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PREFACE

This is the third International Workshop to be organised by INGENIC, the International
Group for the Genetic Improvement of Cocoa.  It follows the International Workshop on
Cocoa Breeding Strategies (Kuala Lumpur, Malaysia 1994) and the International
Workshop on the Contribution of Disease Resistance to Cocoa Variety Improvement
(Salvador, Brazil 1996).  These Workshops provide an important opportunity for cocoa
breeders to exchange views amongst themselves and, particularly for the two most
recent workshops, with experts from related fields. INGENIC decided to organise its
third International Workshop on ‘New Technologies and Cocoa Breeding’ following a
recommendation of the INGENIC General Meeting (Salvador, November 1996).
INGENIC is most grateful to the Cocoa Producers’ Alliance and the Malaysian Cocoa
Board for allowing this Workshop to be held on the occasion of the International Cocoa
Research Conference October 2000, Kota Kinabalu, Sabah, Malaysia.

Progress in the development of new technologies in plant breeding has been
tremendous during the last 15 years and practical applications are now emerging. The
expectations of the new technologies are high, though it is understood that these
techniques can only make a useful contribution if the traditional breeding base is strong
enough to support their integration. It is often felt that there is still a large gap between
traditional breeding and molecular biology. Certainly, an increased level of interaction
between the ‘new’ and ‘traditional’ technologists is a first requirement for any use of
new technologies for the benefit of the cocoa farmers and consumers. It is estimated
that presently there are equal numbers of cocoa geneticists who are developing or
using new technologies and traditional plant breeders. The aim of the Workshop was to
stimulate interaction between these researchers.  INGENIC invited Dr. Mike Wilkinson,
a molecular biologist/breeder with experience of many crops, including cocoa, to give
an overview of the potential of new technologies in plant breeding. This presentation
was followed by five sessions covering the various techniques and applications to
cocoa genetics/breeding. Presentations in each session were followed by discussion
and the last session was devoted to the formulation of the Workshop Conclusions and
Recommendations. The sixty participants, from 16 countries, were encouraged to
consider the progress made to date with each of the new technologies, to identify
applications for the information that has already been generated and to make
recommendations on new collaborative activities that could realise the full potential of
these new technologies in cocoa breeding.

The editors were pleased to receive full papers of good quality soon after the
Workshop.  The editing of these papers, including the feedback between the editors
and the authors, was necessarily more time-consuming. The editors are grateful to
several authors who agreed to include more information in their written papers than
was presented during the Workshop. This was especially so for the studies concerning
the genetic structure of cocoa populations, which now include often detailed
information on genetic distances between accessions studied and on the level of
heterozygosity of these genotypes. Both types of information are of fundamental
importance for the better usage of these genotypes in cocoa breeding.

INGENIC is engaged in organising its fourth Workshop, which is likely to be held to
coincide with the 14th International Cocoa Research Conference. The theme of the
workshop will be “Cocoa Breeding for Improved Production Systems”.

The editors of the Workshop Proceedings
July, 2001

Frances Bekele
Michelle End
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Albertus Eskes

WELCOMING ADDRESSES

Joao Louis Pereira
Chairman of the International Permanent Working Group for Cocoa Pests and Diseases
(INCOPED)

The first meeting on cocoa pests and diseases was held in Accra, Ghana in November,
1995.  Gratefully, this was a result of the initiative and under the auspices of the Cocoa
Research Institution of Ghana.  At that Accra meeting, it was decided to revive
activities in cocoa crop protection, through the formation of a group, needed to address
specific problems.  A consensus was reached and as an outcome, tentative terms of
reference were discussed.

Specialised meetings on cocoa pests and diseases have been held in years gone
by, but these were normally conducted on a regional basis as African and Latin
American sub-groups.  Therefore, the proposed group aimed to have a wider
participation, examining research advances in common problems while also being
aware of, and prepared for, threats of new cocoa pest and diseases.

The then forthcoming 12th International Cocoa Research Conference in Salvador,
Brazil in November, 1996, was considered to be a suitable venue to discuss, in some
details, the aims and objectives of the Group, allowing for the presence of a better
representation of cocoa producing countries and other interested parties.  Therefore,
on 23rd November, 1996, in Salvador, thirty-three participants representing fourteen
countries, drew-up the Terms of Reference and elected office bearers.  Subsequently,
the Group took on the acronym of INCOPED and the Terms of Reference were
published in the 1st Issue of the INCOPED NEWSLETTER in September, 1997.

In December 1997, Ivory Coast hosted the 2nd International Seminar on Cocoa
Pests and Diseases at Yamoussoukro.  This meeting was particularly well attended not
only by participants from cocoa producing countries but also by other researchers
worldwide.

Considering that in most cocoa producing countries, the limiting factor in the
economics of cocoa production is governed by the presence of serious pests and
diseases, I believe that INCOPED will continue to play an increasingly important role.
At this moment, harmonising our present knowledge has been one of our more
important activities.  This was done through seminars (with published Proceedings),
newsletters, a web site and easier contact through our regional co-coordinators in
Africa, Americas, the Pacific Region and South-East Asia.

More needs to be done to keep our farmers in cocoa cultivation.  However, to
ensure cocoa cultivation is economic, the existence of an unfair balance has to be
recognised.  This balance weighs heavily on the grower, due to a combination of high
pressure from pests and diseases coupled with low cocoa prices.  We accept the
challenge the former poses but seek awareness as to the importance of the latter.

On behalf of INCOPED, I express our sincere thanks to the Malaysian Organisers of
the 13th ICRC and our Regional Co-ordinator for preparing the ground for this
3rd Seminar.

Bertus Eskes
Chairman of the International Group for Genetic Improvement of Cocoa (INGENIC)

Dear Mr. Hope Sona Ebai, Secretary General of the Cocoa Producers’ Alliance,
dear Dr. Mohd Musa Md Jamil, Director General of the Malaysian Cocoa Board,
dear Dr. Lee Ming Tong, Deputy Director General of the Malaysian Cocoa Board,
dear Joao-Louis Pereira, Chairman of INCOPED,
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dear Mr. Kelvin Lamin, Chairman of INGENIC National Organising Committee,
dear Dr. Bong Chui Lian, Chairperson of INCOPED National Organising
Committee, and
dear participants of the INCOPED Seminar and of the INGENIC Workshop.

It is a pleasure to welcome you here on behalf of the Local Organising Committee of
the INGENIC workshop and on behalf of the INGENIC Board.  It is a great pleasure for
INGENIC that the organisation of the present Workshop could be done in close
collaboration with INCOPED.  We are very pleased with the large number of
participants to both events, which shows the interest that these meetings have
generated.

INGENIC was created at a meeting of cocoa geneticists during the 11th International
Cocoa Research Conference of the Cocoa Producers’ Alliance in Yammoussukro, Côte
d’Ivoire, in 1993.  The objective of INGENIC is to exchange information by publishing a
Newsletter and by organising regular Workshops with specific themes.  It also aims to
promote further collaboration in the field of cocoa genetics.
The first Workshop was held in 1994 in Kuala Lumpur, in conjunction with the
Malaysian International Cocoa Conference.  The theme was « Cocoa Breeding
Strategies ».  The second Workshop was held in 1996 in Salvador, Bahia, on the
occasion of the 12th International Cocoa Research Conference.  The theme was this
time « Contribution of Disease Resistance to Cocoa Variety Improvement ».  That
Workshop brought together cocoa geneticists as well as many pathologists.  During the
1996 General Assembly of INGENIC the theme for the next Workshop was chosen to
be « New Technologies and Cocoa Breeding », to be held in Malaysia.  So that’s why
we are here now.

The choice of the themes of these Workshops shows that cocoa breeding needs to
be integrated with other disciplines for optimisation of results.  For example, reliable
disease resistance evaluation methods and use of early screening tests are becoming
major features of new cocoa breeding activities.  In fact, these new methods allow, for
the first time, the development of pre-breeding programmes aimed at creation of
populations with increased disease resistance.

With regard to the theme of the present Workshop, there is no doubt about its
importance.  New technologies in plant breeding are undergoing dramatic
development.  On one side, these technologies help to provide new insight into the
genetic makeup of the cocoa species and inheritance of important traits, helping the
cocoa breeder to decide on the choice of parents and selection methods to be used in
breeding.  On the other side, these technologies have potential to increase selection
efficiency and to overcome production constraints that cannot be overcome by
conventional methods.  However, we should not forget that in the first place
conventional cocoa breeding has to be strongly supported in order to be able to
integrate these new technologies at all.

The objectives of the present Workshop are to analyse results, present data that can
be of direct use to the cocoa breeders, to discuss applications of these methods in
cocoa breeding, to analyse research gaps and discuss opportunities for collaborative
research proposals.

One aspect of the International Cocoa Research Conference that deserves special
attention is the session that took place about a « Global Cocoa Programme ».
INGENIC wishes to be associated with this initiative as a force to identify research
gaps and to propose new collaborative activities in the area of cocoa genetics and
variety development.  This theme will be discussed during the General Assembly this
evening.

INGENIC is grateful for the support that many institutions contribute to the general
operation of INGENIC as well as specifically to this Workshop.  The list of supportive
institutions, in alphabetical order, includes :
• the American Cocoa Research Institute,
• the Biscuit, Cake, Chocolate and Confectionery Alliance of the UK,
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• the Centre for International Collaboration through Agronomic Research and
Development, in France,

• the Cocoa Producers’ Alliance,
• Stiftung der Deutschen Kakao- und Schokoladenwirtschaft
• the Cocoa Research Institute of Ghana,
• Cocoa Research Limited in the UK,
• the Cocoa Research Unit in Trinidad,
• the London International Financial Futures and Options Exchange,
• the Malaysian Cocoa Board,
• Mars Incorporated, and
• the Technical Centre for Agricultural and Rural Development of the European
Union, based in the Netherlands.

Special thanks go to the Cocoa Producers’ Alliance for allowing us to hold this
meeting in conjunction with the 13th International Cocoa Conference and for distributing
the announcement of the Workshop.

Special thanks go certainly to the Malaysian Cocoa Board for organising, for the
second time, an INGENIC Workshop.  From what we have experienced so far, this
support would justify a proposal to be put forward at the General Assembly that all
future INGENIC Workshops should be held in Malaysia! Thank you very much.

Hope Sona Ebai
Secretary General of the Cocoa Producers’ Alliance (CPA)

Your Excellencies, Honourable Participants, Ladies and Gentlemen.
It is indeed my pleasure, to address these few words of encouragement from

the Cocoa Producers’ Alliance on this occasion of the concurrent opening of the Third
International Seminar of INCOPED and Third INGENIC Workshop.

Cocoa culture today is rapidly expanding owing to the continuous increase in the
consumption of this very nutritious product.  But this delicious plant has quite a number
of enemies and diseases to be protected against.  Moreover, its growth has to be tied,
and respond to an ever-increasing demand.

In most of the Producer Countries, the presence of serious cocoa diseases and
pests constitute a real handicap for production and the cocoa economy in general.
Witches’ broom and moniliasis in Latin America, the various strains of Phytophthora
and mirids in Africa, the cocoa-pod borer in South-East Asia are some real menaces to
cocoa growing.

While combating the above problems, cocoa culture also faces a problem with
its development within the context of increased land pressures.  Higher productivity
brought about by the use of early and high-producing varieties is needed.

The themes you have chosen for your deliberations are in this regard,of great
pertinence.  In effect, the INGENIC Workshop has set out as objective the analyses of
the progress made in the domain of new technologies and their applicability towards
the improvement of cocoa varieties.  INCOPED, for its part, proposes to examine
progress made towards integrated pest management and cocoa diseases, biological
control and measures for quarantine in an attempt to manage these calamities in our
Cocoa Producing Countries.

This is an attempt to describe the important role you play in the protection and
preservation of the cocoa tree in an environment more and more hostile.

Very high, thus, are our hopes placed on your two Groups for the role of
distancing us from these calamities and increasing the interest of our farmers in cocoa
culture.

On behalf of the Alliance, I would like to express my gratitude to the organisers
of these meetings from which we expect quite a bit, and wish you great success in the



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia
  v

deliberations of the 3rd INGENIC Workshop and the 3rd International Seminar of
INCOPED on pests and diseases of cocoa.  I thank you for your kind attention.

Dr. Mohd Musa Md Jamil
Director General of the Malaysian Cocoa Board (MCB)

Mr. Sona Ebai, Secretary General of the Cocoa Producers’ Alliance,
Dr. Bertus Eskes, President of the International Group for Genetic Improvement of
Cocoa (INGENIC),
Dr. Louis Pereira, Chairman of the International Permanent Working Group for Cocoa
Pest and Disease (INCOPED),
all participants of the INGENIC workshop and INCOPED seminar,
ladies and gentlemen.

Let me, first of all, express my thanks to Dr. Eskes and Dr. Pereira for giving us
the opportunity to organise this INGENIC workshop and this INCOPED seminar.  I also
wish to welcome all of you to Kota Kinabalu and look forward to your active
participation in the workshop and seminar.

It is fortunate for cocoa that the crop protectionnists and breeders from all over
the world are able to meet and discuss research and current issues of their particular
disciplines.  Certainly, the interaction of all the scientists and researchers in these two
events will enhance current knowledge which will lead to the development of more
appropriate technologies for cocoa production.

However, in implementing projects, we must ensure that the immediate
outcome of the research will have a positive impact on our client: the cocoa farmers.
Research findings should in one way or another be able to solve the current problems
of our cocoa farmers.

Highly basic, fundamental and biological research utilising the most up-to-date
techniques is good and fine.  Sometimes this research is essential in understanding the
real problems, as it provides basic biological information.  We, however, should not
forget about research results that can give direct answers to the existing problems of
the farmers.  Perhaps, pathologists, entomologists and breeders should interact with
agronomists and physiologists to resolve more pressing problems of the cocoa
farmers, for example those related to low cocoa prices.  Hence, we have to emphasise
high productivity, efficient use of inputs and lowering the cost of production.  In fact,
pest and disease management and breeding should place emphasis on resolving these
problems.

I feel it will be useful if various research disciplines go together to formulate
research projects addressing farmers’ current problems.  With low cocoa prices, not
only does damage and loss of yield through pest and disease have to be eliminated,
but it also has to be done in the most economic way.

I remember during the early phase of cocoa development in Malaysia, that
planning of cocoa research for production was relatively simple.  We only needed to
develop good and high yielding planting materials, which were resistant to vascular
streak dieback.  Coupled with good agronomic practices, we were able to increase
Malaysian cocoa hectarage and production substantially.  Research in cocoa
fermentation also has improved Malaysian cocoa so as to achieve  a wider acceptance.

Now, the problem is the unreasonably low cocoa price.  Hence, we who are involved
in cocoa research should consider this in our research planning.  Otherwise, our work
will be irrelevant to the farmers in the forefront of cocoa production systems.
Finally, I wish all of you active and lively discussions in your workshop and seminar.
Once again I thank Dr. Eskes and Dr. Pereira for allowing us to host these events.
With their permission, I declare the INGENIC workshop and INCOPED seminar open.
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WORKSHOP CONCLUSIONS AND RECOMMENDATIONS

Session 1. Introduction and Application of New Technologies in Plant
Breeding

Introduction
• Progress in breeding will be accelerated if breeders can integrate their activities with

those of scientists working in other disciplines.  The purpose of this Workshop was
to bring together traditional breeders and experts in molecular biology to stimulate
discussions on the potential of new technologies in cocoa breeding.

• There is much to learn from research in other crops, where productivity has been
dramatically increased, 50% by genetic improvement and 50% by agronomic
measures.  In view of the low overall increase in cocoa productivity, there is a lot to
be gained through genetic improvement.

• Efforts in traditional breeding need to be maintained and strengthened; if this does
not happen there will be no good platform to benefit from the introduction of new
technologies.  Effective collaboration between traditional breeders and
biotechnologists is required to strengthen cocoa breeding as a whole.

Management of genetic diversity
• Molecular markers can be effectively used to verify mislabelling (SSRs, CAPs,

SCARs), to evaluate genetic diversity and develop core collections (AFLPs, ISSRs
and SSRs), and to search for candidate genes in germplasm collections (gene-
specific PCR).

Marker assisted breeding
• Selection efficiency can be improved through the use of DNA markers associated

with QTL or with candidate genes, particularly in introgressive breeding strategies.
• Replicated progenies, made up of a large number of individuals and planted at

different sites, are required to take full advantage of QTL analysis.  These should
enable minor QTLs to be mapped and the stability across environments to be
verified.

Genetic modification
• Although no commercially grown cocoa has been genetically modified, there has

been a ten-fold increase in the acreage of other genetically modified crops over the
last three years.  Although the public is gradually becoming more aware of GM
technology and its benefits, it should be noted that in a significant proportion of the
chocolate consuming world, current consumer preference is for non-GMO products.

• In other crops, genetic modification has sometimes been targeted at benefiting the
farmer, and in others, the consumer.  Currently most applications relate to the
correction of only those genetic weaknesses of the crop that are controlled by one or
a few genes (e.g. susceptibility to pests, diseases or stress conditions).

• Traditional breeding will continue to be very important to create improved
populations and to handle traits determined by several genes.

• There is a trend towards the introduction of more than one gene into genetically
modified varieties through the use of tissue specific and inducible promoter
sequences.

• An efficient genetic transformation system in cocoa is required for research and
significant breeding perspectives in the long term future.  However, it is essential
that any such work is carried out in conjunction with appropriate studies of the
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impact of the genetically modified organism on the environment and with due
consideration to consumer opinion.

Synteny mapping and genome sequencing
• The application of new technologies in cocoa breeding can benefit from the

advances made for other crops through synteny mapping; the use of anchored
points on the genome which can be used to relate cocoa genetic maps with the
maps of other species.

• There is no urgent need for the comprehensive sequencing of the cocoa genome; it
is probably better to use information from model crops (candidate gene strategy).

Collaboration between producing and consuming countries
• It is essential to establish effective collaboration between scientists in producing

countries and non-producing countries.
• There is a need to develop low-cost, low-tech methods to enable laboratories in

producing countries to carry out their part in collaborative studies and to enhance
their capacity for innovative research.

Session 2. Identification and Characterisation of Cocoa Genotypes

Main results obtained to date
• So far, various markers have been used: isozymes, RFLP, RAPD, AFLP, I-SSR

and SSR. Protocols for sample collection, shipment and analyses have been
developed.

• The use of microsatellites (SSR) is the way forward in the short term for
fingerprinting, to provide anchor points for mapping populations and for studies
using linkage disequilibrium to investigate origins of stocks and gene flow between
populations.  Researchers at CIRAD have made much progress in this area and
have already developed 69 microsatellite primers.

• The USDA is embarking on a large project to genetically characterise the cocoa
accessions held in the genebanks of the Americas using an automated
microsatellite analysis system, which has the capacity to analyse 1500
samples/person/year.

• It is expected that 15 well chosen SSR will be sufficient for clone identification and
characterisation purposes.  However, a much larger number of well-identified SSRs
are needed for mapping studies (see below).

Applications in cocoa breeding
• Resolution of mislabelling is a major issue for efficient management and transfer of

germplasm, for reliable exchange of information on germplasm accessions, for
multi-locational trials and, thus, for any collaborative efforts in cocoa germplasm
conservation and utilisation.

• Progress made to date is still very limited in view of the importance of the problem.

Recommendations
• A globally co-ordinated effort is required in the area of identification and

characterisation of cocoa genotypes in collections.  This should include a ring-test
to establish the compatibility of the automated system with gel-based systems for
SSR analyses.

• Reliable comparison of results between laboratories and between different
visualisation techniques will require the use of a common homozygous control
clone, e.g. Catongo.
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• Additional experiments are needed to refine the techniques.   These will include i)
the adaptation of the various gel-based systems (including techniques which do not
involve the use of radioactivity so that the research institutes holding the genebanks
can carry out the analysis themselves), ii) determination of the power of resolution
of the technique (through sib-analyses) and iii) determination of the frequency of
mutations and null alleles.

• It will be essential to identify a “type” specimen for each clone which can be used
as a reference to compare all other accessions with the same name.  The “type”
tree must be selected by an expert, ideally from the original source genebank.
Efforts should be made to ensure that it is safeguarded through careful
documentation, labelling and possibly cryopreservation.

• Four different options have been presented, with different roles for the collaborative
institutes, and advantages/disadvantages compared to a globally co-ordinated
effort on cocoa germplasm identification and characterisation.

• If successful, this would allow the research institutes to carry out their own within
accession testing using the same SSR primers and make comparisons with the
international “type” fingerprint.

• Molecular marker information should be introduced in a standardised form into
international databases.

• Strategies are needed for dealing with the off-types detected following molecular
characterisation.  Genebank managers will have the responsibility of discarding or
assigning an appropriate new name to any genotypes which do not conform with
the “type” specimen.  This information should be disseminated to the cocoa
community through the INGENIC Newsletter, the International Cocoa Germplasm
Database and other means.

Session 3. Genetic Diversity Analysis

Results obtained to date
• Various molecular techniques and methods of data analyses have been of value in

assessing the genetic structure and diversity of cocoa populations.  There may be
some advantages in using a variety of markers since they may each reveal different
parts of the genome.

• Results obtained in different genetic diversity studies, involving in total more than
1000 cocoa genotypes, were analysed during the workshop and the estimated level
of heterozygosity of more than 600 genotypes are presented in these proceedings.

• Studies carried out with RFLP, RAPD and microsatellites at CIRAD Montpellier
have shown that cocoa populations differ widely in their levels of diversity and
heterozygosity.  Upper Amazon Forasteros contain high levels of diversity and
medium levels of heterozygosity compared to Lower Amazon populations and to
wild French Guiana material, both of which exhibit low levels of diversity and
heterozygosity.  ‘Ancient’ Criollo types also form a very distinct, uniform and
homozygous group.  These results would suggest that founder effects or refuge
areas have played an important role in the evolution of T. cacao populations.  So
called Trinitario and ‘modern’ Criollo types appear to derive from hybridisation
between ‘ancient’ Criollo and Lower Amazon Amelonado.

• RAPD analyses carried out in Trinidad suggest the existence of sub-groups within
the Upper Amazon populations: (LCT-EEN + MO), (PA) and (IMC+NA+AMAZ).
Scavina genotypes are very distinct.  French Guiana materials show a very different
RAPD banding pattern compared to other Forastero types.  RFLP analyses carried
out by Nestlé also identified genetic affinity among IMC and Pound clones (which
are NA and IMC types) and among PA types, and again showed the Scavina
clones (SCA 6 and SCA 12) to be very distinct.
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• RFLP analyses carried out by Nestlé showed that the original Nacional variety is
rather homozygous and very distinct from Forastero and Trinitario types.  Molecular
analyses appear to confirm that many of the cultivated Ecuador cocoa types derive
from hybridisation between pure Nacional and introduced Trinitario types.

• RAPD analyses carried out on the CEPLAC collection in Bahia, Brazil have shown
continuous variation among the 270 genotypes analysed.  A large degree of
variation appears among the Upper Amazon types (mainly Pound collections) and
among accessions collected from the wild in Brazil.  Lower Amazon Amelonado
types (Comun variety) appear to be very closely related and at the extreme of the
distribution of Forastero types, nearer to Trinitario types.  Scavina types form a
distinct group at one extreme of the range of genetic diversity, genetically distant to
the Lower Amazon and Trinitario groups, and close to some of the accessions from
the Ucayali river in Peru.  Several unique RAPD bands were identified in the
Scavina clones, indicating their distinctiveness.  Cultivated and wild genotypes from
Ecuador tend to group together between Trinitario and Scavina types, respectively.
As expected, clones of hybrid origin, such as CCN 51, tend to be located between
the putative parents on genetic diversity maps.

Applications in cocoa breeding
• Information from molecular studies is very useful in managing diversity in

genebanks to establish base/core/working collections, ensuring that collections
cover the full range of diversity without overrepresentation of certain types and
avoiding duplications.   This is particularly important with regard to evaluation.
Establishment of small representative core collections allows more extensive and
uniform evaluation data sets to be assembled.

• Information on the genetic structure of cocoa populations, such as the level of
heterozygosity and genetic diversity, is directly useful in breeding.   It can be used
to guide population enhancement or population breeding programmes, including
reciprocal recurrent selection based on recombinations between heterotic groups.

• The information generated can also be of value in attempts to maximise heterosis,
and thus produce superior hybrids, since genetically distinct parental genotypes
can be identified.

