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

The different pathogenic species
of the genus Phytophthora found on cocoa

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

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

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

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

Genetic diversity of P palmivora

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

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

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

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

Coconut strains: P94P30, P94P22, P93P56: Indonesia.

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

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

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

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

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

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

Genetic diversity of Phytophthora megakarya

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

Nigeria

Cameroon

Figure 4. Distribution of sampled P. megakarya strains.

The analyses: isozymes and RAPD, material and methods

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

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

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

Genetic diversity from RAPD analysis

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

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

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

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

Phytophthora capsici

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

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

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

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

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

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

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