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RESUMO

Sclerotinia sclerotiorum(Lib.) de Bary € um fungo necrotrofico patogénicusador da
doenca conhecida como mofo branco em muitas plaDiasnte a infeccdo, secreta varias
endopoligalacturonases (endo-PGs) que degradanctmgeala parede celular da planta
hospedeira. Para contrapor a acdo das PGs, aa9lprdduzem proteinas inibidoras de
poligalacturonases (PGIPs) que reduzem a ativitiattelitica das endo-PGs e favorecem o
acumulo de oligogalacturonideos (OGs) que séo andsitde uma variedade de respostas de
defesa. As PGIPs pertencem a superfamilia de pesteicas em repeticdes de leucina (LRR),
e desempenham um papel importante na resistériof@cgdo de patdgenos. Neste estudo,
RT-PCR em tempo real foi usada para avaliar a esprede geneBvpgipem plantas de
feijdo comum Phaseolus vulgarid..) submetidas a diferentes condicbes de estrésse.
analise transcricional mostrou que estes geneatsamlos por fatores bidticos (infeccao por
S. sclerotiorun e abidticos (injuria ou tratamento com metil jasatoh e que existe uma
variacdo em termos de expressBopgiplfoi induzido nos estagios iniciais da infeccéo,
principalmente para as plantas tratadas com nastihgnato (MeJA) em que o acumulo deste
transcritos foi maior. Altos niveis de expressas dgpnesPvpgip2 e Pvpgip3 foram
observados nas plantas tratadas ou ndo com Med®sTas tratamentos mostraram indugéo
do genePvpgip4. Estes resultados mostraram que 0s quatro géwegip respondem

diferentemente ao tratamento com indutor de regigfinfeccdo por fungo e injaria.

Palavras-chave:Endopoligalacturonases; metil jasmonato; feijamwm; PGIP;Sclerotinia

sclerotiorum.



ABSTRACT

Sclerotinia sclerotiorum(Lib.) de Bary is a necrotrophic fungal pathogeattbhauses the
disease known as white mold in many plants. Durinfgction, it secretes several
endopolygalacturonases (PGs) to degrade cell vealiqpn To counteract the action of PGs,
plants express polygalacturonases-inhibiting pnsteiPGIPs) that reduce the hydrolytic
activity of endo-PGs and favor the accumulationobfjogalacturonides (OGs) with are
elicitors of a variety of defense responses. PGileng to the superfamily of leucine rich
repeat (LRR) proteins and play important rolesesistance to infection of pathogens. In this
study, real time RT-PCR was used to evaluate tipeession ofPvpgip genes in dry bean
plants Phaseolus vulgarit) submitted to different stress conditions. Traimnal analysis
showed that these genes are differentially expdeasd activated by bioticS( sclerotiorum
infection) and abiotic (wound or methyl jasmonatatment) stresseBvpgiplwas induced
at early stages of the infection especially fommareated with methyl jasmonate (MeJA) in
which the transcript accumulation was higher. Hegrels ofPvpgip2andPvpgip3expression
were observed in infect plants treated or not WiJA. All treatments showed induction of
genePvpgip4.These results show that the/ four geRepgiprespond differently to treatment

with the resistance inducer, fungal infection aralnd.

Key words: Endopolygalacturonases; methyl jasmon&iey bean; PGIP;Sclerotinia

sclerotiorum.
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1-INTRODUCAO

O Brasil é atualmente o maior produtor de feijamem Phaseolus vugarik.), que
se constitui 0 alimento protéico basico da dietebdsileiro. Para atender essa demanda, o
feijdo comum é plantado durante todo o ano, nos n&iados sistemas de cultivo. Na safra
2008, foram produzidos 2,8 milhfes de toneladaseg@o comum em uma area de 2,3

milhdes de hectares, com uma produtividade médi@mmal de 1.223 Kg/ha (Feijao, 2010).

O Estado de Goias e do Distrito Federal responpencerca de 10% da producéo
nacional de feijao, o que representou 266.806 &olasl em 2008 (Feijao, 2010). Esta
producao esta concentrada nas épocas de semeadurguis correspondendo aos meses de
outubro a dezembro (40%) e de inverno de abrilll@jd9%). A produtividade média de

2.296 kg/ha obtida nesses Estados, é bastantemupearédia nacional de 1.233 kg/ha.

O cultivo do feijdo no inverno sob irrigacdo, eapecial com o uso de pivo central,
gera condi¢cOes favoraveis para o desenvolvimentdogacas como, por exemplo, o mofo
branco. Esta doenca ¢ uma das mais destrutivasijlo tomum, capaz de causar 100% de
perdas na sua producédo (Lobo Junior £t28l09). A doenca é caudada pelo fungo habitante
de soloSclerotinia sclerotiorunlib (De Bary), registrado pela primeira vez no Hrasn
1920 (Lobo Junior et al2009). Mundialmente este parasita esta distribyiolotodos os
continentes, sendo relatado na Africa do Sul, Alistr Bulgaria, Canadd, China, Coréia,

México, Nova Zelandia, Nigéria, Portugal, Roménieagvan (Farr e Rosman, 2010).

O primeiro indicio da presenca da doenca € um tsmkec murcha da planta. Nos
orgdos infectados sdo encontradas lesdes enchsyadelacoloracdo parda e consisténcia
mole, com micélio branco de aspecto cotonoso, rdbrios tecidos da planta. Com o

progresso da doenca, as folhas e caules infectadmam-se marrons e permanecem eretos
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mesmo com a morte da planta. O fungo é capaz detamfqualquer parte da planta, porém,
as infeccoes iniciam-se com mais frequéncia arpdas inflorescéncias e das axilas das

folhas e ramos laterais (Kimati et,&005).

1.1-O fungoSclerotinia Sclerotiorum

Sclerotinia sclerotiorum(Lib.) de Bary pertence ao filo Ascomycota, ordem
Helotilales, familia Sclerotineacea, gén&deorotinia.E um fungo de solo que ataca cerca
de 75 familias, 278 géneros e 408 espécies oudzales de plantas, sendo a maioria plantas
herbaceas da subclasse dicotiledonea (familia Apgrmma) e de grande importancia

econdmica (Boland e Hall, 1994).

Este fungo sobrevive principalmente na forma ddeestdios, que sao estruturas
compactas, melanizadas, podendo sobreviver pooosopgriodos de tempo sob condi¢cdes
adversas. Essas propriedades sdo essenciais palaexivéncia, propagacédo e difusdo do
fungo, ja que encontrando condicfes favoraveis caltgoumidade e temperatura baixa 0s
esclerodios poderdo dar inicio a germinacdao. Oneagootencial reprodutivo, juntamente
com a capacidade de sobrevivéncia em longo prazdda esclerd6dios componentes centrais
na epidemiologia deS. sclerotiorum.Esclerédios podem germinar carpogenicamente ou
miceliogenicamente, dependendo das condi¢cdes atalsiemesultando em duas distintas
categorias de doencas. No ciclo de videéSdeclerotiorum(Figura 1) pode ser observada a
importancia destes mecanismos no processo inieigdatiogenicidade deste fungo. A forma
miceliogénica produz hifas que podem atacar direteenos tecidos das plantas. A forma
carpogénica produz apotécios e, posteriorment&spemos aéreos que infectam partes de

plantas hospedeiras (Bardin e Huang, 2001).
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Figura 1: Esquema do ciclo de vida dé&clerotinia sclerotiorum. Sdo mostradas as fases

carpogénicas e miceliogénicas de propagacao. Rone:potatodiseases.arg

1.2 Fatores de patogenicidade

A parede celular é primeira barreira imposta pédatp para contrapor ao ataque de
patdgenos. A parede celular das células vegetdmnéada por uma complexa rede de
microfibrilas de celulose, moléculas de hemicelalespectina (Figura 2). Esta ultima é um
carboidrato, formado por polimeros de acido padigairdnico, que funciona como um agente

cimemtante fazendo a unido das células (de Vridsser, 2001)
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Hemicelulose Celulose Pectina

Figura 2: Esquematizacéo da parede celular vegetdtonte: www.ippa.info

ParaS. sclerotiorumvencer a barreira imposta pela parede celulapldagas e ganhar
acesso a célula hospedeira, dois principais fatdeegpatogenicidade, secrecdo de acido
oxalico e enzimas hidroliticas, agem em concertmaeeracao de tecidos vegetais e geracao
de necrose. A degradacdo de componentes da paleths ca planta esta ligada a producéo
de uma ampla e complexa variedade de enzimasslitm@nmo celulases, hemicelulases,
cutinases, pectinases e proteases. A secrecdo zimasnliticas pelo fungo facilita a
penetracdo, colonizacdo e maceracdo dos tecidetaie@, também, gera uma importante

fonte de nutrientes (Bolton et al. 2006).

1.2.1 Acido Oxalico

O &cido oxalico é produzido pela maioria das cksse fungos. Sua sintese é
catalisada pela enzima oxalacetato acetilhidrodasenstitui um forte regulador de pH do
meio. A atividade desta enzima aumenta em pH altadi a medida que o acido oxalico

acumula, o pH diminui limitando assim sua produgéubicek et al, 1988).
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A sintese e a secrecao de acido oxalico tém comeonti@ante o pH do meio via um
fator de transcricdo conhecido compacC Rollins e Dickman,2001). Homologos dpacC
foram isolados e caracterizados em fungos, inctuilsspergillus nidulans, Saccharomyces
cerevisiae, Candida albicans Yarrowia lipolytica. Genes ativados por este fator de
transcricdo em resposta ao pH ambiente estdo edoslna viruléncia destes patdégenos
(Diez et al, 2002 Pefialva et al., 2002; El Barkani et2000; Lambert et al., 1997).

Em S. sclerotiorumo gene pacl, homologo depacC, € necessario para 0 seu
crescimento em pH neutro, viruléncia total, produd@& acido oxalico e desenvolvimento
normal de esclerédios, demonstrando claramente @x@ressao de genes em resposta ao pH
€ um aspecto importante no desenvolvimento e patsgédeste fung®ollins et al.,2003).

A secrecao de acido oxalico é determinante parat@g@nese ens. sclerotiorum
(Marciano et al., 1983; Godoy et 4B90; Rollins e Dickman 2001). Esta evidéncia foi
reforcada pela observacdo na qual mutante§.dsclerotiorumque nao produziam &acido
oxalico foram incapazes de colonizar tecidos irkf@éas (Godoy et 311990) e plantas de soja
transgénicas capazes de eliminar oxalato, atraméatididade da enzima oxalato oxidase,
foram resistentes a este patogeno (Donaldson, 20all).

Varios sdo 0s mecanismos pelos quais a secrecaadieoxalico reforca a viruléncia
emS. sclerotiorum:

1. Vérias enzimas secretadas por fungos durante adowie tecidos vegetais tém
atividade maxima em pH baixo, assim, a reducédo ldoppovocada pela
secrecao do acido oxalico favorece a degradacdmétiza da parede celular
das plantas (Marciano et ,d983).

2. Por ser toxico para as células hospedeiras, deval@ acidez, o acido oxalico
enfraquece a planta facilitando a invasdo de patm€Noyes e Hancock

1981).
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3. O &cido oxalico é um quelante de ion$’G apoplasto. Assim, desestabiliza
a parede celular, além de comprometer respostasiefiesa da planta
dependentes de EgBateman e Beer, 1965).

4. Suprime o estresse oxidativo que constitui uma rapte resposta de defesa
para muitas espécies de planta (Cessna et al.).2000

5. Diminui a afinidade da ligacdo entre poligalactases (PGs) do fungo com

inibidores de poligalacturonases do hospedeirogieavet ak004).