• Cocoa breeding programmes have started to integrate the new information
obtained from molecular marker studies to ensure that the diversity of the
germplasm is utilised effectively.  However, much information is lacking, particularly
for the material held in national genebanks.

Recommendations
• Current findings, using isozymes, RAPD and microsatellite analyses, indicate that a

large part of the diversity of cocoa has not yet been exploited in breeding
programmes.  Collaboration in distributing this germplasm and evaluating its
potential through field trials is urgently required.

• Genetic diversity studies need to be continued to give more information on the
genetic diversity present in cocoa genebanks, with special emphasis placed on the
identification of ‘core’ collections.

• Continuous collaboration for further evaluation of the level of heterozygosity of
important breeding materials and of genetic distance between these clones is
required.

• The information on the level of heterozygosity can be used immediately to create
new speculative crosses between genetically distinct and homozygous genotypes,
which have not yet been used in cocoa breeding (such as crosses between French
Guiana, Amelonado, some Upper Amazon clones, Criollo and Nacional types).
Such progenies can be expected to be uniform and exhibit good hybrid vigour (as
observed in ‘single crosses’ between improved pure lines in hybrid maize
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selection).  International collaboration is required to create and evaluate such
promising ‘wide’ crosses.

• On the other hand, selection of new clones would be favoured in crosses between
heterozygous and genetically distinct genotypes of high agronomic value,
facilitating recombination of complementary traits.

Session 4. Correlation of Molecular Markers with Economically Important
Traits

Results obtained to date
• QTL for resistance to Phytophthora were identified in a collaborative project

(‘CAOBISCO project’).  Co-localisations of QTL were observed for a number of
progenies on chromosomes 1, 4 and 9 (coded according to the reference map
established at CIRAD).

• One strong QTL for resistance to Crinipellis has been identified in SCA 6.
• QTL for agronomic traits such as yield, pod and bean characteristics were

identified mainly on chromosomes 1, 4 and 5 in a few different studies.  For yield,
some variation in QTL was observed over the years.  One QTL on chromosome 4
appeared to explain 43% of the phenotypic variation for pod size.  A number of co-
localisations were observed, mainly for related genotypes, but in some cases also
for unrelated genotypes, of Trinitario or Upper Amazon origin.  These results
suggest a certain stability of QTL in cocoa.

• In one study, a major QTL for general agronomic value was found that explained
27.1% of the total phenotypic variation and was co-localised with a QTL for early
flowering and trunk diameter.  Pleiotropic and epistatic effects were both detected
for these traits.

Applications in cocoa breeding
• The QTL studies have provided useful genetic information on the genetic basis of

several selection traits in cocoa.  For example, the different QTL identified for
Phytophthora  resistance suggest that breeding approaches allowing for
accumulation of different resistance genes could be successful.

• It was generally recognised that the available information is generally not yet
sufficient for the direct use of the QTL detected in cocoa breeding.

• After obtaining more robust and stable QTL, the markers associated with the QTL
can be used for Marker Assisted Selection (MAS).  The technique can be used to
accelerate breeding progress, since those plants with QTL for one or more
desirable traits could be identified at the seedling stage.   It is anticipated that the
QTL/MAS systems developed could be transferable for use on similar progenies in
other countries.

Recommendations
• A common chromosome identification system for cocoa is essential and it was

agreed that the system developed by Lanaud and co-workers at CIRAD should be
adopted internationally.

• The identification of QTL should be optimised for a limited number of selection
traits.  There is a need to choose strong QTL, such as those for significant levels of
resistance to several pathogens or strains of the same pathogen.  Information from
markers can be combined with phenotypic data to obtain a selection index.

• Clonally replicated progenies, containing a large number of individuals, will be
needed to take full advantage of the QTL analyses.   Each progeny should consist of
at least 200 individual plants.  It is very important to replicate these progenies in
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different locations to map minor QTL and verify QTL stability across environments.
This can only be achieved through international collaboration.

• Another approach to identify stable QTL is to use the possible linkage
disequilibrium that may persist in certain genetically related cocoa populations, such
as Trinitario or related Amazon populations (IMC, GU, etc.).  Studies have been
recently initiated for the Trinitario/Criollo group.

• Further development and transfer of simple marker technology to user countries is
required before it can be integrated into cocoa breeding.

Session 5. Other Topics

Resistance gene homology and micro-array consortium
• There are good indications that gene sequences detected in cocoa are similar to

known resistance genes in other plant species.  Ten putative gene candidates have
been identified that probably belong to three families of potential resistance (R) genes.
The main objective is to screen germplasm for different resistance alleles.

• Microarrays are miniaturised systems which allow the simultaneous measurement of
the comparative expression levels of thousands of genes in experimental and control
material.  This technique could be used to monitor gene expression profiles during
growth and development and in response to biotic and abiotic stresses.  This can
provide leads to understanding basic molecular mechanisms, for example which
pathways are up regulated in response to a pathogen and which are turned off.  It also
provides a means to rapidly identify candidate genes involved in a target process.

• Microarray systems for cocoa are being set up in several institutions and progress
could be accelerated if a cocoa gene expression microarray consortium can be
established.  A bioinformatics resource base is needed to link data obtained by
different research teams.

Applications in CSSV resistance studies and indexing
• Molecular cloning methods have enabled the isolation of full-length infectious clones

of severe isolates of CSSV from Togo and Ghana.  Mild isolates of the virus, which
have potential use in cross-protection, have also been isolated.  Infection of cocoa
beans and young seedlings by particle bombardment and/or Agrobacterium-
mediated infection is now possible.  With these tools, specific virus inoculum can be
quantified in challenging new cultivars in resistance breeding or cross-protection
programmes.

• New CSSV-specific primers have been designed for disease indexing by
polymerase chain reaction (PCR).  Further development of this method is required
so that it can form part of a quarantine procedure and thus help prevent the spread
of CSSV.

Session 6. Propagation Methods

Somatic embryogenesis (SE)
• SE is a powerful tool for multiplication, germplasm conservation (cryopreservation),

germplasm exchange and genetic modification.
• SE technology is not yet ready for commercial scale multiplication of improved

cocoa genotypes for farmers usage.
• SE is expensive but can be used for fast multiplication of a limited number of

genotypes and the establishment of clonal gardens for further use with conventional
propagation methods.
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• SE protocols have been developed and the technology applied in at least nine
laboratories around the world.  Floral parts are the explants of choice.

• The protocols are similar in the use of 2-4D and cytokinin but differ in the use of
basal DKW, MS and Woody Plants Media.  The majority of the laboratories are
using DKW.

• Close to 100 genotypes have been propagated by SE with high efficiency being
achieved for a number of genotypes.  Conversion was achieved at 55-60%.

• Secondary embryogenesis is more efficient and produces unified embryos.
• SE field tests and DNA tests to verify agronomic value and genetic uniformity are

required.
• SE is a potential tool for cocoa germplasm exchange.  However, it is not yet known

if SE propagated material is guaranteed virus-free (as is the case for zygotic
embryos with CSSV).  If so, SE could be of great help in speeding up the time
involved in transfer of germplasm.

Semi-industrial scale of production of rooted cuttings
• The largest propagation centre ‘Biofabrica’ was established recently in Bahia, Brazil,

using traditional technology adapted from eucalyptus mass propagation systems.
• Currently this centre is propagating 14 cocoa genotypes with resistance to Witches’

Broom disease.  The rooting house and nurseries have the capacity for a daily
production of 50,000 rooted cuttings but at present a shortage of cuttings is
restricting the daily production to approximately 10,000 rooted cuttings.
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Introductory Notes

Bertus Eskes

Cirad-Cp, TA 80/02, Avenue Agropolis, 34398 Montpellier Cedex 5, France

Scope

The objective of these introductory notes is to give a brief overview of the present
status of cocoa planting materials and breeding methods. This should help to set the
context in which any new technologies would need to be applied and may therefore
help in the process of formulating recommendations during this workshop. The
opinions expressed here are only meant to be a basis for further consideration; they
are the sole responsibility of the author of these notes and neither express the opinion
of INGENIC as an association nor that of any sponsoring institution of INGENIC.

New technologies used in plant breeding are presently undergoing dramatic
development. These technologies can provide new insight into the genetic structure of
germplasm and inheritance of selection traits. Thus, they can offer the breeder
guidance when deciding on the choice of new parents to be used in breeding and of
selection methods. These technologies also have the potential to increase selection
efficiency, through marker-assisted selection, and to overcome, through genetic
transformation, major production constraints such as losses due to pests and diseases,
which are difficult to overcome by traditional methods.

Improvement of cocoa planting material involves several steps: germplasm
management, characterisation and evaluation, development of breeding tools (early
screening methods, biotechnologies), genetic studies, creation and selection of new
varieties (variety trials), and multiplication and distribution of new planting materials.
The adoption of new technologies in cocoa breeding will depend not only on the
efficiency of these methods (accuracy, costs) in relation to alternative methods, but
also on the feasibility of introducing these technologies into practical breeding
programmes. There is no doubt that the first requirement for integration of any new
technologies is the existence of strong traditional breeding programmes.

Cocoa planting material

The availability of good varieties is a basic feature of sustainable production of any
crop. However, it has been estimated that only about 30% of the total cultivated cocoa
acreage is planted with selected varieties (Paulin and Eskes 1995). These varieties
consist mostly of mixtures of bi-parental crosses (hybrids) between local and
introduced clones. Only a very small part is made up of selected clones. The
unselected cultivated cocoa varieties consist mostly of traditional populations
(Trinitario, Amelonado, F3 Amazon) and of open-pollinated populations derived from
selected hybrid varieties. Farmers are increasingly using seeds taken from their own
preferred trees. The latter process is expected to result in partial inbreeding of planting
materials, known to be related in cocoa to loss of vigour and yielding capacity
(INGENIC 1995). This situation demonstrates the urgent need to develop and distribute
better varieties.

Diseases and pests continue to cause heavy crop losses in all producing regions,
endangering the sustainability of cocoa growing. For example, black pod disease due
to Phytophthora megakarya causes losses of up to 70% in Central Africa and now
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threatens Côte d’Ivoire, which provides 40% of the world’s production. The witches’
broom disease has reduced cocoa production by 70% in the State of Bahia, Brazil.

Some high yielding clonal cocoa varieties with effective resistance to diseases have
been selected during the last 25 years. Examples are the VSD resistant clones
selected in Asia (e.g. PBC 123 occupying 30% of the Malaysian cocoa belt) and
witches’ broom and black pod resistant clones in Trinidad (TSH clones). The latter
clones are also being used to control the very serious witches’ broom outbreak in
Bahia, Brazil. These examples indicate the potential for genetic control of destructive
cocoa diseases.

Trends in cocoa breeding

Trends identified in cocoa breeding methods (INGENIC 1995; INGENIC 1999) are:
• Growing interest in clone selection as a method that can give quick genetic

progress (resistance, quality,..).
• Initiation or reinforcement of recurrent selection programmes, aiming at continuous

genetic progress through adequate use of general and specific combining abilities.
• Initiation or reinforcement of germplasm enhancement programmes, aiming at

accumulation of favourable alleles in breeding populations.
• Increased international collaboration, not only for germplasm conservation and

distribution but also for germplasm evaluation and utilisation.
Trends in the selection criteria applied in cocoa breeding are:

• More attention is being given to disease and pest resistance, especially in those
cases where suitable screening methods are available.

• In addition to breeding for yield, breeders are selecting for more efficient and
smaller trees that can be easily managed by the farmers.

• Quality is becoming a major selection criterion for niche markets. The recent
evidence of the strong genetic component of flavour traits should make it possible to
select more efficiently for these traits.
Recently, efficient, early and rapid screening tests for resistance to Phytophthora

pod rot have been developed, and these are now becoming widely applied in cocoa
germplasm enhancement (Iwaro and Butler, in press) and in cocoa breeding (Eskes, in
press). However, methods for early screening for resistance to other important
pathogens (like Moniliasis, witches’ broom, and VSD) and to insects (mirids and cocoa
pod borer) must still be developed or improved.

The above trends indicate that cocoa breeding needs to be based on effective
integration of different disciplines using a teamwork approach. The role of new
technologies in this complex of activities remains to be defined.

Conclusions from the first and second INGENIC Workshops

Before starting this Workshop, it may be useful to remind participants of the
conclusions related to New Technologies formulated during the first two INGENIC
workshops.

The 1994 Workshop on ‘Cocoa Breeding Strategies’ (INGENIC 1995) concluded
that new technologies:
• are to be considered as ‘tools to complement conventional breeding’,
• give ‘insight into the genetic structure of cocoa populations’,
• are ‘powerful for characterisation and identification’,
• ’should not detract from conventional breeding’, and
• ‘should be applied to problems that are difficult to solve otherwise’.



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 10

The 1996 Workshop on the ‘Contribution of Disease Resistance to Cocoa Variety
Improvement’ (INGENIC 1999) concluded that:
• ‘reliable methods are required for disease resistance measurements’,
• ‘links of markers with black pod resistance have been established’,
• ‘improved methods of vegetative propagation have a role to play in rapid

distribution of clones with resistance to destructive diseases’, and
• ‘international collaboration is essential to facilitate accumulation of resistance

genes’

Cocoa breeders and biotechnologists

For the sake of comparison, cocoa geneticists have been classified into two categories:
‘conventional breeders’ and ‘biotechnologists’. For several reasons, the number of
conventional cocoa breeders has been decreasing over the last ten years,, and this
appears to endanger the maintenance of strong breeding programmes. Conversely, the
number of biotechnologists has been rapidly increasing. A rough estimate of the
number of researchers in these two categories indicates that presently approximately
21 active ‘conventional breeders’ and at least 17 ‘biotechnologists’ are effectively
working on cocoa.

The majority of the cocoa biotechnologists are working in laboratories in the
Americas and in Europe, suggesting the existence of at least a temporary geographical
gap between places of development and places of application of these new
technologies. This leads to the question of how and when these technologies could be
transferred to user sites.

Workshop Objectives

In preparing for this Workshop, INGENIC has identified the following objectives:
• Analysis of general progress obtained and constraints identified in using new

technologies in plant breeding (lead speaker).
• Analysis of progress obtained in the development of new technologies in cocoa.
• Presentation of summarised results that are of direct use to the breeders.
• Presentation and discussion of collaborative new activities.
• Identification of research gaps.
• Formulation of conclusions and recommendations.
The presentations have been grouped into themes Sessions to facilitate discussions on
common applications and/or techniques. It is fully appreciated that there will be some
overlap between the contents of the Sessions, but it is hoped that this will not adversely
affect our discussions.
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The Application and Constraints of New Technologies in Plant
Breeding

Mike J. Wilkinson

Plant Science Laboratories, The University of Reading, Whiteknights, PO Box 221, Reading
RG6 6AS, United Kingdom

Abstract

The usefulness of a range of modern biotechnological and molecular tools is evaluated for the
genetic improvement and maintenance of cocoa breeding material. The process of selection
during plant breeding inevitably leads to a narrowing of the genetic base of any crop. In turn,
this can lead to an increased vulnerability of the crop to pests and disease attack. Cocoa is
currently facing threat from several diseases, particularly from pathogenic fungi. In its current
form, cocoa is not amenable to widespread use of prophylactic chemicals for disease control
and there is limited scope for control by changed agronomic practice. This leaves biological
control (which is in its infancy in cocoa) or more realistically in the short term, internal resistance
as the main means of protecting the crop in the field. The maintenance of active and fully
characterised germplasm collections represents the starting point for introducing resistance and
quality traits into cultivated material. Resources inevitably limit the size of these collections and
so it is important that managers have a rational basis upon which to select which clones to
maintain and which to discard. The role and limitations of molecular biology in reaching these
decisions are discussed. Effective use of germplasm collections also depends on clear and
accurate identification of material held, ready access of disease-free stocks and evaluation data
on the nature and extent of any resistance genes present. Problems of clone identification can
be addressed partly by careful management but ultimately rely on a system for identifying
mislabelled stocks. The relative merits of RAPDs, AFLP, ISSR, SSR and locus-specific
polymorphisms for addressing this problem are examined. Ultimately, the holding of stocks is
only of any practical value if the resistance genes or quality traits they contain can be identified,
characterised and quickly transferred into breeding material. Here, QTL analysis,
transcriptomics and marker assisted breeding each have potential for accelerating the process
of gene transfer. Finally, the benefits, limitations and hazards of using genetic modification for
cocoa improvement are examined.

Introduction

Over the past fifty years, new breeding technologies have resulted in huge
improvements in the yield and productivity of temperate combinable crops such as
wheat, potato and maize. For instance, cereal production has increased at a rate of
about 60% per decade from 740 Mt in 1950 to about 1,900 Mt in 1995 and will have to
increase by another 690 Mt to meet projected demand in 2020 (Dyson 1996).
Approximately half of the increase in productivity is generally attributed to genetic
improvement. The cultivation of cocoa has not seen this same improvement in
agronomic performance, with an increase of around 25% over the last decade from
2407 thousand tonnes in 1989 to 3003 thousand tonnes in 1999 (Anon. 1999 and
2000), which has been mainly due to an increase in land area. Diseases remain a
major threat to the yield of cocoa. This paper examines the applications and constraints
of new technologies in modern plant breeding and evaluates their potential for the
future of improvement of cocoa.
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The role of molecular biology in cocoa breeding

The tools available
Conventional plant breeding has enabled significant improvements in the agronomic
performance of most crops and will continue to play a central role in the future
improvement of cocoa.  However, the advent of new technologies greatly enhances the
ability of breeders to effect further improvements to crop quality, disease resistance
and yield. The use of molecular marker systems aids clone identification and paternity
analysis, the assessment of genetic affinity of clones and ultimately will allow gene-
based evaluation of the agronomic value or physiology of clones. The emerging field of
transcriptomics (the study of global gene expression) seems set to speed the
identification of key genes in important pathways and will increase our understanding of
how these genes interact. The possibility of subjecting the crop to Genetic Modification
may open the way to effecting changes to particular processes and biochemical
pathways with greater precision. For a breeder, the starting point for all of this work lies
in developing an understanding of the various molecular tools that are available and
their limitations.

The type of marker system used and the purpose to which it is applied defines the
value of molecular markers for breeding efforts. For global applications, however, it is
important that the system used generates differences between closely related
individuals but also does so in a way that is easily reproduced and is amenable to
database entry. There are many different marker systems currently available to
breeders and scientists. These methods can be broadly categorised into two main
classes.
• Multi-locus systems. These include Amplified Fragment Length Polymorphisms

(AFLP), Inter Simple Sequence Repeat (ISSR), Retrotransposon Microsatellite
Amplified Polymorphisms (REMAP) and Randomly Amplified Polymorphic DNA
(RAPD) analyses. Characteristically, this type of marker system produces large
numbers of bands from throughout the genome. In general, the markers tend to
arise from non-coding DNA. The presence and absence of bands of the same size
provide the polymorphisms that are used as the basis of discrimination. In essence,
this is analogous to the comparison of bar code patterns. Individual band differences
within the profiles can be converted into simpler locus-specific polymorphisms
(single band differences) using Site-Specific Amplified Polymorphisms (SSAP).

• Multi-allelic systems. These systems include Simple Sequence Repeat PCR (SSR-
PCR) and isozymes, using markers that arise from a single point in the genome.
The polymorphism is given by differences in the size of the product amplified, i.e.
bands in different positions on a gel.

Multi-locus markers
RAPD analysis was the first multi-locus protocol based on Polymerase Chain Reaction
(PCR) to be applied for the genetic characterisation of cocoa (Wilde et al. 1992). This
system has the innate advantage of being quick, technically simple and cheap to
perform but has developed a reputation of questionable reproducibility between
laboratories (Gilmour 1994), in yielding only small numbers of variable markers and in
being problematic to score for routine, high throughput applications. Problems with the
reliability of RAPD analysis led to the development of more robust protocols. AFLP
analysis (Vos et al. 1995) is based on the PCR amplification of a subset of DNA
fragments generated by two different restriction (i.e. cutting) enzymes. It is widely
regarded to be highly reproducible within a laboratory and usually generates around
50-100 DNA fragments of detectable size per amplification reaction. The large number
of products produced necessitates the use of DNA sequencing-sized polyacrylamide
gels and a suitable detection system (usually radiodetection or through the use of
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fluorescently labelled nucleotides) or capillary sequencing equipment for
electrophoretic separation of the products. In consequence, initial infrastructural costs
can be significant for non-specialist laboratories. Furthermore, complexity of the
profiles generated and the sensitivity of the technique to even minor changes in the
electrophoresis running conditions make data documentation and transferability
between institutions an impracticable prospect. Inter Simple Sequence Repeat
Polymerase Chain Reaction (ISSR-PCR) generates more simple band profiles
(Charters et al. 1996a) that show some evidence of reproducibility between
laboratories (Charters et al. 1996b). Theoretically therefore, this technique could have
potential generic utility although the complexity of the band profiles would cause
significant data entry problems (particularly for minor, faint bands) and the protocol
used would have to be standardised to a very high degree of accuracy.

More recently, further protocols have been developed that utilise the ubiquitous
presence of both retrotransposons and microsatellites (Simple Sequence Repeats) in
higher organisms. These techniques are REtrotransposon Microsatellite Amplified
Polymorphism (REMAP) and Inter Retrotransposon Amplified Polymorphism (IRAP)
and like AFLP, these techniques generate very large numbers of amplification
products. As yet, the reproducibility of these procedures is uncharacterised although
the readiness of retroelements to move in response to environmental stimuli may be a
cause for concern. The complexity of band profiles produced, like AFLP and ISSR, also
renders data entry problematic.

Multi-allelic markers
Isozymes were the first marker system based on multiple alleles generated at a single
site in the genome. The low numbers of different isozymes available, the low numbers
of polymorphisms typically generated by each isozyme, difficulty in handling large
numbers of samples and the possibility of sensitivity to environmental influences
seriously limit the value of isozymes as a universal reference marker system for cocoa.

Simple Sequence Repeats (SSRs), also known as microsatellites, consist of tandem
arrays of short oligonucleotide sequences 2 to 6 bases in length. SSRs are extremely
common throughout the eukaryotic genome (Tautz and Renz 1984) and are highly
polymorphic in length (Levinson and Gutman 1987). The variation in length is the most
widely exploited means of using SSRs to reveal differences between individual
genotypes. It is now the method of choice for human genetics applications (e.g.
Zoossmann-Diskin 2000; Service et al. 2001; Ota et al. 2001). SSR-PCR analysis
involves the direct amplification of a specific SSR using two primers that specifically
bind to regions flanking the target SSR. Differences between the lengths of the
amplification products form the basis of the comparison. Thus, once appropriate
primers have been generated, SSR-PCR is quick, highly diagnostic and because the
band profile is simple, is relatively easy to automate and generates information that is
transferable between laboratories. Minor limitations lay in the presence of stutter
bands, that can cause difficulty in the automated scoring of some loci, in the
requirement for standardisation of labels and alleles for full transferability and, more
importantly, that high resolution polyacrylamide gel electrophoresis (PAGE) or capillary
sequencing equipment is used for band separation. The last point limits the application
of the technique to moderately well established laboratories except for the scoring of
large allelic differences. High mutation rates between the allelic states of SSRs could
also be a cause for concern.

Targeted locus-specific systems
Thus far, all markers have been initially generated from random sites within the
genome. This is even true for SSR-PCR, where the original isolation of the SSR is
usually performed by screening a genomic library for clones that contain a large SSR.
An attractive alternative to the random approach is the targeting of particular loci to
generate markers. Such loci could be targeted because they represent genes of



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 15

interest or may simply be a particularly useful band marker from a complex profile
(such as an AFLP marker) that is linked to a desirable gene or QTL. Targeted locus-
specific markers can be based on relatively large differences between individuals in the
DNA sequence of the targeted fragment or can be based on Single Nucleotide
Polymorphisms (SNPs).

There are numerous approaches used for detecting such differences but those most
applicable for modestly equipped laboratories exploit intron size variation, such as
Heteroduplex analysis and Cleaved Amplified Polymorphic Sequence (CAPS). In all
cases, the polymorphisms are simple to generate and score but require primers that
are specific to the targeted locus. These can be generated directly from previously
known sequence information or if necessary, a band from a complex multiple band
profile, or cDNA clone, can be extracted from a gel, re-amplified by PCR, cloned and its
DNA sequence determined. From this information primers specific to the DNA in the
band can be designed and used to produce individual copies of the band. Markers
generated by this process are called Sequence Characterised Amplified Region
(SCAR) markers and can be easily scored on agarose gels stained with ethidium
bromide.

