Genetics and Resistance

Relationships Between Black Pod and Witches’-Broom Diseases
in Theobroma cacao

J.-M. Thevenin, R. Umaharan, S. Surujdeo-Maharaj, B. Latchman, C. Cilas, and D. R. Butler

First and fifth authors: Centre de Coopération Internationale en Recherche Agronomique pour le Développement (CIRAD), Département des
Cultures Pérennes, UPR Maitrise des Bioagresseurs des Cultures Pérennes, TA 80/02, 34398 Montpellier Cedex 5, France; and second,
third, fourth, and sixth authors: Cocoa Research Unit, The University of the West Indies, St. Augustine, Trinidad and Tobago.

Accepted for publication 28 June 2005.

ABSTRACT

Thevenin, J.-M., Umaharan, R., Surujdeo-Maharaj, S., Latchman, B.,
Cilas, C., and Butler, D. R. 2005. Relationships between black pod and
witches’-broom diseases in Theobroma cacao. Phytopathology 95:1301-
1307.

Field observations were conducted from 1998 to 2001 at the
International Cocoa Genebank, Trinidad, to evaluate 57 cacao clones for
resistance to black pod (BP) and witches’-broom (WB) diseases (caused
by Phytophthora sp. and Crinipellis perniciosa, respectively). Each
month ripe pods were harvested and the number of healthy and diseased
was recorded. The number of brooms on vegetative shoots was recorded
three times a year on selected branches. Twenty-three clones showed less
than 10% of infection for both BP and WB on pods. Among those, eight
clones showed an absence of brooms on the observed branches: IMC 6,

MAN 15/60 [BRA], PA 67 [PER], PA 195 [PER], PA 218 [PER], PA 296
[PER], PA 303 [PER], and POUND 32/A [POU]. Broad-sense heritability
was estimated at 0.38 and 0.57 for WB disease on pods and shoots, re-
spectively, and at 0.51 for BP disease. Genetic correlation between WB
disease on pods and on shoots was low and estimated at 0.39, whereas the
correlation between WB and BP diseases on pods was 0.48. To choose
putative parents for breeding schemes, it is suggested that clones are first
assessed for their level of resistance to WB on shoots, and the most
promising individuals are screened for BP with a detached pods test.
Further studies are needed to confirm whether the level of resistance to
WB on pods can be predicted using an early test on seedlings.

Additional keywords: cocoa diseases, field resistance, germ plasm
evaluation, polygenic resistance.

Cacao (Theobroma cacao L.) is prone to attack by numerous
fungal pathogens, and two of the most economically important
diseases are black pod (BP) and witches’-broom (WB) caused by
Phytophthora sp. and Crinipellis perniciosa, respectively. BP is
widely distributed throughout all cacao growing areas in the
world and is ranked as the number one disease of cacao (51), with
annual estimates of global crop losses of about 30% (25,30) and
losses up to 90% in some locations (7,10). The impact of BP is
especially severe in some regions of West and Central Africa,
which accounts for some 60 to 70% of the world’s cocoa bean
production (7). WB is currently restricted to the western hemi-
sphere and found in several South American countries such as
Brazil, Columbia, Ecuador, Peru, and Venezuela, part of Panama
in Central America, and in several islands in the Caribbean. It is
ranked as the second most debilitating disease of cacao, with
annual estimates of crop losses ranging from 30 to 90% (15,41).
In Brazil alone, in just 10 years since the appearance of the
disease in the state of Bahia, the annual production of cocoa
beans has dropped from 400,000 to 100,000 metric tonnes (7).

Major economic losses for both diseases result from infection
on pods. At the onset of the rainy season, Phytophthora sp. re-
sumes its activity and produces sporocysts. Zoospores are re-
leased in free water and spread to their target by splashing from
the litter, the soil, or already sporulating pods or other affected
cacao tissues or by animals among others (28,29). When they land
on the surface of cherelles or pods, they germinate and germ tubes
penetrate through stomata or to a less extent by direct penetration
through the exocarp of the pod (22,49). First symptoms will
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appear 2 to 3 days after the attack as brown lesions that will
develop quickly into a large brown rotten spot. Beans will be
more or less affected by the rot and may be salvaged in case of a
late attack, i.e., when pods have already started to ripen (34). For
WB, the parasitic phase of the life cycle is initiated by alternate
periods of wetness and dryness, necessary for necrosed cacao
tissues to produce basidiocarps. Released basidiospores landing
on the wet surface of growing pods will germinate and penetrate
the tissues, through stomata or possibly directly as observed on
leaves by Sreenivasan and Dabydeen (46) or Frias et al. (17). A
variety of symptoms can be observed depending on the stage of
the cherelle when attack occurred: hypertrophy/distortion of the
cherelle, necrotic lesions, chlorosis, and premature ripening. In-
direct infection can also occur via the mycelium of C. perniciosa
growing through the stalk of the cherelles or the pedicel of the
flowers, leading to strawberry or carrot shape fruits (9,40,44).