1.2.2 Enzimas hidroliticas

Véarias enzimas que degradam a parede celular ddaapkfio produzidas pds.
sclerotiorumdurante a infeccdo (Marciano et,d983 e Rioy et al.,, 1991). Dentre estas
enzimas estdo incluidas: pectinas@sl,3-glicanases, glicosidases, celulases, xilanases
cutinases e proteases (Lebeda £t28i01). A acidificacdo do meio provocada pela libaoa

de acido oxalico induz a atividade da maioria desteimas (Marciano et.a1983).

1.2.2.1 Poligalacturonases

A pectina é o maior constituinte da parede celdidaplanta e as pectinases produzidas
por S. scleortiorumatuam na degradacéo deste polimero durante o poodesinfeccdo. A
hidrolise da pectina enfraquece a parede celultacéita a penetracdo e colonizacdo do
hospedeiro. Entre estas pectinases, as poligataetses (PGs) tém recebido particular
atencdo. A atividade total dessas enzimas é audsemiam a liberacdo de acido oxalico
durante a infeccdo da planta. Tal efeito € padrooénte evidenciado quando o pH esta
baixo, ideal para a atividade das PGs (Favaroh, &094).

As poligalacturonases (EC 3.2.1.15) sdo as prim@rimas a serem secretadas por

patdogenos quando estes encontram a parede cehll@iadta. Sua contribuicdo para a
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patogenicidade foi demonstrada, por exemplo, acéelelo gendBcpg2que codifica uma
isoforma de PG erBotrytis cinerearesultou em uma forte reducéo da viruléncia destgd

em tomate e feijao (Kars et &005). PGs sao importantes fatores de patogeniiparhS.

sclerotiorum assim como para outros fungos, comiapergillus flavus, Alternaria citri,
Claviceps purpureae para bactéria comadAgrobacterium tumefaciene Ralstonia
solanacearun{Di Matteo et al, 2006; Federici et gl2006).

As endopoligalacturonases (endo-PGs) atuam clivaasioligacdesa(1-4) entre
residuos de acido D-galacturénico em homogalacfijroausando a separacdo e maceracao
do tecido do hospedeiro. J4 as exopoligalacturgnéseo-PGs) clivam grupos glicosil
monomericos ou diméricos dos polissacarideos é&ctita parede celular. Um maior
interesse € dado as endo-PG as quais sao caparnese@r os tecidos da planta promovendo
a liberacdo de oligossacarideos que sao potentabzadores celulares e podem ativar a
resposta de defesa da planta hospedeira (Bendb, £998).

Em fungos, os genes que codificam para PGs samiaeglos em familias cujos
membros apresentam alto grau de polimorfismo (Macke Janecek, 2001). A maioria dos
fungos produz multiplas PGs que diferem em propdedenzimatica, peso molecular e
regulacdo. Varias isoformas sdo expressas em wmliésrdecidos em diferentes tempos em
resposta a diferentes estimulos (Gonzalez-Cerrars.,€2007). Esta multiplicidade pode
conceder flexibilidade de adaptacédo aos patogemasdp infectam hospedeiros ou 6rgéos de
plantas diferentes (De Lorenzo et al., 20@ )ascomicetdspergillus Nigerapresenta onze
genes que codificam para PG (de Vries e Visser];2B6let al.,2007),B. cineraapresenta
cinco genes PG (Kars et,a2005) e o basidiomicetGhondrosterum purpureurt@m cinco
genes que codificam para PGs (Williams et24l02).

Em S. sclerotioruma analise de ESEkpressed Sequence Tagkentificou distintos

cDNAs codificando para quatro endo-PGs (SSPG1, SSBGPG5 SSPG6) e duas exo-PGs
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(SSXPG1 e SSXPG2) (Li et akD04a). Entretanto, outros trabalhos ja haviamtifiesdo
outros genes que codificam para P@st, pg2e pg3(Reymondet al.,1994) epg5, pg6e pg7
(Kasza et aJ 2004). As modificacdes pos-traducionais, como gllagao, e pos-secrecionais
explicam a multiplicidade de enzimas secretadagymgos filamentosos.

Andlises das endo-PGs 8escleorotiorummostraram que elas apresentam expressao
diferencial durante a patogénese (Cotton gt28002; Kasza et al2004; Li et al, 2004b).
Trabalho realizado em raiz de cenoura revelou udngeasequencial de expressagpdeem
que pgl- pg3 sdo expressos na fase inicial de colonizacdo ddotsadio da plantaygs foi
transcrito durante a fase final de maceragdpg6 e pg7 exibiram padrdo de expressao
constante (Kasz et.a2004) .

Andlises de sequéncias promotoras indicaram quepessao de varios genes que
codificam para endo-PGs estdo sujeitos a regulaiganscricional em resposta a
disponibilidade de fonte de carbono e/ou fatorebiantais, como pH. Dois fatores de
transcricdo estdo envolvidos na regulacdo da esqwedos genes endo-P@seA regulando
a repressao catabdlica de carbonBax,Cregulando a expressao de genes dependentes de pH
(Wuben 2000). Sitios de ligacao p&acCforam encontrados em regides promotorapgte
e pg6 e sitios alvos par@€reAtambém estdo presentes em regides promotoras dgssEs
em S. sclerotiorum(Kasza et aJ 2004). O repressor de glicose CRE1 foi isolado e
caracterizado erB. sclerotiorune o envolvimento deste fator de transcricdo nalaggo de
genes endo-PG foi considerado (Vautard et18199). A regido regulatoria do gesspgl
possui diversos sitios de ligacdo do DNA para aesgpr CRE1 podendo restringir a
expressao deste gene sob condicbes saprofiticgs@Rd-Cotton et al1996).

No decorrer da infeccdo, a acidificacdo do meio @degradacdo dos polimeros de
pectina presentes na parede celular da planta géar direta das PGs podem criar uma

sequéncia de condicbes ambientais. Um rapido esgata de indutores tais como
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poligalacturonatos ou acido galacturénico, podarneévrepressao catabdlita pelo acamulo de
produtos finais, e um pH acido pode, através dst@xtia de regibes em varios promotores,
ativar ou reprimir a transcricdo de genes endoR@pelecendo um padréo de cinética de
expressao ja caracterizado (Kasza e2aD4; Martel et al.1998).

Contudo, vale ressaltar que as poligalacturonagesestdo envolvidas apenas no
processo de degradacdo do tecido vegetal, as plamdém sintetizam PGs. Estas enzimas
desempenham importante papel durante todo o c&cloda da planta, incluindo germinacéo,
expansdo celular, maturacdo dos grédos de poélerscéimia da antera, absciséo,
amadurecimento de frutos e quebra de vagens. (Roberal.,, 2002; Kim et al2006).
Também foi proposto por Rose e colaboradores (2008)essas enzimas hidroliticas atuam
na desagregacao e adesédo entre células vizinhess B&s sdo codificadas por uma familia
de genes que apresentam diferentes membros, alijdopde expresséo varia de acordo com

0s sitios onde a separacao celular ocorre (Gosz@Hleranza et al2007).

1.3 Respostas de defesa da planta

As plantas estdo expostas a diversos fatores dess&st como fitopatdgenos,
herbivoros e condi¢cdes extremas de luz, temperadgre e nutrientes. Em resposta a estes
fatores a planta possui defesas constitutivas ieuzidas. As respostas de defesa podem
estar ausentes ou com pouca expressividade enaplsadias, mas se tornam evidentes apos
a invasao do patogeno, quando a planta sofre anfirialgum outro tipo de estresse (Ryals et
al., 1996, Muret al., 1997, 2000).

Os componentes deste sistema de defesa geralmelotm polimeros especificos da
parede celular e uma mistura de metabolitos secasdapeptideos e proteinas
antimicrobianos (Thomma et all998). A inducdo de resposta de defesa € ativalia pe

reconhecimento de moléculas elicitoras, derivadas niicrorganismos invasores, por
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receptores da parede celular da planta. Estes osvel® reconhecimento disparam uma
cascata de transducéo de sinal que resulta, dauttes coisas, na producdo de componentes
endogenos de sinalizacdo (Ryals etl#196).

Durante o processo de invasdo, as enzimas progupi&la patdogeno para degradar a
parede celular sdo também capazes de induzir tespesiefesa em planta. Dentre elas estéo
as PGs, descritas anteriormente no topico 1.2/.atividade elicitora das PGs tem sido
demonstrada em muitos sistemas patogénicos, co@aefolletotrichum lindemuthianum
em plantas de tabacbli€otiana tabacumBoudart et al.,2003), PG d& cinera em plantas
de uva Vitis vinifera; Poinssot et al2003). Hahn e colaboradores (1981) demonstraraa pel
primeira vez, que PGs nao séo responsaveis diratarpela inducao de resposta de defesa de
plantas, mas provocam a liberacdo de elicitorespal@de celular da planta chamados
oligogalacturonideos (OGs), com grau de polimeépaentre 10 e 15. OGs sdo capazes de
ativar uma variedade de respostas de defesa idollasumulo de fitoalexinas, sintese de
lignina, inibidores de proteinases, produca@tle3 glicanase e producdo de espécies reativas
de oxigénio (De Lorenzo 1997). EArabidopsis thalianaOGs ativaram resposta de defesa
contra B. cineraindependente de acido salicilico, etileno e jasnmnanostrando que a
sinalizacdo mediada por OGs € diferente daquelaiasi@dpor moléculas sinalizadoras

(Ferrari 2007).

1.3.1 Proteinas inibidoras de poligalacturonasesRGIP

Proteinas inibidoras de Poligalacturonases (PG#as) glicoproteinas associadas a
parede celular das plantas e sdo capazes de asi@ndo-PG de fungos (De Lorenzo et al.,
2001). Estas proteinas pertencem a superfamil@ateinas ricas em repeticdes de leucina
(LRR) (Kobe e Kajava, 2001). Elas sdo caracterizgda presenca de 9-10 repeticOes de 24

residuos cada, que sao organizados para formafalbas beta, sendo que uma delas ocupa a
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borda concava interna da molécula e contém resittucgis para o reconhecimento das PGs
(Di Matteo et al, 2003).

Proteinas que contém LRRs ndo sao restritas ao p&ntae mas sdo generalizadas
entre microrganismos e animais, onde elas estdohéd&s em um importante nimero de
funcdes, incluindo transducdo de sinal, adesadaceldesenvolvimento, reparo do DNA,
recombinacdo, transcricdo e processamento de RNAv{@eo et al., 2004b). Uma
propriedade comum de proteinas LRR € a capacidadexdcutar interacdes proteina-
proteina. As PGIPs mostram uma estreita relacdowuom série de proteinas vegetais LRR
envolvidas na resisténcia a patdégenos e transaiedmal (Ellis et a] 2000; Gomez-Gomez
e Boller, 2000).

As PGIPs interagem especificamente com PGs pelaafgio de um complexo
biomolecular. Foi proposto que a inibicdo da atidiel de PGs por PGIPs pode, ndo somente,
prolongar o acumulo de oligogalacturonideos e aeerd resposta de defesa, mas também
diretamente impedir a invasao do patdégeno ponvagdio das PGs (De Lorenzo e Cervone,
1997; Federici et al., 2006).

A inibicdo de PG por PGIP é altamente especificsirA, PGIP de uma determinada
planta que é capaz de inibir uma PG de certo patdgede nao ser capaz de inibir PGs de
outro patégeno. Além disso, para casos onde um®& BGQlapaz de inibir PG de diferentes
patogenos, a percentagem de inibicdo € diferenssinA existem em plantas pequenas
familias de genes codificam isoformas de PGIP diexedn em afinidade e especificidade
para PGs secretadas por diferentes patogenos igeeéeral., 2006). Esta especificidade de
reconhecimento é resultado de poucas variacbeequErscia de aminoacidos das PGIPs
(Leckie et al.[1999).

