Construction of a low-density linkage map of Theobroma cacao
using random amplified polymorphic DNA markers
and an anthocyanin biosynthetic locus'

ABSTRACT

Random smplified polymorphic DNA (RAPD) markers were used
to construct a low-density Fokage map of Theobroma cacao L.
The segregating population used for map construction derived
from a Catongo X (Pound 12 X Catongo) backeross. DNA from
38 hackeross trees was amplified with 28 random sequence
ten-nucleotide  Iong primers to give 36 polymorphic DNA
fragments that segregated in a one-to-ome ratio of present
(dominant RAPD allele) to abseat in the backeress progeny.
Eighteen of these RAPD loci were linked in seven groups. When
segregation data of anthocyanin hivsyathetic alleles, judged from
seed, Aower, and leaf flush color, were added to the RAPD
marker linkage groups, the anthocyanin locus was linked in one
of the groups. A linkage map of this group containing four
markers, including the anthocyanin biosynthetic locus, is
presented,
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RESUMEN

Se usaron indicadores amplindos polimérficos al azar det ARN
parg construir un mapa de baja densidad de ligamiento de
Theobroma cacao L. Ya poblacién segregante usada para Ia
elaboracion de! mapa proviene de un retrocruzamiento de
Catongo X (Pound 12 X Catonga). EI ARN proveniente de los 38
drboles del retrocruzamiento fue amplificado con 28 secuencias
al azar de "primers” larges de de 10 nucleétidos, que dieron 36
fragmentos polimé6riicos de ARN, que segregaron en una razén
de uno por uno de presente {alelo dominante} a ausente en la
descendencia del retrocruzamiento. Dieciocko de estos sitios de
RAPD estin ligados en siete grupos. Cuando los datos de
segregacidn de los alelos de Ia  biosintesis de ln antocianina,
examinados de almeondras, flores y brotes nuevos coloreados,
fueron sumados a los grupos de RAPD marcadores, se liparon a
wno de estos grupes. Se presenta un mapa de ligamientos de
estos grupos, que contiene los cuatro grupos de marcadores,
incluyendo ef de biosiutesis de la antocinaing,

INTRODUCTION

Seeds of T cacao L. (ZN=20}, family
Sterculiaceac are second only to coffee as a major
cash crop for about 40 developing countries located
within 20 degrees of the equator. Fat pressed from
dried seeds is used to manufacture chocolate,
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cosmetics, and pharmaceuticals. The residue after fat
extraction is cocoa powder, the source of chocolate
flavor. Commercigl cocoa varieties have a narrow
genetic base and are susceptible to many diseases,
including the ubiquitous black pod disease
(Phytophthora spp.), the South American witches’
broom disease (Crinipellis perniciosa), the West
African swollen shoot disease (cocoa swollen shoot
virus), and the South Pacific vascular streak die-back
disease {Oncobasidium theobromae) (Wood and Lass
1987).

These diseases and the myriad of insects that feed
on cocoa can reduce the world-wide crop by 10 to 30
percent per year. Thus, there is a great need for
developing cocoa varieties that are more resistant to
these pests, However, because of a long generation
time (three to five years), cocoa breeding is slow.
Traditional cocoa breeding is generally based on
heterosis between parents selected from three major
cocoa populations: Upper Amazon Forasteros, Lower
Amazon Forasteros, and Trinitarios.

Recurrent selection may be a better approach for
breeding superior cocoa varieties if a reliable method
for selecting adult characters at the seedling stage can
be developed. Such methods are now available in the
form of molecular marker-based selection using
restriction fragment length polymorphisms (RFLPs)
{Botstein er al. 1980) or amplification fragment length
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polymorphisms (AFLPs) and their most commen
application, random amplified polymorphic DNAs
(RAPDs) (Williams er al. 1990; Welsh and McClelian
(1990). RAPD markers are not codominant, as are
RFLP markers, and thus it may be necessary to
determine the zyposity at any locus by progeny
analysis (Carlson et al. 1991). Carlson er al. (1991)
presented evidence for white spruce and Douglas, {ir
that RAPD markers segregate appropriately as
independent alleles and thus can serve as markers for
genetic linkage analysis. The RAPD procedure has
the advantage of speed, is less expensive than RFLP
analysis and has been used to construct genetic linkage
maps for several plants including Arabidopsis thaliana
{Reiter et al. 1992} and loblolly pine (Chaparro ef al.
1992).

