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Abstract

Black pod is a major disease of cocoa. Knowledge of the inheritance of resistance to black pod would be
important in devising strategies to breed resistant varieties. The mode of inheritance of resistance to black
pod disease was investigated using leaf disc, detached pod tests and natural field observation in a 6 × 4
factorial and 6 × 6 diallel mating designs analyzed using North Carolina design-II approach and Griffing’s
method II model I approach, respectively. The dominant component was smaller than the additive
component for pod lesion size, leaf disc scores and natural field infection. Both general combining ability
and specific combining ability (SCA) effects influenced the inheritance of pod lesion number and leaf disc
scores suggesting that both additive and non-additive (dominance or epistatic) effects influence the
inheritance of resistance to black pod disease. However, SCA effect was not significant for pod lesion size
and natural field infection suggesting the importance of additive genes in the inheritance of these traits.
The higher heritability of leaf disc scores, pod lesion numbers and pod lesion sizes than the heritability of
natural field infection which was almost zero, shows the influence of environment on natural field infection
and suggests that ranking of resistance of cocoa genotypes need to be done under controlled
environmental conditions to observe true resistance levels. Good general combiners, in combination with
each other, did not necessarily yield good specific combinations suggesting that parents’ performance
cannot be used for selecting superior progenies. The non-significance of reciprocal effects indicates
absence of maternal effects or cytoplasmic inheritance in resistance to black pod disease. Recurrent
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selection procedures and inter-crossing aimed at general combining ability would be more suitable for
improvement of black pod disease resistance. Cocoa genotypes with good combining ability for resistance
to black pod disease such as T60/887, Pa 150, Sca 6, and Pa7/808, identified in this study could be
important parents to form base population for such recurrent selection procedures.

Keywords Black pod disease – Theobroma cacao L. – Resistance – Heritability – Diallel – Additive inheritance – Combining ability –
Phytophthora palmivora – Phytophthora megakarya

Introduction

Black pod caused by Phytophthora species is a devastating disease of cocoa (Theobroma cacao L.) in
production regions worldwide. Genetic improvement for resistance to the disease is the ultimate long term
control measure (Iwaro et al. 2000; Rocha and Vello 1971; Soria 1974; Wharton 1960). The new impetus
to select crosses or individuals that are less susceptible to Phytophthora pod rot in Ghana is given by the
rapid spread of P. megakarya to all cocoa growing areas. This species is more aggressive than P.
palmivora that hitherto was the sole cause of black pod disease in Ghana. Complete resistance does not
exist in cocoa, but lines with partial levels of resistance have been identified (Adomako 2007; Nyadanu et
al. 2009).

Bartley (1986), Kennedy et al. (1987) and Kennedy (1994) attributed the lack of progress in breeding for
black pod resistance in cocoa to poor selection techniques, lack of genetic variability in breeding
programmes and probably an inadequate understanding of the genetic nature of resistance. Efficient
utilization of the cocoa germplasm collection in Ghana requires that these materials be evaluated for
resistance to Phytophthora species.

Considerable efforts have been undertaken to develop and/or improve resistance evaluation methods,
using inoculations of detached or attached pods, leaves and leaf discs (Cilas and Despréaux 2004; Nyassé
et al. 1995, 2002; Tahi et al. 2000, 2006). The results of the leaf disc and detached pod inoculation tests,
when carried out under standardized conditions, have been shown to be significantly correlated with field
level of infection (Iwaro et al. 2005; Nyadanu et al. 2009; Tahi et al. 2000, 2006).

Genetic parameters of resistance to black pod disease are important in order to more effectively guide the
selection of resistance to black pod (Cilas et al. 1998). Most studies suggest that resistance is
predominantly controlled by additive genetic effects with an additive-dominance genetic model adequately
explaining the variation in many of the genetic populations investigated (Adomako 2006; Iwaro et al. 1999;
Blaha and Latodé 1997; Tan and Tan 1990). The significance of dominance and epistatic effects is less
clear and varied with the susceptible parent used for analysis (Zadoks 1997). While these studies provide
some inheritance data on well-used sources of resistance, they provide little information on their respective
black pod breeding value.