Muitos estudos tém sido realizados mostrando qferedites isoformas de PGIP

aumentam a resisténcia em uma variedade de pl&uiagsto que a supressao de dois genes
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PGIP,AtPgiple AtPgi2 de Arabidopsidéimita a colonizacdo pdB. cinerae também reduz
os sintomas da doenca (Ferrari et 2003). Plantas de tomatkygopersicon esculentym
super expressando PGIP de péra mostraram umaicagitéf reducao da susceptibilidadB.a
cinera (Powell et al, 2000), e plantas de tabade. (abacumlL) transformadas com PGIP de
feijdo apresentaram maior resisténci8.acinera (Manfredini et al., 2005). O acumulo de
informacdes sobre as propriedades exibidas por @R gerado um interesse em explora-
las como ferramentas para aumentar a resisténciplaida. A este respeito, PGIPs de
feijoeiro tem recebido atencéo especial.

Em P. vulgarisquatro genes paralog&vpgipl-4formam dois pareBvpgipl-Pvpgip2
e Pvpgip3-Pvpgip4jue codificam para classes funcionalmente disti¢aBGIPs. O arranjo e
similaridade entre eles sugerem que foram derivad®sum antecessor comum como
resultado de uma sequéncia de eventos divergeatésplicacéo (D’Ovideo et.ak004a). O
primeiro evento pode ter gerado o antecessor doss,davpgipl- Pvpgip2e Pvpgip3-
Pvpgip4, cada um dos quais sofreu diversificacdo de forntependente com arranjo
genético limitado dentro das regifes codificantepresentadas por mutacfes pontuais e
pequenas insercdes ou delecdes. Subsequentemduofdicacdo de segmentos gendmicos de
aproximadamente 2,000 bp e 4,000 bp pode ter gdragdgiple Pvpgip2,e Pvpgip3e
Pvpgip4 respectivamente. A amplitude da identidade déentideos dentro dos dois pares
génicos incluindo as regides regulatorias (95% &%) sugere que as duas recentes
duplicacdes ocorreram aproximadamente ao mesmatéDiPvideo et al., 2004a). Analise
filogenética indica que os grupBspgipl- PvpgipZomGmpgip3de soja Glicine may, uma
Phaseoleag@réxima de feijao, sugere que estes dois genepre&iavelmente mais proximos
ao gene ancestral qiepgip3 e Pvpgip4De Lorenzo et al., 2001).

Comparacdo de sequéncias correspondentes a genesntre feijdo, soja, trigo

(Triticum aestivum) arroz Qryza sativa e Arabidopsis produziram dois diferentes
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subgrupos, um contendo as monocotileddneas, atragoee o outro as dicotiledoneas feijao,
soja e Arabidopsis. Dentro de cada subgrupo, oshrede cada familia estdo separados um
do outro, excet@mpgip3que € mais proximo devpgipl/PvpgipZjue dos outros membros
de soja. Aléem disso, os membrnogip de feijdo, soja e arroz formam dois distintos gsJpo
sugerindo que sao estruturalmente classes distatgenepgip (D’Ovideo et al., 2004b).

A duplicacéo e diversificacdo dos geragpgipresulta ndo somente na diversificacdo
de sua funcédo bioquimica, mas também na diverg#icade sua regulacdo. Assim, a
expressao dos genegip tem regulacédo diferente durante o desenvolviment@rdcesso
patogénico e em resposta a diferentes estimulestoessePvpgip3é expresso emesposta a
OGs mas néao a glucanos, acido salicilico ou inj@iaxpressdo devpgip4nao é alterada
por nenhum destes tratament®vpgiplresponde somente a injuria (Devoto et al., 1998)
enquantoPvpgip2,que codifica 0 mais eficiente inibidor de PGs degfs, é induzido por
todos estes estimulos de estresse (D’Ovideo eR@D4a). Similarmente, em soj&licine
Max), Gmpgiple Gmpgip3tem sua expressdo aumentada por injuria e infecoéos.
sclerotiorum,enquanto qu&mpgip2nédo € induzido por injuria e € somente tardiamapte
regulado seguido de ataque do mesmo patogeno (880\2002). EnArabidopsis,ambos
Atpgiple Atpgip2séaoup-regulados em resposteBa cinera,mas por diferentes caminhos de
transducaoAtpgipl é up-regulado por OGs mas nao € alterado por outr@sssialacionados
a defesa como etileno, acido salicilico e MeJA. émtraste a expressao Aggip2nao e
induzida por OGs mas € mediada por MeJA (Ferraal.e003). Esta capacidade de ligar
diferentes genes, neste caggip, em resposta a diferentes sinais de estresse gpsgecima
caracteristica comum das plantas, e pode ter gigdd adaptativo ja que garante a ativacao
de pelo menos um gene em diferentes situacdedrdsses evitando a ativacdo de outras vias

de defesa.
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As diferencas entre os varipgips estdo ndo somente presentes na regulacdo de seus
transcritos, mas também na especificidade biogaimécseu substrato. Ambas as atividades
inibitéria e habilidade de reconhecimento espezifpfara as quatro PGIPs dmm vulgaris
foram significativamente diferentes em respostaddas fontes. Por exemplo, todos os
membros da familia PGIP de feijao inibem, com difiée especificidade, PGs Becinerae
Colletotrichum acutatummas somente PVvPGIP2 inibe PG Hesarium phyllophilume
somente PVvPGIP3 e PvPGIP4 inibem PGs de inset@v{@eo et al., 2004a; Leckie et al.,

1999).

1.3.2 Acido Jasménico

Para se adaptar e responder as mudancas ambientaisgama de compostos
quimicos € produzido pelas plantas. Entre estepasios, os fitormdnios desempenham um
importante papel na fisiologia da planta (Wastdtnaddause, 2002; Chen et,#006). A
classe dos jasmonatos, fitormdnios derivados deloscigraxos tém sido largamente
estudados. Estes compostos estdo envolvidos emesgas cruciais do desenvolvimento e
sobrevivéncia de plantas, incluindo respostas desde metabolismo secundario, processo
reprodutivo, senescéncia, desenvolvimento de fridote outros (Seo et al2001;

Wasternack et gl2007).

O acido jasmdnico (JA), o mais caracterizado mendlar familia dos jasmonatos, foi
identificado e isolado da cultura do funbasiodiplodia theobromaéAvanci et al.,2010)
Recentes estudos mostraram que JA pode ser madifieen varias formas formando
compostos de extrema importancia para a ativacdgedes relacionados a respostas de

defesa (Liechti e Farmer 2006; Thines et2007)
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Outro jasmonato de importancia chave € o metil gasto (MeJA), forma ester metil
do acido jasmonico, que foi isolado do Oleo ess¢énextraido de pétalas dEasminum
grandiflorum(Avanci et al.2010) MeJA é considerado um importante candidato a mtaécu
de sinalizacdo modulando respostas de defesa {8€026001; Wasternack 2007).

O acido jasmonico e seu precursor acido 12-oxaétodo (OPDA) sdo compostos
derivados de lipidios, que ao ataque de patdgenassetos sdo rapidamente sintetizados
através da via de biossintese de oxilipinas (Waatkr 2007). O acido jasmonico pode ser
rapidamente metabolizado para o composto volatill fasmonato, através da atividade da
enzima acido jasmonico carboxil metiltransferass(& al, 2001).

O potencial dos jasmonatos na protecdo de plawiatsacinfeccdo por patdégenos foi
mostrado apoOs interacdo entre batat@hgtophthora infestan§Cohen et al., 1993), entre
algodéao eVerticillium dahiae(Li et al., 1996) e entre ArabidopsisRythium mastophorum
(Vijayan et al., 1998) eAlternaria brassiclola(Pennickx et alJ 1996). O acido jasmdnico
mostrou ser também um potente elicitor da expredsdnibidores de proteinases em tomate

(Farmer e Ryan, 1992).

Trabalho realizado por Seo e colaboradores (200i9trou que super-expressao da
enzima acido jasmoénico carboxil metiltransferas@ileao acumulo de MeJA e aumentou a
resisténcia deArabidopsisao ataque de patégenos. MeJA também mostrou pronsove
expressao de genes de resisténcia em plantas d@eihadj et al. 2006). Tratamentos de
folnas com MeJA exdgeno elevou o nivel de acumu@arednscritos que codificam para
proteinas relacionadas a patogenicidade, comongsés, inibidores de serinas proteases,
PGIPs &3-1,3-glicanases, além de estimular genes envolndadsiossintese de fitoalexinas.
A capacidade de promover resisténcia contra o atalgupatdogenos foi confirmado pelo
aumento da tolerancia para o patogengsiphe necatofoideo) ap6s o tratamento com MeJA

(Belhadj et al 2006).
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As respostas de defesa das plantas podem serdaguéém do acido jasmonico, por
outras moléculas sinalizadoras como o acido sabic(SA) e etileno (ET). O acido salicilico
tem seus niveis aumentados na resposta sisténqo#idd (SAR) que é caracterizada pela
ativacdo de proteinas relacionadas a patogénesg @Rjemas das quais mostraram ter
atividade antimicrobiana (Smith et.,all996). Ja o acido jasménico e o etileno estédo
relacionados com a resisténcia sistémica induzl®s)( que é independente de &cido
salicilico. Alguns trabalhos demonstraram que as e sinalizacdo por acido salicilico e
acido jasmoénico sdo mutualmente antagonistas, aesigenes que sao ativados pela via do
acido jasmonico sédo suprimidos com a aplicacdo enagle acido salicilico eice versa
(Thomma et al 1998; Pieterse et al2009; Leon-Reyes et aR010). Entretanto, foi
demonstrado que o acido jasmonico e o etileno esd@eridos conjuntamente para a inducao

de genes de defesa (Penninckx gtl&198).

A ativacdo de uma via em detrimento de outra érnhada pelo tipo de patdégeno.
Assim, foi demonstrado que patdgenos biotroficas ggralmente sensiveis as respostas de
defesa mediada pelo acido salicilico, enquantogeaids com estilo de vida necrotréfico séo
comumente sensiveis as respostas de defesa cdasrofr acido jasménico e etileno

(Becker and Spoel, 2006).

Estudos recentes afirmam que as plantas, apéonheamento do patégeno invasor,
sdo capazes de discriminar com precisao entreedifss vias de sinalizacdo por meio de
interacdes sinérgicas e antogdnicas (Pieterse.eR@01). Este tipo deross-talk entre
diferentes sinais promove uma regulacdo eficiees¢abelecendo um estado de alerta em
plantas e canalizando as respostas de defesa gi@gepos especificos (Becker and Spoel,

2006).
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Estes mecanismos baseadocnass-talkentre diferentes vias de sinalizacdo hormonal
podem melhorar ainda mais a resposta de defeskka,pinfluenciando também processos
relacionados a crescimento, desenvolvimento e ag@pta estresse bidtico e abiodtico (Kazan

e Manners, 2008).
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2-OBJETIVOS
2.1- Objetivo Geral:

Este trabalho teve como objetivo avaliar a ex@i@esde genes inibidores de
poligalacturonases¢pgip em plantas de feijdo comurRhaseolus vulgari.) em resposta

aos estresses bidtico e abidtico.

2.2- Objetivos Especificos / Metas

2.2.1- Estabelecer o processo de infeccéo em:

a. Estresse bidtico — infeccdo pdr sclerotiorum

* In6culo de palito colonizados ca® sclerotiorummo caule da planta.

* Indculo com plugs” de BDA colonizados cor8. sclerotiorunmo caule da
planta.

b. Estresse abiotico

* Injaria — in6culo de palito sem fungo no caule tanfa.

