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RESUMO

A ocorréncia de patologias caulinares esta entre os principais fatores que reduzem a
produtividade de plantios de eucalipto. Dentre essas doencas, merecem destaque as
lesBes caulinares, murchas vasculares e podriddes do cerne, devido a sua dificuldade
de manejo e potencial danoso. Dessa forma, o objetivo desse trabalho foi estudar a
gama de microrganismos associados a patologias caulinares em eucalipto e o0s
possiveis danos associados a incidéncia da murcha de ceratocystis. Esse estudo foi
realizado em plantios de eucalipto localizados no sul da Bahia, onde foram feitas
coletas de amostras de tecidos vegetais, de arvores apresentando diferentes
patologias caulinares. Das amostras coletadas, foram isolados microrganismos por
meio de métodos de iscas e em meio de cultivo. Os isolados de Ceratocystis fimbriata
sensu lato estudados foram identificados por meio de sequenciamento génico das
regides ITS e Btl, e caracterizados quanto a sua morfologia, temperatura 6tima de
crescimento e agressividade em diferentes clones. Foi observado que clones de
eucalipto, que se mostraram resistente contra determinado isolado de Ceratocystis,
podem se mostrar susceptiveis quando inoculados com outro isolado, dificultando
assim a selecdo de materiais resistentes. Em ensaios em campo, foi observado que a
incidéncia da murcha de ceratocystis em arvores de eucalipto em idade de corte (7
anos) resultou em queda no crescimento volumétrico de até 10,2%, contudo, sem
alterar o rendimento final de celulose. Esse resultado provavelmente esta relacionado
a relativa baixa porcentagem de volume colonizado pelo patégeno nas arvores
amostradas (<3,0%; v/v). Outros microrganismos associados a patologias caulinares
foram também identificados ao nivel de género, por meio de ferramentas moleculares,
e foram caracterizados quanto a producao de lacase, reacdo em KOH e agressividade
em mudas de eucalipto. A partir desses ensaios, foi possivel identificar novos
microrganismos associados a sintomas de lesdes caulinares, podriddes do cerne e
descoloracéo do alburno em eucalipto, ainda sem relato na literatura, e compreender
sua associacdo com os sintomas observados nas arvores amostradas. De forma
geral, o atual trabalho expande o atual conhecimento sobre patologias caulinares em

eucalipto.

Palavras-chave: Ceratocystis; lesdes caulinares; cancro; podriddo do cerne; murcha

vascular; celulose






ABSTRACT

The occurrence of trunk pathologies is among the main factors that reduce the
productivity of eucalypt plantations. Among these diseases, stem lesions, vascular wilt
and heartwood rot stand out, due to the difficulty of management and potential
damage. Therefore, the objective of this work was to study the range of
microorganisms associated with eucalypt trunk pathologies and the possible damage
associated with the incidence of ceratocystis wilt. This study was carried out in eucalypt
plantations located in southern Bahia, where plant tissue samples were collected from
trees presenting different trunk pathologies. From the collected samples,
microorganisms were isolated using bait methods and in culture medium. The
Ceratocystis fimbriata sensu lato isolates studied were identified through gene
sequencing of the ITS and Bt regions, and characterized regarding their morphology,
optimal growth temperature and aggressiveness in different clones. It was observed
that Eucalyptus clones resistant to a certain Ceratocystis isolate may prove susceptible
when inoculated with another isolate, making the selection of resistant materials
difficult. In field trials, it was observed that the incidence of ceratocystis wilt in
Eucalyptus trees at cutting age (7 years) resulted in a reduction in volumetric growth
of up to 10.2%, however, without changing the final cellulose yield. This result is
probably related to the relatively low percentage of volume colonized by the pathogen
in the sampled trees (<3.0%; v/v). Other microorganisms associated with trunk
pathologies were also identified at the genus level, using molecular tools, and were
characterized in terms of laccase production, reaction to KOH and aggressiveness in
eucalypt seedlings. From these tests it was possible to identify new microorganisms
associated with symptoms of stem lesions, heartwood rot and sapwood discoloration
in Eucalyptus, not yet reported in the literature, and to understand their association
with the symptoms observed in the sampled trees. In general, this work expands

current knowledge about Eucalyptus trunk pathologies.

Keywords: Ceratocystis; trunk lesions; canker; heartwood rot; vascular wilting;

cellulose
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INTRODUCAO GERAL

Eucalipto € o nome popular dado a arvores relacionadas a trés géneros de
espécies arboreas, Eucalyptus, Corymbia e Angophora, todos pertencem a familia
Myrtaceae e sdo originarios da Oceania, mais marcadamente da Australia (FLORES,
2016; MACPHAIL; THORNHILL, 2016; THORNHILL et al., 2019). No Brasil, os dois
primeiros géneros séo 0s mais cultivados, sendo estabelecidos na forma de plantios
comerciais, destinados, principalmente, para producédo de madeira (DA FONSECA et
al., 2010; FLORES, 2016). O lenho produzido por essas arvores pode ser usado na
construcdo civil, fabricacdo de painéis e moveis, producdo de carvdo vegetal e
extracdo de celulose visando principalmente a indastria do papel (DA FONSECA et
al., 2010; IBA, 2020; 2021). Além do potencial madeireiro, algumas espécies desses
géneros sado utilizadas também como fonte de pélen e néctar para o setor apicola
(WOLFF; SCHNELL; SCHUHLI, 2021) e de biomassa vegetal para extracao de Oleo
essencial (DA SILVEIRA; LAZZAROTTO, 2021).

No Brasil, essa arvore foi introduzida no final do século XIX, nos estados do Rio
Grande do Sul, Rio de Janeiro e S&o Paulo, principalmente com finalidade ornamental
(FLORES, 2016). Atualmente, o principal uso do eucalipto é na produc¢éao de celulose,
sendo o Brasil classificado, no ano de 2020, como maior exportador dessa matéria
prima, arrecadando, nesse ano, 9,8 bilhées de dolares (DA FONSECA et al., 2010;
IBA, 2020; 2021). Os principais destinos dessa exportacdo sdo a China e o Estados
Unidos, compreendendo 48% e 16% do total de celulose exportado, respectivamente
(IBA, 2021). O principal género de eucalipto utilizado para producdo de celulose é o
Eucalyptus (DA FONSECA et al., 2010), cujos plantios, no Brasil, em 2020, cobriam

7,47 milhdes de hectares plantados visando o setor industrial (IBA, 2021).

Por conta de sua ampla variabilidade genética, abrangendo mais de 800
espécies (FLORES, 2016), o género Eucalyptus pode ser cultivado em praticamente
todos os estados brasileiros (IBA, 2021), abrangendo regifes que apresentam climas
que variam entre o tropical, semiarido e equatorial. De acordo com a condi¢do
ambiental em que serd estabelecido o plantio, pode-se selecionar espécies ou
cruzamentos mais adequados ao local escolhido, resultando em maior produtividade.

No ano de 2020 os estados de Minas Gerais, Sao Paulo, Mato Grosso do Sul, Bahia
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e Rio Grande do Sul apresentavam a maior area plantada dessa cultura no territério
nacional, abrigando também importantes empresas florestais (IBA, 2021).

A produtividade média anual do eucalipto, no ano de 1965, era de apenas
10m?/ha, contudo, no ano de 2020, esse valor saltou para 36,8m%/ha, podendo ser
superior a 60,0m3/ha em algumas areas (ALFENAS et al., 2009; DA FONSECA et al.,
2010). Esse aumento de produtividade se deve principalmente aos programas de
melhoramento genético, que deram inicio a realizagdo de cruzamentos
interespecificos e da selecdo de gendtipos superiores, e da realizacdo de clonagem
em larga escala; possibilitando o estabelecimento de plantios homogéneos e
altamente produtivos. Um consideravel destaque pode ser dado ao cruzamento de
Eucalyptus grandis x Eucalyptus urophylla, popularmente chamado de Urograndis,
gue une caracteristicas de ambas as espécies, como 0 alto crescimento da primeira
espécie e a rusticidade, maior densidade da madeira e capacidade de rebrota da
segunda (ALFENAS et al., 2009; DA FONSECA et al., 2010). Esse hibrido € um dos

mais cultivados no Brasil.

O eucalipto utilizado para producao de celulose pode ser cortado em ciclos que
variam de 6 a 7 anos, que, dependendo da &rea e do clone, pode ser reduzido para
até 5 anos (SKORUPA; BEHLING; PORFIRIO-DA-SILVA, 2021). Uma vez
estabelecido o plantio para essa finalidade, 0 mesmo pode ser conduzido em regime
de talhadia, permitindo que a floresta seja restabelecida através da conducdo das
brotacdes apds o corte raso. Essa forma de manejo reduz os custos de implantacéo
em até 50% (SKORUPA; BEHLING; PORFIRIO-DA-SILVA, 2021). Plantios
estabelecidos visando a producdo de madeira podem ter ciclos que ultrapassam 12
anos (DA FONSECA et al.,, 2010; SKORUPA; BEHLING; PORFIRIO-DA-SILVA,
2021).

De forma geral, o cultivo do eucalipto € visto como alternativa para reducao da
pressdo de exploracdo das florestas nativas, principalmente para a producdo de
carvdo vegetal (PINTO JUNIOR; SILVEIRA, 2021). Essa arvore pode também ser
utilizada como fonte de renda em pequenas propriedades (DE OLIVEIRA et al., 2021)
e de sombra em sistemas silvipastoris (SKORUPA; BEHLING; PORFIRIO-DA-SILVA,
2021). Seu uso pode ser feito também na recuperacao de solos, por ser uma arvore

rustica, auxiliando no aumento da fertilidade do solo, pela incorporacdo de matéria
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organica em profundidade, e na prevencao de erosédo (DE OLIVEIRA et al., 2021;
MAIA et al., 2021).

Devido aos potenciais danos causados e a dificuldade de manejo, as patologias
caulinares e radiculares estao entre os principais problemas fitossanitarios na cultura
do eucalipto em condicdo de campo (ALFENAS et al., 2009; AUER; SANTOS;
FURTADO, 2016; FERREIRA; MILANI, 2012). Seus sintomas se manifestam
principalmente devido a inativagdo dos tecidos condutores das arvores, mais
marcadamente nas patologias caulinares, e nos tecidos associados a sustentacdo e
absorcdo de agua e nutrientes, como raizes finas e grossas, nhas patologias
radiculares (AMORIM; REZENDE; BERGAMIN FILHO, 2018).

As patologias caulinares em arvores de eucalipto podem ser classificadas, de
forma simplista, em lesdes caulinares, murchas vasculares e podriddes do cerne. As
lesdes caulinares s@o associadas a necrose nos tecidos da casca, incluindo a
periderme, floema secundario e cambio vascular, e o lenho. Os tecidos doentes
passam a apresentar alteracdo na sua coloracédo, se tornando escurecidos, e perdem
suas funcdes fisiolégicas normais (FERREIRA; MILANI, 2012). Por conta desse
processo, a arvore afetada pode apresentar queda no seu desenvolvimento, sintomas
de deficiéncia nutricional, queda da folhagem, formacédo de brotac6es adventicias,
murcha e, em casos extremos, seca e morte (AUER; SANTOS; FURTADO, 2016).
Patdégenos caulinares podem também se aproveitar de condi¢cdes pré-existentes de
estresse para infectar seus hospedeiros, como déficit hidrico, deficiéncia de nutricional
(mais notadamente de boro) e injurias (BIGGS, 1992; FERREIRA; MILANI, 2012).
Arvores que conseguem sobreviver & colonizacdo por esses patdgenos se recuperam
por meio da formacao de novos tecidos sob a regido lesionada (FERREIRA; MILANI,
2012). Esse processo de cicatrizagdo se da a partir das bordas do ferimento, através
da formacao do calo cicatricial. A combinagao do calo cicatricial e da lesdo caulinar,
ou seja, alesdo em recuperacao, recebe o nome de cancro, palavra essa que dad nome
a diversas patologias caulinares na area florestal (BIGGS, 1992; FERREIRA; MILANI,
2012). Caso a lesédo venha a afetar as regides em crescimento ativo das plantas, como
ponteiros e ramos, acarretando a sua morte, a patologia pode receber o nome de seca
de ponteiro ou ramos, respectivamente (AUER; SANTOS; FURTADO, 2016;
FERREIRA; MILANI, 2012).
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O cancro basal de chrysoporthe era uma das doencas de maior importancia
econdmica na eucaliptocultura na década de 50. Contudo, com o advento da
realizacdo de cruzamentos interespecificos e da clonagem, tornou-se uma patologia
de comparativo baixo impacto econdmico (ALFENAS et al., 2009; AUER; SANTOS;
FURTADO, 2016; FERREIRA; MILANI, 2012). Os agentes causais sdo espécies
pertencentes ao género Chrysoporthe, como C. cubensis, C. doradensis, C.
deuterocubensis e C. austroafricana (AUER; SANTOS; FURTADO, 2016; DAHALI et
al., 2021; GRYZENHOUT et al., 2005; SOARES et al., 2018; RAUF et al., 2020). Essa
doenca incide em &rvores a partir do quinto més de plantio, que passam a apresentar
sintomas de lesBes necroticas ao longo do caule, com maior predominancia no terco
inferior, junto ao colo da arvore. Plantas severamente afetadas podem ser aneladas,
resultando na sua morte (AUER; SANTOS; FURTADO, 2016). Arvores doentes que
conseguem sobreviver apresentam descolamento da casca em tiras na regido
lesionada do caule, com posterior desenvolvimento de tecidos de cicatrizagao,
levando a formacéo de cancros tipicos (FERREIRA; MILANI, 2012). Esses cancros
tipicamente apresentam formato elipséide, com abundante exsudacao de kino (AUER;
SANTOS; FURTADO, 2016; FERREIRA; MILANI, 2012). Os sintomas sdo mais
severos nas fases iniciais do plantio (AUER; SANTOS; FURTADO, 2016).

Os cancros de Botryosphaeria e Teratosphaeria sdo tidos como patologias
caulinares de significativa importancia econémica na cultura do eucalipto, afetando
principalmente materiais genéticos susceptiveis (AUER; SANTOS; FURTADO, 2016;
AYLWARD et al., 2019; BARRADAS et al., 2019). A primeira doenca é associada a
mais de 30 espécies de fungos pertencentes a familia Botryosphaeriaceae e aos
géneros Botryosphaeria, Diplodia, Lasiodiplodia, Neofusicoccum e Pseudofusicoccum
(BARRADAS et al., 2019; CROUS et al., 2009; LI et al., 2018; 2020; PILLAY et al.,
2013; PAVLIC-ZUPANC et al., 2017). Essa patologia esta tipicamente associada a
condicOes de estresse, principalmente deficiéncia de boro. Os sintomas dessa doenca
se manifestam na forma de necrose da casca em ramos e caules, principalmente em
tecidos jovens. Tecidos ainda verdes infectados passam a apresentar escurecimento,
indicando necrose, podendo resultar em seca de ramos e ponteiros. Tecidos com
crescimento secundario apresentam trincamento e descolamento da casca, com
formacdo de cancro tipico (AUER; SANTOS; FURTADO, 2016). O cancro de

Teratosphaeria € associado a Teratosphaeria zuluensis e T. gauchensis, sendo que
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seus sintomas se manifestam na forma de pequenas lesbes ao longo do caule,
podendo afetar também ramos levando a sua seca (AYLWARD et al., 2019). Em
ambas as patologias, se observa a presenca de extravasamento de kino do local
afetado e a formacdo de frutificacbes caracteristicas dos patdégenos. Como
consequéncia dessas doencgas, temos a reducdo do desenvolvimento das arvores
afetadas, tornando-as mais susceptiveis a quebra pelo vento, devido a fragilizacdo do
caule, e a deformacéo do tronco em arvores com sintomas de seca do ponteiro e/ou
formacdao de brotacfes laterais (AUER; SANTOS; FURTADO, 2016; AYLWARD et al.,
2019; BARRADAS et al., 2019).

