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Comparative genetic diversity studies of
Theobroma cacao L. using RFLP and RAPD
markers
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The genetic diversity of 106 genotypes of Theobroma cacao L. was assessed using RFLP and
RAPD methods. Thirty-one cDNA probes and 19 primers generated, respectively, 87 and 49 poly-
morphic bands that were submitted to factorial and cluster analyses. Both RFLP and RAPD bands
separated the individuals into three distinctive groups. Some genotypes did not correspond to the
currently accepted classification and are considered to have been originally misclassified. The
nature of RAPD bands was investigated by Southern analysis. There were as many highly repeated
sequences as single copy sequences but the two types of sequences did not structure the variability
in the same way. Similar results were obtained with RFLPs and RAPDs with regard to the genetic
structure of Theobroma cacao L. Therefore, RAPDs appear to be as efficient as RFLPs for

classifying cocoa genotypes.
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Introduction

Based on morphological characteristics and geographi-
cal distribution, Theobroma cacao L. has been sub-
divided into three main groups, namely Forastero,
Criollo and Trinitario. Forastero clones originated in
the Amazonian region of South America and possess
green pods with predominantly purple seeds. Most
cultivated clones are Forastero which represent over
80 per cent of the world cocoa production. Forastero
have been further subdivided into Upper Amazon and
Lower Amazon because of their geographical locations
and some distinctive characteristics (e.g. precocity and
disease resistance). Criollo were the first domesticated
cocoas and originated in Central America and in the
north of South America. They possess large white or
rosy beans that give a desirable chocolate although
they have poor agronomic value. Trinitario are hybrids
between Criollo and Forastero. The great variability of
pods and seeds makes it difficult to distinguish cocoa
groups. Moreover, lack of information on a large
number of clones limits their use in breeding
programmes.

*Correspondence.
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Although morphological characters have allowed
Engels (1986) to discriminate Criollo from Forastero
within a pool of 294 genotypes, these characters are
affected by environmental effects and are difficult to
measure because of their continuous variation. Lanaud
(1987} used six enzymatic systems representing nine
loci to assess the genetic diversity of 350 genotypes of
cocoa. She uncovered great variability among
Forastero clones as was encountered by Pound (1945)
during his collecting trips in the Upper Amazon region,
but the small number of enzymatic markers available
did not allow the fine discrimination of groups as
described by Cheesman (1944). The availability of
new, abundant and neutral genetic markers has allowed
some progress in the discrimination of groups. Laurent
et al. (1993a, 1993b, 1994) used three types of RFLP
probes to assess the genetic diversity of 203 genotypes.
Ribosomal nuclear DNA probes distinguished Criollo,
American Trinitario and Forastero. Mitochondrial
probes revealed considerable variability among Criollo
clones and ¢cDNA probes confirmed the original struc-
turing into Forastero and Criollo. However, the RFLP
technique is labour intensive and the use of radio-
elements makes it difficult to extend its use to develop-
ing countries. RAPDs on the other hand are easier to
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develop and handle (Williams er al., 1990) and have
proved to be valuable for a number of purposes. They
have been used for establishing genetic linkage maps
(Carlson et al., 1991; Fauré et al., 1993), for finger-
printing (Fukuoka er al., 1992; Wilde et al., 1992) and
for diversity studies (Kazan er al., 1993; Stiles ef al.,
1993). Although RAPDs are simple, their results are
sometimes controversial because of a lack of repeata-
bility of some amplification products. In this study, we
compare the structure of the genetic variability
obtained by RAPD and RFLP methods, to test the
general reliability of RAPD techniques in cocoa in
order to apply it for cocoa germplasm characterization
as a possible alternative to RFLPs,

Materials and methods

Plant material

A total of 101 genotypes of Theobroma cacao belong-
ing to various groups and origins were collected from
different research stations as dried leaves and used for
RFLP studies (Table 1). One hundred and six acces-

