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Genetic mapping of resistance factors to
Phytophthora palmivora in cocoa

M.-H. Flament, I. Kebe, D. Clément, I. Pieretti, A.-M. Risterucci, J.-A.-K. N’Goran,
C. Cilas, D. Despréaux, and C. Lanaud

Abstract: Phytophthora palmivoraauses pod rot, a serious disease on cocoa widespread throughout the producing re
gions. In order to ascertain the genetic determination of cocoa resistafte#dmivora a study was carried out on

two progenies derived from crosses between a heterozygous, moderately resistant Forastero clone, T60/887, and two
closely related and highly susceptible Forastero clones, one completely homozygous, IFC2, and one partially heterozy
gous, IFC5. The cumulative size of both progenies was 112 individuals. Plants were subjected to natural and artificial
inoculation ofP. palmivorain Céte d'lvoire. The genetic maps of T60/887 and of IFC5 were constructed using-ampli
fied fragment length polymorphism (AFLP) markers and microsatellites. The map of T60/887 comprised 198 markers
assembled in 11 linkage groups and representing a total length of 793 cM. The map of IFC5 comprised 55 AFLP
markers that were assembled into six linkage groups for a total length of 244 cM. Ratio of rotten over total number of
fruit under natural infection was measured for each tree over two harvests. Artificial inoculations were performed on
leaves and pods. These tests were weakly correlated with the pod rot rate in the field. Five quantitative trait loci
(QTLs) of resistance were detected for T60/887 but none were common between the three traits measured. Stability
and reliability of the experimental procedures are discussed and revealed the difficult use of these artificial tests on
adult trees for a good prediction of field resistance.

Key words Theobroma cacadPhytophthora palmivoracocoa black pod disease, genetic map, quantitative trait locus (QTL).

Résumé: Le Phytophthora palmivorgrovoque la pourriture des cabosses, une maladie sévére du cacaoyer, répandue
dans toutes les régions de production. Pour comprendre le déterminisme génétique de la résRtaadmigoraune

étude a été menée sur deux descendances dérivées de croisements entre un clone Forastero hétérozygote modérément
résistant, T60/887, et deux clones Forastero génétiquement proches et trés sensibles, I'un completement homozygote,
IFC2, l'autre partiellement hétérozygote, IFC5. La taille cumulée des deux descendances est de 112 individus. Les
plants sont soumis a des inoculations naturelles et artificielleB. g@lmivoraen Céte d’lvoire. Les cartes génétiques

de T60/887 et de IFC5 ont été construites a I'aide de marqueurs AFLPs et microsatellites. La carte de T60/887 com-
prend 198 marqueurs réunis en 11 groupes de liaison et représente une taille de 793 cM. La carte de IFC5 comprend
55 marqueurs AFLP (polymorphisme de longueur des fragments amplifiés) rassemblés en six groupes de liaison repré
sentant une longueur totale de 244 cM. Le pourcentage de fruits pourris sous infection naturelle a été mesuré pour
chaque arbre pendant deux récoltes. Les inoculations artificielles ont été conduites sur feuilles et cabosses. Celles-ci
sont faiblement corrélées aux taux de pourriture au champ. Cing loci de caractére quantitatifs (QTLS) ont été détectés
pour T60/887 mais aucun n'est commun entre les trois caractéres mesurés. La stabilité et la fiabilité des procédures ex
périmentales sont discutées et révelent la difficulté d'utiliser les tests artificiels sur arbres adultes pour prédire le taux
de pourriture au champ des arbres.

Mots clés: Theobroma cacaoPhytophthora palmivorapourriture brune du cacaoyer, carte génétique, locus de-carac
tere quantitatifs.

Introduction considered the only species causkigytophthorapod rot on

cocoa, but in the 1970s, several authors revised the classifi

Black pod on cocoa is caused by differdPitytophthora  cation of Phytophthoraisolates found on cocoa, based on
speciesPhytophthora palmivorgButler 1919) was initially  the size and the number of chromosomes (Sansomé et al.
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1975). This permitted the discrimination of several otherSpecies-specific as well as common QTLs of resistanee to
species, namely. megakarya(Brasier and Griffin 1979), wards the several species Bhytophthorawere revealed on
P. capsici(Tsao and Alizadeh 1988), and. citrophthora chromosomes 1, 3, 5, and 6 showing a good repeatability of
(Babacauh 1980). results obtained by these tests. QTLs of resistance to
Phytophthora palmivordas a worldwide distribution, and P. palmivora evaluated by artificial pod test, were also
losses can be as high as 30% when climatic conditions arglentified by Crouzillat et al. (2000) on chromosomes 2, 4,
favourable to the parasite. The first symptom of the diseas8, and 9 of Forastero clones.
is a brown to black spot on the fruit, which increases in size. In this study, QTL analyses were developed to study resis
Several days after infection, a white mycelium, with tance toP. palmivorain another Forastero progenitor-se
sporangia, develops on the surface of the diseased pod, atetted for yield. The use of different methods of resistance
fruits become mummified. Humid conditions are favourableevaluation, field rot rate, leaf and pod tests, on the same
for the development of. palmivorain the fruit (Thorold progeny will allow comparison at the genome level.
1975). The inoculum develops from the soil (Muller 1974)
or different parts of the tree such as infected roots (Ward an
Griffin 1981), stems, leaves (Blaha 1974), trunk bark, an
floral bases (Babacauh 1980). It can be _spread by rainwat¥|ant materials and Phytophthoraisolate
splashes and runoff, by pod contact, by insects (ants), or by Two full-sib families planted in 1988 at Zagné, Céte d'lvoire,
vertebrates (rodents). To reduce black pod disease, infect@gbre studied. They are part of a completely randomized design
fruits are harvested and destroyed. Chemicals can be usethere each genotype is represented by a single tree. This design
for control but they are a costly and polluting method.- Ge contains a total of 10 full-sib families. The two families studied

netic resistance could be an alternative effective way ef rehave a common male parent. The first family was derived from a
ducing yield losses due tBhytophthora cross between T60/887, an upper-Amazon Forastero clone (derived

