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Abstract

Rubber tree (Hevea brasiliensis), native species of the Amazon, is world’s major
source of natural rubber. Rubber tree breeding programs have been fundamental for the
selection of desirable traits. However, the breeding cycle is time consuming (around 30
years), which makes the development of new techniques for early evaluation a necessity.
cDNA libraries and Expressed Sequence Tags (ESTs) are very important tools in molecular
biology: they enable the identification of genes preferentially expressed in tissues or
cellular types and are also a valuable resource of polymorphic markers, powerful
instruments for genotyping and molecular mapping. The use of EST-derived markers
allows the construction of functional maps, wherein expressed genes or regions near genes
are positioned. This type of mapping is important for gene-trait association studies and
candidate genes identification.

The present study aimed at the construction of cDNA libraries from different tissues
(panel, latex and leave) and treatments (cold exposure and Microcyclus ulei controlled
infection) of rubber tree for the development of EST sequences and gene-targeted
molecular markers, to raise the saturation of a microsatellite-based integrated genetic map
previously constructed in our laboratory, in which 18 quantitative trait loci (QTLs) related
to growth traits were identified.

Sequencing of 10,464 clones generated 8,551 high quality ESTs that were clustered
into 5,211 unigenes. Among these, 3,582 (68.7%) showed similarity to a hypothetical or
expressed protein. A total of 173 EST-SSR and 43 SNP markers were developed for
H. brasiliensis. 150 SSRs (87%) could be associated with functional genes, and 98.8%
were transferred to other Hevea species, suggesting that the genus is a complex

formed by different species. SNP markers were identified in 13 ESTs that showed
vii



similarity to stress response, development and latex biosynthesis proteins. Six
sequences were highly abundant in the cold exposure libraries and expression analyses
demonstrated that five sequences were up-regulated during the exposure, with emphasis
to two sequences with more than 70-fold increase in expression.

From the developed EST-SSRs, 46 were genotyped in the segregating F1 population
comprised of 270 plants. These markers were added to the genetic map, which know
contains a total of 330 markers. The OneMap software was used for the map construction
that now has 3,068.9 cM and 22 linkage groups. Five loci were mapped into QTLs, and
transcripts of three of them present similarity to proteins involved in stress response and
developmental processes. These loci may be candidate genes for studies related to rubber
tree growth traits.

To our knowledge, this is the first work in rubber tree that combines analyses of
ESTs from different tissues and treatments, and to analyze sequences under cold stress,
in several H. brasiliensis genotypes. The new positioned markers may help in
the identification of genes of interest and QTLs for other agronomic important traits.
The several gene-targeted markers developed here will be used in the mapping and
positioning of possible genes in other mapping populations that are now being evaluated

at Genetics and Molecular Analysis Laboratory.
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Resumo

A seringueira (Hevea brasiliensis), espécie nativa da Amazonia, € a maior fonte de
borracha natural do mundo. Programas de melhoramento genético da seringueira t€ém sido
cruciais para a obten¢do de caracteres desejaveis. Entretanto, o ciclo de melhoramento da
seringueira € muito longo (cerca de 30 anos), tornando-se essencial o desenvolvimento de
novas técnicas de avaliacdo precoce. As bibliotecas de cDNA e Expressed Sequence Tags
(ESTs) sao ferramentas muito importantes em biologia molecular: possibilitam identificar
genes preferencialmente expressos em tecidos ou tipos celulares e também sdo valiosas
fontes de marcadores polimodrficos, instrumentos poderosos para genotipagem e
mapeamento molecular. O uso de marcadores derivados de ESTs permite construir mapas
funcionais, nos quais sdo posicionados genes transcritos ou regides proximas aos genes.
Este tipo de mapeamento € importante para estudos de associagdo gene-caracteristica, e
identificac¢do de genes candidatos.

Este trabalho objetivou a constru¢do de bibliotecas de cDNA de diferentes tecidos
(painel, litex e folha) e tratamentos (exposi¢do ao frio e infeccdo controlada por
Microcyclus ulei) de seringueira para desenvolver sequéncias EST e marcadores
moleculares gene-direcionados a partir destas sequéncias, para aumentar a saturacao de um
mapa integrado baseado em microssatélites, no qual identificaram 18 quantitative trait loci
(QTLs) para caracteristicas de crescimento, construido previamente em nosso laboratorio.

Foram sequenciados 10.464 clones, gerando 8.551 ESTs de alta qualidade que
agrupadas formaram 5.211 unigenes. Destes, 3.582 (68,7%) apresentam similaridade com
uma proteina hipotética ou expressa. Foram desenvolvidos 173 marcadores EST-SSR e 43

marcadores SNP para H. brasiliensis. 150 EST-SSRs (87%) podem estar associados a



genes funcionais, e 98,8% foram transferidos para outras espécies de Hevea, sugerindo que
o geénero seja um complexo formado pelas diferentes espécies. Os SNPs foram
identificados em 13 ESTs similares a proteinas de resposta a estresse, desenvolvimento e
sintese de latex. Seis sequéncias foram abundantes nas bibliotecas de exposicdo ao frio e
andlises de expressdao demonstraram que a expressao de cinco sequéncias aumentou durante
o experimento, principalmente a expressdo de duas sequéncias que foi aumentada mais de
70 vezes.

Dos EST-SSRs desenvolvidos, 46 foram genotipados na populacdo segregante F;
com 270 individuos, e estes marcadores foram adicionados ao mapa genético de
seringueira, totalizando 330 marcadores. O programa OneMap foi usado para a constru¢do
do mapa que possui 3.068,9 cM de extensdo e 22 grupos de ligagdo (LGs). Cinco locos
foram mapeados em regides QTL, e os transcritos de trés s@o similares a proteinas de
resposta a estresse e desenvolvimento. Estes locos podem ser genes candidatos para estudos
relacionados a caracteristicas de crescimento em seringueira.

Até o momento, este € o primeiro trabalho em seringueira que combina anélises de
ESTs de diferentes tecidos e tratamentos, e andlises sobre a exposicdo a baixas
temperaturas, em varios genotipos de seringueira. Os novos marcadores adicionados ao
mapa poderdo auxiliar na identificacio de genes de interesse e de QTLs para outras
caracteristicas de importancia agrondmica. Os vdarios marcadores gene-direcionados
desenvolvidos serdo utilizados para mapeamento e posicionamento de possiveis genes em
outras populagcdes de mapeamento que estdo sendo avaliadas no Laboratério de Anélise

Genética e Molecular.
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Estudar, e buscar pela verdade e beleza, ¢ uma esfera de
atividade na qual nos € permitido continuar
criancas por toda a vida.

(Albert Einstein)
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Introducao

A seringueira (Hevea brasiliensis), espécie nativa da Amazonia, pertence a familia
Euphorbiaceae e € a maior fonte de borracha natural do mundo, matéria-prima de grande
importancia em diversos setores industriais. Ao contrdrio da maioria das plantas cultivadas, é
uma espécie que ainda estd sendo domesticada, e sua histéria € tdo curta que quase nao mudou o
seu aspecto de drvore nativa encontrada na Amazdnia. Apesar de o Brasil ser o centro de origem
e de diversidade da espécie, e principal produtor e exportador de borracha no final do século
XIX, o Brasil € importador dessa matéria prima desde o inicio do século passado. Em 2012, a
producdo mundial de borracha natural atingiu 11.327.000 toneladas, das quais o Brasil
contribuiu, apenas, com 171.500 toneladas (1,5%). Nesse ano o consumo nacional foi de 343.400
toneladas, ou seja, o Brasil importou a maior parte da borracha consumida no pais.

A grande limitag@o para o cultivo da seringueira em sua regido de origem € a ocorréncia
do mal-das-folhas, causada pelo fungo Microcyclus ulei, que € favorecida pela alta temperatura e
umidade caracteristicas da Amazonia. Desta maneira, o cultivo da seringueira se estendeu a 4reas
de diferentes caracteristicas climédticas, denominadas regides de escape, criando a necessidade de
novos cultivares adaptados a essas dreas. A expansdo do cultivo da seringueira no Brasil esta
diretamente ligada a identificacdo de clones adaptados as dreas de escape. Programas de
melhoramento genético da seringueira tém sido fundamentais para a obtencdo de caracteres
desejaveis. A seringueira por ser uma cultura perene, tem um longo ciclo de melhoramento,
sendo necessdrios cerca de 30 anos para obter-se uma variedade melhorada. Com o intuito de

maximizar a selecio e reduzir esse periodo, mudancas que possam ser efetuadas sem

comprometer o ganho genético, pode resultar em um programa mais eficiente.



As ferramentas da biologia molecular podem ser a chave para tornar mais eficiente e
rapida a obtencdo de novos cultivares. A geracdo de marcadores moleculares e mapas genéticos
podem possibilitar a deteccdo precoce de um gendtipo de interesse a partir de selecdo assistida
(MAS) e selecao gendmica ampla (GWS), assim reduzindo o tempo e os custos. O uso de
técnicas moleculares em seringueira teve um inicio bastante timido, e somente nos dltimos anos a
utilizag¢do dessas técnicas se tornou mais abrangente.

Neste contexto, o principal objetivo deste trabalho foi o desenvolvimento de Expressed
Sequence Tags (ESTs) de diferentes tecidos e tratamentos em seringueira e o desenvolvimento de
marcadores gene-direcionados a partir destes ESTs, com a finalidade de aumentar a saturagao e
posicionar possiveis genes em um mapa genético molecular de seringueira construido em nosso
laboratério. Para tanto, foi necessdria a constru¢io de sete bibliotecas de cDNA, o
sequenciamento e andlise dos reads, e a identificacdo de polimorfismos em sequéncias que
apresentavam similaridade com proteinas.

A adicdo dos novos marcadores, juntamente com uma maior saturacdo do mapa, abre
novas possibilidades para a identificacdo de genes envolvidos em caracteristicas agrondmicas de
interesse, QTLs e para realizar MAS e GWS. Os marcadores desenvolvidos podem ser usados em
diferentes populacdes de mapeamento, assim como na caracterizacdo de germoplasma, estudos
sobre variabilidade genética e estrutura populacional em H. brasiliensis € em outras espécies de
Hevea. Além disso, as sequéncias EST obtidas podem ser usadas para auxiliar na andlise de
outras bibliotecas de cDNA e, por serem longas, na montagem de transcriptomas de seringueira.

Este trabalho foi desenvolvido em colaboracdo com o Centro de Seringueira do Instituto
Agrondmico de Campinas (IAC), Departamento de Genética da ESALQ/USP e a empresa

Michelin do Brasil.
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Revisao bibliografica
O contexto e a importancia da cultura da seringueira

A seringueira (Hevea spp.) € uma das principais espécies florestais nativas do Brasil, é
perene, pertence a familia Euphorbiaceae e a classificacdo atual do género Hevea conduz a 11
espécies intercruzaveis (Pires et al. 2002; Gongalves et al. 1990). As espécies conhecidas sdo: H.
benthamiana Miill-Arg., H. brasiliensis (Willd. ex Adr. de Juss.) Muell-Arg., H. camargoana
Pires, H. camporum Ducke, H. guianensis Aubl., H. microphylla Ule, H. nitida Mart. ex Miill-
Arg., H. paludosa Ule, H. pauciflora (Spruce ex Benth.) Miill-Arg., H. rigidifolia (Spruce ex
Benth.) Miill-Arg., e H. spruceana (Benth.) Miill-Arg (Gongalves et al., 1997). O rio Negro, na
confluéncia com o rio Amazonas, € o centro primério de diversidade genética do género Hevea,
sendo as dreas nas proximidades do municipio de Borba, no baixo rio Madeira, o centro
secunddrio (Wycherley, 1977). A ocorréncia natural das espécies de Hevea esta circunscrita a
regido Amazodnica, sendo encontradas no Brasil, Bolivia, Peru, Colémbia, Equador, Guianas,
Suriname e Venezuela (Webster e Paardekooper, 1989; Priyadarshan e Clement-Demange, 2004)
(Fig. 1).

A seringueira € uma dicotiledonea mondica, as flores sdo unissexuadas, pequenas,
amarelas e dispostas em racimo. As folhas sdo longamente pecioladas e repartidas em trés
foliolos. O fruto é uma cépsula grande que geralmente apresenta trés sementes (Paiva, 1992). A
polinizacdo da seringueira € entomofila, sendo que pequeninos insetos da familia
Ceratopogonidae (Heleidae) sdo os principais responsdveis pela polinizacao natural, operando em
curtas distancias para poliniza¢cdo cruzada (IPEF, 2007), e as sementes sdo dispersas pelos rios.

Estudos sobre o gé€nero tiveram inicio em 1775, com a descricdo de H. guianensis por
Aublet (Priyadarshan e Clement-Demange, 2004). Em decorréncia da sobreposicao geografica

das espécies em sua drea natural de ocorréncia, a hibridizacdo é frequente devido a falta de

5



barreiras reprodutivas entre as espécies. Desta maneira, € provavel que as espécies de Hevea

ainda estejam em processo de especiacao (Pires et al., 2002; Gongalves e Fontes, 2012).
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Figura 1 — Ocorréncia natural do género Heveae — .........
da espécie H. brasiliensis (Lam et al., 2012).

Distribui¢@o do género Hevea

----- Distribuicao de H. brasiliensis
Hevea ¢ considerado um género diploide (2n=2x=36), todavia alguns estudos

citogenéticos apontam que a seringueira seria um anfidipléide (2n=4x=36) que se estabilizou
durante o curso da evolucdo (Ong, 1975; Priyadarshan e Clement-Demange, 2004). Estudos de
hibridizacdo in situ localizaram dois locos distintos para o rDNA 18S-25S e um loco para o
rDNA 58S no genoma de Hevea, o que indicaria a possibilidade de uma origem alotetraploide para
seringueira, com a perda de um loco rDNA 5S no processo (Leitch et al., 1998). Entretanto,
andlises com marcadores moleculares demonstram que Hevea se comporta como um diploide

(Lespinasse et al., 2000a; Le Guen et al., 2011; Souza et al., 2013), e embora algumas



observacdes possam sugerir uma origem a partir de duas espécies ancestrais, nenhum ancestral
diploide com 2n = 18 foi encontrado (Lespinasse et al., 2000a).

Dentre as espécies de seringueira se destaca a H. brasiliensis por ser a principal fonte de
borracha natural existente. A borracha natural € matéria-prima estratégica para mais de 40 mil
produtos, sendo possuidora de elasticidade, resisténcia ao desgaste, plasticidade,
impermeabilidade para liquidos e gases e propriedades isolantes de eletricidade (Mooibroek e
Cornish, 2000). De acordo com dados do International Rubber Study Group (IRSG, 2013), em
2012 a produc¢ao mundial de borracha natural atingiu 11,327 milhdes de toneladas para um
consumo de 11,005 milhdes de toneladas. Deste montante, o Brasil contribuiu apenas com 171,5
mil toneladas (1,5%), enquanto o consumo nacional interno foi de 343,4 mil toneladas (IRSG,
2013), ou seja, o pais importou a maior parte da borracha natural que consumiu, e as projecoes de
consumo para 2030 no Brasil ultrapassam a marca de um milhdo de toneladas (Cortez, 2005).

Embora a bacia Amazdnica ofereca 6timas condi¢des climdticas para o desenvolvimento
da cultura, a ocorréncia de uma doenga causada pelo fungo Microcyclus ulei, o mal das folhas
também chamada de SALB (South American leaf bligtht), limita a produgao de borracha nessa
regido (Pushparajah, 2001). Por consequéncia, a producdo de borracha natural tem se expandido
para dreas de escape. Entre os locais proeminentes dessa expansdo encontra-se o norte da India,
Vietna, sul da China e o planalto sul do Brasil. Além das novas condi¢des de desenvolvimento da
cultura, essas novas dreas possuem condi¢des de estresse como baixas temperaturas, altitude
elevada, vento e outras doengas (Pushparajah, 1983; Priyadarshan e Gongalves 2003). O
melhoramento genético vem buscando clones adaptados a essas novas dreas de escape
(Priyadarshan e Gongalves 2003). Entretanto, o ciclo de melhoramento genético da seringueira,
que vai do cruzamento até o final da producgdo leva de 20 a 30 anos para se concretizar. Além do

longo ciclo de vida, da falta de sincronismo no florescimento dos genitores e o baixo sucesso na
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polinizacdo controlada em seringueira, as progé€nies passam por testes precoces de producao,
vigor e tolerancia a doencas para serem testados em Experimentos de Avaliagdo em Pequena
Escala (EAPEs), seguidos por Experimentos de Avaliacio em Grande Escala (EAGEs) (Fig. 2)
(Gongalves e Fontes, 2012). Sendo assim, o desenvolvimento de novas técnicas de avaliacdo
precoce que possibilitem diminuir e aperfeicoar as avaliacdes para seringueira é extremamente
necessario. Neste ponto, as técnicas de biologia molecular podem auxiliar na obtencdo de novos

cultivares de maneira mais rapida e eficiente.

Bibliotecas de cDNA e Expressed Sequence Tags

A clonagem de cDNA ¢é uma das mais importantes ferramentas em biologia molecular.
Grande parte do nosso conhecimento sobre a natureza de transcritos e de proteinas se deve a
capacidade de preparacdo de copias de cDNA a partir de RNA e da criagdo de bibliotecas de
cDNA com a clonagem dessas copias. As bibliotecas de cDNA sdo derivadas, em sua maior
parte, de um pool de RNAs mensageiros (mRNAs) origindrio de diferentes tecidos ou até de uma
unica célula. Geralmente a sintese de cDNA se inicia pelas caudas poli(A), na extremidade 3’,
por primers oligo(dT) contendo de 12 a 18 repeti¢des de timina. Os primers oligo(dT) ainda
podem conter sitios de restricdo para endonucleases, facilitando a clonagem dos cDNAs através
da digestao dos fragmentos (revisado em Harbers, 2008). Para a sintese da segunda fita de cDNA
€ necessaria a criagdo de um sitio de iniciagcdo na extremidade 5° do cDNA, tendo varias técnicas
sido desenvolvidas para este fim (Kato et al., 1994; Maruyama e Sugano, 1994; Vettore et al.,
2001). Os ¢cDNAs dupla-fita sdo clonados em plasmidios (Vettore et al., 2001; Tobias et al.,
2005) ou bacteridfagos (Lin et al., 2005), e os clones sdo propagados usualmente em Escherichia

coli.
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Figura 2 - Ciclo utilizado em programas de sele¢do e melhoramento genético da seringueira (Gongalves
e Fontes, 2012).

O sequenciamento parcial de cDNAs, através de suas extremidades 5° e 3’, gera as
chamadas Expressed Sequence Tags (ESTs) (Sterky e Lundeberg 2000). As ESTs sdo uma
ferramenta poderosa para a identificacdo de genes que sdo preferencialmente expressos em certos
tecidos ou tipos celulares (Lin et al., 2005; Tobias et al., 2005) e para a anotagdo de sequéncias
de genomas completos (genoma expresso) em diversos organismos (revisado em Harbers, 2008).
Em plantas, os projetos de sequenciamento de ESTs geraram uma enorme quantidade de
sequéncias de DNA informativas, além de caracterizar genes por completo (Clepet et al., 2011;
Tang et al., 2013; Lin et al., 2013). A comparacdo das sequéncias de ESTs as de genes
conhecidos depositados em bancos de dados de sequéncias de DNA, tal como o NCBI

(http://ncbi.nlm.nih.gov/dbEST/), permite, via homologia, associar a cada EST uma provavel

funcdo. A identificagdo de genes sofreu um avanco possibilitado pelo uso das ESTs como



evidéncias bioldgicas para centenas de genes preditos e como fonte para a descoberta de novos
genes ou de transcritos alternativos. Apesar de a técnica de clonagem de cDNA ser usada ha
muitos anos, os projetos em larga escala provavelmente ainda ndo possuem todos os transcritos
representados nas bibliotecas. A fracdo do genoma ativamente transcrita € muito maior do que se
esperava com base nas anotagdes de genomas totais (Carninci, 2007; Kapranov et al., 2007).

As bibliotecas de cDNA proporcionam recursos para estudos funcionais de novos
transcritos, a descoberta de novos genes e para andlises de transcriptoma (Harbers, 2008), que em
seringueira comecaram a ser realizados apenas nos ultimos anos (Xia et al. 2011; Triwitayakorn
et al. 2011; Li et al. 2012; Salgado et al., 2014; Mantello et al., in press). A produgdo de ESTs
em larga escala cria a possibilidade de identificacdo de genes envolvidos em diferentes processos
celulares levando a um melhor entendimento dos mecanismos moleculares atuantes. Em plantas
de interesse agrondmico, € possivel a identificagcdo de genes relacionados com caracteristicas
fisiolégicas e bioquimicas economicamente importantes, podendo-se fazer uma ligacdo direta
entre fenotipo e gendtipo. Além disso, as bibliotecas de cDNA s3o uma valiosa fonte de
marcadores moleculares polimérficos baseados em PCR, os quais sdo instrumentos poderosos

para genotipagem e mapeamento molecular.

Marcadores moleculares desenvolvidos a partir de ESTs

As variagdes encontradas nas sequéncias de DNA sdao uma das mais importantes
caracteristicas para estudos genéticos em qualquer espécie, e os marcadores moleculares se
apresentam como ferramentas convenientes para se examinar essas variacdoes genéticas. Em
plantas, os marcadores sdo usados na pesquisa bdsica e em melhoramento para caracterizacdo de
germoplasma, isolamento de genes, para acompanhar a introgressdo de alelos favordveis e

protecdo da variabilidade (revisado em Andersen e Liibberstedt, 2003). Varios marcadores foram
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desenvolvidos em diferentes espécies de plantas [Restriction Fragment Lenght Polymorphisms
(RFLPs), Variable Number of Tandem Repeats (minissatélites ou VNTR), Amplified Fragment
Length Polymorphisms (AFLPs), Random Amplified Polymorphic DNA (RAPDs)], sendo os
microssatélites ou SSRs (Simple Sequence Repeats) e os SNPs (Single Nucleotide
Polymorphisms) os mais utilizados (Borém e Caixeta, 2006).

Os marcadores moleculares foram primeiramente desenvolvidos a partir de sequéncias
genOmicas andnimas (RDMs — Random DNA Markers), sendo fenotipicamente neutros, e t€ém
sido usados com sucesso em varios estudos de caracterizagdao genética (revisado em Andersen e
Liibberstedt, 2003). Entretanto, a ligacdo genética entre um RDM especifico e o loco de um
alelo-alvo pode ser quebrada por recombinacdo, o que limita o uso destes marcadores como uma
ferramenta diagnéstica (Rafalski e Tingey, 1993).

A caracterizagdo funcional de genes, os ESTs e os projetos de sequenciamento de
genomas facilitam o desenvolvimento de marcadores moleculares de regides transcritas do
genoma (Varshney et al., 2005a). Os SSRs (Varshney et al., 2005b) e os SNPs (Rafalski, 2002)
sa0 os marcadores mais importantes e populares que podem ser desenvolvidos a partir de ESTs.
Os ESTs que deram origem aos marcadores podem ser submetidos a buscas por homologia
(BLASTX) nos bancos de dados de proteinas (i.e.. SWISSPROT), podendo-se deduzir suas
provaveis funcdes. Estes marcadores sdo chamados gene-direcionados (GTMs — Gene Targeted
Markers) por se encontrarem dentro dos genes, mas ndo estarem relacionados com caracteristicas
fenotipicas. Quando estdo envolvidos com a variacdo fenotipica de uma caracteristica, sao
chamados de marcadores funcionais (FMs — Functional Markers) (Andersen e Liibberstedt,
2003). Se um marcador FM estiver geneticamente associado a uma caracteristica de interesse, €
provdavel que ele afete diretamente a caracteristica. Além disso, os ESTs que apresentam

homologia com genes candidatos podem ser utilizados de forma especifica para o mapeamento
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genético (Cato et al. 2001). Virios possiveis FMs tém sido desenvolvidos para diferentes
espécies de plantas (Liu et al., 2012; Xia et al., 2012; Azmach et al., 2013).

A utilizagdo de marcadores moleculares derivados de ESTs permite a constru¢do de
mapas funcionais, nos quais s@o posicionados genes transcritos, que podem apresentar associacao
significativa com caracteristicas agrondmicas de interesse. Em longo prazo, o desenvolvimento
de marcadores alelo-especificos para os genes que controlam caracteristicas de valor agronémico

serd um avango para o melhoramento vegetal.

