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Background document
A background document, dealing with eight diseases of cocoa, is available on floppy disk:
J.C. Zadoks, 1997. Background Document: Disease Resesitance Testing in Cocoa.
Apply to INGENIC.
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0.

5

EXECUTIVE SUMMARY

Since it was felt that cocoa resistance breeding did not advance fast enough, INGENIC
took the initiative to organize two consultancies, one on resistance breeding and one on
resistance testing. This consultancy report is primarily on resistance testing, but touches
upon inheritance of resistance and resistance management. The report focuses on two
diseases, black pod and witches' broom, but draws information from a more extensive
'background document' dealing with eight diseases.

10

15

20

25

Chapter 1 introduces the topic. The lack of progress in resistance breeding of cacao
warrants a critical appraisal of past, present and future methods of resistance testing.
Reasons for slow advance were mistaken concepts (such as immunity), policy inconsisten
cies, lack of funds, lack of continuity of personnel, confusion about resistance testing
methods, lack of international exchange of information and genetic materials, and - not in
the last place - lack of predictive tests. Suggestions are needed to speed up the resistance
testing. Proposals are expected for international cooperation to stimulate progress in
resistance breeding.
Chapter 2 provides, in general terms, an agronomic and genetic background. It stresses
the host genotype * pathogen genotype * environment interaction, relevant to modern
resistance breeding, IPM and their combination. Some agronomical aspects of cocoa are
discussed in relation to breeding for resistance. The need for early tests is indicated. The
utility of 'pre-breeding' is indicated.
2.1.
2.1.

The lack^of international institutional support has retarded progress in cocoa
resistance breeding.
Cocoa breeders should consider to produce varieties which maximize the expres
sion of disease resistance and minimize external inputs for disease control under
conditions of appropriate crop management.
Resistance breeding should remain field oriented but, in view of the long breeding
cycle, early testing methods are required to speed up the selection process.

30

2.3.

35

Chapter 3 provides an overview of cocoa production, as far as relevant to resistance
testing and breeding. For four selected cocoa diseases the following items are discussed
briefly, A - disease, symptoms, B - taxonomy of the pathogen, C - origin and spread of
the disease, D - transmission of the disease, E - intraspecific variability of the pathogen,
F - control methods including resistance breeding, G - resistance tests, and other relevant

5
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information. The discussion leads to some general comments.
3.1.
5

3.2.

3.3.
10

3.4.

3.5.
15
3.6.

20

A tremendous and world-wide effort was made, over a long stretch of time, to
indentify cocoa pathogens and unravel disease etiology and epidemiology.
Since the primary task of the respective researchers was to address local or
national problems, little effort could be made to harmonize materials and methods.
Comparison of results between locations, decades and even researchers is difficult.
World-wide identification of some of the pathogens, e.g. 'Phytophthora palmivora',
with specific attention for their pathogenic behaviour remains a matter of concern.
Within-species variability of the various pathogens is considerable but not yet
satisfactorily explored. This variability is of the utmost importance to breeders,
since at any time it may spoil their results by a 'boom-and-bust' phenomenon.
Considering the threatening within-species variability and the long life-time of
cocoa (25 years or more) resistance breeding should concentrate, whenever
possible, on the exploitation of polygenic resistance which, supposedly, contributes
to the durability of resistance.
Effective evaluation of host resistance in relation to world-wide pathogen variation
requires centralised testing facilities outside cocoa growing countries.

Chapter 4 discusses resistance testing in a methodical manner, providing an overview of
many tests at various levels of sophistication. Concepts such as resistance, tolerance,
escape, and components of resistance are discussed. General requirements for resistance
tests are defined. The need for predictive tests is stressed. The recommendations are:

25

4.1.
4.2.
4.3.

30

4.4.
4.5.
4.6.

35
4.7.

Several promising efforts to develop predictive tests have been published but
standardisation of tests is needed.
The urgent need for predictive tests be met with an international research effort.
An international working group be set up which critically examines all tests and
decides which tests are internationally acceptable.
Protocols be developed for 'Good Testing Practice', so that test results will be
internationally acceptable.
The quality of predictive tests must be assessed by double blind tests using a high
number of host genotypes representing a large range of relative resistance.
An imprecise but predictive test selecting the most resistant individuals will speed
up the breeding and selection process.
Long-term verification in the field of predictive tests remains imperative.

6
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Chapter 5 comments the pathology side of resistance breeding.
5.1.
5

5.2.
5.3.

10
5.4.
5.5.
15
5.6.

20

5.7.
5.8.
5.9.

Large genetic variation in the level of resistance exists against each of the diseases
discussed.
Immunity as a form of very high level resistance is practically absent and should
not be sought for.
Data for durability of resistance tend to be encouraging but data for stability of
resistance tend to be confusing and contradictory. An international effort to
combine all availabe information by desk research and enquiry is recommended.
Identity of host and pathogen material can be established by means of molecular
techniques.
As to resistance, Specific Combining Ability is low relative to General Combining
Ability. Major genes for resistance are rare.
Breeding for high levels of partial resistance is feasible for all diseases considered,
exploiting additivity of minor gene effects, and is preferable above using monogen
ic resistance, in order to avoid 'boom-and-bust' phenomena.
Components of disease resistance have been studied frequently but systematic
components analysis is rare or absent. Systematic application of components
analysis can accelerate the breeding and selection process.
Since resistance and yield are not correlated, except in diseases of the trunk,
breeding for resistance should never be divorced from breeding for yield potential.
As breeding for high levels of partial resistance is a slow process, early and
predictive tests for resistance are badly needed to accelerate the breeding process.
Pre-breeding will accelerate the world-wide utilisation of available resistances.

25
Chapter 6 deals with international cooperation and makes recommendations to improve
upon the present the situation.
6.1.
30
6.2.
6.3.
35

6.4.

Interested parties identify themselves and form a working group that sets the 'rules
of the game' following the ten points on pre-breeding.
The 'rules of the game' should be transparant and define the obligations and
privileges of all stake-holders, including budgetary consequences.
It is recommended that the working group sets targets for quality control and
designs a mechanism for quality maintainance (audit) in cocoa resistance testing.
The working group should set standards for selecting tests and formatting the
descriptions of the test objectives, procedures and reports.
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1.

1.1.

INTRODUCTION

INGENIC

5

10

When it was felt that cacao breeding needed a boost, a mechanism was created to link
cacao breeders over the world. This mechanism is INGENIC (International Group for the
Genetic Improvement of Cacao). INGENIC held its first workshop in Kuala Lumpur,
October 1994, on 'Cocoa breeding strategies' (Anonymus, 1995; Paulin & Eskes, 1995).
The executive committee, with Dr. A.B. Eskes in chair and Dr. Michelle End as the
secretary, developed a proposal to organize a symposium in Salvador, Bahia, Brazil on
'Contribution of disease resistance to cocoa variety improvement', 24-26 November 1996.
As a preparation, two consultants were invited to review the past and present situation in
disease resistance testing and breeding and to make recommendations for the future.

15
1.2.

20

25

Objectives of the review

The Terms of Reference are given in section 7.1. The review slould deal with past,
present and future methodologies of breeding for disease resistance in cocoa, considering
recent knowledge about selected pathogens and their epidemiology.
New concepts in tree breeding, in resistance breeding (e.g. components analysis) and in
epidemiology should be criticaly considered as to their usefulness in cocoa. Due attention
should be given to predictive tests for disease resistance, to be used in early screening.
Recommendations should be developed for international cooperation in a non-competitive
manner and be aimed at gene pools and pre-breeding.

30
1.3.

35

40

^
Procedure

Time constraints dictated limited numbers of interviews and field visits. Scientists were
interviewed in France and the United Kingdom. Field visits with interviews were paid to
Ecuador, Ghana and Trinidad. These activities were sponsored by FAO. A literature
survey was made to find historical data and technical details.
A preliminary report was submitted to INGENIC in July 1996 for distribution among
INGENIC members. The preliminary report was discussed during the INGENIC meeting
in Brazil, November, 1996. Duely considering the comments and suggestions the
consultancy report was finalized.

8
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2.

BACKGROUND INFORMATION. THE HOST PLANT

2.1.

Origin

5

Cacao, Theobroma cacao L. (Sterculiaceae) originated in the tropical rainforest of
equatorial America, probably at the foot of the Andes in the upper reaches of the
Amazone river (Mossu, 1992), possibly even before the Andes range came into being. It
is now cultivated in all tropical lowlands of the world.

10

Some pathogens such as the fungus Crinipellis perniciosa, which causes the disease
'witches' broom', may have coevolved with cacao in its source of origin. In the case of
coevolution of cacao and a pathogen a fair degree of resistance in cacao against the
pathogen may be expected.

15

Other diseases are typically 'new encounter' diseases such as 'swollen shoot' (SS, caused
by a virus, West Africa), 'vascular streak' (VSD, fungus, Asian-Pacific region) and the
'black pod' caused by the fungus Phytophthora megakarya (West Africa). In the case of
new encounter diseases resistance may be scarce or even absent. Of several diseases the
status is not so clear. On the one hand, Phytophthora palmivora is ubiquitous, but the
name represents a species complex rather than a single species.

20

Monoculturing of cacao is an invitation to pathogens, relatively harmless in the wild, to
ehange their diet, attain visibility, spread, and cause losses. In the fungal genus Phytoph
thora several species are candidates to become pathogens of cocoa (compare Prior, 1992).
25
2.2.

Agronomy
Generalities

30

The world has some five million hectares under cocoa. Production is spread over more
than 3 continents. America contributes 20% to the world production, Asia another 20%
and Africa some 60%. Ivory Coast with 2M ha contributes 30% to the annual world
production. New plantings and replacement of old ones amounts to about 200,000 ha/year
so that a great need for planting material continues to exist.

35

40

An approximate world average production of fermented and dried beans is 400 kg/ha/y
ear. Cameroun produces on average about 150 kg/ha, Malaysia 750 kg/ha. BAL Planta
tion in Malaysia attains some 1600 kg/ha during 20 years, with incidental yields of 5000
kg/ha. Yields of over 1 tonne/ha of dried beans are attainable in countries such as Brazil
and Ivory Coast. Seldom, yield potential is the limiting factor.

45

Since disease results from a host genotype * pathogen genotype * environment interac
tion, some remarks on cocoa crop husbandry will be made. The possible trade-offs
between genetic manipulation and environmental manipulation of the host, given the
pathogen genotype, have hardly been studied systematically. Consequently, IPM in cocoa

9
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is still rudimentary (Fulton, 1989; Muller, 1974; C. Suarez, p.c.). Chemical control of
diseases is feasible, but expensive, and unattractive from environmental and commercial
points of view.
5

The pathogen genotype can be manipulated in so far that new pathogens and new and
more pathogenic strains may be kept out of an area by quarantine and containment or by
eradication. When another new encounter would appear, chemical control might be
needed as a temporary measure, but resistance breeding should be the long-term answer.

10

Cocoa husbandry

15

It seems as if the plant breeders, plant pathologists and agronomist took separate roads
towards a common goal but used different road maps, so that they did not meet. Relative
ly few publications relate to disease control by agricultural means such as roguing, mixed
cultivation, roguing, and planting wind-breaks (Rudgard et al., 1993).

20

Physiological characteristics of cocoa determine its yield potential. The photosynthetic
capacity of the tree is important during the juvenile stage. In mature cocoa, the canopy's
architecture determines not only its light interception efficiency but also matters such as
harvestibility, disease severity and ease of disease control (if needed).

25

30

35

40

45

Tukey (1992) proposed to modify the tree architecture by selection on:
Cultivars with high tree efficiency (high production per unit girth size) regardless
of tree size, including spur types.
Dwarfs with good tree efficiency for propagation onto rootstock.
Dwarfs showing adaptability to certain soils and environments.
Dwarfs showing disease and pest resisitances.
Evaluation of cultivar/rootstock combinations.
No real dwarfs have been found yet, but that genetic variation in vigour is obvious.
^
Shade
Cocoa is usually grown under shade. Shade trees and shade intensity vary according to
countries. Indonesia often uses coconut trees. Ivory Coast is an exception because it
grows most cocoa without shade. Indonesian farmers prune their trees to about 30%
sunlight at soil level, at least in part to avoid diseases.
The degree of shading has crop protection implications. Without shade, as in Ivory Coast,
insect damage by mirids (= capsids) is important, whereas damage by fungal diseases
may be reduced. Cocoa can develop a dense canopy (Leaf Area Index 5 to 7). Such heavy
selfshading will be conducive to disease development even without shade trees.
The development of disease and its severity are determined by the host genotype *
pathogen genotype * environment interaction. According to van der Plank's (1963)
disease triangle concept, deficiencies of the environment (such as heavy disease pressure)

10
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can be counteracted by improvement of the host genotype (by breeding). Inversely,
deficiencies of the host genotype (too high a susceptibility) can be counteracted by
changing the environment and making it less conducive to disease (reduction of shade,
pruning).
5
The costs of shade management may be considerable and, at times, prohibitive. Original
upper storey forest trees have often been maintained but as they cannot be pruned, they
have to be respected or to be killed. Upper storey forest trees, if not removed, could be
sources of disease inoculum.

10
Planting density

15

Planting densities run from 900 to 5000 trees per ha (Mossu, 1992), but normally is 1111
trees/ha (spacing 3x3 m). High density planting optimizes production per unit area and
favours prolonged productivity of a planting where trees may die at constant rate.
Trinitario seems not to support high planting densities. High planting densities favour a
uniform microclimate, conditions suitable for beneficial insects, weed control by shading
and leaf drop, adequate water retention (Mooleedhar, 1989; Smith, 1994), but also a
humid microclimate conducive to fungal diseases.

20
Cropping period and pod maturation

25

30

The 'cropping period' is the period of pod production, which may be short or extended.
The duration of the cropping period has phytopathological implications. If the cropping
period extends beyond the top rain season, escape from black pod may occur but also
undesirable carry-over of disease. Varieties with one cropping period per year may show
less disease, but out-of-season production may result in smaller pods and beans and thus
in lower income. The period of pod maturation varies from 4.5 to 7 months. Long
maturation periods are equivalent to long periods of exposure to inoculum, and thus may
increase the probability of infection. Short maturation periods may contribute to escape,
but also to small pod and bean size.

