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RESUMO

Os genes de resisténcia (R) respondem pela primeira interacdo entre planta e
patdgeno, sendo responsaveis pela ativagdo ou ndo de mecanismos de resisténcia em
plantas. Este trabalho analisou genes R em sequéncias expressas de eucalipto, cana-de-
acucar e feijdo-caupi, geradas através de bibliotecas produzidas a partir de diferentes
tecidos em varias fases de desenvolvimento. Depois da analise in silico foi possivel a
identificacdo de todas as classes de genes de resisténcia em eucalipto, com destaque
para a classe NBS-LRR (Nucleotide Binding Site; Sitio de Ligacdo de Nucleotideo -
Leucine Rich Repeats; Repeticbes Ricas em Leucina) (50% das 208 sequéncias
candidatas que apresentaram dominios completos) e em cana-de-acucar, com destaque
para a classe KINASE (46% das 196 sequéncias candidatas que apresentaram dominios
completos). No feijdo-caupi o numero de seqliéncias disponiveis foi escasso,
observando-se maior abundancia da classe NBS-LRR (80% das 38 sequéncias
candidatas), entretanto estiveram ausentes as classes KINASE e LRR-KINASE.
Observaram-se genes R em cana e eucalipto em todos os tecidos analisados, em
diferentes niveis de expressdo sob condi¢bes ndo induzidas. Quando analisados através
de alinhamentos multiplos os genes R apresentaram maior semelhanca entre espécies
pertencentes a mesma familia, geralmente agrupando mono e dicotiledéneas em clados
distintos, sugerindo que tenham surgido antes da separacdo entre essas classes. Os
resultados do presente estudo tém potencial para colaborar com o desenvolvimento de
marcadores moleculares para o melhoramento, para o entendimento da abundancia e
diversidade e evolucdo destes genes, com énfase das espécies estudadas, bem como para
identificagdo dos genes R em outras culturas de interesse econdmico.

Palavras-chave: 1.Fitopatologia 2.Genes de resisténcia - cana-de-aclcar 3. Genes de
resisténcia- eucalipto 4. Genes de resisténcia - Feijao-caupi



ABSTRACT

Resistance genes (R) are responsible for the first plant-pathogen interaction,
being responsible for activation of resistance pathways is plants. The present work
analyzes R genes in sugarcane, eucalyptus and Vigna unguiculata expressed sequence
tags, generated by libraries produced from different tissues and development stages.
After in silico screening was possible to identify all R- genes classes in sugarcane,
specially KINASE (that presented 46% of 196 candidate sequences with conserved
domains), in eucalyptus the most abundant was NBS-LRR ( Nucleotide Binding Site-
Leucine Rich Repeats) that presented 50% of 208 candidates sequences with conserved
domains. Despite the available Vigna unguiculata sequence numbers was scarce, the
most abundant class was NBS-LRR (80% of the 38 candidate sequences), however were
absent KINASE and LRR-KINASE lasses. Could be observed R- genes in all analyzed
sugarcane and eucalyptus tissues, in different expression levels under non induced
conditions. When analyzed trough multiple alignments, R-genes presented more
similarities among species that pertain to the same family, generally, grouping
monocots and dycots in different branches, suggesting their appearing before the
separation between these classes. Our result have potential to collaborate to molecular
markers developing, with best understanding of these genes diversity and evolution, not
only in these studied species, but already, in other economic interests crops.

Key-words: 1. Fitopathology 2. Resistance genes- Eucalyptus 3. Resistance genes-
Sugarcane 4. Resistance genes- Vigna unguiculata



1.0 - INTRODUCAO

Em vegetais, genes de resisténcia (R) estdo entre os mais importantes, sendo
responsaveis pela defesa contra o ataque de patégenos. De acordo com a natureza de
seus produtos, os genes R podem ser classificados em cinco diferentes grupos. Sugere-
se que essa estrutura conservada seja determinante da especificidade patogeno-
hospedeiro, ou seja, se a planta serd ou ndo resistente a um determinado virus, bactéria,
fungo ou nematoide. Em vista do exposto, a identificacdo destes genes de resisténcia é
de grande relevancia para o melhoramento genético de plantas, constantemente expostas
ao ataque dos mais diversos patdgenos.

O eucalipto cultivado (Eucalyptus grandis W. Hill ex Maiden, E. urophyla St.
Blake, seus hibridos e outras espécies relacionadas) apresenta excelente potencial para a
producdo de madeira em funcédo de sua diversidade, adaptabilidade e alta produtividade,
caracteristicas que permitem inUmeras utilizagdes como matéria-prima, como por
exemplo, na producéo de papel e celulose. Por outro lado, a cana-de-agucar (Saccharum
officinarum) estd entre as principais culturas vegetais, sendo cultivada em mais de
oitenta paises tropicais. O Brasil € responsavel por aproximadamente 25% de toda a
producdo mundial, sendo o estado de Pernambuco um dos maiores produtores do pais,
respondendo a cana-de-aclcar por 40% de sua economia (CENBIO, 2006).
Adicionalmente, o feijdo-caupi (Vigna unguiculata (L.) Walp) é a planta que apresenta
mais vantagens nutricionais dentre as tradicionalmente cultivadas e usadas pela
populacdo nordestina. Na década de 80 o Brasil era o segundo maior produtor de feijao-
caupi no mundo, contribuindo com 26% da produgdo mundial. Algumas doencas
limitam a producéo de feijdo-caupi no Nordeste brasileiro, especialmente as infec¢des
provocadas por virus como o do mosaico severo, que podem reduzir até 80% da
producdo em cultivares mais suscetiveis.

O presente trabalho visou identificar, caracterizar e analisar estruturalmente
com o auxilio de ferramentas computacionais, seqliéncias candidatas a genes de
resisténcia presentes no genoma expresso de eucalipto, cana-de-agucar e feijao-caupi
comparando-as as demais sequéncias depositadas em bancos de dados e descritas na
literatura; os resultados obtidos podem contribuir de forma significativa para o
desenvolvimento de marcadores moleculares e melhoramento, bem como para

identificacdo dos genes R em outras plantas cultivadas de interesse econdémico.



2.0 - REVISAO DA LITERATURA

2.1 — O Ataque de Patdgenos e as Perdas Causadas por Doencas

A existéncia de doenca constitui-se em uma condi¢do anormal que prejudica a
planta ou a impossibilita de desempenhar suas funcdes fisiologicas normais. As doencas
sdo facilmente reconhecidas pelos seus sintomas, freqlientemente associados as Vvisiveis
mudangas que podem ocorrer na morfologia do vegetal (IRRI, 2005).

Conforme levantamentos da FAO (2005) fungos, bactérias, virus e nematdides
sdo 0s principais causadores das doengas, resultando em perdas na agricultura e danos
na paisagem, reduzindo assim a producéo, a qualidade e a durabilidade, diminuindo nédo
SO a estética e o valor nutricional dos alimentos, como também a produtividade e os
lucros obtidos com a sua comercializagéo.

Os produtores freqlientemente gastam altas somas para o controle parcial dos
diversos patdgenos que atacam suas culturas. Apesar disso, 0s danos na producdo e nas
mercadorias resultam anualmente em prejuizos de bilhdes de dolares. Apenas nos
Estados Unidos, as perdas alcangcam nove bilhdes de ddlares anualmente (Oerke et al.,
1994 apud Fermin-Mufioz et al., 2000), enquanto em carater mundial, as doengas em
plantas reduzem a produtividade em aproximadamente 12% ao ano (FAO, 2005).

Em contraste com os altos gastos existentes com a aplicacdo de pesticidas e
com os danos gerados ao meio ambiente devido ao uso dos mesmos, deve-se considerar
gue a engenharia genética pode potencialmente reduzir estes custos, produzindo plantas
resistentes a determinados patégenos, uma vez que a resisténcia natural possui varias
vantagens Obvias em relacdo ao uso de produtos quimicos ou a outro método qualquer
utilizado no controle de pestes (Fermin-Mufioz et al., 2000). A resisténcia €
provavelmente a estratégia de controle mais desejada pelos melhoristas, pois pode ser
altamente eficiente, sendo benigna ao meio ambiente e representando pouca ou

nenhuma despesa adicional aos produtores (Sagar et al., 2000).



2.2- Resisténcia contra patdgenos

2.2.1- Mecanismos de defesa

As plantas utilizam uma grande variedade de estratégias para se defenderem
contra estresses bioticos e abidticos. A primeira delas compreende a formacao de uma
barreira entre a célula e o patégeno, através do fortalecimento da parede celular com a
producdo de enzimas ligadas a biossintese de lignina, bem como a formacdo de calos
apos o ataque de um microorganismo (Richter e Ronald, 2000). Segundo Heath (1991),
as plantas apresentam resisténcia a maioria dos microorganismos potencialmente
patogénicos, a chamada Resisténcia Béasica (Heath, 1987) e sugere que essa resisténcia
possua diversos componentes e que seja complexa e ndo patdgeno-especifica. Segundo
Salvaudon et al. (2005) esta também seria a segunda estratégia para se defender das
doencas: a producdo de metabdlitos secundarios e enzimas hidroliticas como
componentes antimicrobianos, chamada desta vez de resisténcia ndo especifica ou
“resisténcia de campo”. Entretanto, considera-se que a reacdo de hipersensibilidade
(HR; Hipersensitive Response) se constitui no principal mecanismo utilizado pelas
plantas para se defenderem contra o ataque de patégenos (Bonas e Lahaye, 2002); ela é
desencadeada pela “ativacdo” de um gene de resisténcia (R) e caracterizada por morte
celular réapida e localizada impedindo que o patdgeno se espalhe e, desta forma,

colonize o organismo (Meyers, 2005).

2.2.2- A interacao gene-a gene

Flor, em 1942, trabalhando com o patogeno Melampsora lini e linho, foi o
primeiro a estudar a genética da resisténcia contra doencas baseada na HR, tendo
proposto um modelo chamado interagcdo gene-a-gene para demonstrar a relagcdo entre
hospedeiro e patdgeno.

A interacdo gene-a-gene determina que para cada gene de resisténcia (R)
presente no hospedeiro, exista um gene de aviruléncia (avr) no patégeno determinando

patogenicidade; desta forma, a planta sera resistente e o crescimento do patdgeno sera



interrompido apenas quando ambos o0s genes, R e avr forem compativeis,
desencadeando, assim, a reacdo de hipersensibilidade (Bonas & Anckerveken, 1999)
(Figura 1). Nos primeiros 15 minutos se engatilha uma resposta que induz fluxos
ibnicos atraves da membrana plasmaética, producdo de compostos reativos de oxigénio e
oxido nitrico, bem como uma reprogramacao da expressao génica por meio da acdo de
fatores de transcricdo e quinases. Apds esse tempo, ocorre a sintese de acido salicilico e
etileno e a sintese de compostos antimicrobianos como as fitoalexinas, culminando na
morte celular programada (Dangl e Jones, 2001). O gene de resisténcia da planta se
refere ao gene que codifica um receptor ou uma enzima responsavel pela transducéo de
sinais para o0 reconhecimento das moléculas elicitoras (produtos dos genes avr) do
patogeno (Tang et al., 1999); a planta que ndo possuir tal gene é chamada de suscetivel.
Quando ocorre mudancga na molécula produzida pelo gene avr mutado do patégeno, o
mesmo passa a ser considerado virulento, sendo capaz de infectar tanto os hospedeiros

antes resistentes, quanto os suscetiveis (Ohtsuki e Sasaki, 2006).

Patdgeno avinlento Célula hospedeira Fatdgeno virulento Célula hospedeira

Elicitar ) i Cene de Resiténcia

Genes AVE presentes Fendtipo: Resisténcia Genes de Patogenicidade Fendtipo: Doenga
Genes de Patogenicidade
A B
Patdgena virulento Célula hospedeira Patdgeno virulento Cétula hospedeira
E]j.;i-j:_gr ) m Gene de Resgténcia Flicttor
Cenes de Patogenicidade Fendtipo: Doenga Ceties AVE presentes Fendtipo: Doeniga

Genes de Patogenicidade

C

Figura 1. Esquema representativo da interacdo gene-a-gene, mostrando o fenotipo
resistente (A) e os suscetiveis (B-D).

2.2.3- Os genes de resisténcia e suas classes

Em contraste com a grande diversidade dos produtos dos genes de aviruléncia
(Ellis e Jones, 2000) os genes R sdo extremamente conservados e podem ser agrupados



em cinco classes distintas de acordo com a natureza de seus produtos (Hammond-Kosak
e Jones, 1997; Morais, 2003) (Figura2).

A primeira classe, chamada classe das Redutases, € representada pelo gene
HMZ1 do milho. Este gene codifica uma redutase que inativa as toxinas produzidas pelo
fungo Helminthosporium carbonum (Joahal e Briggs, 1992) e pelo gene Mlo de cevada,
um provavel regulador de defesa contra Blumenaria graminis (Piffanelli et al., 2002);
também representa esta classe o gene RPW8 de Arabidopsis, que codifica uma redutase
localizada na membrana, com uma estrutura helicoidal, sem semelhanga alguma com
qualquer outro gene de resisténcia (Kobe e Kajava, 2001).

A segunda classe, chamada de classe Quinase, € representada pelo gene Pto de
Lycopersicon esculentum, que confere resisténcia a bactéria Pseudomonas syringae pv.
tomato, causadora da mancha foliar do tomate (Song et al., 1997; Melotto et al., 2004;
Anderson et al., 2006). Esta classe caracteriza-se pela presenca de uma quinase que
fosforila residuos de serina (ser) e treonina (tre), capaz de interagir com o produto do
gene avrPto (Tang et al., 1999); este gene também ja foi caracterizado em outros

organismos, como Arabidopsis thaliana e Phaseolus vulgaris (Melotto et al., 2004).

Classes Conhecidas de Genes B
Classe IT Classe IIT Classe IV Classe V
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Figura 2: Representacdo grafica das quatro familias de Genes de Resisténcia que
apresentam dominios conservados em suas estruturas. S&o elas: Il: Classe Quinase; IlI:
Classe NBS-LRR; IV: Classe LRR; V: Classe LRR-Quinase. As diferentes cores
representam os dominios conservados. NBS: Sitio de Ligag¢do de Nucleotideo; LRR:
Repeticdes Ricas em Leucina; TM: Dominio Transmembrana; TIR: Receptor
Toll/Interleucina.

A terceira e maior classe é representada por genes que sintetizam proteinas que

contém dominios chamados NBS (Nucleotide Binding Site; Sitio de Ligacdo de
Nucleotideo) e LRR (Leucine Rich Repeats; Repeticdes Ricas em Leucina) e se divide
em duas sub-classes (Li et al., 2001; Liang et al., 2005; van Leeuven et al., 2005).

O dominio LRR esté envolvido no reconhecimento do patdgeno pelo hospedeiro
durante o processo de infecgdo. Proteinas que contém LRRs apresentam séries do
aminoacido leucina, repetidas em nimero de 24 ou mais a intervalos regulares, podendo
conter ainda outros residuos hidrofobicos, asparaginas e prolinas (Collins et al, 2001).
Os motivos de leucina geram uma estrutura terciaria semelhante a uma mola, com cada
hélice apresentando um motivo de leucina repetido. Afuncdo das LRRs parece ser a de
mediacdo da interacdo entre proteinas, podendo atuar estracelularmente como receptor
da molécula produzida pelo patégeno ou intracelularmente, em um passo anterior a via
de transducdo dos sinais envolvidos no processo de resisténcia (Banerjee et al, 2001).
Além da interacdo proteina-proteina, os dominios LRR também funcionam como sitios
de unido peptideo ligante e sitios de interacdoproteina-carboidrato, relacionados a
especificidade da resisténcia (Kobe e Kajava, 2001). Supfes-se que a por¢cdo amino-
terminal do dominio LRR, que € altamente variavel, possua um papel mais importante
no reconhecimento do que a porgdo carboxi-terminal, que é mais conservada (Lurderer,
2001).

Os sitios de ligacdo de nucleotideos (NBS), também chamados de P-loops, estdo
presentes em diversas proteinas e sdo responsaveis por atividade de ligagdo ao ATP ou
GTP, tais como subunidades da ATP sintetase e fatores de elongacao do ribossomo. A
presenca desses dominios 0s genes de resisténcia sugere que estes sitios estdo
envolvidos na ativacdo de proteinas quinases ou proteinas transportadoras (Hammon-
Kosack e Jones, 1997) e mutacGes em sua estrutura impedem que ocorra a resposta
hipersensivel, ressaltando a importancia da funcdo deste dominio na sinalizacdo (Zhang
et al., 2004).

A primeira sub-classe possui 0 dominio CC (Coiled-coil; Cauda Espiralada) na

regido amino-terminal, responsavel pelo reconhecimento das moléculas elicitoras; sdo



representantes desta classe os genes Rps2, RPP8, RPP13 e Rpml de A. thaliana; Pib,
Pi-ta e Xal de arroz; Prf, 12, Mi e Sw5 de tomate e Hero de batata (Mindrinos et al.,
1994; Whitham et al., 1994; Grant et al., 1995; Lawrence et al., 1995; Bent, 1996;
Salmeron et al., 1996; Ori et al., 1997; McDowell et al., 1998; Milligan et al., 1998;
Yoshimura et al., 1998; Wang et al., 1999; Bittner-Eddy et al., 2000; Bryan et al., 2000;
Brommonschenkel et al., 2000; Ernst et al., 2002; Rehmany et al., 2006). A segunda
sub-classe possui em sua regido amino-terminal ao invés de uma sequéncia CC, o
dominio TIR (Toll Interleucine Receptor; Receptor Toll/Interleucina) que também esté
presente em animais, mas acredita-se que seja inexistente em monocotiledoneas, tendo
sido encontrado em todas as espécies de dicotileddneas atualmente estudadas (Goff et
al., 2002); essa sub-classe tém como representantes os genes L (Lawrence et al., 1995) e
P (Dodds et al., 2001) de linho; RPP1 (Botella et al., 1998), RPP4 (van der Biezen et
al., 2002), RPP5 (Parker et al., 1997) e RPS4 (Gassmann et al., 1999) de A. thaliana e
N (Whithan et al., 1996 e Mestre e Baulcombe, 2006) de tabaco.

A quarta classe de genes de resisténcia é representada pela familia génica Cf
(Cf-2, Cf-4 Cf-5 e Cf9) de tomate, que confere resisténcia ao fungo Cladosporium
fulvum (Jones et al., 1994; Dixon et al., 1996; Kruijt et al., 2005). Esta classe codifica
genes que possuem uma proteina ancorada a membrana (TM - Transmembrane
Domain; Dominio Transmembrana) com o dominio LRR na por¢éo extracelular e uma
pequena cauda carboxi-terminal na regido intracelular (Kruijt et al., 2005).

A quinta classe é representada pelo gene Xa21 de arroz (Song et al., 1997) que
codifica um receptor tipo quinase caracterizado por um dominio LRR extracelular,
como os genes da classe 1V, uma regido TM e uma ser/tre quinase intracelular, como os
genes da classe Il; desta forma, a estrutura do gene Xa2l parece indicar uma ligacdo
evolutiva entre diferentes classes de genes R em plantas (Xu et al., 2006).

Essa lassificagcdo, entretanto, varia de acordo com cada autor. Podemos
observar que enquanto Ellis et al (2000), Morais (2003) e van Leeuven et al. (2005)
utilizam a classificacdo acima, Salvaudon et al. (2005) consideram as duas sub classes
da terceira classe como classes distintas, enumerando ent&o, seis classes de genes de

resisténcia, enquanto Jones (2001) enumera cinco, mas ndo mantém a mesma seqiiéncia.

2.2.4- A evolugéo dos genes de resisténcia



Genes de resisténcia, em muitas espécies cultivadas, organizam-se em
grupamentos nos cromossomos, denominados clusters (Michelmore et al., 1987). Este
fendbmeno € bem conhecido e estudos moleculares tém demonstrado que esta
clusterizacdo geralmente resulta de duplicacdes de sequéncias em tandem que ocorrem
em alguns loci génicos devido a ocorréncia de crossing over desigual (Meyers et al.,
2005).

Teoricamente clusters de genes funcionariam como um reservatério de
mutacdes. No genoma de Arabidopsis, 182 genes formam 20 clusters de genes, sendo
que quinze destes possuem dominios que possuem LRRs (Bergelson et al, 2001); em
tomate, os genes Pto e Prf também aparecem em clusters (Hulbert, 2001). Para as
monocotileddneas, embora ndo haja uma colinearidade em relagdo aos ortdlogos ns
mapas de arroz, cevada e milho, existe uma organizagdo geral comum entre essas
espécies (Hulbert, 2001).

A grande similaridade entre sequéncias da maioria dos genes R clonados,
mesmo entre espécies distantes pode confirmar a hipdtese de que 0os mesmos pertencem
a uma grande familia multigénica que divergiu apds eventos de duplicacdo e mutacéo,
decorrendo em diferentes especificidades (Richly et al., 2002), surgindo, porém, de um
ancestral comum; tal fato também é refletido quando em determinada andlise de
similaridade (tanto molecular quanto in silico) duas sequéncias ort6logas, de
organismos diferentes como cana-de-actcar e milho apresentam-se mais parecidas entre
si, do que duas sequéncias de cana-de-agucar, por exemplo; como ocorre com 0 gene
RPR1 (Rossi et al., 2003). Por outro lado, Pryor e Ellis (1993) sugerem que a
diversidade da especificidade da resisténcia seja reflexo de uma taxa evolutiva muito
mais rapida que a observada em mutacGes espontaneas, principalmente decorrente da

pressdo de selecdo do patdgeno sobre o hospedeiro.

Polimorfismos em alelos de genes de resisténcia podem ser determinantes para
a caracteristica de resisténcia ou suscetibilidade. Alelos de suscetibilidade geralmente
ocorrem por mutacdo em alelos de resisténcia (Bergelson et al., 2001). Até 0 momento
pouco se sabe sobre a dindmica da evolucdo desses genes. No loco RPS2 os alelos de
resisténcia sdo geneticamente mais similares entre si do que os alelos de suscetibilidade.

