
 

Plant Pathology

 

 (2006) 

 

55

 

, 776–782 Doi: 10.1111/j.1365-3059.2006.01453.x

 

© 2006 The Authors 

 

776

 

Journal compilation © 2006 BSPP

 

Blackwell Publishing Ltd

 

Foliar resistance of cacao (

 

Theobroma cacao

 

) to 

 

Phytophthora palmivora

 

 as an indicator of pod resistance 
in the field: interaction of cacao genotype, leaf age and 
duration of incubation

 

G.  M. Tahi

 

a

 

, B.  I. Kébé

 

a

 

, A. Sangare

 

a

 

, F. Mondeil

 

b

 

, C. Cilas

 

c

 

 and A.  B. Eskes

 

c

 

*

 

a

 

CNRA, BP 808, Divo; 

 

b

 

Université de Cocody, UFR Biosciences, BP 582, Abidjan, Côte d’Ivoire; and 

 

c

 

CIRAD-CP, TA 80/02, Av. Agropolis, 
34398 Montpellier, France 

 

The effects were studied of four leaf development stages (LDS) and three durations of incubation (DI) on the accuracy
of leaf-disc tests on eight cacao (cocoa) clones (C) for predicting field resistance to phytophthora pod rot caused by

 

Phytophthora palmivora

 

. The clones were known to possess different general combining abilities (GCA) for pod resistance
in the field, evaluated monthly at harvest over a 9-year period. Disease severity (DS) was affected strongly by C, DI and
LDS, with increasing levels of significance. Two- and three-way interaction effects were smaller than the clone effect, but
still significant. Clone effects were most significant for LDS3 (i.e. leaves 50–60 days old) and for DI5 and DI7 (observa-
tions made 5 and 7 days after inoculation, respectively). Coefficients of rank correlation between DS and field results
were significant for seven of the 12 treatments, with highest values obtained again for treatments LDS3/DI5 (

 

r

 

 = 0·87)
and LSD3/DI7 (

 

r

 

 = 0·93). Pooling of data for different LDS and DI treatments did not further improve the correlation
with field results. However, these correlations were improved (from an average of 0·74 to 0·88) when the GCA values
for field resistance were based on weekly observations, carried out in one year, including losses of pods and cherelles.
It was concluded that, when carried out in a standardized manner and under optimal conditions, the leaf-disc test may
explain 75–90% of the genetic variation for field resistance of cacao genotypes to 

 

P. palmivora

 

.
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Introduction

 

Phytophthora pod rot (PPR) is the most widespread and
probably the most important disease of cacao (cocoa;

 

Theobroma cacao

 

). Genetic resistance to this disease has
received increasing attention as it has become apparent
that large variation between cacao accessions can be
found. Inoculation of cacao leaves or leaf discs with
zoospores of 

 

Phytophthora

 

 spp. has been tested a number
of times from 1972 onwards, with the aim of early screen-
ing for resistance. It was reported that older leaves tend to
become more resistant than younger leaves and that dis-
ease severity scores on leaf discs increase with time after
inoculation (Tarjot, 1972; Tondjé 

 

et al

 

., 1988; Nyassé

 

et al

 

., 1995; Thevenin 

 

et al

 

., 2004). The recommended
leaf stages for use in screening tests, as identified by Great-
house 

 

et al

 

. (1971), were interflush 2 and 3 (Eskes 

 

et al

 

.,
2000; Thevenin 

 

et al

 

., 2004). Tahi 

 

et al

 

. (2000) showed

that when field or nursery leaves of nine clones were in-
oculated at the hardening stage (with peduncles changing
from green to light brown in colour) results correlated
with natural field infection of pods with 

 

P. palmivora

 

.
Nyassé 

 

et al

 

. (2002) demonstrated the same for inoculation
of leaf discs collected from progeny trees from a diallel
trial, when compared to general combining ability (GCA)
values of the same clones for field infection levels of

 

P. megakarya

 

. Nyassé 

 

et al

 

. (1995) earlier showed that
the ranking of leaf-disc test results obtained with a

 

P. palmivora

 

 isolate was similar to that obtained with
a 

 

P. megakarya

 

 isolate. Other researchers showed that leaf
inoculations can be correlated with pod inoculations
(Iwaro 

 

et al

 

., 1997a) and that results of leaf-disc tests
show medium to high heritability levels (Iwaro 

 

et al

 

.,
1997b; Nyassé 

 

et al

 

., 2002; Tahi 

 

et al

 

., 2006). The leaf-
disc inoculation method was recommended for large-scale
screening of cacao for resistance to 

 

Phytophthora

 

 in an
international project including evaluation of the same
cacao clones in 10 different cacao-producing countries
(Eskes 

 

et al

 

., 2000). However, the reliability and repeat-
ability of the leaf-disc test have varied between test series
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and sites, possibly because of variations in test and/or
leaf-tissue conditions.