Different artificial inoculation tests were developed in or oM a cross between Na34 and IMC60), and IFC2, an Amelonado,

der to gnable an early prediction of cocoa resistance t(Bontains 59 individuals. The second family was derived from a
P. palmivora Some tests used roots (Partiot 1975) or stem$,,ss hetween T60/887 and IFC5, another Amelonado highly re-
(Blaha 1974) but they were destructive to the tree. Recentlyated to IFC2 as revealed by restriction fragment length polymor-
a new method was developed on leaves by Nyassé et ahism (RFLP) markers (Laurent et al. 1994). This family contains
(1995). This method was first evaluated based on a desigb6 individuals. RFLPs showed that IFC2 and IFC5 clones were
including five clones, each being represented by 20 adultnore homozygous than T60/887. IFC2 showed 100%
trees (Nyassé 1997). A significant, positive correlation be-homozygosity based on 27 RFLP probes, IFC5 showed 77%
tween the mean leaf test data and the mean pod rot rate [iPmozygosity based on 30 probes, and T60/887 showed 60%
the field was observed. This suggested that the leaf tedfomozygosity based on 20 probes. T60/887 has a moderate level of

; : ; . 14 Fesistance t®. palmivorain the field when analysed in crosses in a
could be used as an early predictor of resistance in the fleId'factorial design (Cilas et al. 1999). IFC2 and IFC5 are described as

Among all the germplasm analysed for reS|stance, no tregusceptible tdP. palmivorain the field (Paulin 1990).
has ever been found completely resistant in the field. Never- pased on previous leaf test experiments (I. Kebe, unpublished
theless, variability for resistance exists, and a polygenic deresuilts), we selected an isolate Rf palmivora Div4, which was
termination of the various tests (yield loss in the field, leafconsidered moderately aggressive compared with other isolates
test, pod test) has been suggested (Blaha and Lotodé 1976m Cote d’lvoire. This isolate was harvested in Divo, Cote
Enriquez and Salazar 1980; Tan and Tan 1990; Warren 1994 Ivoire. It was used for all artificial inoculations performed on
Enriquez and Soria 1999; Cilas et al. 1999). Moreover, Cilaods and leaves.
et al. (1999) showed that genetic factors involved in the re
sistance in the field are additive. Mapping of a quantitativeResistance evaluation
trait locus (QTL) for resistance tB. palmivorahas already Field resistance evaluation data from two important harvest
been performed. Lanaud et al. (1@9%tudying a progeny Years, the 5th and the 6th, were available. The pod rot rate of each
obtained from a cross between a Forastero and a Trinitari ?el (PRRb) wa? m%as;Jrett:ihasltlh; number _of(;nf_c(ajcteld pods over the
identified a QTL for field rot rate, located on chromosome 1'0'&' NUMbEr Ot pods for he 112 progeny indiviauass.
of the Trinitario clone, explaining 15% of the variation of o Two artificial inoculation methods were developed, one-per

. . . ; . formed on the leaves and the other performed on the fruits. The
the trait. Other putative QTLs for the same trait were identi |ga¢ resistance test was carried out according to Nyasse et al.

fied on chromosome 9 in both parents of the progeny. Analy (1995). Leaf discs with a diameter of 15 mm were inoculated on
ses of QTLs of resistance evaluated by leaf test revealeghe underside with 10L of an inoculum suspension containing 3 x
putative QTLs located in the same regions of chromosome 10° zoospores/mL. Experiments were conducted at 25°C under
and 9 but only in the Forastero parent. Another region ofnear 100% humidity. Scores were attributed according to the fol
chromosome 10 was identified on Forastero parent for thigowing scale: 0 for no symptoms, 1 for presence of penetration
trait, but the leaf test appeared to be poorly reproducible ifpoints, 2 for clusters of penetration pqlnts, 3 for clusters of
this experiment conducted on leaves from adult trees. n arPatches, 4 for marbled patches, 5 for solid patches. Three succes
other experiment, Risterucci et al. (2@)Canalysed in an sive sets of leaf tests were performed. The first set, SO, was per

h TLs of st " d | . formed in November 1997 and the second and third sets, S1 and
other progeny QTLs of resistance towards several species 2, were performed in may 1998 at 3-day intervals. For SO, 10 leaf

Phytophthora(P. palmivora P. megakaryaP. capsic) evalt giscs were used to evaluate each of the 112 individuals. This was
ated by tests on leaves from young plants in a greenhousgepeated four times in four distinct batches. This trial was repeated
Several QTLs were identified on one parent of the progenyiwice giving a total number of 80 discs per individual. Symptoms

a hybrid with SCA6 (a highly resistant Forastero clone).were observed the 7th day after inoculation (LT7-S0). For S1 and

aterials and methods

which is a Forastero clone from Lower Amazonia. This family
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S2, five leaf discs were used to evaluate each of the 112 individuTable 1. Spearman correlatiorr)(between the different traits of +e
als. This was repeated four times in four distinct batches totallingsistance estimated on fruit by the rot area @yrand on leaf, by

20 leaf discs per individual. Symptoms were scored the 7th day afthe score as defined in Materials and methods, after inoculation.
ter inoculation, giving traits LT7-S1 and LT7-S2, for experiments

S1 and S2, respectively. Traits related to the fruit test
Pod resistance evaluation was carried out on fruits still attache:

! ) e ; 5 days 6 days
to the tree. Ten fruits were inoculated per individual. Each fruit
was given a single 0.8-cm-deep wound with a pin, aniB®f a  Traits related to the leaf test  r r
suspension of zoospores at a concentratio® o 10° zoospores/mL  November ~0.164 ~0.086
was injected into the wound. The length and width of the rot spolyjay (1) 0.177 0.213*
were measured the 1st, the 5th, and the 6th day after inoculatim,vIay @ 0.193* 0.226*
The rot areas, FT, were calculated (Arand were then used for May (1 and 2) 0.249* 0.181

QTL detection.