* Indutor quimico - Inoéculo complugs” de BDA colonizados cons.
sclerotiorumno caule da plantas submetidas ao tratamento cetii m
jasmonato, indutor de resisténcia, em diferentesamtracoes.

2.2.2- Analisar a expressao de genes inibidores de patigaibnases Rvpgipl,
Pvpgip2, Pvpgip3® Pvpgip4)em plantas de feijoeiro submetidas a diferentes
situagOes descritas no item 2.2.1.

2.2.3- Determinar os niveis de atividade enzimatica ddigigdacturonases secretadas
por S. sclerotiorundurante a interagéo patogénica.

2.2.4- Determinar os niveis de inibicdo de poligalactusesa(PG) dé&. sclerotiorum

por proteinas inibidoras de poligalacturonases PP@¢ plantas de feijoeiro.
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3-RESULTADOS

Os resultados deste trabalho seréo apresentadosmaados seguintes artigos:

1. Characterization of the dry bean polygalacturonakbiting protein (PGIP)
gene family duringsclerotinia sclerotiorunf{Sclerotiniaceae) infection. Genet.

Mol. Research, 9: 994-1004 (2010).

2. Polygalacturonases-inhibiting proteins genes afterdntially expressed in
response to biotic and abiotic stress in common fhasoelus vulgarig.) -

a ser submetido.

3.1- Artigo 1: Characterization of the dry bean poygalacturonase-inhbiting protein

(PGIP) gene family during Sclerotinia sclerotiorum (Sclerotiniaceae) infection.

Publicado no periodico GMR (Genetics and MolecRasearch) em Junho de 2010.

Neste trabalho, foi feita a analise comparativanie a interacao parasitaria do fungo
Sclerotinia sclerotiorumem plantas de feijdoPpaseolus vulgarid..). Foi analisada a
expressao temporal dos gersspg,que codificam para endopoligalacturonases (enda®G)
fungo ePvpgip que codificam para proteinas inibidoras de pobgaronase (PGIPgm

plantas de feijao.

A andlise da expressao dos gengxm gsspgl, sspg3, sspgbsspg6)e dos genes
Pvpgip(Pvpgipl, Pvpgip2, Pvpgip@Pvpgip4)foi realizada por meio de transcri¢cdo reversa e
reacdo em cadeia de polimerasse (PCR) semiquasati&atPCR em tempo real. Os RNAs
utilizados foram extraidos de hastes de plantdsifbeiro infectadas poB. sclerotiorunmem

diferentes tempos apds o inoculo.
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Os resultados mostraram que 0s genes que codifieaanPGs sao diferencialmente
expressos sob condi¢cdes saprofiticas. O gspglfoi altamente expresso durante a infecgéo,
enquanto que gersspg3foi expresso durante a fase final da infeccdo. @egepg5foi 0

mais uniformemente expressegpgdfoi fracamente expresso.

Durante o curso da infeccao, transcrito$gpgiplndo foram detectados nos estagios
iniciais da doenca, mas apareceram 72 horas ajpd&colo. Altos niveis de expressdo do
genePvpgip2foram observados durante a fase inicial de infeegiesentando um pico com
48 horas e declinando em 72 horas ap0s o inéculexgsessao dévpgip3 aumentou
fortemente com 96 horas apds o in6clupgip4esteve constantemente presente desde as
primeiras 24 horas até o final do experimento. Rdaiatas ndo infectadas, que receberam
injaria mecanica, alto nivel de acumulo de tramgsrioi observado para o geRepgip4

durante todo o periodo analisado (24 — 96.hpi)

Tais resultados mostraram uma expressdo temposalgdnes g5 e Pvpgip no
decorrer da infeccdo de hastes de feijoeiro. Tambgnmdemonstrado que as endoPGs
provavelmente contribuem para o processo de infecltdante a colonizacdo do tecido
hospedeiro por promover a liberacdo de oligogatantdeos da parede celular da planta, que

sao potentes sinalizadores podendo atuar na raspestefesa de plantas, como PGIPs.
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ABSTRACT

Polygalacturonase-inhibiting proteins (PGIPs) aacine-rich repeat (LRR) proteins that
inhibit fungal endopolygalacturonases (PGs). Therattion of PGPIP with PGs limits the
destructive potential of PGs and may trigger platgfense responses induced by
oligogalacturonides. We characterized the exprassidungalpg and plantPvpgipgenes in
bean Phaseolus vulgarjsstems infected witlsclerotinia sclerotiorunto determine whether
any of them could be associated with the infecfimacess. Transcriptional analysis was
carried out by means of semi-quantitative reveraascription polymerase chain reaction
(PCR) or real time PCR. Thespglgene was highly expressed during infectisspg3was
subjected regulation during the later phases dctidn; sspgswas more uniform during
infection, whereasspg6was only weakly expressed. In the course of ifdactPvpgipl
transcripts were not detected in early stages,tleit presence was revealed 72 h post-
inoculation (hpi). High levels dPvpgip2expression were observed during the initial phdise o
infection; the transcript peaked by 48 hpi and ided by 72 hpi.Pvpgip3 expression
increased strongly at 96 hptvpgip4was constantly present from 24 hpi until the efhthe
experiment. However, we detected higher levelshefRvpgip4 transcript in the necrotic
lesion area than in plants mechanically woundeandrkably, onlyPvpgip4appeared to be
moderately induced by mechanical wounding. Theseilt® provide evidence that PGs
contribute to the infection process during hosbo@ation by promoting the release of plant
cell oligogalacturonides, which are powerful sigmgimolecules and may also activate plant

defenses such as polygalacturonase-inhibiting prte
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INTRODUCTION

White mold, caused by the ascomyc8erotinia sclerotiorun(Lib.) de Bary, is a
significant cause of yield loss in Brazilian dryabePhaseolus vulgar)scrops. This pathogen
survives in the soil for several years as scleratid has a very broad host range of more than
400 species, including many yearly crops and wetdss enabling fungal populations to
persist and spread easily (Boland and Hall, 19B#&ctive and economically feasible disease

control is laborious and dry bean cultivars arprasent highly susceptible to the disease.

To infect and colonize the plant tissues, most &limgthogens need to overcome the
structural barrier represented by plant cell wakll wall degrading enzymes (CWDESs) are
deputed to this function, and those able to depehae the pectic component of the middle
lamellae and primary cell walls are the most inénsnvestigated (Alghisi and Favaron,
1995; Annis and Goodwin, 1997). The contribution @#VDEs to the pathogenicity or
virulence of fungi has been studied in several gatetems. Endopolygalacturonases (PGs)
are among the first enzymes secreted during thectioh process and cleave thgl-4)
linkages between D-galacturonic acid residues imdgalacturonan, causing cell separation
and maceration of host tissue. The genom$. dclerotiorunstrain 1980 encodes five endo-
PGs, four of which are expressed in culture or durinfection (Li et al., 2004). The
importance of polygalacturonases in plant disehassbeen demonstrated for the pathogenic
fungi Botrytis cinerealten Have et al., 1998\lternaria citri (Isshiki et al., 2001)Claviceps

purpurea(Oeser et al 2002), ands. sclerotiorun{Kasza et al., 2004, Li et al., 2004).

Many plants possess a cell wall glycoprotein, palggturonase-inhibiting protein
(PGIP), that is able to inhibit fungal PGs. Theemttion between fungal PGs and plant
PGIPs favors the accumulation of oligogalacturosidehich elicit a wide range of defense

mechanisms (De Lorenzo et,&001; Ridley et al. 2001; De Lorenzo and Ferr2002). A
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direct role for PGIPs in plant defense has beenotsimated recently where transgenic tomato
and tobacco plants over-expressing PGIP showeduwtien in symptoms when infected by

B. cinerea(Powell et al2000; Ferrari et aR003; Manfredini et al2005).

Recently, the development of expressed sequenc(E®il) resources, together with
the availability of high-quality genomic librariesd the progress in sequence analysis tools,
have allowed complete or extensive characterizaifahe PGIP gene families irArabidopsis
thaliana (L.) Heynh. (Ferrari et al., 2003) alilassica napus. (Li et al., 2003; Hegedus et
al. 2008). InP. vulgaris four genes code for proteins that show sequeadation from 3%
to 24%. These genes are grouped into two couphgsgiptPvpgip2and Pvpgip3Pvpgip4

probably originating from independent events ofegdaplication (D’Ovidio et al 2004).

In order to compare the temporal expressioaspigand Pvpgipgenes, we performed
semi-quantitative reverse transcription polymeresan reaction (PCRand real time (PCR)
experiments on total RNA extracted from dry beaemst at different times following
inoculation withS. sclerotiorumSimultaneous analysis e§pgandPvpgipexpression during
plant infection could better elucidate and subsasathe role of these different components in

plant-pathogen interaction.

MATERIALS AND METHODS

Infection and bean tissue sampling

S. sclerotiorumisolate SPS was collected from a naturally infédbean plant and
grown in Petri dishes containing PDA (potato-desér@gar) culture medium for 5 days at
20°C. After this growth period, 1-cm long toothpiekds poked into culture medium were
wrapped by the pathogen mycelia, which were useddoulate dry bean plants afterwards.

Plants of the dry bean cultivar Pérola were groma greenhouse at Embrapa Arroz e Feijao
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(Santo Anténio de Goias, GO, Brazil), in 2-kg plagiots with red yellow latosol soil that
was treated with 5 g of 4-30-16 NPK fertilizer. Tineculation was performed 10 days after
emergence by introducing the toothpick ends wrappi#d the pathogen mycelia into the
base of the stems 1.0 cm above the soil surfaemtdthat were mechanically woundeyl
introducing a toothpick without fungi into the basé their stems were used as an
experimental control. All the plants were kept @@ and 90% relative humidity for 48 h to
provide adequate conditions for infection. Tiss@engles were collected from both the
necrotic part and the chlorotic area of each lesidhin 2 cm of the lesion edges at 24, 48,
72, and 96 h post-inoculation (hpi) and immediafebzen in liquid nitrogen prior to RNA

and protein extraction.

Semi-quantitative reverse transcription PCR

RNA was extracted from plant tissued &amgal material using the standard Trizol
protocol (Gibco-BRL). To remove any genomic DNA tamination, RNA was treated with
RNAse-free DNAse | (Promega) followed by enzymectination (2.5 mM EDTA, 65°C/10

min) and ethanol precipitation.

The transcriptional analyses of fung¥b (sspg and plantPGIP (Pvpgip genes were
carried out employing semi-quantitative reversendcaiption PCR and the following
oligonucleotide primers specific fqug sequences: pgl(AF501307) [pglR 5-TCT TGC
AGC AGT CGA GAA GA-3’; pglF 5-GTG TTG TGT CCG AG®AG TT-3']; s9g3
(AY312510) [pg3R 5-ACC CAC CAC TTT GGC TAC TG-3jg3F 5-TGA GAC GGT
AAG ACC CTT GG-37; spg5(AY496277) [pg5R 5-TGT CCA AGT TTT CAG TAT T-3’;
pg5F 5'-CTA CCA GCA TTT CCA TTA T-3; and $56 (AF501308) [pg6R 5-CAA GCT

TAT TGG AAT GGG TAT-3’; pg6F 5-CTG GAG TTG ACG ATTTGA CTA-3']. The
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sizes of all amplified fragments were 495 bp, 448452 bp, and 462 bp, respectively. The
28S rDNA gene-specific primers [FDNA-F (5-GGT GGABTG ATT TGT CTG-3') and
rDNA-R (5'-CTT ACT AGG GAT TCC TCG-3")] were desigd according to 28S rDNA
gene ofS. sclerotiorumThese pairs of primers were used to amplify alg@@DNA product

that acted as a control in the reverse transciRIGR experiments.

