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Improvement of cocoa tree resistance to Phytophthora diseases

Foreword

CAOBISCO is the Brussels-based Association of the Chocolate, Biscuit and Confec-
tionery Industries of the European Union. It is an association of national associations,
based in 14 EU member states, plus 3 observer countries that are not yet members of
the EU (Norway, Switzerland, Hungary). Within CAOBISCO, cocoa-related issues are
dealt with by the Cocoa Committee, which is composed of cocoa specialists in
CAOBISCO member companies. Its main objective is to ensure a sustainable supply
of cocoa and to preserve the quality of beans at each stage of the cocoa chain, from
production to industrial use.

With help from its Research and Quality Sub-Committees, and through interna-
tional co-operation, the Cocoa Committee engages in numerous undertakings within
the international cocoa sector. In 1995, the Cocoa Committee mandated the Research
Sub-Committee to undertake a major research project aimed at improving the resist-
ance of the cocoa crop to black pod, the most prevalent cocoa disease in the world.
It is estimated that black pod can account for up to 30% losses in cocoa production
worldwide, and is currently the cocoa disease that causes most loss to the farmer.
Other diseases such as witches broom and monilia are potentially more dangerous to
worldwide cocoa production, but these are currently restricted to the cocoa-producing
countries of the Americas. Given the worldwide significance of black pod disease to
cocoa production, and the expertise in both European research centres and in several
cocoa-producing countries, CAOBISCO decided to fund a project aimed at producing
cocoa varieties with increased resistance to black pod.

Black pod disease can be controlled by spraying with fungicide, by cultural practices,
and, more fundamentally, by improving the genetic resistance of the tree through
selective breeding. The high frequency of spraying needed to control the disease may
be uneconomic and the rate of spread of the pathogen through a cocoa farm may
make cultural practices insufficient to halt the disease. It is generally accepted that a
combination of anti-fungal treatments, cultural practices and genetic resistance are
needed to reduce the losses caused by the disease. Therefore, the CAOBISCO
project concentrated on improving the genetic resistance of cocoa trees to both
Phytophthora palmivora and P. megakarya. The concept was to identify the more
resistant cocoa trees and cross them naturally together in the hope of producing more
resistant progenies from these crosses.

A research team was set up in 1995, based at the Centre de cooperation interna-
tionale en recherché agronomique pour le développement (CIRAD) in France, with
collaborating rescarchers at the Institut de recherche agricole pour le développement
(IRAD) in Cameroon, the Centre national de recherche agronomique (CNRA) in
Ivory Coast, and the Cocoa research Unit (CRU) in Trinidad. The project was com-
pleted in 2000 with a closing seminar at CIRAD on the major research findings.

This book presents the scientific results of five years of research and aims to make
these results available to any researcher interested in using them.

To summarize, the research teams at CIRAD, CRU, CNRA, and at IRAD have made
substantial advances in the search for ways to breed cocoa for increased resistance to
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Preface

Phytophthora diseases are the main cause of harvest losses in existing cocoa plantings.
They occur in all production zones and damage can amount each year to 20% of the
world harvest. Locally, losses can exceed 50%, or even 90% in extreme cases.
Several species of Phytophthora are implicated: P. palmivora, P. megakarya, P. cap-
sici and P. citrophthora. The most widespread species is P. palmivora, whilst
P. megakarya causes most damage and is only rife on the African continent.

The most common control methods are based on sanitation harvesting systems and
fungicide treatments, to be applied during epidemics. Chemical treatments are rela-
tively effective, but they are expensive, pollute the environment, and there is a risk of
resistant strains appearing.

Numerous studies have shown the existence of substantial variability in cocoa tree
resistance to Phytophthora. It has been revealed by artificially inoculating pods, leaves
or young stems. Over 100 clones have been classed in Cameroon for their suscep-
tibility, measured by artificial inoculation of pods, giving between 30 and 100% suc-
cessful infections. Variations of between 15 and 90% of successful infections have
been observed between families in Costa Rica. In addition, field observations over
several consecutive years under plantation conditions revealed that resistance trait
heredity was additive. Some genotypes transmit a higher than average resistance level
to their progenies, thereby opening up the way for interesting genetic improvement
possibilities. However, the difficulty in implementing breeding programmes still
lies in the time needed to complete a selection cycle, around 12 years, with several
cycles no doubt being essential for any notable varietal improvement. It also lies in
the size of the areas required. Early, discriminant and repeatable screening tests are
needed if these obstacles are to be overcome. Artificial inoculations under controlled
conditions can be very useful tools in that respect. It merely means demonstrating the
existence of a good relation between the degree of resistance in a genotype measured
by the test, and its general performance in the field. With the cocoa tree-Phytophthora
pair, it is difficult to demonstrate correlations between the results obtained with
the different measuring methods, which suggests the existence of complex resistance
mechanisms that may involve several resistance factors, or several more or less
interdependent genes.

The scientific purpose of the project, whose studies are presented in this book, was
to enhance knowledge of the genetic bases of cocoa tree resistance to Phytophthora
diseases, in order to have reliable tools for developing varietal improvement pro-
grammes that are efficient within a limited time span. Its achievement was the fruit of
an international partnership associating teams that already had extensive research
experience on this subject: CNRA in Ivory Coast, IRAD in Cameroon, CRU in
Trinidad and CIRAD in France. This partnership made it possible to pool human
resources and the experimental bases already mobilized by these research estab-
lishments, along with additional financial resources generously provided by the
European chocolate industry through its association, CAOBISCO. The project thus
benefited from activities, programmes and experiments that formed a foundation on
which the specific project operations hinged to create a synergy.
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The aim was to use all the research tools available upstream, particularly in the molec-
ular biology field, whilst remaining closely attached to linking laboratory results with
whole plant field trials, in order to end up with products that could be used by farmers.

Three fields were covered at the same time:

* Host-parasite interactions, in order to identify the factors involved in resistance
expression, along with effective indicators of the degree of resistance. This work also
involved analysing the diversity of pathogen populations. It led to the development and
validation of standardized evaluation methods that could be applied as early as possible,
in order to speed up selection processes without systematically having to observe how
trees performed in the field.

* Localization of the different regions of the genome involved in resistance traits. The ini-
tial work focused on finalizing the genome map, and particularly included the devel-
opment of microsatellite markers in addition to the RAPD and RFLP markers already
available. The map was then used to search for QTL by trying out inoculation tests and
observing field resistance in trials planted in Cameroon and Ivory Coast. The QTL
involved in the mechanisms of cocoa tree resistance to Phytophthora have been iden-
tified. A search for candidate genes, characterized in other species, was also undertaken
at the same time.

e Creation and evaluation in the nursery of new progenies or new clones to check
whether resistance genes could be cumulated and proceed with the first stages of a selec-
tion programme. An initial selection cycle was undertaken and the first set of preselected
genotypes was made available to breeders in the partner countries.

Throughout its duration, the project was monitored by a technical committee, which met
twice-yearly in Montpellier. The committee comprised representatives of CAOBISCO and
of the four scientific partners involved. In general, all the scientists working on the project
were invited to take part in the meetings, along with eminent people from outside
whose views might prove valuable for subsequent research. Presentations and discussions
were backed up by a report summarizing operations completed over the previous
period, and proposing future action. A mid-term seminar and an end-of-project seminar
were organized.

These regular contacts and the ready mobility of the researchers, who made frequent trips
between the research sites, created a truly dynamic and united team based on true friend-
ships that would easily outlive the duration of the project.

We should like to express our gratitude to the rescarchers and technicians who took part
in this work, along with representatives of the chocolate industry, particularly Marc
Fowler and Martin Gilmour who lent their expertise to the technical committee. We
should also like to thank those who contributed towards this publication: the CIRAD pub-
lishing service, particularly Nicole Pons, the revisers and notably Brigitte Courtois,
Didier Thareau, Jean Carlier, and Chantal Diaz, not forgetting Peter Biggins for his
various translations and revisions.

Christian Cilas and Denis Despréaux
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Résumé

La pourriture des cabosses de cacaoyer est responsable de prés de 30 % des pertes de
la production mondiale de cacao. Cette maladie est due a diverses especes du
genre Phytophthora. L'espéce la plus dommageable, P. megakarya, envahit actuelle-
ment la Cote d’lvoire, premier pays producteur. Face a cette menace, un projet de
recherche sur les bases génétiques de la résistance des cacaoyers aux maladies a Phy-
tophthora a réuni des équipes de chercheurs du Cirad, en France, de I'lrad, au
Cameroun, du Cnra, en Céte d'lvoire et du Cru, a Trinidad . Ces recherches ont recu
I'appui financier des chocolatiers européens a travers I'association Caobisco.

Cet ouvrage de synthese présente les résultats acquis lors des travaux conduits dans
le cadre du projet. Il a pour principal objectif de mettre a la disposition de la com-
munauté internationale les connaissances et les outils utilisables pour la sélection de
cacaoyers plus résistants a Phytophthora.

Improvement of cocoa tree resistance to Phytophthora diseases fait le point sur la
diversité du pathogéne, les connaissances épidémiologiques, les paramétres géné-
tiques de la résistance ohservée en champ, les aspects pratiques de la sélection. La
pertinence de différents tests d’évaluation a partir d’inoculations artificielles et I'u-
tilisation des marqueurs moléculaires dans la sélection de matériel résistant sont large-
ment abordées.
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Phytophthora diseases
of Theobroma cacao

Denis Despréaux

Once the centre of economic activities in the Mayan and Aztec civilizations,
cocoa has become one of the main modern-day agricultural exports from the
humid tropics. The cocoa tree, from which it is produced, has adapted to
numerous situations and, despite its high susceptibility to pests and diseases, it is
grown throughout the equatorial and tropical belt of the planet. The best condi-
tions for its expansion are to be found in Africa, especially in West Africa-
the Ivory Coast and Ghana-which explains why more than two-thirds of world
production now comes from that continent.

The large amount of research devoted to the cocoa tree has considerably
enhanced our knowledge of its origin, its functioning, its requirements, and its
potential, though it has not yet been possible to raise yields on a scale seen for
many other cultivated crops. For instance, despite the existence of a few rare plan-
tations based on an intensive system, the current average yield per hectare
worldwide is no doubt not much more than it was in Central America prior to the
Spanish conquest. Indeed, the enormous increase in volume has so far been
achieved exclusively by increasing the areas planted, which still remains the most
cost-effective solution. Most new plantations have been set up using traditional
techniques on cleared forestland. This system was particularly advantageous
when immense expanses of virtually virgin territory were available. Such zones
still exist on a world scale even today, though they are becoming increasingly
rare. However, this headlong pursuit will soon reach its limits. Major producing
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countries, such as the Ivory Coast and Ghana, are already faced with a lack of
new land for planting. Maintaining their production levels, which is as important
for their economies as it is for world market stability, now entails the rehabilita-
tion or renewal of plantations, many of which are already old (Petithuguenin and
Despréaux, 1994). Moreover, environmental awareness is increasing among
producers and consumers, and farming systems are now being considered for
more than their productivity, with thought being given to the sustainable man-
agement of natural resources.