Chemical control
35

40

Chemical control of SS and WB may be technically feasible but usually, and certainly for
small farmers, it is not a sound financial proposition. Chemical control of pod rot, when
necessary, should be directed to the pods on the stems. In Cameroon whole trees are
treated. To facilitate chemical control, clones should be selected with a good crop at
picking height, and few to no pods elsewhere.
Against PP stem canker and black pod, ridomil and phosphorous acid injection see to help
in PNG, but these chemicals appear to be ineffective against P. megakarya. Triazols are
slightly phytotoxic on cocoa and give growth reduction.

45
11
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The interaction between (partial) resistance and (light) chemical control has not been
studied but merits attention (Zadoks, 1975).
Biological control
5
Enhancement of natural control seems possible, as with Cladobotryum amazonensis, of
which some metabolites are inhibitory to WB. Induced resistance is a researchable though
difficult item. Premunition against SS works well under natural and experimental
conditions, but it has not yet been tested at a large scale.

10
Cultural control

15

20

Wind breaks can be useful at times. In the Asian-Pacific area cocoa is sometimes planted
near to the coast so that wind and salt spray may be damaging. Wind breaks are used in
Malaysia and PNG to protect cocoa plantings against strong wind and salt spray. Wind
breaks may be advisable to reduce the spread of diseases such as WB and SS. Pruning is
a standard practice to reduce the impact of WB (Rudgard et al., 1993; various infor
mants), normally in combination with (partial) resistance since roguing in susceptible
crops is near to hopeless. Roguing may help to control black pod but it is labour
intensive.
2.3.

25

30

35

Genetics

Knowledge on genetics of cocoa is rather a by-product of day-to-day, hands-on breeding.
Most information was derived from sub-specific taxonomy. Molecular techniques have
given new impulses to cocoa genetics. The basic chromosome number is n = 10, cacao
being diploid with 2n = 2x = 20.
Most cocoa trees stem from seed, either harvested from somwhat arbitrarily chosen
mother trees, or^purposely produced in 'seed gardens'. In such cases, plantations are
genetically heterogeneous. Estimates are (A.B. Eskes, p.c.):
35 % non-selected populations,
35 % little-selected populations,
25 % selected bi-parental hybrids,
05 % selected clones.
Clonal populations are still rare but clones are used in some commercial plantations.
2.4.

Breeding

40

Generalities

45

Breeding activities began with clone selections. Clone selection was abandoned largely
due to the value of intergroup hybrids (early bearing). More recently, breeders turned to
clone selection again. For a certain period, cocoa breeding was hampered by the idea of
leading cocoa breeders that the yield of clones had no predictive value. This thought is

12
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5

10

15

incorrect, but once upon a time a clonal phase was inconceivable. Traditionally used
clones were rather chance selections, as is the case for the 1944 introductions from
Trinidad into Ghana, where Posnette initiated resistance breeding. Resistance breeding
was haunted by the idea that high level resistance was needed, preferably due to single
dominant resistance genes (as in annual crops). The absence of an international institute
(IARC) and the lack of international research programs hampered progress in resistance
breeding.
Resistance breeding tended to be a secondary target, represented by net yield. Too great a
susceptibility could be avoided by negative mass selection. Positive efforts at resistance
breeding began with Posnette in Ghana and Freeman in Trinidad, around the Second
World War. Only few cocoa breeding programs can claim success in improving resis
tance. A notable example is Freeman's program in Trinidad producing Trinidad Selected
Hybrids (TSHs). Freeman's dedication over a period of forty years and his practical
approach were instrumental in achieving sucess. Resistance to WB was derived from
SCA-6 and ICS-95.
Targets in resistance breeding

20

Little written information exists about breeding targets. The interviews provided contrast
ing opinions, which were usually not so specific as to be operational for resistance
breeding. Traditional targets are yield, precocity, bean size > 1 g, and better disease and
pest resistance (partly by UA in crosses with local selections or UAxUA).

25

One view held that the only criterium is yield, more specifically, maximum economic
return. In this view, the following points are worth mentioning.
1.
Yield is the only selection criterium.
2.
Quality is irrelevant because the choclate manufacturers (will) have their own ways
to obtain the quality they want.
3.
Cacao butter content will be less important because manufacturers will replace part
of the cacao butter in their chocolat by other kinds of fat (in 1995 an application
for a permit to do so was sent to the Commission of the European Union).
4.
Bean size variation will be irrelevant in view of new processing techniques.
5.
The present difference in cocoa growing between smallholders and estates wil
vanish.
6.
Present seed-based populations of cocoa will be replaced by selected clones.
In this view, specific resistance breeding programs are of little avail.

30

35

40

45

A disease problem may dominate the thinking of interested parties to the degree that it
becomes an overriding concern or even a political issue. Such was the case e.g. in Ghana
with SS. Resistance breeding then may get high status and a program of its own, divorced
from mainstream breeding. Though scientifically interesting results can be obtained,
neglect of yield and other agronomic characters may hamper progress.
Speeding up

13
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30

Cocoa breeding is slow due to its long gestation period. Speeding up of resistance
breeding is imperative because of the many and serious disease problems. But speeding
up is useful only if reliable methods are available to evaluate resistance at an early stage.
Hence, the requirement for predicitive tests. Such tests should help to select promising
resistant and to reject susceptible material. The question arises why such speeding up has
not been done in cocoa. The easiest way might be by grafting seedlings onto flowering
trees. Research on environmental manipulation to obtain flowering trees within one year
could be very rewarding.
2.5.

Pre-breeding

Where cacao-producing nations are competitors on the international market, these nations
may have different interests in cocoa research and breeding. In industry it is not uncom
mon that competitors sit together to discuss fundamental research of importance to all
competing colleagues. Competitors may even decide to sponsor research collectively, as
long as this research is in the pre-competitive area. •
The trajectory from prospection in the Amazon forest over fundamental and applied
research to marketing a product is covered by a number of research steps. The nearer a
step is to the marketing end of the trajectory, the more competitive concerns may be
valid. The nearer the step is to the prospection end of the trajectory, the more the
common interest comes in focus. Countries and institutions may outline a pre-competitive
area along the foresaid trajectory which could not be developed without the cooperation of
all stakeholders. It is suggested that the area may reach from prospection to the production of resistant parents, with some necessary corollary activities.
Part of this pre-competitive area is designated as 'pre-breeding', which seems suitable as
a target common to all interested parties. Pre-breeding is another term for germplasm
enhancement. Pre-breeding is mentioned in several policy oriented documents (Eskes et
al., 1994; IPGRI, 1995). Maintainance of adequate genetic variability is essential
(Simmonds, 1992), also in pre-breeding. Early resistance tests (Wheeler, 1992) are
indispensable in pre-breeding.
2.6.

Conclusions and recommendations

2.1.

The lack of international institutional support has retarded progress in cocoa
resistance breeding.

2.2.

Cocoa breeders should consider to produce varieties which maximize the expression of disease resistance and minimize external inputs for disease control under
conditions of appropriate crop management.

2.3.

Resistance breeding should remain field oriented but, in view of the long breeding
cycle, early testing methods are required to speed up the selection process.

35

40
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3.

BACKGROUND INFORMATION. THE PATHOGENS

3.1.

Taxonomie considerations

Differences between species may be obvious or difficult to detect. For example, the
difference between PP and PM was found belatedly, in the 1970s. Sometimes, there may
be good reasons to split an original species into two new ones, or to combine two species
which originally were thought to be separate. The reason for this somewhat unsatisfactory
situation is the inadequacy of our knowledge, combined with a high variability of fungal
species in morphology, ecology and pathology.
Disease problems may be local, regional or global. For example, pod rot caused by
Phytophthora palmivora is a global problem. Phytophthora megakarya and Cocoa Swollen
Shoot Virus cause regional problems in West Africa. A succession of disease problems
may be considered normal on an inported crop cultivated with improving husbandry, due
to changes in host and pathogen genotypes and in cultural methods. Natural dispersal of a
pathogen and its transportation from one region to another by shipments, tourists or
researchers, is a permanent threat to any region, which aggravates successional problems.
The genus Phytophthora contains several species pathogenic to cocoa. The literature
mentions, among others,
P. arecae
Vanuatu (Blaha, 1994)
P.^capsici
Cameroon, Brazil (Blaha, 1983)
P. citrophthora
Brazil (Blaha, 1983)
P. faberi
(ex Blaha, 1983; Lass & Wood, 1985)
P. megakarya
West-Africa (Blaha et al., 1994)
P. palmivora
Ubiquitous
Recent analysis of isozyme data does not justify the distinction arecae-palmivora. Several
other Phytophthora species are candidate pathogens for cocoa.

30

35

40

Some informants believed that various Phytophthora species could be handled together
since the same resistance mechanism supposedly operates against all pod rot species.
Evidence supporting this supposition is rather weak. Data by Luz & Yamada (1984)
might even suggest differential interaction between P. capsici, P. citrophthora and P.
palmivora, but the effect may be due to genotype * environment rather than genotype *
genotype interaction.
The breeders' answer to this highly dynamic situation could be pre-testing of interesting
clonal material in disease 'hotspots'. International cooperation is needed to attain this
objective. Pre-testing is the sequel of pre-breeding.
3.2.

45

Subspecific variation

The taxonomie and pathogenic status of a fungus and its subspecific entities is in a constant state of flux, sometimes influenced by man growing crops. Moreover, fungi and
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fungal strains migrate easily with or without the help of man. Because of migration and of
changes in agriculture the status of a fungus in a particular region may be subject to rapid
change. Accordingly, the nomenclature used to describe variation in fungal populations
may be confusing.
5

10

15

Subspecific variation may be nearly absent, as in Phytophthora porri, or very explicit as
in Phytophthora infestons which has two mating types, many physiological races, plus
differences in ploidy level and in resistance to fungicides (Fry et al., 1992). When
biochemical (e.g. isozymes) and molecular (e.g. RFLP) tests are applied to P. infestans
(and other fungi) the subspecific variation becomes infinite. Nevertheless, patterns of
kinship can often be distinguished, as in Crinipellis perniciosa, which may lead to
hypotheses on the evolution of a pathogen.
Subspecific variation occurs at different taxonomie levels of the host, such as the levels of
host genera, host species and host cultivars (= genotypes). In addition, a subspecific
variation exists due to typically mycological phenomena such as sub-species, ecoraces,
vegetative compatibility groups and mating types. Finally, subspecific variation is strong
at the biochemical and molecular level with serotypes, and isolates characterized by
fungicide resistance, isozymes, RFLP and AFLP markers, satellite DNA and so on.

20
Linkages between the various subspecific entities are far from obvious, but do exist at
times. E.g., vegetative compatibility groups may or may not have distinct pathogenic
•abilities.
25

Plant pathologists supporting plant breeders have to choose their level of interest in order
to be effective. For normal breeding purposes it will usually be the level of the host
cultivars. For research purposes, plant pathologists have to dig deeper.
3.3.

Selected pathogens

30
Crinipellis perniciosa — WB

35

A - Disease, symptoms. The disease was first found in Surinam in 1895. The fungus
causes hypertrophy and hyperplasy when infecting young meristematic tissue. When buds
are infected characteristic 'witches' brooms' are formed (Suarez & Delgado, 1993).
Ususally, vegetative meristematic tissue is infected, but flower cushions and young fruits
can also be infected, leading to cushion brooms and to malformed and discoloured fruits
('stony fruits'). Witches' brooms may occur up to a thousand per tree, and on chupons
they may attain a length up to 1.5 m (Ecuador; C. Suarez, p.c.).

40

45

B - Taxonomy. The causal fungus, a basidiomycete, has a limited host range. The fungus
reproduces sexually (Purdy & Schmidt, 1996). The fungus invasion has two phases. In
the primary phase the fungus is biotrophic, monokaryotic and intercellular; it deregulates
normal host growth and brooms are formed. In the secondary phase, when the brooms
die, the fungus is saprophytic, dikaryotic (with clamp connections) and intracellular
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(Muse et al., 1996). After a while, dead brooms form sporocarps with basidiospores.
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15

20

25

30

C - Origin and spread. Co-evolution of host and fungus probably took place in the Upper
Amazon basin, suposedly before the Andes mountain range came into being. A sudden
epidemic hit Trinidad in 1928 (the isolate probably came from Venezuela); Tobago, 1939;
Granada, 1948). The isolate infecting SCA-6 appeared in Ecuador in 1961 (Enriquez &
Soria, 1984). The Bahia area in Brazil was invaded in the late 1980's, probably from
Rondônia.
D - Transmission. Transmission is primarily by wind-borne basidiospores carried over
hundreds of meters. For penetration, shade and dew (speed of drying important) is
needed. Entrance is through meristematic tissues and very young leaves. The early
epidemic in Amazonia made small annual steps and was accordingly slow. The new
epidemic in Bahia, Brazil, made one big stride with man as the vector. Seed transmission
is possible (Ducamp, 1996) which has consequences for quarantine regulations.
E - Intraspecific variability.
Physiologic specialisation is present when isolates from different host species are
compared on these host species (Fonseca et al., 1969).
Biotypes. There are 4 major biotypes (C from cocoa, S from Solanaceae, L mainly sapro
phytic, and B from Bixa orellana). Within biotype C group A contains the most virulent
isolates, which come from Bolivia, Columbia and Ecuador. The less virulent group B is
from Brazil and Trinidad. Within Trinidad, variation was negligible (Laker, 1990).
VC-groups. McGeary & Wheeler, 1988) found six VC groups. In VC tests, isolates from
Trinidad and Venezuela can be opposed to those from Colombia and Ecuador, thus
confirming pathogenicity tests. WB all over Trinidad is uniform in VC tests.
Genotypes. RAPD analysis confirmed these distinctions but cannot predict VC and
pathogenicity groups; variability within groups equals that between groups (Andebrhan &
Furtek, 199*).
Single spore isolates. Some isolates of a collection produce basidiocarps without cocoa.
F - Control. Phytosanitary rounds, eliminating all brooms (van Suchtelen, 1955). Wind
breaks reducing spore dispersal. Mineral oil? (Fulton, 1989b). Resistance breeding.

