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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 tree 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 (13utler, 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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teristics involved vegetative or reproductive organs (Rosenbaum, 1917; Butler 
1925; Ashby, 1922; Turner 1960, 1961), followed by characters linked to the 
physiology or the pathogenicity of the strains (Tucker, 1931; Gadd, 1924, 1927; 
Ashby, 1929). Substantial diversity was already found among strains; depending 
on the criteria used, the strains studied, and the degree of within-species diver
sity accorded by the author, the limits of the species were often questioned. Some 
species, such as P. arecae and P. meadii were included, then withdrawn from the 
P. palmivora group (Tucker, 1931 , Waterhouse, 1963). For its part, P. botryosa 
was created from that group (Chee, 1969). 

A key stage in the taxonomic history of P. palmivora was the cocoa Phytophthora 
workshop held in May 1976 at Rothamsted Experimental Station (UK). The 
workshop was organized following a presentation by Brasier and Sansome, at the 
International Cocoa Research Conference (Nigeria, 1975), reporting that at least 
two chromosomal types of P. palmivora existed in West Africa. During those 
meetings, the P. palmivora group was subdivided into four morphological types 
(MF1, MF2, MF3 et MF4) based on precise morphological criteria and on the size 
and number of chromosomes; as the other slrdins of P. palmivora did not cor
respond to any of these morphological types, they were considered to be 
atypical (Griffin, 1977). A new key for the identification of Phytophthora species 
was then published (Newhook et al., 1978). However, the work by Brasier and 
Griffin (1979), involving 1, 104 strains, 892 of which had been isolated in 
Nigeria, led those authors to consider morphological type MF3 (5-6 large chro
mosomes, corresponding to Turner's type 'N', 1960) as a new species: 
P. megakarya. Type MF4 too was a subject of controversy: as similarities were 
found between MF4 strains and P. capsici, Zentmyer et al. (1981), ldosu and 
Zentmyer (1978), Kaosiri (1978) and Kaosiri et al. (1978) proposed attaching these 
strains to P. capsici Leonian; Tsao and Alizadeh (1988) then redescribed 
P. capsici in order to include all P. palmivora MF4 isolates that are pathogenic on 
cocoa. 

At this stage, it should be noted that in most of the work mentioned, zygote for
mation was considered to be proof that strains exposed to each other were inter
fertile. However, Brasier (1972) described the concept of selfing in heteroallelic 
Phytophthora when the oogonia of one strain were in fact fertilized by the 
antheridia of the same strain, being influenced by the presence of a strain 
with a complementary mating type, or other factors. It is therefore essential to 
check that the progenies obtained from a cross between two strains carry the 
genetic traits of both parents, before concluding on interfertility between those 
strains, hence that they belong to the same species. Boccas (1981) thus tested 
crosses between mature species of heteroallelic Phytophthora (P. palmivora, 
P. megakarya, P. capsici, P. nicotianae var. parasitica, P. cinnamomi and P. cam
bivora). The progenies from those crosses displayed heterogeneous and recom
bined morphological, phenotypical and physiological traits, thereby suggesting 
the hypothesis of hybridization between species. However, an analysis of the 
composition between soluble proteins revealed that those progenies came in fact 
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from selfing of the parental strains. Hence, with the strains and methods used, 
there was no hybridization; it therefore seems that there are interspecificity bar
riers between these different species of Phytophthora. However, the formation 
of selfed oospores increases the chances of a species surviving under adverse 
environmental conditions. 

These analysis techniques have developed and new biochemical and molecular 
tools are now available for describing intra- and interspecific variability. Tech
niques such as immunology (Burrel et al., 1966; Savage et al., 1968; Merz et al., 
1969), electrophoresis of total proteins (Zentmyer et al., 1977; Erselius and Shaw, 
1982; Hansen and Maxwell, 1991 ), isozyme analysis (Clare and Zentmyer, 
1966; Hall et al., 1969; Blaha, 1990; Oudemans and Coffey, 1991 a, 1991 b), in 
situ DNA-DNA hybridization (Goodwin et al., 1989), DNA restriction frag
ment length polymorphism (RFLP) (Klimczack and Prell, 1984; Carter et al., 
1990; Goodwin, 1991; Forster et al., 1987), and random amplification of poly
morphic DNA (RAPD) (Nyasse et al., 1999; Sackey et al., 1994), contribute 
towards more effective discrimination of genotypes and more effective charac
terization of population structures. In fact, these different methods often give 
complementary results, enabling more effective characterization of the limits 
between species. It was in this way that an isozyme determination key was pro
posed by Ortiz-Garcia (1996), for the Phytophthora species involved in cocoa 
and coconut diseases. This key was drawn up from an isozyme analysis of 
2f0 strains of Phytophthora, 150 of which were reference strains from 
various international collections identified by morphological criteria. Of the 
26 isozyme systems studied, 21 proved to be polymorphic, and Phytophthora 
strains pathogenic on cocoa and coconut can be identified by exploiting only 
3 loci (ldh-2, Pgi, Mdh-1) (figure 1 ). This key is based on the extraction of pro
teins which, unfortunately, cannot be used to take the genome study any further, 
though new techniques based on DNA analysis do make it possible to fine-tune 
genome analysis. 

The evolution of cocoa pathogenic Phytophthora populations over time 
depending on their geographical origin, type of reproduction, and control 
methods in the field, is currently being investigated by ITS sequence polymor
phism studies (nucleotide sequences of untranscribed intergene regions of ribo
somal DNA), (Ducamp et al. , 2002; Lee et al., 1993). This ITS-RFLP technique 
was utilized in comparison to the other techniques used earlier to confirm that the 
strains described as belonging to species of P. palmivora from different host-plants 
are indeed part of the same species (figure 2). The closest species is P. megakarya, 
which, itself, is also homogeneous, whether it is isolated from cocoa or cola. The 
species P. capsici and P. citrophthora are close to the species P. citricola and P. 
colocasiae. On cocoa, it is possible to isolate P. capsici sensu stricto and a 
population we shall call P. capsici "cocoa", which seems to be particularly 
adapted to cocoa in terms of aggressiveness. Their ITS sequences differ very little 
(10 pairs on the 835 studied), but they can cross, giving hybrids (Ortiz-Garcia, 
1996). In Brazil, it is possible to isolate P. citrophthora "cocoa", which has a very 
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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 diversity 
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 7. Biochemical key for the determination of Phytophtho ra species parasitizing 
cocoa and coconut. 

ldh-2 if allele C P. katsurae Pgi if allele A P. M F4 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( P. M F4 typical 

if allele G P. parasitica if allele G Mdh-1 

if allele H P. botryosa if al lele B P. Mf4 atypical 

if allele I if others P. capsici 
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Figure 2. Classification of the different Phytophthora species from ITS sequences. 

Genetic diversity of P. palmivora 

nicotianae 

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 Cl 991 b,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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species P. palmivora and P. arecae. The 100 P. palmivora strains studied, which 
came from such varied hosts as Theobroma cacao, Cocos nucifera, Carica 
papaya, Durio zibethinus etc., and from different regions of the world (Asia, 
Africa, Latin America), proved to be relatively uniform: only 2 loci (PGI and 
IDH-1) out of 18 were polymorphic. UPGMA analysis (Sokal and Sneath, 1963) 
using Rogers' genetic distance (1972) modified by Wright (1978), gave a max
imum distance of 0.3 between strains of the P. palmivora group and the genetic 
diversity measured with Nei's index (1978) was evaluated at 0.08 within this 
group. 

The work by Mchau and Coffey (1994a,b) on 93 strains of P. palmivora and 
6 strains of P. arecae, also originating from highly varied hosts and countries, gave 
18 ETs, established from 6 polymorphic loci (PGI, HEX-2, IDH-1 , MDH-1, PEP 
and SOD), the most polymorphic loci being once again PGI and IDH-1. As pre
viously, the P. arecae strains shared the ETs most represented in P. palmivora. 
Maximum genetic diversity was found in strains isolated from coconut and 
durian in Indonesia, Malaysia and Thailand. As these plants came from Southeast 
Asia, the authors propose this region as the centre of origin of P. palmivora. 

