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RESUMO

EMEDIATO, Flavia Leonel. DESENVOLVIMENTO DE MARCADORES MICROSSATELITES E ANALISE DE
EXPRESSAO DE GENES ENVOLVIDOS EM RESPOSTA AO ESTRESSE BIOTICO EM GENOTIPOS DE MUSA
ACUMINATA 2014. 129 Péaginas. Tese de Doutorado em Biologia Molecular — Universidade de Brasilia, Brasilia, DF.

Cultivares comerciais de bananeira (Musa spp) sdo cultivados em muitos paises de ambientes
tropicais e subtropicais. A reproducdo assexuada da espécie resultou em uma base genética
restrita, sem resisténcia a pragas e doencas, tornando as estratégias de melhoramento
convencional muito limitadas devido a esterilidade de muitos cultivares comerciais. As
estratégias de melhoramento ndo-convencionais, como a transformacdo e selecéo assistida por
marcadores, oferecem uma abordagem alternativa para a introgresséo de genes de resisténcia
em cultivares comerciais. Genes de resisténcia (R) em plantas codificam receptores de
proteinas que reconhecem assinaturas moleculares de efetores de patégenos de plantas,
desencadeando mecanismos de defesa como a imunidade disparada por efetores (ETI). Essa
resisténcia pode ser perdida durante a co-evolucdo do hospedeiro e patdgeno, favorecendo a
evolucdo das novas ragas patogénicas. Neste contexto, o desenvolvimento continuo de
cultivares de plantas resistentes é necessaria, a fim de acompanhar a evolugédo de patégenos.
O objetivo geral deste estudo foi identificar genes potencialmente envolvidos em respostas a
estresses bidticos, que servirdo como fonte de recursos para andlises de expressdo diferencial
durante a interacdo de Musa acuminata com o patégeno Mycosphaerella musicola e o
desenvolvimento de marcadores SSR para busca de polimorfismos em genétipos de M.
acuminata. Dessa forma, foram identificados 14 unigenes expressando proteinas NBS-LRR
em tecidos foliares de Calcutta 4 e 25 em Cavendish Grande Naine, ambos infectados e néo-
infectados. O mapeamento desses unigenes com modelos que contém o dominio NB-ARC no
genoma de referéncia de M. acuminata ssp. malaccensis var. Pahang (DH Pahang) identificou
38 contigs unigenes mapeando a 40 modelos de genes completos em Calcutta 4 e 43 contigs
unigenes mapeando em 40 modelos de genes em Cavendish Grande Naine. Foram
desenvolvidos 156 marcadores microssatélites para os genes alvo derivados de diferentes
fontes: sequéncias de transcritoma de folhas da interagdo M. acuminata e M. musicola,
mapeadas em sequéncias de clones de BAC de M . acuminata Calcutta 4 contendo analogos a
genes de resisténcia NB-ARC (RGAS); Sequéncias do genoma completo de M. acuminata DH
Pahang contendo dominios conservados NB-ARC e outros genes R; e transcritos da interagdo
entre M. acuminata e M. musicola minerados para genes de defesa. Destes locos SSR
identificados, 21 (13,46%) foram polimorficos, com alelos por loco variando de 2 a 4, e 0
contetdo de informacdo de polimorfismo variando de 0,31 a 0,67. As anélises de expressao
de 51 genes alvo demonstraram que 19 obtiveram especificidade na reacdo de PCR em tempo
real e que a maioria dos genes envolvidos em processos de defesa ndo foram modulados, com
excecdo do gene da corismato sintase e NAC. O gene NPR1 foi expresso apenas no cultivar
suscetivel e os RGAs 37, 43, M09A31, M09A21, BO3A51 e BO3A11 tiveram um aumento de
expressdo quando inoculados com o patdgeno. Os RGAs 43 e RGA 37 mostraram inducdo
significativa em M. acuminata Calcutta 4 quando inoculada com o patdgeno e os RGAs 9330,
7100, 6160, M09A31 e M09A21 apresentaram regulacdo negativa em Calcutta 4. Esta anélise
foi consistente com a tendéncia aparente de caracterizagOes anteriores de genes R individuais
ja que alguns genes R sdo induzidos por uma variedade de estimulos, alguns exibem respostas
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muito especificas e outros parecem ndo ser responsivos ao patdgeno. A caracterizacdo
continua de genes envolvidos em respostas ao estresse bidtico em M. acuminata durante a
interacdo com M. musicola, bem como o desenvolvimento de marcadores moleculares, ira
contribuir para o desenvolvimento de uma gestdo eficaz da doenca Sigatoka com base no
melhoramento genético através da transformacdo de plantas ou sele¢do assistida por
marcadores.

Palavras-chave: NBS-LRR RGAs, defesa, Musa acuminata, Mycosphaerella musicola, SSR,
expressao génica.
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ABSTRACT

EMEDIATO, Flavia Leonel. DEVELOPMENT OF MICROSATELLITE MARKERS AND EXPRESSION
ANALYSIS OF GENES INVOLVED IN BIOTIC STRESS RESPONSE IN MUSA ACUMINATA GENOTYPE. 2014.
129 Paginas. Thesis (Doctorate in Molecular Biology) — Universidade de Brasilia, Brasilia, DF, Brazil.

Commercial banana cultivars (Musa spp.) are grown across numerous countries in different
tropical and subtropical environments. Conventional breeding strategies are limited due to
sterility in many commercial cultivars. Asexually-driven evolution has resulted in a restricted
genetic base, lacking resistance to pests and disease. Non-conventional breeding strategies,
such as transformation and marker-assisted selection, offer an alternative approach for
introgression of resistance genes in commercial cultivars. Resistance (R) genes in plants
encode protein receptors that recognize molecular signatures of effectors of plant pathogens,
triggering defense mechanisms of effector-triggered immunity (ETI). Such resistance can be
lost during host and pathogen co-evolution, favouring the more rapid evolution of new
pathogenic races. In this context, the continuous development of resistant plant cultivars is
required in order to accompany pathogen evolution. The objective of this work was to
identify genes potentially involved in responses to biotic stresses, which will serve as a
resource for the design of specific primers for differential expression analysis during the
interaction of M. acuminata with the pathogen Mycosphaerella musicola and development of
SSR markers to search for polymorphisms in M. acuminata genotypes. From this, 14
expressed NBS-LRR R genes from Calcutta 4 and 25 in Cavendish Grande Naine. A total of
156 microsatellite markers were developed for genes potentially involved in resistance and
defense responses, derived from different sources: 454-pyrosequencing derived leaf
transcriptome sequences derived from the M. acuminata x M. musicola interaction, which
mapped to BAC clone sequences from M. acuminata Calcutta 4 containing NB-ARC
resistance gene analogs (RGAs); M. acuminata DH Pahang whole genome sequence regions
containing conserved domains belonging to NB-ARC and other R genes; and 454-
pyrosequencing transcripts from the M. acuminata x M. musicola interaction, enriched for
defense genes. Among SSR loci evaluated, 21 (13.46%) were polymorphic, with alleles per
locus ranging from 2 to 4, and polymorphism information content ranging from 0,31 to 0,67.
The expression analysis of 51 target genes showed that 19 had specificity in real time PCR
reaction and that most of the genes involved in defense processes were not modulated, with
the exception of NAC and chorismate synthase gene. The NPR1 gene was expressed only in
the susceptible cultivar and RGA 37, 43, M09A31, M09A21, BO3A51 and BO3A1l had
increased expression when inoculated with the pathogen. The RGAs 43 and 37 showed
significant induction in M. acuminata Calcutta 4 when inoculated with the pathogen and the
RGAs 9330, 7100, 6160, M09A31 and M09A21 showed downregulation in Calcutta 4. This
analysis was consistent with the apparent trend of previous individual genes R
characterizations since some genes are induced by a variety of stimuli, exhibit some very
specific responses and others seem to be responsive to the pathogen. The continued
characterization of genes involved in response to biotic stress in M. acuminata during
interaction with M. musicola, as well as the development of molecular markers, will
contribute to the development of effective management of Sigatoka disease based on genetic
improvement through plant transformation or marker assisted selection.

Keywords: NBS-LRR RGAs, defense, Musa acuminata, Mycosphaerella musicola, SSR,

gene expression.
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REVISAO DA LITERATURA

1. Aspectos Botanicos e classificagao taxonémica do género Musa

Apesar de comumente ser confundida com espécie arborea devido ao seu grande porte,
a bananeira € uma herbécea que pode alcancar até trés metros de altura, sem as lignificacdes
ou espessamentos secundarios das hastes que acontecem nas arvores.

Taxonomicamente, a bananeira € classificada como membro da classe Liliopsida
subclasse Zingiberidae, superordem Lilianae, ordem Zingiberales, familia Musaceae
(Cronquist, 1960; Carvajal, 1991). A familia monocotiledénea Musacea é dividida em trés
subfamilias: Heliconoideae, Strelitzoideae e Musoideae.

Os géneros Ensete, Musa e Musella pertencem a subfamilia Musoideae, sendo que ao
género Musa pertencem as bananeiras com frutos comestiveis. O género Musa tem sofrido
grandes modificagdes taxonémicas ao longo do tempo. Em 1947, as espécies deste género
com 11 pares de cromossomos foram agrupadas em duas se¢fes denominadas Eumusa e
Rhodochlamys enguanto que aquelas com 10 pares de cromossomos foram agrupadas nas
secOes Australimusa e Callimusa (Cheesman, 1947). Recentemente essas secGes foram
novamente revisadas e a se¢cdo Rhodochlamys foi incorporada a se¢do Eumusa, mudando a
nomenclatura de Eumusa para Musa. A secdo Australimusa foi incorporada pela secdo
Callimusa, mantendo a mesma nomenclatura da secdo (Hakkinen e Markku, 2013).

Descrita por Stover e Simmonds (1987), a classificacdo dos genotipos da bananeira se
deu com base na existéncia de dois cultivares selvagens denominados M. acuminata (A) e
Musa balbisiana (B). Posteriormente, os estudos de Simmonds e Shepherd (1955) levaram a
constatacdo de grupos gendmicos dipldides AA e AB; tripldides AAA, AAB e ABB;
tetraploides AAAA, AAAB, AABB e ABBB, sendo esta classificacdo adotada em todo o
mundo. Além dos grupos genémicos, foi estabelecido o uso do termo subgrupo para
denominar um complexo de cultivares, originarios de mutacdes de um Unico cultivar original,
como nos casos dos grupos AAA, subgrupo Cavendish, e AAB, subgrupos Prata e Terra.

A maioria dos cultivares comerciais sao triploides provenientes do grupo gendmico
AAA, sendo neste caso considerados M. acuminata. Também podem ser AAB e ABB,
possuindo uma composi¢do gendmica mista. Apenas um pequeno grupo de cultivares sdo
dipldides (AA) ou tetrapldides (AAAB), porém essas possuem cultivo restrito e alta
suscetibilidade a doengas.
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2. Importancia sécio-econdmica

Amplamente distribuida por todo o globo, a banana possui o0 sudeste Asiatico, que se
estende da india a Papua Nova Guiné, como o centro de origem (Simmonds, 1962), sendo a
Malésia e a Indonésia considerados os centros da diversidade (Daniells et al., 2001).
Atualmente nessa regido ainda existe um grande nimero de bananas selvagens com sementes
(Frison e Sharrock, 1998).

As bananas ranqueam com arroz, trigo e milho em termos de importancia (Frison e
Sharrock, 1998). Além de ser um importante produto comercial em todo o mundo, mais de
85% das bananas sdo cultivadas para o consumo local em regides tropicais e subtropicais. O
Brasil é um dos principais produtores de banana com o equivalente a quase 10% do total da
producéo global, ficando atras apenas da India, China, Filipinas e Equador (Faostat, 2013)
(Tabela 1).

Tabela 1: Principais produtores mundiais de banana no ano de 2011. Fonte: Adaptado de FAOSTAT | © FAO Statistics
Division 2013 | 01 October 2013

Rank Area Producdo (MT)
1 India 29666973
2 China, Mainland 10400000
3 Filipinas 9165043
4 Equador 7427776
5 Brasil 7329471
6 Indonésia 6132695
7 Tanzania 3143835
8 Angola 2646073
9 Guatemala 2679934

10 México 2138687
11 Costa Rica 1937122
12 Burundi 1848727
13 Coldmbia 2042925
14 Tailandia 1600000
15 Vietnd 1523428
16 Camarbes 1394675
17 Quénia 1197988
18 Egito 1054243
19 Papua Nova Guiné 1000000
20 RepuUblica Dominicana 829827

MT: measurement ton. IMT=1.133 m°
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Paises da Africa enfrentam uma necessidade cada vez maior de alcancar a
sustentabilidade na producdo agricola, porém, a ameaca da fome acaba sendo um grande
obstaculo. Existem regides na Etiopia que sobreviveram e sobrevivem a fome devido a
utilizacdo do género Ensete como parte do sistema de subsisténcia, demonstrando a grande
importancia desse produto. Ele ajuda a alimentar cerca de 10 milhdes de pessoas na Etidpia e
Eritréia (Brandt et al., 1997).

Do ponto de vista da fruticultura mundial, a area plantada de banana corresponde a
5.279.638 ha ficando atrds somente da area plantada de uva, com 7.060.245 ha (Faostat,
2013).

No Brasil, o estado de Sdo Paulo, com 1.354.528 toneladas dessa fatia, € 0 maior
produtor no pais, seguido pelo estado da Bahia (1.239.650 de toneladas), Minas Gerais
(654.566 de toneladas) e Santa Catarina (650.518 de toneladas) (IBGE, 2011). O desempenho
da cultura de banana no Brasil tem aumentado muito nas Gltimas décadas, chegando a uma
area colhida de 524.750 ha (Figura 1).

Desempenho da cultura de banana no Brasil, no
periodo 1970/2010
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Figura 1: O desempenho da cultura de banana no Brasil 1970 - 2010. Fonte: Adaptado de IBGE - Producéo Agricola
Municipal, 2011. Consultado em 08/11/2013.

3. Estresses Bidticos

Estresses bioticos e abidticos influenciam negativamente a sobrevivéncia, a producédo
de biomassa e o rendimento da cultura (Agarwal et al., 2006). Os patdgenos de plantas sdo
uma ameaca real para a agricultura mundial, pois causam doencas que diminuem

drasticamente as colheitas dependendo da gravidade da doenca (Wani, 2010).
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Estresses bioticos incluem fungos, bactérias, virus, nematoides e insetos. Doencas de
etiologia bacteriana também contribuem com sérias perdas no cultivo de banana. O agente
causador da doenca Moko em bananeiras, Ralstonia solanacearum, possui uma grande gama
de hospedeiros, podendo infectar mais de 250 espécies de plantas (Elphinstone, 2005), entre
elas o tomate, tabaco e batata (Norman et al., 2009). O entendimento dos processos
envolvendo este patdgeno, como por exemplo, patogenicidade, numero de hospedeiros,
regulacdo de genes de viruléncia, imunidade, estd bem avancado j& que esse foi um dos
primeiros genomas de bactérias de plantas sequenciados e anotados (Peeters et al., 2013).

A murcha bacteriana, causada pela X. campestris pv. Musacearum, € considerada a
maior ameaca a producdo de banana na Africa Oriental e Central (Tripathi et al. 2009). A
doenca € muito destrutiva, infectando todas as variedades de banana, incluindo as de
sobremesa, cozinhar e assar (Ssekiwoko et al. 2006). Estudos com transgenia tém resultados
promissores no combate a murcha bacteriana (Namukwaya, et al., 2012).

Mais de 70% de todas as doencas das principais culturas sdo causadas por fungos
(Agrios, 2005). Na bananicultura ocorrem atualmente aproximadamente 50 patégenos
fangicos, porém os mais importantes sdo Mycosphaerella fijiensis causador da Sigatoka
negra, Mycosphaerella musicola causador da Sigatoka amarela e Fusarium oxysporum f. sp.
cubense, responsavel pelo Mal do Panama (Jones, 2000).

O Mal do Panamd, causado pelo fungo necrotréfico F. oxysporum f. sp. cubense
(Vajna, 1985) é considerado uma das doencas mais devastadoras do mundo (Bai et al., 2013).
O fungo penetra as raizes de bananeiras por meio de pequenas aberturas na parede celular (Li
et al., 2011) e mata as células e tecidos hospedeiros para se nutrir de células mortas. Com a
proliferagdo do fungo no tecido vascular, ocorre a interrup¢do da translocacdo de agua
deixando a planta com um aspecto murcho, entre outros sintomas, podendo levar a necrose e
até a morte da planta (Beckman, 1990).

Antes de 1960, a cultivar ' Gros Michel ' foi a principal variedade de banana doce. No
entanto, um surto mundial da doenca Mal do Panama causada pela ragca 1 do fungo
patogénico F. oxysporum f. sp. cubense (Foc), levou a destruicdo mundial de bananas entre
1940 e 1960. O sub-grupo 'Cavendish' por ser mais resistente a Foc raca 1, foi desenvolvido
para substituir Gros Michel, e hoje sdo as cultivares de bananeira mais amplamente
distribuidas. Na década de 90, no entanto, cepas virulentas de Foc da raca 4, particularmente
raca tropical 4 (Foc TR4), ao qual Cavendish é suscetivel, evoluiram e espalharam-se
rapidamente para areas de produgdo de Cavendish, causando perdas substanciais em muitos
paises da Asia e da Austrdlia (Li et al., 2013). Em 2013, Foc TR4 foi relatado em
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Mocambique, mostrando que o patdgeno chegou no continente africano (Durroux, 2013).
Como a banana cultivada é geralmente propagada assexuadamente usando ventosas de
rizomas, o cultivo em larga escala de um Unico gendtipo € particularmente vulneravel a
patdgenos. A falta de diversidade e variedades de banana que sdo resistentes a Foc TR4 e a
dificuldade no processo de criacdo de novas variedades de banana tém levantado uma séria
preocupacdo de que cultivares suscetiveis de banana estejam ameacadas de desaparecer

novamente (Li et al., 2013).

3.1. Mycosphaerella fijiensis, Mycosphaerella musicola e as doengas de Sigatoka

A Sigatoka amarela, causada pelo fungo M. musicola, foi descrita pela primeira vez
em Java por Zimmerman em 1902, porém, foi em Fiji, na regido do Vale da Sigatoka em
1912 — 1923 que a doenca tomou proporgdes de epidemia (Jones, 2000; Fullerton, 1994;
Mourichon e Fullerton, 1990).

A Sigatoka negra, cujo agente causal € o fungo M. fijiensis Morelet (Mf), um fungo
sexual, heterotalico, que possui Pseudocercospora fijiensis como a fase anamorfo (Churchill,
2011), esta entre as doencas de plantas cultivadas de maior importancia no mundo (Pennisi,
2010). Foi descrita pela primeira vez em Fiji em 1963, no entanto, a doenga foi difundida
pelo pacifico antes mesmo da sua descoberta oficial (Stover e Simmonds, 1987). Além das
perdas de area foliar fotossintéticas e de perdas de produtividade, que podem alcancar cerca
de 20-80% na auséncia de fungicidas, esta doenca provoca uma alteracdo de comportamento
fisiologico do fruto na pré- e pds-colheita, como, por exemplo, modificacdo no contetdo de
hidratos de carbono (amido, aclcares soluveis, oligossacarideos, amilose), contetdo de
compostos fendlicos, fitormdnios e atividades enzimaticas (Saraiva et al., 2013).

As Sigatokas afetam seriamente os cultivares de banana mais populares em todo o
mundo, como € o0 caso das bananas de sobremesa (AAA e alguns genomas AAB) que
pertencem ao subgrupo Cavendish Grande Naine e normalmente sdo cultivadas em
monoculturas (Churchill, 2011). O controle dessas doencas é baseado no uso de fungicidas o
que tem causado um circulo vicioso, pois, com o aumento de producédo e &rea plantada, ha
uma maior necessidade do uso de quimicos, gerando selecdo de patdgenos resistentes,
chegando até a 66 aplicacdes de fungicidas por ano em alguns locais (Kema, 2006).

Apesar da semelhancga sintomatoldgica entre a Sigatoka negra e a Sigatoka amarela,
h& vérias diferencas quem podem ser facilmente observadas. Enquanto que na Sigatoka

amarela as folhas infectadas apresentam estrias de cor clara na face superior da folha, com
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lesGes de fregliéncia bem mais baixas e bordos regulares de forma eliptica, na Sigatoka negra

as estrias sdo marrons e visiveis na face inferior da folha, com frequéncia de lesdes bem mais

alta (Ferrari et al., 2008). Para entender a sintomatologia da doenca, os sintomas foram

organizados em estagios que podem ser diferentes nas Sigatokas negra e amarela, como

mostrado na Tabela 2.

Tabela 2: Resumo dos diferentes estagios de lesdo associados as doencas Sigatokas negra e amarela

Estagio da leséo

Sigatoka amarela

Sigatoka negra

Estagio 1

Estagio 2

Estagio 3
Estagio 4

Estagio 5

Estagio 6

Pequenos pontos amarelos em forma de listra de até 1
mm de comprimento

Estrias amareladas em varios mm de comprimento

Mancha marrom alongada com borda bem definida

mancha madura, com centro afundado marrom escuro,
muitas vezes cercada por um halo amarelo.
Conidiéforos e conidios sdo produzidos nesta fase

Desenvolvimento de uma mancha cinza com centro
seco e um anelo preto periférico visivel mesmo depois
que a folha secou

Pequenos pontos pigmentados de branco ou amarelo, similar
a Sigatoka amarela nesta fase

Estrias de coloragdo marrom visiveis na parte inferior da
folha, mais tarde visiveis na parte superior da folha como
estria amarela inicialmente, progredindo para marrom e
preto.

Continuidade do estagio 2, com maior niimero de estrias

Aparecimento da mancha parda na face abaxial e mancha
negra na superficie da folha

Mancha eliptica totalmente preta, rodeada por um halo
amarelo na superficie abaxial da folha

Centro de lesdo seco e cinza, rodeado por um halo bem
definido amarelo brilhante

Os estagios podem ser visualizados in vivo na Figura 2.




Figura 2: Representacéo dos cinco estagios da Sigatoka amarela. (a-f). (a) - Estagio 1 caracterizado por pontos amarelos;
(b) — Lesdes associadas ao estagio 2 inicial, caracterizado por estrias amareladas; (c) — Estagio 2 tardio caracterizado por
mudanca de cor nas estrias de amarelo para marrom ferrugem; (d) — Estagio 3 com alongamento e alargamento das estrias;
(e) — Estagio 4, estrias se tornam manchas; (f) — Estgio 5 com centro seco e cinza e anel preto circundando a lesdo. Fonte:
adaptado de Pest and Diseases Image Library

As Sigatokas negra e amarela sdo propagadas por meio de dois tipos de esporos,
conhecidos como conidios e ascésporos (Figura 3).

Os conidios ou esporos assexuais se formam nos apice dos conidiéforos e ocorrem a
partir dos primeiros estadios da lesdo na folha (face abaxial), estes se desprendem dos
conidiéforos por acdo da agua e/ou vento. A maioria das infeccbes de M. fijiensis e M.
musicola comegam com o depdsito desses esporos sobre a folha de bananeiras suscetiveis. Os
esporos germinam no prazo de 2-3 horas depois de serem depositados sobre a superficie da
folha, em condicbes de umidade e temperatura 6tima para a germinagdo de 27 °C para M.
fijiensis e 25-29 °C para M. musicola. O tubo germinativo depois cresce durante varios dias
(2-3 dias para M. fijiensis e 4-6 dias para M. musicola) antes de penetrar a folha atraves dos
estomatos (Meredith 1970; Stover 1980). Uma vez no interior da folha, hifas comecam a se
desenvolver e crescer de maneira que emergem através de estdmatos na estria que se
desenvolveu, entrando novamente na folha por estbmatos préximos.

Os ascdsporos ou esporos sexuais se formam em grande nimero posteriormente em
manchas mais evoluidas de colora¢do branco-acinzentado principalmente nas folhas mortas
ou necrosadas. Esta é considerada a fase mais importante na reproducéo da doenca, devido a

alta producdo e disseminacéo desses esporos pelo vento a grandes distancias.
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Estagio assexual
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Figura 3: Ciclo de vida de M. musicola, o patégeno causador da Sigatoka amarela. Fonte: adaptado do Departamento de
Industrias Primérias e Pescas, Queensland,

E possivel afirmar que a agressividade e a viruléncia da Sigatoka negra é muito
superior a da Sigatoka amarela (Young e Conie, 2001). Isto ocorre devido, entre outras coisas,
a diferengas em seus ciclos assexuais. O ciclo de vida da M. fijiensis é bem mais rapido que
da M. musicola, o que proporciona um tempo mais curto para infeccdo, como é observado no
aparecimento adiantado das necroses de Sigatoka negra, quando comparada a Sigatoka
amarela (Stover, 1980).

Existe um periodo de tempo relativamente longo antes que quaisquer reacfes
biotroficas incompativeis sejam observadas nos cultivares suscetiveis. O patdgeno coloniza o
tecido foliar, crescendo intercelularmente sem a producdo de haustérios, por quase um més.
Durante este periodo, a pouca evidéncia da presenca do agente patogénico pode ser detectada
externamente. AlteracGes citoldgicas sdo visiveis nas células do parénquima, apds cerca de
28 dias, embora as células ainda parecem saudaveis. Externamente, no estagio 2 estrias
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iniciais sao visiveis (Beveraggi et al., 1995; Sallé et al., 1989). Apds essa fase, iniciara uma
estreita associacdo entre Mycosphaerella e Musa por meio do desenvolvimento de hifas e
haustorios especializados dentro de células vivas da planta, de onde os nutrientes sdo
absorvidos, caracterizando a fase biotrofica do fungo. Posteriormente inicia-se o processo de
secrecdo de enzimas e toxinas matando a célula hospedeira e o fungo passa a se alimentar de

nutrientes liberados do tecido morto (Koeck et al., 2011).

4. Recursos Genéticos e Melhoramento em Musa

Os pesticidas sdo amplamente utilizados na produgdo agricola para prevenir ou
controlar as pragas, doengas e ervas daninhas, num esfor¢o para reduzir ou eliminar as perdas
de producdo e de manter uma elevada qualidade do produto. Embora os pesticidas sejam
desenvolvidos através de processos muito rigorosos de regulacdo para funcionar com
razoavel certeza, ¢ um impacto minimo sobre a saude humana e o meio ambiente, sérias
preocupacodes foram levantadas sobre os riscos a satide decorrentes da exposi¢cdo ocupacional
¢ de residuos em alimentos ¢ dgua potavel (Damalas e Eleftherohorinos, 2011). Além da
salde humana, pesticidas também tem causado efeitos toxicos na fauna de diversos locais,
como é o caso do do jacaré (Caiman crocodilus). Alguns autores apontam que o uso de
pesticidas em plantacdes de banana esta impactando a espécie que possui alto nivel tréfico e
habita uma das areas selvagens mais importantes da Costa Rica (Grant et al., 2013).

Levando em consideracdo a grande preocupacdo com o uso de agrotoxicos, uma
alternativa vem sendo utilizada no controle de doencas, como € o caso da é a busca de
variedades resistentes a estresses bioticos, seja mediante a sele¢cdo dentro dos recursos
genéticos existentes, seja mediante a geracdo de novas variedades por hibridizagdo com o
intuito de diminuir o uso de pesticidas.

Para auxiliar os estudos e alavancar as pesquisas, um sistema de informacdes de

germoplasma de Musa (MGIS - Musa Germplasm Info. System - http://www.Musanet.org/)

foi desenvolvido com o objetivo de aumentar o conhecimento sobre a diversidade de Musa,
ajudar na conservacdo e melhorar o uso de recursos genéticos de banana. O banco de dados
contém informac0es de classificacdo botanica, descricdes morfo-taxonémicas, caracteristicas
agrondmicas, informacgdes sobre resisténcia a doencas, tolerdncia & estresses, marcadores
moleculares de 5188 acessos organizados em quase 100 colec¢bes por quase todo o globo.

Neste banco de dados pode ser consultado sobre a identidade, origem, caracteristicas e
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distribuicdo dos acessos individuais nas colec¢des, permitindo que as instituicdes participantes
em todo 0 mundo possam compartilhar e comparar os seus dados. O banco de dados também
é particularmente Util para varios usuarios, ou seja, criadores, pesquisadores e comunidades
de agricultores, para localizar fontes alternativas de germoplasma de banana e identificar os
acessos mais adequados com caracteristicas especificas de interesse.

Além do MGIS, outros recursos ainda estdo disponiveis, como as bibliotecas BAC
feitas de DNA de M. acuminata ‘Calcutta 4’ ¢ M. balbisiana ‘Pisang Klutuk Wulung’
(Pifanelli et al, 2008) com informac6es de sequéncias de DNA, com anotagéo e curadoria do
Musa genomics website; Analises de 3 milhdes de sequéncias de DNA de Musa, derivados de
extremidades de BACs, mostrando muitas caracteristicas da sua organizacdo e estrutura
genética (Cheung e Town, 2007).

Embora exista uma grande variedade de cultivares de bananas, o melhoramento
genético em Musa, em comparacdo com outras grandes culturas alimentares, tem sido
limitada. Cultivares tém evoluido desde dipldides, tripldides e tetrapldides selvagens asiaticos
de espécies de M. acuminata (genoma A) e M. balbisiana (genoma B). Espécies selvagens
sdo geralmente seminiferas, ao passo que hoje em dia a maioria dos cultivares comerciais sao
estéreis ou triploides e dipldides, com frutas que se desenvolveram por meio de partenocarpia.
Como esta cultura tem evoluido principalmente através de reproducao vegetativa assexuada,
a variacdo genética € limitada, tornando-se uma cultura vulneravel a pragas e doencas.

As progénies obtidas a partir de cruzamentos entre gendtipos de bananeira apresentam
tamanho pequeno e sdo compostas por um namero variavel de ploidias, inclusive aneuploides.
Esse fato dificulta 0 melhoramento e impGe barreiras ao desenvolvimento de novas cultivares.
A producéo de tetraploides a partir de tripldides tem sido a metodologia bésica aplicada
desde o inicio dos trabalhos de melhoramento de bananeira. A técnica foi usada inicialmente
para a producdo de hibridos tetrapldides a partir de triploides AAA (Gros Michel) polinizados
com polen A (3X x 2X = 4X) e atualmente vem sendo amplamente empregada em cultivares
AAB (Silva et al., 2005).

As variedades tripldides apresentam fertilidade residual que permite a obtencéo de
sementes em cruzamentos com diploides. A particularidade deste cruzamento esta no fato de
que os alelos da planta-méde podem néo segregar e, portanto, as caracteristicas maternas sao
mantidas, resultando em hibridos tetraploides (Silva et al., 2013). De acordo com Menendez
e Shepherd (1975), é possivel acrescentar um conjunto de cromossomos de um diploide para
transferir caracteristicas de resisténcia as doencas ao novo hibrido. Mesmo com diferentes

possibilidades de segregacdo, apenas os hibridos tetraploides (44 cromossomos) apresentam
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caracteristicas agrondmicas que possibilitem sua adocdo pelos agricultores, entre as quais
sabor e aroma.

Os cruzamentos sdo possiveis mesmo envolvendo cultivares consideradas estéreis,
assim, Aguilar Morén (2011) obteve sementes a partir da polinizacdo de 20.000 cachos de
cultivares do subgrupo Cavendish (Grande Naine e Williams) com pdélen de 10 diploides.
Como resultado deste esforco, foram obtidas apenas 200 sementes com 40 embrides, e 20
hibridos tetraploides foram recuperados, os quais foram cruzados com o dipléide SH3142,
originando dois hibridos tripldides semelhantes as cultivares originais. De maneira geral, a
maioria das sementes obtidas por meio dos cruzamentos entre diploides e triploides ou
tetraploides apresenta alguma anomalia e além disso, a taxa de germinacdo das sementes
obtidas é em torno de 20% em condi¢cfes de casa de vegetacdo. Anormalidades na meiose
também sdo muito frequentes em dipldides e tripldides, em especial associadas com o
pareamento cromossémico. Em tetrapldides, a formacdo de gametas 2n ou 4n é
frequentemente relatada na literatura. Todas essas irregularidades dificultam a previsdo da
segregacéo observada nas progénies (Silva et al., 2013).

Todas essas dificuldades tem levado ao desenvolvimento de novas técnicas de
melhoramento para a criacdo de cultivares resistentes de forma a complementar e dar suporte
as atividades convencionais de melhoramento.

A atencdo e os esforcos estdo voltados para busca de genes de importancia em
cultivares selvagens, fontes de resisténcia, como por exemplo M. acuminata ‘Calcutta 4°,
para que posteriormente possam ser transferidos a cultivares comerciais.

A partir dos recursos genéticos disponiveis, muitos trabalhos tem sido realizados,
como a caracterizagdo de componentes de DNA repetitivos do genoma de Musa,
representando uma parte substancial dos 550 Mpb do DNA (Hiibova et al., 2007 e Hiibova e
Dolezel, 2011); Transcritoma durante a interagdo entre M. acuminata e M. musicola,
caracterizando um grande numero de unigenes de M. acuminata ‘Calcutta 4’ e ‘Cavendish
Grande Naine’, aumentando o numero de dominio publico de Musa ESTs (Passos et al.,
2013); Genoma de M. balbisiana, representando um valioso recurso para apoiar o estudo do
metabolismo em inter e intra-especificos de hibridos tripldides de Musa (Davey et al., 2013);
Genoma de M. acuminata ssp. malaccensis var. Pahang (DH Pahang), servindo de referéncia
para outros estudos (D'Hont et al., 2012).

A utilizacdo efetiva de marcadores tem grantido sucesso nos programas de
melhoramento. Um dos principais usos de marcadores moleculares na pesquisa agricola tem

sido na construcdo de mapas de ligacdo para diversas espécies de culturas. Mapas de ligacéo
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foram utilizados para a identificacdo de regiGes cromossémicas que contém genes que
controlam caracteristicas simples (controlada por um Unico gene) e caracteristicas
quantitativas usando analises de QTL (Quantitative Trait Loci). Os QTLs sdo regiGes dentro
genomas que contém genes associados a uma caracteristica quantitativa agronomicamente
importante como produtividade, qualidade e algumas formas de resisténcia (Agarwal et al.,
2008; Collard et al., 2005).

Outra aplicacéo importante dos marcadores moleculares se encontra na transferéncia
de alelos de resisténcia de fontes exoticas e muitas vezes ndo adaptadas para cultivares elite.
Esses marcadores, se estreitamente ligados aos alelos de resisténcia, podem ser usados na
selecdo assistida por marcadores (SAM), nas etapas do melhoramento (Alzate-Marin et al.,
2005). Nos ultimos anos, marcadores tém se mostrado uma ferramenta poderosa para a
estimativa da diversidade genética (variacdo na sequéncia de nucleotideos, a estrutura
genética, cromossomos e genomas inteiros) e das relacdes filogenéticas de espécies com base
na conservacdo da sequéncia (Kalia et al., 2011).

Em Musa, esses marcadores sdo amplamente utilizados para diferentes fins.
Mukunthakumar e colaboradores (2013) utilizaram 43 acessos de M. acuminata para estudo
de diversidade genética e diferenciacdo usando RAPD. Hrahsel e colaboradores et al. (2013)
utilizaram marcadores RAPD para avaliar a estabilidade genémica in vitro de plantulas
regeneradas de M. acuminata cv. Vaibalhla num processo de propagagéo in vitro tendo
aplicacdo na producdo em massa, conservacdo e estudos de transformacdo genética. Além
desses, marcadores, AFLPs também foram utilizados (Loh et al. 2000; Wong et al. 2001a;
Ude et al. 2002; Wang et al. 2007). Ambos estes marcadores tém um nivel relativamente
elevado de polimorfismo, porém sdo dominantes, e, no caso de RAPD, o reprodutibilidade
pode ser uma limitacdo grave (Jones et al. 1997).

Marcadores co-dominantes também foram utilizados em Musa, como RFLPs (Gawel
et al 1992;. Nwakanma et al 2003; Ning et al 2007) e SSRs (Kaemmer et al, 1997;. Grapin et
al, 1998;.. Lagoda et al, 1998;. Buhariwalla et al 2005). Enquanto RFLPs possuem um bom
desempenho em termos de reprodutibilidade, por outro lado tem um nivel relativamente
baixo de polimorfismo e sdo dificeis de utilizar. Pelo contréario, os marcadores microssatélites
superam 0s RFLP e RAPD em todos os aspectos acima mencionados. Jesus e colaboradores
(2013) determinaram a constituicdo gendmica baseada em regides polimérficas ITS (Internal
Transcribed Spacer) em cerca de 220 acessos de Musa, investigando a estrutura populacional
utilizando SSRs. Librelon e colaboradores (2013) analisou a diversidade genética de 20
clones de Prata-And Gorutuba, quatro clones de Prata-Rio e quatro clones de Prata-Catarina
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por meio de marcadores SSR indicando a eficiéncia desses marcadores na discriminagéo e
caracterizacdo dos clones de banana. Davey et al. (2013) alinhou sequéncias do genoma B
contra 0 genoma A de Musa e identificou a divergéncia entre os dois genomas por meio de
SNPs. Além disso, uma abordagem robusta para genotipagem em Musa baseado em 19 locos
microssatélites identificados com primers marcados com fluorescéncia por meio de separacéo
por eletroforese capilar de alta resolugédo, tornou-se disponivel recentemente (Hiibov et al.,
2013). Passos e colaboradores (2012) identificaram 624 locos microssatélites derivados de
quatro bibliotecas contrastantes em resisténcia de M. acuminata Calcutta 4 e Cavendish
Grande Naine e Passos e colaboradores (2013) identificaram 4068 locos microssatélites
génicos de Calcutta 4 e 4095 de Cavendish Grande Naine derivados de transcritos da

interacdo Musa e Mycosphaerella.

5. Imunidade em plantas

Como em animais, as plantas estdo continuamente expostas ao ataque de patdgenos.
Porém, tendo em vista a inexisténcia de resposta imune mediada por anticorpos, as plantas
desenvolveram durante o processo de evolucdo, mecanismos diferenciados de defesa que,
quando acionados (na maioria das vezes por fungos, bactérias e virus) percebem a agressao,
traduzindo essa percepcdo em uma resposta apropriada (Pieterse et al., 2005; Shewry e Lucas,
1997; de Wit, 2007). Por outro lado, os fitopatdgenos podem usar diversas estratégias de vida
liberando moléculas efetoras (efetores de viruléncia) na célula da planta, garantindo uma
maior aptidao do patdgeno (Jones e Dangl, 2006).

As plantas, ao contrario dos mamiferos, ndo possuem células defensoras méveis e um
sistema imunoldgico somatico adaptativo (imunidade adquirida), plantas dependem
exclusivamente da resposta inata. A ativacdo de respostas de defesa da planta é desencadeada
pelo reconhecimento de organismos invasores pelos receptores imunes. Estes podem ser
ligados a receptores de membrana que controlam o ambiente extracelular ou de receptores
intracelulares que detectam a presenca ou a atividade de efetores derivados do agente
patogénico (Lapin e Van den Ackerveken, 2013).

No inicio do século 20, através da realizacdo de experiéncias genéticas, Harold Flor
mostrou que a imunidade da planta, bem como a capacidade do patégeno de causar doencas,
sdo controladas por pares de genes correspondentes. O fator genético da planta foi referido

como gene de resisténcia (R), enquanto que o fator genético do agente patogénico, foi
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referido como gene de aviruléncia (AVR). Para Flor, a resisténcia gene-a-gene era conferida
por uma interacdo direta entre o gene R e proteinas Avr (Thomma et al., 2011).

No entanto, experimentos projetados para mostrar tais interacOes diretas receptor-
ligante frequentemente geram resultados negativos o que levou a formulacdo da hipétese
guarda, onde o reconhecimento ocorre indiretamente por meio da interacao entre efetor e uma
segunda proteina denominada guardee. Essa interagdo € percebida quimicamente pela
proteina R (proteina guarda) ativando a resisténcia do hospedeiro (Gtowacki et al., 2011). Na
falta de um gene funcional R, a selecdo natural conduz um guardee para diminuir a sua
afinidade de ligacdo com o efetor e, assim, evitar a deteccdo do efetor. No entanto, na
presenca de um gene funcional R, a selecdo natural favorece guardees com maior afinidade
de interacdo com o efetor, melhorando a percepcdo do patégeno. Estas duas pressdes de
selecdo (Figura 4) conflitantes sobre a mesma superficie de interacdo efetoras resulta em
situacdo evolutivamente instavel dos guardees que poderia ser flexibilizada mediante a
evolucdo de uma proteina do hospedeiro, denominado aqui “decoy", que é especializada na
percepcdo dos efetores pela proteina R, mas que sozinha ndo tem nenhuma funcdo no
desenvolvimento da doenca ou resisténcia (Hoorn e Kamoun, 2008).

Populagéo de plantas
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Figura 4: Forgas opostas de selegdo sobre moléculas guarda de proteinas R. Forgas opostas de selecéo séo esperadas
para operar em alvos efetores guardados em plantas com ou sem proteina R associada. Na auséncia da proteina R (setas
verdes) os alvos estardo sob pressdo seletiva para reduzir a interagdo (esquerda). Na presenca da proteina R (setas
vermelhas), o alvo efetor guardado estara sob pressdo seletiva para melhorar a interagdo com o efetor e melhorar a percepgdo
do patdgeno (direita). A duplicacdo de genes do alvo efetor ou a evolugdo independente do alvo reduziria as restrigdes
evolutivas impostas ao alvo efetor guardado, permitindo que ele se especialize como um co-receptor (decoy), que regula a
ativacdo da proteina R. Fonte: Adaptado de Hoorn e Kamoun, 2008

No modelo decoy, proteinas especificas que sdo similares as proteinas alvo do elicitor
sdo geradas pela planta durante algumas interac@es planta-patdgeno. Sua Unica funcéo é de se
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ligar ao efetor e atuar como um mediador nas interacbes com proteinas R (Hoorn e Kamoun,
2008).

Segundo Jones e Dangl (2006), a visdo mais atual do sistema imunoldgico da planta
pode ser representado por um modelo de quatro fases denominado “zig-zag” (Figura 5) em
que na fase 1 PAMPs sdo reconhecidos por PRRs resultando na imunidade disparada por
PAMPs (PTI); na fase 2 patdgenos que obtiveram sucesso liberam efetores que interferem na
PTI, desencadeando uma suscetibilidade disparada por efetores (ETS); na fase 3 o efetor é
especificamente reconhecido por uma proteina R resultando em imunidade disparada por
efetores (ETI).

PTI ETS ETI ETS ETI
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A A A
Limiar para HR
2 °o o,o
= Efetores ®e ©
© patogénicos
% Efetores
% atogénicos§ Avr-R
2 ®
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Figura 5: Modelo Zig-Zag do sistema imune em plantas, proposto por Jones e Dangl (2006). Neste esquema, as plantas
detectam padrdes moleculares associados a patogenos (PAMPs / mAmps, losangos vermelhos) via PRRs para desencadear a
imunidade disparada por PAMPs (PTI). Patdgenos de sucesso produzem efetores que interferem com a PTI, resultando em
suscetibilidade desencadeada por efetores (ETS). Se um efetor (indicado em vermelho) € reconhecido por uma proteina da
planta NB-LRR, a imunidade disparada por efetores (ETI) é ativada, sendo uma versdo amplificada de PTI que permite a
indugdo da morte celular e resposta de hipersensibilidade (HR). Isolados do patégeno podem evoluir, perdendo efetores (em
vermelho) ou ganhar novos efetores (em azul), permitindo que o patdgeno suprima ETI. Tal selecéo, entdo, favorecem novos
alelos NB-LRR a evoluir e reconhecer um dos efetores recém-adquiridas, resultando novamente em ETI.

Os mecanismos utilizados pelas plantas para reconhecer patdgenos e a ativagdo de
respostas imunes estdo sendo elucidados nos ultimos anos. As plantas possuem dois tipos
distintos de receptores imunes. O primeiro tipo, 0s receptores de reconhecimento de padrbes
(PRRs), reconhece padr6es moleculares conservados associados a patégenos (PAMPS)
iniciando um processo de imunidade conhecido por PTI (PAMP — triggered immunity). O
segundo tipo sdo as proteinas de resisténcia (R), que reconhecem efetores do patdgeno e

iniciam a imunidade conhecida com ETI (Effector — triggered immunity) (Qi et al., 2011).
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5.1. Os receptores PRRs e a imunidade disparada por PAMPs — PT]|

A “primeira linha" de defesa das plantas pode ser acionada por meio do
reconhecimento de PAMPs, resultando em ativagéo da defesa basal (ou ndo hospedeiro) da
planta conhecida como PTI ou imunidade disparada por PAMPs (Deller et al., 2011).

Diversas moléculas microbianas sdo conhecidas como PAMPs. Lipooligossacarideos
de bactérias gram-negativas, flagelina bacteriana, glucanas bacterianas, glicoproteinas de
oomicetos, quitina da parede celular de fungos séo apenas alguns exemplos (Zhang e Zhaou,
2010). PAMPs séo detectados pelos receptores PRRs, normalmente receptores quinases RLK
localizados na superficie celular, RLPs (receptor-like proteins) e GBP (glucan-binding
protein) (Fritz-Laylin et al., 2005).

Os receptores RLK formam uma das maiores familias de genes em plantas e em geral
sdo proteinas transmembranas com dominio N-terminal extracelular bem versatil e um
dominio quinase intracelular no C-terminal. S&o encontrados distintos dominios
extracelulares envolvidos em reconhecimento de patégeno (Figura 6), sendo eles:

1. LRR-RLK (Leucine-rich repeat receptor-like protein kinases): Suas caracteristicas
estruturais sdo responsaveis pela funcdo PRR, onde, o motivo extracelular LRR muito
variavel, participa frequentemente na interacdo proteina-proteina. Além dos receptores PRR,
0 dominio LRR também é encontrado com grande frequéncia em proteinas R de plantas
(Kobe e Deisenhofer, 1995). Nessa classe estdo presentes os principais receptores PRRs, 0s
FLS2 (Gomez-Gomez e Boller, 2000).

2. LecRKs (lectin receptor protein kinases): E a segunda maior classe de motivos
extracelulares e seus dominios extracelulares contém o motivo lectina que podem ligar varios
disscarideos e acucares complexos. Estudos recentes demonstram que o receptor LecRK-V.5
regula negativamente o fechamento dos estdmatos em tomate na percepcao de P. syringae. A
perda da funcdo LecRK-V.5 promove um aumento da resisténcia a esse patdégeno (Desclos-
Theveniau, et al., 2012).

3. LysM ( Lysin Motif Receptor-like Kinase): Outro ligante de agucar responsavel por
promover a ligacdo de peptideoglicanos, componente da parede celular bacteriana. Também
tem sido demonstrado essencial para a percep¢do do componente da parede celular de quitina
de fungos, como por exemplo o receptor de Arabidopsis CERK1 (Petutschnig, et al., 2010)

4. TLP-Ks (Thaumatin-like protein Kinase): resultam da fusdo entre dois genes que
codificam uma thaumatina e uma proteina-quinase. Eles tém sido propostos para atuar como

receptores quinase (RLKSs), onde o dominio thaumatina extracelular poderia reconhecer
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patdgenos e a quinase seria responsavel pela sinalizacdo citoplasmatica. Esta hipdtese foi
reforcada pela demonstracdo de que a super expressdo de TLP-K em Arabidopsis thaliana
promove um atraso no aparecimento dos sintomas de doencas (Petre et al., 2011), como é o
caso de PR5K, uma proteina quinase com dominio extracelular semelhante a uma PR
proteina e com base nos seus dominios estruturais, no entanto, pode ser um receptor de sinal
para as moléculas patogénicas. O dominio extracelular PR5 pode reconhecer o mesmo
ligando reconhecido pelas proteinas PR5 (Guo et al., 2003).

O numero de receptores de tipo RLP preditos a partir de sequéncias gendmicas varia
de acordo com as espécies de plantas estudadas. Uma vez que os receptores de tipo RLP falta
um dominio catalitico citoplasmatico, uma das perguntas intrigantes relativas a sinalizacédo
mediada pelo RLP é como a mensagem ¢é transmitida a partir da matriz extracelular para o
espaco intracelular. A explicagdo mais simples poderia ser semelhante ao proposto para
CLV2 e TMM onde estes RLPs podem funcionar em combinacdo com receptores RLKS
CLAVATAL e ERECTA, respectivamente, transmitindo, assim, a mensagem (Tor, et al.,
2009). A xylanase-inducing ethylene (EIX) é um potente elicitor de resposta de defesas em
tabaco (Nicotiana tabacum) e tomate (Solanum lycopersicum) (Bar et al., 2010). Os
receptores EIX (LeEix1 e LeEix2) pertencem a essa superclasse de proteinas ricas em leucina
(Bar et al., 2010). Estudos demonstram que o silenciamento de expressdo dos genes LeEix
impede a ligacdo do EIX & células de uma planta sensivel a EIX e, portanto, inibem a
resposta de hipersensibilidade (Ron e Avni, 2004).

Em legumes, uma proteina de PB-glucano (GBP - p-glucan-binding protein)
corresponde ao terceiro grupo de receptores PRR. Essa proteina é o sitio de ligacdo para uma

heptaglucoside presente na parede do oomiceto Phythophtora sojae (Zipfel, 2008).

BACTERIAS FUNGOS OOMICETOS
Flagelina  EF-Tu P.syringae Microorganismos  Xilanase quitina quitina Heptaglucagan
(flg22) (elf18) patogénicos (HG)

Y Y Y v Y v v Y
FLS2 EFE Lec RK-v5 PR5K LeEIX1/2 CEBiP  CEBiP? GBP
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CERK1 P
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Figura 6: Principais PRRs identificados em plantas. Flagelina bacteriana (flg22) e EF-Tu (elf18) sdo reconhecidos pelos
FLS2 e EFR (LRR-RLKS), respectivamente. Em tomate, xilanase é reconhecida pelo LPR LeEIX1 e LeEIX2. Embora
ambos LeEIX1 e LeEIX2 pode ligar-se a EIX, apenas LeEIX2 é capaz de desencadear a sinalizagdo. Como LeEIX1, CEBIP
e GBP faltam dominios de sinalizacdo 6bvios, acredita-se que os mesmos interagem com proteinas transmembrana ainda
desconhecidas. Fonte: Adaptado de Zipfel 2008.
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Um exemplo classico ocorre com a flagelina (flg22). Esta € a principal proteina
estrutural de flagelos bacterianos e é essencial para a motilidade bacteriana, sendo também
um fator de viruléncia necessario para a comprovada patogenicidade bacteriana (Ramos et al.,
2004). Essa flagelina é reconhecida por receptores PRR localizados na membrana plasmaética
da planta, conhecidos por FLS2 (LRR- RLK — Leucine rich repeat/Receptor like kinase). A
percepcdao de flg22 por FLS2, ativa no citoplasma uma via de sinais MAP quinases e
provavelmente os fatores de transcricdo WRKY, provocando uma exploséo oxidativa (ROS),
alteracdes hormonais e reprogramacao transcricional (Zipfel et al., 2006 e Tao et al., 2003).

A ativacdo de MAP quinases ocorre nos momentos iniciais da interacdo do PAMP
com o receptor e é bastante transitéria. Algumas quinases, como por exemplo MPK6/3
também sdo ativadas quando o patégeno carrega um efetor de aviruléncia (ETI), porém
nesses casos essa ativacao € mais prolongada quando comparada com a ativacao realizada por
um PAMP. O tempo de duracdo das atividades das quinases pode ser a chave para diferenciar
as respostas em PTl e ETI (Tsuda e Katagiri, 2010).

A producdo de ROS (Reactive Oxygen Species) € uma das primeiras respostas
celulares ap6s o reconhecimento do patégeno. ROS pode funcionar como moléculas de
sinalizacdo ou executor de patdgenos. O reconhecimento de um PAMP desencadeia em PTI
uma resposta rapida e transiente, pois existe uma relacdo sinérgica entre os setores de
sinalizacdo. A resposta PTI pode ser desencadeada por PAMPs benéficos ou patogénicos e
essa baixa especificidade no reconhecimento do patégeno acaba sendo vantajoso para que as
plantas ndo induzam fortes respostas imunoldgicas em estagios iniciais do reconhecimento
(Tsuda e Katagiri, 2010).

5.2. As proteinas R e a imunidade disparada por efetores — ET|

Para neutralizar PTI e estabelecer uma infeccdo robusta em hospedeiros suscetiveis,
0s agentes patogénicos implantam proteinas efetoras (fatores de viruléncia) na célula
hospedeira, blogueando a cascata de MAPK por meio da segmentacdo dos receptores PRR
RLK e BAK1, permitindo a esses patogenos superar PTI.

Por outro lado, esses efetores podem ser reconhecidos por especificos receptores de
proteina de resisténcia (R) disparando ETI, uma versdo mais forte e rapida de PTI,
produzindo espécies reativas de oxigénio (ROS) que culmina, geralmente em uma reacéo de

hipersensibilidade (HR - Hypersensitive Response) e morte celular programada (PCD -
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Programmed Cell Death) normalmente local, ndo se estendendo para além da célula. Essa
reacdo pode retardar o crescimento do patégeno em algumas interacGes, particularmente
aquelas envolvendo parasitas haustoriais (Jones e Dangl, 2006). Obviamente a resposta
envolvendo HR favorece o crescimento do patégeno, quando este possui um modo de vida
necrotréfico, onde a sua estratégia de viruléncia depende da sua capacidade de matar células
hospedeiras. Dessa forma, acredita-se que HR seja tipicamente ativa apenas contra patégenos
biotréficos e hemibiotréficos (Glazebrook, 2005).

Ap0s esses eventos de sinalizacdo inicial, as plantas respondem pela ativacdo de um
grande namero de respostas de defesa integrados para repelir o invasor, como por exemplo, 0
fortalecimento da parede celular por meio da deposicdo de calose e lignina, producdo de
metabolitos secundarios antimicrobianos, como fitoalexinas e acumulo de proteinas PR
(pathogenesis-related) como as quitinases e glucanases que degradam as paredes celulares de
fungos e oomicetos (Pieterse et al., 2009).

Entre outros fatores, a ativacdo das respostas de defesa envolve uma regulacdo do
equilibrio de fitormdnios como o &cido salicilico (SA - salicylic acid) etileno (ET) e éacido
jasménico (JA - jasmonic acid) (Zvereva e Pooggin, 2012). Espécies transgénicas e mutantes
com deficiéncia na biossintese hormonal apresentaram uma grande alteracdo no nivel de
resisténcia a patdgenos especificos, demonstrando a importancia da regulacdo hormonal no
desencadeamento de respostas de defesa. Estudos deixam evidente que patdgenos biotroficos
e hemibiotréficos sdo geralmente sensiveis a respostas de defesa que sdo reguladas por SA,
enquanto patdégenos com o modo de vida necrotrofico sdo comumente impedidos pelas
defesas controladas por JA e ET (Glazebrook, 2005 e Deller et al., 2011).

A resposta de defesa sistémica em outros locais da planta é ativada pelos mecanismos
de defesa elicitados no local da infeccdo para proteger tecidos sadios contra 0 patdégeno. Esta
resisténcia de longa duracdo e amplo espectro é conhecida como resisténcia sistémica
adquirida ou SAR (Systemic acquired resistance) e exige o acimulo enddgeno de SA,
resultando na reprogramacéo transcricional de uma bateria de genes que codificam proteinas
PR. O SA produzido no local da infecgdo se move célula a célula sob a forma de metil-SA
através do plasmodesmata ou através do floema para o resto da planta (Muthamilarasan e
Prasad, 2013). A concentracdo de SA regula a conversdo da proteina NPR1 oligomérica para
a forma monomérica levando a sua translocacao nuclear e induzindo a expressao de proteinas
PR. A homeostase dessa proteina é controlada pela ligacdo de SA a NPR3/NPR4 dependendo
da concentracdo de SA. Em niveis baixos (alta suscetibilidade da planta) NPR1 esta

indisponivel para induzir genes de defesa, uma vez que é direcionado, através de sua ligacdo
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com NPR4 para a degradacdo no proteassoma. Com o0 aumento da concentracdo (resisténcia
basal), SA se liga a NPR4 interrompendo a interacdo com NPR1 agora livre para

desempenhar seu papel na ativacao de genes de defesa (Moreau et al., 2012).

5.2.1. Familias de proteinas R

Inimeros genes de resisténcia (R) de plantas ja foram caracterizados e estdo sendo
utilizados de forma eficiente em programas de melhoramento (Figura 7). O uso destes genes
para o desenvolvimento de variedades resistentes a doengas € uma alternativa conveniente a
outras medidas, como pesticidas ou outros métodos de controle quimico empregado para
proteger as culturas de doengas. Diante da pressao seletiva exercida pelos patogenos, as
plantas desenvolveram mecanismos de resisténcia pds invasao, muitas vezes controlados por
genes dominantes de resisténcia, cujos produtos direta ou indiretamente detectam efetores
patogénicos especificos e desencadeiam respostas de defesa eficazes (Chisholm et al., 2006).

