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RESUMO

Os agentes de controle biolégico tém recebido grande reconhecimento, e 0 seu uso tem
contribuido como um complemento ou substituicdo de agroquimicos. No entanto,
existem poucos estudos sobre o controle biolégico da Pinta Preta dos Citros, causada
pelo fungo Guignardia citricarpa, o que impede o seu mercado in natura, alem de
prejudicar a sua exportacao pelo uso intensivo de insumos quimicos para controlar este
patégeno. Os fungos do género Trichoderma sdo agentes de controle utilizados em todo
0 mundo contra varios fitopatdgenos relevantes. Este estudo visou identificar proteinas
extracelulares secretadas por T. atroviride T17 e por T.harzianum T1A, eficazes para o
controle de G. citricarpa. Por eletroforese bidimensional (2D) foram obtidos perfis de
proteinas secretadas por Trichoderma em meio de glicose (controle) e em meio
suplementado com micélio desativado de G. citricarpa. As proteinas foram identificadas
por LC-MS/MS mostrando que ambas as espécies secretam proteinas diferentes. Foram
identificadas 68 proteinas das 178 diferencialmente expressas por T. harzianum, sendo a
maioria relacionada aos mecanismos de biocontrole, mesmo no meio controle. Foi
verificado que em contato com o patdgeno a expressdo de proteinas relacionadas com o
metabolismo priméario diminui. Por outro lado, Trichoderma atroviride mostrou uma
maior expressdo de proteinas relacionadas com biocontrole na presenca de micélio do
patégeno. Nesta espécie identificamos 59 proteinas de 116 diferencialmente expressas,
principalmente proteinas relacionadas com a degradagdo da parede celular: o-
manosidase, quitinase, mutanase, glicosidase, endoquitinase e, algumas familias de
glicoside hidrolases. Os resultados indicam que estas espécies apresentam um elevado
potencial como agentes de controle de G. citricarpa. Os resultados s&o pioneiros em
detalhar a interacdo de Trichoderrma com G. citricarpa, por meio da analise do

secretoma.

Palavras-chave: Secretoma, Trichoderma, controle bioldgico, micoparasitismo,

proteinas extracelulares.
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ABSTRACT

Biological control agents (BCA) have received great recognition, and their use has
contributed as a complement or replacement of agrochemicals. However, there are few
studies on the biological control of Black spot of citrus, caused by the fungus
Guignardia citricarpa, which prevents the market in natura, besides damaging their
export by the intensive use of chemical inputs to control this pathogen. Trichoderma
fungi are the most applied worldwide BCA against various relevant plant pathogens.
The purpose of this study was to identify extracellular proteins secreted by T. atroviride
T17 and of T. harzianum T1A, which are effective for the control of G. citricarpa.
Bidimensional electrophoresis (2D) allowed obtaining the secreted protein profiles of
Trichoderma grown in glucose medium (control) and in medium containing inactivated
mycelium of G. citricicarpa. From the 178 differentially expressed proteins by T.
harzianum, 68 were identified, most of them related to biocontrol mechanisms, even in
the control medium. In the presence of the pathogen, the expression of proteins related
to the metabolism decreases. On the other hand, Trichoderma atroviride showed higher
expression of proteins related to biocontrol pathogen when grown in the presence of
pathogen mycelium, when compared to the control medium. From the 116 differentially
expressed proteins, 59 were identified, mainly proteins related to fungi cell wall
degradation such as a-mannosidase, chitinase, mutanase, glycosidase, endochitinase
and, some families of glycoside hydrolases. The results indicate that these species have
a high potential as biocontrol agents of G. citricicarpa. These results are pioneers in to

detail the Trichoderrma interaction with G. citricicarpa through the secretome analysis.

Keywords: Secretome, Trichoderma, biological control, mycoparasitism, extracellular

proteins.
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1. INTRODUCAO

O Brasil é considerado o maior produtor mundial de citros, principalmente de
laranja, assim como de suco de laranja para diversos paises. Segundo Neves et al.
(2010), o Brasil ¢ responsavel por 50% da producdo mundial de suco de laranja, e 98%

do que ele produz € exportado.

Assim como outras culturas, os citros estdo sujeitos as condi¢des abidticas e
bidticas que muitas vezes favorecem o desenvolvimento de doengas. No Estado do Rio
Grande do Sul as condicdes climaticas vigentes nas areas de producdo, com frequéncia,
podem favorecer o desenvolvimento de doencas que reduzem a produtividade dos
pomares e a qualidade das frutas. Entre os agentes etiol6gicos como virus, bactérias e
nematoides, os fungos se destacam por serem 0s mais importantes causadores de

doencas nos citros.

Entre as doencas fangicas, uma das que mais afeta a citricultura da regido é a
Pinta Preta dos Citros (PPC), causada pelo fungo Guignardia citricarpa (Phylosticta
citricarpa - anamorfica), o qual provoca lesGes pretas na casca dos frutos, que
danificam o flavedo inutilizando os frutos para o comércio in natura. Além de afetar a
estética, a doenca pode causar maiores prejuizos pela queda prematura dos frutos,

reduzindo a produtividade das plantas.

A principal forma de controle da PPC tem sido atraveés do uso de defensivos
quimicos, com uma intensa aplicacdo, podendo causar impactos negativos ao meio
ambiente além de provocar a selecdo de linhagens resistentes aos principios ativos

utilizados.

Outro fato negativo em relacdo ao controle quimico da PPC é relacionado a
producdo de sucos a partir de frutos atacados e desmerecidos comercialmente para o
mercado interno e externo. No entanto, esse suco nao pode ser exportado, pois a PPC é
uma doenca quarentenaria considerada Al pela Unido Europeia (por ndo estar ainda
presente em seus paises membros), e qualquer residuo de agroguimicos com registro
para a doenca, encontrado no suco é indicativo da presenca do fungo na regido
produtora. Por isso, ainda que de forma reduzida em relagdo a outros fitopatdgenos
(Botrytis cinerea, Fusarium oxysporum, Alternaria sp., entre outros) novas alternativas

de controle de G. citricarpa tém sido avaliadas.
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Desta forma, o grupo de pesquisa do Laboratério de Controle Bioldgico de
Doengas de Plantas da Universidade de Caxias do Sul-Brasil, em parceria com o Curso
de Agronomia e os citricultores do Vale do Cai-RS (Brasil), testaram o isolado T17 de T.
atroviride em pomares, obtendo reducdo da incidéncia dos sintomas da PPC (resultados
ndo publicados).

Os fungos do género Trichoderma séo reconhecidamente eficientes agentes de
controle bioldgico de diversos fitopatogenos. No entanto, ha poucos estudos sobre a
acao de Trichoderma sobre G. citricarpa, bem como o esclarecimento dos mecanismos

utilizados por este antagonista no controle do patogeno.

Sendo necesséario esclarecimentos sobre os mecanismos de biocontrole utilizados
por Trichoderma contra o patdégeno G. citricarpa, objetivou-se identificar alguns
mecanismos moleculares de interacdo entre T. atroviride T17/ T. harzianum T1A e G.
citricarpa Gc3. Através de técnicas de protedbmica foram identificadas proteinas
extracelulares secretadas durante o desenvolvimento de T. atroviride T17 e T. harzianum

T1A na presenca do fitopatogeno.

14



2. REVISAO BIBLIOGRAFICA

2.1. Citricultura no Rio Grande do Sul

No Brasil a Citricultura tem grande importancia econdmica, sendo os estados
produtores: Sdo Paulo, Sergipe, Bahia, Minas Gerais, Parand e Rio Grande do Sul
(Fernandes, 2010, IBGE, 2016). Conforme Neves et al. (2010), no Brasil a citricultura
promoveu um total de 230 mil empregos diretos e indiretos e uma massa salarial anual
de R$ 676 milhdes. Além da importancia na economia, a citricultuta tem um papel
importante na criacdo de novos empregos, na formagéo de capital, na geracdo de renda,
na agregacdo de valor e, também, no desenvolvimento regional onde estd inserida
(Zulian et al., 2013). No contexto mundial, apresenta importancia pela importacdo e

exportacao de produtos e subprodutos desenvolvidos.

No RS estd concentrada principalmente nos Vales do Cai e Taquari, nos
municipios de Montenegro, Sdo Sebastido do Cai, General Camara, Triunfo e Taquari
(Koller, 1994). A producdo anual de frutas citricas no Estado no final dos anos 2000 foi
de aproximadamente 750 mil toneladas e baseando-se em pomares que possuiam em

média, dois a trés hectares (Pandolfo, 2011).

A citricultura galcha destaca-se pela qualidade das frutas frescas, estando acima
da média nacional, em decorréncia das condi¢bes climaticas da regido. Além disso é
caracterizada principalmente pela agricultura familiar, proporcionando caracteristicas
préprias, com diversidade no cultivo dos citros, bem como no nimero de cultivares
(Guimaraes, 2008). Apesar disso, e assim como outras culturas, também enfrenta
problemas em relacéo ao controle fitossanitario de varias doencas. Entre elas, a Mancha

ou Pinta preta dos citros (MPC ou PPC) causada pelo fungo Guignardia citricarpa.

A PPC causa reducéo da produtividade em pomares, depreciacdo dos frutos para
0 mercado de fruta fresca, além de onerar os custos de producdo pelas diferentes
estratégias de controle (Rodrigues, 2006). A PPC é uma das doengcas com relevancia
econdmica por afetar a producdo e o aspecto dos frutos e, consequentemente a sua
comercializacdo. Considerada uma doenca quarentenaria presente no Brasil, restringe a
comercializacdo de material de propagacdo, mudas e frutos, além da restricdo nas
exportacdes de frutas citricas brasileiras, principalmente quando destinadas ao mercado

europeu (Aguilar-Veldoso et al., 2002).
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A principal forma de controle dos sintomas desta doenca é pela utilizagdo de
insumos quimicos, aplicados quatro a cinco vezes por safra, reduzindo a quantidade de
focos, mas com aumento do custo de producéo, e com questdes de toxicidade associadas
(Dal Soglio et al., 2006; Baldassari et al., 2007).

2.2. Etiologia da Pinta Preta dos Citros

A Pinta Preta dos Citros é causada por um Ascomycota (Dothideomycetes)
da ordem Botryosphaeriales, familia Phyllostictaceae. Na fase anamorfica ou imperfeita
do seu ciclo é denominado Phyllosticta citricarpa Van der Aa. e, na fase teleomérfica ou
sexual, Guignardia citricarpa Kiely (Kiely, 1948), sendo um patégeno especifico dos
citros (Paul et al., 2005).

Na fase imperfeita, o fungo desenvolve-se em folhas caidas no chdo, onde séo
produzidos os ascosporos, cuja producédo é influenciada pelas condi¢Bes de temperatura
e precipitacdo de chuvas (Alcoba et al., 2000). De acordo com Klotz (1978), os
ascosporos formados nos ascocarpos sao lancados e carregados pelo vento e assim
disseminados até 2,5 Km de distdncia. Segundo Aguilar-Veldoso et al. (2002) a
producdo desses esporos é considerada importante pela capacidade de dispersao e maior
viabilidade e tolerancia ao ressecamento que 0s mesmos apresentam, favorecendo a
sobrevivéncia do patégeno no campo. A contaminacgdo das plantas por estas estruturas,
ocorre a partir do inicio do periodo de frutificacdo (Kiely, 1948; McOnie 1964; Kotzé,
1988), nas superficies das folhas, pedunculos, folhas mortas e principalmente frutos
(Feichtenberger, 1996). Em condicBes ambientais favoraveis, 0s ascsporos germinam,
originando o apressorio e a hifa de penetracdo (peg) que perfura e penetra pela cuticula
do 6rgdo vegetal, formando hifas secundarias responsaveis pelos sintomas da doenca
(McOnie, 1964; McOnie, 1967). Em geral, a visualizacdo das les6es no flavedo sé é
possivel quando os frutos atingem seu tamanho final e inicia-se a maturagdo, muitas
vezes apos a colheita, durante 0 armazenamento e o transporte (Feichtenberger et al.,
2005).

Na superficie das lesdes visiveis principalmente sobre frutos maduros
encontram-se 0s picnidios, estruturas responsaveis pela producdo dos conidios, 0s quais
tem papel na disseminacdo de curta distancia (Smith, 1996). Os conidios emergem do
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picnidio através do ostiolo e rapidamente sdo transportados pelas aguas da chuva,
irrigacéo ou orvalho, alcancando a superficie de um tecido suscetivel e assim iniciando
novas infeccdes. As folhas infectadas quando caem no solo do pomar formam novos
pseudotécios, dando continuidade ao ciclo (Kiely, 1948; Kotzé, 1981; Robbs et al.,
1985) (Fig. 1).

Mudas contaminadas
(ascosporos)

Queda de folhas ¢ / A ,:\\ N

-l

/ Folhas em aecomposicao no solo

Inverno
l Primavera ;}: “
- [e XS A=
Inicio das ™ Ascc’)sporo

..___chuvas
N, o= -; Disseminacéo pelo ar
Pseudotec;o (Longas distancias)

N\ s l
\ @ -
B Sobleposwao de frutos infectados com _% - )

anova floxada . ~
Desenvolvimento dos Superficie de folhas,
intomas no ramos e frutos
S
'
inicio do inverno \-‘ %

Picnidio

Comdlo

Disseminacéao por respingos de chuva
(Curta distancia)

Fase latente

Figura 1. Ciclo da doenca Pinta Preta dos citros. Adaptado de SEAB (2009).

Como ja referido, os ascosporos sdo a principal forma de indculo (Alcoba et al.,
2000; Kotzé, 2000), por serem capazes de alcancar longas distancias. Porém os conidios
sdo também uma importante forma de in6culo uma vez que frutos maduros infectados

coabitam com frutos sadios na mesma planta (Kotzé, 1996; Sposito, 2003).

2.3. Medidas de Manejo da Pinta Preta dos Citros

Para a reducdo dos prejuizos causados pela doenca, o Fundo de Defesa da
Citricultura (Fundecitrus, 2005) aconselha o uso de mudas sadias, boas condi¢des de
nutricdo e sanidade das plantas, desinfestacdo de veiculos, maquinas e equipamentos,
retirada de restos vegetais e remocao de frutas temporas infectadas, controle de ervas
daninhas, utilizacdo de quebra ventos e irrigagdo nos periodos secos para evitar queda
excessiva de folhas. Para o controle da doenca a maioria dos citricultores também utiliza
o0 controle quimico.
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2.4. Controle quimico da Pinta Preta dos Citros

A principal forma de controle da PPC, tem sido o emprego de fungicidas, devido
ao longo periodo de suscetibilidade dos frutos (no minimo 24 semanas). Portanto, sdo
necessarias varias aplicacGes de fungicidas, que podem representar 10% a 13,2 % no
custo final de uma caixa de laranja (Baldassari et al., 2007).

Os fungicidas de contato a base de cobre (sulfato de cobre, hidroxido de cobre,
oxicloreto de cobre e oxido cuproso) e os ditiocarbamatos (mancozeb e propineb), e
com acdo sistémica o0s do grupo dos benzimidazois (carbendazim e tiofanato metilico) e
as estrobilurinas (piraclostrobina, azoxistrobina, trifloxistrobina) séo os fungicidas que
apresentam comprovada eficiéncia no controle da PPC (Feichtenberger et al., 2005).
Todos sdo utilizados isoladamente ou em combinacdo, com concentracdes e épocas de
aplicacdo ja bem definidas (Feichtenberger et al., 2003).

Conforme o destino dos frutos, para comercializacdo in natura ou producéo de
suco, a aplicacdo dos fungicidas é adequada, visto que o aspecto externo dos frutos é
importante apenas no primeiro caso. Para exportacdo de frutas frescas, os fungicidas a
base de cobre em mistura com o6leo podem ser usados somente nas primeiras
pulverizacbes. Para as pulverizagBes posteriores, € recomendada a utilizacdo de
benzimidazois ou estrobilurinas misturadas a 6leo emulsivel, para evitar a fitotoxicidade
aos frutos, além de minimizar a promocdo de manchas, lesdes e injarias comumente
provocadas pelos fungicidas a base de cobre (Fundecitrus, 2005; Feichtenberger, 2007).

Preocupante, € a selecdo de linhagens patogénicas resistentes aos principios
ativos desses insumos. Tanto os fungicidas a base de benzimidazo6is como os de acdo
translaminar (estrobilurinas) sdo eficientes, porém exercem alta pressao para selecao de
isolados resistentes devido aos seus sistemas especificos de acdo (Ghini & Kimati,
2000; Rodrigues, 2010). Em alguns estudos ja foram identificados isolados resistentes
de G. citricarpa, como o que foi relatado em relacdo ao uso de carbendazim (Rodrigues
et al., 2007) e de benomil (Possiede et al., 2009). Outro fator agravante ¢é a resisténcia
cruzada desenvolvida com o uso de fungicidas pertencentes a um mesmo grupo
quimico, como 0s benzimidazdis: carbendazim e o tiofanato metilico (Ghini & Kimati,

2000). Com este risco de resisténcia aos fungicidas, € recomendavel a aplicacdo de, no
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méaximo, duas pulveriza¢des por safra com fungicidas do mesmo grupo quimico, além
de uma alternancia dos fungicidas (Fundecitrus, 2005; Feichtenberger, 2007).

Além da resisténcia causada pelo uso excessivo destes insumos quimicos,
também, de acordo com Toffano (2010), ha uma crescente preocupa¢do com 0S
impactos sécio/ambientais, o que tem estimulado a busca por novas metodologias
eficazes para o controle deste fitopatdgeno. Assim, agricultores e pesquisadores
comecaram a considerar o uso de métodos alternativos no combate de doencas (Godoy,
2008; Punja & Utkhede, 2003).

2.5. Controle alternativo de G. citricarpa

Alguns estudos ja indicaram métodos alternativos para o controle deste
fitopatdégeno como:

e Manejo Integrado com Quitosana (Rapussi et al., 2009).

e Manejo Integrado com Oleo Mineral (Vinhas, 2011).

e Manejo Integrado com Cobertura Verde (Rossétto, 2009; Bellotte et al., 2013).

e Manejo Integrado com Utilizacdo de Rocadeiras (Rigolin & Tersi, 2005;
Laranjeira et al., 2005; Almeida, 2009)

e Manejo Integrado com Utilizacdo de Podas (Laranjeira et al., 2005; Fundecitrus,
2004).

e Manejo Integrado das Formas de Plantio (Andrade et al., 2009)
e Manejo Integrado com Etileno (Bellotte et al., 2001; Baldassari et al., 2007).

¢ Reducéo da Populacdo do patdgeno, utilizando mais de uma técnica de controle

citada acima (Sposito et al., 2011; Scaloppi et al., 2012).
e Irradiacdo UV-C (Canale et al., 2011).

o Biofertilizantes (Kupper et al., 2006; Kupper, 2013).
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2.6. Controle biolégico da Pinta Preta dos Citros

Foram realizados poucos estudos em relacdo ao controle bioldgico da PPC.
Entre eles, foi relatada a utilizacdo de Saccharomyces cerevisae Meyer (Pascholati,
1998; Fialho, 2004) e a possibilidade de utilizacdo de compostos organicos volateis
produzidos pela levedura. Nestes dois trabalhos o desenvolvimento de G. citricarpa foi
inibido (Fialho et al., 2010).

Das bactérias do género Bacillus, como B. thuringiensis var. kurstaki (HD-1),
obtidas dos produtos comerciais Dipel® WP e Dimy Pel®, e B. thuringiensis var.
kurstaki (HD-567), utilizadas no controle de G. citricarpa, com excecdo do produto
comercial Dipel®, demonstraram potencial inibidor de G. citricarpa: o nimero de
picnidios por lesdo de G. citricarpa, e o numero de lesbes por fruto, foi reduzido,
(Lucon et al., 2010).