Transcripts of PGIRvere amplified using specific primers Bwpgipl, Pvpgi® (both

Pvpgip2.1landPvpgip2.3, Pvpgip3 andPvpgip4as described by D’Ovidio et al. (2004).

First strand cDNA was synthesized using 2 pg of Bblfeated total RNA using
superscript Il Reverse Transcriptase (Gibco-BRal)pfving the supplier’'s recommendations.
We amplified 5 pL of first strand cDNA in a finataction volume of 25 pL containing 1X
Tag DNA polymerase buffer, 1.5 mM Mg0.2 mM dNTPs, 0.2 uM specific primers, and
5U Taqg DNA polymerase (Gibco-BRL). PCR was iniyglerformed at 94°C for 4 min, and
then 27 cycles as follows: 94°C for 1 min, 55°C Zamin, and 72°C for 1 min. PCR products
were resolved by electrophoresis in a 1.2% wi/v @ggargel. Two replicates of reverse
transcription PCRexperiments were performed for all analyzed gemesguantify the gene
expression levels, we employed densitometry arglyScion Image software) available
online (http://www.scioncorp.com). Amplified produmtensity was expressed as relative
absorbance units (AU). The ratio between the redafiU determined for the amplified gene
of interest and internal control was calculatechtwmalize for initial variations in sample

concentration and as a control for reaction efficie

Real-time PCR

The sequences of primers used wétrepgipl (AJ864506.1) [pgipl F — CGC CTC

ACC GGG AAG AT; pgipl R — TGT TCC GAG ACA AGT CAA GA A]; Pvpgip2
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(AJ864507.1) [pgip2 F — TTC GAC GGC AAC CGA ATC;ipg R — TGG TCA TCG ACG
TAA ACA GCT T]; Pvpgip3( AJ864508.1 ) [pgip3 F — TCC TTC CCG AAG CAT TEC;
pgip3 R — GCG TCG CCG GTA TAT TGCPvpgip4 (AJ864509.1) [pgip4 F — TCC TTC
CCG AAG CAT TTC AC; pgip4 R — GCC AGC GTC GTC GGATA TJ; and actin gene
(act) of P. vulgaris(Q11197) [act-F 5 CCCCAGCGTTCTACGTCT 3, act-R GAT GTC
AAC ACG AGC AAT G 37. The sizes of all amplifieddgments were 70 bp, 76 bp, 84 bp,

106 bp, and 92 bp fd?vpgipt4 and actin genes, respectively.

Equal amounts of RNA (0.5 pg) were reverse-trabecriusing oligo(dT)12-18 primer
and submitted to real time PCRAmplification assays were carried out with an QiU
Sequence Detection System ABI PRISM instrument (i&dpBiosystems, USA) in 12-uL
reaction mixtures containing 0.4 uM of each primiescribed above, 6 uL SYBR Green PCR
Master mix (2x) (Applied Biosystems, USA), and QR template cDNA. After an initial
denaturation step at 95°C for 10 min, amplificasiovere carried out for 40 cycles at 95°C for
15 s and 60°C for 1 min. To check the specifiotythe PCR product, melting curves were
analyzed for each data point. Relative gene exjoressas obtained with the formula: fold
induction = 2**°Y, whereAACt = [Ct GI (unknown sample) - Ct ACT (unknown sde)p-
[Ct Gl (reference sample) - Ct ATC (reference sa)jplGl is the gene of interest and ACT is
the P. vulgaris actin gene used as internal control. The referesaraple was chosen to

represent 1x expression of the gene of interest.

Enzyme assay

Polygalacturonase activity was quantified by recardhe increase in absorbance at
575 nm caused by the release of reducing sugans ¢itrus pectin. The reaction mixture

contained 25uL of macerated tissue extract and 225 2 mg/ml citrus pectin dissolved in



36

0.1M sodium acetate buffer, pH 5. After 30 min ibation at 45°C, the reaction was stopped
by the addition of 75@L dinitrosalicylic acid reagent, boiled for 5 miand cooled on ice

(Miller, 1959). Enzyme and substrate controls werguded in all the assays. Enzyme
activities are expressed as micrograms of redusirggr released during 30 min incubation.

Protein contents were determined using the Quamrotein Assay kit (Invitrogen).

RESULTS AND DISCUSSION

Aiming at comparing the temporal expression sspg and Pvpgip genes, semi-
quantitative real time PCR experiments were perémlron total RNA extracted from bean
stem lesions at different times after inoculatiathv. sclerotiorumThese experiments were
carried out employing specific primers directedhe internal control (rDNA 28S) and to the
experimentalsspg (sspgl sspg3 sspg5 sspgd and PvPpgip (Pvpgipl Pvpgip2 Pvpgip3
Pvpgipg genes. Afterward, we performed reverse transonpPCR product quantification
using the appropriate analyses, which revealedibéitsspgandPvpgip genes showed high

expression levels as a consequencg s€lerotioruminfection.

Expression ofS. sclerotiorum PG genes during pathogenesis

Dry bean plants were effectively infected By sclerotiorum(Figure 1). During the
first 24 hpi, a mycelial mass developed and invadeel tissues, but no macroscopic
symptoms were detectable. At 48 hpi, a necroticezeas observed around the inoculation
site and at 72 hpi, abundant aerial mycelia emefgad plant decayed tissues, which showed
maceration on the surface. From 96 hpi on, the iyoebecame progressively less abundant

while the plant tissues were totally macerated.
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Figure. 1. Sclerotinia sclerotioruninfected bean stem at different times after inatah. Inoculation
performed 10 days after emergence, by introduciggetium-colonized toothpick ends into the base
of the stems 1.0 cm above the soil surface, whiehewemoved to take the photograph in order to
show the lesions at the following time#)(24 hpi, 8) 48 hpi, C) 72 hpi, and D) 96 hpi; tissue
samples collected within 2 cm of the lesion margin.

The expression o$spggenes was assessed in infected tissues to degemmather
any of them could be associated with the infecpoocess. Transcripts of tlespgl, sspg3,
sspg5 and sspgbgenes were detected by semi-quantitative reveasesdription PCR at 24
hpi (Figure 2A-B). At this point, a mycelium devpkx and invaded the tissues, but no

macroscopic symptoms were detectable.

The most significantly induced gene during the yeahases of infection wasspgl
and the level of its transcript increased stroragl\p6 hpi, when the stems were completely
invaded by mycelia. Recent evidence suggestssdpalplays a role both in the initiation of
the infection and in the subsequent lesion expardiming interaction 08. sclerotiorunwith
B. napus(Cessna et al2000; Li et al 2004). InB. cinerea the systematic appearance of

individual PGs attests to the role that each playthe infection proces83cpglandBcpg2
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are expressed in the earliest stages of infectemHKave et al., 2001), and mutants unable to

produce BCPG1 exhibit reduced rates of lesion esipanten Have et al., 1998).

A 24hpi 48hpi 72hpi 96hpi | B sspg EXPRESSION c.,
sspg1
12000 G
® osspgl| | o
?Eﬂ][ﬂ 1 — — 3 '5
sspg3 % Osspg E 20
8000 HEesd | 5
g | |Dsspghl 5E 15
sspg5 g 6000 - %
Eaum B0
s 2
sspgb g?uou : 5 5
o TR 2 @,
: : ; 04
—— 24 hpi 48 hpi 72 hpi 96 hpi 24hpi 48hpi 72 hpi 96 hpi
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Figure. 2. Expression pattern of polygalacturonase gesgsg(l, sspg3, sspgb, sspgb Sclerotinia
sclerotiorumduring pathogenesis of bean stends) Ethidium bromide-stained reverse transcription
PCR products: Tissue samples were collected fram#ctrotic part of each lesion 24, 48, 72, and 96
hpi. Total RNA was extracted and used in reveraeseription PCR experiments as described in the
Material and methods section. A fragment of rDNAswged to evaluate the presence of this fungus in
the affected tissuesB) The semi quantitative analysis s§pggenes expression was performed by
densitometry employing Scion Image softwergd://www.scioncorp.coin Thesspgtranscript levels
were calculated in relation to the internal cont(@l) PG activity during pathogenesis of bean stems
(see Material and methods section).

In our study, thesspg3genewas expressed during the initial phase of colomupabf
healthy plant tissues and peaked at 24 hpi, whenfihgal biomass was very low. Its
expression decreased at later stages of host zalmm. This pattern of expression suggests
thatsspg3may be more implicated in the early stages of boktnization than during the late
stages of maceration of host tissusspgbwas expressed at a high level 24 hpi and the
transcripts accumulated between 72 hpi and 96 thpi,phase of invasive growth of the
pathogen and progression of the necrotic zeapg6was regulated during the final phase of
maceration and its transcript reached a maximuw2 dtpi, and then slightly decreased when
the host tissues were macerated (96 hpi). A fragmiefungal 28S rRNA was amplified as a

control for the amount of fungal RNA present infeaample.
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The expression timeframe s§pggenes was similar to those reporteddgs of other
S. sclerotiorumsolates (Cotton et al2002; Kasza et al2004; Li et al 2004), although the
respective patterns were different. For example,etkpression opgl precedes that qig3
pg5 andpg6 during infection of carrot roots wit8. sclerotiorun{Kasza et al., 2004). In that
pathosystempgl-3 genes were expressed during the phase of colammzat healthy plant
tissues, wheregsg5 was transcribed during the final phase of macamatndpg6 andpg7
exhibited a more constant expression pattern (Kaszd., 2004). Studying. napusleaves
infected withS. sclerotiorumLi et al. (2004) reported thaspglgene was highly expressed
during infection;sspg3was also expressed during the early phase oftiafe@lthough lower
less tharsspgl whereassspgbandsspg6were only weakly expressed. Curiously, our work

indicates thasspg5gene was highly expressed during the infectiocgss.

Examination of the expression patterns of individagpggenes has revealed that the
interplay of PGs among themselves and with the tioshg the various stages of infection is
finely coordinated. Early in pathogenesi, sclerotiorumsecretes oxalic acid in infected
tissues, which gradually lowers the neutral pH leé plant apoplasm. In the course of
infection, acidification of the ambient medium anelcay of the plant tissue polymers may
create an environment conducive for early or ctutste PGs to attack the host cell wall, in
turn releasing metabolites that serve to induceaesgon of othesspggenes (Fraissinet-

Tachet and Févre, 1996; ten Have et2001).

We also investigated whether the presence of nhelggenes could respond to PG
activity modulation. During the pathogenesis predesinfected tissue, PG activity increased
and peaked at approximately 48 h, and then graddatireased at the times evaluated (Figure

2C).
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In addition to previous reports (Kasza et aD04; Li et al 2004), our data indicate
thatsspggenes are differentially regulated under parasitieditions, the expression of each
of them being governed by a unique set of envirarteleand developmental factors.
However, the specific role individual PG plays imetinfection process remains to be

elucidated.

Members of thePvpgip family are differentially regulated

In order to verify whether the folRvpgip genes display different regulation patterns
following wounding and pathogen inoculation, we fpened a semi-quantitative reverse
transcription PCR analysis using specific primeys dach gene. Transcript level analyses
were performed on total RNA extracted from 1- tdad~old bean seedlings mechanically

wounded or infected witB. sclerotiorum

Even with a high number of amplification cycles aatl an RNA template
concentration higher than that used for the amalg$iPvpgip genes of infected samples,
amplification of Pvpgipt3 never occurred in RNA samples extracted from meichady
wounded plant tissues. Remarkably, oRlypgip4 transcripts appeared to be induced by

mechanical wounding (Figure 3A).