RAPD markers that are tightly linked to genes
conferring desirable characters in cocoa can greatly
facilitate breeding programs by providing a means to
select for desired genotypes at the seedling stage and
thereby reduce the cost and time of cocoa breeding.
RAPD markers are also valuable for fingerprinting
cocoa genotypes to minimize duplications in cocoa
collections and fo determine the degree of genetic
diversity of populations {Wilde et al. 1991; Lanaud er
al. 1992; Lerceteau er al. 1992). In this paper we
describe the construction of a low-densily partial
linkage map of 7. cacao containing 18 RAPD loci and
an anthocyanin biosynthetic locus,

MATERIALS AND METHODS
Plant material

Catongo and Pound 12 clones from the CATIE
cocoa collection were the primary source of plant
material used in this study. Catongo is a white-
seeded, self-compatible Lower Amazon Forastero
discovered more than 50 years ago in Bahia, Brazil
(Wood and Lass 19853); it is moderately susceptible to
P. palmivora (Phillips and Galindo 1989). Pound 12
is a purple-seeded, self-incompatible Upper Amazon
Forastero collected near the headwaters of the
Amazon River by Pound in 1943 (Pound 1945}); it is
moderately resistant to P. palmivera (Phillips and
Galindo 1989) .

The backcross progeny {BC) were derived by
pollinating a Catongo clone with an Fl tree
originating from a Catongo X Pound 12 cross, i.e.,

Catongo X (Catongo X Pound 12), at CATIE. Seeds
from six pods were planted at CATIE, and seeds from
three pods were planted at the ACRI-Penn State
University greenhouse. Leaves from bofh parental
clones, the F1 tree, and 10 one-year-old BC saplings
were harvested at CATIE, shipped to Penn State, and
stored at -80° C until used for DNA isolation.
Leaves from 28 one-year-old saplings growing in the
ACRI-Penn State greenhouse were harvested and
stored under the same conditions until used for DNA
isolations.

DNA isolation

Genomic DNA from leaves was isolated according
to the method of Couch and Fritz (1990). DNA
concentrations were estimated by running aliquots on
0.8% agarose gels and comparing band concentrations
with Jlambda DNA standards after staining with
ethidium bromide.

Polymerase chain reaction (PCR)

The PCR was performed basically as described by
Williams er al. (1990). The 50 pl reaction mixtures
contained 10 mM Tris-HCI (pH 8.3 at room temper-
ature), 0.01% gelatin, 50 mM KCI, 1.5 mM MgCl2,
0.2 mM each of four dNTPs, 300 ng of single 10-mer
random sequence oligonucleotide primers, 2.5 units
Tag polymerase (Perkin Elimer Cetus, Norwalk, CT),
and 50 ng genomic DNA. The reaction mixture was
overlaid with 50 pl mineral oil and incubated in a
boiling water bath for 10 min, followed by quick
cooling in ice and addition of the Tag polymerase.
Amplification was performed in a Techne PHC-2
{Princeton, NI} thermal cycler for 42 cycles with the
following temperaiure conditions: 92° C for 30 sec,
36° C for 1 min, and 72° C for 2 minutes.

Amplified DNA fragments produced in the PCR
were separated by gel electrophoresis (5 volts per
centimeter) in 0.5 X TBE buffer (25 mM Tris-borate,
pH 8.3, 0.5 mM EDTA) using 1.2% agarose
containing 0.5 pg per mililiter ethidium bromide. A
123 bp ladder (BRL, Bethesda, MD) was used as a
molecular weight marker in each gel.

Primers of arbitrary sequence, but containing at

yeast 50% G+C, were oblained from either I,
Carlson at the University of British Columbia,
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Vancouver, Canada (kits 500 and 600), or from
Operon Technologies of Alameda, CA (kit A).

The presence or absence of segregating markers
was scored and analyzed using the MAPMAKER
computer program (Lander ef al. 1987). In discussion
of the results, use of phrases such as "present in
Pound 12" means a band or bands amplified when
Pound 12 DNA is used as template in the PCR.

RESULTS AND DISCUSSION

Segregation of RAPD markers
in backeross progeny

Primers generating at least one band (dominant
RAPD allele) present in Pound 12, but absent in
Catongo, were tested singly in the PCR to study
segregation of RAPD markers. Most of these bands
were present in the F1 and were expected to segregate
in a 1:1 ratio of presence or absence in the backeross
progeny. Bands present in Pound 12, but absent in
the F1, were probably due to heterozygosity in Pound

12 and segregation of the recessive allele in the F1.

