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DIVERSIDADE E MECANISMOS ASSOCIADOS A
VIRULENCIA DE Colletotrichum spp. EM MACIEIRA
(Malus domestica BORKH.).

RESUMO

A macieira é uma espécie fruticola de clima temperado de maior
importancia comercial, tanto no contexto internacional, quanto no
nacional. No sul do Brasil e Uruguai, a cultura é severamente
afetada por doencas tipicas de clima tropical, entre elas merece
destaque a mancha foliar de Glomerella (MFG) e a podridédo
amarga (PA), ambas causadas por espécies do género
Colletotrichum. A MFG e a PA podem ocorrer simultaneamente
nos pomares, porém possuem muitas diferengas no que se refere a
capacidade de infeccdo. Dessa forma, o principal objetivo deste
trabalho foi identificar e caracterizar isolados de Colletotrichum
que afetam as folhas e os frutos de macieira no sul do Brasil e
Uruguai e investigar os principais mecanismos bioquimicos
envolvidos no processo de infeccdo em folhas. No estudo de
diversidade, o sequenciamento de trés regides génicas (ITS,
GAPDH e TUB2) permitiu a identificagdo de trés espécies
causadoras de PA e MFG no Brasil, Colletotrichum fructicola,
Colletotrichum Kkarstii e Colletotrichum nymphaeae; e trés
espécies causadoras de PA no Uruguai, Colletotrichum fructicola,
Colletotrichum theobromicola e Colletotrichum melonis. Além
disso, a analise filogenética e multivariada agrupou os isolados
em trés diferentes complexos de espécies, Colletotrichum
gloeosporioides, Colletotrichum boninense e Colletotrichum
acutatum. No teste de patogenicidade em frutos, todos os isolados
brasileiros provenientes de PA causaram podriddo em frutos com
ferimentos, mas apenas 5 em frutos sem ferimentos. No entanto,
todos os isolados uruguaios causaram podriddo em frutos com e
sem ferimentos. Em folhas, todos os isolados brasileiros de MFG
e 11 de PA foram capazes de causar mancha foliar, enquanto que
somente um isolado uruguaio de PA possuiu essa capacidade. Na
producdo de enzimas extracelulares, o isolado de PA apresentou
0s maiores niveis de laccase e pectina liase em meio liquido
comparado ao isolado de MFG. Em folhas de macieira, o isolado
de MFG apresentou apressorios predominantemente sésseis,
enquanto que os de PA foram pedicelados. O isolado de PA
exibiu mais conidios com multiplos apressérios melanizados



provavelmente como um sinal das maltiplas tentativas de
infeccdo. O acumulo de H,O, foi raramente observado nos sitios
de infeccdo, e 0 escurecimento em algumas células epidérmicas
ndo foi associado & reacdo de hipersensibilidade. Folhas
inoculadas com o isolado de MFG aumentaram a perda de
eletrdlitos 48 h apds a inoculagdo (HAI), o reflete a transi¢do do
fungo da fase biotrofica para a necrotréfica. Em relagdo a
atividade das enzimas envolvidas com o estresse oxidativo, 0s
dois isolados testados aumentaram a atividade das enzimas
guaiacol peroxidase, catalase e glutationa redutase, porém de
forma diferenciada ao longo do tempo. A atividade da ascorbato
peroxidase apresentou um aumento 6 HAI com o isolado de
MFG, enquanto que a atividade da superoxido dismutase ndo foi
afetada. Plantas inoculadas com o isolado de MFG tiveram um
menor acimulo de H,0, 48 HAI, o que pode indicar a eficiéncia
das enzimas antioxidantes na eliminacdo de espécies reativas de
oxigénio e em evitar a morte celular. Os isolados de MFG
parecem ter um mecanismo para suprimir as respostas de defesa
da planta.

Palavras chave: Malus domestica Borkh., Colletotrichum spp.,
Patogenicidade, Filogenia, Enzimas extracelulares, Estresse
oxidativo, Espécies reativas de oxigénio.



DIVERSITY AND MECHANISMS ASSOCIATED WITH
VIRULENCY OF Colletotrichum spp. IN APPLE (Malus
domestica BORKH.)

ABSTRACT

Apple is one of the most important fruit of temperate climate in
the international and national context. In Southern Brazil and
Uruguay, it is severely affected by tropical climate diseases, such
as, glomerella leaf spot (GLS) and apple bitter rot (ABR), both
caused by Colletotrichum spp. GLS and ABR can occur
simultaneously in orchards, but have clear differences in tissue
specialization. Thus, the main objective of this work was to
identify and characterize Colletotrichum isolates that affects
leaves and fruits in Southern Brazil and Uruguay and investigate
biochemical mechanisms involved during the leaf infection
process. In diversity studies, sequencing of three gene regions
(ITS, GAPDH and TUB2) allowed the identification of three
species causing ABR and GLS in Brazil, i.e., Colletotrichum
fructicola,  Colletotrichum  karstii, and  Colletotrichum
nymphaeae; and three species causing ABR in Uruguay, i.e.,
Colletotrichum fructicola, Colletotrichum theobromicola, and
Colletotrichum  melonis.  Furthermore, phylogenetic and
multivariate analysis clustered the isolates into three different
species complexes, C. gloeosporioides, C. boninense and C.
acutatum. In pathogenicity test, Brazilian isolates caused ABR in
wounded fruits, but only five in non-wounded ones. Uruguayan
isolates produced symptoms in fruits with or without previous
wounding. All Brazilian isolates from GLS and eleven from ABR
were able to cause GLS symptoms, while a sole Uruguayan
ABR-isolate caused leaf spot symptom. In culture, ABR-isolate
exhibited higher levels of laccase and pectin lyase, but not
polygalacturonase. On leaves, GLS-isolate formed appressoria
mostly sessile, while ABR-isolate pedicellate. ABR-isolate
germlings formed multiple melanized appressoria probably as a
sign of unsuccessful infection attempts. H,O, accumulation was
rarely visualized at infection sites and was not associated with
hypersensitive response. GLS-isolate markedly increased the
electrolyte leakage at 48 hours after infection (HAI) reflecting its
transition from the biotrophic into the necrotrophic phase. Both
isolates influenced differently oxidative stress enzymes,



increasing the activities of guaiacol peroxidase, catalase and
glutathione reductase at different times, except for superoxide
dismutase that remained unaltered. Ascorbate peroxidase activity
was only affected with GLS-isolate at 6 HAI. GLS-isolate
reduced H,0, accumulation in leaves at 48 HAI, suggesting that
antioxidative enzymes act more efficiently in scavenging reactive
oxygen species and avoiding cell death. GLS-isolate seems,
therefore, to have a mechanism to suppress plant defence
responses.

Keywords: Malus domestica Borkh., Colletotrichum spp.;
Pathogenicity, Phylogeny, Extracellular enzymes, Oxidative
stress, Reactive oxygen species.
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1. INTRODUCAO E JUSTIFICATIVA

A macieira (Malus domestica Borkh.) € uma espécie de
clima temperado de maior importdncia comercial, tanto no
contexto internacional, quanto no nacional. A maior parte das
macas produzidas na regido do Mercosul destina-se ao consumo
‘in natura’ e os programas de melhoramento se orientam
principalmente para a qualidade dos frutos e a produtividade das
plantas (STADNIK et al., 2009).

Os fatores que afetam negativamente a produtividade da
macieira sdo o baixo numero de horas de frio, além da alta
precipitacdo e umidade relativa do ar na primavera/verdo que
favorecem a ocorréncia de doencgas (PETRI, 2002). As perdas no
cultivo dependem principalmente das condi¢cGes de manejo e da
presenca de patdgenos. O controle de doengas tem sido o
principal fator de aumento nos custos de producdo da maca
respondendo por cerca de 20% (KATSURAYAMA; BONETI,
2009).

O cultivo da macieira est4 sujeito ao ataque de doencas
tipicas de clima temperado e imido como é o caso da sarna da
macieira, causada por Venturia inaequalis (Cooke) G. Winter.
Entretanto, devido a cultura estar localizada em regides de clima
subtropical, como € o caso da regido sul do Brasil, é severamente
atacada por doengas tipicas de clima tropical, como por exemplo,
a mancha foliar de Glomerella (MFG) e a podriddo amarga (PA).
Colletotrichum gloeosporioides (Penzig) Penzig & Sacc
(teleomorfo: Glomerella cingulata (Stoneman) Spauld &
Schrenk) e Colletotrichum acutatum J.H. Simmonds sdo as
principais espécies causadoras, porém recentemente novas
espécies tém sido relatadas.

A MFG e a PA tornaram-se uma grande preocupacao nos
altimos anos, pois se desenvolvem principalmente durante verfes
quentes e chuvosos e a incidéncia vem aumentando a cada ciclo
produtivo por todas as regides produtoras de macd no Brasil
(BECKER et al., 2000b). As perdas de producdo causadas pelo
ataque da MFG séo superiores a 75% (BECKER et al. 2000a), e
da PA podem chegar a 50% em pré e pds-colheita (SUTTON et
al. 1992).

Embora a MFG e a PA sejam causadas pelo mesmo
patdgeno e podem ocorrer simultaneamente nos pomares, até o
momento ndo foi relatada a presenca da MFG nas principais
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regides de cultivo de macieira no Uruguai. Dessa forma, um
elemento a determinar € porque esta doenca nao esta afetando as
areas produtoras no Uruguai.

Apesar da pequena distancia geografica, existe uma
ampla area de isolamento entre as &reas de produgdo de macé do
Brasil e Uruguai. Contudo, outros fatores também podem estar
relacionados, tais como, condi¢des climéaticas e caracteristicas
especificas de isolados de Colletotrichum presentes em cada zona
de producdo. Além disso, existe um grande intercAmbio de mudas
de macieira do Brasil para o Uruguai, o que pode favorecer a
disseminacéo de algumas doencas.

Isolados de Colletotrichum que causam a PA geralmente
sdo incapazes de provocar a MFG, por outro lado, isolados
causadores da MFG sdo capazes de causar somente pequenas
lesdes deprimidas nos frutos (VALDEBENITO-SANHUEZA,
1999). Porém, alguns estudos indicam que isolados de MFG
também sdo capazes de ocasionar a PA (GONZALEZ et al.,
2006). Dentro desse contexto, a caracterizagdo e a identificagdo
das espécies patogénicas de Colletotrichum sdo fundamentais
para responder algumas dessas questdes.

A identificacdo de espécies de Colletotrichum se baseava
tradicionalmente nas diferencas morfologicas e culturais, mas
utilizando apenas estes critérios ndo era possivel a diferenciacéo,
especialmente aquelas pertencentes a um mesmo complexo de
espécies (CAl et al., 2009).

Atualmente estdo disponiveis técnicas moleculares, que
tém sido empregadas com sucesso na identificacdo de espécies
dentro do género em diferentes patossistemas (FREEMAN et al.,
2000). Entre as técnicas moleculares estdo o AFLP, o RFLP
(SREENIVASAPRASAD et al., 1992), o RAPD (WHITELAW-
WECKERT et al., 2007), o teste ELISA (HUGHES et al., 1997).
No entanto, a técnica de PCR com marcadores genéticos
especificos e o sequenciamento multigénico vém sendo utilizados
com éxito em numerosos estudos para diferenciar espécies de
Colletotrichum (HYDE et al., 2009).

Além da identificacdo e caracterizacdo destas espécies,
também ha uma grande preocupacdo em compreender 0s
mecanismos enzimaticos envolvidos durante o processo de
infeccdo por isolados de Colletotrichum, e as reagdes de defesa
da planta a MFG. Os prejuizos nas regifes produtoras atualmente
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sdo grandes e até o momento ndo existem medidas totalmente
eficazes para o controle da doenca.

