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EXTRATO

CARVALHO, Heliana Argdlo Santos. Universidade Estadual de Santa Cruz, llhéus,
fevereiro 2013.Caracterizacdo molecular e bioquimica depoligalacturonase de
Moniliophthora  perniciosaOrientadora:  Fabienne  Micheli  (Cirad/UESC

Coorientador: Abelmon da Silva Gesteira (Embrapa).

Moniliophthora perniciosao agente causal da doengassourade-bruxa em cacau
(Theobroma cacah.), possui em seu genbma genes de poligalacturonase (PGs). Essas
enzimassao responsaveis pela degraada pectina, principal componente da parede
celular de plantas e que tem um papel importante na viruléncia e patogenicidade em
interacBes plantpatdgeno, bem como, sdo bastante requisitadas a sua utilizagdo em
industrias téxtil e de alimentos. Com ouiid de analisarmos a funcdo das PG#/de
perniciosa e a partir desse conhecimento poder explorar as informac¢des obtidas em
beneficio do controle da vassouwt@abruxa, foi realizado este trabalho que teve como
principal objetivo a caracterizacdo molecwabioquimica das PGs d& perniciosa.

No primeiro capituldoi realizada umanalisein silico dos trégyenes parciaide PG

de M. perniciosa(MpPG1 MpPG2e MpPG3. A partir dosgenes analisados foram
determinados o tamanho da proteina truncada, @ peoelétrico, a massa molecular,

0s provaveis sitios de glicosilacédo, fosforilacdo e dominios conser@skn8s genes
apresentaram identidade com P&soutros fungos basidiomicetos e ascomicetos
MpPG1 e MpPG3 correspondem a ex8Gs enquand®pPG2 corresponde a uma
endoPG. A andlise da expresséao relativa d¢igPGsfoi realizada enM. perniciosa
cultivado em branbased solid medium, onde fanonstradauma expressao
relativamente elevadaa faseamarelgparaMpPGle MpPG2,com repressao nas fases
rosa erosa escuro, jA MpPG3 apresentou repressdo em todas as fases. A expressao
relativa dosMpPGs também foi realizada em micélios crescidos em meio liquido

suplementados coufiferentes fontes de carbono.MpPG1apresentoexpressao em
i



micélios crescidoem manose, galactosesacargs MpPG2apresentou expressao em
manosegalactosee manitol,e 0o MpPG3expressowma forte expressa@®mente em
galactose. A atividade enzimatica das PGs também foram determinadas, sendo que em
branbased solid medium todas fases de desenvolvimento do fungo apresentaram
diferencas significativas, sendo as maiores nas fases amarela e branca. A atividade das
PGs secretadas foram maiores quando o fungo cresceu em meios de cultura
suplementado com fontes de carbono fermemaygalactosge glicose, frutose e
manose) e as nao secretadas tiveram melhores atividades em meios contendo (manose
galactose, glicose glicerina). Nesse trabalho também foram realizadas anéeses
biologia de sistemande identificamogedesfisicas de interac¢aoproteinaproteina
envolvendoa proteindPG2.MpPG1e MpPG2apresentararortélogosem N. crassa
respectivamenteenquantoMpPG3ndo apresentoartdlogosnesta espécieEntre os
processos biologicos representativos, destacamos interacfidaconadas com
proteinas de parede celular, bem como proteinas envolvidas na poducdo direta e
indireta de energia, incluindo a gliconeogénese. No segundo capitulo, nés relatamos a
primeira analise da regulacdo das PG#Md@erniciosae o potencial dessas emzs

para futuras aplicacfes industriais ou biotecnolégicas. Nesse contexto, foram avaliadas
as atividades das PGs secretadas e ndo secretadas, cultivadas -basditasolid
medium em diferentes meios de culturas, contendo diferentes fontes de carbono ou
extratos de cacau (infectados e nao infectados pelo fungo). Esses ensaios foram
testados em diferentes temperaturas e tempo de incubacdo onde demonstramos que ¢
melhor atividade enzimatica foi obtida nas PGs secretadas, quando cultivadas em meio
PD com tempraturas de 50°C durante 10 minutos. A melhor atividade foi vista
quando o fungo cresceu em fontes de carbono fermentaveis, na presenca de polpa de
cacau e de extratos de cacau nao infectBdoconcluséo, os resultados encontrados
com o estudo das PGs bk perniciosafornecerdo importantes subsidios a respeito da
infeccdo no cacaueiro, podendo dessa forma elucidar os mecanismos envolvidos da
doenca vassowdebruxa, além disso, as PGs provenientes de fontes microbianas

representam um importante papelpéicacao industrial.



ABSTRACT

CARVALHO, HelianaArgolo Santos CarvalhdJniversidade Estadual de Santa Cruz,
Ilhéus february 2013 Molecular and biochemical characterizatiorof
polygalacturonas®&oniliophthora perniciosa Advisor: FabienneMicheli (CIRAD /
UESQ. Advisor CommitteeAbelmonGesteirada Silva(Embrapa).

Moniliophthoraperniciosa the causal agent oivi t ¢ h e s 6 cadas(The@bmomia n
cacaol.), presentgolygalacturonasgenes(PGs)in its genomeThese enzymes are
responsible for thdegradation of pectin, the main component of the cell wall of plants
and that has an important role in virulence and pathogenigitglantpathogen
interactions. These enzynaee alsausal in the textile and foothdustries To analyze
the role ofM. perriciosa PGs, and to exploit the information obtained in favor of the
witches' broontontrol we conducted study whonobjectivewasthe molecular and
biochemical characterization d¥l. perniciosaPG. The first chaptedescribed a
molecular andn silico aralysisof the threepartial M. perniciosaPG genesMpPG],
MpPG2and MpPG3. We determinedhe size of théruncated proteinits isoelectric
point andmolecular massas well agprobable site®f glycosylation,phosphorylation
and conserved domain\ll threegenesshowedidentity with PGsfrom other fungi
basidiomycetesind ascomycetesMpPG1 and MpPG3 correspond to ex®Gs while
MpPG2conresponds to end®G. Expression analysisf MpPGswas performedn M.
perniciosagrown inbranbasedsolid medium the expression oMpPGlandMpPG2
wasrelatively high inthe yellow phasewith repressionn pink anddark pinkphases.
MpPG3presentedepression irall phases. The relative expressarMpPGswas also
performedin M. perniciosamycelium grown in liquid medum supplemented with
various carbon sourcesMpPG1 showeda high expressionin mycelum grown in
mannose, galactose asdcrose MpPG2 showedexpression inrmannose galactose

and mannitgl and MpPG3 was highly expressednly on galactose. The enzymatic
i



adivity of PGswere also determinedn M. perniciosagrown onbranbasedsolid
medium the main activity was observed on white and yellow fungal phades
activity of secretedPGs was higher when the fungusgrown in culture media
supplementedvith a fermentable carbon sourceggalactose glucose, fructosend
mannosg while the best actiiy of non secreted PGs was obserniedmedium
containing mannose, galactose, glucose ghgterol In silico analysis using systems
biology allowed toidentify physicalnetworksof proteinprotein interactionnvolving
the proteinMpPG1 and MpPG2 (by comparison with neurospora crasse ortologs)
Among the representativebiological processest can be highlighted a group of
proteinsrelated tocell wall enzymesandalso proteins involved indirect and indirect
energyproduction In the second chaptewe report thdirst analysisof the regulation
of PGsof M. perniciosaandfuture potential of thesenzymedor biotechnologicabr
industrial applicationdn this contextwe evaluated thactivitiesof PGssecretedand
not secretedgrown onbranbasedsolid mediumat differentculture mediacontaining
differentsources otarbon orcocoaextracts(infectedand notinfectedby the funguk
These testsvere testedat different temperatures andcubation timewhich showed
that the bestactivity wasobtained in thd?Gssecretedvhen grown onPD medium
with a temperaturef 50°C for 10 minutes. The best activityas seenvhen the fungus
grew on fermentablecarbon sources the presence opulp of cocoa andextracts
cocoauninfected In conclusion our resultswith the study ofPGsof M. perniciosa
provide important informationregarding theinfection in cocoaand maythereby
elucidatingthe mechanisms involved the diseasavit ¢ h e s § in bdditoo, PGS

derived frommicrobial sourcesepresent an importandle inindustrial application.



1. INTRODUCAO

O cacaueiro Theobroma cacad) é uma planta arbérea, perene e nativa das
florestas tropicais umidas das Américas 3Ll e Central, sendo que o seu centro de
origem possivelmente sitts® nas nascentes dos rios Amazonas e Orinoco
(GRAMACHO et al., 1992). O seu principal produto comercial sdo as améugeas,
constituem a matéria prima para a industria de chocolaBzas) mpre se destacou
na producdo de cacau, chegando a ser considerado o principal pais produtor das
Ameéricas no anade 1994 (PURDY and SCHIMIDT, 1996). As maiores regifes
produtoras de cacau no mundo no inicio século 20, eram o litoral do Equador e o
estado da Bahia no Brasil (LASS, 1985). Na década de 70, aproximadamente 90% da
producéo cacaueira era destinada a exportacéo, sendo que 80% era produzido na Bahie
(BASTOS, 1987). Porém, a partir de 1989 houve uma queda na producéo do cacau,
com o surgimemt da doencga vassed®bruxa, causada pelo funddoniliophthora
perniciosa (Stahel) Aime & PhillipsMora (PEREIRA et al.,, 1989; AIME and
PHILLIPS-MORA, 2005). No Sul da Bahia a cacauicultura sofreu grandes perdas
econbmicas devido a propagacdo desse fibggmo. A producdo baiana caiu pela
metade, retirando o Brasil do grupo dos paises exportadores de cacau e trazendo para
essas regides, diversos problemas de carater econémico, ecolégico e social (PEREIRA
et al., 1996;ANDEBRHAN et al., 1999)

O M. pernicicca € um fungo que apresenta um ciclo de vida hemibiotrofico,
apresentando uma fase biotrofica (parasitica) e outra fase saprofitica (necrotrdéfica). A
fase saprofitica € iniciada com a producdo de basididsporos pelos basidiomas
(cogumelo}¥ primeiramente fanado nos tecidos de plantas infectadas (MEINHARDT
et al., 2008), esses basididsporos sdo competentes para infectar tecidos meristematicos

de Theobroma cacaoe outras espécies dos génerbseobroma e Herranja
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representantes da familia Sterculiaceae (GRIRAFet al., 2003). Os basididsporos,
Unicas estruturas infectivas do patdgeno, sdo uninucleados e liberados geralmente a
noite quando propagados pelo vento e pela chuva. Ao atingirem gemas apicais e
florais, produzem os tubos germinativos monocarioticqsoresaveis pela penetracao

dos tecidos vegetativos (PURDY; SCHMIDT, 1996; SILVA; MATSUOKA, 1999;
ALMEIDA et al., 1997). Nessa fase da doenca apenas os micélios biotroficos estao
presentes na vassoura verde, que corresponde ao sintoma mais drastico da& @doenca
caracterizada pelo crescimento desordenado de brotos. O micélio monocariético,
localizado no espaco intercelular, permanece na planta por um periodo de seis a nove
semanas, na qual a vassoura vexdelui para unmprocesso de necrose tornarsio
amaronzada (PURDY; SCHMIDT, 1996). As vassouras, agora chamadas de
vassouras secas, podem permanecer presas a planta ou podem cair na superficie dc
solo. Nesta etapa da doenca, 0 micélio passa para a fase saprofitica onde ocorre a
dicariotizacdo com a formacatos basidiomas, subsequente frutificacdo e liberagcéo
dos basidiocarpos, fechando desta forma o ciclo de vida do patdogeno (PURDY;
SCHMIDT, 1996).A formacéo de basidiocarpos e a producdo de esporos a partir de
uma Unica vassoura seca podem acontecer repwiitte mais de uma vez e ao
decorrer de varios anos (MEINHARDT et al., 2008). (Figura 1).