In this study, resistance to P. palmivora and P. megakarya was assessed using inoculations of leaf discs,
detached pods at penetration and post-penetration stages of infection and natural field infection. The
overall objective was to evaluate the relative importance of general and specific combining ability,
inheritance of resistance to Phytophthora species and to identify superior parents for use in further
improvement of cocoa genotypes for black pod resistance. The data was also used to estimate genetic
gain that might be obtained by early selection for resistance to the pathogen using leaf disc test and
detached pod test.
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Materials and methods

Plant material

The experimental designs of the field trials used for the study were a 6 × 6 complete diallel (without the
selfs) and 6 × 4 factorial mating designs (without the selfs). The trial was established at the Cocoa
Research Institute of Ghana (CRIG) station (Ghana–Akim Tafo) in year 2000. The cocoa trees were
planted in a Randomized Complete Block Design (RCBD), with 10 trees per plot (family) and four blocks.
The cocoa trees were spaced at 2.5 × 2.5 m on 3.5 acres land called N 19 plot. The crop was grown under
shade trees with uniform and optimal cover (approximately 50 % of the solar radiation passed through the
canopy). No fertilizers were applied. Regular pruning was performed on the exceeding plagiotropic and
orthotropic branches, along with the removal of parasitic epiphytes and chupons. The parents involved
were selected on the basis of their yield records and their variable levels of resistance to black pod and
cocoa swollen shoot virus diseases. These were (PA7/808, NA33, T60/887, T63/971, IMC 76, PA 150,
SCA 9, IMC 67, IMC 53 and SCA 6). PA7/808, NA33, T60/887, T63/971, IMC 76 and PA 150 were used as
male parents and SCA 9, IMC 67, IMC 53 and SCA 6 as female parents in a 6 × 4 mating design.
PA7/808, NA33, T60/887, T63/971, IMC 76 and PA 150 were used as parents in a 6 × 6 full diallel mating
design. T85/799 and T79/501 were used as parents of the control progeny, T85/799 × T79/501.

Inoculum preparation

The isolates of P. palmivora and P. megakarya were grown on carrot agar medium and from a ten-day-old
culture, a zoospore suspension was obtained by inundating each culture plate (9 cm diameter) with 10 ml
sterile distilled water (chilled to 10 °C), refrigerated for 25 min (5 °C) and incubated in the dark at 25 °C for
30 min. The zoospore concentration of the suspension was determined using a haemocytometer and
adjusted to 2,00,000 ml−1.

Leaf disc test

Leaf disc preparation and inoculation as described by Nyassé et al. (1995) and Tahi et al. (2006) was
carried out. The flushes of leaves were tagged for the cocoa genotypes. The ages of the leaves for each
treatment were established by following the growth of young flushes from bud break in the field. Leaves of
good physiological condition (young lignified leaves) without insect attacks and of similar age and exposure
to sunlight were collected. Sixteen leaf discs of 1.5 cm diameter from each genotype were made with a
cork borer and replicated four times. Leaf discs were placed with their abaxial surface upwards on wetted
plastic foam in five trays of 70 cm long, 60 cm wide and 15 cm high. Discs of the cocoa genotypes were
randomly arranged in groups of 12 within each tray, giving 16 × 12 = 192 discs per tray. The discs were
inoculated and incubated at room temperature (25 °C) in plastic trays and covered with another plastic tray
in the laboratory to prevent direct sunlight until observations were made. Symptoms were scored 6 days
after inoculation using a 0–5 point scale depending on the size of necrosis (0 = absence of symptoms,
1 = very small necrotic spots, 2 = larger number and size of necrotic spots, 3 = coalescence of brown
spots, 4 = large uniform brown lesions and 5 = very large brown lesions, often expanding outside the area
covered by the inoculum droplet.) as described by Nyassé et al. (1995). The experiment was carried out
twice.

Detached pod test
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Detached pod test at penetration and post-penetration stages of infection as described by Iwaro et al.
(1997) was carried out. The flowers of the cocoa genotypes were selfed (using hand pollination) so that
their exact ages could be determined at the time of harvest.

Inoculated pods were, arranged in a randomized complete block design and incubated at room temperature
in moist plastic chamber boxes. Three replicates consisting of five pods each were assayed. After
incubation for 4 days, the number of infection sites per inoculum site was counted. On the 7th day of
incubation, sizes of the established lesions were traced on a transparent paper. The lesion sizes were
determined from brown paper cutouts trimmed to the size of each lesion and were measured with a leaf
area meter.

Field observations

Natural pod infections in the field were evaluated in 2009 and 2010 on individual crosses of the 6 × 4
factorial and 6 × 6 diallel mating designs. Pods infected by Phytophthora (Bp), rodent damaged pods (R)
and healthy ripe pods (H) and other damages (OD) were counted each month after each harvesting round.
The percentage (%) of rotten pods (Bp) was estimated in relation to the total number of pods produced by
the cross:

Statistical analysis

Analysis of variance was carried out to determine the significance of genotypic differences for the 6 × 6 full
diallel experiment and the significance of male parent and female parent effects and interaction effects for
the 6 × 4 mating experiment using GenStat® 11th version (GenStat 2008).