Um dos pontos chaves para compreender o processo de
infeccdo do patdgeno no hospedeiro é investigar como ocorrem
as modificagdes bioguimicas e estruturais em ambos. A presenca
de patdgenos nos tecidos da planta hospedeira implica na
producdo de uma série de enzimas extracelulares que facilitam a
penetracdo e a colonizagdo do fungo (PRUSKY et al., 2000).
Essas enzimas promovem principalmente a degradacdo dos
componentes da parede celular vegetal e também alteragdes no
metabolismo celular do hospedeiro.

Os mecanismos de estresse oxidativo desempenham um
papel crucial na regulacdo da resisténcia da planta em varios
patossistemas. Dentre esses mecanismos, as espécies reativas de
oxigénio (ROS) podem atuar na sinalizagdo, ativando multiplas
respostas de defesa nas plantas ou podem afetar diretamente os
patdgenos. Esse sistema oxidativo é regulado por um arsenal
complexo de enzimas, que pode determinar a resisténcia ou
suscetibilidade das plantas (GILL; TUTEJA, 2010). Trabalhos
recentes apresentam algumas evidéncias de que os mecanismos
de estresse oxidativo podem desempenhar um papel importante
na resisténcia da macieira 8 MFG (ARAUJO; STADNIK, 2013).

Desta forma, este trabalho foi desenvolvido para
esclarecer algumas questdes acerca do patossistema Malus
domestica x Colletotrichum spp., tais como, identificar e
caracterizar isolados de Colletotrichum que afetam as folhas e os
frutos de macieira no Sul do Brasil e Uruguai, e compreender
alguns mecanismos bioquimicos envolvidos no processo de
resposta a infeccao.
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Identificar e caracterizar isolados de Colletotrichum que

afetam as folhas e os frutos de macieira no Sul do Brasil e
Uruguai e investigar os principais mecanismos biogquimicos
envolvidos no processo de infecgdo em folhas de macieira.

2.2. OBJETIVOS ESPECIFICOS

v

Realizar a caracterizagdo morfolégica e cultural dos
isolados de Colletotrichum provenientes de folhas e
frutos de macieira do sul do Brasil e Uruguai;

Identificar molecularmente isolados de Colletotrichum
através de sequéncias multigénicas;

Quantificar a producdo de enzimas extracelulares
produzidas por isolados de Colletotrichum provenientes
de MFG e PA;

Determinar a atividade das enzimas envolvidas no
estresse oxidativo, os niveis de peréxido de hidrogénio e
a perda de eletrélitos em folhas de macieira infectadas
com isolados de Colletotrichum de MFG e PA,

Awvaliar o desenvolvimento de estruturas de infecgdo em
tecidos foliares de macieira inoculados com isolados de
Colletotrichum de MFG e PA.
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3. REVISAO DE LITERATURA
3.1. CULTURA DA MACIEIRA

A macieira (Malus domestica Borkh.) é uma das espécies
fruticolas de clima temperado mais cultivada no mundo
(VELASCO et al., 2010). Pertence a familia Rosaceae subfamilia
Pomoideae e possui plantas com folhas alternadas, simples,
caducas e o fruto é do tipo pomo (EPAGRI, 2002).

O centro de origem da macieira cultivada encontra-se nas
regides da Asia Menor, Caucaso, Asia Central, india e Paquistao,
sendo que as cultivares existentes atualmente possuem como
ancestral selvagem materiais provenientes da Asia e Europa
Ocidental (CORNILLE et al., 2012).

A macieira é cultivada em todos os continentes,
principalmente em paises do hemisfério norte, sendo a China o
maior produtor mundial, seguido pelos Estados Unidos e vérios
produtores menores. Na América do Sul, os principais paises
produtores sdo Chile, Argentina, Brasil, Peru e Uruguai
(FAOSTAT, 2014).

No Brasil, a espécie passou a ser cultivada a partir do
século XX inicialmente no estado de SP, e em poucos anos
transformou-se em um produto de intensa comercializacdo em
todo o pais, expandindo-se também para regides ndo tradicionais
ao cultivo. Em SC, a producdo foi impulsionada a partir da
década de 70, com a implantagdo de diversas empresas atraidas
por incentivos fiscais, e estabelecimento de um programa de
melhoramento genético lancando diversas novas cultivares
(PETRI et al.,, 2011). Consequentemente, 0 pais passou de
importador para autossuficiente na producdo do fruto e ainda
exporta 12% do total colhido.

Atualmente, a producdo de macd possui grande
importancia sdcio-econdmica no Brasil, sendo que a producdo na
Gltima safra alcancou 1,2 milhdo de toneladas (FAOSTAT,
2014). Os principais produtores concentram-se 96% nos trés
estados do sul, sendo que SC detém 55 % da producédo, RS 41% e
PR com apenas 4% (IBGE-LSPA, 2013). As principais
variedades cultivadas sdo a ‘Gala’ (58%), sendo responsavel por
95% da exportagdo e a ‘Fuji’ (37%), além disso, grande parte dos
novos plantios estdo sendo realizados com cultivares derivadas de
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‘Gala’ ou ‘Fuji’, tais como a ‘Royal Gala’, ‘Imperial Gala’ e ‘Fuji
Suprema’.

No Uruguai, a produgdo concentra-se também na regido
sul do pais, nos departamentos de Montevidéu, Canelones e San
José. A produgdo na safra 2012/2013 foi de 49 mil toneladas. As
principais variedades cultivadas sdo as derivadas da ‘Red
Delicious’ (‘Red Chief’, ‘Top Red’, ‘Early Red One’), ‘Granny
Smith’, ‘Cripps Pink’ e ‘Royal Gala’ (MGAP-DIEA, 2013).

A época de colheita de magd ocorre nos meses de janeiro
a maio, dependendo da cultivar e da regido produtora. A cultura
é muito dependente das condigdes climéticas, e uma boa safra
depende da ocorréncia de um elevado nimero de horas de frio,
pouca chuva no periodo de florescimento e de altos indices
pluviométricos na época da brotagdo (IUCHI, 2002). A incidéncia
de chuvas de granizo e 0 manejo de doengas no campo e em pés-
colheita sdo os principais problemas que limitam a producédo e
aumentam os custos (EPAGRI, 2002).

As principais doengas que afetam os cultivos sdo a sarna
da macieira causada pelo patdgeno Venturia inaequalis, a mancha
foliar de glomerella (MFG) e a podriddo amarga (PA) causadas
por Colletotrichum spp., e outras de importancia secundaria como
o0 cancro papel das macieiras e a podriddo branca causada por
Botryosphaeria dothidea, e o cancro dos ramos e a podridao olho
de boi causados por Cryptosporiopsis perennans.

3.2. MANCHA FOLIAR DE GLOMERELLA (MFG)

A mancha foliar de glomerella (MFG) é uma doenca que
tornou-se uma das grandes preocupagfes para os produtores de
macd no Brasil (STADNIK et al, 2009) e no mundo
(GONZALEZ et al., 2006; WANG et al., 2012).

No Brasil, a MFG foi constatada pela primeira vez no
municipio de Porto Amazonas-PR na década de 80 (LEITE et
al.,1988), e logo disseminou-se pela regido de Fraiburgo-SC
(88/89), Vacaria e Caxias do Sul-RS (92/93), e em 1997 se
estabeleceu em Sdo Joaquim-SC apds uma longa temporada de
chuvas e elevadas temperaturas ocasionadas pelo fendmeno
climético El Nifio (KATSURAYAMA,; BONETI, 2009).

Na América do Sul, a MFG esta presente somente no
Brasil. No hemisfério norte, foi reportada pela primeira vez nos
EUA na década de 70 no estado da Gedrgia, ocasionando mancha
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foliar em macieiras da cv. Golden Delicious (TAYLOR, 1971a).
Ao longo dos anos, a doenca progrediu do sul para o norte do pais
e atualmente encontra-se presente nos estados do Tenessee,
Carolina do Norte (GONZALEZ; SUTTON, 1999), Nova York
(ROSENBERGER, 2012) e Michigan (SHANE, 2012). Além
disso, foi reportada recentemente em sete provincias no sudoeste
da China (WANG et al., 2015).

Os primeiros sintomas da doenga surgem principalmente
nas folhas mais jovens e na parte interna da planta. Inicialmente
surgem manchas irregulares de cor marrom-avermelhadas na face
adaxial das folhas que séo visiveis aproximadamente 2 dias apds
a infeccdo. Ao longo do tempo, as manchas evoluem tornando-se
marrom-acinzentadas (1-10 mm), necrosam e apds 7-10 dias as
folhas eventualmente amarelecem e caem (Figura 1). Em frutos, a
MFG ocasiona pequenas lesbes deprimidas de cor marrom-claro
(1-3 mm), que geralmente ndo aumentam e ndo evoluem para
podriddo (SUTTON; VALDEBENITO-SANHUEZA, 1998).

A MFG manifesta-se durante o verdo, e ocasiona um
desfolhamento severo em plantas de macieira (acima de 75%)
comprometendo a producdo nos anos seguintes. A doenca é
favorecida pelas condicdes de alta umidade relativa e
temperaturas mais elevadas para a cultura (23-28°C). A
disseminacdo dos conidios se da pela 4gua da chuva ou forte
orvalho devido a dissolugdo da mucilagem que contém a massa
de conidios (CRUSIUS et al., 2001).

Duas espécies de Colletotrichum estdo associadas a
MFG, Colletotrichum gloeosporioides (fase teleomorfica:
Glomerella cingulata (Stoneman) Spaulding & Scherenk) e
Colletotrichum acutatum (GIARETTA et al. 2010), sendo que a
primeira € a mais frequente e apresenta um maior potencial
patogénico (GONZALEZ et al., 2006). Cultivares de macieira
descendentes da ‘Golden Delicious’ como a ‘Gala’ séo altamente
suscetiveis a MFG, enquanto que as descendentes do grupo
‘Delicious’ como a ‘Fuji’, apresentam resisténcia completa a
doenca, e tem carater monogénico recessivo (STADNIK, 2009).

A sobrevivéncia tem sido associada a presenca do fungo
sobre gemas, ramos dormentes e cancros presentes na planta
(CRUSIUS et al. 2001; B@RVE; STENSVAND, 2007;
HAMADA et al., 2013).

N&o existem medidas totalmente eficazes para o controle
da MFG. As praticas utilizadas sdo basicamente aquelas que
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visam reduzir qualquer fonte de in6culo para 0 ano seguinte.
Folhas e frutos em decomposicdo constituem uma importante
fonte de ino6culo inicial (HAMADA et al., 2013). Assim, a
eliminacéo de restos culturais como folhas e frutos mumificados,
¢ uma medida de controle muito utilizada pelos pequenos
produtores.

Figura 1. Sintomas tipicos da mancha foliar de glomerella (MFG) em folhas
da cultivar Gala. (A) Sintomas tipicos que ocorrem 4-5 dias ap6s a infeccao;
(B) Manchas necréticas associadas com amarelecimento das folhas
aproximadamente 10 dias apds a infeccdo; C) Sintomas da MFG em
diferentes estégios de desenvolvimento.

A pulverizagdo com fungicidas do grupo dos
ditiocarbamatos e estrobilurinas sdo os métodos mais utilizados
(KATSURAYAMA; BONETI, 2012), porém, ndo sdo muito
eficientes sob alta pressdo de inoculo. As aplicacBes de
fungicidas sdo realizadas em intervalos de 10 dias e repetidas
quando a chuva acumulada atinge 30 mm, o que resulta em um
elevado nimero de pulverizacGes (BECKER et al., 2004b).
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O uso de cultivares resistentes ¢ um método de controle
eficiente, econdmico e que oferece menor risco a sa(de do
produtor e do consumidor (FURLAN et al., 2010). No entanto,
muitos genotipos resistentes 8 MFG ndo sdo apreciados pelos
consumidores.

