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RESUMO

A ferrugem, causada pelo fungo Hemileia vastatrix, ¢ uma das principais doengas do cafeeiro
e gera grandes prejuizos econdmicos. O H. vastatrix, por ser um fungo biotréfico, tem seu
crescimento e reproducao totalmente dependentes das células do hospedeiro vivo. Sendo assim,
infecta o tecido pelos estdmatos, sem causar necrose. Apesar disso, sabe-se que alguns fungos
durante a interagao com a planta podem expressar genes envolvidos na formacao de estruturas
infecciosas, bem como sintetizar enzimas que auxiliam na penetragdo pela parede celular do
hospedeiro. Pouco ainda se sabe sobre a importancia das enzimas que degradam parede celular
durante a infec¢do por fitopatdgenos biotroficos. Aqui, realizamos uma analise gendmica com
o objetivo de identificar CAZymes (em inglés, Carbohydrate Active EnZymes) produzidas por
H. vastatrix, além da andlise da expressdo génica e atividade enzimatica durante a infec¢do do
cafeeiro. A primeira etapa foi a predicao ab initio do genoma de H. vastatrix, utilizando o
programa AUGUSTUS ajustado com dados de RNA-seq do proprio fungo para defini¢ao do
modelo. A anotagdo funcional para identificar CAZymes foi realizada utilizando o programa
dbCAN2. Dentre as 345 CAZymes encontradas, 162 pertencem as Glicosideo Hidrolases (GH),
incluindo 34 endoglucanases, xilanases e poligalacturonases das familias GH 5, 9, 10, 12 e 28
- que podem atuar durante infeccdo fungica degradando componentes da parede celular,
representados por celulose, xilana ¢ pectina, respectivamente. Parametros fisico-quimicos
dessas enzimas foram preditos, incluindo identificagdo de residuos cataliticos e dominios
padrdoes de CAZymes na sequéncia primdria e estrutura modelada. Além disso, andlises de
expressao das enzimas foram realizadas utilizando dados de RNA-seq de um gendtipo de C.
arabica suscetivel a infeccao, portanto apresentando interagao compativel com o patégeno, nos
tempos 0, 12, 24 e 96 horas apds a inoculagdo (hai) com o fungo. Ensaios de atividade
enzimatica foram realizados para verificar se essas enzimas também atuam durante a infec¢ao
fungica. As enzimas apresentaram caracteristicas fisico-quimicas e estruturais tipicas de
enzimas ativas, incluindo a conservacdo dos sitios cataliticos. Genes que codificam
endoglucanases e xilanases sao expressos em diferentes momentos da infec¢ao por H. vastatrix,
sendo o primeiro mais expresso em 12 hai e o segundo em 24 hai. Em concordancia com os
dados de expressdo, as endoglucanases comegam a ser produzidas precocemente e sdo mais
ativas a 24 hai, enquanto as xilanases tém maior atividade a 96 hai. Esses resultados sugerem
que fungos biotroficos também utilizam enzimas ativas sob carboidratos durante a infec¢do. No

caso de H. vastatrix, essas enzimas comecam a ser produzidas na fase pré-haustorial da infec¢ao



do fungo, mas sdo mais ativas na fase pds-haustorial, quando o haustério ja comeca a ser

formado nas membranas do hospedeiro e na parede celular da planta.

Palavras-chave: Ferrugem da folha do café, CAZymes, carboidratos, xilanase, celulase,

pectinase.



ABSTRACT

Coffee leaf rust, caused by the fungus Hemileia vastatrix, is a major disease that affects many
coffee producers around the world, causing a huge economic loss. H. vastatrix is a biotrophic
fungus, hence, its growth and reproduction are totally dependent on the cells of the living host.
Because of that, they infect the tissue without causing necrosis. Nevertheless, it is known that
some fungi during plant interaction can express genes involved in the formation of infectious
structures, as well as synthesize enzymes responsible for the degradation of the host cell wall.
However, little is known about the importance of cell wall degrading enzymes (CWDE) for
biotrophic phytopathogens. In this work, we performed genomic analysis to identify CAZymes
(Carbohydrate Active EnZymes) from H. vastatrix and the analysis of expression and enzyme
activity during experimental coffee infection. The first step was the ab initio prediction of H.
vastatrix genome, using AUGUSTUS program, which was adjusted with H. vastatrix RNA-
Seq for model determination. Functional annotation to identify CAZymes was performed using
dbCAN2 meta server. Among the 345 CAZymes found, 162 belong to Glycoside Hydrolases
(GH) including 34 endoglucanases, xylanases and polygalacturonases from families GH 5, 9,
10, 12 and 28 - which may act during fungal infection degrading the highest prevalent
components of cell wall, represented by cellulose, xylan and pectin, respectively. Physico-
chemical parameters of these enzymes were checked, including identification of catalytic
residues and standard CAZymes motifs. The enzyme structures were also modelled. Moreover,
analysis of expression of enzymes were performed using RNA-seq data from a genotype of C.
arabica susceptible to infection, therefore presenting compatible interaction with the pathogen,
after 0, 12, 24 and 96 hours after inoculation (hai). Enzyme activity assays were carried out in
order to verify if these enzymes were also active during the fungal infection. The enzymes
showed typical physico-chemical characteristics and structures of active enzymes including
conservation of the catalytic sites. Genes encoding endoglucanases and xylanases were
expressed during different times of H. vastatrix infection, being the first more expressed at 12
hai and the other at 24 hai. In agreement with expression data, endoglucanases started to be
produced early, and were more active at 24 hai, whereas xylanases had greater activity at 96
hai. The results suggest that biotrophic fungus also use active enzymes on carbohydrates during
the infection. In relation to H. vastatrix, these enzymes start being produced at the pre-haustorial
phase of the fungal infection, but are more active at the post-haustorial phase, when the

haustorium begins to be formed in the host membranes and in the plant cell wall.

Keywords: coffee leaf rust, cazymes, carbohydrates, xylanase, cellulase, pectinase.
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1. REVISAO DE LITERATURA

1.1. Café

A histdria da origem do café ndo € muito precisa, mas registros histéricos de 575 d.C. permitem
estimar que esse gréo tenha sido observado pela primeira vez na provincia de Kaffa, na Etidpia
(ABIC, 2021; ICOb, 2021). Seu processo de cultivo, no entanto, teve inicio nos monastérios
islamicos do Iémen e a bebida da forma como é conhecida hoje, e sua consequente
popularizacéo, foi possibilitada somente apds o desenvolvimento do seu processo de torrefacao,
na Pérsia, no século X1V (ABIC, 2021; CECAFE, 2021).

O café comecou a ser altamente difundido para outras regides no inicio do século XVI, quando
viajantes europeus conheceram o gréo durante as navegacoes ao Oriente em busca de produtos
exoticos que pudessem ter valor na Europa (CECAFE, 2021; SANTIAGO, 2021). Cerca de um
século depois, em 1727, as primeiras mudas de café foram trazidas para o Brasil por um oficial
portugués vindo da Guiana Francesa (ABIC, 2021). As mudas foram plantadas inicialmente em
Belém do Pard e devido as condi¢des climaticas favoraveis, rapidamente seu cultivo se
propagou para outras regifes do Brasil, principalmente no Sudeste, tornando-se em 1830 o
principal produto exportado no pais. No entanto, uma geada no centro-sul brasileiro marcou o
primeiro abalo sofrido pela industria do café, em 1870. O segundo, que resultou no fim do auge
do ciclo do café, foi em 1929 devido a quebra da bolsa de Nova York (CECAFE, 2021).

Atualmente o café ndo é mais o principal produto de exportacdo no Brasil. Apesar disso, o pais
ainda € o maior exportador mundial do produto, tendo sido responsavel em 2019 por cerca de
um ter¢o da producéo do planeta, com aproximadamente 60 milhdes de sacas produzidas (ICOa,
2021). Além disso, no mesmo periodo, foi o segundo maior consumidor de café, atrds apenas
dos EUA (ICO, 2020). De acordo com o relatorio de acompanhamento da safra brasileira de
café do ultimo trimestre de 2020 da CONAB (2021), a area cultivada com café arabica e
canéfora foi de 2,16 milhdes de hectares, e o principal estado produtor foi Minas Gerais, com

34,65 milhdes de sacas.