One of the main challenges for new crop management sequences will be their
ability to control pests and diseases effectively, since the installation of a mono-
culture over long periods inevitably leads to an increase in the incidence of
parasites associated with it. Cultivated ecosystems lead to a concentration of one
species in a limited space, reducing natural biodiversity. Such conditions are
propitious to pathogen multiplication. In some cases, parasite pressure can
become such that a crop loses all its competitiveness. It is then abandoned, or
becomes marginalized within the farming system.

Such devastating endemics have existed and continue to exist for cocoa. Witches'
broom is very serious in Latin America, especially in Brazil, pod borers devastate
plantations in Southeast Asia, but the most severe damage on a world scale
remains that caused by Phytophthora diseases, which occur in all producing
countries. The most serious situations are found in central Africa or West Africa,
where a particularly destructive species develops, Phytophthora megakarya.
Losses in some zones can amount to virtually the entire crop.

The ultimate aim of the international research project coordinated by the Centre
de coopération internationale en recherche agronomique pour le développement
(CIRAD) was to develop crop management sequences that sustainably limit the
incidence of Phytophthora diseases in cocoa plantations. To that end, it was
initially necessary to enhance scientific knowledge of cocoa genetic resistance to
Phytophthora, in order to acquire the necessary tools for creating new cultivars
less susceptible to epidemics.

This first chapter describes where research stood in terms of cocoa cultivation and
Phytophthora diseases when the project was launched. The information provided
enables the reader to see how the work conducted fits into a context of wider
knowledge.

The cocoa tree and its cultivation

The cocoa tree

The cocoa tree belongs to the order of the Malvales, the family of the Sterculi-
aceae, the tribe of the Byttneriaceae and the genus Theobroma. This genus
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Ecuador, with the Nacional variety, then in the state of Pard in Brazil, with
Bravo cocoa, a Lower-Amazon Forastero, in the state of Bahia. The seeds were
apparently brought by a Frenchman, Frederick Warneau, in 1746. However, the
rapid production increase in Bahia did not occur until the end of the 19th cen-
tury. It continued into the 20th century, raising Brazil to second in the world pro-
duction league table. Socio-economic changes, and the explosion in witches'
broom disease, have contributed to the recent decline in Brazilian production.
The entire American continent now accounts for less than 15% of world pro-
duction.

The cocoa tree made its way to the African continent via the islands of the Gulf
of Guinea. Some plants from Brazil were first planted on Principe in 1822
(Wood and Lass, 1985). The transfer to Sdo Tomé occurred a few years later in
1830, followed by Fernando Po in 1854. However, the first seeds introduced on
the African continent in 1857 seem to have been imported directly from Suriname
to Ghana by Swiss missionaries, although this first attempt, which may have
opened up the way for subsequent developers, was unsuccessful. In 1869, a
Ghanaian labourer came back from Fernando Po with a few pods. This very lim-
ited introduction, backed by further contributions in 1886 from Sao Tomé, gave
rise to the African Amelonados, whose cultivation zone extends throughout
the forest zone of West Africa. In Cameroon, the history of cocoa cultivation
began at Limbe, when a collection was set up by the German colonizers. This dif-
ference in origin explains why Cameroonian cocoa plantations have the partic-
ularity, for Africa, of not being primarily composed of Amelonados, but of
Trinitarios. Cocoa cultivation prospered in Ghana, and to a lesser degree in
Nigeria, right from the end of the 19th century. There was considerable devel-
opment throughout the 20th century with the emergence of the Ivory Coast ,
which has now become the world's leading cocoa producer with an export
volume of more than 40% of world production at the end of the 1990s. African
countries as a whole account for more than 60% of global cocoa bean supplies.

The remaining production comes from the recent boom in cocoa cultivation in
Southeast Asia and the Pacific. It first occurred in Malaysia and Papua New
Guinea in the 1970s-80s, then spread to Indonesia, more particularly the island
of Sulawesi.

Phytophthora diseases

Diseases on cultivated plants can be caused by pathogens that have evolved
along with their hosts. Crinipellis perniciosa, a fungus responsible for witches'
broom disease, belongs to this category on T. cacao. However, cocoa trees are
also highly susceptible to attacks by numerous other organisms encountered
during their dissemination throughout the world. Most of them remain largely lim-
ited to their zone of origin. For instance, each cocoa-growing zone has a par-
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Fungicides can be applied in several ways, depending on the active ingredients
used. Spraying, or even better misting, copper-based products (cuprous oxide,
copper sulphate) offers preventive protection. The persistence of these products
which, under standard conditions (0.5 g of a.i./l), does not exceed 15 days, can
be clearly improved by using much more concentrated solutions (Pereira and
Lellis, 1984; Despréaux et al., 1988). Metalaxyl or cymoxanil increase the efficacy
or persistence of treatments through their ability to penetrate plant tissues.
Lastly, aluminium ethylphosphite or phosphorous acid can be injected directly
into the trunks, ensuring effective protection for periods ranging from 6 months
to a year (Guest, 1994). However, this latter technique, which is also highly effec-
tive in controlling cankers, does not seem to act against all species of Phytoph-
thora, particularly P. megakarya. It may also have a depressive effect on
production potential. Hence, despite a substantial reduction in the number of
rotten pods, final harvests would only seem to increase slightly.

Such phytosanitary intervention is restrictive and expensive. Moreover, the
implementation of such measures does not guarantee acceptable control of
losses in all cases in the most severely affected zones. In some plots, losses con-
tinue to exceed 50%. Thus, it seems essential to develop other approaches,
particularly increasing the genetic resistance of cocoa trees, if a satisfactory
solution is to be found for the Phytophthora disease problem.

Cocoa tree genetic resistance
to Phytophthora

In order to strengthen the genetic resistance of cultivated cocoa trees, it is first
necessary to characterize such resistance. Then, analysis of the parameters of
transmission between generations makes it possible to draw up varietal improve-
ment schemes.

Factors of genetic resistance can be many and varied in nature. Some are
directly involved in host-parasite relations: during infection, on pathogen pene-
tration of the tissues, the volume and duration of sporulation, etc. Others do not
act directly on the infection cycle, but affect the conditions of disease expression.
These include tree architecture, leaf area, the morphological characteristics of the
fruits, distribution of the quantity of fruits, the time taken to ripen, and even resist-
ance to other pathogens.

These factors may be linked or independent, and act in synergy or antagonisti-
cally. It is their combination that provides a given genotype with its overall
potential resistance level. This level will only be expressed in interaction with the
disease, which also depends on the pathogen populations, climatic conditions,
farming system, etc. Thus, evaluating the resistance of a genotype is a complex
business, which involves numerous interacting factors.
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importance of the different components of resistance may vary depending on the
environment in which they are expressed.

Conclusion

Cocoa cultivation has been extended to virtually everywhere in the humid
tropics. The tree has proved to be highly susceptible to diseases and pests,
especially Phytophthora diseases. Several species of Phytophthora can attack
T. cacao, but the most serious damage is caused by P. palmivora, which
exists in all production zones, and by P. megakarya, which is very aggressive
on the African continent.

Most of the damage follows attacks on fruits, but the parasite can also infect
the tree’s other organs, such as the trunk and stems. Disease incidence under
nalural conditions depends on many factors and it has so far proved impos-
sible to establish a satisfactory epidemiological model. The heterogeneity of
the system is such that even the effectiveness of the simplest phytosanitary
interventions is difficult to assess. In any event, this type of intervention is not
enough to control epidemics once conditions are propitious to disease devel-
opment. It is therefore important to develop resistant cocoa trees that are able
to substantially reduce the incidence of the parasite.

No known genotypes have proved to be totally resistant to Phytophthora. The
breeding programmes implemented so far have not concentrated on this
trait, and clone hybrid selections distributed by research centres are as sus-
ceptible as traditional varieties.

However, there is variability among genotypes for resistance levels. This
variability is expressed in the results of artificial inoculation tests, and during
family evaluations based on yield records over several years running. The
overall resistance trait is primarily transmitted in an additive way and it is no
doubt possible to implement effective breeding schemes. As this resistance is
partial, it can be hoped that this trait is polygenic and sustainable.

Even so, the evaluation of overall resistance remains very laborious, requires
appropriate experimental designs and takes at least 10 or so years per selec-
tion cycle. In addition, this type of evaluation does not provide information
about resistance mechanisms and it is not possible to characterize the different
genetic components. Lastly, the differences observed between artificial inoc-
ulation tests and evaluations based on production indicate that the relation-
ships are not simple, and that it is no doubt essential to further our knowledge
in this field in order to develop early selection schemes based on relevant
criteria.
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Genetic diversity
of cocoa tree
Phytophthora
pathogens

Michel Ducamp, Salomon Nyassé,
Laurent Grivet, Jean-Marc Thévenin, Georges Blaha,
Denis Despréaux, Christian Cilas

Before searching for individuals resistant to pod rot disease caused by various
species of the genus Phytophthora, it is essential to study pathogen diversity. Good
knowledge of that diversity provides a clearer understanding of the diversity of
attacks, notably of "host x pathogen" interactions that might sometimes complicate
the search for resistance. This chapter therefore proposes a review of the genetic
diversity of cocoa trce Phytophthora pathogens. This genetic diversity is investi-
gated using various recently developed molecular tools. Following an introduc-
tion to the different cocoa tree pathogen species, the diversity of the most
widespread species will be examined.

The different pathogenic species
of the genus Phytophthora found on cocoa

Black pod rot is a cocoa disease found worldwide, and was initially thought to be
caused by a single species, P. palmivora (Butler, 1919). The taxonomic history of
Phytophthora, which was first described by Butler (1910), has been very eventful.

The first descriptions and identifications of Phytophthora isolated from cocoa,
coconut or rubber were based on morphological characteristics. These charac-
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similar ITS to that of P. citrophthora sensu stricto, which can be isolated from
citrus. This technique therefore makes it possible to characterize the different
species of Phytophthora that are pathogenic on cocoa.

These different methods also provide increasingly precise data that can be used
not merely to assess the diversity of Phytophthora, but also genetic diversily
within the species of Phytophthora that are pathogenic on cocoa. These studies
may provide a clearer understanding of the differences found between epi-
demics (Oliveira, 1990). Indeed, the variation in damage from one country to
another depends on environmental conditions and the type of material planted,
but also on the species of Phytophthora involved, or even the strains within
species.
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Figure 1. Biochemical key for the determination of Phytophthora species parasitizing
cocoa and coconut.

Idh-2 if allele C P. katsurae Pgi if allele A P. MF4 typical
if allele D P. megakarya if allele B P. citrophthora
if allele E P. palmivora/P. arecae Smith & Smith Leonian
if allele F P. meadii if allele C P. MF4 typical
if allele G P. parasitica if allele G Mdh-1
if allele H P. botryosa if allele B P. MF4 atypical
if allele | if others P. capsici
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Figure 2. Classification of the different Phytophthora species from ITS sequences.

Genetic diversity of P palmivora

The species P. palmivora exists virtually throughout the world's cocoa-growing
zone, even though it is not always the majority species (P. capsici being the most
common in Latin America and P. megakarya in Central Africa). Neither is it rare
to see different attack levels within the same species, depending on the strains
used (Surujdeo-Maharaj et al., 2001; Appiah et al., 2002).