3.3. PODRIDAO AMARGA (PA)

A podriddo amarga é uma doenga que afeta a cultura da
macieira ha séculos e encontra-se disseminada em quase todas as
regides produtoras no mundo (SHI et al., 1996; GONZALEZ;
SUTTON, 2004).

A PA foi descrita pela primeira vez na Inglaterra em
1856 e uma década depois nos EUA (TAYLOR, 1971b). No
Brasil, a doenca tornou-se importante ap6s a década de 70
quando ocorreu um aumento da producdo no pais (DENARDI et
al. 2003).

O principal sintoma da doenca sdo lesdes circulares, de
cor castanho-claro e aspecto deprimido (Figura 2). Na polpa, a
lesdo desenvolve-se em forma cénica aprofundando-se em
formato de “V”.

Figura 2. Sintomas tipicos de podriddo amarga (PA) em frutos da cv. Cripps
Pink onde é possivel observar leséo circular de cor castanho-claro de aspecto
deprimido, e os acérvulos dispostos em anéis concéntricos.

Podem ocorrer varias lesdes por fruto e quando as lesdes
alcancam um tamanho de 1,5 a 2,0 cm é possivel observar
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acérvulos dispostos em anéis concéntricos (MONDINO et al.,
2009). No caso das lesdes serem causados pela fase teleomorfica
Glomerella cingulata, peritécios podem ser observados no centro
das lesdes (SHI et al. 1996).

A frequéncia da doenca depende muito dos fatores
climaticos e ocorre principalmente durante periodos quentes e
com alta umidade relativa. A temperatura Otima para o
desenvolvimento ocorre entre 22 e 26°C (VALDEBENITO-
SANHUEZA et al., 2002). A disseminacao se da pelos conidios e
ascosporos que sao liberados pela dgua da chuva ou trazidos pelo
vento. Insetos e passaros também estdo envolvidos na dispersao.

Em relacdo a PA, foram reportadas varias espécies
causadoras, tais como: C. gloeosporioides, C. acutatum,
Colletotrichum fioriniae (Marcelino & Gouli) R.G. Shivas & Y.P.
Tan (SHIVAS; TAN, 2009), Colletotrichum clavatum Agosteo,
Faedda & Cacciola (KOU et al., 2014), Colletotrichum godetiae
Neerg (BARONCELLI et al., 2014) e Colletotrichum fragariae
A.N. Brooks. no Uruguai (ALANIZ et al., 2012).

Diferentemente da MFG, todas as variedades de macé
sdo sensiveis a PA, principalmente a ‘Gala’ e a ‘Golden
Delicious’ (DENARDI et al. 2003). A alta incidéncia de PA pode
resultar em intensas perdas na colheita (GONZALEZ; SUTTON,
2004) e na pos-colheita através da manifestacdo de infeccGes
latentes (MONDINO et al., 2009).

O controle cultural através da remocdo dos restos
vegetais contaminados € muito utilizado, pois o0s isolados
causadores da PA podem sobreviver saprofiticamente nas gemas,
nos cancros e em frutos mumificados (VALDEBENITO-
SANHUEZA et al., 2002).

AplicacGes preventivas com fungicidas protetores a partir
da queda das pétalas até a colheita é o tipo de controle quimico
mais utilizado (BONETI; KATSURAYAMA, 2012). Alguns
produtos recomendados sdo: folpet, captan, dithianon,
chlorothalonil e benzimidazéis (VALDEBENITO-SANHUEZA
et al., 2002). No entanto, alguns ndo sdo eficazes dependendo da
sensibilidade dos isolados a alguns fungicidas principalmente do
grupo dos benzimidazdis (HAMADA et al., 2009).
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3.4. O GENERO Colletotrichum

Espécies do género Colletotrichum séo fitopatdgenos de
extrema importancia, porque causam danos econdmicos
significativos em varias culturas de regides tropicais, subtropicais
e temperadas (DEAN et al., 2012), além de plantas ornamentais
(BAILEY; JEGER, 1992).

Pertencem ao 8° grupo de fitopatdgenos mais importantes
no mundo (DEAN et al., 2012), e englobam os fungos
imperfeitos pertencentes & ordem Melanconiales da classe
Coelomycetes, 0s quais apresentam uma associacgao teleomarfica
com estirpes homotalicas (auto-férteis) ou heterotalicas (auto-
estéreis) dos ascomicetos do género Glomerella (ZHANG et al.,
2006).

O género Colletotrichum apresenta acérvulos em forma
de disco achatado, subepidérmico, conidiéforos simples e
alongados, conidios hialinos unicelulares que podem ser
cilindricos, fusiformes ou curvados (BAILEY; JEGER, 1992;
THAUNG, 2008). Os conidios nos acérvulos estdo envolvidos
por uma matriz gelatinosa constituida de polissacarideos e
proteinas sollveis em &gua, que provavelmente protege-os da
dessecacdo e aumenta a eficiéncia da germinacao e penetragao no
tecido hospedeiro (CANNON et al., 2012).

Os sintomas tipicos associados as doengas causadas por
espécies de Colletotrichum s&o conhecidas como antracnoses,
sendo caracterizadas por lesdes necrdticas circulares de aspecto
deprimido (FREEMAN et al. 1998), no entanto, sdo capazes de
ocasionar diversos sintomas, como manchas foliares, cancros,
desfolhamento, queda de flores, necrose em raizes, entre outros
(WHARTON; DIEGUEZ-URIBEONDO, 2004).

Varias abordagens tém sido utilizadas para estudar os
mecanismos envolvidos na diferenciacdo de estruturas infectivas
de Colletotrichum e interacdes planta-patégeno. As fases iniciais
do desenvolvimento dessas estruturas possuem  muitas
semelhancas entre si (WHARTON; DIEGUES-URIBEONDO,
2004; PERES et al., 2005).

Logo apos a deposicdo na superficie das folhas, através
de sinais fisicos e quimicos os conidios iniciam o processo de
germinacdo (DEISING et al., 2000). Cerca de trés horas apds a
germinacdo, inicia o processo de elongacdo dos tubos
germinativos e a diferenciacdo em apressorios sésseis ou
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pedicelados (ARAUJO et al., 2014). Com o apressorio maduro,
ocorre a melanizagdo do apressério e um acumulo de glicerol,
tornando-os mais resistentes, o que auxilia na forte pressdo de
turgor exercida durante o processo de penetracdo na cuticula
(DEISING et al.; 2000).

Apds a penetragdo, ocorre a coloniza¢do dos tecidos
vegetais pelo fungo, e no caso da MFG, resulta em lesdes
necréticas na face abaxial das folhas. Com o avango da doenca,
essas lesBes posteriormente irdo exibir estruturas reprodutivas
denominadas acérvulos (WHARTON; DIEGUES-URIBEONDO,
2004) (Figura 3).

Figura 3. (A) Acérvulos envolvidos por uma matriz gelatinosa na superficie
de uma folha de macieira infectada com um isolado causador da mancha
foliar de glomerella (MFG); (B) Acérvulo visto em corte transversal
(Barra:50pum).

O género Colletotrichum utiliza duas estratégias para a
colonizagdo de seus hospedeiros: a colonizagdo intracelular
hemibiotréfica e subcuticular intramural necrotréfica. Na
intracelular ~ hemibiotréfica o  patdgeno  desenvolve-se
biotroficamente, expandindo suas hifas para o interior celular
formando uma vesicula de infeccdo. Ap6s a colonizagdo, uma
hifa primaria intracelular da origem a uma hifa secundaria
necrotrofica (Figura 4A). Ja na subcuticular intramural
necrotrofica o patdgeno cresce no interior da parede anticlinal e
periclinal das células epidérmicas (Figura 4B) (PERFECT et al.,
1999).

Algumas espécies de Colletotrichum podem utilizar as
duas estratégias de infeccdo (BAILEY et al., 1992; O’CONNEL
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et al. 2000). Até o momento ndo se conhece qual estratégia é
utilizada pelos isolados de Colletotrichum que afetam a macieira.
Aradjo et al. (2014) sugerem que os isolados utilizam
preferencialmente a estratégia de colonizagdo subcuticular
intramural necrotrdéfica.

Figura 4. Estratégias de infeccdo utilizadas pelas espécies do género
Colletotrichum. (A) Intracelular hemibiotrofica; (B) Subcuticular intramural
necrotrofica. C=Conidio, A=Apressério, V=Vesicula, HP=Hifa primaria,
HS=Hifa secundaria, CE=célula epidérmica, ME=mesdfilo. Adaptado de
Perfect et al. (1999).

3.5. CARACTERIZACAO MORFOCULTURAL E
MOLECULAR DE Colletotrichum spp.

A caracterizacdo de espécies de Colletotrichum tem sido
uma das grandes preocupacdes de inimeros taxonomistas
(SHENOY et al., 2007). A identificagdo dentro do género
apresenta consideraveis dificuldades, pois a espécie apresenta
caracteristicas morfolégicas muito variaveis e as fases
teleomdrficas raramente sdo formadas (HYDE et al., 2009).

Para diferenciar isolados de Colletotrichum, métodos
tradicionais tais como, cor da colonia, forma e tamanho dos
conidios, taxa de crescimento, presenga ou auséncia de setas,
sensibilidade ao fungicida benomil e capacidade de hidrolisar
caseina sdo muito utilizados. No entanto, essas caracteristicas
atualmente sdo consideradas insatisfatorias para a correta
identificacdo dos isolados (FREEMAN et al., 1998).
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A sensibilidade ao fungicida benomil (grupo
benzimidazois) ¢ utilizada em varios trabalhos para diferenciacdo
de isolados de C. gloeosporioides e C. acutatum de diferentes
hospedeiros, visto que, muitos apresentam diferentes niveis de
sensibilidade. Isolados de C. gloeosporioides sdo altamente
sensiveis, mas podem apresentar resisténcia moderada, enquanto
os de C. acutatum apresentam total resisténcia ao fungicida
(VALERO et al., 2010).

As dificuldades encontradas em relagdo a identificacdo
de espécies de Colletotrichum estdo relacionadas & grande
diversidade fenotipica dos isolados (THAUNG, 2008), influéncia
de fatores ambientais na estabilidade dos caracteres
morfoculturais e a falta de padronizacdo das condi¢fes culturais
empregadas nos diferentes estudos (SUTTON, 1992; CAl et al.,
2009).

De acordo com Weir et al. (2012), vérias espécies
classificadas como C. gloeosporioides por Von Arx (1957) s&o ha
realidade espécies pertencentes a outros complexos de espécies.
Nesse contexto, aliado a caracterizagdo morfolégica e cultural, a
identificacdo molecular tem sido o método mais utilizado para os
estudos taxondmicos e para a determinacdo das relagdes
filogenéticas de Colletotrichum spp. (DAMM et al., 2012).

Estudos moleculares para a classe dos Coelomycetes
iniciaram por volta de 1990 com DNA ribossémico,
disponibilizando marcadores moleculares para analise rapida e
detalhada de polimorfismos com sequéncias de DNA ou RNA
(THAUNG, 2008; WEIR et al., 2012). Adicionalmente, analises
de sequéncias amplificadas da regido ITS (WHITE et al., 1990), o
ISSR (RATANACHERDCHAI et al, 2010), o RAPD
(TALAMINI et al., 2006), 0 RFLP (BERNSTEIN et al. 1995), os
microssatélites (URENA-PADILLA et al., 2002) e as sequéncias
MAT1-2 (DU et al., 2005) foram desenvolvidos posteriormente
para os estudos de variabilidade genética.