35

40

45

G - Resistance tests.
Natural infection in the field. Natural infection gives good insight in resistance and
susceptibility, but for more precise assessment of partial resistance large fields with a
good statistical design are imperative. Inoculation of spreaders is possible. Such experi
ments are costly in space, time and money.
On-tree bud inoculation. Individual buds in the field can be inoculated by a variant of the
agar spore print test (Sreenivasan, 1995b). On-tree bud inoculation tends to give higher
infection than exposure to natural infection.
Seedling inoculation. An inoculation device (data from Pichilingue) allows to inoculate up
to 3000 (or even 5000) seedlings per day (Frias et al., 1995). Basidospores are collected
and stored in liquid nitrogen until use. The spore suspension sprayed contains 75,000
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spores/ml, spore germination 68-85%. Tester material seedlings, or clonal material
usually grafted upon seedlings of EET-19 seed obtained by free pollination. Small buds
must be present with at least one flush leaf of 1.5 cm. Plants can be decapitated to obtain
simultaneous budding. Resistant controls are SCA-6 and SCA-6 x Sil-1, the susceptible
control is Catongo. Inoculation results vary from 21-95%. Evaluation takes place 30 and
60 days after inoculation, since delayed symptom expression is possible. Symptoms vary
a great deal between genotypes but no relation was found between symptoms and
resistance (expressed as incidence). Resistant individuals are tested again to verify thier
resistance. This inoculation tends to give higher infection percentages than exposure to
natural infection in the field (Frias, 1987; Frias et al., 1995).
Seed inoculation was developed by Holliday (1955).
Detached leaf test. A detached leaf test is said to be developed in Trinidad (Ducamp &
Spence, 1996).
The response of callus tissue (and possibly of cell cultures; Muse et al., 1996) corresponds with that of intact plants, for the primary phase (Fonseca & Wheeler, 1990).
Sap test. See 4.8.
Moniliophthora roreri — MO

20

A - Disease, symptoms. The fungus causes a pod rot. Symptoms develop slowly and
initially are difficult to distinguish from those caused by the WB fungus. When kept
moist, pods with MO develop white to buff sporulating crusts. Internal lesions are larger
than external lesions. Premature ripening and one-sided swelling of pods occur. Oily
black flecks can be confounded with those caused by WB (Delgado & Suarez, 1993).

25
B - Taxonomy. The fungus, originally considered a Monilia, was transfered to the
basidiomycetes and renamed. The perfect stage is unknown.

30

35

C - Origin and spread. The fungus is native to at least 9 Theobroma and 7 Herrania
species. It was .found in Surinam in 1915 (Enriquez & Soria, 1984) and in Ecuador,
Pacific side, in 1914 (or 1916?) and first described by Rorer in 1918. Written sources
suggest that it was known in Ecuador for decades already. The fungus gained prominence
after the introduction of Forasteros and Trinitarios into Ecuador in the 1920s. It spread to
Columbia in 1930, later to Central America and around 1980 it crossed the Andes
eastbound. Pod losses are 60-80%.
D - Transmission. Conidiospores are wind-borne and probably also carried by insects and
birds. Mummified pods remain on the trees and provide next season's inoculum.

40

E - Intraspecific variability. Little info available. VC groups were found, but their
relation to pathogenicity is unknown.
F - Control. Chemical control is feasible (mineral oil; Fulton, 1989b). Sanitation by
removal of mummified pods furthers yield. Resistance breeding is needed and feasible.

45
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G - Resistance tests.
On-tree pod tests with natural infection. Field tests using individual genotypes or cloned
plants in replicated plots are subjected to natural infection. Responses for evaluation are
numbers and percentages of pod infection and disease progress curves over the years
(Aragundi et al., 1987).
On-tree pod test with inoculation. Normally, only pods are infected but young leaves and
growing points can be susceptible. As symptoms develop slowly, an on-tree pod test was
developed (Cruz, 1993). Flowers are pollinated and resulting young pods are covered
with plastic. Pods are spray-inoculated (1 ml, 50,000 spores/ml) on day 85 after pollination and covered with plastic again. For the symptom assessment Sanchez (1982) made a
scale.
Predictiveness of the on-tree pod test at genotype level was established after cloning EET233 and testing cloned plants (100 in one plot and 30 in another plot) in the field for 5
years (INIAP, 1987; C. Suarez, p.c.).
Detached leaf test. Would be interesting.
Phytophthora palmivora = PP, pod rot

20

25

A - Disease, symptoms. The major symptom is pod rot. The black pod symptom is not
dissimilar from that caused by PM, but lesion expansion is faster, sporulation later and
scantier. Small flower cushion cankers may be formed.
B-- Taxonomy. 9-12 small chromosomes. In Africa predominantly A2 mating type.
Symptomatology and etiology differ slightly from PM. Serology and DNA probes
differentiate PP and PM (CRIG 92/3 p.59/60). After wound inoculation, PP lesions grow
faster than PM lesions.

30

C - Origin and spread. The fungus is ubiquitous in the humid tropics. Incidental outbreaks
as in PNG in the 1970s may be due to the selection, distribution and planting of susceptible genotypes (Prior, 1984).

35

D - Transmission. Early infections may originate from last season's infection of flower
cushions, left-over pods on the tree, old pod shells, and from the soil (a.o. Muller, 1987).
Foci may be seen. In the top rainy season PM has dominance over PP (CRIG91/92p.62,
92/93p.62).

40

45

E - Intraspecific variability. Isolates from cocoa are remarkably uniform in morphology
all over the world Brasier et al., 1981), possibly because of sexual isolation. The cocoa
strain differs from the 'rubber' group. Statistically reliable differences in infectivity
between isolates have been found in Costa Rica (Phillips and Galindo, personal communi
cation) and Ivory Coast (Partiot, 1975; Tarjot, 1977). The evidence points to constant
ranking (Robinson, 1976) rather than gene-for-gene interaction.
In Equatorial Guinea and Ghana 20 to 30 isolates per country tested on Amelonado, negligible differences. For PP in Ghana no differences between isolates for pathogenicity were found. Phillips & Galindo (1991), however, found a highly significant strain *
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cultivar interaction in Costa Rica, which merits confirmation.
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F. Control. Sanitation reduces primary inoculum (Fulton, 1989; Muller, 1974). Good care
of the soil, including liming, should prevent soaking and reduce soil-borne inoculum
(Fulton, 1989). Chemical control is possible but usually too expensive. Resistance
breeding is badly needed.
G - Resistance tests. There is a nearly endless list of references on tests for resistance
against PP. Several of the studies show adequate consistency, but none goes beyond step
1. Therefore, none of the existing tests can be called predictive according to strict
methodological criteria. The best analysis of PP resistance tests was made by Lawrence
(1978), who gave an extended literature review. His evaluation will be followed and
amended in Table 3.3.

15

Cacao Swollen Shoot Virus, CSSV (SS)

20

Several viruses were found in cocoa (Brunt & Kenten, 1971), such as the Cocoa Necrosis
Virus in Ghana (Owusu, 1971) and the Cocoa Yellow Mosaic Virus in Sierra Leone
(Thresh & Tinsley, 1959). SS is undoubtedly the most important virus in Ghana, Nigeria
and Togo (3000 ha eradicated). It occurs in Ivory Coast ('maladie anglaise', not yet
important) and possibly in Sri Lanka (Eskes, p.c.). In Ghana, SS has caused severe
economic and political problems. Over 200 million diseased trees were killed in an
eradication program, still ongoing, in an attempt to stop disease progress.

25

30

35

40

A - Disease, symptoms. Swellings in shoots with tip dieback are the name-giving
symptoms. Roots can be swollen and stunted, leading to drought sensitivity. Various
forms of chlorosis in young flushes may appear, sometimes transient. Usually, the
infected tree dies. Symptoms show host genotype x pathogen genotype x environment
interaction (CRIG92/3 p94). Symptoms may come and go, at least with mild strains.
^
B - Taxonomy. SS is the name of a complex pathogen, with many strains differing in
pathogenicity, symptom expression and vector species. The severe strain 1A and some
others are badnaviruses (bacilliform DNA viruses, which often infect tree crops). The
basic unit of the virus particle measures 129 x 22 nm (CRIG 91/2 pi 19). Particles 2 or 4
times the basic length are found. Purification of the virus is notoriously difficult. Some
associated particles were seen, among which filamentous particles of the closterovirus
type, but their relevance has not yet been established.
C - Origin and spread. SS is a new encounter disease, originating from various native
forest trees in Ghana (Brunt & Kenten, 1971). It was first reported in 1936 in Eastern
Region, Ghana, where patches of dead and dying trees were found (Thresh et al., 1988).
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Table 3.3.

List of tests of cocoa for resistance against Phytophthora palimivora pod
rot, following Lawrence, 1978, and Nyassé et al., 1993.

Test# Description
1.

10

15

Natural infection in the field.

2.1.1. Inoculation of on-tree pods,
2.1.2.
2.2.1.
2.2.2.

no wounding,
with wounding,

3.1.1. Inoculation of detached pods,
3.1.2.
3.1.3.

no wounding,

3.2.1.
3.2.2.
3.2.3.

with wounding,

20

with
with
with
with

zoospore suspension
mycelium
zoospore suspension
mycelium

with zoospore suspension
with mycelium
with fragments of dis
eased pods
with zoospore suspension
with mycelium
with fragments of dis
eased pods

4.

Inoculation of pod husk pieces

with zoospore suspension

5.1.
5.2.

Inoculation of liquid media with pod extracts

25

with pod husk tissue
with endocarp extract

30

6.1.
6. 2 .
6.3.
6.4.

Inoculation of
Inoculation of
Inoculation of
Inoculation of

7.1.
7.2.

Inoculation of seedling or cutling roots

8.
8.1.

Inoculation of pregerminated seeds,
direct inoculation,
indirect, through inoculated soil.

35

8.2.

40

9.
9.1.
9.2.
9.3.
9.4.
9.5.

epicotyls.
seedling stems.
marcot stems.
trunk and/or branches.

Inoculation of leaves,
on-tree leaves,

with zoospore suspension
with mycelium

with zoospore suspension

with zoospore suspension
with mycelium

seedling leaves,
detached leaves,
leaf disks.
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D - Transmission. SS is transmitted by mealy bugs. Transmissibility varies according to
virus strain, vector species and host genotype (CRIG 93/94 p93,111). Several species
transmit the virus, such as Planococcus njalensis Laing, Planococcus citri Risso and
Ferrisia virgata, with differences in transmissivity. P. citri has two morphological
'variants' which differ a.o. in isozyme analysis. Within the type form, esterase polymor
phism seems to occur (CRIG93/4 pl04).
E - Intraspecific variability. Several cocoa viruses have been isolated which differ in
symtom expression, infectivity (CRIG 93/4p.lll, pathogenicity, transmissibility (CRIG93/4p.93), and cross protection ability (CRIG 93/94pll3). Nigerian strains are compara
tively mild (Jacob et al., 1971).
Biologically similar isolates from 3 locations were selected and DNA was cloned
into plasmid vector pUC18. Restriction maps of selected clones showed little resemblance
between isolates. Other evidence suggests that each isolate may contain 2 or more distinct
DNA 'species', one giving the above mentioned results, the other giving total DNA
homology in hybridisation experiments (Sackey, pers. comm.).
Denatured protein banding shows differences between isolates.
3.4.

General comments

1.

A tremendous and world-wide effort was made, over a long stretch of time, to
indentify cocoa pathogens and unravel disease etiology and epidemiology.

2.

Since the primary task of the respective researchers was to address local or
national problems, little effort could be made to harmonize materials and methods.
Comparison of results between locations, decades and even researchers is difficult.

3.

World-wide identification of some of the pathogens, e.g. 'Phytophthora palmivora',
with specific attention for their pathogenic behaviour remains a matter of concern.

4.

Within-species variability of the various pathogens is considerable but not yet
satisfactorily explored. This variability is of the utmost importance to breeders,
since at any time it may spoil their results by a 'boom-and-bust' phenomenon.

35

5.

Considering the threatening within-species variability and the long life-time of
cocoa (25 years or more) resistance breeding should concentrate, whenever
possible, on the exploitation of polygenic resistance which, supposedly, contributes
to the durability of resistance.

40

6.

Effective evaluation of host resistance in relation to world-wide pathogen variation
requires centralised testing facilities outside cocoa growing countries.

20

25

30
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4.

RESISTANCE TESTING

4.1.

Resistance, tolerance and escape
Two concepts, two programs

Plants challenged by the pathogen will react. If a challenged plant reacts actively with one
or more defense reactions it is said to be resistant. The plant has 'active', 'true' or
'intrinsic' resistance. Some plants exclude the pathogen by structures already present
before the challenge, thus exhibiting 'exclusion' or 'passsive' resistance. Active and
passive resistance are not always easy to distinguish.

15

Plants may remain unharmed by avoiding the challenge. 'Avoidance' or 'escape' makes
use of appropriate timing, the susceptible structures escaping the challenge by variation in
phenology relative to the climatic rythm.

20

Resistance, exclusion and avoidance are valid and much used mechanisms to reduce crop
loss by plant breeding, but they are so different that they may need different breeding
strategies. Whereas intrinsic resistance can be tested anywhere by means of sophisticated
laboratory tests, escape can only be tested on the spot, in the field.
Resistance

25

30

35

40

Resistance can be absent (relative value = 0), so that the infected plant rapidly shows
symptoms and dies soon, complete (relative value = 1), so that the challenged plant
shows no symptom whatsoever, or intermediate (0 < relative value < 1).
Complete resistance is frequent in annual crops against fungi that develop physiological
races. Usually, it is monogenic and race-specific. Complete resistance is rare in tree
crops, though it-exists against some foliar pathogens (e.g. apple scab - Venturia inaequalis), which may then form physiological races.
Most crops show intermediate or partial resistance against most pathogens. Total absence
of resistance can be lethal (American chestnut blight, SS in cocoa). It will be found in
new encounter diseases only. With other types of diseases, variation in resistance may be
expected.
Partial resistance PR is genetically determined, usually polygenic, with often fair to good
heritability (Jacobs & Parlevliet, 1993; Lamberti et al., 1983; Chapter 5). PR is amenable
to components analysis, in which stages of the infection cycle are quantified (section
4.2.). Often, one stage is identified which is easy to measure and which determines most
of the overall PR value. If so, use of that stage only simplifies the assessment of PR.
Durable resistance is advocated but can only be demonstrated 'at the end of the day'.
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Tolerance

5

Tolerance to a virus is the phenomenon that a plant, infected by the virus and possibly
exhibiting mild symptoms, nevertheless produces an adequete yield during an adequate
period. Tolerance to SS 'infers infection with a virulent strain but without associated
severe symptoms' (Posnette & Todd, 1951). Tolerance to virus is a common phenomenon
that can be expoited by the plant breeder as a substitute for resistance. Usually, the
inheritance of tolerance is unknown. In cocoa, tolerance to SS is supposedly polygenic.

