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Abstract Cocoa tree (Theobroma cacao L.) is cultivated mainly in tropical regions
and produces beans that are used for chocolate manufacture. Worldwide, cocoa bean
production is threatened by biotic stresses, mainly fungus, oomycetes, virus and other
pests. The understanding of the determinism of the plant-pathogen interactions as
well as the different and integrated ways to manage the cocoa diseases at field level
began the focus of several research groups. Here, we did an overview of the several
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cocoa diseases, of the traditional breeding methods as well as the molecular assisted
ones recently developed, of the molecular and omics resources currently available,
and of the new biotechnology approaches—including genome edition and nanotech-
nologies—that are used at basic and applied research levels. We also described the
main germplasm and collections worldwide as well as the use of the cocoa diversity
as main source of disease resistance.

Keywords Biotechnology - Cocoa genes and genomes * Diversity - Plant
diseases + Traditional and assisted cocoa breeding

2.1 Introduction

Cocoa tree (Theobroma cacao L.), the main source of raw material for the manufac-
ture of chocolate, is a plant originated from the Upper Amazon Basin and currently
cultivated mainly in tropical regions of the world, where it finds favourable conditions
for its development (Gardea et al. 2017). It is a culture of high economic importance,
especially for the African and American continents, which are responsible for about
75% and 17% of world production, respectively (https://www.icco.org/). At a social
level, this agricultural activity generates jobs, directly and indirectly, throughout
its entire production chain, thus ensuring a greater source of income, especially
for smallholder farming (https://www.worldcocoafoundation.org/). According to the
world region, cocoa tree also has relevant environmental importance, as observed in
Latin America where it is cultivated under the Atlantic Forest covering in a system
called Cabruca, which contributes to the maintenance of biodiversity and carbon
sequestration (Franzen and Borgerhoff Mulder 2007; https://www.tnc.org.br/o-que-
fazemos/nossas-iniciativas/cacau-floresta/).

Even its socioeconomical and environmental importance, the cocoa production
has been highly threatened by biotic stresses, especially by phytopathogenic attacks
such as Phytophthora ssp. (Kellam and Zentmyer 1986), Moniliophthora perni-
ciosa (Aime and Phillips-Mora 2005), M. roreri (Phillips-Mora and Wilkinson 2007),
Ceratocystis cacaofunesta (Engelbrecht et al. 2007a) and Cacao swollen shoot virus
(CSSV) (Abrokwah et al. 2016), which, finding susceptible hosts and favourable
environments, are able to establish compatible interactions, to trigger the character-
istic symptoms of the corresponding diseases, and finally to drastically affect the
productivity levels of this crop.

Aiming to contain or mitigate the damage caused by these pathogens, research
has been intensively invested in supporting 7. cacao breeding programs around the
world (Bekele and Phillips-Mora 2019), with the main intentions of providing new
knowledge to help in adoption of control measures based on genetic resistance. For
this, a multidisciplinary knowledge is needed, ranging from classical techniques to
modern and sophisticated molecular approaches, which were enhanced thanks to
the sequencing of the genome of this species (Argout et al. 2011, 2017; Motamayor
et al. 2013). The application of such methodologies, individually or together, mainly
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provides knowledge of the genetic diversity and characterization of this species. This
serves as a basis to assist in the selection of potential genotypes for resistance through
classical breeding and genome-wide association study (GWAS), that can be recom-
mended as crop varieties or as parents for further establishment of promising hybrids
(Osorio-Guarin et al. 2020; McElroy et al. 2018; Marita et al. 2001; Lanaud et al.
2004; Romero Navarro et al. 2017), as well as, through genetic engineering-based
applications, to select genes potentially involved in triggering defence responses,
which can be later used to increase the degree of resistance in a given genotype
that already has other favourable characteristics for cultivation (Scotton et al. 2017;
Maximova et al. 2006; Fister et al. 2018; Helliwell et al. 2016; Shi et al. 2010, 2013).

As mentioned above, to reach this final result, it is necessary to form a solid and
diversified base of knowledge about the genetics and molecular biology of T. cacao,
and this foundation was divided into topics that will be explained throughout this
chapter.

2.2 Description on Different Biotic Stresses

The cocoa diseases with the greatest threat to world production are caused by the
basidiomycete fungi of the genus Moniliophthora. These are Moniliophthora roreri
(frosty pod rot) and Moniliophthora perniciosa (witches’ broom). The third most
important disease is black pod of cacao caused by Phytophthora ssp., which is prac-
tically ubiquitous to all cacao producing countries. Virus disease such as the Cacao
swollen shoot virus (CSSV) disease, has reduced cacao production and is of partic-
ular concern in Africa. In Indonesia, Ceratobasidium theobromae is of economic
importance. The vascular streak dieback or the Sahlbergella singularis (mirids) are
also responsible for cocoa production damages, but with less intensity and/or in
a geographically localized way. These diseases will be highlighted in this chapter
(Table 2.1).

2.2.1 Frosty Pod Rot of Cocoa

The frosty pod rot of cocoa caused by Moniliophthora roreri is restricted to the
western continent, and it is present in 11 countries of Tropical America. Brazil was
free of the disease, but the report of the disease in July 2021 in a small city of Acre,
western of north Brazil, is a call for the Brazilian cacao chain. The first official
report of Moniliophthora roreri was in 1917 in Ecuador, but its centre of origin and
distribution is Colombia (Phillips-Mora and Wilkinson 2007). Losses by the disease
vary from 25 to 100% depending on climate conditions and plant genetic background,
culminating in the field abandonment, having already caused serious socioeconomic
problems (Bailey et al. 2018). In natural conditions, only the pods of the genera
Theobroma and Herrania are affected by the disease.
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Table 2.1 Information on the distribution of the most prevalent cacao diseases

Disease

Pathogen

Geographical spread

Virus diseases

Cacao necrosis virus (CNV);,
Genus Nepovirus

Ghana, Nigeria

Cacao swollen shoot virus,
Genus Badnavirus
(CSSV)

Benin, Cote d’Ivoire, Ghana,
Liberia, Nigeria, Sierra Leone,
Togo

Reports also in Sri Lanka

Cacao yellow mosaic virus;
Genus Badnavirus
(CYMV)

Sierra Leone

Trinidad cocoa virus;, Genus
Badnavirus

Trinidad; isolated occurrences

Witches’ broom disease

Moniliophthora perniciosa

Brazil (Bahia, Espirito Santo,
Amazonian regions), Bolivia,
Colombia, Dominican
Republic, Ecuador, French
Guiana, Grenada, Guyana,
Panama, Peru, St. Lucia, St.
Vincent, Suriname, Trinidad
and Tobago, Venezuela

Moniliophthora pod rot (frosty
pod rot or moniliasis disease)

Moniliophthora roreri

Belize, Bolivia, Colombia,
Costa Rica, Ecuador, El
Salvador, Guatemala,
Honduras, Jamaica, Mexico,
Nicaragua, Panama, Peru, and
western Venezuela

Black pod rot

Phytophthora spp.

Most cocoa-producing
countries worldwide

P. citrophthora

Brazil, Cameroon, Costa Rica,
Cote d’Ivoire, Dominican
Republic, El Salvador, French
Guiana, Guatemala, India,
Indonesia, Jamaica, Mexico,
Panama, Peru, Trinidad,
Venezuela

P. heveae

Brazil, Cameroon, Cuba, India,
Malaysia, Mexico, Philippines

P. megasperma

Brazil, Cuba, India, Malaysia,
Venezuela, Philippines

P. nicotianae var. parasitica

Brazil, Cuba, India, Malaysia,
Philippines

P. megakarya

Bioko (Fernando Po),
Cameroon, Cote d’Ivoire,
Gabon, Ghana, Nigeria, Sdo
Tomé and Principe, Togo

(continued)
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Table 2.1 (continued)
Disease Pathogen Geographical spread

Ceratocystis wilt C. cacaofunesta Brazil, Cameroon, Colombia,
Costa Rica, Ecuador, French
Guiana, Trinidad, Venezuela

Vascular streak die-back Ceratobasidium theobromae | Most cacao-growing areas in
South and South East Asia:
China (Hainan Island), India,
Indonesia, West Malaysia and
Sabah, Myanmar, PNG,
(islands of New Guinea, New
Britain, New Ireland), southern
Philippines, Thailand, and
Vietnam

Mealybug Several species All cacao-growing regions

M. roreri has a hemibiotrophic lifestyle with well-defined prolonged biotrophic
phase. The spores, the only infective propagule, can infect fruits at any stage of
development, but fruits are more susceptible during the first stages (45-60 days old);
the older the pods lower the susceptibility. Thus, the pods are the primary sources of
dissemination. Spore germination requires high humidity and an average temperature
of 22 °C. Infection occurs mainly through the cuticle or stomata, first colonizing the
apoplasm of the cortical parenchyma cells. After a prolonged incubation period
that can last 45-90 days after the infection (Griffith et al. 2003), brown lesions are
developed. The biotroph/necrotroph shift is coordinated with the shift from green
to necrotic pods (Bailey et al. 2018). A snow-white pseudostroma and powdery
spores of M. roreri develop rapidly on the pod surface following necrosis (about
3-10 days later). From then on, the pod becomes sporulating and necrotic (Phillips-
Mora and Wilkinson 2007). The potential of inocula is very high, and one pod can
produce between 44 million and 7 billion spores/cm? (Ram et al. 2004). The average
temperature between 22 and 30 °C, air moisture higher than 80%, and available
water, favour the germination and penetration of the spores (Evans 1981; Orea et al.
2017). Spores are long-lived, abundant during the dry season, and survive on crop
residues. Thus, the dry season is a critical factor in determining M. roreri survival
between harvests. It is a guarantee of inoculum sources available at the beginning
of the wet season (Evans 1981). The spores are dispersed by wind and rain. But,
human-mediated dispersal is the main form of long-distance dissemination.

M. roreri propagates mainly clonally (Bailey et al. 2018; Diaz-Valderrama and
Aime 2016) and remains in a primarily haploid stage throughout its life cycle.
Through the amplified fragment length polymorphism (AFLP) and inter-simple
sequence repeat (ISSR) methodology, the genetic groups of M. roreri were deter-
mined and four main genetic groups were identified: Co-Central, Co-West, Bolivar,
and Gileri. Corroborating to the M. roreri Colombian origin idea, four of the genetic
groups were found in Colombia, with Co-East and Co-Central being apparently
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endemic in this country. The Gileri group was the only group not found in Colombia
and probably is exclusively found in Ecuador (Phillips-Mora 2003).

Control of frosty pod rot is done mainly by genetic control associated with good
agronomic practices. Cultural control consists of the removal of potentially diseased
pods right at the onset of necrotic lesion. In addition, cultural treatments such as
mowing, threshing, pruning, fertilization of cacao trees, drainage, and treatment with
anti-sporulates are efficient (Ram et al. 2004). Chemical control with protective fungi-
cides, such as copper fungicides and oxychloride-based fungicides (Suarez Contreras
and Rangel Riafio 2013), and systemic fungicides such as trizols and strobirulines
is recommended to avoid build-up of epidemics. Biological control is carried out
using antagonistic microorganisms such as bacteria of the genus Pseudomonas and
Bacillus and fungi of the genus Trichoderma and Clonostachys (Krauss et al. 2003).
The use of resistant varieties is also a promising alternative, but clones descending
from Scavina (SCA), a reference for resistance to witches’ broom disease, do not
show resistance to frosty pod rot attack. However, some clones from Peru, Costa
Rica, Colombia, and Ecuador show levels of resistance to the disease (Phillips-Mora
et al. 2005).

2.2.2 Witches’ Broom Disease

Witches’ broom disease is the second most important threat of a cocoa plantation in
South America. It’s causal agent Moniliophthora perniciosa (Stahel) Aime Phillips-
Mora (Aime and Phillips-Mora 2005), belongs to the phylum Basidiomycota, class
Agaricomycetes, order Agaricales, family Marasmiaceae. Although the witches’
broom disease was first identified in the Brazilian Amazon Forest in 1785, the disease
was only officially mentioned in 1904, reporting the occurrence of the disease in Suri-
name in 1895 (Went 1904). In the following years, the disease spread rapidly and is
currently distributed in the main cocoa-producing countries in tropical America such
as Brazil, Bolivia, Ecuador, Colombia, Peru, Panama, Guyana, Grenada, Caribbean
Islands, Trinidad and Tobago (Mondego et al. 2008; http://www.cabi.org/isc/datash
eet/16054).

Moniliophthora perniciosa has co-evolved with cacao in the western Amazon
basin in an area that includes eastern Ecuador (the Orient region), north eastern
Peru and south central Colombia (Pound 1938; Clement et al. 2010). Thus, the
Malvaceae, Theobroma, and Herrania species are its primary hosts; the economical
ones being cocoa (Theobroma cacao L.) and cupuagu (T. grandiflorum). However,
after the witches’ broom disease introduction in Bahia, in 1989, several alternative
hosts belonging to Solanaceae, Malpighiaceae, Bignoneaceae, Bixaceae have been
reported as M. perniciosa hosts (Griffith and Hedger 1994a, b). However, this is
still debatable if these species are indeed M. perniciosa hosts as there is a lack of
pathogenicity tests to prove these as host’s range of M. perniciosa. To our knowledge,
Brazil harbors the greatest diversity of hosts ever recorded, with 29 wild and cultivated
species (Lisboa et al. 2020; Patrocinio et al. 2017). If these species are proven as
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primary hosts of M. perniciosa, the natural distribution of this fungus will be probably
one of the largest ever described for an obligate plant pathogen. A phylogenetic
analysis and pathogenicity studies support the hypothesis of specificity of the fungus
to the host of origin.

Studies on fungal populations showed that M. perniciosa has high genetic vari-
ability, with populations varying according to country of origin, and host-specificity.
Thus, there are differences in pathogenicity and genetic diversity among Peruvian,
Ecuadorian, and Brazilian isolates. Further studies in Brazil showed that M. perni-
ciosa strains harvested from cocoa resistant selected varieties recommended for
planting are genetically different from the strains collected from unselected local
genotypes (Pires 2003). Also, temporal studies have shown a significant increase in
disease severity in progenies of the primary source of resistance (Scavina) and vari-
eties recommended to farmers and derived from that source (Pires 2003; Gramacho
2003).Samples of M. perniciosa isolated from resistant and susceptible cacao geno-
types, differed genetically, thus indicating an evolutionary process towards the
Scavinas resistant sources.