1. EST-SSRs

Os microssatélites, ou SSRs, representam uma sequéncia de DNA composta por pequenos
motivos de 1 a 6 pares de bases repetidos em tandem. O niimero de repeticdes do microssatélite
pode variar, sendo que sua sequéncia adjacente costuma ser conservada entre individuos
diferentes da mesma espécie ou de espécies proximas. Estes marcadores sdo altamente
polimorficos e abundantes, apresentando grande reprodutibilidade, heran¢a codominante e boa
cobertura do genoma, sendo ideais para estudos de genética e melhoramento em plantas (Powell
et al., 1996). Os microssatélites também sdo usados para a integracdo de mapas genéticos e
fisicos em plantas, fornecendo meios para se associar variacOes fenotipicas a variagdes
genotipicas (revisado em Varshney et al., 2005b). Em fun¢do das vantagens que esse marcador
apresenta, ele se tornou o marcador genético mais utilizado nos diferentes estudos genéticos para
os quais sdo utilizados marcadores moleculares (Schlotterer, 2000).

Os marcadores microssatélites, desenvolvidos a partir de bibliotecas gendmicas, podem
pertencer a qualquer regido do genoma, transcrita ou ndo, e raramente hd informacgdes disponiveis
quanto as suas fung¢des. Em contraste, os EST-SSRs geralmente possuem fungdes putativas e sdo

marcadores gene-direcionados, com o potencial de se tornarem FMs, caso os polimorfismos dos
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motivos repetidos afetem a fung¢do do gene no qual ele se encontra (Andersen e Liibberstedt,
2003; Varshney et al., 2005b). Sdo encontrados em alta densidade nas regides expressas, sendo
estimado em média um SSR a cada 6Kb em plantas (Varshney et al., 2002). Em compara¢do com
os SSRs gendmicos, os EST-SSRs apresentam niveis de polimorfismo inferiores, devido a maior
pressao seletiva contra mutacdes nas regioes expressas, entretanto a qualidade de definicao e as
taxas de transferibilidade entre diferentes espécies sdo maiores (Varshney ef al. 2005b; Varshney

et al. 2005¢c; Feng et al. 2009).

2. SNPs

Os SNPs sdo muito abundantes no genoma e, devido a sua frequéncia e distribuicao,
surgem como importantes marcadores genéticos para a obtencdo de mapas de alta resolucdo
(Rafalski, 2002; Andersen and Liibberstedt 2003; Gaur ef al. 2012) e para estudos de associacao
baseados em genes candidatos ou possivelmente em genomas completos (Rafalski, 2002). SNPs
sdo trocas de bases Unicas que ocorrem em uma posi¢ao especifica do genoma. Por defini¢do, o
alelo menos frequente tem uma abundéncia de 1% ou mais, caso contrério € referido como uma
mutacdo (Brookes, 1999). Os SNPs apresentam natureza bialélica (em diploides) e podem ser
encontrados tanto em regides expressas quanto em ndo-expressas (Borém e Caixeta, 2006). Estao
espacados, em média, a cada 500-1000 bases em humanos (Tost e Gut, 2002). Em espécies de
plantas, essa distancia pode ser bem menor: em amendoeira, pode ser encontrado um SNP a cada
114pb (Wu et al. 2008), e em eucalipto, hd um SNP a cada 192pb (Novaes et al. 2008). Também
ha as insercOes/delecdes (indels) de bases tnicas que, apesar de ndo serem estritamente SNPs,
elas sdo quase sempre incluidas nessa definicao (Brookes 1999).

Em plantas, os SNPs podem ser usados como marcadores genéticos para muitas

aplicacdes em melhoramento, estudos populacionais, fingerprint de germoplasma, mapeamento
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genético, associagdes gendtipo/fendtipo e para estudos de clonagem posicional. Tais marcadores
tém sido fundamentais para andlise de genes e para o entendimento das bases genético-molecular
de importantes caracteristicas vegetais. O desenvolvimento de marcadores SNPs identificados a
partir de sequéncias de ESTs representa um valioso sistema de marcadores no mapeamento de
genes candidatos e na identificacdo da base genética de QTLs de caracteristicas de importancia

agrondmica.

Mapeamento genético

A base para a constru¢do de mapas genéticos € o conceito de ligacdo génica, que leva a
percepcao de que a frequéncia de recombinagdo pode ser usada como medida de distincia entre
dois genes (Sturtevant, 1913; Coelho e Silva, 2002). O entendimento desta caracteristica e a
disponibilidade de marcadores moleculares, aliados a métodos estatisticos, tem possibilitado a
constru¢cdo de mapas genéticos para varias espécies de plantas de interesse econdomico, incluindo
as que apresentam longo ciclo de vida (Carneiro e Vieira, 2002). Os mapas genéticos sao
considerados uma das aplicagdes de maior impacto dos marcadores moleculares para a andlise
genética e no melhoramento genético vegetal. Os mapas permitem a andlise de genomas,
desmembrar as caracteristicas complexas nos vdrios genes que as determinam, localizar regides
gendmicas que afetam caracteres agronOmicos e quantificar seus efeitos na caracteristica de
interesse. Para programas de melhoramento genético, a inclusdo desses dados é de extrema
importancia (Cruz e Silva, 2009). Trés pontos sdo extremamente importantes para a constru¢ao
de um mapa de ligacdo: a populacdo de mapeamento, a selecdo de marcadores polimorficos e a
andlise de ligacao entre os marcadores.

Para a populacido de mapeamento, a escolha dos genitores € o principal passo: quanto mais

proximos geneticamente forem os individuos, mais dificil serd a identificacdo de polimorfismos
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(Paterson et al., 1981). Para maximizar a probabilidade de detec¢do de locos polimérficos, o ideal
€ que os genitores nao possuam pais em comum e, no caso de espécies com autofecundacio,
pode-se fazer uso de cruzamentos interespecificos (Tanksley, 1993). Em mapeamento, a
utilizagdo de populacdes segregantes com alto desequilibrio de ligacdo € muito importante, uma
vez que a principal causa do desequilibrio € a ligagcdo fisica dos locos. Este desequilibrio é
bastante pronunciado em populagdes de cruzamentos controlados, desta maneira a deteccao de
ligacdo entre dois locos fisicamente préximos também ¢é elevada (Tanksley, 1993; Falconer e
Mackay, 1996; Lynch e Walsh, 1998).

As populacdes mais usadas para a constru¢do de mapas de ligacdo sdo geracdes F,
populacdes de retrocruzamentos e cruzamentos entre heterozigotos e linhagens duplo-haploide
(Tanksley, 1993). Entretanto, para espécies de ciclo longo, como a seringueira, a obtencdo dessas
linhagens € invidvel. Para possibilitar o mapeamento genético nessas espécies, diferentes
estratégias foram desenvolvidas, sendo o duplo pseudo testcross uma delas. A estratégia consiste
na construcdo de dois mapas individuais para cada genitor com base em marcadores que
segregam em um pai, mas nao no outro. Esta técnica foi utilizada, por exemplo, na construcdo de
mapas genéticos para duas espécies de eucalipto (Grattapaglia e Sederoff, 1994) e dlamo (Zang et
al., 2004). Outra estratégia, considerada mais efetiva, faz uso de métodos de méxima
verossimilhanga para estimar simultaneamente a ligac@o e as fases de ligacdo (Wu et al., 2002).
Este método foi utilizado com sucesso no mapeamento em cana-de-acucar (Garcia et al., 2006;

Oliveira et al., 2007; Palhares et al., 2012) e maracuja (Oliveira et al., 2008).
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Marcadores moleculares e mapeamento em seringueira

1. Marcadores moleculares

Marcadores do tipo minissatélites (Besse et al., 1993a), RFLPs (Besse et al., 1993b),
mtDNA RFLPs (Luo et al., 1995), RAPDs (Venkatachalam et al., 2001) e AFLPs (Lespinasse et
al., 2000a) foram desenvolvidos e utilizados em Hevea. Low et al. (1996) descreveram pela
primeira vez marcadores do tipo microssatélite em seringueira, através de pesquisas em bancos
de dados de algumas sequéncias do género, e esses marcadores demonstraram o alto nivel de
polimorfismo em varias espécies de Hevea. Os trabalhos seguintes se basearam na constru¢do de
bibliotecas enriquecidas em sequéncias repetitivas, levando a identificacdo de um grande nimero
de marcadores microssatélites (Atan et al., 1996; Seguin et al., 2003; Roy et al., 2004; Saha et
al., 2005; Souza et al., 2009; Le Guen et al., 2010; Mantello et al., 2012). Yu et al. (2011)
desenvolveram marcadores SSR através de um biblioteca gendmica construida pelo método SAM
(Selectively Amplified Microsatellite), que gera fingerprints de SSR multi-loco e as bandas
obtidas sdo sequenciadas para a deteccdo de regides microssatélite.

Feng et al. (2009) desenvolveram os primeiros marcadores EST-SSR para seringueira a
partir de bancos de dados de dominio publico. Estes marcadores, além de terem amplificado em
diferentes espécies de Hevea, também apresentaram transferibilidade para outros géneros. Apds a
publicacdo deste trabalho, novos marcadores EST-SSR para seringueira foram desenvolvidos
apenas a partir de 2012 (Li et al., 2012; Cubry et al., 2014), provavelmente devido ao nimero
limitado de sequéncias EST disponiveis nesse periodo.

Pootakham et al. (2011) relataram o primeiro trabalho de desenvolvimento de marcadores
SNP em seringueira, onde um total de 5.883 supostas posi¢cdes polimorficas foram descobertas

em sequéncias EST, e apenas dez marcadores SNP bialélicos foram validados. Depois deste

16



trabalho, foram necessarios trés anos para que novos marcadores SNP para H. brasiliensis fossem

desenvolvidos (Salgado et al., 2014; Silva et al., 2014; Mantello et al., in press).

2. Mapeamento

A construcdo de um mapa genético em Hevea requer metodologia especifica devido a alta
heterozigozidade da cultura e seu ciclo de vida. O cruzamento entre dois parentais heterozigotos
em Hevea pode produzir informacdo sobre quatro alelos, que segregaram futuramente. O
primeiro mapa genético de ligacdo molecular de Hevea brasiliensis foi formulado com a ajuda de
marcadores RFLPs, AFLPs, microssatélites e isoenzimas (Lespinasse et al., 2000a).

Os genitores usados foram PB 260 (PB 5/51 x PB 49) e RO 38 (F 4542 x AVROS 363), e
um duplo pseudo testcross foi realizado, resultando na constru¢do de mapas individuais para cada
genitor. Os marcadores homoélogos que segregaram em ambos os pais foram usados para
construir um Unico mapa. O mapa sintético de F; possui 717 marcas distribuidas entre 18 grupos
de ligacao (LGs): 301 RFLPs, 388 AFLPs, 18 microssatélites € 10 enzimas. O tamanho genético
dos 18 cromossomos foi razoavelmente homogéneo, sendo de 120 cM o tamanho médio por
cromossomo. Foi observado o agrupamento de muitos marcadores AFLP em determinadas
regides, o que pode ser consequéncia de reduzida frequéncia de recombinacdo nestas areas.
Contudo, os marcadores RFLP foram bem distribuidos entre os 18 LGs. Uma vez que o clone PB
260 € suscetivel e o clone RO 38 € resistente a infeccdo por M. ulei, esta populacdo de
mapeamento e os mapas construidos foram utilizados para a detec¢do de QTLs de resisténcia a
SALB: oito QTLs para tolerancia foram identificados (Lespinasse et al., 2000b) e um grande
QTL (M13-Ibn) responsavel por 36 a 89% da variancia fenotipica para resisténcia foi localizado

no LG 13 do mapa de RO 38 (Le Guen et al., 2003).
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Em 2011, dois novos mapas genéticos foram construidos para seringueira, e a estratégia
de pseudo ftestcross foi utilizada para a constru¢do dos mapas. Le Guen et al. (2011), com o
intuito de mapear QTLs para resisténcia a M. ulei, desenvolveu um mapa genético para o
cruzamento entre os clones PB 260 e MDF 180 (resistente ao fungo), utilizando marcadores SSR
e AFLP. O mapa sintético possui 18 LGs contendo 383 marcas no total, e 2.441 cM de tamanho.
Em MDF 180, um gene qualitativo (M15md) foi localizado no LG 15 e quatro QTLs menores
foram identificados, sendo que dois deles apresentam interacdo epistatica com o gene. O segundo
mapa foi construido por Triwitayakorn et al. (2011) para uma populacdo resultante do
cruzamento entre os clones RRIM 600 (Tjir 1 x PB 86) e RRII 105 (Tjir 1 x GI 1). O mapa possui
97 marcadores SSR distribuidos em 23 LGs, e tamanho total de 842,9 cM.

Em 2013, Souza et al.construiram um mapa genético integrado de uma populacdo F,
segregante resultante do cruzamento de PB 217 (PB 5/51 x PB 69) e PR 255 (Tjir 1 x PR 107),
utilizando a estratégia de andlise multiponto que permite a avaliacdo conjunta de diferentes tipos
de marcadores com diferentes padrdes de segregacdo. O mapa possui 284 locos microssatélite,
distribuidos em 23 LGs com tamanho total de 2.792,8 cM e densidade de um marcador a cada 9,8
cM. O mapa foi, entdo, utilizado para a identificacdo de QTLs envolvidos com caracteres de
crescimento (altura e circunferéncia) em dois diferentes periodos: inverno e verdo. Foram
identificados 18 QTLs para altura e circunferéncia, sendo que os QTLs detectados durante o
verdo eram diferentes dos QTLs detectados durante o inverno, o que sugere a presenca de
regulacdo génica diferencial entre as estagdes. Este trabalho foi o primeiro a identificar QTLs em

seringueira para caracteristicas ndo relacionadas a resisténcia ao M. ulei.
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Capitulo II
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Objetivos

Geral:

Construcao de um mapa funcional em seringueira (H. brasiliensis) para auxiliar na localiza¢do de

genes e regides que controlam caracteristicas de interesse ao melhoramento genético da

seringueira.

Especificos:

>

>

Construcdo de bibliotecas de cDNA a partir de diferentes tecidos e tratamentos;
Sequenciamento de, pelo menos, 10.000 clones para geracdo de um banco de sequéncias
EST de seringueira;

Andlise e anotacao das sequéncias EST obtidas;

Identificacdo de SSRs e SNPs nas sequéncias expressas presentes nas bibliotecas de
cDNA;

Desenvolvimento de marcadores EST-SSRs e SNPs gene-direcionados;

Caracterizagdo dos marcadores SNPs e EST-SSRs através da genotipagem de clones
divergentes fenotipicamente e os genitores da populacdo de mapeamento;

Genotipagem da populacao F segregante;

Construcao do mapa funcional para H. brasiliensis.
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Abstract Hevea brasiliensis is a native species of
the Amazon Basin of South America and the primary
source of natural rubber worldwide. Due to the
occurrence of South American Leaf Blight disease in
this area, rubber plantations have been extended to
suboptimal regions. Rubber tree breeding is time-
consuming and expensive, but molecular markers can
serve as a tool for early evaluation, thus reducing time
and costs. In this work, we constrocted six different

Electronic supplementary material  The online version of
this article (doi: 101007/ THO32-004-0095-2) contains supple-
mentary material, which is available o authorized users.

C. C. Silva (3=0) « C. C. Mantello + L. M. Souza -
AL P Souza (&=0)

Centro de Biologia Molecular ¢ Engenharia Genética
(CBMEG), Universidade Estadual de Campinas
(UNICAMP), Cidade Universitiria Zeferino Vaz,
CP 6010, Campinas, SP CEP 13083-970, Brazil
e-mail: silvachio@yahoocom. br

AL P. Souza

e-mmail: anete @unicamp.br

C. C. Mantello

e-mail: camilamantello @ gmai Leom

L. M. Souza

e-muil: liviamourad 1@ gmail.com

T. Campos

Centro de Pesquisa Agroflorestal do Acre (CPAFAC),
Embrapa, Rodovia BR-364, km 14, CP 321, Rio Branco,
AC CEP 69900-970, Bruzil

e-mail: tatiana.campos@ embrapa.br

Published onling: 29 April 2014

cDNA libraries with the aim of developing gene-
targeted molecular markers for the rubber tree. A total
of 8,263 reads were assembled, generating 5.025
unigenes that were analyzed; 912 expressed sequence
tags (ESTs) represented new transcripts. and two
sequences were highly up-regulated by cold stress.
These unigenes were scanned for microsatellite (SSR)
regions and single nucleotide polymorphisms (SNPs).
Intotal, 169 novel EST-5SR markers were developed:;
138 loci were polymorphic in the rubber tree. and
9% % presented transferahility to six other Hevea
species. Locus duplication was observed in H. brasil-
fensis and otherspecies. Additionally, 43 SNP markers
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in 13 sequences that showed similarity to proteins
involved in stress response, latex biosynthesis and
developmental processes were characterized. cDNA
libraries are arich source of SSR and SNP markers and
enable the identification of new transcripts. The new
markers developed here will be a valuable resource for
linkage mapping. QTL identification and other studies
in the rubber tree and can also be used to evaluate the
genetic variability of other Hevea species, which are
valuable assets in rubber tree breeding.

Keywords Hevea- Rubbertree - cDNA library -
Molecular markers - Microsatellite - SNPs

Introduction

Rubber tree [Hevea brasiliensiz (Willd. ex Adr. de
Juss.) Muell-Arg.]. a native species of the Amazon
rainforests, is the primary commercial source of
natural rubber. H. brasifiensis is a diploid (2n = 36,
n = 18). perennial, cross-pollinated and monoecious
tropical tree that belongs to the Euphorbiaceae family.
The genus Hevea is composed of 11 inter-crossable
species, of which H. brasiliensis is the most econom-
ically important (Pires et al. 2002; Gongalves et al.
1990). Natural rubber is used in a large variety of
products due to its flexibility, resistance. plasticity,
impermeability and insulating properties { Mooibroek
and Cornish 2000). In 2012, 11.327 million tons of
natural rubber were produced worldwide to meet a
demand of 11.005 million tons (International Rubber
Study Group (IRSG) 2013); by the wyear 2020,
economists predict that the demand for natural rubber
will surpass its production by thousands of tons
{Burger and Smith 1997).

The Amazon Basin presents a suitable climate for
crop development, but the occwrrence of South
American Leaf Blight (SALB), which is caused by
the fungus Microcyelus wlei (P. Henn) v. Arx, limits
rubber production in the area (Pushparajah 2001). This
problem has led to the expansion of rubber plantations
to suboptimal areas, such as northeastern India,
Vietnam, southern China and the southemn plateau of
Brazil. In addition to new conditions for crop devel-
opment, these new areas of production often present
stressful conditions, such as low temperatures, high
altitudes, typhoons and dry periods, and all of these
factors affect latex production (Pushparajah 1983;
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Priyadarshan and Gongalves 2003). Rubber breeding
programs aim to identify clones that are adapted to
these stress conditions (Priyadarshan and Gongalves
2003). However, rubber tree breeding is time-con-
suming and expensive because it can take more than
20 years to develop a new wvariety (Gongalves and
Fontes 2012). The generation of molecular markers
can enable the early detection of the target genotype
by marker-assisted selection (MAS). thus reducing the
length of the breeding period and its costs.

Expressed sequence tags (ESTs) are a powerful tool
for genetic studies such as gene identification, tissue
expression profiling and gene mapping; ESTs are also
a rich source of molecular markers {Varshney et al.
2005a; Harbers 2008). Microsatellite regions {SSRs;
Varshney et al. 2005a) and single nucleotide poly-
morphisms (SNPs; Rafalski 2002) are the most
impaortant and most widely used markers that can be
developed from ESTs. Unlike genomic microsatel-
lites, EST-S55Rs are likely to be embedded in
functional gene sequences because they are gene-
targeted markers that have the potential to become
functional markers (Andersen and Liibberstedt 2003;
Varshney et al. 2005a). Although EST-derived SSR
markers are less polymorphic than genomic SSRs,
they are better defined (Varshney et al. 2005a) and
exhibit higher rates of transferability to related species
{Varshney et al. 2005b; Feng et al. 2009). SNPs are
highly abundant in the genome and can be used for the
construction of high-resolution maps due to their
frequency and distribution (Andersen and Liibberstedt
2003; Gaur et al. 2012). EST-derived SNP markers are
also gene-targeted and can be directly involved in the
expression of a desirable trait; therefore, they are atool
for marker-assisted selection (Liu et al. 2012; Xiaet al.
2012) and are useful for genetic studies such as
candidate gene mapping and gene-based association
studies.

H. brasiliensis EST studies have been carried out
over the last 10 years (Ko et al. 2003; Chow et al.
2007), but large-scale EST studies of the rubber tree
have only been initiated in the last few years (Xia etal.
2011; Triwitayakom et al. 2011; Li et al. 2012). The
development of EST-derived SSR markers for the
rubber tree has also only recently been reported (Feng
et al. 2009; Triwitayakorn et al. 2011; Li et al. 2012),
and only ten SNP markers have been reported thus far
{Pootakham et al. 2011). In the present work, cDNA
libraries of cold-stressed clones and different tissues
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from the rubber tree were constructed for the devel-
opment of EST-55R and SNP markers.

Methods
Plant materials

Clonal graftings of Hevea brasiliensis clones PB 217,
PR 255, GT | and IAN 873 were subjected to a 24<h
cold treatment in a Thermo Forma Diurnal Growth
Chamber (model 3740; Thermo Scientific Inc., USA)
and maintained at 8 *C with a 12-h photoperiod. This
treatment was performed to promote the expression of
genes involved in cold response and for the develop-
ment of molecular markers related to this stress
condition. Clones PB 217 (high rubber yield potential
and cold sensitive) and PR 255 (tolerant to injury and
cold) are the parents of a mapping population (Souza
et al. 2013), and clones GT | and IAN 873 showed
cold tolerance in the field (Gongalves PS. personal
communication). The leaves were wrapped in tinfoil
prior to collection to prevent transcript redundancy.
The leaves were sampled at intervals of 0, 6. 10 and
24 h; immediately frozen in liquid nitrogen; and
stored at —80 ®C until use. For the panel and latex
libraries, samples were collected from | 6-year-old tree
clones of PB 217, PR 255, GT 1. PB 235, RRIM 701
and TAN E73, and leaves of the same clones were
collected from the rubber tree germplasm. Clones GT
I. PB 235 and RRIM 701 are the parents of two
mapping populations that are being evaluated in our
laboratory, and all clones used are recommended for
cultivation in Sio Paulo State (Gongalves PS. personal
communication). This number of clones was used to
increase the chance of detecting SNPs related to stress
conditions for mapping in the Fl populations under
evaluation. All of the samples were frozen immedi-
ately on dry ice and stored at —80 °C prior to RNA
extraction.

To characterize the microsatellite markers. 18
contrasting A brasiliensis genotypes were selected,
including clones PB 217, PR 255, GT 1, PB 235 and
RRIM 701. Furthermore, six species from the genus
Hevea were included to assay the transferability of the
SSR markers. The SNP markers were characterized
using the clones listed above in addition to 18 other A.
brasiliensis genotypes. Thus, a total of 36 clones were
used to validate the polymorphic positions (Online

Resource |—Table S1). All of the H. brasiliensis
samples were collected at the Rubber Research Center
of the Agronomic Institute of Campinas (IAC),
Votuporanga, Sio  Paulo,  Brazil  (latitude:
20°25'22"S; longitude: 49°58"22"W), which is a
suboptimal region for rubber plantations. The samples
of the other species were obtained from the West
Amazon Agroforestry Research Center (Embrapa
Amazdnia Ocidental), Amazonas, Brazil.

RNA preparation, cDNA library construction
and EST generation

Total RNA was extracted from the leaves, panel and
latex following the protocol described by Chang et al.
(1993) and treated with RNAse-free DNAse [(Qiagen
Inc., USA). Equal amounts of total RNA were pooled
(up to 5 pg) according to tissue (leaf, panel and latex)
and time of sampling (6-, 10- and 24-h cold treatment).
The In-fusion SMARTer cDNA Library Construction
kit (Clontech Laboratories Inc., USA) was used to
construct the cDNA libraries according to the manu-
facturer’s instructions. The ligation mixtures were
transformed into electrocompetent Escherichia coli
DHIOB cells. and colonies were selected using LB-
ampicillin plates containing IPTG (isopropylthio-fi-
galactoside) and X-gal (5-bromo-4-chloro-3-indolyl-
f-p-galactoside). The insert fragment sizes of 15
positive clones from each library were analyzed by
PCR amplification using MI13 primers.