As murchas vasculares em espécies florestais sdo associadas a patdgenos que
colonizam os tecidos do xilema secundario, resultando na sua obstrucdo, e,
consequentemente, na interrup¢éo do fluxo de seiva do xilema, que parte do sistema
radicular e € translocada para parte aérea (AMORIM; REZENDE; BERGAMIN FILHO,
2018; AUER; SANTOS; FURTADO, 2016). Como consequéncia, observa-se sintomas
reflexos semelhantes aos ocasionados pelas lesdes caulinares, contudo com
sintomas internos distintos, tipicamente se manifestando na forma de descoloracao
do lenho no formato de estrias radiais (AMORIM; REZENDE; BERGAMIN FILHO,
2018; AUER; SANTOS; FURTADO, 2016; FERREIRA; MILANI, 2012). Na cultura do
eucalipto, dois tipos de etiologias sdo associados a murchas vasculares, sendo elas a
de origem bacteriana, ocasionada por Erwiinia psidii, Ralstonia solanacearum e
Ralstonia pseudosolanacearum (ARRIEL et al., 2014; AUER; SANTOS; FURTADO,
2016; CAIRES et al., 2019; CARSTENSEN et al., 2017; COUTINHO et al., 2011;
COUTINHO; WINGFIELD, 2017; FONSECA et al., 2013; FREITAS, 2020), e fungica,
ocasionada por diversas espécies pertencentes ao género Ceratocystis, com
destaque para Ceratocystis fimbriata (CHEN et al., 2013; DE BEER et al., 2014,
KAMGAN NKUEKAM et al., 2008; 2011; LIU et al., 2015; RODAS et al., 2008; ROUX
et al., 2004). Como caracteristica diagnoéstica, para distinguir entre ambas as
etiologias, recomenda-se observar a presenca de exsudacdo de pus bacteriano no
lenho doente recém cortado (ARRIEL et al., 2014; AUER; SANTOS; FURTADO, 2016;
FERREIRA; MILANI, 2012).

A podridao do cerne no eucalipto € associada a fungos com comportamento
saprofitico, que infectam o cerne das arvores afetadas por meio de ferimentos ou

raizes e ramos e ponteiros mortos (FERREIRA; MILANI, 2012). Nessa cultura, 0s
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sintomas de podridao foram associados a fungos pertencentes aos filos Ascomycota
e Basidiomycota. Dentre 0s agentes causais, podemos citar Pycnoporus sanguineus,
Inonotus rheades, Ganoderma sp., Peniophora sp. e Pestalotiopsis sp. (AUER; DOS
SANTOS; HALFELD-VIEIRA, 2012; DE ALONSO et al., 2007). Os seus sintomas
variam de acordo com a gama de enzimas produzidas por esses microrganismos,
podendo a podriddo ocasionada ser do tipo branca, caso produzam tanto celulases
guanto lignases, ou do tipo parda, caso produzam majoritariamente celulase
(BLANCHETTE, 2000; DE ALONSO et al., 2007). A podridao do tipo branca é a mais
comum, fazendo com que a madeira adquira coloracdo clara e apresenta severa
depreciacéo de suas caracteristicas mecéanicas, tornando-a semelhante a isopor (DE
ALONSO et al., 2007). Por conta desses microrganismos ndo atuarem em tecidos
vivos das arvores, existe relutancia em classificar esses fungos como patdégenos.
Entretanto, é importante salientar que, mesmo néo interferindo na fisiologia normal da
planta afetada, esses fungos podem reduzir a resisténcia mecanica do tronco da
arvore infectada, devido a degradacdo do cerne, tecido que passa a ter funcédo de
sustentacdo, podendo torna-la mais predisposta a quebra pelo vento (AUER; DOS
SANTOS; HALFELD-VIEIRA, 2012). Por ndo ocasionarem danos diretos as arvores,
0S microrganismos tipicamente associados a podriddo do cerne sdo ainda pouco
estudados.

As podridées radiculares afetam principalmente os tecidos associados a
absorcao de agua e nutrientes, resultando em sintomas reflexos de murcha e seca
das arvores doentes (AMORIM; REZENDE; BERGAMIN FILHO, 2018). Na cultura do
eucalipto, Phytophthora spp., Pythium sp.; Ganoderma spp. e Phellinus noxius estédo
entre 0s agentes causais dessa patologia, podendo Rigidoporus microporus,
Tinctoporellus epimiltinus e Trametes sp. estarem também associados (AGUSTINI et
al., 2014; AUER; DOS SANTOS; HALFELD-VIEIRA, 2012; AUER; SANTOS;
FURTADO, 2016; UMAMI; PARKER; ARNDT, 2021). Os fungos relatados podem
formar estruturas reprodutivas na superficie dos tecidos colonizados, tipicamente na
forma de crostas ou de orelhas de pau, das quais sao formados e liberados esporos
sexuados. Esses microrganismos, além de causarem a necrose dos tecidos
radiculares, podem causar também podriddes do lenho, com destaque para a do tipo
branca (AGUSTINI et al., 2014; AUER; DOS SANTOS; HALFELD-VIEIRA, 2012). No

tecido colonizado por esses patdgenos é possivel observar a formacdo de linhas,
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também chamadas de “pseudosclerotia”, de coloracéo caracteristica de acordo com o
fungo associado, que correspondem a estruturas compostas por células hipertrofiadas
com acumulo de melanina, visando bloquear a colonizacdo por microrganismos
competidores. Essas linhas tipicamente delimitam zonas de degradacdo na madeira
(LOPEZ-REAL, 1975; MORRIS, et al., 2021). Arvores afetadas por podriddes
radiculares podem se tornar mais predispostas a queda pelo vento, devido a

fragilizacdo do sistema radicular.

As doencas caulinares e radiculares estédo entre os principais problemas
fitossanitarios na cultura do eucalipto, contudo ainda demandam mais estudos,
principalmente no que tange os métodos de manejo. A principal medida de manejo
empregada atualmente, na area florestal, € o uso de variedades/clones resistentes.
Contudo, observa-se que diversas dessas patologias, devido a variabilidade genética
dos patdgenos associados e a pressdo de selecdo por gendtipos mais agressivos,
podem vencer e/ou driblar os mecanismos de defesa das arvores classificadas como
resistentes, levando, assim, a uma “validade” da resisténcia das plantas selecionadas
(AUER; SANTOS; FURTADO, 2016; FERREIRA et al., 2010; OLIVEIRA et al., 2015).
Outras medidas devem ser testadas e, caso se mostrem eficazes, aplicadas em

condicdo de campo.

Fungos do género Ceratocystis sao pertencentes a familia Ceratocystidaceae
e a ordem Microascales. Esse género foi criado em 1890 para abrigar C. fimbriata,
identificado como causador da podriddo negra da batata doce nos Estados Unidos
(DE BEER et al., 2014; MARIN-FELIX et al., 2017). Atualmente, inclui outras espécies,
sendo importantes causadoras de doencas em espécies florestal e agronémicas,
associadas a sintomas de podriddes de érgaos de reserva, frutos e plantulas, lesdes
caulinares e descoloracdo da madeira (DE BEER et al., 2014; HALSTED, 1890;
VALDETARO et al., 2019). Nesse género, séo relatadas também associa¢cdes com
besouros que podem atuar como vetores (HULCR; STELINSKI, et al., 2016).

Na cultura do eucalipto, séo relatadas as espécies Ceratocystis fimbriata, C.
pirilliformis, C. atrox, C. cercfabiensis, C. corymbiicola, C. eucalypticola e C. neglecta
(BARNES et al., 2003; CHEN et al., 2013; DE BEER et al., 2014; KAMGAN NKUEKAM
et al., 2008; 2011; ROUX et al., 2004; VAN WYK et al., 2007; 2012; RODAS et al.,

2008; LIU et al., 2015). Outras espécies, anteriormente classificadas como pertentes
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ao género Ceratocystis, foram também relatadas nessa cultura, como Davidsoniella
eucalypti (sin. C. eucalypti), Huntiella chinaeucensis (sin. C. chinaeucensis), H.
cryptoformis (sin. C. decipiens), H. tyalla (sin. C. tyalla), H. oblonga (sin. C. oblonga),
H. salinaria (sin. C. salinaria) e H. savannae (sin. C. savannae). O género Ceratocystis
€ a forma sexuada de fungos do género Thielaviopsis (sin. Chalara) (CHEN et al.,
2013; HEATH et al., 2009; KAMGAN NKUEKAM et al., 2008; 2011; KILE et al., 1996).
Por mais que essas espécies tenham sido relatadas em arvores de eucalipto, ainda é

incerto o seu potencial em causar danos nessa cultura.

A identificacdo das espécies dentro do género Ceratocystis, por meio de
caracteristicas taxonémicas, € pouco confiavel devido a semelhan¢a morfolégica entre
os membros desse género, levando a formacédo de complexos de espécie cripticas.
Os complexos atualmente reconhecidos dentro desse género sdo: C. fimbriata, C.
paradoxa, C. coerulescens, C. moniliformis e outros complexos compostos por
espécies conhecidas somente pelas formas assexuadas, abrangendo os géneros
Thielaviopsis e Ambrosiella (DE BEER et al., 2014; WINGFIELD et al., 2013). O uso
de ferramentas moleculares é uma forma segura de distingdo entre espécies no
género Ceratocystis, contudo deve-se atentar as regides génicas e aos primers
utilizados (DE BEER et al., 2014; FOURIE et al., 2015). Segundo recomendacao de
alguns autores, a descricdo de novas espécies, dentro desse género, deve ser
acompanhada por ensaios de compatibilidade entre colénias do isolado que se deseja
classificar, em relacdo as outras espécies de Ceratocystis, e de especializacdo por
determinados hospedeiros (BAKER et al., 2003; DE BEER et al., 2014,
ENGELBRECHT; HARRINGTON, 2005; HARRINGTON et al., 2014).

O complexo C. fimbriata € um dos mais estudados por abranger espécies de
grande importancia agrondémica e florestal (DE BEER et al., 2014; FOURIE et al.,
2015). Dentro desse complexo, podem ser encontrados quatro diferentes clados:
América Latina, Africano, Asiatico e Norte Americano (BAKER et al., 2003; DE BEER
et al., 2014; FERREIRA; ALFENAS; MAFIA, 2013; MBENOUN et al., 2013). No clado
da América Latina estdo incluidas as espécies C. fimbriata sensu stricto, C.
cacaofunesta e C. platani (BAKER et al., 2003; ENGELBRECHT; HARRINGTON,
2005; DE BEER et al., 2014). Anteriormente, as duas Ultimas espécies citadas eram
classificadas como subespécies de C. fimbriata. Contudo, com o uso de ferramentas

moleculares, teste de compatibilidade entre isolados e dados sobre a especializacao
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dos hospedeiros, concluiu-se que consistiam de espécies distintas (BAKER et al.,
2003; DE BEER et al., 2014; ENGELBRECHT; HARRINGTON, 2005). Dentro desse
clado, regides génicas rotineiramente utilizadas para distingdo entre espécies
fungicas, como a ITS-rDNA, séo pouco confiaveis, apresentando resolucéo suficiente
somente para distincdo entre clados, ndo entre espécies (DE BEER et al., 2014;
FERREIRA; ALFENAS; MAFIA, 2013; FOURIE et al., 2015; HARRINGTON et al.,
2014). Para isso, foram desenvolvidos primers que exploram regides génicas que
oferecam melhor resolucéo para distincdo entre espécies dentro desse complexo,
como as regides MS204 e RPBII, sendo recomendado o seu uso junto a regido ITS-
rDNA (FOURIE et al., 2015; MARIN-FELIX et al., 2017). As sequéncias obtidas ap6s
0 sequenciamento dessas regides sdo concatenadas e utilizadas na construcédo de
arvores filogenéticas, junto a outras sequéncias obtidas de isolados, disponiveis em
bancos de dados, como o GENBANK, que serdo utilizados para comparacao e

agrupamento.

C. fimbriata s.s. € tida como espécie tipo dentro do género Ceratocystis
(MARINCOWITZ et al., 2020), merecendo destaque por conta dos danos e as perdas
provocadas em plantios de espécies agronémicos e florestais. Esse fungo forma
colénias de crescimento lento em meio de cultivo artificial, de coloragdo amarronzada
ao cinza ou marrom-oliva, quando madura, com pouco micélio aéreo, sendo esse
submerso, e ampla formacéao de conidios, aleuroconidios, peritécios e ascosporos. Os
conidios sao hialinos, unicelulares, com paredes lisas, e recebem o nome de
endoconidios por se formarem no interior de conidiéforos, do tipo fidlide, podendo ser
dois tipos. O primeiro tipo tem formato cilindrico, enquanto o segundo, menos comum,
formato barriliforme, tipicamente se formando em cadeias. Os endoconidioforos
apresentam formato lageniforme, se formando lateralmente nas hifas, de forma
agregada ou solitaria, com 1-7 septos, e coloracdo que varia do hialino ao marrom
claro. Os aleuronidios sdo do tipo clamidésporos, atuando como esporos de
resisténcia, apresentando parede celular espessa e coloracéo que varia de hialina ao
marrom escuro, e formato globoso a piriforme (ENGELBRECHT; HARRINGTON,
2005; FERREIRA; ALFENAS; MAFIA, 2013; OLIVEIRA et al., 2015). Esses esporos
se formam de forma solitaria ou em cadeias curtas, na extremidade de conidioforos
gue se desenvolvem lateralmente em hifas, com 1-10 septos (FERREIRA; ALFENAS;
MAFIA, 2013; OLIVEIRA et al., 2015). Os peritécios se formam superficialmente, com
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base, de formato globoso, submerso no substrato. A coloracéo dos peritécios varia de
marrom escuro a preto. Na extremidade do rostro dessa estrutura, que apresenta a
mesma coloracdo do restante do peritécio, se formam hifas ostiolares, sem septos,
hialinas e de paredes lisas, onde é possivel observar a presenca de uma massa de
coloragdo creme a alaranjada, sendo composta por ascosporos embebidos em uma
matriz mucilaginosa. Esses esporos se formam no interior dos peritécios, em ascos
evanescentes, que se dissolvem antes da maturacao dessa estrutura. Os ascOsporos
sao hialinos, unicelulares e com ornamentacao, tornando o formato desses esporos
semelhantes ao de chapéu coco (ENGELBRECHT; HARRINGTON, 2005;
FERREIRA; ALFENAS; MAFIA, 2013; OLIVEIRA et al., 2015).

Por ser uma espécie cosmopolita, C. fimbriata é relatada em uma grande gama
de hospedeiros em diversos paises do mundo. Dentre as espécies agronémicas e
florestais relatadas como hospedeiras desse patdgeno, podemos citar a acéacia
(Acacia mearnsii), andiroba (Carapa guianensis), atemdia (Annona cherimola x A.
squamosa), batata doce (Ipomoea batatas), eucalipto (Eucalyptus spp.), gmelina
(Gmelina arborea), kiwi (Actinidia deliciosa), manga (Mangifera indica), maracuja
(Passiflora edulis), mogno africano (Khaya senegalensis) e teca (Tectona grandis)
(FIRMINO et al., 2012; 2013; 2017; FIRMINO; TOZZE JUNIOR; FURTADO, 2012;
HALFELD-VIEIRA, 2012; MENDEZ-ALVAREZ et al., 2020; MORRIS; WINGFIELD;
DE BEER, 1993; OLIVEIRA et al., 2015; 2016; PAUL et al., 2018; PIVETA et al., 2016).