Of 220 primers tested on the parents, 33 produced
at least one RAPD marker that was present in Pound
12, but absent in Catongo. These markers segregated
into distinguishable phenotypic classes of presence or
absence of an amplified fragment in the backcross
progeny. Eight of the 33 primers produced two
segregating markers.  In accordance with the
MAPMAKER computer program, presence of a
marker in a backcross progeny plant was scored as D
(not homozygous for allele "A" at this locus), and
absence of a marker was scored as B (homozygous for
allele "a" at this locus).

Table 1. Segregation patterns of RAPD markers in T. cacao
backeross population.

5341618 BOEDBBDBDBBBLED-D-DDDDERDBDDBRBDDDBE

i

2 Menu BUBRBDERBDDBNDDDDRRBDDD-DDDDDDEODBDER-
3. 516M92 BRDDBBBADBBRABDONBDDDD-DIDDDDODA

4. SZVI84 -BEDBEDBDDDBDDDABDDBREDDBCRBRDED

R R P Fhhx) BABBDBDADBBDRDBBBRDANRDDDRDDDDDRDD—
L v2: BDEBLARDDRODERDDDADDDLDE-BRBDDDDBDBDE-
T 5338 BERBBODDBRDADDDRABRDDRDBRNBRBRDDNBRB A

8 5410984 DRBDODBDDDDBBDBBBBBDDBEDEBAD-DBB-B-B

9. 48 BDEBBBDRDDBODDDDBRBDBLBRERSD-DDE-B-B

1 546007 BERDBEB-RDDARAD.-DEDDDDBEBR-BIBBBww

by 5538 DEDDDDDBCDDYDDE-B-BAR-BBBDEBDD-BABE
12 550/6tS DEBAADDBRDDDEBE-B-DDDO-DEBRBLED-DE-D
13, 5621653 DABHOD-DOOEDLED-DE-RDLDBEDDD-BRD-DE-DB
14 552400 BREBDBD-BRDBRBER.BD-BDDDBDBERDDDBDBAD-
15, 557/615 BDBARE-DDDBDNOE-BB-LBDOGDDDD-DHD-BD-BD
16, 3530615 BEDDDD-PDODBDBB-BE-DEBDDBBRB-BBB-BD-BB
17. 553017 BEBBBE-DDODDERD-DD-DEDDLRDDD-BDD-DB-BD
18, 659117 BDERAS-BRDDDEBD-DD-BDRABADED-DED-D-BA
19. 6385300 DED-DE-BOBRDDDD-DB-DRDDRB-DB-DBB-DB-DD
a SIS DBD-DA-BDBBDDBD-BS-BRBBBB-DB-DAB-D-BD

2t 5640615 ODD-DD-BBBDDDDD-DD-DOBBBD-BE-BBD-B-BH

22, 6081300 DOD-DB-BBEBRDBD-BD-DBBRDE-BB-D-B-B-B-

i 808/984 RBD-DO-BREBBADE-BD-DADDBD-BB-B-B-B-B-

U eTHNT £DD-DB-DRBBDD-D-AD-DDDDDD-DA-BBR-BB-B-

25 6761 DES-BD-DDDDBB-D-BD-DBODBB-B
26 SAimel BO-DE-BDDDBB-DB-DRB-D-DD

7. 6911984 DDD-D3-BOBDBDND-8B-DRDDEB-DB-BDD-BD-DA
28

3

3

31

32

33

H

6507227 BDB-DB--B-DBYBY-BB-BDABDD-BD-BBD-D-BD
686/117 BAB-BD-DBEDDERE-DD-3-DRDD-DI-DOG-D-D
6677100 8DB-8D-DDDDBDEL-DD-B-BEB-NBwD-D-B
668861 888-8B—BDD—RDDDDRE-D-DEB—DD
OA4/984 DD3-BEDDEABNDE AS-DO-DBRBDE-D-DAD-D--D
OA4815 BRB-BDDDDBRBLDD-BD-BBDRDAR-D-DEB-B-B
AL0/400 BEB-BDDTDBOB-DD-8D-BOBB DB~ DBB-BB-

35 OA%/86] DAD-B8-DBBDD-D-88-BDBBDD-BD-BBD-DD-D

36 618984 BDE-D3-DBADRRBBE-BA-BDABDD-BD-BEBD-DD-B

37. ACY/LOC BBBDBIBRBRBEIBDDDDDDDBBBRBBDADBBBRDABH

Table 1 shows the segregation patterns of the
RAPD markers in the backcross progeny. Dashed
lines indicate missing data, also allowed in the
MAPMAKER program. RAPD loci are designated by
their respective primer number and the size in base
pairs of the amplified DNA fragment. Each letter or
dash represents an individual tree in the backcross
population. For example, the first row shows that
when primer number 534 was used in the PCR with
DNA from the 38 trees, a 615 base pair amplified
fragment (D) was observed in 16 instances, no band
of this length (B) was seen in 18 iostances, and in 4
instances no data for this primer were collected. Five
of the 41 markers tested deviated from the expected
1:1 ratio of present:absent by Chi square analysis and
were not used for linkage analysis. Also included in
Table 1 (designated ACY/LOC) is the segregation
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pattern of the trees used in this study for seed, flower,
and leaf flush color.