Dentre as espécies de cafeeiro, duas se destacam pela sua importancia econémica: Coffea
arabica (Café Arabica) e Coffea canephora (Café Canéfora) (PARTELLI et al., 2020). O café
Arabica, cultivado em regides de altitude acima de 800 m, representou 77% da safra brasileira
no quarto trimestre de 2020. Enquanto que o Canéfora, predominante em regifes de
temperaturas mais altas e de baixa altitude, foi responsavel por 23% (CABRAL et al., 2016;
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CONAB, 2021). Apesar do C. canephora apresentar muitas qualidades agrondmicas desejadas
e ser altamente resistente a pragas (MCCOOK; VANDERMEER, 2015), seu sabor e qualidade
sdo inferiores ao C. arabica e por este motivo, esta Ultima espécie € a mais cultivada (RIBEIRO
etal., 2014).

Dada toda a importancia do café para a economia brasileira, alguns fatores bidticos e abidticos
que afetam a qualidade e a produgdo deste grao devem ser observados. As condic¢des favoraveis
para o cultivo do café incluem temperaturas entre 15°C a 24°C para o0 arabica e até 30°C para o
canéfora, além de um pH 6timo entre 4.5 e 5.5 (MAGRACH; GHAZOUL, 2015; NAIK et al.,
2019). Dessa forma, alguns estresses abidticos sdo devidos a ocorréncia de geadas, mesmo que
esporadicas, bem como exposicdo direta ao sol e a altas temperaturas. Ha também o estresse
hidrico, causado por limitacdo de chuva e baixa capacidade de reten¢do de umidade do solo
(NAIK et al., 2019). Ja grandes quantidades de chuva ndo causam danos t&o significativos ao
plantio do café, desde que haja sistemas de drenagem adequados. Todavia, areas com
precipitacdo maior que 3000mm/ano podem gerar consequéncias secundarias como a erosao e
dificuldade de secagem dos grdos ao sol (DESCROIX; SNOECK, 2009). Assim, como a
producdo do café é muito sensivel a esses fatores abidticos, ha uma preocupacao em relagdo as
mudancas climaticas, cujas projecdes apontam para a reducdo das areas cultivaveis,

consequentemente gerando um grande impacto econémico (MAGRACH; GHAZOUL, 2015).

Jé os fatores bidticos incluem algumas pragas que afetam significativamente a producao de café
no mundo, como a mariposa do café ou bicho mineiro (Leucoptera coffeella), que cria lesbes
necrotroficas na folha, provocando sua queda e reduzindo a eficiéncia fotossintética
(AGROLINK, 2021). O fungo Colletotrichum kahawae causa a antracnose do cafeeiro e leva a
formacdo de manchas escuras nos frutos verdes e em consequéncia, a sua queda precoce
(SILVA et al., 2006). O fungo Fusarium xylarioides causa a murcha do cafeeiro, doenga que
bloqueia o sistema vascular da planta, limitando o fornecimento de 4gua e culminando na morte
da planta (PFENNING; MARTINS, 2000). No entanto, a doenga mais grave que afeta a
industria cafeeira € a ferrugem da folha do café, ja que 95% das variedades plantadas séo
suscetiveis a doenca (CABRAL et al., 2016; CHEMURA; MUTANGA; DUBE, 2016). A
ferrugem é causada pelo fungo H. vastatrix e seus sintomas comegam com 0 aparecimento de
pequenos pontos amarelados na folha, que véo se expandindo, formando massas de esporos
alaranjados na superficie inferior da folha e conduzindo a sua queda (ALFONSI et al., 2019g;
TALHINHAS et al., 2017).
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1.2.  Aferrugem do café

A ferrugem do café foi identificada pela primeira vez em 1869 no Lago Vitdria, no Quénia
(ALFONSI et al., 2019a), mas emergiu como um grande problema 8 anos mais tarde, no Ceildo
(Sri Lanka). Esta regiao possui um clima imido que favoreceu a propagacao do fungo, levando
a destruicdo de cerca de 90% da safra de café (CRESSEY, 2013). No Brasil, constatou-se a
primeira aparicao da ferrugem do café em C. arabica em janeiro de 1970, na Bahia. Estima-se
que hoje a doenca cause perdas na produgdo que variam entre 30 e 50%, de acordo com o nivel
de resisténcia do gendétipo (ZAMBOLIM, 2016).

Figura 1: Inicio da infeccdo da folha de café por H. vastatrix. Os sintomas comegam com 0
aparecimento de pequenos pontos amarelados na superficie inferior da folha, que vao se
expandindo, formando massas de esporos alaranjados e conduzindo a sua queda. Fonte: 3R
LAB, 2021.

Mais de 50 racas diferentes do fungo ja foram descritas no mundo, e no Brasil, foram
identificadas 15: I, 11, 11, VII, X, XIH, XV, XVI, XVII, XXI, XXII, XXIII, XXIV, XXV ou
XXXI e XXXVII (CAPUCHO et al., 2012, PORTO et al., 2019). O uso de cultivares resistentes
foi até hoje a forma mais sustentavel e menos danosa ao meio ambiente e aos produtores
encontrada de controlar a doenca, porém tem sido observado que novas racas identificadas do
fungo sdo capazes de suplantar essa resisténcia. Apesar de a raca 1, que infecta variedades de
C. arabica ndo resistentes ser a mais predominante na maioria dos paises (CRISTANCHO et
al., 2014), outras racas sdo objeto de estudos mais aprofundados por infectarem variedades que
foram inicialmente lancadas como resistentes, mas tiveram a resisténcia suplantada e passaram
a ser suscetiveis. Um exemplo é a raga XXXIII, detectada recentemente em cultivares derivados
dos principais doadores parentais de resisténcia (PORTO et al., 2019).
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O fungo H. vastatrix pertence ao filo Basidiomycota e a ordem Puccinales, que representa 0s
fungos da ferrugem (SILVA et al., 2012), e sdo patdgenos biotréficos obrigatérios (RAMIRO
et al., 2009). Enquanto os fungos necrotréficos matam as células do tecido hospedeiro e se
desenvolvem em tecido morto, os fungos biotroficos se desenvolvem no tecido sem causar
necrose, pois dependem inteiramente do hospedeiro para seu crescimento e reproducédo, o que
ocorre por meio dos haustérios, estruturas que possibilitam a obtencdo de nutrientes por meio
do contato com as células vivas da planta (GARCIA-GUZMAN; HEIL, 2013, RAMIRO et al.,
2009).

@\0lropy \\\eCTOt" Op4
I Rt

-

Figura 2: Dois estilos de vida de fungos que infectam plantas: biotréficos (que desenvolvem
estruturas infecciosas no tecido vivo) e necrotréficos (causam a morte do tecido do hospedeiro).
Fonte: Garcia-Guzman e Heil (2013).

O ciclo de vida do H. vastatrix consiste em dois diferentes estagios: o primeiro dicaridtico, em
que sdo formadas as uredinias (que dardo origem aos urediniésporos), e o segundo
monocari6tico, representado pelos basididsporos, que ndo tém ainda um papel bem conhecido
no ciclo de vida deste patogeno (FERNANDES, 2007; RAMIRO et al., 2009).

O mecanismo infeccioso pode ser visto na Figura 1. Existe uma variagdo em relagdo aos tempos
de duragdo de cada etapa desse processo, de acordo com a suscetibilidade do gendtipo em
estudo e diferentes racas do patégeno. Desse modo, 0 mecanismo inicia-se com a adesdo dos
urediniésporos (UR) na folha do café, sequida de sua germinagéo e o alongamento de um tubo
germinativo a fim de encontrar um estdmato, por onde acontece a penetragdo. Considerando
genotipos de café suscetiveis ao H. vastatrix de diferentes racas e que compdem interacdo
compativel, esse processo pode ocorrer de 12 hai a 18 hai (SILVA et al., 2002; SILVA et al.,
2008; RAMIRO et al., 2009). Nesse momento, ha a diferenciacdo de um apressorio (AP)
maduro, estrutura que fixa o fungo a planta e que se diferencia em hifa priméaria (HiP)
(TALHINHAS et al., 2017). A HiP é formada por volta das 24 hai, penetrando o estdmato e
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alcancando a cdmara subestomatica (SILVA et al., 2002; SILVA et al., 2008; RAMIRO et al.,
2009). Essa hifa gera entdo duas ramificagdes laterais em formato de ancora (AN), que formam
a celula mée do haustério (CMH) de 24 a 36 hai (SILVA et al., 2008; RAMIRO et al., 2009).
A CMH origina, por sua vez, o haustorio priméario (HP) dentro das células subsidiarias, de 36
a 48 horas apo6s a infeccdo (SILVA et al., 2002; SILVA et al. 2008). A partir dai o fungo
continua se desenvolvendo, ha a formacéo de novas ancoras, CMHs e os haustdrios secundarios
(HS) sdo produzidos nas células do mesofilo a partir de 36 hai (RAMIRO et al. 2009).
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Figura 3: Representacdo esquematica do mecanismo de infeccdo do fungo H. vastatrix nos
tecidos da folha do cafeeiro. O processo se inicia pela adesdo de uredinidsporos a folha, seguida
da penetracdo do apressorio pelos estbmatos, até o desenvolvimento dos haustorios - estruturas
de nutricdo do fungo. Abreviagdes - Ur: uredinidsporo, Ap: apressorio, Hip: haustorio primario,
AN: ancora, CMH: célula mae do haustério, HP: haustorio primario, A: célula subsidiaria, E:
estdmato, G: células guarda, HS: haustdrio secundario, M: meséfilo, EP: epiderme. Fonte:
RAMIREZ (2015 apud RAMIRO et al., 2009).