The main author of the current paper has undertaken a
series of studies to verify the conditions of the leaf-disc test
that give optimal discrimination between genotypes and
also the most predictive results with regard to field resistance
(Tahi, 2003). In the present study, tests were carried out
on nine cacao genotypes using four leaf development
stages and scoring disease severity on three different days
after inoculation with 

 

P. palmivora

 

. The interactions of
leaf age and duration of incubation with clones and their
effects on the correlation between leaf-disc results and
field results have not previously been quantified. Labor-
atory results were compared with two sets of field data:
(i) the percentage of rotten mature pods (green or ripe)
observed monthly over a period of 9 years, and (ii) weekly
observations of rotten mature pods and cherelles (immature
fruits) in 1 year.

 

Materials and methods

 

Cacao genotypes

 

The nine cacao genotypes (clones) chosen for this study
were the same ones used in an earlier study on correlation
between field levels of resistance and inoculations of
twigs, roots and leaves (Tahi 

 

et al.

 

, 2000). Eight of the
clones belonged to the group of Upper-Amazon Foras-
teros (PA150, SCA6, P7, T60/887, NA32, IMC67, NA79
and IMC78). Several of these are used as parents of
commercial hybrid cacao varieties in Côte d’Ivoire,
mainly in crosses with clones of the Lower-Amazon
Forastero group (Amelonado). The susceptible control
clone (IFC5) used in the laboratory studies was an
Amelonado genotype. The GCA for field resistance to

 

P. palmivora

 

 of the eight Upper-Amazon genotypes was
studied in a field trial using a North Carolina II crossing
design (Paulin 

 

et al

 

., 1994; Cilas 

 

et al.,

 

 1998; Tahi 

 

et al.,

 

2000) planted in 1979 in Bingerville, Côte d’Ivoire.

 

Leaf development stage (LDS)

 

Leaves of four development stages were used as follows:
LDS1 (20–25 days old): very young light-green leaves
with soft shiny leaf blades, attached to peduncles and
twigs that are still very green and soft; LDS2 (30–35 days
old): young green leaves that have lost their shiny appear-
ance, attached to peduncles and twigs starting to show
first signs of hardening-off (with initiation of some
browning); LDS3 (50–60 days old): adult green leaves
with no shiny appearance, attached to peduncles and
twigs that have started to harden-off (30–50% browning
of the surface, normally more so on their sun-exposed
upper side); and LDS4 (>75 days old): ‘old’ dark-green
leaves, attached to brown, completely hardened-off twigs.

The average ages of the leaves for each LDS treatment
were estimated by following the growth of young
flushes from budbreak in the field and in the nursery.
Stages LDS1 to LDS4 corresponded to the interflush-1,

interflush-2, early interflush-3 and above-interflush-3
stages, respectively, of Greathouse 

 

et al

 

. (1971).
Three leaves were collected in the early morning

(6:30–9:00 h) from four adult trees of each of the clones
growing in a field collection at the Centre National de
Recherche Agronomique (CNRA) in Bingerville, Côte
d’Ivoire. In total, 12 

 

× 

 

4 

 

× 

 

9 = 432 leaves were used for the
experiment.