Guimardes (2008) utilizou como antagonista o fungo Trichoderma koningii
isolado da superficie de folhas de tangerina Montenegrina, alcancando resultados
satisfatorios no controle do G. citricarpa, tanto em ensaios in vitro, quanto in vivo
realizados no mesmo pomar de onde o antagonista foi isolado. Pandolfo (2011),
utilizando o mesmo isolado de T. koningii demonstrou a reducdo da severidade e
incidéncia da PPC.

Outros organismos ou mesmo combinagBes de micro-organismos podem ter
eficiéncias diferentes quando comparados em experimentos em condicdes de campo.
Bernardo & Bettiol (2010) por exemplo, utilizaram para controlar G. citricarpa em
frutos citricos, T. harzianum, B. subtilis e um biofertilizante, que apresentava a carga
microbiana composta principalmente por bactérias (3x10° ufc.mL™) [Bacillus spp
(3,2x10° ufc.mL™), Pseudomonas spp (1,5x10* ufc.mL™) e, em menor escala,
actinobactérias (1,1x10% ufc.mL™)]. O melhor resultado foi alcancado no tratamento
com o biofertilizante, seguido pelo tratamento com B. subtilis (10® ufc.mL™) e, por
ultimo o tratamento com Trichoderma. O tratamento com Trichoderma apresentou
maior indice da doenca, quando comparado com o controle, possivelmente pelo fungo,
originado do solo, ndo ter se adaptado ao ambiente da parte aérea das plantas ou ainda

pelo isolado avaliado ndo ser eficiente para o patossistema testado. O tratamento com
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Bacillus (na concentracdo 1x10° ufc.mL™) apresentou uma diminuicdo no indice da

doenca.

Kupper et al. (2011) salientam que, resultados relacionados ao antagonismo
entre microrganismos como os do género Trichoderma, alcancados em condicdes de
laboratorio, nem sempre se refletem no controle de doengas em condi¢Bes no campo.
Além disso, observaram no mesmo trabalho que B. subtilis foi capaz de controlar o G.
citricarpa, mas a eficiéncia sob condi¢cdes de campo, provou ser instavel, requerendo
novos estudos com vista a selecionar isolados mais eficientes e o melhor periodo de

aplicagéo.

Existe ainda a possibilidade de utilizacdo de microrganismos endofiticos como
relatado por Souza et al. (2004), que utilizaram bactérias endofiticas e obtiveram a

inibicdo do crescimento de G. citricarpa.

Apesar destes resultados indicarem a possibilidade de controlar biologicamente a
PPC e outras doencas, ha poucas opcbes de insumos de baixo impacto certificados para
o controle de doengas no Brasil, mesmo para a agricultura organica, sendo usualmente
empregados agroquimicos como a calda bordalesa para o controle de G. citricarpa
(Fischer et al., 2013).

Estudos mais especificos sobre os mecanismos utilizados pelos agentes de

biocontrole devem ser realizados para a maior eficacia contra este fitopatdgeno.

2.7. Trichoderma como agente de controle bioldgico

Espécies de Trichoderma sdo 0s microrganismos mais utilizados como agentes
de biocontrole de fungos fitopatogénicos (Howell, 2003, Lisboa et al., 2007; Inch et al.,
2011; Wijesinghe et al., 2011; Martinez-Medina et al., 2014). Estes organismos sdo
considerados agentes de biocontrole de diversos fitopatdgenos como Fusarium,
Rhizoctonia e Botrytis (Belete et al., 2015; EI-Komy et al., 2015; Kotasthane et al.,
2015; Rao et al., 2015; Talla et al., 2015; Vos et al., 2015). Alguns séo conhecidos
também pelas suas capacidades de em induzir a resisténcia sistémica contra doencas
bem como fatores de crescimento de plantas (Singh et al., 2014; Lamdan et al., 2015;
Rao et al., 2015; Salas-Marina et al., 2015; Vos et al., 2015).
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O biocontrole exercido por Trichoderma pode ocorrer por diversos mecanismos
como a competi¢do por nutrientes e ou pelo local de infeccdo, antibiose, indugéo de
respostas de defesa e de resisténcia nas plantas hospedeiras e, interferéncia com fatores
de patogenicidade e micoparasitismo (Ruiz-Herrera, 1992; Schirmbock et al., 1994;
Punja & Utkhede, 2003; Benitez et al., 2004; Brunner et al., 2005; Harman, 2006).

A antibiose por linhagens de Trichoderma ocorre através da produgdo de
compostos toxicos volateis e ndo volateis, que atuam no impedimento da colonizagao
por outros microrganismos. Recebem destaque os metabolitos de baixo peso molecular
e antibidticos, ja identificados e estudados (Schirmbock et al., 1994; Vey et al. 2001,
Mendodza et al., 2015).

Metabolitos com efeito fungicida difundido no meio de cultura, séo responsaveis
pela inibicdo do crescimento do micélio, além de promover a desorganizacdo de células
e a lise de hifas de alguns fungos (Ahmed et al., 2003). Howell (2003) observou a
inibicdo do crescimento de Fusarium oxysporum, por meio de mecanismos especificos
como a difusdo e producdo de metabdlitos volateis e ndo volateis (pironas, isocianatos,

péptidos e trichocinas).

Micoparasitismo € considerado o principal mecanismo exercido por fungos das
espeécies de Trichoderma (Kubicek et al., 2001; Gruber & Zeilinger, 2014, Troian et al.,
2014). Envolve a liberacdo de enzimas extracelulares degradadoras de parede celular
dos fungos patogénicos. Durante este processo 0 fungo antagonista perfura a parede
celular e penetra nas hifas dos fungos fitopatogénicos, absorvendo o contetdo nutritivo
e consequentemente provocando a sua morte (Kubicek et al., 2001; Viterbo et al., 2002;
Bech et al., 2014; Troian et al., 2014).

Mclintyre et al. (2004) ressaltam a importancia da combinagdo de enzimas e
antibidticos para uma eficiéncia maior nos processos de antagonismo, assim como o
observado por Howell (2003) observou que quando houve a combinacdo de antibioticos
com diversos tipos de enzimas hidroliticas e aplicagas sobre B. cinerea e F. oxysporum,
estes atuaram em sinergismo, indicando que a degradacéo da parede celular do patdgeno
€ necessaria para o estabelecimento da interacdo, pois quando as enzimas foram
utilizadas ap0s a aplicacdo de antibioticos os resultados sobre os fitopatogeno foram

menos eficientes, sugerindo a necessidade do sinergismo desses dois mecanismos.
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Embora a literatura sobre o antagonismo demonstrado por espécies de
Trichoderma seja extensa, nos Ultimos anos muitos pesquisadores tém buscado
esclarecimentos sobre a interacdo molecular entre estas espécies e outros fungos. Alguns
pesquisadores buscam esclarecer os processos de micoparasitismo de T. harzianum
ALL42 (como espécie modelo) através de identificacdo de genes e proteinas (quitinases
e glucanases), pelas andlises de transcriptoma (Steindorff et al., 2014) e proteoma
(Monteiro et al., 2010; Ramada, 2010).

2.7.1. Quitinases

Entre as enzimas degradadoras de parede celular liberadas pelas espécies de
Trichoderma, estdo as quitinases. Suas propriedades, seu envolvimento nos processos
antagonistas e sua importancia no controle biologico tém despertado interesse (Viterbo
et al., 2002; Marcello et al., 2010; Monteiro et al., 2010). Os sistemas quitinoliticos,
assim como os celuloliticos, mais bem estudados, sdo produzidos por fungos do género
Trichoderma, sendo a espécie T. harzianum com maior ndmero de trabalhos
identificando a presenca de quitinases no controle bioldgico (Lorito et al., 1998). Em
relacdo a espécie mais estudada, sabe-se que o sistema quitinolitico de T. harzianum é
formado por duas B-1,4-N-acetilglicosaminidases (E.C.3.2.1.96) e quatro endoquitinases
(E.C.3.2.1.14) (Lorito et al., 1994).

No processo antagonista a acdo das quitinases (E.C.3.2.1.14) recai sobre a
quitina, um dos principais polimeros constituintes da parede celular dos fungos
filamentosos. A quitina compreende cerca de 10 a 20% da parede celular. E um
homopolimero de N-acetil-glicosamina (E.C.3.2.1.96) com liga¢des B-1,4 intracadeia e
ligacbes de hidrogénio intercadeia, originando as microfibrilas responsaveis pela

integridade da parede celular destes organismos (Loguercio-Leite & Esposito, 2004).

Alguns estudos tém sido realizados para entender como a producédo de quitinases
é induzida durante a interacdo com o fungo alvo (hospedeiro). Inbar & Chet (1995)
demonstraram que o0 complexo enzimatico é secretado apds contato fisico do
antagonista com lecitinas da parede do fungo alvo, sugerindo ser este o primeiro evento
da interacdo. Segundo Harman et al. (2004), o padréo de indugdo enzimaética difere de

uma espécie de Trichoderma para outra, mas acredita-se na producdo e secrecdo de
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quitinases constitutivamente em baixos niveis por todas. Ap6s o ataque inicial dessas
enzimas sobre a parede celular do patdgeno, oligbmeros de quitina séo liberados
induzindo rapidamente a liberacdo de maiores volumes de quitinases e o0 ataque
continua e se intensifica. Segundo Viterbo et al. (2002) e De La Cruz et al. (1995),
oligbmeros de quitina também induzem a expressdao de outros genes de enzimas
hidroliticas (proteases: endopeptidases E.C.3.4.21-99 e carboxipeptidases E.C.3.4.11-
18, p-1,3-glucanases: exoglucanase E.C.3.2.1.58 e endoglucanase E.C.3.2.1.6/
E.C.3.2.1.75 e B-1,6-glucanases: E.C.3.2.1.21) que agem de forma sinérgica degradando
a parede dos fungos hospedeiros.

2.7.2. Beta-1,3-glucanases

A maioria dos fungos possui a capacidade de sintetizar -glucanas para 0S
espacos extracelular e citoplasmatico, sendo que elas estdo localizadas principalmente
na parede celular. A natureza ¢ a localizagdo das f-glucanas na parede, sugerem que elas
podem ser degradadas e utilizadas como fontes nutricionais, depois da exaustdo de
nutrientes externos ou por mudangas na composicdo da parede celular durante a
morfogénese (Haran et al., 1996). As B-glucanas da parede entdo s&o hidrolisadas por
B-glucanases, que séo classificadas de acordo com o tipo de ligacdo B do substrato em
que agem e pelo mecanismo de ataque (Pitson et al., 1993). A maior parte das -
glucanas presentes na parede celular de fungos filamentosos séo as B-1,3 e B-1,6-
glucanas (Hong & Meng, 2003).

As B-1,3, B-1,2 e B-1,6-glucanases sdo amplamente distribuidas em fungos,
sendo que as Ultimas sdo menos comuns em fungos ndo-filamentosos (Marquardt et al.,
1996). Cada isoforma das glucanases pode ocorrer em situacdes diferentes, dependendo
da fonte de carbono utilizada no crescimento dos fungos (Noronha et al., 2000). Muitas
B-1,3-glucanases de fungos hidrolisam polissacarideos extracelularmente para um
eventual transporte para o interior da célula e assimilacdo, viabilizando assim, o uso de

B-glucanas como Unica fonte de carbono (De La Cruz et al., 1995).

As B-1,3-glucanases hidrolisam a cadeia (3-1,3-glucana, polimero constituido de
residuos de D-glicose ligados em uma configuragao 3-1,3, por um de dois mecanismos

possiveis: (a) as exo-B-1,3-glucanases hidrolisam as [f-glucanas pela clivagem
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sequencial de residuos de glicose das extremidades ndo-redutoras, liberando glicose
como produto; e (b) as endo-p-1,3-glucanases hidrolisam a cadeia de B-glucanas em

sitios aleatorios liberando pequenos oligossacarideos (Troian, 2014).

Tanto as B-1,3 quanto as B-1,6-glucanases sdo capazes também de inibir a
germinacdo de esporos e o crescimento celular de fitopatégenos (De La Cruz et al.,
1995). A espécie que apresenta maior numero de trabalhos relatando a produgdo de
glucanases no processo de controle biolégico é T. harzianum (Lorito et al., 1998; De
Marco et al., 2003; De Marco & Felix, 2007). Atuando também em sinergismo com
outras enzimas hidroliticas para lisar a parede celular dos fitopatégenos hospedeiros (De
La Cruz et al., 1995).

Assim, muitas B-1,3-glucanases foram isoladas e caracterizadas em Trichoderma
spp., e alguns genes clonados, como bgnl13.1 e lam1.3 de T. harzianum; glu78 de T.
atroviride; lamAl que codifica uma endo-B-1,3(6)-glucanase e Tv-bgn2 de T. virens.
Regibes conservadas de exo-B-1,3-glucanases também foram utilizadas para construcao
de sondas para pesquisa em uma biblioteca gendmica de T. virens resultando no
isolamento de dois supostos genes (Tv-bgnl e Tv-bgn2) que codificam endo-B-1,3-
glucanases (Benitez et al., 2004; Martin et al., 2007).

No estudo realizado por Steindorff (2010) utilizando parede celular de Fusarium
solani como fonte de carbono, foi observado a expressao de proteinas por T. harzianum
relacionadas ao micoparasitismo ap6s 36 horas de cultivo. Enzimas hidroliticas
relacionadas ao biocontrole foram obtidas, e as mais expressas foram p-glucanase
(endo-B-1,3-glucanase) e exoquitinase. Devido a parede dos fungos fitopatdgenos ser
compostas principalmente por quitina e B-1,3-glucana estas enzimas tem um papel

fundamental na sua hidroélise.

A expresséo e liberacdo de enzimas para o meio extracelular € influenciada pelo
tipo de substrato a que o microrganismo tem acesso. Giese et al. (2003), observaram que
a producéo de glucanases de T. harzianum e T. asperellum aumentou significativamente
quando estes utilizaram paredes celulares de Pythium sp., Rhizoctonia solani e
Sclerotium rolfsii como Unicas fontes de carbono, sugerindo que a regulacdo da
expressao de -1,3-glucanase nestes antagonistas pode ser influenciada pela quantidade
de B-glucano presente no meio de cultivo, que atua como agente indutor. Da mesma

forma, Suérez et al. (2005), também concluiram que a resposta proteica de T. harzianum
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varia tanto quantitativamente quanto qualitativamente de acordo com a parede celular
utilizada durante o seu crescimento, sugerindo a sua capacidade para alterar a produgéo

dessas proteinas de acordo com o fungo alvo.

2.7.3. Proteases

As proteases sdo divididas, de acordo com o seu modo de acdo em: (a)
endopeptidases: clivam ligacfes no interior da cadeia polipeptidica; e exopeptidases:
atuam na extremidade da cadeia polipeptidica (Monteiro, 2008).

De acordo com Suarez et al. (2007) as proteases participam em processos de
degradacdo de proteinas celulares estruturais dos fitopatdgeno, desestabilizando a
integridade celular destes e facilitando a penetracdo e colonizagdo por Trichoderma,
além de auxiliarem na inativacdo de enzimas produzidas pelos fitopatdgenos durante o

processo de infecgdo das plantas.

Em comparacdo com trabalhos que visam a caracterizacdo, isolamento e
clonagem das quitinases e -1,3-glicanases, ainda existem poucos estudos com 0 mesmo
objetivo para as proteases, embora estas também atuem em processos de
micoparasitismo (Troian, 2014).

Apesar dos poucos estudos sobre as proteases, genes de algumas proteases
serinicas (p8048, ss10) (Suarez et al., 2007; Liu & Yang, 2009) e de proteases
asparticas (papA, p6281) (Delgado-Jarana et al, 2002; Suarez et al., 2005) de T.

harzianum, ja foram clonados e caracterizados.

2.7.4. Protebmica

A protedbmica € a analise do proteoma, sendo este o complemento proteico
expresso por um genoma, célula, tecido ou organismo. Devido ao seu dinamismo, é
possivel observar no proteoma alteracfes da expressdo assim como modificacdes pos-
traducionais nas proteinas, como consequéncia de estimulos internos ou externos, e
refletindo assim, as condi¢fes em que o organismo ou célula se encontram (Pandey &
Mann, 2000; Bhadauria et al., 2007).
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Nos anos 2000, o desenvolvimento nas técnicas que permitem a andlise de
proteinas, assim como a concomitante liberacdo de sequéncias do genoma, revelaram-se
essenciais para o crescimento das publicacdes de protedmica, principalmente de fungos
filamentosos. Apesar disso, ainda existem inumeras dificuldades em torno de geracédo de
amostras e interpretacdo dos dados de espectrometria de massa (MS), etapas muito
importantes em tais estudos (Kim et al., 2007; Passel et al., 2013).

A protedmica tem sido amplamente utilizada para explorar o potencial de fungos
em aplicacdes biotecnoldgicas e médicas (Oda et al., 2006; Kniemeyer, 2011; Oliveira
& Graaff, 2011), tendo igualmente sido empregada para estudar molecularmente as
interages planta-fungos (Bhadauria et al., 2010; Gonzéalez-Fernandez & Jorrin-Novo,

2012), e fungos antagonistas-fungos fitopatogénicos (Monteiro et al., 2010).

O primeiro passo em qualquer estudo de protedmica, é a extracao de proteinas. A
separacdo subsequente é realizada principalmente por eletroforese bidimensional (2D-
PAGE), apesar de a eletroforese unidimensional (1D-PAGE) muitas vezes ser utilizada
para avaliar os resultados preliminares (Fernandes, 2015). Resumidamente, esta técnica
separa as proteinas através de duas corridas de eletroforese, a isoeletrofocalizacéo (IEF)
e a SDS-PAGE que, quando combinadas sdo capazes de revelar uma quantidade
consideravel de proteinas e suas isoformas (Gorg et al., 2004). A IEF, a separacdo de
primeira dimensdo, separa as proteinas de acordo com o seu ponto isoelétrico (pl). As
proteinas sdo entdo, separadas por peso molecular (MW) por SDS-PAGE. Apds a
separacdo, as proteinas sdo detectados por um método de coloracdo adequado, e em
seguida, excisados e digeridos enzimaticamente para produzir fragmentos de peptideos
que sdo posteriormente analisados por Espectrometria de Massas (MS) (Fernandes,
2015). Assim, 2D-PAGE permitem discriminar proteinas que sdo diferencialmente
expressas entre duas condi¢bes bioldgicas, assim como isoformas e proteinas com pls

ou MW préximos (Jensen, 2006).

Estas metodologias permitem uma visdo abrangente das proteinas expressas em
um estado biologico especifico, devido a alta resolucdo, precisdo e capacidade de
separagdo por géis 2D (Rogowska-Wrzesinska et al., 2013). Os estudos do proteoma
fornecem também informagfes mais completas relacionadas a vias de sinalizacao,
conjunto de proteinas reguladoras, modificagdes pds-traducionais e outras informagoes
importantes em estados fisiolégicos normais e anormais de células e/ou organismos,

bem como as interagdes e interdependéncia dos processos fisiologicos (Rocha et al.,
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2005).

A protedmica permitiu a identificagdo de inumeras enzimas degradadoras da
parede celular. Estes estudos permitem conhecer mais claramente eventos importantes
de micoparasitismo, assim como proteinas envolvidas nas vias de sinalizacdo celular
auxiliares no biocontrole (Massart & Jijakli, 2007). Embora para a maioria das espécies
de Trichoderma, ainda ndo esteja disponivel um genoma completo, tém sido utilizadas
técnicas de hibridizacdo subtrativa, protebmica e EST's (expressed sequence tags) para
melhor interpretacdo de dados. Através de diferentes condi¢Bes de crescimento, estes
estudos tém mostrado o arsenal genético destes fungos, porém ainda sem esclarecer
totalmente os eventos individuais que ocorrem durante 0s processos de micoparasitismo
(Vizcaino et al., 2006; Vizcaino et al., 2007; Scherm et al., 2008).