O M. perniciosanfecta diversos tecidos do cacaueiro (almofadas florais, talos,
flores e frutos maduros), ocasionando uma diversidade de sintomas, que dependem do
orgao infectado e do seu estadio de desenvolvimento. Os sintomas mais caracteristicos
da doenca sdo o crescimento hipertréfico, a necrose dos meristemas vegetativos
infectados, bem como a necrose dos frutos. (GRIFFITH et al., 2003; SILVA et al.,
2002) (Figua 2).
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Figura 1- Ciclo de vida do basidiomiceto hemibiotréfitdoniliophthora perniciosa

As partes azuie laranja correspondem, respectivamente, as fases biotrofica e
saprofitica do fungo durante a sua interacdo com o dagauem verde, foi
determinada a parte do ciclo correspondente & interacdo com o cacau, em amarelo, a
parte do ciclo acontecendo fora do hospedeiro. De acordo com LOPES #p0d6)

Silva et al.(2002), SCARPARI ET AL. (2004), CEITA et al. (2007),
STREENIVASAN e DABYDEEN (1989) e SILVA e MATSUOKA (1999).
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O controle dessa doenca tsm fundamentado emmétodos como o controle
quimico, cultural, biolégico e genético e este Ultimo através da clonagem de materiais
resistente® o langamento de novas variedad2siso de fungicidas tem se mostrado
ineficiente e para arvores € impraticavel em areas de alta incidéncia de chuvas, embora
a protecdo de frutos em desenvolvimento pela aplicacdo de fungicidas seja
rotineiramente praticl (SOBERANIS et al.,, 199®URDY; SCHMIDT, 1996). O
controle cultural € obtido através da remocao e destruicdo de partes doentes da planta
com potencial para a producdo de basidiocarpos. Esse método é muito utilizado,
porém, ndo é 100% seguro, isso porgudgtas partes da planta, ainda em estagio
inicial de infeccdo, passam despercebidas aos olhos domanipulador. Outra estratégia
no combate a vassoudabruxa € o controle biolégico (KRAUSS; SOBERANIS,
2001). Foi desenvolvido um biofungicida denominado Ouwab® pela
CEPLAC/CEPEC a partir do fungo saprofiti€dchoderma stromaticupantagonista
ao M. perniciosapara a tentativa de reducédo da doenca. Seu papel € eliminar o fungo
por inani¢do, visto qué&. stromaticumcompete conM. perniciosapor nutrientese
espaco (BASTOS, 20000utra abordagem para a problematica que envolve a
vassourade-bruxa seria o desenvolvimento de variedades de cacaueiros com uma
produtividade alta e resistente ao patégeno (GRIFFITH et al., 2003).

Tendo visto a importancia econdémiaa cultura cacaueira no mundo, e a
extensdo e destruicdo causada pela vassigleuxa, se torna imprescindivel um
estudo mais detalhado das bases genéticas dessa cultura e da sua interagélo com o
perniciosa Diante dessa problematica, muitos prograrmgae envolvem génomica e
protedmica foram desenvolvidos, onde o objetivo maior é a identificacdo de genes,
ESTs e proteinas relacionadas a resisténcia ou patogenicidade déMI@BIELI et
al., 2010). Entre os programas envolvidos nesses processos,oga&mo programa
de genbmica da vassoura de bruxa (http://www.lge.ibi.unicamp.br/vassoura); o
programa de seqienciamento de ESTs de cacau submetido a diferentes estresses
bidticos e abidticos(http://esttik.cirad.fr/; ARGOUT et al.,, 2008); oprograma de
gendmica funcional da interacdo cadduperniciosaem colaboracéoentre a UESC, a
CEPLAC e o Centro de Cooperacédo Internacional em PesquisaAgronémica para o

Desenvolvimento (Cirad, Franca) e o programa Proteoma (RedeNacional de
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Protebmica). Além desses pragas, trabalhos envolvendo a construcdo de
bibliotecas também foram realizado&ESTEIRA et al. (2007)desenvolveram duas
bibliotecasfull length de T.cacaoresistente e susceptivelEAL JR et al. (2007)
construiram duas bibliotecas SSH a partir de rresmas;a CEPLAC, também obteve
outra bibliotecdull lengtha partir de fruto do genotipo resistente TSH 1188 infectado
com M. perniciosa (ZAIDAN et al., 2005). Diferentes trabalhos também foram
realizados a partir de genes identificados no genoma do fngeerniciosa Uma
analise de transcricdo comparativa entre as fases biotréfica e saproéfitigh do
perniciosafoi realizaddRINCONES et al., 2008), bem como a analise do cariotipo de
M. perniciosa(RINCONES et al, 2003). Foram também destacados impestgenes
envolvidos na adaptacdo ao estresse e inducdo de necrose das plantas, e 0s gene
associados a caracteristicas que podem desempenhar um papel nos mecanismos d
patogénese (MONDEGO et al., 2008). O sequenciamento mitocondrial do genoma do
M. pernicbsa (FORMIGHIERI et al, 2008). E ainda de acordo com os dados
gendmicos deM. perniciosa alguns genes foram escolhidos para novas analises
funcionais de genes potencialmente associados a patogénes. Outras pesquisas focands
no patossistemaém gerando infanacdes importantes para a compreensdo dos
mecanismos moleculares envolvidos especificamente na inte@caidM.perniciosa
bem como a analise de genes associados a patogénese (SCARPARI ET AL., 2005;
CEITA et al., 2007;PUNGARTNIK et al, 2009; CARIBE DG SANTOS et al.,
2009; KILARU, 2005; ZAPAROLI et al., 2009). Trabalhos em proteémica da
interacdo cacaWl.perniciosatambém tem mostrado resultados interessamieste
caso destacamos o protocolo que foi estabelecido para extragdo do fluido apoplastico e
de proteinas totais (PIROVANI et al., 2008) e também a analise de secretdna de
perniciosa cultivado em diferentes meios, mostrando as relacfes quantitativas e
qualitativas entre as proteinas secretadas e sua atividade, e a morfologia das hifas de
M. peniciosa(ALVIM et al., 2009).

O seglenciamento do genoma do fitopatégdfaniliophthora perniciosa
também identificou genes homdlogos de poligalacturonases (PG; EC 3.2.1), que séo
enzimas produzidas por plantas e microrganismos. O estudo dessas enzimas

contribuira no fornecimento de dados a respeito dos papeis das RGpdeniciosa
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na infeccdo do cacau, podendo desse modo esclarecer 0os mecanismos de
desenvolvimento da doenca. Além disso, a utilizacdo de pectinases provindas de
microorganismos (ou supemgessas neles) pode ser utilizada em aplicagbes
industriais e representam amplas vantagens em comparacdo com a utilizacdo de
pectinases extraidas de plantas, sobretudo por serem mais facilmente obtidas em
grande escala. Com isso, espgeaque as pectines deM. perniciosaapresentem

potencial para serem utilizadas em aplicacdes biotecnoldgicas e/ou industriais.



2. REVISAO BIBLIOGRAFICA

2.1. Substancias pécticas

As substancias pécticas correspondem a um grupo complexdissaqarideos
acidose coloidais, de elevada massa molecular (variam de 25 até 360 kDa), carregados
negativamente, encontrados principalmente na lamela média e parede primaria de
células vegetais superiores, contribuindo para dar firmeza, estrutura atecksse
resisténcia a compressdo. As substancias pécticas representam cerca de 0,5 % a 4,0 ¢
do peso das plantas. Em particular, elas possuem um importante papel no fornecimento
da textura as frutas e vegetais durante o seu crescimento e amadurecimento
(ALKORTAet al., 1998, SAKAI et al., 1993; GUMMANDI e PANDA, 2003;
JAYANI; SAXENA; GUPTA, 2005).

Quimicamente, as substancias pécticas sdo compostas de residuos de acido D
gal actur®nico u(4) (Fogwe 1p)oDe adordogcam aoeganizagido e
ramificacdo destes residuos, defisaii) ahomogalacturonana (HG), polimero linear
que consistem uma cadeia principal formada por acidegdacturénicos, os quais
podem encontrase acetilados e/ou meskterificados; ii)a ramnogalacturonana |
(RGI) que consiste em uma cadeia que alterna residuos de acido galacturénico com
residuos de ramnosepsiquais podem ser encontradasligadas covalentemente cadeias
laterais de residuos de acgucares neutros como galactose e arabinose;
lilaramnogalacturonana Il (RGII) que possui cadeia linear de homogalacturonana com
cadeias laterais complexas ligadas aosiduves de galacturonato; e iv)a
xilogalacturonana (XGA) que consisteem uma cadeia composta de acido galacturénico
e residuos de xilose (Figure 1B). AXGA juntamente com a RGII, representam o0s

menores componentes das substancias pécticas e correspondens derntdid cada
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(KASHYAP et al.,, 2001; WILLATS et al,2006; HERRON et al., 2000;
SCHOLSeVORAGEN, 1994; HARHOLT; SUTTANGKAKUL; SCHELLER, 2010).

A H
w H HHY ¥ HE >1
,\/"kc: l>J‘U ; . 3
b CH O TH CH OO I {iH 'LIl..H_—'1‘\ Wl UHOHE W LHULER
H 0 ¥
Y
o H wr 07 W0 W oo
H W

HH Hi H
Rhamnogalacturonan Il Homogalacturonan Xylogalacturonan Rhamnogalacturonan |

O =D-Galacturonic acid © @ = L-Arabinose @® -=D-Apiose é = O-Acetyl
O =L-Rhamnose @ @ ?

@ -D-Glucuronic acid @ =L-Acericacid @ =D-Xylose = Borate
® =Kdo @ =D-Dha (@]

Figura 3. Substancias pécticas. Estrutura primaria das substancias pécti@as.
Estrutura eguematica das substancias pécticas com cadeias ramificadas. Fonte:
JAYANY; SAXENA; GUPTA, 2005; HARHOLT; SUTTANGKAKUL; SCHELLER,

2010.

A Sociedade Americana de Quimidanerican Chemical Socigtglassificou
as substancias pécticas em: i) protopectipacido péctico; iii) acido pectinico, e iv)
pectina, sendo estes trés Ultimas total ou parcialmente soliveis em &gua. A
protopectina, insolivel em agua, € a forma nativa,encontrada associadaaos outros
constituintes da parede das células vegetais; quarmidralisada transformae em
acido pectinico ou pectina. O acido péctico € o nome dado as substancias pécticas
compostas na maior parte por acidos poligalacturdnicos coloidais, essencialmente
livres de grupos metil ésteres. O acido pectinico correspomaiegaupo de compostos

contendo &cido poligalacturénico coloidal com poucos grupos metil éster. A pectina



(polimetil galacturonato) é o material polimérico, no qual, pelo menos 75% dos grupos
carboxilicos das unidades de galacturonato sao esterificadonetamol.

No caso de amadurecimento de frutas e vegetais, nos frutos verdes as
substancias pécticas enconteaem sua forma insollivel (protopectina), associada a
microfibrilas de celulose, o que confere rigidez a parede celular. Durante o
amadurecimentognzimas presentes no fruto alteram a sua estrutura toraamddis
soluvel. Tais alteracdes envolvem quebra da cadeia da pectina ou das cadeias laterais
(JAYANY; SAXENA; GUPTA, 2005 ALKORTA et al., 1998; KASHYAP et al.,

2001; SAKAI et al., 1993; HOONDAL teal., 2002; WHITAKER et al., 1994,
THAKUR; SINGH; HANDA,1997). As substancias pécticas podem também ser
usadas em um grande numero de alimentos como agente geleificante, espessante,
texturizante, emulsificante e estabilizador. Elas sdo também respong@lais
consisténcia e turbidez dos sucos de frutas (ALKORTA et al.,1998). Porém, na
industria de sucos e vinhos, isso se torna muitas vezes um problema, causando um
consideravel aumento na viscosidade dificultando os processos de prensagem, filtracéo
e subsquente concentracdo, diminuindo assim, o rendimento da extracdo de sucos
(ALKORTA et al.,1998).

2.2. Enzimas pectinoliticas

Enzimas pectinoliticas, enzimas pécticas ou pectinases pertencem a um grupo
heterogéneo de enzimas relacionadas, que catalisdagradacdo das substancias
pécticas nos vegetais. As pectinases sdo produzidas por plantas, bactérias, fungos
filamentosos, leveduras, insetos, nematbides e protozo@IoSNCO; SIEIRO;
VILLA,1999; JAYANI et al., 2005; HOONDAL et al., 2002; WHITAKER,19840
caso de agentes decompositores envolvidos na reciclagem do ecossistema, a presenc:
de pectinases é necesséria devido ao fato de que um terco da parede celular dos
vegetais ser composta apenas de substancias pécticas, o que confere as pectinases
capxidade exclusiva, dentre todas as enzimas, de degradar a parede eelular,
genuinamente macerar o tecido vegetal (WILLATS, 2001). Esta maceracao enzimatica

quando feita por organismos fitopatogénicos possibilita a penetracdo e
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disseminacaodestes nos tesiddo hospedeiro (WILLATS, 2001; HADFIELD et
al.,1998).

Devido a presenca de varios tipos de substancias pécticas na parede celular das
plantas, sdo necessarias pectinases com diferentes formas de acdo para a suc
degradacéo, incluindo tanto as que agemauia principal como as que agem nas
cadeias laterais (MALDONADO e STRASSER de SAAD, 1998; VRIES, 2002).
Devese levar em consideracdo que a constituicdo da parede vegetal varia amplamente
entre as espécies e entre diferentes tecidos da planta (GUMMARENBA, 2003).

As pectinases podem ser induzidas por substratos pécticos como o &acido
poligalacturénico ou produzidas constitutivamente, dependendo do organismo
estudado (MALDONADO &TRASSER de SAAD, 1998; VRIES, 2002).