1.3.  Parede celular vegetal

A parede celular vegetal é constituida em sua maior parte (mais de 90%) por uma fragéo
polissacaridica que engloba celulose, hemicelulose e pectina, e uma outra ndo polissacaridica,
formada por lignina, compostos fenolicos e proteinas (KUMAR; NARAIAN, 2019; MOTA et
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al., 2018). A celulose é o principal componente da parede celular das plantas e é formada por
monomeros de glicose unidos entre si por ligagdes -1,4 glicosidicas, que resultam num arranjo
cristalino. A celulose tem um papel de sustentacdo da parede. Os arranjos de celulose sdo
interconectados com cadeias de hemicelulose, que por sua vez, sdo formados da unido de
diferentes mondmeros como xilose, arabinose e galactose, e por isso, resultam em estruturas
amorfas. Esses arranjos descritos estdo incorporados numa matriz de pectina, um carboidrato
mais complexo, rico em acido galacturénico (MADEIRA JUNIOR et al., 2017; VORWERK;
SOMERVILLE; SOMERVILLE, 2004). Por fim, a lignina é um polimero formado por alcoois
aromaticos, que aumenta a rigidez da planta e a resisténcia a entrada de &gua e microorganismos
(NATIONAL HIGH MAGNETIC FIELD LABORATORY, 2021).
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Figura 4: Representacdo das trés principais camadas da parede celular vegetal: as paredes
primaria e secundaria e a lamela média que une as celulas vegetais entre si. A parede celular
primaria precisa ser flexivel e resistente a0 mesmo tempo, para permitir o crescimento celular
e é constituida por celulose (representada em tubos marrons), hemiceluloses (fibrilas
vermelhas) e pectina (fibrilas em azul). A parede secundaria € mais espessa e rigida e contém,
além desses trés componentes, também lignina (polimero formado por alcoois aromaticos).
Fonte: Zhao et al. (2019).
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1.4.  Enzimas relacionadas a degradacao da parede celular vegetal

Para que fitopatdgenos consigam colonizar seu hospedeiro de maneira efetiva, precisam
atravessar a parede celular vegetal, que contém os 3 polissacarideos principais: celulose,
hemicelulose e pectina. Por esse motivo, um arsenal enzimatico que auxilia na hidfolise desses
carboidratos é encontrado em diversos fungos, incluindo biotroficos e necrotroficos, sendo
significativamente maior para o segundo grupo (KUBICEK; STARR; GLASS, 2014; ZHAO et
al., 2013).

Ainda que seja descrito na literatura que o processo de infecgcdo do café por H. vastatrix se
inicie pelos estbmatos (aberturas naturais da planta), ha evidéncias de que outros fungos
biotroficos e hemibiotroficos apresentam enzimas acessorias durante a invasdo dos tecidos para
que se espalhem mais rapidamente sem causar muitos danos ao hospedeiro (GIBSON et al.,
2011).

As principais enzimas que degradam os carboidratos essenciais da parede celular vegetal,
encontradas nos fungos, sdo celulases, hemicelulases e pectinases (ZHAO et al., 2013). O
complexo de enzimas responsavel pela hidrélise de celulose, é composto por endoglucanases,
exoglucanases e beta-glucosidases (NAVYA; PUSHPA, 2012). A primeira é responsavel pela
quebra das ligagdes B-1,4 glicosidicas na cadeia de celulose, e as exoglucanases hidrolisam sua
fragdo cristalina, liberando celobiose, que sera degradada pelas B-glucosidases (FARINAS,
2011). Endo- B-1,4-xylanases sdo as principais e mais abundantes hemicelulases existentes, e
sdo responsaveis pela hidrolise das ligagdes B-1,4 glicosidicas da xilana, liberando como
subprodutos diversos oligossacarideos, como xilose, xilobiose e xilotriose (KUMAR;
NARAIAN, 2019). Ja a degradacao da pectina, € um processo mais complexo e requer a acéo
de diversas enzimas, entre elas, poligalacturonases e rhamnogalacturonases (MADEIRA
JUNIOR et al., 2017).

15. CAZymes

H& uma enorme diversidade de carboidratos encontrados na natureza, que desempenham
diferentes funcdes, e sdo controlados por enzimas responsaveis por desde a sua sintese até a
guebra. Essas enzimas sdo designadas como CAZymes: enzimas ativas em carboidratos (do
inglés: Carbohydrate-Active enZymes) e séo divididas em 5 principais classes: i) Glicosideo

Hidrolases (GHs) - agem na hidrélise e rearranjo de ligacdes glicosidicas; ii) Glicosil
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Transferases (GTs) - auxiliam na formacéo das liga¢@es glicosidicas; iii) Polissacarideo Liases
(PLs) - quebra sem hidrolise das ligacbes glicosidicas; iv) Carboidrato Esterases (CEs) -
hidrolise de ésteres de carboidrato; v) Atividades Auxiliares (AAS) - enzimas que atuam na
degradacéo de lignina, que foram adicionadas posteriormente, justamente porque a lignina é
sempre encontrada junto com os polissacarideos da parede celular vegetal (CAZy, 2020;
LOMBARD et al., 2013).

Dentro dessas classes, as CAZy sao ainda subdivididas em familias, que reinem enzimas que
tém em comum o mecanismo catalitico e que se dobram de forma similar, apresentando assim
um bom potencial preditivo em se tratando das novas enzimas que vém sendo constantemente
descobertas (GARRON; HENRISSAT, 2019).

As principais enzimas que degradam parede celular vegetal, pertencem as Glicosideo
Hidrolases, em sua maioria. Das celulases, ha 12 familias que contemplam as B-1,4-
endoglucanases: GH 5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 74 e 124 (KUMAR; NARAIAN, 2019),
sendo a GH5 a maior delas. Zhao et al. (2013) demonstraram que enzimas pertencentes a GH5
parecem ter um papel importante na degradacdo de materiais lignocelulésicos, uma vez que foi
a familia mais comum encontrada nos fungos examinados com potencial de degradacdo da

parede celular vegetal.

Ja as endo- B-1,4-xylanases pertencem em maior parte as familias GH10 e GH11, que sdo bem
diferentes entre si em diversos aspectos, tais como a massa molecular que é maior para as GH10
e 0s pontos isoelétricos que sdo mais acidos para enzimas desta familia e mais basicos para as
GH11l (KUMAR; NARAIAN, 2019). Alem disso, as xilanases GH10 se dobram numa
conformacdo TIM-barrel e apresentam uma maior versatilidade catalitica que as GH11, de
conformacao B-jelly roll. Desta forma, as GH10 agem numa maior diversidade de substratos e
diferentes subprodutos sdo obtidos desta hidrélise (BIELY et al., 1997).

A pectina, por ser uma estrutura mais complexa, tem uma maior diversidade de enzimas
envolvidas na sua hidrélise. Por exemplo, as poligalacturonases e as rhamnogalacturonases que
pertencem a familia GH28, as pectina e pectato liases, pertencentes a PL1-4 e a pectina
metilesterase, que pertence a CE8 (MADEIRA JUNIOR et al., 2017).