Densitometric analyses revealgdt Pvpgiptranscripts were differentially induced in
dry bean stem tissue in responseStaosclerotioruminfection (Figure 3B). During the early
phases of infectionPvpgipl transcripts were not detected, whereas their poesevas
revealed at 72-96 hpi, when the stems were comypleteaded by myceliaPvpgip2levels
were high in the initial phase of colonization gmehked at 48 hpi. The levels of transcript
declined between 72 hpi and 96 hpi as the plasti¢ivregan to undergo necrostspgip3

expression increased strongly at 96 hpi. A revénaescription PCR product derived from
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transcripts ofPvpgip4 was present from 24 hpi until the end of the expent, but its
expression was detected at higher levels in theotiedesion area than in the mechanically

wounded plant.

A WOUNDED PLANT INFECTED PLANT B PvPpgip EXPRESSION - INFECTED PLANT
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Figure. 3. Differential expression of dry bed?vpgipgenes in response to infection willerotinia
sclerotiorum (A) Total RNA was extracted from bean stem at difietenes (24, 48, 72, and 96 h)
after wounding (wounded plant) or infection with. sclerotiorum(infected plant). Reverse
transcription PCR experiments were carried outeasiibed in the Material and methods section. The
sizes of the amplified DNA fragments are as folloRgpgipl- 493 bp;Pvpgip2— 443 bpPvpgip3—

451 bp;Pvpgip4— 445 bprDNA 28S gene was used to control the amount of mRMNA&gt in each
sample. B) Semi-quantitative analyses &vPpgip expression in infected tissue were performed
exactly as described in Figure(Z and D) Transcript accumulation dfvPpgipgenes in wounded or
infected plants. Real time PCR analyses were padgdrand transcript levels were calculated from
triplicate data using the standard curve method @dP. vulgarisactin gene as internal control and
health plant (at time zero) as reference sam¢;R. vulgarisactin gene as internal control and
wounded plant (at respective time) as referencekanmhe results represent the mean fold increbse o
MRNA level over wounded stem, plotted against the J&xpression level. Results are expressed as
mean + standard deviation of three experiments.

These expression data clearly characterize a stglupattern of gene transcription

and suggest thaPvpgip2 may be more involved in the early stages of hafertse and
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PvpgiplandPvpgip3 during the late stages. This profile expressi@s wonfirmed by real

time PCR analyses.

Pvpgip genes are regulated during development and upamdiog and pathogen
infection or treatments with eliciting agents sashsalicylic acid and cold (De Lorenzo et al.,
2001; Ferrari et al. 2003). Analyses performed B@\udio et al. (2004) resulted in the
identification of four PvPpgis in P. vulgaris Furthermore, individualPvpgips are
differentially expressed in response to pathogdaction or treatments with elicitors: the
expression oPvpgip3is induced by oligogalacturonides but not by funglacan, salicylic
acid, or wounding; on the other hand, expressioRwgdgip4is not altered by any of these
treatments. Expression d?vpgipl is induced by wounding only, wheredpgip2 is
upregulated by oligogalacturonides, salicylic a@dd wounding. However, except for the
amplification of Pvpgipl which never occurred in RNA samples extractetinaé O from
either untreated tissues or suspension culturdd, desal levels of transcripts Bvpgipl,
Pvpgip2 Pvpgip3 and Pvpgip4 were detected by reverse transcription PCR inRAIA
samples extracted from bean hypocotyls at diffetinés after wounding (D’Ovidio et al

2004).

In contrast, we report here that transcript®wgbgipl, Pvpgip2 andPvpgip3were not
detected by semi-quantitative reverse transcrip@R in bean stem upon wounding. In
order to confirm their regulation, real time PCRpagach was used. Primers specific for
Pvpgipl Pvpgip2 Pvpgip3 and Pvpgip4 were synthesized (see Materials and methods

section).

Real time PCR analyses revealed very low basaldeskePvpgipl Pvpgip2 and
Pvpgip3genes irP. vulgarisstems 24 h after woundir{§igure 3 C). The values represent a

higher number of transcripts in relation to the Itigaplants used as reference in these
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analyses. Such discrepancies between data attamdskan hypocotyls (D’Ovidio et .al

2004) and those obtained on stem, however, aresumprrising because additional factors
occurring in plant tissue may condition PG activaityPG-PGIP interaction. Although other
factors such as cultivar, phase of plant developmemd cultivation conditions may have

influenced the expression Bipgip further studies are necessary to prove this.

In infected bean stem, the expressionPepgipl Pvpgip2 Pvpgip3 and Pvpgip4
genes was rapidly and transiently upregulated ¢eiguD). Compared to the expression in
injured plants, induction dPvpgipgenes during stem infection By sclerotiorunpeaked at:
48 hpi for Pvgip2 showing a 262-fold increase in the amount of dcapts; 96 hpi for
Pvgip3 with a 112-fold increase; 72 hpi f@vpgipl with a 27.2-fold increase; arRvgip4
showing an average of 4.9-fold increase at thedimealuated. Transcript accumulation of
these genes slowly decreased until 96 hpi. Sinmebgoression profiles were previously

observed by semi-quantitative reverse transcrigfiGR.

RemarkablyPvpgip2gene, which encodes the most efficient inhibitbfumgal PGs
characterized so far (D’Ovidio et al., 2004; Madire et al., 2005), was the family member
most upregulated by infection stimuRvpgip2has been previously found to have different
types of inhibition, which suggests that the intabiadapts the recognition capabilities of its
wide concave surface in many ways and againstrdiffeepitopes of different PG ligands

(Sicilia et al., 2005).

Plant defenses against fungal pathogens consisotbf a localized response that is
often associated with an oxidative burst and a ngereeralized systemic response mediated
by signaling molecules. PGIPs have been shown ltdfurayal invasion in plants. Following
inoculation withB. cinereg transgenic tomato and grapevine plants overegpgsapgip

gene from pear (Powell et al., 2000; Aglero et200Q5),Arabidopsisplants overexpressing
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two endogenoupgip genes (Ferrari et .al2003), and tobacco plants overexpressing bean
Pvpgip2 (Manfredini et al 2005) developed smaller lesions than those id tyipbe plants,
suggesting that PGIPs play a role in the innateumity of plants and contribute to their basal

resistance against fungi.

The PG-PGIP interaction limits the aggressive pmerof PGs and favors the
accumulation of elicitor-active oligogalacturonidesthe apoplast (De Lorenzo and Ferrari,
2002). Oligogalacturonides are general elicitora @fide number of plant defenses, including
accumulation of phytoalexins, synthesis of ligniexpression off-1,3-glucanase and
proteinase inhibitors, and production of reactivg/gen species (Ridley et al.,, 2001; De
Lorenzo and Ferrari, 2002). PGs are also capabiritaiting programmed cell death in the
host leading to tissue necrosis, a phenomenonsgtatcumvented by PGIPs (Zuppini et al.,
2005). The capacity of PGs to elicit defense respsrunrelated to their enzymatic activity
has been recently proposed Br cinereagrapevine interaction (Poinssot et al., 2003).
However, the enzymatic activity of PG fro@olletrotrichum lindemuthianunhas been

shown to be essential for activating protectivgpoeses in tobacco (Boudart et al., 2003).

We showed different temporal expressiopgfandPvpgisgenedn the course of bean
stem infection. Our results seem to be consistéhtavmaximization of fungal PG activity in
the host tissue. By promoting the release of ptatt wall polysaccharide fragments and
releasing oligogalacturonides, which are powerigihaling molecules, this enzyme may also
activate plant defenses such as the increased sskpme of polygalacturonase inhibitor
proteins. Future studies will aim at identifyingllcsurface proteins specifically induced
during the first steps of pathogenesis by a prote@pproach. This should help unravel the
complex developmental program underlying the inéecprocess. In order to improve plant
resistance through a PGIP-based strategy, knowletigpeecific relationships between PGs

and PGIPs is crucial.
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3.2- Artigo 2: Polygalacturonases-inhibiting protens genes are differentially expressed

in response to biotic and abiotic stress in commadpean Phasoelus vulgarisL.)

Manuscrito submetido para o periddico Physiologarad Molecular Plant Pathology.

A partir dos resultados obtidos no trabalho aatee visando ampliar nosso estudo,
este trabalho teve como objetivo avaliar a expoeds&genes inibidores de poligalacturonases
(Pvpgip)em plantas de feijdo comuriR{asoelus vulgar)sem resposta aos estresses biodtico e

abiatico.

A analise comparativa da expressdo dos gempgipde P. vulgarisfoi realizada por
meio de RT-PCR em tempo real. Foram utilizados REAsaidos de haste de plantas de
feijdo que receberam diferentes tratamentos: ssti@stico (infeccdo pds. sclerotiorumke
estresse abidtico (injaria e inducdo de resistépoia MeJA seguida de infeccdo pSr
sclerotiorun). Os ensaios de atividade de PGs, bem como os enkainbicdo, foram feitos

a partir de extrato protéico obtido de hastes detpk de feijao.

Os resultados demonstraram que nas plantas geigeramn estresse biético, o indculo
do fungo pelo palito levou a expressdo dos quatmegPvpgip Entretanto, nas plantas
inoculadas com @lug de BDA, a expressdo dos gerfegpgip foi detectada apenas nas
primeiras 6 horas paRvpgip2e com 24 horas para o geRepgip3 enquanto quévpgip4
foi induzido nos estégios finais da infec¢do. J@lastas que receberam estresse abiotico, a
injaria levou a altos niveis de expressdo no peridel 12 horas para 0s gerieggipl-3,
enquanto que o gerfevpgip4 apresentou niveis de expressao elevados em todsiadp
analisado. Em plantas infectadas rsclerotiorumque foram previamente tratadas com
MeJA, a inducdo aconteceu inicialmente (6 e 12 pprp o gend’vpgipl Para os genes
Pvpgip2 e Pvpgip3 a inducao foi tardia (48 e 72 hpi). A inducdo dmey®vpgip4 foi

verificada em todo o periodo analisado, mas foom@as primeiras 12 horas.
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Os resultados obtidos nos ensaios de atividad@natiza demonstraram que a
atividade das PGs foi maior nos estagios finaiprcesso infectivo, momento que o tecido
vegetal estava necrosado. Os ensaios de inibichd?@dPs contra as PGs apresentaram

atividade inibitoria positiva em relacéo ao corgrol

Nossos resultados demonstraram que os devegip sdo expressos diferencialmente
em resposta aos fatores bidticos como infeccadpaclerotiorume abidticos comanjaria
mecanica e tratamento por metil jasmonato. Issersugue as plantas tém diferentes
mecanismos de respostas de defesa, e que um anicaldé estresse pode ativar diferentes

vias, resultando em varios tipos de respostas.
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ABSTRACT

The Sclerotinia sclerotiorunfLib.) de Bary is a necrotrophic fungal pathogeat ttauses the
disease known as white mold in many plants. Dutimg infection, theS. sclerotiorum
discharges several endopolygalacturonases (PGstgotinteract the action of PGs, plants
express polygalacturonases-inhibiting proteins @glthat belong to the super-family of
leucine reach repeat (LRR) proteins and play ingmirtrole in resistance to infection of

pathogens. In this study, gRT-PCR was used to atalihe expression é&fvpgipgenes in
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dry bean plants Rhaseolus vulgarid..), submitted to different stress conditions. The
transcriptional analysis showed that these genes differentially expressed by biotic
(S.sclerotioruminfection) and abiotic (wound or methyl jasmonateatment) stress. The
Pvpgip 4 gene was strongly induced I8/ sclerotioruminfection andPvpgip3to methyl

jasmonate treatment.

Keywords: Endopolygalacturonases; methyl jasmonate; drynbeRGIPs; Sclerotinia

sclerotiorum.

1. INTRODUCTION

The necrotrophic fungaBclerotinia sclerotiorum(Lib.) De Bary is capable of
infecting at least 408 plant species economicafigartant [1]. In Brazil, the dry bean culture

suffers from severe losses caused by this pathogen.

