2006; Labbani et al., 2007). Tem sido mostrado, também, que
esta técnica resulta em maior frequéncia de plantas verdes regeneradas (Ritala et al., 2001; Liu
et al., 2002; Labbani et al,. 2007). Uma vantagem adicional constitui na maior propor¢ao de
plantas DH espontaneamente geradas na IMC, quando comparada a cultura de anteras, para
trigo e cevada (Jahne e Lorz, 1995; Chugh e Eudes, 2007), podendo ser possivel, em alguns

casos, a eliminagdo da etapa de duplicacdo induzida de cromossomos.

Embora a haploidizacdo tenha tido sucesso em culturas de anteras e de micrésporos em
varias espécies, existem algumas vantagens importantes associadas a IMC sobre a cultura de
anteras: abundéancia de microsporos por espiga, auséncia da parede da antera que pode
prejudicar o processo da cultura, seguranca de que todos os embrides desenvolvidos sdo
derivados de micrdésporos, melhor disponibilidade de nutrientes para as células em cultura e
facilidade e possibilidade de rastrear o desenvolvimento e a observacdo individual de células
(Liu et al., 2002; Ferrie e Caswell, 2011). Diversos protocolos de IMC tém sido estabelecidos
para diversas espécies de plantas. Contudo, a cultura de microsporos de cereais ainda precisa
de alguns ajustes para ser usada em grande escala, especialmente focando na taxa de producao
de embrides, regeneragdo de plantas verdes e duplicagdo espontanea de cromossomos (Castillo

et al., 2009).

O processo de androgénese ¢ um dos mais notaveis exemplos de totipoténcia celular.
Entretanto, alguns requisitos sdo necessarios para que uma célula gamética se desenvolva numa
nova planta. Condigdes fisiologicas da planta doadora e o estddio de desenvolvimento do

microésporo sdo muito importantes, uma vez que podem modificar a resposta androgenética até
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em genotipos responsivos (Germana, 2011). Pretratamentos de estresses também sdo
considerados cruciais para desencadear a totipoténcia e a rota esporofitica no microsporo
(Shariatpanahi et al., 2006; Islam e Tuteja, 2012). O principio basico da regeneracdo de plantas
a partir da célula reprodutiva ¢ a mudanga da rota gametofitica do futuro grao de pdlen para a
rota esporofitica, na qual o micrésporo sofre sucessivas mitoses ¢ forma uma estrutura
embriogénica, a qual se desenvolvera em uma planta (Peters et al., 1999; Segui-Simarro e Nuez,

2008).
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OBJETIVOS

Objetivo geral

O objetivo geral deste trabalho € investigar respostas baseadas em cultura de tecidos ¢

analises transcritdmicas para obtencdo de tolerancia a seca em trigo (7riticum aestivum L.).

Objetivos especificos

a) Identificar genes relacionados a resposta da planta ao estresse hidrico;
b) Identificar genes responsivos a seca 6rgao especificos (folha e raiz)

c) Testar dois diferentes pretramentos (4 °C e 2-HNA) para a produgdo de plantas
haploides/duplo-haploides;

d) Testar o efeito da presenca/auséncia do agente gelificante Ficoll no meio de cultura

de indugdo na técnica de microsporos isolados;

b) Identificar gendtipos com potencial androgenético, para obtengdo de plantas

haploides/duplo-haploides a partir de microsporos isolados.
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CAPITULO 1

Gene expression analysis reveals important pathways for drought
response in leaves and roots of a wheat cultivar adapted to rainfed

croppring in the Cerrado Biome
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Abhstract

Drrgugnt limits whaal production in the Brezilian Cerado biome. In order to saarch for candidate panes asacciated b
The response o water dafic®, we analyded the gene expression profles, under severe drough! stress, n roals and
lagves of the culbvar MEST Allanga, & walkadapted cultivar to the Camado. & set of 4.422 candidate genas was
found n roets and [eaves. The number of dowr-regulated transcripts in roots was highar than the up-regulaled fran-
serigts, while the cpposite cocurrad In leaves. The number of comman transcripls between tha o Nssuss was
1,248, whie 2,124 wore spacilic te rosts and 1,049 speailic o leavas. Quantitative RT-PCA analysis revaaled a 0078
codrelatian wilh the expression deta. The canddate genes were distributed across el chromosomeas and campaonan
ganamas, but a greater nembar was mapped on the B genomae, pariculady an chromagames 38, 58 and 2B. When
considerng both tissuss, 118 dfferent patiways were mduced. One common patlway, amang Ma 1op three acti-
vated pathways n both bssuss, was sliarch and sucrasa matabolsm. Thasa resulis pave Ba way for Julurs markar
develepmeant and selaclon of important genss and ar wsetul 1or undesstanding the matabelie palhways involved in
whaat drodsght rasponss.
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Intraduction

The central part of Brazil, consistng mosily of the
Cermalo biome, 1s comsadered to be the new lronber or in-
creasing Braglan wheal producton, Althaugh the when
hurvest in that regian cun reach more than 4,000 kg ba™ on
average 1 irgated arcas (O Mori and S6 ¢ Bilva, 2013,
ramfitd cropping has greal petential fo bnproye praduction
anece i requires fitle invessment and hos 2 large oren for ex-
panzian, To felleo this path, rainfed wheat production m
the Brazilian Cerrado mug cope with three migor ablatic
stresses; sodl acidety, heat and drought (Scheeren or al,
2008}

Drrought s broadby aeceped as the most impornanl

environmendal stress magriculiore and 15 a magor canslaan)

Sand romispeadance o Joms Femands Parsica. Embraga Trige,
Laberaléng di Biatacnalogia, Rodouls BR-2B5 Kim 204, Caia
Pastal 5081, 99050670, Passs Furde, RS Brazl. E-mal
|y A prdina @ ernlirana. be

etal, 20130, Droughi s fonecast o be exacerbated by incre-
mental ingrenses in emperniere and changes in precipita-
tion profites: For instonee, each degres *C of increase in
plobal mcan leopesaluie 85 projected b feduce glabal
il M5 I Brogil, wheat yield is theorized io be redueed
g R0 31% with reimperanare increases of 3= “C_offaeting
the positve cflects of fnenased OOy levels on whead gran
couss water is bargely wsed in imigated agricabore (70900
ol global waler we), Uns secior will be heavily uifectead by
chimale change { Riir ef i, MY 5, In this comdext, improving
drought wlerance of wheat cultivars is essentiol for yvield
Inceeases in rainfed farming

Muns lave deviloped soveral mechamizms to sddress
dramght siress, ond dM|:_uj1t inlerance &5 a quantiintive irait
with a complex response al maleculor. metabalic and phys-



crnl iraits, swch as the timing of pherlogical stages,
carbohydrate metabolism, stomatal conductance, esmotic
aaljustment, Labe senescence of the fag leal, fowering tme,
ingreased raot:shaot ratia, high values of suluble stem cor-
bahydrate shortly after anthesis, and mereased early pround
cover, ainong others, have been linked o the droughn wler-
ance response (Fischer of wf, 1998; Foulkes of of,, 267,
Reynalds er al., 207; Nezhadahmodi ef @i, 2015} To un-
degstard the mechanisms undedying this response, gene
expression analysis using subtractive ¢DMA libranes and
microarrovs have bheen performed in wheat (Zhang of af |
2004; Way el 05 Xoe e ol 2006, 2008; Moham-
miadi er al, 2008; Ergen of ad, 20080 Li ef o, 2012, Reddy
eral, 2014p. However, nowadays, the most preferred tech-
nigue te evalunte gene expression is high-hroughpat
cOMA sequencing (RMA-Seq) based on next-generation
seguencing lechnology. Up il now, the use of RN A-seq,
which 15 nod limdted to the number of 1r|,|.|15cri.p|:s pre-
defined in probes, o study the drought response in bread
whiean | Triricwor gestiveane) has been rave (Olcay er al, 2014,
Loz ef @i, M1 3; Budak of @, HF13), One obstacle i that
tvpe of study in bread wheat is the complexity of its hexa-
ploid genorme, which is estimated to be 17 gigabascs in size
amal encading more than 124,000 genes, of which approxi-
mately T6% of the amembled sequences contain repents
(TWGSC- Tntemational Wheat Genome Sequencing Con-
sortium, M40,

T dbve present stdy, 8 gene expression analysis was
performied alming at the wentificativn of candidate gemes
invelved in the drought responses in o wheat cultivar
adapted 1o the Brazilian Cerrado region, A set of 4,422 can-
didate genes was obtained, with 2,124 specific o roots,
LU specific 1o leaves, and 1,249 sequences that were
common between both tissues, A strong correlation he-
tween RMA-seq and RT-qPCR {quantifative reverse fran-
seriplion polyimerase chain reaction) data wis observied.
The importance of specific chromipsame regions and geno-
mies, as well as the most activated pathways, are reporied.
These resulis are also applicd o the undersianding of the
mitabalic pathways invelved mowhet drought response.

Materials and Methads

Plart matesial, drought stress and ANA extraction

The Brazlon  wheat  colivar MGS1D Alianga
{ Triticarm gesiiviem pwas used in this study duee its good pro-
ductivity in rainfed farming in the Brazilian Cerrado, This
cultivar showid e higlest vield acroas differemt sowing
dates among 152 wheat genotypes tested under drought
conditions in the Cerrade (Ribeirg Wmior of of,, 20K],
MIGS] Alianga was released in 1990 by EPAMIG (Em-
presa de Pedquisa Agropecusana de Minas Gerais) and it is
still recommended for wheat progiuction in the Cerrade
{Comissin Brasileira de Pesquisa de Trigo ¢ Triticale
{2006y, Seeds of MGS1 Alianga were surface-sterilized in

PoenschBorolon «f af

MalCHy (1.2% of active chlorine} for 1 min, washed three
titnes with sterile distilled water (1 min cach) and germi-
nated ar 23 °C in the dark for tvo days, Germinated seeds
were trunsferred to pats (3 seeds per pot) containing 6.5 kg
of a mixture of sodl, sard and vermiculite {2:0: 11 and incu-
bl i a glassbonse with namral hght a1 22 £ 4 “C. Plants
ware watered daily. Contral plants were grown for five
weeks at 100% of field capacity while, in the stress treat-
ment, plants were watered for 2 weeks at 75% of field ca-
pacity followed by 3 weeks of water deprnivation. The water
sntus of the plants was monitared by measurement of the
leal relative water content (RWC) (Barrs and Weatherley,
19625 and the water ]wllerﬂlall.‘il.'huh.ndur P, All thres
plants from ane pat were pooled and the leaves and mos
were cellected separately, immediately frozen in liquid ni-
trogen, and stored at -80 *C. Total RNA was extracted with
TRIzol® reagent {Invitrogen) according te the manufac-
arer”s instraetions, and puri fied using an RNensy Mini Kit
[CQriagen). During the purification, a DMase digestion step
was performed wath an BMase-free DMase Set (Qragen).
RMA quality was assessed using o Bioanabyzer { Agilent)
anmdd samples with an RTM (RNA integrity number) = 7.5 and
rRMNA ratio = 1.5 were used in subsequem analyses.

