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Summary

Two related segregating populations ofTheobroma cacaoL. were analysed for their resistance toPhytophthora
palmivora. The first F1 population was obtained by crossing two susceptible cacao clones of Catongo (a highly
homozygous genotype) and Pound 12 (a highly heterozygous genotype) and the second population was obtained
by backcrossing a single F1 tree with Catongo. The genetic maps obtained for each population were compared.
The F1 map includes 162 loci and the backcross has 140 loci. The two maps, F1 and BC1, exhibit high co-linear
loci organisation covering respectively, 772 and 944 cM.Phytophthoraresistance was assessed by measuring the
size increase of a lesion at five (DL5) and ten days (DL10) after pod inoculation. Six different QTL were detected
in the F1 and BC1 populations. One QTL was found in both populations, and appeared to be a major component of
disease resistance, and explaining nearly 48% of the phenotypic variance in the F1 population. The absence of some
QTL detection in the BC1 in comparison with the F1 population is due to the lack of transmission of the favouring
alleles for these QTL from the single F1 tree used for the backcross. The phenotypic variance explained by the
action of the quantitative trait alleles indicated that genetic factors of both major and minor effects were involved
in the control of the character studied. QTL conferring increased resistance toPhytophthorawere identified in
both susceptible parents, suggesting the presence of transgressive traits and the possibility of selection in cacao.
Pleiotropic and epistatic effects for the QTL were also detected. Finally, the use of marker assisted selection (MAS)
in cacao breeding programs is discussed.

Introduction

Cacao,Theobroma cacaoL. (Sterculiaceae) originated
in the tropical rainforest of equatorial America, prob-
ably at the foot of the Andes in the upper reaches of
the Amazon river (Mossu, 1992), but is now cultiv-
ated in all tropical lowlands of the world. The world
has some five million hectares of cacao and they are
mainly managed by small holders. Cacao production
is seriously affected by five major diseases (Van der
Vossen, 1997 for review) that annually destroy up
to 40% of the total crop. Witches’broom (Crinipel-

lis perniciosa) and moniliasis fungus (Moniliophthora
roreri) are present only in some countries of tropical
America; cacao swollen shoot virus (CSSV) is a dis-
ease reported for the first time in 1936 in Africa; and
vascular-streak dieback (Oncobasidium theobromae)
is a cacao disease only found in Indonesia, Malaysia
and Papua New Guinea. The most important disease
is the black pod disease, orPhytophthorapod rot,
which has been the primary fungal disease affecting
cacao production since the 1920’s. The most import-
ant pathogens arePhytophthora palmivora, which is
present world-wide, andPhytophthora megakarya, re-
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stricted to some African countries. Chemical control
of such diseases is expensive and unattractive from
commercial and environmental points of view. Chem-
ical control can be used as a temporary measure,
but resistance breeding is a better long-term solution.
Progress has been made recently on the nature and
variation of host resistance, based on artificial inocu-
lation tests and field scores carried out onP. palmivora
(Iwaro, 1997a; Phillips-Mora, 1996; Luz et al., 1996;
N’Goran, 1996). Similar work has also been published
on P. megakarya(Nyassé et al., 1995, 1996; Cilas et
al., 1996).

Based on these different studies it appears that nat-
ural disease incidence records are strongly influenced
by environmental effects. That made it necessary to
develop new screening tests for reducing the envir-
onmental variance. Artificial inoculation of fully de-
veloped attached pods has become the most widely
accepted test, with the rate of lesion development be-
ing the best indication of intrinsic resistance to black
pod. The resistance appears to be of a quantitative
nature and up to now no genotypes have been found
with complete resistance to black pod disease.

There is evidence for various resistance genes act-
ing againstPhytophthoraon cacao. Warren (1994)
postulated the existence of a minimum of five un-
linked loci involved in the inheritance of the resistance
to P. palmivorain cacao. It seems that resistance to
black pod is due to various genes more additive than
dominant (Enriquez & Salazar, 1987; Tan & Tan,
1990).