A identificacdo molecular de Colletotrichum geralmente
se baseia no sequenciamento da regido dos espacos internos
transcritos do DNA ribossémico (ITS-rDNA) (SCHOCH et al.,
2012). As sequéncias deste marcador apresentam uma
variabilidade relativamente elevada e de facil amplificacdo
(BEGEROW et al., 2010), porém a utilizacdo do ITS tem gerado
muitas ddvidas a respeito da precisdo dos resultados. O marcador
pode gerar informacdes contraditorias as verdadeiras
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caracteristicas morfoldgicas dos isolados provenientes de um
mesmo hospedeiro, além de ser ineficiente para diferenciar
espécies dentro um mesmo complexo (DAMM et al., 2012).

Dessa forma, para identificar e resolver as relages
filogenéticas dentro das espécies de Colletotrichum, recomenda-
se a realizacdo de analises filogenéticas utilizando além do ITS,
outros marcadores baseados nas sequéncias parciais das regides
codificantes para a actina (ACT), calmodulina (CAL), quitina
sintase (CHS-1), gliceradeido-3-fosfato desidrogenase (GAPDH),
glutamina sintetase (GS), histona 3 (HIS3), manganés superoxido
dismutase (SOD2) e B-tubulina 2 (TUB2) (WEIR et al., 2012,
DAMM et al., 2012). Atualmente, a técnica de andlise de
sequéncias multilocus é considerada uma ferramenta essencial na
identificacdo de espécies de Colletotrichum (CANNON et al.,
2012).

3.6. ENZIMAS PRODUZIDAS POR Colletotrichum spp.

Muitos estudos indicam que as enzimas produzidas pelos
fungos sdo responsaveis pela degradacdo da parede celular
vegetal, e podem determinar a especificidade e a resisténcia de
um patdgeno.

As enzimas envolvidas em doencas de plantas tém como
substratos principais 0s componentes da parede celular vegetal e
0s constituintes do seu protoplasto (RESENDE; MACHADO,
2000). A composicdo e a estrutura da parede celular das plantas
diferem entre espécies, mas basicamente todas sdo compostas
principalmente de microfibrilas de celulose, hemicelulose,
pectina, lignina e proteinas estruturais (RAMOS el al., 2010;
KUBICEK et al., 2014).

Espécies de Colletotrichum produzem uma ampla gama
de enzimas capazes de degradar polissacarideos e dessa forma
podem alterar ou degradar os carboidratos presentes na parede
celular (BAILEY; JEGER, 1992), todavia informacdes acerca das
enzimas produzidas pelos fungos deste género sdo limitadas.
Estudos recentes com C. higginsianum e C. graminicola,
demonstram que estes patégenos sdo equipados com genes
codificantes para CAZymes (carbohydrate-active enzymes) que
potencialmente auxiliam na degradacdo da parede celular da
planta e modificam a parede celular dos fungos (O’CONNEL et
al., 2012).
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As enzimas que degradam as paredes das células vegetais
e outras barreiras fisicas sdo consideradas essenciais para
patogenicidade. No entanto, algumas sdo consideradas de dificil
deteccdo, pois sdo frequentemente codificadas em familias
multigénicas, sdo muito influenciadas pelo pH, e somente sdo
estudadas com a utilizagio de mutantes e técnicas de
imunoflorescéncia (IDNURM; HOWLETT, 2001).

Dentre as enzimas mais estudadas, podem ser citadas as
cutinases, as pectinases e as ligninases. As cutinases sdo esterases
que quebram as ligagdes éster entre moléculas de cutina e liberam
monémeros ou oligbmeros derivados de 4&cidos graxos
(MENDGEN; DEISING, 1993). Apesar da importancia, a
producdo destas enzimas in vitro é muito baixa, e ndo demonstra
a sua verdadeira funcdo na patogenicidade dos isolados e na
infeccdo de plantas. Contudo, trabalhos conduzidos com
inibidores da cutinase em C. gloeosporioides em mamao,
demostram que a desativacdo destas enzimas evita a penetracao
do fungo (RESENDE; MACHADO, 2000). Dessa forma,
algumas espécies de Colletotrichum certamente requerem
atividade da cutinase para penetragcdo, enquanto que outras
conseguem superar a barreira da cuticula de outras formas
(BAILEY; JEGER, 1992).

As primeiras enzimas produzidas ap6s a infeccdo do
fungo em uma célula vegetal, sdo as que degradam os polimeros
da pectina, a poligalacturonase (PG), seguida pela pectina liase
(PL) (IDNURM; HOWLETT, 2001).

As PGs tem um papel crucial na patogenicidade do fungo
por meio da despolimerizacdo da homogalacturona, o principal
componente da parede celular. Esta enzima quebra as ligagdes
glicosidicas a-1,4 formadas entre o &cido D-galacturénico e 0s
residuos da L-ramnose (KUBICEK et al., 2014). O C.
gloeoporioides produz diferentes formas da enzima PG e tais
diferencas podem influenciar na patogenicidade (PRUSKY et al.,
2001). De acordo com Bailey et al. (1992), PGs com alto ponto
isoelétrico influenciam na patogenicidade. Além disso, as PGs
também podem atuar elicitando respostas de defesa na planta, tais
como, acumulo de fitoalexinas, sintese de lignina e producdo de
B-1,3 glucanase (CERVONE et al., 1996).

A enzima PL é considerada téxica para a célula vegetal e
estd muito envolvida com a fase necrotréfica de Colletotrichum
spp. Esta enzima quebra as cadeias de polissacarideos do acido
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urénico atraves do mecanismo de p-eliminacio (KUBICEK et al.,
2014). A PL é detectada principalmente em tecidos vegetais no
inicio do processo de infeccdo, quando as células ja estdo em fase
de senescéncia, mas ainda ndo produziram sintomas visiveis
(WIJESUNDERA et al., 1989). Em estudos com Colletotrichum
gloeosporioides f.sp. malvae, a PL foi detectada no final da fase
biotrofica e apresentou um aumento durante a fase necrotréfica
(SHIH et al. 1999). Além disso, a degradagéo da pectina pela PL
é uma das principais caracteristicas das doencas que ocasionam
podridao em frutos (COLLMER; KEEN, 1986).

A Laccase (LAC) é uma enzima extracelular pertencente
ao grupo das p-diphenol oxidases, produzida por diversos
patégenos principalmente fungos (GUETSKY et al., 2005). A
LAC est4 envolvida na degradacdo da lignina (LEVIN et al.,
2007), melanizacdo de apressdrios em C. orbiculare (LIN et al.,
2012) e no aumento da viruléncia em C. gloeosporioides
(GUETSKY et al., 2005).

Além disso, esta enzima desempenha um papel muito
importante na protecdo do patégeno contra os mecanismos de
defesa da planta que incluem a desintoxicacdo de fitoalexinas e
compostos fendlicos, e protecdo contra as respostas oxidativas
(BALDRIAN, 2006). De acordo com Chi et al. (2009), mutantes
de Magnaporthe oryzae com atividade reduzida de LAC tiveram
uma reducdo significativa nas respostas de defesa em plantas de
arroz.

3.7. ESPECIES REATIVAS DE OXIGENIO (ROS) NAS
RESPOSTAS DE DEFESA DAS PLANTAS

As espécies reativas de oxigénio (ROS) estdo envolvidas
no processo da remocdo sequencial de elétrons do oxigénio
molecular (1O2). Através de uma série de reacdes, 0 oxigénio
molecular desencadeia a formacdo de O,, H,0O,, OH, HO,, e
outros produtos que sdo altamente reativos e toxicos para as
células (GILL; TUTEJA, 2010).

As ROS controlam diferentes processos em plantas
relacionados a estresses bioticos e abi6ticos. Essas moléculas se
formam naturalmente no interior celular, nos cloroplastos,
mitocondrias e peroxissomos, como produtos secundarios
oriundos da fotossintese e respiracdo (HELLER; TUDZINSKI,
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2011). No entanto, por serem moléculas toxicas sdo capazes de
causar injuria celular (MITTLER et al., 2004).

Varios sistemas enzimiticos e ndo enzimaticos estdo
envolvidos na produgdo de ROS. Oxalato oxidases, peroxidases,
lipoxygenases e amina oxidases sdo propostos para a geracdo de
ROS no apoplasto (BOLWEL; WOJTASZEK, 1997). No entanto,
0 sistema enzimatico mais importante € o chamado complexo
dependente de NADPH oxidase (Nox) (SHETTY et al., 2008).

Diversos fatores ambientais, como 0 estresse e 0
reconhecimento de um patdgeno pela planta, podem ocasionar
um aumento nos niveis de ROS que podem ser prejudiciais a
planta ou também desencadear respostas de defesa (TORRES;
DANGL, 2005). Essas moléculas podem agir causando danos
diretos aos patdgenos através de seu efeito toxico, inibindo seu
desenvolvimento ou agindo como moléculas sinalizadoras que
ativam multiplas respostas de defesa.

No inicio do processo infeccioso, as ROS podem
acumular-se rapidamente em um fendmeno conhecido como
explosdo oxidativa. A explosdo oxidativa corresponde a uma
resposta rapida e transiente a formagéo de uma grande quantidade
de Oy e H,0O, (TORRES; DANGL, 2005).

A formacdo de ROS pode diferir entre as interagfes
compativeis e incompativeis entre patégenos. Patdgenos
avirulentos induzem a formacgéo de ROS em duas fases. A fase | é
considerada uma resposta rapida de baixa amplitude, que dura
poucos minutos; ja na fase Il ocorre uma explosdo mais forte e
prolongada que estd diretamente relacionada as respostas de
defesa e a reacdo de hipersensibilidade (HR). Em patgenos
virulentos, apenas a fase | € observada, o que sugere que ha uma
supressao dessa segunda fase. No entanto, 0s mecanismos que
comandam essa supressdo sdo desconhecidos até o momento
(HELLER; TUDZINSKI, 2011).

A producdo de ROS também pode variar de acordo com
0 estilo de vida do patégeno. Em patdgenos biotréficos as ROS
podem suprimir as respostas do hospedeiro durante o processo de
infeccdo, por outro lado, os necrotréficos sdo beneficiados pela
producdo de ROS, e até mesmo podem estimular o hospedeiro a
produzir uma maior quantidade (SHETTY et al.,, 2008). Em
hemibiotréficos, o papel das ROS ainda ndo esta bem esclarecido,
mas alguns estudos indicam que eles podem se beneficiar do
acimulo em algum estagio, ou seja, no biotréfico ou necrotréfico.
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Os efeitos primarios ocasionados pelo aumento da ROS
em plantas consistem no fortalecimento da parede celular e na
inducdo da atividade microbiana, mas também podem atuar de
maneira secundaria como moléculas sinalizadoras na indugdo de
resisténcia, tais como, sintese de proteinas relacionadas a
patogénese (PR), fitolaexinas e morte celular programada
(TORRES; DANGL, 2005).

Uma das respostas mais prejudiciais a membrana celular
ocasionada pelo aumento das ROS, diz respeito a peroxidacao
dos lipidios. Os efeitos da peroxidagdo ocasionam diminui¢do da
permeabilidade e danos as proteinas de membrana, além da
inativacdo de receptores, enzimas e canais de ions
(ESFANDIARI et al., 2010). Além disso, quando a concentra¢do
de ROS atinge certos limites, a morte celular programada é
ativada, que tem como consequéncia um aumento da perda de
eletrolitos.

Para evitar os danos celulares ocasionados pelo acimulo
das ROS, as plantas desenvolveram elaborados mecanismos para
gerencia-los em niveis sustentdveis. Algumas enzimas,
conhecidas como ‘“scavengers” desempenham um papel muito
importante na reducdo dos niveis de ROS e ajudam a evitar 0s
danos ocasionados pelo estresse oxidativo. Sdo elas, a guaiacol
peroxidase (GPOD), catalase (CAT), ascorbato peroxidase
(APX), glutationa redutase (GR) e a superdxido dismutase (SOD)
(GILL; TUTEJA, 2010).