A variedade e o numero dessas enzimas € diferente para cada grupo de fungos. Os biotréficos,
hemibiotroficos e necrotréficos apresentam, respectivamente, uma quantidade crescente do
namero de CAZymes (ZHAO et al., 2013).
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Figura 5: Grafico mostrando a representatividade das classes de CAZymes em diferentes
fungos e patossistemas. Apesar da quantidade de CAZymes ser diferente, o grupo das GHs é o
maior em todos os casos e os fungos necrotréficos sdo os que apresentam maior quantidade
dessas enzimas. Fonte: ZHAO et al (2013).

1.6. Estudos sobre CAZymes em fungos fitopatogénicos a nivel de genoma,

transcriptoma e proteoma

Dentre todos os tipos de CAZymes que podem ser produzidas por fungos, as que estdo
envolvidas na degradacéo da parede celular vegetal tém sido objeto de diversos estudos, dada
sua importancia para a efetiva infec¢do do hospedeiro. Com um maior nimero de genomas de
fungos sequenciados nos ultimos tempos, foram descobertos novos genes que codificam
CAZymes que degradam parede celular de plantas e estdo envolvidos na sua infeccdo (ZHAO
et al., 2013). No entanto, ainda pouco se sabe sobre a funcéo dessas enzimas durante a infeccado
e em quais momentos elas estdo presentes, ou se estdo sendo expressas nesses fungos
(HERBERT et al., 2004)

Alguns estudos de expressdo de genes codificadores de CAZymes foram feitos para fungos

hemibiotroficos. Foi demonstrado por Herbert et al. (2004) que o fungo Colletotrichum
20



lindemuthianum apresenta atividade enzimética durante o estagio biotrofico, direcionada a
degradacdo de biopolimeros da parede celular do hospedeiro. Zhao et al. (2013) também
conclui que os perfis de expressdo do fungo Fusarium graminearum mostram genes
codificadores de CAZymes com expressao aumentada durante a infeccdo a planta. Além disso,
analises bioquimicas e moleculares de fungos de ferrugem demonstraram a presenca de enzimas
envolvidas com uma quebra localizada da parede celular vegetal, sugerindo que esses fungos
possuem mecanismos que permitem a lise da parede celular do hospedeiro, facilitando a
penetracdo (VOEGELE; HAHN; MENDGEN, 2009). Rauscher, Mendgen e Deising (1995)
demonstraram, num estudo com o fungo biotréfico Uromyces viciae-fabae - responsavel pela
ferrugem da ervilha - que pressdo celular (turgor) e a secrecdo controlada de enzimas liticas

agem em conjunto para que haja uma penetracdo bem-sucedida na parede celular do hospedeiro.

Os genomas de fungos de ferrugem sdo muito grandes quando comparados a fungos nao
biotroficos, especialmente o de H. vastatrix, que € considerado um dos maiores deste grupo
(PORTO et al., 2019). Por este motivo, somente recentemente foi realizado o sequenciamento
do genoma do fungo da ferrugem do café, possibilitando estudos mais aprofundados sobre sua
interacdo com o hospedeiro. Cristancho et al. (2014) foi o primeiro grupo a depositar a
montagem do genoma (333 Mb) com base num conjunto de 8 diferentes isolados de H. vastatrix
(HvCat) utilizando as plataformas Illumina e 454. Porto et al. (2019) foram responsaveis pelo
depdsito do genoma da raga XXXII1 (Hv33), de 547 Mb, combinando estratégias de long reads
(PacBio) e de short reads (Illumina), para alcancar uma alta qualidade do sequenciamento. No
entanto, a anotacdo destes genomas ndo estd publicamente disponivel, o que dificulta a
investigacdo da existéncia de CAZymes que possivelmente estdo sendo codificadas, e também

se e como atuam durante a infeccéo da folha de café.

Talhinhas et al. (2014) avaliaram alguns mecanismos moleculares associados ao patossistema
H. vastatrix - cafeeiro por meio da analise transcriptdmica (sequenciado por 454), durante duas
fases iniciais da infecgdo: germinacédo de urediniosporos e formagdo do apressorio. Esse estudo
incluiu ainda uma comparacdo com dados de outro trabalho previamente publicado
(FERNANDEZ et al., 2011) referentes a um estagio mais tardio da infecgdo, quando haustorios
ja foram formados. Por meio de uma comparacéo por blastp das proteinas preditas com a base
de dados CAZy, eles conseguiram identificar 148 CAZymes putativas codificadas no genoma
de H. vastatrix. Foi observado que a maioria dos genes que codificam essas enzimas estao sendo
expressos nas fases iniciais de infecgdo, e a maior parte delas pertence a familia das Glicosideo

Hidrolases.
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Apesar de saber que existem genes que codificam CAZymes no genoma de H. vastatrix, ainda
ndo foi comprovado que estes realmente produzem as enzimas, se elas séo secretadas e se
desempenham alguma funcéo durante a infeccao, e se sim, qual é essa funcdo. Alem disso, se
faz necessario um estudo mais aprofundado para um melhor entendimento do papel de cada
familia de CAZymes durante a infeccdo, e se esse papel esta relacionado a degradacdo de

carboidratos da parede celular vegetal.
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2. PERGUNTAS E HIPOTESE

Propusemos as seguintes perguntas neste trabalho: sendo o H. vastatrix um fungo biotrofico,
(i) ele expressa genes codificadores de CAZymes durante a infeccéo e (ii), caso sejam de fato

produzidas, as enzimas estarao ativas?

Hipoteses a serem testadas: (i) as principais enzimas que degradam parede celular vegetal s&o

produzidas e (ii) estdo ativas durante a infeccdo do fungo H. vastatrix a folha de café.
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3. OBJETIVOS

3.1.  Objetivo geral
Predizer e identificar genes codificadores de CAZymes e avaliar se essas enzimas estao

sendo produzidas e estdo ativas durante a infeccéo do fungo H. vastatrix a folha de café.

3.2.  Objetivos especificos

e Predizer e identificar genes codificadores de CAZymes no genoma do fungo H.
vastatrix;

e Auvaliar padrbes de conservacao e diversidade nas sequéncias e estruturas modeladas
das enzimas;

e Auvaliar padrdes de expressdo dos genes codificadores dessas enzimas nas diferentes
fases de infeccdo do fungo;

e Auvaliar a atividade das enzimas selecionadas ao longo do processo de infeccao.

O texto foi preparado no formato de manuscrito a ser submetido ao peridédico Fungal Genetics

and Biology (Fator de impacto: 3.071)
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Abstract

Coffee leaf rust, caused by the fungus Hemileia vastatrix, is a major disease that affects many
coffee producers around the world, causing a huge economic loss. H. vastatrix is a biotrophic
fungus, hence, its growth and reproduction are totally dependent on the cells of the living host.
Because of that, they infect the tissue without causing necrosis. Nevertheless, it is known that
some fungi during plant interaction can express genes involved in the formation of infectious
structures, as well as synthesize enzymes responsible for the degradation of the host cell wall.
However, little is known about the importance of cell wall degrading enzymes (CWDE) for
biotrophic phytopathogens. In this work, we performed genomic analysis to identify CAZymes
(Carbohydrate Active EnZymes) from H. vastatrix and the analysis of expression and enzyme
activity during experimental coffee infection. The first step was the ab initio prediction of H.
vastatrix genome, using AUGUSTUS program, which was adjusted with H. vastatrix RNA-
Seq for model determination. Functional annotation to identify CAZymes was performed using
dbCAN2 meta server. Among the 345 CAZymes found, 162 belong to Glycoside Hydrolases
(GH) including 34 endoglucanases, xylanases and polygalacturonases from families GH 5, 9,
10, 12 and 28 - which may act during fungal infection degrading the highest prevalent
components of cell wall, represented by cellulose, xylan and pectin, respectively. Physico-
chemical parameters of these enzymes were checked, including identification of catalytic
residues and standard CAZymes motifs. The enzyme structures were also modelled. Moreover,
analysis of expression of enzymes were performed using RNA-seq data from a genotype of C.
arabica susceptible to infection, therefore presenting compatible interaction with the pathogen,
after 0, 12, 24 and 96 hours after inoculation (hai). Enzyme activity assays were carried out in
order to verify if these enzymes were also active during the fungal infection. The enzymes
showed typical physico-chemical characteristics and structures of active enzymes including
conservation of the catalytic sites. Genes encoding endoglucanases and Xxylanases were
expressed during different times of H. vastatrix infection, being the first more expressed at 12
hai and the other at 24 hai. In agreement with expression data, endoglucanases started to be
produced early, and were more active at 24 hai, whereas xylanases had greater activity at 96
hai. The results suggest that biotrophic fungus also use active enzymes on carbohydrates during
the infection. In relation to H. vastatrix, these enzymes start being produced at the pre-haustorial
phase of the fungal infection, but are more active at the post-haustorial phase, when the

haustorium begins to be formed in the host membranes and in the plant cell wall.
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4.1. Introduction

Global coffee market was valued at approximately 102 billion US dollars in 2019 (RESEARCH
AND MARKETS, 2020) and the world coffee consumption was around 168 million bags of
60kg in the same year (ICO, 2020). Furthermore, coffee is produced in more than 50 countries
around the world (NATIONAL COFFEE ASSOCIATION, 2020) and it is the source of income
of more than 100 million people (TALHINHAS et al., 2017).