Num estudo de evolucdo molecular, o gene RPS2 apresentou um nivel de polimorfismo
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de 1,26%, sendo que aproximadamente metade deste polimorfismo resultou em
alteracdo de aminoéacidos e 70% foram alteracdes ndo conservadas. Segundo Caicedo et
al. (1999) este nivel de polimorfismo geralmente ndo é encontrado em plantas,
demonstrando que provavelmente este seja um gene que evolui rapidamente. Entretanto,
o0 loco RPM1 néo foi observado em linhagens de A. thaliana suscetiveis a Pseudomonas
syringae pv. Maculicola. Andlises de regides adjacentes ao gene em A. thaliana e A.
lyrata revelaram divergéncia de sequéncia de 10%, um valor alto que indica que
provavelmente o polimorfismo foi gerado no momento da separacdo entre as duas

espécies (Bergelson et al., 2001)

2.3- A Cultura da cana-de-acucar

2.3.1- Origem, historia e citogenética

A cana-de-acucar é uma planta perene e alégama (Berding e Roach, 1987),
classificada taxonomicamente como membro da divisdo Embriophyta, incluida na
subdivisdo Angiospermae, classe Monocotyledoneae, familia Poaceae (gramineas),
tribo Andropogoneae e género Saccharum (Quirino, 2003).

As especies de cana-de-acucar cultivadas atualmente (Saccharum spp.)
resultaram de hibridizac6es interespecificas envolvendo S. officinarum, S. barberi, S.
sinense e as espécies selvagens S. spontaneum e S. robustum, assim classificadas
botanicamente por Brett (1957). Acredita-se que S. officinarum foi originalmente
domesticada pelo homem, em Papua Nova Guiné por volta de 2500 a.C. (Brandes,
1956), provavelmente a partir do germoplasma de S. robustum. Entretanto, Roach e
Daniels (1987) e Matsuoka et al. (1999) afirmaram que a cultura teria surgido a partir de
S. spontaneum ou Miscanthus spp. Devido a sua origem multiespecifica, a cana-de-
acucar é conhecida por apresentar um dos genomas mais complexos entre as plantas
cultivadas (Ingelbrecht et al., 1999).

A cana-de-agucar que foi introduzida no Brasil no inicio do século XVI
corresponde a clones hibridos de S. officinarum e S. barberi, denominada cana-crioula
ou cana-da-terra. Entretanto, este hibrido se extinguiu devido a grande suscetibilidade
ao virus-do-mosaico (Artschwager e Brandes, 1958; Berding e Roach, 1987).
Posteriormente, as canas-nobres, termo criado por melhoristas holandeses para se referir

a genotipos de S. officinarum com alto teor de agucar, dominaram a economia do pais e
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constituiram a principal base para a industria do actcar ndo s6 no Brasil, como também
no mundo. O fim do ciclo da cana-caiana, como era chamada, ocorreu por volta de
1850, apds uma epidemia de gomose, doenca causada pelo patdégeno Xanthomonas
axonopodis pv. vasculorum (Dantas, 1960), o que levou ao surgimento dos primeiros
programas de melhoramento da cana-de-agUcar no Brasil.

Praticamente todas as cultivares atuais sdo férteis e possuem numero
cromossémico variando entre 2n=70 e 2n=130; representando um alopolipldide
segmental (Roach e Daniels, 1987). Em cana-de-agUcar ndo se pode assumir heranga
dipléide, entretanto, segundo Hogarth (1987), evidéncias sugerem heranca semelhante
aos diploides. E comum encontrar plantas do género Saccharum apresentando variaces
guanto ao numero cromossdmico ndo s6 entre células de uma mesma planta, como
também entre células de um mesmo tecido (Portieles et al., 2002). Este fendmeno é
chamado mosaicismo (Heinz et al., 1969). Supde-se que 0 genoma basico da cana-de-
acucar seja composto por 10 cromossomos (x=10), como a maioria das gramineas
havendo, porém, suposicdes de que 0 numero basico poderia ser x=8 e x=12
(Ingelbrecht et al., 1999).

2.3.2- As doencas da cana-de-agucar

No Brasil foram relatadas 40 entre todas as 177 doencas relacionadas em cana-
de-agctcar em todo o mundo. Historicamente, no mundo, o carvdo, o raquitismo das
soqueiras, a escaldadura das folhas e 0 mosaico da cana-de-agucar sdo consideradas as
doengas mais importantes que atacam esta cultura (Sanguino, 1998).

O carvdo da cana-de-agucar, causado por Ustilago scitaminea, tem ocorréncia
generalizada no Brasil (Orsdogoitti et al., 1982). Os danos causados pelo carvdo séo
variaveis, mas podem causar perdas de até 100% em variedades suscetiveis (Tokeshi,
1997). Comstok e Lentini (2002) afirmaram que em certas regides canavieiras podem
permanecer por muitos anos sem relatos de carvdo, no entanto, a doenca pode
reaparecer e devastar rapidamente areas com variedades suscetiveis. Os danos causados
pelo fungo incidem tanto na reducédo da producdo como na perda de qualidade do caldo.

O carvao é uma das doencas em cana-de-acucar de mais facil identificagéo.
Caracteriza-se pela emergéncia de um chicote, que consiste em uma modificacdo do
meristema apical do colmo, induzida pelo fungo, com tamanho variavel, de alguns

centimetros a mais de 1 m de comprimento. O chicote é composto por parte do tecido da
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planta e parte do tecido do fungo contendo milhdes de esporos. Plantas doentes, antes
de emitirem o chicote, ttm o angulo de insercdo das folhas mais agudo, limbo foliar
estreito e curto, colmos mais finos que o normal e touceiras com superbrotamento.
Ocasionalmente, algumas variedades podem produzir sintomas atipicos como galhas,
proliferacdo de gemas e vassoura-de-bruxa (Tokeshi, 1997). Os chicotes surgem em
plantas com 2-4 meses de idade, com o pico ocorrendo quando as plantas estdo com 6-7
meses de idade. Condi¢es ambientais sdo determinantes no surgimento de epidemias
de carvéo. Sob condigcOes de estresse, variedades mesmo com resisténcia ao fungo,
podem apresentar sintomas. CondicBes de estresse hidrico e calor favorecem a
ocorréncia da doenca.

O raquitismo da soqueira € causado pela bactéria Leifsonia xyli subsp. xyli, antes
chamada de Clavibacter xyli subsp. xyli. Muitos pesquisadores consideram o raquitismo
das soqueiras a mais importante doenca afetando a cana-de-agtcar em todo o mundo.
Pode causar prejuizos de 5 a 30% da produtividade, mesmo que o produtor desconheca
que seu campo esteja infectado. A importancia econémica da doenca varia em fungéo de
fatores ambientais, principalmente estresse hidrico. As perdas podem ser substanciais,
dependendo da variedade empregada e da idade da touceira (Smith, 1999). O raquitismo
das soqueiras ndo é facilmente reconhecido no campo por sintomas externos, uma vez
que podem ser confundidos por varios fatores, incluindo préaticas culturais, umidade
inadequada e deficiéncia nutricional (Comstock e Lentini, 2002). Para diagnostico
eficaz da doenca, varias metodologias tém sido desenvolvidas, como a microscopia de
contraste de fase, reacBes soroldgicas de fluorescéncias, testes soroldgicos e técnicas de
biologia molecular pelo uso de PCR.

A escaldadura das folhas € uma doenca provocada pela bactéria Xanthomonas
albilineans e que tem grande potencial destrutivo, principalmente em variedades
suscetiveis. No Brasil, sua importancia tem sido subestimada devido aos erros de
identificacdo e & confusdo de seus prejuizos com aqueles causados pelo raquitismo das
soqueiras (Tokeshi, 1997). Quando a doenca se manifesta em variedades extremamente
suscetiveis, pode causar perdas de até 100%. Seus prejuizos manifestam-se,
principalmente, na ma formacao dos toletes no plantio, morte das touceiras ou cana,
queda na producéo e na riqueza de sacarose. A principal forma de controle dessa doenga
é por meio de variedades resistentes e tolerantes ao patdgeno. Entretanto, devido aos
sintomas latentes da escaldadura, deve se ter atengcdo com as variedades, principalmente
aquelas tolerantes. No caso de emprego de variedades tolerantes, torna-se necessario
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tomar alguns cuidados: evitar plantio de mudas provenientes de campos com a doenca;
preparo das areas de viveiros para eliminar bactérias do solo e restos de cultura;
desinfeccdo de equipamentos e ferramentas utilizadas no manejo da cultura.

O principal problema de origem viral da cultura canavieira € 0 mosaico da cana-
de-actcar. O mosaico consiste em um subgrupo de quatro espécies distintas de
potyvirus, mas no Brasil, apenas a espécie SCMV ¢é encontrada causando mosaico em
cana-de-acucar (Gongalves et al., 2004). Os sintomas iniciais de infeccdo consistem em
pontos cloréticos com disposicdo linear no meio ou mais comumente na base das folhas,
que evoluem para areas alongadas formando um mosaico tipico, o qual pode aumentar
de severidade com a idade da folha. O crescimento das plantas pode ser acentuadamente
reduzido conforme a espécie e estirpe do virus e a variedade de cana, principalmente
quando a infec¢do ocorre nos estagios iniciais de desenvolvimento. Ocasionalmente, em
variedades altamente suscetiveis podem ocorrer riscas e estrias nos colmos e
encurtamento dos entrends (Goncgalves et al., 2004). Atualmente, a doenca esta
controlada, porém freqlientemente observa-se plantas sintomaticas durante a avaliacdo
de clones para melhoramento e em plantios comerciais. Apesar desse fato, 0 mosaico
ndo tem ocasionado perdas de grandes proporcgdes, devido a selecdo de variedades
resistentes e tolerantes associada a pratica do “roguing” nos plantios comerciais. A taxa
de distribuicdo do mosaico no campo € influenciada principalmente pelos fatores: nivel
de toleréncia da variedade de cana-de-acUcar; estirpe ou estirpes do virus presentes;
namero e distribuicdo dos focos de infecgdo; nimero, tipo e atividade de insetos vetores
presentes; condicBes climéticas afetando a suscetibilidade da cultura e a atividade dos
insetos vetores. No entanto, esse virus incide sobre outras gramineas, dentre as quais 0
milho, Zea mays (Costa et al. 1971) e o sorgo, Sorghum bicolor (Pinto, 1984). A
introdugdo de novos cultivares de milho no pais nos dltimos anos, associada ao grande
aumento da area plantada e ao cultivo na safrinha, tem aumentado a incidéncia do
mosaico nessa cultura e em campos de cana-de-agUcar proximos a lavouras de milho
(Fernandes e Oliveira, 1997).

2.3.3- Producdo e importancia econdmica

A cana-de-acucar é uma das principais culturas do mundo, sendo cultivada em

mais de 120 paises (Matsuoka et al., 1999), incluindo regiGes tropicais e subtropicais,
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representando a mais importante fonte de acucar e alcool. O Brasil é responsavel por
25% das 1,2x10° toneladas de cana-de-aclcar cultivadas anualmente (COPERSUCAR
2006), producdo que ocupa cerca de 18 milhdes de hectares do globo terrestre
(SUCEST, 2006).

Devido a grandeza dos numeros do setor sucro-alcooleiro no Brasil, ndo se
pode tratar a cana-de-acUcar, apenas como mais um produto, mas sim como o principal
tipo de biomassa energética, base para todo o agronegdcio sucro-alcooleiro,
representado por 350 industrias de aclcar e &lcool e um milhdo de empregos diretos e
indiretos em todo o Brasil (COOPERSUCAR, 2006).

Atualmente Pernambuco é o segundo maior estado produtor nacional de cana-
de-acUcar no Brasil. Esta € plantada na zona da mata Pernambucana, numa vasta
extensdo de terras denominada zona canavieira do estado. Proxima ao oceano Atlantico,
essa area atinge 12 mil km? (12,6% do territério estadual). Em Pernambuco, apesar da
alta lucratividade das atividades agropecuarias, a cana-de-agucar ainda desempenha
papel importante, representando 40% da economia estadual. Em 1997 a area plantada
com cana-de-acUcar no estado estava estimada em 400 mil hectares, existindo 38 usinas
e 10 destilarias de alcool instaladas nos municipios da zona agucareira do estado
(CENBIO, 2006).

2.3.4- O Projeto SUCEST

Recentemente, varios projetos com o objetivo de sequenciar ESTs (Expressed
Sequence Tags) em cana-de-aclcar foram conduzidos na Africa do Sul, Australia,
Franca e Brasil (Carson e Botha, 2000; Casu et al., 2001; Grivet e Arruda, 2001; Perrin
e Wigge, 2002). Juntos, estes projetos produziram mais de 300.000 ESTs de cana. No
Brasil um consoércio da rede ONSA (Organization for Nucleotide Sequencing and
Analysis) langou em 1999 o projeto SUCEST (Sugarcane Expressed Sequence Tag
Project) o qual gerou uma base de dados de cerca de 238.000 ESTs, produzidas a partir
de 26 bibliotecas feitas de diferentes dérgdos e tecidos em diferentes estagios de
desenvolvimento. A abordagem escolhida por estes projetos se baseia na determinagéo
da seqiiéncia do RNA mensageiro através da analise de seqiiéncias expressas do
genoma. Tal abordagem permite a investigacdo indireta do conteddo genético dos
cromossomos, bem como a determinagéo da expressao diferencial em cada tecido e em
diferentes condicdes de estresse (SUCEST, 2006).
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2.4- A cultura do eucalipto

2.4.1- Origem, citogenética e historia

O eucalipto possui como centro de origem a Australia e regifes proximas
como Timor, Indonésia, Molucas, Irian Jaya, Papua Nova Guiné e sul das Filipinas, em
uma faixa compreendida entre latitudes 9°N e 44°S (Eldridge et al., 1993).

O género Eucalyptus é considerado um dos mais importantes de toda a familia
Myrtaceae. Citogeneticamente, esta familia apresenta uma variagdo dos numeros
cromossémicos diploides (2n =10 a 2n = 77). Porém, 0 numero cromossémico mais
comumente representado é 2n = 22 (Goldblatt, 1981; 1984; 1985; 1988; Goldblatt e
Johnson, 1990; 1991; 1994; 1996).

Existem cerca de 600 espécies diferentes de eucalipto; compreendendo arvores
de grande porte que podem atingir até 80 metros em individuos adultos. Trata-se da
planta lenhosa mais abundante no globo, ocupando mais de 18 milhdes de hectares
(Brondani et al., 2006). Enquanto o E. globulus é a principal espécie encontrada nas
zonas temperadas tais como Portugal, Espanha, Chile e Australia, os clones hibridos E.
grandis e E. urophylla sdo bastante utilizados nas industrias em paises de regiGes
tropicais como Brasil, Africa do Sul, india e Congo devido a sua madeira de qualidade e
a seu crescimento rapido, compreendendo por vezes apenas sete anos para a producdo
de celulose (Eldridge et al., 1993).

O eucalipto foi introduzido no Brasil em 1904 por Edmundo Navarro de
Andrade, com o objetivo de suprir as necessidades de lenha, postes e dormentes das
estradas de ferro na regido Sudeste. Na década de 50 passou a ser produzido, como
matéria prima, para o0 abastecimento das fabricas de papel e celulose sendo sua
expansdo ampliada nos anos 60. Houve um crescimento da produgdo até meados dos
anos 80, periodo considerado um marco na silvicultura brasileira, dado os efeitos
positivos que gerou no setor (EMBRAPA, 2006), compreendendo hoje cerca de 70%

(3,5 milhdes de hectares) de toda a area reflorestada no Brasil (Bacha e Barros, 2004).

2.4.2- As doencas do Eucalipto

O eucalipto ¢é atacado por varios patdgenos, principalmente fungos, desde a

fase de viveiro até os plantios adultos. Geralmente, os problemas sdo observados nas
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plantaces, ocorrendo nos mais variados locais, espécies e épocas do ano (Bacha e
Barros, 2004). As principais doencas sao a ferrugem, o cancro, o0 oidio e o tombamento,
também chamado de “damping off” (Firme et al., 2000).

A ferrugem, causada pelo fungo Puccinia psidii € uma doenga que atualmente
estd causando sérios problemas em plantios jovens, viveiros e jardins clonais de
Eucalyptus, sendo que fotoperiodo, temperatura e umidade sdo fatores condicionantes
para a ocorréncia da doenca. A maior importancia econdémica da ferrugem esta
relacionada a plantios de campo, enquanto em viveiros é mais facilmente controlada
com o uso de fungicidas. No campo, o0 uso de fungicidas para o controle de Puccinia
psidii ndo é economicamente viavel. A melhor forma de controle é a selecdo de
materiais genéticos resistentes. Em viveiros e jardins clonais, o controle de ataques
intensos utilizando fungicidas é eficiente, sendo recomendado o uso de mancozeb,
oxicloreto de cobre, triadimenol, diniconazole ou triforine (Silveira et al., 1998).

O cancro do eucalipto é uma das doencas mais importantes de ocorréncia no
campo, causado por varias espécies de fungos como Cryphonectria cubensis, Valsa
ceratosperma - fase sexuada, Cytospora spp. - fase assexuada e Botryosphaeria ribis).
O cancro de Cryphonectria cubensis foi considerado como a principal doenca que
afetou a cultura do eucalipto no Brasil na década de 70. Trata-se de uma doenca de
ampla distribuicdo geografica, ocorrendo em regides tropicais do continente americano
(KRUGNER, 1980). Essa doenca é caracterizada pela morte dos tecidos da casca,
decorrente da acdo de vérios agentes abidticos e biodticos. Contudo, as condigdes
climéticas parecem ter uma participacdo maior na manifestacdo deste tipo de problema,
com ligacdo entre a incidéncia de certos cancros e as condi¢fes adversas ao
desenvolvimento da planta. O controle mais recomendado para o0 cancro seria a
utilizacdo de espécies, procedéncias, progénies ou clones mais resistentes a este
patdgeno (Silveira, 2000).

O oidio é causado pelo patégeno Oidium sp. Esse fungo ataca varias espécies de
eucalipto em condicdes de viveiro, casa de vegetacdo e campo. A espécie mais
suscetivel a essa doenca é o Eucalyptus citriodora. Os sintomas aparecem
principalmente em gemas e brotagdes, causando deformidade ou morte das mesmas.
Esses sintomas sdo caracterizados pelo recobrimento das partes afetadas por estruturas
de coloracdo esbranquicada, pulvurulenta, constituidas por micélios e estruturas de
reproducdo do patdgeno, tipico dos oidios. Em mudas, 0 ataque sucessivo causa
brotamento, resultando em mudas de baixa qualidade. No campo, a ocorréncia de oidio
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causa perda da dominéancia apical, afetando a formacgéo de um fuste reto. Para o controle
da doenga em viveiro pode-se fazer aplicacdo de benomyl mais enxofre molhavel. No
campo, a doenca tende a desaparecer com o desenvolvimento da planta, através da troca
da folhagem juvenil pela adulta (Araujo, 2000).

O tombamento € causado pelos fungos Cylindrocladium candelabrum, C.
clavatum, Rhizoctonia solani, Pythium spp., Phytophthora spp. e Fusarium spp. Esses
fungos habitam o solo, onde vivem como saprofitas ou na forma de estruturas de
repouso, os esclerddios, microesclerddios, clamiddsporos e o6sporos, dependendo de
cada espécie. Os propagulos desses fungos sdo disseminados através da agua da chuva
ou irrigacdo, vento ou particulas de solo aderidas a suplementos agricolas, sendo que em
ambientes com alta umidade favorecem a ocorréncia de tombamento. O ataque
compromete as sementes em germinagdo, afetando os tecidos tenros. Ocorre
inicialmente no colo da plantula, podendo se estender ao hipocétilo, com aspecto inicial
de encharcamento evoluindo para uma coloragdo escura, com posterior tombamento e
morte da muda. Dependendo da idade da muda pode ocorrer murcha, enrolamento e
seca dos cotilédones e das primeiras folhas, porém, esses sintomas sao considerados
secundarios. Por ser uma doenga causada por patdégenos do solo, o risco de ataque
desses fungos aumenta para o caso de semeaduras feitas em sementeiras para posterior
repicagem. Esse problema pode ser evitado com o uso da semeadura direta em tubetes
suspensos. Porém, cabe ressaltar que a dgua de irrigacdo e o substrato devem estar livres
de in6culos dos patdgenos. O uso de brita como material de cobertura do solo do viveiro
evita a contaminacdo. Ainda em relacdo ao substrato, este deve apresentar boa

drenagem (Firme et al., 2000).

2.4.3- Producéo e Importancia Econémica

As espécies de eucalipto apresentam excelente potencial para a producéo de
madeira em funcdo de sua diversidade, adaptabilidade, alta produtividade e
caracteristicas fisico-mecénicas, que permitem intmeras utilizagbes como matéria-
prima para produgdo de papel e celulose, marcenaria (Serraria e madeira processada),
caixotaria, lenha e carvdo vegetal (Gonzales, 2002), algumas espécies também
produzem Oleos essenciais com o0s quais sdo fabricados produtos de limpeza,
alimenticios, perfumes e remédios. A principal espécie plantada atualmente no Brasil

tem sido E. grandis (e seus hibridos), com cerca de 1.500.000 hectares de area plantada.
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A principal producdo ocorre nos estados de Minas Gerais, Sdo Paulo, Bahia e Rio
Grande do Sul (Sociedade Brasileira de Silvicultura — SBS, 2004), havendo limitacdes
qguanto a sua introducdo em areas mais quentes, Umidas ou semi-aridas, devido ao
ataque de patodgenos e as condigdes edafo-climaticas, com énfase para solos pobres e
salinos (Mafia e Alfenas, 2003).

As principais razdes do uso extensivo do eucalipto em reflorestamentos
comerciais em varias partes do mundo devem-se ao seu rapido crescimento (média de
45 m3/ha/ano em plantios clonais), quando comparado a outras plantas lenhosas, alem
de suas excelentes caracteristicas propicias para a producéo de fibras e polpa de madeira
de alta qualidade. Além disso, destacam-se também o baixo custo e o curto periodo de
corte (sete anos), fatores que permitem até trés rotacGes sucessivas e econémicas, com
ciclo de até 21 anos (Ho et al., 1998).