454 Sequencing

Total ENA was sent ta Macrogen [nc, {South Korea)
for sequencing of four libraries (control root, treated root,
contral leaf, and treated beafl ona Gesome Sequencer FLX
Titanium instrument {Roche) according to standard proto-
cnls,

Sequence data analysis, da novo assembly and
functicnal annotation

The sequence data analysis, assembly and annatation
followed the prdocol available from Macrogen, Brefly,
ravw data wers processed using the Roche GS FLX softwars
w 2R, The reads were assembled using GS De Movo As-
sembler software v 2.6, The nssembly parameters were kept
at defanlt values for bath the assembly and ¢DNA option.
Smgleton cleaning [elimination of contarminants, low qual-
ity, low-complexity and wvectars) was perfarmed i
SeqClean (hitp:!sourcefonge.net/projects'ssqelean’), with
A migimum length  of 10 bp oamd  Lucy
(hp:tlucy sourceforge net). Similarity analysis was per-
formed using BLAST (1,0e-3 cutoff) and the Gene Ontaol-
oy (GO (http wwewgeneontolegy.org') database e ob-
lain sequéence annotations. The data dizcussed m this study
have been deposited m NCBI Gene Expression Ommnibas
[Edgar ef al, 2002} and are accessible through GEO Series
acecasion nurther GSEX1833
[wwwonchinlm.mhogowigea).

Statistical analysis

Saatistical analyses of differentially expressed ron-
scripts between the control and stressed treatments were
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performed  with  the DEGseq v 246 R package
{haipananw bioconductor.org packages 2. A bioc hitml.
DECGseg htmll, using the MARS model. lsobhgs with a
p-vahee < 0,001 were considered significantly different,
The compared samples were: contrel leal assembled se-
quences (isoligs) versus dioughi-stressed leal assembled
secuences (isMigs], and contral roat assembled sequences
{isoitips} versus drought-siressed rood assembled sequences
{isotigs).

CAP3 sesembly, Blast2G0, genome assembly and
functional annotation

A second round of assembly was performed with two
airms: (1) o group sequences lacking previous significant
identity that could belong 1o the same tnseript but may
have come from different genomic regions: and (21 o com-
pare the expression of ranscripls m each dasue {leat’ and
roat), All the satigs and simgletan sequences from roots
amad leaves, as well os the quality sequence files, were used
as inpar. The analysis was performed with CAFS (Huang
amel Maddan, 1999 software using default parameters, ex-
cept far a 40 overlap length cwtofTand o 90 overlap percent
identity cutolt, Azsemibled sequences that contained one or
miore differentially expressed ranserpt in their composi-
tion and hod previpusly been determined {by DEGseq)
were considered s differentially expressed (DE) as well.
These DE sequences (contigs and singletons) from CAP3
assembly were annatabed using Blasi200) saftware (o
ef al, 2008} with defoult parameters, BlasiZG0 performs
acarches against the Gene Ontology (GO, the Kyoto Ency-
clopedia of Gienes and Gienomies (KEGUT) amd Interpro da-
tuhases in order o determine the metabolic pathways they
belong to. After annctation, the sequences obtained from
the Capd assembly were mapped against the available
Ensembl genomic sequences of Trticum cesmvem (v, 1.26;
http-/iplants.ensemblorg Triticum_aestivum/ TnfoIndex)
using BWa (Li and Durbin, 200407 and SAMuools (Lieral,
2004 10 analyee the distnbution of tese sequences over
the wheat chromasomes amd genomes. Mapping was cor-
ried one using BWA-SW -t 6" or 6 threads. A chi-square
test was used to determiine if the distribution among the T.
aestivam component genomes was siatistically different,
To identify tronseriptions factors (TFs) encoding tran-
scripls among the genes differentially expressed under
draught, the sequences were compared by similarity search
{BlastP cutof e-104F against the Plant Transcription Fac-
lor Diatahase VErsion il [PlamTFDB)
(lutps o bmibce.org webdenglish seaschplani fdb) - (Jin
eral, 2014),

AT-aFCA

Drrought stress treatment was similar o the procedure
described previvusly, except that five plants were culti-
vaded per pot ond incubated in a growth cabinet with ¢on-
trolled conditions {22 °C with 16/8 hours light'dark and

humidity ot 60%), Roeot and leal samples, from o pool of
five plants belonging 1o the same pob, were collected at two
tirme pomts: after two weeks of growth and atter five weeks
of growth, The experiment was performed in triplicate bio-
logical samples. RNA exiraction and purification were per-
Tormed as described above. RNA quality and quantity were
assessed using 2 MNanoDrop 20000 Spectrophatometer
[Thermo Scientifich and 1.5% agorose gels. Synthesis of
el A was done with the Thermo Script'™ RT-PCR Sve-
tem { Invatragen ) usmg 2 pg of [PNA-free RNA and Oligo
[dT bz primers, Gene-specific primers were designed using
Primer3Flus (htp: Swowear bicinformarics.nlicgi-bin/
primer3plus/ primeriplus el RTPCR assays were coi-
ducted in technical triplicates using a 7500 Real Time PCR
Swstern (Applied Biosystems) with 75300 Software v2 006
The eyeled and resctions wese as follows: 10 mm a1 45 °C,
ol loweed by 30 cycles for 15 5 at 95 50, 3 sat 6 C, 305 at
T2 °C, and a finol melting curve analysis protoecel consist-
ing of heating to 93 “C for 15 560 °C for | min and heating
o 95 0, Reactions were perfonned ina final volume of
25 ul, mnl.aimn.g 12.5 pl. |:|1'S\|"I:I'RI7= Green PCR Master
Mix {Applied Biosystems), 10 pL of diluted cDNA
(10, .25 pl of promers (10 p8 each) and 225 pl of
water, Relative expression datn analyses were perfprmed
by comparative quantification of the amplified prodoets us-
ing the " method (Schmitgen and Livak, HW%). The
reference genes used for nmormnlization of expressin were
those encoding ATPase, Ribosylation Factor, RMAseL
(Paolacci ef of, 2000), Tal0105, Tal4126 and Ta2T922
[Long e al, 20001 The geMNorm w35 software
(hittp:/medgen.ugent.be/ ~jvdesomp/penorm} was used o
select the tao best reference genes for the respective caper-
imental condition.

Resulis

Sequencing analysis

Inn arder o search for candidate genes and metabolic
pathways associated o drought stress in wheal, high-
throvghput sequencing wos dons using 454 sequencing
technology with ¢DINA originating from droughi-siressed
amd control rools amd leaves. When harvested, the mean
wvalnes for leaf water potential and for RW were, respec-
tively, -0.38 MPa and 98% in the conirol plams and
=212 MPa and 50.1% in the stressed plans, indicating s,
based on the parameters detmled by Hsioo (1973}, the
reated plonts were severely droughi-siressed. The se-
quencimg analysca yiclded 1,225,527 reads from the four li-
brares [contral and treated roots, comtral and treated
legrves), Among these, 205, T3 readds were abtained for the
road contrel samgple and 3000663 for roots under drought
dreds. From the total 606 306 peads, 453 218 reads (74 7%)
were fully assembled and 32,085 isoligs were identified,
with an sverage size of 1,085 hoses and an M50 of 1,29%
Fitteen percent (W933 reads) were partially assembled,
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and G6% (40377 reads) remained as singletons, with
37,437 reads considered valid. Additionally, 17.257 rcads
were anchared Lo repeat regiong, 4,179 wene considened
auatliers and 345 were fon shart fo be used in the compusta-
tiomal analysis (Table 1),

Regarding the beaf-derived sequences, 619,131 reads
were used in the assembly computation (259397 from
leaves in control sample and 299,134 from leaves under
drought srrees). From the rotal, $19.1 50 reads (85 8% ) were
ﬁ.l.'lly assembled and 19,8040 :mtig)ﬁ were identified, with an
average size of 952 hases and an M3 isotig size of 1,115,
Approximately 1% of the reads (63,475 reads) were par-
nally assembled and 5% (31,374 reads) were singletons,
with 28,880 reads comsidered valud. Furthermare, 139 reads
anchared fo repeat regions, 280 were considered owutliers
and 135 were too slon 10 be used in the computatienal anal-
wuis { Table 1).

Search for candidate genes

Afler assembly and annotation, we searched for can-
dudate genes differentially expressed between contra] amd
treated samples, The homopeneons distribution of the four
librarics is presemted in Figure S1. A total of 4,422 candi-
dute genes was identified in both tissues (p < 00001) (Table

Tabde 1 - Anahoecs of the resds obiained from e four librarics {pood con-
trol, oo stressed, leal conirol, and leaf sressed)

Reaids Bl Leaf
Munber of reads i, b B9,
Wb of hases IAARETOR 345417595
Rends in contral comalition 305,731 00T
Bmmslier ol hases i contnel cotidition 14 405 542 ITT.L3Z 164
Average read kenges 5 AL 33,544
Reads in droughi conditson M) 5 P
Mumshar ol hages in dnghi combition IBX.200 091 I AE AR5 1648
Avermage read kngh frreRus 253,244
Fullly msemiled 453,214 209, 15
Panally assembled k03 3 478
Simglmons 4377 M5
Rupsal 17,257 (1]
Cnalict 4,17 1HDE
Too shon 345 155
Moo of isngmoups 24,0y 1%, 5E5
Avgraps sonfip eouni 1.5 14
Numsher o i with ene sl 2,05 14,592
Binslier of liotigs 32,085 19, 80%
Average isoig size 104 5,508 5240
N5 fsniig size 1,205 [NEES
Valul singheioms 17,457 o]

lsogroa 15 te collection of comigs comaining reads tat Imply come:-
chants berween them. lsong b5 analogous 1w an indevidil manserigs.

Pozrsch Borelon &7 al

S10 Amoeng those, 2808 isotigs were ablained from roots,
with 1,100 up-regulated and 1,708 down-regulated isotigs
uncler stress concdiions, Stansheal analyss showed that
1,514 izatigs in leaves were significantly ditferent (p-vales
< O ) Uperegulation ocewrred in 1T isotigs, whils
down-regulation was observed in 597,

Gene Oniology (GO} categonies of the candidate
genes are shown m Figure 1, The functional annotation of
the root and leal 1sotigs revealed that 41% and 40°% of the
sequences were, respectively, invabved in hialogical pro-
ceas, 25% and 24% in molecalar function, 33% and 36%
were cellular components, while the remaining sequences
were no=hits. The comparisom of GO fermis among the fowr
main categories revealed that the distribation of candidate
genes wid simular betwoen rool and leaf. Among the se-
guences anmatated i biological processes, cellular and
metabolic processes were highly represented. Among mo-
lecular functions, sequences related to binding and catalyvic
activity were the maost represented GO terms. Reganding
cellular component, the most represented category was cell
part.

Expraasion profile validation

Far validation of the gene expression analysis, 8 sec-
ond and independent experiment was performed where
plant samiples were collected after two and lve weeks of
growth, For the two-week-old plans, mean leaf waler po-
tential and RWC values were <037 MPa and $6.7% for the
control plants amd 0039 MPa and %5.8% for te reatment.
Adfler five weeks of growth, the mean values far leal water
patentiol and EWC were -0042 MPa ond 93 ,6% for the con-
trol planis and -2.04 MPa and 34.6% for the droughi-
dressied plants. This indicates that the plants had a samlar
warter status betore water was withheld but a ditferent status
after five weeks of growth. The analyses of the expression
profile in two-wesk-old control (just before the irrigation
withholdmg} as well as i five-weck-old comtrol and treated
plants, allowed for the comparison of candidate pene ex-
presaion nod only after the drought period bat also befors
Lhe alress.

