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DIVERSIDADE GENETICA MOLECULAR DE MATRIZES E PROGENIES DE
VARIEDADES LOCAIS DE CACAU

EXTRATO

A podriddo parda ¢ considerada uma das principais doengas que afetam o cacaueiro no Brasil,
reduzindo a producdo de cacau em regides cuja cultura possui importancia econdémica e
social, como por exemplo, no Sul da Bahia onde as condi¢des climaticas favorecem o
crescimento e disseminagdo de espécies de Phytophthora. A espécie P. citrophthora ¢
considerada a mais virulenta no fitopatossistema Phytophthora-cacaueiro. Contudo, as
variagdes genéticas em genotipos e cultivares indicam que a resisténcia genética a esse
fitopatdgeno pode ser explorada para a sele¢cdo de plantas resistentes. Neste sentido, na
presente dissertacdo, objetivou-se analisar a diversidade genética de plantas matrizes de
cacaueiro no sul da Bahia, conciliando informacdes genomicas baseadas em marcadores
microssatélites (SSR) e dados fenotipicos obtidos na avaliagdo do indice de doenga. Para isso
foram analisados 48 gendtipos quanto a andlise gendmica-molecular e suas progénies quanto
a resposta fenotipica a inoculagdo artificial de P.citrophthora. Para obten¢do dos dados
fenotipicos a inoculagdo das mudas foi realizada com uma suspensao do isolado Phytophthora
citrophthora 1893 (Centro de Pesquisa de Cacau - CEPLAC). As folhas foram borrifadas com
a suspensao do inoculo e protegidas com uma lona plastica, formando uma camara imida, por
36 h. A avaliagdo dos sintomas causados pela inoculagdo artificial de Phytophthora
citrophthora ocorreu apds sete dias da inoculagdo, sendo propostos oito descritores
qualitativos dos sintomas de podridao-parda. Diferengas significativas foram verificadas pela
ANOVA (P <0,005) e a distingdo de classes estatisticas com base no nivel de infec¢do foi
obtida utilizando o teste Scott-Knott a 5% de probabilidade. Para os dados moleculares foi
realizada extragdo de DNA gendmico. As amostras de DNA foram amplificadas com 23 locos
microssatélites (SSR) por reacdo em cadeia da polimerase (PCR), identificados na literatura
como relacionados com os QTLs de resisténcia a Phytophthora palmivora. Os pardmetros de
diversidade genética foram estimados usando o MS Excel v. 2007 com o suplemento
GenAlEx 6.5. A avaliacdo de alelos / loci comuns entre individuos dos acessos testados foi
analisada usando o software STRUCTURE 2.3.1 para definir o nimero de grupos genéticos
(K). A correlacdo e o efeito do alelo marcador, foram analisados quanto aos valores
fenotipicos de cada individuo usando o TASSEL® GLM. Nao foi observada associagio
desses marcadores com a variabilidade no germoplasma avaliado quanto a resisténcia a
P.citrophthora, indicando que as variagcdes genomicas na presente populagdo ndo coincidem
com os polimorfismos presentes nas populagdes em que esses marcadores foram associados a
resisténcia a P. palmivora. Elevada diversidade genética foi observada no germoplasma
analisado para as regides genomicas avaliadas, indicando variabilidade em regides internas e
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flanqueadoras dos QTLs de resisténcia a podriddo parda. Quatro populacdes foram
observadas englobando o germoplasma analisado, mas com poucos genoétipos sem mistura
subpopulacional. Os resultados da avaliagdo dos descritores fenotipicos associados aos
sintomas causados pela inoculagdo artificial das mudas com o fitopatégeno, bem como as
informagdes genotipicas que subsidiam a analise da variagdo entre o germoplasma analisado
sdo uteis para selecdo de plantas para trabalhos futuros e também para a formagdo de
populacdes segregantes pode ser realizada com base.

Palavras chave: Theobroma cacao, Estrutura genética, Marcadores moleculares,
Phytophthora.



MOLECULAR GENETIC DIVERSITY OF MATRICES AND PROGENIES OF
LOCAL COCOA VARIETIES

ABSTRACT

The Black Pod is considered one of the main diseases that affect cocoa in Brazil, reducing
cocoa production in regions whose culture has economic and social importance, such as in the
south of Bahia State where climatic conditions favor the growth and spread of Phytophthora
species. The P. citrophthora is considered the most virulent in the phytophosystem
Phytophthora-cacao. However, genetic variations in genotypes and cultivars indicate that
genetic resistance to this phytopathogen can be explored for the selection of resistant plants.
In this sense, the present dissertation aimed at inferring the diversity and genetic structure of
cacao matrix plants in southern Bahia, reconciling genomic information based on
microsatellite markers (SSR) and phenotypic data obtained through the evaluation of the
disease index. In this way, 48 genotypes were analyzed for genomic-molecular analysis and
their progenies for the phenotypic response to artificial inoculation of P. citrophthora. To
obtain the phenotypic data, an alternative method of inoculating and evaluated disease was
used. The Phytophthora citrophthora 1893 isolate was obtained from the Centro de Pesquisa
de Cacau - CEPLAC. The leaves of cocoa seedlings were sprayed with the suspension of the
inoculum and protected with a plastic tarpaulin, forming a humid chamber. The evaluation of
the symptoms caused by the artificial inoculation of Phytophthora citrophthora occurred after
seven days of the inoculation, being proposed eight qualitative descriptors for brown rot.
Significant differences were verified by ANOVA (P <0.005) and the distinction of statistical
classes based on the level of infection was obtained using the Scott-Knott cluster at 5%
probability. For the molecular data, genomic DNA was extracted. The DNA samples were
amplified with 23 microsatellite loci (SSR) by polymerase chain reaction (PCR), previously
associated in literature as related to QTLs of resistance to Phytophthora palmivora. The
genetic diversity parameters were estimated using MS Excel v. 2007 with the supplement
GenAlEx 6.5. The evaluation of common alleles / loci among individuals from the tested
accessions was analyzed using the STRUCTURE 2.3.1 software to define the number of
genetic groups (K). The correlation and the effect of the marker allele were analyzed for the
phenotypic values of each individual using the TASSEL® GLM. There was no association of
SSR markers in the germplasm evaluated for resistance to P. citrophthora, indicating that the
genomic variations in relation to the mechanisms of resistance to both pathogens. High
genetic diversity was observed in the analyzed germplasm for the evaluated genomic regions,
indicating variability in internal and flanking regions of the brown rot resistance QTLs. Four
populations were observed encompassing the analyzed germplasm, but with few genotypes
without subpopulation admixture. The results from the evaluation of phenotypic descriptors



associated with the symptoms caused by the artificial inoculation of seedlings with
phytopathogen and of genotypic information that support the analysis of the variation between
the analyzed germplasm are useful in selection of plants for future work as well as the
formation of segregating populations.

Keywords: Theobroma cacao, Genetic structure, Molecular markers, Phytophthora.
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1. INTRODUCAO

A espécie Theobroma cacao é pertencente da familia Malvaceae Juss (APG, 2016) e
possui grande importincia econOmica por ser matéria-prima de diversos produtos, por
exemplo, a producio do chocolate (HENDERSON et al, 2007). E na Africa que se
encontram os principais produtores mundiais de cacau, sendo eles Costa do Marfim e Gana
(WESSEL et al., 2015). Contudo, o Brasil ocupa a sexta posi¢do na produ¢do mundial de
cacau, tendo a Bahia e o Pard como os Estados maiores produtores de cacau do pais,
respectivamente (ICCO, 2018; CONAB, 2018; RAMOS, 2019).

A produtividade de cacau tem sido afetada por diferentes doencas, sendo a podriddo
parda considerada a principal por atingir todas as regides produtoras no Brasil (LANAUD et
al.,2009; AKAZA et al., 2016). A podriddo parda ¢ causada pelo fitopatdgeno Phytophthora
spp., um Oomyceto que pertence a familia Peronosporaceae ¢ afeta diversas culturas de
importancia economica mundial (BEAKES et al., 2014).Sete espécies de Phytophthora estdo
relacionadas com doencas em paises produtores de cacau, porém, no Brasil foram
identificadas at¢é o momento trés espécies: Phytophthora palmivora, Phytophthora capsici e
Phytophthora citrophthora, sendo a tltima a mais virulenta (SANTOS et al., 2009; BAHIA et
al., 2015).A retirada dos frutos infectados ndo ¢ uma estratégia de manejo suficiente para
diminuir os impactos da podriddo parda, sendo essencial a obtencdo de variedades
geneticamente resistentes (MICHELMORE, 2003; MACAGNAN, 2005; ZHANG;
MOTILAL, 2016).