A producéo de papel e celulose compreende componente importante do setor
industrial brasileiro, com perspectivas de expansdo para os proximos anos. O Brasil
apresentou forte crescimento desse setor, tornando-se o principal produtor mundial de
celulose a partir do eucalipto como matéria-prima. No ano de 2001 foram produzidas
7,4 milhdes de toneladas de papel, com faturamento total de US$ 6,7 bilhdes
(BRACELPA, 2005). Desse total, cerca de US$ 2,6 bilhdes foram obtidos com
exportacdo. No segmento de papel os investimentos vém sendo realizados no
desenvolvimento tecnolégico de processos e produtos de maior valor agregado
(BRACELPA, 2005).

2.4.4- O Projeto FORESTS

Em novembro de 2001, a FAPESP anunciou o inicio do projeto FORESTS que
propiciou o seqiienciamento de parte do genoma expresso do eucalipto. O citado projeto
foi desenvolvido no ambito do Programa Parceria para Inovagdo Tecnologica, PITE,
contando com a participacdo de um consércio de empresas de papel e celulose, tendo
como objetivo identificar genes que auxiliem para aumento da produtividade e da
qualidade da matéria-prima utilizada na producéo de papel e celulose (FAPESP, 2006).

A proposta foi considerada inovadora por envolver as principais industrias da
area num sistema de consércio pré-competitivo em parceria com as universidades
paulistas e a Fapesp. Adicionalmente, o objetivo final ndo foi apenas a identificacdo de

genes do eucalipto, mas 0 uso dessa informacgdo na analise da expressao génica, visando
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ao desenvolvimento de uma nova tecnologia para a identificacdo de genes envolvidos
no controle genético da qualidade da madeira, resisténcia a doencas e pragas, estresses
ambientais e tolerancia as deficiéncias nutricionais (FOREST, 2005).

O Projeto Genoma Eucalipto objetivou identificar 15.000 genes através do
sequenciamento de aproximadamente 100.000 ESTs derivadas de bibliotecas de cDNA
geradas a partir de diferentes tecidos, estagios de desenvolvimento e condicdes
fisioldgicas. Até marco de 2005 um total de 17.286 singlets e 15.794 clusters, oriundos
de 123.889 reads, haviam sido disponibilizados no banco de dados do FORESTS,
ultrapassando o numero de sequéncias inicialmente planejadas pelo projeto (FORESTS,
2005).

2.5- A Cultura do Feijao-Caupi

2.5.1- Origem, Citogenética e Historia

O feijao-caupi € uma cultura autbgama (Teofilo et al., 2001), classificada como
membro da divisdo Embriophyta, incluida na subdivisdo Angiospermae e na classe
Dicotyledoneae (NCBI, 2006). Trata-se de uma leguminosa (Fabaceae) do género Vigna
(NCBI, 2006), possuindo um dos menores genomas deste grupo ( 450-500 Mb),
apresentando o nivel diploide com 2n=22 cromossomos (Benko-Iseppon, 2001).

O feijdo-caupi foi introduzido no Brasil proveniente da Europa e oeste da
Africa por colonizadores europeus e escravos africanos durante os séculos 16 e 17. As
plantacdes cultivadas tradicionalmente foram selecionadas para determinados caracteres
de interesse ao longo dos ultimos trés seculos (Freire-Filho, 1988).

Em vista da maior concentracdo de espécies género na Africa, bem como do
namero elevado de espécies endémicas, sugere-se que sua evolucdo e dispersdo
provavelmente tenham ocorrido a partir deste continente (Freire-Filho, 1988). O citado
autor também destaca que entre as espécies nativas da Africa, V. unguiculata, aparece
predominantemente em algumas regides enquanto suas formas selvagens ndo tém sido
encontradas fora deste continente.

Embora as espécies do género Vigna estejam distribuidas nas regiGes tropicais
e subtropicais de todo 0 mundo, Steele e Mehra (1980) e Ng e Maréchal (1985), citam o
oeste da Africa, mais precisamente a Nigéria, como centro primério de diversidade da
espécie. Entretanto, Padulosi et al. (1997) afirmam que provavelmente a regido do

Transvaal, na RepUblica da Africa do Sul, seja a regido de especiacio de V. unguiculata.

20



Por outro lado, estudos moleculares recentes (Simon et al., no prelo) forneceram
evidéncias de que, embora seu centro de diversidade atual se localize na Africa, 0
género Vigna e a maioria das espécies (incluindo V. unguiculata) podem ter surgido na
Asia, onde algumas subespécies primitivas ainda ocorrem.

Vérios cruzamentos tém sido efetuados com o intuito de produzir caracteres
desejaveis como aumento do tamanho dos grdos, aumento da produtividade media,
porte ereto das plantas, floracdo precoce, bem como para a identificacdo de linhagens
resistentes a salinidade e as doencas que mais prejudicam a producgdo do feijdo-caupi
(Araljo, 1988; Barreto, 1999; Freire-Filho et al., 1999).

Experimentos tém demonstrado que métodos tradicionais de cruzamento
consomem, em geral, inUmeros anos, para que Se consiga incorporar genes de
resisténcia em uma determinada cultivar, mas hoje, ferramentas da biotecnologia
moderna podem propiciar ao feijao-caupi condi¢des de competitividade e caracteristicas
que atendam as necessidades comerciais internacionais (Timko, 2002).

2.5.2 — As doencas do feijao caupi

Apesar do feijdo-de-corda ser uma planta rdstica, ela é hospedeira de
muitas doencas causadas por virus, bactérias, fungos e nematoides (Apesar do feijao-de-
corda ser uma planta rastica, ela é hospedeira de muitas doengas causadas por virus,
bactérias, fungos e nematoides (Aradjo et al., 1984). Esses fatores bioticos sdo, em
parte, responsaveis pela baixa produtividade da cultura observada na regido Nordeste.
Porém, o ataque por virus apresenta-se como o fator mais limitante (Rocha et al., 2003).
Especialmente o virus do mosaico severo do caupi (CPSMV, Cowpea Severe Mosaic
Virus) da familia Comoviridae, os mosaicos de potyvirus da familia Potyviridae e o
virus do mosaico dourado do caupi da familia Geminiviridae, entre outros fatores, tém
reduzido drasticamente a producdo de feijdo-caupi no Brasil com perdas de até 81%
(Araujo et al., 1984).

O mosaico severo do caupi (CPSMV) encontra-se disseminado e apresenta
dificil controle devido a grande variedade de hospedeiros e & numerosa populacdo de
vetores (Freire-Filho et al., 1999). No que diz respeito ao virus do mosaico dourado do

21



caupi (CPGMV) a situacao também é preocupante pois estudos de avaliacdo do impacto
destas doencas em algumas regides do nordeste do Brasil contabilizam perdas em torno
de 70% da producdo (Barreto, 1999). Além das viroses, outras doencas sdo consideradas
importantes, e podem também gerar perdas significativas dependendo da cultivar
utilizada. Infelizmente, h& poucas fontes de resisténcia para varias das doencas
existentes, estando essas frequentemente em diferentes cultivares, varios pouco

produtivos ou que ndo atendem as necessidades do mercado (Barreto, 1999).

2.5.3- Producéo e Importancia Econdmica

Conhecido também como feijdo de corda, o feijdo-caupi é uma cultura de
importante destaque na economia nordestina e de amplo significado social, constituindo
o principal alimento protéico e energético do homem rural; € uma excelente fonte de
proteinas (23-25%) e apresenta todos 0s aminoacidos essenciais, carboidratos (62%),
vitaminas e minerais, além de possuir grande quantidade de fibras dietéticas e baixa
quantidade de gordura (teor de 6leo de 2%, em média) (EMBRAPA, 2006). Apresenta
alta rusticidade e adaptabilidade as condicGes de estiagem prolongadas e capacidade de
se desenvolver em solo de baixa fertilidade e por meio da simbiose com bactérias do
género Rhizobium, tem a habilidade para fixar nitrogénio do ar (Oliveira e Carvalho,
1988). A capacidade do feijdo-caupi de crescer sob condicGes de solo e ambientes
estressantes tem sido reconhecida por muitos cientistas. No Brasil, trata-se do Unico
feijdo capaz de sobreviver com sucesso na regido norte (alta umidade, muita chuva e
solo argiloso) e no Nordeste (seca, solo arenoso, por vezes salino e muito sol) (Barreto,
1999).

2.6- A Bioinformatica
2.6.1- Histdria e AplicacOes
A bioinformatica vem sendo encarada como uma disciplina especial ha pelo
menos 15 anos e os primeiros esforgos na sua consolidacdo podem ser localizados no

inicio dos anos 80, a partir do momento que se iniciou a utilizacdo de ferramentas

computacionais para analise de dados bioquimicos, de biologia molecular e biologicos
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como um todo. Assim surgia a bioinformatica, uma nova ciéncia com raizes nas
ciéncias da computacdo, na estatistica e na biologia, cuja finalidade principal é gerar
novos conhecimentos a partir do eficiente acesso e manuseio de grande volume de
dados (Carraro e Kitajima, 2002).

A necessidade do desenvolvimento de ferramentas computacionais aplicadas as
sequéncias de DNA e proteinas comegou a aparecer com o acumulo de informaces de
interesse publico ou comum a diversos grupos de pesquisa, que surgiram cOmMoO
resultado do Projeto Genoma Humano, passando a desempenhar um papel essencial em
outros projetos genoma. Desta forma, varias universidades, instituicbes governamentais
e firmas farmacéuticas vém formando grupos de bioinformatica. Estes grupos
representam importante papel na analise das informacbes geradas em grande escala
pelos sequenciadores de todo o0 mundo (Prosdocini et al., 2002). A analise comparativa
de genomas de diferentes patdgenos trouxe informacdes importantes para explicar seus
mecanismos de penetracao e colonizacdo nas plantas e também a identificacdo de novos

agentes envolvidos nestes processos (Carraro e Kitajima, 2002).

2.6.2- Bancos de Dados e Ferramentas

O Genbank é o mais conhecido banco de dados que disponibiliza gratuitamente
sequéncias e ferramentas para a sua analise. Foi criado inicialmente pelo NCBI com o
objetivo de abrigar sequéncias submetidas diretamente por autores de publicagdes
cientificas. Junto com o Genbank, fazem parte do INSD (International Nucleotide
Sequence Database; Banco de Dados Internacional de Sequéncias de Nucleotideos) o
DDBJ (DNA Database of Japan; Banco de Dados de DNA do Japdo)
(http://www.ddbj.nig.ac.jp/), e o EMBL (European Molecular Biology Laboratory;

Laboratério Europeu de Biologia Molecular; http://www.ebi.ac.uk/embl/) que também

disponibilizam muitas informacdes de autores europeus e japoneses, além de manter um
importante acordo de cooperacdo e de intercambio de dados (Tateno et al., 2002). Em
conjunto com os bancos de dados, varias ferramentas e programas sdo utilizados no
processo de identificacdo e analise de sequéncias; entre eles estdo o BLAST (Basic
Local Alignment Search Tool; Ferramenta de Busca por Alinhamento Local) (Altschul
et al., 1990), o CLUSTALX (Thompson et al., 1997), o TreeView (Page, 1996), o MEGA
(Molecular Evolutionary Genetics Analysis - Programa para Analise Genética e
Evolutiva; Sudhir et al., 2004) e 0o CLUSTER (Eisen et al., 1998).
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Alinhamentos representam uma poderosa ferramenta ndo s6 para comparar
sequéncias desconhecidas com sequéncias de genes ja descritos e depositadas nos
bancos de dados, como também para fazer inferéncias tanto estruturais e funcionais
guanto evolutivas a respeito destas sequiéncias. O BLAST oferece um método de busca
rdpida nos bancos de dados ndo s6 de nucleotideos, como também de proteinas.
(Altschul et al., 1990). O ORF-finder também € uma ferramenta on-line do NCBI que
permite traduzir uma sequéncia de nucleotideo (DNA/RNA) para uma sequéncia
protéica em todos os quadros de leitura.

O CrusTALX é um dos programas mais usados para obtencdo de mdaltiplos
alinhamentos de sequéncias, quer sejam de nucleotideos, ou de aminoacidos. Produz
alinhamentos multiplos biologicamente significativos entre seqiéncias divergentes;
calculando qual a melhor sequéncia para comparar com a sequéncia selecionada,
alinhando-as de acordo com as identidades, similaridades e diferengas (Thompson et al.,
1997); é capaz também de gerar dendrogramas que podem ser visualizados no programa
TreeView (Page, 1996), visto que apesar de possuir o algoritmo para gera-los, o
CLUSTALX ndo possui uma interface para sua visualizacao.

O MEGA foi desenvolvido ndo s6 para estimar distancias genéticas como
também para fazer inferéncias filogenéticas através da construcdo de dendrogramas,
calcular matrizes de distancia e fazer analises na composicdo das sequéncias, a
porcentagem de similaridade entre seqiiéncias ou ainda identificacdo de codons ou
marcadores conservados (Sudhir et al., 2004).

O CLUSTER é um programa para analise e visualizacdo de resultados de
complexos experimentos de microarrays. Realiza varios tipos de analises de seqliéncias,
incluindo clusterizacdo hierarquica e Self-Organizing Maps (SOMs). Os métodos de
clusterizacdo hierarquica estdo descritos em Eisen et al. (1998), podendo ser utilizados
também na conducdo de analises in silico do perfil de expressdo de genes (Eisen et al.,
1998).
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ABSTRACT:

Resistance genes (R-genes) are responsible for the first interaction of the plant with
pathogens being responsible for the activation (or not) of the defense response. Despite
their importance and abundance, no tools for their automatic annotation are still
available. The present work analyzed R-genes in the SUCEST (sugarcane expressed
sequence tags) database that includes 26 libraries of different tissues and development
stages comprising 237,954 ESTs. A new annotation routine was used in order to avoid
redundancies and overestimation of R-genes number, common mistakes in previous
evaluations. After in silico screening 280 resistance genes have been identified, 196
bearing the complete domains expected. Regarding the alignments most of the
sugarcane’s clusters got best matches with proteins from Oryza sativa, probably due to
the prevalence of sequences of this monocot in data banks. All R-gene classes were
found except subclass LRR-NBS-TIR including Toll Interleukin-1 receptors, with
prevalence of the kinase (Pto-like) class. R-genes were expressed in all libraries but
flowers, transition root to shoot and roots were the most representative suggesting that
in sugarcane the expression of R-genes in non induced conditions prevail in these
tissues. On leaves only low level of expression was found for some gene classes while
others were completely absent. A high allelic diversity was found in all classes of R-
genes, sometimes presenting best alignments with dicotyledons, despite the great
number of genes from rice, maize and other grasses deposited in data banks. The results
and future possibilities regarding R-genes in sugarcane research and breeding are
further discussed.
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INTRODUCTION:

A major concern regarding plant genome research is to recognize genes responsible
for important traits, including defence genes against infection by pathogens. Because plants
are sessile, they cannot move to avoid biotic attack or abiotic stress, or to find mating
partners. Thus, they depend heavily on chemical signals. Large scale sequencing revealed
that plants present many more genes than animals mainly due to polyploidy or large-scale
duplication (Borevitz and Ecker, 2004).

Different defense mechanisms are responsible for the protection of plants and
animals against their biotic environment. No major histoincompatibility complex genes or
antibody-like genes could be identified in plants; however, plant resistance (R) genes are
abundant and can be grouped into subfamilies (Jones, 2001; Meyers et al., 2003).

Sugarcane is one of the most important sources of sugar and alcohol in the world
and is cultivated in tropical and subtropical areas in more than 80 countries around the
globe. In 2004/2005 2.7x 10’ tons of sugarcane were produced only in Brazil in an area
estimated on one million ha and was used mainly for sugar consumption or as energy
source (ethanol), contributing for 25% of the world’s production (UDOP, 2007). The
cultivated sugarcane varieties are the result of interespecific hybridization involving
Saccharum officiarum, S. barberi, S. sinense and both wild species S. spontaneum and S.
robustum. It is thought that S. officinarum was originally selected by humans in Papua New
Guinea, perhaps from S. robustum germplasm. Because of its multispecific origin,

sugarcane is thought to have one of the most complex plant genomes, carrying also variable
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chromosome numbers (generally 2n=70-120) with a commensurately large DNA content
(Luetal., 1994).

A large-scale sequencing of sugarcane expressed sequence tags (ESTs) was carried
out as a first step in depicting the genome of this important tropical crop. Twenty-six
unidirectional cDNA libraries were constructed from a variety of tissues sampled from
thirteen different sugarcane cultivars. A total of 291,689 cDNA clones were sequenced in
their 5” and 3’end regions. After trimming low-quality sequences and removing vector and
ribosomal RNA sequences, 237,954 ESTs potentially derived from protein-encoding
messenger RNA (mRNA) remained. The average insert size in all libraries was estimated to
be 1,250 bp with the insert length varying from 500 to 5,000 bp. Clustering the 237,954
sugarcane ESTs resulted in 43,141 clusters (Vettore et al., 2001). No general evaluation of
resistance (R) genes is still available for the sugarcane transcriptome.

Despite the importance of such genes for breeding purposes, no automatic
annotation tools are still available. This may be justified by the nature of R genes that
combine a limited number of related functional domains also regarding different gene
classes (Ellis et al.,1998, 1999). Previous grouping using domains as primary seed
sequence resulted in overestimation of gene number and misclassification. This can be
explained by evidences that known R-genes combine a limited number of related functional
domains (Ellis et al., 1998,1999). Thus, a better understanding of the nature of these genes
IS necessary in order to understand the difficulties and potentialities regarding automatic
annotation, especially in complex genomes like sugarcane.

Plant resistance genes (R) are responsible for the specific defense response and are
the most important group of genes used by breeders for disease control (Rommens and
Kishore, 2000). These genes evolve rapidly, since they suffer constant selection pressure by

pathogen evolution. For each R gene there is a corresponding gene in the pathogen, called
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avirulence (avr) gene, which determines pathogenicity. Plant will be resistant and the
growth of the pathogen will be arrested only when both genes, R and avr, are present and
compatible (Ellis and Jones, 2000). So, for each R-gene a corresponding Avr gene co-
exists: this is the basis of the gene-for-gene concept, suggested by Flor (1956, 1971).

This gene-for-gene interaction is very specific (Meyers et al., 2005; Salvaudon et
al., 2005; Ohtsuki and Sasaki, 2006). The avr genes determine the inability of a given
pathogenic strain to infect a plant that carries the corresponding R-gene breaking out the
hypersensitive reaction (HR; Bonas and Anckerveken, 1999). This relationship that is
hypersensitive, race specific, and governed by interactions between avirulence genes in
pathogens and resistance genes in hosts, is called qualitative resistance (Nelson, 1972).

On the opposite of R-genes, avr genes products actually described do not comprise a
defined family of related proteins, since no sharing similar motifs or domains could be
identified (Richter and Ronald, 2000). Resistance genes are members of a very large
multigene family, are highly polymorphic and have diverse recognition specificities (Pryor
and Ellis, 1993). The cloned resistance genes were grouped into five classes, based on the
predicted protein structure (Song et al., 1997).

The first class includes the tomato gene Pto, which confers resistance to
Pseudomonas syringae pv. tomato, this gene encodes an active serine/threonine kinase that
plays a direct role in both signaling processes and pathogen effectors (Tang et al., 1999;
Anderson et al., 2006).

Regarding the second class, the common feature is the presence of leucine-rich
repeats (LRRs) which play a direct role in protein-protein specific recognition event; a
nucleotide-binding site (NBS) that usually signalizes for programmed cell death and a
leucine zipper (LZ) or a coiled-coil (CC) sequence, involved in signal transduction during

many cell processes. R-genes of this class could be found in many plants as Arabidopsis
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thaliana (Rps2, RPP8, RPP13 and Rpm1l), rice (Pib, Pi-ta and Xal), tomato (Prf, 12, Mi
and Swb) and potato (Hero) R-genes (Mindrinos et al., 1994; Whitham et al., 1994; Grant
et al., 1995; Lawrence et al., 1995; Bent, 1996; Salmeron et al., 1996; Ori et al., 1997;
McDowell et al., 1998; Milligan et al., 1998; Yoshimura et al., 1998; Wang et al., 1999;
Bittner-Eddy et al., 2000; Bryan et al., 2000; Brommonschenkel et al., 2000; Ernst et al.,
2002 and Rehmany et al., 2005).

The third class includes similar proteins as described for the second class (often
both types are classified together in a single gene class), but instead of a CC sequence at the
amino terminal region (Meyers et al., 1999) it presents a TIR (Toll Interleucine-Like
domain), including the genes L (Lawrence et al., 1995), and P (Dodds et al., 2001) of flax;
RPP1 (Botela et al., 1998), RPP4 (van der Biezen et al., 2002), RPP5 (Parker et al., 1997)
and RPS4 (Gassmann et al., 1999) of A. thaliana and N (Whithan et al., 1996 and Mestre
and Baulcombe, 2006) of tobacco. The TIR domain is also present in animals and is
supposed to be absent in monocotyledonous plants (Ellis and Jones, 2000), being present in
all dicotyledonous taxa actually studied.

A fourth class of resistance genes is represented by tomato Cf gene family (Cf-2,
Cf-4 Cf-5 and Cf9), that mediates resistance to the fungal pathogen Cladosporium fulvum
(Jones et al., 1994; Dixon et al., 1996; Kruijt et al., 2005). This gene encodes a putative
membrane-anchored protein (TM, Transmembrane domain) with the LRR motif in the
presumed extracellular domain and a short C-terminal tail in the intracellular domain.

The fifth class is represented by the rice gene Xa21 (Song et al., 1995; Wang et al.,
1996) which encodes an extracellular receptor-like kinase, including also a TM, LRRs and
an intracellular serine/threonine kinase domain. Thus, the structure of Xa21 indicates an
evolutionary link between different classes (I and 1V) of plant disease resistance genes

(Song et al., 1997; Xu et al., 2006).
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There is still a sixth class, which encodes genes of the reductase group with no
conserved domains like cited above. This class is represented by the maize Hm1 gene, that
confers resistance against the toxin produced by the fungus Cochliobolus carbonum (Joahal
and Briggs, 1992) and Mlo from barley, a putative regulator of defense against Blumenaria
graminis (Piffanelli et al., 2002).

Previous evaluations have shown that the automatic annotation of R genes may
bring to redundancy and wrong classification of R genes (Meyers et al., 1999). In the
present paper we use of 30 complete sequences of previously described R-genes as
template and propose a new approach for unambiguous identification and classification of
R-genes candidates in plants.