Ortiz-Garcia (1996) worked on 631 strains of P. palmivora and P. arecae from dif
ferent parts of the world (West Africa, Latin America, Caribbean, Southeast Asia 
and the Pacific), isolated from Theobroma cacao, Cocos nucifera, and from 
soil in coconut plantings. Forty-six different ETs were obtained using 7 loci. Once 
again, the strains morphologically identified with P. arecae shared common 
ETs with P. palmivora. A cross carried out between a P. palmivora strain and a 
P. arecae strain revealed genetic recombination, thereby indicating interfertility 
between the two "species". Nei's genetic diversity index was then evaluated 
at 0.229. 

An examination of the UPGMA dendrogram established from the matrix of 
Rogers distances showed that there was nu preferential distribution of strains 
according to their geographical origin or those from which they came (figure 3). 
However, examination of a sub-set comprising 179 coconut strains and 
69 cocoa strains, all from Southeast Asia, showed that these two populations are 
genetically differentiated (they are separated by a distance of 0.202) and sug
gested the existence of parasitic specialization within this species. This parasitic 
specialization was confirmed by crossed artificial inoculations. 

Indeed, tests carried out at Balai Penelitian Kelapa, Manado, Indonesia, showed 
that strains isolated from pods more easily attacked pods (between 55 and 94% 
success rate) than coconuts (between 0 and 22%), whilst strains isolated from 
coconut attacked pods and nuts indifferently (between 11 and 94% for pods and 
between 28 and 55% for coconuts). However, in the latter case, lesions devel
oped much more quickly on nuts (lesion diameters of between 22 and 62 mm, 
8 days after inoculation) than on pods (between 1 and 15 mm) (unpublished 
results). These results tally with those obtained by Steer and Coates-Beckford 
(1990) and by Warokka and Maskar (1991 ). 
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Figure 3. Genetic diversity of P. palmivora. 
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P. palmivora: Cocoa tree strains: P881: Jamaica (A 1 ), TRI 1: Trinidad (A2), P4C7: Cuba (A2), LKM 45: Malaysia (A2), 
LKM 54: Malaysia (A2), CIV 991: Ivory Coast (A2), NS 607: Cameroon (A2), P93P30: Indonesia-South Sumatra (A2), 
P92P01: Indonesia-North 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: Pl 055: rubber, Thailand (A 1 ), P6325: durian, Malaysia (A 1 ), P34386: bamboo, USA (A 1 ), Pl 788: papaw, 
Hawaii (A 1 ), Pl 819: vanilla, Polynesia. 

P. megakarya : NS309: cocoa, Cameroon (A 1 ). 

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 Nyasse (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 Tome, Nigeria, Togo and Ghana, and appeared in Ivory 
Coast in 2000. This species often exists alongside P. palmivora (Brasier and Griffin, 
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 (Nyasse, 1992), though P. palmivora was mentioned in that country at the 
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end of the 1970s (Bakala, 1981) and mixes with P. palmivora exist in some plots. 
In West Africa, P. megakarya is spreading westwards and it has been reported in 
Togo (Djiekpor et al., 1982), followed by Ghana (Dakwa, 1988; Luterbacher and 
Akrofi, 1994), and consequently more recently in Ivory Coast (Kebe, pers. comm.). 

Phytophthora megakarya is the pod rot pathogen that causes most damage on the 
species Theobroma cacao L. Losses have reached 80% in Cameroon (Despreaux et 
al., 1988; Berry and Cilas, 1994) and Gabon (Anon., 1990), and 100% losses 
were reported in Ghana (Dakwa, 1988). In Togo, 80% of cocoa plantations have 
been infected by this species (Djiekpor et al., 1982). In comparison, the incidence 
of pod rot due to P. palmivora is more limited, with losses of around 20-30%. For 
optimum control of P. megakarya, it is necessary to acquire a clearer understanding 
of the pathogen's epidemiology, reproduction and diversity. The last aspect takes on 
particular importance for characterizing host-pathogen interactions, and therefore for 
developing efficient breeding strategies for resistance to this disease. 

It proved important to study isolates of the species P. megakarya from the African 
countries in which it has been reported, using several types of markers (biochemical 
and molecular). From the results of earlier work, it is in fact possible to choose the 
tools required to study P. megakarya diversity. lsozymes appear to be a powerful tool. 
for describing the intraspecific and interspecific diversity of cocoa Phytophthora 
(Blaha, 1990; Nyasse, 1992; Blaha, 1994). An isozyme analysis of 15 P. megakarya 
isolates from Nigeria and Cameroon with 16 enzyme systems enabled a clear sep
aration of the isolates from the two countries (Oudemans and Coffey, 1991 a). The 
intraspecific diversity of P. megakarya was characterized from mitochondrial DNA 
on a sample of 12 isolates (Forster et al., 1990); this study enabled effective differ
entiation between the isolates from Cameroon and those from Nigeria. The genetic 
diversity of 161 isolates from various African countries (Cameroon, Gabon, Sao 
Tome, Nigeria, Togo and Ghana) was studied using 13 isozyme systems and 9 RAPD 
primers, after determining the compatibility of their mating types. The degree of cor
relation between the two types of markers was determined by the Mantel test. 
Although RAPD are not the most appropriate markers for genetic studies of popu
lations on diploid individuals, these molecular markers do provide a rapid overall 
picture of population structure. We therefore used them as a quick way of screening 
a large number of genotypes on numerous loci. 

The P. megakarya isolates studied 

One hundred and sixty-one isolates were collected from naturally infected 
pods in Cameroon (72), Gabon (11 ), Ghana (10), Nigeria (50), Sao Tome (14) and 
Togo (4) between 1982 and 1995 (table 1 ). The distribution of the sampling zones 
is indicated in figure 4. In Cameroon, samples were taken from all the production 
zones. In Nigeria, samples were taken on six different agricultural stations, with 
the help of O.A. Olunoyo, K. Badaru and E.B. Esan from the Cocoa Research 
Institute of Nigeria. The isolates from Ghana and Togo were collected from 

53 



Vl Table 1. Regions sampled for Phytophthora megakarya in West and Central Africa, number of isolate~ collected, year of collect, mating types 3 ..i::.. 
detected and isozymes and RAPD genotypes identified. "'O 

a 
< 

Location Nb1 Year 2 Mating lsozyme RAPD 
ro 
3 

type3 genotype3 genotype3 
ro 
;a 

Cameroon (72, 19, 28)4 2-
(') 

Fako (FK) 7 1995 Al 133(3;, 135(2), 1136(2) R7, R8(3), R28(2), R29 0 
(') 

Haut Nyong (HN) 5 1995 Al 131(5:· R17(4), R18 0 
Q.> 

Haute Sanaga (HS) 6 1995 Al 131(6} R17(6) -iil 
Manyu (MA) 5 1995 Al 131(4:·, 134 Rl , R31, R33, R34QI ro 

iil Mbam (MB) 15 1994 & 1995 Al 11, 14, 19, 110, 114 Rll, R12, R13, R14(3), R15, R17(4) <J> 

131 (5 }, 132(4), 133 Rl 8, R20, R27, R39 ~· 
::J 

Mefou (MEF) 5 1990 & 1994 Al 11(5) Rl 7(5) (') 
ro 

Meme(MM) 9 1994 & 1995 Al 13, 17, 131(3), 13 7(4) R28(4), R30, R31, R32, R33(2) 8' 
Mfoundi (MF) 4 1989 & 1994 A1(3), A2 11(3),12 Rl 7(2), R21, R26 -0 

::J-
Nde (NOE) 1 1994 Al 17 R22 '"< 

Ndian (ND) 3 1995 Al 137(3• R28(3) .g 
::J-

Ntem (NT) 1 1994 Al 18 R24 g. 
Nyong et Kelle (NK) 1 1994 Al 11 R19 0 ;;; 
Nyong et Mfoumou (NM· 6 1995 Al 131 (6:· Rl 7(5), R18 0... 