Sequencing ( 10-pL reaction mixtures) was carried
out from the 5 end of the inserts using M13 primers
and the Big Dye Terminator 3.1 Cycle Sequencing kit
{Applied Biosystems Inc., USA). The sequencing
reactions were analyzed in a 3500XL DNA ABI
PRISM Automatic Sequencer (Applied Biosystems
Inc., USA).

DNA extraction

Genomic DNA was extracted from the lyophilized leaf
tissues using a modified CTAB method (Doyle and
Doyle 1987). The quality and concentration of the DNA
were assessed by | % agarose gel electrophoresis.

EST sequence processing and analysis

PHRED (Ewing and Green 1998) was used to perform
vector and poly(A) removal and to trim low-guality
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segments. CLC Genomics Workbench 4 (CLC hio
ASS, Denmark) and ChromasPro 1.5 (Technelysium
Pty Ltd.. Australia) software were used to assemble
the high-quality EST sequences into contigs and
singletons. A similarity comparison was performed
with the ESTs (contigs and singletons) using the
BLAST2GO program (Conesa et al. 2005) to search
the National Center for Biotechnology Information
(NCBI) non-redundant (nr) protein database. Addi-
tionally, the BLAST2GO program was used with
default parameters to obtain the Gene Ontology (GO,
Ashburner et al. 2000) terms for the molecular
function, biological process and cellular component
categories and to identify the metabolic pathways
using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Ogata et al. 1999). Open reading
frames (ORFs) were predicted using the OrfPredictor
program (Min et al. 2005). All processed EST
sequences were deposited into the NCBI dbEST
database under accession numbers JZ536145 to
JZ544407.

Quantitative RT-PCR analysis

Expression analysis of the cold-stressed cDNA
libraries most represented unigenes was performed
by quantitative RT-PCR.. For the analysis of individual
samples, | pg of total RNA was used for cDNA
synthesis. For the combined samples analysis, equal
amounts of total RNA were pooled according to time
of sampling (0-, 6+, 10- and 24-h cold treatment), up to
atotal of 1 pg for cDNA synthesis with a QuantiTect
Reverse Transcription Kit (Qiagen Inc., USA), which
includes a genomic DNA removal step. The cDNAs
were diluted (1:20) in nuclease-free water, and | pL
was used for the gPCR.

Quantitative RT-PCR was conducted in a CFX384
Real-Time PCR Detection System (Bio-Rad Labora-
tories Inc., USA) with Maxima SYBR Green gPCR
Master Mix (Thermo Scientific Inc., USA) following
the manufacturers’ instructions and at a final primer
concentration of 0.3 pM. The reaction conditions were
as follows: 95 °C for 10 min; 40 cycles at 95 °C for
30 s, 60 2C for 30 s and 72 °C for 30 s. No template
controls for any primer pair were included. and each
reaction was performed in triplicate.

The evaluated sequences were similarto NAD(P)H-
quinone oxidoreductase subunit H (NADH). chloro-
plast photosystem [T 10 kDa polypeptide (PsbR). a
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hypothetical protein (HYPOT), ATP synthase CF0 C
subunit (CF0) and indole-3-acetic acid-induced pro-
tein (ARG2-1 and ARG2-2). The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and the eukary-
otic translation initiation factor (elF2; Li et al. 201 1)
genes were used as reference genes, and the (-h cold
treatment and PB 217 (-h cold treatment sample s were
used as the controls for gene expression normalization
of the combined samples and individual sample
analyses, respectively. The presence of single ampli-
cons in the PCR products was confirmed by analyzing
their melting curves at temperatures ranging from 65 to
95 ®C. The haseline and Cq values were automatically
determined, and expression analysis was performed
using CFX Manager 2.1 software (Bio-Rad Laborato-
ries Inc., USA). All primer sequences except elF2 are
described in Online Resource |—Table 52.

Search for putative molecular markers

SSR mining was performed using the SciRoKo soft-
ware (version 3.3; Kofler et al. 2007) with the “Perfect;
MISA-mode™ search mode and default settings. A
sequence was defined as a microsatellite region if it
exhibited the following characteristics: six repeats for
dinucleotides; five repeats for trinucleotides; and four
repeats for tetra-, penta- and hexanucleotides.

Contigs with a minimum of fourfold coverage were
utilized for SNP mining using the CLC Genomics
Workbench software (CLC bio A/S. Denmark). The
minimum quality of the central base and the average
quality of the surrounding bases were set at 20, and
putative SNPs were annotated when the less-repre-
sented allele was present in at least two EST sequences
up to a minimum frequency of 10 %. The candidate
SNPs were classified according to the type of single-
base substitution and visually localized into the
probable exonic and untranslated (UTR) regions if
the EST had a BLASTX hit.

EST-SSR marker characterization and species
transferability

PRIMER3 software (Rozen and Skaletsky 2000) was
used to design EST-SSR primer pairs from the
flanking sequences. The target amplicon size was set
to 100=300 bp. The optimal annealing temperature
was set to 6 °C, and the optimal primer length was set
to 20 bp. For S5R genotyping and characterization, we
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used a 4300 DNA Analyzer (LI-COR Biosciences,
USA). an Advance FS96 dsDNA Fragment Analyzer
{Advanced Analytical Technologies Inc.. USA) and
6 % denaturing polyacrylamide gels with silver stain-
ing (Creste et al. 2001).

For the analysis performed with the 4300 DNA
Analyzer (LI-COR Biosciences, USA). the MI13F
sequence was added to the 5" end of the forward primer
of 115 primer pairs. PCR amplification was performed
as described by Le Guen et al. (2011) with the
following modifications: (TDI1) ten amplification
cycles with a 0.5 °C decrease in annealing tempera-
ture per cycle, starting at 57 °C (95 °C for | min,
57°C for 30s and 72 °C for 1 min); (TD2) ten
amplification cycles with a |1 °C decrease in annealing
temperature per cycle, starting at 65 °C (95 °C for
| min, 65 ®C for 30 sand 72 °C for | min); and (TD3)
ten amplification cycles with a 1 °C decrease in
annealing temperature per cycle, starting at 62 °C
(95 °C for | min, 62 °C for 30 s and 72 °C for | min).

For the SSR characterization using an Adwvance
FS96 dsDNA Fragment Analyzer (Advanced Analyt-
ical Technologies Inc., USA) and silver-stained 6 %
denaturing polyacrylamide gels (Creste et al. 2001),
the amplification reactions were performed as follows:
denaturation at 95 *C for 3 min followed by 35
amplification cycles (95 2C for | min, specific anneal-
ing temperature for 45 s and 72 °C for | min) and a
final extension step at 72 °C for 5 min. All of the
amplification products were verified by 3 % agarose
gel electrophoresis.

The allelic polymorphic information content (PIC)
of the SSRs was calculated using the following
formula:

PIC=1-> pi=> % 2p
=l =l j=itl

where n is the number of alleles of the marker among
the set of genotypes used forthe characterization of the
SSR polymorphism and p; and p;are the frequencies of
alleles i and j. respectively. The TFPGA program
(Miller 1997) was used to calculate the expected and
observed heterozy gosities.

SNP marker validation and characterization

Sequences that showed similarity to known proteins
were chosen for the validation of SNPs in 36 H.

brasiliensis genotypes (Online Resource 1—Table
S1). Primer pairs were designed using PRIMER3
software (Rozen and Skaletsky 2000) to validate at
least one SNP present in the EST sequence. The target
amplicon size depended on the position and number of
putative SNP(s). The optimal annealing temperature
was set to 60 *C, and the optimal primer length was set
to 20 bp. PCR amplification was carried out in 20-pL
reaction mixtures, each containing 25 ng of genomic
DNA, 2 pM MgCl., 0.2 pM dNTPs, 1x reaction
buffer, 0.2 pM of each primer and 0.5 U of Pfu DNA
polymerase (recombinant; Thermo Scientific Inc..
USA). which was used to reduce the rate of nucleotide
incorporation errors. PCR was performed using the
following thermal cycling conditions: denaturation at
95 2C for 3 min followed by 35 amplification cycles
(95 °C for 30 s, specific annealing temperature for
30 s and 72 *C for 2 or 3 min) with a final extension
step at 72 °C for 10 min. The PCR products were
verified by 1.5 % agarose gel electrophoresis.

For sequencing, the amplicons were purified using a
solution containing 20 % PEGBOOD (w/v) and 2.5 M
NaCl solution. The sequencing of the amplicons was
carried out hidirectionally (forward and reverse) in a
10=pL reaction mixture using the Big Dye Terminator
3.1 Cycle Sequencing kit (Applied Biosystems Inc.,
UUSA). The sequencing reactions were analyzed using
a 3500XL DNA ABI PRISM Automatic Sequencer
{Life Technologies Corporation, USA). The chro-
matograms were aligned to the reference sequence
using ChromasPro 1.5 software. and the SNPs were
identified as overlapping nucleotide peaks. The
expected and observed heterozygosities of the poly-
morphic positions and their PIC values were calcu-
lated using the same methods uvsed for EST-5SR
marker characterization.

Results and discussion

Library construction, characterization, sequencing
and contig assembly

To develop gene-targeted molecular markers, six
standard ¢cDNA libraries were constructed from the
leaves of cold-stres sed and panel, latex and leaf tissues
of different rubber tree clones (see “Methods™).
Colony PCR revealed that the cDNA inserts ranged
from 200 bp to 2.8 kb in length. A total of 10,080
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Fig. 1 Expression analysis of the most highly represented
sequences in the cold-stressed leaf libraries a hypothetical protein
(HYPOT), b ATP synthase CF) C subumit {CHY), ¢ NAINPIH-

clones of the cDNA libraries, consisting of all the
clones from the cold-stressed leaf libraries (cold-6 h
and cold-10 h: 1.824 clones each; cold-24 h: 2,496
clones) and randomly chosen clones from the panel.
latex and leaf libraries (1,536, 1,632 and 768 clones,
respectively), were subjected to sequencing. After
removing the vector, adaptor, low-guality and short
sequences (<150 bp) as well as all possible contam-
inating sequences. a total of 8263 (82 %) EST
sequences were generated, with an average length of
664 bp. The percentage of redundant sequences was
approximately 41 %.
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gquinone  oxidoreductase subunit H (NADH), d chloroplast
phatosystem I 10 kDa polypeptide (PsbR), ¢ and [ indole-3-
acetic acid-induced proteins (ARG2-1 and ARG2-2)

CLC Genomics Workbench 4 (CLC hio AJS.
Denmark) and Chromas Pro 1.5 (Technelysium Pty
Ltd., Australia) were used to assemble the ESTs,
generating 5,025 unigenes composed of 816 contigs
and 4,209 singletons. The majority of these sequences
(3.,640; 72.4 %) had lengths of between 200 bp and
| kb. The average length of the unigene sequences was
715 bp. which is longer than the Hevea brasiliensis
ESTs from the panel (Li et al. 2012), leaf and latex
{Xia et al. 2011) sequences obtained from RNA-seq
experiments and longer than the ESTs obtained from
M. wlei-infected leaves (Garcia et al. 2011). The
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contigs were formed from between two (413 contigs)
and 162 {one contig) reads, and the average number of
reads per contig was 4.97 (Online Resource |—Table
S3). Among the 5025 sequences, 4,991 (99.3 %)
contained ORFs, and after read assembly, the
sequence redundancy decreased to 1.5 %.

The maost highly represented genes in the EST
sequences

EST assembly was performed for each library prior to
the assembly of all sequences, and the number of reads
present in the generated contigs was evaluated. In the
cold-6 h library, two contigs formed by 33 reads each
were the most highly expressed based on the number
of ESTs in a contig. Both contigs exhibited similarity
to proteins related to photosynthesis (NAD(P)H-
quinone oxidoreductase subunit H, e-value Te™'*¥,
and chloroplast photosystem IT 10 kDa polypeptide
(PsbR), e-value 2¢™). A hypothetical protein (e-
value 2.83¢™') was the most highly expressed
sequence in the cold-10 h library (36 reads) and the
second most highly expressed in the cold-24 h library
{37 reads) and was highly represented in the leaf
library (63 reads), which suggests that this transcript
might be important for the leaf tissue, although no
probable function has been described for this tran-
script. The second most highly represented sequence
in the cold-10 h library was identified by 25 reads and
was similar to ATP synthase CH) C subunit (e-value
3™, which is also involved in photosynthesis.

The cold-24 h library also presented highly repre-
sented (=20 reads) sequences similar to proteins
involved in photosynthesis, but the most highly
expressed sequence in this library (with 44 reads)
was similar to indole-3-acetic acid-induced protein
(ARG2; e-value 7e_‘"). There was also a second
contig formed by seven reads that matched the same
protein. This sequence was also present at a very low
frequency in the cold-6 h, cold-10h and panel
libraries (two, four and two reads, respectively). This
protein is associated with the stress response in plants
{(Yamamoto et al. 1992; Seki et al. 2001).

Sequences similar to the rubber elongation factor
protein (REF; e-value 6e~*'; 88 reads) and pro-hevein
(54 reads; e-value 2e~'*") were the most highly
represented ESTs in the latex library. REF and small
rubber particle protein (SRPP), which was represented
by two contigs composed of 36 and 26 reads. are

believed to be involved in latex biosynthesis (Dennis
and Light 1989; Oh et al. 1999) and are highly
expressed in latex and laticifers (Ko et al. 2003; Chow
et al. 2007). Pro-hevein is believed to be involved in
the defense response because it is able to bind to chitin
and inhibit fungal growth (Van Parijs et al. 1991); pro-
hevein is also abundant in latex and laticifers (Ko etal.
2003; Chow et al. 2007). The panel library sequences
seemed to be less redundant than the sequences from
the other libraries because most of the contigs of the
panel library were formed by fewer than seven reads.
The most represented sequences in this library
presented similarity to non-specific lipid transfer
protein (17 reads; e-value le™*®) and metallothionein
3-like protein (15 reads; e-value le™*%).

The contigs were also analyzed after the assembly
of all ESTs. Because a majority of the ESTs originated
from the leaf tissues, reads exhibiting similarity to
chloroplast sequences, such as the proteins of photo-
systems [ and II, were highly abundant, as expected.
These reads constituted 13 of the 27 maost highly
expressed unigenes, considering the number of ESTs
in a contig (=20 reads). These 27 unigenes accounted
for 15.1 % of the 8,263 sequences obtained. The
following contigs did not show similarity to any
protein in the GenBank database but were similar to
other EST sequences: contig 366, which had 47 reads
from the cold-stressed leaf libraries; contig 42; and
contig 142, Sequences similar to REF, SRPP and pro-
hevein were also highly represented, mostly due to the
sequences from the latex library. All of the 27 most
expressed unigenes are described in Online Resource
|—=Table 54.

Expression analysis of the most highly represented
genes in the cold-stressed leaf libraries

Quantitative RT-PCR  analysis was performed to
examine the expression of the sequences that pre-
sented the highest number of reads in each of the cold-
stressed leaf libraries (6, 10 and 24 h) plus the
additional sequence also similar to the ARG2 protein.
The expression of the hypothetical protein did not
differ among the combined samples (Fig. la); how-
ever, there was a 5.4-fold decrease in the expression of
the clone GT 1 6 h sample (Fig. S1A). Clone GT |
appeared to maintain a high level of expression of this
sequence when compared to the other clones, and low
temperature had an effect on its transcription. Because
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no function has been assigned to this protein, the
processes that it may be involved in remain to be
investigated. All other sequences evaluated in the
combined samples presented some level of up-regu-
lation. ATP synthase CF0 C subunit is a membrane
component of the chloroplast ATP synthase complex
(Seelert et al. 2000). A lL6-fold increase in its
expression at 24-h cold exposure was observed in
comparison with the 0 h sample (Fig. 1b). Chilling-
stress impairs the function of the ATP synthase
complex through the production of reactive oxygen
species { ROS; Prasad etal. 1994; Buchert et al. 2012).
The increase in the expression of this subunit may be
due to the required replenishment of novel ATP
synthase complexes in chloroplasts. Clones PB 217
and PR 255 presented an increase in the expression of
this sequence from the 10 and 6 h samples, respec-
tively. There was a |.8-fold decrease in its expression
in the GT | sample at 6 h. The expression level
remained similar thenceforth, and clone IAN 873 did
not show a significant difference among samples (Fig.
S1B). Clones GT | and IAN 873 may exhibit a better
protection of their photosynthetic apparatus against
oxidative stress than clones PB 217 and PR 255. This
protection may also be related to their tolerance to low
temperatures.

The NAD(P)H-quinone oxidoreductase subunit H
showed a gradual increase in its expression among all
combined samples (1.4-fold in 6 h, 1.7-fold in 10 h
and 2.2-fold in 24 h; Fig. le) and was also up-
regulated in the individual clone samples (Fig. S1C).
The NAD(P)H-gquinone oxidoreductase complex
seems to be important for cold-stress response. In
tobacco, mutants with deleted subunits of this complex
present a more severe phenotype under chilling stress
than wild-type plants (Li et al. 2004; Wang et al.
2006). This expression increase might be aresponse to
cope with the low temperature.

PsbR protein is important for the proper assembly
of the oxygen-evolving complex of the photosystem 11
(PSII) complex (Suorsa et al. 2006) and demonstrated
a 1.7-fold increase in its expression in leaf tissues after
6 h low temperature exposure, which was maintained
in the other combined samples (Fig. 1d). A similar
pattern was observed in the clones’ individual sam-
ples. except for IAN 873, which presented a 1.6-fold
increase in expression in the 6 h sample, whereas the
10 and 24 h samples showed the same expression level
as the 0 h sample (Fig. S1D). Arabidopsis thaliana
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PsbR mutants present higher PSII excitation pressure
than wild-type plants (Suorsa et al. 2006), which is
also caused by low temperature (Huner et al. [998).
The increase in PsbR expression after chilling stress
may be related to the photoprotection of the PSII
complex.

ARG? is a late embryogenesis abundant (LEA)-
type protein, a group of hydrophilic proteins present in
a wide range of plant species that are induced by water
deficit caused by desiccation, cold and osmaotic stress
{(Wang et al. 2003). Two sequences that presented
similarity to the ARG2 protein were evaluated by
gPCR: ARG2-1 (24 h=—44 reads), for which SNP
markers were developed (see below), and ARG2-2
{24 h—=T reads); both sequences were up-regulated.
ARG2-1, in comparison with the 0Oh combined
sample. presented an increase in expression of 2.6-
fold in the 6 h sample, 6.3-fold in the 10 h sample and
T7-fold in the 24 h sample (Fig. le). Ananalysis of the
individual samples demonstrated a large difference in
the up-regulation of this sequence betweenthe PB217
clone 24 h sample (38-fold) and the other clones” 24 h
samples (=100-fold) (Fig. S1E). The expression of
ARG2-2 wasup-regulated in the combined samples by
T7.7-fold. 12-fold and 91-fold after 6. 10 and 24 h of
cold exposure (Fig. If), respectively. This sequence
was also less up-regulated in the PB 217 clone 24 h
sample (80-fold) when compared to the other clones’
24 h samples. Clone PR 255 presented a 395-fold
expression increase in ARG2-2 after 24 h of cold
exposure, while GT | showed a 249 -fold up-regulation
and IAN 873 presented a 17 |-fold increase in ARG2-2
expression (Fig. 51F).

ARG2 transcription increased in the presence of
indole-3-acetic acid (IAA; Yamamoto et al. 1992). It
had been previously observed that the IAA levels
increase in A. thaliana (Gray et al. 1998) and rice (Du
et al. 2013) under temperature stress. Our results
suggest that these sequences were up-regulated due to
the prolonged exposure of the rubbertree clones to low
temperatures. Similarly, the increase in the expression
of these sequences might be due to increased levels of
IAA in the clones. In addition, the higher expression of
these sequences in clones PR 255, GT 1 and IAN 873
might be related to their better tolerance to low
temperatures when compared to clone PB 217, These
results may require further detailed analysis because
only one individual of each clone was evaluated.
MNevertheless, these data demonstrate that  the
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individuals used in our work exhibit different
responses to cold stress.

Functional annotation

To identify unigenes that were likely to encode
proteins with known functions. sequences were sub-
jected to BLASTX analysis against the GenBank non-
redundant protein database using BLAST2GO soft-
ware (Conesa et al. 2005). A total of 3 456 (68.8 %)
unigenes showed significant similarity (e-value
<1e™) to at least one unknown, hypothetical or
expressed protein, and 3 404 (98.5 %) unigenes had e-
values less than le ™'’ Proteins from Ricinus commu-
nis accounted for the majority of BLASTX hits for
these sequences (1.771), followed by proteins from
Populus trichocarpa (709), Vitis vinifera (240) and H.
brasiliensis (236) (Online Resource 1—Fig. 52). R.
communis also belongs to the Euphorbiaceae family,
and the GenBank database contains information on a
large number of R. communis and P. trichocarpa
proteins (68,409 and 104,560 proteins, respectively, as
of November 2013); this abundance of data may
explain the similarity between and number of hits for
R. communis and P. trichocarpa proteins. In compar-
ison, the GenBank database contains fewer rubber tree
proteins (1.120), which may have led to the limited
number of H. brasiliensis protein hits. The remaining
1,569 (31.2 %) sequences that did not show a signif-
icant similarity to any protein in the database and
therefore could not be annotated were subjected to
BLASTN analysis (e-value {le_m]_ Of these, 657
ESTs were similar to ESTs that are present in the
GenBank database, leaving 912 (18.2 %) sequences
with no hits. The sequence length may affect the
annotation success of reads. Among the sequences
without hits, 358 ESTs had lengths shorter than
400 bp, accounting for 41.7 % of the analyzed unig-
encs. In contrast, 9.6 % (196) of the sequences longer
than 800 bp did not match any sequence in the
GenBank database. These ESTs may be considered to
be novel or specific ranscripts of H. brasiliensis.

A functional classification of the unigenes was
performed according to the GO database using the
BLAST2GO program. The terms were organized into
three main categories: molecular function (MF),
biological process (BP) and cellular component
(CC). Of the 3456 sequences analyzed, 2503
(72.4 %) were annotated with 8,232 terms, including

3.867 MFs, 2,743 BPs and 1,622 CCs. In the MF
category, binding (1.410; 36.5 %) and catalytic activ-
ity (1,283; 33.2 %) were the largest categories,
followed by structural molecule activity (189; 4.9 %;
Fig. 2a). Cellular metabolic process (1,124 41.0 %),
biosynthetic process (585; 21.3 %) and gene expres-
sion (381; 13.9 %) were the most highly represented
categories in the BP category (Fig. 2b). In the CC
category, the most represented categories were cyto-
plasm(669; 4 1.2 %), membrane (446; 27.5 %) and the
protein complex and non-membrane-bounded orga-
nelle, which shared the same number of sequences
(215; 13.3 %:; Fig. 2c).