Até o momento, pelo menos oito classes de genes R sdo reconhecidas com base na
organizacdo de motivos de aminoacidos conservados e seus dominios de membrana
(Gururani et al., 2012). A classe mais numerosa € representada por membros de uma familia
génica que codifica para proteinas contendo um sitio de ligacdo de nucleotideo (NBS -
nucleotide-binding site) e uma regido rica em repeticbes de leucina (LRR - leucine-rich
repeats). O dominio NBS esta envolvido em sinalizacdo e incluem motivos altamente
conservados e estritamente ordenados, tais como P-loop, kinase-2 e Gly-Leu-Pro-Leu
(GLPL) (Marone et al., 2013). O dominio LRR, presente em muitas proteinas de fungdes
diversas, estd envolvido nas interacdes proteina-proteina. Este dominio interage diretamente
com o seu efetor cognato, controlando o reconhecimento direto ou indireto de ragas de
patogenos especificos. Muitos LRRs podem interagir com outras proteinas transmembranares
proporcionando também a capacidade de sinalizagdo intercelular (Hammond-Kosack e
Kanyuka, 2001). Analises mutacionais extensivas de algumas proteinas R identificaram
varios residuos essenciais em LRR, mas também em geral, um elevado grau de tolerancia
para substituicdes. Esta observacdo é consistente com o papel de LRR no reconhecimento,
propriedade esta importante para a evolugdo de novas especificidades (Martin et al., 2003).

As analises gendmicas comparativas tém indicado que 0s genomas vegetais podem
codificar varias centenas de genes NBS-LRR, e que existe uma grande diversidade no
namero e distribuicdo das subclasses desses genes. Até o presente momento, um grande

numero de sequéncias que codificam para NBS foram isolados a partir de varias espécies de
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plantas por meio de analises de todo o genoma, encontrando cerca de 149 em Arabidopsis
thaliana (Meyers et al., 2003), 653 em Oryza sativa (Shang et al., 2009), 459 em Vitis
vinifera (Yang et al., 2008), 319 em Glycine max (Kang et al., 2012) e 117 em M. acuminata
(D'Hont et al., 2012). A distribuicdo cromossdmica de genes NBS-LRR parece ser muito
irregular na maioria das espécies estudadas, com alguns cromossomos caracterizados por
conter muito mais genes NBS-LRR do que outros. Com batata, por exemplo, 0 maior nimero
de genes de NBS-LRR séo encontradas nos cromossomas 4 e 11, cerca de 15% dos genes
mapeados, com 0 menor nimero de genes presentes no cromossomo 3 (1%) (Jupe et al.,
2012), enquanto que em banana o maior niUmero concentra nos cromossomos 3 e 10, cerca de
17,1% dos genes NBS-LRR mapeados (D'Hont et al., 2012). O fato de ser uma familia
génica antiga, mecanismos como duplicacdo, cruzamento desigual, recombinacdo ectdpica e
conversdo génica tém sido propostos para ter contribuido para as estruturas de cluster de
genes R e a evolucdo das especificidades de resisténcia (Marone et al., 2013). Acredita-se
que os receptores pertencentes a esta familia foram desenvolvidos antes da separacdo do
ramo das bridfitas para plantas com sementes. Esta visdo € corroborada pela constatacdo de
que a familia de genes PPC em musgos codificam proteinas TIR-NBS-LRR de outras plantas
(Gtowacki et al., 2011).

As familias de genes R podem ser classificadas de acordo com as suas caracteristicas
estruturais (Figura 7):

| - TIR-NBS-LRR (TNL) - Contém um dominio de tipo Toll. Sdo frequentes em
dicotileddneas e normalmente em maior nimero que os genes CNLs, sendo quase totalmente
ausentes em monocotiledéneas. Os genes L6 e M que conferem resisténcia a Melampsora lini
(Lawrence et al., 1995) e N que confere resisténcia ao virus mosaico (Lawrence et al., 1995)
sdo exemplos de genes R em tabaco. Os genes RPP1, RPP4 e RPP5 que conferem resisténcia
a Peronospora parasitica (Botella et al., 1998; van der Biezen et al., 2002; Parker et al.,
1997) e RPS4 que confere resisténcia a Pseudomonas syringae (Gassmann et al., 1999) séo
exemplos de genes TNL em Arabidopsis.

Il - CC-NBS-LRR (CNL) - Séo proteinas que ndo codificam o dominio TIR e s&o
caracterizadas por um dominio de filamento helicoidal. Varios exemplos desta classe sdo
encontrados em Arabidopsis, tais como RPS2, RPS5 e RPM1 conferindo resisténcia a
Pseudomonas syringae (Bent et al., 1994; Warren et al., 1998; Grant et al., 1995) e os genes
RPP8 e RPP13 que conferem resisténcia a Peronospora parasitica (McDowell et al., 1998;
Bittner-Eddy et al., 2000). Em tomate, o gene 12 confere resisténcia a F. oxysporum (Ori et
al., 1997) e o gene Mi confere resisténcia a Meloidogyne incognita (Milligan et al., 1998) e
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Macrosiphum euphorbiae (Rossi et al., 1998). Os genes Bs2 de pimenta confere resisténcia a
X. campestris (Tai et al., 1999), Dm3 de alface confere resisténcia a Bremia lactucae
(Meyers et al., 1998), Gpa2 de batata confere resisténcia a Globodera pallida (van der
Vossen, et al., 2000), Hero de batata confere resisténcia a Globodera rostochiensis (Ernst et
al., 2002), R1 de batata confere resisténcia a Phytophthora infestans (Ballvora et al., 2002),
Mla de cevada confere resisténcia a Blumeria graminis (Zhou et al., 2000), Pib e Pi-ta de
arroz sdo responsaveis pela resisténcia a Magnaporthe grisea (Wang et al., 1998; Orbach et
al., 2000) e Xal de arroz conferindo resisténcia a Xanthomonas oryzae (Yoshimura et al.,
1998) sdo exemplos de genes CNL ja identificados.

Il - LRR-TrD - E uma classe desprovida do dominio NBS consistindo em repeticoes
de leucina extracelular eLRR ligada a um dominio transmembrana TrD. Os genes de tomate
Cf-2 (Lozano-Torres et al., 2012), Cf-4 (Thomas et al., 1997), Cf-5 (Dixon et al., 1998), Cf-6
(Grushetskaya et al., 2007) e Cf-9 (Truong et al., 2011) conferem resisténcia a Cladosporium
fulvum e séo os representantes ja caracterizados nesta classe.

IV - LRR-TrD-kin - Esta classe é constituida de um dominio LRR extracelular ligado
a um dominio transmembrana TrD e uma serina/treonina quinase como dominio intracelular.
O principal representante desta classe € 0 gene Xa21 que confere resisténcia a Xanthomonas
oryzae em arroz (Song et al., 1997).

V - LRR-PEST-ECS - Esta classe possui um LRR extracelular juntamente com um
dominio para degradacdo de proteinas PEST (Glu-Ser-Tre Pro) e motivos curtos ECS
envolvidos na endocitose. As proteinas Vel contém um dominio CC, mas ndo possui 0
dominio PEST no C-terminal, enquanto que as proteinas Ve2 ndo possui 0 CC no N-terminal,
mas possui 0 dominio PEST no C-terminal. Estas proteinas sdo encontradas em tomate e
conferem resisténcia a Verticillium alboatrum (Kawchuk et al., 2001) e mais recentemente
foram reconhecidos como receptores de PAMPs (Gururani et al., 2012)

VI - TrD-CC - Constituido por um dominio de membrana TrD e um dominio CC
intracelular. Seu principal representante é o gene RPWS8 de Arabidopsis que confere
resisténcia a Erisyphe chicoracearum (Xiao et al., 2001).

VIl — TIR-NBS-LRR-NLS-WRKY - Membro da classe I, porém com uma extensdo
C-terminal NLS (sinal de localizagdo nuclear) e um dominio WRKY, regido de
aproximadamente 60 aminoacidos WRKYGQK bem conservados na extremidade N-terminal.
Seu principal representante € gene de Arabidopsis RRS1-R que confere resisténcia a

Ralstonia solanacearum (Deslandes et al., 2002).

33



VIII - Kinase/Hm1 - Esta classe compreende um grupo de genes R enzimaticos que
ndo possuem os dominios NBS-LRR. Como representantes encontram-se os genes Hm1 de
milho que confere resisténcia ao fungo patogénico Cochliobolus carbonum. Ao contrério dos
outros genes, Hm1 codifica uma enzima HC (toxina redutase) envolvida na detoxificacdo
(Johal e Briggs, 1992). Outros exemplos notaveis sdo as proteinas Pto do tomate conferindo
resisténcia a P. syringae por meio da codificacdo de uma serina/treonina quinase (Martin et
al., 1993) e Rpgl de cevada conferindo resisténcia a ferrugem do caule codificando uma
proteina quinase em tandem (quinase-quinase) (Brueggeman et al., 2002).

Outros genes R com estruturas diferentes e que ndo estdo inclusos nas oito classes
acima também foram caracterizados. S&o eles: Xa27 de arroz conferindo resisténcia a
Xanthomonas oryzae que consiste de 113 aminoacidos em dois dominios alfa-hélice (Gu et
al., 2005), RF01 de Arabidopsis conferindo resisténcia a F. oxysporum codificando uma
quinase associada a parede celular, um dominio transmembrana (TrD) e uma quinase
intracelular (Diener e Ausubel, 2005) e Pi-d2 de arroz conferindo resisténcia a Magnaporthe
grisea codificando um receptor b-lectina ligado ao dominio TrD e uma quinase intracelular
(Chen et al., 2006).
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Figura 7: Esquema da localizacdo dos genes R de diferentes classes que conferem resisténcia raca especifica e raga
nao especifica. Fonte: Adaptado de Hammond-Kosack e Kanyuka, 2001
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JUSTIFICATIVA

O uso de fungicidas agricolas em culturas de M. acuminata cv. Cavendish no controle
da Sigatoka negra caminha em direcdo ao topo da lista de maiores insumos globais, com
cerca de 500 milhdes de dolares gastos anualmente. Em 2003, o custo anual de controle da
doenca em grandes plantacdes foi estimado em cerca de 1000 ddlares por hectare. Mais de
30% dos custos totais de producdo de banana sdo direcionados para o controle quimico de
Mycosphaerella spp. (Kema, 2006).

Considerando que a maioria dos estresses bidticos que afetam as bananeiras vém
sendo tratados com a aplicacdo de produtos quimicos, encarecendo a producdo e fomentando
a adaptacdo dos organismos patogénicos, além da propria degradacdo ambiental que o uso de
agrotoxicos enseja, 0 desenvolvimento de plantas resistentes as doencas seja uma medida de
controle mais recomendavel.

A busca de genes envolvidos em resposta aos estresses bidticos em M. acuminata
durante a interacdo com M. musicola, bem como o desenvolvimento de marcadores
moleculares, podera oferecer uma potencial ferramenta para o desenvolvimento de uma
estratégia eficaz de manejo da doenga Sigatoka amarela com base em melhoramento genético
da cultura por meio de transformacéo de plantas ou melhoramento convencional baseado em
selecdo assistida por marcadores, além de poder contribuir para a elucidacdo dos mecanismos

de resisténcia e defesa em Musa.
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OBIJETIVOS

1. Objetivos Gerais

Identificar genes envolvidos em respostas a estresses bioticos derivados do
transcritoma foliar da interagdo M. acuminata e M. musicola.

Analisar a expressdo de genes envolvidos em respostas aos estresses bidticos em
gendtipos de M. acuminata contrastantes em resisténcia, ‘Calcutta 4° e¢ ‘Cavendish Grande
Naine’ submetidos a interagdo com M. musicola.

Desenvolver marcadores moleculares microssatélites presentes em  genes
potencialmente envolvidos em respostas de resisténcia e defesa em M. acuminata que possam

ser utilizados em programas de melhoramento

2. Objetivos Especificos

- Identificar genes potencialmente envolvidos em respostas de resisténcia e defesa por
meio de pirossequenciamento 454 do transcritoma foliar da interacdo entre M. musicola e M.
acuminata Calcutta 4 e Cavendish Grande Naine;

- Identificar e caracterizar o padrdo de expressdo in silico de genes-candidatos de
defesa/resisténcia a partir de dados de pirosequenciamento 454 do transcritoma foliar de M.
acuminata Calcutta 4 (resistente) e Cavendish Grande Naine (suscetivel) durante a interacéo
com M. musicola;

- Analisar por RT-gPCR a expressdo diferencial de genes-candidatos envolvidos em
defesa/resistencia durante a interacdo M. acuminata- M. musicola

- ldentificar em dados gendmicos e transcritbmicos de M. acuminata marcadores
moleculares do tipo SSR que possam ser utilizados em programas de melhoramento;

- Validar os primers para locos SSR quanto a detec¢do de polimorfismos em diploides

de M. acuminata contrastando em resisténcia a doenca Sigatoka

36



CAPITULO 1: ANALISE DE DADOS DO TRANSCRITOMA DA INTERAGAO ENTRE MUSA
ACUMINATA E MYCOSPHAERELLA MUSICOLA PARA GENES ENVOLVIDOS NO PROCESSO DE
IMUNIDADE

1. Introdugao

Plantas evoluiram estratégias Unicas de adaptacdo para lidar com estresses bidticos e
abioticos devido a sua incapacidade de escapar da predacdo ou condi¢cGes ambientais
adversas. A resposta da planta a esses estresses € mediada por uma rede complexa de
transducdo de sinal que resulta em alteracdes na bioquimica, fisiologia e morfologia da planta.
Essas respostas adaptativas estdo associados a mudancas distintas na expressdo geénica,
mediada pela acdo de fatores de transcricdo. (Wang et al., 2014). Portanto, sdo necessarios
extensos dados transcritdbmicos para descobrir genes relacionados com resisténcia a doencas.
Esses dados podem servir também como uma boa fonte para o desenvolvimento de primers
especificos para estes genes, para melhor caracterizacdo de perfis de expressdo génica via
PCR em tempo real durante a interacdo de banana / M. musicola.

A anélise do transcriptoma é uma ferramenta poderosa para o estudo da funcdo dos
genes R na resisténcia as doencas. Recentemente, a disponibilidade de sequenciadores de
ultima geragdo, como 0 GS- FLX 454 Titanium e lllumina-GA, tem permitido a identificacdo
desses genes, bem como a avaliacdo dos niveis de expressdo de genes preditos em uma
determinada planta (Kang et al., 2012).

Os objetivos deste capitulo foram gerar um recurso para o estudo de genes funcionais
em M. acuminata, por meio da analise e identificacdo de genes expressos potencialmente
envolvidos em processos de resisténcia e defesa. Foi realizado o sequenciamento GS-FLX
454 Titanium de transcritos derivados da interacdo entre M. musicola, patégeno causador da
doenca Sigatoka amarela em folhas de bananeiras e os gendtipos contrastantes em resisténcia
M. acuminata Calcutta 4 (resistente) e Cavendish Grande Naine (suscetivel). Tais gendtipos
foram escolhidos com base em suas caracteristicas relevantes. Calcutta 4 é um diploide fértil
selvagem amplamente utilizado em programas de melhoramento para a melhoria de
cultivares comerciais. Como uma espécie doadora, considera-se uma fonte importante de
resisténcia a fungos e nematoides patogénicos. Dada esta importancia, tem sido adotado
como um modelo para gendémica comparativa com arroz (Cheung e Town, 2007; Lescot et al.,
2008), com aplicacOes de gendmica funcional (Santos et al., 2005) e descoberta de genes

candidatos a resisténcia (Azhar e Heslop-Harrison, 2008; Miller et al., 2008). Bananas do
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subgrupo Cavendish, tais como Grande Naine, por contraste, sdo triploides estéreis, que,
apesar de representar mais de 40% da producdo mundial, ndo tém a resisténcia ao estresse
bidtico, sendo que a aplicacdo regular de pesticidas é necesséria para a produgdo comercial.
Os genes identificados neste transcritoma foram mapeados no genoma de M.
acuminata ssp. malaccensis var. Pahang para confirmagdo da montagem do sequenciamento
de novo e foram utilizados como fonte de estudos de expressdo e polimorfismos nos

capitulos subsequentes.
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2. Material e Métodos

2.1. Material Bioldgico

2.1.1. Material vegetal

Dois genotipos, Calcutta 4 e Cavendish Grande Naine foram selecionados levando em
consideracdo a utilizacdo comercial e resisténcia a pragas.

Calcutta 4 (AA) é um genotipo derivado de M. acuminata ssp. Burmannica que tem
sido amplamente utilizado em programas de melhoramento por ser resistente as Sigatokas-
negra e amarela, as diversas ragas de Fusarium e nematoides (Fouré, 2000; Mobambo, 1994;
Pegg, 1999; Forgain, 1996).

Cavendish Grande Naine (AAA) é o grupo de bananas mais cultivado mundialmente.
Em 2010, estimava-se que 40% das bananas produzidas pertenciam a este gendtipo e que
96% das bananas exportadas no comércio internacional eram bananas Cavendish (FruiTrop,
2012).

Um total de 36 plantas de seis meses de idade de M. acuminata Calcutta 4 e
Cavendish Grande Naine (Musa International Transit Centre acessos ITC0249 e ITC0654)
foram mantidas em estufa sob fotoperiodo de 12 h de luz e 12 h no escuro a 25 °C e 85% de
umidade relativa. Plantas infectadas e controle ndo infectadas foram mantidas sob condi¢fes

idénticas.

2.1.2. Fitopatégeno

A cepa de M. musicola, isolada de esporoddquios de lesdes foliares de Cavendish
Grande Naine pertencentes a Embrapa Mandioca e Frutas Tropicais, Brasil, foi utilizada para
inoculo artificial da superficie abaxial da folha mais jovem de cada planta.

2.2. Preparagdo do indculo

Os esporos de M. musicola foram anteriormente germinados em meio V8 por 14 dias.
A contagem de esporos utilizados no inéculo totalizou 2 x 10* conidiésporos por mL, com
adicdo de Tween 20 a 0.05%.
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Trinta e seis mudas foram submetidas ao processo de inoculo, sendo 18 pertencentes
ao gendtipo Calcutta 4 (resistente) e 18 pertencentes ao gendtipo Cavendish (suscetivel).
Dessas 18, nove mudas foram inoculadas com o patdgeno na face abaxial das folhas 1 e 2 e
nove plantas controle foram borrifadas apenas com solugdo de agua destilada e tween com
nas folhas 1 e 2. As folhas pulverizadas foram cobertas com sacos plasticos transparentes
para garantir a alta umidade e trés repeti¢cbes independentes foram coletadas para cada

amostra.

2.3. Microscopia Eletrénica de Varredura

Para a confirmar a presenca do patdgeno durante a infeccdo na superficie das folhas,
foi realizada a técnica de Microscopia Eletronica de Varredura (MEV)_ Zeiss DSM 962,
gerando imagens tridimensionais de alta ampliacdo e resolucdo.

Um total de trés repeticBes para cada amostra (trés, seis e nove dias ap6s o inéculo,
periodo conhecido da entrada do patdgeno) foram preparadas para a analise (Tabela 3). Para a
preservacdo da estrutura bioldgica, as amostras foram primeiramente fixadas por meio da
incubacdo durante 2,5 horas em solucdo fixadora de tampédo cacodilato 0,05M a pH 6,8
contendo 2,5% de glutaraldeido e lavadas em tampao cacodilato 0,1M a pH 6,8. As amostras
foram ainda pos-fixadas durante 1 hora em tampdo tetroxido de dsmio 2%. A desidratacdo
das amostras foi conduzida a 4 °C durante 20 minutos com concentracGes crescentes de
etanol (10, 20, 30, 50, 70, 80, 90, 95 e 100%). Apds a secagem das amostras (Emitech K850,
Kent, UK), as mesmas foram montadas em bases de cobre revestidas com 20 nm de
particulas de ouro.
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Tabela 3: Representacdo dos dias de coleta de plantas de M. acuminata Calcutta 4 e Cavendish Grande Naine

inoculadas e ndo inoculadas (controle) com o patégeno M. musicola.

C4 ndo inoculada (controle)

C4 ndo inoculada (controle)

C4 ndo inoculada (controle)

planta 1 folha 1 planta 1 folha 1 planta 1 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
planta 2 folha 1 planta 2 folha 1 planta 2 folha 1
Tempo 1 Tempo 2 Tempo 3
3 dias folha 2 6 dias folha 2 9 dias folha 2
raiz raiz raiz
planta 3 folha 1 planta 3 folha 1 planta 3 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
CAV néo inoculada (controle) CAV néo inoculada (controle) CAV néo inoculada (controle)
planta 1 folha 1 planta 1 folha 1 planta 1 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
planta 2 folha 1 planta 2 folha 1 planta 2 folha 1
Tempo 1 Tempo 2 Tempo 3
3 dias folha 2 6 dias folha 2 9 dias folha 2
raiz raiz raiz
planta 3 folha 1 planta 3 folha 1 planta 3 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
C4 inoculada C4 inoculada C4 inoculada
planta 1 folha 1 planta 1 folha 1 planta 1 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
planta 2 folha 1 planta 2 folha 1 planta 2 folha 1
Tempo 1 Tempo 2 Tempo 3
3 dias folha 2 6 dias folha 2 9 dias folha 2
raiz raiz raiz
planta 3 folha 1 planta 3 folha 1 planta 3 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
CAV inoculada CAV inoculada CAV inoculada
planta 1 folha 1 planta 1 folha 1 planta 1 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz
planta 2 folha 1 planta 2 folha 1 planta 2 folha 1
Tempo 1 Tempo 2 Tempo 3
3 dias folha 2 6 dias folha 2 9 dias folha 2
raiz raiz raiz
planta 3 folha 1 planta 3 folha 1 planta 3 folha 1
folha 2 folha 2 folha 2
raiz raiz raiz

Legenda: C4: Calcutta 4; CAV: Cavendish
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2.4. Extragdo de RNA

O RNA total foi extraido a partir de 1 g de amostras de folhas usando o reagente
ConcertW RNA Plant Reagent (Invitrogen, Carlsbad, CA, USA) e INVISORB Spin Plant
RNA Mini Kit (Invitek, Hayward, CA, USA), de acordo com as instrucdes do fabricante.
Para a retirada de DNA das amostras, as mesmas foram tratadas com DNase (Ambion, Austin,
TX, EUA) utilizando 1,5 unidades/ug de RNA total. A quantificacdo e integridade foi
avaliada por eletroforese em gel de agarose 1% corado com brometo de etidio e
espectrofotdmetro Nanodrop ND-1000 (Thermo Scientific, Waltham, MA, EUA). Um total
de 36 amostras de RNA foram extraidas a partir de amostras de plantas em triplicata para as

folhas infectadas e as folhas controle ndo inoculadas, em trés, seis e nove dias ap6s o inoculo.

2.5. Sequenciamento massal e processamento de sequéncias

O RNA mensageiro isolado, foi preparado em bibliotecas cDNA consistindo de
quatro pools derivados de Calcutta 4 inoculado, Calcutta 4 ndo inoculado, Cavendish
inoculado e Cavendish ndo inoculado. O material foi mecanicamente fragmentado em
sequéncias de 300 a 600 pb, ligados a adaptadores e submetidos a uma PCR emulséo e cada
biblioteca foi sequenciada em um segmento de ¥ da placa, usando a plataforma baseada em
pirosequenciamento 454 GS-FLX and Titanium series chemistry, realizada pela Eurofins
MWG Operon (Ebersberg, Germany) a partir de aproximadamente 50 ug de cada pool de
RNA total.

As leituras geradas a partir do sequenciamento foram pré-processadas anteriormente a
andlise para a remocédo de adaptadores, leituras de baixa qualidade e pequenas leituras (< 50
pb) (Passos et al., 2013), pois estas aparecem em grande nimero e repetidamente, levando a
ambiguidades (Zerbino, 2008). Essas sequéncias foram montadas de novo devido a auséncia
de um genoma referéncia utilizando a estratégia de construgdo de grafos para geracdo de K-

mers.

2.6. Mineracdo de dados 454 para genes envolvidos em defesa e resisténcia

Para as analises de dados derivados de sequenciamento de alto rendimento, o

programa Nesoni versdao 0.89 (Victorian Bioinformatics Consortium) foi utilizado para

42



estimar as frequéncias de DNA K-mers. (Hazelhurst, et al., 2008) que foram montados pelo
programa MIRA versédo 3.1 (Chevreux et al., 2007).

Os genes/proteinas envolvidos em processos de defesa e resisténcia a estresses
bidticos foram anotados com base em regides de similaridades encontradas em bancos de
proteinas depositadas no NCBI por meio do algoritmo BLAST X (Altschul, 1997), com e-
value de aceitacéo fixado em 10°. A analise funcional dessas proteinas foi feita a partir do
programa InterproScan versdo 4.8 (Zdobnov e Apweiler, 2001) identificando os dominios
funcionais coincidentes com dados de familias protéicas localizados em bancos de dados
especificos. Para complementar com esta andlise foi ainda utilizado o programa Blast2GO
(Conesa, 2005) gerando nédo so6 anotacdes funcionais como também um significado biologico
para os dados, como funcdes moleculares, processos biolgicos e componentes celulares.

A fim de avaliar a precisdo da montagem de novo, bem como a anotacdo, as
sequéncias de unigenes foram mapeadas contra todos os modelos génicos anotados no
genoma completo de M. acuminata ssp. malaccensis var. Pahang (DH Pahang)
(http://banana-genome.cirad.fr) utilizando a ferramenta de mapeamento gendmico e
alinhamento denominada GMAP (Wu e Watanabe, 2005) com critérios de alinhamento
composto por um minimo de 90% da sequéncia de consulta mapeados no genoma e a

percentagem de identidade de sequéncia em relacdo ao segmento mapeado superior a 95%.
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3. Resultados e Discussao

O uso de tecidos foliares destacados em bioensaios com o patégeno Mycosphaerella
tem sido relatado, porém os resultados obtidos sdo geralmente inconsistentes (por exemplo,
[Arzanlou et al., 2007; Donzelli e Churchill, 2007]), ja& que o desenvolvimento dos sintomas
da doenca nem sempre correlaciona-se com 0s sintomas normalmente observados em plantas
intactas. Além disso, Arzanlou e colaboradores, (2007) sugeriram que o patdgeno
hemibiotréfico Mycosphaerella exige bananeiras sauddveis para o desenvolvimento da
doenca e Churchill (2011), sugeriu que o estado fisiologico de folhas destacadas néo é
comparavel com o estado das folhas em plantas inteiras com um sistema radicular intacto.
Expressdo génica em folhas do hospedeiro destacadas durante a interacdo com patdgenos
biotréficos também tem sido relatada em Arabidopsis (Liu et al., 2007). Por estas razdes, 0s
bioensaios neste estudo foram conduzidos utilizando folhas jovens de plantas intactas com
seis meses de idade, com as condicdes de temperatura e umidade ideal empregadas durante o

experimento.

3.1. Microscopia Eletrénica de Varredura

Dada a caracterizacdo ainda limitada da expressao génica durante as interacfes entre
banana e Mycosphaerella (Portal et al. 2011; Passos et al., 2012), uma estratégia para o
potencial enriquecimento de transcritos com genes envolvidos em respostas de defesa foi
empregado. Dado que as respostas de defesa normalmente ocorrem mais cedo em interacdes
incompativeis, em relacdo as interagdes compativeis, e que durante a fase inicial da infeccdo
biotrofica de bananeira com M. fijiensis, tubos germinativos penetram em estdmatos de trés a
seis dias ap6s o inoculo (DAI) (Bevéraggi et al., 1995), neste estudo, apds uma investigacao
do patossistema com microscopio eletrénico de varredura, um curso temporal semelhante foi
empregado para o preparo de bibliotecas de cDNA derivadas do patossistema M. acuminata-
M. musicola.

De acordo com as imagens captadas pelo microscopio eletronico de varredura, foi
possivel visualizar a presenga do patdgeno proximo aos estdmatos foliares no intervalo de
tempo proposto. Os resultados mostraram que 0s tubos germinativos e hifas eram visiveis aos
trés dias apos o indculo (DAI), com o crescimento de hifas sobre as células estomatais nos
dias subsequentes em Cavendish Grande Naine em maior proporcdo que em Calcutta 4.
(Figura 8).
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Figura 8: Observacao da interagdo de M. musicola com a superficie interior das folhas dos genétipos de M. acuminata
por meio de microscopia eletronica de varredura (MEV). Tubos germinativos flngicos e crescimento de hifas foi
observado em 3, 6 e 9 DAI respectivamente, para Cavendish Grande Naine (A, B, C) e Calcutta 4 (D, E, F). Abreviagoes:
DAI - dias ap6s a inoculacéo; h - hifas; s- estomatos.

Constatacdo semelhante foi relatada por Liu et al., 2002, que, investigando a interacdo
M. acuminata — M. fijiensis, observou um aumento da penetracdo dos estdmatos em
Cavendish Grande Naine a partir de 5 DAI, com um total de 11% dos estdmatos penetrados
pelo patégeno até 21 DAI, e em contrapartida, para Calcutta 4, no mesmo periodo de tempo,

apenas 0,95 % de estdmatos foram infectados.

3.2. Qualidade do Material Vegetal

As amostras de RNA total foliar foram extraidas utilizando o reagente Concert™
demonstraram qualidade satisfatéria. A concentracdo, bem como a qualidade das amostras
foram avaliadas por meio da obtengdo do espectro de absorbancia utilizando um
espectrofotdbmetro NanoDrop ND-1000 (NanoDrop Technologies). Os picos de absorbancia
apresentaram forma de sino, com razfes 260/280nm e 260/230nm indicativos de RNA com
integridade aceitavel (Figura 10). Segundo Fleige e Pfaffl, 2006, uma relacdo OD 260/280
maior do que 1,8 é considerado um indicador de RNA de alta qualidade.

A precisdo da técnica de PCR em tempo real, para avaliar a expressao de genes é
reconhecida por ser influenciada pela quantidade e qualidade do RNA de partida. Pureza e
integridade de RNA sdo elementos criticos para o sucesso global de analises baseadas em
RNA.
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3.3. Sequenciamento massal e processamento de sequéncias

A partir de quatro pools de RNA total, representando os transcritos de M. acuminata
Calcutta 4 e Cavendish Grande Naine, na presenca e auséncia do patégeno M. musicola,
bibliotecas de cDNA foram preparadas e pirosequenciadas (454) pela Eurofins MWG
Operon (Ebersberg, Alemanha). Um total de 978.133 sequéncias (reads) foram geradas para
os dois gendtipos, totalizando mais de 466 Mb de dados. Este trabalho permitiu a
caracterizacdo global dos genes expressos nos dois gendtipos de M. acuminata durante as
reacOes compativeis e incompativeis com M. musicola e o processamento de sequéncias
possibilitou a selecdo de 846.762 sequéncias de alta qualidade (283Mb), organizadas em
24.259 agrupamentos ou contigs e 12.125 sequéncias ndo agrupadas ou singetons em
Calcutta 4, e um padrédo semelhante em Cavendish Grande Naine, com um total de 23.729

agrupamentos e 11.540 sequéncias ndo agrupadas (Passos et al., 2013).

3.4. Minerag¢do de dados de pirosequenciamento 454 para transcritos de genes
potencialmente envolvidos em defesa e resisténcia em M. acuminata

A estratégia de mineragdo de genes candidatos envolvidos em respostas de defesa
com base em termos GO relacionados com defesa e anotacdo Blast2GO, gerou unigenes
potencialmente envolvidos na imunidade disparada por efetores (ETI) e na imunidade
disparada por PAMPs (PTI) em ambos o0s genétipos (Passos et al., 2013). Foi identificado um
namero significativo de unigenes potencialmente envolvidos em respostas de defesa em
tecidos foliares de M. acuminata Calcutta 4 inoculados com o patégeno, incluindo dentre
outros, componentes de sintese de glucano, RPM1, relatado na defesa de plantas envolvendo
proteinas R, proteina mlo-like 1, conhecida por estar envolvida na defesa e no refor¢o da
parede celular da planta e fatores de transcricio WRKY. Componentes envolvidos ROS
também foram identificados em Calcutta 4 e Cavendish Grande Naine.

Com base nas anotagdes de genes expressos na interacdo M. acuminata e M. musicola,
foram identificados por analise Blast de tecidos foliares infectados e n&o infectados,
transcritos de 14 genes NBS-LRR em M. acuminata Calcutta 4 (Tabela 4) e 25 em M.
acuminata Cavendish Grande Naine (Tabela 5). Apesar de ndo poder aferir a respeito da
expressao diferencial de genes devido a falta de réplicas bioldgicas, é possivel observar
diferencas nos numeros de transcritos de contigs nos diferentes tratamentos (inoculado e

controle). Em Calcutta 4, o contig Musa_c4_small_rep_c6985, cuja descricdo Blast confere
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com um gene NB-ARC, possui 31 copias quando inoculado, em contrapartida, no controle
existe apenas trés copias deste fragmento. Em Cavendish, o contig Musa_cav_rep_c4136,
também NB-ARC, apresenta-se ausente no controle e 15 coOpias quando o cultivar é
inoculado.

Mapeamento dos contigs de unigenes aos modelos de genes que contém o dominio
NB-ARC no genoma de referéncia M. acuminata DH Pahang identificou 38 contigs de
Calcutta 4 mapeando com 40 modelos de genes (Tabela 6) e 43 contigs derivados de
Cavendish Grande Naine mapeando com 40 modelos de genes com o dominio NB-ARC em
DH Pahang (Tabela 7). NBS-LRR ¢é a classe mais abundante das familias de genes R
(Hammond-Kosack e Jones, 1997). Nas culturas de arroz, cerca de 653 NBS-LRR genes
foram caracterizados (Shang et al., 2009), 149 em Arabidopsis thaliana (Meyers et al., 2003),
459 em Vitis vinifera (Yang et al., 2008), 319 em Glycine max (Kang et al., 2012) e 117 em
M. acuminata (D'Hont et al., 2012).

Analise Blast também previu inimeros transcritos para outras classes de genes R
conhecidas entre os dois genotipos como, por exemplo, a LRR extracelular ligada a um
dominio transmembrana (LRR-TrD), LRR extracelular ligado a um dominio transmembrana
TrD e uma serina/treonina quinase (LRR-TrD-kin), dominio de membrana TrD e um dominio

CC intracelular (TrD-CC) e a classe Kinase.
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Tabela 4: Analise BLASTX e contigs NBS-LRR derivados do transcritoma foliar da interagdo M. musicola e M. acuminata Calcutta 4

Contigs Namero de reads CANI  NuUmero de reads C4l  Acesso Genbank Descrigéo E-value
Musa_c4_small_rep_c6985 3 31 @il193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] ~ 7,94E-51
Musa_c4_small_rep_c8909 7 1 @i|193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] ~ 1,08E-21
Musa_c4_small_c16788 0 5 gi|193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] ~ 5,19E-16
Musa_c4_small_c16314 3 0 gil166084741|emb|CAP66367.1| NBS-LRR disease resistance protein [M. balbisiana x Musa textilis] 2,32E-93
Musa_c4_small_c9165 5 1 i[301154126|emb|CBW30231.1| Disease resistance protein (CC-NBS-LRR) [M. balbisiana] 5,92E-12
Musa_c4_small_c15362 0 3 gi[301154122|emb|CBW30219.1]| Disease resistance protein (CC-NBS-LRR) [M. balbisiana] 7,11E-13
Musa_c4_small_c20045 0 3 gi[193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] ~ 2,87E-14
Musa_c4_small_c23692 0 2 Qij217426417|gb|ACK44404.1| NBS resistance protein [Musa ABB Group] 3,22E-45
Musa_c4_small_c23853 2 0 gi]224103271ref|XP_002334072.1|  cc-nbs-Irr resistance protein [Populus trichocarpa] 7,63E-15
Musa_c4_small_c23629 3 1 gi|3411227|gb|AAC31553.1| NBS-LRR type disease resistance protein O2 [Avena sativa] 1,23E-28
Musa_c4_small_rep_c6968 6 4 gi|224069146|ref[XP_002302911.1]  cc-nbs-Irr resistance protein [Populus trichocarpa] 2,28E-11
Musa_c4_small_c18984 2 1 gi|301154127|emb|CBW30232.1| Disease resistance protein (CC-NBS-LRR) [M. balbisiana] 2,95E-06
Musa_c4_small_c22826 2 1 gi|193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] ~ 4,98E-57
Musa_c4_small_c25375 1 1 i|166084569)emb|CAP66281.1]| NBS-LRR disease resistance protein [M. acuminata] 6,44E-71

C4: Calcutta 4; IN: inoculado; NI: Nao inoculado (controle)

Tabela 5: Anélise BLASTX de contigs NBS-LRR derivados do transcritoma foliar da interacdo M. musicola e M acuminata Cavendish Grande Naine

Contigs Numero de reads CAVNI  Numero de reads CAVI  Acesso Genbank Descricéo E-value
Musa_cav_rep_c4136 0 15 @i[193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] 4,44E-023
Musa_cav_c15974 5 1 il4234953|gb|AAD13036.1| NBS-LRR-like protein cD7 [Phaseolus vulgaris] 6,07E-006
Musa_cav_c15914 3 0 gi|166084569)emb|CAP66281.1| NBS-LRR disease resistance protein [M. acuminata] 1,21E-055
Musa_cav_c24470 3 0 i[301154130|emb|CBW30237.1| Disease resistance protein (CC-NBS-LRR) [M. balbisiana] 8,93E-076
Musa_cav_c14064 4 1 i|301154127|emb|CBW30232.1] Disease resistance protein (CC-NBS-LRR) [M. balbisiana] 7,08E-082
Musa_cav_c4853 10 8  0i|224063557|ref|XP_002301203.1]  nbs-Irr resistance protein [Populus trichocarpa] 7,37E-116
Musa_cav_c19018 2 0 i|26986180|emb|CAD58967.1| Disease resistance protein NBS-LRR type [M. acuminata] 1,86E-037
Musa_cav_c19720 2 0 @i|193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] 1,06E-008
Musa_cav_c17152 3 1 gi|193795177|gb|ACF21695.1]| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] 5,18E-047
Musa_cav_rep_c9340 0 5 @i|193795177|gb|ACF21695.1| NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis] 6,03E-020
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Musa_cav_c13800
Musa_cav_c13469
Musa_cav_c16474
Musa_cav_rep_c11257
Musa_cav_c10767
Musa_cav_c13788
Musa_cav_c19806
Musa_cav_c22011
Musa_cav_c22092
Musa_cav_rep_c15425
Musa_cav_c15435
Musa_cav_rep_c4136
Musa_cav_c14416
Musa_cav_c17726

Musa_cav_rep_c4917

gi[193795177|gb|ACF21695.1]
gi[193795177|gb|ACF21695.1|
gi[217337736|gb|ACK43220.1]
gil41223413|gb|AAR99708.1|
4i|301154130/emb|CBW30237.1|
gi166084663/emb|CAP66328.1|
gi[193795177|gb|ACF21695.1|
gi[166084784/emb|CAP66390.1|
gi166084784/emb|CAP66390.1|
0i[193795177|gb|ACF21695.1|
gi[193795177|gb|ACF21695.1|
gi[193795177|gb|ACF21695.1|
2 gi[224064832Jref|]XP_002301573.1|
2 gij50080315|gb|AAT69649.1|
13 gil224064832|ref(XP_002301573.1|

N DN PN D OO W w NS

O N O P O O FPr O WM O O L O
=
(3

6]

NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis]
NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis]
NBS1-like protein [Oryza sativa Indica Group]

NBS-LRR-like protein B [Oryza sativa Indica Group]

Disease resistance protein (CC-NBS-LRR) [M. balbisiana]

NBS-LRR disease resistance protein [M. acuminata AAA Group]
NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis]
truncated NBS-LRR disease resistance protein [M. balbisiana]
truncated NBS-LRR disease resistance protein [M. balbisiana]
NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis]
NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis]
NBS-type resistance protein RGC5 [M. acuminata subsp. malaccensis]
cc-nbs-Irr resistance protein [Populus trichocarpa]

putative NBS-LRR type resistance protein [Oryza sativa Japonica Group]

cc-nbs-Irr resistance protein [Populus trichocarpa)

2,71E-020
1,41E-038
2,90E-014
3,19E-013
3,60E-156
2,28E-075
1,90E-013
4,29E-021
1,32E-023
3,46E-036
1,50E-047
4,44E-023
1,20E-034
1,32E-011
4,92E-053

CAV: Cavendish Grande Naine; IN: inoculado; NI: Nao inoculado (controle)

Tabela 6: Dados de mapeamento para contigs Unigenes de M. acuminata Calcutta 4 alinhados com todos os modelos de genes NB-ARC de M. acuminata ssp. malaccensis var. Pahang

(DH Pahang).

Modelos génicos M. acuminata DH-Pahang

Anotacdo Génica

Mapeamento com contigs Unigenes Calcutta 4

GSMUA_AchrUn_randomG28470_001
GSMUA_Achr9G11390_001
GSMUA_Achr6G32070_001
GSMUA_AchrUn_randomG25350_001

GSMUA_Achr3G22250_001

GSMUA_Achr7G08250_001
GSMUA_Achr10G07150_001
GSMUA_Achr9G02800_001
GSMUA_Achr9G12800_001
GSMUA_Achr5G11980_001
GSMUA_Achr9G23050_001
GSMUA_Achr9G02760_001

Putative disease resistance protein RGA4
Putative Disease resistance protein RGA2
Putative Disease resistance protein RGA2
Putative NB-ARC domain containing protein%2C expressed

Putative Disease resistance protein RGA2

Putative Probable disease resistance protein At4g33300

Putative disease resistance protein RGA3

Putative disease resistance protein RGA1

Putative Disease resistance protein RPM1

Putative Disease resistance protein RPS2

disease resistance RPP13-like protein 1%2C putative%2C expressed
Putative disease resistance protein RGA3

Musa_c4_clusters_pos_c560_1.path4#chrUn_random_138089599-138090468

Musa_c4_small_c10766.path1#chr9_7396812-7397100
Musa_c4_small_c11248.path1#chr6_31612273-31612735

Musa_c4_small_c11496.path1#chrUn_random_125202774-125203016

Musa_c4_small_c11496.path2#chr3_23166837-
23167079:Musa_c4_small_c21035.path1#chr3_23164050-
23167079:Musa_c4_small_rep_c6985.path1#chr3_23164050-

23167079:Musa_c4_small_rep_c8909.pathl#chr3_23164050-23167079

Musa_c4_small_c11588.path1#chr7_6157872-
6159110:Musa_c4_small_c4633.pathl#chr7_6159443-6159882

Musa_c4_small_c13356.path1#chrl0_17441044-17441600
Musa_c4_small_c14043.path1#chr9_1979883-1980151
Musa_c4_small_c14244.path1#chr9_8303143-8303507
Musa_c4_small_c14875.path1#chr5_8689085-8689397
Musa_c4_small_c15362.pathl#chr9_28045686-28046018
Musa_c4_small_c16416.path1#chr9_1960080-1960410
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GSMUA_Achr6G21800_001
GSMUA_Achr10G24910_001
GSMUA_Achr4G26160_001
GSMUA_Achr10G07050_001
GSMUA_Achr7G21400_001
GSMUA_AchrUn_randomG27810_001
GSMUA_Achr10G29330_001
GSMUA_AchrUn_randomG23630_001

GSMUA_Achr3G22260_001

GSMUA_Achr3G22310_001
GSMUA_AchrUn_randomG28220_001

GSMUA_Achr3G22280_001

GSMUA_Achr3G22290_001
GSMUA_Achr7G12770_001

GSMUA_Achr10G24940_001

GSMUA_Achr9G17310_001
GSMUA_Achr6G34690_001

GSMUA_Achr4G28700_001
GSMUA_Achr6G21780_001
GSMUA_AchrUn_randomG28310_001
GSMUA_Achr10G24920 001
GSMUA_Achr9G11660_001
GSMUA_Achr10G07060_001
GSMUA_Achr10G07080_001
GSMUA_Achr10G07090_001
GSMUA_Achr10G07100_001
GSMUA_Achr9G28030_001

GSMUA_Achr3G22300_001

Putative disease resistance protein RGA3

Putative disease resistance RPP13-like protein 1
Putative disease resistance protein RGA3
NBS-LRR disease resistance protein%2C putative

disease resistance protein RGA2%2C putative%2C expressed

Putative Disease resistance protein RGA2
Putative Disease resistance protein RGA2
Putative NBS-type resistance protein RGC5

Putative disease resistance protein RGA1

Putative disease resistance RPP13-like protein 1
Putative disease resistance protein RGA1

Putative NB-ARC domain containing protein

Putative disease resistance RPP13-like protein 1
Putative disease resistance protein RGA4

Putative Disease resistance protein RGA2

Putative disease resistance protein RGA1
Putative disease resistance protein RGA3

Putative Disease resistance protein RPS5

Putative disease resistance protein RGA1

Putative disease resistance RPP13-like protein 1
Putative disease resistance protein RGA3

Putative disease resistance protein RGA1

Putative disease resistance protein RGA4

Putative disease resistance protein RGA1

Putative disease resistance protein RGA4
NBS-LRR disease resistance protein%2C putative
Putative Disease resistance protein RPM1

Putative disease resistance protein RGA1

Musa_c4_small_c16788.path1#chr6_18426538-18426783
Musa_c4_small_c17316.path1#chrl0_29131049-29133579
Musa_c4_small_c18165.path1#chrd_25546804-25547093
Musa_c4_small_c18312.path1#chrl0_17253426-17253858
Musa_c4_small_c18825.path1#chr7_24197305-24197708
Musa_c4_small_c18984.path1#chrUn_random_135436255-135436424
Musa_c4_small_c19292.path1#chr10_31890908-31890953

Musa_c4_small_c20045.path1#chrUn_random_115732179-115732421
Musa_c4_small_c20045.path2#chr3_23171939-
23172130:Musa_c4_small_c21035.path1#chr3_23170675-
23173641:Musa_c4_small_rep_c6985.path1#chr3_23170675-
23173641:Musa_c4_small_rep_c8909.path1#chr3_23170675-23173641
Musa_c4_small_c20045.path3#chr3_23245017-
23245255:Musa_c4_small_rep_c6985.path1#chr3_23242204-23242918

Musa_c4_small_c20045.path5#chrUn_random_137169168-137169351
Musa_c4_small_c21035.path1#chr3_23188166-
23191165:Musa_c4_small_rep_c6985.pathl#chr3_23188166-
23191165:Musa_c4_small_rep_c8909.path1#chr3_23188166-23191165
Musa_c4_small_c21035.path1#chr3_23196686-
23200666:Musa_c4_small_rep_c6985.pathl#chr3_23196686-
23200666:Musa_c4_small_rep_c8909.path1#chr3_23196686-23200666

Musa_c4_small_c21635.path1#chr7_10298625-10298667
Musa_c4_small_c22030.path1#chr10_29145724-
29146081:Musa_c4_small_c24485.path1#chr10_29144970-
29145128:Musa_c4_small_c25375.path1#chrl0_29144450-29147763
Musa_c4_small_c22782.path1#chr9_11840905-
11841427:Musa_c4_small_c23853.pathl#chr9_11842919-
11843223:Musa_c4_small_c4534.path1#chr9_11841615-11842320

Musa_c4_small_c22826.path1#chr6_33189319-33189812
Musa_c4_small_c23629.path1#chr4_27035193-
27035797:Musa_c4_small_c9959.path1#chrd_27034238-27034651

Musa_c4_small_c24475.path1#chr6_18419197-18419300
Musa_c4_small_c25174.path1#chrUn_random_137488847-137489866
Musa_c4_small_c25375.path1#chrl0_29137584-29138042
Musa_c4_small_c4049.pathl#chr9_7572070-7572160
Musa_c4_small_c6893.path2#chrl0_17271756-17272538
Musa_c4_small_c6893.path2#chrl10_17294401-17296785
Musa_c4_small_c6893.path2#chr10_17309864-17310595
Musa_c4_small_c6893.path2#chrl0_17323106-17326579

Musa_c4_small_c8758.pathl#chr9_32147509-32147878
Musa_c4_small_rep_c6985.path1#chr3_23233713-
23238016:Musa_c4_small_rep_c8909.path1#chr3 23233713-23234703
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Tabela 7: Dados de mapeamento para contigs Unigenes de M. acuminata Cavendish Grande Naine alinhados com todos os modelos de genes NB-ARC de M. acuminata ssp.

malaccensis var. Pahang (DH Pahang).

Modelos génicos M. acuminata DH-Pahang

Anotacdo Génica

Mapeamento com contigs Unigenes Cavendish Grande Naine

GSMUA_Achr3G27790_001
GSMUA_Achr3G27810_001

GSMUA_AchrUn_randomG19290_001
GSMUA_AchrUn_randomG19310_001

GSMUA_AchrUn_randomG19270_001

GSMUA_Achr9G17060_001

GSMUA_Achr9G28030_001

GSMUA_Achr3G22280_001

GSMUA_Achr3G22290_001

GSMUA_Achr3G22250_001

GSMUA_Achr3G22260_001

GSMUA_Achr3G22300_001
GSMUA_Achr3G22310_001
GSMUA_Achr3G22320_001

GSMUA_AchrUn_randomG26110_001
GSMUA_AchrUn_randomG27050_001

Putative Disease resistance protein RGA2
Putative disease resistance protein RGA1

Putative disease resistance protein RGA1
Putative disease resistance protein RGA1

Putative Disease resistance protein RGA2

Putative disease resistance protein RGA1

Putative Disease resistance protein RPM1

Putative NB-ARC domain containing protein

Putative disease resistance RPP13-like protein 1

Putative Disease resistance protein RGA2

Putative disease resistance protein RGA1

Putative disease resistance protein RGA1
Putative disease resistance RPP13-like protein 1

Putative disease resistance protein RGA1
Putative NB-ARC domain containing protein%2C
expressed

NBS-LRR disease resistance protein%2C

Musa_cav_c10767.pathl#chr3_27283945-27286600:Musa_cav_c14064.path4#chr3_27284501-
27286600
Musa_cav_c10767.pathl#chr3_27296707-27297659:Musa_cav_c14064.path4#chr3_27296707-
27299340

Musa_cav_c10767.path2#chrUn_random_93055368-
93055930:Musa_cav_c14064.path1#chrUn_random_93055275-93055768

Musa_cav_c10767.path2#chrUn_random_93066947-93070042
Musa_cav_c10767.path5#chrUn_random_93041129-
93041223:Musa_cav_c24470.path1#chrUn_random_93049824-93050346
Musa_cav_c11310.path1#chr9_11601589-11602017:Musa_cav_c14731.path1#chr9_11603298-
11603743:Musa_cav_c18318.path1#chr9_11600969-
11601322:Musa_cav_c18488.pathl#chr9_11602143-11602558
Musa_cav_c12804.pathl#chr9_32148260-32148678:Musa_cav_c5052.pathl#chr9_32147509-
32148631
Musa_cav_c13469.path2#chr3_23188166-23191165:Musa_cav_c13788.path1#chr3_23188166-
23191165:Musa_cav_c17152.path1#chr3_23188166-
23191165:Musa_cav_c19806.path2#chr3_23188166-
23191165:Musa_cav_rep_c15425.path3#chr3_23188166-
23189837:Musa_cav_rep_c4136.path2#chr3_23188166-23191165
Musa_cav_c13469.path2#chr3_23196686-23197401:Musa_cav_c13788.path1#chr3_23196686-
23200666:Musa_cav_c17152.path1#chr3_23196686-
23200666:Musa_cav_c19806.path2#chr3_23196686-
23200666:Musa_cav_c20011.path1#chr3_23200438-
23200666:Musa_cav_rep_c4136.path2#chr3_23196686-23200666
Musa_cav_c13788.pathl#chr3_23165865-23167079:Musa_cav_c17152.path1#chr3_23164050-
23167079:Musa_cav_c19720.path1#chr3_23164050-
23167079:Musa_cav_c19806.path2#chr3_23164050-
23167079:Musa_cav_rep_c4136.pathl#chr3_23165389-23165654
Musa_cav_c13788.pathl#chr3_23170675-23173641:Musa_cav_c17152.path1#chr3_23170675-
23173641:Musa_cav_c19720.path1#chr3_23170675-
23170982:Musa_cav_c19806.path2#chr3_23170675-
23173641:Musa_cav_rep_c15425.path3#chr3_23171806-
23173641:Musa_cav_rep_c4136.path2#chr3_23171846-23173641
Musa_cav_c13788.pathl#chr3_23233713-23238016:Musa_cav_c19806.path2#chr3_23233713-
23238016:Musa_cav_c20011.pathl#chr3_23233713-
23238016:Musa_cav_rep_c4136.path2#chr3_23233713-23237323
Musa_cav_c13788.pathl#chr3_23242204-23245785:Musa_cav_c19806.path2#chr3_23242204-
23243934:Musa_cav_c20011.pathl#chr3_23242204-23245785
Musa_cav_c13788.pathl#chr3_23289819-23291963:Musa_cav_c20011.path1#chr3_23289819-
23292500

Musa_cav_c13788.path2#chrUn_random_128380841-
128381512:Musa_cav_c20011.path3#chrUn_random_128381848-128382076

Musa_cav_c14064.path2#chrUn_random_132387329-132387822
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GSMUA_AchrUn_randomG28310_001

GSMUA_Achr3G27820_001
GSMUA_Achr3G27830_001
GSMUA_Achr9G28020_001

GSMUA_Achr7G21400_001
GSMUA_AchrUn_randomG27820_001
GSMUA_Achr6G34690_001

GSMUA_Achr10G24910_001
GSMUA_Achr10G24920_001
GSMUA_Achr10G24940_001
GSMUA_Achr4G28700_001
GSMUA_Achr7G08250_001

GSMUA_Achr10G29330_001
GSMUA_Achr6G32070_001

GSMUA_AchrUn_randomG27810_001
GSMUA_AchrUn_randomG28220_001

GSMUA_AchrUn_randomG25350_001
GSMUA_Achr6G21780_001

GSMUA_Achr9G17310_001

GSMUA_Achr9G02800_001
GSMUA_Achr10G07080_001

GSMUA_AchrUn_randomG23630_001
GSMUA_Achr7G12770_001
GSMUA_Achr9G12800_001

putative%2C expressed

Putative disease resistance RPP13-like protein 1

NBS-LRR class resistance protein (Fragment)
Putative disease resistance protein RGA1

Putative Disease resistance protein RPM1
disease resistance protein RGA2%2C putative%2C
expressed

Putative disease resistance RPP13-like protein 3
Putative disease resistance protein RGA3

Putative disease resistance RPP13-like protein 1
Putative disease resistance protein RGA3
Putative Disease resistance protein RGA2
Putative Disease resistance protein RPS5
Putative Probable disease resistance protein

At4g33300

Putative Disease resistance protein RGA2
Putative Disease resistance protein RGA2

Putative Disease resistance protein RGA2

Putative disease resistance protein RGA1
Putative NB-ARC domain containing protein%2C
expressed

Putative disease resistance protein RGA1

Putative disease resistance protein RGA1

Putative disease resistance protein RGA1
Putative disease resistance protein RGA1

Putative NBS-type resistance protein RGC5
Putative disease resistance protein RGA4
Putative Disease resistance protein RPM1

Musa_cav_c14064.path3#chrUn_random_137489108-137489601
Musa_cav_c14064.pathd#chr3_27306203-27306898:Musa_cav_c24470.path2#chr3_27306498-
27306884

Musa_cav_c14064.path4#chr3_27308495-27309312
Musa_cav_c14416.pathl#chr9_32130387-32130991

Musa_cav_c15359.pathl#chr7_24190208-24190614
Musa_cav_c15418.path4#chrUn_random_135467902-135469119

Musa_cav_c15435.pathl#chr6_33189421-33189752
Musa_cav_c15914.pathl#chrl0_29133172-29133579:Musa_cav_c15974.path1#chrl0_29131041-
29133579
Musa_cav_c15914.path1#chr10_29135802-29138042:Musa_cav_c15974.path1#chr10_29135802-
29138042
Musa_cav_c15914.pathl#chrl0_29144450-29147705:Musa_cav_c15974.path1#chrl0_29144450-
29145587:Musa_cav_c7673.pathl#chrl0_29145565-29146806
Musa_cav_c16077.pathl#chr4_27035140-27035607:Musa_cav_c19018.path1#chr4_27036391-
27036770:Musa_cav_rep_c11306.pathl#chrd_27034220-27034937

Musa_cav_c16960.pathl#chr7_6156290-6157285:Musa_cav_c4853.path1#chr7_6158004-6159882
Musa_cav_c17726.path1#chr10_31890253-31890641:Musa_cav_c7700.path1#chrl0_31889674-
31890053

Musa_cav_c18642.pathl#chr6_31612418-31612781
Musa_cav_c19585.path2#chrUn_random_135436254-
135438402:Musa_cav_rep_c23841.pathl#chrUn_random_135436294-135436377
Musa_cav_c19720.path3#chrUn_random_137170302-
137170612:Musa_cav_rep_c4136.path3#chrUn_random_137169185-137169453

Musa_cav_c20011.path2#chrUn_random_125202805-125203016

Musa_cav_c20785.pathl#chr6_18419267-18419300
Musa_cav_c24501.path1#chr9_11839559-11839793:Musa_cav_c7213.pathl#chr9_11840658-
11841014
Musa_cav_c4454.pathl#chr9_1982164-1982516:Musa_cav_rep_c4227.path1#chr9_1982976-
1983868:Musa_cav_rep_c6048.pathl#chr9_1982934-
1983614:Musa_cav_rep_c6048.path2#chr9_1982850-1982912

Musa_cav_rep_c11257.pathl#chrl0_17294401-17294770
Musa_cav_rep_c15425.path1#chrUn_random_115732143-
115732536:Musa_cav_rep_c4136.path4#chrUn_random_115732240-115732508

Musa_cav_rep_c22529.path1#chr7_10298625-10298628
Musa_cav_rep_c4917.path1#chr9_8303143-8304138
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Embora ainda ndo esteja claro como as proteinas R funcionam na resposta de defesa
da planta, é claro que elas agem em um passo inicial de vias de sinalizacdo de defesa, quer
como moléculas de reconhecimento primarias ou proteinas acessorias. Baixos niveis de
expressdo constitutiva de proteinas R sdo suficientes para a capacidade de reconhecer a
infeccdo e induzir respostas de defesa. Existem, contudo, varios sinais de controle de
transcricdo da expressdo do gene R e pelo menos um subconjunto de genes R € induzido
acima dos seus baixos niveis de expressdo constitutiva durante a elicitagdo de resisténcia
basal, a expressdo de RPS2, RPM1, e outros oito NBS-LRR e genes relacionados foi induzida
pelo peptideo flagelina bacteriana, flg22 (Tan et al., 2007). Como resultado, existe um grande
interesse da comunidade cientifica sobre os genes da familia NB-ARC e estudos para a
identificacdo dos mesmos podem ser vistos em diversas culturas, como em Curcuma, onde
foram identificados 28 genes NBS-LRR derivados de transcritoma (Joshi et al., 2011), em
Capim Buffel, onde a analise transcritbmica derivada de Illumina RNAseq identificou, 325
genes diferencialmente expressos em dois cultivares, dentre eles genes pertencentes a familia
NB-ARC (Wachholtz et al., 2013). O sequenciamento 454 de transcritoma de dois cultivares
Aegilops sharonensis, um parente préoximo de trigo gerou um grande nimero de sequéncias
que foram mapeadas contra seis proteomas de gramineas anteriormente caracterizados,
identificando 139 sequéncias contendo dominios NB-ARC.

