Chapter 33

Cocoa

v¢ V. Arunachalam

1. Introduction

Cocoa (Theobroma cacao L.) is an important perennial tree of the tropics and forms
a major ingredient of chocolates and confectionery recipes. It is a shade loving tree
commonly grown as inter/mixed crop in orchards and plantation crops. Cocoa is
a diploid plant (2n = 2x = 20) and belongs to family Malvaceae with an estimated
genome size of 380 Mbp (Figueira et al., 1992). Genetic improvement of cocoa is
aimed at improving traits such as yield, bean quality and resistance to diseases. Three
groups of cacao cultivars are known traditionally worldwide: Criollo, Forastero and
the hybrid between the two, Trinitario. Criollo is a high quality variety, but with
poor yield and susceptible to fungal diseases. Currently, microsatellite markers have
greatly aided in grouping the cacao cultivars into ten major groups (Motamayor et al.,
2008). Cocoa is vegetatively propagated by grafting method- hence desirable single
plants can be multiplied clonally. Clonal selection among progenies helps in the
further improvement in the traits of interest. Recent developments in genomics and
transcriptomics research have paved the way for understanding of genes, enzymes,
and pathways of important traits of cocoa crop. Genomic science has provided novel
molecular markers hence quick strategies are available to cocoa breeders. Readers
are advised to refer review articles on cocoa agronomy and general aspects (Badrie
et al., 2015); genomics (Bennett, 2003; Guiltinan et al., 2008), linkage analysis and
QTL mapping (Lanuad et al., 2009), Witches’ broom disease interactions (Teixeira et
al., 2015) for further details. The objective of the current chapter is to highlight the
major developments in the areas of cocoa genomics and transcriptomics research.
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2. Cocoa Genomics

The cacao plant is characterised by small chromosomes, single secondary
constriction, and lack of C-banding due to small size (2.01 x 108) of its genome (Couch
etal., 1993). Besides these physical attributes of chromosomes, extent of methylation
in the cacao genome has also been studied in detail. A massive transcriptome
resource was generated by sequencing 56 ¢cDNA libraries representing various
tissues, genotypes and environments, which yielded 149,650 sequences linked to
genes governing important traits in cocoa (Argout ef al., 2008). Bacterial Artificial
Chromosome (BAC) resources were developed for the first time by Clement et al.
(2004) to aid physical mapping of resistance genes. Generated from the genotype
'SCA®’, the BAC resource contains approximately 11 genome equivalents, with
an average insert size of 120 kb. Soon, a second BAC library was created; the
library obtained from ‘LCT-EEN37 genotype, collected in Ecuador, represents
approximately 11 genome equivalents with an average insert size of 120 kb. BAC
libraries were also generated from Criollo genotype ‘B97-61", collected from Belize
and a Forastero genotype, ‘Matina 1-6’, collected from lower Amazon. The main
aim of construction of these BAC resources was to support genome sequencing
projects. BAC-based approach was also followed to sequence and assemble a
QTL-rich region, of ~3 Mbp cacao genome which revealed several important genes
governing the traits such as black pod disease resistance, bean shape index, and
pod weight (Feltus et al., 2011).

The International Cacao Genome Sequencing (ICGS) consortium was formally
organized in 2006 at the International Cocoa Research Conference held in Costa
Rica. Two years later, in 2008, the Cocoa Genome Consortium (CGS)—an industry-
funded partnership—was formed. The objectives of these two consortiums were
to undertake sequencing of the genomes of two quite distinct genetic groups of
cacao: Criollo and Amelonado, respectively. The rationale of sequencing two
different genetic types of cocoa was that the comparison of these two quite distinct
types would provide a far deeper understanding of the structure and function of
the cocoa genome compared to a single genome (Guiltinan and Maximova, 2015).
Both these types were chosen because of their highly homozygous genomes which
would immensely facilitate final genome assemblies.

The ICGS sequenced the genome of a Criollo type (B97-61/B2) collected from
Maya mountains of Belize (Argout et al., 2011), whereas the CGS sequenced Matina
1-6, a Costa Rican variety from the Matina river valley (Motamayor et al., 2013). The
sequencing data revealed a difference of about 3.4% (430 Mbp and 445 Mbp for B97-
61/B2 and Matina 1-6, respectively) between the genomes of these two sequenced
types of cacao; most of the difference was accounted for by the increased amount
of repetitive DNA and transposons found in the Matina 1-6 genome (Motamayor
et al., 2013). Approximately 29, 000 genes have been predicted in cacao genome,
similar to number of genes found in the model plant Arabidopsis. In addition, over
700 novel genes were found; these genes have been suggested to be involved in
specializations within the cacao lineage (family Malvaceae).The global organization
of the genomes of the two cocoa types was found to be quite similar; however, 12
relatively small regions were found to be located on different chromosomes in the
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two types, which could have possibly have arisen as a result of transposon activity
(Motamayor et al., 2013). The release of these two genomes is a major milestone in
the genomics of cocoa as it offered interesting conclusions and useful information
for cocoa breeders. Argout et al. (2011) have also listed the genes responsible for
fungal and oomycetes resistance and flavour quality of cocoa.