Note: Asterisks indicate a significant correlation Rt= 0.05.

Molecular genotyping
DNA extraction was performed according to Risterucci et al.Ooijen and Maliepaard 1996) software. LOD thresholds were esti
(200). DNA was isolated from fresh adult leaves. One gram of mated for each chromosome according to Rebai et al. (1994) with the
tissue was crushed in liquid nitrogen, and the powder was mixedhelp of a Fortran computer program kindly provided by A. Rebai,
with 5 mL of extraction buffer [1.4 M NaCl, 100 mM Tris—HCI Institut national de la recherche agronomique (INRA), Toulouse,
pH 8.0, 20 mM EDTA, 10 mM NgSO;, 1% PEG 6000, 2% France. The nonparametric marker by marker test of Kruskal and
MATAB (mixed alkyltrimethylammonium bromide)] preheated to Wallis (1952) was also performed to take into account possible
75°C. After homogenization, the extract was incubated for 30 minbias of the interval mapping test when traits are not normally dis
at 75°C. After cooling to room temperature, an equal volume oftributed. The QTL analysis procedure was performed in three
chloroform — isoamyl alcohol (24:1, v/v) was added, followed by steps. First, the LOD score threshold corresponding with a global
emulsification; then the tube was centrifuged at 7000g *or type | error of P = 0.05 was computed for each chromosome
30 min. The supernatant was precipitated at —20°C overnight, aftefRebai et al. 1994). For each trait, a QTL was declared as present
adding an equal volume of isopropanol. The DNA was removedwvhen the LOD score curve exceeded this threshold. Second, the
and resuspended in 1 mL of 0.7 M NaCl, 50 mM Tris—HCI, 10 mM LOD score corresponding with a global type | error ®f= 0.20
EDTA, pH 7.0 buffer. After total resuspension, DNA was cleanedwas computed for each chromosome. For a given trait, a QTL was
by using a Qiagen genomic-tip as recommended by the supplier.declared as present if a QTL was also detected at the same map po-
Microsatellite and amplified fragment length polymorphism sition for another trait at this step or at the previous step. Third, a
(AFLP) markers were used to establish the map. For microKruskal and Wallis test was computed for all QTLs as a control to
satellites, primers for 28 loci were available (Lanaud et al. bp99 take into account possible effect of the non-normality of distribu-
DNA was amplified using a final concentration of 0.4 g/ The  tion on the LOD score test.
reaction mixture (1x buffer, 200 mM dNTP, 1.5 mM MgCprim-
ers 0.2 mM each; 0.04 WL Taq) up to a final volume of 2QL Results
with water. The Sextremity of one primer was labellegith 3P by
a kinase. The following PCR conditions were used: 1 cycR4ac for Differences between the means of the two populations,
5 min; 35 cycles at 94°C for 30 s, 46°C or 51°C for 1 min, and T60/887 x IFC5 and T60/887 x IFC2, were tested for all
72°C for iL min; 1 cycle at 72°C for 8 min. The temperature wastraits, A difference appeared as significaft € 0.05) for
kept at 4°C after cycling. The products were separated by-poly sy one trait, LT7-S1. This permitted combining data of the

acrylamide gel electrophoresis at 55 W fh in 0.5x TBE buffer. s ) :
For AFLPs, analyses were run as described by Vos et al. (1995) uéwo families for QTL analyses, except for LT7-S1 for which

ing kits developed by Gibco BRL (Paisley, U.K.). The results were@! adj”StT“e.“t t(.) the mean of the family Was.pe.rformed" Fre

then revealed by autoradiography. quency distributions have been analysed. Distributions were
normal for leaf test traitsR = 0.05) but were not for the pod
rot rate in the field or for fruit test traits FT5 and FT6.

Statistical analyses ; .
Field data were adjusted by the Papadakis method, which take'g‘NOVAS performed for the leaf test traits permitted to test

into account measures of neighbouring trees to adjust data and Cogenotype and _rep_llcat_lon _effects for S1 and 82.’ a_nd geno
rect localized effects (Papadakis 1937). This method was perYP®: trial, replication in trial, and genotype x trial interac
formed using the SAS system (SAS 1997). For leaf test traitstion effects for SO. All effects were highly significan® (<
genotype and replication effects were tested. Replication in eacR-001). Significant trial, genotype x trial, replication in trial,
trial effect and genotype x trial interaction were also tested forand replication effects indicate that the leaf test is highly in
LT7-S0. This was performed with the procedure GLM of the SASfluenced by environment and that its repeatability is low.
system (SAS 1997). Normality of trait distribution was tested with Nevertheless, the high genotype effect also indicates that the
the Wilk and Shapiro test (Shapiro and Wilk 1965). Spearmansearch for QTLs is worthwhile. A significant rank correla
(1904) phenotypic rank correlation was calculated between charagjgn (P < 0.05) was found between LT7-S1 and LT7-S2, but
ters. none was found between those two traits and LT7-S0.-Mea