 

Preparation and inoculation of leaf discs

 

Twelve discs of about 1·5 cm in diameter from each leaf
were made with a cork borer, totalling 144 discs per clone
for each LDS. Discs were placed with their underside
upwards on wetted plastic foam in four trays 70 cm long,
60 cm wide and 15 cm high. Discs belonging to the same
treatment (clone and leaf LDS combination) were ran-
domly distributed in groups of 36 within each tray, giving
9 

 

× 

 

4 

 

× 

 

36 = 1296 discs per tray. Inoculation was carried
out the same day, after preparation of all leaf discs,
according to the method described by Nyassé 

 

et al

 

.
(1995). After calibration of the inoculum suspension at a
zoospore density of 3 

 

× 

 

10

 

5

 

 mL

 

−

 

1

 

, droplets of 10 

 

µ

 

L were
placed on each disc. The trays were sealed hermetically
with plastic film to maintain relative humidity of 100%
and complete darkness within them. The trays were placed
in the laboratory, avoiding direct sunlight, at 26–28

 

°

 

C
(maintained with an air-conditioner) until the observations
were carried out. After recording of disease severity (DS)
at 3 and 5 days after inoculation, trays were closed
again and placed under the same conditions for another
2 days.

The isolate of 

 

P. palmivora

 

 (M3-7·2) was the same as
that used by Tahi 

 

et al

 

. (2000), shown to have an average
level of aggressiveness in leaf-disc tests and DS scores of
about 3 (see below) for susceptible cacao genotypes. The
pathogenicity of the isolate was maintained by regular
inoculation in the laboratory of green mature cacao pods
followed by re-isolation on pea agar medium in tubes held
at 26

 

°

 

C in the dark (Huguenin & Boccas, 1971).

 

Symptoms in the laboratory and in the field

 

For the laboratory inoculations, DS was recorded after 3,
5 and 7 days of incubation (DI3, DI5 and DI7, respectively)
using a 0–5 scale developed by Nyassé 

 

et al.

 

 (1995),
where DS0 = absence of symptoms, DS1 = very small
necrotic spots, DS2 = larger number and size of necrotic
or brown spots, DS3 = coalescence of brown spots into
medium-sized lesions, DS4 = large uniform brown lesions,
and DS5 = very large brown lesions, often expanding
outside the area covered by the inoculation droplet).

The GCA values for the percentage of pods of the
Upper-Amazon Forastero clones used in the leaf-disc tests
infected in the field with 

 

P. palmivora

 

 were obtained
in two ways: First, over 9 years (1982–1987 and 1990–
1994, no data available for the intervening years), by
monthly recording of healthy ripe pods and mature

 

P. palmivora-

 

infected pods (Paulin 

 

et al.,

 

 1994; Cilas 

 

et al

 

.,
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1998), and secondly, by weekly recording of healthy and

 

P. palmivora-

 

infected cherelles and pods in the year 1990
(Kébé, unpublished; Tahi 

 

et al

 

., 2000). The latter dataset
included losses of young and mature fruits, whereas
the former was based only on mature fruits. The latter
method was used with success to estimate genetic para-
meters of field resistance to 

 

P. palmivora

 

 and appeared to
show high correlation for clonal averages between years
(Berry & Cilas, 1994). Although carried out during only
1 year, the latter set of field data appeared to be better
correlated with results of leaf inoculations (Tahi 

 

et al

 

.,
2000) than the 9-year harvesting data. It was decided to
use both sets of field data to verify this result and analyse
its meaning.

 

Statistical analyses

 

The effects of the main factors studied (cacao genotype,
leaf LDS and DI), as well as of their interactions, were
estimated with the 

 

sas

 

 statistical package, using a linear
model for the analysis of variance (SAS, 1989). Normality
of data and uniformity of variances were confirmed with
the Shapiro-Wilks and Levene tests, respectively. The sta-
tistical analyses followed a factorial split-plot design
(Cochran & Cox, 1966). This was required because of the
positive autocorrelation between DI treatments (consecu-
tive observations on the same subjects). DI was therefore
analysed as the main factor and its significance tested
against the interaction between DI and the replications
(inoculation trays). LDS and clone were analysed as sec-
ondary factors, in a 4 

 

× 

 

9 factorial design, subordinated
to the DI factor. The significance of differences between
the mean values of the treatments was calculated with the
Newman and Keuls test based on the residual error in the
global analysis of variance. Comparisons between clones
within treatments were also done with the Newman and
Keuls test, but based on separate analyses of variance for

each treatment or combination of treatments. The com-
parison between laboratory results (average disease scores
of the eight clones in the leaf-disc test) and field results
(GCA values of the same clones) was done using rank cor-
relations according to Spearman (1904). For the regres-
sion analysis of laboratory and field results, coefficients of
linear regression and correlation are presented.