As PODs geralmente aumentam sua atividade apds o
ataque de um patégeno, e a0 mesmo tempo podem atuar na
eliminacdo das ROS (MITTLER et al.,, 2011). A GPOD esta
envolvida em diversas reagdes, tais como, ligacbes de
polissacarideos, oxidacdo do &cido indol-3-acético, ligacdes de
mondmeros, lignificacdo, oxidacdo de fendis, defesa de
patdgenos e elongacdo celular (LAMB; DIXON, 1997).

A CAT converte H,O, para H,O e O, e desempenha um
papel significativo na reducdo dos niveis elevados de H,0O, nos
peroxissomos (BAKER; ORLANDI, 1995). A CAT tem uma das
maiores taxas de rotatividade comparada as outras enzimas. Uma
molécula de CAT pode converter aproximadamente 6 milhdes de
moléculas de H,O; por minuto (GILL; TUTEJA, 2010).

A APX e a GR sdo as principais enzimas responsaveis
pela remocdo das ROS nos cloroplastos. Ambas sdo importantes
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no ciclo ascorbato-glutationa e estdo diretamente envolvidas na
desintoxicacdo do H,0,, sustentando o status reduzido do
ascorbato e da glutationa. O estado reduzido do ascorbato produz
glutationa oxidada (GSSG), a qual é reduzida pela glutationa
redutase (GR) utilizando NADPH como doador de elétrons
(LAMB; DIXON, 1997).

A SOD catalisa a dismutagdo de O, e HO, em H,0; e
possuem como cofatores alguns metais, como Cu/Zn, Mn e Fe.
As SODs sdo consideradas importantes agentes antioxidantes,
porém, em elevadas concentragbes nas células animais,
bacterianas e vegetais podem induzir disfungdes e morte celular
(BAKER; ORLANDI, 1995).

Estas enzimas séo cruciais para a diminui¢do do impacto
do estresse oxidativo e quando ocorre uma alteragdo no balango
de algumas delas, mecanismos compensatorios  sdo
imediatamente ativados (MITLLER et al. 2011).
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4. CAPITULO 1 - NEW INSIGHTS INTO THE
CHARACTERIZATION OF Colletotrichum SPECIES
ASSOCIATED WITH APPLE DISEASES IN SOUTHERN
BRAZIL AND URUGUAY'

Caracterizagdo de espécies de Colletotrichum associadas a
doencas da macieira no sul do Brasil e Uruguai

Aline Cristina VELHO; Sandra ALANIZ; Leticia CASANOVA; Pedro
MONDINO; Marciel J. STADNIK

4.1. RESUMO

O género Colletotrichum ¢é considerado um dos mais
importantes patégenos de plantas que afetam uma ampla gama de
hospedeiros e causam doengas economicamente importantes. Em
macieira, esta associado a duas doencgas distintas, a Podriddo
amarga (PA) e a Mancha foliar de Glomerella (MFG) que diferem
nas suas caracteristicas epidemiologicas.

Considerando que ambas ocorrem frequentemente no
Brasil, somente a PA foi reportada no Uruguai até o momento.
Estudos recentes envolvendo a sistematica das espécies de
Colletotrichum indicam que o género representa um grande
complexo de espécies. Técnicas moleculares, combinadas com
caracterizagdo morfocultural e testes de patogenicidade
demostraram ser eficazes na identificacdo de espécies de
Colletotrichum. Assim, o objetivo do trabalho foi identificar e
comparar as caracteristicas morfoculturais e patogénicas dos
isolados de Colletotrichum que afetam pomares de macieira no
sul do Brasil e Uruguai.

Para o isolamento, frutos e folhas de macieira com
sintomas tipicos de PA e MFG, respectivamente, foram coletados
em diferentes pomares no sul do Brasil e Uruguai. Apds o
isolamento foram realizados cultivos monospoéricos para posterior
identificagdo molecular, caracterizacdo morfocultural e testes de
patogenicidade.

A identificagdo molecular ¢ a analise filogenética foi
realizada utilizando trés marcadores, a regido dos espacos
internos transcritos (ITS-rDNA), o gliceraldeido-3-fosfato
desidrogenase (GAPDH) e a [-tubulina (TUB2). Para a

1Artigo publicado no periddico Fungal Biology (The British Mycological
Society. Elsevier Ltd. All rights reserved).
Versao original disponivel em: http://dx.doi.org/10.1016/j.funbio.2014.12.009
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caracterizagdo morfocultural, os isolados foram avaliados quanto
a cor da coldnia, taxa de crescimento em diferentes temperaturas,
sensibilidade ao fungicida benomil e tamanho e formato de
conidios e apressorios. A patogenicidade de todos os isolados foi
testada em frutos e folhas de macieira suscetiveis.

Um total de trinta e nove isolados de Collefotrichum
foram obtidos a partir de frutos e folhas infectadas. A
amplificagdo e o sequenciamento utilizando os trés marcadores
permitiu a identificacdo de trés espécies causadoras de PA e MFG
no Brasil, o Colletotrichum fructicola afetando folhas e frutos, o
Colletotrichum karstii identificado pela primeira vez causando
MFG, e o Colletotrichum nymphaeae causando PA.Trés espécies
causadoras de PA também foram identificadas no Uruguai,
Colletotrichum  fructicola, Colletotrichum theobromicola e
Colletotrichum melonis.

Seis grupos de cor de colonia foram identificados, sendo
o grupo 1 (micélio branco rosado com reverso rosado) e o grupo
2 (micélio branco cinzento com reverso rosado) os mais
frequentes. O maior crescimento micelial foi observado na
temperatura de 25 °C para todas as espécies. Isolados de C.
fructicola e C. theobromicola foram sensiveis ao benomil,
enquanto que C. karstii, C. nymphaeae e C. melonis foram
resistentes. Os conidios de C. fructicola e C. karstii foram
predominantemente de formato cilindrico, de C. nymphaeae e C.
melonis fusiformes e C. theobromicola obclavos. Todos os
isolados exibiram apressorios com formato oval.

Os isolados brasileiros causaram PA em frutos com
ferimentos, mas somente 5 em frutos sem ferimentos. Os isolados
uruguaios produziram sintomas em frutos com e sem ferimentos.
Todos os isolados brasileiros provenientes de MFG e 12 de PA
foram capazes de causar sintomas de MFG, enquanto que
somente um isolado uruguaio de PA foi capaz de causar mancha
foliar em plantulas de macieira.

Este estudo gerou novos conhecimentos acerca das
espécies de Colletotrichum que afetam a macieira em ambos 0s
paises e discute seu potencial patogénico.

Palavras chave: Colletotrichum spp, Filogenia, Mancha foliar de
Glomerella, Morfologia, Patogenicidade, Podriddo amarga.

1Artigo publicado no periddico Fungal Biology (The British Mycological
Society. Elsevier Ltd. All rights reserved).
Versao original disponivel em: http://dx.doi.org/10.1016/j.funbio.2014.12.009
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5. CAPITULO 2- FUNGAL EXTRACELLULAR ENZYMES
AND MODULATION OF PLANT DEFENSE RESPONSES
BY Colletotrichum fructicola IN APPLE LEAVES

Aline Cristina VELHO', Mathias F. ROCKENBACH!, Pedro
MONDINO? Marciel J. STADNIK®

! Laboratory of Plant Pathology, Agricultural Science Center, Federal
University of Santa Catarina. Rod.Admar Gonzaga 1346, 88034-001
Floriandpolis-SC, Brazil.

% Department of Plant Protection, Faculty of Agronomy, University of
the Republic. Av. Garzén 780, CP 12900, Montevideo, Uruguay.

5.1. ABSTRACT

Colletotrichum fructicola is associated with Apple bitter rot
(ABR) and Glomerella leaf spot (GLS). Although both diseases
can occur simultaneously in orchards, some isolates show clear
tissue specialization. Thus, this work was aimed at comparing
ABR- and GLS-specialized isolates in terms of fungal
extracellular enzymes and effects on the plant oxidative stress
machinery enzymes during the leaf infection process. In culture,
ABR-isolate exhibited higher levels of laccase and pectin lyase,
but not polygalacturonase. On leaves, GLS-isolate formed
appressoria mostly sessile, while ABR-isolate pedicellate. ABR-
isolate germlings formed multiple melanized appressoria
probably as a sign of unsuccessful infection attempts. H,0,
accumulation was rarely visualized at infection sites and was not
associated with hypersensitive response. GLS-isolate markedly
increased the electrolyte leakage at 48 hours after infection (HAI)
reflecting its transition from the biotrophic into the necrotrophic
phase. Both isolates influenced differently oxidative stress
enzymes, increasing the activities of guaiacol peroxidase, catalase
and glutathione reductase at different times, except for
superoxide dismutase that remained unaltered. Ascorbate
peroxidase activity was only affected with GLS-isolate at 6 HAI.
GLS-isolate reduced H,O, accumulation in leaves at 48 HAI,
suggesting that antioxidative enzymes act more efficiently in
scavenging reactive oxygen species and avoiding cell death.
GLS-isolate seems, therefore, to have a mechanism to suppress
plant defence responses.
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Keywords: Apple bitter rot, Colletotrichum fructicola,
Glomerella leaf spot, Pectinases, oxidative stress enzymes,
reactive oxygen species.
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5.2. INTRODUCTION

Colletotrichum is a very destructive plant pathogenic
fungus, causing diseases in a wide range of hosts throughout the
world (Cannon et al. 2012). Within this genus, Colletotrichum
fructicola Prihastuti, Cai & Hyde (formerly Colletotrichum
gloeosporioides) has been considered the most biologically and
geographically diverse species frequently infecting fruit trees
(Phoulivong et al. 2012). On apple (Malus domestica Borkh.), it
can cause two distinct diseases, i.e., Apple bitter rot (ABR) and
Glomerella leaf spot (GLS) (Velho et al. 2015).

ABR is a widespread old fruit rot disease occurring in
most regions where apple trees grow and in southern Brazil, it
can provoke losses up to 50 % at pre and post-harvest stages
(Denardi et al. 2003). First symptoms appear as light brown fruit
lesions that over time enlarge becoming dark brown, sunken and
water-soaked in appearance. Fruits of most apple cultivars,
including ‘Gala’, are susceptible to infection and subsequent
colonization by the fungus (Velho et al. 2014b).

In contrast to ABR, GLS is an emerging disease whose
incidence has increased in the past 30 years particularly in the
subtropics (Velho et al. 2014a), where frequent rainfall and
higher temperatures during summer has dramatically favored its
development. GLS symptoms appear as reddish-purple spots as
soon as two days after infection. Spots coalesce evolving to
irregular necrotic lesions between 7 and 10 days, when leaves
often turn yellow and fall off (Aradjo and Stadnik 2013). In
general, younger leaves are more susceptible to infection. Early
and severe defoliation, not only causes an immediate reduction in
yield, but weakens apple trees and compromises the production in
following years (Gonzalez et al. 2006). On fruits, it can cause
small light brown slightly sunken lesions (1-3 mm) which do not
increase in size over time. In Brazil, the most widely grown
cultivar (‘Gala’) is highly susceptible to GLS (Aratjo and
Stadnik 2013).