Genetic analysis of data from the 6 × 6 diallel experiment proceeded using Griffing’s (1956) Method II
Model I approach (Singh and Chaudhary 1996; Kearsey and Pooni 1996), while that for the 6 × 4 factorial
experiment was analyzed using the North Carolina Design II approach (Hallauer and Miranda 1981;
Dablokar 1999).

General combining ability (GCA) and specific combining ability (SCA) effects were calculated using
Griffing’s approach for the diallel experiment (Griffing 1956).

The additive (σ 2A), non-additive (σ 2 NA), and environmental (σ 2SE) variance were computed using mean
squares for GCA (MSg), SCA (MSs), and error (MSE) extracted from the analysis of variance table and
outlined as follows:

P: number of parents.

Broad-sense heritability (h 2b) and narrow-sense heritability (h 2n) estimates were computed as below.

To determine genetic gain for pod lesion number, pod lesion size and leaf disc scores, the following
formula as described by Falconer (1989):

∆G = ih2δp where ∆G = genetic gain or genetic advance, i = intensity of selection, h2 = heritability,
δp = phenotypic standard deviation of the parental population.

Percentage black pod (%BP) = (Bp/Bp + H + R + OD) × 100 

A = (MSG − MSs)/(P + 2); NA = MSs − MSE; E = MSE σ 2 σ 2 σ 2 

b = ( A + NA)/( A + NA + E) h 2 σ 2 σ 2 σ 2 σ 2 σ 2 

n = ( A)/( A + NA + E) h 2 σ 2 σ 2 σ 2 σ 2 
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Results

Variation in resistance of the cocoa genotypes

The reaction of the 12 cocoa genotypes used as parents in this study to P. palmivora and P. megakarya is
presented in (Table 1). Significant differences (p < 0.001) in mean severity values were observed among
the genotypes in the inoculation tests (pod lesion number (PLN), pod lesion size (PLS) and leaf disc score
(LDS)). The PLN on pods among the genotypes varied from 2.93 for Sca6 to 15.23 for Imc67. Significantly
smaller PLS were recorded on Sca6, T60/887 and Pa 150 respectively than for the other genotypes. PLS
on Imc76 and Sca9 were moderate but significantly larger sizes were produced on the rest of the
genotypes. Disease severity scores of LDS varied from 1.57 for Sca6 to 4.24 for T63/971. 

Analysis of the mating designs

Statistical analysis of the factorial mating design revealed highly significant differences (p < 0.001)
(Table 2) between progenies for all the screening tests. There was highly significant differences (p < 0.001)
between Phytophthora species for pod lesion number, pod lesion size and leaf disc score. The
progeny × Phytophthora species interaction effects were not significant (p = 0.09). Since the resistance of
the cocoa genotypes was not Phytophthora species specific, the means of the interaction effects of the two

Table 1

The parental mean values for pod lesion number, pod lesion size and leaf disc scores of the 12 cocoa varieties after inoculation with P.
palmivora and P. megakarya

Parents PLN(Pp) PLN(Pm) PLS(Pp) PLS(Pm) LDS(Pp) LDS(Pm)

Pa7/808 4.23 ± 0.30ef 7.60 ± 0.84fg 31.30 ± 2.59d 49.60 ± 2.85de 1.44 ± 0.04c 2.1 ± 0.05c

Na33 9.83 ± 0.89ab 13.70 ± 0.70ab 62.30 ± 3.07b 76.40 ± 4.45b 2.96 ± 0.05ab 3.10 ± 0.05abc

T60/887 3.00 ± 0.10f 6.00 ± 0.87g 25.80 ± 1.55d 33.30 ± 3.14f 1.58 ± 0.06c 2.00 ± 0.05c

T63/971 9.67 ± 0.97abc 13.20 ± 0.67bc 78.30 ± 3.81a 103.30 ± 8.46a 2.89 ± 0.05ab 4.24 ± 0.05a

IMC76 4.97 ± 0.24e 8.67 ± 0.43ef 40.80 ± 2.33c 58.10 ± 3.67cd 2.05 ± 0.05abc 2.57 ± 0.04bc

Pa150 3.53 ± 0.18ef 7.23 ± 0.45fg 28.70 ± 1.68d 39.50 ± 1.47ef 1.62 ± 0.05c 2.09 ± 0.04c

Sca9 7.37 ± 0.29d 10.53 ± 1.05de 42.30 ± 2.89c 51.90 ± 3.14d 1.95 ± 0.04bc 2.51 ± 0.04c

IMC67 11.23 ± 0.93a 15.23 ± 0.87a 61.18 ± 1.04b 67.20 ± 1.05bc 3.25 ± 0.05a 3.81 ± 0.06ab

IMC 53 8.03 ± 1.05cd 11.73 ± 0.68cd 61.14 ± 1.48b 67.30 ± 1.32bc 2.08 ± 0.05abc 2.91 ± 0.05bc

