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RESUMO

Os genes de resisténcia (R, Resistance) respondem pela primeira interagdo
entre planta e patdgeno, sendo responsaveis pela ativacdo ou ndo dos mecanismos de
resisténcia em plantas, como o desencadear da resisténcia sistémica adquirida (SAR;
Systemic Acquired Resistance) e a ativagao dos genes relacionados a patogenicidade
(PR; Pathogenesis Related). Este trabalho analisou genes R ¢ PR no transcriptoma da
cana-de-agucar, da soja e do feijdo-caupi, geradas através de bibliotecas produzidas a
partir de diferentes tecidos em varias fases de desenvolvimento. Apds analise in silico
foi possivel a identificacdao de todas as classes de genes R em cana, soja e feijao-caupi,
com destaque para a classe Sitio de Ligacdo de Nucleotideo - Repeti¢cdes Ricas em
Leucina (NBS-LRR; Nucleotide Binding Site - Leucine Rich Repeats) nos trés
organismos. Quanto aos genes PR, a familia mais representativa foi a PR-2 em soja e
PR-9 em caupi. Em relacdo ao padrao de expressao, foram observados os genes R ¢ PR
em diferentes niveis em todos os tecidos analisados nas trés espécies estudadas. Quando
analisados através de alinhamentos multiplos tanto os genes R quanto os PR
apresentaram maior similaridade entre espécies pertencentes a mesma familia,
geralmente agrupando mono e dicotiledoneas em clados distintos, sugerindo que tenham
surgido antes da separacdo entre essas classes; a distribui¢do e variagdo no niamero de
copias em cada espécie parecem ser atribuidas aos processos de duplicagdo e adaptagdo
que ocorreram durante a evolugdo desses organismos. Os resultados do presente estudo
colaboram com o desenvolvimento de marcadores moleculares para o melhoramento,
visando o entendimento da abundancia, diversidade e evolucdo destes genes, com
énfase das espécies estudadas, bem como para identifica¢do dos genes R e PR em outras

culturas de interesse econ0mico.

Palavras-chave: relacdo patogeno-hospedeiro, estresse bidtico, angiospermas,

bioinformatica.



ABSTRACT

Resistance (R) genes account for the first interaction between plant and
pathogen, being responsible for the activation of the resistance mechanisms in plants
such as the onset of systemic acquired resistance (SAR) and the activation of
pathogenesis-related genes (PR). This study analyzed R and PR genes in the sugarcane,
soybean and cowpea transcriptomes from libraries generated of different tissues at
various stages of development. The in silico analysis allowed the identification of all R
genes classes in sugarcane, soybean and cowpea, with prevalence of the Nucleotide
Binding Site - Leucine Rich Repeats (NBS-LRR) class in all three organisms. As for PR
genes, the most representative gene family was the PR-2 in soybean and PR-9 in
cowpea. Additionally, it the expression at different levels from R and PR genes could be
observed in all tissues analyzed, also in the three species studied. Analyzing multiple
alignments, both R and PR families showed greater similarity between species that
belong to the same family, usually grouping mono and dicots in distinct clades,
suggesting that these genes arose before the separation between these classes. The
distribution and variation in the number of copies in each species may be attributed to
the replication and adaptation processes that occurred during these organisms evolution.
These results collaborate with the development of molecular markers to breeding
purposes and to improve the understanding of abundance, evolution and diversity of
these genes, with emphasis on the species studied, as well as to identify R and PR genes

in other economic important crops.

Keywords: host-pathogen relation, biotic stress, angiosperms, bioinformatics.

Xviil



INTRODUCAO

As plantas sdo conhecidas por se defenderem do ataque de patdgenos utilizando tanto
mecanismos de resisténcia constitutiva quanto de resisténcia induzida (Richter e Ronald,
2000). O arsenal de defesa inclui ndo s6 barreiras fisicas representadas, por exemplo, pela
parede celular como também a ativagio de metabolitos secundarios e proteinas
antimicrobianas, que juntos sdo capazes de impedir a colonizacdo do invasor (Richter e
Ronald, 2000). Sabe-se que uma Unica interagdo entre planta e patégeno, seja ela compativel
ou ndo, ¢ capaz de recrutar ou silenciar centenas de genes, muitos deles ja conhecidos,
enquanto outros ainda nao foram descritos (Benko-Iseppon et al., 2010).

Imediatamente ap6s o reconhecimento do patdégeno pela planta através da interagao dos
produtos dos genes de aviruléncia (avr; avirulence) e resisténcia (R; Resistance)
respectivamente, a reacdo de hipersensibilidade (HR; Hypersensitive response) € ativada e o
desenvolvimento da doenca ¢ interrompido; apds essa interacdo, desencadeia-se uma cascata
de sinalizagdo que ativa os mecanismos da chamada Resisténcia Sistémica Adquirida (SAR;
Systemic Acquired Resistance), responsavel por proteger a planta contra uma ampla gama de
patdgenos (Wanderley-Nogueira et al., 2007). Esta capacidade de “aprendizado” da planta fez
com que hd mais de 100 anos pesquisadores sugerissem que — da mesma maneira que 0s
animais — as plantas pudessem ser imunizadas contra determinado micro-organismo quando
entrassem em contato com outro micro-organismo ou molécula produzida por ele (Zipfel e
Felix, 2005).

Depois do contato com o patdogeno e da ativacdo do sistema especifico de defesa,
varias reagOes secundarias sao desencadeadas, entre elas a produgdo de metabdlitos, de lignina
para reforcar a parede celular e a ativagcdo dos genes relacionados a patogenicidade (PR;
Pathogenesis Related) que, em parceria com os genes R, representam o0s principais
mecanismos de defesa das plantas tanto contra estresses bidticos quanto abioticos (van Loon et
al., 2000).

De acordo com a natureza de seus produtos, os genes R podem ser classificados em
cinco grupos baseados nas estruturas e combinacdes de seus dominios conservados (Barbosa

da Silva et al., 2005; Wanderley-Nogueira et al., 2007; Wanderley-Nogueira et al., 2011),
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enquanto os genes PR agrupam-se em 17 familias distintas, algumas delas observadas
especificamente em determinadas plantas (Sels et al., 2008).

Visando a identificagdo e caracterizacdo desses genes, a bioinformatica torna-se
indispensavel. Por unir informatica, biologia, estatistica e quimica, o uso de suas ferramentas
torna possivel ‘desvendar’ os genomas de plantas de interesse, como por exemplo cana-de-
aglicar, soja e feijao-caupi. E possivel através da analise de suas sequéncias comparar genes de
organismos relacionados, tracar perfis de expressdo de genes e vias de interesse, fazer
predi¢des da estrutura e fung¢do de proteinas e de suas relagdes evolutivas entre outros. A
gendmica comparativa permite que a caracterizagdo de um gene em determinado organismo
auxilie na identificacdo de ortdlogos em outros organismos de interesse econdomico (Santos e
Ortega, 2003). Em vista do exposto, a identificagdo dos genes R e PR ¢ de grande relevancia
para o melhoramento genético de plantas, constantemente expostas ao ataque dos mais
diversos agentes patogénicos.

A cana-de-agtcar (Saccharum officinarum L.) esta entre as principais culturas vegetais,
sendo cultivada em mais de oitenta paises tropicais. O Brasil ¢ o maior produtor mundial de
cana-de-actcar (cerca de 25% de toda a produgdo global), sendo o estado de Pernambuco um
dos maiores produtores do pais, respondendo o cultivo da cana-de-agticar por 40% de sua
economia (EMBRAPA, 2011).

A soja [Glycine max L.(Merrill)], por sua vez, ¢ uma importante cultura global,
responsavel pela produgdo de 6leo e de no minimo duas vezes mais proteina por acre do que
qualquer outro grao ou vegetal (Libault et al., 2010). Economicamente a soja ¢ a fonte de
proteina mais valiosa e a maior cultura de 6leo comestivel no mundo, com destacada
importancia para a producdo de biodiesel, além de ser conhecida como modelo para
desenvolvimento de varios processos vegetais (Cannon et al., 2009).

Adicionalmente, o feijao-caupi (Vigna unguiculata (L.) Walp.) ¢ a planta que
apresenta mais vantagens nutricionais dentre as tradicionalmente cultivadas e usadas pela
populagdo de 4reas semi-aridas como o Nordeste do Brasil e varias regides da Africa. Na
década de 80 o Brasil era o segundo maior produtor de feijao-caupi no mundo, contribuindo
com 26% da producdo mundial. Algumas doengas limitam a producgdo de feijdo-caupi no

Nordeste brasileiro, especialmente as infec¢des provocadas por virus como o do mosaico
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severo, que podem reduzir até 80% da producdo em cultivares mais suscetiveis (Candido e
Silva, 2008).

O presente trabalho visou identificar, caracterizar e analisar estruturalmente com o
auxilio de ferramentas computacionais, sequéncias candidatas a genes R e PR presentes no
genoma expresso da cana-de-agucar, da soja e do feijdo-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
aplicaveis ao melhoramento, bem como para a identificacao de genes R e PR em outras plantas

cultivadas de interesse economico.
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OBJETIVOS

- Objetivo Geral

Identificar, caracterizar e analisar a estrutura de genes R, PR e relacionados a SAR, e

outros que venham a fazer parte da relagdo patdgeno-hospedeiro em Angiospermas, avaliando
padrdes de evolucao e expressao.

-Objetivos Especificos

1. Selecionar na bibliografia relacionada e nos bancos de dados publicos seqiiéncias dos
principais genes R, PR e demais genes relacionados a SAR, usando-as como seed sequence

(sonda) para a identificagdo de ortdlogos no banco de dados do SUCEST, GENOSOJA e
NORDEST.

2. Identificar e descrever os dominios, motifs e regides conservadas das seqiiéncias
identificadas, comparando-as com os depositados nos bancos de dados.

3. Reconhecer e analisar quadros de leitura aberta das seqiiéncias selecionadas.

4. Reconhecer padrdes evolutivos a partir da analise das seqiiéncias mineradas, através de
alinhamentos multiplos e inferéncias fenéticas e filogenéticas.

5. Estabelecer um perfil da expressdo in silico dos genes estudados, a partir da analise de sua
presenca/auséncia nos diferentes tecidos e condigdes de isolamento efetuados na

montagem do banco de ESTs de cana-de-acucar, soja e feijao-caupi.

6. Fazer inferéncias sobre padroes estruturais e a evolugdo desses genes em plantas superiores.
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REVISAO BIBLIOGRAFICA

1 - O ataque de patégenos e as perdas causadas por doencas

A existéncia de doencga constitui-se em uma condi¢do anormal que prejudica a planta
ou a impossibilita de desempenhar suas fungdes fisioldgicas normais. As doencas sao
facilmente reconhecidas pelos seus sintomas, frequentemente associados as visiveis mudancas
que podem ocorrer na morfologia do vegetal (IRRI, 2011).

Conforme levantamentos da FAO (2011) fungos, bactérias, virus e nematoides sdo os
principais causadores das doencas, resultando em perdas na agricultura e danos na paisagem,
reduzindo assim a produgdo, a qualidade e a durabilidade, diminuindo ndo s6 a estética e o
valor nutricional dos alimentos, como também a produtividade e os lucros obtidos com a sua
comercializacdo; além disso, apesar do esfor¢o dos produtores que gastam altas somas para o
controle parcial dos diversos patdégenos que atacam suas culturas os danos na produgdo e nas
mercadorias (Oerke et al., 1994; ISAAA, 2011) resultam anualmente em prejuizos de bilhdes
de dolares. As perdas representam de 31 a 42% dos 1,3 trilhdes de dolares anuais, podendo
chegar a 48% nos paises em desenvolvimento, onde a situacdo ¢ ainda mais critica (FAO,
2011).

Em contraste com os altos gastos existentes com a aplicagdo de pesticidas e com os
danos gerados ao meio ambiente devido ao uso dos mesmos, deve-se considerar que a
engenharia genética pode potencialmente reduzir estes custos, produzindo plantas resistentes a
determinados patdogenos, uma vez que a resisténcia natural possui varias vantagens dbvias em
relagdo ao uso de produtos quimicos ou a outro método qualquer utilizado no controle de
pestes (Fermin-Mufioz et al, 2000). O fato de ser altamente eficiente, benigna ao meio
ambiente, ndo prejudicar a paisagem e representar pouca ou nenhuma despesa adicional aos
produtores torna a resisténcia provavelmente a estratégia de controle mais desejada pelos

melhoristas hoje em dia (Shepherd, 2011).
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1.1- Resisténcia contra patégenos

1.1.1- Mecanismos de defesa

Estudos na ultima década tém revelado que o sistema de defesa das plantas consiste
em diferentes niveis de protecdo que evoluiram através da constante batalha de co-evolugado
entre plantas e seus patogenos (Postel and Kemmerling, 2009). Uma vez que as plantas nao
possuem um sistema imune como o dos animais, as mesmas precisaram desenvolver uma
grande variedade de estratégias na defesa contra estresses bidticos e abiodticos (Bolton, 2009).

A primeira estratégia ¢ fisica, compreende a formagao de uma barreira entre a célula
e 0 patogeno, através do fortalecimento da parede celular com a produgdo de enzimas ligadas a
biossintese de lignina, formacao de camadas de cortica bem como a formacgao de calos apds o
ataque de um micro-organismo (Chisholm et al., 2006). Segundo Heath (1991), as plantas
apresentam resisténcia a maioria dos micro-organismos potencialmente patogénicos, a
chamada resisténcia inata, sugerindo que essa resisténcia possua diversos componentes € que
seja complexa e nao patdgeno-especifica. Segundo Salvaudon et al. (2005) esta também seria
a segunda estratégia para se defender das doengas: a produ¢do de metabolitos secundarios e
enzimas hidroliticas como componentes antimicrobianos, chamada desta vez de resisténcia
ndo especifica ou “resisténcia de campo”; tais componentes seriam produzidos uma vez que a
planta detectasse a presenca de padrdoes moleculares associados a micrébios (MAMPs;
Microbe-Associated Molecular Patterns) ou padroes moleculares associados a patdgenos
(PAMPs; Pathogen-Associated Molecular Patterns) (Miya et al, 2007). Estes padrdes
também sdo os responsdveis pela existéncia da relagdo de simbiose entre alguns
microrganismos € seus hospedeiros, pois a mesma so se torna possivel uma vez que ocorra o
reconhecimento das moléculas sinalizadoras da planta por parte do patéogeno (Brencic e
Winans, 2005). Nos tltimos anos, varios aspectos do que agora se ¢ chamado de SAR; vém
sendo elucidados. Entretanto, considera-se que a HR se constitui no principal mecanismo
utilizado pelas plantas para se defenderem contra o ataque de patdégenos (Bonas e Lahaye,
2002), sendo desencadeada pela “ativagdo” de um gene R e caracterizada por morte celular
rapida e localizada impedindo que o patdgeno se espalhe e, desta forma, colonize o organismo
(Meyers, 2005).
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Estudos de expressdo diferencial apontam que mudangas substanciais na expressao
génica do hospedeiro sdo detectadas apos o contato com diversos tipos de patdgenos e que a
indugdo dessa ampla gama de estratégias de defesa demanda uma redistribuicdo massiva de

energia durante todo o processo (Bolton, 2009; Soto et al., 2009).

1.1.2- A interacdo gene-a-gene

Flor, em 1942, trabalhando com o patdégeno Melampsora lini em plantas de linho foi
o primeiro a estudar a genética da resisténcia contra doengas baseada na HR, tendo proposto
um modelo chamado interagdo gene-a-gene para demonstrar a relagdo entre hospedeiro e
patoégeno.

A interagdo gene-a-gene determina que o gene de R dominante da planta confere
resisténcia a uma variedade de patégenos biotrdficos, incluindo virus, desde que os mesmos
possuam o gene avr dominante correspondente; desta forma, a planta serd resistente e o
crescimento do patégeno sera interrompido apenas quando ambos os genes, R e avr forem

compativeis, desencadeando, assim, a reagdo de hipersensibilidade (Moffet, 2009) (Figura 1).
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Figura 1: Esquema representativo da interagdo gene-a-gene. Em (A) observa-se uma interagdo compativel que
confere resisténcia onde estdo presentes o gene R e o gene avr do patéogeno correspondente. Em (B) ndo ha
produto nem do gene R nem do avr; em (C) ha produto do gene R e de um gene avr ndo correspondente e em (D)
ha produto apenas do gene avr e auséncia de gene de resisténcia. Nos trés tlltimos casos o fendtipo € suscetivel.

Nos primeiros 15 minutos o vegetal engatilha uma resposta que induz fluxos i6nicos
através da membrana plasmatica, produgdo de compostos reativos de oxigénio e 6xido nitrico,
bem como uma reprogramagdo da expressdao génica por meio da agdo de fatores de transcrigao
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
(Benko-Iseppon et al., 2010; Sanabria et al., 2010). O gene R da planta se refere ao gene que
codifica um receptor ou uma enzima responsavel pela transdugdo de sinais para o
reconhecimento das moléculas elicitoras (produtos dos genes avr) do patdogeno (Tang et al,,
1999); a planta que nao possuir tal gene ¢ chamada de suscetivel. Quando ocorre mudanca 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

(de Wit, 2007).
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1.1.3- Os genes de resisténcia e suas classes

Em contraste com a grande diversidade dos produtos dos genes de avr (Ellis e Jones,
2000) os genes R sao extremamente conservados e podem ser agrupados em quatro classes
distintas de acordo com a natureza de seus produtos além da classe das redutases, que nao
apresenta estrutura conservada (Hammond-Kosak e Jones, 1997; Morais, 2003; Liu et al.,
2004) (Figura 2). Estudos recentes sugerem que os genes R estdo entre os genes de plantas que
mais variam, tanto entre populagdes como também dentro das mesmas, o que ndo prejudica
sua classificacao nas familias em que foram enquadrados (Moffet, 2009).

A primeira classe, chamada classe das Redutases, ¢ representada pelo gene HM1 do
milho, o qual codifica uma redutase NADPH dependente que inativa as toxinas produzidas
pelo fungo Helminthosporium carbonum. Estudos filogenéticos mostram que este gene se
desenvolveu apenas na linhagem das gramineas (Poaceae), sendo restrito a esta familia de
plantas (Sindhu et al., 2008). Outros representantes da classe das redutases incluem: (a) o gene
Milo de cevada, um provavel regulador de defesa contra Blumenaria graminis que ndo teve
ainda elucidado seu mecanismo de funcionamento (Reinstédler et al., 2010) e(b) o gene RPWS§
de Arabidopsis thaliana L., que codifica uma redutase localizada na membrana, com uma
estrutura helicoidal, sem semelhanca alguma com qualquer outro gene de resisténcia (Kobe e
Kajava, 2001).

A segunda classe, chamada de classe Quinase, ¢ representada pelo gene Pfo de
Lycopersicon esculentum Mill.,que confere resisténcia a bactéria gram-negativa Pseudomonas
syringae pv. tomato, causadora da mancha foliar do tomate (Salomon et al., 2009). Pro foi o
primeiro gene de resisténcia clonado de uma planta que conferia reconhecimento de um
patogeno especifico (Oh e Martin, 2011). Esta classe caracteriza-se pela presenga de uma
quinase que fosforila residuos de serina (ser) e treonina (¢re), capaz de interagir fisicamente
com o produto do gene avrPto (Tang et al., 1999), tendo sido também caracterizado em outros

organismos, como A. thaliana e Phaseolus vulgaris (Melotto et al., 2004).
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Classes Conhecidas de Genes R

Classe 1T Classe II1 Classe IV Classe V

Membrana Celular

g

Pto Familia Cf

Xa2l

Legenda dos Dominios Conservados

B Kinase O ~BS O LRR H ™ [ Coiled-coil | @ TIR

Figura 2: Representagdo grafica das quatro familias de Genes de Resisténcia que apresentam dominios
conservados em suas estruturas. S@o elas: [[=Classe Quinase; [II=Classe NBS-LRR; IV=Classe LRR; V=Classe
LRR-Quinase. As diferentes cores representam os dominios conservados. Abreviagdes: NBS: Sitio de Ligagdo de
Nucleotideo;, LRR: Repetigdes Ricas em Leucina; TM: Dominio Transmembrana; TIR: Receptor
Toll/Interleucina (esquema da autora).

A terceira e maior classe de genes R € caracterizada por representantes que sintetizam
proteinas que contém dominios chamados Sitio de Ligacao de Nucleotideo (NBS; Nucleotide
Binding Site) e Repetigdes Ricas em Leucina (LRR; Leucine Rich Repeats), as quais se
dividlem em duas subclasses com base na estrutura do seu dominio N-terminal (Tarr e
Alexander, 2009; Wan et al., 2010).

O dominio LRR estd envolvido no reconhecimento do patdégeno pelo hospedeiro
durante o processo de infec¢do. Proteinas que contém LRRs apresentam motivos do
aminodcido leucina, repetidas em nimero de 20 a 30, a intervalos regulares, que agrupados em
tandem formam o dominio, podendo conter ainda outros residuos hidrofobicos, asparaginas e

prolinas (Sun e Wang, 2011). Com base em suas sequéncias conservadas, os dominios LRR
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podem ser classificados em sete subfamilias, das quais apenas uma ¢ especifica de plantas
(Bella et al., 2008). Os motivos de leucina geram uma estrutura terciaria semelhante a uma
mola, com cada hélice apresentando um motivo de leucina repetido. A fungdo primaria desse
dominio parece ser a de promover um ambiente versatil para a mediagdo da interacdo entre
proteinas, podendo atuar extracelularmente como receptor da molécula produzida pelo
patdgeno ou ainda intracelularmente, em um passo anterior a via de transducdo de 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 interacdo proteina-carboidrato, relacionados a especificidade da resisténcia (Kobe e Kajava,
2001). Supde-se que a por¢do amino-terminal do dominio LRR, que ¢ altamente variavel,
possua um papel mais importante no reconhecimento do que a porgao carboxi-terminal, que ¢
mais conservada (Lurderer, 2001).

Os NBS, também chamados de P-loops ou NB-ARC, estdo presentes em diversas
proteinas e sdo responsaveis por atividade de ligacdo ao ATP ou GTP, tais como subunidades
da ATP sintetase e fatores de elongagdo do ribossomo (Tameling et al., 2010). A presenca
desses dominios em genes de resisténcia sugere que estes sitios estdo envolvidos na ativacao
de proteinas quinases ou proteinas transportadoras (Hammond-Kosack e Jones, 1997),
observando-se que mutagdes em sua estrutura impedem que ocorra a resposta hipersensivel,
ressaltando a importancia da fun¢do deste dominio na sinalizac¢do (Tsuda e Katagiri, 2010).

A primeira subclasse possui o dominio Cauda Espiralada (CC; Coiled-coil) na regiao
amino-terminal, responsavel pelo reconhecimento das moléculas elicitoras; sdo representantes
desta classe os genes Rps2, RPPS8, RPP13 e Rpml de A. thaliana; Pib, Pi-ta e Xal de arroz;
Prf, 12, Mi e Sw5 de tomate e Hero de batata (Liu et al., 2004). A segunda subclasse possui em
sua regido amino-terminal o dominio Receptor Toll/Interleucina (TIR; Toll Interleucine
Receptor) que também esta presente em animais, acreditando-se que seja inexistente em
monocotiledoneas ou que tenha sido perdido neste grupo. Apesar dos estudos terem sido
limitados as espécies economicamente importantes da familia das gramineas, resultados
adicionais para Zingiber ¢ Musa permitem extrapolar as suposi¢des e generalizar a informagao
para a classe das monocotiledoneas (Tarr e Alexander, 2009) enquanto todas as espécies de
dicotiledoneas atualmente estudadas apresentaram este dominio (Goff et al., 2002). Exemplos

dessa subclasse tem como representantes os genes L (Lawrence et al., 1995) e P (Dodds et al,,
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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 ¢ N (Mestre e Baulcombe, 2006)
de tabaco. Apesar de ter sido proposto um papel de sinalizador para o dominio TIR, evidéncias
de que o dominio CC possa desencadear uma resposta sinalizadora ainda sdo duvidosas
(Swiderski et al., 2009); recentemente foi mostrado que o dominio NB-ARC pode desencadear
uma resposta de defesa na auséncia dos outros dois dominios, sugerindo que o mesmo possa
ser responsavel pela cascata de sinalizagdo dos genes desta classe por si s6 (Tameling et al.,
2010).

A quarta classe de genes de resisténcia ¢ representada pela familia génica Cf (Cf-2,
Cf-4 Cf-5 e Cf9) de tomate, que confere resisténcia ao fungo Cladosporium fulvum, sendo
chamada também de classe das proteinas tipo-receptor (RLP; Receptor-like proteins)
(Stergiopoulos et al., 2010). Esta classe codifica genes que possuem um dominio
transmembrana (TM; Transmembrane Domain) com o dominio LRR na por¢do extracelular e
uma pequena cauda carboxi-terminal na regido intracelular (Kruijt et al., 2005).

A quinta classe ¢ representada pelo gene Xa2l de arroz (Song et al., 1997) que
codifica um receptor tipo quinase caracterizado por um dominio LRR extracelular, como os
genes da classe IV, uma regido TM e uma ser/tre quinase intracelular, como os genes da classe
IT; desta forma, a estrutura do gene Xa2l parece indicar uma ligagdo evolutiva entre diferentes
classes de genes R em plantas (Xu et al., 2006). O dominio LRR na maioria dos genes LRR-
quinases conhecidos ndo possui nenhum intron, ao contrario dos LRR-quinases tipo ERECTA,
genes ligados ao desenvolvimento, que sdo interrompidos por introns na primeira leucina do
padrao ‘xxLxLxx’ (Sun e Wang, 2011).

Essa classificagdo, entretanto, varia de acordo com cada autor. Podemos observar que
enquanto Ellis et al. (2000), Morais (2003), van Leeuven et al. (2005), Barbosa da Silva et
al.,(2005) e Wanderley-Nogueira et al. (2007) utilizam a classificacdo acima, Salvaudon et al.
(2005) consideram as duas subclasses da terceira classe como classes distintas, enumerando
entdo, seis classes de genes de resisténcia, enquanto Jones (2001) enumera cinco, mas nao

mantém a mesma sequéncia.
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1.1.4- A evolucao dos genes de resisténcia

Em muitas espécies cultivadas os genes de resisténcia organizam-se em grupamentos
nos cromossomos, denominados clusters (Michelmore et al., 1987). Este fenomeno ¢ bem
conhecido e estudos moleculares tém demonstrado que esta clusterizagcdo geralmente reflete
eventos de duplicagdo cromossdmica de regides que abrigam genes de resisténcia ancestrais,
criando Joci ricos em genes de resisténcia (Meyers et al., 2005). As recombinagdes
intragénicas e extragénicas — devido a ocorréncia de crossing over desigual — sdo as
responsaveis por gerar a diversidade de hapldtipos e novas especificidades de resisténcia
(Friedman e Baker, 2007).

Teoricamente clusters de genes funcionariam como um reservatorio de mutacdes. No
genoma de Arabidopsis, 182 genes formam 20 clusters de genes, sendo que quinze destes
possuem dominios do tipo LRR (Bergelson et al., 2001). As LRRs provavelmente evoluiram a
partir de duplicagdo, mutagdo e recombinagdo de éxons. Por estarem envolvidas no
reconhecimento e especificidade de proteinas, sdo provaveis alvos de pressdo e selecao
adaptativa (Sun e Wang, 2011). Por exemplo, em tomate, os genes Pfo e Prf também
aparecem em clusters (Hulbert, 2001). Para as monocotiledoneas, embora ndo haja uma
colinearidade em relacdo aos ortdlogos nos mapas de arroz, cevada e milho, existe uma
organizacgao 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 os mesmos pertencem a uma grande
familia multigénica que divergiu apods eventos de duplicacdo e mutagdo, decorrendo em
diferentes especificidades (Richly et al., 2002), surgindo, porém, de um ancestral comum. Tal
fato também ¢ refletido quando em determinada andlise de similaridade (tanto molecular
quanto in silico) duas sequéncias ortdlogas, de organismos diferentes como cana-de-agucar e
milho apresentam-se mais parecidas entre si, do que duas sequéncias de cana-de-agUcar, por
exemplo; como ocorre com o gene RPRI (Rossi et al., 2003) e também com os genes Pto,
Xal, Cf-9 (Wanderley-Nogueira et al.,2007) e Xa2/ (Wanderley-Nogueira et al., 2011). Por

outro lado, Pryor e Ellis (1993) sugerem que a diversidade da especificidade da resisténcia
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seja reflexo de uma taxa evolutiva muito mais rdpida que a observada em mutacdes
espontaneas, principalmente decorrente da pressao de selecdo do patdgeno sobre o hospedeiro.

A taxa de recombinagdao nos R-clusters ndo ¢ necessariamente homogénea ou
consistente na escala evolutiva. Evidéncias mais recentes mostram que a recombinagdo nesses
clusters ¢ aumentada quando ocorre infeccdo por um patdgeno, sugerindo um mecanismo que
induz temporariamente uma instabilidade no genoma em resposta a um estresse extremo.
Metilagcdes no DNA e modificagdes na cromatina podem permitir que tal instabilidade seja
regulada e restrita a determinadas regides do genoma (Sun e Wang, 2011).