A genetic map was established for T60/887 and IFC5. No Iocus8‘ures of the rot area on pods at different dates were all sig
was segregating for IFC2. The mapping data were analysed accor

ing to a double pseudo-test-cross strategy (Grattapaglia and Sedergﬁﬂcantly correlated R < O'O_Ol;r > 0.6), as expected, since
1994) using thesommap 1.4 program (Stam 1993). Genetic dis 10S€ Measures were not independent. Rank correlation be

tances between markers were estimated using the Kosambi mapveen artificial inoculation tests on leaves and fruits are
ping function (Kosambi 1944). shown in Table 1. Some were found significaft € 0.05)

QTLs were detected by using the interval mapping procedurdut values were low. No significant correlation between leaf
(Lander and Botstein 1989) implemented impor. 3.0 (Van  and fruit tests and the PRR were detected.
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Fig. 1. Genetic map of T60/887 and location of QTLs for resistanc®.tpalmivoraconstructed withvoinmapr using the distance of

Kosambi. Segregation distortion at a threshold of 5% are represented by (*). Each chromosome is designated by a number by compari
son with the reference map (see text). AFLP markers are indicated by the pair of pEeuwtsand Msd who served to amplify the

DNA. For some AFLP markers, three different primers were used simultaneously, one @Rl and two primersMsd, and are in

dicated by (+). The number refers to the polymorphic band on the gel. Underlined AFLP markers correspond to markers present in
T60/887 and in IFC5 (see text). Each QTL is indicated by a rectangle. The confidence interval of each QTL is represented by (-). For
precise information on each QTL refer to Table 2.

1 2 3 4 5

0 ATICAG 4
0 TA/CAC 8 0 mTcCIR 11 0 TA/CAA 14 * 0 AG/CTA 2 —
9 AGICTA & 0 ST T<AGICAC2
5 TAICTA 2 6 TA/CTA 13
7 AA/CAC 9
LT7_(S]+SZ) 10 AC/CTT 8 * g | ™ tacaas .
S AdicTas 19 TG/CAA 1
~a 16 TC/CAG 3* A 24 AC/CTT 9
18 13 AGG/CAA+CAG 2 (
AG/CTG S 1 TACTAG 27 mTcCIR 10
19 AG/CTG 3 17 . ig 7:_\_ AA/CAC 1 29 | {/ TAICAA9
[T~ mTcCIR 21 * 30 mTcCIR 27
2% AT/CAC 2 7\ 2 AN S 21 TA/CAA 13 pt CAC 5
34 TAICAA3 24—~ arcTC2 24 AC/CTT 7 30 AT/CAC 12
|| 30 \WN-{ /) TA/CAA 11 LT7-S1 2% AA/CAC 3
—TT— TA/CAC 2 TT/CAC 4 * 31 | | AC/CTT 4
29 41 1%%}537 30 32 N\ TAICAC 5
FT6 +\\\{ TGICAA 3 TGICAA & * 33 —F R TA/CAC 4
37 —| | —Tarcaco 3 ATICAG 9 35 34 TA/CAA 2
38 —1T— AG/CAT 1 43 37 RN TA/CAA 4
44 AGICAG S 37 7/ N\ TA/CAA 18
m AG/CTG 9 FT1 14 U AAGICAA 9 2 mTcCIR 12 b ACICTT2
46 | | ATICAGT * 45 — 1~ AT/CTC7] 45 AT/CAC1 38 TT/CAC 3
46 —Ff— AA/CTG 3 = 39 TGICAA 9
48 AC/CTC 4 47 AC/CAA 8 20’ /N acieta s
43 alle L 48 AN JAC/ICAA 10
48 AGG/CTC+CTT 14 54 AT/CAG 2 * T
58 AT/CTC 6 | 53 AA/CAC 6
~ 1 48 TA/CAA 6
62 ACICAA 7 e,
64 || AT/CAG 6 56 61 AT/CAG 11 *
65 || ATICAC 4 61 AGICTA 8 o
65 =S AT/CAC 11 o6 —1— :gjg:g ; 65 AACTG S
65 [ I\ AC/CTT 10 69 AG/CAC 1 TG/CAA 7 69 AT/CAG 10
66 AC/CAA 4 % 11 rocacr+
68 AAC/CAC+CAT 10 72 T TA/CTAS 74 TT/CAC 2
74—~ ACICAA 2 * 76
;fj L1~ aa/cAA4 77 AA/CAA 2 76 T AAICACT
I AAGICAA 2 AGICAG 2
TCICAG 4
86 TA/CTA § 87 y
00~ TCICAG 2 87 TGI/CAA 6 TA/CTA 7
91— AACICACHCTA 16 92 mTeCIR19
9 ACICANS 94 AGICTG 4
03 — T AAICAAG
103 AA/CAA 3
106 ——— Ta/cac 1 7 8a 10
107 [ AT/CAC6 9
I TA/CTA 12
3 ﬁ AA/CTT 3 0 0 AA/CTG 1 0 AAC/CAC+CAT 8
113 0
13 AA/CTG 9 AC/CTT 1 TA/CTA 16
AT/CTC 1
116 6 AT/CAC 7 o || accre:
11 AG/CTA 1 15 AG/CTA 7 11T TA/CTA 10
1 ST cac 18 AGICAG 5 13 ———-:E//%/j\_(r";
6 12 AG/CAT 3 Is TAICAA 5 19 N/, AGG/CTC+CTT 15 e aeTT
20 N/ TAICAA T 17 b
2 AG/CTG 6
20 TA/CTA 4 AGICAGS
0 AC/CAA 1 25 | | AT/CTCS 21 71 I\ AGICAG 6 27 N\
26 ACGICTT 4 31 TA/CAA 16
~ 21 AT/CTC 4 TACTA S
7 TC/CAG 6 26 = AC/CTT 5 2 mTcCIR 1 24 AT/CAG 8 I 12 Tarcan 12
10 N TG/ICAA 5 27 ﬁé;gg 32 29 — ™~ AAICTG7 I acicans
L L~ AAICTG I 31 ——— — 33
FT1 l 13 S Tacas 1 37 mTeCIR 7 &b e 3 TT/CAC |
1 = At 13 40 AA/CAA 1 33 7/ N\ AG/CAG 4
- = ) TT6
15 T[> AA/CACS 41 TAICAC 6 0 AA/CTG 11 * 34 AC/C
18 =TT TA/CTA 3 43 =7 ATICAC 10 3/ || \aactce
21 T ™ AGICTG 1 45 ;=/TG/CAA 10 T PNTACACT
45 AG/CAC 3
53 AG/CTG2 AT/CAG 1
27 TCICAGS 56 AAC/CAC+CAT 32 ¥
3 AAICAA 8 N/ A s 16 —| | —TA/CAGT
59 \\H 17 — [ AT/CAG 12 56 AAC/CAC+CAT 8
37 mTcCIR 25 60 AAICTG 4
) 60 TA/CTA L1 23 AG/CTG 8
60 TT/CAC 5
60 AGICAG 7 67 AT/CAG 5
61 AT/CAC 3 P AAC/CTA+CTG 16
61 TA/CTA 14
62 TA/CAA 10
65 TG/ICAA
LT7-S0 65 TA/CTA 17 20 cM
- 65 AC/CTT 11
60 TA/CAA 1 e Confidence I R2=15% o AA/CAA9
interval PRR
67 AAG/CAA S %0 AACTG