Sca 6 2.93 ± 0.29f 5.97 ± 1.41g 26.53 ± 0.67d 30.00 ± 0.22f 1.57 ± 0.06c 1.91 ± 0.05c

T85/799 4.70 ± 0.06ef 8.40 ± 0.31f 23.97 ± 2.26d 34.60 ± 2.03f 1.72 ± 0.05bc 2.42 ± 0.04c

T79/501 8.90 ± 0.50bcd 12.60 ± 0.70bc 65.24 ± 6.41b 76.9 ± 6.32b 2.27 ± 0.05abc 2.94 ± 0.04bc

PLN Pod lesion number, PLS Pod lesion size, LDS leaf disc score, Pp Phytophthora palmivora, Pm Phytophthora megakarya

Mean values with different alphabets within a column are significantly different at P < 0.05
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species were used for the rest of the analysis. 

Genetic components of variance

The analysis of variance and estimates of genetic components of variance for the 6 × 4 factorial mating
design are presented in Tables 2 and 3, respectively. Both male and female parent effects were highly
significant (p < 0.001) for pod lesion number, pod lesion size and leaf disc scores among the 24 families
generated from the 6 × 4 factorial mating design. Male and female parent effects were also significant
(p < 0.05) for natural field incidence of black pod infection. Much of the genetic variation for pod lesion
number and pod lesion size was among the female parents, while that for leaf disc score and natural field
incidence of black pod was among the male parents (Table 3). 

Table 2

Analyses of variance of pod lesion number, pod lesion size and leaf disc scores for a 6 × 4 factorial mating system

 Mean square of resistance tests

Source df PLN/cm2 PLS (cm2) LDS F.I. (%)

Parents 11 30.36*** 1447.28*** 47.91***  

Hybrids 23 114.68*** 4106.59*** 277.29*** 473.6***

Phytophthora species 1 416.16*** 5172.01*** 24.62.28***  

Hybrids × P. species 23 0.000ns 210.98 ns 9.00 ns  

Replication 3 0.31 12.76 0.28 76.8

Male 3 57.78*** 2807.89*** 551.96*** 472.6**

Female 5 156.55*** 6505.59*** 202.51*** 408.3**

Male × Female 15 24.18*** 1610.47*** 185.07*** 89.7 ns

Error 46 1.10 49.46 0.57 100.9

Total 128     

Significant at ***0.1 % and **0.5 % respectively

ns not significant

Table 3

Estimates of variance components, genetic variance and heritability of pod lesion number, pod lesion size, leaf disc score and natural field
resistance to black pod based on a 6 × 4 mating design

Variance  Resistance tests  

Components PLN/cm2 PLS (cm2) LDS FI ( %)

δ2m 2.74 99.79 22.93 23.93

δ2f 7.35 271.95 0.73 15.95
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There were significant male × female interaction effects for pod lesion number, pod lesion size and leaf
disc scores. Although the interaction effects were significant for pod lesion number, pod lesion size and leaf
disc score, it was smaller for pod lesion number as compared to that for pod lesion size and leaf disc
scores. However, there was no significant (p = 0.619) male × female interaction effects for natural field
incidence of black pod interaction observed for 2 years. Consequently, much of the narrow sense
heritability genetic effect for pod lesion number and pod lesion size was among the female parents, while
that for leaf disc score and % natural field infection was among the male parents (Table 3).

The narrow sense heritability was as much as 48 and 46 % for pod lesion number and natural field
infection and as high as 53 and 67 % for pod lesion size and leaf disc score. In the parent offspring
regression, narrow sense heritability was 71, 88 and 93 % for pod lesion number, pod lesion size and leaf
disc scores respectively (Figs. 1,2 and 3). The heritability values show that pod lesion number, pod lesion
size and leaf disc scores are largely controlled by additive effects. On the contrary, the dominant
component (30.76 %) was larger than the additive component (29.4) for pod lesion number and indicates
that both additive and non-additive effects are important in the inheritance of this character (Table 3).

Fig. 1

Regression of progeny mean on mid-parental values for pod lesion number in response to inoculation with P. palmivora and P. megakarya.
The results are based on 10 parents and 24 progenies

δ2mf 7.69 532.57 46.21 3.23

Genetic variance

δ2A(m) 10.96 399.16 91.72 95.72

δ2A(f) 29.4 1087.8 2.92 63.8

δ2D 30.76 2130.28 84.84 12.92

δ2e 1.10 49.46 0.57 100.9

h2 (n.s.) (m) 0.26 0.18 0.67 0.46

h2(n.s) (f) 0.48 0.53 0.016 0.36

δ 2  m male variance, δ 2  f female variance, δ 2  m × f variance of male and female interaction, m male, f female, δ 2  A additive variance, δ 2
(D) dominance variance, δ 2  e error variance, h 2  (n.s.) narrow sense heritability
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Fig. 2