Further important questions regarding the present work include: How many R-genes
can be identified in the SUCEST database? Do they correspond to the known R-gene
classes with the same combinations of conserved domains? Are they preferably similar to
other Poaceae (e.g. rice, wheat, maize) available sequences in databases? In which tissues
are they expressed in non induced conditions? Considering the allopolyploid and hybrid
origin of the sugarcane genome, can one expect a larger diversity of alleles regarding the
expressed resistance genes as compared with diploids as rice, maize and Arabidopsis? The
present work attempts to bring light to some of these open questions using a data mining-
based analysis of plant disease R-genes in SUCEST database, as compared with available

information from other plants deposited in public databases.

MATERIAL AND METHODS

The sugarcane ESTs used in the present work are available in Genbank (NCBI, National

Center for Biotechnology Information, www.ncbi.nih.gov/). The clusterized ESTs are

available at www.biotec.icb.ufmg.br/sucest. Information regarding the 26 libraries that
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constitute the SUCEST libraries, including experimental conditions and pipeline routines
have been described before (Grivet and Arruda, 2001; Vettore et al., 2001). For practical
purposes we united some libraries that comprised different stages of the same tissue/organ
(AM1 and AM2 are here referred simply as “AM?”, for example), resulting in a total of 13
libraries (AD: tissues infected by Gluconacetobacter diazotroficans, AM: Apical
meristem; CL: Callus; FL: Flower; HR: tissues infected with Herbaspirillum
rubrisubalbicans; LB: Lateral Bud; LR: Leaf Roll ; LV: Leaves; RT: Root; RZ: Stem-
Root transition; SB: Stalk Bark; SD: Seeds; ST: Stem) considered for a better evaluation of

the results of the present work.

For the identification of sugarcane R-genes a search was carried out using sequences
of known R-genes selected from the literature against the SUCEST database (see
Attachment 1 at the appendix). Members of the sixth class (reductases) have not been
included in the present evaluation. The genes selected include 27 R-genes previously
compiled by Barbosa-da-Silva et al. (2005) including all five gene classes previously
described. To this work we included three sequences, namely the genes Pi-ta and Pib from
rice and RPM1 from A. thaliana (accession numbers AAKO00132, BAA76282 and
AC016827_19, respectively) all belonging to the second class (LRR-NBS) described
before.

For the identification of R-genes, tBLASTn alignments were carried out against
SUCEST database using the 30 seed sequences related above. After this search, sugarcane
sequences that were found to match R-genes with a cut-off of e?° have been used for a
homology screening of R-genes in Genbank (NCBI) using the BLASTx (Altschul et al.,
1990). The clusters frame of the tBLASTn alignment was used to predict the Open Reading

Frames (ORFs) for each selected cluster.
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A second general analysis using a cut-off of e was also carried out followed by an
elimination of some redundancies (genes that matched more than one gene class due to
common domains). For this purpose, matching clusters to each query sequences were
annotated on a local database (called ‘non-redundant’). Cluster name was adopted as
primary key in order to identify and prevent inclusion of the same cluster in different gene
classes due to the presence of common domains.

Exclusively in the case of the third class of R-genes (LRR+NBS+TIR) an additional
tBLASTn search was carried out using only the TIR domain to confirm its
presence/absence in sugarcane.

Sugarcane clusters were translated using the TRANSLATE tool of Expasy

(http://us.expasy.org/) and screened for conserved motifs with aid of the RPS-BLAST CD-

search tool (Altschul et al., 1990). Multiple alignments with CLUSTALX program allowed
the structural analysis of the sequences including conserved and diverging sites as well as
elimination of non aligned terminal segments.

For each R-gene class, one resistance gene (Pto, Xal, Cf and Xa21, respectively)
was selected to perform a phenetic UPGMA (Unwheited Pair Groups Method using
Arithmetic Averages) analysis using bootstrap function with 1,000 replicates. For this
purpose CLUSTALXx alignments have been submitted to the program MEGA (Molecular
Evolutionary Genetic Analysis), Version 3 for Windows, kindly provided by the authors
(Kumar et al., 2004). The resulting dendrogram was created with the program TreeView for

Windows (Page, 1996) kindly provided by Dr. Robert Page (University Glasgow, Scotland).

A preliminary analysis of R-gene distribution patterns in sugarcane libraries
was verified by direct correlation of the reads’ frequency of each cluster in various SUCEST

cDNA libraries (Figure 3).
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To generate an overall picture of R-genes expression patterns in sugarcane, a
hierarchical clustering approach (Eisen et al., 1998) was applied using normalized data and a
graphic representation constructed with aid of the CLUSTER program. Dendrograms
including both axes (using the weighted pair-group for each gene class and lybrary) were
generated by the TreeView program (Eisen et al., 1998). On the graphics (Figure 4), yellow
means no expression and red all degrees of expression. This approach was previously
employed by other plant EST projects as in rice (Ewing et al., 1999) and also in sugarcane

(Lambais, 2001).

RESULTS AND DISCUSSION

Using 30 well known R-genes as template we could identify 196 clusters in
SUCEST database bearing the complete expected domains. Considering the identity of
these genes with the queries, a total of 151 clusters could be identified as non-redundant
while 45 other sequences aligned with more than one R-gene used as query (Table 1).

The use of several previously described and sequenced R-genes as seed sequences
proved to be a useful and low-time consuming strategy in the search for R-genes candidates
in plants. This approach allowed the identification of a large set of candidate sequences by
using various representative genes per class, while former works (e.g. Koczyk and
Chelkowski, 2003) employed few genes. Previous works have shown that using only
domains or few genes as template per class resulted in double grouping of some genes in
different classes and caused some level of redundancy (Meyers et al., 1999). In other cases
a higher stringency had to be used (e or less) resulting on exclusion of important gene
candidates Rossi et al., 2003). For example, the kinase domain (present in classes | and V)
or the NBS domain (present in classes (I and IlI) often bring to the generation of mixed

grouping. Furthermore the imperfect nature of the LRR domain alone may bring some
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problems regarding automatic annotation and classification showing that this domain is not
adequate for this purpose (Barbosa-da-Silva et al., 2005). Thus, the strategy of generating a
local database (here called non-redundant) by adopting the cluster number as a primary key
register was very effective in the solution of this problem, helping their recognition,
classification, elimination of duplicates and inferences about candidates of orthologs and
paralogs. We recommend this procedure for the future development tools specific for R
gene automatic annotation quantification and classification.

Lowering the cut-off value (from e to e™ during tBLASTN) additional 84 R-
gene-clusters could be identified in the sugarcane transcriptome but many presented only
partial sequences or incomplete domains. Altogether, this means that sugarcane encodes a
significant number of transcriptionally active R-genes (at least 280) with considerable
allelic diversity. This number is much higher than the 88 sugarcane sequences identified
for development of RGA (resistance gene analog) markers by Rossi et al. (2003). The
authors used keyword search and 17 RGA-related seed sequences with a stringent BLASTn
cutoff (). Many important sequences bearing complete domains have been excluded
using this approach, what is justified by some needs for use in comparative in silico
mapping, the main focus of this work. Despite the undoubted identification of R genes
using this approach, no overall picture of R genes abundance and diversity within an EST
database is possible by using this procedure.

It is interesting to note that only two of the 26 sugarcane libraries were obtained
under influence of microorganisms (tissues infected by Gluconacetobacter diazotroficans
and tissues infected with Herbaspirillum rubrisubalbicans) and that none of them are
pathogenic and, on the opposite, are symbiotic organisms. Under exposition to pathogen
the number of genes will probably increase and one may suppose that additional sequences

may be identified.
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Clusters representing exclusive R-gene classes were: (I) kinase: 92; (11) LRR-NBS-
CC: 62; (IV) TM-LRR: 27 and (V) kinase-TM-LRR: 15. Clusters that aligned with R-genes
class Il and Il (TIR-NBS-LRR) showed only CC, NBS and LRR domains (no TIR
domain) and were therefore included in the group II, since the presence of TIR is the
distinctive factor between both classes.

The prediction of clusters coding regions revealed that ORFs were oriented in both
forward and reverse reading frames, with an average of 394 amino acids (aa) in length.
ORF sizes varied from 992 (cluster SCCCLR1001A03.g of the LRR class) to 102aa.
Regarding the average ORF length in each R-gene class, we observed 380 aa for class |
(kinase), 262 aa for class Il (LRR-NBS-CC), 492 aa for class IV (TM-LRR) and 442 aa for
class V (kinase-TM-LRR) (Figure 1).

Most of the 196 clusters that aligned with known R-genes were from
monocotyledonous class (169 clusters), represented by eight different species of the
Poaceae family, with emphasis on rice. From dicots only three families appeared as best
matches (27 clusters), including four different species. A comprehensive inventory of all
species that aligned with sugarcane with their taxonomic affiliation is presented in Table 2.

Lowering the cut-off value from e to e™° during tBLASTn alignments additional R-
gene clusters could be identified in sugarcane (Figure 1), with exception of the kinase
group (class 1), where the same number of clusters (92) was identified with both
approaches. Considering the remaining classes a higher number of clusters could be
identified, even though in some of them domains were incomplete or missing. This is the
case of the class 11 (LRR-NBC-CC) where 120 clusters have been identified (instead of 62
previously identified at e°), similar to class IV (TM-LRR) with 41 instead of 27 and class
V (TM-LRR) with 27 instead of 15 (Figure 1). With this lower cut-off the total number of

putative transcribed R-genes in sugarcane increased from 196 to 280.
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General considerations about conserved domains of sugarcane R-genes

Some R-genes pertaining to different classes were able to align significantly to the
same cluster on SUCEST database, an occurrence also observed during mining of the
Eucalyptus transcriptome (Barbosa-da-Silva et al., 2005), probably because known R-genes
combine a limited number of related functional domains (Ellis et al., 1999).

The conserved domains (CDs) identified during this investigation showed that most
of the sugarcane predicted sequences presented the same motifs shared by previously
known disease R-genes. The CD with the higher level of sampling was kinase, which was
present in class I and class V with a total of 107 occurrences.

The CD-search revealed conserved regions (Figure 1) in all of the 196 analyzed
clusters. From the 107 clusters that presented the kinase domain, and 92 of them matched
to Pto gene (class I) while 15 matched the Xa21 gene (class V).

The NBS domain was present in 62 clusters in sugarcane (120 with cut-off of e™).
After search with genes encoding class Il (LRR-NBS-TIR) only non-TIR sequences
matching with class Il (due to the common NBS domain) could be identified. No
significant matches have been found also after tBLASTn search using exclusively the TIR
domain.

NBS domain is highly conserved among plants, and is similar to mammalian CED-4
and APAF-1 proteins which are involved in apoptosis (Chinnaiyan et al., 1997), with the
additional proposition that NB-ARC plays a role in activation of downstream effectors
(Bryan et al., 2000). Transmembrane motifs were found only in 19 of all analyzed
sequences, where 14 were related to Cf gene and five to Xa21.

The other frequent domain shared was LRR, matching 104 occurrences in 77

different clusters in all classes except kinase (class 1) represented by the Pto gene. LRR can
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appear like a receptor to recognize the avr proteins, as in Cf (27 clusters) and Xa21 (15
clusters) or intracellular, like in class Il of R-proteins (62 clusters). The LRR motif contains
23-25aa with a consensus sequence (LxXLXXLXLXXNxLt/sgxlpxxLG) but this pattern is
often imperfect (Jones, 2001) and may be difficult to recognize with available in silico
tools, so it is possible that a larger number would be recognized with lower cut-off and

additional manual search.

Class I: Pto-like R-genes (solely kinase domain)

The first class includes the tomato gene Pto, which confers resistance to
Pseudomonas syringae pv. tomato. In tomato Pto has been described as a small gene. The
open reading frame (ORF) consists of 963 nucleotides, it has no introns, and encodes a
functional serine-threonine kinase (Loh and Martin, 1995). 52 alleles of this gene were
found in a search including seven Lycopersicon species, bearing 41 variant amino acid
positions among these alleles (Rose et al., 2005). 92 clusters of sugarcane presented high
significant alignments to the used Pto seed sequence (accession 2112354A). Size of the
clusters varied between 1926 and 759nt with ORFs from 642 to 253aa (Table 1, Figure 1)
indicating that gene size within this class may vary significantly.

In the sugarcane transcriptome no redundancy was observed between this class and
the Xa2l class, which also presents a kinase domain. This is in accordance with the
observations of Vallad et al. (2001) that used bootstrap analysis to determine that five Pto-
like kinase families from bean were distinctly different from other kinases. They also found
that Pto-kinase subdomains Vla, VIb, VIII and IX of the Pto-like class are unique in plant
species. This conservation is confirmed by the fact that sugarcane genes of this group
aligned to 92 sequences deposited in the Genbank (both cut-offs, 2° and e™°), 22 of them

being dicots (Table 2).
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Class Il and I11: Sugarcane clusters bearing NBS-LRR and NBS-LRR-TIR domains

Evidences have shown that R-genes are quite abundant in higher plants, but the
most functionally defined R-genes belong to the NBS-LRR class (here including classes 11
and 11l for a better understanding of their common and distinctive attributes), considered
also the largest of plant disease resistance genes.

Unlike in A. thaliana and other dicots, the NBS-LRR gene class coding for a Toll
interleukin-1 receptor (TIR) domain has been absent in all studied monocots even though
mainly members of the Poaceae family have been analyzed. Most cereal genes are similar
in structure to the members of the non-TIR class of dicots, although many do not code for a
coiled-coil (CC) domain in their amino termini (Bai et al., 2002).

A total of 85 TIR-NBS-LRR have been identified in A. thaliana genome (The Arabidopsis
Genome Initiative, 2000) and 93 in Eucalyptus transcriptome (Barbosa-da-Silva et al.,
2005). The availability of the rice whole genome sequence enabled the global
characterization of NBS-LRR genes revealing that this crop carries about 500 NBS-LRR
genes (at least three to four times the complement found in A. thaliana). Over 100 of these
genes were predicted to be pseudogenes in the rice cultivar Nipponbare, but some of these
were functional in other rice lines. In rice over 80 other NBS-encoding genes were
identified that belonged to four different subclasses, but only two of which are present in
dicotyledonous plant sequences present in databases (Monosi et al., 2004). Zhou et al.
(2004) considered that 76% of all gene families with a five fold size are bigger in rice as
compared with A. thaliana. In the sugarcane transcriptome this class was represented by 62
clusters bearing complete domains selected with a cut-off of e2° while 120 clusters could
be identified with a lower cut-off (e™°) (Figure 1). Considering the allopolyploid and hybrid
nature of sugarcane and also that no libraries under pathogen induction are available in the

SUCEST database, an increase in the number of NBS-LRR sequences is expected under
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different experimental conditions, possibly more than rice that presents a smaller genome
and is diploid.

In sugarcane as in rice and other cereals only non-TIR sequences matching NBS-
LRR R-genes could be identified. No significant matches have been found also after
tBLASTn search using exclusively the TIR domain. This result confirms previous
assumptions that the TIR domain (also present in animals) may be absent in
monocotyledonous plants (Ellis and Jones, 2000) like Poaceae, being present in all
dicotyledonous taxa actually studied. Therefore it has been suggested that the TIR domain
may have been lost in the course of differential evolution between mono and
dicotyledoneous plants (Pan et al., 2000).

As in rice, also in sugarcane most alignments using class Il genes occurred with
monocots including only two sequences significantly homolog to dicot sequences deposited
in databases (Table 2), both from A. thaliana. Exceptionally this is not the most abundant
R-gene class found in SUCEST database when we consider the most stringent procedure
(cut-off ), with only 62 sequences included in this group against 92 Pto-like sequences
that bear exclusively the kinase domain (Figure 1). A more permissive e-value (cut-off e™°)
allowed the identification of 120 clusters of the NBS-LRR class, almost the double of the
number identified previously, while in the case of the Pto-like sequences (kinase domain)
the same number of clusters (92) was revealed in both approaches. Previous workers
identified that overall sequence homology among R-genes of the NBS-LRR class is lower
than in the kinase class. By the other hand, the NBS contains some sequence motifs as P-
loop, kinase-2, kinase-3 and GLPAL that are highly conserved even among distantly
related plants (Hammond-Kosack and Jones, 1996). The wide distribution of NBS-LRR
genes in the plant kingdom and their prevalence in both mono and dicots indicate that they

are ancient. This was confirmed by Liu and Ekramoddoullah (2003) that amplified TIR-
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NBS-LRR in gymnosperms (Pinus monticola, white pine) confirming that they share a
common origin with R genes from angiosperms. Thus, to identify the whole diversity of
class Il genes, low stringency alignments are advisable.

In the present work, the low number of dicots with best alignments regarding this
class of gene may be explained by the imperfect nature of the LRR domain not ever
recognizable with available in silico tools.

Class 1V: Cf-like R-genes (TM-LRR domains)

Genes of the Cf-family mediate resistance to the fungal pathogen Cladosporium
fulvum in tomato. They encode a putative membrane-anchored protein (also named
transmembrane, TM) with the LRR motif in the presumed extracellular domain and a short
C-terminal tail in the intracellular domain (Jones et al., 1994; Dixon et al., 1996).

In our study 25 clusters presenting best matches with this protein belonged to
monocots while only two matched to dicot (A. thaliana) sequences (at e?°). All selected
clusters presented the putative TM-LRR domains. Central for this model for Cf protein
function is the concept that the highly variable regions within the LRRs are responsible for
the recognition of pathogen-encoded avirulence determinants either directly or indirectly
through some co-receptor (Dixon et al., 1996). The LRR domains are known to play a role
in protein-protein interactions. In tomato the size of these sequences varied between 968
and 855aa (Dixon et al., 1996), while ORFs identified in sugarcane varied between 992 and
614aa.

As observed in the NBS-LRR group, also in the Cf-related genes the number of
putative related clusters is increased to 41 when the cut-off value is e™° (as compared with
27 clusters with stringent e conditions). It seems that also in this case the imperfect
nature of the LRR domains make difficult to identify sequences of this group and additional

mining is needed since under stringent conditions new variants may be not recognized. By
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the other hand, permissive conditions often result in redundancies that may lead to the

classification of the same cluster in different gene classes.

Class V: LRR-TM-kinase (Xa21-like R-genes)

The structure of this class indicates an evolutionary link between the here presented
classes | and IV of R genes (Song et al., 1997). Overall annotation revealed that
Arabidopsis also carries homologues to the LRR-kinase-Xa21 group (Jones, 2001), while
eight clusters with significant homology to Xa21 were found also in far related woody
dicots as in case of Eucalyptus transcriptome (Barbosa da Silva et al., 2005).

In the present evaluation 15 of the analyzed clusters corresponded to this class with
high e-values, but this number will probably increase if only the receptor-like kinase
sequence is used as template, since the LRR may be quite variable between sugarcane and
rice. Regarding the best alignments, one of the best matches revealed LRR-kinase of carrot
(a dicot from the family Apiaceae) and 14 of monocots (all belonging to Poaceae with 10
rice sequences; Table 2).

Using a PCR-based approach Song et al. (1997) cloned seven Xa21 members in rice
and found the presence of 15 transposable element sequences, two of them in coding
sequences, confirming the influence of such sequences in the evolution of these genes.
Whole sequencing in the rice genome revealed this class of genes in two chromosomes: in
the short arm of chromosome 12 (including 12 tandem arrays of Xa2l-like sequences),
while the first described sequence for this gene was found on the long arm of chromosome
11 (The Rice Chromosomes 11 and 12 Sequencing Consortia, 2005). According to these
authors both regions are full of defense related genes, confirming the clusterized
organization of these sequences in chromosomes. These results reveal that the number of

Xa21l representatives in rice (13) is lower than that found in the sugarcane transcriptome in
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non induced libraries (15), suggesting that they are probably still more abundant in
sugarcane, including some of the largest contigs included in our evaluation (up to 2184 bp).

Exceptional R-genes have proven to provide durable disease control, due to the fast
evolving pathogen genome that breaks resistance. The Xa21 gene is an important exception
to this rule that reveals the full potential of R-genes for breeding purposes (Rommens and
Kishore, 2000). This may be very valuable for sugarcane breeding, especially considering
the possibility of pyramidization of such genes in important crops, increasing the

potentiality of an effective specific R-Avr interaction.

Bootstrap analysis of selected R-gene groups

The phenetic UPGMA bootstrap analysis revealed grouping between monocots and
dicots in most dendrograms considering the four genes used as template (Pto, Xal, Cf9 and
Xa21). In all cases sugarcane R clusters appeared in two or more clades within the each
dendrogram. Also grouping of species belonging to different taxonomic families was
observed in all cases (Figure 2).

Sometimes best alignments match to O. sativa, as in case of Pto and Cf9 groups
(Figure 2A) but in all cases where Sorghum bicolor sequences were available they
presented the best matches, as it occurred in the Xal and Xa21-groups (Figure 2B, D). By
the other hand in all four evaluations some sugarcane clusters presented lower levels of
similarity and in three cases (Pto, Xal and Cf9) a sugarcane cluster was the most divergent,
remaining in a basal position in the cladogram that included sequences from mono and
dicotyledoneous plants. This makes clear that sugarcane bears a high allelic diversity of R-
genes, also considering that the present study do not include libraries obtained under

conditions of pathogen stress.
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It is interesting to note that all trees grouped species pertaining different plant
families as expected, since phenetic analysis considers only similarity aspects, not
evolutionary. These grouping confirm that R-genes, including these four chosen for the

phenetic analysis, appeared before divergent evolution of monocots and dicots.

Distribution of ESTs in the SUCEST Lybraries

Considering the distribution of the 2108 reads (comprised in the 196 clusters
selected) in the 13 analyzed libraries, a higher prevalence could be observed in flower (FL,
28%), stem-root transition tissues (RZ=12.47%) and apical meristem (AM=12%). It would
be expected to find higher levels of expression in root, since this is the main entrance for
many pathogenic bacteria, fungi and nematodes. Considering both libraries root (RT) and
transition root-stem (RZ) tissues together included 18% of the R-genes expressed. Taking
in mind that the tissues have been cultivated under controlled non stressed conditions, one
may suppose that these results represent R-genes that are regularly expressed in root and
root to shoot tissues.