Table 1 List of clones used for RAPD and cDNA analyses

Origin Clone name Source

a. Trinitario clones

Trinidad ACT2-11 1
ICS16 1
ICS53 1
ICS89 1
ICS95 2
ICS98 2
Venezuela CNS23 3
Cote d’ Ivoire IFCo6 1
IFC19 1
IFC413 1
Ghana ACUS8S 1
K5 1
Indonesia DR1 1
G23 3
Samoa LAFI7 1
Java WA40 1
Ecuador EQX94 1
EQX107 1
MOQ413 1
Honduras MT18 3
TI1 3
Nigeria N38 1
Mexico RIM15 3
Colombia SC5 3
SPEC160-9 1
Costa Rica CC39 1
UF221 1

Table 1 Continued

Origin

Clone name

Source

b. Criollo clones
Venezuela
Venezuela

Nicaragua

Mexico
Indonesia
Costa Rica

Peru
Colombia

CATA201
CHUAO24
CHO31
CHUAO49
CHUAO211
CUM214
Hernandez 212
JS206

0ce61

OC73

oCc77

POC

POR
Porcelana Rojo
Providencia201
PV2!

PV6

ZEA1
ZEA206
1CS39

1CS60

ICS100

La Esmida

G8

LAF1

LAF3?

PA35
SPEC185-4 3

¢. Lower Amazon Forastero clones

Brazil

Fr. Guyana

Ecuador

Cote d’Ivoire

Ghana

Comun tipico
ERJOH1 ™
ERJOH4 1
ERJOHS5 ¢
ERJOHS6 &
ERJOH9
ERJOH10
ERJOHI15
IFC361
Para
SIAL70
SIC864
GU144!
GU349¢
ECNR"
EETS9!
Nacional "
IFC1
IFC2
IFC47
IFC5
IFC15
SF23¢
IFC307
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Table 1 Continued

Origin Clone name Source

MAT1-6 1
VENC4

d. Upper Amazon Forastero clones

Peru Amazonl5-15

Colombia EBC10
SPAS
SPA17 ¢
IMCé67
IMC31
LCTEEN37
LCTEENS84
LCTEEN127
LCTEEN325
LCTEEN371
SCA6?
SCA9®
SCAl12¢
Peru PA13
PA150
PZ 4
P32A°5
MO81
NA32
T60/887
T63/967
T85/799
UPA413
UPA603

Costa Rica
Venezuela

[y

Ecuador

Ghana

Cdte d’Ivoire
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Letters or numbers above the names of clones refer to the
position of clones on the first plane of factorial analyses of
Fig. 1 and Fig. 2. Clones in bold were used only for RAPD.
Dried leaves were received from IDEFOR/DCC(1),
CEPEC(2), CATIE(3), CENIAP(4) and CRU(S).

sions (Table 1) were used for RAPD analyses (101
were common to both studies).

cDNA isolation

cDNA probes were synthesized from fresh seed tissue
using Pharmacia kits. They were ligated into pUC18
and used to transform strain DH5a of E. coli. Plas-
mids were isolated by minipreparation and inserts were
amplified by PCR and extracted from low-melting
agarose gels.

Total DNA extraction and RFLP procedures

Total DNA was extracted from dried leaves as
described by Laurent er al. (1993a, b). Five micro-
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grams of total DNA were digested with four restriction
enzymes (EcoRI, Xbal, EcoRV, HindIll) and trans-
ferred to a nylon membrane (Hybond N ). Thirty-one
cDNA probes were labelled by random priming with
32PACTP and used to probe blots containing digested
total DNA. Prehybridizations and hybridizations were
performed overnight at 42°C in a solution containing
50 per cent formamide 6 X SSC, 5 X Denhart, 0.5 per
cent SDS and 25 pg/mL herring sperm DNA. Auto-
radiographs were exposed at — 80°C for a week.