In this report, QTL analysis of resistance to
Phytophthorawas investigated in two related popula-
tions. The objectives of the study were (1) to identify
QTL affecting this trait and (2) to investigate the
possibilities of marker assisted selection (MAS) on
disease resistance inTheobroma cacao.

Materials and methods

Mapping populations

A genetic map was generated from each of two re-
lated cacao populations. The first map was originated
from an intraspecific cross between two vegetatively
propagated cacao clones: Catongo and Pound 12 (Alp-
izar et al., 1986; Morera et al., 1994). This map-
ping population consisted of 55 F1 trees, planted
in 1977. Catongo is a highly homozygous, self-
compatible, white-seeded and white-flowered, lower

Amazon Forastero. Pound 12 is a self-incompatible,
purple-seeded and purple-flowered, highly heterozyg-
ous upper Amazon Forastero.

The second map was obtained from a single F1
plant, produced from a cross of Catongo and Pound
12, used as the male parent in a backcross to Catongo
(Morera et al., 1991; Fritz et al., 1995). This popula-
tion of 131 trees was previously used for QTL analysis
of agronomic characteristics (Crouzillat et al., 1996).

Both populations were established in the same area
at CATIE (Centro Agronomico Tropical de Investiga-
cion y Enseñanza) in Turrialba, Costa Rica.

DNA extraction and molecular markers

Total genomic DNA was extracted as previously de-
scribed (Crouzillat et al., 1996). Three main types
of molecular markers were used for the mapping of
the two progenies: RFLP, RAPD and AFLP. RFLP
and RAPD markers were used on both maps, whereas
AFLP markers were only tested on the F1 map. RFLP
and RAPD protocols were the same as described
previously (Crouzillat et al., 1996) except that only
markers with less than 15% of missing data were re-
tained. A RFLP probe for the cacao chitinase gene
(CCCHIT) was obtained from cacao DNA amplific-
ation using a genomic clone sequence from acces-
sion code U30324 of the GCG database (Genetics
Computer Group, USA). The two primer sequences
used were 5′-GCTGAGCAGTGTGGACGGC-3′ and
5′-CCTCTGGTTGTAGCAGTCGA-3′. These primers
allowed the amplification, via PCR, of a single DNA
fragment of 1050 bp. Twenty one cacao RFLP probes
(gTcCIR or cTcCIR) previously mapped on another
progeny (Lanaud et al., 1995) were kindly provided
by CIRAD, France.

AFLP assays were performed as described by
Gibco BRL, using the AFLP small genome primer kit.
The EcoRI primers were end labelled using [γ 32P]
ATP and T4 polynucleotide kinase. AFLP reactions
were performed for 36 cycles with the following cycle
profile: a 30 s DNA denaturation step at 94◦C, a 30
s annealing step and a one minute extension step at
72◦C. The annealing temperature during the first cycle
was 65◦C, and subsequently reduced each cycle by
0.7 ◦C for the next 12 cycles and was then kept at
56 ◦C for the remaining 23 cycles. DNA amplifica-
tions were performed in a Braun 60/2 thermocycler.
An equal volume of formamide dye (20µl) was added
to the final reaction products. Aliquots (3 to 6µl) of
this mixture were loaded on a 6% acrylamide gel with
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1 × TBE and 7.5 M urea. Gels were run at 270 volts
for approximately 14 h, dried on filter paper under va-
cuum at 65◦C for 1 h and finally exposed to X-ray
films using standard techniques.

Phenotypic markers

Two segregating phenotypic traits (anthocyanidin syn-
thesis and self-compatibility) were recorded for the
BC1 population and were mapped. Only the self-
compatibility trait segregates in the F1 progeny
(Crouzillat et al., 1996). It was determined by con-
trolling self-pollination of at least ten-isolated cacao
flowers per tree and recording the percentage of suc-
cessful self-pollination after 10 days.