The effect of BP and WB can also be indirect. Phytophthora sp.
can attack young flushes and roots but more importantly the trunk
and branches of the tree causing cankers (4). The indirect effect of
WB is characterized by attacks of the young meristematic tissues
of both reproductive (flower cushions) and vegetative parts of the
plant, reducing production by debilitating the tree’s productive
potential through diverting assimilates to brooms (7). In this case,
the range of symptoms can be particularly wide and includes thick-
ening of the flower pedicel, vegetative cushion brooms, swelling
and necrosis of leaf petioles, stem canker, and axillary or terminal
vegetative brooms (40,44). In all cases, the parasitic large and
intercellular mycelium of C. perniciosa growing in green meri-
stematic tissues will convert to a thinner, intracellular mycelium
concomitantly to the drying of the affected cacao tissues. This ini-
tiates the saprophytic stage of the life cycle, which will last until
the emergence of the basidiocarps (14).

Cultural practices and the use of chemicals, especially for BP,
have been the traditional methods of control for these diseases.
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However, the use of resistant material seems to be the best long-
term and cost-effective method of control. The breeding program
of the Ministry of Agriculture of Trinidad and Tobago, which
started in the 1950s and led to the development of the Trinidad
selected hybrids, focused on yield components, flavor, and re-
sistance to C. perniciosa and Ceratocystis fimbriata, which were
the most important pathogens at this time (18) and gave less con-
sideration to BP, which is now a major concern (43). It is there-
fore valuable to include in breeding programs sources of resis-
tance to all major threatening diseases. In addition, for diseases
such as WB, it is important to include sources of resistance to the
different forms of the disease, if they are inherited independently.
As several screening programs for resistance to WB are now
being conducted in nurseries, using an inoculation test on vege-
tative parts of the plant (27,38,50), it is important to verify how
the level of resistance on shoots is correlated to the level of resis-
tance on pods, which strongly affects cocoa yields. Therefore,
field data on disease resistance, which includes pods, is very im-
portant in identifying resistant genotypes (51).

The aim of this study is to investigate relationships between BP
and the different forms of WB based on field observations under
natural conditions of infection.

MATERIALS AND METHODS

Field observations were conducted over a 36-month period
from November 1998 to October 2001 (i.e., three cropping sea-
sons) on 57 clones, representing 20 accession groups (clones with
a common group name), at the International Cocoa Genebank,
Trinidad (ICG,T), as part of a wider project aimed at assessing the
resistance of cacao to BP and WB under natural conditions of
infection (Table 1).

Criteria for the selection of some clones were their known
resistance or susceptibility to WB and BP and their suitability for
use as controls (seven clones: EET 59 [ECU], ICS 1, IMC 57, NA
45, PA 120 [PER], SCA 6, and UF 11). The remaining 50 clones
were selected on the basis of various other interesting traits such
as low pod index, high butter fat content, and flavor. In the ICG,T,
each accession is represented by a single block of 1 to 16 trees,
planted under shade provided by trees of Erythrina sp. Depending
on the availability of trees for each clone, three to five trees were
selected to assess symptoms of BP on pods and of WB both on
pods and shoots: 47 clones were represented by five trees,
5 clones by four trees, and 5 clones by three trees.

Within a clone, trees were chosen for their similarity to each
other based on the color of flushes and color and shape of pods to
avoid the use of any off-type trees, which is a potential problem in
most cacao genebanks (32). To ensure the correct identity of the
selected trees, some of them had been characterized using mo-
lecular tools and compared with a reference tree when such still
existed. Any trees shown to be mislabeled were eliminated from
the study.

Disease observations on pods and shoots. Each tree was
observed monthly, ripe pods were harvested, and the following
variables were recorded: number of healthy pods, number of pods
with BP symptoms but no WB symptoms, number of pods with
WB symptoms but no BP symptoms, and number of pods with
both BP and WB symptoms on the same pod. Symptoms were
noted regardless of associations with damage by other fungi
(Colletotrichum sp., Botryodiplodia sp.), insects, rodent, or bird
attack. At the end of each cropping season, the numbers of af-
fected pods and healthy pods harvested each month were added
and yearly percentages of pods affected by BP and WB were
estimated by dividing the number of infected pods for each dis-
ease by the total number of pods. For observations on shoots,
three branches of approximately 1.5 m in length were selected to
represent the canopy from each selected tree. On each branch,
records were taken of the number of healthy shoots, green brooms,
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and dry brooms, and these brooms were tagged. The observations
on shoots were made three times per year, in November, March,
and July. At the end of each year, all brooms tagged during the
considered period were added and the percentage of shoots
affected by WB was expressed as the number of shoots with WB
symptoms divided by the total number of shoots. Symptoms on
flower cushions were not recorded.