Polimorfismos em alelos de genes de resisténcia podem ser determinantes para uma
determinada caracteristica de resisténcia ou suscetibilidade. Alelos de suscetibilidade
geralmente ocorrem por mutagdo em alelos de resisténcia (Bergelson et al., 2001). Até o
momento pouco se sabe sobre a dindmica da evolucao 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 de
1,26%, sendo que aproximadamente metade deste polimorfismo resultou em alteracdo de
aminoacidos e 70% foram altera¢des ndo conservadas. Segundo Caicedo et al.(1999) este nivel
de polimorfismo geralmente ndo ¢ encontrado em plantas, demonstrando que provavelmente
este seja um gene que evolui rapidamente. Entretanto, o loco RPM1 ndo foi observado em
linhagens de A. thaliana suscetiveis a Pseudomonas syringae pv. maculicola. Analises de
regides adjacentes ao gene em A. thaliana e A. lyrata (L.) 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).

1.1.5 — Genes relacionados a patogenicidade

Proteinas PR sdo componentes do arsenal de defesa das plantas e t€ém sido rotineiramente
utilizados como marcadores da SAR apo6s o contato com organismos patogénicos (Figura 3)
(Zhang et al., 2010). Em 1970, proteinas PR foram encontradas pela primeira vez em folhas de

tabaco infectadas e depois disso passaram a ser descobertas e estudadas em uma grande
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variedade de organismos (van Loon e Kammen, 1970). As proteinas PR formam um grupo
heterogéneo e sdo codificadas por genes que sdo rapidamente induzidos por infec¢des
patogénicas e pelo acumulo de &cido salicilico (AS; Salycilic acid), 4cido jasmonico (JA;
Jasmonic acid) e etileno (ET; Ethylene) (Narusaka et al, 2009). Estudos recentes tém
mostrado que os genes PR também sdo regulados por fatores ambientais, incluindo estresses
abidticos e alteragdes na luminosidade, bem como por fatores de desenvolvimento,
desempenhando um papel importante também nessas duas situagdes (Seo et al., 2008; Benko-

Iseppon et al., 2010).

Organismos Patogénicos

Gene avr

Sistémica : ' - sistén
Induzida @#" &% L =~ Sistémica

Y
" ] e PR-genes
/'ﬂg\ . 1a17
- “-

Figura 3. Principais mecanismos de reconhecimento e defesa em plantas. O patogeno secreta o gene avr que pode
ser compativel com o produto do gene R da planta. Interagdes compativeis levam a ativagdo de uma cascata de
sinalizagdo induzindo os fatores da resisténcia sistémica (como etileno e acido jasmonico) e da resisténcia
adquirida, representada pelas 17 familias de genes PR. Adaptado de Benko-Iseppon et al. (2010).

As proteinas PR classificam-se em 17 familias génicas, formadas por subfamilias acidas e
basicas, localizadas no vacuolo ou extracelulares (Cutt e Klessig, 1992). A similaridade entre

sequéncias, as relagdes seroldgicas ou imunologicas e as propriedades enzimaticas sdo a base
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para essa classificagdo (Van Loon et al, 1999). Funcionalmente, algumas proteinas PR
possuem atividade antifingica, como as quitinases (PR-3) e as B-glucanases (PR-2) (Zhu et
al., 1994), algumas ja foram bem caracterizadas e estudadas, como as PR-5 (taumatinas) e PR-
8 (quitinases tipo III), mas outras ainda tém sua fun¢@o bioquimica desconhecida como ¢ o
caso da PR-1 em tabaco (Gaffney et al., 1993), Arabidopsis (Metzler et al.,, 1991), tomate
(Tornero et al., 1997) e maga; entretanto, a presenca de proteinas PR1 ¢ usada rotineiramente
como um marcador da SAR. Estudos com plantas frutiferas permitiram o isolamento de
cDNAs dos genes PR-1 ¢ PR-5 em péra e PRI, PR-2, PR-5¢ PR-8 em magcad; tais genes
apresentaram-se superexpressos quando as plantas foram submetidas ao ataque da bactéria
Erwinia amylovora (Bonasera et al., 2006). Em plantas herbaceas a ativacao dos genes PR-1,
PR-2, PR-5 e PR-8 e consequentemente da SAR, ¢ bastante influenciada pelo acumulo de
acido salicilico (SA) em seus tecidos (Mei et al., 2006); em pepino, o gene PR-8 ¢ altamente
induzido pelo SA e seus analogos funcionais (Spoel e Dong, 2008). Os genes do grupo PR-13
(defensinas ou gama-tioninas) compreendem pequenos peptideos que também j& foram
caracterizados e isolados de raizes, sementes, flores e folhas, demonstrando atividade contra
fitopatogenos e também contra bactérias patogénicas em humanos (Pelegrini et al., 2011).

Em relacdo ao estresse abidtico, estudos recentes mostraram que o gene PR-3 ¢ induzido
de maneira significante por altas concentragdes de sal, uma vez que plantas que tiveram este
gene nocauteado apresentaram uma queda significativa na taxa de germinagdo de sementes em
ambiente salino. Por esta razdo foi proposto que o PR-3 possa mediar os sinais que afetam a
germinagdo de sementes como a resposta ao estresse salino, uma vez que ¢ ABA-dependente
em Arabidopsis. PR-4 e PR-5 também participam da regulacdo da germinagdo em ambientes
salinizados; entretanto, seus efeitos ndo foram tdo evidentes quanto os obtidos para o PR-3
(Seo et al.,, 2008). Ja foi observado também em monocotiledoneas como cevada, trigo e outras
gramineas, que um grupo de genes PR foi superexpresso quando as plantas foram expostas a
baixas temperaturas, sugerindo que tais genes também podem estar ligados a resposta ao frio
extremo; entretanto, tais respostas ainda nao foram extensivamente exploradas (Griffith and
Yaish, 2004).

Os genes PR apresentam um padrao de expressao distinto tanto entre tecidos como entre

diferentes organismos, sugerindo que mais de uma simples via metabdlica regule cada familia
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de genes PR ao mesmo tempo (Zhang et al., 2010). Os genes relacionados a essas vias sao
bastante conservados dentro do Reino Vegetal em relagdo ao tamanho, & composi¢do de
aminoacidos e ao ponto isoelétrico (Bonasera et al., 2006), havendo alguns componentes do
sistema que apresentam similaridade com proteinas envolvidas na imunidade inata presente no

Reino Animal (Nurnberg e Brunner., 2002).

2- A cultura da cana-de-acucar

2.1- Origem, historia e citogenética

A cana-de-agucar ¢ uma planta perene e alégama (Berding e Roach, 1987),
classificada taxonomicamente como membro da divisdo Embryophyta, incluida na subdivisao
Angiospermae, classe Monocotyledoneae, familia Poaceae (gramineas), tribo Andropogoneae
e género Saccharum (Dillon et al., 2007).

As espécies de cana-de-agucar cultivadas atualmente (Saccharum spp.) resultaram de
hibridizagdes 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-agucar ¢ conhecida por apresentar um dos genomas mais complexos
entre as plantas cultivadas (Ingelbrecht et al., 1999). Tal complexidade ¢ refletida nas
caracteristicas cariologicas das cultivares modernas de cana-de-actcar, derivadas de
cruzamentos de S. officinarum (ca. 2n = 80 cromossomos) e S. spontaneum (2n = 40-128)
cromossomos. Em vista das diferengas cariotipicas entre as duas espécies, os hibridos
apresentam proporc¢des varidveis dos dois genomas, com 2n = 100 até 130 cromossomos
(Grivet e Arruda, 2002), o que impoe dificuldades significativas na aplicagdo de

melhoramento convencional a esta cultura (Vettore et al., 2001).
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A cana-de-acucar 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 gendtipos de S. officinarum com alto
teor de agucar, dominaram a economia do pais e constituiram a principal base para a industria
do acticar nao 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, doenga causada pelo
patoégeno Xanthomonas axonopodis pv. vasculorum (Dantas, 1960), o que levou ao surgimento
dos primeiros programas de melhoramento da cana-de-agticar no Brasil.

Praticamente todas as cultivares atuais sdo férteis e possuem numero cromossémico
variando entre 2n=70 e 2n=130, representando um alopoliploide segmental (Roach e Daniels,
1987; Wang et al, 2010). Em cana-de-aciicar ndo se pode assumir heranca diploide,
entretanto, segundo Hogarth (1987), evidéncias sugerem heranga semelhante aos diploides. E
comum encontrar plantas do género Saccharum apresentando variagdes quanto ao numero
cromossdmico nao so entre células de uma mesma planta, como também entre células de um
mesmo tecido (Portieles et al., 2002). Este fenomeno ¢ chamado mosaicismo (Heinz et
al.,1969). Supde-se que o genoma bdsico da cana-de-aglicar seja composto por 10
cromossomos (x=10), como a maioria das gramineas, havendo, porém, suposi¢des de que o

numero bésico poderia ser x=8 e x=12 (Ingelbrecht et al., 1999).

2.2- As doencas da cana-de-ac¢ucar

No Brasil foram relatadas 58 entre todas as 216 doencgas relacionadas em cana-de-
acicar em todo o mundo (EMBRAPA, 2011). As doencas mais importantes sao
controladas com o uso de variedades tolerantes ou resistentes. Entretanto, como a resisténcia a
doengas nessa cultura apresenta na maioria das vezes carater quantitativo e nao qualitativo;
muitas variedades em cultivo podem apresentar certo nivel de suscetibilidade a algumas

doencas. Como os causadores de doencas sdo seres vivos, eles podem produzir, também,
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novas ragas ou variantes que vencem essa resisténcia e passam a causar novo surto de doenga
(EMBRAPA, 2011).

Historicamente, no mundo, o carvao, o raquitismo das soqueiras, a escaldadura das
folhas e o mosaico da cana-de-agucar sao consideradas as doengas mais importantes que
atacam esta cultura (Sanguino, 1998).

O carvao da cana-de-actcar, causado por Ustilago scitaminea, tem ocorréncia
generalizada no Brasil (Santos, 2008). Os danos causados pelo carvdo sdo variaveis, mas
podem causar perdas de até¢ 100% em variedades suscetiveis (Tokeshi, 1997). Comstok e
Lentini (2002) afirmaram que certas regides canavieiras podem permanecer por muitos anos
sem relatos de carvao. No entanto, a doenga pode reaparecer e devastar rapidamente areas com
variedades suscetiveis. Os danos causados pelo fungo incidem tanto na redugdo da producao
como na perda de qualidade do caldo.

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 doenga afetando a cana-de-acticar em todo o mundo. Pode causar
prejuizos de até¢ 100% da produtividade, ainda que o produtor desconheca que seu campo
esteja infectado, pois ndo hé ocorréncia de sintomas tipicos (Almeida, 2008).

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 identificagdo e a
confusdo de seus prejuizos com aqueles causados pelo raquitismo das soqueiras (Dinardo-
Miranda, 2008).

O principal problema de origem viral da cultura canavieira ¢ o mosaico da cana-de-
acucar. O mosaico consiste em um subgrupo de quatro espécies distintas de potyvirus, mas no
Brasil, apenas a espécie SCMV ¢ encontrada causando mosaico em cana-de-agucar
(Gongalves et al., 2004). A transmissdo natural do virus se d4 por meio de pulgdes e
disseminagdo pela utilizagdo de mudas de canas infectadas, seja para a formacdo de viveiros
ou canaviais comerciais (EMBRAPA, 2011); esse virus incide também sobre outras
gramineas, dentre as quais o milho, Zea mays L. (Costa et al. 1971) e o sorgo, Sorghum

bicolor L. (Moench) (Pinto, 1984).
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2.3- Producio e importincia econémica

A cana-de-acucar ¢ uma das principais culturas do mundo, sendo cultivada em mais
de 120 paises (Matsuoka et al., 1999), incluindo regides tropicais e subtropicais, representando
a mais importante fonte de agtcar e alcool. Em 2006 o Brasil foi responsavel por 25% das 1
bilhao e 200 milhdes de toneladas de cana-de-agucar cultivadas anualmente no planeta, o que
representa mais de sete milhdes de hectares plantados, produzindo mais de 480 milhdes de
toneladas de cana, colocando o pais na lideranga mundial em tecnologia de producdo de etanol
(EMBRAPA, 2011) Estima-se que a producdo brasileira deva dobrar na proxima década
visando acompanhar essa tendéncia (Cheavegatti-Gianotto et al., 2011).

Devido a grandeza dos nimeros do setor sucro-alcooleiro no Brasil, ndo se pode tratar
a cana-de-agucar, 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
agucar e alcool e 4,5 milhdes de empregos diretos e indiretos em todo o Brasil (PROCANA,
2011). Além de matéria-prima para a producao de agucar e alcool, seus subprodutos e residuos
sdo utilizados para co-geracdo de energia elétrica, fabricacdo de ra¢do animal e como
fertilizantes para as lavouras (EMBRAPA, 2011).

Sao Paulo ¢ o maior produtor, seguido por Alagoas e Pernambuco, sendo a cana-de-
acucar plantada na zona da mata, numa vasta extensao de terras denominada zona canavieira
do estado. Proxima ao oceano Atlantico, essa area atinge 12 mil km?* (12,6% do territorio
estadual). Em Pernambuco, apesar da alta lucratividade das atividades agropecuarias, a cana-
de-acucar ainda desempenha papel importante, representando 40% da economia estadual. Em
1997 a érea plantada com cana-de-agucar no estado estava estimada em 400 mil hectares,
existindo 38 usinas e 10 destilarias de alcool instaladas nos municipios da zona agucareira do

estado (CONAB, 2009).
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2.4- O projeto SUCEST

Vérios projetos com o objetivo de sequenciar Etiquetas de Sequéncias Expressas
(ESTs; Expressed Sequence Tags) em cana-de-agucar foram conduzidos na Africa do Sul,
Australia, Franga e Brasil (Carson ¢ 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)
lancou 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 de
diferentes orgdos e tecidos em diversos estagios de desenvolvimento. A abordagem escolhida
por estes projetos se baseou na determinacdo da sequéncia do RNA mensageiro através da
analise de sequéncias expressas do genoma. Tal abordagem permitiu a investigagao indireta do
conteudo genético dos cromossomos, bem como a determinacdo da expressdo diferencial em

cada tecido e em diferentes condigdes de estresse (SUCEST, 2011).

3- A cultura da soja

3.1- Origem, citogenética e historia

A soja (Glycine max L.) ¢ uma leguminosa de grande importancia econdmica se
destacando atualmente ndo s6 por produzir alimentos sauddveis como também por gerar
energia renovavel, conhecida como biodiesel (Prado, 2007; Sousa, 2010). Originaria do
continente asiatico, mais precisamente da China Antiga, hd relatos de que a planta
representava a base alimentar do povo ha mais de 5.000 anos; entretanto, a soja atualmente
cultivada ¢ bastante diferente das plantas que se desenvolviam principalmente ao longo do Rio
Amarelo; sua evolucdo comegou com o aparecimento de plantas oriundas de cruzamentos
naturais, entre duas espécies de soja selvagem, as quais se acredita que foram domesticadas e
melhoradas por cientistas da antiga China (Camara, 1998).

O tamanho estimado do genoma da soja ¢ de 950 Mb distribuidos em 20 pares de
cromossomos (2n=40) (Cannon et al., 2009); com a caracteristica marcante de possuir grandes

blocos de genes duplicados distribuidos por toda a sua extensao (Schmutz et al., 2010).

39



No Brasil, a soja comecou a ser cultivada comercialmente no Rio Grande do Sul em
meados de 1940, expandindo-se para as outras regides do pais a partir da década de 70 e
representando hoje 12% do produto interno bruto de todo o agronegocio do pais (Yuyama et
al.,, 2007). O Brasil ¢ o quarto maior consumidor mundial de soja, sendo ainda o segundo
maior produtor, com mais de 22 milhdes de hectares cultivados na safra 2008/09
(AGRIANUAL, 2009). A grande variabilidade existente entre as cultivares de soja, quanto a
resposta a fatores ambientais e resisténcia a pragas e doengas (Dong et al., 2001), proporciona
uma oOtima adaptabilidade nas mais variadas regides do Brasil (Carvalho et al., 2010);
entretanto, as doengas ainda representam o maior fator limitante da exploragdo maxima de seu

potencial produtivo (da Costa, 2007).

3.2- As doencas da soja

Em paralelo a expansdo da cultura da soja, ¢ inevitavel o surgimento de novas doengas
e um aumento na intensidade das doengas pré-existentes. A cultura ¢ infectada por diversos
patogenos, ocasionando cerca de 40 diferentes tipos de doengas (EMBRAPA, 2011). A
importancia econdmica de cada doenca varia de ano para ano e de regido para regido,
dependendo das condi¢des climaticas de cada safra.

Os fungos sdo os microrganismos que mais atacam a soja, influenciando na produgao
final e na qualidade da semente (Nakagawa et al., 2000), podendo acarretar doencas que
atacam folhas, como a ferrugem e o Mildio, a vagem, haste ou semente, como a antracnose e
também as raizes, como a podridao do carvao, entre outras (EMBRAPA, 2011).

A ferrugem, causada por fungos do género Phakopsora ¢ a principal doenca que
acomete a cultura da soja. Devido a forma agressiva pela qual se manifesta, vém se tornando
uma preocupacao constante na tentativa de minimizar seus danos, que causam perdas de 10 a
80% da producao (da Costa, 2007).

A antracnose, causada pelo fungo Colletotrichum dematium var. truncata, ¢ uma das
principais doencas da soja podendo acometer a soja em qualquer area onde for produzida
(Ramos et al., 2010). Sob condi¢des de alta umidade, causa apodrecimento e queda das

vagens, abertura das vagens imaturas e germinacao dos graos em formacgdo; sua capacidade de
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se manter latente por longos periodos, torna o Colletotrichum dematium var. truncata o mais
importante patdogeno pos-colheita da cultura (Bailey et al., 1992)

O causador da podridao do carvao ¢ o fungo Macrophomina phaseolina (Tass.) Goid.e
costuma ser considerado um patdgeno secundario, uma vez que seus principais efeitos sobre a
planta aparecem na maioria das vezes nos estagios finais da colheita (Machado, 1987) No
Brasil, a doenca estd frequentemente associada a periodos de seca, nos quais perdas de até

50% puderam ser observadas no nordeste do Parané (Almeida et al., 2003).

3.3- Producao e importiancia econdmica

A soja ¢ considerada um alimento funcional, pois fornece nutrientes ao organismo e
traz beneficios para satide. E rica em proteinas, possui isoflavonas e acidos graxos insaturados
e, segundo pesquisas na drea médica, tem a¢do na prevencao de doencas cronico-degenerativas
(Mozaffarian et al., 2006). Também ¢ uma excelente fonte de minerais como ferro, potassio,
fosforo, célcio e vitaminas do complexo B (Messina e Wu, 2009). Além dessas propriedades a
soja aparece também como matéria prima para a producdo de biodiesel, o biocombustivel que
apresenta-se como uma relevante alternativa para os combustiveis derivados do petroleo e
danosos ao meio ambiente (Fargione et al., 2008).

Nos anos 70 a soja se consolidou como a principal cultura do agronegocio brasileiro,
passando de 1,5 milhdes de toneladas em 1970 para mais de 15 milhdes de toneladas em 1979.
A soja foi a Unica cultura a ter um crescimento expressivo na sua area cultivada ao longo das
ultimas trés décadas (EMBRAPA, 2011)

A revolugdo socioeconOmica e tecnologica protagonizada pela soja no Brasil
moderno pode ser comparada ao fendmeno ocorrido com a cana-de-agticar no Brasil Colonia e
com o café no Brasil Império/Republica, os quais, em épocas diferentes, comandaram o
comércio exterior do Pais. A soja responde por uma receita cambial direta para o Brasil de
mais de sete bilhoes de ddlares anuais e cinco vezes esse valor, se considerados os beneficios

que gera ao longo da sua extensa cadeia produtiva (SEAPA, 2010).
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3.4- O projeto Genosoja

O Consorcio GENOSOJA foi estabelecido no ano de 2009 com o objetivo de integrar
varias instituicdes que tinham interesse em trabalhar com o genoma da soja no Brasil. O
objetivo desse projeto foi investigar informagdes relativas a gendmica do organismo, incluindo
gendmica estrutural e funcional, transcriptomica e protedmica com informagdes da expressao
de genes e as proteinas codificadas por eles, gerando dados para controle de estresses que
comprometem a cultura da planta, como secas, doengas e pragas. A maioria dos ensaios
incluiu o estudo de sequéncias geradas sob condi¢des de estresse bidtico ou abidtico

(Abdelnoor et al., 2009).

4- A cultura do feijao-caupi

4.1- Origem, citogenética e historia

O feijao-caupi, Vigna unguiculata (L.) Walp.,é uma espécie autdgama (Teofilo et al,,
2001), classificada como membro da divisio  Embryophyta, incluida na
subdivisdoAngiospermae, na classe Dicotyledoneae na familia Fabaceae (NCBI, 2011). Possui
um dos menores genomas deste grupo (=450-500 Mb), apresentando o nivel diploide com
2n=22 cromossomos (Benko-Iseppon, 2001).

O feijao-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 plantagdes
cultivadas tradicionalmente foram selecionadas para determinados caracteres de interesse ao
longo dos ultimos trés séculos (Passos et al., 2007). Em vista da maior concentragdo de
espécies género na Africa, bem como do numero elevado de espécies endémicas, sugere-se
que sua evolug¢do 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.
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Embora as espécies do género Vigna estejam distribuidas nas regides tropicais e
subtropicais de todo o mundo, Steele ¢ Mehra (1980) e Ng e Maréchal (1985), citam o oeste
da Africa, mais precisamente a Nigéria, como centro primario de diversidade da espécie.
Entretanto, Padulosi et al.(1997) afirmam que provavelmente a regido do Transvaal, na
Repiiblica da Africa do Sul, seja a regido de especiagdo de V. unguiculata. Por outro lado,
estudos moleculares (Simon et al., 2007) forneceram evidéncias de que, embora seu centro de
diversidade atual se localize na Africa, o género Vigna e a maioria das espécies (incluindo V.
unguiculata) podem ter surgido na Asia, onde algumas subespécies primitivas ainda ocorrem.

O aumento do tamanho dos graos, aumento da produtividade média, porte ereto das
plantas, floracdo precoce, bem como a identificagdo de linhagens resistentes a salinidade e as
doengas que mais prejudicam a produgdo do feijdo-caupi sdo os caracteres mais desejaveis e
buscados através de varios cruzamentos (Araujo, 1988; Barreto, 1999; Freire-Filho et al.,
1999).

Experimentos tém demonstrado que métodos tradicionais de cruzamento consomem,
em geral, inimeros 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).

4.2 — As doencas do feijao-caupi

Apesar de sua rusticidade e elevada resisténcia natural a doencas, a cultura sofre pelo
ataque de alguns patdgenos capazes de reduzir a sua produtividade e, em alguns casos
especificos, inviabilizar sua producdo (Freire-Filho, 2008). Esses fatores bidticos 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, t€ém reduzido drasticamente a

producdo de feijao-caupi no Brasil com perdas de até 81% (Lima et al., 2005).
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O CPSMV encontra-se disseminado e apresenta dificil controle devido a grande
variedade de hospedeiros e a numerosa populacao de vetores (Fernandes et al., 2010). No que
diz respeito ao virus do mosaico dourado do caupi (CPGMV; Cowpea Gold Mosaic Virus) a
situagdo também ¢ preocupante, pois estudos de avaliacdo do impacto destas doencas em
algumas regides do nordeste do Brasil contabilizaram perdas em torno de 70% da produgao
(Rodrigues, 2011).

Além das viroses, outras doencas tém sido consideradas importantes, ¢ podem
também gerar perdas significativas dependendo da cultivar utilizada (Barreto, 1999).

A mela ¢ causada pelo fungo Rhizoctonia Solani e tém como principais sintomas o
aparecimento de manchas de aspecto melado nas folhas, mais claras no centro e com a borda
escura podendo-se visualizar uma teia branca em cima das folhas a medida em que a doenga
aumenta (Nechet e Halfeld-Vieira, 2007).

Infelizmente, ha poucas fontes de resisténcia para varias das doengas existentes,
estando essas frequentemente em diferentes cultivares, alguns pouco produtivos ou que nao

atendem as necessidades do mercado (Freire-Filho, 2008).

4.3- Producio e importancia econémica

O feijdo-caupi ¢ uma cultura de importante destaque na economia nordestina e de
amplo significado social, constituindo o principal alimento proteico e energético das
comunidades rurais em regides como o Norte ¢ Nordeste. Conhecido também como feijao-de-
corda ¢ uma excelente fonte de proteinas (23-25%) e apresenta todos os aminodcidos
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,
2011). Apresenta alta rusticidade e adaptabilidade as condi¢des de estiagem prolongadas com
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 et al.,
2003). A capacidade do feijao-caupi de crescer sob condigdes de solo e ambientes estressantes
tem sido reconhecida por muitos cientistas. No Brasil, trata-se do unico feijao capaz de

sobreviver com sucesso na regido norte (alta umidade, muita chuva e solo argiloso) e no
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Nordeste (seca, solo arenoso, por vezes salino e muito sol) (Barreto, 1999; Rocha et al.,2007).
O mercado do feijdo-caupi ainda se restringe a grdos secos, graos verdes (hidratados) e
sementes, havendo ja algumas iniciativas para o processamento industrial de feijao-caupi para
producao de farinha e produtos pré-cozidos e congelados. O mercado do feijdo-caupi ainda
tem contornos regionais, concentrando-se, principalmente, nas regides Nordeste e Norte.
Entretanto, hé indicios de certa expansao da cultura na regido Sudeste, principalmente no norte
de Minas Gerais e Rio de Janeiro, predominando nesses estados o grao da Subclasse Fradinho

(EMBRAPA, 2011).

4.4- O transcriptoma do feijao-caupi e a rede NordEST

A rede NordEST foi estabelecida em 2005, agrupando 12 laboratérios com objetivo de
gerar dados gendmicos uteis para o melhoramento do feijdo-caupi e programas de
biotecnologia. 30.000 ESTs foram geradas a partir de 12 bibliotecas distintas sob condi¢des de
estresse abidtico (salinidade) e bidtico (mosaico severo e potyvirus). Em paralelo, oito
bibliotecas de SuperSAGE, submetidas a seca e mosaico severo, foram construidas permitindo
a geracdo e analise de mais de vinte milhdes de transcritos (SuperTags) sob diferentes
condi¢des. O mapeamento fisico dos cromossomos estd sendo desenvolvido, incluindo
amostras de microssatélites, IDNA e BACs, o que torna vidvel a rapida transferéncia de dados

entre culturas visando o melhoramento (Benko-Iseppon et al., 2009; 2010).

5- A bioinformatica aplicada as 6micas

5.1- Historia e aplicagdes

O termo “Omicas” se aplica as areas das ciéncias biolodgicas e das engenharias que se
dedicam a analisar as interagdes de dados bioldgicos derivados de analises de genOmica,
transcriptomica, protedmica, interactdmica, metabolomica, epigendmica comparativamente a

dados do fenoma, entre outras. O foco principal visa identificar e associar os dados das
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diversas abordagens citadas (tais como genes, proteinas e ligantes) através de ferramentas de
bioinformatica e biologia de sistemas, encontrando relagcdes de interacdo entre os mesmos, em
geral associando dados depositados em bancos de dados a outros gerados em experimentos
laboratoriais € de campo, proporcionando um melhor entendimento das redes e interagdes
entre diferentes fontes de dados (Benko-Iseppon et al., 2012).

A bioinformatica vem sendo encarada como uma disciplina especial hd pelo menos 15
anos e os primeiros esfor¢os na sua consolida¢ao podem ser localizados no inicio dos anos 80,
a partir do momento em que se iniciou a utilizagao de ferramentas computacionais para analise
de dados bioquimicos, de biologia molecular e bioldgicos como um todo. Assim surgia a
bioinformatica, uma nova ciéncia com raizes nas ciéncias da computagdo, na estatistica e na
biologia, cuja finalidade principal € 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 informagdes de
interesse publico ou comum a diversos grupos de pesquisa, que surgiram como resultado do
Projeto Genoma Humano, passando a desempenhar um papel essencial em outros projetos
genoma. Desde a década de 1990, portanto, os esfor¢os internacionais no sentido de obter
sequéncias genOmicas completas levaram a determinagdo dos genomas de mais de 700
organismos, entre estes, procariotos, leveduras, protozoarios, plantas, invertebrados e
vertebrados; de acordo com o Banco de dados de genomas on line (GOLD; Genomes on line
database) em 2012, aproximadamente 7.000 outros projetos genoma estdo em andamento,
representando interesses médicos, comerciais, ambientais e industriais, ou contemplando
organismos modelos importantes para o desenvolvimento da pesquisa cientifica (GOLD,
2012). A consolidacao de ciéncias como a Bioinformatica e a Biologia Computacional nas
ultimas décadas, tem permitido a comunidade cientifica o uso de abordagens holisticas e ao
mesmo tempo inovadoras no estudo da estrutura, organiza¢do e evolucdo de genomas
(Binneck, 2004; Abby e Daubin, 2007), no estudo da expressdo diferencial de genes e
proteinas (Patterson e Aebersold, 2003), na analise da estrutura tridimensional de proteinas
(Ginalski, 2006), no processo de reconstrugdo metabolica e na predicdo e classificacao

funcional de genes (Lee et al., 2007; Skrabanek et al., 2008).
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Em vista de sua importancia, vérias universidades, instituigdes governamentais e
empresas farmacéuticas vém formando grupos de bioinformadtica. Estes grupos representam
importante papel na analise das informagdes geradas em grande escala pelos sequenciadores
de todo o mundo (Prosdocini et al., 2002).