3. Omics of Fungal Disease Resistance

3.1. Witches’ Broom Disease

Witches” broom disease (WBD), caused by the pathogenic hemibiotrophic
fungus Moniliophthora perniciosa, is a major disease of Theobroma cacao and can cause
up to 90% yield loss. The disease has severely affected the cocoa industry in Brazil
and is a major factor of yield loss in cacao (Teixeira et al., 2014). Gesteira et al. (2007)
generated cDNA libraries from meristem of resistant cacao genotype, TSH1188, and
the susceptible genotype, Catongo, after inoculation with M. perniciosa. From these
two libraries, a total of 6884 ESTs could be obtained, which corresponded to 2926
non-redundant sequences (2585 singletons plus 341 contigs). Putative functional
categories could be assigned to 54% of these sequences. Even though the overall
distribution of sequences in functional categories between the two libraries was quite
similar, differences could be observed with respect to genes encoding PR proteins
in TSH188, the resistant genotype, and genes involved in programmed cell death
(PCD) in Catongo, the susceptible genotype.

Two SSH (subtractive suppressive hybridization) libraries were constructed
from meristems, collected from the resistant genotype CAB 214 and the susceptible
genotype ICS39, after inoculation with M. perniciosa by Leal et al. (2007), subtracting
common transcripts in both directions. A total of 104 and 187 unique sequences
were obtained respectively, from each of these two libraries. Out of the 23 genes
evaluated by RT-qPCR, only 16 were induced in the susceptible genotype, while
21 were induced in the resistant genotype.

Gene expression analyses in the disease resistant variety “TSH1188" and the
susceptible variety ‘Catongo’, revealed the production of ROS (reactive oxygen
species) and elicitor molecules during infection followed by detoxification of ROS
in the resistant variety (da Hora Junior et al., 2012). The report also identified 154
and 227 genes from TSH118 and Catongo, respectively, which were differentially
expressed during fungal infection. One hundred and fifty-three genes, potentially
related to plant-pathogen interaction, were identified from infected plant tissue
libraries along with 71 putative SNPs (Lima et al., 2009).

Lopes et al. (2010) focused on cacao transcription factors (TFs) by developing
a macroarray with 88 TF ¢cDNA from interaction libraries (Gesteira et al., 2007).
Seventy-two TFs were found differentially expressed between the susceptible
(Catongo) and resistant (TSH1188) genotypes and/or during the disease time
course—from 24 to 30 days after infection. Most of the TFs differentially expressed
belonged to bZIP, MYB and WRKY families, and presented opposite expression
patterns in susceptible and resistant cacao—M. perniciosa interactions. The results of
the macroarray were confirmed by RT-qPCR for bZIP and WRKY TFs (Lopes et al.,
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2010). On the other hand, SVP (short vegetative phase), which shared similarity with
a Populus tomentosa MAD-Box transcription factor, was up-regulated in resistant
CAB plants (Leal et al., 2007). Dual RN A-seq analysis was performed to characterize
transcriptional changes of both cacao and M. perniciosa during infection of pathogen
in biotrophic stage. The normal transcriptional machinery of cacao was found to
be heavily disturbed during the infection of M. perniciosa leading to hormonal
imbalances in host (Teixera et al., 2014). In addition, infection due to M.perniciosa
causes carbon deprivation status in the cacao plants leading to premature senescence.
Thus the phenotypic symptoms associated with fungal infection and transition
from biotropic to necrotic stage has been correlated with transcriptional changes
of cacao plants. Transcriptomics studies of fungus in necrotrophic phase revealed
upregulation of the secreted proteins that are actively involved in pathogenesis by
degradation of plant cell wall (Meinhardt et al., 2014).

Analysis of segregating mapping population of cocoa (derived from a
cross between the resistant “TSH 1188" and the tolerant ‘CCN 51’) for Witches’
broom disease (WBD) identified seven QTLs spread over five chromosomes that
confer resistant to WBD. The study not only identified potential candidate disease
resistance genes in the QTL regions, but a few SNP-based molecular markers were
also proposed to aid breeding for resistance against WBD (Royaert et al., 2016).
Ultimately, greater understanding of molecular mechanism underlying WBD has
led to development of WBD Transcriptome Atlas initiative (http://www.lge.ibi.
unicamp.br/wbdatlas), which is a repository of all sequence libraries generated
from cacao-M. perniciosa interactions.