Genetic studies were recently carried out on P. palmivora along with taxo-
nomic studies; they date from the 1990s and focused on isozyme criteria
(Oudemans and Coffey, 1991; Ortiz-Garcia, 1996).

Oudemans and Coffey (1991b,c), working on 393 strains of 12 species of
Phytophthora, studied interspecific and intraspecific diversity by isozyme analysis.
An initial conclusion indicated that no distinction could be made between the
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Figure 3. Cenetic diversity of P. palmivora.

P. palmivora: Cocoa tree strains: P881: Jamaica (A1), TRI 1: Trinidad (A2), P4C7: Cuba (A2), LKM 45: Malaysia (A2),
LKM 54: Malaysia (A2), CIV 991: lvory Coast (A2), NS 607: Cameroon (A2), P93P30: Indonesia-South Sumatra (A2),
P92P01: Indonesia-Morth Sulawesi (A2), P92P16: Indonesia-North Sulawesi (A2), BR 224: Brazil (A2), PNG 14,
PNG 65, PNG 41, PNG 55, PNG 62: Papua New Guinea.

Coconut strains: P94P30, P94P22, P93P56: Indonesia.

Others: P1055: rubber, Thailand (A1), P6325: durian, Malaysia (A1), P34386: bamboo, USA (A1), P1788: papaw,
Hawaii (A1), P1819: vanilla, Polynesia.

P. megakarya : NS309: cocoa, Cameroon (AT).

The cocoa population study (198 strains) revealed genetic proximity between the
strains from West Africa and those from Latin America (distance of 0.016). Max-
imum genetic diversity was found in the Southeast Asian population (0.229, min-
imum: 0.104 in the Pacific), and more particularly in the North Sulawesi region of
Indonesia (0.258, minimum: 0.163 in North Sumatra). Similar results were obtained
with the coconut population, for which maximum genetic diversity was found in
the regions of North and Central Sulawesi, in Indonesia.

To conclude, all this different research argues in favour of merging P. palmivora and
P. arecae in a single species, P. palmivora, and of a centre of origin for the species
in Southeast Asia. However, it disagrees with the work by Zentmyer (1988), who
based his conclusions on diversity linked to the morphological traits of P. palmivora
and who, on observing that most of the host plants were of American origin, pro-
posed Central America as the centre of origin of P. palmivora.
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Latin America and West Africa could therefore be two zones into which
P. palmivora was introduced from Southeast Asia, right from the first exchanges of
planting material between those regions (Harries, 1978; Wood, 1991). The Pacific
islands would seem to be another, older, centre of introduction, from Southeast
Asia, linked to maritime trading by Polynesians (Harries, 1978). Wood (1991)
states that "Criollo" cocoa trees from Venezuela were first of all introduced into
Sulawesi and the "Criollos" from Mexico were introduced into the Philippines, and
that it is from one of those regions that the cocoa tree was then introduced into Java.
Ortiz-Garcia (1996) believes that the structuring found in Southeast Asia comes from
an adaptation of naturally present P. palmivora strains. Adaptation, then differen-
tiation, would seem to depend on the material planted; the genetic proximity of
Javan strains with those from Sulawesi, and of those from the Philippines with those
from the other regions of Indonesia would seem to be related to the two types of
Criollo initially introduced.

Recent DNA study techniques should make it possible to confirm all these results.
In fact, enzyme electrophoresis can be used to distinguish charge differences
between proteins, but cannot detect amino acid substitutions if the protein charge
is not modified. Moreover, these enzymes do not always form a representative
sample of the genome (Hartl, 1987). However, studying DNA, which is a source of
genetic variability, makes it possible to establish a veritable identity card for each
individual, thereby going right to the heart of the genome.

Of the work currently under way on cocoa tree Phytophthora, we would mention
the RAPD studies undertaken by Sackey et al. (1999), who suggest the existence of
~ genetic variations between and within P. megakarya and P. palmivora. Recent
genetic diversity studies in the same laboratory, using RAPD according to the
protocol used by Nyassé (1997) on 28 strains of P. palmivora isolated from different
plants (figure 3), showed that the strains from bamboo, papaw, coconut and
vanilla, were clearly separate from strains isolated from cocoa. The strains isolated
from rubber and durian were closer to the strains from cocoa; being of opposite
mating types, their crossing when these crops are grown together might lie at
the origin of further diversification of the species P. palmivora (Ducamp, 2002).

Genetic diversity of Phytophthora megakarya

The species P. megakarya is clearly distinct from the other species of Phytophthora
through the size of its chromosomes. It seems endemic to Africa, since it has never
been detected on other continents (Ortiz-Garcia et al., 1994), It is found in
Cameroon, Gabon, Sao Tomé, Nigeria, Togo and Ghana, and appeared in Ivory
Coast in 2000. This species often exists alongside P. palmivora (Brasier and Giriffin,
1979; Zentmyer, 1988). In Cameroon, the characterization of more than 2,000 Phy-
tophthora isolates seems to indicate that P. megakarya is virtually alone responsible
for pod rot (Nyassé, 1992), though P. palmivora was mentioned in that country at the
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several production zones in those countries; they were supplied by S.T. Sackey
(Cocoa Research Institute of Ghana) and E.K. Djiekpor (Institut Togolais de la
Recherche Agronomique) respectively. From Cameroon, two reference strains
with known mating types were studied: strain 309, of mating type A1, col-
lected from the Mbam zone and strain 184, of mating type A2 (Blaha, 1995),
along with two strains, NS130 and NS131, taken from naturally infected cola
fruits (Cola nitida). The mating types were determined by exposing each strain to
strains 309 and 184, characterized as being type A1 and A2 respectively, on
carrot-based culture medium (Ribeiro, 1978). The existence of oospores was
noted between the 15th and 30th days after inoculation.

Nigeria

Cameroon

Figure 4. Distribution of sampled P. megakarya strains.

The analyses: isozymes and RAPD, material and methods

The different methods used to produce mycelium, and the isozyme and RAPD
analysis techniques, have been described (Nyassé et al., 1999). For each
allozyme, the configurations observed were considered as different modalities of
the same genetic descriptor, since it was impossible to identify the loci and alleles
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the two enzyme configurations ADA-2 and HK-3, which are very frequent in
West Africa. This isolate came from the Manyu region of Cameroon near the
Nigerian border.

- Axis 2 explained 12% of the variability and separated the West African isolates
into two groups, with two intermediate isolates. One group comprised isolales
collected at Ibule in Nigeria, the other comprised genotypes scattered throughout
West Africa.
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Figure 5. Description of the observed patterns for the 13 isozymes in P. megakarya.

The analysis of the UPGMA classification provided a complementary point of
view. It also distinguished between the same two geographical groups indi-
cated by the first FCA axis (figure 7). Intermediate isolate 134 is attached to the
West African group. The bootstrap values associated with the nodes correspon-
ding to the two groups were 43% and 46% for the West African and Central
African groups respectively. These values became 83% and 76% when inter-
mediate genotype 134 was removed from the analysis. No structure was detected
within each group.

Genetic diversity from RAPD analysis

Nine RAPD primers revealed 33 reliable polymorphic bands among the 161 iso-
lates. The size of the amplified products ranged from 0.5 to 3.0 KB. The isolates
were divided into 44 RAPD genotypes. The number of isolates displaying the
same RAPD genotype varied from 1 to 50. Two genotypes were very frequent:
R1 corresponding to 49 isolates from West Africa and one isolate from western
Cameroon, and R17 corresponding to 27 isolates from Cameroon. For the
remaining genotypes, the number of isolates per genotype was less than nine.
Twenty-eight different RAPD genotypes were identified in Cameroon, six in
Sao Tomé, four in Gabon, eight in Nigeria, two in Ghana and two in Togo. One
genotype was common to Nigeria, Togo and Ghana, another was common to
Nigeria and Togo, and one was common to Nigeria and Ghana.
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Figure 6. Plots of the first two axes generated by the Factorial Correspondence Analysis
conducted on the isozymes (a) and RAPD (b) genotype data.
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type for RAPD. It would seem paramount to monitor this possible extension
throughout western Cameroon.

— The other new strains characterized, which came from the other zones of
Cameroon, are all of the Central African type for RAPD. Genotypes R13, R14 and
R15 can be grouped into a single genotype R13. The same applies for genotypes
R17, R18 and R20, which should be grouped in genotype R17. Genotypes
R22, R31, R32 and R34 will be grouped in genotype R22. Genotype R31 will be
attributed to genotype 2.

— The strains from Gabon are well grouped in a single group, with one strain from
Cameroon, but isolated on the Gabon border.

- The strains from Sao Tomé are also placed in a single group.

Phytophthora capsici

Other Phytophthora species affect cocoa trees, causing fruit rot. In Brazil and
India, there have been attacks by P. citrophthora, and P. capsici is seen as the
dominant pathogen in Latin America and the Caribbean.

Although UPGMA classification of the isozyme patterns on five loci showed a
genetic relation between P. capsici and P. citrophthora (common allele is C for
Mdh-2, | for Idh-2 and F for Sod-2) (Oudemans and Coffey, 1991a; Oudemans et
al., 1994; Mchau and Coffey, 1995; Ortiz-Garcia, 1996), the analysis involving
eight loci (Pgi, Mdh-1, Mdh-2, Idh-2, Sod-2, Me, Pgm and G pdh) separated the
two species P. capsici and P. citrophthora into four groups, three of which
were more closely linked (Ortiz-Garcia, 1996):

— P. citrophthora at a distance of 0.46 (strains from Citrus and rubber),

— P. capsici at a distance of 0.36, but which subdivided into three subgroups:
- strains of P. capsici from market garden plants and strains of "typical
group A" P. capsici strains from pepper and cocoa,
- "typical group B" P. capsici from cocoa (allele Mdh-1 different from "typical
group A" strains),
- "atypical" P. capsici, with strains from pepper and cocoa.

Following this study, two initial certainties prove founded: firstly the parallel
between typical gr. B P. capsici and atypical P. capsici in agreement with the
work by Goodwin et al. (1990) and by Mchau and Coffey (1994b) showing
that these morpho-taxonomic groups are linked more to each other than to
P. citrophthora Smith & Smith (strains from Citrus); secondly the division of
P. capsici strains (from cocoa and pepper) into three closely linked genetic
units belonging to the same species, P. capsici.

Other information will be acquired by using genetic parameters of the popula-
tions (Ortiz-Garcia, 1996).
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To conclude, all these genetically linked groups and subgroups would seem to
have a common ancestor from Amazonia and, for the majority of them, the
greater between-population diversity and existence of unusual alleles such as
A for Pgi are found in eastern Brazil. However, outside Latin America, these
taxonomic groups are dispersed: P. capsici in Southeast Asia on pepper, in
Central America and the Caribbean on cocoa, and in temperate regions on
plants such as tomato and capsicum, though the origin is Latin America; typical
P. capsici and atypical PMF4 on pepper and on cocoa in West Africa and
Southeast Asia.