Accumulation of such markers provides the almost limitless ability to distinguish
between genotypes and yet also allows targeted focussing on genes of interest.

Applications of markers for cocoa
Markers that differentiate between individuals offer a wide range of uses for both
germplasm curators and breeders. The value of molecular biology for cocoa genebank
managers can be broadly broken down into three main applications: (1) clone
identification and paternity analysis; (2) the assessment of genetic affinity and diversity
of clones held, and (3) the evaluation of the agronomic value or physiology of clones.
These applications are explored below.

The needs of germplasm managers

Clone identification
Genebank managers need techniques to allow them to distinguish between genotypes
and identify mislabelled accessions.  Genetic fingerprinting techniques are generally
very useful in this process. However, there are some cocoa accessions, generally
siblings produced through self-pollination of a highly homozygous tree, which give
identical, or almost identical, marker profiles. In such cases, it can be difficult to
establish whether two plants (cuttings or seedlings) should be considered to be
representatives of the same genotype. In practical terms, it is probably advisable to
adopt a pragmatic approach in which two plants are considered as effectively
belonging to the same clone following the failure to detect variation after applying some
arbitrary number of markers.

Practical constraints (limited resources, laboratory facilities and time or space)
poses far greater demands on the technique if it is to have practical utility for
germplasm management purposes. Ideally, the protocol should possess the following
features:
• highly diagnostic,
• cheap,
• easy to perform,
• demand low infrastructure costs,
• easy to document into associated databases,
• capable of diagnosis at different taxonomic ranks,
• reproducible within and between laboratories,
• amenable to automation,
• adaptable for gel-free analysis, and
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• provide some indication of phenotype.
Of the techniques that are currently available, SSR-PCR probably represents the

system of choice, provided that effort is made to minimise linkage between the SSR
loci used for identification purposes and to select SSRs with the highest allelic diversity
within the species. SSR-PCR can differentiate between a maximum of around ten
alleles per locus. Under optimal circumstances, the frequency of such alleles in a
population should be evenly distributed so that about 10% of the population possess
each allele. This reduces the number of SSR primer pairs needed to distinguish
between most genotypes and provides the highest power of diagnosis.

There are nevertheless some practical considerations that may ultimately restrict the
value of SSR-PCR analysis for automated or local large-scale applications. Most SSR
alleles differ in size by only 2 to 10 bases and so require high resolution PAGE for
resolution. In most cases, therefore, specialist molecular laboratories are needed for
fractionation and fragment detection. For this reason and logistical difficulties in
standardising allele identities and label usage, large-scale genotype identification
programmes will probably rely on third party service arrangements rather than in-house
assessments.

In the future, therefore, it is probable that simple locus-specific systems will be used
such as CAPS, SCAR-based polymorphisms and Single Strand Conformational
Polymorphism (SSCP). Such systems will prove to be more useful to the germplasm
managers in the long run. Of these, CAPS is the simplest and easiest to use. It is
based on the presence or absence of a restriction site at a site of sequence
polymorphism (e.g. a SNP) and is codominantly inherited (heterozygotes can be
distinguished). In this case, the presence or absence of the restriction site defines the
allelic states, whereas in SCAR-based systems this is defined by the presence or
absence of an amplicon. The most efficient strategy to use such a two or three allelic
system for the identification of genotypes is to select markers that progressively
subdivide the total gene pool into groups of approximately equal size. Thus, for a two
allele system (SCAR), one marker has two possible groups (band present or absent).
Two markers generate four groups (++, +-, -+, and --). It follows that for ten bands, 210

categories are created (=1024) and for 20 markers, 220 possible allele combinations are
produced (=1 048 576). Thus, even when only two allelic states are possible, 20 to 30
bands should be sufficient for diagnostic purposes.

Genetic diversity analysis
There are two main applications for genetic diversity analysis in germplasm
management. Firstly, in establishing the composition of a core collection, a subset of
accessions which will give a good representation of the genetic diversity present in the
whole collection. Secondly, genetic distance analysis of the entire collection, or a large
portion of it, can identify genetic groups that are under-represented. This type of
information can enable priorities to be established for subsequent germplasm collecting
expeditions.

A key factor determining the accuracy of genetic distance analysis is the avoidance
of bias in sampling strategy (if a subset is used). It is also important that the analysis is
not based on a small coverage of the genome, particularly if some of the loci used to
generate polymorphisms are tightly linked to genes under strong selection pressure.
For this reason, multi-locus techniques such as AFLP and ISSR are probably of most
value. Of these, the latter is most suited for use in a modestly equipped laboratory.

Clone evaluation
The relationship between genotype and agronomic performance is still poorly
characterised in most crops, including cocoa. Ultimately, however, germplasm
managers and breeders will desire knowledge of the identity of genes that are
important in controlling agronomically important traits and also of the allelic status of
the plant material that is available for improvement programmes. In this way, the
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breeders will possess some ability to predict the likely performance of the clone and its
offspring in relation to the targeted trait. The selection of the most appropriate strategy
for identifying and characterising genes involved with the control of important traits
depends on the number of genes involved and whether or not their identity is already
known.

Where the gene has not been identified, the most commonly used strategy is to use
allelic polymorphisms in a tightly linked marker. This has value for predicting the
performance of progeny from a characterised parent but is less useful across a wide
range of germplasm. This is partly because frequent recombination over many
generations breaks up any relationship between marker and gene alleles, but also
because alleles on the marker tend to evolve at different rates to alleles on the linked
targeted gene. A more direct approach can be used in cases where the identity of the
gene is known. Here, the breeder may either use a marker located within or very close
to the gene (within 1Kb). This overcomes any problems associated with recombination
but not with differential rates of evolution. A second, more robust strategy is to develop
SNP-based markers that directly distinguish between alleles of the targeted gene.

The needs of breeders

Marker-assisted breeding
Marker assisted selection has played a significant role in the genetic improvement of
crops with well-characterised genomes but has yet to play a significant role in the
improvement of cocoa. There are essentially three states of knowledge that dictate the
approach used.

First and most simply, is the case where the identity and DNA sequence of the gene
is known. In these instances, exploitation of the differences in DNA sequence between
allelic forms of the gene can allow the development of molecular markers that
distinguish between alleles. For breeding purposes, it is most desirable to use
technically simple systems that are reliable and capable of high throughput. There are
several possible candidate methodologies. These include variation in intron size
(SCAR primers in flanking coding regions), CAPS analysis (restriction site on a SNP
that distinguishes between alleles), SCAR analysis (3' end of primer(s) sited on a SNP
or insertion/deletion (indel)) and heteroduplex analysis (sequence polymorphisms
between alleles giving rise to an extra, heteroduplex band).

A more common scenario is where the breeder knows that a trait is controlled by a
single gene but does not know the identity of the gene responsible. In these instances,
one option open to the breeder is to identify markers that are linked to the gene and
use these to assist selection. This can be achieved relatively simply by ‘bulked
segregant analysis’. A segregating mapping population is divided into two halves based
on phenotype. DNA is extracted from all individuals in a population. DNA from plants
representing each phenotype are pooled together such that there are two pools (one
for each allelic state). These pooled DNA samples are then used as a template for a
multi-locus marker system such as AFLP or ISSR. Markers that are tightly linked to the
gene and polymorphic between the parents will generate bands that are present in one
pool and yet absent in the other. These candidate markers are then tested on the
original segregating population and those closest to the gene can be used for marker-
assisted selection. This approach, although reliable, can have limited generic value
since the markers may not be polymorphic in progenies derived from other parents. A
more predictive approach is to use information on the behaviour of genes in a model
organism as the basis for an informed guesswork approach to infer the possible identity
of the gene. This is called the candidate gene approach. Primers specific to the
candidate gene are used to amplify all or part of the gene from the parents by PCR and
subjected to sequence analysis (to sequence differences between the parental forms of
the gene). In turn, these are applied to the segregating population to test for co-
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segregation with the variation observed in the phenotype. Transformation experiments
can be used to confirm the identity of the gene.

The final scenario is where there are several unknown genes controlling the trait of
interest. Under these circumstances, Quantitative Trait Loci (QTLs) analysis can be
applied to mapped populations that segregate for the trait of interest. Associations are
sought between the alleles of markers flanking a gene or gene cluster that is important
in controlling the trait. The validity of the strategy depends firstly on the population size
being sufficiently large to avoid recombination bias (typically populations of over 200
plants are desirable). Secondly, the map needs to contain a large number of markers
evenly distributed over the entire genome such that there are no regions with poor
coverage. Finally, it is important that the progeny segregates widely for the trait of
interest.

There have been several studies that describe QTLs associated with traits of
interest in Theobroma (Crouzillat et al. 1996, 2000a and 2000b), although the markers
generated have yet to be applied as part of a breeding programme. The prospect of
progressing from the identification of a QTL to the isolation of the gene(s) responsible
by map-based cloning is an attractive one but has been achieved so far just once in
tomato (Frary et al. 2000). In practical terms, such an approach is costly in time and
resources, and requires very large populations to accumulate a suitable number of
recombinant individuals (typically in excess of 1000). It is therefore unlikely to have
practical value for the routine isolation of agronomically important genes.

QTL analysis has far greater potential for the identification of markers for Marker
Assisted Breeding. This requires that the QTL identified is stable over years and sites
and that the markers used are closely linked to the QTL (generally less than 2cM).
Ultimately, QTL analysis may equally have potential for the selection of two parents
with complementary genetic architectures. Again, cognisance should be taken of the
stability of the complementary QTLs over sites and years. Perhaps one of the most
powerful applications of QTL analysis, however, will be realised when it is combined
with genomics information. For instance, the map position of a candidate gene overlaid
onto a QTL analysis of an established mapping population could be used to test
whether the gene is responsible for any of the observed variation in a targeted trait.

In the immediate future, there is a clear need to improve the resolution and accuracy
of QTL analysis in Theobroma. This requires the replication of large mapping progenies
(more than 200 plants) across several geographically dispersed sites and the repetition
of phenotypic scoring over several years. For the medium term, Sequence Tagged
Sites (STS) anchor points need to be established to enable comparisons with maps of
model and intermediate species (synteny mapping). In the medium term, the
exploitation of linkage disequilibrium (LD), to identify candidate genes, also has
potential utility. LD refers to correlations among neighbouring alleles, reflecting
'haplotypes' descended from single, ancestral chromosomes. However, work on the
human genome suggests that different regional groups may exhibit differing patterns of
LD associations. Reich et al. (2001) conducted a large-scale experiment using a
uniform protocol to examine 19 randomly selected regions in the human genome. LD in
a United States population of north-European descent typically extended 60 kb from
common alleles, implying that LD mapping is likely to be practical in this population. By
contrast, LD in a Nigerian population extended markedly less far. The result was used
to suggest that LD in northern Europeans is shaped by a marked demographic event
about 27,000-53,000 years ago.

The future of Theobroma genomics and post-genomics
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The growing volume of DNA sequence information relating to the genomes of model
species offers exciting opportunities for the rapid identification of some of the genes
involved in key processes. The complete genome of one plant species (Arabidopsis
thaliana) has now been sequenced and there are now many plant species for which
sequences of expressed genes (Expressed Sequence Tags, EST) are available. The
function of many of these genes is already known and the functions of many more will
be inferred over the coming years. There is a real opportunity to use important genes
from the model species in order to find their equivalent versions in cocoa. This is a
moderately challenging process but offers great long-term rewards to the breeder.
There are several parts to the process of achieving this aim.

First, the DNA code for one gene can be very similar to that of another, related
gene. It is consequently important when developing markers that are specific only to
the target gene that only the part of the code that is unique to it is used to produce the
marker.  Reaching this goal starts with the comparison of regions of the DNA sequence
of the target gene from several species with those of related genes. Gene-specific
parts of the code are used to produce primers that bind only to these diagnostic parts
of the gene code. The primers are then used to amplify the equivalent piece of DNA
from cocoa. This can be achieved either directly using genomic DNA from cocoa by
PCR or using messenger RNA (mRNA) by reverse transcriptase-PCR (Rt-PCR) . Full-
length coding sequences of the cocoa version of the gene can then be generated by a
number of approaches (e.g. 5', 3' rapid amplification of cDNA ends (RACE)).
Sequences of the candidate gene from the target species (Theobroma) can then be
compared with that from the model organisms. Proof that a candidate is a homologue
of one of known function in a model group should not be based entirely on sequence
similarity but rests on supportive evidence such as complementation experiments and
association/mapping studies. Thus, in order to fully exploit these resources it may be
necessary to map the Theobroma genome to establish the extent of synteny (shared
gene order) between cocoa and the model crop species. This would require collections
of around 200-plant progenies at replicated sites to be screened for anchor points to
map against the model species. Information generated from anchor points would allow
comparative maps to be established.

The choice of marker system for such anchor points and for future mapping and
genomics-based applications is open to some question. SSR-PCR is the method
generally favoured for the generation of anchor points for most groups within a genus.
However, since DNA sequences from distantly related species are more disparate, the
likelihood that the PCR will fail increases when attempting to compare plants from
different genera or families. For this reason, markers associated with the more
conserved (less variable) DNA sequences within genes probably offer better
opportunity for anchor points for maps that span large taxonomic distances.

As more information on candidate gene sequences and their functions becomes
available, there is also scope to use such data for the development of markers
corresponding to the genes themselves rather than the current reliance on neutral
markers from non-coding regions. The targeting of SNPs, indels or SSRs within genes
for the production of new markers has attractions far beyond testing the role of
candidate genes. They have potential also for use as linked markers in their own right.

There are around 25000 genes in the best-characterised plant species, Arabidopsis
thaliana (Kaul et al. 2000). In higher organisms, genes are distributed unevenly across
the genome so that groups of genes will frequently cluster together into the same, very
small region of a chromosome. Most of the chromosome is almost invariably composed
of DNA that does not code for any gene. By definition then, a marker from one gene
within such a cluster is likely to fall close to another within the same cluster. 'Neutral
markers' from methods such as AFLP, ISSR or SSR-PCR may be positioned close to
or distant from regions containing a gene or gene cluster. Thus, as markers for linkage
maps, markers taken directly from the genes themselves should perform no worse and
probably better than neutral markers.
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There are advantages too in the nature of the markers generated directly from gene
sequences. Small changes in sequence between genotypes (e.g. SNPs) are most
usefully converted into CAPS markers or indels into SCAR markers. This type of
marker produces data of a simple presence/absence type that is both easily scored
and amenable for entry into databases. It is conceivable that future research efforts for
the generation of markers may place increased emphasis on the generation of markers
from within the genes themselves.

The production of gene code sequence data (either from EST or genomic sources)
also allows the detailed study of how these genes are expressed and interact within the
trees themselves during key developmental stages or in response to infection. This is
called transcriptomics. The effective use of transcriptomic approaches also allows for
the inference of gene function and the further characterisation of candidate genes. In
the early stages, where sequence data is largely missing, Serial Analysis of Genome
Expression (SAGE) perhaps offers the most appropriate method of measuring genome
expression as it does not depend on prior knowledge of gene code. Data generated
from this approach, however, can subsequently be applied for the isolation of full-length
code sequence of active genes. This can, in turn, be used to assemble a collection of
cocoa genes on micro-arrays. Micro-arrays offer the most effective method for studying
the expression of these genes on a large scale. This will ultimately lead to a more
comprehensive identification of the gene cascades involved in key agronomic
processes.

The role of genetic modification

Genetic Modification (GM) technology has considerable potential for the cocoa breeder
and geneticist in two ways:
• as an experimental tool to confirm the function of candidate genes,
• for the correction of inherent genetic flaws in the crop by the insertion of novel

transgene constructs.
Despite the strength of public opinion against GM technology in some parts of the

world, the number of GM crop field trials continues to increase. The OECD database
also shows a continual rise in the number of genes available. In 1999, the commercial
cultivation of GM crops across the globe included over 20 Genetically Modified (GM)
cultivars on about 40 Mha (http://nbiap.biochem.vt.edu; corrected on 22 June 2000).
Collectively, these cultivars contain 31 transgenes and the trend is towards proliferation
of GM crops and increasing the type and number of transgenes they contain. For
example, the US National Biological Impacts Assessment database (James and
Krattiger 1999) lists approved releases for the USA alone of some 60 GM crop species
containing about 300 transgenes. Advances in gene isolation technology, in the control
of transgene expression and the advent of “gene shuffling” technology will combine to
increase the number of crop-cultivar combinations still further.

The development of efficient transformation systems for cocoa (Perry et al. 2000)
offers considerable potential benefits for the crop over the medium to long-term. GM
technology could lead to a durable solution for many of the important pest and disease
problems faced by the crop since resistance to new pathogen strains could be
incorporated into existing varieties, as and when required, perhaps more quickly using
GM than by using conventional techniques. Consumer resistance to the use of the
technology is currently preventing emphasis being placed on research into the
generation and commercial cultivation of GM cocoa lines. In the medium term, it may
be argued that gradual public acceptance of the technology in other crops through
repeated exposure to GM material will allow its ultimate introduction and use in cocoa.

However, it would be very important that the appropriate risk assessment
studies on GM cocoa had been conducted well in advance of the release of any GM
cocoa varieties. The commercial release of any crop involves three stages. 1. Small-
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scale field experiments. 2. Replicated field trials. 3. Registration or listing on a national
or regional list of approved cultivars. Detailed evaluation of the environmental risks
posed by the GM line is required at each stage of this process. This information is
comprised of two parts: a part that relates specifically to the transgene and another part
that relates more generically to the crop itself. In a global context, most regulatory
restrictions address risks posed to human health (specific to the transgene) and those
posed to the environment (determined by the transgene and the biology of the crop).
For most crops, the greatest environmental risk is often seen as the possibility of
trangene movement into wild relatives, non-GM crops or possibly to other organisms by
horizontal gene transfer and of the effect of the GM crop on non-target species. Often
overlooked, however, are possible effects arising from changes to farm practice that
are evoked by the technology and the possibility that the crop itself may become an
invasive of natural or semi-natural habitats. I will briefly explore each of these in
relation to the possible commercial release of GM Theobroma cacao.

Gene flow
The wide range of transgenes available, coupled with historic records of hybridisation
events between crop and wild relatives (Ellstrand et al. 1999) makes some pollen-
mediated transgene movement inevitable over the medium to long term. This is not
new and has occurred from non-GM cultivars (Scheffler and Dale 1994; Stace 1997;
Ellstrand et al. 1999), although in a small number of cases, transgenes will enhance
fitness of certain recipient wild relatives and could change their ecology. This may, in
turn, affect the communities in which they live. The scale of such an environmental
consequence is unlikely to be of great significance on a global scale for most crops,
although over a limited range ecological consequences could be significant, depending
on the ecological importance of the recipient species.

Theobroma is endemic to South and Central Americas and so the risks of pollen-
mediated gene flow from the crop to wild relatives is limited to this area. On the other
hand, the possibility of transgene movement to stands or plantations of non-GM
Theobroma  is not discounted by this argument. The ecological effects of such
movement are unlikely to be of significance by such movement although there may be
economic consequences should the recipient stand be organic or supplying seed for a
market requiring GM-free seed. This is particularly germane given that cocoa is
cultivated for its seeds. The probability of horizontal gene movement to soil or water-
borne micro-organisms is uncharacterised but likely to be negligible.

Changed farming practice
The nature of the construct used and the crop into which it is placed are the chief
factors that determine this aspect of risk assessment. The introduction of herbicide
tolerance into temperate annual crops, for instance, is likely to change the pattern and
extent of herbicide application. For Theobroma, it is probable that transgenes that
enhance resistance to disease or insect attack will be the first to be introduced. It is
difficult to anticipate effects of such genes on the pattern and mode of cocoa
cultivation.

Direct and indirect effects on non-target species
Secondary effects, including the impact of toxins on non-target organisms (pollinators,
herbivores etc) or of their accumulation into higher trophic levels has recently attracted
a great deal of interest and is currently the subject of significant amounts of research
activity in other crops. Here too, data on the identity of those organisms most likely to
be affected by the use of selectively toxic GM lines (e.g. lines carrying the Bt gene) are
lacking for cocoa.
Conclusions
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New technologies have the capacity to impact on the cocoa industry in many ways
although the greatest benefits will probably accrue to curators of germplasm collections
and breeders. Managers of germplasm or quarantine facilities face the perpetual
problem of mislabelling, erroneous documentation and transcription errors leading to
the misidentification of clones held. The problem is compounded by the fact that
homozygous, self-compatible trees generate near-identical offspring and colour
mutants of pods or seeds are relatively common. In the immediate future, a service-
based system of clone assignment or reassignment is to be introduced in which SSR-
PCR will be used as the molecular tool for diagnosis. This will provide a snapshot that
will enable many of the current errors to be corrected. However, it will not allow
verification of all replicate clones in collections or the correction of on-going mistakes
arising from the introduction of fresh material or errors during collection maintenance.
This type of problem dictates the use of in-house facilities. Requirements for
infrastructure and detection systems appropriate for high-resolution electrophoresis
make it difficult for SSR-PCR to be adopted routinely by local end-user. Furthermore,
the need for standardisation of label usage, control sample and allele assignment,
problems with distinguishing nulls from heterozygotes and data entry dictate that end
users possess moderately good facilities and molecular expertise on site. In the longer
term, therefore, there is a requirement for a simple, more robust system of
identification. The most plausible system of those currently possible is one based on
the exploitation of SNPs or CAPS. This approach can be applied to simple agarose
electrophoretic apparatus and generates unequivocal data sets that are amenable to
database entry and completely transferable. The adoption of such a system in the
medium term would provide the curator with the ability to routinely cull the collection of
mislabelled samples and in some cases, even to assign paternity to poorly documented
samples.

All germplasm collections are dynamic entities, with new material constantly being
introduced and clones lost through age or disease. Given that all facilities have finite
size and tend to operate at or near capacity, curators have the responsibility to
prioritise the importance of clones within the collection. In this way, unimportant clones
can be discarded to make way for new, valuable material. In the absence of
comprehensive evaluation data for incoming and existing material, this decision must
be based on the relative similarity of clones to others held in a collection. It is more
important to retain clones that are genetically distinct than clones that bear a close
similarity to others already held. The use of genetic distance analysis is the simplest
approach to allow this form of prioritisation. In the short-term, agarose-based ISSR-
PCR or double-anchored ISSR-PCR (Charters 2001) probably represent the simplest
and cheapest of the robust approaches for this to be achieved on site. AFLP (Flament
et al 2001) or ISSR using low temperature precast PAGE gels (Charters et al. 1996a)
generate the most comprehensive datasets for analyses conducted in moderately well
equipped molecular facilities.

The ultimate goal of a curator is to provide comprehensive evaluation information
that allows breeders to make effective use of material held. New technologies are still
some way off making significant advances in this direction. Nevertheless, the
identification of candidate genes for certain traits by sequence searches or by
functional transcriptomics (e.g. SAGE), coupled with allele screening and the
development of CAPS systems to distinguish alleles of a desirable gene may allow
progress for some targeted traits in the medium term. The same approach, together
with QTL analysis may assist breeders to select parental material. Perhaps the
greatest value of QTL analysis in the short to medium term lies in the identification of
markers for marker assisted selection. In the longer term and as more key genes are
identified, a gradual movement will be possible towards the use of gene-specific, SNP-
based markers. Transcriptomics, QTL analysis, shared ancestry analysis and allele
association studies will play an important role in identifying such genes.
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The future of GM technology is perhaps the most difficult of all to predict as its
implementation is dependant upon economic, social, environmental and political
factors. The potential benefits of the technology in terms of introducing generic or
targeted resistance to pests and disease are not in doubt, given the resources
deployed in other crops to develop appropriate transgene constructs. In the medium
term, growth of GM cocoa would almost certainly require either significant movement in
public opinion and/or a greater threat to continued supply such as a major
epidemiological outbreak of a significant disease or pest.
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Abstract

Molecular genetic markers provide, among other applications, the opportunity to verify identity in
germplasm collections.  DNA-based polymorphisms are a powerful tool in genetic
characterisation.  RFLP markers were the first to be used for plant genome studies, for mapping
and for diversity analyses.  However, RFLPs are labour intensive, time consuming, require a
large quantity of DNA and purification by ultra centrifugation.  The PCR based techniques,
including microsatellite analysis, require less DNA than RFLP markers and are therefore
convenient for genetic analysis on young plants.  An additional advantage of the use of
microsatellites is the codominant mode of inheritance, which in contrast to the dominant PCR
markers based on arbitary primers, allows easy transfer of markers between genetic maps of
different crosses.  Compared to RFLPs, microsatellites detect more alleles and a higher level of
polymorphism and are equally powerful tools for estimation of heterozygosity.  Results obtained
on cocoa accessions included in the CFC/ICCO/IPGRI project on ‘Cocoa Germplasm Utilization
and Conservation, a Global Approach’ are presented here, including about 150 comparisons of
DNA samples from nine collections concerning 28 different accessions.  It is concluded that
identification problems occur frequently, on average in about 30% of the samples examined in
our study.  These identification problems occur both in comparisons between accessions from
different collections and between trees within accessions from the same collection.  Such
identification problems constitute a serious problem for comparative analysis of clones obtained
from different sites or even from different trees within the same accession.  Convenient loci
number for identification analyses using microsatellites, sample collection methodology as well
as conditions required for comparisons between different microsatellite analyses or between
laboratories are briefly discussed.