The M. perniciosa life cycle is characterized by the basidiocarp formation, in
which basidiospore, the only infective propagule is produced. Basidiospores are
very sensitive and short-lived. Germination occurs under high humidity and average
temperatures of 22 °C. Spores are disseminated to the infection courts; any meristem-
atic plant organs such as fruits, flower, and apical shoots, adhering to and penetrating
the natural opening, through stomata, the base of trichomes, or directly through the
cuticle (through enzymatic digestion) (Purdy and Schmidt 1996; Sena et al. 2014).
At this phase, colonization is mainly in the apoplastic tissues, and 45-60 days later
M. perniciosa shifts to intracellular colonization. In this stage, the mycelia are char-
acterized by thin, dikaryotic hyphae with clamp connection and have a saprophytic
life-style (Sena et al. 2014).

The symptoms of witches’ broom disease depend on the type and stage of the
tissue that is infected by M. perniciosa. Infected branches increased in thickness,
and compared with uninfected branches, infected branches appear distinctly swollen.
Large numbers of smaller branches or witches’ brooms are often formed eventually
on the infected branches. Symptoms appear 30—60 days after the infection. Afterward,
they begin dry and about 90 days later until they reach complete dryness. Infected
flower buds can produce several flowers and fruits stuck by the peduncle, forming
the floral cushion brooms that eventually dry and produce fruits. Young fruits there
may be from abortive parthenocarpic fruits (in the shape of strawberries and carrots)
to black, hard, and irregular lesions (Silva et al. 2002). These symptoms can be so
severe that they can lead to a loss of 90% of cocoa production in a region.

2.2.3 Black Pod Rot

The black pod is one of the main diseases of the cacao tree, being responsible for
losses of 20-30% of the annual cocoa production, which can lead to the loss of 10%
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of the plants (Bailey and Meinhardt 2016; de Oliveira and Luz 2005). It is caused by
many species of Phytophthora—Kingdom Straminipyla, Phylum Oomycota, Class
Oomycetes, Order Peronosporales, Family Phytiaceae—considered a pseudo-fungus
with varied geographical distribution (Acebo-Guerrero et al. 2011; Ho 2018).

There are about 300 species of Phytophthora reported in the world, with only 7
causing black rot in cacao trees (Bailey and Meinhardt 2016; Ho 2018) and only
four species have a commercial impact—Phytophthora palmivora, Phytophthora
megakarya, Phytophthora citrophthora, and Phytophthora tropicalis (P. capsici) (Ho
2018; Bailey and Meinhardt 2016; End et al. 2017). All these species affect the
plants with the same types of symptoms, differing in aggressiveness and geographic
distribution. Phytophthora megakarya and Phytophthora palmivora are considered
the most important for cacao cultivation in Central and West Africa and most studies
are related to them (Guest 2007; Adomako 2007), however P. megakarya (considered
the most aggressive) has been reported only in Africa and it is still in an invasive
phase. Since P. megakarya is more aggressive and causes higher yield losses than P.
palmivora, special care should be given when moving plant/soil materials and cocoa
beans to production areas and countries that are not yet affected by P. megakarya
(End et al. 2017). On the other hand, P. palmivora is the widest world distribution
species in Africa, Asia, and America (Guest 2007).

High incidence levels of black pod disease have been reported in Brazil, being
induced by Phytophthora capsici, Phytophthora citrophthora, Phytophthora heveae,
and Phytophthora palmivora (Luz et al. 2001). Recently, the first description of the
species P. theobromicola was reported, which seems to be prevalent in plantations
in the state of Bahia, Brazil, inducing more extensive lesions in various genetic
materials (Decloquement et al. 2021).

The pathogen’s life cycle is divided into a sexual and asexual phase, the first
being more commonly found in nature and the second marked by the formation of
chlamydospores (vegetative structures) that germinate giving rise to sporangia that
in turn release zoospores that can be dispersed over long distances by water and
indirectly infect other plants, as opposed to the direct infection that occurs through
the mycelium (Ho 2018; Luz et al. 2001; Oliveira et al. 2014; Kudjordjie 2015).

The most evident symptom of the disease in cacao is the formation of black pods.
Initially, small dark spots appear on the pods approximately 30 h after infection. These
symptoms appear in pods of any age, but in more developed pods, the beans can be
totally or partially used, while in younger pods, spots, wrinkling, and darkening are
common and may be confused with physiological withered. Although the pod is the
most affected site, the disease can also affect leaves and roots that can serve as a
source of inoculum, resulting in dark sunken lesions in the stem that often develops
as a result of mycelium spread from pods into flower cushions and further along the
stem or directly through wounds (End et al. 2017). In addition, extensive necrosis of
leaves and shoots of seedlings, flower cushions, and root infections can occur, and
these lesions can even cause the death of the plant (de Oliveira and Luz 2005; Luz
et al. 2001; Silva Neto et al. 2001). The trunk can also be a target of infection due
to the dispersion of pathogen structures, which can even cause the death of the plant
(de Oliveira and Luz 2005; Luz et al. 2001; Silva Neto et al. 2001).
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In this scenario, to prevent new pathogens from spreading or prevent them from
multiplying further if they have already gained entry and have been established in
new restricted areas are used legal enforcement of the quarantine measures. The plant
parts that are likely to carry pathogen in trade and transport are: pods, roots, budwood,
trunk/branches, leaves, and soil or growth media accompanying plants, while seeds
originating from healthy pods are unlikely to carry the disease (End et al. 2017).

2.2.4 Ceratocystis Wilt of Cacao

The Ceratocystis wilt of the cocoa tree, also known as machete disease, is charac-
terized by drying out and completely killing the cocoa tree. This disease is caused
by Ascomycota Ceratocystis cacaofunesta Engelbrecht & T.C. Harr (Engelbrecht
and Harrington 2005), a species within the Latin American clade of the Ceratocystis
fimbriata species complex. Ceratocystis cacaofunesta belongs to the class Sordar-
iomycetes, order Microascales, and family Ceratocystidaceae. The first report of
Ceratocystis infecting cacao trees was in 1918 in Ecuador, where the disease was
confined until the 1950s. In that same decade, the disease was reported in other
countries in South and Central America (Silva et al. 2004; Rorer 1918).

When Ceratocystis wilt of cacao emerged in Ecuador there was not much damage
to cacao production, as the country’s cacao trees were resistant to this disease.
However, in 1957 a more virulent form of the fungus was identified and since then it
has affected many cacao trees in South American countries such as Brazil, Colombia,
Guyana, Peru, Venezuela and, Trinidad and Tobago; in Central America such as
Guatemala, Costa Rica, and Mexico and the Caribbean island of Haiti (Cabrera et al.
2016). Ceratocystis wilt is considered one of the most important emerging diseases
of cacao because the agricultural practices of crop management (such as pruning and
harvesting the fruits) favor the penetration of the fungus into the host tissue when
the tools used are contaminated with the fungus (Engelbrecht et al. 2007a).

Species of the genus Ceratocystis have relatively low genetic diversity. This fact
may be related to the type of reproduction of the fungus (homothalic), the limited
flight range of the dispersing beetles and the introduction of the disease via human
action, generally having few genetic variants in long-term dispersion (Engelbrecht
et al. 2007b) report that populations in Colombia, Costa Rica and Bahia have limited
genetic diversity, characteristic of introduced populations that have suffered recent
genetic bottlenecks. While the populations of Rondénia (Brazil) and western Ecuador
have similar diversity to populations of other species of the genus, indicating that
they are natural populations.

The main route of colonization of C. cacaofunesta is through natural wounds on
the surface of the host, which can be caused by beetles (carrying the conidia adhered
to their paws) or contaminated tools. The conidia of this pathogen infect the plant’s
xylem parenchyma cells and move in a radial direction, invading the xylem vessels
(Araujo et al. 2014). Conidia of C. cacaofunesta are very small in the early stages
of colonization; this characteristic may be related to the rapid distribution of this
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fungus in the plant and allows the fungus to more easily penetrate the host cell wall
(Santos et al. 2013). The plant defence system, in turn, recognizes the pathogen, and
a containment barrier against the fungus is formed, causing vascular occlusion. This
barrier can favour both host resistance or pathogenesis, depending on the rate of
occlusion formation. That is, if this obstruction prevents the spread of the pathogen,
it will generate resistance to the host, but if this obstruction makes it difficult to
transport water in many vessels, it may cause the plant to collapse (Talboys et al.
1972).

Ceratocystis cacaofunesta is a necrotrophic fungus, as such, it causes necrosis of
the vascular parenchyma cells, which contributes to triggering the main symptoms of
the disease, which is the wilt and dryness of the cocoa tree. Even after death, the leaves
can still stick to the tree for weeks. In addition to these, there may be symptoms on
the stem of the plant, presenting as brownish-brown lesions with lighter regions, seen
in advanced stages of the disease. And in the roots, similar symptoms can manifest,
which indicates that there is the transmission of the pathogen through the soil and
contact between roots (Cabrera et al. 2016; Santos et al. 2013; Silva et al. 2004).

2.2.5 Cocoa Swollen Shoot Virus

Virus diseases are the most critical disease limiting cacao production in West Africa
(Table 2.1), a region responsible for ~70% of the world’s cocoa production. The
Cocoa swollen shoot virus (CSSV) is one of the most destructive phytopathogens
for the cocoa crop, especially in West Africa, where it causes significant economic
damage (Padi et al. 2013). Marelli et al. (2019) accounted for an annual loss of
96,000 metric tons in production due to the virus. CSSV is considered endemic to
West Africa and its importance in Malaysia and Sri Lanka was highlighted (Steven
1936; Geering and Hull 2012). Other viral diseases have been reported in Trinidad,
but they were not associated with swellings. An attenuated and localized form of
CSSV is reported in Indonesia, Sabah, and Sri Lanka (Muller 2016).

CSSV was reported in West Africa, Ghana, in 1936, but it was probably present
since 1922 (Muller 2016). CSSV dissemination followed the cacao cultivation in the
Eastern Region, and although few scattered outbreaks were observed in the Western
region, in the 20th decade, this region became the most severely affected area in
Ghana. After that, the disease has spread throughout the entire widely cacao-growing
areas in West Africa, and nowadays, the disease is considered endemic to the Eastern
Hemisphere.

Cacao swollen shoot virus disease is caused by a complex of badnaviral species
(family, Caulimoviridae) referred to as pararetroviruses. Several different strains of
the virus exist and can cause defoliation, dieback of the plant, and severe yield losses.
Following the International Committee on Taxonomy of Viruses (ICTV), CSSV
taxonomy is based on the nucleotide diversity in the RT/RNaseH region (Kouakou
etal. 2012; Oro et al. 2012; Chingandu et al. 2017), and five different species, A, B—C,
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D, E, and G have been described to cause CSSV disease. The virus is naturally trans-
mitted to cocoa by at least 16 species of mealybugs (Hemiptera: Pseudococcidae)
(Ameyaw et al. 2014; Hughes and Ollennu 1994), the vector of most badnaviruses.
Particles are bacilliform and measure 121-130 x 28 nm. The virus does not multiply
in the vector and is not transmitted to its progeny. CSSV can infect cacao at any stage
of plant growth, and so far, there is no evidence of seed or pollen transmission. CSSV
natural hosts are species from the Malvaceae families: Adansonia digitata, Bombax
spp., Ceiba pentandra, Cola chlamydantha, Cola gigantea, Theobroma cacao and
other tree species of the Malvaceae.

The mealybugs are the vectors responsible for spreading the disease over a short
distance (radially) by crawling the canopy from tree to tree. New outbreaks are asso-
ciated with jump spread over greater distances by wind-borne viruliferous mealybugs
or by the very active small first instar nymphs (Strickland 1950; Thresh et al. 1988).
Once a plant is infected, it cannot be cured. Like most plant viral diseases, the disease
can be contained or prevented if healthy plants are isolated within barriers of CSSV-
immune crops. The disease is not seed-borne, but it may be introduced in clones
imported as plants or budwood.

Additionally, experimental pathogenicity tests with indigenous plants of West
Africa also revealed the families Bombaceae, Sterculiaceae, and Malvaceae as poten-
tial alternative hosts of CSSV (Posnette et al. 1950). Several plant species have
been reported as CSSV hosts, among those, 30 plant families are used as shade for
cacao and other crops (Abrokwah et al. 2016; Friscina et al. 2017). Their geograph-
ical origin influenced phylogenetic relationships between Ghanaian and Togolese
sequences rather than whether they originate from mild or severe isolates. CSSV
populations have now been analysed molecularly in the major West African coun-
tries (Ivory Coast, Ghana, Nigeria, and Togo) (Oro et al. 2012; Kouakou et al. 2012),
and six structural groups were proposed according to the diversity in the first part of
open reading frames (ORF3) with high genetic variability within them.

It is admitted that no virus disease has been found in cocoa in South America. The
high variability within CSSV populations and the combined knowledge of CSSV
disease-badnavirus on molecular and pathogenicity studies and the historical data
of the disease emergence have led researchers to hypothesize that CSSV in cocoa
emerged from host jumps indigenous plants. Likely its introduction in Africa is due
to several host shifts from indigenous hosts. Selective pressures in alternate host
plants may induce a differential evolution of the virus compared to its evolution in
cacao. This diversity is reflected in the differential preference of each species, as
well as in symbiotic interactions with other organisms, making it difficult to control
the insect and, therefore, the virus (Muller 2016; Ofori et al. 2015; Padi et al. 2013;
Roivainen 1976).

Control measurements include preventive measures through the use of resis-
tant material eradication of the infected tree and trees around it. Upper Amazon
hybrids with good agronomic characteristics have been demonstrated more resistant
to infection than other genotypes being grown (Amelonado type) (Amon-Armah
et al. 2021).
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2.2.6 Other Diseases and Pests

2.2.6.1 Vascular Streak Dieback

The vascular streak dieback, caused by Ceratobasidium (Oncobasidium) theo-
bromae, is a disease of paramount importance to cacao orchards in Southeast Asia and
Melanesia regions where the pathogen is endemic (Bekele and Phillips-Mora 2019;
McMahon and Purwantara 2016). As the common name suggests, the symptoms of
C. theobromae in cocoa progressively evolve, culminating in the plant’s death. It can
infect both adult and seedling individuals (Samuels et al. 2012). This basidiomycete
causes considerable losses in the countries where it occurs. Marelli et al. (2019) esti-
mated an annual loss due to disease of 61 thousand metric tons in almond production
by 2016. Vascular streak dieback has been reported in a lot of cacao-growing areas
as South and Southeast Asia, Melanesia, Kerala (India), Myanmar, Thailand, Hainan
Island (China), Vietnam, Malaysia and Indonesia (Ploetz 2007).