A andlise comparativa de genomas possui variadas aplicagdes em diferentes campos do
conhecimento e constitui um campo fértil para pesquisas envolvendo os mecanismos
moleculares da patogénese, do espectro de hospedeiros e das particularidades fenotipicas entre
agentes patogénicos. Neste sentido, diferentes abordagens tém sido desenvolvidas e
empregadas na comparagdo de sequéncias gendmicas, oferecendo assim multiplas perspectivas
acerca dos organismos estudados (Shendure et al. 2008), Assim, a andlise comparativa de
genomas de diferentes patdgenos trouxe informacgdes importantes para explicar seus
mecanismos de penetragdo e colonizagdo nas plantas e também a identificagdo de novos
agentes envolvidos nestes processos (Abby e Daubin 2007).

Um outro campo em ascensao ¢ a chamada bioinformatica traducional que tem como foco
a intersecdo entre bioinformatica e doenga; tem como objetivo ndo s6 a melhor compreensao dos
mecanismos de cada doenca, mas também a criacdo de novas ferramentas computacionais para
estuda-las (Altman e Miller, 2011). Em 2010 Eriksson et al. utilizaram respostas de questionarios
recolhidos pela internet e associaram a um banco de dados de Polimorfismo de tnico nucleotideo
(SNPs; Single Nucleotide Polymorphism) para executar multiplos trabalhos de Estudo de
associag@o ampla ao genoma (GWAS; Genome-wide association study), onde a analise de diversas
variagdes genéticas comuns em individuos diferentes ¢ relacionada a uma caracteristica. Da
mesma forma, Denny et al. (2010) extrapolaram a pesquisa para o que chamamos de Estudo de
associagdo ampla ao fenoma (PheWAS; Phenome-wide association study), percebendo que SNPs
associadas a uma doenga X podem também estar ligadas a uma outra Y; o trabalho fornece uma
perspectiva de como essas doencas se relacionam em nivel molecular. Numa visdo ainda mais
ampla, Patel et al. (2010) usaram, para o que foi denominado de Estudo de associacdo ampla ao
meio ambiente (EWAS; Environment-wide association study), um conjunto de 226 dados
longitudinais de fatores ambientais e estilo de vida que puderam ser relacionados a incidéncia de
diabetes tipo II.

Pensando na dificuldade de reprodug¢do dos experimentos na area da bioinformatica,

Dudley e Butte descreveram em 2010 o esboco de um sistema de troca instantanea de informagdes
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(WSSE; Whole system snapshot exchange) que armazenaria automaticamente todos os dados de
determinado trabalho em uma nuvem virtual, que quando acessada recriaria o exato ambiente
computacional usado pelos autores permitindo um nivel alto de reprodutibilidade, minimizando a
redundancia na pesquisa e consequentemente acelerando o progresso da ciéncia.

De acordo com Boulesteix (2010), os bioinformatas sdo muito otimistas ¢ tendem a buscar
sempre dados com significincia estatistica e publicar apenas resultados positivos. Ela sugere a
publicacdo de resultados negativos, dados mais transparentes ¢ o desenvolvimento de métodos
como o WSSE proposto por Dudley e Butte em 2010, além de afirmar que algumas vezes as
pessoas sdo melhores que as maquinas e que na hora de resolver grandes problemas, a expertise

humana deve ser privilegiada.

5.2- Bancos de dados e ferramentas

O Genbank ¢ o mais conhecido banco de dados que disponibiliza gratuitamente
sequéncias e ferramentas para a sua andlise. Foi criado inicialmente pelo Centro Nacional para
Informagdo Biotecnologica (NCBI; National Center for Biotechnology Information-
http://www.ncbi.nlm.nih.gov/);com o objetivo de abrigar sequéncias submetidas diretamente
por autores de publicagdes cientificas. Em 2011 ja tinha disponivel sequéncias de mais de
380.000 organismos obtidas inicialmente por submissdes dos laboratorios individualmente,
englobando projetos de sequenciamento em larga escala, tanto de genomas completos quanto
de ESTs (Benson et al., 2011); o dbEST englobava em janeiro de 2011 71.276.166 ESTs,
sendo uma das divisdes mais ricas em sequéncias do GenBank (NCBI, 2012). Em paralelo,
fazem parte do Banco de Dados Internacional de Sequéncias de Nucleotideos (INSD-
International Nucleotide Sequence Database) o Banco de Dados de DNA do Japao (DDBJ;
DNA Database of Japan - http://www.ddbj.nig.ac.jp/) e o Laboratorio Europeu de Biologia
Molecular (EMBL; European Molecular Biology Laboratory - http://www.ebi.ac.uk/embl/)
que também disponibilizam muitas informagdes de autores europeus e japoneses, além de
manter um importante acordo de cooperacado e de intercambio de dados (Benson et al., 2011).
Embora existam muitos bancos de dados com acesso restrito, atualmente a tendéncia € que
estes dados sejam disponibilizados e estejam acessiveis a todos os pesquisadores, como ocorre

no GenBank (Benson et al., 2011).
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Em 2009 foi criado o Banco de Dados de Genes de Resisténcia em Plantas (PRGdb;
Plant Resistance Genes Database - http://www.prgdb.org); o primeiro banco de genes R
identificados por ferramentas de Bioinformatica. O PRGBdb engloba mais de 15.000
sequéncias entre genes R identificados e preditos pertencentes a 192 espécies diferentes de
plantas (Sanseverino et al., 2010). Em conjunto com os bancos de dados, varias ferramentas e
programas sao utilizados no processo de identificacdo e andlise de sequéncias; entre eles estdo
a Ferramenta de Busca por Alinhamento Local (BLAST; Basic Local Alignment Search Tool)
(Altschul et al., 1990), o CLUSTALX e W (Thompson et al., 1997; Larkin et al., 2007), o
TreeView (Page, 1996), o Programa para Analise Genética e Evolutiva (MEGA; Molecular
Evolutionary Genetics Analysis) (Tamura et al., 2011) e o CLUSTER (Eisen et al., 1998).

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, quanto evolutivas a respeito
destas sequéncias. O BLAST oferece um método de busca rapida 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 nucleotideos
(DNA/RNA) para uma sequéncia proteica em todos os quadros de leitura.

O programa CLUSTAL (X e W) estd entre os mais usados para obtencdo de multiplos
alinhamentos de sequéncias, quer sejam de nucleotideos, ou de aminoacidos. Produz
alinhamentos multiplos biologicamente significativos entre sequéncias divergentes; calculando
qual a melhor sequéncia para comparar com a selecionada, alinhando-as de acordo com as
identidades, similaridades e diferencas (Thompson et al., 1997; Larkin et al., 2007); ¢ capaz
também de gerar dendrogramas que podem ser visualizados no programa TreeView (Page,
1996), visto que apesar de possuir o algoritmo para gerd-los, o CLUSTAL ndo possui uma
interface para sua visualizacdo. O programa roda em ambientes operacionais DOS, MAC e
UNIX. No entanto, hd uma interface do CLUSTALW para Windows, denominada CLUSTALX,
bastante facil de ser manuseada. Apesar de ser muito versatil, o CLUSTAL tem algumas
restricdes de uso. Ele s6 deve ser usado para alinhar genes que tenham um mesmo dominio,
devendo este aparecer na mesma ordem em todas as sequéncias. Sequéncias sem uma
ancestralidade comum ou um N ou C terminal muito grande e divergente também devem ser

evitados. .
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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 andlises na composi¢ao das sequéncias, a porcentagem de similaridade entre
sequéncias ou ainda identificagdo de codons ou marcadores conservados associando-os a
caracteristicas morfologicas e fisioldgicas ou ainda variantes de uma caracteristica (Sudhir et
al., 1993). A versdao 5.0, além de apresentar uma interface mais amigavel para o usudrio,
permite que os arquivos de entrada .aln gerados anteriormente apenas pelo CLUSTAL sejam
rodados no proprio programa, permitindo também a edigdo de sequéncias manualmente
(Tamura et al., 2011)

O programa CLUSTER fornece o ambiente computacional e grafico para andlise de
sequéncias gendmicas e de grandes quantidades de dados provenientes de complexos
experimentos de microarrays (avaliagdo hibrida de microarranjos), Analise Serial de
Expressdo Génica (SAGE; Serial Analysis of Gene Expression), EST, entre outros. O
programa inclui, por exemplo, uma ferramenta de clusterizacdo hierarquica e mapas de auto-
organizacdo (SOMs; Self-Organizing Maps). Os métodos de clusterizagdo hierarquica
permitem a analise de expressdao simulando um experimento de microarray, baseado numa
matriz de dados fornecida pelo usudrio e estdo descritos em Eisen et al. (1998), podendo ser
utilizados também na conducdo de andlises in silico do perfil de expressdo de genes (Eisen et
al., 1998).Para cada gene, o perfil de expressdo reflete seu comportamento dindmico sob
condicdes de estresse, estagios de desenvolvimento ou tecidos distintos; genes com perfil de
expressao similar sdo considerados co-expressos.

O pipeline formado por todas essas abordagens contribui para a construgdo do painel
de genes que participam da resposta da planta aos patdégenos. O melhoramento genético das
plantas € sO possivel devido a identificagdo e caracterizagdo in silico desses genes que

permitem o delineamento dos experimentos in vitro € in vivo (Santos e Ortega, 2003)
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ABSTRACT
Recognition of pathogen and activation of defense mechanisms is a common feature known

from all multicellular organisms. Among higher plants, systemic acquired resistance (SAR) is
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known to activate pathogenesis-related (PR) genes after recognition of the pathogen mediated
by a resistance (R) gene. Both gene classes (R and PR) represent the main mechanism against
biotic and sometimes also abiotic stresses. Therefore, the identification of SAR metabolism
components is an important concern regarding plant breeding. Sugarcane (Saccharum
officinarum) is a major tropical and subtropical crop, grown in more than 120 countries, being
especially important due to its value for the production of bioethanol, constituting a renewable
energy source, besides the sugar production. The present work brings an overview on
sugarcane resistance and pathogenesis-related genes, regarding their structure, abundance and
role in the plant-pathogen metabolic pathway and also regarding their distribution, as
compared with rice. For this purpose a collection of 282,818 expressed sequences tags have
been evaluated to identify R and PR genes as well as important factors identified in the classic
plant-pathogen metabolic KEGG pathway using rice full length cDNA as seed-sequences. The
identified sugarcane genes have been also used to screen four SuperSAGE libraries with
8,787,313 tags, allowing the identification of the main activated and repressed genes under
abiotic stress (drought/salinity) conditions. The 1,460 identified genes have been plotted on a
rice virtual karyotype inferring about their distribution, considering a putative synteny as a
measure to infer about their relative position within rice and sugarcane chromosomes. The
results revealed interesting insights on the variability and complexity of defense genes in

sugarcanc.

Key words:bioinformatics, crosstalk among biotic and abiotic stresses, PR-genes, R-genes,
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Abbreviations: ABA, abscisic acid; AS, salicylic acid; avr, avirulence; BLAST, basic local
alignment search tool; EST, expressed sequence tag; HR, hypersensitive response; LRR,
leucine rich repeats; NBS, nucleotide binding site; PR, pathogenesis related; R, resistance;
ROS, reactive oxygen species; SAR, systemic acquired resistance; Ser/Thre-Kinase,
serine/threonine kinase; ST, signal transduction; SuperSAGE, super serial analysis of gene

expression.

Running title: Pathogen defense mechanisms in sugarcane. Wanderley-Nogueira et al.

INTRODUCTION

The prevalence of a disease constitutes an abnormal condition, affecting plant growth and
impairing important physiological processes. As highlighted by FAO (2005), fungi, bacteria,
virus and nematodes are the main disease agents, resulting in serious losses to agriculture and
also native plants, reducing the productivity, nutritional value and overall quality of the
produced biomass.

During the plant-pathogen co-evolution, plants develop a complex network of synergic
mechanisms to defend against pathogen attack (Pinzén et al. 2009). Considering this complex
response, one of the most important steps includes detection of the possible invaders by the
plant, a step where Resistance (R) genes play a crucial role (Mofet 2009). This sensing
involves the recognition of a pathogen gene product called avirulence (avr) factor by a
matching R gene. The plant will be resistant and the pathogen growth and establishment will

be impaired when both avr and R genes are compatible, leading to the so called hypersensitive
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response (HR) including local cell death to impair spreading of the pathogen (Jones and Dangl
2006). Besides this localized response, the HR activates a signal cascade which is able to
establish resistance against a spectrum of different pathogens (Wang et al 2005),
corroborating the observations made at the beginning of the last century that plants, as
animals, may be immunized against the attack a of given pathogen after infection by another
pathogen (Chester 1933).

In the past decade many aspects of the systemic acquired resistance (SAR) have been
elucidated (Ingle et al. 2006). The SAR pathway is also common in many incompatible plant-
pathogen interactions (Park et al. 2010). As soon as the pathogen is detected, the plant induces
a set of complex signal molecules that may activate defense proteins (Humphry 2010) or that
may have direct antimicrobial effect, as it is the case of the pathogenesis-related (PR) genes
(Durrant and Dong 2004) or alternatively the production of secondary metabolites that impair
pathogen movement or growth within the plant tissues (Sparla et al. 2004; Benko-Iseppon et

al. 2010).

Categories of R genes
Altogether R genes have been recently classified into five different groups or classes, defined
by their conserved domains (CD; Bent 1996; Hammond-Kosak and Jones 1997; Ellis and
Jones 2000).

The first class is represented by the HM1 gene of maize that codes for a reductase able to
inactivate toxins produced by the fungus Helminthosporium carbonum (Joahal and Briggs
1992), being the only R gene class where conserved domains are absent. A second class is

represented by the Pfo gene from tomato, that confers resistance against the bacterium
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Pseudomonas syringae pv. tomato — a pathogen that express the corresponding avrPto
avirulence gene (Martin ef al.1993). The Pto gene is characterized by a serine/threonine-
kinase (ser/thre-kinase) domain, able to interact with the avrPto gene (Tang et al. 1999). This
gene was also identified in other plants viz.Arabidopsis thaliana, Phaseolus vulgaris (Melotto
et al. 2004) and Saccharum officinarum (Wanderley-Nogueira et al. 2007).

The third class is represented by genes bearing two domains: leucine-rich repeats (LRR)
and nucleotide binding site (NBS) (Liu et al. 2004). This is the case of the Rpml and Rps?2
genes from A. thaliana (Mindrinos et al. 1994), the N gene from Nicotiana tabacum(Whitham
et al. 1994), L6 from Linum usitatissimum (Lawrence et al. 1995), Prf from Lycopersicon
esculentum (Salmeron et al. 1996) and Rpgl from Hordeum vulgare also found in P. vulgaris,
G. max and Vicia faba (Brueggeman et al. 2008) The fourth R gene class codes for a
membrane anchored protein composed by a LRR extracellular domain, a transmembrane
region and a short intracellular tail in the C terminal. The Cf gene from L. esculentum is an
example of this class, conferring resistance against Cladosporium fulvum (Jones et al.1994;
Dixon et al. 1996).

The Xa21 gene from rice that confers resistance to the bacterium Xanthomonas oryzaepv.
oryzaeis a representative of the fifth class (Song et al. 1995; Wang et al. 1995). This gene
encodes for an extracellular LRR domain (similar to the Cf gene), as well as a Ser/Thre-Kinase
(Serine/Threonine Kinase) domain (similar to the Pro gene), suggesting an evolutionary

ligation among different classes/domains in the genesis of plant R genes (Song et al. 1997).
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Pathogenesis Related (PR) gene categories

The PR proteins comprise of pathogen-induced proteins being routinely classified into 17
families based on their biochemical and molecular biological properties, from PR-1 to PR-17
(van Loon et al. 2006).

Similarities among sequences and serologic or immunologic properties are the base of
their classification (Van Loon et al. 1999). Functionally some PR proteins bear antifungal
properties, as the chitinases (PR-3) and B-glucanases (PR-2) (Zhu et al. 1994), while others
like PR-1 from N. tabacum (Atici and Nalbantoglu 2003), 4. thaliana (Metzler et al. 1991), L.
esculentum (Tornero et al. 1997) and Malus domestica (Bonasera et al. 2006) present
unknown phytochemical functions.Despite of that, this gene class is considered to be a typical
SAR marker (Bonasera et al. 2006).

Most PR genes are expressed to a basal level under normal growth conditions, but are
rapidly induced by pathogenic infections. It is notable that several PRgenes are also regulated
during development, for example during leaf senescence and pollen maturation, and also by
environmental factors, as osmotic stress, cold and light (Broekaert et al. 2000; Zeier et al.
2004).

Some PR proteins, including PR-1, chitinases, and thaumatin-like proteins are expressed
under cold stress in overwintering monocots, exhibiting antifreeze activities (Hon et al. 1995;
Atici and Nalbantoglu 2003; Griffith and Yaish 2004).

Many PRgenes are constitutively expressed in given plant tissues (Velazhahan and
Muthukrishnan 2003; Liu et al. 2004), indicating that at least some members of the PR
proteins play important roles in plant development other than defense responses, as occur with

PR-2 protein in N.tabacum, that play an important role in seed germination (Seo et al. 2008) .
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Consistent with this notion, it has been shown that a tobacco PR-2 protein plays a role in seed
germination (Leubner-Metzger and Meins 2000; Leubner-Metzger 2005).

Although many PRgenes have been identified in different plant species, recent research
have focused on their molecular aspects by using them as indicators for pathogenic infections,
salicylic acid (SA) signaling, and SAR (van Loon et al. 2006). Transgenic approaches were
also employed to obtain information on the role of PR proteins in disease resistance response.
As a result, it is unclear how the PR genes are regulated by environmental conditions in
consonance with plant growth hormones, and to what extent the PR proteins affect plant

development.

Hormones

Besides R and PR genes, hormones are also important signaling molecules, playing an
important regulatory role in plant development and inducing the expression of many PR
proteins. Such hormones are produced at specific sites and in low amounts, also being active
in defense pathways, as it is the case of SA, jasmonic acid (JA) and ethylene (ET), considered
to be the main molecules activating defense genes(Lu 2009; Divi et al. 2010).

Induction of genes encoding PR-I, PR-2 (B-1,3-glucanase), and PR-5 (thaumatin-like
protein) requires SA signaling. In contrast, genes encoding PR-3 and PR-4 (both with
endochitinase activities) are independent of SA signaling and depend on JA pathway. For
example, in arabidopsis, SA and JA activate distinct sets of PR genes in an antagonistic
pattern (Thomma et al. 1998).

The SA pathway is primarily linked to resistance to biotrophic pathogens i.e. organisms

that feed and reproduce on living tissues. This is in contrast to JA and ET, which mediate
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resistance mostly against necrotrophic pathogens (organisms which kill their hosts and derive
nutrients, live and multiply on dead tissue). This differentiation of defense signaling pathways
suggest that plants detect differences between pathogen lifestyle and mode of infection.
Genetic evidence for JA antagonism of SA signaling pathways is well documented, but
emerging data suggest a more complex signaling network evoking both positive and negative
regulatory interactions (Spoel et al. 2007; Lopes et al. 2008; Vlot et al. 2008).

SA is a strong inducer of PR genes, and particularly PR-1 is traditionally used as a marker
for SA-mediated defence (Gaffney et al. 1993). A different set of genes is activated by JA,
such as VSP2 and PDF1.2 (Benedetti et al. 1995; Penninckx et al. 1998).The latter, PDF'1.2,
also responds to ET (Thomma et al. 2001). Lately, it has become apparent that plant growth
hormones and modulation of developmental processes was not recognized earlier as being
partof plant defense. A model proposed by Robert-Seilaniantz et al. (2007) showed that auxin
and cytokinins promote biotrophic susceptibility by inducing necrotrophic resistance pathways
via JA/ET. Plants have evolved mechanisms to suppress auxin signaling as a component of
basal defense in order to hinder the invading pathogens from using the hormone as virulence
factor (Navarro et al. 2006). In parallel, gibberellic acid (GA) induces necrotrophic
susceptibility, by inducing the biotrophic SA resistance pathway (Robert-Seilaniantz et al.
2007).

However, most of these interactions hitherto remain to be proved. For example, the role of
abscisic acid (ABA) in a plant stress context is complex. ABA is a well known component in
abiotic stress responses, but has been shown recently to be important in defense to various
pathogens, highlighting the known crosstalk among different stress types (Asselbergh et al.

2008; Schenke et al. 2011). For example, in the interaction among Arabidopsis and
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Leptosphaeriamaculans, ABA is important for resistance, wherein both callose dependent and
independent pathways are present (Kaliff ez al. 2007). Indeed, some transcriptionfactors and
signaling molecules are common molecular players in both biotic and abiotic stresses,
common to multiple networks or involved in crosstalk between stress signaling pathways
regulated by abscisic acid, salicylic acid, jasmonic acid and ethylene as well as ROS (reactive

oxygen species) signaling (Velazquez et al. 2011).

Reactive oxygen species (ROS)

ROS are produced by all aerobic organisms as a by-product of aerobic metabolism. A
substantial increase in the intracellular concentration of ROS is generally associated with
deleterious effects, including cell death by apoptosis or necrosis, in pathological conditions
such as inflammation. The generation of ROS also appears to be required for many normal
cellular functions, including transduction of cell surface receptor signaling (Woo and Rhee
2010).

Depending on the nature of the ROS, some are highly toxic and rapidly detoxified by
various cellular enzymatic and non-enzymatic mechanisms. Whereas plants are fortified with
mechanisms to combat increased ROS levels during abiotic stress conditions, in other
circumstances plants appear to purposefully generate ROS as signaling molecules to control
various processes including pathogen defense, programmed cell death, and stomatal behavior
(Apel and Hirt 2004).

Altogether, avr, R and PR genes, as well as hormones and ROS are active during plant-

pathogen interaction as illustrated in Fig. 1.
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The sugarcane expressed sequence tag (EST) database

Many projects have been carried out aiming to identify expressed sequence tags (ESTs) in
sugarcane, including initiatives in Brazil, South Africa, Australia, and France (Grivet and
Arruda 2001; Perrin and Wigge 2002). Together these projects produced more than 300,000
sugarcane ESTs. In Brazil, the ONSA (Organization for Nucleotide Sequencing and

Analysis;http://watson.fapesp.br/onsa/Genoma3.htm) consortium initiated the SUCEST

(Sugarcane Expressed Sequence Tag Project; http://sucest.lad.dcc.unicamp.br/en/) — an

initiative that generated about 238,000 ESTs distributed over 26 libraries from different tissues
and across developmental stages. The data generated is still not completely evaluated and
many gene families remain to be analyzed, as it is the case of the PR genes which are here
evaluated for the first time. Despite of the considerable genetic variability among sugarcane
germplasm revealed by molecular markers (e.g. Parida ef al. 2010, Costa et al. 2011), few
evaluations of the genetic diversity and complexity of this crop are available, especially
regarding genes associated to the pathogen response.

The present evaluation brings an overview of the mainsequences regarding plant-pathogen
interaction in sugarcane, considering the up to date knowledge regarding the model plant rice.
It also brings an insight on the expression of such sequences regarding the differential
expression in sugarcane by Super-SAGE (Super Serial Analysis of Gene Expression) during
abiotic stresses (drought and salinity), showing the dynamic relationship in the response and
its modulation during different stress situations, explained by the crosstalk mechanism, i.e.,

the co-activation of genes among both biotic and abiotic stress types in an interaction.
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MATERIALS AND METHODS
Rice sequences used as reference database to identify sugarcane candidates
In the present chapter, the first approach for the identification of sugarcane clusters associated
with plant pathogen interaction was based on the metabolic pathway map046262 at KEGG
(Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/kegg/) . For this
purpose, KEGG sequences were downloaded and used in the search of the respective full
length cDNA from rice that were subsequently used as reference-sequences. The selected
genes included 26 R or PR-genes, five ROS genes and 18 genes that act with signal
transduction and are involved in the hypersensitive response, including hormones.
An additional analysis was performed using 17 R-genes previously compiled by Barbosa-da-
Silva et al. (2005) and Wanderley-Nogueira et al. (2007) and 15 PR-genes searched by
keyword, function and conserved domains at NCBI (PR-1: NP_179068; PR-2: NP _191285.1;
PR-3: NP566426.2; PR-4: NP 187123; PR-5: NP _177641.1; PR-6: AAA16881; PR-7:
NP _001234257; PR-8: CAMS82810; PR-9: AAA34108; PR-10: ACF5101; PR-11:
CAAO01263; PR-12: P30230; PR-13: AEE35295; PR-14: CAA91436; PR-15: AAB561565.1;
PR-16: NP_001061164).

Thus, a total of 81 full length cDNA sequences from Oryza sativa from the MSU Rice
Genome Annotation Project (http://rice.plantbiology.msu.edu/); composed the reference-

sequence database.

Analysis of the sequences obtained
For the identification of these gene analogs in sugarcane transcriptome, tBLASTx (Basic

Local Alignment Tool) alignments were carried out against a local database [Clusterized ESTs
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from NCBI (National Center for Biotechnology Information) and SUCEST] including
282,878 sequences, using a cut-off value of ¢”.

Obtained sugarcane clusters were annotated and analyzed regarding score, e-values,
sequence size and presence of conserved domains as shown in Table 1.For this purpose
sugarcane clusters were translated wusing the TRANSLATE tool of Expasy
(http://us.expasy.org/) and screened for conserved motifs with aid of the RPS-BLAST CD-
search tool (Altschul ef al. 1990). The best match for each gene was submitted to a BLASTx
alignment in NCBI GenBank in order to confirm their putative function (results are available
in http://150.161.22.10/sugarcane/all.fasta.html). A second manual analysis was also carried
out, followed by an elimination of clusters that matched to more than one gene due to common
domains. For this purpose, matching clusters to each query sequences were annotated on a

local database called ‘non-redundant’.

Evaluation of genes associated to pathogen invasion under abiotic stress by Super-SAGE
SuperSAGE data was generated by our group as described by Molina et al. (2008) in
collaboration with GenXPro GmbH (http://www.genxpro.info/) and Brazilian partners (CTC —
The Center of Sugarcane Technology, http://www.ctcanavieira.com.br/; CETENE - Centro de
Tecnologias Estratégicas do Nordeste, http://www.cetene.gov.br/home/index.php). The RNA
samples were obtained from roots of selected sugarcane accessions (Saccharum spp.) under
salinity (100 mM NaCl) or drought (after 24 h irrigation suppression) stresses in two distinct
experiments:
(A) Salinity stress assay: acclimated plants of the clone RB931011 (referred as tolerant to

salinity stress by the Brazilian RIDESA program of sugarcane breeding) were grown in a
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greenhouse (CETENE, Recife, Brazil) in pots containing washed sand and watered daily with
Hoagland solution. For salinity stress application 100 mM NaCl was added to the mentioned
solution. After salinity stress induction (30, 60 and 90 minutes) roots were collected from
both, stressed and non-stressed (negative control) plants, that were immediately frozen in
liquid nitrogen until processing and total RNA extraction. Equimolar amounts of each
sample/time were assembled to form the bulks referred to the two SuperSAGE libraries
(stressed and control).

(B) Drought stress assay: selected genotypes provided by the Center for Sugarcane
Technology breeding program (CTC, Piracicaba, Brazil) were previously identified in a
drought tolerance essay. Among them, four genotypes composed the drought sensitive group
(CTC9, CTC13, SP90-3414 and SP90-1638) and another four regarded the drought tolerant
group (CTCI15, CTC6, SP83-2847 and SP83-5073). The plants were grown in 10 liters
containers up to three months of development when part remained irrigated and part were
submitted to water suppression (24 hours). Roots samples were collected, identified and frozen
in liquid nitrogen until processing and total RNA extraction aiming to compose the four
SuperSAGE libraries: TD: tolerant under stress; TC: tolerant control; SD: sensitive under
stress and SC: sensitive control.

Unique tags (26 bp) differentially expressed (p-value 0.05) were identified using
DiscoverySpace4.01 software. All tags were submitted to BLASTn (score = 52; 100% of
identity) against the previously identified PR and R sugarcane contigs dataset previously
annotated using Uniprot-SwissProt database (BLASTx; e-value ¢'°). All data were normalized
(one million tags by library) and the fold change (FC) of a differentially expressed tag was

calculated with the tag frequency in a stressed library in relation to the respective control
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(without stress). The normalized data matrix regarding the gene expression was analyzed
using a hierarchical clustering approach with aid of the program Cluster3.0.Dendrograms

(using the weighted pair-group analysis) were generated using the TreeView program.