Among the 28 microsatellites tested for polymorphism, 9Eleven AFLP markers, present in T60/887 only, showed a
appeared as segregating among the gametes of T60/887.s&gregation distortion to the expected 1:1 rati® & 0.05.
single one showed a segregation distortiorPat 0.05. No The genetic map of T60/887 was established by using
microsatellite was segregating among the gametes of IFC%i) the AFLP markers heterozygous in T60/887 and absent in
For AFLP, 26 pairs of primers were used, revealing 252 segeither IFC2 and IFC5, which showed a theoretical 1:1 segre
regating markers. Among them, 184 markers were preserjation ratio, and i{) the markers heterozygous in both
only in parent T60/887, 55 markers were present only inT60/887 and IFC5, and showing a 3:1 segregation ratio
parent IFC5, and 13 were present in both T60/887 and IFCYFig. 1). The linkage map of T60/887 comprised 198 mark

© 2001 NRC Canada



Flament et al. 83

ers assembled in 11 linkage groups. Eight AFLP markersFig. 2. Genetic map of IFC5 constructed witbinwap using the
present in T60/887 only, remained unlinked. The total lengttdistance of Kosambi. Each chromosome is designated by a num
of the map was 793 cM. The average distance between twier by comparison with the T60/887 map (see text). The two un
markers was 3.7 cM. The length of individual linkage identified groups are indicated by letters A and B. AFLP

groups varied from 23 to 118 cM. Among the markers-pre markers are indicated by the pair of primétsoRl and Msd,
senting a segregation distortion, eight AFLP markers wereavhich served to amplify the DNA. The number refers to the
localized on chromosome 3, one AFLP was present on eagbolymorphic band on the gel. Underlined AFLP markers corre
chromosome 1, 4, 5, and on linkage group 10, and onepond to markers present in T60/887 and in IFC5 (see text).
microsatellite was localized on chromosome 3. For T60/887,

identity of chromosomes was determined by comparison of | e o 2 AGCAT S > . ’ T
marker position with the reference map derived from the 3 tocaas [ L | I |
cross UPA402 x UF676 (Lanaud et al. 1995). AFLP and !9 AICATS eACs
SSR markers have recently been added to this map: AGICAT 7 NI 12| |y Jactay
(Risterucci et al. 200) which now comprises 424 markers, 2-BS acctrio e O | S
covering 885 cM. The identity of a given chromosome was b oo, 2 ACICAA 12 20N/ arcacs I \Svoves
assessed on the basis of at least one SSR marker in commo AGICTA 10 | T R aeac
or at least two AFLP markers. Indeed, chromosomes 2-8 A\ 1 v | N
were identified based on one or two SSRs, and chromosome 7 AN AICICT g AN qacanss BT ATICACI0
1 was identified based on three AFLPs. The three other link 2 /A ATCAG 14
age groups were assigned to chromosomes 8, 9, and 10,7 *“™ 4 AN weanzn 5 Al woeanss
thanks to microsatellites mapped on a distinct population de 0 e Avero s
rived from the same cross (unpublished data). 44 acctao 46 || ageran == AccTG s