Diferentes métodos de inoculacdo artificial tém sido utilizados para avaliar
fenotipicamente os sintomas das doengas do cacaueiro com o intuito de avaliar as relagdes
genéticas da resistencia e posterior selecdo de gen6tipos e variedades resistentes (CAMPELO;
LUZ, 1981; IWARO et al., 2006; BAHIA et al., 2015). Os métodos comumente utilizados de
inoculacdo artificial de espécies de Phytophthora em cacaueiros ocorrem por meio do uso de
disco foliar e frutos com sistemas de avaliagdes em nota ou indices continuos (CAMPELO;
LUZ, 1981; NYASSE et al., 1995; LUZ; SILVA, 2001; NYASSE et al., 2002; BAHIA et al.,
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2015), porém novas propostas de métodos podem ser executadas, desde que sigam os
requisitos metodologicos necessarios para a garantia de uma avaliagdo adequada da doenca
(CZERMAINSKI, 1999).

Em diversos trabalhos foram identificados loci para caracteristicas quantitativas (QTL)
que estdo associados a resisténcia da podridao parda (AKAZA et al., 2016; BARRETO et al.,
2018; BROWN et al., 2007; CLEMENT et al., 2003; CROUZILLAT et al., 2000; FLAMENT
et al.,, 2001; LANAUD et al., 2004; RISTERUCI et al., 2003), podendo ser relacionados
resultados fenotipicos e moleculares para verificar se ocorre associa¢do entre os dados
verificados (MUNOZ, 2019).

Marcadores moleculares sdo utilizados para a identificagdo de polimorfismo e analises
de diversidade e estrutura genética (SCHNELL et al., 2007). Os marcadores microssatélites
possuem aplicabilidade em estudos gendmicos, sendo aplicaveis na prospecgdo de regides
genOmicas importantes para a expressdo de caracteristicas agronomicamente uteis, como 0s
QTLs (LANAUD et al., 1999; LIMA et al., 2013). A utilizacdo de marcadores moleculares
para identificar regides gendmicas relacionadas com a resisténcia a podridao parda t€m sido
discutida em outros estudos, demonstrando variacoes nos QTLs associados a resisténcia a
essa doenga (BROWN et al.,, 2007; AKAZA et al.,, 2016; BARRETO et al., 2018). No
trabalho de Barreto et al. (2018) foram identificados diferentes QTLs associados a resisténcia
a podridao parda causada por P. pa/mivora, no grupo de ligacdo 6, P. citrophthora, também no
grupo de ligacdo 6, e P. capsici nos grupos de ligagdo 1,2,3 e 4.

A variacdo de QTLs ¢ influenciada pela espécie relacionada, pois cada uma apresenta
expressividade diferente em seus hospedeiros (MASANTO et al., 2019). Tais variagdes
reforcam a importancia de mais estudos que possibilitem a identificacdo de regides genomicas
associadas a resisténcia da podridao parda. Neste sentido, este trabalho objetivou a inferéncia
da diversidade e estrutura genética de plantas matrizes de cacaueiro no sul da Babhia,
conciliando informacdes gendmicas baseadas em marcadores microssatélites e dados

fenotipicos obtidos via a avaliagdo do indice de doenga.



13

2. REVISAO DE LITERATURA

2.1 Theobroma Cacao (cacaueiro)

A espécie Theobroma cacao (cacaueiro) pertencente a familia Malvaceae Juss (APG,
2016) ¢ diploide (2n=20) e possui genoma com aproximadamente 430 Mb de comprimento
(ARGOUT et al., 2011; MOTAMAYOR et al., 2013). O centro de origem do cacaueiro esta
localizado no Alto Amazonas, sendo a regido identificada como o centro de diversidade tanto
morfologica como genética (CHEESMAN,1944). E uma planta perene, aldégama,
dicotileddnea e cauliflora, tendo a formacgdo das flores no caule e também nos ramos
secundarios e terciarios, apresentando almofadas florais, constituida por flores hermafroditas
e pentameras, com pétalas, sépalas, estames e estamindides (ENGELS, 1981; FIGUEIRA et
al., 1992; ALVERSON et al., 1999).

O cacaueiro ¢ classificado em trés grupos genéticos: o grupo Criollo, originalmente
cultivados na América Central, representando as variedades com améndoas grandes, formato
arredondado, cotilédones de coloracdo branca ou rosa claro, frutos com casca enrugada de
coloracdo verde ou vermelha ainda imaturos e coloragdo roxa ou amarela quando tornam-se
maduros. O grupo Forastero, que pode ser subdividido em dois subgrupos: o Baixo e Alto
Amazonico. Essa subdivisdo se da de acordo com a origem do material. O grupo Forastero
possui sementes com coloragdo violeta, seus frutos sdo ovais e a casca diferente do grupo
anterior ¢ lisa, possui cor verde quando imaturos e amarela quando maduros. O grupo
Trinitario apresenta caracteristicas de ambos os grupos citados anteriormente (CHEESMAN,
1944). Uma recente classifica¢do proposta por Motamayor et al. (2008) sugere a existéncia de
10 grupos, sendo eles: Nacional, Marafion, Criollo, Iquitos, Nanay, Contamana, Amelonado,

Curaray, Guiana e Purts, possibilitando novas estratégias para o melhoramento genético.
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2.2 Importincia econdmica

O cacaueiro possui importancia econdmica pela ampla utilidade de suas sementes apos
torradas, que sdo utilizadas para a produgdo de diferentes produtos, por exemplo, chocolates,
manteiga de cacau, cocadas e cosméticos. Adicionalmente, outras partes dos frutos também
sdo utilizadas na producdo de sucos, geléias e até fertilizantes organicos (HENDERSON et
al., 2007). A Africa abrange os principais produtores mundiais de cacau, sendo eles Costa do
Marfim e Gana (WESSEL et al., 2015). O Brasil até os anos 80 encontrava-se na segunda
posicdo em relacdo a producdo mundial; atualmente, o pais ocupa a sexta posicdo com
aproximadamente 200 mil toneladas de améndoas produzidas em 2018 (ICCO, 2018;
CONAB, 2018; RAMOS, 2019).0 recurso genético do cacaueiro no Brasil tem sua maior
producgdo na Bahia com produ¢ao mundial de améndoas de 125,2 mil toneladas, seguido pelo
Para com aproximadamente 73 mil toneladas (ICCO, 2018; CONAB, 2018; RAMOS, 2019).

Na Bahia, o cacaueiro foi introduzido na regido Sul em 1746 pelo Francés Frederico
Warneau, encontrando condicdes favoraveis e similares ao centro de origem, propiciando uma
boa producdo (ANDRADE,2003). Devido ao desenvolvimento e manejo do cacaueiro, a
regido baiana destacou-se nacionalmente com a produgdo de 70% do gerado para o mercado
no pais (IBGE, 2018). As variedades locais de cacau da Bahia demonstraram caracteristicas
unicas, classificando grupos genéticos diferentes dos clones e variedades internacionais e
também de variedades aprimoradas utilizadas tanto na regido baiana como em outras regioes
produtoras do cacau (SANTOS et al., 2015).

Atrelada a importancia econdmica e social do cacaueiro, estd a reducdo da
produtividade pela influéncia de diversos fatores, dentre os quais inclui-se a ocorréncia de
doencas (LUZ ET AL., 2005; LANAUD et al.,2009; AKAZA et al., 2016). O cacaueiro pode
ser afetado por doengas causadas por oomicetos, fungos, virus e nematoides. Essas doengas
afetam a maioria dos paises produtores de cacau, sendo exemplo delas a podriddo parda
causada por Phytophthora spp., a vassoura-de-bruxa causada por Moniliophthora perniciosa,
¢ a Moniliase causada por M. roreri (EVANS,2007; OLIVEIRA; LUZ,2005;
BARRETO,2014). Outras doengas de menor impacto também foram identificadas, como a
Murcha de Ceratocystis causada pelo fungo Ceratocystis, a Murcha de Verticillium causada
por Verticillium, e o mal-rosado causado por Erythricium salmonicolor (OLIVEIRA;
LUZ,2005). Na Bahia, as lavouras de cacaueiro vém sofrendo reducdo da produgdo,

principalmente pela existéncia dos problemas fitossanitarios como a podriddo parda e a
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vassoura-de-bruxa, que promovemdanos significativos e consideradas as doengas mais

devastadoras da regido (OLIVEIRA; LUZ,2012).

2.3 A doenca Podridao parda

Podriddo parda ¢ uma doenca causada por espécies de oomicetos do género
Phytophthora spp.;esse grupo ¢ conhecido como "destruidor de plantas" devido aos efeitos
causados na producdo de cacau, com perda que podem chegar a 100%, aliados a fatores como
clima e espécie de Phytophthora envolvida a interacdo cacaueiro-Phytophthora (AKROFTI et
al., 2003; PLOETZ, 2007; POKOU et al., 2008). O ciclo bioldgico de Phytophthora spp.
compreende duas fases: a fase conhecida como vegetativa ou assexual, que ¢ caracterizada
pela formagdo dos esporangios através de um talo micelial, uma condigdo essencial para a
germinacdo ou formacdo de estruturas que promova resisténcia, e, a fase sexual que ¢
caracterizada pela formagdo de orgdos sexuais femininos e masculinos (oogonios e anteridios,
respectivamente) (BLAHA,1976).