RAPD procedures

Each amplification was performed in a reaction
volume of 25 uL containing 1XPromega reaction
buffer, 0.2 um of primer, 1.5 mm MgCl,, 200 um of
each of the dNTPs, 5 ng of total DNA and 1.5 units of
Taq polymerase (Promega). Primers from Operon
Technologies (Kits D, K, L, M, P, Q) previously
screened in a mapping project were used. Amplifica-
tions were carried out in a Techne PHC2 thermocycler.
After an initial denaturation step at 94°C for 5 min, 43
cycles of 1 min at 93°C, 50 s at 36°C and 2 min at 72°C
were performed followed by a final incubation phase of
10 min at 72°C. Amplification products were then
analysed by electrophoresis in 1.4 per cent agarose gels
run at 100 V for 3-4 h in a TBE buffer and stained
with ethidium bromide. Repeatability tests and primer
screening were conducted on a sample of 19 genotypes
belonging to different origins. Nineteen primers
generated 49 stable and readable bands that were
scored for their presence or absence.

The nature of 39 polymorphic RAPD products was
investigated by Southern analysis. Amplification
product leftovers were allowed to migrate overnight in
1.2 per cent low-melting agarose gels. They were
extracted from the gels and hybridized to blots contain-
ing total DNA of five clones digested with five restric-
tion enzymes (Bglll, EcoRI, Xbal, EcoRV, HindIII) as
described in the RFLP procedures.

Statistical analyses

RAPD or RFLP data were scored as presence or
absence of bands in each genotype. A x? test was used
to compare the frequencies of RAPD bands in popula-
tions. Data were then subjected to factorial analyses of
correspondences (FAC) (Benzécri, 1973). Cluster
analyses were performed on the coordinates of
factorial axes and phenograms were built by the aver-
age method (upGMA ). After investigation of RAPD
bands, single copy and highly repeated sequences were
analysed separately. All statistical analyses were
performed using ApDAD software (Addad, 1985).
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Results

cDNA analysis

Thirty-one cDNA probes produced 87 polymorphic
fragments that were scored for their presence or
absence in the genotypes.

The first plane of the factorial analysis (Fig. 1) repre-
sents 31.2 per cent of the total variability. It
distinguishes Upper Amazon Forastero, Criollo and
Lower Amazon Forastero. Forastero clones exhibit a
wider range of variability compared with Criollo
clones. Trinitario clones cluster either with Criollo or
with Lower Amazon Forastero. In the Forastero group,
the Scavina genotypes (a, b, c) known as good parents
in crosses lie outside the pool of Upper Amazon
clones. Wild French Guyana clones (e, f), some
Ecuadorian clones (h, 1) and some genotypes from
Brazil (g, k, m) are not included within the Lower
Amazon Forastero group. Criollo genotypes, except
some (1,2,3) are concentrated in the lower right quarter
of the plane.

A phenogram based on coordinates of factorial
analysis identified Upper Amazon Forastero, lower
Amazon Forastero and Criollo (data not shown). Trini-
tario clustered either with Lower Amazon Forastero or

Criollo clones and a small cluster comprises the Upper
Amazon Scavina genotypes.

RAPD analysis

Nature of RAPD products in cocoa.  Southern
analysis of RAPD products revealed three types of
patterns: 12 amplification products used as probes
gave one to three bands on blots and were therefore
considered as single copy sequences, 12 other products
generated a smear on blots and were identified as highly
repeated dispersed sequences and a third type of pro-
duct induced more than three discrete bands with or
without background smears. This last type could not be
unambiguously assigned. Some amplification products
could not be extracted alone from gels whatever the
duration of migration because they were too close to
other bands.

Level of polymorphism and comparison of RAPD
products in populations. The 19 primers generated
one to five polymorphic fragments. The size of bands
ranges from 0.3 to 2 kb. Some bands occur more often
in some populations. A x? test was performed on the
data for uniformity of band presence in the populations

Fig. 1 Plane 1(31.2 per cent of varia-
bility) of factorial analysis of corres-
pondences on cDNA data. The first
axis discriminates Upper Amazon
Forastero from Criollo. See Table 1 for
letters and numbers. (%) Criollo; (®)
Upper Amazon Forastero; (0) Lower
Amazon Forastero; ( A ) Trinitario.
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Table 2 Frequencies of RAPD fragments in populations
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Percentage of presence