The symptoms of vascular streak dieback initially begin with a chlorosis in the leaf,
flushes behind the shoot apex and scattered islets of green tissue. The symptomatics
leaves become fully chlorotic in a few days and the symptoms progressively develop
in all leaves. Internally, the steams present infected xylem with dark streaks within
the vascular tissue. During the wet weather, when an infected leaf falls, the hyphae
can emerge from the leaf scar and develop into a tullasneloid basidiocarp. After that,
it results in the formation of a white, flat, velvety covering of the leaf scar and bark.
When it occurs on a dry day, the scar heals over and the fungus fails doesn’t develop.
Basidiospores keep viable for a few hours and require free water for the germ tube
growth (Prior 1979).

The C. theobromae basidiospores are dispersed by wind and the effective spore
dispersal is probably limited to a few hours in the early morning with high humidity
and wet leaves (Keane 1981). In this way, just a few infections occur beyond 100 m
from the diseased cacao.

The management of vascular streak dieback includes the use of resistant vari-
eties. Crosses using Trinitarios clones have shown some resistance to the disease.
Despite biocontrol of C. theobromae, treatment with Trichoderma harzianum T-22
suppressed vascular streak dieback development (Vanhove et al. 2016). Also, fungi-
cides including flutriafol, hexaconazole, propiconazole, tebuconazole and triadi-
menol had been used to control vascular streak dieback but none of them showed to
be commercially viable in cacao plantations (Holderness 1990).

2.2.6.2 Pests

Some pests of greater economic importance can be cited, such as Distantiella theo-
broma, Monalonion bondaris, Selenothrips rubrocinctus, Conotrachelus humerop-
ictus, as well as some species of the genus Helopeltis. However, the bug Sahlbergella
singularis, the cocoa borer, Conopomorpha cramerella, as well as the species of the
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family Pseudococcidae, vectors of the CSSV, have been reported as causing the
greatest losses in production (Bekele and Phillips-Mora 2019; Muller 2016).

2.3 Genetic Resources of Resistance Genes

Resistance genes to the main cocoa diseases have been sought almost exclusively
in the species itself (primary gene pool), in wild or cultivated materials. The first
technical reports of works aimed at this search are from the beginning of the 1930s,
in Latin America and the Caribbean; and it is from collections conducted in Peru
(Pound 1938) that the first genotypes that proved to be highly resistant to witches’
broom disease were obtained (Bartley 1994). Since then, several collection expedi-
tions were conducted in areas of natural dispersal of the species in Brazil, French
Guyana, Ecuador and Peru (http://www.icgd.rdg.ac.uk), with a strong focus on
resistance, especially to witches’ broom disease. And, seeking resistance, count-
less collections and selection procedures in populations of traditional varieties and
improved seminal varieties, and selection procedures in breeding cycles, have been
conducted in many of the producing areas around the world—the International Cocoa
Germplasm Database presents, in detail, the genotypes identified as resistant or
promising for the main cocoa diseases and some pests. Currently, 49 national and
international ex situ collections of germplasm participate in the preservation of the
genetic resources of resistance genes of cocoa (http://www.icgd.rdg.ac.uk).

2.4 Glimpses on Classical Genetics and Traditional
Breeding

2.4.1 Breeding Objectives

The breeding of cocoa, carried out by classical methods or by modern biotechno-
logical techniques, plays a fundamental role in promoting the development of this
species. The continuous technological advances obtained to promote the orchards’
sustainability, earning a differentiated financial return, favours economic viability;
and guarantees food security for both the producer and the consumer. Furthermore,
it provides ecologically friendly farming, either by reducing the use of pesticides
or reducing the use of chemical fertilizers (Dennis et al. 2008). Therefore, there
are several goals to be achieved, which are dynamic, with synergistic or antago-
nistic interactions between them. They concern the productive, vegetative and health
aspects of cocoa, and breeding will be challenged to develop genotypes that bring
together favourable genes in these three aspects. Thus, the producer will be able to
count on cultivars that will provide security, stability, productivity and longevity for
field cultivation.
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2.4.1.1 Productive Aspects

It aims to improve productivity and the qualitative characteristics of almonds, cacao’s
main product. Genotypes with a high number of fruits per plant, a high amount of
almonds per fruit, and a high weight of almonds are sought (Lopes etal. 2011). These
characters are related and can be expressed in a series of indexes such as fruit index,
seed index, fruit value, among others (Bekele and Phillips-Mora 2019; Dias 2001), or
even indexes that group other characters, such as production and resistance (Jaimez
etal. 2020). The almond weights component, which makes up the seed index, tends to
have less environmental influence, and consequently, greater heritability. However,
it suffers interference from other factors, such as the length of the production cycle,
the quantity and location of the almonds in the fruit (Doaré et al. 2020). Market
demands exert pressure on breeding programs to also pay attention to the qualitative
characteristics of almonds, which influence the quality of chocolate. Among them are
the content and consistency of the butter, from the almond, as well as the nutritional
and organoleptic characteristics themselves (Adeigbe et al. 2021; Aratijo et al. 2009;
Pinheiro et al. 2012).

2.4.1.2 Vegetative Aspects

It considers the plant’s vigour, as well as the characteristics that facilitate the manage-
ment, such as size, uniformity, precocity and genotypes’ adaptability to different
growing conditions, to which the cocoa tree can be subjected (Bekele and Phillips-
Mora 2019; Mustiga et al. 2018). Particularly, for this last character, economic factors
should be considered, such as the increase in planting density aiming at higher produc-
tivity, and/or plant in full sun (Olufemi et al. 2020); ecological, such as cultivation in
agroforestry systems with different compositions and, consequently, levels of compe-
tition (Schneider et al. 2016); and climatic, due to the increasingly frequent changes
as a result of global warming (Farrell et al. 2018).

2.4.1.3 Health Aspects

These refer to biotic stresses and will have a special focus in this chapter. Cocoa
tree cultivation brings with it phytosanitary problems, among pests and diseases
that, depending on the level of infestation, can drastically reduce the viability of the
orchards. Therefore, breeding programs primarily aim at the development of geno-
types with long-lasting resistance to these pathogens, preferably of the horizontal
type, promoting adaptability and geographic and temporal stability against a range
of phytopathogens simultaneously (Dias 2001; Bekele and Phillips-Mora 2019).
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2.4.2 Classical Mapping Efforts

Markers are important tools for optimizing classical breeding. They provide funda-
mental information for the adequacy of the approach, as well as the selection methods
used. In addition, they are essential in the characterization of genetic materials, as
well as in the detection of genetic variability, raw material for breeding (Kordrostami
and Rahimi 2015). In cocoa, several markers have already been developed and used
as auxiliary to classical breeding. In chronological order of use, morphoagronomic,
biochemical and DNA markers can be mentioned. The latter will be covered in the
following sections of this chapter.

2.4.2.1 Morphoagronomic Markers

They constitute the basic tool of the cocoa breeder, being historically the most used
in the crop breeding. In Active Germplasm Banks—AGB’s, for example, the use
of morphoagronomic markers is fundamental for the characterization and pheno-
typic distinction of accessions. These markers provide relevant information about the
morphological characteristics of the vegetative and reproductive structures of each
accession, to differentiate between them. They also refer to agronomic characteris-
tics, such as production components and resistance to pests and diseases, allowing the
efficient pre-selection of accesses to form working collections (Bekele et al. 2006;
Dias 2001). Through simple morphological markers, it is possible, for example, to
distinguish between the main cocoa tree ecotypes: Forastero, Criollo and Trinitario
(Bekele et al. 2006, 2020; Bidot Martinez et al. 2017). As they are phenotypic, and,
in most cases, related to polygenic characteristics, morphoagronomic markers suffer
an expressive environmental influence, which interferes with heritability. However,
its use is not unnecessary, having value as a complementary tool to genetic markers,
increasing the reliability of information (Bidot Martinez et al. 2017; Gopaulchan
et al. 2019). Robust information on morphological markers applied to germplasms
can be found in the International Cocoa Germplasm Database (http://www.icgd.rea
ding.ac.uk/icgd/; ICGD).

2.4.2.2 Biochemical Markers

Biochemical markers are less used in cocoa than morphological and DNA markers.
Even so, this methodology has already been used for the assessment of genetic
diversity and accession conservation strategy at the International Cocoa Genbank,
Trinidad (ICGT), proving to be as effective as random amplified polymorphic DNA
(RAPD)-type DNA markers, for example (Sounigo et al. 2005; Warren et al. 1995).
Furthermore, these markers were used to study the pattern of self-compatibility
and incompatibility in the species (Warren et al. 1995), as well as for making a
gene linkage map (Lanaud 1986; Lanaud et al. 1995), fundamental for subsequent
molecular studies.
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2.4.3 Classical Breeding Achievements

Cocoa farming would not be at the technological level that it is today, were it not for
the advances provided by research on genetic improvement. Only from the turn of
the 20th to the twenty-first century, biotechnology became a reality in the species’
improvement. Therefore, most of the results that were and are still being obtained,
especially the development of cultivars, are the result of the classical approach,
showing its importance (Bekele and Phillips-Mora 2019; Dias 2001). Below, the
main advances provided by classical breeding are highlighted, with emphasis on
resistance to biotic stresses.

2.4.3.1 Resistance to Moniliophthora perniciosa

The concern with M. perniciosa dates back to the initial stages of cocoa breeding,
in the first half of the twentieth century, when pioneering prospecting was carried
out in search of sources of resistance to the fungus (Pound 1943). The supposedly
resistant SCA 6 and SCA 12 clones were material collected in these first expeditions
(Dias 2001). These clones became, for a long period, the main source of resis-
tance to the fungus, with clone SCA 6 still being classified in this way (Rodrigues
et al. 2020). However, this resistance was overcome with the diversification of the
pathogen in some countries such as Brazil, Peru and Ecuador (de Albuquerque et al.
2010; Gramacho et al. 2012; Lopes et al. 2011). This revealed the need to diversify
the sources of resistance to the fungus, as a strategy to maintain the durability of
resistance in the field.

Several studies were carried out to find clones and hybrid combinations with high
resistance indexes, without, however, disregard the durability and geographic range.
Currently, genetic materials that have resistance alleles to the pathogen, in addition to
Scavina clones, are ICS (Imperial College Selection) 1, 60, 98, 45, 85 and 10; CAB
(Cocoa from the Brazilian Amazon) 0371, 0388, 0392, 0410, 0169, 0352, 0214,
0208 and 0270; IMC (Iquitos Mixed Calabacillo) 67 and 47, PA (Parinari) 121, EET
272, POUND 18 and CC 41, as well as their hybrid combinations, such as the TSH
(Trinidad Selected Hybrids) and TSA series (de Albuquerque et al. 2010; Bekele and
Phillips-Mora 2019; Dias 2001; Benjamin et al. 2016).

2.4.3.2 Resistance to Moniliophthora roreri

Genetic resistance to the pathogen is the main strategy for controlling the disease. In
line with the polygenic nature of the trait in question, the species’ breeding programs
seek to pyramid resistance genes, that is, to concentrate genes from different sources
in a few genotypes (Phillips-Mora et al. 2018). In this sense, there is a need to
constantly search for genetic materials that contain different sources of resistance to
moniliasis, as well as hybrid combinations that manifest such resistance, preferably
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horizontally. Thus, arange of genotypes have already been identified and are currently
being used in breeding programs as clones or parents for controlled crosses, such
as, for example, resistant clones UF 273 and 712, ICS 95 and 10, and PA 169,
which, crossed with each other and with other clones with varied resistance indices,
constituted the hybrids of the CATIE series, such as, for example, CATIE-R1, CATIE-
R4 and CATIE-R6, promising materials for both resistance and almond production
(Bekele and Phillips-Mora 2019; Jaimes et al. 201 1; Phillips-Mora et al. 2009, 2018).
Osorio-Guarin et al. (2020) report that several genetic materials with evidence of
resistance to moniliasis and witches’ broom have been identified, such as FCM 19,
SUI 72, SCC 85, EBC 09, among others. The authors also indicate that there is a low
correlation between the symptoms of the two diseases, explained by the competition
for the same site of infection. The search for materials that can add resistance alleles
for both pathogens of the Moniliophthora genus is currently the motto of the main
Latin American breeding programs (Bekele and Phillips-Mora 2019; Lopes et al.
2011; Osorio-Guarin et al. 2020).

2.4.3.3 Resistance to Phytophthora spp.

It is noticed that the breeding for resistance to Phytophthora has a complicating
factor, concerning the aforementioned pathogens: the great variety of etiological
agents, which demands a proportional diversity of resistance sources capable of
withstanding the pressure of most species, that is, efficient use of the available cocoa
germplasm (Nyadanu et al. 2012). As with moniliasis, the nature of resistance to pod
rotis quantitative and additive (Fister etal. 2019; Nyadanu et al. 2012), with relatively
high heritability (Bekele and Phillips-Mora 2019; Nyassé et al. 2007) which allows
the pyramiding of resistance genes from different origins. Several tolerant genotypes
to different species have been developed in the main breeding programs in the world,
such as, for example, POUND 7, SPA 9, ICS 1, IMC 47, SCA 6, IFC 5, PA 150,
UF 12, as well as their hybrids, from crosses with each other and with genotypes
with similar or slightly lower resistance (Bekele and Phillips-Mora 2019; Dias 2001;
Fister et al. 2019; Nyadanu et al. 2012; Nyassé et al. 2007; Thevenin et al. 2012).