Nyong et So'o (NS) 1 1994 Al 11 R17 
v;· 
ro 
Q.> 

Ocean (OC) 2 1990 & 1994 Al 15, 111 R25, R44 <J> ro 
Unknown (isolate 184) 1 A2 115 R16 

<J> 

Gabon (11, 5, 6)4 

Koulamoutou (KO) 2 1982 Al 112, 120 R40, R41 
Makokou-Est (MA) 3 1982 Al 112(3• R41, R42, R43 
Oyem-CM (OYC) 1 1982 Al 117 R43 
Oyem-Est (OYE) 5 1982 Al 112(2i, 118, 119(2) R12, R24, R41(3) 



(Contd.) 

Location Nb1 Year2 Mating lsozyme RAPD 
type3 genotype3 genotype3 

Sao Tome (14, 4, 4)4 

Clara Dias (CL) 1 1994 Al 121 R35 
Pedroma (PE) 3 1994 & 1995 Al 121(2),130 R36(3) 
Poto (PO) 7 1994 & 1995 Al 17, 19, 121(2), 130(3) R35(2), R36(4), R38 
Queluz (QUJ 3 1995 Al 130(3) R35, R37(2) 

Nigeria (50, 9, 8)4 
lbeku (IBE) 9 1995 Al 122(9) R1(9) 
lbule (IBU) 6 1995 Al, A2(5) 124, 125, 126, 127(3) R4(5), R5 
ldi-Ayunre (ID) 15 1995 Al 122(13), 128(2) Rl(lO), R2, R3(2), Rl0(2) [) 
lkom(IK) 6 1995 Al 122(6) R1(6) ro 

::l 
Owena(OW) 3 1995 Al 122, 128, 129 Rl, R6, R9 ~ 

Uhonmora (UH) 10 1995 Al 122(9), 123 Rl(lO) 
;:;· 
0. 

Unknown (isolate Pl 663) 1 Al 113 Rl < 
~ 

Ghana (10, 2, 2)4 
.,, 
~· 

Ashanti (AS) 1 1994 Al 113 R4 !2., 
Brong Ahafo (BR) 5 1993 Al 113(5) R1(5) ..... 

0 
Volta (VO) 2 1994 Al 116(2) Rl(2) ..... 

0 
Western (WE) 2 1994 Al 113(2) R1(2) OJ -

Togo (4, 1, 2)4 
ii1 ro 

Kloto (KL) 2 1988 & 1991 Al 113(2) R1(2) ~ 
'< 

Litime (LI) 2 1991 Al 113(2) Rl, R2 .g 
:;,-
g. 
0 

1. Number of isolates collected. iii 
2. Isolate collection year(s). -0 

OJ 
3. A number in brackets corresponds to the number of isolates for a given genotype when there is more than one. For mating type, this is valid only when type A2 is present. g. 
4. (x, y, z); x =Total number of isolates from the country; y =Number of isozyme genotypes; z = Number of RAPD genotypes. 0 

00 
Vl ro 
Vl ::l .,, 
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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 (lnstitut Togolais de la 
Recherche Agronomique) respectively. From Cameroon, two reference strains 
with known mating types were studied: strain 309, of mating type A 1, 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 (Co/a nitida). The mating types were determined by exposing each strain to 
strains 309 and 184, characterized as being type A 1 and A2 respectively, on 
carrot-based culture medium (Ribeiro, 1978). The existence of oospores was 
noted between the 1 Sth and 30th days after inoculation. 

Ivory 
Coast 

200 km 
1-----1 

Nigeria 

Sao Tome 

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 (Nyasse 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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for several of them. For RAPD, we considered that each band represented a locus. 
Each polymorphic band was given a score of 1 for presence and 0 for absence. 
Similarity indexes were calculated between all the possible pairs of isolates by 
simple matching. The calculations were carried out with Numerical Taxonomy 
System (NTSYS) software (Rohlf, 1993) The correspondence between the simi
larity matrix of the isozymes and that for RAPD was examined by the Mantel test 
(1967). Significance levels were determined from 500 permutations. The distances 
between genotypes were summarized using two statistical techniques. Firstly, fac
torial correspondence analyses (FCA) were carried out with Addad software 
(Escofier and Pages, 1988). Secondly, classifications were performed with NTSYS, 
using the simple matching index and the unweighted pair-group method using 
arithmetic averages (UPGMA). The reliability limits of the nodes produced by the 
dendrograms were evaluated using the robust bootstrap technique with Winboot 
software (Yap and Nelson, 1996). A measurement of genetic diversity in each 
region was given by: 

G=l I I. P;2 

where P; is the frequency of genotype i in the region considered (Stoddart and 
Taylor, 1988). For a given region, G is equal to 1 when al I the isolates have the 
same genotype and is equal to 1 /N when all the isolates are represented by 
a single genotype. The maximum possible diversity percentage (G/N) is used 
to compare regions with different sample sizes (McDonald et al., 1994; Drenth 
et al., 1996). 

Genetic diversity from isozyme analysis 

Thirteen enzyme systems were studied on 161 strains. Ten of them gave between 
two and four different configurations (ICD: 2, MDHl: 3, MDH2: 4, G6PDH: 3, 
MPI: 2, HK: 3, FUM: 3, ADA: 2, PEP(L-T): 3, PEP(G-L):3) and three were 
monomorphic (figure 5). These analyses therefore gave a total of 28 polymorphic 
descriptors, enabling the isolates to be classed into 36 different phenotypes. The 
number of isolates with the same phenotype varied from 1 to 38. Three pheno
types, 122, 131 and 113, were very frequent, since they alone accounted for 
around 50% of the isolates. Only 18 isolates had unique phenotypes. Nineteen 
different phenotypes were detected in Cameroon, five in Gabon, four in Sao 
Tome, nine in Nigeria, two in Ghana and one in Togo. There were two pheno
types common to Sao Tome and Cameroon and one to Nigeria, Ghana and Togo. 
The factorial correspondence analysis identified groups (figure 6). 

- Two main groups stood out along the first axis, explaining 29% of total vari
ability. This first group comprised phenotypes corresponding to the West African 
isolates (Togo, Ghana, Nigeria) and the second group comprised the isolates from 
Central Africa (Sao Tome, Gabon, Cameroon). One isolate, 134, had an inter
mediate phenotype between the two previous groups. This isolate had 
an enzyme configuration typical of Central Africa for three isozymes, PEP(L-T)-1, 
PEP(G-L)-1 and MDH2-2, but it was the only Central African isolate displaying 
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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 isolates 
collected at lbule in Nigeria, the other comprised genotypes scattered throughout 
West Africa. 

Migration led Mdhl Mdh2 G6pclh Pgi Pgm Pgd Mpi Fum Ada Hk Pep (l-1) Pep(g-1) 
distance 

~ 
8 

7 

- -6 - - - - - -
5 - - - - -- - =·· - - -
4 - - - - - - - ---- - - - - - ---3 -- - - -- - - - --2 - - - - -
1 - -
0 

2 1 2 1 3 4 3 2 1 3 1 2 1 I 1 1 2 1 2 3 2 I 1 2 3 2 3 I 2 1 3 

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 Tome, 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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Axis 1 of the factorial correspondence analysis, which explained 29% of total 
variability, separated the set of isolates into two groups. The first group was het
erogeneous and contained 34 genotypes corresponding to the isolates collected 
in Central Africa (Sao Tome, Gabon, Cameroon). The second group comprised 
eight genotypes corresponding to all the isol<1tes collected in West Africa (Togo, 
Ghana, Nigeria), containing an isolate of genotype Rl, sampled in the Manyu 
region of western Cameroon. This group also contained two genotypes, R7 and 
R8, corresponding to the isolates collected at Fako in Cameroon, near the 
Nigerian border. These two genotypes were closely linked to the West African 
genotypes, but had some specificities. In particular, they displayed four specific 
bands of the Central African genotypes, which were absent from the eight West 
African genotypes. A few genotypes of the first group were divided into sub
groups along axes 2, 3 and 4. 