The map of IFC5 was also performed using both markers hid
heterozygous in IFC5 only and markers heterozygous in 0 Aveacto A o B en
T60/887 and IFC5 (Fig. 2). The genetic map of IFC5 com- R | A - S,
prised 55 markers mapped onto six linkage groups. Thirteen 37 meacs
markers, present in IFC5 only, remained unlinked. The 20eM o TCICAG 8 AA/CTT 4
length of individual groups varied from 19 to 84 cM, and the 66 S TA/CAA 24 131 AACTG 15
total map length covered 244 cM. No markers were common Rl | B
with the reference UPA402 x UF676 map. Identity of chro- 72 [ Tarcan2s 195 AGICTG 10
mosomes was determined using markers present in both par- L Aocres 23 LLATICAG 16
ents and by comparison of linkage groups identified in 79 A accras
T60/887 map. Homology was assessed based on at least two
AFLPs. Indeed identity of chromosomes 1, 7, 5, and 2 was 87 =" AGICAT6

assessed based on four, four, three, and two AFLP markers,
respectively. Two linkage groups had no common marker ]
with the map of T60/887 and remained unidentified. indicates that the map was not completely saturated, since
Results of QTL analyses on the T60/887 map are summghe basic chromosome number of cocoa #s10. Moreover,
rized in Table 2 and in Fig. 1. Three QTLs were detected ir8 markers remained unlinked. Nevertheless, by comparison
the first step of the procedure. One QTL was detected at thwith the length of the saturated r_eferenc_e map performed on
end of linkage group 10 for PRR at a LOD score of 4.2. [tthe cross UPA402 x UF676 (Rlste(r)ucm et al. 2BpGthe
accounted for 17% of the total phenotypic variation. OneMap of T60/887 may cover up to 90% of the cocoa genome.
QTL was detected for LT7-S0 and another one was detectefin® map of IFC5 included 55 markers, assembled into 6
for FT1, both on chromosome 6 but at different map posi linkage groups, and 13 markers remained unlinked. The total
tions. Both of them accounted for 12% of total variation. In'€ngth of the map covered only 27% of the cocoa genome
the second step of the procedure, four additional QTLs wer@ased on the length of the reference map. Based on what we
detected. Two, for LT7-S1 and LT7-(S1+S2), were Co_knoyv gbout the story of cocoa introductions in Africa at the
located on chromosome 3, and two, for FT1 and FT6, wer@€ginning of the century (Toxopeus 1985), we can hypothe
detected on chromosome 2 (Table 2). For PRR and FT&Z€ t_hat the markers segregatlng in the gametes _of IFC5
which are not normally distributed, the nonparametric test ofV€re inherited frpm the_CrI(_)Ilo genetic group. Regarding the
Kruskal and Wallis was also significant Bt< 0.001 and® <  9&nome proportion, which is close to a quarter, and the dis
0.005, respectively (Table 2). tribution of markers in a few linkage blocks, it is possible

The QTL detection performed on the IFC5 map gave ndhat IFC5 may be derived from a first back-cross generation
significant hits. This result is not surprising considering the®" Fhe Amelonado genetic background "’.‘“ef a first hybrid
low portion of the genome covered by the map and the smalf@tion between an Amelonado and a Criollo.

size of the progeny having IFC5 as a parent (59 individuals). _TT@its used to account for resistanceRopalmivorawere
of three types, i an evaluation of yield losses in the field,

(i) a symptom evaluation after artificial inoculation of the
Discussion fungus on leaves, andii() a symptom evaluation after artifi
cial inoculation of the fungus on pods. Yield loss in the field
The linkage map constructed for T60/887 included 200is the most important trait accounting for resistance since it
markers that were assembled into 11 linkage groups. This directly related to the impact of the disease on plant pro
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Table 2. QTLs detected for different traits measuring resistanc@hgtophthora palmivoran the map of T60/887.

Traits Interval position Linkage group Lap LOD, LOD® R2 (%Y pe

Pod rot rate (%) AA/CAA9-AA/CTGS8 10 2.7 2.0 4.2 17 0.001
Leaf test, November TA/CAA1-AAG/CAAS 6 25 1.9 2.7 12 0.0005
Leaf test, May (1) TA/CTA6—mTcCIR21 3 2.6 2.0 2.2 9 0.005
Leaf test, May (1 and 2) TA/CTA6—mTcCIR21 3 2.6 2.0 2.2 9 0.001
Fruit test, 1 day TG/CAA5-AT/CAG13 6 2.5 1.9 2.8 12 0.001
Fruit test, 1 day TA/CAA1-TG/CAA3 2 2.7 2.1 2.4 11 0.001
Fruit test, 6 days TA/CAA11-TG/CAA3 2 2.7 2.1 2.4 11 0.005

#LOD score threshold associated with a global type | error of 5%.

°LOD score threshold associated with a global type | error of 20%.

‘LOD scores in bold characters indicate that a QTL was detected with a global type error of 5%.
dPercentage of the phenotypic variation explained by a QTL.

°Type | error associated with the Kruskal and Wallis individual test.