Os dados gerados neste trabalho contribuem para a elucidagdo dos mecanismos de
resisténcia em Musa. Como sequéncias de RGAs foram caracterizadas através de padrGes de
transcricdo durante as interacbes Musa-Mycosphaerella, dados de expressao temporal nesses
genes candidatos potencialmente envolvidos em respostas de resisténcia ou de defesa em
Musa, ndo s6 aumentam a nossa compreensdo dos processos moleculares envolvidos na
resisténcia a doencas em Musa, mas juntos com o desenvolvimento de marcadores RGA,
oferecem um potencial para o desenvolvimento de uma gestéo eficaz da doenca com base em
melhoramento genético da cultura, seja por meio de transformacdo de plantas ou de selecéo

assistida por marcadores.
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CAPITULO 2: ANALISE DE EXPRESSAO DE GENES POTENCIALMENTE ENVOLVIDOS EM
ESTRESSES BIOTICOS NA INTERACAO M. ACUMINATA E MYCOSPHAERELLA MUSICOLA

1. Introducgao

As plantas estdo constantemente expostas a uma vasta gama de agentes patogénicos
microbianos na natureza. Elas desenvolveram mecanismos de defesa eficazes para lidar com
a infeccdo (Jones e Dangl, 2006), onde, na maior parte € regida por determinantes de
especificidade chamados de genes de resisténcia (R). Este sistema imunitario simples, mas
sofisticado envolve uma interacdo genética alelo-especifico entre os produtos de genes do
hospedeiro e do patdgeno (Brugmans et al., 2008). A partir do reconhecimento de efetores
patogénicos por genes R, ocorre o desencadeamento de uma resisténcia sistémica adquirida
(SAR), resposta de defesa induzivel que ocorre ap6s a infecgéo local e fornece a resisténcia
de longa duracdo e de largo espectro para a infeccdo secundaria. O inicio da SAR requer
aumentos de acido salicilico (SA), que atua como molécula sinal que promove a ativacdo de
genes PR que codificam proteinas relacionadas a patogénese (Song et al., 2011).

Embora um namero crescente de genes R estdo sendo clonados, pouco se sabe sobre
0s mecanismos de regulacdo da expressdo dos genes R em plantas. Andlises de RNA tem
detectado baixos niveis de transcritos para a maioria de genes R clonados de plantas (Tan et
al., 2007). Vérios estudos tém demonstrado que os genes R sdo transcricionalmente regulados
positivamente em resposta a agentes patogénicos e outros estimulos ambientais (Mohr et al.,
2010).

Os métodos para andlise da expressdo génica tém avancado muito, desde
microarranjos que permitem um ndmero intermediario de amostras a serem analisadas, com
conhecimento prévio dos genes, até o sequenciamento de transcritos e Analise Serial de
Expressdo Génica (SAGE) que permitem uma avaliacdo quantitativa da expressdo do gene,
além da técnica de gPCR que é reconhecida pela sua alta sensibilidade e especificidade (Tan
et al., 2007).

Com base na importancia dos genes envolvidos em processos de resisténcia e defesa,
neste capitulo foi realizada a analise de expressdo por meio de PCR em tempo real (QPCR)
destes genes envolvidos na via de sinalizacdo de respostas da planta, derivados do
transcritoma foliar dos gendtipos contrastantes em resisténcia M. acuminata Calcutta 4
(resistente) e Cavendish Grande Naine (Suscetivel) sob interacdo com M. musicola.
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2. Material e Métodos

2.1. Material Bioldgico

2.1.1. Preparo de cDNA

Para a realizacdo da transcrigdo reversa (RT) e posterior reagdo em cadeia de
polimerase (PCR), foram desenvolvidos quatro pools de RNA total de M. acuminata Calcutta
4 e M. acuminata Cavendish Grande Naine inoculados e ndo inoculados com M. musicola,
levando em consideragdo a suscetibilidade/resisténcia e o tratamento das amostras,
inoculadas/ndo inoculadas.

Para evitar contaminacdo com DNA gendmico, as amostras foram tratadas com
Deoxyribonuclease | (DNAse | Amplification Grade — Invitrogen), onde, para cada ug de
RNA foi usada 1U da enzima. As amostras foram incubadas por 15 min a 37 °C e
posteriormente precipitadas em 2,5 V de etanol 100% gelado e 0,1 V de acetato de sédio 3M
pH 5,2 e incubadas overnight a -20 °C, seguindo o protocolo de acordo com o recomendado
pelo fabricante.

Para obter-se 0 DNA complementar (cDNA) que serviu posteriormente como molde
para amplificacdo pela reacdo de cadeia em polimerase, uma aliquota equivalente a 2 pg de
RNA total foi destinado a sintese de cDNA. Para a mesma foi utilizada o kit SuperScript™ II
Reverse Transcriptase — Invitrogen, com 0s seguintes reagentes: - Tampao 5X concentrado
(Tris/HCI a 250mM, pH 8,3; KCI a 375mM; MgCl, a 15mM e ditiotreitol a 100mM), mistura
de desoxinucleotideos (dATP, dCTP, dGTP e dTTP) com concentracdo de 10mM cada,
iniciadores randémicos, 200 unidades de transcriptase reversa. Seguiu-se 0 protocolo

experimental recomendado pelo fabricante da enzima.

2.2. Desenho de primers em regides UTR de genes de defesa derivados de sequéncias de
transcritoma (sequenciamento 454)

Os genes foram selecionados de acordo com categorias relacionadas aos processos de
defesa da planta. Por meio do mapeamento das sequéncias de transcritos derivadas de
sequenciamento 454 com os dados gendmicos de M. acuminata DH Pahang (http://banana-

genome.cirad.fr/) foi possivel identificar quais 0s contigs mapearam em genes
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potencialmente envolvidos em respostas de defesa. Os genes candidatos selecionados, ja
conhecidos na literatura, participam de diferentes momentos da imunizacdo da planta, como,
por exemplo, morte celular programada (Cathepsin), choque oxidativo (Glutathione S-
transferase), metabolismo de lipidios (Lipoxygenase A LOX1), modificacdo de parede
celular (Callose synthase), fatores de transcricdo (WRKY), via dos fenilpropanois
(Phenylalanine ammonia-lyase 3 PAL3), PR-proteinas (Thaumatin) e reguladores do
processo de defesa (dominio NAC).

Utilizando o Gbrowse (Droc et al., 2013) do genoma de M. acuminata DH Pahang,
foi possivel identificar o inicio e fim dos genes selecionados e com isso estipular a regido
UTR (200pb a mais do inicio e fim da sequéncia do gene). Os primers foram desenhados
flanqueando a regido de interesse (exemplo na Figura 9) utilizando o programa Primer3 plus
(Untergasser et al., 2007) abordando os seguintes parametros: tamanho do primer, de 19 pb a
22 pb; Tm do primer de 55°C a 62°C; porcentagem de GC do primer, de 45% a 55% e
tamanho do produto de 150 pb a 200 pb.

Contig 454

_,/—)\ﬁ 7
A A

1pb 178 200 214 36i 4050 37190pb

\Y}\ . )\ |

S'UTR Gene Callose_synthase 3'UTR

Figura 9: Modelo de desenho de primer para o gene envolvido em resposta de defesa 'Calose sintase'. O primer
forward foi desenhado dentro da regido 5’UTR (vermelho) e o reverse dentro do contig derivado do transcritoma de C4
(amarelo).

2.3. Desenho de primers especificos derivados de contigs NBS-LRR

Uma estratégia computacional foi desenvolvida por Miller et al., (2008) para
descoberta dos dominios NBS e LRR presentes em genes R de plantas monocotiledoneas e,
com primers degenerados, amplificou 174 RGAs em M. acuminata Calcutta 4 que foram
montados em 52 contigs. Esses contigs foram utilizados neste trabalho para o desenho de
primers especificos para RGAs por meio do programa Primer3Plus (Untergasser et al., 2007)
abordando os seguintes padrdes: tamanho do primer, de 19 pb a 22 pb; Tm do primer de
55°C a 62°C; porcentagem de GC do primer, de 45% a 55%.
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2.4. Desenho de primers em regiées UTR de genes de resisténcia

2.4.1. Primers para genes de resisténcia e defesa derivados de sequéncias de transcritoma
(sequenciamento 454) e mapeados no genoma de M. acuminata DH Pahang

Por meio do mapeamento dos unigenes de M. acuminata derivados de sequéncias de
transcritoma (sequenciamento 454) contra as sequéncias do genoma de M. acuminata DH
Pahang foi possivel identificar, com base na anotacdo gendmica, 0S genes pertencentes as
diversas classes de genes de resisténcia e defesa. Em posse da nomenclatura, foi realizada a
extracdo da sequéncia, inclusive da regido UTR e as informacBGes completas dos genes de
interesse, utilizando o programa Gramene (Monaco et al., 2013), que € um programa aberto
de recursos de dados para a analise de genoma comparativo em gramineas. Em seguida a
sequéncia UTR do gene de interesse foi submetida a um BLAST contra o banco de dados do

genoma de M. acuminata DH Pahang (http://banana-genome.cirad.fr/) para confirmar a

especificidade da sequéncia em todo o genoma. Como anteriormente, os primers foram
desenhados utilizando o programa Primer3 plus (Untergasser et al., 2007) abordando os
seguintes padrdes: tamanho do primer, de 19 pb a 22 pb; Tm do primer de 55°C a 62°C;
porcentagem de GC do primer, de 45% a 55% e tamanho do produto de 150 pb a 200 pb.
Para o caso em que a sequéncia UTR n&o tenha sido anotada, a busca da regido foi
realizada utilizando o programa FGENESH (Solovyev et al., 1994). O arquivo de saida
(exemplo na Figura 10) disponibiliza além da sequéncia protéica equivalente a sequéncia
génica, demonstra também toda a estrutura do gene de interesse com base em um banco de
dados de monocotiledoneas. Dessa forma tem-se disponivel as posi¢Ges de inicio e fim do

gene.

Length of sequence: 3300
Number of predicted genes 1: in +chain 1, in ~chain 0

Number of predicted exons 3: in +chain 3, in -chain 0.
Positions of predicted genes and exons: Variant 1 from 1, Score:64.256738
® cpsi MM cpsi B cosl CDSc ®FPolA TSS
1 : ! e
1 bl badadad el ol hadadaladaldal 1 Lacdoadoad A Lal
500 1000 1500 2000 2500 t

Figura 10: Arquivo de saida do programa FGENESH mostrando a estrutura de um determinado gene de resisténcia
encontrado em M. acuminata DH Pahang. CDSf representa o c6don de iniciagdo, CDSi, o0 exon interno e CDSI, o cédon
de terminacéo.
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Para a confirmacdo dos dados obtidos pelo programa FGENESH (Solovyev et al.,
1994), a sequéncia protéica foi submetida ao programa Genewise (Birney et al., 2004) onde é
feita realizada a comparacgdo entre sequéncia protéica e sequéncia genémica, permitindo a
identificacio das regides intronicas e exonicas. E possivel observar pelo arquivo de saida do
Genewise (Figura 11) que o alinhamento, entre proteina e gene, neste exemplo, comeca
somente na base 134, ou seja, as primeiras 133 bases que estavam presentes no gene, nao
foram traduzidas, identificando, dessa forma, a regido 5’UTR. O mesmo procedimento foi

realizado para a identificacdo da regido 3’UTR.

genewise ocutput
Score 2072.11 bits over entire alignment
Scores as bits over a synchronous coding model

Warning: The bits scores is not probablistically correct for single segs

See WWW help for mcre info

FGENESH 1 MATDNVYVLFYLLAFLCIQPNVCDGALTSGCNPAERSALLEFKRGLKDP
MATDNVYVLFYLLAFLCIQPNVCDCALTSCCNPAERSALLEFKRCLKDP
MATDNVYVLFYLLAFLCIQPNVCDGALTSGCNPAERSALLEFKRGLKDP

EMBOSS 001 134 agagagtgcttttgtctaccagtgggcatgtacggaagccgtacgcage
tccaatatttattcttgtacatgagctccggaccaggettataggtaac
gtactcctcccageccactaccecccatacgecoctcaattatgocaacgatt

FCENESH 50 TNRLSSWVGEDCCKWEGVTCSNHTCHVVKLDLHNPHPFSDFGDEPYNNW
TNRLSSWVGEDCC E
TNRLSSWVCGEDCCKWECGVTCSNHTCHVVKLDLANPHPFSDFGDEPYNNW

EMBOSS 001 281 aaactttggggttatgggataacagcggacgccacccttgtgggetaat

cagtccgtgaaggagagtcggaacgattatataacactcatgaacaaag
ccggctggtacccaggtggectttgtecggecctgttettttegaceeg

Figura 11: Arquivo de saida do programa GeneWise mostrando o alinhamento entre proteina (FGENESH) e DNA
(EMBOSS_001).

Os primers foram desenhados para a regido especificada utilizando o programa
Primer3plus (Untergasser et al., 2007), com 0s mesmos padrdes para tamanho do primer, Tm

do primer, porcentagem de GC e tamanho do produto como descrito anteriormente.

2.4.2. Primers para genes de resisténcia derivados de sequéncias de transcritoma
(sequenciamento 454) mapeados em sequéncias BAC de M. acuminata Calcutta 4 e
Cavendish Grande Naine

Primeiramente foi feito um mapeamento dos dados brutos de sequéncias de
transcritoma (sequenciamento 454) com as sequéncias consensos de oito BACs de M.
acuminata Calcutta 4 e Cavendish Grande Naine, previamente selecionados com sondas de
NBS-LRR RGAs e sequenciados (Miller et al., 2008). Isso possibilitou uma montagem

guiada formando contigs na medida em que os dados brutos foram mapeando na posi¢do do
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BAC. Foi feita a predicdo de funcdo dos genes mapeados por meio da anotagdo manual

disponibilizada  (http://gnpannot.Musagenomics.org/cgi-bin/gbrowse/Musa/). Os  genes

candidatos potencialmente envolvidos em resposta aos estresses bidticos foram selecionados
e as suas sequéncias nucleotidicas foram delimitadas para cerca de 200 pb amontante ao
cddon de iniciacdo e 200 pb ajusante ao codon de terminacdo, na tentativa de incluir as

sequéncias UTR (Figura 12).
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Figura 12: Interface do gnpannot mostrando sequéncias derivadas do transcritoma (sequenciamento 454), assemblies
(1.1, 2.1, 3.1) mapeados em um gene potencialmente envolvido em resisténcia, na sequéncia do BAC MaC054B03 de
M. acuminata Cavendish Grande Naine.

A confirmacdo da regido UTR foi dada por meio do programa FGENESH (Solovyev
et al., 1994) com a identificacdo da estrutura do gene mostrando exatamente em qual base o
gene inicia e termina. Dessa forma foi possivel visualizar que os 200 pb antes do gene e
depois do gene ndo fazem parte de um outro gene ao lado. Os resultados foram também
confirmados utilizando o programa GeneWise promovendo um alinhamento entre a
sequéncia génica e a sequéncia protéica, mostrando a regido codante, excluindo as regides
UTR.

Os primers foram desenhados dentro da regido UTR (forward, reverse ou ambos)
pelo programa Primer3Plus (Untergasser et al., 2007) obedecendo os parametros de tamanho
do primer, de 19 pb a 22 pb; Tm do primer de 55°C a 62°C; porcentagem de GC do primer,
de 45% a 55% e tamanho do produto de 150 pb a 200 pb.
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2.5. Desenho de primers para genes referéncia

Primers potencialmente constitutivos foram desenhados por meio de uma busca
inicial dos genes da actina (gi 151413782) e elongation factor (gi 66775523) e o gene 18S do
rDNA (gi 2795850) de M. acuminata no banco de dados National Center Biotechnology
Information (www.ncbi.nlm.nhi.gov/). As sequéncias completas dos genes em questdo foram
submetidas ao BLAST (Basic Local Alignment Search Tool) versdo 2.2 (Altschul, 1997) para

confirmagéo de identidade e funcionalidade no genoma de M. acuminata DH Pahang. A
partir disso, foram desenhados primers para esses genes com o uso do programa Primer3Plus
(Untergasser et al., 2007). Os primers desenhados anelam em exons diferentes com o

objetivo de amplificar uma regido ndo codante (intrénica) além de codante.

2.6. Confirmacdo de amplificacdo in silico

Todos os primers desenhados foram primeiramente testados via PCR eletronico por
meio do programa  primersearch  pertencente a0 pacote EMBOSS_GUI
(bioinfo.hku.hk/emboss/) para a confirmacdo de amplificacdo especifica antes dos primers
serem sintetizados.

Os testes foram realizados confrontando primers contra um banco de sequéncias
brutas de transcritos de M. acuminata Cavendish Grande Naine e M. acuminata Calcutta 4
(sequenciamento 454); contra um banco de sequéncias de genes de interesse em transcritos
(sequenciamento 454) mapeados em sequéncias de oito BACs de M. acuminata Calcutta 4 e
Cavendish Grande Naine anotados e contra um banco de sequéncias anotadas dos mesmos
oito BACs

2.7. PCR em tempo real

As amplificagdes por PCR em tempo real foram realizadas em triplicatas e utilizando
4 ng de cDNA por reacdo (diluicdo de 102). As reacOes foram preparadas com reagentes
padronizados para PCR em tempo real (Platinum® SYBR® Green gPCR Super Mix-UDG
w/ROX Kit) adicionado dos conjuntos de primers. As condi¢cdes das reacOes utilizadas na
RT-gPCR foram 50°C por 2 minutos, 95°C por 10 minutos, seguido de 40 ciclos
compreendendo a etapa de desnaturacdo a 95°C por 15 segundos, anelamento e extencdo do
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primer a 60°C por 60 segundos, seguido de uma curva de dissociacdo gerada a partir da
desnaturacdo do produto amplificado pelo aumento da temperatura no fim da reacdo para
verificar a especificidade do primer (95°C por 15 segundos, 60°C por 60 segundos e 95°C
por 15 segundos).

As reacOes de PCR foram realizadas pelo equipamento ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA, EUA) a cada ciclo de amplificacdo e,
posteriormente, analisados pelo Sequence Detection Programa (SDS) v1.3 (Applied
Biosystems). Todas as reacGes foram submetidas &s mesmas condi¢des de andlise e
normalizadas pelo sinal do corante de referéncia passiva ROX para correcdo de flutuacdes na
leitura decorrentes de variacfes de volume e evaporacdo ao longo da reacdo. O resultado,
expresso em valor de CT, se refere ao numero de ciclos de PCR necessarios para que o sinal
fluorescente atinja o limiar de detecgdo. Os resultados individuais expressos em valores de
CT foram a seguir transferidos para planilhas e agrupados de acordo com o tempo de indculo
(DAI) analisado e a condicdo infectado ou nao-infectado para realizacdo da analise estatistica.
Para tal, os dados foram primeiramente ajustados utilizando o programa Miner, que aborda
um método objetivo utilizando célculos baseados na cinética individual das reagdes, sem a
necessidade da curva padrdo para calcular a eficiéncia da reacdo de PCR (Zhao e Fernald,
2005). As amostras foram analisadas utilizando o programa REST© - Relative expression
programa tool (Pfaffl et al., 2002) comparando e gerando um nivel de significancia entre
dois grupos, controle e inoculado em diferentes tempos de indculo. A normalizacdo da
expressdo génica foi realizada por meio do gene referéncia elongation fator para M.

acuminata.
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3. Resultados e Discussao

3.1. Quantificagdo de RNA total de M. acuminata Calcutta 4 e M. acuminata Cavendish
Grande Naine inoculados e néo inoculados com M. musicola e sintese de cDNA

O RNA total isolado apresentou quantidade satisfatdéria em cada pool analisado

(Tabela 8) e alta qualidade, com valores de Aggo/280 Variando de 1,9 a 2,0.

Tabela 8: Comparagdo de valores quantitativos de concentracdo de RNA total de folhas de M. acuminata dos quatro

pools baseados em analises conduzidas com espectrofotometria NanoDrop ND-1000 e Qubit Quant-it™ RNA assay.

Pools de RNA total de folha de M. acuminata Concentracao de RNA total (ng/ul) Concentracao de RNA total (ng/ul)
(método Qubit Quant-iT™ RNA assay)  (método Nanodrop ND-1000)

Pool 1: RNA total de folha de M. acuminata Calcutta 24,9 35,7

4 ndo inoculado

Pool 2: RNA total de folha de M. acuminata Calcutta 27,6 38,1

4 inoculado com M. musicola

Pool 3: RNA total de folha de M. acuminata 17,5 26,7

Cavendish Grande Naine nao inoculado

Pool 4: RNA total de folha de M. acuminata 29,8 43,4

Cavendish Grande Naine inoculado com M.

musicola.

Corroborando com a boa qualidade do RNA total extraido, as bandas no gel de

agarose apresentaram-se integras e sem contaminacdo visivel de DNA gendmico (Figura 13).
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Figura 13: Andlise eletroforética em gel de agarose 1% mostrando a amplificacdo dos quatro pools de cDNA
utilizando primers intrénico para deteccdo de contaminag¢do por DNA. Canaleta 1: Marcador molecular 1Kb Plus
(Invitrogen); 2: amostra de RNA total de folha de M. acuminata Calcutta 4 ndo inoculado (Pool 1); 3: amostra de RNA total
de folha de M. acuminata Calcutta 4 inoculado com M. musicola (Pool 2); 4: amostra de RNA total de folha de M.
acuminata Cavendish Grande Naine ndo inoculado (pool 3); 5: RNA total de folha de M. acuminata Cavendish Grande
Naine inoculado com M. musicola (pool 4).

Os primers especificos para 0 gene consititutivo elongation factor em M. acuminata
(NCBI i 66775523) estdo localizados em regides exoénicas, que flanqgueam uma regido

intrénica. Neste caso, quando ocorre a amplificacdo no cDNA o fragmento gerado é menor
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que quando amplificado a partir do DNA genémico, ja que no cDNA existe apenas a regiao
codante. Dessa forma, de acordo com a Figura 13, é possivel notar a diferenca nos tamanhos
dos produtos gerados nos pools (de cDNA) e no DNA gendmico, confirmando que o material
esta livre de DNA contaminante.

3.2. Desenvolvimento de primers especificos para andlise de expressdo de genes candidatos
por RT-qPCR

Foram utilizados 55 pares de primers para analises de expressdo por PCR em tempo

real, incluindo os genes referéncia (Figura 14)

A G . Genes potencialmente
P enes potencialmente
Genes Referéncia Y - envolvidos em
envolvidos em defesa cerAn
resisténcia
3 pares de primerss|
1 1 1 1
Transcritos de 454 de Transcritos de 454 de Transcritos de 454 de
. acuminata mapeados Descritos por Baurens . ~ M. i d M. i d
no genoma depDH etal. (2010) * Contigs NBS-LRR no genoma de DH em BACs de M.
Pahang (UTR) | Pahang (UTR) acuminata (UTR)

B 16 pares de primersl 7 pares de prl'mersl 9 pares de primersl 7 pares de pn‘mersl 13 pares de primers|
C 55 pares de primersi|

* Primers desenhados por Baurens et.al. (2010) para M. balbisiana a partir de RGA 08 de M. acuminata

Figura 14. Fluxograma ilustrando o desenvolvimento dos pares de primers para genes envolvidos em respostas aos
estresses bidticos para analises de expressdo via qPCR. A) Os pares de primers foram desenvolvidos a partir de genes
potencialmente envolvidos em resisténcia e defesa da planta, além dos genes referéncia utilizados para a normalizacdo da reacdo. B)
NUmero de pares de primers desenvolvidos a partir de diferentes fontes. C) Nimero total de pares de primers utilizados em testes e analises
de expressdo por meio de PCR em tempo real.

Os pares de primers desenhados e utilizados estdo listados na Tabela 9.
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Tabela 9: Sequéncias de primers para analises de expressdo por meio de PCR em tempo real de genes referéncia e genes potencialmente envolvidos em processos de resisténcia e
defesa de M. acuminata.

Fonte Primer Primer FW ™ Primer RV ™ Produto  Condigédo da amplificagdo
Contigs NBS-LRR RGA02* GAATCGTTCGAGGGACAAAG 53.4 TCCAGACATCATCCAACACG 54.7 94 Especifico
RGA1l4 TCAACACCTGAGCACAAACC 55.7 AACGTTCCTTGTGGAAGACG 55.3 83 Inespecifico
RGA30 AACATGGTCGCACAAGAGTG 55.7 TTCCTCACCTTCCAGGTTTG 54.7 147 Né&o expresso
RGA31 GGCTGCATCTTCCATCAATC 54 GACAGATCGTTCGGTTTTGG 53.9 80 Né&o expresso
RGA37* AACATCATGGCAACCTCACC 55.6 CAAACCAAAGACCAGCACTC 54.2 71 Especifico
RGA40 ACCGCAAAACGAAGAGAGTG 55.6 ACAAAGCACCGCTTTAGGTG 56 81 Né&o expresso
RGA43* ACTTCGGTGGGATCCAAATC 54.8 AATGACTCCGCTGAAGTTGG 55.2 92 Especifico
RGA44* TCAAGGACACAGGCATGAAG 55 CCACGCATTTCTGTTGAGTC 54.2 107 Especifico
RGA46 GGGGTTCACAGAACCAAATG 54.1 AGATTTCGCTCGATGGTCTC 54.5 7 Né&o expresso
Baurens et al., 2010 MBPKW_RGAO08L GCAGCCAACCTATCGATCTGCG 60.4 ACGTCTTCTGGTTTTGGAGTGGCA 60.9 193 Inespecifico
MBPKW_RGAOSE ACGTCTTCTGGTTTTGGAGTGGCA 60.9 CGCAACCAACCTCGATATCTGTGC 60.1 194 Inespecifico
MBPKW_RGA08G TCGGCAGCAGGATAGCAGTAGCA 62.3 GATGCCGCCAAAATGGCCCG 62.7 167 Inespecifico
MBPKW_RGA08K AGATGCAGACCTGTGAGTCTGTCAA  59.7 TGAGTGTTTTGCAGTATGCACGTTTC  58.3 248 N&o expresso
MBPKW_RGA08M CATGCTCACGTCTCGACCATC 57.8 TGGTAAATATCATGGAAGCCGTGAA  56.5 151 Né&o expresso
MBPKW_RGA080 ACGTCTTCTGGTTTTGGAGTGGCA 60.9 CGCAACCAACCTCTCGATCTGCAT 61.5 194 Inespecifico
MBPKW _ACT GAGAAGATACAGTGCCTGGA 50.7 ATTACCATCGAAATATTAAAAG 443 231 Inespecifico
Referéncia EF* AACCCCCAAATATTCCAAGG 59.9 AGATTGGCACGAAAGGAATC 59.1 107 Especifico
18S TTTATGAAAGACGAACCACTGC 59.3 GACGGTATCTGATCGTCTTCG 59.7 95 Especifico
ACTIN1 GAATGGTCAAGGCTGGTTTC 59.5 TCTTTTTGACCCATCCCAAC 59.8 109 Inespecifico
Transcritos Qe 454 454 _Ma4140M09_A5.1_58502_61436_Glut_perox_EU_gPCR CTACCTTGCCTCATCCCTCA 60,2 CAAGAGCGAAGGTTCAGAGG 60,1 175 Inespecifico
d?n’\;,;::gg; 'Q,?,‘a 454 Ma4140M09_A3.1 43118 46111 FLS2 _EU_gPCR* AATCCCAATCCATGGCTACA 60,2 ATCTTTCAGGCCTCGTTTGA 59,8 164 Especifico
acfrrﬁgst:e(y'liR) 454 _Mad140M09_A2.1 34474 38284 LRR_EU_gPCR* TTGGAGGAGTACCCGAAGAA 59,7 AGCGAGGCTAGAAGGAATTG 58,7 170 Especifico
454_Ma4140M09_A1.1_28855_31860_FSL2_EU_gPCR* CCAGCAACCACAACCCTAGT 60 GATCTTTCAGGCCTCGTTTG 59,8 176 Especifico
454 _Mac054B03_A9.1_52557_55372_Glut_perox_EU_gPCR AAGAAGCTTTTGGGGCTTTC 59,8 TACACAAATGAACGCGGTGT 60 174 Inespecifico
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454 Mac054B03_A5.1_26128_28995_FLS2_EU_gPCR* ATTCCATGGCTACGGACAAT 59,3 TTCAGGCCTCGTTTGAACTC 60,4 154 Especifico

454 _Mac054B03_A4.1_19218 22055_Glut_perox_EU_qPCR ACATTGCTTGAAGGGATTGC 60,1 TGTGCTAATCCCAGGTTTCC 59,9 192 Inespecifico
454 _Mac054B03_Al1.1_7733_10711_FLS2_EU_gPCR* CAGCAACCATAACCCCATTC 60,2 AGGATCTTTCAGGCCTCGTT 60,2 168 Especifico
454 Mac139M12_A3.1_95651_98827_NB_ARC_EU_gPCR TGGAGACGTGAGCATGAAAG 60 AGACTGGCCCATGATCAAAC 59,9 192 Inespecifico
454 _Mac139M12_A2.1_37998_41141_NB_ARC_EU_gPCR CGATCTCCCTACCACTCCAA 60,1 AGTCGATGATGATGCTGCTG 60 150 Inespecifico
454 Mac091016_Al.1 24080 25619 RPI_NB_ARC_EU gPCR CGTTGGAGGTTTTGGATCTC 59,5 CGTGCTTGATGATTCCTTCA 59,8 150 Inespecifico
454 Mac063A04_Al.1 18741 21917 NB_ARC_EU_gPCR GTGGAGACGTGAGCATGAAA 598  GGCCCATGATCAAACACTTT 59,8 188 Inespecifico
454 Mad052E23_A4.1 54478 59826_ser/thr_Kin_EU_gqPCR CCTATTGAGCCGACGACGTA 61,2 GCTGCAATTCCATGTCAGAA 59,8 190 Inespecifico
Transcritos de 454 Chorismate_5UTR* AGGCTTGTGGTAGGTCGTTG 60,2 ATCTCCTTCCCCCGAGTAAA 59,9 193 Especifico
dem'\g,'):;&ns'ﬂzta Chalcone_5UTR AGACTTCCTCGTCCTTCGTG 59,5 TGAAGGCGTGGGAGAAAAC 61,2 158 Pouco expresso
gzr;]t;nr:g (dL‘jTDR'_)| Bax_inhibitor AATGGGCGATGTTTGTAAGG 59,8 CCGAATTGGATTTACGTGCT 60 191 Pouco expresso
Thaumatin TGCTATGTTGATGAGCACGA 59 ACCCATCAATCAGATCACCA 58,7 150 Inespecifico
Nprl_5UTR* CTGTAAACACCGACAAGCTCT 57,2 TCAGCTCTTCGATCTCATGG 59,1 177 Especifico
Cell_death GAAGACGAATGGGTCCTTCA 60 GGGAGTCAGCAAAACGAAAA 60,2 160 Inespecifico
Peroxidase GGTGGTGAGCAAGGAGAAGA 60,4 TTCCTGGTGGAAATGACTCC 59,9 183 Inespecifico
Ubiquitin CAGTTGGTGCGACTTCCATA 59,7 AATACCTGGCATCCACATCTC 58,9 190 Pouco expresso
Cathepsin CATCCGCTAAAGCCAGGATA 60,2 TTCTTCGGTTCCTGATCCAT 59,5 200 Inespecifico
Pal GAGCATCACATGTGTGGTAGAA 60 TTGCCCTCGTTCATCTTCTC 59 170 Inespecifico
Nac* TGGCAAGGGAGAGGAGTAAA 59,8 CCCTCAGCTTCTGGGTCATA 60,2 153 Especifico
Lox_5UTR GCCACGGCTTAAGGTTGTT 60,1 CAGAGTTTTCGAGCGTTTCC 60 192 Pouco expresso
isoflavona_reductase* CCGATGATCAGGATTTTGCT 60 GGGGATCGTAATTGTTGTGG 60,1 174 Especifico
Endoglucanase TTCGATATCTCCAGCGATCC 60,1 TTCCATTCCTCCTCCTCCTT 60 155 Pouco expresso
defensin AGAGCAAAAGCAGTGGAGGA 60,1 TGCAACATGAGCTGTTCCAT 60,3 151 Pouco expresso
chitinase_5UTR AAGCATTCTGCGTCACTCAA 58,1 CCAAGTGCTGAGAACACTTCTT 58,7 199 Pouco expresso
Transcritos Qe 454 GSMUA_Achr10G29330_001* CAGGCCTACCCATTGAACTG 60,5 TTTTCTTTGTGCAGGCTGTG 60 193 Especifico
dem“gbé‘;;‘{;'ﬂita GSMUA_Achr10G24910_001 * CTGGCAACACATTCATTTCG 60,1 TAAGGGGCAGGTTTGATGAG 60,1 176 Especifico
g{;r;](;r:g (dSTDRl_; GSMUA_Achr10G07100_001 * CGCATGTACGATGCAAATGT 60,6 AACCAAGCAGAGGCCTTTTA 59 165 Especifico
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GSMUA_Achr6G21780_001*
GSMUA_Achr5G11980_001*
GSMUA_Achr4G26160_001*

GSMUA_Achr3G22290_001

GAAGCACAGAGGGAGCAAGT
AGGTGAATGAATGCCCAAAG
TCTTCCAAGGAATGGTCTGC
TATCAAGCTCCCGATGAAGG

59,6
59,9
60,2

60,2

AGTTCTCGTCCCAATCATCG
ACAGAGGGAGGCAGAAGACA
CGCATCTTGTCTGCATGGT
CAACCTCGCTTTCGAAGAAG

60,1

180
184
195
187

Especifico
Especifico
Especifico

Inespecifico

TM: Temperatura de melting (°C); Primer FW (Primer forward) ; Primer RV ( Primer reverso); Produto (pb); * Pares de primers testados e analisados por PCR em tempo real.
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3.3. Andlises de especificidade

3.3.1. Genes Referéncia

O gene EF apresentou amplificacédo especifica e foi utilizado como normalizador para
as reacoes de PCR em tempo real. O uso dos demais genes como normalizadores foi
inviabilizado devido & grande variacdo na amplificacdo (18S) e falta de especificidade
(ACTN1 e MBPKW _ACT).

A Figura 15 apresenta os graficos das analises de curva de dissociacdo geradas nas
corridas dos genes de controle interno (Elongation Factor). Foi observada a formagéo de um

pico representando amplicons Unicos em todas as replicatas técnicas.
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Figura 15: Curvas apresentadas na corrida de PCR em tempo real do gene referéncia Elongation factor. A) Curva de
dissociagdo representando a temperatura em funcéo da fluorescéncia com formagéo de pico Unico gerado pelo alcance da temperatura de
melting da sequéncia e queda abrupta da fluorescéncia. B) Curva de amplificacdo do gene Elongation Factor com pool de amostras de M.
acuminata Calcutta 4 controle nas concentricdes de 10, 102 e 10,

3.3.2. Genes de defesa e RGAs

A eficiéncia de amplificagdo dos genes alvo com os pares de primers desenhados, foi
avaliada inicialmente por meio de PCR convencional a partir de DNA gendmico isolado de
M. acuminata Calcutta 4 e posteriormente por PCR em tempo real o qual tiveram sua
eficiéncia de amplificacdo determinada por meio do programa Real-time PCR Miner Version

3.0 (http://www.miner.ewindup.info/) e por meio de andlises das curvas de melting,

abordagem amplamente utilizada para proceder as analises de resultados obtidos na PCR em
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tempo real (Figura 16). Durante a reacdo, dados da amplificacdo sdo gerados, levando em
consideracdo as caracteristicas de dissociacdo da dupla cadeia de DNA para proporcionar um

ponto de fusdo a que, pelo menos 50% do DNA é desnaturado (Faux et al., 2014).

Melt Curve
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R Cycle

Figura 16: Curvas de dissociacdo (A) e de amplificacdo (B) do RGA 37 em triplicatas de Cavendish Grande Naine
inoculado (vermelho) e controle ndo inoculado (amarelo). Em B € possivel visualizer a qualidade das triplicatas por meio

da padronizacéo das curvas de cada réplica.

Segundo Filion (2012) um pico caracteristico na curva de dissociacdo vai distingui-lo
de artefatos de amplificacdo, que em geral fundem a temperaturas mais baixas em picos mais
largos. Dessa forma, de todos os pares de primers avaliados, incluindo os genes referéncia,
21 geraram um pico Unico e bem definido na curva de dissociacdo, sem a presenca de picos
em temperaturas baixas, confirmando a especificidade dos primers escolhidos. Dos demais,
seis pares de primers ndo mostraram expressdo, esses foram derivados dos contigs NBS-LRR
e de Baurens (2010), desenhados sem informacdo prévia de expressdo em M. acuminata; 21
pares de primers ndo demonstraram especificidade esperada, sendo a maioria deles
desenhada para regides ndo UTR, e, sete pares de primers foram desenhados para genes com
baixa expressdo, ficando a geracdo da curva de dissociacdo prejudicada devido a baixa
fluorescéncia nas analises desses genes.

Essa baixa especificidade se deve ao fato dos genes R NBS pertencerem a maior
classe de familias génicas e a maior categoria de genes R de plantas, possuindo um dominio
com diversos motivos altamente conservados, tais como P-loop, quinase e GLPL (Zheng et

al., 2012) corroborando com os resultados de baixa taxa de especificidade.
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Os genes cujos primers foram anteriormente testados por Baurens (2010) nao
obtiveram amplificacdo especifica em M. acuminata. Isso pode ser explicado ja que foram
desenhados para um ortélogo de NBS-LRR RGAO08 (Miller et al., 2008) em sequéncia de
clone BAC de M. balbisiana "Pisang Klutuk Wulung" (PKW) e o fato de pertencer a outra
espécie pode ter causado a inespecificidade dos primers em M. acuminata.

Ap0s todas as andlises de especificidade e eficiéncia, um total de 19 NBS-LRR RGAs
e genes envolvidos em respostas de defesa foram selecionados e submetidos as anélises de
expressdo por PCR em tempo real, além do gene referéncia elongation factor (EF).

3.4. Andlises de express@o

Ap6s os pares de primers terem sido testados e a eficiéncia da amplificacdo
mensurada, procedeu-se a investigacdo do padrdo de expressdao dos genes candidatos em
pools de M. acuminata Calcutta 4 e M. acuminata Cavendish Grande Naine, inoculados e ndo

inoculados com M. musicola, por meio de reacfes de PCR em tempo real (Figura 17)
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Figura 17: Niveis de expressdo relativa dos genes potencialmente envolvidos em resisténcia (RGAs) e respostas de defesa de M. acuminata Calcutta 4 e Cavendish Grande Naine
submetidos ao inéculo com M. musicola, comparados ao controle ndo inoculado. Valores acima de 1,0 representam regulagdo positiva (aumento de expressdo em relagdo com o controle). * Modulagéo
estatisticamente significante
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As reacOes de gPCR dos 19 genes de alvo foram realizadas conforme descrito
anteriormente. A Tabela 10 mostra os valores de expressao génica relativa e eficiéncia da
reacdo de PCR em tempo real dos grupos resistente e suscetivel inoculados com o patégeno

em relagédo aos grupos controle.

Tabela 10: Resultados de expressdo relativa, eficiéncia da reacdo de PCR em tempo real, nivel de significancia e tipo
de regulacdo da expressdo dos genes potencialmente envolvidos em respostas de defesa e resisténcia (RGAS).

Calcutta 4 Cavendish Grande Naine
Gene Expresséo Eficiéncia da reacéo P(H1) Regulacéo Expresséo Eficiéncia da reacéo P(H1) Regulacéo
RGA 4910 0,956 0,8554 0,505 0,881 0,8554 0,258
RGA 1780 1,018 0,8479 0,83 1,09 0,8479 0,224
RGA 9330 0,501 0,8803 0  Negativa 0,684 0,8803 0,258
RGA 7100 0,817 0,86 0  Negativa 0,506 0,86 0,183
Corismato sintase 0,828 0,55 0,034  Negativa 0,741 0,55 0,086
NAC 1,037 0,847 0,501 0,214 0,847 0  Negativa
RGA 1980 0,876 0,84 0,198 0,84 0,84 0,065
RGA 6160 0,526 0,89 0,035  Negativa 0,89 0,89 0,921
Isoflavona redutase 0,655 0,872 0,221 0,872 0,872 0,25
NPR1 _ _ _ _ 0,967 0,89 0,554
RGA 37 1,49 0,8371 0,046  Positiva 0,771 0,8371 0,305
RGA 02 0,998 0,8933 0,808 0,603 0,8933 0,068
RGA 43 1,485 0,8636 0,046  Positiva 1,129 0,8636 0,893
RGA 44 0,984 0,8764 0,744 0,758 0,8764 0,337
RGA M09A31 0,907 1 0  Negativa 1,638 1 0,032 Positiva
RGA M09A21 0,747 1 0,035  Negativa 2,109 1 0  Positiva
RGA M09A11 1,074 1 0,651 0,418 1 0,142
RGA B03A51 0,713 1 0,072 1,651 1 0 Positiva
RGA B03A11 1,048 1 0,573 1,881 1 0,032 Positiva

H1 é aceito quando p< 0,05. H1 (grupo de amostras inoculadas séo diferentes de amostras do grupo controle). Regulagéo negativa é entendida aqui por down

regulated e Regulacéo positiva é entendida por up regulated. Eficiéncia de reacdo aceita de 0,8 a 1,1.

A maioria dos genes envolvidos em processos de defesa ndo foram modulados. Os
mesmos se mantiveram constantes em niveis de expressdo no genotipo resistente e suscetivel,
mesmo depois de serem submetidos ao in6culo com o patdégeno. Em geral, quando o agente
patogénico ataca o hospedeiro, o passo inicial seria o reconhecimento de efetores de estirpes

especificas de agentes patogénicos com a atuacao de proteinas de resisténcia, que conduzem a
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ativacdo de redes de sinalizacdo de defesa em estagios mais tardios (Swarupa et al., 2013).
Dessa forma, seria importante testar esses mesmos genes em estagios posteriores a 3, 6 e 9
dias apo6s o indculo para verificagdo de modulagdo de expressao dos mesmos.

A corismato sintase participa da via do &cido chiquimico, via esta que constitui um
excelente alvo para o desenho de novos agentes antimicrobianos. A producdo de compostos
fenolicos através da inducdo das enzimas da via fenilpropanodide chiquimato e do
metabolismo de flavondides é uma resposta geral do estresse (Weaver e Herrmann, 1997).
Apesar da corismato sintase participar da via que produz fitoalexinas, compostos estes
sintetizados e acumulados em plantas depois da exposicdo a microorganismos (Hayashi et al.,
2008), o gene codificando a mesma apresentou uma pequena regulacdo negativa no genotipo
resistente Calcutta 4 apos o indculo com o patégeno. E possivel que este patgeno néo seja o
indutor especifico deste gene, como ocorre em tomate. Existem dois genes da corismato
sintase em tomate, designados LeCS1, e LeCS2 e apesar de trabalhos mostrarem a inducao do
gene LeCS1 apds a infeccdo com patdgenos, para LeCS2 a inducdo ndo ocorreu pelo elicitor
fangico Phytophthora infestans em culturas de células e plantas intactas de tomate
(Macheroux et al., 1999). Em estudos de expressdo da corismato sintase em A. thaliana
inoculadas com Pseudomonas syringae, Scheideler e colaboradores (2002) identificaram
regulacdo positiva desta enzima apenas nos estagios iniciais da doenca (7 horas ap6s o
indculo), observando uma queda nos niveis de transcritos nos estagios subsequentes (24 horas
apos o inoculo).

A proteina NPR1 foi expressa somente no genoétipo suscetivel Cavendish Grande
Naine, sendo que a mesma ndo foi modulada ap6s o inéculo com o patégeno. Nas plantas,
SAR ¢ estabelecida como resultado da regulacdo promovida por NPR1 na expressao de
proteinas PR (relacionadas & patogénese). E possivel que a producdo de SAR nem tenha
chegado a ocorrer no gendtipo resistente devido ao desencadeamento da imunidade disparada
por PAMPs, onde os PAMPs sdo reconhecidos por receptores PRRs logo no inicio do
processo, bloqueando a entrada do patdégeno, mantendo os niveis de AS normais e sem a
necessidade da atividade de NPR1 para producéo de proteinas PR. Alem disso, sabe-se que é
necessaria a ligacdo de um complexo de proteinas WRKY induzidas por AS ao promotor de
NPR1 para que 0 mesmo seja expresso (Shah, 2003). O processo de regulacdo ainda é
desconhecido e muitos fatores estdo envolvidos. Segundo Shekhawat e Ganapathi, (2013),
plantas que superexpressam OsSWRKY71 (homologo proximo de MusaWRKY71) mostraram
expressdo aumentada de NPR1 e PR1 em O. sativa, enquanto que em M. acuminata de nove
genes NPR1 testados, nenhum obteve expressdo diferencial em linhagens transgénicas com
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genes WRKY superexpressos. Assim, parece que, mesmo entre espécies monocotiledéneas
relacionadas, como arroz e banana, a regulacdo das vias de sinalizacdo de defesa que
envolvem genes WRKY e NPR1 pode ser bastante divergente.

O gene NAC demonstrou regulagdo negativa no gendtipo suscetivel Cavendish
Grande Naine, sendo que no genotipo resistente ndo houve modulagdo significativa. O
genoma de M. acuminata DH Pahang possui 167 genes NAC potencialmente funcionais
(Cenci et al., 2014), com regifes altamente conservadas. Segundo Shan e colaboradores
(2012), o alinhamento de seis proteinas NACs de M. acuminata mostrou que as mesmas
partilhavam um N-terminal conservado, denominado o dominio NAC e um C terminal
variavel, passivel de regulacdo transcricional, que é capaz de ativar ou reprimir a transcricdo
de multiplas genes-alvo. Dessa forma, a estratégia de desenho de primers para regides UTR
foi altamente satisfatoria, garantindo alta especificidade nas reacdes de PCR em tempo real.

Os genes NAC codificam para um grupo de fator de transcricao (TFs) planta-
especificos e tém sido implicados na regulacdo de diversos processos, incluindo a sinalizacao
mediada por horménios, como por exemplo &cido salicilico, defesa e tolerdncia ao stress,
como na resposta a estresses biodticos e abidticos, tais como infeccbes por fungos, seca, frio e
salinidade elevada. A superexpressdo de OsSNAC6 e OsNAC52 em plantas transgénicas de O.
sativa conferiu um aumento a tolerancia ao estresse de desidratacdo (Lin et al., 2013; Shan et
al, 2012). Sabe-se que essa familia génica esta relacionada a resisténcia e corroborando aos
resultados de repressdao de NAC no gendtipo suscetivel, Nakashima e colaboradores (2007) e
Lin e colaboradores (2007) mostraram que genes OSNAC6 e OsNAC19 foram induzidos em
arroz frente ao desafio com o fungo Magnaporthe grisea, e a superexpressdo de OsNAC6
levou a um aumento da resisténcia a brusone. Em batata, os genes foram induzidos em folhas
apos o indculo com Phytophthora infestans (Collinge e Boller, 2001) e os genes BnNAC1-1,
BnNACS5-1 e BANAC5-7 foram induzidos em colza (Brassica napus) durante a colonizagéo
do Besouro saltador (Exartematopus coccineus) e a infeccdo pelo fungo Sclerotinia
sclerotiorum (Hegedus et al., 2003).

Os RGAs 37, 43, M09A31, M09A21, BO3A51 e BO3A11 tiveram um aumento de
expressdo quando inoculados com o patdégeno. Os RGAs 43 e RGA 37 mostraram inducdo
significativa em M. acuminata Calcutta 4 quando inoculada com o patégeno (Figura 29).
Inducdo de RGAs também foi encontrada por Wang e colaboradores (2006) durante a
interacdo entre cultivares de batata (Russet Burbank, RB e Kennebec, KB) e Phytophthora
infestans, e as diferencas de niveis de transcricdo foram correlacionados com a reagdo de

suscetibilidade/resisténcia da planta hospedeira em relacdo ao patdgeno; Gao e colaboradores
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(2006) constataram que alguns RGAs em algodao foram expressos apenas apos a planta ser
desafiada com o patdgeno; Gao e colaboradores (2010) mostraram que 0s niveis de
transcricdo de quatro RGAs NBS presentes em tabaco foram regulados positivamente apds o
indculo com P. parasitica var. nicotianae e Mohr e colaboradores (2010) identificaram em
Arabidopsis cinco genes NBS-LRR sendo induzidos por Alternaria brassicicola, 14 por
Agrobacterium tumefaciens, seis por Botrytis cinerea, nove por Erysiphe chicoracearum, 16
por Heterodera schachtii, seis por Phytophthora infestans, 28 por Pseudomonas syringae.

Os pares de primers especificos para os RGAs 37 e 43 foram derivados de
amplificacdes de DNA gendmico de M. acuminata Calcutta 4 (Miller et al., 2008) utilizando
primers degenerados direcionados para as sequéncias dos motivos proteicos conservados “P-
loop” e “GLPL” em genes R da familia NBS-LRR. O motivo P-loop no NBS €é necessario
para a ligacdo de nucleotideos, e mutacGes neste motivo é a causa da perda de funcdo da
maioria das proteinas NBS-LRR (Marone et al., 2013). Esses mesmos RGAs foram avaliados
como marcadores moleculares RFLP, com multiplos locos polimdrficos observados nos
parentais Borneo e Pisang Lilin, utilizados no desenvolvimento de um mapa genético de M.
acuminata spp. microcarpa (Hippolyte et al., 2010). O RGA37 foi ainda utilizado para
selecionar clones BAC contendo NBS-LRR RGAs em M. acuminata Calcutta 4 (AA), M.
balbisiana Pisang Klutuk Wulung (PKW) (BB) e o tripléide comercial M. acuminata
Cavendish Grande Naine (AAA), identificando um total de 43 clones positivos contendo
ortdlogos de RGA37. Estes clones foram re-hibridizados com a sonda de RGA37, para
verificar coordenadas positivas de clones BAC e para fornecer dados sobre o nimero de
copias de sequiéncias NBS-LRR nos trés genomas de Musa, encontrando trés clones positivos
contendo ort6logos em M. balbisiana Pisang Klutuk Wulung, 25 em M. acuminata Cavendish
Grande Naine e nove em M. acuminata Calcutta 4 (Miller et al., 2008).

Os RGAs 9330, 7100, 6160, M0O9A31 e M09A21 apresentaram regulacdo negativa em
Calcutta 4. Da mesma forma, Kang e colaboradores (2012) mostraram dois genes NBS-LRR
Glyma06g40740 e Glyma06g40950 como sendo regulados negativamente em soja apds o
inéculo com Xanthomonas axonopodis pv. glycines.

E possivel que a evolugio tenha levado os genes R para serem expressos em niveis
muito baixos (basais), preferencialmente abaixo dos limites para efeitos colaterais deletérios.
A regulacdo positiva induzida por patdégeno poderia elevar transitoriamente a abundancia de
proteinas R acima do limiar necessario para uma resposta de resisténcia rapida e robusta. A
importancia da regulagéo positiva pode mudar ao longo da vida evolutiva de qualquer gene,
onde a selecdo natural pode favorecer a regulagdo positiva no caso de genes R que
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desencadeiam resisténcia por meio de ligacdo fraca ao ligando, ou, essa regulacdo pode se
tornar desnecessaria quando o gene R evolui para sua forma otimizada (forte ligacdo ao
ligando). Por outro lado, a sele¢do natural pode agir de maneira a reduzir a regulagéo positiva
ou até mesmo a expressdo basal se a proteina R evolui para atividade de fundo deletério. Isto
pode explicar por que alguns genes R sdo regulados em diferentes graus durante a inducéo de
defesa, enquanto outros sdo nao responsivos aos patdégenos (Mohr et al., 2010).

Em suma, esta andlise é consistente com a tendéncia aparente de caracterizaces
anteriores de genes R individuais: alguns genes R sdo induzidos por uma variedade de
estimulos, alguns exibem respostas muito especificas e outros parecem nédo ser responsivos ao
patdgeno. Conclusdes semelhantes foram encontradas por Mohr e colaboradores (2010) onde
dos 124 genes NBS-LRR de Arabidopsis, 49 ndo foram induzidos. Em um exame global de
genes NB-LRR de Arabidopsis usando dados de microarranjo, Tan e colaboradores (2007)
relataram que a expressdao de dois genes NBS-LRR (Atlg65400 e Atlg56510) foram
regulados negativamente, enquanto que dois outros genes (At1g72940 e Atlg72920) foram
induzidos apds indculo com Pseudomonas syringae.

Os demais RGAs ndo apresentaram diferencas significativas nos niveis de expressdo
ja que os valores de significancia foram superiores a P=0,05 (Tabela 20), demonstrando que
as diferencas visiveis na figura 1 sdo decorrentes de flutuacdes bioldgicas normais.
Backiyarani et al. (2013) também encontrou expressdo constitutiva de RGAs em cultivares de
Musa resistentes (Karthobiumtham) e suscetiveis (Nendran) ao nematdide Pratylenchus
coffeae. Expressdo constitutiva também foi encontrada por Peraza-Echeverria et al. (2008)
afirmando que pelo menos trés dos cinco RGAs de bananeira foram expressos
constitutivamente em tecidos de raizes e folhas de cultivares resistentes e suscetiveis. A
mesma tendéncia € encontrada em outras espécies, como € o caso de trigo, onde Gong e
colaboradores (2013) também mostrou ndo haver diferencas na expressao entre amostras de
RGAs NBS-LRR. Estes resultados séo corroborados por Tan et al. (2007) que analisou os
padrdes de expressdo de aproximadamente 170 NBS-LRR em Arabidopsis utilizando vérias
abordagens analiticas, dentre elas microarranjo e PCR, detectando que em geral os padrdes de
expressao desses genes ocorre normalmente em baixos niveis e ndo é induzida, ou seja, ndo
ha uma uma mudanca significativa nesses niveis por meio de tratamentos com sinais de
defesa.

Embora ainda ndo se saiba exatamente como as proteinas R agem durante a resposta
de defesa, esta claro que elas agem em um passo inicial das vias de sinalizacdo de defesa, e

mesmo em baixos niveis e expressdo constitutiva possuem a capacidade para reconhecer o
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patdgeno e induzir respostas de defesa. A falta de um sistema circulatério em plantas pode ser
compensada por uma capacidade para expressar cada uma das proteinas R constitutivamente
em todas as células que poderiam potencialmente ser atacadas (Van der Biezen e Jones,
1998).