Mesmo com estas dificuldades, Grinyer et al. (2004) construiram um mapa
proteico de referéncia de uma estirpe de T. harzianum, sendo este o primeiro trabalho de
andlise protedbmica realizado com este fungo. Devido a falta de um genoma publicado
de T. harzianum (na época deste estudo), dois espectrometros de massas (Maldi-TOF e
LC-MS/MS) foram utilizados para se obter um maior nimero de proteinas identificadas

no trabalho.

Alguns anos mais tarde Grinyer et al. (2007) fizeram 0 mapeamento proteébmico
da sub-unidade 20S do proteasoma de T. reesei, identificando algumas proteinas UPR
(unfolded protein response) como a proteina regulada por glicose, chaperonas que
incluiram HSP 70, HSP98, e o regulador negativo UPR, serina/treonina fosfatase,
algumas proteinas de interacdo também foram identificadas, como a 14-3-3
gliceraldeido 3-fosfato deshidrogenase, transaldolase, enolase, ATPases e fatores de
elongacdo e traducao.

As amostras destinadas a analise por MS, podem ser inseridas diretamente no
espectrdometro de massa, ou 0 equipamento pode ser acoplado a uma técnica de
separagdo, podendo ser em fase gasosa, liquida ou eletroforese capilar. Através de um
método de ionizacao apropriado séo gerados ions, logo, estes sdo separados por meio de
sua relacdo massa/carga (m/z) em um analisador de massa e detectados qualitativamente
e ou quantitativamente por meio de um detector de ions. A magnitude do sinal elétrico
em fungdo da razdo m/z é convertida por um processador de dados, o qual gera o

espectro de massa correspondente (Gross, 2004).
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Gragas aos avangos nas areas de gendmica, transcriptdbmica, metaboldémica,
protedmica e secretdOmica, tem sido potencializada a aplicagdo da MS em estudos
bioldgicos, principalmente na identificacdo, de proteinas e estudos de modificacdes pds-
traducionais em diferentes condi¢des (Hoffmann & Strotbart, 2007; Feng et al., 2008).
De acordo com Blackburn et al. (2010), a Espetrometria de Massas (MS) é uma técnica
utilizada para analise de caracteristicas quantitativas e qualitativas de peptideos,
proteinas e proteomas. A cromatografia liquida acoplada a Espectrometria de Massa
(LC/MS/MS) é uma combinacdo potente de ferramentas para a analise de proteinas,
determinando e quantificando as biomoléculas (proteinas, mas também carboidratos,
lipideos e oligonucleotideos), além da possibilidade de fragmenta-las para melhor

elucidar sua estrutura e confirmar sua identificacao.

As proteinas sdo comparadas através das massas moleculares reais com massas
tedricas, contrastadas com um banco de dados, sendo assim possivel a identificacdo da

composi¢do quimica de um composto ou amostra (Sparkman, 2006).

2.7.5. Secretdbmica

Segundo Tjalsma et al. (2000) o secretoma é uma fracdo do proteoma total de
um determinado organismo, sendo o conjunto de proteinas secretadas por um tipo de
celula ou mesmo um conjunto celular, assim como 0s mecanismos responsaveis pela

secrecao destas proteinas.

Para melhor compreensdo da identidade e funcdo das proteinas extracelulares
que participam dos mecanismos de degradacdo da parede celular de fitopatdégenos, e
possibilitando a aplicacdo dessas enzimas na biotecnologia, tem sido indispensavel a
analise do secretoma de fungos filamentosos (Bouws et al., 2008).

Grynier et al. (2005) identificaram proteinas extracelulares secretadas por T.
atroviride crescido em caldo de cultura suplementado com micélio desativado do
fitopatégeno Rhizoctonia solani, como Unica fonte de carbono. Os autores também
observaram nessa condicdo, maior expressdo de proteinas relacionadas com a
degradagao de parede celular, como a -1,3-glucanase.

Suérez et al. (2005) avaliaram a secrecdo de proteinas extracelulares de T.

harzianum na presenca de quitina e de paredes celulares de fungos fitopatogénicos
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como Rhizoctonia solani, Botrytis cinerea e Phytium ultimum, demonstrando diferencas
significantes nos mapas bidimensionais das proteinas extracelulares e a presenca de
proteases do tipo tripsina e de uma nova protease aspartica (P6281), proteinas que tém

um papel fundamental na atividade parasitica de Trichoderma sp.

Yang et al. (2009) analisaram o secretoma de T. harzianum ETS 323, na presenca
de vérias fontes de carbono, relatando maior expressdo de proteinas quando o fungo era
crescido em caldo de cultura contendo micélio desativado do fitopatogeno Botrytis
cinerea. Uma de L-aminoacido oxidase (LAAQ) e duas endochitinases foram expressas
exclusivamente nessa condi¢do. Os autores sugerem que a parede celular de B. cinerea é
de fato o principal alvo de T. harzianum ETS 323 no mecanismo de controle biol6gico.
Outras proteinas ndo diretamente associadas a degradacdo de parede celular também
foram identificadas, como as relacionadas com a inducdo de resposta de defesa da

planta como visto anteriormente por Djonovic et al. (2006).

Monteiro et al. (2010) também avaliaram respostas micoparasiticas de T.
harzianum ALL42 quando crescido em meios contendo diferentes paredes celulares de
fitopatdégenos (Rhizoctonia solani, Macrophomina phaseolina e Fusarium sp.)
observaram uma variagdo tanto no enrolamento da hifa quanto nas proteinas secretadas.
Identificaram 7 proteinas de 6 genes diferentes (a- manosidase, fosfatase acida, a-1,3-
glicanase, carboxypeptidase 2, glicosidase | e endoquitinase 42 kDa) das 63 bandas de

proteinas retiradas dos géis.

Do Vale et al. (2012) cultivaram T. harzianum em meio com celulose, e
identificaram 56 proteinas no secretoma, através de uma combinacao de 2DE, MALDI-
MS e MS/MS (Autoflex I1), e de LC-MS/MS (LTQ Orbitrap-XL). Foram encontradas
além de celulases, as quitinases e as endoquitinases, refletindo os recursos utilizados por

T. harzianum no controle biol6gico.

Recentemente, Ramada et al. (2015) avaliaram o arsenal de hidrolases secretadas
por T. harzianum na presenca de Fusarium solani, como quitinases, -1,3-glucanases,
glucoamilases, a-1,3-glucanases e proteases, ja descritas como atuantes em processos de

micoparasitismo.
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3. OBJETIVOS

3.1. Objetivo Geral

Identificar as proteinas envolvidas nos mecanismos de biocontrole de

Trichoderma atroviride T17 e Trichoderma harzianum T1A contra Guignardia

citricarpa Gc3, agente causal da Pinta Preta dos Citros, através da elucidagdo do seu

secretoma.

3.2. Objetivos especificos

1.

Selecionar 0 meio de cultura (solido e liquido) mais eficiente para o
desenvolvimento de G. citricarpa;

Analisar a inibicdo de crescimento de G. citricarpa em meio sélido com a
utilizacdo do meio extracelular de T. atroviride T17 crescido em meio minimo e
MTV,

Avaliar a atividade enzimatica (quitinase ¢ B-1,3 glucanase) nos meios

extracelulares de culturas dos isolados de T. atroviride T17 e T. harzianum T1A;

Analisar as diferengas nos perfis enzimaticos determinados pelos diferentes
substratos carbonicos nos caldos de crescimento de T. atroviride T17 e T.
harzianum T1A;

Identificar e qualificar as proteinas no caldo de cultura de T. atroviride T17 e T.
harzianum T1A, responsaveis pelo controle biolégico de G. citricarpa Gc3,

através de espectrometria de massa;

Comparar o secretoma de T. atroviride T17 e T. harzianum T1A.
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CAPITULO 4 - Avaliagio de meios de cultura para crescimento de G. citricarpa

4.1. Materiais e métodos

Devido a diversidade de meios de cultura descritos na literatura, e seu
crescimento mais lento em relacdo a maioria dos fungos, optou-se por determinar 0s
meios mais eficientes para o crescimento de G. citricarpa Gc3 em meios sélido e

liquido (para obtengdo do micelio desativado). Foram avaliados os seguintes meios:

4.1.1. Meio de cultivo sélido

1. Folha: meio de folha de laranjeira (200 g), dextrose (20 g) e agar (20 g) em
1000 mL de agua destilada — Nozaki et al. (2004).

2. CDA: meio de cenoura (200 g), dextrose (20 g) e agar (20 g) em 1000 mL de
agua destilada — Adaptado de Caixeta et al. (2008).

3. Casca: meio com casca de laranja (200 g), dextrose (20 g) e agar (20 g) em 1000
mL de 4gua destilada — Adaptado de Nozaki et al. (2004).

4. Suco: meio de suco de Laranja, dextrose e agar (modificado de Murdock et al.,
1952), 10 g de caseina hidrolisada, 3 g de extrato de levedura, 4 g de dextrose,
2,5 g de fosfato de potassio, 200 mL de suco de laranja, 800 mL de agua
destilada e 17 g de agar.

Em todos os meios o pH foi ajustado para 4,7.

Em todos os meios testados, as condi¢cdes de crescimento foram idénticas
(crescimento de G. citricarpa durante 20 dias a 25 °C com fotoperiodo de 12 h). Os

diametros dos micélios foram medidos a cada 7 dias.

4.1.2. Meio de cultivo liquido

Todos 0s meios descritos no cultivo sélido foram avaliados, porém, sem adigédo
de agar, em frascos de Erlenmeyer de 250 mL contendo 100 mL de meio, pelo periodo
de 10 dias com 180 rpm de agitacdo a 22 °C. A biomassa resultante foi filtrada em papel
Whatman n°.1 e lavada trés vezes em agua destilada autoclavada, seca a 50 °C até o
peso da amostra ndo sofrer mais alteracdo, moida em almofariz, aliquotada, autoclavada
e armazenada em frascos &mbar a -20 °C.
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4.2. Resultados e Discussao

Em meio solido o patégeno alcancou melhor crescimento em meio CDA. Em
apenas 14 dias dos 20 dias totais de crescimento ja estabelecidos na literatura, enquanto
que os outros meios testados apresentaram seu crescimento estabilizado em 20 dias e
inferiores aos de CDA (Fig. 2). Assim, este foi 0 meio escolhido para o crescimento in
vitro (meio solido) no presente estudo. O meio de cultivo em que o fitopatdégeno
apresentou menor crescimento, em comparagdo aos outros meios, foi com suco de
laranja, além de modificacdes morfoldgicas da colonia de G. citricarpa, onde observou-
se um crescimento determinado do fitopatdgeno (maximo de 4 cm de crescimento
médio), e logo um crescimento sobreposto, ou seja, o fitopatdgeno acabava
degrandando sua prodpria parede celular para usar como nutrientes capazes de

promover a continuacao de seu crescimento sobre ele mesmo (Fig. 3 e Fig. 4).
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Figura 2. Diametro das col6nias de G. citricarpa em diferentes meios de cultura (Folha - de laranjeira,
CDA, Casca e Suco - de laranja) em placas de Petri. Analise estatistica realizada utilizando ANOVA
seguida de um teste de comparagfes mdltiplas de Tukey. Letras iguais corespondem a dados sem
diferenca estatistica (p > 0,05).
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Figura 3. Placas de Petri com crescimento micelial de G. citricarpa nos diferentes meios de cultura: (A)
Meio Folha de laranjeira, (B) CDA, (C) Casca de laranja e (D) Suco de laranja.

Os resultados obtidos assemelham-se aos de Caixeta et al. (2008), que
observaram que o meio CDA proporcionou um maior crescimento micelial de G
citricarpa. Enquanto que alguns isolados estudados n&o apresentaram diferenca
significativa de crescimento nos meios CDA e AA (agar-agua).

E importante ressaltar que Caixeta et al. (2008) utilizaram 108 g/L™ de dextrose
no meio CDA, enquanto no presente estudo pode-se observar um crescimento elevado
com apenas 20 g/L™ de dextrose.

Em meio liquido, pelo contrario, 0 meio que originou uma maior quantidade de
biomassa foi meio Suco (suco de laranja sem agar, modificado de Murdock et al., 1952),

seguido do meio liquido CDA (Fig.4).
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Figura 4. Biomassa de G. citricarpa ap6s crescimento em diferentes meios de cultura liquidos: Folha de
laranjeira, CDA, Casca e Suco de laranja. Andlise estatistica realizada utilizando ANOVA seguida de um
teste de comparacg@es multiplas de Tukey. Letras iguais corespondem a dados sem diferenca estatistica (p
> 0,05).

A partir dos resultados obtidos pode-se observar um comportamento
diferenciado de G. citricarpa, conforme as condi¢des de cultivo, demonstrando-se a
importancia da definicdo da metodologia de acordo com 0s objetivos propostos para
utilizacdo deste fitopatdgeno, tendo em vista que se trata, como ja dito, de um
microrganismo de crescimento lento. Além de seu crescimento ocorrer penetrando o
substrato em meio solido, o que acaba por dificultar a retirada do micélio deste meio
para inoculacdo em meio liquido e consequentemente obtencdo da biomassa a ser
utilizada como fonte de carbono na anélise de secretdmica de T. atroviride T17 e T.

harzianum T1A.
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CAPITULO 5 - Avaliagdo da presenca de principios inibidores de crescimento de
G. citricarpa no filtrado da cultura de T. atroviride T17

Trichoderma atroviride assim como T. harzianum foram crescidos em meio
minimo (MM - Pontecorvo et al., 1953) para obtencdo de seu micélio e consequente
transferéncia para o0 meio MTV- meio basico de T. viride (Mandels & Weber, 1969) com
diferentes fontes de carbono para avaliacdo das proteinas extracelulares por meio de

técnicas de secretbmica. Os meios MM e MTYV serdo descritos na sequéncia.

Com o intuito de verificar se nestes meios (MM e MTV), houve secrecdo de
compostos com atividade antifangica de T. atroviride, que poderiam inibir o
crescimento de G. citricarpa, os filtrados foram obtidos e apds adicdo de agar, foram

utilizados como meio para crescimento do patégeno em meio sélido.

5.1. Materiais e métodos
5.1.1. Crescimento de T. atroviride em Meio Minimo

Trichoderma atroviride T17 foi cultivado em placas de Petri contendo meio
BDA (Batata Dextrose Agar) por 5 dias a 25 °C. O micélio foi removido da superficie
do meio de cultura com o auxilio da alca de Drigalski e solu¢do salina autoclavada,
formando uma suspensdo com uma concentracdo de 1x10° conidios.mL™. Foram
inoculados 2 mL da suspensdao de conideos em 98 mL de Meio Minimo (MM -
Pontecorvo et al., 1953, modificado) contendo, em g/L™ : (NH,),SOs, 5,6; KH,PO,, 8;
NaH,PO,, 27,6; MgS0,4.7H,0, 1,2; peptona, 4; uréia, 1,2; de pH 5,0, e 1% (w/V)
dextrose, em frascos Erlenmeyer de 250 mL. As culturas foram cultivadas a 25 °C em

incubadora orbital, com agitacdo a 180 rpm durante 72 h.

5.1.2. Inibic¢&o do crescimento de G. citricarpa em Meio Minimo

O filtrado, obtido a partir da separacdo do micélio de T. atroviride do MM
através de papel filtro Whatman n°.1, foi dividido em duas porcdes. A primeira foi
adicionada agar (15%) (MM com secretoma sem dextrose) e a segunda parte foi
adicionada agar (15%) e dextrose (20%) (MM com secretoma e dextrose). Como

controle utilizou-se um MM agarizado sem adicdo de secretoma (com 20% de
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dextrose). Todos os meios foram autoclavados e utilizados para crescimento de G.
citricarpa durante 20 dias a 25 °C.

5.2. Resultados e discussao

5.2.1. Inibicéo do crescimento de G. citricarpa em meio sélido

Os resultados obtidos dos diferentes tratamentos foram avaliados pela
comparacao do crescimento médio do micélio do fitopatégeno (Fig. 5). Verificou-se que
existem diferencas significativas (p=0,006) entre os diferentes meios testados.
Especificamente, a adicdo de secretoma de T. atroviride ao meio induziu uma
diminuicdo significativa (p=0,000) em relacdo ao meio controle (MM sem secretoma)
(Fig. 5). E importante ressaltar que o crescimento do patégeno no MM com secretoma e
dextrose, apresentou crescimento inferior ao do controle, embora ndo estatisticamente
significativo.

Estes resultados indicam que o MM onde foram cultivados T. atroviride T17
apresenta compostos secretados (ndo identificados) capazes de inibir o crescimento de
G. citricarpa.
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Figura 5. Didmetro da col6nia de G. citricarpa crescida em MM sem secretoma, MM com secretoma e
dextrose e MM com secretoma sem dextrose. Analise estatistica realizada utilizando teste One way
ANOVA, seguida de um teste de comparagdes multiplas de Tukey.
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Ja Fialho (2004) utilizou o filtrado do cultivo de S. cerevisae CR-1 com 0
objetivo de avaliar o efeito de metabdlitos produzidos e liberados por esta linhagem
capazes de inibir o desenvolvimento do fitopatdgeno. Embora S. cerevisae CR-1 tenha
mostrado ser antagonista de G. citricarpa, o autor observou que o filtrado contendo o

secretoma néo reduziu o crescimento micelial do patégeno.

Ainda poucos estudos demonstram a inibicdo de G. citricarpa através de
metabolitos volateis e ndo volateis, ou metabdlitos secundarios de fungos antagonistas
que possam melhor esclarecer o controle biologico desta doenca pela utilizacdo de
agentes de controle bioldgico e principalmente desses componentes secretados pelos
antagonistas ja no meio inicial utilizado para seu crescimento (MM). Ressaltando a
importancia de estudos mais aprofundados sobre a composicdo deste meio,
identificando quais sdo estes componentes secretados por Trichoderma atroviride e

melhor compreensédo da sua atuacao sobre o fitopatdgeno G. citricarpa.
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CAPITULO 6 - Inibicdo do crescimento de G. citricarpa em meio MTV com
diferentes fontes de carbono e nitrogénio

Com o intuito de verificar se, apos crescimento no meio MTV, a secrecdo de
compostos por T. atroviride apresenta atividade inibidora de G. citricarpa, influenciada
pela fonte de carbono a que T. atroviride esti exposto, foram realizadas experiéncias
utilizando fontes de carbono simples (dextrose) e complexas (micélio desativado de G.
citricarpa e T. atroviride). O meio extracelular assim obtido foi utilizado para

crescimento do patdégeno em meio sélido.

6.1. Materiais e métodos

A biomassa de T. atroviride obtida em MM (metodologia descrita no item 5.1.1.
do Capitulo 5), foi coletada e lavada trés vezes com agua destilada autoclavada e
reinoculada em meio MTV (Mandels & Weber, 1969 modificado, contendo em gL™:
(NH4)2S04, 1,4; KH,PO4, 2; MgS0O,4.7H,0, 0,3; peptona, 1; uréia, 0,3; CaCl,, 0,3; 100
pL de solucdo de micronutrientes — 10 mL de agua destilada; F,SQy, 0,5; MgSO47H,0,
0,15; ZnS0Oy, 0,14; CoCl,, 0,2) com quatro diferentes fontes de carbono:

(M1) 1 % Dextrose;

(M2) 0,5 % Dextrose + 0,5 % micélio desativado de G. citricarpa;
(M3) 1 % micélio desativado de G. citricarpa,

(M4) 1 % de micélio desativado de T. atroviride.

Para cada condicdo (meio de cultura/tempo de cultivo) foram preparadas trés
réplicas. Trichoderma atroviride foi incubado num agitador orbital, a 180 rpm a 25 °C.
As amostras foram coletadas apds 48 h, 72 h e 96 h de incubagdo. Para cada
amostragem, a cultura correspondente foi filtrada em papel filtro Whatman n°.1.