Surprisingly a higher prevalence of R-genes could be detected in growing tissues as
apical meristem (AM) leaf roll (LR) and lateral bud (LB) that altogether comprised 24% of
the expressed R-genes. If we consider also flower libraries (that included five different
early stages of development) as young/growing tissues, 46% of the here annotated
expressed R-genes were expressed within this group (Figure 3A). Otherwise flower
libraries together comprised 63,774 reads (26.8 % of all SUCEST reads) what may explain
the presence of some clusters comprising reads mainly from flower libraries.

Lowest prevalence of reads representing R-genes was observed in leaves (1%),
tissues infected with H. rubrisubalbicans (2%), callus (4%) and seed (4%) libraries,

respectively (Figure 3A-B).
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Strikingly differences could be observed between the prevalence of R-genes in the
two libraries obtained under influence of microorganisms (tissues infected by G. and with
H. rubrisubalbicans). While the first presented significant presence of R-genes (7%)
identified among the 18,144 reads sequenced (7.6% of all SUCEST reads) the second (that
comprised 12,000 reads/5% of all SUCEST reads) presented one of the lowest (2%) levels
of expressed R-genes. Both libraries (AD1 and HR1) were constructed with plantlets
inoculated with G. diazotroficans or H. diazotroficans, which are endophytic nitrogen-
fixing bacteria that naturally colonize sugarcane tissues (Lee et al., 2000).

The association of endophytic diazotrophic bacteria with plants is quite different
than other nitrogen-fixing associations. Diazotrophic bacteria colonizes intercellular spaces
and vascular tissues of most organs of the host plant, without causing visible plant
anatomical changes or disease symptoms (Reinhold-Hurek and Hurek, 1998).

It has been described that the endophytic diazotrophs produce plant growth-
regulating hormones, such as auxin (Fuentes-Ramirez et al., 1993) and more recently,
gibberellin (Bastian et al., 1998). The mechanisms involved in the establishment of this
particular type of interaction and what kind of molecules mediate signaling between plant
and bacteria remain unclear. In addition, very little is known about the role of the plant in
the association. Differences in the contribution of BNF to the plant nitrogen balance in
distinct sugarcane cultivars suggest that the plant is controlling, at least in part, the
efficiency of the process (Urquiaga et al., 1992). The plant could control bacterial
colonization by sending the proper signals and/or providing the best physiological
conditions for bacterial survival. Another question to be addressed is how the association
benefits the plant. The endophytic diazotrophs promote plant growth when inoculated in
sugarcane plantlets, possibly by supplying nitrogen and/or plant hormones (Sevilla et al.,

2001).
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Nogueira et al. (2001) evaluated the SUCEST data regarding both libraries but for
this purpose they pooled both libraries together avoiding the identification of distinctive
sequence classes between both. Most functional categories identified in the study included
transporters, transcription factors and protein kinases. Our results suggest that the
interaction of sugarcane with each bacteria was clearly distinctive indicating that the
reaction to the infection with H. diazotroficans is clearly permissive with a very low level
of R-gene expression, while R-genes seemed to be activated during the interaction with G.
diazotroficans. These results suggest that a comparative analysis of both libraries using non
infected seedlings as control would reveal different physiological conditions.

Considering the distribution of reads correlated with the classification of R-genes
(Figure 3B) it is clear that reads of class I (with kinase domain) were most abundant in all
libraries, followed by class Il (LRR-NBS-CC) and class V (kinase-TM-LRR), with
exception of flower library (FL) and stalk bark (SB) where the third more representative
group was class IV (TM-LRR).

On the opposite, leaves — traditionally the main entrance for viral infections —
comprised only 1% of the sequenced R genes. Otherwise one may consider that this was
one of the smallest libraries, comprising only 6,342 reads (2.7 % of all SUCEST reads).
However, all tissues had R-genes expression, suggesting that R-genes are overall expressed
in constitutively low levels. This is in accordance with the observation of Tang et al. (1999)
that detected a basal Pto-kinase activity maintained within a low level even when avrPto
was not present. In the presence of the pathogen Pto-kinase is immediately available and its
abundance immediately increased. In contrast, Xal (a gene that confers resistance to rice
against Xantomonas oryzae pv. oryzae) mRNA was detected from rice leaves at 5 days
after cutting and inoculation of both compatible and incompatible strain of Xantomonas

oryzae pv. oryzae, but was not detected in intact leaves (Yoshimura et al., 1998). These
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findings suggest that R-genes expression may be induced either by stimulus of wounding
involved in the pathogen infection or in tissues subjected to attacks.

One of the lowest R-genes expression levels (4%) was observed on in vitro
cultivated calli treated with contrasting temperatures (cold and hot) and alternating dark
and light exposure. This low expression suggests that such abiotic stimuli may recruit some

responses that indirectly suppress R gene expression.

Expression Pattern

In silico evaluation of gene expression can be inferred only with normalized
differential display data, an approach that considers reordered data matrices. This method
also allows the identification of clusters bearing similar expression patterns in cDNA
libraries, suggesting that they might be co-regulate in vivo. Lambais (2001) studying
defense-related (PR-class) proteins in sugarcane, a signal cascade also induced by R genes,
argued that genes with similar functions or cDNA libraries are expected to have similar
patterns of gene expression and also to cluster together in chromosomes. Classical genetic
mapping has demonstrated that R-genes tend to be clustered in few chromosomes in the
genome (Winter et al., 2000; Benko-Iseppon et al., 2003). In A. thaliana they are clustered
in two chromosome arms (The Arabidopsis Genome Initiative, 2000) as well as in rice (The
Rice Chromosomes 11 and 12 Sequencing Consortia, 2005). The same R genes have been
observed clustered and almost in the same order in tomato (Ku et al., 2000) and chickpea
(Benko-Iseppon et al., 2003), confirming that genes order and proximity are important for
their proper functionality.

In the case of the present analysis four different approaches (Figure 4) have been

used to evaluate sites of expression and patterns of co-regulation of R-genes in sugarcane
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considering the clusters significantly aligned with the genes Xal (Figure 4A), Cf (Figure
4B), Xa2l (Figure 4C) and Pto (Figure 4D). The prevalence of expression in libraries
constructed from flowers tissues (FL) is clear for all four groups, with must clusters co-
expressing within this library. In the case of the genes Xal and Cf the same clusters were
also expressed in apical meristems and stalk bark, while in Xa21 almost only flower and
apical meristem presented significant expression (Figure 4D).

For Cf9 and Xa2l an almost complete lack of expression was observed in most
libraries (Figure 4B-C), while in the case of Xal higher expression (two to 10 fold) could
be detected in most libraries.

Pto analogs represent the most interesting case study in sugarcane, since many
allelic variants of this group could be found. They appeared expressed in all libraries
studied but a clear prevalence of expression in FL (flower), followed by RZ (transition
zone root to shoot) and also RT (root) could be observed with many clusters co-expressing
in these libraries. Also in the case of Pto-like clusters high co-expression levels regarding
five sugarcane clusters could be observed in the AD library (seedlings infected with G.
diazotroficans).

The co-expressed clusters presented in Figure 4 represent important candidate
sequences for fine mapping of R-gene rich linkage groups in sugarcane, especially using
primers designed for conserved flanking sequences, that may reside close in the same
linkage group.

It is interesting to note that also after normalized expression analysis of all four
selected R-genes their representation in leaves was very low, suggesting that the level
expression in this tissue may be low (less than 1% in the case of Xal and Pto) or absent

(Cf9 and Xa21).
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Concluding Remarks

Using bioinformatic tools it was possible to identify and classify R-genes in
sugarcane transcriptome, and also to make some inferences regarding their expression
pattern under non induced conditions. All five classes of R-genes with their respective
conserved domains could be found in sugarcane except the TIR domain that has been
absent as in all studied monocots previously studied.

The 196 identified sequences represent valuable resources for the development of
markers for molecular breeding and development of RGA (resistance gene analogs) or
gene-specific markers specific for sugarcane and other related cereal crops. The identified
clusters constitute also excellent probes for physical mapping of genes in sugarcane, giving
support to genetic mapping programs and synteny studies. This may be especially useful
for a comparative mapping between sugarcane and Sorghum, getting around the difficulties
of mapping a large and complex genome as it is the case of sugarcane.

The studied sequences probably represent only part of the diversity and number of
R-genes that are present in cultivated sugarcane. It is to expect that an evaluation of tissues
under conditions of stress induced by pathogen infection would reveal additional
information about R-genes and their expression, especially considering the huge size and
complexity of the sugarcane genome, as compared with most angiosperms.

Furthermore, it is necessary to manipulate the expression of these genes in
economically important plant species in order to improve disease resistance. Although the

field is still in its very much infancy some reports indicate that this strategy is feasible.
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Table 1. Main sugarcane clusters similar to known R-genes. tBLASTn results and sequence evaluation of sugarcane R-genes including the five best

matches of each R-gene class: (1) Features and evaluation results with sugarcane cluster number, cluster size in nucleotides (n), ORF (Open Reading

Frame) size in amino-acids (aa), e-value; score and frame. (1) Data about BLASTXx best alignment: NCBI gi|-number and plant species. Some clusters

matched significant alignments with genes belonging to class I11 but presented no TIR domain.
(I) Cluster Features and Evaluation

(1) BLASTxX Information

Gene class .
and expected Sugarcane Size  ORF E-value Score and NCBI gi|-Nr. Plant Species
domain Gene name Cluster Nr. (n) (aa) Frame
Pto SCEZLB1010F11g 1350 450 git2 402 2 46981335 Oryza sativa
Pto SCCCLR1072H06.g 1788 596 6100 360 -1 34909896 Oryza sativa
ii'r?:sse' Pto SCCCLR1024A02. 984 328 60e® 357 -3 34909896 Oryza sativa
Pto SCSGHR1066F10.9 759 253 60e® 234  +1 37536416 Oryza sativa
Pto SCCCRZ1001B02.g 1926 642 7.0 et 230 -3 15222211 Arabidopsis thaliana
Class | Rps5, RPPS, RPNV, FILRL BS20P2 - sospspriosatzg 1800 610 R (! 4519936 Oryza sativa
LRR-NBS-CC Xal, Rpp8, RPML, Hero, 12,55, SCEPAM20L4D059  170e 57 30e® 0 27542750 Sorghum ticolor
RLRPL, Bs2, Rx2
and RPPS, leé?;rgpﬂgz oo REPLS ScRUFLI24D04g 1050 350 40est 166 41 40253400 Oryza sativa
LR;!KS;S'_”HR RPP8, RPML, Pib, Sw5, Pita, RLGPA2 ~ SCCCCL3080A08g 762 254 80 145  +1 22208466 Sorghum bicolor
RPPS, RPMl*:Sezr,"h'Pzi Pib, Sw5, Hr, SCILRZI019B10.g 1107 369  40e® 140 -2 22652528 Oryza sativa
Cf5,Cf9 SCJLRTL020F05.9 1842 614 50e® 256 +1 50934027 Oryza sativa
Cf4,Cf5,C19 SCCCLR1001A03g 2976 992 10e® 24  +3 18390097 Sorghum bicolor
C"L";;'V Cf5,Cf9 SCJLRTL020F05.9 1842 614 50e% 192 +1 50934027 Oryza sativa
cf5 SCCCLR1001A03g 2976 992 70e% 189  +3 18390097 Sorghum bicolor
Cf4,Cf5,C19 SCJLRTL020F05.g 1842 614 30e% 180  +1 50934027 Oryza sativa
Xa2l SCCCLR1001A03g 2970 990 10e% 341 41 18390097 Sorghum bicolor
Class v Xa2l SCSGLR1045B05.g 1173 391 30e™ 263 +3 34915440 Oryza sativa
'R Xa2l SCVPRT2081F09.g 798 266 10e% 351 -1 7434424 Oryza sativa
KIN Xa2l SCCCRZ2CO1EOB.g 2184 728 10e® 248  +2 34898088 Oryza sativa
Xa2l SCQGAM2108A06.g 708 236 70e8 232 +2 34915440 Oryza sativa
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Table 2 - Comprehensive inventory of the organisms identified in Genbank as best alignment
to each of the 196 identified sugarcane clusters related to known resistance genes. The
organisms are grouped by gene class (I to V), taxonomic affiliation (class, family and species).

Numbers in parenthesis indicate amount of members in each taxonomic group or species.

Higher Taxonomic . .
Gene Class Affiliation Family Species
Oryza sativa (64)
Monocots (70) Poaceae (70) Zea mays (2)
| Sorghum bicolor (4)
KINASE Brassicaceae (19) | Arabidopsis thaliana (19)
Dicots (22) Leguminosae (1) Glycine Max (1)
Solanaceae (2) Nicotiana tabaccum (2)
Oryza sativa (41)
Zea mays (5)
alr:d Sorghum bicolor (6)
1T Monocots (60) Poaceae (60) Hordeum vulgare (2)
Saccharum hybrid (1)
CCI/TIR Triticum aestivum (2)
LRR-NBS N
Triticum monococcum (3)
Dicots (2) Brassicaceae (2) | Arabidopsis thaliana (2)
Oryza sativa (22)
v Monocots (25) Poaceae (25) Zea mays (1)
LRR Sorghum bicolor (2)
Dicots (2) Brassicaceae (2) | Arabidopsis thaliana (2)
Oryza sativa (10)
\%
LRR- Monocots (14) Poaceae (14) Oryza longistaminata (2)
KINASE -
Sorghum bicolor (2)
Dicots (1) Apiaceae (1) Daucus carota (1)
Class Number
Dicots 27
Grouped by taxonomic affiliation Monocots 169
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Figure 1 - Representation of main R-genes classes considering the presence of conserved domains, from SUCEST database. For each class domains are
represented with their putative subcellular position, as well as number of clusters, size range of sequence in nucleotides (nt) and of ORF in amino-acids
(aa). Given cluster numbers were selected using the e cut-off for tBLASTn alignments, while numbers between parentheses indicate clusters obtained
using a less stringent (€% cut-off with the same tool. Abbreviations: LRR: Leucine-Rich-Reats; NBS: Nucleotide-Binding-Site. Class I: KINASE;
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Figure 2. UPGMA analysis of selected dendrograms generated by MEGA 3 program using bootstrap function (1000 replicates). Numbers in the base of clades mean
bootstrap values and bar means genetic distance. Codes after taxonomic identities refer to the accession number in NCBI or cluster identity in the case of sugarcane. A:
Pto gene; B: Xal gene; C: Cf9 gene and D: Xa2l gene.
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Figure 3. Prevalence of sugarcane R-genes in the SUCEST libraries. (A) General
distribution of R-gene clusters in the SUCEST libraries; (B) prevalence of gene
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Figure 4 - Differential display of sugarcane clusters representing selected R- gene classes. A: Graphic representing of expression in Xal; B: Cf9; C: Xa21 and D:
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meristem; CL: Callus; FL: Flower; HR: tissues infected with Herbaspirillum rubrisubalbicans; LB: Lateral Bud; LR: Leaf Roll ; LV: Leaves; RT: Root; RZ:

Stem-Root transition; SB: Stalk Bark; SD: Seeds; ST: Stem.
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Abstract

A major goal of plant genome research is to recognize genes responsible for important traits. Resistance genes are
among the most important gene classes for plant breeding purposes being responsible for the specific immune re-
sponse including pathogen recognition, and activation of plant defence mechanisms. These genes are quite abun-
dant in higher plants, with 210 clusters found in Eucalypfus FOREST database presenting significant homology to
known R-genes. All five gene classes of A-genes with their respective conserved domains are present and ex-
pressed in Eucalyptus. Most clusters identified (93) belong to the LRR-NBS-TIR {genes with three domains:
Leucine-rich-repeat, Nucleotide-binding-site and Toll interleucine 1-receptor), followed by the serine-threonine-
kinase class (49 clusters). Some new combinations of domains and motifs of R-genes may be present in Eucalyptus
and could represent novel gene structures. Most alignments occurred with dicots (94.3%), with emphasis on
Arabidopsis thaliana (Brassicaceae) sequences. All best alignments with monaocots (5.2%) occurred with rice (Oryza
sativa) sequences and a single cluster aligned with the gymnosperm Pinus sylvestris (0.5%). The results are dis-
cussed and compared with available data from other crops and may bring useful evidences for the understanding of
defense mechanisms in Euecalyptus and other crop species.

Key words: serine-threonine kinase, nucleotide binding site, leucine-rich repeats, gene-for-gene interaction.
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Introduction Avirulence gene products actually described do not
comprise a defined family of related proteins, since no shar-
ing similar motifs or domains could be found. On the oppo-
site, R-gene products are separated into distinct but related
protein classes, according to their conserved structural do-
mains. Conserved domain function identified for R proteins
suggests two fundamental mechanisms during pathogenic
infection: (I) the pathogen recognition, conducted mainly
by leucine-rich repeats (LRR) regions, which play a direct
role in protein-protein specific recognition event; and (II)
signaling of pathogen presence in order to activate defense
related genes (Richter and Ronald, 2000).

The TIR (Toll interleukine 1-receptor) and CC
(coiled coil) regions are involved in signal fransduction
during many cell processes (Martin ef al., 2003), while the
NBS (Nucleotide Biding Site) usually signalizes for pro-
grammed cell death in animal cells {van der Biezen and
Jones, 1998). Additionally, a kinase catalytic region is pres-
ent in some R-genes. This domain plays a direct role in both
signaling processes and pathogen effectors. Additionally

Pathogen attack can severely affect crop production,
with losses that can achieve 80% of the production espe-
cially in tropical countries. At the global level, losses have
been estimated to accomplish around 12% of the world
crop production (James ef a/., 1990). The most important
group of genes that has been used by breeders for disease
control is the plant resistance (R) genes: single determinant
of an effective and specific resistance that can often be
characterized by localized necrosis at attempted infection
sites (Rommens and Kishore, 2000).

It is proposed that pathosystems are usually highly
specific, with a matching R-gene on vegetal cell that recog-
nizes elicitor proteins (called Avr-effector) of each infec-
tive pathogen. Plant will be resistant and the growth of the
pathogen will be arrested only when both genes, R and 4vr,
are present (Ellis ez af., 2000a). So, for each R-gene a corre-
spondent 4vr gene co-exists: this 1s the basis of the gene-
for-gene concept, suggested by Flor (1956, 1971).

Send correspondence to Ana Mara Benko-Iseppon, Universidade
Federal de Pernambuco, Centro de Ciéncias Biologicas, Depar-
tamento de Genética, Laboratério de Genética e Biotecnologia
Vegetal, Av. Prof. Moraes Rego s/ n., 50732-870 Recife, PE, Brazil.
E-mail: celisep @hotlink.com.br.

the NBS region contains not only the three motifs involved
in nucleotide binding but additional motifs as well. This ex-
tended region of homology 1s referred to as the NB-ARC
domain (Richter and Ronald, 2000). Sometimes this do-
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main contains a distinet predicted nucleoside triphospha-
tase (NTPase) domain known as NACHT, common in
animal, fungal and bacterial proteins, implicated with
apoptosis induction and transcription activation (Koonin
and Avarind, 2000).

Resistance genes are members of a very large multi-
gene family, are highly polymorphic and have diverse rec-
ognition specificities. They are commonly clustered in the
genome, often in tandem direct repeats, what is consistent
with the theory that they originated through gene duplica-
tion and that they are continuously evolving through un-
equal exchange (Song ef al., 1997).

Most of the resistance genes that have been cloned
and characterized resemble components involved in signal
transduction. These can be classified into five categories
based on their predicted protein structure (Song ef al., 1997,
Ellis and Jones, 1998).

The first class is represented by the Pfe gene of to-
mato, which encodes a protein with a catalytic serine-
threonine kinase (ser-thre-kinase) and a myristoylation mo-
tif in his amino terminal region (Martin ef al., 1993).

The second class comprises many proteins that pres-
ent a region rich in repetitions of leucine (LRR,
Leucine-rich repeats), a Nucleotide Binding Site (NBS)
and a leucine zipper (ILZ) or a coiled-coil (CC) sequence.
Many genes encode proteins of this class: {2 (Oni et al,
1997), Mi (Milligan et al., 1998) and Sw5 (Brommons-
chenkel et al, 2000) from tomato; RPMT (Grant ef al.,
1995), RPP& (McDowell et al., 1998), RPSZ (Mindrinos ef
al.,, 1994) and RPPI3 (Bittner-Eddy et al., 2000) from
Arabidopsis thaliona; Pib (Wang et al., 1999), Pi-ta (Bryan
et al., 2000) and Xa/ (Yoshimura ef al, 1998) from Oryza
sativa (rice); Gpa2 (Van der Vossen et al., 2000), Hero
(Ernst ef al., 2002), RI (Ballvora et al., 2002), Rx/a (Ben-
dahmane ef al., 1995) and Rx2 (Bendahmane et af., 2000)
from potato; Rpl from maize (Colling ef al, 1999); Mla
from barley (Halterman ef al., 2001) and Dm3 from letiuce
(Meyers et al., 1998).

The third class includes similar proteins as described
for class II, presenting a toll receptor for interleukine-I
(IL-1R) instead of a CC sequence at the amino terminal re-
gion (Meyers et al., 1999). This class is referred as TIR-
NBS-LRR, including the genes L (Lawrence et al., 1995),
and P (Dodds et al, 2001) of flax; RPPI (Botela ef al.,
1998), RPP4 (van der Biezen et al., 2002), RPP35 (Parker ef
al., 1997) and RPS4 (Gassmann et al., 1999) of 4. thaliana
and N (Whithan er al., 1996) of tobacco. This class (also
present in animals) is supposed to be absent in monocotyle-
donous plants (Ellis and Jones, 1998), being present in all
dicotyledonous taxa actually studied.

The proteins encoded by the three classes of genes
previously cited do not present a fransmembrane sequence
and are therefore classified as mtracellular R-proteins
(Martin et al., 2003).
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The fourth class of resistance genes belongs to the to-
mato Cf~-family, encoding similar proteins with an extra-
cellular LRR and a short cytoplasmatic tail, but no NBS or
any further recognizable domain (Dixon et al, 1996).
Member of this family are Cf~2 (Dixon ef al., 1998), Cf-4
(Joosten et al., 1994; Thomas et a/., 1997), Cf~5 (Dixon et
al., 1998) and C/-9 (Jones ef al, 1994).