Em muitos casos, um gene R Unico pode proporcionar completa resisténcia a um ou
mais estirpes de patdgeno em particular, quando transferido para uma planta previamente
susceptivel das mesmas espécies. Da mesma forma, a coordenacdo da regulacdo positiva de
genes R pode ser importante se varios genes sao necessarios para a resisténcia. No loco Rpp2
de Arabidopsis, dois genes R localizados em tandem funcionam de forma interdependente, e
ambos sdo necessarios para iniciar a resisténcia contra Hyaloperonospora arabidopsidis. Por
esta razdo, os genes de R tém sido utilizados em programas de melhoramento de resisténcia
durante décadas (McDowell e Woffenden, 2003; Eckardt, 2007).
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CAPITULO 3: DESENVOLVIMENTO E CARACTERIZACAO DE MARCADORES SSR PARA GENES
ENVOLVIDOS EM RESPOSTA A ESTRESSES BIOTICOS EM GENOTIPOS DE M. ACUMINATA

1. Introdugao

Sequéncias derivadas de transcritomas de plantas representam um recurso valioso para
a genética de plantas e programas de melhoramento. SSRs podem ser detectados em
sequéncias de genes e o0s polimorfismos podem ser detectados utilizando primers
complementares as sequéncias conservadas que flanqueam essas repeti¢cbes (Holland et al.,
2001). Esses marcadores moleculares sdo ferramentas Uteis para ensaios de variacdo genética
e fornecem um meio eficiente para ligar variacao fenotipica e genotipica (Kalia et al., 2011).

A engenharia genética e da biotecnologia tem grande potencial para o0 melhoramento
de plantas, uma vez que diminui o tempo necessario para produzir variedades de culturas com
caracteres desejaveis. Com a utilizacao de técnicas de biologia molecular é possivel acelerar a
transferéncia de genes desejaveis entre variedades e introduzir novos genes de espécies
selvagens relacionadas. Caracteres poligénicos que antes eram muito dificeis de analisar por
métodos tradicionais de melhoramento de plantas, agora é facilmente analisados utilizando
marcadores moleculares (Mohan et al., 1997).

Os microssatélites podem utilizados para diferentes fins, como por exemplo
genotipagem, evolucdo e taxonomia, saturacdo de mapas genéticos, selecdo assistida por
marcadores (SAM) co-localizados com QTLs de resisténcia. Até 0 momento muitos
marcadores foram desenvolvidos a partir de M. acuminata e M. balbisiana, contudo, em
comparacdo com outras espécies cultivadas, o nuamero total disponivel para as analises
genéticas continua a ser limitada, uma vez que os alelos podem estar ausentes ou possuirem
caracteristicas monomorficas, quando testados nos diferentes cultivares (Miller et al., 2010).

Neste capitulo foi realizado o desenvolvimento de marcadores microssatélites dentro
ou proximos a genes potencialmente envolvidos em respostas de resisténcia e defesa em
sequéncias BAC de M. acuminata Calcutta 4 e Cavendish Grande Naine, no genoma de M.
acuminata DH Pahang e em transcritos de M. acuminata Calcutta 4 (sequenciamento 454)
mapeados no genoma de M. acuminata DH Pahang. Esses marcadores foram validados em 20

gendtipos diploides parentais (AA) de M. acuminata para analises de polimorfismos.
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2. Material e Métodos

2.1. Material Bioldgico

2.1.1. Material Genético

Para a caracterizagdo dos locos SSR (amplificacdo e andlises de polimorfismos) foram
usados 20 genotipos diploides parentais (AA) de M. acuminata (Tabela 8) produzidos pelo
programa de melhoramento da EMBRAPA Mandioca e Fruticultura contrastando em
resisténcia as doencas Sigatokas negra e amarela, além de dois individuos (03115) derivados
do cruzamento de M. acuminata Calcutta 4 e Pisang Berlin (progénie). Este conjunto de
genotipos compreende uma amostra representativa dos genétipos utilizados em programas de
melhoramento pois sdo utilizados em cruzamentos de pais selecionados para caracteristicas
desejadas e que apresentam gametas férteis para obtencdo de melhores hibridos diploides
(Dantas et al., 1997).

Tabela 11: Acessos de dipléides (AA) de M. acuminata contrastantes em resisténcia a doengas causadas por
Mycosphaerella selecionados para uso em validagdo de marcadores moleculares SSR. Fonte: adaptado de Passos et al.,
2012.

Acessos M. acuminata Suscetivel a Sigatoka negra Suscetivel a Sigatoka amarela
Calcutta 4 Resistente Resistente
Lidi Resistente Resistente
0323-03 Resistente Resistente
SH32-63 Resistente Suscetivel
1304-06 Resistente Resistente
0116-01 Resistente Resistente
Burmanica Resistente Resistente
Microcarpa Resistente Resistente
1741-01 Nd Resistente
9179-03 Nd Resistente
1318-01 Nd Resistente
4279-06 Nd Resistente
Pisang Berlin Parcialmente resistente Suscetivel
Niyarma Yik Suscetivel Suscetivel
Raja Uter Nd Suscetivel
Tjau Lagada Suscetivel Suscetivel
F2pP2 Nd Suscetivel
Khai Nai On Suscetivel Suscetivel
Sowmuk Resistente Suscetivel
Jaribuaya Resistente Suscetivel

Nd: ndo definido
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O DNA gendmico foi extraido dos 20 gendtipos e agrupado em quatro bulks, de
acordo com a resisténcia, como apresentado na Tabela 12. A estratégia de agrupar o DNA dos
gendtipos em bulks objetivou uma rapida avaliacdo de possiveis polimorfismos dos locos SSR

em M. acuminata.

Tabela 12: Agrupamento dos genétipos em bulks contrastantes em resisténcia as Sigatokas negra e amarela.

Resistente@Bigatokathegral SuscetivelBBigatokamhegra®Z Resistente@BigatokaBmarelal SuscetivelZBigatokaZmarelall

Bulkzl Bulk®2 Bulk® Bulk®
Calcutta 4 Pisang Berlin Calcutta 4 Raja Uter
Lidi Niyarma®ik @Burmannica Tjaudlagada
@323-03 Microcarpa F2P2
SH32-63 Lidi KhaifNaifn
1304-060 0323-03 Pisang@erlin
0116-01 1304-06 Niyarma®ik
1741-01 Sowmuk
9179-03 Jaribuayal@
0116-01 SH32-63
F318-010
4279-06

2.2. Caracterizagdo e desenho de primers para SSRs localizados em Genes Andlogos de
Resisténcia (RGAs)

2.2.1. Identificacdo de marcadores moleculares SSR in silico em sequéncias BAC

Sequéncias BAC contendo genes analogos de resisténcia (RGASs) (Pfam id: NB-ARC)
derivados de M. acuminata Calcutta 4 e M. acuminata Cavendish Grande Naine foram
identificados anteriormente (Miller et al., 2008) e usados como arquivo de entrada para a
busca de microssatélites. Para a predicdo e desenvolvimento dos marcadores moleculares SSR
foi utilizado o programa WebSat (Martins et al., 2009), responsavel pela geracdo de todas as
posi¢cdes dos microssatélites (Figura 18). Este arquivo serviu como entrada para o programa
Primer3 (Rozen e Skaletsky, 2000) no qual executou o desenho de pares de primers
flanqueando a regido determinada. O programa SSRIT - Simple Sequence Repeat
Identification Tool (Temnykh et al., 2001) foi ainda utilizado para corroborar e confirmar a
presenca dos microssatélites.

Os primers desenhados foram organizados em oito arquivos diferentes de acordo com
a sequéncia BAC de origem e foram testados usando o programa Primer_Match

(http://edwardslab.bmcb.georgetown.edu), um conjunto de ferramentas projetadas para
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encontrar e contar correspondéncias exatas ou proximas entre as sequéncias dos primers
gerados e grandes bancos de sequéncias, neste caso, as sequéncias BAC. O programa gera
scores de zero a seis de acordo com os alinhamentos, onde o score zero corresponde a
nenhuma insercdo entre os pares de primers e a sequéncia do BAC, ou seja, de alinhamento
de 100% das bases e 0 score maximo de seis, gerado a partir de trés insercdes derivadas do
primer forward e trés derivadas do primer reverse. O arquivo de saida .bed foi criado e para
cada BAC foi gerado um arquivo gff com a anotacao predita.

Para fazer a intersec¢do entre o arquivo “.bed” e o arquivo “gff”, ou seja, saber
exatamente a localizacdo e a anotacdo onde cada par de primer esta inserido, foi utilizado o
pacote de programas BEDtools (Quinlan e Hall, 2010), desenvolvendo um pipeline capaz de
ler ambos arquivos e executar as interseccdes. Com base nas anotacbes, 0s primers

localizados dentro de genes com Pfam ID NB-ARC foram selecionados.

SSR Primer Selected Primer [ overlaped SSR

Forward Primer CAAAACCTTCTGCTACCCAATC Tm (°C) 60.001 Product Size (bsp)
Reverse Primer TGTGACTATTCTTTTAAGCTCCTCG Tm (°C) 60.298 285

..... e e S s T e R A S i
52151 TCAAATGTCT CGGACTTTAC TTGGACAGCT CCATTTGCAA TGATGATATT AGACATGACT GCATATATTA
52221  CATCOTCAAT GATGTCGATC TCCCTGCCAT AAGCAGCAAG AGATAATTGT GAGTTGCCAC TCCAAAACCA
52291  GAAGACGTTA GATGGTGGAG ACGTGAGCAT GAAAGGTAAG TTACCTCAAA GCACATIGAT GCCTTCTTCT
52361  TCTTCAGCAG CCGACTAGGT TTGTGTCGAA GGTGCAGGAA TGCTTGATGT AGTTTATATA ATTGCCACCT
52431  CGGCCATCTT TGATGGAAAA AGATGGAAAG TGTCTGATCA TGGGCCAGTC TGCGCCATIT TTGAGGCATC
52501 7GCGCAGGAG TTGGGTGGTT CCOTAGACGT CCAGTCTCCG GAGTGTGOTG AAGCTTGCAG GGCAAGCCGT
52571 CAACCACTCA GGTAAATGAA TGATGAGATA TCCAAATGTG CCCAACTTCA AGAGCTCCAG TGCAGGAAGA
52641  TCAGTAACAA TCTCCAGATC TGATTCACCA ATTATACTCA GTTCTTTCAC AGAAGGGAAA CCTCTGATGG
52711  ACTTGAGAGC ACCCACATCG GTCAGATCCA ATGTGGTTAA GCAAGTTGCC TGTCGGATCA GGCCTTCCGG
52781  CAGAGACTTC AACTTGGGGC ATTTTTTTAG GACCAATTTG TTGAGGCGAC CCATAGEAAA ACCTTCTGET
52851  AGCCAATECC ACACTTGCAT GTTAATCATA TCCGCGAGTC GCAGCTGCCT TAGTCTCGGA AACAACATAA
52921  GAGGCGCAGAUAGKAGANCANIGANCANGANGUNAGANGAAGG GAGCTTTGAA TTCCGTTCCC GTTCATGACC
52991  AGAAGCAGCA GCACCTTCAC ACCCAAAAAA TTAGTGTCAT GTTTAAAGCA GGCATGATGC CAAAGGAACT
53061  TAAAAGTATC ATTTATGTTT AAGTAACATT GATCCTCGAG GAGCTTAAAR GAATAGICAC ACAAAATAAA
53131  GCATCTTTTA TGTTAAAGGC AAATATGATC CTAAAAGAAC TTAAAAGAAA GTGACACAAA ATAAGGCATC
53201  ATCATGTTTT AAAGCAAGCA TGATCATAAA ATAACTTGGA AGAATAATGA CACAGAATAA AACATCTTTA
53271  TGTTTAGATG ATTGAGATGC CAACAGACAA AAGTAGGAGA TGGACAAAGG GATGAGTGAA TGATTGAGAT
53341  ATGGAGGGAG TAAAAGAATT TCTCACTTGA TCACTAACAA ATATGGAGGA AGTATAACAT ATACAAACAA
53411  GATCACTAAT GGATAACATA TCGACTACGA GATCACCAAT GGTTAGTATA AGATGGATAC TACTCGATGG
53481 TATAAGACGA TACAATGCGA GCTCTATAAT GAATAATTTT TGAAACCTCG ACCGCCAATA TATCAAATTGC
53551 TAAACCTCGA CACACATATA TAACATCTTT CAAMAATTTCT TCTACTTTAA TTAGTCATTA GATACTCTAA
53621  AATATTCTAG AAATACTAGA ATGAGCTCAA GAAGCCCACA CAAACATGCT TCAGCGAAGA TCTACGTATG
53691  TCAAAAATTT TAAATATTTT TAAATTGTTT TTTTATTTAT AAATAGATGT ATATATCCTT AATTTATAAC
53761 TTGGTTCTAA TAAAATATTT TTACTCTTAC CTATAATTTA TTTTTCTCCT TTTTCTTAAT CTTTITCTTC
53831 TCCTCCTCCT TTTAATTATC AAAGCTCATC TAAMAATCACG AAAAAATAGA TAAATGATCA AACAAGATCA
53901  ACTGAATATC GAAAAAAAAA AGATGAGAAA TATTTTTTTT ATGTTTATTA TAATAAGTTG ATATTTTTAA
53971  GGTCATGTAT ATTATGTAAT TATCTAGAAA ATACCACCTT CTTGATTCAT TATATTAACC CATGACCTTA
54041 CTTGAACAGG ATCTACTCTA TAAGCTCGTA CAACTATTAC TTCGAGTACT GAGTAGATAG GCAACATGAT
54111 CTAGTTGATG ACCTATGACC CTCATTATAT TAACATAGAA GATATCATAT TATCTATCTT TACAAATTAC
54181  CTATTATATT TCATGCCTTT ACAAATTGCC TAGTACGATG CACAGGTGGT GGAGAGACTT GCACATTAGCA
54251 GGGTCAACAA ACAAGATTTG TGAGAAAAAA AATATATATA TAAAGCTACG AACGGAATTA AAGGGCTTGT
54321 GAATAGTATA ATATTATIT? TATTATITTT TAAGGGGTTA TAAATAGTAA GGGATTGCAA ATAGTAAGAA

Figura 18: Arquivo de saida do programa websat mostrando dados dos primers forward e reverse desenhados para o
microssatélite (AGA),, contido na sequéncia BAC MaC139M12, dentro de um gene codificador da proteina da familia
NB-ARC. S&o mostrados em azul o SSR encontrado dentro da sequéncia alvo e em verde a posi¢do dos pares de primers
flanqueando o microssatélite. E mostrado a Tm em °C, as seqiiéncias 5°-3” dos primers e o tamanho esperado do fragmento
amplificado.
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2.2.2. Identificagdo de marcadores moleculares SSR in silico no genoma de M. acuminata DH
Pahang

Genes potencialmente envolvidos em resisténcia foram identificados no genoma de M.
acuminata DH Pahang com base em dados de dominios conservados de Pfam ID NB-ARC

por meio do InterPro Domain Search (http://banana-genome.cirad.fr/advanced). As

coordenadas dos 102 locos encontrados foram utilizadas para a delimitacdo na busca de SSRs
dentro ou proximos desses genes de interesse. Com base nessa informacao, foi estipulado um
valor de 10000 pb antes e depois do gene para a busca dos microssatélites. Os programas
WebSat (Martins et al., 2009) e SSRIT (Temnykh et al., 2001) foram utilizados para a
identificagdo dos SSRs. Os arquivos gerados serviram como entrada para o programa Primer3
(Rozen e Skaletsky, 2000) no qual executou o desenho de pares de primers flanqueando a
regido determinada, obedecendo os parametros de tamanho do primer, de 18 pb a 22 pb; Tm
do primer de 57°C a 68°C; porcentagem de GC do primer, de 40% a 80% e tamanho do
produto de 100 pb a 400 pb.

2.2.3. Identificacdo de marcadores moleculares SSR in silico derivados de transcritos de M.
acuminata Calcutta 4 (sequenciamento 454) mapeados no genoma de M. acuminata DH
Pahang

A busca computacional de microssatélites no transcritoma de M. acuminata Calcutta 4
gerado por pirosequenciamento se deu por meio do programa Mreps, versao 2.5 (Kolpakov, et
al., 2003) detectando a presenca de pelo menos duas unidades de repeticdo, com no minimo
dez repeticGes por unidade. Os primers foram desenhados conforme demonstrado em trabalho
anterior (Passos et al., 2013).

Para verificar se os SSRs identificados s&o encontrados também no genoma de M.
acuminata DH Pahang, foi utilizado 0 programa PrimerMatch
(http://edwardslab.bmcb.georgetown.edu). Para ampliar a analise, foi deixada uma janela de
500000 pb a jusante/a montante ao SSR e para visualizar os genes circundantes aos SSRs
utilizou-se a ferramenta BEDtools (Quinlan e Hall, 2010), comando intersect para fazer a
interseccdo entre as sequéncias dos SSRs e a anotagdo do genoma, selecionando apenas

aqueles pertencentes a familia de genes de resisténcia com Pfam ID NB-ARC.
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2.2.4. Identificagdo de marcadores moleculares SSR in silico, derivados de transcritos de M.
acuminata Calcutta 4 (sequenciamento 454) presentes em genes de resisténcia de diversas
familias.

Os microssatélites foram identificados e desenhados anteriormente (Passos et al.,
2013) e aqueles localizados em genes potencialmente envolvidos em resisténcia, pertencentes
as diversas familias de Genes R foram selecionados com base em similaridades BLASTX
(Altschul et al., 1997) e classificagdo KOG - Clusters of Eukaryotic Orthologous Proteins
from Complete Eukariotic Genomes (Tatusov et al., 2003). Os mesmos foram classificados

guanto aos motivos repetidos.

2.3. Caracterizagdo e desenho de primers para SSRs localizados em Genes de Defesa

Os microssatélites foram identificados anteriormente (Passos et al., 2013) e aqueles
localizados em genes potencialmente envolvidos em respostas de defesa, foram selecionados
com base em similaridades BLASTX (Altschul, et al., 1997) e classificacdo KOG (Tatusov et
al., 2003).

2.4. Amplificagéo de microssatélites via PCR

Para a caracterizacdo dos SSRs, foi avaliado um total de 156 locos. Estes foram
amplificados utilizando-se primers especificos obtidos a partir da sequéncia correspondente a
regido flanqueadora de cada loco. Os SSRs foram amplificados através de reacdes de PCR
nos 4 bulks que foram posteriormente individualizados em casos de polimorfismos.

As reacOes de amplificagdo foram conduzidas usando o termociclador Gene Amp®
PCR System 9700 (Applied Biosystems) com volume final de 13 pL, contendo 3 ng de DNA
gendmico, tampédo PCR 1X (100 mM Tris-HCI, pH 8,4 e 500 mM KCI), 2,5 mM de dNTP,
2,5 mM de de BSA (Albumina de Soro Bovino); 1,5 mM de MgCl,, 0,9 uM de cada primer
(foward e reverse) e 1,25 U Tag DNA polimerase. As amplificagbes foram realizadas nas
seguintes condicOes: 94° C por 5 minutos; seguido de 30 ciclos de 94° C por 1 minuto;
temperatura de anelamento especifica para cada par de primer por 1 minuto (52-60°C), 72°C

por 1 minuto, e extensdo final a 72°C por 7 minutos.

82



2.5. Eletroforese e Visualizagdo dos locos

Inicialmente os produtos amplificados foram submetidos a eletroforese em gel de
agarose 2% corado com brometo de etidio (50ng/L) por 20 minutos a 90 Volts apenas para
confirmacdo da amplificacéo eficiente do loco com base no tamanho esperado do fragmento,
comparado com o marcador de peso molecular 1Kb ladder (Invitrogen). Os resultados foram
visualizados sob luz ultravioleta e as imagens foram capturadas por meio do Gel logic 200
imaging system (KODAK®, EUA). Os ajustes e otimizagdes foram realizados de acordo com
esse resultado, aumentando ou diminuindo a temperatura de anelamento (variacdo de 50°C —
58°C), bem como a concentracdo de MgCl,. Os locos que obtiveram éxito nesta primeira
etapa foram posteriormente analisados em gel denaturante de poliacrilamida 5% utilizando
ureia 7M (Creste et al., 2001; Promega, 2006) e visualizados com coloragéo de nitrato de
prata. A coloracdo seguiu trés passos: fixacdo do gel com uma solucdo de &cido acético
glacial (Merck) 10% por 10 minutos; coloracdo (oxidacdo) do gel por uma solucdo de AgNO3;
acrescido de formaldeido 37 % (2g de AgNO3; em 2 L de agua milli-Q) por 3 minutos;
revelacdo do gel com uma solucéo de Na,COj3 gelado (60 g de Na,CO3 em 2 L de agua milli-
Q com 3 mL de formaldeido 37% e 400 pL de NayO3S, 10 mg/mL) por aproximadamente 10
minutos ou até que as bandas pudessem ser visualizadas. Os tamanhos dos locos foram
comparados aos marcadores de peso molecular ladder 10 pb e 50 pb.

Aqueles locos que apresentaram polimorfismos na andlise dos bulks foram novamente
submetidos a PCR e visualizados em gel de nitrato de prata com os DNAs dos bulks
individualizados para a identificacdo dos alelos em cada genoétipo utilizando as progénies
planta 1 e planta 2 como controle.

Apdbs a revelacdo, os geis foram expostos a temperatura ambiente para secar por
aproximadamente 24h, e depois foram escaneados e escoreados no computador. Os resultados
foram analisados no programa PowerMarker v3.25 (Liu e Muse, 2005) visando identificar o
numero de locos polimorficos, média de alelos por loco, heterozigosidade esperada e
observada e o PIC (Polymorphic Information Content).

83



3. Resultados e Discussao

Um total de 195 pares de primers SSR foram desenvolvidos para genes

potencialmente envolvidos em respostas de resisténcia e defesa, conforme o resumo na Figura

19.

enes enes
potencialmente potencialmente
envolvidos em envolvidos em
resisténcia defesa
L I —Tfmrrm!‘zrmﬂw— 1 |
BACs de M. Genoma de M. acuminata Calcutta 4 Transcritos 454 de M. Transcritos 454 de
acuminata Calcutta acuminata DH mapeados no genoma acuminata Calcutta 4 - M. acuminata
‘ 4 e Cavendish Pahang de M. acuminata DH Outras familias genes R Calcutta 4 - Defesa
39 primers **

Pahang .
4068 primers * 4068 primers * 4068 primers *

Especificidade/Loca Fungio Funcdo
lizagdo (BlastX e COG) (BlastX e COG)

L_| 156 primers| L_| 36primers] L[| 56 primers]
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lizagdo
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Localizagado
(mais préximos)

SSRs
Defesa

] 56 primers

SSRs
Resisténcia

139 primers

1
Total
Marcadores
SSR
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Figura 19: Fluxograma demonstrando o desenvolvimento dos primers para SSRs em locos potencialmente
envolvidos em resposta aos estresses bidticos. A) Pares de primers para SSRs foram desenhados a partir de genes
potencialmente envolvidos em respostas de resisténcia e defesa. B) Nimero de primers SSR desenvolvidos a partir
de diferentes fontes. C) Mineragdo de primers por meio de andlises de especificidade e localizagdo no caso dos
BACs.; em transcritos 454 de M. acuminata Calcutta 4 mapeados no genoma de M. acuminata DH Pahang foi
realizado PCR eletr6nico contra 0 genoma de DH Pahang e apenas os que anelaram préximos a regides de genes
NB-ARC foram selecionados; resultados BlastX e COG foram utilizados para minerar primers derivados de
transcritos (454) de outras familias de genes R e genes de defesa. D) Dos 156 primers identificados, apenas os 50
mais préximos a genes NB-ARC foram utilizados. E) Numero total de pares de primers desenhados para SSR
potencialmente envolvidos em respostas de resisténcia e defesa. F) Nimero total de pares de primers SSR.
*Primers desenhados em trabalho recente (Passos et al., 2013). Os mesmos foram minerados conforme objetivo de
buscar genes de resisténcia proximos a NB-ARC no genoma de M. acuminata DH Pahang; buscar genes R
pretencentes a diferentes familias e genes de defesa. **Primers desenhados que serdo utilizados apenas em
trabalhos futuros.

84



3.1. Desenvolvimento de marcadores SSR para genes potencialmente envolvidos em
resisténcia (RGAs)

3.1.1. Desenvolvimento de marcadores moleculares SSR in silico a partir de sequéncias BAC
de M. acuminata Calcutta 4 e Cavendish Grande Naine

Foram desenvolvidos 125 pares de primers SSR flanqueando ou dentro de regides
génicas NBS-LRR (Anexo 3) de maneira que os SSRs aparecem distribuidos nas 8 sequéncias
de clones BAC de Calcutta 4 e Cavendish (Figura 20). O nimero extenso de RGAs dentro dos
BACs vem corroborar com Miller e colaboradores, 2008 que identificaram 20 clones BAC de
C4 e 43 clones BAC de Cavendish contendo genes ortdlogos e paralogos de dois RGAS
pertencentes a familia NB-ARC. Sabendo que os genes R estdo frequentemente localizados
em clusters ou familias génicas por todo 0 genoma com numerosas sequéncias homdlogas, a

estratégia adotada para busca de SSRs em RGAs presentes em BACs obteve éxito.

MA4105F04E
1%0

Figura 20: Distribuicio de SSRs localizados préximo ou dentro de RGAs (familia NB-ARC) de sequencias de clones
BAC de M. acuminata Calcutta 4 e Cavendish Grande Naine. A — porcentagem de SSRs presentes em cada sequéncia de
clone BAC. B- Nimero de SSRs dentro ou proximos a RGAs (familia NB-ARC)

Apesar da maioria dos marcadores microssatélites serem encontrados proximos a
RGAs, os primers selecionados para a avaliagdo de polimorfismo foram aqueles em que o
SSR esta localizado dentro do gene de interesse, eliminando assim a possibilidade de nédo

segregacdo do marcador microssatélite com o gene da familia NB-ARC.
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O PCR eletrénico entre os primers e as sequéncias de clones BAC possibilitou o
conhecimento do comportamento dos primers in silico, garantindo uma selecdo mais acurada
dos primers em questdo. Com base nisso, apenas 0S primers que apresentaram alta
especificidade, ou seja, apenas aqueles que anelaram em somente um loco no BAC foram
utilizados. Outro critério foi a atribuicdo de scores para 0 nimero de mismatches, onde
somente os primers que obtiveram um pareamento de 100% de suas bases com o DNA alvo
(score 1) foram selecionados. E por fim, os SSRs que estavam dentro dos genes de interesse
foram selecionados com base na posic¢do do loco e na anotacdo do BAC. Dessa forma, um
subgrupo de 14 marcadores SSR foi selecionado para validacdo em relacdo o polimorfismo

em gendtipos de M. acuminata (Tabela 13).

Tabela 13: Subgrupo selecionado de 14 marcadores SSR, derivados de genes NB-ARC presentes nas bibliotecas BAC
de M. acuminata Calcutta 4 e Cavendish Grande Naine, validados para amplificagdo por PCR e polimorfismo nos 22
gendtipos dipléides de M. acuminata.

Loco Primer FW ™ Primer RV ™ Anotacdo de sequencia BAC
CAAAACCTTCTGC TGTGACTATTCTTTT
MaC139M12_loc110 TACCCAATC 60.0 AAGCTCCTCG 60.2  Putative disease resistant protein
AACTTGGGACAAT CCAGTTTGGAGTTTC
MaC139M12_loc112 TATGGAGGA 59.7 TTTTCGT 59.6  Disease resistance protein RGA
AACCTCTGATGGA CCCAGTTTGGAGTTT
MaC139M12_loc115 CTTGAGAACA 60.1 CTAGGTG 60.0 NB-ARC domain containing protein
ACCAGAAGACGTT GCTGATGCTAGTGCT RGA1;RGAS;Disease resistance
Ma4052E23_loc2 AGATGGTGG 60.4 GATGCTA 60.7 protein
AACCTCTGATGGA CCCAGTTTGGAGTTT RGAL; RGA3;Disease resistance
Ma4052E23_loc3 CTTGAGAACA 60.1 CTAGGTG 60.0 protein
AACCTCTGATGGA CCCAGTTTGGAGTTT
MaC063A04_loc47 CTTGAGAACA 60.1 CTAGGTG 60.0 NB-ARC domain
TATAGGATCGACG GACAGAAGCAAATG RGAL1;Putative disease resistance
MaC054B03_loc35 TTTTGTTGC 59.1 GAGTGCTA 59.5 protein
TCAAGAGGTATGC GAAAGATGACCGAG
Ma4052E23_loc5 TACATTCAGGA 60.1 GCAATTA 59.1 Putative disease resistance protein;
ATGGACTTGAGAG CTGCTACTGGAAAT Putative disease resistance protein
MaC091016_loc79 CACACACAT 59.6 GATCGTGA 60.2 RGAZ3;Leucine-rich repeat
TCAACCTCCTCTTT GCAGCTATGACTTCC Putative disease resistance protein;
MaC091016_loc82 AGCCATGT 60.1 ACCTACC 60.1 RGA3
TGACGCCTTCTTCT TCATTTACCTGAGTG
MaC091016_loc92 TCTTCTTC 60.1 GTTGACG 60.0 Disease resistance protein; RGA2
GGTATGCTACATT CCTGCACCTTCGAGA Putative disease resistance protein;
MaC091016_loc94 CAGGAAACGA 60.3 CAAAT 60.2 RGA3
AGACTCGGAAACA CAACCTATGGTCAC
MaC063A04_loc62 ACAGAGGAG 59.9 ACGAAGAA 60.0  Leucine-rich repeat RGA4; NB-ARC
AACTTGGGACAAT CCAGTTTGGAGTTTC
MaC063A04_loc75 TATGGAGGA 59.7 TTTTCGT 59.6  Leucine-rich repeat RGA4; NB-ARC

TM: Temperatura de melting (°C); Primer FW (Primer forward) ; Primer RV ( Primer reverso).
3.1.2. Desenvolvimento de marcadores moleculares SSR in silico a partir de sequéncias do

genoma de M. acuminata DH Pahang

Um total de 39 pares de primers foram desenhados com base na distancia entre um
microssatélite e um gene com Pfam ID de NB-ARC. Para restringir a analise, foi montado um

ranking com os SSRs distando até no maximo 10.000 pb dos genes de interesse (Tabela 14).
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Tabela 14: Informacéo das sequéncias de primers SSR derivados do genoma de M. acuminata DH Pahang. Dados representam todos os locos identificados distando em até 10.000pb de
genes NB-ARC, acompanhados da informacdo dos motivos de repeticdo SSR e temperatura de anelamento.

Distancia

SSR/gene NB-
Primer SSR Primer FW ™ Primer RV TM  Anotagdo genoma (NB-ARC) ARC (pb)
PAHANG_RES_PAHANG_LOCUS1 (AG)9 GAATTTGATTATGTCCGCCACT 60.2 TAGATTCCGTTCAGTCTCATGC 59.3 GSMUA_Achr6P19710_001 26
PAHANG_RES_PAHANG_LOCUS2 (CTMe6 TTTAGCCATGTCCTTCAACGTA 59.6 TGACTTGCACCTACCTTTGTCT 58.9 GSMUA_AchrUn_randomP19300_001 41
PAHANG_RES_PAHANG_LOCUS3 (CM9 GTGAAGGAATCATCAAGCACAA 60.1 GCAAGAATAAGAATGGGTTTGG 59.8 GSMUA_AchrUn_randomP19270_001 42
PAHANG_RES_PAHANG_LOCUS4 (TC)21 GATGGCTGTGCTGAGTAGATTG 59.9 AACAAGTTAAAGGCCGTCTGAA 60.1 GSMUA_Achr4P26160_001 44
PAHANG_RES_PAHANG_LOCUS5 (TC)6 ACCGTATCAGGTCGAATCCTAA 59.8 GGAGCAAGTCGTCCCAGAT 60.2 GSMUA_AchrUn_randomP27050_001 112
PAHANG_RES_PAHANG_LOCUS6 cny7 ACATCAGGTAACATCAAACCCC 59.9 CTCGCTCAGAAGGTGTTCAGT 59.6 GSMUA_AchrUn_randomP19270_001 221
PAHANG_RES_PAHANG_LOCUS7 (TCA)12 CCCAAAGAGTTTTATTATCCTCCC 60.3 CAAGTTTGTATTGGAGATGGAGC 60.0 GSMUA_AchropP02765_001 269
PAHANG_RES_PAHANG_LOCUS8 (CTT)10 GCAAAAGATGACTGTGAGTTGC 59.9 CAAACCTAGTCGATGATGATGC 59.5 GSMUA_AchrUn_randomP22870_001 347
PAHANG_RES_PAHANG_LOCUS9 (AG)11 AGCTTCTTCTCATTGTCCTTCG 60.0 CTATTGGGATTGCTTGACCTTC 59.9 GSMUA_Achr6P32070_001 353
PAHANG_RES_PAHANG_LOCUS10 (TC)14 CTTGTTGTGGTTTTCCTTGGTAG 59.9 TCAACGGTGGCTAAACTCTTTT 60.1 GSMUA_Achr7P20220_001 477
PAHANG_RES_PAHANG_LOCUS11  (TC)31 ACGAACCGATGGGCTTAAATA 60.6 ACAATAGCGCAGTGACAAGAAA 59.9 GSMUA_Achr7P20230_001 498
PAHANG_RES_PAHANG_LOCUS12  (AAT)7 TGGAAATCGAGGAAGAGGAGTA 60.2 GGAAAATTACGGAGGGATGTTT 60.4 GSMUA_Achr10P07050_001 832
PAHANG_RES_PAHANG_LOCUS13  (GA)14 AAAGACGAAAGAGAAGCAATCG 60.0 GAAAGAGAATAGATCGGGAGCA 59.8 GSMUA_Achr7P08250_001 970
PAHANG_RES_PAHANG_LOCUS14  (AG)10 CACACAGAGAGAGAGAGAGAGAGAGA 60.1 AACATCAAGGTAGGGAGGGG 60.1 GSMUA_Achro9pP19800_001 1108
PAHANG_RES_PAHANG_LOCUS15  (AG)22 TGTCTGCAAAATGGTCAGAGTT 59.7 GCATTCAAATTCACACAGAAGC 59.7 GSMUA_AchropP19800_001 1436
PAHANG_RES_PAHANG_LOCUS16  (CT)8 ATTCTTTTGAATGAGCCTGTGG 60.4 TTCTCTCTCTCCCTCTCCCTCT 60.0 GSMUA_Achr3P10930_001 1550
PAHANG_RES_PAHANG_LOCUS17  (TAT)10 AATCCCAACTCCAAATCACATC 60.0 AAGGAGGTTTCAGATTCCAACA 59.9 GSMUA_Achr7P08250_001 1649
PAHANG_RES_PAHANG_LOCUS18  (AG)17 GATGGGTGATGCTGTTGTCTAA 60.0 GGGTTTGTTGAAGTCTCTTTGG 60.0 GSMUA_Achr7P08250_001 2330
PAHANG_RES_PAHANG_LOCUS19  (CT)7 CAAGACAACAACACAAACACACAC 60.4 TGCTACAGCTAACACCATCGTT 59.8 GSMUA_Achr7P20230_001 2370
PAHANG_RES_PAHANG_LOCUS20  (AC)8 GCAACGATGGTGTTAGCTGTAG 59.8 GGTCCACTTAGCATCAGAGCA 60.4 GSMUA_Achr7P20230_001 2523
PAHANG_RES_PAHANG_LOCUS21  (CTT)7 AAAGAATCGAGAAGGTGTTGGA 60.1 CTTAGACTCGGAAACAACGGAG 60.2 GSMUA_Achr3p27820_001 2530
PAHANG_RES_PAHANG_LOCUS22  (AG)11 TGACGACTGCTACTCCTGTCC 60.4 CTCGAACCATCAGCAATACAAG 59.7 GSMUA_Achr6P21780_001 4533
PAHANG_RES_PAHANG_LOCUS23  (ATT)8 GCCTACTTTCAAGACTAAACGC 574 GTCAATTCTAATCCCGACTTCA 58.1 GSMUA_Achr1P14030_001 5314
PAHANG_RES_PAHANG_LOCUS24  (GT)10 TTCTGTCAAATTAAGGGCAGGT 60.0 TACGGCCAAGATGCAATAAGTA 59.6 GSMUA_Achr6P21780_001 5676
PAHANG_RES_PAHANG_LOCUS25  (TC)6 CATGAACCGATGTGGCTAAATA 59.8 TTCAATGGTCCTAACTGGCTCT 60.1 GSMUA_Achr7P20230_001 7268
PAHANG_RES_PAHANG_LOCUS26  (CT)7 ACATCAGGTAACATCAAACCCC 59.9 TTCTAGCGCCAATCTATTACGG 60.5 GSMUA_AchrUn_randomP19270_001 9140
PAHANG_RES_PAHANG_LOCUS27  (GAA)6 TAGTCGATGATGATGCTGCTTT 59.8 TGTCTCTGTTACCACTGTTGGG 60.0 GSMUA_AchrUn_randomP28320_001 @ DENTRO
PAHANG_RES_PAHANG_LOCUS28  (GA)7 AAAAGTTCATGGTGGCTTCCTA 60.0 GGCTCTCATTTTCTTTGAATGC 60.2 GSMUA_AchrUn_randomP27810_001 = DENTRO
PAHANG_RES_PAHANG_LOCUS29  (GAT)15 TTATATCGGCTAGAGAGGGCAG 59.8 TCTGTCGTCGTCCTTATTTCCT 60.1 GSMUA_Achr10P07100_001 DENTRO
PAHANG_RES_PAHANG_LOCUS30  (GAA)I0 TAGTCGATGATGATGCTGCTTT 59.8 CAAGACATTTCACTGCCAACAT 60.0 GSMUA_Achr3pP27790_001 DENTRO
PAHANG_RES_PAHANG_LOCUS31  (CTT)7 TCATCTGTTGTTTCGCTCAGTT 59.9 AAAACCTTCCGCTACCCAAT 59.8 GSMUA_AchrUn_randomP27050_001 = DENTRO
PAHANG_RES_PAHANG_LOCUS32  (GAG)8 TTCCTGAGCTTAAATCGTTGGT 60.1 AGGACAATCTTTGGTTTGCAGT 60.0 GSMUA_Achr1P14020_001 DENTRO
PAHANG_RES_PAHANG_LOCUS33  (TTC)13  TAATGGGTGTCTGTGTTTCCTT 584 ACTACATCAAGCATTCCTGCAC 59.2 GSMUA_Achr3pP28030_001 DENTRO
PAHANG_RES_PAHANG_LOCUS34  (AGA)11 GGAAACAACGGAGGAGAAGTAG 59.2 AAAGAATGGAGAAGGTGTTGGA 59.9 GSMUA_Achr3pP28030_001 DENTRO
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PAHANG_RES_PAHANG_LOCUS35  (CGG)6 GTTATGGGGAAGAACATGAAGC 59.8 GTCCTCCTTGTGGTAGATCAGC 60.1 GSMUA_Achr9P02520_001 DENTRO
PAHANG_RES_PAHANG_LOCUS36  (CTT)7 AAAGAATCGAGAAGGTGTTGGA 60.1 CTTAGACTCGGAAACAACGGAG 60.2 GSMUA_Achr3P27830_001 DENTRO
PAHANG_RES_PAHANG_LOCUS37  (TTC)9 GCAAAAGATGATTGTGAGTTGC 59.7 GCACCTTCGAGACAAACCTAGT 59.8° GSMUA_AchrUn_randomP19290_001  DENTRO
PAHANG_RES_PAHANG_LOCUS38  (AGA)7 TTCTGCTAGTGGCGTATGGAAT 60.9 CGTCATCTTTTCTGCTCTGATG 60.0 GSMUA_Achr6P11450_001 DENTRO
PAHANG_RES_PAHANG_LOCUS39  (AGG)6 AGAAAGCGAGTAGACCACATCC 59.7  ACGAATAAACATTCTCGTCCGT 59.8  GSMUA_Achr8P30710_001 DENTRO

TM: Temperatura de melting (°C); Primer FW (Primer forward) ; Primer RV ( Primer reverso).
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3.1.3. Desenvolvimento de marcadores moleculares SSR in silico derivados de sequéncias de
transcritos (sequenciamento 454) em M. acuminata Calcutta 4 mapeados no genoma de M.
acuminata DH Pahang

Foram identificados um total de 152 SSRs de transcritos de M.acuminata Calcutta 4
flanqueando 34 genes NB-ARC no genoma do M. acuminata DH Pahang. Os genes que codificam as
proteinas NBS-LRR sdo principalmente organizados em arranjos de sequéncias estreitamente
relacionados, resultantes de eventos de duplicacdo em tandem. Em M. acuminata DH Pahang eles
estdo presentes em maior numero nos cromossomos 3, 6, 9, 10 (D’Hont et al., 2012). Foi observado
neste estudo a predominancia dos locos SSR nesses mesmos cromossomos, 0 que era realmente
esperado ja que a escolha do loco se deu com base na proximidade de genes pertencentes a esta
familia (Figura 21).
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Figura 21: Distribuicdo de locos SSR derivados de transcritos NBS-LRR de M. acuminata Calcutta 4 mapeados ao longo do
genoma de M. acuminata DH Pahang.

Um total de 50 SSRs localizados mais proximos dos genes NB-ARC e com valor de score
superior a 0,5; ou seja, um maximo de trés insercdes para os dois primers durante PCR eletrénico
contra a sequéncia gendmica de M. acuminata DH Pahang, foram utilizados para analise de
polimorfismo nos 22 gendtipos dipldides de M. acuminata (Tabela 15). Informac6es adicionais do
loco, tais como a anotacdo génica para 0 SSR em M. acuminata DH Pahang, bem como a distancia
do microssatélite ao gene NB-ARC em M. acuminata DH Pahang, localizacdo cromossomica,
identificacdo do transcrito correspondente (anotacdo de dados do sequenciamento 454 de RNA da
interacdo M. musicola e M. acuminata Calcutta 4) e numero do score do primer podem ser

visualizados no Anexo 4.
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Tabela 15: Informacdes dos primers SSR desenvolvidos a partir de Unigenes derivados do transcritoma de M. acuminata Calcutta 4 em interagdo com M. musicola mapeados no

genoma de M. acuminata DH Pahang.

Loco Motivos de Primer FW TM  Primer RV ™ Tamanho produto
repeticéo (pb)
454 RES_PAHANG_locus3299 ATG GCTGCCGACCAAGTTTGTAT 60,1 ATTACTCTGCAAGCCCATCG 60,2 174
454_RES_PAHANG_locusl1444 GTC GTTCAGCATGAGCAGAGTCG 59,7 AACACAAATGGCAAGGGAAG 60,0 144
454 RES_PAHANG_locus3316 GATA GGTTTCCTCGTCACGTTCTC 59,7 GTTGAGAAAAGGATTGCCCA 60,1 202
454_RES_PAHANG_locus1458 CCT ACCCAAACAGAGGCATAACG 60,0 CAGAAGAGGAAGAGGCATCG 60,1 297
454_RES_PAHANG_locus1835 CAC ATGGGAATGCAAAGAACTCG 60,1 TCACATGTGCAGTGTTTTCG 59,3 242
454 _RES_PAHANG_locus3952 GCT CTCTTCCTCTGCCTTCGCTA 59,9 GGCGCAGAAGAAAGACTCAC 60,1 302
454_RES_PAHANG_locus2300 CCG CCCTAATCTAGCCGGACCTC 60,1 AAGGGGTGGAAGGATCTGAG 60,4 328
454_RES_PAHANG_locus407 TGC GGCTCTACCTGAAGCGAATG 60,0 GCCTACACAAGCACCCAAAT 60,0 471
454 RES_PAHANG_locus2811 CCG CTCGTCCAACCGAGAAGAAG 60,0 GACAAACGAGGGAAGAGGTG 59,7 262
454_RES_PAHANG_locus2810 AGA TCGCTCCCTCTCATCTTGTT 60,0 CCTCGGAGATGCAGGAGTAG 60,0 185
454 RES_PAHANG_locus513 TTCA TTTTTCTGTGGGCCTTTCAC 60,1 AGCCAATGGTGACATCATAAA 58,0 197
454 RES_PAHANG_locus1102 TC GGTTAAACGCCCTCTTTCTC 57,9 GTACACCACCTTGATCGGCT 60,0 129
454 RES PAHANG_locus2274 GAG TCGATGATGATAAGGCCTCC 60,0 ATATCGGCGGTAAAAATCCC 60,0 433
454_RES_PAHANG_locus2273 CGA CTTCGCTTTGCTTGTTTTCC 60,0 CTCCTCGCCATCTACTACGC 60,0 327
454 RES_PAHANG_locus1096 TATT CGCGTCACCTGTTTCTTGTA 59,9 CTTCACACCATTGCCTTCCT 60,1 284
454 RES_PAHANG_locus3926 AT ACGTATTCCCAACCCATCAA 60,1 CCCCAACGATAAGGCATCT 59,9 151
454 RES_PAHANG_locus3698 GAA TTTGTTCAAGATAAATCGGGG 58,9 GTCATCGGAGTCATCGAGGT 60,1 253
454 RES_PAHANG_locus311 GGAG TAAAAGTTGGATTTTGGGCG 59,9 GCATCCAGAGCGAGTAGAGG 60,1 189
454 RES_PAHANG_locus14 GCT ATCATGCATCCTCTCCCAAG 60,0 TTCTCAACATTCACCAGCCA 60,2 148
454 RES_PAHANG_locus3990 GAT TATTGGACTGATGGGGCATT 60,2 TCCTTGTGGAGGATGACTTTG 60,1 316
454 RES_PAHANG_locus2243 CTC CACTCCACACCACCATCATC 59,8 TGGATCGTACAGGTAGCAGAG 58,0 132
454_RES_PAHANG_locus549 GAAAAA CAGGGCTAAGGAGAATGCAG 60,0 TTTTACCACCGGCAAGGATA 60,3 201
454 RES_PAHANG_locus3360 CTG TATTTTATGGTGGCCTGCAA 59,0 GCACCTAAAGGGCCATTACA 60,0 364
454 RES_PAHANG_locus1635 CCA GAAGCCCACTGATCTTTCCA 60,2 CTCTTCCTTTGGTGAGGCAG 60,0 253
454_RES_PAHANG_locus3561 GCT AAACACCCATATCGGGACAA 60,1 TCATGTCCTTGAATCCACCA 59,9 250
454 RES_PAHANG_locus3050 GA CTACTCCAAAGACCCCGTCA 60,1 TGCAGGAGTGACAGGATGAG 60,0 261
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454 RES_PAHANG_locus2334
454_RES_PAHANG_locus1633
454 RES_PAHANG_locus1634
454_RES_PAHANG_locus1890
454 RES_PAHANG_locus3310
454_RES_PAHANG_locus852
454 RES_PAHANG_locus4029
454 RES_PAHANG_locus3231
454 RES_PAHANG_locus1101
454 RES PAHANG_locus38
454 RES PAHANG_locus3080
454 RES_PAHANG_locus2246
454 RES_PAHANG_locus82
454 RES_PAHANG_locus1081
454 RES_PAHANG_locus1593
454 RES_PAHANG_locus2809
454 RES_PAHANG_locus3083
454 RES_PAHANG_locus2616
454 RES PAHANG_locus2722
454 RES_PAHANG_locus2641
454 RES PAHANG_locus2642
454 RES_PAHANG_locus2488
454 RES PAHANG locus1168
454 RES_PAHANG_locus3160

CT
GAG
CCA
AT
CTC
CAG
CT
AGAT
TAA
CGA
ATG
TCG
TGTC
GAT
ATG
GCG
GGA
GGA
TCC
AAG
CATA
TGCC
CAG
GGCG

TGCCTCGAGGACCCTAATAA
TTAGAAGGAGAGAGCGCGAG
TCCAGTCGACGATAACCTCC
ATGCGCATGCATGAGTACAG
CTACCGCTCTACGATCCAGC
ACGCCTCCACAAGATCCTAA
CCACAGCATACAACACGACC
GCTTGTGATGGATGGTGTTG
GAGGGCGACATCTTTGTGAT
ACTCCTTACGGACCCGTTCT
AGCTGGAGGAGACAAGTGGA
TAATGGAGAAGATCCGCGAC
AGTGAGGAGGCTGCCTATGA
TATCCTCGCCAGCAAGTTCT
AGAACCCCAACAACAAGTCG
AGATGGGTCATCAGGTGGG
TCTGTTCTTTCGGTGGGTTC
TCAGAACCCAACTCGCTCTT
GTCGACTGTGCTGAAGATGG
AAAAACAGAGCAAACCCCCT
GACCTCAGAACAAGAAGCGG
CGTTTCCGCTTTCTTCTACG
GGCTGCTGTTCTCAACTTCC
AAACCTCTCTCGATCCCGTC

59,7
60,0
60,1
60,9
60,0
59,7
60,0
60,0
60,1
60,0
60,0
60,2
60,0
60,0
60,0
60,8
60,1
60,0
59,4
60,0
60,0
60,0
60,0
60,6

CAAAGCCAAGTGCAGAAACA
GGAGGTTATCGTCGACTGGA
GTGAAGATCTCGCCGTTCTC
GACCACAAAGTTAGCTCCGC
GAGTATGTGGGCAAAGGGAG
TATGCACCACTCAGGTCTGC
CCAACGGAAGAAAGTCCAAA
GGTCAAAGGTGCTGAGAAGC
AGTCTGAATCACGTCGGGTT
CGGAGGTAAAAGGGACATCA
AGCCAAAAAGGGGAGAAAAA
GCAGCAGAGGCTTTCTTGTT

GCAATATGCCTTTGAAATAAACC

ATTCTGCTGCCCATTTGAAC
TCATCCTCTTCTTCCTCTCCA
TAGCTGCATCATGGAAGACG
AGGTACCATCCAGGTGCTTG
CCACCTGGTGTCCTTGAACT
TGATGCTGCGCAACTTATTC
CCGCTTCTTGTTCTGAGGTC
TGCATTGTTCAAAGGAAAAGG
TATGGTTCGGTTGGAAGGAC
CTTCTGCTTGCAGAGGCTG
CGAGTTGAACTTGTGATCGG

60,0
60,1
60,0
59,9
59,6
59,9
60,1
60,0
59,6
59,9
60,0
59,8
59,0
60,1
59,0
60,0
60,0
60,0
60,0
60,0
60,1
59,8
60,0
59,3

388
238
240
176
203
134
144
267
286
164
290
201
192
172
350
105
255
272
562
374
235
395
137
287

TM: Temperatura de melting (°C); Primer FW (Primer forward) ; Primer RV ( Primer reverso)
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Dentre os 50 locos SSR de transcritos de M. acuminata Calcutta 4 que foram
selecionados para validacdo de polimorfismo, 33 estdo localizados dentro de regifes génicas
em M. acuminata DH Pahang, com a maioria situados proximamente a genes R ja anotados,
conforme Figura 22. Os demais locos, apesar de estarem préximos a genes R, estdo

localizados em posi¢des ndo anotadas do genoma e nao estao representados na figura.
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Figura 22: Representagdo gendmica de M. acuminata DH Pahang com destaque para SSRs e genes NB-ARC. O

cromossomo da esquerda corresponde a distribui¢do dos genes NB-ARC ao longo do cromossomo e o da direita corresponde
a distribuicdo dos microssatélites co-localizados ao gene de interesse.
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3.1.4. Desenvolvimento de marcadores moleculares SSR in silico, derivados de sequéncias
de transcritos (sequenciamento 454) em M. acuminata Calcutta 4, de genes R de diversas
familias.

Foi identificado um total de 52 marcadores SSR pertencentes a diversas familias de
genes R derivados de transcritos 454 em M. acuminata Calcutta 4 (Tabela 16), sendo que 16
deles ja foram testados em trabalhos anteriores (Passos et al., 2013). No estudo atual, um total
de 36 marcadores SSR, distribuidos nas diferentes familias de genes R, foram avaliados

quanto a polimorfismo (Figura 23).
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Figura 23: Distribuicdo de SSRs derivados de diferentes familias de genes R, identificados em transcritos
(sequenciamento 454) em M. acuminata Calcutta 4
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Tabela 16: Informagdes dos locos SSR derivados de transcritos (sequenciamento 454) de M. acuminata Calcutta 4 pertencentes a diferentes familias de genes R.

Loco Familia Gene R Unigene ID Repeticdo Primer FW ™ Primer RV ™ Produto

loco2225 LRR-TrD-Kin musa_c4_small_rep_c2434 (CTT)3 CATTAGCGCCCACTTTCATT 60,1 AGCCATCGCTGCACTCTATT 60,0 312
loco25 LRR-TrD-Kin musa_c4_small_c10217 (CTTC)4 GAGCGCTTAGGCTTCTCTCA 60,0 GGTGCTTTATGCTGCTGTCA 60,0 98
loco929 LRR-TrD-Kin musa_c4_small_c25095 (CGC)3 ACGGAAGTGGCAGTCAAAAT 59,6 TTGCTGGTCTTCACATCTCG 60,0 459
loco1008 LRR-TrD-Kin musa_c4_small_c26328 (GAGAAT)6 GGTTTGCACAGGAGATTGGT 60,0 AGGACACTGCTTGCTTGGAT 59,9 272
loco2225 LRR-TrD-Kin musa_c4_small_rep_c2434 (CTT)3 CATTAGCGCCCACTTTCATT 60,1 AGCCATCGCTGCACTCTATT 60,0 312
loco2364 LRR-TrD-Kin musa_c4_small_rep_c3064 (CTT)3 GGACTCACGAGTTCCCACAT 60,0 AGGAAGAGGTGGGTGAGGTT 60,0 557
loco2645 LRR-TrD-Kin musa_c4_small_rep_c566 (TCGCCT)6 CCCACCCACCTACATCTCTC 59,4 AGTCCTTCTTGGTTCAGCGA 60,0 244
loco3334 LRR-TrD-Kin C4ANIGN96RIG02GGFK3 435 (GCT)3 TATGGATCCCTCTCCTGTGC 60,0 CCGAGGAGGAAGAGGAGTCT 59,9 98
loco3826 LRR-TrD-Kin C4NIGN96RIG02GR7TQ 377 (CTT)3 GCCCATTCTACTTTTTCCCC 59,8 ATTCGAGAGGTTCCAGCTCA 60,0 306
loco1628 LRR-TrD-Kin musa_c4_small_rep_c1220 (GCT)3 CTCCCTATCCCCTTTCCTCA 60,4 TCGTACCAGATCACAGCAGC 60,0 336
loco1205 LRR-TrD-Kin musa_c4_small_c6272 (AG)2 AGATTGGTGGTTGCCAAGAC 60,0 TCATGCTTCCAAGCAGACAG 60,1 504
loco79 LRR-TrD-Kin musa_c4_small_c10952 (CGC)3 TTCTCAAATCCGACCACCTC 60,1 CTTGAAGTCTTGGTAGCCGC 60,0 226
loco1351 LRR-PEST-ECS  musa_c4_small_c8037 (GCA)3 AGGCCACCAAATCATGAGAG 60,1 GCAAAGCTGTTGGGGTCTT 60,2 444
loco38 Kinase/Hm1 musa_c4_small_c10369 (CGA)3 ACTCCTTACGGACCCGTTCT 60,0 CGGAGGTAAAAGGGACATCA 59,9 164
loco136 Kinase/Hm1 musa_c4_small_c11784 (GCG)3 AAGATGGACGTCTTCGCCTA 59,8 TTACACGGTGATAGGCACCA 60,0 522
loco282 Kinase/Hm1 musa_c4_small_c13618 (GGA)3 ATAGCTTTGGGATGCTGCTG 60,4 CTCCGATGGCTTTATTTGGA 60,0 215
loco761 Kinase/Hm1 musa_c4_small_c21858 (GTG)3 TGGGGTTGGTCTGTGTTTTT 60,2 GTCATGAGGTCCTACCACGC 60,5 393
loco1025 Kinase/Hm1 musa_c4_small_c3248 (AGC)3 ACAAATTTCTCACCATCGCC 59,9 GTCCACTCTGCACTTCACCA 59,9 389
loco1062 Kinase/Hm1 musa_c4_small_c4114 (TCA)3 GATCCCCTCTCCCAGACTTC 60,0 CCATGTCAATCGAGTTTGGA 59,5 281
loco1301 Kinase/Hm1 musa_c4_small_c7392 (TGTT)4 TGCTGACGAAAGGATCACTG 60,0 AGCAAAACAAATCGACAGCA 59,5 575
loco1432 Kinase/Hm1 musa_c4_small_c9029 (CGC)3 ATTGGTGTCGCTGTGGTACA 60,0 TGGAAGGACTGGTTGCAGTT 60,7 597
loco1609 Kinase/Hm1 musa_c4_small_rep_c1177 (TGG)3 AGCTTCACGGTGAGGAAGAA 60,0 GCTCTACTCGGTATCGGACG 59,9 258
loco1613 Kinase/Hm1 musa_c4_small_rep_c11853 (TTA)3 TGAAGTTGTATTCCTCGGGC 60,1 ACCTACCAAGCCAAACATGC 60,0 332
loco1957 Kinase/Hm1 musa_c4_small_rep_c1776 (GTTTTGCT)8 TTCCAGGTTACATTGCACCA 60,0 CTTCGTTCGTCATGCACATT 59,7 593
loco2281 Kinase/Hm1 musa_c4_small_rep_c2609 (GTG)3 CTAGAAACGGAATGAAGCCG 59,8 ACCCACTCACCACTCCAGAC 60,0 435
loco2754 Kinase/Hm1 musa_c4_small_rep_c717 (AAG)3 TTGTAATGTGGAAACGCCAA 60,0 TCGGTGTATGATGGTGTGCT 60,0 587
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loco2836
loco3271
loco3543
loco3567
loco3931
loco3978
loco2971
loco1826
loco2028
loco2029

Kinase/Hm1
Kinase/Hm1
Kinase/Hm1
Kinase/Hm1
Kinase/Hm1
Kinase/Hm1
Kinase/Hm1
Kinase/Hm1
Trd-CC

Trd-CC

musa_c4_small_rep_c8269
C4IGN96RIG021YGQ8 381
C4I1GN96RJG01CLIT2 374
C4IGN96RIG02JLFBN 350
C4ANIGN96RJIG02J2H2R 438
C4ANIGN96RIG02197VT 439
musa_c4_clusters_pos_c1409_1
musa_c4_small_rep_c1558
musa_c4_small_rep_c1930

musa_c4_small_rep_c1930

(CTG)3
(TCC)3
(CCG)3
(AAGG)4
(AAG)3
(CT)2
(AAG)3
(GAT)3
(GGT)3
(TCG)3

GCTGTCCAGCTCTCAAAACC
AATGGCAAAGAAGAAGCCCT
CCAATTTCAAGTCGTCCTCC
AGGGCAATTTGGTGTTTGAG
GTCCAGAGCCCACTTCAGAG
AATCCATTCCCAGTCAAACG
GCCATTGAAGGTGACTTGGT
TCCATCGTGACATCAAGTCC
ACAACCCCCTCTTGAGACCT
CAAGAAGCTCGACACCATGA

60,0
60,2
59,5
60,0
60,0
59,8
60,0
59,5
60,0
60,0

CAAAAGCATCAAACTGCTTGTC
TGTCGCATCGGATCTTGTAG
GAGGAGGAGGGTTTAGTCGC
GGATCTCAGGGGCAATGTAA
AAAGGCCGTAGCACTTCTCA
AGAGGCAGAGGGAGAAGAGG
CGGTGATCTCAGCTTTCCTC
CTTTGTGTTGCCCATGTCAC
TCATGGTGTCGAGCTTCTTG
AGGGAGAGTTAGCGGGTAGC

59,9
59,8
60,2
59,9
60,0
60,1
60,0
60,0
60,0
59,9

244
189
130
344
337
397
472
300
233
162

TM: Temperatura de melting (°C); Primer FW (Primer forward) ; Primer RV ( Primer reverso); Produto (pb).
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3.2. Desenvolvimento de marcadores SSR para genes potencialmente envolvidos em respostas de

defesa

Foi identificado um total de 56 marcadores SSR em M. acuminata Calcutta 4, derivados de
transcritos (sequenciamento 454), em genes potencialmente envolvidos em respostas de defesa
(Tabela 17).
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Tabela 17: Informagdes de primers SSR derivados de Unigenes de transcritos 454 de M. acuminataCalcutta 4 potencialmente envolvidos em respostas de defesa.