Regression of progeny mean on mid-parental values for pod lesion size in response to inoculation with P. palmivora and P. megakarya.
The results are based on 10 parents and 24 progenies

Fig. 3

Regression of progeny mean on mid-parental values for leaf disc scores in response to inoculation with P. palmivora and P. megakarya.
The results are based on 10 parents and 24 progenies

The dominant component (2130.28, 84.84 and 12.92) was smaller than the additive component (1087.8,
91.72 and 95.72) for pod lesion size, leaf disc scores and natural field infection, respectively. Although the
additive component was larger than the dominance component for natural field infection, the environmental
variance component was very large, emphasizing the importance of environment in the expression of this
character (Table 3).

In the diallel mating design, the effects of progenies were highly significant for all the screening tests
(p < 0.001). There were significant differences (p < 0.001) between the Phytophthora species for all the
resistance screening tests. The interaction between progenies and Phytophthora species was not
significant (p > 0.005) for pod lesion number, pod lesion size and leaf disc scores (Table 4). 

Table 4

General combining ability variance and specific combining variance for pod lesion number, pod lesion size, leaf disc score and natural field
infection based on a 6 × 6 diallel mating design

 Mean square of resistance tests

Source df PLN/cm2 PLS (cm2) LDS FI (%)

Parents 7 26.43*** 1081.04*** 30.46***  

Hybrids 29 51.09*** 3825.8*** 210.95*** 201.6***

P. species 1 520.20*** 7071.1*** 2392.89***  

Hybrids × P. species 29 0.000 104.8 0.38  
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The genetic variability among the diallel crosses was partitioned into general combining ability (GCA) and
specific combining ability (SCA) effects by diallel analysis (Table 4).

No significant differences were observed between the reciprocal crosses of each progeny (F probabilities
values between 0.07 and 0.85). This justifies the use of a half diallel mating design in this study. GCA
effect was highly significant (p < 0.001) for pod lesion number and leaf disc score. However, there were no
significant (p = 0.06, 0.11) SCA effect for pod lesion size and natural field infection respectively. The GCA
effects of pod lesion size and leaf disc scores predominate the SCA effects. The SCA effects of pod lesion
number however, was higher than GCA effects (Table 4).

Combining ability

In the factorial mating design, among the 10 genotypes, four had significantly negative GCA and six had
significantly positive GCA for PLN and PLS; five had significantly positive GCA for LDS and FI (Table 5).
Negative values indicate a contribution towards resistance while positive values represent the opposite. 

GCA 5 4.81*** 118.4*** 14.43*** 193.88***

SCA 15 7.05*** 18.57 1.26*** 209.4

Reciprocal 15 0.23 6.81 0.04 18.32

Error 10 1.98 2.86.38 0.12 18.32

GCA:SCA  0.68 6.38 11.4 0.93

δ2A  0.28 0.72 1.65 8.19

δ2NA  5.07 5.75 1.14 25.3

δ2E  1.98 12.82 0.12 184.1

h2 (n.s.)  0.04 0.40 0.56 0.04

h2 (b.s.)  0.73 0.94 0.96 0.15

Significant at ***0.1 % respectively

δ 2  A additive variance, δ 2  NA non-additive variance, δ 2  E environmental variance, h 2  (n.s.) narrow sense heritability, h 2  (b.s.) broad
sense heritability

Table 5

General combining ability (GCA) effects of 10 parents for pod lesion number, pod lesion size, leaf disc score and natural field infection
resistance to black pod disease

 Resistance testsa

Parents PLN/cm2 PLS (cm2) LDS FI (%)

Male parents

Pa7/808 −4.27 ± 0.30 −29.71 ± 1.66 −0.63 ± 0.02 −6.16 ± 0.82

Na33 4.92 ± 0.22 31.88 ± 1.37 0.69 ± 0.03 10.47 ± 1.99
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The four top genotypes with good GCA for resistance to black pod include Sca6, Pa7/808, Pa150 and
T60/887 in all the screening tests. Sca6 was the best parent with a score of −3.95, −36.57,−0.82 and
−10.51 in PLN, PLS, LDS and F.I., respectively (Table 5).

The GCA results from the 6 × 6 diallel mating design (Table 6 and 7) indicated that Pa7/808, T60/887 and
Pa150 all had significantly negative GCA effects in all the screening tests whilst Na33, T63/971 and Imc76
had positive (high) GCA values. 