Level of significance for pairwise comparison between

in populations populations
RAPD
fragment Nature LA C UA T LA-C LA-UA LA-T C-UA CT UAT
rOPD15/0.5 — 8 19 40 4 NS o NS NS NS o
rOPD15/1.0 — 24 38 76 46 NS o NS o NS *
rOPD15/1.2 S 84 92 88 74 NS NS NS NS NS NS
rOPD15/1.4 - 72 73 68 70 NS NS NS NS NS NS
rOPD15/1.8 S 16 92 36 67 o NS ke *x * *
rOPK07/0.3 S 27 41 42 61 NS NS ke NS NS NS
rOPK07/0.5 R 8 78 38 64 o * o o NS NS
rOPK08/0.3 S 17 60 29 46 o NS NS * NS NS
rOPK08/1.5 — 21 13 29 15 NS NS NS NS NS NS
rOPK09/0.6 LR 100 84 84 93 * * NS NS NS NS
rOPK09/1.3 LR 36 32 40 52 NS NS NS NS NS NS
rOPK13/0.4 R 85 69 75 74 NS NS NS NS NS NS
rOPK13/1.5 R 31 77 33 67 ** NS * o NS *
rOPK15/0.9 LR 35 78 71 29 o * NS NS o o
rOPK15/1.4 U 23 74 71 14 ox o NS NS o o
rOPL02/0.3 S 83 39 33 92 o Hox NS NS o o
rOPL02/1.0 R 15 35 25 24 NS NS NS NS NS NS
rOPL02/1.4 S 65 96 92 64 o o NS NS Hox o
rOPL05/0.7 — 35 4 68 18 o * NS o NS o
rOPL05/0.9 S 15 0 20 7 * NS NS * NS NS
rOPL11/0.6 R 28 88 22 60 o NS * o * *
rOPL11/0.8 R 16 88 22 56 o NS o o rE *
rOPL11/0.9 - 76 56 78 65 NS NS NS NS NS NS
rOPL19/0.4 LR 48 96 82 74 o * NS NS * NS
rOPL19/0.5 S 28 50 68 48 NS o NS NS NS NS
rOPL19/0.8 U 88 96 83 81 NS NS NS NS NS NS
rOPM17/0.6 S 81 65 56 82 NS NS NS NS NS *
rOPM17/1.1 S 81 62 80 32 NS NS o NS NS o
rOPM17/2.1 U 73 85 84 61 NS NS NS NS * *
rOPM20/0.5 LR 64 96 87 88 o NS * NS NS NS
rOPM20/0.6 LR 12 74 13 33 o NS NS *x o NS
rOPM20/1.8 LR 80 96 78 58 NS NS NS NS o NS
rOPO04/0.9 — 38 57 45 70 NS NS * NS NS NS
rOP0O04/1.0 - 75 57 95 80 NS NS NS o NS NS
rOPO04/1.4 - 83 86 85 70 NS NS NS NS NS NS
rOPO13/0.8 LR 40 55 58 54 NS NS NS NS NS NS
rOPO13/0.9 R 86 91 88 96 NS NS NS NS NS NS
rOPO13/1.4 S 82 64 42 92 NS ok NS NS * o
rOPO15/0.5 LR 15 96 67 57 R * ok o o NS
rOP0O15/0.6 S 19 26 25 50 NS NS * NS * *
rOP0O15/2.0 LR 15 24 4 39 NS NS NS * NS e
rOPP03/0.8 — 48 23 58 14 * NS ok o NS o
rOPP03/1.5 U 77 4 8 54 ok o * NS *x oK
rOPP14/0.4 R 19 92 17 59 o NS o ** ok o
rOPP14/0.6 R 27 92 35 52 o NS NS o o NS
rOPP14/0.9 R 23 29 30 41 NS NS NS NS NS NS
rOPP16/0.6 R 42 89 76 82 *x * o NS NS NS
rOPQ15/0.3 U 84 77 67 89 NS NS NS NS NS NS
rOPQ15/0.5 R 56 54 46 52 NS NS NS NS NS NS

Differences between populations are nonsignificant (NS), significant at the 5% level (*) or significant at the 1% level (**), RAPD

fragments are designated by the primer that generated them and their size (for example rOPK15/0.9: r for RAPD, OP for
Operon, K15 is the name of the primer, 0.9 kb is the size).