Fungus inoculum preparation and artificial
inoculation

The highly virulentPhytophthora palmivoraisolate
named CATIE 194 in conjunction with an artificial in-
oculation method developed at CATIE (Phillips-Mora
& Galindo, 1989; Phillips-Mora, 1996) were used for
detecting the reaction of the trees againstP. palmivora.

The inoculum was obtained using a 125 ml Erlen-
meyer containing 25 ml Agar-V8 juice-CaCO3 (31.8,
20 and 0.3%) culture medium. The inoculum suspen-
sion was prepared using 9 to 12 days old isolate to
which 15 ml distilled water (10◦C) was added. The
flask was then placed in a growth chamber for 30
min at 5 ◦C and then, transferred to another growth
chamber at 25◦C. The suspension was calibrated us-
ing a hematocytometer for which a solution’s aliquot
was coloured with methylene blue to immobilize the
zoospores (Phillips-Mora & Galindo, 1989).

The suspension should be used within 45 min after
preparation as zoospores encyst easily, reducing the
infection ability. The inoculation was performed on
two opposite points located in the ‘equator’ of five
month-old fruits. A Whatman paper disc of 1 cm
diameter already submerged in the previously shaken
suspension was placed on each point (0.05 ml/disc).
Pods were then covered with a polyethylene transpar-
ent bag containing a paper towel and 50 ml distilled
water, to act as a humid chamber. The water and the
towel were removed after two days.

Different artificial inoculation events were car-
ried out in the two cacao populations in order to get
a confident data set for quantifying the reaction to
Phytophthorafor all the trees under study. There were
twelve and fifteen events, respectively, in the F1 and
the BC1 populations from October 1994 to November

1995. All the available pods were inoculated in each
event. Fruits of the parents of the two crosses were
also inoculated during the same periods.

Disease severity evaluation

The disease severity was obtained by measuring the
diameter size (cm) of the larger lesion in each fruit at
five (DL5) and ten days (DL10) after inoculation. A
tree by tree average was obtained using all the data
collected throughout the different inoculation events.
The ten days (DL10) evaluation is used to qualify the
reaction toPhytophthora; five days (DL5) evaluation
allows the study of the lesion development. A resist-
ant clone is defined as one with a DL10 from 0 to
3 cm, moderately resistant with DL10 from 3 to 6,
moderately susceptible with DL10 from 6 to 9, and
susceptible with DL10 greater than 9.

Mapping and quantitative trait analysis

Crouzillat et al. (1996) and Lanaud et al. (1995) had
previously mapped some of the markers used in this
study. The F1 and BC1 maps include 162 and 140 loci,
respectively, mainly from RFLP markers. Due to the
high level of homozygosity of Catongo, which was
used as the female parent in the two related crosses,
the two genetic maps of F1 and BC1 were obtained re-
spectively from male parents: Pound 12 and the single
F1 tree selected for the backcross.

Each marker was tested against the expected se-
gregation ratio using aχ2 goodness of fit. Linkage
analysis was performed using the program MAP-
MAKER 2.0 (Lander et al., 1987). Kosambi’s map-
ping function (Kosambi, 1944) was used to convert
the recombination frequency into map distance (cM).
The pairwise analysis obtained from MAPMAKER
was used to assign markers to linkage groups with a
recombination frequency< 0.3 and a (LOD)> 4.

Individuals from the F1 and BC1 populations were
monitored for DL5 and DL10 data. Each trait was
assayed for normal distribution with d’Agostino Om-
nibus test that combines the tests for skewness and
kurtosis (D’Agostino et al., 1990) using NCSS 97
statistical software.