Coffee leaf rust (CLR), caused by the fungus Hemileia vastatrix (H. vastatrix), is one of the
major diseases of coffee plantations. It was first observed in 1861 in wild coffee trees near Lake
Victoria in Kenya (East Africa) and, in the 1860s, caused destruction on coffee crops in Ceylon
(Sri Lanka). After 1900, epidemics of CRL were detected in Africa, Philippines, Madagascar
and Americas, showing that rust had spread to most coffee-growing countries worldwide
(ZAMBOLIM; CAIXETA, 2021). In Brazil, it was first detected in January 1970, infecting
Coffea arabica crops in the southern region of Bahia state (ZAMBOLIM, 2016). Today, it is
estimated that rust causes losses of one to two billion US dollars annually (MCCOOK, 2006).

The severity of this disease is associated with the speed reproduction of the pathogen, which is
influenced by temperature - being urediniospores germination rate optimum in 23°C. In regions
of Brazil that experience warm weather, the disease can reduce yields by 30 to 50% depending
on some factors such as the level of resistance of the plant genotype and the level of epidemics
in the previous year (ZAMBOLIM, 2016).

The disease symptoms start with the appearance of small patches of pale yellow color in the
leaves, which expand from around 1 to 20mm in diameter. The chlorotic spots precedes the
differentiation of uredinia, where the urediniospores, the main primary inoculum of the coffee
leaf rust, are produced (ZAMBOLIM, 2016).

The growth and reproduction of H. vastatrix is totally dependent on the cells of the living host,
since they are a biotrophic fungus. For this reason, the coffee rust fungus presents a colonization
process that differs from the necrotrophic and endosymbiotic fungi (PANSTRUGA; DODDS,
2009). This pathogen life cycle consists of two different stages. The first is a dikaryotic stage,
in which urediniospores are formed as structures of dispersion and infection. In the
monokaryotic stage is produced basidiospores, in which coffee infectivity has not yet been
demonstrated. Thus, the dikaryotic phase plays the most important role during infection
(GOLD; MEDGEN, 1991; RAMIRO et al., 2009).
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The infectious mechanism can be divided in some steps, each one with its period of time varying
according to genotype susceptibility and pathogen race. It starts with urediniospores adhesion
in the coffee leaf followed by the elongation of the germinative tube until it meets a stomata,
where the penetration happens. Considering coffee genotypes susceptible to H. vastatrix of
different races, which will compose compatible interaction with the host, that process occurrs
from 12 h to 18 hai (SILVA et al., 2002; SILVA et al., 2008; RAMIRO et al., 2009). At this
point, there is the differentiation of a mature appressorium, an accessory that fixes the plant to
the fungus, which will in turn differentiate into primary hypha (PHy) (TALHINHAS et al.,
2017). According to Silva et al. (2002), at 24 post-infection, the percentage of spore
germination is around 74%, whereas an average 54% of the appressorium is formed over the
stomata of a susceptible coffee genotype. The PHy is formed around 24 hai, penetrating the
stomata and reaching the substomatic chamber (SILVA et al., 2002; SILVA et al., 2008;
RAMIRO et al.,, 2009). This primary hypha will then generate two anchor-like lateral
ramifications, forming the haustorium mother cell (HMC) 24 h to 36 hai (SILVA et al., 2008;
RAMIRO et al., 2009). HMC gives rise to the primary haustorium (PH) inside subsidiary cells,
36 h to 48 hai (SILVA et al., 2002; SILVA et al., 2008). Then, the fungus keeps developing,
forming new anchors, HMC’s and secondary haustoriums (SH), produced at the mesophyll cells
from 36 hai (RAMIRO et al., 2009).

Many microorganisms such as fungus produce and secrete enzymatic cocktails with activity
under vegetal biomass during colonization resulting in degradation of the primary and
secondary plant cell wall. The primary cell wall needs to be flexible and at the same time
mechanically stable to allow cell expansion without breaking them. The primary cell wall is
constituted by cellulose, hemicelluloses and pectin. The secondary cell wall requires a higher
mechanical stability and for this reason, it contains lignin in addition to the other components
(TAIZ; ZEIGER, 2015). Cellulose is a linear biopolymer formed by monomers of D-glucose
linked by B-1,4 glycosidic bonds, presenting a crystalline structure. In contrast, hemicelluloses
are formed by pentoses and hexoses linked in an amorphous arrangement. Pectin is a family of
galacturonic acid-rich polysaccharides and it is structurally and functionally the most complex
carbohydrate of plant cell wall (O’NEILL; ALBERSHEIM; DARVILL; MOHNEN, 2008;
TAIZ; ZEIGER, 2015). Lignin, on the other hand, is composed of phenolic compounds,
presenting an aromatic structure and chemical nature quite different from carbohydrates (TAIZ;
ZEIGER, 2015).
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Cellulose is hydrolysed by a cellulolytic enzyme system composed of endoglucanase,
exoglucanase and beta-glucosidase, reducing cellulose to glucose units (NAVYA; PUSHPA,
2012). Endoglucanase acts over B-1,4 glycosidic bonds in the cellulose chain. Exoglucanase
hydrolyzes crystalline cellulose, releasing cellobiose, which will be degraded by B-glucosidases
(ZHANG et al., 2006). B-1,4-endoglucanases are classified in 12 different GH families: GH5,
6,7,8,9, 12,44, 45, 48, 51, 74 and 124 (KUMAR; NARAIAN, 2019).

The most abundant group of hemicelluloses is xylan, which is also the second-most abundant
polysaccharide after cellulose (SAHA, 2003; KUMAR; NARAIAN, 2019). Because of that, its
hydrolysis is essential in biomass degradation (DODD; CANN, 2009). Endo- B-1,4-xylanases
are the enzymes responsible for xylan hydrolysis, and most of them belong to the families GH10
and GH11, which are quite different from each other in physicochemical and molecular terms.
When compared to GH11, GH10 xylanases act on a greater diversity of substrates, since they
present catalytic flexibility. Because of that, their subproducts are many different
oligosaccharides such as xylose, xylobiose, xylotriose (KUMAR; NARAIAN, 2019).

The major pectin structures are very complex and its deconstruction includes the action of many
enzymes, such as polygalacturonases and rhamnogalacturonases, which are included in the GH
28 family (MADEIRA JUNIOR et al., 2017).

Biotrophic fungi such as H. vastatrix need to obtain nutrients from the host cells and developed
mechanisms to infect them without causing necrosis. However, Bellincampi et al. (2014)
showed that small quantities of cell wall degrading enzymes (CWDE) are produced by

biotrophic fungus in order to soften and loosen the cell walls and to facilitate fungal invasion.

It was noticed that there is almost no information about how CWDE can act during H. vastatrix
infection to the coffee leaf. Because of that, we proposed in this work a search for CAZymes
encoded in the genome of H. vastatrix, followed by a screening of CWDEs which may be

expressed and enzymatically active during the CLR infection.
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4.2. Material and Methods
4.2.1. Gene Prediction and Genome Annotation

Since the protein-coding genes of Hemileia vastatrix were not publicly available, the program
AUGUSTUS v.3.2.2 (STANKE; MORGENSTERN, 2005) was used to perform the ab initio
gene prediction. Genes were predicted in the genome of H. vastatrix HvCat isolate (GenBank
assembly accession number: GCA_003057935.1) using transcripts assembled from RNA-seq
data from H. vastatrix HvCat (SRA accession: SRR1124793) as gene models. The output was
a general feature format (GFF3) file, then a FASTA file with the amino acid sequences was

obtained using in-house Python scripts.