A classificacdo dagectinasesesta fundamentadano ataque ao esqueleto
galacturénico, pela preferéncia de substrato (pectina, acido péctico ou protopectina),
pela acdo por transeliminacdo ou hidrolise e por clivagem randémica (enzima endo
liquidificante ou despolimerizante) ou terminal {gna exe ou sacarificante).
Existem basicamente trés tipos de pectinaygsotopectinases, ii) pectina esterase e
iii) enzimas despolimerizant@ASHYAP et al., 2000 ALKORTA et al., 1998)
(Tabelal) As protopectinases sao enzimas que solubilizam peotma, formando
pectina soluvel altamente polimerizada. Com base nas suas aplicacdes podem ser de
dois tipos:i) protopectinase tipo Aencontradas em fungos e leveduras, reage com o
acido poligalacturbnico na regido da protopegtiraii) protopectinasetipo B,
encontrados em bactérias do génBamillus possue cadeias de polissacarideos que
podem conectase a cadeia de acido poligalacturénico e constituintes da parede
celulakfKASHYAP et al., 2000 ALKORTA et al., 1998; JAYANY; SAXENA;
GUPTA, 2009. Pectinametilesterase@MEs; EC 3.1.1.11380 pectinases conhecidas
como desesterificante ou desmetoxilante gawlisam a desesterificagcdo do grupo
metil da pectina, liberando pectinas acidas e metanol (FiguraEafg.enzima atua
sobre a pectina de altaetoxilagcdo e a transforma em pectina de baixa metoxilacao,
sendo indispensavel para a acdo de outras pectinases, como as poligalacturonases
(PG), uma vez que estas atuam sobre a pectina de baixa metoxilacdo. Além de auxiliar

fitopatdgenos no processo iddeccdo em plantas, nutricdo e atuar no amadurecimento
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de frutos, estas enzimas estdo presentes em praticamente todas as preparagoe:
enzimaticas comerciais para protecdo e melhoramento da textura e firmeza de frutas e
vegetais processados e na extracadaeficacdo de sucos de frutaSomumente
iniciam o ataque na posicdo adjacente ao do grupo carboxila livre (WHITAKER,
1984; VILARINO et al., 1993; AIZENBERG et al.2002). As enzimas
despol i merizantes r o mp e-(-4) eestre bsi ngoadersse s g
galacturbnicos das substancias pécticas. Sao subdivididas em: i) clivantes,
polimetilgalacturonato liase (PMGL) e poligalacturonato liase (PGL); e ii)
hidrolizantes de ligacdes glicosidicas, polimetilgalacturonases (PMG) e PGs
(KASHYAP et al., 2000SAKAY et al., 1993).

APG é aenzima com a maior funcdo hidroliticala catalisa a hidrolise da
l i ga- «o g 4(1i4r emré dluas ainidades de A&cido galacturénico n&o
esterificados (Figura 2B). Ela apresenta como substratos preferenciais os &cidos
pédicos ou acidos poligalacturénicos com baixo grau de esterificacdo. Elas séo
classificadas em end®G (EC 3.2.1.15), que catalisa a hidrélise randémica da ligacao
gl i c o s(?4 doceido péctico, e em eR&Gque catalisa a hidrélise das ligacbes
termira i «1,4)Jda cadeia de &cido poligalacturdnico por hidroisgre as exdGs,
dois grupos podem ser diferenciados através do produto final liberadBGAx¢EC
3.2.1.67) que liberam mondmeros de acido galacturonico-@@20(EC 3.2.1.82) que
liberam dimeros (KASHYAP et al., 2000;JAYANI SAXENA; GUPTA, 2005)
(Tabelal) As PGs sao produzidas por uma grande variedade de organismos, como
fungos filamentosos, bactérias, leveduras, plantas superiores e alguns nematoides
parasitos de planta3AYANI SAXENA e GUPTA, 2005.
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Figura4. Modo de acao das pectinases.Modo de acdo das PMEs. Figura extraida
de Micheli (2001). B. Modo de acdo das PGs. Adaptado de JAYANI: SAXENA;
GUPTA, 2005.

Dentre as enzimas pectinoliticas, as PGs sdo as mais estudadas tanto pela sua
utilizacdo industrial, especialmente madustria téxtij onde sao utilizadas para
degradar a camada de pectina que recobre as fibras de celulose, liasrgrada
posterior processamento, no tratamento do residuo liquido e na degomagem das fibras
naturais (KOCH2 NEVES, 1989; HOONDAL et al., 2002), bem compelo seu papel
biolégico na interacéo planfmatégeno (LANG e DORNENBURG, 2000).

Tabela 1.Classificacdo das enzimas pectinoliticas. Adaptado de JAYANI et al 2005;
ALKORTA et al .,1998.

Tipo de Pectinases Nome Comum N° EC Sigla
Esterases Pectina metikesterase 3.1.1.11 PME
Poligalacturonase 3.2.1.15 endePG
Poligalacturonase 3.2.1.67 exoPG 1
Hidrolases Poligalacturonase 3.2.2.82 exoPG 2
Pectina hidrolase - EndoPMG
Pectina hidrolase - Exo-PMG
Pectato liase 4222 EndoPGL
Liases Pectatoibse 4229 Exo-PGL
Pectina liase 4.2.2.10 EndoPMGL
Pectina liase - Exo-PMGL
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2.3. Aplicacao industrial das pectinases

As pectinases podem ser empregadas em uma grande variedade de processos
industriais. Para tanto, € indispensavel o conhecimgasomelhores condi¢cdes de
producdo assim como o conhecimento das caracteristicas-(fisrocas destas
enzimas (KIRK; BORCHERT; PUGLSANG, 2002).

As primeiras aplicacfes comerciais das pectinases foram realizadas em 1930 na
producéo de vinhos e sucos datds (KASHYAP et al., 2001). Atualmente, a maioria
das preparacbes comerciais deste grupo de enzimas é produzida por fungos
filamentosos, sendoAspergillus niger principal fonte (BLANCO; SIEIRO; VILLA,

1999). Pectinases acidas sdo amplamente utiBzada industrias de alimentos, na
maceracao de vegetais para producdo de pastas e purés, e na fabricagcdo de vinhos
(ALKORTA et al.,, 1998; KASHYAPet al, 2001). Em muitos processos, as pectinases
sao utilizadas em associacdo a outras enzimas, tais coulasesle hemicelulases
(BHAT, 2000). A combinacdo de pectinases e celulases tem sido relatada por
proporcionar um rendimento acima de 100% no processamento de sucos (ALKORTA
et al, 1998; KASHYAPet al, 2001). Pectinases alcalinas sdo comumente produzidas
por bactérias, principalmentBacillus spp, sendo também produzidas por alguns
fungos e leveduras (KAPOO® al, 2000; KASHYAPet al, 2000; HOONDAIet al,

2002). Podem ser empregadas i) netpmeamento de aguas residuais provenientes de
indUstrias deprocessamento de alimentos vegetais contendo material péctico; ii)
preparo de fibras téxteis como linho, juta e cAnhamo; iii) fermentacdo de café e chg;
iv) extracdo de Oleo vegetal; e v) tratamento da polpa de papel (KASHYAR

2001; HOONDALEet al, 2002; KAPOOFet al, 2000; ZHANGet al, 2000).

No setor ecoldgico, a dphcao destas enzimas se faz presente nos efluentes de
industrias que lidam com materiais pégs, como as ja mencionadas anteriormente,
facilitando a remocéo das pectinas contidaaqua utilizada nos procesqda\YANI,
SAXENA; GUPTA, 2005) A biolimpeza bioscouring com enzimas pectinoliticas é
uma opcao ecologicamente mais apropriada para extrair as impurezas nao celuldsicas
do algodédo cru, tornando sua superficie mais hidrof(kddUG-SANTNER et al.,

2006; MOROZOVA et al., 2006).
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2.4. Pectinases microbianas

Microrganismos, em particular fungos filamentosos, sdo considerados como
eficientes produtores de enzimas (UENOJO e PASTORE, 2007 e JAYANI; SAXENA,;
GUPTA, 2005) e por issgdo amplamente utilizados pela industria. Varios trabalhos ja
foram realizados para a selecdo de isolados fungicos produtores de pectinases
(BARACAT et al, 1989; ALANA et al, 1989; SOLIS; FLORES; HUITRON, 1990;
MOLINA; PELISSARI; VITORELLO, 2001;MENEZESt al., 2006; MARTIN et al.,

2004; GUIMARAES et al , 2006, PHUTELA et al., 2005) e as espécies dos géneros
Aspergillus e Penicillium sdo hoje as mais usadas paglicacdes na industria
alimenticia e de bebidas (KAZUHIRO, 2008)importante ressaltar qfiengos desta
espécie sao classificados co@enerally Regarded As SaféRAS) pelaFood and

Drug Administration (FDA), o que indica que o0s seus metabdlitos podem ser
consumidos de maneira segura (VAN DEN HOMBERGH; VAN de
VONDERVOORT; TACHET, 1997; ALKORTA, 1998). As preparacfes de
pectinases comerciais usadas no processamento de alimentos s&o, geralmente,
derivadas dé\spergillussp, e tradicionalmente, sdo misturas de PGs, PLs e PMEs;
Aspergillusnigeisendo considerado como o fungo filamentoso mais efbugizanto a
producdo de PGs. Entre outros estudos, KESTER e VISSER, (1990) relataram a
purificacdo e caracterizacdo de varias PGs a partir de uma preparacdo comercial desse
fungo, sendo postulado a ocorréncia de uma familia multigénica, codificando essas
enzimas nesse organismo. De uma forma mais geral, estudos de producéo de enzimas
microbianas tém evidenciado diferentes isoformas de pectirsamesspeciaPGsde
diferentes microrganismos os quais diferem em sua massa molecular que variam de 38
a 496 kDae nas suas propriedades cinéticd8Y(ANI, SAXENA; GUPTA, 2005;

DEVI e RAO, 1996; MINJARESCARRANCOet al, 1997; NAIDU; PANDA, 2003).

Muitos microrganismos possuem mais que um gene codificador de pectinases, como é
0 caso déspergillus nigerComo postiddo por KESTER ¥ISSER, (1990)A. niger

possui uma familia completa de 5genes codificadores, a qual produz vérias isoenzimas
de endePGs (endd; II; IlIA; IlIB e IV) com consideraveis diferencas em relacédo a

especificidade por substrato, padrédo de gliva e pH 6timo de atividade (LANG e
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DORNENBURG, 2000; BUSSINIKet al, 1992; PARENICOVAet al, 1998). O
entendimento da estrutura e da estabilidade destas isoenzimas possibilita o
desenvolvimento de processos biocataliticos economicamente mais congpastivo
porque, o isolamento de formas diferentes da mesma enzima oferece um grande
potencial para a compreensdo do papel funcional de cada uma das enzimas e uma
melhor utilizacdo destas, nos processos tecnolégicos (DEVI e RAO, 1996). Assim
CONTRERAS ESQUYEL e VOGET (2004) relataram a purificacdo e caracterizacao
de uma PG &cida dk. kawachij e demonstraram que essa PG é um biocatalisador
interessante para aplicacdes industriais em condi¢cdes altamente acidas

Pectinases microbianas sdo também importartgrocesso de fitopatogénese,
na simbiose e na decomposicdo da matéria vegetal, contribuindo para o ciclo natural
do carbono (ROMBOUTS €PILNIK, 1980). Os ataques a planta por alguns
microrganismos fitopatogénicos podem ser em certos casos iniciadegtiorapes,
devido ao fato das substancias pécticas estarem mais acessiveis que outros
componentes da parede celular (LEBEDA et al.,, 2001; HOONI@Alal, 2002;
JAYANI; SAXENA; GUPTA, 2005). Em fitopatdogenos, as enzimas que degradam a
parede celular sdo ceideradas fortes candidatas a fatores de viruléEomfungos
saprofiticos produtores de PGs, os tecidos vegetais mortos disponibilizam a maior
parte dos substratos para obtencao de nutrientes sem, no entanto, representar um
potencial patogénico (WALTON,1994; AKIMITSU et al., 2003;LANG e
DOORNEMBURG, 200R A importancia das pectinases na viruléncia tem sido
evidenciada em muitos trabalhos, em particular, a inativagdo de genes que codificam
PGL e PGs em diferentes fungos teereduzido a viruléncia depergillusflavusem
algodao,Botrytis cinereaem tomate eColletotrichum gloeosporioidesm abacate
(SHIEH et al.,, 1997; TEN HAVE et al.,, 1998; PRUSKY et al., 2001). Todavia,
também tem sido evidenciado que a inativacdo em um Unico gene pode ndo decorrer
em um efeito detectavel na viruléncia do fungo. Bm cinerea e Sclerotinia
sclerotiorum as PGs formam um conjunto de isoenzimas, o que provavelmente
atrapalha a determinacéo da a¢do de uma Unica enzima como fator de viruléncia, pois,
a inativacdo de umegme pode ser compensada pela acdo dos demais (WUBBEN et al.,

1999; KASZA et al., 2004). De acordo com WILLIAMS; TANG; HINTZ, (2002) a
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funcdo e a especificidade das isoenzimas podem ser atribuidas a diferencas na
sequéncia ou na sua rede funcional, conséotuma reacao diferencial com multiplos
substratos pectinoliticos em varias espécies. Em particular, a acdo ea&=idm

papel chave na patogenicidade do fungo por meio da despolimerizacdo da
homogalacturonanae para a sua subseqiente degradacaag®epnimas, e parece

ser um préequisito para o processo geral de degradacao da parede celular (KARR e
ALBERSHEIM, 1970; LANG e DORNENBURG, 2000; LEBEDA et al., 2004).
producdo dessas enzimas pelos fungos € regulada, sobretudo ao nivel transcricional.
Os genes sao induzidos na presenca de substancias pécticas, bem como pelos acido
poligalacturdnicos e galacturdnicos, e reprimidos sob condi¢cdes de crescimento, onde
a producdo dessas enzimas nao € mais necessaria (ARO; PAKULA; PENTTILA,
2005).