Tl relative expression of 15 root- and 20 leaf-deri-
ved transcripts [ Table 52) was measured by RT-gPCE for
experimental validation of the RMNA-seq data, These 33
ranscripts were chosen for validstion becanse they showed
different levels uftx‘ptﬂ-&i.un - ioF |J|.1m|-n:5ul:llnlj, ard
associated b different eneymies from the same pathway or
belong g differcnt metabolic pathways (Table 510, The ex-
prosaion of four rool sotigs was not validated beeause the
control and the drowght-stressed samples after five weeks
of growth were statistivally similar, Om the ather hand, the
capression of five rood isotigs (RIS, R24, R2E R36 and
B2y were significamly differem between treated and co-
irol plamts after five weeks of growth (Figure 2A5, When
comparing  the  samples collected  from two-week-old
planta, only the R15 sequence was significantly differear
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between treatments. For the other six isetigs. expression m
conitil samples was not detected, bt was detected in the
dravgh-treated samsples, indscaring thar thelr expression
changed in response toowider deprivation, Recause of this
change, the mean Cyg values are presénted (Figure 2B). A
set of 20 transcripts from leaves was also evaluated by
RT-qPCR. The expression of 12 isofigs {L1. L4, L& L9,
Lo, Lod 1S, L1, TAT, L33, 128 amied LW waere mg;mﬁ-
camly different between the control and treated somples of
Ovie-wieek-old planis (Figare 3). Excluding the sox oot se-
quences with non=detected O valees, the Pearson™s come-
lation between the RNA-seq amd RTPCR dam for the
other I8 transcripls was (L7R (Figure 82)

Genome lecalization and tissue-specificily of the
candidala genes

After comparing the condidote genes between raol
and leat' samples 12208 and 1,614, respectively), 2,024 qe-
quences were found e be specifically expresied moroals,
LA49 specilically i lesves. ood 1249 sequences were
commmian b bioth fssaes (Figure A%, Omne segnence specific
for each tisswe {isolipa 719, the samie us the one used o de-
ssgm the primer B33 hsted on Table 52, and atighs 306
{anmotaied as “ATIGRATER) - defense response - kinase ae-
Tiwaly ™) liod rosd aind leal, n.'8|:l1}1:ﬂv|’:l_'(, wire nssd for RT-
qPCR anulyses. The positive umplification of these se-
quetices i gpecific tesues (Figue 4B ) cormsborates our i

st anilvas, Searches agamst KEGG fnked 1o deteet
pattraays for these specific scquences.

An addittonal assembly {parformed with the CAPI
software} allowed for the comparisen of transeript expres-
siom between the two dssues. A todnl of 118321 sequences
were used {32,085 deotigs and 37457 smglelons from toots
amd 19899 isoigs and 28 280 singletons from leaves) Al-
ter the assembly, 11.746 contigs and 69,407 singlels wers
chtamed with 1393 and 2,304 respectively, condidered ag
tifferenizally expressed aml, consequently, as condidale
genes: The 3957 candidaie penes (1,593 contiges amd 2,594
singlets) wers snalyzed for functional annotation, witl
Ui A% of sequences anpotated and 4.5% showed mapping
results {FI.H!.IFL B3 The highest similarity mie omre-
sponded 1 pequences from degifops taurckil (30000, fol-
lowed by Hordeim velgere (29500, Triticam e
115%}, T, seshivmn {13%}) amid .ﬂra'aflj'pr.ldiﬂm atiztarchyen
[3.3%) (Figure 53), With regards to the GO distribuation of
the sequences assemibled by CAP3 (Figure 2), ithe catcgo-
nes with the most abundant sequences o bobogeeal proe-
cesses were mefbolic processes, cellular processes,
responss o stmulus, sinple-argnnism processes. localiza-
tion and biclogical regulation: for mobecular fenction te
musd prevalent categories were catalytae actvity and bind-
ingz: and for cellular compenents the eatepories were cell,
crganelle and membrane.

Tu identify biological pathways that nre active in
wheat drought response. the 31987 camlidare genes de-
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talls-om pramers soe Tabde I ool Table 82

scribed above were analvzed wing Blasi200 software a-  Among the top 20 pathways m both tssues, 23 different
cattss KEGG pathways. The results revealed 116 differest  pathoways were detected, with 12 pathways in eommod bar
pashways { Table 53) involved in wheal droughi response.  mnked in different positions. Starch und sucrose metboe-
The top 20 pathways (with the highest number of se-  hism pathway-ralated trnscripts hud the highesi rankmng in
quetices | fior poot and leaf tssies are presemed 4o Figare & oot bot were thie third most comumonly identified snes s
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leaves. In ndditian, the number of seguences for the fme-
toes and mannose pathways was 3.3 times higher in leaves,
while the argdinine amd prolme meabalism pathway pre-
sented o similar number ol seguences Tor both fssues, We
a5t analvzed putative pathways related o the 22 wp-
regulated sequences with annotation teat were tegted by
RT=gI"CH {Table 325 Among the 22 transcripid. 10 gener-
atesl results when searched against KEGG, revealing |3 dif-
ferenl pothwuys {Table 21, With the exception of L4, whose
lunction was nol lnked 10 0 specific pathway, all [sotes re-
nurned m e same ereyme classes and Tm1i1way.1 as lenki-
fed betore the assembling with CAP3.

An ml:nl}-s.'i}; of the distnbubion of condiduie ECnCs
weross the wheat genome was done by BLAST searches
agwing the sequenced I eoadiaum o, Chinese Spring ge-

name {Fagure 7 Fl_g,un.' ¥} .I'l.m:,mg the 3987 condhdnie
penes assembled by CAPY, 158 transcripts could not be
mapped. Mot candsdste genes wend located in the B pe-
name (= 000K by the chi-square test) compared o the A
and D penomes (Figore TAL Tn addifion. chromossmes 38,
5B il 2B had more sequences related 1o drought respanse
[Frpure TR Candidale genes specific to roats or leaves and
in gommon beiwesn the two tissees were detecied in all
gentained and chrsmodomes (Figure TO-E1, Although chire-

mosgmaes 1B, 58 and 28 showed the highest number of

candidale penes, most of 1he tronseript: mapping to ihese
chromesomes were down-regulared. In fact, anly chrome-
sormees 5A, 60, TH apd 3D presented af least 10%: more
up-regmilated transcripts than down-regulated enes, The
chromesomes with more up-regilated sequences were 38,
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Shand 2A, The CAPS agsembly also allowed for the identi-
Deataon of mo-has candidale genes per chromosease (ox-
pression eaby in reat or leat and ex pression i boih bssies),
where B8 pe-hit sequences were detected (Fipure 8). The
Tty eluroisosoimes witl thee highest nambers off pe-hi se-
CLIENCES wWeTe chrsmimomes 20 and 3B, In these chromae—
somes, maat of the no-his sequences was speciiic W rsots
{Figure 8B},

Transcriglion factors

Transcription factors | TFs) play a central role in the
Thues, we searched lor TFs among the -;J':I:anf:ntilulh' X
presacd sequences. Toachicve this, the similany of the se-
quitrces wis cvalwsned agomst @ plom ranscription feeles
database (PlantTFDRY with an B-valoe cutsfl of e D
Severml TFs, such as FIFTHY, BRE, WOX, MW-type,
WF-YH, GRF. LBD, CPP, GeBF, STAT. BBER-BPC,
Whly, BESI, NF-Y A, NF-YU, HB-FHD, GATA, DBEEB,
NE-X1, WO, COlike. AP2, B, SBP, Dof, ARR-B,
HB-oiher, MIKC. EIL. Minlike, Tribelix, GI-like.
HD-ZIP, CAMTA, MYB, HSF. ERF, TALE, WREY.

I"oerecte Bonelon «1 al

C2IHZ, FARI, hHLH, MAC, bEIP, MYB related, C3H.
ARF.GRAS and DREB were found (Figuse 34} The spe
vins wilh the greatest nuntbers of hits were Crza sativa i
panica, Sorghum ticoler, T, aestiven ond B, distachyon
[ ata mod showm).

Discussion

Rainfed wheat plants growing in the Cermdo bloms
need o cape with differeni abintic stresses, with ilraught
being ane of the mos; imporeant faciors. In this confext, &
wheal culiivar adapled te that region represets an excel-
lent mdel 19 snedy droikghl response mechanisms. Here,
we identified 4,422 candidate penes axzocinted bo severe
draught response in both rool and leaf tissoes during the
tllering stage of the whes colivar MGST Alanga. Al
thonegh the earfy stages of pollen dnuluprru'n.! are the moesi
vulnernble o droughil in cercals (Fischer, 1975), sced pger-
mimition and casly seedling growih dee alao considered
critical stages for wheat estsblishment {Zhang eral, 2014}
Therefire, the early phuse of wheat development is sn im-
portant stage 1o evaluste the effect of drought. Meneever,
[ whesat fartmdng in the Cermado, dry spells can occur dus-
img the tllering siayge |Ribeira Jamior e al., 206,

The linctionnl annciation of the franseripts reporeed
here {Figure | s m agreement with other reports (Deokar
etal, 2011; Li et al, 3012 Zhow e at, 2012), However,
one impertant difference is the fechnique wsed ere (454 se-
guencing technelogy} in comparidon o the one wsed o
evaluute the gere expression in previows studies, The 454
lechnolagy is am 'npcm' sysipm im which pene :xprc:ssinn
can be accuraiély measured by counting the detected identi-
cal wranscripis, polentially capturing all the ranseripts in a
sin showed similarity of the bread wheat expreseed se-
puenced with A fmuecddd and M vlgeee (Figare 83),
sxpuiences. with unknown function or ne-hits Were also
fonnd { Figure £B), The no-hit sequences are an imporiant
contribution of high-throughput seguencing technigues be-
cause They represent o mwon: complele description ol gese
ex rH'ﬂFbii.ﬂFl andl should be importani o undersiznd drogght
sress response in wheat. In our survey, the distribution of
the no-hit sequences was higher on chromosome 28 |38,
consulering bath chromaseme anns), Reganding the threg
wheat genome components, the B genomie harbosed the
highes nunvher of no-hit sequences {44} when compared 1o
the I e {27) nod A gemene (17) (Figere 2B,

Thee tobal mumsher of idendified repressed trunseripis in
reaponss 1o drougli (2,305 for poots and leayves ) was higher
thian the number of mediced Wrangerpds (2.1 1T dor hoth s
mies). However, when considering each tismae separsely,
the: paurmber of repressed franscripts was lower than the in-
tuced transeripls in leaves (597 repressed and 1T ae
duced}) hot higher in roods {8 repressed and 1, 100 in-
tuced). A higher number of repressed tnscripts under
dranght conadivions in bexaploid wheat was also reported by
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validute the represica’induction detected by the RNA-seq
experiment, we used RTPCR 10 confirm the expression
profile of 33 candidate genes (15 from reots and 240 from
leawed ). These candidate genes are representative of differ-
end paibways or code for different encymes m e same
pathway (Tahle 32), providing @ broad validation of the
M A-aey exporiment. The RTgMCR assays revealed sta-
testpcally significant differences for 73 3% and 600 se-
quences from root and leaf, respectively (Fuypure 2, Fionre
3} SBignifivant ditferences were not detected tor the remain-
ing sequences, but e direerion of the expression profile

was generally the same, and the Pearson's cornelation be-
tween the BNA-seq and RTPCR dala was (78 (Figuse
523, It is imporiant 1o note that the RT-qPCR assays were
done as a second and imlependem experiment for confimms-
Hon of the gene capresion. For BN A-weq experimonts re-
parted previousty by others, the RT-gPCR correlation ool
ficients vuried from U538 to 058 (Mogalaksbmi of al , 2008,
Kargenar ef al, 20023 The RT-gPCR techimgue wis also
e (o confinm the EXPrEssSiomn wl twa lissue-spectic s
fuences found among the combdate genes (Figure 43,

An imporant mechanism teed by planis 1o tolerale
dronght i3 osnwdic . adjusment (Mezbadalmadi o o,
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Table I - Binksgical pathwsays relasad s 10 sey walidsed by RT-gPUR s the respoctive conlips where they sssemble i CAP3
Primer*! Paihome=? wSeqs #lnas