The functional annotation of Carbohydrate-Active Enzymes (CAZymes) was performed using
dbCAN2 v.8.0 (ZHANG et al., 2018) with default parameters. The enzymes from families GH
5, 9 and 12 (endoglucanases), GH 10 (xylanases) and GH 28 (polygalacturonase) were also
submitted to a BLASTp similarity search (version 2.9.0) against NCBI RefSeq database using
the cutoff parameters E-value smaller than 1071°, identity and coverage greater than 30% and

70%, respectively, to provide another source of evidence for protein annotation.

4.2.2. Coding regions mapping and structure prediction

4.2.2.1. Gene mapping

The structures of the genes of interest were observed by plotting their CDS (CoDing Sequence)
and introns positions. First, an R script was used to filter the GFF3 file obtained from
AUGUSTUS to get the beginning and the end of each region, from each gene. The R packages
“gooenes” and “ggplot2” were used to plot the CDS and intron regions.

4.2.2.2.  Multiple sequence alignment with reference enzymes

Multiple sequence alignments of the H. vastatrix CAZyme sequences against a well-
characterized enzyme from the same family were performed using Clustal Omega v2.1 with
default settings. PDB (Protein Data Bank) codes of the best matches for GH5.5 endoglucanases,
GH9 endoglucanase, GH12 endoglucanases, GH10 xylanases and GH28 polygalacturonase,
respectively: 3QR3 (LEE et al., 2011), 1GA2 (MANDELMAN et al.,, 2003), 2NLR
(SULZENBACHER et al., 1999), 1R85 (ZOLOTNITSKY et al., 2004), 4C2L (ROZEBOOM
etal., 2013).
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4.2.2.3. Prediction of signal peptides and protein physical and

chemical parameters

SignalP 5.0 server (ARMENTEROS et al., 2019) was used to predict signal peptide and
cleavage sites in each predicted enzyme. The following tools used default parameters.
NetNGlyc 1.0 Server (GUPTA; JUNG; BRUNAK, 2004) and DictyOGlyc 1.1 Server (GUPTA
et al., 1999) were used to predict N and O- Glycosylation Sites, respectively. ProtParam tool
(GASTEIGER et al., 2005) was used to predict the physical and chemical parameters of each
protein including the number of amino acids, molecular weight and theoretical pl.

4.2.2.4. Homology modelling and quality checking

The Phyre2 v2.0 web server (KELLEY et al., 2015) was used in the intensive mode to obtain
the 3D models of the selected enzymes. The structures and stereochemistry quality was checked
by ProSA-web (WIEDERSTEIN; SIPPL, 2007), and Saves 6.0 - Verify3D (BOWIE ET AL.,
1991; LUETHY ET AL., 1992), ERRAT (COLOVOS;YEATES, 1993), Procheck
(LASKOWSK et al., 2001). Energy minimization was performed by YASARA Energy
Minimization Server (KRIEGER et al., 2009), using the YASARA force field. The VMD v1.9.3
was used to analyse the three-dimensional structure of modeled proteins, as well as overlap the

3D structures.

4.2.3. RNA-seq analysis

The four libraries of the susceptible coffee genotype, inoculated with spores of H. vastatrix race
XXXIII (C. arabica cv. caturra vermelho CIFC 19/1) used in this study - 0, 12, 24 and 96 hai -
were obtained from a previous work (Florez et al, 2017) and are available at Sequence Read
Archive (SRA) database (SRR5417837, SRR5417838, SRR5417839, SRR5417840). Read
quality was checked with FastQC v0.11.5 and trimmed with Trimmomatic v0.36, using a
phred+33 quality score cutoff of 25. Next the Tuxedo pipeline (TRAPNELL C. et al.,2012) was
employed using the softwares: bowtie2 v2.2.8, bowtie v1.1.2, tophat v2.1.1, and cufflinks
v2.2.1.

For transcriptome assembly, we used the genome of H. vastatrix HvCat as the reference, and

the GFF file obtained from Augustus gene prediction as the reference annotation. The
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expression of the enzymes of interest was measured by FPKM (fragments per kilobase of exon
model per million reads mapped) and the heatmap was plotted in Tableau Software v2020.3.1.

4.2.4. Experimental infection and plant protein extraction

The susceptible cultivar C. arabica cv. Caturra CIFC 19/1 was transferred to an acclimatization
room and was infected with urediniospore of Hemileia vastatrix race XXXIII as previously
described by CAPUCHO et al., 2009 and performed at the Coffee Biotechnology Lab
(BioCafé/UFV) . Leaves without infection were used as control groups. For each time, three
leaves were infected for plant protein extraction. In addition to time zero immediately before
the infection, the leaves were collected at 12, 24 and 96 hours after inoculation (hai). First, the
leaves were vacuum infiltrated according to Guerra-Guimaraes et al. (2009). A square slice of
about 2 cm? of leaves was vacuum impregnated in a 100 mM Tris-HCI buffer (pH 7.6) solution
containing 50 mM L-ascorbic acid, 500 mM KCI and 25 mM Thermo Scientific Halt™ Protease
Inhibitor Cocktail. The blotted sections were centrifuged at 5000 g, for 15 minutes at 4°C, and
the collected protein extract was frozen. This fraction was desalted, concentrated and purified
(GUERRA-GUIMARAES et al., 2014). Bradford assay method was used to quantify the
soluble proteins. In order to verify if the material was not degraded, an SDS-PAGE was carried

out.

4.2.5. Enzyme activity assays

Endoglucanase, xylanase and polygalacturonase activities were measured by the release of
reducing sugars from carboxymethylcellulose (CMC), beechwood xylan and polygalacturonic
acid, respectively, using the dinitrosalicylic acid reagent (DNS).

Endoglucanase assay was performed in a 96-well plate containing 90ul of CMC (1.25% w/v)
diluted in 200mM sodium phosphate buffer pH 5.0 and 10 pL of H. vastatrix protein extract.

D-glucose (2 g/L) was used as standard.

Polygalacturonase assay was performed in a 96-well plate containing 90 pL of polygalacturonic
acid (0.25% wi/v) diluted in 100 mM sodium phosphate buffer pH 5.0 and 10 pL of H. vastatrix

protein extract. Galacturonic acid (2 g/L) was used as standard.
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Xylanase assay was performed in eppendorfs containing 100 pL of beechwood xylan (1% w/v)
diluted in 100 mM sodium phosphate buffer pH 5.0 and 25 pL of H. vastatrix protein extract.

D-xilose (2 g/L) was used as standard.

All reactions were carried out for 30 min at 30 °C and were stopped with the addition of 100
pL of DNS reagent for the reactions in the plate, and 125 L for those in eppendorfs. The plates
and the eppendorfs were then boiled for 5 min and cooled to room temperature. The amount of
reducing sugars was determined at 540 nm. One unit of activity was defined as the amount of
enzyme that released 1 pmol/min of the reducing sugar under assay conditions. The graphs
were plotted using GraphPad Prism 5.0 as mean values of triplicate assays, being zero time (plat
with no infection) subtracted from the others to eliminate noise signal from plant material. The
ANOVA method with Bonferroni correction was applied to evaluate the significance difference

between experimental groups.
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4.3. Results
4.3.1. CAZymes identified by dbCAN2 and homology modelling

The figure 1 shows the result of dbCANZ2 search, in which 345 CAZymes were found in the
predicted proteome of H. vastatrix HvCat, being the Glycoside Hydrolases (GH) the biggest
group, followed by the GlycosylTransferases (GT), Carbohydrate Esterases (CE), Auxiliary
Activities (AA), Polysaccharide Lyases (PL) and Carbohydrate Binding Modules (CBM).

Due to the importance and high abundance of GH in fungal phytopathogens, GH families have
been studied more thoroughly. From the 162 GH submitted to BLASTp similarity search, 103
presented best hits with the previously assigned family, resulting in the distribution shown in
Figure 2. The endoglucanases GH5, GH9 and GH12, xylanases GH10 and polygalacturonases
GH28 were selected because they may act during fungal infection degrading the highest

prevalent components of cell wall represented by cellulose, xylan and pectin, respectively.

The position of the CDS in the contigs were plotted (Figure 3), enabling the detection of
fragmented genes and gene position within the contigs and helping to identify possible
problems in the sequences. Some sequences were possibly incomplete, due to evidence such as
the absence of start codon and signal peptide. For example, the xylanase gene g3152 (Figure
3b) did not show those structural signals and was located at the very beginning of a contig in
the genome. By searching the transcript derived from this gene in the RNA-seq data we were
able to find the missing fragment and correct the sequence. The physicochemical properties of
proteins were also compatible with those expected for different families of glycosylhydrolases

(Supplementary Table 1).