2.4.3.4 Resistance to CSSV

Besides, the recommended control actions, such as the elimination of diseased plants
and the use of chemical pesticides, have not been efficient in reducing the viral spread.
For this reason, the most sustainable and least costly option for disease control is
the breeding route, with the development of genotypes that are not attractive to scale
insects, as well as resistant to viral symptoms (Trebissou et al. 2020). As a result of
these researches, several genotypes with evidence of genetic resistance to the virus
were identified. It was observed that Amelonado-type genetic-based materials, which
were widely used in the African continent, are highly susceptible to the disease, unlike
genotypes originating from the Lower and Upper Amazon (Padi et al. 2013). With
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these, there was even a successful attempt to obtain tolerant clones via mutagenesis,
using gamma rays (Adu-Ampomabh et al. 1996). The additive nature of resistance to
CSSV was found, indicating the possibility of accumulation of resistance alleles via
hybridization (Lockwood 1981). Furthermore, the influence of shading management
to mitigate the effects of CSSV was defined, with the possibility of integrating the
shade tolerance character with virus resistance in breeding programs (Andres et al.
2017, 2018). Thus, plantations in full sun tend to be more favourable to the rapid
evolution of this virus (Andres et al. 2018).

To date, genotypes that are completely resistant to CSSV have not been developed,
and there were low genetic gains for the trait (Padi et al. 2013). However, some
materials with evidence of genetic resistance have already been identified, which are
being used in breeding programs, such as Upper Amazon clones IMC 67 and 47,
NA 33; the Lower Amazon clones Catongo, RB 49 and C-Sul 7, some Guyanese
materials such as GU 239/H, 225/V and 290/H, some hybrid combinations between
the genotypes of these origins, such as TC65 (PA 7 x IMC 35), in addition to
clones from mutation-induced mvP30 and mvT85 (Bekele and Phillips-Mora 2019;
Trebissou et al. 2020; Padi et al. 2013; Muller 2016; Ofori et al. 2015).

2.4.3.5 Resistance to Ceratocystis cacaofunesta

Ceratocystis cacaofunesta is difficult to control due to the rapid progression of the
visible symptoms of the disease until the plant’s death (Silva et al. 2007). Added
to this fact is the way the fungus penetrates the plant, through the action of some
Coleoptera of the Scolytidae family, as well as injuries caused by the management
of cacao (pruning, crowning, etc.) (Santos et al. 2012b). After the plant is infected,
tissues dry out and plant death, but leaves and fruits remain attached to the plant
for a long time. For these reasons, development of resistant varieties via genetic
improvement of the species is the most viable option to mitigate the damage caused
by this pathogen (Yamada et al. 2015).

Analysing the pattern of plant mortality in the field in di-allele analyses, Gardella
et al. (1982) found the influence of several genes in the manifestation of resistance to
the fungus, which was later confirmed by Sanches et al. (2008) and Santos et al.
(2012b). This polygeny attaches great importance to the additivity of the genes
involved, attesting to the need to direct crosses between genotypes with different
sources and resistance, for the pyramiding of favourable genes. Dominance also
plays an important role, making it possible to exploit heterosis from crosses through
cloning.

The search for sources of genetic resistance generated significant results, having
identified genotypes that were later used in crosses. These include BMI 67, ICS 6,
EET 400, PA 7, POUND 18, EET 272, TSH 1188, VB1151, CEPEC 2008, among
others (Bekele and Phillips-Mora 2019; Santos et al. 2012b; Sanches et al. 2008;
Silva et al. 2013; Yamada et al. 2015).
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2.4.3.6 Resistance to Ceratobasidium theobromae

Cultural and chemical control methods, even when integrated, are not efficient in
mitigating the harmful effects of the pathogen on crop production. However, genetic
breeding, associated with such methods, constitutes an effective tool to control the
fungus (Asman et al. 2021; McMahon and Purwantara 2016). As observed for resis-
tance to the aforementioned pathogens, the additivity of the genetic resistance trait
to C. theobromae was also observed, evidencing the importance of selecting parents
with favorable genes for the production of hybrids and clones. For this character,
intra-allelic dominance relationships are less important (Tan and Tan 1988). Despite
being quantitative, studies show that few genes govern the trait (McMahon and
Purwantara 2016).

Some clones with evidence of genetic resistance to C. theobromae that are
currently being used in the main breeding programs are of the Trinitarian and Upper
Amazon type, as well as their hybrids. As an example, we have KA2-106, KA2-101,
PBC 123, BR 25, PA 191, TSH 858, SCA 9, ICS 95, UF 667, among others (Bekele
and Phillips-Mora 2019; McMahon et al. 2015; McMahon and Purwantara 2016;
Guest and Keane 2018).

2.4.3.7 Resistance to Major Pests

Although a range of pests coexists with the cocoa crop, reducing production, most
have local economic importance, unlike the aforementioned diseases, which have a
global scope and, therefore, greater appeal. For this reason, and due to the difficulty
in identifying efficient sources of resistance, the search for genotypes that manifest
a genetic resistance mechanism is still little explored by the classical breeding of
cocoa (Bekele and Phillips-Mora 2019).

For S. singularis, an important pest for the African continent, Upper Amazon and
Guyanese genotypes have more concrete signs of resistance, with a complex defence
structure that combines antibiosis, antixenosis and tolerance itself. Some clones can
be highlighted, such as ICS 1, UF 676, PA 102, EETS59, in addition to the hybrids
T65/7 x T57/22, T65/7 x T9/15, among others (Anikwe et al. 2009; N’Guessan
et al. 2008).

Together with the pathogens C. theobromae and P. palmivora, the Conopomorpha
cramerella borer is one of the main responsible for promoting significant losses in
cocoa crops on the Asian continent (McMahon et al. 2009; Niogret et al. 2020). Esti-
mates made by Marelli et al. (2019) attributed to the action of the pest an annual loss
of 81,000 metric tons in production. For this reason, the most advanced pest-related
studies aimed at achieving genetic resistance have been dedicated to C. cramerella.
Characteristics related to insect tolerance were identified, consisting mainly of phys-
ical barriers in the genotypes, such as the thickness of almonds’ sclerotic layer
(Soesilo et al. 2015). There is a differential manifestation of these characteristics
between genotypes, denoting genetic control and, therefore, amenable to selection
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(Soesilo et al. 2015; Teh et al. 2006). In this context, some clones have greater poten-
tial for resistance to the pest, such as ARDACIAR 10, Na 33, Paba/V/81L/1, Aryadi 2,
SCA12 KKM22, BR25, among others. The last three, despite having low infestation
rates, do not have thick fruits and/or almonds, suggesting an alternative resistance
mechanism, such as, for example, antixenosis (Soesilo et al. 2015; McMahon et al.
2009).

The resistant clones mentioned in each topic are just examples of the wide range
of genotypes developed and used by classical cocoa breeding programs around the
world. In the consulted literature, other genotypes available in these programs can
be found.

2.4.4 Limitations of Traditional Breeding and Rationale
Jor Molecular Breeding

As a perennial species, the cocoa tree has particularities that make it difficult to
generate short-term results and, therefore, demand that selection is as accurate and
efficient as possible. Among these specificities are the long reproductive period,
the modification of characters over the years of cultivation, the need for large areas
for genetic evaluation of a substantial number of genotypes, among others. It is
noteworthy that, during the development of a cultivar, each breeding cycle takes
around 10-12 years (Bekele and Phillips-Mora 2019; Dias 2001; Resende 2002).

On the other hand, the current market dynamic requires more speed and preci-
sion in generating results. Therefore, with this growing demand for research, which
has intensified in recent years, the cocoa genetic breeding, using only a classical
approach, will not be enough to deliver the assets required by the production chain
promptly, given the particularities of the species mentioned in the previous paragraph.
In this sense, biotechnological tools such as molecular markers, genomic maps, high-
throughput phenotyping, among others, are strategic to increase the efficiency of the
species improvement (Wickramasuriya and Dunwell 2018).

The use of molecular markers, for example, makes it possible to shorten the
breeding cycle, by prematurely identifying the presence of favourable alleles in
an individual. In terms of biotic stresses, the identification of marks attributed to
resistance genes is essential to save months or even years of field trials, with inoc-
ulations and/or phenotyping (Osorio-Guarin et al. 2020). Once the genotypes have
been sequenced, it is possible to predict the performance of their progenies or clones,
enabling the targeting of crosses and thus contributing to the pyramiding of resis-
tance genes to a particular pathogen, or tolerance to some category of abiotic stress
(McElroy et al. 2018).

With the advancement of computer resources, the use of large databases is already
a reality in most economically relevant crop breeding programs. For cocoa, it should
be no different. Therefore, combining classical breeding with sophisticated biotech-
nology and statistical genetic tools can—and must—significantly increase selection
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gains, and make cocoa breeding more efficient and responsive to the new challenges
and opportunities that currently present themselves.

2.5 Brief on Diversity Analysis of Cocoa Germplasm

2.5.1 Phenotype-Based Diversity Analysis

Diversity analysis is supported by two actions: (i) the genetic improvement of culture
aiming to overcome the environmental adversities that the culture faces throughout
its domestication and use, such as biotic stress factors; and (ii) the genetic study that
supports the main practices involving plant genetic resources (Henry 2005; Acquaah
2020). The estimation of a given crop that has phenotypic diversity can be understood
as the differences in the expression of phenotypic characteristics between individ-
uals or populations (Fuccillo et al. 2007). Theobroma cacao has a long history of
domestication (Motamayor et al. 2002, 2003), which started in Mesoamerica despite
the primary centre of origin and diversity being regions of the upper Amazon. Arche-
ological findings indicate that the use of cocoa as food, in rituals and in medicine
by Mesoamerican populations dates back to around 5300 years ago, indicating the
pre-Columbian use of this genetic resource (Zarrillo et al. 2018).

In the last 250-300 years, cocoa cultivation spread to several tropical regions, and
cultivars or varieties were used to establish productive systems in several regions of
the Americas and Africa. This distribution combined with local and regional breeding
has led to a wide diversity in qualitative and quantitative terms in the phenotypic
descriptors of the plant and productivity mainly with the production of new cultivars
and hybrids (Mustiga et al. 2018). However, the crossing between plants does not
increase the genetic diversity of a crop, but evolutionary events such as the artificial
selection of plants that are increasingly promising and more resistant to biotic and
abiotic factors are important factors for the increase in genetic diversity (Henry 2005;
Coates et al. 2018).

In cocoa, the different characteristics associated with the fruits have been the main
differentiating descriptors of variety and cultivars, because it is the most desired plant
organ to improve itself (Acquaah 2020; Bartley 2005). This greater emphasis on the
cocoa fruit as a differentiating factor, led to estimate and divide the crop into distinct
genetic groups and has also been used as a way to measure genetic diversity.

The characteristics of the fruits linked to geographic origin have also been two
important classification factors in the subdivision of the crop into genetic groups, such
as the varieties of the Criollo and Forastero groups. Varieties of the Criollo group are
native and their origin is well known. The Forastero group, on the other hand, encom-
passes the varieties cultivated in various regions, and their origin is widely discussed.
Both groups have a range of varieties and cultivars and even hybrids that are part of a
third Trinitarian genetic group, expanding the classification system of cocoa (Bartley
2005). However, the revision of the classification of the species has been carried
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out, proposing a total of ten different genetic groups, also taking the geographic
distribution as a basis (Motamayor et al. 2008).

The genus Theobroma comprise about 22 species of origin Neotropics, with
low species number diversity compared to other genera of angiosperm (Cuatre-
casas 1964). However, the genus Theobroma is phylogenetically close to the genus
Herrania (Schultes 1958). The intra- and intergeneric variations are based on
morphological descriptors. The genus Theobroma has the species T. cacao as one
of the most diversified in morphoagronomic descriptor variability, as a result of
domestication and breeding. The Amazon region is an important centre of species
diversity and contains genetic groups and germplasm with endemic characteristics
to this region and also species at risk of extinction (Hammer and Khoshbakht 2005;
Gonzalez-Orozco et al. 2020).

The characteristics of fruits and seeds are the most important from an economic
point of view, although wild species usually present smaller quantitative data for
these descriptors, which are used in yield estimates. The species 7. grandiflorum
revealed higher fruit weight compared to 7. cacao (Santos et al. 2012a). However,
the descriptors for fruit and seeds are extremely variable in 7. cacao, depending on
the variety, clone or cultivar (Bartley 2005). The knowledge between the phenotypic
and genetic relationships between wild species of the genus Theobroma and their
wild relatives is important not only to understand the phylogeny and evolution of
the group, but also to support genetic improvement with the use of biotechnological
tools aimed at gene introgression and agronomically important characteristics (Henry
2005; Gonzalez-Orozco et al. 2020).

The cocoa phenotypic study in locally or regionally used varieties is important,
as the environment and the agronomic management associated with the crop consid-
erably influence the descriptors related to fruits and seeds (Bartley 2005). In the
coastal region of the state of Espirito Santo in Brazil, the evaluation of phenotypic
and chemical descriptors associated with the fruit in seven promising cultivars for
cultivation and regional production, distributed the germplasm into three statisti-
cally distinct groups, revealing that the clones CCN10 and CCN51 are the most
suitable for the production of almonds aimed at the chocolate industry (Alexandre
etal. 2015). The phenotypic and chemical characterization of cocoa was also carried
out in regions with little availability of water (Brazilian semi-arid), in cultivars that
are already widely used in the region; this demonstrate the use of the Brazilian
genetic resource in several regions of the country. CCN51 and CEPEC2005 clones
were the most promising for almond fermentation, while other clones (PS1319 and
CEPEC2004) are also indicated for the production of other food items, such as jellies,
nibs and sweets with low fat content (Reges et al. 2021). In Indonesia, several clones
and hybrids resulting from the crossing between clones were evaluated for genetic
diversity using qualitative and quantitative phenotypic descriptors, indicating that
the generated cluster was more influenced by qualitative descriptors, generating two
main groups and three subgroups in the larger group “A”, with only two clones
in group “B” (AD-04 and M-01) (Lembang et al. 2019). However, it has already
been observed that the length and width of the fruits have a greater impact on the
multivariate distribution of cultivars (Alexandre et al. 2015). In recent years, the



2 Genomic Designing for Biotic Stress Resistant Cocoa Tree 71

characterization of cocoa has considered parameters directly related to its commer-
cial use, with organoleptic characteristics among the products generated by different
cultivars or clones. The sensory profile is important to direct the agricultural product
to its final destination and consequently to the consumer market. In Peru, character-
istics aimed at the production of fine-flavour cocoa have been evaluated in hundreds
of plants, indicating the variability of 64 unique characteristics in combinations,
expanding the possibility of using the cocoa genetic resource for the production of
various items of great commercial value (Eskes et al. 2018).

