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GENOMICA ESTRUTURAL E FUNCIONAL DA RESISTENCIA DO CACAUEIRO A
PHYTOPHTHORA PALMIVORA BUTLER (BUTLER).

EXTRATO

O Estado da Bahia é atualmente o principal produtor de cacau no Brasil, sendo as
sementes o principal produto para o abastecimento da industria nacional e
internacional de chocolate. Este estudo validou mediante mapeamento por
associacao, usando a abordagem de Modelo Linear Generalizado (GLM), 29
marcadores moleculares SSR flanqueando a QTLs (Quantitative Trait Loci)
associados a resisténcia a Phytophthora palmivora Butler (PP), que é um dos trés
principais patdogenos que atacam a cultura internacionalmente. A validagéao foi
realizada em amostras de trés variedades locais antigas da Bahia (Comum, Para e
Maranhao), variedades que possuem um alto potencial na produgéo de chocolate
gourmet. Quatro locos SSR associados a resisténcia a PP foram detectados, dois no
cromossomo 8, explicando 7,43% e 3,72% da variacdo fenotipica, um no
cromossomo 2 explicando 2,71% da variagdo fenotipica € um no cromossomo 3
explicando 1,93% da variagdo fenotipica. Uma anotagdo funcional baseada em
dominios funcionais foi realizada em dois genomas de referéncia CRIOLLO e
MATINA, de 20 regides QTL associadas a resisténcia ao patégeno. Foram
identificados 250 genes candidatos (no genoma CRIOLLO) e 170 (no genoma
MATINA), com alta probabilidade de estarem envolvidos no reconhecimento e
ativagdo de respostas na interagdo com o patdogeno. Regides gendmicas ricas em
genes com dominios Coiled-coils (CC), Nucleotide binding sites (NBS) e Leucine-rich
repeat (LRR) foram identificados nos cromossomos 1, 3, 6, 8 e 10 com alta
probabilidade de estarem envolvidos luta contra o patégeno, da mesma forma, foram
identificadas regides ricas em genes com dominios Receptor-like Kinase domain
(RLK) e Ginkbilobin2 (GNK2) nos cromossomos 4 e 6, que também tém alta

probabilidade de estarem envolvidas na luta contra o patégeno.

Palavras-chave: Mapeamento por associacdo. Bioinformatica. Anotacao funcional.

Theobroma cacao L. Podriddo parda.
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STRUCTURAL AND FUNCTIONAL GENOMICS OF THE COCOA RESISTANCE
TO PHYTOPHTHORA PALMIVORA BUTLER (BUTLER).

ABSTRACT

The state of Bahia is currently the main producer of cocoa in Brazil, with seeds being
the main product for supplying the national and international chocolate industry. This
study validated by association mapping, using the General Linear Model approach,
29 SSR molecular markers flanking to QTL (Quantitative Trait Loci) associated with
Phytophthora palmivora Butler (Butler) (PP) resistance, which is one of the three
main pathogens that attack the crop internationally. The validation was carried out in
three local ancient varieties of the Bahia (Comum, Para and Maranhao), varieties that
have a high potential in the production of gourmet chocolate. Four SSR loci
associated with resistance to PP were detected, two on chromosome 8, explaining
7.43% and 3.72% of the phenotypic variation, one on chromosome 2 explaining
2.71% of the phenotypic variation and one on chromosome 3 explaining 1.93 % of
the phenotypic variation. A functional annotation based on functional domains was
carried out, in two CRIOLLO and MATINA reference genomes, of 20 QTL regions
associated with resistance to the pathogen. Were identified 250 (genome CRIOLLO)
and 170 (genome MATINA) candidate genes, with high probability of being involved
in the recognition and activation of responses in the interaction with the pathogen.
Genomic regions rich in genes with Coiled-coils (CC), nucleotide binding sites (NBS)
and Leucine-rich repeat (LRR) domains were identified on chromosomes 1, 3, 6, 8
and 10 with a high probability of being involved in the fight against the pathogen,
likewise, regions rich in Receptor-like Kinase domain (RLK) and Ginkbilobin2 (GNK2)
domains were identified in chromosomes 4 and 6, which also have a high probability

of being involved in the fight against the pathogen.

Keywords: Association Mapping. Bioinformatics. Functional annotation. Theobroma
cacao L. Black Pod.
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1 INTRODUCTION

Cocoa (Theobroma cacao L.) is a perennial tree belonging to the Malvaceae
Juss. (APG, 2016) family, with a natural distribution in the tropical forests of South
America, an area that constitutes a central region of its genetic diversity (Schultes &
Cuatrecasas, 1964). T. cacao L. is a diploid species (2n = 2x = 20) (Davie, 1935) with
an estimated genome length of approximately 326.9 to 445 Mb (Argout et al., 2017,
Motamayor et al., 2013). This plant has great, social and economic importance,
representing a livelihood for more than 120 million people in 50 tropical countries,
generating 12 billion of US dollars per year in revenues, mainly related to the
production of chocolate (Green America, 2014; ICCO, 2017).

The Quarterly Bulletin of Cocoa Statistics (QBCE, 2014) projected that the
2014/2015 period would have a deficit in the global supply of cocoa of approximately
150,000 tons. However, the annual report of the INTERNATIONAL COCOA
ORGANIZATION (ICCO, 2017) reported this deficit at approximately 196,000 tons,
and additionally, FAOSTAT reported a 17% decrease in planted area in Brazil for the
2016/2017 period, and comparing the tons of cocoa bean produced in 2017
(235,809), the production has decreased 15% compared to the of 2015.

Brazil is the main producer of cocoa bean of America (ICCO, 2017) and the
state of Bahia is the main producer of the country (IBGE, 2018.). In southern Bahia,
nearly 70% of cocoa cultivation occurs in cabruca systems (a type of agroforestry
system) (Araujo et al., 1998). Comum, Para and Maranhado were the predominant
cocoa varieties in Bahia, until at least 2003, representing approximately 50% of the
land cultivated for cocoa in the state (Pires, 2003; Santos et al., 2015). These
varieties were initially introduced in Bahia approximately in 1746 (Comum), 1874
(Para) and 1876 (Maranhao) (Bartley, 2005; Vello & Garcia, 1971).

These varieties possess unique characteristics, and were naturalized as

Bahian cocoa or Bahia local cocoa cultivars, this region is treated as a secondary
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area of cocoa diversity (Bartley, 2005; Santos et al., 2015). The Maranh&o and
Catongo (spontaneous mutants of Comum cocoa) varieties are currently used in the
fine cocoa market, they produce less astringent and more flavorful chocolate (Leite et
al., 2013). However these varieties have profiles of more susceptibility to diseases
compared to new clonal cultivars produced in response to the outbreak of witches'
broom disease (caused by the fungus Moniliophthora perniciosa) in Bahia in 1989
(Monteiro et al., 2007)

Cocoa production has been affected by several factors, lack of varieties of
high potential, pests and pathogens, among others. The black pod (BP) disease is
one of the world's most devastating diseases in cocoa cultivation (Lanaud et al.,
2009) because of its direct effects on reduction of production (Akaza et al., 2016).
The BP in cocoa has an etiology represented by seven species of the genus
Phytophthora (Luz et al., 2004). The most important in the pantropic are P. palmivora
Butler (Butler) and P. capsici Leonian (Guest, 2007). This disease is one of the most
devastating that attack the cocoa (from the Greek, (phyton) "plant" and (phthord)
"destruction”, "the destroyer of plants"). Losses varying of 10% up to 100%,
depending on of the country, Phytophthora species and climatic zones are reported
(Akrofi et al., 2003; Dakwa, 1987; Ploetz, 2007; Pokou et al., 2008).

Quantitative Trait Loci (QTL) mapping has been used for different quantitative
traits, such as disease resistance (Clair, 2010; Kover & Caicedo, 2001). The mapping
of QTLs associated with Phytophthora spp. resistance, was performed by several
authors (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; Risterucci et
al., 2003). Dlfferent statistical approaches to identification has been used, ranging
from the traditional two-point approach to a multipoint approach using machine-
learning algorithms and Hidden Markov Model (HMM) statistical models (Barreto et
al., 2018; Tong et al., 2010; Wu et al., 2002).

Different molecular markers have been used in the QTLs detection associated
with BP resistance varied over time ranging from Restriction Fragment Length
Polymorphism (RFLP), Random Amplification of Polymorphic DNA (RAPD), Amplified
fragment length polymorphism (AFLP) and most commonly at present Single
Sequence Repeats or Micro-satellites (SSR). Recent studies of QTLs associated with
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BP and using SSR markers, the number of QTLs, location and percentage of the
phenotypic variation (%PV) explained by each one varies significantly, which
demonstrates the quantitative character inherent to the BP resistance. Brown et al.
(2007) identified three QTLs associated with BP resistance, using a population of 256
F individuals from a crossing Pound7 x UF273, a first QTL located in the linkage
group (LG) 4,%PV= 8.7; the second in LG 8, %PV= 7.3 and one last in LG 10, %PV=
23. The three QTLs were identified using invivo inoculation of fruits in the field as a
phenotyping strategy. More recently, Akaza et al. (2016) identified eight QTLs using
the PRR (Pod Rot Rate, cumulative % of rotten fruit in relation to the total number of
fruits for 3 years) phenotype methodology, and three QTLs using the methodology
FOLRES (Foliar disc inoculation test), methodology developed by Nyassé et al.
(1995). The authors applied the two methodologies in three segregating populations:
(SCA6 x H) x C1 (179 individuals), (P7 x ICS100) x C1 (173 individuals) and (P7 x
ICS95) x C1(183 individuals). For PRR, three QTLs were identified in the population
(SCA6 x H) x C1: LG 1 %PV=17.3, LG 6 %PV= 27.6 and LG 8 %PV= 13.2. Three
QTLs for the population (P7 x ICS100) x C1: LG 4 %PV= 13.8, LG 6 %PV= 14.8 and
LG 6 %PV= 20; and two QTLs for the population (P7 x ICS95) x C1: LG 2 %PV=19.3
and LG 4 %PV= 21.7. The results from the FOLRES methodology found three QTLs
only in the population (P7 x ICS100) x C1: LG 1 %PV= 13.8, LG 3 %PV= 14.5 and
LG 10 %PV= 17.3. Barreto et al. (2018) identified six QTLs (for resistance to three
species P. palmivora, P. capsici and P. citrophthora) in a F4 (Full-sib) population of
256 individuals derived from the crossing of heterozygous TSH1188 (Trinidad
Selected Hybrids) and CCN51(Coleccion Castro Naranjal), these QTLs were: LG 6
%PV= 2.543 for P. palmivora; LG 1 %PV= 1.819, LG 2 %PV= 2.101, LG 3 %PV=
1.776 and LG 4 %PV= 3.027 for P. capsici and LG 6 %PV= 3.299 for P. citrophthora,

all identified by the leaf disc inoculation methodology.

The former results published pointed that the range of %PV varies from 1.776
to 27.6%, which evidences the effect of QTLs/genes of major effect and minor effect
on the control of the characteristic. On the other hand, LGs and their location varies
significantly in all cases studied. Considering these results, it is very important that in
order to be able to use the information obtained by these authors in marker-assisted
selection, these QTLs and their flanking markers needs the validation in populations
other than those in which they of have been identified (different genetic background)

3



and/or needs the saturation of genomic regions under study (Collard & Mackill,
2008). Here, we aim to test the validity of these markers, reported as associated with
BP resistance, in samples of three cocoa local varieties, as well as to identify the
genes located in the QTL regions with in-silico tools, in order to test their potential as

candidate genes for resistance responses.



2 REVISAO BIBLIOGRAFICA
2.1 Theobroma cacao L. e podridao-parda

O cacau (Theobroma cacao L.) € uma arvore perene pertencente a familia
Malvaceae Juss. (APG, 2016), com uma distribuigcdo natural nas florestas tropicais
da América do Sul, area que constitui uma regido central de sua diversidade
genética (Schultes; Cuatrecasas, 1964). A espécie apresenta grande importancia
social e econdmica, representando um meio de vida para mais de 120 milhdes de
pessoas, em 50 paises tropicais, gerando 12 bilhdes (US$) por ano em receitas,
principalmente relacionado a produgao de chocolate (Green America, 2014; ICCO,
2017).

O Brasil é o principal produtor de cacau da América (ICCO, 2017) e o estado
da Bahia é o principal produtor do pais (IBGE, 2018.). O Quarterly Bulletin of Cocoa
Statistics (QBCE) (2014) projetou que o periodo 2014/2015 teria um déficit na oferta
global de cacau de aproximadamente 150000 toneladas. No entanto, o relatério
anual da INTERNATIONAL COCOA ORGANIZATION (ICCO) de 2017 relatou esse
déficit em aproximadamente 196000 toneladas. A FAOSTAT registrou uma redugéao
de 17% na area plantada com a cultura no Brasil para o periodo 2016/2017, e
comparando as toneladas de cacau produzidas em 2017 (235809) a produgéo

diminuiu 15% em relagéao a 2015.

A podriddo-parda (PP) (Black Pod) é uma das doengas mais devastadoras na
cultura do cacau (Lanaud et al., 2009) devido aos seus efeitos diretos na perda de
producao (Akaza et al., 2016). A PP em cacau tem uma etiologia representado por
sete espécies do género Phytophthora (Luz et al.,2004), sendo as mais importantes
no pantropico P. palmivora Butler (Butler) e P. capsici Leonian (Guest, 2007). O
termo phytophthora vem do grego e significa, phytén "planta" e phthora "destruigao",

"o destruidor de plantas”, As perdas variam de 10% até 100%, dependendo do pais,


https://www.nature.com/articles/ng.736
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espécies de Phytophthora e zonas climaticas (Dakwa, 1987; Akrofi et al., 2003;
Ploetz, 2007; Pokou et al., 2008).

2.2 Phytophthora palmivora Butler (BUTLER)

O género Phytophthora foi originalmente descrito por Anton De Bary em 1876.
Na atualidade o género Phytophthora pertence aos Chromalveolates, Reino
Straminipila, filo Oomicota, classe Oomycetes (grupo monofilético) ordem Pythiales e
familia Pythiaceae. Durante muito tempo, o género foi classificado dentro do reino
dos Fungos (Fungi), mas analises genéticas, fisioldgicas e bioquimicas mostraram
que elas possuem caracteristicas que o relacionam mais diretamente com
diatomaceas e algas marrons (Alexopoulos et al., 1996; Luz & Matsuoka, 1996;
Sogin & Silberman, 1998; Baldaufet al., 2000; Haldar et al., 2006; Adl et al., 2005;
Lamour et al., 2007; Verret et al., 2010).

No patossistema T. cacao L. - P. palmivora o patégeno comporta-se de
maneira hemibiotréfica, inicialmente infectando os tecidos vivos do hospedeiro (fase
biotrofica) e, apdés matar as células infectadas, alimenta-se deles (fase necrotréfica)
(Hardham, 2007).