The first numerous trading exchanges between continents, which led to major
mixing of plants, and also of their parasites, might explain this worldwide dis-
persion. New constraints, be they edapho-climatic or plant-related, might well
have favoured the adaptation and evolution of individuals capable of finding a
"return trip" to their zones of origin (Ortiz-Garcia, 1996). A detailed analysis of
allozymes can rapidly provide an evaluation of the genetic diversity of a species
(Forster and Coffey, 1991), since over and above the species level, isolates dis-
playing common electrophoretypes segregate into sub-groups assimilable in
distinct populations, which often cannot be differentiated through their mor-
phological traits alone. Like P. palmivora / P. arecae (Oudemans and Coffey,
1991b, 1991c; Blaha et al., 1994; Mchau and Coffey, 1994a) and P. megakarya
(Nyassé, 1999), P. capsici would seem to comprise populations derived from the
same phylum but having acquired a specific evolution, through isolation due to
particular events. The risks of introduction, which are sources of notorious
cocoa crop losses in some countries, such as Brazil, call for constant surveillance
and strict quarantine for other producing countries yet to be affected by Phy-
tophthora capsici sensu Tsao.
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Disease incidence
and field resistance

Christian Cilas, Michel NDoumbé,
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The main purpose of the overall research project covered by this book was to
reduce disease incidence in new cocoa plantings by selecting resistant material.
In this context, it was necessary to show that sources of resistance existed in cocoa
tree populations. It was also necessary to develop ways of assessing resistance in
the field that made it possible to distinguish between genetic resistance and
other factors that might be involved in disease expression. To that end, it was
essential to understand clearly the epidemiology of the disease and assess genetic
parameters involved in transmission of the resistance trait.

Indeed, before considering genetic improvement of the cocoa tree for resist-
ance to Phytophthora, it was necessary to have reliable and reproducible ways of
assessing planting material. The first step in developing such methods was to
itemize the different factors that might be involved in disease expression in
cocoa plantations. Once these factors were known, it might be possible to check
their effects using appropriate experimental designs intended to evaluate cultivated
planting material under natural infestation conditions. It might also be possible to
correct some of these factors using appropriate statistical analyses, such as an
analysis of covariance, if those factors corresponded to quantitative variables
measured during the evaluation; this amounted to checking after the event the fac-
tors involved in disease incidence.
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We then give a rundown of the genetic parameters of resistance measured in
different mating designs, and we take a look at the merits of these estimations in
choosing cocoa tree breeding strategies for disease resistance. The different
genetic parameters, estimated from rot rates measured in trial plots under natural
infestation conditions, were also used to determine the relation between pro-
ductivity and disease resistance. Examples of index-based selection, combining
productivity and resistance to Phytophthora, can be found at the end of the
chapter.

Factors involved in disease expression

Pod rot, caused by different species of the genus Phytophthora, is rife in all
producing countries. The pathogen therefore finds the conditions for its
development in all the ecological zones in which cocoa is grown. Several
species of this pathogen have been identified in the different production
zones. The most widespread species, P. palmivora, exists in virtually all pro-
ducing countries. Certain studies in Cameroon revealed the existence of a
single species, P. megakarya (Nyassé, 1992), but although that species is
preponderant, P. palmivora has been detected alongside P. megakarya in
cocoa plantings (Ducamp, pers. comm.). P. megakarya is considered to be the
most aggressive species (Brasier and Griffin, 1979) and can lead to almost total
destruction of the harvest. This species is also found in Nigeria, Togo and
Chana, and was recently reported in Ivory Coast. On the American continent,
the species P. capsici has been detected in numerous production zones.
These different species all cause the same symptoms on pods, namely rotting
black patches that sometimes spread to the entire fruit.

Numerous factors, both environmental and genetic, are involved in disease
expression in the field, i.e. they affect the rotten pod rate. These different fac-
tors may also interact with each other. For example, some genotypes may
prove to be resistant in a given environment, yet react like susceptible geno-
types in other environments; we then speak of "genotype x environment"
interactions. Interactions between different factors that might affect disease
intensity are sometimes difficult to estimate, as many different conditions
exist that result in situations propitious to disease development. Attack severity
therefore varies depending on such different factors as:

— environmental conditions in the plantations;
— pathogen conservation and its transmission;
— the pathogen species and strain involved;

— the genetic nature of the host.
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Figure 1. Phytophthora biological cycle.

SEXUAL PHASE

When two sexually complementary mycelial thalli, A1 and A2, come into con-
tact they give rise to male sexual organs (antheridia) and female sexual organs
(oogonia). Frequent selfing occurs. Gametocyst formation (haploid part of the
cycle) is followed by their fusion during amphigenesis, leading to the formation
of a zygote, whose germination will give another mycelial thallus (diploid):
almost all the cycle is therefore diploid (2n), the haploid part (n) being limited to
the gametocysts.

We shall now determine the different factors involved in disease expression in the
field. The impact of these factors is sometimes poorly estimated and their effects
are sometimes highly variable depending on the different growing conditions pre-
vailing in plantations worldwide.

Environmental conditions in plantations

There are many environmental factors involved in disease expression in the
field, and they may not all have been identified yet. These environmental fac-
tors can be divided into two types: edapho-climatic, and agricultural linked to
cultural practices.

The climatic factors propitious to disease development in the field are rela-
tively well known. On the other hand, the role of pedological factors has yet
to be studied; in theory, these factors do not appear to play a dominant role in
disease development. As soil has been suspected of being the pathogen con-
servation site, it would probably be worth mentioning that the physico-
chemical constraints required for such conservation, and studies on this
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Nigeria, it has been shown that the parasite can be obtained from soil even outside
epidemic periods (Thorold, 1955) and that the amount of underground inoculum
experiences substantial seasonal variations (Okaisabor, 1969). Work on sources of
primary infection (Maddison and Griffin, 1981; Ward and Griffin, 1981) showed
that some of the pods that triggered the disease were near the soil and were
contaminated by splashes from the ground, but most were more than 70 cm from
the ground. An analysis of how pods affected by primary infection were distributed
in trees indicated that the probability of contamination, depending on the height
of the pods, followed a linear gradient. It was more likely the nearer the fruits were
to the ground, but it was never zero irrespective of the height of the pods in the
tree.

Some authors state that soil is the preponderant pathogen conservation site,
while others mention different tree organs: bark, flower cushions (Babacauh,
1982). Today, all these sites seem to be possible conservation sites, but no indi-
cations backed up by figures and based on observations or experiments have yet
been proposed for primary inoculum distribution between these different sites.
Cleaning trees after major harvesting periods (pruning of suckers and dead
branches, removal of rotten, dry or mummified fruits) apparently helps to reduce
attack rates by reducing the amount of primary inoculum conserved in different
tree organs. A proportion of the inoculum may also be conserved in other plants
existing in cocoa plantations. Such pathogen conservation in other species is
particularly important in intercropping systems. Coconut-cocoa intercropping
systems in Southeast Asia (Malaysia and Indonesia) or in Papua New Guinea are
particularly problematic for Phytophthora disease management. In fact, some
species such as P. palmivora are pathogenic for both species, and coconut palms
serving as shade trees for cocoa trees are an additional source of inoculum for
cocoa trees. This cropping system therefore raises health problems characterized
by cankers on cocoa tree trunks and by severe pod losses due to P. palmivora. A
study of pathogen conservation sites in both plant species would surely make it
possible to envisage appropriate control methods more effectively, notably for post-
poning the epidemic period or reducing the amount of primary inoculum.

Pods affected by Phytophthora rot constitute the secondary inoculum. Infected
pods become necrotic and sporulation occurs on the surface of the epidermis.
Released spores can inoculate new pods. The overall amount of inoculum can be
reduced by removing infected pods: this is known as sanitary harvesting. However,
the efficacy of such preventive measures is limited. A trial on the effect of sanitary
harvesting was conducted in Litimé, a region of Togo in which P. megakarya is
rife. The cumulated percentage of rotten pods was 78% on control trees, and 66%
on trees on which weekly sanitary harvesting had been carried out. These unpub-
lished results would be worth confirming in other ecosystems.

Different types of pathogen transmission have been mentioned, but most authors
agree that rainwater is the main vector. During rainfall, runoff along branches
would seem to carry spores from the upper storeys of the trees down to the
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lower zones, at ground level. This downward transmission by rainwater would
clearly be accompanied by the humidity favourable to pathogen germination and
penetration. Other authors have suggested upward transmission by rainwater
from the ground to the lower parts of the trees. In this case, rainwater loaded with
spores would be splashed upwards, reaching pods on the lower sections of the
trunk. This second hypothesis does not explain how the pathogen then reaches the
upper parts of the tree; and other ways of transmission are undoubtedly involved
in the contamination of pods on branches. Among other suspected vectors of dis-
ease propagation, certain insects are thought to play a predominant role, partic-
ularly ants of the genus Crematogaster, primarily C. striatula (Evans, 1971). Trials
on the chemical control of these ants led to a reduction in attack rates in the exper-
imental plots treated (Dufour, pers. comm.). These insects move from the ground
into the foliage of the trees, and from tree to tree when the canopies touch, i.e.
once the cocoa trees are 4 or 5 years old. Other crawling or flying insects may also
be involved as vectors; quantifying their role would undoubtedly be very useful for
developing integrated control systems. Other animals, notably rodents such as rats,
are often mentioned as potential vectors of the disease (Muller, 1974).

Human intervention may also be responsible for transporting the pathogen and
thereby promoting disease development. During pruning or harvesting, the tools
used are rarely cleaned during the working day; these tools may therefore be con-
taminants during different upkeep or harvesting operations.

Wind is also suspected of transporting spores, but no work on the subject has yet
made it possible to establish its role in spreading the disease. Whilst numerous
potential vectors are incriminated in disease propagation, their relative importance
is not yet known, and that is a missing link for establishing an epidemic model.

Precise identification of pathogen conservation sites and pathogen transmission
methods remains of paramount importance for defining effective control strategies.
This research, combined with genetic improvement of the cocoa tree, should make
it possible to set up new cocoa plantations that are much less susceptible to pod rot.

Access to this knowledge would also provide a clearer understanding of disease
epidemiology and make it possible to model it. No precise epidemic model has
yet been proposed, but disease progress has been studied. With a view to deter-
mining the consequences of phytosanitary intervention, Medeiros (1976) sought
to define the parameters that govern rot disease progress in the field. The author
observed pod infection trends over two consccutive years in two regions:
one with a "severe" epidemic and the other with a "slight" epidemic. In both cases,
infection followed the same system of compound interest diseases
(Van Der Plank, 1963). Thus, at any given moment, the proportion of diseased
pods is defined by the equation:

- rn
x—xoe

where: x, = quantity of primary inoculum; r = infection progress rate; t = time
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Conclusion

The factors involved in disease expression in the field have been identified.
However, the relative share of these different factors in disease severity has yet
to be quantified. This is a missing link that future research efforts will have to
uncover. A clearer understanding of disease propagation and development is nec-
essary for any integrated control system to be considered. The project that gave
rise to this book primarily focused on the genetic resistance of cocoa trees to var-
ious species of Phytophthora. While genetic resistance appears to be the key
component for integrated control, it is nonetheless essential to integrate other con-
trol methods—such as chemical control of the pathogen or its vectors, and the
use of certain cultural practices, such as shade regulation—for more effective con-
trol of the disease. Development of these other control methods will require
increased knowledge of the epidemiology of this disease. Constructing an epi-
demic model is one research objective that should make it possible to quantify
the effect of the different factors involved in disease expression, thereby helping
to establish true integrated control.