Na cultura do eucalipto, a murcha de ceratocystis foi relatada pela primeira vez
em 1975, em Eucalyptus tereticornis, estando associada a sintomas de murcha e seca
de plantas em campo, apesar de ndo estar publicada esta ocorréncia (FERREIRA et
al., 2006). C. fimbriata é tido como principal agente causal dessa doenca no Brasil
(AUER; SANTOS; FURTADO, 2016; OLIVEIRA et al., 2015). Esse patdgeno sobrevive
no solo, na forma de esporos de resisténcia do tipo clamiddsporo, ou em restos de
cultura como saprofiticos (FERREIRA et al., 2011; 2013; MARIN-FELIX et al., 2017).
Em condicdo de campo, a infeccado das arvores ocorre principalmente por meio do
sistema radicular e/ou colo da arvore suscetivel (FERREIRA et al., 2013; LAIA;
ALFENAS; HARRINGTON, 2000). A causa dos sintomas de murcha e seca da parte
aérea é a colonizagdo do sistema vascular da planta afetada pelo patégeno, levando
a obstrucao parcial ou total do xilema secundério, devido ao crescimento do fungo no
interior dos vasos desse tecido (DA SILVA et al., 2020; FERREIRA; MAFFIA;
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FERREIRA, 2005; FERREIRA et al., 2006; FIRMINO et al., 2015; MAFIA et al., 2013).
Como consequéncia, ocorre o impedimento do transporte de solutos para os tecidos
superiores da planta, resultando na murcha e seca da copa (DA SILVA et al., 2020;
FERREIRA et al., 2006; PIMENTA et al., 2017). Esse processo € melhor observado
em individuos em que o fungo coloniza boa parte do didmetro do caule e em periodos
de seca, quando o déficit hidrico € maior. Nessa condicdo, as plantas doentes, por
transportarem uma quantidade menor de agua para sua copa devido a obstrucdo do
xilema, acabam por apresentar sintomas mais severos (DA SILVA et al., 2020;
PIMENTA et al., 2017).

No interior dos vasos do xilema de arvores de eucalipto infectadas, o fungo C.
fimbriata forma conidios, esporos de resisténcia e hifas que acabam por obstruir essas
células. As estruturas do patégeno podem ser facilmente observadas em cortes
histoldgicos (DA SILVA et al.,, 2020; FERREIRA; MAFFIA; FERREIRA, 2005;
FIRMINO et al.,, 2015; MAFIA et al.,, 2013). Os esporos de resisténcia formados
provavelmente estdo associados a sobrevivéncia do patégeno no solo ou em restos
de cultura (FERREIRA et al., 2011; 2013; MARIN-FELIX et al., 2017). Na superficie
dos tecidos colonizados, é possivel observar a formacédo de peritécios escuros, de
rostro longo, com a liberacdo de uma massa gelatinosa de coloracdo levemente
alaranjada ou amarelada, contendo os ascésporos do patdogeno (AUER; SANTOS;
FURTADO, 2016; FERREIRA; MILANI, 2012).

Outro sintoma marcante da murcha de ceratocystis em eucalipto é a intensa
formacdo de brotacbes adventicias ao longo do caule das arvores doentes. Esse
sintoma é ocasionado pelo desbalanco hormonal causado pela morte e/ou declinio da
copa da arvore afetada, resultando em um desequilibrio entre auxinas e giberelinas,
semelhante ao que ocorre apds a ocorréncia de incéndios (FERREIRA et al., 2006;
FERREIRA; MILANI, 2012). Quando esse processo de brotagdo ocorre em arvores
em que a copa quebrou com o vento, foi podada ou passou pelo corte raso, as
brotacdes restabelecem os processos fotossintéticos da arvore, permitindo que, de
certa forma, a planta recupere suas funcgdes fisiologicas normais. No entanto, em
arvores doentes devido a murcha de ceratocystis, o processo de coloniza¢ao do fungo
ocorre de forma ascendente e descendente através da medula, resultando assim na
colonizacgéo dos tecidos em que estdo presentes as brotagdes, e, consequentemente,

ocasionando a morte das mesmas com o0 passar do tempo (AUER; SANTOS;
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FURTADO, 2016; DA SILVA et al., 2020; FERREIRA et al., 2006; FERREIRA; MILANI,
2012).

No eucalipto, de acordo com o material genético, € possivel observar o
aparecimento de lesdes longitudinais na casca, de coloragcdo marrom-avermelhada,
partindo do colo ou ocorrendo ao longo do tronco. Com o progresso do processo
infeccioso, essas lesdes aumentam de tamanho e se tornam sulcadas, resultando na
formagdo de um cancro tipico. Esses sintomas sédo indicios de danos ao cambio
vascular, floema e feloderme, podendo haver exsudacdo de gomas através dos
ferimentos (FERREIRA et al., 2006; FERREIRA; MILANI, 2012). Ao contrario do que
ocorre com patdgenos foliares, a planta apresentando sintomas de seca devido a
murcha de ceratocystis mantém suas folhas retidas na copa por longos periodos,
mesmo estas ja estando secas (AUER; SANTOS; FURTADO, 2016; FERREIRA et al.,
2006; FERREIRA; MILANI, 2012). Esse sintoma € semelhante ao que ocorre com
podriddes radiculares, devendo se tomar cuidado para ndo confundir ambas as

patologias.

Em viveiros de eucalipto, esse patdgeno pode causar danos em todas as fases
de formacdo das mudas, desde as minicepas em jardins clonais destinadas a
producdo de estacas para enraizamento, até em mudas na fase de aclimatizacdo a
céu aberto; causando murcha e seca de minicepas e mudas e podridées de estacas.
Mudas contaminadas podem servir como fonte de indculo, levando o fungo C.
fimbriata para areas livres do patégeno, ou introduzindo genoétipos mais agressivos
nesses locais (FERREIRA et al., 2011). Arvores que se contaminaram ainda na fase
de muda, aparentemente, apresentam sintomas mais rapidamente apés o plantio do
gue aquelas infectadas em condicdo de campo (FERREIRA et al., 2011; FERREIRA;
ALFENAS; MAFIA, 2013).

Nos tecidos internos de individuos de eucalipto afetados por C. fimbriata, é
possivel observar a descoloracédo dos tecidos do xilema secundario no formato de
estrias radiais escuras, que partem da medula, se direcionam até o cambio vascular
(AUER; SANTOS; FURTADO, 2016; FERREIRA et al., 2006; FERREIRA; MILANI,
2012). A coloracéo das estrias pode estar associada a colonizacdo dos raios pelo
fungo e pelo acimulo de fendis oxidados nesses tecidos (DA SILVA et al., 2020).

Esses raios servem como um acesso do fungo a medula, na qual, uma vez colonizada,



29

permite que o fungo atinja diferentes alturas da arvore (AUER; SANTOS; FURTADO,
2016; FERREIRA et al., 2006; FERREIRA; MILANI, 2012). A infeccdo da medula é
facilitada por conta deste ser o primeiro tecido inativado durante o processo de
desenvolvimento do lenho, oferecendo pouca resposta de defesa frente ao processo
de colonizagédo (FERREIRA et al., 2006).

Um dos mecanismos de reacdo de defesa de espécies arboOreas contra a
infeccdo por patdgenos caulinares € o de compartimentalizacdo do lenho. Esse
processo é realizado por uma série de mecanismos que permitem isolar o patégeno
no lenho através da formacdo de novos tecidos e a alteracdo quimica de tecidos ja
existentes, visando tornar os mesmos impréprios ao desenvolvimento do patégeno
(BIGGS, 1992; DA SILVA et al., 2020; FERREIRA; MILANI, 2012). No caso da murcha
de ceratocystis em eucalipto, a formacao de tiloses, acumulo de géis, compostos
fendlicos, oxalato de calcio e materiais amorfos, lignificacdo das células e producéo
de determinadas enzimas, séo vistas como reacdes de defesa contra a colonizacéo
do agente causal, sendo mais intensas e rapidas em materiais resistentes do que em
susceptiveis (DA SILVA et al., 2018; 2020).

As tiloses sao resultantes da hipertrofia das células do parénquima adjacentes
aos elementos de vaso, que crescem no interior dos mesmos através das pontuacoes,
resultando, assim, na obstrucdo parcial ou total dessas células (CLERIVET et al.,
2000; DA SILVA et al., 2020; DUCHESNE; HUBBES; JENG, 1992). Essa estrutura é
capaz de reduzir ou impedir o crescimento ascendente do fungo nos tecidos
vasculares, sendo formada em maior abundancia e velocidade em individuos de
eucalipto resistentes a murcha de ceratocystis (DA SILVA et al., 2020; FIRMINO et al.,
2015; PIMENTA et al., 2017; TUMURA; PIERE; FURTADO, 2012).

A metodologia tipicamente empregada em estudos que visam avaliar a
resisténcia de determinados clones ou espécies de eucalipto, frente a murcha de
ceratocystis, consiste da inoculacdo do fungo em tecidos caulinares vivos de mudas
ou arvores de eucalipto, em condicéo de casa de vegetagdo ou campo, com posterior
avaliacdo do tempo necessério para manifestacdo dos sintomas e/ou severidade,
atraves, principalmente, da medicdo do comprimento do tecido colonizado e dos
sintomas externos apresentados (DA SILVA et al., 2018; 2020; FIRMINO et al., 2013;
PIMENTA etal., 2017; TUMURA; PIERE; FURTADO, 2012; ZAUZA et al., 2004). Pode
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ser quantificada também a interferéncia da doenca no crescimento da planta,
comparando plantas inoculadas e ndo inoculadas na mesma condicdo ambiental
(PIMENTA et al., 2017). As inocula¢cdes podem ser feitas via injecdo no caule de uma
determinada concentracéo de esporos, produzidos em meio artificial, ou por meio da
inoculagéo do proprio meio de cultivo colonizado pelo patégeno em ferimentos abertos
(DA SILVA et al., 2018; 2020; FIRMINO et al., 2013; PIMENTA et al., 2017; TUMURA,
PIERE; FURTADO, 2012; ZAUZA et al.,, 2004). No entanto, esses métodos sao
destrutivos e podem levar de 30 a 120 dias até se obter resultados em eucalipto,
qguando feito em mudas, podendo levar mais tempo quando o ensaio é realizado em
arvores em campo. O uso de ferramentas moleculares, na identificacdo de genaétipos
de eucalipto resistentes a murcha de ceratocystis, também € visto como uma
alternativa para acelerar o processo de selecéo, contudo ainda sdo necessarios mais

estudos para sua aplicabilidade em projetos de melhoramento (ROSADO et al., 2016).

A deteccéo de C. fimbriata em tecidos doentes é normalmente feita através do
uso de iscas de cenoura, sendo considerado como um meio semi-seletivo a esse
fungo (MOLLER; DEVAY, 1968). No entanto, s6 se mostra eficiente quando o fungo
ainda se encontra viavel no tecido vegetal. Nos casos dos tecidos colonizados ha
muito tempo, o fungo pode ndo estar mais viavel, resultando em seu nao
desenvolvimento em meios artificiais ou iscas. Para essas situagcdes, podem ser
utilizadas técnicas que visam observar a presenca de sinais do patégeno nos tecidos
colonizados, como as analises histoldgicas, que tém como objetivo a observacédo de
estruturas caracteristicas do patdégeno no interior dos vasos da planta (FERREIRA,
MAFFIA, FERREIRA, 2005), ou o emprego de ferramentas moleculares. Para a
segunda técnica, mesmo se o fungo néo estiver mais viavel, ainda havera presenca
do seu material genético nos tecidos colonizados, sendo possivel, através do uso de
primers especificos, a sua deteccdo por meio da técnica de PCR (DHARMARAJ et al.,
2022).

Do ponto de vista epidemiolégico, a murcha de ceratocystis, na cultura do
eucalipto, pode ser classificada como uma doenca monociclica, ou seja, o inoculo
formado n&o contribui para 0 aumento da epidemia no mesmo ciclo da cultura
(AMORIM; REZENDE; BERGAMIN FILHO, 2018; FERREIRA et al., 2013; TUMURA,;
PIERE; FURTADO, 2012). Esse padrdo de doengas € normalmente associado a

patogenos habitantes do solo, cuja curva de aumento da doenca se encaixa com o
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modelo monomolecular (AMORIM; REZENDE; BERGAMIN FILHO, 2018; FERREIRA
et al., 2013). A mortalidade por essa doenca € mais expressiva até os 20 meses de
plantio, podendo chegar até mais de 50% aos 84 meses, com distribuicdo agregada
das arvores doentes. Esse padrdo de distribuicdo espacial provavelmente esta
relacionado a distribuicdo do in6culo no solo. De acordo com a tolerancia e/ou
resisténcia da arvore em relacdo ao patdgeno, pode-se observar arvores infectadas
gue permanecem vivas até o final do ciclo. Caso o plantio seja estabelecido com
mudas infectadas, pode-se observar plantas sintomaticas ja aos 7 a 12 meses de
plantio (FERREIRA et al., 2013).

A murcha de ceratocystis em eucalipto tem impactos diretos e indiretos nas
cadeias produtivas envolvidas. A queda no crescimento volumétrico das arvores em
campo pode chegar a 87%, em maiores niveis de severidade da doenca (MAFIA et
al., 2013). Como consequéncia da queda no crescimento, o produtor de eucalipto, que
visa 0 uso da lenha para producdo de carvao, pode ter perdas em torno de US$
3478.43/ha (FERNANDES et al., 2014). J4 na producao de celulose, o uso de madeira
colonizadas por Ceratocystis, por demandarem de uma maior quantidade de reagente
para polpacédo, eleva os custos do processo em até 29,6%, diminuindo também o
rendimento de celulose por m3de madeira, entre 13,7 e 15,2% (ARAUJO et al., 2007;
MAFIA et al., 2013). Devido ao aumento nos custos e a queda no rendimento e
qualidade da celulose produzida, recomenda-se o uso da madeira colonizada para

outros fins, como a queima na caldeira (ARAUJO et al., 2007).

A Unica medida considerada como eficiente para 0 manejo em campo da
murcha de ceratocystis em eucalipto € o plantio de materiais resistentes (AUER;
SANTOS; FURTADO, 2016). E recomendado também o maior cuidado nas operacées
silviculturais, de forma que se evite ao maximo a ocorréncia de ferimentos nas arvores
e a transmissao do patégeno através de ferramentas e do maquinario empregado
(FERREIRA et al., 2011; 2013). O plantio de mudas sadias € outra medida para o
manejo de Ceratocystis, evitando assim a entrada desse microrganismo em locais

ainda sem a ocorréncia do mesmo (FERREIRA et al., 2011).
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CHAPTER 1

FUNGI ASSOCIATED WITH TRUNK PATHOLOGIES IN Eucalyptus
PLANTATIONS?

ABSTRACT

Eucalyptus is the most cultivated tree in Brazil, used mainly for cellulose production.
However, the incidence of trunk pathologies represents a risk to the productivity of
Eucalyptus plantations, causing mortality and reduced growth of affected trees.
Therefore, in this work we carried out a survey of fungi associated with different trunk
pathologies in eucalypt plantations, located in the south of Bahia, Brazil. The fungi
were characterized for pathogenicity, laccase production and identified to the genus
level through sequencing of the internal transcribed spacer (rRNA-ITS) gene. Genera
already known to include Eucalyptus pathogens were found, such as Botryosphaeria,
Ceratocystis, Chrysoporthe, Cytospora, Neopestalotipsis and Pestalotiopsis, but
several others, not yet reported in this tree, were presented, such as Neonothopanus
and Scytalidum. The range of genera that cause heartwood rot was also expanded,
with emphasis on Lentinus, Scytalidum and Xenoacremonium as they are classified as
strong laccase producers. Other genera found still have an uncertain association with
this tree, such as Neoleptodontidium, Phaeoacremonium and Trichoderma, still
needing more studies. In general, the present work expands the range of
microorganisms associated with eucalypt plantations, elucidating some of the possible
interactions of the isolated microorganisms with this tree.