3.2. Black Pod /Pod Rot Disease

Black pod, caused by Phytophthora megakarya, is a major disease of cocoa in West
African and Asian countries. The genetic resistance of cacao to three pathogens of
pod rot (Phytophthora palmivora, P. megakarya and P. capsici) were studied by linkage
analysis. A total of 13 QTLs, spread over six chromosomes, were identified. Among
these, a major one was qPsp-5 governing resistance to five races and three species of
pathogens (Risterucci et al., 2003). Three QTLs for black pod resistance were found
on LG 4, 8, and 10, with the most favourable alleles coming from the cacao genotype
Pound 7 (Brown et al., 2007). A meta-QTL study on cocoa combining QTL and
linkage mapping experiments revealed only 13 major and consensus QTLs (Clement
etal., 2003; Brown et al., 2007) from the linkage studies (Review: Lanuad et al., 2009).
The study lists unique and common QTLs for pod rot and disease resistance. In silico
analysis of transcriptomics data from cocoa infected by black pod disease, found
272 enzymes corresponding to 114 metabolic pathways. The annotated enzymes
from the study were involved in amino acid biosynthesis and phenylpropanoid
biosynthesis. The study has implications in understanding the biotic stress response
pathway in cacao (Naganeeswaran et al.,2012). A major QTL region spanning 3 Mb
size on LG5 covering the resistance to black pod disease was sequenced from Matina
1-6 cacao clone to identify SNP markers on COS (conserved orthologous sequence)
genes (Kuhnet al., 2012). Unravelling molecular mechanism underlying resistance
to pod rot pathogen (Phytophthora tropicalis) in two cacao genotypes with contrasting
disease resistance traits Scaniaé (Sca6-resistant) and Imperial College Selection 1
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(ICS1-susceptible), revealed that salicylic acid treatment enhanced production of
reactive oxygen species (ROS) through upregulation of organeller genes involved
in ROS production in Sca6 whereas ICS1 produced pathogenesis related proteins
(Fister et al., 2015). Furthermore, it was also deduced that transient overexpression
of TcNPR1- a transcriptional regulator involved in salicylic acid dependent immune
system also- enhanced resistance to pod rot pathogen (Fister et al., 2015).

3.3. Ceratocystis Wilt Resistance

Ceratocystis wilt is a lethal wilt disease of cacao present in Caribbean and Central
and South America. A mapping population involving Scavina 6 (Sca 6; resistant
genotype) x Imperial College Selections 1 (ICS 1; susceptible genotype) and a set
of EST-SSR markers was employed by Santos et al. (2013) to identify additional
SSR markers (CEPEC13, CEPEC 14, CEPEC 28 and CEPEC 17) and to tag resistance
genes of the disease.

4. Genomics of Flooding Stress Tolerance

Studies conducted regarding flooding stress tolerance ( 40-day flooding)
on 35 elite cacao genotypes, also identified polymorphism for 248 alleles of 18
microsatellite loci (Bertolde et al., 2010). Gene expression pattern in cocoa plants
suffering from soil anoxia caused by flooding found three major genes (alcohol /
lactate hydrogenases and pyruvate carboxylase in leaves and roots. Activity of these
enzymes also differed during flooding in TSA-792 and TSH-774 the stress tolerant
and susceptible genotypes respectively (Bertolde ef al., 2014).

5. Omics of Cacao in vitro Culture

Deciphering molecular mechanisms underlying cocoa somatic embryogenesis
(SE) would help devise better tools for regeneration. A gene governing somatic
embryogenesis in cocoa called as leafy cotyledonl (TcLECI) was characterised
by Alemanno et al. (2008). Later, a candidate gene TcBBM, known as baby boom
transcription factor orthologous to that of Arabidopsis, was identified as a biomarker
for embryogenesis in cacao tissue (Florez et al., 2015) and was confirmed by over-
expression in Arabidopsis and cocoa transgenic systems. Transient expression studies
of TcLEC1 and TcBBM and enhanced somatic embryogenesis observed in cacao
underlined the importance of transcriptional factors (TFs) induced embryogenesis
and identification of functional biomarkers associated with SE in cacao (Zhang et
al., 2014; Florez et al., 2015). Most importantly, studies on cacao TFs have opened
new avenues for development of efficient regeneration system thereby making
cocoa transgenics a possibility.