T60/887 −3.01 ± 0.65 −23.06 ± 2.21 −0.37 ± 0.05 −5.16 ± 2.19

T63/971 2.36 ± 0.19 22.52 ± 1.65 0.53 ± 0.23 7.58 ± 3.65

IMC76 2.11 ± 0.34 17.38 ± 1.47 0.21 ± 0.09 1.72 ± 1.49

Pa150 −2.11 ± 0.51 −19.02 ± 1.22 −0.43 ± 0.06 −8.46 ± 3.29

Female parents

Sca9 0.47 ± 1.27 6.33 ± 2.19 −0.22 ± 0.11 −3.84 ± 2.60

IMC67 1.73 ± 1.44 10.29 ± 0.82 0.83 ± 0.24 7.99 ± 1.49

IMC53 1.75 ± 1.11 19.95 ± 1.24 0.21 ± 0.06 6.35 ± 2.84

Sca6 −3.95 ± 1.22 −36.57 ± 0.94 −0.82 ± 0.15 −10.51 ± 1.17

a The GCA and standard errors of the ten (10) parents for the various resistance screening tests

Table 6

General combining ability (GCA) and specific combining ability (SCA) analysis for pod lesion number and size after inoculation with P.
palmivora and P. megakarya in a 6 × 6 diallel mating design

Parents SCA

Pod lesion number/cm 2

♂ Pa7/808 Na33 T60/887 T63/971 IMC76 Pa150 GCA

♀        

Pa7/808  2.21 −0.16 −2.41 −1.40 0.10 −0.83

Na33 −2.55  −0.28 3.34 2.76 0.40 1.84

T60/887 0.53 −1.24  −0.50 0.94 −0.91 −2.18

T63/971 −0.22 1.21 0.87  −0.83 0.14 2.27

IMC76 0.57 0.66 −1.17 0.47  −1.21 0.39

Pa150 0.84 −1.0 −1.45 1.37 −1.08  −1.49

GCA −1.67 3.68 −1.18 1.17 −0.68 −1.32  

SE for GCA = 0.25
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The top progenies with satisfactory SCA effects include Na33 × Pa7/808, Pa7/808 × T63/971,
Pa150 × T60/887, Pa7/808 × Imc76 for PLN (Table 6); Na33 × Pa7/808 and its reciprocal,
Pa150 × T63/971, T63/971 × Imc76, T60/887 × Imc76 for PLS (Table 6); Na33 × Pa7/808,
T60/887 × Pa7/808, and its reciprocal, Imc76 × T60/887 and Pa150 × Na33 for LDS (Table 7);
Na33 × Pa150, T63/971 × T60/887, Pa7/808 × Na33, Pa150 × T63/971 and Imc76 × Pa7/808 for FI
(Table 7). 

SE for SCA = 1.41

Pod lesion size (cm 2 )

Pa7/808  −27.44 5.34 −6.68 69.76 3.3 −25.98

Na33 −27.54  1.40 15.18 22.68 22.16 22.76

T60/887 −4.94 −9.88  38.88 −17.82 −16.84 −5.44

T63/971 3.80 12.76 22.44  −18.28 −14.20 11.12

IMC76 10.04 11.9 −13.32 −17.14  5.54 −2.42

Pa150 −7.34 35.72 −21.30 −19.12 5.38  −0.04

GCA −0.47 0.84 −0.44 0.24 0.13 −0.29  

SE for GCA = 0.56  

SE for SCA = 14.08

♀ female parent, ♂ male parents, figures in bold are the GCA’s

SE standard error

Table 7

General combining ability (GCA) and specific combining ability (SCA) for leaf disc scores after inoculation with P. palmivora and P.
megakarya and natural field infection in a 6 × 6 diallel mating design

Parents SCA

Leaf disc scores

♂ Pa7/808 Na33 T60/887 T63/971 IMC76 Pa150 GCA

♀        

Pa7/808  −0.06 −0.49 −0.07 −0.08 0.20 −0.75

Na33 −0.87  0.16 1.25 0.59 −0.28 0.80

T60/887 −0.55 −0.13  0.40 -0.34 0.18 −0.61

T63/971 0.27 0.36 0.08  −0.08 −0.39 1.08

IMC76 0.12 1.02 −0.39 −0.33  −0.29 0.06
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The genetic gains of PLN, PLS and LDS in both 6 × 4 factorial and 6 × 6 diallel mating designs are
presented in Table 8. The results show that generally selection for resistance to Phytophthora species
based on narrow and broad sense heritability would increase within each generation of cocoa after 5 and
10 % selection. 