 

Results

 

Main effects of leaf development stage, duration 
of incubation and cacao clone on disease severity

 

The main effects of the factors studied were all highly
significant (Table 1), with largest 

 

F

 

-values for LDS
treatments (2437), followed by DI treatments (651) and
cacao clones (235). Average DS scores for LDS treat-
ments 1–4 were 4·4, 3·4, 2·4 and 1·7, respectively
(Table 2). These values were all significantly different
from each other according to the Newman and Keuls
test, suggesting a nearly inverse linear relationship
between the four leaf development stages used and
susceptibility to 

 

P. palmivora

 

.
As expected, average DS scores increased between 3, 5

and 7 days of incubation from 2·2 to 3·1 and 3·6, respec-
tively. These values were also significantly different from
each other (Table 2). The relative increase in DS was
larger between 3 and 5 days (0·9 points on the 0–5 scale)
than between 5 and 7 days (0·5 points). This seemed to be
caused by the fact that many clones approached DS scores
of 5 for the youngest leaves (LDS1 and LDS2) after 7 days
of incubation (Table 3c).

The average DS of the cacao clones, for all LDS and
DI treatments combined, varied from 2·1 (SCA6) to 3·8
(NA79). The most susceptible clones were NA32, NA79,
IMC78 and IFC5 (susceptible control clone). The most
resistant clones were SCA6, PA150, P7, T60/887 and
IMC67 (Table 2). For the duration of incubation, the
largest clone effects were obtained with DI5 (

 

F

 

-value of
122) and for leaf development stage with LDS3 (

 

F

 

-value
of 103) (Table 2). For the combinations of DI and LDS
treatments, the DI5/LDS3, DI5/LDS2 and DI7/LDS3
combinations yielded the highest 

 

F

 

-values of 59, 57 and
49, respectively (data not shown). 

 

F

 

-values for the other
DI/LDS combinations were much lower (8–20). High

 

F

 

-values were generally associated with medium DS
scores, varying between 2·0 and 4·0 (Table 2).

 

Interaction between cacao clones, LDS and DI

 

The interaction effects of LDS and DI with cacao clones
(C) were significant. However, 

 

F

 

-values were much lower
for the interactions than for the main effects; the DI 

 

× 

 

C
interaction effect was especially small (Table 1). This is
in agreement with the rather similar ranking of the
nine clones for average DS scores for DI3, DI5 and DI7
(Table 2). However, the slightly larger LDS 

 

× 

 

C interaction
effect suggests that leaf resistance may vary differently
with the leaf age in different clones. Clone ranking for the

Table 1 Analysis of variance of disease severity scores obtained on 
leaf discs from nine cacao clones inoculated with Phytophthora 
palmivora, using leaves of four development stages and with 
symptoms observed 3, 5 or 7 days after inoculation

Source of variation d.f. MS F P

Duration of incubation (DI)
Replicate (R) 3 0·90 8·18 < 0·05
DI 2 70·71 650·67a < 0·001
Error 1 (R × DI) 6 0·11

Leaf development stage (LDS) and clone (C)
LDS 3 149·98 2436·79 < 0·001
C 8 14·16 234·9 < 0·001
C × LDS 24 1·39 22·64 < 0·001
C × DI 16 0·54 8·76 < 0·001
LDS × DI 6 1·06 17·30 < 0·001
C × LDS × DI 48 0·46 7·48 < 0·001
Error 2 315 0·06

aSignificance tested against R × DI variance.
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LDS1 treatment was particularly poorly correlated with
those of LSD2, LSD3 and LSD4 (Table 2).

 

Correlations between DS scores in the leaf-disc test and 
GCA for field resistance

 

In order to verify which of the LDS and DI treatments
were most predictive for field resistance, Spearman rank
correlations were calculated between the DS scores of the
eight cacao clones for each LDS/DI combination and
the GCA values for field resistance. For the latter, two

measures of field PPR incidence were used, one based
on monthly harvesting of healthy and rotten pods over a
9-year period (PPR-9-year), and the other based on
weekly harvesting of rotten fruits (cherelles or pods) and
healthy ripe pods in the year 1990 (PPR-1990). Correla-
tions were calculated for all possible combinations of
treatments. Results, including correlations obtained
by pooling DS data together for the most significant DI
and LSD treatments, are presented in Table 3.