10

The risk of tolerance is the building up of a virus reservoir in the tolerant plants when
they become infected. Besides, tolerant and infected plants may be more susceptible to
other diseases. The advantage of tolerance may be that infected plants cannot be infected
by other and more virulent strains of the virus.

15

Tolerance is perfectly acceptable in cases when the virus is ubiquitous, e.g. hidden in the
native flora, without a chance of eradication or containment. Tolerance has been used
occasionally, e.g. in tomato production when plots were protected against severe TMV
strains by inoculation with mild strains. The technique is called premunition.

20

Escape

25
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Escape is due to avoidance of contact between host and pathogen. In many diseases the
pathogen shows perfect seasonal adaptation to its host, with concurrent seasonal patterns,
both usually governed by climatic conditions such as the first rains. The concurrence may
be broken by early or late planting, or by early maturation (green bridge effect, Zadoks,
1984).
Phenology is the discipline which studies seasonal patterns of organisms. In temperate
zones at least, genotypically different lane trees show the same pattern year after year,
one the first to "Come into bud, leaf and bloom, and others following in fixed order.
Apparently, seasonal patterns are genetically determined, though of unknown heritability.
In cacao, seasonal patterns vary between accessions, but they are poorly described.
Variation exists in flushing, blooming, pod formation an pod maturation (Lockwood,
1971). Seasonal patterns, analyzed by using the percentage of pods harvested in the rainy
season, had high heritability (Ivory Coast, A.B. Eskes, p.c.).
Pods formed late in the season and developing well into the dryer season may escape pod
rot. In Ghana, Lockwood & Dakwa (1978) studied incidence of blackpod in relation to
time of crop maturity. They found significant correlations pointing to the existence of an
escape mechanism and reasoned that escape could be a side effect of self-incompatibility.
Unfortunately, the late season crop in Africa has small seeds and low butter fat (A.B.
Eskes, p.c.). Escape from pod rot is also important in Vanuatu (Jagoret et al., 1993).
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4.2. Components of resistance
Components analysis
5
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The monocyclic infection process consists of a succession of more or les discrete
morphological, physiological and biochemical steps (Zadoks, 1972), the components of
the infection cycle. At least in principle, each step can be measured and quantified
(Zadoks & Schein, 1979). At each step, a reduction in growth of the pathogen can be
interpreted as a form of incomplete or partial resistance. Hence, a step with such a
growth reduction represents a component of resistance.
Intermediate or partial resistance can be measured in relative values, along a scale for
relative resistance RRES from 0 to 1, by comparing the test genotype with the most
susceptible genotype (RRESs = 0) and the resistance genotype (RRESr = 1). The relative
resistance of the test genotype is 0 < RRESt < 1 (Zadoks, 1972). Similarly, each
componnent can be expressed on the 0 to 1 scale (Zadoks & Schein, 1979, Ch. 5). If
more stages are measured, the overall value of PR is expressed as the product of the
componnent values, again a figure between 0 and 1.
It is impractical to measure all components. If one component is highly correlated to other
components or if one component is preponderant it can be used as an index in index
breeding. In cereal rusts the latency period is the most important component (Parlevliet,
'1979; Broers & Jacobs, 1989). Microscopic observation often reveals early or late
necrosis of a fungal colony, a measurable component (Niks, 1983).

25
If different components of resistance are under different genetic control, genetic recombi
nation of host genes by hybridization may lead to new combinations of components with
high relative resistances, and hence transgression of incomplete resistance (section 5.8.).
Transgression of partial resistance against rusts has been found in cereals.
30
There is a general feeling among plant breeders and pathologists that incomplete resis
tance, based on a number of resistance components, each with its own genetic control, is
durable, or at least much more durable than high levels of monogenic resistance (Jacobs
& Parlevliet, 1993).
35
Partial resistance against fungi

40

45

The tendency to look for complete resistance or at least to high levels of resistance led to
the neglect of partial resistance which, nevertheless, has its own merits. Partial resistance
is based on one or more components of resistance, which may or may not be correlated.
If not, they inherit separately and can be manipulated by the plant breeder. Partial
resistance requires its own breeding methods (Broers & Jacobs, 1989; Jacobs & Parle
vliet, 1993).
Most fungal pathogens are effectively controlled by partial resistance. Partial resistance

25
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has a favourable epidemiological effect. If its level is adequate, it tends to reduce the
amount of inoculum of a pathogen to a nearly innocuous level. The inoculum reduction is
proportional to the level of partial resistance, the size of the area planted with PR
material, and the age of the plantings. When the amount of inoculum has been reduced,
such treatments can be abolished or applied need-based in seasons unusually conducive to
disease (Zadoks, 1975). Components of partial resistance agains the major cocoa diseases
are specified in section 5.6.
Partial resistance against viruses

10

15

20

If the terminology of components analysis were to be applied to resistance against virus,
with SS in mind, resistance sensu Posnette & Todd (1951), or resistance against primary
infection is component 1. Tolerance, redefined as resistance to symptom development
after primary infection is component 2. Component 1 is measured as the percent of
healthy trees, following a strict methodology (Kenten & Legg, 1970). Component 2 is
measured (Kenten & Legg, 1970) by symptom expression supported by standard diagrams
running from 01 = symptoms just detectable to 10 = leaves almost completely chlorotic.
Upper Amazon tolerance is expressed in two ways (or components), a longer virus
incubation period (resistance after infection; component 3), and milder and sometimes
transient symptom expression (component 2). Reduced availability of the virus to vector
insects (component 4) was not observed (Posnette & Todd, 1951). Repellance to vector
insects could be component 5. Explicit attempts to combine components 1 and 2 have not
been found. Researchers so far rather tended to consider breeding for resistance and
breeding for tolerance as two separate strategies.

25
4.3. Host-parasite interaction

30

35

If different genotypes of the host are challenged with different genotypes of a pathogen,
the resulting disease levels can be rendered in a host * pathogen matrix. The entries in
the matrix are reaction types (ordinal values, normally rendered as figures) or disease
severities (cardinal values, normally rendered as proportions or percentages). The matrix
may show pertinent characteristics.
With complete resistance, the matrix is reduced to 0 and 1 values. Host * pathogen
interactions may be strong. If so, the conclusion is warranted that the pathogen shows
physiological specialization, being subdivided into distinct races, a conclusion which
should be confirmed by genetic experiments with the host and with the pathogen to
identify genes for resistance and virulence, respectively. With incomplete resistance, the
same holds true (Parlevliet & Zadoks, 1977; Zadoks & van Leur, 1983).

40

45

When interaction remains significant but main effects become weak or non-significant, the
pattern becomes so diffuse that the terms physiologic specialization and physiologic race
are no longer justified. Such a situation is not rare but no adequate terminology is
available to name the phenomenon (Zadoks & van Leur, 1983). Note that significance of
interactions might have been due to a genotype * environment interaction which remained
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unnoticed, an alternative explanation.
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Interactions as described above may occur at the host genotype (cultivar) level leading to
the distinction of physiological races, or at the specific or generic level of the host leading
to formae speciales (see 3.2.). Similar interactions may be found between pathogen
species and host genotypes (Luz & Yamada, 1984; Pinto et al., 1989) and at the isolate *
cultivar level (CP - Fonseca et al., 1969; PP - Phillips & Galindo, 1991).
The matrix may show an alternative pattern, the constant ranking pattern. Host genotypes
may be arranged from low to high resistance, and pathogen genotypes from low to high
virulence. Again the differences may be heritable, but the hypothesis should be proven by
genetic experimentation. Constant ranking may lead to the hypothesis of horizontal
resistance (van der Plank, 1963; Robinson, 1976), but that hypothesis will not be
discussed here. Constant ranking was found with several cocoa pathogens (chapter 5).
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4.4. Methods of resistance testing
History of testing for disease resistance
20
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Early cocoa breeding and selection tended to look at cocoa trees in a holistic way.
Disease resistance could be handled implicitly, by discarding undesirable trees. If the
disease pressure is not too high, negative mass selection can be effective. Explicit
resistance testing, using the pathologist's toolbox, is needed in two cases. Case 1
represents the situation of a disease threatening to wipe out the cultivated cocoa. SS in
Ghana and WB in Trinidad are classical examples. Case 2 is the situation in which the
grower wants guarantees that his clonal variety satisfies certain minimum standards of
resistance. Whereas case 1 primarily represents the past, case 2 is a prelude to the future
(section 6.3.).
"*

The technology staircase

The pathologist's toolkit consists of tests at different levels of sophistication. Least
sophisticated are the in campo tests, the ordinary field tests, which are notoriously
difficult in cocoa. More sophisticated are the in vivo tests, using living plant parts in a
protected environment. Most sophisticated are biochemical and molecular tests without
living plant parts, the in vitro tests.
The sophistication levels are like the steps of a 'technology staircase'. Ideally, tests at all
steps of the sophistication staircase rank genotypes in the same order of partial resistance.
Practically, climbing the technology staircase, experimental results tend to be
more precise (but with misleading precision?),
more repeatable (but only if materials and conditions are kept constant),
less time, labour and space consuming,
more equipment dependent,
far more expensive, and
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less representative for the field situation.
Criteria to test tests
5

10

15

20

25

30

35

40

45

Different tools exist for different purposes. Ideally, the tools are easy to handle, cheap
and effective. In reality, an array of tools exist from crude to sharp, and from low to high
capital costs, running costs and knowledge level. New tools are being developed constant
ly. Demands of speed and reliability, sometimes of political nature, tend to increase the
costs of the tools. Resistance tests are tools which have certain attributes to be considered
before choosing one tool or the other.
Representativeness. Ideally, the in campo tests have the highest representativeness. They
really show how a genotype (or a popuation of related genotypes) will behave in the field.
Such tests have the disadvantage to take much field space, many years, and much labour,
whereas the reproducibility is low. The interpretation of the in campo results is not
always simple and may require genetical, agronomical and epidemiological knowledge. In
campo, escape interferes with real or intrinsic resistance. Strictly speaking, in campo test
are of local value only.
Reproducibility. In campo tests are quantitative tests which require spatial and temporal
replication. The spatial replication, usually based on a factorial design, is needed to elimi
nate random variation due to uncontrolled edaphic and microclimatic factors. The
temporal replication, continuous harvesting throughout the production season repeated
over several years, is needed to eliminate variation due to weather factors and due to
variation in the development of productivity and resistance with age. In vitro tests are
supposedly largely qualitative and highly reproducible. Multilocational testing increases
the national, regional or global representativeness of the in campo tests.
Predictiveness. Breeders need predictive tests for the purpose of selecting and rejecting
breeding material Ideally, the test result should perfectly predict the future behaviour of
a genotype in a farmer's field. The check on predictiveness usually is the constant ranking
of a set of genotypes tested at two steps of the sophistication staircase. For some
degenerative diseases, such as MM and SS, predictive tests can be quite reliable, for
foliar and pod diseases there are question marks about the predictiveness of (sophisticated)
tests.
Level and rank. For breeders' purposes, tests which yield rankings of host genotypes are
usually satisfactory. Statistical analysis using ranks (ordinal values) is possible throughout
and sometimes better than ANOVA using percentages (Lehmann, 1975). Pathologists,
also charged with the management of disease, may want to assess the absolute level of
resistance of a particular genotype. At all times, both have to deal with GGE interaction,
but the difference in outlooks and requirements is worth noticing.
Destructiveness. Some tests destroy the genotypes to be tested and are called destructive.
If only plant parts are used and the genotype survives, the test is non-destructive. If only
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susceptible plants die the test is called selective.

5

Costs. The price of the various tests per host genotype * pathogen genotype combination,
the basic test unit, including the necessary replication, varies tremendously in hours of
labour, size of field or greenhouse, and supplies needed.
In the following, these criteria will be applied to various tests published in the literature.
4.5.

Predictive tests

10
Development

15

20

25

30

35

Predictive tests are meant to avoid the time and space consuming field tests with mature
trees. They test genotypes for resistance against a disease by a technique high up on the
technological staircase (the technologically advanced technique) to gain time relative to a
technique lower on the technological staircase (the control technique).
Any test must meet the basic requirement that the advanced and the control technique
measure the same characteristic, a specific component of resistance, or the overall effect
of these components. Whether this requirement is satisfied or not, usually appears only
after the fact. Confirmation and rejection of the basic requirement can only be done ex
post facto.
Generally speaking, predictive tests should be developed in two steps. Step 1 establishes a
good correlation between the disease readings of the genotypes in the advanced and
control techniques. For the development of step 1, it is customary to choose a (small)
range of known genotypes. Step 1 is the correlative phase of test development.
Step 2 should use a (large) range of randomly selected genotypes, to which the advanced
test should be applied without knowing the results of the control test (double blind
testing). If the correlation between the disease readings in the two tests is equal to that of
step 1, we may conclude that the advanced test has predictive value. Step 2 is the
predictive phase of test development.
Most test are published when step 1 shows a correlation coefficient satisfactory to the
author(s) and their referee(s), without bothering about step 2. Methodologically speaking,
step 2 proves the predictive value of a test and not step 1. Most published tests are
confined to step 1 only and, though the test results are (supposedly) true, their validity is
nil from a methodological point of view.