Axis 2 explained 14% of the variability. It made it possible to distinguish an ini
tial sub-group containing four genotypes from Gabon (R40, R4 l, R42, R43) 
and one from Ocean in southern Cameroon (R44). 

Axis 3 explained 12% of the variability and made it possible to distinguish a 
second sub-group containing four genotypes from Sao Tome (R35, R36, R37, 
R38). 

Axis 4 explained 11 % of the variability and brought out a third sub-group 
containing four genotypes from Mbam (Rl 1, R12, R13, R14), a sampling zone 
located in Central Cameroon. 

The UPGMA analysis indicated two main groups corresponding to those distin
guished by axis 1 of the FCA (figure 7). The bootstrap values associated with the 
nodes of the West African and Central African isolates were 76% and 46% 
respectively. The Central African group was therefore more heterogeneous, and 
sub-groups revealed by axes 2, 3 and 4 corresponded to the genotypes from' 
Gduun dnd southern Cameroon, and also to those from Sao Tome and Mbam. 

Correspondence between the isozyme 
and RAPD analyses 

The correspondence between the similarity matrices obtained for isozymes 
and RAPD on all the isolates was estimated by the Mantel test. The normal 
Mantel statistic Z was r = 0.82 with p = 0.004 (calculated from more than 
500 permutations), indicating good general agreement between the two 
datasets. The correspondence between the isozyme and RAPD analyses is 
shown in diagram 5. The total numher of genotypes determined simultaneously 
on the isozymes and RAPD amounted to 63, of which 47 corresponded to the 
central African isolates and 16 to the West African isolates. Nevertheless, 
four genotypes did not respect this geographical classification . It involved 
five isolates collected at Manyu and Fako in western Cameroon, near the 
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Nigerian border. In fact, they had intermediate configurations between the two 
previously mentioned groups. These isolates (NS259, NS269, NS270, NS267 
and NS268) had intermediate characteristics for the isozymes and the RAPD. 

For the isolates from Sao Tome, the structuring found with RAPD analysis was 
different from that found with isozyme analysis; this situation revealed a 
problem with isozyme analysis power, as they were less numerous. In fact, with 
isozymes, the isolates from Sao Tome were identical or closely linked to 
those from Cameroon, while with RAPD these isolates were clearly differenti
ated from all the others. In addition, the isolates from Gabon were separated 
into two groups based on both types of markers (figure 7). The first group con
tained two isolates from Oyem in eastern Gabon, while the second contained 
all the other isolates collected in Gabon. However, these two groups remained 
closely linked to the isolates from southern Cameroon: Ocean and Ntem. 

Geographical distribution of genotypic diversity 

Calculation of the genetic diversity indexes G and G/N, based simultaneously on 
isozymes and RAPD, showed that genetic variability was lower in West Africa 
than in Central Africa (table 2). In West Africa, variability distribution was het
erogeneous; it was very low in Ghana, Togo, at ldi-Ayunre (western Nigeria) and 
at lkom, lbeku and Uhonmora (eastern Nigeria). Two isozymes associated with 
genotype RAPD R1 were strongly dominant in these two regions (113, R1) and 
(122, R1 ). At lbule and Owena, in central eastern Nigeria, genetic variability 
appeared to be much greater, though few isolates were sampled. In Central 
Africa, diversity was high in the three countries studied: Cameroon, Sao Tome 
and Gabon (table 2). In Cameroon, where the largest number of isolates was col
lected, variability depended on the region considered. Three geographical 
groups were formed: region 1 corresponding to the western mountainous region, 
region 2 to the east of the Bamileke plateau and region 3 to the east of the River 
Sanaga. Genetic diversity was much greater in regions 1 and 2 than that estimated 
in region 3. In region 3, two genotypes were very frequent: (131, R17) and 
(11, R17). Greater variability could be detected by studying the 23 places in which 
several isolates were collected from the same plot. In four of those places, two dif
ferent genotypes were detected with isozymes (two cases in West Africa and two 
cases in Cameroon) and in 11 places, from two to three different genotypes were 
detected with RAPD (two cases in West Africa and nine cases in Cameroon)_ 

Distribution of mating types 

Of the 159 isolates for which the mating type was determined, 153 were type 
A 1 and 6 were type A2: one in Mfoundi in Cameroon and five at lbule in 
Nigeria (table 1 ). This confirms the results previously obtained by Maddison 
and Griffin (1981 ), indicating the predominance of mating type A 1 in 
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Table 2. Genotypic diversity G and percentage of maximum possible diversity G/N of 
geographical samples of P. megakarya observed at different scales. Computation of G is 
based on the multi locus isozyme and RAPD genotypes. 

Location No. of isolates G (GIN)% 

Central Africa 97 15.0 16 
Cameroon 72 10.0 14 

Region 1 * 24 7.4 31 
Region 2* 16 9.2 57 
Region 3* 28 2.6 9 

Gabon 11 5.3 48 
Sao Tome 14 6.1 44 

West Africa 64 3.0 5 
Nigeria 50 2.0 4 

lbeku 9 1.0 11 
lbule 6 3.0 50 
ldi-Ayunre 15 1.3 9 
lkom 6 1.0 17 
Owen a 3 3.0 100 
Uhonmora 10 1.2 12 

Togo 4 1.6 40 
Ghana 10 1.9 18 

•see text. 

P. megakarya . This observation argues in favour of a primarily asexual type of 
reproduction in this species. In Central Africa, mating type A2 of the Mfoundi 
isolate corresponded to genotype (12, R26), which was not linked to any 
genotype of mating type 1, be it with isozymes or RAPD (figures 6 and 7). This 
was also true for the reference strain (184), which was used to identify the 
mating types and which was of genotype (115, Rl 6). In West Africa, lbule was 
the only place where mating type A2 was detected. At that sampling site, five 
out of six isolates had that type, which was therefore dominant. The five A2 
isolates had the same RAPD genotype (R4), but different isozymes (124, 125, . 
126 and 127). Of them, only two isozymes were polymorphic, ICD and MPI, 
with two band configurations for each of them . The four genotypes therefore 
corresponded to the two possible pairs of combinations. The isolate of mating 
type A 1 was of genotype (12 7, R5), it differed from genotype R4 through the 
existence/absence of two bands. These indexes indicated that sexual repro
duction seems possible in the lbule region. 

Discussion 

The intraspecific genetic variation of P. megakarya was studied with isozymes 
and RAPD, using 161 isolates collected from six African countries. This study 
led to the identification of two strongly differentiated genetic groups. These 
two groups were divided either side of a line roughly corresponding to the 
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border between Cameroon and Nigeria, with one group corresponding to 
isolates from West Africa and the other to isolates from Central Africa. This 
geographical structuring tallied with the results obtained by Oudemans and by 
Coffey (1991 a) with isozymes, and those obtained by Forster et al. (1990) with 
mitochondriJI DNA collected from isolate sJmples from Cameroon and 
Nigeria. 