A penetragdo do patdégeno nos tecidos da planta hospedeira acontece
preferencialmente por aberturas naturais como as células epidérmicas e os
estbmatos. Phytophthora palmivora apresenta quatro tipos de propagulos
infectantes, trés assexuados, esporangio, zoésporo e clamidésporo e um sexuado, 0
oo6sporo (Luz et al., 1997; Santos et al., 2004). Os propagulos de infeccdo assexual
de P. palmivora podem acontecer de forma indireta, através dos zodsporos. Os
zoosporos sao liberados de esporangios e em presenga de vento e agua livre,
encistam na superficie da folha. Em seguida, através da formacdo de tubos
germinativos e, posteriormente de um haustoério, penetram e colonizam o tecido da
planta, representando a fase biotrofica da doenga. De forma indireta, ocorre por meio
dos esporangios deciduos que penetram nos tecidos do hospedeiro através da
formagao de hifas, caracterizando a fase necrotréfica da doenga, gerando a morte
celular do hospedeiro (Fawke et al., 2015; Zheng & Mackrill, 2016).


https://www.nature.com/articles/ng.736

O principal sintoma da doenca acontece nos frutos, apresentando uma
mancha amarronzada de formato arredondado. Essa mancha torna-se mais escura
entre trés a quatro dias apds a penetracdo. As duas semanas da infeccdo do
patdgeno, este se espalha por todo o fruto, causando descoloragéo e deformacgao
das améndoas (Bowers et al., 2001). Ao fim do desenvolvimento da infec¢do, os
frutos que ainda estao aderidos a planta tornam-se mumificados e sao colonizados
por fungos oportunistas. A intensidade do sintoma depende da variedade do
cacaueiro infectado e da agressividade do indculo (Nyassé et al., 1995; Ersek &
Ribeiro, 2010; Vanegtern et al., 2015).

Se a infecgédo acontece em partes da planta que n&o seja o fruto, os sintomas
variam de acordo com o tecido. Nos chupdes e lancamentos foliares novos, observa-
se 0 aparecimento de lesdes necroticas escuras tanto no limbo foliar quanto na
haste, ramos e peciolos. Em folhas novas observa-se necrose das nervuras e seca
das folhas. Tais sintomas s&o observados com frequéncia em condi¢cdes de viveiros

e climas de alta umidade, além da murcha e seca das plantulas (Luz et al., 2008).

As principais maneiras registradas de dispersao do patdégeno s&o a partir do
solo e de frutos doentes, respingos de chuva, insetos, almofadas florais, raizes,
frutos mumificados, folhas, chupdes e cancros contaminados (Guest, 2007;
Vanegtern et al., 2015).

O controle do patdgeno nos frutos torna-se dificil pela presenga no solo de
estruturas de resisténcia que podem persistir e sobreviver por varios anos. Os
propagulos também podem estar presentes na parte aérea das plantas e nos frutos
durante grande parte do ano, aguardando as condigdes ambientais favoraveis para

esporulacao e dispersao (Evans, 1981; Soberanis et al., 1999).

O controle da doencga é dificil de ser realizado sem o uso de agroquimicos
(Akaza et al., 2016), apesar de tentativas mais responsaveis ambientalmente terem
sido feitas (Opuku et al., 2003; Mpika et al., 2009a, 2009b; Adebola & Amadi, 2010;
Gadji et al., 2015; Fister et al., 2015). O emprego de praticas culturais como a
remogao de frutos infectados e poda do cacaueiro, ndo controlam totalmente a
doenga, mas diminuem a fonte de indculo. O desenvolvimento de cultivares

geneticamente resistentes a esta doenga é a estratégia mais efetiva, duradoura e



viavel. O uso da selecao assistida por marcadores moleculares tem sido um meio
para o desenvolvimento de cultivares desde a década de 2000, provando ser uma
das estratégias mais eficazes para o controle genético (Michelmore, 2003;
Macagnan, 2005; Zhang & Motilal, 2016).

2.3 Interagao planta-patégeno

Na interagdo Planta-Patdbgeno, a troca e o reconhecimento de sinais
moleculares representam, desde o inicio da interagdo, a possibilidade de respostas
do hospedeiro e do patdogeno as estratégias de ataque ou defesa. Em relagdo ao
hospedeiro, ressaltamos que a capacidade de reconhecer sinais da presenca de um
patdgeno representa uma fase fundamental para o possivel combate do mesmo.
Para o patdgeno, o sucesso no ataque dependera em parte da habilidade do
hospedeiro em reconhecer e ativar estratégias de defesa e combate (Stahl & Bishop,
2000; Tyler et al., 2006).

Nas plantas existem diferentes estratégias de defesa e combate a presenca
de um organismo patogénico. Algumas dessas estratégias sao consideradas
mecanismos estruturais de defesa, que podem ser pré-formados como exemplo:
numero, morfologia, localizagdo e periodo de abertura dos estbmatos, presencga de
cuticulas, vasos condutores, densidade de tricomas e se estes possuem glandulas
secretoras. Ou mecanismos pos-formados, que podem atuar gerando alteragdes
morfolégicas como o aumento do fluxo citoplasmatico na direcdo da penetragao,
rearranjo do cito esqueleto, migragcdo do nucleo, justaposicdo dos componentes da
parede celular, barreiras estruturais pos-formadas (lignificagdo), geracdo de

camadas de cortica, geragao de camada de abscisao e tilose.

Dentro das respostas pods-formadas também podem ocorrer mudancgas
bioquimicas como a producdo de fendis, alcaldides, fito toxinas, glicosideos
cianogénicos e fendlicos, proteinas relacionadas a patogénese (PR-Pathogenesis-
related), influxo de calcio,aumento da produgéo de etileno e 6xido nitrico, aumento
da producgédo de espécies reativas de oxigénio (ROS —Reactive Oxygen Species),
dentre outros (Dodds & Rathjen, 2010; Taiz & Zeiger, 2013; Teixeira et al., 2014).



A identificacdo de possiveis patdgenos pelo sistema imune das plantas pode
ocorrer de duas formas: primeira, a imunidade desencadeada por PAMPs (pathogen
associated molecular patterns) usualmente denominado PTI (PAMP-triggered
immunity) ou MAMPs (microbe associated molecular patterns). A segunda, & a
imunidade desencadeada por efetores ETI (effector-triggered immunity) (Jones &
Dangl, 2006). O reconhecimento das PAMPs é feito por receptores PRRs (PAMP-
recognition receptor) que podem ser localizados na membrana celular ou dentro da
célula, ativando uma cascata de transdugéo de sinais na célula hospedeira (Denoux
et al., 2008; Hogenhout et al., 2009; Roux et al., 2014; Zipfel et al., 2004).

Se o patogeno estiver adaptado para contornar a PTI, desenvolve-se a
suscetibilidade desencadeada por efetores (ETS—Effector triggered susceptibility),
em que o patdogeno secreta moléculas efetoras com a fungdo de suprimir as
possiveis respostas de combate da planta (Birch et al., 2008; Kamoun, 2006).
Algumas plantas possuem um sistema de reconhecimento de efetores por meio de
proteinas de resisténcia (R). Se a planta apresentar proteinas R que reconhegam as
moléculas efetores, resulta em reacdo incompativel e o patégeno nao consegue
desenvolver-se nos tecidos do hospedeiro (resisténcia). Ao contrario, quando as
plantas ndo possuem essas proteinas de reconhecimento, ocorre a reagao
compativel e a doenga se desenvolve no hospedeiro (suscetibilidade) (Howden &
Huitema, 2012). O reconhecimento de efetores por proteinas R pode ser direto

(modelo gene-a-gene) (Flor, 1942) ou indireto (modelo guarda) (Obwald et al., 2014).

O reconhecimento do patégeno de acordo com o modelo guarda acontece
quando ha uma perda de um gene "S" (suscetibilidade) na planta, o que traz como
consequéncia a possivel diminuigdo na capacidade do patégeno de ter sucesso, 0
que pode resultar em resisténcia patogénica especifica se o gene estiver envolvido
na produgao de componentes necessarios para a sua penetragdo no hospedeiro ou
na resisténcia de largo espectro se o gene suprimir as defesas constitutivas (Fawke
et al., 2015).

A resisténcia nas plantas pode ser dividida em resisténcia sistémica induzida
(ISR-Induction of systemic resistance) e resisténcia sistémica adquirida (SAR-
Systemic Acquired Resistance) (Van Loon et al., 1998). No sistema ISR, o agente

indutor ndo é patogénico e ndo ha acumulo de proteinas PR. O indutor ndo provoca
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sintomas, como necrose ou outros, no local da infeccdo, mas desencadeia uma
defesa sistémica na planta (Pieterse et al., 1998). Para a resisténcia do tipo SAR, a
resisténcia desenvolve-se de maneira sistémica a um amplo espectro de patégenos,
desencadeando um tipo de resposta rapida que vai gerar uma lesdo necrética no
local da infecgéo, conhecida como reacgéo de hipersensibilidade (HR-Hyper sensitive
Response), caracterizada por um colapso do tecido lesionado, liberando compostos
que podem ou nao ser toxicos para o patdogeno (Nimchuk et al., 2003; Van Loon,
2006).

Existem alguns genes ja relatados em plantas como relacionados a defesa e
combate a Phytophthora, codificando PRRs ou PRs ou enzimas.O elicitor INF 1 foi
descoberto em P. infestanse pertence a familia de proteinas com funcado de
transferéncia de lipideos entre lipossomas (Gaulin et al., 2010; Mikes et al., 1998). O
INF1 tem como receptor o BAK1/SERK3-dependent ELR, identificados em tabaco e
batata (Chaparro-Garcia et al., 2011; Kamoun et al., 1997; Kamoun et al., 1998; Du
et al., 2015). O elicitor lecitina de ligagcdo a celulose (CBEL), de P. parasitica tem
funcdo de adesédo a célula hospedeira (Mateos et al., 1997; Larroque et al., 2012).
Ha sinalizacdo downstream apés percepgao de CBEL em células de tabaco mas nao
em ceélulas do protoplasto por falta de parede, sugerindo que a ligacdo da parede
celular é necessaria para as reagdes de defesa induzidas pelo CBEL (Denecke et
al., 2012).

Os receptores para CBEL nao sao totalmente conhecidos, mas sabe-se que
sdo proteinas dependentes de celulose (Gaulin et al., 2006). Os B-glucanos sao
polissacarideos de monémeros de D-glicose unidos por ligagdes glicosidicas 3 e
representam PAMPs proveniente de oomicetos fitopatogénicos. B-glucano com
ramificacbes B(1-6) foi identificado provocando resposta de defesa em plantas de
soja, e B(1-3), em plantas de tabaco (Cheong et al., 1991; Klarzynski et al., 2000).
Os receptores para B-glucano em plantas, sdo glucano-dependente CEBIiP CERK1
(Kaku et al., 2006; Miya et al., 2007; Nars et al., 2013).

A OPEL é um polipeptidio secretado a partir de filtrados de cultura de P.
parasitica durante a infeccdo na planta Nicotiana tabacum. A infiltracdo de proteina
OPEL recombinante (atividade predita de laminarinase) resultou numa resposta

imunitaria melhorada da planta e resisténcia a P. parasitica, levando a respostas de
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defesa como a deposi¢cao de calose, a morte celular, a sintese de espécies reativas
de oxigénio, entre outros (Chang et al., 2015). Sabe-se que os receptores para o
OPEL séo proteinas componentes da membrana plasmatica das células hospedeiras
(NUrnberger et al., 1994; Nennstiel et al., 1998).0 elicitor Pep-13 foi isolado da
parede celular de P. sojae sendo a primeira molécula definida como um PAMP. O
Pep-13 é um peptideo curto de 13 aminoacidos com uma superficie exposta dentro
de um fragmento da proteina transglutaminase calcio dependente que provoca
respostas de defesa em Solanaceae. A mutagado de apenas um destes grupos de
aminoacidos ¢é suficiente para prejudicar o reconhecimento mediado pela
transglutaminase de P. sojae, inibindo assim respostas de defesa da planta
(NUrnberger et al., 1994).

A proteina GmPR10 foi isolada e caracterizada como relacionada a
patogénese em soja (Glycinemax) (Xuet al., 2014). Trés PR (PR14a, PR14b e
PR14c) foram isoladas a partir de folhas de tomate (Lycopersico nesculentum Mill. cv
Baby) infectadas com P. infestans, havendo inibicdo da germinagdo dos zodsporos
de P. infestans, tanto em estudos in vitro quanto in vivo em discos foliares do
tomateiro (Niderman et al., 1995). A expressado constitutiva da proteina PR-5,
mostrou o aumento da tolerancia a P. citrohpthora em plantas de laranja

transgénicas (Citrus sinensis L. Obs. Cv. Abacaxi) (Fagoaga et al., 2001).

2.4 Quantitative Trait Loci

O mapeamento de Locos de Caracteres Quantitativos (Quantitative Trait Loci,
QTL) tem sido utilizado em diferentes caracteres, como resisténcia a doengas (Clair,
2010; Kover & Caicedo, 2001). O mapeamento de QTLs associado a resisténcia a
Phytophthora spp. foi realizado por diversos autores (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; Risterucci et al., 2003). Distintas abordagens
estatisticas de identificacdo tém sido utilizadas, variando da abordagem tradicional
de dois pontos até uma abordagem multiponto usando algoritmos de machine
learning e modelos estatisticos Hidden Markov Model (HMM) (Barreto et al., 2018;
Tong et al., 2010; Wu et al., 2002).
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Os marcadores moleculares utilizados na deteccdo de QTLs associados a
resisténcia a PP variaram ao longo do tempo e vao desde RFLPs (Restriction
Fragment Length Polymorphism), RAPDs (Random Amplification of Polymorphic
DNA), AFLPs (Amplified fragment length polymorphism) e mais comum na
atualidade SSRs (Single Sequence Repeats ou Microsatelites). No presente estudo
foram validados os QTLs encontrados pelos estudos mais recentes e que apenas
usaram SSRs em sua identificacdo. O numero desses QTLs, localizacdo e
porcentagem da variagdo fenotipica (%VF) explicado por cada varia
significativamente, que demonstra a condicdo de carater quantitativo inerente a

resisténcia a PP.