2.5. Polgalacturonases na interacao plantgpatdégeno

O envolvimento de PGs no processo de infeccdo demorou certo tempo para ser
identificado, isto porque, embora houvesse indicios do envolvimento de PGs fungicas
na patogénese ou viruléncia, apenas evidénciaseiadimpoderiam ser fornecidas
(LANG e DOORNEMBURG, 2000). A demonstracgéo direta do envolvimento de PGs
na patogénese exige o uso de técnicas de DNA recombinante, como a delecdo do gene
alvo ou superexpressdo desregulada de um Unico gene (EANBORNEMBURG,

2000). EmA. flavuso envolvimento de uma end®G (P2c) na agressividade do fungo

foi demonstrado usando ambas as abordagens. Com a delecdo do gene P2c ocorrel
uma diminuicdo significativa na capacidade do fungo se espalhar pelo hospedeiro,
porém com a imoducdo do mutante P2c nulo aumentou a agressividade da estirpe
(SHIEH et al., 1997). Evidéncias diretas do papel de uma PG também foram obtidas
em B. cinerea Quando o gene faleletado a capacidade do fungo crescer além do
local inoculado, foi signifiativamente reduzida. Quando o g&8upglfoi deletado, a
capacidade do fungo se espalhar além do local da infeccdo foi reduzida
significativamentg TEN HAVEet al., 1998)EndoPGs decepas néo virulentds F.

oxysporumque apresentavameficiéncia no gen®G1, se tornaram virulentas apos
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transformacé&o com gene PGde uma cepa virulentgDl PIETRO e RONCERO,
1998).

Por outro lado, em interacdes plap&atogeno, as plantas normalmente se
defendem contra 0s microrganismos invasores ap0s a pectinolise,dativam
conjunto de respostas de defesa (LARGOORNEMBURG, 2000). PGs flngicas
sdo alvo dagroteinas extracelulares de defesa da pléR@IPs),que limitam a
atividade hidrolitica das PGs, favorecendo o acumulo de oligogalacturonideos
elicitores da resmta de defesa da planta (DE LORENZO et al., 2001; FEDERICI et
al., 2006; DI MATTEO et al., 2006\ interacdo PEGGIP limita a atividade das PGs
e favorece o acumulo de oligossacarideos elicitores no apoplasto. Os oligossacarideos
sao, geralmente, elicites de uma gama de respostas de defesa da planta, incluindo o
acumulo de fitoalexina, sintese de lignina e producdo de espécies reativas de oxigénio.
Em muitas espécies de plantas, as PGIPs séo codificadas por uma familia multigénica
e sdo diferentementeg@ladas e expressas em respostas a varias situacdes de estresse
(DE LORENZO et al., 2001). Efdhaseolus vulgarik., as PGIPs sao codificadas por
uma familia de genes, com pelo menos cinco membros (DEVOTO et al., 1998). Em
hipocoétilos de feijao infectadosom C. lindemuthianumo nivel de PGIP aumenta
imediatamente nas células ao redor do local da infeccdo (BERGMANN et al., 1994).
Aumento na producao de PGIPs permite a planta uma maior prote¢ao contra o ataque
de patdgenos, porém, seu declinio deixa mastedivel os frutos maduros, que
possuem menor expressao dessas protdas ORENZO et al., 2001; Di MATTEO
et al. 2006). Plantas transgénicas que expressam PGIPs heterdlogas ja foram criadas €
mostraram uma maior resisténcia ao ataque de fuitgpatogenicos(BENNETT et
al., 1996). Os resultados desses estudos podem indicar as PGIPs vegetais como

possiveis alvos para o melhoramento de culturas.
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2.6.Moniliophthora perniciosa

A doenca vassowde-bruxa do cacaueirolheobroma cacad. (Malvaceae)
tem ®mo agente causal o basidiomiceto hemibiotréMmniliophthora perniciosa
(Stahel) Aime & PhillipsMora, patégeno que infecta varias espécies dos géneros
Theobromae Herrania, ambos membros da familia Sterculiaceae. Esta enfermidade
estabelece um grande roplema fitossanitario com procedentes danos
socioecondmicos, nas regides de cultvo do cacau (GRIFFITH et al,
2003;MEINHARDT et al., 2008).

Devido a grande variabilidade de hospedeirodMdgerniciosa foi permitido
separdos em grupos de acordo comgénero que ele infecta e sdo denominados
bidtipos. Quatro bidtipos dd. perniciosasdo descritos: i) 0 biotip§ que afeta varios
membros da familia Solanaceae; ii) o biotipoque pode ser encontrado em
Arrabidaea verrucosa(Bignoniaceae); iii) o biotipdd que infectaHeteropterys
acutifolia (Malpighiaceae); e iv) o biétip€ especifico para o cacau. Dois patotipos
do biotipaC existem: o patoétipo A, 0 mais patogénico, presente na Bolivia, Equador e
Colébmbia; e o bidtipo B, menos patogénico e presentgrasil, TrinidadeTobago e
Venezuela (MEINHARDT et al., 2008; RESENDE et al., 2000; MOTILAL; SIRJU
CHARRAN; SREENIVASAN et al., 2003; BASTOS; EVANS, 1985).

O M. perniciosapossui um ciclo de vida hemibiotrofico, apresentando uma fase
biotrofica e outra fas saprofitica que é capaz de causar mudancas morfologicas,
histologicas e fisioldgicas tecieespecificas e temporais no cacaueiro(GRIFFITH;
HEDGER, 1994). Os basidiosporos sé@o produzidos em lamelas na parte inferior do
pileo do basidioma onde os dois raod dos compartimentos da hifa dicaridtica, da
camada do himénio, migram para dentro do basidio, onde ocorre a fusdo nuclear. Os
basididosporos penetram no hospedeiro ao atingirem os tecidos meristematicos dos
orgaos de plantas sadias e ocorre o desenveitorde hifas espessas, néo fibuladas
localizadas intercelularmente nos tecidos infectados que caracterizam o micélio
primario ou biotréfico (PURDY; SCHMIDT, 1996; SILVA; MATSUOKA, 1999;
SREENIVASAN; DABYDEEN, 1989). A dicariotizacdo do micélio ocorre apas

periodo que varia de trés a nove semanas, ocorrendo a formacdo de um micélio
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secundario, com hifas mais delgadas com 1 a 3 um de didmetro e apresentando
grampos de conexao, que invade as células do tecido hospedeiro, levando a morte dos
ramos que carderiza a forma saprofitica da doenca (PURDY; SCHMIDT,
1996;SILVA; MATSUOKA, 1999; SREENIVASAN; DABYDEEN, 1989).

A penetracdo de patdgenos pela paredepode ser decorrente apenas de acac
mecanica, ou também da participacdo de enzimas que degradam a paladelcel
hospedeiro(IDNURM; HOWLETT, 2001; KAHMANN; BASSE, 2001; ARO;
PAKULA; PENTILLA et al., 2005).0s basidiésporos 8 perniciosgerminam na
superficie da planta e produzem tubos germinativos que penetram no hospedeiro,
atraidos pelos estbmatos ou pelzases dos tricomas injuriadeem que haja, no
entanto, formacao de apressorios e de haustorios. Por esse motivo, € muito provavel
gue enzimas pectinoliticado estejam participando deste evento de invasdo do
hospedeiro. A penetracdo direta no tecidccdcaueiro e a deterioracdo completa de
células do mesofilo ressalvam a importancia das enzimas responsaveis pela
degradacdo da parede celular no sucesso da infeccabl.pemiciosa (PURDY;
SCHMIDT; KILARU; HASENSTEIN, 2005).A identificacdo de possiveigenes
codificadores de enzimas pectinoliticas Emperniciosa e sua posterior inativacao,
associados a uma avaliacdo da capacidade infectiva em plantas de cacaueiro
possibilitara determinar se estes genes codificam fatores de patogenicidade neste
importante patégeno.

Em M. perniciosatrés genes de pectato liagee¢lA peclB E pec? foram
isolados, caracterizados e identificados como a primeira familia multigénica de genes
gue codificam enzimas pectinoliticas nesta espécie, além de ser a primeirai@vidénc
do isolamento e caracterizagdo de genes que codificam pectato liase em fungos
basidiomicetoSANTOS, 2006)Outro trabalho também isolou e caracterizou o0 gene
xghCp que codifica uma endxilogalacturonana hidrolase eM. perniciosa essa
pectinase é (maz de degradar xilogalacturonana (SILVA, 2007). Em ambos os
trabalhos essas enzimas nao foram avaliadas quanto ao seu papel na patogenicidade.

Em estudos de patogenicidade & perniciosa,KILARU; HASENSTEIN,

(2005) sugeriram que as interacdes espesifcdre o patdbgeno e o seu hospedeiro é

que controlam o inicio da fase necrotrofica do fungo, além disso, indicam que os
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micélios primarios podem ser usados ao invés de esporos no estudo de patogenicidade.
Em outro trabalho KILARU; BAILEY; HASENSTEIN, 200 Tostraram a capacidade

do fungo em produzir e manter o crescimento em elevados niveis enddégenos de IAA
(acido indoleacético) e AS (acido salicilico) durante a colonizacdo, indicando que
esses fitohormonios contribuem para a sua patogenicidadeadamo nivel de acido
salicilico (AS) em vassouras infectadas foi cinco vezes maior comparado com as
vassouras saudaveis. Em contraste, a inoculacdo com basididsporos e elicitores
quimicos néo alterou os teores de AS. Esses resultados sugerem que a faééazecrotr

de M. perniciosa provoca acumulo de AS em tecidos doentes (CHAVES e
GIANFAGNA, 2006).

Em M. perniciosa diferentes trabalhos ja foramrealizados a partir do
conhecimento de enzimas produzidas por esse patdgeno. A capacidade de producéo de
enzimas extreelulares como amilases, lipases, peroxidase entre outras ja foram
demonstradas (BASTOS, 2005). Componentes de rotas metabdlicas exclusivas do
fungo, como a rota da quitina foi identificado, bem como confirmada a atividade de
quitinase deste fungo (LOPES$ a., 2008). A atividade de peroxidase de proteinas
secretadas foi analisada e glucanases foram produzidas, purificadas e caracterizadas
(ALVIM et al., 2009; SENA et al., 2011). Enzimas de parede celular considerados
como alvos moleculares foram descritas UDPN-acetilglicosamina pirofosforilase
também foi estudada (MACEDO et al., 2009; SANTOS JUNIOR et al., 2011).

Trabalhos utilizando diferentes fontes de carbono no cultivo do fivhgo
perniciosa também ja foram realizados e demonstrados resultatiressantes. Foi
estabelecido que a fase de crescimentoMdeperniciosa in vitro, € fortemente
influenciada pela fonte de nutriente. Com isso, foi demonstrado que a utilizagdo do
glicerol nas culturas, mantém a fase monocariética por um tempo mapassm que
ao se adicionar outras fontes de carbono ao meio, o fungo muda rapidamente da fase
saprofitica para necrotréfica (MEINHARDT et al., 2006). Em outro trabalho, a
utilizacdo de glicerol como unica fonte de carbono conferiu as células dicaridticas de
M. perniciosa,uma maior resisténcia ao estresse oxidativo (SANTOS et al., 2008).
Genes deéVl. perniciosaexpressos na fase biotrofica estdo sob repressao catabdlica e

de nitrogénio e o glicerol parece desempenhar varios papéis na biologia do
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fitopatogeno (RINCONES et al., 2008). Foi identificado que em meio contendo
glicerol, o peréxido de hidrogénio em pequenas quantidades induz a formacédo de
grampos de conexdes (PUNGARTNIK et al., 2009). A influéncia de diferentes fontes
de carbono e nitrogénio sobretevidade de quitinases secretadas e nao secretadas foi
demonstrada eml. perniciosa(LOPES et al., 2008), em outro trabalho o fitopatégeno
foi cultivado em diferentes fontes de carbono fermentaveis e ndo fermentaveis, e as
diferencas significativas na moftbgia do micélio foi correlacionado com a fonte de
carbono utilizada (ALVIM et al., 2009), além disso, foi demonstrado que, carboidratos
tem uma funcédo importante na mudanca de fase do fungo (SCARPARI et al., 2005).

Para se compreender as particularidadies patossistemal. cacaeM.
perniciosa se faz necessario um amplo conhecimento sobre 0s mecanismos
moleculares que estdo envolvidos nessa interacdo. Desta forma, as informacdes
geradas com o sequenciamento do genomie.deerniciosa(FORMIGHIERI et al.,
2008; MONDEGO et al., 2008, vem permitindo um maior entendimento e
compreensdo da biologia do fungo, funcionamento do metabolismo e também no
desenvolvimento de diversas estratégias de controle da doenca. Além disso, o
sequenciamentde genomagode tambénser considerado como fonte de moléculas
para aplicacdes tiecnoldgicas e/ou industriais.