Todos os filtrados (M1, M2, M3 e M4) colhidos foram preparados com
acréscimo de 1% de dextrose, ainda parte dos filtrados além de dextrose foram
acrescidos de 50% dos sais do meio MTV (M1%, M2%, M3% e M4%). Assim, para
cada tempo de coleta da amostra, obtiveram-se duas amostras, garantindo que 0s
eventuais efeitos de inibi¢do do patdégeno ocorreriam pela presenca do secretoma e ndo

pela falta de nutrientes no meio. Apds a adicdo de 2% de agar, os meios foram

39



autoclavados e distribuidos em placas de Petri e G. citricarpa foi inoculado na superficie
dos meios solidos e incubadas por 20 dias a 25 °C com fotoperiodo controlado.

6.2. Resultados

Observou-se que G. citricarpa Gc3, teve um crescimento reduzido em M1,
independentemente do tempo de crescimento de T. atroviride. Este resultado indica uma
possivel falta de sais no meio de cultura, nomeadamente de uma fonte nitrogénio, o que
estd de acordo com o facto destes terem sido completamente utilizados por T. atroviride.
De acordo com esta hipotese, de fato, no meio em que houve suplementacdo com sais
(M1%) houve um crescimento importante (Fig. 6) quando se utilizou como meio de
cultivo M1%-48h (correspondente a 48 h de incubagdo de T. atroviride). No entanto,
quando foram utilizadas as amostras correspondentes aos outros dois tempos de
crescimento de T. atroviride (72 h e 96 h) o diametro das colbnias de G. citricarpa
diminuiu significativamente, mesmo apds a suplementacdo com dextrose e sais (M1%).
Sendo assim, na presenca do filtrado de T. atroviride cultivado em 1% de dextrose como
unica fonte de carbono (M1), G. citricarpa sofre inibicdo em consequéncia da possivel

presenca de algum metabolito secretado pelo antagonista neste meio.

Em M2 houve uma significativa diminui¢do no crescimento de G. citricarpa, que
se mostrou mais significativa para os tempos de 72 e 96 h de incubacéo de T. atroviride.
Neste caso, o efeito da concentracdo de sais parece ter alguma importancia, mas 0s
principios ativos secretados pelo T. atroviride em M2 sdo ainda mais importantes.
Ressalta-se também que os resultados obtidos para 48 h em M2 aproxima-se dos
alcancados em M1, onde a concentragdo de metabolitos ainda era baixa (Fig. 6).

Em M3 houve uma acentuada reducdo de G. citricarpa, como ja era esperado,
pois neste meio T. atroviride havia crescido na presenca de micélio desativado do
patdgeno, produzindo uma maior quantidade de principios inibidores de
desenvolvimento fungico. Mesmo com acréscimo de sais (M3%), esta inibigdo foi
evidente (Fig 6).

Em M4 os resultados, demonstram que houve inibicdo do crescimento do

patdgeno, resultados semelhantes ao observados na presenca do patdgeno, ja& que 0s
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estes dois meios utilizam micélios fangicos desativados como Unica fonte de carbono

(Fig. 6).
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Figura 6. Médias do didmetro das col6nias de G. citricarpa desenvolvidas em meio de cultura no periodo

de 20 dias a 25 °C com fotoperiodo de 12 h, contendo meio extracelular de T. atroviride T17 com

diferentes fontes de carbono sem acréscimo de sais (M1, M2, M3, M4) e com acréscimo de sais utilizada

para o inicio de um cultivo de T. atroviride (M1%, M2%, M3%, M4%) e diferentes tempos de inducéo de

T. atroviride (48, 72 e 96 h). Todos os tratamentos receberam 1 % de dextrose.

Tabela 1. Andlise estatistica dos resultados de inibicdo de crescimemto de G. citricarpa em meio sélido

contendo secretoma de T. atroviride T17 crescido em meio MTV com diferentes fontes de carbono,

utilizando teste two-way ANOVA seguida de um teste de comparacfes multiplas de Tukey. ns — ndo

significante.

Teste de comparacdes o
miltiplas de Tukey Significancia | Valordep
M1 vs. M1 % Sim <0,0001
M1 vs. M2 Sim <0,0001
M1 vs. M2 % Sim <0,0001
M1 vs. M3 Sim < 0,0001
M1 vs. M3 % Sim < 0,0001
M1 vs. M4 Sim < 0,0001
M1 vs. M4 % Sim < 0,0001
M1 % vs. M2 Sim <0,0001
M1 % vs. M2 % Sim <0,0001
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M1 % vs. M3 Sim <0,0001
M1 % vs. M3 % Sim <0,0001
M1 % vs. M4 Sim <0,0001
M1 % vs. M4 % Sim <0,0001
M2 vs. M2 % Né&o ns
M2 vs. M3 Sim < 0,0001
M2 vs. M3 % Sim < 0,001
M2 vs. M4 Sim <0,001
M2 vs. M4 % Né&o ns
M2 % vs. M3 Sim <0,0001
M2 % vs. M3 % Sim < 0,001
M2 % vs. M4 Sim < 0,001
M2 % vs. M4 % Néo ns
M3 vs. M3 % Né&o ns
M3 vs. M4 Né&o ns
M3 vs. M4 % Sim <0,0001
M3 % vs. M4 Né&o ns
M3 % vs. M4 % Sim < 0,001
M4 vs. M4 % Sim < 0,001

Foi observado que o acréscimo de 1 % de dextrose a todos 0s meios, promoveu
0 crescimento de G. citricarpa, exceto o meio M1. Esperava-se que, neste meio, a
concentracdo de nitrogénio fosse a mais baixa, 0 que tera contribuido para um efeito
negativo no crescimento de G. citricarpa dada a falta de sais presentes no meio, que
terdo sido consumidos por T. atroviride. Esta hipotese é corroborada pelo aumento do
crescimento de G. citricarpa quando ha um acréscimo de sais.

Fialho (2004) ressalta que um dos mecanismos que pode estar envolvido no
controle de G. citricarpa por S. cerevisae, € a producdo de enzimas hidroliticas
extracelulares. Neste sentido, e embora os filtrados de T. atroviride possivelmente
apresentem outros metabdlitos que ndo sejam as enzimas hidroliticas, devido a
desnaturacdo ocorrida pela autoclavagem dos meios, ressalta-se a importancia de
melhor esclarecimento quais as moléculas que induzem a inibicdo de G. citricarpa,
principalmente no tempo de 72 h, onde foi verificada uma nitida inibicdo em relacdo aos

outros tempos.
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Assim, novos estudos devem ser realizados para melhor identificacdo dos
componentes organicos presentes nestes diferentes meios e tempos de exposi¢ao que T.

atroviride foi exposto, possibilitando esclarecer esta inibicdo de G. citricarpa.
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Abstract

The fungal species Guignardia citricarpa is an important pathogen in citriculture.
Members of the fungal genus Trichoderma are recognized as biocontrol agents but
studies on the interactions between both fungi are scarce. This study aimed to identify
extracellular proteins secreted by Trichoderma atroviride T17 that are related to the
control of G. citricarpa. Two-dimensional gel electrophoresis (2D) was used to study
the patterns of proteins secreted by T. atroviride T17 in medium containing glucose
(control) and in medium containing G. citricarpa GC3 inactivated mycelium. We
identified 59 of the 116 spots differentially expressed (50.86%) by LC-MS/MS. Of
these, we highlight the presence of glycoside hydrolases (CAZy families 3, 43, 54, 76
and 93), chitinase, mutanase, a-1,3-glucanase, a-1,2-mannosidase, carboxylic hydrolase
ester, carbohydrate-binding module family 13, glucan 1,3-B-glucosidase, -
galactosidase and Neutral protease 2. These proteins are related to mycoparasitism

processes, stimuli and therefore to the biological control of plant defense responses.

The results obtained are in agreement with reports describing an increase in the
secretion of proteins related to mycoparasitism and biological control and a reduction in
the secretion of proteins related to the metabolism of Trichoderma species grown in the
presence of the pathogen. Moreover, these results are pioneer in understanding the
Trichoderma interaction with G. citricarpa. For the first time, we identified potential
candidate proteins that may have a role in the antagonism mechanism of G. citricarpa
by T. atroviride T17. Thus our results shed a light into the molecular mechanisms that T.

atroviride use to control G. citricarpa.

Keywords: Trichoderma atroviride, Guignardia citricarpa, biological control,

proteomics, pathogen antagonism
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Introduction

The citrus industry has a major relevance in the economy, leading to the creation
of new jobs, to capital formation, to income generation and also in regional
development where it operates. A worldwide importance of citrus industry is the import
and export trades of these products and by-products. Neves et al. (2010) stated that the
sector held a total of 230,000 direct and indirect jobs in Brazil and an annual payroll of
174 million dollars. The monoculture of citrus is threatened by abiotic and biotic
stressors that favor the development of diseases. Black spot disease, caused by the
fungus Guignardia citricarpa Kiely (Phyllosticta citricarpa (McAlpine) Aa) is of major

concern causing black lesions on fruit making them unfit for sale.

Black spot disease occurrence has been reported in Argentina, Brazil, China,
Philippines, Indonesia, Japan, Mozambique, New Zealand, Peru, Kenya, Taiwan,
Uruguay (Sutton and Waterson 1966), and recently in the United States (Adaskaveg et
al. 2010, Schubert et al. 2012), suggesting the cosmopolitan occurrence of this
pathogen, which develops in tropical regions (Paul et al. 2005). Although this disease
does not damage the internal fruit quality, with symptoms restricted to the flavedo
(Aguilar-Vildoso et al. 2002), it disables the in natura trade of fruits (Aguilar-Vildoso et
al. 2002, Timmer et al. 2008). Additionally, the pathogen leads to great losses due to
premature decline, reducing the productivity of plants. In severe attacks, losses up to
80% have been observed (Klotz 1978, Sposito et al. 2004).

The control of the symptoms of this disease is mainly made via the use of
chemicals that are applied four to five sprays per crop. This strategy adds increased
production costs while it has severe toxicity issues associated (Bernardo and Bettiol
2010). According to Hortifruti Brazil (2012), producers estimate that the cost of
agrochemicals reaches 30% of the production cost. An additional complication of using
this type of control is the selection of resistant strains to the active ingredients.
Rodrigues et al. (2007) found isolates of G. citricarpa resistant to the fungicide
carbendazim in Brazilian plantations, probably generated by the intensive use of
agrochemicals and the selection pressure exerted by them. In addition to the resistance
caused by the excessive use of these chemicals, there is also a growing concern about

the socio/ environmental impacts (Ali 2014), which has stimulated the search for new
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effective methods to control this pathogen. It is the objective of these new strategies to
replace or decrease fungicide applications, consequently reducing costs for the
farmers/exporters as well as reducing ecological costs. One alternative is the use of
antagonistic microorganisms with potential to inhibit some stages of the disease or the
life cycle of pathogens (Strobel 2006, Vinale et al. 2006, Isaias et al. 2014, Miao et al.
2015, Parmar et al. 2015).

Species of Trichoderma are considered effective biocontrol agents of several
fungal pathogens such as Fusarium, Rhizoctonia and Botrytis (Belete et al. 2015, El-
Komy et al. 2015, Kotasthane et al. 2015, Rao et al. 2015, Talla et al. 2015, Vos et al.
2015). Some species of Trichoderma are also known for their ability to induce systemic
resistance against plant diseases (Singh et al. 2014, Lamdan et al. 2015, Rao et al. 2015,
Salas-Marina et al. 2015, Vos et al. 2015). The biocontrol exercised by Trichoderma can
occur by several mechanisms such as mycoparasitism (Gruber and Zeilinger 2014,
Troian et al. 2014). Mycoparasitism occurs due to the activity of degrading extracellular
cell wall enzymes from other fungi, allowing the penetration of the antagonistic fungus
and the death of the pathogen (Viterbo et al. 2002, Bech et al. 2014, Troian et al. 2014).
The process of mycoparasitism involves sequential events that include the
reconnaissance and the penetration into the host culminating into its death. After
detection and recognition of a pathogen, Trichoderma’s hyphae are directed towards the
pathogen. The attack occurs when Trichoderma secretes cell wall degrading enzymes
(endochitinases, B-glucosidase, mannosidases, acid phosphatases and proteases) that act
synergistically to control pathogens such as Botritys cinerea, Macrophomina
phaseolina, Rhizoctonia solani and Fusarium sp, among others (Monteiro et al. 2010).
These enzymes are capable of hydrolyzing the cell wall of the host, releasing oligomers
that activate the expression of genes involved in mycoparasitism (Vinale et al. 2008).
When the host and the mycoparasite establish physical contact, the mycoparasite
adheres to the host via apressorium surrounding the host hyphae (Chet et al. 1998). The
mycoparasite then enters the lumen of the hyphae of the host, assimilating and
metabolizing the protoplasmic content (Suarez et al. 2007). Fungi of the genus
Trichoderma are considered excellent hyperparasites, attacking hyphae, and
reproduction and survival structures of plant pathogens, reducing the infective capacity
of the pathogen (Benhamou and Chet 1996). This is a broad description of the
mycoparasitism mechanism and variations may occur according to the host that is
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involved. Monteiro et al. (2010) reported that the mycoparasitic response of pathogen T.
harzianum ALL42 is host dependent with variations in both hyphae winding and

secreted proteins.

Despite the recognized potential of Trichoderma as a biological control agent of
plant pathogens (Inch et al. 2011, Wijesinghe et al. 2011, Martinez-Medina et al. 2014),
the number of studies on Trichoderma action on G. citricarpa, or regarding the
mechanisms used by Trichoderma in controlling this pathogen are scarce. Among the
few studies involving these two fungi (antagonist/pathogen) those by Guimarées (2008)
and Pandolfo (2011) stand out. These authors reported the antagonistic action of T.
koningii towards G. citricarpa in vitro, suggesting Trichoderma potential as a biological
control agent citrus disease. But these authors do not indicate which are the mechanisms

used by Trichoderma enabling it to act as biocontrol agent of this phytopathogen.

The strain used in his work was selected due to its biocontrol over Guignardia:
the Biological Control Laboratory of Plant Diseases (University of Caxias do Sul,
Brazil), in partnership with producers from the Vale do Cai-RS (Brazil), showed that
strain T17 of T. atroviride is able to reduce on the symptoms of black spot of citrus in

orchards (unpublished results).

Proteomics allow unraveling proteins involved in the interaction between
organisms (Yang et al. 2009, Vincent et al. 2012, Lemos et al. 2010). Therefore, this
study aims to identify the molecular mechanisms of interaction between T. atroviride
T17 and G. citricarpa GC3, with emphasis in the identification of extracellular proteins,

using proteomics methodologies.

Material and methods
Guignardia citricarpa isolation and identification

Guignardia citricarpa Gc3 belongs to the in house culture collection of the
Biological Control Laboratory of Plant Diseases (University of Caxias do Sul, Brazil.
This strain was isolated from orange with symptoms of the citrus black spot disease and

identified by morphology (electron microscopy).

Molecular identification of G. citricarpa Gc3 was carried out by sequencing the
internal transcribed spacer (ITS) region, as described by Alves et al. (2004). Fungal
isolate was grown in PDA (Potato Dextrose Agar), for 20 days, at 25 °C with controlled
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photoperiod (12/12h) (Guimarées, 2008). Genomic DNA was isolated from fresh
mycelium following the method the method of Santos and Phillips (2009).

After DNA isolation, the ITS region was amplified using the primers ITS1 and
ITS5 (White et al. 1990) as described by Alves et al. (2004). Taq polymerase,
nucleotides and buffers were supplied by MBI Fermentas (Vilnius, Lithuania) and PCR
reaction mixtures were prepared according to Alves et al. (2004). The amplified PCR
products were purified with the JETQUICK PCR Purification Spin Kit (GENOMED,
Lohne, Germany). The PCR products were sequenced by STAB Vida Lda (Portugal).
ITS sequences were checked manually, and nucleotide arrangements at ambiguous
positions were clarified using both primer direction sequences. The ITS sequence was
then used in a BLAST search against the GenBank nucleotide sequence database.

Cultivation and deactivation of Guignardia citricarpa

The pathogen was cultured in Potato Dextrose Agar (PDA), for 30 days at 25°C
with controlled photoperiod. Afterwards, mycelium was scraped off and inoculated into
100mL of Potato Dextrose Broth medium (PDB) for 10 days, 25°C, 180 rpm. The
mycelium was collected by filtration (Whatman Filter paper No.1), washed three times
in sterile distilled water, and dried at 50°C until the sample weight stabilized.
Subsequently, the mycelium was ground in a mortar, aliquoted, autoclaved and stored in
amber vials at -20°C until use. For this point forward we will refer to this deactivated

mycelium as G. citricarpa inactivated mycelium.

Cultivation of T. atroviride T17 and extraction of extracellular proteins

Trichoderma atroviride T17, was isolated from apple tree and identified
(morphology by microscopy) by the Biological Control Laboratory of Plant Diseases
(University of Caxias do Sul, Brazil). The molecular identification of T. atroviride, was

performed as described above, for G. citricarpa Gc3.

Trichoderma atroviride T17 was grown on PDA for 5 days at 25°C. To obtain a
suspension of 1.10° conidia.mL™, the medium surface was washed with 2ml of NaCl

(0.9%, w/v) using a sterile Drigalski handle.

Two mL of the conidial suspension were inoculated into 98mL of minimum
medium [broth containing in gl™ (NH4),SO4, 0.7; KH.PO,, 1.0; NaH,PO,, 3.45;
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MgS0O,.7H,0, 0.15; peptone, 0.5; urea, 0.15; pH 5.0, 1% (w/v) glucose] and incubated
at 25°C for 72 hours (180rpm).

Subsequently, the mycelium was collected by filtration, washed with sterile
distilled water and re-inoculated into 200mL medium MTV (in broth containing gl™:
KH2POy, 2.0; (NH4)2SO04, 1.4; MgS0O,4.7H,0, 0.3; urea, 0.3; CaCl,, 0.3; peptone, 1,
100pL solution [FeSO4, 5g/100mL; MgS0O,.7H,0, 1.59/100mL; ZnSO,, 1.49/100mL;
CoCly, 2g/100mL]) supplemented with:

(1) 1% (w/w) glucose (control medium) and

(2) 1% (w/w) G. citricarpa inactivated mycelium (Tseng et al., 2008; Yang et al.,
2009) and incubated at 25°C (180rpm) for 24h, 48h, 72h, 96h and 120h.

The extracellular medium was collected by filtration (Whatman Filter paper
No.1), aliquoted and stored at -80°C until use. Protein extraction was made as described
earlier (Fernandes et al. 2014, method 1).

All assays were made in quintuplicate.

Protein Quantification

Protein concentration was determined using the BCA kit from Thermo
Scientific, according to the manufacturer’s instructions, using Bovine Serum Albumine

as standard. The whole procedure was performed in triplicate.

Determination of enzyme activity

Activity of chitinase and B-1,3-glucanase were quantified in the extracellular
medium of T. atroviride as described earlier by Reissig (1957) and Noronha and Ulhoa

(1996), respectively.

Protein separation by 1D-electrophoresis

In order to evaluate the quality of protein extraction, all samples were subjected
to 1D-electrophoresis (SDS-PAGE) prior to separation by 2D. For SDS-PAGE, 30 ug of
protein extract were diluted (1:1) in 8 M urea, 100 mM Tris, 100 mM bicine, 2% SDS,
2% 2-mercaptoethanol, and heated for 5 min at 100°C. Proteins were separated by 12.5
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% SDS-PAGE gel electrophoresis, according to Laemmli (1970), for 120 min at 120 V,
in a Mini-PROTEAN 3 Cell (Bio-Rad, USA).

Proteins were visualized by colloidal Coomassie Brilliant Blue G-250 (CBB)
staining (Neuhoff et al. 1988). Each gel image was acquired using the GS-800
calibrated imaging densitometer (Bio-Rad, USA) as described (Sarmento et al. 2009).