Brown et al. (2007) identificaram trés QTLs associados a resisténcia de PP,
usando uma populagdo de 256 individuos de uma F4 do cruzamento Pound7 x
UF273. Um primeiro QTL localizado no grupo de ligacdo (LG) 4, %VF=8,7; o
segundo no LG 8, %VF=7,3 e um ultimo no LG 10, %VF=23. Os trés QTLs foram
identificados usando inoculagdo invivo dos frutos no campo como estratégia de
fenotipagem. Posteriormente, Akaza et al (2016) identificaram oito QTLs usando a
metodologia PRR (PodRot Rate, % acumulado de frutos podres em relagdo ao
nuamero total de frutos por 3 anos) de fenotipagem, e trés QTLs utilizando a
metodologia FOLRES (Teste de inoculagdo em disco foliar), metodologia
desenvolvida por Nyassé et al. (1995). As duas estratégias foram avaliadas em trés
populagdes segregantes: (SCA6 x H) x C1 (179 individuos), (P7 x ICS100) x C1 (173
individuos) y (P7 x ICS95) x C1 (183 individuos). Para PRR identificou-se trés QTLs
na populacao (SCA6 x H) x C1: LG 1 %VF=17,3, LG 6 %VF=27,6 e LG 8 %VF=13,2;
trés QTLs para a populacao (P7 x ICS100) x C1: LG 4 %VF=13,8, LG 6 %VF=14,8 e
LG 6 %VF=20; dois QTLs para a populagao (P7 x ICS95) x C1: LG 2 %VF=19,3 e
LG 4 %VF=21,7. Com o uso da metodologia FOLRES de fenotipagem identificou-se
trés QTLs apenas na populagdo (P7 x ICS100) x C1: LG 1 %VF=13,8, LG 3
%VF=14,5 e LG 10 %VF=17,3. Em um trabalho mais recente, Barreto et al. (2018)
identificou seis QTLs (para resisténcia a trés espécies P. palmivora, P. capsici e P.
citrophthora) em uma populagdo F; (Full-sib) de 256 individuos derivados do
cruzamento de clones heterozigotos TSH1188 (Trinidad Selected Hybrids) e CCN51
(Coleccion Castro Naranjal), esses QTLs foram: LG 6 %VF= 2,543 para P.
palmivora; LG 1 %VF=1,819, LG 2 %VF=2,101, LG 3 %VF=1,776 e LG 4
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%VF=3,027 para P. capsicie LG 6 %VF=3,299 para P. citrophthora, todos

identificados através da metodologia de inoculagao de disco foliar.

O intervalo de %VF nos trés trabalhos variou de 1,776 a 27,6% evidenciando
a acdo de QTLs/genes de efeito maior e de efeito menor no controle da
caracteristica de estudo. Por outro lado, os LGs e a localizagdo dos mesmos variam
significativamente nos trés casos, o que justifica que para poder usar a informagéo
apresentada pelos autores na seleg¢ao assistida por marcadores. Estes QTLs e seus
marcadores flanqueantes devem ser validados em populagdes diferentes das que
foram identificadas (diferente Background Genético) e/ou as regides genbmicas sob

estudo devem ser saturadas (Collard; Mackill, 2008).

2.5 Genomica

Nas ultimas duas décadas, o surgimento de tecnologias de sequenciamento
mais precisas, juntamente com a redugdo significativa do custo desses
procedimentos, possibilitou a geragao de diversas fontes de informag¢dées genémicas
de alta utilidade em trabalhos de pesquisa, considerando tambem o aumento da
capacidade computacional em geral e o aumento da capacidade e numero de
servidores (supercomputadores) foi possivel analisar grandes quantidades de dados,

0 que até pouco tempo nao era viavel do ponto de vista computacional.

Para o organismo T. cacao L., existem dois genomas anotados e publicos, o
genoma "CRIOLLQO" (Argoutet al., 2011) e "Matina1-6" (Motamayor et al., 2013). O
genoma de CRIOLLO foi gerado a partir do clone B97-61/B2 multiplicado de um
genodtipo de um material antigo criollo coletado nas montanhas maias de Belize
(Mooleedhar et al., 1995) e conservado no International Cocoa GenBank (ICG) em
Trinidade. Esse gendtipo criollo foi selecionado por sua capacidade de auto-
cruzamento e seu alto nivel de homozigose inicialmente relatado como 93% para
130 marcadores SSR e posteriormente como 99,9% para 795 SNP (Motilal et al.,
2010), o que facilita a montagem do genoma devido a baixa frequéncia de locus

heterozigotos, aqueles que geram dualidade no momento da montagem.
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O genoma CRIOLLO foi sequenciado usando a estratégia de Whole Genome
Shotgun (WGS) utilizando NGS (Next-Generation Sequencing) Roche/454
excetuando sequéncias de terminacdées BAC que foram produzidas através de
sequenciamento paired-end de clones utilizando tecnologia a Sanger. A montagem
de reads foi feita no NewBler V2.3 (Contig N50=19,8Kb e Scaffolds N50=473,8Kb).
O acumulado de scaffolds alcangou 326,9 Mb, cerca de 24% menos que os 430 Mb
do tamanho estimado do genoma. Dos 38737 unigenes de cacau, 97,8% foram
confirmados na montagem utilizando BLAT (Kent, 2002), para reads pequenos foi
utilizado SOAP (Li et al., 2008) (tamanho de seed = 12 pb e um tamanho maximo de
gap de 3 pb por read).

A ancoragem no genoma foi realizada utilizando dois mapas de progénies, o
primeiro desenvolvido e localizado na CNRA (Centre National de Recherche
Agronomique, Divo, Costa do Marfim). Foi utilizada uma F1 de 256 individuos
resultado do cruzamento de dois genodtipos heterozigotos UPA402 (Forastero
Peruano da alta Amazdnia) com UF676 (hibrido entre forastero e criollo) selecionado
na Costa Rica. O segundo mapa utilizado para ancoragem esta localizado e foi
desenvolvido pela CEPLAC (Comissdao Executiva de Planejamento da Lavoura
Cacaueira, Itabuna, Brasil) foi utilizada uma progénie F2 de 136 individuos produto
do cruzamento de dois parentais heterozigotos, ICS21 (Trinitario seleto em Trinidad)
e Scavina6 (Forastero da alta Amazénia). Dos 1259 marcadores (SSR e SNP)
utilizados na ancoragem 1192 (94,3%) mostraram um unico hit de 80% ou mais de
identidade. Para a predigdo de genes codificantes, eles usaram EuGene (Foissac et

al., 2008) usando diferentes bancos de dados de similaridade.

Um numero variado de tracks foi varrido no genoma, sendo de grande
interesse para o presente estudo a identificacdo de genes ortélogos a NBS, LRR-
LRK e NPR1-like relacionados a resisténcia a doencgas no cacau, que foi ancorado
com uma meta-analise de 76 QTLs relacionados a resisténcia a doencas no cacau
(Lanaud et al., 2009). O mapa comparativo forneceu um grande numero de genes
candidatos para resisténcia, e os autores recomendam uma abordagem funcional

para a confirmacao destes (Argout et al., 2011).

Este genoma foi recentemente melhorado (Argout et al., 2017), usando os
mesmos dados dos contigs Roche/454, os dados Sanger (BAC ends) e as Paired
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end reads, além destes dados foram incluidos quatro inserts de tamanho grande 3-
5Kb, 5 -8Kb, 8-11Kb e 11-15Kb usando HiSeq2000 lllumina e, 78 SMRT Cells Pacific
Biociences (correspondendo a 52x da cobertura de reads longas). Esta melhoria nas
entradas de sequenciamento levou a melhorias em: scaffolds N50=6.5Mb
(anteriormente 0.47Mb), ancoragem=96.7% (anteriormente 66.8%) e a diminui¢cao

em sitios desconhecidos de 5.7% (anteriormente 10.8%).

Quanto ao genoma de Matina (Motamayor et al., 2013), do qual foi publicada
uma versao preliminar (V0.9) em 2010, foi sequenciado a partir de amostras do
clone Matina1-6 pertencente ao grupo de germoplasma de cacau amelonado
(Motamayor et al., 2008). Esse é o grupo mais comum em cultivos em todo o mundo,
e tem uma baixa diversidade em comparagdo com os outros nove grupos ja
relatados (Motamayor et al., 2003; Motamayor et al., 2008). Apresenta um alto nivel
de homozigosidade (Bartley, 2005), uma condigdo favoravel para montagem
genbmica. Esta condicdo de homozigosidade € explicada pela sua capacidade de

auto cruzamento (autocompatibilidade).

Uma metodologia de sequenciamento mista foi usada incluindo Roche/454 e
Sanger, usando uma estratégia WGS. A montagem das reads foi feita usando
Arachne (versao 20071016) (Jaffe et al., 2003) (parametros maxcliq1 250, lap_ratio
= 0.8, max_bad_look = 2000 e BINGE_AND_PURGE =True). A montagem final de
contigs (N50 = 84.4Kb) e scaffolds (N50 = 34,4 Mb) gerou um acumulado de 445 Mb,
que esta dentro da faixa esperada para o cacau 411Mb-494Mb (Argout et al., 2011).

Possiveis contaminagdes foram identificadas usando Magablast (Altschul et
al., 1990) com o Genbank NT e, blastx com bibliotecas de um grupo genes
conhecidos de microbios. A integracdo de mapas de ligagdo e a construgdo de
pseudomoléculas em uma escala cromossOmica foram realizadas usando uma
combinagdo de mapas de marcadores, jungdes BAC/fosmid e informagdes
adicionais de genes especificos em regides funcionais, os marcadores dos mapas

genéticos foram alinhados usando BLAT (Kent, 2002).

A anotacdo génica foi feita através do isolamento do RNA das folhas,
sementes e pistilos de cacau Matina1-6, em condi¢dées normais, sequenciando e

usando essa informagdo como evidéncia de expressao na anotacdo. O
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transcriptoma de cada colecdo (folhas, sementes e pistilos) foram depositados no
NCBITSA com BioProject 51633 e o transcriptoma foi refinado usando PASA (Haas,
2008).

A predicao de proteinas (ab initio) foi realizada usando AUGUSTUS (Stanke &
Waack, 2003), que foi treinado para parametros genéticos usando a colecao
completa de cDNA extraida de folhas de Matina1-6. A anotacao proteica foi realizada
usando o banco de dados UniProt (UniProt, 2013) (genes de plantas) e o proteoma
de oito espécies de plantas (Arabidopsis thaliana (TAGI, 2013), V. vinifera (Jaillonet
al.), Populus trichocarpa (Tuskan et al.), G. max (Schmutz et al.), Ricinus
communis(Chan et al.), Fragaria vesca (Shulaev et al.), Solanum tuberosum
(Paterson et al.) e Sorghum bicolor (TSBG)) além de Matina1-6, a ortologia das nove
plantas foi realizada usando OrthoMCL (Li et al., 2003).

Comparando os algoritmos de previsao de genes e proteinas utilizados pelos
dois genomas acima mencionados, é apreciado que as metodologias de previsao
eram diferentes. Para CRIOLLO, foi utilizado um software baseado na similaridade e
para MATINA foi utilizada uma predigéo do tipo ab initio.

Os dois sistemas de previsdo tém vantagens e desvantagens. O sistema por
semelhancga usa predi¢cdo de proteina por homologia, isto significa que prediz em
funcao de proteinas ja conhecidas, o que pode ser muito util para proteinas comuns
ou bem descritas nos diferentes bancos de dados de proteinas. Em contrapartida, se
as proteinas de query (input) sdo pouco conhecidas ou ndo foram estudadas, o

poder de previsao deste tipo de software € quase nulo (Muniba, 2015).

O sistema de previsdo ab initio, é ideal para a predicdo de proteinas de
organismos ndo-modelos, dos quais pouca ou nenhuma informagao esta disponivel
sobre o perfil proteico e as proteinas individuais que compdem. Por outro lado, este
sistema de previsdo é mais complexo e com um custo computacional
significativamente maior comparado ao sistema de previsdo por homologia (Muniba,
2015; Lu et al., 2002; Floudas et al., 2006).

Considerando os prés e contras dos dois sistemas de previsdo, escolhemos
utilizar as proteinas previstas para os dois genomas e as duas metodologias como

dados de entrada adequada para a anotacdo funcional de um organismo nao
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modelo, como T. cacao L.. A dupla fonte de dados pode garantir uma confiabilidade
maior nas etapas subsequentes necessarias para a anotagao e identificacdo de

possiveis genes candidatos.
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3 MATERIALS AND METHODS

3.1 Plant materials

The biological material used in this study was obtained from the leaves of 36
cocoa trees, located in the farm Novo Horizonte, Uruguca, Bahia, Brazil (14° 36.907'
S and 39° 15.891' W). Twelve individuals were selected in each of the three main
diversity groups reported by Rhodes (2016), Within these 12 individuals per group of
diversity, represented the three ancient local varieties (ALV) (Comum, Para and
Maranhao) reported by Santos et al. (2015)(Table 1) and for each subgroup of
individuals from each ALV, phenotypically contrasting individuals were selected for
the P. palmivoralT. cacao interaction, previously phenotyped by Rhodes, (2016)
using the foliar disk methodology proposed by Nyassé et al. (1995, 2002), the
method allowed to select individuals with the highest level of susceptibility to the
pathogen and individuals with the minimum level of susceptibility (resistant)
according to the gradient proposed by Nyassé et al. (2002). Additionally, four controls
were used: (1) SCAG resistant (Bahia et al., 2015; Barreto et al., 2015; Luz & Silva
2001), (2) SIC23 reported as moderately resistant (Luz et al., 2006), (3) TSH1188
reported as moderately resistant or resistant (Bahia et al., 2015) and (4) Catongo
reported as susceptible (Barreto et al., 2015). The plant material of these controls
was collected in the Banco Ativo de Germoplasma of Centro de Pesquisa do Cacau
(CEPEC/CEPLAC) located in the Km 22 of the highway Itabuna/llhéus, lIhéus, Bahia,

Brazil.

3.2 DNA extraction and PCR amplification

The Cetyl Trimethyl Ammonium Bromide (CTAB) method proposed by Doyle &
Doyle (1990) was modified, for the extraction of total genomic DNA from leaves of 36
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individuals of the local varieties (Comum, Para and Maranh&o) and the controls
SCAG6, SIC23, TSH1188 and Catongo. Proteinase-k was added to the extraction
buffer at a final concentration of 400 ug/mL, all centrifugation times were duplicated
and performed at a temperature of 4°C, a further purification of the nucleic acids was
carried out with phenol (pH 8.0, equilibrated, ultrapure), chloroform and isoamyl
alcohol in a proportion 25:24:1. The final precipitation of the nucleic acids was carried
out with isopropanol at a volume of 1:1 with the sample. Finally, three washes were
performed, two times with 70% ethanol and once with 95% ethanol and a final
resuspension with 100 yL of TE (10 mM Tris-HCI, 1 mM EDTA [pH; 8.0]). The
integrity and quantity of extracted DNA was visually quantified in 1.5% agarose gel
comparing the samples with a standard lambda phage marker (A 100 ng). The
purified DNA solutions were subsequently diluted with water to a final concentration

of 5 ng/uL before use for microsatellite analyses.