Introduction

An important consideration when conducting experiments in several different countries
is the need to ensure that the experimental material being used in all the sites is
correctly identified.  Mislabelled material can seriously compromise the interpretation of
the data generated.  The objective of this study was to verify the conformity of clones
used in the CFC/ICCO/IPGRI project on ‘Cocoa Germplasm Utilization and
Conservation: a Global approach’ (Eskes et al. 1998).  Among other activities, this
project supports the establishment of an International Clone Trial in ten cocoa
producing countries.

PCR-based techniques are widely used to detect polymorphism in plants.
Microsatellite markers can detect a great number of alleles that enable discrimination
between even closely related individuals.  Microsatellite polymorphisms have been
successfully used for population and pedigree analyses (Plaschke et al. 1995, Provan
et al. 1996, Senior et al.,1998), for genetic mapping (Ramsay et al. 2000, Temnykh et
al. 2000) and genotype identification (Rongwen et al. 1995).  They were found to be
more polymorphic than RFLP markers in rice (Wu and Tanksley 1993) or Arabidopsis
(Bell and Ecker 1994).  They also appeared to be a good tool for detection of
adulteration and mixing in seed samples or in food (Bligh 2000).

In our study, eight microsatellite markers were used to study the identity of 28
‘International Clones’ used in the CFC/ICCO/IPGRI project that were multiplied in the



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 26

quarantine facilities of The University of Reading, UK and of CIRAD in Montpellier,
France.  DNA samples were obtained to compare these genotypes with similarly
named clones represented in the germplasm collection of origin (‘source collection’)
and in collections in other countries where the International Clone Trial will be
established (Eskes et al. 1998).  The microsatellites selected for this study were
mapped on eight different cocoa chromosomes (Risterucci et al. 2000) (see also Table
1).  A comparison of the heterozygosity level obtained by RFLP and microsatellite
studies is reported here as well for twenty cocoa genotypes.

Materials and methods

Plant material
Fresh or dried leaves were sent in 1998 and 1999 to Montpellier from Reading and
from the nine collections in cocoa producing countries (see Tables 2 and 3).  Most of
these clones form part of the so-called ‘International Clone Trial’ in the
CFC/ICCO/IPGRI project (Eskes et al. 1998).

Table 1. EMBL accession number and linkage group localisation of microsatellite
markers used for identity and heterozygosity studies

Marker
name

Linkage
group

EMBL accession no.

MTcCIR1* 8 Y16883
MTcCIR2 5 Y16978
MTcCIR3 2 Y16977
MTcCIR6 6 Y16980
MTcCIR7* 7 Y16981
MTcCIR8* 9 Y16982
MTcCIR9* 6 Y16983
MTcCIR10* 5 Y16984
MTcCIR11 2 Y16985
MTcCIR12* 4 Y16986
MTcCIR15* 1 Y16988
MTcCIR16 6 Y16989
MTcCIR17 4 Y16990
MTcCIR18 4 Y16991
MTcCIR19* 2 Y16992
MTcCIR21 3 Y16994
MTcCIR22 1 Y16995
MTcCIR24 9 Y16996
MTcCIR25 6 Y16997
MTcCIR26 8 Y16998

* Microsatellites used in the identification study

DNA isolation
A new DNA isolation protocol was used to obtain the small quantities of DNA needed
for microsatellite and AFLP analyses.  DNA was usually isolated from fresh adult
leaves.  One gram of tissue, frozen in liquid nitrogen and powdered with a mortar, was
mixed with 5 ml of extraction buffer (1.4 M NaCl, 100 mM Tris HCL pH 8.0, 20 mM
EDTA, 10 mM Na2SO3, 1 % PEG 6000, 2% MATAB) preheated to 75°C.  After
homogenisation for 10 s with a vortex, the extract was incubated for 30 min at 75°C.
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After cooling to 20°C, an equal volume of chloroform-isoamyl alcohol (24:1 v/v) was
added, followed by emulsification.  The tube was then centrifuged at 7000 g for 30 min
and the supernatant was precipitated at –20°C overnight after addition of an equal
volume of isopropanol.  The DNA was removed with a glass hook and re-suspended in
1 ml of TE.

Microsatellite analysis
A genomic library enriched in simple sequence repeats was constructed for
microsatellite analysis using a modified version of the protocol of Karagyozov et al.
1993 (Lanaud et al. 1999).  The primers were end labelled with γ-33P ATP, and
amplification was performed in a MJ Research PTC 100 Thermal cycler on 20 µl
reaction mixtures containing 10 ng of cocoa DNA, 0.2 mM dNTP mix, 2 mM MgCl2, 50
mM KCl, 10 mM tris-HCl (pH 8.3), 0.2 µM primer (5’ end labelled with γ-33P ATP) and
1 unit of Taq polymerase (Eurobio).  The samples were denatured at 94°C for 4 min
and subjected to 32 repeats of the following cycle: 94°C for 30 s, 46°C or 51°C for 1
min and 72°C for 1 min.  After adding 20 µl of loading buffer (98% formamide, 10 mM
EDTA, bromophenol blue, xylene cyanol), the mixes were denatured at 92°C for 3 min
and 3 µl of each sample were loaded onto 5% polyacrylamide gel with 7.5 M urea and
electrophoresed in 0.5% TBE buffer at 55 W for 1 h 40 min.  The gel was dried for 30
min at 80°C and exposed overnight to X-ray film (Fuji RX).  EMBL accession numbers
of the microsatellites used are listed in Table 1.

Results and discussion

Use of microsatellites for identity studies
In the first round of analyses, in 1998/99, 75 DNA samples obtained from clones in nine
collections in cocoa producing countries were compared with the 28 samples from the
reference clones, 13 from the Montpellier and 15 from the Reading greenhouses (Table
2).  The results showed differences in profile, for at least one of the eight microsatellite
loci, with regard to the reference clones for 19 out of the 75 comparisons (25%).  For
13 out of the 28 clones (46%) in at least one of the samples tested differences were
found with regard to the reference samples.

New analyses were performed in 1999/00 (Table 3) comparing 12 clones from
Reading and 16 from Montpellier with samples received from seven countries.  The
objective was to confirm data obtained in the first year and also to carry out new
comparisons.  Seventy-six DNA samples were compared to the 28 reference samples.
This time, 27 samples (36%) showed differences in profile for one or more of eight
microsatellite loci in relation to the reference clones.  Twelve out of the 28 clones (43%)
showed differences for at least one of the DNA samples compared.

For both years, it was observed that misidentifications could also be frequently
found amongst the trees within an accession.  This was the case for eight out of the 23
accessions (35%) for which more than one tree was tested from the same accession.

Comparisons of identity between years are limited to the samples of the reference
clones and of clones with similar profile.  Samples that were different from the
reference clones in the two years have not been compared together in one analysis to
verify if the differences found could relate to the same genotype.

An interesting result concerns the widely distributed SCA 6 clone.  The samples
analysed from the nine collections indicate that the identity of this clone is wrong for all
four samples from Cameroon, for one of the two introductions in the collections in
Ecuador (‘Loma Long’) and for two trees out of four trees tested from the Trinidad
collection.  Another intriguing result is that the sample from the reference clone can be
different fro m the sample received from the ‘source collection’, i.e. in the country of
origin of the clone (e.g. BE 10 and MAN 15-2 from Brazil).
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Table 2. Molecular analysis using eight microsatellite markers carried in 1998/99
on cocoa leaves obtained from clones held in different countries in comparison
with clones held by CIRAD in Montpellier, France, and by the University of
Reading, UK
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Reference clones from
Montpellier

APA4 Costa Rica =
EET 59 Costa Rica = = =
ICS 1 Trinidad = = #
IMC 47 Trinidad # + + 0
LAF 1 Miami = =
Mocorongo Costa Rica = = =
N 38 Côte d’Ivoire =
Na 33 Malaysia = # # =
P 7 Fr. Guyana = = # =
Pa 120 Miami #
Pa 150 Costa Rica # = = =
T79/501 Côte d’Ivoire = =
T85/799 Côte d’Ivoire = = =

Reference clones from
Reading

Amaz 15-15 Trinidad = = =
Amaz 5-2 Trinidad #
Be 10 Brazil #
EQX 3360-3 Trinidad = # =
ICS 43 Trinidad =
LCTEEN 46 Miami = =
MAN 15-2 Trinidad =
MXC 67 Trinidad =
Pa 107 Trinidad * # # =
Playa Alta 2 Trinidad = = =
RB 46 Brazil =
Sca 24 Miami = =
Sca 6 Trinidad = = = # = = = x x = =
SPEC 54-1 Trinidad = =
UF 676 Costa Rica = # = =

= Sample showed profile identical to that of the reference clone.
#, *, x , +, 0 Sample profile different from that of the reference clone; within rows, identical

profiles are indicated with the same signs.
More than two signs in one box indicates that samples were taken from different trees.
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Table 3. Molecular analysis using eight microsatellite markers carried out in
1999/00 on cocoa leaves obtained from clones held in different countries in
comparison with clones held by CIRAD in Montpellier, France, and by the
University of Reading, UK.
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Reference clones from
Montpellier

GU 175 Fr. Guiana = =
GU 255 Fr. Guiana = = #
GU 307 Fr. Guiana = =
APA4 Costa Rica =
EET 59 Costa Rica =
ICS 1 Trinidad = *
IMC 47 Trinidad = = * # # # #
LAF 1 Miami
Mocorongo Costa Rica ==
N 38 Côte d’Ivoire = = =
Na 33 Malaysia # +
P 7 Fr. Guyana = = # * = =
Pa 120 Miami = = = =
Pa 150 Costa Rica = = # * x
T79/501 Côte d’Ivoire = = # #
T85/799 Côte d’Ivoire # #

Reference clones from
Reading

Amaz 15-15 Trinidad = =
Be 10 Brazil #
EQX 3360-3 Trinidad #
ICS 43 Trinidad = =
MAN 15-2 Trinidad #
Pa 107 Trinidad = = = x
Playa Alta 2 Trinidad = = = =
RB 46 Brazil =
Sca 6 Trinidad * * = = = # # = = x x
SPEC 54-1 Trinidad =
SIC5 Brazil =
SIAL339 Brazil =

= Sample showed DNA profile identical to that of the reference
clone.
#, *, x , +, 0 Sample profile different from that of the reference clone; within rows, identical

profiles are indicated with the same signs.
More than two signs in one box indicates that samples were taken from different trees.
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It is to be noted that when the DNA profile is different for at least one locus one can
conclude that the genotypes tested are different.  However, when the profiles are
similar, there is no absolute guarantee that the genotypes are really identical.  It is
known that genetically related genotypes can show identical DNA profiles but have
some morphological differences (such as fruit colour or shape).

It is concluded that accessions that have been transferred between cocoa
germplasm collections may frequently be subject to errors in identification.  Differences
are present between collections as well as between trees within one collection.  These
differences were established with regard to reference samples, in this case obtained
from one plant of the accessions maintained in intermediate quarantine facilities in
Reading and Montpellier.  The present study does not permit us to judge, in case of
differences, which of the accessions are to be considered as the true original ones.
Mistakes in labelling or identification may have occurred in the source collection as well
as in recipient collections.

Estimation of the level of heterozygosity
Molecular markers have been used to estimate the genetic diversity and other
parameters which can be useful in the choice of genotypes for breeding purposes
(N’Goran et al. 2000).  Co-dominant markers permit breeders to compare the level of
heterozygosity between candidate genotypes for breeding.  Homozygous parents are
desirable for the production of uniform hybrids, whereas more heterozygous parents
may be more useful in creating new recombinations for clone selection.

Table 4. Comparison between RFLP and microsatellite loci for estimation of
heterozygosity of cocoa clones

RFLP Microsatellite
Cocoa

genotype
Loci studied

no

Heterozygosity

%

Loci studied

no

Heterozygosity

%

AMAZ 2-1 33 24 19 37
GS 23 28 21 19 52
GU 346 30 7 19 37
EBC 10 29 10 19 32
ERJJOH 12 30 27 19 32
ICS 53 30 37 17 65
ICS 89 29 62 19 95
IFC 5 30 23 19 37
IMC 47 31 29 19 68
LCT EEN 355 30 7 19 52
NA 33 33 39 19 63
PA 13 39 36 19 58
PA 107 31 26 19 47
SCA 6 29 10 19 58
SCA 9 38 24 19 42
SIAL 70 30 7 19 5
SIC 864 30 3 19 5
UF 168 30 57 19 89
VENC 4 38 13 19 21
VENC 11 29 3 19 16
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In our study, we compared RFLP and microsatellite markers to estimate the level of
heterozygosity of twenty cocoa clones (Table 4).  For RFLPs, 29 to 33 loci were used
and for microsatellites 19 loci.  For these clones, the average level of heterozygosity
obtained was 22.9 % for RFLPs and 45.6 % for microsatellites.  As expected, the
higher degree of allelic diversity and polymorphism of microsatellite loci compared to
genomic or cDNA RFLPs shows that microsatellites may constitute a better tool for
comparisons of the degree of heterozygosity.

General discussion

Further development and use of microsatellite markers
With microsatellites, rapid screening of large numbers of plants may become feasible.
Although their development is costly and time consuming, microsatellites are a good
choice for many types of genome study, such as an internationally co-ordinated effort
to genotype cocoa germplasm.  Presently, 69 mapped microsatellites are available for
cocoa.  The production of more microsatellites with the French National Sequencing
Center (CNS Evry) and subsequent screening of these microsatellites at CIRAD will
continue.

Choice of microsatellite loci for identity control
The choice of loci on different chromosomes appears to be an important criterion in
obtaining good coverage of the genome.  Other important criteria are the allelic
frequencies and the level of polymorphism that can be identified for each locus.  By
choosing the most suitable microsatellite loci in this way, 8 to 9 loci each with 6 to 10
alleles would appear sufficient for an initial verification of identity; nevertheless the use
of 15 loci would probably be necessary for safe identification of more closely related
genotypes.

In the future, to allow more widespread and easier use of microsatellites, markers
will be selected that can give results without the use of radioactivity, i.e. by using
agarose gel with BET staining or a small acrylamide gel with silver staining.

Number of alleles
The efficiency of genotype identification with different kinds of molecular markers
depends on the number of alleles that can be identified at a single locus.  Comparisons
between RFLP and microsatellite markers on cocoa genotypes showed on average 2.4
alleles per locus for RFLPs and 5.6 alleles per locus for microsatellites.  Similar results
were found in others species, 2.2 and 4.3 for soybean (Morgante et al. 1994), 2.6 and
5.4 for barley (Russel et al. 1997), and 2.5 and 7.4 for rice (Olufowote et al. 1997),
respectively.

Recommendations for leaf sample collection and shipment
One leaf in good condition is a large enough sample for DNA extraction and
microsatellite analysis.  Fresh leaves conditioned in slightly humidified paper that were
sent to the Montpellier laboratory for the identity studies gave good DNA extraction
results if the transit time did not exceed two weeks.  If it is not possible to use fresh
leaves, air-dried leaves (not oven-dried leaves) or extracted DNA samples can be used
as good alternatives.

Codification method to permit comparison between different analyses and
laboratories
It is necessary for all laboratories to have a similar method for allelic codification of
microsatellite loci.  The best method would seem to be to codify in relation to reference
alleles of a homozygous clone, e.g. Catongo.  DNA of such a clone should be made
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available to all laboratories in order to allow for comparisons relative to the reference
allele.

Construction of a database for microsatellite alleles for cocoa
A further requirement for more frequent comparative use of microsatellites in cocoa
genome analyses is the construction of an international database for microsatellite loci,
containing all information available and permitting easy comparisons with analyses
carried out elsewhere.
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Abstract

Mislabelling of trees is a common problem for the management of genebanks.  A programme
was initiated in 1997 in order to evaluate its extent in the International Cocoa Genebank, in
Trinidad (ICG,T), using the RAPD technique.  The strategy used, the constraints and limitations
encountered, and the practical use of the data obtained are described in this presentation.
Options for global approaches to identification of cocoa accessions are compared.

Introduction

Misidentification of trees is a common problem in genebanks, whether in cocoa
(Figueira et al. 1998) or in other species.  In order to evaluate the magnitude of this
problem in our genebank, a project was initiated in 1997, using the RAPD technique.

Material and methods

Plant material
A total of 546 trees were tested from 132 different accessions (expected to be clones).
The numbers of trees compared per accession are indicated in Table 1.  The trees
were planted in:
• the University Cocoa Research Station (UCRS = genebank, most recently planted,
• at Marper farm (the oldest plantings of many clones), and
• in the fields of the University campus in St. Augustine.
The trees that were analysed were generally chosen in such a way that their pod
characteristics were in agreement with what is known about the accession or the
population it belongs to.

Methods
The RAPD technique was used, using a protocol adopted at the Cocoa Research Unit
(Christopher and Sounigo 1996), on DNA samples extracted according to Johnson et
al. (1992).  Fourteen primers were used, and 39 amplification products were selected,
for their intensity and their reproducibility.
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Table 1. Number of trees analysed per accession

Number of
accessions

Number of
trees analysed

13 2
24 3
72 4
13 5

3 6
3 7
1 8
1 10
1 14
1 24

Results and discussion

Magnitude of the variation within accessions
When tree mislabelling problems were found within one accession, the level of genetic
difference between the different samples of that accession varied widely.  The numbers
of primers and markers differentiating trees within accessions with apparently mis-
identified trees are indicated in Tables 2 and 3.  In a large proportion of cases, the
differences observed between two trees within the same accession were due to only
one primer and one marker.  Differences at the level of only one marker could be due
to any of the following factors, in order of decreasing likelihood:
• Reading errors of RAPD bands (since the probability of making only one reading

error is much higher than that of making several of them).
• Human errors during the amplification procedure.
• Errors during multiplication of the accessions and/or field planting; if this is this

case, the non-matching trees should be genetically rather close to each other.

Table 2. Number of primers differentiating trees within the same accession

Number of primers
differentiating trees within

the same accession

Number of
accessions

%

1 37 40
.6

2 16 17
.6

3 16 17
.6

4 4 4.
4

5 9 9.
9

6 4 4.
4

7 3 3.
3

8 1 1.
1
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10 1 1.
1

Where several markers differ between samples of the same accession, this could be
due to any of the following:
• Important mistakes during multiplication and/or planting.
• Errors during the DNA extraction (mixing-up of samples).
• Errors during the amplification procedure (if the different markers were generated

by a single primer).
In order to determine which of these factors contribute to the differences observed,

several verification steps are proposed:
• Verification of reading errors.
• Verification of errors during amplification procedure (redo PCR using the primers

showing differences).
• Verification of errors during DNA extraction (re-extract DNA and redo PCR with the

primers showing differences).

Table 3. Number of markers differentiating two genotypes within the same
accession

Number of markers
differentiating two genotypes

within the same accession
Number of accessions %

1 99 39.
4

2 47 18.
7

3 39 15.
5

4 28 11.
2

5 16 6.4
6 10 4.0
7 2 0.8
8 5 2.0
9 4 1.6

10 1 0.4

Level of confidence that matching trees are really identical
Where all the trees within an accession were found to be identical using RAPD
analysis, the level of confidence that these trees share identical genotypes (X) can be
calculated as 1 – P, where P is the probability that two different trees share the same
banding pattern.  P was obtained by multiplying the frequencies of all the shared
markers.  These frequencies were obtained from a diversity study performed on around
400 accessions.  The results show that in most cases, this level of confidence was very
high (Table 4).
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Table 4. Level of confidence (X) that all trees of an accession are truly identical
where RAPD analysis can detect no differences within that accession

Level of confidence
X<95

%
95%<X<99% 99%<X<99.9% X>99.9%

Number of
Accessions

1 2 7 29

% 2.6 5.1 17.9 74.3

Application of the results to the ICG,T
All the trees analysed will be tagged in a very eye-catching way, according to the
following rules.  If all the trees appear identical following RAPD analysis, the name of
the accession will be written on the tags.  In cases where some of the trees of the
accession differ:
• The trees which match with the tree from Marper farm will keep the original

accession name.
• The trees which do not match with the tree from Marper farm will receive a new

accession name (CRU code).
• Where it is not possible to make a comparison with a tree from Marper farm, each

of the genotypes within the accession will be assigned a different letter which will be
added to the original accession name, for example UF11a, UF11b etc.
In cases where most, or all, of the trees analysed were found to differ from the tree

from Marper farm, the analysis will be completed for all of the remaining trees of that
accession.   If this indicates that most or all the trees in the genebank are different to
the accession at Marper farm, then the original tree should be used to propagate
material for a new plot.

Future of the identity studies at CRU

The verification process will be continued in the ICG,T with priority being given to the
commonly used accessions.  These include the accessions used as controls in disease
resistance studies, those included in the CFC/ICCO/IPGRI Cocoa Germplasm Project
core collection and pre-breeding activities, those included in the CAOBISCO Black Pod
project for genome mapping and pre-breeding, and those used in flavour testing
studies.  Due to the high cost and the risk of mistakes generated by the use of the
RAPD technique, it seems however useful to find another technique.  The use of SSR-
PCR markers developed by Lanaud et al. (1999) seems very promising to us, since this
technique is very discriminating, very reliable and gives genetic information (% of
heterozygosity) usable for other types of studies.  The use of SCAR obtained from
ISSR-PCR markers or other markers might also be appropriate, since the technique
has the advantages of extreme simplicity in use and in data management.  On the
other hand, this technique is probably a little less reliable than the SSR-PCR technique
due to the risk of false positives and false negatives (coding as presence/absence of
bands).  This disadvantage could be reduced, but not eliminated, by the use of
appropriate controls.

Global strategy options for the detection of misidentified trees
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Similar verification activities should be conducted in all the cocoa genebanks of the
world, in order to ensure that researchers using material with the same clone name are
actually using material of the same genotype.  Four main options are possible for the
organisation of such a world-wide characterisation programme, implying different levels
of participation and autonomy for the different research centres.

Option 1. The first option requires that all research centres use the same technique
and the same markers.  With this option, every research centre characterises its
accessions, tree by tree, and communicates its individual tree data to the International
Cocoa Germplasm Database (ICGD).  An example of the data form to be sent by every
research centre is given in Table 5.

Table 5. Example of data on mislabelling that could be generated by a research
centre and transmitted to the ICGD.  M1 to M7 correspond to the markers used.
The values 0/1 are indicated if dominant markers are used (presence/absence) and
the other values are indicated if a pluri-allelic system is used (genotypes)

Accessi
on

Tree M1* M2 M3 M4 M5 M6 M7

UF11 1 1 0 0 0 1 0 0
2 2 3 6 7 4 1

UF11 2,3,4,5 1 1 1 1 0 0 1
3 3 3 2 1 8 9

This first option would allow a flexible and continuous process, the only limitations
being the communication of the data by the research centres and the storage of these
data in the ICGD.  This option is however only possible if a technique can be identified
which can be used in all the participating laboratories which produces reliable,
comparable data which can be easily stored in the ICGD.

Option 2. With the second option, a central laboratory would fingerprint one
reference genotype for each accession and communicate the fingerprinting data to all
research centres.  Each research centre would then fingerprint its own genotypes and
compare them to the reference, renaming them if differences are observed.  This
option would still allow a certain level of flexibility and of autonomy for the research
centres, despite the need for a central laboratory, but it implies the need for a common
technique and set of markers which could be used to generate data easily comparable
between laboratories.