During the invasion, the pathogen faces the fitsétacle to overcome the barrier
imposed by the plant cell wall and most fungal pgéns produce a variety of hydrolytic
enzymes that degrade the cell wall polymers. Ehdopolygalacturonases (PGs) secreted at
the early stages of the infection, depolymerizeshibmogalacturonan, the main component of
pectin, by cleavingi-1,4 glycosidic bonds between the galacturonic aeids causing cell
separation and maceration of host tissue [2]. knewn that theS. sclerotiorumproduces
multiple PG forms, biochemical and molecular stadieave also been undertaken to
determine which of these are important pathoggnfeittors or what specific role each plays
during the infection process [3-8]. Previously, slewed thaSspgland Sspgbare highly

expressediuring the S sclerotioruminfection inP. vulgarisplants and also that tHespg3
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gene is expressed during the initial phase of ¢pddion andSspgbis weakly expressed
during this process [9].

To counteract the PGs many plants produce polygatatase-inhibiting protein
(PGIP) that are glycoproteins located in plant,cpheventing cell wall degradation and
therefore hampering the invasion process and tlease of nutrients that are necessary for
pathogen growth [10]. The interaction between fung&s and plant PGIP favors the
accumulation of oligogalacturonides (OGs), whicitiek wide range of defense responses

[11, 12].

The PGIPs belong to the super-family of leucin&nepeat (LRR) proteins, a class of
proteins specialized for protein-protein interactid13]. They typically contain 10 imperfect
LRRs with 24 residues each that are organizedrta fwo B-sheets, one of which — sheet B1-
occupies the concave inner side of the moleculsngwesidues crucial for PG recognition
[14]. The PGIPs specifically interact with PGs loyrhing a biomolecular complex. The PG-
PGIP interaction varies in terms of inhibition kilee and strength, and reflects the counter-

adaptation occurring in both enzymes and inhibifbgg.

In Phaseolus vulgari,®our paralogue®vpipl-4form two pairs,Pvpgipl-Pvpgip2and
PvPgip3-PvPgip4which code for functionally distinct classes of P&l The arrangement
and similarity among them suggest that they defriom a common ancestor as a result of a
sequence of duplication-divergence duplication &/¢b6]. Thepgip genes are different not
in terms of recognition specificity of their proda@nd also because of they are differentially
regulated [17]. Studies have showed thgip genes are differentially regulated in response to

various biotic and abiotic stresses [18,19].
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In this study, we compared tife vulgaris Pvpgipl-4genesexpression in response to
the S. sclerotioruminfection, wounding and jasmonic acid treatmentditohally we

determinate the differences in PG during infecBtages o6.sclerotiorumn this specie.

2. MATERIAL AND METHODS

2.1 Plant material andbiotic and abiotic treatment.

The plants of the dry bean cultivar Pérola (PRSevwggown in 2 kg plastic pots with
soil fertilized with NPK (4-39-16) (1g/Kg of soilh greenhouse at 24 £@ temperature, 60
* 5% relative humidity and 16 h/8 h light/ dark ioek
Approximately 10-12 days after seeding, when tlmagny leaves were completely expanded,
plants were sprayed with 5 mL of the agueous smiutf two concentrations of methyl
jasmonate (MeJA) — 10 and 50 uM, respectively (adts/treatment). The plants received
fourth subsequent applications of methyl jasmomatbe respective concentrations, or carrier

solution, with an interval of six days each.

TheS. sclerotiorumnoculation was performed 12 hours after the toaqplication of

the chemical inducer. The control plants were aisgulated with the pathogen.

2.2 Pathogen inoculation

The S. sclerotiorumsolate SPS was collected from a naturally inféctey bean plant
and grown in Petri dishes containing PDA (potatatdese agar) culture medium for 5 days at
20°C. Two inoculation methods were usadl:Toothpick — 1 cm long toothpick ends poked
into Petri dishes containing PDA culture mediungaulated withS. sclerotiorumand grown
for 5 days at 20°C. After this period, the toothpends were wrapped by the pathogen

mycelia, which were used to inoculate dry beantpldy) PDA plugs - the S. sclerotiorum
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was grown on PDA culture medium for 5 days at 208ag plugs (3mm) of these cultures
were used as inoculum in the axilary region of stem of plants. The pathogen inoculation
was performed 30 days after emergence by introduitia toothpick ends wrapped with the
pathogen mycelia into the base of the stems 1.Gloave the soil surface or adding PDA
culture plugs in the axilary region. The controamils that were mechanically woundey
introducing a fungi free toothpick into the baseladir stems. All the plants were kept at 20°C
and 90% relative humidity to provide adequate ctowls for infection. The tissue samples
were collected from both the necrotic part anddflerotic area of each lesion within 2 cm of
the lesion edges at 06, 12, 24, 48, and 72 howtipoculation (hpi) and immediately frozen
in liquid nitrogen prior to RNA and protein extraxt. Each treatment consisted of a pool of

20 plants from different pots.

2.3 Total RNA isolation and real time quantitativeRT-PCR

The RNA was extracted from plant tissaesl fungal material using the standard
Trizol protocol (Invitrogen Corp. Carlsbad, CA, USA he gRT-PCR system using SYBR
Green detection (Applied Biosystems) was used #&byae gene expression in RNA samples.
After treatment with DNase | (Invitrogen Corp., Ghad, CA, USA) in the presence of
RNase inhibitor (Invitrogen Corp., Carlsbad, CA,A)Sequal amounts of RNA (jig) were
reverse transcribed using oligo(dT)12-18 primer audbmitted to real time PCR. The
amplification assays were carried out with a Stegf@us (Applied Biosystems, Carlsbad,
CA, USA) in 10uL reactions containing 0.4M of each primer, @L of SYBR Green PCR
Master mix (2 x), and 0.2L of template cDNA. After initial denaturation &% for 10 min,
the amplifications were performed for 40 cycle®3C for 15 s and at 60°C for 1 min. To
check the specificity of the PCR product, the meltcurves were analyzed for each data

point.
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The sequences of primers used wétepgipl (AJ864506.1) [pgipl F — CGC CTC
ACC GGG AAG AT; pgipl R — TGT TCC GAG ACA AGT CAA GA AJ; Pvpgip2
(AJ864507.1) [pgip2 F — TTC GAC GGC AAC CGA ATC;ipg R — TGG TCA TCG ACG
TAA ACA GCT T]; Pvpgip3( AJ864508.1 ) [pgip3 F — TCC TTC CCG AAG CAT TEC;
pgip3 R — GCG TCG CCG GTA TAT TGCPvpgip4 (AJ864509.1) [pgip4 F — TCC TTC
CCG AAG CAT TTC AC; pgip4 R — GCC AGC GTC GTC GGATA TJ; and actin gene
(act) of P. vulgaris(Q11197) [act-F - CCCCAGCGTTCTACGTCT, act-R - CSITC AAC

ACG AGC AAT G].

The relative gene expression was obtained witHdhaula: fold induction = 24,
where AACt = [Ct GI (unknown sample) - Ct ACT (unknown sde)p- [Ct GI (reference
sample) - Ct ATC (reference sample)]. The GI is ¢jeme of interest and ACT is the
vulgaris actin gene used as internal control. The refereacgple was chosen to represent 1x
expression of the gene of interest. Three sampées analyzed for each treatment; values are

given in mean + SD.
2.4 Polygalacturonase activityand inhibition assay

The samples collected from tt& sclerotioruminfected plants were macerated in
liquid nitrogen and homogenized in 1M NaCl and 0,4ddlium acetate buffer, pH 5.2 (3mL/g
tissue). The homogenate was centrifuged at 20.0Gf @5 min at 4 °C. The supernatant
obtained was considered the tissue extract. Thed fobteins were determined using the

Quant-iT Protein Assay kit (Invitrogen Corp., Cadd, CA, USA).

The polygalacturonase activity was quantified bgording the increase in absorbance
at 575 nm caused by the release of reducing stigemspolygalacturonic acid. The reaction
mixture contained 25ul of macerated tissue extract and 2% of 0,5% orange

polygalacturonic acid (PGA, Sigma, USA) dissolved0i1lM sodium acetate buffer, pH 5.
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After 30 min incubation at 50°C, the reaction waspped by the addition of 750L
dinitrosalicylic acid reagent, boiled for 5 min,darooled on ice [19]. The enzyme and
substrate controls were included in all the ass@y® enzyme activity was expressed as

micrograms of reducing sugar released during 30inginbation.

The inhibition assay also done by the releasediagi®g sugars. For this we blend the
culture supernatant of the fungus grown on minimadium (2g9/LNHNO;3, 1g/LKH.PO;,
0,1g/LMgSQ7H,0, 0,5¢/L yeast extract, 3g/L DL- malic acid, 1gIAOH) supplemented
with 1% citrus pectin under agitation for 48 houaad tissue extract in proportion of 1:10.
The enzyme activity was performed using 0,1M sodiacetate, pH 5, 0,5% PGA as
substrate. The reaction conditions were the sareé it the activity of PGs. Three samples

were analyzed for each treatment; the values &engn meam + SD.

2.5 Statistical analysis

The analysis of variance (ANOVA) comparison of tneant means Tukey test at 1%
level of probability were performed through thetistacal program ASSISTAT (2010)

version 7.5 beta.

3. RESULTS

3.1 Expression ofPvpgip genes under biotic and abiotic stress condition

The expression of folPvpgipgenes was detected in dry bean plants infectdd Svit
sclerotiorum by the toothpick-method inoculatioPvpgipl was induced 6 hours after
infection (hpi) and persisted until 72 hgpvpgi® transcripts were detected 6 hpi and

increased progressively peaking at 72 pipgiB gene expression was also up-regulated
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within 6 hpi, peaking at 48 hpRvpgipt showed high levels of transcripts in the earlurso

(6-12 hpi) after inoculation (Figure 1).
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Figure 1: Expression analysis ofPvpgip genes ofP. vulgaris in response toS. sclerotiorum
infection. (A)- Pvpgipl; (B)- Pvpgip2 (C)- Pvpgip3; (D)- Pvpgip4 Expression analyses by qqrT-
PCR were performed and transcript levels were tatled from triplicate data using comparative
method.P. vulgarisactin gene as internal control and health plametssence sample. Tissue samples
were collected at 06, 12, 24, 48, and 72 h pogtuitadion (hpi). Results are reported as means +
standart deviation (SD) of three experiments

However, in plants inoculated with a plug of PDAfsclerotioruntulture, different
expression pattern of tievpgipgenes was observdeavpgiplhad no expression; thvpgi®
gene expression was detected only in the firstic PypgiB at 24 hours an@®vpgipt gene
was induced in late stages of the infection (434a1.

The Pvpgip gene expressions in plant stem were also examisety plants that

received a foliar application of MeJA 12 hours ptio theS. sclerotioruminoculation. We
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observed that this abiotic stress inducedRipegipgenes expression B vulgaris(Figure 2).
The Pvpgifl gene induction occurred in initial 6 to 48 hiad MeJA concentrations tested
(Figure 2A). For thé’vpgi® andPvpgiB genes the induction were delayed (48 - 72 hpi), b
only in plants that received the [{@ of the MeJA. For these two genes, in plants that
received 5QuM of the MeJA, no significant values of accumulateghscripts were observed
(Figure 2B-C). The induction dPvpgip} gene was observed in the whole period but was
higher in the first 12 hours in plants treated wituM of MeJA. However, in plants treated
with 50 uM of MeJA lower induction was observed (Figure 2D).
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Figure 2: Expression analysis ofPvpgip genes of P. vulgaris in response to MeJA foliar
treatment. (A)- Pvpgipl;(B)- Pvpgip2 (C)- Pvpgip3;(D)- Pvpgip4 Expression analyses by qqrT-
PCR were performed and transcript levels were tatled from triplicate data using comparative
method. TheP. vulgarisactin gene as internal control and health plamefesence sample. The tissue
samples were collected at 06, 12, 24, 48, and @@skinoculation (hpi). The results are reported as
means * standard deviation (SD) of three experisent
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The results clearly show that in plant infected,APBr wound, thePvpgip4 gene
presented a 40-fold ( 25 to 0,6) increase in exgivaswhen compared with the expression in
treated plant with MeJA. In contrast, the levelsPepgip3transcripts strongly increased in
plants treated with MeJA (as can be seen in FigjDrand 2C, respectively).