Analysis of data. Percentages of pods affected by WB and BP
and the percentage of shoots affected by WB were subjected to an
arcsine square root transformation before analysis: y = sin”'(\x)
(26). Analysis of data was performed using the mixed model for
repeated measures with special parametric structure on the
covariance matrices (compound symmetric, autoregressive order
one, and unstructured) to determine the significance of the differ-
ences observed among clones and among years for the different
traits (52). In this model, covariance is estimated using the re-
stricted maximum likelihood estimation model and covariance
structure is chosen based on the Akaike’ information criterion.
This model takes into consideration the correlation that may exist
between years for individual tree data. Broad-sense heritability
and the associated confidence interval at 95% were estimated
using the Wald method (1). Statistical analyses and estimates of
broad-sense heritability were performed using the SAS system
(SAS Institute, Cary, NC) (42). Relationships between variables
and between years for the same variable were assessed with
NCSS 2001 (19) using Pearson and Spearman rank coefficients of
correlation.

RESULTS

Mixed model analysis was performed on 56 clones only for the
percentage of pods affected by BP or WB, as clone JA 1/21
[POU] did not produce sufficient pods (i.e., less than six pods per
tree per year). However, the analysis was performed on the 57
clones for the percentage of shoots affected by WB. Analyses
showed highly significant clonal and year effects for all variables:
percentage of pods infected by BP, percentage of pods infected by
WB, and percentage of shoots infected by WB. Clone—year inter-
actions were significant as well but their effect was less important
than the individual effects as suggested by the F values (Table 2).
The “unstructured” covariance structure used in the model gave
the best accuracy during the analysis of the percentage of pods
infected by BP and by WB, whereas the “auto regressive (rank 1)”
covariance structure was the most suitable when analyzing the
percentage of shoots infected by WB.

The overall percentage of BP was estimated at 16.2%. It varied
considerably from 1 year to the other, clearly increasing from
year 1 to year 3 (8.3% in year 1, 12.3% in year 2, and 33.2% in
year 3). Clone—year interactions were significant but weak (F =
2.35), meaning that the classification of clones varied slightly
from year to year. This is confirmed by the genetic correlation be-
tween years that was highly significant but the coefficient (r) was
not very high (Table 3). There were significant differences (P <
0.001) between clones and a large variation was observed for this
trait, the most resistant clone (PA 296 [PER]) having 1.8% of its
pods affected by BP and the most susceptible (ICS 70) having
almost 68% (Table 1). Several clones showed some promise with
a low percentage of pods affected by BP, e.g., B 12/1 [POU], LX
31, MAN 15/60 [BRA], NA 142, NA 680, PA 120 [PER], PA 195
[PER] PA 202 [PER], PA 296 [PER], PA 303 [PER], POUND
32/A [POU], and SPEC 185/4. However, several clones were
highly susceptible to BP and had more than 50% of pods affected,
i.e., CRU 119, CRU 96, and ICS 70. The broad-sense heritability
for BP was estimated at 0.39, 0.67, and 0.47 for years 1, 2, and 3,
respectively, with an average of 0.51 (Table 4).

Under the prevailing disease pressure, the average percentage
of pods affected by WB (3.8%) was much lower than for BP. It
decreased from 7.1% in year 1 to 3.2% in year 2 and 2.0% in year



3 (F =20.39). The clone—year interaction was also significant and
weak (F = 1.64) with Spearman coefficients of correlation be-
tween years varying from 0.34 to 0.53 only (Table 3). Significant
differences (P < 0.001) between clones were also observed for
WB on pods and the percentage varied between 0% (for PA 120

[PER] and PA 296 [PER]) and 25.6% for UF 11 (Table 1). Four-
teen clones had less than 1% of pods affected by WB and could
represent an interesting basis for germ plasm enhancement for
WB resistance, whereas only a few clones were considered to be
very susceptible, e.g., EET 59 [ECU], NA 45, NA 672, and UF 11.