Option 3. The third option requires each research centre to characterise its
accessions tree by tree, using the technique of its choice.  DNA samples from each of
the different genotypes detected in each accession would be sent to a central
laboratory, indicating which trees correspond to the different genotypes.  A comparison
of the samples from the different research centres will be performed in the central
laboratory and the data will be sent to these centres and to the ICGD, where they will
be stored.  An example of the data generated by the central laboratory that can be
introduced into the ICGD is shown in Table 6.

Table 6. Example of data generated from the central laboratory on mislabelling of
cocoa genotypes in collections

Accessio
n

Country Tree Genotype
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n

UF11 Trinidad 1,2,3 a
Trinidad 5,6 b
Costa-Rica 1,4 c
Costa-Rica 2,5 a
Côte d’Ivoire 1,2 a

This option does not require the use of a universal technique, but requires the use of
a central laboratory and is less flexible than option 1.  The flexibility could be improved
if the procedure used would allow for comparison of data from different experiments, in
such a way that there would be no need to wait to have all the samples from one
accession available before the analysis could be performed.

Option 4. The fourth option requires each research centre to send DNA samples
from each of the trees of all of its accessions to a central laboratory, which would
compare all the samples and send the same type of data to the ICGD as in the third
option.  This option would minimise the amount of work to be done by the different
research centres (only DNA extraction) but suffers from a loss of flexibility.  Due to the
large number of samples to be analysed for each accession, the technique used should
imperatively allow the comparison of data from the same accession analysed in
different experiments.

Conclusions

The RAPD technique has sufficient discriminatory power to allow us to detect potential
labelling mistakes in the ICG,T.   The level of variation within accessions was rather
high, but could be overestimated by different types of error:
• Errors during the reading of the gels.
• Errors during the amplification procedure.
• Errors during the DNA extraction.

The high percentage of samples from within one accession that differed at the level
of only a single marker suggests that reading errors may have been made during the
analysis of some samples.  In cases where no such errors were made, this indicates
that these trees are genetically rather close to each other.  Where RAPD analysis
detected no variation within an accession, the level of confidence in the similarity of the
trees was generally very high (above 99.9% in 74% of the cases and above 99% in
92% of the cases).

It is proposed to rename the accessions according to the results of this study and to
replant/establish plots in the genebank with material propagated from the original tree
at Marper farm, in cases where too few or no trees were found to be identical to that
tree.

We are intending to continue the verification of the ICG,T through the adoption of a
less expensive and more reliable technique.  The use of PCR-based microsatellites,
developed by Lanaud et al. (1999) and the use of ISSR-PCR seem to be the most
appropriate choices.

Different options have been compared in this paper to establish a global strategy for
the detection of mislabelled trees, characterised with different levels of involvement of
the research centres in charge of the genebanks.
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Abstract

The BCCCA have had a long commitment to the improvement of the cocoa crop and undertook
to hold a meeting of scientists involved in molecular characterisation of cocoa germplasm.  The
objectives of this colloquium were for interested scientists to share results, co-ordinate projects,
and work towards a vision of a world-wide cocoa enhanced breeding programme.  The
colloquium was held at CIRAD on the 21st September 2000 and was attended by approximately
30 scientists.  Presentations were made by BCCCA, CRU Trinidad, the University of Reading,
USDA, CIRAD, and the ICGD, followed by open discussions on the future of germplasm
characterisation using molecular tools.  The colloquium participants agreed the following:
• There is a vital need for a co-ordinated global cocoa germplasm characterisation

programme.
• Recording and open circulation of the full range of results from such a programme should

follow the model of existing plant databases.
• Type trees close to source will be identified and clearly labelled; the fate of off-types would

be determined by the primary collections.
• Microsatellite analysis will be used in the programme; the technology is ready to use

immediately.
• Additional experiments are however needed to refine the technique, to determine its limits,

and to determine the rate and presence of mutations.
These conclusions will be described in more detail and how molecular characterisation fits

into a world-wide cocoa breeding programme enhanced by molecular tools will be discussed.

Introduction

The BCCCA Cocoa Research Strategy
Currently, small farmers grow most of the world’s cocoa and research is urgently
needed to help them produce good quality cocoa using sustainable growing systems.
The UK cocoa and chocolate industry represented by the Biscuit, Cake, Chocolate and
Confectionery Alliance (BCCCA) has a long tradition of support for cocoa research both
in the UK and in producing countries.  To safeguard the future of the cocoa and
chocolate industry, there is a need to ensure sustainable supplies of good quality
cocoa at prices which provide a worthwhile return to all those involved in the cocoa
chain, from grower through to chocolate manufacturer.

On a world-wide basis, the ultimate aim is to develop and make available cocoa
trees suitable for each region, having the following characteristics: high yield, early
bearing, resistance/tolerance to major relevant pests and diseases, cocoas of good
quality and flavour, low maintenance and production costs, and environmental
sustainability.  In addition, there is a need to develop the knowledge and expertise to
control pests and diseases that may arise in the future, in a way that fits with integrated
crop management principles.

Clearly, this task is beyond the resources, which the manufacturing industry is able
to make available, and additional support must be obtained.  However, two strategies
are possible whereby manufacturers may be directly involved.  Firstly, by providing
assistance which will enable plant breeders in the producing countries to develop the
improved tree stocks, which are needed.  Secondly, by sponsoring research into the
control of pests and diseases and farming production practices in the major producing
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countries.  Ideally, both of these objectives need to be achieved using no pesticides or
by minimal usage in a system of Integrated Pest Management.

Collecting, conservation, characterisation, cataloguing and distribution
The single most important route for effecting improvements in the efficiency of cocoa
production will be through plant breeding.  Breeders need germplasm containing
sufficient diversity to allow them to produce varieties with good economic
characteristics, which will perform well under local environmental conditions and pest
and disease pressures.  Their progress will be accelerated if they have access to
information on the characteristics of the material, are confident of its identity (perhaps
through molecular characterisation), and if they can exchange material with other
genebanks via intermediate quarantine to minimise the risk of spreading pests and
diseases.  Research needs are:
• Collecting. Collecting of wild germplasm from the centre of origin/centre of diversity

to enlarge the genetic base of material available to plant breeders.  Major collecting
initiatives should only be carried out, however, when material in a location is under
threat or is believed to be of vital importance or where an unusual specific
opportunity arises for a co-operative programme with a local institution.  Planned
collecting can, however, be supplemented by opportunistic collecting from
elsewhere, including selected material from private and national collections, to
ensure that as wide a range of material as possible is freely available in international
genebanks.  Collecting can be carried out in a more systematic way if the existing
germplasm in collections has been characterised, preferably at the molecular level.

• Conservation. This material must then be conserved in internationally recognised
field genebanks or field collections (such as that at CRU Trinidad (International
Cocoa Genebank, Trinidad) or at CATIE, Costa Rica.  These may be
complementary to each other but should desirably have a high degree of
duplication.  The need to exchange material with other collections is of great
importance.  In due time, other conservation methods, e.g. tissue culture or low
temperature storage, may be possible and cost effective.  The collections of cocoa
trees in germplasm centres represent an important resource for the world cocoa
community.  These contain the outputs from collecting expeditions – both recent and
those undertaken many years ago - important local selections, core genotypes used
internationally in cocoa breeding programmes, and in many cases, genotypes of
unknown origin.  Molecular characterisation of cocoa germplasm will be a valuable
tool to rationalise germplasm collections, i.e. make an inventory of maintained
germplasm, identify off-types and duplications, and highlight gaps in the collections.

• Characterisation. The purpose of characterisation is to establish the provenance of
each clone and its biological and commercial characteristics, using a variety of
proven techniques as available, e.g. morphological descriptors, isozyme analysis
and RAPD markers (more recently microsatellite analysis).  These need to be
followed by screening against as wide a range of pests and diseases as possible as
and when the necessary techniques are available.  The possibility in the future of
genemapping - identification of characteristics linked to specific loci on the genome -
leading to rapid and extensive screening for desirable characteristics will become of
increasing importance.  This technique is not yet at an advanced stage for cocoa
and will still require a substantial research effort to make any meaningful advance.
It is obvious that unequivocal characterisation of cocoa germplasm by molecular
methods is the best route to provide a base for future advanced genetic work on
cocoa.

• Cataloguing. The data arising from characterisation needs to be assembled in a
computer database, readily usable in as wide a variety of locations as possible and
providing facilities for updating and the incorporation of new types of data as these
become available.  The use of the internet needs to be considered, though hard
copies may still be needed for some key users.



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 43

• Distribution. Distribution of cocoa germplasm must be through internationally
recognised intermediate quarantine to ensure that only healthy material is circulated.
Under present procedures, cocoa seedlings need to be kept in intermediate
quarantine for two years.  Therefore new methods of quarantine, especially of
speedy screening against a wide range of potentially harmful viruses, is urgently
required to reduce the present quarantine time and costs.  Inwards quarantine in the
producing country is sometimes also required.  Successful micropropagation
procedures are needed to facilitate transfer of germplasm from quarantine.
The incorporation of new genetic materials, fully characterised and catalogued, into

national breeding programmes is the ultimate and urgent objective of this work.  We
are still using parental genotypes identified as potentially useful in early trials
conducted in Trinidad in the 1940's and 1950's.  A broader range of useful parents
should be urgently identified.  The BCCCA believe it is essential for the manufacturing
industry to contribute to the general improvement of the cocoa crop by becoming
involved in the sponsorship of research and arranging for its results to be
communicated and applied in practice.  Against a background of increased interest in
the molecular characterisation of cocoa germplasm, the developments in available
technology, and to build on our support for CRU, ICG,T, ICGD, and Reading University
Intermediate Quarantine, the BCCCA undertook to hold a research colloquium to
stimulate greater co-operation between researchers and play a part in  developing a
vision of a major cocoa enhanced breeding programme.

Colloquium programme and format

About 30 participants, mainly scientists from research institutions directly involved in
the subject, attended the colloquium. Speakers were:
• Tony Lass, BCCCA, Cadbury International Limited
• Martin Gilmour, BCCCA, Mars Confectionery
• David Butler, CRU Trinidad
• Olivier Sounigo, CIRAD, CRU Trinidad
• Mike Wilkinson, The University of Reading
• Jim Saunders, USDA
• Ange-Marie Risterucci, CIRAD
• Caroline Ford, The University of Reading

The chairman of the BCCCA Cocoa Research Committee introduced the topic of
molecular characterisation using a real-life example of an area of confusion: several
“versions” of SCA 6, which are phenotypically distinct from each other, appear to exist.
The colloquium goals were described: an informal exchange of information, a
description of the potential methodologies, identification of the areas of compatibility, a
draft plan agreed of a global characterisation programme, and a clear recognition of the
need for data capture and dissemination.

The role of molecular biology techniques in a world-wide cocoa enhanced breeding
programme was described, and the point was made that this colloquium was only
considering the topic of molecular characterisation (future meetings may focus on other
molecular biology tools and their use in cocoa improvement).  Several more examples
were presented of cases where there was a real need for unequivocal characterisation
of cocoa germplasm.  Real life examples were also described of attempts to
characterise germplasm at CRU Trinidad, University of Reading, USDA Beltsville, and
CIRAD Montpellier, using a variety of techniques.  Finally in the presentation session,
the extremely important issue of information management in cocoa characterisation
was discussed and suggestions were made as to how this could be incorporated into
the International Cocoa Germplasm Database (ICGD).

The remainder of the colloquium took the format of an open discussion facilitated by
BCCCA in which the technology, gaps, agreed needs, and future steps were openly
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discussed by all participants.  At the end of the day, approximately 30 points had been
captured and these were subsequently sent by email to participants for their approval.
The following are the agreed points from the BCCCA Research Colloquium I, grouped
into themes:

Agreed outputs grouped under themes

(numbered as they came up during the colloquium)

General strategy
• 1. The colloquium participants agreed that germplasm characterisation is vital, and

provides an essential platform for improved cocoa breeding.
• 24. There was no time to plan a complete global cocoa characterisation programme

using molecular tools.  It was agreed that this would be done at a later date and that
most activity for the near future would concentrate on cocoa germplasm located in
the Americas - which conveniently includes the centres of diversity for cocoa.

Linking collections and quarantine facilities to germplasm characterisation
• 6. Samples taken for fingerprinting should be taken from as close to original

"sources" as possible, e.g. Marper Farm in Trinidad in the case of the Pound
collections.

• 7. The principle of "type" specimens will be used in cocoa fingerprinting (as in
herbarium collections).  Maps and GPS co-ordinates will be used to locate these
type trees unequivocally within collections.  These type trees must be given very
distinct, obvious labels.

• 8. Individual sample trees must also be given durable labels.  Cryopreservation will
be considered as an additional insurance to field collections for germplasm
conservation.  Field collections remain essential for phenotype studies and
evaluation for traits of economic importance.

• 21. Curators were asked to tag each tree sampled for fingerprinting with a
permanent stamped metal tag, tied on with galvanized wire.

• The issue of how to deal with off-types will be taken at the local level, with
information on decisions being fed into the ICGD.

• 22. In the event of clear mislabelling, the issue of how to change the name was
discussed.  Should this be in the ICGD, does a committee need to be convened to
decide, should the institution name be used, should a new name be used after a
particular date, how should tissue-cultured plants be identified? are questions which
need to be solved at a later date.  The INGENIC newsletter was proposed as a way
to raise mislabelling issues.

• 23. It was agreed that a better view on the scale of mislabelling would be known
next year, making it easier to answer the questions in point 22.

• 15. When characterised, curators of the primary genebanks will be asked to
exchange the characterised germplasm.

• 16. The University of Reading Intermediate Quarantine Facility is currently the only
quarantine station able to export cocoa germplasm to Africa (as stated by the Inter -
African Phytosanitary Council).  The Barbados facility is mainly for germplasm
movement into Trinidad, but material could go to other quarantine stations in the
same phytosanitary region.  The USDA facility at the Sub-Tropical Research Station,
Miami is undergoing renovation.

Recommendations on molecular tools for germplasm characterisation
• 2. Microsatellites (SSRs) are the way ahead for immediate use in the molecular

characterisation of cocoa germplasm (in the past, characterisation methods have
included morphology, isozymes, RAPDs, RFLPs, and AFLPs.).
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• 3. Fifteen SSRs are enough to use for fingerprinting cocoa.  More SSRs may be
needed for genetic diversity studies.

• 4. We have enough SSRs that span the cocoa genome to now do effective
fingerprinting studies.

• 10. About 1500 samples per technician per year can be processed (leaves through
to DNA, fingerprinting analysis, and interpretation).  More samples can be
processed if the DNA is extracted locally.

• 13. The use of SSR primers allows for a variety of DNA separation and visualisation
techniques so the use of radioactivity is not necessary.

Additional experiments needed for a robust molecular approach to germplasm
characterisation
• 5. An approximate mutation rate of 300 per 10,000 plants could occur in cocoa

germplasm, giving rise to errors in fingerprinting.  An extra set of 6 SSRs would be
needed to distinguish mislabelling from mutations.

• 14. We will assess the pooling of DNA samples for SSR analysis to see if this can
be used to increase the throughput of supposedly identical samples, e.g. the sets of
16 trees at Trinidad.  Olivier Sounigo (CIRAD and CRU) volunteered to test the
pooling of SSR samples to see where pooling breaks down.

• 17. A ringtest was agreed between the major centres to test the inter-laboratory
compatibility of the 15 primer pairs to be used in fingerprinting.  Ringtest participants
are: USDA–Miami, USDA–Beltsville, Penn State University, CIRAD, Nestle-Tours,
University of Nottingham, CEPLAC and CRU-Trinidad.  Claire Lanaud (CIRAD),
Olivier Sounigo (CIRAD/CRU) and Jim Saunders (USDA) will decide on the choice
of the 15 primer pairs.  David Butler (CRU) will decide on five genetically diverse
clones to be fingerprinted and will collect the leaves from Marper Farm.

• 18. The ultimate test of a fingerprinting technique is if it can distinguish between full
sibs.  If the technique can then assign a value e.g., 99%, 98%, 97% identical etc.,
then this would be of real value.  Ray Schnell (USDA Miami) volunteered to design
and carry out an experiment to test this.

• 19. It was estimated that to assess the mutation rate in cocoa clones, about 200
cloned trees from a single accession would have to be screened with 15 primers.  It
was suggested that the plant material being produced by Biofabrica in Bahia, Brazil
would be ideal to test this.  Mike Wilkinson (University of Reading) and Uilson Lopes
(CEPLAC) volunteered to design and carry out an experiment to test this.

Database management in germplasm characterisation
• 11. Existing examples of plant germplasm databases will be assessed to see if they

could be used for cocoa, e.g. CIRAD model, maize d.base, Arabidopsis d.base.
Estimated resource need for database handling is one full time postgraduate.

• 12. The cocoa database will try and store the fullest possible range of information
on cocoa.  There will be free, open access to all parties, with all information in the
public domain.

• 20. It was suggested that the next meeting of this group (perhaps during 2001)
could discuss the interface between fingerprinting cocoa germplasm and phenotypic
data.  Phenotypic data on cocoa genotypes is usually available locally, but in the
absence of a common set of agreed criteria, and data collected in different places,
at different times, it was agreed to proceed with only collecting molecular data for
the near future.

Discussion and future prospects

General strategy
Given the level of interest shown in the colloquium it came as no surprise to find that
the participants were in complete agreement that the overall objective of unequivocal
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characterisation of cocoa germplasm was an essential and worthwhile goal.  In the
longer term, there is a clear need for a global co-ordinated programme, but the USDA
project to characterise the cocoa germplasm in the Americas represents a very good
start.  A future output of this work could be the definition of a “virtual collection” of
cocoa germplasm, defined genetically, spanning the known genetic diversity of the
species, but not necessarily geographically located at one site.

Linking collections and quarantine facilities to germplasm characterisation
The current collections of cocoa germplasm are clearly the first place to start on any
world-wide cocoa characterisation programme.  There was broad agreement that in
characterisation work, type specimens should be identified by people who have close
knowledge of the collections and specific varieties of cocoa.  The simple but vital
aspect of tagging these type trees should be done in a robust, durable way.  The
subject of how to deal with off-types generated a lot of debate, but apart from
recognising that this was a major issue, the colloquium did not attempt to propose a
solution.  It would perhaps be appropriate to place the responsibility for dealing with off-
types with the individual curators of the collections.  As the cocoa research community
moves towards a world-wide cocoa molecular characterisation programme, there is an
expectation that primary genebanks will share results and germplasm.  Although this is
potentially a politically sensitive issue, it needs to be stated that it remains the
expectation of the research community that there should be free exchange of results
and germplasm between collections.  This needs to be done in a way which takes into
account the potential spread of cocoa diseases, therefore it was noted in the
colloquium that The University of Reading Intermediate Quarantine facility is currently
the only centre able to forward cocoa germplasm to all cocoa producing countries.

Recommendations on molecular tools for germplasm characterisation
It was not surprising given the high level of existing work in this field, that there was a
lot of debate on the techniques currently used in cocoa molecular characterisation.  It
was more surprising that some clear recommendations emerged as to the way
forward - the use of microsatellites, the number of microsatellites needed for
fingerprinting (15), the estimated throughput, the preference to avoid radioactivity, etc.

Additional experiments needed for a robust molecular approach to germplasm
characterisation
A feature of the colloquium was the planning of future, usually collaborative
experiments, which would take the research community closer to a global cocoa
characterisation programme.  More experiments were planned to distinguish mutations
from off-types, to look at pooling samples for greater throughput (especially for
collections like that in Trinidad where multiple copies of single genotypes are kept), to
set up an inter-laboratory ringtest, and to determine if fingerprinting could distinguish
between sibs.

Database management in germplasm characterisation
The colloquium debate was mainly restricted to the above issues and practical aspects
of applying molecular biology techniques to cocoa germplasm characterisation.  It
became clear during the meeting that this was only part of the bigger picture, and that
the issue of how to record, integrate, and share the voluminous data likely to be
generated by molecular characterisation was a major unfilled gap in resources.  This
was emphasised by the desire of the colloquium participants to have the largest range
of data stored and made available to the research community.  A few
recommendations were made such as to use existing models of plant genetic
databases, to try and link the data to the ICGD, and to start recording molecular data
leaving phenotypic data for the future.  The colloquium concluded that the need for a
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specialised bioinformatics person was clear, and the need for funding of such a person
was a priority.

Molecular characterisation as part of a world-wide cocoa enhanced breeding
programme
The BCCCA sees the molecular characterisation of cocoa germplasm as part of a
larger programme to modernise the cocoa crop.  Secure, diverse, characterised
collections of cocoa germplasm form a platform for breeders, agronomists,
pathologists, ecologists, physiologists, molecular biologists, and biotechnologists to
work on known accessions of cocoa, safe in the knowledge that their results will be
internationally comparable.  This work also underpins the setting up of mapping
populations for the identification of QTLs, and the development of marker-assisted
selection schemes.  Gene discovery programmes using EST technology, or candidate
gene approaches also rely on the unequivocal identification of germplasm.  These
modern molecular breeding techniques and molecular characterisation in combination
with conventional breeding, will lead to the development of elite trees which can be
propagated by a variety of new tissue culture and horticultural methods.  It is not an
exaggeration to say that the outputs from this colloquium are at the heart of improving
the cocoa crop for growers and consumers around the world.  Therefore in conclusion,
as well as the above outputs and action points, the unequivocal message from the first
BCCCA Research Colloquium is that molecular characterisation has a vital role to play
in a world-wide cocoa breeding programme enhanced by molecular tools.
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Abstract

Nacional cocoa from Ecuador is the source of the fine flavour cocoa called Arriba.  The exact
origin of the Nacional type is not known, but it is generally considered as native to Ecuador.
Recent studies using RFLP probes indicated that Nacional cocoa genotypes are genetically
different from the Forastero, Criollo or Trinitario groups.  Data are presented here, and briefly
discussed, on the level of heterozygosity and genetic diversity of 416 genotypes characterised,
including more than 100 Ecuadorian genotypes.  The Ecuadorian types constituted two
populations: one group having a low level of heterozygosity (average of 5%) and low genetic
diversity, representing part of the native Nacional group, and a second group with a higher level
of heterozygosity (average of 32%) that resulted from introgression with cocoa types from
Venezuela and Trinidad.  Due to their higher productivity, hybrids now predominate over
Nacional types.Resistance to witches' broom disease, yield improvement and consistent Arriba
flavour were defined as selection priorities in Ecuador.  These criteria were studied through a
sub-sample of clones collected in various locations, representing the Ecuadorian genetic
diversity (EB clones).  No immunity to witches' broom disease was detected but a relationship
between vigour and disease incidence was found suggesting that more brooms develop on
more vigorous trees.  The sensory evaluation indicated that cocoa trees which give rise to
beans with significant Arriba flavour are not distributed according to their geographic origin or
their genetic status.  In fact, Arriba flavour has been found in both Nacional and hybrid types.
The relative importance of the genetic and environmental factors on the Arriba flavour are yet to
be determined.

Introduction

The well-known Ecuadorian cocoas, derived from the Nacional variety, are considered
to be fine-flavoured.  The production of this specific Arriba flavour not only depends on
genetic factors, but also on the post-harvest fermentation and the processing in the
factory.

In 1915, Ecuadorian cocoa production reached 50,000 tonnes when Ecuador was
the second largest producer after Ghana.  But the arrival of witches' broom disease in
the 1920s led to a strong decline in cocoa cultivation.  From the beginning of the
1930s, the quality of Ecuadorian cocoa has deteriorated due to the introduction of
Trinidad and Venezuelan clones collected for resistance to witches' broom disease.  An
increasing number of the trees planted today are hybrids from these clones (Lerceteau
et al.1997).  This was reflected in ICCO’s decision to consider Ecuador as a country
that produced only 75% fine flavoured cocoa.  Economically, this was a blow to the
exporters as the premiums on cocoa prices decreased, and the industry is also
suffering as good quality becomes harder to find.