Anchoring sugarcane genes in the rice physical map

Considering the availability of a genome browser for the rice genome, all sugarcane ESTs and
SuperSAGE tags were aligned against O. sativa non-redundant clusters anchored on virtual
chromosomes from the MSU Rice Genome Annotation Project. For this purpose, the
MegaBLAST tool was used with at least 80%identity or direct association with the
differentially expressed SuperSAGE tags.

Although the BLAST algorithm was adjusted to make searches as sensitive as possible and
considering that this tool only generates local alignments, to ensure that the anchored clusters
in the rice genome represented real genes and not just similarity with random segments, the
obtained data underwent to a second screening, which considered possible splicing sites,
deletions and/or insertions, and the total length of the clusters (considering that the data should
represent at least 30% of cluster size).

For better data organization, clusters that represented high similarity with the same region
of the rice genome were grouped. The groupings are named in increasing order as GRn, where
“GR” means group and “n” the group number. For the virtual karyotype representation a
CorelDRAW12 graphic application was used; the rice chromosome information to the
schematic representation was obtained from GRAMENE site

(http://gramene.org/Oryza_sativa/L.ocation/Genome). For the design of chromosomes,

considering the high data amount to be anchored in the genome and the necessity of high
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resolution of bands, a random length of 200 mm was adopted for the larger chromosome
(number 1); thus, for the band marking, each 1 mm corresponded to 126,344 bp. Moreover,
clusters and groupings that schematically appeared very close to each other were indicated as a

single band.

RESULTS AND DISCUSSION

The tBLASTx alignment in sugarcane database using the 49 KEGG pathway reference
sequences returned 1,150 clusters, indicating that all members of this pathway are represented
in sugarcane (Fig. 1). Among these clusters only 244 were non-redundant, aligning each with
one corresponding reference sequence. Other 906 clusters presented repetitions, aligning with
two or more reference sequences, confirming the excellent coverage that the existing
Sugarcane EST databank comprises, including the most important representatives from
different gene families. Regarding the exclusive 244 sugarcane clusters, 74 aligned with PR or
R-genes, 14 aligned with ROS genes and 156 with signal transduction (ST) genes or genes
involved in the HR (Table 1, Fig. 1). From these, 64% aligned with genes of the
hypersensitive response, 30% with R and PR genes while 6% aligned with ROS. As reviewed
by Benko-Iseppon et al. (2010) genes of the HR are associated with different stimuli, being
activated not only due to pathogen perception, but also under abiotic stress, whilst many of
them are constitutively active in low levels, also in the absence of any kind of stress, justifying
their prevalence in the present evaluation.Thus, a growing number of evidences supports the
notion that plant signaling pathways consist of elaborate networks with frequent crosstalk,
thereby allowing plants to regulate both abiotic stress tolerance and disease resistance

(Velazquez et al. 2011).
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Most of the 169 clusters that aligned with two different genes were sequences bearing
similar conserved domains like LRR, Kinases or NBS. This occurred among the Pti4 and Pti6,
sharing 50 clusters; WRKY25 and WRKY29 with 25 identical sequences, Cf2 and Cf5 with 7
and ERF and Xa2l that shared three identical sugarcane clusters. Other 737 clusters repeat
themselves from three to 20 times among the 49 genes presented in KEGG plant response
pathway. This is an expected result also observed in a previous approaches (Barbosa-da-Silva
et al. 2005; Wanderley-Nogueira ef al. 2007), due to similar CDs existing in R genes among
angiosperms.

The 16 classes of PR genes search returned 314 non redundant sugarcane clusters. Among
them, only four sequences matched with two different reference sequences (PR-4 and PR-6)
and the remaining 310 pertained exclusively to one PR-gene (Fig. 2A).

The most abundant category was PR-9 (with 93 representatives), including factors
classified as peroxidases (Fig. 2A). They contribute to plant disease resistance in several ways
including (i) the strengthening of plant cell walls through the deposition of lignin, which is
thought to be a general defense mechanism against a broad spectrum of pathogens; and (ii) the
production of toxic radicals such as hydrogen peroxide (Van Loon and Van Strien 1999).

PR-2 was the second most frequent gene category with 41 members (Fig. 2A), regarding a
group of B-1,3-glucanases, whose role in disease resistance is often related to their glucanase
activity. PR-2proteins can either directly impair the growth of a fungus by hydrolyzing B-
1,3/1,6-glucans within fungal cell walls or by releasing short glucan fragments from pathogen
cell walls, which can also be recognized by plants and further induce plant defense responses

(Ebel and Cosio 1994; Van Loon and Van Strien 1999).
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PR-5 (thaumatin-like), 7 (endoproteinase) and 14 (lipid transfer protein) were also well
represented with 37, 35 and 39 matches, respectively (Fig. 2A). The PR-5 family belongs to
the thaumatin-like proteins with homology to permatins that permeabilize fungal membranes
(Vigers et al. 1991). Some members of this family have been shown to possess antifungal
activity, particularly against oomycetes. Basic PR-5 proteins (osmotin) are induced in tobacco
and tomato in response to osmotic stress (Singh et al. 1987). PR-7 acts as an endoproteinase.
Because lysis of fungal cell walls often requires degradation of cell wall proteins in addition to
hydrolysis of chitin and glucan, it seems reasonable to assume that PR-7 serves as an
accessory to antifungal action (Goldman and Goldman 1998), while lipid-transfer proteins
(LTPs) (PR-14) exhibit both antifungal and antibacterial activity, exerting their effect at the
level of the plasma membrane of the target micro-organism. Their relative diversity in
sugarcane reinforces previous observations (Garcia-Olmedo ef al. 1995).

Regarding the additional 17 R-genes analysis, other 118 non-redundant sugarcane clusters
presented matches with O. sativa reference sequences. Eleven of these clusters aligned with
two different R-genes (Miland GPA2; HERO and Pi-ta) and 107 aligned exclusively with 10
genes (Fig. 2B).

The genes P of flax, /2 and Mi oftomato, HERO, Rxl and GPA2 of potatoHrt of
arabidopsis (Cooley et al.2000) and Pib, Pi-ta and Xal of rice are all members of the NBS-
LRR family, that was the most represented class in the sugarcane transcriptome (Fig. 2B); this
class common feature is the presence of(i) leucine-rich repeats which play a direct role in
protein-protein specific recognition event; LRR motif contains 23-25 aa with a consensus
sequence (LxxLxxLxLxxNxLt/sgxIpxxLG); (i1) a nucleotide-binding site that is highly

conserved among plants, and is similar to mammalian CED-4 and APAF-1 proteins which are
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involved in apoptosis (Chinnaiyan et al. 1997) and usually signal for programmed cell
deathplaying a role in activation of downstream effectors (Bryan et al. 2000), and (iii) coiled-
coil (CC) or a TIR (Toll Interleukine-Like domain), involved in signal transduction during
many cell processes.

Curiously, these 10 genes that confer resistance against bacteria, fungi, virus or nematodes,
despite of sharing common domains, presented exclusive alignments with sugarcane
sequences while the other 54 R-genes (considering kinases, NBS-LRR, LRR and other
families) presented alignments with common clusters.

A high number of NBS-LRR class representatives was observed (490 clusters) as
compared with other classes previously observed by Barbosa-da-Silva et al. (2005) and
Wanderley-Nogueira et al. (2007) and were expected because most of R-genes pertain to this
family that play a crucial role in plant defense.

Other 443 sequences aligned with the seven remaining R-genes previously identified
among the 1,150 sugarcane clusters matching with KEGG pathway. As occurred in most
genes selected from theKEGG database, repetitions probably appeared because of the
occurrence of different combinations of the same domains (16 genes present LRR, 15 genes
present NBS and 20 genes are protein kinases, for example).

Most of the sugarcane clusters that appeared as best matches presented the same conserved
domains complete.In the few cases where domains were not identified, their function was
confirmed using BLASTx at NCBL

Considering the taxonomic affiliation of the best matches, as expected, their alignment
occurred with monocot species, among them, 74% aligned with Sorghum bicolor, 15% with

Zea mays, 9% with O. sativa, and 1% with Saccharum hybrid, with a single alignment to a
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non-angiosperm (1% to Laccaria bicolor, a mushroom). Considering the high abundance of
rice sequences in data banks, it would be expected that most matches would belong to
sequences of this species. On the other hand, the higher similarity to sorghum and maize is
justified by their taxonomic proximity to sugarcane within Panicoidae of the Poaceae, where
sorghum and sugarcane grouped together in the Andropogoneae(Watson and Dallwitz 1992;

Bouchenak-Khelladi et al. 2008).

Pathogen defense genes and abiotic stress Super-SAGE assay

Despite of the focus of the described SuperSAGE being the transcriptome of plants under
abiotic stress [drought: water suppression; salinity (100 mM NaCl)], many R (Table 2) and
PR (Table 3) transcripts have been identified, an expected result since biotic and abiotic
signaling pathways share multiple nodes and their outputs have significant functional overlap,
and are able to be cross-activated. Examples of such events were presented by Chini et al.
(2004) while establishing enhanced expression of the CC-NBS-LRR gene, ADRI (a broad
spectrum disease resistance gene, with serine/threonine protein kinases domain) that conferred
tolerance to drought.

Tags associated to plant R transcripts representing the major NBS-LRR class were
observed to be differentially expressed (Fig. 3A).Usually, R proteins can directly interact with
a product of the avirulence gene of the pathogen or indirectly by guarding another protein that
is the target of the avirulence protein. Moreover, they can detect pathogen associated
molecular pattern (PAMPs) and participate in activation of the innate immune system that will
protect the host from infection, or even in degradation by a pathogen toxin. Another important

class, the recognition receptors pattern (RRP), which include receptor protein kinases
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implicated in PAMP perception were also presented in the SuperSAGE results. Thus some
tags annotated as receptor-like kinases (RLK), mainly LRR, were also differentially expressed
(Fig. 3A). Receptor kinases play important roles in cell signaling being responsible for the
information about the cell surroundings. This activation may be justified by the fact that some
abiotic stresses open a door to pathogen invasion.

Considering the Figure 3A, the cluster I showed overexpressed tags in salinity-tolerant and
in drought-sensitive genotypes. Examples of annotated R genes with high FC are represented
by the cluster I were COI1 (an important jasmonate receptor) and TIR1 (auxin receptor) are
included. Jasmonate signaling plays a critical role in protecting plants from pathogens or
insect attack and in limiting damage from abiotic stresses (Hu et al. 2009). The phytohormone
auxin has been implicated in developmental plant processes, including apical dominance,
tropic responses, vascular development, organ patterning, flower and fruit development.
Kepinski and Leyser (2005) provided evidence for a role of auxins in plant defense responses
and suggested cross-talk between auxin, abiotic stress and biotic stress signaling pathways.
Curiously, the same tags were underexpressed in the drought-tolerant library when compared
with the respective control. The clusters II and IV presented upregulated tags in drought-
tolerant genotypes, but downregulated in the other comparisons. Examples of tags with this
behavior are CRK19 and CRK26. Cysteine-rich Receptor-like Kinases (CRKs) have been
suggested to play important roles in the regulation of pathogen defense and programmed cell
death and CRK is part of plant Receptor-like kinases (RLK), a group of conserved signaling
components that regulate developmental programs and responses to biotic and abiotic stresses
(Wrzaczek et al. 2010). Some overexpressed RLK members were observed in cluster III (also

in the others clusters). Tags of cluster III seem to be related to both stresses in a general
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manner. RLK represents nearly 2.5% of arabidopsis protein coding genes (Shiu and Bleecker,
2001). Others RLK members observed were SERK1 (cluster V); SERK2 (cluster IV) and
SRF3 (cluster I, Il and V), SRF7 (cluster II, III) and SRFS8 (cluster II).

In relation to the differentially expressed SuperSAGE tags associated with pathogenesis-
related proteins presented in the root transcriptome of sugarcane after abiotic stress induction
(Fig. 3B), some families were observed [PR-2 (Glucan endo-1,3-beta-glucosidase), PR-3 and
PR-4 (chitinase), PR-5 (thaumatin-like), PR-6 (proteinase inhibitor), PR-9 (peroxidase), PR-14
(LTP)]. Potential chitinase tags were observed in many clusters (I, II, IV, V, VI). Liu et al.
(2004) suggested that the class IV chitinase PmCh4A was involved in the defense response of
western white pine to infection and also abiotic stress factors, besides their primary role in
plant defense (these enzymes degrade the major component of fungal cell walls, B-1,4-linked
polymers of N-acetyl-d-glucosamine). Additionally, some chitinases were also components of
plant defense against higher concentrations of specific heavy metals, showing that their
biological role is complex and more than expected (Békésiova ef al. 2007). Another PR family
observed in all clusters is the peroxidase group (PER1, PER2, PER3, PER4, PER12, PER15,
PER30, PER35, PER36, PERS1, PER52, PER72; Fig. 3B). Manandhar et al. (1999) presented
findings showing that the accumulation level of peroxidase transcripts (and some PR-proteins:
PR-1, PR-2, PR-3, PR-4 and PR-5) were higher in rice in response to Bipolaris sorokiniana
and UV light than in response to avirulent isolate of Pyricularia oryzae.

Additional PR components observed in association with SuperSAGE tags (Fig. 3B) and
abiotic stress were:

a) Cytosolic Ascorbate Peroxidase 1 (cAPX1; tag in cluster IV): Davletova et al.(2004)

demonstrated that in the absence of the cytosolic H,O,-scavenging enzyme APXI1, the entire
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chloroplast H,O,-scavenging system of A. thaliana collapses, H,O, levels increase, and
protein oxidation with programmed cell death occurs. On the other hand, cAPX2 (cluster IV
and VI) products showed to be involved in flooding stress responses in young
soybeanseedlings (Shi et al. 2008);

b) Thaumatin — PR-5 (tags in clusters I, II, IV, V, VI, VII): transgenic plants with
constitutively higher expression of the GbTLPI [cotton (Gossypium barbadense L.)
thaumatin-like protein gene] showed enhanced resistance against different stress agents,
particularly, Verticillium dahliae and Fusarium oxysporum, increasing also tolerance against
some abiotic stresses including salinity and drought (Munis ef al. 2010);

¢) Germin-like proteins (tags in clusters IV, V, VII): GLP constitute a ubiquitous family of
plant proteins that seem to be involved in many developmental and stress-related processes.
Berna and Bernier (1999) showed that expression of the wheat germin gene was also
stimulated by some abiotic stresses, especially the heavy metal ions Cd**, Cu®" and Co”";

d) Glucan endo-1,3-beta-glucosidase — PR-2 (synonym: [beta]-1,3-glucanase; tags in clusters
I, IV, V, VI): this enzyme acts by reducing the influx of solutes into the membrane vesicles
during freezing and thereby reduces osmotic stress and vesicle rupture during thawing (Hincha
et al.1997);

e) subtilisin-like protein: the salinity stress response in arabidopsis requires a subtilisin-like
serine protease (AtS1P), related to membrane-localized b-ZIP transcription factor, AtbZIP17.
Liu et al. (2007) observed that salinity stress induced a signaling cascade involving the
processing of AtbZIP17, its translocation to the nucleus and the upregulation of salinity stress

genes;
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f) Non-specific lipid-transfer protein (nLTP; tags in clusters III, IV, V, VII): LTP is another
protein family involved in plant stress response (Jung et al. 2005; Sarowar et al. 2009), having
the ability to transfer phospholipids between a donor and an acceptor membrane (when this
activity is not specific,the peptide sare called non-specific lipid transfer protein).

Besides the valuable identification of important genes associated with abiotic response,
as osmoprotectants (Silva et al. 2011) by SuperSAGE, the here observed presence of PR genes
during abiotic stress induction was also confirmed by Kido et al. (2010), that presented a
functional review of antimicrobial peptides and an overview of SuperSAGE transcriptional
profile of defensin (PR-12), thionin (PR-13) and LTP (PR-14) in libraries of some important
crops (cowpea, soybean and sugarcane), again confirming their influence in mechanisms
regarding biotic and abiotic genes. SuperSAGE allowed also the generation of a
comprehensive panel of the differentially expressed kinases under biotic and abiotic stresses in
cowpea (Vigna unguiculata), revealing their association with both kinds of stress (Kido ef al.
2011). Such crosstalk interactions are evident in many differential expression profiling assays
and indicate that in the future few genes may be useful to induce a myriad of responses, maybe

useful for tolerance/resistance increase in crop plants.

Anchoring sugarcane sequences in the rice virtual karyotype

Beyond the BLAST algorithm parameters (score, e-value and percentage of identity) other
features were considered (as the probable splicing sites, putative insertions, deletions and
cluster full length in bp) for anchoring 73.22% of the 1,460 sugarcane clusters studied in the
rice virtual karyotype (Fig. 4), in an attempt to infer about their relative position regarding

possible synteny and colinearity among sugarcane and rice chromosomes.
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Flowering plants originated approximately 200 million years ago (MYA; Wilkstrom et al.
2001) and subsequently diverged into several lineages. The Poaceae family arose about 60
MY A and diverged into different species mainly due to genome-wide amplification (Copley et
al. 2001), in tandem gene duplication and events of local chromosome changes (Kondrashov
et al. 2002). It is not surprising that 1,069 sugarcane clusters anchored in some region of the
rice chromosomes, and one could assume that this occurred since both are members of
Poaceae family; so the evolutionary proximity of rice and sugarcane means that consistent
levels of homologymay be expected amongboth species.

Vincentz et al. (2004) performed a comparison between sugarcane, rice and arabidopsis
transcriptomes and found that 70.5% of sugarcane sequences were similar to arabidopsis
(suggesting that their genes probably encoded essential angiosperm functions) and 81.6% had
significant match with rice genome, so, these 11.1% sequences represents putative monocot
specific material. Additionally, the other 18.4% of sugarcane sequences may correspond to
gene losses in rice or fast-evolving sequences that diverged substantially. This can be the
reason because 25.88% of our sugarcane clusters did not align to any region of the rice
genome.

Sugarcane clusters appeared anchored in all segments of rice chromosomes. The rice
chromosomes present heterochromatic regions (Cheng et al. 2001), but due to the limitations
to sequence those regions, they are not linearly represented along the virtual karyotype,
justifying the anchoring of many sugarcane sequences around the centromeres. Additionally,
as expected, several sequences clustered along the genome, with some chromosomes rich in
resistance genes (e.g. chromosomes 1 and 3) while other regions were relatively poor

regarding the evaluated genes (e.g. chromosomes 4, 8, 10 and 12).
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Clustering of R and PR genes confirms the existing theory that a common genetic
mechanism has been involved in their evolution. Most resistance genes have been
demonstrated to reside in clusters (Kanazin ef al. 1996) as reported in maize (Dinesh-Kumar et
al. 1995), lettuce (Maisonneuve et al. 1994), oat (Rayapati et al. 1994), flax (Ellis et al. 1995)
and chickpea (Benko-Iseppon et al. 2003). The formation of gene clusters is in general
associated with duplication processes followed by diversification through pressure from the
pathogen or the environment, in the case of R genes and PR respectively. It is interesting to
note that in short arms of chromosomes 4, 9 and 10 were anchored only one, one and two
sequences respectively, which corroborates data from classical cytogenetics indicating that
these areas reside in the vicinity of heterochromatic regions (Cheng et al. 2001). The
distribution of clusters in regions highlighted by classical cytogenetics as heterochromatin,
probably indicate the presence ofeuchromatic "islands" throughout the chromosome, closely
related to high levels of expression (Yasuhara and Wakimoto 2006).

Some clusters presented association with centromeric regions or nearby existing repeats, as
occurred in chromosomes 1, 2, 3, 5, 6, 7, 9 and 11. The presence of these clusters in regions of
low gene expression activity is probably due to the alternation of euchromatin and
heterochromatin around the centromere (Yan and Jiang 2007), another point to consider is the
probability of modifications in histones H3 and H4, which allow genes transcription in this
area. Also, previous works have shown that gene transcription may occur near the centromeres
of rice chromosomes 8 and 3, so at least some elements could be transcribed in this area (Yan
et al. 2006).

Regarding the number of sugarcane sequences similar to rice genome per chromosome, it

was observed that chromosomes 1 and 3 presented the highest number of anchored sequences,
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matching 133 and 124 respectively, while the chromosome 10 presented the lowest number of
aligned sugarcane sequences (Fig. 5).

Twelve clusters presented similarities with distinct segments in the same chromosome,
being considered as duplications, as shown in Table 4 and also indicated by color dots in
Figure 5. Those duplicated copies tend to diverge due to mutations and may specialize or
optimize to play slightly different roles (Alberts et al. 1997).In rice one duplication event is
assumed for each 20 million years in regard to its supposed ancestor, including the previous
separation of cereals such as sorghum, maize and the Triticeae (Thiel et al.2009). Regarding
the duplicated segments considering the entire genome, 117 clusters could be identified in at
least two distinct chromosomes. Different of what was cited before, repetitions in distinct
chromosomes resulted from events of duplication, accidental translocations and sequence
divergence, allowing functional diversification (Wendell 2000; Thiel et al. 2009). There are
also evidences that transpositions outbreaks could be activated by severe environmental biotic
or abiotic stress (Levin and Moran 2011).

Regarding synteny evidences, it was observed that chromosome 1 shares more similar
regions with chromosome 5; chromosome 2 with chromosomes 4 and 6; chromosome 7 with 1
and 3; chromosome 9 with 8 and 4 and chromosome 10 presented synteny only with
chromosome 3. On the telomeric region of chromosome 3 short arm a grouping of sequences
could be observed, showing synteny with chromosome 10. The same occurred when the
telomeric region of chromosome 11 short arm was analyzed, presenting a cluster of sequences
showing synteny with the telomeric region of the chromosome 12 short arm.

Still regarding the analysis of duplication events, a large in tandem repetition was evident

in the long arm of chromosome 9, represented by the groups GR005 to GROI11. Previous
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reports suggest that once duplicated, in tandem repetitions may extend rapidly through events
of unequal crossing over, what could confer some advantage (Alberts et al. 1997), in the
present case, a higher diversity of genes associated to resistance and stress responses.

A remarkable degree of genome conservation has been established in comparative genetic
mapping experiments for the Poaceae family, although genome sizes vary as much as 40-fold
between some of the species, and despite the fact that they diverged as long as 60 million
years ago (Gale and Devos 1998). Genetic mapping experiments in allohexaploid wheat
revealed that most gene sequences are triplicated on the A, B and D genomes. Furthermore,
the three sets of the seven homeologous chromosomes show overall colinearity. Evidence of a
few translocation events was, however, also found (Devos and Gale 1993). Within the
Triticeae tribe, extensive colinearity was established, for example, for the homeologous
chromosomes of wheat, as compared with7riticum monococcum, Triticum tauschii and H.
vulgare, and consensus maps were developed (Van Deynze et al.1995; Dubcovsky et al.
1996). Microsynteny and colinearity were also observed in other angiosperms when compared
to other distant related organisms, as it was the case of regions rich in factors associated with
pathogen response chickpea and arabidopsis (Benko-Iseppon ef al.2003)

Considering the small size of the rice genome as compared with sugarcane, it is clear that
higher levels of redundancy are expected in the sugarcane genome. Despite of that, the present
evaluation may be valuable for the use of the identified genes for sugarcane breeding, since
they may indicate putative linked gene markers for mapping purposes in sugarcane, especially

considering most clustered regions here identified.

SuperSAGE tags BLAST against rice chromosomes
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As result of drought and salinity superSAGE experiments, 76 tags matching resistance genes
were upregulated when compared to non-stress conditions and 79 PR genes superSAGE tags
candidates equally obtained from experiments submitted to abiotic stress were identified as
upregulated. A considerable number of tags exposed to abiotic stress as drought and salinity
aligned with R and PR genes including 115 sugarcane sequences that appeared as upregulated
if compared to analysis in non-stressed conditions. It is known that both pathogen attack and
abiotic stress may trigger a diverse array of plant defense-related genes involved in HR, which
is characterized by necrotic lesions resulting from localized host cell death at the site of
infection and also activating defense responses in uninfected parts of the plant, expressing so
called SAR (Wang et al. 2010).

Considering the SuperSAGE output, 63% of R-genes candidates (28 tags) presented high
similarities with rice genome segments. Matches in all chromosomes could be annotated,
although chromosomes 1, 2 and 10 were those that presented higher number of anchored
superSAGE tags. In the same way, 78.48% of PR-gene candidates (62 tags) matched
alignments to rice genome regions, uncovering chromosomes 1, 3 and 6 as the most
represented. Although most sequences anchored in rice chromosomes, 37% of the tags
regarding R-genes and 21.6% of the PR ones did not present alignment with any region of the
rice genome.They probably represent regions resulted from duplication events followed by
divergent evolution (mutations), that are common in large genomes and may be a source of
new genetic products that share common domains but may have distinct functions (Alberts et
al. 1997).1t is interesting also to consider that the SuperSAGE tags are expected to anchor at

the 3’UTR region that are often outside the most conserved gene regions, maybe also bearing

99



most frequent establishment of new mutations, when compared with conserved domains or
folding regions of the gene.

In contrast, the chromosome 7 presented the lower number of alignments, matching only
one R-gene and one PR-gene tag. Moreover, the search for similarities in the rice genome
showed that four PR superSAGE tags could be identified anchoring in more than one
chromosome. Both tags Sg196058 and Sg181942 presented similarities with chromosomes 1
and 3, while the tag Sg180925 aligned with chromosomes 3, 9 and 11. Finally, the tag
Sg218368 performed matches with both chromosomes 2 and 11, also here suggesting the

occurrence of duplication and translocation events along the genome.

CONCLUSIONS

e The present approach using full length rice reference cDNA sequences permitted the
successful identification of 1,460 sugarcane genes associated with the response to pathogen
attack.

e The sugarcane transcriptome includes all procured gene categories of KEGG plant-
pathogen interaction pathway, unraveling a high abundance of genes associated with HR and
SAR, as well as R and PR genes.

e Most of the identified sequences (74%) presented best matches with Sorghum bicolor,
followed by Zea mays (15%) and Oryza sativa (9%) reflecting their taxonomic relationship
and also indicating the potential for transferring gene markers from sorghum to sugarcane for
mapping purposes.

e Considering the PR gene categories identified, most representatives regarded the PR-9

(peroxidases class), that contributes to plant disease resistance through the deposition of
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lignin, conferring resistance against a broad spectrum of pathogens. Other classes (PR-2, PR35,
PR-7, and PR-14) were also well represented, indicating a relative genetic diversity and
abundance regarding this category.

e The NBS-LRR R-gene class was the most representative, with all families presented
matches in sugarcane. Probably the studied sequences represent only part of the diversity and
number of R-genes that are present in the cultivated sugarcane varieties, especially considering
the huge size and redundancy of the sugarcane genome, as compared with most angiosperms,
and also the complexity of the epigenetic processes.

e Most of the identified sugarcane sequences matched to rice chromosomes 1 and 3 (133 and
124 respectively), also presenting clustered regions, as expected especially for R genes that
emerged by duplication events.

e A high number of sequences associated with response to pathogen attack in sugarcane is
also active under abiotic stress, especially during drought, confirming observations regarding
cross-talk among genes of distinct stress categories. Considering their relative distribution
within the rice genome, regions comprising over- and down-expressed SuperSAGE tags are
not distributed randomly, presenting consistent co-expression also considering different
experimental conditions and stress types.

e The identified sequences represent valuable sources for the sugarcane breeding program,
allowing their use in biotechnological approaches, with emphasis on transgene experiments.
They are also valuable for mapping purposes, especially considering their putative distribution
here uncovered when considering available distribution of genes known from the rice genome.
Multifunction genes that are important in pathogen response as well as during abiotic stress in

tolerant sugarcane cultivars — here identified by the high throughputSuperSAGE assay — are
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most important candidates for approaches aiming to confer multiple (biotic and abiotic)
resistance in sugarcane, a very important strategy considering the actual climate changing

scenario.
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Table 1:Sugarcane clusters matching results to each gene of KEGG pathway. Showing number of matches to each

seed sequences, number of clusters that aligned exclusively with corresponding gene, e-value, score, size in nucleotide

(nt) and aminoacids (aa) and presence of conserved domains. Abbreviations: LRR=Leucine-Rich Repeat;

CP=Complete; Fam=Family; IC=Incomplete; Kin=Kinase; Prot=Protein.