Five isolates collected near the contact zone displayed bands specific to 
each of the two groups for different isozyme of RAPD markers. This indicated 
possible exchanges between these two groups, through sexual reproduction or 
through heterokaryosis. This study also confirmed the overall dominance of 
mating type A 1, already observed by Maddison and Griffin (1981), in the two 
genetic groups. The substantial disparity in frequency between the two mating 
types argued in favour of predominantly asexual reproduction. This was cor
roborated by the high frequency of a few genotypes in extensive geographical 
zones in both West Africa and Cameroon. Nevertheless, the other modes of 
reproduction cannot be ruled out locally: 

- the existence of the two mating types at lbule in Nigeria, and the enzymatic 
polymorphism revealed by isozymes indicate that sexual reproduction is possible 
in that zone, 

- the intermediate genotypes, originating from the border between Cameroon and 
Nigeria, might be the result of hybridizations or of heterokaryosis, 

- in the Volta region of eastern Ghana, selfing could have occurred. The two 
isolates collected in that region had the genotype 116. It only differs from 113, 
the only other genotype found in Togo and Ghana, through a single allozyme, 
ICD, which has simple genetic determinism with one locus and two alleles. 
116 is homozygous (configuration ICD-1) and might result from selfing of 113, 
which is heterozygous (configuration ICD-2). 

The overall genetic diversity found in West Africa (Nigeria, Togo, Ghana) is 
low. Few genotypes have been detected in Ghana and Togo, either with 
isozymes or RAPD. Moreover, all the genotypes from those two countries 
also existed in Nigeria, apart from one (116). P. megakarya seems to be 
spreading westwards on the continent. The species was reported for the first 
time in 1982 in Togo (Djiekpor et al., 1982) then in 1985 in Ghana (Dakwa, 
1988; Luterbacher and Akrofi, 1994). It is likely that this extension is primarily 
due to vegetative propagation of a small number of individuals. P. megakarya 
was recently detected in Ivory Coast, a serious threat for that country, the 
world's leading cocoa producer. 

In Central Africa, overall genetic diversity is greater than in West Africa. No clear 
structuring was revealed with isozymes, and the genotypes from Sao Tome and 
Gabon appeared to be very similar to those from Cameroon. With RAPD, geo
graphical structuring of the isolates clearly appeared. The difference in structuring 
found between isozymes and RAPD, might be due to a difference in the number 
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of loci explored (around 10 with isozymes and 33 with RAPD) or to a difference 
in the evolution rates of the sequences targeted by these two methods. 

The division of P. megakarya into two highly differentiated groups, corresponding 
to two geographical zones, can be explained by the so-called refuge zone 
theory. Although its most important host from an economic viewpoint, Theo
broma cacao, comes from Latin America, P. megakarya is probably endemic in 
Africa. In fact, T. cacao is a Sterculiaceae and, notably in this study, it was shown 
that P. megakarya can also be isolated from fruits of other Sterculiaceae, such as 
Cola nitida, which comes from West Africa. Consequently, as there are numerous 
wild Sterculiaceae in African tropical forests, the transfer of P. megakarya from an 
indigenous species to cocoa seems to be a reasonable hypothesis. 

In addition, during the Quaternary Period, glacial cycles induced an arid climate 
in the tropical zones, reducing the dense African forest to a series of refuges, in 
places where rainfall had remained high (Maley, 1996). This led to fragmentation 
in the distribution of indigenous species and their pathogens, involving isolation 
and differentiation of populations. Once milder conditions returned, the forest 
species spread out from their refuge zones. In the zone covered by this study, two 
main biogeographical domains resulting from these climate events can be dis
tinguished based on the distribution of plant species (White, 1979; Berthaud, 
1984) and animal species (Moreau, 1966). The boundary between these two 
domains is in eastern Nigeria, near the Cameroon border, and corresponds 
approximately to the geographical separation between the two P. megakarya 
groups detected in this study. The convergence seen in the structuring of diver
sity between different plant, animal and fungus taxons in Africa is a fresh argu
ment in favour of ancient development of P. megakarya in this region. 

Genetic diversity of the pathogen 
and host-pathogen interactions 

Work on the genetic diversity of Phytophthora indicates that the species 
P. megakarya is currently the predominant species in Cameroon and Nigeria, 
since very few P. palmivora isolates have been detected in those countries. 
This suggests that the species P. megakarya could also become the predominant 
species in the other African countries, where it currently exists alongside 
P. palmivora (Togo, Ghana, Gabon, Sao Tome and Ivory Coast). With the dis
semination of P. megakarya, it can be feared that there will be an increase in rot 
damage in those countries, as currently seen in Ghana. It is also to be feared that 
this species will invade Ivory Coast, the world's leading cocoa producer, from the 
east of the country where the first P. megakarya have been reported. 

Two distinct geographical groups have been identified, between which there has 
apparently been very little mixing, indicating limited isolate mobility between the 
two geographical regions. This is undoubtedly due to the geographical barrier of 
eastern Nigeria, to which can be added the natural division atthe river Sanaga in 
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Cameroon. The latter barrier might explain the difference between the isolates 
from Bafia and those from sites located south of the river Sanaga. 

Although P. megakarya multiplication seems to be primarily asexual, there 
are indications that other mechanisms involving recombination (sexual repro
duction or mitotic recombination) are possible locally at lbule in Nigeria and in 
western Cameroon. Genetic recombinations are potentially a threat, since they 
are a source of variability, notably for strain pathogenicity. This has been 
shown in P. infestans (Drenth et al., 1994). This could also be the case for 
P. megakarya, as strain NS269, the most aggressive in the study, is genetically 
an intermediate strain between the two populations that might be derived from 
a recombination. 

Use of the leaf test to measure the intraspecific aggressiveness of the pathogen 
should be considered, as results on leaves can be positively correlated with the 
level of attacks seen in the field. Pathogenicity tests carried out on leaves with a 
sample of 11 P. megakarya strains revealed a large variation in the degree of 
aggressiveness, but there did not seem to be any link between genetic diversity 
and the aggressiveness of the strains. This tallied with attack levels, which can 
also be high in all the countries affected by the disease. 
Host-parasite interaction studies suggest that the relations between P. megakarya 
strains and cocoa clones are only slightly specific or not at all. This might be 
explained by the fact that contact between the parasite and its host is recent. The 
cocoa tree was introduced into Africa in 1857 and it was not until 1979 that P. 
megakarya was identified with certainty on cocoa (Brasier and Griffin, 1979). 
Another reason might be the fact that P. megakarya is a parasite that attacks sev
eral host plants. Often with polyphagous parasites, pathosystem specificity is less 
marked. Further work is required to acquire a clearer understanding of possible 
interactions between cocoa trees and strains of Phytophthora spp. 

Conclusion and prospects 

Studies on the genetic diversity of P. megakarya are continuing. Some of this work 
is being conducted in the CIRAD plant pathology laboratory in Montpellier, 
notably with a view to monitoring the evolution of pathogenic populations. 
The most recent results confirm those presented in this book. New strains have 
been studied and the most recent classification is proposed in figure 5. 
The different results obtained by Nyasse (1997) have been confirmed dnJ, in pdr
ticular, the methodology has been fine-tuned: 

- As regards the West African population, genotypes R1, R2 and R3 obtained by 
Nyasse can be grouped into a single genotype R1. Strain NS259 from the 
Cameroon-Nigeria border is therefore identical to those existing in Nigeria. 
Strain NS328 representing the five strains collected in 1999 in that border zone, 
is included in the West African strains. We shall call it R2. In that zone, it 
seems that the only genotypes that can be characterized are of the West African 
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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 al I of the Central African type for RAPD. Genotypes R 13, R 14 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 Tome 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, I for ldh-2 and F for Sod-2) (Oudemans and Coffey, 1991 a; Oudemans et 
al., 1994; Mchau and Coffey, 1995; Ortiz-Garcia, 1996), the analysis involving 
eight loci (Pgi, Mdh-1, Mdh-2, ldh-2, Sod-2, Me, Pgm and G6pdh) 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 (19946) 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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The structuring of the isozyme group P. capsici typical group A was studied on 
seven geographical populations: P. capsici from market garden plants, 26 strains 
(Mediterranean countries and North America, including the southern USA and 
northern Mexico), and from pepper, 5 strains (Southeast Asia), P. capsici typical 
group A from cocoa, 42 strains (northern Amazonia, eastern Brazil, southern 
Mexico). 