Two methods of QTL detection were used: ana-
lysis of variance (ANOVA) and interval mapping.
For one-way ANOVA, single markers were used as
treatments to test for an association between mapped
markers and quantitative traits in the two progenies
using Q-gene software (Nelson, 1997). Ap <0.005
value was used as the threshold for considering the
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Figure 1A-B. Frequency distribution forPhytophthoraresistance in F1 and BC1 progenies.A, Diameter size (cm) of the lesion at five days
(DL5), B, Diameter size of the lesion at ten days (DL10). The data values for Catongo (C), Pound12 (P) and the tree (F1) used for the backcross
are indicated by arrows. White and black histograms represent, the F1 and BC1 distribution traits, respectively. The average DL5 and DL10
values are respectively: 3.6 and 11 for the F1 progeny and 4.8 and 12 for the BC1 individuals.

likely presence of a QTL near a marker. In addi-
tion, QTL were detected according to the method
of interval mapping (Lander & Botstein, 1989) us-
ing the computer package MAPMAKER/QTL version
1.1 (Lincoln et al., 1992). A putative QTL map loca-
tion was assigned to the linkage group using a LOD
threshold of 2.

The proportion of the total phenotypic variance
attributable to each QTL was estimated via linear
regression. Total percentage of phenotypic variance
explained for eachPhytophthoracomponent by all
significant QTL was calculated with a multiple regres-
sion analysis, using the trait as dependent variable and
the previously identified markers, linked to a QTL, as
independent variables.

Epistasis analysis

Two-way interactions were evaluated for each signific-
ant QTL for the traits DL5 and DL10 and all segreg-
ating loci via two-way ANOVA using SAS statistical
software (SAS institute, 1988) with a significance
threshold ofp <0.01.

Results

Analysis of Phytophthora resistance in two related
populations

The two parental clones Catongo and Pound 12 and
the F1 tree used as the male parent for the BC1 cross,
were classified as susceptible since their DL10 val-
ues were 12.8, 14 and 13.6 cm, respectively. The
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frequency distributions for the lesion size for the F1
and BC1 populations are shown in Figure 1. Statistic
tests based on skewness and kurtosis rejected normal-
ity distribution (p<0.05) for DL5 and DL10 data. A
bimodal distribution tendency observed in the DL5
data suggested the effect of a major genetic factor.
The DL5 and DL10 values on the two progenies show
a continuous range from resistant to susceptible trees
suggesting the action of transgressive QTL. Compar-
ison of average DL5 and DL10 values for the F1
and BC1 crosses indicated that the F1 individuals had
a higher level of resistance than the BC1 progeny
(Figure 1).

The linkage maps and QTL analysis

Despite it higher number of loci, the F1 map was char-
acterised by 12 linkage groups instead of 10 compared
to the BC1 map. The Ic extra linkage group (Fig-
ure 2) was produced using only four RFLP markers,
which were heterozygous for Catongo, and represen-
ted the small part (16.9 cM) of linkage group 1 from
the female parent (Catongo). The two other extra F1
linkage groups are due, at least partly, to the low
number of F1 trees (55 versus 131 for the BC1 cross)
which reduces the significance threshold for the link-
age between markers. For example, a recombination
frequency (2) of 0.2 gave the LOD score values of 4.4
and 11 for the F1 and BC1 population, respectively.
Consequently, the linkage threshold of significance
(LOD > 4) gave a2 value of 0.22 for F1 and 0.33
for the BC1 map, respectively.

Using the 59 shared loci between the two crosses
it was possible to assign these two other extra F1 link-
age groups as part of linkage groups 3 and 8 of the
cacao genetic map. The F1 and BC1 maps (Figure 2)
covered 772 and 944 cM, respectively. This size differ-
ence can be explained by at least three factors. First,
the markers used in this study do not cover exactly the
same areas in the two maps. Secondly, the two linkage
groups from the F1 map each contained a gap of at
least 35 cM. Finally, the overall comparison of the two
point distance data of the 59 shared loci between the
two populations indicate that the estimated distance
ratio (F1 / BC1 = 0.87) could reflect some differences
in the frequency of crossovers on the two progenies.

One and twelve markers on the F1 and BC1 maps
respectively do not fit an expected 1: 1 segregation
ratio (p<0.05). It appears that all the markers with a
distortion of segregation from the BC1 map show a
preferential transmission of Pound 12 alleles. These

markers are not randomly distributed, for example
seven of these markers on the BC1 map are located on
chromosome 1 and three of them are on chromosome
8 (Figure 2).