40
Outliers

45

A high rank correlation is not all that is needed. The outliers are the most interesting
genotypes. They should be identified and explained. Two types of outliers are distinguished, 1. pairs of which the advanced assessment is excessively high, and 2. pairs in

29

Zadoks - Disease resistance in cocoa 1997

which the advanced assessment is excessively low. Excessiveness is determined by
personal and arbitrary judgement. If an outlier appears, the two tests do not measure the
same value, susceptibility or its complement resistance. Outliers suggest to reject the
basic requirement of the test. Outliers indicate that the test not representative.
5

10

Alternatively, outliers may point to yet unknown phenomena. Looking at outliers from
another angle, one may state that outliers are interesting genotypes because certain
characteristics are not linked as in the majority of genotypes. Lack of correlation or
statistical linking may point to lack of genetical linkage. In that case, outlying genotypes
may be interesting crossing parents (PP - Lockwood & Dakwa, 1978).
False positives and false negatives
Positive is an assessment suggesting resistance, negative one suggesting susceptibility.

15
A false positive assessment refers to a genotype resistant in the advanced test but not so
in the control test. The result may be due to incidental technical errors or to lack of
representativeness of the advanced test.
20

A false negative assessment refers to a genotype found to be susceptible in the advance
test but not so in the control test. Again, the cause may be a technical error or a lack of
test representativeness. An example of the latter case is a genotype susceptible in the
advance test but escaping from infection in a field test. No advanced test can reveal the
mechanism of escape in the field, a mechanism of potential benefit in cocoa (see 4.1.).

25
Reproducibility

30

35
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A resistance test is only good if it gives reproducible results. Curiously, systematic
comparisons of tests with respect to reproducibility have been published rarely, at best.
The problem of reproducibility, by advanced tests specifically, becomes acute if a test is
to be applied in different places, at different times, and/or by different persons. It is
difficult to eliminate the influence of the tester (as a person) from the test, be it only
because the necessary disease readings tend to be somewhat subjective.
E.g., spray incoulations on unfolding buds have been repeated using different batches of
spores, and sometimes different spore densities. One test protocol (apparently concerned
about false positives) says that a batch of plants be tested, diseased ones eliminated, and
remaining plants be tested again (Frias et al., 1995; Purdy et al., 1994). No published
data on the result of the second test were found. The reproducibility test sensu stricto,
inoculating the same set of plants again after topping (decapitation) and regrowth with
spores from the same batch of spores may not have been done yet.
Reproducibility of resistance levels is far more difficult to attain than reproducibility of
resistance rankings. Ranking is good enough if genotypes with known and different levels
of resistance are incorporated in the test as checks. The reproducibility issue necessitates
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the listing of protocols which
1.
any trained pathologist can use,
2.
are completely transparent, and
3.
are internationally accepted.
5
Representativeness

10

15

20

Accuracy refers to the closeness of a sample estimate (e.g., mean) to the true value of the
disease assessed. Precision refers to the repeatability or variation associated with a sample
estimate' Campbell & Madden, 1990). Representativeness refers to the relevance of the
results to actual cocoa breeding or cocoa production, since test results can be true, even
publishable and published, but nevertheless not relevant (section 4.4.).
The outliers and false assessments point to the problem of representativeness. Does the
advanced test really provide the answer to the question asked? Between which limits is the
test sufficiently reliable to be used in a regular breeding program. In other words, what
is the domain of validity of a test?
We presume that a good advanced test measures some intrinsic resistance property that
also operates in the field. We presume that the extreme values of an advanced test, be it
at the resistant or the susceptible side of the range of possible values, are valid in the
field. But what is the discriminative capacity of a test? Does it differentiate the real
Tesistants from the rest, which is the ideal situation, or only the real susceptibles which
can be discarded, or does it also provide a fair ranking of the large intermediate group?

25

30

An advanced test may be instrumental in negative mass selection, helping to eliminate
susceptible genotypes. A very good advanced test may even help in positive mass
selection, choosing genotypes with at least some intrinsic resistance. In either case the
choice is made at the penalty of throwing away too many genotypes among which e.g.
some good escapers. Acceptance of the penalty reduces the costs and accelerates the
selection process.
In the case of PR, the discriminative capacity of tests is poor in the middle range, often
representing the bulk of the genotypes, according to the author's experience.

35
Predictiveness
The advanced technique should predict the outcome of the control technique. Predictive
ness can be tested at different levels of complexity.
40
At the level of the individual genotype, predictiveness means that the genotype in the field
(control technique) has the same resistance level, or at least the same resistance ranking,
as in the advanced technique. Such seems to be the case, usually, for the seed test against
SS, a blind test as to the adult plant in the field.

45
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At the level of a population of genotypes, predictiveness rather means that the mean
response of a progeny predicts the response of the next batch of seedlings obtained from
the same parent(s). Circumstantial evidence suggests (population) predictiveness for
ressistance against MM, but the actual proof by means of a second batch was not
encountered.

10

Note that predictiveness may fall flat when seedling resistance deviates from mature plant
resistance, a frequent phenonmenon. In trees, seedling susceptibility may preceed mautre
plant resistance. In cocoa, such is the case for VS. Mature plant resistance appears after 1
to 5 years, in the case of VS usually after 2 years.
In the sections 4.6. through 4.8. the merits of various published tests will be considered
using the notions developed in section 4.5.

15

4.6.
4.6.1.

Resistance tests in campo
Multiple-tree plots, natural infection

Test under natural conditions, normally without inoculation. The
classical field test uses populations of more or less related geno
types, (half-)sibs or clones, normally in replicated blocks, some
times in single blocks without replication.
Normal low-tech target for comparison between tests. In the case of
-Advantages.
pods, an adequate number is ususally available in a population. In
the case of whole trees, low numbers of trees per plot may cause
great variance. Existing trials should be exploited to the maximum.
The technique evaluates the combination of intrinsic resistance and
escape.
A population test produces an average value for the population,
Disadvantages.
without saying much about the composing genotypes. Interplot
interference (Van der Plank, 1963) may mask important differences
between genotypes within the population (Nyassé et al., 1995).
Similarly, effects of seasonality (escape) may be masked.
Costs are high in terms of man-hours and of field space, but
usually not in terms of USS since these tests must be performed in
the cocoa growing countries.
Representativeness. Fair if the plot is large and its site is representative for average
farmer conditions of the target area.
Modest since within population variation is sometimes larger than
Reproducibility.
between population variation.
Fair but often of local value only.
Predictiveness.
Rank and level resistance can be determined.
Level and rank.
Non-destructive.
Destructiveness.
Target.
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Single-tree plots, natural infection

4.6.2.
Target-

Advantages.

10

Disadvantages.

15

Representativeness.
Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.
4.6.3.

Test under natural conditions, normally without inoculation. Modern
field test uses populations of more or less related genotypes, (half)sibs or clones, each represented by one tree per block, blocks often
with many (>5) replications.
Low tech comparison of genotypes in a genetically heterogeneous
environment. Many replications possible, also multi-locational. Test
economizes space and plant material.
High demands on labelling genotypes. Loss of trees is a nuisance.
Test result not necessarily representative for same genotypes grown
as a genetically uniform crop. Many successive years are needed.
Fair. Resistance level poor, rank good.
Fair to good.
Moderate to fair, but possibly of local value only.
Ranking only.
Non-destructive.

Multinational test, bearing trees, natural infection

20
TargetAdvantages.
25
Disadvantages.
Representativeness.
Reproducibility.
30
Predictiveness.
Level and rank.
Destructiveness.
35

4.6.4.
Target.

40

Advantages.
Disadvantages.

45

Representativeness.
Reproducibility.
Predictiveness.

Bearing trees on many target sites, (half-)sibs and clones, multiple
tree plots and single tree plots.
High representativeness. Possibility to explore the unexpected (e.g.
new diseases).
High space, time and labour costs. High travel costs.
Maximum representativeness before (small scale) commercialization.
Multiple tree plots
- (half-)sibs - no data found.
clones
- no data found.
Multiple tree plots
_ 9
Single tree plots
High.
Both.
Non-destructive.
Field test, bearing trees, with inoculation
Bearing trees on site, (half-)sibs and clones, multiple tree plots and
single tree plots.
Good representativeness.
Time and space consuming tests. Results site dependent. Replica
tions needed. Results blurred by ignoring seasonality and escape
effects. Inoculation is labour intensive.
Good, but less than multilocational tests.
Fair.
Usually fair.
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Level and rank.
Destructiveness.

Field test, bearing trees, with spreaders

4.6.5.
Target.
Advantages.

10
Disadvantages.

15

Representativeness.
Reproducibility.

20

Predictiveness.
Level and rank.
Destructiveness.

TargetAdvantages.
Disadvantages.
Representativeness.

30

35

Reproducibility.
Stability.
Durability.
Predictiveness.
Level and rank.
Destructiveness.

40

4.7.
4.7.1.
Target.

45

Bearing trees on site, (half-)sibs and clones, multiple tree plots and
single tree plots.
Good representativeness. Efficient with respect to labour for inocu
lation. Spatio-temporal effects allow detailed differentiation of
partial resistance levels.
Time, labour and space consuming tests. Results site dependent.
Replications needed. Results complicated because of seasonality and
escape effects.
High, but less than same tests executed as multilocational tests.
Multiple tree plots
- (half-)sibs - no data found.
Multiple tree plots
- clones
- no data found.
Single tree plots
- no data found.
Good.
Both can be assessed.
Non-destructive.
On-tree pod tests, with inoculation

4.6.6.

25

Both.
Non-destructive.

Attached, immature pods in the field.
Near to real life.
Laborious, high variability.
With wounding not so good (resistance under-estimated).
Inoculum applied by way of plasticine construct.
Inoculum applied by agar spore print.
Inoculum applied by medical plaster.
Without wounding fair to good.
No data.
No data, climatic effects expected.
No data, seasonal effects expected.
Step 1 - fair to goodStep 2 - no data.
Ranking.
Non-destructive.

Resistance tests in vivo
Seed tests
Germinating seeds can be good test objects since they can be pro
duced in large quantities with limited genetic variation, and they can
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Advantages.
Disadvantages.
5

Representativeness.
Reproducibility.

10

Predictiveness.
Level and rank.
Destructiveness.

be tested under standardized laboratory and greenhouse conditions.
Easy handling. Relatively fast. See above.
Seeds are physiologically very different from mature plants and thus
seed tests may not be representative at all.
Depends on pathogen. Classification and scaling (Van der Graaff,
1982) may lead to misinterpretation of results.
Good because seeds can be produced in large quantities with limited
genetic variation, and they can be tested under standardized labora
tory and greenhouse conditions.
Usually nil but with SS fair (at the level of the individual genotype)
to good (at the population level).
Ranking.
Non-destructive at population (cross) level.
Selective at individual genotype level.

15
Seedling tests

4.7.2.
Target.
20

Advantages.
Disadvantages.
Representativeness.

25

Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.

Seedlings, ranging from pre-germinated and peeled seeds to young
plants about 0.5 m high; usually in greenhouse or screenhouse.
Cheap and fast test, demanding limited space, reproducible.
Good equipment and high technical skills may be required. See
4.7.1.
Genotype level
- good?
Population level
- probably good.
Genotype level
- none.
Population level
- no data; probably fair to good.
Variable.
Ranking.
Selective.

30
4.7.3.
Target.
35
Advantages.
Disadvantages.
Representativeness.
40

Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.

Small plant tests
Advanced seedlings, grafted seedlings, rooted cuttings, where
necessary cut back to obtain simultaneous flushing; usually in
greenhouse or screenhouse.
Relative cheap and fast test, demanding limited space, reproducible.
Somewhat laborious. Good equipment and technical skills required.
Genotype level
- good?
Population level
- probably good.
?

Limited info, probably fair to good.
Ranking.
Selective.
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Root tests

4.7.4.
Target.
Advantages.
Disadvantages.
Representativeness.

10

Reproducibility.
Predictiveness.
Level and rank.
Destructive ness.
4.7.5.

Seedlings, grafted seedlings, rooted cuttings; usually in greenhouse
or screenhouse. Inoculum usually added to the soil.
Relative cheap and fast test, demanding limited space, reproducible.
Somewhat laborious.
Genotype level
- good?
Population level
- probably good.
?

Limited info, possibly fair.
Ranking.
Selective.
Detached pod tests, without wounding

15
Target.
Advantages.

20

Disadvantages.

Representativeness.
25

Reproducibility.
Predictiveness.

30

Level and rank.
Destructiveness.
4.7.6.

35

Target.
Advantages.

Disadvantages.
40
Representativeness.
Reproducibility.
Predictiveness.

45

Detached, immature pods brought in from field (at certain age).
Fast and cheap. Reduced environmental variability. Probably, less
pods needed than in on-tree tests (not proven). Supposedly measures
resistance to entry, which may be evoidance rather than resistance.
Variation per genotype large due to position, exposure, age and
nutritional status of pods. Supply of water, energy and nutrition cut
off, therefore short term only. Test not suitable for individual trees.
Genotype level - fair.
Population level - ?
Fair, if large numbers are tested (e.g. Phillips-Mora & Galindo,
1990).
Step 1 - fair.
Step 2 - no data.
Ranking.
Non-destructive.
Detached pod tests, with wounding
Detached, immature pods brought in from field (at certain age).
Fast and cheap. Reduced environmental variability. Supposedly
measures resistance to lesion extension, which is thought to be
intrinsic resistance.
Variation per genotype large due to position, exposure, age and
nutritional status of pods. Supply of water, energy and nutrition cut
off, therefore short term only.
Genotype level - fair.
Population level - ?
Fair, if large numbers are tested.
Step 1 - fair.
Step 2 - no data.
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Level and rank.
Destructiveness.

Ranking.
Non-destructive.
Detached branch and bark tests

4.7.7.
5

10

15

Target.
Advantages.
Disadvantages.
Representativeness.
Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.

Detached leaf tests

4.7.8.
Target.

20

25

Advantages.
Disadvantages.
Representativeness.
Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.

Target.
Advantages.
Disadvantages.

35

Representativeness.

40

Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.
4.8.
4.8.1.

Detached leaves from field or greenhouse plants, test in the labora
tory.
Simple and fast, inexpensive. Feasible outside the tropics.
High variability between leaves of one genotype due to position,
age, exposure to light and nutrients; maybe wound effects.
Few data, but promising. Extremes probably reliable.
Modest. Might be improved.
Modest at best.
Ranking.
Non-destructive.
Leaf disk tests

4.7.9.
30

Cut and split pieces of branches (of certain age).
Relatively fast, saving space.
Primarily for bark and wood invading diseases, including PP.
Good.
Fair to good.
No info, probably good.
Ranking.
Non-destructive.