In the Southern region of Bahia in Brazil, the characterization of local cocoa
varieties has revealed a broad genetic base, due to the long history of introduction
and breeding, fostered by local research and production institutions. In this region
the local varieties Comum, Pard and Maranhio have been widely exploited in the
formation of production systems, representing a good portion of the genetic resource
available in the region, along with several clones, such as CCN51, TSH1188, SCA 6
and many others, whose characteristics are not only linked to the commercial value
of the fruits and seeds, but also the resistance to biotic factors. In this sense, the
Bahia’s genetic resource has been considered a rich system in terms of genetics
and phenotypic expression, revealing germplasm for the most diverse actions of
improvement and selection of plants with agronomically desirable characteristics
(Santos 2019) (Fig. 2.1).

Fig. 2.1 Some shapes and
sizes of ripe cocoa fruits
found in plantations in
southern Bahia. Local
ancient varieties (a—Par4,
b—Maranhio, c—Comum).
Local mutant varieties
(d—Redondo; e—Catongo). a
Commercial cultivars
available from seedling
producers (fF—PS1319,
g—TSHI1188, h—SJ02,
i—CCNS51) (bar = 5 cm)
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2.5.2 Genotype-Based Diversity Analysis

Until the 1980s, in general, the evaluation of genetic variation was performed based
on phenotypic descriptors (Engels 1986; Nevo 1988). Additionally, the evaluation
by enzymatic profile was also widely performed as a way to assess the genotypic
variation using isoenzymes (Elliot and Kennedy 1988). From the 1990s onwards,
molecular markers were developed, expanding the analytical perspectives of the
cocoa genome. The different types of markers proposed and applied in the study
of cocoa vary depending on the genetic and evolutionary principle of the analysed
sequences and also the technical variation (Henry 2013).

In cocoa, molecular markers have been used to evaluate population and geographic
distribution in relation to classification parameters (Motamayor et al. 2008),
detecting and relating genomic and phenotypic characteristics (Barreto et al. 2018),
assisting breeding programs and assessing reproductive characteristics such as
self-incompatibility (Royaert et al. 2011).

Polymorphism among populations from different genetic groups was an impor-
tant target for initial investigations with molecular markers-linked to the study of
genetic diversity - genome size estimates, and polymorphic and specific sequence
hybridizations (Figueira et al. 1992; N’Goran et al. 1994). Molecular markers
based on sequence hybridization, such as restriction fragment length polymor-
phisms (RFLPs)—used for the evaluation of polymorphisms together with random
markers based on polymerase chain reaction (PCR) random amplification of poly-
morphic DNAs (RAPDs), enabling the evaluation of diversity genetics, but with
little certainty in the relationship between the germplasm and the proposed genetic
groups (N’Goran et al. 1994). RFLP probes with low-copy sequences enabled
the detection of variability between different genetic groups, with indications of
introgression by hybridization between these genetic groups of different origin in
germplasm. However, there is a certain genomic purity with low heterozygosity and
other genetic and diversity specifications of each group already described, such as
Criollo, Forastero and Trinitario (Lerceteau et al. 1997).

In the last three decades, around 50 different diversity studies based on molecular
markers have resulted in highlighting the genetic diversity of cocoa in the different
regions where it is cultivated (Fig. 2.2). The genome sequencing, and the use of
nuclear and chloroplastic microsatellite sequences (SSR—simple sequence repeat)
have been an effective strategy for the analysis of genetic polymorphism in cocoa
(Lanaud et al. 2004, 2009; Motamayor et al. 2008; Santos et al. 2015; Lachenaud
and Zhang 2008). SSR markers in cocoa have been efficient in the methodological
standardization for the evaluation of the genetic diversity (Saunders et al. 2004).

The diversity of cocoa has brought about great discussions about the number
and classification of genetic groups, a factor that often reflects on the pheno-
typic variability. The differentiation of Amazonian cocoa populations revealed,
based on geographic distribution and molecular markers, the formation of ten
distinct genetic groups: Amelonado, Contamana, Criollo, Curaray, Guyana, Iquitos,
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Marafion, Nacional, Nanay and Puris expanding the possibilities of use of the cocoa
genetic resource in breeding and conservation programs (Motamayor et al. 2008).

In Brazil, both the diversity and the genetic structure of plants cultivated in Bahia,
revealed that the genetic resource of this location has particular characteristics,
presenting a specific identity in terms of variability, differing from plant popula-
tions from other regions. In this case, cocoa produced in the Bahia State showed
great genetic divergence between plants from other cultivation locations (Santos
et al. 2015). Another approach to study the diversity of local cocoa in Bahia was
to assess the diversity of materials that showed resistance to witches’ broom after
its occurrence in this cocoa-producing region. Then, RAPD markers were used,
enabling access to genetic diversity and subsequent selection of potentially resistant
plants (Faleiro et al. 2004a; Leal et al. 2008). Later, SSR markers were used for the
same purpose of finding genetic novelties as alternative sources of plants resistant to
witches’ broom (Yamada et al. 2009; Faleiro et al. 2004b; Lima et al. 2013).

A population of Ecuador was evaluated for polymorphic SSR loci; it has been
shown the trend of genetic erosion caused by the breeding and introgression of
germplasm, reducing the number and diversity of native allele or wild plants (Loor
et al. 2009). In Peru, high diversity has been revealed, depending on the region, and
also due to the spatial structure of the collected accessions. However, the introduction
of germplasm from other regions has altered the region’s native germplasm, forming
other populations in natural and semi-natural farming systems (Zhang et al. 2009b). In
West Africa, genetic analysis of cocoa trees from different collection sites revealed
great allelic richness with only 12 loci evaluated, indicating a greater diversity in
germplasm from the upper Amazon compared to the genetic resource introduced
from other regions (Aikpokpodion et al. 2009).

Expressed sequence tag (EST)-SSR markers have been used for functional
genomic analysis, serving as a basis for the study of genome-phenotype relation-
ship (Argout et al. 2011). Additionally, SSR markers have been related to genetic
regions responsible for disease resistance in cocoa, one of the biggest problems asso-
ciated with the crop in terms of reduced productivity, crop dropout by producers and
plant death (Pugh et al. 2004; Brown et al. 2007; Lanaud et al. 2009; Akaza et al.
2016).

In the 2010 decade, the genome sequencing of cocoa was reported, expanding
the perspectives in the evolutionary and genetic study of the species (Argout et al.
2011,2017). The information generated by the cocoa genome sequencing allowed the
identification and development of single nucleotide polymorphisms (SNPs). SNPs
markers were also obtained to analyse the origin of traditional varieties cultivated in
Madagascar, indicating that the genetic resource of this region has descent from the
Criollo, Amelonado and Trinitdrio groups (Li et al. 2021).
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2.6 Brief Account of Molecular Mapping of Resistance
Genes and QTLs

2.6.1 Genetic Maps of Cocoa, Marker Evolution
and Segregating Populations

The genetic mapping of cocoa based on molecular markers allowed the identification
of genes and QTLs for resistance to different diseases that affect this crop, as well
as other characteristics, mainly those that affect production, consequently with an
economic effect. The genetic mapping of the first cocoa populations segregating for
witches’ broom and black pod resistance predominantly used the RFLP, AFLP and
RAPD markers. They were carried out with F1 population and backcross population
involving Catongo and Pound 12, identifying QTLs for resistance to black pod disease
(Crouzillat et al. 2000), as well as with the population derived from the artificial self-
pollination of the hybrid TSH 516, identifying QTLs with large effect for resistance
to witches’ broom (Queiroz et al. 2003). This map containing QTLs for resistance
to witches’ broom was expanded from 193 to 342 markers and each individual
was multiplied by grafting for repetition of phenotypic evaluations, enabling greater
accuracy in the phenotyping step (Faleiro et al. 2006). In this case, the focus was
to identify genomic regions related to the resistance of cocoa to witches’ broom, in
order to assist in genetic improvement steps. Subsequently, different populations and
marker types were used to identify QTLs and candidate genes for resistance to these
two diseases (Tables 2.2 and 2.3).

The first genetic map from segregating populations for frosty pod rot resistance
involved the F1 population derived of Pound 7 x UF 273, using SSR markers
or single strand conformation polymorphism (SSCP) of resistance gene homolog
(RGH) and WRKY markers (Brown et al. 2007). The two genetic maps of cocoa
population segregating for Ceratocystis wilt resistance used SSR and SNP markers.
These maps involved F2 population derived from SCA6 x ICS1 (Santos et al. 2012b),
and population F1 population derived from TSH1188 x CCNS51 (Fernandes et al.
2018).

Different strategies were used for the development and mapping of SNP markers in
cocoa. For example, almost a hundred conserved ortholog set II (COS-II) have been
identified and mapped in cocoa, with SNPs being identified for 83 genes, among
which 19 cosegregated with QTLs (Kuhn et al. 2012). The strategies used in this
study consisted of (1) evaluating polymorphisms in the mapping population, (2)
identifying SNPs in a diversity panel through DNA amplification from 15 different
cocoa accessions based on conserved genes, (3) analysing the transcriptome from
leaf RNA from these 15 cocoa accessions. The 15 different genotypes used by Kuhn
et al. (2012) to identify SNPs in conserved sequences were previously allocated to
10 different genetic groups based on SSR markers (Motamayor et al. 2008).

Another SNP discovery and mapping initiative was carried out based on a
germplasm bank of 249 accessions and two linkage genetic mapping populations.
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Table 2.2 Generation, size and genealogy of different populations of cocoa genetic mapping

Generation | Genealogy® Size | QTL or sequenceb References

F1 Catongo x Pound 12 — |55 BP Crouzillat et al. (2000)

BC1 F1 131
(Catongo x Pound 12) x
Catongo — BCl1

F2 SCA6 x ICS1 — 82 WB Queiroz et al. (2003)
TSH516 ® — F2

F2 SCA6 x ICS1 — 82 WB Faleiro et al. (2006)
TSH516 ® — F2

F2 SCA6 x ICS1 — 146 | COS-II Kuhn et al. (2012)
TSH516 ® — F2

Fl UPA402 x UF676 — F1 | 125 | Candidate gene Fouet et al. (2011)

F2 SCA6 x ICS1 — 143 |CW Santos et al. (2012b)
TSH516 ® — F2

F1 TSH1188 x CCN51 — 459 | WB Royaert et al. (2016)
F1

F1 TSH1188 x CCN51 — 265 |BP Barreto et al. (2018)
F1

F1 TSH1188 x CCN51 — 266 |CW Fernandes et al. (2018)
F1

F1 Pound 7 x UF 273 — F1 |256 |BP, FP Brown et al. (2007)

F1 Pound 7 x UF 273 — F1 | 179 |BP, FP Gutiérrez et al. (2021)

F1 EET 95 x Silecial — F1 | 733 | WB, FP Livingstone et al. (2017)

F1 SCA 12 x unknown 251 | WB, FP Livingstone et al. (2017)
genotype — F1

Trihybrid (SCA6 x H) x C1 - F1 | 179 |BP Akaza et al. (2016)
(P7 x ICS100) x C1 — | 173
F1 183
(P7 x ICS95) x C1 — F1

F1 DRI x Catongo — F1 96 BP Clement et al. (2003)
S$52 x Catongo — F1 94
IMC78 x Catongo — F1 | 125

Trihybrid (Na34 x IMC60) x IFC2 |59 BP Flament et al. (2001)
— F1

F1 T60/887 x IFC5 — F1 56 BP Flament et al. (2001)

Trihybrid (SCA6 x H) x C1 - F1 | 151 |BP Risterucci et al. (2003)

2For more details on the genetics of each genotype denoted here by the acronyms, see the original
articles. ® , selfcross. BC, backcross. F1, first generation. F2, second generation

bQTL for different diseases (BP, black pod; WB, witches’ broom; FP, frost pod; CW, Ceratocystis
wilt) and sequence or candidate genes (COS-II, conserved ortholog set of resistance genes; candidate
genes; EST sequence)
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Among these different cocoa genotypes, 15 were used to identify EST-SNPs, among
which the four genotypes used by Allegre et al. (2012) for the linkage genetic mapping
of the discovered EST-SNPs. Two-population maps and a saturated consensus genetic
map were developed for cocoa; they included SNPs and multiple markers, some of
them located in coding sequences of candidate genes (Fouet et al. 2011; Royaert
et al. 2011; Fernandes et al. 2018).

The three genetic maps developed from the TSH1188 x CCN51 population repre-
sent an effort to identify genomic regions involved in the resistance response to
witches’ broom, Ceratocystis wilt and black pod, which are the three main diseases
that affect cocoa in several regions where it is cultivated. SNP and SSR markers
were co-localized with genome sequences to correlate gene function to observed
traits such as plant resistance (Royaert et al. 2016; Fernandes et al. 2018; Barreto
et al. 2018).

DNA ships containing species-representative SNPs were used for the genetic
mapping of cocoa. A chip with 6 k cocoa SNPs was used to map and identify QTLs
for resistance to witches’ broom and Ceratocystis wilt (Royaert et al. 2016; Fernandes
et al. 2018). Additionally, the 15 k strategy consisted of identifying thousands of
SNPs, many of them within genes annotated in the cocoa genome, and transforming
them into an Illumina Infinity II array. These SNPs were identified within a diversity
panel of 11 different cocoa accessions. The mapping of these SNPs was performed
in two F1 populations of full-sib: one was derived from the cross between EET 95 x
Silecia 1; the other was from SCA12 x unknown genotype (Livingstone et al. 2017).
In this last work, genomic information and plant phenotyping were intensively used
for resistance to frosty pod rot, the incidence of witches’ broom disease and other
characteristics.

Cocoa genetic mapping populations include different generations, genealogies
and sizes (Table 2.2). These segregating populations range from 82 to 733 indi-
viduals, with a predominance of medium-sized populations (150-250 individuals),
which are suitable for genetic mapping. They were generated from controlled crosses
between wild varieties (SCA 6), mutants (Catongo), simple hybrids (self-pollination
of TSH516) and complex hybrids (TSH1188, CCN51, etc.). Thus, these populations
are full-sib progenies.