In addition to the GO terms. 10530 enzyme
commission (EC) numbers were attributed to 910
unigenes. To establish associations with biological
pathways, KEGG pathway analysis was used to map
the 1,030 EC numbers into 116 KEGG pathways.
Some sequences were mapped to more than one
pathway. The majority of the mapped unigenes were
related to carbohydrate metabolism pathways, and
starch and sucrose metabolism (48 sequences, 22
enzymes) and  glycolysis/gluconeogenesis (36
sequences, 16 enzymes) were the most highly repre-
sented in this group. The purine metabolism pathway
had the largest number of unigenes (51). representing
I8 enzymes. Other highly represented categories
included carbon fixation in photosynthetic organisms
(45 sequences, |8 enzymes). in which the majority of
the mapped sequences originated from libraries of leaf
tissues: nitrogen metabolism (40, 12); and oxidative
phosphorylation (34, 7). Enzymes involved in sec-
ondary metabolism-related pathways were also iden-
tified; a majority of these were involved in
phenylpropanoid biosynthesis (29, 4) and flavonoid
biosynthesis (26, 13). Sixteen of the sequences that
were mapped to the phenylpropanoid biosynthesis
pathway were annotated as lactoperoxidase (EC
111 1.T), which is involved in lignin biosynthesis
and stress response (Dixon and Paiva 1995), and the
majority of the sequences mapped to the flavonoid
biosynthesis pathway were identified from the panel
library. The 16 most represented pathways (=15
unigenes) are listed in Online Resource |—Table S5.
Sequences that showed similarity to genes involved in
the 2-C-methyl-p-erythritol 4-phosphate (MEF) path-
way (six sequences, five enzymes; Sando et al. 2008),
which is believed to be one of the metabolic pathways
involved in rubber biosynthesis, were also identified.
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component (CC)

The characterization and development of the EST -
derived SSR markers

SciRoKo software (version 3.3; Kofleretal. 2007) was
used in MISA mode to identify microsatellite regions
in the 5025 sequences analyzed. A total of 588
microsatellite regions were identified, and 527 unig-
enes (10.5 %) contained at least one of the defined
motifs (di-, tri-, tetra-, penta- or hexanucleotides). Of
these sequences, 58 contained more than one SSR
region. Nineteen microsatellites were present as
compound SSRs; however, each motif was considered
as a single repeat. On average. one SSR was found per
6.1 kb in the 3,578,774 bp of EST sequences that were
searched, which is higher than the frequency reported
for rice (one SSR per 3.4 kb: Cardle et al. 2000) and
castor bean ( 1.23 kb; Pranavi et al. 201 1) and similar
to that of Jatropha curcas (6.0 kb; Yadav et al. 2011)
but lower than that of bread wheat (9.2 kb; Gupta et al.
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2003), soybean (7.4 kb), maize (8.1 kb). tomato
(11.1 kb), poplar (14.0 kb) and cotton (20.0 kb;
Cardle et al. 2000). The proportion of SSR unit sizes
was not evenly distributed. Among the 588 S5R
regions found, dinucleotide (302, 51.4 %) motifs were
the most frequent, followed by wi- (205, 34.9 %),
tetra- (39, 6.6 %). penta- (27, 4.6 %) and hexanucleo-
tide motifs (15, 2.6 %). Several previous EST studies
have shown that trinucleotide repeats are the most
abundant microsatellite type in the expressed
sequences of many plants {Cardle et al. 2000; Gupta
et al. 2003; Clepet et al. 2011), whereas other studies
showed that dinucleotide motifs were more frequent
(Pranavi et al. 2011; Yadav et al. 2011). In our
analysis, dinucleotide repeats were the maost highly
represented SSR motif in the unigenes, in agreement
with previous studies of rubber tree ESTs (Feng et al.
2009; Triwitayakormn et al. 2011; Li et al. 2012).
MNevertheless, these differences in the distribution and
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frequency of SSR regions among the different crops
may be due to the SS5R search criteria, the number of
total ESTs and hases searched and the software tools
used (Varshney et al. 2005a), making a direct com-
parison of the abundance and frequency of SSR motifs
difficult.

The most frequent type of dinucleotide motif was
AGITC (167, 553 %). followed by AT/TA (107,
354 %) and AC/GT (27, B9 %). The AAG/TTC
maotif (82, 40.0 %) was the most common trinucleo-
tide repeat {Online Resource 1—Table S6). Among
the dinucleotide repeats, the GC/CG motif was
identified only once. This repeat motif appears to be
rare in most plant ESTs; GC repeats were found at a
very low frequency in previous studies (Pranavi et al.
2011; Yadav etal. 2011; Clepet et al. 201 1), including
those involving the rubber tree (Feng et al. 2009;
Triwitayakorn et al. 2011; Li et al. 2012). This low
frequency of CG repeats and CCG repeats in EST
sequences may be due to the methylation of CpG
sequences, which may inhibit transcription (Lister
et al. 2008).

SSR-containing sequences that showed similarity
to proteins in the GenBank database were preferen-
tially chosen for the development of microsatellite
markers. A total of 211 primer pairs were designed
based on 202 SSR-containing sequences; of these
primer pairs, 18 were designed from nine ESTs
bearing two different SSR regions. These sequences
were subjected to a BLASTN (e-value <1e™) search
against the GenBank database to remove possible
redundancies  with published SSRs. Only one
sequence, bearing a dinucleotide motif, was identical
to a previously published locus, and this sequence was
thus removed from this study. Of the 210 non-
redundant primer pairs, 83, 97, 19, 3 and 8 primer
pairs were designed to amplify di-, tri-, tetra-, penta-
and hexanucleotide motifs, respectively. The M1 3 tail
was added to the 5 end of 1 15 forward primers for the
fluorescence analysis of these loci using a 4300 DNA
Analyzer (LI-COR Biosciences, USA). The other 95
primer pairs were analyzed via silver-stained 6 %
acrylamide gel electrophoresis (Creste et al. 2001) or
capillary electrophoresis using an Advance FS96
dsDNA Fragment Analyzer (Advanced Analytical
Technologies Inc.. USA). After the primers for
fluorescence analysis were tested in different touch-
down programs and the primers for acrylamide and
capillary electrophoresis  analysis were tested at

different annealing temperatures, 196 primer pairs
(93.3 %) produced amplicons, as shown by 3 %
agarose gel electrophoresis. Of the 196 working
primer pairs, 178 amplified PCR products of the
expected sizes and 18 produced larger PCR products
than expected. Of these 18 products, ten were ampli-
cons that ranged from 500 bp to | kb. Because the
primers were designed based on expressed sequences
and genomic DNA was used for amplification, the
existence of these larger PCR products suggests the
presence of intronic regions in the genomic sequences.

Eighteen H.  brasiliensis  genotypes (Online
Resource |==Table 51) were used to assess the
polymorphism of the 186 primer pairs that produced
amplicons smaller than 400 bp. Seventeen of these
186 primer pairs showed non-specific amplification
and could not be evaluated; thus, 169 primer pairs
were analyzed, and 137 were polymorphic among the
I8 genotypes tested. Among the 161 ESTs used to
design these primer pairs, 141 were amnotated as
known or uncharacterized proteins; thus, 147 SSR loci
{87.0 %) may be associated with possible functional
genes.

One of the polymorphic primer pairs (EHBp-23)
amplified two distinet polymorphic regions, resulting
in 138 polymorphic loci. The EST used to design this
primer pair was obtained from the panel library and
showed similarity at the nucleotide sequence level to
the protein aguaporin, which is involved in water
transport and belongs to the large major intrinsic
protein (MIP) family of transmembrane channels.
Several genes encoding agquaporins have been discov-
ered in plants (Chaumont et al. 2005). Because
aquaporins are a highly conserved group of proteins,
the two loci amplified may represent different genes
that encode aquaporins in H. brasiliensis.

The expected (H,) and observed (H,) heterozygos-
ities and polymorphic information content (PIC)
values could only be calculated for 136 of the 138
polymorphic loci because two loci contained dupli-
cated alleles in several genotypes (see below). H, and
H, ranged from 0.0556 to 0.89 (average 0.4648) and
O=1 {average 0.3622), respectively. and the mean
number of alleles was 3.7 (2=10 alleles). Nevertheless,
at several loci, an exclusive allele was present in only
one or two of the genotypes tested, and in most cases,
clones RRIM B09. RRIC 100, TAC 306 or RRIIINS
were the bearers of this allele. Expressed regions show
a greater level of DNA sequence conservation
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Fig. 3 Distribution of the putative SNPs identified in this study

(Varshney etal. 2005a), which explains both the lower
number of alleles observed in EST-SSRs compared to
genomic SSR markers (Souza et al. 2009; Mantello
et al. 2012) and the presence of rare alleles. The PIC
values ranged from 0.0526 to 0.8512, with an average
of 0.4036, indicating that this group of EST-SSR
markers presents a moderate level of informativeness.
Although this group of markers presented a low to
moderate level of polymorphism. these markers will
be useful for genetic mapping, determining the linkage
between markers and genes for important traits, QTL
mapping. marker-assisted selection and functional
analysis of candidate genes in the rubber tree, among
other information. All 169 primer pairs are fully
described in Online Resource 2.

The two loci that could not be analyzed exhibited
duplicated alleles in several rubber tree accessions. Of
the 18 genotypes of A brasiliensis used in this study,
nine showed duplicated alleles for the SSR region
amplified by primer pair EHBc-103 and 15 contained
duplicated alleles for the region amplified by primer
pair EHBp-27, resulting in six and ten different alleles,
respectively. Plants of the Hevea genus exhibit diploid
behavior, mainly forming bivalents during meiosis
{(Bouharmont 1960; Majumder 1964; Ong 1975);
however. cytogenetics studies have revealed two loci
on different chromosomes bearing the same rDNA
sequence, suggesting a possible allotetraploid origin
(Leitch et al. 1998). Although the species has a diploid
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Table 1 Summary statistics of the SNP analysis

Numbers

Number of contigs used 121
Number of contigs with putative SNPs 104
Total contig length 109,512 bp
Average number of reads per contig 19.9
Number of identified putative SNPs al4
Average number of SNPs per contig 503
SNP frequency 178 bp
Localization

& UTR 45

Exon e

¥ UTR 150

MNo-hit 43

genome, molecular marker analyses revealed locus
duplication in H. brasiliensis (Lespinasse et al. 2000;
Mantello et al. 2012). These duplicated loci are likely
due to the allotetraploid origin of the species (Lespin-
asse et al. 2000). The EST sequences used to design
these primer pairs showed similarity to proteins that
mapped to different chromosomes in Glyeine max, a
diploidized tetraploid (Shoemaker et al. 1996).
Although no potential ancestor has yet been described
for the rubber tree (Leitch et al. 1998), our results
support the hypothesis of a polyploid origin followed
by a diploidization event.

Cross-species transferability

The transferability of the 169 primer pairs to other
Hevea species was also evaluated; 167 (98.8 %)
primers successfully produced amplicons in at least
one of the six species tested: 164 (97.0 %) were
amplified in H. guianensis, 158 (93.5 %) in H. nitida
and H. benthamiana, 157 (929 %) in H. rigidifolia.
156 (92.3 %) in H. pauciflora and 148 (87.6 %) in H.
camargoana (Online Resource 2). In addition to this
high transferability. the number of alleles per locus
increased to 5.6 when compared with Al brasiliensis
alone, revealing the presence of novel alleles. As
expected, the transferability rates of the EST-SSR
markers were higher than those of the genomic SSR
markers { Varshney et al. 2005a, b; Feng et al. 2009,
Mantello et al. 2012). The EST-SSR markers are likely
related to gene units, and as such, their potential for
inter-specific transferability is greater (Gupta et al.
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2003; Andersen and Liibberstedt 2003; Varshney et al.
2005a). Our results indicate that the SSR flanking
regions are conserved among the Hevea species.
consistent with other studies (Feng et al. 2009; Souza
et al. 2009; Mantello et al. 2012). Additionally, the
Hevea genus is considered to be a complex of species
without genetic reproductive barriers between them.
This characteristic of the genus has been used in
rubber tree breeding programs for inter-specific
crosses, mostly with the aim of developing clones
that are tolerant or resistant to SALB (Gongalves and
Fontes 2012). These loci could be used to follow gene
introgressions in the resulting hybrids and to provide
markers for comparative mapping and for population
structure and genetic analyses of these species.

As described previously (Souza et al. 2009; Man-
tello et al. 2012), the other Hevea species also
presented duplicated alleles. The primer pair EHBe-
103 amplified more than two alleles in all species,
except H. panciflora, and H. rigidifolia was the only
one that did not have more than two alleles in the
region amplified by EHBp-27. Taken together with
previous results, our results suggest that the other
Hevea species analyzed also have duplicated loci in
their genomes.

Development and characterization of the SNP
markers

For SNP discovery, CLC Genomics Workbench
software (CLC Bio AJS) was used to assemble the
8,263 EST sequences obtained, generating 816 con-
tigs. From these contigs, 121 (composed of 2,429
reads with a total length of 109512 bp) had coverage
equal to or greater than four and were therefore
analyzed for SNP identification. A total of 614
putative SNPs (359 transitions and 255 transversions)
were identified in 104 contigs. Transitions are the most
common SNP variant in several plants (Wu et al. 2008;
Novaes et al. 2008; Clepet et al. 2011; Gaur et al.
2012), including the rubber tree (Pootakham et al.
2011). The most frequent variation was C «— T, and the
least frequent variation was G — T (Fig. 3). On
average, an SNP was identified every 178 bp, whichis
comparable to the rate observed in other plant species.
such as almond (1 SNP/114 bp; Wu et al. 2008) and
Eucalypms grandis (1 SNP/192 bp; Novaes et al.
2008). However, the SNP frequency in H. brasiliensis
was reported to be approximately eightfold higher (1

SNF/1.5 kb; Pootakham et al. 2011) than the fre-
quency determined in the present work. The sequences
of two clones that shared a parent were analyzed in the
previous study (Pootakham et al. 201 1), whereas in the
current work, ESTs from six clones with different
parents were used for assembly and SNP mining. Most
likely, this difference in SNP frequency was due to the
different numbers and genotypes of H. brasiliensis
used. Most of the putative SNPs identified (376,
61.2 %) were located in exonic regions, whereas 45
(7.3 %) wereidentified in 5 UTRs, 15024 4 %) were
in 3 UTRs and 43 (7.0 %) were located in “no-hit”
sequences (Table 1).

Of the 104 contigs in which SNPs were identified.
16 sequences that showed similarity to proteins
involved in the stress response, rubber biosynthesis
and developmental processes were chosen to validate
an SNP subset. Sixteen primer pairs flanking 61
putative SNPs were designed with expected amplicon
sizes of approximately 200=800 bp. Thirteen primer
pairs amplified products in the 36 H. brasiliensis
genotypes used (Online Resource 1—Table S1), and
the amplicons observed by 1.5 % agarose gel electro-
phoresis ranged from 250 bp to 1.5 kb, with five loci
showing PCR products that were longer than the
expected length. Sequencing and a comparison of the
chromatograms to the original sequence revealed the
presence of intronic regions in these loci; the smallest
intron was approximately 80 bp in length, and the
longest was approximately 1.1 kb. A total of 46
putative SNPs were evaluated by visual inspection of
overlapping nucleotide peaks in the chromatograms,
and 43 positions (91.5 %) were validated in the 36
genotypes used. The majority of these polymorphic
positions (23 SNPs) were located in probable 3 UTRs,
18 were in exonic regions (12 non-synonymous SNPs
and six synonymous SNPs), and one was located in a
probable 5" UTR. One of the non-synonymous poly-
morphic positions (Hb-SNP2-624) was not a true SNP
but. rather, an 18-bp duplication that was considered
an SNP in the CLC Genomics Workbench software
alignment analysis. In the predicted translation, this
duplication causes a repetition of six amino acids in
the protein sequence.

The 43 polymorphic positions presented H, values
ranging from 0.0294 to 0.5056, with an average of
(1.3566. H, varied between () and 0.7941, with an
average of 0.3256. The average PIC value was 0.2807,
and the PIC values ranged from 0.0286 to 0.3742
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{Table 2); these markers were therefore less informa-
tive than the EST-SSR markers developed in this
work. This difference between SNP and SSR markers
was also reported in other species (Jones et al. 2007;
Emanuelli et al. 2013). Although SNPs are the most
abundant variation found in plant genomes, they are
usually limited to two alleles per locus, even when
considering that a SNP locus theoretically has four
different alleles. This limitation can be overcome by
using multiple SNP loci to construct haplotypes.
which may increase the genetic diversity and infor-
mation content of these markers (Rafalski 2002; Jones
et al. 2007; Emanuelli et al. 2013). Nine of the 13 loci
analyzed here contain two or more SNPs in their
sequence, and these SNPs together can be considered a
haplotype for the locus, thereby compensating for the
low informativeness of a single SNP.

The SNP markers developed in this work may be
powerful tools for genetic and QTL mapping because
they are likely located in sequences that encode
proteins related to the stress response and develop-
mental processes in the rubber tree. Some of these
SNPs might also be associated with desired traits and
could therefore be used as functional markers for
marker-assisted selection in H. brasiliensis breeding

programs.

Conclusions

The use of EST sequences for the development of
molecular markers enables the generation of gene-
associated markers, thereby providing a means for the
construction of more informative high-density genetic
maps. Although cDNA libraries yield a lower number
of sequences than NGS technologies, our work shows
that these libraries remain a rich source of SSR and
SNP markers and can reveal the existence of unknown
transcripts. The EST-SSR and SNP markers developed
here are a valuable resource for genetic diversity
studies, linkage mapping, QTL identification, gene-
based association studies. functional analysis of can-
didate genes and marker-assisted selection in rubber
tree genetic studies and breeding programs. These
markers are also a powerful tool for evaluating the
genetic variability of other Hevea species, which are a
valuable asset for the genetic improvement of culti-
vated H. brasiliensis clones.

@ Springer
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Online Resource 1

Table S1 — Hevea brasiliensis genotypes used for the characterizations of EST-SSR and SNP markers

Genotypes'/markers | Parental Origin
SNPs

RRIM 600 Tjir 1 x PB 86 Malaysia
RRIM 606 Tjir 1 x PB 49 Malaysia
RRIM 729 RRIM 623 (PB 49 x Pil B 84) x Fx 25 (F 351 x AVROS 49) Malaysia
RRIM 805 self pollination of RRIM 628 [Tjir 1 x RRIM 527 (Pil B 50 x Pil B 84)] Malaysia
RRIM 915 RRIM 605 (Tjir 1 x PB 49) x PB 5/51 (PB 56 x PB 24) Malaysia
RRIM 937 PB 5/51 (PB 56 x PB 24) x RRIM 703 [RRIM 600(Tjir 1 x PB 86) x RRIM 500 (Pil B 84 x Pil A 44)] Malaysia
PB 260 PB 5/51 (PB 56 x PB 24) x PB 49 Brazil

PB 346 PB 235 [(PB 5/51(PB 56 x PB 24) x PB S/78] x PB 218 Brazil

Fx 4098 PB 86 xFB 110 Brazil

RO 38 Primary clone Brazil
CMB 104 IRCA 109 [PB 5/51 (PB 56 x PB 24) x RRIM 600((Tjir 1 x PB 86)] x PFB-5 Brazil
CMB 114 IRCA 109 (PB 5/51 (PB 56 x PB 24) x RRIM 600((Tjir 1 x PB 86)] x PFB-5 Brazil

IAC 307 AVROS 1328 (AVROS 214 x AVROS 317) x PR 107 Brazil

IAC 309 RRIM 626 (Tjir 1 x RRIM 600) x Fx 25 (F 351 x AVROS 49) Brazil

IAC 500 RRIM 600 (Tjir 1 x PB 86) Brazil
IRCA 230 GT 1 x PB 5/51 (PB 56 x PB 5/78) Ivory Coast
IRCA 707 PB 235 [PB 5/51(PB 56 x PB 24) x PB S/78)] x MDF 38 Ivory Coast
IRCA 1159 PB 260 [(PB 5/51 (PB 56 x PB 24) x PB 49] x RO 38 Ivory Coast

EST-SSRs and SNPs
GT 1

PB 235
PB 217
PB 233
PB 311
PC 140
PR 255
RRIM 701
RRIM 809
RRIM 728

Primary clone

PB 5/51 (PB 56 x PB 24) x PB S/78

PB 5/51 (PB 56 x PB 24) (PB 56 x PB 24) x PB 69

PB S/15 x PB 5/63 (PB 56 x PB 24)

RRIM 600 (Tjir 1 x PB 86) x PB 235 [PB 5/51 (PB 56 x PB 24) x PB S/78]

PB 5/51 (PB 56 x PB 24) x RRIM 703 [RRIM 600 (Tjir 1 x PB 24) x RRIM 500 (Pil B 84 x Pil A 44)
Tjir 1 x PR 107

44/553 x RRIM 501(Pil A 44 x Lun N)

RRIM 600 (Tjir 1 x PB 86) x RRIM 623 (PB 49 x Pil B 84)

GT 1 x RRIM 623((PB 49 x Pil B 84)

Indonesia
Brazil
Brazil
Brazil
Brazil
Malaysia
Indonesia
Malaysia
Malaysia
Malaysia
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RRIM 913 PB 5/51 (PB 56 x PB 24) x RRIM 623 (PB 49 x Pil B 84) Malaysia
RRII 105 Tjir 1 x GI1 India
RRIC 100 RRIC 52 x PB 86 Sri Lanka
TIAC 306 AVROS 49 x RRIM 509 (Pil A 44 x Lun N) Brazil

TIAC 313 RRIM 626 [Tjir 1 x RRIM 600(Tjir 1 x PB 86)] x Fx 25 (F 351 x AVROS 49) Brazil

TAC 318 RRIM 600 (Tjir 1 x PB 86) x Fx 3899 (F 4542 x AVROS 363) Brazil
IRCA 27 F 4542 x AVROS 363 Ivory Coast
IRCA 209 GT 1 x RRIM 605 (Tjir 1 x PB 49) Ivory Coast
EST-SSRs

Hevea guianensis Wild species Brazil
Hevea. rigidifolia Wild species Brazil
Hevea nitida Wild species Brazil
Hevea pauciflora Wild species Brazil
Hevea benthamiana Wild species Brazil
Hevea camargoana Wild species Brazil

IAC — Instituto Agrondmico de Campinas; IAN: Instituto Agronémico do Norte; F: Ford (clone primario); Fx: Ford cross; AVROS: Algemene Veriniging Rubberplanters Oostkust Sumatra; Tjir:
Tjirandji; RO: Ronddnia; RRIM: Rubber Research Institute of Malaysia; Pil: Pilmor; Lun: Lunderston; PB: Prang Besar; GT: Godang Tapen; PR: Proesfstation voor Rubber; RRII: Rubber Research
Institute of India; RRIC: Rubber Research Institute of Ceylon; FB: Ford Belém; F: Ford; Gl: Glenshield; IRCA: Institut des Recherches sur e Caoutchouc; PC: Promotion Clone; CMB - Cirad Michelin
Brasil; PFB: Pé Franco de Belterra.
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Table S2 — Quantitative RT-PCR primer sequences.

Amplicon
Primer Primer Sequence (5’ - 3’) Length
(bp)

F - ATTGATTTCTGCCGCTTCC
CFO 121
R - GGGTTGTCTTGCGATACCTTC

F - TGGAAGGCTAGGGGTTATAGTC
HYPOT 101
R - TTCCATAAAGGAGCCGAATG

F - ATATGGAGCCAACGTGGATG
PsbR 109
R - CACTGCCCATATTGCCAAAC

F - GTTCTTTACTTGGGCGGTTG
NADH 100
R - CAATTGTTGTTCCAAAGACTCC

F - AACTGCGGAGGAGAAGATTG
ARG2-1 93
R - TCCTCCGCTAAATTCTCTGG

F - TGGCTCGCTCTTTCTCAAAC
ARG2-2 112
R - AGGCTGGACACAACTCCTTG

F - AGTGCACCGATGTTTCTTCC
GAPDH

R - CTTGCTGGCTACCAAATGAG 143

CFO - ATP synthase CFO C subunit, HYPOT - hypothetical protein, PsbR - chloroplast photosystem II 10 kDa polypeptide, NADH -
NAD(P)H-quinone oxidoreductase subunit H, ARG2-1 e 2 - indole-3-acetic acid-induced proteins.

Table S3 — Summary statistics of the EST sequences generated

Numbers
Total number of clones sequenced 10,080
Number of high-quality EST sequences 8,263 (82%)
Redundancy of ESTs 41%"
Contigs 816
Number of ESTs in contigs (range) 2-162
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Total number of ESTs in contigs 4,054 (49.1%)

Average number of ESTs per contig 4.97
Average contig length (bp) 826
Singletons 4,209 (50.9%)
Singleton average length (bp) 696
Total unigene sequences 5,025
Redundancy of unigenes 1.5%"

* “No-hit” sequences were excluded from the analysis.

Table S4 — The most highly represented sequences in the cDNA libraries.