duction. Nevertheless its measure is highly time and spacmechanisms, and thus could have a different genetic -deter
consuming. Its heritability at the family level has been-esti mination, but our results do not permit a clear conclusion on
mated to ben® = 0.6 (Cilas et al. 1999). No estimation was this aspect, at this stage. Cocoa resistande. fpalmivorais
made at the single plant level, but it is probably very low asprobably complex, and interaction with other biological
for most traits related to yield. Leaf and pod tests have beetraits such as fruit morphology, pod ripening period, or
developed as early screening procedures for resistance tength of the harvesting period have to be considered. Such
P. palmivora(Nyassé et al. 1995; Blaha and Lotode 1976).factors would be interesting to study in relation with the ex
A clonal trial involving five genotypes represented by 20 pression of field resistance of cocoa.
trees each established that the mean PRR was significantly
correlated with the mean value of the leaf test (Nyassé
1997). Nevertheless, the present data show that leaf tests Acknowledgements
highly susceptible to environmental conditions and, like pod \We are grateful to Laurent Grivet for his helpful com-
tests, are poorly correlated with yield loss. ments on this paper and on statistical analyses developed in
Our experiment permitted detection of five QTLs for sev-this work. We also thank CAOBISCO (Association of the
eral traits accounting for resistance Ropalmivora one for  chocolate biscuit and confectionery industries of the EEC)
PRR, two for leaf test traits, and two for fruit test traits. No for their financial participation in these studies. I, M.-H.
QTL was found to be common between characters represenfHament, declare that the experiments comply with the cur-
ing the three types of evaluation methods. Similar resultsent laws of the country in which the experiments were per-
were obtained by Lanaud et al. (1¥)9who observed no formed.
common QTL for PRR and leaf test traits in another popula-
tion. The global size of the population derived from the-par
ent T60/887 was 112 individuals. Although this number isheferences
high regarding field trials in trees, it is not high regarding Babacauh, K.D. 1980. Structure et dynamique des populations de
the statistical power of QTL detection. Moreover, the repeat Phytophthorasp. parasite du cacaoyefheobroma cacad.).
ability of the different traits measured to characterize the re  Ph.D. thesis, Université of Paris-Sud, Orsay, France.
sistance was low. Simulation experiments (Beavis et alBeavis, W.D., Smith, O.S., Grant, D., and Fincher, R. 1994. Identi
1994) show that a combination of a small population size fication of quantitative trait loci using a small sample of top
and a low heritability are bad conditions for an accurate crossed and F4 progeny from maize. Crop Séi. 882-896.
QTL detection. This permits detection of only a sample ofBlaha, G. 1974. Methods of testing for resistancePhytophthora
QTL segregating in the progeny, and their effect and position Disease of CocozEdited byP.H. Gregory. Longman, London.
cannot be precisely estimated. This could explain the ab_PP- 179-195. ) o o
sence of coincidence between QTLs for the different traitsBlaha, G., and Lotodé, R. 1976. Un critere primordial de sélection
Improving the power of QTL detection will necessitate an du cacaoyer au Cameroun : la résistance a la pourriture brune
increase of the repeatability of tests and (or) the size of des cabosses.} Varl'atlons. des rea(’:yons a Ia} ma]adle en I|a|§0n
progenies. The repeatability of tests may be improved by the avig les don?ﬁ‘?s ?Cc;lof'lques et I'état physiologique des fruits.
clonal multiplication of individual progeny trees and an epti Café Cacao The0. 97-116.

o ) - Brasier, C.M., and Griffin, M.J. 1979. Taxonomy Bhytophthora
mization of single tree test procedures. The increase of pop palmivoraon cocoa. Trans. Br. Mycol. So@2: 111-143.

ulathn Slzes may be achieved by settlr_lg up new eXPe”memﬁutler, E.J. 1919. Report of the Imperial Mycologist, 1918-1919.
specifically designed for QTL detection. Multifamily ap Scientific Report of the Research Institute of Pusa. p. 82.
proaches (Muranty 1997) may also be a key issue bya(i- Cilas, C., Berry, D., Paulin, D., N'Goran, J.A., and Djiekpor, E.K.
dating existing designsijiJ treating several combinations of 1999 a résistance a la pourriture brune des cabosses au
parents at a time, andii( increasing the representation of  cameroun, en Céte d'Ivoire, et au Togo. Bilan d'évaluation au
each parent at the whole-design scale. champ. Xl International cocoa research conference, held at

The lack of coincidence between QTLs revealed by the Salvador, Bahia, Brazil, 17-23 November 1996. Cocoa
different traits could also account for different resistance Producers’ Alliance. Lagos, Nigeria. pp. 367-373.

© 2001 NRC Canada



Flament et al. 85

Crouzillat, D., Wilbert, P., Fritz, P., and Petiard, V. 2000. QuantitativePartiot, M. 1975. La résistance horizontale du cacaoyePhy

trait loci analysis inTheobroma cacawsing molecular markers. tophthorasp. Méthodes d’évaluation précoce. Café Cacao Thé,

Inheritance of polygenic resistance Rinytophthora palmivoran 19: 123-126.

two related cacao populatons. Euphytitd4 25-36. Paulin, D. 1990. Analyse d’essais d’hybrides de cacaoyer en Cote
Enriquez, G.A., and Salazar, L.G. 1980. Cocoa Varietal Resitance d’'lvoire pour la production, la vigueur et la sensibilit¢ a la

to Phytophthora palmivoraand its Inheritance at Turrialba, pourriture brune. Dipldme d’études avancées report, Université

Costa Rica. Turrialba, Costa Rica. Rennes |, France.

Enriquez, G.A., and Soria, J.V. 1999. Genetic Research on Coco@ebai, A., Goffinet, B., and Mangin, B. 1994. Approximate thresh
Diseases at CATIE (1960-1990). Proceedings of the Interna 0lds of interval mapping tests for QTL detection. Geneti3g
tional Workshop on the Contribution of Disease Resistance to 235-240.

Cocoa Improvement, held at Bahia, Brazil, 24-25 NovemberRisterucci, A.M., Paulin, D., Ducamp, M., N'goran, J.AK., and
1996. Cocoa Producers’ Alliance, Lagos, Nigeria. pp. 33-39.  Lanaud C. 2008. Indentification de QTL pour la résistance du
Grattapaglia, D., and Sederoff, R. 1994. Genetic linkage maps of cacaoyer a la pourriture brune des cabosses (Phytophthora).