The fifth class includes a single gene, Xa27 from rice
that presents an extracellular LRR, a transmembrane region
(TM) and a cytoplasmatic ser-thre-kinase. Thus, the struc-
ture of Xa27 indicates an evolutionary link between differ-
ent classes of plant disease resistance genes (Song ef al.,
1997).

There is still a sixth class that presents genes with no
conserved domains, as described for the previous five clas-
ses. This group comprises the gene Hm! from maize, a
reductase that confers resistance to the fungus
Cochliobolus carbonum (Johal and Briggs, 1992); Mlo
from barley, a putative regulator of defense against
Blumenaria graminis (Pitfanelli et al., 2002) possibly asso-
ciated to the plasma membrane (Buschges ef al., 1997); and
RPWSE from 4. thaliana, that confers non-specific resis-
tance to the fungus Erysyphe chicoracearum (Xiao et al.,
2001).

Due to its qualities as high level of adaptability, fast
growing capacity and wood quality, Eucalyptus plantations
are carried out in all tropical areas in diverse continents. fu-
calyptus is the most widely used tree for delivering raw ma-
terial for the paper industry used in the production of
cellulose and to regenerate degraded areas. Over the past 50
years large-scale planting of fast growing exotic £. grandis,
E. wrophyla, E. saligna and many hybrids (particularly
grandis x urophyla) has occurred in Brazil aiming to refor-
est some regions and to create an adequate supply of wood,
timber and fuel for different purposes (McNabb, 2002). In
the late 2001s growing areas reached 138.132 ha, generat-
ing more than 7,398 direct employments (BRACELPA,
2004).

The advance of plantations to hot and humid areas re-
sulted in favourable conditions to the development of dis-
eases especially in young individuals that are often severely
attacked by fungal (eg. Mycosphaerella cryptica,
Dichomera versiformis, Cylindrocladium spp. and
Phaeophleaspora epicpcecoides) and bacterial pathogens
(Barber et al., 2003, Mafia and Alfenas, 2003).

Fucalyptus  Genome  Sequencing  Consortivm
(FOREST) aimed to identify over 15,000 expressed genes
from 100,000 sequenced EST from 19 libraries from spe-
cific tissues and stages.

The present work aimed to perform a data min-
ing-based identification of plant disease R-genes in
FOREST database, by using well known R-genes se-
quences as template, comparing the identified sequen-
ces with known R-genes deposited in public DNA and
protein databases.
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Materials and Methods

Amino-acid sequences of known genes have been
used as query in the search for R-gene homologues and
analogs in Fucalyptus transcriptome database. Accession
numbers at NCBI (National Center for Biotechnology In-
formation; http://www.ncbinlm.nih.gov) of sequences
used are shown in Table 1, together with sequences features
and accession numbers. They are grouped according to the
conserved domains previously described. Members of the
sixth class (reductases and other R-genes with no recogniz-
able conserved domains) have not been included in the
present evaluation.

All Fucalyptus sequences used during this work were
obtained from FOREST project and derived from cDNA li-
braries specific to different tissues, organs or conditions of
growth from the species £. grandis, E. globulus, E. saligna
and £. wrophyila. For defailed information see htips://for-
ests.esalq.usp.br/Librariesinfo.html.

Reverse alignments were realized on ‘FOREST
EG Clusters’ database using the program TBLASTN
(Altschul ez al., 1990), the e-value cutoffadopted was 1™,
Matching clusters to query sequences were then annotated
on a local database called ‘non-redundant’ made with aid of

Resistance (R) genes in Eucalyprus

the Microsoft Access” program. Cluster name was adopted
as primary key in order to prevent data redundancy regard-
ing clusters aligning with more than one query sequence. In
the few cases when this occurred the name of both queries
has been also annotated for the respective cluster.

The clusters frame of the TBLASTN alignment was
used to predict the Open Reading Frames (ORFs) for each
searched cluster. For this purpose, the Expasy Translate
Tool (bo.expasy.org/tools/dna.html) was used, which pre-
dicts the correct ORF for a DNA sequence in the corre-
sponding amino acid FASTA sequence. The obtained
ORFs were subsequently submitted to a Reverse Position
Specific BLAST (RPS-BLAST) against Conserved Do-
main Database (Marchler-Baver ef al, 2002) aiming to
identify patterns or motifs in predicted cluster products.

Reciprocal alignments were conducted for ORFs by
downloading the nr databank and stand alone BLAST
package from NCBI ftp site for local use at our server
(Laboratorio de Genética e Biotecnologia Vegetal, UFPE)
performing a high-throughput alignment approach.
Matched sequences were annotated for latter comparison.

Predictions of subcellular localization have been in-
ferred by using TargetP program available at CBS (Center
for Biotechnology Sequence Analysis) Prediction Servers

Table 1 - Classification and features of R-genes used as query against the FOREST database. The used genes are grouped in five R-gene classes (I:
Kinase; II: LRRANBS; IIT: LRR+NBS-TIR; IV: only LRR; V: LRR+Kinase) with respective accession number at NCBI, sowrce species, gene name and

domain range (in amino-acids).

Class of Accession Source Gene Sequence Domain range (initial-last aa)
Rgene number species name size -
LRR Kinase NB3 TIR
(aa) Start End Start End Start End Start End
1 21123544 Lycopersicon esculentum Pw 321 41 236
AF234174 1 Arabtdopsis thaliang HRT 909 57% 868 150 460
NP_172686.1 Arabidopsis thalians RpsS 889 540 636 140 444
o AF118127 1 Lycopersicon asculentum iz 1266 578 1231 154 457
AAG31014.1 Lycopersicon asculentum Sws 1246 518 818
BAAZ5068.1 Oryza sativa Aaf 1802 T 1773 283 593
AAPRIZE2.1 Zea mays Rpl 1265 596 1228 145 457
AACTISTT] Arabidopsis thaliona RPPI 1189 668 1011 226 505 54 184
EP13_ARATH Arabidopsis thaliona RPPI3 835 147 453 14 148
AF440696_1 Arabidopsis thaliong RPP4 1135 642 1053 185 441 15 145
AAFO8TO0.1 Arabidopsis tholiona RPPS 1361 643 1151 188 465 14 148
RPPS_ARATH Arabidopsis thalian RPP& 908 577 867 148 458 15 145
BAB11393.1 Arabidopsis thaliona Rpsd 1232 663 889 158 473 21 149
m AAP41025.1 Lactuca serriola RGC2 352 4% 235 21 149
AFD93649 1 Lirwom usttatissimum L 1294 607 1277 220 521 63 195
T18348 Lirwom usitatissimun M 1305 744 1288 235 534 T8 210
AF310960 2 Lirvom wsttatissimum B 1211 693 1023 205 238 23 153
AF202179_1 Capsicum chacoense Bs2 905 152 439 63 195
AS4810 Nicotiona glutinosa N 1144 597 S08 172 457 14 147
AF195939 1 Selanwm tuberosum Gpa2 912 561 863 118 422 14 147
CAAG1264.1 Selanwr tuberosum Rxi 248 23 153
CAB56299.1 Selanwre tuberosum Rx2 938 561 859 138 422 T8 210
CAD29728.1 Selanure tuberosum HERO 1283 504 811 54 184
v TO7015 Lycopersicon esculentum (&) 855 81 758
AACTES9L] Lycopersicon esculentum ofS 968 96 855
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site (http://www.cbs.dtu.dk/services/). Additionally, trans-
membrane helix segments were inferred with aid of the
TMHMM program as well.

Results

After the TBLASTN alignments performed at
FOREST EG Clusters database, a total of 478 clusters
aligned with the diverse R-genes (Table 1) used as query
(data notshowed). These clusters were, as described in sec-
tion “Material and Metheds®, inserted on a local database
called "non-redundant’. This procedure generated a set of
210 non-redundant clusters which have been annotated for
one or more than one R-gene (data summarized in Figure 1
and Tables 2 and 3).

Clusters representing exclusive R-gene classes were:
(T) serine-threonine kinase (here named KINASE): 49; (1)
LRR+NBS: 21; (II) LRR+NBS+TIR: 93; (IV) Only LRR
+ Transmembrane (LRR+TM): 17 and (V) LRR+TM+
Kinase: 8 (Figure 1).

Regarding the sequence identity of the best align-
ment, 22 clusters showed equally significant similarity to
two different classes of R-genes. From these, 18 included
LRR plus LRR-Kinase here called MIX I (sequence data
presented in Table 3); three included NBS-LRR plus TIR-
NBS-LRR (called MIX II} and one LRR plus Kinase
(called MIX III).

Sizes of Eucalyptus clusters aligned to R-genes varied
from 3,316 (cluster EGEQRT3301CC3 classified to group
MIX-IIT) te 52 0 nuclectides. The prediction of clusters cod-
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ing regions revealed that ORFs were coded in both forward
and reverse reading frames, with an average of 304 amino
acids (aa) in length. ORF sizes varied from 990 (cluster
EGEQRT3301C03 of the LRR-KINASE class) to 134aa.
Regarding the average ORF length in each R-gene class, we
observed 417aa for KINASE, 276aa for NBS, 238aa for
TIR-NBS-LRR, 247aa for LRR-TM, 352aa for LRR-
KINASE, 372aa for MIX I, 343aa for MIX 1T and 950aa for
MIX III class.

The search for conserved domains (CD-Search) re-
vealed conserved regions (Figure 1, Table 1) in 166 of the
210 here analyzed clusters. A total of 40 clusters presented
the kinase demain, 37 of them matched to Pfo gene (class I)
after the TBLASTN alignment, with only three grouping
into KINASE-LRR (two of them) and MIX III (one of
them) classes. These two classes also showed associated
LRR segments as well. Regarding the LRR domains, these
could be identified in 67 different clusters in all classes (ex-
cept KINASE class I, represented by Pro) with a total of
442 occurrences. This number is higher than the number of
clusters due to their occurrence in tandem repetitions.
Sometimes these sequences are imperfect and may be diffi-
cult to recognize with available ix silico teols, so it is possi-
ble that a larger number may be identified manually.

Twenty clusters showed the NB-ARC domain. In a
specific case, this domain occurred asseciated to a different
TIR domain as was cited above. Additionally, a NACHT
domain (clesed-related to NB-ARC) was identified exclu-

Literature Data Forest Database
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i S ORF
d*‘" M.;P ;nm:ﬁ:';md l Gene Architecture Kin | R nes | TR [T | () | (a3)
I KINASE 1| 49 49 . . - a2 | 2m | s
Plo (1om (€ 53] 658 218

30| s e, st | — S [a] - | &leed - |- | 8] 8|
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1] LRSI, | — —— | | - 2 25 ]S
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LRR+TM I . 16 i 3 7 131 | ;8
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Figurel - Representation of main R-genes classes congddering the presence and position of conserved domaing from literature data, ag compared with Fu-
calyptus clusters from FOREST databage. For each clags the data about significant alignments to B-genes s giver, including following information: num-
ber of clusters identified for each class (clusters aliening with more than one class are not included), mumber and percentage of clusters per clags bearing
indicated congerved domaing, slze range (maximal and minimum) of sequence in nuclectides (n) and of ORF in amino-acids (az). Abbreviation:

CD — Conserved domains,

7



566

Resistance (R) genes in Fucelyptus

Table 2 - Blast results and sequence evaluation of Fucalypius R genes, including the best matches of each R gene and MIX classes: (T) data about the

query: gene class and name, NCBI gi

-number, species and family. (II) Features and evaluation results of Eucaelyprus clusters related to R-genes: cluster

number, cluster size in nucleotides (n), ORF (Open Reading Frame) size in amino-acids (aa), e-value; score and frame.

(T) Query Information

() Cluster features and evaluation

Gene class & ex- Genename NCBI gi ‘ Nr Plant species and family Eucalyptus clustern, Size ORF E-value Score and frame
pected domain (n) (aa)
Pto 27754635 Arabidopsis thaliana EGEQRT3100D07 2460 722 0.0 1036,5 2
Pro 15235204 Arabidopsis thaliana EGEQRT304412 2575 847 0.0 909,8 1
Class 1 Pto 18418211 Arabidopsis thaliana EGUTFRI09SHE 2511 515 0.0 904,0 3
KINASE
Pro 10177052 Arabidopsis thaliana EGCBRT3133E11 1728 575 0.0 733,0 3
Pto 25405628 Arabidopsis thaliana EGMCRT3148C12 1705 568 0.0 709,9 1
s 14626035 Gossypium hirsutum EGEQSL5001G09 1223 121 2,006 495,1 2
s 15240263 Arabidopsis thaliana EGCCRT3339F06 92 307 386 09,3 2
%’SRS A s 15235124 Arabidopsis thaliana EGCBST2063A06 697 232 2,06 236,5 @
G, S 27754637 Arabidopsis thaliana EGACRT321G06 1361 338 1.46% 2346 3
o7 N 14269077 Lycopersicom esculentum EGIMCL 12991110 682 228 1.96% 209, 3
Xo2! 9651941 Glycine max EGRFRT3357001 1584 527 00 69,4 3
P Xa2! 15235540 Arabidopsis thaliana EGEQCLI1200B12 1711 570 0.0 658,7 1
ass
LRR a2l 19881587 Oz sative EGIEST2023F08 716 238 5,667 201,8 1
Rty a2l 15218385 Arabidopsis thaliana EGSBCLI1280C05 725 241 786" 1914 3
X2} 15218385 Arabidepsis thaliana EGSBCL1280C05 725 241 3,006% 1914 3
Hyt, 12, SwS, Xal, Rpl, RI 18652501 Oryza sative EGUTRT3110412 1041 346 1.26% 2415 3
I2, Xal, Rpml, Rpl R, 23300299 Manihot esculenta EGIFSL4Z02E08 375 291 53¢ 2157 3
Pib, 31
CloeellL Bs2, Gpa2, I2, Rx], Rx2, 15487945 Theobroma cacao EGEQCLI1G01F08 934 311 2.16% 2072 1
B8 SwS, Xal, RpIMil
LRR
Gpa2, Rx2, Reml, RI, Pib I2 28300299 Manihot esculente EGIERT3026C12 504 267 T7E® 1984 2
Gpa2, Hrt, Rppl3, RppS, Rx2, 22775643 Orpzz sativa EGCECLI1282E03 770 231 Lle® 1941 1
Sw3, RomIRI, Pi-Ta, Pib
L M N P, Rppl, Rep4, 7488903 L usitatissimun: EGIMFB1107C10 1395 445 1.76% 12 1
Rpp3, Rpsd
L M,N, P, Rppl, Repd, 9565102 Ghycine max EGMCLV2264T203 1155 129 7.4¢™ 282,0 3
Class TMT Rpp5, Rpsd
;gg L M N, P, Rppl. Rpp4, 12056028 Gilycing max EGIEST2234G10 1270 420 8.8¢™ 278,9 i
RppS, Rpsd
IRR pp3. Rps
L, M N, P, Rppl, Rppd, 27764536 Glycine mizx EGIMST6019E0S 1155 351 3.0e™ 2635 1
Rpp5, Rpsd
L M, N, P, Rppl, RopS, Rpsd 23477203 Populus balsamifera EGCBRT6029A01 1227 73 2.66% 2538 1
G, CfS, Cf9, Xa2! 25287710 Arabidopsis thaliana EGBMRT3129F10 2129 708 0.0 705,3 2
y— G, CfS, CY, Xa2l 21391894  Lycopersicon peruviarm EGCEST2256F04 1687 561 0.0 704,1 3
(LRR and CR, CfS, Cf9, Xa2l 15240215 Arabidopsis thaliana EGUTFB1136E01 1911 595 500677 05,9 2
LRR-KIN) CF, CfS, CfY9, Xa2l 15240528 Arabidopsis thaliana EGEZST2207A10 2237 465 2.00e™% 510.8 1
Gfs, Xa2l 15230539 Arabidopsis thaliana EGEQRT3201E07 1229 376 4,006 455,7 1
MIXT RopS, Ros4, 12 15218365 Arabidopsis thaliana EGEZRT3006B12 2109 546 L1e® 203,0 3
&R}gff' RopS, RosS 15221252 Arabidopsis thaliona EGEQST6001HI2 778 234 8,967 1414 1
NBSLER RppS, Rpss 15487963 Theobroma cacao EGIECL1208G03 871 145 5,86 10,3 1
MIX I
KINASE GFS, OF9, Pro 26450791 Arabidopsis thaliana EGEQRT3301€03 3315 990 0.0 1293,9 1
and LRR
sively in two TIR-NBS-LRR related clusters  with emphasis on 4. thaliarne. From monocots only rice (O.

(EGCCCL1328B05.g and EGSBRT3118HO01).

Most of the 44 clusters with no conserved domains
presented shorter ORFs (262 aa in average), with four of
them presenting a putative transmembrane region.

A graphic representation of the distribution of con-
served domains as compared with class-grouped clusters is
presented in Figure 2.

Considering the best matches to the 210 clusters iden-
tified, 198 were from plants of Dicotyledonous families,

sativa) sequences appeared as best matches (11 clusters).
One of the sequences from MIX III group aligned with
Pinus silvestris (Gymnosperm), the only non-Angiosperm
included in the present study. A comprehensive inventory
of all species that aligned with Fucalyptus with their taxo-
nomic affiliation and habit {(herbaceous or woody) is pre-
sented in Table 4.

The post-translational inferences carried out for clus-
ter products (TargetP program) revealed a large number of
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Table 3 - FOREST clusters classified in the MIX T group, resembling to genes which belong to LRR and LRR-KINASE classes, including: respective
templates (query sequences), cluster number and size in nuclectides (n), ORF-size in amino-acids (aa), range of LRR domain after CD-search, identity
and results of the best alignment (BLASTp) in NCBI (GI number, species, score and e-value).

Template Cluster Size (n} IRE LER -demain ol Drescription Score E-value
(a3 Stant End
EGBMETI126F10g 2128 TG 13% G20 25287710 Avabidapsis thaliana 053 oo
EGUTFBI136E01.g 1511 585 41 523 15240215 Arabidopsic thaliana 058 5e 1™
o EGEZST2207410. 2237 465 22 262 15240328 Arabidopsic thaliana 5168 28
o EGEQSTI201012 8 2048 412 36 223 25402587 Arabidopsic thaliana /O 17"
.gt’;‘} EGUTRTII68G02.g ThG 263 I8 254 15225803 Avabidapeis thaliane 3232 2:%
EGUESTZ256F M g 1687 361 22 301 21341884 Lycopersicon periovianton  T041 oo
EGUTSLAB1EBOS g 1384 447 e 432 IRGA3RS Lycopersicon esewdention 2373 37
o, o EGSBRT3314003 ¢ 1263 412 118 380 15223460 Avabidopeis thafiana 4083 g1
Kuzl EGBMRTI131511g 1153 384 2 336 15237312 Avabidopeis thafiana 484 472
EGECRTIZNTENT g 1228 76 106 348 15238338 Avabidopsis thafiana 4357 4517
EGABST2047TC00 g T 216 13 180 15225803 Arabidapsic thaliane 2488 18:%
EGBMSLANZG05 g 728 242 4 21% 15237426 Avabidapsis thaliana 2265 1.7 %
EGUBSTEO1IR02 g S 263 32 254 18700171 Avabidapsis thaliana 2145 1.0:
gﬂ EGCESLSUTRHG g T 257 ] 2435 15237426 Avabidapsiz theliana 2111 1.1e®
EGBGLYIZ2THOE g T34 233 24 213 IRG4383 Lycopersicon esewlention. 2007 1.2:%
EGUBRTeMMEFN g 713 237 13 227 3841232 Makes X domestion 3274 887
EGEZST2003B08 g 1586 353 07 ELT 21432787 Oheyza satiea (oV. japoricay 3047 1.2:®
EGEPSLARIGHE g as57 278 56 251 12054864 Fivms sybvestris 2404 1.8 %

predictions (Figure 3). The reliability class (RC), whichis a
confidence measure for the prediction, showed that only 11
sequences were defined into RC1 (higher than 80%), and
53 for RC2 (higher than 60%) class. Most of the sequences
are predicted to be located at unspecific subcellular local-
ization (133 sequences) while 35, 20 and 19 were predicted
to contain mitochondrial targeting, signal and chleroplast
transit peptides, respectively (Figure 3).

After evaluation with the TargetP program, se-
quences with motifs specific for ransmembrane anchoring

could be identified in 44 of all analyzed sequences. From
these 1% belonged to LRR or LRR-KINASE-related se-
quences and, unexpectedly, five showed to be TIR-NBS-
LRR and 20 to be KINASE-related sequences.

Discussion

The reverse alignment (TBLASTN) strategy
(Altschul ef al., 1997) adopted by our group identified a
set of 210 clusters similar to the major classes of disease
R-genes in the current version of the FOREST database,

189
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30 116
9
= |
10 TWASE LRR LRR. |LRR,LRR-| LRR- NBS- [ TIR-NBS- [ TIR-NBS-
KINASE | KINASE | KINASE LRR LRR  |LRR,NBS-
LRR
[mLRR 16 80 9 189 52 19 17 5
[m NACHT 2
[ NB-ARC 9 17 1
|m KINASE 37 I 3
[m TR 39

Figure 2 - Graphic representation of the distribution of conserved domains against class-grouped clusters. Values on the base after each domain indicate
the number of clusters of each class presenting the indicated domain (also represented in the corresponding colummns). Abbreviations:
LERR — Leucine-rich-repeats; NB-ARC — Nucleotide-binding-site and additional motifs; NACHT — NB-ARC related domain, including an NTPasge impli-

cated in apoptosis and MHC transposition activation.
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Table 4 - Inventory of the organisms that appeared as best alignment to
each of the 210 here identified Fucalyptus clusters related to known
resistance genes. The organisms are grouped by gene class (I to V and
MIX T to II), taxonomic affiliation (class, subclass, family and species)
and habit therbaceous or woody). Numbers in parenthesis indicate amount
of gene members in each taxonomic group or species.