Comparative analysis of the location of shared loci
(Figure 2) also indicated the co-linearity of the two
genetic maps studied. The exceptions were the loci
CCG2222 and T20, respectively, (linkage groups 5
and 8). This observation demonstrates that the lower
number of individuals in the F1 population relative to
the BC1 population do not influence the order of the
loci.

The F1 and BC1 genetic maps were obtained
mainly by using RFLP (77.2 and 56.5% respectively)
and RAPDs or AFLPs (22.2 and 42.1%, respectively).
Only minor contribution was due to the phenotypic
markers (0.6 and 1.4%). The non-random mapping
location of PCR markers, as shown for example on the
end of linkage group 1 or on the median part of link-
age group 9, could underline the chromosomal DNA
particularity near the telomeres or centromeres.

Due to the high correlation between the DL5 and
DL10 traits for the F1 and BC1 populations (R2 =
0.74 and 0.67, respectively) some of the same QTL
could be involved in these two traits. Considering both
populations, the study revealed six different QTL as-
sociated with theP. palmivoraresistance (Table 1).
They are numbered from 1 to 6 (Figure 2) and located
on five different linkage groups. Only one is mapped
in the same linkage group area for the two progenies.
This QTL ( 2©) was detected on linkage groups 2 and II
near the shared loci CCG1135 for the DL5 and DL10
traits.

Individual QTL explained between 7.4 to 47.9%
of the total variance with a significance level vary-
ing from 0.0035 to less than 0.0001. These results
suggest the action of several QTL with both minor
and major effects onPhytophthoraresistance. For an
individual ANOVA test, a genome-wide significance
level of 5% respectively corresponds, for the F1 and
BC1 populations, to the thresholds ofp =0.00032 and
p =0.00037. The p-value threshold (<0.005) chosen
in this study minimises the risk of type I error (de-
claring a non significant marker significant) and most
of the six QTL detected are significant with lower
p-values.

Comparisons of the QTL of DL5 and DL10 indic-
ated that the action of some QTL is not constant during
time, for example, BC1 QTL 1© was only detected
after ten days, while QTL2© exhibited a remarkable
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Table 1. QTL data forPhytophthoraresistance components from BC1 and F1 progeny

Progeny Trait QTL code Locus Chr. R2 (%) p-value LOD A (cm) N1 B (cm) N2

BC1 DL5 2 CCG1135 2 11.1 0.0003 3.2 5.3 59 4.3 54

4 CCG1300 5 7.4 0.0035 1.9 4.5 58 5.2 55

6 AJ02 9 11.4 0.0003 3.7 5.3 58 4.3 55

DL10 1 CCG1098 1 10 0.0006 2.6 11.2 50 12.6 63

2 CCG1135 2 12.2 0.0002 3.4 12.7 59 11.2 54

4 CCG1300 5 13.2 0.0001 3.4 11.2 58 12.7 55

6 CCG1198 9 8.8 0.0015 2.5 12.6 56 11.3 57

F1 DL5 2 CCG1135 II 42.4 <0.0001 5.4 4.5 21 2.7 21

3 CCG1108 IV 23.5 0.0010 2.6 2.9 19 4.2 24

5 CCG899 V 22.2 0.0014 2.4 3 23 4.3 20

DL10 2 CCG1135 II 47.9 <0.0001 5.3 12.9 21 9 21

3 CCG1108 IV 19.8 0.0028 2.3 9.6 19 12.1 24

5 CCG899 V 23.1 0.0011 2.5 9.7 23 12.5 20

A-Homozygote, B-Heterozygote, N1 and N2-Number of plants in each class, R2-Percent phenotypic variance attributable to a
marker. Usually only one marker for a chromosome, associated with the higher percentage of phenotypic variance explained,
is shown. LOD value attributable to a QTL is also given.