Loco Unigene ID Repeticéo ™ Primer FW ™ Primer RV Produto Descricdo KOG

Loco 21 musa_c4_small_c10181 (ccmn3 59,8 GCCTGAGTACATC 60,2 GTCGGAGGAGAAG 133  Predicted endo-1,3-beta-glucanase
CACCCAT ATGGTGA

Loco 22 musa_c4_small_c10184 (TTTA)4 60,0 AAGGGTGTCCCAA 59,8 CACACGGGAGAGT 571 FOG: Predicted E3 ubiquitin ligase
CTGACTG CTGATGA

Loco 24 musa_c4_small_c10207 (ACC)3 60,5 GGCGAAGACTTAC 60,0 GAGGACTGAGAGT 311 FOG: PPR repeat
CCTCCAT TGTCGGC

Loco 64 musa_c4_small_c10840 (GGA)3 60,1 GGTGAGAAGGCGT 60,0 AATCCGTCACGTC 209 FOG: Predicted E3 ubiquitin ligase
CAGAGAG AAGTTCC

Loco 117 musa_c4_small_c11561 (CAC)3 60,0 AGTCCAGCTCCAG 60,0 TCGACAACCAGAA 144 FOG: Predicted E3 ubiquitin ligase
AACCTCA GGAGCTT

Loco 119 musa_c4_small_c11613 (GTT)3 60,0 GAGTCGTCGGAAA 60,1 GTCGACATGGAAG 122 FOG: Predicted E3 ubiquitin ligase
GATCGAG AAGGCAT

Loco 120 musa_c4_small_c11621 (CAGCAT)6 59,8 ACTACAGGTGCAC 60,0 TGCTAATGAAGCC 357 A WRKY superfamily transcription factors
ACATCGC ACTGTCG

Loco 128 musa_c4_small_c11685 (CT)2 60,4 AAGAGGGAAAGG 60,1 AAATGGCTCTCCA 192 FOG: Predicted E3 ubiquitin ligase
AATGACCG TGTTTGC

Loco 160 musa_c4_small_c12075 (CcA)3 59,7 CACATTCCTCGAG 59,7 GTAAGGGCATCTC 392 FOG: PPR repeat
CTCTGC GTCGAAC

Loco 187 musa_c4_small_c12418 (AGC)3 60,0 CTGAGCAGGGAGA 60,0 TGGATCGTAGTGC 226 FOG: Predicted E3 ubiquitin ligase
GGTCAAC AGAGTGC

Loco 202 musa_c4_small_c12585 (TC)2 59,8 CGACCCCTTTTCAT 60,0 ATCATCGATGTGC 279  1,3-beta-glucan synthase/callose synthase
TAACCA GTGTTGT catalytic subunit

Loco 248 musa_c4_small_c13136 (GTG)3 60,0 CTACTCCTCGGCG 60,0 CCAAGTAGAGTGC 375  N-methyl-D-aspartate receptor glutamate-binding
TCTTCAC CACAGCA subunit

Loco 256 musa_c4_small_c13270 (TCG)3 59,8 AGGGAAGGAATCG 60,2 CGGGAGATATTTG 455  FOG: Predicted E3 ubiquitin ligase
AAAGAGC CCTCTCA

Loco 275 musa_c4_small_c13519 (AGT)3 59,9 GAGAGTCTCTGCT 60,1 AATACGCAGAAGA 240 FOG: Predicted E3 ubiquitin ligase
GCTCGGT ACCGTGG

Loco 571 musa_c4_small_c18303 (CAA)3 60,0 CTCAACAGCTGAA 60,5 ATCGCTAGCTGCA 188 A WRKY superfamily transcription factors
ACGGTGA GGATTTG

Loco 872 musa_c4_small_c23888 (CAC)3 59,9 ATCCTCCTCCACAT 60,0 AACTCGCACAGGC 284  FOG: Predicted E3 ubiquitin ligase
AGCCCT AGACC

Loco 956 musa_c4_small_c25569 (CAAT)4 60,0 TCAATCTCACCGA 59,2 TGTGCTATTGGAA 121 A WRKY superfamily transcription factors
CCAATGA ATTCGACA

Loco 975 musa_c4_small_c25861 (CCGCCT)6 60,1 GACAGAAACCGAT 59,8 GGCTACATGGAAG 251 A WRKY superfamily transcription factors
CAAGGGA CCTGAAG

Loco 1017 musa_c4_small_c2913 (GGA)3 60,0 GCTGAGGTTGATC 60,0 TCCATCAGTATCCT 588 A No apical meristem (NAM) developmental
TGTGCAA CCAGGC protein and related proteins

Loco 1018 musa_c4_small_c2942 (TC)2 59,2 TCTACTCTCGCTCT 60,0 ATCCAAGGTTTTG 268  Glutathione peroxidase
CTCTCGC ACGCAAC

Loco 1018 musa_c4_small_c2942 (TC)2 59,2 TCTACTCTCGCTCT 60,0 ATCCAAGGTTTTG 268  Glutathione peroxidase
CTCTCGC ACGCAAC

Loco 1026 musa_c4_small_c3274 (TGACA)5 59,9 GATGCGGACAAAG 60,0 CCAGTGGTGTCAC 252  Glutathione synthetase
GTTTCAT AAGGATG

Loco 1026 musa_c4_small_c3274 (TGACA)5 59,9 GATGCGGACAAAG 60,0 CCAGTGGTGTCAC 252  Glutathione synthetase
GTTTCAT AAGGATG
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Loco 1063

Loco 1068

Loco 1116

Loco 1132

Loco 1262

Loco 1516

Loco 1520

Loco 1687

Loco 1688

Loco 1747

Loco 1803

Loco 2115

Loco 2116

Loco 2122

Loco 2122

Loco 2180

Loco 2440

Loco 2462

Loco 2469

Loco 2470

Loco 2615

Loco 2637

Loco 2649

Loco 2650

Loco 2879

musa_c4_small_c4120
musa_c4_small_c4154
musa_c4_small_c4754
musa_c4_small_c5016
musa_c4_small_c6836
musa_c4_small_rep_c10393
musa_c4_small_rep_c10443
musa_c4_small_rep_c1307
musa_c4_small_rep_c1307
musa_c4_small_rep_c14140
musa_c4_small_rep_c15097
musa_c4_small_rep_c2133
musa_c4_small_rep_c2133
musa_c4_small_rep_c217
musa_c4_small_rep_c217
musa_c4_small_rep_c2331
musa_c4_small_rep_c362
musa_c4_small_rep_c3783
musa_c4_small_rep_c3819
musa_c4_small_rep_c3819
musa_c4_small_rep_c529
musa_c4_small_rep_c5576
musa_c4_small_rep_c5730
musa_c4_small_rep_c5730

musa_c4_small_rep_c891

(CAA)3
(ATCGC)5
(GGC)3
(cccTy4
(TGT)3
(TCCTCT)6
(AG)2
(GAGGTG)6
(TcC)3
(CAG)3
(ccTm3
(AT)2
(TC)2
(GA)2
(GA)2
(CTT)3
(CTC)3
(GCA)3
(ATG)3
(TCTCC)5
(TCCTC)5
(CT)2
(GTC)3
(TCT)3

(GAAA)4

60,1
59,9
60,0
60,0
60,0
59,9
60,4
59,9
60,0
60,0
59,9
60,0
60,0
60,0
60,0
59,9
60,0
60,0
60,5
60,0
60,2
60,0
60,1
60,0

60,0

GCAAGCAACTACG
ACGACAA
AGCTGCAGTTTGA
CATCCCT
GCACCAAAGGCTA
AAAGCTG
CTCTTGTCAGCAC
CCCTCTC
TGGATCGTTGCTC
ACTCAAG
TACGCTTACCGTG
CTTTCCT
AGCAACATCCTCG
CAGAAAC
ACTGCGGGTAGGA
GTTCTGA
ATGTTGGAAGCAG
GGAACAC
TCACAAGCATGGT
GTGGTTT
CCGAGAGTGAGCT
TCTGCTT
ACACCAGAGAAAG
AAGCGGA
CTCATGTCACCAC
CAACGAC
TCAGAAGTCCGCA
TCTCCTT
TCAGAAGTCCGCA
TCTCCTT
TTCCTCCCACATCT
AATCGG
ATTGTAGGTGGTG
GAGACGC
TACAAACCGCAAA
TCCAACA
GTGCCAAATTTAA
CCCTCCC
GAGGGGATCTCGA
TGAATGA
TCAAGAACAACCA
GGCCTTC
TGTCCATTTGAGG
AGGGAAG
AAGCAGAAAACCA
TGGATCG
CCTTTGAGCTGAA
CTCTGGG
GTGCACATACACT
TGGACGG

59,9
60,1
60,2
59,9
59,5
59,9
60,0
60,0
60,0
60,1
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,1
59,9
59,8
59,2
59,6
60,0
60,1

59,9

CAAAGAATAATGC
GGGGAAA
CCGCAGAAAACCA
ATTCAGT
GGAGAAAATGAAA
GCGGTGA
AAGGAAGTCCGAC
CAAGGAT
TGCCTTATATCATT
GATCACGAA
TAGAGGTGGAGGT
TCATGGG
GGAGAACCTTCGT
TGAGCTG
GCAGACCACCCAG
TCATTTT
CCGACGAGAGATC
AGTCACA
GCCGCTTTACCAC
CATAAGA
CTTGAACCCCATC
TCTTCCA
GTCGTTGGTGGTG
ACATGAG
CAAACCCATCACA
ACAGACG
CTCACGTTGGTGG
AAAGGTT
CTCACGTTGGTGG
AAAGGTT
CCTGGTCTCCTTCT
GTCGAG
TCATGAAGCTGGT
GAAGTGC
TGCCATCCTCCTAT
GCTACC
ATGGCTTCCGTGTT
GTTACC
GCGCCAAATGGTG
AATTTAT
CGAATTCTTCTTCC
ATTTGACA
GAGAGTAGCGAGG
TCGTCGT
CAAAACCTTCTTC
ATCCCGA
TCGAACATTCGTT
GCACATT
CTGCCACCAAGTG
CTTCATA

169

259

598

503

198

295

392

579

142

596

146

199

578

89

89

402

224

534

81

368

291

84

498

136

469

A WRKY superfamily transcription factors
UDP-glucuronosyl and UDP-glucosyl transferase
Epithelin/granulin

UDP-glucuronosyl and UDP-glucosyl transferase
Chorismate synthase

Predicted glutathione S-transferase
UDP-glucuronosyl and UDP-glucosyl transferase
A No apical meristem (NAM) developmental
protein and related proteins

A No apical meristem (NAM) developmental
protein and related proteins

SNARE protein Syntaxin 18/UFE1

Flavonol reductase/cinnamoyl-CoA reductase

A Germin/oxalate oxidase

A Germin/oxalate oxidase

Macrophage migration inhibitory factor
Macrophage migration inhibitory factor
Chorismate synthase

Cysteine proteinase Cathepsin F

A No apical meristem (NAM) developmental
protein and related proteins

Peroxidase

Peroxidase

Lipoxygenase

A No apical meristem (NAM) developmental
protein and related proteins

A No apical meristem (NAM) developmental
protein and related proteins

Peroxidase
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Loco 2966

Loco 2967

Loco 2971

Loco 2992

Loco 3085

Loco 3356

Loco 3356

Loco 3634

musa_c4_clusters_pos_c1375_1
musa_c4_clusters_pos_c1375_1
musa_c4_clusters_pos_c1409_1
musa_c4_clusters_pos_c1541 1
musa_c4_clusters_pos_c545_1
C4IGNI96RIG02JAHAYV 342
C4IGN96RIG02JAHAY 342

C4IGN96RJIG01DXNUA 365

(CT)2
(Tcc)3
(AAG)3
(ccm3
(TG)2

(CGC)3
(CGC)3

(AAG)3

58,9
60,1
60,0
60,0
60,1
61,4
61,4

60,7

CCTTTTCCTTCTCT
TCACCG
CTTCACCGTCTCTG
CCTCTC
GCCATTGAAGGTG
ACTTGGT
AATGGTTGCACTT
ACCCTGC
ATAAGCATGAACC
AGGACGC
GATGTTAACGCCG
ATGAACG
GATGTTAACGCCG
ATGAACG
GACGCTGTCGTCC
TGGTAAC

60,0
60,0
60,0
60,0
57,8
60,2
60,2

60,0

CCACAGCAGCAAT
AGTCGAA
TTCCACAGCAGCA
ATAGTCG
CGGTGATCTCAGC
TTTCCTC
TCGATTCTGCTGTC
CACTTG
TCCTATGCATGAG
ATTGAGATG
AATCCCTTCACTTC
CTCGCT
AATCCCTTCACTTC
CTCGCT
ACGAGGCAGAAAG
GAACAGA

576

566

472

401

318

229

229

149

Cysteine proteinase Cathepsin L
Cysteine proteinase Cathepsin L

A Seven transmembrane protein Mlo

A1, 3-beta-glucanase
Lipoxygenase

A beta-1, 3 glucanase
A beta-1, 3 glucanase

Peroxidase

TM: Temperatura de melting (°C); Primer FW (Primer forward) ; Primer RV ( Primer reverso); Produto (pb)
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3.3. CaracterizacGo de marcadores microssatélites para locos potencialmente envolvidos em
resposta aos estresses bidticos e andlise de polimorfismos em gendtipos de M. acuminata

A partir de diferentes estratégias de busca, foram identificados e selecionados para validacéo
de polimorfismo um subgrupo de 156 marcadores SSR derivados de regides expressas de M.
acuminata Calcutta 4, Cavendish Grande Naine e DH Pahang. Recentemente, Mudalkar e
colaboradores (2014) encontraram 19.379 SSRs dentre mais de 53.854 contigs transcritos em
Camelina sativa, e Tan e colaboradores (2013) identificaram 12.582 SSRs distribuidos em 10.290
unigenes de Camellia sinensis. Tais trabalhos, dentre muitos outros, indicam a existéncia de
microssatélites com frequéncia alta em regides expressas do genoma de espécies cultivadas.

Os 156 SSRs selecionados neste estudo foram organizados em seis grupos com base no
numero de nucleotideos de cada marcador: 22 (14,1%) foram compostos por motivos dinucleotidicos,
105 (67,3%) por motivos trinucleotidicos, 16 (10,2%) por motivos tetranucleotidicos, 5 (3,2%) por
motivos pentanucleotidicos, 7 (4,4%) por motivos hexanucleotidicos e apenas 1 (0,6%) por motivos
octanucleotidicos. Os mais abundantes dos motivos foram AGA, presentes em 5,12% do total,
seguido por CT presentes em 4,4% dos SSRs. Em conformidade, Lagercrantz e colaboradores (1993)
identificaram em estudos sobre abundéncia de marcadores microssatélites, os motivos AT e CT como
sendo os mais abundantes em plantas, porém, neste estudo a maioria dos motivos AT foi eliminada
devido a dificuldades de amplificagdo deste motivo. Passos e colaboradores (2013) identificou o
dinucleotideo CT como sendo o mais abundante e os trinucleotideos AAG e AGA presentes com alta
frequéncia em gendtipos de banana M. acuminata Calcutta 4 e Cavendish Grande Naine.

Os marcadores microssatélites foram inicialmente avaliados em bulks de M. acuminata
contrastantes em resisténcia, para a detecgdo preliminar de polimorfismo através de visualizagdo em

gel de poliacrilamida corado com nitrato de prata (Figura 24).

A B
N Vv ) b v
NP, R

Figura 24: Analise eletroforética em gel de poliacrilamida 4% de amplicons do loco polimorfico 454_DEF_locus120 (A) e do
loco monomérfico 454_DEF locus2116 (B) em bulks de genotipos de M. acuminata contrastantes em resisténcia. Bulk 1 —
gendtipos resistentes a Sigatoka negra, Bulk 2 — gendtipos suscetiveis a Sigatoka negra, Bulk 3 — gendtipos resistentes a Sigatoka
amarela e Bulk 4 — gendtipos suscetiveis a Sigatoka amarela
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A estratégia de montagem de bulks contrastantes em resisténcia, permite uma
otimizacdo e analise de polimorfismo de um maior nimero de marcadores SSR, sendo
amplamente utilizada em mandioca (Olasanmi et al., 2014), algoddo (Marangoni et al., 2013),
milho (Xu et al., 1999), trigo (Ghazvini et al., 2013), tomate (Joshi et al., 2013) dentre outros.
A analise em géis de poliacrilamida se deu devido a alta precisdo e baixo custo, como
justificada por Menksen & Kahl (2005) que afirmam que a precisdo obtida com géis de
poliacrilamida é maior que a obtida com agarose e proxima da obtida em eletroforese capilar
0 qual possui custo mais elevado.

Os locos que apresentaram comportamento polimérfico foram testados nos 20
parentais contrastantes de M. acuminata, além das duas progénies (geracdo F1) entre Calcutta
4 e Pisang Berlin, com os resultados confirmando os dados prévios obtidos nas anélises em
bulks (exemplo na Figura 25).
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Figura 25: Andlise eletroforética em gel de poliacrilamida 4% de amplicons polimérficos em parentais de M.
acuminata,loco 454 _DEF_locus120. F1_A e F1_B sdo progénies de M. acuminata Calcutta 4 e Pisang Berlin, com os dois
parentais repetidos ao lado das progénies para facilitar interpretacéo.

O polimorfismo dos microssatélites pode ter diversas origens e 0s principais
mecanismos apontados para a alta taxa de mutagdo nessas regides sdo o “deslizamento” da
polimerase durante a replicacdo e a recombinacdo desigual. O primeiro se refere ao
“deslizamento” da DNA polimerase durante a replicagdo (DNA “slippage”) (Tachida et al.,
1992). Esses deslizes da DNA polimerase em regides microssatélites acontecem quando a
mesma avanca ou recua durante a replicacdo de uma regido repetitiva, aumentando ou
diminuindo o niamero de repeti¢cbes do bloco de DNA. O segundo mecanismo se refere ao
processo de recombinacdo desigual onde o polimorfismo surge como consequéncia do
emparelhamento equivocado entre os cromossomos homologos, causado pela presenca de
sequéncias repetitivas resultando numa fita dupla mais curta e outra mais longa apds a

recombinacéo (Harding et al., 1992).
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Do total de 156 marcadores microssatélites para locos potencialmente envolvidos em
respostas a estresses bidticos, 21 (13,46%) tiveram polimorfismo confirmado pela analise
individual. Os demais apresentaram caracteristicas monomorficas (Tabela 18), amplificacdo
inespecifica ou falhas na amplificacao.

As falhas de amplificacdo podem refletir divergéncias nas sequéncias que flanqueam
0s microssatélites, produzindo alelos nulos. Esses alelos surgem quando ocorre uma mutagao
no DNA alvo, precisamente na sequéncia homologa a sequéncia do primer utilizado na reacdo
de PCR. Isto reduz ou inibe completamente a capacidade de anelamento do mesmo com a fita
molde (Callen et al., 1993). Esses alelos mutantes ndo séo visiveis nos géis submetidos as
técnicas de revelacdo de bandas normalmente utilizadas para produtos de PCR separados por
eletroforese. Apesar de serem amplamente empregados nos estudos de populacdes, a possivel
presenca de alelos nulos é considerada uma restricio a aplicagdo dos marcadores
microssatélites em analises genéticas (Pemberton et al., 1995) e, por esta razdo, os locos com
problemas na amplificacdo foram descartados. Em Musa, essas falhas também foram
constatadas por Crouch et al. (1998) e Creste et al. (2003).

Todos os primers foram desenhados para microssatélites presentes dentro de regides
génicas, o que explica o baixo grau de polimorfismo das amostras. Sequéncias que nao
codificam produtos protéicos sdo potencialmente mais variaveis entre alelos de uma mesma
espécie, pois as consequéncias da variacdo de sequéncia nessas regides é esperado que seja
menor do que as variagdes que ocorrem dentro de regides codantes. Pelo fato dos niveis de
variacdo ndo serem iguais entre as regides génicas (promotor, exon, intron), espera-se que as
consequéncias fenotipicas também ndo sejam iguais. Sequéncias que tém efeitos amplos e
diretos sobre fenétipos tendem a manter o minimo de variagdo sob selegdo (Holland et al.,
2001), além do que as sequéncias de introns evoluem mais rapidamente do que as sequéncias

de exons em plantas (Small e Wendel, 2000).
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Tabela 18: Marcadores microssatélites derivados de unigenes potencialmente envolvidos em respostas a estresses bidticos. He- heterozigosidadde esperada. Ho - Heterozigosidade
observada. PIC- Contetdo de Informagédo Polimorfica

Loco Polimorfismo Amplitud;: Alélica N° de alelos He Ho PIC
MaC139M12_loc115 Polimérfico 34($-3)53 3 0,4298 0,3636 0,3855
Ma4052E23_loc3 Polimérfico 344-350 3 0,4680 0,5455 0,4050
MaC063A04_loc47 Polimérfico 347-353 2 0,4163 0,5000 0,3297
MaC063A04_loc62 Polimérfico 394-403 4 0,4963 0,4500 0,4517
454 DEF_locus1516 Polimérfico 272-284 3 0,5527 0,5909 0,4704
454 DEF_locus3356 Polimoérfico 228-243 4 0,4990 0,2273 0,4646
454 DEF_locus3634 Polimérfico 144-159 3 0,6333 0,7727 0,5609
454 DEF_locus2637 Polimérfico 84-88 3 0,6505 0,2941 0,5757
454 DEF _locus120 Polimérfico 331-343 4 0,6002 0,5909 0,5179
454 DEF_locus2650 Polimérfico 146-155 4 0,5465 0,3636 0,5058
454 DEF_locus187 Polimérfico 235-253 4 0,6188 0,5455 0,5661
454 DEF_locus275 Polimérfico 283-300 2 0,4990 0,6818 0,3745
454 _DEF_locus1262 Polimérfico 197-206 4 0,7263 0,6500 0,6775
454 RES_LRR_RLK_locus2225 Polimérfico 323-326 2 0,3967 0,5455 0,3180
454 RES_LRR_RLK_locus2645 Polimorfico 240-258 4 0,5785 0,6364 0,5258
454 RES_LRR_RLK_locus3826 Polimérfico 312-321 4 0,6849 0,3182 0,6335
454 RES_PAHANG_locus2811 Polimérfico 266-275 3 0,5548 0,6818 0,4592
454 RES_PAHANG_locus1081 Polimérfico 170-179 3 0,6281 0,5455 0,5511
454_RES_PAHANG_locus2809 Polimérfico 100-103 2 0,4163 0,5000 0,3297
454 RES_PAHANG_locus3083 Polimoérfico 247-253 3 0,6281 1,0000 0,5511
454_RES_PAHANG_locus2642 Polimérfico 232-244 4 0,6994 0,7273 0,6491
MaC139M12_loc110 Monomérfico 285 1 0,5582 0,5491 0,4906
MaC139M12_loc112 Monomérfico 280 1 Média

MaC091016_loc82 Monomorfico 161 1

MaC063A04_loc75 Monomoérfico 280 1

454 DEF _locus2116 Monomorfico 578 1

454 DEF_locus2122 Monomoérfico 89 1
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454 DEF_locus1132

454 DEF_locus1520

454 DEF_locus2992

454 DEF_locus571

454 DEF_locus956

454 DEF_locus1063

454 DEF_locus1688

454 DEF_locus1803

454 _DEF_locus2470

454 DEF_locus256

454 DEF_locus2462

454 DEF_locus117

454 DEF_locus119

454 DEF_locus872

454 DEF_locus2440

454 RES_LRR_RLK_locus929
454 RES_LRR_RLK_locus2225
454 RES_LRR_RLK_locus3334
454 RES_LRR_RLK_locus1628
454 RES_LRR_RLK_locus1205
454 RES PR5 RLK_locus79
454 RES_LECTIN_CLASS locus1351
454 RES_STK locus136

454 RES_STK_locus282

454 RES STK_locus761

454 RES_STK_locus1025
454 RES STK_locus1432

454 RES_STK_locus1609

454 RES_STK_locus1613

454 RES_STK_locus1957

454 _RES_STK_locus2281

Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomérfico
Monomoérfico
Monomérfico
Monomoérfico
Monomérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico
Monomoérfico

Monomorfico

503
392
401
188
121
169
142
146
368
455
534
144
122
284
224
459
312
98
336
504
226
444
522
215
393
389
597
258
332
593
435
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454 RES_STK_locus3567 Monomoérfico 344 1
454 RES STK locus3931 Monomorfico 337 1
454 RES_STK_locus3978 Monomoérfico 397 1
454 RES TRD_CC_locus2028 Monomorfico 233 1
454 RES_PAHANG_locus3316 Monomoérfico 202 1
454 RES PAHANG_locus1458 Monomorfico 297 1
454 RES_PAHANG_locus3952 Monomoérfico 302 1
454 RES PAHANG_locus407 Monomorfico 471 1
454 RES PAHANG locus513 Monomoérfico 197 1
454 RES PAHANG_locus1102 Monomorfico 129 1
454 RES_PAHANG_locus2274 Monomérfico 433 1
454 RES PAHANG_locus2273 Monomorfico 327 1
454 RES PAHANG_locus1096 Monomoérfico 284 1
454 RES PAHANG_locus3698 Monomorfico 253 1
454 RES PAHANG locus311 Monomorfico 189 1
454 RES_PAHANG_locus3990 Monomoérfico 316 1
454 RES PAHANG_locus2243 Monomorfico 132 1
454 RES_PAHANG _locus549 Monomoérfico 291 1
454 RES PAHANG_locus3360 Monomorfico 364 1
454 RES_PAHANG_locus3561 Monomoérfico 250 1
454 RES_PAHANG_locus1633 Monomorfico 238 1
454 RES_PAHANG_locus1634 Monomoérfico 240 1
454 RES_PAHANG_locus3310 Monomorfico 203 1
454 RES_PAHANG_locus1101 Monomoérfico 286 1
454 RES PAHANG_locus82 Monomorfico 192 1
454 RES_PAHANG_locus2616 Monomoérfico 272 1
454 RES_PAHANG_locus2641 Monomoérfico 374 1
454 RES_PAHANG_locus2488 Monomoérfico 395 1
454 RES PAHANG_locus1168 Monomorfico 137 1
454 RES_PAHANG_locus3160 Monomoérfico 287 1

He: heterozigosidade esperada Ho: Heterozigosidade observada PIC: Contetdo de informacéo polimérfica
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Foram detectados 68 alelos nos 21 locos SSRs polimdrficos em que o numero de alelos por
loco variou de dois a quatro, com média de 3,23 alelos por loco SSR nos 20 genotipos de M.
acuminata. Variacdo alélica semelhante foi encontrada em caracterizacBes de locos SSRs nos
mesmos genotipos de M. acuminata, obtendo variacdo alélica media de 4,41 (Passos et al., 2013),
3,23 (Passos et al., 2012), e 2,8 (Miller et al., 2010). Samarasinghe e colaboradores (2010) obtiveram
média de variacdo alélica de 6,3 na caracterizacdo de locos SSR em genotipos de ambos, genoma A e
B de Musa.

O tamanho dos alelos variou de 84 a 403pb nos locos 454 DEF locus2637 e
MaC063A04 _loc62, respectivamente. A média da heterozigosidade observada dos 21 locos foi 0,54,
com os locos 454 DEF locus3634 e 454 RES PAHANG_ locus2642 apresentando as maiores
frequéncias (0,77 e 0,72, respectivamente). Dos locos analisados, a heterozigosidade observada foi
maior que a esperada em onze locos, porém a média de He foi superior a de Ho, sugerindo excesso de
homozigotos em relacdo ao modelo de equilibrio de Hardy-Weinberg.

Segundo Botstein et al. (1980) o conteudo de informacéo polimorfica (PIC) pode ser definido
como um indicador de qualidade do marcador estudado. Dessa forma, o valor de PIC variou de 0,31
(454 _RES LRR_RLK locus2225) a 0,67 (454 DEF locus1262), sendo que mais da metade dos
marcadores obtiveram PIC superior a 0,5. Segundo tais autores, marcadores serdo considerados
altamente informativos quando apresentarem PIC superior a 0,5; razoavelmente informativos, quando
possuirem valores entre 0,25 e 0,50; e, levemente informativos, 0s que obtiverem valores inferiores a
0,24. Os locos que obtiveram PIC mais baixo, 454 RES LRR_RLK locus2225 (0,31),
454 RES PAHANG locus2809 (0,32) foram razoavelmente informativos. O menor contetdo
informativo, observado para esses dois locos, deve-se ao fato de as frequéncias alélicas ndo terem
sido distribuidas de forma equitativa, com poucos alelos concentrando grande parte das frequéncias
alélicas. Em relacdo ao loco 454 RES LRR_RLK locus2225, 72,7% da frequéncia alélica foi
concentrada em apenas um dos alelos. O mesmo ocorreu no loco 454 RES PAHANG _locus2809,
em que 70,4% da frequéncia alélica se concentrou em apenas um alelo.

As aplicacOes de microssatélites em Musa concentram-se em taxonomia, como por exemplo
em Lagoda et al., (1998), genotipagem, como em Christelova et al.,, (2011) e saturagdo de mapas
genéticos, como por exemplo em Hippolyte et al., (2010). SSRs derivados de genes podem ser
associados com a varia¢do genética funcional, oferencendo um potencial para selecdo assistida por
marcadores, com marcadores ou provenientes de um gene para uma caracteristica fenotipica
desejavel, ou co-localizados com um determinado loco de caracteristica quantitativa. Com esses
marcadores isolados de regides codantes, a conservacdo também ¢é potencialmente maior,

aumentando a possibilidade de transferéncia de espécies relacionadas (Gupta et al, 2013). Em
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comparacao com outras culturas, relativamente poucos marcadores SSR foram desenvolvidos para o
género Musa, refletindo os recursos de sequéncias limitados disponiveis até recentemente. Embora a
maioria tenha sido isolado a partir de bibliotecas de DNA gendmico ou clones BAC (Cheung e Town,
2007; Lagoda el.al., 1998; Kaemmer et al., 1997, Ravishankar et al, 2012), apenas alguns SSR
derivados de genes foram caracterizadas até hoje, como, por exemplo, em Wang et al., (2008) e
Amorim et al., (2012).

Este trabalho representa uma contribuicao para o desenvolvimento de novos marcadores SSR
génicos para aplicagdo no melhoramento genético de Musa. Com os esforcos em curso para o
desenvolvimento de populacdes segregantes para caracteristicas de interesse (Amorim et al., 2009;
Rekha, ef al., 2011), estes marcadores baseados em genes funcionais sdo aplicdveis para associagdo
de QTL e selecao assistida por marcadores, bem como a analise da evolucdo, avaliagdo de parentesco

e aplicagdes gerais de genotipagem em programas de melhoramento.
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CONCLUSAO

A identificacdo de genes relacionados com a resisténcia de plantas a pragas e
doencas ¢ de grande importancia para o entendimento dos mecanismos de defesa
envolvidos durante o ataque de patdgenos.

Neste trabalho, a anotacdo funcional, por meio de analise BLAST de dados de
transcritoma (pirossequenciamento 454) de folha do gendtipo selvagem dipldide M.
acuminata ssp. burmannicoides Calcutta 4 (resposta incompativel) e triploides cv M.
acuminata subgrupo Cavendish comercial Grande Naine (resposta compativel), ambos nao
infectados e desafiados com M. musicola, permitiu identificar 14 genes R expressando
proteinas com sitios de ligacdo de nucleotideo e regido rica em leucina (NBS-LRR) em
tecidos foliares de Calcutta 4 e 25 em Cavendish Grande Naine, ambos infectados e n&o-
infectados. Mapeamento dos contigs Unigenes derivados de 454 com modelos de genes que
contém o dominio NB-ARC no genoma de referéncia de M. acuminata ssp. malaccensis var.
Pahang (DH Pahang) identificou 38 contigs mapeando a 40 modelos de genes completos, no
caso de dados de transcritoma de Calcutta 4 e 43 contigs mapeando em 40 modelos de genes
em Cavendish Grande Naine.

Os genes potencialmente envolvidos em respostas de resisténcia e defesa
identificados pela andlise transcritbmica foram utilizados como fonte de recursos para o
desenvolvimento de marcadores SSR e anélise de expressdo desses genes.

Dos 156 marcadores microssatélites desenvolvidos e avaliados em gendtipos de M.
acuminata, 21 apresentaram comportamento polimorfico, com cinco deles flanqueando genes
NB-ARC ja descritos em M. acuminata DH Pahang. Esses marcadores, com alto contetido de
informacdo polimdrfica (PIC), sdo considerados os mais Uteis para aplicacdo em selecdo
assistida por marcadores. O padrdo alélico para os 68 alelos revelados em 21 locos SSR neste
trabalho é um esforco para o emprego de marcadores SSR em situacGes de protecdo de
cultivares para o agronegacio de banana no Brasil, em adi¢cdo aos marcadores fenotipicos. Os
marcadores microssatélites sdo especificos para cada espécie, no entanto, pelo fato de as
regies flanqueadoras serem conservadas entre espécies ou géneros proximos, € possivel que
esses iniciadores desenvolvidos possam ser transferidos para espécies correlacionadas.

As analises baseadas em PCR em tempo real da expressdo de 51 genes
potencialmente envolvidos em respostas de defesa e resisténcia durante a interacdao entre M.

acuminata e M. musicola demonstraram que 19 obtiveram especificidade na reacdo de PCR
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em tempo real e que a maioria dos genes envolvidos em processos de defesa ndo foram
modulados, com excecao do gene da corismato sintase e NAC. O gene NPR1 foi expresso
apenas no cultivar suscetivel e os RGAs 37, 43, M09A31, M09A21, B0O3A51 e B03All
tiveram um aumento de expressdo quando inoculados com o patdgeno. Os RGAs 43 e RGA
37 mostraram inducédo significativa em M. acuminata Calcutta 4 quando inoculada com o
patogeno e 0s RGAs 9330, 7100, 6160, M0O9A31 e M09A21 apresentaram regulacdo negativa
em Calcutta 4.

A caracterizacdo continua de genes envolvidos em respostas ao estresse biotico em M.
acuminata durante a interacdo com M. musicola, bem como o desenvolvimento de
marcadores moleculares, ird contribuir para o desenvolvimento de um controle eficaz da
doenca Sigatoka com base no melhoramento genético através da transformacéao de plantas ou
selecdo assistida por marcadores.
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Abstract

Background: Although banana (Musa sp.) is an important edible crop, contributing towards poverty alleviation and
food security, limited transcriptome datasets are available for use in accelerated molecular-based breeding in this
genus. 454 GS-FLX Titanium technology was employed to determine the sequence of gene transcripts in
genotypes of Musa acuminata ssp. burmannicoides Calcutta 4 and M. acuminata subgroup Cavendish cv. Grande
Naine, contrasting in resistance to the fungal pathogen Mycosphaerella musicola, causal organism of Sigatoka leaf
spot disease. To enrich for transcripts under biotic stress responses, full length-enriched cDNA libraries were
prepared from whole plant leaf materials, both uninfected and artificially challenged with pathogen conidiospores.

Results: The study generated 846,762 high quality sequence reads, with an average length of 334 bp and totalling
283 Mbp. De novo assembly generated 36,384 and 35,269 unigene sequences for M. acuminata Calcutta 4 and
Cavendish Grande Naine, respectively. A total of 64.4% of the unigenes were annotated through Basic Local
Alignment Search Tool (BLAST) similarity analyses against public databases.

Assembled sequences were functionally mapped to Gene Ontology (GO) terms, with unigene functions covering a
diverse range of molecular functions, biological processes and cellular components. Genes from a number of
defense-related pathways were observed in transcripts from each cDNA library. Over 99% of contig unigenes
mapped to exon regions in the reference M. acuminata DH Pahang whole genome sequence. A total of 4068
genic-SSR loci were identified in Calcutta 4 and 4095 in Cavendish Grande Naine. A subset of 95 potential
defense-related gene-derived simple sequence repeat (SSR) loci were validated for specific amplification and
polymorphism across M. acuminata accessions. Fourteen loci were polymorphic, with alleles per polymorphic locus
ranging from 3 to 8 and polymorphism information content ranging from 0.34 to 0.82.

Conclusions: A large set of unigenes were characterized in this study for both M. acuminata Calcutta 4 and
Cavendish Grande Naine, increasing the number of public domain Musa ESTs. This transcriptome is an invaluable
resource for furthering our understanding of biological processes elicited during biotic stresses in Musa. Gene-based
markers will facilitate molecular breeding strategies, forming the basis of genetic linkage mapping and analysis of
quantitative trait loci.
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Background

Cultivated edible banana and plantains are derived from
the progenitor species Musa acuminata Colla (A genome)
and Musa balbisiana Colla (B genome), which are both
members of the section Eumusa. These commodity fruit
crops are amongst the most important across tropical and
sub-tropical regions, contributing to food security, nutri-
tion and poverty alleviation. Global annual production
from over 120 countries on 5 continents is estimated to
be approximately 102 million tonnes [1].

Global movement of Musa germplasm from itscentre of
origin in Southeast Asia and the Pacific region has resulted
in a spread of pests and disease, causing major constraints
to banana production. Biotic stresses include fungi, bac-
teria, viruses, nematodes and insects. In excess of 40 fungal
pathogens cause disease in banana [2], with three species
of the genus Mycosphaerella recognized as important foliar
pathogens. As causal members of the Sigatoka disease
complex, Mycosphaerella fijiensis is responsible for black
leaf streak disease, Mycosphaerella musicola for Sigatoka
leaf spot disease, and Mycosphaerella eumusae for Eumu-
sae leaf spot. M. musicola was the first Mycosphaerella
pathogen to be recorded on banana, spreading from Java
(Indonesia) in 1902 to most of the world’s production areas
in the 1960s [3]. With a preference for higher altitudes and
cooler temperatures, it is typically a greater problem dur-
ing rainy seasons in subtropical banana growing regions
[4,5]. Foliar necrotic lesions and diminished photosynthetic
capacity cause reductions in fruit number and size per
bunch, with premature fruit ripening observed in the field
and post-harvest. Estimated production losses vary bet-
ween 50 and 100%, given that infected fruits have no com-
mercial value [6,7].

As disease resistance is absent in most cultivated va-
rieties, in particular members of the Cavendish subgroup,
control is largely based upon agronomic management
practices and application of protectant and systemic fungi-
cides. In addition to increasing production costs, long term
dependence upon agrochemical control increases selection
pressure for fungicide resistance or tolerance development
in pathogen populations. Resistance to benzimidazole, tri-
azole and strobilurin systemic fungicides has been reported
in the genus Mycosphaerella [8,9].

Given the susceptibility to an ever-increasing range of
pests and diseases, development of resistant cultivars
through genetic improvement is of fundamental import-
ance for sustainable disease management. In contrast to
fertility in wild diploid Musa genotypes, commercial
triploid and diploid cultivars are seedless and partheno-
carpic, with fruit development via parthenocarpy. With
maintenance of such plants by vegetative propagation
[10], somatic mutation-driven evolution has resulted in a
crop with a narrow genetic base, with many genotypes
lacking resistance to pests and disease. Conventional
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genetic improvement is hindered principally by male and
female sterility, with approaches time-consuming and
demanding in terms of land use. For example, current
hybridization strategies for the development of resistant te-
traploid varieties rely upon sexually active wild or improved
fertile M. acuminata diploids, which provide sources of
resistance to biotic and abiotic stresses, for crossing with
established semi-fertile triploid genotypes [11,12]. Success
can be limited, however, given low numbers or absence of
seeds. Complementary strategies for resolving constraints
for Musa improvement are also under development, with
molecular and tissue-culture approaches including muta-
genesis, somaclonal variation, somatic hybridization and
genetic modification via plant transformation (for review
see [13]).

Genetic modification of Musa requires access to gen-
omic information, including expression analysis of gene
models under different conditions. Nuclear genome size
has been reported to range from 534-615 Mbp in the
genus, with variation observed between species and among
M. acuminata genotypes [14]. The publication in July
2012 of a 90% complete draft of a reference whole genome
sequence for a double haploid of M. acuminata ssp.
malaccensis var. Pahang (DH Pahang) reported a genome
size of 523 Mbp, with 36,542 predicted gene models [15].
Although banana is one of the world’s most important ed-
ible crops, comprehensive diverse transcriptome datasets,
complementary to a whole genome reference sequence,
are required for use in accelerated molecular-based breed-
ing in this genus. Publically available datasets currently
contain 15560 ESTs for M. acuminata and 5320 for
M. balbisiana (accessed July 2012), numbers which repre-
sent only a fraction of the total number of unigene
sequences expected to be present in the whole transcrip-
tome. Examples of developed datasets include those from
different genotypes, plant tissues [16] and during ripening
[17,18]. Examination of gene expression in relation to
drought tolerance has also been reported [19-21]. Only
limited analysis of gene expression in response to fungal
biotic stresses has been reported. Examples for economic-
ally important pathosystems include Musa-Fusarium oxy-
sporum £. sp. cubense [22] and Musa-M. fijiensis [15,23,24].

Next Generation Sequencing (NGS) of uncloned cDNA
is appropriate for whole genome transcriptome charac-
terization and gene discovery. Today’s available 454 GS
FLX platform with Titanium chemistry allows for read
lengths of 400 bases, such that accurate de novo assembly
of transcripts can be achieved. 454 transcriptome pyrose-
quencing has now been conducted in numerous impor-
tant plants including Arabidopsis thaliana [25], Oryza
longistaminata [26] Medicago sativa [27] and Phaseolus
vulgaris [28]. 454 transcriptome analysis in plant-fungi
pathosystems is also now being reported, for example in
[29-33].
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In order to develop a functional genomics resource for
M. acuminata, including transcriptome response data in
relation to infection by the fungal pathogen M. musicola,
we performed Roche 454 Pyrosequencing of expressed
genes in genotypes contrasting in resistance to Sigatoka
leaf spot disease. Total RNA was extracted from whole
plant leaf material from the wild diploid genotype
M. acuminata ssp. burmannicoides Calcutta 4 (incompa-
tible response) and the commercial triploid M. acuminata
subgroup Cavendish cv. Grande Naine (compatible re-
sponse), both uninfected and challenged with the patho-
gen. Transcriptome datasets were also exploited for large
scale gene-based marker development.

Results and discussion

The objectives of this work were to generate a transcrip-
tome resource for M. acuminata which includes genes
expressed in banana-M. musicola interactions using highly
susceptible (Cavendish Grande Naine) and completely re-
sistant (Calcutta 4) genotypes. Calcutta 4 is a wild fertile
diploid widely employed in breeding programs for im-
provement of commercial cultivars (e.g. [34]). As a donor
species, it is considered an important source of resistance
to important fungal pathogens and nematodes. Given this
importance, it has been adopted as a model for compara-
tive genomics with rice [35,36], with functional genomics
applications [19] and candidate resistance gene discovery
also reported [37,38]. Cavendish subgroup bananas, such
as Grande Naine, by contrast, are sterile triploids, which,
although representing more than 40% of global produc-
tion, lack resistance to biotic stresses, such that regular
pesticide application is necessary for commercial produc-
tion. In addition to unigene discovery for each genotype
during this pathosystem interaction, large scale isolation
of microsatellites and genic-SSR marker development was
also conducted, for application in genetic mapping, geno-
typing and marker-assisted selection of specific traits in
breeding populations.

454 sequencing statistics and assembly
Emulsion PCR and 454 pyrosequencing were conducted
according to Roche standard protocols using GS FLX tech-
nology and Titanium series chemistry. Each ¢cDNA library
was sequenced on a % segment of a single plate run, gene-
rating 978,133 raw sequence reads for the two genotypes,
totalling over 466 megabases of sequence data. Following
adaptor sequence trimming and short read (< 50 bp) re-
moval, a total of 846,762 high quality reads (283 mega-
bases) were processed. Table 1 shows a summary of size
distribution for both genotype datasets.

Calcutta 4 sequence reads were de novo assembled into
36,384 unique unigene sequences, which included 24,259
contigs and 12,125 singletons. Of these, a total of 25,381
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Table 1 Size distribution of the high quality M. acuminata
Calcutta 4 and Cavendish Grande Naine 454-derived
sequence reads

M. acuminata Calcutta 4

EST Length Min Mean Median Max
summary (bp)
40 332 353 908
EST Length 40 - 100 20472
distribution(bp)
101 - 200 39009
201 - 300 78901
301 - 400 152325
401 - 500 129795
>500 3737

M. acuminata Cavendish Grande Naine

EST Length Min Mean Median Max
summary (bp)
40 336 362 1161
EST Length 40 - 100 22665
distribution(bp)
101 - 200 38635
201 - 300 71477
301 - 400 140099
401 - 500 143815
>500 5832

unigenes were represented in the transcriptome dataset
from non-infected leaves and 25,154 in the dataset from
pathogen-challenged leaves. In the case of Cavendish
Grande Naine sequences, a similar assembly pattern was
observed, with a total of 35,269 unigenes, composed of
23,729 contigs and 11,540 singletons. 18,611 unigenes were
represented in the transcriptome dataset from non-infected
leaves and 29,223 in the dataset from pathogen-challenged
leaves. Singleton sequences which represent unique low
level transcripts were generally of sufficient length to enable
annotation, with an average length of 343 bp in Calcutta 4
and 345 bp in Cavendish Grande Naine. Unigene con-
tig length distributions for each genotype are shown in
Figure 1A. Average contig lengths of 552 bp and 548 bp
were observed for Calcutta 4 and Cavendish Grande Naine,
respectively. Distribution of the number of reads in a uni-
gene contig (depth of a contig) were also similar in both
assembled sequence datasets (Figure 1B).

Considering both contigs and singletons, the total num-
ber of genes per genotype corresponds well with the most
recent estimate of 36,542 protein-coding gene models in
the reference genome sequence for M. acuminata ssp.
malaccensis var. Pahang (DH Pahang) [15], which may re-
flect the stringent quality analysis and assembly parameters
adopted. It must be recognized, however, that de novo
assembly may over-estimate gene numbers as a result of
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non-overlapping sequence read members present for a
single gene. Alignment of contigs against the reference
genome revealed such examples, with 24,097 of the 24,259
contigs in Calcutta 4 (99.3%) mapping to 16,519 gene
models, and similarly 23,548 of the 23,729 contigs in
Cavendish Grande Naine (99.2%) mapping to 16,402 refe-
rence genome gene models (Additional files 1 and 2).

The high percentages of unigenes mapped to gene model
exons validates both the de novo contig assemblies and
gene annotation of the reference M. acuminata genome,
overlaying important information in relation to host ex-
pression during this plant-pathogen interaction. Through
TBLASTX analysis of unmapped contigs, positive hits to
genes in the NCBI EST (others) database identified a fur-
ther 162 potential unigenes in Calcutta 4 and 181 in
Cavendish Grande Naine (Additional file 1). Although these
unaligned gene sequence may be specific to the M. acumi-
nata genotypes, this data may also indicate additional genes
requiring further curation in the reference genome.

In order to gain insights into broad similarities and dif-
ferences between transcriptome unigene datasets (con-
tigs and singletons) for the two M. acuminata genotypes
evaluated in this study, all gene models in the reference
genome were used as a base for identification of common
and distinct genes. A Venn diagram (Additional file 3)
illustrates overlap between the genotypes, with 16,386
common gene models identified to which mapped cover-
age of the query unigene sequence was greater than 90%
and the percentage identity of the sequence relative to
the genome was greater than 95%. This number re-
presents 82.0% of the mapped gene models for each
genotype. Although mapped unigenes specific to each
genotype may be attributed to different evolutionary dis-
tances from M. acuminata ssp. malaccensis var. Pahang,
overlap between data sets is likely to correlate with 454
sequence coverage.

All sequence data from the study are available for each
genotype in the Sequence Read Archive (SRA) at the
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National Center for Biotechnology Information (NCBI)
(submission SRA055816).

Functional annotation and classification
Annotation of assembled unigene sequences was conducted
by sequence similarity searches against the NCBI non-
redundant protein sequence database (nr). BLASTX criteria
were that the alignment length should be greater than 100
amino acids and the E-value cut-off at 107, Of the total
estimated unigene sequences for Calcutta 4, 10,080 dis-
played significant identity to genes encoding proteins with
known or putative function, 1,633 to genes encoding pro-
teins with unknown function, and 13,513 showed no sig-
nificant identity to any sequences in the database. Similar
results were observed for Cavendish Grande Naine, with
10,645 unigenes displaying significant identity to genes en-
coding proteins with known or putative function, 1,800 to
genes for proteins with unknown function, and 11,971
showing no significant identity to any database sequences.
Unigene sequences and Blast annotations are summarized
in Additional file 4. The protein domain-searching tool
InterProScan  (http://www.ebi.ac.uk/Tools/InterProScan/)
was used to further annotate sequences. A total of 14,826
Calcutta 4 unigenes contained interpro domains, with
3,949 distinct domains represented in the unigene set. Of
the 13,513 translated sequences with no significant Blast
hits, 192 showed functional protein domains. Similarly,
14,006 Cavendish Grande Naine unigenes possessed inter-
pro domains, with a total of 3,974 interpro domains repre-
sented. A total of 223 out of the 11,971 sequences with no
significant hits to Genbank database sequences were iden-
tified with interpro domains. The most representative
domains in both unigene datasets are summarized in
Additional file 5. Novelty rates for unigene datasets based
upon Blast and interpro analyses were 36.6% in the case of
Calcutta 4 and 33.3% for Cavendish Grande Naine.
Unigene sequences with significant homology to known
plant proteins from the public database were abundant. On
the basis of best blast hit analyses, respectively for Calcutta
4 and Cavendish Grande Naine unigenes, totals of 8,518
and 8,948 matched genes in rice (Oryza sativa), 5,718 and
6,078 matched genes in maize (Zea mays), 6,626 and 7,026
matched genes in sorghum (Sorghum bicolor), 9,060 and
9,579 matched genes in grape (Vitis vinifera), and 3,771
and 3,927 matched genes in Arabidopsis thaliana
(Figure 2). Similar distributions were observed for M.
acuminata DH-Pahang gene families [15]. For both Cal-
cutta 4 and Cavendish Grande Naine datasets, only 2.8%
of Blast hits to homologous plant sequences matched
those from the GenBank NR protein database with a taxo-
nomic filter for the genus Musa, indicating that our data
represents a considerable contribution to expressed uni-
genes for the genus.
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Figure 2 Species distribution of M. acuminata unigenes shown as
the percentage of the total homologous plant sequences. A: M.
acuminata Calcutta 4 unigenes; B: M. acuminata Cavendish Grande
Naine unigenes. The best Blast hits of each sequence were analyzed.

Functional classification of unigene sets was conducted
through Gene Ontology (GO) assignment using Blast2GO.
Data was categorized for each genotype across the three
main GO categories of biological process, cellular compo-
nent and molecular function. Calcutta 4 unigenes were
assigned a total of 341,244 GO term annotations, with
162,468 biological process terms representing 10 GO levels,
69,390 molecular function terms from 10 levels and
109,386 cellular component terms from 9 levels. Similar
assignments were seen with Cavendish Grande Naine uni-
gene data, with 351,220 GO terms assigned across the three
main categories. A total of 168,015 biological process terms
were assigned, 70,878 molecular function terms and
112,327 cellular component terms. Within the biological
process category, At GO level two, the majority of unigenes
were assigned to “cellular process” (5,530 for C4, 5,649 for
CAV), metabolic process (5,276 for C4, 5418 for CAV),
“biological regulation” (1,397 for C4, 1,377 for CAV), “res-
ponse to stimulus” (1,343 for C4, 1,383 for CAV), and
“localization” (1,179 for C4, 1,227 for CAV). Similarly, for
Molecular Function, terms “binding” (4,732 for C4, 4,863
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for CAV), “catalytic activity” (4,659 for C4, 4,771 for CAV)
and “transporter activity” (678 for C4, 708 for CAV) were
the most abundant assigned terms for the unigene datasets
from both genotypes. Across the cellular function category,
the most abundant terms were “cellular component” (7,620
for C4, 7,759 for CAV), “cell” (7,580 for C4, 7,725 for CAV),
“organelle” (5,589 for C4, 5,735 for CAV) and “macromol-
ecular complex” (1,772 for C4, 1,829 for CAV). Figure 3
summarises level 1 and 2 GO annotation of unigenes.

Musa-Mycosphaerella interactions
M. musicola is a hemibiotrophic pathogen which pene-
trates leaf tissues through stomatal pores, following a
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period of epiphytic growth on the leaf surface. Once inside
the host, the pathogen colonizes the intercellular space
within mesophyll tissue layers and palisade tissues, without
forming haustoria or infecting host cells. This biotrophic
phase can last for a number of weeks before the onset of
symptoms of necrotic lesions in mesophyll cells. Growth
of conidiophores out through stomata then enables coni-
diospore development on the leaf surface. Notable diffe-
rences in disease development are seen in totally resistant
genotypes, with early necrosis of stomatal guard cells and
death of only a limited number of host cells at the site of
infection. No fungal sporulation is observed in such in-
compatible interactions.
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Figure 3 Histogram presentation of Gene Ontology (GO) annotation of M. acuminata Calcutta 4 and Cavendish Grande Naine
unigenes. GO level 1 and 2 data are summarized in three main categories: biological process, molecular function and cellular component.

m Cavendish Grande Naine

m Calcutta 4

Cellular Component




Passos et al. BMC Genomics 2013, 14:78
http://www.biomedcentral.com/1471-2164/14/78

Analysis of gene expression during banana-Mycosphaerella
interactions has been limited to date [15,23,24], with our
study, to the authors knowledge, the first massal trans-
criptome analysis for the M. acuminata-M. musicola pa-
thosystem. A sequencing strategy for identification of
transcripts from pathogen-challenged and unchallenged
leaves was employed, with the preparation of two cDNA
libraries per genotype (infected and non-infected). Given
reports that during the early biotrophic phase of infection
of banana with M. fijiensis, germ tubes penetrate stomata
from 3 to 6DAI [39], a similar timecourse was employed
for the M. acuminata-M. musicola pathosystem.