Deste modo, o objetivo deste trabalho foi realizar uma caracterigagé@oular
e bioquimicade pectinases, particularmente das PG#/dailiophthora perniciosa.
Foi realizada a caracterizac#@osilico de trés genefMpPG1, MpPG2e MpPG3. A
expressao génica dessas PG&/d@erniciosafoi avaliada tanto em sistema artificial
(bolachaskcomoem micélios crescidos em meios de cultura com diferentes fontes de
carbono. Bmbém foi realizada a deteccdo enzimatica das PQ¥l. deerniciosa
secretadas e nao secretadas cultivadas em dois sistemas (bolachas e meio liquido), ne
presenca de diferentes fontes de carbono e extratos de cacau. Todo esse trabalho é d
fundamental impdéncia na caracterizacdo molecular e bioquimica desse fitopatégeno
e tem como perspectivas futuras de utilizacdo em aplicacbes biotecnoldgicas e

industriais.
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Abstract

We report the first molecular and silico analysis ofMonilophthora perniciosa
polygalacturonases (PGs). ThidePG genes MpPG1 MpPG2andMpPG3 were identified
and analyzed at transcriptional level, by -BFCR, in dikaryoticM. pernicio® mycelium
grown on solidbran based medium and on liquid medium supplemented with different
fermentable and non fermentable carbon sources. Global PG activity was also measured on
dikaryotic mycelium cultivated on the same culture media. WG genes pesented
different expression pattern suggesting different individual regulation. However, both are
mainly regulated by fermentable carbon sources (galactose and mannose). The PG activity
present a very similar pattern to the one obtained for gene expressweted PG activity
was highest in galactose, glucose, fructose and manmbseintegrated analysis of gene
expression, PG activity and systems biologsing MpG1l and MpG2 orthologous in
Neurospora crassanamed NCUO06961 and NCU02369, respectiveligwaed identifying
some possible mechanism of protein regulation during the necrotrophic fungal phase.
MpPGLENCU06961 and MpPGRICU02369 directly interact with two hdiottleneck
proteins: i) an ubiquitin (NCU09813)ossibly involved in protein regulaticaissociated to
posttranslational modifications (PTMs); and ii) a pectinesterase (NCU10045) with a central
position in the cell wall enzyme group, both directly or indirectly connected to energy
metabolism. We concluded that MpPGs are regulated by carhonesoand possibly by
PTMs during the necrotrophic fungal phase, and that their role may be tightly associated to

the one of other pectinases and to cellular metabolism related to energy production.
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Introduction

Moniliophthora perniciosas a hemibiotroft basidiomycetéAime and PhillipsMora
200 r esponsi bl e for t he Theobtomd macsad. THisrdsaease isdi s e
present in America and Caribbean cacao producing countries and may be a potential threat for
other world regions still exempt dhe fungus (e.g. Africa). In the Bahia state, in Brazil, this
di sease caused, from 1990s6 to now, serio
economic, social and environmental conseque(lesly and Schmidt 1996

Moniliophthora perniciosaspread via basidiospores that germinate and infect cacao
trees through stomata, open wounds or by direct penet(@ilamu and Hasenstein 20p3t
has been showed thd#l. perniciosa hyphae presented cldihaped tips and adhesive
structures induced by cuticle extracts; then the initial cuticular disintegration at the site of
penetréion was followed by blister formation and complete digestion of leaves by the primary
mycelium (Kilaru and Hasenstein 200Sreenivasan and Dabydeen 1p89uring the plant
infection, M. perniciosapresents two distinct phases: i) a biotrophic phase corresponding to a
monokaryotic and intercellular mycelium; and ii) the necrotrophic phase in which the
mycelium becomes dikaryotic and intracellular, invading the plant d€lista et al. 2007
Meinhardt et al. 2008 The biotrophic phase is associated to hypertrophy, loss of apical
dominance, abnormal stem ramification (green broom) or fruit deformation as the local of
infection, while the necrotrophic phase is characterizeddayosis of infected tissues distal
from the original infection sitédry broom or necrotic pod). Basidiocarp production and spore
formation occur on infected necrotic tisgi@eita et al. 2007/Meinhardt et al. 2008Silva et
al. 2002h.

Due to the economic importance of cacao for producing and chocolate consuming
countries, recent molecular studies hdeen developed froni. cacag M. perniciosaand
from their interactior{Argout et al. 2008Argout et al. 201;1Caribe dos Santos et al. 2009
da Hora Junior et al. 201Zormighieri et al. 2008Garcia et al. 20Q7Gesteira et al. 2007
Leal et al. 2007Leal et al. 2010Lopes et al. 20LMicheli et al. 2010Mondego et al. 2008
Pires et al. 2009&Rincones et al. 200&aparoli et al. 2009 Among these studies, tiv.
perniciosagenome sequenan published in 2008Mondego et al. 2008 constituted a key
step fora better understanding of the infection cycle of the fungus and for providing clues
about pathogenicity mechanisms in the cahoperniciosa pathosystem. In theM.
perniciosagenome, several cell wall enzymes were encoanter s u ¢ hl,4 ce)lulases, b

exocellobiohydrolases, endietal,4-xylanases and endoglucanases involved in cellulose and
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hemicelluloses degradation; ii) laccases involved in lignin degradation, and iii) pectate lyases
(PLs), polygalacturonases (PGs) apdctin methylesterases (PMESs) involved in pectin
degradation or modificatiofMondego et al. 2008 These enzyme families are well known to

be involved in mechanism of colonization in necrotrophic fungi, that is directly related to the
microorganism lifestyléAro et al. 2005.

Pectins are the major constituent of the middle lamella, a thin layer of adhesive
extracellular material located between the primary cell walls of adjacent cells in higher plants.
Pectinsare complex heteropolysaccharides composed-dj-(ihked-U-D-galacturonic acids
that form homogalacturonan chains. This backbone structure (smooth regions) alternates with
branched regions (hairy regions) which contain rhamnose, arabinanes and arabiaongals
side chains(Lang and Ddrnenburg 20p0The (%4)-linked-U-D-galacturonic acisl in the
smooth regions can be modified by methyl esterification at tbec&boxyl positior{(Harholt
et al. 2010. Polygalacturonases (PG; EC 3.2chtalyzes the random hydrolysis of ron
methylated pectin or polygalacturonic acahdoPG catalyzes the hydrolysis of (:4D-
galacturosiduronic linkages between two +methylated galacturonic acid residues while
exo-PG removes terminal residugkyani et al. 2009.ang and DArnenburg 20Pdn plant
pathogen interaction, the PGs are known to be involved in pathogenesis or viridence
Pietro and Roncero 199Blave et al. 1998Shieh et al. 1997 degrading the cell wall pectins
and increasing the aca#sility to other enzymes, causing subsequent cell lysis and plant
tissues degradatiqihang and Dornenburg 200

In order to evaluate the role bf. perniciosaPGs during the fungus development and
to possibly explore this knowledge in favor of witches' broom disease control, we miade an
silico analysis of threeM. perniciosaPG genes NIpPG1, MpPG2 and MpPG3, we also
analyzed their regulation at transcriptional and translation levels in dikaMoti@rniciosa
mycelium cultivated in brabased solid medium or in liquid medium supplemented with
different carbon sources, and finally, wevdloped a systems biology analysis and we
identified physical protenprotein interaction networks involving ttdpPG1 andMpPG2
Neurospora crassartologous proteirs. The integrated analysis of gene expression, PG
activity and systems biology allowed dgsng a general scheme of possible role of PGs in

cacaeM. perniciosainteraction.

Material and Methods

27



© 00 N O O A W DN P

W W W W N DN N DN DN N DN DNMNDNDMNDNP P PP
wWw N P O © 0N OO O A W NP O O 0 N O O B W NN P O

Identification and analysis of genomic and cDNA sequences of polygalacturonases from
M. perniciosa

Data mining of the M. perniciosa genome
(http://www.Ige.ibi.unicamp.br/vassoura/portugues/principal.ntml) was made to identify
sequencesorrespondingo PG genesContigswere assembled to reconstitute the PG genes
and, then, these ones weamalyzed tadentify introns and exons and conserved regiongus
NetAspGene 1.0 ServgWang et al. 2000and BLAST (Altschul et al. 199), respectively

The Open reading frame (ORF) of the nucleotide secuemas determined using the
ORFinder program (Lasergene, Madison, WI, USA). For function homology analysis, the
sequence was compared with the public sequence database using BAlsSHul et al.
1997%. Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) was used for multiple
nucleotide or amino acid sequence alignment. NetPhos 2.0 S@len et al. 1999,
NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/) and InterProScan
(Quevillon et al. 200bwere used for identification of putative phosphorylation sites, putative
N-glycolsylation sites (AsrX-Ser/Thr type) and conserved domains, respectivélg. ASEB
server was used to predict putatk/&T -specifc acetylation sitegWang et al. 2012

Culture of Moniliophthora perniciosadikaryotic mycelium on bran-based solid medium
Moniliophthora perniciosa (isolate 565 n°WFCC#604 from culture collection of
CEPLAC/CEPEC, Bahia, Brazil; kindly provided by Dr. Karina P. Gramacho) was grown on
branbased solid medium as previously descriféiella et al. 1999 Briefly, mycelium discs

of M. perniciosagrown on MM at 25°C for 15 days were used to inoculate autoclaved
compacted brabased solid medium obtained as describged@riffith and Hedger 1993

with the modifications introduced bgNiella et al. 1999 Briefly, the brarbased solid
medium contained 170 g of autoclaved triturated cacao dry broom, 7 g of,.CHSM 45.5 g

of oat flakes and 100 ml of distillated water (moisture content about 70%, pH5§.0rhe
cultures werekept at 25°C under approximately 99% humidity and a 12:12 h light:dark
photoperiod until the medium surface was completely colonized by the mycelium (about 15
days). After this period, the cultures were hung in sterilized glassi patgptation of the
broom chambers described yurdy and Dickstein 1990 and kept in a low temperature
incubator (Alpax) under the same temperature, humidity and light conditions as described
above. Samples were collected at four stages of fungal mycelial mat development (according

to the mycelial mat color): i) white phase right after the culture had beeg (17 days of
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culture); ii) yellow phase (32 days); iii) pink phase (48 days); and iv) dark pink phase (98
days) (Figure 2A).

Culture of Moniliophthora perniciosadikaryotic mycelium on solid or liquid media

The dikaryotic mycelium ofMoniliophthora peniciosa (isolate 565 n°WFCC#604 from
culture collection of CEPLAC/CEPEC, Bahia, Brazil; kindly provided by Dr. Karina P.
Gramacho) was cultivated on mineral medium (MM) containing 0.1%HNPO, (w/v),
0.02% KCI (w/v), 0.02% MgS©7H,O (w/v), 0.001% CuSEbH,O (w/v), 0.001%
ZnSQ,.7H,O (w/v) and 0.5% yeast extract (w/v) as previously describedes et al. 2008

For the solid medium, 1.5% agar (w/v) was added tdigjuéd culture medium. A 1 cm disc
plugs from a 15veekold mycelium culture grown on MM was used as inoculum and
transferred to the liquid media containing (or natontrol) the following additional carbon
sources: 1% EBylucose, 1% Bglycerol, 1% Dgalactose, 1% Bmannose, 1% Bnannitol, 1%
D-fructose or 1% Bsucrose (w/v) and incubated in a low temperature incubator (Alpax) at
25°C without agitation for Q5 days.

Moniliophthora perniciosaRNA extraction

Total RNA extractionwas performed fronthe M. perniciosadikaryotic myceliumusing the
RNeasyMini-Handbookkit accor ding to the maQagénaTotalur er 6
RNA was treated witlbNasetRNase freeaccordingto the manufacturer's recommendations
(Fermentas) and the RNA purity and concatibn were determined spectrophotometrically at

260 nm (Evolution 60S U\Wisible Spectrophotometer, Thermo Scientific). RNA was
separated on 1% DEP@=ated agarose gel and stained with ethidium bromide to confirm
RNA integrity.

Reverse transcription quantitative PCR analysis

The cDNA was obtained by reverse sanption from 1 pg total RNA using 2.5 pmol/pl of
oligo(dT)s primer and the200 U of RevertAid" Reverse Transcriptases described by the
manuf act ur er Bednentap Bnally thecDNAowas tregted with 5U of RNaseH
according to the manufacturersod r e06°Guoniiendat
use. RTqPCR analyses were used to follow the expression pattévtp®G1l MpPG2and
MpPG3during the fungus development on liqand brarbased solid medium supplement or

not with carbon sources. Specific primavere designed for th®l. perniciosaactin gene
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(constitutive endogen) andpPG1, MpPG2and MpPG3using thePrimer Expressoftware

3D v. 3.0 (Table 1)The gPCR analysisvas made using the Pow8yber® GreerPCR

Master Mix kit according tothe manufacturer's recommendations (Appl@idsystems).
Assays were performed on an ABI PRISM 7500 Sequence Detection System (SDS) coupled
to an ABI PRISM 7500 SDS software (AppliedoBystems) using standard settings. The
thermal cycling conditions were 50°C for 2 min, 95°C for 10 min, followed by 55 cycles of
95°C for 15 s and 55°C for 1 min. A dissociation analysis was conducted after each
amplification to investigate primer dimer camairpin formation. Melting temperature of the
fragments was determinedcacding to the manufacturer protocol (Applied Biosystems}. No
template reactions were used as negative controls. The results obtained with the Sequence
Detection Software (AppliedBiosystems) were transferred to Microsoft Excel for further
analysis. Raw expression levels were calculated from the average of the triplicate ddCT (RQ)
values. White fungal phase and liquid medium supplemented with glucose were used as
calibrators for expriments made oM. perniciosagrown on brarbased solid medium and
liquid medium, respectively. The experiments were conducted with three biological replicates
and three experimental replicates. The ABI PRISM 7500 SDS software was used for

statistical anlyses.