Key words: Canker, wood decay, wood discoloration, heartwood rot, bark lesion

Formatted according to the “Forest Pathology” submission guidelines.
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1.1 Introduction

Trunk diseases are among the main phytosanitary problems in Eucalyptus
plantation, due to the difficulty of control and their potential to reduce forest productivity.
These pathologies are mainly associated with phytopathogenic fungi and bacteria
(Alfenas et al., 2004; Ferreira & Milani, 2012). The main symptoms caused are wood
necrosis, resulting in the inactivation of the xylem vascular system; and the formation
of lesions in the bark, impairing the translocation of phloem sap. Affected woody
tissues presents discoloration, becoming darkened due to colonization by the
pathogen and plant defense responses. Diseased trees may show external symptoms
of reduced growth, dry branches, defoliation, tree break and death. (Arriel et al., 2014;
Aylward et al., 2019; Barradas et al., 2019; Carstensen et al., 2017; Ferreira et al.,
2006; Ferreira & Milani, 2012; Soares et al., 2018).

Several species of trunk pathogens are reported in Eucalyptus plantations.
Among these, members of the genera Botryosphaeria, Chrysoporthe, Cystospora and
Teratosphaeria are related as important causal agent of stem lesions, causing
symptoms at different heights of the trunk (Aylward et al., 2019; Barradas et al., 2019;
Soares et al., 2018). The fungi Ceratocystis spp. and the bacteria Ralstonia
solanacearum and Erwinia psidii are associated with vascular wilt in Eucalyptus (Arriel
et al., 2014; Carstensen et al., 2017; Ferreira et al., 2006). Stem pathologies can affect
eucalypt plants from the nursery to harvest age, with different pathogens and
symptoms observed throughout the forest cycle (Alfenas et al., 2004; Ferreira & Milani,
2012).

Heartwood rot is a group of trunk pathologies normally ignored in Eucalyptus
plantations, due to the difficulty of detection. Symptoms of this disease occurs as rot
in the central region of the wood, normally affecting plantations that are more than
three years old, when the trees already have developed heartwood (Auer et al., 2012;
Ferreira & Milani, 2012). Woody tissues affected by rot become less resistant to
mechanical efforts, making their use in sawmills unfeasible (Auer et al., 2012). This
alteration occurs due to the degradation of specific wood molecules, such as cellulose
and/or lignin, due to enzymes produced by pathogens, also causing changes in its
color, which characterizes the type of rot. White rot results from the degradation of
cellulose and lignin, while brown rot occurs mainly from cellulose (Mester et al., 2004).

The causal agents are typically fungi, but they can occur in association with termites,
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making the affected tree hollow and reducing the volume harvested (Auer et al., 2012;
Ferreira & Milani, 2012).

In addition to pathogens, endophytic microorganisms can also inhabit the
tissues of plant species, without posing any risk to them. Some of these
microorganisms may be beneficial to host plants, demonstrating potential for use in
agriculture, while others apparently have little impact on plant physiology (Kang et al.
2007; Melnick et al., 2008; Verma et al., 2022). The positive effects of endophytic
microorganisms may be related to the secretion of beneficial secondary metabolites,
such as compounds with antibiotic and antifungal function and growth-inducing
molecules, such as those analogous to phytohormone (Melnick et al., 2008; Verma et
al., 2022). Endophytic microorganisms may have biotechnological potential and can
be used in soil decontamination and in industrial processes due to production of
specific enzimes (Corréa et al. 2014; ljaz et al., 2016; Sharma & Rath, 2021).

The survey of pathogens in forest ecosystems is a way to monitor the
occurrence of new diseases, which can be introduced together with contaminated plant
material or through the adaptation of native pathogens to the plant species. In
Eucalyptus cultivation, examples of indigenous pathogens that may have adapted to
this tree after introduction in Brazil, and that have gained economic importance, are
Chrysoporthe spp. and Austropuccinia psidii, causing, respectively, Chrysoporthe
canker and myrtle rust (Mausee-Sitoe et al., 2016; Tommerup et a., 2003). New
diseases can put at risk the productive capacity of cultivated forests. Thus, the
objective of this work was to identify fungi associated with Eucalyptus trunk
pathologies, and to study their interaction with this tree through the characterization of
their pathogenicity and production of the enzyme laccase.

1.2 Material and methods
1.2.1 Methodology for sample collection and fungal isolation

The experiment was carried out in commercial Eucalyptus plantations located
in the southern region of the state of Bahia, Brazil. This region has sandy to clayey
soils, with medium depth and the presence of rocky outcrops. The local climate is
classified as tropical, with rainfall distributed throughout the year, with precipitation
ranging from 700 to 1700mm and an average daily temperature of 19 to 26°C. The

clones cultivated in the studied areas belong to the crossing of Eucalyptus grandis x
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E. urophylla (Urograndis), established in spacings that varied between 3.0 x 2.0, 5.0 x
2.4 and 4.0 x 3.0m. Planting age ranged from 24 months to approximately 84 months

(harvest age).

The sampled living trees were classified into three types of trunk pathologies,

based on external and internal symptoms:

- Stem lesion (Figure 1a): presence of necrosis of secondary phloem tissues, with or
without bark detachment or exposure of internal wood tissues;

- Sapwood discoloration (Figure 1b): sapwood showing symptoms of darkening,

indicating colonization by microorganisms, without the presence of large bark lesions;

- Heartwood rot (Figure 1c, d): discoloration in the heartwood region, involving loss of

mechanical resistance. The only type of rot observed was the white type.

Trees showing symptoms of stem lesion and sapwood discoloration were
initially selected in field based on the manifestation of external symptoms of dry foliage,
defoliation and the presence of adventitious shoots. However, some of the trees that
showed symptoms of sapwood discoloration were externally asymptomatic, requiring
the bark to be removed using a machete. Heartwood rot was detected in trees that had
been planted for more than five years, making it necessary to fell the trees with a

chainsaw.

Bark and wood fragments were collected from symptomatic tissues and stored
in paper bags until analysis. Under laboratory conditions, indirect isolation of the
samples was carried out, through sequential washing for 2 minutes with 70% alcohol,
2% hypochlorite and sterilized distilled water, with subsequent deposition in petri
dishes containing PDA culture medium (39g/L) with addition of streptomycin sulfate
(50mg/L). In order to detect Ceratocystis sp., the carrot bait method was used when
appropriate (Moller & Devay, 1968). We monitor the development of fungal colonies
daily, purifying them. The fungal isolates obtained were stored in the mycological
collection of the Microbiology and Forest Pathology Laboratory at UNESP/FCA.
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Figure 1. Symptoms manifested by Eucalyptus trees from which samples were

collected aiming for indirect fungal isolation. a. Stem lesion; b. Sapwood discoloration;

c, d. Heartwood rot.

1.2.2. Characterization of the isolates obtained

All isolates obtained were characterized regarding their pathogenicity and lignin
degradation capacity, through the production of laccase; enabling a better
understanding of their interaction with the trees. The isolates were grouped based on
the symptoms of the trees from which they were isolated, reactivity with KOH and
morphological characteristics of the colonies and spores formed, when found. For each
grouping, one isolate was selected as representative and its identification was carried
out through sequencing of the rDNA-ITS region.
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1.2.3 Pathogenicity test

The fungal isolates obtained were cultivated in PDA culture medium for 10 days,
under constant temperature of 25°C and alternating photoperiod (12/12). The formed
colonies were inoculated in Eucalyptus seedlings, maintained for 90 days in 390cm?
pots, containing substrate based on vermiculite, peat and carbonized rice husks, with
the addition of 200g/L of MAP and 200g/L of osmocote (NPK; 15:09:12). The seedlings
remain during this period in a greenhouse, under periodic irrigation. The chosen clone
belongs to the crossing of E. grandis x E. urophylla and, According to reports from
those responsible for eucalypt plantation, it showed a higher incidence of trunk
pathologies in field conditions in the study area. Inoculations were performed by
opening a wound, with the aid of a 5mm diameter cork borer, 5cm above the ground
line, in order to expose the internal woody tissues. A disk of culture medium, colonized
by the fungus, of the same diameter was placed in the injured area. The inoculated
site was covered with cotton soaked in distilled water, both previously sterilized, and
wrapped with parafilm, reducing desiccation. As control, seedlings were inoculated
with disks of fungus-free culture medium. Treated plants were kept in the same
greenhouse in which they grew. After 90 days, the length of the external (bark) and
internal (wood) lesions (Figure 2a, b) of the inoculated seedlings was measured and
woody fragments were collected for isolation of the inoculated microorganisms. Only
reisolated fungi were considered pathogenic. The experiment was carried out in a
completely randomized design, with 8 seedlings (replications) being inoculated per

fungal isolate.

1.2.4. Laccase production

The capacity of the isolates to produce laccase was determined by the
qualitative method of the Bavendamm reaction (Etheridge, 1957; Smit et al., 1996).
For this, the fungi were cultivated for 10 days in PDA culture medium. From the edge
of the formed colonies, mycelium discs with a diameter of 5 mm were collected, with
the aid of a cork borer. These discs were transferred to the center of 90 x 15mm petri
dishes containing 15ml of MEA culture medium (15g of malt extract and 15g of agar/L),
with the addition of 5g of tannic or gallic acid/L. To avoid agar hydrolysis, the phenols
were autoclaved separately and incorporated into the MEA medium at the time of plating.

The plates containing the fungus were kept for five days at a constant temperature of
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28°C and in the dark. After this period, the formation of amber colored halos was
evaluated, indicating the degradation of phenols by enzyme laccase. Fungi were
classified as non-producers (np), weak producers (+) and strong producers (++),
according to the size and intensity of halo staining (Figure 2c, d, e). The test was
carried out in a completely randomized design, with three replications (plates) per

isolate.

Figure 2. External lesions on the bark (a) and internal lesions on the wood (b) of
seedlings inoculated with pathogenic fungi (LPFMC-3). Absence of Bavendamm
reaction in the isolate that does not produce laccase (LPFMC-1) in medium containing
gallic acid (c) and formation of a halo by the isolate that are weak producer (LPFMC-
7; d) and strong producer (LPFMC-10; e). Reaction of the LPFMC-4 isolate to KOH,

showing purple color (f).

1.2.5 Morphological characterization and KOH reaction

The fungal isolates were initially identified at the genus or family level according
to the morphological characteristics of the spores and colonies formed in PDA culture
medium. For this, the fungi were cultivated under a constant temperature of 25°C and
alternating photoperiod, for 7 to 20 days, according to the growth of the colony.
Characteristics such as color, type of mycelium and growth rate were observed. When
formed in colonies, micro and macro reproductive structures of the isolates were

observed under the microscope, in terms of size, shape and color. For characterization
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of KOH reaction, drops of 3% (w/v) potassium hydroxide (KOH) solution were
deposited on the formed colonies and color changes were observed after 5 minutes
(Figure 2f).

1.2.6 Molecular identification

To identify the isolates selected as representatives of the clusters, DNA
extraction was realized from the mycelium collected from colonies formed in culture
medium, using the DNA extraction kit TransDirect® Plant Tissue PCR Kit
(Transgenbiotech, China), following the recommendations of the manufacturer.
Amplification of the internal transcribed spacer (rDNA-ITS) region was performed using
primers ITS1F and ITS4, following the author's polymerase chain reaction (PCR)
recommendations (Gardes & Bruns, 1993). The sequencing of the isolates was
performed on ABI3500 Genetic Analyzer (Applied Biosystems), using BigDye™
Terminator v3.1 Cycle Sequencing Kit, according to manufacturer's instructions. The
resulting sequences were edited in BioEdit 7.0.5.3 (Hall, 1999) and compared to
another at the National Center for Biotechnology Information (NCBI) database. The
rRNA-ITS sequences were deposited in GenBank. Phylogenetic analysis was
conducted using the Maximum Likelihood method in MEGA11 (Tamura et al., 2021).

1.3 Results
1.3.1 Isolation and identification of fungi

In total, 127 fungal isolates were obtained from trunk tissues of 67 Eucalyptus
trees, of different ages, showing symptoms of stem lesions, sapwood discoloration or
heartwood rot. According to the morphological characteristics, the isolates were
grouped into twenty-one different morphological taxa, including KOH reaction, each
one representing a distinct genus. Its identification was carried out through sequencing
of the rDNA-ITS region of an isolate selected as representative of each morphological
taxon. The sequences obtained were compared with others from Genbank, obtaining
97.3 to 100.0% similarity with the associated species (Table 1). In the KOH reaction
test, only the genera Chrysoporthe and Coniochaeta were positive, showing purple

and green color, respectively, in contact with this reagent.

The fungal genera obtained varied in incidence and diversity according to the

type of symptom of the Eucalyptus trees from which they were isolated (Table 1). Of
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the trees that showed symptoms of sapwood discoloration, the greatest diversity of
genera was isolated, totaling 15, with the highest incidence of Botryospharia (52.2%),
followed by Neoleptodontidium (47.8%) and Ceratocystis (43.5%). Of the plants that
showed heartwood rot, eight genera were isolated, with a greater abundance of
Lasiodiplodia (36.8%), and of those with stem lesions, eight genera were also reported,
with emphasis on Botryosphaeria (32.0%) and Neoleptodontidium (28.0%). The
genera Chrysoporthe and Trichoderma were the only ones isolated from trees showing

all three types of symptoms.

1.3.2 Phylogenetic relationship analysis

The sequences obtained after sequencing the rDNA-ITS region were submitted
to Genbank, aiming to obtain accession numbers. Other sequences of fungal isolates,
with high similarity values, were obtained from the Genbank database, and were used
to create a phylogenetic tree, enabling the analysis of the phylogenetic affiliations of
the isolated fungi (Figure 3). The 21 genera obtained belong to 15 families, with
emphasis on Botryosphaeriaceae, Nectriaceae and Pestalotiopsisdaceae, as they
cover more than one genus. The genus Neoleptodontidium still has an uncertain
family. The families found can be classified into 12 orders, including Agaricales (2
families), Amphisphaeriales (1), Botryosphaeriales (1), Calosphaeriales (1),
Coniochaetales (1), Diaporthales (2), Hypocreales (2), Leotiomycetidae (1),
Microascales (1), Polyporales (2), Togniniales (1) and Xylariales (2). Of the genera
obtained, 17 belong to the phylum Ascomycota, while the others belong to the phylum
Basidiomycota.

1.3.3 Pathogenicity of fungal isolates

The isolates obtained presented different levels of aggressiveness, with those
that could be reisolated from the inoculated tissues being considered pathogens (Table
2). Eucalyptus seedlings inoculated with isolates belonging to the genera Ceratocystis
(5.12cm) and Neonothopanus (4.65cm) showed a greater extent of internal lesions. All
tested isolates of the genus Ceratocystis showed pathogenicity. Fungi from the genera
Botryosphaeria (1.80cm) and Neonothopanus (1.65cm) were associated with greater
external lesions on the bark of inoculated seedlings. None of the isolates obtained from
trees with symptoms of heartwood rot showed pathogenicity, while, of the 15 genera
originating from sapwood discoloration, 11 include pathogens (73.3%). In lesions on
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the stem, only three of the seven isolated genera included isolates with pathogenic
potential (42.9%).

Table 1. Identification and frequency of fungi isolated from Eucalyptus presenting

different types of trunk pathologies.