TABLE 1. Expression of black pod and witches’-broom diseases on cacao genotypes in the field®

Black pod disease Witches’-broom disease
on pods (%)P on pods (%)° on shoots (%)4

Genotypes Transformed value® Mean value Transformed value® Mean value Transformed value® Mean value
AM 1/73 [POU] 0.27 7.2 0.21 4.2 0.01 0.01
AM 2/65 [POU] 0.29 8.0 0.24 5.7 0.01 0.02
AMAZ 12 [CHA] 0.39 14.6 0.06 0.3 0.00 0.00
B 5/3 [POU] 0.49 21.9 0.28 7.8 0.10 0.91
B 12/1 [POU] 0.20 4.1 0.10 1.0 0.02 0.04
B 13/5 [POU] 0.32 9.8 0.20 39 0.02 0.04
CL 10/10 0.41 16.1 0.32 10.1 0.03 0.12
CL 19/10 0.34 10.8 0.08 0.7 0.02 0.03
CLEM /S-62-1 0.46 20.0 0.16 2.5 0.00 0.00
CRU 19 0.45 19.0 0.09 0.9 0.01 0.01
CRU 96 0.96 67.4 0.38 13.7 0.13 1.65
CRU 119 0.80 51.2 0.35 12.0 0.18 3.27
EET 58 [ECU] 0.36 12.5 0.33 10.7 0.12 1.38
EET 59 [ECU] 0.57 29.2 0.40 15.3 0.17 2.81
ICS 1 0.57 29.2 0.29 8.3 0.09 0.76
ICS 40 0.56 28.5 0.13 1.6 0.04 0.15
ICS 70 0.97 67.9 0.24 5.6 0.01 0.01
ICS 84 0.54 26.1 0.12 1.4 0.13 1.61
ICS 95 0.52 24.5 0.31 9.5 0.04 0.16
IMC 6 0.23 5.1 0.18 33 0.00 0.00
IMC 16 0.29 8.3 0.13 1.8 0.01 0.01
IMC 47 0.25 6.0 0.12 1.5 0.02 0.03
IMC 57 0.46 19.4 0.17 3.0 0.00 0.00
IMC 103 0.65 36.6 0.17 2.9 0.02 0.03
JA 1/21 [POU] n.a. n.a. n.a. n.a. 0.04 0.19
JA 5/25 [POU] 0.46 19.3 0.28 7.8 0.03 0.11
LP 1/45 [POU] 0.36 12.1 0.21 43 0.00 0.00
LP 4/24 [POU] 0.31 9.5 0.09 0.9 0.09 0.86
LX 31 0.16 2.7 0.32 9.8 0.05 0.25
MAN 15/60 [BRA] 0.20 39 0.11 1.3 0.00 0.00
MOQ 5/5 0.54 26.6 0.27 7.0 0.00 0.00
NA 8 0.33 10.5 0.17 3.0 0.01 0.01
NA 45 0.70 41.1 0.51 242 0.22 4.68
NA 142 0.20 3.8 0.21 44 0.06 0.32
NA 149 0.71 425 0.36 12.1 0.01 0.01
NA 178 0.64 35.7 0.22 5.0 0.00 0.00
NA 226 0.70 41.6 0.19 3.7 0.00 0.00
NA 342 0.24 5.8 0.12 1.4 0.04 0.17
NA 387 0.45 19.2 0.08 0.7 0.03 0.06
NA 672 0.50 229 0.47 20.9 0.07 0.47
NA 680 0.20 3.8 0.10 0.9 0.02 0.03
NA 756 0.49 21.8 0.38 13.5 0.00 0.00
PA 34 [PER] 0.26 6.5 0.06 0.3 0.05 0.24
PA 67 [PER] 0.31 9.1 0.13 1.7 0.00 0.00
PA 70 [PER] 0.62 34.0 0.16 2.7 0.11 1.28
PA 120 [PER] 0.14 2.0 0.00 0.0 0.01 0.02
PA 151 [PER] 0.70 412 0.02 0.1 0.00 0.00
PA 169 [PER] 0.37 13.0 0.10 0.9 0.00 0.00
PA 195 [PER] 0.18 32 0.03 0.1 0.00 0.00
PA 202 [PER] 0.21 4.3 0.11 1.1 0.06 0.41
PA 218 [PER] 0.32 9.7 0.21 44 0.00 0.00
PA 296 [PER] 0.13 1.8 0.00 0.0 0.00 0.00
PA 303 [PER] 0.18 3.1 0.07 0.5 0.00 0.00
POUND 32/A [POU] 0.17 2.7 0.20 4.1 0.00 0.00
SCA 6 0.39 14.6 0.04 0.2 0.01 0.01
SPEC 185/4 0.15 2.4 0.17 3.0 0.03 0.10
UF 11 0.57 29.2 0.53 25.6 0.27 7.35
Mean 0.41 16.2 0.20 3.8 0.04 0.17
LSD (P < 0.05) 0.24 0.17 0.08

2 Observations were made in the International Cocoa Genebank, Trinidad, between 1998 and 2001.

b Pods were harvested monthly and the number with black pod symptoms was recorded as a percentage of the total.