2.6.2 QTL Regions Disease Resistance in Cocoa

Efforts to identify QTL regions associated with biotic stress in cocoa have focused
on the four main pathogens that affect culture: black pod, witches’ broom, frosty pod
and Ceratocystis wilt.
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2.6.2.1 Black Pod Resistance

Since the early 2000s, most of the efforts have focused on the elucidation of the QTL
regions involved in resistance to the different species of the genus Phytophthora that
cause black pod, due to the devastating consequences of the pathogens in culture;
these efforts have used various molecular markers such as AFLP, RAPD, RFLP,
EST-SSR, SSR and more recently SNP. A QTL region located in the linkage group
(LG) 4, initially identified by Crouzillat et al. (2000), represents one of the most
promising regions in the interaction with the different species of Phytophthora. This
region has been validated in different genotypes and in different countries (Table
2.3). Other regions located in the LGs 1, 2, 4, 8 and 10 have been recurrent in various
studies. The polygenic character of black pod resistance was initially proposed by
Spence & Bartley (Spence and Bartley 1966), which has been validated by the iden-
tification of various QTLs, from QTLs of major effect to minor effect by different
studies (Table 2.3). It is important to highlight that the values of % phenotypic vari-
ation explained (% VE) presented by the various authors have been influenced by the
different phenotyping methodologies and statistical methodologies implemented in
each study, ranging from point-to-point analysis to multipoint analyses potentiated
with machine learning algorithms like HMM.

2.6.2.2 Witches’ Broom Resistance

The main phenotyping methodology used in the studies that have addressed to the
witches’ broom resistance is the quantification of infected vegetative brooms in the
field and the studies have focused on two crosses, SCA6 x ICS1 and TSH1188 x
CCN51. The markers used were restricted to RAPD, AFLP, SSR and more recently
SNP. A first study identified a QTL in LG 11 with a %VE = 34.8 (Queiroz et al.
2003). Although it has been refined in terms of phenotyping and of use of a greater
number of markers (REF), this results most likely was due to the use of a linkage map
wih insufficient coverage for the date. Subsequently, Brown et al. (2005) identified
a QTL with a major effect with %VE = 51.1 in LG 9, among others with a minor
effect (Table 2.3). In 2007, Santos et al. also identified QTLs in the same LG and LG
3 with % VE between 74.6 to 82.7, and this study used a simple regression statistical
approach without the use of a linkage map. More recently, Royaert et al. (2016) using
SNP also identified two QTLs in LG 9, but with substantially lower % VE and also
identified several QTLs of minor effect varying between 0.6 and 13.5 of %VE, due
to a different genetic background used to generate the segregating population (Table
2.3).

2.6.2.3 Frosty Pod Resistance

Efforts to elucidate QTL regions associated with resistance to frosty pod caused by
the M. roreri fungus, are less compared to black pod and witches’ broom. This may
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be due to the less cosmopolitan distribution of the disease, present only in northern
South America and have reports in Central America to southern Mexico. To date, only
two studies have been carried out on detection of QTLs associated with resistance
to frosty pod (FP) (Table 2.3), both using the same genotypes, Pound7 x UF273
(F1). Initially Brown et al. (2008) identified five QTLs in LG 2, 7, and 8 with a % VE
varying between 4.5 and 9.8 using SSR markers. Later, Gutiérrez et al. (2021) using
SNP markers identified 11 QTLs confirming those previously identified by Brown
et al. (2008), and identified 6 more regions with a % VE varying between 4.96 and
11.19.

2.6.2.4 Ceratocystis Wilt Resistance

The vascular disease Ceratocystis wilt, caused by the fungus Ceratocystis cacaofu-
nesta, is of utmost importance since it causes the death of infected plants and it has
also been proven that the vast majority of witches’ broom resistant genotypes show
susceptibility to Ceratocystis wilt. The first study carried out by Santos et al. (2012b)
used a linkage maps previously developed using SSR and EST-SSR markers, and
identified two QTLs in LG 3 and 9, with a %VE of 7.7 to 9.6 on the cross SCA6
x ICS1 (F2). The first and only effort in the identification of QTLs associated with
Ceratocystis wilt resistance based on a linkage map constructed with the use of SNP
markers using the TSH1188 x CCNS51 (F1) cross, was carried out by Fernandes
et al. (2018), identifying two QTLs in LG 4 and 6, with a %VE between 3.8 and
62.6, the last in LG 6, being the first QTL of major effect reported as associated with
resistance to Ceratocystis wilt in cocoa.

2.6.2.5 Brief Summary of QTL Regions Associated with Resistance
to Biotic Stresses in Cocoa

The first decade of QTL mapping of disease resistance in cacao was examined in
detail using meta-analysis (Lanaud et al. 2009). Nowadays, the number of QTLs
and types of diseases have been increased (Table 2.3). A summary of QTL regions
is shown from the main QTLs associated with resistance to biotic stress of the four
diseases addressed in QTLs studies (Fig. 2.3) (Akazaetal. 2016; Gutiérrez et al. 2021;
Brown et al. 2005, 2007; Royaert et al. 2016; Santos et al. 2012a, b; Fernandes et al.
2018). In this summary, only the QTLs identified by interval mapping methodologies
in studies with n > 150 individuals, and showing the highest % VE (R?) by disease
are shown.
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2.7 Cocoa Germplasm Characterization

The characterization of a plant germplasm gives crucial information to understand the
genetic bases of the given species, allowing the comprehension of the identity of the
individuals that make it up, the genealogical and geographic relationships, the genetic
variability present in populations, and the geographic origin of the accessions present
in the germplasm bank, which together serve as a basis for both the conservation of
genetic resources and for the improvement of certain characteristics of agronomic
interest (Lindo et al. 2018; Zhang et al. 2009a). In the case of 7. cacao, morphological
and/or molecular characterizations have already been performed in germplasm banks
and/or farms present in several countries, such as Costa Rica (Zhang et al. 2009b),
Peru (Zhang et al. 2009a), Colombia (Osorio-Guarin et al. 2017), Jamaica (Lindo
et al. 2018), China (Wang et al. 2020), Trinidad (Bekele et al. 2020), Brazil (Santos
et al. 2015), Cameroon (Efombagn et al. 2009), Dominican Republic (Boza et al.
2013), Honduras and Nicaragua (Ji et al. 2013), among others.

In Costa Rica, 688 accessions of 7. cacao from the International Cocoa Collec-
tion of CATIE (IC3) maintained in the country were used, which were genotyped
using 15 SSR molecular markers. The level redundancy analysis revealed that, in
a random sample, 113 accessions were representing 90% of the allelic diversity
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present in the germplasm collection. Two hundred and thirty-one alleles distributed
in 548 genotypes were identified. These 548 genotypes, based on geographic origin,
were classified into 12 groups. The groups from Brazil and Ecuador accounted for
about 56% of the total number of exclusive alleles, noting that the collection was
composed of only 18.4% from these two groups. Through genetic structure analyses,
it was observed that within-country/within-region was responsible for 84.6% of the
total molecular variation, while between-the-countries/between-regions represented
15.4%. The results found in this work mainly indicated that the IC3 contains a high
level of redundancy (Zhang et al. 2009b).

In Peru, the evaluation was made using a total of 612 cocoa accessions from
the Pound collection, the first to be established in South America and which has
important sources of genetic variation that can be exploited in breeding programs,
especially for resistance to diseases. These accessions were genotyped using 15
microsatellite markers. As main results, 180 cases of mislabelling and a total of 116
duplicates were detected, and 316 accessions were then selected for the diversity
analyses. The half-sib and full-sib families were rebuilt for the five access groups in
the collection, with 78 half-sib and 48 full-sib families being rebuilt. Through analysis
of probability simulations, eight parents were identified as probably responsible
for 117 pairs of mother—child relationships present in the collection. The principal
coordinate analysis (PCA) together with the Bayesian method of clustering indicated
amarked structure of genetic diversity stratified by the fluvial systems of the Peruvian
Amazon (Zhang et al. 2009a).

In Colombia, a set of 565 accessions was used for evaluation, of which 450 came
from the Colombian Corporation for Agricultural Research (Corpoica) germplasm
bank and 115 from breeding collections. For genotyping, these 565 accessions plus
252 accessions from reference populations were characterized using 87 SNP markers.
For phenotyping, 141 accessions were analysed using 18 morphological characters
and 94 accessions were analysed with four biochemical characters, both from the
UPOV descriptor list. PCA analysis of the morphological characters showed that
60.6% of the total variation was represented in seven descriptors, while for the
biochemical characters 100% of the variation was explained in the four charac-
ters evaluated, noting that for both sets of characters the genotypes analysed were
grouped into four clusters. Genotyping analysis showed that this collection from
Corpoica has a high genetic diversity (Osorio-Guarin et al. 2017).

In Jamaica, 160 accessions from the germplasm banks of the Orange River Agri-
cultural Research Station in the parish of St. Mary and Montpelier Agricultural
Research Station in St. James, plus 150 reference accessions from farms have been
characterized, both sets of accessions being genotyped using 94 SNP markers. The
results indicated that most of the genotypes present in Jamaica collection are hybrids
originating mainly from the genetic groups Parinari, Iquitos Mixed Calabacillo,
Scavina, Amelonado and Criollo, with the greatest contributions being from the
Parinari and Amelonado groups. Through the construction of the Neighbour-joining
dendrogram, the formation of two large clusters was observed, in cluster 1 the acces-
sions from the Nacional and Scavina groups were inserted and in cluster 2 the acces-
sions from the Amelonado, Criollo, Trinitario, Nanay, Parinari and Iquitos Mixed
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groups Calabacillo. Through the analysis of molecular variance, it was also found that
the highest level of differentiation occurred among individuals within the population
(97%) (Lindo et al. 2018).

In China, where a collection of 170 accessions of 7. cacao is maintained in Yunnan,
a sample of 88 accessions was selected for characterization and was genotyped with
91 SNP markers. It is also worth mentioning the use of over 140 reference accessions.
Through PCA, it was observed that most accessions belonging to the Yunnan collec-
tion were dispersed in the Amelonado group and other reference groups. Through
the UPGMA dendrogram, the formation of large clusters was observed, cluster 1
with all reference populations, except Amelonado, and cluster 2 with all accessions
of the Yunnan collection together with the reference population Amelonado. These
results showed that the introductions of cocoa accessions in the Yunnan collection
consisted mainly of hybrids derived from the Amelonado group, thus demonstrating
a low genetic diversity and suggesting the need for new introductions of genotypes
from the other groups, to obtain a greater representation of the genetic diversity of
this species (Wang et al. 2020).

In Cameroon, 300 accessions from farms of the South and West regions, and
77 accessions from the Institute of Agricultural Research for Development (IRAD)
germplasm bank were selected for characterization, and both sets were evaluated
using eight quantitative and nine qualitative descriptors. Morphological variations
were observed between accessions from farms and those from the germplasm bank.
When evaluating the quantitative characters related to the pods, it was possible to find
differences between the sets of accessions from farms in the South and West regions.
By PCA, it was found that 86% of the total phenotypic variance was contained in
four principal components. Comparing morphological and molecular results, it was
observed that the differences found between farms in the South and West region were
mainly influenced by non-genetic factors. While accessions from the germplasm
bank and those from farms were considered genetically distant, which suggested a
low introduction of genotypes from breeding programs in farm crops (Efombagn
et al. 2009).

In the Dominican Republic, 803 accessions from the germplasm bank and 55
accessions cultivated in local farms were selected for characterization by genotyping
with 14 SSR markers. It was detected in the set of accessions from the germplasm
bank the presence of 15 synonymous groups containing 48 accessions, while for the
set coming from local farms, the occurrence of 13 synonymous groups containing 30
accessions was identified. Analysing the genetic diversity, the presence of 117 and
113 alleles for the germplasm and farm accessions, respectively was observed. When
evaluating the population structure, a predominance of accessions in the Amelonado
group was detected, which represented 43.9% for germplasm accessions and 72.1%
for the farm accessions (Boza et al. 2013).

In Trinidad, 1900 accessions from the International Cocoa Genbank Trinidad
(ICGT) germplasm, of which 260 belong to the Trinitario group were characterized
using 25 descriptors from the International Board for Plant Genetic Resources. Upon
observation of the Pod Index, which is used as an indicator of potential yield, a
variation between 13.9 and 92.8 was found, with values below 21.0 being considered
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favourable. It was also observed that 23% of the accessions considered superior
belonged to the Trinitario group. Through PCA, it was identified that 69% of the
total variation was contained in nine principal components. Observing the characters
‘number of seeds’ and ‘cotyledon mass’ for the 260 accessions of the Trinitario
group, six were considered as elite for potential yield (Bekele et al. 2020).

In Honduras and Nicaragua, 84 accessions collected from traditional cocoa farms
and 31 reference clones from the IC3 were selected and genotyped with 70 SNP
markers. It was found, in the group of 84 accessions collected on farms, the presence
of six synonymous groups, in which 16 accessions were included, representing 11.9%
of the varieties included in this group. Through multivariate analysis, the formation
of five clusters was identified, which represented the genetic groups Antigo Criollo,
Amelonado, Trinitario from Nicaragua, Trinitario from Honduras and Forastero from
Superior Amazon. It was found that the classification of accessions by farmers had
high coincidence with the groups formed through genotyping by SNPs, highlighting
that from the 28 accessions named as Criollo, 22 were in fact inserted in the Antigo
Criollo group; two out of three accessions named as the Trinitario of Nicaragua were
grouped into the Trinitario reference group; and 12 of the 13 accessions named as
Trinitario de Honduras actually belonged to the Trinitario de Honduras group (Ji
et al. 2013).

In Brazil, 279 accessions of 7. cacao were selected for characterization, from
which 179 were from the IFBAIANO and CEPLAC institutions, located in Bahia
State in the cities of Canavieiras, Camacan, Gandu and Uruguca, and another 103
genotypes from the CEPEC/CEPLAC institution, in the cities of Ilhéus and Igrapitina
in Bahia State. Genotyping was carried out with 30 SSR markers. Genetic structure
analysis allowed the formation of two groups, one named as Bahia cocoa and the
other as Non Bahia cocoa. In the Bahia cocoa group, two subgroups were observed,
one where the genotypes cultivated on farms were inserted and the other composed
of STAL/SIC clones. Based on genetic analysis, the 30 SSR markers identified 209
alleles. Analyzing the groups separately, the genetic diversity present in the Bahia
cocoa group was considered low, when compared to that presented in the Non Bahia
cocoa group (Santos et al. 2015).