For the different LDS/DI combinations, r-values were
significant for seven of the 12 possible LDS/DI combinations

Table 2 Average phytophthora pod rot (PPR) disease severity (DS) scores in leaf-disc tests of nine cacao genotypes (clones) for four leaf 
development stages and three durations of incubation (3, 5 and 7 days) before symptoms were recorded

Clone
% PPR
(1990)a

% PPR
(9 years)b

Days of incubation (DI) Leaf development stage (LDS)
Average for 
all treatments3 5 7 1 2 3 4

SCA6 5·5 11·5 a 1·5 a 2·2 a 2·7 a 3·6 a 2·2 a 1·4 a 1·3 a 2·1 a
P7 6·8 13·7 a 2·1 bc 2·8 c 3·4 b 4·6 d 3·2 c 1·8 b 1·5 a 2·8 d
PA150 9·7 11·1 a 2·0 bc 2·6 b 2·9 a 4·4 cd 2·8 b 1·5 a 1·3 a 2·5 b
T60/887 10·8 19·3 bc 2·2 bc 3·0 d 3·3 b 4·5 d 3·4 c 1·9 b 1·5 a 2·8 d
IMC67 16·7 25·1 bcd 1·9 b 2·7 bc 3·3 b 4·1 b 2·8 b 2·4 c 1·4 a 2·7 c
IMC78 19·9 28·7 d 2·7 d 3·5 e 3·8 c 4·7 de 3·9 d 2·9 d 1·9 b 3·3 e
NA32 23·0 24·5 bcd 2·8 d 3·8 f 4·2 d 4·8 e 4·5 e 2·8 d 2·2 c 3·6 f
NA79 24·5 26·7 cd 2·7 d 4·1 g 4·7 e 4·7 de 4·3 e 3·8 e 2·7 d 3·8 g
IFC5 (control) – – 2·2 c 3·5 e 4·1 cd 4·3 bc 4·0 d 2·8 d 1·9 b 3·3 e
Average 14·6 20·1 2·2 A 3·1 B 3·6 C 4·4 D 3·4 C 2·4 B 1·7 A 3·0
CV (%) 11·9 7·2 8·2 5 8·6 11·3 15·3 8·2
F-value – – 40 122 73 35 80 103 35 234·9

aPercentage cherelle and pod rot observed on progenies in a NCII field trial in 1990, by weekly field observations.
bPercentage pod rot observed on progenies in the same trial over 9 years according to monthly harvesting data (Cilas et al., 1998).
Different letters indicate significant differences between clones (lower case) and DI and LDS treatments (upper case) according to the Newman 
and Keuls test at 5% probability.

Table 3 Coefficients of rank correlation between GCA values of eight cacao clones for field incidence of phytophthora pod rot, according to monthly 
observations over 9 years or weekly observations during 1990, and disease severity observed in leaf-disc tests for four leaf development stages 
(LDS) and at 3, 5 and 7 days after inoculation (DI), as well as for some combinations of treatments

GCA values for Leaf development stage

Duration of incubation (days after inoculation)

3 5 7 5 + 7 3 + 5 + 7

9-year monthly 
field observations

1 0·58 ns 0·52 ns 0·44 ns 0·46 ns 0·56 ns
2 0·73* 0·72* 0·49 ns 0·55 ns 0·63 ns
3 0·87** 0·93*** 0·87** 0·90*** 0·93***
4 0·78* 0·55 ns 0·74* 0·73* 0·73*
2 + 3 0·80* 0·81* 0·74* 0·74* 0·81*
2 + 4 0·73* 0·68 ns 0·66 ns 0·66 ns 0·74*
3 + 4 0·87** 0·81* 0·83* 0·86** 0·86**
1 + 2 + 3 + 4 0·57 ns 0·68 ns 0·74* 0·74* 0·74*

1990 weekly 
field observations

1 0·77* 0·73* 0·29 ns 0·63 ns 0·74*
2 0·93*** 0·87** 0·72* 0·76* 0·84**
3 0·90*** 0·95*** 0·96*** 0·97*** 0·95***
4 0·82* 0·81* 0·85** 0·86** 0·86**
2 + 3 0·97*** 0·95*** 0·85** 0·88** 0·95***
2 + 4 0·93*** 0·86** 0·81* 0·81* 0·88**
3 + 4 0·90*** 0·95*** 0·83* 0·97*** 0·97***
1 + 2 + 3 + 4 0·81* 0·86** 0·85* 0·88** 0·88**

*significant at 5% probability; **significant at 1% probability; ns, non-significant.
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for the PPR-9-year dataset and for 11 of the 12 combinations
for the PPR-1990 dataset (Table 3). When pooling all data
together, the coefficient of rank correlation calculated
between the average DS scores of the eight clones and the
PPR-9-year and PPR-1990 GCA datasets were 0·74 and
0·88, respectively. This indicates that the weekly field
observations were better correlated with leaf-disc test
results than the monthly harvesting data.