Leaf disks from leaves grown in the field or in the greenhouse.
Can be done outside the tropics. Large series can be handled in a
short time. Predictive test.
High level of technicity needed, constant leaf production conditions,
constant test conditions.
Lower leaf surface is very similar to pod surface. Extremes proba
bly reliable.
?
Doubtful, see below.
Ranking possible, level doubtful.
Non-destructive at genotype level.

Biochemical and molecular tests
Biochemical tests

45
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Target-

Tests for resistance-associated compounds such as polyphenolics,
Salicylic acid, phytoalexins.

Advantages.

Measurements are fast and technically reproducible. Large quantities
can usually be handled in short time.
Expensive tests demanding high specialist knowledge. High variabil
ity due to variability of material to be tested. Strict standardisation
of test conditions and procedures needed.
Questionable.
As to technical methods
- good.
As to plant material
- modest at best.
Limited to lesion extension at best.
Ranking.
Non-destructive.

5
Disadvantages.

10

Representativeness.
Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.

15
Plant sap test

4.8.2.

20

25

Target.
Advantages.
Disadvantages.
Representativeness.
Reproducibility.
Predictiveness.
Level and rank.
Destructiveness.
4.9.

Tests for suppression of fungal growth.
Tapping the sap may be laborious but the test is fast.
Discriminative capacity questionable.
Not yet known.
?

Information not yet adequate.
?

Non-destructive.

International aspects of resistance testing
International standardization

30
'It is generally recognised that world standardization of methods for screening cacao for
resistance to P. palmivora would be valuable in providing comparative information which
would be of some significance for all cacao-producing countries' (Lawrence, 1978).
35

'To be truly effective, international acceptance and adoption of such methods must be
unanimous but, because opinions concerning test procedures vary widely among cacao
investigators, this ideal may not so easily realised' (Lawrence, 1978).
Constraints

40
Since world standardization has not come nearer since Lawrence made his statements in
1978, the constraints must be serious, such as 1) poverty of research institutions, 2) lack
of continuity in research institutions, 3) national pride and 4) 'Researcher's egotism'.
45

As Blaha (1974) already pointed out, there is no single universal method since there is a
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link between objectives and methods. Similarly, there is a link between environmental
conditions (socio-economic and climatic) and methods. Predictiveness of tests is a
requirement stressed in recent years and also in the present report.
Few tests if any are 'predictive' in the strict methodological sense of section 4.5. More
work has to be done to define the possibilities and limitations of present tests. Once
defined, the search for new and more predictive tests can be continued.
Conclusions and recommendations
10

15

20

Published test results suffer from poor description of test conditions and/or from lack of
standardization. Therefore, responsible researchers must sit together and define 'internat
ional quality standards' for some of the tests mentioned in this report. Thoughts develop
in the direction of international standards such as 'Good Laboratory Practice', and 'Good
Agricultural Practice' (Codex Committee on Pesticide Residues). In plant protection the
latter have been interpreted as 'Good Plant Protection Practice' (EPPO, 1994) and
implemented (EPPO Bulletin). For seed quality and health testing, international standards
exist. We may also think of the internationally accepted ISO standards.
1.

Several promising efforts to develop predictive tests have been published, but
standardisation of tests (materials, methods, working conditions, statistical design)
is needed.

2.

The urgent need for predictive tests be met with an international effort.

3.

An international working group be set up by INGENIC and/or other interested
parties which critically examines all tests for methodological flaws and decides
which tests are internationally acceptable.

4.

For each^disease and pest a protocol be developed for 'Good Testing Practice'.
Results obtained by following the protocol will be internationally acceptable.
Quality control is necessary and can be done by peer review.

5.

Once a predictive test has been developed (step 1), its predictiveness must be
established and quantified by double blind tests (step 2) using a high nuber of host
genotypes (e.g. 100) representing a large range of relative resistance (ideally from
0 to 1).

6.

An imprecise but predictive test selecting the most resistant individuals will speed
up the breeding process since new crosses can be made after early selection of
parents on the strength of evidence.

7.

Long-term verification in the field of predictive tests remains imperative.
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5

10
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5.

RESISTANCE

5.1.

Past and present situation of resistance breeding

'Breeding for resistance in cocoa has been, on the whole, very unsuccessful' (Bartley,
1986). Cocoa breeding in general, and breeding for resistance in special, suffered many
drawbacks among which:
aCocoa breeding began relatively late, in the 1920s,
bFew professionally trained geneticists were involved until recently.
cLack of insight in the genetics of cocoa,
dDiscontinuities in personnel.
eShort-lived programs (serious discontinuities in funding),
fMisconceptions about breeding targets,
gConflicting policy pressures.
hPolitical interest, too much or too little,
iLack of satisfaction among researchers.
Points a-e are valid for many countries.

20

5.2.

Breeding objectives
Generalities

25

30

35

40
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Mossu
*
*
*
*
*

mentioned the following criteria for selection:
Vigour.
Precociousness.
Productivity.
Size and quality of beans.
Behaviour under disease and pest attack.
^
Vigour is generally associated with precociousness and productivity. Vigour can be
recognized early by measuring girth increase. In more refined selection programs vigour
has to be considered in interaction with planting density (R. Lockwood, p.c.). Vigour can
be exagerated. If trees grow too high, intensive pruning is necessary but costly. In
Ecuador, experiments on stumping at different heights (0.5 to 3 m) are promising. Yield
loss is temporary and can be compensated by intercropping (e.g. maize) and selling the
cocoa wood to charcoal burners.
Precociousness is needed to reduce the unproductive 'gestation period' as much as
possible. The character can be recognized early in the selection cycle (within 5 years).
The Ghanaian farmer is said to value easy establishment and early bearing, in this order.
Productivity is usually mentioned as the first and decisive criterion. The term should be
related to net yield of fermented and dried beans. Here, we use the term yield potential
relating to gross yield under given conditions. In low input - low output production
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systems yield potential is not a limiting factor. In low input - medium output production
systems the available yield potential can be exploited by agronomic means. In high input high output production systems a high yield potential will lead to a high productivity
when crop nutrition and crop protection are adequate.
5

10

Behaviour under disease and pest attack can be approached in three ways:
1.
If disease pressure is low, negative mass selection usually will do.
2.
If disease pressure is medium, selection for yield may be adequate because equal
disease pressure, expressed e.g. in per cent, leaves more net yield at high yield
levels than at low yield levels. In Australia, this approach was successful in
breeding for drought tolerance of wheat (Parlevliet, p.c.).
3.
If disease pressure is high, to the degree that the disease makes production
uneconomical, a special breeding program for resistance is the answer. Successes
were spectacular in annual crops, less so in perennials.

15

20

Cocoa breeding is a slow process. In the past, resistance breeding programs and 'normal'
breeding programs for productivity were sometimes in different hands, with different
approaches and objectives, so that the two programs did not come together. A radical
solution advocated by some is to forget about resistance breeding as such and to go for
productivity, a mix of the above approaches 1 and 2. The alternative is to organize
special resistance breeding programs, under the responsibility of the plant pathologist,
who invites the plant breeder and the agronomist to participate in the experimental design.
Such is the new situation in CRIG, after the 1991 reorganization, when the various
'thrusts' were organized.

25
5.2.2.
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Trends

Breeding objectives are usually poorly specified and hardly transcend the level of 'high
yield with good "industrial quality'. Without better specification of breeding objectives
plant pathologists can be of little avail. More recently, disease resistance became a major
objective (Paulin & Eskes, 1996).
Some generalities about the future may be ventured as to quantity, quality and production
of cocoa at the international level.
Quantity. The need for cocoa beans will increase now that the South American, East
European and East Asian markets open up and acquire more purchasing power. However,
the production area of cocoa is limited for two reasons.
1.
Extension of the production area is hardly possible because virgin forest on
suitable soil becomes limiting. Forestry and nature conservation increasing
ly compete with agriculture for forest land.
2.
Growing populations in cocoa producing countries require more agricultural land
for food production. Food crops will more strongly compete with export crops.
The net result may be that the total cocoa production area will, in the long run, remain
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stable. The yield per hectare has to increase within 10 or 20 years to avoid shortages.

5
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Modern production technology can fill the gap and will gradually be accepted by the
smallholders, as happened in temperate fruit production long ago. In the long run, cocoa
growing will follow the example of other tropical, mediterranean and temperate fruit
production systems and become high input, high output agriculture, irrespective of the
size of the holdings. The pace of change will vary according to region and country, often
with an intermediate generation of low input - medium output agriculture.
Production methods. Among the inputs, pesticides will play a permanent but decreasing
role because of increasing awareness of undesirable side effects in producer countries, and
changing attitudes in consumer countries where the trend becomes to reject products
produced with the help of pesticides. Good tree shape, resistance and escape, combined
with appropriate crop husbandry, can largely replace the use of pesticides. Some
rethinking of production methods is needed, with an integration of foreseen production
methods into breeding targets. In countries where specific disease problems are limiting
production, specific resistance breeding programs should be in place. New disease
problems may pop up unexpectedly, as happened in the past, so that an international
monitoring system is needed.
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Resistance. Disease resistance is a suitable breeding objective only when reliable
evaluation methods exist and if breeders believe they can make progress. Expectations
among cocoa breeders vary. Breeding for yield in an environment, where less than 25 %
of the yield potential is realised, hardly seems a sensible objective. In such environments
breeding for resistance is indicated as a first means to reduce production costs. Spatial
instability would indicate that resistance breeding should be location specific, because of
the local mix of pathogens and pathogenic strains, in combination with locally adapted
host genotypes and the specifics of local climate (genotype * genotype * environment
interaction), but evidence on (lack of) stability is inadequate yet (Section 5.2.).
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Indirect breeding. Indirect approaches were suggested such as breeding for tree architec
ture. Straight trunks with low hanging pods are easy for sanitation, chemical control and
harvesting. Vegetative vigour could be managed to obtain the locally correct mix of shade
and ventilation (to avoid the Scilla of pod rot and the Charybdis of mirids) and to reduce
the need for pruning.
Durability
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Durability of resistance refers to the reproducibility of a (partial) resistance response over
an extended period in time, tested over decades rather than years, at one or more
specified locations. Durability is challenged by changes in weather and climate, and by
changes in pathogen genotypes.
Scavina 6 resistance against WB has shown to be durable in Trinidad, but not in Ecuador
where another strain of the fungus became prominent. Though no systematic study of all
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records has been made, the available data suggest that the resistance of clone IMC-67 to
MM is durable.

5

There is no way to predict durability. It can only be identified by long term testing, that
is ex post facto. Current thinking identifies polygenic resistance with durable resistance
(Jacobs & Parlevliet, 1993), but durable monogenic resistance does exist (Eenink, 1976)
and durability can be supported by human interventions, i.e. by management. The
constant ranking phenomenon is seen as an indication for durability. Data pointing to
constant ranking were presented at the 1996 INGENIC meeting but the evidence is weak.
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Swollen shoot. Using published data some durability analyses were made. These analyses
are called indirect analyses, because they refer to offspring of parent clones and not to the
parent clones themselves. The results are astonishing. Some clones may have (indirect)
durability of resistance or tolerance (e.g. M7/537), others have not, at least not in the
records. Changes in knowledge and subjective judgement, combined with staff changes,
might explain part of the anomalies. Differences in heritability of resistance or tolerance
between parents may contribute to the variation in results. Generally speaking, (indirect)
durability of resistance against and tolerance to SS seems open to questions.
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Stability
Stability of resistance here refers to the reproducibility of the response of a host genotype
-to a pathogen genotype under a variety of conditions, more specifically under field
conditions. Stability has a spatial and a temporal component. Here, the word stability is
used for the spatial and the word durability (section 5.2.) for the temporal component.
Stability in space is tested by means of multilocational testing. Well documented multilocational tests were difficult to find.
It is said that Freeman in Trinidad applied multilocational testing (about 60 locations) to
test his material» for (host) genotype * (pathogen) genotype * environment interaction
(GGE interaction) and was successful in developing varieties with high adaptability and
adequate resistance to WB and MM.
The clone IMC-67 is found to be resistant to MM whereever it has been tested in Middle
and South America, and thus has high (regional) stability.
There is no way to predict stability. It can only be identified by multilocational testing, ex
post facto.
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5.3.

Results with selected pathogens

Section 3.3. provides information on the general biology of the selected pathogens and on
testing methods. Section 5.3. gives results relevant to resistance breeding.
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Crinipellis perniciosa

5

A - Sources of resistance. In Trinidad, SCA-6 was a reliable resistance parent. In
Ecuador, SCA-12 x EET-48 and SCA-12 x EET-62 produced good progeny (Rivera,
1995). SCA-6 and SCA-12 are said to be heterozygous for resistance (Enrfquez & Soria,
1984). Bartley (1986) states that SCA-6 is homozygous. In Suriname, ICS-clones not very
resistant; differences in resistance between trees found in Suriname (van Suchtelen, 1955).
Fonseca et al. (1969) using bud infection demonstrated a wide range of resistance
expressed in infection percentage and modest variation in other components of resistance.
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B - Genetics. In Trinidad, the search for immunity or at least high resistance began after
the 1928 outbreak of WB. Pound found SCA-6 and SCA-12 to be immune in Trinidad.
Especially SCA-6 was a good parent for immunity and resistance, though only a fraction
of the offspring was free from brooms and infected pods. 'Within each cross, there was a
wide range in degree of resistance to WB ...' (Montserin et al., 1957). '... reciprocal
crosses of SCA-6 and ICS-1 showed pronounced differences.', with maternal inheritance
of immunity. These remarks point to a polygenic inheritance of resistance, with extranuclear genes involved.
Results by Rivera (1995) in Ecuador also point to polygenic resistance. In one
instance data suggested transgression of resistance, but this experiment needs to be
repeated. Ranee. Hybrids between SCA-12 and some 50 EET clones were studied at
Pichilingue, >20 seedlings per mother clone. Results of one large experiment showed a
continuous variation with near-normal distribution of resistance, range 5-78% infection,
mean 44 % and standard deviation 25 %
Simmonds (1994) found high GCA pointing to polygenic resistance for pods and
trees in Trinidad. Resistance of pods and trees was correlated.
C - Components of resistance (adapted after Fonseca et al.. 1969).
Infection percentage.
1.
Latency period.
2.
3.
Size of brooms.
4.
Type of brooms.
5.
Period from appearance to death of broom.
Dormancy period (from death of broom unti appearance of fructifications)
6.
7.
Percentage sporulating brooms.
Number of basidiocarps formed.
8.
Resistance of the vegetative parts is epidemiologically more important than resistance of
pods or of flower cushions, and the three may be unrelated.