R# Fructoss sl manness: mactabaolism CumtiphdTLR eei L1 L2 - neduatasc

RH Cralactoo: mstabalism CuainighdTLR ea 1LY - neductase

R3 Cayeerelipld meskalizm CamighTLR e LT - reducuase

L] Gilycosphmgolipid biosymbesis - globoseries ContightlLR ek Y - melibiase

ek Pentose sl phcommie mierconversons ContighdTLR el 1121 - reductase

Ra metheolz Cimlighd7ILR ee: L LL2T - redietasc

R4 Argiting el proline metabelss Conllg3THLR 227210 - Shingse e 12141 - dehpdrugenmss

| *L] Cealactes: metzbalism ContigdTILR e: 4182 - galacvosylransferse, se:5.2 1.22 - melibisse
R2E Glyoeralipid meiskbolism ContigsdTiLR w21 2D - melibiase

RI8 Sphinpoliped metabolem ContigiTiLR w2 12T - mwlibiase

L4 PBuriss sztabaolism ComtigEsl i b a3 - addenylpyrophos phatase

LE Argiiing wd proling mitabssm Coiillgs34LE il 2119 - debydrogensse

L& Beter Alanine metsbolism ComtigatAnLR e 21,19 - delydrogenese

L& Cilycine, serine and threcnine metabolism ContigS146LE eo:l 201 E - delydrogenas:

Lo Pymate metsholia ContiglTALR e 11 136 - shehydrogensess (oxaloacstabe-ducarbosylating)
Lo Sterch aml sscsose metabslizm CunligdT2LR et 2 AL 1T - syl (UTP-Tornmmg

Lis T cell recepror sigealing patway Contig45LR 62:5.1.5.16 - phosphatase

L Argming o proline metabeds Loming| 5EL el 1000 - Skinase ec: 12041 - dehydrogerase
L% Argmine s proline metabolsm Simglei el V1L - Skinase: ee 1214 - dehvérogonas:

Analysts was perfomiod wish BLeadGO spsssn the Kyoo Encyclopadla of goic sid Goomes (KEG. 3500 meass the naslor of sequeneds in dia
panbrway; FEngs indicanes the meher of airymes cotnsgondisg 1 he saquene

* e primes com coresgond @ inone Than e patliway.

** Alplubetival onler bused an the prmster name. See more detail of the primes in Toble 52

2013} In this process, accumulation of solutes in cells al-
lowes 1o decrease the osmatic potential and to maintaim the
cell wrgor s drought stress develops. Osmoprobectants
synihesized m respense o drought stress nclude low ma-
leculnr weight ord highly saluble compeunds, such as sug-
ars, proline, pelvels, and guaternary amimoniam {Pintd-
Maonjuan and Mumné-Basch, 2003 ). In wheat, osmntic ad-
justment is positively associated with higher yield under
draught stress and could partly explain the genotypic varia-
tien in siomatal response of wheat cultivars thag differ in
therr responses 1o drought (Morgan and Condon, 1086;
Iranloo e gl 20085, Here, we idemtified the sucross metab-
olism a8 an important pathway for drought response in the
cultivar MOGS1 Alanga (Figure 6], When considening both
tissues separately, the sucrose metoholism pathway was
still found to be among the three most Imperiant cnes.
There are four enzymes that play 2 key role i starch melab-
olism: EC 241,13 - Busase, EC 2.7.7.27 - AGPase, EC
24.121 - §TSase and BC, 24.1.18 - 5BE [Yang o al,
2004}, and all these enzymes, except for AGPase, were ac-
tivated during the water stress evaluated in this smudy.
These eneymies alse plaved an important rele when previ-
ously evnluated in wheat plants grown ander water siress
condiliong {."-Ul.n:talli and Baker, 20015, In addition, stanrch
and sucrose metabolism, phenylpropaneid biosymthesis,
and glyosylate and dicarboxylare metabolizm were also the

most freguently detected KEGG pathways in a irans-
cnptome analysis of Poulownle gusioelis grown under
drought conditions (Dong et al, 2014). Furhermmore,
proline is a solute teat plavs a role a8 a protective agent for
cells under osmolic siress, performing an important func-
ticm in the drought siress response (Meshadahmadi ef af.,
2003y, In our study, the P3CS1 and DELTA-OAT tran-
goripts, telated 1o proline Mosynthesis, were up-regulated
in leal and roat tissues (Table 34) In contrast, the
ALDHI2ZAN and PSCA2 tronseriprs were up-regulated only
in leaves, and the ALDHI transeript was up-rogulated in
s only. In facl, the argnine amd proline metabolism
pativay is among the top 20 pathways found ta be imduced
in leaves (Figure é).

Other transeripis already linked to the drougli re-
spoide were found among the candidate genes (Table 54).
These transcripts inehade glutathions S-irans ferase and oth-
ers relafed wo glutathione biosymthesis and catabolism
[GGTL, GETU2S, ATIGRSE20 and GSTULS dowrrrege-
latiel en foots; GSH I and OXP1 up-n.-g,uhl.l.'d uk roabs; R
up-repulated in beaves; GSTLE upregulated in leaves und
roas, and ERDF down-regulated in roots and up-regulated
in leaves); dehydims (DHNT up-regulated in leaves and
rowpsd; amd other late embryogenesis abmdant (LEA) pri-
teins (LEAT was down- and wp-regulated in leaves, while
up-regalation was abserved for ArLEAS-1, LEAL4, LEA
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and LEA4-5; in roots, LEALD, ATIG46140, AtLEA4-]
and  LEAT were up-régulared, while AQCCI was
down-rogulated). These proteins ere inmpartanl eneyimes in-
volved m stress Taspnruu.hr.-]piug to cape with detxifica-
tnon ond reducing cellulor damage by recovering denatured
proeins and cabilizing membranes (Koag e of, H03;
PREA LS55 andd PRAASE improved water delicil resistance i
rice [(Cheng of ef, 2002}, and the wheat dehydrin, DHN-5,
improved  drowght  tolerance when  overexpressed m
Avelidapsis thafime (Brind e al, 20071, Mareaver, these
protcing are among the differentinlly expreased tnscrpts

detecied in hard red winterwheat culovars submitte o wa-
ter-feficit comditions (Reddy of i, 20141

Aunodleer stralegy o decrease the elfects of drought s
1o reland |eal senescence (o pracess that is accelerated in
dranpght-sensitive penotypes). In practical temes, leal senes
cerce loads b reduced yicld, meaning that the suppicsion
wl’ i|m|.'|_|;!1[—i.11d|b€cd leaf denesecence = desisable (Jowel] o
atf,, 20000, In the MGS1 Alianga genotype analyzed here,
camdidate genes with GO terms related 1o feal sonesceneg
wete Toond i betls tedswes (RCA, HALL and LTIRS in leal
and SAGII, BAGIY LTI6S, ARFL, WRYKTD and DPRI
in moaly (Table 54), Moreover, many candidste penes re-
latedd 1o the bigsynthesis of the honmone abscasic acid
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{ABRA) were also found in our study for cx.m1p||.'_ the
AADT and WNCEDS {Y-gis-cpoxycarsienoid dioaysenase)
transerps, which crsde for mmpotunt EmEymes m the ABS
brosynibicsis pathway (Table 541 Osverexpression of the
HWCEDRDY transcrpt in Ambidopms leadds 10 1wlerance of
droughe (Tuchi er af, 2000 ABA synthesis imcrcoecs i
;ﬁ;lrlls uncler water stress, inducing stomatal chesure, reduc-
g water loss via ranspleation, and shaping ranscript ex-

A1, £TH aml {E b b of cwdidate pames that e upe or doom=egulebesd and thas ane spesifis o roans,
baaven, i srmmen hetween bt (sties for pances &, B and 1, repectively

ranscripts relnbed to ABS transduciion signaling were also
identified; for example. the OSTI wanscript, which re-
sonds 1o ABA stimulus comtralling stomatal  clasure
(Mustilli et al, 2002; Yoshida et ol 20023

The candidate genes imdaced by drowght siress and
chassilled as “transcription Loctors™ were less nuemensus
ns bZIP, CBF, EREBP. WREY. MADS, NAC and Myh
were Touid {Figure 341 Some of these TER have been ana-
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Ftween o und Lzl Parker ool mezin higher sumber of pesde (80 Al he el penes. (81 Dnly e candidaie genes clisiizd as no-hil

tyred by others, being up-reguinted in reats of o droughi-
toleramt genetype (Okay o al. 2004) ol induced by
deought stress i diffent specics of Triticam (Baloglu of
differentially regulated in response o heat, droughs amd
their combamation (Liw erad, 20058 In addivion, anincrease
in droughi folerancy has been demonsinstod i iransgenic
plants over-cxpressimg some of thase TFs, such as trans-
penic Arabidopsis expressing MAC TF or TaMYBIA (Mao
e, 20013 Li er .. 201 4}, rice expresamsg the DREBTA
from Arubidopsis |Itu_v_|lc_||m_:'r_r_\,' _(J_i’:, 2014, wheat plants
averexpreseing MYR-TF {TaPTMT jor TaERF3 {7hang or
af . ML Rong e el 2004) omd tobaceo expressing
TaABP] (bZIP-TF} or TaWRKY10 {Cao ef al, 2013;
Woag eral, JH 1,

Uine of the practical applicatsons of the Bolation o
1Imug]1t—rnlulqd genes §s the dn\'{:l.ﬂpmml. af Iransgenic
plamis thot are mare wlerand 1o droupht siress. So T,
several papers lave reported oo ihat approscl, nsing ran-
scripls beloagmg to some of the Hunctional grouops des-
cussed above. Fxamples in transgenic whent inchule
oamaprsieciont genes (Abche er ol . 2003 Vendruscolo ef
al, 2007), LEA proteind {Sivamand of al, 200, Bahweldin

wnd TF [ Mormam efad, 2001: Xoe ef o, 201 1; Soin Pierre
el 202 Ehang ef al., 3135, In thess repors, the experi-

ments were performesd with genes obtained  from J
thiliare {DRER, Aregplex horfensis {BADED, Exchedehi
coll {mrfDar bcr.lh.t-u:l-:_-.- (HY ALY, cotion {C-'.I'lﬂﬁ'Eﬂ'l\.iiue
[SMACTY, or Figey aeouisflia (P50, Only a few stmbies
have been performed with genes isolofed from wheat, such
a5 TaDRER?, TalMRERI, TaNACAR-!, or TulIMP
Mz el 200 Xue eral, 2011 Shang o ol 2012}
So fur, fich duin rc:gm'l.lim: the p-:rflrn'nuru:c of these ins=
penie plonts have nod been conclasive, with the minsgenic
limes ot otperforrming the controls or showing unsablo
performance along the years (Bahighdin e ol 20005 Saint
Pierre e al . 201 23 Monetheless. it should be inferesting 1o
evaluate the production of these plants in the Cerrado
reglon,

The candidare genes found hers are dismributed across
all eainpoient genomes and cliromodomes ol the wheat ge-
nwme [ Figure 7, f:gun: Bl The number of sequences b
lamging 1o ibe B penome was higher in companson with the
A and T genomass. Duaring evohinoen, the diphedd genomes
A and B {lrom wild species rolated o T wrartr and
Aegilips  spelowdes,  respectively)  underwent  an
alloploydizagion event o form the tetraploid wheat T
turgichion, followed by another olloploydization with the [
shown thit there i & tendency of B genome hamaeakosi 1o
coliribate more o gene expression in wheat than A or I3
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genome homaoeoloci (Leach ef all, 20043, Moreower, the
wild T, surgtidim spp. dicoccoides (AABB genome), which
i5 the nncestar of cultivated T mrpidum ssp. divmos ond T
acstivum (Budak ot al,, 2013}, contains a gene poal en-
riched For various agronomie trits, including drovghe 1ol-
erance (Peleg et wl, 2008, Ergen et afl, 2004 That
infurmation could encourage investigations on drowght re-
aponse in tetraploid wheat, and that toberance could be in-
corporated imio synthetic lines. However, it is imporiant to
mate that the interaction among the A, B and D genonmes
could activate or silence homeologous genes (Wang e al,
2011, making the introdwction of genes from the B genome:
inta the hexaplaid penome o laborioes task. Figures 7and &
also shorw that chromasomes 3B, 5B and 2B comnbute with
a greader number of drought-related transcripts m bath
rools and leves. Inowheal, quantitative train boa (QTL)
identified under different water regimes have been reported
for traiis like, for example, canopy temperature, carbon iso-
tope discrimination, photosyntletic parameters and vield or
yield components {Bheoran ef af, 2006). Virmally all
whean chromesomes and compenent genomes comtaim QTL
for droweght tolerance, most of them explaining a small frnc-
tion of the ohserved phenotvpic varation, When focusing
on chromasomes 38, 5B and 2B, the mapor regions identi-
[ieal im vur study. QTL for o number ol ndls correlated b
drought telerance have been described like, for mstance,
abacisic acid, canopy temperature, carban isetope diserimi-
nation. chlorophyll content, coleoptile kength, flag leafroll-
ing index, flag leal senescence, grain number, grain size,
grain weight, nermalized difference vegetation index. wa-
ter soluble earbohydrtes, phenology (anthesis, heading.
maturity), plant height, and yield (Shecran er al,, 2016).
The co~lncalizatinn of the QTL with same of the candulate
zenes obtained in this survey could be an mieresting target
for furture wark.