For the PPR-9-year dataset, the highest coefficients of
rank correlation were obtained with the DS values of the
LDS3/DI5 combination (r = 0·93), and for the PPR-1990
dataset with the DS values of the LDS3/DI7 combination
(r = 0·96). For the pooled DI data (using average DS scores
over all DI treatments), the highest r-values were obtained
with LDS3 for both datasets (0·93 and 0·95, respectively).
For the pooled LDS data, the highest r-value obtained for
the PPR-9-year dataset was with DI7 (r = 0·74) and for the
PPR-1990 dataset with DI5 (0·86) (Table 3).

When data for all other possible LDS and DI combina-
tions were pooled, r-values did generally not exceed those
obtained for the LDS/DI5 and LDS/DI7 combinations
for both datasets (Table 3, not all possible combinations
shown). This suggests that average DS values obtained by
pooling data from leaves of different ages or from differ-
ent incubation periods would not present an additional
advantage over the best single treatment combinations
(LDS3/DI5 and LDS3/DI7).

Linear regression between GCA values obtained in the 
field and DS observed in the leaf-disc test

Considering that the DI5/LDS3 combination is probably
the most favourable treatment to use in leaf-disc tests, it
is of interest to know the percentage of field infection
explained by the leaf-disc test. Linear regression analyses
for the two treatments with high coefficients of rank
correlation (LDS3/DI5) for the PPR-9-year and PPR-1990
datasets are presented in Fig. 1a and 1b, respectively. The
regression coefficients obtained were 6·6 and 7·2, respec-
tively, suggesting that one point on the 0–5 scale for DS
corresponded on average to about 6·9% variation in GCA
for mean field PPR incidence. The latter varied between 5
and 25% in the field trial. In relative terms, one DS point
would then represent about 40% of the average infection
level (approximately 17%) observed in the field trial that
was used to calculate the GCA values.

Discussion

The higher resistance of older cacao leaves to Phytophthora
was reported previously by Tarjot (1972), Tondjé et al.
(1988) and Nyassé et al. (1995). Nyassé et al. (1995) also
showed increased susceptibility of very old leaves (more
than 6 months old) compared with leaves between 3 and
6 months old. Such very old leaves were not used in the

Figure 1 Linear regression between disease 
severity (DS) of cacao leaf discs, at leaf 
development stage 3, scored 5 days after 
inoculation, and GCA values for percentage 
phytophthora pod rot in the field observed 
monthly over 9 years (a) or weekly during 
1990 (b).



Plant Pathology (2006) 55, 776–782

Evaluating black pod resistance in cocoa 781
PPA_1453

present study. Variation of resistance according to leaf age
has been observed in other pathosystems, such as that of
rubber and Microcyclus ulei (Lespinasse, 1999). Little is
known about the mechanisms of age-induced resistance in
cacao, but accumulation of antifungal substances in adult
leaf tissue could be involved. Alternatively, leaf discs
obtained from the younger leaves (LDS1) tend to deterio-
rate rapidly, which might decrease the capacity of the leaf
tissue to react to Phytophthora infections.

The average effect of cacao clones on DS was less sig-
nificant than that of LDS and DI. However, the magnitude
of the clone effect was influenced by the treatments
applied. For treatments that resulted in low or high aver-
age DS scores (below 2·0 or above 4·0, respectively), clone
effects were still significant, but much smaller than for
treatments that resulted in intermediate DS values
(between 2 and 4). Thus, treatments applied in the
leaf-disc test resulting in intermediate DS values would
generally be the most favourable for discriminating
between clones.