Na Bahia, a doenca ficou conhecida desde 1927, sendo o motivo da diminui¢do de
30% da produgdo anual. Todas as partes da planta sdo afetadas, tendo os maiores prejuizos
nos frutos que podem apresentar suscetibilidade em qualquer uma das fases de
desenvolvimento (BASTOS et al., 2016). A propor¢do do sintoma varia de acordo com a
variedade que foi infectada e o quanto a cepa é agressiva (NYASSE et al, 1995;
ERSEK;RIBEIRO, 2010). O patogeno penetra nos tecidos hospedeiros por aberturas naturais
como as células epidérmicas e¢ os estdmatos, a fase inicial da infecgdo é caracterizada pelo
aparecimento de pequenas manchas cloroticas com poucos dias ap6s a infec¢do, com o passar
dos dias elas se tornam mais escuras e amplia-se com rapidez, podendo se espalhar por todo o
fruto no periodo de 14 dias. (LUZ;SILVA, 2001; CAMPELO;LUZ, 1981; BOWERS et al.,
2001).

Apos infectados, os frutos se tornam gradualmente escuros ¢ com um cheiro ruim
quando o estagio estd mais avangado. O patdégeno penetra no tecido interno dos frutos
ocasionando descolorag¢do, modificando também as caracteristicas das sementes (BOWERS et
al., 2001) que passam a ser descartadas para o uso em industrias. A infec¢@o nos frutos ocorre
através dos oosporos liberados de esporangios, sendo fundamental uma superficie imida no
fruto para que comece o processo de germinagdo e penetracdo (BASTOS et al., 2016). Os
efeitos ocasionados em demais partes do cacaueiro muitas vezes sdo ignorados pela

irrelevancia econémica (APPIAH et al., 2004). (MEDEIROS, 1969).
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Sete espécies de patdgeno estdo envolvidas com a doenga nos paises produtores de
cacau, no entanto, trés delas foram identificadas no Brasil: Phytophthora palmivora,
caracterizada por ser cosmopolita e possuir ocorréncia em todas as regides produtoras de
cacau; P. citrophthora, uma espécie rara e mais virulenta; e P. capsici, sendo uma espécie
comum no continente Americano; Essas trés espécies compdem o complexo podridao parda
(OLIVEIRA; LUZ, 2005; LAWRENCE; LUZ, 1982; LUZ; SILVA, 2001). Na Babhia, a
espécie P. capsici teve a predominancia de 95% das infec¢des nos frutos entre os anos de
1977 e 1981, porém no inicio da década de 1980, também foi observada a predominancia de
P. citrophthora, espécie que agride frutos, folhas, caules e raizes, necessitando de um curto
tempo para a germinagdo e penetragio dos zodsporos (CAMPELO et al, 1982; PRIA;
CAMARGQO, 1997; LUZ et al., 2003). O controle da doenga feito a partir de retirada de frutos
contaminados ndo ¢ suficiente para controlar a doenca, sendo necessario o desenvolvimento
de cultivares geneticamente resistentes, sendo uma estratégia mais eficaz e duravel

(MICHELMORE, 2003; MACAGNAN, 2005; ZHANG; MOTILAL, 2016).

2.4 Sistema de avaliacio dos sintomas causados por podridao parda

A avaliacdo de doencas do cacaueiro tem sido realizada com a utilizacao de diferentes
métodos de inoculagdo, contribuindo para a sele¢do de plantas resistentes (CAMPELO; LUZ,
1981; IWARO et al., 2006; BAHIA et al., 2015). De modo geral, a avaliacdo das respostas
fenotipicas a inoculagdo artificial em cacaueiro envolvendo a interagdo deste com espécies do
género Phytophthora tém sido realizada para a obteng¢do de um perfil continuo da resisténcia
utilizando notas ou indices de severidade (BAHIA et al., 2015). Os diferentes sistemas
propostos para a avaliacdo da resisténcia a podriddo parda ndo consideram a simples analise
dicotdmica (0 e 1) que permitem apenas a verificagdo de plantas resistentes e susceptiveis sem
a varia¢do continua dos efeitos fenotipicos relacionados aos sintomas e aos diferentes niveis
de resisténcia. Neste caso, a analise de notas que variam de 0 a 5 tém sido utilizada para a
avaliacdo sistematica dos efeitos da podriddao parda em cacaueiro, indicando uma variagdo de
escala qualitativa, pois esses valores estdo associados a denominacdes de resisténcia (0 = sem
sintomas; 1 = sintomas isolados com manchas pequenas marrons; 2 = manchas pequenas
marrons com interconexdes entre elas; 3 = manchas marrons formando lesdes coalescentes de
area intermediaria; 4 = lesdes coalescentes largas com manchas cor marrom claro ou escuro; 5

= lesdo necrotica larga (BAHIA et al., 2015).
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As avaliacdes da resisténcia a podridio parda em cacaueiro tém sido analisadas
utilizando em geral o método classico de inoculagdo em disco foliar (NYASSE et al., 1995;
NYASSE et al., 2002; BAHIA et al., 2015). Essa metodologia alternativa exige padronizagdes
em relacdo a qualidade do material vegetal, volume e concentra¢do do indculo, e também da
estrutura anatomica do disco foliar, principalmente em relagdo a disposi¢do ¢ o nimero de
nervuras foliares (NYASSE et al., 2002; BAHIA et al., 2015). Adicionalmente, a verificagdo
da resisténcia a podriddo parda também tem sido realizada com a inoculacdo em frutos
verdoengos, mas esse método também exige a padronizagdo méaxima entre os estados de
maturagdo, tamanho e volume das amostras vegetais (CAMPELO; LUZ, 1981; LUZ; SILVA,
2001). Ambos os métodos tém sido discutidos na literatura, quanto a eficacia em relagdo a
permitir a deteccdo do perfil de resisténcia de acessos, clones e cultivares. Outra questdo
relevante entre os métodos de avaliagdo & a possibilidade da inclusdo de repeti¢des
experimentais e da utilizacdo da estatistica indutiva para a avaliagdo dos dados patométricos
(SANTOS et al., 2009).

A avaliacao dos niveis de resisténcia do cacaueiro aos agentes causadores da podriddo
parda por meio da avaliagdo de discos foliares e/ou frutos incluem diversas variaveis técnicas
e das repeticdes, que aliadas a laboriosidade da producdo das repetigdes experimentais podem
exigir métodos alternativos de inoculagdo. A proposta de novos métodos de inoculagdo e
avaliagdo dos descritores fitopatologicos pode ser realizada, desde que seguindo a descricdo
precisa do modo de condugdo experimental e de avaliagdo. Juntamente com a avaliacdo de
descritores, a descricdo dos indices de doenga ou de notas para a posterior analise estatistica
também sdo exigéncias metodologicas necessarias para a inclusio de novos métodos

avaliativos (CZERMAINSKI, 1999).

2.5 Melhoramento e genética da resisténcia do cacaueiro a podridao parda

O cacaueiro possui resisténcia genética a diversas doengas, que no geral ¢ uma
caracteristica quantitativa no ambito da interagdo planta oomiceto ou planta fungo (CLAIR,
2010; McELROY et al., 2019). Atualmente, ha um consenso entre os melhoristas sobre a
utilizacdo da resisténcia genética intraespecifica como a melhor estratégia para vencer os
problemas fitossanitarios relacionados a resisténcia quantitativa (NYADANU et al., 2012).
No cacaueiro, a selecdo de plantas resistentes tem sido comumente relacionada a identificagdo
de gendtipos resistentes a fitopatégenos por meio da inoculagdo artificial em experimentos

controlados, fato que reduz a influéncia de pardmetros ambientais nas respostas fenotipicas a
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infeccdo. Desta forma, genotipos podem ser selecionados com base nas caracteristicas
genOmicas e de expressdo génica para a resisténcia, subsidiando diversos estudos aplicados a
analise fitopatologica (NYADANU et al., 2012; MCELROY et al., 2018).

A selecdo de genoétipos resistentes ndo ¢ o Unico objetivo dos projetos que
intencionam o estudo global da interagdo planta-patdgeno, mas também a indicag@o de plantas
contrastantes para a resisténcia, ou seja, plantas susceptiveis que possam ser utilizadas como
controle experimental para a suscetibilidade. Neste caso, a utilizagdo de plantas contrastantes
para a resisténcia permite maior precisdo experimental em qualquer andlise fitopatologica,
principalmente as que envolvem o procedimento metodologico de inoculacdo artificial.Os
acessos TSH1188 e CCN-51 tém sido utilizados ndo apenas como controles para a
susceptibilidade (resisténcia moderada) e resisténcia, respectivamente, mas também como
genitores contrastantes para a obtencdo de populacdes segregantes visando a analise da
resisténcia podridao parda.Contudo, ambos os acessos t€m sido susceptiveis a P.citrophthora,
espécie considerada a mais virulenta em relacdo as demais, sendo a variedade de cacaueiro
Sca 6 a mais resistente (BAHIA et al., 2015).