The allele frequencies showed that the typical group A P. capsici population from 
eastern Brazil could be distinguished from all the other populations through the 
predominance of alleles A for Pgi and H for Me. However, the P. capsici popu
lations from the Mediterranean countries, North America and Southeast Asia had 
in common a homozygous GG pattern, and allele G was not found with the typ
ical group A P. capsici populations. The allele differentiation test and the Rogers 
distances consequently led to a division into three genetic groups defined by: 

- a link between P. capsici strains from the Mediterranean countries and North 
America, though stronger than with P. capsici strains from Southeast Asia, 

- individualization of typical group A P. capsici strains from cocoa in eastern 
Brazil, 

- grouping of typical group A P. capsici strains from cocoa in northern Amazonia 
and southern Mexico. 
The within-population genetic parameters applied to three P. capsici populations 
from eastern Brazil (Bahia), typical group A (10 strains), typical group B 
(14 strains) and atypical (16 strains), showed that the typical group B P. capsici 
population had the highest percentage of polymorphic loci and greater genetic 
and genotypic diversity. These last two parameters differed little from those of the 
atypical P. capsici population. The allele differentiation test between populations, 
which was highly significant for five out of six loci in each pair of populations 
(allele A for Pgi only being present with the typical group A P. capsici population), 
the Rogers distances and the coefficient of genetic divergence (both high), 
confirmed that the three populations are distinct. 

The structuring studied on 173 typical group A P. capsici strains from southern 
Mexico, originating from four geographical sites, coastal Tabasco (17 strains), 
central Tabasco (93 strains), western Tabasco (23 strains) and northern Chi
apas/southern Tabasco (40 strains), revealed very low genetic diversities (under 
10% on 8 loci within each of the populations). 

The third certainty, given by the study of between and within-population 
structuring, on both a world and Latin American level, is the diversification of 
P. capsici strains into three large groups: 

- P. capsici from temperate regions (strains from market garden crops) or tropical 
zones, Southeast Asia (strains from pepper), Trinidad, Costa Rica (strains from 
cocoa) and typical group A P. capsici from northern Amazonia and southern 
Mexico (strains from cocoa), 

- typical group A P. capsici from eastern Brazil (strains from cocoa), 

- typical group B P. capsici and atypical P. capsici (strains from cocoa). 
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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 IP. arecae (Oudemans and Coffey, 
1991 b, 1991 c; Blaha et al., 1994; Mchau and Coffey, 1994a) and P. megakarya 
(Nyasse, 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. 

References 

ALIZADEH A., 1983. Comparative morphology and reproductive physiology of Phytophthora 
capsici and P. palmivora MF4 from black pepper and other hosts. Ph.D., Un iv. Riverside, 
California, USA, 249 p. 

ANON ., 1990. Quarterly Bulletin of Cocoa Statistics. London, International Cocoa Orga
nization 17 (1 ): 6 p. 

APPIAH A.A., FLOOD J., ARCHER S.A., BRIDGE P.O., 2002 . Search for host resistance to 
Phytophthora pod rot disease of cocoa, the problem of pathogen variability. /n: 13th lnt. 
Cocoa Res. Conf, Kota Kinabalu, Malaysia, 9-14 October 2000, vol. 1, p. 465-472 . 

ASHBY S.F., 1922. Oospore in cultures of Phytophthora faberi. Kew Bulletin 1922: 257-262. 

ASHBY S.F., 1929. Strains and taxonomy of Ph ytophthora palmivora Butler (P. faberi 
Maubl.) . Trans. Br. Mycol. Soc. 14: 18-38. 

69 



Improvement of cocoa tree resistance to Phytophthora diseases 

BAKALA J., 1981. Repartition des types morphologiques de Phytophthora palmivora Butl. 
(Butl.) au Cameroun. In: Vllth International Cocoa Research Conference, Douala, 
Cameroun, p. 297-301. 

BERRY D.,CILAS C., 1994. Etude genetique de la reaction a la pourriture brune des cabosses 
chez des cacaoyers (Theobroma cacao L.) issus d'un plan de croisement diallele. 
Agronomie 14: 599-609. 

BERTHAUD J., 1984. Les ressources genetiques pour !'amelioration des cafeiers africains 
diplo'ides. PhD thesis, universite de Paris-Sud, France, 364 p. 

BLAHA G., 1990. Profils izoenzymatiques et RFLP pour !'identification des Phytophthora 
du cacaoyer. Bulletin OEPP/EPPO 20: 59-65. 

BLAHA G., 1994. Structure genetique de Phytophthora megakarya et de Phytophthora 
palmivora, agents de la pourriture brune des cabosses du cacaoyer. In: Xlth Interna
tional Cocoa Research Conference, Yamoussoukro, Ivory Coast, p. 3-13. 

BLAHA G., 1995. Donnees sur la diversite physiologique des populations de Phytophthora 
megakarya et de P. palmivora responsables de la pourriture brune des cabosses du 
cacaoyer (Theobroma cacao L.). 1-'hLJ thesis, ENSAT, lnstitut National Polytechnique, 
Toulouse, France, 186 p. 

BLAHA G., HALL G., WOROKKA J.S., CONCIBIDO E., ORTIZ-GARCIA C., 1994. Phytophthora iso
lates from coconut plantations in Indonesia and Ivory Coast: characterization and iden
tification by morphology and isozyme analysis. Mycological Research 98 (12): 1379-1389. 

Boc:CAs B.R., 1981. lnterspecific crosses between closely related heterothallic Phytophthora 
species. Phytopathology 71 (1 ): 60-65. 

BRASIER C.M., 1972. Observations on the sexual mechanism in Phytophthora palmivora 
and related species. Trans. Br. Mycol. Soc. 58: 23 7-251. 

BRASIER C.M., GRIFFIN M.J., 1979. Taxonomy of Phytophthora palmivora on cocoa. Trans. 
Br. Mycol. Soc. 72: 111-43. 

BRASIER C. M., SANSOME E., 1977. Distribution of the large and small chromosome type 
of Phytophthora palmivora, and their compatibility types, on cocoa in West Africa. In: 5th 
lnt. Cocoa Res. Conf., lbadan, Nigeria, 1-9 September 1975, p. 362-365. 

BURREL R.G., CLAYTON c.w., GALLEGLY M.E., LILLY V.G., 1966. Factors influencing the anti
genicity of the mycelium of three species of Phytophthora. Phytopathology 56: 422-426. 

BUTLER E.J., 1910. The bud rot of palms in India. Mem. Dep. Agric. India Bot. Ser.3: 221-280. 

BUTLER E.)., 1919. Report of the Imperial Mycologist, 1918-1919. Sci. Rep. Res. Inst. Pusa, 
82 p. 

BUTLER E.J., 1925. Bud rot of coconut and other palms. Rep. Imp. Bot. Conf. London: 145-147. 

CARTER D.A., ARCHERS.A., BUCK K.W., SHAWD D.S., SHATIOCK R.C., 1990. Restriction frag
ment length polymorphism of mitochondrial DNA of Phytophthora infestans. Mycological 
Research 94 (8): 1123-1128. 

CHEE K.H., 1969. Variability of Phytophthora species from Hevea brasiliensis. Trans. Br. 
Mycol. Soc. 52: 425-436. 

70 



Genetic diversity of cocoa tree Phytophthora pathogens 

CLARE B.G., ZENTMYER G.A., 1966. Starch gel electrophoresis of proteins from species of 
Phytophthora. Phytopathology 56: 1334-1335. 

DAKWA J.T., 1988. A serious outbreak of black pod disease in a marginal area of Ghana. 
In : Xth International Cocoa Research Conference, Santo Domingo, Dominican Republic, 
p. 447-4.')2. 

DESPREAUX D., CAMBRONY D ., CLEMENT D., NYASSE s., PARTIOT M ., 1988. Etude de la pour
riture brune des cabosses du cacaoyer au Cameroun : definition de nouvelles methodes 
de lutte. In: Xth International Cocoa Research Conference, Santo Domingo, Dominican 
Republic, p. 407-412. 