In Ecuador, cocoa is primarily grown in the western coastal regions between sea
level and 400 m.  There are three main zones: The northern zone includes
Esmeraldas, Santo Domingo and Chone areas.  The plantations mainly contain hybrids
(Nacional x Trinitario).  Yields are relatively low with a favourable climate for pathogen
development.  The central area is in the Guayas river valley in Los Rios province.  The
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cocoa trees are old and severely affected by the witches' broom disease but the soil
and climatic conditions are suitable for cocoa cultivation.  In the southern area, the
province of El Oro is characterised by a dry season lasting up to eight months.  The low
humidity of the zone makes it less favourable to the development of cocoa diseases.
Cocoa has been planted as a substitute for banana in this area over the past fifteen
years (Petithuguenin and Roche 1995).

The witches' broom pathogen, Crinipellis perniciosa (basiodiomycete), is endemic to
wild cocoa and it is spreading in a natural way to cultivated cocoa in all countries
around the Amazon basin.  The fungus attacks young meristematic tissues causing
hypertrophic and prolific growth on vegetative shoots and flower cushions (brooms),
but infects pods (Van der Vossen 1997, for review).  Different strains of witches' broom
disease were detected, and four major biotypes were identified.  The most virulent
biotype is found in Columbia and Ecuador and the least virulent comes from Trinidad
(Zadoks1997, for review).

Host resistance is the only long-term answer to this devastating pathogen, since
disease control measures, such as intensive sanitary pruning and fungicide spray, are
only partly effective and generally not economic.  The search for resistance started in
the 1930s, and was followed up in several countries including Trinidad, Brazil and
French Guiana.  In fact, cocoa germplasm evaluation in the field showed a large
variation in the disease symptoms resulting in detection of a few resistant clones like
Scavina genotypes, especially SCA 6.

In view of maintaining a consistent production of Arriba fine-flavoured cocoa in
Ecuador, Nestlé and several partners, including INIAP, have selected Nacional cocoa
genotypes, through field evaluation, that are supposed to be tolerant to witches' broom
disease.  This study summarises the results of the molecular and field data analysis
performed for this project.

Material and methods

Plant material
A total of 416 cocoa clones (Annex 1) from various collections were analysed including
more than 100 genotypes from Ecuador from INIAP, the Nestlé farm at Quevedo and
from two field locations at Sebastian Arteaga (SA) and Balao Chico (BCH) which are
80 to 100 years old plantations.

DNA extraction and RFLP markers
DNA extraction and the use of RFLP markers were described in a previous paper
(Crouzillat et al.1996).  The Ecuadorian clones were compared to around 300 cocoa
types from other origins.  Data are presented here on the level of heterozygosity and
on genetic diversity of all 416 genotypes.

Field data
Two agronomic traits were recorded for this study on the 29 “EB” (Escoba de Bruja)
clones collected in 1994 and 1995 by INIAP and Nestlé within the scope of a cocoa
“competition” to find witches' broom resistant genotypes.  The trunk diameter was
assessed on each clone in 1997 (ten trees per clone) to estimate the vigour of the tree.
The number of brooms per tree produced during the year 1997 was also counted.

Sensory evaluation
Samples of 150g of cocoa beans, fermented for two days, were roasted at 120°C for 20
minutes.  The roasted beans were hulled and ground to give the cocoa liquor.  A
trained tasting panel (4 to 6 persons) evaluated the cocoa liquor samples, which were
maintained at 45°C in a water bath during the sensory sessions.
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Statistical analysis
For the evaluation of the genetic diversity, the RFLP profiles were scored by recording
the presence or absence of each allele.  Data were binary coded: 1 for the presence or
0 for the absence of each allele.  Principal Component Analysis (PCA) was performed
on the data sheet obtained using NCSS 2000 software.  Each clone studied was
assessed for heterozygosity level using 50 RFLP probes, by recording the different
alleles at each locus.  The average percentage of heterozygosity was calculated to give
an indication of the overall genome heterozygosity.  The allele frequencies were used
to compute modified Rogers’ distance measures (Wright 1978) and to establish the
dendrogram following the unweighed pair group procedure with arithmetic mean
(UPGMA) (Sneath and Sokal 1973).
Detection of correlation between traits was performed by regression analysis, with a
significant threshold of P = 0.05 using NCSS 2000 software.

Results

Genetic structure of populations studied
Genotypes from Ecuador.  The RFLP analysis with the 50 RFLP probes indicated that
only 45 probes were polymorphic with a total of 91 alleles.  The average number of
alleles per locus was 2.02.  A global PCA study using the RFLP data was carried out
with 416 different cocoa types from various origins.  The resulting analysis (Figure 1)
illustrates the genetic specificity of Ecuadorian cocoa types in comparison with the
other genotypes.  The estimation of RFLP heterozygosity level for each individual
genotype (Annex 1) allows a better understanding of the genetic structure of cocoa in
Ecuador and elsewhere.  A cluster of Nacional genotypes with a low level of
heterozygosity (5%) and a low genetic diversity was detected in the PCA study (Figure
1).  These generally came from plantations which were more than 80 years old in Balao
Chico (Guayas province) or Sebastian Arteaga (Manabi area).  They could represent
the germplasm originally associated with the reputation of the fine cocoa flavour called
“Arriba”.  Using cluster analysis, this genetic group was found to be different from
classic botanical groups of Forastero and Criollo (Figure 2).

Other Ecuadorian cocoa genotypes were characterised by a higher level of
heterozygosity (average 32%); values up to 44% were recorded for EET 46, EET 58,
EET 62, EET 63 and EET 66.  These genotypes could originate from crosses between
Nacional types and types from Venezuela or Trinidad.  The frequency distribution of
Ecuadorian cocoas according to the heterozygosity level (Figure 3) illustrates the shift
from the highly homozygous Nacional population to the presently predominating hybrid
populations.

Genotypes from Peru.  Only 28 Peruvian genotypes were analysed but all the 50 RFLP
probes used were polymorphic with a total of 87 alleles.  The average number of alleles
per locus is 1.74.  Despite the low number of genotypes studied it appears that these
have specific alleles, which characterise the specificity of the genetic diversity of this
area.  Moreover all the RFLP probes tested were polymorphic, suggesting that Peru
could be a centre of diversity for Theobroma cacao.  The hierarchical clustering
analysis (not shown here) tends to group the genotypes into three main clusters.
Cluster A is constituted of Scavina genotypes (SCA 6 and SCA 12), EET 109 and TAP
1.  The level of heterozygosity is rather low (16.3% +/- 4.3%).  The Scavina clones
were collected by Pound in 1938 near Rio Ucayali according to the International Cocoa
Germplasm Database of 1997.
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Figure 1.Principal Component Analysis from 416 genotypes using 50 RFLP
markers. Axis 1 and 2 represented 17.3% and 7.7% of the variance, respectively.
The Ecuadorian cocoas are represented by: black circles (Nacional homozygous),
grey (heterozygous genotypes >40%) and white symbols (heterozygosity rate
between 10 and 40%)

Figure 2: UPGMA dendrogram constructed using the modified Rogers distance
within botanical groups.
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Cluster B contains exclusively Parinari genotypes from various collections, such as
PA 13, PA 169 and PA 121. Pound collected these types for their apparent Witches’
Broom disease resistance from the region around Parinari (Peru) in 1937. These
genotypes appear as moderately heterozygous (23.7% +/- 4.6%).

Cluster C mainly contains IMC and POUND genotypes.  IMC (Iquitos Mixed
Calabacillo) clones originated from pods collected by Pound in 1938 on two groups of
trees which were free of witches' broom disease.  The POUND genotypes were also
collected for witches' broom resistance near the Nanay river.  The heterozygosity level
in this cluster is relatively high and variable (29.5% +/- 9.3%).

The location of the Peruvian genotypes is relatively scattered on the PCA plot (data
not shown) and the Peruvian clones from the cluster A appear as the closest to the
Ecuadorian types.

Genotypes from Mexico and Guatemala.  The analysis of the 115 Mexican and
Guatemalan genotypes with the 50 RFLP probes shows that 46 probes were
polymorphic with a total of 77 alleles detected.  The average number of alleles per
locus is 1.67 indicating a low genetic variability.  This genetic characteristic is also
indicated by the high number of duplicates detected in this group (Annex 1).

The hierarchical clustering analysis (results not shown here) illustrates the high
number of duplicates detected by the RFLP study and resulted in the detection of four
clusters.  Cluster A is represented by a single genotype (9-TAB-986), which comes
from cultivated material in the Tabasco area, and cluster B encloses three genotypes
(SGU 72, RIM 222 and RIM 224).  Cluster C contains twenty-five genotypes with a
heterozygosity level of 17.7 % +/- 9.7%.  This group includes all the genotypes with a
low level of heterozygosity, such as 18-TAB-986 (0%), 19-TAB-986 (0%), 13-TAB-986
(2%), 11-CHI-986 (8%), 16-TAB-986 (8%) and RIM 221 (10%), which are cultivated
cocoa types except RIM 221 which comes from wild material.

Figure 3: Frequency distribution of the percentage of molecular heterozygosity
estimated using 50 RFLP markers for 118 Ecuadorian cocoas (see also Annex 1)
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Cluster D includes 86 genotypes with 51 duplicates showing a low genetic diversity.
The average heterozygosity level in this cluster is 40.3% (+/-8.1%), reflecting the likely
hybrid status of these genotypes.  Twelve out of the fifteen SGU types from Guatemala
were distributed in cluster D suggesting a close relationship between Mexican and
Guatemalan genotypes.

Genotypes from Costa Rica.  The RFLP analysis performed on the 73 Costa Rican
genotypes with the 50 RFLP probes shows that 44 probes were polymorphic with a
total of 85 alleles detected.  The average number of alleles per locus is 1.93.  The
hierarchical clustering analysis (not shown here) detected five clusters.  Cluster A was
composed of only two genotypes (CC 49 and CC 246).  Twenty-four genotypes with an
average heterozygosity level of 32.2% (+/- 8.5%) constitute cluster B.  This group
includes three UF genotypes (UF 676, UF 168 and UF 11) that cannot be
differentiated.  CC 225 is the only individual in cluster C; it is derived from the cross
between Scavina 6 and ICS 1 from Trinidad.  This genotype was obtained from the
INIFAP collection and it is different from the genotype of the same name received from
the CATIE collection, that belongs to group D.  This result underlines the possibility of
the mislabelling of this clone at INIFAP or at CATIE.  Cluster D, with 17 genotypes, has
a heterozygosity level of 35.2% (+/- 5.4%), similar to cluster A.  It includes a majority of
genotypes originating from crosses between Costa Rican genotypes and introduced
genotypes, which would explain the high level of heterozygosity found.

Cluster E shows a lower heterozygosity level (23.8% +/- 11.3%) with individual
values ranking from 0% (CC 33) to 50% (CC 264).  This high variability in the levels of
heterozygosity suggests that this group is heterogeneous.

Agronomic and flavour studies on Ecuador cocoa types
Arriba flavour evaluation.  The first results of the sensory evaluation indicates that the
cocoa trees with Arriba flavour (score ≥ 4) are neither distributed according to their
geographic origin nor their genetic status.  The Arriba clones were found from Manabi,
El Oro, Los Rios and Guayas provinces independent of their heterozygosity level.
These data suggest that Arriba flavour can be found either in “Nacional” or hybrid types
and that the Arriba flavour intensity is not related to the heterozygosity status of the
genotypes analysed.  In the same way, none of the four provinces, where the cocoa
trees came from, gave significant differences in Arriba flavour intensity.

Witches' broom resistance study.  The significant coefficient of determination between
trunk diameter and broom number (R_=0.53; p=0.000084) demonstrates a direct link
between the vigour of the genotype and the number of brooms produced (Table 1).
The larger the trunk diameter, the higher the number of brooms.  This physiological
relationship indicates that the disease impact appears to be more important on
vigorous trees, such as hybrid forms than on homozygous trees from the pure Nacional
group.

A better estimate of the resistance to witches' broom disease in relation to tree
vigour could be given by the ratio of the number of brooms to the total number of
vegetative growing points of each genotype.
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Table 1. Agronomic results from EB genotypes observed in 1997

Name Origin
Trunk diameter

(mm)
Broom
number

EB 0104 El Oro 100 16
EB 0402 El Oro 119 26
EB 0501 Guayas 72 5
EB 1010 Guayas 63 1
EB 1011 Guayas 87 8
EB 1013 Guayas 78 10
EB 1203 Guayas 84 7
EB 1516 Los Rios 100 5
EB 1607 Los Rios 69 12
EB 1901 Los Rios 64 1
EB 1915 Los Rios 98 7
EB 1916 Los Rios 42 4
EB 1922 Los Rios 75 5
EB 1928 Los Rios 61 5
EB 1930 Los Rios 77 5
EB 2003 Los Rios 110 32
EB 2004 Los Rios 84 3
EB 2009 Los Rios 72 5
EB 2104 Los Rios 74 1
EB 2212 Manabi 66 2
EB 2222 Manabi 56 1
EB 2225 Manabi 63 1
EB 2227 Manabi 74 2
EB 2229 Manabi 74 5
EB 2233 Manabi 83 4
EB 2234 Manabi 76 4
EB 2237 Manabi 61 4
EB 2239 Manabi 76 2
EB 2241 Manabi 68 0

Discussion

The genetic characterisation of the Ecuadorian cocoas using molecular markers and
phenotypic data (Lerceteau et al. 1997) has allowed the detection of the specific
diversity of Nacional genotypes.  It is shown here that RFLP markers could also be
used to differentiate the Ecuadorian genotypes according to their heterozygosity level.
The self-compatible nature of Nacional cocoa (Enríquez 1993) may be one of the
reasons for the low heterozygosity of this population.  The diversity detected in the
Ecuadorian accessions is due to the genetic origin of pure Nacional trees, on one
hand, and the introduction of clones from Venezuela and Trinidad on the other hand.

Arriba flavour is assumed to have a specific origin in the genetic background
Nacional, but due to the recent and multiple introgressions, the future production of
Arriba flavour cocoa in Ecuador remains uncertain.  The first sensory evaluations made
on a representative sub-sample of several Ecuadorian genotypes clearly indicated that
Arriba flavour could be found in the pure Nacional type and also in different hybrid
cocoas growing in Ecuador.  The relative importance of other parameters on the origin
of Arriba flavour such as the growing area, bean fermentation at the farm level and the
roasting in the factory remains unknown and has to be studied further.
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Prospects for developing cocoa cultivars with an adequate level of resistance to
witches' broom disease are underway in several countries (e.g. Brazil - Pires et al.
1999 and Luz et al. 1999; Ecuador- Aragundi et al. 1987; United Kingdom – Wheeler
1999; French Guiana - Lachenaud and Ducamp 1996).  However, due to the lack of a
reproducible screening test, only field evaluations can be performed.  In addition, field
screening showed a very large variation in disease symptoms (brooms per tree), with
no genotypes exhibiting complete resistance to witches' broom infection and a
resistance that is generally of a quantitative and incomplete nature.  Only a few
genotypes, such as SCA 6, gave limited evidence of resistance, but it seems that this
genotype is inadequate under Ecuadorian conditions, certainly due to the strong
aggressiveness of the pathogen strain.  Other genotypes such as EET 233 have been
reported to have resistance in Ecuador (Aragundi et al. 1987).

Our results suggest that tree vigour could also be, at least partly, a component of
the disease impact.  For the time being, the multiplicity of the genetic, physiological and
host-pathogen interaction factors implicated in witches' broom disease suggest that
clonal selection is the best method to achieve short-term progress.  However, the
clones selected must be acceptable agronomically and quality-wise (possessing Arriba
flavour).
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Annex 1. Genetic group, origin, heterozygosity rate estimation and ordinates on axis 1 & 2 on the PCA (Figure 1) of the 416 cocoa
genotypes analysed

CLONE
NAME

DUPLICATES GENETIC
GROUP

MISCELLA-
NEOUS

GEOGRA-
PHIC

ORIGIN

COLLEC-
TION

HETE-
ROZY-
GOSI-

TY
%

AXIS 1 AXIS 2

POUND 7  FORASTERO Collected as budwood PERU INIFAP 22 0,22 2,60
RIM 76A  CRIOLLO Synonym of RIM 76 ? MEXICO INIFAP 20 0,76 -0,97
RIM 68  HYBRID Cacaohatan, Chiapas MEXICO INIFAP 34 0,63 0,69

RIM 117 Duplicate group E HYBRID Tuxtla Chico, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 106 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 101 RIM 34, RIM 52, SGU 85 HYBRID Cacaohatan, Chiapas MEXICO INIFAP 44 1,09 -0,95
RIM 100 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 52 RIM 34, RIM 101, SGU 85 HYBRID Cacaohatan, Chiapas MEXICO INIFAP 44 1,09 -0,95
RIM 48 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 44 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 13 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 41 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 88 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 39 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 34 RIM 52, RIM 101, SGU 85 HYBRID Cacaohatan, Chiapas MEXICO INIFAP 44 1,09 -0,95
RIM 30 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 26 Duplicate group E HYBRID ? MEXICO INIFAP 46 1,16 -1,07
RIM 24 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 23 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 19 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 15 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 10 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 6 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 2 Duplicate group E HYBRID Cacaohatan, Chiapas MEXICO INIFAP 46 1,16 -1,07
RIM 76 Duplicate group E HYBRID ? MEXICO INIFAP 46 1,16 -1,07
RIM 56 Duplicate group E HYBRID ? MEXICO INIFAP 46 1,16 -1,07
RIM 78 Duplicate group E HYBRID ? MEXICO INIFAP 46 1,16 -1,07
RIM 75 Duplicate group E HYBRID ? MEXICO INIFAP 46 1,16 -1,07
RIM 8 Duplicate group E HYBRID ? MEXICO INIFAP 46 1,16 -1,07

EET 400   Silecia 1  x  ? ECUADOR INIFAP 42 -0,08 0,92
EET 96 EET 94, EET 59 VENEZ. AMARILLO  X  ? Synonym of Porvenir 10 ECUADOR INIFAP 36 -0,55 -0,07
UF 29  NACIONAL ? COSTA RICA INIFAP 38 -0,59 -0,24
CC 18 UF 705  MATINA  X  ? COSTA RICA INIFAP 32 -0,58 -0,03

EET 399   Silecia 1  x  ? ECUADOR INIFAP 38 -0,02 1,02
UF 296  TRINITARIO ? COSTA RICA INIFAP 30 -0,34 -0,01
UF 613  TRINITARIO ? COSTA RICA INIFAP 28 -0,13 0,08
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SPA 9   Synonym of SC 64 COLOMBIA INIFAP 24 -0,04 1,81
RIM 221  HYBRID Wild material MEXICO INIFAP 10 0,70 0,60
EET 164  NACIONAL  X  VENEZ.AMARILLO ? ECUADOR INIFAP 38 -0,55 -0,52
CC 210   SCA 12  X  ? COSTA RICA INIFAP 40 0,21 0,23
PA 121  PARINI POPULATION ? PERU INIFAP 24 0,40 2,19
PA 13  PARINI POPULATION ? PERU INIFAP 28 0,71 3,10
PA 169  PARINI POPULATION ? PERU INIFAP 14 0,39 2,12
CC 225   SCA 6  X  ICS 1 COSTA RICA INIFAP 10 -0,15 1,81
EET 80  VENEZ. AMARILLO  X  ? ? ECUADOR INIFAP 20 0,06 0,15
ESMIDA

AMARILLO
 

 Selected clone from Tabasco
MEXICO INIFAP

26
0,82 -0,12

CC 41   UF 676  X  ? COSTA RICA INIFAP 18 -0,21 0,84
EET 59 Duplicate group B NACIONAL  X  ? ? ECUADOR INIFAP 44 -0,39 -0,30
EET 94 EET 96, EET 59 VENEZ. AMARILLO  X  ? ? ECUADOR INIFAP 38 -0,55 -0,07
CC 264   Synonym of EET 19 & Tenguel 15 COSTA RICA INIFAP 50 -0,25 -0,95
UF 705 CC 18 NACIONAL ? COSTA RICA INIFAP 32 -0,58 -0,03
CC 266   ? COSTA RICA INIFAP 34 0,21 0,80

IQ 1   Collected as budwood BRAZIL INIFAP 20 -0,20 2,93
RIM 222  HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 52 0,29 -0,15
RIM 223 Duplicate group E HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 46 1,16 -1,07
RIM 224  HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 32 0,43 0,88
RIM 225  HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 24 0,75 -0,49
RIM 226  HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 28 0,96 -0,57
RIM 227  HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 14 0,61 0,29
RIM 228 Duplicate group E HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 46 1,16 -1,07
RIM 229 RIM 230, RIM 231, RIM 234 HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 44 1,20 -1,10
RIM 230 RIM 229, RIM 231, RIM 234 HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 44 1,20 -1,10
RIM 231 RIM 229, RIM 230, RIM 234 HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 44 1,20 -1,10
RIM 234 RIM 229, RIM 230, RIM 231 HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 44 1,20 -1,10
RIM 232 Duplicate group E HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 46 1,16 -1,07
RIM 233  HYBRID Cultivated clone from Chiapas or Tabasco MEXICO INIFAP 42 1,14 -1,11

P-10-1963  HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 30 1,17 -0,70
P-3-1963  HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 26 0,70 -0,14
8-CHI-986 P-8-1963  Cultivated from Pacific coast of Chiapas MEXICO INIFAP 28 0,83 -0,62
6-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 40 1,04 -1,16

15-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 36 0,93 -0,75
5-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 18 0,44 -0,04
2-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 36 1,01 -0,77
P-11-1962 P-11-1963 HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 28 0,73 -0,41
P-11-1963 P-11-1962 HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 28 0,73 -0,41
1-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 30 0,82 -0,73

12-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 30 0,98 -0,24
14-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 32 0,88 -0,93
13-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 30 0,80 -0,33
11-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 8 0,27 0,50
3-CHI-986   Cultivated from Pacific coast of Chiapas MEXICO INIFAP 22 0,71 -0,20
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10-CHI-986 Duplicate group E  Cultivated from Pacific coast of Chiapas MEXICO INIFAP 46 1,16 -1,07
P-1-1963  HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 40 1,26 -1,15
P-8-1963 8-CHI-986 HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 28 0,83 -0,62
P-12-1962  HYBRID Selection from hybrid population, Chiapas MEXICO INIFAP 28 1,02 -0,21
9-TAB-986   Field material from Paraiso,Tabasco MEXICO INIFAP 36 0,27 1,38
10-TAB-986   Field material from Paraiso,Tabasco MEXICO INIFAP 32 0,75 0,31
11-TAB-986   Field material from Paraiso,Tabasco MEXICO INIFAP 14 0,74 0,63
12-TAB-986   Field material from Paraiso,Tabasco MEXICO INIFAP 24 0,67 0,06
13-TAB-986   Field material from Comalcalco, Tabasco MEXICO INIFAP 2 0,34 1,08
15-TAB-986 Duplicate group E  Field material from Comalcalco, Tabasco MEXICO INIFAP 46 1,16 -1,07
16-TAB-986   Field material from Comalcalco, Tabasco MEXICO INIFAP 8 0,53 0,63
17-TAB-986   Field material from Huimanguilo, Tabasco MEXICO INIFAP 30 0,11 0,91
18-TAB-986   Field material from Huimanguilo, Tabasco MEXICO INIFAP 0 0,39 1,32
19-TAB-986   Field material from Huimanguilo, Tabasco MEXICO INIFAP 0 0,27 1,11

SGU 85 RIM 34, RIM 52, RIM 101 ? Material from Retalhuleu GUATEMALA INIFAP 44 1,09 -0,95
SGU 69 Duplicate group E MATINA  X  CRIOLLO Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 2  ? Material from Retalhuleu GUATEMALA INIFAP 20 0,33 0,68
SGU 50 Duplicate group E ? Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 60 Duplicate group E MATINA  X  CRIOLLO Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 54  ? Material from Retalhuleu GUATEMALA INIFAP 30 0,78 -0,56
SGU 73  ? Material from Retalhuleu GUATEMALA INIFAP 28 0,73 -0,39
SGU 68 Duplicate group E ? Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 88 Duplicate group E ? Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 87  ? Material from Retalhuleu GUATEMALA INIFAP 34 0,83 0,26
SGU 89 Duplicate group E ? Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 43  ? Material from Retalhuleu GUATEMALA INIFAP 24 0,88 -0,25
SGU 53 Duplicate group E ? Material from Retalhuleu GUATEMALA INIFAP 46 1,16 -1,07
SGU 72  ? Material from Retalhuleu GUATEMALA INIFAP 32 -0,02 1,02
SGU 66  ? Material from Retalhuleu GUATEMALA INIFAP 36 0,83 -0,64