¢ Pods were harvested monthly and the number with witches’-broom symptoms was recorded as a percentage of the total.

4 The number of vegetative brooms on selected branches was recorded three times a year and is given as a percentage of the total number of shoots.

¢ Transformed values were based on arcsine square root transformation.
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The broad-sense heritability for WB on pods was estimated at
0.39, 0.45, and 0.29 in years 1, 2, and 3, respectively, with an
average of 0.38 (Table 4).

The average percentage of shoots affected by WB was 0.17%.
It varied from year to year but ratios between years were smaller
and more consistent than for diseased pods (0.20% in year 1,
0.22% in year 2, and 0.11% in year 3). Contrary to affected pods,
the effect of year (F = 7.57) was smaller than the effect of clone
for this variable (Table 2). Even though the clone—year interaction
was highly significant, its effect was small and the correlation
between years was highly significant and varied from 0.64 to 0.81
for Spearman coefficients of correlation. Significant differences
(P < 0.001) between clones were observed and the percentage
varied between 0 and 7.35% (Table 1). Eighteen clones did not
have any shoots affected by WB during the period of observation,
whereas a few clones are considered to be very susceptible, e.g.,
CRU 119, EET 59 [ECU], NA 45, and UF 11. The broad-sense
heritability for WB on shoots was estimated at 0.56, 0.70, and
0.45 in years 1, 2, and 3, respectively, with an average of 0.57
(Table 4).

BP was significantly correlated to WB on pods with the
Spearman coefficient of correlation estimated at 0.48 (P < 0.001),
whereas BP was not significantly correlated at a 5% level to WB
on shoots (r = 0.25, P = 0.059). A significant correlation (r = 0.39,
P = 0.003) was also observed between WB on pods and WB on
shoots (Table 5).

DISCUSSION

The 57 clones observed belong to a total of 20 different
accession groups. Most of the clones belong to the Upper Amazon
Forastero (IMC, NA, PA, POUND, and SCA) and to the Refrac-
tario (AM, B, CL, and LP) groups, which are well represented in
the ICG,T. They originated from expeditions to Peru and Ecuador
during the first half of the past century, for which the objective
was to search for sources of resistance to WB, soon after the first
outbreak of the disease in Trinidad (3). However, Lower Amazon
Forastero (MAN) and Trinitario (ICS and UF) groups, which had
not been selected for their resistance to WB, were also repre-
sented, as well as some clones from unidentified groups (CRU)

TABLE 2. Mixed model analysis for field resistance of cacao to black pod and witches’-broom diseases?®

Observation Source df Chi-square F value P>F
Black pod Clone 55 520.07 9.46 P < 0.0001
Year 2 146.67 73.33 P <0.0001
Clone x year 110 258.88 2.35 P <0.0001
Witches’-broom on pods Clone 55 302.50 5.50 P <0.0001
Year 2 40.77 20.39 P <0.0001
Clone x year 110 180.40 1.64 P =0.0036
Witches’-broom on shoots Clone 56 627.75 11.21 P <0.0001
Year 2 15.13 7.57 P =0.0006
Clone x year 112 202.71 1.81 P <0.0001

a Observations were made in the International Cocoa Genebank, Trinidad, between 1998 and 2001.

TABLE 3. Spearman and Pearson correlation between years for field observations on black pod and witches’-broom diseases of cacao in the International Cocoa

Genebank, Trinidad, from 1998 to 2001

Spearman Pearson
Observation Parameters Correlation coefficient P>F Correlation coefficient P>F
Black pod 1998/99 vs. 1999/2000 0.65 P <0.0001 0.68 P <0.0001
1998/99 vs. 2000/01 0.49 P =0.0001 0.44 P =0.0006
1999/2000 vs. 2000/01 0.44 P =0.0006 0.44 P =0.0007
Witches’-broom on pods 1998/99 vs. 1999/2000 0.35 P =0.0072 0.41 P =0.0020
1998/99 vs. 2000/01 0.34 P=0.0113 0.38 P =0.0034
1999/2000 vs. 2000/01 0.53 P <0.0001 0.56 P <0.0001
Witches’-broom on shoots ~ 1998/99 vs. 1999/2000 0.81 P <0.0001 0.87 P <0.0001
1998/99 vs. 2000/01 0.64 P <0.0001 0.77 P < 0.0001
1999/2000 vs. 2000/01 0.76 P <0.0001 0.86 P <0.0001