By analyzing the work already carried out, it is observed that the characteri-
zation of germplasm banks provides results that mainly allow to understand the
genetic diversity of the species present in a given collection, influencing both genetic
conservation measures and breeding programs. These data can support the selec-
tion of superior accessions that can be indicated for planting, as well as genotypes
that can serve as parents in crosses in order to insert or increase traits of agronomic
importance (fruit quality, yield, flavor and disease resistance) or to identify genes
that can be used in genetic engineering work, mainly for disease resistance.
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2.8 Map-Based Cloning of Resistance Genes

2.8.1 BAC Libraries

The construction of genomic DNA libraries based on bacterial artificial chromo-
somes (BAC) can be used for genomic mapping, positional cloning, complex genome
sequencing and gene annotation (Holmes et al. 2015; Luo and Wing 2003). For T.
cacao, a BAC library was built and validated in 2004, aiming to develop molec-
ular resources to enable the study of the structure and evolution of the genome of
this species (Clement et al. 2004). For the construction of the 7. cacao BAC library,
DNA extraction was performed from collected leaves of the SCA6 genotype from the
germplasm collection of the Center National de Recherche Agronomique (CNRA) of
Ivory Coast. As aresult, this library has 36,864 clones with an average size of 120 kb
each, with about 80% of the clones having a size greater than 100 kb and 13% greater
than 150 kb, thus representing a coverage around 10 times greater in relation to the
size of the haploid genome. Additionally, from the establishment of this library, the
authors characterized and refined regions associated with disease responses. Rela-
tionships between physical and genetic distances were performed, and a screening
was carried out in the BAC library using nine resistance gene analog (RGA) and
defence gene analog (DGA) probes previously obtained (Lanaud et al. 2004). Two
resistance clusters were identified: a region of 3.4 cM located on chromosome 4 and
another of 1.1 cM on chromosome 7, which, respectively, were used to construct two
contigs, one of 1004 kb and another of 404 kb, thus providing the first clues about
the relationships between physical and genetic distances in the genome of 7. cacao
(Clement et al. 2004).

2.8.2 Cytogenetic Studies

Cytogenetic studies provided a great contribution to the understanding of the genomic
structure and the evolutionary biology of cultivated plants, mainly because they
provide important integrative tools allowing genetic and genomic analyses of plant
chromosomes and genomes (Figueroa and Bass 2010). Such studies may facilitate
the understanding of behaviour, as well as genetic regulations and mechanisms that,
at the gene level, control chromosomal dynamics, and may also contribute to the
identification and transfer of resistance genes from exotic to native species (Younis
et al. 2015).

For T cacao, some cytogenetic studies have already been carried out, proving that
this species has a symmetrical karyotype consisting of 2n = 20 chromosomes (da
Silva et al. 2017; Dantas and Guerra 2010; Figueiredo et al. 2013), with size haploid
around 0.45 pg (da Silva et al. 2017) and length of each chromosome ranging from
1.19 to 2.00 pm, with arm ratios from 1.12 to 1.32 pm (Dantas and Guerra 2010).
Specifically, the varieties Cacau Comum (native to the Lower Amazon Region)
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and Cacau Rui (originated in the Cocoa Region of Bahia State in Brazil) contain
exclusively metacentric chromosomes, while the varieties Cacau Jaca (originated in
the Cocoa Region of Bahia State in, Brazil) and Cacau Papala (originated in Peru)
presented one pair of submetacentric chromosomes each, pairs 5 and 7, respec-
tively (Figueiredo et al. 2013). Analysing commercial cocoa species, by conven-
tional staining with DAPI, an interphasic reticulate type of nucleus was observed,
with 19-20 chromocenters with regular shape and size. In prophase, through conven-
tional staining and C-Banding, it was observed that the chromosomes presented
high condensation in the proximal region and decondensation in the terminal region
(Dantas and Guerra 2010). Using the CMA+/DAPI— double staining technique, it
was observed the presence of this band in the terminal region of the long arm in only
one pair of chromosomes, the CMA+ band being often heteromorphic in size and
distended in one or both homologues (da Silva et al. 2017; Dantas and Guerra 2010).
Using the fluorescence in situ hybridization (FISH) technique, analyses of I DNA sites
were performed, observing the occurrence of a 5S rDNA site in the proximal region
of one of the three largest chromosomes and a 45S rDNA site located together with
the CMA+ band. By using C-banding followed by staining with DAPI or Giemsa, it
was observed in the interphase nuclei the presence of 20 well-defined chromocen-
ters, all presenting centromeric or proximal heterochromatic bands of similar sizes
(Dantas and Guerra 2010).

From cytogenetic studies, 20 EST-SSR type markers were also developed, and
informative and satisfactory results on allelic variations between wild and cultivated
species were obtained. Thus, 60% of these markers were polymorphic and 40%
monomorphic in 7. cacao (da Silva et al. 2017), strengthening the assertion that these
studies can bring essential contributions both to structural and functional genomics
as well as to the evolutionary biology of species (Figueroa and Bass 2010).

2.9 Genomics-Aided Breeding for Resistance Traits

2.9.1 Large Scale Transcriptomic Resources

A transcriptome is a snapshot of the gene expression profile of a cell and/or tissue at a
given time and/or physiological situation, which can be analysed through the estab-
lishment of transcript libraries and subsequent application of specific tools (Ward
etal. 2012). In T cacao, functional genomics analyses have mainly sought to under-
stand the roles of certain genes, from redundant and shared functions to unique
functions (Gesteira et al. 2007), which has led to the construction of EST libraries
from cocoa submitted to various factors (Argout et al. 2008; Gesteira et al. 2007,
Jones et al. 2002) or disease resistance inducers (Verica et al. 2004) and more recently
to high throughput analysis such as RNAseq (Teixeira et al. 2014; Fister et al. 2015).

The first effort to establish large scale transcriptomics data from 7. cacao was
made in 2002 using complementary DNA (cDNAs) from seeds and leaves of five
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cocoa varieties (Amelonado, P7B, R10, Spec54, UF221 and Sic 5) (Jones et al.
2002). Two libraries from Amelonado seeds and leaves, respectively, were obtained,
and an unigene of 1380 sequences was identified and annotated. In the seeds,
transcripts associated mainly with storage and defence were found (e.g. vicilin,
21-kDa seed protein), while leaves mainly contained sequences related to photo-
synthetic process (Jones et al. 2002). In 2004, suppression subtraction hybridiza-
tion (SSH) libraries resulting from 7. cacao leaves (Forastero and Comum vari-
eties) treated with the defence response inducers benzothiadiazole (BTH), Nep1 and
methyl jasmonate/ethylene were built. A dataset of 2114 ESTs, which resulted in the
assembly of 1256 unigenes was obtained. From them, 865 had corresponding genes
already annotated in the database, and 330 corresponded to genes induced during
the defence response (Verica et al. 2004). In 2007, an EST library was developed
specifically for the T cacao-Moniliophthora perniciosa interaction, using Catongo
(susceptible) and TSH1188 (resistant) cocoa varieties as plant material. In this study,
the authors established two EST libraries, one originating from the interaction of
M. perniciosa with resistant genotype (RT) and another with susceptible genotype
(SP), generating a dataset of 1719 unigenes and 1207 for RT and SP, respectively.
From them 1371 and 859 unigenes were specific for RT and SP, respectively, and
16 functional classes were established (Gesteira et al. 2007). In 2008, 56 libraries
were built, of which 25 corresponded to cocoa tissues subjected to different biotic
stresses, highlighting pods infected by the P. palmivora, P. megakarya, M. perniciosa
and M. roreri; leaves infected by P. palmivora and P. megakarya; stems inoculated
with M. perniciosa and C. fimbriata; and stems attacked by Sahlbergella singu-
laris. From the 56 libraries, 146,650 ESTs were generated, corresponding to 48,594
unigenes, 12,692 contigs and 35,902 singletons. The authors identified 1001 genes
associated with stress responses, mainly resistance proteins or proteins involved in
plant defence mechanisms, such as chitinases, 1-3 beta glucanases and pathogenesis-
related proteins (PRs) (Argout et al. 2008). In 2014, a transcriptomic analysis of the
T. cacao-M. perniciosa interaction was obtained by RNA-seq (Teixeira et al. 2014).
The cocoa cultivar Comum was inoculated with the BP10 M. perniciosa isolate and
material from infected seedlings was harvested 30 days after inoculation. The authors
identified 562 million and 436 million of reads for infected seedlings and healthy
seedlings (control), respectively. The alignment of reads against the Cacao Genome
Database (Motamayor et al. 2013) (see also Sect. 2.9.2) and the differential expres-
sion analysis between infected and control samples allowed the identification of 1967
differentially expressed genes, 1269 upregulated and 698 downregulated (Teixeira
et al. 2014). In 2015, through microarray analysis, genes expressed in the SCA6 and
ICS1 cocoa genotypes inoculated with P. tropicalis and treated with salicylic acid
(SA) were identified. As main results, the authors found that the treatment with SA
reduced the size of the lesions and limited the growth of the pathogen in the two
cocoa genotypes, especially in SCA6. Among other results, it was observed that the
ICS1 genotype treated with SA showed a greater number of upregulated PR genes
compared to the SCA6 genotype, also treated with SA (Fister et al. 2015) (Table
2.4).
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The overall data obtained through transcriptomic approaches allowed the iden-
tification of genes specifically involved in resistant vs susceptible cocoa genotypes
(from different resistant sources, e.g. SCA6, TSH), in different metabolic pathways
responsible for important agronomic traits (e.g. resistance, defence) or in specific
plant organs (e.g. pod, seeds, leaves) (Table 2.4). Such data provided solid bases
for an increase of the global knowledge of the plant-pathogen interaction, but also
as source of information useful for molecular strategies (e.g. marker development)
associated to cocoa breeding programs.

2.9.2 Genome Sequencing

The genome is the set of all the genetic information of an organism or a cell, which
can be determined in an increasingly broad, fast and efficient way thanks to the
development of new sequencing platforms, known as next generation sequencing
(NGS), enabling the whole genome sequencing (WGS) (Giani et al. 2020). The
genomic sequencing of species of agronomic interest has allowed breeders more
consistent approaches, especially when they are dealing with multigene inheritance
traits, which consequently suffer a greater environmental influence and are more
difficult to be evaluated and selected based only on classical breeding techniques
(Ray and Satya 2014).

For the T. cacao species, the first genome sequencing was accomplished in 2011,
from the Belizean Criollo (B97-61/B2) genotype, which is appreciated because
its almonds result in the production of fine chocolate. For this sequencing, the
authors used the genome-wide shotgun strategy incorporating Roche/454, Illumina
and Sanger technologies, generating a total of 26 Gb of data. The raw data were used
for assembly using the Newbler tool, generating 25,912 contigs and 4792 scaffolds,
which represented a total assembly length of 326.9 Mb, covering approximately 76%
the genome size of this species. Through the use of 1259 molecular markers, 94%
located in the assembly, it was possible to anchor 67% of the sequenced genome
of T. cacao along the 10 linkage groups. By linking genetic distance to physical
distance, relationships of 1 ¢cM per 444 kb and 1 cM per 146 kb were observed
for centromeric and chromosomal regions, respectively. It was identified, through
a search for homology and functional annotation, that the genome of 7. cacao has
28,798 genes that encode proteins, each gene having an average size of 3346 bp
and 5.03 exons (Argout et al. 2011). In 2017, a second version of the Belizean
Criollo genome was established (Argout et al. 2017) using some data from the first
version (Argout et al. 2011) and adding new results generated by sequencing Illu-
mina HiSeq 2000 and 52 long reads sequencing. In order to fill gaps existing in
the first annotation system, these new data were integrated, and a consensus anno-
tation was established, containing a total of 29,071 contigs encoding for proteins.
In summary, this new version of the 7. cacao genome added data compared to the
previous version, improving assembly, correcting some inconsistencies, reducing the
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number of scaffolds and unanchored regions, and updating structural and functional
information (Argout et al. 2017).

Independently, another 7. cacao genome was sequenced: the cultivar Matina 1-6
was used, standing out for belonging to the most cultivated cocoa group (Motamayor
et al. 2013). For sequencing, the Sanger and Roche 454 pyro-sequencing methods
were used, with subsequent assembly performed via Arachne. Altogether, around
32.4 Gb of sequences were generated, as well as 20,103 contigs, which formed 711
scaffolds, representing a total length of 346.0 Mbp. It was observed that 98.9% of
these data were mapped on the 10 chromosomes, where 29,408 loci were evidenced.
Aiming to establish a comparison between this genome of Matina 1-6 with that of
Criollo, the authors performed a synteny analysis, resulting in the identification of 271
orthologous regions between the two genomes. It was found that most genes respon-
sible for LLR-RLK protein synthesis, flavonoid and lipid biosynthesis, and terpenoid
synthesis are inserted outside orthologous regions, which led the authors to suggest
that genes located outside these regions or in orthologous regions between non-
orthologous chromosomes may be responsible for the existing differences related
to disease resistance and fruit quality between the two genotypes (Motamayor et al.
2013).

From the sequencing, annotation and availability in databases of the Belizean
Criollo and Matina 1-6 genomes, genomic and post-genomic approaches were facil-
itated, mainly serving as a basis for projects involving comparative and/or evolu-
tionary studies in 7. cacao and enhancing genetic analysis to identify genes involved
in important characteristics of the cocoa tree, which has been directly contributing
to the breeding programs of this species.