40

D - Durability. In view of the many strains of WB, durability of resistance cannot be
guaranteed. Durability was shown at the local/regional level in Trinidad, as long as the
quarantine system holds and the area under cocoa is limited. Wheeler (1966) presented
evidence for constant ranking of WB strains.

45

E - Stability. Different strains of WB cover different areas, but they can expand their area
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by migration, so that there is no geographic stability.
Monüiophthora roreri
5
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A - Sources of resistance. Apparently, the Ecuadorian 'Nacional' cocoa coevolved with
the pathogen. The 'Nacional' collection contains promising incomplete resistance. The
distribution of infection % over a collection of 'Nacional' genotypes was near-normal
(Cruz, 1993). The incidence of 102 trees showed an approximately normal distribution
(mean=52, a=15). The incubation period showed near-normal distribution (mean=50,
a—7). The latent period showed a skewed distribution (mean=66, a—9). The class
frequency of symptom expression (internal and external) increased exponentially with
symptom class value. Some 7 promising trees could be selected. One host genotype is
resistant supposedly because of a thick cuticle.
Clones EET-233, EET-381 and EET-382 show good incomplete resistance to MO
and to WB, EET-233 being the best by far (Anonymus, 1987; Aragundi et al., 1987).
B - Inheritance. Good and poor resistance inherit from parental clones to offspring, with
some indications of transgression of resistance (Gonzalez & Vega, 1992). Aragundi et al.
(1987) see incomplete resistance and suggest a polygenic inheritance. No differences in
resistance between reciprocals (Gonzalez & Vega, 1992). Yield and resistance inherit
independently, as rank correlation between % pods with MO and healthy pods/field was
non-significant
entry 053, rk=-0.13, p=0.29, «=35,
entry 055, rk=-0.20, p=0.39, «=11.
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C - Components of resistance.
1.
Resistance to entry
(incidence per tree).
2.
Resistance to entry
(incidence per pod).
3.
Resistance to lesion growth
(type of reaction).
4.
same
(incubation period).
5.
Resistance to sporulation
(latent period, but not sporulation intensity and sporu
lation period).
The latent period varies strongly, range 39-80 days, mean 66, <r=9 (Cruz, 1993). The
internal symptom development is said to be the most critical symptom.

35
D - Durability. No info.
E - Stability. Resistance is nationally stable in Costa Rica (CC-210 excepted).
40

Phytophthora palmivora, pod rot

45

A - Sources of resistance. No complete resistance has been found yet. Some trees
combine high yield and low black pod incidence. Whether this apparent resistance is due
to real resistance or to escape has yet to be established. In PNG, good partial resistance
(< 10% infection) is available in Trinitario clones (Tan & Tan, 1990). Clones T-9/15 and
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T-19/9 used to be resistant in Nigeria (Weststeyn, 1967). Long term field tests as in
Nigeria (Gorenz, 1971) show large differences between clones (range 15-66% of pods
rotten). SCA-6 gave good black pod resistance in Trinidad (Simmonds, 1994).
Small collections of host genotypes show large ranges of pod incidence:
Lockwood, 1971:
Table 01, 24.0 - 65.7, «=20, 6 years
Table 02, 18.5 - 87.4, n=16, 3 years.
Tarjot, 1969:
Table 13, 30.0 - 78.0, n=22, 1 year, year-round.
Lockwood and Dakwa (1978) regressing black pod losses to cropping pattern
found outliers (section 4.5.) with heritable resistance.
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B - Inheritance. Polygenic, slightly dominant, separate from yield (Amponsah, 19 ; Tan
& Tan, 1991). Effect of female parent is nil (Tan & Tan, 1990) to highly significant
(Paulin, 1990). Partiot (1975) in a typical step 1 procedure correlated three characters in
3 selected clones, 1) resistance of on-tree or detached pods (unspecified) to infection, 2)
resistance of on-tree or detached pods (unspecified) to lesion growth, and 3) resistance to
root infection. He concluded to horizontal resistance and correlation of characters.
Similarly, Simmonds (1994) found high GCA in Trinidad in one experiment.
C - Components of resistance
Resistance to penetration
Resistance to lesion formation
Resistance to lesion expansion
Resistance to sporulation
same
Level of induced resistance

(and measurable characters).
(incidence).
(incubation period).
(increase of lesion diameter).
(latent period),
(spore counts).
(epicotyl test).

D - Durability. No clear data available. Posnette pointed to Y44 as having BP resistance.
This is still the case in 1973 (Amponsah & Asare-Nyako, 1973; and later?).
30
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E - Stability. N© clear data available. Thorold (1975, p. 48) gives instances of nonstability.
Note
During 6 years, Gorenz (1971) in Nigeria assessed black pod percentages during the peak
black pod season of > = 35 clones in a field test with spontaneous infection. Out of 15
pairs of years
entries 606-620, rk=0.04-0.28, P=0.43-0.02, n=28-37
only 7 pairs had a significant rank correlation. The result shows that field data with
spontaneous infection were poorly reproducible.

40
Cocoa Swollen Shoot Virus

45

A - Sources of resistance/tolerance.
Partial resistance to virus (section 4.2.) was found and used in Ghana (e.g. Posnette &
Todd, 1951) and Togo. New introductions and selections are being tested. Interspecific
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hybridisation was tried but so far seems to be a dead end. Some Upper Amazon crosses
are twice as good as Amelonado checks.
Mutation by gamma radiation yielded some 8 trees free of virus (Adu-Ampomah et
al., 1996).
By tissue culture mutants may be obtained but no progress data were available yet.
Upper Amazon material provided resistance to offspring (Legg & Kenten, 1971).
'Series II' biparental hybrids have intermediate characteristics and have been
produced in official seed gardens since the 1960s; even better material is to be expected
(Thresh et al., 1988).

10
Tolerance. Tolerance in field experiments leads to reduced rates of virus transmission. It
varies according to genotypes (CRIG Annual Reports; Thresh et al., 1988). UpperAmazon material provided good tolerance to offspring (Legg & Kenten, 1971; Posnette &
Todd, 1951).
15
Resistance to vectors. Partial resistance to vectors exists but has not yet been exploited
(Bigger, 1975; Firempong, 1984).
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B - Inheritance. Data suggest partial resistance/tolerance and polygenic inheritance. An
inter-Nanay cross was particularly good suggesting transgression (Legg & Kenten, 1971,
did not use that word). Resistance is additive with maternal effects but no transgression in
further crosses was observed (Lockwood, 1981).
C - Components of Avoidance=A/resistance=R/tolerance=T.
1.
A
Repellance to vector insects
2.
R
Resistance to vector insects
(number of vector insects).
3.
R
Resistance to entry
(incidence).
4.
RT
Resistance to establishment
(incidence).
5.
RT
Resistance to symptom expression (incubation period).
6.
T
same
(symptom severity).
7.
T
same
(transience of symptômes).
8.
T
Resistance to damage
(yield).
9.
T
Reduced availability of virus to vector (Kenten & Legg, 1971).
D - Durability. Indirect durability is available.
E - Stability. Though many strains of the pathogen are known, there is not yet evidence
of differential interaction. In other words, resistance and tolerance seem to have geo
graphic stability, at the regional level.

40
5.4.
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Molecular techniques

So far, genetic modification of cocoa was difficult but the hope was expressed to test
genetically modified trees in the field in 2000 (Anonymus, 199?). Regeneration of cocoa
is notoriously difficult.
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The feeling was expressed that molecular techniques, especially recent marker techniques
for efficient selection, will contribute more to future plant breeding than genetic modifica
tion (Stam, 1995). If predictive testing can be combined with marker techniques (includ
ing QTL recognition), resistance breeding of cocoa might proceed faster than hitherto.
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Application of molecular techniques with genome mapping of qualitative characteristics
and quantitative trait loci (QTL) is a field apart which can only be indicated here.
Breeding for quantitative resistance may profit from the QTL technique, but some
warnings must be given. QTL mapping is done by statistical methods using phenotypic
data (Michelmore, 1995). In the case of resistance we are thrown back to our starting
point, accurate assessment of quantitative resistance. Any QTL may have large or small
quantitative effects, may have additive or interactive effects, may be race specific or
really 'horizontal' (= race non-specific), or may be specific for one component of
resistance only. Two QTLs may have effects in opposite direction, thus neutralizing each
other's effect. The genetic behaviour of a QTL has to be determined by classical
hybridization experiments.
Once a suitable QTL has been identified, selection may become easier and certainly faster
if the QTL can be identified in offspring by an appropriate marker. New techniques are
being proposed, among which SCAR (Sequence Characterized Amplified Region) which
allow to identify resistance in a single leaf of a seedling (non-destructive sampling).
Similarly, advanced statistical techniques such as MQM (Multiple QTL Model) mapping
improve QTL detection (CPRO, 1994, 1995).

25

Since excellent genomic maps have been developed for cocoa, molecular techniques are
quite promising for resistance breeding utilising quantitative characteristics. But since
development is costly and the results still uncertain, strict planning and international
cooperation are strongly indicated.

30

5.5.

General comments
Genetics of resistance
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The general impression gained is that 'immunity', 'absolute resistance' or 'complete
resistance' against the 8 diseases discussed above hardly exists or not at all. No evidence
was found for monogenic resistance except, possibly, in two cases. One is the SCA-6
resistance against WB in Trinidad, the other a resistance against MM (Gardella et al.,
1981).
The evidence rather points to the existence of 'intermediate' or 'partial' resistance.
Obviously, cacao shows a wide range of resistance values against most of the eight
diseases, independent of the technique of measurement. This partial resistance is under
genetic control as breeding results, diallel crosses and half-sib analyses demonstrate. The
available evidence, circumstantial and direct, does not refute the hypothesis that, in
general, resistance against the 8 diseases is polygenic and additive.
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This general conclusion does not preclude the existence, in exceptional cases, of large
single-gene effects nor the existence of host genotype * pathogen genotype interactions
(section 5.5.). So far the evidence for these exceptional cases is scarce and not always
convincing.
5
Parental effects are found occasionally.
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There is little evidence for correspondence and genetical linkage between resistance and
yield potential. Rather, the available data plead against such a correspondence (e.g.
Amponsah, 1987); Tan & Tan, 1990).
Transgression
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In most cases of adequate factorial or diallel crosses, general combining ability far
exceeds specific combining ability (e.g. Sitapai et al., 1987). The result does not prove
polygenic resistance but points to it. Hence, the reasonable expectation that transgression
of resistance may occur. In that case, individual genotypes in the offspring population
may be more resistant or tolerant than either parent.
Unfortunately, definite proof of transgression is rarely found in the literature. Evidence of
transgression is found for resistance against P. palmivora and Swollen Shoot Virus With
C. perniciosa there is some but poor evidence for transgression (section 5.3.).
Interactions
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A two-dimensional matrix of host genotypes * pathogen genotypes with disease intensity
measures as entries in the cell may show statistically significant main effects and/or
interaction effects. If interaction is absent, the host-pathogen pattern is one of constant
ranking (Robinson, 1976). The presence of interaction may point to, but is never proof
of, the existencer of physiological specialisation (Zadoks & Van Leur, 1983). These
patterns may be seen at generic, specific and genotypic levels of either host or pathogen.
The patterns have implication for breeding programs.
If, for example, different species of Phytophthora causing pod rot show a constant
ranking pattern, relatively high resistance against one species would imply automatically a
relatively high resistance against other species of Phytophthora. More fact finding is
needed in this area before any definite statement can be made at the species level.
Many serious results at the sub-specific level, studying patterns in a matrix of host
genotypes * pathogen genotypes (isolates), lead to the conclusion of constant ranking. If
this conclusion is confirmed by continued research, it implies that the pathogens do not
show physiologic specialisation even though (groups of) isolates of different 'horizontal
virulence' can be distinguished.
Some authors, however, report differential interaction. These instances need special
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attention, because if found to be true, they might point to a gradual evolution of physio
logical specialisation. If so, some breeding programs may be in trouble. The alternative
explanation lies in the genotype * genotype * environment interaction. Significant interac
tions might have been attributed to genotype * genotype interaction whereas they should
have been attributed to genotype * environment interaction. The error is easily made
when environment has been inadequately defined.
The case of WB, where isolates may or may not overcome the resistance derived from
SCA-6, is the only instance where a certain degree of physiological specialisation has
been attained with serious repercussions in the field. This particular case may be related
to the SCA-6 resistance being, supposedly, mono- or oligogenic. If so, the instance is the
exception confirming the general rule of partial, polygenic resistance. No literature data
were found on the nature of the virulence to SCA-6 in the fungus, monogenic or not.
Correspondences
Results from two tests, two characteristics of the same material (simple case) or one
characteristic of two sets of materials (complex case), may or may not correspond. The
correspondence, ideally expressed by high correlation between the two sets of data, may
point to genetical linkage but, in itself, is not sufficient proof. Genetical linkage must be
demonstrated by crossing experiments.
The seemingly simple case is correspondence between two different tests using the same
set of materials. Results with detached and on-tree pod inoculation techniques are usually
correlated (some difference in level but high correlation). Various tests with CSSV gave
good correspondences (Kenten & Legg, 1970). Results from a pod inoculation test and a
multiple tree field test were not correlated, presumably because of escape (Despréaux et
al., 1989). We see another version of the problem of representativeness (section 4.5.).
Results for PP pod rot and root infection did relate more or less (Asomaning, 1964).