. N°of Length o E- %
Contig ESTs (bp) Sequence description (BlastX) value identity

hypothetical protein M569_00588, partial

98 162 803 2¢ 82
[Genlisea aurea] ©
Rubber elongation factor protein [H. brasiliensis] 01

130 88 913 IP15252.2|REF_HEVBR) be 100
Photosystem I assembly protein Ycf4 (H. o

66 78 2364  brasiliensis); ;Z_l; 99: 100
Photosystem I subunit VIII (H. brasiliensis)

127 74 665 Chloroplast photosystem II 10 KDa polypeptide 26 20
(Jatropha curcas)

101 53 283 Ribul(.)se—1,5—bispb0sphate carboxylase small 4122 99
subunit (H. brasiliensis)
Pro-hevein [H. brasiliensis] 44

52 >4 1040 (P02877.2[HEVE_HEVBR) 2¢ 99
ATP Synthase CF0O A subunit [H. brasiliensis]
(AD033548.1) 6e'? 99

348 50 2646
ATP synthase CF0 C subunit [Nicotiana 4e* 100

tabacum] (NP_054483.1)
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81

364

366

152

246

126

284

60

491

177

144

185

288

71

47

47

47

46

44

39

37

36

35

34

34

33

31

30

1094

2344

1194

2585

2724

655

1190

1028

606

1953

1904

2126

435

850

Indole-3-acetic acid induced protein ARG2,
putative [Ricinus communis] (EEF39286.1)

Photosystem II protein K (Camellia sinensis);

Photosystem II protein I (Magnolia
kwangsiensis)

Manihot esculenta EST (DB938126.1)

NAD(P)H-quinone oxidoreductase subunit H
[Medicago truncatula] (AES86356.1)

ATP-dependent Clp protease proteolytic subunit
[H. brasiliensis] (ADO33581.1)

Metallothionein [Hevea brasiliensis]
(ACT68013.1)

ATP Synthase CFO C subunit [Nicotiana
tabacum] (NP_054483.1)

Small rubber particle protein [H. brasiliensis]
(sp|O082803.1|]SRPP_HEVBR)

Probable non-specific lipid-transfer protein
AKCS9-like [Glycine Max] (XP_003555069.1)

Ribossomal protein .16 [Ximenia americanal
(ADD30329.1)

NADH dehydrogenase subunit I [Manihot
esculenta] (YP_001718490.1);

NAD(P)H-quinone oxidoreductase subunit
[Medicago truncatula] (XP_003621687.1)

Ribossomal protein L33 (H. brasiliensis);
Photosystem I subunit IX (Populus trichocarpa)

Ribosomal protein S18 [Ricinus communis]
(AEJ82577.1)

metallothionein 3-like protein [Hevea
brasiliensis] (ADR30789.1)

REF-like stress related protein 2 [H. brasiliensis]
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(gb|AAP46160.1)

g 99
42 26 496 H. brasiliensis EST (JG294355.1) 0 (BlastN)
29 25 386 Hevea brasiliensis latex abundant protein 1 0 100
(LAP1) mRNA, complete cds (gb|AY221986.1) (BlastN)
20 24 1211  NADH dehydrogenase subunit 4 (H. brasiliensis) 0 99
27 24 690  Hypothetical protein (Medicago truncatula) le'® 91
Conserved hypothetical protein [Ricinus 09
493 23 A6 ommunis] (ref[XP_002513861.1) 8e 39
142 20 598 H. brasiliensis EST (gb[JG005167.1) 0 99
' g ' (BlastN)
A

HYPOT

[AN 573
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Figure S1 — Expression analysis of the most highly represented sequences in the cold-stressed leaves libraries in
the clones PB 217, PR 255, GT 1 and IAN 873. A — hypothetical protein (HYPOT), B - ATP synthase CFO C
subunit (CF0), C - NAD(P)H-quinone oxidoreductase subunit H (NADH), D - chloroplast photosystem II 10
kDa polypeptide (PsbR), E and F - indole-3-acetic acid-induced proteins (ARG2-1 and ARG2-2).
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BLASTX species distribution for the analyzed sequences

0 200 400 600 800 1000 1200 1400 1600 1800
Ricinus communis 1771
Populus trichocarpa
Vitis vinifera
Hevea brasiliensis
Glycine max

Medicago truncatula
Jatropha curcas
Manihot esculenta
Arabidopsis thaliana
Lotus japonicus
Arabidopsis lyrata
Nicotiana tabacum
Gossypium hirsutum
Oryza sativa
Zea mays 1
Populus tremula
unknown
Euphorbia esula
Populus tomentosa
Sorghum bicolor
Solanum demissum
Vernicia fordii
Elaeis guineensis
Brachypodium distachyon
Malus x
Panax ginseng
Camellia sinensis
Camellia oleifera
Pisum sativum 3

others F 125

W w s b~y

Figure S2 — BLASTX species distribution for the analyzed sequences

Table S5 — The most abundant KEGG pathways represented by the annotated

unigenes
Pathways N” of N° of
sequences enzymes
1  Carbohydrate metabolism 158 81
2 Purine metabolism 51 18
3 Carbon fixation in photosynthetic organisms 45 18
4 Nitrogen metabolism 40 12
5 Oxidative phosphorylation 34 7
6  Phenylpropanoid biosynthesis 29 4
7  Pyrimidine metabolism 27 11
8  Phenylalanine metabolism 27 10
9  Flavonoid biosynthesis 26 13
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10
11
12
13
14
15

Cysteine and methionine metabolism 22
Glycerolipid metabolism 20
Glycrophospholipid metabolism 19
Arginine and proline metabolism 18
Glutathione metabolism 15
Glycine, serine and threonine metabolism 15
Thiamine metabolism 15

Table S6 — The frequency of the identified SSR motifs.

Motif N° of SSRs Total (%)
AG/CT 167 28.4
AT/TA 107 18.2
AAG/CTT 82 13.9
AAT/ATT 50 8.5
AC/TG 27 4.6
ATC/GAT 24 4.1
AAAT/ATTT 23 3.9
AGC/GCT 18 3.1
AGG/CCT 11 1.9
AAAAT/ATTTT 11 1.9
ACC/GGT 8 1.4
AAAAG/CTTTT 7 1.2
AAAG/CTTT 5 0.9
AATT/TTAA 5 0.9
AAC/TTG 5 0.9
AAAC/GTTT 4 0.7
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Online Resource 2

T E ted Observed N° of Ie . Analysi
Primer Motif Primer sequences (5' - 3') 2 Xpecte length ot He Ho PIC ross-species naysis BLASTX hit
(°C) length (bp) alleles amplification method
(range, bp)
F - GCATCCTCAATCTCTCAAAG no hit
EHBp-1 (CA), 60 210 208-215 4 0.6578 0.4 0.607 all Acrilamide
R - AGTGTAGCAGCTGTAGCAAGT
F - CACGACGTTGTAAAACGACCATAAAAATGAATCACACTCACG ) o Cucumber peeling
EHBp-2 (TAAT), R - ACCACCATCCTCCACAACTC TD1 209 209-220 3 0.3711 0.4667 0.3227 all Fluorescence cupredoxin
F- CACGACGTTGTAAAACGACCTTGTTTATTTGCCGCTGCT . S-adenosylmethionine
EHBp-3 (CT)¢ R - TGTTCTGCCAACCCACTGTA TD1 242 250-255 2 0.4911 0.3333 0.3705 H. gui Fluorescence synthase 2
EHBp-4 (GAT), g‘_gg’;&%ﬁi@i’gﬁg&%ﬁrg AC :(1? AG /;F 63 236 236-239 2 0.51 0.5 0.3737 all Acrilamide no hit
H. gui, H. nit,
EHBp-5 (CT)g giggii%zggégiﬁggﬁg?%g? A 63 225 219-231 3 0.63 0.67 0.541 H. rig, H. pau, Acrilamide no hit
H. bent
EHBp-6 (AG) 14 E: gézﬁiﬁiﬁ%ﬁ%ﬁqﬁg@?ﬁ?ﬁ 63 225 209-229 7 0.83 0.76 0.7852 all Acrilamide hypothetical protein
EHBp-7 (TTC)s gi%‘:ii&i%%i‘i}%%rgfggﬁgé A 63 228 230-233 2 0.06 0.06 0.0526 all Acrilamide no hit
. predicted protein (LIGHT
EHBp-8 (GAA), F- CCACCAGGTGCAACTTGATA 63 248 245-257 4 0.55 0.67 0.4438 all Acrilamide SENSITIVE

R - CCATTGCTTCAGACATAGCA

HYPOCOTYLS 3)
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F - GTCTCAAGCTCAATAGGAGAAT

rapid alkalinization factor

EHBp-9 (AAAG)¢ R - GCGCAAATCATGAAAGAAG 63 170 170-176 3 0.38 0.22 0.3402 all Acrilamide
EHBp- F - GCATCAAGTGCCACGAGTT H. gui, H. rig,
10 (AATT)s R - CAAAAGGCCAAGGCACTAAT 63 231 231-239 3 0.16 0.06 0.1494 beI;Il,l nﬁ. g,m Acrilamide no hit
EHBp- F - TGATGCAACGTTAACACACG H. gui, H. rig, R conserved hypothetical
11 (TAAAAA)G R TGGAAGATAAAGGGCAAATCA 63 238 238 ! 0 0 0 H nit, H. bent  Crilamide protein
probable plastid-lipid-
EHBp- F - TCACTGCCTTCCAATTCTCC P . .
12 (CAQ) R - CATCCTTGCCCTTTTTCAAG 62 206 200-209 2 0.36 0.22 0.2859 all Acrilamide assocc}izl)éigp[;;(:‘tie;n 4,
EHBp- F - CGGAACTACTTCCAAAACTTGA ) R . .
13 (TTTA), R - GAATTCCCAATAGCGTTTCG 63 240 240-244 2 0.29 0.22 0.2392 all Acrilamide Lipoxygenase 1
EHBp- F - CCTTCCATCTCCAGCATAACA P .
14 (ACT)5 R - CTTCGATTCCCCGAGATACA 63 247 247-253 3 0.64 0 0.5443 all Acrilamide no hit
EHBp- F - TGCAAGTGAGAAAGCAAAGAA ) I I
15 (AG) 3 R - GAAACGGCGAAATATTGCAT 57 201 199-213 5 0.7 0.89 0.6352 all Acrilamide acyl-carrier-protein
EHBp- F - GCGAAAATTGGTTTTTGGTT H. gui, H. nit,
16a (TO) 12 R - TCAAGCTACACACAGAGAGAAA 55 204 206-228 4 0.41 0.33 0.3538 bg;lp';l;,CHa;n Acrilamide
no hit
EHBp- F - AAAAAGGAAGCTTTTGCTTAGT ) R
16b (TAT)s R - CAAGGAAACAGTTCATGCAAA 63 215 215 1 0 0 0 all Acrilamide
EHBp- F- CCTCCTCAAAACCCCTCAA P 60S ribosomal protein
17 (TCT)s R - ATGGAAAGGGAGCGAAAGAT 63 202 204-216 4 0.68 0.76 0.5972 all Acrilamide L34
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EHBp-

F - GGACCAAACGCTCACTGTCT

vesicle-associated

18 TOn R - GGGAGAAAATGCAGATCCAA 63 212 204-224 5 0.73 ! 0.66 all Acrilamide membrane protein
EHBp- F - TGTGCAACACATACAAGCTGA P .
19 (ATA)¢ R - TTGGACATTTGGCGTTGTTA 63 179 179 1 0 0 0 all Acrilamide no hit
F - CACGACGTTGTAAAACGACGGACAGAGCAAAGTGGGATG
EI—;}SP— (GCT)s TD3 169 300-303 2 0.0556 0.0556 0.0526 all Fluorescence  acyl-CoA-binding protein
R - TTTTGAACACAAGGAACCTACAG
F - CACGACGTTGTAAAACGACTTCATCTTCTCAGGCCAAAA . . .
EHB Jasmonate-zim-domain
by P (TC), TD2 207 207-223 6 0.7077 0.2353 0.6419 all Fluorescence protein 3, putative
R - ACTGAAACCCACCTCACCAA isoform |
F - CACGACGTTGTAAAACGACGCAATTAAGGATGGCAAGGA . .
EHBp- H. gui, H. nit, pathogenesis-related
(TAT), TD2 171 171-174 2 0.4365 0.3889 0.3343 H. pau, H. Fluorescence .
22 bent. H. protein STH-2
R - CAATTGAAATCAAATGAACCA ent, H.cam
F - CACGACGTTGTAAAACGACTTTCATTGGAGCACTTGCAG 263-267
EI—;};'} (TTTG)4 TD2 267 3 0.5952 0.4444 0.5056 all Fluorescence aquaporin
R - AAAGAGTCATCATCATAATCCTCTCA 229-239
4 0.6175 0.6111 0.5576
EHBp- (AAG)s F - CACGACGTTGTAAAACGACATTCCTGCAAGAGGCTGAGA TD2 210 207-210 all Fluorescence .
24 AUX/IAA transcriptional
2 0.0556 0.0556 0.0526 . .
regulator family protein
R- TCCAGGTTTTTCTTCGTGG isoform |
Eg?p- (CAG)s F - CACGACGTTGTAAAACGACTCCAAGTTCCATTCCCAAAC TD2 253 248-263 all Fluorescence
3 0.5952 0.0556 0.496 WRKY transcription
factor
R - TAACGGTGTCAGCCAATGAA
EI—;};p— (ATT)s F - CACGACGTTGTAAAACGACCCCTCCTATGTTTGCAGAAG TD2 257 257 1 0 0 0 all Fluorescence
eukaryotic translation
initiation factor 2
R - TCGGAACAGATATATTCTCACAATTC
EHBp- F - TCTTCAAAGCTTCAACAGCAAC P probable beta-D-
27 (AAG), R - CTTCGCTCCAAAAACTCCAT 63 249 240-286 10 a wa a all Acrilamide xylosidase 5-like
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F - CTTTCAGCCAAGTTGCATCA

NADH dehydrogenase

EHBIla-1 (ATT)s R - ATCTCGTCGGCATCAACTTC 63 172 172-175 2 0.11 0 0.0994 all Acrilamide [ubiquinone] 1 algha
subcomplex subunit 1
F - CGACTGCTGCTGTGACAAAT H. gui, H. nit, conserved hypothetical
EHBla-2 (AAT) 7 R - CAGGAACACAACGTCTTCTTTT 63 212 182-218 8 0.73 0.88 0.6734 H. Ib’:;l; H. Acrilamide protein
putative clathrin assembly
F - TGGTTAATCCCATGATGCAA P y
EHBIa-3 (GAT)s R - CCTGAGCCATATGGATGGAC 60 220 220 1 0 0 0 all Acrilamide prolgln At5g35200
isoform 1
EHBld ©OA) F - CGGCAAATCATTTTGGTCTT & 245 386.392 ) 051 0 03719 i . Ci‘pi"ﬁ'y . ENTH/VHS/GAT family
& 7 R - AACTGGTGGAGGATTTGCAC - - - a e “’f’ orest protein isoform 1
EHS]Zla- (CT)g F - CACGACGTTGTAAAACGACGCAAAGCCTTAAACGCAAAG TD2 123 123-135 3 0.1603 0.0556 0.1494 all Fluorescence
R - CCTTCTCTCTTCTTCTGGGCTA
NC domain-containing
EHBla- protein-related
5b (GAA) |, F - CACGACGTTGTAAAACGACGCCCAGAAGAAGAGAGAAGGA TD2 127 115-136 6 0.7094 0.8235 0.636 all Fluorescence
R - CCCTGGCTTCAACTCATCTC
EHBIa-6 (AAG) F - CACGACGTTGTAAAACGACTTGATGGCCAATTATCAGCA TD2 223 214-238 Fluorescence
6 0.7016 0.7778 0.6283 H. gui, H. rig, conserved hypothetical
H. nit, H. cam protein
R - CTTTCTTCGTCGTTGCCTTC
F-
EHBIa-7 (TO) 12 CACGACGTTGTAAAACGACGCAAAGACAAATTAACAATCAACG TD2 166 154-166 4 0.7206 0.8889 0.6457 all Fluorescence
membrane-anchored
ubiquitin-fold protein 3
R - AAAGGAAAATCGCTGGATCA
EHBIa-8 (AT)g F - CACGACGTTGTAAAACGACGGATTGGGGGAGAGAAAACT TD2 177 174-180 2 0.4365 0.1667 0.3343 . . Fluorescence
H. gui, H. rig, .
H. nit. H. pau conserved hypothetical
. H ’be.nf ’ protein
R - CAAAGCCTTCATCTTCCGACT .
EHBla-9  (AG),(C(GA),y F- CACGACGTTGTAAAACGACTGGGGCATGAAAAAGCTATC TD2 151 131-157 5 0.6349 0.6667 0.5572 all Fluorescence
conserved hypothetical
protein
R - AAGGTATTGCGTGCCATTTC
EHBla- 2-methyl-6-
(CTT)¢ F - CACGACGTTGTAAAACGACGCCATGGCAGCAACATACTA TD2 196 190-217 all Fluorescence .
10 4 0.554 02778 0.4438 geranylgeranylbenzoquin
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R - TGACCACACAGGTGGAAACT

one methyltranferase

EH]}?la— (AT)g F - CACGACGTTGTAAAACGACGGACAGATCTGGAGGATTCG TD2 213 217-229 5 0.4952 0.3333 0.446 Fluorescence
H. gui, H. rig, CSL zinc finger domain-
H. nit, H. pau containing protein
R - AACCAAGTTTTAAAGCAATTG
EHBla- (AATT) R TD2 245 325 1 0 0 0 Fluorescence
12 4 CACGACGTTGTAAAACGACTGTGACAAATCTTTTCAAATTTCACT H. gui, H. rig, ) . .
H. nit. H. pa EG45-like domain
- mit, B pau, containing protein-like
H. bent 2P
R - TCTTGTCGGAAACTGCCTTT - oen
EHEII& (AG); F - CACGACGTTGTAAAACGACAGCAAAAAGAATTTTCAGTCTCT TD2 204 202-204 all Fluorescence
2 0.5127 0.3889 0.3742 VAMP-like protein
YKT61-like
R - TTCTTTGACGCTGGACCTCT
EH]}Zla— (AG) 1, F - CACGACGTTGTAAAACGACCAACTCACCAGTTGCTGTCG TD2 167 157-167 3 0.2079 0.2222 0.19 H. eui. H. nit Fluorescence
- gub, B, mit, balbiani ring 1-related
H. pau, H. N .
bent. H. cam family protein
R - TGAATCAAAACCAGGAGGTG >
EHllea_ (GA) 13 F - CACGACGTTGTAAAACGACGCTGCTTGAACACGAAACTG TD3 227 227-239 all Fluorescence
4 0.5444 0.6667 0.456 conserved hypothetical
protein
R - ACAGCGGATTCTCTTGGAAA
EHl}zl‘& (AGC)¢ F - CACGACGTTGTAAAACGACCAGGGGCAGGAAATCATCTA TD2 282 273-282 all Fluorescence
3 0.6365 0.3889 0.5462 ATP binding protein,
putative
R - CTGAAATGCGCCTTCTCTTC
EHlP;la- (TC)g F - CACGACGTTGTAAAACGACGCCGCTACAAGCAATAGAGC TD2 157 157-163 3 0.5095 0.3333 0.3972 all Fluorescence
Signal recognition particle
14 kDa protein
R - CATGATTGAGCGTTGGATTG
Engla_ (GT); F - CACGACGTTGTAAAACGACCCGTCAACAGCTTCTTCACA TD3 223 223-227 all Fluorescence B12D protein
3 0.2656 0.1765 0.2364
R - AACCCATTTCCACCTTTATTTT
EH]};la— (TA)¢ F - CACGACGTTGTAAAACGACAATGAAGCACGGGGAAGTTA TD2 179 179-181 all Fluorescence
2 0.0556 0.0556 0.0526 mannan endo-1,4-beta-
mannosidase 7
R - ATGTTGCCAGGGACAATACA
EHz%la- (GCTGGA) 4 F - CACGACGTTGTAAAACGACTGCTTGTCTTGATGCCTTTG TD2 151 139-157 4 0.6254 0.5 0.5411 all Fluorescence

R - GGAAGAGCCACCAAAACTC
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EHBc-

F - CACGACGTTGTAAAACGACGAAGGGACCTGTGGGAAAAC

Ia (CT)q R - CCAAGAGCAAGGATCGOTAN D1 245 239-245 05 1 0.375 all Fluorescence
chlorophyll a-b binding
protein CP26,
chloroplastic-like
EHBc- F - CACGACGTTGTAAAACGACTCACCTATCCATCTCCTTTCTCA
b (AATT), R - CCACTAAACAAAATCCCCTAACC TD1 206 206 0 0 0 all Fluorescence

i bifunctional nuclease i
EHBc-2 (GAAA), CACGACGTTGTAAAACGACCACAAACAAAAGAATAACCAATCTG — TDI 264 264 0 0 0 all Fluorescence b‘ “i‘; ‘;’“a nuclease “}

R - TTATTGGCTCGAGGCTCTTG asal delense response

F - CACGACGTTGTAAAACGACTTGCAAGCAGAATGATGGAG NDH dependent flow 6
EHBc-3 (AT)¢ R - TGCAATATAAGCCATACAACATCC TDI1 174 174 0 0 0 H. bent Fluorescence isoform 1

- ( 6 3 - . . al crilamide predicted protein

EHBc-4 GAT) g ) ggﬁg(é&%’gg;gé?g&%%? 63 269 269-275 045 0 0.3957 1l Acrilamid dicted

F - CCGGAGACTTCTTTGCTGAC P eukaryotic translation
EHBc-5 (TCA)s R - COAGGAAGAAAGGCAATGTC 63 246 146-246 0.71 0.72 0.6466 all Acrilamide A
EHBc-6 (TTC) 1o g'_ g%%ii&%%&%ﬁ%ééﬁ{gx 62 169 169-193 0.57 0.33 0.5015 all Acrilamide 1o hit

F - GAGCGTGATGAGATGGATCA I ubiquitin-like modifier-
EHBc-7 (TTC)s R - GGGAGGGGATGCATAGAT 60 168 168 0 0 0 all Acrilamide , : ating enzyme 5-like
EHBc-8 (TCT)s E’_ géi:iggggﬂ&i?gfggg A 60 187 187-208 0.69 0.61 0.6099 all Acrilamide 1o hit
EHBc-9 (GA) 1o F- TGCCGGACACACTTGTAGTT 63 221 227-233 0.16 0.17 0.1495 all Acrilamide conserved hypothetical