29-TAB-987   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 26 0,67 -0,58
26-CHI-986   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 16 0,50 0,24
25-CHI-986   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 16 0,82 0,54
PICH-4-2   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 24 0,74 -0,06
PICH-4-4   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 24 1,05 -0,37
PICH-4-3   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 20 0,55 -0,09
PICH-6-1   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 28 0,57 -0,48
PICH-1-1   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 36 0,97 -1,05
PICH-3-4 PICH-6-4  Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 44 1,09 -0,97
PICH-7-6   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 28 0,97 -0,17
PICH-6-4 PICH-3-4  Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 44 1,09 -0,97
OST-1-1   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 42 1,08 -1,12
OST-1-5   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 18 0,80 0,37

SANTA ANA   Cultivated from Chiapas (Pich.& Ostu.) MEXICO INIFAP 16 0,42 0,02
3437    ECUADOR Nestlé Equador 38 -0,22 0,02
3438    ECUADOR Nestlé Equador 24 -0,75 0,10
11273    ECUADOR Nestlé Equador 38 0,01 0,47
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12255    ECUADOR Nestlé Equador 38 -0,17 0,01
13201    ECUADOR Nestlé Equador 44 0,12 0,66

PRO 01 Duplicate group D   ? Nestlé Equador 44 1,03 -0,83
PRO 02 Duplicate group D   ? Nestlé Equador 44 1,03 -0,83
PRO 03 Duplicate group D   ? Nestlé Equador 44 1,03 -0,83
PRO 04 Duplicate group D   ? Nestlé Equador 44 1,03 -0,83
PRO 05 Duplicate group D   ? Nestlé Equador 44 1,03 -0,83
PP 01 Duplicate group A   ECUADOR Nestlé Equador 42 -0,44 -0,14
PP 02 Duplicate group A   ECUADOR Nestlé Equador 42 -0,44 -0,14
PP 03 Duplicate group A   ECUADOR Nestlé Equador 42 -0,44 -0,14
PP 04 Duplicate group A   ECUADOR Nestlé Equador 42 -0,44 -0,14
PP 05 Duplicate group A   ECUADOR Nestlé Equador 42 -0,44 -0,14

AMAZONICO  ? ? ? Nestlé Equador 26 -0,14 0,02
CC 30   MATINA  X  ? COSTA RICA CATIE 30 0,85 -0,39
CC 251   ? COSTA RICA CATIE 26 0,57 -0,43
EET 95  NACIONAL X VENEZ.AMARILLO Synonym of Tenguel 33 ECUADOR  38 -0,45 -0,12

EET 92oSIL 1 EET 332, EET 333 HYBRID EET 92  X  Silecia 1  Nestlé Equador 10 -0,86 0,75
EB 0104  NACIONAL Ecuadorian selection from El Oro ECUADOR Nestlé Equador 16 -0,14 0,24
EB 0402  NACIONAL Ecuadorian selection from El Oro ECUADOR Nestlé Equador 24 -1,00 -0,29
EB 0501  NACIONAL Ecuadorian selection from Guayas ECUADOR Nestlé Equador 16 -1,47 -0,17
EB 1011  NACIONAL Ecuadorian selection from Guayas ECUADOR Nestlé Equador 34 -0,66 -0,21
EB 1013  NACIONAL Ecuadorian selection from Guayas ECUADOR Nestlé Equador 26 -0,94 0,14
EB 1516  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 26 -1,36 -0,34
EB 1607  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 20 -1,30 -0,53
EB 2003  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 24 -1,04 0,02
EB 2009  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 30 -0,75 -0,02
EB 2104  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 34 -0,90 -0,47
EB 2212  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 24 -0,73 -0,29
EB 2222  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 4 -1,92 -0,68
EB 2225  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 4 -2,16 -0,57
EB 2227  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 6 -2,00 -0,63
EB 2229  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 8 -1,82 -0,59
EB 2233  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 14 -1,73 -0,67
EB 2239  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 6 -1,92 -0,66
EB 2241  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 2 -2,10 -0,57
EB 1010  NACIONAL Ecuadorian selection from Guayas ECUADOR Nestlé Equador 16 -1,02 0,09
EB 1203  NACIONAL Ecuadorian selection from Guayas ECUADOR Nestlé Equador 32 0,11 0,21
EB 1901  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 6 -2,10 -0,65
EB 1915  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 28 -1,10 -0,29
EB 1916  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 32 -0,65 -0,22
EB 1922  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 12 -1,31 -0,18
EB 1928  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 14 -1,57 -0,50
EB 1930  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 24 -1,53 -0,58
EB 2004  NACIONAL Ecuadorian selection from Los Rios ECUADOR Nestlé Equador 28 -0,70 -0,02
EB 2234  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 10 -1,67 -0,45
EB 2237  NACIONAL Ecuadorian selection from Manabi ECUADOR Nestlé Equador 8 -1,90 -0,72
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CCN 51-N  HYBRID Ecuadorian selection ECUADOR  24 -0,80 -0,43
NAL 9(1) NAL 12(2) NACIONAL Ecuadorian selection ECUADOR CRN TOURS 22 0,61 1,31
NAL 9(2) NAL 11(3), EET 187 NACIONAL Ecuadorian selection ECUADOR CRN TOURS 4 -2,02 -0,72
NAL 11(1) ZEA 218 NACIONAL Ecuadorian selection ECUADOR CRN TOURS 28 0,80 1,62
NAL 11(2) NAL 12(1) NACIONAL Ecuadorian selection ECUADOR CRN TOURS 2 -2,18 -0,64
NAL 11(3) NAL 9(2), EET 187 NACIONAL Ecuadorian selection ECUADOR CRN TOURS 4 -2,02 -0,72
NAL 11(4)  NACIONAL Ecuadorian selection ECUADOR CRN TOURS 22 0,53 0,90
NAL 12(1) NAL 11(2) NACIONAL Ecuadorian selection ECUADOR CRN TOURS 2 -2,18 -0,64
NAL 12(2) NAL 9(1) NACIONAL Ecuadorian selection ECUADOR CRN TOURS 22 0,61 1,31
NAL 12(3)  NACIONAL Ecuadorian selection ECUADOR CRN TOURS 30 0,42 0,82

LARANJA (1) LARANJA (2), CATONGO PS  Seed propagation BRAZIL CRN TOURS 0 0,48 1,28
LARANJA (2) LARANJA (1), CATONGO PS  Seed propagation BRAZIL CRN TOURS 0 0,48 1,28

CC 260(5)  NACIONAL  X  ? Seed propagation COSTA RICA CRN TOURS 34 -0,04 0,16
CC 260(5) 1 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 2 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 3 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 5 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 6 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 7 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 8 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 9 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47
CC 260(5) 10 Duplicate group C SOMACLONES Somatic Embryogenesis of CC260 (5)  Nestlé Equador 32 -0,16 0,47

CC 231  HYBRID SCA 6  X  ICS 6 COSTA RICA IRCC 40 0,37 0,23
EET 109  FORASTERO UPPER  AMAZ. ? PERU INIAP 24 -0,82 0,72
CC 212  HYBRID PA 150  X  ? COSTA RICA IRCC 28 0,65 1,71
CC 222  HYBRID ? COSTA RICA IRCC 42 0,61 -0,76
CC 231  HYBRID SCA 6  X  ICS 6 COSTA RICA IRCC 40 0,19 0,16
CCN 51  HYBRID ? ECUADOR Nestlé Equador 26 0,63 1,89
EET 48 EET 53, EET 48(3) NACIONAL X VENEZ.AMARILLO Synonym of Santa Rosa 34 ECUADOR INIFAP 40 -0,43 -0,16

EET 48(3) EET 53, EET 48 NACIONAL X VENEZ.AMARILLO Synonym of Santa Rosa 34 ECUADOR INIFAP 40 -0,43 -0,16
EET 62  NACIONAL X VENEZ.AMARILLO ? ECUADOR Nestlé Equador 34 -0,19 1,36
EET 95 Duplicate group A NACIONAL X VENEZ.AMARILLO Synonym of Tenguel 33 ECUADOR Nestlé Equador 42 -0,44 -0,14
EET 96  VENEZ.AMARILLO  X  ? Synonym of Porvenir 10 ECUADOR Nestlé Equador 36 -0,47 -0,03
EET 103 Duplicate group A NACIONAL X VENEZ.AMARILLO Synonym of Tenguel 25 ECUADOR Nestlé Equador 42 -0,44 -0,14

G 8  CRIOLLO ? Java IRCC 22 0,52 2,67
GU 275  FORASTERO LOW AMAZ. Seed propagation FR. GUIANA CRN TOURS 6 0,23 2,88
GU 293  FORASTERO LOW AMAZ. Seed propagation FR. GUIANA CRN TOURS 10 0,21 2,61
GU 302  FORASTERO LOW AMAZ. Seed propagation FR. GUIANA CRN TOURS 14 0,20 2,82
GU 305  FORASTERO LOW AMAZ. Seed propagation FR. GUIANA CRN TOURS 10 0,12 2,69
ICS 1  TRINITARIO ? TRINIDAD INIFAP 20 0,76 0,15
ICS 6  TRINITARIO ? TRINIDAD INIFAP 22 0,94 0,49
ICS 8  TRINITARIO ? TRINIDAD Nestlé Equador 44 0,45 0,96
ICS 95  TRINITARIO ? TRINIDAD Nestlé Equador 26 0,29 -0,08
IMC 67 EET 116 FORASTERO UPPER  AMAZ. ? PERU INIFAP 30 0,24 3,38
IMC 70  FORASTERO UPPER  AMAZ. ? PERU INIFAP 32 -0,37 0,24
LAFI  TRINITARIO ? SAMOA IRCC 24 1,07 -1,07
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MORADO  TRINITARIO ? TRINIDAD Nestlé Equador 16 -0,80 -0,27
N 38  TRINITARIO ? NIGERIA IRCC 16 0,14 2,20

NA 34  FORASTERO UPPER  AMAZ. ? PERU IRCC 20 0,31 2,05
O C61  CRIOLLO  X  ? ? VENEZUELA INIFAP 12 0,20 1,60
OC 77  CRIOLLO  X  ? ? VENEZUELA IRCC 48 1,20 -0,71

OSTUACAN  CRIOLLO ? ? MEXICO INIFAP 18 0,82 0,43
PICHUCALCO  CRIOLLO? ? MEXICO INIFAP 24 0,76 0,01
PORCELENA  CRIOLLO ? VENEZUELA INIFAP 40 0,20 -0,93

R 2  TRINITARIO Synonym of RIM 2 ? MEXICO IRCC 44 1,11 -0,88
R 43 Duplicate group E TRINITARIO ? MEXICO IRCC 46 1,18 -1,00
R 106 Duplicate group E TRINITARIO Synonym of RIM 106 ? MEXICO IRCC 46 1,18 -1,00
RIM 2 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RIM 23 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RIM 24 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RIM 44 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RIM 68  CRIOLLO ? MEXICO INIFAP 28 0,93 -0,79
RIM 75 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RIM 88  TRINITARIO ? MEXICO INIFAP 46 1,08 -1,05

RIM 105 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RIM 117 Duplicate group E TRINITARIO ? MEXICO INIFAP 46 1,18 -1,00
RB 41  FORASTERO LOW AMAZ. Collected as budwood (Amelonado) BRAZIL INIFAP 10 -0,13 1,78
SCA 6  FORASTERO UPPER  AMAZ. ? PERU INIFAP 14 -0,76 0,81
SCA 12  FORASTERO UPPER  AMAZ. ? PERU INIFAP 42 0,06 0,36

CHONE 02-1 66020 NACIONAL ? ECUADOR Nestlé Equador 8 -1,96 -0,61
SPA 9   Synonym of SC 64 COLOMBIA INIFAP 22 -0,04 1,81

EBC10S401  FORASTERO UPPER  AMAZ. ? COLOMBIA  14 0,21 3,90
EET 19  HYBRID Synonym of Tenguel 15 & CC264 ECUADOR  36 -0,69 -0,18

CRIOLLO 46  CRIOLLO ? NICARAGUA  12 0,73 -0,48
POR  CRIOLLO ? VENEZUELA  34 1,13 -0,80

SNK 12  TRINITARIO ? CAMEROON  10 0,49 0,82
ZEA 218 NAL 11(1) CRIOLLO Venezuelan Criollo Selection VENEZUELA  28 0,80 1,62
66019    ECUADOR  24 -1,03 0,06
66020 CHONE 02-1   ECUADOR  8 -1,96 -0,61
66021    ECUADOR  6 -1,95 -0,68
66022    ECUADOR  10 -1,83 -0,51
66023    ECUADOR  6 -2,06 -0,66
UF 29  NACIONAL  X  ? ? COSTA RICA INIFAP 32 -0,56 0,03
UF 221  ? ? COSTA RICA INIFAP 2 0,41 1,20
UF 296  TRINITARIO ? COSTA RICA INIFAP 30 -0,32 0,06
UF 613  TRINITARIO ? COSTA RICA INIFAP 28 -0,11 0,15

CATONGO  FORASTERO LOW AMAZ. From CATIE collection BRAZIL CATIE 0 0,42 1,31
CATONGO

PS
LARANJA 1,  LARANJA 2

FORASTERO LOW AMAZ. From Penn State university
BRAZIL  

2
0,48 1,28

POUND 12  FORASTERO UPPER  AMAZ. Collected as budwood PERU  42 -0,22 3,17
 CATONGO X

POUND 12
 

HYBRID CATONGO  X  POUND 12
HYBRID  

32
0,45 2,26
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EET 400 X
RIM 76A(326)

 
HYBRID EET 400  X RIM 76A

HYBRID  
34

0,14 0,32

EET 400 X
RIM 76A(356)

 
HYBRID EET 400  X RIM 76A

HYBRID  
42

0,25 -0,24

EET 400   Silecia 1  x  ? ECUADOR INIFAP 42 -0,08 0,92
RIM 76A  CRIOLLO Synonym of RIM 76 ? MEXICO INIFAP 20 0,76 -0,97

POUND 7  FORASTERO Collected as budwood PERU INIFAP 22 0,22 2,60
 RIM 76A X

POUND 7(24)
 

HYBRID RIM 76A  X  POUND7
HYBRID  

38
0,72 0,23

EET 235 EET 221 NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 32 -0,87 -0,24
EET 233  VENEZ.AMARILLO ? ECUADOR INIAP 14 -1,56 -0,61
EET 221 EET 235 NACIONAL ? ECUADOR INIAP 32 -0,87 -0,24
EET 194  NACIONAL ? ECUADOR INIAP 42 -0,07 -0,24
EET 187 NAL 9(2), NAL 11(3) NACIONAL ? ECUADOR INIAP 4 -2,02 -0,72
EET 178  NACIONAL ? ECUADOR INIAP 6 -2,16 -0,69
EET 173  NACIONAL ? ECUADOR INIAP 34 0,18 0,38
EET 167  NACIONAL ? ECUADOR INIAP 38 -0,56 -0,35
EET 164  NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 40 -0,63 -0,54
EET 162 EET 161 NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 40 -0,49 -0,03
EET 161 EET 162 NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 40 -0,49 -0,03
EET 90 EET 75 NACIONAL ? ECUADOR INIAP 42 -0,39 -0,25
EET 95 Duplicate group A NACIONAL X VENEZ.AMARILLO Synonym of Tenguel 33 ECUADOR INIAP 42 -0,44 -0,14
EET 96 Duplicate group A VENEZ.AMARILLO  X  ? Synonym of Porvenir 10 ECUADOR INIAP 42 -0,44 -0,14
EET 103 Duplicate group A NACIONAL X VENEZ.AMARILLO Synonym of Tenguel 25 ECUADOR INIAP 42 -0,44 -0,14
EET 105  NACIONAL ? ECUADOR INIAP 14 -1,01 -0,25
EET 109  FORASTERO UPPER  AMAZ. ? PERU INIAP 24 -0,82 0,72
EET 117 EET 76 VENEZ.AMARILLO ? ECUADOR INIAP 14 -1,24 -0,12
EET 141  NACIONAL ? ECUADOR INIAP 38 -0,46 0,09
EET 145  NACIONAL ? ECUADOR INIAP 0 -2,05 -0,68
EET 155  NACIONAL ? ECUADOR INIAP 2 -1,94 -0,44
EET 62 Duplicate group B NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 44 -0,39 -0,30
EET 40 EET 43 NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 28 -1,21 -0,69
EET 76 EET 117 NACIONAL ? ECUADOR INIAP 14 -1,24 -0,12

EET 75 EET 90
VENEZ.AMARILLO X

VENEZ.MORADO ?
ECUADOR INIAP

42
-0,39 -0,25

EET 63 Duplicate group B VENEZ.AMARILLO ? ECUADOR INIAP 44 -0,39 -0,30
EET 66 Duplicate group B NACIONAL X VENEZ.AMARILLO ? ECUADOR INIAP 44 -0,39 -0,30
EET 59 EET 94, EET 96 NACIONAL ? ECUADOR INIAP 38 -0,55 -0,07
EET 58 Duplicate group B NACIONAL ? ECUADOR INIAP 44 -0,39 -0,30
EET 48  NACIONAL X VENEZ.AMARILLO Synonym of Santa Rosa 34 ECUADOR INIAP 40 -0,50 -0,16
EET 53 EET 48, EET 48(3) NACIONAL ? ECUADOR INIAP 40 -0,43 -0,16
EET 46 Duplicate group B NACIONAL ? ECUADOR INIAP 44 -0,39 -0,30
EET 43 EET 40 VENEZ.AMARILLO ? ECUADOR INIAP 28 -1,21 -0,69
EET 42  VENEZ.AMARILLO ? ECUADOR INIAP 22 -1,52 -0,47
EET 19  HYBRID Synonym of Tenguel 15 & CC264 ECUADOR INIAP 36 -0,71 -0,24
EET 20  NACIONAL ? ECUADOR INIAP 42 -0,56 -0,36
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EET 21  NACIONAL ? ECUADOR INIAP 18 -1,46 -0,46
EET 332 EET 92oSIL 1, EET 333 FORASTERO UPPER  AMAZ. Synonym of Silecia 1 ECUADOR INIAP 10 -0,86 0,75
EET 333 EET 92oSIL 1, EET 332  Synonym of Silecia 5 ECUADOR INIAP 10 -0,86 0,75
EET 147  NACIONAL ? ECUADOR INIAP 34 -0,02 0,97
EET 60  NACIONAL ? ECUADOR INIAP 32 -0,98 -0,30
EET 73  VENEZ.AMARILLO  X  ? ? ECUADOR INIAP 30 -0,90 -0,21
EET 111  TRINITARIO ? TRINIDAD INIAP 46 1,09 -0,92
EET 116 IMC 67 FORASTERO UPPER  AMAZ. ? PERU INIAP 32 0,24 3,38
EET 153  NACIONAL ? ECUADOR INIAP 20 -1,43 -0,38
UF 168 Duplicate group E TRINITARIO ? PANAMA  46 1,16 -1,07
CHOCO  NACIONAL ? ECUADOR  30 0,24 0,19
IMC 14  FORASTERO UPPER  AMAZ. ? PERU  26 0,05 3,25
IMC 23  FORASTERO UPPER  AMAZ. ? PERU  26 0,12 3,06
IMC 67  FORASTERO UPPER  AMAZ. ? PERU  30 0,23 3,09
IMC 53  FORASTERO UPPER  AMAZ. ? PERU  18 0,24 3,12
ICS 16  TRINITARIO ? TRINIDAD  24 0,93 0,27
PA 13  FORASTERO UPPER  AMAZ. ? PERU BAL, MALAYSIA ? 26 0,73 3,14
PA 35  TRINITARIO ? PERU  18 0,69 0,62
SCA 6  FORASTERO UPPER  AMAZ. ? PERU  14 -0,77 0,69
SCA 12  FORASTERO UPPER  AMAZ. ? PERU  16 -0,63 0,04
TAP 1  FORASTERO UPPER  AMAZ. Collected as budwood PERU  12 -0,93 0,54
BCH 1  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 4 -1,85 -0,46
BCH 2  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 6 -1,76 -0,40
BCH 3 SA 1, SA 4 NACIONAL Balao Chico plantation ECUADOR CULTIVATED 2 -1,96 -0,53
BCH 4 BCH 5 NACIONAL Balao Chico plantation ECUADOR CULTIVATED 4 -1,87 -0,47
BCH 5 BCH 4 NACIONAL Balao Chico plantation ECUADOR CULTIVATED 4 -1,87 -0,47
BCH 6  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 2 -2,10 -0,53
BCH 7  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 8 -1,90 -0,56
BCH 9  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 6 -1,68 -0,43
BCH 10  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 6 -1,84 -0,53
BCH 11  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 6 -1,85 -0,55
BCH 12  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 0 -1,96 -0,61
BCH 13  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 6 -1,92 -0,46
BCH 14  NACIONAL Balao Chico plantation ECUADOR CULTIVATED 6 -2,00 -0,61

SA 1 BCH 3, SA 4 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 2 -1,96 -0,53
SA 2  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 6 -1,84 -0,56
SA 3 SA 9 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 6 -1,77 -0,58
SA 4 SA 1, BCH 3 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 2 -1,96 -0,53
SA 5  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 6 -1,92 -0,64
SA 6  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,78 -0,49
SA 7  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 0 -1,89 -0,43
SA 8  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 2 -1,94 -0,49
SA 9 SA 3 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 6 -1,77 -0,58
SA 10  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,78 -0,46
SA11 SA 13, SA 14 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,87 -0,63
SA 12  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,95 -0,56
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SA 13 SA 11, SA 14 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,87 -0,63
SA 14 SA 11, SA 13 NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,87 -0,63
SA 15  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,79 -0,50
SA 16  NACIONAL Sebastian Arteaga plantation ECUADOR CULTIVATED 4 -1,94 -0,61

CC 231  HYBRID SCA 6  X  ICS 6 COSTA RICA  40 0,37 0,23
SCA 12  FORASTERO UPPER  AMAZ. ? PERU  46 0,25 0,80
EET 109  FORASTERO UPPER  AMAZ. ? PERU  24 -0,82 0,72

PA 13  FORASTERO UPPER  AMAZ. ? PERU  26 0,73 3,14
SCA 12  FORASTERO UPPER  AMAZ. ? PERU  18 -0,75 0,22
EET 399   Silecia 1  x  ? ECUADOR  34 0,06 0,83
ICS 16  TRINITARIO ? TRINIDAD  24 0,91 -0,03
P 10 Duplicate group E   PERU  46 1,16 -1,07