6. Genomics of Pod Colour

The genome sequence of Matina 1-6 was analysed via haplotype, association
mapping and gene expression studies to identify candidate gene(s) that governs
cacao pod colour (Motomayor et al., 2013). The R2R3 MYB class transcription factor
TcMYB113 has been found to be involved in red colour pigmentation of cocoa pods.
Furthermore, SNP identified in the TcMYB113 has been shown to affect the activity
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of trans-acting siRNAs (siRNAs) targeting TcMYB113 and hence cause pod colour
variation (Motomayor et al., 2013).

7. Omics of Cacao Flavour

Flavour of cacao is an important criterion for chocolate industry and it has also
been demonstrated that flavour is a genetically controlled character besides flavour
components depend on post-harvest processing conditions (Clapperton et al., 1994).
Relative expression levels of TcLIS (cacao linalool synthase) from cotyledons during
fermentation were found to increase in ‘ICS1” and “Nacional’ seeds (Sabau et al.,
2006). Similarly, to decipher other quality parameters, cONA macroarray based
expression analysis was carried out to delineate genes involved in terpenes and
polyphenol biosynthesis pathways (Sabau et al., 2012).

8. Bioinformatics and Databases

Storage and retrieval of the genomics data on user-friendly online databases and
web servers is important so as to use the information for crop breeding. Table 33.1
lists GenBank accessions that house major genomic and transcriptomic resources
of cacao. Cacao genome database (http:// www.cacaogenomedb.org) provides
several services of visualization and browsing of the DNA sequence, genes on all
the 10 chromosomes of cocoa plant (Zheng, 2012). TropGeneDB (http:/ / tropgenedb.
cirad.fr) holds updated information regarding cocoa linkage maps, QTLs, molecular
markers and genes (Hamelin et al., 2013).

Table 33.1: Major Genomic and Transcriptomic Resources of Cacao

GenBank Id(s) Type Materials Reference
CU469588 to 56 EST libraries Genotypes differing self Argout etal. (2008)
CU633156 compatibility, disease

resistance, flavour / quality
of bean and corresponding

tissues
CACC01000001—- Whole genome sequence of  Criollo cultivar Argout et al. (2011)
CACC01025912 10 chromosomes
ALXC01000000 Genome assembly of whole Matina 1-6 clone Motamayor et al.
genome (2013)

With the advent of cost and time effective sequencing technologies, use of
computational approaches becomes essential for analysis of voluminous data
from genomics and transcriptomics projects (review by Arunachalam, 2014). Gene
index provides curated sequence information and details of the known genes in
an organism. TIGR gene index was developed for cocoa plant (Quackenbushet al.,
2001). Few attempts were made using bioinformatics tools to mine the SSR (Riju
et al., 2009) and SNP (Lima et al., 2009; Riju and Arunachalam, 2010) markers. The
SNPs mined from cocoa ESTs are available in the online database (http://www.
riju.byethost31.com/cocoa/ccsnp.html). Of the 6578 EST sequences from seven
tissues/libraries, a density of one SNP/166 bp and one Indel /360 bp were found
in cocoa. Similarly, Cacao EST sequences are mined for simple sequence repeats by
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performing computational analysis . Identified SSRs and primers designed were
made available as online database as http:/ /riju.byethost31.com/cocoa/. Putative
function of the simple sequence repeat containing sequences were analysed in silico
and found to be PGK (phosphoglycerate kinase) and gibberellin 20-oxidase 1, among
others (Riju et al., 2009).

A bioinformatics tool has been developed to locate RAPD/ISSR primers and
design in silico SCAR primers (PremKrishnan and Arunachalam, 2012). The software
was used to mine the complete genome, EST and core nucleotide sequences of cacao
for RAPD/ISSR priming sites and iSCAR (in silico Sequence Characterised Amplified
Region) Markers (http:/ /www bioinfoindia.org/fv-iscardb/) have been designed.
The database current holds 9123 predicted SCAR markers for use in cacao breeding
programs (PremKrishnan and Arunachalam, in press).

Conclusion

The availability of the cacao genome sequence will accelerate the discovery
of candidate genes underlying important QTLs identified in genetic studies and
in relation to functional genomics. The genome sequencing of both contrasting
Criollo and Forastero genotypes, originated from distinct genetic groups, will
allow to produce a wide SNP resource useful for all genetic and genomics studies.
Developments in the field of cacao ‘omics’ especially in transcriptomics have
unraveled role of molecular components that play significant role in somatic
embryogenesis, conferring resistance to diseases such as WBD, pod rot, identification
of biomarkers associated with flooding tolerance etc would aid in effective designing
future crop improvement programmes.
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