KEGG Pathway Sugarcane
Class Gene ll:’ll)attgl:; Ec’:lcllsl:::“;e Best match e-value Score ?;Zt; ?;2; DOT:C]:;;;:?;geC:CP
PR PRI 3 4 1cl|CL2300-Ct1 3¢% 322 1178 240 -
Cr2 110 0 1cl|CL587-Ct3 1e” 177 2208 714 LRR (CP)
Cr-5 116 1 1c1|CL10869-Ct1 9¢!® 205 994 311 LRR (CP)
Cf-4 105 1 Icl|CL587-Ct3 4% 122 2208 714 LRR (CP)
Cr-9 96 0 1cl|CL587-Ct3 8 e* 849 2208 714 LRR (CP)
EFR 249 0 1cl|CL587-Ct3 4% 150 2208 714 LRR (CP)
FLS2 250 0 1cl|CL587-Ct3 1e'? 207 2208 714 LRR (CP)
Xa2l 248 0 Icl|CL587-Ct3 1™ 89.0 2208 714 LRR (CP)
Pto 248 7 1cl|CL3705-Ct1 0.0 623 1656 449 Ser-Thr Kin. (CP)
PRF 40 6 1cl|CL11633-Ct1 3e'? 322 948 294 -
WRKY25 41 8 1cl|CL3534-Ct1 7 % 165 1424 279 WRKY (CP)
WRKY29 31 0 1cl|CL4442-Ct1 4% 140 784 108 -
Ptil 249 7 1cl|CL1219-Ct3 0.0 419 1667 207 Prot.Kin. (¢-IC)
R Pti 4 52 1 1cl|CL13275-Ct1 2¢"Y 104 853 256 AP2 (n-IC)
Pti5 1 0 1cl|CL13275-Ct1 5¢% 49 853 256 AP2 (n-IC)
Pti6 61 12 1cl|CL13048-Ct1 1% 117 453 150 AP2 (n-IC)
RIN4 17 0 1cl|CL11031-Ct1 5¢% 81.3 905 233 -
RPM]I 26 2 1cl|CL4449-Ct1 1'% 854 3165 470 NBS (n-IC)/LRR (CP)
RPS2 16 0 1cl|CL9468-Ct1 3¢ 44 675 126 NBS (n-IC)
RPS4 50 7 1cl|CL12379-Ct1 5¢° 243 746 66 -
RPS5 5 0 1c1/CL2439-Ct2 9 53.8 1261 374 NBS/LRR (CP)
PBSI 249 10 1cl|CL4898-Ct1 0.0 602 1277 356 Prot.Kin. (CP)
RARI 3 0 1c1|CL20348-Ct1 4e'® 63.4 685 223 CHORD (CP)
MLAIO 36 4 1cl|CL12379-Ct1 2% 166 746 66 -
L6 27 3 1cl|CL17937-Ct1 5¢% 128 623 164 NBS (n-IC)
RRS1 32 0 1c1/CL9540-Ctl 4¢% 299 685 217 NBS (n-IC)
CERKI 249 0 1cl|CL2995-Ct1 g e 398 1017 316 Prot.Kin. (CP)
JAZ 15 0 1cl|CL1899-Ct2 8 e 266 1401 270  Tify super Fam. (CP)
MPK4 181 2 1cl|CL681-Ct2 1e!™ 515 1554 375 Prot.Kin.-like (CP)
FRK1 249 0 1cl|CL3705-Ct1 0.0 623 1656 449 Prot.Kin. (CP)
EIX 113 6 1c1|CL587-Ct3 6e* 826 2208 714 LRR (CP)
MYC2 24 23 1cl|CL3629-Ctl 4¢" 189 1023 150 -
MIN7 8 8 1cl|CL836-Ct4 0.0 397 1523 496 -
ST HSP90 43 43 1c1|CL143-Ct3 0.0 593 2125 610 HTPase_c (CP)
+HR  MPK3/6 207 3 1cl|CL4057-Ct1 0.0 797 1467 278 Prot. Kin. (CP)
MKK1/2 234 0 1cl|CL3935-Ct1 1" 319 1021 312 PKc MAPKK (CP)
coll 24 24 lcl|CL464-Ct1 0.0 907 1789 390 -
NHOI 1 1 IclCL15012-Ct1 4 ¢ 354 1038 302 TOGY_Nsuper Fg‘g)
BAKfI/ SER 249 2 1cl|CL1733-Ct2 0.0 763 1916 276 Prot. Kin. (CP)
MEKK] 220 13 1cl|CL7215-Ctl 3 ¢! 534 1179 288 Prot. Kin. (CP)
CEBiP 3 0 1cl|CL18653-Ct1 2¢% 179 735 225 LysM (CP)
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MKK4/5 196 14 1cl|CL11106-Ct1 3¢" 187 573 149 -

STG1 17 16 1cl|CL470-Ct2 0.0 270 1530 362 TPR (CP)

CNGCs 16 0 1cl|CL2014-Ct2 0.0 648 1933 628 CAP ED

Ros  CDPKs 183 11 1cl[CL319-Ct6 0.0 1070 2194 535 FProtKin/EF 'handﬁii
Rboh 16 0 1cl|CL1560-Ct2 0.0 653 1781 287 NOX_Duox

CaMCML 56 1 1cl|CL59-Ct10 8 e’ 360 756 149 EF-hand/EF-hand

NOS 2 2 1cl|CL12950-Ct1 2¢” 245 775 195  GTPase YqeH(n-IC)
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Table 2. Sugarcane upregulated SuperSAGE tag (p < 0.05) under abiotic stress-related to sugarcane contigs
annotated to R gene products. Key for abbreviations: Fam.=Family; Kin.=Kinase; LRR=Leucine-Rich;
Prot=Protein; Receptor=recep.

Tag Contig R protein Description Stress* Chromosome
Sg232385  IcliCLAO49Cte-1 FBL3 F-box/LRR-repeat prot. 3 Salt -
Sg309748  IcliCL3705Ctg-2 HERK1 Recep. prot. kin. HERK 1 Salt 6
Sg309667 1cl|CLA44Ctg-9 RKLI1 Recep. kin. Salt -
Sg313217 IclCL1Ctg-731 RLK Recep. kin. Salt 12

Sg27138 1clCLA449Ctg-1 RPM1 Disease resistance prot. RPM1 Salt 11
Sg350189  IcliCL1621Ctg-1 SRF3 Prot. strubbelig recep. fam. 3 Salt 2
Sg58453 IclCL1621Ctg-1 SRF3 Prot. strubbelig recep. fam. 3 Salt 2
Sgl145047  IelCL138Ctg2 TRXH Thioredoxin H-type Salt -
Sg14055 1clCL3962Ctg-2 APK1B Prot. kin. APK1A, chloroplastic Drought 9
Sg41941 1clICL3193Ctg-1 LRR LRR-repeat (LRR) prot. Drought 3
Sg284448  1cl|CL6862Ctg-1 LRR-RLK LRR-repeat recep. kin. Drought -
Sgl171649 IclICL357Ctg-3 MYB4 Myb-related prot. Myb4 Drought -
Sg307209  IclICL1086Ctg-2 RLK Recep. kin. Drought 5
Sgl108593  IelCL2628Ctg-2 RLK Recep. kin. Drought 2
Sgl164846  1clCL3899Ctg-1 SERK1 Somatic embryogenesis recep.-kin.1 Drought -
Sg32183 IclCL1415Ctg-1 SRF3 Prot. strubbelig recep. fam. 3 Drought -
Sgl68565  Ie|CL6296Ctg-1 STPK Ser/Thr prot. kin. Drought 3
Sg86044 1clCL8140Ctg-1 STPK Ser/Thr prot. kin. Drought 2
Sg108292  IclCL13024Ctg-1 TIR1 Transport inhibitor resp. 1 prot. Drought -
Sg159973 IclICL955Ctg-1 TRX2 Thioredoxin H-type 2 Drought -
Sg51485 IclICL138Ctg-2 TRXH Thioredoxin H-type Drought -
Sg85924 IclCL1Ctg-1314 BRL1 Ser/Thr prot. kin. BRI1 1 Salt/ Drought (S) 12
Sg67140 IclICL2957Ctg-1 CLV1 Recep. prot. kin. CLAVATAL Salt/ Drought (S) 3
Sg112945 IclICL262Ctg-8 COIl1 Coronatine-insensitive prot. 1 Salt/ Drought (S) -
Sg359087  Icl|CL2155Ctg-1 DSK1 LRR-recep. Ser/Thr prot. kin. Salt/ Drought (S) 1
Sgl77002  Icl|CL7232Ctg-1 EXS LRR-repeat / prot. kin. EXS Salt/ Drought (S) 2
Sg55869 1clCL2503Ctg4 FER Recep. prot. kin. FERONIA Salt/ Drought (S) 1
Sg261220  1elCL3311Ctg-1 HSL1 Recep. prot. kin. HSL1 Salt/ Drought (S) 8
Sg269246 LclICL592Ctg-6 HT1 Ser/Thr prot. kin. HT1 Salt/ Drought (S) 6
Sg29268 lclCL9800Ctg-1 ~ LRR-RLK LRR recep. prot. kin. Salt/ Drought (S) 4
Sgl136128  Ic|CL3699Ctg-2 MYBI1 Myb-related prot. Hv1 Salt/ Drought (S) -
Sg2721 IclICL1056Ctg-3 RLK Recep. kin. Salt/ Drought (S) 5
Sg165539 IclCL1Ctg-731 RLK Recep. kin. Salt/ Drought (S) 12
Sg242481  IclCL1963Ctg-3 TIR1 Transport inhibitor resp. 1 prot. Salt/ Drought (S) -
Sg327823  IelCL12575Ctg-1 EXS LRR-repeat recep. kin. EXS Salt/ Drought (T) 1
Sg202457  1elCL7304Ctg-1 MEE39 LRR recep. St/Th-prot. kin. MEE39 Salt/ Drought (T) 9
Sg321931  IelCL1750Ctg-1 STPK Ser/Thr prot. kin. Salt/ Drought (T) 10
Sg276480  IclCL3066Ctg-1 STPK Ser/Thr prot. kin. Salt/ Drought (T) 4
Sg285898  IclCL16830Ctg-1 WAK4 Wall-associated recep. kin. 4 Salt/ Drought (T) -
Sg90440 1clCL1963Ctg-2 AFB2 Transport inhibitor resp. 1 prot. Drought (T) 4
Sg112939  IcliCL6590Ctg-2 AFB2 Transport inhibitor resp. 1 prot. Drought (T) -
Sg69207 1clCL900Ctg4 APKI1A Prot. kin. APK1A, chloroplastic Drought (T) 6
Sgl61113  1elCL5649Ctg-1 APK2B Prot. kin. 2B, chloroplastic Drought (T) 10
Sgl104430  Ic|CLICtg-1314 BRLI Ser/Thr prot. kin. BRI1 1 Drought (T) 12
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Sg185147
Sg84672
Sg106653
$g328269
$g249703
Sg78151
Sg32977
Sg139561
Sg150666
Sg197538
Sg42130
Sg258732
Sg126264
Sg84166
Sg134899
Sg81195
$g205102
$g95975
Sg164597
Sg44998
Sgl157473
Sg13069
Sg16260
Sg190665
Sg255086
Sg47088
Sg273272
Sg103811
$g254990
Sg186844
Sg64443
Sg51480
Sg169613

1clICL262Ctg-8
1clICL9670Ctg-1
1clICL5650Ctg:-1
IclICL14146Cte-1
1clICL3947Ctg-1
IelICL3521Ctg-1
1cICL592Ctg-6
1clICLA853Ctg: 1
IclICL11059Ctg-1
IclICL1856Ctg-2
1elCL2271Ctg: 1
IclICL8133Ctg-1
IclICL2866Ctg-2
1clICL2090Ctg:3
1clICL2439Ctg-2
1elCL2439Ctg-2
1clICL3699Ctg: 1
1clICL357Ctg-3
1clICL9007Cg: 1
IelICL5525Cg-1
1clICL1296Ctg:5
1clICLA024Ctg-1
IclICL7850Ctg-1
1cl[CL289Ctg-2
1clICL1356Ctg: 1
IclICL586Ctg-1
1clICL2666Ctg: 1
IclICL19234Ctg-1
IclICL3066Ctg:-1
1clICL1963Ctg:3
1clICL955Cte-1
IcllCL138Ctg-7
1clICL218Ctg-3

COIl
CRK19
CRK26

CTR1

CTR1

HT1
HT1
LECRKA4.3
LRR RLK
LRR RLK
LRR RLK
LRR RLK
LRR
LRR-RLK
LRR UBL
LRR UBL
MYBI
MYB4

NAK
PUB34

RLK

RLK

RLK
SERK2

SRF3

SRF7

SRFS§

STPK

STPK

TIR1

TRX2
TRXH
TRXH

Coronatine-insensitive prot. 1
Cysteine-rich recep. prot. kin. 19
Cysteine-rich recep. prot. kin. 26

Ser/Thr prot. kin. CTR1
Ser/Thr prot. kin. CTR1
Ser/Thr prot. kin. HT1
Ser/Thr prot. kin. HT1
Lectin recep. kin. prot.
LRR-repeat recep. kin.
LRR-repeat recep. kin.
LRR-repeat recep. kin.
LRR-repeat recep. kin.
LRR-repeat (LRR) prot.
LRR-recep. prot. kin.
LRR-ubiquitin Fam. prot.
LRR-ubiquitin Fam. prot.
Myb-related prot. Hvl
Myb-related prot. Myb4
Ser/Thr prot. kin. NAK
U-box domain-containing prot. 34
Recep. like kin.
Recep. like kin.

Recep. like kin.
Somatic embryogen. recep. kin. 2
Prot. strubbelig recep. Fam. 3
Prot. strubbelig recep. Fam. 7
Prot. strubbelig recep. Fam. 8
Ser/Thr prot. kin.
Ser/Thr prot. kin.
Transport inhibitor resp. 1 prot.
Thioredoxin H-type 2
Thioredoxin H-type
Thioredoxin H-type

Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
Drought (T)
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Table 3. Sugarcane upregulated SuperSAGE tags (p < 0.05) under abiotic stress related to sugarcane contigs

annotated to PR gene products.

Tag Contig PR protein Description Stress* Chromosome

Sg89596 IclICL1656Ctg4 BGL14 Glucan endo-1,3-beta-glucosidase 14 Salt 6
Sgl156201  IcliCLA00ACe-1 BGL6 Glucan endo-1,3-beta-glucosidase 6 Salt 2
Sg234615  IcliCL5380Cte-1 CHT2 Chitinase 2 Salt 5

Sg9o165 1clCL2359Ctg-1 PERI Peroxidase 1 Salt -
Sg102410 1clICL857Ctg-3 PERI12 Peroxidase 12 Salt 4
Sg280254  IcCL3370Ctg-2 PER2 Peroxidase 2 Salt 5
Sg319382  Icl|CL3370Ctg-2 PER2 Peroxidase 2 Salt 5
Sg103631 IclCL81Ctg-11 PER30 Peroxidase 30 Salt 1

Sg8601 1clCL6421Cte-1 PERS1 Peroxidase 51 Salt 8
Sg44533 1clCL2278Cte-1 PR6 Pathogenesis-related Prot. 6 Salt 1
Sg40564 1clCL2300Ctg-1 PRMS Pathogenesis-related Prot. PRMS Salt 1
Sgl134165  IcliCL3953Cte-1 PRX74 Peroxidase 1 Salt 5
Sgl14624  IclCL2475Ctg-1 SLP3 Serine-type peptidase 3 Salt 6
Sg184829 IcCL170Ctg-7 TL1 Thaumatin-like Prot. 1 Salt 10
Sgl196058  IcCL9293Ctg-1 GERS Germin-like Prot. 8 Salt/ Drought (T) 1,3
Sg260023  IcliCL1686Ctg-2 LIC2 Lichenase-2 (Fragment) Salt/ Drought (T) 5
Sgl192751 IclICL148Ctg-1 LTP3 Non-specific lipid-transfer Prot. 3 Salt/ Drought (T) 11
Sg78722 IclICL81Ctg-11 PER30 Peroxidase 30 Salt/ Drought (T) 1
Sg237293  1clCL12204Ctg-1 PER35 Peroxidase 35 Salt/ Drought (T) 4
Sg48247 IclICL5Ctg-2 PR4 Pathogenesis-related Prot. 4 Salt/ Drought (T) -
Sg240549  1cl|CL2278Ctg-1 PR6 Pathogenesis-related Prot. 6 Salt/ Drought (T) 1
Sgl27746  Icl|CL7441Ctg-1 TL1 Thaumatin-like Prot. 1 Salt/ Drought (T) 10
Sg105253 IclCL172Ctg-1 TLP Thaumatin-like Prot. Salt/ Drought (T) -
Sg209573 IcICL172Ctg-3 TLP Thaumatin-like Prot. Salt/ Drought (T) 12
Sg32358 IclICL172Ctg-3 TLP Thaumatin-like Prot. Salt/ Drought (T) 12
Sg301849 IclICL172Ctg4 TLP Thaumatin-like Prot. Salt/ Drought (T) 12
Sg18972 1clICL949Ctg-2 TLP Thaumatin-like Prot. Salt/ Drought (T) -
Sg48178 IclICL5335Ctg-1 ZLP Zeamatin-like Prot. Salt/ Drought (T) 3
Sg188704 IclCL54Ctg-1 APX1 L-ascorbate peroxidase 1 cytosolic Drought 3
Sg13934 IclICL1Ctg-628 APX2 L-ascorbate peroxidase 2 cytosolic Drought 7
Sg32000 IclICL1Ctg-769 APX2 L-ascorbate peroxidase 2 cytosolic Drought -
Sg20615 IclICLA012Ctg-2 ARA12 Subtilisin-like protease Drought 4
Sg326868  IclCLA788Ctg2  BGL(GIV)  Glucan endo-1,3-beta-glucosidase GIV Drought 1
Sg326865  IcCL11799Ctg-1 BGL Glucan endo-1,3-beta-glucosidase GVI Drought 1

Sg3555 IclICL1656Ctg-3 BGL14 Glucan endo-1,3-beta-glucosidase 14 Drought 6
Sgl171075  IclCL1656Ctg4 BGL14 Glucan endo-1,3-beta-glucosidase 14 Drought 6
Sgl03796  IcICL1061Ctg-5 CHT1 Chitinase 1 Drought -
Sg139239  IclICL2946Ctg-2 CHT12 Chitinase 12 Drought -
Sgl181942  I1clCL2832Ctg-1 GLP Germin-like Prot. Drought 1,3
Sg275910 1clCL148Ctg-2 LTP3 Non-specific lipid-transfer Prot. 3 Drought -
Sg53947 IclICL2173Ctg-2 PER Peroxidase Drought -
Sgl105048  lelCLS161Ctg-2 PERI1 Peroxidase 1 Drought 1
Sg20895 IcliCL3370Ctg-2 PER2 Peroxidase 2 Drought 5
Sg219297  lelCLA132Ctg-2 PER2 Peroxidase 2 Drought 3
Sg57316  IclICL18012Ctg-1 PER4 Peroxidase 4 Drought 6
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Sg96280 IclCL6421Cte-1 PERS1 Peroxidase 51 Drought 8
Sgl68319 IclCL81Ctg-8 POD Peroxidase 15 Drought -
Sgl80951  IclICL5594Cte-1 PRBI1-2 Pathogenesis-related Prot. PRB1-2 Drought 10
Sgl180925  IelICL10368Ctg-1 TLP Thaumatin-like Prot. Drought 3,9,11
Sgl77465  IcliCLA842Cte-1 ARA12 Subtilisin-like protease Drought (S) 3
Sg310886 1clCL867Ctg-1 CTL1 Chitinase-like Prot. 1 Drought (S) 9
Sg345193 1clCL867Ctg-1 CTL1 Chitinase-like Prot. 1 Drought (S) 9
Sgl175504 IclCLS8Ctg-12 LTP110-A Non-specific lipid-transfer Prot. 3 Drought (S) -
Sg29841 1clCL2173Ctg-2 PER Peroxidase Drought (S) -
Sg62895 IclICL7859Ctg-1 PER12 Peroxidase 12 Drought (S) -
Sg224114  1clICL13415Ctg-1 PER2 Peroxidase 2 Drought (S) -
Sg218991  IclICL7657Ctg-1 PER2 Peroxidase 2 Drought (S) 8
Sgl67970  IcliCL1172Ctg-3 PER3 Peroxidase 3 Drought (S) 6
Sg291746  IclICL12204Ctg-1 PER35 Peroxidase 35 Drought (S) 4
Sg76238 1clCL3102Ctg-2 PER36 Peroxidase 36 Drought (S) -
Sg96280 IclCL6421Ctg-1 PERS1 Peroxidase 51 Drought (S) 8
Sg102099  IelCL17223Ctg-1 PERS2 Peroxidase 52 Drought (S) 2
Sgl62753 IclCL81Ctg-10 PER72 Peroxidase 72 Drought (S) 1
Sgl168319 IclCL81Ctg-8 POD Peroxidase 15 Drought (S) -
Sg218368  IclCL17093Ctg-1 RIXI Xylanase inhibitor Prot. 1 Drought (S) 2,11
Sg3555 IclICL1656Ctg-3 BGL14 Glucan endo-1,3-beta-glucosidase 14 Drought (T) 6
Sgl171075  IclCL1656Ctg4 BGL14 Glucan endo-1,3-beta-glucosidase 14 Drought (T) 6
Sgl103796  IclCL1061Ctg-5 CHT1 Chitinase 1 Drought (T) -
Sg95918  IclICLI12126Ctg-1 ECH Chitinase 12 Drought (T) 4
Sg338428 1clCLA402Ctg4 ECH Chitinase 12 Drought (T) 4
Sg192751 IclCL148Ctg-1 LTP3 Non-specific lipid-transfer Prot. 3 Drought (T) 11
Sg219297  IcliCLA132Ctg2 PER2 Peroxidase 2 Drought (T) 3
Sg180925  IclCL10368Ctg-1 TLP Thaumatin-like Prot. Drought (T) 3,9,11

* Stress [Salt: 100 mM NaCl; drought

: 24h after water suppression]
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Table 4: Sugarcane clusters that presented similarities with distinct segments in a same rice chromosome.

Position
Chromosome Cluster
Start End
. 6813508 6813684
1 CL13048Contigl
26733776 26733608
. 969864 970285
2 CL19373Contigl *
981312 981732
i 17681689 17681192
CL13191Contigl *
17702859 17702476
. . 510781 512759
CL2713 Contigl e Contig 2
3 997006 999145
) 22702577 22703551
CL2740Contigl
31482289 31481744
) 28750774 28748635
CL8&128Contigl
35477873 35477018
21122766 21122970
7 CL15614Contigl *
21130188 21130392
. 10155655 10156233
CL13870Contigl
10366331 10366736
18514955 18514293
18525801 18525139
CL22Contigl0
0 18537260 18536598
21015489 21015930
18515301 18514527
. 18526115 18525376
CL22Contig8
18537574 18536835
21015124 21015815
26771155 26770944
11 CL12189Contigl 26790178 26789967
26871113 26870902
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Fig. 2 Distribution of the 314 sugarcane clusters that aligned with PR-genes families (A)

and of the 107sugarcane clusters that aligned with R-genes with no repetitions (B).
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CLY¥1_CLZ2957Ctl_Zgs7140
COIL CLEGECES_Sgll294s
HT1_TLS9ECLE_SgZ69246
ERLT_CLICtl3I4 Sg85924
LRER-FLE CL9300Ctl_SgZ9265
TIR1 _CLI9E3CL3 Sg242451
FER_CLZ503Ctd Sg55569
DSKI-like CL2IS5Ctl_3g359057
RLE _CL10OS6CES 392721
EXS_CL7232Ctl_sgl77002
HSLT_CL3311CET _SgEZelzZ0
HYBl_CLSGQQCtZ_SngGlZS

EXS CL1Z2575Ctl Sg327823
WAKA CL16530CTl_Sgzs5aos
RLK CL1Ct731_Sg313217
SRF3_CL1621CTl Sg350189
CRK13_CLO&70CCI Sg84672
CRKZ6_CL5650Ctl_Sgl06653
HT1l_CL592Ct6_Sg32977
AFBZ_CL6590CT2_Sgllzo3s
HT1_CL3521Ctl_S5g781l51

LER RLE_CL227ICtl_S5g42130
PUB34_CL5525Ctl_S5g44998
AFEZ_CL12963Ct2_Sgo0440
LER-FLE_CL2090Ct3_Zg54l66
MYE4 CLI57Ct3_5g95975
CTR1_CL3947CtI_3g249703
TRXZ_CLOS5Ct] Sg64443
BRL1_CLICtl314 Sgl04430
LR FLE CL1856Ccz_SgloT53s
{SNFE_CLEGEGCTL SgZ7az72
APKZE_CL5649Ctl Sgl61113
LERUBL-1like_CLZ433Ctz_Sgl34a9s
CTRL_CL14145Ctl_Sg325Z69
TRXH_CL218Ct3_Sglegsli
LECREA4. 3_CLAG53Ctl_Sgl3gsel
{NAK_CL9007Ctl_Sgle4597

CRCE3_CL2437Ct3_3gll3200
LRR-RLE CLZ271CTtZ_Sg32206
LER-RLE CLE164Ctl”Sgl37952
STPE_CLB196CTl_SgllZ29le
MYE1l_CL3699Ct2 59201493
RLL-ELE CL6562Ctl_Sg295605
CTR1_CL4465Ctl_Sg258471
RLL-ELE_CL1Ct771 Sgz2dl4d23
HT1_CL1520Ctl Sg97622
TREXH_CL138CES9 59349363
BLL-ELE_CL1Ct771_SgB88790
CRE4l_CL1716CE3 Sg19?393
SRF7_CLEG39CELL Sg336502
LER-ELE CLZZ?lCtZ_Sg131304

COTI_CLZ62CtE_Sgl55147
MYE1l_CL3699CtI 39205102
RLE _CL1296Ct5_Sgl57473
APETA CLo0OCtd 3969207

LER BELE CL11055Ctl_SglS50666
| SERKZ CL2Z59CtZ_SglO0ess
STPE_CL3066CTl_Sg254990
TRXH_CL138Ct7_3a51480

LER,_| CL28G6CEE _SglzZezed
RLK CLADZ4Ctl Sgl30es
RLK CL7850Ct1l_SgloZel
FORL_CLZ3BCES _SgZ80923
RLCEVII_CLAZSBCEL _Sglelieb
LER,_| CL3I93CEL Sgﬂlgﬂl
TPXH CL138CtZ_Sg5l4ds8s
TIRl CL13024CTL _SglOgzoz
TRX2_CLY955CEL Sg1599?3
APK1E CL396ECTZ_Sgld05s
STPK_CLSZ96Ctl_Fgl68565

3RF3 CL1415Ctl” $a32183

BGLL_CL34A51Ctl _Sg33v?ozl
CHT1I_CLZ235CET. _Sg27g749
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BGL(GIV) CL4755Ctz_Sg326868
PERI_CLETE1Ct2 Sglis0ds
BGL14 CL1656CTtd Sgl71075
CHT1_CL1OG1lCtS5_Sgl037as
BGL14_CL1E56CET_Sg3555
PERZ_CL4132Ct2_Sg2l9297
TLP_CL10368Ctl_Sgls0ozs
APXZ_CLICt625_S5gl3934
CHT1Z_CLZ946CT2_3gl39zss
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BGL14 CL1575CTl_Sg332375
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PERI1 CL4623CT3 Sgz19301
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TL1_CLeF08Ctl_SgZ2326
PERF0_CLELCt1I Sglzosls
PER35_CLL2204CTl_Sg6438l
PR4B_TL4253Ct2_Sglilsoo
PER7Z_CL782Ctl_Sglisdss
PERZ_CL3370Ct2_Sg359752

PERZ_CL3370Ct2_Sg280254
PERZ_CL3370CTtZ 59319382
PER30_CLS1Ctll 3gl03631
PRX74 CL3953Ctl_3gl34165
PR6_CLZ273CT1l 5944533
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PER3S_CL12204Ctl_Sg237293
TLP_CL172Ct4 3g301549
PR4 CLSCLZ_Sgd5247

TL1 CL7441Ctl 3oglZ7746

Fig. 3 Hierarchical clustering (Cluster3.0) of up-regulated (red) and down-regulated (green)
SuperSAGE tags (p< 0,05) related to R (A) and PR classes (B) using FC (Fold Change) of gene
expression ratios (experimental/control) under the tested conditions [STS/STC: Salinity-tolerant (100
mMNaCl)/ control; DTS/DTC: Drought- tolerant / control; DSS/DSC: Drought- sensible / control]. The

tag number and the contig ID is given together with the gene product.
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Abstract

Plants have the ability to recognize and respond to a multitude of pathogens, resulting in a
massive reprogramming of the plant to activate defense responses including Resistance (R)
and Pathogenesis-Related (PR) genes. Abiotic stresses can also activate PR genes and enhance
pathogen resistance, representing valuable genes for breeding purposes. The present work
offers an overview of soybean R and PR genes present in the GENOSOJA (Brazilian Soybean
Genome Consortium) platform, regarding their structure, abundance, evolution and role in the
plant-pathogen metabolic pathway, as compared with Medicago and Arabidopsis. Searches
revealed 3,065 R candidates (756 in Soybean, 1,142 in Medicago and 1,167 in Arabidopsis),
and PR candidates matching to 1,261 sequences (310, 585 and 366 for the three species,
respectively). The identified transcripts were also evaluated regarding their expression pattern
in 65 libraries, showing prevalence in seeds and developing tissues. Upon consulting the
SuperSAGE libraries, 1,072 R and 481 PR tags were identified in association with the
different libraries. Multiple alignments were generated for Xa2/ and PR-2 genes, allowing
inferences about their evolution. The results revealed interesting insights regarding the
variability and complexity of defense genes in soybean, as compared with Medicago and

Arabidopsis.
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Introduction

In order to prevent the effects of pathogen attack, plants evolved the ability to recognize
the threat and struggle against the invader as well as trigger an effective response (Bolton,
2009). One of the most important steps of this complex response lies in the detection of
pathogen invaders by the plant, a step where R (Resistance) genes play a crucial role. This
sensing involves the recognition of a pathogen gene product called avirulence (avr) factor by a
correspondent R gene. The plant will be resistant and the pathogen growth and establishment
will be impaired when both avr and R genes are compatible, leading to the so-called
Hypersensitive Response (HR) that triggers diverse responses, including local cell death to
impair spreading of the pathogen (Bonas and Anckerveken, 1999). Besides this local reaction,
the HR activates a signal cascade — including hormones and PR (Pathogen Related) genes,
among others — that are able to establish resistance against a spectrum of different pathogen
classes, this corroborating observations made at the beginning of the last century that plants, as
well as animals (Benko-Iseppon ef al., 2010), may be immunized against the attack a of given
pathogen after infection by another pathogen (Chester, 1933).