R - GGGAATGACGTGGACTTGTT

protein
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EHBc-

F - AGGGGGACACAAAAACCAG

10 (CTT)s R - TGGACCGCTATGAGAAACAA 63 220 205-226 0.51 0.44 0.3972 all Acrilamide no hit
EHBc- F - GGAGGTCGTCCATAAGGTAGC P
1 (TTC)¢ R - CCTTCCTCTTCTGCCTTGAA 63 201 201-228 0.6 0.5 0.5296 all Acrilamide CTP synthase la
EHBc- F - TGGATGAGTGCCTTTACTCG P .
1 (TTG)¢ R - GACGTACCAACGTGGGATAAA 63 158 161-170 0.54 0.56 0.4561 all Acrilamide no hit
EHBc- F - TGCATGAGTAGGGAATGGTG P .
13 (AT)g R - ATTCCGTCAACCAATGATCC 57 240 238-242 0.41 0.06 0.3633 all Acrilamide no hit
EHBc- F - AGAGAGGTGGTGAAGCTGGA . R CBL-interacting protein
14 (AT) R - AAACAAGTGCCGGAATTCAT 63 182 174-184 0.36 0.24 0.3165 all Acrilamide Kinase 16
EHBc- (CCTCTG) 4 F - CACGACGTTGTAAAACGACCTGCTCACACAAGTGGCA TD2 270 264-276 0.4902 0.1765 0.3872 all Fluorescence .
15 negative cofactor 2
transcriptional co-
R - TGGGGCTTGCGTACTTTTAC fepressor, putative
El-f]gc- (AAGAA); F - CACGACGTTGTAAAACGACTGGACTGGGCCTTAATGTTT TD2 218 218-228 0.1079 0.1111 0.0994 all Fluorescence F-box protein PP2-A12
R - GGTCCAATGACCCAGAGAAA
EHBe- (TCC), F - CACGACGTTGTAAAACGACCCCGGCGAATCTATGTCT TD3 271 271 0 0 0 all Fluorescence .
17 ‘WD repeat domain
phosphoinositide-
R - ATAGCATGGCCACAAGGAAG Interacting protein
EITEC_ (AGA)s F - CACGACGTTGTAAAACGACTAAGCTCCGCTTGCAGTACA TD2 162 162 0 0 0 all Fluorescence
isomerase peptidyl-prolyl
cis-trans isomerase
R - AAGAAGGTGGGTTTTCCTCTG
EIT];C— (GAA), F - CACGACGTTGTAAAACGACCAAAAATGGTGGAAGGGAGA TD2 140 137-140 all Fluorescence photosystem II
0.1079 0 0.0994 stability/assembly factor
HCF136, chloroplastic-
R - CAAGTTTGCCATTAGGTATTAAA like
EHBc- (€)1, F - CACGACGTTGTAAAACGACTCCCTTTCTCAAGGTGCTTC TD2 230 220-238 all Fluorescence histidine-containing
20 0.7937 0.6111 0.7327 phosphotransfer protein 1
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R - CCCATGTTCTCTGCATCTGA

isoform 1

EI;IIBL (CT)y F - CACGACGTTGTAAAACGACTTCATCTTCCTCCTCTCTCCTG TD2 223 219-227 0.4286 0.3333 0.393 all Fluorescence xyloglucan
endotransglucosylase/hyd
R - GCTGAGAAGCTCTCCATCGT rolase protein 9
EI;];C (TAT)s F - CACGACGTTGTAAAACGACAAACCACATTCCGACTCCTG TD2 268 244-268 0.2656 0.2941 0.2364 Fluorescence
H. gui, H. rig, RING-H2 finger protein
H. nit, H. pau ATLAS8-like
R - GGATGCTTACTGACGCACAA
EHBc- conserved hypothetical
(CCAATT)s F - CACGACGTTGTAAAACGACCCGTTTCTCTCCGTCTTTGT TD2 250 254-266 0.4381 0.4444 0.3709 all Fluorescence rotein
23 p
R - TTGGGTAATAGTCCGCTTGG
EI;EL (GAG), F - CACGACGTTGTAAAACGACGAAATCGCCGGTAAGTTTGA TD2 200 194-200 all Fluorescence
0.1603 0.1667 0.1494 conserved hypothetical
protein
R - ATCCATTGGGATTCAAGCAA
EI;];C (GAT)s F - CACGACGTTGTAAAACGACACTCCTCCAGCTGCTGATTC TD2 125 380 0 0 0 all Fluorescence
Elongation factor 1-delta
2
R - CGTTCTTCTGCAGCCTTCTT
EI;];L (TTTTAT), F - CACGACGTTGTAAAACGACTCCCCAGGCTCAAATGATTA TD2 236 236 0 0 0 all Fluorescence
ABC transporter C family
member 2 isoform 2
R - AACTCTCGTTTTCGCACTCAA
EI;];C (AG) 19 F - CACGACGTTGTAAAACGACTGCCACTTCCAAGAGCTACC TD2 180 158-192 all Fluorescence
0.7698 0.7222 0.7173 senescence-associated
family protein
R - ACACCCATTTTCCCTTTCCT
EHBc- F - CACGACGTTGTAAAACGACGAGTCTTTTTGATTGTTTGTCTGC . . .
8 (TO)¢ R - GGCAATTGCATTGATTCTGA TD1 212 330 0 0 0 all Fluorescence ~ GroES-like family protein
EHBc- F - CACGACGTTGTAAAACGACGATCAAAGGAAGGTGGCAAT H. gui, H. rig,
29 (AAAT), R - AAGCCCAAGTCCCAAACATA TD1 196 160; 196 0.42 0.3333 0.3318 H. r;-llt,tf-;?au, Fluorescence no hit
EHBc- F - CACGACGTTGTAAAACGACAAAATCTCCTGCGATGCAAT . o conserved hypothetical
30 (GGGT), R - TGCTCTGAACCCACCTTACC TD1 250 250 0 0 0 all Fluorescence protein
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EHBc-

F - CACGACGTTGTAAAACGACCCTCAGAGGAGGCAATTCAC

31 (TTC)s R - CCCATCGATTTAGCCTCTCA TDI1 246 246-260 3 0.1267 0.1333 0.1228 all Fluorescence patellin-6
EHBc- F - TTGGCTACCTACCCAGATGC P conserved hypothetical
% (TAT), R - ATGTTCCTTGTGCTCCCAAC 63 225 225-258 7 0.76 0.61 0.6986 all Acrilamide protein
EHBc- F - TCCTGCAACAGAACAACACC R .
33 (TTA), R - ATGAAAACAATGCACCCACT 63 248 236-248 3 0.56 0.5 0.4813 all Acrilamide no hit
EI?:C (CT) o F- ATTCTGGTGGAAATCGAACG 63 236 234-270 6 0.66 0.61 0.5758 all Acrilamide metallothionein
R - AAGGCGAGCAAGAAAACTGT
E};?L (CT)6 - (AG);, F- GTGAGAAGTGGGATAACG 57 190 190-196 2 0.16 0.17 0.1411 all Acrilamide
R3H domain-containing
protein
R - TCGTACAAAATCTTCTCGTG
El?gt (GAA), F - GCCCAAAGAGGAAAATGAGA 63 198 198-207 2 0.11 0.11 0.0995 all Acrilamide no hit
R - TATGCAACCAATGGGCTTTT
ET;C (AGA), F - CAGAAGGGGATTTTGATTGG 63 250 250-259 3 0.43 0.33 0.3491 all Acrilamide
conserved hypothetical
protein
R - CCGTGGAAGAAAAGAACGAG
EHBe- (ATAA)4-(CT)s F- GCGAAAATTGGTTTTTGGTT 58 191 191-199 5 0.76 0.11 0.69 all .
38a Capillary
Electrophoresi
R - TCAAGCTACACACAGAGAGAAA s
no hit
EHBe- (GTTTT), F - AAAAAGGAAGCTTTTGCTTAGT 58 169 169-174 2 0.06 0.06 0.0526 all .
38b Capillary
Electrophoresi
R - CAAGGAAACAGTTCATGCAAA s
EHBe- (AT); F - GCATTAAGATAGGTGCGATTAC 60 214 212-235 10 0.89 0.94 0.8512 all . .
39 Capillary photosystem II core
Electrophoresi  complex proteins psbY,
R - AAGTGAAATTGCCGTGATTG s chloroplast precursor
EHBc- H. gui, H. rig, Capillary serine/threonine-protein
40 (GGO)5 F - CACCTTGCGGAATTTAGGAT 62 195 186-192 3 0.64 0.06 0.5455 H. pau Electrophoresi Kinase HT1-like
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R - CTGCTGCTGCTCATTTTCTG

EHBc-

al (AT), F - GCCAAAGCCAAATATTAACCA 60 274 274-286 0.82 0.67 0.7631 all Capillary
Electrophoresi ~ Lactoylglutathione lyase
p ylg y
R - TGATCCGGATGGTAATGGAT s
ET;“' (ACAA), F - ATTTGGGCAAAGTGATGAAA 63 193 189-201 0.62 0 0.5393 all Canillar
Electﬁ) ho);esi lycopene epsilon cyclase,
P N chloroplastic
R - TGATCCAACTGGAGCAACTATG s
EHBe- (GAA)s F - ACCTTCAAGCGTCGAACAAT 63 222 367-394 0.51 0.44 0.4797 S .
43 H. gui, H. rig, Capillary I dh hetical
H. pau, H. Electrophoresi conserved hypothetica
’ . ° protein
R - AAGGATTTCCATCGGACAAA bent, H. cam s
ET:C’ (AATA), F - CACGACGTTGTAAAACGACCTGCATTTCCTTGGGAGAA D2 193 190-193 0.0556 0.0556 0.0526 all Fluorescence
60S ribosomal protein
L34, putative
R - GAGCACGACTAATAACAAATCGAA
ETEC' (ATT),, F - CACGACGTTGTAAAACGACATGCCACCACCCTTCAAGTA D3 289 280-310 all Fluorescence predicted protein
: 0.7841 0.7778 0.7292
R - TGAGGGGACAAAAATTCCAA
ET;‘” (TG)y F - CACGACGTTGTAAAACGACTGCTAATGATGCTGGTGGAC D2 225 211-229 0.5921 0.5556 05031 oy g Fluorescence guanosine-3',5"-
- gut, M. rig, bis(diphosphate) 3
H. nit, H. pau, hosphohyd
H. bent pyrophosphohydrolase,
R - CATCATGCGTGCCATAAAAT : putative
ET;C' (TGC)s F - CACGACGTTGTAAAACGACATTTTGTGGGATGCTGTGC TD2 190 190 0 0 0 all Fluorescence “""se"’;‘i(zﬁ’;“he“wl
R - GCCTCAGGCCTAAAACTCTACA
EI}?“' (CT)y4 F - CACGACGTTGTAAAACGACTCACCGAAGTTCATCGACAG D3 272 266-280 none Fluorescence Te"as"a‘:"? family
0.7576 0.5294 0.6889 protein
R - TTCCATTGATTGAGCATCCA
EHBc- (CAC)s F - CACGACGTTGTAAAACGACTGGATTGATGCTAGCTGTGG TD3 196 187-196 all Fluorescence transcription activator
49 05 05 0.368 GLKI-like
R - GGCAACATATCCCCATCATT
EI?S“' (TCT),, F - CACGACGTTGTAAAACGACCAATAATGGATGCAATCAGC D2 245 230-245 all Fluorescence
0.8079 0.8333 0.7507 rhodanese-like domain-

R - TTTGTTGCTGCACTCAGGAC
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EHBc-

conserved hypothetical

po (TA)g F - CACGACGTTGTAAAACGACTGCAGACCTCATTTCCTTTG TD2 215 210-245 all Fluorescence e
0.369 0.2941 0.3439 protein
R - ACAACAAATGCAAAACAAGC
EI;‘;“' (TTTC)s F- TTTTGTTCTTTCCGTTTCTGG 56 151 155 0 0 0 all Acrilamide RNA-binding protein
R - CAAGCGATGCAGGAGAAAA
EHBe- (CTT) F - CTTTGTCGGATCCGCATTAC 62 184 177-180 all Acrilamide
p - - )
53 0.4365 0.1667 0.3343 LMBRI domain-
containing protein 2
R - CAACGTCAAAATCACCATGC homolog A-like
EI;EC' (TATT), F - CACGACGTTGTAAAACGACACCGTTGTGCTTGTGGATA TD2 210 210 0 0 0 all Fluorescence Rhomboid-related
intramembrane serine
protease family protein,
R - TTGCTGCTGGATTTTCTTCA putative isoform 1
EI?;C' (GAT)6 F - CACGACGTTGTAAAACGACGAAGAAACGGCCAAGAAGAA TD2 181 157-181 all Fluorescence  conserved htyP‘“he““‘l
0.1603 0.166 0.1494 protein
R - CATCTCTTGAAAATGCCGAAA
EHBc- conserved hypothetical
6 (GAA)s F - CACGACGTTGTAAAACGACGGGTAGCCTTTGCCTAAACC TD2 173 173 0 0 0 all Fluorescence rotein
R - GGTGGTGATCCCTCTTCTT
EI?;C' (AG) 16 F - CACGACGTTGTAAAACGACACCTTCCCGGCTTTAATTG TD2 284 276-294 0.6532 0.6875 0.5661 all Fluorescence “""se"’;‘i(zﬁ’;“he“wl
R - GAGAGGGAGATGATGGGTGA
EI?;“' (TAT), F - CACGACGTTGTAAAACGACACAACCCTGTGGCTGTGACT TD2 186 186-189 all Fluorescence
0.0556 0.0556 0.0526 homeobox-leucine zipper
protein HAT14-like
R - CATGTGCCCTTCTTGTGAGA
EI?;C’ (TC) 1 F - CACGACGTTGTAAAACGACCTCGCGCTCTCTGAATCTTT D2 216 216-226 all Fluorescence  nudix hydrolase 25-like
0.2587 0.0556 0.2412
R - GGCCTTATTGAAACCCAACA
EHBc- F - CACGACGTTGTAAAACGACGAGAGGTAGATAGGCGGGAAA o conserved hypothetical
60 (AG) 3 R - GGGTGATCCCAGAAACAGAA TD1 267 267-280 0.5933 0.4 0.5362 none Fluorescence protein
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EHBc- F - CACGACGTTGTAAAACGACGGAGTTGAATCGGGTTTCTG Lorelei-like-gpi-anchored
61 (TTC)s R - GGAAGCATGGGATTGAAAAA TDI1 231 231 1 0 0 0 all Fluorescence protein 1
EHBc- F - CACGACGTTGTAAAACGACTTCTTTGGTGGAATAGTTGGTTT .
6 (CT) o R - TGCAAGAGGGAGGAAGACTC TDI1 213 213-215 2 0.4978 0.5333 0.3739 all Fluorescence pectin acetylesterase
EHBc- F - CACGACGTTGTAAAACGACCTCAGTGGAGAGCGAAAATTG ) o PPPDE peptidase domain-
63 (GA)s R - GCAATATCACATCCGTCATCC TD1 253 253 1 0 0 0 all Fluorescence containing protein
EHBc- (GAA)¢ F - TCTCCACTGCGGAGTCTTTT 63 264 264-270 3 0.66 0.22 0.5675 . . Acrilamide
64 H. gui, H. rig, .
H. pau, H GATA domain class
b N CH . transcription factor
R - ACCCCTAGGACCTGGTCAGT ent, B cam
EI?SB& (AC)7(AT)¢ F - CCCCCTTCAGCCTTCAATA 60 241 241-249 3 0.53 0.33 0.4264 Acrilamide
H. gui, H. rig, cysteine-type peptidase,
H. nit putative
R - TCCCCACTTCTCAAACAAGC
EHBc-
66 F- ACTTCTTGACCCACCCTCCT 63 250 250-259 3 0.63 0.89 0.5267 H. gui, H. nit Capillary
(ACA);G(CAG) M . TCP domain class
H. pau, H. Electrophoresi e
5 bent. H. cam s transcription factor
R - GGCATCCTTATCCTCCTTCC T N
EI?;C_ (CGATTC), F - TCGGACGGATGAAAAAGTTC 63 241 217-241 4 0.61 0.67 0.5122 all Acrilamide
BTB and TAZ domain
protein 2 isoform 2
R - CAGGGTCATTTCCGTCATTT
Elélgc— (ATT)g F- GTTGCGTTTTCTCGCAATTT 55 234 234-237 2 0.49 0 0.3624 Acrilamide no hit
H. gui, H.
bent, H. cam
R - AGCCAAACAAGCACAGGAAT
EHBc- F- AAAAAGGGAAAAATTTAGCAA 55 177 177-201 6 0.76 0.5 0.7011 all Acrilamide . .
69 Hydroxyproline-rich
(AT)7(AG) 1, G( . .
GA) glycoprotein family
3 .
R - TCGCTTCAGTTCATCTGGTG protein
EI‘;‘SC_ (CTT)yo F - GGGGACGAGAAGCAAACATA 60 162 150-171 4 0.63 0.61 0.5517 all Acrilamide no hit
R - CACCCTTTTGAAAGCGAAAT
EHBc- Capillary exocyst complex
71 (ATG)¢ F - CCACTGGCTCCAATCAAAAT 63 264 332-359 4 0.53 0 0.4846 all Electrphosresi component SEC3A
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R - CAGCCTTGCTGTCATTCTCA

isoform 1

EHBc-

conserved hypothetical

o (AACC)4 F - CACGACGTTGTAAAACGACTTGCTCTCCCTCTACACCTACA TD2 266 266 0 0 0 all Fluorescence rotein
R - AAGCGTTTGTCGTCTCCAAG
Eg‘;“' (AG)s F - CACGACGTTGTAAAACGACGCATTTCCCTCAGAAAAAGTAGA — TD2 228 224-238 0.5524 0.4444 0.4408 all Fluorescence CASP-like protein
R - GCATGAGGACTAGGGCTGAG
EI;E)C' (TCT)s F - CACGACGTTGTAAAACGACCACAGCTCTTGTATCATCACAGC ~ TD2 170 167-170 0.3222 0.2778 0.2642 all Fluorescence
R - CCTCTGGCCTCTTTCTTCCT
conserved hypothetical
EHBc- protein
o (AAG), F - CACGACGTTGTAAAACGACTCCTCTTCCCTCCTTTCCTC D2 246 243-247 0.4905 0.5 0.4367 all Fluorescence
R - GGCGACAAGGAGAAACTCTG
EI;];C' (TCT), F - CACGACGTTGTAAAACGACGGGGTGGCAGTTAATTCTGA TD2 226 223-229 0.1603 0.1667 0.1494 all Fluorescence “""se"’z‘i(ﬂﬁ’;“he“wl
R - CCCACTTGAGACTCCACAAA
EI?;“' (TTTG), F - CGATCCTTGTCGAAGCAAA 62 208 208 0 0 0 all Acrilamide
double-stranded RNA
binding protein, putative
R - ATCCATCGTCATCGTCATCA
Eg‘;“' (TA) 1 F - AAGCTTGCCGTTGAAAAGAA 62 256 246-252 all Acrilamide
0.2556 0.1667 0.2335 ATP synthase subunit b',
chloroplastic-like
R - GATCATTACATTGCCCATCAA
EI;EC' (GAA); F - TCTTCACCTCGCCTTCTCTG 62 227 221-233 . eui, H i Acrilamide
0.1603 0.0556 0.1494 - gul, B Tig, chaperone protein dnaJ
H. pau, H. .
bent 20, chloroplastic
R - CCATTAAACCTGCATCAGCA en
EHBc-
2 (GCT)s F - CACGACGTTGTAAAACGACCAAGGGGCACAGATTCACTT TD2 136 136-145 all Fluorescence s 4o ible-strand break
0.4905 0.2778 0.4067 :
repair rad50 ATPase,
R - TATCCGAGGGCTACAAGCAC putative
EI?S“' (ATTTT), F - CACGACGTTGTAAAACGACGCTCATCCCTGGAGACTCTG D2 231 231 0 0 0 H. pau Fluorescence xyloglucan
endotransglycosylase/hyd
rolase

R - CCCCAAGAATTCAAAGTCCA
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EHBc-

a1 (TGA)s F - TGTTCTGATCGATTCCTCCA 62 178 178-181 all Acrilamide
0.1571 0.0556 0.1411 r3h domain containing
protein, putative
R - CACGCCCATTTCTGACTACA
EHBe- (ATG)q F - CACGACGTTGTAAAACGACAGGGAGTGATGTTGCTCACC D2 142 142 0 0 0 all Fluorescence _
82 leucine-rich repeat
containing protein,
R - TGAAGGAATCATGGGGAAGT putative
E?i“' (CTT)s F - CACGACGTTGTAAAACGACCCCAAGAAAACAATCCAACC TD2 184 184 0 0 0 all Fluorescence
R - GCTAAAGCTTGATGTGGAAGATG
predicted protein
E?ﬁf’ (TTC)s F - CACGACGTTGTAAAACGACACAAATTTGCACCCAGGTT TD2 232 232 0 0 0 all Fluorescence
R - GTGGAAAAAGGGCAAAACAA
EIS{f“' (TCT), F - CACGACGTTGTAAAACGACGAAGTCTTCAGCAACATCATCTTC  TD2 217 217-223 Fluorescence
a 0.0667 0.0667 00624  H. gui, H. rig,
H. nit, H. pau
R - CAAGCACCAAAACCACCTTT
conserved hypothetical
EHBe- protein
P F - AAAGGTGGTTTTGGTGCTTG 62 154 151-160 all Acrilamide
(CTT)s-(CAT), 0.3794 0.4444 0.3368
R - GTCCATTCGCATGTGATGTC
Elgc' (€T), F - CACGACGTTGTAAAACGACAGTATCTCCCTCGCTCTG D2 157 400 0 0 0 H. qui H.rig,  Fluorescence  Monothiol glutaredoxin-4
H. nit, H.
R - GCGATGCCCTTCAACATTAT bent, H. cam
EI?SC' (TTA)g F - CACGACGTTGTAAAACGACAAACAGCCTCTCTGCATGGT TD2 259 253-259 all Fluorescence ATP b‘“d‘f;.g g“’te‘“*
0.1079 0 0.0994 putativ
R - AATTGCATTTGCCGTAAACC
E}gc’ (AGC)4 F - CACGACGTTGTAAAACGACCCCTCTACATCTGGCTCTGC TD2 281 281-335 0.0556 0.0556 0.0526 all Fluorescence p“’ée(‘)‘l‘;gg]‘gf:m
R - TGTTGGGAAGTGACATGGAA
Elgc' (TTATAA);  F- CACGACGTTGTAAAACGACTGGACCGCCTGTATAACTCC TD2 273 267-282 0.1095 0.1111 0.1037 all Fluorescence “ine t;‘llgt:fif/’:"e‘“’
R - GACGCTAATTTACACCGACCA
EHBc- (TC)y F CACGACGTTGTAAAACGACAGGCAACAAATCACCGAATC D2 228 228-246 all Fluorescence probable ADP-
89 0.4698 0.5 0.434 ribosylation factor
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R - TATTGGCTCCAGCACCTCTT

GTPase-activating protein
AGDS-like

EI;ISC' (TTC), F - CACGACGTTGTAAAACGACCAAGCCGATCAGATCCAAAT TD2 150 150-156 all Fluorescence  conserved 'IyPo‘he“C""
0.6578 0.7059 0.5629 protein
R - TTCTGAAGCTCTTCGAGATCC
EI;?C' (TTG)s F - CACGACGTTGTAAAACGACGATGTGGTTTGCCTCCTTGT D2 283 283 0 0 0 all Fluorescence
ABC transporter I family
member 17
R - CACAAGTTTCGTCTGCCAGT
EHBe- (CT), F - CACGACGTTGTAAAACGACTCGTTCATCCACCTCATCAA D3 278 276-294 all Fluorescence )
92 0.4889 05 0.434 probable receptor-like
. ) . protein kinase
R - GGAAGTCAGCTTACCGACCA At5g15080-like
EI;];C' (GAAAAG),  F- CACGACGTTGTAAAACGACTTTCCTTCCCATCTCTTTCG TD2 192 186-192 0.5143 0.1111 0.375 all Fluorescence 'as'rle{l/i‘;igg’te‘“
R - TTGATTTCCCAACAGCTGAA
EI;EC' (ATG)q F - CACGACGTTGTAAAACGACGGTGGCGGCTAATATGGTTA TD2 262 256-262 0.2857 0.2222 0.2392 all Fluorescence  adenylate translocator
R - CCCAGTCCAAAGGAACATTG
E};?C’ (AT),, F - CACGACGTTGTAAAACGACGGCATTTCCCTCTCCTAAG TD2 202 200-218 0.527 0.4444 0.473 Fluorescence sigma factor sigB
H. gI-‘Il l’pI;I"l it regulation protein rsbQ
R - CGATACAAAGTCCCAATGGA isoform
EI;‘;“ (TC) 14 F - CACGACGTTGTAAAACGACCAAAGCAAGAGCAAGCCAGT TD2 183 177-193 0.7905 0.8333 0.7364 all Fluorescence “""se"’z‘i(ﬂg’;“he“ml
R - GGCCTCAAAATCTCAGTACCC
EHBc- (CT)yy F - CACGACGTTGTAAAACGACACACAAGTGCCATCCTCTCC D2 188 171-195 0.7556 0.3333 0.6902 . Fluorescence conserved hypothetical
97 H. gui, H. rig, protein
H. nit, H. pau,
R - CTTGGGAATCAAACGATGCT H. bent
EHBc-
o8 (TC)14(TA)y  F- CACGACGTTGTAAAACGACCATTATCAAATCGCCGATCA D3 278 274-298 0.7487 0.4706 0.6773 all Fluorescence BTR/POZ and TAZ
domain-containing protein
R - TCATTGCAAATCGAAAAGGA I-Tike
F-
EHBe- (TTC)s CACGACGTTGTAAAACGACGAATCTAATATCCTACATTCTCATTC — TD2 251 247-268 0.681 0.7222 0.6 all Fluorescence ) .
99 microtubule-associated