Os marcadores moleculares sdo considerados ideais para a identificacdo do
polimorfismo gendémico e a subsequente analise da diversidade e estrutura genética de
populacdes naturais, e também a selecdo baseada em marcadores moleculares (SCHNELL et
al., 2007). Ultimamente os marcadores moleculares do tipo microssatélites (SSR) t€m sido os
mais aplicaveis ao estudo das relacdes genéticas entre germoplasma contrastantes, populacoes
segregantes e progénies obtidas de polinizacdo aberta ou controlada (LANAUD et al., 1999;
CLAIR, 2010). Muito embora os marcadores de polimorfismo de sequéncia unica (SNPs)
também tenham uma importante aplicabilidade no estudo das relacdes genomicas e de
expressdo de caracteristicas agronomicamente importantes em cacaueiro, os marcadores SSR
sdo menos laboriosos e igualmente informativos para a analise da diversidade em um locos de
caracteristica quantitativa (QTLs) (LANAUD et al., 1999; LIMA et al., 2013).

A formagdo de populacdes segregantes visa a andlise conjunta de dados gendmicos,
como dos marcadores moleculares, com informacdes acerca do sintoma associado a infeccdo
promovida pelo fitopatogeno, a fim de identificar possiveis associagdes entre as informagdes
genomicas e os dados fenotipicos. Neste sentido, subsidiam-se os mapeamentos genomicos ¢
sua relagdo com o fendtipo, e também o efeito de QTLs na variacdo fenotipica associada a
determinada caracteristica, como, por exemplo, resisténcia a doengas (BROWN et al., 2007;

BARRETO et al.,, 2015). Em paralelo aos QTLs de resisténcia a doengas propostos no
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cacaueiro, nesta espécie, genes nao relacionados a locus quantitativos também sdo
responsaveis ao efeito da variag@o fenotipica (BARRETO et al., 2015).

A associagdo de dados fenotipicos e moleculares para a analise da resisténcia e dos
fatores gendmicos relacionados a esse efeito podem ser abordados por uma analise
integradora. Informacdes relacionadas ao genoma, expressdo de proteinas de resisténcia e
avaliagOes de sistemas fenotipicos de indices de doengas ou notas de sintoma, sdo dados uteis
a realizacdo de associagdes com o uso de algoritmos especificos em uma abordagem
bioinformatica (MUNOZ, 2019). Em cacaueiro a analise de associacdo de dados moleculares
e fenotipicos, indicou a associagdo de locos SSR com a resisténciaa podriddo parda,
explicando de 7,33 a 3,72% da variacdo. Adicionalmente genes candidatos também foram
indicados, mas neste caso, com a utilizagdo de dominios funcionais no sistema de analise de
bioinformatica. Essas informa¢des permitem ndo apenas a localizagdo de regides genOmicas
em potencial para a variagdo fenotipica associada a resisténcia a podriddo parda, mas
possibilitam também a investigagdo genOmica comparativa entre acessos e cultivares
(MUNOZ, 2019).

A aplicacdo de marcadores moleculares para investigacdo de regides gendmicas
associadas a variacdo da expressdo da resisténcia a podriddao parda tem sido reportada em
estudos anteriores, indicando variagdo nos QTLs de resisténcia propostos para essa doenga
(BROWN et al., 2007; AKAZA et al., 2016; BARRETO et al., 2018)que representam juntos a
maior por¢ao dos grupos de ligacdo de 7. cacao. A prospecgdo de regides gendmicas de
resisténcia a podriddo parda tem sido realizada pela utilizagdo da espécie P.palmivora como
patdgeno para a geracdo de sistemas de avaliagdes fenotipicas e a conciliagdo de informagdes
genéticas (BARRETO et al., 2018).

Em P. palmivora apenas um QTL (ql.BP.Pp) foi identificado por Barreto et al.
(2018), localizado no grupo de ligagdo 6 com 73,00 cM explicando 2,543% da variacdo
fenotipica associada a podridao parda promovida por esse patégeno. A interacdo entre o
cacaueiro as espécies P. citrophytorae P. capsci tem permitido a identificagdo de poucos
QTLs que influenciam a variacdo fenotipica da resisténcia (BARRETO et al., 2018). Um
exemplo ¢ o unico QTL identificado através dos resultados gendmicos e fenotipicos do
cacaueiro frente a infec¢do de P.citrophthora, o QTL ‘ql.BP.Pct’ na posicdo do marcador
mTcCIR006. Essa regido gendmica € responsavel por explicar 3.299% da variagdo em uma
populacdo segregante (BARRETO et al., 2018). Para a espécie P. capsici na interagdo com o
cacaueiro, as informagdes genomicas indicam a existéncia de quatro QTLs com efeitos de

9.889% na variacdo fenotipica para a resisténcia. Os grupos de ligacdo que englobam esses
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QTLs com efeito aditivo sdo 2, 3 e 4, e QTL por dominancia ¢ o grupo 1 (BARRETO et al.,
2018).

A identificacdo de QTLs e o seu efeito na variagdo da resisténcia se relacionam
diretamente com o patdgeno, pois a espécie e sua variagdo genética promovem sintomas
diferentes em relacdo, principalmente a expressividadenos diferentes germoplasmas
analisados (MASANTO et al., 2019). Adicionalmente, a elevada varidncia genotipica da
resisténcia a P. citrophthora em relagdo as outras trés espécies presentes no sul da Bahia
também resultam em diferentes respostas sintomaticas observados em ensaios de inoculagao
(BAHIA et al. 2015). As variagdes genéticas no patdogeno e nos hospedeiros reforcam a
necessidade de novos estudos gendmicos do cacaueiro visando a identificacdo de outras
regides cromossdmicas responsaveis pela variacdo e expressdo da resisténcia a podriddo

parda.
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Short Running tittle: Resistence to Black Pod Disease in Cocoa

Abstract

Black Pod is one of the main phytosanitary problems in cocoa-producing regions around the
world, causing losses in fruit production and quality, especially in regions with favorable
weather conditions and virulent pathogen. We aimed to evaluate the resistance to black pod
disease caused by Phytophthora citrophthora in local cocoa varieties, and determine their
genetic diversity based on simple sequence repeat (SSR) loci polymorphisms. Three
resistance classes were inferred from the disease symptoms observed in the phytopathological
assays. No association was observed between SSR polymorphisms and resistance to these
phytopathogens, as compared to the responses obtained by inoculating cocoa accessions with
Phytophthora citrophthora. Higher genetic diversity was observed in resistant compared to
susceptible local plant varieties, indicating subpopulation genetic variations in these cocoa
varieties. Four subpopulations were observed by genetic structure analysis of SSR loci, but it
shows no association with resistance patterns in these varieties. The descriptors used here, in
conjunction with the genetic diversity information can be used to select resistant plants for
forming segregating populations, plant genotypes for use in genetic improvement.

Keywords: artificial inoculation, molecular marker; plant breeding; phytopathology;
Phytophthora citrophthora; Theobroma cacao.
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3.1 Introduction

Theobroma cacao L. (Malvaceae) (APG, 2016) is a socially and economically
important plant, being the raw material for chocolate and providing a livelihood resource for
millions of people worldwide (Green America, 2014). The world’s leading cocoa producers
are Ivory Coast, Ghana, Indonesia, Nigeria, Brazil, Ecuador, and Cameroon (Wessel et al.,
2015). In Brazil, southern Bahia stands out by representing 70% of national production,
making it the country’s largest cocoa producer (IBGE, 2018). Until 2003, local cocoa
varieties prevailed in Bahia, being equivalent to 50% of cocoa cultivation in the State (Pires,
2003; Santos et al., 2015). However, the productivity of these varieties has decreased in recent
years due to influences from different factors, including black pod disease, which directly
affects cocoa plants and fruits, and thus, reduces production (Lanaud et al., 2009; Akaza et al.,
2016). This disease is caused by Phytophthora spp., an Oomycota belonging to the
Peronosporaceae family (Beakes et al., 2014). Bahia’s local cocoa varieties are unique
materials forming different genetic groups based on international clones and improved
varieties used in the cocoa region of Bahia and other producing regions (Santos et al., 2015).
On the other hand, these varieties are adapted tothese regions and have the potential to
produce flavored chocolate for different consumer markets. Because of this, it is relevant to
identify genotypes with resistance levels that make their cultivation viable.

The three species of Phytophthora causing black pod in Brazil are Phytophthora
palmivora, P. capsici, and P. citrophthora, with the latter being the most devastating one
(Bahia et al., 2015; Santos et al., 2009). However, many resistance studies have conducted
tests with Phytophthora palmivora, as it is the most widespread species in Brazilian
producing regions (Valbuena, 2017; Santos, 2019).