DJIEKPOR E.K., PARTIOT M., LUCAS P., 1982. La pourriture brune des cabosses du cacaoyer 
due a Phytophthora sp. au Togo : determination des especes responsables. Cafe Cacao The 
26 (2): 97-108. 

DRENTH A., TAO l.C.R., GovERS F., 1994. DNA fingerprinting uncovers a nex sexually repro
ducing population of Phytophthora infestans in the Netherlands. Eur. J. Plant Pathol. 2: 97-107. 

DRENTH A., WHISSON S.C., MACLEAN D .J., IRWIN J.A.G., OBST N .R., RYLEY M.J., 1996. The 
evolution of races of Phytophthora sojae in Australia . Phytopathology 86: 163-169. 

DucAMP M ., HERAIL, C., BLAHA G., NYASSE S., 2002 . Evolution de la diversite genetique des 
differentes especes de Phytophthora pathogenes du cacaoyer. 13rd International cocoa 
research conference, Kota Kinabalu, Malaysia, 9-14 October 2000. Lagos, Nigeria, 
Cocoa Producers' Alliance, vol. I, p. 519-528. 

ERSELIUS L.J., SHAW D.S., 1982 . Protein and enzyme differences between Phytophthora 
palmivora and P. megakarya. Evidence for self-fertilization in pairings of the two species. 
Trans. Br. Mycol. Soc. 78: 227-238. 

ESCOFIER B., PAGES J., 1988. Analyses factorielles simples et multiples. Objectifs, methodes 
et interpretation. Paris, France, Dunod, 241 p. 

FORSTER H., COFFEY M.D. , 1991. Approaches to the taxonomy of Phytophthora 
using polymorphisms in mitochondrial and nuclear DNA. In: Phytophthora, Lucas J. A., 
Shattock R. C., Shaw D . S. and Cooke L. R. eds. Cambridge, United Kingdom, Cambridge 
University Press, p. 164-183. 

FORSTER H ., KINSHERF T.G., LEONG S.A., MAXWELL D.P., 1987. Molecular analysis of the mito
chondrial genome of Phytophthora. Current Genetics 12: 215-218. 

FORSTER H., OuDEMANS P., COFFEY M.D., 1990. Mitochondrial and nuclear DNA diversity 
within six species of Phytophthora. Experimental Mycology 14: 18-31. 

GADD C.H., 1924. Phytophthora faberi Maubl. Ann. Roy. Bot. Peradeniga 9: 47-90. 

GADD C.H., 1927. The relationship between the Phytophthora associated with the bud rot 
diseases of palm. Ann. Bot. 61 : 253-280. 

GOODWIN S.B., 1991. DNA polymorphism in Phytophthora infestans: the Cornell 
experience. In: Phytophthora, Lucas J.A., Shattock R.C., Shaw D.S . . and Cooke L.R. eds. 
Cambridge University Press, p. 256-271 . 

GOODWIN P.H., KIRKPATRICK B.C., DUNIWAY J.M ., 1989. Cloned DNA probes for identifi
cation of Phytophthora parasitica. Phytopathology 76 (9): 716-721 . 

71 



Improvement of cocoa tree resistance to Phytophthora diseases 

GOODWIN P.H., KIRKPATRICK B.C., DUNIWAY J.M., 1990. Identification of Phytophthora 
citrophthora with cloned DNA probes. App. Environ. Microbial. 56: 669-67 4. 

GRIFFIN M. J., 1977. Cocoa Phytophthora Workshop. Rothamsted Experimental Station, 
United Kingdom, 24-26 May 1976. PANS 23: 107-110. 

HALL, R., ZENTMYER G.A., ERWIN D.C., 1969. Approach to taxonomy of Phytophthora 
through acrylamide gel electrophoresis of proteins. Phytopathology 59: 770-77 4. 

HANSEN E.M., MAXWELL D.P., 1991 . Species of the Phytophthora megasperma complex. 
Mycologia 83: 376-381. 

HARRIES H.C., 1978. Evolution, dissemination and classification of Cocos nucifera L. 
Botanical Review 44 (3): 265-320. 

HARTL D.L., 1987. Genetique des populations. Paris, France, Flammarion, Medecine
sciences, 305 p. 

IDosu G.O., ZENTMEYER G.A., 1978. Phytophthora palmivora: a comparative study of 
"typical "isolates from cacao (Theobroma cacao). Mycologia 70: 1101-1112. 

KAOSIRI T., 1978. Morphological, Taxonomic and Cytological studies of Phytophthora 
palmivora. Ph.D. Thesis, University of California, Riverside, United States, 148 p. 

KAos1R1 T., ZENTMEYER G.A., ERWIN D.C., 1978. Stalk length as a taxonomic criterion for Phy
tophthora palmivora isolates from cacao. Canadian Journal of Botany 56: 1730-1738. 

KuMCZACK L.J., PRELL H.H., 1984. Isolation and characterisation of the mitochondrial 
DNA of the oomycete fungus Phytophthora infestans. Current Genetics 8: 323-326. 

LEE S.B., WHITE T.J., TAYLOR J.W., 1993. Detection of Phytophthora species by oligonu
cleotide hybridization to amplified ribosomal DNA spacers. Phytopathology 83: 177-181. 

LuTERBACHER M.C., AKROFI A.Y., 1994. The current status and distribution of Phytophthora 
megakarya in Ghana. In: Xlth International Cocoa Research Conference, Yamoussoukro, 
Ivory Coast, p. 29-35. 

MADDISON A.C., GRIFFIN M.J., 1981. Detection and movement of inoculum. In: Epidemi
ology of Phytophthora on cocoa in Nigeria. Gregory, P.H. and Maddison, A.C. eds., Phy
topathological Paper No 25, CM.I., Kew, Surrey, United Kingdom, p. 31-49. 

MALEY J., 1996. The African rain forest - main characteristics of changes in vegetation and 
climate from the Upper Cretaceous to the Quaternary. In: Essays on the ecology of the 
Guinea-Congo rain forest. Alexander, 1.J., Swaine, M.D. and Waiting R. eds., Edinburgh, 
United Kingdom, Royal Society of Edinburgh, 104B p. 31-71. 

MANTEL N.A., 1967. The detection of disease clustering and a generalized approach. 
Cancer Research 27: 209-220. 

McDONALD B.A., MILES J., NELSON L.R., PETTWAY R.E., 1994. Genetic variability in nuclear 
DNA in field populations of Stagonospora nodorum. Phytopathology 84: 250-255. 

MCHAU G.R.A., COFFEY M.D., 1994a. lsozyme diversity in Phytophthora palmivora: 
evidence for a Southeast Asia centre of origin. Mycological Research 98 (9): 1035-1043. 

72 



Genetic diversity of cocoa treePhytophthora pathogens 

McHAU G.R.A., COFFEY M.D., 1994b. An integrated study of morphological and isozyme 
patterns found within a worldwide collection of Phytophthora citrophthora and a 
redescription of the species. Mycological Research 98 (9): 1269-1299. 

MCHAU G.R.A., COFFEY M.D., 1995. Evidence for the existence of two distinct sub-popu
lations in Phytophthora capsici and a re-description of the species. Mycologicitl R~s~ilrch 
99: 89-102. 

MERZ W.G., BURREL R.G., GALLEGLY M.E., 1969. A serological comparison of six het
erothallic species of Phytophthora. Phytopathology 59: 367-370. 

MOREAU R.E., 1966. The bird fauna of Africa and its islands. London, Academic Press, 424 p. 

NEI M ., 1978. Estimation of average heterozygosity and genetic distance from a small 
number of individuals. Genetics 89: 583-590. 

NEWHOOK F.J ., WATERHOUSE G.M ., STAMPS D.J., 1978. Tabular key to the species of Phy
tophthora de Bary. Mycological Papers No. 143, 20 p. 