The significant interactions between cacao clones and
LSD and DI indicate that resistance of clones may vary
according to LSD/DI treatments applied. This would
explain the variable degrees of significance of the correla-
tions between DS for the different LDS/DI combinations
and field results. It emphasizes the need to identify the
optimal LSD/DI combinations to be used in the leaf-disc
test. Average F-values for the clone effect were highest for
LDS2 and LDS3, and for DI5 and DI7. The highest corre-
lations with field results were obtained for the LDS3/DI5
and LSD3/DI7 combinations. Thus, the treatments resulting
in high genetic variances also provided the best correla-
tions with field results. The pooling of data over different
treatments or combinations of treatments did not result in
better correlations with field results, suggesting that there
is no added value in collecting leaves of different ages
rather than only LDS3 leaves, nor in recording DS at two
observation dates rather than one.

Nyassé et al. (1995) considered that leaf stage 1 (identified
in their study as leaves 1–2 months old) was best suited to
differentiating between the three clones tested. This leaf
age falls between the LDS2 and LDS3 used in the present
study and is therefore in agreement with the results here.
Other researchers (e.g. Iwaro et al. 1997a,b) preferred to
use interflush-2 leaves, corresponding to LDS2, which in
the present study gave good differentiation of resistance
between clones, but less than optimal correlation with
field results.

The clones tested in the current study were the same
ones used in the study published by Tahi et al. (2000). It
is interesting to note that the ranking of the clones in
the present study was similar to that in the 2000 study
(r = 0·80 for the LDS3/DI7 treatments applied in both
studies), showing good repeatability between tests carried
out in different years. This can be largely ascribed to
(besides the control of other conditions) the availability of
enough leaves of the right development stage of each clone
in the experimental set-up. In both studies, the leaves were
collected from clonal nursery or field progenies with

enough foliage to allow the right LDS stage to be chosen
for all genotypes. However, when carrying out large-scale
screening of cacao genotypes, repeatability of leaf-disc test
results was shown to vary between testing series (Tahi
et al., 2006), possibly because it is not always easy to find
leaves of the right development stage for each genotype,
especially if the genotypes to be tested are individual nurs-
ery or field plants. Cacao genotypes do not always flush at
the same time and therefore LDS3 leaves may not be avail-
able at the same time for all clones. If a clone has no LDS3
leaves, it would probably be best to collect a mixture of
LDS2 and LDS4 leaves. However, in the present study the
correlation with field results of pooled DS values of LDS2
+ LDS4 was less significant than that of LDS3 leaves alone
(Table 3). Therefore, the lack of leaves of the right devel-
opmental stage can best be overcome by carrying out
a relatively large number of replicate inoculations over
time, with at least a month’s interval between replicates to
allow for new flush leaves to mature. Indeed, Tahi et al.
(2006) reported that heritability and selection efficiency of
the leaf-disc test tend to increase with the number of
replicates inoculated over time and recommended using at
least four such for reliable selection of individual plants
as well as at least two replicates for evaluation of average
resistance of genotypes represented by many plants
(e.g. seedling progenies and grafted or budded clonal
genotypes).

Weekly field observations were better correlated with
leaf-disc test results than monthly harvesting data. This
might suggest that intrinsic resistance of cacao tissue to
infection with P. palmivora is more reliably evaluated in
the field through weekly recording of young and mature
fruits during the main epidemic period than through
monthly recording of infection on mature fruits over the
entire year. In fact, the percentage of infected mature pods
is determined not only by the resistance of the pods to
infection, but also by escape phenomena, such as the fruit-
ing cycle (production outside the main epidemic period)
and fruiting intensity (Kébé et al., 1999; Cilas et al.,
2004). The fruiting cycle alone may explain 43% of the
variation in infection level (Kébé et al., 1999), while field
resistance assessed by weekly observations on cherelles
and pods during the main epidemic period would be less
affected by escape phenomena, and may therefore better
reflect the variation in genetic resistance of cacao tissue to
infection, which is the main parameter evaluated in the
leaf-disc test.

In conclusion, the results showed that the reliability of
the leaf-disc test in predicting levels of field resistance to
PPR was dependent on the conditions of the test. Coeffi-
cients of rank correlation varied between treatments
and were most significant for LSD3 (leaves between 50
and 60 days old) and when DS was recorded 5 or 7 days
after inoculation. Regression analyses indicated that when
using the right treatment combination, 75–90% of the
genetic variation for field resistance to PPR could be
explained by the leaf-disc test. This suggests that signi-
ficant progress could be obtained when using this test in
early screening for resistance to PPR.
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