Although both diseases can occur simultaneously in
orchards, isolates with a clear tissue specialization has been found
(Velho et al. 2015). Physiological and genetical causes for such
differences in terms of ability to provoke different symptoms
remain, however, fully uncovered.
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Colletotrichum  fructicola is characterized by a
hemibiotrophic lifestyle, which combines an initial short
biotrophic phase, followed by highly destructive necrotrophic
development killing extended tissue areas of host plants (Miinch
et al. 2008). For successful penetration and subsequent
colonization specific infection structures are sequentially formed.
After landing on a plant surface, conidia germinate, form a short
germ tube and undergo a complex differentiation to form sessile
or pedicellate appressoria (Aradjo et al. 2014). As the
appressorium mature, glycerol accumulation and melanin layer
are included into the appressorial cell leading to generation of
enormous turgor pressure that allows the penetration peg to pass
through the plant cell wall (Deising et al. 2000). Direct
penetration occurs probably by a coordinated combination of
mechanical pressure and action of some cuticle- and cell wall
degrading enzymes (e.g. cutinases and pectinases) which help cell
penetration and spreading through plant tissue (Bailey et al. 1992;
Kubicek et al. 2014).

After entering the cell, the fungus starts to produce other
enzymes and compounds important to colonize plant tissue
(Herrera et al. 2004). One group of such enzymes is composed of
the called pectinases which are secreted by the pathogen to
hydrolyze pectin during infection (Shih et al. 2000; Kubicek et al.
2014). Polygalacturonases (PG) and pectin lyases (PL) are the
main pectinases secreted by fungus and play an important role in
the pathogenicity. While PG cleaves a-1, 4 glycosidic bonds
between two galacturonic acid residues, PL is responsible to
degrade pectin polymers directly by B-elimination mechanism
(Gregori et al. 2007). PG is the first cell-wall-degrading enzyme
synthesized by phytopatogenic fungi and acts mainly during the
initial biotrophic phase, and less in the later stage of infection
(Bailey et al. 1992). PL is important especially during
necrotrophic phase, but also involved in the switch from
biotrophic to necrotrophic phase (Shih et al. 2000).

Pectinases as pathogenicity factor of C. gloeosporioides
(Yakoby et al. 2001), C. magna (Wattad et al. 1995), C.
truncatum (Ramos et al. 2010), and C. lindemunthianum (Herbert
et al 2004) have been considered. These enzymes play a dual role
in pathogenicity by inducing cell wall degradation and defence
gene expression in the host plant, such as, phytoalexins,
pathogenesis-related (PR) proteins, proteinase inhibitors, lignin
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and hydroxyproline-rich glycoproteins (Herrera et al. 2004). For
instance, oligogalacturonic acids derived from PG, elicit defence
reactions including the production of ROS and the secretion of
antifungal proteins (Gomathi et al. 2004).

Laccases (LAC), also known as p-diphenol oxidases, are
extracellular enzymes widely found in fungi, and have a variety
of biological activities, such as, lignin degradation (Baldrian
2006), detoxification of antifungal compounds, fungal virulence
and appressorial melanization (Guetsky et al. 2005; Lin et al.
2012). In C. gloeosporioides, LAC has an important role in
pathogenicity by detoxifying epicatechin in avocado and
capsaicin in chili pepper (Guetsky et al. 2005; Liao et al. 2012).
Furthermore, LAC seems to be involved in the suppression of
defence responses as demonstrated by Chi et al. (2009), who
found that mutants of Magnaporthe oryzae with decreased LAC
activity were unable to suppress resistance in rice plants and to
cause leaf rice blast.

After pathogen recognition, localized biochemical events
rapidly occur to avoid the further development of the pathogen in
plant tissues. One of the earliest consists in a rapid and transient
formation of reactive oxygen species (ROS) (Baker and Orlandi
1995). The so-called oxidative burst is responsible for triggering
the cascade of events that result in activation of plant defence
responses. NADPH oxidase, xanthine oxidase, oxalate oxidases
and peroxidases have been implicated in ROS generation (Lamb
and Dixon 1997; O"Brien et al. 2012). ROS are primarily anion
superoxide (O), hydroxyl radical (OH) and hydrogen peroxide
(H20,), all of them affecting cellular processes in plant-pathogen
interactions (Shetty et al 2003).

In plants, ROS are involved in different signalling
pathways, such as triggering of hypersensitive response (HR)
(Thordal-Christensen et al. 1997), defence gene expression, ion
fluxes, cell wall protein cross-linking, accumulation of
phytoalexins, and lignin accumulation (Lamb and Dixon 1997).
Moreover, ROS can react with proteins, membrane lipids
increasing electrolyte leakage and accelerate cell death (O’Brien
et al. 2012). In order to maintain the ROS concentration below a
toxic threshold, an antioxidant enzyme system is activated. The
major enzymes include guaiacol peroxidase (GPOD), ascorbate
peroxidase (APX), catalase (CAT), glutathione reductase (GR)
and superoxide dismutase (SOD). Together, these enzymes
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provide cells with highly efficient machinery for detoxifying O’
and H,O, (Mittler et al. 2011); and their involvement in plant
defence responses has been demonstrated in numerous studies.
Aratjo and Stadnik (2013) reported that cultivar-specific and
induced resistance to GLS were associated with increase of
GPOD activity.

Successful fungal pathogen establishment depends on a
series of events leading to production of extracellular enzymes
and overcoming plant defence responses. Thus, this work was
aimed at comparing ABR- and GLS-specialized isolates in terms
of the fungal extracellular enzymes LAC, PL and PG, and the
effects on the plant oxidative stress machinery during the leaf
infection process.

5.3. MATERIAL AND METHODS
5.3.1. Colletotrichum isolates

Colletotrichum  fructicola isolates MANE40 and
MANE147 were originated from fruits and leaves with ABR- and
GLS symptoms, respectively. Both isolates were previously
identified by Velho et al. (2015), and deposited in the
mycological collection (MANE) of the Laboratory of Plant
Pathology, Federal University of Santa Catarina, Brazil.

For the experiments, pure cultures of the fungus were
grown on potato dextrose agar medium (PDA-Himedia Labs) at +
25 °C and 12 h photoperiod under fluorescent light for 15 days.

5.3.2. Determination of activity of fungal extracellular
enzymes

To obtain extracellular enzymes, fungus was first grown
in sterile 100-mL Erlenmeyer flasks with 20-mL basal broth
medium composed of 10 g apple-pectin; 4 g asparagine
monohydrate; 0.5 g MgSO,4.7H,0; 0.5 g H,KPOy; 0.6 g HK,POy;
0.4 mg CuSO,45H,0; 0.09 mg MnCl,.4H,0; 0.07 mg H3;BOs3;
0.02 mg NazM00,4.2H,0; 1 mg FeCls; 3.5 mg ZnCl,; 0.1 mg of
thiamine hydrochloride and 1000 mL of distilled water (pH 3.5)
(Ramos et al. 2010). One 5-mm agar plug from C. fructicola
isolate was added to each flask and incubated without agitation at
+25 °C and 12 h photoperiod under fluorescent light. Mycelium
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was harvested after 10 days by filtration through a Whatman n°1
filter paper using a Buchner funnel. Dry weight of mycelium was
determined after drying it to a constant weight at 70 °C. The
culture supernatants were used as enzyme extracts.

Laccase (LAC EC 1.10.3.2) activity was determined with
100 uL of 0.5 mM 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) in 800 pL of 0.1 M sodium acetate buffer
(pH 3.5) and 100 pL of enzyme extract at 30°C. Oxidation of
ABTS was measured by the increase in absorbance at 420 nm
(€420 = 36 mM™ cm™) (Levin et al. 2007). Enzymatic activity
was expressed in International Units (U) as the amount of ABTS
needed to oxidize 1 pmol of substrate per min.

Pectin lyase (PL EC 4.2.2.10) activity was assayed by the
thiobarbituric acid (TBA) method (Ramos et al. 2010). The
reaction mixture contained 0.5 mL of 1.2 % pectin in 0.05 M
Tris-HCI buffer (pH 8.0) and 0.5 mL of enzyme extract. Samples
were prepared in test tubes and incubated at 30 °C for 1 h. After
incubation, 0.75 mL of 1 N HCI and 1.25 mL of 0.04 M TBA
were added and kept at 100°C for 20 min. After cooling,
absorbance was measured at 550 nm. Enzymatic activity of PL
was expressed in International Units (U) as the amount of enzyme
needed to oxidize 1 pmol of substrate per min.

Polygalacturonase (PG EC 3.2.1.15) activity was assayed
using the dinitrosalicylic acid (DNS) method (Tewari et al. 2004).
The reaction mixture contained 0.2 mL of 0.2 M acetate buffer
(pH 4.5), 0.3 mL of 1% polygalacturonic acid and 1 mL of
enzyme extract. Samples were incubated at 37 °C for 30 min. The
reaction was stopped by adding DNS solution and then water
boiled for 5 min. After cooling the absorbance was measured at
520 nm. Enzymatic activity of PG was expressed in International
Units (U) as the amount of enzyme needed to release 1 pmol of
galacturonic acid per minute.

Protein concentration was determined using the Bradford
method (Bradford, 1976), and bovine serum albumin (BSA)
served as standard.

5.3.3. Leaf infection assay

Susceptible apple seedlings were produced from ‘Gala’ x
‘Fuji’ cross seeds according to Aratijo and Stadnik (2013). Plants
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were grown in individual pots under greenhouse conditions at 25
+ 5 °C until having c. 12 expanded leaves.

For inoculation, whole plants were sprayed with a
suspension of 1 x 10° conidia mL™ using an atomizer connected
to an air compressor (58 psi) and delivering approximately 4.5
mL plant™. Plants sprayed with sterile distilled water served as
control. All plants were kept at 25 °C and 100 % relative
humidity in the dark for 48 h. Then, they were transferred to the
greenhouse again.

Necrotic leaf severity (%) was assessed on 10" day after
inoculation. For this, upper (1% to 4™ and lower (5" to 10™)
leaves were detached, digitally scanned and the percentage of
infected area was determined for each group using the software
Quant® (v.1.02, Federal University of Vicosa 2003).

5.3.4. Microscopical analysis

In order to visualize H,0, accumulation and fungal
growth, four 10-mm discs were cut from 4t expanded leaf at 3, 6,
12, 24 and 48 HAI. For H,O, visualization in situ, discs were
immediately submerged in 3, 3’-diaminobenzidine (DAB)
solution (1 mg mL™, pH 3.8) as described by Thordal-
Christensen et al. (1997). Tissues were vacuume-infiltrated with
DAB solution for 10 min and then placed overnight in darkness at
25 °C. Discs were placed in ethanol: chloroform (v/v 4:1)
solution and 0.15 % TCA for 24 h, and thereafter in a chloral
hydrate solution (2.5 g mL™) until complete bleaching.

To visualize fungal growth, the DAB-treated leaf discs
were further stained with lactophenol—cotton blue for 5 min and
mounted on glass slides with 50 % glycerol. Microscopical
analyses were performed using a light microscope (FWL1500,
Feldmann Wild Leitz, Brazil) with 400 x magnification.

H,0, accumulation was determined by reddish-brown
staining in epidermal cells caused by oxidative polymerization of
DAB and the total number of cells DAB-stained were counted.
Conidial germination and appressorium formation were randomly
determined on 100 conidia per leaf disc. Conidial germination
was classified as percentage of germinated conidia (germlings);
germlings with one appressorium and germlings with multiple
appressoria. Appressorium formation was classified according to
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their shape (irregular, oval and circular); type (sessile or
pedicellate) and melanization (hyaline or melanized).

5.3.5. Electrolyte leakage

In order to determine the electrolyte leakage (ion leakage
from the damaged cell), 5™ expanded leaf of each plant was
collected at 24 and 48 HAI, washed and immediately put into test
tubes with 20 mL of deionized water at +25 °C. Electrolyte
leakage was taken every hour for 12 h using a conductivity meter
(Lutron, model CD-4301). Leaves of six different seedlings were
used for each isolate and control. lon leakage was expressed as
microSiemens (US).