T conclusion, the present stady allowed for the iden-
tification of genes related 1o impartant pathways for
drought respomse in the wheat cultivar MGS1 Alianga, a
well-adapied cultivar for rainfed farming in the Cerrado
haome. Clearly, our results showed that the main pathways
activabed under water deprivation differ for mots and
leawes, Increments in drought rolerance throngh comven-
nonal aid biatechnalogical approaches should take this dif-
ference inlo consideration, The drought stress-related tran-
seripts deseribed here will be further chameterized o
provide targets of interest for broeders. They are alse im-
partanl o elucudste the complex regulatory metwork() of
the drought respanse, The characterization of candidate
genca that are differentially expressed among droughi-
tolorant and =sensitive genotypes can help wentify useful
milecular markers and candulate genes. Inthe long ron, the
interesting fargets and molecular markers con be used o
acluicve more sustainable whear production.
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Abhstract — The objective of this work was to analyze the androgenic response of Brazilion wheat genotypes to
different pretreatments of the spikes. prior to the culture of isolated micrespores, and to the effect of a gelling
agent in the induction gulture medium, Five genotypes were evaluated for embrye formation, green plant
regeneration, and spontaneons chromosome duplication. Whent spikes were subjected to two pratreptments:
cold, ot 4°C fior 20 days; and 2-hydroxymicotinge aeid, ot 32°C for two days, Colture media were evaluated
with or without Ficoll as a gelling agent. Cold preduced more embryos and green plants than the chemical
pretreatment in four out of five genotypes, Omly two genotypes treated with 2-hvdrogynicotinge acid were ahle
o produce plants, and one of them produced a single albino plant, Medivm containing Ficoll produced more
ermbryos than Hguid medivm, and promoted a higher number of plants, Spontaneous chromoseme duplication
varied between genody pes and pretreatments, and showed ligh variability.

Indlex terms: Triticam gestivam, albinism, androgenesis, doubled haploid, isolated microspone culture, recaleitrance,

Resposta androgénica de gendtipos brasileiros de trigo a diferentes
pré-tratamentos das espigas e a um agente gelificante

Resumo — 03 objetiva deste trabalho foi analisar a resposta androgénica de gendtipos brasileiros de trigoe a
diferentes pré-tratamentos das espigas, antes do culturn de micrésporos solados, ¢ ao efeito de wm agente
gelificante no meio de cultura de mdugdn, Cingo genotipos foram avalisdos quanto 3 formagio de embrides,
regenerapio de plantas verdes ¢ dupliagio cspontanea dos cromossomos, Pspigas de trigo foram submetidas
a dots pré-tratamentos: frio, a 4°C por 21 dias; e dodo 2-hidroximseotinice, @ 32°C por dois dias, Os meios de
cultura foram avaliados com ou sem Ficoll come agente gelificante, O (rio produzin mais embrides ¢ plantas
verdes do que o pré-tratamento quimicao, em quatrg dos cince gendtipos testados, Apenas dois gendipos
tratados com deido 2-hideoxinicotinico foram capazes de produzin plantas, e um deles produzia wina dnica
planta albina. O meio com Ficoll produziv mais embrides do que o meio liquido e gerou maior almero
de plantas. A duplicagio cspontinea dos cromossomos variou cnire os gendlipos ¢ o8 pri-tratlamentos ¢
apresentou alta variabilidade.

Termas purs indexagio; Triticam aestivear, albimisme, androgénese, duplo-haploide, cultura de micrasporos
isolados, recaleitringa

Introduction

The significance of haploid (H) plants tor plant
breeding and genetic research was first recognized in
1921, when Bergner abserved this natural phenomenon
in Datura stramonivm {Blakeslee et al., 1922), Four
decades later, Guha & Maheshwari (1964) ohserved
that these plants could arise from immature pollen in
vitro as an immediate product of meiosis, representing
all the diversity of the parental post-meiotic haplowd
chromosome  set, Haploid  plants have  noermal

development oyele;, however, one notable exception
Is related to their reproductive structure because
most haploid plants have defective anthers and are
sterile. Iin the absence of homalogous pairing, meioss
produces gametes with fewer than the necessary
complement of chromosomes. The duplication of
chromosonyes — spontaneous of induced — overcomes
this impasse to vield doubled haploid ([H) and fertile
plants. In other words, it cen produce completely
hamezyvgous plants, genetically normal, phenotypically

Pesg. agrapec. bras., Brasilia, v.51, n.ll, pxxxexxxx, nav. 206
DRO0: 0L 1SS SR =204 X T A0 T 0x
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stable, and representing all gametophytic vanation due
ter the recombination process of meiosis,

The fact that DH can vield completely homozygous
plants in a single vear is a valuable asset for breeding
programs, since it can accelerate the development of
new cultivars by up to five years, in comparizon to
comventional breeding. The use of DH plantz can
also increase the sclection cfficiency becansce fower
plants are necessary for the screening of sclected
trants, which reduces costs, allowing even in vitro
selectton of specific traits. Lin et al. (2002) used in
vitro selection in studies of resistance to pathogens,
mineral imbalances, and drought tolerance. However,
this tool 15 alse used in basic and advanced research
(Germana, 2001), =uch as penetic analysis, induction of
mutation, genome mapping, gene transfer (Abdollahi
etal, 2007}, and QTL detection (Sevmour et al., 2002),

Although haploidization has been successfully
achieved in anther and isolated microspore cultures
(IMC), =ome important advamages are associated
with IMC over anther culture, such as; abundance of
microspaores per spike, absence of anther walls that
could damage the culture process, assurance that all
developed embryos are microspore-derived, better
nutrient availability to cells in culture medinm, and
the possibility for ecasily tracking the development
of individual cells (Lin et al, 2002). IMC protocols
have been improved for many plant species; however,
cereal microspore culture reguires some adjustment io
b wsed in large-scale, especially the rate of embryo
induction, green plant regeneration, and sponfangous
chromoesome doubling (Castillo et al., 200%),

Androgenesis is ane of the nvsi remarkable examples
of cellular totipotency. However, some conditions should
be met for gametes o develop inte a new plant. Stress
pretreatments are considered erucial for triggering
totipodency and activating the sporophytic pathway
of the microspore cell (Sharatpanahi et al, 2006).
The physiclogical conditions of donor plants and the
microspore development stage are alse very important
because they can modily the androgenic response even
In responzsive genolypes (Germana, 20010,

The objective of this work was o evaluate the
androgenic response of five Brazilian wheat genotypes
1o the effects of different pretreatments of the spikes amd
of a gelling agent in the induction culture medium.

Pesq. agropec. bras., Brasilio, v.51. n.l], passx-wxex, nov. 2006
DRO0: 100 155N SAR-204 X 20 A0 0] LDHI0x

Materials and Methods

The experiment was carried out at Embrapa Trigo, in
Passo Fundo, RS, Brazil, in 20112012, Six genotvpes
were used to test androgenesis: five Brazilian wheat
genotypes with unknown androgenic responses —
MGS 1 Alanga’, 'MGS Brilhante!, 'BR 18 (Terenal,
PFO20037, and PFO20062 —, and the responsive
genotype Pavon 76" which waz used az a control,

Seed of donor plants were treated with an insecticide
and a fungicide solution — 1:1 Gatche {(Imidacloprid
600 g L7 Baytan {Triadimenol 150 g L) Treated
sead were distributed on a moistenad germitest paper
with distilled water, and kept in the dark, at 4°C, for
four days. After this period, seed were transferred o
a chamber (24°C, 16 hours light) for approximately
one week. The germinated seed were transferred to
6.5 kg pots containing a mix of soil, vermiculite, and
substrate (1:1:1) and moved o a Conviron growth
chamber (20°C/15°C, 16 hours light), Each pot received
two perminated seeds. Twenty plants were grown per
genotype, Halt-strength Hoeagland nutrient solution
was applied once a week (100 mL per pot) until the
end of tillering.

Tillers containing spikes were sampled when
microspores were 1n the early to med-uninucleated
stage (confirmed by acetocarmine staining), and their
stems were immediately placed in a flask containing
distilled water. Tillers were wrapped in aluminum toil
and stored in Qasks with distlled water.

Two pretreatments were applicd o the spikes
before microspore extraction: cold, tillers were kept
in distilled water and stored at 4°C for 21=3 davs;
and chemical, tillers were transferved o 50 mL of
100 mg L' 2-hvdroxynicotinee acid (2-HNA) solution,
and kept at 32°C for two days.

Afler pretreatments and pricr o exiraction, awns
were removed with seissors, and the surface of donor
spikes were sterilized for 15 min in 15% bleach
(0.035%, active chlorine) solution, containing one drop
of Tween 20 1o climinate external bacterial or fungal
contaminants. Following disinfection, spikes were
rinscd five times with sterile, distilled water. The outer
glumees of cach spikelet were discarded, and the Nowers
were removed from the rachis and transferred to a
sterile miniblender cup (Waring, Thomas Scientific,
Muodel 3392, Swedesbore, M1, USA) containing 50 mL
of refrigerated NPR-99 extraction medinm (Liv et al,,
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2002, Nine to 12 spikes were used for each exiraction.
The total number of spikes 15 described in Table 1.

Flowers were blended twice at low speed for 7-8 5,
and the solution was transferred o a cold beaker.
The solution was filtered through a 100 wmol L7
sterile membrane into two 50 mlL sterile centrifuge
tubes, then it was centrifuged for five min at 100 g
(45C) using a swinging bucket rotor, Supernatant was
discarded, and the pellets were resuzpended in 35 mL
of NPB-9% and centrifuged again. Two more cycles of
centrifugation were repeated at the same speed. The
final pellets were resuspended in 2001000 pl. NPBE-
W, and the microspore concentration was verified
using a hemocytometer. Cells were adjusted to a final
concentration of approximately 30,000 cells mL™".

Microspore suspension (230 pLjwas plated on 40x11
mm diameter Corning plastic Petri dishes containing
2750 pl NPB-99 and O.001% arabic gum from the
acacia tree, with or without 10% Ficoll PMA00 as a
gelling agent: hall” of each extraction was plated on
medinm with Ficoll, and the other half, in a medinm
without Ficoll. One immature ovary per milliliter was
added to each plate; ovary donor spikes were sterilized
under the zame conditions as those of the microspore
doner spikes, The plates were sealed with Parafilm and
placed into a 1530 mm Petri dish containing an open 35
mm Petrt dish with sterile distilled water.