Representative Genus Accession Tree symptoms Frequenc Closest related species Similarity
Isolates identification number ymp q y P (%)
Stem lesion 32.0% (8/25 i i
LPFMC-1  Botryosphaeria ~ OR708588 : : (6/25) Botryosphaeria dothidea 99.8%
Sapwood discoloration  52.2% (12/23) KU360149
LPFMC-2 Castanediella OR708589  Sapwood discoloration  13.0% (3/23) CaStaﬁg'eifs‘;%‘gatar” 100.0%
LPFMC-3 Ceratocystis OR708590  Sapwood discoloration  39.1% (9/23) Ceratonyste Imoriate 98.8%
Stem lesion 12.0% (3/25)
LPFMC-4 Chrysoporthe ~ OR708591  Sapwood discoloration  21.7% (5/23) Chrysopore cupensis 99.6%
Heartwood rot 31.6% (6/19)
LPFMC-5 Coniochaeta OR708592 Heartwood rot 5.3% (1/19) Col\'};g‘ézasestg;p' 97.5%
LPFMC-6 Cytospora OR708593  Sapwood discoloration  8.7% (2/23) Cytos"&:ﬁ‘o%“fggp“co'a 99.6%
Sapwood discoloration 4.3% (1/23 i
LPFMC-7 Fusarium OR708594 P (23) Fusarium oxysporum 100.0%
Heartwood rot 5.3% (1/19) MH311044
LPFMC-8 Jattaea OR708595 Stem lesion 4.0% (1/25) Ja“aéfj'&_)es“;f;?erm' 98.6%
LPFMC-9 Lasiodiplodia ~ OR708596 Heartwood rot 36,80 (7/19)  -2Siodiplociapeendotheobromas g goj
LPFMC-10 Lentinus OR708597 Heartwood rot 21.1% (4/19) Le’;\t/:[‘(‘gsgggggm' 99.8%
LPFMC-11 Marasmius OR708598  Sapwood discoloration  4.3% (1/23) Marasmg%g'gﬁ%phy”us 100.0%
LPFMC-12  Neofusicoccum ~ OR708599  Sapwood discoloration  8.7% (2/23) Ne"f“SE'CLj’gggg‘7gar"“m 99.8%
Stem lesion 28.0% (7/25 idi i
LPFMC-13  Neoleptodontidium  OR708600 : : (7/25)  Neoleptodontidium aquaticum 97.3%
Sapwood discoloration  47.8% (11/23) 0Q990116
LPFMC-14  Neonothopanus ~ OR708601  Sapwood discoloration  4.3% (1/23) NeO”MO}%"lpl%”I‘gs . 99.0%
Stem lesion 12.0% (3/25 iansi i
LPFMC-15  Neopestalotiopsis ~ OR708602 : : (3125)  Neopestalotiopsis clavispora 99.8%
Sapwood discoloration  26.1% (6/23) MK288127
Stem lesion 8.0% (2/25 iansis mi
LPFMC-16  Pestalotiopsis ~ OR708603 : : (@'25) Pestalotiopsis microspora 100.0%
Sapwood discoloration 39.1% (9/23) MMK801280
LPFMC-17  Phaeoacremonium  OR708604 Stem lesion 12.0% (3/25) Phaeoacre,\r/‘l"gg('J“G”aopSaras't'C“m 100.0%
. . . Phlebia sp.
LPFMC-18 Phlebia OR708605 Sapwood discoloration 8.7% (2/23) KPO96361. 99.7%
Sapwood discoloration 8.7% (2/23 idi iani
LPFMC-19 Scytalidium OR708606 P (&23) Scytalidium lignicola 99.6%
Heartwood rot 15.8% (3/19) MF671825
Stem lesion 12.0% (3/25) _ _
LPFMC-20 Trichoderma OR708607  Sapwood discoloration  13.0% (3/23) T”Chc’%egg‘;ﬁf'a”“m 99.7%
Heartwood rot 26.3% (5/19)
LPFMC-21  Xenoacremonium  OR708608 Heartwood rot 5.3% (1/19) Xenoacremonium recifei 99.6%

CBS54189
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1.3.4 Laccase production

Of the 127 fungal isolates studied, 56 (44.1%) showed the formation of a dark
brown halo, indicating the production of laccase, in a culture medium containing gallic
acid, while 43 (33.9%) produced this enzyme in the same medium, however with the
addition of tannic acid. Of the genera with the capacity to produce loccase in both types
of phenols, Castanediella, Lentinus, Marasmius, Neonothopanus, Neopestalotiopsis,
Pestalotiopsis, Phlebia, Scytalidium e Xenoacremonium stood out due to the formation
of halos of more intense color and larger size (classified as “++”). The four genera
belonging to the Basidiomycota family were considered strong producers of this
enzyme, in both or one of the phenols tested. Of the eight genera originating from trees
with heartwood rot, only isolates of the genus Trichoderma did not show laccase
production, while three others were considered strong producers. For those originating
from lesions on the stem, only Neopestalotiopsis and Pestalotiopsis include isolates
classified as strong producers, among the seven genera found associated with this
symptom. Of the 15 genera associated with sapwood discoloration, 10 formed halos
in the cultivation medium, seven (Castanediella, Marasmius, Neonothopanus,
Neopestalotiopsis, Pestalotiopsis, Phlebia and Scytalidium) of which were strong
producers. The two types of phenols used, gallic acid and tannic acid, showed similar
results for most of the genera studied, with some excesses, such as for Chrysoporthe

and Jattaea due to the non-detection of the enzyme in just one of the phenols.
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Figure 3. Phylogenetic tree of fungi isolated from Eucalyptus trees presenting different
types of trunk pathologies, based on the rDNA-ITS sequence. The tree was
constructed using the maximum likelihood method and bootstrap values were

calculated after 1.000 replications.
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Table 2. Characterization of fungal isolates obtained from Eucalyptus trees presenting

different trunk pathologies.

. Bavendamm
Aggressiveness (cm) -
reaction
Genus Tree symptoms KOH
identification ymp External Internal reaction
. . Ag At
lesion lesion
) Stem lesion NP?! - 1.80 NP - 3.68 - np? np
Botryosphaeria - -
Sapwood discoloration NP -1.20 NP - 2.45 - np np
Castanediella Sapwood discoloration NP - 0.66 NP -1.32 - ++ + - ++
Ceratocystis Sapwood discoloration 0.66 - 4.25 2.20-5.12 - np np
Stem lesion NP - 0.62 NP -1.20 + + np
Chrysoporthe Sapwood discoloration 0.50 - 0.66 1.18-1.40 + + np
Heartwood rot NP NP + + np
Coniochaeta Heartwood rot NP NP + + +
Cytospora Sapwood discoloration NP - 0.65 NP -1.15 - np np
. Sapwood discoloration 0.64 1.22 - + +
Fusarium
Heartwood rot NP NP - + +
Jattaea Stem lesion NP NP - np +
Lasiodiplodia Heartwood rot NP NP - np np
Lentinus Heartwood rot NP NP - +-++ ++
Marasmius Sapwood discoloration 0.68 1.18 - + ++
Neofusicoccum Sapwood discoloration NP NP - + +
o Stem lesion NP NP - np np
Neoleptodontidium - -
Sapwood discoloration NP NP - np np
Neonothopanus Sapwood discoloration 1.64 4.65 - ++ ++
o Stem lesion NP -0.72 NP -1.16 - +-++ + - ++
Neopestalotiopsis - -
Sapwood discoloration NP -1.10 NP - 1.62 - +-++ +-++
o Stem lesion NP NP - ++ ++
Pestalotiopsis - -
Sapwood discoloration NP - 0.50 NP -1.14 - ++ + - ++
Phaeoacremonium Stem lesion NP NP - np np
Phlebia Sapwood discoloration NP NP - ++ ++
o Sapwood discoloration NP -0.80 NP -2.88 - ++ ++
Scytalidium
Heartwood rot NP NP - +-++ ++
Stem lesion NP NP - np np
Trichoderma Sapwood discoloration NP NP - np np
Heartwood rot NP NP - np np
Xenoacremonium Heartwood rot NP NP - ++ ++

INP: non pathogenic; ?np: non-producer of enzyme laccase
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1.4 Discussion

The present work shows that several genera of fungi can be associated with
Eucalyptus trees showing symptoms of stem lesions, sapwood discoloration and
heartwood rot, but not all of them appear to harbor pathogens which can act as primary
or opportunistic. According to other studies, in diseased tissues, in addition to
pathogens, endophytic or saprophytic fungi can also be found (Corréa et al., 2014;
Crous et al., 2019; Hong et al., 2016; Mester et al., 2004; Verma et al., 2022). In our
study, different genera of pathogens may be associated with the same symptom,
establishing different etiologies for the same pathology or, in cases where different
pathogens occur in the same tree, there may be synergistic action between them. The
effect of co-infection is reported in species of the Botryosphaeriaceae family and may
result in increased severity of the symptoms caused (Whitelaw-Weckert et al., 2013).

Among the genera found in this study, which harbored isolates with pathogenic
potential, Botryosphaeria, Ceratocystis, Chrysoporthe, Cystospora, Neopestalotiopsis
and Pestalotiopsis were previously reported in Eucalyptus trees (Alfenas et al., 2004,
Ferreira & Milani, 2012). The genera Botryosphaeria, Chysoporthe and Cytospora
comprise important pathogens in this tree, associated mainly with symptoms of stem
lesions (Alfenas et al., 2004; Ferreira & Milani, 2012). The first two genera mentioned
can remain in woody tissues as latent pathogens, waiting for environmental stress
conditions to initiate infections (Marsberg et al., 2017; Mausee-Sitoe et al., 2016). In
Eucalyptus plantations in Brazil, Ceratocystis fimbriata is reported as the causal agent
of ceratocystis wilt, involving the manifestation of symptoms of sapwood discoloration
and death of the affected tree (Ferreira & Milani, 2012). In the present study, all tested
isolates belonging to the Ceratocystis genus were pathogenic and caused the greatest
lesions to the inoculated seedlings. Neopestalotiopsis and Pestalotiopsis comprise
pathogens that cause foliar lesions on Eucalyptus under field and nursery conditions,
but have been isolated from trees that exhibit sapwood discoloration and stem lesions
due to ceratocystis wilt (Crous et al., 2019; Ferreira et al., 2006). As isolates from these
genera have comparatively low pathogenic potential in the present study, they
probably act as opportunists, infecting tissues previously colonized by other pathogens
or stressed plants. However, in other tree species, fungi from these genera are

considered important stem pathogens (Maharachchikumbura et al., 2016).
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The Bavendamm reaction allows visual detection of laccase production by
microorganisms in culture media (Etheridge, 1957; Smit et al., 1996). This enzyme is
associated with the primary metabolism of fungi that degrade lignin, a molecule
responsible for the integrity and mechanical resistance of woody tissues (Etheridge,
1957). In the present work, all basiodiomycetes were classified as strong laccase
producers (++), while the smallest part of ascomycotes were classified as weak
producers (+). Among the strong producers, the genus Pestalotiospsis is the only one
cited in the literature as causing heartwood rot in Eucalyptus, with potential use for
degradation of stumps (De Alonso et al., 2007). Lentinus, Marasmius and
Neonothopanus are reported as saprophytes in leaf litter (Tagger et al., 1998; Vieira
et al., 2022; Wu et al., 2018). Neopestalotiopsis and Pestalotiopsis as stem pathogens
in woody species (Maharachchikumbura et al.,, 2016) and Castanediella, Phlebia,
Scytalidium and Xenoacremonium as wood decay fungi (Fackler et al., 2006; Hong et
al., 2023; Jusino et al., 2015; Lin et al., 2019; Markakis et al., 2017).

The heartwood of woody species has higher levels of lignin and extractives, in
addition to having its vessels obstructed by tylosis, making colonization by unadapted
microorganismes difficult (De Micco et al., 2016). Isolates such as Botryosphaeria and
Ceratocystis, which behaved as pathogens, did not show the ability to produce laccase
or were isolated from trees with heartwood rot, indicating their probable inability to
colonize this tissue. None of the fungi isolated from heartwood rot showed pathogenic
potential in Eucalyptus seedlings, which may indicate their specificity for this tissue,
especially genera that were isolated only from trees with this symptom. Genera that
include isolates with the capacity to produce laccase, but originating only from trees
with stem lesions and sapwood discoloration, were not isolated from heartwood tissues
with rot, probably due to the need not only for this enzyme for colonization of the

heartwood.

Other isolates, without pathogenic potential or laccase production, are probably
endophytic fungi, contaminants or decomposers, but without the ability to degrade
lignin. Trichoderma is reported to be a cosmopolitan genus, colonizing a wide range of
substrates and acting as an endophyte in several plant species (Jaklitsch, 2009). In
diseased tissues, microorganisms of this genus can infect others fungi (Vinale et al.
2009). Fungi from the genera Lasiodiplodia and Phaeoacremonium are reported as

pathogens in plants, but can act as endophytes in woody species (Li et al. 2016;
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Mostert et al., 2005; Whitelaw-Weckert et al., 2013). Endophytic fungi can offer a series
of benefits to plants, producing compounds that improve plant physiology and increase
resistance to stress (Gouda et al., 2016). Neoleptodontidium spp are isolated from the

water of hydroponic systems and from decaying wood (Crous et al., 2023).

In general, the present work observed the association of several fungal genera
with eucalypt presenting trunk pathologies, with several of them being reported for the
first time in this tree. The increase in the range of pathogens was most notable in the
symptoms of heartwood rot, with new genera related to this pathology, as Lentinus,
Scytalidium and Xenoacremonium. Several of the isolated genera still have an

uncertain association with Eucalyptus tree, requiring further studies.
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CHAPTER 2

CHARACTERIZATION OF CERATOCYSTIS WILT ON Eucalyptus AND ITS
CAUSAL AGENT!

ABSTRACT

Ceratocystis fimbriata sensu lato (s.l.) is an important pathogen complex in woody
species, being associated with symptoms of wilt, trunk lesions and death of infected
plants. In Eucalyptus plantations, this pathogen can reduce the productivity of affected
plants, in addition to causing mortality in the first years of planting. The objective of this
work was to evaluate the symptoms and characterize isolates of C. fimbriata (s.l.)
associated with Eucalyptus plantations in southern Bahia, Brazil. In this study we
observed that external symptoms manifested mainly in trees with up to 36 months of
planting, however asymptomatic diseased trees were found until the end of the cycle
(7 years). Symptoms of wilt, wood discoloration, formation of adventitious shoots and
bark lesions, drying of branches and death have been observed in diseased trees. The
discoloration of the wood began in the root system, which is probably the point of
penetration of the causal agent. The isolates obtained from these trees were identified
as belonging to the species C. fimbriata (s.l.), presenting similar morphological
characteristics and optimum growth temperatures ranging from 23.9 to 24.9°C.
Eucalyptus clones inoculated with these pathogens showed different levels of
resistance. Clones resistant to a certain isolate may be susceptible when infected by
another. This variation in aggressiveness among Ceratocystis isolates makes the
selection of resistant clones difficult. The present work improves the understanding of

ceratocystis wilt in Eucalyptus and its causal agent.

Key words: vascular wilt, xylem discoloration, canker, root infection, variability

'Formatted according to the “Australasian Plant Pathology” submission guidelines.
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1.1 Introduction

The genus Ceratocystis includes important species of phytopathogenic fungi,
capable of infecting forest and agronomic crops (de Beer et al. 2014). C. fimbriata
sensu lato (s.l.) stands out for its wide range of hosts and damage caused. Different
symptoms may be related to this pathogen according to the host. Symptoms of fruit rot
and damping-off are reported in passion fruit (Passiflora edulis) and andiroba (Carapa
guianensis), respectively (Firmino et al. 2016; Valdetaro et al. 2019). Rot of storage
root occurs in sweet potato (I[pomea batatas) and carrot (Daucus carota) and in taro
corms (Colocasia esculenta) (Halsted 1890; Harrington et al. 2005; Xu et al. 2020). In
woody species, C. fimbriata is associated mainly with symptoms of vascular wilt and
trunk lesions, being reported in Acacia spp., african mahogany (Khaya senegalensis),
coffee (Coffea arabica), eucalypt (Eucalyptus spp.), Gmelina arborea, kiwi (Actinidia
deliciosa), loquat (Eriobotrya japonica), mango (Manguifera indica), pequi (Caryocar
brasiliensis), pomegranate (Punica granatum), rubber tree (Hevea brasiliensis),
sycamore (Platanus spp.), teak (Tectona grandis) and yerba mate (llex paraguariensis)
(da Silva et al. 2017; de Brito et al. 2021; Engelbrecht and Harrington 2005; Firmino et
al. 2012, 2017; Heath et al. 2009; Li et al. 2014a; Marin et al. 2003; Méndez-Alvarez
et al. 2020; Oliveira et al. 2015, 2016; Piveta et al. 2013; Somasekhara 1999).
According to the species, the occurrence of Ceratocystis species can be a limiting
factor for the cultivation of susceptible varieties or clones (Arriel et al. 2016; Ferreira et
al. 2013; Oliveira et al. 2015).