5.3.6. Leaf enzyme assays and H,O, quantification

Determination of the activity of oxidative stress enzymes
and hydrogen peroxide (H,0,) quantification were performed at
0, 6, 12, 24 and 48 hours after inoculation (HAI). For each
sampling time, 1% and 2" fully expanded leaves were collected,
snap-frozen in liquid nitrogen and stored at -80 °C until use.

For enzyme extraction, apple leaves were homogenized
using a pre-chilled mortar and pestle, with 100 mM sodium
phosphate  buffer (pH 7.5) containing 1 mM of
ethylenediaminetetraacetic acid (EDTA), 3 mM of DL-
dithiothreitol (DTT) and 2 % of polyvinypyrrolidone (PVP) in the
proportion of 1:4 (w v). The suspension was centrifuged at
20,000 x g for 30 min at 4 °C and the supernatant was collected
and placed on ice for further determination of protein content and
enzyme activities. Protein concentration was determined as
previously described.

Guaiacol peroxidase (GPOD EC 1.11.1.7) activity was
assayed according to Araljo and Stadnik (2013). The reaction
mixture contained 50 mM sodium acetate buffer (pH 5.5), 0.25 %
guaiacol, 100 mM H,0, and the enzyme extract due to guaiacol
oxidation. The enzyme activity was determined by monitoring the
increase in absorbance at 470 nm (€470=26.6 mM™ cm'lg during
four minutes. Results were expressed in katal mg protein™, where
1 katal represents the amount of enzyme converting 1 M of
substrate s™.
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Catalase (CAT EC 1.11.1.6) activity was assayed
according to Elavarthi and Martin (2010) with minor
modifications. The reaction mixture contained 50 mM sodium
phosphate buffer (pH 7.0), 30 mM H,0,, and the crude enzyme
extract. The enzyme activity was determined by monitoring the
decomposition of H,0, at 240 nm (€420=36 M™ cm™) during
four minutes. The CAT activity was expressed as katal mg
protein™.

Ascorbate peroxidase (APX EC 1.11.1.11) activity was
assayed according Nakano and Asada (1981) with minor
modifications. The reaction mixture contained 100 mM
potassium phosphate buffer (pH 7.5), 0.5 mM L-ascorbic acid,
0.2 mM H,0, and the crude enzyme extract. The enzyme activity
was determined by monitoring the decrease of absorbance at 290
nm (€290=2.8 mM™ cm™) during four minutes. The APX activity
was expressed as katal mg protein™.

Glutathione reductase (GR EC 1.6.4.2) activity was
assayed according Elavarthi and Martin (2010) with minor
modifications. The reaction mixture contained 100 mM
potassium phosphate buffer (pH 7.8), 10 mM p-nicotinamide
adenine dinucleotide (NADPH), 10 mM L-glutathione oxidized
(GSSG), 3 mM 5,5’dithiobis (2-nitrobenzoic acid) (DTNB), 2
mM EDTA and the crude enzyme extract. The enzyme activity
was determined by monitoring the increase of absorbance at 412
nm (€412=6.2 mM™ cm™) during four minutes. The GR activity
was expressed as katal mg protein™.

Superoxide dismutase (SOD EC 1.15.1.1) activity was
determined by measuring its ability to inhibit the photochemical
reduction of nitro-blue tetrazolium (NBT) by O, as described by
Esfandiari et al. (2010). The reaction mixture contained 100 mM
potassium phosphate buffer (pH 7.8), 200 mM L-methionine, 1
mM riboflavin, 2.25 mM NBT, 2 mM EDTA, 0.025 % Triton X-
100 and the crude enzyme extract. Samples were prepared in test
tubes and the reaction was started placing the tubes under a
fluorescent lamp (15 W) for 15 minutes at a distance of 15 cm.
Non-illuminated tubes served as a blank. The enzyme activity
was determined observing the formation of blue formazan and
measuring the absorbance at 560 nm. SOD activity was expressed
as U mg protein™, where one unit (U) was defined as the amount
of enzyme required to cause 50 % inhibition of the NBT.
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Hydrogen peroxide content was determined as described
by Esfandiari et al. (2010). For each sampling time, 3™ expanded
leaf was collected and homogenized using a mortar and pestle
with 0.1 % trichloroacetic acid (TCA) in the proportion of 1:4 (w
v™). The suspension was centrifuged at 20,000 x g for 30 min and
the supernatant was collected. In order to start the reaction 10
mM potassium phosphate buffer (pH 7.0) and 1 M potassium
iodide (KI) were added. After 10 min of reaction at room
temperature, the absorbance was read at 390 nm. The content of
H,0O, was given on standard curve and expressed as M H,0, g*
FW (fresh weight).

5.3.7. Experimental design and statistical analyses

The experiments were arranged in a completely
randomized design using six replicates for each treatment and
were repeated twice. Data were subjected to analysis of variance
(ANOVA) in order to determine the significance of differences.
Means were compared by Tukey’s test (p<0.05) using SAS
program (v.9.1 SAS Institute, Inc., Cary, NC).

5.4. RESULTS
5.4.1. Activity of fungal extracellular enzymes

All isolates were able to grow in basal broth medium and
produced around 2.5 mg mL™ of dried mycelium after a 10-day
incubation period.

ABR-isolate had higher levels of the three enzymes
evaluated. LAC activity was five-fold higher in broth extracts
cultured with ABR- than GLS-isolate showing values of 10 and
2.1 U mg of protein™, respectively (Fig 1A). In spite of low
content, PL activity was also significantly higher for ABR- than
for GLS-isolate, with 0.05 and 0.02 U mg of protein,
respectively (Fig 1B). The PG activity was not statistically
different between ABR- and GLS-isolate (Fig 1C).
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Fig 1 - Enzyme activities of Laccase (A), Pectin lyase (B) and
Polygalacturonase (C) of Colletotrichum fructicola isolates grown in
broth medium at £25 °C and 12 h photoperiod under fluorescent light for
10 days. Means followed by different letter are significantly different
according to Tukey test (p < 0.05). Bars represent mean + standard
deviation.

5.4.2. Leaf infection

First symptoms on apple seedlings appeared as reddish-
purple spots two days after inoculation with GLS-isolate. The
spots evolved into necrotic lesions and the disease severity ten
days after inoculation reached 9.7 and 7.1 % on upper and lower
leaves, respectively. In contrast, plants inoculated with ABR-
isolate and controls (water-treated) did not exhibit any symptom
(Figure 2).

12

mUpper leaves
10

O Lower leaves

Necrotic leaf severity (%)
[=)]

ABR CONTROL
Isolates

Fig 2 - Severity of Glomerella leaf spot (GLS) in apple seedlings 10
days after inoculation with pathogenic Colletotrichum fructicola
isolates. The severity of upper and lower leaves was determined using
the software Quant®.
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5.4.3. Microscopical analysis

Up to 24 HAI, there was no H,0O, accumulation in
epidermal cell walls. H,O, accumulation was seldomly detectable
in both ABR- and GLS-infected leaf tissues at 48 HAI, and no
relationship could be established with fungus structures. In
general, the reaction with DAB staining was observed in the
entire outline of the anticlinal cell walls (Fig 3A), and less
frequently in whole epidermal cells (Fig 3B).

Fig 3-Histochemical detection of H,O,accumulation in susceptible apple
leaves 48 hous after inoculation (HAI) with Colletotrichum fructicola
(GLS-isolate) (A) H,0, accumulation in some parts of the anticlinal cell
wall and not associated to conidia and appressoria formation; (B) H,O,
accumulation in epidermal cell. The brown staining indicates the
formation of a polymerization product when H,O, reacts with DAB.
AP=appressorium. Scale bar=50 pum.

Conidial germination increased linearly after inoculation
and the germ tubes emerged mostly from the each end of conidia.
In general, conidia of GLS-isolate germinated faster than those of
ABR-isolate reaching the maximum conidial germination at 48
HAI, with 96 % for GLS- and 85 % for ABR-isolate (Fig 4A).
Conidia of both isolates were able to form appressoria, and GLS-
isolate exhibited 30 % more germlings with one appressoria than
ABR-isolate throughout the evaluation period (Fig 4B). In
contrast, ABR-isolate developed more germlings with multiple
appressoria after 12 h (Fig 4C).
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isolates.

Appressorial shape of both isolates was predominately
oval (Fig 5A). GLS-isolate formed appressoria mostly sessile,
while ABR-isolate pedicellate (Fig 5B), being 85% of them for
both isolates were melanized (Fig 5C). Appressoria frequently
developed over anticlinal host walls, but occasionally, over

periclinal walls.
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Fig 5- (A) Box plots showing the variation in appressorial shape; (B)
Appressorial type; (C) Appressorial melanization in apple leaves
inoculated with Colletotrichum fructicola isolates.

5.4.4. Electrolyte leakage

At 24 HAI, inoculated leaves and control showed a lower
and constant rate of electrolyte leakage reaching a maximum
value of 4.8 uS within 12 h of evaluation (Fig 6A). However, at
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48 HAI the electrolyte leakage in inoculated leaves with GLS-
isolate was three fold-higher than those with ABR-isolate and
control over 12 h (Fig 6B).
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Fig 6-Time course of electrolyte leakage (US) in apple leaves at 24 (A)
and 48 (B) hours after inoculation (HAI) with Colletotrichum fructicola
isolates. Bars represent mean + standard deviation.

5.4.5. Leaf enzyme assays and H,O, quantification

Significant differences in the kinetics of oxidative stress
enzymes were found in inoculated- and control plants. GPOD
activity increased throughout the time-course in inoculated plants
compared with control. The activity was higher in inoculated
plants with GLS-isolate at 12, 24 and 48 HAI, but significant
differences between isolates occurred solely at 48 HAI.
Compared with control, inoculated plants with GLS-isolate had
GPOD activity significantly two fold-higher at 12, 24 and 48
HAI, whereas for ABR-isolate was significantly higher only at 24
HAI (Fig 7A).

CAT activity was significantly higher in inoculated
plants with GLS-isolate at 6 and 12 HAI than those ABR-isolate
and control. The increase of CAT activity in GLS-isolate began at
first 6 HAI, while ABR-isolate increased after 12 HAI, showing a
peak at 24 HAI. After 24 HAI, both decreased until the last
sampling time (Fig 7B).

APX activity increased significantly in inoculated plants
with GLS-isolate at 6 HAI and was two and three-fold higher
than ABR-isolate and control, respectively. APX activity did not
vary significantly in inoculated plants with ABR-isolate and
control at all sampling time (Fig 7C).
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peroxidase (C), glutathione reductase (D), superoxide dismutase (E)
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with pathogenic Colletotrichum fructicola isolates causing ABR and
GLS. Different letters indicate statistically significant differences among
treatments for each sampling time according to Tukey test (p < 0.05).
Bars represent mean + standard deviation.
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GR activity increased for both isolates, but at different
times. Inoculated plants with ABR-isolate showed a peak at 6
HAI, while those inoculated with GLS-isolate increased up to 24
HAI and were approximately 60% higher than ABR-isolate and
control. Inoculated plants with GLS-isolate had GR activity
significantly higher than control at 24 and 48 HAI (7D).

SOD activity slightly increased in inoculated plants up to
12 HAI, but there was no significant differences among the
treatments in all times evaluated (Fig 7E).

In relation to H,O, content, the highest concentration
(71.4 pM H?0% g* FW) was found in inoculated plants at 12
HAI. After 12 HAI, inoculated plants with GLS-isolate exhibited
a marked decrease (about 40 %) until 48 HAI when compared to
ABR-isolate and control. Nevertheless, control plants showed a
constant production of H,O,, around 62.4 uM g™ FW over time.
Significant differences occurred only at 48 HAI, in which control
plants showed higher H,0, levels (63.4 pM g™ FW) than those
inoculated with GLS-isolate (41.6 uM g™ FW) (Fig 7F).