3.3 SSR analysis

Thirty-six SSR markers flanking the 20 QTLs associated with resistance to BP
reported by Barreto et al. (2018), Akasa et al. (2016) and Brown et al. (2007) with a
distance less than 10 cM, in the respective linkage maps, from each QTL were
selected. The authors, sequences of the primers and other information of the markers
are described in the Table 2. The mixture for polymerase chain reaction (PCR)
amplification, up to a final volume of 13 pL with water, contained 15 ng template
DNA, 0.131 mM forward primer 5 labeled with the M-13 tail sequence 5-
CACGACGTTGTAAAACGAC-3’, 0.5 mM reverse primer, 0.5 mM M-13 fluorescent
DYE (one for each SSR marker, 6-FAM™, NED™, PET ® , VIC ®), 0.254 mM dNTP
mix, 1.5 mM MgCl,, 15.7 nM BSA (bovine serum albumin, supplied in 10 nM Tris-HCI
[pH 7.4 at 25 °C], 100 mM KCI, 1 mM EDTA and 50% [v/v] glicerol), 10x PCR buffer
(200 mM Tris-HCI [8.4], 500 mM KCI) and 1 U of Taq polymerase (Invitrogen, SP,
Brazil). The PCR reactions  were performed using a Veriti 96-
Well Thermal Cycler (Applied Biosystems), the PCR program included an initial
denaturation at 94 °C for 5 min, followed by first 30 cycles of 30 s denaturation at 94
°C, 45 s for annealing at 55 °C and 45 s extension at 72 °C, then eight cycles of 94

°C denaturation for 30 s, 53 °C annealing for 45 s and 72 °C extension for 45 s and a
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final extension at 72 °C for 10 min. The PCR amplification quality and approximate
size of the amplicons (using a 100 pb DNA Ladder ) were evaluated on 1.5%
agarose gel. Tetraplex systems of 10 pL of final volume were prepared, containing
7.8 uL HI-DI formamine, 0.2 yL GeneScam-500 LIZ ® size standard and 2 uL of
mixture contained 0.5 pL of each four PCR products (each labeled with a different
DYE, Table 2). The samples were denatured for 5 min at 94°C, immediately chilled
on ice, then capillary electrophoresis was performed on an ABI 3500 Genetic
Analyzer (Applied Biosystems) using POP-7™ polymer (Applied Biosystems), 50 cm
capillary arrays and default instrument settings (all Applied Biosystems).
GeneMarker® software (V2.6.3, SoftGenetics) was used to visualize, establish the
peaks of filtering (RFU Relative Fluorescent Units) and interpretation, define the

genotype of each individual, and generate the compilation of genotype data.

3.4 Genome alignment

In order to obtain the physical coordinates of the different markers, the
sequences of the markers were downloaded in FASTA format available in the
database GenBank of National Center for Biotechnology Information (NCBI) and
aligned, using the BLAST (Basic local alignment search tool) (Altschul et al., 1990)
algorithm, specifically the BLASTn subprogram, aligning the sequence of the markers
with the most recent version (V2.0) of the CRIOLLO genome (Argout et al., 2017)
and with the last version (V1.0) of the Matina genome (Motamayor et al., 2013). An
expected value (E-value) of 10 (e-'%) was used to obtain the alignment with a lower
probability of detecting false positives and a maximum number of 20 aligned
sequences to keep. Additionally, an alignment was made of the sequences of the
primers (Table. 2) (in silico PCR) of each marker, published by the different authors
and validated with the PROBE database of NCBI, with an expected amplicom size

between 40 to 1000 pb, and a single mismatch was considered acceptable.

3.5 Analyses of population structure
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The population structure of the individuals was estimated through the principal
components analysis (PCA). It was necessary to adapt the information resulting from
the capillary electrophoresis and the GeneMarker® software, in diploid
HapMap (Haplotype Map) PHASE format using the IUPAC (International Union of
Pure and Applied Chemistry) nomenclature (Favre et al., 2013), Each allele per locus
was encoded as a SNP (Single nucleotide polymorphisms) allele, the information of
the physical coordinates of each locus resulting from the alignments made with the
BLASTn algorithm was also inclued. This genotype data set was transformed to
probabilistic numerical values (homozygous major is 1.0, homozygous minor is 0.0,
and heterozygous is 0.5). PCA analysis was performed using a covariance matrix,
the number of main components was selected based on the ratio of the number of

components and the total variability covered with the addition of a new component.

The level of relatedness among the individuals of the population was obtained
by using the CLADOGRAM pluging of TASSEL®, as input, the genotype data set in
HapMap PHASE format was used. The distance model between each taxon used by
TASSEL® is a modified Euclidean distance, the model treats a homozygote as 100%
similar to itself and a heterozygote as only 50% similar to itself (due to the two
different alleles are present). Two different approaches were used to analyze the
distance matrix: Neighbor-Joining and UPGMA (Unweighted Pair Group Method with
Arithmetic mean), the trees generated by the plugin were visualized using the

Archaeopteryx tree (Zmasek et al., 2011) software.

3.6 Association mapping

The level of correlation between allelic variations and phenotypic variations
and the effect of each allele per marker was evaluated on the phenotypic values of
each individual using the GLM (General Linear Model) pluging (Casstevens & Wang,
2015) of TASSEL®, a unified matrix with phenotypic, genotypic (transformed to
probabilistic values) and structure information was used as input. A test of 1000
permutations was carried out, based on the method proposed by Anderson & Ter
Braak (2003), which calculates the predicted and residual values of the reduced

model, then permutes the residuals and adds them to the predicted values.
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3.7 Retrieving of the protein sequences

Once the physical coordinates of the flanking markers of the QTLs were
located, the information contained between each pair of flanking markers and
containing theoretically, as reported by the respective authors, each QTL were
downloaded. This information was downloaded directly using the services of
JBrowser (Skinner et al., 2009) to the CRIOLLO genome, and GBrowser (Stein et al.,
2002) to the MATINA genome. The information was retrieved in genomic format
GFF3 (General Feature Format) containing all the information in the form of Tracks of
the targets regions available for genome. For the CRIOLLO genome, a direct
download of the proteins predicted in the regions was also made in FASTA format.
For the genome MATINA it was necessary to use a script in Perl language for the
Retrieving of the predicted proteins for each genomic region contained in the GFF3

files, and later transform the protein sequences in FASTA format.

3.8 Alignment and functional annotation of complete protein sequences

The protein sequences contained in the FASTA files retrieved from both
genomes for the subject genomic regions were aligned against the “nr” eukaryote
protein database of the NCBI (NCBInrDB, 2018), downloaded in its most current
version (18_08_2018) at the time the alignments were made. The alignment was
made on the CACAU server, available at by the NBCGBI (Nucleo de Biologia
Computacional e Gestdo de Informagbes Biotecnoldgicas) of the Universidade
Estadual de Santa Cruz through a command line interface using the BLAST software,
specifically the submodule BLASTp, the alignment parameters were used: an
expected e-value of 0.001 (-evalue 0.001), a maximum number of the twenty best
alignments (-num_alignments 20), the results were requested in XML (Extensible
Markup Language) format (-outfmt 5), the number of cores used for analysis (-

num_threads) depended on the number of cores available in the server nodes in

22



which each analysis was allocated, the rest of the parameters were left in default for

all analyzes.

3.9 Alignment and functional annotation of protein sequences based on

domains

The retrieved FASTA files containing the protein sequences of the genomic
regions of the two genomes were analyzed with the InterProScan (Jones et al., 2014)
package compendium, version (V5.33-72.0), in its command line interface, it was
requested that the results be given in three formats (-f XML HTML TSV) each to be
used in subsequent analyzes or visualizations, the number of cores to be used
depended on the number available in the nodes of the server where the analyzes
were allocated. The package was requested to compare the sequences with the

following databases offered by the software:

1) CATH-Gene3D (Lees et al., 2012) database which describes protein
families and domain architectures in complete genomes, the protein families are
formed using a Markov clustering algorithm, followed by multi-linkage clustering
according to sequence identity. Mapping of predicted structure and sequence

domains is undertaken using HMMs libraries representing CATH and Pfam domains.

2) CDD (NCBICDD, 2018) is a protein annotation resource that consists of a
collection of annotated multiple sequence alignment models for ancient domains and
full-length proteins. These are available as position-specific score matrices (PSSMs)
for fast identification of conserved domains in protein sequences via RPS-BLAST
(Reverse PSI-BLAST). CDD content includes NCBI-curated domain models, which
use 3D-structure information to explicitly define domain boundaries and provide
insights into sequence/structure/function relationships, as well as domain models

imported from a number of external source databases.

3) MobiDB (Piovesan et al., 2015) is a centralized resource for annotations of
intrinsic protein disorder. The database has three levels of annotation: manually
curated, indirect and predicted. The different sources present a clear tradeoff

between quality and coverage. By combining them all into a consensus annotation,
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MobiDB aims at giving the best possible picture of the "disorder landscape" of a

given protein of interest.

4) HAMAP (Pedruzzi et al., 2012) stands for High-quality Automated and
Manual Annotation of Proteins. HAMAP profiles are manually created by expert
curators. They identify proteins that are part of well-conserved proteins families or

subfamilies.

5) Pfam (Punta et al., 2012) is a large collection of multiple sequence

alignments and HMMs covering many common protein domains.

6) PIRSF (Wu et al., 2004) protein classification system is a network with
multiple levels of sequence diversity from superfamilies to subfamilies that reflects

the evolutionary relationship of full-length proteins and domains.
7) PRINTS (Attwood et al., 2012) is a compendium of protein fingerprints.

8) ProDom (Bru et al., 2005) protein domain database consists of an
automatic compilation of homologous domains. ProDom are built using a novel

procedure based on recursive PSI-BLAST searches.

9) PROSITE (Sigrist et al., 2012) is a database of protein families and
domains. It consists of biologically significant sites, patterns and profiles that help to

reliably identify to which known protein family a new sequence belongs.

10) SFLD (Structure-Function Linkage Database) (Akiva et al., 2014)is a
hierarchical classification of enzymes that relates specific sequence-structure

features to specific chemical capabilities.

11) SMART (a Simple Modular Architecture Research Tool) (Letunic et al.,
2012) allows the identification and annotation of genetically mobile domains and the

analysis of domain architectures.

12) SUPERFAMILY (De Lima Morais et al., 2011)is a library of profile HMMs
that represent all proteins of known structure. The library is based on the SCOP
(Murzin et al., 1995) classification of proteins: each model corresponds to a SCOP
domain and aims to represent the entire SCOP superfamily that the domain belongs

to.
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13) TIGRFAMs (Haft et al., 2012) is a collection of protein families, featuring
curated multiple sequence alignments, HMMs and annotation, which provides a tool
for identifying functionally related proteins based on sequence homology. the rest of

the parameters were left in default for all analyzes.

3.10 Functional annotation in Gene Ontology language

For assignment of terms in Gene Ontology (GO) (Ashburner et al., 2000)
language using his latest version (TGOC, 2018) the BLAST2GO software was used
(Conesa et al. 2005) which classifies and assigns terms to the functions of the protein
sequences in three large groups: biological process, molecular function and cellular
component. The XML files generated by InterProScan and BLASTp were used as
input, generating a mixed data set with the results of the two software, containing,
among other information, the functions of the orthologous proteins found. A mapping
was carried out in order to retrieve the GO terms associated to the functions found

with the alignment softwares and finally an annotation of reliable functions.

3.11 Classification of genes associated with resistance to pathogens in plants

The files in tabulated TSV format generated by the InterProScan were used as
input for a software based on Perl language and developed by Raner J. S. Silva
(2018, personal information) , which uses the TSV annotated files to classify the
results of genes associated with resistance to pathogens in thirteen gene classes: 1)
Proteins with Coiled-coils (CC) and nucleotide binding sites (NBS) domains, 2)
Proteins with CC, NBS and Leucine-rich repeat (LRR) domains, 3) Proteins with Mlo-
like resistance proteins, 4) Proteins with just NBS domain, 5) proteins with NBS and
LRR domains, 6) Proteins with Receptor-like Kinase (RLK), 7) Proteins with RLK and
Ginkbilobin2 (GNK2) domains, 8) Proteins with Receptor-like without the Kinase
domain, 9) Proteins with Resistance to Powdery Mildew 8 (RPW8) NBS and LRR
domains, 10) proteins with Toll/interleukin-1 receptor (TIR) domain, 11) Proteins with
TIR and NBS domains, 12) proteins with TIR, NBS and LRR domains and 13)
(UNKNOWN) Proteins with Leucine-rich repeat (LRR) domains that do not fit any
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other class. Files for each gene class containing the codes of the genes in their

respective genomes of origin were generated.

Table 1. Characteristics of plants materials. (ID) Identifier of individuals, (V) Variety, (FN) Field
number, (RL) Raistance level, (PC) Phenotypic class, (PC(S)) Phenotypic class (Simplified).

ID \Y FN RL PC PC(S)
MA R 4131 Maranhao 4131 1.325 al
MA R 4118 Maranhdo 4118 1.475 al
MA R 4130 Maranhdo 4130 1.775 al
MA R 4116 Maranhdo 4116 1.8 al
MA R 4117 Maranhdo 4117 1.8 al
MA R 4134 Maranhdo 4134 1.8 al
CO R 4070 Comum 4070 1.575 al
CO R 4076 Comum 4076 14 al
CO R 4183 Comum 4183 1.55 al
CO R 4060 Comum 4060 1.625 al
CO R 4090 Comum 4090 1.825 al
CO R 4178 Comum 4178 1.925 al
PA R 4016 Para 4016 1.725 al
PA R 4152 Para 4152 1.85 al
PA R 4047 Para 4047 195 al
PA R 4154 Para 4154 195 al
PA R 4007 Para 4007 2 a2
PA R 4038 Para 4038 2 a2
MA S 4113 Maranhdao 4113 3.55 a4
MA S 4123 Maranhdo 4123 3.55 a4
MA S 4126 Maranhdo 4126 3.2 a3
MA_S 4111 Maranhdo 4111 3.075 a3
MA_S 4104 Maranhdo 4104 3.05 a3
MA S 4120 Maranhdo 4120 3.025 a3
CO_S 4058 Comum 4058 4.45 a5
CO_S 4189 Comum 4189 43 a5
CO_S 4078 Comum 4078 3.725 a4
CO_S 4089 Comum 4089 3.525 a4
CO_S 4062 Comum 4062 345 a4
CO S 4190 Comum 4190 34 a4
PA S 4012 Para 4012 3.625 a4
PA_S 4043 Para 4043 34 a4
PA S 4036 Para 4036 3.225 a3
PA S 4160 Para 4160 3.1 a3
PA_S 4017 Para 4017 3.025 a3
PA_S 4005 Parda 4005 2.975 a3

wémmmwmwwmwmmmmwmwwmwwwwwwwwwwwwwwwwwww

S Cat Catongo - 2969 a3
MS TSH TSHI1188 - 2.824 a3
R _SCA SCA6 - 1464 al
MR SIC SIC23 - 26 a2 MR
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Table 2. Characteristics of SSR loci. (LG) Linkage group, (QTL) quantitative trait loci, (RS) repeated sequence, (DYE) fluorescents used in
genotyping, (*) Loci that did not amplify.