C

R - CGTTTATGTGCTTCCCTGGT
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EHBc-

conserved hypothetical

100 (ATT)s F - CACGACGTTGTAAAACGACCGTTGGTGTCAATGTGAAGC D2 274 274-277 2 0.4278 0 0329 all Fluorescence rotein
R - TTCAATGAGTGATCTACATGCAA
Eﬁﬁ“' (TA), F - CACGACGTTGTAAAACGACGGCACTTTCACTGATGCAAA D2 175 169-175 3 0.5187 0.1765 0.4372 all Fluorescence predicted protein
R - TTTATTCACCCTTCAGCAGAT
511{53;- (TCG)s F - GAGTCGGTGTCGGAGTCATT 62 160 160 1 0 0 0 all Acrilamide
reticulon-like protein B2-
like isoform 1
R - GCCAAACATGCGATAAATCTT
EHBc- F - CACGACGTTGTAAAACGACTTCTGCTTCAAAACCAAACAA F-box protein PP2-A13-
103 (TC)sTA(TC)g R - GAGAGAGGTGGCAAAGAGGA TD1 212 180-210 6 n/a n/a n/a all Fluorescence like
EHBle-1 (AAAT), F - CATATGCTCCCGGATAAAGG 63 194 194 1 0 0 0 all Acrilamide B3 d"’“;:g;;‘;“‘a‘“‘“g
R - CCTGCCCCTTTCCATTCTAT
EI'IZIZI& (TTC)q F - GGTGTTGAGGAATGCTGTTG 63 262 262-274 2 0.06 0.06 0.0526 all Acrilamide
R - TGTGTTTTGTTGGCCTTTTG
no hit
EHZ}IS)IQ' (AAG)g F - CACACAGCCCTACATGCAAT 63 223 223-235 3 0.59 0.56 0.5095 all Acrilamide
R - GGGGTTTGTTGTGCTGTTCT
EHBle-3 €y F - CACGACGTTGTAAAACGACTCTATCTAGATCATCCACACAACC — TD2 103 103-113 . . Fluorescence actin depolymerizing
H. gui, H. rig, factor 4
4 0.554 0.6111 0.4438 ’
H. nit, H.
R - TGGACGAGAACGAGAGAGAA bent, H. cam
EHBle-4 (AT), F - GTGAGGTACGGCATGTAG 62 251 198-252 4 0.3209 0 02973  H.rig,H.bent  Acrilamide probable
pectinesterase/pectinester
R - TGCAGATTAATTTTCCCATTGA ase inhibitor
EHBIe-5 cm F - CACGACGTTGTAAAACGACTGGCCTTGTCCATTGAACT D3 219 215-223 all Fluorescence  Sulfiredoxin-1, putative
5 0.6881 0.7059 0.6228
R - GAACTTTGCAGCGGATTGTT
EHBa-1 (TGC), F - AGGCCTGTATCAATGGCAAC 62 257 338-356 5 0.7 0.18 0.6519 all Capillary — Jasmonate-zim-domain
electrophoresi protein 12, putative
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R - CTTGTACTGCTTTGCGGTGA

isoform 1

conserved hypothetical

EHBa-2 (AG); F - GCGACCTGTTCTCTCTCACC 60 261 261-265 0.1 0.06 0.1037 A Acrilamide ;
H. gui, H. rig, protein
H. nit, H.
R - TGGAAGCTAAGGATCCAAATG bent, H. cam
EHBa-3 (TAA)s F - CACGACGTTGTAAAACGACCGCTTGCTTAGCAGATGATG 63 206 221-279 all Acrilamide predicted protein
02529 02 02378
R - TGGAGCCAATGAATAAATTTC
EHBa-4 (ATCT)s F - CACGACGTTGTAAAACGACGCACGGTAAGGCTAGGGTTT D2 104 111-119 0.5317 0.4444 0.4091 all Fluorescence ‘”"““d;:‘:‘“ef:d basic
R - TGAGGAAGGAACGGAAGAGA
EHBa-5 (GCT)s F - CACGACGTTGTAAAACGACGGCAAATCAAAGGAACAAGC TD2 205 205-208 all Fluorescence  acyl-CoA-binding protein
0.0556 0.0556 0.0526
R - GAAACAACATTACACCACTCCAGA
EHBa-6 (TAT)s F - CACGACGTTGTAAAACGACTTTGTTGAAGACGTCTGTTTTGA ~ TD2 267 267-288 0.5143 05556 0375 all Fluorescence

R - AAAGAAATACCACCAAGATGACA

stress-induced
hydrophobic peptide

Primer pairs number followed by letters a and b - belong to the same EST; H. gui - Hevea guianensis, H. rig - Hevea rigidifolia, H. nit - Hevea nitida, H. pau - Hevea pauciflora,

H. bent — Hevea benthamiana, H. cam - Hevea camargoana; n/a - not applicable

p - panel library EST, la - latex library EST, c - cold-stressed library EST, le - leaf library EST, a - contig
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Capitulo IV

“Saturation of a Hevea brasiliensis microsatellite-based linkage map and identification

of candidate genes for growth-related traits.”
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Saturation of a Hevea brasiliensis microsatellite-based linkage
map and identification of candidate genes for growth-related

traits

Hevea brasiliensis is a native species of the Amazon basin and world’s most important
source of natural rubber. Although the Amazon region provides optimal conditions for
rubber plantation, the occurrence of South American leaf blight (SALB) disease limits the
rubber production in this region. Therefore, rubber plantation has been extended to
suboptimal areas. Breeding programs have been searching for clones adapted to these
suboptimal areas, but rubber tree breeding is time-consuming and expensive. The use of
molecular markers and genetic maps in breeding programs can accelerate this process. In
this work, novel microsatellite (EST-SSR) markers were added to a H. brasiliensis
integrated genetic map. This new map consists of 330 markers distributed in 22 linkage
groups (LG), with a total length of 3068.9cM and an average genetic distance of 9.3cM
between adjacent markers. Groups LG11a and LGI11b, in the previous map, were united
into one group (LG11) with the addition of the new markers. The largest group covers a
distance of 306.4cM (LG14) and the smallest covers 8.8cM (LG2b). Five loci were mapped
into growth-related QTL regions and three of them had their transcripts annotated as
proteins that are involved in stress responses. These loci could be candidate genes for the
variation observed in the girth and height traits. The addition of new markers provided a
denser rubber tree genetic map and the identification of loci that could be involved in
growth traits. This new map may help the positioning of genes of interest; identification of
QTLs related to other important agronomic characteristics and marker-assisted selection in

the rubber tree program.
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Keywords: rubber tree, linkage map, EST-SSRs, Hevea brasiliensis.

Introduction

Hevea brasiliensis [(Wild. ex Adr. de Juss.) Muell-Arg.] is world’s most important
rubber producing species and is a diploid (2n = 36) perennial tree. The Hevea genus
comprises eleven inter-crossable species that are native to the Amazon basin and belongs to
the Euphorbiaceae family (Pires et al., 2002; Gongalves et al., 1990). Even though the
Amazon provides optimal conditions for the rubber tree development, the presence of the
fungus Microcyclus ulei (P. Henn) v. Arx, which causes the South American leaf bligtht
(SALB) disease, restrains the rubber plantation in the region (Pushparajah, 2001). As a
consequence, rubber production was extended to several suboptimal environments
worldwide, in an attempt to evade the disease. Nevertheless these new areas present various
climatic constraints, such as low temperatures and dry periods (Priyadarshan and
Goncalves, 2003). Breeding programs have been searching for clones adapted to these
suboptimal areas, but rubber tree breeding is time-consuming and expensive (Gongalves
and Fontes, 2012).

The development of molecular markers and molecular markers-based maps
provided new tools for applied genetics and breeding programs. They allow the analysis of
genetic diversity, characterization of genotypes, identification of quantitative trait loci
(QTLs) and genes of interest (Besse et al., 1994; Lespinasse et al., 2000; Le Guen et al.,
2003; Saha et al., 2005; Souza et al., 2009; Feng et al., 2009; Le Guen et al., 2011;
Mantello et al., 2012; Souza et al., 2013). The association of markers with characteristics of

interest enables the application of marker-assisted selection (MAS); and high-density
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genetic maps combined with phenotypic data allows the application of genome wide
selection (GWS). Both thechniques are of great importance for perennial trees with a long
life cycle, such as the rubber tree, since they could reduce breeding programs time and
costs (Neale and Kramer, 2011; Heffner et al., 2009).

Due to H. brasiliensis extended juvenile period and inbreeding depression, the
development of homozygous inbred lines is fairly difficult. As such, traditional methods for
constructing linkage maps (i.e.: F, population) are not suitable for rubber tree (Grattapaglia
and Sederoff, 1994). The first rubber tree genetic map was constructed using a double
“pseudo-testcross” strategy, using a full-sib cross (or F; population). The map contains 717
markers, mostly RFLPs and AFLPs, distributed in 18 linkage groups (LGs) (Lespinasse et
al., 2000). In 2011, another two genetic maps were constructed, both using the “pseudo-
testcross” strategy, with only SSR markers (Triwitayakorn et al., 2011) and SSR and AFLP
markers (Le Guen et al., 2011). Souza et al. (2013) developed an integrated rubber tree
map comprised of 284 SSR markers (226 genomic SSRs and 58 EST-SSRs), distributed in
23 LGs, using OneMap software (Margarido et al., 2007) and multipoint analysis based
on the Hidden Markov Method (Mollinari et al., 2009). The map has a total length of
2792.8cM with a density of one marker per 9.83cM. In addition, 18 QTLs for growth-
related traits during summer and winter periods were detected in 11 LGs.

In this work, novel EST-SSR markers developed by Silva ef al. (2014; unpublished
data) were added to the integrated map of Souza et al. (2013) using the same methodology
for the construction of the genetic map. Loci that were mapped into QTL regions could be

candidate genes for the variation observed in the growth-related traits.
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Methods

Mapping population

The mapping population was the same used by Souza et al. (2013): 270 individuals
derived from a cross among clones PB 217 (high rubber yield potential) and PR 255
(tolerant to injury and low temperatures). The progeny was obtained by controlled
pollination and multiple replicates were generated by bud graffiting onto rootstocks (GT 1
seedlings) for the field experiment. The mapping population was planted in the
Edouard Michelin Plantation (Mato Grosso state, Brazil, 17° 23* 59.60°" S and 54° 44’
53.93” W, altitude 519 m) in 2006.
DNA extraction and Molecular marker analysis

The mapping population DNA samples were the same used in the work by Souza et
al. (2013). The polymorphisms from a total of 173 EST-SSR markers (Silva et al., 2014;
unpublished data) were screened for both the PB217 and PR255 parents. Alleles were
visualized by three alternative techniques: a 4300 DNA Analyzer (LI-COR Biosciences,
USA), an Advance FS96 dsDNA Fragment Analyzer (Advanced Analytical Technologies
Inc., USA) and 6% denaturing polyacrylamide gels with silver staining (Creste et al. 2001).
All PCR reactions were performed according to Silva et al. (2014).
Linkage Map

A chi-square test was performed to verify the segregation of the markers. Linkage
analysis was performed using the software OneMap (Margarido et al., 2007) and Hidden
Markov Models-based multipoint technology (Wu et al., 2002). Cosegregation groups were
determined with a 4.5 LOD score and a 0.4 recombination fraction. The markers order was

established with algorithms compare (for groups with up to six markers) and order (for
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groups with more than six markers) (Lander et al., 1987; Mollinari et al., 2009). The
Kosambi map function was used to convert the recombination fractions between the

markers to centiMorgan units (Kosambi, 1944).

Results and Discussion

Marker polymorphism and segregation analysis

From the 173 EST-SSR markers developed by Silva et al. (2014; unpublished data),
54 (31.4%) exhibited polymorphism between the parents of the mapping population. This
percentage of EST-SSRs polymorphism among the parents was smaller than the observed
for genomic microsatellite markers (54.5%) and a little smaller than EST-SSR markers
(39%) (Souza et al., 2013). Although EST-SSR markers present a lower polymorphism
level than genomic SSR makers, they have a higher probability of being inserted in
functional gene sequences, creating the possibility of mapping and identifying candidate
genes (Varshney et al., 2005). From the 54 polymorphic markers identified, a total of 46
were selected to genotype the 270 individuals of the mapping population.

A chi-squared test was performed on the genotyped loci and 28 (60.9%) presented a
1:1 segregation ratio, six (13%) showed a 1:2:1 segregation ratio and 12 (26.1%) exhibited
a segregation ratio of 1:1:1:1. Four markers (EHBp23b, EHBp17, EHBp15 and EHBc90;
8.7%) showed distorted segregation (P < 0.005, chi-squared test); however these markers
did not caused distortions in the LGs. These four loci transcripts presented similarity to
proteins aquaporin (EHBp23b), 60S ribosomal protein L34 (EHBp17), a nuclear-encoded
mitochondrial acyl carrier protein (EHBp15) and a conserved hypothetical protein (Silva et
al., 2014) bearing a mitochondrial ribosome subunit S26 domain (MRP-S26) (EHBc90).

Three of them are reported to be related to important processes in plants.
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Aquaporins are transmembrane channels involved in water transport (Chaumont et
al., 2005), shown to be essential in leaf and petal movements (Azad et al., 2004; Siefritz at
al., 2004), reproduction (Bots et al., 2005), seed germination (Vander Willigen et al.,
2006), and salt and drought stresses tolerance (Xu et al., 2014). The ribosomal protein L34
presents a higher expression in stems and roots than in leaves and flowers (Gao et al, 1994),
its promoter activity is higher in actively growing tissues and is enhanced in response to
wounding and plant growth regulators (Dai et al., 1996). The mitochondrial acyl carrier
protein is involved in the fatty acid biosynthetic process (Yasuno et al., 2004), which is an
essential component of plant cellular membranes, cutin and suberin (Beisson et al., 2007).
These skewed segregations detected may be the result of several biological factors, such as
chromosome loss, locus duplication and gamete selection (Liebhard et al., 2003; Moyle and
Graham, 2006). In the case of gamete selection, these loci, or possibly other loci linked to
them, may be influencing pollen and zygotes viability.

Linkage map

Forty-six EST-SSR markers were used to enhance the coverage of the
microsatellite-based rubber tree integrated genetic map constructed by Souza et al. (2013).
The new map has 330 markers assigned to 22 LGs, spanning a total of 3068.9cM, which is
276.1cM larger than the original map. Loci that presented similarity to proteins involved in
response to stress (i.e.. EHBp13) and developmental processes (i.e.: EHBc20) (Silva et al.,
2014) are among the new mapped loci. The larger LG has 306.4cM in length (LG14) and
the smallest presents a length of 8.8cM (LG2b). Groups LG11a and LG11b, in the previous
map, were united into one group (LG11) with the mapping of marker EHBIe3, that presents

similarity to actin depolymerizing factor 4 protein, between markers A2535 and HBE30.
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A primer pair that presented a polyploid pattern of segregation (EHBp27) (Silva et
al., 2014) was most probably amplifying three different genomic regions (Fig.1). Thereby
two of these loci (EHBp27a and c) were genotyped in the mapping population and the
linkage analysis mapped both into LGI1 with a distance of only 0.8cM. The Ricinus
communis proteins with which these loci presented similarity (RCOM_0175580 and
RCOM_0175590) are also close together: the distance between them is approximately
1,840 bp (Chan et al., 2010). The EST used to design this primer pair bears a Rho (Ras-
like) small GTPase putative conserved domain, and in plants, Rho-related GTPases are
involved in the regulation of hormone functions and developmental processes and form a
family with several members (Yang, 2002). The two distinct genomic regions amplified by
primer pair EHBp23 (Silva et al., 2014) were mapped as well: LG3 bears the locus
EHBp23a and locus EHBp23b was placed in LG13. The genetic map is presented in Fig. 2

and statistics for each LG are presented in Table 1.

[l o}
& F, progeny — 1 to 45
£ A
[ \

EHBp27a
pY } "t ¥ e " EHBp27b
SRR R R R . ew - R R 'SR E A RERERE B B ‘AR R

EHBp27c

Figure 1 — Genotyping of the F; population (plants 1 to 45) with primer pair EHBp27. The lines separate the
probable different genomic regions named EHBp27a, b and c. PB 217 and PR 255 — F, parents.

TABLE 1 — The distribution of the markers in the linkage groups.

Linkage Group  N° of markers Length Marker density

LG1 25 166.4 6.66
LG2a 14 98.6 7
LG2b 3 8.8 2.9
LG3 19 177.3 9.3
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LG4 11 115.1 10.46

LG5 22 193.7 8.8
LGo6a 14 82.1 59
LG6b 3 38.9 13
LG7 19 197.4 10.4
LG8 25 194 7.8
LG9 14 117 8.4
LG10 33 252.8 7.7
LG11 8 160.3 20
LG12 12 201.8 16.8
LG13 15 167.4 11.2
LG14 25 306.4 12.3
LG15 16 155.1 9.7
LG16 18 209.3 11.6
LG17a 7 54.5 7.8
LG17b 5 234 4.68
LG18 16 138.3 8.6
LG19 4 10.3 2.56

The LGs were classified from one to 19 and groups 2, 6 and 17 were still divided
into subgroups “a” and “b”, although new markers were added to these groups. Markers
density was slightly higher (1/9.3cM) than the original map (1/9.8cM); however it was
lower than Lespinasse et al. (2000) map (1/3cM), which was saturated with several RFLP
and AFLP markers. Nevertheless, although the LGs marker distribution was not uniform,
the new markers were able to resolve three of the five gaps present in the Souza et al
(2013) map (LGs 11, 13 and 15). The two gaps that remained are in LG12 (66.3cM) and
LG 16 (43.3cM) (Fig. 2). The gaps observed may be the result of low level of microsatellite
polymorphisms in these regions, and could be associated with heterochromatic regions near
the centromeres. In order to confirm this hypothesis in rubber tree, cytogenetics analyses
need to be carried out to demonstrate this association. Another reason for the gaps is that

the recombination events or mapped loci are not equally distributed through the genome.
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The low marker density in some LGs may as well be due to highly homozygous regions
subjected to lower recombination rates (Castiglioni et al., 1999).

Eighteen linkage groups were expected for H. brasiliensis (2n = 36) linkage map,
however this number was exceeded by four LGs. Since some LGs are small, this exceeding
number can be due to incomplete coverage of the genome by the microsatellite loci. A
similar result was obtained for a rubber tree linkage map by Triwitayakorn et al. (2011) that
used only SSR and EST-SSR markers. Nevertheless Lespinasse et al. (2000) and Le Guen
et al. (2011) showed that using several types of markers it is possible to obtain 18 linkage
groups, indicating that different markers may be necessary to fill in the gaps between the
groups.

Although the new map most likely presents an incomplete coverage, it may help the
positioning of genes of interest, the identification of QTLs related to other important
agronomic characteristics and MAS. The addition of new markers to the genetic map and
the phenotyping of the mapping population may possibilitate the use of GWS in the rubber
tree program as well.

Candidate genes for growth-related traits

Souza et al. (2013) identified 18 QTLs in 11 linkage groups for height and girth
growth during summer and winter periods. Among the 46 new loci mapped in this work,
five were positioned into six QTLs regions: summer girth (SG) 1, total height (TH) 1, SG.2,
total girth (TG) 1, TH.2 and summer height (SH) 6 (Fig. 3). SG.1 and TH.1 were identified
in LG5 between markers a235 and a491 (Souza et al., 2013) and markers EHBmu5 and

EHBIal0 were mapped between those markers.
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The transcript from which EHBmu5 primer pair was designed showed similarity to
heat shock factor-binding protein (HSBP) 1-like (Silva CC, unpublished results). Heat
shock proteins (HSP) are known to be an early adaptive response to several types of
stresses (Wang et al., 2004) and hsps transcription is controlled by heat stress transcription
factors (HSF) (Baniwal er al., 2004). HSBP1 acts as a negative regulator of the heat shock
response by binding to HSF1 in humans (Satyal et al., 1998) and proteins similar to HSBP1
were discovered in plants. In maize, a mutated empty pericarp 2 (emp2) gene, which
encodes a HSBP-like protein, is embryo lethal and its lethality was attributed to the
unattenuation of the heat shock response with up-regulation of Asp genes in the mutant (Fu
et al., 2002) and the interaction of EMP2 protein with some HSFs was reported (Fu et al.
2006). Similar results were reported for Arabidopsis thaliana AtHSBP protein: AtHSBP-
knockout lines presented seed abortion and AtHSBP negatively regulates the heat stress
response (Hsu et al., 2010). The EHBmuS5 locus product may be involved in the heat stress
response in rubber tree, which is seemingly important during plant development. The
positioning of this marker into a growth-related QTL region suggests that this locus could
be considered a candidate gene for growth-related traits.

The EHBIal0 locus transcript showed similarity to 2-methyl-6-geranylgeranyl
benzoquinone methyltranferase (MGGBQ-MT) (Silva et al., 2014), which is a protein from
the vitamin E biosynthesis pathway (Farré et al., 2012). Vitamin E is a group of lipophilic
antioxidants that are essential for seed longevity, by reducing the accumulation of lipid
oxidation products, and are also involved in the protection of chloroplasts against
photooxidative stress in A. thaliana (Sattler et al., 2004; Havaux et al., 2005). The

EHBIal0 locus was mapped close to the EHBmu5 locus, and its product could also be
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related to stress responses and developmental processes in rubber tree, therefore this locus
could be a good candidate for growth-related traits further analyses.

SH.6 was detected in LG9 between markers HBE77 and HB7 (Souza et al., 2013).
Marker EHBp21 was mapped inside this QTL region and its transcript presented similarity
to jasmonate-ZIM-domain (JAZ) protein 3 (Silva et al., 2014). Jasmonic acid (JA) is
involved in regulation of plant secondary metabolites biosynthesis, response to wounding
(i.e.: herbivory) and necrotrophic pathogens, reproductive organs development, leaf
senescence and growth inhibition (Wasternack and House, 2013). JAZ proteins are negative
regulators of the JA signaling pathway by interacting with transcriptional activators of JA-
responsive genes, which includes the JAZ genes (Chini et al., 2007; Yan et al., 2007;
Chung et al., 2008). The feedback loop created by JA induction of JAZ genes transcription
must serve to attenuate the transcriptional response soon after it is initiated, providing a
mechanism for the adjustment of the expression of JA-responsive genes (Chini et al., 2007;
Chung et al., 2008). JAZ proteins are redundant in their negative regulation functions,
however mutations that prevent JAZ protein degradation and the overexpression of JAZ
proteins lead to a jasmonate-insensitive phenotype (i.e.: repression of JA-mediated growth
inhibition) (Chini et al., 2007; Yan et al., 2007). EHBp21 locus product may be involved in
JA-mediated defense and developmental processes, therefore this locus may be related to
growth-related traits in rubber tree as well.

LG9 also bears QTL TH.2, present between markers A2532 and a90 (Souza et al.,
2013), and marker EHBc45 was mapped into that region. The EHBc45 locus product
showed similarity to a predicted protein detected in several plants (Silva et al., 2014).
Although this protein seems to be conserved among different plant species, there is no

biological function attributed to it. A similar situation was presented by EHBp5 locus,
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which was mapped in QTLs SG.2 and TG.1 present in LG6b among markers T2449 and
HBEA49. The EST from which EHBpS5 primer pair was designed showed no similarity to
any protein or EST sequence in the GenBank database, however this EST length is only
217 bp. The target sequence length may affect the identification of similarity to known
proteins or transcripts (Silva et al., 2014), as such it is possible that this short EST may
belong to an untranslated region (UTR) of a known sequence. Even though both loci cannot
be associated to known biological processes, they may be linked to genes that are involved
in developmental processes in rubber tree.

Quantitative traits, such as height and girth, are dependent on a combination of
individual effects of several genes and are influenced by environment fluctuations as well
(Griffing and Scholl, 1991; Neale and Kramer, 2011). The analysis of candidate genes has
been a powerful approach to dissect the genetics of these complex traits (Neale and
Kramer, 2011; Fabrini et al., 2012; Prunier et al., 2013; Celton et al., 2014). The loci
identified here open new possibilities for further molecular investigations. These loci may
be associated to height and girth growth in rubber tree by being physically close to the
functional variant or even be the functional variant themselves. An analysis of these loci
effects based on the population phenotypic data may help to implement the GWS approach

into rubber tree breeding programs.
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Figure 3 — LGs bearing QTL regions into which loci analyzed in this work were mapped.
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Resultados complementares

A necessidade de novos cultivares de seringueira (Hevea brasiliensis)
adaptdveis a diferentes regides ecoldgicas, denominadas de regides de escape para o cultivo
da H. brasilienses, constitui um ponto importantissimo para o sucesso da heveicultura no
Brasil ¢ no mundo. O ciclo de melhoramento genético da seringueira, que vai do
cruzamento para obtenc¢do das progénies recombinantes até o final da producdo, pode
demorar aproximadamente 30 anos para se concretizar. Desta forma, torna-se fundamental
o desenvolvimento de novas técnicas de avaliagdo precoce, que possibilitem diminuir e
otimizar as avaliacdes para essa cultura. Neste contexto, o projeto tinha como objetivo a
constru¢do de bibliotecas de cDNA, a geracdo de sequéncias EST (Expressed Sequence
Tag) e o desenvolvimento de marcadores microssatélites gene-direcionados, para saturar e
posicionar possiveis genes em um mapa genético-molecular de uma populacdo F; de Hevea
brasiliensis.