Linkage groups
of the RAPD loci

The MAPMAKER program places markers into
linkage groups based on log-likelihood (LLOD) scores
and recombination fractions. LOD is the logarithm
(base 10) of the ratio of probabilities that (a} an
observed segregation pattern arose from linkage
between two loci given a recombination fraction, 0,
greater than 0.5, compared to (b) the segregation
pattern that arose from unlinked loci.  The
recombination fraction between two loci is that which
maximizes the LOD score. In the absence of linkage,
the LOD score is zero, meaning there is equal
probability that an observed segregation pattern is due
to linked or unlinked loci. If the LOD score is 2, the
odds are 100 times greater that two loci are linked
than unlinked. Linkage is considered proved if the
LOD score is equal to or greater than 3.

When the segregation data of the RAPD markers
shown in Table 1 was analyzed in the MAPMAKER
program at a LOD score of 3.0, and recombination
fraction 0.25, 17 markers were arranged in 7 linkage
groups, 3 with 3 members in the group, and 4 with 2
members in the group (Table 2). Nineteen markers
were unlinked. Ultimately, when more data are
available, 10 linkage groups, representing the haploid
chromosome number for T. cacao, are expected.

Tahle 2, Liskage groups.

Linkage group RAPD markers in group

1, 10, 18, 37
7, 33, 34

8, 11, 16

9, 15

14, 23

19, 20

28, 36

ammyuowe

The number of markers (N) needed to construct a
linkage map covering the entire genome is given by
the relation: N = log (1-P)/ log (1-2 ¢/k), where P is
the proportion of the genome covered by the markers,
c is the distance in centimorgans (¢cM) between the
markers, and k is the cumulative map distance
(Beckman and Soller 1983). The cumulative map
distance for most crop plants is pear 1000 ¢M, and
markers should bz spaced 20 ¢cM apart to enhance the
chances of being linked to quantitative trait loci.
Thus, assuming equal spacing, some 75 markers are
needed to ensure that any locus will have a 95%
probability of being within 20 ¢cM of at least one
marker. For 10 c¢M spacing, 150 markers will be
needed, and for 5 Cm, 300 markers. Clearly, the 17
markers reported here represent only a beginning.

Mapping of a T. cacao
anthocyanin biosynthetic locus

Of 329 seeds obtained from the 9 backcross pods,
172 were white, and 157 purple, demonstrating that
segregation of seed color in the backeross progeny fits
a 1:1 ratio of purple to while seeds. In addifion,
several pods from F2 intercrosses revealed a 3:1 ratio
of purple fo white seeds. From these observations,
we conclude that the white-seeded trait in Catongo is
conferred by a single recessive allele, and that Pound
12 has a dominant wild-type allele at an anthocyanin
biosynthetic locus. To map this locus, backcross
progeny raised from purple seeds were considered to
be heterozygous at the locus and were scored the same
as the dominant RAPD alleles.

Progeny raised from white seeds were considered
to be homozygous recessive and scored the same as
the recessive RAPD alleles. When these data were
combined with the RAPD marker segregation data,
the anthocyanin locus was Hnked in one of the groups.
A map of this group is shown in Fig. 1. The
cumulative map distance for this group is about 50
cM, probably representing roughly half of one
chromosome.

Turrialba 45{3-41);:128-132
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Digtance Marker
cM rd Name

(1) 534/615

20.0
{37) ACY/LOC

2.5
(10) 545/307

20.9

{18) &59/117

Fig. 1. Group a linkage map.

Work to complete the cacao linkage map is
continuing in a collaboration between CATIE, the
FRANCERECO laboratory in Notre Dame D'Oe,
France, and the USDA Subtropical Horticultural
Research Station in Miami, Florida, USA. The
completed map, in addition to RAPD markers and
single gene traits, will also include markers for
multigene coded traits, the so-called quantitative trait
loci or QTLs.
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