The Petri dishes were placed in the dark inside
an incubator at 27°C for approximately 3—4 weeks,
Embryos with at least 2 mm in size were transferred
ter %15 mum Petri dishes containing 20 mL of GEM
medivm (Eudes et al, 2003y, The Petri dishes were
stoved in a growth room and expesed to 16 hours of
light per day, at 24°C.

Once embryos had regenerated into green plants
with roots and leaves, each plantlet was transferred
e 14 mL rosting medium {Eudes et al, 2003} and
maintained in the same room. When plantlet roots were

i

well developed, they were transplanted into 500 mL
PVC cups containing vermiculite (weekly fertilized)
and covered with a beaker, After acclimation, plants
were ready to be transplanted in the soil {two plants
per 6.5 kg pot). They were grown in a controlled
environment room, under the same conditions as
those of the doner plantz, until the end of the cyvele.
Colchicine treatment was not applied to plants, and
chromesome doubling was verified by checking fertile
spikes,

Results and Discussion

Visible differences in the total number of cells fcell
vield) and stage of microspore development were
ohserved between the two types of pretreatment. The
number of uninucleated cells per spike was markedly
higher in plants pretreated with cold, varying among
genotypes from 41,672 1o 107410 cells, in comparison
to 2982 w 33527 cells wsing 2-HNA (Table 1)
The application of 2-HNA to tillers accelerated the
development cyveles of both spikes and cells, and the
remaining  legves of tllers rapidly yellowed. The
aptical microscopy images indicated that most of the
microspore cells were at the early binucleated stage
after 2-HMNA pretreatment, and some of these cells
were identified as pollen grains,

In general, most of microspore cells continue along
their normal gametophytic pathway, even after stress
pretreatment. Only a small percentage of competent
cells will follow the sporophytic pathway. Therefore,
increasing the number of purtfied vninucleated cells
per spike {yicld) would likely increase the number
of competent cells that would follow a sporophytic
pathway. Thus, the cold pretreatment applied to
the spikes generated better results (higher yield of
cells), which increased the number of embaryos and
regenerated plants in four out of five tested Brazilan

Table 1. Yicld of microspore cells obtained from six wheat genstypes in response to different tvpes of pretreatment,

Treninype -HHA Cold
Nymniber o spikies  Mumber ol el Nusnber aleellispike Mumber of spikies  Nusiser aleclls  Bumber of el ke

Favun 76 20 373008 1B 70 i1 1561,184 RLAID
PO T 54 LEI0 443 33,527 42 3.057.956 72,5382
MGE | Alianca 32 Bzes 4754 *» 2,204,734 T, 108
WS Brilhante' 3 193,332 £ A0 0 3232514 17210
B 1K {Terenaf 40l 119,265 2,982 42 1,750,243 41,672
PROZET 5 1,120,154 A3 0 2,551,M2 5013

Pesq. agrapec. bras., Brasilia, v.51, n.1l, pxxxexxxx, nav. 26
DROL: 108 135 SR04 X 001 L0

46



4 L.B. Paerseh-Bariolon et al

genolypes.  However, the application  of 2-HTNA
vielded lowrer number of cells and embryos, and plants
were obtained only from two Brazilian genodypes
(PFO2003T and "MGS | Alianga'), and from "Pavon 76'
(responsive control).

Regarding embryo and plant development, cold
treatment alse triggered microspore embryogenesis
mare effectively than heat associated with 2-HMNA.
Shirdelmoghanloo et al, (2009} found similar results,
These authors compared heat azssociated with chemical
treatment (2-HNA) and cold, alone or combined with
mannitel. In their study, a short pericd of cold {seven
days a1 4°C) combined with mannitol promoted higher
number of embryes and green plants. However, Konzak
et al, (20001} reperted opposite results regarding the
benefits of 2-HNA as a chemical pretreatment for
triggering embryogenesis. They ohserved that 2-HNA
significantly increased the androgenic response in
wheat microspoere culture,

The application of high temperatures to spikes has
breen suggested 1o accelerate the rate at which 2-HNA
triggers androgenesis in microspores (Liuetal., 2002),
2-HMNA was used as a pretreatment in the present
study to verify these effects, However, our results
significantly differed from those reported by Konzak
et al. (20041}, and Liu et al. (2002}, Regenerated plants
were obtained only from one Brazilian genotype
(PFO2003T), and it was a single albino plant from
MAGS 1 Allanga

In our stwdy. wheat tillers were maintained in
2-HNA zolution for two dayvs at 32°C, which resulted
in vellowish leaves and accelerated spike development.
One fower of the spike, removed after pretreatment
and ohserved under an optical microscope, showed that
the microspore cells were in a very advanced stage of
development, and most were bicellular or pollen-like,
Mone of the cells showed o “star-like™ morphology,
a feature gencrally associated with the onsct of
androgenesis (Maraschin et al, 2005) Considering
the severe effect of the stress treatment with 2-HNA,
less aggressive ircatmenis to trigger microspore
embryegenesiz would be preferable. Collecting tillers
during an earlier stage of microspore development,
and reducing the time or the temperature of this type
of prefreatment may also be useful for triggering the
response in recaleitrant wheat genotypes,

Adthough widely used, the mechanism by which
low  temperatures  elicit an androgenic  response
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remains unclear. Cold has been shown lo repress
the gametophytic pathway by inducing symmetrical
microspore mitotic divisions and  delaving  pollen
development (Shirdelmoghanloo et al, 2009, Cold
shock is also thought to ensure the survival of a greater
numtber of cells (Shariatpanahi et al., 2006), According
to these authors, the understanding of an accurate
mechanism of stress, with respect to microspore
embryogenesiz, is far (o be elucidated, regardless of
the chosen stress tvpe (cold, heat, chemical or others),
Based on these information, some authors believe that
cold is mot a stress “per se”, but an anti-stress that is
actually protecting microspores more than harming
them, and that the real stress 15 caused by starvation
(Zoriniants et al,, 2M5),

Because of its importance for plant breeding and
genctic studies, many protocols for producing DH
plants  via microspore  embryogenesis  have  been
reported for different crops and species. However, a
positive response of the method 15 largely dependent
on the genotype, amd improvements are required for
routine uses (Ferrie & Caswell, 2000; Asif, 2013),
Understanding  the mechanisms  involved o the
microspore  embryogenic process is  important 1o
identify a less genotype-dependent protecol.

Three important steps are primarily responsible
for androgenic  development: the  acquisition of
embryogenic capacity, the initiation of several cell
divisions, and organ formation and differentiation
(Maraschin et al, 2005. The acquisition of
embryogenic potential (first step) 15 largely affected
by the genotype, and specifically elicited by stress
treatments. Each unique isclated microspore culture
step  egually  contributes  to achieve microspore
cmbryogenesis. However, the *“real trigger” of the
process iz baged on reprogramming the original route
of microspores to sporophytic development.

After microspore cells are triggered to follow the
sporophytic route, a multiple step process initiated
by several cell divisions takes place leading to the
formation of an embryo-like structure, In our study,
microspore-derived embryos began to emerge after
three to four weeks in the culture medium. Embryos
were cither floating on the surface of the medium or
sinking.

In addition to pretrestment-derived  differences,
the presence of o gelling agent (Ficoll) in the culture
medium also vielded clear differences in the number
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of embryos and regenerated plants {Table 2). Both
embryvos and regenerated plants were far more abundant
when Ficoll was added o the medium., Moreover, the
culture could be more easily manipulated because of
the higher viscosity of the medim, which reduces
imjury to the embryvos,

The use of Ficoll in the culture medium increases
the viscosity and 15 associated with medium density
and osmolality, Eudes & Amundsen (2005} compared
the presence of Ficoll (10%) in NPB-99 medium
for the IMC of triticale, and they observed that the
medium supplemented with Ficoll increased the total
number of Aoating embryos, which are considered
to be more embryogenic than the sinking ones. This
difference was attributed to better gas exchange on
the medium surface, which 15 important for embryo
development. The authors also observed that flsating
embryos were more likely 1o develop inte green
plants, and the opposite was true for sinking embryos
(produced more alhino plants). We observed that
the presence of 0% of Ficoll in the culture medium
imcreased the androgenic response, which resulted
i a higher number of embryos and regenerated
plants, However, as an exception, the responsive
genotvpe Pavon 76 produced a higher number of
embryos when 2-HNA was applied to the spikes and
combined with the induction medium without Ficoll,
For this genoype/pretreatment, 13% of the embryos
converted into plants in response to this condition.
Taken together, our results indicate that cold {4°C)
and induction medium with Ficoll {10%) improved
embryo formation and plant regeneration.

Three Brazilian genotypes (MGS 1 Alianga),
PFO20027, and "MGS  Brilhante') stood out and
produced a high number of embryos, in response to
cold pretreaiment and induction medium containing
Ficoll, similarly to "Pavon 76" {Table 2). Two genodypes
("BR 18 (Terena)' and PFO20062) produced a lower
number of embryos, "BR 1B {Terena) alzo generated a
low number of cells per spike (vield). The low number
of embryos could be associated with the low vield of
cells, However, PFOZMGZ exhibited high vields and
produced only seven embryos.

As expected, 'Pavon 76" produced the highest total
percentage of regencrated plants (46% of embryos
converted into plants). Two Brazilian  genotypes
were moderately responsive: PROZON3T (19%) and
MGS 1 Alianga’ (18%). "MGS Brilhante’ produced
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a substantial ameunt of embryos (1.022), but only
3% of them regenerated into plants, Conversely,
'BE 13 {Terena) produced very few embryvos (122},
but 34% converted into plants, PFO20062 was highly
recaleitrant, producing the lowest number of embryos,
and no plants,

Albine plantz were observed in most genmypes
{except for PFO200G2L 'MGS 1 Alianga' and Pavon
76" produced the highest percentages of albing plants
(91 and T3%, respectively, Table 2} In addition to
genolypic limitations, the high frequency of albino
plants has largely affected the production of T
plants in cereals (Jacquard et al., 200%; Kumari at al.,
20097, In many cases, albinism can be observed in up
to 100%% of regenerated plants (Labbani et al., 2005),
Diverse factors could influence the rate of albinism: the
genotype and physiological conditions of donor plants,
pretreatment  temperatures, meiotic  abnormalitics,
hormonal imbalances, mutations, and incompatibility
between plastid and nuclear genomes {Kumari ot al.,
2000, Albine plants could also be a result of the
maternal inheritance of plastids. a hypothesis first
proposed by Vaughn et al. {19800, However, other
studies have shown that not all albino plants carry
plastid DMNA deletions (Torp & Andersen, 2009).

Although deletions and the reorganization of plastid
genomes were obzerved in owheat, barley (Day &
Ellis, 1984, 1985} and rice (Harada et al,, 1991, 1992),
albinism is alzo related to altered transcript patterns
and translation levels (Ankele eral, 2005).

A lack of chlorophyll in albine plants is usually
governed by one or [wo recessive genes, although
mare genes conirel this genetic rail in some species,
incleding additive and nonadditive genes (Kuman
et al, 2000 Because 1f 15 o recessive traif, albinism
15 difficult to cradicate from a population; the allele
will persist at a low frequency in heterorygous
plants. However, some approaches could minimize
the frequency of albino phenotypes. The addition of
copper sulfate to the pretreatment and culture medium
of barley anthers increased the anther response by 15%,
and the number of green plants by 400% { Wojnarowicz
et al, 212 Jacquard et al, (2004) showed that this
madification increased the number of DH plants and
reduced the number of albing plants in barley anther
culture, including the presence of green plants inoa
genotype that regenerated only albino plants.