Ceratocystis fimbriata (s.l.) is considered the causal agent of Eucalyptus
ceratocystis wilt in Brazil (Ferreira et al. 2011; Oliveira et al. 2015). This fungus is also
reported as associated with this pathology in Uruguay, China, South Africa, Pakistan,
Democratic Republic of Congo and Uganda (Alam et al. 2017; Barnes 2003; Heath et
al. 2009; Li et al. 2014b; Roux et al. 2000). Other species of this genus are listed as
causal agents in other countries, such as C. eucalypticola in South Africa (van Wyk et
al. 2012). The symptoms of ceratocystis wilt in Eucalyptus usually start with wilting of
the canopy, followed by progressive drying of the foliage and death of the plant. The
internal woody tissues of the diseased tree show discoloration in the form of radial
streaks, which starts from the base of the tree (Ferreira et al. 2006). Surviving in the
soil as chlamydospore-like resistance structures and as a saprobe in crop debris,

Ceratocystis infects Eucalyptus mainly through the root system and collar region
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(Ferreira et al. 2006; Harrington 2013). Infection can also occur through injuries to the
trunk, caused during silvicultural practices or other external factors (Ferreira et al.
2006, 2013).

Forests established with susceptible clones in areas with C. fimbriata (s.l.)
inoculum in the soil can result in reductions of more than 50% in the final stand of
Eucalyptus forests (Ferreira et al. 2013). Diseased trees can exhibit a reduction in their
growth of up to 87% at higher severity levels (Mafia et al. 2013). Wood from diseased
trees also has a lower basic density and a higher content of extractives, resulting in an
increase of up to 29.6% in the costs of pulping, due to the higher consumption of
reagents (Mafia et al. 2013). Reduces from 13.7 to 15.2% in the final pulp yield per m?
of processed wood can also be observed (Mafia et al. 2013). Due to the increase in
costs and reduced yield, it is recommended to use wood from diseased trees for other

purposes, such as burning it in the factory's boiler to generate energy.

The management of ceratocystis wilt in Eucalyptus is made mainly through the
use of resistant clones. However, C. fimbriata (s.l.) is native to Brazilian soils and
presents high genetic variability and variation in its aggressiveness according to the
population (Ferreira et al. 2010, 2011; Oliveira et al. 2015). These differences between
populations result in different interactions with eucalyptus clones, impacting the
severity of symptoms manifested and making it difficult to select clones that behave as
resistant in different locations (Oliveira et al. 2015). Thus, this study aimed to
characterize the symptoms manifested by diseased Eucalyptus trees due to
ceratocystis wilt and its causal agent in southern Bahia. In this region, a high incidence
of the disease was reported (Oliveira et al. 2015). We also evaluated the pathogen's
development at different temperatures and its aggressiveness against different

Eucalyptus clones.
1.2 Materials and methods
1.2.1 Studied area

Field studies and material collections were carried out in clonal Eucalyptus
plantations located in the southern region of the state of Bahia, Brazil. The cultivated
clones belonged to the hybrid Eucalyptus urophylla x E. grandis, popularly known as

Urograndis. According to information obtained from the company responsible for the
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plantations, the clones showed different levels of resistance to ceratocystis wilt, with
some clones classified as resistant and others as susceptible. The plantations were
destined mainly to the production of cellulose, with spacing that varied between 3.0 x
2.0,4.0x 1.9 and 4.0 x 3.0m, and with different planting ages. The soil in the region is
sandy to clayey, of medium depth and with an abundance of rocky outcrops. The
climate in the region is tropical, with rainfall distributed throughout the year or dry
winter. Average daily temperature varies from 19°C to 26°C, while annual precipitation

from 700mm, in the driest location, to 1700mm in the rainiest.
1.2.2 Characterization of symptoms and detection of the pathogen

The trees affected by ceratocystis wilt were initially identified by the typical
external symptoms of the disease, such as presence of adventitious shoots, wilting,
trunk lesion, dry branches or defoliation. Plants that appeared to be long time dead
were not examined because of colonization by saprofitic organisms. Once the
diseased trees were identified, internal symptoms of discoloration were observed with
the aid of a machete or chainsaw. We also expose the superficial root system (<50cm)
of some young diseased trees (approximately 12 months of planting) with the aid of
directed water jets. Woody samples were collected from diseased trees, proceeding
with isolation using the carrot sandwich bait method and purification on plates
containing PDA culture medium (Potato Dextrose Agar; 4%; w/v), plus streptomycin
sulfate (100mg/L). The plates and baits were kept at 25°C and alternating photoperiod
(12/12). The isolates were identified according to the area of collection (Table 1) and

were preserved in glycerol at -20°C.
1.2.3 Characterization of isolates

Of the isolates collected in southern Bahia, eight from several areas were
randomly selected. In addition to these isolates, two others, obtained in the state of
Sao Paulo and regularly used in inoculation trials, were included in the study. The
selected isolates were characterized according to their morphological characteristics
in laboratory conditions. For this, petri dishes (90x15 mm) containing 15ml of PDA
medium received 5mm diameter discs, collected from the edge of plates containing the
same medium and colonized by Ceratocystis isolates. The plates were kept at 25°C
and alternating photoperiod for 16 days. After this time, the colonies were
characterized according to their colors and formation of perithecia. For each isolate,
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30 reproductive structures of each type were classified in terms of shape, colors and

size.

The isolates were also characterized for their growth at different temperatures.
For this, we followed the same methodology used in the morphological characterization
test, however, incubating the colonies at temperatures ranging from 15 to 35°C, with
intervals of 5°C. Colony diameters were measured every two days in two perpendicular
directions and the average of both was obtained by subtracting the 5mm value
corresponding to the disc size. Evaluations continued until the first isolate reached the
edge of the plate. The essay was conducted in a completely randomized design, with
five replications per treatment. The optimum temperature for growth of the isolates was

determined by polynomial regression in the statistical program R.
1.2.3 Aggressiveness of isolates on eucalyptus clones

The aggressiveness of the isolates was evaluated in three Eucalyptus clones,
cultivated in the south of Bahia, derived from the crossing of E. urophylla x E. grandis.
Seedlings of these clones were formed in 70ml pots under nursery conditions over
three months. These seedlings were planted in pots with volume of 2.0L, filled with
substrate based on vermiculite, peat and carbonized rice husk (CarolinaSoil),
supplemented with 150g of osmocote (NPK; 15:09:12) and 200g of MAP for each 20L
of substrate. The seedlings were kept in a greenhouse under periodic irrigation for 90
days, reaching a minimum basal diameter of 1.0cm. Inoculation was performed by
opening a wound 10cm above the seedling collar, with the aid of a sterilized cork borer
with diameter of 5mm. A disk of PDA medium colonized by the Ceratocystis isolates,
of the same diameter as the wound, was deposited in the injured area. The inoculated
site was covered with cotton soaked in distilled water, both sterilized, and involved with
parafilm, aiming to form a humid chamber, favoring the development of the inoculated
pathogen. Plants that received only pathogen-free culture medium were maintained as
controls. The evaluation of the experiment was realized three months after inoculation,
measuring the length of the outer lesion on the bark and the inner one on the wood/pith.
Samples were collected from inoculated plants to reisolate the pathogen. This
experiment was conducted in a completely randomized design, with 10 replications
(seedlings) per treatment (clone x isolate). The data were submitted to the Skott-Knott

test (p < 0.05) in the R statistical program.
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1.2.4 Molecular identification of Ceratocystis isolates

Genomic DNA was extracted from mycelium obtained from 7-day-old colonies
using the Trans Direct® Plant Tissue PCR kit (Transgenbiotech, China), following the
manufacturer's instructions. The internal transcribed spacer region (rDNA-ITS) and
beta-tubulin 1 (Btl) loci were amplified with the primer sets ITS1F/ITS4 (Gardes and
Bruns 1993) and BT1a/BT1lb (Glass and Donaldson 1995), respectively. PCR
conditions were employed as detailed in the referenced literature.
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Table 1. Identification and collection sites of the studied Ceratoystis isolates.

Isolates

City/State

Coordinates
(Latitude; Longitude)

Host

Age of planting
(Years)

BHO012

BHO014

BHO015

BHO021

BH023

BHO028

BHO030

BHO031

SP052

SP101

Belmonte/BA

Belmonte/BA

Eunapolis/BA

Eunapolis/BA

Santa Cruz Cabralia/BA

Santa Cruz Cabralia/BA

Itapebi/BA

Itagimirim/BA

Botucatu/SP

Lencois Paulista/SP

-16.107078; -39.331136

-16.105231, -39.345710

-16.094639; -39.414665

-16.248229; -39.723723

-16.210576; -39.272746

-16.210981,; -39.273253

-16.012699; -39.587297

-16.077095; -39.604788

-22.845002; -48.434991

-22.552891,; -48.830222

. urophylla x E. grandis

. urophylla x E. grandis

. urophylla x E. grandis

. urophylla x E. grandis

. urophylla x E. grandis

. urophylla x E. grandis

. urophylla x E. grandis

. urophylla x E. grandis

Eucalyptus sp.

E. urophylla
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1.3 Results
1.3.1 Symptoms of ceratocystis wilt

Observed symptoms varied in frequency and severity according to tree age and
clone resistance. External symptoms of wilting, defoliation and dry branches were
more frequent in young trees (Fig. 1a), with less than 36 months of planting. In older
plantations, these external symptoms were less frequent. The formation of adventitious
shoots occurred both in young and adult plantations, however, in older plantations (>36
months); this symptom was also related to other occurrences of environmental stress,
not always indicating that the tree is diseased. In this situation, the shoots were
distributed along the entire tree. In young plantations, in the studied areas, most of the
trees that presented adventitious shoots, mainly in the basal third or close to the collar,
presented internal symptoms associated with ceratocystis wilt. The formation of
adventitious shoots was more frequent in diseased trees from clones previously
classified as susceptible. In some plants, it was possible to observe the death of the
main stem, with adventitious shoots assuming apical dominance (Fig. 1b). With time,
the lateral shoots also dried up, resulting in the complete death of the tree. Longitudinal
cankers and minicankers were observed mainly in young trees (Fig. 1c), up to two
years old, with characteristic discoloration of the wood below the damaged site and
formation of kino pockets. Stem deformations have also been observed in diseased
young trees (Fig. 1d). According to our observations in the field, the external symptoms
of diseased plants appeared after three months of planting, mainly in places where we
observed a high incidence of the disease in the previous cycle. In some of these sites,
incidences of over 50% of ceratocystis wilt have been reported in previous cycles.

Diseased trees were distributed with an aggregated pattern in the plantations.

As internal symptom in diseased tree, we observe discoloration of the wood in
a radial pattern in cross-section, which started from the pith and went to the bark.
Cankers and stem deformations were observed where the dark staining reached the
bark. In trees in which the main stem died and adventitious shoots assumed apical
predominance, a new layer of healthy wood, visually free of the pathogen, surrounded
the wood with discoloration. Over time, this new layer of wood also showed
discoloration, originating from the internalized diseased wood (Fig. 2a), resulting in

wilting and death of adventitious shoots, as already mentioned. In old plantations, with
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more than four years of age, we observed the presence of asymptomatic trees, mainly
in resistant clones, showing discoloration of the wood, but without the manifestation of
external symptoms. In this situation, the discoloration was concentrated mainly in the
oldest region of the sapwood or heartwood, while the youngest portion of the wood, in
greater physiological activity, was healthy (Fig. 2b). It was also possible to observe the
association of heartwood rot (Fig. 2b) and termites (Fig. 2c) with diseased wood. In
trees at the end of the cycle, five to seven years after planting, symptoms of
discoloration in a radial pattern were observed in the heartwood of asymptomatic trees

(Fig. 2d), but it was not possible to isolate the pathogen from these tissues.

Root discoloration was observed in trees with approximately 12 months of
planting, after exposing the roots with the aid of water jets (Fig. 2e). In these trees, the
discoloration of the wood was concentrated mainly in the basal region of the diseased
trees, starting from the root system, which presented discoloration similar to that of the
trunk. We observed that the infection could come from just one root, totally necrotic or
still alive, but with internal symptoms of discoloration, while other trees had several
diseased roots. The infection was mainly found in roots up to 50 cm deep. In the

analyzed areas, there was an abundance of cultural remains from previous cycles.
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Figure 1. External symptoms of ceratocystis wilt in eucalyptus trees. a. Dry folliages
and death of the tree. b. Loss of apical dominance. c. Longitudinal minicanker. d. Stem
deformation associated with vascular cambium necrosis caused by Ceratocystis.
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Figure 2. Internal symptoms of ceratocystis wilt in Eucalyptus trees. a. Darkening in
streak pattern. Association of termites (b) and heart rot (c) with wood colonized by
Ceratocystis. d. Symptoms of discoloration affecting the heartwood. e. Internal

discoloration in root of Eucalyptus trees infected by Ceratocystis.
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1.3.2 Pathogenicity of Ceratocystis isolates

The tested isolates showed the ability to infect and colonize the inoculated
plants, leading to the manifestation of typical symptoms of the disease, such as
discoloration of the wood and lesions on the bark. The severity of the symptoms varied
according to the clone and isolate (Table 3). Clone EC187 proved to be the most
resistant to ceratocyst wilt under the conditions tested, and showed the smallest size
of internal and external lesions for most of the inoculated isolates. Clones EC121 and
ECO090 showed similar values of internal injury for most isolates, but clone EC121
showed greater external lesion. Inoculation with the BHO012 isolate led to the
manifestation of the largest external and internal lesions, while the BHO15 isolate
caused the smallest lesions. The other isolates showed intermediate aggressiveness
in the inoculated clones. During the period of the experiment, no symptoms of wilting,
drying of branches and formation of adventitious shoots were observed. It was possible
to reisolate the pathogen from the inoculated seedlings, thus proving the association

of the Ceratocystis isolates with the manifested symptoms.
1.3.3 Molecular and morphological characterization of Ceratocystis isolates

The sequences obtained from sequencing the gene regions ITS and Btl
showed similarity of 99 to 100% with C. fimbriata (s.l.) sequences in GenBank, from
different origins. Based on these results, the isolates were classified as belonging to
the C. fimbriata complex.

The studied isolates showed similar morphological characteristics. The colonies
formed were dark brown to black in color, with little aerial mycelium and an aroma
similar to ripe fruit. The conidia were of two types. The first type, also called primary,
has a cylindrical shape, forming in structures of the “phialid” type, with the shape of
bottle, measuring 15.6 (8.5-33.9) x 4.2um (2.7 — 7.0). The second type, secondary or
doliform, is barrel-shaped, occurs in a chain and measure 8.6 (4.8 - 14.9) x 5.2um (2.8
— 8.64). Both conidia were unicellular and hyaline. We also observe the presence of
resistance spores of the chlamydospore type, also called aleuroconidia, with a shape
ranging from globose to pear, solitary or in short chains, from light brown to brown,
with dimensions 13.7 (9.3 — 19.7) x 9.62um (5.4 — 13.5). Perithecia formed on the
surface of the colonies had globular base, 165.7 (90.5 — 231.4) x 153.83um (83.1 —
236.2). The neck shows the same color of the base, 274.9 (122.6 — 624.1) x 22.0um
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(12.1 - 33.1), with the presence of aseptate ostiolar hyphae and hyaline to light brown
at the end of the rostrum, measuring 37.7um (12.4 — 77.5). From the ostiole, abundant
cream-colored exudation was observed, consisting of ascospores embedded in a
mucilaginous matrix. Ascospores measure 4.4 (2.9 — 6.6) x 6.2um (4.4 — 8.4), and were
hyaline, unicellular and hat-shaped, formed in evanescent asci at the base of the

perithecium.
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Table 3. Length of external and internal lesions manifested by Eucalyptus clones

inoculated with Ceratocystis isolates.