Protein separation by 2D-electrophoresis

For 2D-electrophoresis, 150 pg of protein extract were loaded onto IPG strips
(pH 4-7, 13 cm, GE Healthcare ) that were actively rehydrated (50 V, 10h, 20°C) with
250 pL of rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris-base,
2% DTT, 2% IPG buffer pH 4-7 NL and bromophenol blue). IEF was performed on a
Ettan IPGphor 3 system (GE Healthcare, Sweden) at 20°C limited to 50 pA/strip
according to the following parameters: 1h at 150 V, 2h at 500 V, 6h 500-1000 V, 3h
1000-8000 V and 8000 V until 20000 Vhr. Prior to second dimension, the IPG strips
were reduced and alkylated for 20 min with 1% (w/v) DTT and afterwards with 2.5%
(w/v) iodoacetamide in 5 mL equilibration buffer [75 mM Tris-HCI (pH 8.8), 6 M Urea,
30% (w/v) glycerol, 2% SDS and traces of bromophenol blue], respectively. After
equilibration, the strips were juxtaposed to 12.5% lab cast SDS-PAGE gels on a
PROTEAN Il xi Cell (Bio-Rad, USA) system. Proteins were separated initially at 2
W/gel (2h) and then at 6 W/gel (limited to 200 V) until the dye marker reached the end
of the gel.

Proteins were visualized by Coomassie Brilliant Blue G-250 (CBB) staining.
Each gel image was acquired using the GS-800 calibrated imaging densitometer (Bio-
Rad, USA). CBB stained 2-DE gels were analysed with PDQuest software (Bio-Rad,
USA) to determine the number of protein spots per gel.

2-DE gels from the two groups (T. atroviride T17 grown in the presence of 1%
glucose or in the presence of G. citricarpa) were compared by a Mann-Whitney Signed
Rank Test (p value < 0.05). Only the significantly different spots were retained for
identification, taking into account a cut-off of twofold increase or decrease in spot
intensity. Spots absent in either the control group or the G. citricarpa induced group

were also included for identification.
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Tryptic digestion, mass spectrometry analysis and protein identification

Tryptic digestion was performed according to Carvalhais et al. (2015). Protein
spots were excised from the gel using a pipette tip. The gel pieces were washed three
times with 25 mM ammonium bicarbonate/50 % ACN, one time with ACN and dried in
a SpeedVac (Thermo Savant). Twenty five pL of 10pg/mL sequence grade modified
bovine trypsin (ABSCIEX) in 25mM ammonium bicarbonate was added to the dried gel
pieces and the samples were incubated overnight at 37°C. Extraction of tryptic peptides
was performed by addition of 10% of formic acid (FA)/50% ACN three times being
lyophilized in a SpeedVac (Thermo Savant). Tryptic peptides were ressuspended in 10
pL of a 50% acetonitrile/0.1% formic acid solution. The samples were mixed (1:1) with
a matrix consisting of a saturated solution of a-cyano-4-hydroxycinnamic acid prepared
in 50% acetonitrile/0.1% formic acid. Aliquots of samples (0.5 pL) were spotted onto
the MALDI sample target plate. Peptide mass spectra were obtained on a MALDI-
TOF/TOF mass spectrometer (4800 Proteomics Analyzer, Applied Biosystems, Europe)
in the positive ion reflector mode. Spectra were obtained in the mass range between
1000 and 4000 Da with ca. 900 laser shots. For each sample spot, a data dependent
acquisition method was created to select the 5 most intense peaks, excluding those from
the matrix, trypsin autolysis, or acrylamide peaks, for subsequent MS/MS data
acquisition. Spectra were processed and analyzed by the Global Protein Server
Workstation (Applied Biosystems), which uses internal MASCOT software (v2.1.0
Matrix Science, London, UK) on searching the peptide mass fingerprints and MS/MS
data. NCBI protein sequence database (October 2014) was used for all searches under
taxonomy of fungi and Trichoderma. Database search parameters as follows:
carbamidomethylation and propionamide of cysteine as a variable modification as well
as oxidation of methionine, and the allowance for up to two missed tryptic cleavages.
The peptide mass tolerance was 25 ppm and fragment ion mass tolerance was 0.3 Da.
Positive identifications were accepted up to 95% of confidence level. Since the
identification relied in MS/MS data by homology, positive identifications were accepted

when b- or y- series were covered by at least 4 ion fragments in sequential.

The location of extracellular proteins was predicted using BaCelLo predictor
(Pierleoni et al. 2006) and the theoretical pl searched with Compute pl/MW tool
available on ExpASy (Gasteiger et al. 2005).
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Results and discussion

Despite the considerable interest in the identification of important enzymes in
mycoparasitism relationships, no studies had been carried out, until now, to identify the

production of chitinases or glucanases by T. atroviride in the presence G. citricarpa.

The activity of chitinase and B-1,3-glucanase of T. atroviride T17 in medium
containing glucose and G. citricarpa inactivated mycelium as sources of carbon was
measured for 120h after inoculation. Figure 1 shows that the presence of inactivated
mycelium of the pathogen induces differences in secretion (higher activity) of these

enzymes (Fig.1).
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Figure 1. Enzymatic activity of the secretome of T. atroviride T17 grown on 1% glucose (4) and on the
presence of 1% of mycelium of G. citricarpa as carbon source (m). A — Chitinase activity. B - B-1,3-

glucanase activity.

These results are similar to those described by Giese et al. (2003), which
reported that the production of chitinases and glucanases by T. harzianum and T.
asperellum increased significantly when cell walls of Pythium sp., Sclerotium rolfsii and
Rhizoctonia solani were used as the sole carbon source. These results suggest that the
regulation of the expression of -1,3-glucanase in these fungi can be influenced by the
amount and complexity of the of B-glucans present in the culture medium, which acts as
an agent of growth inhibitor of the pathogenic fungi.

Fungal cell walls are composed mainly by B-1,3 and 1,6-glucans (polymers of
glucose) linked to chitin (polymer GIcNACc) via B-1,4 bonds. This complex chitin/glucan
is linked to other polysaccharides whose composition varies with the species
(galactomannan, mannan and galactosamine galactan). These polysaccharides constitute
80-85% of the mass of cell wall while glycoproteins constitute the remaining 15-20%
(Latgé 2007, 2010). Accordingly, Rana et al. (2012) reported that chitinases are
constitutively produced by mycoparasites. Gajera et al. (2012) also reported high
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chitinase activity of Trichoderma sp. antagonism of Aspergillus niger. Glucanases have
also been suggested to be involved in mycoparasitism processes by species of
Trichoderma (Viterbo et al. 2002). In vitro studies showed that a 78 kDa glucanase of
Trichoderma, in synergism with an endochitinase of 43 kDa, inhibit the growth of
Sclerotium rolfsii. Marcello et al. (2010), evaluated the activity of a T. asperellum $-1,3
glucanase depends on the carbon source (glucose, starch, chitin, chitosan, or cell walls
of Rhizoctoni solani). The higher specific enzymatic activity was detected in the
extracellular medium of the fungus grown in the presence of starch (0.020 U.mL™) and
cell walls of R. solani (0.013 U.mL™), which suggested that there is induction of this
with the increase of the complexity of the carbon source. But the complexity of the
carbon source accounts not only for the induction of enzymatic activity but also for the

specificity of the pathogen/biocontrol agent (Monteiro et al. 2010).

The induction of these hydrolytic activities (chitinase and B-1,3-glucanase)
suggests that these enzymes may be involved in the mycoparasitism process by T.
atroviride T17 against G. citricarpa, assisting in the control of this disease. Many
studies have reported the fact that chitin and p-1,3-glucans are structural components of
the fungal cell wall, suggesting that chitinase and B-1,3-glucanases produced by
Trichoderma are the key pieces of cell lysis enzymes during mycoparasitic action
(Kullnig et al. 2000, Kubicek et al. 2001, Mohamed et al. 2010). But surely other
enzymes are involved. To clarify the involvement of other proteins in the
mycoparasitism mechanism, we analyzed the secretome of T. atroviride T17 by
proteomics (Mota et al. 2016, Souza et al., 2016).

The combination of bi-dimensional gel electrophoresis and mass spectrometry is
a powerful approach for proteomics studies and has already been used for characterizing
filamentous fungi (Monteiro et al. 2010, Do Vale et al. 2012, Ramada et al. 2015). In
our study, the analysis of 2-DE gels showed an up-regulation of proteins secreted by T.
atroviride T17 when exposed to the pathogen inactivated mycelium (166 + 23 spots), in
opposition to the control medium (78 £ 8 spots). From these, 116 secreted spots were

differentially expressed and it was possible to identify 59 unique proteins (Fig.2).
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Figure 2. Bi-dimensional average gels of control (A) and G. citricarpa induction (B) secretomes of T.

atroviride T17. Five biological replicates were used for each condition. Gels were stained with CBB-250.

Protein spots identified in blue are exclusive of control; in green were up-regulated in the presence of G.

citricarpa and in yellow are exclusive of G. citricarpa induction. The identifications are summarized in
Table 1.

Table 1. Summary of the extracellular proteins identified in T. atroviride control medium and in the
presence of G. citricarpa. Theoretical pl and MW were determined with Compute pl/Mw tool available at
ExPASy and the subcellular localization deduced with BaCelLo. GH stands for glycoside hydrolase.

Spots exclusive of the secretome of T. atroviride grown in the presence of G. citricarpa

Spot Protein Acession Function Subc_ellu_lar Theoretical | Theoretical
number localization | Mw (Da) pl

8708 | GH family 3 G9P180 mycoparasitism | Extracellular 76464.4 6.07

5509 | Carboxylic ester hydrolase GION561 mycoparasitism | Extracellular 59907.1 6.10

5510 | Carboxylic ester hydrolase GIONG36 mycoparasitism | Cytoplasmic 59164.9 5.95

3516/

4409/

4508/ . .

4510/ GH family 54 GONYH4 mycoparasitism | Extracellular 53069.2 5.19

5409/

5511

4408/ . "

4410 Acid phosphatase AO0A024SJA0 | mycoparasitism | Extracellular | 47788.1 5.59

4307 | Chitinase Q1KPWO mycoparasitism | Extracellular | 46268.4 5.03

111/21

212;21 GH family 76 G9P117 mycoparasitism | Extracellular | 43550.3 4.75
2

2105 | GH family 93 G9P982 mycoparasitism | Extracellular | 39240.4 5.08
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8015 Putatl\{e N,O-diacetyl ADAO24RV4 mycoparasitism | Extracellular 24264.9 5.87
muranidase 4
2420 | GH family 43 G9P8J0 mycoparasitism | Extracellular | 48895.3 4.98
6702/ | Glucan 1,3-beta- . .
6809 | glucosidase Q9P491 biological control | Extracellular 81896.3 541
5512 | Uncharacterized protein GINXA4 | biological control [ Extracellular | 69200.7 5.42
22111;/ Alpha-1,2-Mannosidase G9P5N3 biological control | Extracellular 56116.1 4.87
3513/
3426/ | Alpha-galactosidase GINGV2 |biological control | Extracellular | 47187.8 5.12
4509
8115 | Neutral protease 2 GINZYO | biological control | Extracellular | 36149.3 5.98
5410/
gﬁg Uncharacterized protein G9P878 plant defense Extracellular 47248.9 5.99
6413
mycoparasitism
3514 | Alpha-1,3-glucanase A5X8W?2 /biological Extracellular 67482.8 5.07
control
5814 | Uncharacterized protein .
(fragment) GI9NV71 metabolism Extracellular | 153133.6 6.23
4820 | Uncharacterized protein GIONHF4 metabolism Extracellular 76838.1 5.63
3812 | Glucoamylase G9P135 metabolism Extracellular 68596.6 5.00
8214 | Uncharacterized protein GIP6E2 metabolism Extracellular | 42271.1 6.40
8116 | Uncharacterized protein GINMO7 metabolism Extracellular 25425.4 5.49
2819 | Uncharacterized protein GINXU1 - Extracellular 79319.9 4.99
5108 | Uncharacterized protein GINHG60 - Extracellular | 37291.4 5.13
5011 | Uncharacterized protein G9P426 - Extracellular 24931.0 5.19
Spots exclusive of control medium
Glucan 1,3-beta- . .
6703 glucosidase Q9P491 biological control | Extracellular 81896.3 541
i%%%/ Glucoamylase G9P135 metabolism Extracellular 68596.6 5.00
6901/
7901/ | Uncharacterized protein GINX29 metabolism Extracellular 62517.1 5.70
7903
4827 | Uncharacterized protein GINEQS8 metabolism Extracellular | 58376.1 5.19
4611/
ggig; Uncharacterized protein G9P8z2 metabolism Extracellular | 48158.6 5.64
6601
3207 | GH family 16 GINV80 metabolism Extracellular | 30180.1 4.87
Spots more expressed in the medium with deactivated G. citricarpa mycelium
3377%6;/ Mutanase Q5GQ79 mycoparasitism | Extracellular 67616.0 5.13
Glucan 1,3-beta- . .
3705 glucosidase Q9P491 biological control | Extracellular | 81896.3 5.41
- mycoparasitism
Carbohydrate-binding : :
6017 module family 13 GINPO7 /biological Extracellular 15780.5 9.30
control
3609 | Glucoamylase GINJGO metabolism Extracellular 66692.4 5.43
3318 | Putative phospholipase C GINVB6 metabolism Extracellular 69262.5 5.04
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Of the 59 identified proteins (table 1), 41 were present in the medium containing
G. citricarpa inactivated mycelium and 18 proteins were secreted by T. atroviride in the
control medium. All proteins identified were deduced to be extracellular (localization

was determined using the BaCeLlo tool, Table 1).

Multiple forms of the same enzyme were observed in the secretome of T.
atroviride T17. According to Mahajan and Master (2010) this is a phenomenon that is
frequently observed when fungal secretomes are analysed by 2-DE. Similar results were
observed by Gémez-Mendoza et al. (2014) in the secretome of T. harzianum cultivated
on different substrates (glucose, cellulose, xylan, and sugarcane bagasse). Some authors
reported that this variation is possibly a result of differential splicing of mRNA, and
post-translational modifications such as glycosylation (Subramaniyan and Prema 2002,
Polizeli et al. 2005).

Most of the proteins overexpressed by T. atroviride (70.1%) exposed to the
pathogen inactivated mycelium are related to mycoparasitism processes, biological
control or induction of plant protection responses (Fig. 3,4, Table 1). Proteins from the
glycoside hydrolase families (CAZy nomenclature) 3, 43, 76 and 93 were detected only
in the medium containing mycelium of G. citricarpa, while GH16 and GH54 were
found in both media tested. The presence of chitinase (Q1KPWO0) and of endo-
glucanases (Q9P491) were confirmed, and putative N,O-diacetyl muramidase
(AOA024RV44), neutral protease 2 (deuterolysin, GINZYO0), ao-1,2-mannosidase
(G9P5N3), and a-1,3-glucanase (A5X8W2) were detected exclusively in medium
containing the pathogen (Table 1).

According to Atanasova et al. (2013) glycoside hydrolase families act mainly as
degrading enzymes of fungal cell walls. The secretion of these enzymes by Trichoderma
was already described as having a central role in the process of mycoparasitism. Our
data support the reports of Atanasova: a larger representation of GH enzymes in the
medium containing the mycelium of pathogen Rhizoctonia solani (22.3% of identified
proteins) than in the medium containing only glucose (1.7% of all identified proteins).

In medium containing 1% glucose as carbon source, we found mostly proteins
related to T. atroviride primary metabolism (glucoamylase, glycoside hydrolase family
16 and some uncharacterized protein), representing 91.7% of the identified proteins
(Fig. 3, Table 1).
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Figure 3. Annotation of the proteins secreted by T. atroviride: exclusive of medium with 1% mycelium of
G. citricarpa (black bars), exclusive of control medium (light grey bars), or up-regulated in medium with

fungal mycelium (medium grey bars).

Only 10% of the identified proteins were observed in both media, with higher
expression in medium containing mycelium of G. citricarpa (Fig. 3, Table 1): glucan
1,3-beta-glucosidase (Q9P491), mutanase (Q5GQ79), glucoamylase (G9NJGO),
putative phospholipase C (GONVB6) and carbohydrate-binding module family 13
(GONPO7), suggesting a constitutive expression of these enzymes. The presence of
proteins related to biological control in the control medium is an indication that this
species, even under control growth conditions, is able to secrete proteins that assist in
the defense of the plant. This suggests an evolutionary adaptation of the fungal species
to cooperation with its host, acting as an antagonist of potential pathogens. Similar
results to those found in this study were reported by other authors who studied the
secretion of proteins by Trichoderma grown in liquid culture containing autoclaved
mycelium or cell walls of pathogenic fungi, like R. solani, B. cinerea, F. solani and M.
phaseolina (Geremia et al. 1993, Goldman and Goldman 1998, Pozo et al. 2004,
Almeida et al. 2007, Suéarez et al. 2007, Tseng et al. 2008, Yang et al. 2009, Monteiro et
al. 2010, Pereira et al. 2014), where the presence of a pathogen induced the secretion of

proteins related to biological control.
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Glycoside hydrolases represented 23.7% of all the proteins identified in the
secretome T. atroviride T17 (total of both media) (table 1), corroborating the data of
Druzhnina et al. (2012). These authors analyzed the composition and properties of the
secretome of T. reesei, T. atroviride and T. virens and reported that glycoside hydrolases
represented more than 12% of total secreted proteins. It has been shown that p-1,3-
glycanases and chitinases, as well as glycoside hydrolases, and other proteases are
synthesized by Trichoderma species under conditions which simulate the nutritional
stress under mycoparasitism (Kubicek et al. 2001). According to Kubicek et al. (2011)
the saprophytic behavior of Trichoderma spp. is evidenced by the large number of
carbohydrate-active enzymes.

Studies using several carbon sources (Do Vale et al. 2012) showed that cellulose
also induces an up-regulation of hydrolytic enzymes (chitinase, endo-N-
acetylglucosaminidases, hexosaminidases, galactosidase, xylanase, exo-1,3-glucanase,
endoglucanases, xylosidases, a-L-arabinofuranosidase, N-acetylhexosaminidases) by T.
harzianum. According to these authors, the results highlight the importance of this
fungus as a rich source of hydrolytic enzymes for bioconversion and biocontrol
applications. The genomes of the mycoparasites Trichoderma spp. are rich in genes
encoding enzymes such as chitinases and glucanases (Kubicek et al. 2011), which are
induced by the cell walls of fungi (Duo-Chuan 2006, Viterbo et al. 2002). Recent
studies have shown that inserting Trichoderma chitinase encoding genes into plants,
leads to an increase of the resistance of these plants to a broad range of pathogenic

ascomycetes and basidiomycetes (Stefani and Hamelin 2010).

The neutral protease 2 (peptidase M35, a Zn** metalloendopeptidase, GINZYO0),
also known as deuterolisyn, belongs to the large arsenal of proteases described
expressed by Trichoderma (Rawlings et al. 2012, Druzhinina et al. 2012). The large set
of Trichoderma proteases offers an advantage to opportunistic species of Trichoderma,
related not only to plant colonization but also to biological control. According to
Rawlings et al. (2012), the total number of T. atroviride proteases is 3.85% of all
predicted protein-coding genes. From these, around 20% of Trichoderma proteases have
a signal peptide and therefore enter the secretory pathway. Carpenter et al. (2005) found
incomplete sequences of metallo-endopeptidases expressed during the mycoparasitic
interactions between T. hamatum and Sclerotinia sclerotiorum. Until now it was

observed that the proteomics response of T. atroviride varied qualitatively (expression
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of different protein) when compared with other Trichoderma species, as well as with the
use of other carbon sources. This justifies that although there is a large representation of
proteases on the genome of Trichoderma, we did not find such an expression when T.
atroviride was exposed to deactivated mycelium G. citricarpa. Besides the specificity
related to the Trichoderma, the secretion of proteases is also controlled by the pH of the
external medium, suggesting a pH dependent transcriptional response (Benitez et al.
2004). Seidl et al. (2009) also demonstrated that the T. atroviride attack to R. solani was
accompanied by the expression of several families of extracellular proteases carriers and
oligopeptides and amino acids. Thus, it is clear that proteases participate in the
degradation of structural cell proteins destabilizing the cellular integrity of the
phytopathogen and facilitating penetration and colonization of Trichoderma. Proteases
are also involved in the inactivation of enzymes produced by plant pathogens during the
infection process (Suérez et al. 2007). Despite its importance for mycoparasitism, the
number of characterization studies, isolation and/or cloning of proteases is still low

when compared to chitinase and p-1,3-glycanases related reports.