Protein extraction

The mycelium ofM. perniciosagrown on brarbased solid medium or on different liquid
medium was collected and ground in liquid nitrogen until obtaining a fine powder and then
ground with 1 mM sodium phosphate buffer pH 6.0 coirtg 0.1% Triton %100, as
previously described@Micheli et al. 2009 with modifications. The proportion of macerate
weight (gram)/buffer volume (ml) was 1:5 atd for mycelium mat from brabased solid
medium and mycelium cultivated in liquid medium, respectively. The samples were vortexed
and centrifuged for 5 min at 3,000 rpm and the supernatant was recovered (soluble protein
extract). In parallel, the cultarmedium was filtered on filter paper. Protein content from
culture medium and protein extract was quantified by the Bradford mé8nadford 197§.
Culture medium and protein extract were then immediately used for the determination of the

PG activity.
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Polygalacturonase activity

The determination of the PG activity was carried out by reaction of the culture medium or
protein extract with 3 linitrosalicylic acid (DNS) as described by Mill¢l959 and
modified by Jia et al(2009 and Silva et al(20023. Two hundred and fifty milliliters of
sample were incubated with 5Q0 of 1% citrus pectin solution (30% esterified) (Sigma)
dissolved in 0.2 M sodium acetate buffer pH 5.0. The mixture was incubated at 50°C for 1 h.
An equal volume of 1% DNS was added to the tube, and the mixture was incubated for 15
min in a boiling watebath and immediately cooled in an ice bath. The £&xRnwas read on

a spectrophotometer (Biospectro-&20) by comparison with a blank (control) containing

only the substrate and DNS. One unit of activity of PG was defined as the amount of enzyme
requred to produce one mole of reducing sugar per minute under the assay test conditions,
using a standard curve obtained from the galacturonic acid (Sigma). Three technical replicates
were made for all the PG tes&tatistical analysis was made using theS&AAgri software

which tested the experiments as a completely randomized desggh.and--test (ANOVA)

were applied with a critical value of 0.0lheDuncan (POO0O. 01) test wa:

separation wheR-values were significant.

Systems biolog analysis

In order to have information regarding physical prdatpmotein interactions (PPPI) from the
MpPGs, orthologous sequencesN#Eurospora crassavere used. For this purpod¢, crassa
proteins were obtained from tlire silico translation ofN. crassanucleotide sequences using

the BLASTX tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi). To obtain data regarding genetic
and biochemical processes of fungus, we performed literature data mining using the following
biological literature databases: (i) bhed (http://www.ncbi.nlm.nih.gov/pubmed/); and (i)
iHop (http://www.ihopnet.org/UniPub/iHOP/). All literature data mining engines were used
with their default parameters. The data mining screening and PPPI network design
(interactome network) associataedith fungal development was performed using the
Cytoscape software, version 2.5.0. These data were downloaded from the STRING 8.3
(http://string.embl.de/) database. The interactome networks obtained from this first screening
were analyzed with the Molearl Complex Detection (MCODE) software, a Cytoscape
plugin available at http://www.cytoscape.org/ plugins2.php in order to evaluate potential
subgraphs that were used further for network expansion. Gene ontology (GO) clustering

analysis was performed usirige Biological Network Gene Ontology (BINGO) software, a
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Cytoscape plugin available at http://chianti.ucsd.edu/cyto_web/plugins/index.php. The degree
of functional enrichment for a given cluster and category was quantitatively assessed (p value)
by hypergemetric distribution and a multiple test correction was applied using the false

discovery rate (FDR) algorithm, fully implemented in the BINGO software. Overrepresented
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biological process categories were generated after FDR correction, with a signileseshcd
0.05.

Results

M. perniciosaPG sequence analysis

Sequencescorresponding to PQene were detected irthe Moniliophthora perniciosa
genome and organized on clusters to finally identify three partiafjdt@snamedMpPG],
MpPG2andMpPG3 The segenceMpPG1presentedh partial opemeading framgORF) of
822 nucleotidesencodinga truncated protein 0273 amino acid residuesThe predicted
truncated proteimas acalculatedsoelectric point oB.04anda calculated molecular mass of
28.99kDa. Fifteen putativephosphorylation sitewere detecteds onthreonine(Ts, T21, T7s,
T120, T22aandT273), 7 onserine Eso, Soa, S104 S140, S180, S205 aNd Sys51) and 2ontyrosine { 142
and Y 165). One probableglycosylation site(N,27) and two putative acedition sites (Kazas
K2sg) were detecteqFigure 1A). The sequencdpPG2 presenteda partial ORFof 762
nucleotidesencodinga truncated protein &53amino acid residued.he predicted truncated
protein has acalculatedisoelectric point 0#4.84 and a calculated molecular mass @6.67
kDa. Nine phosphorylation sites were detecteanthreonine T21¢), 7 onserine s, Soo,
Si13 S137, Siso, S22 and Spze) @and with one on tyrosine (Yas) (Figure B). One probable
glycosylation site (A2 and one putater acetylation site (&) were detectedl'he sequence
MpPG3 presenteda partial ORF of 480 nucleotidesencodinga truncated protein 0159
amino acid residue#\ signalpeptidewith a probablecleavage sitdetweerthe residuesA g
and Ao was observed iMpPG3(Figurel C). The predicted truncated MpPG3 protein (with
signal peptidehas acalculatedisoelectric point of7.82 anda calculated molecular mass of
17.49kDa. Fivephosphorylation sites 1 onthreonine T133), 2 onserine (S andSsg) and 2
ontyrosine(YisandYgs) i anda probableglycosylation siteN141) were encounteredrigure
1C). Three putative acetylation sitesi1fK Kiog and Ky31) were detected. In all sequences, a

conserved domairof glycosyl hydrolasefamily 28/polygalacturonaséas been detected

(Figure 1A, B and C). MpPG1, MpPG2 and MpPG3 presented identity with PG from other
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fungus, ascomycetes and basidiomycetes; MpPG1 and MpPG3 correspondedPtBsexo

while MpPG2 correspond to endRG (Supplementary material 1).

Relative expresion of MpPGs from M. perniciosa cultivated on bran-based solid
medium

During theM. perniciosagrowth on branbased solid mediupfour stages of development
characterizedby the color of the myceliumwhite, yellow, pink and dark pink were
harvestedThe white phasevas used asalibratorin this analysis The MpPGland MpPG2
presented similar relative expression pattern with a high relative expression in the yellow
phase (2.55 and 1.62 fMpPGland MpPG2 respectively; Figure 2B and C). The relative
expression in the dark pink and pink phase was low or almost null for both genes: 0.42 and
0.04 for MpPG1 and MpPG2 respectively, in the dark pink phase; 0.09 and 0.01,
respectively, in the pink phase (Figure 2B and C). In the caddp8fG3 the relative
expression in the yellow, dark pink and pink phase was low (0.53, 0.12, 0.03, respectively)
even if the relative expression in the yellow phase remained higher than the one observed in

the pink and dark pink phases (Figure 2D).

Relative expression oMpPGsfrom M. perniciosacultivated on liquid medium

MpPG relative expressiowas analyze@n M. perniciosamyceliumgrown in liquid medium
supplemented with differentarbon sourcesThe fungus grown omglucosewas used as
calibratorin this analysisMpPG1showved a high relative expression whgin perniciosawas

grown on mannose and galactose (11.42 and 10.24, respectively; FiguképB?g1showed

a low relative expression similar to the one observed for the calibratovhen the fungus

was grown on sucros@d.35 of relative expression; Figure 3A). The relative expression of
MpPG1 when the fungus was grown in the other carbon sources was almost null (0.46, 0.28
and 0.15 for glycerol, fructose and mannitol, respectively; Figure 3A)MpfeG2 relative
expresmn was high when thkl. perniciosawas grown on mannose and mannitol (23.18 and
7.62, respectively; Figure 4B). In presence of the other carbon sourcéép®t&2 relative
expression was low (1.45, 1.34, 0.71 and 0.71 on galactose, sucrose, glyceroicarse f
respectively; Figure 3B). Th®pPG3 relative expression was high when the fungus was
grown on medium supplemented with galactose (12.84 of relative expression; Figure 3C). The
medium supplemented with t he MpPGBexpressiai(lb o n
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0.91, 0.54, 0.42, 0.14 of relative expression on sucrose, mannose, glycerol, fructose and

mannitol, respectively; Figure 3C).

PG activity from M. perniciosacultivated on bran-based solid medium and on liquid
medium

The PG activity fromM. perniciosacultivated on bra#based solid medium was detected in all

the fungal phase (Figure 4A)igRificant differences between the four stages were observed;
the highest activities were observed in the yellow and white phases (54.3 and 46.9 U of
PGug* of proteins, respectively), then in the pink and dark pink phases (40.4 and 33.3 U of
PG.ug' of proteins, respectively). The secreted PG activity fMnperniciosacultivated on

liquid medium was higher than the non secreted PG activity (FigureThB)highest secreted

PG activities were observed when the fungus was grown on medium supplemented with
galactose, glucose, fructose and mannose (90.18, 52.71, 50.16, 44.37 U of* RG.ug
proteins, respectively). The highest non secreted PG activities @leerved on medium
supplemented with mannose, galactose, glucose and glycerol (29.76, 29.25, 22.24 and 21.92
U of PG.ug" of proteins, respectively; Figure 4B).

MpPG physical protein-protein interaction network

MpPG1, MpPG2 and MpPG3 orthologous frdw crassawere researched by BLAST,;
MpPG1 and MpPG2 presented orthologouslircrassalnamed NCU06961 andCU02369,
respectively) whileMp PG3 di dndét present any orthol ogolt
obtained for MpPGINCU06961 showed 283 nodes amdlZB0 connectors and contains 3
clusters (Figure 5) while the PPPI network obtained for MpRGR02369 presented 682
node proteins and 20,597 connectors and was organized in 6 clusters (Figuss®)GO
analyses, the most representative biological m®e® observed iN. crassanetwork related

to MpPGXENCUO06961were ribosome synthesis, cellular respiration metabolism and protein
synthesis (Figure 5). The most representative biological processes obseiNedrassa
network related to MpPGRICU02369 were RNAt and ribosome synthesis, cellular
respiration, gluconegenesis and energy production, protein metabolgtone and alcohol
biosynthesis, and homeostasis and responses to abiotic stresses (FiQlC&/@961 and
NCU02369 didnot pms ebstweert themn royt theirorespeeticet networks
presented 73 proteins in common mainly presented in the NCU02369 network (data not

shown). NCU02369 directly interacted with several bottleneck anebbtileneck proteins
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like NCUQ7982 (acetolactate synthgseNCUQ09813 (ubiquitin-like protein)i which is the
most important protein of the network in terms of connectivity (363 connectiogap-1
(guanine nucleotide binding protein bdfa and NCU10045 (pectinesterasélrigure 6).
NCUO02369 also interacted dutly with the proteinste20 (serine/threoninprotein kinase),
NCUO00340 (protoperitheciwh), hogl (mitogenactivated protein kinase styl), Htc
(nonrepressor of conidiatieh), mak2 (mitogenactivated kinas®), NCU05063 (cell wall
glycosyl hydrolas YteR), and NCU09842.1 (mitogactivated protein kinase MKC1).
NCU10045 (pectinesterase) was connected mainlyotteer cell wall proteins like to
NCUO02343 (alphd.-arabinofuranosidase 2), NCU023g%{ygalacturonase), NCU05063
(cell wall glycosyl hydrahse YteR), NCU09652 (betg/losidase), NCU09702 (endmeta
1,6-galactanase), NCU09976 (rhamnogalacturonan acetylesterase) and NCU06326.1 (pectate
lyase 1) (Figure 6). ThBIpPG1X:NCU06961 andMpPG2NCU02369 PPPI network analysis
allowed to design a generatheme of biological processes interaction in which the
pectinesterase NCU1004&nd the ubiquitidike protein NCU09813 playa central role
(Figure A). It is interesting to note thavipPGLENCU06961 andMpPG2NCU02369
interacted, through NCU10045, with seafeother cell wall enzymes but also presented high
interactions with proteins involved in direct or indirect production of energy, including

gluconeogenesis.