5.5. DISCUSSION

Colletotrichum fructicola has different strategies to
colonize and interact with their hosts and the activity of
extracellular enzymes clearly demonstrates differences between
ABR- and GLS-isolate.

ABR-isolate exhibited high levels of PL and LAC when
compared to GLS-isolate, while none differ in PG. Pectinolytic
enzymes, such as, PG and PL have been shown a major role in
colonization and can determine the level of virulence of
Colletotrichum isolates in both fruits and leaves (Bailey et al.
1992). ABR- and GLS-isolate have clear differences in tissue
specialization and this was associated with these enzymes. In
general, Colletotrichum isolates deficient in such enzymes seem
to be less virulent as demonstrated with gene disruption studies
(Wattad et al. 1995).

Efficacy of pectinolytic enzymes to degrade cell walls
may depend upon the structure of host cell (Kubicek et al. 2014)
and, the different isoforms of PGs and PLs during colonization of
infected tissues (Shih et al. 2000; Yakoby et al. 2001). Although
these enzymes are markedly important for typical soft rot in
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fruits, their role in pathogens that cause leaf diseases has not been
established so far. In our study, isolates produced small amounts
of inducible pectinolytic enzymes and results suggest that major
enzyme involved in pathogenesis of ABR-isolate is PL.
According to Reignault et al. (2008) different degradation
pathways and expression patterns of pectinolytic enzymes may
lead to a greater fungal adaptability on distinct host plant tissues.
Thus, this might explain the differences between isolates in infect
fruits and leaves.

LACs are known to help fungi to eliminate toxic plant
metabolites (Guetsky et al. 2005). These metabolites, such as,
polyphenols, phytoalexins and other fungitoxic substances
present or induced differ markedly during leaf and fruit
development (Terry et al. 2004). Interestingly, it was reported
that fruits produce higher levels of antifungal compounds than
leaves (Prusky et al. 2013). According to Guetsky et al. (2005),
highest LAC activity was detected during fruit decay
development. Therefore, a higher level of such enzyme may be an
adaptative advantage for specialized isolates to infect fruits, like
ABR-isolate.

Microscopic observations showed temporal difference in
pattern of conidial germination and appressorium formation
between C. fructicola isolates. Conidial germination started
approximately 3 HAI solely on adaxial surface of leaves and
results are in agreement with Aradjo et al. (2014). Furthermore,
GLS-isolate germinated faster and produced more germlings with
one appressoria than those of ABR-isolate. Appressoria are
highly specialized infection structures and are formed according
to the physical and chemical surface signals provided by the host
cuticle in Colletotrichum species (Deising et al. 2000). In C.
gloeosporioides, host surface wax components have been shown
to induce germination and appressorium differentiation (Mendgen
and Deising 1993). GLS-isolate produced more germlings with
one appressoria due the greatest host surface-affinity.

In spite of the small percentage (5.5 %), ABR-isolate
developed more germlings with multiple appressoria than GLS-
isolate indicating that penetration was impaired. This behavior
can be attributed to multiple unsuccessful infection attempts,
since ABR-isolate does not have the ability to cause leaf disease.
Araljo et al. (2014) also showed that virulent isolates produced
multiple appressoria on resistant leaves than on susceptible ones.
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Both isolates formed predominately oval appressoria, in
accordance to taxonomical characteristics described for C.
fructicola (Velho et al. 2015). However, GLS-isolate formed
mainly sessile, while ABR-isolate pedicellate appressoria.
Previous studies also showed that Colletotrichum appressoria are
often sessile because the formation of a long germ tube involves
high-energy expenditure (Deising et al. 2000). Moreover,
appressorial melanization is also required for Colletotrichum
infection, and in this study, both isolates formed melanized
appressoria.

No hypersensitive response (HR) was observed using
DAB staining for both isolates. The brown staining visualized in
some discs was never associated with fungal infection. Similar
observation was reported in wheat infected by the hemibiotrophic
pathogen Septoria tritici (Shetty et al. 2003). HR is associated
with plant resistance mechanism and involves programmed cell
death (PCD) at site of pathogen entry and around the infection
(Thordal-Christensen et al. 1997; lakimova et al. 2006). HR is
often, although not always, associated with resistance against
hemibiotrophic pathogens. The nonadapted ABR-isolate could
trigger HR, but, results suggest that both diseases, ABR and GLS
seem to be independent of HR.

Other forms of disease resistance can occur to to prevent
pathogen growth, i.e. barriers of lignin, suberin, callose and
synthesis of phytoalexins (Lamb and Dixon 1997; Thordal-
Christensen et al. 1997). In turn, penetration of ABR-isolate
could be associated to the callose deposition at sites of attempted
fungal penetration. However, this response in apple leaves needs
further investigation.

Tissue damage can also be considered through electrolyte
leakage. A basal rate of electrolyte leakage was observed during
the first 24 HAI in inoculated leaves with both isolates and
control. However, at 48 HAI the leakage increased considerably
in GLS-isolate, which suggests that isolate have ability to infect
and colonize host tissues causing permanent cell membrane
damages and leading to cell death. Considering this situation we
can therefore conclude that, GLS-isolate seems to have an initial
biotrophic interaction that lasts at least 24 h followed by a
necrotrophic development.

ABR- and GLS-isolate influenced differently the
oxidative stress enzymes behavior, increasing the activities of
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GPOD, CAT and GR in apple plants at different times, except for
SOD that remained unaltered during the 48 h-period after
inoculation. GLS-isolate enhanced in overall the activity of most
anti-oxidative enzymes, whereas ABR-isolate only caused
punctual increases. GLS-isolate seems, therefore, to elicit
stronger oxidative responses in apple plants than ABR-isolate. In
turn, plants infected by GLS-isolate try to avoid the ROS
accumulation that otherwise would Kkill plant cells and,
consequently, the fungus in its biotrophic phase. Interestingly, a
lower level of H,0; could be histochemically determined in GLS-
infected leaves at 48 HAI that could be explained by the stronger
activity of anti-oxidative enzymes.

Enzymes that regulate ROS production can act in
different ways according to different pathogen lifestyles
(lakimova et al. 2006;_Heller and Tudzynski 2011) but, for the
hemibiotrophic C. fructicola, mechanisms of ROS accumulation
are poorly understood. Generally, the rapid generation and
scavenging of ROS, especially H,O, in plant-pathogen
interactions needs to be tightly regulated. Modulation of ROS
levels involve a positive feedback between ROS production and
ROS scavenging in different cellular compartments as well as for
protection against oxidative damage (Mittler et al. 2011).

In our study, the increase of ROS scavenging enzymes
GPOD, CAT and GR in the first hours after inoculation can be
resulted of a compatible interaction and can be an attempt to
detoxification. PODs generally enhance their activity after a
pathogen attack and at the same time act as a ROS scavenger
depending upon plant species and stresses conditions (Mittler et
al. 2011). Increase of GPOD in both isolates, probably occurred
as a mechanism to activate defence reaction. Aradjo and Stadnik
et al. (2013) found that C. gloeosporiodes induced GPOD activity
three fold-higher in resistant than susceptible apple plants.

CAT activity was also higher in inoculated plants with
GLS- than ABR-isolate probably in response to H,O; increase,
CAT is considered the major system for the enzymatic removal of
H,0, in plants because convert molecules of H,0; into H,0 very
rapidly (Baker and Orlandi 1995). APX and GR are two
important enzymes involved in ascorbate-glutathione cycle and
are directly involved in H,0O, detoxification by sustaining the
reduced status of ascorbate and glutathione. The reduced status of
ascorbate produced oxidized glutathione (GSSG), which is
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reduced by GR using NADPH as electron donor (Lamb and
Dixon 1997). This cascade effect can be observed in GLS-
infected plants, since the first increase in APX occurred at 6 HAI
while GR increased after this time.

In relation to SOD, its activity occurs rapidly after
pathogen attack and is considered the first line of defence against
the toxic effects of elevated levels of ROS. Being a rapid
reaction, it is possible that differences could be detected before 6
h.

The accumulation of ROS, particularly H,O, culminates
with HR and localized PCD (Heller and Tudzynski 2011). There
were no significant changes in apple plants in H,O, content until
24 HAI, but, after this time GLS-isolate decreased its levels,
when compared with both ABR-infected- and control plants. This
behavior can be explained by the partial destruction of the
generated ROS in the early hours, since activities of GPOD, CAT
and GR were enhanced.

The behavior of C. fructicola in this study showed that
the activation of scavenging enzymes occurred mainly in the first
hours of infection, as an attempt to trigger plant defence
responses. ABR-isolate appears to be unable to penetrate the
tissues, therefore it is expected that these responses are less
pronounced and do not trigger HR. However, GLS-isolate seems
to have a mechanism to suppress plant defence responses. The
removal of H,O, triggered by oxidative stress enzymes could
possibly favors infection of GLS-isolate by avoiding HR.

C. fructicola isolates can have a great adaptability in
attacking fruits or leaves, which differ in pectin structure, through
differences in extracellular enzymes production. Our findings
demonstrate the first evidences that modulation of plant defence
responses in response to C. fructicola infection involve activating
and suppressing of different cellular responses during
pathogenesis. Thus, this study provides novel information about
the production of fungal extracellular enzymes and activity of
plant oxidative stress enzymes in response to C. fructicola.
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6. CONCLUSOES GERAIS

O presente estudo possibilitou um maior conhecimento
acerca da diversidade das espécies de Colletotrichum que afetam
a macieira no Sul do Brasil e Uruguai.

Foram 1identificadas novas espécies causadoras de
podriddo amarga (PA) e mancha foliar de macieira (MFG) apesar
do namero limitado de isolados. Baseado na identificagcdo
molecular e nos estudos morfoculturais, no Brasil a maioria dos
isolados, tanto da PA como da MFG foram identificados como da
espécie Colletotrichum fructicola.

Além do C. fructicola, foi identificado pela primeira vez
no Brasil a espécie Colletotrichum nymphaeae em frutos e o
Colletotrichum karstii atacando folhas de macieira. No Uruguai,
as espécies identificadas foram C. fructicola, C. theobromicola e
C. melonis, todos afetando frutos.

Outro aspecto importante deste estudo ¢ com relacdo a
patogenicidade dos isolados. Estudos anteriores ndo demostravam
com clareza se os isolados causadores de MFG possuiam
capacidade de causar PA e vice versa. Os resultados obtidos neste
trabalho demonstraram que muitos isolados sdo capazes de
ocasionar ambas as doencas. No teste de patogenicidade em
frutos, todos os isolados ocasionaram sintomas de PA, porém a
maioria dos isolados brasileiros necessitaram de ferimentos para
desencadear a podridao.

No Uruguai, a MFG nio foi detectada até o momento nos
pomares, todavia identificou-se um isolado de PA como potencial
causador da MFG.

Em relagdo as enzimas extracelulares, a laccase e¢ a
pectina liase foram produzidas em maior quantidade no isolado
causador de PA, o que demonstra uma maior importancia dessas
enzimas na infec¢@o de frutos do que em folhas.

Varias diferengas foram observadas no comportamento
das enzimas envolvidas no estresse oxidativo durante a infecdo
com isolados causadores de PA e MFG. O isolado de MFG
induziu um aumento na atividade das enzimas GPOX, CAT ¢ GR
diferentemente do isolado causador de PA. O aumento na perda
de eletrolitos 48 h apds a inoculagdo permitiu identificar
aproximadamente o periodo de transicio do fungo da fase
biotrofica para a necrotrofica.
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O comportamento hemibiotrofico do C. fructicola
demonstrou que a ativacdo das enzimas antioxidantes ocorre
principalmente nas fases iniciais, todavia estas parecem ndo atuar
como respostas de defesa da planta, mas sim como uma forma de
suprimir essas respostas e favorecer a infeccdo.
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