TABLE 4. Broad-sense heritability for black pod and witches’-broom on cacao, based on observations in the International Cocoa Genebank, Trinidad, between

1998 and 2001

h? [confidence interval at 95%]
Observation 1998/99 1999/2000 2000/01 Mean
Black pod 0.387 [0.229-0.545] 0.669 [0.556-0.783] 0.466 [0.306-0.625] 0.507
Witches’-broom on pods 0.390 [0.235-0.544] 0.452 [0.297-0.607] 0.288 [0.134-0.441] 0.377
Witches’-broom on shoots 0.560 [0.438-0.682] 0.701 [0.605-0.797] 0.447 [0.315-0.518] 0.569

TABLE 5. Spearman rank correlation between black pod and witches’-broom on cacao from observations in the International Cocoa Genebank, Trinidad, between

1998 and 2001

Parameters

Correlation coefficients

Probability level

Black pod vs. witches’-broom on pods
Black pod vs. witches’-broom on shoots
Witches’-broom on pods vs. witches’-broom on shoots

0.48 P <0.001
0.25 P =0.059
0.39 P =0.003
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likely to be from the Upper Amazon Forastero or Refractario
groups. All clones were replanted in the 1980s in their present
location in existing cocoa fields where disease pressure was
already established.

The level of infection by WB on shoots was less than 1% for
approximately 85% of the clones, and the global level of attack
was low (estimated at 0.17%). This could be explained by several
reasons: (i) most of the clones were initially selected as seed from
mother trees with apparent resistance to WB and, therefore, there
is a good representation of WB resistance in the ICG,T; (ii) the
pathotype (“B”) of C. perniciosa present in Trinidad is less ag-
gressive than pathotype “A” which is prevalent in Ecuador, Peru,
and Colombia and would therefore induce a lower level of symp-
toms (54); and (iii) the number of shoots observed per clone is
sometimes so large that percentages of infection will seem small
even though clones are susceptible with clear symptoms. It is
interesting to note that the most susceptible clones to WB on
shoots include some that were selected for their productivity
(EET 58 [ECU], EET 59 [ECU], ICS 84, and UF 11). They also
include some clones that originated from trees selected for their
apparent resistance during the expeditions (LP 4/24 [POU], NA
45, and PA 70 [PER]), but these clones, originally collected as
seed, would have shown segregation in the progenies sown. The
high correlation (Spearman or Pearson) between years of observa-
tions for WB on shoots, associated to a low, even though signifi-
cant clone—year interaction demonstrates a tendency for observa-
tions of this character to be fairly stable from one year to another.
The most susceptible clones (CRU 119, EET 59 [ECU], NA 45,
and UF 11) have consistently developed large numbers of brooms
over the years, and clones very resistant to WB on shoots con-
sistently did not develop any symptoms. However, a few clones
showing an irregular response to the attack of C. perniciosa
contributed to the existence of this clone—year interaction: B 5/3
[POU], CRU 96, and PA 70 [PER] susceptible in year 1 and resis-
tant or moderately resistant in year 3; ICS 40, ICS 95, and LP
4/24 [POU] resistant or moderately resistant in year 1 but suscep-
tible in years 2 and 3.

The level of attack by Phytophthora sp. was moderately high
(16.2% globally over the period of observation). This is not sur-
prising as no selection was reported to have been made for resis-
tance to BP at the time of the collecting expeditions. In addition,
the third year of observations was apparently favorable to Phy-
tophthora sp. attacks and induced a higher disease level (31.2%)
than years 1 and 2. The level of attack by C. perniciosa on pods
(3.8%) was much lower than for BP. Twenty-three clones showed
less than 10% of infection for both BP and WB on pods. Among
those, eight clones showed an absence of brooms on the observed
branches: IMC 6, MAN 15/60 [BRA], PA 67 [PER], PA 195
[PER], PA 218 [PER], PA 296 [PER], PA 303 [PER], and POUND
32/A [POU]. A few other interesting clones showing 0.1% or less
shoots affected are also considered to be promising for breeding:
AM 1/73 [POU], AM 2/65 [POU], B12/1 [POU], B 13/5 [POU],
IMC 16, IMC 47, NA 680, PA 120 [PER], and SPEC 185/4. Other
data such as pod index, bean size, or butter fat content are not
available for all the promising clones; however, Iwaro et al. (20)
observed that clones with a large bean number commonly show
good resistance to BP. Furthermore, it should be noted that IMC
47 combines promising disease resistance with a low (27.4) pod
index (20), high (56.2%) butter fat content (53), and a produc-
tivity of 82 pods per year per tree over the concerned period. For
symptoms on pods, whether due to Phytophthora sp. or C. per-
niciosa, the year effect is more important than for WB on shoots,
as shown by existing clone—year interactions. For clones where
the level of resistance or susceptibility to either disease was ex-
treme, their rating proved to be fairly consistent among years; we
can cite B 12/1 [POU], IMC 47, NA 680, PA 34 [PER], PA 120
[PER], PA 195 [PER], PA 296 [PER], and PA 303 [PER] con-
sistently resistant to BP and WB, and CRU 96, EET 59 [ECU],