Discussion

Polygalacturonasesecreted by phytopatogenic fungus play an important role during
plant invasion and colonization of the host tissues, and the enzymatic degradation products
may act as signal for plant defense inductiBidley et al. 200L Here, wedescribedthe
expression analysis of threll. pernciosa PG genes MipPG1, MpPG2 and MpPG3
identified from six contigs of the fungus genon(londego et al. 2008 Only little
information is available about pectinasedvbfperniciosaand to our knowledge it is the first
molecular report of PGs in this species. It may be inferred thaVghG family is a small
multigene famly probably containing only these three genes. In other fungal species it has
been related thgiectinasesre encoded bynultigene familiedGarcggMaceira et al. 2001
Williams et al. 200%, and inM. perniciosathree genes dPLs havebeen identified (Santos
and collaborators, Universidade Federal de Vigosa, Vigosa, Brazil, unpublished data).

The mechanism of pectinolytic enzyme regulatisncomplex mainly because it

generally depends of more than one fadike the life cycle stage in hemibiotrophic fungus,
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the mode of infection or colonization, the type of infected organ, the disease stage, the
presence of soen transcriptional activatprposttranslational modifications (PTMs), pH,
nitrogen and carbon sourcemmong othergAkimitsu et al. 2004 Cary et al. 199% The
expression analysis dfipPG genes as well as the PG activity detection were made on
dikaryotic M. perniciosamycelium grown on solidran based medium or on liquid medium
supplemented with different carbon sources (fermentable ofFigt)re 2, 3 and 4). On solid

bran based medium, the main expressioMpPGlandMpPG2was observed in the yellow
mycelium phase (Figure 28) while the expression dflpPG3 was low in all the phases
when compared with the calibrator (white phase; Fi@dg In the other hand, non secreted

PG activity was observed in all fungal stages when cultivated ontsalidbased medium;

PG activity was higher in the yellow and white phases than in the pink and dark pink ones
(Figure 4A). In this system, the whitgellow and pink phases correspond to the initial
colonization phases while the dark pink one corresponds to reorganization and fusion of the
hyphae as preequisite for primordium and basidiocarp formati@®ires et al. 2009b In

these conditions, th&pPG expression and global PG activity may be related to hyphal
growth during the stepfdranbased solid medium colonizatioim. the case oM. perniciosa

grown on liquid medium supplemented with fermentable or non fermentable carbon sources,
the MpPG1, MpPG2 and MpPG3 expression was regulatedainly by fermentable carbon
sources (galactoger MpPGlandMpPG3 mannose foMpPGlandMpPG2 Figure 3A and

B). Moreover, the global PG activity was higher in presence of fermentable carbon sources
(galactose, glucose, fructose for secreted PGs, and mannose, galactose and glucose for non
secreted nes) corroborating th&pPG expression results (Figure 4B). Regulation of PG
expression by carbon sources has been described in fungus model AuchdasansandA.
niger (Bussink et al. 1991Dean and Timberlake 1988awole and Odunfa 2008 lipphi et

al. 2003 Kustersvan Someren et al. 199Panda et al. 2004 Generally the PG genes are
induced by pectin and repressed by carbon sources readibahizéd such as glucose.
However, in some cases, the carbon sources induced PG expression. Galactose added to
culture medium promoted PG inductionNh crassaand inAspergillusstrains(Bueno et al.
2005 Polizeli et al. 1991 while pectin and glucose induced the expressiqmecfAgene from
A. parasiticus during its growth(Cary et al. 1995 and galacturonic acid and glucose
promoted expression of several member of the €@damily inBotritis cinerea(Wubben et
al. 1999. It is interesting to note that the expression of the tiMe®G genes, wherhe

funguswas cultivated on liquid mediusupplemented with carbon sources, presented distinct
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patterns, suggesting that each gene is independently regulated (Figure 3). This is reinforced by
the facts that: i) MpPG1, MpPG2 and MpG3 presented only few sequence similarities
(Suppl ementary materi al 1) ; and iiePMPpPGL1
networks and was not directly connected (Figures 5 and 6) even if several proteins (73) are
common between both networks (data not shown).

Whatever theM. perniciosaculture system used (solliran based mediumws liquid
medium supplemented with ¢am sources) and even ifgeéneral similar tendency between
PG expression and activity was observed, we noted that the differences between extreme
values were more important in the PG expression than in PG activity (e.g. PG expression 23
times highews PG activity 2 times higher than the control; Figures 2, 3 and 4). This specific
difference may be related to the regulation of the metabolic enzyme activity as transcriptional,
translational and/or postanslational levels, probably by the reduction of pinetein level.
These mechanisms may involved i) alternative spli¢agrguet et al. 2009ii) PTMs such
as glycosylation (one potential site elets in each MpPG sequences; Figure 1; Shimizu et al.
2000, phosphorylation (15, 9 and 5 putative sites in MpPG1, MpPG2 and MpPGS3,
respectively; Figure 1and acetylation (2, 1 and 3 putative sites for MpG1, MpPG2 and
MpPG3, respectively); and/or iii) difference in protein turn over between the different fungal
stages. These mechanisms may regulate one or several of the main principle levels of
metabolic engme activity which are the amount of enzyme, the enzyme stability, the catalytic
activity, and the accessibility of the substré&@ong and Guan 20)2 Reversible PTMs
correspond to a versatile way to regulatet@in activity, and the crosstalk existing between
different PTMs coordinates the responses to different physiological conditionser 2007
Xiong and Guan 20132In particular, phosphorylation and acetylation are closely associated
to ubiquitination; for example, phosphorylatitargetedorotein degradation by the ubiquiin
proteome system regulates the amount of protgfomter 2007. In our study, the systems
biology analysis revealed that thpPGL1:NCU06961and MpPG2NCUO02369are directly
related to an ubiquitiiike protein (NCUQ09813) associated tmfein metabolism, which had
a central position in the network (Figure 7A). This protein was also directly or indirectly
associated to proteins involved in cellular respiration and gluconeogenesis known to be highly
acetylatedZhao et al. 2010 In Salmonella entericathe central metabolism enzymes were
acetylated extensivelyand differentially in response to different carbon sources,
concomitantly with changes in cell grondhd metabolic fluXWang et al. 2010 The authors

also showed thathe relative activities of key enzymes controlling the direction of dygt®
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vs gluconeogenesis and the branching between citrate cycle and glyoxylate bypass were all
regulated by acetylatiof¥wang et al. 2010

The systems biology analysis also indicated a pectinesterase (NCU10045)-as hub
bottleneck, only intermediate betwedfpPG1:NCU06961 orMpPG2NCU02369 and the
other cell wall proteins encountered in the networks (ligux). The degradation of plant cell
wall pectins is a strategy developed by several phytopathogenic fungi to invade host tissues
and to establish the infection proc€Bfvidio 2004 GarcggMaceira et al. 200XKikot et al.
2009. During this processeveral cell wall degrading enzyniesost of them considered as
strong canilate of virulence factorgHave et al. 1998Herron et al. 20007 may act
sequentially or concomitantly, as obssd for PMEs and PGs. During pectin synthesis,
homogalacturonans areethylesterifed at the -6 carboxyl in the medial Golgi by pectin
methyltransferasesnd deposited in the cell wall in a highly (B0%) methylesterifiedorm
(Pelloux et al. 2007 Willats 200). In murg the PMEs catalyse the specific
demethylesterification ohomoglacturonangeleasing methanol and proto(end creating
negatively charged carboxyl group3he demethylesterifiedomogalacturonansan either
foomC&*bonds, which pr omobe ydirmingstuctureadr hecome o f
a target for pecti-degrading enzymes, such B&s(Hoondal et al. 2002Micheli 200]). In
M. perniciosa a PME was identifiedMondego et al. 20Q8and recently characterized in
relation to methanoleleasing and its subsequent use as substrate rhgtanol oxidase
(MOX) during the necrophic fungal phag#e Oliveira et al. 2002 The authors suggested
that Mpmox may be related to pectin degradation and alselemse of reactive oxygen
species (hydrogen peroxide and hydroxyl radicals) which may penetrate iplant cell
causing extensive damages. In many fungi, the transition between biotrophic and necrotrophic
phase is characterized by the gene expression, production and liberation of hydrolytic
enzymes, probably in response to nutrient availabifi§ehmann and Basse 2Q01
Wijesundera et al. 1989 Moreover, inM. perniciosathis transition of phase seems to
involved also different electron transfer pathway for cell respiration; the necrotic phase
mainly depend®n the cytochromalependent respiratory chain pathway with aruaiole
alternative respiration whiléhe biotrophic stage primarily relies on thetiaty of an
alternativerespiratory pathwayThomazella et al. 20)2 Taken together, these elements
indicatethat the increase of MOX and PME expression, associated with the decrease of pectin
methylesterificatior{de Oliveira et al. 20)2 at the beginning of the necrosis may be the first

step for invasion of cell plant cddly the mycelium, allowing the subsequent action of other
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enzymes such as MpPGs. These enzymes may be regulated by different factors, such as
carbon sources, but also by PTMs, which may control their action on pectins with the aim to
degrade the plant ceNall during the necrotrophic fungal phase. These regulations may also
affect other metabolic pathway, such as cellular respiration and gluconeogenesis, which, in
another way, are processes also involved in the biotrophic to necrotrophic transition phase
(Figure 7B). In conclusion, here we described the first moleculamasitico analysis of\.
perniciosaPGs. We showed that the theses enzymes are regulated by carbon sources and
possibly by PTMs during the necrotrophic fungal phase, and that their eylebentightly
associated to the one of other pectinases (mainly a pectinesterase) and to cellular metabolism

related to energy production.
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Table 1.Primers used in the RGPCR analysis.

Size of the

. . TmeC amplified

Gene Forward primer (F) Reverse prier (R) (primer)  product
(pb)
MpACTIN 5 @€ CATCTACACCACAATGGAGGAS3 6 5 @£ CCGACATAGGAGTCCTTCTG3 6 g?g ((F':)) 150
MpPG1 5 &€CACGGTCCGAAATGTTACTTT3 6 5 €CGGTAGCAGGTCTGGATGT3 6 ggg g;)) 80
MpPG2 5 €£GAGCCGAACGATCAAAGTAA-3 6 5 GGCGTGCTGCAATCGAA3 6 gé? ((F':)) 69
MpPG3 5 GGGAGACGATGCTGCACAA3 & 5 CAGGGTCGTATCTTGAGGAATTGS 6 gég ((F':)) 76
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Figure Legends

Figure 1. Nucleotide and amino acid sequencedvbfperniciosaPGs.A. MpPGL1 patrtial
sequence®. MpPG2 partial sequenceS. MpPG3 partial sequences. The asterisk represents
the ORF termination codon. Putative phosphorylation sites are squared on the amino acid
sequence. The conserved domain of glycosyl hydrolases family 28/polygalacturonase is
underined. Signal peptide imdicated in bold italidonly for MpPG3). Putative glycosylation

and acetylatiosites are shaded in blacknd grey, respectively

Figure 2. Relative expression of three different PG genes fkbnperniciosacultivated on
branbasel solid medium.A. Development phases &f. perniciosagrown onbranbased
solid medium B. Relative expression oMpPG1 C. Relative expression oMpPG2 D.
Relative expression oMpPG3 The results are the arithmetical mean of three technical

replicatest standard error.

Figure 3. Relative expression of three different PG genes flnperniciosacultivated on
liquid MM supplemented with seven different carbon souréesRelative expression of
MpPGL1 B. Relative expression dflpPG2 C. Relative expressioof MpPG3 The results are

the arithmetical mean of three technical replicates + standard error.

Figure 4. PG activity of M. perniciosa A. Non-secreted PG activity fronM. perniciosa
cultivated on braibased solid mediunB. Secreted and nesecreted P@ctivity from M.
perniciosa cultivated on MM. The results are the arithmetical mean of three technical
replicates * standard errddifferent letters indicate significant statistical difference between
samples: lower case letters correspond to statisfitisei-t e st ( P OO0 se@rdtdd afle t we
non secreted for each carbon soygat B), while upper case letters correspond to statistics

by Duncan test (POO0O.01) between fungal phas

Figure 5. Physical proteirprotein interaction of the MpPG1 orthglaus fromN. crassa
(NCU06961).A. Main PPPI network containing 3 clusters and some independent proteins.
Each cluster is represented by a geometric shape (clu<er 1:c |l uster 2: 1 ; c
the independent proteinseaindicates by . B. Detaills of the cluster 1 which corresponds to
organization and ribosome synthesisDetails of cluster 2 which corresponds to metabolism

of small molecules mainly involved in cellular respirati@. Details of cluster 3 which
correponds to protein synthesis. Color gradient corresponds to the node centrality gradient:

light color correspond to low centrality (common node) while dark color correspond t0 hub
47



bottleneck nodes. The centrality scale from low to high is: common nodeneakl hub and
hub-bottleneck. NCU06961 was indicated in yellow.