We modeled 34 protein sequences from GH families 5, 9, 10, 12 and 28, using the Phyre2 web
server. These enzymes were then separated into groups based on the templates used to construct
the models. Since the GH 5 endoglucanases group was composed of many and highly diverse
sequences, we divided it into subfamilies. The enzymes of subfamily 5.5 (Figure 4a) aligned
well with an endoglucanase from Trichoderma reesei, whose catalytic sites are two glutamate
residues in the positions 239 and 350 (proton donor and nucleophile, respectively). Data showed
that the nucleophile catalytic site was conserved in all the three enzymes, but the proton donor
was conserved only in g7743. The same analysis was done with the other four groups.
Endoglucanase GH 9 (Figure 4b), aligned to an endoglucanase from Ruminiclostridium
cellulolyticum and three of the four catalytic sites were conserved. GH 12 endoglucanases

(Figure 4c) aligned with the first predicted structure of a fungal GH 12 enzyme (from
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Trichoderma reesei) and showed conservation only in the catalytic site (a nucleophile). GH 10
xylanases (Figure 4d) aligned with the endo-1,4-beta-xylanase from Geobacillus
stearothermophilus and showed good conservation in the glutamate residues at the catalytic
site. GH 28 polygalacturonase (Figure 4e) aligned with an endo-xylogalacturonan hydrolase

from Aspergillus tubingensis and also showed conservation at the catalytic residues.

To visualize the structural similarities between the predicted models and the templates, we
overlapped those structures using VMD. Figures 5a and 5b showed that the regions around the
catalytic sites in predicted models showed a folding similar to their respective templates. On
the other hand, Figure 5¢ shows that despite the structures aligned well, the regions around the

catalytic sites did not overlap.

The programs used to check the stereochemical and structural parameters of the predicted
models indicated an overall low quality for many structures. For this reason, they were
submitted to YASARA Energy Minimization Server, which improved the structural quality of
the models. It was observed that the most problematic structures were derived from incomplete
sequences, like the previously mentioned xylanase g3152. The 3D model of this protein
obtained with its complete sequence showed a better quality than the model from the incomplete

sequence, even after energy minimization.

4.3.2.  Analysis of expression of genes that encode CAZymes

In the conditions tested, about half of the endoglucanases genes of H. vastatrix were little or
not expressed, showing less than 30 FPKM (Figure 6). Nevertheless, many GH5
endoglucanases genes were expressed after fungal inoculation. The ones of IDs g9307, g4848,
01441, 98871 and g9077 have a peak of expression in 12 hai that decreases in the next times
(24 hai and 96 hai), whereas g4364 showed a peak at 24 hai. The bigger expression value (548
FPKM) was observed at 24 hai by g284. Just g3177 had a peak at 96 hai.

On the other hand, figure 6e shows that the 3 xylanases genes were expressed at 12 hai, but they
present their peaks at 24 hai, except for g3152 that was expressed at this time. It is important to
notice that the bigger expression value (230 FPKM) was also observed at 24 hai (g9612). At 96
hai, the expression value was zero for g1 and very low for the others.
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None of these genes were expressed at 0 hai, what was expected since the plant was not infected
yet. Moreover, the only gene coding polygalacturonase was not expressed during any time

point.

4.3.3. CAZymes activity

The specific endoglucanase activity of H. vastatrix protein extract was significantly higher at
24 hai - around 200 U/g - when compared to 12 hai, which was almost undetectable (Figure
7a). At 96 hai, activity drops to less than half.

Conversely, xylanases (Figure 7b) have at 96 hai an activity value close to that of
endoglucanases at 24 hai, which is significantly higher when compared to xylanases activity at

24 hai. At 12 hai these enzymes were not active.

Polygalacturonases showed a growing activity with time, reaching its maximum at 96 hai,
which was smaller than the peak of the other enzymes.
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4.4. Discussion

44.1. The genome of biotrophic fungus H. vastatrix encodes several
CAZymes families potentially functional

Although the number of CAZyme coding genes predicted in the H. vastatrix genome (345) was
more than the double found by Talhinhas et al. (2014) (148), its proportion in each CAZyme
family remained similar. The higher number found may be explained by the different
approaches used in each work. Talhinhas et al (2014) only used blastp comparison, while we
used dbCANZ2, which integrates 3 tools/databases for CAZyme annotation: DIAMOND, that
generates fast blast hits in the CAZy database, HMMER to annotate CAZyme domain
boundaries and Hotpep for short conserved motifs in the Peptide Pattern Recognition. This
procedure increases the sensitivity of the searches, leading to a wider range of identified

enzymes.

Among the 345 CAZymes found, nearly half belong to the GH group, an interesting finding,
once this enzymes group hydrolyses glycosidic bonds between carbohydrates (CAZy, 2020).
Biotrophic fungi do not tend to extensively hydrolyze the vegetal cell wall causing necrosis, as
they establish a constant feeding relationship with the host's living cells instead of killing it
(DEACON, 2020). On the other hand, CAZymes distribution and quantity found here were
congruent with those of other biotrophic fungi observed in Zhao et al. (2013) work.

Experimental determination of a protein function usually depends on considerable time and
financial resources (LEE; REDFERN; ORENGO, 2007). For this reason, computational
approaches were used in this work in order to find some patterns and conserved regions in the
sequences, in addition to other evidence to infer whether the predicted CAZymes are functional.
The multiple sequence alignments performed allowed us to identify residues that may be crucial
for the function of the protein and gave a good indication that the aligned enzymes could have
a similar function, due to the conservation shown in the regions of the catalytic sites. Likewise,
the structural comparison of the predicted CAZymes with well characterized ones indicated a
similar fold of these proteins around the catalytic sites, suggesting that they have the same or a

similar function.

According to Punta and Ofran (2008), the sequence and structural similarity can not be used
alone to state the function of a protein, because it may have come from the homologous protein

used in the modelling. Furthermore, it is known that two proteins could have the same structure
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with the functional residues conserved and present different functions, as well as have the same
function besides their totally different structures. Nevertheless, some information such as
residue conformation and cavities can provide good clues about properties of the protein
associated with the function. These approaches allow computational prediction of the function
making them a good resource that precedes bench experiments, saving time and money in

numerous cases.

4.4.2. CAZymes from H. vastatrix are expressed during coffee infection

The endoglucanase- and xylanase-coding genes presented different expression profiles during
H. vastatrix infection. The only gene coding for a polygalacturonase was not detected in RNA-

seq data.

Almost all of these genes were expressed mostly in the early hours of infection (12 and 24 hai),
which is congruent with what was found by Talhinhas et al. (2014). In their work, it was
observed a higher expression of genes that encode CAZymes during urediniospore germination
and appressorium formation phases, that occur in the early hours of the infection. This trend
was also verified for two resistance gene analogs (RGAs) during compatible and incompatible
coffee and H. vastatrix interaction, when the major expression peak occurred 24 hai
(ALMEIDA et al., 2021). When compared to the later response (infected leaves after 21 days
after inoculation), in which the haustorium is already formed, the quantity of genes encoding
CAZymes goes from 90 to 57.

It is known that some fungi, during plant interaction, can express genes involved in the
formation of infectious structures as well as synthesize enzymes responsible for the degradation
of the host cell wall (KOLATTUKUDY et al., 1995; KAHMANN; BASSE, 2001; EMAMI;
HACK, 2002; ZHAO et al., 2013; KUBICEK; STARR; GLASS, 2014; ). These genes can be
expressed at different stages of infection: during the initial contact or as a response to plant
defense, for example. Combining this fact with what is known about the infectious process of
H. vastatrix, in the compatible interaction, it can be inferred that around 12 h and 17 hai, when
hyphae enter the plant through stomata (SILVA et al., 2008), there is a stimulus for the
production of some accessory enzymes, which will facilitate penetration (GIBSON et al., 2011).

At 24 hai, a time when it was previously found that about 54% of the appressorium is already
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formed over the stomata of susceptible coffee leaves (SILVA et al., 2002.), the production of
other enzymes is still occurring and some peaks of expression are observed (Figure 6).