Genetic parameters of resistance

Selecting cocoa trees displaying less susceptibility to black pod rot remains a pri-
ority objective for reducing disease impact. Despite a great deal of work (Thorold,
1953; Tarjot, 1969; Blaha and Lotodé, 1976), the search for cocoa trees dis-
playing total resistance to this disease has so far drawn a blank. Numerous
authors suggest that differences in reaction to Phytophthora spp. arise from par-
tial, probably polygenic, resistance (Partiot, 1975; Blaha and Lotodé, 1977). In
addition, it has been demonstrated for P. megakarya (Despréaux et al., 1989;
Berry and Cilas, 1994b) and for P. palmivora (Cilas et al., 1999) that transmission
of the field resistance trait, under natural infection conditions, is primarily addi-
tive. Different ways of assessing planting material have been tested (Blaha,
1974). The observation of the field performance of trees under natural infection
conditions, and artificial inoculation tests on pods or leaves, remain the main
methods adopted. In this section, we shall particularly be concentrating on the
genetic parameters of resistance assessed in the field.

Field resistance heritability

The results came from mating designs set up in three countries:

—a 6 x 6 complete diallel, planted at the Barombi-Kang station (IRAD) in
Cameroon in 1974;
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Table 3. Analysis of the 16 @ x 4 & factorial mating design (Ivory Coast).

Variables effects Log(yp) yb prr
Female F 5.86 8.15 13.57
o (%) (< 0.001) (< 0.001) (< 0.001)
Male F 1.37 1.24 3.37
o (%) (28.40) (29.35) (1.82)
SCA F 1.27 1.63 0.912
o (%) (13.59) (1.18) (62.13)

The female parent effects were the main variation factors, confirming primarily
additive transmission of the characters considered.

Classification of the parents in the different countries

Based on the above analyses, a parent classification was established, based on the
pod rot rate observed in their progeny. For the diallels, it involved a multiple
comparison of the estimated GCA per parent. For the factorial design in Ivory
Coast, independent classifications for the female and male parents are pre-
sented (table 4).

Table 4. Classification of the different parents for their susceptibility to Phytophthora spp.
Newman and Keuls test (5 %).

Cameroon (3 years) Togo (1 year) Ivory Coast (9 years)
P. megakarya P. megakarya P. palmivora
— susceptible
IFC5 a Pa 150 a
SNK 64 ab Sca 6 a
T86/45 ab P a
T85/799 ab T85/799 b
T60/887 ab T60/887 bc
Sca b ab T79/416 bc
ICS 100 ab T79/501 be
UPA 134 a UPA 134  abc Pa7 bed
ICS 40 abc T63/967 bede
Na 32 abc Na32 bede
UF 676 bc
IMC67 b IMC 67 c IMC 67 bede
SNK 413 b T63/971 bede
ICS84 b T79/167 bede
ICS95 ¢ Na 79 cde
SNK10 ¢ IMC 78 de
Y Pa 35 e

+ susceptible

The lower susceptibility to black pod rot due to parent UPA 134 was
confirmed in Cameroon (Despréaux et al., 1988). It should be noted that this
classification, obtained from the GCA, only involved a single inversion compared
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Coast for resistance to P. palmivora will be useful if ever that country is invaded
by the species P. megakarya.

Trinitario parents are generally more susceptible to the disease. The long fruiting
cycles of that species may have something to do with the poor field performance
(Berry and Cilas, 1994b). Amelonado type Lower Amazon parents, and some
Upper Amazons such as Sca 6, P 7, Pa 150 or T85/799 should help in the cre-
ation of less susceptible varieties, notably in Cameroon, where those parents have
yet to be used.

The heritability of pod rot rates per tree increased in line with the number of years
taken into account. Heritability of around 0.7 was obtained in the experimental
design in Ivory Coast, which was observed over nine consecutive years. Sub-
stantial genetic progress can therefore be expected through selection targeting the
Phytophthora resistance criterion. Genetic correlations between potential pro-
duction and the pod rot rate were rather weak. It is therefore possible to proceed
with combined selection for these two traits. Combined individual/family selec-
tion based on an index combining production and resistance to pod rot caused
by Phytophthora spp. was therefore proposed in Ivory Coast and Cameroon, with
a view to selecting from interesting families those individuals suitable for use as
clones, or as parents for new crosses (Cilas et al., 1995; Cilas et al., 1999;
NDoumbé et al., 2001). This selection-led to the identification of trees in each
country, and a confirmation trial has been set up in Cameroon based on this
selection. Grouping the different clones selected in Ivory Coast and Cameroon in
the same clonal trials will enable a useful comparison to be made of the results
obtained in these studies.
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It is not possible to distinguish rapidly and reliably between planting materials for
their field performance in relation to different species of Phytophthora by
observing natural infection in the field. Indeed, to obtain reliable data from nat-
ural infections, it is necessary to set up field trials with appropriate statistical
designs, wait for the first sample yields (around four years after planting),
then collect at least four years' data on natural infections accurring in the field. It
thus takes eight years to obtain a more or less reliable classification of genotypes
and parents for mating designs. Regionalized effects may also disrupt the reliability
of results during assessments under natural infection conditions, and attack rates
are not always sufficient, notably with P. palmivora, to obtain contrasting results
on the planting material being tested. For these reasons, researchers have
attempted to develop tests to assess differences in resistance between geno-
types—clones or crosses as effectively as possible. Such tests involve artificially
inoculating different organs of the plants being tested. Among the organs tested,
particular attention has been paid to pods, the organs targeted by the disease, and
leaves, which are available from a very young age.

One of the aims of this project was to develop an early, reliable test of resistance
to the disease. After describing the pod test, we shall go on to see how the
resistance test using leaf discs was developed. The protocol is described, and the
adjustments that are made, depending on selection objectives and on the popu-
lations undergoing selection, are then discussed.
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In 1967, Medeiros recommended carrying out simultaneous inoculations for the
same tree on pods left on the tree and on pods that had been removed. In such
cases, the field had to be near the laboratory, so that all the pods could be
inoculated with the same inoculum possessing equivalent viability. In such a
context, it can also be difficult to find enough pods to carry out both types of
inoculation on one tree.

Testing pods still on the tree also means that any fungicide treatment is impossible
in the plot for the duration of the assessment.

Prendergast (1965) used an assessment method involving square pieces of pod
(5 cm x 5 cm) from the equatorial zone of mature pods. The blocks were
inoculated with a zoospore suspension. The criterion studied was the successful
infection rate. Spence and Bartley (1966), along with Rocha and Vello (1971),
also used this method, which gave results similar to those obtained with inocu-
lations on detached pods without wounding; using pieces of pod made it possible
to test a larger number of replicates.

PODS INOCULATED WITH OR WITHOUT WOUNDING

Pods were wounded, by removing the epidermal barrier, so that the pathogen
could penetrate the tissues. This was generally carried out by making a
circular hole of standard diameter and depth in the pod cortex. The inoculum,
consisting of a fragment of infected pod (Turner, 1963), or a pure Phytoph-
thora culture disc (Spence, 1961a, 1961b; Prendergast, 1965; Tarjot, 1965)
was then inserted into the hole. The criterion observed for cortex tissue reaction
to this type of inoculation was the size of the patches developing several days
after inoculation (Turner, 1963; Prendergast, 1965; Tarjot, 1965), or an estima-
tion of the degree of sporocyst production (Turner, 1963).

Some authors (Orellana, 1953a,b; Wharton, 1957; Tarjot, 1967a,b) showed that it
was preferable to assess pod resistance to Phytophthora on unwounded pods.
Indeed, the disease developed immediately after wounding, but when the epidermis
remained intact, an incubation period was necessary before infection symptoms
could be seen (Tarjot, 1967a). In addition, the pods of certain clones became sus-
ceptible after wounding, whether attached or detached: SIC 28 (Thorold, 1955),
P 7 (Prendergast and Spence, 1967); SIC 802 and 848 (Rocha and Mariano,
1969). Wounding therefore appeared to favour the pathogen by eliminating one of
the essential elements of fruit resistance: resistance to penctration. Some clones
resistant to penetration might therefore be overlooked during selection if the tests
were carried out with wounding. The deeper the wound, the lower was the resist-
ance of certain clones. For example, with a depth of 1 mm, Sca 6 was highly
resislanl, bul became more susceptible with a depth of 4 mm and was classed as
highly susceptible with a depth of more than 8 mm (Rocha and Vello, 1971).

However, when the test without wounding was used. alone, it did not reveal
the degree of pathogen: propagation in cocoa tree tissues (resistance to post-
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Conclusions on the pod test

For a given clone, it was very difficult to compare the resistance levels obtained
with the pod test, as different methods were used. Figure 2 provides a clearer
understanding of why the level of resistance for some clones was totally different
depending on the method used.

For a clone susceptible to penetration and post-penetration (figure 2.1), the
same score was obtained 5 days after inoculation, with or without wounding, irre-
spective of strain aggressiveness.

For a clone susceptible to penetration and resistant to pathogen spread within the
plant tissues (figure 2.2), the same score was obtained, with and without
wounding, irrespective of pathogen aggressiveness. However, if the wound was

Without wounding With wounding

Epicarp

Mesocarp

Endocarp

Symptom score 3 5 3 8 5 5

Without wounding With wounding

Symptom score 3 4 3 4 2 25

Zone of strong resistance to Phytophthora
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Without wounding n With wounding
Stoma SAI A
Epicarp o
Mesocarp
Endocarp
Symptom score 0 0-1 12 2-3 4 4
Zone of strong resistance to Phyfophthora
Without wounding With wounding
Stoma A 2
o o o
Mesocarp
Endocarp

Symptom score 0 0-1 0-1 12 0-1 1-4

Zone of strong resistance to Phytophthora

Figure 2. Symptom intensity (scale of 0 to 5) depending on the type of pod inoculation
(with or without wounding) and on the aggressiveness of the' Phytophthora strains
(SA: slightly aggressive; A: aggressive).

1. Clone susceptible to the penetration and post-penetration stages.

2. Clone susceptible to the penetration stage and resistant to the post-penetration stage.
3. Clone resistant to the penetration stage and susceptible to the post-penetration stage.
4. Clone resistant to the penetration and post-penetration stages.

SA: slightly aggressive strain
A: aggressive strain
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too deep and the isolate very aggressive, the latter could pass through the meso-
carp barrier in some cases and develop, without encountering any resistance in
the endocarp. The thickness of the pod cortex for all the clones inoculated was
an important parameter to know before carrying out a pod test with wounding.
In that way, the ideal depth and location of the inoculation (ridge, inter-ridge) for
each clone could be determined, so as to reduce scoring variability for that cat-
egory of clones.

However, for a clone that was resistant to penetration and susceptible to post-
penetration, the scores differed depending on the method used and the aggres-
siveness of the strain inoculated (figure 2.3). Without wounding, the score
varied from 0 to 1 depending on the aggressiveness of the pathogen. With
wounding, it varied from 1 to 4 depending on the depth of the wound and the
aggressiveness of the strain. The deeper the wound was, the higher the score was.

For a clone that was resistant for both penetration and post-penetration phases
(figure 2.4), the same score was obtained irrespective of the method or the
aggressiveness of the Phytophthora inoculated. However, for some pods, if the
wound was too deep, the very aggressive strain was able to develop enough to
invade the endocarp, hence the entire pod.