Marker Name Marker Reference LG QTL QTL Reference Forward Primer (5' — 3') Reverse Primer (5' — 3") RS DYE
mTcCIR6 LANAUD, C. et al,1999 6 PRR/100/6.1  Akaza, M. et al. 2016 TAAAGCAAAGCAATCTAACATA TTCCCTCTAAACTACCCTAAAT (TG)7(GA)13 PET
ql.BP-Pct  Barreto, M. et al 2018
mTcCIR9  LANAUD, C. eral,1999 ¢  TRR/H/6 - Akaza, M. et al. 2016 ACATTTATACCCCAACCA ACCATGCTTCCTCCTTCA  (CT)SNI5(CT)SN9(TC)10 6-FAM
ql.BP-Pp  Barreto, M. et al 2018
mTcCIR37 USDA 10 Phytoph3 Brown, J. et al. 2007 CTGGGTGCTGATAGATAAT AATACCCTCCACACAAAT (GM15 VIC
mTcCIR61 CIRAD/USDA 10 Phytoph3  Brown, J. et al. 2007 GCAGTCTGAAACAAGATAA TGACTATAATATAAGGCGAA (CA)18 NED
mTcCIR77* Pugh T. et al 2004 10 FOL/100/10 Akaza, M. et al. 2016 GTTCTCCCCCACTCTCT AATAAATAAATAAACAATACG (TC)9 -
q3.BP-Pc  Barreto, M. et al 2018
mTcCIR81 Pugh T. et al 2004 3 FOL/100/3  Akaza, M. et al. 2016 ACAATCTGTCCATTATTCTG TGAAACTCCCATACTACTGA (CT)15 PET
q4.BP-Pc  Barreto, M. et al 2018
mTcCIR95 Pugh T. et al 2004 4 PRR/100/4  Akaza, M. et al. 2016 CATCGTCTTCCTCTCATC CTCCTTCCCTTTCTCTC (TC)4 CC 6-FAM
mTcCIR118 Pugh T. et al 2004 1 PRR/H/1 Akaza, M. et al. 2016 TCTGCCTGAAAATGTCTC TGGGGCACTAACTTTTG (GA)10 VIC
mTcCIR131 Pugh T. et al 2004 3 q3.BP-Pc  Barreto, M. eral 2018 ~ GATCATCGGTAAAGTAAAAT TGAGTAAGAAAAAGTAGAAAA (GA)9 C (GA)4 NED
PRR/100/6.1 Akaza, M. et al. 2016
mTcCIR136 Pugh T. e al 2004 6 qLBP-Pct  Barreto, M. et al 2018 GAGGAGGTGAGAGCCA GGTTTGTATTTTTGATTGAG (GA)7 GC (GA)7 PET
mTcCIR152 CIRAD Data Base 2 q2.BP-Pc  Barreto, M. et al 2018 CAGTAGTCAAAACATCAAA GTAATCCAAATAATAAGCAT (TC)9 CC (TO)15 6-FAM
mTcCIR168 Pugh T. et al 2004 4 Phytophl Brown, J. et al. 2007 GGTAGTATTGAGGTGCGTAT GTGAATGAATGGATGTGAAA (TC)9 VIC
mTcCIR176 Pugh T. et al 2004 2 q2.BP-Pc  Barreto, M. et al 2018 TCACCAATTCTCTGCTC AATGAAATTACCTCCTTAC (TG)16 NED
mTcCIR183 Pugh T. et al 2004 4 PRR/95/4  Akaza, M. et al. 2016 GTTATCTTAGTTTCTAGCCAC GTAGTCTTACACCTTGATTG (AC)9 6-FAM
mTcCIR184 Pugh T. et al 2004 1 PRR/H/1  Akaza, M. et al. 2016 GGTTTTCTAGCTCCTCC AGGAAAGAATGACTCATACTA (CA)8(CT)13 PET
mTcCIR200 Pugh T. et al 2004 8 Phytoph2 ~ Brown, J. et al. 2007 CTTAAAATAAGCCCAAATAC GCCAATTTCTGACCCA (TG)8 VIC
mTcCIR202* Pugh T. et al 2004 3 q3.BP-Pc  Barreto, M. et al 2018 CCTGAGTCAAAGTGTCCT TCTCTCATAGCTCAAGCA (TG)7 (GA)9 -
mTcCIR208* Pugh T. et al 2004 6 PRR/100/6.2 Akaza, M. et al. 2016 GCAAGCCCCTAAAACT AAAAAGCAAAAGAAGAAGA (CT)10-25pb-(AC)11 -
mTcCIR213 Pugh T. et al 2004 4 PRR/95/4  Akaza, M. et al. 2016 GATCTCGCAAAACTAACA TAAGTAAAATGAAGGTGTGA (CT)26 NED
mTcCIR225* Pugh T. et al 2004 8 Phytoph2 ~ Brown, J. et al. 2007 AAGACAAAGGGAAGAAGA AGGGGAAGAGCAAATC (TC)10 -
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mTcCIR237

mTcCIR240

mTcCIR241*

mTcCIR252*

mTcCIR255

mTcCIR268

mTcCIR273

mTcCIR275

mTcCIR276*

mTcCIR282

mTcCIR291

mTcCIR337

mTcCIR343

mTcCIR410

mTcCIR422

mTcCIR444

Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Pugh T.
Fouet, O.
Fouet, O.
Fouet, O.
Fouet, O.

Fouet, O.

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

et al 2004

etal 2011

etal 2011

etal 2011

etal 2011

etal 2011

q4.BP-Pc
PRR/95/2
PRR/100/4
PRR/95/2

ql.BP-Pp

q2.BP-Pc
PRR/95/2
FOL/100/1
ql.BP-Pc

ql.BP-Pc
PRR/100/6.1

PRR/H/8

PRR/H/6
PRR/100/6.2

PRR/H/6
PRR/100/4
FOL/100/3
FOL/100/1

PRR/H/8

Barreto, M. et al 2018
Akaza, M. et al. 2016
Akaza, M. et al. 2016
Akaza, M. et al. 2016

Barreto, M. et al 2018

Barreto, M. et al 2018
Akaza, M. et al. 2016
Akaza, M. et al. 2016
Barreto, M. et al 2018

Barreto, M. et al 2018
Akaza, M. et al. 2016

Akaza, M. et al. 2016

Akaza, M. et al. 2016
Akaza, M. et al. 2016

Akaza, M. et al. 2016
Akaza, M. et al. 2016
Akaza, M. et al. 2016
Akaza, M. et al. 2016

Akaza, M. et al. 2016

GAAGACAAGGATGGAGACT

AGTGATTTATGGGACTTT

ACGAGTGAGAGAGTGAAGTT

AATGTGTGCTTTGTTTCTA

TTTACCTCCACCATCTT

CAGTGAAGAGGCAAGAGA

ACGGCATTAGAGAGAGA

GGTTTGGTTTTGGTAAGAC

GTCCTATCTGCCTCACT

AGCAAAGGCAATAATAATG

AGTCCCATAGGTTCCAAT

ACGAAGCCGTAACTTGG

GCTTTGCCCTTTCTTCTCT

TTTTGCCTCCCTTGTTCT

ACATCCTTTTCTCTGCCTTT

TGAACCGGATTGTTGGA

GCAAAGAGAGCAGGAGA

CATACCTACTACTGCTCTCT

CAGTTGGAGGGCATTT

TTCAAGGGCGTAACTC

TGGCACTTATCTATTACTGT

TGTAATCCAAATAATAAGCAT

AGAATGATCGCAGAGAG

TAAGAGAGAGTGATGCTGACA

TCCTGCTTTTTAATACAT

TGGTGAGGGGAGAGAA

CGAGGTTATCCCCAAA

TGCAGGACTCTCTGTCACT

AGCACTGAACCGAGCAA

TGAATCGTTGAGCGAAAG

CCCTTCCCATCCCTCT

GGGACTTAATCTGGACATGC

(TC)10
(CT)22
(€123
(AC)10
(AC)I1

(GA)17 GG (GA)9

(CT)4 AC (CT)13 TT
(€M1
(GA)14

(GA)2 GG (GA)6
(€T12
(GGA)5
(AT)10
(TA)10
(GA)18

(TO)15

PET

6-FAM

VIC

NED

PET

6-FAM

VIC

NED

PET

6-FAM

VIC

NED

PET

28



4 RESULTS AND DISCUSSION

4.1 SSR analysis

A total of 39 SSR markers were amplified in order to evaluate the
polymorphisms in three local cocoa varieties. The SSR markers used in the
present study represent 80.5% of the total markers proposed by different authors
in order to study the QTLs associated with BP resistance in cocoa (Akasa et al.,
2016; Barreto et al., 2018 and Brown et al., 2007).

The amplicons product of the PCRs were genotyped in an ABI 3500 Genetic
Analyzer (Applied Biosystems). For the 1160 loci (29 markers x 40 individuals),
only 44 did not amplify (data not shown), with an average of 1.1 loci per individual
without amplification, which generated enough genotypic information for
subsequent analyzes. The criterion for identifying the quality of the amplification
and alelic profile was defined in GeneMarker® software (V2.6.3, SoftGenetics), in
which a minimum RFU (Relative Fluorescent Units) cutoff criterion of 150 was used
as proposed by Flores and Krohn (2013), with well defined peaks (Figure 1),
avoiding flattened peaks of great amplitude, which could generate errors in the
identification of the alleles. The standard deviation in the variation of the amplicons
attributed to the same allele was evaluated, being 4.5 bp and a difference in length
between the alleles of the same locus varying between 10-35 bp. From the 29
amplified loci, all were polymorphic, the number of alleles per locus range from two
(mTcCIR184, mTcCIR273 and mTcCIR237) up to six alleles per locus
(mTcCIR410 and mTcCIR37) (Table 3). The proportion of heterozygous individuals
per locus varying from 0 to 0.9 (with an average of 0.43), which is also 0
(mTcCIR273) to 36 (mTcCIR337) (average of 16 individuals) of the 40 individuals
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heterozygous for the same locus (Table 3). Relatively low values were obtained,
for an unstructured free-cross population; a result that contrasts with what was
expected due to the high diversity reported by some authors (Bartley, 2005;
Bennett, 2003; Motamayor et al., 2008), but being a result homologous to the low
diversity reported by Santos et al. (2015), a study that included individuals from the

population of Uruguca as well, therefore the present study confirms these findings.
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Figure 1. Visualization of amplicons in tetraplex. Sample 4123, markers: mTcCIR273 (PET-Red),
mTcCIR275 (6-FAM-Blue), mTcCIR282 (VIC-Green) and mTcCIR291 (NED-Yellow)

The low diversity observed in the present study is probably associated to the
origin of the varieties. All three varieties evaluated are direct descendants of
varieties of Amelonado, which also has a low genetic diversity described by
different authors (Lanaud et al., 1987; Motamayor et al., 2003). Santos et al.(2015)
also reported a high positive index of fixation, explained by its mating system,
which like other traditional cultivars is self-compatible (Aikpokpodion et al., 2009;
Motilal et al., 2013;Santos et al. 2015, Sereno et al., 2006).
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Historically, the local cocoa varieties of the Bahia, come from a limited
number of seeds (Santos et al., 2015) and limited number of genotypes were
introduced for more than 200 years. Both factors have increased the levels of

inbreeding of these varieties.

Table 3. Alellic characteristics of SSR loci.

Marker Major Allele Minor Allele  Allele Number Proportion
Frequency Frequency = Number  Heterozygous Heterozygous

mTcCIR184 0.9375 0.0625 2 5 0.125
mTcCIR118 0.6 0.325 4 30 0.75
mTcCIR273 0.975 0.025 2 0 0
mTcCIR422 0.5625 0.375 5 29 0.725
mTcCIR275 0.7625 0.1625 4 17 0.425
mTcCIR240 0.95 0.05 2 4 0.1
mTcCIR268 0.6625 0.2 5 11 0.275
mTcCIR152 0.55 0.35 4 32 0.8
mTcCIR176 0.7375 0.2375 3 19 0.475
mTcCIR410 0.775 0.1125 6 6 0.15
mTcCIR131 0.6625 0.225 4 21 0.525
mTcCIR81 0.6625 0.3125 3 9 0.225
mTcCIR168 0.4375 0.3375 3 31 0.775
mTcCIR213 0.625 0.175 4 13 0.325
mTcCIR183 0.5125 0.2375 4 24 0.6

mTcCIR95 0.475 0.4 5 31 0.775
mTcCIR237 0.9875 0.0125 2 1 0.025
mTcCIR343 0.5 0.45 4 8 0.2

mTcCIR6 0.5375 0.3 4 0.075
mTcCIR136 0.45 0.3625 4 26 0.65
mTcCIR255 0.85 0.1 3 9 0.225
mTcCIR337 0.5 0.425 3 36 0.9

mTcCIR9 0.725 0.125 5 6 0.15
mTcCIR291 0.675 0.1625 4 18 0.45
mTcCIR282 0.5125 0.2125 5 29 0.725
mTcCIR444 0.2375 0.225 5 17 0.425
mTcCIR200 0.5 0.325 4 34 0.85
mTcCIR61 0.7125 0.125 4 0.125
mTcCIR37 0.65 0.125 6 8 0.2
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4.2 Structure and relatedness

The analysis of the relatedness among the individuals of the three varieties,
including each group phenotypically contrasting individuals, was carried out by
three approaches, Neighbor Joining (NJ) and UPGMA, both from distance
matrices, and a Principal Components Analysis (PCA). For the NJ analysis (Figure
2) the formation of 9 main groups can be observed, not very different from the 8
main groups generated by the UPGMA analysis (Figure 3), and in general the
groups contain almost the same individuals, which shows that genetic
recombinations between ancestry was greater within the 8 or 9 main groups
formed than it was between these general groups. There were certain similarities
between the two phylogenetic analyzes, such as the formation of almost pure
groups of resistant Maranhao in the two trees G2 NJ and G4 UPGMA. It can be
seen that the three individuals that make up the G2 in NJ are present in the G4 of
UPGMA, and can be considered as the same group in the methods, appreciating in
the UPGMA tree, that the two remaining resistant Maranh&o individuals are in an
immediate group (G1 UPGMA), highlighting the grouping of all resistant Maranh&o
individuals into two contiguous groups for the method, showing a clear separation
in the method for the contrasting phenotypes in the Maranh&o variety, grouping
relatively together all the resistant individuals and the susceptible individuals were
distributed in the other groups. In the G1 of NJ a differentiated grouping according
to the study phenotype can be observed, forming two groups, one with 6 only
resistant individuals (4 Comum and 2 Para) and the second subgroup only with
susceptible individuals with representatives of the three varieties (3 Maranhao, 1
Comum and 1 Para), again with a tendency for the Maranh&o group to group
differentially, if these subgroups are compared with the UPGMA tree, it can be
seen that two of the resistant Comum individuals (4090 and 4178) and two of the
resistant Para individuals (4016 and 4047) make up an exactly equal subgroup of
the G7 in the UPGMA tree, and the other subgroup of only susceptible individuals
of the NJ G1 also has an almost exact homologous grouping in an internal branch
of the G7 in UPGMA. In the NJ tree, the formation of a G3 basal group composed

of only susceptible individuals from Comum and Para can also be observed.
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Figure 2. Neighbor Joining Phylogenetic Tree.
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For the Principal Components Analysis, it was first evaluated what would be
the minimum number of components to cover the greatest amount of variability,
leaving only the components with the greatest influence on the distribution of the
variables. They were reduced to two main components based on the comparison
of the amount of total proportion of the variability covered with the inclusion of new
components (Figure 4), with the decrease of the components to two, more than

half (0.52) of the total proportion of the variability is included.