We have found that T. atroviride T17 expresses an acid phosphatase
(AO0A024SJA0) after being exposed to G. citricarpa inactivated mycelium (table 1).
These enzymes are known for promoting the hydrolysis of the organic phosphate
producing a soluble inorganic form of phosphate that is easily used by plants, assisting
plant nutrition and growth. Microbial phosphatases have been described as the most
efficient in the hydrolysis of phosphates when compared to plant phosphatases (Tarafdar
et al. 2001). Many experiments have shown that fungi from the genus Trichoderma
inhibit the growth and activity of mycorrhizal fungi, when in contact with pathogens
(Martinez et al. 2003, McAllister et al. 1994). That is, in contact with phytopathogenic
fungi, Trichoderma fails providing this acid phosphatase for the plant and directs it for
pathogen control. Alpha-1,2-mannosidase plays an important role in processing
manooligosaccharide from mannoproteins. This enzyme catalyzes the hydrolysis of the
terminal alpha-D-glucosyl-(1,3)-D-mannosyl unit from the GlcMang(GIcNAC),
oligosaccharide component of the glycoproteins produced in the Golgi membrane. The
enzyme also acts in the process of N-glycans newly formed and in the degradation of
mature glycoproteins. Trichoderma atroviride T17 expresses an a-mannosidase
(G9P5N3) only in the medium containing pathogen inactivated mycelium. According to

Schoffelmeer et al. (1999) these enzymes may also be related to the degradation of the
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amorphous fraction of the cell walls of fungi, aiding with the deglycosylation of
glycoproteins present in the cell wall of fungi. Similar results were observed by Mota et
al. (2016) when T. harzianum was grown in the presence of Sclerotinia sclerotiorum,

Fusarium oxysporum or F. solani inactivated cell walls.

One important feature is that the presence of the pathogen mycelium stimulated
the reduction of expression of proteins related to the metabolism simultaneously
stimulating most secreted proteins involved in biological control of the pathogenic
process and mycoparasitism, which suggests that the metabolic machinery of T.
atroviride T17 is devoted to the attack of fungi (Fig. 4).

Trichoderma atroviride T17 in the presence of G. citricarpa GC3 —\

Mycoparasitism Biological control Plant Defence Metabolism

+  GHfamily3,43,54,76,93 ¢ Gluca 1,3-beta-glucosidase *  Uncharacterized protein (G9P8Z8) *  Uncharacterized protein

+  Carboxylicester hydrolase ¢ Uncharacterized protein (G9NXA4) (GINV71/GINHF4/GIPEE2/GIBMO7))
+  Acid phosphatase *  Alpha-1,2-Mannosidase +  Glucoamylase

*  Putative N,0-diacetyl muranidase *  Alpha-galactosidase +  Putative phospholipase C

+  Alpha-1,3-glucanase *  Neutral protease2

* Mutanase *  Alpha-1,3-glucanase

+  Carbohydrate-binding module family 13 *  Carbohydrate-binding module family 13

Development and
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Figure 4. Schematic representation of biocontrol exerted by T. atroviride T17 over Guignardia citricarpa
GC3.

Moreover, many species of Trichoderma are commercially produced: Tricodex®
(T. harzianum Rifai strain T39) used in the control of the fungi causing post-harvest rot
apple; Trichodermil® (T. harzianum based), acts on various pathogens of different
cultures, (Ricard 1981, Melo 1998). Another compound, GlioGard® has as active agent
T. virens and is used to prevent seedling damping-off caused by Pythium and
Rhizoctonia species (Lumsden and Locke, 1989). A strain of T. stromaticum was
incorporated in Tricovab® the biofungicide formulation for controlling witch's broom

disease of cocoa since 1996.

Thus, studies have sought new efficient strains for biological control, as well as
the use of enzymes in new biofungicides formulations. Hydrolytic enzymes capable of
degrading the walls of the pathogens cells are also receiving special attention (Hermosa

et al. 2000, Mohamed et al. 2010).
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Conclusions

The results indicate that the proteins secreted by T. atroviride T17 in the
presence of G. citricarpa Gc3 inactivated mycelium are related to cell wall degradation
(mycoparasitism), biological control and systemic resistance induction of the plant.
Thus, the results support the use of this strain as a biological control agent against G.
citricarpa. In addition, identified enzymes can prove useful in the formulation of new
compounds with fungicidal activity more efficient and less aggressive to the

environment and to producers.

It is never too much to emphasize the importance of evaluating the production
and expression of enzymes for each pathogen of interest, since, as stated by Gonzalez et
al. (2011), the enzyme expression is influenced by the strain, culture conditions and the

specificity of the cell wall of each pathogen assayed.
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Abstract

Guignardia citricarpa is a fungal pathogen responsible for Citrus Black Spot
disease, an important disease to the citrus industry. However, the studies that address the
reduction or replacement of conventional fungicides for its control are scarce.
Trichoderma harzianum is the most widely species used as a biological control agent,
although there are no studies clarifying the mechanisms used by the antagonist in the
control G. citricarpa. Therefore, the aim of the present study was to identify the
extracellular proteins secreted by this fungus that are related to the control of G
citricarpa. Bidimensional electrophoresis (2D) was performed to obtain the patterns of
proteins secreted by T. harzianum T21A in glucose medium (control) and in medium
containing mycelium of G. citricarpa Gc3. From the 178 differentially significantly
expressed spots, 65 proteins were identified by mass spectrometry. Of the proteins
identified, 63.6 % were related not only to mycoparasitism, but also to plant defense
response stimulation and biological control. Glycoside hydrolase families 2, 17, 31, 55,
71, 76, chitinase, mutanase, B-glucosidase, B-1,3-exoglucanase, B-1,6-glucanase, L-
amino acid oxidase, serine protease and Epl 1 protein, represent 54 % of the total
proteins and are related to pathogen control. Our results show, for the first time, that
Trichoderma harzianum T1A secretes proteins related to the control of Black Citrus
disease, and induction of plant resistance, even in the absence of a pathogen challenge.
When challenged by the pathogen, T. harzianum T1A reduces the total amount of
secreted proteins, especially the proteins related to primary metabolism, but increases
the secretion of proteins related to fungal interaction. This pattern explains the high
potential of T. harzianum T1A as a biological control agent of G. citricarpa, which may
help to reduce the use of fungicides currently applied to control the disease.

Keywords: Secretome analysis, Biological control, Plant resistance, Citrus Black Spot

disease
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Biological Significance

This study gives an overview of the extracellular changes induced by the fungal
pathogen G. citricarpa in T. harzianum T1A. Moreover, this study provides the first
evidence that this strain constitutively expresses proteins that are involved in the control
of fungal pathogens and in the induction of plant defenses, even in the absence of the

fungal prey.

Highlights
e The secretome of T. harzianum was evaluated before and after prey challenge.
e T. harzianum T1A is able to control G. citricarpa via mycoparasitism and
oxidative stress.

e T. harzianum T1A is also able to induce plant defenses even in the absence of the

prey.

Introduction

Trichoderma is a saprophyte fungus with a worldwide distribution, commonly
found in soil, cellulosic materials and also as a parasite of other fungi (Schuster and
Schmoll 2010). Trichoderma species are recognized for their antagonist ability towards
various pathogens: Alternaria alternata, Botrytis cinerea, Fusarium solani, F
oxysporum, Macrophomina phaseolina, Rhizoctonia solani, Sclerotium rolfsii (Belete et
al. 2015, El-Komy et al. 2015, Kotasthane et al. 2015, Rao et al. 2015, Talla et al. 2015,
\os et al. 2015). This feature has promoted an increase in the interest on these fungi.
Trichoderma harzianum is one of the species most studied and used in biological
control of various pathogenic fungi (A. alternata, B.cinerea, Cochliobolus
heterostrophus, F. oxysporum, R. solani, S. rolfsii) and nematodes that cause losses in
agriculture (Kotasthane et al. 2015, Lamdan et al. 2015, Rao et al. 2015, Salas-Marina et
al. 2015).

Because of the concern surrounding food safety and the environmental impacts

on agriculture, caused by the use of classic fungicides, biological control agents have
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received increased recognition. The biological control agents are being used more often
as a complement or replacement of agrochemicals (Whipps and Lumsden 2001,
Wijesinghe et al. 2011, Martinez-Medina et al. 2014).

Some authors report that the secondary metabolites produced by Trichoderma
with antifungal action as well as the mycoparasitism mechanisms, competition for space
and nutrients and defense response induction and resistance in host plants are
mechanisms that act synergistically (Sempere and Santamarina 2010). The ability of
Trichoderma to control different plant pathogens is also due to the production and
secretion of hydrolytic enzymes, and its rapid adaptation to adverse environments.
Although a synergism occurs between the different mechanisms used by Trichoderma,
mycoparasitism is considered the main mechanism of biocontrol (Kubicek et al. 2001,
Gruber and Zeilinger 2014, Troian et al. 2014). In this mechanism there is the
intervention of extracellular enzymes that degrade the cell wall of pathogenic fungi
(Viterbo et al. 2002, Bech et al. 2014, Troian et al. 2014), especially chitinases, lipases,
proteases and glucanases (Mohamed et al. 2010, Monteiro et al. 2010, Do Vale et al.
2012).

However, there are few studies about interaction between Trichoderma and
Guignardia citricarpa (= Phyllosticta citricarpa), an important fungal pathogen for the
citrus industry. This pathogen causes Citrus Black Spot disease. The disease does not
damage the internal quality of the fruit, with symptoms restricted to flavedo (Aguilar-
Vildoso et al. 2002) but it disables the in natura trade of fruits (Tseng 2008, Aguilar-
Vildoso et al. 2002) with consequent economic losses. In severe attacks, G. citricarpa
can cause premature fall, reducing plant productivity, with losses of up to 80 % (Klotz
1978, Sposito et al. 2004). The main way to control this disease is the use of fungicides
(four to five sprays per season), reducing the outbreaks, but significantly increasing the
cost of production and the environmental costs (Bernardo and Bettiol 2010). The
growing concern about the environmental impacts of the disease caused by G.
citricarpa, has stimulated the search for new effective methods to control this pathogen.
It is aimed to replace or reduce fungicide applications and consequently lower costs in
producing and exporting. Despite the recognized potential of Trichoderma as an
effective biological control agent of plant pathogens (Inch et al. 2011, Wijesinghe et al.
2011, Martinez-Medina et al. 2014), there is a shortage number of studies of

Trichoderma action on G. citricarpa, or about the mechanisms used by Trichoderma in
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control of this phytopathogen. Among these, the studies involving these two fungi
(antagonist/pathogen) of Guimardes (2008) and Pandolfo (2011) stand out, but only
demonstrate that Trichoderma is effective in the control of this phytopathogen, without
indicating the mechanisms used to control the antagonist. These authors reported the
antagonist action of T. koningii towards G. citricarpa in vitro, suggesting Trichoderma
as a potential biocontrol agent of Citrus Black Spot.

In this context, this paper aims to clarify the biocontrol mechanisms of T.
harzianum T1A against G. citricarpa. The species Trichoderma harzianum was chosen
because it is the most widely used Trichoderma species in the biological control of plant
diseases (Singh et al. 2014, Belete et al. 2015, EI-Komy et al. 2015, Talla et al. 2015,
\os et al. 2015). This strain was selected due to its effect on Guignardia: the Biological
Control Laboratory of Plant Diseases (University of Caxias do Sul, Brazil), in
partnership with producers from the Vale do Cai-RS (Brazil), showed that strain T1A of
T. harzianum is able to reduce on the symptoms of Citrus Black Spot in orchards
(unpublished results). Due to the relevance of extracellular proteins in biocontrol
mechanisms, we focused on the secretome to elucidate the mechanisms used by T.
harzianum T1A as an antagonist of G. citricarpa.

Materials and methods
Cultivation and deactivation of Guignardia citricarpa Gc3

Guignardia citricarpa was cultured in Potato Dextrose Agar (PDA), for 20 days
at 25 °C with controlled photoperiod (12/12h) Guimaraes (2008). The mycelium was
scraped off with a spatula and inoculated into 100 mL of Potato Dextrose Broth medium
(PDB) for 10 days at 25 °C and 180 rpm. For deactivation, the mycelium was removed
by filtration (Whatman No.1 paper) and rinsed with sterile distilled water, dried at 50
°C, ground in a mortar, aliquoted, autoclaved and stored in amber vials at -20 °C until
use (Yang et al., 2009).

Cultivation of Trichoderma harzianum T1A and extraction of extracellular proteins

Trichoderma harzianum T1A was grown on PDA for 5 days at 25 °C. The
medium surface was washed with 2 mL of the NaCl solution 0.9 % (with sterile
Drigalski handle), to obtain a suspension of 1.10° conidia.mL™.
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Into 98mL of minimum medium broth [in gL (NH4),SO., 5.6; KH,PO4, 8;
NaH,PQOq4, 27.6; MgS0,4.7H,0, 1.2; peptone, 4; urea, 1.2; de pH5.0, 1% (w/v) glucose
and incubated at 25°C for 72 h (180 rpm)], 2 mL of the conidial suspension were
inoculated. Subsequently, mycelium was collected by filtration, washed with sterile
distilled water and re-inoculated into 100mL MTV medium (in gl™: KH,PO,, 2.0;
(NH4)2S04, 1.4; MgS0,4.7H,0, 0.3; urea, 0.3; CaCl,, 0.3; peptone, 1; 100 pL solution
[FeSO4, 50 gL MgS04.7H,0, 15 gL™; ZnS0,, 14 gL™; CaCl,, 20 gL™]) supplemented
with: (1) 1% (w/w) glucose (control medium) or (2) 1% (w/w) mycelium of G
citricarpa (Tseng et al. 2008, Yang et al. 2009) and incubated at 25 °C (180rpm) for
24 h, 48 h, 72 h, 96 h.and 120 h.

Protein Extraction and Quantification

The extracellular medium was collected by filtration (Whatman No.1 paper),
aliquoted and stored at -80 °C until use. The protein extraction was made as described

earlier by Fernandes et al. 2014 (method 1). All assays were made in quintupled.

Protein concentration was determined using the BCA kit from Thermo Scientific
(Rockford, USA), according to the manufacturer’s instructions, using Bovine Serum

Albumin as standard. The procedure was performed in triplicate.

Determination of enzyme activity

The quantification of the activities of chitinases and B-1,3-glucanases in the
extracellular medium of T. harzianum was carried out according to Wang et al. 2002 and
Noronha and Ulhoa 1996 (respectively).

Protein separation by 1D-electrophoresis

With the intention of evaluate the quality of protein extraction, all samples were
subjected to 1D-electrophoresis (SDS-PAGE) prior to separation by 2D-electrophoresis,
as described by Esteves et al. (2014). Proteins were separated by 12.5 % SDS-PAGE,
according to Laemmli (1970), in a Mini-PROTEAN 3 Cell (Bio-Rad, USA), for 120
min at 120 V. Proteins were visualized by colloidal Coomassie Brilliant Blue G-250
(CBB) staining (Neuhoff et al. 1988). According to Sarmento (2009), gel’s images were

acquired using the GS-800 calibrated imaging densitometer (Bio-Rad, USA).
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Protein separation by 2D-electrophoresis

This method was according to Fernandes et al. (2014). For 2D-electrophoresis,
150 ug of protein extract were loaded onto IPG strips (pH 4-7, 13 cm, GE Healthcare)
that were actively rehydrated (50 V, 10 h, 20 °C) with 250 pL of rehydration buffer (7 M
urea, 2 M thiourea, 4% CHAPS, 30 mM Tris-base, 2% DTT, 2 % IPG buffer pH 4-7 NL
and bromophenol blue). IEF was performed on a Ettan IPGphor 3 system (GE
Healthcare, Sweden) at 20 °C limited to 50 pAJ/strip according to the following
parameters: 1 h at 150 V, 2 h at 500 V, 6 h 500-1000 V, 3 h 1000-8000 V and 8000 V
until 20000 Vhr. Prior to the second dimension, the IPG strips were reduced and
alkylated for 20min with 1% (w/v) DTT and afterwards with 2.5% (w/v) iodoacetamide
in 5 mL equilibration buffer [75 mM Tris-HCI (pH 8.8), 6 M Urea, 30% (w/v) glycerol,
2% SDS and traces of bromophenol blue], respectively. After equilibration, the strips
were juxtaposed to 12.5% lab cast SDS-PAGE gels on a PROTEAN II xi Cell (Bio-Rad,
USA) system. Proteins were separated initially at 2 W/gel (2 h) and then at 6 W/gel
(limited to 200 V) until the dye marker reached the end of the gel.

Proteins were visualized by Coomassie Brilliant Blue G-250 (CBB) staining. Gel
images were acquired as described above.using the GS-800 -calibrated imaging
densitometer (Bio-Rad, USA). Stained 2-DE gels were analysed with PDQuest software
(Bio-Rad, USA) to determine the number and intensity of protein spots per gel.

2D gels from the two groups (T. harzianum T1A grown in control medium or in
the presence of G. citricarpa) were compared by a Mann-Whitney Signed Rank Test (p
value < 0.05). Only the significantly different spots were retained for identification,
taking into account a cut-off of twofold increase or decrease in spot intensity. Spots
absent in either the control group or the G. citricarpa induced group were also included

for identification.

Tryptic digestion, mass spectrometry analysis and protein identification

2DE differentially expressed spots were manual excised from gels and prepared
for tryptic digestion. Briefly, after excision, spots were destained, reduced with 10mM
DTT, alkylated with 55mM iodoacetamide and dried in a Speed Vac. Gel pieces were
then rehydrated with ABC buffer (50 mM NH4HCO3) containing trypsin (10pg/mL;
TPCK modified Trypsin, ABSCIEX) and incubated overnight at 37°C. Extraction was
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performed with formic acid and acetonitrile and the supernatant containing tryptic
peptides was dried in a Speed Vac. Protein identification was done by mass
spectrometry using a 4800 MALDI-TOF/TOF (ABSCIEX, Foster City, CA) in both MS
and MS/MS mode. Positively charged ions were analyzed in the reflectron mode over
the m/z range of 800-4000 Da. Four precursors from each MS spectrum were selected
automatically for MS/MS analysis. Using collision-induced dissociation assisted with
air and with energy of 2 kV. Raw spectra were processed and analyzed by the Global
Protein Server Workstation (Applied Biosystems), which uses internal MASCOT
software (v2.1.0 Matrix Science, London, UK) on searching the peptide mass
fingerprints and MS/MS data. NCBI protein sequence database (October 2014) was
used for all searches under taxonomy of Trichoderma. Database search parameters were
as follows: carbamidomethylation and propionamide of cysteine as a variable
modification as well as oxidation of methionine, and the allowance for up to two missed
tryptic cleavages. Mass tolerance was defined as 30 ppm for peptide and 0.3 Da for
fragment ion. Criteria for positive identifications rely on up to 95 % of confidence level
and in case of one peptide, it must contain b- or y- series covered by at least 4 ion

fragments in sequential.

The location of extracellular proteins was predicted using BaCelLo predictor
(Pierloni et al. 2006) as described earlier (Fernandes et al., 2014) and the theoretical pl
searched with Compute pl/Mw tool available on ExpASy (Gasteiger et al. 2005).

Results and Discussion

We evaluated the chitinase and B-1,3-glucanase activities of T. harzianum grown
in media containing glucose or mycelium of G. citricicarpa as carbon sources. The
relevance of these enzymes in mycoparasitism mechanisms (Rana et al. 2012, Viterbo et
al. 2002) is related to the fact that fungal cell walls are mainly composed of chitin-
glycan complexes (3-1,3/B-1,6-glycans and chitin), linked to other polysaccharides

(galactomannan, mannan and galactosamine galactan) (Latgé 2007, 2010).