Pa150 0.28 −0.39 −0.01 −0.16 −0.03  −0.59

GCA −0.47 0.84 −0.44 0.24 0.13  −0.29

SE for GCA = 0.15

SE for SCA = 11.25

Natural field infection

Pa7/808  −3.50 −0.11 −2.71 3.48 −0.49 −3.38

Na33 −0.83  −0.22 12.00 6.76 −8.31 9.26

T60/887 −0.11 −2.81  −1.45 -2.04 −0.16 −6.21

T63/971 −0.07 11.78 −4.13  −2.15 0.07 4.92

IMC76 −3.04 3.29 −3.34 1.69  1.84 2.45

Pa150 0.65 0.49 1.59 −4.61 -3.61  −7.04

GCA −3.32 9.39 −6.55 5.51 0.44  −5.47

SE for GCA = 4.27

SE for SCA = 13.57

♀ female parent, ♂ male parents, figures in bold are the GCA’s

SE standard error

Table 8

Genetic gains for leaf disc and detached pod resistance to P. palmivora and P. megakarya in the 6 × 4 factorial and 6 × 6 diallel mating
designs

Resistance tests δp i (%)
Genetic gain

h2(n.s.)m h2(n.s.)f

6 × 4 factorial

PLN f = 3.21 5 2.03 3.17

m = 3.78 10 1.73 2.70

PLS f = 25.35 5 5.99 27.68

m = 16.17 10 5.11 23.57

LDS f = 0.96 5 1.37 0.03
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Discussion

The study shows considerable genetic variability among cocoa genotypes for all the components of
resistance investigated. The differential response of cocoa genotypes and hybrids further suggested that
this character was under genetic control and should therefore be liable to genetic improvement. Ample
genetic variability for black pod resistance has also been reported in cocoa by Iwaro et al. (1997), Nyadanu
et al. (2009), Nyassé et al. (2002), Tahi et al. (2006). The data indicated that Phytophthora species i.e. P.
palmivora and P. megakarya were a significant source of variation in the results of the resistance tests.
Interaction of the parents and the crosses with the Phytophthora species was not significant, indicating that
the cultivars and their crosses did not change their relative ranking across Phytophthora species. The non-
significance of the host genotypes × Phytophthora species has important implications in cocoa breeding for
Phytophthora resistance. The levels of resistance of cocoa genotypes could be identified using any of the
Phytophthora species since resistance has been shown to be species non-specific in this study. However,
the use of the most aggressive species could lead to the identification of useful levels of resistance against
the pathogen. Also, if the relationship between genotypes and species observed in this study is universal
for all Phytophthora isolates and cocoa genotypes throughout the world; then the varieties bred for P.
palmivora resistance in one location would have resistance to P. palmivora in other parts of the world. The
results found in the present study support the previous results of Iwaro et al. (1998), Surujdeo-Maharaj et
al. (2001) and van der Vossen (1997) who reported that interaction between Phytophthora species and
cocoa genotypes was not significant.

The progeny PLN, PLS, LDS and F.I. distribution were continuous rather than modal, suggesting that PLN,
PLS, LDS and FI were quantitatively inherited. Previous reports on the genetic nature of pod and stem
resistance to P. palmivora had shown that resistance was polygenic (Cilas et al. 1998; Iwaro et al. 1997;
Nyassé et al. 2002; Tan and Tan 1990). Based on the quantitative nature of resistance in cocoa to P.
palmivora, Simmonds (1994) suggested that resistance was horizontal rather than vertical.

m = 0.99 10 1.16 0.02

6 × 6 diallel

 h2(n.s.)m h2(n.s.)f

PLN 3.63 5 0.29 5.46

 10 0.25 4.65

PLS 27.82 5 22.95 53.87

 10 19.53 45.89

LDS 10.84 5 12.51 21.44

 10 10.65 18.26

f female, m male, i intensity of selection, 5 % i 2.06, 10 % i 1.755, δp phenotypic standard deviation of the parental population
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The 6 × 4 factorial study showed that PLN, PLS, LDS and FI were largely governed by additive genetic
effects. Although male × female interaction effects were significant for PLN, PLS and LDS, it was smaller
for PLN as compared to that for PLS and LDS, suggesting that the additive effects were more important in
the inheritance of PLS and LDS.

The non-significance of male × female interaction effects for natural field incidence of black pod suggests
involvement of additive type of gene action in the inheritance of this trait. A narrow heritability of 53 and
67 % were indicated by NCM2 analysis and 80 and 93 % from parent offspring regression by PLS and LDS
respectively. The predominance of additive effects for these characters suggests that parental values could
be used as good indicators of progeny performance. This means that selections could be made without
having to invest in progeny tests which are expensive in terms of time and effort required to complete a
selection cycle. This agrees with the findings of Iwaro et al. (1997) who reported additive inheritance of
lesion size on leaf of cocoa.

For PLN, although additive effects were predominant, there was evidence of non-additive effects, indicated
by the significant dominance variance component. Nevertheless, narrow sense heritability was moderately
high (48 %) with mid- parent regression at 71 %. The low narrow sense heritability among the male parents
may be an indication of limited genetic variation.