In conclusion the results reveal distinct pattegrpression in th@vpgip genesThe
Pvpgiplgene was expressed in the early stage (6-24 hpiffedtion in all treatments. The
Pvpgip2and Pvpgip3were expressed in the early stage in infected gI@PDA), and in the
late stage (48-72 hpi) for infected plants (wouaddl plants treated with MeJA (11). The
Pvpgip4 gene was induced both in the initial stage in itddcplants (wound) and plants

treated with MeJA, and in the late stage in infégiants (PDA) (Figure 3D).

Figure 3: Model of expression differential of Pvpgip genes.The dry bean plants 72 hours post-
infection with S. sclerotiorumas described in the Materials and Metho@s) infected plants -
Toothpick Method, B) infected plants - PDA plugsCj plants infected - treated with 10mM MeJA,
(D)- Patterns expression Bfvpgipl-4genes in early infection stages (until 24 hpi) &td infection
stage (from 24 hpi).
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A significant delay in symptom development was ewtdwhen plants treated with
MeJA at 1M or higher concentrations were inoculated withgus (Figure 3C), suggesting
that the MeJA is involved in the induction of paltresistanceS. sclerotioruminteraction

with host plants.

3.2 PGs activity and inhibition assay

The PGs enzyme assays were performed to deterntimatdifferences in enzyme activity
during infection stages @&. sclerotiorumn plant with/without MeJA foliar treatments aslive

between inoculation methods.

Was observed difference in the enzyme activity betwtreatments, however the peak of PGs
activity started 48-72 hpi in all of them (Figure¢. & here was a statistically differences

between both methods of inoculation from 6 to 72(Rure 4).
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Figure 4: Polygalacturonase activity of bean plants infectedby S. sclerotiorum. The tests were
performed in triplicate and the results expresseteims of activity unit per microgram of protein
(U/mg). Since one unit of enzyme activity (U) idided as the amount of enzyme capable of releasing
oneumol of reducing sugar/min/mg protein under the expental conditions. Three samples were
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analyzed for each treatment, the values are me&@Dx+ The different letters on bars indicate
statistically significant at 1% probability (p<0)01

The inhibition test was performed to confirm thhibtory effect ofP. vulgarisPGIPs
on S. sclerotiorumPGs activities during infective process. The wwas done in cell free
supernatant of th&. sclerotiorumculture grown on minimal medium All treatmentstées
were positive for inhibitory activity compared tmordrol and the highest percentage of
inhibition was observed in the initial stage of ihéction process (Figure 5). The highest
peak, about 50% inhibition of PGs activity, wasrfdun plants extracts treated with S0 of

MeJA — 6-12 hours post-inoculation (Figure 5).
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Figure 5. Polygalacturonase activity inhibition asay. The percentage of inhibition was compared to
control. The test was done from the culture sugameaof theS. sclerotiorumgrown on minimal
medium and plant extract obtained from the differeeatments as described in the Materials and
Methods. For control, we measured only the actigityhe culture supernatant. The enzyme activity
was performed using polygalacturonic acid as satestpased on the release of reducing sugar. The
results are reported as means + SD of three expstim

4. DISCUSSION
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We have previously shown that high level®Pepgip2expression were observedin dry
bean plant during the initial phase (48 hpi) of ®esclerotioruminfective process and
declined by 72 hpi. In addition, thHevpgip3expression increased strongly at 96 hpi (late
stage) and th@vpgip4was constantly present from 24 hpi up to 96 hpi arhighest level
was detected in the necrotic lesion area thanantplthat had been mechanically wounded
[9]. In the present work we investigate other forofisstress, comparing inoculum methods
and infective process starting from 6 hours postuation. We showed that occurred
differences in the patterns expressionPepgip 1-4genes and the exogenous MeJA plants
treatment was able to induce tRepgip genes expression . vulgarisplants. Whereas that
the Ripgip 4gene was strongly induced By sclerotioruninfection andPvpgip3by MeJA
treatment. This result strongly suggests the ingpae of théPvpgipgenes in the response to
MeJA.

The difference in th@vpgipgene expression in response to MeJA was also\adaser
in other studies. IA. thalianawas demonstrated that tiAé¢pgipl expression was not altered
by MeJA, while that oAtpgip2 was mediated by this compound [17]. The defeaspanses
against pathogens infection, in plants treated WigdA, may be activated by different routes
of the polygalacturonase inhibiting proteins. Sal/studies have shown the role of MeJA as
inducer of plants resistance, where on the exogeapplication of this product increased the
level of transcripts accumulation encoding protemetated to pathogenicity, such as
chitinases, serine protease inhibitors ghd,3-glucanase. In addition to activate genes
involved in phytoalexins biosynthesis [21]. The omance of PGIPs in plant defense has
been corroborated hip vivo studies. The over expression of the genes Atpgipl Atpgip2
in A. thaliana is a limiting factot for the colonization &. cinerealearing to the reduction of

disease symptoms [17].
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The differences found in thRevpgip gene expression pattern can be explained by the
origin of these genes. According to Ovideo and adexs [16], the duplication and
diversification of Pvpgip genes resulted not only in the diversificationtioéir biochemical
function, but also in their regulation under stresmdition. Thus, inP. vulgaris the
expression oPvpgip3is induced by oligogalacturonides but not by furgiacan or salicylic
acid or wounding; the expression B¥pgip4is not altered by any of these treatments. The
expression oPvpgipl is induced by wounding only [22] whereRgpgi®, which encodes the
most efficient inhibitor of fungal PGs, is up-regtdd by oligogalacturonides, salicylic acid
and wounding [16]. However, tlRvpgipexpression model as described by Ovideo et a]. [16
could not be observed in our experiment. This miglklicate that the inducing effect is

dependent on plant cultive®, sclerotiorumsolate or a combination of both.

Farmer and Ryan [23] established that linolenia aeieased in response to wound
signals would be converted through several interated to jasmonate and led to the
expression of genes proteinase inhibitors. Probdhky similarity observed in the temporal
expression of geneBvpgip for these two treatments (MeJA and wound — Figurds3

explained by the activation of one pathway defersponse.

The PGs, expressed and secreted by phytopathdgegial at the early stages of plant
infection, degrade homogalacturonan, the main corapbof cell wall, causing cell wall
degradation and tissue maceration [2, 24]. Oveaalt, results of PGs activities and gene
expression analyses support a role of the PGsPapdipsduring pathogenesis and provide
elements to describe a possible sequence of ewventsring during colonization of the.
vulgaris tissue byS. sclerotiorum The early expression of PG and its sensitivityP®IP
inhibition account for its early role in tissue pémtion. Furthermore, at this stage, the PGIP
content in plant tissue may not be sufficient tqam significantly the PG activity [25].

Subsequently, the increased discharge of oxalit would parallel the expression of acidic
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PGs and, by lowering the pH value toward the optmwould better support the overall PG
activity. During this infection stage, the pathogaso induces the expression of {hgip
genes and, likely, the PGIP accumulates in theciatetissue [26, 27]. Further accumulation
of oxalic acid decreases the pH level below thénoph for PG activity favoring the escape
of PGIP inhibition by the acidic PGs.

Our analyses confirms the PGIPs inhibitory activityhich is consistent with the
observation that PvPGIP2 only partially inhibite tRG activity secreted by the fungus in
untransformed tobacco tissues [28]. Similarly, astbeen reported that the soybean PGIP
inhibits only one of the two PGs secretedSiysclerotiorumat conditions mimicking those
during infection [29]. However, as we previoushosled,S. sclerotiorunexpresses different
isoforms of PG with, show differential regulatidd|.|

To accommodate pathogenesis of different hosts eemvitonmental conditions the
fungi produces PG isoenzymes variable in termseqtisnce, specific activity, pH optimum
and substrate preference [2, 30]. Conversely, pldmastve evolved PGIPs with different
recognition specificities encoded by differentialggulatedogip genes [10, 17]. For example,
PGs produced byB. cinera and Colletotrichum acutatumare inhibited with different
efficiencies by all members of PvPGIP [16, 31], G fromAspergillus nige(AnPGll) is
inhibited by PvPGIP1 and PvPGIP2 but not by PvPG#P8 PVPGIP4 [32]. PG from
Fusarium moniliform&FmPG) is inhibited only by PvPGIP2 [33]. The #lito interact with
the same PGIP the expression of different PGscitittded by the LRR motifs that provide
versatility for the structural protein-protein irdetion. The LRR domain of plant proteins is
often fused with other domains and acts in recagmibf hormonal signals and pathogen
derived elicitors [13].

In conclusion, the expression data, using the motigifectionP. vulgariscv pérola

andS. sclerotiorumsuggests specialized roles or subfunctionalinatis eachPvpgip gene
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member under different stress condition. This maiteslear that plants have different
mechanisms of defense responses, and that a shgles factor can activate different

pathways, resulting in various types of responses.
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4-CONCLUSOES

Neste trabalho nés avaliamos a interacéo pariaséatreS. sclerotiorune plantas de

feijdo (P. vulgari9 e concluimos que:

1. Os genes que codificam para as diferentes isofoded®Gs apresentaram expressao
diferencial onde: os genaspgle sspgbforam altamente expressos durante todo o
periodo analisadespg3foi expresso nas fases finaisgpg6 foifracamente expresso

durante o processo infectivo (24 — 96 hpi).

2. A atividade enzimatica das PGs variou durante cgs®o infectivo, apresentando um

pico com 48 horas apos o inéculo.

3. Durante o processo infectivo as PGs séo inibidasP@Ps, isso foi confirmado no
teste de inibicdo em que foi demonstrado que a mya@ocentagem de inibicdo

acontece na fase inicial de colonizacao do tecodpédeiro pelo fungo.

4. Os genesPvpgip apresentam expressdo diferencial, podendo variar &dase da
infeccdo e em resposta a diferentes estimulostefatoidticos como infeccao pé&r.

sclerotiorume abidticos commjuria mecanica e tratamento por metil jasmonato.

5. Tanto em plantas infectadas tratadas com metil gaato quanto em plantas néo
tratadas, o genBvpgiplfoi ativado na fase inicial do processo infectieaguanto
que os gene®vpgip2 e Pvpgip3tiveram maior inducdo nas fases finais. O gene
Pvpgip4 foi altamente induzido pela infeccdo p8tc sclerotiorume por injaria

mecanica.
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5- PERSPECTIVAS

» Identificacdo das isoformas de PGs no processontiracdo patdégeno-

hospedeiro através de géis de atividade enzim@ioegrama);

* Analisar outros elicitores que sdo capazes de induexpressdo dos genes

Pvpgip,e verificar seu papel na defesa de plantas cantes@o de patdégenos;

» Expressdo heterdloga erRichia pastoris das proteinas inibidoras de

poligalacturonases (PGIP) produzidas pela planfaipeiro;

» Transformacao de plantas com geRegpgipvisando a andlise funcional destes

genes;

e Comparacédo da expressao dos géhgxjipentre cultivares de feijao, visando

selecdo de cultivares resistentes ao mofo branco.
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