The highest chitinase activity was detected after 48h of incubation in control
medium (Fig. 1A). Afterwards, a decrease of chitinase activity was observed. An
opposite pattern, with an increase in the activity after 72 h of incubation, was found for
T. harzianum grown in the presence of the pathogen mycelium (Fig. 1A). The activity of
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-1,3-glucanase was similar in the two media tested, with higher expression in the early
hours of growth (Fig. 1B), suggesting that the production of this enzyme is mainly
destined for the primary metabolism of T. harzianum. Nonetheless, the increase on the
activity detected after 72h of incubation (in the presence of G. citricarpa mycelium)
may be related to the degradation of the cell wall of the pathogen. Concerning chitinases
activity, the results suggest that T. harzianum uses chitin for its growth and metabolism.
But, the presence of the mycelium of G. citricarpa leads to an increase of the chitinase

activity by Trichoderma, which contributes for the degradation of the cell walls of the

pathogen.
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Figure 1. Enzymatic activity of the secretome of T. harzianum T1A grown on control medium [1%
glucose (#)] and on the presence of 1% of mycelium of G. citricarpa as carbon source (m). A — Chitinase

activity. B - B-1,3-glucanase activity.

An approach based on 2D gel electrophoresis (2-DE) was selected for the
analysis of the secretome of T. harzianum since this approach was already validated for
filamentous fungi (Fernandes et al. 2014). For comparison purposes, protein extraction
was carried out after 72 h of growth according to Tseng et al. (2008) and Yang et al.
(2009). Furthermore, our data shows that after 72h, T. harzianum T1A shows the highest

inhibition ratio of G. citricarpa in vitro (data not shown).

The analysis of 2-DE gels showed a general down-regulation of proteins
secreted by T. harzianum T1A grown in the presence of G. citricarpa (144 + 11 spots)
when compared to the control medium (352 £ 39 spots). 178 spots were differentially
secreted by T. harzianum T1A for the two tested carbon sources analyzed. From these,

65 proteins were identified by mass spectrometry (Fig. 2 and Table 1). We observed that
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some proteins secreted by T. harzianum T1A were present as multiple spots [putative L-
amino acid oxidase (Q8TFF5), beta-1,3 exoglucanases (014402, A9YZWO0), GH family
71 (G9MR60), mutanase (F2YBR1), GH family 31 (GO9MQSO0), GH family 17
(GOMZ09), beta-glucosidase (GOIMUMI1, GINS06), glucoamylase (Q599K8) and
putative alpha-1,2-mannosidase (A0A024SAZ5)], which is a phenomenon detected
frequently in proteomic analysis by 2-DE (Mahajan & Master, 2010; Gomez-Mendonza
et al., 2014), possibly as result of post-translational modifications of mRNA (such as

glycosylation).
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Figure 2. 2D average gels of control (A) and G. citricarpa induced (B) secretomes of T. harzianum T1A.
Five biological replicates were used for each condition. Gels were stained with CBB-250. Protein spots
identified in blue are exclusive of control; in green were up-regulated in the presence of G. citricarpa; in
red were down-regulated in the presence of G. citricarpa and in yellow are exclusive of G. citricarpa

induction. The identifications are summarized in Table 1.

Table 1. Summary of the extracellular proteins identified in T. harzianum T1A control medium and in the
presence of G. citricarpa. Theoretical pl and MW were determined with Compute pl/Mw tool (ExPASY)
and the subcellular localization deduced with BaCelLo. The fold changes (spots differentially expressed
by T. harzianum T1A in control medium and in the presence of G. citricarpa) were determined by
PDQuest software (p value <0.05). The fold changes (spots differentially expressed by T. harzianum T1A
in the presence of G. citricarpa) were determined by PDQuest software (p value <0.05).
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Protein

. Accession Ne of Protein .
Spot Proteins Number Peptides Score Scor; C.l. MW (kDa) Function Fold change
9108  Endo-1,4-beta-xylanase P48793 7 186 100 20703.4 xylan catabolic process 2
5505 z;‘lt;at;‘;e L-amino acid Q8TFF5 7 68 100 50201.4 oxidoreductase activity J
Putative L-amino acid . . a)
5504 oxidase Q8TFF5 5 149 100 50201.4 oxidoreductase activity
glucan 1,3-alpha-glucosidase a)
8609 Mutanase F2YBR1 8 112 100 67638.3 .
activity
4709 Uncharacterized protein GI9MPP2 8 139 100 79651.9 - 3
5805 Beta-1,3-exoglucanase Q862P7 11 69 100 85935.7 glucan .exo-1,3-t.>e.ta— b)
(Fragment) glucosidase activity
3801 Beta 1,3 exoglucanase A9YZWO 4 75 100 107938.5 glucan exo-1,3-beta- 2
glucosidase activity
3802 Beta-1,3 exoglucanase 014402 4 68 100 107912.5 glucan exo-1,3-beta- 2
glucosidase activity
3803 Beta 1,3 exoglucanase A9YZWO 4 109 100 107912.5 glucan exo-1,3-beta- 2
glucosidase activity
4803 Beta 1,3 exoglucanase A9YZWO 2 122 100 107938.5 glucan exo-1,3-beta- 2
glucosidase activity
6705 Beta 1,3 exoglucanase A9YZWO 2 75 100 107938.5 glucan exo-1,3-beta- 2
glucosidase activity
1301 Beta-1,6-glucanase BovQ17 4 145 100 51862.3  glucosylceramidase activity o)
4503 S'lycos'de hydrolase family -0\ 160 4 95 100 46479.1 hydrolase activity b)
5503 S'lyms'de hydrolase family -0 \160 4 112 100 46479.1 hydrolase activity b)
9104 Serine endopeptidase A4V8W7 4 70 100 42479.2 serine-type endopeptidase b)

activity
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4705

Mutanase

F2YBR1

12

178

100

67638.3

glucan 1,3-alpha-glucosidase

b)

activity
glucan 1,3-alpha-glucosidase b)
5702 Mutanase F2YBR1 10 108 100 67638.3 .
activity
2103 %ycos'de hydrolase family  -o\1550 4 61 99 43971.9 hydrolase activity b)
2505 Slycos'de hydrolase family <o 1050 8 60 99 98793.1 hydrolase activity b)
3502 Slycos'de hydrolase family <o 1050 2 50 99 98793.1 hydrolase activity b)
5705 Glycoside hydrolase family2 G9MRB7 1 55 100 68590.0 hydrolase activity °)
2005 %ycos'de hydrolase family — g5147 1 86 100 43550.3 hydrolase activity b)
204 f;ycos'de hydrolase family -5\ 1709 5 135 100 51606.7 hydrolase activity b)
205 f;ycos'de hydrolase family -0\ 1 41 100 51606.7 hydrolase activity b)
2205 f;ycos'de hydrolase family -5\ 1709 6 69 100 51606.7 hydrolase activity b)
4802 Beta-glucosidase GIMUM1 13 160 100 92942.9 beta-glucosidase activity b)
5802 Beta-glucosidase GIMUM1 21 249 100 92942.9 beta-glucosidase activity o)
6801 Beta-glucosidase GIMUM1 10 171 100 92942.9 beta-glucosidase activity b)
6802 Beta-glucosidase GIMUM1 4 68 100 92942.9 beta-glucosidase activity o)
5801 Beta-glucosidase GINSO06 5 66 100 92953.9 beta-glucosidase activity o)
7503  Predicted protein GORR47 22 156 100 78622.7 - 2
(Fragment)
flavin adenine dinucleotide b)
7404  Glutamate synthase GIONSN7 26 164 100 233157.3 binding
2601 Glucoamylase Q599K8 12 138 100 66254.7 glucan 1,4-alpha-glucosidase b)
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activity

glucan 1,4-alpha-glucosidase

b)

2802 Glucoamylase Q599K8 7 146 100 66254.7 .
activity
glucan 1,4-alpha-glucosidase b)
3602 Glucoamylase Q599K8 10 98 100 66254.7 .
activity
403 L3Pt GIN1C8 4 63 100 56873.3 hydrolase activity, 2
glucanosyltransferase transferase activity
3701 utativealpha-1,2- ADAO2ASA ¢ 58 100 89470.5 carbohydrate binding b)
mannosidase Z5
3707 utativealpha-1,2- ADAD24SA 1 62 100 89470.5 carbohydrate binding b)
mannosidase Z5
7203 Predicted protein GORCP2 15 106 100 76835.2 serine-type peptidase 2
activity
glucan 1,4-alpha-glucosidase b)
2303  Glucoamylase Q599K8 13 100 100 66254.7 activity
5402 Phytase Q2PDJ7 2 68 100 34651.7 acid phosphatase activity °)
1501 Peptide hydrolase G9P7C7 9 65 99 55122.3 peptidase activity °)
9103 Peptide hydrolase GIMYA8 4 62 99 40007.6 peptidase activity o)
5305 Uncharacterized protein GIN6Z1 5 81 100 37049.2 catalytic activity o)
5307 Uncharacterized protein GIN6Z1 4 64 100 37049.2 catalytic activity o)
1602 Uncharacterized protein GI9MK38 10 95 100 60359.4 oxidoreductase activity o)
1601 Uncharacterized protein AOA3;4RX 12 164 100 62470.8 oxidoreductase activity )
5309  Uncharacterized protein GIMES4 8 65 100 630886  Metalloendopeptidase 9.37
activity, zinc ion binding
7301 42kDa endochitinase D3JTC6 18 129 100 46381.7 chitinase activity 4.44
6201 Endochitinase A4L4X3 4 74 100 34026.9 hydrolase activity 2.47
7701  Mutanase F2YBR1 11 112 100 676383 Blue@n 1,3-aalr;if\1/?t-5luc05|dase 31.45
8702 Mutanase F2YBR1 2 73 100 67638.3  glucan 1,3-alpha-glucosidase 68.09
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activity

7101 Uncharacterized protein GOMSI3 5 72 100 339374 - 20.10
5706 Beta-1,3-exoglucanase Q862P7 1 67 100 85935.7 glucan exo-1,3-beta- 0.03
glucosidase activity
2506 Glycoside hydrolase family GOMQSO 7 64 100 98793 1 carbohydrate blin(.img, 0.40
31 hydrolase activity
5707 Beta-1,3 exoglucanase 014402 7 109 100 107912.5 glucan exo-1,3-beta- 0.16
glucosidase activity

8001 Epll protein AOPCX8 4 64 100 14356.1 - 0.16

6404 sllycos'de hydrolase family o\ 1260 4 59 100 46479.1 hydrolase activity 0.10

6301 sllycos'de hydrolase family o\ 1260 4 89 100 46479.1 hydrolase activity 0.36

5601 S;ycos'de hydrolase family .o\ 1vGs 5 61 100 79961.7 hydrolase activity 0.05

4101 %ycos'de hydrolase family  g\1550 4 129 100 43971.9 hydrolase activity 0.57
glucan 1,4-alpha-glucosidase

2602 Glucoamylase Q599K8 14 176 100 66254.7 activity 0.11
glucan 1,4-alpha-glucosidase

2603  Glucoamylase Q599K8 7 99 100 66254.7 activity 0.07
phosphoric diester hydrolase

2501 Uncharacterized protein GIMUE2 6 112 100 65801.8 activity, lipid metabolic 0.12

process
2101 Uncharacterized protein GON7V2 5 24 92 35849.9 - 0.18

Uspots exclusive of the secretome of T. harzianum grown in the presence of G. citricarpa. ®spots exclusive of the secretome of T. harzianum grown in control

medium.
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In the control medium, proteins related to metabolism and to biological control
were observed (Figs. 3 and 5, Table 1 and 2). On the contrary, when T. harzianum was
grown in the presence of G. citricarpa, we detected a decrease in the expression of
proteins. But, simultaneously there was an increase in the expression of proteins related
to biological control: 75% of the proteins expressed by T. harzianum in the presence of
G. citricarpa are related to biological control of fungal pathogens (Fig. 4 and 5, Table 1
and 2).

® Serin endopeptidase ) R
W Putative alpha-1,2-mannosidase

Y

o Predicted protein Metabolism

WGH76
= Beta-1,3-exoglucanase
WGH31

m Beta-1,6-glucanase
HGH2

mGH17 = Mutanase

HWGHS55 M Uncharacterized protein

i Beta- M 42kDa endochitinase

glucosidase
®GH31

M Glutamate synthase

® Endochitinase
HGH71

® Glucoamylase

o 1,3-beta-
glucanosyltransferase

® Glucoamylase

u Phytase

W Peptide hydrolase

® Uncharacterized
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™ Epll protein

Figure 3. Secretome of T. harzianum T1A grown in control medium (1% glucose). Proteins identified

were distributed according to their corresponding functions (according to UniProt).
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® Endochitinase
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Figure 4. Secretome of T. harzianum T1A grown in the presence of 1 % mycelium of G. citricarpa.

Proteins identified were distributed according to their corresponding functions (according to UniProt).

T. harzianum in control midium T. harzianum with G. citricarpa
44% 27% 15%
A B B

Figure 5. Left panel corresponds to the amount of proteins found in control medium secreted by T.
harzianum T1A. The right panel corresponds to the right is the amount of proteins secreted by T.
harzianum T1A in medium containing mycelium of G. citricarpa. (A) proteins related to biological
control, plant defense and mycoparasitism, (B) proteins related to the metabolism, (C) proteins having

both functions of A and B.
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Table 2. Assignment of proteins identified in the secretome of T. harzianum to processes of

mycoparasitism, biological control, plant defense and primary metabolism.

Spots exclusive of the secretome of T. harzianum grown in the presence of G. citricarpa

Spot Protein Accession Function References
number
biological Collins et al. (2005), Tseng et al. (2008),
9108 Endo-1,4-beta-xylanase P48793 9 . Verma and Satyanarayana (2012), Marx et
control/mycoparasitism
al. (2013)
5504, Putative L-amino acid biological .
5505 oxidase QBTFFS control/mycoparasitism Gomez-Mendoza et al. (2014)
" Ait-Lahsen et al. (2001), Sanz et al.
8609 Mutanase F2YBR1 mycoparasitism (2005), Calo et al. (2006)
4709 Uncharacterized protein GIMPP2 - Kubicek et al. (2011)
Spots exclusive of control medium
Beta-1,3-exoglucanase . Bolar et al. (2000), Harman (2000),
5805 (fragment) Q86zP7 mycoparasitism Viterbo et al. 2002, Yang et al. (2009)
3801
! ) . Bolar et al. (2000), Harman (2000),
%%%23 Beta-1,3 exoglucanase 014402 mycoparasitism Viterbo et al. 2002, Yang et al. (2009)
4803, . Bolar et al. (2000), Harman (2000),
6705 Beta 1,3 exoglucanase A9YZWO mycoparasitism Viterbo et al. 2002, Yang et al. (2009)
1301 Beta-1,6-glucanase BIVQ17 mycoparasitism Montero et al. (2005)
4503, Glycoside hydrolase family GOMRS0 biological Ait-Lahsen et al. (2001), Atanasova et al.
5503 71 control/mycoparasitism (2013), Marx et al. (2013)
biological control/Plant Flores et al., 1997, Grinyer et al., 2005,
9104 Serine endopeptidase A4VBWT7 9 defense Hanson and Howell 2004, De Marco and
Felix 2002, Pozo et al., 2004
4705, . Ait-Lahsen et al. (2001), Sanz et al.
5702 Mutanase F2YBR1 mycoparasitism (2005), Calo et al. (2006)
2103 Glycoside hydrolase family GIMSSO  metabolism/ mycoparasitism Atanasova et al. (2013), Marx et al.
76 (2013)
2505, Glycoside hydrolase family . - Atanasova et al. (2013), Marx et al.
3502 31 GIMQSO  metabolism/ mycoparasitism (2013)
5705 (;chosnde hydrolase family GOMRB7  metabolism/ mycoparasitism Atanasova et a(l.z(()2103§3), Marx et al.
2005 Glycoside hydrolase family GOP117  metabolism/ mycoparasitism Atanasova et al. (2013), Marx et al.
76 (2013)
204,205, Glycoside hydrolase family - . Atanasova et al. (2013), Marx et al.
2905 17 G9MZ09  metabolism/ mycoparasitism (2013)
4802,
gggi Beta-glucosidase GIMUM1  metabolism/ mycoparasitism  Chet et al. (1998), Monteiro et al. 2010
6802
5801 Beta-glucosidase GINS06  metabolism/ mycoparasitism  Chet et al. (1998), Monteiro et al. 2010
7503 Predicted protein (Fragment) ~ GORR47 metabolism Martinez et al. (2008)
7404 Glutamate synthase GINSN7 metabolism Kubicek et al. (2011)
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2601,
2802,
3602

4403

3701,
3702

7203
2303
5402
1501

9103

5305,
5307

1602

1601

Glucoamylase

1,3-beta-
glucanosyltransferase

Putative alpha-1,2-
mannosidase

Predicted protein

Glucoamylase

Phytase

Peptide hydrolase

Peptide hydrolase

Uncharacterized protein

Uncharacterized protein

Uncharacterized protein

Q599K8

GO9N1C8

A0A024SA

Z5

GORCP2

Q599K8

Q2PDJ7

GIP7C7

GIMYAS8

GIN6Z1

GOMK38

AO0A024R
XH9

metabolism

metabolism

biological control

metabolism

metabolism

metabolism

metabolism

metabolism

metabolism

Marx et al. (2013)

Kubicek et al. (2011)

Monteiro et al. (2010)

Martinez et al. (2008)

Marx et al. (2013)

Sunil et al. (2012)

Kubicek et al. (2011)

Kubicek et al. (2011)

Kubicek et al. (2011)

Kubicek et al. (2011)

Spots up-regulated in the medium with deactivated G. citricarpa mycelium

5309

7301

6201

7701,
8702

7101

Uncharacterized protein

42kDa endochitinase

Endochitinase

Mutanase

Uncharacterized protein

GI9MES4

D3JTC6

A4L4AX3

F2YBR1

GIMSJ3

mycoparasitism

mycoparasitism

biological control/
mycoparasitism

mycoparasitism

Kubicek et al. (2011)

Chet et al. (1998), Monteiro et al. 2010

Chet et al. (1998), Monteiro et al. 2010

Ait-Lahsen et al. (2001), Sanz et al.
(2005), Calo et al. (2006)

Kubicek et al. (2011)

Spots down-regulated in the medium with deactivated G. citricarpa mycelium

5706

2506

5707

8001

6404,
6301

5601

4101

Beta-1,3-exoglucanase
(Fragment)

Glycoside hydrolase family
31

Beta-1,3 exoglucanase

Epl1 protein

Glycoside hydrolase family
71

Glycoside hydrolase family
55

Glycoside hydrolase family
76

Q86ZP7

GIMQS0

014402

AOPCX8

GI9MRG0

GIMVG5

GOMSS0

mycoparasitism

mycoparasitism

mycoparasitism

plant defense

biological control/
mycoparasitism

metabolism/ mycoparasitism

metabolism/ mycoparasitism

Bolar et al. (2000), Harman (2000),
Viterbo et al. 2002, Yang et al. (2009)

Atanasova et al. (2013), Marx et al.
(2013)

Bolar et al. (2000), Harman (2000),
Viterbo et al. 2002, Yang et al. (2009)

Frischmann et al. (2012), Salas-Marina et
al. (2015)

Ait-Lahsen et al. (2001), Atanasova et al.
(2013), Marx et al. (2013)

Kubicek et al. (2011), Marx et al. (2013)

Atanasova et al. (2013), Marx et al.
(2013)
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2602,

2603 Glucoamylase Q599K8 metabolism Marx et al. (2013)

2501 Uncharacterized protein GIMUE2 metabolism Kubicek et al. (2011)

2101 Uncharacterized protein GION7V2 - Kubicek et al. (2011)

The secretion of proteins involved in mycoparasitism processes (such as
penetration into the cell wall of the host) in the absence of induction by a pathogen
suggests that there is a constitutively expression of these proteins. The presence of the
pathogen leads to the increase of the total number of proteins intended for biological
control, for plant defense and for mycoparasitism secreted by Trichoderma (Fig. 5).
Protein-protein interaction analysis performed with ClueGo + CluePedia (Fig. 6) of the
unique proteins and of the most abundant proteins in each group, confirmed the
prevalence of the biological process “hydrolase activity acting in glycosyl bonds”,
“glucosidase activity”, “nitrogen metabolism”, “hydrolase activity” in case of
Trichoderma growth in control medium (Fig. 6A), whereas in case of T. harzianum
grown in the presence of G. citricarpa only in “polyamine oxidase activity” supported
by Putative L-amino acid oxidase (Q8TFF5) (Fig. 6B). In case of up-regulated proteins
biological processes such as metalloendopeptidase and aminosugars were highlighted
and in case of down-regulated protein it was only noticed the protein dephosphorylation
supported by GH family 76 protein (GOMSSO0).
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protein
dephosphorylation

Figure 6: ClueGo+CluePedia analysis of protein-protein interaction. A- Unique proteins present in
significant distinct levels. Green nodes refer to the biological processes exclusive of the secretome of T.
harzianum grown in the presence of G. citricarpa and red nodes refer to the ones exclusive of control
medium. B- Up regulated proteins (green nodes) and down-regulated in the medium with deactivated G.
citricarpa (red nodes). Gray nodes refer to shared biological processes between up- and down- regulated

proteins.