Proportion of Total Variance
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Figure 4. Proportion of Total Variance vs Number of Principal Components

Once the number of main components was selected, the two-dimensional
distribution of the individuals was plotted (Figure 5). It can be seen that there is no
clear formation of pure groups, but by comparing the formed subgroups, several
homologies can be seen with the NJ and UPGMA phylogenetic trees. The G1 of
the PCA analysis contains the same two individuals (4090 and 4178) of the
Comum variety and resistant phenotype grouped together in both the NJ (G1) tree
and a subgroup of the G7 of the UPGMA tree. The G2 group contains three
Maranhao resistant individuals (4130, 4116 and 4118) that correspond exactly to
the three individuals of the variety and phenotype grouped in the G2 of NJ and are
3 of the 4 grouped in the G4 of UPGMA. The G3 includes exactly the same two

individuals grouped in the Para resistant subgroup (including noise from a
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susceptible Maranh&o individual) in the G1 NJ and a subgroup of G7 that includes
that variety and phenotype in UPGMA. G4 (containing G3 and G1) contains
individuals grouped very closely in groups 7 of UPGMA and 1 of NJ. The G5
contains three susceptible individuals (4104, 4078 and 4017) grouped very closely
in a sub-branch of the G1 of NJ.

xM¥+4+rpeo@Pn
o

15 - A

2 JPCI

Figure 5. Principal Component 2D Plot. (PC1) Principal Component 1, (PC2) Principal Component
2, (Ma R) Maranhao Resistant, (Ma S) Maranh&o Susceptible, (Pa R) Para Resistant, (Pa S) Para
Susceptible, (Co R) Comum Resistant, (Co S) Comum Susceptible, (R) Resistant, (MR) Moderately
Resistant, (S) Susceptible, (Ms) Moderately Susceptible

As the varieties have been plants for more than 200 years mixed, the
crosslinks made that they are not currently varieties so genetically distant, despite
still possessing very distinctive morphological characteristics (Rhodes, 2016), such
as the shape of the fruit and the taste of the chocolate they produce (Santos et al.,
2015). The differentiation of these varieties can be seen in the separation of

individuals from foreign cultivars such as TSH118 (G2 UPGMA), this was recorded
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by Santos et al. (2015) that showed that a more noticeable separation could be
appreciated with non-local clones and cultivars than among local varieties, not
forming differentiated groups among local varieties. When comparing the results of
the three analyzes, a marked tendency is observed to the differentiated grouping of
the Maranhao variety, specifically the resistant phenotypes, inferring that this group
of plants is genetically more distant from the other two varieties. In general, several
pure subgroups are denoted in the most basal branches of the trees, indicating the
existence of varietal genetic subgroups, mainly for Maranhdo and the varieties
Comum and Para being more difficult to differentiate genetically, which can be
extrapolated to the difficulty to differentiate morphologically these two varieties in
the field.

4.3 Association Mapping

The Association Mapping analyze was performed using the phenotypic
information of Rhode (2016), the genotypic data of 29 SSR markers and the result
of the analysis of PCA structure. The association of the SSR markers information
with the phenotypic data and weighted by the structure, resulted in the
identification of four significant loci for resistance to BP at a significant theshold (p)
<0.05by using a GLM approach (Table 4). The theshold (p) was decided based on
a QQ (Quantile-Quantile) test (Figure 6) where it can be seen that the correlation
between the phenotypic values (PP_R_S) and the prediction of the values by the
GLM analysis remain overlapped until approximately 0.15 of e-value, therefore a
theshold < to 0.05 represents a high reliability.

Table 4. SSR Loci Associated to resistance to Phytophthora palmivora. (LG) Linkage
Group, (Perm p) e-value permutations test, (R? (%) ) Percentage of phenotypic variance

explained by de locus, (add p) e-value Additivity test, (dom p) e-value Dominance test.
(marker df) Marker degrees of freedom.

Probability of

Marker LG marker Permp R?(%) add p dom p marker df minorObs
Name
(Marker p)
mTcCIR444 8  0.00015268  0.001 7.4312 2.6313E-4 3.5095E-6 7 7
mTcCIR200 8 0.005 0.069 3.7166 0.08077  0.00748 5 10
mTcCIR268 2 0.04508 0.521 2.7114 0.02145 0.91435 5 8
mTcCIR81 3 0.0489 0.556 1.9224 0.05314  0.15503 3
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Two associated markers were detected in the LG8, mTcCIR444 with an e-
value (p) of 1.5e* explaining a 7.43% (R?%) of the phenotypic variation and
mTcCIR200 with a p = 0.005 explaining a 3.72% of the phenotypic variation, being
the markers with the highest level of association to the phenotypic variations.
Additionally, one marker was identified in LG2, mTcCIR268 (p = 0.045508)
explaining 2.71% of the phenotypic variation and one in LG3, mTcCIR81 with a
value of p = 0.0489 explaining 1.92% of the phenotypic variation.

Expected -Log10(P-Value) vs. -Log10(P-Value)
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Figure 6. Quantile-Quantile Test of Phenotypic Data.

The mTcCIR444 marker showed, a significant value (3.5095e%) for the
dominance test (f) compared to the additivity test. This QTL locus was also
reported by Akasaet al. (2016) with a R?% = 13.2 at a cross between (SCA6xH)
xC1. The differences observed in the estimated % of the phenotypic variation
explained by the locus can be due to two main reasons 1) the genetic difference of
the cultivars where the QTL was identified with the genotypes of this study and 2)
To the phenotyping methodology that was used, the author used the variable PRR,
which was quantified as the accumulated percentage of rotten fruits in relation to

the total number of fruits during three years of harvest, in contrast to the foliar disc
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inoculation method used by Rhodes (2016). Table 5 shows the estimated
contribution of locus allele pairs, where favorable alleles contribute significantly to
the resistance, the favorable major allele (194 bp) in homozygosis contributes in
the decrease of the susceptibility in -1.29 uni (based on the scale proposed by
Nyassé et al. (2002) (0 maximum resistance and 5 maximum susceptibility). A
second maijor allele (206 bp) in homozygosis contributing in -1.69 uni was detected
and together both alleles -1.49 uni, information that validates the
dominance/additivity test.

Table 5. Estimated contribution, length of alleles (pb) and number of observations of loci
associated with resistance

Marker LG Pos Obs Allele Estimate Allele size (pb)

mTcCIR444 8 2251862 5 A -1.2851E0 194
mTcCIR444 8 2251862 2 C -6.6662E-1 213
mTcCIR444 8 2251862 7 G 0.63938 230
mTcCIR444 8 2251862 2 T -1.6195E0 206
mTcCIR444 8 2251862 7 - -3.9552E-1 -
mTcCIR444 &8 2251862 3 S 0.15355 -
mTcCIR444 8 2251862 9 W -1.4686E0 -
mTcCIR444 8 2251862 5 Y 0 -
mTcCIR200 &8 4552522 3 A -7.4174E-1 293
mTcCIR200 8 4552522 1 C  -2.5248E0 302
mTcCIR200 8 4552522 1 T 1.40417 282
mTcCIR200 8 4552522 1 + -2.4E0 -
mTcCIR200 8 4552522 10 M  -1.2796E0 -
mTcCIR200 8 4552522 24 W 0 -
mTcCIR268 2 8244191 21 A -7.2632E-1 367
mTcCIR268 2 8244191 2 G 0.10466 371
mTcCIR268 2 8244191 4 T  -1.3351E0 350
mTcCIR268 2 8244191 2 +  -1.3891E0 -
mTcCIR268 2 8244191 3 M  -5.9507E-2 -
mTcCIR268 2 8244191 8 Y 0 -
mTcCIR81 3 36293182 22 A  -8.7655E-1 296
mTcCIR81 3 36293182 8 T -7.0592E-2 317
mTcCIR81 3 36293182 1 + 0.66546 -
mTcCIR81 3 36293182 9 \\ 0 -
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The second most significant locus, mTcCIR200 also located in LG8, was
only reported by Brown et al. (2007) with a R2% = 7.3, the phenotyping method
(PRR) used and the populations also differ (Poun7xUF273) from those used in this
study, this locus showed more significant values for the dominance test (0.00748)
compared to the additivity test (0.08077), favorable alleles contribute significantly in
resistance, the favorable major allele (293 bp) in homozygosis contributes in the
decrease of the susceptibility in -0.7 uni and the second maijor allele (303 bp) in
homozygosis contributing in -2.52 uni and when together the major and second
major allele -1.28 uni, as for the mTcCIR444 marker, the dominance and additivity
test showed consistency. The mtcCIR268 locus located in LG2 reported by Akasa
et al. (2016) with a R2% = 19.3 and by Barreto et al. (2018) with R?% = 2.1, this last
value being more consistent with that reported in this study, this could be due to
the use of the same phenotyping methodology since this study was conducted in
an F1 population of TSH1188xCCN51, both cultivars relatively genetically distant
from the local varieties of Bahia. Flament et al.(2001) reported a QTL in this same
LG explaining 11% of the phenotypic variation in the T60/887xIFC2 cross, IFC2 is
a amelonado of the low Amazon that could be a little more related to the local
varieties of Bahia, because of the type of molecular marker used by this author,
AFLP cannot be sure with certainty if that QTL is located in the same locus as the
one validated in this study, similarly using information from the adapters and
selective nucleotides used by the author and realizing an alignment with BLAST
software in the genome CRIOLLO, It was determined that the region where the
QTL is found reported by Akasa et al. (2016), Barreto et al. (2018) and validated in
the present study, has regions rich in the cleavage sequence associated with the
enzymes used by said author, which could be an indication of the homology of the
QTL with that of the other authors. For the analysis of the estimated contribution of
the alleles of this locus, the favorable major allele (367 bp) in homozygosis
contributes in the decrease of the susceptibility in -0.72 uni and the second major
allele (350 bp) in homozygosis contributing in -1.34 uni, a greater reliability was
identified in the additivity test (0.021) compared to the dominance test (0.91), with
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an increase in the favorable contribution towards resistance when the alleles are

together.

For the locus mTcCIR81 located in the LG3 was also reported by Akasa et
al. (2016) with a R?% = 14.5 and by Barreto et al. (2018) with R2% = 1.78, again
being the reporter value by Barreto et al. (2018) more concordant with the finding
of this study, Flament et al.(2001) also reported a QTL in this LG explaining 9% of
the phenotypic variation, but the type of marker used, AFLP, by the authors there is
a high level of uncertainty of whether it is located in the same locus reported by the
different studies and validated in this work , and when trying to find rich regions
with cleavage sequences, no rich regions were found and physically close to the
location of the QTL. Risterucci et al. (2003) reported a QTL associated with
resistance to P. megakarya, in the same LG explaining 11.5% of the phenotypic
variation and an expected effect of -0.25, the study does not provide information on
the primers or selective nucleotides used, but in the linkage map presented by the
author, the QTL is located in the initial LG zone between 3.7 cM and 8.1 cM,
comparing this information with the results of the physical location obtained in this
study for that locus (mTcCIR81) in the CRIOLLO genome, the marker was located
in the average location (single coordinate obtained from the equidistance of the
location of the primers) in 36,293,182 bp, and the genome reports a total length of
chromosome 3 of 36,364,294, which places it in a terminal area of the
chromosome (the beginning or end of a LG can be relative depending on how the
genomic data are presented, for each DNA strand, 5'-3' = Watson = Sense = + or
3'-5 '= Crick = Antisense = -) which increases the probability of referring to the

same locus.
4.4 Genomic localization

The physical genomic coordinates of the 36 flanking markers to the 20 QTLs
reported by Akasa et al. (2016), Barreto et al. (2018) and Brown et al. (2007) were
obtained. It was observed a significant difference in the number of bp of the
coordinates when compared between the two genomes. This fact can be attributed

mainly to differences in genotypes sequenced for each genome B97-61/B2 for
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CRIOLLO and Matina1-6 for MATINA. Another reason may be the telomeric and
centromeric regions of the chromosomes, which are highly variable and therefore
differences between genotypes, such as those sequenced for assembling the

genomes, are to be expected.

Once the genomic coordinates of each marker were obtained, they were
grouped according to their respective QTLs to obtain the flanking coordinates of
the QTLs in the two genomes (Table 6), the size of the regions ranged from
198,254 bp to 4882174 bp in the CRIOLLO genome (GC) and from 201,785 bp to
7479140 bp for the MATINA genome (GM), which may be due to the fact that
these regions were obtained based on linkage maps in cM and not on physical
maps, adding to that the fact that the cM from each QTL in downstream and
upstream direction was very variable in each map and QTL (Max 10 cM
downstream and upstream for each QTL), and not all QTLs were reported with two
flanking markers but only one, in these cases an average distance of 1.5 MM of
base pairs was assumed from the reported marker towards the QTL direction or
when the only marker was reported at 0 cM from the QTL , distances of 750,000 bp

were assumed in each direction.

The total sum of the 20 genomic regions added 31,812,061 bp for the GC
and 30,682,127 bp for the GM, assuming that the differences were due to the

different genotypes sequenced as commented previously.
4.5 Functional annotation

A mixed genomic annotation methodology was used, including data of whole
protein sequence alignment against the NCBI nr database and an approach based
on the extraction of functional domains and compared with several data banks.
Once the genomic regions were delimited, and the genomic files corresponding to
the genomic regions were downloaded, the protein sequences were retrieved and
transformed into FASTA files. A total of 5714 predicted proteins were recovered for
all regions in the GC and a total of 3800 predicted protein sequences for all the

regions under study in the GM.
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Table 6. Number of candidate genes per region and type of domains present. (CN) Proteins with
Coiled-coils (CC) and nucleotide binding sites (NBS) domains, (CNL) Proteins with CC, NBS
and Leucine-rich repeat (LRR) domains, (MLO) Proteins with Mlo-like resistance proteins, (N)
Proteins with just NBS domain, (NL) proteins with NBS and LRR domains, (RLK) Proteins with

Receptor-like Kinase (RLK), (RLKGNK2) Proteins with RLK and Ginkbilobin2 (GNK2) domains,
(RLP) Proteins with Receptor-like without the Kinase domain, (RPW8NL) Proteins with Resistance
to Powdery Mildew 8 (RPW8) NBS and LRR domains, (T) proteins with Toll/interleukin-1 receptor
(TIR) domain, (UNKNOWN) Proteins with Leucine-rich repeat (LRR) domains that do not fit any
other class (C) CRIOLLO, (M) MATINA.
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The entire sequences and domains contained in the sequences were aligned
for each genomic region in each of the genomes, the XML files were mapped and
annotated in BLAST2GO®. A total of 4,163 (Figure 7) sequences for the GC and
2,849 (Figure 8) were annotated for the GM. The number of sequences scored lower
than the number of sequences retrieved from the genomes can be due to cause such
as sequencing errors generating proteins without identifiable orthologs, gaps in the
genome that can generate incomplete sequences, among other reasons, which

generates sequences of no hits against the databases.
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Figure 7. Summary annotation GO Gene Ontology, Genome CRIOLLO
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In general, results of the annotation in terms of GeneOntology (GO) for the GC
(Figure 9) showed a differentiated grouping of genes for metabolic processes and
cellular processes at the level of biological processes, for the level of molecular
function, the greatest number of genes were grouped in the categories of catalytic
activity and binding. At cellular component level most of the genes were grouped in
four locations: membrane, membrane part, cell and cell part, these groupings
occurred also for the GM (Figure 10). These results were expected, since these
groups contain structural genes for the normal functioning of the cell. The present
study focused on the genes grouped at the level of biological processes in the
category response to stimulus, in which are normally grouped the defense and
combat genes of pathogens in the cell, for this category were scored 353 genes for
the GC and 258 for the GM.
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GO Distribution by Level (2) - Top 20
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4.6 Selection of candidate genes

Once the protein sequences of the different QTLs and genomes were
annotated, the results were classified into 12 gene classes associated with resistance
of pathogens in plants, genes were identified only for 10 of these 12 classes (Table
6). A total of 250 candidate genes for the GC and 170 for the GM (Appendix 1),
accumulating the majority in 5 classes RLK, NL, RLKGNK2, RLP and CNL being the

last two those that more hits accumulated in the two genomes.