Table 2. Summary of QTL data forPhytophthoraresistance

Progeny/trait QTL’s Chromosome Variance N p value

number (%)

BC1/DL5 3 2, 5 & 9 27.5 113 <0.0001

F1/DL5 3 II, IV & V 47.7 42 <0.0001

BC1/DL10 4 1, 2, 5 & 9 39.8 113<0.0001

F1/DL10 3 II, IV & V 51.6 42 <0.0001

Percent phenotypic variance explained for each resistance trait
component and each segregating population was performed with
multiple regression analysis.

stability within the two progenies tested for DL5 and
DL10 traits.

The percentage of total variance (Table 2) demon-
strated for each trait is higher in the F1 population
compared to the BC1 population, this difference may
be explained, at least in part, by the low number of
individuals in the F1 cross.

Determination of the parental genotype for
PhytophthoraQTL resistance

In order to gain further information on the six different
putative QTL detected in this study a detailed genetic
analysis was done to characterise the QTL genotype
of Catongo, Pound 12 and the F1 single tree used
for the backcross. The transmission of each QTL was
followed using the flanking markers within the two
populations and the genotype of the F1 tree was estab-

lished. This approach was facilitated by the fact that
Catongo is highly homozygous, and that the small part
of its genome detected as heterozygous was not close
to a QTL. The results of this analysis (Table 3) indicate
that alleles conferring resistance toPhytophthorafrom
Catongo are detected for QTL1© and 4©, and from
Pound 12 for QTL 2©, 3©, 5©, and 6©. This indicates
the mixed origin of the sources of resistance observed
in these populations.

QTL 1©, 4© and 6© have the same allelic forms
for the three parents studied. The results suggested
that Catongo and Pound12 are homozygous but with
different alleles since there is no QTL segregation at
the F1 level. All the F1 individuals are heterozygous
(a/b) for these three QTL, explaining why they were
only detected in the BC1 segregation.

On the contrary, the two QTL3© and 5©, were
detected as heterozygous (a/b) in Pound 12 as se-
gregation was observed at the F1 level. Molecular
analysis indicated that the chromosome which carries
the favouring allele was not transmitted by the F1 tree
used to produce the BC1 population and explains the
absence of this QTL detection in this population.

QTL 2© is the most interesting QTL as it is detec-
ted as a major component ofPhytophthoraresistance
in both crosses. Molecular studies show that the fa-
vourable resistance allele (b) found on the Pound 12
homologue chromosome II was transmitted to the F1
individual which was used for the backcross, and so
explains the presence of this QTL in both populations.



33

Table 3. Parental genotype QTL determination forPhytophthoraresistance

QTL code Chr. Catongo Pound 12 F1 QTL genotype Comments

individual favouring the trait

1© 1 a/a b/b a/b a/a Only BC1 QTL detection
2© 2 & II a/a a/b a/b a/b BC1 & F1 QTL detection
3© IV a/a a/b a/a a/b Only F1 QTL detection
4© 5 a/a b/b a/b a/a Only BC1 QTL detection
5© V a/a a/b a/a a/b Only F1 QTL detection
6© 9 a/a b/b a/b a/b Only BC1 QTL detection

a and b are the QTL alleles deduced from the genetic analysis of the two populations studied.

Table 4. Summary of two-way ANOVA to detect interactive effects between different loci in the BC1 progeny

Trait Markers in interaction Linkage groups P R2 HHa N AHa N HAa N AAa N

DL5 CCG1135 (QTL 2©)-ACP600b 2–4 0.0055 6.2% 4.05 28 5.79 25 4.63 23 4.93 34

AJ02 (QTL 7©)-cTcCIR72 9–3 0.0013 8% 3.87 30 5.51 34 5 24 5.02 24

a Combination of two loci with heterozygous status (HH), two loci with homozygous status (AA) or two loci with the first marker as homo-
zygous and the second marker as heterozygous (AH) and conversely the heterozygous status for the first marker and the homozygous status for
the second marker (HA). Data are expressed in centimetres. In many cases, other interactions of markers closely linked to the first one were
significantly associated to the trait, probably due to the presence of only one QTL localised within the cluster. Accordingly, we considered
that QTLs were identified by the marker loci that displayed the highest R2 score. Underlined type indicates the more resistant classes. N is the
number of plants for each class.
b The interaction CCG1135 and the marker cluster N10, CCG2225, CCCHIT.