Besides a local reaction, plants may also display the Systemic Acquired Resistance
(SAR). The SAR pathway is also common in many non-compatible plant-pathogen
interactions (Nurnberg and Brunner, 2002). As soon as the pathogenic agent is detected, the
plant induces a complex set of signal molecules able to activate defense proteins that may
have a direct antimicrobial effect, as in the case of Pathogenesis-Related (PR) genes (Durrant
and Dong, 2004). Alternatively, they may induce the production of secondary metabolites that

impair pathogen movement or growth within the plant tissues (Sparla et al., 2004).
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Resistance genes are generally classified into five different groups or classes, defined
according to their conserved domains (CD) (Bent, 1996; Hammond-Kosack and Jones, 1997;
Ellis and Jones, 2000). The first class is represented by the HM1 gene of maize that encodes a
reductase able to inactivate toxins produced by the fungus Helminthosporium carbonum
(Joahal and Briggs, 1992). It is the only R gene class where conserved domains are absent. A
second class is represented by the Pfo gene from tomato that confers resistance against the
bacterium Pseudomonas syringae pv. tomato. It is characterized by a serine/threonine-kinase
(ser/thre-kinase) domain, able to interact with the avrPfo gene (Tang et al., 1999). This gene
was also identified in other plants, such as Arabidopsis thaliana, Phaseolus vulgaris (Melotto
et al., 2004), eucalyptus (Barbosa-da-Silva et al., 2005) and sugarcane (Wanderley-Nogueira
et al.,2007).

The third class is represented by genes bearing two domains, viz. LRR (Leucine Rich
Repeats) and NBS (Nucleotide Binding Site) (Liu et al., 2004). This is the case of the Rpm 1
and Rps?2 genes from A. thaliana, the N gene from tobacco, L6 from flax, Prf from tomato and
Rpgl from soybean also found in common bean, and faba bean (Mindrinos et al., 1994;
Lawrence et al., 1995; Salmeron et al., 1996; Ashfield et al., 2003). The fourth R gene class
encodes a membrane-anchored protein composed of an extracellular LRR domain, a
transmembrane region and a short intracellular tail in the C terminal. The Cf'gene from tomato
is an example of this class, conferring resistance against Cladosporium fulvum (Dixon et al.,
1996).

The Xa2l gene from rice confers resistance to the bacteria Xanthomonas oryzae pv.
oryzae and is a representative of the fifth class (Song et al., 1995; Wang et al., 1995). This

gene encodes an extracellular LRR domain (similar to the Cf gene), as well as a ser/thre-kinase
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domain (similar to the Pto gene), suggesting an evolutionary connection among different
classes in the genesis of plant R genes (Song et al., 1997).

PR proteins comprise pathogen-induced proteins that are routinely classified into 17
families based on their biochemical and molecular biological properties, from PR-1 to PR-17
(van-Loon et al., 2006). Similarities among sequences and serological or immunological
properties form the basis of their classification (van-Loon et al., 1999). Although most PR
proteins are known to have antifungal activities, their active molecular mechanisms are not
well understood except for PR-2 (B-glucanases) and PR3 (chitinases) (Kitajima and Sato,
1999). PR1 is the most abundantly accumulated protein after pathogen infection and its genes
have been cloned in many plants, such as tobacco (Gaftney et al., 1993), A. thaliana (Metzler
et al., 1991), tomato (Tornero et al., 1997) and apple. Although its phytochemical functions
are unknown in all these species, this gene class is nonetheless considered to be a typical SAR
marker (Bonasera et al., 2006). PR-5 is a thaumatin-like protein with high antifungal activity,
being also expressed under cold stress in overwintering monocots where it exhibits antifreeze
activities (Hon et al., 1995, Atici and Nalbantoglu, 2003, Griffith and Yaish, 2004). Other
families like PR-8 (Glycosyl hydrolase), PR-9 (secretory peroxydase), PR-14 (lipid transfer
proteins), PR-15 (oxalate oxydase) and PR-17 (basic secretory proteins) (Nanda et al., 2010)
have been well studied and are believed to be involved in plant defense responses, although
their molecular mechanisms have yet to be determined (Bolton, 2009). Most PR genes are
expressed at a basal level under normal growth conditions, but are rapidly induced after
pathogen infection. It is worthy of note that several PR genes are also regulated during
development, leaf senescence and pollen maturation, as well as by environmental factors, such

as osmotic, cold and light stress (Zeier ef al., 2004).
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Soybean (Glycine max) is a globally important crop, providing oil and at least twice as
much protein per acre as any other major grain (Libault ez al., 2010). Economically, soybean
is the most valuable protein and edible oil crop in the world and serves as a model for seed and
other developmental processes (Cannon et al., 2009).

The present evaluation offers an overview of the main available sequences regarding
plant-pathogen interaction of the R and PR classes in the soybean transcriptome, here
compared with data available from Arabidopsis and Medicago, providing insights on the
expression of such sequences in different tissues and inferring as to how these genes may have

behaved over the course of evolution.

Material and Methods

Search and screening for R and PR genes in soybean, Medicago and Arabidopsis
databases

For this purpose 59 proteins that play important roles in plant defense response were
selected as seed sequences. The selected protein sequences were related to the 42 R and 17 PR
gene classes described above. The R genes were previously compiled by Barbosa-da-Silva et
al. (2005) and Wanderley-Nogueira et al. (2007), and PR seed sequences are available in
Table S1 (Supplementary Material). All 59 seed sequences regarded full cDNAs that were
obtained from the NCBI database and conceptually translated to improve search strategies.

For the identification of these gene analogs in soybean, Medicago and Arabidopsis
transcriptomes, tBLASTx alignments were carried out against three platforms: GENOSOJA
(The Brazilian Soybean Genome Consortium), TIGR (The Institute for Genomic Research)

and TAIR (The Arabidopsis Information Resource), using l¢ *° as the cut-off value.
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Obtained clusters were annotated and analyzed for score, e-values, sequence size and
presence of conserved domains, as shown in Table 1. For this purpose all clusters were
translated using the TRANSLATE tool of Expasy and screened for conserved motifs with the
aid of the rps-BLAST CD-search tool (Altschul et al., 1990). The best match for each gene in
each studied species was submitted to a BLASTx alignment in NCBI GenBank in an effort to
confirm their putative function.

In a second manual analysis redundancies, i.e. clusters that matched more than one gene
due to common domains, were eliminated. For this purpose, clusters matching each query
sequence were annotated on a local database (called ‘non-redundant’).

The third step of the analysis aimed at comparing the number of R and PR candidate
sequences obtained after the tBLASTn searches against the soybean, Arabidopsis and
Medicago databases by direct counting of non-redundant clusters for each one of the 59 genes

studied.

Phylogenetic analysis

Aiming to analyze the relationships among these genes, some R and PR gene candidates
were selected from all three studied species for an evolutionary analysis using the maximum
parsimony method and bootstrap function with 5,000 replicates. For this purpose CLUSTALx
alignments were submitted to the program MEGA (Molecular Evolutionary Genetic Analysis),

Version 4 for Windows (Tamura et al., 2007).

Studying syntenic regions among the soybean and Medicago genomes
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Best matches for all selected soybean genes were aligned against the M. truncatula
pseudogenome aiming to anchor the 59 soybean sequences in virtual chromosomes through
the CVit-BLAST procedure implemented in the Medicago sequencing resource website.
BLAST algorithm parameters (score, e-value and percentage of identity) were adjusted to

infer about the position of soybean sequences along the Medicago virtual chromosomes.

In silico expression assay based on GENOSOJA EST sequences

A preliminary analysis of the prevalence regarding the 59 genes in the soybean libraries
was verified by direct correlation of the read frequencies of each cluster in various
GENOSOJA c¢DNA libraries. Information regarding the 65 libraries that constitute the
GENOSOJA database is available on The Soybean Genome Project Website. For practical
purposes we combined some libraries that comprised different stages of the same tissue/organ
(for example, BO1 and B02 are here referred to as “B”), resulting in a total of 16 libraries (B:
vegetable buds of field grown plants; C: cotyledons; EN: endosperm; EP: epicotyls; F:
flowers; H: hypocotyls; LV: leaves; R: roots; SH: germination shoots; ST: stems; SO:
somatic embryos; SC: soybean submitted to drought; LI: leaves infected with Asian rust; MJ:
soybean submitted to Meloidogyne javanica; SD: seeds and UK: unknown). To generate an
overall picture of selected R and PR gene expression patterns in soybean, a hierarchical
clustering approach (Eisen et al., 1998) was applied using normalized data and a graphic
representation constructed with the aid of the CLUSTER program. Dendrograms including
both axes (using the weighted pair-group for each cluster and library) were generated with aid
of the TreeView program (Page, 1996). In these graphics, light yellow means no expression

and red indicates all degrees of expression.
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In silico expression assay based on the GENOSOJA SuperSAGE libraries

R and PR candidates were also used to screen the six SuperSAGE libraries generated by
the GENOSOIJA consortium. For the drought experiment, four libraries were generated using
roots of two contrasting soybean genotypes, viz. Embrapa-48 (tolerant) and BR-16 cultivar
(susceptible), both submitted to dehydration in the dark for 25 up to 150 minutes (all times
bulked together), as compared with non-stressed controls. The other stressed library was
generated using leaves of the resistant accession PI561356 inoculated with rust fungus and
collected 12, 24 and 48 hours post inoculation. For the composition of the pathogen-stressed
library, equimolar amounts of the three inoculation times were used, as compared with the
negative, non-inoculated control of the same genotype. The libraries were constructed at
GenXPro GmbH (Frankfurt, Germany), essentially as described by Matsumura et al. (2008),
and were subsequently sequenced via a SOLEXA platform.

Aiming to perform an overview of the GENOSOJA SuperSAGE data associated with R
and PR genes, SuperSAGE tags were submitted to a BLASTn (maximum e-value le¢ %)
against the database generated from three comparisons of the six available libraries (1-
Embrapa-48, drought tolerant stressed vs. negative control; 2- BR-16, drought susceptible
stressed vs. negative control; 3- PI561356 fungus resistant stressed vs. negative control). Each
SuperSAGE tag was annotated considering the respective library comparison and also the

respective aligned ESTs.

Results

Description and distribution of R and PR genes in soybean, Medicago and Arabidopsis
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The tBLASTn alignment against the soybean transcriptome using the 59 known R and
PR gene probes returned 1,066 non-redundant sequences from the contigs and singlets
deposited in the GENOSOJA database. Among them, 700 represented contigs and 366
singlets, which together encompassed 26,653 reads. Regarding the tBLASTn searches in the
Medicago transcriptome, a total of 1,727 sequences were positive matches. In Arabidopsis,
1,533 sequences returned matches after the same procedure.

A screening of R and PR genes in these three species resulted in the identification of
4,326 candidates, of which 3,065 were R and 1,261 PR gene candidates. A graphical
representation regarding the prevalence of these sequences and how they are distributed
among the soybean, Medicago and Arabidopsis transcriptomes is shown in Figure 1.

After analyzing all results it was observed that only one PR (PR-13) and two R
genes (L6 and M) were absent from the soybean transcriptome, while all the other 56 genes
presented positive results in the tBLASTn searches. The same was denoted in the Medicago
tBLASTn results for these three genes. Also in Arabidopsis no matches could be found for the
two R genes L6 and M, but four candidate sequences could be identified for the PR-13 class,
as shown in Table 1. A comparison of the distribution of non-redundant sequences in the three
species revealed that the NBS-LRR family was the most frequent one in all cases, while the
LRR-kinase class was the least represented in all studied organisms (Figure 2). Moreover, it
was observed that while Arabidopsis presented a higher number of R gene candidates,
Medicago matched the high number of PR genes. In both cases, soybean presented the lowest
number of matches (Figure 3A).

The three most represented R and PR genes in all species were the same, with Xa21,

EFR and Pti6 representing R genes and PR-2, PR-7 and PR-9 representing PR genes. Due to
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this abundance, both Xa2/ and the PR-2 genes were selected for the construction of a
dendrogram and expression analysis. Matching of Xa2/ and PR-2 candidates in soybean,
Medicago and Arabidopsis did not follow a regular distribution pattern, since soybean
presented fewer matches for both genes, and most of the Xa2/ candidate sequences were
found in Medicago, whereas most PR-2 candidates were found in Arabidopsis (Figure 3B).
Among the 310 PR genes of soybean only 40 matched with more than one seed
sequence, all the others being exclusive to a given PR gene family. On the other hand, almost
all R genes matched sequences that aligned with more than one probe, requiring manual
sorting. Exceptions occurred only with respect to RAR, RIN, P, WRKY29, and Xa21, which

aligned in most cases with exclusive sequences.

Phylogenetic analysis of Xa2l and PR-2 genes

Dendrograms generated for Xa2/ and PR-2 genes using the soybean sequences and
orthologs clearly divided dicots and monocots into distinct clades (Figure 4). In the Xa2l
analysis, the fern Selaginella moellendorffii was placed in a basal position from which the two
branches representing monocots and dicots emerged (Figure 4A). The monocots group
included members of the Poaceae family in one branch, with a bootstrap CI of 95%, associated
in the same branch with the palm Elaeis guineensis. Regarding the dicot group, it was
observed that both Fabaceae members (G. max and M. truncatula) were positioned together,
while the other branch included members of the suborder Eurosidae I (Vitis vinifera and
Ricinus communis), together with A. thaliana, a member of the Eurosidae II suborder.

Considering the PR-2 dendrogram (Figure 4B), the grasses (Poaceae represented by rice

and maize) occupied a basal position, from which a clade containing two monocots, ginger
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(Zingiber officinale) and banana (Musa paradisiaca), emerged. Moreover, a large clade
containing all dicots was split into two subclades that behaved as merophyletic groups. For
example, tobacco (Nicotiana tabacum) and coffee (Coffea arabica), members of the Asterid
order, remained together, but potato (Solanum tuberosum) of the same order was positioned on

another branch. Soybean and Medicago were also positioned in separate subclades.

Expression pattern of R (Xa2l) and PR (PR-2) genes in the soybean transcriptome

From the 26,653 reads identified, an in silico expression assay was carried out
considering transcripts from both genes Xa2/ (2,980 reads) and PR-2 (1,099 reads). This
allowed identifying their prevalence and normalizing their distribution among the tissues and
conditions represented in the 65 different libraries. Graphic illustrations of these comparisons
are available as Figures S1 and S2 (Supplementary Material).

The analysis of their expression pattern in soybean, obtained from normalized data,
revealed that all libraries presented almost the same number of reads. The most representative
library was from seed tissues (SD), presenting 10% of the identified reads. Expression in
tissues from leaves (LV), roots (R) and flowers (F) presented similar expression, representing
9% of all reads in each tissue. The remaining tissues also presented significant expression
(ranging from 5% to 8%), except in the case of libraries made from tissues submitted to the

nematode Meloidogyne javanica (MJ), where no reads were identified.

Expression considering the SuperSAGE libraries

BLASTn results revealed that 944 soybean EST candidates aligned with 1,553

SuperSAGE tags when considering a cut-off value of <e”. Among all tags, 1,072 aligned with
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the R gene candidates from different classes, with emphasis on the NBS-LRR class.
Additionally, 481 tags aligned with PR gene candidates, most of them with the PR-9 secretory
peroxidase family (Figure 5). Data concerning sequence-tag association are available as
supplementary material (Tables S2, S3 and S4). The best results were obtained for comparison
1 (BR-16, drought susceptible stressed vs. negative control), which matched 613 non-
redundant tags, while 465 were found for comparison 2 (Embrapa-48, drought tolerant
stressed vs. negative control), and for comparison 3 (PI561356 fungus resistant stressed vs.
negative control) 475 SuperTags were represented (Figure 5). It is noteworthy that many tags

matched in more than one comparison.

Anchoring soybean R and PR genes in Medicago virtual chromosomes

The alignment of 59 soybean genes against the Medicago virtual chromosomes revealed
1,253 sites in all nine chromosomes, also including sub-telomeric regions (Figure 6). 58 genes
presented similarities with distinct segments in the same chromosome or appeared twice in
distinct chromosomes. Only the PR-/ sequence anchored in an exclusive chromosome (2).

The highest number of anchored genes was found in chromosome 8, matching 32 of the
59 genes in 85 sites. On the other hand, chromosome 6 presented the lowest number of
anchored genes (12). Nonetheless, this chromosome presented the highest number of
duplications, matching 228 sites, most of them in tandem positions. Such tandem repetitions
could be also observed in three sites of chromosome 3. The lowest gene density was observed
in the long arm of chromosome 3. Syntenic regions were evident in chromosomes 2 and 4

(Figure 6).
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Several sequences clustered along the genome, with some chromosomes rich in
resistance genes, especially chromosomes 2, 7, 8 and 9, with at least four distinct genes in very
close positions. These blocks of genes always matched R genes, while PR genes generally

appeared in the same chromosomes in distinct sites.

Discussion

The 1,066 soybean sequences resulting from tBLASTx alignments confirmed the
excellent coverage that the existing GENOSOJA databank comprises, including the most
important representatives from different gene families.

Legumes are plants known to be able to withstand many kinds of stresses, including
rapid climate changes, drought tolerance, exposure to diseases and pests, water logging and
flooding (Cannon et al., 2009), which could explain the higher number of PR genes
encountered in Medicago in comparison to Arabidopsis, since these families of genes can be
activated by different kinds of biotic or abiotic stress (Glombitza et al., 2004). The low
number of R and PR gene candidates found in soybean is curious when compared to
Arabidopsis and Medicago, since these have smaller genomes (157 Mb and 583 Mb
respectively) than that of G. max (1,115 Mb). This may be due to the analyzed sample, which
was restricted to expressed sequence tags, whereas the databases of both Arabidopsis and
Medicago are larger. Previous studies on legumes showed that despite the relatively large
difference in genome sizes of soybean and Medicago, gene densities are similar, indicating
that a given Medicago region is likely to correspond well with two soybean regions (Mudge et
al., 2005). This leads us to believe that additional expression assays in soybean may reveal

important genes that are expressed under very specific conditions.

144



The number of soybean clusters that aligned with more than one R gene seed sequence is
not surprising. Similar results were observed in previous studies regarding R genes of
eucalyptus (Barbosa-da-Silva et al., 2005) and sugarcane (Wanderley-Nogueira et al., 2007).
This occurs due to the common domains shared by R genes, as for example the LRR domain
that is present in the LRR, NBS-LRR and LRR-kinase gene families, facilitating alignments
with more than one gene. This is rarer when considering PR gene categories that are more
distinct in structure and function (Kitajima and Sato, 1999), as also observed herein. A higher
number of sequences matching NBS-LRR families, when compared to other classes, was also
reported by Barbosa-da-Silva et al. (2005) and Wanderley-Nogueira et al. (2007), confirming
the general observation that most R genes are members of this class.

Dendrograms generated from these data revealed a similar picture in both gene classes
selected (Xa2l and PR-2). In the case of Xa21, the positioning of Selaginella moellendorffii as
an outgroup was expected, since this species figures as a member of an ancient vascular
plant lineage that first appeared 400 million years ago, and thus represents a basal node on the
plant evolutionary tree (Weng et al., 2008). The analysis of the Xa2/ orthologs from different
species reflected their relationship according to classic taxonomy. Lilliopsida class (monocots)
appeared as a monophyletic group uniting on the same branch Oryza sativa, Zea mays and
Sorghum bicolor, which are all annual cereal grains of the Poaceae family, while the palm
Elaeis guineensis (Arecaceae) was positioned on another branch. Considering the
Magnoliopsida (dicots), the same occurred, since Medicago and soybean, both legumes and
members of Fabaceae, appeared in a subclade, separated from the remaining species. R genes
are considered fast evolving, due to their co-evolution with specific pathogens (Michelmore

and Meyers, 1998). In the case of Xa2/ the most polymorphic region is its extracellular LRR
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domain, which is responsible for pathogen specificity (Ellis et al., 2000), defining the
relationships of the dendrogram presented here.

The PR-2 dendrogram topology showed two main clades, as expected, monocots and
dicots. The grouping of monocots followed the taxonomic relationship, segregating Musa and
Zingiber (Zingiberales) from Oryza and Zea (Poaceae). It was possible to identify that a
symplesiomorphic character united all dicots, reflecting their common origin. Moreover,
considering the Magnoliopsida group, the evolutionary model of the PR-2 class seemed to
follow a synapomorphic pattern, leading to their diversification in different groups comprising
families and orders, this probably reflecting divergent processes regarding this PR gene.

The studied organisms presented different centers of origin, habitats and cycles of life,
as well as tolerance, resistance and sensitivity to diverse kinds of biotic and abiotic stresses.
Nonetheless, from an overall perspective and considering the position of different species in
the dendrograms, it is evident that both Xa2/ and PR-2 pathways genes were present in a
common ancestor of the angiosperms, since they appear relatively conserved in different plant
groups.

Many PR genes are constitutively expressed in given plant tissues (Velazhahan and
Muthukrishnan, 2003; Liu et al., 2004), suggesting a link between biotic and abiotic stresses
and indicating that at least some members of the PR proteins play important roles in plant
development, besides their role in defense responses. This fact may explain why the
expression of PR-2 gene can be observed at a basal level in almost all tissues, as seen when
considering their frequencies in the soybean libraries.

Studies carried out by Li ef al. (2008) and Libault ef al. (2010) revealed consistent

differences in gene expression patterns among diverse tissues, especially between roots and
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aerial tissues, but also revealed similarities between expression levels in tissues such as
flowers and leaves, corroborating our results. The most represented library was for seeds,
including different development stages, which is not surprising, since previous evaluations
also revealed that the soybean grain contained the vast majorities of expressed genes and
regulatory sequences in the plant (Cannon et al., 2009). In the case of the PR-2 protein, it is
interesting to note that previous evaluations carried out by Leubner-Metzger (2005) in tobacco
suggest that this gene could play a role in seed germination. Furthermore, the expression of
both genes was also increased in leaves, roots and flowers, confirming their prevalence in
developing tissues.

As mentioned above, abiotic stress is able to trigger diverse plant responses. After an
initial massive distribution of energy triggered by stress, a wide array of defense mechanisms
i1s activated by R genes, inducing a signal cascade and increased PR gene transcription
(Vergne et al., 2010). This may justify the considerable amount of soybean SuperSAGE tags
related to these genes among the three comparisons considered, with considerable
representation in both biotic and abiotic (drought) conditions, as well as in the negative
controls, with many tags represented in more than one treatment. The high number of tags that
matched with BR-16 drought susceptible library vs. control could be explained by the ability
of the plant to continue expressing genes related to systemic acquired resistance as a
consequence of contact with any kind of previous stress, a crosstalk previously reported for
other plants (Durrant and Dong, 2004; Kido ef al., 2011). Comparing the distribution between
R and PR genes, both were representative with 1,072 tags matching R genes and 481 tags

matching PR candidates, indicating that additional analytical efforts regarding the SuperSAGE
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candidates will reveal not only associations with specific situations, but also allelic differences
important in the definition of biotic and abiotic stress responses.

Flowering plants originated approximately 200 million years ago (Wilkstrom et al.,
2001) and subsequently diverged into several lineages. Legumes are an old family believed to
have originated approximately 54 Mya (Lavin ef al., 2005). Soybean and other papilionoid
legumes show evidence of an older shared duplication and probably soybean underwent
polyploidy 13 Mya (Shoemaker et al., 2006). These duplications are widely evident, both in
number of similar duplicated genes and in large areas of synteny between chromosomal
regions. Previous evidence indicates extensive similarities in gene densities and distribution
among soybean and Medicago, inferring that a given Medicago region is likely to correspond
well with two soybean regions (Mudge et al., 2005). This evidence suggests that Medicago
could represent “a simplified draft” of the soybean gene distribution, making an evaluation
regarding R and PR soybean ortholog distribution in this crop most desirable. Hence, it is not
surprising that all identified soybean R and PR transcripts appeared anchored in 1,253 sites in
all segments of Medicago virtual chromosomes.

The rich R gene regions found in chromosomes 2, 7, 8 and 9 confirm previous
observations that most resistance genes reside in clusters (Kanazin ef al., 1996), as reported in
maize (Dinesh-Kumar et al., 1995), lettuce (Maisonneuve et al., 1994), oat (Rayapati et al.,
1994) and flax (Ellis et al., 1995). The formation of gene clusters is in general associated with
a common ancestor, and the diversification of these genes is the result of duplication processes
followed by diversification due to pathogen or environmental pressure.

Clustering of R genes corroborates the existing theory that a common genetic

mechanism involving duplication has been responsible for the evolution and diversification of
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this gene superfamily (Hulbert et al., 2001). The four clusters presented similarities with
distinct segments in the same chromosome, probably reflecting tandem gene duplication
mechanisms. Such duplicated copies tend to diverge by acquiring additional mutations and
may specialize or optimize to play slightly different roles (Alberts et al., 2002).

Regarding the duplicated segments considering the entire genome, 58 genes could be
identified in at least two distinct chromosomes. Unlike tandem duplications, repetitions in
distinct chromosomes resulted from events of duplication followed by translocations and
sequence divergence, also allowing functional diversification (Wendell, 2000; Thiel et al.,
2009). There is also evidence that transposition outbreaks could be activated by severe
environmental biotic or abiotic stress.

Still regarding the duplication event analysis, a large in tandem repetition was evident in
both chromosomes 3 and 6, represented by the genes Xal/I2 and RRSI, respectively. Previous
reports suggested that once duplicated, genes in tandem repetitions may expand rapidly
through events of unequal crossing over, since the character could confer advantage to the
organism (Alberts et al., 2002), in this case a higher diversity of genes associated with
resistance and stress response. This evidence supports assumptions that future efforts
regarding increased pathogen resistance may rely on biotechnological inferences that consider
whole gene clusters naturally associated in neighboring positions, rather than isolated genes
(Dafny-Yelin and Tzfira, 2007), as has been traditionally done.

In conclusion, the here identified sequences represent valuable resources for the soybean
breeding program, allowing their use in biotechnological approaches, with emphasis on

transgenes. They are also valuable for mapping purposes, considering the putative distribution
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here uncovered when considering available distribution of genes known from the Medicago
genome.

Considering gene diversity revealed especially by the SuperSAGE approach, their
association with specific responses to biotic or abiotic stress conditions may reveal important
gene variants for germplasm screening in the search for new accessions useful for breeding
purposes, especially in association with marker assisted selection (MAS), saving decades of

laborious research.
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Table 1: Soybean clusters matching results to each procured R and PR genes. Showing number
of matches to each seed-sequences, e-value, score, size in nucleotide (nt) and amino-acids
(aa), presence of conserved domains and number of matches in soybean, medicago and
arabidopsis. Abbreviations: (c)=Complete; (i)=Incomplete; M= Medicago truncatula; A=

Arabidopsis thaliana.