NA 45, NA 672, and UF 11 consistently susceptible to both dis-
eases. However, a few clones showed variation among years in
their level of resistance to either disease and are considered to be
responsible for the clone—year interaction; among those, we can
mention B 5/3 [POU], MAN 15/60 [BRA], NA 8, and PA 169
[PER] for both BP and WB. Several factors can be pointed out as
being partly responsible for the poor correlation between years of
observations; these include variable environmental conditions,
such as rainfall and inoculum pressure and variable fruit produc-
tion characteristics from one year to another (2,5,12). The global
level of productivity was 25.9 pods per tree in year 1, 30.1 in year
2, and 28.2 in year 3. An analysis of variance (data not shown)
performed on this trait showed a highly significant clonal effect
but a nonsignificant year effect or clone—year interaction, mean-
ing that differences observed in the level of resistance to BP or
WB cannot be explained by differences of fruit bearing between
years. Cumulative rainfall data showed variation among cropping
seasons: 1,865 mm in year 1, 1,915 mm in year 2, and 1,504 mm
in year 3. Year 3 was characterized by the least amount of rain but
surprisingly induced the highest level of BP. However, November
and December are 2 months when BP reaches a peak, and these
2 months were wetter in year 3 (458 mm, 38 rain days) than in
year 1 (373 mm, 38 rain days) or year 2 (421 mm, 19 rain days).
Detailed epidemiological studies should nevertheless be con-
ducted in order to explain more accurately differences observed
among years on the expression of cacao diseases.

Numerous authors have suggested that resistance to BP disease
is polygenic and horizontal (6,11,35,45,48), although recently,
Efron et al. (13) expressed a belief that only three genes might be
involved in the resistance to Phytophthora. In addition, the
transmission of the resistance is additive and the level of resis-
tance of progenies can be predicted by the level of resistance of
the parents (23,33). Our data estimated the average broad-sense
heritability to be 0.51 for the 3 years, suggesting that 26% of the
total variation observed can be explained by a genetic effect, for
this particular character. Confidence intervals were narrow and
indicated that estimates were fairly accurate. These estimates are
within the same range of heritabilities, 0.32 and 0.68, reported for
field observations by Kébé et al. (24) in a 16 x 4 parent factorial
trial in Cdte d’Ivoire after 5 and 9 years, respectively. These esti-
mates are however much higher than those given by Cilas et al.
(8), i.e., 0.133 in Cameroon after 3 years of observations and
0.061 in Togo after 1 year. These authors suggested that the
longer the period of observation, the more accurate the data and
the higher the estimate of heritability. This emphasizes the need to
conduct field observations on pods over long periods to reduce the
source of variation. Our estimates of heritability for BP and other
traits might well have been over-estimated due to the planting
design of the genebank, where clones are represented by several
trees in a single block, with no replication in any other block.

Several authors have also suggested that resistance to WB is
horizontal and polygenic (36,45,55). However, the low level of
infection in progenies issued from the highly resistant clone SCA
6 led Pires et al. (37) to suggest that there is a large dominance
and homozygocity for this character in SCA 6 and that only a few
genes might be involved in the resistance to WB in this particular
cultivar. In addition, Zadoks (55), quoting Montserin et al. (31)
who compared reciprocal crosses of SCA 6 and ICS 1, suggested
a maternal inheritance of resistance with the implication of extra
nuclear genes. Our estimates of broad-sense heritability varied
from 0.29 to 0.45 with an average of 0.38 for pods and from 0.45
to 0.70 with an average of 0.57 for shoots. These values tell us
that, as for BP, a moderate part of the phenotypic variation ob-
served in the field can be attributed to genetic effects, i.e., 14%
for pods and 32% for shoots. Confidence intervals associated with
the broad-sense heritability for WB on pods or shoots were also
narrow, suggesting that estimates for these characters were fairly
accurate.
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There was a significant relationship between BP and WB on
pods even though it was not very strong (r = 0.48). It suggested
that approximately 23% of the variation observed in BP could be
accounted for as variation in WB. The relationship between BP on
pods and WB on shoots was weaker and not significant, as would
be expected since two different pathogens and two different or-
gans are concerned. The genetic correlation between WB on pods
and on shoots was moderate (» = 0.39). Some clones were indeed
susceptible on shoots and resistant on pods (ICS 84, LP 4/24
[POU], and PA 70 [PER]), and other clones were susceptible on
pods and resistant on shoots (NA 149 and NA 756). Based on field
observations at the genebank of CEPEC (Centro de Pesquisas do
Cacau), BA-Brazil, Pires et al. (36) obtained slightly lower
correlations (r = 0.24 between BP and WB on pods and r = 0.36
between WB on pods and WB on shoots) and suggested that
resistance to both diseases may have evolved simultaneously and
is contained in the same accessions.