To obtain a reliable test to screen for pod resistance to Phytophthora, it therefore
seemed essential to carry out inoculations, with and without wounding, simul-
taneously on the same pod. This double inoculation made it possible to define the
levels and sites of resistance in the pods of a clone (penetration and post-pene-
tration). Knowing the average cortex thickness of the pods of a clone in the study
was also a very important factor. This method was all the more reliable if it was
applied on detached pods inoculated under standard conditions. It should
always be borne in mind that the level of resistance obtained on detached pods
is underestimated when compared to that found on pods left on the tree. As there
was a good level of correlation between the patch expansion rate and the level
of sporulation, it was possible to do away with laborious quantification of the
quantity of zoospores produced on a pod. However, observation of the quantity
of chlamydospores formed on a pod of a clone was also very important infor-
mation to know, in order to determine the possibilities of pathogen survival in a
cocoa planting. In zones where sexual reproduction of the pathogen is possible,
observation of oospore formation on pods should be considered.

This double inoculation method is ideal for studying clones, but when studying
hybrid pods an appropriate experimental design is essential for obtaining a reli-
able assessment of the degree of resistance in all the progenies. Nevertheless, a
certain number of parameters still has to be studied to optimize the reliability of
this pod test:
* Effect of the Phytophthora species inoculated. Some are more adapted to pod
attacks than others.
» Effect of the inoculum type (zoospores, mycelium, chlamydospores, oospores)
and of inoculum concentration.
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» Effect of the physiological stage (flower emission, flush emission, etc.) of the
tree from which pods are taken.
* Age of pods and impact of insect wounds (e.g. capsids).

Leaf test

The use of leaves to develop an early, non-destructive test that can be repeated
on the same plants virtually at will is a particularly attractive idea; this is justified
by the fact that young leaves can be attacked naturally by Phytophthora, espe-
cially by P. palmivora, and that the histological structure of the underside of
leaves is similar to that of the superficial layers of pods (Van der Vossen, 1997).

Several teams had already studied the possibility of using cocoa tree leaves to pre-
dict the level of resistance in the plant to Phytophthora (Tarjot, 1972b, Tondje et
al., 1988), but leaf tests only became operational when Nyassé et al. (1995) and
Iwaro et al. (1997b) developed and demonstrated the merits of their methods. The
tests proposed by those authors are ideal early tests, can be carried out in the
nursery, and are easy and cheap to implement. They would also make it possible
to considerably shorten cocoa breeding cycles by selecting resistant plants at an
early stage from the progenies created in pre-breeding programmes. They were
based on the use of parasites belonging to two distinct species, and differed
in many aspects, in terms of both inoculation conditions and incubation, and in
the actual description of symptoms.

The work by Nyassé et al. (1995) led to the recommended use of leaves
borne by a very slightly lignified twig. Leaf discs with a diameter of 15 mm
were inoculated with a 10 pl drop of P. megakarya suspension calibrated at
300,000 zoospores/ml, and covered with a disc of filter paper. Scoring was
based on the development of penetration points into a necrotic patch, rated on
ascale of 0 to 5.

Iwaro et al. (1997b) used whole adult leaves that were dark green in colour and
borne by a green twig; resistance to penetration and to post-penetration were
assessed in two separate tests.

For the "resistance to penetration” test, inoculation was carried out with a 30 pl
drop of a P. palmivora suspension calibrated at 150,000 zoospores/m| and
400,000 couspores/ml for inoculation of the underside and upper side of leaves
respectively; the drop was then covered with a 1 cm? piece of filter paper
(0.23 mm thick). Symptoms were scored 3 days after inoculation by counting
the number of lesions.

For the "resistance to post-penetration" test, whole leaves were perforated with
holes of 4 mm in diameter; a plaster was stuck over the upper side of the leaf and
a filter paper disc of a 4 mm diameter imbibed with a P. palmivora suspension
calibrated at 200,000 zoospores/ml, was placed over the hole on the underside
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SAMPLING AND CONDITION OF LEAVES

Leaves sampled in the field must be located in a half-shade section of the tree. In
the nursery, particular care must be taken to achieve conditions that are as
uniform as possible, particularly as regards shading. Leaves in good condition and
without any visible insect attacks should be sampled over a short space of time,
preferably early in the morning (07:00-09:00). They should be adult sized, dark
green, and be borne by a green or slightly lignified twig.

LEAF PREPARATION

Discs 14 mm in diameter should be cut from the median section of the leaves
and placed with the upper side against a damp sponge in the bottom of the
inoculation tray. Special care should be taken when cutting the leaf discs to
ensure that they are not allowed to dry out while the experiment is being set
up. The inoculation trays should be wrapped in plastic bags to maintain high
relative humidity and placed in a temperature-controlled room. As far as pos-
sible, all the plants/clones being studied should be represented in the same tray
alongside control clones; common control clones should be present in each
tray. At least 3 series of inoculations should be carried out over time, each com-
prising 4 replicates (4 trays).

INOCULATION AND SYMPTOM ASSESSMENT

Inoculation should be carried out the following day, depositing a 10pl drop of
calibrated zoospore suspension on the underside of the leaves, without wounding.
Depending on the species of Phytophthora and the level of aggressiveness of the
selected strain, the zoospore concentration may vary from one country to another.

Symptoms should be assessed according to the following scale:

: no symptoms

: localized penetration points

: small developing lesions, sometimes in contact with each other
: merging lesions

: more or less uniform lesion, sometimes still with isolated lesions
: large uniform lesion

U W= 0O

Expected genetic gains through
integration of rapid resistance tests
in conventional cocoa breeding

The progress obtained up to 1995 in breeding for black pod resistance was
relatively limited (Eskes and Lanaud, 2001; INGENIC, 1999). Though variation
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Breeding progress for black pod resistance up to 1995

A comprehensive review was made of the progress obtained and problems
encountered in selection for resistance to Phytophthora during the INGENIC
workshop on the contribution of disease resistance in cocoa variety improve-
ment (INGENIC, 1999). The results reported at that workshop can be summa-
rized as follows:

* Despite significant efforts, only a few cocoa cultivars have been selected
with effective resistance to black pod disease.

e Significant variation in levels of black pod attacks in the field has
been identified in germplasm collections and breeding trials in all countries.
Typically, the average percentage of field attacks on cocoa genotypes varied
between 10 and 40% for P. palmivora (e.g. in Ivory Coast) and between
20 and 80% for P. megakarya (e.g. Nigeria and Cameroon).

e The level of field resistance in different environments and in relation to
different Phytophthora species was quite stable for several clones, such as
for the resistant clones P7, Scab, PA150 and PA30 and for the susceptible
clone PA81. This suggests that progress in one country can be useful in
other countries too. It would justify regional or international programmes on
breeding for black pod resistance.

* Significant correlations between the average degree of field attack, period
of pod production and number of pods have been observed, indicating that
in some cases the level of field resistance can partly be explained by escape
mechanisms (pod production outside the epidemic season or low pod pro-
duction).

* Although average results obtained by inoculation of either pods or ger-
minating seeds of hybrid progenies could be correlated with average levels
of resistance in the field, selection of individual trees or seedlings for a
better level of resistance by these methods appeared to be inconsistent.
This could be due to environmental effects on pod and seed susceptibility, or
to a lack of replications (a seed can only be inoculated once).

Significant correlations between artificial inoculation tests and field resist-
ance have been established more recently, for example in Ivory Coast (Tahi et
al., 2000) and in Cameroon (Nyassé et al., 2002). The CAOBISCO project has
led to clearer identification of the conditions required to obtain consistent and
repeatable results, mainly with the leaf disc test. A detached pod test, which has
recently been developed (Iwaro et al., 2000; Blaha et al., 2001), is also giving
consistent results that are apparently correlated to the level of field infection
(Blaha et al., 2001). This suggests that rapid screening tests, using standardized
inoculations of leaves or pods, can be effectively integrated into cocoa
breeding to enhance progress in selection for resistance to black pod.
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Planting material screening by controlled inoculation

Expected genetic gains can be expressed as a significant reduction in the level of
field incidence, e.g. of 30 to 10% or 60 to 20% rotten pods for P. palmivora and
P. megakarya respectively. This represents an increase in net cocoa yield for
farmers (30 to 100% respectively), as can be deduced from data on resistance
variation in Africa.
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Black pod on cocoa is caused by different Phytophthora species. P. palmivora
(Butler, 1919) has a worldwide distribution and losses can be as high as 30%.
Several other species have been described, namely P. megakarya (Brasier and
Griffin, 1979), responsible for large losses in central Africa, P. capsici (Tsao and
Alizadeh, 1988) and P. citrophthora (Babacauh, 1980). Like many other agro-
nomic traits, resistance to Phytophthora exhibits a continuum of phenotypic
variations in the species T. cacao, suggesting the implication of several genes. A
polygenic control of resistance has already been suggested by several authors
(Blaha and Lotodé, 1976; Enriquez and Salazar, 1980; Rodriguez et al., 1985; Tan
and Tan, 1990; Warren, 1994; Enriquez and Soria, 1996; Cilas et al., 1996). Cilas
et al. (1999) also showed that genetic factors involved in resistance in the field
were addilive.

Genome mapping studies were developed under the CAOBISCO project in
order to specify the genetic bases of cocoa resistance to Phytophthora. Using this
approach, it is possible to identify the several genetic components, or QTL, that
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affect a complex quantitative trait. The QTL approach allows the calculation of
the number of genetic factors involved in the resistance trait and the localization
of them in the cocoa genome. It is also possible to estimate, for each one, the par-
ticular phenotypic variation it demonstrates, and to determine the parental
origin of favourable alleles. The plant-pathogen interaction could be analysed in
detail, along with the possible identification of genes involved successively in var-
ious stages of interaction, with respect to different strains or species of Phy-
tophthora. Such an approach was widely used to study the resistance of plant
species to various types of pathogens—uvirus, fungus, bacteria (Young, 1996).

QTL analyses allow the variability of resistance genes among several cocoa
clones known for their good level of resistance to be determined, and the pos-
sibility of increasing the resistance level in cocoa trees by cumulating different
resistance genes to be evaluated. Several types of resistance evaluation were car-
ried out (artificial tests on leaves or pods, rot observations in the field), and the
approach based on genome mapping made it possible to observe whether the
same genes were involved in the different observations of resistance. In addition,
other traits linked to production or to the biological cycle of the trees, were
analysed in order to study their possible interactions with resistance traits.

To try to clarify the functional role of QTL, markers corresponding to genes with a
known biological function were mapped and a co-segregation between these
genes and the QTL was looked for. Such a "candidate genes" approach, based on
known resistance or defence genes already isolated from other species, was devel-
oped in this project to try to understand resistance mechanisms and find selection
markers located in the genes directly involved in resistance. This information is
likely to facilitate the combining of the most useful QTL for cocoa resistance
improvement using tightly linked markers for efficient marker-assisted selection. It
could also be a starting point for map-based cloning of alleles at QTL of interest.