Detection of interactions between QTL and markers

Two-way ANOVA detected two genomic regions with
interactive effects within the BC1 population (Table 4).
These epistatic effects may explain up to 8% of the
phenotypic variance. The interactions were character-
ised between one QTL, identified by the marker loci
that displayed the highest R2 value, and one locus
on another linkage group. The more resistant trees
always corresponded to symmetrical combinations of
heterozygous loci status (HH) for DL5 trait (Table 4).

An interesting interaction effect was found for the
trait DL5, between the marker CCG1135 linked to
QTL 2© and the cluster of markers represented by
ACP600, because one of the mapped markers in this
region of the linkage group 4 is a cacao chitinase gene
(CCCHIT). Although this locus gene does not exhibit
the highest interaction probability score (p =0.0076)
and location about 21.7 cm from the ACP600 locus, it
could be considered as a candidate gene involved in a
global plant resistance process despite its intermediate
probability score.

No significant interaction between DL10 QTL and
marker loci was detected, suggesting that epistatic
effects occur mainly at earlier stages of infection.

Discussion

Phytophthoraresistance assessment

Previous cacao evaluation using pod inoculation on
350 cultivars classified only 7% as resistant and one
of the best genotypes (CATIE-1000) came from the
cross between Pound 12 and Catongo (Phillips-Mora,
1996). These two parental genotypes, used for the
creation of the cacao populations, were defined as sus-
ceptible. This suggests the presence of transgressive
Phytophthoraresistance genes in both parents. Since
field tests use adult fruiting trees, the evaluation of
Phytophthoraresistance is time and space consum-
ing some predictive assays were developed. Recently,
comparative studies using cacao leaves and pods in
order to define the relationship betweenPhytophthora
resistance components were reported (Nyassé et al.,
1995; Iwaro et al., 1997b). It was hypothesised that
the poor relationship found between pod and leaf re-
sponse at the penetration stage of infection (passive
resistance) was due to the differential stomata density
on these two organs (Iwaro, 1995). In contrast, a high
positive correlation was obtained between pod and leaf
resistance at the post-penetration stage of infection.
This suggested that a systemic mechanism conferred
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an intrinsic resistance to both leaves and pods of cacao.
Early screening using leaf assays could be useful to
screen large cacao populations and reduce the number
of plants to be assessed at the pod level in a secondary
selection stage.

Genetic mapping and QTL determination

Both genetic maps exhibited a high co-linear organisa-
tion of shared markers. A two-point comparison using
these shared loci indicates a difference of 13% in the
frequency distribution of crossovers in male meioses
of Pound 12 for the F1 progeny and the F1 individual
used for the BC1 population. Such a significant higher
frequency of recombination was also found in Brassica
species (Kearsey et al., 1996) in female meiosis com-
pared with male meiosis. The different frequency of
recombination observed can not be due to sex differ-
ences because Catongo was the female parent for the
two segregating populations.

Six different QTL were detected for the F1 and
BC1 populations. These QTL are located on five link-
age groups of the cacao genetic map. This result
confirms the polygenic nature of the resistance as pre-
viously suggested (Spence & Bartley, 1966; Rocha,
1974; Partiot 1975; Enriquez & Salazar, 1987; Tan &
Tan, 1990; Warren, 1994).

One QTL located on linkage group 2 was detected
in both populations and had a major effect on resist-
ance, especially for the F1 progeny. It was probably
responsible for the bimodal shape of the distributions
for DL5 and DL10 traits studied.

The absence of transmission of QTL3© and 5©,
from the F1 to the BC1 population is due to the lack of
the favouring alleles in the F1 individual used for the
backcross. This situation occurs often in allogamous
species such as cacao and restricts the application of
QTL for breeding.