Both pathogens produce spores during the rainy season, a time
during which, after a dry season, trees bloom and produce
cherelles and new vegetative shoots. In wet conditions, Phytoph-
thora sp. will quickly produce a continuous, regular supply of
zoospores that will attack pods of almost any age, whereas Crini-
pellis sp. requires alternate wet and dry periods to sporulate and
produces irregular waves of basidiocarps. Both pathogens are able
to penetrate cacao tissues directly or through stomata (17,22,46).
It could therefore be suggested that similar mechanisms of resis-
tance are likely for both diseases at the penetration stage and this
could account for part of the correlation between BP and WB on
pods. However, many young cherelles could have been lost fol-
lowing attacks by Phytophthora during the first 3 months of their
life and would not have been counted in this study. Attack by
Crinipellis of older tissues might not lead to the development of
visible symptoms and would therefore have been missed during
the evaluation. These two reasons could explain why the correla-
tion between BP and WB on pods is not very strong. In addition,
our data showed an inverse relationship between BP and WB on
pods among years, suggesting that a high level of BP will reduce
the number of pods available for a potential attack by WB. This is
supported by observations in Brazil, where BP was not an
important disease in Bahia state when pod losses due to WB were
very high and is becoming more and more important now that
resistant planting material to WB has been planted (E. D. M. N.
Luz, personal communication). Vegetative shoots are more sus-
ceptible to WB at their early stages of development (17), whereas
pods will be susceptible for a longer period. As the production of
both cacao shoots and basidiocarps are cyclic, the cycles could be
out of phase for certain clones, which would lead to an escape
from the disease for shoot infection but not for pod infection. This
may explain the relatively weak but significant Spearman cor-
relation (r = 0.39) between pod and shoot symptoms for WB.

Field observations are time consuming and laborious especially
for pods and may be dependent on the environment. However,
they provide valuable information about the level of resistance of
trees in their field environment. In order to choose putative
parents for breeding schemes and in order to overcome the
difficulties of observations on pods, it could be suggested that
clones are first assessed for their level of resistance to WB on
shoots. These observations are stable in time in a well-established
cacao plantation with high disease pressure as demonstrated by
the coefficients of correlation of Spearman or Pearson (Table 3).
In addition, observations on shoots could be facilitated by
counting brooms only since the percentage of affected shoots is
well correlated to the number of brooms; the Spearman coeffi-
cient of correlation for clones showing symptoms indeed varied
from 0.79 to 0.92 among years (P < 0.001, data not shown).
Clones selected for their good level of resistance to WB on shoots
could then be evaluated for their level of resistance to BP, using a
spray inoculation method on detached pods, which is a rapid and
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reliable method (21). Clones cumulating resistance to WB on
shoots in the field and to BP in the laboratory represent an in-
teresting basis for enhancement programs. They could be assessed
for yield potential (pod index, bean size) and confirmed for their
level of resistance on shoots to make sure they did not escape
infection in the field, using a spray inoculation (39) or agar drop-
let (47) method. However, the prediction of the level of resistance
to WB on pods using an early test on seedlings would only be
possible if the correlation between these traits is confirmed.
Indeed, the genetic cause of correlation between two characters is
mainly pleiotrophy (16), i.e., when one gene affects several
characters even though linkage between genes and natural selec-
tion (genes in common) can play a role as well. To investigate this
interpretation, a further study is needed on the comportment of
progenies issued from two crosses: a cross between a parent
resistant to BP and susceptible to WB (on pods and shoots) and a
parent susceptible to BP and resistant to WB (on pods and shoots)
and another cross between parents both susceptible to BP, but one
being resistant to WB on shoots and susceptible to WB on pods
and the other one resistant to WB on pods and susceptible to WB
on shoots. Such an experiment would clearly identify the level
and types of correlation and provide evidence whether or not
selection for resistance to one disease or one form of WB would
be sufficient to increase the level of resistance to both BP and WB
on pods and shoots.
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