Gene Higher taxenemic Family Species Habit
class atfiliation
Brassicarsas (43} Arabidopsic thalianae (42} H
Bysesies napus (1) H
Cureubitaceas (1} Custanis mele (1} H
1 Dicots (46} - 4 . &
KINASE icaceas (1} gt wigra (1}
Solanaczas (2} Capsicton aneon (1} H
Micatiang tucation (1} H
Idenocots (2} Poaceas (2} Chyzae sativie (2} H
Asteraceas (1} Laetuea satve (1} H
Brassicacsas (&) Avabidopsic thaliana (8} H
Enpherbiaceas (3} Manifat escwlenta (3} W
o Drcots (14} E b
LR NBS Lepumincsas (2} Glycine max (1} H
Phasesls vidgaviz (1) H
Sterenlariaceas (2} Thasbromst cacan (2} W
Idenocots (T Poaceas (T} Chyzae setivee [Th H
Brassicaceas (10} Avabidapeis thaliane (10} H
Curcubitaceas (3} Cuctonis mele (3} H
Lepmminesas (10} Ghycine max (10} H
Asteraceas (14} Helignthis anvtaes (14} H
oI
NES- Linaceas (34} Livtem writatissimion [34) H
LER Drcots ($3)
2 3 Enpherbiaceas (1} Manifot esordenta (1} W
Salicaceas (12} Foprdies balsamifers (10) W
Foprdus remtda (2} W
Solanaceas (7} Lycopersicon escudevnon (1} H
Solavtem tubavason (B} H
Brassicacsa (T} Arabidopsic thaliana (T} H
Lepuminosas (1} Gilycing max (1} H
halvaceas (1} Goesypiton Riveutuon (1} W
&t Solanaceas () Lycapersicon exculenton (3} H
LER Crcets (17}
Lyeapersicon Rivsutom (2} H
Nicotiana tabaston (1} H
Fetunie X hybrida (1} H
Selavaon tubarssum (1} H
Brassi (&} Arvabidapeis thalians (B} H
¥ Dicots (T}
LER- Leguminosas (1} Ghegine max (1} H
RIASE Ldenocot (1} Pracsas (1} Chvyzar @ettive [ 1} H
Brassi (12} Avabidapeis thaliang (12} H
Selanaceas [3} Lyeapersicon asodennon [2} H
Drcots (16}
Lycapersicon pevioviarion (1} H
MIX T
Bosaczas (1} Mitdies K domastica (1} W
bonocot (1} Poaceas (1} Oyzat settivae (1} H
Gymnosperm (1} Pinaceas (1) Fivae sybeestris (1} W
MY LT Dicots (3} Brassi (2} Arabidapeis thalian (2} H
Sterenlaviaceas (2} Dhesbroma cacae (1} W
MIXIT  Dicctl Bragsi (1} Avabidspsis thaliana (1} H

Symopsis regarding feamres of aligned specizs

N k)
Orouped by axonomic Hcots 148 443
atfiliation
Idenocets 11 52
Oymnosparm 1 s
Grouped by habit Herbaceous 187 G0
Woody 23 pLrR

Resistance (R) genes in Bucalyptus

what comprises 0.63% of the actually generated clusters.
This approach allowed the identification of a large set of
candidate sequences by using various representative
genes per class, while some recent works employed few
genes (Koczyk and Chelkowski, 2003). Using several pre-
viously described and sequenced R-genes as template was
auseful and low-time consuming strategy in the search for
R-genes candidates in plants. In this approach it was ex-
pected that some similar genes grouped at the same class
should cause some level of redundancy (Meyers et af.,
1999). The strategy of generating a local database (called
non-redundant) by adepting the cluster number as a pri-
mary key register was very effective in the solutien of this
problem. Additionally, this approach was useful in the
identification of the respective R-gene class for each Eu-
calyptus cluster.

The number of R-genes here identified is quite high,
especially considering thatnone of the 19 libraries were ob-
tained under pathogen stress condition. By the other hand,
when additional ESTs are generated especially under infec-
tion by pathogen, many of the identified clusters may be
united in larger clusters of R-genes that may include more
domains.

Evidences have shown that R-genes are quite abun-
dant in higher plants, but the most fimctionally defined
R-genes belong to the supergene LRR-NBS family. After
completing the whole genome sequencing of the model
plant 4. thaliana a total of 85 TIR-NBS-LRR have been
identified (The Arabidopsis Genome Initiative, 2000), less
than the number of clusters (93} actually identified in Euca-
lyptus. Especially genes containing NBS-LRR demains
were estimated to be in number of ca.166 for 4. thaliona
and ca.600 for rice (O. sativa) by Richly ef al. (2002), but
this later number is still not confirmed.

30 5

LRR
Mix 1
Mix 11
Mix 111

=
<
Z
-y

LRR-KINASE
NBS-LRR
TIR-NBS-LRR

Figure3 - Subcellular prediction foreach class of analyzed R genes in Fu-
calyptus transcriptome, considering the predictions whit RC1 and RC2 of
Target-P program. Legend: C— Chloroplasttransit peptides; 8 — Secretory
pathway; M — Mitochondrial targeting; ‘- — No specific localization;
LRR — Leucine-rich-repeat; NBS — Nucleotide-binding-site; TIR — Toll-
interleucine-1 receptor.
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A recent work reevaluated and reannotated all NBS-
LRR encoding genes in A. thaliona genome database, re-
vealing 149 genes of this class (including 94 TIR and 55
non-TIR sequences) in the genome of 4. thaliana (Meyers
et al., 2003). In our evaluation of FOREST database we
found 114 clusters (93 and 21, respectively) of this class. It
is interesting to note that in the evaluation of Meyers ef al.
(2003) not only the presence of the TIR or of the CC motif
was determinant for the grouping of both distinct classes.
Also the NBS-LRR domains co-evolved and were determi-
nant in the divergent evolution of the two groups, with the
CC-bearing sequences forming four subgroups and the
TIR-bearing sequences forming eight subgroups, regarding
the size, composition and order or introns and exons.

Pan et al. (2000) compared tomato and Arabidopsis
sequences of this class by systematically amplifying the
tomato genome using a variety of primer pairs based on
ubiquitous NBS motifs, generating 70 sequences, from
which 10% were putative pseudogenes. The sequences
were also used in mapping approaches, revealing a clus-
tering R-gene homologues between tomato and potato
(Solanum tuberosum, also from the Solanaceae family).
Clustering of R-genes was also detected in 4. thaliana,
with most of the genes located in chromosomes 1 (49) and
5 (55), confirming the initial hypothesis that these genes
are clustered in few chromosomes (The Arabidopsis Ge-
nome Initiative, 2000). This fact was also observed in
other crops, as chickpea (Cicer arietinum; Benko-Iseppon
et al,, 2003). In this last case, with some synteny and
colinearity within this species and Arabidapsis. The clus-
tering of R-genes in specific chromosomes and the exis-
tence of conserved domains have allowed the
establishment of interesting strategies for identification,
mapping and breeding directed to the incorporation of
such genes from wild relatives. Considering the number of
genes from this group in this last species, it is to expect
that they are also clustered in Eucafyptus, what can also be
valuable for the establishment of Eucalyptus breeding
strategies in the future, especially considering the previ-
ous existence of mapping populations for this crop.

Overall annotation revealed that Arabidopsis also
carries homologues of other R-gene classes, including 174
genes encoding LRR-kinases (Xa27 group), but many of
which are likely to play a role in development rather than
defense (Jones, 2001). The present work revealed only
eight clusters with significant homology to Xa27 but this
number can increase if only the kinase sequence is used as
template, since the LRR may be quite variable betweenrice
and Fucalyptus. BExceptional R-genes have proven to pro-
vide durable disease control, due to the fast evolving patho-
gen genome that breaks resistance. The Xa2/ gene is an
important exception to this rule that reveals the full poten-
tial of R-genes for breeding purposes (Rommens and
Kishore, 2000). This may be very valuable especially con-
sidering the possibility of pyramidization of such genes in
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important crops, increasing the potentiality of an effective
specific R-Avr intection.

Another abundant family of R-genes in plants is the
ser-thr-kinase with about 50 genes in 4rabidopsis encoding
protein kinases that are strongly homologous to tomato’s
Pto gene (Jones, 2001). In Eucalyptus we found almost the
same number (49) of clusters also with high homology to
the Pto sequence.

Regarding R-gene classes identified in Eucalyprus, an
interesting phenomenon was observed in the present work:
R-genes pertaining to different classes were able to align
significantly to the same cluster on Fucalypius database.
This can be explained by the evidences that known R-genes
combine a limited number of related functional domains
(Ellis et al., 1999, 2000a). Then, similar motifs would be
present in different R-genes, and it is possible that a gene
resembling to a determined class may search another be-
longing to a different class by local similarity at the site of
the conserved motif. But in the practice, previous works do
not speculate this possibility, once that the genes identified
for specific R-genes are directly assigned to its own class as
shown by evidences raised from works previously reported
(Ronald, 1997; Jones, 2001; Romeis, 2001).

The MIX class one (MIX I) included 18 clusters re-
sembling to genes which belong to both LRR and LRR-
KINASE classes. These clusters were searched basically by
using Cf (Jones et al., 1998) and Xa21 (Song et al., 1995)
amino acid sequences as queries. In this case, the most
plausible explanations would be the presence of the LRR
domain, common to both classes, being responsible for the
alignment and grouping of some clusters in both classes. By
the other hand, LRRs are referred as fast evolving se-
quences and are in some cases quite imperfect, making
manual annotation necessary. Often their amino-acid se-
quences are quite specific to their gene group (Dixon ef al.,
1998; Ellis ef al., 1999). For example, using the LRR of
Xa?2l against GenBank database will reveal significant
alignments only to Xe2/ genes of rice (and some other
Poaceae) and less significantly to 4rabidopsis, but no se-
quence including other gene classes align significantly. A
similar approach to the present work was used for the anal-
ysis of SUCEST (Sugarcane EST project, also running in
Brazil) database (Morais, 2003) with no similar results.
Song et al., (1997) suggested that the structure of Xa21
(here referred as class V) itself indicates an evolutionary
link between different classes (Iand I'V) of plant disease re-
sistance genes. May this be the case of this cluster that pres-
ent a new link between two classes and can represent a new
gene for Angiosperms?

Another surprising result was obtained by analyzing
the unique cluster with both domains LRR and KINASE. It
would be expected to find both domains in genes resem-
bling Xa2! but this cluster (EGEQRT3301C03.g) showed
itself similar to both Pto (class I, described by Martin et al.,
1993) and Cf (Class IV, described by Jones et al, 1994)
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genes. This double similarity occurred on different motifs.
The Pto gene is known to encode a ser-thre-kinase protein
(Martin ef al, 1993) and it was at this motif that the cluster
showed similarity to this gene. On the other hand, Cf genes
encode extracellular LRRs and it was at the LRR motif that
the similarity was found. This cluster could be grouped in
the LRR-KINASE class. So, why did it not align with
Xa2l, the single known gene with both LRR-KINASE do-
mains? It should be answered by analyzing the KINASE-
related clusters. Despite of the conservation of this region
(Romeis, 2001), none of the Pte (KINASE) or Xa2/ (LRR
and a receptor-KINASE) related clusters were mixed
(aligned together) during the annotation process. This
shows that the kinase segment is less-redundant than LRR
at least during our /n sifico gene prediction, once that the
kinase CD is present in both Pro and Xa2I genes, they do
not caused the mixture of their matching clusters on a
mixed class.

The last case of mixture occwred to MIX class II in-
cluding the motif TIR-NBS-LRR. Two of the three clusters
pertaining to this mixed class (EGEQST6001H02.g and
EGJECL1208G03.g) were searched at the FOREST data-
base by the genes RPPS5 (TIR-NBS-LRR; Parker et al,
1997) and RPS5 (NSB-LRR; Noel et af., 1999). The third
cluster (EGEZRT3006B12.g) was obtained through search
using RPPS5 and RPS4 (both TIR-NBS-LRR; Gassmann et
al., 1999) and /2 (NBS-LRR; Simmons ef al., 1998) que-
ries. We initially supposed that the redundancy was due to
the presence of NB-ARC (NBS) conserved motif. How-
ever, the first two clusters did not show any motif after in
silico CD-search and, again, the region that apparently
caused the mixiure of the classes was the LRR motif, once
that it was predicted in cluster EGEZRT3006B12.g.

In view of the results discussed above, could we spec-
ulate that Eucalyptus bears some new classes of R-genes?
Before taking further conclusions and in order to solve the
questions raised by the present work, we intend to evaluate
these groups of clusters in regard to their domain and
interdomain structure and organization, evaluating also the
clusterization process, before taking further conclusions.

The conserved domains (CDs) identified during our
investigation showed that most of the Fucalyptus predicted
sequences possess the same motifs shared by disease
R-genes. The CD with the higher level of sampling was
LRR, which was present in all classes (except KINASE
class I, represented by Pto) with atotal of 442 occurrences.
The other frequent domain shared by R-genes, the NB-
ARC, was observed in 27 sequences, notably in TIR-NBS-
LRR and NBS-LRR predicted clusters. This motif is com-
monly found in such sequences, and it is proposed that
NB-ARC plays arole in activation of downstream effectors
(van der Biezen and Jones, 1998) by their sequence similar-
ity to mammalian CED-4 and APAF-1 proteins which are
involved in apoptosis (Chinnaiyan ef al., 1997). In plants
the TIR motif is found only associated to NBS regions of
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dicotyledones, being possibly absent in monocotyledones
(Meyers et al., 1999). In Eucalyptus (a eudicot genus of the
Myrtaceae family) TIR domains were quite abundant, as
expected, being found in 39 clusters (all from TIR-NBS-
LRR-class).

Another very common motif present in two classes of
disease R-genes is the kinase domain. This motif is shared
by Pto (ser-thre-kinase) and Xa2/ (receptor-kinase) genes,
members of the KINASE and LRR-KINASE classes, re-
spectively. We found that all kinase domains found were
associated to the classes KINASE, LRR-KINASE and MTX
IIT. As commented here, despite of its conservation, this do-
main generally does not cause redundancy while searching
in databases.

Transmembrane motifs were found only in 44 of all
analyzed sequences. Of these clusters five TM were, unex-
pectedly, found in TIR-NBS-LRR-related sequences (a
group of R-genes that acts at the infracellular level), while
the remaining 19 were as expected LRR or LRR-
KINASE-related sequences.

Information regarding the localization of disease re-
sistance proteins in plant cells is still scarce (Martin, 1999).
Spatial organization is usually variable among distinet gene
classes and tissues affected, and there are no strong evi-
dences in favor of conserved correspondence between R
and Avr products spatial occurrence (Bonas and Lahaye,
2002). However, immunocytochemistry approaches al-
lowed the subcellular localization of some Avr and R com-
ponents (Boyes ef al., 1998). Here, we adopted an in silico
approach which uses neural network-based methods to pre-
dict the topology (i.e. localization) of protein sequences of
the selected clusters. In spite of the large number of predic-
tions obtained, only 11 sequences were defined into RC1
(reliability class 1 > 80%), and 53 for RC2 (= 60%). Of
these significant predictions, we observed that neural net-
work was able to predict the localization of only a small
number of proteins (29.62%) compared to the total sample
of Eucalypius R-genes. This percentage of representation is
much lower than the 80% obtained for plant test sets carried
out by Emanuelsson ef a/. (2000) with the same approach. It
1s important to note that these predictions are based on the
N-terminal information available for sequences. Thus, this
low number of predictions can be explained by the fact that
the FOREST database was obtained from expressed se-
quence tags, an approach that usvally do not include N-
termini for many EST generated.

Our Eucalyptus transcriptome cDNA sequence analy-
sis revealed that there are 210 clusters with significant align-
ment to major classes of plant disease R-genes. Differentially
from the other genomic efforts, as . sativa (Goff er al.,
2002) we vused a redundant set of well described R-genes to
screen for RGAs (Resistance Genes Analogs) on FOREST
database. This proved to be a very sensitive approach, since
best matches in NCBI present sometimes annotation mis-
takes and we also observed during the present work that
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some of the best GenBank matches to Fucalyprus R-clusters
presented no conclusive description of function. This was
also the case also of the first annotation of Arabidopsis ge-
nome sequences, as pointed out by Meyvers et al., (2003). Af-
ter reannotation of NBS-LRR sequences a total of 56 of the
A. thaliana R-genes had to be corrected from earlier evalua-
tions on GenBank (Meyers ef al., 2003). These results show
how important procedures as annotation and detailed evalua-
tion of generated sequences are. These evidences bring to re-
flections about the strategic design of many genome and
transcriptome projects, considering that the data mining is
not expensive (normally only fellowships are needed) but
still receive few mvestments from financing agencies, di-
minishing the final impact of the results.

The comparison of our results regarding the number
(and maybe the organization) of identified Eucalyptus clus-
ters was mainly with 4. thaliana, especially due to the lack of
open databases for other plant species with EST projects.
Many differences considering the here analyzed R-related
sequences can be explained by using diverse arguments: (i)
The larger genome of Fucalyptus (e.g. £ grandis with
640 Mbp; Myburg ef al., 2003) in contrast with the small and
“compact” genome of 4. thaliana (120 Mbp) (i) The distant
taxonomic position: both are dicots, but distantly related
families (Brassicaceae and Myrtaceae) and finally (iii) the
different levels of complexity: Fucalyptus is a wood peren-
nial plant species and Arabidopsis is an annual herb. Herba-
ceous species are offen regarded as faster evolving than
woody species considering different morphological and ge-
netic aspects (Bennet, 1972, Enrendorfer, 1982, Morawetz
1984, 1986, Bennet and Leitch, 1995, 2000).

Considering these evidences we observed that most of
the information regarding R-genes available in databases re-
fer to herbaceous (not woody) crop plants (few wild plants),
maybe because most identified and sequenced R-genes were
consequence of mapping approaches that are very time con-
suming in woody plants and difficult to realize m open polli-
nated species. The larger number of sequences from A.
thaliana representing best alignments to Eucalyptus does not
represent a higher similarity to this plant species, moreover it
reflects the large number of sequences of this model plant
deposited in GenBank. In our evaluation, only 23 woody
species appeared as best matches for the clusters studied, in-
cluding 22 species from different dicotyledonous families
and one Gymmosperm species {Pinus sylvestris). This may
Justify some of the surprising results obtained in the present
work and suggest that identification of R-genes in a larger
number of taxonomic groups may be a very promissory ap-
proach to understand the natural evolution of these se-
quences when not affected by the influence of man.
Regarding the actual knowledge of R-gene structure and di-
versity, some authors suggested that this gene class evolves
faster than other genes (Ellis ef al., 2000b) what should be
evaluated in a larger number of taxonomic entities including
wild species and also primitive taxa.
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Concluding Remarks

Using bioinformatic tools it was possible to identify
classify and verify the actually sequenced R-genes in Fuca-
lyptus transcriptome. No previous sequences of this type
could be found in protein or nucleotide databases for this
crop. The identified sequences will be valuable resources
for the development of markers for molecular breeding and
identification of RGAs (resistance gene analogs) in Fuca-
Hyptus and other related species. The identified clusters con-
stitute also excellent probes for physical mapping of genes
in this species, giving support to genetic mapping programs
and synteny studies. Considering the size of some clusters,
they may also be used for fluorescent 7n situ hybridization
(FISH) on Eucalyptus chromosomes, helping also in the
comparison of different parental species and the respective
hybrids.

The present work on Eucalyptus, based on FOREST
database brought some light to the existing R-gene group in
this important crop species and also regarding resistance re-
sponse in higher plants, leading to the following conclu-
sions:

= All five gene classes of R-genes with their respec-
tive conserved domains are present and expressed in Fuca-
hyptus.

* Some new combinations of domains and motifs of
R-genes may be present in Fucalyptus and could represent
novel R-gene structures, what should be analyzed in detail.

* Despite the lack of libraries from tissues ellicitated
by pathogens a high number of R-genes was found in differ-
ent libraries of FOREST project. This may suggest, that the
identified clusters are expressed constitutively buf also
leads to the supposition that a higher number of R-genes
may be present in Fucalyptus under other experimental
conditions.

Besides the detailed analysis of different groups of
genes and domains we intend to evaluate the expression of
the selected clusters in the different libraries of the project.
Furthermore, some additional efforts may be necessary to
complete some sequences of R-genes, especially consider-
ing that their size vary between 321 (in case of Pto) and
1802 amino-acids (in case of Xal gene) and many identi-
fied sequences possibly present incomplete domains.

Further in silico, in vitro and in vive evaluations of
Fucalyptus genome may be a very promissory approach.
Manipulation of the expression of these genes in economi-
cally important woody plant species aiming to improve dis-
ease resistance is necessary. Despite of the challenge that
this mission may represent, some reports indicate that this
strategy is feasible.
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GENES ASSOCIADOS A ESTRESSES BIOTICOS E ABIOTICOS
EM FEIJAO-CAUPI [VIGNA UNGUICULATA (L.) WALP.] E OUTRAS
ANGIOSPERMAS

Benko-iseppon, A.M.; Soares-Cavalcanti, N.M.; Wanderley-Nogueira, A.C.;
Berlarmino, L.C.; Silva, R.R.M.; Almeida, P.M.L.; Brunelli, K.R.; Kido, L.M.H.&
Kido, E.A.

Lab. de Genética e Biotecnologia Vegetal & Lab. de Genética Molecular,
Departamento de Genética, Centro de Ciéncias Biolagicas, Universidade Federal de
Pernambuco, 50732-970, Recife, PE, Brasil. E-Mail: celisep@hotlink.com.br

Resumo - O presente estudo apresenta os principais grupos de genes relacionados as
vias de estresse abidtico (com énfase em salinidade e seca), bem como os fatores
geneticos determinantes da resisténcia especifica (genes R) previamente descritos em
feijdo-caupi em outras plantas, avaliando seqiléncias disponiveis em bancos de dados
restritos e publicos com ferramentas de bioinformatica. Tal levantamento servira como
base para comparagao com novas seqliéncias que estdo sendo geradas no ambito do
projeto “Genémica Funcional, Estrutural e Comparativa de Feijdo-Caupi (Vigna
unguiculata)’, que ora se inicia, incluindo bibliotecas desenhadas para a identificagdo
de genes relacionados a estresses bidticos e abiéticos nesta importante cultura. O
levantamento efetuado revela que, comparativamente a outras plantas cultivadas,
incluindo leguminosas, ainda s@o escassos os estudos com feijdo-caupi (e com outras
espécies do género Vigna). Sequéncias depositadas em bancos genéticos restringem-
se em sua maioria a marcadores moleculares segiienciados (em geral sem dominios
conservados completos) ou a proteinas derivadas estudos de expressao voltados para
seca e salinidade. Face a sua capacidade de adaptagéo a condigbes adversas, pode
ser considerado como uma fonte impar de genes (e caracteristicas) de resisténcia a
estresses ambientais e biodticos, como os reinantes na regido nordeste do Brasil.