Black pod disease occurs during the colder months, at temperatures below 20 °C and
humidity above 85% (Luz & Silva 2001; Oliveira & Luz 2005). Infection begins with small
patches that develop a dark brown color, reaching the total fruit area within 10 to 14 days,
depending on the cocoa variety and Phytophthora species (Luz & Silva 2001). The removal of
diseased fruits and cacao pruning are used to control the disease but do not provide full
control, as these methods do not decrease the source of inoculum (Akaza et al., 2016). One
strategy aimed at preventingthe disease is developing genetically resistant cultivars, which is

an effective possibility in controlling black pod (Barreto et al., 2018).
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Several studies have identified the quantitative trait loci (QTL) associated with
resistance to Phytophthora (Akaza et al., 2016; Barreto et al., 2018; Brown et al., 2007,
Clement et al., 2003; Crouzillat et al., 2000; Flament et al., 2001; Lanaud et al., 2004;
Risteruci et al., 2003). Brown et al. (2007) found three QTLs from a population of 256
individuals from the Pound7 x UF273 crossing, with QTLs found in the linkage groups (LGs)
4, 8, and 10. Subsequently, in another study, Akaza et al., (2016) detected eight QTLs for fruit
resistance and three QTLs for leaf resistance.

Genetic diversity in genomic regions associated with resistance to black pod
(Phytophthora palmivora and P. capsici) was analyzed by amplification and analysis of SSR
markers located on the QTLs proposed by Brown et al. (2007), Akaza et al. (2016), and
Barreto et al. (2018), covering seven of the 10 cocoa linkage groups (Pugh et al., 2004; Brown
et al.,, 2007; Fouetet al., 2011; Akaza et al., 2016; Barreto et al., 2018). The last cacao
genomic mapping related to identifying QTLs for resistance to black pod disease species with
phytosanitary importance in Brazil allowed the identification of six QTLs, one for resistance
to Phytophthora palmivora, one for Phytophthora citrophthora and four to resistance to
Phytophthora capsci (Barreto et al., 2018). Therefore, it is justified to investigate whether
these QTLs could explain the resistance in local cocoa cultivars in Bahia, especially for the
most virulent species P. citrophthora.

The present study aimed at evaluating the resistance to black pod disease in local
cocoa varieties from commercial plantations in southern Bahia, determine the molecular
genetic diversity of these cocoa accessions, and verify whether resistance levels are associated
with microsatellite (SSR) locus polymorphisms in genomic regions previously associated with

black pod disease resistant QTLs.

3.2 Material and Methods
3.2.1 Plant material and analysis of Cocoa’s resistance to Phytophthora citrophthora

Fruits from open pollination of cocoa tree matrices were collected at Santa Cruz Farm,
Arataca, Bahia, Brazil (15° 15.781 S, 39° 31.038 W) and were used to analyze resistance to
Phytophthora citrophthora. The plants were selected to represent the local cocoa varieties of
Bahia, commonly referred to by farmers as “comum” and “maranhdo,” which are grown in an
agroforestry system locally called “cabruca”, in which shade for cocoa trees is provided by
native trees of the Atlantic forest in southern Bahia. For the production of cocoa seedlings, we

sampled fruits from 25 comum cocoa trees, 26 maranhdo, one resistant control (hybrid 7004),
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and three susceptible controls (TSH1188, SIC23, and Catongo). Seeds fromthe collected fruits
were washed, pre-germinated for 48hin water changed every 12 h, and then planted in 1.5 L
plastic bags, obtaining 13 plants to represent the statistical repetitions forthe
phytopathological evaluations.

Phytophthora citrophthora isolate 1893 was obtained from the Mycological Collection
of the Cocoa Research Center (CEPEC at the Executive Commision for Cocoa Cultivation
Planning — CEPLAC) and multiplied according to previous standard procedures for inoculum
production (Luz & Silva 2001). The concentration of the inoculum suspension was
standardized by light microscope observation using a plate with a concentration of
3.0x10°/mL or higher.The seedlings were kept under greenhouse conditions at 25 + 2 °C,
relative humidity around 80% until 60 days after seed germination. These plants at the fully
expanded 4-leaf stadium were protected with a plastic tarp (cultivation tunnel over the bench
in the greenhouse), thus forming a humid chamber equipped with distilled water-powered
humidifiers to obtain moisture above 95%, and were then submitted to inoculation with the
pathogen. These seedlings were sprayed with the inoculum suspension andremained under
these conditions for 36 h. During inoculation, the abaxial and adaxial regions of leaves
received two sprays of approximately 2 mL of inoculum suspension per plant.

Symptoms caused by manual inoculation of the Phytophthora citrophthora were
evaluated at 7 days after inoculation. The following qualitative descriptors for black pod
disease were proposed: remnant leaves (RL), with 1 to 4 leaves remaining after infection, and
the presence or absence of necrotic leaf (NL), withered leaf (WL), dry leaf (DL), generalized
chlorosis (GC), necrosis stem (NS), dry stem (DS), and dead plant (DP). The descriptors were
evaluated by binary values of 0 or 1, where 1 is characterized by the presence of the analyzed
lesion. However, for the RL descriptor statistical weight was assigned proportional to the
remnant of each leaf, where for the remnant of four, three, two, one and zero leaves were
assigned weight 0, 0.25, 0.5, 0.75 and 1, respectively. The sum of the qualitative values with
equal statistical weight was used to obtain the infection level value, which must be
proportional to the resistance to black pod based on the experimental controls for resistance
and susceptibility. Significant differences were verified by ANOVA (P<0.005) using the
phytopathological symptoms observed in the 13 replicates per access. The distinction of
statistical classes based on the infection level was obtained using the Scott-Knott cluster at
5% probability. The verification of the difference between the groups generated in the

previous test was performed using t-teste in excel 2013 software.
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3.2.2 Molecular Analysis

Leaves collected from 48 cacao trees and alsothe susceptibility controls were washed
with distilled water and used for genomic DNA extraction using the protocol proposed by
Doyle and Doyle (1990) with modifications. Plant material was macerated with liquid
nitrogen, and the resulting powder was conditioned in 2% CTAB extraction buffer (1.5
MNaCl; 100 mMTris-HCI; 20 mM EDTA; 0.2% B-Mercaptoethanol) and setin to a water
bath at 65 °C for 40 min. Nucleic acids were isolated with a solution of phenol, chloroform,
and isoamyl alcohol (25:14:1), and the precipitation was done with ice-cold isopropanol.
Genomic DNA was resuspended in Tris-EDTA pH 8.0 buffer (10 mM Tri-Hel; 1 mM
EDTA), and the extracted DNA concentration and quality were then evaluated by
electrophoresis (100V for 20 min) in 1.0% agarose gel. DNA from each sample was diluted to
5 ng/uL in ultrapure water.

The DNA samples were amplified with 23 microsatellite loci (SSR) developed for
Theobroma cacao and associated with black podresistance caused by Phytophthora palmivora
and Phytophthora capsici (Brown et al. 2007; Akazaet al. 2016; Barreto et al. 2018) (Table 1).
The SSR loci were amplified by polymerase chain reaction (PCR) using 1x DNA Tag
polymerase buffer (10 mMol.L"' Tris-HCI, 50 mMol.L"'KCI1, MgCI* at 2 mMol.L-1, pH 8.5);
50 mMol.L™" MgCly; 250 uMol.L'dNTP; 0.2 pMol.L™" primer; 0.2 pMol.L" MI13 primer
(FAM, NED, VIC or M13-tailled PET); 1UTaq polymerase; and 15 ng of genomic DNA from
each sample in a final reaction volume of 13 pL. Reactions were performed in Applied
Biosystems thermal cyclers inthe following conditions: 35 cycles of 94 °C for 45 s, 56°Cfor
45 s, 72 °C for 45 s, 72 °Cfor 10 min, and then 4°C until use. The amplification products were
analyzed with SYBR-stained 1.5% agarose gel electrophoresis to confirm the amplification
quality. Genotyping was performed on an ABI 3500XL Genetic Analyzer (Applied
Biosystems). Allele length was determined using the standard size of GeneScan TM — 500
LIZ® with the aid of the Genemapper” program (Applied Biosystems).

The genetic-diversity parameters were estimated using MS Excel v. 2007 with the
GenAlEx 6.5 supplement (Peakall & Souse 2012). The general population was analyzed, then
the mean values for the subdivirede resistant and susceptible subpopulations were estimated
following the parameters: average allele size per locus (Ms); Number of alleles per locus
(Na); effective number of alleles (Ne); Shannon information index (I); observed
heterozygosity (Ho); expected heterozygosity (He); fixation index (F); and polymorphic

information content (PIC).
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A dendogram based on SSR loci variation in the population was produced using the
simple matching coefficient of similarity and the weighted neighbor-joining cluster through
the DARwin software (Perrier & Jacquemoud-Collet 2006).

The assessment of common alleles/loci among individuals from the accessions tested
was analyzed using the STRUCTURE 2.3.1 software (Pritchard, 2000) to define the number
of genetic groups (K). Then, 10,000 Markov Monte Carlo chain simulations were performed
with 10,000 burns-in using Bayesian methods. The admixture ancestry was evaluated for K
values 1 to 10 with 10 interactions.