External lesion Internal lesion
Isolates EC187 EC121 EC090 EC187 EC121 EC090
BHO012 1.31aC 12.67aA 6.39cB 10.22aB 18.43aA 11.26aB

BHO014 0.78aB 8.61bA 1.76dB 2.95bB 12.03cA 5.14bB

BHO015 0.83aB 4.58cA 2.26dB 1.67bB 6.80eA 6.07bA

BH021 0.83aB 7.65bA 9.36bA 3.10bC 7.97eB 12.35aA

BH023 0.71aB 5.49cA 6.30cA 2.03bB 6.11eA 6.87bA

BH028 0.80aB 9.76bA 11.39aA 1.83bB 12.34cA 13.28aA

BHO030 0.85aB 8.05bA 6.29cA 3.35bB 9.90dA 11.79aA

BHO31 0.99aC 8.89bA 5.64cB 1.57bC 15.63bA 10.21aB
SP052 1.64aC 3.94cB 6.18cA 5.16bB 9.80dA 12.46aA
SP101 0.96aB 4.81cA 1.68dB 2.79bB 7.86eA 6.80bA

1Equal capital letters indicate that there was no significant difference between the means presented
in the columns using the Skott-Knott test (p < 0.05). 2Equal lowercase letters indicate that there was
no significant difference between the means presented in the lines by the Skott-Knott test (p < 0.05).
3Statistical analyzes were carried out individually for external and internal lesions.
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1.3.4 Temperature in the growth of isolates

The isolates grew at all temperatures tested, but with minimal growth at 35°C
(Table 4). The optimal temperature of isolates from the state of Bahia was 23.9 to
24.9°C, while that of Sdo Paulo was 24.0 to 24.1°C. The isolated BH014 had the

highest optimal development temperature, while BHO31 had the lowest.
1.4 Discussion

The isolates were identified as belonging to the C. fimbriata complex, based on
the morphological characteristics and the grouping in the phylogenetic tree. This
species is considered the causal agent of ceratocystis wilt of Eucalyptus in Brazil
(Oliveira et al. 2015). C. fimbriata (s.l.) is a natural inhabitant of the soils of the Brazilian
Atlantic Forest and Cerrado biomes, naturally infecting plants from these biomes, such
as pequi and andiroba (da Silva et al. 2017; Ferreira et al. 2011; Valdetaro et al. 2019).
By surviving in the soil, this fungus infects Eucalyptus trees mainly in the root system,
leading to its necrosis and inactivation (Ferreira et al. 2006; Harrington 2013). From
the point of infection, the fungus colonizes the plant's vascular system upwards,
resulting in the decline of the aerial part and in a hormonal imbalance between
roots/aerial parts. As a consequence of this imbalance, occurs the formation of
adventitious shoots along the trunk of the diseased tree (Ferreira et al. 2006). Based
on field observations, adventitious shoot formation symptoms may not be a diagnostic
symptom in trees older than three years, as this symptom may also indicate other forms
of stress, such as water stress, fire or cold temperatures (Ferreira and Milani 2012).
Colonization of secondary xylem cells by Ceratocystis can increase resistance to water
flow, reducing the arrival of sap to the upper third, resulting in symptoms of wilting and

drying of branches (da Silva et al. 2018; Ferreira et al. 2006).
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Table 4. Optimal growth temperature of the Ceratocystis isolates originated from

Eucalyptus plantations.

Isolate Regression R? (%) temp())eprg{zlrlgnc C)
BHO12 MG = -4.351 + 0.4642T - 0.009691T2 96.7 24.0
BHO014 MG =-4.711 + 0.4599T - 0.009245T2 97.9 24.9
BHO15 MG = -4.536 + 0.4934T - 0.01037T2 96.2 24.1
BHO021 MG = -5.247 + 0.5372T - 0.01097T2 90.5 24.5
BHO023 MG = -5.378 + 0.5575T - 0.01146T2 935 24.3
BHO028 MG = -4.684 + 0.4798T - 0.009819T2 92.7 24.4
BHO30 MG = -3.686 + 0.4148T - 0.008796T2 97.2 24.6
BHO31 MG = -4.344 + 0.4697T - 0.009833T? 87.7 23.9
SP052 MG= -4.052 + 0.4340T- 0.009020T2 94.5 24.1
SP101 MG =-5.077 + 0.5385T - 0.01121T? 97.7 24.0

MG = Mycelial growth; T = temperature in °C
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The occurrence of termites in Eucalyptus trees with symptoms of ceratocystis
wilt has already been reported (Ferreira and Milani 2012), observing the formation of
galleries in colonized wood. However, it has not been determined whether there is any
association between the occurrence of termites and the incidence or severity of
ceratocystis wilt. In living Eucalyptus trees, with more than two years old, is reported
the occurrence of heartwood termites, penetrating through the root system (Wilcken et
al. 2002). According to our observations, Ceratocystis causes root death and termites
can use these tissues to penetrate diseased trees. Heartwood rot is caused by fungi
in Eucalyptus, which degrade complex molecules in the wood. These microorganisms
penetrate through wounds and dead roots and branches (Ferreira and Milani 2012).
Probably, in diseased trees whose heartwood rot was associated with wood colonized
by Ceratocystis, dead roots due to the incidence of the pathogen served as a

penetration point for degrading microorganisms.

We observed different levels of aggressiveness according to the clone x isolate
interaction. Some isolates showed low to intermediate aggressiveness in one clone,
while in another they behaved as aggressive. According Oliveira et al. (2015), isolates
of C. fimbrita (s.l.) from geographically distant Eucalyptus plantations show different
levels of aggressiveness according to the clone. However, we noticed in this study that
geographically close populations can also present varied aggressiveness. This result
exemplifies the difficulty in selecting clones resistant to ceratocystis wilt, since even
geographically close plantations can be affected by different genotypes of the
pathogen. This variability observed among isolates may be related to the fact that the
areas studied belong to the Atlantic Forest biome, probably one of the centers of
diversity for C. fimbriata (s.l.) (Ferreira et al. 2011; Valdetaro et al 2019). C. fimbriata
(s.l.) populations may remain geographically isolated and may undergo specialization
by local hosts, resulting in genotypic variation between populations (Baker et al. 2003).
Native hosts generally have greater resistance to this pathogen than exotic ones, and
sequential cultivation of the same genetic material can select for more aggressive
isolates against a specific clone (Baker et al. 2003; Ferreira et al. 2010). Consequently,
different populations may show different levels of aggressiveness against the same
host. Despite this, we did not observe differences in aggressiveness between the
isolates tested in the south of Bahia and in the state of S&o Paulo.
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We also found that EC187 clone was resistant to all tested isolates, indicating
that some resistance mechanisms may be nonspecific against certain pathogen
genotypes. Oliveira et al. (2015) recommend that artificial inoculations be made with
isolates of C. fimbriata (s.l.) with proven pathogenicity in previous trials and which,
preferably, have shown high aggressiveness against several clones. The use of
pathogen genotypes with low aggressiveness or unknown aggressiveness can lead to

incorrect estimates of the resistance of the tested clone (Oliveira et al. 2015).

The evaluation of the external lesion in the seedlings can help in the process of
selection of resistant clones. In the present work, it was observed that the clone EC121
and EC090 presented similar values of internal lesion, however the clone EC090
presented smaller external lesions for most of the isolates. Thus, aiming at decision-
making, clone EC090 behaved as more resistant. Bark lesions arise due to
colonization of the vascular cambium and secondary phloem, resulting in its necrosis
(Ferreira et al. 2006; Silva et al. 2020). In response to infection and colonization,
Eucalyptus plants can produce phenols, PR proteins, amorphous material,
phytoalexins and by deposition of gels, calcium oxalate and tyloses in their vessels.
According to Silva et al. (2020), resistant clones have a faster and more intense

reaction against colonization by C. fimbriata (s.l.), resulting in less severe symptoms.

The isolates studied were morphologically indistinguishable and had an optimal
growth temperature close to the range of 24 to 26°C, described as ideal for the
development of C. fimbriata (s.l.) (Kile 1993; Oliveira et al. 2015). Due to the
morphological similarity between species belonging to the C. fimbriata complex,
sequencing of specific genetic regions, pathogenicity assays and/or intersterility tests
are recommended (de Beer et al. 2014; Fourie et al. 2015; Engelbrecht and Harrington
2005). In the present work, to identify isolates of C. fimbriata (s.l.), we sequenced

different genomic regions.

In addition to identifying and characterizing the isolates, the present work also
explored the symptoms manifested by diseased Eucalyptus trees, at different ages,
and the association with other pathologies and pests. These descriptions are likely to
assist professionals and researchers in accurately diagnosing ceratocystis wilt in

Eucalyptus plantations.
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CHAPTER 3

GROWTH AND PULP PRODUCTION OF EUCALYPTUS TREES AFFECTED BY
CERATOCYSTIS WILT !

ABSTRACT

Ceratocystis wilt is one of the most harmful diseases affecting eucalyptus crops and is
associated with the fungus Ceratocystis fimbriata sensu lato in Brazil. This pathology
leads to the obstruction of the vascular system in infected trees, resulting in symptoms
such as branch wilting and death. The wood affected by the pathogen exhibits
discoloration and changes in its chemical composition, which can impact the pulping
process. Therefore, the objective of this work is to investigate the impact of ceratocystis
wilt on growth and the pulping process when sampling whole diseased trees. For this,
healthy and diseased eucalyptus trees at the harvest age of 7 years were cut down,
and their dendrometric variables (diameter at breast height, height and volume) and
disease severity (basal discoloration area and volume of discolored tissue) were
measured. All tree trunks, classified into different severity classes, were sampled
individually, peeled, chipped and subjected to Kraft cooking (Kappa number 18+0.5).
Diseased trees, under the evaluated condition, exhibited an average volume of 2.5%
with discoloration and a reduction in the volumetric growth of 18.1%. The wood from
diseased trees showed no significant differences in the Kraft cooking variables when
compared to healthy trees. This result suggests that ceratocystis wilt reduces the
volumetric growth of affected trees; however, due to the low proportion of symptomatic
wood observed, the utilization of wood from diseased trees does not influence pulping

and can be used in the pulp production process.

Key words: Vascular wilt, root infection, cellulose, wood discoloration, xylem

colonization

Formatted according to the “Forest Pathology” submission guidelines.
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1.1 Introduction

Eucalypts (Eucalyptus spp. and Corymbia spp.) are the most cultivated trees in
Brazil, with a planted area of 7.51 million hectares in 2021 (IBA, 2022). The main
cultivation system employed is monoculture, utilizing vegetatively propagated plants
thar are genetically identical. This clonal propagation process has enabled the
multiplication of phenotypically superior genotypes, characterized by higher
productivity, adequate physical and chemical wood properties, straight trunks, stress
tolerance and resistance to diseases and pests (Alfenas et al., 2009). In Braazil,
Eucalyptus wood is primarily utilized in pulp production for export (IBA, 2022).

The Kraft cooking is the primary industrial pulping method employed for pulping
eucalyptus wood, enabling the extraction of cellulose. This method involves
transforming eucalyptus trunks into chips, followed by the addition of a sodium
hydroxide and sodium sulfide solution, and subjecting it to a temperature of 170°C for
approximately 2 hours (Bajpai & Bajpai, 1992). As a result, constituents of wood,
mainly lignin, are solubilized. The residual cellulosic pulp still contains residues of
lignin, resulting in a light brown color. Depending on the desired final product, the
cellulosic pulp can undergo a bleaching process using chlorine-based compounds and

their oxides to achieve lighter colors (Bajpai & Bajpai, 1992).

Eucalyptus trees, like any other crop, can be affected by various diseases, with
stem diseases being particularly significant due to the damage caused and the
challenges associated with their control. These diseases compromise forest
productivity, causing reductions in tree growth and final forest stand due to mortality.
Stem lesions and vascular wilt are the main symptoms observed, which can be caused
by either bacterial or fungal pathogens (Alfenas et al., 2009). In eucalyptus plantations,
important causal agents of stem lesions include Chrysoporthe spp., Botryosphaerea
spp., and Teratosphaeria spp. (Aylward et al.,, 2019; Gryzenhout et al., 2006;
Nakabonge et al., 2006; Pérez et al., 2010; Rodas et al., 2009). Vascular wilts in
eucalyptus are associated with fungi of the genus Ceratocystis and bacteria such as
Erwinia psidii and Ralstonia spp. (Carstensen et al., 2017; Coutinho et al., 2011;
Oliveira et al., 2015).

In Brazil, ceratocystis wilt in eucalyptus plantation is caused by the fungus

Ceratocystis fimbriata sensu lato (s.l) (Ferreira et al., 2006; Oliveira et al., 2015). This
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fungus can survive in the form of resistance structures, known as chlamydospores, or
in crop debris in the soil. The infection primarily occurs in the root system (Ferreira et
al., 2006; 2013). Internal symptoms are mainly characterized by discoloration in a
radial streaks pattern, progressing upward in the wood from the point of infection
(Ferreira et al., 2006). The presence of fungal structures in the vessels of the
secondary xylem colonized by Ceratocystis results in increased resistance to sap flow,
leading to external symptoms such as wilting, defoliation, and drying of branches.
These symptoms can ultimately lead to the death of the affected plant (Ferreira et al.,
2006; Da Silva et al., 2018). Bark lesions, kino pocket formation and the development
of adventitious shoots can also be observed in diseased trees (Ferreira et al., 2006).

Management of ceratocystis wilt in eucalyptus plantations primarily involves
planting resistant clones. However, due to the high genetic variability of C. fimbriata
s.l., clones that exhibit resistance against certain genotypes in one region may behave
as susceptible in other locations (Oliveira et al., 2015). This variation in aggressiveness
between populations makes it challenging to select universally resistant clones.
Additionally, the limited spatial dispersal of C. fimbriata s.l. can result in geographically
isolated populations of the pathogen, leading to speciation by specific hosts.
Continuous cultivation of the same clone in the same area can lead to the selection of

more aggressive genotypes against the genetic material (Baker et al., 2003; 2005).

As a direct damage, eucalyptus trees affected by ceratocystis wilt can
experience significant growth reduction of up to 87%, with an incidence rate exceeding
50% in the planted population (Ferreira et al., 2013; Mafia et al., 2013). Wood of
diseased trees also have a lower density, which may reduce their value for use as
lumber. Utilizing wood with 50% of its volume colonized by the fungus results to a
23.8% increase in the consumption of reagents during the pulping process, along with
a 13.7% reduction in cellulose yield per cubic meter of wood (Mafia et al., 2013). As a
result of the decreased yield and increased costs, it is recommended to redirect highly
colonized wood from diseased trees to other purposes, such as charcoal production or
energy generation in the industry (Fernandes et al., 2014). The increase in costs and
lower cellulose yield can be attributed to the elevated in extractives and lignin content
in the wood of diseased trees, which occurs in response to infection by the pathogen.

Additionally, the obstruction of the xylem vessels in wood colonized by Ceratocystis
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reduce the infiltration of pulping reagents, leading to a reduction in the efficiency of the
process (Da Silva et al., 2018; Mafia et al., 2013; Silva et al., 2020).

The use of 20% of wood colonized by Ceratocystis negatively impacts the
pulping process, progressively increasing as the proportion of diseased wood
increases (Mafia et al., 2013). However, in a field survey, we observed that at the end
of the forest cycle (7 years), diseased trees exhibited considerably lower values of
wood showing discoloration when considering the total volume of the affected tree.
Thus, the objective of this study was to investigate the impact of ceratocystis wilt on

both the growth and the pulping process by sampling entire trees at the harvest age.
1.2 Materials and methods
1.2.1 Study area

The sampled trees were grown in monoclonal commercial plantations, spaced
at 5.0 x 2.4m, with an approximate density of 770 plants/ha. The cultivated clone used
belongs to the E. grandis x E. urophylla cross, which was classified as susceptible to
ceratocystis wilt based on the high observed mortality rate (about 30% in certain areas)
under field conditions. The plantation was located in the city of Belmonte, Bahia, Brazil,
at coordinates: latitude -16.098676/longitude -39.330219. The plantation was situated
in the Atlantic Forest biome, characterized by an equatorial climate with no distinct dry
season (Af; Thorthwaite, 1948). At the time of sampling and evaluations, the plantation
was at harvest age, with 7 years of establishment. The presence of diseased trees

affected by ceratocystis wilt had been previously observed in the studied area.
1.2.2 Sampling method

In this planting, we conducted two sampling sessions. The first sampling aimed
to study the internal colonization of diseased trees, while the second sampling focused

on evaluating the damage caused by ceratocystis wilt.