The use of detached leaf tissues in disease bioassays with
Mycosphaerella banana pathogens has been reported on
occasion to give inconsistent results (e.g. [40,41]), with de-
velopment of disease symptoms not always correlating
with those typically observed on intact plants. Additionally,
[40] suggested that the hemibiotrophic Mycosphaerella ba-
nana pathogens require healthy banana plants for disease
development, with [42] suggesting that the physiological
state of detached leaves is not comparable with those on
whole plants with an intact root system. Host gene expres-
sion in detached leaves during interaction with biotrophs
has also been reported in Arabidopsis to closer reflect
plant senescence [43]. For these reasons, bioassays were
conducted using intact young leaves from 6 month old
plants, with optimal temperature and humidity conditions
employed during the experiment.

On the basis of BlastX search results against nr, Blas-
t2GO annotation and assignment of unigenes to GO terms
related to defense (Additional files 4 and 6) many unigenes
potentially involved in plant Effector-Triggered Immunity
(ETI) and PAMP-triggered Immunity (PTI) were identified
across both genotypes. PTI is a branch of plant immunity
which involves interactions between host pattern recogni-
tion receptor-like kinases (PRRs) and pathogen-associated
molecular patterns (PAMPs) [44]. This branch involves a
mitogen-associated protein (MAP) kinase cascade and
WRKY transcription factors, and is responsible for resist-
ance to the majority of potential pathogens. ETI [45], is
based upon the co-evolution of plant resistance R protein
receptors and specific pathogen effector molecules, re-
sponsible for disease resistance at the intra-specific level.
Downstream signal transduction components can overlap
between PTI and ETI, including an oxidative burst via the
production of ROS, alterations in plant hormone produc-
tion and MAPK signaling cascades.

Expressed genes in Calcutta 4 and Cavendish Grande naine
In silico analysis of gene expression together with Blastx-
derived annotation nomenclature revealed genes poten-
tially involved in biotic stress responses in Calcutta 4.
Numerous transcription factors were identified, which are
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typically involved in regulation of plant development, sig-
naling and response to environment, amongst other roles.
Many are also known to be involved in signal transduc-
tion and expression regulation of stress-responsive genes.
Transcripts observed in infected leaf tissues in Calcutta 4
included a NAC domain protein and ethylene insensitive-
like protein 4, a probable transcription factor acting as a
positive regulator in the ethylene response pathway. Plant
R-gene-mediated recognition of a biotrophic pathogen
Avr gene product is associated with the hypersensitive res-
ponse (HR), which results in programmed cell death at
the site of infection to limit pathogen spread [46]. In
inoculated Calcutta 4 plants, unigenes potentially involved
in plant detoxification included a considerable presence of
metallothionein-like proteins. These low molecular weight
polypeptides sequester metal ions and are associated with
regulation of intracellular redox potential and oxygen de-
toxification [47,48], protecting cells from damaging effects
of reactive oxygen species (ROS). ROS generation may in-
dicate HR activity, following pathogen infection and rec-
ognition. Four distinct types (MT 1 to MT4) are known in
plants, according to distribution of cysteine residues. [49]
reported isolation of types MT2 and MT3 in banana, with
expression influenced in response to ethylene and metals.
More recent examination has reported their abundance in
M. acuminata Calcutta 4 [19]. Our study confirmed this,
with MT2 and MT3 unigene contigs with considerable se-
quence depth. Superoxide dismutase enzymes (SODs) were
similarly observed in infected Calcutta 4 leaves. Like metal-
lothioneins, these also act as antioxidants, protecting plant
cell components from oxidation by ROS. Glutathione-S-
transferases were also represented. These may be involved
in cell signaling pathways as well as in detoxification of
products of oxidative stress during HR. Their expression in
M. fijiensis-M. acuminata late stage compatible interac-
tions has also recently been reported [23]. Reported peaks
in accumulation of H,O, and peroxidase activity in Cal-
cutta 4 up to 10DAI with M. fijiensis [50] are consistent
with our observations of abundance of transcripts for genes
involved in ROS detoxification and HR during interaction
with M. musicola. Phenylpropanoids in plants are involved
in a number of defense responses, including biosynthesis
of antimicrobial compounds such as phytoalexins and
molecules involved in signaling. An abundance of gene
transcripts for phenylalanine ammonia-lyase (PAL) was
observed in Calcutta 4 following challenge with the pa-
thogen. This enzyme catalyses a reaction in the phenyl-
propanoid biosynthetic pathway, with deamination of
phenylalanine to cinnamic acid, leading to downstream
synthesis of phytoalexins, as well as production of salicylic
acid, a signal molecule involved in systemic acquired resist-
ance (SAR). 4-coumarate-CoA ligase, another important
enzyme in the biosynthesis of flavonoids and isoflavonoids,
was also observed.
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Blast nr-based functional annotation of expressed uni-
genes in Cavendish Grande Naine revealed an abundance
with homology to transcripts poorly characterized accor-
ding to the NCBI. However, where descriptions could be
used as a guide, numerous unigenes in infected leaves
were identified as potentially involved in plant responses
to biotic stress. These included transcription factors,
metallothionein-like proteins and superoxide dismutases
(plant detoxification), 4-coumarate:coA ligase 2, cinnamic
acid 4-hydroxylase and isoflavone reductase-like protein
(phenylpropanoid pathway), and disease-related F-box pro-
tein and calmodulin binding protein (defense response).
Examples of unigenes with fewer counts in infected leaves
when compared with non infected tissues included WRKY
transcription factor 17 and MAP kinase BIMK1 (defense
signaling), putative callose synthase 1 catalytic subunit
(plant callose synthesis), xyloglucan endotransglycosylase
(xyloglucan-cellulose framework modification and strength
of plant cell walls), endochitinases and putative chitinases
(degradation of fungal cell walls), pathogenesis-related
protein 1, F-box, wd40 domain protein, hypersensitive-
induced response protein (plant defense), glutathione
S-transferase 1 (plant detoxification), type III polyketide
synthase 4, cinnamate-4-hydroxylase (phenylpropanoid
pathway), CTRI1-like protein kinase, ethylene receptor-
like protein, ethylene response factor 11 and ethylene-
responsive transcriptional coactivator (ethylene and defence
signaling), respiratory burst oxidases (ROS signaling, signal
transduction and cell death) and thaumatin-like proteins
(degradation of fungal cell walls).

A number of distinct plant disease resistance R-gene
families are recognized as involved in ETI and PTI, based
upon protein domains and cell function. The most abun-
dant class code for cytoplasmic receptor proteins with
nucleotide binding site-leucine-rich repeat (NBS-LRR)
domains [51]. In rice, approximately 400 NBS-LRR genes
have been characterized, with 150 present in the Arabidop-
sis genome [52], and 89 identified in M. acuminata
DH-Pahang [15]. Conservation of motifs within nucleotide-
binding site leucine rich repeat domains has also enabled
analyses of NBS-LRR R-gene family diversity across the
genus (e.g. [38,53]). In the current study, 14 expressed
NBS-LRR genes were identified through Blast analysis from
both infected and non-infected leaf tissues for Calcutta 4
and 25 in Cavendish Grande Naine. Mapping of unigene
contigs to gene models containing the NB-ARC domain
in the reference M. acuminata genome identified 38 con-
tigs mapping to 40 gene models in the case of Calcutta 4
transcriptome data and 43 Cavendish Grande Naine
contigs mapping to 40 gene models (Additional file 1).
Other known plant R-gene classes include extracellular
LRRs anchored by transmembrane domains (receptor-like
proteins), extracellular LRRs linked to cytoplasmic serine-
threonine kinase domains (receptor-like kinases), intra-
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cellular serine-threonine kinases, and proteins with a
coiled-coil domain anchored to the cell membrane. Blast
analysis predicted numerous transcripts for these classes
among the two genotype datasets.

Assignment to GO terms related to defense and Blast2go
annotation (Additional file 3) provide a further level for
mining candidate genes involved in host defense responses,
complementing Blast nr-derived annotation. For example,
a number of interesting unigenes in pathogen-inoculated
Calcutta 4 leaf tissues were identified. These include glucan
synthase components, which are associated with callose
deposition in host cell walls during defense response,
Rpml interacting protein 4, reported in plant defense in-
volving R proteins RPM1 and RPS2, Mac perforin domain-
containing proteins, which are associated with the salicylic
acid (SA)-mediated pathway of programmed cell death,
brassinosteroid insensitive 1-associated receptor kinase 1,
which is involved in PTT and programmed cell death, and
mlo-like protein 1, known to be involved in plant defense
and cell wall strengthening.

Quantitative real-time PCR analysis of gene expression
Receptor-like protein kinases (RLKs) are transmembrane
proteins with an N-terminal signal sequence, a speci-
fic receptor extracellular domain, and an intracellular
C-terminal kinase domain. With over 600 RLKs charac-
terized in Arabidopsis [54], only few are known to be
involved in plant immunity [55,56]. Expression of LRR
receptor-like serine/threonine-protein kinase RGA genes
was evaluated in Calcutta 4, following alignment of 454
transcriptome data to annotated BAC sequences and
specific primer design for mapped expressed genes.
Quantitative real-time PCR revealed no significant change
in expression in the three selected RGAs in relation to
basal expression in non-inoculated controls (Figure 4). Al-
though constant transcript levels during pathogen attack
have been reported for different classes of host receptor R
genes, where constitutive expression may mediate patho-
gen recognition and activation of signal transduction and
defence responses, upregulation has been demonstrated in
certain pathosystems in response to infection [57]. Expres-
sion analysis of potential host defence-related genes
modulated during interaction with M. musicola was also
conducted on randomly selected SSR-containing unigenes
in Calcutta 4 (KOG descriptions: Pathogenesis related pro-
tein group 5, putative chitinase). Both genes were downre-
gulated following pathogen challenge over the timecourse
(Figure 4), with abundance of raw EST counts for each of
the examined genes in inoculated and non-inoculated
controls reflecting the changes observed with qRT-PCR
data.

The overlaying of the 454 transcripts identified in the
M. acuminata — M. musicola interaction onto gene
models on the M. acuminata DH Pahang reference
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Figure 4 Expression profiles in selected biotic stress responsive
unigenes. Quantitative real-time PCRs were performed to analyze
expression in candidate unigenes in Calcutta 4 mRNA from pooled
timepoints of 3, 6 and 9DAI, with triplicate samples of each.
Expression analysis was conducted for LRR receptor-like serine/
threonine-protein kinase RGA genes and SSR-containing defence-
related unigenes. Normalization of expression was performed using
an Elongation Factor gene for M. acuminata as reference. Bars
represent the standard error of the mean of technical replicates for
each biological sample.

genome will facilitate ongoing validation of candidate
gene expression via qRT-PCR. An in-depth understand-
ing of the mechanisms by which R genes and down-
stream defence mechanisms function in Musa is necessary
for development of novel strategies for durable resistance.

Data mining against M. fijiensis gene models

Data mining for M. musicola pathogen transcripts amongst
the pre-processed 454 sequence data derived from infected
leaves was performed through genome mapping and align-
ment against the Mycosphaerella fijiensis v2.0 All Gene
Models (transcripts) database. Based upon rDNA ITS se-
quence analysis, this species forms a monophyletic group
with M. musicola [58]. Although pathogen transcript abun-
dance is likely dependent on 454 depth of sequencing, a
total of 10 unigenes from transcripts in pathogen-infected
Calcutta 4 and 12 in Cavendish Grande Naine mapped to
M. fijiensis gene models (Additional file 7). In addition to
hypothetical proteins and no hits which were identified in
both C4 and CAYV, potential pathogen genes identified in
transcriptome data for CAVI included a SAP family cell
cycle dependent phosphatase-associated protein, two
Hsp70 family proteins, a FAD binding domain protein,
and a calcium channel. In the case of C41 data, positively
mapped M. fijiensis gene models also included an extracel-
lular protein 6 (Ecp6), and two 60S ribosomal proteins.

Page 9 of 17

A total of seven Ecps have been identified in Cladospor-
ium fulvum (syn. Passalora fulva), which are secreted dur-
ing interaction with tomato [59]. The C. fulvum effector
protein Ecp6, crucial for virulence, contains carbohydrate-
binding Lysin (LysM) domains that may be involved in
binding to chitin released from fungal cell walls during the
infection process [60]. Such PAMP-binding may prevent
induction of plant basal defense responses. Orthologs of
Ecp6 have been identified in EST and whole genome se-
quence data in a number of fungal genera. Within the
genus Mpycosphaerella, LysM-containing Ecp6-like pro-
teins have been identified in M. fijiensis [59] and Myco-
sphaerella graminicola [59,61], indicating their likely
presence in other members of the genus. Whilst homolo-
gues of the C. fulvum Ecp2 effectors have been described
in M. fijiensis transcripts from in vitro culture [62], to date
there have been no reports of in vivo Ecp effector homo-
log expression for the Mycosphaerella banana pathogens
during host-pathogen interaction. Our identification of
Ecp6 effector protein homolog transcripts in M. musicola
may contribute towards identification of pathogen effec-
tors and cognate disease resistance genes in Musa.

Genic SSR markers

Microsatellite markers or simple sequence repeats (SSRs)
are defined as tandem DNA repeats which are dispersed in
both coding and non-coding regions along eukaryotic gen-
omes. As molecular markers, they are typically somatically
stable, polymorphic, co-dominant, and multi-allelic. Appli-
cations in Musa have focused on taxonomy (e.g. [63]),
genotyping (e. g. [64]), and genetic map saturation (e.g.
[65]). Gene-derived SSRs can be associated with functional
genetic variation, as opposed to non-coding SSRs, with
presence in transcribed regions potentially influencing
gene function, transcription or translation [66]. Conse-
quently they offer potential for marker assisted breeding,
with markers either originating from a gene for a desirable
phenotypic trait, or co-localizing with a particular quanti-
tative trait locus. With such markers isolated from coding
regions, conservation is also potentially greater, increasing
transferability to related species (e.g. [67]). In comparison
with other crops, relatively few SSR markers have been
developed for the genus Musa, reflecting the limited se-
quence resources available until recently. Whilst the ma-
jority have been isolated from genomic libraries or BAC
clones [35,63,68-71], only few gene-derived SSRs have
been characterized (e.g. [72,73]).

We screened the Calcutta 4 and Cavendish Grande
Naine unigene datasets for the presence of SSR motifs. A
total of 4,068 potentially PCR amplifiable genic-SSR loci
were identified in the 36,384 Calcutta 4 consensus se-
quences, representing an EST-SSR frequency of 11.18%.
Similar numbers were observed for the 35,269 Cavendish
Grande Naine consensi, with a total of 4,095 SSRs,
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representing a frequency of 11.61%. In terms of SSR class
distribution, for Calcutta 4 unigenes, trinucleotide repeats
were the most abundant (61.4%), followed by di- (18.26%),
tetra- (9.7%), hexa- (5.9%) and penta-nucleotide repeats
(3.7%). Hepta-nucleotide repeats and above accounted for
1.04%. A similar distribution was observed in Cavendish
Grande Naine unigenes, with trinucleotide core motifs
representing 61.68% of repeats, followed by dinucleotides
(19.4%), tetra- (8.6%), hexa- (5.8%) and pentanucleotides
(3.5%). Again, heptanucleotide repeats and longer SSRs
made up only 1.02% of the total. A predominance of trinu-
cleotides in transcriptome sequence data is common
[74,75], with the presence of such motifs in gene regions
avoiding frameshift mutation introduction and changes at
the protein level. As expected, the shorter the nucleotide
core sequence, the greater the number of repeats present.
For Calcutta 4 an average of 7.74 repeats were observed
for di-nucleotide motifs, 4.99 for tri, 3.81 for tetra, 3.56 for
penta, and 3.63 for hexa-motifs. Similarly for Cavendish
Grande Naine there were an average of 8.55 repeats for
di-, 4.99 for tri-, 3.75 for tetra-, 3.59 for penta-, and 3.70
for hexa- motifs. Motif frequency distribution for trinu-
cleotide and dinucleotide core motifs, which were the
most abundant repeats for both genotypes are shown in
Figure 5.

The details of all 8,163 M. acuminata genic-SSR primers,
including SSR motif, primer sequences, PCR amplification
information, predicted gene function and in silico expres-
sion data are provided in Additional file 8. A subset of 95
potential defense-related gene-derived SSR loci, selected
on the basis of Blast similarities and KOG descriptors,
were validated for specific amplification and polymorphism
across 20 diploid M. acuminata accessions, to complement
previous work by our group [70]. A total of 73 (76.8%)
amplified specific products of expected size from genomic
DNA originating from the tested M. acuminata genotypes.
Polymorphism was observed in 14 loci (14.7%), with alleles
per polymorphic locus ranging from 3 to 8 and a total of
66 alleles scored across the polymorphic loci. Polymorph-
ism information content ranged from 0.34 to 0.82, with an
average of 0.63 (Table 2). This limited diversity can be
expected for genic-SSR markers, as a result of DNA se-
quence conservation of transcribed regions [76,77].

Our work represents a large scale development of new
genic-SSR markers for application in genetic improve-
ment, complementing the approximately 2,000 SSRs
identified in BAC-end and sequence scaffolds of DH-
Pahang [15]. With efforts underway towards develop-
ment of segregant populations for traits of interest
[78-80], these functional gene-based markers are applicable
for association to trait loci and downstream marker-
assisted selection, as well as evolution analysis, parentage
assessment and general genotyping applications in breeding
programs.
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Conclusions

This NGS-based investigation of the transcriptome in the
M. acuminata — M. musicola interaction provides useful
data on expressed genes during plant immune responses
in this pathosystem, with 36,384 and 35,269 unigene sets
identified, respectively, for contrasting M. acuminata ge-
notypes Calcutta 4 and Cavendish Grande Naine. Genes
were characterized according to Blast annotation, GO
category assignment and Interpro-based domain identi-
fication. The data represent a global transcriptome level re-
source for M. acuminata, with identification of candidate
genes expressed during infection contributing to our
understanding of host defense mechanisms against this
important pathogen. The recently published reference
whole genome for DH-Pahang represents approximately
90% of the estimated genome size. Genome annotation
updates will be facilitated by the availability and mapping
of comprehensive sets of expressed gene sequences for this
species. Our large scale characterization of genic-SSRs and
marker development are a resource for application in
genetic map enrichment, diversity characterization and
downstream marker assisted breeding in Musa.

Methods
Plant material preparation
M. acuminata Calcutta 4 and Cavendish Grande Naine
whole plants (Musa International Transit Centre ac-
cessions ITC0249 and ITC0654) were selected for tran-
scriptome analysis based upon their known contrasting
resistance to M. musicola. A total of 36 six month old
plants were maintained in a greenhouse under a 12-h
light/12-h dark photoperiod at 25°C and 85% relative hu-
midity. Both infected and non-infected control plants
were maintained under identical conditions. A strain of
M. musicola, isolated from Cavendish Grande Naine leaf
lesion sporodochia at Embrapa Cassava and Tropical
Fruits, Brazil, was used for artificial inoculation of the aba-
xial surface of the youngest emerged leaf of each plant. In-
oculation was conducted by spraying the entire leaf with a
suspension of 2 x 10* conidiospores ml™, with addition of
surfactant Tween 20 at 0.05%. Control samples comprised
water-surfactant-treated leaves incubated under the same
growth conditions. Sprayed leaves were covered with
transparent plastic bags to ensure high humidity. Three
independent replicates were collected for each sample.
Scanning electron microscopy was conducted to con-
firm M. musicola germination and infection, and used to
determine time points for leaf harvesting. A total of three
replicates per sample were prepared for analysis. Tissues
were fixed for 2.5 h in a fresh solution of 0.05 M cacody-
late buffer at pH 6.8, containing 2.5% glutaraldehyde fixer,
washed in 0.1 M cacodylate buffer at pH 6.8, and postfixed
for 1 h through addition of 2% osmium tetroxide to the
buffer solution. Sample dehydration was conducted at 4°C
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Table 2 Characteristics of polymorphic microsatellite loci isolated from M. acuminata Calcutta 4 and Cavendish Grande
Naine unigene sets

Locus Unigene ID SSR repeat SSR locus length  Allelic Amplitude Number of He Ho PIC
number motif (bp) (bp) alleles Value
locus821 musa_c4_small_c22955 CGG 14 170-180 3 061 052 053
locus945 musa_c4_small_c25361 TGACA 17 325-330 3 062 057 055
locus1284 musa_c4_small_c7084 AG 1 270-330 6 0.77 065 0.74
locus1412 musa_c4_small_c8798 TGC 15 175-190 3 039 0.14 034
locus1654 musa_c4_small_rep_c12642 ccT 16 170-200 5 0.70 071 0.66
locus2108 musa_c4_small_rep_c2099 GA 14 190-220 7 081 092 079
locus2061 musa_c4_small_rep_c1992 AG 19 190-200 5 0.70 052 0.66
locus2108 musa_c4_small_rep_c2099 GA 14 205-230 8 084 091 0.82
locus2112 musa_c4_small_rep_c21184 GTC 18 200-205 3 0.52 065 046
locus2306 musa_c4_small_rep_c2740 TG 13 170-185 4 0.74 038 0.69
locus2984  musa_c4_clusters_pos_c1484_1 TCCT 13 115-130 7 0.80 045 0.77
locus371 musa_cav_c18572 AT 12 350-360 3 056 054 048
locus2028 musa_cav_rep_c22610 [@n) 17 280-290 4 0.70 0.75 0.65
locus2646 musa_cav_rep_c5186 TTC 18 200-220 5 0.73 030 0.68

Polymorphism was evaluated across 21 M. acuminata accessions. HE, expected heterozygosity under Hardy-Weinberg expectations; HO, observed heterozygosity;
PIC, Polymorphism Information Content.
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for 20 minute periods with increasing concentrations of
ethanol (10, 20, 30, 50, 70, 80, 90, 95 and 100%). Samples
were then dried in a critical point drier (Emitech K850,
Kent, UK), mounted on copper stubs and sputter coated
with 20 nm gold particles. All samples were observed
using a Zeiss DSM 962 Scanning Electron Microscope.
Results showed that germ tubes and hyphae were visible
at 3 days after inoculation (DAI), with hyphal growth over
stomatal cells and penetration in Cavendish Grande Naine
occurring at 6DAI onwards (Figure 6). Similar finding
were reported by [49], who, investigating the M. fijiensis-
M. acuminata interaction, observed increasing stomatal
penetration in Cavendish Grande Naine from 5DA], up to
a total of 11% of stomata penetrated 21DAI, and only a
constant 0.95% of stomata infected for Calcutta 4, over
the 21 day period. Based on these data, 1 g leaf samples
from each genotype were collected at 3, 6 and 9DAIL im-
mediately snap frozen in liquid nitrogen and stored at
-80°C until further processing.

RNA preparation

Total RNA from 1 g leaf samples was extracted using
Concert® RNA Plant Reagent (Invitrogen, Carlsbad,
CA, USA) and INVISORB Spin Plant RNA Mini Kit
(Invitek, Hayward, CA, USA), according to manufac-
turer’s instructions. Total RNA was treated with
DNase-free (Ambion, Austin, TX, USA) using 1.5 units/pg
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of total RNA. Quantification and integrity was assessed by
using ethidium bromide-stained 1% agarose gels and
Nanodrop ND-1000 spectrophotometry (Thermo Scien-
tific, Waltham, MA, USA), with a a cut-off value of 1.8
for the A260 : 280 ratio. A total of 36 RNA samples
were extracted from triplicate plant samples for infected
leaves and non-inoculated control leaves at 3, 6 and 9
DAI from M. acuminata Calcutta 4 (C4l, CANI) and M.
acuminata Cavendish Grande Naine (CAVI, CAVNI).
Four separate RNA pools were prepared for ¢cDNA li-
brary construction, each comprising nine RNA samples
(pathogen-challenged or unchallenged M. acuminata
genotype, pooled timepoints 3, 6 and 9DAI and tripli-
cate samples).

cDNA library construction and 454-sequencing

Messenger RNA isolation, full-length enriched c¢cDNA
library preparation and pyrosequencing was carried out by
Eurofins MWG Operon (Ebersberg, Germany) from
approximately 50 pg of each total RNA pool. Non-cloned
libraries were prepared by random priming of polyA +
mRNA and size fractioning. Emulsion PCR and sequen-
cing were conducted according to Roche standard pro-
tocols using GS FLX technology and Titanium series
chemistry. Each of the four libraries was sequenced in a %
segment of a picotiter plate.

Figure 6 Scanning electronic microscopy (SEM) observation of interaction of Mycosphaerella musicola with abaxial leaf surfaces of
Musa acuminata genotypes. Fungal germ tubes and hyphal growth were observed 3, 6 and 9DAI respectively, for Cavendish Grande Naine (A,
B, C) and Calcutta 4 (D, E, F). Hyphal growth and penetration of stomatal openings was observed only in Cavendish Grande Naine 6DAI onwards.
Abbreviations: DA, days after inoculation; h, hypha; s, stoma.
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Sequence processing and annotation

Pre-processing

All sequence processing steps were performed iteratively
using the software Est2assembly platform [81]. Raw 454
sequence files in SFF Format were converted to FASTA/
QUAL-compatible sequences using the SFF Extract
software (http://bioinf.comav.upv.es/sff_extract/). For se-
quence cleaning, adapter-ligated sequences were masked
using SSAHA2 [82], and undesirable sequences (such as
mitochondrial DNA, rDNA or contaminant-derived)
identified for masking using BLAST2 [83]. Repetitive
sequences were identified and masked using RepeatMas-
ker version open-3.3.0 (http://repeatmasker.org).

Sequence assembly

Frequencies of DNA K-mers in sequence data was
obtained using the software Nesoni version 0.89 (Vic-
torian Bioinformatics Consortium), with sequence
groups with distinctive K-mer frequencies clustered ac-
cordingly using WcdEST version 0.6.3 [84]. Sequence
assembly of cluster group members into contigs and
singletons was performed using the assembly program
MIRA version 3.1 [85], with 454 technology-specific
and expected k-mer coverage assembly parameters. Re-
dundancy in assembled sequences originating from -
K-mer groups was inspected using BLAST2 (option
megablast).

In order to assess accuracy in assembly of the de novo-
assembled unigene contig sequences for each genotype,
alignment of reads plus their associated contig informa-
tion was conducted against all annotated gene models in
the M. acuminata ssp. malaccensis var. Pahang (DH Pa-
hang) whole genome sequence (downloaded at http://ba-
nana-genome.cirad.fr) using the genomic mapping and
alignment tool GMAP [86]. Alignment criteria comprised
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a minimum of 90% of the query sequence mapped on
the genome and the percentage identity of the sequence
relative to the mapped segment greater than 95%. Valid-
ation of unigene contigs that did not map to gene
models on the reference M. acuminata genome was
conducted through TBLASTX analysis against the NCBI
EST (others) database (http://www.ncbi.nlm.nih.gov).

Sequence annotation

Functional annotation of known proteins/genes for de
novo-assembled unique sequences from each K-mer group
was conducted against the NCBI non-redundant protein
(nr) database (http://www.ncbinlm.nih.gov) using the
BLASTX algorithm, with a typical E-value cut-off of 107.
Annotation of unigenes with no significant similarity to
database sequences were further analyzed for protein
domains with specific cell function using the software
InterproScan version 4.8 [87]. Functional category assign-
ment for each unique sequence was conducted using the
Blast2GO program, classifying according to GO terms
within molecular functions, biological processes and cellu-
lar components [88,89]. Comparative genomics analysis
between Calcutta 4 and Cavendish Grande Naine unigene
datasets was conducted through examination of common
and distinct gene models in the Musa reference genome
to which de novo-assembled unigenes were mapped.

For identification of potential fungal pathogen tran-
scripts amongst the sequence data derived from
infected leaves, pre-processed 454 reads were aligned
against the closely related Mycosphaerella fijiensis v2.0
All Gene Models (transcripts) database using BWA
[90] with default parameters. Counts according to
reads mapped to M. fijiensis gene models were calcu-
lated using GenomicRanges (http://www.bioconductor.

org).

Table 3 Primer sequences for gRT-PCR analysis of expression of SSR marker-derived genes associated with defense
responses and BAC clone-derived LRR receptor-like serine/threonine-protein kinases

Gene / contig abbreviation KOG Gene description / BAC Primer Sequence Forward/ Amplicon PCR Efficiency
annotation Reverse Size (bp)  efficiency  SD (+/-)
(%)
THAU_musa_c4_small_rep_c3564 Pathogenesis related proteins, CCGGTGGGACTAATTACAGG/ 165 99 0,011
group 5, Thaumatin CAATTCGGATGTCAATGCAG
CHIT_musa_c4_small_c3092 Chitinase CACCATCTCCTGCAAGCATA/ 123 96 0,008
GCAGTCATTCCTCGTTGTCA
MO9AT1_454_Ma4140MO9AT1 Putative LRR receptor-like serine/ CCAGCAACCACAACCCTAGT/ 176 99 0,009
threonine-protein kinase GATCTTTCAGGCCTCGTTTG
BO3A51_454_Mac054B03A51 Putative LRR receptor-like serine/ ATTCCATGGCTACGGACAAT/ 192 107 0,005
threonine-protein kinase TTCAGGCCTCGTTTGAACTC
BO3A11_454_Mac054B03A11 Putative LRR receptor-like serine/ CAGCAACCATAACCCCATTC/ 168 105 0,011
threonine-protein kinase AGGATCTTTCAGGCCTCGTT
EF Elongation Factor AACCCCCAAATATTCCAAGG/ 107 102 0,013
AGATTGGCACGAAAGGAATC

Differential gene expression in M. acuminata Calcutta 4 inoculated with M. musicola was analyzed in relation to non-inoculated controls.
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Simple sequence repeat (SSR) identification and marker
development

Perfect SSRs in unigene sequences were identified through
a computational search with the program Mreps version
2.5 (http://bioinfo.lifl.fr/mreps/). Detection required the
presence of at least two repeating units (e.g. GC) spanning
more than 10 bp. Primer pairs flanking each SSR locus
were designed using the program Primer3 [91]. Genic-
SSRs potentially related to biotic stress responses were
selected based upon KOG classification and description.
From a subset of 95 selected primer pairs, marker amplifi-
cation and allele length polymorphisms were evaluated
using 20 diploid (AA) M. acuminata accessions contrast-
ing in resistance to Sigatoka diseases, as described previ-
ously [60]. A classical 10 bp molecular size marker was
added to each gel to enable allele size estimation for PCR
products run on denaturing 6% polyacrylamide gels using
7 M urea. Gels were silver stained according to standard
protocols. Locus polymorphism was calculated using
the Polymorphism information content (PIC) calculator
(http://w3.georgikon.hu/pic/english/default.aspx).

Quantitative real-time PCR analysis

Expression analysis of a number of selected candidate uni-
genes was conducted using quantitative real-time PCR
(qRT-PCR). Two independent bioassays were performed, as
described above, to enable comparison of gene expression
in M. acuminata genotype cDNA pools for M. musicola-
inoculated and non-inoculated controls, with three tech-
nical replicates for each biological replicate. RNA pools
were prepared for cDNA library construction, each com-
prising nine RNA samples for the pathogen-challenged or
unchallenged M. acuminata genotype (pooled timepoints
of 3, 6 and 9DAI, with triplicate samples). Total RNA were
digested with DNase (TURBO DNA-free ", Ambion USA)
and converted into cDNA with Super-Script’ II RT and
Oligo(dT)20 primer (Invitrogen, Carlsbad, CA, USA). Spe-
cific primers were designed using the program Primer3Plus
[92], targeting Calcutta 4 defense-related unigene contigs
containing SSRs and LRR receptor-like serine/threonine-
protein kinase resistance gene analogs (RGAs) in Calcutta
4 and Cavendish Grande Naine. The RGA-targeting pri-
mers were designed by mapping all 454 pre-processed tran-
scriptome reads onto annotated Calcutta 4 and Cavendish
Grande Naine RGA-containing BAC clones [38], to enable
primer design to exon and UTR regions. All RT-qPCR
reactions were performed on an ABI 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). Each
PCR reaction mixture contained 1 pl of template cDNA,
primer pairs (175 nM) and Platinum® SYBR® Green qPCR
Super Mix-UDG w/ROX kit (Invitrogen, Carlsbad, CA,
USA), according to manufacturer’s instructions. PCR amp-
lification was conducted with 40 cycles of denaturation at
95°C for 15 s, primer annealing at 60°C for 30 s and
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extension at 60°C for 60 s. Gene expression normalization
was performed against the internal reference gene coding
for an elongation factor for M. acuminata. Amplification
efficiencies, correlation coefficients, R2 values and relative
gene expression (comparative Ct method) were calculated
using 7500 v.2.0.4 software (Applied Biosystem, Foster City,
CA, USA). All primers used in the study are listed in
Table 3.

Additional files

Additional file 1: Mapping data for M. acuminata Calcutta 4 and
Cavendish Grande Naine unigene contigs aligned to M. acuminata
DH Pahang all gene models. Data shows all assembled contigs of M.
acuminata Calcutta 4 and Cavendish Grande Naine generated through de
novo assembly mapping to M. acuminata ssp. malaccensis var. Pahang
(DH Pahang) whole genome sequence. Specific data is also presented for
contigs mapped to cytoplasmic nucleotide binding site-leucine-rich
repeat proteins, together with TBLASTX scoring hits obtained by
comparison of all unmapped contigs against EST (others) database of
GenBank at an E value < e-5.

Additional file 2: Example of M. acuminata Calcutta 4 unigene
contigs mapping to single M. acuminata DH Pahang gene models.

Additional file 3: Venn diagram showing the overlap between
transcriptome unigene datasets (contigs and singletons) for the M.
acuminata genotypes Calcutta 4 and Cavendish Grande Naine. All
gene models in the reference M. acuminata DH Pahang genome were
used as a base for identification of common mapped genes.

Additional file 4: Consensus sequences and BLASTX analysis of
assembled unigene contigs of M. acuminata Calcutta 4 and
Cavendish Grande Naine. Data represent the consensus sequences of
assembled contigs of M. acuminata Calcutta 4 and Cavendish Grande
Naine generated through de novo assembly, together with the three best
BLASTX scoring hits obtained by comparison against nr database of
GenBank at an E value < e-5.

Additional file 5: The most representative InterPro domains (IPR)
observed across the assembled unigene contigs of M. acuminata
Calcutta 4 and Cavendish Grande Naine.

Additional file 6: Analysis of assembled unigene contigs of M.
acuminata Calcutta 4 and Cavendish Grande Naine for Gene
Ontology (GO) terms related to defense response. Assembled contigs
of M. acuminata Calcutta 4 and Cavendish Grande Naine were assigned
to GO terms related to defense.

Additional file 7: Mapping data for M. acuminata Calcutta 4 and
Cavendish Grande Naine pre-processed 454 sequence reads aligned
to Mycosphaerella fijiensis v2.0 All Gene Models.

Additional file 8: Sequence information of all the SSR primer pairs
designed with Mreps and Primer3 for M. acuminata Calcutta 4 and
Cavendish Grande Naine unigenes. Data represent all the identified
SSR loci, together with supporting information (SSR motif, primer
sequences, PCR amplification information, predicted gene function and in
silico expression data).
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Abstract

Sigatoka leaf spot, caused by the fungus Mycosphaerella musicola,
significantly reduces leaf area and causes premature fruit ripening in banana. It is
thus fundamentally important to develop genotypes resistant to fungal pathogens via
crop improvement. In this context, transcriptional activity of NBS-LRR Resistance
Gene Analogs (RGAs) was compared from whole plant leaf material from Musa
acuminata ssp. burmannicoides ‘Calcutta-4’ (resistant) and Cavendish ‘Grande
Naine’ (AAA, susceptible), uninoculated and inoculated in vivo with M. musicola
pathogen conidiospores. Total RNA was extracted and purified using Concert™ and
c¢DNA prepared using the Kit SuperScript™ II Reverse Transcriptase (Invitrogen).
Twenty specific primer pairs for reverse transcriptase (RT) PCR were designed
using Primer3plus and targeting NBS-LRR RGA contig exon sequences. Primers
were also designed for the constitutively expressed M. acuminata actin gene (gi
151413782) and elongation factor (gi 66775523). RT-PCR results revealed examples
of constitutive RGA gene expression in both compatible and incompatible
interactions across the infection time course, as well as a complete absence of gene
expression. Examples of RGAs showing similar expression patterns in compatible
and incompatible interactions were also apparent, with susceptible and resistant
cultivars, for example, showing low levels of expression in early infection stages and
up-regulation in late stages. In contrast, another RGA displayed constitutive early
expression in the resistant cultivar, strong down-regulation in the intermediate
infection stage, and recovery to higher levels in the final stage of the examined
infection time course. This project will contribute to the elucidation of disease
resistance mechanisms in Musa. Candidate gene application via plant
transformation or marker-assisted selection will benefit Musa breeding programs
for the generation of resistant genotypes.

INTRODUCTION

Evolution of Musa via asexual reproduction in the form of vegetative
micropropagation or suckers means that today’s crop has a restricted genetic base, which
lacks resistance to pests and diseases. Sigatoka leaf spot disease, also known as Yellow
Sigatoka, caused by the fungal species Mycosphaerella musicola, is today one of the
principal problems for banana cultivation in Brazil, affecting fruit quality and reducing
productivity by up to 50% (Cordeiro et al., 2005; Meredith, 1970). Long-term reliance
upon chemical control strategies is inadequate, both socio-economically and
environmentally, with integrated strategies required for avoidance of fungicide resistance
development in the pathogen.

Non-conventional breeding strategies, such as transformation and marker-assisted
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selection, offer an alternative approach for introgression of disease resistance and defense
genes in commercial cultivars. However, relatively few such candidate genes have been
isolated and characterized to date for banana.

The objectives of this study were to analyze transcriptional activity of NBS-LRR
Resistance Gene Analogs (RGAs) in Musa acuminata leaf materials, during in vivo
interactions with M. musicola.

MATERIALS AND METHODS

Bioassays

Musa acuminata ssp. burmaniccoides ‘Calcutta-4’ (resistant) and Cavendish
‘Grande Naine’ (AAA, susceptible) were propagated in vitro and subsequently
maintained for 6 months in a greenhouse at 25°C. A conidiospore suspension from a
pathogenic isolate of M. musicola (source Embrapa CNPMF, Brazil) was prepared at a
concentration of 2x10* spores/ml, and sprayed onto the abaxial surface of the two
youngest leaves of nine plants each of ‘Calcutta-4’ and ‘Grande Naine’. An identical
number of plants was included as non-inoculated controls. A histopathological
examination of the infection process was performed using scanning electron microscopy.
Hyphal colonization and penetration of stomata was observed 6 days after inoculation
(Fig. 1). Infected leaf material was collected at 3, 6 and 9 days after inoculation.

RNA Extraction

Total RNA was extracted from all samples of inoculated an uninoculated leaves
using Concert Plant RNA Reagent” (Invitrogen) according to manufacturer’s instructions.
RNA quantification and purity analysis was performed using 1% agarose gels and visual
inspection of 28S and 18S rRNA and via Nanodrop spectrophotometry. cDNA was
prepared using the Kit SuperScript™ II Reverse Transcriptase (Invitrogen).

Primer Design and PCR Amplification

Twenty specific primer pairs were designed using the program Primer3plus
(Untergasser et al., 2007) for expression analysis from M. acuminata NBS-LRR RGA
contig exon sequences. Control primers for potential constitutively expressed genes were
designed for targeting the M. acuminata actin gene (gi 151413782) and elongation factor
(gi 66775523) in the NCBI database. Successfully tested primer sequences are listed in
Table 1. PCR reactions were carried out in 25 pl volumes, containing 20 ng cDNA
template, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.1 uM of each primer, 1.25U of Taq
polymerase, and 1X PCR buffer (Invitrogen). Temperature cycling was conducted on a
Veriti thermocycler (Applied Biosystems) as follows: initial denaturation at 94°C for
3 min; 40 cycles of 94°C for 1 min, specific primer annealing temperature for 1 min, and
extension at 72°C for 1 min; plus a final elongation period of 7 min at 72°C. PCR
products were electrophoresed in 1.5% agarose gels.

RESULTS AND DISCUSSION

Gene Expression

Ongoing reverse transcriptase (RT) PCR results have revealed examples of
constitutive gene expression for RGAs in both compatible and incompatible interactions
across the infection time course, as well as a complete absence of gene expression.
Examples of similar expression patterns were observed in compatible and incompatible
interactions, with susceptible and resistant cultivars, showing low levels of RGA
expression in the early infection stages and up-regulation in late stages. In contrast, other
RGAs displayed high expression levels in the resistant cultivar during the early infection
stage, strong down-regulation in the intermediate infection stage, and recovery to higher
levels in the final stages of the infection time course (Fig. 2).
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CONCLUSIONS

This project will contribute to the elucidation of resistance mechanisms in Musa.
As RGA sequences are characterized, through conserved orthologous sequence (COS)
marker-derived amplification from Musa genotypes, as well as through transcription
profiling approaches during Musa-Mycosphaerella interactions, temporal expression
profiles in candidate genes potentially involved in resistance or defense responses in
Musa are being validated via RT-PCR and qRT-PCR along interaction time courses. In
addition to increasing our understanding of the molecular processes involved in disease
resistance in Musa, candidate genes and markers offer potential for the development of
effective disease management based upon genetic improvement of the crop via both plant
transformation and conventional marker-assisted breeding.
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Tables

Table 1. Primer sequences for RT-PCR analysis of expression of a constitutive gene and
NBS-LRR contigs in Musa acuminata.

. . . PCR T,
Primer name Primer sequence (5°-3”) product (bp)  (° )
. F: GCACGGAGCACTGTATCTGA 233 60.0

NBS-LRR_RGA _contig 02 p. 5 A cCGTAAGGTTGCGATTGT 60.0
. F: TTTCGAGCTTTGTGCATTTG 121 60.0
NBS-LRR_RGA_contig 03 ¢« A GTGCCTTCCCTGCTAAAG 60.0
. F: TGGGAGGAGATACCTGCTTG 130 60.2
NBS-LRR_RGA_contig 07 ¢ 11CTTCGATTCTGGTGGTCA 592
. F: CCTTGTGGGAAACTCCGTAA 722 60.0

NBS-LRR_RGA _contig 09 p. - A ACTGCCACAAGCTGAAAA 60.0
ACTINI F: GAATGGTCAAGGCTGGTTTC 109 595
R: TCTTTTTGACCCATCCCAAC 59.8

' Tm, annealing temperature used.
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Fig. 1. Scanning electronic microscopy (SEM) images of colonization of cultivar ‘Grande
Naine’ (AAA, Cavendish) leaf abaxial surfaces by Mycosphaerella musicola
hyphae, 6 days after inoculation. Abbreviations: h, hypha; s, stoma.
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Fig. 2. Relative levels of expression of NBS-LRR Resistance Gene Analogs (RGAs) at
different times during the (A) compatible (‘Grande Naine’, AAA, Cavendish) and
(B) incompatible (‘Calcutta 4°, Musa acuminata ssp. burmannicoides) interaction
with Mycosphaerella musicola.
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Abstract

The development of novel approaches for crop protection requires continued
advances in our understanding of the molecular mechanisms controlling plant
immunity. Molecular and genomics tools have advanced our understanding, with
two key branches currently recognized. In one, plant innate defense is governed by
PAMP-triggered immunity (PTI), following host recognition of pathogen-associated
molecular patterns (PAMPs). Successful pathogens can, however, suppress PTI
signaling through evolution of specific effector proteins. Plants, in response, have co-
evolved cytoplasmic resistance (R) protein receptors which establish effector-
triggered immunity (ETI), a second immune system branch which recognizes
specific pathogen effectors. Although banana (Musa spp.) is one of the world’s most
important edible crops, contributing towards food security, a comprehensive
transcriptomic dataset is not yet available for use in accelerated molecular-based
breeding. In order to develop a functional genomics resource for this crop which
reveals transcriptional changes during plant immunity responses to biotic stresses,
we performed a pyrosequencing study of expressed genes in Musa acuminata
genotypes during compatible and incompatible reactions with the fungal pathogen
Mpycosphaerella musicola, causal organism of Sigatoka leaf spot disease. Total RNA
samples were prepared from whole plant leaf material from ‘Calcutta 4’
(M. acuminata ssp. burmannicoides, resistant) and ‘Grande Naine’ (AAA,
Cavendish, susceptible), both uninfected and artificially challenged with pathogen
conidiospores. Full-length enriched cDNA libraries were sequenced using a 454 GS-
FLX system pyrosequencer with Titanium chemistry, generating 978,133 raw
sequencing reads, with an average length of 334 bp and totaling over 460 million bp.
Over 35,000 unigenes were assembled for each genotype, with approximately 35%
displaying no significant similarity to any sequences in the public databases. In silico
analysis identified differentially expressed genes associated with stresses and
responses to biotic stimuli. Datasets were exploited for identification of expressed
resistance gene analogs and defense genes, as well as large-scale SSR marker
development. Together with future functional analysis and genetic map enrichment
approaches, the resources generated will contribute to our understanding of plant
immunity processes in Musa, facilitating long-term disease management based upon
genetic improvement.

PLANT IMMUNITY

The development of novel approaches for crop protection requires continued
advances in our understanding of the molecular mechanisms governing plant immunity.
Over the last two decades, molecular and genomics tools have advanced considerably our
understanding of the plant immune system, with two key branches currently recognized,
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as shown in simplified form in Figure 1.

PAMP-Triggered Immunity

One branch of the plant immune system is known as PAMP-triggered immunity
(PTI), innate defense, basal defense or non-self recognition. This branch is based upon
interactions between host surface pattern recognition receptor-like kinases (PRRs) (Shiu
and Bleecker, 2001; Altenbach and Robatzek, 2007), in plant extracellular matrix or
plasma membrane (Boller and Felix, 2009) which recognize conserved pathogen-
associated molecular patterns (PAMPs) (Niirnberger and Kemmerling, 2009). These are
microbial epitopes, such as bacterial flagellin, bacterial elongation factor Tu,
lipopolysaccharides, peptidoglycan, B-glucans, ergosterol or fungal chitin (Boller and
Felix, 2009). Such epitopes, originally termed elicitors, are defined as conserved
molecules across a microbial pathogen class and considered essential in function in
fitness or survival (Medzhitov and Janeway, 1997). Given that conserved molecules can
also occur in non-pathogenic microorganisms, the term microbe-associated molecular
patterns (MAMPs) is also employed (Boller and Felix, 2009). Breakdown products of the
plant-host cell wall, also serve as endogenous elicitors. They are released as a result of the
presence of non-host pathogen hydrolytic enzymes (Vorwerk et al., 2004). Such host-
pathogen interactions elicit PTI, which involves the activation of a mitogen-associated
protein (MAP) kinase cascade and activation of WRKY transcription factors (TFs),
preventing further host colonization, and conferring resistance to the majority of potential
pathogens. PTI is considered to be responsible for non-host resistance and can occur at
the species level or above. Plants typically show similar PTI responses to recognition of
diverse PAMPs.

Effector-Triggered Immunity

In a second branch of the plant immune system, successful pathogens can
overcome PTI. Pathogen avirulence (4vr) genes have evolved to code for species-, race-,
or even strain-specific virulence effectors (previously referred to as avirulence factors).
Upon secretion and translocation into the host cell, these genes suppress or interfere with
PTI signaling, resulting in plants being susceptible to pathogen infection, with disease as
a result of this Effector-Triggered Susceptibility (ETS) (Chisholm et al., 2006; da Cunha
et al., 2007; Block et al., 2008; Gohre and Robatzek, 2008). As such, effectors differ from
PAMPs, which are pathogen molecules essential for microbial survival, in that they
specifically target host defense mechanisms. Bacterial pathogens can transfer such
effectors into a susceptible host cell via type III secretion systems. In response, plants
have co-evolved specific cytoplasmic resistance R protein receptors which recognize
individual pathogen effector molecular signatures (such that the virulence protein is now
classed as an avirulence protein). These activate a second line of defense known as
Effector-Triggered Immunity (ETI) (Jones and Dangl, 2006), also previously known as
gene-for-gene or race-specific resistance. As such, ETI appears to have evolved after PTI,
with acquisition of necessary R proteins. In contrast to PTI, which will occur in all
members of a particular plant species, ETI operates at the intra-specific level, with
resistant genotypes possessing the necessary polymorphism in R gene resistance
determinants (Xiao et al., 2008).

A number of distinct plant resistance gene families have now been recognized as
involved in ETI, based upon deduced protein domain structure and biochemical function
(for a review see Miller et al., 2009). The largest class encodes intracellular receptor
proteins within a superfamily containing nucleotide binding site-leucine-rich repeat
(NBS-LRR) domains (Baker et al., 1997; Hammond-Kosack and Jones, 1997). Pathogen
effector recognition occurs across pathogen kingdoms, including bacteria, oomycetes,
fungi and nematodes, with over 60 plant R genes isolated over the last 20 years (Xiao,
2006). Conservation of motifs within R genes, such as those present within nucleotide-
binding site leucine-rich repeat domains, have facilitated amplification in diverse plant
taxa. Putative R genes or resistance gene analogs (RGAs) are commonly clustered, as a

228



result of duplication events occurring under diversifying selection. In the rice genome,

approximately 400 NBS-LRR genes have been characterized, with around 150 present in

the Arabidopsis genome (McHale et al., 2000).

Four important models within ETI have emerged, which initiated with the gene-
for-gene model, and subsequently the zigzag model, guard model, and most recently the
decoy model. These important models can be summarized as follows:

a. In the gene-for-gene model (Flor, 1942), which was originally described to explain
Melampsora lini/flax pathosystem, a direct interaction between a plant in possession of
a resistance factor and a pathogen with a cognate avirulence (Avr) factor results in a
resistance response. If either the plant is lacking the R-gene or the pathogen the cognate
Avr factor, infection will occur. Within this model based upon receptor-ligand
interaction (Keen, 1990), numerous pathogen Avr genes and cognate plant R genes
have now been characterized, with the complexity of the gene-for-gene relationship
continuing to be unraveled.

b. In the zigzag model, once a pathogen Avr factor or “effector” is recognized, it reduces
the fitness of the pathogen. Selective pressure may then result in the loss or alteration
of such an effector or conversely the gain of novel effectors (as new virulence factors)
through population evolution. Consequently, to avoid plant population extinction, new
plant R gene loci must evolve to recognize these new pathogen effectors, in order to
regain heritable resistance (Jones and Dangl, 2006). This ‘arms race’ type of co-
evolution between pathogen strains that overcome ETI and new plant genotypes that
restore ETI, is known as the zigzag model.

c. In the guard model, an R protein does not interact directly with the Avr protein, but
guards or monitors the status of another host protein, known as a guardee, that is the
target of the AVR protein (initially proposed to explain the NBS-LRR protein
Prf/Pto/AvrPto interaction) (Van der Biezen and Jones, 1998; Dangl and Jones, 2001).
Such R proteins therefore recognize host changes brought about as a results of the
action of the Avr protein on the target guardee. These pathogen proteins, although
traditionally termed avirulence factors, genuinely act as virulence factors and are
termed effectors (Bent and Mackey, 2007).

d. In the decoy model, the R protein once again does not interact directly, but monitors
modification of a host decoy protein which, although with no direct defense function
itself in this model, mimics a component of plant defense, and as such attracts attention
by the Avr protein (van der Hoorn et al., 2008). For example, a Pseudomonas syringae
effector protein AvrPto infects Arabidopsis but causes a resistance response in tomato
plants that carry the two resistance proteins Pto (which is a ser/thr kinase) and Prf
(which is an NBS-LRR protein). Pto possesses a kinase domain similar to that in PRRs
such as FLS2 and EFR (PRRs, as seen earlier, are normally involved in detection of
invading pathogens in PTIL, but in this specific case are targeted by AvrPto in
susceptible plants, resulting in blocking of plant immune response). Pto has been
hypothesized to have evolved as a decoy of the normal targets of AvrPto, whereby its
interaction with AvrPto, which is monitored by Prf, then triggers resistance signaling
responses (Zong et al., 2008).

Overlaps between PTI and ETI

Although PTI and ETI plant immunity branches are generally considered separate,
boundaries are not clear (Thomma et al., 2011). For example, PAMPs have been
characterized with narrow conservation across microbial classes, such as Pep-13, which is
a fragment of a cell wall transglutaminase, conserved only among members of the genus
Phytophthora and involved in plant defense activation (Brunner et al., 2002). Similarly,
some pathogen effectors have been characterized with broad distribution, such as necrosis
and ethylene-inducing peptide 1 (Nepl)-like proteins, common across bacterial, oomycete
and fungal pathogens (Gijzen and Niirnberger, 2006). Also contradicting current
definitions, PAMPs may play roles in virulence. One clear example is flagellin, with
Pseudomonas syringae flagellin mutants displaying reduced mobility and consequently
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reduced virulence in plant hosts (Taguchi et al., 2010).

Different PAMPs, such as the N terminal 22 amino acid sequence in bacterial
flagellin flg22, peptldoglycan and chitin, have been reported to induce large
transcriptional responses in the plant host, with clear overlaps in the host gene sets
showing differential expression at early stages following PAMP treatment (Gust et al.,
2007; Wan et al., 2008), but not during late responses (Denoux et al., 2005). This suggests
common early downstream signaling, triggered by different PAMPs, but different gene
expression at later stages, perhaps reflecting different immune responses necessary for
different pathogens. Induction of similar early transcriptome responses by diverse R
protein - effector protein interactions has also been reported (Zipfel et al., 2006). Most
interestingly, work with flg22 and pathogen effector proteins has also shown overlap in
the transcriptional reprogramming induced by both plant immunity branches (Navarro et
al., 2004), in line with the proposal that ETI evolved after PTI, with most of its
mechanisms originating from pre-existing PTI mechanisms (Tsuda and Katagiri, 2010).
Indeed, many downstream signaling components are seen to be shared between PTI and
ETI, including an oxidative burst and changes in plant hormone levels. However, plant
responses via ETI and PTI typically differ, with ETI response times generally faster than
observed in PTI, with longer duration and with more robust effects in the host (Jones and
Dangl, 2006; Tsuda and Katagiri, 2010).

Signaling Mechanisms

The hypersensitive response (HR), which is a form of programmed cell death, is a
rapid response which restricts pathogen spread (Hammond-Kosack and Jones, 1997,
Jones and Dangl, 2006). Although classically associated with ETI, PAMPs such as
harpins and flagellins have also been reported to induce HR responses (e.g., Wei et al.,
1992; Taguchi et al., 2003; Che et al., 2000), albeit by mediation via different signaling
mechanisms. Cellular defense responses in plant immunity often initiate with an oxidative
burst via the production of reactive oxygen species (ROS). These can function directly
against pathogens or play roles in signaling (Torres et al., 2006). In PTI, ROS production
is reported to be rapid and only transient (Zipfel et al., 2006) and dependent upon the
NADPH oxidase ArRbohD (Zhang et al., 2007). In contrast, production appears biphasic
in ETI, with an initial transient phase (possibly PAMP-induced), followed by a larger-
scale and longer-lasting accumulation, with ArRbohD also involved in the second phase
(Torres et al., 2006). Mitogen-activated protein kinase (MAPK) signaling cascades occur
in both PTI and ETI, although variations in duration may be responsible for differential
downstream responses in the two immunity branches (Tsuda and Katagiri, 2010).
Systemic acquired resistance (SAR), which can be activated in uninfected parts of the
plant, results in a physiologically ‘primed’ state, whereby an enhanced induction of
longer-lasting defense responses to a broad range of biotic stresses is typical. The SAR
response is dependent on expression of the regulatory protein NPR1 (Hammerschmidt,
2009). Although reported to enhance resistance when over-expressed in transgenics (e.g.,
Malnoy et al., 2007), NPR1 can also play negative regulatory functions in plant defense
against biotic stresses (Quilis et al., 2008). SAR is dependent on the accumulation of the
immunity phytohormone salicylic acid (SA), leading to an increase in acidic
pathogenesis-related (PR) gene expression (Ward et al., 1991). Although SA is typically
important in ETI against biotophs and hemibiotrophs, SAR induction has also been
reported in Arabidopsis with PAMPs such as flagellin and lipopolysaccharaides, with
typical increased expression of salycilic acid and pathogenesis-related (PR) proteins
(Mishina and Zeier, 2007). Jasmonic acid (JA) and ethylene (ET) signalling pathways are
also involved in plant defense, generally against necrotrophs, although with exceptions
(Glazebrook, 2005). JA is involved in production of basic PR proteins and proteinase
inhibitors (Niki et al., 1998). ET has also been reported to be involved in PR protein
production (van Loon et al., 2006), synergistic effects with JA signaling (Lorenzo et al.,
2004), and enhancing the SA-mediated NPR1 pathway in SAR (Leon-Reyes et al., 2009).
Although the three pathways are considered potentially antagonistic (Koornneef and
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Pieterse, 2008), evidence of synergy between different components of this network has
also been reported (Tsuda et al., 2009). SA, JA and ET have all been reported in both PTI
and ETI plant immunity branches, although they do not appear to be always activated.
Although signaling mechanisms appear common to PTI and ETI, how they are employed
in each branch likely differ (Tsuda and Katagiri, 2010). Definitions of PTI and ETI,
however, on the basis of expected signaling and defense responses, especially in terms of
scale are not well defined, as responses can be atypical, with limited intensities possible
in ETI, depending on effector-R-protein interaction, and robust PTI responses, depending
upon the specific host-pathogen interaction. Understanding of all the molecular
mechanisms controlling signaling and SAR is far from resolved, with suggestions of
involvement of further signaling proteins, post-translational modification, altered
expression in priming responsive genes, and upregulation of transcription factors (Van
Der Ent et al., 2009).