The distribution of the candidate genes in the different genomic regions (Table
6) showed that the three regions richest in candidate genes were Phyto3 (LG10)
reported by Brown et al. (2007), q1-BPPp (LG6) reported by Barreto et al. (2018) and
PRR / 95 (LG2) reported by Akasa et al. (2016) (Table 6). These results may be
related to the total size of the regions, the wider the probability of finding genes and

vice versa, so regions with fewer hits should not be ignored.

Similar results were obtained for some genic classes for the two reference
genomes, such as the RLP class, which was also the most represented class,
containing hit in 15 of the 20 regions for the GC and 12 regions of the 20 for the GM.
However, not all the regions showed such a marked similarity, as for example the CN
gene class, in which none of the few hits was located in the same genomic regions of

the genomes. These results are probably associated to the different genotypes used
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for sequencing and the protein prediction algorithms used, ab initio for GM and

similarity for GC.

When reviewing the most frequent gene classes, it was observed a pattern in
the hits of the CNL gene classes, of the 55 genes identified in the GC, 28 genes were
annotated with disease resistance RPP13-Like, also for the GM, of the 31 genes of
the Class 14 genes were annotated with the same hit, mainly concentrated in the
LG10, in the Phyto3 region reported by Brown et al. (2007). RPP13 is a locus in
Arabidopsis responsible for the resistance to Peronospora parasitica (Bittner et al.,
1999; Bittner et al., 2000) organism that taxonomically belongs to the monophyletic
group of the Oomycetes, as Phytophthora palmivora, inferring a high probability that

this group of genes are involved in the fight against the pathogen in cocoa.

When joining the information of the loci identified in this study by mapping by
association with the in-silico information (Table 7) it can be observed that almost all
the regions (except g2-BPPc LG2) have candidate genes for the CG, being the
richest groups PRR / 95 (LG2) in the GC reported by Akasa et al. (2016) and Phyto2
(LG8) in the GC reported by Brown et al. (2007). It is important to note that since the
resistance to pathogens is a quantitative character, the fact that not all the markers
were positive in the analysis of association does not mean that the genes in those
regions are not involved in the fight against the pathogen. The no hit can be due to

diverse causes like the density of the mapping.

Table 7. Candidate genes at loci associated with resistance BP.

CRIOLLO MATINA
LG|RLP CNL MLO NL N UN | RLP CNL MLO NL RLKGNK2 CN N UN

AKAprrHCHRS 8 4 1 3 1
BROphy2CHR8 8 3 4 3 2 3 3 2 2
AKAprrICS95CHR2 2 2 8 - 11 5 3 4 3
BARq2BPPcCHR2 2 4 - - - - 1 - - 4
AKAfolICS100CHR3 3 1 2 4 2 4 1 3 1 1 2 3
BARq3BPPcCHR3 3 1 2 4 2 4 1 3 1 1 2 3

An important region is q1-BPPp (LG6) reported by Barreto et al. (2018) as
directly associated with resistance to Phytophthora palmivora and was the second

region richest in candidate genes for the two genomes, accumulating the hits in two
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main gene classes RLK and RLKGNK2, these class includes RLK (Receptor like
Kinase) domains known by Detect specific pathogenic peptides that signal to Pelle-
family kinases (Die'vart & Clark, 2004) and play central roles in signaling during
pathogen recognition for the subsequent activation of defense mechanisms and
developmental control (Afzal et al. 2008), and additionally the RLKGNK2 class
contains a GnK2 domain (Ginkbilobin-2), Gnk2 is a protein secreted by Ginkgo biloba
seeds that exhibits an antifungal activity (Sawano et al., 2007; Wang & Ng, 2000).
Gnk2 has a plant-specific cysteine-rich motif DUF26 (domain of unknown function 26,
also known as stress-antifungal domain: PF01657) which belongs to cysteine-rich
receptor-like kinases (CRKs) (Miyakawa et al., 2014) not showing any similarity with
other known antimicrobial proteins (Sawano et al., 2007; Miyakawa et al., 2014). It
was recently shown that Gnk2 can also activate actin-dependent cell death (Gao et
al., 2016). Therefore, Cast _Gnk2-like may prevent pathogen growth either by its
chemical properties or by inducing HR-related cell death. The hits reported in this
genetic class (RLKGNK2), which was the third with the highest number of hits,
represents a high potential as candidate genes for Phytophthora palmivora
resistance in cocoa. In a recent study Santos et al. (2017), the authors reported a
high differentiation in the expression of cas _GnK2 in Castanea in trials with
inoculation with Phytophthora cinnamomi, reporting the high potential that could have
the isolation and purification of Cast_Gnk2-like protein to the development of an

antimicrobial phytopharmaceutical against P. cinnamomi.
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5 CONCLUSIONS

Local Ancient Varieties of Bahia have a differentiated alelic profile, low
heterozygosity rate and medium to low allelic diversity in SSR molecular markers
associated with phenotypic variations in Theobroma cacao L. /| Phytophthora

palmivora Butler (Butler) interaction.

The Ancient Local varieties of Bahia, Comum and Para, have a very
overlapping population structure, with slightly differentiable alelic profiles between the
two varieties and, Maranhao, forms a differentiated group compared to Comum and

Par4, forming a varietal genetic group

QTL genomic regions associated with resistance in the Theobroma cacao L. /
Phytophthora palmivora Butler (Butler) interaction are regions rich in genes

associated with resistance to pathogens in plants.

Genes with RLK and RLK + GNK2 domains, grouped in Chromosomes 4 and
6 of Theobroma cacao L., have a great potential to be partially responsible for the
recognition and response in the interaction with the pathogen Phytophthora

palmivora Butler (Butler).

Genes with CNL domains grouped in chromosomes 1, 3, 6, 8 and 10 of
Theobroma cacao L., have a great potential to be partially responsible for the
recognition and response in the interaction with the pathogen Phytophthora

palmivora Butler (Butler).
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6 Appendices

Appendix 1. Candidate genes for recognition, activation and combat. (Genome) Reference
genome, (QTL) Quantitative Trait Loci, (GC) Gene Class, (Protein ID) Identifier of the protein
in its reference genome

Genome QTL GC Protein ID

CRIOLLO AKAfolICS100chr10 MLO Tc10v2_p005800.2
CRIOLLO AKAfolICS100chr10 MLO Tc10v2_p005800.1
CRIOLLO AKAfolICS100chrl0  UNKNOWN Tcl10v2 p004280.1
CRIOLLO AKAfolICS100chr10 UNKNOWN Tecl0v2 p004170.1

CRIOLLO AKAfolICS100chrl RLP Tc01v2 p027470.1
CRIOLLO AKAfolICS100chr3 CNL Tc03v2_p026110.1
CRIOLLO AKAfolICS100chr3 CNL Tc03v2_p026450.1
CRIOLLO AKAfolICS100chr3 N Tc03v2_p026140.1
CRIOLLO AKAfolICS100chr3 N Tc03v2_p026480.1
CRIOLLO AKAfolICS100chr3 NL Tc03v2_p026190.1
CRIOLLO AKAfolICS100chr3 NL Tc03v2 _p026170.1
CRIOLLO AKAfolICS100chr3 NL Tc03v2_p026160.2
CRIOLLO AKAfolICS100chr3 NL Tc03v2_p026160.1
CRIOLLO AKAfolICS100chr3 RLP Tc03v2_p027150.1

CRIOLLO AKAfolICS100chr3 UNKNOWN Tc03v2 p026470.2
CRIOLLO AKAfolICS100chr3 UNKNOWN Tc03v2 p026130.1
CRIOLLO AKAfolICS100chr3 UNKNOWN Tc03v2 p026890.1
CRIOLLO AKAfolICS100chr3 UNKNOWN Tc03v2 p026470.1

CRIOLLO AKAprrHchrl CNL TcO01v2 p002490.1
CRIOLLO AKAprrHchrl CNL Tc01v2 p002490.2
CRIOLLO AKAprrHchrl CNL TcO01v2 p002300.1
CRIOLLO AKAprrHchrl RLP TcO1v2 p001880.1
CRIOLLO AKAprrHchrl RPWENL  Tc01v2 p004390.1
CRIOLLO AKAprrHchrl RPWENL  Tc01v2 p004360.1
CRIOLLO AKAprrHchrl RPWENL  Tc01v2 p004380.1

CRIOLLO AKAprrHchrl UNKNOWN Tc01v2 p002080.1
CRIOLLO AKAprrHchrl UNKNOWN Tc01v2 p002100.1
CRIOLLO AKAprrHchrl UNKNOWN Tc01v2_p003280.1

CRIOLLO AKAprrHchr8 RLP Tc08v2 p003150.1
CRIOLLO AKAprrHchr8 RLP Tc08v2 p003920.1
CRIOLLO AKAprrHchr8 RLP Tc08v2 p002170.2
CRIOLLO AKAprrHchr8 RLP Tc08v2_p002170.1

CRIOLLO AKAprrHchr8 UNKNOWN  Tc08v2_p003050.1
CRIOLLO AKAprrICS100chr61 CNL Tc06v2_p010180.2
CRIOLLO AKAprrICS100chr61 CNL Tc06v2_p010180.1
CRIOLLO AKAprrICS100chr61 NL Tc06v2_p010200.2
CRIOLLO AKAprrICS100chr61 NL Tc06v2_p010200.1
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CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO

AKAprrICS100chr61 RLP Tc06v2 p010130.1
AKAprrICS100chr61 RLP Tc06v2 p011070.1
AKAprrICS100chr61 RLP Tc06v2 p011050.1
AKAprrICS100chr61 RLP Tc06v2 p011030.1
AKAprrICS100chr61 RLP Tc06v2 p011020.2
AKAprrICS100chr61 RLP Tc06v2 p011020.1
AKAprrICS100chr61 RLP Tc06v2 p010780.1
AKAprrICS100chr61  UNKNOWN  Tc06v2 p011450.1
AKAprrICS100chr62 RLK Tc06v2 p003400.1
AKAprrICS100chr62 RLP Tc06v2 p003670.2
AKAprrICS100chr62 RLP Tc06v2 p003670.1
AKAprrICS100chr62  UNKNOWN  Tc06v2 p003530.1
AKAprrICS100chr62  UNKNOWN  Tc06v2 p003690.1
AKAprrICS95chr2 CNL Tc02v2 p001110.2
AKAprrICS95chr2 CNL Tc02v2 p001130.4
AKAprrICS95chr2 CNL Tc02v2 p001130.2
AKAprrICS95chr2 CNL Tc02v2 p001130.3
AKAprrICS95chr2 CNL Tc02v2 p001110.3
AKAprrICS95chr2 CNL Tc02v2 p001110.4
AKAprrICS95chr2 CNL Tc02v2 p001200.1
AKAprrICS95¢chr2 CNL Tc02v2 p001110.1
AKAprrICS95chr2 NL Tc02v2 p001120.2
AKAprrICS95chr2 NL Tc02v2 p001190.3
AKAprrICS95chr2 NL Tc02v2 p001120.3
AKAprrICS95chr2 NL Tc02v2 p001120.6
AKAprrICS95chr2 NL Tc02v2 p001190.1
AKAprrICS95chr2 NL Tc02v2 p001100.1
AKAprrICS95chr2 NL Tc02v2 p001120.4
AKAprrICS95chr2 NL Tc02v2 p001120.1
AKAprrICS95chr2 NL Tc02v2_p001190.2
AKAprrICS95chr2 NL Tc02v2_p001120.7
AKAprrICS95chr2 NL Tc02v2 p001120.5
AKAprrICS95chr2 RLP Tc02v2_p001540.1
AKAprrICS95chr2 RLP Tc02v2_p002630.1
AKAprrICS95chr2 UNKNOWN  Tc02v2_p001130.1
AKAprrICS95chr2  UNKNOWN  Tc02v2 p001020.2
AKAprrICS95¢chr2 UNKNOWN  Tc02v2 p002950.1
AKAprrICS95¢chr2  UNKNOWN  Tc02v2 p001170.1
AKAprrICS95¢chr2  UNKNOWN  Tc02v2 p001020.1
BARq1BPPcchrl RLK Tc01v2 p029920.1
BARq1BPPcchrl RLP Tc01v2 p027470.1
BARq1BPPctchr6 CN Tc06v2_p000460.1
BARq1BPPctchr6 CNL Tc06v2_p000490.1
BARq1BPPctchr6 RLP Tc06v2_p000350.1
BARq1BPPctchr6 RLP Tc06v2_p000550.1
BARq1BPPctchr6 ~ UNKNOWN Tc06v2 p000470.1
BARq1BpPpchr6 RLK Tc06v2 p016870.1
BARq1BpPpchr6 RLK Tc06v2 p016910.1
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BARq1BpPpchr6
BARq1BpPpchr6
BARq1BpPpchr6
BARq1BpPpchr6

RLK

Tc06v2 p016880.3
Tc06v2 p016900.1
Tc06v2 p016860.2
Tc06v2 p016880.2
Tc06v2 p016840.1
Tc06v2 p016930.1
Tc06v2 p016900.2
Tc06v2_p016860.1
Tc06v2 p016800.1
Tc06v2 p016880.1
Tc06v2_p016920.1
Tc06v2_p016870.2
Tc06v2_p016920.2
Tc06v2_p016810.1

RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK2
RLKGNK2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK?2
RLKGNK2
RLKGNK2
RLKGNK2
RLKGNK2

Tc06v2_p017420.4
Tc06v2_p017340.2
Tc06v2_p017440.1
Tc06v2_p017360.1
Tc06v2_p017420.3
Tc06v2_p017370.1
Tc06v2_p017470.1
Tc06v2_p017300.1
Tc06v2_p017250.1
Tc06v2_p017340.3
Tc06v2_p017430.1
Tc06v2_p017350.1
Tc06v2 p017320.1
Tc06v2 p017290.1
Tc06v2 p017330.1
Tc06v2 p017400.1
Tc06v2 p017420.2
Tc06v2_ p017290.2
Tc06v2 p017380.1
Tc06v2 p017340.1
Tc06v2 p017390.1

RLP
RLP

Tc06v2 p018760.1
Tc06v2 p016150.1

T

Tc06v2 p015980.1

UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
UNKNOWN
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Tc06v2_p016540.1
Tc06v2_p016450.1
Tc06v2_p016530.2



CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO

BARq1BpPpchr6  ~ UNKNOWN Tc06v2 p016530.1
BAR@2BPPcchr2 UNKNOWN  Tc02v2 p014020.1
BAR@2BPPcchr2  ~ UNKNOWN Tc02v2 p013390.1
BAR@2BPPcchr2  ~ UNKNOWN Tc02v2 p013940.1
BARq2BPPcchr2 UNKNOWN Tc02v2 p013380.1
BARq3BPPcchr3 CNL Tc03v2 p026110.1
BARq3BPPcchr3 CNL Tc03v2 p026450.1
BARq3BPPcchr3 N Tc03v2 p026140.1
BARq3BPPcchr3 N Tc03v2 p026480.1
BARq3BPPcchr3 NL Tc03v2 p026160.1
BARq3BPPcchr3 NL Tc03v2 p026170.1
BARq3BPPcchr3 NL Tc03v2 p026190.1
BARq3BPPcchr3 NL Tc03v2 p026160.2
BARq3BPPcchr3 RLP Tc03v2 p027150.1
BARq3BPPcchr3 UNKNOWN  Tc03v2 p026470.2
BARq3BPPcchr3 UNKNOWN Tc03v2 p026470.1
BARq3BPPcchr3 UNKNOWN  Tc03v2 p026890.1
BARq3BPPcchr3 UNKNOWN  Tc03v2 p026130.1
BARg4BPPcchr4 RLK Tc04v2 p018750.1
BARq@4BPPcchr4 RLP Tc04v2 p019600.1
BAR@4BPPcchr4  UNKNOWN Tc04v2 p018480.1
BAR@4BPPcchr4  UNKNOWN Tc04v2 p019390.1
BAR@4BPPcchr4  UNKNOWN Tc04v2 p018530.1
BROPHY 1chr4 RLKGNK2  Tc04v2 p001170.1
BROPHY 1chr4 RLKGNK2  Tc04v2 p001160.1
BROPHY 1chr4 RLP Tc04v2 p000470.1
BROPHY2chr8 CNL Tc08v2 p006710.1
BROPHY2chr8 CNL Tc08v2 p006690.1
BROPHY2chr8 CNL Tc08v2 p006710.2
BROPHY2chr8 CNL Tc08v2 p006730.1
BROPHY2chr8 MLO Tc08v2 p005430.1
BROPHY2chr8 MLO Tc08v2 p005430.2
BROPHY2chr8 MLO Tc08v2 p005450.1
BROPHY2chr8 RLP Tc08v2 p007290.1
BROPHY2chr8 RLP Tc08v2 p006800.1
BROPHY2chr8 RLP Tc08v2 p006810.1
BROPHY2chr8 UNKNOWN  Tc08v2 p006220.1
BROPHY2chr8 UNKNOWN  Tc08v2 p005750.1
BROPHY3chr10 CN Tc10v2 p011880.1
BROPHY3chr10 CNL Tcl0v2 p012180.4
BROPHY3chr10 CNL Tc10v2 p012180.6
BROPHY3chr10 CNL Tcl0v2 p013430.2
BROPHY3chr10 CNL Tc10v2 p011850.1
BROPHY3chr10 CNL Tcl0v2 p012180.7
BROPHY3chr10 CNL Tc10v2 p010260.1
BROPHY3chr10 CNL Tcl0v2 p013440.1
BROPHY3chr10 CNL Tcl0v2 p012180.12
BROPHY3chr10 CNL Tcl0v2 p011930.1
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CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO
CRIOLLO

BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chrl10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10
BROPHY3chr10

CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL
CNL

Tc10v2 p012140.1
Tcl0v2 p012180.15
Tcl0v2 p012180.3
Tel0v2 p012180.14
Tel0v2 p012180.17
Tc10v2 p012180.5
Tc10v2 p012150.1
Tc10v2 p011910.1
Tel0v2 p012180.11
Tc10v2 p010220.1
Tcl0v2 p012180.9
Tcl0v2 p011860.4
Tcl0v2 p012180.10
Tc10v2_p011860.1
Tcl0v2_p010220.3
Tcl0v2 _p012180.16
Tcl0v2 p012160.1
Tcl0v2 p012180.2
Tcl0v2_p012180.8
Tcl0v2_p012180.13
Tcl10v2 p011860.2
Tcl0v2 p011860.3
Tc10v2 p013430.1
Tcl0v2 p011920.14

N

Tc10v2 p011890.1

NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

Tel0v2_p012170.6
Tel0v2_p013340.3
Tel0v2_p013350.1
Tel0v2_p012170.9
TelOv2_p012170.8
Tel0v2_p013400.1
Tel0v2_p013340.1
Tel0v2_p012080.1
Tel0v2_p012170.7
Tel0v2_p013410.1
Tel0v2_p013360.1
Tel0v2_p012170.5
Tcl0v2_p013340.2
Tcl0v2_p012100.1
Tcl0v2_p012170.3
TelOv2 p012170.1
TelOv2 p012170.2
TclOv2_p012170.4
Tcl0v2_p013390.1

RLKGNK?2

Tcl0v2_p012610.1
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RLP
RLP
RLP

Tcl0v2_p011640.1
Tcl0v2_p011580.1
Tcl0v2_p010160.1



CRIOLLO BROPHY3chr10 RLP Tcl0v2 _p011560.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p012980.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p013370.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p010240.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p013420.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p012850.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p012830.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p011900.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p012760.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p012770.2
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p013380.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p011600.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2_p013380.2
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2_p012700.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2 p011590.1
CRIOLLO BROPHY3chr10 UNKNOWN  Tcl0v2_p012700.2
CRIOLLO BROPHY3chr10 UNKNOWN  Tcl0v2_p012720.1
CRIOLLO BROPHY3chr10 UNKNOWN  Tcl0v2_p012930.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2_p012750.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2_p011710.1
CRIOLLO BROPHY3chr10 UNKNOWN Tcl0v2_p010310.1
MATINA AKAfolICS100chr10 UNKNOWN 3244038
MATINA  AKAfolICS100chrl UNKNOWN 3212940
MATINA  AKAfolICS100chrl UNKNOWN 3211130
MATINA  AKAfolICS100chrl UNKNOWN 3211656
MATINA  AKAfolICS100chrl UNKNOWN 3214102
MATINA  AKAfolICS100chrl UNKNOWN 3212639
MATINA  AKAfolICS100chr3 CN 3344436
MATINA  AKAfolICS100chr3 CNL 3344449
MATINA  AKAfolICS100chr3 CNL 3344063
MATINA  AKAfolICS100chr3 CNL 3344500
MATINA  AKAfolICS100chr3 N 3344016
MATINA  AKAfolICS100chr3 N 3344488
MATINA  AKAfolICS100chr3 NL 3344454
MATINA  AKAfolICS100chr3 RLP 3343189
MATINA  AKAfolICS100chr3 UNKNOWN 3344057
MATINA  AKAfolICS100chr3 UNKNOWN 3343513
MATINA  AKAfolICS100chr3 UNKNOWN 3344431
MATINA AKAprrHchrl CNL 3184683
MATINA AKAprrHchrl CNL 3184894
MATINA AKAprrHchrl RLP 3184106
MATINA AKAprrHchrl RPWENL 3196185
MATINA AKAprrHchrl RPWSENL 3196210
MATINA AKAprrHchrl UNKNOWN 3185860
MATINA AKAprrHchrl UNKNOWN 3184356
MATINA AKAprrHchrl UNKNOWN 3184361
MATINA AKAprrHchr8 RLP 3507182
MATINA AKAprrHchr8 RLP 3508342
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MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
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AKAprrHchr8 RLP 3506200
AKAprrHchr8 UNKNOWN 3507278
AKAprrICS100chr6 1 UNKNOWN 3464167
AKAprrICS100chr6 1 UNKNOWN 3464843
AKAprrICS100chr6 1 UNKNOWN 3465023
AKAprrICS100chr6 1 UNKNOWN 3464909
AKAprrICS100chr6 2 CNL 3446028
AKAprrICS100chr6 2 CNL 3446023
AKAprrICS100chr6 2 RLP 3446117
AKAprrICS100chr6 2 RLP 3445147
AKAprrICS95chr2 CNL 3267623
AKAprrICS95chr2 CNL 3267589
AKAprrICS95chr2 CNL 3267585
AKAprrICS95chr2 NL 3267643
AKAprrICS95chr2 NL 3267613
AKAprrICS95chr2 NL 3267653
AKAprrICS95chr2 NL 3267579
AKAprrICS95chr2 UNKNOWN 3267416
AKAprrICS95chr2 UNKNOWN 3268296
AKAprrICS95chr2 UNKNOWN 3268309
BARq1BPPcchrl CNL 3222330
BARq1BPPcchrl CNL 3222462
BARq1BPPcchrl CNL 3222320
BARq1BPPcchrl CNL 3222500
BARq1BPPcchrl RLP 3227564
BARq1BPPcchrl RLP 3223656
BARq1BPPcchrl UNKNOWN 3223367
BARq1BPPcchrl UNKNOWN 3224250
BARq1BPPcchrl UNKNOWN 3222923
BARq1BPPctchr6 CNL 3462782
BARq1BPPctchr6 CNL 3462815
BARq1BPPctchr6 RLP 3462662
BARq1BPPctchr6 RLP 3462976
BARq1BPPctchrt6 ~ UNKNOWN 3462709
BARq1BpPpchr6 RLK 3451662
BARq1BpPpchr6 RLK 3451861
BARq1BpPpchr6 RLK 3451845
BARq1BpPpchr6 RLK 3451646
BARq1BpPpchr6 RLK 3451708
BARq1BpPpchr6 RLK 3451759
BARq1BpPpchr6 RLKGNK?2 3450801
BARq1BpPpchr6 RLKGNK?2 3451094
BARq1BpPpchr6 RLKGNK?2 3451045
BARq1BpPpchr6 RLKGNK?2 3451072
BARq1BpPpchr6 RLKGNK?2 3450891
BARq1BpPpchr6 RLKGNK?2 3451166
BARq1BpPpchr6 RLKGNK2 3451244
BARq1BpPpchr6 RLKGNK2 3451197



MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA

BARq1BpPpchr6 RLKGNK?2 3451228
BARq1BpPpchr6 RLKGNK?2 3451139
BARq1BpPpchr6 RLKGNK?2 3451271
BARq1BpPpchr6 RLKGNK2 3450996
BARq1BpPpchr6 RLKGNK?2 3450973
BARq1BpPpchr6 RLKGNK?2 3451011
BARq1BpPpchr6 RLKGNK?2 3450875
BARq1BpPpchr6 RLP 3449263
BARq1BpPpchr6 RLP 3452732
BARq1BpPpchr6 T 3452900
BARqIBpPpchr6 ~ UNKNOWN 3452124
BARqIBpPpchrt6  UNKNOWN 3449575
BARqIBpPpchrt6  UNKNOWN 3452246
BARq1BpPpchr6 UNKNOWN 3449561
BARqIBpPpchr6  UNKNOWN 3449566
BARq1BpPpchr6 ~ UNKNOWN 3452184
BARq1BpPpchr6 ~ UNKNOWN 3453912
BARq1BpPpchr6 ~ UNKNOWN 3452116
BARq1BpPpchr6 ~ UNKNOWN 3450344
BARg2BPPcchr2 RLKGNK?2 3318311
BAR@2BPPcchr2 UNKNOWN 3318761
BAR@2BPPcchr2 UNKNOWN 3318922
BAR@2BPPcchr2 UNKNOWN 3317758
BARq2BPPcchr2 UNKNOWN 3317751
BARq3BPPcchr3 CN 3344436
BARq3BPPcchr3 CNL 3344500
BARqg3BPPcchr3 CNL 3344063
BARq3BPPcchr3 CNL 3344449
BARqg3BPPcchr3 N 3344016
BARq3BPPcchr3 N 3344488
BARqg3BPPcchr3 NL 3344454
BARq3BPPcchr3 RLP 3343189
BARq3BPPcchr3 UNKNOWN 3344057
BARq3BPPcchr3 UNKNOWN 3343513
BARq3BPPcchr3 UNKNOWN 3344431
BARg4BPPcchr4 RLK 3379026
BARg4BPPcchr4 RLP 3375376
BAR@4BPPcchr4  UNKNOWN 3379407
BAR@4BPPcchr4 ~ UNKNOWN 3379338
BAR@4BPPcchr4 ~ UNKNOWN 3378443

BROPHY Ichr4 RLKGNK?2 3365094

BROPHY 1chr4 RLP 3364140

BROPHY2chr8 CNL 3502117

BROPHY2chr8 CNL 3502107

BROPHY2chr8 CNL 3502049

BROPHY2chr8 MLO 3504014

BROPHY2chr8 MLO 3504085

BROPHY2chr8 RLP 3501305
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MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA
MATINA

BROPHY2chr8 RLP 3501983

BROPHY2chr8 RLP 3501992

BROPHY2chr8 UNKNOWN 3503001

BROPHY2chr8 UNKNOWN 3503681
BROPHY3chr10 CNL 3254341
BROPHY3chr10 CNL 3257344
BROPHY3chr10 CNL 3258828
BROPHY3chr10 CNL 3256755
BROPHY3chr10 CNL 3257002
BROPHY3chr10 CNL 3257102
BROPHY3chr10 CNL 3257324
BROPHY3chr10 CNL 3257371
BROPHY3chr10 CNL 3258892
BROPHY3chr10 NL 3253595
BROPHY3chr10 NL 3258850
BROPHY3chr10 NL 3257309
BROPHY3chr10 NL 3257298
BROPHY3chr10 NL 3258821
BROPHY3chr10 RLKGNK?2 3258102
BROPHY3chr10 RLP 3256681
BROPHY3chr10 RLP 3256715
BROPHY3chr10 RLP 3254087
BROPHY3chr10 RLP 3256785
BROPHY3chr10 UNKNOWN 3257050
BROPHY3chr10 UNKNOWN 3254276
BROPHY3chr10 UNKNOWN 3259317
BROPHY3chr10 UNKNOWN 3258498
BROPHY3chr10 UNKNOWN 3257945
BROPHY3chr10 UNKNOWN 3255072
BROPHY3chr10 UNKNOWN 3259346
BROPHY3chr10 UNKNOWN 3256700
BROPHY3chr10 UNKNOWN 3254281
BROPHY3chr10 UNKNOWN 3256837
BROPHY3chr10 UNKNOWN 3258221
BROPHY3chr10 UNKNOWN 3254467
BROPHY3chr10 UNKNOWN 3258264
BROPHY3chr10 UNKNOWN 3258374
BROPHY3chr10 UNKNOWN 3256961
BROPHY3chr10 UNKNOWN 3256939
BROPHY3chr10 UNKNOWN 3259166
BROPHY3chr10 UNKNOWN 3259285
BROPHY3chr10 UNKNOWN 3253920
BROPHY3chr10 UNKNOWN 3255812
BROPHY3chr10 UNKNOWN 3256909
BROPHY3chr10 UNKNOWN 3258360
BROPHY3chr10 UNKNOWN 3256739
BROPHY3chr10 UNKNOWN 3256704
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