UA: Upper Amazon Forastero; LA: Lower Amazon Forastero; T: Trinitario; C: Criollo. RAPD bands are repeated sequences
(R), single copy sequences (S), low repeats (LR), unassigned (U) or could not be extracted {(—).
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(Table 2). Significant differences in frequencies were
revealed for some bands although no population-
specific band was obtained. A pairwise comparison of
frequencies in populations revealed that Lower
Amazon Forastero clones are close to Upper Amazon
Forastero and to Trinitario. Trinitario are also related
to Criollo as was expected from current classification,

Diversity organization

Bulk polymorphic RAPD products analysis.  The first
plane of the FAC using all polymorphic bands without
any distinction of their nature represents 24.3 per cent
of the total variability (Fig. 2). The first axis discrimi-
nates Forastero into Upper Amazon and Lower
Amazon, while the second axis distinguishes Forastero
from Criollo. Trinitario clones are spread between
Lower Amazon Forastero and Criollo. Most American
Trinitario, probably with a strong Criollo background,
cluster with Criollo and African Trinitario are charac-
terized by a median position between Criollo and
Lower Amazon Forastero. Some Ecuadorian clones (h,
n, 1), Guyana populations (e) and some Brazilian clones
(g, k), usually classified as Lower Amazon Forastero,
cluster however with Upper Amazon Forastero. Some
Forastero genotypes (5, 6, 7, m) are charac-
terized by a median position between Criollo and For-
astero. Upper Amazon Scavina clones (a, b, ¢) are well

integrated within their group while the clone P2 (4) is
included in the Lower Amazon Forastero group. For-
astero and Trinitario show a wider range of variability
than Criollo. Cluster analysis as well as FAC dist-
inguishes Upper Amazon Forastero, Lower Amazon
Forastero and Criollo but did not identify most Trini-
tario as a separate group. With the cluster analysis,
Trinitario clones group together either with Criollo or
with Lower Amazon Forastero (data not shown).

Analysis of single copy and repeated sequences derived
from RAPD products. The first plane of the FAC on
the 12 single copy RAPD bands represents 33 per cent
of the variability. Forastero and Criollo could not be
identified as separate groups (data not shown).
Repeated sequences, on the other hand, structured the
diversity better. The first plane, which accounts for
38.6 per cent of the total variability (Fig. 3)
distinguishes clearly Criollo and Forastero. No
discrimination could be made, however, between
Upper and Lower Amazon Forastero clones. Trinitario
are mixed up either with Forastero or with Criollo.

Discussion and conclusion

RAPD fragments are DNA sequences amplified by a
polymerase. They could cover the entire genome by
revealing coding or noncoding regions, repeated or

Fig. 2 Plane 1 (24.3 per cent of varia-
bility) of FAC based on RAPD data.
Axis 1 separates Criollo and Upper

. Amazon Forastero from Lower
Amazon Forastero whereas the second
axis discriminates the two major groups
Criollo and Forastero. See Table 1 for
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Fig. 3 Plane 1 (38.6 per cent of total
variability) of FAC based on amplified
repeated sequences discriminate the
two major groups that are Criollo and
Forastero. (%) Criollo; (®) Upper
Amazon Forastero; (0) Lower Amazon
Forastero; { & ) Trinitario.