Trichoderma harzianum is capable of producing extracellular enzymes
responsible for the degradation of fungal cell walls (endochitinases, B-glucosidases,
mannosidases, phosphatases and proteases) and thus assimilate the intracellular contents
of the host (Chet et al. 1998). These enzymes act synergistically causing the effective
control of pathogens such as Botritys cinerea, Macrophomina phaseolina, Rhizoctonia
solani and Fusarium sp. (Monteiro et al. 2010). It is known that initially there is a
chemical stimulus by the host, which ensures the recognition of hyphae and so
Trichoderma is capable of directing its growth over the hyphae of the pathogenic fungus
(Kredics et al. 2003, Gruber and Seidl-Seiboth 2012, Gruber et al. 2014).

The enzymes produced by Trichoderma are required for cell wall degradation of

the phytopathogen (Harman et al. 2004, Druzhinina et al. 2012). Among the proteins
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exclusive of the medium containing G. citricarpa, we identified an L-amino acid
oxidase (LAAO, Q8TFF5). Although it is not predicted as an extracellular protein, it
was already identified by Cheng et al. (2012) as an enzyme linked to T. harzinaum
antagonism against B. cinerea. The L-amino acid oxidase has been isolated from
various organisms such as bacteria (Arima et al. 2009), fungi (Yang et al. 2009), fish
skin mucus (Kitani et al. 2007, Nagashima et al. 2009), green algae (Kasai et al. 2010)
and serpent venoms (Naumann et al. 2011). These enzymes have many pathological
activities such as cytotoxicity (Rodrigues et al. 2009), bactericidal and antiviral activity,
promoting growth suppression of Gram-positive and Gram-negative prokaryotes as well
as of HIV (Ciscotto et al. 2009). However, their roles in vivo remain uncertain (lzidoro
et al. 2014). The LAAO of snakes is the most studied and has been an attractive target
for research in molecular biochemistry, physiology and medicine due to its multiple
effects on various cells. Tseng et al. (2008) and Yang et al. (2009) reported the secretion
of LAAO by T. harzianum in the presence of the cell walls of the phytopathogenic fungi
Rhizoctonia solani and B. cinerea respectively. According to the authors, this enzyme
cleaves amino acids generating ammonia, hydrogen peroxide, and R-keto-aminocaproic
acid. Hydrogen peroxide may have an active role in disrupting the integrity of the cell

membrane.

Another important protein identified in the present study is mutanase, which was
found in control medium and up-regulated in the presence of 1% of the mycelium of G.
citricarpa. Alpha-1,3-glucanases (F2YBR1), also named mutanases or spindle a-1,3-
glucanases, are extracellular enzymes able to degrade polymers of glucose bound by a-
1,3-glycosidic bonds. These enzymes, grouped in family 71 of the CAZy glycosyl-
hydrolases, are classified as endo-hydrolytic when two or more residues of glucose are
released as reaction products, and exo-hydrolytic when glucose monomers are the final

reaction products.

According to Ait-Lahsen et al. (2001), mutanases are secreted by T. harzianum,
when cultured in the presence of polysaccharides, fungal cell walls, or autoclaved
mycelium as a carbon source. Years later, Sanz et al. (2005) were able to purify,
characterize and clone a o-1,3-glucanase (mutanase) from T. asperellum T32. Its

expression, in the presence of B. cinerea, was strongly increased in the process of
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antagonist action. The authors concluded that the secretion of mutanase was specifically
induced by the presence of the cell walls of B. cinerea, supporting the involvement of
this enzyme in mycoparasitism processes. According to Calo et al. (2006), the mutanase
secreted by T. harzianum is also very important in resistance induction on plant
trichomes. According to the authors, the resistance to the pathogen B. cinerea did not
depend on the signaling pathways of salicylic or jasmonic acid, but on the presence of
a-1,3-glucanase at the trichomes. According to Steindorff et al. (2014) the resistance
occurs after the action of the mycoparasite, which according to Free (2013) is expected:
the cell wall composition of B. cinerea (B-1,3/p-1,6-glycans and a-1,3glucans) favors

the expression of such enzyme.

Another protein induced by the pathogen mycelium (absent from the control
medium) was endo-1,4-B-xylanase. According to the Cazy database
(http://www.cazy.org), xylanases (XYNZ2) are present in the glycoside hydrolase (GH)
families 5, 7, 8, 9, 10, 11 12, 16, 26, 30, 43, 44, 51 and 62. The xylanases secreted by T.
harzianum T1A in the presence of G. citricarpa were mostly identified as GH 10 and 11,
which have a truly distinct catalytic domain with endo-1,4-B-xylanase activity (Verma
and Satyanarayana 2012, Collins et al. 2005). Tseng et al. (2008) reported the
participation of xylanase in the process of mycoparasitism by Trichoderma. The authors
demonstrated that xylanase activity is induced by the presence of mycelium of R. solani
and this behavior correlates with a reduction of pathogen growth when confronted with

Trichoderma in vitro.

The pB-1,3-exoglucanase (014402, A9YZWO) is also well described in the
literature as important plant pathogen’s cell wall degrading enzyme (Viterbo et al.
2002). Trichoderma harzianum T1A secretes this enzyme both in control and after being
challenged by G. citricarpa mycelium, suggesting a constitutively production of this
protein, regardless of the carbon source. Along with -1,3-exoglucanase, endochitinase
was also found in both media, but with higher expression in the medium containing the
mycelium of G. citricarpa. According to Bolar et al. (2000) and to Harman (2000) these
enzymes are able of degrading fungal cell wall, being important for the biocontrol
mechanism exerted by T. harzianum. Yang et al. (2009) identified several enzymes able

to degrade B. cinerea cell wall proteins such as chitinase, p-1,3(6)-glucanases and
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proteases secreted by T. harzianum when grown in the presence of the cell wall of the
pathogen. These proteins were also identified in our study (endochitinases D3JTC6 and
A4L4X3, B-1,3 exoglucanases Q86ZP7 and A9YZWO, B-1,6 glucanase B9VQ17),
suggesting that a similar mechanism may occur in the antagonism of T. harzianum

against G. citricarpa.

Glycoside hydrolase (GH) families (2, 17, 31, 55, 71, and 76) are associated
both with metabolism and mycoparasitism processes. Trichoderma harzianum T1A
expressed these enzymes in both media tested, but with higher expression in the control
medium (25.8 % of total proteins) than in medium containing mycelium of G. citricarpa
(7.6 % of the identified proteins). This suggests that the expression of these enzymes is
more related to the metabolism of the fungus than to the mycoparasitism mechanism.
Nonetheless, these GH are also known for having a central role in mycoparasitism
(Atanasova et al. 2013) acting as fungal cell wall degradative enzymes, which confers
an additional defensive advantage to the plant colonized by T. harzianum. A similar
action should be carried out by p-1,6-glucanase (BO9VQ17) that was detected in control
medium, differing from what was found by Montero et al. (2005), which reported p-1,6-

glucanase being specifically induced by the presence of cell walls of fungi.

The serine endopeptidase (A4V8W7) was detected exclusively in the control
medium. Surprisingly this enzyme has been related to the elicitation of plant defense
responses (Hanson and Howell 2004) by T. virens. On the other hand, for many authors
(Flores et al., 1997, Grinyer et al., 2005, Hanson and Howell 2004, De Marco and Felix
2002, Pozo et al., 2004) the most relevant extracellular protease related to the biocontrol
process in Trichoderma spp. is a serine endopeptidase. Also, Suérez et al. (2007)
reported the induction of a serine protease, not only during, but before the contact with
the prey in different Trichoderma species). It was proposed that the expression of
proteolytic enzymes during the onset of mycoparasitism leads to the formation of
nitrogenous metabolites (e.g. peptides), derived from the prey fungus, which interact
with the nitrogen sensors of Trichoderma. Additionally, proteases make possible an
easier penetration of the host tissue by degradation of the links of the proteins of the

outer layer of the host and/or use of host proteins for their nutrition (Pozo et al. 2004).

97



The Epl 1 protein was observed in both media (Tables 1 and 2). According to
Salas-Marina et al. (2015), fungi belonging to the genus Trichoderma, induce beneficial
effects on plants, including promoting growth and inducing resistance disease. Epl 1 (a
cerato-platanin protein) has been described as able to act as an elicitor for triggering
defense reactions in plants (Frischmann et al. 2012, Freitas et al. 2014, Gomes et al.
2015, Salas-Marina et al. 2015, Ramada et al. 2015). It is important to note that
although some authors report the defense response-inducing function in plants by
Trichoderma through the protein Serine endopeptidase and Epl 1 protein, may possibly
be performing other functions, not described, even when Trichoderma secret these
proteins without the presence of the plant.

In work of the Gomes et al. (2015), they analyzed the effect of Epll protein,
described by the other authors with plant resistance elicitor, in expression modulation of
T. harzianum genes involved in mycoparasitism process against phytopathogenic fungi;
self cell wall protection and recognition; host hyphae coiling and triggering expression
of defense-related genes in beans plants. These authors suggest that your results
indicated that the absence of Epll protein affects the expression of all mycoparasitism
genes analyzed in direct confrontation assays against phytopathogen Sclerotinia

sclerotiorum.

Also note that Gomes et al. (2015) indicated that Epl1 might act as a recognition
molecule to identify its own and/or host hyphae while avoiding self-degradation.
Alternatively, this protein could have a protection function,such as fish scales, from host
and its own degrading enzymes and other metabolites, thereby preserving its own cell
wall integrity during confrontation against prey.

Together with the serine endopeptidase, the presence of Epl 1 protein, in the
absence of both the pathogen and the host plant, corroborates the hypothesis that T.
harzianum T1A constitutively expresses proteins that are involved in biological control
mechanisms. In fact, T. harzianum T1A showed a different behavior towards G.
citricarpa, when compared to other plant pathogens according relates of Tseng et al.
(2008), Yang et al. (2009) and Ramada et al. (2015). This strain is able to express and
secrete proteins related to biological control as well as proteins that provide protection

to the plant even in the absence of G. citricarpa (Fig. 7). Most reports describe the
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secretion of proteins related to biological control in medium only after induction by the
pathogen. When exposed to mycelium of G. citricarpa we detected a decrease of the
presence of proteins related to the metabolism and an increase of the secretion of

proteins related to the biocontrol explaining the efficiency of this strain in the control of

G. citricarpa.
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Figure 7. Schematic representation of biocontrol mechanisms exerted by Trichoderma harzianum T1A
over Guignardia citricarpa. Model of the roles of hydrolytic enzymes (chitinases, glucanases, proteases
and xylanases) in mycoparasitism, oxidative stress (LAAOS) against C. citricarpa, as well as in plant
defenses elicitation (EPI1). Also represented are the enzymes involved in Trichoderma nutrition and in

recycling and remodeling processes (chitinases).

The results suggest that T. harzianum T1A is able to secrete under control
conditions (without presence of a pathogen) proteins that provide protection to the plant.
When exposed to the mycelium of G. citricarpa there is a decrease of the secretion of
proteins related to metabolism and increase of secretion of proteins related to the
biocontrol. This behavior is different from what has already been reported for other
strains of T. harzianum (Tseng et al. 2008, Yang et al. 2009, Ramada et al. 2015) and its
interaction with other fungal pathogens. These studies reported higher expression of
enzymes with biological control properties only when T. harzianum was challenged by
the pathogenic fungi. These results should be fully understood with complementary

studies to better understand the specific behavior of the strain used in this study (T1A).
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Conclusion

This antagonistic effect of T. harzianum is mainly due to the production and
secretion of proteins involved in mycoparasitism processes and plant defense induction.
One of the more significant findings that emerge from this study is that T. harzianum
T1A secretes many of these proteins without induction by a pathogen. Despite the great
interest in the identification of important enzymes related to mycoparasitism (chitinases,
lipases, proteases and glucanases) (Harman et al. 2004, Suérez et al. 2004) no study has
identified the production of these enzymes by T. harzianum in the presence of G

citricarpa.

Although many species of Trichoderma are already used in the production of
biofungicides such as Tricodex® (control of the fungi causing post-harvest rot apple),
Trichodermil®, based on T. harzianum (controls various pathogens of different cultures)
and GlioGard® based on T. virens (prevention of seedling damping-off caused by
Pythium species and Rhizoctonia), until now there are no biofungicides (based on
biological control agents) used to control Citrus Black Spot. The enzymes express by T.
harzianum T1A may be useful in the formulation of new compounds with fungicidal
activity that are more efficient and less aggressive to the environment and to the

producer.
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CAPITULO 9 - Comparagéio da secretdmica de T. atroviride T17 e T. harzianum
T1A

A analise dos secretomas das estirpes T. atroviride T17 e T. harzianum T1A
permitiu a comparagdo da expressdo das proteinas extracelulares secretadas por estes
organismos. As Unicas proteinas encontradas em ambas as espécies de Trichoderma
estudadas com as mesmas funcdes sdo: glucoamylase, glicosil hidrolase (GH) familia
76, quitinase e mutanase.

Foram identificadas 59 proteinas dos 116 “spots” diferencialmente expressos
pelo antagonista T. atroviride T17 (exclusivos no meio contendo micélio de G
citricarpa, exclusivos do meio controle e ainda proteinas presentes em ambos 0s meios,
mas com maior expressdo no meio contendo micélio do patdgeno). Destaca-se a
presenca de GH (familias 3, 43, 54, 76 ¢ 93), quitinase, mutanase, o-1,3-glucanase, a-
1,2-manosidase, glucan 1,3-p-glucosidase, a-galactosidase e Protease Neutra 2.

Para T. harzianum T1A, foram identificadas 66 proteinas dos 178 sposts
diferencialmente expressos. Destas, destacam-se glicosil hidrolases das familias 2, 17,
31, 55, 71, 76, quitinase, mutanase, B-1,3-exoglucanase, B-1,6-glucanase, L-aminoécido
oxidase, Serina protease e proteina Epl1.

Verificamos que T. atroviride T17, apresentou uma maior expressao de proteinas
no meio contendo micélio de G. citricarpa, do que no meio controle (contendo
dextrose), o0 que ja era esperado, de acordo com outros trabalhos (Geremia et al. 1993,
Goldman & Goldman 1998, Pozo et al. 2004, Almeida et al. 2007, Suérez et al. 2007,
Tseng et al. 2008, Yang et al. 2009, Monteiro et al. 2010, Pereira et al. 2014, Ramada et
al., 2015). De acordo com a literatura a maioria das proteinas secretadas no meio
contendo fitopatdgeno estdo relacionadas com processos de micoparasitismo
(apresentam atividade hidrolitica), enquanto que no meio controle a maioria das
proteinas esta relacionada com o metabolismo primario do antagonista.

Pelo contrario, T. harzianum secretou um nimero maior de proteinas no meio
controle do que no meio contendo micélio do patdégeno. Ao contrario do que acontece
com T. atroviride, algumas das proteinas encontradas no meio controle estéo
relacionadas com processos de micoparasitismo (apresentam atividade hidrolitica) de

acordo com a literatura. Embora durante a interacdo com o fitopatdégeno, tenham sido
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secretadas uma menor quantidade de proteinas, estas em sua maioria encontram-se
relacionadas ao micoparasitismo. Sugerindo que esta estirpe de T. harzianum, é capaz
de secretar normalmente proteinas que possam auxiliar no controle bioldgico de
fitopatdgenos, e quando em contato com 0s mesmo, a sua secrecdo é destinada ao

controle bioldgico com reducdo de proteinas para seu metabolismo primario.
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10. CONCLUSOES

O crescimento de Guignardia citricarpa Gc3 foi inibido quando utilizado o
caldo de cultura de Trichoderma atroviride T17, sugerindo a secrecdo de

compostos organicos que atuam sobre o fitopatogénio.

A inibicdo do crescimento do fitopatdgeno foi dependente dos compostos com
atividade antifungica secretados por Trichoderma atroviride T17, desenvolvido
em diferentes fontes de carbono (glicose, glicose+micélio do patégeno, micélio
do patdgeno e micélio de antagonista). Destacando-se o meio extracelular de T.
atroviride na presenca do fitopatégeno, mesmo apds suplementacéo com glicose

e sais.

Ambas as espécies de Trichoderma demonstraram atividades extracelulares de
quitinase ¢ B-1,3-glucanase em meio de cultura enriquecido com micélio de G.

citricarpa como unica fonte de carbono.

Pela técnica de Protedmica foi possivel indicar que os mecanismos moleculares
de antagonismo de T. atroviride T17 e T. harzianum T1A sobre G. citricarpa
Gc3 estdo relacionados com a degradacgdo da parede celular (micoparasitismo),

controle bioldgico e inducdo de resisténcia sistémica da planta.

O processo de inducdo de secrecdo de proteinas extracelulares mostrou-se
diferente entre os dois organismos (T. atroviride T17 e T. harzianum T1A).

O antagonista T. atroviride T17 expressou um maior numero de proteinas
relacionadas ao controle bioldgico no meio contendo micélio do patégeno do
que no meio controle. Pelo contrario, T. harzianum T1A, no meio controle
expressou um grande numero de proteinas (sobretudo relacionadas ao
metabolismo basico mas também como ao controle bioldgico).

Apos exposicdo ao micélio do patdégeno G. citricarpa, embora 0 numero de
proteinas tenha sido menor por T. harzianum T1A, estas, sdo na sua maioria
relacionadas ao controle biolégico, micoparasitismo e inducdo de resisténcia

sisttmica da planta.
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e Os resultados obtidos lancam luz sobre a elevada capacidade de antagonismo das
espeécies de Trichoderma, corroborando a utilizacdo destas estirpes como agentes

de controle bioldgico de G. citricarpa.
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11.PERSPECTIVAS FUTURAS

e Desenvolvimento de novas formulagdes a base de Trichoderma atroviride T17 e
T. harzianum T1A ou suas enzimas com atividade fungicida, mais eficientes no
controle de doencgas em plantas e menos agressivas para 0 ambiente e para 0s

produtores.

e Caracterizagdo do metaboloma de T. atroviride T17 e de T. harzianum T1A com
a respectiva identificacdo dos metabdlitos secundarios secretados por estes
organismos.

e Caracterizar funcionalmente estes metabdlitos, identificando os que apresentam
atividade sobre o desenvolvimento do fitopatdgeno.

e Ampliar os conhecimentos sobre os mecanismos de defesa das plantas
estimulados pelo antagonista em relagcdo a presenca do fitopatogeno, através de
técnicas de protedmica.

e Aplicacdo de enzimas sintéticas, baseado na identificacdo das proteinas
responsaveis pelo biocontrole da doenca, fornecendo novas alternativas de
controle do fitopatdgeno.
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