Progenies analysed
and Phytophthora species involved

Several progenies located in Ivory Coast, Cameroon, Trinidad and France (Mont-
pellier) were analysed to identify, in several clones, the regions of the genome
(QTL) involved in quantitative resistance to black pod due to various species
of Phytophthora (table 1). The progeny studied in Montpellier was used for a
simultaneous study of resistance to three different Phytophthora species:
P. palmivora, P. megakarya, I’ . capsici.

Resistance was evaluated either by the rot rate in the field or by artificial inocu-
lation tests on pods or leaves taken from adult or nursery trees. The progenies in
Ivory Coast and Cameroon were mainly used to study resistance in the field, plus
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resistance evaluated by artificial inoculation tests (on pods or leaves from adult
trees), whereas the progenies located in Trinidad and Montpellier were only used
to study resistance evaluated by leaf tests on young nursery plants (table 1).

Table 1. Progenies analysed during the project, nature of resistance traits observed
and species of Phytophthora involved in black pod disease.

Progenies Country Resistance traits ~ Species of Phytophthora
observed involved in black pod
Field  Leaf Pod
rotrate  test test
UPA 402 x UF 676 Ivory Coast X X P. palmivora
T60/887 x Amelonado X X X
IMC78 x Catongo X
DR1 x Catongo X
552 x Catongo X
IMC 57 x Catongo Trinidad X P. palmivora
TSH1077 x Catongo
ICS 84 x UPA 134 Cameroon X X X P. megakarya
SNK 10 x UPA 134 X X
IMC 67 x SNK 413 X X
(Scabx H) x IFC 1 France P. palmivora (2 strains)
X P. megakarya (2 strains)

P. capsici (2 strains)

Markers used for mapping

A high-density reference map had already been established for cocoa by
Risterucci et al. (2000), using the progeny UPA402 x UF676 located in Ivory
Coast. UPA402 is an Upper Amazon Forastero and UF676 is a Trinitario. The
map is mostly composed of RFLP and AFLP, along with a few RAPD and
microsatellite markers.

Efficient molecular markers are needed to establish the maps and compare QTL
locations easily among them. AFLP were used for rapid saturation of the maps.
They require only a small amount of DNA, but they do not allow a comparison
to be made between different maps when used alone. Microsatellite markers were
developed to make these comparisons possible. Microsatellites are particularly
useful for these purposes: they are PCR markers that require only a small amount
of DNA, they are co-dominant, locus-specific, highly polymorphic, and offer
repeatable results or analyses. A first set of microsatellites was produced by
Lanaud et al. (1999b). The production of new microsatellites markers was carried
out at CIRAD in collaboration with the French Centre National de Séquencage
(CNS) and CAOBISCO.
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Thirty-five new polymorphic microsatellites were isolated using two methods of
enrichment: a protocol adapted from that by Edwards et al. (1996), and a modified
protocol of the Streptavidin MagneSphere Paramagnetic Particles kit, Promega
(Billotte et al., 1999). Twenty-five newly produced microsatellites were mapped on
the UPA402 x LIF676 reference map. A total of 46 microsatellites produced by
CIRAD and called mTcCIRx have been mapped. Nineteen microsatellites, named Cx
or Cax, identified by D. Crouzillat of Nestlé, were also mapped. In all, 64 microsatel-
lites have now been mapped on the reference map (Lanaud et al., in press).

These markers were distributed on all the chromosomes. The map length
remained stable at 887.3 cM. The new reference map now includes 468 markers:
64 microsatellites, 191 AFLP, 178 RFLP, 30 RAPD and 5 isozymes. Micro-
satellite markers will be easier to use for a marker-assisted selection made in tro-
pical countries.

Mapping QTL for resistance to Phytophthora
palmivora on progenies from Ivory Coast

In Ivory Coast, only P. palmivora was detected during our experiments, even
though P. megakarya existed at the border between Ghana and Ivory Coast.
P. palmivora causes between 10 and 25% pod losses (Kébé, 1994; Cilas et al., 1999).
Five progenies located in Ivory Coast were studied for their resistance to
P. palmivora (Lanaud et al., 1999a; Flament et al., 2002; Clément et al., 2003a,b).
These were located in four different places: Bingerville, Zagné, Divo and Aben-
gourou. Disease pressure is higher in Bingerville and Zagné than in Divo and
Abengourou. One progeny was studied in both Zagné and Divo. QTL analyses for
resistance traits were carried out on clones belonging to different genetic groups:
Trinitario (UF676, DR1, S52) and Upper Amazon Forastero (UPA402, T60/887,
IMC78). Traits for resistance, yield and morphology were studied in most of the pro-
genies to test possible relationships among traits.

Several significant QTL of resistance evaluated by the percentage of rotten pods in
the field were identified in the different parents: one QTL was located on chro-
mosome 1 of UF676, another was located on chromosome 10 of T60/887 and
another was located on chromosome 4 of IMC78. Other putative QTL with lower
LOD score values were also identified and need to be confirmed—like those
identified on chromosome 8 of T60/887, on chromosomes 1 and 9 of UPA402, on
chromosome 4 of DR1, and on chromosome 10 of S52. However the putative QTL
identified on chromosome 4 of DR1 was located in the same region as significant
QTL related to that trait identified in IMC78, and the putative QTL identified on
chromosome 1 of UPA402 was located in the same region as the significant QTL
related to resistance identified in UF676. An improved trial design, adapted to QTL
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analyses (larger number of individuals, reduced environmental effects) is required
to increase the power of QTL detection.

In both progenies UPA402 x UF676 and T60/887 x Amelonado from Zagné, QTL of
resistance evaluated by the leaf test on adult trees were identified on several chro-
mosomes, but low repeatability was found between the different sets of experiments.
Some QTL were nevertheless identified on the mean of the sets of experiments.
These tests are very sensitive to environmental factors, which may prevent detection
of significant effects, and which may also explain the lack of correlation observed
between the different resistance evaluation methods used on these old trees: only one
co-localization with a putative QTL related to resistance evaluated in field was
observed in UPA402.

The identification of different regions involved in resistance to P. palmivora suggests
that a pyramiding strategy of different resistance genes from various parents is pos-
sible to improve their level of resistance to P. palmivora. Marker-Assisted Selection
would facilitate this accumulation of resistance genes.

The possible interaction with other morphological or agronomic traits of the trees was
also studied in the five progenies from Ivory Coast. In IMC78 and DRI, a co-
localization was found between the QTL related to field resistance and the QTL
related to the mean pod weight; this QTL was also co-localized with a QTL related
to vigour (trunk circumference) and yield in IMC78. In T60/887, studied in a
progeny located in Zagné, for which vigour and yield traits were also observed, the
bigger QTL for field resistance located on chromosome 10 of T60/887 was not co-
localized with other QTL related to yield or vigour. However a putative QTL
explaining 10% of the variation of the field resistance trait was located in the same
region of 30 cM of chromosome 8 as a QTL involved in pod number and trunk cir-
cumference. In this same region, a QTL for mean pod weight was identified in
T60/887, studying a progeny located in Divo. These co-localizations could corres-
pond to direct interactions between the vigour and mean pod weight of the tree and
its resistance, or could also correspond to a close linkage between different genes
involved in these traits. A larger population is needed to confirm these results.

Progenies from Cameroon

Phytophthora megakarya, which is found only in Africa, is the most destructive
Phytophthora species on cocoa. When no treatment is used, losses can be as high
as 80% in Cameroon (Despréaux et al., 1989; Berry and Cilas, 1994). Using an
artificial inoculation test on fruits still attached to the tree, 100 clones were
evaluated for resistance and classified (Blaha and Lotodé, 1976). Among these
clones, six were chosen based on their different levels of susceptibility. Then a
diallel trial was composed with the six clones used as parents. Despréaux et al.
(1989) studied this trial and showed that genetic factors involved in the resistance
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Due to many off-types detected in the progenies, the low number of individuals
per progeny (58 to 78) limited the power of QTL detection. Only a common
parent (UPA134) present in two progenies allowed, after adjustment, the cumu-
lation of data for both progenies and the confirmation of QTL detected by leaf test
on chromosome 9. This fact revealed the difficulty in working on trees already
planted. They were planted in 1974 with a different objective than QTL detection.
Moreover, the trial was not really adapted, since the absence of tree replication
is a disadvantage in QTL detection. These results are preliminary and need to be
confirmed. Other factors could interact with resistance evaluation, such as the
ripening period, which was not taken into account during this study. Indeed this
factor is assumed to act as resistance by escape (Berry and Cilas, 1994), whereby
trees produce their fruit before the zoospore production period.

Progeny from Trinidad

Among diseases affecting cocoa in Trinidad, black pod rot caused by Phytoph-
thora is currently the main cause of production losses. The two species of Phy-
tophthora existing in Trinidad are P. palmivora and P. capsici, the former being
the more widespread and more aggressive in Trinidad (lwaro et al., 1998).

A progeny composed of 155 plants derived from the cross between IMC 57
(female parent) and Catongo (male parent) was studied (Motilal et al., 2002).
IMC57 is an Upper Amazon Forastero and was chosen for its resistance to
P. palmivora (assessed by an artificial inoculation test on leaves) and its high het-
erozygosity rate. Catongo is a Lower Amazon Forastero and was chosen for
its low level of resistance to P. palmivora (assessed by the leaf test). This study
enabled us to detect QTL for resistance to P. palmivora in IMC57.

Resistance to P. palmivora was assessed in the nursery, using the leaf inoculation
test developed by Thévenin and Motilal (1998). Each plant was subjected to four
series of inoculations. This led to the identification of numerous significative QTL
located on chromosomes 1, 2, 4, 6, 9, and 3 or 8. Each of the QTL accounts for
between 6.5 and 10% of the total variation. In most cases, the QTL were iden-
tified on the means obtained from five series of inoculations, and they account for
a very large part (almost 80%) of the variation for this trait.

The studied progeny was planted out in the field in July 2000. Its level of resist-
ance to P. palmivora will be also tested by artificial inoculations on pods, in
accordance with the protocol described in Iwaro et al. (2000), and then by
estimating the percentage of rotten pods under natural infection conditions.
The QTL obtained from these analyses will be compared to those obtained by
the leaf inoculation test and presented in this work. This QTL analysis
confirms that many genes are involved in cocoa resistance to P. palmivora.
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Thus, a cumulation of several favorable alleles using a marker-assisted selection
could permit the level of resistance of cocoa clones to be greatly improved.

Progeny studied in France

This study aimed to compare the genetic control of cocoa resistance to three
different species of Phytophthora: P. palmivora, P. megakarya and P. capsici
(Risterucci et al., in press). It is important to know whether selection for resistance to
one of the Phytophthora species could increase the level of resistance to the
other species, and whether common genes of resistance usable as a priority for
marker-assisted selection can be located on the genome. The study was conducted
on 151 hybrid progenies from the cross (Sca6 x H) x IFC1, created in Ivory Coast and
grown in a greenhouse in Montpellier. Using microsatellite markers, the clone H, ini-
tially unknown, was identified as a Trinitario clone close to the clone GS36. As not
all Phytophthora species exist in a single growing zone, leaf tests were carried out in
the greenhouse in Montpellier, where a large collection of different Phytophthora
strains and species exists. Phytophthora resistance was screened by leaf test inocu-
lation with two different strains per species.