30
The complex case is of more interest to breeders. If the two-dimensional matrix, tested at
the pathogen species level, does not show interaction, reactions towards two or more
pathogens correspond. Simmonds (1994) found an instance of correlated resistance against
WB and BP in Trinidad (probably based on SCA-6).
35
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In case of diseases of the trunk (MM, VW) and of systemic diseases (SS), an immediate
correspondence exists between potential yield and resistance. Available data (section 5.5.)
indicate that for diseases of the pods (MO, PC, PM, PP) no such corresondence between
potential yield and resistance exists. Similarly, no correspondence was found between
vigour and tolerance to SS (Legg et al., 1980).
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A.B. Eskes (p.c.) forwarded the hypothesis that a correspondence (and a genetic linkage,
i.e. cross resistance) might exist between resistances against diseases caused by basidiomycetes, such as VW and WB (MO could be added). This hypothesis has to be tested in
the field since no data are available.
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Another hypothesis states that resistance against Phytophthora pod rot is independent of
the Phytophthora species involved, i.e. cross resistance against various Phytophthora
species might exist. The evidence to refute this hypothesis is not yet final and convincing.
The present situation could be summarized by stating that resistances against different
Phytopthora species may be strongly linked.
Finally, it can he hypothesized that resistance against Phytophthora canker is linked to
resistance against Phytophthora pod rot. The evidence pleads against this hypothesis.
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Heritability

15

In collections, the range from the most susceptible to the most resistant genotype is
usually fairly large. Examples are given in the text. Such evidence points to a polygenic
(or ologigenic) nature of resistance. Transgression of resistance in crosses is further
evidence for the polygenic nature of resistance.
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Experiments specifically aimed at proving the polygenic nature of resistance are rather
scarce. Several authors provided data on general and specific combining ability (GCA,
SCA) of resistances. In most cases the GCA is high relative to the SCA, pointing again to
a polygenic inheritance of resistance. Heritability values, if provided, tend to be high
enough to be exploited. If heritability of resistance has been demonstrated, as against P.
citrophthora, it is applicable to various components of resistance (Braga et al., 1989).
Rapid progress can be made only if an early screening test is available. The minimum
requirement of such a test is sufficient predictive value to get rid of the more susceptible
part of hybrid populations.
5.6.

Conclusions

1.

Large genetic variation in the level of resistance exists against each of the 8
diseases discussed.

2.

Immunity as a form of very high level resistance is practically absent and should
not be sought for anyhow.

3.

Data for durability of resistance tend to be encouraging but data for stability tend
to be confusing and contradictory. An international effort to combine all availabe
information by desk research and enquiry is recommended. Identity of host and
pathogen material can be established by means of molecular techniques.

4.

As to resistance, Specific Combining Ability is low relative to General Combining
Ability. Major genes for resistance are rare. For some diseases, there is good evi
dence of high General Combining Ability for resistance. Circumstantial evidence
allows to extrapolate that conclusion to all eight diseases considered.
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In other words, breeding for high levels of partial resistance is feasible for all four
diseases considered, exploiting additivity of minor gene effects, and is preferable
above using monogenic resistance, in order to avoid 'boom-and-bust' phenomena.
Components of disease resistance have been studied frequently but systematic
components analysis is rare or absent. More attention for components analysis can
accelerate the breeding process.
Since resistance and yield are not correlated, except in diseases of the trunk,
breeding for resistance should never be divorced from breeding for yield potential
potential.
As breeding for high levels of partial resistance can be a slow process, early and
predictive tests for resistance are badly needed to accelerate the breeding process.
Pre-breeding will accelerate the world-wide utilisation of available resistances.

52

Zadoks - Disease resistance in cocoa 1997

6.
6.1.
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INTERNATIONAL COOPERATION
Organizational aspects

International cooperation is subject to constraints. Cocoa research has few donors. The
CGIAR has no interest in cocoa. In the consumer countries, the major chocolate manufac
turers see each other as competitors. Collaborative efforts may be expected only in the
pre-competitive phase of research. Producer countries do collaborate, but tend to see each
other as competitors too. Hence, they may show proprietory behaviour, not wishing to
share information and materials. We suggest to identify an area of pre-competitive
research which may produce valuable results for many and where cooperation can be con
amore.
The disparity between producer and consumer countries as to prices paid and received is
large. There is no mechanism to channel some of the added value back to the producer
countries, except for bi- or multi-lateral aid projects. Cocoa processors and chocolate
manufacturers finance some research, at their own discretion, without formalized and
internationally accepted framework.
The disparity between producer and consumer countries in scientific knowledge and
know-how is disconcerting. Researchers in consumer countries have better access to
funding, equipment, training, information, support services and publication outlets than
those in producer countries, and they have better career perspectives. Existing mecha
nisms for change are inadequate.

25
Cultural differences between anglophone, francophone and iberophone countries are
reflected in attitudes of scientists. The multilingual International Cocoa Conferences have
contributed much to attenuate the cultural constraint.
30

Existing international organizations, representing a variety of interests (e.g. producers,
consumers, development, environment) have to be interested and involved in plans for
future development. Donors may keep in mind that the large majority of cocoa growers
are and will be smallholders, peasant farmers. These can be served best and cheapest by
resistance breeding.
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6.2.
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Needs

There is a definite need to improve cocoa yields, even though supply may temporarily
exceed demand at world level, because
amore countries are attaining a level of affluence that will stimulate chocolate con
sumption,
bhigher hectare yields are needed to make more land available for food production,
chigher hectare yields are needed to still land hunger and avoid further destruction
of natural forests.
dperceptions of consumers as to pesticides, health and environment are changing.
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Improvement of cocoa yields, maintaining the present sustainability of smallholder cocoa
production, needs
aimproved breeding
bimproved crop husbandry, and
cimproved crop protection.
Agronomists are needed to improve crop husbandry and to promote the transition from
low input - low output production over low input - medium output production to high
input - high output production. The transition will enhance existing crop protection
problems and maybe create new ones, so that the input of crop protectionists and
(resistance) breeders is desirable.
Improvement of yield by means of pesticides may be feasible in emergency cases.
Generally speaking, the use of pesticides is too expensive for smallholders. They are
undesirable for reasons of human, animal and environmental health. Workers in the
tropics spray without personal protection, pollinating and other beneficial insects may be
killed, contaminated pod remains may be processed into poisonous cattle feed, and
surface and ground water may be polluted.

20

Increasingly,
produced in
products but
tion method,

consumers object against the use of pesticides and want to buy products
a environmentally friendly manner. They require not only residue-free
will also ask guarantees for a pesticide-poor or even pesticide-free produc
which is environmentally friendly (Zadoks, 1992).

25

Replacement of pesticides by good disease and pest management is feasible in combina
tion with fair to high levels of resistance. Integrated Pest Management (IPM) in cocoa is
being attempted occasionally. IPM in cocoa will not be easy, but IPM can be designed
when plant breeders, agronomists and crop protectionists work together to that purpose.
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In many places, the yield capacity of present cocoa material is not fully realized because
of lack of inputs, and breeding for more yield is useful but not urgent. Breeding for
resistance is the cheapest way to exploit already existing production capacity of cocoa
with the exclusion of pesticides. In view of the few cocoa breeders active in the field,
international cooperation is needed to energize producer countries.
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6.3.

40
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Pre-breeding

Pre-breeding (section 2.6.), also called germplasm enhancement, is defined here as the
activity to produce a population of genotypes which combines a high genetic diversity
(Simmonds, 1992) with some added quality, e.g. a minimum level of resistance to one or
more diseases.
Pre-breeding should increase the frequency of desirable genes in a population and
decrease the frequency of undesirable genes, at the same time maintaining a wide array of
genetic variation for other traits. Pre-breeding will be most effective in combination with
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early resistance tests.

5

10

15

Gene bank and germ plasm collections deal with the conservation of 'primary gene plasm'
(a.o. Engels & Dyce, 1994). Pre-breeding (= germ plasm enhancement) is the manipulation of primary material in order to obtain 'secondary germ plasm' ready for distribution
among breeders. These transform the material into locally adapted and productive
genotypes, the 'tertiary germ plasm'.
Gene banks operate at the primary level and are not supposed to indulge into the
secondary level. Clearly, activities at the secondary level cannot do without primary
material and information thereon. Hence, a close linkage between primary and secondary
activities is indicated. The difference in objectives and time frame between primary and
secondary activities requires financial and organizational independence of either activity.
6.4. Preliminaries to implementation
a.

20

b.
c.
d.
- ..
e.

25
f.
h.
30
i.
j.
35

k.

6.5.
40

45

Pre-breeding is an international collaborative effort in which targets are set and
progress is monitored.
Any country or institution can be supplier and customer of pre-bred material.
The supplier specifies the type and degree of diversity offered and the added
quality.
The customer specifies his interest in the type of diversity, the quality added by
pre-breeding, and the size of the population wanted.
Customers and suppliers deal in an open, market-like structure; they meet once a
year to discuss materials and methods, targets and progress.
Since pre-breeding is pre-competitive it should be completely transparant and all
data and documents produced should belong to the public domain.
Delivery of plant material by the supplier to the customer can be by seed or
budwood, respecting international quarantine regulations and additional precautions
considered* useful.
Pre-breeding is supported by a collaborative effort to identify genotypes by all
available means, be it description, illustration or molecular characterization.
Pre-breeding is funded by one or more sponsors, which may set their own condi
tions as to management of (the) project(s).
Pre-breeding is supervised by an international steering committee, which can
consult with internal or external referees, and appoint an executive committee.
Quality standards

In the international field quality standards are needed to ensure that products are reliable.
In operational terms quality can be defined as 'exactly meeting the set requirements' with
zero error. The definition refers to products and services, in the present case to the
resistance of the tested material (product) and resistance testing (service). Quality means
that a service is rendered just once and just right. Quality audits are needed to check the
maintainance and improvement of quality.

55

Zadoks - Disease resistance in cocoa 1997

5

10

Product quality standards are commercially required and sometimes imposed by law. In
international circles several quality systems exist. Good Manufacturing Practice (GMP)
and Good Laboratory Practice (GLP) are internationally accepted concepts (Anonymus,
1989; Hochman & Garner, 1992). Good Agricultural Practice is a comparable concept
being developed. The International Standard Organization (ISO) works for industry. The
ISO-9000 series of standards relates to quality care.
In the international arena institutions and persons need to rely on each others products.
This goal can be attained by setting standards explicitly, in written and internationally
accepted protocols for procedures. The hart of the matter is to agree internationally on the
objectives, procedures and reporting of resistance tests (Zadoks, 1996). The present
report provides some of the methodological tools. Results from institutions claiming to
follow the procedure should be accepted by other parties. The claims must be checked by
international quality audits.

15
It is recommended that INGENIC and/or other interested parties take the initiative to
establish a small working group to set targets for quality control and design a mechanism
for quality maintainance (audit) in cocoa reistance testing. The working group can set
standards for selecting tests and for writing up the test objective, procedure and report.
20
Resistance tests outside the cocoa producing countries, under conditions of intermediate
quarantine, are feasible and useful as soon as consensus on early tests is reached.

25

International exchange of resistant materials, through intermediate quarantine, is needed
to improve local resistance levels by recombination.
6.6.

Recommendations

1.

Interested parties identify themselves and form a working group that sets the 'rules
of the game' following the ten points on pre-breeding.

2.

The 'rules of the game' should be transparant and define the obligations and
privileges of all stake-holders, including budgetary consequences.

3.

It is recommended that the working group sets targets for quality control and
designs a mechanism for quality maintainance (audit) in cocoa resistance testing.

4.

The working group should set standards for selecting tests and formatting the
descriptions of the test objectives, procedures and reports.

30
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7.
7.1.

ANNEXES
FAO job description

This report is the result of a consultancy under a 'special service agreement'. From the
FAO job description, as proposed by INGENIC, 8 november, 1995, we quote the bullet
lines.
Wider objectives

10
*
*
15

*
*
*

20
*

Review the nature of the resistance of cocoa to main diseases (Phytophthora and
Witches' Broom, including host-pathogen relationship and durability of resistance;
Review methods for evaluation of resistance in the light of the breeders' need to
apply efficient and reliable screening tests;
Analyse the relation between early screening tests and disease incidence in the
field;
Analyse the components of resistance including escape mechanisms and their effect
on disease incidence in the field and on selection practices;
Identify gaps in the present understanding of the pathogen and of the host-pathogen
relationship which are limiting effective breeding towards disease resistance and
prioritise appropriate further research;
Discuss the possible role of international collaboration and interaction between
pathologists and breeders in the development and use of effective large scale
screening tests.

25
Specific tasks for the special service agreement
*
30
*
*

Analyse available literature on main cocoa diseases, i.e. Phytophthora pod rot and
Witches' Broom disease, with particular attention to resistance components,
resistance-tests and durability of resistance;
Describe the state of the art and the gaps in our knowledge for advancing in
effective breeding fordisease resistance;
Contact cocoa pathologists and breeders to discuss ongoing activities in the above
mentioned research areas.
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Annex 7.2.

Itinerary

28.11.95
28.11/01.12.95
01.12/02.12.95

Wageningen (NL) - Montpellier (F).
Discussions at CIRAD.
Montpellier - Wageningen.

15.12.95
16/17.12.95
18.12.95
19.12.95
20.12.95

Wageningen (NL) - London (UK).
Private.
S il wood Park.
Reading, London.
London - Wageningen.

09.01.96
10/11.01.96
11/17.01.96
17/18.01.96

Wageningen - Amsterdam
Amsterdam - Frankfurt - Accra - Tafo (CRIG)
Tafo
Tafo - Accra - Amsterdam - Wageningen

12/13/14.02.96
15.02.95
18.02.96
19.02.96
19/23.02.96
23.. 02.96
24/25.02.96

Wageningen - Amsterdam - Curacao - Trinidad
Trinidad - Barbados - Trinidad
Trinidad - Caracas - Guayaquil (Ecuador)
Guauaquil - Pichilingue
Pichilingue (INIAP-EET)
Pichilingue - Guayaquil - Narangas - Guayaquil
Guayaquil - Amsterdam - Wageningen

21/22.11.96
24/26.11.96
27/28.11.96

Wageningen - Amsterdam - Sao Paolo - Salvador
INGENIC Workshop, Salvador
Salvador - Rio - Paris - Amsterdam - Wageningen
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