The total pumber of green plants {H, DH, and
dead plants) and the percentage of green plants (tetal)
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were recorded for all genclypes, varying from 9
o 59% wmong evaluated genolvpes, Sponfaneous
chromosome doubling was  recorded by checking
the =seed ser. The overall effiviency of chromosome
doubling ranged from 36% 1n 'BR 18 Terena' Lo 63%
m ‘MG Brilhante

Three types of regencrated plants were observed:
plants containing sterile spikes only, plants having
fertile apikes only, and plants presenting fertile and
sterile spikes (Figure 1 A), Additienally, four differem
types of spikes were found: fertile, partially fertile,
sterile, and atypical falways sterile and with the same
phenotvpe) (Figure | B), Phenotype alterations of
spikes did not differ between genotypes.

Genome duplication is a very importanl siep o
recover the fertility of the H plant. The spontaneous

Vi .|: (i

ik | -.1.;|.I||

| l

A OH+H H LH

HHAH
Cada 'S 3372

B H DH Ayl

Figure L. Types of plonts and spikes obtained from
microspore culture. A) Three types of regenerated plamts:
DH + H, containing fertile and sterile spikes: H, containing
only sterile spikes; and DEL contpining only tertile spikes,
B} Four types of spikes: H, completely stenle spike: DN,
portially fertile or completely fertile spike; and atypical,
spikes with different phenotypes, abwavs sterile

-

doubling of chromosomes in anther or microspore
culture is highly desirable becanse it avoids artificial
chromosome  doubling, which 15 bme-consuming,
coatly, and inefficient. Induced chromosame doubling
by chemical agents, such as colchicine, results in high
maortality rates, which decreases the process efficiency
(Castillo et al., 2009}, Four different mechanisms werg
identified as responsible for spentaneous chromosome
doubling: endoreduplication, a type of cell cvele in
which meclear chromosomal DNA replication occurs
without cell divesion; nuelear fusion: endomitosis: and
c-mitesis { Testillano et al,, 2004}, However, the precise
mechanizm is nol well understood, and the factors
leading Lo Lthese processes remain unknown, bul are
highly susceptible to the in vitro conditions { Testillano
et al., 204y Diflerences between genolypes can
alse influence the doubling of the chromoseme sel
(Indrianioe et al., 19499} Castillo et al. {2009 reported
doubling rates of chromoesomes varying from 25 to
T3% for bread wheat,

Our  pesults  corroborate the  hypothesis  that
spontanenis  genone duplicaton i3 genolype-
dependent, ranging from 35%, for 'BR 18 (Terenal, to
63% for 'MGS Brilhante”; besides 65% for the responsive
genolype "Paven 760 Types of pretreatments and the
presence of Ficoll in the culture medivm also affected
chromwosome duplication exhibiting high variability for
this trait. Indrizngo of al, (1999) reported similar results
tor spontancous chromesome doubling. The awthors
whserved that cold pretreatment resulted inoa hagher
number of spontaneois diploids than heat or starvation.
Kasha et al. (2001} alse observed that cold or cold plus
mannitol had the same effect, that is: higher spontaneous
doubling rates compared with other pretreatments, In
generel, chromosome doubling will mostly ocour at
the heginning of cell division. The low frequency of
chimeric plants observed in our study suggests that
chromosome doubling ook place very carly during in
vitro cultivation, most likely af the time of induction,
a5 suggested by Kasha et al. (2001). However, even
at low frequencies, the presence of muxoploid plants
indicates that chromosome doukling did not occur in all
tssue cells. Lamtos et al (20060} also reported chimeric
wheat plants with different  chromosome  numbers
that exhibited fertile, partial fertife, and sterile spikes
obfained from IMC, According 1o the authars, spikes
abpormalities were likely dee to the intrinsic in vitro
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culture process, and they are net caused by artificial
chromosome duplication, as in our study.

Conclusions

1. Cold shock triggers androgenesis more effectively
than chemical reatment with 2-HNA

2, Induction culture medium  contaiming  10%
Ficoll produces more embryos and green plants than
induction medium without Ficoll.

3. Albinism is the restraining factor for all tested
genotypes, since its incidence ranged from 41% for
MGS Brilhante’) to 91% for 'MGS 1 Alianga’,

4, The DH provocol via IMC should be substantially
improved 1o be cost effective and efMicient.
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DISCUSSAO

A regido do Brasil, constituida em sua maior parte pelo bioma Cerrado ¢ a nova fronteira
para aumentar a producdo de trigo no pais. As caracteristicas ambientais da regido exigem que
as plantas lidem com diferentes estresses sendo a seca o mais importante, quando se considera
a agricultura do tipo sequeiro. Nao existem ainda trabalhos que avaliem a expressao génica de
uma maneira global em gendtipos brasileiros de trigo submetido a estresse de seca. Neste
contexto a analise de transcriptoma desenvolvida neste estudo ¢ um importante passo para
caracterizar a resposta de plantas de trigo a seca. Atualmente o trigo hexaploide (cultivar
Chinese Spring) estd tendo seu genoma finalizado pelo [International Wheat Genome
Sequencing Consortium (IWGSC), o qual tem como meta completar a sequéncia de referéncia

do genoma até o final de 2017 (http://www.agri-pulse.com/Wanted-13-million-to-unlock-the-

wheat-genome-03112015.asp).

As ferramentas de sequenciamento high-throughput e a bioinformatica vém permitindo
uma analise global da expressao génica, mudando o foco de um Unico gene para todo genoma
ou, No Nosso caso, para o transcriptoma. Por meio destas ferramentas, foi possivel a
identificacdo de 4.422 sequéncias diferencialmente expressas (DE) relacionadas a tolerancia a
seca no genoma do trigo hexaploide tolerante a seca, MGS1 Alianga, na época de perfilhamento
em ambos 6rgaos, raiz e folha, periodo em que pode ocorrer seca no Cerrado brasileiro (Ribeiro-

Junior et al., 2006).

Quando organismos sao submetidos a diferentes situacdes/ambientes eles percebem os
estimulos ao seu redor e respondem da melhor maneira para se adaptarem as novas condigdes.
Para que haja esta mudanca, principalmente em ambientes com condigdes mais extremas,
acontece uma reprogramagdo molecular na planta, onde haverd a inducdo de determinados
genes e repressdo de outros, os quais irdo definir as respostas da planta. A identificacdo destas
mudangas ¢ um passo chave para o entendimento da resposta do trigo a seca. No presente estudo
verificamos que o nimero de sequéncias reprimidas foi maior do que o de sequéncias induzidas
sob estresse de seca. Resultado semelhante foi obtido por Mohammadi et al. (2008) e Li et al.
(2012). Dentre todas as categorias, verifica-se a ocorréncia predominante de genes relacionados
a processos biologicos, nas classes: processo celular, processo metabolico, respostas a
estimulos e ndo classificadas; dentro das fun¢des moleculares as classes: ligagdo, atividade

catalitica e ndo classificadas; ja na categoria de componente celular as classes: parte celular,
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organela, membrana, parte de organela e ndo classificadas. As categorias encontradas na
anotacdo funcional de Gene Ontology das 4.422 sequéncias estdo de acordo com outros estudos
(usando outras tecnologias), por exemplo, o transcriptoma de Ammopiptanthus mongolicus
(planta do deserto tolerante a seca), analises de microarranjo de grao-de-bico sob estresse de
seca terminal e estudos de microarranjo no gendtipo de trigo tolerante a seca ‘Luohan No 2’ em

raiz na planta no estagio de duas folhas (Deokar et al., 2011; Li et al., 2012; Zhou et al., 2012).

Nos programas de melhoramento genético, frequentemente, a caracteristica desejada
tem que ser buscada em backgrounds de ancestrais ou em landraces. Para a caracteristica de
tolerancia a seca a fonte seria a espécie diploide ancestral Aegilops tauschii (doadora do genoma
D) e o background mais selvagem do tetrapléide Triticum durum, o T. dicoccoides (genoma
AB) (Nevo & Chen, 2010). Alelos conferindo alto rendimento de graos sob estresse de
escassez de agua foram identificados em dois locus do genoma B (2B e 7B) de T. dicoccoides
(Nevo & Chen, 2010). E interessante destacar que, no presente estudo, as sequéncias DE estio
localizadas preferencialmente no genoma B. Esta peculiaridade se observa, também, se
considerarmos apenas as sequéncias classificadas como no-hits, as quais se localizam
preferencialmente no cromossomo 2B. Porém, devemos manter em mente que ao se reunir os
trés genomas (A, B e D) a regulacdo de genes homedlogos pode ser modificada e criar-se um
novo ambiente de contribuicdo de cada genoma no trigo hexapldide, ndo refletindo

necessariamente a maior contribuicdo de um parental ou outro.

Varios estudos tém relatado a analise de QTLs, que permite a identificagdo de regides
cromossOmicas que explicam a variacdo fenotipica relacionada a tolerancia a seca. Uma série
de estudos tem registrado QTLs identificados em trigo sob diferentes regimes hidricos, onde
diferentes caracteristicas foram avaliadas, como por exemplo, temperatura do dossel,
discriminacao isotopica de carbono, pardmetros fotossintéticos, comprimento e peso da raiz, e
rendimento ou componentes do rendimento (Maccaferri et al., 2008; Mathews et al., 2008;
Rebetzke et al., 2008; Mclntyre et al., 2010; Pinto et al., 2010; Czyczylo-Mysza et al., 2011;
Sharma et al., 2011; Bennett et al., 2012; Bonneau et al., 2013; Edae et al., 2014; Zhang et al.,
2014). Interessantemente, nossos dados mostram que as sequencias DE correspondem a genes
localizados principalmente nos cromossomos 3B, 5B e 5B. Coincidentemente, outros trabalhos
reportaram QTLs relacionados a rendimentos de graos, componentes de rendimento, altura da
planta, temperatura do dossel, discriminagao isotdpica de carbono e vigor inicial localizados no
cromossomo 3B (Maccaferri et al., 2008; Rebetzke et al., 2008; Pinto et al., 2010; Bennett et

al.,, 2012; Bonneau et al., 2013; Edae et al., 2014), rendimento de grdos, componentes de
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rendimento, altura da planta e temperatura do dossel no cromossomo 5B (Mathews et al., 2008;
Bennett et al., 2012; Edae et al., 2014) e componentes de rendimento e fluorescéncia de clorofila
no cromossomo 5D (Czyczylo-Mysza et al., 2011). Isso sugere que genes DE encontrados no
nosso trabalho podem estar localizados dentro de QTLs importantes para a tolerancia a seca no

trigo. No entanto analises mais detalhadas sobre locos candidatos sdo necessarias.

Um importante passo em estudos de RNA-seq ¢ a validagdo dos dados obtidos pelo
sequenciamento por outras metodologias. Neste estudo foi utilizado RT-qPCR (PCR
quantitativo em tempo real) para este fim e ao final das andlises foi possivel validar
estatisticamente 65,7% das sequéncias (23 de 35 sequéncias analisadas, representando
diferentes rotas), sendo a validagao para os dados de raiz superior (73,3%) aos de folha (60%).
E importante ressaltar que este resultado apoia os dados obtidos no RNA-seq, uma vez que um

experimento independente (nas mesmas condi¢des) foi realizado para a validagao.

Além da identificacdo de genes, o presente estudo permitiu a identificagdo de rotas
metabdlicas que estdo envolvidas na tolerancia a seca. Foram identificadas 116 rotas diferentes
envolvidas na resposta a seca em trigo. Neste ranking, dentre as primeiras 20 rotas, 11 sdo
comuns em folha e raiz, sendo as outras 29 diferem nos dois 6rgdos. Uma rota comum em folha
e raiz, que se encontra dentre as trés rotas metabdlicas representadas por maior niumero de
sequéncias relacionadas, estd o metabolismo de amido e sacarose (primeira posi¢do em raiz e
terceira em folha). Existem quatro enzimas com papel chave no metabolismo do amido e
sacarose (Yang et al.,, 2004), sendo que trés destas foram identificadas como transcritos
diferencialmente expressos em nosso sequenciamento (EC 2.4.1.13 — Susase, EC 2.4.1.21 —
STSase e EC 2.4.1.18 — SBE). Resultados similares, no ranking das rotas, foram encontrados
por Dong et al. (2014) em Paulownia australis. A identificagdo dessas rotas constitui mais
uma possibilidade de escolha para proximos estudos mais especificos para se elucidar os

mecanismos de tolerancia a seca.