Soybean M A
Size Size # # #
Gene Best match e-value score (nt) (aa) Conserved Domain (c¢/i)  matches matches matches
PRI Contig 5043 7,00E-47 181 498 165 SCP (¢) 8 19 22
PR2 Contig 9520 1,00E-102 369 1047 348 Glyco-Hydro (c) 86 214 95
PR3 Contig 5557 4,00E-48 187 957 318 Chitinase (¢ ) 7 21 15
PR4 Contig 10145 2,00E-67 250 636 211  Chitin binding/Barwin(c ) 2 14 2
PRS Contig 29866 5,00E-60 226 1041 345 Thaumatin (c ) 21 36 29
PR6 Contig 5043 1,00E-46 181 495 164 SCP (c) 11 17 23
PR7 Contig 66 5,00E-141 481 2283 760 Peptidase/Subtilisin (c ) 82 97 50
PRS Contig 14006 4,00E-89 232 894 297 hevamine (c) 11 22 1
PRY9 Contig 1796 1,00E-120 428 978 325 Secretory peroxidase(c ) 31 46 66
PRI10 Contig 4865 6,00E-26 112 410 160 Betv 1(c) 18 18 34
PRI11 Contig 5806 9,00E-79 289 1098 365  plant chitinase class V (c) 1 11 9
PRI2 Contig 13869 1,00E-09 58 291 96 Gamma-thionin (i) 1 15 8
PRI3 No match - - - - - - - 4
PRI14 Contig 13114 6,00E-18 86 357 118 lipid-transfer protein (¢ ) 18 36 16
PR15  SJ01-E1-UK1-089-GO1-UC.F  1,00E-48 188 660 219 Cupin2 (¢) 27 47 37
PRI6 Contig 13716 2,00E-59 223 666 221 Cupin2 (c) 27 51 37
PR17 Contig 25189 2,00E-73 271 678 225 basic secretory proteins (c ) 2 1 5
Pto Contig 5707 2,00E-143 505 2502 833 Ser-Thre Kinase (i ) 238 239 248
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Prf
Pti4
Pti5
Ptil
Pti6

RARI
RIN4
RPM1I
RPS2
PBSI
RPS5
MLAIO
L6
RRSI
RPS4
Xal
Hrt
Mil
BS2
GPA2
RX1
Pi-ta
12
RPPS
HERO
L6
RPPI3

RPI

Contig 5666
SJ05-E1-S06-021-E06-UC.F
Contig 25338
SJ05-E1-UK1-024-H07-UC.F
Contig 10050
Contig 27196
Contig 20845
Contig 25089
SJ01-E1-L06-046-G05-UC.F
Contig 26006
Contig 10273
SJ18-P1-S12-046-B20-UC.F
Contig 16939
Contig 14438
Contig 16939
Contig 5507
Contig 16939
Contig 12827
Contig 10273
SJ14-E1-S07-021-C03-UC.F
Contig 5666
SJ14-E1-S07-021-C03-UC.F
Contig 5507
SJ14-E1-S07-021-C03-UC.F
SJ14-E1-S07-021-C03-UC.F
no match
SJ14-E1-S07-021-C03-UC.F
Contig 10273
Contig 16939

Contig 20164

4,00E-34
6,00E-33
6,00E-45
2,00E-33
2,00E-146
1,00E-76
7,00E-25
5,00E-29
7,00E-10
3,00E-132
1,00E-17
4,00E-07
5,00E-55
1,00E-30
1,00E-35
5,00E-63
3,00E-54
2,00E-08
3,00E-14
1,00E-22
4,00E-39
1,00E-23
8,00E-64
3,00E-19

1,00E-08

1,00E-23
2,00E-26
2,00E-51

3,00E-11

142

136

176

138

514

281

109

125

62

467

87

51

210

107

148

238

207

58.2

76

104

159

107

241

94

58

107

86

198

64

2736

825

645

759

1086

672

741

2781

2538

1152

1941

913

3198

2211

3198

3609

3198

2733

1941

2733

2736

2733

3609

2733

2733

2733

1941

3198

585

920

274

214

252

361

223

246

926

845

383

646

305

1065

736

1065

1202

1065

910

646

910

920

910

1202

910

910

910

646

1065

194

P-loop NTPase domain (c )

DNA-binding domain (c )
DNA-binding domain (c )
DNA-binding domain (c )
Tyr Kinase (i )
CHORD superfamily (c )
AvrRpt-cleavage (c)
P-loop NTPase - LRR (c)
P-loop NTPase - LRR (c)
Protein Kinase (¢ )
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TIR- P-loop-LRR (¢ )
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TIR- P-loop-LRR (c)
TIR- P-loop-LRR (c)
P-loop NTPase - LRR (¢ )
P-loop NTPase - LRR (¢ )
P-loop NTPase - LRR (¢ )
P-loop NTPase - LRR (c)
P-loop NTPase - LRR (¢ )
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P-loop NTPase - LRR (¢ )

P-loop NTPase - LRR (¢ )
P-loop NTP-ase (¢ )
TIR- P-loop-LRR (¢ )

Dirigent super family (c )

5

89

70

104
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14

239

24

102

50

17

61

14

64

17

90

70

112

249

73

36

247

36

21

123

142

198

108

208
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68

50

61

109

71

39

51

71

196

37

161

49

119

&9

138

249

90
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65

30

171

239
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91
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50
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123

112
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108
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78

71

69
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M
WRKY25
WRKY33
WRKY29

cr
Cf4
8
oo
Xa2l
FLS2

EFR

no match
Contig 3637
Contig 3637
SJO1-E1-L08-116-F02-UC.F
Contig 17295
Contig 14446
Contig 6299
Contig 14446
Contig 439
Contig 6299

Contig 439

4,00E-65
7,00E-78
5,00E-21
1,00E-71
4,00E-40
1,00E-39
5,00E-53
3,00E-69
6,00E-66

2,00E-59
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287

974

267

162

160

204

259

233

227

1761

1761

768

3132

2256

2955

2256

2913

2955

2913

586

586
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1043

751

984

751

970

984

970

WRKY superfamily 2 (c)

WRKY superfamily 1 (c)

WRKY superfamily 2 (c )
Multiple LRRs (¢ )
Multiple LRRs (¢ )
Multiple LRRs (¢ )
Multiple LRRs (¢ )
LRRs - Kinase (¢ )
LRRs - Kinase (¢/i )

LRRs - Kinase (¢ )

28

249

116

123

107

251

174

250

52

58

22

250

208

207

188

249

251

239

77

85

37

266

249

219

267

247
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R PR
Arabidopsis 1167 266
Medicago 1142 285
Soybean 756 310

Figure 1: Percentage of R and PR genes encountered in soybean, arabidopsis and
medicagotranscriptomes. R-genes are represented in the outer circle and PR-genes in the inner

circle.
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Figure 2: Distribution of R-genes families in soybean, arabidopsis and medicago.
Numbers inside columns mean the amount of non-redundant sequences for each

class.
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Figure 3: A. Distribution of R and PR-genes in soybean, medicago and arabidopsis. B.
Distribution of Xa2l and PR-2 in soybean, medicago and arabidopsis. Numbers of

matches for each gene category are inside the columns.
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Oryza sativa 1
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{ Zea mays
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L Glycine max
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Sefaginella moellendorffif
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Figure 4: Dendrograms generated after maximum parsimony analysis showing the
relationship among (A) Xa2l and (B) PR-2orthologs.Keys in blue represent monocots (1)
and in red dicots (2).Xa21: The green circle on the root shows the divergence point between
monocots and dicots. PR-2: The yellow circle on the root shows a symplesiomorphyc

character. Numbers are bootstrap values.
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Figure 5: Number of SuperSAGE tags matching soybean R and PR gene candidates from

three different comparisons among the six libraries: 1-Embrapa-48, drought tolerant

stressed vs. negative control; 2- BR-16, drought susceptible stressed vs. negative control;

3- PI561356 fungus resistant stressed with Phakopsora pachyrhizi vs. negative control
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abstract. Plants evolved diverse mechanisms to struggle against pathogen attack, for
example the activity of Pathogenesis-Related (PR) genes. Within this category PR-2
encodes a Beta-glucanase able to degrade the polysacchandes present in the pathogen
cell wall. The aim of this work was (o screen the NordEST database to identify PR-2
members in cowpea transcriptome and analyze the structure of the identified sequences
as compared with data from public databases. After search for PR-2 sequences in
NordEST, CLUSTALx and MEGA4 were used to align PR-2 orthologs and generate
a dendrogram. CLUSTER program revealed the expression pattern trough differential
display. A new tool was developed aiming to identify plant PR-2 proteins based in the
HMMER analysis. Among results, a complete candidate from cowpea could be identi-
fied. Higher expression included all libraries submitted to biotic (cowpea severe mosaic
virus, CPSMV) strexs, as well as wounded and salinity stressed tissues, confirming PR
expression under different kind of stresses. Dendrogram analysis showed two main
clades. the outgroup and Magnoliopsida where monocots and dicols organisms wene
positioned as sister groups. The developed HMM model could identify PR-2 also in
other important plant species, allowing the development of a bioinformatic routine that
may help the identification not only of pathogenesis related genes but any other genes,
classes that present similar conserved domains and motifs.

1 Introduction

In response to persistent challenge by a broad spectrum of microorzanisms. plants
have evolved diverse mechanisms to prevent infection [1]. The hrst one is the hyper-
sensitive response (HRE). that is immediate and starting with signal recognition from a
pathogen elicitor by a host Resistance (K) gene leading to rapid cell death [2]; the sec-
ond strategy is the systemic activation of genes encoding mithogen-activated protein
kinases (MAPKs) and pathogenesis-related (PR) proteins which are directly or indi-
rectly imhibitory towards pathogens and have been associated with the phenomenon of
systemic acquired resistance (SAR) [3].

169



The PR proteins include several gene families, formed by acidic and basic subfam-
ilies located in the vacuole or extracellular [4]. Functionally, some PR proteins have
antifungal activity, such as Beta-glucanases. This emzyme, product of PR-2 gene activ-
ity. is able to degrade the polysaccharides present in the pathogen cell wall, preventing
the colonization of the host by these organisms [5]. Studies suggested that PR-2 proteins
play a protective role through two distinct mechanisms. First, the enzyme can impair
microbial growth and proliferation directly by hydrolyzing the Beta-1,3/1.6-glucan of
the cell walls rendering the cells susceptible to lysis and possibly to other plant de-
fense responses. Second, an indirect defensive role is suggested by the observation that
specific Beta-1.3/1 6-glucan oligosaccharides, released from the pathogen walls by the
action of glucanases, can induce a wide range of plant defense msponses and hence
the SAR [6]. In herbaceous plants the PR-2 activation are strongly influenced by the
accumulation of salicylic acid (SA) in their tissues [T]. Genes related to this pathway
are highly conserved within the plant kingdom in relation to size, amino acid composi-
tion and isoelectric point [8]. whilst some components of the system show similarity to
proteins involved in innate immunity in the animal kingdom [9].

There is no previous evaluation egarding these metabolic pathways in ¥ unguic-
ulara, which presents great economic imporiance in semi-arid regions throughout the
world. The present work aimed to perform a data mining-based identification of PR-2
gene in the NORDEST database, comparing them with sequences deposited in public
databases and literature data.

2 Methods

For the identification of PR-2 gene candidates, a t(BRLASTn alignment was carried oul
against NordEST database constructed using 18,984 transcripts isolated from V unguic-
wlara. An Arabidopsis thaltana sequence (AT3G57260. 1) was used as seed sequence.
After this search, PR-2 matching sequences (cutoff e-5) have been used (o screen for
homology in Genbank (NCBI) using the BLASTx ool [10].

Cowpea clusters were translated at Expasy [11] and screened for conserved motifs
with aid of the RPS-BLAST CD-search tool [10]. Multiple alignments with CLUSTALx
{available at link http: / /www.nordest . ufpe.br/-1gbv/PR-2 Alignment)
allowed the structural analy sis of conserved and diverging sites as well as elimination of
non aligned terminal segments. CLUSTALx alignments were submitted to the program
MEGA (Molecular Evolutionary Genetic Analysis V.4) [12] aiming to create a dendro-
gram using the maximum parsimony method and bootstrap function ( 1K replicates ).
Conserved motif evaluation was carried out using *.aln files (from CLUSTALX) out
of eight PR-2 candidates from eight different species as input to the HMMER (Hidden
Markov Models) program, that allowed the search of PR-2 typical patierns in 16 cowpea
selected sequences.

T establish an overall picture of PR-2 gene distribution pattern in cowpea, we car-
ried out a direct correlation of the reads frequency of each prolcin sequence in var-
ious NordEST cIDDNA libraries (available al link http://www.nordest.ufpe.
br/-lgbv/PR-2_Candidates_Reads). Afterwards a hierarchical clustering ap-
proach 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 cluster and library ) were generated by the TreeView program [13].
On the graphics. light gray means no ex pression and black all degrees of expression (see
Fig. 4).

The analysis of protein migratory behavior, using only the best matches of each seed
sequence, was generated with the JvirGel program [ 4] using an analytical mode for se-
rial caleulation of MW (molecular weight), pl (Iscelectric Point), pH-dependent charge
curves and hydrophobicity probes. generating a virtual 2D gel as JavaTM applel

[
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Table 1: ¥ unguiculata PR-2 candidates, showing the sequence sire in nucleotides and amine acids
with the conserved start and end sites. the best alignment in NCBI database, including the score and
ewvalue. The acess numbers phAAY96T64 1, gh AAY 251651, emh CADG1165.1, emh CAOTI593.1
ond ghEALT2980.1 cormesponding to sequences from Phaseolus valgaris, Ziziphus fufuba, Vitis vinifera,
Leishmania infantum and Symechococcus sp.. mspectivelly. Abbreviations: CD, Glyco-hydm Conserved
Domain,

Vigna sequence Sire(ntfaa) | CD | Start/End Best maich Score/E-valoe
Conlig2370 BO4140 | yes | 2121 sh AAY96T64 1 | 235/8 00E-67
Conlig2265 BIF/I98 | yes 11164 sh AAY2S165.1 | 286/6.00E-76
Contig277 1244242 | yes | 2107 | emhCAG61165.1 | 345/1.00E-93

VUPISTO2Z0011DO2.bO0 | B6W103 | mo - emb.CAOT1593.1 23/0.005
VUABRTTHHOIDOZbOO | 55278 no - gbEAUT2980.1 3346

The analysis of SuperSage data included evaluation of 208,060 tags (26 bp) dis-
tributed in four librafes submitled to injury or mosaic virus infection against a nega-
tive control (available at link http: / /www.nordest.ufpe.br/-1gbv/Sage_
Tags). The transcripts were screened for homology using as seed sequence a cDNA full
length sequence comesponding to the A. thaliana FE-2 gene. A local BLASTn against
the SuperSage tags database (cutoff e-10) was performed using the Bioedit program.
The obtained tags were classified into up or down-regulaled comparing the control with
infected and injured libraries; for this purpose the Discovery Space program was used.

Moreover, it has been developed a web-tool in order to identify amino acid sequences
similar to the protein PR-2. For this purpose we used a set of sequences highly similar
to PR-2 from A. thaliana extracted from the Entrez Protein

The tool has been developed as a HTML platform which accepts a unique (or list)
of FASTA formatted sequenceis) and some alignment parameters like e-value. score,
coverage and dust filters. Behind the platform the software BLAST [10] is vused to
perform the batch pairwise alignments and PHP (available at link http: / fwww. php.
net) to parse the alignment results in order Lo generate the tool output

In paralle] 1o the alignment, it is executed for each guery sequence, which matched
PR-2 sequences over the desired thresholds, a HMMPFAM using the software HAM-
MER [15] is conducted in order to screen the relevant biological motifs present in
PR-2 proteins, like glyco-hydro domain. Finally, a distance tree based on protein’s
similaritics is generated for the local PR-2 proteins and the user's selected sequences.
For this purpose we have used the PHYLIP package (http://evoluticn.gs.
washington.edu/phylip.html) and the Neighbor Joining method. The devel-
oped web-1ool can be accessed at the supplementary material website in the correspond-
ing link (available at link http://www.nordest.ufpe.br/-1gbv/HAMMER
consansus). This bicinformatic routine may help the identification not only of patho-
genesis related genes but any other genes classes that present similar conserved domains
and motifs as showed in Figure 1.

3 Results

After the tBLASTn five PR-2 candidates were identified in the NordEST database
as including three clusters presenting the desired glyco-hydro motif as conserved do-
main {Tab. 1) and two singlets (sequences available at link http: / /www.nordest.
ufpe.br/-lgbv/vigna nuclectide_sequences). Bestalignments using iden-
tified clusters occurred with chinese jujube (Ziziphus jujuba), grape (Vins vinifera) and
common bean { Phaseolus vulgaris).

The three clusters presented the desired domain incomplete at the amino-terminal,
although only the Contig277 (Vigna_l) presented the complete desired domain. The

3
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HMMER search of glyco-hydro domains generated a pattern of conserved motifs char-
acteristic of these proteins when applied to V. unguwiculara PR-2 sequences.  Among
the 16 NCBI cowpea sequences, three presented all 12 motifs that determine the Beta-
glucanase activity according the HMMER consensus. Among the other sequences
23.07% presented nine from 12 conserved sites, 53 84% presented eight, 23.07% pre-
sented six and only 0.07% presented five sites (Fig. 2).

As the aim was to reconstruct the evolutionary history of PR-2 family genes consider-
ing the recent sequencing V. unguiculara, the most ancestral organisms (Pinus pinaster
and Physcomitrella patens) were selected as oul group (Fig. 3).

The topology showed two main clades, as expected: (A) outgroup and (B) Magno-
liophyta group, that appeared as a monophyletic clade. Moreover, in this last one. the
monocots and dicots organisms were identified as sister groups (Fig. 3B). Considering
the Magnoliopsida subclade, the organisms were grouped according to their family, but
the Rosid subclass behaved as a merophyletic paraphyletic group. sharing charactenis-
tics with the Asterid.

The virtual electrophomesis evaluation of PR-2 proteins from the 11 analyzed species
presented isoelectric point from 3.0 to 9.45. Considering the molecular mass, values
varied from 22 16MW to 41 15MW (Fig. 4). Closely related species did not present
similar pls except in case of com and sugarcane.

Transcripts obtained in NordEST database were used Lo perform a hierarchical clus-
tering analysis from ESTs permitting an evaluation of expression intensity consider-
ing co-expression in different libraries (black upper dendrogram) (Fig. 5). The three
V. umguiculata contigs wene formed by 95 reads with expression in seven of the nine
NordEST libraries. Higher expression (21%) occurred in the library 5502 (roots of
genotype sensitive to salinity after 2 hours of stress). Funthermore, IM90 (leaves col-
lected after M) min. of virus inoculation) and CTOO (negative control) presented no
EXPTESSION.
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Regarding the SuperSAGE analysis, 31 tags were obtained with the local BLASTn
in our database. among them, eight (25.8%) were up-regulated in both injured (BRC2)
and infected (BRM) libraries when compared with the control. No PR-2 tag was down-
mregulated and 23 presented no differential regulation.

4 Discussion

Considering the number of sequences available hitherto the NordEST project, the
number of PR-2 candidate sequences was higher as expected, revealing five clusters
that aligned with this gene. formed by 95 reads.

Regarding the search of conserved motifs, essential 1o protein activity, it is interest-
ing to note that some sequences presented sites that did not match with the consensus
generated by the HMMER program, although most of the differences occurred with
synonymous amino acids like methionine, leucine, valine or isoleucine. probably not
affecting the protein activity; as methionine is a hydrophobic amino acid. and can nearly
be classed with other aliphatic amino acids, it prefers substitution with other hydropho-
bic amino acids (like leucine, valine and isoleucine) [16]. Using the profile hidden
Markov models (profile HMMs) may be a valuable tool to identify not only PR proteins
but any other family buill from the seed alignment and an automatically generated full
alignment which contains all detectable protein sequences [17].

In the generated dendrogram it was possible to indentify that symplesiomorphic char-
acteristics united all Magnoliopsida organisms, as expected, since these plants evolved
from a common ancestor. In the Magnoliopsida group, the evolutionary model of the
PR-2 seemed to follow a sinapomorphic pattern, leading to their presence in different
families and subclasses. Moreover, it was possible to perceive that the different Mag-
noliopsida families were grouped based on unique amtapomorphies. In the monocot
grouping all members were annual cereal grains of the Poaceae family. However, while
maize and sugarcane were grouped in a terminal clade, rice was grouped separately.
This may be justified by the fact that Zea and Saccharum belong to the Panicoideae
subfamily, while Oryza belongs to the Ehrhartoidese subfamily.

The studied organisms presented different centers of origin. habitats and cycles of
life, as well as tolerance, resistance and sensitivity to diverse kind of biotic and abiotic
stresses. Despite of that, in a general view, it is evident that the PR-2 pathway, that is ac-
tivated under any type of stressor component, was a characteristic present in a common
ancestor, being relatively conserved in the different groups during the evolution.

Considering our evaluation using virtual bidimensional electrophoresis migration for
PR-2 sequences, one group could be clearly identified. with only two sequences {comn
and sugarcane) deviating especially with respect to their molecular weight, despite the

174



mSS02
R5T02
BSTO0
B5500
= B30
m5508
MSTOS

RN RN =
SEooaoMmo D oh
ZE A
NHuunnnano
| Contiu22465
I—[:h Contia2??
Contig2370

Figure 5. PR-2 expression profile. Bleck indicates higher expression, gray lower expression, and [ight
gray absence of expression in the corresponding tissue and cluster. Abbreviations: T control): BM%0
(Leaves of BR14-Mulato genotype ), IM90 (Legves of TTESF genotype collecied with %) munoies afier
mosaic vimses infecton ) 5500 (oot of penotvpe sensitive to salinity without zalt stres=z); 3302 (Koot of
enotvpe sensitive to salinidy after 2 hours of stress); 3508 (Root of penotype sensitive to salinity afer 8
hours of stress);, STOD (Root of genoty pe tolerant to salinity without salt stesz); 5T02 (Root of genoty pe
tolerant to salinity after 2 hours of stesz); 3TOE (Koot of genotvpe tolerant to salinity afier 8 howrs of
stress L.
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similar pls and also confirming their similarity revealed in the dendrogram. The second
group included most species of the 10 mmaining species. Since the functional domains
presented high degree of conservation, probably the divergent pattern of migration re-
flected divergences of the extra-domain regions that are responsible for the acid and
basic character of the proteins. Such extra-domain variations are also responsible for
the diversity of the sequences and probably for differences in their overall structure and
transcription control.

The pattern of expression showed that PR-2 transcripts appeared in seven from nine
available libraries from NordEST project. Being excluded from negative control (CT00,
no stress ) and IMO90 (keaves collected from ITS3F genoty pe after 90 minutes after virus
inoculation). The absence in the non stressed plants was expected and its absence in the
genotype ITESF (that is susceptible to this virus infection) reveals that in the resistant
senotype (BR 14-Mulato) this category of gene is probably activated earlier after injury
or virs infection. A similar pattern was confirmed by our SuperSAGE data with high
expression after salinity stress, as compared with the negative control. The activation of
PR genes after different categories of abiotic stress (wounding and salinity ) confirmed
the theory that these genes can be activated and expressed systematically as response to
any kind of stress, biotic or abiotic |7, 8].

The identified sequences represent valuable resources for the development of mark-
ers for molecular breeding and development of pathogenesis related genes specific for
cowpea and other related crops.  Additionally, the bioinformatic routine may help bi-
ologists to identify nol only PR-2 genes but any other class of genes that bear similar
conserved domains and motifs in their structure in higher plants. This platform epre-
sents the first siep towards the development of on line tools to identify genes and factors
associated with response Lo pathogen infection in plants.
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Abstract

Plant Resistance (R) genes encode immune receptors that recognize pathogens and
activate defence mechanisms triggering the hypersensitive response (HR) and also
pathogenesis related (PR) genes expression. Aiming to perform an overview on cowpea
R and PR genes, regarding their structure, abundance and roles, the available cowpea
transcriptome was evaluated, revealing 1,133 matching sequences (854 R and 279 PR
candidates). The most representative candidates regarded the NBS-LRR class (44.49%)
for R genes and Secretory peroxidase PR-9 family (27.24%), among PR candidates.
Analysing 22 different libraries it could be observed that leave tissues presented higher
expression (17%) while remaining tissues enclosed 3% to 5% of all reads. After
anchoring 57 cowpea R and PR candidates in the soybean genome, a clusterization of R
and PR genes was observed, especially in terminal chromosome positions. Tandem
duplications were prevalent regarding R genes, in consonance with their proposed

evolutionary mechanism regarding gene duplication and neofunctionalization.

Keywords: Pathogen response, environmental stress, bioinformatics, legumes.
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Introduction

In order to combat the effects of pathogen attack, plants evolved the ability to
recognize the pathogens’ threat and struggle against the invader as well as trigger an
effective response (Bolton, 2009). Considering this complex response, one of the most
important steps regards the detection of possible invaders by the plant, a stage where R
(Resistance) genes play a crucial role. This sensing involves the recognition of a
pathogen gene product called avirulence (avr) factor by a correspondent R gene. The
plant will be resistant when both avr and R genes are compatible, leading to the so
called Hypersensitive Response (HR) characterized by rapid cell death in and around

the initial infection site avoiding the pathogen growth and establishment (Park, 2005).

Besides the mentioned local reaction, the HR activates a signal cascade able to
establish resistance against a spectrum of different pathogen classes, corroborating
observations made at the beginning of the last century that plants, as animals, may be
immunized against the attack of a given pathogen after infection by another pathogen
(Chester, 1933). In the past decade many aspects of the Systemic Acquired Resistance
(SAR) have been elucidated. As soon as the pathogenic agent is detected the plant
induces a complex set of signal molecules able to activate defence proteins that may
have direct antimicrobial effect as it is the case of the Pathogenesis-Related (PR) genes
(Li et al, 2010). Alternatively they may induce the production of secondary metabolites

that impair pathogen movement or growth within the plant tissues (Sparla et al., 2004).

Resistance genes are generally classified into five different groups or classes,
defined by their conserved domains (CD) (Bent, 1996, Hammond-Kosak and Jones,

1997, Ellis and Jones, 2000).
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The only R gene class where conserved domains are absent is the class
represented by the HM1 gene of maize codifying a reductase able to inactivate toxins
produced by the fungus Helminthosporium carbonum (Joahal and Briggs, 1992). Due to
the lacking of conserved domains, this gene class will be not considered in the present

evaluation.

Another R gene, Pto from tomato confers resistance against the bacterium
Pseudomonas syringae pv. tomato and is characterized by a serine/threonine-kinase
(ser/thre-kinase) domain, able to interact with the avrPfo gene (Tang et al., 1999). Pto
was the first R gene cloned from a plant that recognized a specific pathogen (Oh and
Martin, 2011). This gene was also identified in other plants as Arabidopsis thaliana L.,
Phaseolus vulgaris L. (Melotto et al., 2004) and sugarcane (Wanderley-Nogueira et al.,

2007) and represents the second class of R genes.

The third class is the largest class of predicted intracellular plant immune
receptors (Swiderski et al., 2009) represented by genes bearing two domains: LRR
(Leucine Rich Repeats) and NBS (Nucleotide Binding Site) (Liu et al., 2004). This is the
case of the RpmI and Rps2 genes from A. thaliana, the N gene from tobacco, L6 from
flax, Prf from tomato and Rpg! from soybean also found in common bean, soybean and
faba bean (Liu et al., 2004).

The fourth R gene class codifies a membrane anchored protein composed by a
LRR extracellular domain, a transmembrane region and a short intracellular tail in the C
terminal. The Cf gene from tomato is an example of this class, conferring resistance

against Cladosporium fulvum (Dixon et al., 1996).

The Xa2l gene from Rice that confers resistance to the bacteria Xanthomonas

oryzae pv. oryzae is a representative of the fifth class (Song et al., 1995; Wang et al.,
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1995). This gene codifies an extracellular LRR domain (similar to the Cf gene), as well
as a ser/thre-kinase domain (similar to the Pro gene), suggesting an evolutionary

ligation among different classes in the genesis of plant R genes (Song et al., 1997).

The PR proteins comprise pathogen-induced proteins being routinely classified into
17 families (from PR-1 to PR-17) based on their biochemical and molecular biological
properties suggesting a general role for these proteins in adaptation to biotic and abiotic
stress conditions (van Loon et al., 2006). Similarities among sequences and serologic or
immunologic properties are the base of their classification (Van Loon et al., 1999).

Although most PR proteins are known to have antifungal activities, their active
molecular mechanisms are not well understood except in PR-2 (B-glucanases), PR-3
(chitinases) (Kitajima and Sato, 1999) and PR-4 (Hevein or Barwin) (Wang et al.,
2011). PR1 is the most abundantly family accumulated after pathogen infection and has
been cloned in tobacco (Gaftney et al., 2003), Arabidopsis (Metzler et al., 1991), tomato
(Tornero et al., 1997) and apple, always presenting unknown phytochemical functions;
despite of that, this gene class is considered to be a typical SAR marker (Bonasera et al.,
2006). PR-5 is a thaumatin-like protein with high antifungal activity, being also
expressed under cold stress in overwintering monocots, exhibiting antifreeze activities
(Hon et al., 1995, Atici and Nalbantoglu, 2003, Griffith and Yaish, 2004). Genes that
pertain to PR-13 group (defensin or gamma-thionin) comprise small peptides that were
also isolated and characterized from roots, seeds, flowers and leaves, showing
phytopathogenic activity and activity also against pathogenic bacteria in humans
(Pelegrini et al., 2011). Other families like PR-8 (Glycosyl hydrolase), PR-9 (secretory
peroxidase), PR-14 (lipid transfer proteins), PR-15 (oxalate oxydase) and PR-17 (basic
secretory proteins) (Nanda et al., 2010) have been well studied and are believed to be

involved in plant defence responses, although their molecular mechanisms should yet be

182



determined (Bolton, 2009). Most PR genes are expressed to a basal level under normal
growth conditions but are rapidly induced after pathogen infection. Previous approaches
have shown that PR genes are also regulated by environmental factors as osmotic, cold
and light stress (Seo et al., 2008; Benko-Iseppon et al., 2010) and during development,

for example during leaf senescence and pollen maturation (Zeier et al., 2004).