The correlation representing allelic and phenotypic variations as well as the effect of
the marker allele were analyzed for the phenotypic values of each individual using TASSEL®
GLM (Casstevens & Wang 2015). A phenotypic and genotypic matrix and structure data were
applied as inputs. A total of 1000 permutations were tested by calculating the predicted and
residual values of the reduced model and then exchanging the residuals and entering the

predicted values (Anderson & TerBraak 2003).
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Table 1.Characterization of microsatellite loci using 23 SSR markers flanking QTLs associated with resistance to black pod disease caused by
PhytophthorapalmivoraandPhytophthoracapsici.

Marker

Namer Marker Reference LG QTL QTL Reference Forward Primer Reverse Primer RS
mTcCIR37 USDA 10 Phytoph3 Brownet al. 2007 CTGGGTGCTGATAGATAAT  AATACCCTCCACACAAAT (GT)15
mTcCIR61  CIRAD/USDA 10 Phytoph3 Brownet al. 2007 GCAGTCTGAAACAAGATAA  TGACTATAATATAAGGCGAA (CA)18
mTcCIR81  Pugh et al. 2004 3 F‘gf’;ﬂ;ﬁ; iﬁ;"e‘ztﬁ 22(())112 ACAATCTGTCCATTATTCTG ~ TGAAACTCCCATACTACTGA (CT)15
mTcCIR9S  Pughetal. 2004 4 P‘Eﬁf 6574 BAfarZOe‘:ta?l 2281168 CATCGTCTTCCTCTCATC CTCCTTCCCTTTCTCTC (TC)4 CC
mTcCIR118  Pugh et al. 2004 1 PRR/H/1 Akazactal. 2016  TCTGCCTGAAAATGTCTC TGGGGCACTAACTTTTG (GA)10
mTcCIR131  Pugh et al. 2004 3 q3.BP-Pc Barretoet al 2018 GATCATCGGTAAAGTAAAAT TGAGTAAGAAAAAGTAGAAAA  (GA)9 C (GA)4
mTcCIR152 Pughetal. 2004 2 q2.BP-Pc Barretoet al 2018 CAGTAGTCAAAACATCAAA  GTAATCCAAATAATAAGCAT  (TC)9 CC (TC)1S
mTcCIR168 Pughetal. 2004 4 Phytophl Brownet al. 2007 GGTAGTATTGAGGTGCGTAT GTGAATGAATGGATGTGAAA (TC)9
mTcCIR176  Pugh et al. 2004 2 q2.BP-Pc Barretoetal 2018 ~ TCACCAATTCTCTGCTC AATGAAATTACCTCCTTAC (TG)16
mTcCIR184  Pugh et al. 2004 1 PRR/H/1 Akazactal. 2016  GGTTTTCTAGCTCCTCC  AGGAAAGAATGACTCATACTA  (CA)8 (CT)13
mTcCIR200  Pugh et al. 2004 8 Phytoph2 Brownet al. 2007 CTTAAAATAAGCCCAAATAC GCCAATTTCTGACCCA (TG)8
mTcCIR213  Pughetal. 2004 4 PRR/95/4 Akazaetal. 2016 ~ GATCTCGCAAAACTAACA  TAAGTAAAATGAAGGTGTGA (CT)26
mTcCIR237 Pughetal. 2004 4 q4.BP-Pc Barretoet al 2018 GAAGACAAGGATGGAGACT ~ GCAAAGAGAGCAGGAGA (TC)10
mTcCIR240 Pughetal. 2004 2 PRR/95/2 Akazaetal. 2016 ~ AGTGATTTATGGGACTTT  CATACCTACTACTGCTCTCT (CT)22
mTcCIR255  Pugh et al. 2004 6 q1.BP-Pp Barretoetal 2018 ~ TTTACCTCCACCATCTT TGGCACTTATCTATTACTGT (AO)11
mTcCIR268  Pugh et al. 2004 2 q2.BP-Pc PRR/95/2 ig;:ztsl ;giz CAGTGAAGAGGCAAGAGA  TGTAATCCAAATAATAAGCAT  (GA)17 GG (GA)9
mTcCIR273  Pugh et al. 2004 p Fov 102/(:1 ql.BP- g;‘;zi‘oe;a;i 22%1168 ACGGCATTAGAGAGAGA AGAATGATCGCAGAGAG  (CT)4 AC (CT)I3 TT
mTcCIR275  Pugh et al. 2004 1 q1.BP-Pc Barretoet al 2018 GGTTTGGTTTTGGTAAGAC TAAGAGAGAGTGATGCTGACA (CT)11

mTcCIR282  Pugh et al. 2004 8 PRR/H/8 Akazaet al. 2016 AGCAAAGGCAATAATAATG TGGTGAGGGGAGAGAA (GA)2 GG (GA)6



mTcCIR291
mTcCIR337
mTcCIR410
mTcCIR444

LG:linkagegroup, QTL:quantitative trace loci, RS:repeating sequence.

Pugh et al. 2004
Fouetet al. 2011
Fouetet al. 2011
Fouetet al. 2011

6
3
8

PRR/H/6
PRR/100/6.2

PRR/H/6
FOL/100/3
PRR/H/8

Akazaet al. 2016
Akaza et al. 2016

Akazaet al. 2016
Akazaet al. 2016
Akazaet al. 2016

AGTCCCATAGGTTCCAAT
ACGAAGCCGTAACTTGG
TTTTGCCTCCCTTGTTCT
TGAACCGGATTGTTGGA

CGAGGTTATCCCCAAA
TGCAGGACTCTCTGTCACT
TGAATCGTTGAGCGAAAG

GGGACTTAATCTGGACATGC

28

(CT)12
(GGA)5
(TA)10
(TC)15
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3.3 Results

3.3.1 Infection Levels in Cocoa Accessions Inoculated with Phytophthora
citrophthora.

The evaluation of symptoms using the phytopathological descriptors proposed in
the present study indicated significant differences in the black pod infection level
samong local cocoa cultivars (ANOVA, P<0.001) (Table 2; Figures 1). The Scott-Knott
cluster showed the formation of three statistical classes by infection level: Class C, with
a mean infection level statistically similar to the susceptibility controls (TSH1188,
SIC23, and Catongo); Class B, with intermediate infection level between the two
extreme classes, and Class A, distributing the accesses together with the resistance
control (7004) (Table 2 and Figura 2).

Class C represented 56.6% of the germplasm analyzed under field conditions,
except for the control accessions. Class B accounted for 35.85% of the accessions,
while only 7.55% of the field germplasm were in class A. In class C, the group for
susceptibility to black pod included 14 accessions from the comum variety and 13 from
the maranhdo variety (Table 2). In class A, the group for resistance, the comum variety
was represented by two statistically similar accessions at infection levels to 7004, while
the maranhdo variety had just one accession in this class. Among the comum variety,
only seven accessions were arranged in class B, which had more representation of the

maranhdo variety, with 11 accessions present in this class.

Table 2. Grouping of inferred cocoa accessions based on the infection levels of
seedlings (leaves and stems) inoculated with Phytophtohoracitrophthora.

Variety Accession Infection level Class/Group*
"Comum" mutant Catongo 1.846 C
Low Amazons SIC23 1.846 C
Scavina Hybrid TSHI1188 1.980 C
Intervarietal Hybrid 7004 0.884 A
7012 1.854 C
- 2002 1.979 C
g 2003 1.826 C
S 2006 2.153 C
B 2008 1.461 B
2011 1.480 B



2013 2.057 C
2016 1307 B
2017 1.923 C
2020 1.192 B
2021 1704 C
2023 1.250 B
2024 2.038 C
2025 1.807 C
2027 1.961 C
2028 1.038 A
2030 2.115 C
2031 2.057 C
2037 0.479 A
2041 2.192 C
2046 1788 C
2047 2072 C
2048 1.480 B
2050 1.269 B
2051 2.096 C
2052 1.500 B
2053 1.673 C
2054 2,326 C
2055 1307 B
2056 1.818 C
2058 1.596 B
2059 1788 C
2065 1.961 C
2066 0.884 A
2071 1708 C
3 2072 1538 B
< 2074 1.615 B
S 2075 1354 B
5 2078 1.461 B
2079 1538 B
2080 2.019 C
2081 1.923 C
2083 1.461 B
2084 1769 C
2087 1.500 B
2089 1.192 B
2090 1.826 C
2091 1.903 C
2096 2.076 C

*Accessions followed by the same letter do not differ in infection level based the
Scott-Knott cluster at 5% probability. Inferences: C, susceptible plants; B, medium
resistant plants; A, resistant plants.
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Figure 1. Symptoms of black pod in cocoa seedlings7 daysafter inoculation. (A) General appearance in
resistant (green) and susceptible (chlorotic) seedlings. (B and C) Dry leaf and adaxial limb necrosis,
respectively. (D) Apical necrosis inthe stem and petiole. (E and F) Withered leaf and vein necrosis,
respectively.