NEXT-GENERATION SEQUENCING (NGS) TECHNOLOGIES

Since 2005, a number of new technologies have been developed for improved
DNA sequencing, which are collectively referred to as next-generation sequencing (NGS)
or ‘deep sequencing’ technologies. The principal advantages offered by these approaches
lie both in the scale of low-cost sequence data that can be generated, together with a rate
which is several orders of magnitude faster than traditional sequencing approaches based
upon Sanger dideoxy sequencing (Sanger et al., 1977; Prober et al., 1987). Of the
numerous technologies which have been developed, three are currently widely deployed,
namely 454 (454 Life Sciences/Roche) (http://www.454.com/), Solexa/Illumina
(http://www.Illumina.com), and AB SOLIiD (hitp:/www.appliedbiosystems.com/
absite/us/en/home/applications-technologies/solid-next-generation-sequencing.html).
Currently 454 technology offers advantages in terms of sequence read length, whilst
[llumina and AB SOLiD offer deeper coverage and lower costs. These technologies offer
opportunities to increase our understanding of cell function at the nucleic acid level
(Lister et al., 2009). In the case of plant genetic improvement, applications include
sequencing genomlc DNA of interest, such as: bacterial artificial chromosomes (BACs),
reduced representation of a genome, whole genome sequencing, genome re-sequencing,
marker development and QTL mapping (SSRs and SNPs), association mapping, mutation
mapping, genotyping, cytosine DNA methylation analysis, gene discovery, identification
of alternative splicing and small RNA profiling. The transcriptome is defined as the total
sum of a cell’s transcripts (including mRNAs, non-coding RNAs and small RNAs),
together with gene expression information during particular physiological conditions or
developmental stages (Wang et al., 2009). The transcriptome also provides information
regarding gene structure and alternative splicing. Whilst experiments based upon
microarray technology have served to initiate identification of massive transcriptional
changes during plant immunity responses (Tao et al., 2003), NGS technologies offer
greater potential in such transcription profiling. These technologies are now superseding
microarray analysis and serial analysis of gene expression (SAGE), with rapidly
generated deep coverage sequencing data, with unbiased transcript representation,
appropriate for gene discovery, including de novo detection of rare transcripts and their
expression, as well as alternative splicing and gene sequence polymorphism detection
(Wold and Myers, 2008; Wang et al., 2009). Such potential seen in NGS technologies
make them well placed for applications in genomic analysis of host-pathogen interactions,
as an approach for furthering our understanding of the molecular mechanisms controlling
plant immunity. Some recent examples of the application of NGS in transcriptome
analysis of plant host-pathogen interactions are given in Table 1.

Ongoing 454 Transcriptome Sequencing in Musa

Although banana (Musa sp.) is one of the world’s most important edible crops,
contributing towards poverty alleviation and food security, a comprehensive
transcriptomic dataset is not yet available for use in accelerated molecular-based breeding
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in this genus. In order to develop a functional genomics resource for this crop which
reveals transcriptional changes during plant immunity responses to biotic stresses, a
collaborative functional genomics project is underway between UNB, UCB, Embrapa,
and CICY. In this project, we have performed a pyrosequencing study of expressed genes
in Musa acuminata during compatible and incompatible reactions with the fungal
pathogen Mycosphaerella musicola, causal organism of Sigatoka leaf spot disease. Pooled
total RNA samples were prepared from whole plant leaf material from 6-month-old
M. acuminata ssp. burmannicoides ‘Calcutta 4’ (resistant) and Cavendish ‘Grande Naine’
(susceptible) whole plants (Musa International Transit Centre accessions ITC0249 and
ITC0654), both uninfected (non-inoculated controls) and artificially challenged with
pathogen conidiospores. Synthesis of four full-length enriched ¢cDNA libraries and
pyrosequencing was carried out by Eurofins MWG Operon (Ebersberg, Germany), using
approximately 50 pg of each total RNA pool. Non-cloned libraries were prepared by
random priming of polyA+ mRNA and size fractioning. Emulsion PCR and sequencing
were conducted according to Roche standard protocols using GS FLX technology and
Titanium series chemistry, generating 978,133 raw sequencing reads, with an average
length of 334 bp and totalling over 460 million bp. Figure 2 summarizes the in-house
bioinformatic analysis applied for sequence processing and assembly. For unigene
classification, each unigene was aligned against the NCBI nr protein database using
BLASTX, using the criteria were that the alignment length should be >100 amino acids
and the expected value (E) <IE10”. In order to verify the presence of pathogen transcripts
amongst the unigene sets, each unigene was also aligned using BLASTN (megablast
option, BLASTN criteria of alignment bitscore >200) against the following databases:
Mycosphaerella fijiensis v2.0 All Gene Models (transcripts); Mycosphaerella graminicola
v2.0 All Gene Models (transcripts); and Coding Sequence data from Fungal Genome
Research (http://www.fungalgenome.org). Gene ontology (GO) terms were selected from
GOOSE  (http://go.berkeleybop.org/cgi-bin/goose/goose) using a database mirror in
Berkeley, CA, USA. In silico differential expression analysis was conducted with IDEG6,
and general database management using PostgreSQL and Chado.

In excess of 35,000 unigenes were assembled for each M. acuminata genotype,
with approximately 35% displaying no significant similarity to any sequences in the
public databases. Out of a total of 13,513 such assembled sequences for ‘Calcutta 4’
without matches to the database, interproscan analysis of translated sequences identified
functional protein domains in 192 sequences. Similar findings were also observed in
‘Grande Naine’, with 11,971 sequences with no significant similarity to database
sequences, of which 223 contained characterized interpro domains. Over 1900 unigenes
were identified in silico as potentially involved in defense and biotic stress responses. In
silico expression analysis identified numerous differentially expressed genes associated
with resistance to stresses and response to biotic stimuli in both cultivars, based on
comparison with non-inoculated controls. These included genes involved in MAP kinase
cascades, phenylpropanoid production, flavonoid pathway, plant detoxification,
phytohormone signaling, PR proteins and phytoalexin production. EST datasets were also
exploited for identification of over 30 expressed NBS-LRR resistance gene analogs.

In addition to gene discovery and expression profiling, the unigene sets were
exploited for large-scale simple sequence repeat (SSR) genetic marker development.
‘Calcutta 4’ and ‘Grande Naine’ unigene datasets were analyzed for the presence of SSRs
using the program mreps (http://bioinfo.lifl.fr/mreps/). Flanking primer pairs were
designed using Primer3 (Rozen and Skaletsky, 2000). Incidence of SSRs in the consensi
to which primers could be designed was approximately 6% for each cultivar, with over
4,000 SSR loci in each cultivar dataset potentially amplifiable via PCR and applicable for
genetic marker development. An example of polymorphism obtained with primers for one
locus is shown in Figure 3.

CONCLUSIONS AND PROSPECTS
Although our current understanding of the mechanisms involved in plant
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immunity has increased considerably with recent advances in molecular biology and
genomics technologies, the development of novel and durable disease resistance
specificities will depend upon a more complete understanding of plant immunity. The
relationship between PTI and ETI, for example, remains blurred, and the role of
downstream components of plant defense requires greater elucidation. Additionally,
characterization of plant R genes and increased understanding of R gene motif
specificities and their interaction with cognate pathogen effector protein domains is
necessary. This would likely then open up opportunities for engineering pathogen
recognition, such as via LRR motif reorganization (Lucas, 2010).

High-throughput next generation sequencing of the genomes and transcriptomes of
crop species and their wild relatives is undoubtedly increasing our knowledge of the gene
pool and diversity of genetic resources for breeding, and facilitating identification of
genes and mechanisms involved in plant immunity. Functional analysis of genes is,
however, a considerable bottleneck, given the exponential rise in available genome data.
Large-scale application of plant transformation approaches and gene silencing strategies,
such as RNA interference (RNA1i) and virus-induced gene silencing (VIGS), is therefore
necessary (Scofield and Nelson, 2009). NGS data is also applicable for large-scale genetic
marker development, facilitating genetic map saturation and marker-assisted breeding. As
a consequence, genomics-assisted breeding is predicted to continue to gain momentum
(Varshney et al., 2009), accelerating both phenotype prediction from genotype as well as
genetic improvement via plant transformation.

The unigene datasets developed by our group, exploited for gene identification,
transcription profiling, as well as large scale gene-based SSR marker development, will
contribute, together with future functional analysis and genetic map enrichment
approaches, to both our understanding of genes involved in plant immunity processes in
Musa and long-term strategies for disease management based upon genetic improvement.
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Tables

Table 1. NGS applications in understanding plant immunity mechanisms.

Plant-pathogen interaction

NGS technology

Applications

References

Interaction between Dioscorea
alata genotypes and

454 transcriptome

Transcriptome analysis of young leaf material in resistant and susceptible genotypes
during interaction with Colletotrichum gloeosporioides; 44,757 unique ESTs; multiple

Narina et al.,

) . lysi . 2011
Colletotrichum gloeosporioides anatysts pathogenesis-related genes and host defense related genes 0
Interaction between . Transcriptome analysis of pooled RNA from distinct tissues, biotic stress (leaf tissues .

. . 454 transcriptome . . . ) . . L Hsiao et al.,
Phalaenopsis equestris and analysis during interaction with bacterial pathogen Erwinia chrysanthemi) and abiotic stress 2011

Erwinia chrysanthemi

conditions across three species of the orchid Phalaenopsis; 22,234 unigenes identified

Interaction between Amaranthus
hypochondriacus and
Pseudomonas argentinensis

454 transcriptome
analysis

Transcriptome analysis of A. hypochondriacus plant leaf tissues during interaction with
bacterial amaranth pathogen Pseudomonas argentinensis; 20,408 isotigs and 799 contigs
assembled; 1% of transcripts with defense role assigned (41% associated with bacterial
infection, 24% with jasmonic acid (JA)-regulation)

Délano-Frier
etal., 2011

Interaction between Coffea
arabica and Hemileia vastatrix

454 transcriptome
analysis

Transcriptomes from C. arabica leaf tissues during compatible interaction with rust
fungal pathogen H. vastatrix; 22,774 unigenes identified; 30% of contigs assigned to
H. vastatrix, 61% to C. arabica; in silico prediction of pathogen effector homologues of
flax rust haustorially expressed secreted proteins (HESPs) and bean rust transferred
protein 1 (RTP1); Q-RTPCR profiling of rust genes during infection time course

Fernandez et
al., 2011

Interaction between Castanea
dentata and Castanea mollissima

454 transcriptome

Transcriptomes from stem tissues during interaction with chestnut blight pathogen
C. parasitica, 28,890 unigenes generated in C. dentata (susceptible), 40,039 unigenes in
C. mollissima (resistant); identification of differentially expressed genes involved in

Barakat et al.,

. . . analysis resistance and defense mechanisms such as hypersensitivity, jasmonic acid pathway, 2009

with Cryphonectria parasitica R . . . . . .
lignin biosynthesis, phenylpropanoid pathway, signaling, and resistance gene expression
regulation
Interaction between Vitis [llumina/Solexa Transcriptomes from leaf tissues during interaction with downy mildew pathogen
. . L. . . . . > . . ; Wu et al.,
amurensis and Plasmopara transcriptome P. viticola; 14549 unigenes identified in uninoculated control, 15249 in infection library; 2010
viticola analysis identification of differentially expressed stress-related genes
Interaction between creeping Illumina/Solexa Transcriptome data from interaction between creeping bentgrass and S. homoeocarpa;
. . . . . . . Venu et al.,

bentgrass and Sclerotinia transcriptome adapted methodology appropriate for interaction cDNA library construction and data 2011
homoeocarpa analysis analysis

LET



Figures

Fig. 1.

238

Pathogen

Effecton
I B ETE

S RISRKKE

Pathogen

Cell signaling ’

>

Ity Suceptibility Iy

Schematic representation of plant immune system activation by pathogen: PAMP-
Triggered Immunity (PTI) and Effector-Triggered Immunity (ETI). PTI, depicted
in lilac, follows pathogen-associated molecular pattern (PAMP) recognition by
host pattern recognition receptors (PRRs), and results in activation of a MAP
kinase cascade and WRKY transcription factors. The result is a blocking of further
host colonization and provision of resistance to the majority of potential
pathogens. Evolution of pathogen virulence effectors, depicted in blue, results in
suppression of PTI signaling and a breakdown of resistance, known as Effector-
Triggered Susceptibility (ETS). Co-evolving host resistance R proteins can then
recognize pathogen effectors and activate Effector-Triggered Immunity (ETI),
depicted in gold.
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Fig. 2. Schematic representation of the bioinformatic analysis methods: 454 transcriptome
sequence processing and assembly.
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Fig. 3. Silver nitrate-stained 4% polyacrylamide gel showing amplification profiles using

240

primers for SSR locus 2028. Polymorphism was tested across 22 M. acuminata
diploid accessions. 1: 1741-01; 2: SH32-63; 3: 4279-06; 4: 1318-01; 5: 0323-03; 6:
1304-06; 7: 0116-01; 8: 9179-03; 9: Burmanica; 10: Calcutta 4; 11: Microcarpa;
12: Pisang Berlin; 13: Lidi; 14: Khai Nai On; 15: Niyarma Yik; 16: Jaribuaya; 17:
Raja Uter; 18: Sowmuk; 19: Tjau Lagada; 20: F2P2.
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Abstract

Background Banana (Musa acuminata) is a crop contributing to global food security. Many varieties lack

and aims resistance to biotic stresses, due to sterility and narrow genetic background. The objective
of this study was to develop an expressed sequence tag (EST) database of transcripts
expressed during compatible and incompatible banana-Mycosphaerella fijiensis (Mf) interac-
tions. Black leaf streak disease (BLSD), caused by Mf, is a destructive disease of banana. Micro-
satellite markers were developed as a resource for crop improvement.

Methodology cDNA libraries were constructed from in vitro-infected leaves from BLSD-resistant M. acuminata

ssp. burmaniccoides Calcutta 4 (MAC4) and susceptible M. acuminata cv. Cavendish Grande
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Principal results

Conclusions

Naine (MACV). Clones were 5’-end Sanger sequenced, ESTs assembled with TGICL and unigenes
annotated using BLAST, Blast2GO and InterProScan. Mreps was used to screen for simple se-
quence repeats (SSRs), with markers evaluated for polymorphism using 20 diploid (AA)
M. acuminata accessions contrasting in resistance to Mycosphaerella leaf spot diseases.

A total of 9333 high-quality ESTs were obtained for MAC4 and 3964 for MACV, which
assembled into 3995 unigenes. Of these, 2592 displayed homology to genes encoding pro-
teins with known or putative function, and 266 to genes encoding proteins with unknown
function. Gene ontology (GO) classification identified 543 GO terms, 2300 unigenes were
assigned to EuKaryotic orthologous group categories and 312 mapped to Kyoto Encyclopedia
of Genes and Genomes pathways. A total of 624 SSR loci were identified, with trinucleotide
repeat motifs the most abundant in MAC4 (54.1 %) and MACV (57.6 %). Polymorphism
across M. acuminata accessions was observed with 75 markers. Alleles per polymorphic
locus ranged from 2 to 8, totalling 289. The polymorphism information content ranged
from 0.08 to 0.81.

This EST collection offers a resource for studying functional genes, including transcripts
expressed in banana-Mf interactions. Markers are applicable for genetic mapping, diversity

characterization and marker-assisted breeding.

Commercially cultivated varieties of banana and plan-
tains are derived from the progenitors Musa acuminata
Colla (AA) and Musa balbisiana Colla (BB). These crops
are of extreme importance across the world’s tropical
and sub-tropical regions, contributing to both food
security and export commodity revenue, with a global
annual production in excess of 97 million tonnes
(FAOSTAT 2009).

Cultivated bananas have evolved from hybridization
of wild species of M. acuminata (A genome) and
M. balbisiana (B genome). In contrast to fertility in wild
species, many of today’s commercial cultivars are
sterile triploids or diploids, with fruit development via
parthenocarpy. Together with female sterility, this
results in either seedless fruits or non-viable seeds. Con-
sequential asexually driven evolution has resulted in a
narrow genetic base, with the crop often lacking resist-
ance to pests and diseases. For this reason, the industry
has witnessed numerous pathogen and pest outbreaks.
Of the >40 fungal diseases affecting banana (Jones
1999), the foliar pathogen Mycosphaerella fijiensis (Mf)
is today one of the most threatening. Responsible for
black leaf streak disease (BLSD) in banana, commonly
known as black Sigatoka, yield losses range from 20 to
80 % (Churchill 2011), with premature fruit ripening
also affecting export markets. Although cultural prac-
tices contribute to disease control, without the inte-
grated use of chemicals their impact is insufficient.
Commercial banana plantations are therefore depend-
ent upon long-term use of agrochemicals, which

implies a constant threat for the emergence of
fungicide-tolerant or -resistant Mf strains. The develop-
ment of disease-resistant genotypes is today therefore
regarded as the most cost-effective long-term control
strategy available for the Musa industry.

Current breeding strategies for Musa rely upon sexually
active wild or improved fertile M. acuminata diploids,
which, in contrast to most commercial Musa varieties,
where genetic diversity is fixed by vegetative propagation,
serve as sources of resistance to biotic and abiotic stresses
for transfer across varieties. Programmes for the develop-
ment of tetraploid hybrids, for example, are typically gen-
erated via crosses between semi-fertile established
triploids and wild or improved fertile diploid parents with
agronomic traits of interest (Ortiz 1997; Amorim et al.
2011). Such breeding strategies can, however, have only
limited success, given low numbers or absence of seeds.
Complementary strategies for resolving these constraints
for perennial crop breeding are therefore required.

Isolation of candidate genes of agronomic interest
and development of specific molecular markers for ap-
plication in molecular genotyping and marker-assisted
selection (MAS) allow for both accelerated conventional
breeding and gene-transfer programmes as strategies
for genetic improvement. Expressed sequence tags
(ESTs) are 5'- or 3’-end single-pass-sequenced portions
of randomly isolated cDNA clones, which as such repre-
sent part of the transcribed region of the genome in
given conditions. As a rapid approach for gene discovery
and analysis of gene expression and regulation, data can
also be exploited for the development of functional
genetic markers. For Musa, a total of only 15 464 ESTs
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in M. acuminata and 5289 in M. balbisiana are currently
publically available in GenBank (accessed March 2012).
These datasets have been generated from a number of cul-
tivars, plant tissues (Roux et al. 2008), during abiotic stress
responses (Santos et al. 2005) and post-harvest ripening
(Manrique-Trujillo et al. 2007). Only limited analysis of
gene expression in response to biotic stresses has been
reported (e.g. Van den Berg et al. 2004; Portal et al. 2011).

Highly variable microsatellites or simple sequence
repeats (SSRs) are abundant in eukaryotic genomes, and
may occur in both coding and non-coding regions (e.g.
Tamana and Khan 2005). Typically they are reproducible,
somatically stable, highly polymorphic, co-dominant, multi-
allelic markers, with application in population genetics,
genetic mapping and molecular breeding. Locus-by-
locus de novo development is costly and time consuming,
in contrast to mining from EST sequence databases. As
EST-SSR markers originate from transcribed genes, they
offer potential for analysis of functional diversity in popula-
tions and application in MAS, through utilization of markers
that either originate from a gene responsible for a desirable
phenotypic trait, or that co-localize with a particular quanti-
tative trait locus (QTL) (Varshney et al. 2005). Applications of
SSR markers in Musa have focused on evolution and tax-
onomy (e.g. Lagoda et al. 1998), genotyping (e.g. Crouch
et al. 2001; Creste et al. 2003; Christelova et al. 2011), and,
more recently, linkage map saturation (e.g. Hippolyte et al.
2010). In comparison with other important crops,
however, still relatively few SSR markers have been devel-
oped for M. acuminata and M. balbisiana material (e.g.
Kaemmer et al. 1997; Lagoda et al. 1998; Crouch et al.
2001; Buhariwalla et al. 2005; Creste et al. 2006, Cheung
and Town 2007; Miller et al. 2010). Considering that alleles
can be monomorphic or even absent when applied across
cultivars, the number of useful SSR loci available remains
limited.

This work describes the generation of an EST resource
for M. acuminata and its mining for gene-derived SSR
markers. The annotated ESTs were generated from two
cDNA libraries constructed from BLSD-resistant
M. acuminata ssp. burmannicoides var. Calcutta 4
(MAC4) and BLSD-susceptible M. acuminata subgroup Cav-
endish cv. Grande Naine (MACV) leaves in vitro infected
with Mf. The wild diploid cultivar Calcutta 4 is widely
employed in breeding programmes as a source of resistance
to fungal pathogens and nematodes. It has also been used
as a model for comparative genomics (Cheung and Town
2007; Lescot et al. 2008), functional genomics (e.g. Santos
et al. 2005) and candidate resistance gene discovery (e.g.
Azhar and Heslop-Harrison 2008; Miller et al. 2008).
A subset of the EST-SSR marker loci was screened for
polymorphism across M. acuminata accessions contrast-
ing in resistance to Mycosphaerella leaf spot diseases.

Bioassays

In vitro-derived, 6-month-old whole plants of
M. acuminata Calcutta 4 (BLSD resistant) and Cavendish
Grande Naine (BLSD susceptible) (Musa International
Transit Centre accessions ITC0249 and ITC0654, respect-
ively) were maintained in a greenhouse under a 12-h
light/12-h dark photoperiod at 25 °C and 85 % relative
humidity. Leaf disc materials (squares of 36 cm?) for
the two contrasting M. acuminata cultivars were col-
lected from the two youngest leaves and spray inocu-
lated on the adaxial surface using conidiospore
suspensions (3 x 10> mL™?) of the Mf strain CIRADS9.
Inoculated leaf discs were incubated in a climatic
chamber at 25 °C, again under a 12-h light/12-h dark
photoperiod. Calcutta 4 was shown to be highly resist-
ant, with a typical incompatible response, whereas Cav-
endish was found to be highly susceptible, displaying
symptoms of a compatible interaction. Seven replicate
leaf discs were prepared to ensure sufficient material
for RNA purification and microscopic examination fol-
lowing infection. The in vitro-infected leaf disc tissues
were maintained for extended periods in a green, non-
senescent state, according to Abadie et al. (2008).

cDNA library construction

Two cDNA libraries were constructed, the first from a
pool of RNA samples isolated from infected leaf discs
at early time points in the incompatible interaction
[4, 6,7, 10, 12, 14 days after inoculation (DAI)] [M. acu-
minata ssp. burmaniccoides Calcutta 4 (MAC4)] and the
second from pooled late time points in the compatible
interaction (19, 25, 31, 39 DAI) [M. acuminata cv. Caven-
dish Grande Naine (MACV)]. This approach was adopted
not only to generate EST resources, but also to potential-
ly enrich the unigene set for genes involved in defence
responses during this host-pathogen interaction. Col-
lected leaf material was flash frozen in liquid nitrogen
to prevent RNA degradation and stored at —80 °C.
Total RNA was extracted from leaf tissue using the
Trizol kit (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s instructions. Total RNA quantification
and quality analyses were conducted on an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
Poly A* RNA was isolated from total RNA using a Micro-
Poly(A)Purist™ mRNA Isolation Kit (Ambion, Austin, TX,
USA), according to the manufacturer’s instructions. Full-
length cDNA libraries were constructed using the Creator
SMART cDNA Library Construction kit (Clontech, Palo Alto,
CA, USA). Poly A* RNA quality was compared with an
in-house control, and cDNA synthesized by reverse tran-
scriptase, via long-distance polymerase chain reaction
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(PCR). High-quality cDNA was isolated via fractioning,
digested with SfI and ligated to the plasmid cloning
vector pDRN-LIB (Clontech). Transformation into Escher-
ichia coli and recombinant selection on selection
medium followed the manufacturer’s protocols. Library
qualities were examined by colony PCR and PCR amplifi-
cation of plasmid inserts from randomly selected cDNA
clones, with over 90 % showing inserts >400bp. A
total of 27 648 clones were prepared for each cDNA
library and preserved as glycerol cultures.

Sequence analysis

Randomly selected clones from each cDNA library were
5’-end single-pass di-deoxy-based Sanger sequenced in
Brazil at the Universidade Catélica de Brasilia, Embrapa
Recursos Genéticos e Biotecnologia and in Japan at the
National Institute of Agrobiological Resources using
BigDye chemistry (Applied Biosystems, Foster City, CA,
USA). A total of 14272 sequences were generated
from the MAC4 library and 7623 from the MACV library.
Sequence analysis began with base calling and quality
assignment using the program Phred and a Q <16
quality score (Q) threshold (Ewing and Green 1998). Low-
quality sequences were removed using the program Lucy
(Chou and Holmes 2001) and vectors were masked using
Cross_Match (Ewing and Green 1998). Sequences were
screened for contaminant E. coli, chloroplast and mito-
chondrial DNAs utilizing the SSAHA package (Website 1,
http://www.sanger.ac.uk/Software/analysis/SSAHA/).
The processed sequences were assembled into sequence
consensi with the program TGICL (Pertea et al. 2003).
To annotate unique transcripts (unigenes) and identify
putative functions, similarity searches were performed
on assembled sequences using the Basic Local Alignment
Search Tool (BLAST) suite of programs, version 2.2.24+
(Altschul et al. 1997), against distinct databases to
identify protein functional categories [NCBI non-redundant
sequence database (Website 2, http://www.ncbi.nlm.nih.
gov/COG/); The Swiss-Prot Database (Website 3, http://
www.uniprot.org/downloads, uniprot_sprot_ release of
2010 04 23); The TAIR Database: The Arabidopsis Informa-
tion Resource (Website 4, http:/www.arabidopsis.org/,
Tair 9_pep_ release 2009 06 19); KOG (clusters of
eukaryotic orthologous proteins from complete eukary-
otic genomes); LSE (lineage specific expansions); and
TWOG (clusters for two species)]. BLASTX criteria
accounting for identity significance were that the align-
ment length should be >100 amino acids and the
expected value (E) < 1E710, Species distribution for
Musa unigenes was calculated via homology searches
against all plant proteins in the NCBI NR database,
based upon best hit for each analysed sequence. An
E-value < 1E3 was set as the threshold to consider a

BLAST hit significant. Unigene annotation based on
protein domain comparisons with InterPro, Pfam and
COG databases was conducted using InterProScan
(version 4.5, ftp://ftp.ebi.ac.uk/pub/software/unix/
iprscan/), HMMER3 (http:/hmmer.janelia.org) and
BLAST analyses. Gene placement prediction was per-
formed using Metabolic pathway annotation against
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (Kanehisa et al. 2004). Functional classification
of annotated unigenes according to the categories of
molecular function, biological process and cellular
component was conducted using Blast2GO (Conesa
and Gotz 2008), following the gene ontology (GO)
scheme (Consortium 2008).

Transposable elements (TEs) were identified during
EST pre-processing steps using RepeatMasker Open-3.0
(http://www.repeatmasker.org) with the MIPS Repeat
Element Database (Spannagl et al. 2007). Repeats were
classified into superfamily, family and class according
to version 4.3 of mips-REdat.

Candidate gene expression at different time points

The isolated RNA samples used for cDNA library construc-
tion were normalized and 10 p.g of each size separated via
agarose gel electrophoresis (1.2 %) under denaturing con-
ditions. Northern blot analyses of candidate gene expres-
sion at different time points during Musa-Mf interactions
in the contrasting cultivars were carried out using Nylon
Hybond N+ membranes according to the manufacturer’s
instructions. Polymerase chain reaction fragments of
three selected cDNA clones of interest (GenBank accession
numbers JK533438, JK545622 and JK535529) were la-
belled with «-3P dCTP via random hexanucleotide-primed
DNA synthesis using the Megaprime™ DNA Labelling
System RPN 1607 (Amersham Biosciences, Piscataway,
NJ, USA). Membrane hybridization signals were observed
after exposure on an autoradiography Storm 820 imaging
system (Amersham Biosciences, Piscataway, NJ, USA).

In silico SSR identification and marker
development

A computational search using the program Mreps
(Website 5, http://bioinfo.lifl.fr/mreps/) was used to
locate perfect SSRs across EST subsets (2186 ESTs from
the MAC4 library and 2363 from the MACV library). Micro-
satellite detection required the presence of at least two
repeating units (e.g. GC) spanning >10 bp. Flanking
forward and reverse primers were designed using the
program Primer 3 (Rozen and Skaletsky 2000).

In order to assess amplification and allele length poly-
morphisms, markers were evaluated using 20 diploid
(AA) M. acuminata accessions belonging to the Embrapa
Cassava and Fruits breeding programme collection,
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Table 1 Diploid (AA) M. acuminata accessions contrasting in
resistance to Mycosphaerella leaf spot diseases selected for
use in SSR marker validation.

M. acuminata Resistance/ Resistance/

accession susceptibility to  susceptibility to
BLSD yellow Sigatoka
Calcutt<:|4 e Res|stont ............... Res|stqnt ...............
Lidi Resistant Resistant
0323-03 Resistant Resistant
SH32-63 Resistant Susceptible
1304-06 Resistant Resistant
0116-01 Resistant Resistant
Burmanica Resistant Resistant
Microcarpa Resistant Resistant
1741-01 Nd® Resistant
9179-03 Nd Resistant
1318-01 Nd Resistant
4279-06 Nd Resistant
Pisang Berlin Partially resistant ~ Susceptible
Niyarma Yik Susceptible Susceptible
Raja Uter Nd Susceptible
Tjau Lagada Susceptible Susceptible
F2P2 Nd Susceptible
Khai Nai On Susceptible Susceptible
Sowmuk Resistant Susceptible
Jaribuaya Resistant Susceptible

“Not defined.

contrasting in resistance to Sigatoka diseases, and poten-
tial parentals for genetic map construction (Table 1).
Genomic DNA was extracted from leaves of each acces-
sion using a modified mixed alkyl trimethyl ammonium
bromide procedure (Gawel and Jarret 1991). Polymerase
chain reactions were carried out in 13-pL volumes, using
3 ng of genomic DNA, 2.5 mM MgCl,, 0.2 mM dNTP mix,
0.5 pM primer, 1.25U of Taq polymerase (Invitrogen)
and 1x buffer. Polymerase chain reaction amplification
was conducted with the following temperature cycling:
denaturation at 94 °C for 5 min; 29 cycles of denaturation
at 94 °C for 1 min, specific primer annealing temperature
for 1 min and product extension at 72 °C for 1 min; plus a
finalelongation period of 7 min at 72 °C. Polymerase chain
reaction products were initially checked for amplicon size
and PCR specificity on 3.5 % agarose gelsin 1 x TBE buffer.
Allele sizes were determined for products run against
10-bp molecular size markers (Invitrogen) on denaturing

6 % polyacrylamide gels using 7 M urea. Polymerase
chain reaction products were visualized by silver staining
according to the standard protocols (Creste et al. 2001).
Polymorphism per locus was calculated via the poly-
morphism information content (PIC) calculator (Website
6, http://www.liv.ac.uk/~kempsj/pic.html).

Bioassay

A highly reproducible in vitro infection procedure was
developed to assess the level of resistance to Mf in
M. acuminata. Two Musa genotypes were selected for
their contrasting resistance responses to the fungal
pathogen, with Fig. 1 showing significant phenotypic dif-
ferences at the macroscopic level. Following inoculation
with Mf conidiospore suspensions, early cellular responses
(19 DAI) were observed in Calcutta 4, leading to the activa-
tion of apoptotic events that blocked fungal growth
after ingression via the stomata. Apoptosis was limited
to sub-stomatal cells, with no further cell death progres-
sion observed between 19 and 31 DAI. These observations
are indicative of a complete arrest of fungal growth in Cal-
cutta 4. In this early biotrophic infection phase, such rapid
induction of sub-stomatal cell death would deprive the
fungus of nutrients required for survival. By contrast, the
infection time course in leaves of the genotype Cavendish
Grande Naine revealed fungal penetration of the host,
with infection of sub-stomatal cells advancing in the
mesophyll, resulting in extensive cell death during later
necrotrophic stages (Fig. 1, magnified image, DAI31).

Unigenes

For the development of an EST dataset for M. acuminata,
two full-length cDNA libraries were constructed, from
MAC4 and MACV leaf tissue samples, both in vitro
infected with Mf. The estimation of insert size via both
restriction digestion with SfI and PCR amplification
revealed averages in excess of 400 bp, showing that
both cDNA libraries were of high quality.

From a total of 10995 single-pass 5'-sequenced
clones in the MAC4 cDNA library, vector trimming and
quality analyses resulted in 9333 high-quality reads. In
the case of the MACV cDNA library, from an initial 4157
clones, a total of 3962 high-quality reads were gener-
ated. Size distribution analysis revealed a mean length
of ESTs following quality filtering and vector trimming
of 370 bp for MAC4-derived ESTs and 494 bp for MACV-
derived ESTs. The most common length distribution cat-
egories were between 201 and 500 bp for MAC4 ESTs,
and between 401 and 500bp in the case of MACV
ESTs. All high-quality sequences were deposited in
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DAI19 DAI25

M. acuminata
Cavendish
Grande Naine

M. acuminata
Calcutta 4

DAI31 DAI31 magn.

Fig. 1 Macroscopic and microscopic observation of infected tissues during the time course interaction with Mf. Symptoms of apop-
tosis were apparent only in Calcutta 4 (19-31 DAI), while cell death attributed to necrotic disease stages was restricted to Cavendish

Grande Naine (DAI31). DAIL, days after inoculation; magn, magnified.

NCBI with GenBank accession numbers JK531581-
JK540913 (MAC4) and JK542313-JK546274 (MACV).

Assembly of high-quality M. acuminata ESTs from the
two libraries generated 3995 non-redundant unigene
clusters, consisting of 1368 contigs and 2627 singletons
(1908 from MAC4 and 719 from MACV). Clustering
resulted in an average of 16 EST sequences. As expected,
contigs with fewer EST members were more represented
than those composed of more ESTs (Fig. 2).

Functional annotation and classification

Expressed sequence tag annotation was conducted
via the BLASTX algorithm-based alignment against the
NCBI non-redundant sequence database, SwissProt, MIPS-
Arabidopsis, GO and KOG. Conserved protein domains
were also identified using InterproScan. A total of 2592
unigene sequences displayed significant homology to
genes encaoding proteins with known or putative function,
266 to genes encoding proteins with unknown function,
and 1137 showed no significant homology to any
sequences in the database. A total of 486 (12 %)
matched genes in rice (Oryza sativa), 182 (5 %) matched
genes in maize (Zea mays) and 247 (6 %) matched
genes in sorghum (Sorghum bicolor) (Fig. 3). Only 4.1 %
of BLAST hits (165 unigenes) originated from Musa NR
database proteins, indicating considerable gene discovery
for the genus. Gene ontology is employed to provide an
organized vocabulary for describing unigenes according
to categories (Ashburner et al. 2000). Functional annota-
tion of the 3995 unigenes with InterproScan analysis
identified a total of 543 GO terms. Unigenes were anno-
tated with GO identifier into three principal categories:
molecular functions (46.43 %), cellular components
(19.21 %) and biological processes (34.34%). Two

unigenes (0.04 %) remained unclassified, possibly reflect-
ing limited sequence length or that they are novel pro-
teins. Details of assigned high-level GO terms are shown
in Fig. 4. As unigenes could occasionally be assigned to
more than one category, the combined total number of
assigned GO mappings exceeded the number of unigenes
analysed. In the molecular function category, the four
most represented unigene functional classes were: other
enzyme activity (468), other binding (262), nucleotide
binding (236) and structural molecule activity (197). The
principal functional classes observed in the biological
function category belonged to metabolic process (272),
translation (271), protein metabolic process (204) and
transport (175). In the cellular component category,
most unigenes coded for intracellular cell part (242),
ribosome (199), membranes (123) and macromolecular
complex (89).

KOG categories A total of 2300 unigenes were assigned to
KOG categories amino acid transport and metabolism (72/
1.8 %), carbohydrate transport and metabolism (110/
2.8%), cell cycle control, cell division, chromosome
partitioning (28/0.7 %), cell motility, lipid transport and
metabolism (1/0.02 %), cell wall/membrane/envelope
biogenesis (28/0.7 %), chromatin structure and dynamics
(23/0.5 %), coenzyme transport and metabolism (19/
0.4 %), cytoskeleton (49/1.2 %), defence mechanisms (26/
0.6 %), energy production and conversion (127/3 %),
extracellular structures (8/0.2 %), function unknown (160/
4 %), general function prediction (319/7.9 %), inorganic
ion transport and metabolism (67/1.6 %), intracellular
trafficking, secretion and vesicular transport (119/2.9 %),
lipid transport and metabolism (56/1.4 %), nucleotide
transport and metabolism (21/0.5 %), post-translational
modification, protein turnover, chaperones (320/8 %),
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W Oryza sativa

u Zea mays

m Sorghum bicolor
B Musa acuminata
o Triticum aestivum
" Musa balbisiana

Hordeum vulgare

Musa AAAB

Fig. 3 Species distribution of M. acuminata unigenes shown
as the percentage of the total homologous monocotyledon
plant sequences. The best BLAST hits of each sequence
were analysed.

replication, recombination and repair (15/0.3 %), RNA
processing and modification (89/2.2 %), secondary
metabolite biosynthesis, transport and catabolism (53/
1.3 %), signal transduction mechanisms (172/4.3 %),
transcription  (109/2.7 %), translation, ribosomal
structure and biogenesis (289/7 %), and no hits (1696/
42.5 %) [see ADDITIONAL INFORMATION 1 and 2].

Defence Defence-related transcript functions identified
according to the KOG classification across the unigenes
comprised nine germin/oxalate oxidases (OXOs), three
regulators of pathogen resistance responses of RPS2 and
RPM1 genes, two dual-specificity phosphatases, two
flavonol reductase/cinnamoyl-CoA reductases, two HVA22/
DP1 gene product-related proteins, two macrophage
migration inhibitory factors, a drought-induced protein, a
bax-mediated apoptosis inhibitor TEGT/BI-1, a BPI/LBP/
CETP family protein, a mercaptopyruvate sulfurtransferase/
thiosulfate sulfurtransferase, a predicted protein tyrosine
phosphatase, and a protein involved in the control of
unknown local host defence mechanisms to pathogens.

Signal transduction From a total of 172 predicted
unigenes classified to the KOG category of signal
transduction, a number are typically associated with plant
immunity mechanisms. These included 20 unigenes
characterized as ‘Receptor protein kinase containing
LRR repeats’. Other significant findings were 20 serine/
threonine protein kinases, two mitogen-activated protein
kinase kinase (MAP2K) and five WRKY superfamily
transcription factors. Further manual mining also revealed
predicted unigenes typically associated with defence
responses in plants: five isoflavone reductase/pinoresinol-
lariciresinol reductase/phenylcoumaran benzylic ether
reductases (phenylpropanoid/flavonoid pathway); 14
glutathione S-transferases (GSTs), two metallothioneins,

three superoxide dismutases (SOD) (plant detoxification);
one 1-aminocyclopropane-1-carboxylate synthase (ethylene
biosynthesis); three -1,3 glucanases (PR 2 proteins); one
transcription factor containing NAC and TS-N domains
(plant defence); one cysteine proteinase inhibitor B
(cystatin B) (plant defence); and six glycolate oxidases
[production of reactive oxygen species (ROS)].

Functional validation of defence-related gene expression
By employing RNA samples used for cDNA library
construction, a northern blot time course was
conducted to assess differential induction of a set of
identified defence-related genes following infection of
each M. acuminata genotype. Selected candidate genes
comprised an OXO (clone accession number JK533438),
one representative of the metallothionein type 2 gene
family (JK545622) and one peroxidase (JK535529). The
time course for the analysis of gene expression during
the interaction analysis covered early (4 DAI) until late
time points (31 DAI in the Calcutta 4-Mf interaction, 39
DAI in the Cavendish Grande Naine-Mf interaction).
Analysis revealed differences in the pattern of expression
induction of the selected genes between the incompatible
and compatible Musa-Mf interaction. Early induction of
the OXO (4 DAI, 6 DAI), the metallothionein (6 DAI)
and the peroxidase (6 DAI) in Calcutta 4 cells correlated
with the observed apoptotic events (Fig. 5), suggesting
their involvement in a rapid activation of defence
responses. By contrast, no significant early induction of
the three genes was observed in Cavendish Grande
Naine, with an increased expression of both OXO and
metallothionein only 31 and 39 DAL and a relatively
constant expression of peroxidase throughout the time
course.

KEGG pathways To identify biological pathways
represented among the unigenes, enzyme commission
numbers derived from BLASTX alignments were mapped
against the KEGG database. A total of 312 unigenes were
identified in the pathway maps, with the categories
genetic information  processing and metabolism
accounting for 86 % of the unigenes (Table 2). The five
most represented pathway subcategories were:
translation; energy metabolism; folding, sorting and
degradation; carbohydrate metabolism; and amino acid
metabolism.

Transposable elements

To analyse the abundance and diversity of expressed TEs,
EST pre-processing employed RepeatMasker (version
open-3.2.8), with classification to type level according to
the database mips_REdat_4.3. Differences in the propor-
tion of retrotransposons (85 %) and transposons (16 %)
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Fig. 4 Representation of M. acuminata unigenes classified in functional groups. The GO hits were assigned to categories (A) molecular
function, (B) biological process and (C) cellular component.
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Fig. 5 Northern blot analysis of expression of selected defence-related M. acuminata unigenes during the time course interaction
with Mf. Arrows show differential gene expression between the tested cultivars for each gene probe.

Table 2 Summary of M. acuminata unigenes mapped in KEGG
pathways.

Pathway categories Unigenes
Genet|c|nformat|on processmgl43 ........
Metabolism 128
Cellular processes 18
Organism systems 14
Environmental information processing 9
Unigene total 312

were observed. Class I TEs were classified into long ter-
minal repeat (LTR), non-LTR and retrotransposon type,
while Class II TEs were classified only to transposon
type. Table 3 summarizes the number of EST sequences
containing each TE type.

Genic-SSR marker development

Computational mining of M. acuminata ESTs (2186 from
the MAC4 library and 2363 from the MACV library, with a
total size of 2104 Mbp) identified SSRs across 13.7 % of
sequences. For 303 out of 624 SSR-positive sequences,
PCR primers could be successfully designed, for potential
use as molecular markers based on repeat length poly-
morphisms (Table 4). A total of 12.5 % of analysed MAC4
ESTs contained SSRs, with five classes identified. The trinu-
cleotide repeats appeared the most abundant (54.1 %),
followed by di- (31.6 %), tetra- (6.7 %), hexa- (5.3 %) and
penta-nucleotide repeats (2.3 %). The most abundant tri-
nucleotide repeat motifs were GAA, CTC, AAG, AGA, CCT,

Table 3 Abundance and diversity of expressed TEs in
M. acuminata EST datasets.

Class Type Number of ESTs
I ................... L TR .............................. 220 ...............
I Non-LTR 21

I Retrotransposon 16

11 Transposon 48

Total 305

CAG, GAG, GAT, CAC and AGG, accounting for 68 % of
such repeats. Of the dinucleotide repeat motifs, GA, AG,
TC and CT accounted for 78.5 % of repeats. Tetranucleo-
tide repeats were less abundant, with the majority of
motifs in equal abundance (11.1 % each), with the excep-
tion of the more frequent GAGG motif (22.2 %). Penta- and
hexa-nucleotide repeats represented the least abundant
in Calcutta 4, with equal abundance observed for each
motif. Analysis of MACV ESTs revealed 14.8 % containing
SSRs. In contrast to Calcutta 4, a greater array of repeat
classes was observed, from di- through to hendeca-
nucleotide repeats. As in the case of Calcutta 4, trinucleo-
tide repeats were the most abundant (57.6 %). These
were followed, in decreasing frequency, by di- (25.3 %),
tetra- (7.1 %), hexa- (4.7 %), penta- (3.5 %), hepta-
(0.6 %), octa- (0.6 %) and hendeca-nucleotide repeats
(0.6 %). Trinucleotide repeat motifs included, in decreas-
ing prevalence, CTC, AGA, TTC, AAG, GAA, CCT, GGA and
TCT, representing 50.0% of tri-repeats. The most
common dinucleotide repeat motifs GA, TC, AG and CT,
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Table 4 Overview of SSR repeat abundance in M. acuminata
ESTs and primer design statistics.

M. acuminata M. acuminata

Calcutta &4 Cavendish
Grande Naine
‘Sequences analysed 2186 2363
Sequences with SSR 273 351
repeats
Bases analysed 1021 899 1082 286
Bases with repeats 5478 7171
Primer pairs designed 133 170
Failed primers 51 67

also common in Calcutta 4, accounted for 88.4 % of
repeats. Tetranucleotide repeat motifs were all present
in equal abundance (8.3 % each). Penta- and hexa-
nucleotide repeat motif types were also each present in
equal abundance per class, at 16.7 and 12.5 %, respect-
ively. In the case of hepta-, octa- and hendeca-nucleotide
classes, only one motif type per class was observed.
In general, the shorter the nucleotide core sequence,
the greater were the number of repeats observed. In the
case of Calcutta 4 there were an average of 9.4 repeats
for di-nucleotide motifs, 5.2 for tri-, 3.5 for tetra-, 3.3 for
penta- and 3.4 for hexa-motifs. Similarly, for Cavendish
Grande Naine there were an average of 9.6 repeats for
di-, 5.4 for tri-, 3.9 for tetra-, 3.1 for penta-, 3.8 for hexa-,
3.1 for hepta-, 3 for octa- and 3.1 for hendeca-motifs.

Of the 303 EST-derived SSR markers for which primers
could be designed, 149 yielded reproducible PCR ampli-
cons [see ADDITIONAL INFORMATION 3]. A total of 75
(24.7 %) were identified with consistent amplification
and as polymorphic loci when tested, initially on agarose
gels and subsequently on polyacrylamide gels, across the
contrasting M. acuminata accessions (Table 5). A total of
289 alleles were scored across these polymorphic loci.
Fourteen polymorphic loci possessed two alleles across
the tested accessions; 21 loci showed three alleles; 17
loci showed four alleles; 13 loci showed five alleles; six
loci showed six alleles; three loci showed seven alleles;
and one locus displayed eight alleles. The PIC values
ranged from 0.08 to 0.81, with an average value of 0.50.

The objectives of this work were to generate an EST re-
source for studying functional genes in M. acuminata,
which also included transcripts expressed in banana-
Mf interactions during compatible and incompatible

reactions. We also pursued the development of gene-
based microsatellite markers as a resource for genetic
mapping, diversity characterization and MAS of specific
traits in conventional breeding populations.

Unigenes

In total, 9333 high-quality ESTs were generated from
MAC4 and 3964 from MACV. At the time of analysis in
December 2011, only 15 464 ESTs were publically avail-
able for M. acuminata. This study therefore contributes
almost a two-fold increase in EST resources for this
species. BLASTX homology searches of the 3995
M. acuminata unigenes against monocotyledonous
plant proteins in the NCBI NR database revealed
28.4 % of unigenes as potentially novel and exclusive
to M. acuminata, with only 4.1 % of BLAST hits to existing
Musa NR database proteins. This dataset therefore pro-
vided a significant contribution of value for gene discov-
ery and validation of function for the genus.

Functional categorization assigned a large number of
unigenes to involvement in intracellular cell compo-
nents, membranes, organelles, metabolic processes,
translation, transport, oxidation and reduction pro-
cesses, enzyme activity, binding, structural molecule ac-
tivity and catalytic activity. Given the still limited
characterization of gene expression during banana-Mf
interactions (e.g. Portal et al. 2011), a strategy for poten-
tial enrichment of Musa EST resources to also include
genes involved in defence responses was employed.
Given that defence responses typically occur earlier in in-
compatible rather than compatible interactions, distinct
time points for cDNA library preparation were chosen
to reflect such expected differences. Although the
sequences encoding activities related to response to
stress, defence response and signal transduction were
less represented, numerous unigene sequences poten-
tially involved in plant effector-triggered immunity
(ETI) and pathogen-associated molecular pattern
(PAMP)-triggered immunity (PTI) were characterized.
Pathogen-associated molecular pattern-triggered im-
munity is considered to be based upon interactions
between host pattern recognition receptor-like kinases
and conserved PAMPs (Nirnberger and Kemmerling
2009), conserved across a microbial class and essential
in fitness. Pathogen-associated molecular pattern-
triggered immunity involves activation of a mitogen-
associated protein kinase cascade and WRKY
transcription factors (TFs), conferring resistance to the
majority of potential pathogens. Effector-triggered
immunity (Jones and Dangl 2006) is based upon co-
evolution of plant resistance R-protein receptors and spe-
cific pathogen effector molecules, conferring resistance
at the intra-specific level. Many downstream signal
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Table 5 Characteristics of polymorphic microsatellite loci isolated from M. acuminata Calcutta 4 and Cavendish Grande Naine EST data.

Locus name SSR repeat motif SSR locus length (bp) Obtained allele size range (bp) Allele number He Ho  PICvalue

MA41 AG 27 350-390 8 0.83 0.63 0.81
MA45 TCTT 16 110-120 3 06 088 0.53
MA47 CTc 16 140-160 2 0.48 0.81 0.37
MA412 GAA 25 350-360 3 0.67 0.57 0.59
MA413 cTc 16 240-250 3 0.55 0.42 0.48
MA418 GAG 13 320-330 4 0.7 0.61 0.64
MA425 AG 21 220-250 7 0.79 0.79 0.76
MA426 TAAT 14 150-160 3 0.27 0.22 0.25
MA428 AAG 36 200-220 4 0.64 033 0.57
MA432 CAC 13 300-320 5 0.67 0.76 0.61
MA435 GAA 19 330-350 4 0.71 0.83 0.66
MA440 TTC 19 170-175 2 0.19 0.13 0.17
MA441 cT 13 100-110 5 0.63 0.52 0.58
MA443 TTC 18 310-340 5 0.71 0.58 0.67
MA&444 cT 33 260-280 3 0.29 035 0.26
MA446 TC 14 140-150 3 0.61 0.27 0.53
MA452 AGA 21 170-180 5 0.7 073 0.66
MA453 CGC 12 330-335 2 0.50 0.21 0.37
MA455 GAA 20 240-250 3 0.54 0.23 0.5
MA466 CAG 16 170-180 4 0.75 0.67 0.7

MA472 GAGAG 15 300 4 0.60 0.35 0.54
MA476 AC 13 200-210 4 0.72 0.58 0.67
MA479 ccT 13 340-350 4 03 038 0.26
MA489 AT 14 260-300 3 0.44 0.23 0.37
MA490 CAC 16 190-200 3 0.57 0.47 0.49
MA492 AT 23 175-180 5 0.69 0.75 0.65
MA493 CTc 12 310-320 2 05 05 037
MA495 GAA 16 180-220 2 0.42 0.00 0.33
MA4100 AG 14 320-335 3 0.38 0.48 0.33
MA4104 GA 47 300-320 4 0.61 0.38 0.55
MA4110 TCT 30 280-300 6 0.74 0.25 0.70
MA4111 AGC 26 375-290 4 0.73 0.52 0.68
MA4116 cT 23 380-410 5 0.72 0.65 0.68
MA4128 1T 25 210-220 3 0.47 0.47 038
MACV11 CAG 20 210-220 4 05 05 046
MACV15 GA 22 270-290 6 0.81 033 0.79
MACV20 TC 12 340-360 5 0.72 0.83 0.66
MACV21 TCA 36 340-360 4 0.47 0.57 0.43
MACV27 TC 36 290-310 5 0.73 0.63 0.68

Continued
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Table 5 Continued

Locus name SSR repeat motif SSR locus length (bp)

MACV29
MACV36
MACV37
MACV42
MACV47
MACV49
MACV50
MACV51
MACV54
MACV55
MACV62
MACV63
MACV73
MACV77
MACV81
MACV87
MACV88
MACV96
MACV99
MACV104
MACV109
MACV111
MACV112
MACV115
MACV128
MACV132
MACV134
MACV139
MACV148
MACV151
MACV154
MACV155
MACV157
MACV161
MACV162
MACV169

AGGCGA
TC

CcT
CAG
AGA
TTTTTA
TGC
CTCTC
GCC
GAA
TCC
GAA
TCT
GA
AG
GGA
CTACA
CTC
AAG
ATGCTC
CTc
CccT
GA
CTc
T7C
AAG
TC
GGA
GCA
ATCTG
TC

37
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140-150
240-270
100-110
320-330
320-320
270-275
130-140
180-200
160-180
170-190
250-280
120-140
220-225

90-115
200-205
110-130
250-300
180-210
240-260
290-330
385-390
130-150
330-360
150-165
420-450
280-290
320-335

90-120
150-170
270-290
130-150
330-350
140-155
110-120
190-200
150-170

Obtained allele size range (bp) Allele number

AN W WwWw U VYN WD PO W N NN NN RN O WYy WD W W W

He

PIC value

Polymorphism was evaluated across 20 M. acuminata accessions.
HE, expected heterozygosity under Hardy-Weinberg expectations; HO, observed heterozygosity; PIC, polymorphism information content.
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transduction components are shared between PTI and
ETL, including an oxidative burst via the production of
ROS and changes in plant hormone levels. Mitogen-
activated protein kinase signalling cascades also occur
in both PTI and ETI, with variations in duration probably
responsible for differential downstream responses in the
two immunity branches (Tsuda and Katagiri 2010). Overall,
a number of expressed genes potentially involved in
different pathways in PTI or ETI were identified, the most
abundant of which included host receptor genes involved
in PAMP or pathogen effector recognition, unigenes
involved in signalling mechanisms, phenylpropanoid/
flavonoid pathway genes, phytohormone biosynthesis
genes, pathogenesis-related protein coding unigenes
and genes involved in plant detoxification.

Host receptor genes and signal transduction Distinct
plant R-gene families are recognized as involved in ETI,
based upon protein domain structure and biochemical
function. The most abundant class encodes cytoplasmic
receptor proteins containing nucleotide binding site-
leucine-rich repeat (NBS-LRR) domains (Hammond-
Kosack and Jones 1997). In rice, ~400 NBS-LRR genes
have been characterized, with around 150 present in the
Arabidopsis genome (McHale et al. 2006). Conservation of
motifs within R-genes, such as those present within
NBS-LRR domains, have facilitated amplification in diverse
plant taxa. Such work has been reported in Musa, with
large-scale analyses of NBS-LRR R-gene family RGA
diversity across the genus (e.g. Miller et al. 2008;
Mohamad and Heslop-Harrison 2008). In the current
study, three regulators of pathogen resistance responses
of NBS-LRR R-genes RPS2 and RPM1 genes were
identified in the transcribed unigene dataset. The RPM1
protein is known to be associated with the host plasma
membrane (Boyes et al. 1998), as is RPS2 (Mackey et al.
2003), where they recognize modification in the
Arabidopsis thaliana negative regulator RPM1 interacting
protein 4 (RIN4), target of Pseudomonas syringae type III
bacterial effector proteins (Mackey et al. 2002), triggering
the hypersensitive response (HR) or programmed cell
death of infected cells, characterized by the appearance
of small necrotic lesions at infection sites. Other known
plant R-gene classes include extracellular LRRs anchored
by transmembrane domains (receptor-like proteins),
extracellular LRRs linked to cytoplasmic serine-threonine
kinase domains, intracellular serine-threonine kinases
and proteins with a coiled-coil domain anchored to the
cell membrane. EuKaryotic orthologous group-based
analysis predicted a total of 20 unigenes with function
assigned as ‘Receptor protein kinase containing LRR
repeats’. Over 600 such receptor-like kinases (RLKs) have

been characterized in Arabidopsis (Shiu and Bleecker
2001), with the disease ETI resistance gene Xa21 being
one of the earliest examples from this class, conferring
durable resistance to Xanthomonas oryzae pv. oryzae
(Song et al. 1995). In a previous study in M. acuminata
(Miller et al. 2011), sequence similarity analysis of
amplification products generated using degenerate
primers for RLKs identified numerous sequences with
significant similarity to R-gene and RGA sequences for
this class. A total of 20 serine/threonine protein kinases
were also identified on the basis of KOG function
assignment. Examples of such kinases include the
intracellular cytoplasmic R-gene Pto, which was the first
R-gene in tomato (Solanum lycopersicum) proved to
confer resistance to Pseudomonas syringae pv. tomato
strains that express the AvrPto gene (Martin et al. 1993).
Defence reactions associated with HR and programmed
cell death are considered to be induced following AvrPto
recognition in the presence of an NBS-LRR protein
known as Prf, which is present in the Pto kinase gene
cluster. Other significant findings in relation to unigenes
typically involved in signal transduction from pathogen
recognition to defence gene expression included two
MAP2K and five WRKY superfamily transcription factors.