single copy sequences. The number of repeated
sequences is correlated with the size of the genome
(Vedel & Delseny, 1987; Lapitan, 1992), and Lanaud
et al. (1992) and Figueira et al. (1992) showed that the
cocoa tree has a small genome of 0.4 pg per haploid
cell. One could, therefore, reasonably expect a rela-
tively low percentage of repeated sequences in the
cocoa genome. However, in the present study, more
repeated sequences (high or low repeats) were found
than single copy sequences. Repeated sequences may
have been preferentially amplified by the RAPD tech-
nique. Repetitive and single copy sequences do not
reflect the same evolutionary processes. According to
Delseny et al. (1988), repetitive sequences could
evolve more rapidly than single copy sequences by
amplification and transposition. Amplified single copy
probes were expected to structure the variability in the
same way as cDNA sequences but, probably because
of the number of sequences analysed, different features
were observed. Amplified single copy sequence probes
in this experiment gave similar results to enzymatic
markers (Lanaud, 1987), revealing a wide range of
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variability among the Forastero group without any clear
distinction between Forastero and Criollo. Amplified
repeated sequence probes on the other hand gave the
same results as morphological characters by separating
Forastero from Criollo. Twelve repeated sequence
probes were enough to discriminate the two major
groups as did 39 morphological characters, cDNA and
rDNA probes. Those repeated sequences seem to be
well distributed over the genome and are different
from rDNA which is a specific repeated sequence. In
cocoa, the analyses of cDNA, rDNA, morphological
characters and dispersed repeated RAPD sequences
separated Criollo from Forastero and probably reflect
ancient events that took place prior to the separation of
Forastero into two subgroups. Forastero and Criollo
genotypes might have first differentiated independently
on each side of the Andean barrier as suggested by
Cuatrecasas (1964). Later, mutational, transpositional
and amplification events allowed a further genetic dis-
crimination of Upper Amazon Forastero from Lower
Amazon Forastero as shown in RFLP (Laurent er al,
1994) and by RAPD analyses. Trinitario clones have a
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hybrid origin, and are difficult to separate from Criollo
or Lower Amazon clones most of the time. Only
RAPD analysis has differentiated some of them.

RAPDs in cocoa seem to be a valuable tool to
classify genotypes and are as useful as other complex
methods of investigation. They have made it possible
to gain access to several events in the domestication of
Theobroma cacao, particularly recent events such as
the creation of Trinitario. Figueira ef al. (in press) and
Lerceteau (1992) reported that they could not group
genotypes according to the existing classification using
RFLP and RAPD markers. The differences in the
results may have arisen from the smaller size and the
constitution of the population analysed.

Some genotypes are apparently misclassified by
both types of molecular markers: ECNR(h), EET59(1)
and SF23(d). This is not surprising for some Ecuado-
rian genotypes called ‘Nacional’. Ecuador Nacional
cocoa comprises genotypes with plump whitish beans
usually classified as Lower Amazon clones (Soria,
1970) or Criollo clones (Enriquez, 1992). From these
analyses based on two types of molecular markers,
strong evidence exists that those clones are more
related to Upper Amazon or Trinitario clones.

The cocoa clones from Brazil are shown by RAPD
and RFLP/cDNA to be heterogeneous. Some show
little variability and cluster with African Amelonado
clones whose ancestors they are supposed to be.
Others like Erjoh genotypes collected in the western
part of Brazil are more diverse. Erjoh clones, on the
plane of the factorial analysis spread in between Upper
Amazon clones, to which they are close geographically,
and Lower Amazon Forastero. Some types behave like
Trinitario and are located in between Forastero and
Criollo. The observed diversity within Brazilian wild
germplasm is in accordance with the findings of Marcio
et al. (1987) who collected plant material in the
Rondonia area: those clones fit into a complex of
diverse but genetically related clones.

Although a rather global agreement exists between
RFLP and RAPD techniques for cocoa diversity
studies, some particular results are obtained from each
one. In the factorial analysis of cDNA data, Scavina
genotypes are somewhat isolated from the other
members of the Upper Amazon group whereas in the
RAPD analysis they fit well in the group. P32A (5) and
IFC4 (7) appear distinct on RAPD analysis, but are
quite integrated in their usual respective group of
classification in the cDNA analysis. These genotypes
should be studied in more detail.

Based on these results, RAPD is an appropriate
technique for studying the diversity of cocoa popula-
tions as RAPD analyses are fast and well suited for
surveying large samples of genotypes such as those
held in international gene banks.
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