32

Class A Class B Class C

2.0 -

: : —
ITJ 15 - L :
S S
=) :
— :
=
S 10 :
= £
« s
&
= :
— :

05 - ! :

0.0 : - = =
TSmOV AN T AT OO OO O S SN OoOTN O OO =r
movvaXoaneunni~olT Wm0 T nOO NN~ N OO W= MO X TN
CO000OO OO0 EUDODODOO OO0 O0000O0 QOO

15
o &

Accession

Figure 2. Distribution of cocoa accessions in relation to the average infection levels to black pod (Phytophthora citrophthora) in cocoa plants (leaves and stem). The black
arrows represent control accesses for susceptibility, and the white arrow indicate control access forresistance. The dotted lines indicate the boundary between classes/groups
A, B, and C, based on Scott-Knott test at 5% probability.
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3.3.2 Molecular genetic diversity in relationship the resistance to black pod

Genetic diversity was inferred by amplifying 23 SSRsin the general population
sample, except for the controls for resistance to black pod (Table 1). In total, 122 alleles were
detected in the whole sampled population (Table 3). The mTcCIR61 and mTcCIR410 markers
allowed the detection of only two alleles, while the mTcCIR240 marker demonstrated
variation among 13 alleles in this population. However, these markers did not reveal smaller
or larger numbers of effective alleles (NE), as the markers mTcCIR237 and mTcCIR282 had
the lowest (1.068) and highest (5.009) effective allele values in the whole accessed
population, respectively. Genetic diversity parameters (Table 3) showed that the average
Shannon information index (I) was 0.992 in the population sample but with great variation
among theSSR marker (0.164-1.496). The observed heterozygosity (Ho) presented low
values, with an average of 0.081 in this sample. Heterozygotes for the marker loci
mTcCIR410, mTcCIR61, and mTcCIR255were absent (Ho = 0.000), where as the
mTcCIR240 marker showed the highest Ho (0.341). Expected heterozygosity (He) revealed a
mean value of 0.515, ranging from 0.064 (mTcCIR237) to 0.800 (mTcCIR282). The fixation
index (F) presented a mean value of 0.852 in the general population sample, with lower values
obtained for either resistant or susceptible subpopulations of both varieties (0.860 - 0.907).
The average polymorphic information content (PIC) was 0.4648, ranging from 0.0632
(mTcCIR237) to 0.7707 (mTcCIR282).

The genetic diversity parameters were also evaluated in subsamples by variety
(comum or maranhdo), depending on the inferable infection level (C = susceptible or A + B =
resistant + medium resistant). Thus, besides the smaller number of amplified alleles in the
maranhdo variety, lower values were observed for the parameters I and Ho in this variety in
relation to the comum variety. In general, the genetic diversity parameters were higher in the
subpopulations of classes A and B for resistance and moderate resistance, compared to the
susceptible class C’s subpopulations. However, this pattern was not observed in He, with the
parameters being higher in the class C. Each resistance class varies, not only by Scott-Knott
clustering, but also t-teste assessment. In which it was observed that there is a statistical
difference between the resistant, medium resistant and susceptible groups, because the
infection rate calculated by the calculated t-test is 0.3408 lower than the critical t of 2.0075
and/or p-value of 0.73, higher than the alpha (0.05%).



34

Table 3.Variability and genetic diversity parameters in the germplasm analyzed via SSR markers that different
authors previously associated with QTLs for resistance to Phytophthora spp.

Locus Ms Na Ne I Ho He F PIC
mTcCIR37 176 4 2304 0947 0024 0566 0958 04765
mTcCIR61 217 2 1189 0295 0000  0.159 1.000  0.1462
mTcCIR81 225 5 2.447 1076 0.021 0.591 0965  0.529
mTcCIR95 252 7 3.593 1496 0214 0722 0703  0.6818
mTcCIR118 188 5 2195 0966 0048 0545 0913 04717
mTcCIR131 223 4 2379 1.001 0.021 0580 0963  0.4960
mTcCIR152 300 6 2.706 1.187  0.048 0630 0924 05755
mTcCIR168 202 6 2472 1.201 0043 0595 0927 05530
mTcCIR176 122 4 1909 0839 0022 0476 0953 04166
mTcCIR184 170 8 3.060 1377 0217 0673 0677  0.6279
mTcCIR200 281 6 1755 0824 0043 0430 0901 03821
mTcCIR213 259 6 2.831 1215 028 0647 0563 05879
mTcCIR237 120 3 1068 0164 0022 0064 0658  0.0632
mTcCIR240 215 13 3.767 1852 0341 0735 0536 07163
mTcCIR255 220 3 2.649 1025 0000  0.622 1.000  0.5438
mTcCIR268 326 6 3.108 1315 0089 0678 0869  0.6222
mTcCIR273 182 4 1514 0646  0.021 0339 0937 03102
mTcCIR275 180 5 2.181 0928 0042 0541 0923 0.4504
mTcCIR282 201 7 5.009 1719 0205 0800 0744  0.7707
mTcCIR291 235 4 1126 0283 0023 0112 0792  0.1093
mTcCIR337 218 5 2.134 1018 0085 0531 0.840 04813
mTcCIR410 273 2 1980  0.688 0000 0495 1.000 03725
mTcCIR444 160 7 1473 0745 0045 0321 0.859 03071

General population 530(2=122) 2385 0992  0.081 0515 0852 04648
, | "comum"susceptible 382(Z=88) 2206 0879 0090 0475 0828  0.4021
%" I:e"(;‘l‘l:'n‘:‘rg:lss‘f;ﬁ;‘” 3.47(2=80)  2.386 0.907 0.119 0.532 0784  0.4464
% | "maranhdo"susceptible  3.04(Z=70) 2245 0828 0044 0471 0917 03902

"maranhao” resistant+ 50w 7y 2310 0860 0074 0495 0521 04108

medium resistant

Ms,average allele size; Na,allele number per locus; Ne,number of effective alleles; I, Shannon information
index; Ho,observed heterozygosity; He,expected heterozygosity; F,fixation index; PIC,polymorphic content

information.

3.3.3 Association mapping, genetic distance, and structure associated with black pod

resistance

The association mapping was done using infection level to the black pod disease data

together with the allelic profile of SSR markers in the QTLs of black pod resistance. This
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analysis did not show a significant threshold (P) > 0.05 for all markers used in association
with the infection level of Phytophthora citrophthora isolate 1893.

The graphical representation of genetic distance demonstrated the formation of three
genetic groups (I, II, and III) (Figure 3). Group I presented two distinct subgroups (Ia and Ib),
with 15 and 11 accessions, respectively. In subgroup Ib, the susceptible accession TSH1188
was distributed with high genetic distance in relation to the resistance accession from class A
(2037), which was placed in group Ia. In group II, susceptible controls Catongo and SIC23
were placed close together, with eight further accessions. Only one accession represented
group Ilc, which is more distantly related to the others of group II. Group II contained 15
accessions, of which 11 were from the maranhdo variety, arranged in subgroups Illa, IIIb, and
Illc. The other groups and subgroups had variations in the access distributions of the two

varieties.
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Figure 3. Representation of genetic distance in SSR loci using simple matching coefficients and weighted
neighbor-joining clusters. The numbers I, 11, and IIT correspond to the genetic groups. The empty arrowhead
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indicates class A accessions, and the full arrowhead indicates class C accessions for the statistical groups shown
in Figure 2. The other accessions belong to Class B. * indicates a plant with no value for infection level.

The evaluation of the genetic structure (groups of alleles/loci in common) in the
evaluated accessions indicated the existence of four subpopulations (AK = 4) (Figures 4 and
5). The control accessions for susceptibility had similar genetic structures but were distributed
in the same subpopulation as resistant accession 2028 and three medium-resistant accessions
(2020, 2050, and 2058). Resistant accession 2037 has a different genetic structure than the
other resistant genotype 2028. A population with maranhdo accessions was observed, except
for the common accession 2031. In general, 19 plants were classified as admixture (Q values

<80%).

DeltakK = mean(|L"(K)|) / sd(L(K))
20}

15

Delta K

Figure 4. Determination of the ideal value by the AK increment according to Evanno et al. (2005) inferring the
existence of four (K = 4) Theobroma cacao subpopulations.
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3.4 Discussion

In the present study, 49 accessions of local cocoa varieties from a commercial
plantation in southern Bahia, Brazil, together with four control accessions resistant to black
pod disease, were characterized for the symptoms caused by artificial inoculation of
Phytophthora citrophthora. Black pod disease is one of the main diseases that affects cacao
trees, withthe species Phytophthora citrophthora being more aggressive than other
Phytophthora species that affect cacao in Bahia (Bahia et al., 2015). In general, the use of leaf
discs has been the most common method used to evaluate Phytophthora resistance level
(Santos et al., 2011; Bahia et al., 2015; Valbuena, 2017; Santos, 2019). However, in this
study, symptoms were evaluated after 7 days of artificial inoculation of Phytophthora
citrophthora in seedlings aged 60 days, and the infection level was calculated using eight
phytopathological descriptors. Although variations in the quantitative results are observable
between studies using different inoculation and evaluation methods, the inclusion of the
control plants in the resistance groups made the present analysis sufficiently reliable. The
accessions TSH1188, SIC23, and Catongo have been used in studies involving pathogens of
the genus Phytophthora because they are susceptible to Phytophthora citrophthora (Lessa,
2017; Bahiaet al., 2015). In the present study, such a susceptibility phenotype showed a high
infection levelin these control plants, in contrast to the low level of infection in the resistant
control 7004.