Differential effects of QTL

The QTL detected were different in their individual
quantitative effects (R2 values). QTL 2© explained
42 to 48% of the phenotypic variance within the F1
population, while intermediate QTL ranked between
10 and 24%. The minor QTL explained only 7 to
9% of the variance, and were probably only detected
in the BC1 population due to the larger size of the
population studied. Involvement of a major QTL in
quantitative disease resistance has been detected in pea
(Dirlewanger et al., 1994) and rice (Wang et al., 1994)
suggesting that complete resistance could be found in

annual crops and that a resistance gene could be mono-
genic and race-specific. Most crops show intermediate
or partial resistance against pathogens.

This study underlines the contribution of the two
susceptible parents Catongo and Pound 12 for the
transgressive expression of the resistance of cacao toP.
palmivora. A similar situation was previously reported
for pepper (Lefebvre & Palloix, 1996), maize (Bubeck
et al., 1993; Freymark et al., 1994), mungbean (Young
et al., 1993), and tomato (Danesh et al., 1994), in-
dicating that susceptible plants can also be a genetic
source of variability for disease resistance. Such ge-
netic factors were not used in breeding because their
phenotypic contributions were considered too weak.
However, the use of molecular markers could facilitate
an exhaustive detection and the management of such
trait.

Epistasis controls a small but significant part
(p <0.01) of the resistance of cacao toP. palmivora.
Rice (Wang et al., 1994) and pepper (Lefebvre &
Palloix, 1996) are some of the few examples where
epistasis was detected in plant resistance to pathogens.
Epistasis in cacao was effective only at the first stage
of the infection (DL5) and became non-significant
after 10 days (DL10) suggesting that this type of in-
teraction is limited in time. Epistasis requires looking
for interaction effects between all genome loci and
highlights the influence of a genetic background in
the expression of a QTL. QTL2©, which is subject to
some epistasic influence, showed a major effect in the
F1 population (42 to 47.9%) but only an intermediate
effect (11 to 12%) in the BC1 population. This data
reflects the effect of the genetic background, which
could regulate the expression of a given QTL accord-
ing to gene combinations. Such genetic interaction is a
good example of the difficulties of QTL management.

Another interesting characteristic of this study is
that QTL 2©, 3© and 5© located on linkage groups II,
IV and V, respectively, are overlapping with three QTL
detected for pod index in the F1 population (Crouzillat
et al., in press) which influences the size of the pod
and the beans. This relationship was underlined by a
highly significant correlation index between these two
traits (R = –0.63,p <0.001). At present, it is not
possible to conclude whether these QTL correspond to
pleiotropic genes or to clusters of tightly linked genes.
Iwaro et al., (1997c) have studied the influence of pod
morphology onP. palmivoraresistance in cacao and
have shown that some pod characteristics were highly
correlated with the frequency, but not with the size, of
the lesions on the pods.
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Future use of molecular markers in cacao for disease
resistance

Further studies are needed to determine the main ge-
netic components for black pod resistance. The evid-
ence produced so far is based on segregating families
derived from medium resistant or susceptible parental
genotypes. Future genetic analyses using F2 or BC1
populations from crosses between highly resistant and
susceptible parents may detect fewer genes with larger
effects (Van der Vossen, 1997). The establishment of
related molecular studies would enhance the efficiency
of marker assisted selection especially regarding the
accumulation of resistance genes in one genotype in
order to increase resistance level and the durability
of such new cacao cultivars. Of course, such breed-
ing schemes should be part of the current breeding
programmes based on recurrent selection. The iden-
tification of resistance genes from different genetic
populations by early screening in cacao germplasm
collection using leaf-screening test would be of great
value.

The identification of genes involved in black pod
resistance can be used to understand the molecular
and genetic bases for cacao disease resistance. Such
an approach could be greatly facilitated since the
cloning and the characterisation of several candid-
ate genes was realised in tomato and flax (Ori et al.,
1997; Anderson et al., 1997). The comparison of the
sources of resistance between annual and perennial
crops could accelerate the rate at which novel and dur-
able resistance can be added to a crop species such as
cacao.
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