In addition, endoglucanases and xylanases have their expression peak at different times, 12 and
24 hai, respectively. This should be related only to the fact that the expression of these enzymes
is a response to the type and concentration of available carbohydrates (KUMAR; NARAIAN,
2019).

4.4.3.  The biotrophic fungus H. vastatrix produces active CAZymes in the
post-haustorial phase during coffee infection

CAZyme activities were congruent with the gene expression data, since most endoglucanases
started to be produced at 12 hai, the enzyme activity was higher at 24 hai, and decreased at 96
hai. Although xylanases were expressed at 12 hal, its peak was at 24 hai, which explains a high

enzyme activity at 96 hai.

Polygalacturonase presents a lower activity than the other groups of enzymes and has its peak
at 96 hai (Figure 7c) - although its expression has not been detected, probably due to the RNA-

seq coverage value used.

It is worth noting that these enzymes were more active in the post-haustorial phase of the
infection, which begins around 24 hai (RAMIRO et al., 2009). This contrasts with the
mechanism described by Bellincampi (2014), that shows that these CWDEs are present in the
early stages of infection (the pre-haustorial phase) in order to soften and loosen the cell walls
and facilitate biotrophic fungal penetration. Although gene expression started in the pre-
haustorial phase, H. vastatrix enzymes were active when haustorium started to breach the host
cell wall and kept their activity even after haustorium had invaded the host membranes and

plant cell wall
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45. Conclusion

Among the 345 CAZymes predicted in the genome of the biotrophic fungus H. vastatrix using
dbCAN2, 162 were from the Glycoside Hydrolase family. Furthermore, 103 also showed
BLASTp hits to sequences that belong to the previously assigned families, giving more
reliability to the functional annotation. From these, 34 endoglucanases, xylanases and
polygalacturonases from families GH 5, 9, 10, 12 and 28 were selected. These enzymes showed
acceptable physico-chemical parameters and conserved structural properties compared to
enzymes experimentally characterized. Furthermore, the multiple sequence alignments with
well characterized proteins from the same families indicated a great conservation between
sequences, especially in the regions of the catalytic sites. In addition, some of the predicted
models and the templates were structurally overlapped, showing that the predicted proteins can
fold in a similar way, and suggesting that they are functional.

The expression of the CAZyme-coding genes suggested that they can play different roles during
H. vastatrix infection. During infection, H. vastatrix initially produced more cellulases (12 hai)
and, later on, xylanases (24 hai). This coordinated pattern of expression of CAZymes can be
inferred as a strategy to establish the infection efficiently, so that the plant tissue does not suffer
necrosis and the plant's immune response is not so severe as to inhibit the growth of the fungus.
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FIGURE 4: Alignment of the selected H. vastatrix CAZymes with other well characterized

enzymes from the same family. (a) GH 5 endoglucanases (91332, g3177, g7743) aligned with
Endoglucanase EG-1l from Hypocrea jecorina (PBD ID: 3QR3). (b) GH 9 (gl135)
endoglucanase aligned with Endoglucanase G from Ruminiclostridium cellulolyticum (PBD ID:
1GA2). (c) GH 12 endoglucanases (g284, 97968, g9303) aligned with Endoglucanase from
Streptomyces lividans (PBD ID: 2NLR). (d) GH 10 xylanases (g1, g3152, g9612) aligned with
Endo-1,4-beta-xylanase from Geobacillus stearothermophilus (PBD ID: 1R85 ). (e) GH 28
polygalacturonase (g12069) aligned with endo-xylogalacturonan hydrolase A from Aspergillus
tubingensis (PBD ID: 4C2L).

5(a)
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5(b)

5(c)

FIGURE 5: Overlapped structures of H. vastatrix CAZymes and previously characterized
enzymes. (a) The blue structure is the predicted GH10 xylanase from H. vastatrix (g9612) and
the bronze is the well characterized one GH 10 xylanase from Cellvibrio japonicus (PDB ID:
1US2). The catalytic sites, marked in red for the first one and in purple for the other one, show
the superposition in this region. (b) Following the same color pattern as in a, GH 28
polygalacturonase (g12069) aligns with endo-xylogalacturonan hydrolase A from Aspergillus
tubingensis (PBD ID: 4C2L). (c) Endoglucanase GH 9 (g135) aligned with Endoglucanase G
from Ruminiclostridium cellulolyticum (PBD ID: 1GA2), showing some overlapping of the
structures but not in the catalytic residues.
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Enzyme Family
Endoglucanase

GH1Z

Xylanase
GH10

Hours after inoculation

0 hai 12 hai 24 hai
0,0 0,0 0,0
0,0 1731 116,3
0,0 0,0 54,6
0,0 0,0 0,0
0,0 0,0 11,7
0,0
0,0 157,8 17,2
0,0 2,6 0,0
0,0 25,9 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 0,0 0,0
0,0 1,8 0,0
0,0 0,0 0,0
0,0 67,2 11,9
0,0 0,0 0,0
0,0 66,3 48,5
0,0 0,0 0,0
0,0 58,0 338
0,0 318 6,4
0,0 0,0 0,0
0,0 2,7 0,0
0,0 2,3 0,0
0,0 7.5 0,0
0,0 0,0 6,2
0,0 0,0 13,7
0.0 0,0 [ saa
0,0 0,0 0,0
0,0 11,3 0,0
0,0 57,5 93,3
0,0 41,7 0,0
0,0 18,5 230,1

96 hai

62,1
131,0
0,0
0,0
92,3
10,9
0,0
0,0
0,0
0,0
0,0
0,0
8,8
0,0
0,0
0,0
17,9
0,0
25,8
4.5
0,0
0,0
0,0
0,0
0,0
4,5
57,7
0,0
0,0
0,0
71
12,5

Expression (FPKM)

0,0

—
548,4

FIGURE 6: Analysis of expression of the enzymes during coffee leaf infection by H. vastatrix.

Oh represents the non infected plant, and for this reason no expression values were observed for

this time. The bigger expression value was observed in the GH12 endoglucanase 284 at 24

hours after inoculation.
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7(b)
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FIGURE 7: Analysis of activity of (a) Endoglucanases, (b) Xylanases, (c) Polygalacturonases
in coffee plant protein extract during infection with H. vastatrix. *** p-value < 0.001, ** p-

value < 0.01, * p-value < 0.05 in ANOVA test with Bonferroni correction for multiple
hypothesis test.
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Supplementary data

Table 1 - Physical and chemical parameters of the CAZymes identified in the Hemileia

vastatrix genome.

Gene ID

73389
g9743
g7803
g7a04
04364
g9307
g8910
g5660
8843

gl1342
8435
g1332
g3177
g7743
8603

g10543
g3729
06446
4848
g10617
g1441
g6021
ga872
go077
05621
g11585
gl3s
g7968
09303
g284
gl
g3152
09612
g12069

Family

GH5

GH9

GH12

GHL10

GH28

Mumber of
amino acids

621
621
626
261
241
262
438
262
491
222
330
315
134
427
326
427
287
277
273
456
715
772
850
967
716
308
246
230
253
108
207
384
365
296

Molecular
weight

70533.64
702438.70
T1696.54
63123.80
60546.62
63195.88
20794.06
63376.87
55232.64
25732.84
38293.14
34847.52
14925.01
47292.38
36851.29
47585.75
65416.38
31127.10
3027414
51558.95
77093.15
85679.99
92996.16
108969.06
82633.06
34812.25
60783.31
2514553
29167.89
11889.22
23390.38
43497.59
41773.55
31747.98

Thoretical
pl

8.44
6.51
6.55
6.03
6.68
6.85
9.59
8.90
6.28
8.83
8.62
9.12
9.64
9.42
8.97
8.79
4.87
513
9.08
6.83
5.40
7.55
594
5.78
6.85
5.25
7.16
6.28
8.07
4.16
4.60
9.02
8.93
5.22

Signal
Peptide

ND
ND
ND
ND
ND
ND
1-25
ND
ND
ND
ND
ND
1-21
ND
ND
1-19
ND
ND
ND
1-20
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
1-28
1-21
ND

MNumber of M- Mumber of O-
Glycosylation Glycosylation

Sites
5

[ LT L T S T & ) N S T = « (R = « R = B = I <

=z Z
oo

75 I S I

MD

N N W =

Sites
ND
3
ND
2
ND
1
ND
2
2
1
ND
ND
ND
1
1

MD
MD
MD
MD
B

MD
MD
MD
MD
MD
MD

MD
MD
MD
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