Selection of the best individuals for resistance to P. palmivora at a 10% selection rate
would lead to a genetic gain of 47% for P. palmivora, 21% for P. megakarya and
42% for P. capsici. A comparison of the 30 most resistant individuals selected for
each species revealed that six trees on average were common, i.e. 20% of the
resistant trees. This result confirms that there is little interaction between species and
genotype and that selection for resistance to a single species (e.g. P. palmivora) would
provide genetic gains for improving resistance to the other species. These results are
in agreement with the QTL analysis. Indeed, some QTL for resistance to three and
two species were defected in common regions. QTL were identified using composite
interval mapping and located in six genomic regions. One of these QTL was
detected on chromosome 5 with five strains from the three Phytophthora species.
Another was detected on chromosome 6 with three strains of two species and
one other QTL was detected on chromosome 1 for two strains of two different
species. Three additional QTL were detected for only one strain of Phytophthora
species. Each QTL accounted for between 8 and 12% of the phenotypic variation.
For each strain, between 11.5 % and 29.6 % of the total phenotypic variation could
be accounted for by the QTL identified.

For some QTL, the Sca6 or H (Trinitario) origin of favourable resistance alleles was
determined by very close markers. Not all the favourable QTL were provided by
Scab alone, but the Trinitario H involved also provided some favourable alleles. This
was particularly the case for those of chromosomes 1 and 5 provided by the Trini-
tario; the favourable resistance alleles located on chromosomes 3 and 6 were pro-
vided by Sca6. Observation of the molecular banding patterns for Scaé also showed
that these favourable alleles were in the homozygous state in Scaé.
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These results show that both specific and non-specific QTL were identified in both
the Trinitario and the Forastero clones. This is particularly interesting in the present
situation of progression of P. megakarya in Africa. Indeed, P. megakarya is respon-
sible for the largest yield losses, and even though only P. palmivora is currently
present in lvory Coast, when selecting for resistance to P. palmivora, it should be pos-
sible to increase the resistance of clones to P. megakarya. It could be particularly
worthwhile transferring these common QTL into an elite clone through a marker-
assisted selection scheme.

Characterization and genetic mapping
of resistance and defence gene analogues
in cocoa

Disease resistance and defence gene analogue (RGA/DGA) sequences were isolated
in cocoa (Lanaud et al., in press) using a polymerase chain reaction (PCR) approach
with degenerate primers designed from conserved domains of plant resistance and
defence genes: the NBS (nucleotide binding site) motif present in a number of
resistance genes such as the tobacco N, sub-domains of plant serine/threonine
kinases such as the Pto tomato gene and conserved domains of two defence gene
families (pathogenesis-related proteins (PR) of classes 2 and 5). Nucleotide identity
between 36 sequences isolated from cocoa and known resistance or defence genes
varied from 58 to 80%. Amino acid sequences translated from corresponding
coding sequences produced sequences without stop codons, except for one NBS-like
sequence.

Most of the RGA could be mapped on the cocoa genome and three clusters of genes
could be observed: NBS-like sequences clustered in two regions located on chro-
mosomes 7 and 10; Pto-like sequences mapped in five genome regions of which
one, located on chromosome 4, corresponded to a cluster of five different sequences;
PR2-like sequences mapped in two regions located on chromosome 5 and 9

respectively.

Co-localizations observed between QTL
related to Phytophthora resistance
and candidate resistance and defence genes

Results of QTL and RGA/DGA mapping are reported in figure 1.
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Co-localizations between QTL related
to Phytophthora resistance

Several QTL related to resistance evaluated by the percentage of rotten pods were
identified on chromosomes 1, 4, 5, 8, 9, and 10. Co-localizations between
these QTL were found on chromosome 1 for UF676 and UPA402 (putative
QTL), chromosome 4 for IMC78 and DR1 (putative QTL), and chromosome 9 for
ICS84 and UPA402 (both putative QTL). These co-localizations were observed
each time on clones belonging to different genetic groups and were not specific
to one particular genetic group.

Co-localizations among QTL identified by the leaf test were also noted on chro-
mosome 2 for IMC57 and UF676 (putative QTL), chromosome 3 for Sca6 and
T60/887, chromosome 4 for IMC57 and UPA402 (putative QTL), chromosome 6
for Scab and IMC57 and chromosome 9 for IMC57, UPA402 and UPA134.

Some co-localizations were also observed between QTL related to resistance
evaluated on different clones by the leaf test, pod test or by the percentage of
rotten pods in the field, on chromosome 1, chromosome 2, chromosome 4
and chromosome 9.

Co-localizations between RGA, DGA and QTL regions
for resistance to Phytophthora

Using common markers (particularly microsatellites) located in the several maps
established, several co-localizations between RGA and DGA identified in this
project and QTL for resistance could be observed.

This is the case for the cluster of RCA located in chromosome 4. In the same
region of about 10 cM, four QTL for resistance to P. palmivora have been iden-
tified: one QTL explaining 13.2% of the variability of resistance to P. palmivora
evaluated by a fruit test was identified in a Forastero clone (Pound 12) at LOD 3.4
by Crouzillat et al. (2000) while studying a progeny located in Costa Rica. Two
other QTL of resistance to P. palmivora were identified in a Forastero clone
(IMC78) and in a Trinitario clone (DR1) at LOD 7.4 and 2.5 respectively by
Clément et al. (2003b) while studying progenies located in Ivory Coast. These
QTL accounted for 22.6% and 10.1% respectively of the variability of the per-
centage of rotten pods observed in the field on cumulated data over a six-year
harvesting period. Another QTL, located in this same chromosome region, and
accounting for 8.1% of the variability of resistance evaluated by leaf test, was
identified at LOD 2.2 by Motilal et al. (2002) in a Forastero clone (IMC57) by
studying the progeny located at Trinidad.

Another region of 15 cM located in chromosome 5 gathers two DGA (PR2
analogues) and QTL for resistance evaluated by leaf test by Risterucci et al.
(in press) toward three different species of Phytophthora (P. palmivora,
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P. megakarya, P. capsici). These QTL were identified at LOD 2.9 to 3.9 and
accounted for between 7.5 and 12.4% of the variability of the trait according to
strains and Phytophthora species studied.

Another case of co-localization could be observed in chromosome 7 where
2 RGA containing NBS and two QTL for resistance evaluated by leaf test are
co-localized, identified by Risterucci et al. (in press) in a Trinitario clone (H), and
by Lanaud et al., (1999a) in another Trinitario clone (UF676). These QTL were
identified at LOD 3.1 and LOD 2.5 respectively, and accounted for 8% and 10%
respectively of the variability of this resistance trait.

Discussion and general conclusion

Resistance to Phytophthora, which is already known to be partial, is a complex
trait depending on several genes. The mapping approach was developed to
acquire more precise knowledge of its genetic bases and to localize in the
genome the regions (QTL) involved in resistance expression. This approach
could also make it possible to compare the various sources of resistance,
depending on the clones.

Several progenies involving clones belonging to different genetic groups were
studied. Most of the cocoa clones recognized for their resistance have various
levels of heterozygosity and QTL mapping studies have mainly been carried out
using direct crosses already existing between those clones. Hence, only the
resistance genes present with a heterozygous status could segregate in the prog-
enies and be revealed from these direct crosses. The more resistant clones
could have their resistant alleles in a homozygous status, and in that case direct
crosses involving those clones are not appropriate for revealing their resistant
alleles. This might explain why no QTL was identified in a very resistant clone,
such as SNK413 in Cameroon, which was studied on a direct cross. The study of
such resistant clones would require an examination of backcrosses or test cross
models involving these clones. Scavina 6 is a very resistant clone with a high
level of homozygosity. A test cross was produced with Scavina 6 during the
project, and the study of the progeny (Sca6 x H) x IFC1 led to the identification
in the genome of several QTL of resistance whose favourable alleles, origi-
nated from Scab, are in a homozygous state in the Scavina 6 parent.

A large number of QTL related to resistance to Phytophthora, evaluated in the
field or by artificial inoculations, were identified in the various progenies. Some
chromosome regions appeared to be particularly involved, as on chromosomes
1, 4 and 9, where several co-localizations were observed. Other strong genetic
effects were identified on chromosomes 5 and 10 for some clones studied. QTL
for resistance to P. palmivora were also identified in the same regions of chro-
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polymorphic and easy to reveal by PCR, and will be particularly useful in this
strategy.
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Conclusion

Christian Cilas

The project entitled "Genetic bases of cocoa tree resistance to Phytophthora dis-
eases", which received financial backing from European chocolate makers
through CAOBISCO, came to an end in September 2000. Working conditions and
cooperation between the different partners were very good during the project,
which was launched in June 1995. Before concluding this book, certain scientific
and organizational aspects that helped to make the project a success should be
highlighted.

Numerous scientific results were obtained in the different fields involved in the
search for cocoa trees that are resistant to Phytophthora; these results have been
published in various scientific journals and now in this book. This project led to
major advances in the methodological problems of screening planting material for
its reaction to Phytophthora diseases. An early screening test on leaves was
developed and validated; this will enable faster, more reliable assessments for
future selection of clones or hybrid combinations. Some work is still needed to
validate this test for selecting individuals within full-sib families.

Based on this test, and the results from field trials, QTL (Quantitative Trait Loci)
were identified on different parts of the cocoa tree genome. Detection of the zones
of the genome involved in expression of the disease resistance trait will also facil-
itate the selection of more resistant planting material, notably by making it pos-
sible to associate different favourable QTL. In addition to the methodological
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Conclusion

To conclude, a certain number of questions to which future research will need to
provide answers are listed below:

O How does the behaviour of resistant plants change as the different
Phytophthora evolve?

0 What are the different resistance mechanisms involved in resistance to
Phytophthora?

3 Are some resistance mechanisms more stable over time than others?

O How can different resistance mechanisms be combined to guarantee
durable protection of plantations?

O Are avoidance phenomena usable and sustainable?

O How do plantings with more resistant planting material need to be
managed in the context of integrated disease control?

Answering these questions will be one of the objectives of future research and
should lead to more effective disease control, hence to a more lucrative farming
system for cocoa producers.
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| — Aspect of Phytophthora pod rot diseases

Q Rot symptoms in the field

Phytophthora
megakarya
Q Necrosis symptoms on pods
Phytophthora palmivora Phytophthora megakarya

Q Cross-sections of infected pods
Phytophthora palmivora

SN W

/3

b~

¥ -~
4
1,



Il - Infected pod tissues
under the scanning electron microscope

Q Phytophthora sporulation dynamics on a pod under the scanning
electron microscope

1. Appearance of spore-bearing filaments.
2. Sporangia masses.

3. Mature sporangia.

4. Proliferation of sporangia.

Phytophthora palmivora

Phytophthora megakarya
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Il — Phytophthora susceptibility tests on pods

Q Susceptibility test on pods Q Symptom expression
(Phytophthora palmivora). levels 1,3 and 5

on'susceptibility scale.

-
-

appawnd FuFiE
gisgaa g PNRRR BRRRRENE AANRANANY



IV - Phytophthora susceptibility tests on leaves

Preparing leaf discs with a mecanic cork borer.

- 9@

Leaf disc inoculations.

Symptom susceptlbthty scoring.

O Symptom expression
levels 1 (left), 3 and 5 (right)
on susceptibility scale.
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