Palavras-Chave: Genes R, Salinidade, Seca, Interagéo gene-a-gene, Estresse.

Abstract - This work presents a survey of the main gene groups related to abiotic stress
pathways in cowpea and other plants with emphasis to salinity and drought. It also discusses
the main gene groups responsible for the specific pathogen resistance in plants (R genes). The
evaluations included the use of bioinformatic tools applied to data available on public and
restrict plant databases, being an important start for comparison to sequences generated on the
ongoing project “Functional, structural and comparative genomics in cowpea (Vigna
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unguiculata)”, a project that will analyse sequences expressed under biotic and abiotic stresses
in this important crop. The results revealed that there is still little information regarding response
to biotic and abiotic stress in cowpea (and remaining Vigna species), as compared to other
cultivated plants, including Leguminosae. The identified sequences refer mainly to sequenced
molecular markers (normally with incomplete conserved domains) or proteins expressed under
salinity and drought conditions. The possibilities are promising, especially considering the
unique capacity of adaptation that cowpea presents in various abiotic and biotic conditions, as it
is the case of Brazilian North-eastern region.

Keywords: R genes, Salinity, Drought, Gene-by-gene interaction, Stress.

Introdugao

Dentre as plantas cultivadas e usadas pela populacdo do Nordeste Brasileiro,
nenhuma tem tantas caracteristicas vantajosas como o feijdo-de-corda (Vigna
unguiculata (L.) Walp). Conhecido também como feijdo-caupi, inclui o popular feijao-
de-corda, fradinho ou macassar e o feijjdo-verde (Freire-Filho ef al., 1999). Chamado
de “southern pea” ou "ervilha do sul" nos Estados Unidos, pais no qual constitui-se em
produto para exportagdo e consumo interno, na forma de laticinios (do tipo seleta de
legumes). Algumas variedades e espécies préximas sdo usadas na obtencdo de
moyashi (broto-de-feijéo), uma cara iguaria da cozinha asiatica, j& difundida no mundo
todo, também comercializada em laticinios ou congelados. Além de produzir os gréos
citados, esta entre as plantas mais versateis, sendo muito valiosa como forrageira,
com uma capacidade impar de fertilizar solos pobres, mesmo em condigdes de calor,
seca e salinidade. Devido a sua adaptabilidade, o feijao-caupi foi escolhido pela NASA
(North American Space Agency) como uma das poucas plantas propicias para cultivo
em estacbes espaciais (Ehlers & Hall, 1997).

A capacidade do feijdo-caupi de crescer sob condigbes de solo e clima
estressantes tem sido reconhecida por muitos cientistas. No Brasil, trata-se do tnico
feijdo capaz de sobreviver com sucesso na regido norte (alta umidade, muita chuva,
solo argiloso) e no nordeste (seca, solo arenoso, por vezes salino, muito sol),
crescendo também em locais menos estressantes e com clima temperado, como no
estado norte-americano da California (Ehlers & Hall, 1997; Freire-Filho et al., 1999).
Também se apresenta muito promissora como fonte de importantes genes para o
melhoramento de outras leguminosas, como a soja, o fejjaoc-comum, a ervilha, a
lentilha, o amendoim, o grao-de-bico, etc. (Benko-Iseppon, 2001). Comparado a estas
leguminosas o feijdo-caupi apresenta caracteristicas superiores para a recuperacgao de
areas degradadas, uma vez que em associagdo com rizébio nativo torna-se eficiente

fixador de nitrogénio sob as mais adversas condigoes (Ehlers & Hall, 1997; 1998),
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sendo um excelente candidato para uso em biorremediacdo (recuperagdo de
ambientes degradados), transformando regides em processo de desertificagdo em
areas novamente férteis e produtivas (Benko-lseppon, 2001).

Estresse abidtico em plantas

O crescimento vegetal pode ser severamente afetado por estresses abidticos,
como seca, alta salinidade, bem como baixas ou altas temperaturas. Tais estresses
abidticos se constituem em fatores severamente limitantes da produgdo vegetal.
Quando tais condigdes abidticas adversas ocorrem, varias respostas bioquimicas e
fisiologicas sd@o induzidas em plantas, de forma a propiciar a tolerancia ou aumentar
suas chances de sobrevivéncia,

As reagdes moleculares ao estresse hidrico em plantas vém sendo analisadas,
revelando varios genes de resposta a seca, alta salinidade e frio em nivel
transcricional. Os produtos identificados podem ser classificados em dois grupos
principais. Aqueles que agem diretamente na protecdo aos estresses ambientais e
aqueles que regulam a expressao e a transdugao de sinais direcionados a resposta ao
estresse (Thomashow, 1999; Hasegawa ef al., 2000).

Estudos de microarray visando monitorar a expressdo de 7000 genes de
individuos de Arabidopsis thaliana submetidos a seca, a altos niveis de salinidade e a
frio revelaram expressao aumentada (em mais de cinco vezes comparativamente aos
controles nao-estressados) de 277, 194 e 53 genes, respectivamente. Interessante foi
observar que 22 genes tinham sua express@o aumentada em todas as trés situagoes
de estresse abidtico. Na definicao da resisténcia e/ou susceptibilidade aos estresses
citados, torna-se importante ndo apenas observar quais genes sdo ativados, mas a
velocidade com que determinados fatores séo transcritos, observando-se acentuadas
diferengas entre individuos resistentes e suscetiveis, sob este aspecto. Entre os trés
grupos de estresses, 11 genes imediatamente indutiveis na fase pos-estresse (entre
poucos minutos até duas horas apds o tratamento) foram observados, revelando
fatores ideais para inclusdo em estudos visando identificar fontes génicas de
resisténcia a estresses abiéticos (Seki et al., 2002; Oono et al., 2003).

Estresse bidtico em plantas

Embora os fatores abidticos sejam determinantes para o sucesso da atividade
agricola, fatores bidticos, como pragas e microrganismos, também podem
comprometer os niveis de produtividades esperados para as culturas. Resisténcia a
estes agentes tem merecido atengao especial dentro dos programas de melhoramento
genético. Ao longo da co-evolugdo planta-patogeno, as plantas vém desenvolvendo
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mecanismos sofisticados de protegdo contra o ataque destes organismos (Tang ef al.,
1999). Em vegetais, genes de resisténcia (R) estao entre 0os mais importantes, sendo
responsaveis pela resposta imune especifica. Para cada gene conferindo resisténcia
no hospedeiro, existirdA um gene correspondente no patégeno, designado como gene
de aviruléncia (avr), o qual determina a patogenicidade. A planta sera resistente e o
crescimento do patégeno interrompido apenas quando ambos os genes R e awr
estiverem presentes e forem compativeis, desencadeando assim a reagio de
hipersensibilidade (HR, Hipersensitive Response; Bonas & Lahaye, 2002).

De acordo com a natureza de seus produtos, os genes R podem ser
classificados em cinco diferentes grupos, de acordo com sua estrutura e com os
dominios que apresentam (vide Figura 1). Sugere-se que essa estrutura conservada
seja determinante da especificidade patdégeno-hospedeiro, ou seja, se a planta sera ou
ndo resistente a um determinado virus, bactéria, fungo ou nematdide (Richter &
Ronald, 2000). Deve-se destacar que o mesmo gene pode determinar resisténcia a
diferentes patégenos, dependendo da espécie em que se expressa. Por exemplo, o
gene de resisténcia N de Nicotiana tabacum L. determina a resisténcia ao virus do
mosaico no tabaco. Porém, este gene foi responsavel pela aquisicao de resisténcia a
uma bactéria (Xanthomonas campestris pv. vesicatoria) quando expresso em tomate
(Tai et al., 1999).

A identificagdo destes genes & de grande relevancia para o melhoramento

genético de plantas, constantemente expostas ao ataque dos mais diversos patdgenos.

Material e Métodos

Sequéncias de nucleotideos e amino-acidos foram identificadas no GenBank
(NCBI, National Center for Biotechnology Information; http://www.ncbi.nim.nih.gov). No
caso de genes R, membros das classes Il a V previamente descritas foram buscados
através de seus dominios conservados (Figura 1). Membros da primeira classe de
genes R (redutases) gue ndo apresentam dominios conservados, ndo foram incluidos
no estudo.

As sequéncias selecionadas foram avaliadas com auxilio do grupo de
ferramentas BLAST, sendo ftraduzidas no Expasy Translate  Tool
(bo.expasy.org/tools/dna.html), onde também foram feitas predicées de ORFs, as
quais foram submetidas ao RPS-BLAST (Reverse Position Specific BLAST) contra o
banco de dados de dominios conservados (Conserved Domain Database). Dados
obtidos e melhores alinhamentos (com o respectivo e-value) foram anotados em

planilhas para andlise e comparac¢do com dados disponiveis em fontes de literatura.
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Resultados e Discussao
Genes de Resisténcia a Patogenos

Ainda sao escassos os trabalhos prévios envolvendo genes de resisténcia em
feijao-caupi, como fica evidente na Figura 1 que compara o nlimero de genes preditos
para planta-modelo Arabidopsis thaliana com aqueles disponiveis nos bancos
genéticos publicos para os géneros Vigna e seu género irmao Phaseolus.

As seqliéncias pré-existentes para o feijdo-caupi consistern na sua maioria de
produtos de PCR com primers desenvolvidos para dominios conservados destes
genes, os chamados analogos de genes de resisténcia (RGAs, Resistance Gene
Analogs), quase em sua totalidade relacionados com a classe Il de genes R (NBS-
LRR-TIR ou NBS-LRR-Coiled-Coil). Tais marcadores foram gerados por Timko (2000),
justificando-se a predominancia da classe Il pelos dominios usados para desenho de
primers, fato que justifica um maior numero de seqiiéncias deste grupo também em
feijdo Phaseolus.

No caso do feijdo Phaseolus, o estudo revelou a existéncia de 35 sequiéncias
para a classe |l (que apresenta o dominio quinase). Para esta classe ndo foram até o
momento geradas seqliéncias para o género Vigna, embora genes desta classe
provavelmente sejam mais abundantes e diversificados em feijéo-caupi que na planta-
modelo A. thaliana. A forma como as seqliéncias foram obtidas (PCR com primers
ancorados em regies conservadas dos dominios) explicam a existéncia de
sequéncias parciais, com ORFs e dominios conservados incompletos, ressaltando a
necessidade de mais estudos para um melhor entendimento da estrutura e evolugao

desses genes tanto no feijdo-caupi como no feijdo Phaseolus.

Genes Relacionados a Seca e a Salinidade

Em vegetais, os mecanismos genéticos de percepcdo que vém sendo
relacionados as respostas aos estresses hidrico e salino incluem: (1) atividades de
quinases de histidina, envolvendo a proteina sensora EnvZ (Envelope Z) e o fator de
transcriggo OmpR (Outer Membrane Protein; Proteina Externa da Membrana:
Shinozaki et al., 1999); (Il) as quinases da classe MAPK (Mitogen-Activated Protein
Kinase; Quinase Ativada por Mitogen; Jonak et al, 1996); (lll) as quinases
dependentes de calcio (Urao et al., 1994); (IV) a fosfolipase C, atuando no
metabolismo de producéo de inositol di e tri-fosfato, com fungéo nas liberagcdes de
calcio no citoplasma, onde o calcio e calmodulina funcionariam como uma chave
molecular na rota de transmissédo do sinal de estresse (Munnik, et al.,, 1998); (V) as
proteinas DREB (Dehydration Responsive Elements Binding Proteins; Elementos
Protéicos de Ligagdo em Resposta a Desidratagéo), que aderem as segiiéncias de
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DNA presentes em regifes promotoras de genes expressos durante a desidratagao
(Kasuga et al,, 1999) e (V1) seqiiéncias promotoras responsivas ao acido abscisico
(Abe et al., 1997), entre outras.

Classe I Classe Il Classe IV ClasseV

Exterior
da celula

_ Membrana plasmdtica |

[

Dominios
Conservados

B Kinase
LRR

B nes

[ coited-coil

Vigra=0
Praseolus= 35
Argbidopers=coa. 55

Vigna=3d
Prasenlus=38
Arabidopsis 2 B0

Vigra=1!
Praseclus=?
Arabidopss 5250

Vigna=0
Bragenlis=0
ArzGidogsis ) 159

VA TIR

B Tm

Figura 1: Painel dos principais genes de resisténcia (genes R) com sequéncias (em
geral parciais) depositadas no GenBank para o géneros Vigna, Phaseolus,
thaliana.
conservados: LRR=leucine-Rich- Repeal, NBS=Nucleotide Biding Site; TIR=Toll Interfeukine
Region e TM= Transmembrane Region. O esquema mostra, além dos dominios

conservados que compdem cada classe de gene R, também sua posicdo subcelular

comparativamente a planta-modelo  A. Abreviagbes dos dominios

mostrando que, de acordo com o dominio existente, a agdo de reconhecimento gene-
a-gene pode ocorrer em nivel intra-celular (classe Il), intra-celular com um dominio TIR
ou coiled-coil associado a membrana (classe |ll), ou ainda com um LRR extracelular,
associado a um dominio transmembrana (TM) associado (classe V) ou néo (classe V)

a um dominio guinase.

A Figura 2 apresenta os principais grupos de genes considerados importantes
na resposta aos estresses de seca/salinidade, indicando o numero de seqgiiéncias de
proteinas e nucleotideos de feijao-caupi depositados no GenBank, comparativamente
a A. thaliana.

Embora existam muitas classes génicas com poucas (eventualmente nenhuma)

seqléncias de caupi descritas, observam-se outros grupos, onde ha um numero
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significativo de seqiiéncias disponiveis (como no caso dos osmoprotetores, com 15
membros), principalmente seqiiéncias de amino-acidos, derivadas de ensaios de

expressdo sob estresse de seca ou salinidade.

Figura 2. Principais classes de seqiléncias relacionadas ao metabolismo de sais ou
estresse salino, de acordo com sua atividade ou mecanismo. Os valores na linha
superior referem-se ao numero de seqiéncias descritas em A. thaliana,
comparativamente a espécies do género Vigna (em sua maioria V. radiata) avaliadas
(linha inferior de cada classe).

Em plantas tolerantes ou sensiveis a salinidade o estresse inicia um complexo
de respostas, comegando com a percepgao do estresse, a qual desencadeia uma
cascata de eventos moleculares que induz varios niveis de respostas fisiologicas,
metabélicas e de crescimento. Os genes da via SOS (Salt Overly-Sensitive), de A.
thaliana, estdao envolvidos na manutengio da homeostase celular. O estresse sodico
inicia um sinal de calcio que estimula o complexo SOS3/S0S2, que ativa o gene
S0S1, o qual codifica uma proteina de antiporte Na*/H*, permitindo a exclus&o do fon
Na® e minimizando os efeitos da salinidade sobre a planta (Zhu, 2003).

Os componentes da via SOS sao relativamente bem conhecidos em A. thaliana,
sendo também encontrados no banco de dados do SUCEST (genoma expresso da
cana de aglcar, Saccharum officinarum), com excegdo do gene codificante da
proteina NKH (vide Figura 3). Especificamente no caso das proteinas relacionadas a
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salinidade, um maior numero de informagdes sobre espécies do género Vigna
(especialmente V. radiata), deve-se & existéncia de estudos de expressdo e
seqlienciamento de proteinas (especialmente em tecidos de raiz) sob estresse salino,
uma vez que alguns genotipos do grupo sdo considerados como bons modelos de
robustez e resisténcia sob condi¢des adversas, mantendo por vezes a capacidade de
nodulagdo mesmo em condigdes de salinidade (Elahi ef al., 2004). Apesar dos estudos
de expressdo e seqiienciamento protéico, com mais de 50 sequéncias disponiveis,
destaca-se a caréncia de dados em nivel gendmico ou relativos a ESTs (Expressed

Sequence Tags) para o género.

Aumento [Na~]

Organismo/Gene SOS1 | SOS2 | SOS3 | ATPase | HKT | NHX | Trocador V- V-
H'|Ca® | ATPase | PPase

Arabidopsis thaliana X X X X X X X X X

" Saccharum officinarum X X X X E X X X X

Vigna radiata - - % - = I = X X X

Figura 3. Representagdo esquematca dos principais componentes da via SOS,
indicando membros identificados em A. thaliana, S. officinarum e V. radiata (indicados
com um X). Sequéncias ndo encontradas em bancos genéticos publicos (GenBank

para Arabidopsis e V. radiata) ou privados (SUCEST para cana), sao indicadas por um

"ok

No conjunto os dados demonstram haver ainda muito pouco conhecimento
sobre os processos genéticos da resposta ao estresse hidrico/salino, bem como da

resisténcia a patdgenos em feijdo-caupi. Considerando-se suas caracteristicas
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impares neste particular, espera-se que o seqlienciamento de bibliotecas geradas de
individuos resistentes e susceptiveis na presenca e na auséncia de estresse fornegam

informagdes valiosas para a cultura e para o melhoramento de outras leguminosas.
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6.0-CONCLUSOES

e Tanto no transcriptoma da cana-de-agucar quanto no do eucalipto, estdo
representadas as cinco classes principais de Genes de Resisténcia.

e Em cana-de-acucar foram encontrados mais representantes da classe
quinase, enquanto em eucalipto a classe NBS-LRR foi a mais abundante.

e Como previsto, genes da subclasse que inclui o dominio TIR ndo foram
encontrados no transcriptoma da cana-de-agucar, s6 foram encontrados em
sequiéncias de candidatos a genes de resisténcia em Eucalipto.

e Um grande numero de candidatos a genes R pode ser encontrado tanto
em cana-de-agUcar quanto em eucalipto, mesmo com o baixo nimero de
bibliotecas construidas com tecidos de plantas infectadas nos projetos
SUCEST e FOREST; tal fato sugere que estes genes possuam uma
expressao constitutiva, mesmo que em baixos niveis.

e No transcriptoma do eucalipto podem ser observadas combinacfes de
dominios caracteristicos de diferentes classes em determinados candidatos a
genes de resisténcia, novos para a literatura, indicando que analises
adicionais em grupos ndo amostrados (com énfase para plantas lenhosas)
podem revelar novas classes de genes e combinagdes de dominios.

o Organismos que pertencem a mesma familia tendem a se agrupar nos
dendrogramas gerados através do alinhamento de seus ort6logos, mesmo
que a analise fenética considere apenas aspectos de similaridade e ndo de
evolucéo.

o Os candidatos a genes R de cana-de-aglcar alinham melhor com
monocotiledéneas, enquanto em eucalipto alinham melhor com genes de
outras Dicotiledéneas.

o As sequéncias identificadas neste trabalho representam uma
ferramenta valiosa para o desenvolvimento de marcadores moleculares e
também para a identificacdo de RGAs nas espécies estudadas bem como em
outras plantas nativas e cultivadas.
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7.3 Anexo 1

Classification and features of R-genes seed sequences used as query against the SUCEST database. The used genes are grouped in five R-gene

classes with respective accession number at NCBI, source species, gene name and domain range (in amino-acids).

R-Gene Class Accession No. Source species Gene Sequence Domain range (initial-last aa)
size LRR KINASE NBS TIR
(aa) Start End Start End Start End Start End
| 2112354A Lycopersicon esculentum Pto 321 - - 41 236 - - - -
AF234174 1 Arabidopsis thaliana HRT 909 579 868 - - 150 460 - -
NP_172686.1 Arabidopsis thaliana Rps5 889 540 636 - - 140 444 - -
AF118127 1 Lycopersicon esculentum 12 1266 578 1231 - - 154 457 - -
AAG31014.1 Lycopersicon esculentum Swh 1246 - - - - 519 818 - -
1 BAA25068.1 Oryza sativa Xal 1802 771 1773 - - 283 593 - -
BAA76282 Oryza sativa Pib 1251 930 1210 - - 390 712 - -
AAKO00132 Oryza sativa Pi-ta 928 712 925 - - 207 503 - -
AAP81262.1 Zea mays Rpl 1269 596 1228 - - 145 457 - -
AC016827_19 Arabidopsis thaliana RPM1 926 559 665 - - 173 467 - -
AAC72977.1 Arabidopsis thaliana RPP1 1189 668 1011 - - 226 505 54 184
RP13_ARATH Arabidopsis thaliana RPP13 835 - - - - 147 453 14 148
AF440696_1 Arabidopsis thaliana RPP4 1135 642 1053 - - 185 441 15 145
AAF08790.1 Arabidopsis thaliana RPP5 1361 643 1151 - - 188 465 14 148
RPP8_ARATH Arabidopsis thaliana RPP8 908 577 867 - - 149 459 15 145
BAB11393.1 Arabidopsis thaliana Rps4 1232 663 889 - - 198 473 21 149
AAP41025.1 Lactuca serriola RGC2 352 49 235 - - - - 21 149
M AF093649_1 L!num us@tat@ss@mum L 1294 607 1277 - - 220 521 63 195
T18548 Linum usitatissimum M 1305 744 1288 - - 235 534 78 210
AF310960_2 Linum usitatissimum P 1211 693 1023 - - 205 238 23 153
AF202179 1 Capsicum chacoense Bs2 905 - - 152 439 63 195
A54810 Nicotiana glutinosa N 1144 597 908 - - 172 447 14 147
AF195939 1 Solanum tuberosum Gpa2 912 561 863 - - 119 422 14 147
CAA61264.1 Solanum tuberosum Rx1 248 - - - - 23 153
CAB56299.1 Solanum tuberosum Rx2 938 561 859 - - 138 422 78 210
CAD29728.1 Solanum tuberosum HERO 1283 - - - - 504 811 54 184
v TO07015 Lycopersicon esculentum Cf4 855 81 758 - - - - -
AAC78591.1 Lycopersicon esculentum Cf5 968 96 855 - - - - - -
\Y AACB80225 Oryza longistaminata Xa2l 1025 83 333 708 922 - - - -
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