Euca|yptus grandisﬂnd Eucalyptus urophy”ajsing a pseudo_ 13eme Conférence intemationa|e sur |a I’eChel’Che Cacaoyére,
testcross: mapping strategy and RAPD markers. Genelt&s, _Kotakinabalu, Malaisie, 9 au 14 octobre 2000.
1121-1137. Risterucci, A.M., Grivet, L., N'Goran, J.A.K., Pieretti, I., Flament,
Kosambi, D. 1944. The estimation of map distance from recembi M-H., and Lanaud, C. 20@0 A high density linkage map of
nation values. Ann. Eugerl2: 172-175. Theobroma cacao L. Theor. Appl. Gen&Q1 948-955.
Kruskal. W.H.. and Wallis. W.A. 1952. Use of ranks on one- Sansomé, E., Brasier, C.M., and Griffin, M.J. 1975. Chromosome
criterion variance analysis. J. Am. Stat. Assd# 583—621. size differences irPhytophthora palmivoraa pathogen of co

Lanaud, C., Risterucci, A.M., N'Goran, A.K.J., Clement, D., coa. N_ature (London)255 704_795' . .
Flament, M.H., Laurent, V., and Falque, M. 1995. A genetic SAS Institute, Inc. 1997. SAS User’'s Guide version 612. SAS In

linkage map ofTheobroma cacad.. Theor. Appl. Genet9l: stityte Inc., Cary, N.'C' . .

987—9993 P PP Shapiro, S.S., and Wilk, M.B. 1965. An analysis of variance test
Lanaud. C. Kebe | Risterucci. AM.. Clément D.. N'Goran for normality (complete samples). Biometrikd2: 591-611.

IA K’ G:}ivet L’ féhi M Cilaé C i‘—”ieretti | ’Esk'és A and’ Spearman, C. 1904. The proof and measurement of association be-

. : o ; tween two things. Am. J. Psychdl5: 1-88.
Despréaux, D. 1999 Mapping Quantitative Trait Locus (QTL) . . -
for Resistance t@hytophthora palmivoran T. cacao Xl Inter- Stam, P. 1993. Construction of integrated genetic linkage maps by

. . means of a new computer packagenwvar. Plant J.3: 739-744.
national Cocoa Research Conference, held at Salvador, Bahi o . .
Brazil, 17-23 November 1996. Cocoa Producers’ Alliance,%z; G(.)\(;”rgtnga-trjzg, dV\éIKh ﬁggﬂihﬁﬁg't'\:jﬁ']?vhoergtnaggioo; r_(le_f]gs(t)?nce
Lagos, Nigeria. pp. 99-105. P yhytop P ) :

- . ; . Appl. Genet.80: 258—-264.
Lanaud, C., Risterucci, A.M, Pieretti, ., Falque, M., Bouet, A., and . . )
Lagoda, PJ.L. 1999 Isolation and  characterization of Thorold, C.A. 1975. Black pod diseade. Diseases of Cocoa. Ox

. LU ford University Press, Oxford, U.K.
microsatellites inTheobroma caca. Mol. Ecol. 8: 2141-2152. ! ! . .
Toxopeus, H. 1985. Botany, types and populations in cokcp&o-
Lander, E.S., and Botstein, D. 1989. Mapping mendelian factor peus, Y. yp pop

i o . . . S coa. 4th edEdited byG.A.R. Wood and R.A. Lass. Longman,
underlying quantitative traits using RFLP linkage maps. Genet- London. pp. 11-37

ics, 121 185_199' ) Tsao, P.H., and Alizadeh, A. 1988. Recent advances in the taxon
Laurent, V., Risterucci, A.M., and Lanaud, C. 1994. RFLP study of omy and nomenclature of the so-callBlytophthora palmivora

genetic diversity ofTheobroma cacacAngew. Bot.68: 36-39.  \ik4 occurring on cocoa and other tropical crops. X Interna
Muller, R.A. 1974. Effect of prophylactic measures on the dissemi  {ijonal Cocoa Research Conference, held at Santo Domingo,

nation of Phytophthora palmivora. In Phytophthofaisease of Dominican Republic, 17—-23 May 1987. Cocoa Producers'-Alli
Cocoa. Edited by P.H. Gregory. Longman, London. pp. 169—  gnce, Lagos, Nigeria.

178. Van Ooijen, J.W., and Maliepaard, C. 1996. MapQTL version 3.0:

Muranty, H. 1997. Valorisation de plants de croisements pour-la re Software for the calculation of QTL positions on genetic maps.
cherche de QTL chez les arbres forestiers; exemple d'un dialléle DLO-Centre for plant breeding and reproduction research,
merisier. Ph.D. thesis, Université Paris XI Orsay, Orsay, France. \ageningen, The Netherlands.

Nyassé, S. 1997. Etude de la diversitéRfeytophthora megakarya \os, P., Hogers, R., Bleeker, M., Reijans, M., Lee, T.V.D., Hornes,

et caractérisation de la résistance du cacacybeeg¢broma ca M., Fritjers, A., Pot, J., Peleman, J., Kuiper, M., and Zabeau, M.
cao L) a cet agent pathogéne. Ph.D. thesis, Institut National 1995. AFLP: a new technique for DNA fingerprinting. Nucleic
Polytechnique of Toulouse, Toulouse, France. Acids Res.23 4407-4414.

Nyassé, S., Cilas, C., Heralil, C., and Blaha, G. 1995. Leaf ineculaward, M.R., and Griffin, M.J. 1981. Soil phase of codehytoph
tion as an early screening test for cocGda¢obroma cacad..) thora. In Epidemiology of Cocoa in NigeriaEdited by P.H.
resistance toPhytophthorablack pod disease. Crop Prat4: Gregory. Commonw. Mycol. Inst. Phytopathol. P& 50-61.
657-663. Warren, J.M. 1994. Estimation of the number of loci involved in

Papadakis, J.S. 1937. Méthode statistique pour des expériences surthe inheritance of resistance Rhytophthora palmivorgButl.)
champs. Thessaloniki Plant Breeding Inst. Sci. BRB. 1-30. Butl. in the leaves oTheobroma cacadPlant Pathol43: 73—79.

© 2001 NRC Canada



Copyright © 2003 EBSCO Publishing