Os fatores de transcri¢do desempenham um papel importante na regulacdo da expressao
génica em resposta a estresses. Estes sdo alvos poderosos na engenharia genética, quando o
objetivo é obter tolerdncia a estresses, pois a alteragdo de expressdo de apenas um fator de
transcri¢do pode levar a indugdo ou repressdo de uma vasta gama de genes relacionados a
resposta ao determinado estresse. Outra importante revelagdo de nosso estudo, que serve como
ponto de partida para proximos estudos, foi a identificacdo, entre os genes DE, de fatores de

transcri¢do tais como bZIP, CBF, EREBP, WRKY, MADS, NAC, MYB related e DREB, os
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quais foram bem menos numerosos que outros genes. Estes mesmos fatores de transcricao
foram identificados por Li et al. (2012) e também foram os genes menos numerosos em raizes
da variedade tolerante de trigo ‘Luohan No 2’. Trabalhos da literatura tém demonstrado
aumento de tolerncia a seca em plantas transgénicas expressando alguns dos fatores de
transcri¢do encontrados. Este fendtipo foi observado em plantas transgénicas de Arabidopsis
expressando o fator de transcricdo NAC ou TaMYB2A (Mao et al., 2011; Li et al., 2014); de
arroz expressando DREB1a de Arabidopsis (Ravikumar et al., 2014); de trigo superexpressando
MYB-TF (TaPIMP1) ou TaERF2 (Zhang et al., 2012; Rong et al., 2014) e de tabaco
expressando TaABP1 (bZIP-TF) ou TaWRKY 10 (Cao et al., 2012; Wang et al., 2013).

Um dos préximos passos no estudo seria a caracterizagdo de sequéncias classificadas
como no-hits. Esta estratégia pode fornecer subsidios importantes para esclarecer a resposta do
trigo ao estresse de seca. Num futuro proximo seria de grande valia, também, aplicar a
metodologia deste trabalho a outros estadios fenologicos do trigo, a fim de analisar o
comportamento destes genes ao longo do desenvolvimento. A co-localizacdo de QTLs com
alguns dos transcritos obtidos no experimento pode ser proveitosa em futuros trabalhos. Outro
ponto interessante seria sequenciar o RNA de outras variedades de trigo com diferentes
respostas a seca e fazer uma comparacdo das categorias dos genes entre as cultivares
(primeiramente num aspecto mais amplo para depois focar em familias especificas). A mais
longo prazo seria importante, ainda, a comparagdo de sequéncias de espécies diferentes para
uma melhor compreensdo do papel dos genes envolvidos no processo de resposta da planta ao

estresse hidrico.

Plantas transgénicas sao ferramentas valiosas para estudos de expressao e funcao génica.
Entretanto, na maioria dos estudos tém sido utilizadas plantas modelos tais como Arabidopsis,
tabaco e arroz. O presente trabalho iniciou trabalhos com o objetivo final de obter plantas
transgénicas (via IMC) da espécie de interesse, ou seja, de cultivares de trigo, para a analise
funcional de genes candidatos, envolvidos na resposta da planta ao estresse hidrico. A eficiéncia
na obtencdo de plantas transgénicas de trigo ainda ¢ baixa. A maioria dos métodos para a
geragdo destas plantas usam embrides imaturos como explante. Uma das desvantagens do uso
deste tecido alvo é que s@o necessarios varios anos para realizar as andlises genéticas,
caracterizacdo molecular das plantas transgénicas e obten¢do de plantas homozigotas (Zhou et
al., 2003). Portanto, para tentar superar a baixa eficiéncia e as dificuldades na avaliagdo das
plantas transgénicas, assim como a mais rapida utilizagdo das mesmas nos programas de

melhoramento, seria desejavel o desenvolvimento de um protocolo de transformag@o usando



58

como alvo para a transferéncia génica os microsporos isolados. Para se alcancar este objetivo
as seguintes etapas deveriam ser realizadas: (1) otimizar o protocolo existente de cultura de
microsporos isolados (IMC — do inglés isolated microspore culture)), (2) identificar genotipos
com potencial androgenético e (3) estabelecer um protocolo de transformagdo genética de

microsporos isolados de trigo.

Trabalhos disponiveis na literatura usando como explantes micrésporos isolados para a
transformagdo genética sdo escassos. Em cevada, Jahne et al. (1994), Yao et al. (1997) e Carlson
et al. (2001) utilizaram a técnica de bombardeamento de particulas e obtiveram plantas
transgénicas possivelmente hemizigotas para o transgene e possiveis plantas homozigotas. Em
trigo foi registrado sucesso na regeneragdo de plantas transgénicas a partir de micrésporos
isolados transformados pelo método Agrobacterium (Liu, 2004), método Agrobacterium e

eletroporagdo (Brew-Appiah et al. (2013).

Em nosso estudo foram realizados experimentos preliminares com cultivares controle
Bobwhite e Fielder, que possuem potencial para transformacdo (Weeks et al., 1993;
Pellegrineschi et al., 2002; Haliloglu and Baenziger, 2003; Zale et al., 2004; Jones et al., 2005;
Brunner et al., 2011), e Pavon 76 (alta resposta androgenética), para o estabelecimento de um
protocolo de transformac@o de micrésporos isolados na Embrapa Trigo (dados ndo mostrados).
Os experimentos basearam-se no protocolo utilizado por Liu (2004). Este protocolo usava como
método de transformacdo o sistema Agrobacterium tumefaciens. A extracdo e o cultivo dos
microsporos isolados seguem o mesmo protocolo utilizado no experimento realizado para
avaliar a resposta androgenética de diferentes cultivares. Para a transformacao, foi adicionado
0 passo de co-cultivo com a agrobactéria. A inoculacdo da bactéria foi feita no momento da
extragdo dos micrésporos, ou seja, no dia zero de cultivo. Vinte e quatro horas apds o inicio do
co-cultivo foram adicionados antibidticos ao meio de cultura, para a supressao da bactéria. Os
resultados obtidos ndo foram satisfatorios. A adi¢do de mais passos ao protocolo e a inoculagio
de bactérias ao meio liquido impediu a recuperacao de plantas a partir dos embrides. Verificou-
se a necessidade de otimizar o protocolo de IMC, buscando maior eficiéncia na regeneragdo de
plantas, para entdo iniciar os experimentos de transformagao. Devido a este impasse, o objetivo
de transformar microsporos isolados ficou para ser alcancado a mais longo prazo, apds

estabelecer as melhorias no protocolo de IMC.

Dados da literatura indicam que ndo existe um protocolo padrdo para a androgénese,

que ¢ uma resposta altamente dependente do gendtipo. Ha trés principais passos para o
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desenvolvimento androgenético: aquisicdo da capacidade embriogénica, inicio de inumeras
divisdes celulares e formacgao dos 6rgaos e diferenciacdo (Maraschin et al., 2005). A aquisicao
do potencial androgenético ¢ amplamente afetada pelo gendtipo e, especificamente, iniciada
pelos pré-tratamentos de estresse, embora o real gatilho seja a reprogramagdo para que a célula
siga a rota esporofitica ao invés da gametofitica. Diferentes tipos de estresse podem desencadear
a mudanga de rota. Para o trigo o estresse mais utilizado e que tem gerado melhores resultados
¢ a aplicagdo de frio nas células alvo. Contudo, ha alguns poucos trabalhos demonstrando que
aplicacdo de acido 2-hidroxinicotinico (2-HNA) pode render resultados muito mais eficientes
(Zheng et al., 2003; Liu et al., 2002). Tentando aprimorar o protocolo de IMC este
pretratamento quimico foi testado em gendtipos brasileiros selecionados. Nossos resultados
indicam que o pré-tratamento de frio ainda permanece como melhor alternativa para
desencadear o processo androgenético nos genoétipos testados. Resultado similar foi obtido
numa cultivar iraniana onde o pré-tratamento com 2-HNA a 33 °C também foi pior que a
apliagdo de frio (Shirdelmoghanloo et al. 2009). E possivel que melhores resultados com o pré-
tratamento de 2-HNA possam ser alcangados se modificados alguns parametros, como por

exemplo, o tempo de exposicao.

Um obstaculo encontrado no desenvolvimento deste trabalho foi a alta produgdo de
plantas albinas. Plantas albinas ocorreram em todos os gendtipos testados. Sabe-se que diversos
fatores podem afetar a producao de plantas albinas, sendo um deles o tipo de pretratamento ou
a composicdo do meio de cultura. Baseado nos trabalhos de Wojnarowiez et al., (2002) e
Jacquard et al, (2009), em cevada, um dos proximos passos na busca da otimizag@o do protocolo
de IMC em trigo seria testar a adi¢do de sulfato de cobre ao meio de cultura na etapa de pré-

tratamento.

Outra variavel para tornar a IMC mais eficiente no que se refere a producio de plantas
regeneradas consiste na modificacdo da composi¢do do meio de cultura. A presenca de agente
gelificante no meio levou a uma melhora na resposta. A presenca de Ficoll conferiu ao meio
uma textura semissolida, fazendo com que as células se mantivessem na parte superior do meio
de cultura, ajudando nas trocas gasosas e facilitando a manipula¢do dos embrides formados.
Resultados semelhantes, mostrando que a presenga de Ficoll (10%) melhorou a resposta

androgenética em triticale, foram alcancados por Eudes e Amundsen (2005).

Uma vez que espécies e genotipos dentro de uma mesma espécie diferem no potencial

de regeneracdo de tecidos in vitro, um dos objetivos do estudo foi avaliar a resposta
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androgenética de diferentes genotipos de trigo, especialmente quanto a producdo de plantas
verdes com o genoma espontaneamente duplicado. A duplicacdo espontanea dos cromossomos
¢ altamente desejavel num protocolo de IMC. Para o trigo esta taxa de duplicag@o tem variado
de 25% a 75% (Castillo et al., 2009) e ¢ altamente dependente do gendtipo (Brew-Appiah et
al., 2013). A taxa de duplicac@o para os gendtipos testados no presente estudo variou de 35% a
63%. A duplicagdo parece ter ocorrido no inicio das divisdes, no momento da formagdo do
embrido, uma vez que plantas totalmente DH, quimeras ou totalmente haploides foram

regeneradas.
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CONCLUSAO

A identificacdo de genes relacionados a resposta a seca em trigo foi realizada. Isto abre
perspectivas para novas pesquisas que devem ser direcionadas para estudos da funcdo de cada
gene identificado e estudo do envolvimento destes genes em rotas metabodlicas especificas.
Além disso, esses resultados permitirdo o desenvolvimento de marcadores moleculares e de
estratégias para obtencdo de plantas transgénicas, entre outros. O sequenciamento do
transcriptoma de outros estadios fenoldgicos e outras cultivares, com diferentes respostas ao
estresse hidrico, podera contribuir para ampliar o entendimento dos mecanismos moleculares

de tolerancia a seca em trigo.

Além da identificacdo de genes de respostas a seca, este trabalho também permitiu a
identificacdo de genotipos de trigo com potencial androgenético. Futuros trabalhos para
otimizar o protocolo de IMC, visando sua aplicacdo para o estabelecimento de um protocolo de

transformagao eficiente, serdo realizados.
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