The significant difference in infection levels ofblack pod disease suggests variability
in relation to resistance levels in cocoa trees from southern Bahia, specifically within each of
the comum and maranhdo varieties. Additionally, the existence of three statistical classes for
the infection levels indicates that at least three distinct groups exist regarding the resistance
against Phytophthora citrophthora, being considered as resistant, medium resistant, and
susceptible plants. The fact that most of the accessions analyzed in the present study were
susceptible to this Phytophthora species reinforces a local problem regarding this
phytopathogen in cocoa-producing regions. However, the existence of a source of genetic
resistance was detected in three accessions (2028, 2037, and 2066), with no statistical
differences from the control accession for resistance, 7004. Nineteen accessions formed a
group with intermediate resistance. This fact reinforces the need to investigate plants in
producing regions, in addition to germplasm banks, to detect variability related to disease

resistance (Santos et al., 2015).
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Both varieties analyzed in the present study had similar infection levels, indicating
that the comum and maranhdo varieties bear genetic variability in resistance and susceptibility
to black pod disease. However, the resistant and susceptible plants can be selected from
among any analyzed variety. Although plant selection was a good strategy for obtaining
resistant plants, segregating resistance-associated traits has resulted in variable progeny
responses in relation to Phytophthora citrophthora colonization indices (Bahia et al., 2015).
Thus, plant selection should be followed with the evaluation of heritability parameters in
relation to qualitative and quantitative descriptors evaluated in mainly segregating populations
(Theveninet al., 2005; Bahia et al., 2015).

In general, polymorphic content-information values are used to assess the
discriminatory power of each molecular marker and estimate the diversity at these loci. In the
present study, the PIC values were generally of medium magnitude when compared to those
of other studies on genetic diversity in cocoa (Zhang et al., 2006; Efombagn et al., 2006).
However, at least eight markers associated with a high PIC were observed in this study that
were indicated for the study of genetic variation in QTLs for black pod resistance. The low
number of alleles associated with Phytoph3 (mTcCIR61), which accounts for 23% of the
variation in resistance to Phytophthora palmivora in cocoa (Brown et al., 2007) and
FOL/100/3 (mTcCIR410) (Akaza et al., 2016), suggests less variability in these genomic
regions in relation to the others. These markers may be useful in characterizing segregating
strains through their low variation and easy detection in heterozygous lines. On the other
hand, the mTcCIR240 marker indicated greater variability associated with QTL PRR/95/2
(Akaza et al., 2016). These variations in the number of effective alleles in SSR loci indicate
the variability of QTLs forresistance to black pod disease, which reflects the amplitude of
variation that has been observed in studies characterizing cacao resistance to this disease. In
addition, the high genotypic variance in relation to resistance to Phytophthora citrophthora in
relation to the other three pathogen species present in southern Bahia has also likely resulted
in the variety of symptoms previously observed in the inoculation assays (Bahia et al., 2015).

The parameters that infer allelic diversity in the whole population sampled suggest
alower allelic diversity when compared to populations in other producing regions, such as
Peru (Zhang et al., 2006) and French Guiana (Lachenaud & Zhang 2008). However, the
present study was limited to verifying genetic variation in genomic regions related to
resistance to black pod disease in cacao. Thus, the low allelic diversity compared to that found
in the analysis of the broad genome polymorphism indicates the selection pressure related to

black pod resistance QTLs in cacao in southern Bahia, a fact observed in other
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phytopathosystems (Klabunde et al., 2016; Yada et al., 2017). This fact can be observed by
the lower values forthe main parameters of genetic diversity in susceptible subpopulations, as
compared to those for the resistant and medium-resistant subpopulations of both the comum
and maranhdo varieties. Additionally, both populations of each variety have unique allelic
pools.

Despite the existence of susceptible accesses used as controls in investigating
resistance to Phytophthora from intervarietal hybridization, such as the TSH1188 accession,
in the present study, the expected heterozygosity was higher in resistant and medium-resistant
populations. Thus, it is possible to conclude that heterozygosis is an important part of
resistance to this pathogen, especially for the comum variety. Heterosis is an important feature
in complex phytopathosystems with continuous variation in symptoms (Yang et al., 2015;
Miedaner et al., 2017). Intermediate resistance was observed in one segregant population (F1
(TSH-1188 x CCN-51) in comparison with the parent cultivars along with variance in
continuous resistance. However, both parents showed susceptibility to Phytophthora
citrophthora (Bahia et al., 2015).

The variation in genetic distance between accessions was distributed in groups and
subgroups in a dendrogram, as inferred from the genetic similarity of the general population
sample, reflecting the polymorphism in QTLs for black pod disease resistance. However, it
was not possible to observe specific cluster formations for exclusively resistant or susceptible
accessions, but the largest portion of group III accessions was of the maranhdo variety. This
fact can be attributed to the unexpressed nature of SSR sequences. Although these markers are
in flanking and internal regions of QTLs for resistance to black pod disease, with gene
binding in the expressed regions, their polymorphism is not necessarily related to resistance or
susceptibility to Phytophthora citrophthora isolate 1893. These markers have been
recognized as being associated with black-pod-resistance QTLs caused by Phytophthora
palmivora and Phytophthora capsci (Brown et al., 2007; Akazaet al., 2016; Barreto et al.,
2018), being resistant to Phytophthora citrophthora (isolated 62), which is related to only one
QTL (ql.BPPct - mTcCIR006 and mTcCIR136) and explaining only 3.299% of the variation
(Barreto et al., 2018).

Plant selection based on genetic distances may contribute to genetic breeding
strategies and research prospects involving obtaining and characterizing segregating or
homozygous lines (Nadeem et al., 2017). In this case, accessions from subgroups Illa, IIIb,

and Illc can be used as potential genitors with group Ia accessions to form heterozygous lines.
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In general, including the resistant and medium-resistant accessions will make it possible to
contemplate representatives of the different molecular genetics groups.

The distribution of genetic distance between accessions and the genetic structure
analysis did not allowed the establishment of subpopulations with exclusively resistant or
susceptible accessions. However, a subpopulation containing the susceptibility controls
suggests that the Catongo, TSH1188, and SIC23 accessions have the same genetic structure at
the black pod resistance loci in the SSR regions analyzed in the present work. The similarities
in genetic structure based on SSR markers in Phytophthora palmivora and Phytophthora
capsci related to QTLs for black pod resistance cannot be considered crucial for estimating
parameters of Phytophthora citrophthora resistance, in view of the observed distinctions in
genetic structure between resistant plants 2031 and 2028. The greater aggressiveness of the
Phytophthora citrophthora species in cacao may also be related to other pathogenicity
mechanisms in relation to the other Phytophthora species that affect cacao trees, which
requires resistance mechanisms that differ in terms of plant protection against other

phytopathogens (Bahia et al., 2015; Barreto et al., 2018).

3.5 Conclusions

The mean infection level obtained from the summation of eight qualitative
phytopathological descriptors of symptoms observed in young seedlings discriminate among
the infection levels of different cocoa accessions by black pod disease caused by
Phytophthora citrophthora. Despite the lack of association between the infection levels
caused by the phytopathogen and the SSR loci polymorphism in QTLs for resistance against
Phytophthora palmivora and Phytophthora capsici, the genetic diversity associated with
distance information and genetic structure in cacao populations and subpopulations in
southern Bahia allows the selection of plants to form lineages and improve cocoa’s resistance

to black pod.
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4. CONCLUSAO GERAL

e A realizacdo da inoculagdo artificial pelo método de borrifagem em plantas com 60 dias
de idade pode ser considerado um método eficaz para a avaliagdo do sintoma associado
a infeccdo a podriddo parda em cacaueiro, ndo sendo técnica limitada a andlises em

discos foliares ou frutos.

e O cacaueiro existente em regides de cultivo no sul da Bahia apresenta variagdo
fenotipica em termos de resisténcia ao fitopatogeno Phytophthora citrophthora, sendo

util na seleg@o de plantas com diferentes niveis de infec¢ao/resisténcia.

e Os QTLs propostos para a conferéncia da resisténcia a podriddo parda causada pelos
patdgenos P. palmivora e P. capsici ndo estdo relacionados @ mesma doenca causada
pelo oomiceto P.citrophthora, indicando existéncia de mecanismos de resisténcia

diferentes em cacaueiro contra os diferentes patdgenos que causam a podridao parda.

e Elevada diversidade gendmica em regides SSR flanquadoras e internas dos QTLs de
resisténcia a podriddo parda é observada no cacaueiro do sul da Bahia, mas varia em
relacdo cultivar "comum" e "maranhdo" e ao perfil fenotipico da resisténcia a essa

doenga.

e Grande por¢do da estruturagdo genética nos QTLs de resisténcia a podriddo parda segue
o modelo de admixture, apesar da existéncia de gendtipos em subpopulagcdes bem

estruturadas.
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