2.9.3 Proteomics Resources

Currently, only few studies related to proteomics of cacao-pathogen interaction have
been developed. However, in 2020, comparative proteomics analysis of the T. cacao-
M. perniciosa interaction was performed. TSH1188 (resistant) and Catongo (suscep-
tible) cocoa genotypes were inoculated with M. perniciosa, samples were harvested
through the time course disease, and their proteins analysed by mass spectrom-
etry. The authors obtained a total of 554 protein spots with a greater amount of
proteins observed in TSH1188, mainly in inoculated samples. In the Catongo geno-
type, uninoculated samples (control) presented more proteins than the inoculated
ones, indicating a possible gene repression after inoculation with the pathogen. The
identified proteins were distributed into eight functional groups, and it was noted that
the TSH1188 genotype presented a greater amount of defence and stress proteins than
the Catongo one, both inoculated with M. perniciosa. Subsequently, these proteins
were identified: PRs, chitinases, proteins related to oxidative stress regulation and
trypsin inhibitors. For proteins differentially expressed in the two genotypes, inter-
actomics analysis revealed the occurrence of complex networks of protein—protein
interactions specific of each genotype (dos Santos et al. 2020).
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2.9.4 Bases for Marker Assisted Selection

With the support of structural and functional 7. cacao omics data, the cocoa breeding
has contributed to identify potential sources of resistance to diseases (Wickrama-
suriya and Dunwell 2018). By accessing the information present in the genome and
how it is structured, it is possible to locate genomic regions that are possibly respon-
sible for triggering resistance responses in the plant. These regions have already been
described in T. cacao for interaction with several pathogens, especially T. cacao-M.
perniciosa (McElroy et al. 2018; Osorio-Guarin et al. 2020; Schnell et al. 2007;
Motilal et al. 2016), T. cacao-M. roreri (Romero Navarro et al. 2017; Gutiérrez et al.
2021; McElroy et al. 2018; Osorio-Guarin et al. 2020; Schnell et al. 2007), T. cacao-
Phytophthora spp. (Gutiérrez et al. 2021; Motilal et al. 2016; Schnell et al. 2007)
and T. cacao-C. cacaofunesta (Fernandes et al. 2018; Santos et al. 2012b). These and
other works cited throughout this chapter have provided important support to know
how certain characters are genetically determined and at the same time allowing
their selection assisted by markers, thus contributing to the development of new
cocoa cultivars with certain characteristics of agronomic interest in a shorter time
span (see also Sect. 2.6 above).

2.10 Brief on Genetic Engineering for Resistance Traits
and Recent Concepts and Strategies Developed

2.10.1 Review on Achievements of Transgenics

In addition to support by works involving molecular marker assisted selection,
genomic data provide a crucial basis for selection of potential genes to be used
in genetic engineering applications, mainly through recombinant DNA technology.
For the application of this technique, Agrobacterium tumefaciens has become the
most popular tool for plant transformation, by delivering genes of interest in specific
plants including cocoa (Hwang et al. 2017; Maximova et al. 2003). In 7. cacao, some
works involving the use of this technique have already been carried out, highlighting
functional studies of 7. cacao genes such as chitinase 1 (Maximova et al. 2006),
NPRI (Shi et al. 2010), TcNPR3 (Shi et al. 2013), PI3P (Helliwell et al. 2016) and
TcBI-1 (Scotton et al. 2017).

The chitinase 1 gene was overexpressed in the PSU-SCAG6 cocoa genotype though
Agrobacterium mediated-plant transformation (Maximova et al. 2006). Cocoa trans-
genic plants, compared do the wild-type (non-transgenic plants), showed an increase
of the chitinase activity in their leaves as well as a reduction of necrotic lesions
when the plants were challenged with the pathogen Colletotrichum gloeosporioides.
Globally, the results showed that the plants overexpressing the chitinase 1 gene
presented a higher resistance response against the pathogen C. gloeosporioides than
non-transformed plants (Maximova et al. 2006).
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The TcNPRI cDNA was isolated from of the SCA6 cocoa genotype and used to
complement, by genetic transformation, Arabidopsis plants presenting mutation for
NPRI (nprl-2 mutant) as well as a high susceptibility to the pathogen Pseudomonas
syringae pv. tomato (Shi et al. 2010). Complementation showed that the TcNPRI
gene is a functional ortholog of A. thaliana NPR1, and that the overexpression of
TcNPRI innprl-2 mutant plants conferred an upregulation to the PR gene after treat-
ment with salicylic acid, and increased the resistance to the pathogen P. syringae pv.
tomato (Shi et al. 2010). Similar methodology was used to elucidate the function
of the cocoa NPR3 gene, considered as a possible repressor of defence responses
mediated by NPRI. The TcNPR3 cDNA was isolated from SCA6 cocoa genotype,
and then transferred to A. thaliana plants mutated for npr3, the Arabidopsis endoge-
nous version of this gene. Functional complementation confirmed that TcNPR3 is a
negative regulator of defence responses in floral tissues, and a functional ortholog
of the A. thaliana NPR3 gene (Shi et al. 2013). Theobroma cacao leaves were also
submitted to transient transformation with TcNPR3: the knockout of this gene led
to an increase of the resistance responses against the fungus Phytophthora capsici,
resulting in smaller lesion sizes and reduction of the pathogen replication (Shi et al.
2013).

Functional study of the PI3P gene was made by transient and stable SCA6 cocoa
genotype transformation (Helliwell et al. 2016). Cocoa leaves transiently overex-
pressing the PI3P gene showed an increase of resistance against the pathogen P.
palmivora, while the transient overexpression of PI3P directed to the apoplast showed
an increase to the resistance against the pathogen P. tropicalis. Stable transformation
of cocoa plants with PI3P showed an increased resistance against the pathogen C.
theobromicola, while addressing the PI3P sequence to the apoplast, stable trans-
formation showed an increased resistance against the P. palmivora and P tropicalis
pathogens (Helliwell et al. 2016).

The negative programmed cell death regulator Bax-1isolated from CAB214 cocoa
genotype was used to transformed the Micro-Tom tomato cultivar (Scotton et al.
2017), a plant model for cocoa-M. perniciosa interaction (Marelli et al. 2009).
As main results, the Micro-Tom TcBI-1-transformed plants inoculated with the
necrotrophic pathogens Sclerotinia sclerotiorum, Sclerotium rolfsii, Botrytis cinerea,
and M. perniciosa showed a significant reduction of the severity of the corresponding
symptoms. Additionally, the authors suggested that the overexpression of TcBI-1
affects the penetration of germinating M. perniciosa spores into susceptible tissues
of T. cacao, and may be able to restore part of the non-host resistance against the
S-biotype of M. perniciosa (Scotton et al. 2017).

These studies showed that genetic transformation of cocoa (or of related plant
model) allowed to functionally confirm the role of some cocoa candidate genes in
plant resistance to different pathogens. These results also opened up potential oppor-
tunities for the development of further work both in conventional genetic breeding
and in biotechnological applications, aiming to increase the resistance responses of
T. cacao (Maximova et al. 2006; Shi et al. 2010, 2013; Helliwell et al. 2016).
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2.10.2 Genome Editing

A great advance with the 7. cacao genome sequencing (see Sect. 2.9.2) is the possi-
bility to efficiently and precisely edit sequences of interest related to important traits
such as pathogen response or resistance. Among the gene editing techniques, the one
that has been gaining recently more prominence is the clustered regularly interspaced
short palindromic repeats-associated protein 9 (CRISPR/Cas9), due to its simplicity,
high efficiency, easy use in the production of transgenics (Mali et al. 2013). Addi-
tionally, CRISPR/Cas9 has a high versatility and can be used for knockout, insertion,
deletion and replacement of genes, as well as in the activation of gene expression,
providing approaches that directly or indirectly help researchers in the processes of
plant domestication and improvement of traits of agronomic interest (Ahmad et al.
2020). In agriculture, CRISPR/Cas9 stands out above all for the development of
works aimed to the resistance of plants to pathogens, with three factors supporting this
assertion: (i) there is a high availability of information related to specific pathosys-
tems allowing the identification of potential genes involved in triggering defence
responses to be edited; (ii) disease resistance is often achieved after editing a gene;
and (iii) targeted mutagenesis is easily applied to disease resistance, as the inacti-
vation of susceptibility genes can lead to the manifestation of a resistant phenotype
(Borrelli et al. 2018).

In T. cacao, the first work involving the use of the CRISPR/Cas9 technique took
place in 2018 (Fister et al. 2018). In this work, the use of CRISPR/Cas9 transient-
mediated transformation to introduce the CRISPR/Cas9 components into cocoa
leaves and cotyledon cells would limit the expression of TcNPR3, a defence response
suppressor gene (see also Sect. 2.10.1). It was hypothesized that the knockout of
this gene would result in an increase in resistance responses in tissue treated with
CRISPR/Cas9. As main results, the CRISPR/Cas9 edition system allowed the dele-
tion of 27% of TcNPR3 copies in treated tissues (leaves). Moreover, 72 h after
inoculation with the pathogen P. tropicalis, the tissues treated with the TcNPR3-
CRISPR/Cas9 construct exhibited a reduction of the lesion size when compared to
the control. The transformed leaves inoculated with the pathogen also showed an
increase of the expression level of the PR-2, PR-3, PR-4, PR-5 and TcNPRI genes
in relation to control. Then, stable transgenics for 7cNPR3 in mutant embryos were
obtained, being noted that the expression of single guide RNA (sgRNAs) and Cas9
in developing embryos can increase the proportion of mutated 7cNPR3 in the tissue
under study, which would lead to a possible homozygosis for this mutated embryo
or plant. The overall results confirmed the role of TcNPR3 as a repressor of resis-
tance responses in 7. cacao, and additionally the application of this technique in a
pioneering way for this species represents a great advance in functional genomics and
allows greater precision in genetic engineering applications in the genetic breeding
of cacao (Fister et al. 2018).
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2.10.3 Nanotechnology

The advent of nanotechnology has brought new perspectives to face the constant
challenges encountered when working with phytopathology, and may in the future
be used to assist in the management, diagnosis and genetic transformation of plant
diseases (Elmer and White 2018). In T. cacao, some studies aiming the develop-
ment of nanoparticles have already been developed. In 2019, work was carried out to
synthesize silver nanoparticles (AgNPs) from three different parts of the cocoa fruit:
seed, husk and pulp. As part of this study, the antimicrobial potential of nanoparticles
against Bacillus subtilis and Escherichia coli was tested; the authors found that the
nanoparticles affected bacterial growth, probably causing protein leakage and cell
death. Additionally, it was observed that AgNPs from the pulp showed better antimi-
crobial activity than the AgNPs from seed and husk. The authors argued that the
these results would open new perspectives, especially for antimicrobial applications
in environmental sciences, health and related fields (Thatikayala et al. 2019). In 2021,
another work was developed, this one using cocoa husks for the synthesis of zinc
oxide nanoparticles (ZnONPs), verifying its antimicrobial potential against food-
borne pathogens. As main results, the authors found that ZnONPs showed antimicro-
bial activity against E. coli and Staphylococcus aureus when used at concentrations
of 6.25 and 12.5 pg /mL, respectively. Additionally, it was noted that ZnONPs had a
more potent antimicrobial activity than chloramphenicol. The authors suggested that
the results open possibilities to explore underutilized plant materials for the synthesis
of ZnONPs in an ecological and economical way, as well as for future applications
of ZnONPs in food, cosmetic, textile and therapeutic medicine packaging (Sarillana
et al. 2021).

2.11 Brief Account on Tole of Bioinformatics as a Tool

2.11.1 Gene and Genome Databases

Currently available T. cacao genomes are from 2 distinct genotypes, the Criollo
genotype which can be found in Cocoa Genome Hub (Argout et al. 2017) and National
Center for Biotechnology Information (NCBI), Matina genotype has its genome
available in Cocoa Genome Database (www.cacaogenomedb.org/) and Phytozome 12
(Goodstein et al. 2012). The genomes of the two genotypes (Criollo and Matina) have
an excellent assembly quality and are good reference genomes (see also Sect. 2.9.2
and Table 2.4). Unfortunately, there is no unified database in which to integrate
genotype genomes with tools to compare them.
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2.11.2 Comparative Genome Databases

Some comparative genomic analyses of 7. cacao can be done in databases such
as NCBI and Phytozome for example. The quality of the 7. cacao genome is also
important for comparative studies of genetic families in other species or plant families
such as Brassicaceae (Hofberger et al. 2015), which ends up indirectly providing new
information on comparative genomics of 7. cacao.

2.11.3 Gene Expression Databases

Although transcriptomics studies from 7. cacao exist, most of the data and results are
not available or accessible in public databases. The two main Theobroma cacao ESTs
data that can be accessed are the ESTtik database (https://esttik.cirad.fr/) (Argout
et al. 2008) and the CocoaESTdb bank (http://cocoaestdb.cpcribioinformatics.in/)
(Naganeeswaran et al. 2015). A unique ESTs database from ESTtik and dbEST
was obtained and is available at http://cocoaestdb.cpcribioinformatics.in/ (Naga-
neeswaran et al. 2015). Transcriptomics studies of the T. cacao and M. perniciosa
interaction (Teixeira et al. 2014) and more recently gene expression studies related to
evolutionary adaptations (Hdmald et al. 2019) were also obtained (see also Sect. 2.9.1
and Table 2.4).

2.11.4 Protein Databases

Although there are no specific proteomic databases for 7. cacao, there are proteomic
studies in somatic embryogenesis (Noah et al. 2013; Alexandra Pila Quinga et al.
2018; Niemenak et al. 2015), seed proteomic studies (Kumari et al. 2018; Scollo
et al. 2018), abiotic stress (Monteiro Reis et al. 2020), interaction with pathogens
(dos Santos et al. 2020) and fruit husk proteomics (Awang et al. 2010). These studies,
among others, reinforce the importance of the proteomics study of 7. cacao as well
as provide information for a better omic knowledge of the species.

2.11.5 Integration of Different Data

In silico tools and T. cacao genome analysis provided a great source of knowl-
edge to integrate and correlate data as well as to carry outstudies of genome-wide
gene families such as transcription factors (Silva Monteiro de Almeida et al. 2017) or
pathogenesis related proteins (Fister et al. 2016). Some studies also focused on under-
standing plant resistance mechanisms through characterization of a genome-wide
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pattern recognition receptors and R genes, which make up the system innate immune
T. cacao (Santana Silva and Micheli 2020; Li et al. 2016). As for the evolutionary
aspect, studies of cacao ancestral gene recombination contributed to a better under-
standing of the relationship between cocoa species (Utro et al. 2012). In general, the
literature on 7. cacao is rich in information, data and omics studies related to evolu-
tionary, agronomic and responses to biotic and abiotic stresses. The biggest challenge
would be the integration of omics data from the literature in one or more 7. cacao
databases. Some efforts were made to integrate and modelled data through interac-
tomics or systems biology allowing the drawing of general and integrative schemes
related to specific physiological situation (e.g. interaction cocoa-M. perniciosa) (da
Hora Junior et al. 2012; dos Santos et al. 2020).
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