Figure 6. Physical proteirprotein interaction of the MpPG2 orthologous frdwn crassa
(NCUO02369).A. Main PPPI network containing 6 clusters and some independent proteins.
Each clusterisr esented by a geometric shaplk (clt
cluster 4:0; cluster 5:V; cluster 6: &) and the 1 nHBepend
Detailsof the cluster 1 which corresponds to RNAt and ribosome synthesis and prodgéssing.
Details of the cluster 2 which corresponds to cellular respiration and ribosome organization.
D. Details of the cluster 3 which corresponds to metabolism of glucos®fglogenesis) and
glycolysis intermediate production and more generally to direct or indirect production of
energy.E. Details of the cluster 4 which corresponds to amino acid biosyntke§ietails of

the cluster 5 which corresponds to amino acid, allcahd cetone metabolisr. Details of

the cluster 6 which corresponds to amino acids biosynthesis, homeostasis and responses to
abiotic stresses. Color gradient corresponds to the node centrality gradient: light color
correspond to low centrality (commamwde) while dark color correspond to Rodttleneck

nodes. The centrality scale from low to high is: common node, bottleneck, hub and hub
bottleneck. NCU02369 was indicated in yellow.

Figure 7. General scheme of biological processeslving M. perniciosaPGs.A. Scheme
related to MpPG1 and MpPG2 orthologous frircrassarom systems biology approadB.

Model of possible interactions between the different elements of this study and those of
related literaturéde Oliveira et al. 2012
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Figures

A

1 ATGATTCGCTCGACATTGGATTGCACCGGGTGTTCAGGATGTGAAGTTCAGATTGAAGEC

MIRS  LDCTGCSGCE VQIEG 20
61  ACCCTGAAACTATCGGATGACACGAATTTCTGGAATGGCGTCAGGGCAGCCATACTTIIG
M LKLSDDTNFWNGVRAAILL 40
121 ACGAATCTGAACGGTGCAACCGTCCATTCCAAGACTGGCTCTGGCGGGV/AAC 180
TNLNGATVH § KTGSGVVDGN 60
181 GGGGTACCCTTCTGGCAAAAGTTTGCTTCGGATAACACCTTCAAACGCCCTACGTTG2A®
GVPFWQKFASDN M FKRPTLM 80
241 TATATTTCCGGCGGTTCTAACATTGTTGTGGAGAATITCTAAGAACGCGCCAAAT 300
YISGGSNIVVENL § FKNAPN 100
301 GTCTTCCATTCTGTCACCGATGGTGCTACGAACGTAATTTATCGCGGACTCAAGCTGASC
V FH § VIDGATNVIYRGLKLN 120
361 GCGACGCCGAAAGATGGGGOUGGEAAAATACAGATGGTTTCGATGTCGGAAAATCC 420
A M P K DGAVPKNTDGFDVGK § 140
421 ACCTATGTGACTATCAGCAACACCAACGTTGTCAATCAGGATGACTGTGTTGCTTTCAISA
T M VTISNTNVVNQDDCVAFK 160
481 CCTGGTTGAACTATGTCACTGTCACCGATATCACTTGCACCGGATCCCATGGGCTTTGE0
PGCN M VIVTIDITCTGSHGL § 180
541 GTCGGTAGCCTTGCAAAAGGCAGCAACGACGTTGTCACCAACGTCATTGTCAAGGGBGET
VGSLAKGSNDVVTNVIVKGA 200
601 ACGATGATTGATTCCACGAAAGCCACTGGGATCAAACTCTACGACGGTGCTTCGGG®BAT
TMID § TKATGIKLYDGASGH 220
661 GGCGTAGCCACGGTCCGAAATGTTACTTTCCAAGATGTCACTCTACAGAATTGCGAGTAT
GVA M VR N VTFQDVTL QNCEY 240
721 GCCGCGCACATCCAGACCTGCTACCGGTCATCAGGAACTTGTGTCCCCAGCAAGCATRMC
AAHIQTCYRS § GTCVPS K HN 260
781 GTTGACCAAGTTTACTGGAAGAATATTCGCGGAACGACGTAG 822
*

VDQVYWKNIRGT 273

1 ATGAATGGAGATATTACATTTGGTGTCGCAAACTGGGAAGGACCGTTATTCACCTTGAAG

MN GDITFGVANWEGPLFTLK 20

61  ATACCAAGACTTACTGCGATCACAGTCAATGGCAATGGCCGTAAATTTGACGGTAATGET
IPRLTAITVNGNGRKEF DGNG 40

121 CCTGAATACTGGGATGGATTGGGAGGAAATGGCGGCGTCACTAAGCCCGCACCGATHBATG
PE M WDGLGGNGGVTKPAPMM 60

181 AAGTATGTCGTCGAGTCCTCAGAGTTGTCCCAAAACATTGACAGAATCAAGATCTCT@REG
K YVVE § SE LSQNIDRIKISG 80

241 GTTTACCAAGACGTCGTTGTCGTCAATTCTCCAGCTCGAACTTACTCAGTGTCCAATCITD
VYQDVVVVN § PARTYSVSNP 100

301 GGACCACTTTTGATAACTTCTCTTACCATTGACAACTCTCTGGGTGACGAGCCGAACGET
GPLLITSLTIDN § LGDEPND 120

361 CAAAGTAATGGAGAGCCAGCCGGCCATAACACCGATGGCTTCGATTGCAGCACGCAGTAT
QSNGEPAGHNTDGFDC § THD 140

421 CTTGTCATCTCTAACAGCGTGATTCATAACCAGGATGACTELIWIEAACAAAGGC 480
LVISNSVIHNQDDCLAINKG 160

481 TCCAACATTACATTCTCCGGGAACACTTGCACCGGTGGGCACGGAATCTCAGTTGGGROC
S NITFSGNTCTGGHGISVG g 180

541 ATCTCCTCCGACGCGQBITGACCGACATCCACATCACTAACAATATGATCATTGACAAGE00
ISSDAVVTDIHITNNMIIDK 200

601 TTGGTCCAACTCGCAAAACCCTATGATCAAGCTCTACGAATCAAGACCAAGGCCGACESDC
LVQLAKPYDQALRIK Ml KADA 220

661 ACGTCAGCTTCGGTCTCTGGTGTCACCTACTCTGGCAACACTGCAACTGGATGTAAARTG
T § ASV [F§ GVTYSGNTATGCKR 240

721  TTTGGTGTCATCATTGACCAGGTGAACCCGGAAGCGGAGTAA 762
FGVIIDQV NPEAE:*® 253

1 ATGGGCGACTCCAATCGTTACTTCTCCTTCTCTTCTCTGTGTACTATGCTTCGGCGGEA
MARLQSLLLLLFSVY EASA A 20
61 GTCCCTCATCGGAAAAAGGATGGTAAAGGTAAATCCTGCACCTTGACGGCCGACTCCAGI0
VPHR K KDG K G K SCTLTA Dgg 40
121 GGAGACGATGCTGCACAATTCCGCGAGGCAGGCCACAGCTGTTCGGTCGTAACAATTABTD
GDDAAQFREAGHSCSVVTIP 60
181 CAAGATACGACCCTGAACATTGCTACAATGCTGGACATGACGGCAATGTCAGATGTGC240
QDTTLN IATMLDMTAMSDVH 80
241 ATCAGCCTACAAGGGACCATTCGCTTCAAGCCAGACATTGATTATTGGCTTGTTAACGQ@DO
ISLQGTIRFKPDID M WLVNA 100
301 CGACAGTTCCATTTCCAGAATCAGTCAACGTTTTGGCTACTTGGAGGAAAGAKTATTGT360
RQFHFQNQSTFWLLGGKNIV 120
361 CTAGATGGCGGAGGAATCATTGACGGTGCTGGTCAAACGTGGTATGATCGATTTGCCT420
LDGGGIIDGAGRQ M WYDR FAS 140
421 AATCGAACACTCCAACGTCCTATTBEBTTGACGGTATTCCAGGGTACAATGTCGGGTTAA 480
N RTLQRPILLTVFQGTMSG* 159

Figure 1. Carvalho et al.
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Figure 5. Carvalho et al.
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Figure 6. Carvalho et al.
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Supplementary material 1. Comparison of predicted amino acid sequence of MpPGs with
PGs from other fungal species. Comparison of predicted amino acid sequence of MpPGL1
with thoseof Stereum hirsuturextracellular exepolygalacturonase (EIM8152M\spergillus
nidulans probable polygalacturonase (XP_660993ptryotinia fuckeliana probable
polygalacturonase (XP_001549360) &ulerotinia sclerotiorunprobable polygalacturonase
(XP_0QL594744).B. Comparison of predicted amino acid sequence of MpPG2 with those of
Thanatephorus cucumerisndepolygalacturonase (ACL80125), Rhizoctonia solani partial
endepolygalacturonase (AEB91317), Trametes versicolor endopolygalacturonase
(EIW53289) and Leucoagaricus gongylophorugpolygalacturonase (ADV30326)C.
Comparison of predicted amino acid sequence of MpPG3 with thoS¢emfum hirsutum
probable polygalacturonase (EIM80548), Schizophyllum commune probable
polygalacturonase (XP_003030687)Agaicus bisporus probable polygalacturonase
(EKV47658) and Stereum hirsutumprobable polygalacturonase (EIM85113). Gaps
introduced to get the best alignment are indicated by dashes, (*) represents identical amino
acids between all sequences, (.) and (:)esgmt conserved substitutions and seomserved
substitutions, respectively. Identity percent between the MpPG and the other sequences is
indicated at the right of each sequence end.

A

MPBGL s MIRSTLDCTGCSGCEVQIEGTLKLSDDTNEWNGVRAAILLT
EIMB81520 MIASLALTSLLALPSLEKSVSAT------- PAEPSIAGRATCTVTGAQNAGTDDVPATEAAIASCSTG- TVVLSAGYTYALRS TLDLSECSGCTIAIEGTLKLSDDLDYREGNQARTLVN
XP_660993 ~-MTFGKARFLS-FSLEGASWA-~------ GPSRTLQARAVCTPKAGGSSS IDDVPAIVKS ISACGDGGTIVE PEDS TYYLNSVLDLAGCSGCELQVEGLLKFASDTDYWNGRTAMINVK

X P:D 01549360 MHHKFKVLA--LATSLESSAYAS PTAVKSEANGVSLAKRATCTPASAGNSGTDDVPATARRIS SCGSGGVIQIPAGVQYAINSVVDF TGCAGCTINIEGTLKVSDDLDEFWEGKRAIF YMD
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MpPGl NLNGATVHSKTGSGVVDGNGVPFWQKFASDNTEKRETLMY ISGG- SNIVVENLSFKNAPNVEHSVTDGATNV IYRGLKLNATPKDGAVEKNTDGEDVGKSTYVTISNTNVVNQDDCVAFK
EIMB81520 GVTGATITSQTS TGLVDGNGVPFWTEFASNSDYARPTLMY IEKS - SGITVSNLREFKNAPNVEHSVTGS STNV IYTGLOLSAVEDDGAVPKNTDGE DVGLSTFVTIHNTTVVNDDDCVAEK
XP_660993 NIDGLTIRSLTGSGVIDGNGONAYDRFAEDSSYDRETPLY ITGG-GDIKVSNFRLKNAPNVEVSVKGGTTNAVESDMRLDATSKSENLPKNTDGEDIGESTYVTISGTTVSNNDDCVAFK

XP_001549360 GINTATIQSVTGTGYIDGNGQARYDYFAINSSYARPTLHY ITGASSHITIKNLKVKNPPNVEESVTGGSKNVAYSDLTMTAASK STTAPKNTDGEDVGS STEVTLKNIKVSNQDDCVAEK
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MpPG1l PGCNYVTVTDITCTGSHGLSVGSLAK~~GSNDVVTNVIVKGATMIDS TKATGIKLYDGASGHGVATVRNVTEQDVTLONCEYAAHIQTCYRS SGTC~~~~VPSKHNVDQVYWKNIRGTT~
EIMB1520 SGSSEFTTVTDITCTGSHGISVGSLGGGEGS TDTVENIYVNGATMIDS TKAVGIKLYEGGS SHGTATVKNVTE ENVVVQGSDYAAQIQSCYDSASAANCTANPSTS S ITDVNE INFSGTTS
XP_660993 PGCNYLTVTDITCTGSHGLSVGSLGK--SSDDIVONVRVEGATMIS STKAAGIKTY PSGGDHGLS TVINVTWKDITIONCDYAIQIQSCYGEDE-EYCETNPGDAVE SGIAFEGE SGTTS
XP_001549360 PGANYTTVDTITCTGSHGLSVGS LGNKAGTTDSVINVYVTGATMVNS TKAVGIKLY PGGS SHGSATIVRNVTENDVTVRKNS DWARQIQSCYNEDA-TYCASTPSTASVTDVYE TNEKGTTS
XP_001594744 PGANYVTVDTISCTGSHGISVGSLGSKAGTTDSVTNVYVTGATMIDS TKAVGIKLYPGGSKHGSAVVRNVTENDVTVONS DWARQIQSCYGEDA-SYCASNPSTASVTDLVY IVFIbVQu
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EIM81520 STYSPTVANLNCPGAGTCDISFTGETVKNPSGTSTVLCSNIDDSSSLGLTCSGAASG-  63%

XP_660993 SKYDPVTGNLNCGEDGKCDVSVVDYSVKAPSGGAAENLTVTT-~--YKNRCLCQARSY  61%

XP_001549360  SKYSPDVANLNCPGAGTCDIHESSWSVAPTSGSATFLCSNVDTS--TGLTCTSGASG-  S7%
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