Phenylpropanoid/flavonoid pathway Phenylpropanoids
in plants are involved in a number of defence responses,
acting as antimicrobial compounds (phytoanticipins and
phytoalexins) and molecules involved in signalling
(Dixon et al. 2002; Naoumkina et al. 2010). EuKaryotic
orthologous group classification  revealed five
isoflavone reductase/pinoresinol-lariciresinol reductase/
phenylcoumaran benzylic ether reductases. Isoflavone
reductase is an enzyme required for biosynthesis of the
phytoalexin  pterocarpan. Monolignols serve as
precursors of plant lignins and lignans, which are
composed of phenolic compounds and are involved in
physical and chemical plant defence mechanisms.
Cinnamoyl-CoA reductase is the first enzyme specific
for monolignol synthesis. EuKaryotic orthologous group
data identified two unigenes encoding this enzyme.

Pathogenesis-related proteins Pathogenesis-related (PR)
proteins were initially observed in tobacco (Nicotiana
tabacum) and are now known to accumulate in diverse
plant hosts when under pathogen attack. These
structurally and functionally diverse proteins have been
classified into 17 families (van Loon et al. 2006). Given
that both HR observed in incompatible plant-pathogen
interactions and subsequent systemic acquired
resistance (SAR) to diverse pathogens are associated
with accumulation of PR proteins in local and systemic
tissues, such proteins are believed to contribute to
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resistance. Our unigene set included three B-1,3
glucanases, which are recognized as PR-2 family
members. This widely studied family has been reported
to limit activity in diverse fungal pathogens, through
degradation of the cell wall component B-1,3 glucan.
Up-regulation of B-1,3 glucanases in incompatible
interactions has been reported (Elvira et al. 2008), and
over-expression analyses have confirmed involvement
in resistance. For example, PR2 genes from soybean
(Glycine max) have been shown to confer resistance in
potato (Solanum tuberosum) to Phytophthora infestans
(Borkowska et al. 1998) and in kiwi (Actinidea deliciosa)
to Botrytis cinerea (Grover and Gowthaman 2003).
Similarly, a PR2 gene from potato increased resistance
to both Fusarium oxysporum and Fusarium culmorum in
flax (Linum usitatissimum) (Wrobel-Kwiatkowska et al.
2004).

Germin 0X0s Numerous germin OXOs were encountered in
the unigene sets. Within the germin protein family,
OXOs have been reported to play roles in calcium
regulation, oxalate metabolism and response to
pathogenesis (Davidson et al. 2009). Evidence for the
latter includes up-regulation in cereals in response to
powdery mildew (Zhou et al. 1998) and co-segregation
of markers for OXO genes and with rice blast resistance
QTLs (Wu et al. 2004). Oxalate oxidases can catalyse
the conversion of ROS to H,0, (Requena and
Bornemann 1999), important components of HR in
plants. Hydrogen peroxide is involved in cell wall
cross-linking and messenger activity for activation of
defence genes, triggering SAR. Also reported as a
molecule necessary for phytoalexin biosynthesis, H,0,
has been shown to have direct antimicrobial activity,
causing oxidation of invading pathogens (Wei et al.
1998). Our northern blot data revealed early increased
expression (4-6 DAI) of OXO in resistant Calcutta 4 only,
suggesting a possible involvement in ROS and
associated HR components.

Plant detoxification EuKaryotic orthologous group-
derived mining revealed 14 GSTs in the unigene sets.
Glutathione S-transferases appear to be ubiquitous in
plants, with a function in endogenous and xenobiotic
compound detoxification, such as herbicides (Hayes and
McLellan 1999). Up-regulation has been shown in
individual GSTs during pathogen attack in numerous
plant species (e.g. Mauch and Dudler 1993; Alvarez et al.
1998), with likely involvement in detoxification of
products of oxidative stress during HR, thus limiting
both cell damage and the extent of cell death.
Expression in Mf-M. acuminata compatible interactions
has recently been reported (Portal et al. 2011). The

potential role of GSTs in cell signalling pathways has
also been suggested, with a GST from parsley involved
in UV-dependent signal transduction (Loyall et al. 2000).

Metallothioneins are low-molecular-weight polypep-
tides rich in cysteine residues. Present across prokaryotes
and eukaryotes, they play a role in detoxification and
homeostasis, sequestering metal ions such as Cu?, Zn?
and Cd?, and preventing mutations (Hamer 1986; Robin-
son et al. 1993). Up-regulation has been observed in
plants in response to increased metal concentrations
(Hsieh et al. 1995). Since plants experience oxidative
stresses following pathogen infection, it has also been
argued that this protein family might be associated
with regulation of intracellular redox potential and
oxygen detoxification (Hamer 1986; Choi et al. 1996),
protecting cells from damaging effects of ROS. Previous
reports also indicate differential regulation of metal-
lothioneins after viral infection in tobacco (Choi et al.
1996), temperature stress (Hsieh et al. 1995) and foliar
senescence. Four distinct types (MT1-MT4) have been
described in plants, according to distribution of cysteine
residues (Robinson et al. 1993). Expression of MT1 is gen-
erally more associated with vascular tissues and roots,
MT2 with shoots and leaves, MT3 with leaves and
mature fruits, and MT4 with seed tissues. Liu et al.
(2002) reported isolation of MT2 and MT3 in banang,
with expression influenced in response to ethylene and
metals. More recent examination of transcripts has
reported that metallothionein-like genes are abundant
in M. acuminata Calcutta 4 (Santos et al. 2005). Our
study confirmed this, with isolation of MT2 and MT3
unigene sequences derived from contigs with consider-
able numbers of EST members. Northern blot data
showing early expression of type 2 metallothionein-like
proteins only in Calcutta 4 suggest involvement in cell
protection ROS-scavenging during HR responses. By con-
trast, it is possible that late expression in Cavendish
Grande Naine may indirectly reflect increased ROS
during the fungal necrotrophic disease phase. Necro-
trophs have been reported to induce ROS accumulation
in plant hosts as a mechanism for promoting pathogen
access to nutrients through triggering host programmed
cell death (Govrin and Levine 2000).

Peroxidases A number of peroxidases were also observed
in the unigene sets. In addition to auxin metabolism, cell
wall reinforcement and phytoalexin synthesis, such
enzymes are also typically involved in ROS metabolism
during defence responses (Almagro et al. 2009). Recent
histochemical analysis of peroxidase and H,0,
accumulation during Mf-M. acuminata interactions
reported a peaked accumulation of both in resistant
M. acuminata Calcutta 4 at 10 days after conidial
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inoculation of detached leaf material, with no
accumulation in susceptible Cavendish Grande Naine
and partially susceptible Pisang Madu (Cavalcante et al.
2011). The marked early peroxidase gene expression
induction 6 DAI observed only in resistant Calcutta 4 is
in agreement with these previous findings, and again
correlates with HR-like responses observed in this
genotype.

Transposable elements

Transposable elements are known to occur in all living
organisms, and can occupy over 50 % of nuclear DNA.
Given that these elements display mobility, they are im-
portant in plant evolution, through creation of novel
genes or modifying gene function (Bennetzen 2000). In
the case of vegetatively propagated crops such as
banang, it is therefore likely that some somaclonal vari-
ation events can be due to such TE activity. Classification
of eukaryotic TEs is based on the mode of transposition,
with RNA-mediated TEs (Class I) and DNA TEs (Class II).
Class I TEs can be divided into subclasses: long terminal
repeats (LTRs), retroelements without LTRs (the long
interspersed nuclear elements (LINEs) and the small
interspersed nuclear elements (SINEs)) and TRIMs
(Terminal-repeat Retrotransposons In Miniature). Class
II TEs include the MITEs (Miniature Inverted-repeat
Transposable Elements) (Feschotte et al. 2002). Our
results revealed a predominance of retrotransposons to
transposons. Similar distributions of DNA repeats have
recently been reported in M. acuminata Calcutta 4,
based on low-depth 454 sequencing of genomic DNA
(Hribova et al. 2010).

Markers

The development of genomic libraries enriched for SSRs
is typically expensive and labour intensive, in contrast to
data mining in ESTs. Expressed sequence tag-derived
SSR markers enable enrichment of genetic maps with
gene-based markers (Kota et al. 2001), as opposed to
anonymous genomic DNA-derived SSRs which are pre-
dominantly derived from intergenic regions. Given that
markers are isolated from coding regions, conservation
is expected to be high, such that these EST-SSR
markers are generally also transferable to related
species (e.g. Gupta et al. 2003). The gene-based
marker tools developed in this study for Musa also
serve as a resource for diversity characterization and
downstream marker-assisted breeding using markers
for traits. Work is ongoing in the research community
for the development of suitable segregant populations
for traits of interest (Amorim et al. 2009; Dochez et al.
2009; Lorenzen et al. 2011). Linkage disequilibrium
mapping is a potential alternative route for identifying

genes for traits of interest in Musa (Heslop-Harrison
and Schwarzacher 2007), which, while not dependent
upon crosses and progeny maintenance, requires hun-
dreds of plant accessions and thousands of genetic
markers. The SSR markers designed in our work are
also applicable for such a study. In general, the fre-
quency and distribution of SSRs in ESTs and in genomic
sequences differ, with dinucleotides typically more
abundant in genomic survey sequences and trinucleo-
tides more common in ESTs (e.g. La Rota et al. 2005;
Varshney et al. 2005; Miller et al. 2010). In our study, tri-
nucleotide repeat motifs (an average of 55.8 % across
both EST datasets) were indeed more abundant than di-
nucleotide motifs (average of 28.4 %). All other motifs,
from tetra- to hendeca-repeats, were only poorly repre-
sented. Such a predominance of trinucleotides probably
reflects the fact that such motifs in gene regions will
avoid frameshift mutations which would cause
changes at the protein level. Simple sequence repeat
mining criteria in software may also distort real differ-
ences in motif abundance (Varshney et al. 2005).
A total of 75 out of 303 tested SSR marker primer pairs
were reproducibly polymorphic when tested across
M. acuminata accessions contrasting in resistance to
Sigatoka diseases, complementing the previous work
by our group (Miller et al. 2010). Similar polymorphism
rates have been observed in other crop species such as
wheat and cotton (Eujayl et al. 2002; Han et al. 2006).
Polymerase chain reaction amplification failed,
however, for 106 primer pairs. Possible reasons include
SSR extension across splice sites, poor sequence quality
or chimeric DNA (Varshney et al. 2005). It has been
reported that EST-derived SSR markers show less poly-
morphism than genomic sequence-derived SSRs, as a
result of conservation in gene regions (Raju et al.
2010). Indeed, from a total of 75 loci, only 289 alleles
were observed, with an average of 3.8 alleles per locus
and an average PIC of 0.5. Considering that a total of
303 potentially functional SSR markers were identified
from a subset of 4549 ESTs in the present study, it is pos-
sible to estimate approximately a further 1000 markers
that could be derived from the 15464 publically
available M. acuminata ESTs. Given the advent of
next-generation sequencing-derived gene expression se-
quence data, however, this number looks set to increase
considerably.

This study contributes considerably to publically avail-
able EST resources for M. acuminata, providing a
unigene set of 3995 sequences derived from accessions
Calcutta 4 and Cavendish Grande Naine during
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incompatible and compatible interactions with Mf. Genes
was characterized according to the KOG-based classifi-
cation, Interpro-based domain identification and GO
category assignment. A large set of genic-SSR markers
was developed, with polymorphic markers applicable
for genetic map enrichment, diversity characterization
and downstream marker-assisted breeding. In summary, it
is anticipated that this dataset contributes to genomic
resources for Musa, with downstream application in
genetic improvement. Ongoing next-generation sequencing-
based investigation of gene expression (including tran-
scription profiling) in Musa-pathogen interactions by
our group will offer potential for further elucidation of
gene expression during plant immune responses, and
will contribute to validating annotated gene models in
the Musa whole-genome sequencing project.

The following additional information is available in the
online version of this article -

File 1: Musa acuminata unigene assignment to KOG
categories.

File 2: EuKaryotic orthologous group category abun-
dance of M. acuminata unigenes.

File 3: Details of 303 M. acuminata genic-SSR markers,
validated for polymorphism across 20 diploid accessions.

High-quality 5 single-pass ESTs for 9333 cDNA clones
from the MAC4 library and 3962 from the MACV library
have been deposited in the GenBank database (http:/
www.ncbi.nlm.nih.gov/dbEST/) [accession numbers:
JK531581-JK540913  (MAC4);  JK542313-JK546274
(MACV)].
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Abstract

Many banana cultivars (Musa spp.) are sterile triploids or diploids, evolving
only via somatic mutation. As a consequence, this crop can lack resistance to pests
and diseases. Numerous disease resistance genes (R-genes) have been characterised
in plants, conferring resistance to bacteria, viruses, fungi and nematodes.
Identification and cloning of R-genes in Musa will provide new opportunities for
genetic improvement. Our group has identified over 50 distinct NBS-LRR-type
resistance gene analogs (RGAs) in the resistant wild diploid Musa acuminata ssp.
burmannicoides ‘Calcutta 4°. Characterisation is ongoing in M. acuminata cultivars
contrasting in resistance to Mycosphaerella leaf spot diseases, focusing on both the
NBS-LRR R-gene family and cytoplasmic receptor-like kinases (RLKs) with
extracellular LRRs. NBS-LRR class RGA probes applied to ‘Calcutta 4°, ‘Grande
Naine’ (AAA, Cavendish subgroup), and M. balbisiana ‘Pisang Klutuk Wulung’
BAC libraries have revealed many putative resistance loci. Sequence data for such
selected clones will provide insight into organisation and evolution of this R-gene
class in Musa. Candidate gene discovery is also ongoing via analysis of differential
gene expression from infected leaf cDNA during Musa-Mycosphaerella interactions.
Candidate R-genes will be applicable for banana genetic improvement via both plant
transformation and conventional breeding using marker-assisted selection.

INTRODUCTION

Commercial banana cultivars are grown across 130 countries in different tropical
and subtropical environments. Conventional breeding strategies for this crop are however
hindered by the fact that many cultivars are sterile and do not produce seeds. Asexually-
driven evolution via vegetative micropropagation or suckers has consequently resulted in
a restricted genetic base, lacking resistance to pests and disease. The industry has
witnessed numerous pathogen and pest outbreaks as a result. Nonconventional breeding
strategies, such as transformation and marker-assisted selection, offer an alternative
approach for introgression of resistance genes in commercial cultivars. However, given
the current limited number of studies conducted at the molecular level for Musa-pathogen
interactions, only very few banana genes have been isolated and characterised to date.

Gene-for-gene race-specific disease resistance in many plant-pathogen interactions
appears to result from the activation of dominant, allele-specific constitutive disease
resistance (R) gene protein products, or receptors, by dominant allele-specific pathogen
avirulence (4vr) gene products, or elicitors. Such resistance is often associated with rapid,
localised cell death or the hypersensitive response (HR). Believed to be abundant across
plant species (Michelmore and Meyers, 1998), numerous R-genes from model plants and
crop species have now been characterised (Martin et al., 2003). Despite the broad range of
recognised pathogens, R-genes share significant homologles in amino-acid sequences and
structural protein motifs, suggesting common mechanisms controlling protein-protein
interactions. A number of distinct R-gene structural classes have been identified based
upon conserved protein domains, the most prevalent class of which encode proteins with
cytoplasmic nucleotide binding (NBS) and leucine-rich repeat (LRR) domains. Other
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common R-gene classes include extracellular LRRs anchored by transmembrane domains
(receptor-like proteins), extracellular LRRs linked to cytoplasmic serine-threonine kinase
domains, intracellular serine-threonine kinases, and proteins with a coiled-coil domain
anchored to the cell membrane. Given the conservation across R-gene-coding protein
motifs, PCR-based conserved orthologous sequence (COS) marker strategies with
degenerate primers can facilitate isolation of resistance gene analogs (RGAs). Such work
has recently been reported in Musa, with large-scale analyses of NBS-LRR R-gene family
RGA diversity across the genus (e.g. Miller et al., 2008; Mohamad and Heslop-Harrison,
2008).

Expressed sequence tags (ESTs) are sequenced portions of complementary DNA
copies of mRNA, representing part of the transcribed region of the genome under given
conditions. EST characterisation has revealed that model plants such as Arabidopsis can
express hundreds of potential R-genes (Botella et al., 1997). In Musa, however, only a
limited number of such studies have analysed gene expression during host-pathogen
interactions (e.g. van den Berg et al., 2002; Lim et al., 2004).

This study describes ongoing work for candidate resistance gene discovery in the
Musa-Mycosphaerella interaction. Comparative transcriptome analysis is presented for
resistant and susceptible Musa acuminata cultivars, from leaf material in vitro-infected
with Mycosphaerella fijiensis. Continued RGA characterisation is also presented,
targeting two common R-gene structural classes, across M. acuminata clones contrasting
in resistance to black leaf streak disease (BLSD), also known as black Sigatoka.

MATERIALS AND METHODS

RGA Characterisation

Genomic DNA was extracted from M. acuminata ssp. burmannicoides ‘Calcutta
4’ and AA cultivar ‘Lidi’ (resistant to BLSD), and AA cultivars ‘Pisang Berlin’ and
‘Niyarma Yik’ (susceptible to BLSD), using a standard CTAB approach (Rogers and
Bendich, 1988).

Degenerate primers were designed according to Miller et al. (2008), via a selection
of monocot-specific Genbank-derived sequences containing characteristic R-gene class
conserved domains. Protein sequences were aligned using the program MUSCLE (Edgar,
2004), and subgroups identified using CLUSS (Abdellali et al., 2007). Degenerate
primers were designed using CODEHOP (Rose et al.,, 1998), targeting R-gene
cytoplasmic serine-threonine (Ser/Thr) receptor-like protein kinases (RLKs) with
extracellular LRRs.

Together with primers previously designed for NBS-LRR RGAs (Penuela et al.,
2002; Bertioli et al., 2003; Miller et al., 2008), PCR products were amplified, purified
using a Qiagen QIAquick PCR purification kit, cloned using pGEM-T-Easy, DH5a
Escherichia coli cells transformed by electroporation, and plasmid DNA extracted by a
standard alkaline-lysis procedure. Single-pass sequencing of clones was conducted on an
ABI 377 sequencer. Sequences were cleaned of vectors using the Staden package (Staden,
1996), and contig assembly performed using CAP3 (Huang and Madan, 1999). RGAs
were identified on the basis of sequence similarity via the program BLAST (Altschul et
al., 1997), together with protein domain analysis using the program GENEWISE (Birney
et al., 2004).

Transcriptome Analysis

Analysis of differential gene expression was conducted on contrasting ‘Calcutta 4’
and AAA Cavendish-type ‘Grande Naine’ leaf material inoculated in vitro with M.
fijiensis. Unidirectional 5° sequencing was conducted on approximately 7700 randomly
selected clones per library, with data deposited in the Musa genome database DataMusa
(http://genoma.embrapa.br/musa/index.html/DATA_musa.html). Following EST
processing for sequence assembly and annotation, differential gene expression between
the contrasting cultivars was analysed using three statistical tests to provide P-values for

180



the null hypothesis that there is no differential expression based upon counts between the
two libraries, namely Stekel test (Stekel et al., 2000), Fisher exact test and Audic-Claverie
test (Claverie, 1999). A computational search for simple sequence repeats (SSRs) was
performed on EST consensi using the program mreps (Kolparov et al., 2003).

RESULTS AND DISCUSSION

RGA Characterisation

A total of 756 novel sequences with significant sequence similarity to RGAs were
amplified across the genotypes contrasting in resistance to BLSD. Primers targeting NBS-
LRR R-genes generated 194 sequences with similarity to RGAs from this class (Table 1).
Clustered into 31 distinct contigs, a total of 19 displayed best Blast hits with members of
the genus Musa. The overall percentage of clones displaying similarity to NBS-LRR
RGAs varied between the three primer combinations, with greater numbers observed
using primer combinations exclusively targeting NBS motifs, rather than a combination
spanning NBS and LRR motifs. Differentiation of RGA contigs on the basis of genotype
origin was not observed, with positive contig-member clones originating from both
BLSD-resistant and -susceptlble genotypes. Sequence similarity analysis of amplification
products generated using degenerate primers for protein-kinase R-genes (RLKs) identified
562 sequences with significant similarity to R-gene and RGA sequences for this class
(Table 2). Out of a total of 66 contigs, 26 showed best Blast hits to Musa protein kinase-
like proteins. High percentages of sequenced clones displaying similarity to this R-gene
class were observed across all primer combination products tested. As with NBS-LRR
targeting primers, no differentiation of protein-kinase RGA contigs could be made on the
basis of genotype and resistance to BLSD.

Analysis of RGA-Containing BAC Clones

Using two NBS-LRR RGA probes, a total of 86 unique NBS-LRR class RGA-
containing BAC clones have been identified to date across BAC libraries representing the
‘Calcutta 4° and ‘Grande Naine’ genomes, together with the Musa balbisiana ‘Pisang
Klutuk Wulung’ genome (Miller et al., 2008). Clustering of multi-copy R-genes together
with RGAs is commonly observed across plant genomes. Our work also reflected this
observation, with multiple copies frequent in positive BACs. Considered to be a result of
tandem duplications of paralogs (Meyers et al., 2003), within such clusters different R-
genes have been hypothesised to confer resistance to different strains of a pathogen or to
diverse pathogens (van der Vossen et al., 2000). Such clustered RGAs may also facilitate
genetic variation for evolution of new R-genes (Michelmore and Meyers, 1998). In
relation to R-gene cloning, although BAC clone isolation is facilitated by the presence of
multiple RGAs at an R-gene locus, distinction between a candidate R-gene and non-
functional sequences is complex, with implications in terms of specific genetic marker
development and R-gene mapping (Xiao et al., 2007).

Given that 33 contiguous Musa NBS-LRR RGAs were identified in our first study
(Miller et al., 2008), with further NBS-LRR and RLKs characterised in this current work,
continued application in BAC identification will provide a useful approach for general
identification and characterisation of putative resistance loci across Musa genomes.

Transcriptome Analysis

To better understand the molecular basis of the resistance and defence response
against the BLSD pathogen, an EST approach was used to identify genes differentially
expressed during infection stages in ‘Calcutta 4’ and ‘Grande Naine’ contrasting in
resistance. In-silico analysis revealed statistically significant differential expression in
220 genes. Amongst these, a total of 24 genes were identified as related to resistance or
defence, including type-3 metallothioneins, germin-like proteins, ferredoxin and
glutathione S-transferase, pathogenesis-related proteins, thioredoxin, glycolate oxidase,
putative ethylene-responsive small GTP-binding protein, superoxide dismutase (SOD),
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putative stress enhanced protein, and an auxin-repressed protein-like protein (arpl).

Next Generation Sequencing approaches are ongoing to increase the resolution of
differential gene expression analysis in this host-pathogen interaction and to enable large-
scale genetic marker development.

Confirming Function of Candidate Genes and Prospects for Durable Resistance

Disease-resistance genes in plants share significant homologies in amino-acid
sequences and structural motifs, suggesting common protein-protein interactions as
components of receptor systems and common roles in signal transduction signalling
events in plant defence systems. Although numerous R-genes and RGAs have now been
cloned, determination of activity and specificity against a given pathogen remains a
bottleneck for development of durable resistance in important crop species (Michelmore,
2003). Recent advances, however, in map-based cloning approaches that involve RGA
mapping and BAC sequencing, indicate that together with optimisation of transformation
protocols, transfer of R-gene candidates to elite cultivars is now becoming an available
technology to complement breeding programmes.

Gene Pyramids

Crop monocultures with single R-genes typically provide strong selection pressure
for mutation of corresponding Avr genes, where a single loss-of-function mutation results
in only ephemeral interactions of R-genes with Avr elicitors, with subsequent loss of
resistance in the plant (Pink, 2002). Such mutation in Avr genes is likely to occur with no
fitness cost incurred in the pathogen because single Avr genes probably make small
contributions to virulence individually. Incorporation of numerous R-genes (or pyramids)
into plant cultivars is likely to result in a more durable resistance, as mutation in multiple
Avr genes would likely result in a cumulative negative effect on pathogen virulence
(McDowell and Woffenden, 2003). Success of such an approach has been observed in
rice, with the introduction of four R-genes conferring resistance to Xanthomonas oryzae
pv. oryzae (Li et al., 2001). However, suitable promoters are critical, as ectopic
expression of pyramids of R-genes has been reported to activate defence in the absence of
pathogen elicitors, which can reduce fitness and ultimately crop yield (Mindrinos et al.,
1994). Planting of multiple plant lines, each with a different R-gene, as well as
simultaneous limited planting of a susceptible line, can also reduce selection pressure for
Avr gene mutation (Mundt, 2002).

Restricted Taxonomic Functionality

In any attempt to utilise R-genes between distant plant taxa, restricted taxonomic
functionality (RTF) must be considered (Tai et al., 1999). Altered or loss of function of a
particular gene when expressed in a different plant host can occur (e.g. Tai et al., 1999),
perhaps reflecting inabilities in interaction with signal transduction mechanisms present
in each host. If we consider the guard hypothesis for R-protein and Avr protein
interactions, RTF may reflect absence or incompatible guardee proteins. As our
understanding of signalling mechanisms in resistance and defence response components
continues to be broadened, such incompatibility may be overcome.

CONCLUSIONS

Candidate resistance and defence gene discovery is ongoing via transcriptome
analysis during Musa-Mycosphaerella interactions, COS marker approaches for RGA
discovery, and whole BAC shotgun sequencing. In addition to increasing our
understanding of the molecular processes involved in disease resistance in Musa,
candidate genes offer potential for the development of effective disease management
based upon genetic improvement via both plant transformation and conventional breeding
using marker-assisted selection.
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Tables

Table 1. Primer combinations, target motifs and NBS-LRR RGA isolation in Musa acuminata.

Degenerate primer Target conserved ~ Target domains Total number of Total Total number of  Total number and
combinations motifs insert-containing number of contigs with percentage of
plasmids-producing contigs homology to R- sequences with
high-quality genes or RGAs homology to R-
sequences genes or RGAs
1. P1B- RNBSD P-loop and RNBS- TIR and non- 92 11 6 83 (90.2%)
D non-TIR TIR NBS
2. 1F-P3B P-loop and GLPL non-TIR NBS 109 32 9 53 (48.6%)
3.3F2-13R1 Kinase 2 and LRR  non-TIR NBS- 213 41 16 58 (27.2%)
LRR

Table 2. Primer combinations, target motifs and protein-kinase RGA isolation in Musa acuminata.

Degenerate primer combinations Target domains Total number of Total Total number of  Total number and
insert-containing number of contigs with percentage of
plasmids-producing contigs homology to R- sequences with
high-quality genes or RGAs homology to R-
sequences genes or RGAs
RLK S1 K F-RLK S1 ID R Protein kinase 184 27 16 137 (74.5%)
and inter-domain
RLK S3 K F-RLK S3 ID R Protein kinase 178 41 19 119 (66.9%)
and inter-domain
RLK S4 K1 F-RLK S4 ID R Protein kinase 140 17 6 124 (88.6%)
and inter-domain
RLK S4 K2 F-RLK S4 ID2 R (la) Protein kinase 150 37 19 125 (83.3%)
and inter-domain
RLK S4 K2 F-RLK S4 ID2 R (Ib) Protein kinase 100 16 6 57 (57.0%)

and inter-domain
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Biologia Celular; 2Universidade Catdlica de Brasilia - Ciéncias
Gendmicas e Biotecnologia; *Embrapa Recursos Genéticos e
Biotecnologia - Laboratério de Bioinformatica. E-mail:

i ] . The characterization of Resistance Gene
Analogs (RGAs) in Musa acuminata cultivars contrasting in resistance
to biotic stresses.

A caracterizagao de genes analogos de resisténcia (RGAs) foi
realizada em cultivares de Musa acuminata contrastantes em
resisténcia a doenga Sigatoka negra causada pelo fungo
Mycosphaerella fijiensis. Primers direcionados a familia de R-genes
NBS-LRR geraram cerca de 200 seqléncias organizadas em 38
contigs com similaridade & RGAs desta classe. A diferenciagéo de
contigs com base nos genétipos nao foi observada, mostrando em um
mesmo contig sequéncias provenientes tanto de cultivares resistentes
a Sigatoka negra, como suscetiveis. Primers direcionados a familia de
R-genes RLK geraram 65 ORFs completas e mais uma vez sem a
diferenciagdo dos contigs de proteinas gquinase com base em
cultivares contrastando em resisténcia a Sigatoka negra. A andlise
filogenética foi desenvolvida por maxima parciménia com bootstrap de
1000 réplicas, demonstrando alta divergéncia entre as segiéncias de
RGAs tanto de NBS-LRR, quanto de RLK. A identificagao e clonagem
de R-genes em Musa proporcionara novas oportunidades em
potencial para o0 melhoramento genético através de selegao assistida
por marcadores e modificagao genética. Apoio Financeiro: IAEA,
CNPqg, UCB, CAPES, FINEP.



Anexo 3: Lista de 125 pares de primers gerados para locos SSR presentes em sequéncias de clones BAC de M.acuminata Calcutta 4 ¢ Cavendish Grande Naine

Identificacio Tamanho Localizagao Localizagao Localizagao
BAC SSR do produto Primer FW ™ Primer RV T™M2 SSR FW RV Loco
>MA4052E23 (TAA)9 199 ACAAATCTCCAAACCGATCAAC 60.2 TTATTGTGCAACGGAAGATGAC 60.0 9788 9646 9823 loco 1
>MA4052E23 (TTC)8 124 ACCAGAAGACGTTAGATGGTGG 60.4 GCTGATGCTAGTGCTGATGCTA 60.7 40885 12893 12995  loco 2
>MA4052E23 (AGA)13 373  AACCTCTGATGGACTTGAGAACA 60.1 CCCAGTTTGGAGTTTCTAGGTG 60.0 13515 13293 13644  loco 3
>MA4052E23 (AG)6 327 GCTATCTTACCATCGCTTGACAG 60.2 ATGTTGGCAGTGAAATGTCTTG 60.0 18840 18712 19017  loco 4
>MA4052E23 (TTC)9 399 TCAAGAGGTATGCTACATTCAGGA 60.1 GAAAGATGACCGAGGCAATTA 59.1 40885 40608 40986 loco 5
>MA4052E23 (AT)15 397 GCTCAAGAAACTCACATGGACA 60.2 TGGAATCTATGGGTTATGGCTT 59.7 70490 45469 45844 loco 6
>MA4052E23 (GA)8 356 TTGAGACACCAAAATCAGCAAG 60.2 ACGTAGTTCTGTTGCATTGGC 60.1 47436 47288 47623  loco 7
>MA4052E23 (AT)10 374 CAACCCATCATTTCTTTGGTG 60.2 CTCACCTTCTGGTTTCAGCTTT 59.9 70490 53505 53857 loco 8
>MA4052E23 (CT)8 352 TTCAAGGAGCGTGTAAGAACTG 59.5 TAGCCAGGTCACAAATTCCTAA 58.7 66640 66363 66693  loco 9
>MA4052E23 (AT)24 113 TTCCTCTTCTTCCCCTCTCTCT 59.9 ATGACTCGGTTACGTTGATGTG 59.9 70490 70462 70553  loco 10
>MA4052E23 (TGA)7 236 TGGGTCTTCATCACCTACCTTT 59.8 TCAGTGGCTTGTTCTTGTCTGT 59.9 79038 78867 79081  loco 11
>MA4105F04 (TTC)9 399 TCAAGAGGTATGCTACATTCAGGA 60.1 GAAAGATGACCGAGGCAATTA 59.1 6071 5794 6172 loco 12
>MA4113F17 cni17 360 TTCTTTGGCCTCTTTTCTCTCA 60.4 CTTTCTTCCTCATTGCTTCCAT 59.7 52541 6459 6797  loco 13
>MA4113F17 (TA)13 357 TTTGGCCTCTTTTCTCTCACTC 59.9 CTTTCTTCCTCATTGCTTCCAT 59.7 62481 6462 6797  loco 14
>MA4113F17 (TTO)13 148  ACCAGAAGACGTTAGATGGTGG 60.4 TAGTCGATGATGATGCTGCTTT 59.8 7953 7886 8012  loco 15
>MA4113F17 (CAG)5 154  ACCAGAAGACGTTAGATGGTGG 60.4 CAAACCTAGTCGATGATGATGC 59.5 7991 7886 8018 loco 16
>MA4113F17 (AGA)7 313  GGAAACCTCTGATGGACTTGAG 60.1 TTTGGGTGTGAAGCTACTGCTA 59.9 57361 8349 8640 loco 17
>MA4113F17 (TAA)10 212 ACCCAACTTTGATTGTACCGAC 60.1 CCCTTTGTCCTTCTCCTTCTTT 60.1 61341 12108 12298  loco 18
>MA4113F17 (TA)25 354 CGGTTCCTACCTATAACGATGG 59.7  AACCAACGAGGACGAGATAGAC 59.6 62481 22240 22572 loco 19
>MA4113F17 (AT)8 285 GAACCCTATCTCCCCAAAAGAC 60.1 AAGCTCATTCCATCGTAACACC 60.3 62540 47939 48202  loco 20
>MA4113F17 (AGA)6 398  AAAACCTTCCGCTACCCAAT 59.8  TTCATCCACCATCATCTGTTGT 60.2 57361 49826 50202  loco 21
>MA4113F17 (CNo6 305 GTGAAGGAATCATCAAGCACAA 60.1 GCAAGAATAAGAATGGGTTTGG 59.8 52541 52515 52798  loco 22
>MA4113F17 (TA)38 293 AGACCAAACAATGAAACCACCT 59.7  GCTAACTGGCCTATCAACTTCG 60.2 62481 52960 53231 loco 23
>MA4113F17 (TA)10 306 AATCTGCCTCATCCTTTCTGTC 59.7  ACTATGCCTTTTGTTTTGTGGC 60.4 62481 55786 56070  loco 24



>MA4113F17
>MA4113F17
>MA4140M09

>MA4140M09
>MA4140M09
>MA4140M09
>MA4140M09
>MA4140M09
>MA4140M09
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC054B03
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04

(AGA)6
(TAA)8
(AT)28

(TA)40
(TGG)8
(AT)27
(AO)12
(AG)7
(AT)9
(AT)7
(TA)7
(AT)21
(AT)19
(TA)11
(TGG)6
(AQ)15
(AC)21
(AG)8
(AT)15
(AT)10
(AT)17
(TCT)13
(AGA)S
(AT)8
(AT)6
(TA)7
(TA)8

387
109
398

382
226
358
172
364
364
367
397
395
319
330
227
350
181
239
384
334
347
399
358
370
370
370
370

AAAACCTTCCGCTACCCAAT
ACCCAATTTTGATTGTACCGAC
TTATAGGATCGACGCTTTGTTG

TATAGGATCGACGTTTTGTTGC
CGACTGCCTCCAAGGTATGTAT
AACTGCACAGCCACAAACATAC
CATAACCTATTGCACAGGCTCA
TCGATACAGAGGAGGGTCTGAT
TCGATACAGAGGAGGGTCTGAT
TATTTATGTCACGCACGTTTGC
TATAGGATCGACGTTTTGTTGC
TATTTATGTCACGCACGTTTGC
CGAGAGAGACATTTGATTTGACC

TGTGTGTGCAAAGAGTAGTGTCAT

CGACTGCCTCCAAGGTATGTAT
AACTGCACAGCCACAAACATAC
CATAACCTATTGCACAGGCTCA
AACCATCCAAGATCCAGAGCTA
AAATCTTCGATACAGAGGACGG
CACAACATCAGCAACACACTTG
AAAAGCTGGAGGGTTAAGGTGT
TGACTTTGTCCGAGTTCTTGTG
AACCTCTGATGGACTTGAGAACA
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG

59.8
59.9
59.2

59.1
60.3
60.1
60.1
60.0
60.0
60.9
59.1
60.9
60.1
59.7
60.3
60.1
60.1
60.0
59.6
60.2
60.3
60.3
60.1
60.3
60.3
60.3
60.3

TCATCTGTTGTTTCGCTCAGTT
TTATTGTGCAACGGAAGATGAC
AGTGCTATTTTACAGAGTGCGG

GGATACATTTCGGATGCTGTC
GAACACTGAGAACGTCAGCATC

TTGTCCAACCTACTCTCTCTCTTTC

AGCCAACGGTGAACACATAAC
TTACGTCAGCAAGCAAGGATTA
TTACGTCAGCAAGCAAGGATTA
TGCCCTCCTAATTCTTATACCCA
GACAGAAGCAAATGGAGTGCTA
TGCCCTCCTAATTCTTATACCCA
ATTTTACAGAGTGAGGCATGGG
GCCCTCCTAATTCTTATACCCAA
ACGGGAACACTGAGAACGTAAG

TTGTCCAACCTACTCTCTCTCTCTC

GCCAACAGTGAACACACAACAT
TCGTCATCATCCGTAAAAGAGA
TTACGTCAGCAAGCAAGGATTA
CCTCCATTCATTCCAGTCTAGC
GCGATCAGTAAAATCATCTCGG
GTGGGTGGATTTGGTAGATTGT
CCCAGTTTGGAGTTTCTAGGTG
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT

59.9
60.0
58.6

59.4
59.9
59.4
59.9
59.9
59.9
60.9
59.5
60.9
60.3
59.7
60.5
59.6
60.9
59.7
59.9
60.0
60.9
59.9
60.0
59.8
59.8
59.8
59.8

57361
61341
87298

51096
64223
87298
70840
87067
87298
99865
47016
99865
99865
47016
58200
64442
64442
80687
99865
99865
99865
102007
89550
93010
93010
100919
100919

57272
61286
25156

50870
64150
70060
70725
87046
87046
6796
22914
31279
40081
46903
58127
63677
64335
80578
80660
98878
99650
101834
2532
3912
3912
3912
3912

57637
61373
25532

51231
64354
70393
70876
87388
87388
7140
23289
31651
40378
47210
58332
64002
64494
80795
81022
99190
99975
102211
2868
4260
4260
4260
4260

loco 25
loco 26
loco 27

loco 28
loco 29
loco 30
loco 31
loco 32
loco 33
loco 34
loco 35
loco 36
loco 37
loco 38
loco 39
loco 40
loco 41
loco 42
loco 43
loco 44
loco 45
loco 46
loco 47
loco 48
loco 49
loco 50

loco 51



>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04
>MAC063A04

(AT)11
(TA)7
(TA)8
(AGA)9
(€Ty7
(A5
(TTCY7
(AT)8
(AG)6
(TA)13
(AAG)9
(TTC)6
(AGA)13
(€76
(AT)19
(AGA)10
(AT)8
(AG)6
(TA)22
(TA)19
(AGA)10
(€17
(TTCY7
(AGA)S
(TA)7
(TA)8
(TAA)T

370
370
370
364
306
106
153
285
331
336
400
174
349
305
284
312
285
331
353
399
367
306
153
280
399
264
199

GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
ATGGACTTGAGAGCACACACAT
GTGAAGGAATCATCAAGCACAA
CTCCACTTTGATTTGGTGCATA
GCAAAAGATGATTGTGAGTTGC
GAACCCTATCTCCCCAAAAGAC
GGTGTTACGATGGAATGAGCTT
AGTCACGGTCTCTTCGCATATT
AGACTCGGAAACAACAGAGGAG
AAGAACAGAACACAAAGCCGAT
GGAAAGAACGAAGGAGGAGAAG
GTGAAGGAATCATCAAGCACAA
GGATGCTCCACATAGTCAATCA
GGAAACCTCTGATGGACTTGAG
GAACCCTATCTCCCCAAAAGAC
GGTGTTACGATGGAATGAGCTT
AGTCACGGTCTCTTCGCATATT
TTTAGCCATGTCCTTCAACGTA
ATGGACTTGAGAGCACACACAT
GTGAAGGAATCATCAAGCACAA
GCAAAAGATGATTGTGAGTTGC
AACTTGGGACAATTATGGAGGA
CGTCAGCCAAGACAAAGGTTTA
ACCTCCTCTTTAGCCATGTCCT
ACAAATCTCCAAACCGATCAAC

60.3
60.3
60.3
59.6
60.1
59.9
59.7
60.1
60.3
60.1
59.9
60.1
60.7
60.1
59.9
60.1
60.1
60.3
60.1
59.6
59.6
60.1
59.7
59.7
61.5
60.4
60.2

TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TGGAGTTCCTTGAAATAGGAGG
GCAAGAATAAGAATGGGTTTGG
GTGCTGAGTCCTGTGTTTCATC
TCGAGACAAACCTAGTCGATGA
AAGCTCATTCCATCGTAACACC
ATCACCAATATGCGAAGAGACC
ATGTTGGCAGTGAAATGTCTTG
CAACCTATGGTCACACGAAGAA
TCGAAACAAACCTAGTCGATGA
CACCATCATCTGTTGTTACGCT
GCAAGAATAAGAATGGGTTTGG
CTCATCTCAAACCATGCCTTTT
CTGCTGCTGCTACTGGTCAT
AAGCTCATTCCATCGTAACACC
ATCACCAATATGCGAAGAGACC
ATGTTGGCAGTGAAATGTCTTG
TTTCTTTCTCCCTCTGTGATGA
TGGAGTTCCTTGAAATAGGAGG
GCAAGAATAAGAATGGGTTTGG
TCGAGACAAACCTAGTCGATGA
CCAGTTTGGAGTTTCTTTTCGT
GCTTCGGATGGTTTGGTTATTT
CATGCAAGAAAATCATGTGGC
TTATTGTGCAACGGAAGATGAC

59.8
59.8
59.8
59.5
59.8
59.7
59.8
60.3
60.3
60.0
60.0
59.7
60.0
59.8
60.4
59.2
60.3
60.3
60.0
589
59.5
59.8
59.8
59.6
61.3
61.4
60.0

93010
100919
100919

89550

79912
107871

83045

93010

53504
100919

27397

83045

89550

79912

93010

89550

93010

53504
100919
100919

89550

79912

83045

89550
100919
100919
101737

3912
3912
3912
12691
15514
17801
18653
25626
25889
26192
27370
43762
44451
47094
48526
50068
53033
53296
53599
63569
77060
79886
82946
89414
92203
100749
101593

4260
4260
4260
13033
15798
17885
18784
25889
26198
26506
27748
43914
44778
47377
48788
50360
53296
53605
53930
63946
77405
80170
83077
89672
92580
100992
101770

loco 52
loco 53
loco 54
loco 55
loco 56
loco 57
loco 58
loco 59
loco 60
loco 61
loco 62
loco 63
loco 64
loco 65
loco 66
loco 67
loco 68
loco 69
loco 70
loco 71
loco 72
loco 73
loco 74
loco 75
loco 76
loco 77
loco 78



>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC091016
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12

(AGA)6
(TA)36
(TAA)10
(CT)8
(TTO)11
(AGA)12
(TA)18
(AT)19
(AGA)7
(AAG)6
(AGA)10
(TA)26
(CTT)18
(CAT)7
(AT)13
(TTC)17
(AT)19
(AT)25
(GA)6
(AG)17
(GA)14
(AG)9
(GA)9
(AG)7
(AG)15
(ATA)6
(AG)9

274
395
346
161
165
311
399
344
365
104
400
278
332
317
330
376
337
346
284
284
367
347
161
363
349
380
388

ATGGACTTGAGAGCACACACAT
ACCTCCTCTTTAGCCATGTCCT
ACCCAACTTTGATTGTACCGAC
TCAACCTCCTCTTTAGCCATGT
GCAAAAGATGATTGTGAGTTGC
GGGCAATTTACGAGGAACAAT
AGCTTGATGCCAAAGGAACTTA
AATCTGCCTCATCCTTTCTGTC
ATGGACTTGAGAGCACACACAT
AAAATAAGAGGATAGGGAGGCG
GGAAACCTCTGATGGACTTGAG

CCAACTTAGAGAGAGAGATTTCCA

TCGATCTGCACTTCTTCTCAAA
TGACGCCTTCTTCTTCTTCTTC
CAAGCATTAGCTCGAAGGAACT
GGTATGCTACATTCAGGAAACGA
CACAATCCTAACGGAACTCAAA
CTCGCTTTCTCCGTCAAGATT
CAAAATGGAGGATGCTAAAAGG
CAAAATGGAGGATGCTAAAAGG
ATGAATGCAAGCAATGACTGAC
GGCTGTAGCTTCCTCTTGACAG
ATGGGAAAAGAGGAGAACACAA
AAGTGGAGGAATCAAGACAGGA
AAATGCTCTACTCATGGCTTCC
GTGTGTGGAGAATGTTTGAGGA
ACAGTTTTGGACTACATCGGGT

59.6
60.4
60.1
60.1
59.7
60.1
60.2
59.7
59.6
59.9
60.1
58.2
60.1
60.1
60.0
60.3
59.1
60.8
59.9
59.9
60.1
60.5
59.9
60.1
59.7
60.0
59.7

CTGCTACTGGAAATGATCGTGA
CATGCAAGAAAATCATGTGGC
CAGAAGACCACGCTCTAATCG
GCAGCTATGACTTCCACCTACC
TCGAGACAAACCTAGTCGATGA
CTAGGAAAGCTCCCCAGTTTG
TAGCTTCTGTGCTTATGAACGC
ACTATGCCTTTTGTTTTGTGGC
CCCAGTTTGGAGTTTCTTTTCA
TGCCAAATCACAGGTCAAAGT
CTAGGAAAGCTCCCCAGTTTG
TATGCCTTTTGTTTTGTGGC
TCGAGACAAACCTAGTCGATGA
TCATTTACCTGAGTGGTTGACG
TAGCCCATATACCCCTCTATGC
CCTGCACCTTCGAGACAAAT
CCCACATTTTGCATGTATCAAC
CAACATCTCTGTCTAAGTGCCG
TGTATGATTTCTGCCTGTGTCC
TGTATGATTTCTGCCTGTGTCC
TATGAAAGCAATACAACTGCGG
TCTTTATTCACCCAACACCTCC
AATCCACATAAAGCAGCCAAAG
AGGGGAAATAGAGAGGAGATGG
TCCTTCCTTAACCTCGATCTTG
CTTGCAGAGTCCAACCAAGTTA
TAATACCTCTCTCCTCCTCCCC

60.2
61.4
60.0
60.1
59.8
60.2
59.6
60.4
60.4
60.5
60.2
58.6
59.8
60.0
59.3
60.2
60.1
59.9
60.0
60.0
60.1
60.2
60.4
59.9
59.7
59.4
59.9

49153
83239

6578
25659
85366
49153
83239
89620
49153
41583
49153
83239
55619
55691
89620
85366
89620
81181
14118
36586
14118
36586
14118
36586
36586
20190
36586

2749

5461

6523
25546
28734
29303
33572
36453
37838
41534
48922
54471
55399
55614
71927
85095
89484

4960
12103
12103
13074
13631
14073
15239
16975
19912
26333

3001

5835

6848
25685
28877
29593
33949
36775
38181
41617
49301
54729
55709
55909
72235
85451
89799

5284
12365
12365
13419
13956
14212
15580
17302
20270
26699

loco 79
loco 80
loco 81
loco 82
loco 83
loco 84
loco 85
loco 86
loco 87
loco 88
loco 89
loco 90
loco 91
loco 92
loco 93
loco 94
loco 95
loco 96
loco 97
loco 98
loco 99
loco 100
loco 101
loco 102
loco 103
loco 104
loco 105



>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12
>MAC139M12

(AG)11
(AGA)6
(AGA)15
(TA)31
(AGA)10
(AT)24
(AGA)S
(TAA)6
(TAA)S
(AGA)8
(AT)8
(AT)6
(TA)7
(TA)8
(AT)11
(TA)8
(TA)7
(AGA)9
(€Ty7
(TTCY7

208
372
393
279
285
384
280
179
209
358
370
370
370
370
370
370
370
364
306
153

AACCTGCGAGGCTAGTAACAGA
GAAACAACGAAGGAGGAGAAGT
CGGAAACAACAAAGGAGGAG
CCAACTTAGAGAGAGAGATTTCCA
CAAAACCTTCTGCTACCCAATC
AGAAGCTCAAAAGCAAAGATGG
AACTTGGGACAATTATGGAGGA
TAGCTGTACTCACAAATCCCCA
TACTTTGATTGTACCGACGCAC
AACCTCTGATGGACTTGAGAACA
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
GATACACGGGTGGTGAGGAG
ATGGACTTGAGAGCACACACAT
GTGAAGGAATCATCAAGCACAA
GCAAAAGATGATTGTGAGTTGC

60.4
58.8
59.7
58.2
60.0
60.0
59.7
59.6
60.0
60.1
60.3
60.3
60.3
60.3
60.3
60.3
60.3
59.6
60.1
59.7

TTGTTCACCTTTTCTCTCTCCG
ACACGGAGGAAGAGATTGAAAG
ATTGAAAGAATGGAGCAGGTGT
TATGCCTTTTGTTTTGTGGC
TGTGACTATTCTTTTAAGCTCCTCG
TGACTTGTTTCGTGACAGACCT
CCAGTTTGGAGTTTCTTTTCGT
TGCAACGGAAGATGACACTAAC
CACTCATCCCTTTGTCCTTCTC
CCCAGTTTGGAGTTTCTAGGTG
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TTACCGAAACCGTCTTTATCGT
TGGAGTTCCTTGAAATAGGAGG
GCAAGAATAAGAATGGGTTTGG
TCGAGACAAACCTAGTCGATGA

60.7
59.7
60.0
58.6
60.2
59.8
59.6
60.1
60.1
60.0
59.8
59.8
59.8
59.8
59.8
59.8
59.8
59.5
59.8
59.8

36586
89903
89903
100324
89903
81181
89903
75977
75977
89903
81181
81181
100324
100324
81181
100324
100324
89903
92529
95662

36486
38567
45857
51198
52837
62652
64140
67647
75926
79521
80901
80901
80901
80901
80901
80901
80901
89680
92503
95563

36672
38917
46228
51457
53097
63014
64398
67804
76113
79857
81249
81249
81249
81249
81249
81249
81249
90022
92787
95694

loco 106
loco 107
loco 108
loco 109
loco 110
loco 111
loco 112
loco 113
loco 114
loco 115
loco 116
loco 117
loco 118
loco 119
loco 120
loco 121
loco 122
loco 123
loco 124
loco 125




Anexo 4: Informagdes adicionais dos locos SSR derivados de transcritos de M. acuminata Calcutta 4 durante a interagdo com M. musicola mapeados no genoma de M. acuminata DH Pahang.

Loco Gene NB-ARC DH Pahang mais préximo Chr Unigene ID Distancia gene NB-ARC (pb) Score
454 RES_PAHANG_locus3299 GSMUA_Achr9G02765_001 chr9 C4IGN96RIGO1CJOKS 282 196 1,0
454 RES_PAHANG_locus1444 GSMUA_Achr1G12540_001 chrl Musa_c4_small_c9219 2118 0,7
454 RES_PAHANG_locus3316 GSMUA_Achr5G07080_011 chrs C4IGN96RIGO02166EQ 437 10061 1,0
454 RES_PAHANG_locus1458 GSMUA_Achr11G07440_001 chrll Musa_c4_small_c9422 11255 1,0
454 RES_PAHANG_locus1835 GSMUA_Achr11G07440_001 chrll Musa_c4_small_rep_c1566 11683 0,5
454 RES_PAHANG_locus3952 GSMUA_Achr11G07440_001 chrll C4NIGN96RIGO1CL6I3 318 13220 1,0
454 RES PAHANG locus2300 GSMUA_Achr5G07080_010 chr5 Musa_c4_small_rep_c2707 13762 0,8
454 RES_PAHANG_locus407 GSMUA_Achr5G07080_009 chrs Musa_c4_small_c15503 14413 0,8
454 RES_PAHANG_locus2811 GSMUA_Achr6G32050_001 chr6 Musa_c4_small_rep_c804 14716 1,0
454 RES_PAHANG_locus2810 GSMUA_Achr6G32050_001 chr6 Musa_c4_small_rep_c804 14854 1,0
454 RES_PAHANG_locus513 GSMUA_Achr1G08690_001 chrl Musa_c4_small_c17577 16957 1,0
454 RES_PAHANG_locus1102 GSMUA_Achr3G09290_001 chr3 Musa_c4_small_c4617 17694 0,8
454 RES_PAHANG_locus2274 GSMUA_Achr3G27820_001 chr3 Musa_c4_small_rep_c2576 18313 1,0
454 RES_PAHANG_locus2273 GSMUA_Achr3G28030_001 chr3 Musa_c4_small_rep_c2576 18498 0,8
454 RES_PAHANG_locus1096 GSMUA_Achr1G12540_001 chrl Musa_c4_small_c4536 23820 0,8
454 RES_PAHANG_locus3926 GSMUA_Achr5G07080_008 chrs C4IGN96RIG02HAUDB 213 30545 0,3
454 RES_PAHANG_locus3698 GSMUA_Achr9G15960_001 chr9 C4IGN96RIG02GECMD 340 37877 1,0
454 RES_PAHANG_locus311 GSMUA_Achr11G07440_001 chrll Musa_c4_small_c14010 39111 1,0
454 RES_PAHANG_locus14 GSMUA_Achr3G27820_001 chr3 Musa_c4_small_c10088 43502 1,0
454 RES_PAHANG_locus3990 GSMUA_Achr10G07065_001 chrl10 C4IGN96RIGO1AIPOH 456 44645 0,7
454 RES_PAHANG_locus2243 GSMUA_Achr8G03665_001 chr8 Musa_c4_small_rep_c24931 45354 0,7
454_RES_PAHANG_locus549 GSMUA_Achr6G32050_001 chr6 Musa_c4_small_c17975 51757 0,8
454 RES_PAHANG_locus3360 GSMUA_Achr5G07080_007 chrs C4NIGN96RIGO1D7QPM 397 54482 1,0
454 RES_PAHANG_locus1635 GSMUA_Achr4G26175_001 chr4 Musa_c4_small_rep_c12383 55686 1,0




454 RES_PAHANG_locus3561
454 RES_PAHANG locus3050
454 RES_PAHANG locus2334
454 RES_PAHANG locus1633
454 RES_PAHANG locus1634
454 RES_PAHANG locus1890
454 RES_PAHANG locus3310
454 RES_PAHANG locus852
454 RES_PAHANG locus4029
454 RES_PAHANG locus3231
454 RES_PAHANG locus1101
454 RES_PAHANG locus38
454 RES_PAHANG locus3080
454 RES_PAHANG locus2246
454 RES_PAHANG locus$2
454 RES_PAHANG locus1081
454 RES_PAHANG locus1593
454 RES_PAHANG locus2809
454 RES_PAHANG locus3083
454 RES_PAHANG locus2616
454 RES_PAHANG locus2722
454 RES_PAHANG locus2641
454 RES_PAHANG locus2642
454 RES_PAHANG locus2488
454 RES_PAHANG locus1168
454 RES_PAHANG locus3160

GSMUA_Achr3G27820_001
GSMUA_Achr6G32050_001
GSMUA_Achr8G03665_001
GSMUA_Achr4G26175_001
GSMUA_Achr4G26175_001
GSMUA_Achr4G26175_001
GSMUA_Achr1G12540_001
GSMUA_Achr8G03665_001
GSMUA_Achr4G26175_001
GSMUA_Achr1G23280_001
GSMUA_Achr11G07440_001
GSMUA_Achr1G12540_001
GSMUA_Achr10G07065_001
GSMUA_Achr6G32050_001
GSMUA_Achr5G07080_013
GSMUA_Achr3G09290_001
GSMUA_Achr11G07440_001
GSMUA_Achr1G08716_001
GSMUA_Achr10G07065_001
GSMUA_Achr4G26175_001
GSMUA_Achr1G08690_001
GSMUA_Achr1G08716_001
GSMUA_Achr1G08690_001
GSMUA_Achr9G02765_001
GSMUA_Achr1G08690_001
GSMUA_Achr4G26175_001

chr3
chr6
chr8
chr4
chr4
chr4
chrl
chr8
chr4
chrl
chrll
chrl
chr10
chr6
chrs
chr3
chrll
chrl
chr10
chr4
chrl
chrl
chrl
chr9
chrl
chr4

C4NIGN96RIG0O2HOPT2 328
Musa_c4_clusters_pos_c1777_1
Musa_c4_small_rep_c2917
Musa_c4_small_rep_c12383
Musa_c4_small_rep_c12383
Musa_c4_small_rep_c16665
C4NIGN96RIGO2FIOGA 450
Musa_c4_small_c23529
C4NIGN96RIG02F4R 19 209
C4ANIGN96RIGO2I06NW 384
Musa_c4_small_c4602
Musa_c4_small_c10369
Musa_c4_clusters_pos_c486_1
Musa_c4_small_rep_c25198
Musa_c4_small_c10992
Musa_c4_small_c4315
Musa_c4_small_rep_c11497
Musa_c4_small_rep_c8036
Musa_c4_clusters_pos_c534 1
Musa_c4_small_rep_c530
Musa_c4_small_rep_c675
Musa_c4_small_rep_c563
Musa_c4_small_rep_c563
Musa_c4_small_rep_c3963
Musa_c4_small_c5739
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65329
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114593
114856
115595

0,5
1,0
0,8
0,8
1,0
0,8
0,8
1,0
1,0
0,5
0,8
0,8
0,8
0,5
1,0
0,7
0,5
0,8
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1,0
1,0
1,0
1,0
1,0
1,0
1,0
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