Cowpea (Vigna unguiculata (L.) Walp.) is a food legume with high protein and
carbohydrate content, being important not only for the human diet, but also suitable as
high protein feed and fodder to livestock (Muchero et al, 2009). With its greater
tolerance to heat, drought, diseases and low soil fertility, V. unguiculata is a particularly
valuable crop well adapted to poor semi-arid regions of the tropics where other food
legumes do not perform well. It is also able to enhance soil fertility through nitrogen
fixation (Lu and Yang, 2010) under these adverse conditions. The estimated worldwide
area under cowpea cultivation was estimated to achieve 14 million ha in warm regions
of the world with substantial quantity produced in South America, especially in
semiarid north-eastern of Brazil (Singh et al., 2003). Despite of its importance, no
previous overall identification of R and PR gene candidates of cowpea was carried out

up to date.

The present evaluation brings an overview of the abundance and diversity of the
available sequences regarding plant-pathogen interaction in cowpea transcriptome,

bringing insights on their prevalence in different tissues.

Material and Methods

For the identification of R and PR genes in cowpea 57 proteins that play important

role in plant defence response were selected as seed sequences from other angiosperms.
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The selected protein sequences were related to 40 R- and 17 PR genes classes described
and validated before. The used R genes were previously compiled by Barbosa-da-Silva
et al. (2005) and Wanderley-Nogueira et al. (2007), while PR sequences were also used
in a previous evaluation on soybean by Wanderley-Nogueira et al. (in press). All 57
seed sequences regarded full cDNAs obtained from NCBI and translated to perform best

search results.

For the identification of these gene analogs in cowpea transcriptome, tBLASTn
alignments were carried out against the cowpea genome sequences that were
downloaded from NCBI and assembled by CAP3 with default parameters, using e~ as

cut-off value.

Obtained clusters were annotated and analyzed regarding score, e-values,
sequence size and presence of conserved domains as shown in Table 1. For this purpose
all clusters were translated using the TRANSLATE tool of Expasy and screened for
conserved motifs with aid of the RPS-BLAST CD-search tool (Altschul et al., 1990).
The best match for each gene in each studied species was submitted to a BLASTx
alignment in NCBI GenBank with the aim to confirm their putative function. Following,
a self BLASTn search was made with the now classified cowpea candidates aiming to

locate more distantly related sequences to be identified.

A second manual analysis was also carried out, followed by an elimination of
redundancies (clusters that matched more than one gene due to common domains). For
this purpose, matching clusters to each query sequences were annotated on a local

database (called ‘non-redundant’).
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The third step of the analysis was to compare the number of R and PR candidate
sequences obtained after the tBLASTn against the soybean and medicago databases by

direct counting of non-redundant clusters for each one of the 57 genes studied.

An analysis of the distribution of the 57 genes in the cowpea libraries was carried
out by direct correlation of the reads’ frequency regarding each cluster in all 22 different
libraries including all sequences deposited in the NordEST database, as follows: (1)
NordEST Salinity essay including: SS00: susceptible accession (cultivar ‘Canapu
Amarelo’) roots without stress (control); SS02: roots of ‘Canapu Amarelo’ two hours
after submission to 100 mM NaCl solution; SS08: roots of ‘Canapu Amarelo’ eight
hours after submission to 100 mM NaCl; STO00: tolerant accession (‘Pitiuba’) roots
without stress (control); ST02: roots of ‘Pitiuba’ cultivar two hours after submission to
100 mM NaCl; STO08: ‘Pitiuba’ roots two hours after submission to 100 mM NaCl; (2)
NordEST virus (CPSMV, Cowpea Severe Mosaic Virus) inoculation essay: BMO1:
leaves of the resistant cultivar ‘BR14-Mulato’ without stress (control); BM90: ‘BR14-
Mulato’ leaves infected by the CPSMV virus (bulk of three times 30, 60 and 90
minutes) after stress; IMO1: leaves of the virus susceptible accession IT85F-2687
without stress (control); IM90: IT85F-2687 leaves infected by CPSMV Mosaic virus
(bulk of three times 30, 60 and 90 minutes) after stress; (3) Libraries available at NCBI
from different tissues (no treatment given): BUD: growing axillary buds; DSD:
developing seeds; LF: leaves; LF2: primary leaflets; LFM: leaflets and shoot meristem;

MI1: mixed tissues; NDL: nodules; RT2: root hairs; RT3: roots; SD: seceds.

V. unguiculata best match for all 57 selected genes (Table 1) were aligned against
Glycine max L. Merr. pseudogenome using the soybean genome browser tool available
at the SoyBase web server (http://soybase.org). For this purpose the MegaBLAST tool

was used to identify the exact location of the candidate sequences in the genome,
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considering at least 80% of identity as parameter. This approach allowed the
identification of their distribution, relative position, and abundance as inferred from a
virtual karyotype representation generated with aid of the Circos (Circular Genome

Data Visualization) program.

Results

1-Collection and distribution of genes in cowpea, soybean and medicago

The first tBLASTn alignment against the cowpea transcriptome using the 57
known R and PR gene probes returned 1,133 non-redundant sequences among clusters
and singlets available in the NordEST database and NCBI. Among them, 670 regarded
clusters and 279 represented singlets, which together enclosed 7,051 reads. Regarding
the tBLASTn in medicago transcriptome, a total of 1,727 sequences matched positive

results. In soybean 1,066 sequences returned matches after the same procedure.

A screening of R and PR genes in these three species resulted in the identification
of 3,899 candidates, being 2,752 R and 1,174 PR gene candidates. A graphical
representation of these sequences and how they are distributed among soybean,

medicago and cowpea libraries is shown in Figure 1.

After analyzing all results it could be observed that only two PR gene
(PR-10 and PR-13) were absent in the cowpea transcriptome, while all other 55 genes
presented positive results after the first tBlastn. In medicago and soybean tBlastn the
same results were observed for the PR-13 gene as shown in Table 1. A comparison of

the distribution of non-redundant sequences in the three species revealed that the NBS-
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LRR family was the most frequent in soybean, medicago and cowpea, performing

44,49% of all matches in the last one (Figure 2).

Moreover, it could be observed that medicago presented a higher number of R
genes and PR genes candidates. Cowpea was the species that presented the lowest

number of matches for PR genes.

While in soybean and medicago the three most represented R genes were the
same, Xa2l, EFR and Pti6, cowpea presented more candidates of PBSI, Cf-5 and FLS?2
genes. Regarding PR genes the classes PR-2, PR-7 and PR-9 were the most abundant in
all three species. Among the 279 PR genes of cowpea only 23 matched with more than
one seed sequence; all the remaining candidates were exclusive of one PR gene family.
By the other hand almost all R genes matched with sequences that aligned with more
than one probe. Exceptions occurred only in RARI, RIN4, P, N, Xa2l, Ptil, Pti6 and

WRKY?29, that aligned in most cases with exclusive sequences.

2- Prevalence of reads among cowpea libraries

Distribution of transcripts among the different tissues and conditions available in
the 22 cowpea libraries after normalized data revealed that all libraries presented almost
the same number of reads. The most representative library was from leave (LF) tissues
performing 17% of all matching reads. Expression in all other tissues varied from 3% to
5%, except in the case of the libraries made from nodule tissues (NDL), where no reads

were identified (Figure 3).

3- Anchoring Vigna unguiculata R and PR genes in soybean chromosomes
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All procured R and PR cowpea best matches (57 sequences) were
anchored on the soybean chromosomes matching 360 corresponding loci. From these,
56 presented similarities with distinct segments in the same chromosome or appeared
twice in distinct chromosomes. Only the sequence corresponding to RPMI gene
anchored exclusively in a single site (chromosome 3). The higher number of anchored
genes appeared in chromosomes 1, 2 and 3 matching 17, 16 and 16 genes and 20, 16
and 30 loci, respectively. On the other hand, chromosomes 4, 6 and 7 presented the
lowest number of correspondences, matching only five genes and five loci each (Figures

4 and 5).

In tandem repetitions could be observed along almost all chromosomes, with
emphasis on the R genes group, especially for RPMI (nine repetitions) and PR-14 genes
(four repetitions) in chromosome 3 and RPS2 gene (seven repetitions) in chromosome
18. Exceptions are represented by chromosomes 4, 6 and 7, that enclose non duplicated
sequences. Blocks of R genes appeared clustered along the genome, with at least four
distinct genes in very close positions while PR genes generally appeared in the same

chromosomes in distinct sites.

Discussion

The relative abundance of available nitrogen for legumes increases their chances
of adapting in more challenging environments (Cannon et al., 2009). So, it is not
surprising that cowpea, the same way as other important legumes — soybean and
medicago — presented in genome almost all procured gene families involved in defence

and adaptive responses. The 1,133 sequences that resulted from tBLASTx alignments
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confirm some coverage that the existing cowpea databank comprises, including most

important representatives from different gene families.

The lowest number of R and PR gene candidates found in V. unguiculata when
compared to medicago reflects by one side the still limited number of transcripts
sequenced for this species. By the other side, it may reflect the compact character of the
cowpea genome, since cowpea presents the smallest genome among the three taxa (450
Mb against 1,115 Mb of soybean and 583 Mb of medicago respectively). The ancient
polyploidization events during the evolution of the Glycinea (Shoemaker et al., 2006)
and the high level of repetitive sequences in the soybean genome (Innes et al., 2008)
indicate that despite the relative large difference in the genome sizes of soybean and
medicago, gene densities are similar. This fact probably explains the similar amount of

sequences found comparing soybean and medicago.

Legumes are plants known to be able to support many kinds of stress as rapid
climate changes, drought tolerance, exposition to diseases and pests, water logging and
flooding (Cannon et al., 2009). Considering that diverse PR gene families can be
activated not only by biotic but also by such abiotic stresses, the PR genes encountered

in the transcriptome of the three species also under biotic stress is not surprising.

The similar amount of reads in libraries made from tissues submitted both to
abiotic (salt stress essay) and biotic (infection by CPSMV) stress could be explained by
the ability of the plant to continue expressing genes related to systemic acquired
resistance as a consequence of the contact with any kind of previous biotic or abiotic
stress (Durrant and Dong, 2004); this process named crosstalk was reported before in

cowpea (Kido et al., 2011) and also in soybean by Wanderley-Nogueira et al. (in press).
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R genes are known by sharing common domains as, for example, the LRR domain
that is present in the LRR family, NBS-LRR family and LRR-kinase family, facilitating
alignments with more than one gene, so the number of cowpea clusters that aligned with
more than one seed sequence was expected. Similar results were observed in previous
studies regarding eucalyptus (Barbosa-da-Silva et al., 2005), sugarcane (Wanderley-
Nogueira et al., 2007) and soybean (Wanderley-Nogueira et al., in press). This fact is
rarer in PR genes classes that are really distinct in structure and functions (Kitajima and

Sato, 1999) as observed in our results.

NBS-LRR class best alignments, as reported in Barbosa-da-Silva et al. (2005),
Wanderley-Nogueira et al. (2007) and Wanderley-Nogueira et al. (in press) confirm that

the general observation that most of R genes are members of this class.

Considering the prevalence of the procured R and PR genes in leave and other
aerial tissues, this is in consonance with Libault et al. (2010), that recognized consistent
differences in gene expression among tissues of aerial organs and other plant tissues, a
fact that can explain why our results showed higher expression in such tissues when

compared with other organs as roots, after biotic and abiotic stresses.

The present approach included the anchoring of cowpea R and PR genes in the
soybean genome. The angiosperms originated approximately 200 million years ago
(mya; Wilkstrom et al. 2001) and subsequently diverged into several lineages.
According to Gepts et al. (2005) the Leguminosae evolved ca. 65-65 mya, from which
the Papilionoideae (including the genera Medicago, Glycine and Vigna) originated
about 59 mya. Within this last group, Glycine and Vigna are most related, being

included in the Phaseoloid tribe, estimated to have a more recent origin ~45 mya).
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Synteny and colinearity have been observed not only within plant families, but
also among far related species, including genes responsible for the defence against
pathogen attack, as observed by Benko-Iseppon et al. (2003) that reported
microsyntenic region rich in defence genes among the linkage group 5 of the legume
chickpea (Cicer arietinum L.) and the chromosomes 1 and 5 of 4. thaliana. Similarly to
that, Yan et al. (2004) observed microsyntenic relations between the legumes G. max
and M. truncatula and among both and the far related 4. thaliana. Thus, in the absence
of the cowpea complete genome sequence, the most adequate annotation approach to
infer about the possible distribution of the cowpea defence sequences regards the G.

max genome, available at the SoyBase genome browser.

Such a comparison is highly valuable, even considering that cowpea is diploid and
presents 2n=20, while soybean bears 2n=40 chromosomes (Benko-Iseppon, 2001). The
cultivated G. max (2n=40) is supposed to have originated from a cross between G. soya
(2n=20) and another parental Glycine species originating the allopolyploid soybean
actually cultivated worldwide (Chung and Singh, 2008; Gill et al., 2009). Therefore the
anchoring of most of the procured sequences in at least two chromosomes was
expected, confirming previous analysis that observed that, in average, 61.4% of the soybean genes

are present in two chromosomes, 5.63% in three and 21.53% in four (Schmutz et al., 2010).

Many of the redundancies observed in the soybean genome by previous
evaluations are evident also in regard to the actual R and PR gene distribution. For
example, Schmutz et al. (2010) observed a high colinearity among the long arms of

chromosomes 10 and 20, both showing many common genes in our evaluation, especially regarding the terminal

portions of the long arms.

Besides inter-chromosomal redundancies, it is interesting to note that many sequences presented
similarities with distinct segments in the same chromosome. Especially in the case of R
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genes, ‘in tandem’ repetitions could be observed along almost all chromosomes, with
emphasis on the R genes group, as for example the RPM1 sequence (nine repetitions) in
chromosome 3 and RPS2 gene (seven repetitions) in chromosome 18. In a lower grade,
repetitions of PR genes have been also observed, as for example regarding the PR-14

candidate with four repetitions in chromosome 3.

Previous works also highlighted that most resistance genes reside in clusters
(Kanazin et al. 1996) as reported in maize (Dinesh-Kumar et al. 1995), lettuce
(Maisonneuve et al. 1994), oat (Rayapati et al. 1994), flax (Ellis et al. 1995),
arabidopsis (The Arabidopsis Genome Initiative, 2000), chickpea (Benko-Iseppon et al.

2003) and sugarcane (Wanderley-Nogueira et al., 2012).

The clustering of R genes was recognized also in genetic mapping approaches by
Pryor (1987) that suggested a faster evolving manner for this superfamily. Later works
(Walsh, 1995) indicated a possible role of the incorrect meiotic pairing (mainly unequal
crossing-over) in the genesis of such clusters, an event also observed in regard to the
locus Rpl in maize by Sudupak et al. (1993). Such clustering of R genes and their
higher evolutionary rate (as compared with most other coding sequences), lead to the
existing theory that a common genetic mechanism has been involved in their evolution
in association with duplication processes followed by neofunctionalization through
pressure from the pathogen or the environment (Pryor e Ellis, 1993). Anyway, even
considering their faster evolutionary behaviour, such a redundancy within and among
chromosomes is not exclusive of genes associated to pathogen response, being observed
also in regard to other gene families as aquaporins in soybean (Belarmino et al., in

press) or transcription factors in other legumes (Soares-Cavalcanti et al., in press).
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Concluding remarks and perspectives

The results revealed interesting insights on the variability and complexity of
defense genes in cowpea as compared with soybean and medicago. The application of
molecular biology in parallel with bioinformatics is now thought to be one of the most
important topics in plant science and has come as main source in understanding biotic
and abiotic stress responses. Using this strategy many stress-inducible genes could be
isolated and their functions precisely characterized in transgenic plants. Thus, the here
identified sequences represent valuable sources for application on cowpea breeding or
also for related legumes. The next steps regard differential expression profiling and in
vivo cell biology, using the identified candidates among resistant and susceptible
cowpea accessions to uncover their most specific roles, including pathogen specificity

and spatial-temporal regulation.
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Table 1. Vigna unguiculata (Cowpea) identified PR and R candidates and their features, as compared with the number of matches for Medicago truncatula
(Medicago) and Glycine max (Soybean).

Cowpea Medicago Soybean
e- match  match  match

Gene Best match value score Size (nt) Size (aa) Domain es es es
PRI CL2909Contig1 2e-53 203 814 182 - 6 19 8
PR2 CL2718Contig1 3e-101 3863 1255 341 Glyco_hydro_17 superfamily 27 46 31
PR3 CL2010Contig1 2e-124 441 1567 322 chitinase_glyco_hydro_19 12 21 7
PR4 CL919Contig1 2e-66 247 815 202 - 3 14 2
PR5 CL4214Contig1 5e-65 243 1396 316 Thaumatin-like protein 19 36 21
PR6 CL2909Contig1 2e-50 193 814 66 - 4 17 11
PR7 CL812Contig1 0.0 760 2617 718 Peptidase S8 family domain 60 97 82
PRs CL6270Contig1 2e-94 341 1115 300 Hevamine-glycosyl hydrolase 18 7 22 11
PR9 CL1415Contig1 9e-129 455 1360 329 Secretory peroxidase 77 214 86
PRIO - - - - - - - 18 18
PRI VUPIST08021A05.B00 7e-25 89 534 97 - 1 11 1
PR12 CL83Contig2 3e-14 724 564 95 Knot1 - plant defensin 6 15 1
PR13 - - - - - - - - -
PR14 CL220Contig1 3e-26 112 744 117 Lipid-transfer protein 28 36 18
PR15 CL2531Contig1 7e-50 192 965 217 Cupin 23 47 27
PRI6 CL1672Contig1 4e-64 239 819 226 Cuping 25 51 27
PR17 CL2038Contig1 2e-72 267 1155 225 Plant basic secretory protein 4 1 2
Pto CL4211Contig2 4e-169 590 972 291 Ser/Thre Kinase 140 239 238
Prf VU524SDGMI1239A05GB 9e-25 110 758 223 NB-ARC 3 25 5
Ptiz CL2861Contigl 2e-56 214 1142 248 APETALA 60 90 89
Ptis CL11265Contig1 2e-36 147 1089 281 APETALA 62 70 70
Pii1 CL1209Contig2 2e-149 524 1341 361 Kinase 98 112 104
Ptic CL3091Contig1 4e-22 100 2058 264 APETALA 99 249 248
RAR1 CL3813Contig1 5e-68 252 1056 209 Zn binding domain 2 2 1
RIN# CL1984Contig1 le-35 144 1238 245 AvrRpt2 auto-cleavage site 4 8 2
RPM1 VUMIXFLGLFM149C06GB  8e-42 166 77 258 NB-ARC 14 78 14
RPS2 VUITKSDGMI1175E08GB 6e-23 103 814 261 NB-ARC 9 36 4
PBS1 CL4962Contig1 3e-148 314 1854 193 Kinase 69 247 239
RPS5 VUITKSDGMI1175E08GB 2e-23 105 814 261 NB-ARC 9 36 5
MLA10 VUMIXFLGLFM149C06GB  2e-10  60.8 17 258 NB-ARC 2 21 0
L6 VUUCRSDGMI1249D03GB le-34 141 769 254 TIR / NB-ARC 23 128 24
RRS1 CL12857Contig1 le-40 104 1191 258 LRR 48 142 102
RPS4 CL123857Contig1 le-40 103 1191 258 LRR 48 198 50
Xai VUMIXFLGLFM149C06GB  8e-59 224 777 258 NB-ARC 31 108 17
Hrt CL12357Contig1 5e-53 130 1191 258 LRR 43 208 61
Mi1 VUITKSDGMI1175E08GB 8e-25 110 814 261 NB-ARC 9 29 1
BS2 VUITKSDGMI1175E08GB 2e-38 155 814 261 NB-ARC 9 68 9
GPA2 VUITKSDGMI1175E08GB 6e-42 167 814 261 NB-ARC 9 50 10
RX1 CL15438Contig1 3e-15 80 709 227 NB-ARC 21 61 14
Pi-ta VUITKSDGMI1175E08GB le-25 112 814 261 NB-ARC 6 17 2
I2 VUMIXFLGLFM149C06GB  6e-56 214 17 258 NB-ARC 35 109 22
RPPs CL15438Contig1 6e-23 106 709 227 NB-ARC 13 71 11
HERO VUITKSDGMI1175E08GB 3e-31 132 814 261 NB-ARC 8 39 5
RPP13 VUITKSDGMI1175E08GB le-37 152 814 261 NB-ARC 15 51 2
RPI1 VUMIXFLGLFM149C06GB  1e-39 159 717 258 NB-ARC 23 71 14
N CL12357Contig1 le-49 184 1191 258 LRR 22 196 64
P CL4681Contig1 le-49 191 786 182 Dirigent superfamily 18 37 17
WRKY25 CL3337Contig1 2e-75 278 2043 548 WRKY 63 52 68
WRKY33 CL3337Contig1 9e-94 339 2043 548 WRKY 66 58 71
WRKY29 CL4331Contig1 le-26 116 1069 139 - 23 22 28
Cfe CL12438Contig1 9e-85 237 1149 233 LRR 91 250 249
Cfr CL14600Contig1 3e-26 116 858 173 LRR 189 208 116
Cfs CL1797Contig1 2e-35 146 1721 367 LRR 285 207 123
P CL14600Contig1 2e-29 125 858 173 LRR - 188 107
Xa21 CL11330Contig1 6e-78 288 1261 385 LRR / Kinase 162 249 154
FLS2 CL9027Contig1 4e-57 219 783 118 Kinase 187 251 251
EFR CL11330Contig1 le-65 247 1261 335 LRR / Kinase 101 239 250
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Figure 1: Number of R and PR genes in Medicago truncatula (blue), Glycine max (red) and
Vigna unguiculata (green).
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Figure 2: Distribution of the main R genes classes (indicated by different colours) in Medicago

truncatula, Glycine max and Vigna unguiculata.
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Figure 3: R and PR genes transcripts prevalence in 22 different cowpea libraries including: SS00:
salinity susceptible accession (cultivar ‘Canapu Amarelo’) roots without stress; SS02: roots of
‘Canapu Amarelo’ two hours after salinity stress; SS08: roots of ‘Canapu Amarelo’ eight hours after
salinity stress; ST00: tolerant accession (‘Pitiiba’) roots without stress (control); ST02: roots of
‘Pitiuba’ cultivar two hours after salinity stress; ST08: ‘Pitiiba’ roots two hours after salinity stress;
BMO1: leaves of the CPSMV (cowpea severe mosaic virus) resistant cultivar ‘BR14-Mulato’
without stress (control); BM90: ‘BR14-Mulato’ leave infected with CPSMV (bulk of 30, 60 and 90
min.) after stress; IMO1: leave of the CPSMV susceptible accession IT85F-2687 without stress
(control); IM90: IT85F-2687 leave infected by CPSMV (bulk of three times 30, 60 and 90 min.)
after stress; BUD: growing axillary buds; DSD: developing seeds; LF: leave; LF2: primary leaflets;
LFM: leaflets and shoot meristem; MI1: mixed tissues; NDL: nodules; RT2: root hairs; RT3: roots;
SD: seeds.
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Figure 4: Schematic representation of cowpea R and PR genes alignments in soybean
chromosomes. Blue columns regard number of loci per chromosome while red columns
represent the number of non-redundant genes. The x-axis represents soybean chromosome

number.
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Figure 5: Distribution and microsyntenic relationships considering R (in green) and PR (in pink)
candidates identified in cowpea against the soybean genome (2n=40). Chromosomes are
depicted with the centromere (in red) in their expected position. Scale = 1 Mb. Microsyntenic

relationships are shown as links between chromosome regions.
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CONCLUSOES

- As plantas superiores analisadas apresentam os principais mecanismos de resposta ao ataque

de patdgenos indicando a existéncia destes mecanismos no ancestral comum das mesmas;

- Os genomas da soja, caupi e cana-de-agicar apresentam ortdlogos dos principais genes
envolvidos nas vias responsivas ao estresse biotico, sejam os que atuam diretamente nas

respostas, ou aqueles que funcional em etapas intermediarias;

- Com raras excegoes, em todos os genomas, pelo menos um representante dos ortdlogos dos

genes R e PR procurados foi identificado;
-A classe de genes R mais representativa foi a NBS-LRR em todos os organismos estudados;

- De uma forma geral, o fato de os genes estudados serem mais parecidos em organismos
pertencentes @ mesma familia indica que os mesmos surgiram antes da separa¢do entre mono e

dicotiledoneas;

- O numero de copias dos genes R ¢ PR estudados bem como seu posicionamento dentro dos
genomas parecemser resultado do acimulo de duplicagdes e crossing over ocorridos durante o

curso da evolucado e especiagdo;

- Os tecidos que apresentam maior expressdo, na maioria das vezes, sdo aqueles que primeiro

entram em contato com o patégeno, como raiz e folha;

-O padrao de expressdao dos genes PR mostra que os mesmos sdo ativados tanto por estresse

bidtico quanto abidtico.

- A presenca dos genes descritos tanto em mono quanto em dicotiledoneas abre caminhos
promissores para futuros estudos, especialmente considerando o melhoramento genético de

plantas de interesse agricola.
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Anexo 1. Instrugdes para autores Bioinformatics and Biology Insights

Description of the format
References to a work or a part of a work inside the manuscript appear as numbered citations. At the end of the

manuscript each reference is listed in full prefixed by the number used in the manuscript.

Within the manuscript numbered citations are generally formatted as superscripted numbers starting from 1 and
numbered in the order in which they appear in the manuscript. Numbers appear after the closest following comma

or full stop, but before the closest following colon or semicolon.
Where multiple sources need to be cited at the same point separate the numbers with commas.

Where page numbers need to be cited after a reference number, they should be placed in parentheses following the

citation number.

Parenthetical citations are used within the text for sources not suitable for inclusion in the references list at the end
of the paper. Typically personal communications and unpublished data would be treated in this way. Within the
brackets, the author's name, including their initials, and an indication of the type of source, i.e. "unpublished

data", and the month and year should be given.

Authors' surnames are given in full, and for their first and middle names only the initials are given following the
surname. Where there are six or less authors each name is separated by a comma without any other words. Where

there are more than six authors only the first three authors are given followed by "et al."

Monographs

Capitalize the significant words of the title. Words such as "and," "the," "to" and "or" are not capitalized unless they

appear at the beginning of the title. Italicize the entire title.
Smith AA. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit. New York: Oxford University Press; 1988.

Monographs with specific pages or multiple authors
Note that more than six authors are treated differently. A page or page range is given after the copyright year and

separated from the copyright year using a colon.

Smith AA, Brown BB, Jones CC. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit. New York: Oxford
University Press; 1988:23-36.

Monographs in second or later editions
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Smith AA, Brown BB, Jones CC. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit. 9th ed. New York:
Oxford University Press; 1988.

Where a monograph has no listed author or editor

Where this is the case, substitute the translator or editor's name.
Edited volumes

Indicate this using "ed." and by appending information indicating the series to which the book belongs where

appropriate.

Smith AA, ed. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit. New York: Oxford University Press;
1988. New American Latin Series; No. 4.

Articles or separately authored chapters in edited volumes

Smith AA. Lorem Ipsum Dolor. In: Brown BB, Jones CC, eds. Lorem Ipsum Dolor Sit Amet, Consectetuer

Adipiscing Elit. New York: Oxford University Press; 1988:32-46
Multi-volume works

Smith AA, Brown BB, Jones CC. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit. Vol 2. New York:

Oxford University Press; 1988.
Electronic and online resources

Where the resource is accessed through a database indicate which database. If it is accessed through a website

provide the URL. In both cases indicate the type of resource and when it was accessed.

Smith AA, Brown BB, Jones CC. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit [e-book]. New York:
Oxford University Press; 1988. Available from: Netlibrary. Accessed June 4 2004.

Smith AA, Brown BB, Jones CC. Lorem Ipsum Dolor Sit Amet, Consectetuer Adipiscing Elit [e-book]. New York:

Oxford University Press; 1988. Available at: http://www.loremipsumdolor.net Accessed June 4 2004.
Scholarly journals

Capitalize the first letter in the first word of article titles and also any proper names or abbreviations which are

normally capitalized, i.e. IBM. Journal titles are fully capitalized and italicized.

Brown BB. Lorem ipsum dolor sit amet, consectetuer adipiscing elit. Lorem Ipsum Dolor. 1988;2:124-143.
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Formagao Académical/Titulagao
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Orientador: Ana Maria Benko-Iseppon
Bolsista da: Fundagao de Amparo a pesquisa de Pernambuco
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2007
Orientador: Ana Maria Benko-Iseppon
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Orientador: Ana Maria Benko-Iseppon

Bolsista da: Fundagdo de Amparo a Ciéncia e Tecnologia do Estado de
Pernambuco

Formacgao complementar

2010 - 2010 Curso de curta duragdo em Curso ISO 14001 - Gestao Ambiental nas Empresas.
Centro Nacional de Educagéo a Distancia, CENED, Brasil
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1. Universidade Federal de Pernambuco - UFPE
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