No periodo em que o projeto foi elaborado (agosto/2009), havia poucas sequéncias
EST de seringueira depositadas em bancos publicos de sequéncias. Desta maneira, a
constru¢do de bibliotecas de cDNA de diferentes tecidos e tratamentos foi a estratégia
escolhida para a geracdo de ESTs. Ao todo foram construidas sete bibliotecas de acordo
com o tecido ou tratamento utilizado: “painel”, “latex”, “folha”, “frio-6h”, “frio-10h”,
“frio-24h” e “M.ulei”. Os resultados obtidos para as bibliotecas, bem como os marcadores
moleculares desenvolvidos a partir de suas sequéncias, com excecao de “M.ulei”, estdo
descritos no artigo presente no capitulo III. Apresentamos a seguir os resultados

complementares deste trabalho sobre a biblioteca de cDNA “M.ulei”.
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Microcyclus ulei ¢ um fungo ascomiceto que ataca os foliolos jovens de seringueira,
causando perda das folhas e podendo acarretar em morte da planta. A disseminagdo dos
conidios se da através dos ventos e da chuva e as folhas infectadas ficam com aspecto de
lixa (Gasparotto et al., 1990). H4 cinco niveis principais na interagdo hospedeiro-patégeno:
1) germinacdo e penetracdo, que acontece nas primeiras 24h apds o contato dos esporos
com os tecidos foliares jovens; 2) infeccao inicial, que consiste na colonizacao dos tecidos
adjacentes aos feixes vasculares pela hifa através de seu crescimento intercelular (24h-3
dias); 3) colonizagdo da folha, crescimento intercelular e ramificagao da hifa acontecem nos
proximos 3-5 dias pelo crescimento de hifas laterais perpendiculares a hifa principal; 4) as
hifas laterais direcionam seu crescimento a superficie dos foliolos e, aproximadamente, 24h
apo6s sua formacao, estas hifas saem pela superficie abaxial, formando conidi6foros; e, em
casos onde houve baixa incidéncia de infeccdo, 5) ha a formagado de estruturas estromaéticas,
como pseudotécios e ascosporos (Lieberei, 2007).

Um Ensaio de infeccdo controlada por Microcyclus ulei foi realizado, nas
Planta¢des Michelin Bahia (Igrapitina/BA), em plantas enxertadas dos clones Fx 2784, PFB
5, FDR 5788 (resisténcia/tolerancia ao M. ulei), RRIM 600 (suscetivel ao M. ulei), F 4542
(H. benthamiana) e PA 31 (H. pauciflora) (utilizadas no melhoramento da seringueira com
intuito de introdugdo de genes de resisténcia em H. brasiliensis através de cruzamentos).
Conidios do isolado PMB136 de M. ulei foram coletados de uma les@o, com a utilizacao de
um pincel estéril, de uma folha previamente infectada de RRIM 600 aproximadamente 30
minutos antes da infec¢do (Fig. 1A), e colocados em solucdo de Tween80 0,05%. Foi feita
a contagem do niimero de esporos em camara de Neubauer, sendo a concentracdo final

230.000 conidios/mL. Uma aliquota da suspensdo de conidios (50uL) foi plaqueada em
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meio 4dgar-dgar para teste de germinacdo e aproximadamente 98% dos conidios
germinaram.

As plantas enxertadas foram transferidas da casa telada para a cAmara umida (25°C,
99,9% de umidade) e um compressor de ar (FANEM) foi utilizado para fazer a inoculacio
dos esporos na face abaxial das folhas jovens (estdgio B2 de crescimento) (Fig. 1B e C,
respectivamente). Foram inoculadas duas folhas por clone. As plantas foram mantidas no
escuro nas primeiras 24h (para manter a umidade), passando em seguida para um regime de
12h de luz por dia. Os foliolos infectados foram coletados com 48h e cinco dias apds a
infeccdo. Foliolos sadios com cinco dias de crescimento também foram amostrados.
Foliolos com nove dias de infeccdo dos clones RRIM 600, PA 31 e F 4542, que ja estavam
presentes na caimara imida quando do momento do ensaio, também foram coletados, sendo
que foram selecionados apenas, com a utilizagdo de um bisturi, os tecidos das regides que

apresentavam lesdes causadas pelo fungo e tecidos adjacentes as lesoes.

Figura 1 — Coleta dos conidios de M. ulei (A) para inoculacio na face abaxial dos foliolos (B) em estdgio B2 (C).

Nenhum dos clones, com excecdo de RRIM 600 (Fig. 2A), apresentou sintomas
visiveis da infec¢do nos primeiros dois dias. O aparecimento de lesdes nos foliolos de

RRIM 600 era esperado neste periodo, pois o clone € altamente suscetivel ao fungo. No
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quinto dia pés-infec¢do, todos os clones apresentaram algum tipo de lesdo (Fig. 2B), sendo
os foliolos de RRIM 600 os mais afetados, havendo inclusive deformacao dos foliolos (Fig.
2CeD).

A extracdo de RNA total das amostras foi realizada, entretanto, apesar dos foliolos
terem sido transportados em RNA Later (Qiagen), os RNAs totais das seguintes amostras
estavam degradados: F 4542-2°dia, Fx 2784-sadia, PA 31-sadia, F 4542-sadia, e todas as
amostras do 5° dia, com excec¢dao do clone FDR 5788 (Fig. 3). Para a construcdo da
biblioteca de cDNA foram utilizados os RNAs totais das amostras coletadas no 2° dia de

infeccdo juntamente com o RNA total da amostra FDR 5788-5°dia.

Figura 2 — Fases amostradas do ensaio de infeccdo controlada por M wlel. (&) Foliolo de RRIM 600, 2 dias apds a
infecgio; (B) Parte de um foliolo de F4342 e (D) RRIM 600, 5 dias apds a infecgdo; (C) Foliolos deformados de
RRIM 600, 5 dias apds ainfecgdo; (E) Foliolo de RRIM 600, 9 dias apds ainfecgdo.
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Figura 3 — RNA total extraido dos foliolos jovens do ensaio
de infeccdo controlada. Os RNAs totais das amostras PA
31-5° dia (3) e F4542-2° dia (5) se mostraram degradados. 1
- PFBS sadia; 2 - PFBS 2°dia; 4 - F 4542 9°dia; 6 -
FDR5788 5°dia.

A biblioteca de transcritos de folhas jovens infectadas por M. ulei possui
aproximadamente 2.500 clones. Foi feito PCR de 15 coldnias aleatérias para a verificagao
do tamanho dos insertos, e estes variaram entre 250 pb e 1.200 pb, com tamanho médio de
584 pb. Foram sequenciados 384 clones desta biblioteca, que geraram 288 reads de alta
qualidade (75,0%), totalizando 8.551 ESTs. O alinhamento destes reads com as sequéncias
das outras bibliotecas gerou 5.211 sequéncias EST, consistindo em 828 contigs e 4.383
singletons. Com a adicdo dos reads desta biblioteca, o nimero de sequéncias anotadas
aumentou para 2.595 e 40 novas sequéncias ndo apresentaram similaridade com qualquer
proteina ou EST no banco de dados GenBank.

Nao houve mudangas com relagdo as categorias do banco de dados Gene Ontology
(GO) mais representadas (funcdo molecular: binding - 1.455; 36,6%, catalytic activity -
1313; 33,0%, structural molecule activity - 202; 5,1%; processo bioldgico: cellular
metabolic process - 1163; 41,2%, biosynthetic process - 608; 21,6%, gene expression - 398;
14,1%; componente celular: cytoplasm - 700; 41,3%, membrane - 468; 27,6%, non-
membrane-bounded organelle - 234; 13,8%), o mesmo ocorrendo com as espécies com as
quais os ESTs apresentaram maior nimero de hits no BLASTX (Ricinus communis - 1.840,
Populus trichocarpa - 729, Vitis vinifera - 251, H. brasiliensis - 247). Entre os singletons,
16 sequéncias apresentaram regides SSR: sete di-, cinco tri-, um tetra- e trés

pentanucleotideos.
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Cinco ESTs contendo motivos SSR foram selecionados para o desenho de primers:
trés apresentaram similaridade com proteinas e dois apresentaram similaridade com
sequéncias EST do banco de dados GenBank (Tabela 1). A defini¢do da temperatura de
annealing 6tima para cada par foi feita através de PCR gradiente. O polimorfismo dos
microssatélites desenvolvidos foi avaliado em 18 gendtipos de H. brasiliensis, coletados em
janeiro de 2008 e abril de 2009 no Centro Experimental de Votuporanga/SP (APTA/IAC), e
a transferibilidade foi avaliada em seis espécies do género Hevea que foram cedidas pela

Embrapa Ocidente situada em Manaus/AM (Tabela 2).

TABELA 1 — Motivo das regides SSR encontradas, tamanho esperado do produto de
amplificacdo e anotacdo das sequéncias utilizadas para o desenho dos primers.

Primer Motivo Tamanho Anotacao
Esperado
EHBmul | (AAG)s 203 H. brasiliensis EST (JG009018.1)
alcohol dehydrogenase, putative [Ricinus

EHBmu2 | (TCTD)s 259 communis] (8258312 RCOM_1497750)
EHBmu3 | (AAG), 110 Manihot esculenta EST (FG805548.1)

ubiquitin-conjugating enzyme [Hevea
EHBmu4 | (AT)s 188 brasiliensis] (AEH05974.1)

heat shock factor-binding protein 1-like
EHBmu> | (€T 267 [Glycine max] (XP_003520737.1)

TABELA 2: Relagao de gendtipos coletados em Votuporanga-SP e Manaus-AM.

Genotipos APTA/IAC Espécies / Manaus (AM)
GT 1 PB 233 H. guianensis
RRIM 701 PB 311 H. rigifolia
PB 235 PC 140 H. nitida
PB 217 RRIC 100 H. pauciflora
PR255 IAC 313 H. benthamiana
RRIM 809 IAC 318 H. camargoana
RRIM 728 IRCA 27
RRIM 913 IRCA 209
RRII 105 IAC 306
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Os cinco pares de primers amplificaram bandas definidas com as T, especificas
utilizadas, mas o par EHBmu2 possuia amplicon de tamanho superior a 400pb, sendo por
isso nao caracterizado. O par EHBmul possui fragmento maior que o esperado (Tabela 3) e
foi caracterizado no Advance FS96 dsDNA Fragment Analyzer (Advanced Analytical). Os
pares EHBmu3, 4 e 5 apresentaram fragmentos nos tamanhos esperados (Tabela 3) e foram
caracterizados em géis de acrilamida 6% corados com prata (Creste et al., 2001). O loco
EHBmu3 foi monomérfico entre os gendtipos avaliados. Os demais locos apresentaram
heterozigosidades esperada (H.) e observada (H,) que variaram de 0,06 a 0,76 e 0 a 0,5,
respectivamente, e os valores do conteiido de informacgao polimérfica (PIC) variaram entre

0,0526 a 0,6912 (Tabela 3).

TABELA 3 — Caracterizacao dos locos SSR em gendtipos de H. brasiliensis.

. Tamanho | Tamanho N° de
Primer Esperado | do Alelo | Alelos H. H, PIC
EHBmul 203 316-343 5 0,74 0 0,6667
EHBmu3 110 114 1 0 0 0
EHBmu4 188 173-175 2 0,06 0,06 0,0526
EHBmu5 267 255-279 6 0,76 0,50 0,6912

A transferibilidade destes pares de primers para outras espécies de Hevea também
foi avaliada. Todos os quatro marcadores EST-SSR apresentaram amplificacdo nas seis
espécies de Hevea utilizadas. Novamente a alta transferibilidade indica que as regides
flanqueadoras aos microssatélites sdo conservadas entre as espécies de Hevea (Saha et al.,
2005; Feng et al., 2009; Mantello et al., 2012). Além disso, o género Hevea € considerado
um complexo de espécies, ndo existindo uma barreira reprodutiva entre elas (Gongalves e

Fontes, 2012), o que explica a alta transferibilidade dos marcadores. Devido a resisténcia
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que estas espécies apresentam ao M. ulei, elas sdo utilizadas em programas de
melhoramento que buscam clones de H. brasiliensis resistentes ao fungo (Gongalves e
Fontes, 2012). Estes locos, juntamente com os marcadores desenvolvidos apresentados no
capitulo III, podem ser usados para acompanhar a introgressdo de genes, mapeamento
comparativo e para estudos de estrutura populacional e andlises genéticas destas espécies.

Para todos os genétipos avaliados, o par EHBmul apresentou amplicon maior que o
esperado. Uma vez que o desenho dos primers foi feito usando um transcrito como molde e
o template utilizado para as amplificacdes foi o DNA gendmico dos acessos de Hevea, é
possivel que a regido amplificada a partir do DNA gendmico dos gendtipos de Hevea
utilizados possua um intron, o que explicaria a diferenca entre os tamanhos esperado e
observado do amplicon.

A ocorréncia de mal-das-folhas na regido amazonica, e que tem se expandido para
outras regides como a Bahia (Gasparotto et al., 1990; Mattos et al., 2003), é a principal
razdo da necessidade de dreas de escape para o plantio de seringueira. Um melhor
entendimento da doenga, e de como selecionar clones mais tolerantes a ela, pode ser
conseguido com anélises das respostas moleculares da intera¢do entre planta e patégeno.
Uma andlise completa da biblioteca de ¢cDNA de tecidos infectados construida neste
trabalho pode ajudar na obten¢do de respostas sobre os fatores que garantem maior
tolerancia ao fungo, como a identificacdo de sequéncias que podem estar relacionadas com
a tolerancia ou a susceptibilidade da seringueira ao M. ulei.

No capitulo III também foram apresentados os resultados das anélises de expressdao
por PCR em tempo real das sequéncias mais abundantes nas bibliotecas de cDNA dos
experimentos de exposicdo a baixas temperaturas. A seguir apresentamos resultados

complementares a esta parte do trabalho.
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A expressao das sequéncias mais abundantes, que apresentaram similaridade com as
proteinas NAD(P)H-quinone oxidoreductase subunit H (NADH), chloroplast photosystem
IT 10 kDa polypeptide (PsbR), uma proteina hipotética (HYPOT), ATP synthase CFO C
subunit (CFO0) e indole-3-acetic acid-induced protein (ARG2-1 e ARG2-2), foi avaliada por
quantificacdo relativa com o uso dos genes glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) e eukaryotic translation initiation factor (elF2) como genes referéncia para a
normalizacdo das andlises. A escolha pela combinacdo destes genes como referéncia foi
feita com base em resultados obtidos através da andlise de oito genes candidatos: elF2,
YSLS8, UBC2a, UBC4, 18SrRNA, RH2b, RHS (Li et al., 2011) e GAPDH.

A expressio dos genes candidatos foi avaliada nas amostras de RNA total
combinado e nas amostras de RNA total individuais. A estabilidade da expressao de cada
gene foi analisada em duplas pelo software CFX Manager 2.1 (Bio-Rad Laboratories Inc.,
USA), e os genes GAPDH e elF?2 apresentaram os menores valores médios de coeficiente
de variancia (CV) e valor M (gene stability value), tanto para as amostras combinadas (CV
= 0,0477; M = 0,1376) quanto para as amostras individuais (CV = 0,1515; M = 0,4394)
(Hellemans et al., 2007). A estabilidade dos genes de referéncia depende das condig¢des
experimentais em que estes estdo sendo utilizados (i.e.: genotipos diferentes) (Hellemans et
al., 2007; Li et al., 2011); desta maneira, a diferenca observada entre os valores de CV e M
se deve as diferencas entre as amostras: as amostras de RNA total combinado dos genétipos
resultou em uma condi¢do mais homogénea que a das amostras individuais.

Para avaliar a eficiéncia e a especificidade dos pares de primers desenhados para as
sequéncias, andlises de curva padrio e de curva de melting foram realizadas. Todos os pares
apresentaram eficiéncia de amplificacdo entre 90 e 110%, a grande maioria apresentou

coeficiente de determinacao (R?) igual ou superior a 0,99 e todos apresentaram apenas um
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pico

rad.com/webroot/web/pdf/Isr/literature/Bulletin_5859.pdf) (Tabela 5).

nas

analises

de

melting

(http://www.bio-

TABELA 5 - Eficiéncia e especificidade dos pares de primers desenhados para as andlises
de expressao.

. R/ . . R/ .
Primer Efic. Temperatura de Melting Primer Efic. Temperatura de Melting
82,5°C 79,5°C
0,99/ . 0,997/
; £ - ) H
CFO 1 102.6% | i ARGZL | 9550, | |3 2
74,5°C 81°C
0,99/ 0,992/
’ E _ ’ s
HYPOT 110359 | | [ ARG22 | 0049, | |}
79°C 79,5°C
{ll ! i
0,992/ | |, 0,983/ | |5
PSOR 1 95490 | |§ GAPDH 106,59 | 1§ -
73,5°C
CFO - ATP synthase CFO C subunit, HYPOT - proteina
0,99/ hipotética, PsbR - chloroplast photosystem II 10 kDa
NADH 108.6% § polypeptide, NADH - NAD(P)H-quinone oxidoreductase
’ i subunit H, ARG2-1 e 2 - indole-3-acetic acid-induced
’ \ proteins. R* a 60°C. Efic. = Eficiéncia.
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Os resultados obtidos e descritos nos capitulo III sugerem que os clones de
seringueira apresentam respostas diferentes quando submetidos ao mesmo tipo de estresse.
Essas sequéncias podem agora ser também avaliadas em outros clones, e abrem a
possiblidade para a avaliacio de outros genes que estejam envolvidos nos mesmos
processos bioldgicos.

No capitulo III também foram descritos dois pares de primer EST-SSR (EHBc103 e
EHBp27) que amplificaram alelos duplicados em varios gendtipos utilizados na
caracterizacdo dos marcadores. Mantello ef al. (2012) também relataram a presenca de
alelos duplicados em seringueira. O par de primer EHBp27, em especial, apresentou um
padrao de alelos similar ao de plantas poliploides, com gendtipos contendo até seis marcas
(Fig. 4). Outro par de primer que foi desenhado a partir de um EST que nao se alinhou com
a sequéncia molde de EHBp27 (identidade > 80%), e no qual foi inserido a cauda M13,
apresentou o mesmo tipo de amplificacdao e os mesmos alelos. Uma vez que H. brasiliensis
¢ uma planta diploide e se comporta como um diploide (Bouharmont 1960; Majumder
1964; Ong 1975), provavelmente trés diferentes locos foram amplificados por EHBp27. Foi
possivel o mapeamento de dois locos, que foram posicionados no mesmo grupo de ligacdo
e com apenas 0,8cM de distancia entre eles (Cap. IV). As outras espécies de Hevea também
apresentaram padrdo poliploide para este primer. O par de primer EHBp23 também
amplificou mais de um loco, sendo que, neste caso, eles eram bastante distintos (Fig. 5).
Ambos o0s locos foram analisados na populacdo de mapeamento (Fig. 6) e foram
posicionados em grupos de ligacdo diferentes.

No capitulo IV, foi apresentado o novo mapa genético-molecular para seringueira
com 330 locos mapeados. A populacio de mapeamento foi analisada com 54 novos

marcadores microssatélites, entretanto oito locos foram descartados sendo mapeados 46

107



novos locos. Entre os locos retirados do mapeamento, cinco causaram deformacdes nos
grupos de ligacdo em que foram posicionados. Os trés locos restantes ndo puderam ser
avaliados devido as limitagdes do equipamento Advance FS96 dsDNA Fragment Analyzer
(Advanced Analytical Technologies Inc., USA) que em vdrios individuos apresentava trés

picos de leitura.

Figura 4 — Caracterizagdo do EST-SSR EHBp27 em 18 genétipos de H. brasiliensis e avaliagdo da
transferibilidade deste marcador para outras espécies de Hevea.

Figura 5 — Caracterizacdo
EHBp23a do EST-SSR EHBp23 em
18 genétipos de H.
brasiliensis e avaliagdo
da transferibilidade deste
marcador para outras
espécies de Hevea. Obs:
mesma ordem da fig. 4.

EHBp23b

Figura 6 — Genotipagem dos locos amplificados pelo primer EHBp23 na populacdo de mapeamento.
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Conclusoes

KD
£

Apesar das bibliotecas de cDNA gerarem um ndmero menor de sequéncias, quando
comparadas a tecnologias Next Generation Sequencing (NGS), elas ainda sao uma
fonte rica em marcadores moleculares e podem revelar a existéncia de transcritos
ainda ndo conhecidos.

A transferibilidade dos marcadores EST-SSR para outras espécies de Hevea atingiu
quase 100%. Estes marcadores podem ser utilizados para avaliar a variabilidade
genética e investigar a relacdo de parentesco entre as diferentes espécies. A alta
transferibilidade sugere que o genoma das diferentes espécies ainda € extremamente
parecido, o que explicaria o intercruzamento e a alta frequéncia de hibridos naturais.
Estas espécies sao importantes para o melhoramento genético de H. brasiliensis, e a
introgressao de genes pode ser acompanhada através destes marcadores.

Utilizando apenas marcadores microssatélites, foi possivel resolver um dos grupos
que estava dividido (LG11) e trés regides com distancias maiores que 40cM. Nao
descartando a necessidade de outros tipos de marcadores, € possivel que a inclusdo
de novos marcadores SSR consiga resolver os gaps restantes e unir os grupos que
ainda estao separados.

Os clones utilizados possuem diferentes repostas ao estresse por baixas
temperaturas, com uma maior diferenca para os genes ARG2, o que pode estar
relacionado com a melhor tolerancia as baixas temperaturas dos clones PR 255, GT

1 e IAN 873 quando comparados com o clone PB 217.
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Os locos mapeados dentro de regides QTL podem estar envolvidos com as
caracteristicas de crescimento analisadas, ou entdo ligados a genes que efetivamente

influenciam o fenétipo.
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Perspectivas

Nos dltimos anos, a pesquisa em seringueira avangou consideravelmente,
principalmente na drea da biologia molecular. Entretanto, hd muito ainda para ser feito com
relacdo ao mapeamento de caracteristicas agronomicamente importantes e para o
entendimento das diferentes interacdes genéticas e moleculares da seringueira em resposta
a diferentes situacdes ambientais e em relagdo ao seu proprio gendtipo. Em vista disto, duas
populacdes F; de H. brasiliensis foram desenvolvidas em colaboracdo com o Programa
Seringueira do TAC, em que o genitor materno (GT 1) é resistente ao frio e os dois
genitores paternos (PB 235 e RRIM 701) apresentam alto potencial produtivo. As
populacdes ja estdao sendo avaliadas quanto a diferentes caracteristicas fenotipicas e
também ja estdo sendo genotipadas com os marcadores desenvolvidos neste trabalho e
outros marcadores desenvolvidos em nosso laboratério. O mapeamento e a fenotipagem
levardo a identificacdo de novos QTLs envolvidos em importantes caracteres agronomicos
em seringueira.

A populagdo de mapeamento utilizada neste trabalho se encontra na cidade Itiquira,
na antiga Plantagdes Edouard Michelin de Mato Grosso. No momento, andlises fenotipicas
com relacdo a producgdo estido sendo feitas na populagdo, como também a genotipagem de
SNPs por espectrometria de massa (Sequenom). Entretanto, em 2009, 80% da é&rea
explorada para plantagdo e pesquisa da seringueira foi vendida ao Grupo Maggi. Até o
momento esta populacdo € mantida através de um acordo entre o Grupo Maggi e a
Michelin, por um periodo de alguns anos. Desta maneira, apesar da populacdo ainda
oferecer campo para maiores pesquisas e apresentar variabilidade para entrar em processo

de selecdo, ela ainda estd ameacada.
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Outras linhas de pesquisa em seringueira também estdo sendo desenvolvidas em
nosso laboratdrio. Trabalhos de sequenciamento e andlise do trancriptoma de seringueira,
tanto de H. brasiliensis quanto de outras espécies de Hevea; desenvolvimento de novos
marcadores SNP, tanto gendmicos quanto expressos; genotipagem, andlise de diversidade
genética e caracterizacdo do desequilibrio de ligagdao de germoplasmas ex situ presentes em
diferentes centros de pesquisa; andlises de expressdo diferencial, por RNA-seq, de
diferentes clones (mudas) de H. brasiliensis submetidos a baixas temperaturas.

Ao contrdrio da grande maioria das culturas, a seringueira € uma planta que ainda
estd sendo domesticada e, talvez por isto, trabalhos mais complexos sobre a estrutura do seu
genoma e como este € expresso comecaram a ser feitos relativamente ha pouco tempo. Este
cendrio demonstra que muito ainda precisa ser feito para entender a seringueira, e que €

possivel que o trabalho nunca se esgote.
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