Even though SCA effect for F.I. was not important, the narrow sense heritability of this trait was low. This
explains the influence of environment on the expression of this trait. The development of disease is a
function of host, pathogen and the environment (Agrios 2005). This finding agrees with the reports of
Efombagn et al. (2004), Berry and Cilas (1994), Nyassé et al. (1995) who reported the influence of the
environment on black pod infection measured by natural infection of fruits.

The diallel study showed that PLN was governed by both additive and non-additive effects. The non-
additive effects were however higher in magnitude than the additive effects. This is in conformity with the
results of the 6 × 4 factorial mating design where PLN was shown to be influenced by both additive and
non-additive genes.

For PLS, only GCA was significant in the diallel experiment indicating a significant role of only additive
genetic effects. The diallel study involving F.I. also confirmed that only GCA was important in the
inheritance of resistance to black pod. Breeding for F.I. would be difficult and slow owing to its low broad
and narrow sense heritability estimates. It is suggested that early selection could be done using LDS and
that a large number of the selected plants be carried forward to the field.

Although both GCA and SCA variances were significant for LDS, suggesting that additive and non-additive
genes are important, an additive gene predominated and was 14 times that of non-additive genetic effects.
The magnitude of GCA and SCA mean square is indicative of the relative importance of additive and non-
additive gene action in the inheritance of a trait (Kornegay and Temple 1986). The closeness of the broad
and narrow sense heritability estimates suggested that the environmental influence on this trait is low. The
high heritability of LDS as compared to low heritability of F.I., suggests that ranking of resistance of cocoa
genotypes need to be done under controlled environmental conditions to observe true resistance levels.

The non-significance of reciprocal effects indicates absence of maternal effects or cytoplasmic inheritance.
Reciprocal pairs have similar nuclear genetic contribution and any difference in the performance of
reciprocal pairs will be attributed to maternal effects (Kearsey and Pooni 1996).

GCA estimates of the parents were mainly associated with mean. The result indicates that the GCA of the
parents having resistance to black pod such as Sca6, T60/887 and Pa7/808 could be predicted to a large
extent on the basis of their mean capacity to transmit resistance. Das and Griffey (1994) and Gravois
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(1994) pointed out that GCA represents higher significance when it is highly correlated with parental
means. The four most resistant parents (Pa7/808, Pa150, T60/887 and Sca6) had significantly negative
GCA estimates in F1 in both mating designs and resistance screening tests and would be most desirable
parents to use in crosses to develop progenies with black pod resistance. Crosses involving both or one
parent with poor combining ability were, in general, more susceptible to black pod than other combinations.
This suggests that in breeding for resistance to black pod disease, parents could be selected based on
their general combining ability.

Good general combiners, in combination with each other, did not necessarily yield good specific
combinations. It was obvious because the general combining ability is overall performance of a parent in a
series of crosses and the deviation from the predicted performance of the parent made on the basis of
GCA is the specific combining ability (Falconer 1989). Good specific combinations therefore may or may
not be the result of good general combiners and vice versa. However, the correlation between mid-parent
values and specific combining abilities was non-significant. This also suggests that parents’ performance
cannot be used for selecting superior progenies and that a progeny test is needed (Gopal 1997, 1998).
Most of the crosses with high specific combining ability involved two parents with poor or average
combining ability. For example, the cross Na33 × Imc53 with the highest specific combining ability in the
highest specific combining ability in the desired direction had both parents with poor general combining
ability. By contrast, the cross T63/971 × Sca9 with maximum specific combining ability in the undesired
direction had one parent with average general combining ability and the other with poor general combining
ability. This suggests that exploitation of specific combining ability in black pod resistance breeding
programmes may be impractical. This agrees with the findings of Adomako (2006) who suggested that the
performance of cocoa progenies in terms of black pod disease incidence cannot always be reliably
predicted from the genetic potential of the parents.

The evaluated genetic advances indicate that improvement in population means can be obtained in cocoa
genotypes for resistance to Phytophthora species using leaf disc test and detached pod test at penetration
and post-penetration stages of infection.

Conclusion

In general, the predominance of additive effects indicates that resistance to black pod can be improved
through selection. Narrow sense heritability was very low, almost zero under field conditions. This suggests
that black pod resistance as a character and selection criterion in the segregating populations could be
appropriate but its genetic manipulation would be difficult and should be based on the behaviour of
individual cross. Mass or pedigree selection for the improvement of black pod resistance (under the present
circumstances) would be inappropriate and some form of recurrent selection is suggested. Cocoa
genotypes like T60/887, Pa150, Sca6 and Pa7/808 being good general combiners for pod lesion number,
pod lesion size, leaf disc score and natural field infection would be important parents to form base
population for such recurrent selection procedures.
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