During the first sampling, we systematically selected 50 trees affected by
ceratocystis wilt by sampling trees in plantation rows. These trees were cut at the base
(10-15 cm) and classified as either diseased or healthy based on the internal symptoms
observed in the wood. Among the diseased trees, those showing wood discoloration

similar to ceratocystis wilt were further sectioned at regular intervals of 50 cm, starting
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from the base and continuing up to the height where tissue discoloration was present.
Dendrological parameters such as height, diameter at breast height, and volume were
measured for the diseased trees during this sampling. The volume of the trees was
calculated using a specific pre-established equation for the clone under study. We
captured photos of the exposed faces of the wood using a Nikon D5300 camera with
a resolution of 24.2 MP. The camera was positioned at a distance of 50 cm from the
wood. To measure the area of discoloration on the exposed wood, as well as the area
of healthy tissue, we utilized the ImageJ software (Schneider et al., 2012). A graduated
ruler was placed next to the exposed wood at the time of the photo to serve as a
reference for measurements. The data obtained served as the basis for estimating the
height of pathogen colonization and the volume of colonized wood in the trunk sections.
The volume calculation was performed using the formula for partial cone volume (Liu
et al., 2019). By applying this formula to each trunk section, we obtained the volume
of discoloration, and subsequently, the volumes of all sections were summed to obtain
the total volume of colonized wood. In order to confirm the association of Ceratocystis
sp. with the observed symptoms of wood discoloration, we performed the isolation of
the causal agent using the carrot bait method (Moller & De Vay, 1968) for
approximately 20% of the symptomatic sampled trees.

The second sampling was conducted within the same planting area, where a
plot consisting of 250 plants arranged in 10 rows of 25 trees in sequence was
established. All the trees in this plot were cut at a height of 10-15 cm, and photographs
of the exposed wood were taken for later measurement of the area of discolored and
healthy woody tissue. Diseased trees were identified based on internal symptoms of
radial wood discoloration, which are characteristic of ceratocystis wilt. These trees
were then classified into two severity classes: Class 1 (<25.0% discoloration) and
Class 2 (25.1% - 51.0% discoloration). Dendrometric parameters were collected from
both healthy (Class 0) and diseased trees in order to compare the impact of the disease
on the growth of the clone. As the number of plants analyzed at different severity levels
varied, the data were subjected to a non-parametric Kruskal-Wallis test (p < 0.05) using
the Minitab for Windows software (Version 17; Minitab Inc., State College, PA). The

experiment was conducted in a completely random design.
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1.2.3 Impact on the pulping process

In the plot of 250 trees, five plants were randomly selected to represent each
severity class (Fig. 1): O (healthy - 0% discoloration), 1 (<25.0% discoloration), and 2
(25.1% - 51.0% discoloration) among the diseased trees. The selected trees had their
discoloration volume estimated by cutting the trunk at regular intervals of 50 cm, as
previously described, and dendrometric data were collected. Wood samples from each
selected tree were processed separately based on their severity classes. First, the
trunk sections were chipped, and only chips with appropriate dimensions were selected
and retained for further analysis. The selected chips, with a thickness ranging from 2
to 8 mm, were homogenized, dried in the shade, and stored in bags until analysis.
Subsamples were collected from each tree for determination of basic density using the
hydrostatic balance method, as well as for analysis of extractive content in
ethanol/toluene and hot water. The chips were subjected to a Kraft cooking simulation
under specific conditions, including a liquor/wood ratio of 4:1, cooking liquor sulphidity
of 25%, maximum temperature of 170°C, time to reach maximum temperature of 90
minutes, time at maximum temperature of 50 minutes, and a target Kappa number of
18+0.5 for the unbleached pulp. For each sample, the yield and alkali load required to
achieve the target Kappa number were recorded. The wood consumption (m3) for the
production of one ton of air-dried pulp (TSA) was determined. The experiment was

conducted using a completely randomized design, with five replications per severity

class. The data were analyzed using Tukey's test (p < 0.05) in the statistical software
Minitab for Windows (Version 17).

Figure 1. Internal woody tissues, from sampled eucalyptus trees, with different severity
classes of basal discoloration due to ceratocystis wilt. (a) Class 0 (healthy); (b) Class
1 (<25.0% discoloration); (c) Class 2 (25.1% - 51.0%).
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1.3 Results
1.3.1 Internal symptoms of diseased trees

In the studied area, we observed an incidence of 18.8% of internal symptoms
related to ceratocystis wilt among the evaluated trees. Although symptoms of wilting
and drying of branches were not observed, some planting failures were noticed,
suggesting possible mortality during the early stages of the plantation. The isolation of
Ceratocystis sp. from trees displaying symptoms of wood discoloration (Fig. 2)

confirmed the association of this pathogen with the observed symptoms.

The diseased trees of the studied clone exhibited an average height of
discoloration of 1.92m, with a range from 0.5m to 13.0m. The majority of the sampled
trees (76%) had a colonization height of less than 2.0m (Fig. 3). On average, the
discoloration volume of the diseased trees was 0.0078m?3, which accounted for
approximately 2.5% of the total volume of the trees (Fig. 4). The highest observed
volume of colonized tissue was 7.1%, while the lowest was 0.3%. The majority of the

trees (54%) had less than 2.0% of their wood volume colonized by the pathogen.
1.3.2 Impact on growth

Diseased trees exhibited significant reductions in height (p = 0.032), diameter
at breast height (p = 0.012), and volume (p = 0.019) compared to healthy trees (Table
1). The most pronounced reduction in development was observed in severity Class 2,
although there was no statistical difference from Class 1 in diameter at breast height
and volume. The height of trees in Class 1 was statistically similar to that of healthy
trees but higher than that of trees in Class 2. The volume of diseased plants was 18.1%
lower, resulting from a reduction in height and diameter at breast height by 4.8% and

10.2%, respectively.

1.3.3 Impact on physical and chemical properties of eucalyptus wood and on

the pulping process

The severity classes studied showed statistically significant differences in terms
of the percentage of discoloration volume, with Class 2 having the highest percentage
(p < 0.01; Table 2). However, there were no statistically significant differences in basic

density (p = 0.441) and extractive contents (p = 0.280) among the collected eucalyptus
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wood from different severity classes. Similarly, there were no statistical differences
observed in the depured yield of the pulping process (p = 0.772), demand for alkaline

load (p = 0.433), and wood consumption (p = 0.865) between wood from diseased and
healthy trees (Table 3).

Figure 2. Wood discoloration symptoms in a Eucalyptus tree due to colonization by
Ceratocystis sp. at different heights.



S
>
o
c
5]
>
(o
L
16%
w 12%
N §
N N 2% o% 2% 0% 0% 2% 0% 0%
o] =
o o o o o o o o 9 o
N ™ < 19 © ~ o o =) -
) ) ) \ =1 —
n n n Te] n n n Te) ! !
— N o™ < Te} © ~ ¢} 0 0
-

Colonization height (m)

2% 2%
o] ]
< <
N )
— —

' '
0 0
- N
— —

89

Figure 3. Frequency (n = 50) of heights of colonization by Ceratocystis sp. in the

studied Eucalyptus plantation.
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Table 1. Impact of ceratocystis wilt, at different levels of severity, on the growth of

Eucalyptus trees.

Class of DBH! Height Volume
severity (cm) (m) (md)
Class 0
(Healthy) 18.4 a2 26.9a 0.3084 a
(n=203)
Class 1
0.1-25.0% 16.9b 26.1a 0.2679 b
(n = 30)
Class 2
25.1-51.0% 16.5b 25.6 b 0.2526 b
(n=17)

IDiameter at breast height. 2Medians within columns followed by different
letters are significantly different from each other using Kruskal-Wallis test
(p <0.05).

Table 2. Influence on the physical and chemical properties of eucalyptus wood (n = 5)

at different levels of discoloration caused by ceratocystis wilt.

Extractives content (%)

Class of Percentage (%) of Basic density
severit discoloration volume Kg/m? R
Y (Kg/m?) Alcohol Hot water Total extractives
toluene
Class 0
(Healthy) - 4542 a 1.49a 1.07a 2.56 a
Class 1 0.34 a* 4492 a 137a 0.98a 235a
0.1 - 25.0% ' ' ' ' '
Class 2
251 — 51.0% 2.63b 456.6 a 159a 10la 2.59a

*Mean within columns followed by different letters are significantly different from each other using
Tukey's test (p < 0.05).
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Table 3. Pulping results using Eucalyptus wood (n = 5) with different percentages of

volume affected by Ceratocystis sp.

0,
i Percentage (-/0) of Alkali load Depured Wood consumption
Class of severity discoloration yield 3
(%) (M¥TSA)
volume (%)
Class 0
(Healthy) - 18.00 a 52.56 a 419a
Class 1 .
0.1 - 25.0% 0.34a 17.64a 52.90 a 421a
Class 2
25.1-51.0% 2.63b 18.06a 52.46 a 4182

*Mean within columns followed by different letters are significantly different from each other using
Tukey's test (p < 0.05).

1.4 Discussion

Ceratocystis wilt affects the physiology of adult trees, compromising the process
of sap translocation, which in turn results in damage to the development of diseased
trees (Mafia et al., 2013; Da Silva et al., 2018). Due to the effects of the disease in the
studied area, diseased trees in the highest severity class grew significantly less than
the healthy ones, with a volume reduction of 18.1%. The reduction in growth that we
observed was lower than that reported by Mafia et al. (2013), which was 87%, likely
attributed to the resistance of the clones under study and/or the aggressiveness of the
pathogen genotype present in the area. Resistant genotypes manifest more intense
and faster defense reactions against ceratocystis wilt than susceptible ones (Silva et
al., 2020). However, due to the aggressiveness variability among different C. fimbriata
s.l. populations, Eucalyptus clones that behave as resistant in a given location may be
susceptible to pathogen genotypes from other regions (Oliveira et al., 2015). This
difference between populations may be related to their limited spatial dispersion
mechanisms, resulting in the population isolation of this pathogen and specialization
by local hosts (Baker et al., 2003; 2005; Ferreira et al., 2010; 2011).

Based on our observations, no significant differences were observed in the
volumetric growth of trees in severity classes 1 and 2, associated with discoloration
from ceratocystis wilt. Mafia et al. (2013) obtained a similar result, not observing any
statistical difference in volumetric growth between diseased trees with different

colonization height classes. Since Ceratocystis infects eucalyptus trees through the
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root system (Ferreira et al., 2006), resulting in its necrosis, the level of root inactivation
may be a more appropriate variable to be correlated with the impact on the growth of
diseased trees. However, evaluating roots under field conditions is extremely costly, in

addition to requiring further studies to confirm its association with losses.

In the studied area, we observed that the diseased trees showed basal
discoloration of up to 57%, mainly concentrated around the pith region. The most
external region of the sapwood, which is in greater physiological activity, remained
healthy in the diseased trees, explaining the lack of obvious external symptoms (Fig.
1). Due to the susceptibility of the studied clone, it is likely that the trees showing a
high volume of wood colonization by the pathogen died in the initial years of planting.
The observed failures in the studied plantation, along with results from other studies
indicating that the mortality of diseased trees is higher within the first 20 months of
planting (Ferreira et al., 2013), support this hypothesis. Based on our observations in
the study area, diseased trees with internal symptoms can survive until the end of the

cultivation cycle, but their productivity is significantly lower than that of healthy trees.

In response to infection by Ceratocystis, eucalyptus trees can interrupt or delay
the colonization of the pathogen in the vascular tissues through the formation of
tyloses, gels and amorphous compounds inside the vessels, in addition to tissue
lignification and accumulation of PR-proteins and phytoalexins (Silva et al., 2020). The
defense responses against ceratocystis wilt, involving the obstruction of vessel cells,
can make the impregnation process of Eucalyptus wood with an alkaline solution
difficult during the Kraft pulping process (Mafia et al., 2013). Affected wood also has
lower basic density and higher extractive content (Fernandes et al., 2014; Mafia et al.,
2013). Compounds that accumulate in response to infection and tissue lignification
increase the demand for reagents during the pulping process and reduce its efficiency,
requiring a greater volume of wood to obtain the same weight of pulp. The use of
eucalyptus wood with 50% of its volume showing discoloration due to colonization by
Ceratocystis reduces the cellulose yield by 13.7% and increases the required alkaline
load by 23.8% (Mafia et al., 2013). However, in our current study, we found that
diseased trees at the harvesting age showed wood discoloration volume values of up
to 7.1%, with most cases not exceeding 2.5%. When we sampled the entire trees, the
impact of the volume of infected wood tended to be less significant due to the relatively

small proportion of diseased wood compared to healthy wood. As a result, we did not
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observe any notable differences in the analyzed variables when comparing wood from
healthy and diseased trees. This suggests that, under the conditions studied, diseased
trees exhibit similar characteristics to healthy ones, including basic density, extractive

content, final pulp yield, and the demand for reagents during the pulping process.

In addition to ceratocystis wilt, other diseases are reported to cause reductions
in the productivity of eucalyptus plantations. The incidence of basal chrysoporthe
canker can reduce growth in 77.1% of four-year-old trees when the lesion
compromises the wood and vascular cambium. However, this pathology did not
significantly alter the levels of extractives and lignin in the wood of diseased plants or
significantly interfere with the Kraft cooking process (Souza et al., 2010). Similarly,
Ralstonia wilt can decrease the volumetric growth of eucalyptus trees at 30 months of
age by 81.6%, affecting 72.4% of the trees in the evaluated plantation. The use of
wood from diseased trees due to Ralstonia wilt in the pulping process results in
reduced pulp yield (Ferreira et al., 2017). Like ceratocystis wilt, these stem diseases
compromise the natural physiological processes of the host plant, reducing tree
growth, and affecting its chemical composition.

The production of bleached pulp is the main destination for eucalyptus wood in
Brazil. However, the incidence of ceratocystis wilt can increase the demand for planted
area to supply the cellulose production chain due to reduced productivity per hectare
caused by tree mortality and decreased growth. In addition to direct damage, these
pathogens can change the chemical composition of the affected wood, increasing the
levels of extractives and lignins and reducing the basic density. Therefore, colonized
wood demands a higher alkaline load and has a lower yield in the pulping process
(Mafia et al., 2013). In the present work, we observed a reduction in the growth of
diseased trees due to ceratocystis wilt, however, we did not find any impact of this
pathology on the pulping process and on the final yield of the pulp. This result indicates
that the interference of chemical alterations of diseased wood on pulping is not
detectable when whole trees are sampled, thus diluting the possible impact of
colonized wood due to the comparatively low proportion of diseased wood in the
studied trees. Consequently, diseased trees, under the condition studied, can be

harvested and used in pulp production without causing losses to the process.
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CONSIDERACOES FINAIS

O atual trabalho melhora a compreensdo dos danos relacionados a murcha de
ceratocystis em eucalipto, assim como do agente causal no Brasil e a sintomatologia
da doenca. Segundo nosso resultados, arvores de eucalipto doentes devido a murcha
de ceratocystis podem permanecer vivas até o final do ciclo (7 anos), sendo que a
penetracdo do patdgeno ocorreu via sistema radicular na area estudada. A murcha de
ceratocystis impactou negativamente no crescimento de arvores de eucalipto doentes,
contudo néo foi observado impacto na polpacdo quando amostradas arvores inteiras
de eucalipto doentes. Observamos também que fungos de diferentes géneros podem
estar associados aos mesmos sintomas caulinares em arvores de eucalipto, sendo
que alguns podem estar diretamente ou indiretamente associados aos sintomas,

enguanto outros podem ser endofiticos ou saprdfitos.
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