NYASSE S., 1992. Structure d'une population de Phytophthora sp. des cacaoyeres 
camerounaises atteintes de pourriture brune. Doctorate thesis, ENSAT, lnstitut National 
Polytechnique, Toulouse, France, 48 p. 

NYASSE S., 1997. Etude de la diversite de Phytophthora megakarya et caracterisation de la 
resistance du cacaoyer (Theobroma cacao L.) a cet agent pathogene. Doctorate thesis, 
lnstitut National Polytechnique de Toulouse, France, 132 p +annexes. 

NYASSE S., GRIVET L., RISTERUCCI A.M., BLAHA G., BERRY D., LANAUD C., DESPREAUX D., 
1999. Diversity of Phytophthora megakarya in Central and West Africa revealed by 
isozyme and RAPD markers. Mycological Research 103 (10): 1225-1234. 

OLIVEIRA M .L. DE, 1990. Studies on the taxonomy, ecology, survival and control of Phy
tophthora palmivora, Phytophthora capsici and Phytophthora citrophthora from cacao 
(Theobroma cacao L.) in Brazil. Ph.D ., University of Riverside, California, United States, 
216 p. 

01<11L-GA1<UA C.F., 1996. Etude de la diversite genetique de populations de Phytuphlhurd 
pathogenes du cacaoyer (Theobroma cacao L.) et du cocotier (Cocos nucifera L.). PhD 
thesis, universite Paul Sabatier, Toulouse, France, 85 p. 

ORTIZ-GARCIA C.F., HERAIL C., BLAHA G., 1994. Utilisation des isozymes en tant que mar
queurs pour !'identification specifique des Phytophthora responsables de la pourriture 
brune des cabosses dans les pays producteurs de cacao. In: Xlth International Cocoa 
Research Conference, Yamoussoukro, Ivory Coast, p. 135-143. 

OUDEMANS P., COFFEY M .D ., 1991 a. lsozyme comparison within and among worldwide 
sources of three morphologically distinct species of Phytophthora. Mycological Research 
95: 19-30. 

OuDEMANS P., COFFEY M.D., 1991 b. A revised systematics of twelve papillate Phytophthora 
species based on isozyme analysis. Mycological Research 95 (9): 1025-1046. 

OUDEMANS P., COFFEY M.D., 1991 c. Relationships between Phytophthora species: evidence 
from isozyme analysis. In: Phytophthora, Lucas J. A., Shattock R. C., Shaw D. S. and Cooke 
L. R. eds., United Kingdom, Cambridge University Press, p. 184-203. 

73 



Improvement of cocoa tree resistance to Phytophthora diseases 

OUDEMANS P., FORSTER H ., COFFEY M.D., 1994. Evidence for distinct isozyme subgroups 
within Phytophthora citricola and close relationships with P. capsici and P. citroph
thora. Mycological Research 98: 189-199. 

RIBEIRO O.K., 1978. A Source Book of the Genus Phytophthora. Hirschberg. Germany, 
Cramer J. editions, 417 p. 

ROGER J.S., 1972. Measures of genetic similarity and genetic distance. Studies in genetics 
VII. University ofTexas, Pub!. 7213: 145-153. 

ROHLF F.J., 1993. NTSYS-pc: Numerical taxonomy and multivariate analysis system. 
Setauket, New York, United States, Exeter Software, Version 1.80. 

ROSENBAUM J., 1917. Studies of the genus Phytophthora. Journal Agricultural Research 8: 
233-276. 

SACKEY S.T., AKROFI A.Y., APPIAH A.A., OPOKU l.Y., 1999. Phytophthora species differenti
ation by analysis of randomly amplified polymorphic DNAs. In: 12th International Cocoa 
Research Conference, Salvador, Brazil, 17-23 November 1996, p. 107-112. 

SACKEY S.T., LUTERBACHER M.C., 1994. The development and use of nucleic acid hybridi
sation methods for the deleclio11 d11J iJentification of Phyrophchora megakarya and 
P. palmivora infections of Theobroma cacao. In: Xlth International Cocoa Research Con
ference, Yamoussoukro, Ivory Coast, p.15-19. 

SAVAGE E.J., CLAYTON C.W., HUNTER J.H., BRENNEMAN J.A., LAVIOLA C., GALLEGLY M.E., 
1968. Homothallism, heterothallism and interspecific hybridisation in the genus Phy
tophthora. Phytopathology 58: 1004-1021 . 

SOKAL R.R., SNEATH P.H.A., 1963. Principles of numerical taxonomy. San Francisco, 
USA, Freeman, 359 p. 

STEER J., COATES-BECKFORD P.L., 1990. Role of Phytophthora katsurae, P. palmivora, 
Thielaviopsis paradoxa and Enterobacter sp. in bud rot disease of coconut in Jamaica. 
Oleagineux 45: 539-545. 

STODDART J.A., TAYLOR J.F., 1988. Genotypic diversity: estimation and prediction in sam
ples. Genetics 118: 705-711. 

SURUJDEO-MAHARAJ s., UMAHARAN P., IWARO A.O., 2001. A study of genotype-isolate 
interaction in cacao (Theobroma cacao L.) resistance of cacao genotypes to isolates of Phy
tophthora palmivora. Euphytica 118: 295-303. 

TSAO P.H., ALIZADEH A., 1988. Recent advances in the taxonomy and nomenclature of the 
so-called "Phytophthora palmivora" MF4 occurring on cocoa and other tropical crops. 
In : 1 Oth International Cocoa Research Conference, Santo Domingo, Dominican Republic, 
17-23 M ay 1987, p. 441-445. 

TUCKER C.M., 1931. Taxonomy of the genus Phytophthora de Bary. Mo. Agric. Exp. Sta. 
Res. Bull., No. 153, 208 p. 

TURNER P.O., 1960. Strains of Phytophthora palmivora (Butler) Butler from Theobroma 
cacao isolates from West Africa. Transactions of the British Mycological Society 43: 
665-672. 

TURNER P.O., 1961. Complementary isolates of Phytophthora palmivora from cacao and 
rubber, and their taxonomy. Phytopathology 51: 161-164. 

74 



Genetic diversity of cocoa tree Phytophthora pathogens 

WAROKKA J.S., MASKAR M.F., 1991. Pengujian patogenisitas beberapa strains P. palmivora 
terhadap kelapa dan kakao. Jurnal Penelitian Kelapa 5 (1 ): 1-4. 

WATERHOUSE G.M., 1963. Key to the species of Phytophthora de Bary. Mycological 
Paper, No. 92., C.M.I. Kew, Surrey, United Kingdom, 22 p. 

WHITE F., 1979. The Guineo-Congolian region and its relationships to other phytochoria. 
Bulletin du Jardin Botanique National de Belgique 49: 11-55. 

Wooo G.A.R., 1991. A history of early cocoa introductions. Cocoa Growers Bulletin 44: 
7-12. 

YAP l.V., NELSON R.J., 1996. Winboot: a program for performing bootstrap analysis of binary 
data to determine the confidence limits of UPGMA-based dendrograms. Discussion 
Paper Series No. 14, International Rice Research Institute, Los Banos, Philippines, 23 p. 

ZENTMYER G.A., 1988. Taxonomic relationships and distribution of species of Phytophthora 
causing black pod of cocoa. In: Xth International Cocoa Research Conference, Santo 
Domingo, Dominican Republic, p. 391-395. 

ZENT MYER G.A., KAOSIRI T., loosu G.0., 1977. Taxonomic variants in the Phytophthora 
palmivora complex. Transactions of the British Mycological Society 69: 329-332. 

ZENTMYER G.A., KAOSIRI T., loosu G.O., KELLAM M.K., 1981. Morphological forms of Phy
tophthora palmivora. In: 7th International Cocoa Research Conference, Douala, 
Cameroun, 4-12 November, p. 291-295. 

75 