PA 13  FORASTERO UPPER  AMAZ. ? PERU  26 0,71 2,85
PA 121   ? PERU  24 0,43 2,49
SIAL 93  HYBRID IMC 67  X  PA 218 ? BRAZIL?  2 0,39 1,14
UF 11 Duplicate group E  ? COSTA RICA CATIE 46 1,16 -1,07
UF 168 Duplicate group E TRINITARIO ? COSTA RICA  46 1,16 -1,07
UF 676 Duplicate group E TRINITARIO ? COSTA RICA  46 1,16 -1,07
CC 9   MATINA  X  ? COSTA RICA CATIE 16 -0,08 0,76
CC 10 CC 17  MATINA  X  ? COSTA RICA CATIE 38 1,04 -0,70
CC 17 CC 10  MATINA  X  ? COSTA RICA CATIE 38 1,04 -0,70
CC 18   MATINA  X  ? COSTA RICA CATIE 10 0,02 0,98
CC 27   STICA 9  X  ? COSTA RICA CATIE 16 0,64 -0,18
CC 33   MATINA  X  ? COSTA RICA CATIE 0 0,40 1,09
CC 34   STICA 16  X  ? COSTA RICA CATIE 30 0,19 0,07
CC 35   UF 650  X  ? COSTA RICA CATIE 22 0,51 -0,31
CC 38   UF 676  X  MATINA COSTA RICA CATIE 22 -0,18 0,45
CC 41   UF 676  X  ? COSTA RICA CATIE 18 -0,21 0,84
CC 42   UF 676  X  ? COSTA RICA CATIE 16 -0,10 0,66
CC 44   UF 667  X  ? COSTA RICA CATIE 20 0,76 0,04
CC 49   UF 676  X  ? COSTA RICA CATIE 20 -0,73 0,18
CC 54   UF 667  X  ? COSTA RICA CATIE 38 -0,67 -0,47
CC 67   UF 668  X  ? COSTA RICA CATIE 28 0,86 -0,96
CC 69   UF 613  X  ? COSTA RICA CATIE 28 0,12 -0,24
CC 71   ? COSTA RICA CATIE 34 0,39 -0,79
CC 79   UF 613  X  ? COSTA RICA CATIE 32 0,78 -0,68
CC 83   UF 613  X  ? COSTA RICA CATIE 22 0,28 0,09
CC 100   UF 667  X  ? COSTA RICA CATIE 20 0,85 0,24
CC 103   UF 667  X  ? COSTA RICA CATIE 22 0,89 -0,50
CC 107   UF 221  X  ? COSTA RICA CATIE 34 0,95 -0,36
CC 120   UF 650  X  ? COSTA RICA CATIE 16 0,52 0,35
CC 121   UF 650  X  ? COSTA RICA CATIE 22 0,69 0,29
CC 124   UF 613  X  ? COSTA RICA CATIE 26 -0,17 0,05
CC 137   UF 12  X  ? COSTA RICA CATIE 34 0,99 -0,46
CC 138   UF 12  X  ? COSTA RICA CATIE 36 0,92 -0,64
CC 139   UF 12  X  ? COSTA RICA CATIE 32 0,89 -0,40
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CC 143   UF 672  X  ? COSTA RICA CATIE 32 0,72 -0,51
CC 144   UF 676  X  ? COSTA RICA CATIE 12 0,78 0,56
CC 152   UF 12  X  ? COSTA RICA CATIE 24 0,87 -0,16
CC 169   UF 677  X  ? COSTA RICA CATIE 8 0,40 0,39
CC 173   UF 650  X  ? COSTA RICA CATIE 32 0,84 -0,44
CC 214   ? COSTA RICA CATIE 32 0,24 0,62
CC 222  FORASTERO ? COSTA RICA CATIE 42 0,61 -0,76
CC 223   ? COSTA RICA CATIE 30 0,96 -0,51
CC 224   SCA 6  X  ICS 1 COSTA RICA CATIE 32 0,28 -0,02
CC 225   SCA 6  X  ICS 1 COSTA RICA CATIE 40 0,22 0,07
CC 226   SCA 6  X  ICS 1 COSTA RICA CATIE 48 0,56 -0,21
CC 231   SCA 6  X  ICS 6 COSTA RICA CATIE 38 0,45 0,22
CC 234   SCA 6  X  ICS 39 COSTA RICA CATIE 30 0,09 0,25
CC 235   ICS 1  X  SCA 6 COSTA RICA CATIE 26 0,65 0,49
CC 236   SCA 6  X  UF 667 COSTA RICA CATIE 30 0,00 -0,11
CC 244   SCA 6  X  UF 667 COSTA RICA CATIE 28 -0,11 -0,01
CC 245   SCA 12  X  ICS 1 COSTA RICA CATIE 38 0,22 0,05
CC 246   ? COSTA RICA CATIE 18 -0,73 -0,03
CC 249   PA 121  X  ? COSTA RICA CATIE 34 0,69 1,27



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 67

Evaluation and Use of the Genetic Diversity Present in the
International Cocoa Genebank (ICG,T), in Trinidad

Olivier Sounigo2, Yvette Christopher1, Stacy Ramdahin1, Romina Umaharan1 and
Antoinette Sankar1

1 - Cocoa Research Unit, University of the West Indies, St. Augustine, Trinidad and Tobago
2 – Cirad-Cp, TA 80/02, Avenue Agropolis, 34098 Montpellier Cedex 5, France, Attached to
the Cocoa Research Unit

Abstract

Genetic diversity is currently assessed in the ICG,T using Isozyme Electrophoresis and RAPD.
The information obtained from this assessment is used for establishing a "working collection"
within ICG,T containing a reduced number of clones with large genetic diversity and interesting
agronomic traits.  Proposals are made to integrate the results of this assessment in to the cocoa
breeding strategy.

Introduction

The Cocoa Research Unit (CRU) is in charge of the maintenance, description and
evaluation of the 2,300 cocoa clones present in the International Cocoa Genebank
(ICG,T) in Trinidad.  Besides the morphological description of the clones, biochemical
(Isozyme Electrophoresis) and molecular (RAPD) markers are currently used to
characterise these clones and to assess the level of genetic diversity present in the
ICG,T.

Material and methods

Plant material
The ICG,T is composed of :

• Upper Amazon populations from Peru, Ecuador and Colombia,

•  Trinitario clones from the Caribbean (Trinidad, Grenada, Martinique, Guadeloupe,
Dominican Republic), Central America (Costa Rica and Mexico) and from South
America (Venezuela and Colombia),

• Refractario clones from Ecuador,

• Lower Amazon Forastero from Brazil and Surinam,

• Native clones from French Guiana, and

• Some Criollo populations from Belize.

Methods
Isozyme Electrophoresis.  Five systems are currently used, following the methodology
of Lanaud (1986): ACP, ADH, IDH, MDH and GPI.

RAPD.  DNA is extracted according to the method proposed by Edwards et al. (1991),
as modified by Johnson et al. (1992).  Amplifications are carried out following the
method described by Christopher and Sounigo (1996).  Thirteen operon primers are
used to generate 30 polymorphic reproducible and scorable markers for these
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analyses.  The amplification products are run on a 1.6% agarose gel and visualised
under ultra violet light after staining with ethidium bromide.
Statistical analyses.  The genetic diversity is measured using multivariate analyses.
The level of genetic diversity within populations is measured by the Shannon index
(Magurran 1988) when RAPD data are analysed.  For isozyme data, the mean number
of polymorphic markers, the mean number of alleles per locus and levels of observed
and expected heterozygosity are calculated.  The genetic relationships between
populations are visualised using cluster analyses performed on Rogers-Wright
distances (Wright 1978) in the case of RAPD data, and on Nei distances (Nei 1972) in
the case of isozymes, calculated on pairs of populations.

The results and their use

Characterization using isozymes
The isozyme characterisation data for the clones are included in the International
Cocoa Germplasm Database (ICGD) (Wadsworth et al. 1997).  These can be used by
all cocoa breeders for:

• Estimation of the level of heterozygosity present in the clone, even if this evaluation
is not very precise (observed on only five isozyme loci).  This type of information on
the parents of crosses is important for the prediction of the level of heterogeneity in
the progeny.   This can indicate the possible future use of this progeny, as a variety
(if the parents show a low level of heterozygosity) or as a reservoir for individual tree
selection (if the parents are highly heterozygous).

• Verification of identity of the clones they have in common with ICG,T in order to
detect mislabelling problems.

Level of genetic diversity within populations
These data are currently used for the establishment of a "working collection" for the
CFC/ICCO/IPGRI project on ‘Cocoa Germplasm Utilization and Conservation’ (Sounigo
et al. 2000).  A sub-sample of the most useful clones in the ICG,T is selected for
inclusion in this "working collection".  The “usefulness” is defined in terms of resistance
to diseases and favourable pod and bean characteristics.  In order to maintain a high
level of diversity in the working collection, an attempt was made to represent a large
number of populations, the level of representation of each population depending on the
level of genetic diversity it contains.

The levels of diversity observed in some of the populations using the RAPD
technique are indicated in Table 1.  The information about the genetic origin of the
clones (number of mother trees) was obtained from the ICGD (Wadsworth e t
al.1997).The levels of genetic diversity observed are not significantly correlated to the
sample sizes of these populations indicating that the differences are not simply caused
by bias arising from differences in sampling.  The results show that the highest levels of
diversity where found in populations that supposedly originate from the lowest numbers
of mother trees (SCA, IMC and MO), which is rather surprising.  This could be
explained in the case of MO by the hypothesis made by Bartley (1993) that genotypes
from different geographic origins could have been named MO by mistake.  Even the
accessions from the SPA population, supposedly originating from a single pod, present
a level of genetic diversity almost equal to the one shown by the NA population, which
is expected to originate from 14 mother trees.  The populations from French Guiana
present a low level of genetic diversity, except ELP, which presents a fair level of
diversity, equal to the one presented by the NA population.
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Table 1. Measurement of the level of genetic diversity within 12 cocoa populations,
with Shannon index (Hi) calculated on the relative frequencies of 30 RAPD
markers

Population
(code)

Complete name
Geographical

origin

Number of
analysed

clones

Number
of mother

trees*
Hi

AMAZ Amazonas Peru 8 7 0.37
BORNE7 Borne 7 French Guiana 7 7 0.15

ELP Eulepousing French Guiana 19 10 0.27
CAM Camopi French Guiana 20 19 0.14
IMC Iquitos Mixed

Calabacillo
Peru 23 2# 0.35

KER Kerindioutou French Guiana 7 7 0.14
MO Morona Peru 14 1# 0.35
NA Nanay Peru 23 14# 0.26
PA Parinari Peru 21 20# 0.32

SCA Scavina Peru 14 1# 0.36
SPA Seleccion Palmira Colombia 9 1 0.27

SPEC Specimen Colombia 11 4 0.17

*The value refers to the likely number of mother trees which gave rise to the clones included in
this analysis except for those marked # where the mother tree giving rise to each clone is
unknown and the number refers to the likely number of mother trees which gave rise to the
whole population.

Relationship between populations
The dendrogram (Figure 1) and the plan defined by the first two axes of a multivariate
analysis (Figure 2) clearly show a separation between the populations from French
Guiana and the other populations.  This result shows the usefulness of cocoa types
from this region for the enrichment of the cocoa germplasm collections.   The unique
nature of this material makes it imperative to evaluate its combining ability with parents
representing other populations.  This type of study has already started at Cirad French
Guiana, but as yet only with clones collected on the banks of the Camopi river.  This
study should be completed with the evaluation of clones collected on the banks of the
other rivers, especially along the Eulepousing river since this population shows the
highest level of diversity.
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Figure 1. Dendrogram obtained from a cluster analysis performed on Rogers-
Wright distances, calculated from data obtained using 30 RAPD markers, on 12
cocoa populations
Figures 1 and 3 show separation between some of the Upper Amazon Forastero
populations.  The results of the multivariate analysis (Figure 3) show a separation
between three groups:

• LCT EEN and most of the MO clones,

• PA and some MO clones, and

• the other populations.
The dendrogram (Figure 1) shows a grouping of the IMC, NA and AMAZ

populations.
These results suggest a possibility for genetic improvement based on the Upper

Amazon Forastero pool by performing crosses between the following groups of
populations:

• LCT EEN + MO,

• PA, and

• IMC+NA+AMAZ.
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Figure 2. Principal Component Analysis performed on RAPD data obtained on
316 clones, using 29 markers
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Figure 3. Plan defined by the first two axes of a Principal Component Analysis
performed on data obtained on 141 clones, representing populations from Peru,
Colombia and Ecuador, using 21 RAPD markers

Visualisation of the diversity using multivariate analyses
These results will assist in the process of choosing clones to include in the "working
collection".   The sub-sample of clones will be chosen in such a way as to maintain a
high level of diversity (Figure 4 and Table 2).

Figure 4. Principal component analysis on 141 cocoa clones from Peru, Ecuador
and Colombia, using 21 RAPD markers
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Table 2. List of the clones analysed and their code names in the Principal
Component Analysis (see Figure 4). Clone names in bold are also analysed as
reference clones in Pires et al. (see elsewhere in these Workshop Proceedings)

CLONE CODE CLONE CODE CLONE CODE

AMAZ 10/1 a MO 3 w PA 121 D
AMAZ 11 b MO 76 x PA 126 E
AMAZ 12 c MO 81 y PA 13 F
AMAZ 12/4 d MO 9 z PA 149 G
AMAZ 15/15 e MO 90 a PA 150 H
AMAZ 5/2 u MO 94 b PA 165 I
IMC 105 g MO 96 c PA 175 J
IMC 107 h MO 99 d PA 184 K
IMC 11 I NA 111 e PA 188 L
IMC 14 j NA 114 f PA 194 M
IMC 16 k NA 118 g PA 200 N
IMC 3 l NA 155 h PA 211 O
IMC 31 m NA 194 i PA 30 P
IMC 38 n NA 226 j PA 300 Q
IMC 41 o NA 26 k PA 46 R
IMC 47 p NA 370 a PA 73 S
IMC 53 q NA 43 c PA 82 T
IMC 54 r NA 46 s SCA 10 1
IMC 57 s NA 68 t SCA 11 2
IMC 6 t NA 70 u SCA 12 3
IMC 60 f NA 753 m SCA 16 4
IMC 65 v NA 79 n SCA 19 5
IMC 67 w NA 794 o SCA 20 6
IMC 78 x NA 804 p SCA 23 7
IMC 96 y NA 98 r SCA 24 8
IMC 98 z NAPO 34 a SCA 27 9
LCT EEN 15/3 a POUND 10/B 1 SCA 3 1
LCT EEN 163/D b POUND 12/A 2 SCA 5 2
LCT EEN 195 c POUND 15/A 3 SCA 6 3
LCT EEN 20/S10 d POUND 16/B 4 SCA 8 4
LCT EEN 201 e POUND 18 5 SCA 9 5
LCT EEN 203/S3 f POUND 18/A 6 SPA 10 A
LCT EEN 251 g POUND 21/B 7 SPA 12 B
LCT EEN 261/S4 h POUND 25/A 8 SPA 16 C
LCT EEN 283 i POUND 26/C 9 SPA 18 D
LCT EEN 327 j POUND 2/B 1 SPA 20 E
LCT EEN 332 k POUND 31/A 2 SPA 4 F
LCT EEN 46 l POUND 32/A 3 SPA 7 G
LCT EEN 6/S1 m POUND 4/A 4 SPA 9 H
LCT EEN 61/S5 n POUND 5/B 5 SPEC 4/6 A
LCT EEN 66 o POUND 5/C 6 SPEC 41/11 B
LCT EEN 84 p POUND 7/A 7 SPEC 41/6/17 C
MO 109 q POUND 8/C 8 SPEC 41/6/18 D
MO 121 r POUND 9/B 9 SPEC 41/6/25 E
MO 125 s PA 1 A TAP 12 F
MO 129 t PA 107 B TAP 2 G
MO 14 u PA 120 C
MO 20 v
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Conclusion

Isozyme and RAPD marker techniques currently provide us with useful information on
the genetic diversity existing in the ICG,T.  However, these two types of markers suffer
from some drawbacks:

• dominance of the RAPD markers, which prevents information from being obtained
on the level of heterozygosity of the clones, and

• low number of isozyme markers.
The introduction of another technique, especially one using co-dominant markers,

would therefore be desirable.  PCR-based SSR markers, developed for cocoa by
Lanaud et al. (1999) could be a technique of choice, once the necessary equipment for
sequencing gels is available at CRU.
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Abstract

Phenotypic data analysis from CEPEC’s germplasm collection indicated a strong association
between individual bean weight and total bean weight per pod, between number of pods and
total bean weight per tree and between witches’ broom resistance in cushion, canopy, pods and
resistance to black pod. In a factor analysis, these constituted three factors which explain 80%
of the total variation of 13 traits. The analysis of variance of the factorial scores (therefore
relative to the set of traits that each factor emphasises) and the cluster analysis based on the
original data indicated the existence of two main groups. The first group included domesticated
materials, Trinitarios, Criollos and Lower Amazon genotypes; genotypes in this group were
characterised by a high yield and large pods and beans. The second group included wild
Amazon genotypes, characterised by a high resistance to black pod and witches’ broom
disease and high fat content. Inter-mating individuals of these two groups, for the production of
superior varieties, is a logical option. On the other hand, the concentration of favourable alleles
for specific traits, including pyramiding of genes for durable resistance to witches’ broom
disease, requires simultaneous inter-crossing within groups. However, the groups mentioned
are not totally distinct, as shown by RAPD analysis of 270 accessions of the CEPEC’s
germplasm collection (genetic distance between these genotypes and reference genotypes are
presented). Although there was a clear tendency for grouping of Lower Amazon accessions, of
Trinitario and Criollo accessions and of Upper Amazon accessions, these groups are not clearly
separated on the MDS plot with overlaps occurring between groups. This shows clearly the
need for information from molecular markers for the formation of base populations or
intercrossing groups. Another point that should be mentioned is the wide variation within Upper
Amazon genotypes, particularly those from Peru, indicating that breeding programmes based
only on genotypes of this group can successfully exploit the heterosis expected from crossing
genetically distant genotypes (materials from Brazil are also widely variable). Analysis of genetic
divergence, using RAPD markers also indicated the possibility that several different genes may
contribute to resistance to witches’ broom disease, since there were large distances between
genotypes with low disease severity in the canopy and cushions (i.e. less than 20% of infection
in the germplasm collection. Molecular markers can also be important when phenotypic
evaluations are not efficient in the identification of genotypes having resistance genes from both
parents. Therefore, studies of marker-gene association, for each source of resistance, are
essential and this will build the basis for a marker assisted recurrent selection.

Introduction

Two strategies are traditionally used in cocoa breeding programmes:
1. selection of clones and
2. selection of hybrids (full-sib progeny between heterozygous parents, usually of

diverse type or origin).
In both strategies, the breeding programmes have been limited to very few cycles of

selection, frequently a single one based on a very narrow genetic base. This appears
due to the following reasons:
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•  Insufficient characterisation and evaluation of the germplasm available leading to
the choice of genotypes that are superior for easily observable traits.

• Long crop cycle (compounded by the absence of alternative practices like grafting
on adult plants which could reduce the length of the crop cycle).

• The lack of efficient methods for early selection.

• The interruption of breeding programmes due to political and/or economic reasons.

• Relative success of the first crosses between genetically distant materials usually
involving a wild genotype and a local selection.

• The heterozygosity of the plants in the hybrid progenies, making these plants less
useful as parents for second cycle hybrids.
The ‘first-cycle’ progenies were deployed as commercial hybrid varieties or used to

select new clones. However, emphasis on crosses between clones selected in
germplasm collections and continuously repeating the first cycle of selection, seems to
have reached an end. In the Ivory Coast, Malaysia and Brazil, recurrent selection
programmes have been proposed or initiated (Clément et al. 1993; Lockwood and
Pang 1993; Pires et al. 1999a). Now, such programmes can be conducted more
successfully through a better understanding of the distribution of economically
important traits in the species, their interrelationships and, in particular, the availability
and distribution of the genetic diversity present.

Material and methods

Traits considered
In these analyses, data from approximately 560 clones of different origins from the
germplasm collection at the Cacao Research Center (CEPEC), Ilhéus, Bahia, were
used. The following traits were considered:
• Fat content in the beans (Fat),
• Frequency of pod loss caused by Phytophthora spp. (Phy),
• Wet bean weight per plant (WBPL),
• Dry bean weight per plant (DBPL),
• Number of healthy pods per plant (PPL),
• Total number of pods (healthy and diseased) per plant (TPPL),
• Wet bean weight per pod (WBP),
• Dry bean weight per pod (DBP),
• Wet weight per bean (WB),
• Dry weight per bean (DB),
• Number of vegetative brooms (VB),
• Number of cushion brooms (CB),
• Frequency of pods with witches’ broom relative to the total number of pods (PB).

The variable Fat is an average of three samples obtained in one season; Phy is an
average of five plants over a five year period; WBPL, PPL, and TPPL, are averages of
five plants in three years; WB, DBP and WBP are averages of 15 samples in three
years (of 40 beans each); DBPL is an average of five plants in three years, converted
from WBPL through the dry/wet ratio obtained from the samples, and VB, CB, PB the
average of 10 plants in four years.

Besides the phenotypic variables, data from 32 RAPD primers (127 polymorphic
bands) extracted from Marita (1998) and involving 254 clones were used in the
analyses. The 32 polymorphic primers, all from the Operon kit, were chosen based on
results from previous studies of diversity and linkage maps (Marita et al. 2000).
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Analysis
Factor analysis was used to describe the relationship among all of the variables. This
method summarises the information contained in a large number of measured
variables in fewer non-observable variables, called factors. The measured variables
depend on these latent variables and random errors. Factor analysis tries to identify
variables that can be grouped based on their correlations, keeping a high correlation
within group and a low correlation between variables of the other groups (Johnson and
Wichen 1999; Mardia et al. 1997).  Principal components were used as method of
estimation. The factorial rotation was done by the Varimax method and the
determination of the factorial scores by the regression method (SAS Institute 1990). In
addition, the variances between averages of scores of important series, for different
factors, were analysed to identify those with greater performance for the group of
characteristics that each factor emphasises. A  complementary cluster analysis was
done on the averages of the variables, for different series of genotypes, using PROC
CLUSTER, with the Centroid model option (SAS Institute 1990).

A similarity matrix containing 252 genotypes was obtained using Jaccards’
model for the RAPD markers. In order to simplify the visualisation of the relationships
among the genotypes, a matrix of genetic distances, obtained from the complement of
simple matching coefficient (Gower 1985) and converted in structures of bi-dimensional
co-ordinates of the MDS plot (SAS Institute 1990), was used as presented by Marita
(1998).

Results and discussion

Factor and cluster analysis of phenotypic traits
In the factor analysis, three factors explained 79.8% of the total variation. The
commonalities, which indicate the proportion of the total variance of each variable
explained by the group of common factors, were 42.1% for pod loss by black pod,
60.4% for the number of vegetative brooms, 54.4% for the number of cushion brooms,
57.2% for pod loss by witches’ broom, and greater than 80% for the other traits.

After rotation, factor 1 clearly distinguishes, with large factor loadings, variables
related to bean and pod weights. Therefore, factor 1 can be characterised as a “factor
of bean and pod weights”. Since there is a high association between the weight of a
single bean and the weight of all beans in a pod, the genetic improvement of both traits
simultaneously is simplified (Table 1).

Table 1. Rotated factor pattern resulting from a factor analysis in several traits
evaluated in cocoa germplasm (for variable names, see text)

Variable Factor 1 Factor 2
Factor 3

Phy -0.22725
0.00773  0.55803

WBPL  0 . 1 9 2 7 2
0.96671 -0.05927

PPL -0.22217
0.93887 -0.09393

TPPL -0.22898
0.93235 -0.13489

WB  0.91842 -
0.07292 -0.17224
DB  0 . 9 2 3 2 8

0.01733 -0.23908
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DBP  0 . 8 7 7 8 3
0.03012 -0.07399

WBP  0.94250 -
0.09599 -0.08754

DBPL  0 . 1 6 7 6 6
0.96551 -0.10135

CB -0.50139 -
0.06675  0.52629

VB  0.13254 -
0.38375  0.71445

PB -0.17423 -
0.05142  0.77704

Factor 2 separates, with factor loadings larger than 0.9, the following traits: wet and
dry bean weight per plant, number of healthy pods per plant and total number of pods
(healthy and lost by any cause). Therefore, factor 2 can be defined as a “production
factor”. It can be inferred that cocoa yield is more related to the number of pods per
plant than to the average weight of each pod, and therefore, larger indirect genetic
gains can be obtained by selection for the first trait.

Path-coefficient analysis, with the wet bean weight per plant as the main variable,
and the number of pods per plant and the average weight of beans per pod as auxiliary
variables, showed a high total correlation and a high direct effect of the number of pods
per plant, suggesting also the importance of this trait in the selection for high yield.
However, the variable bean weight per pod, which had low linear correlation with yield
(r = 0.19), cannot be discarded since it has quite a high direct effect on yield (r=0.41).

Factor 3, which can be called the “resistance factor”, indicates an association
among the number of pods lost from black pod and from witches’ broom diseases and
the number of vegetative and cushion brooms, indicating that indirect genetic gain is
possible with early selection based on the number of vegetative brooms. The data used
here came from the germplasm collection, and therefore, the relationships observed
between traits can be related more to evolutionary differences (according to the origin
of the genotypes) than to linkage or pleiotropism.

Analysis of the performance of several of the most important series of accessions
conserved in the collection in relation to the factorial scores obtained and, therefore, for
the group of traits that each factor emphasises, resulted in significant differences
among these series for all factors (Table 2). Factor 1 emphasises series originating
from the Caribbean region, Venezuela, Colombia and Central America, predominantly
Trinitario and Criollo types selected from domesticated material (ICS, RIM, UF, P,
SGU, CC, OC, and SC), and some series involving Amazon x Trinitario hybrids (TSH,
TSA, EES, with EES here meaning EET clones descending from Scavina). In this
series alleles for high bean and pod weight should be sought.
Factor 2, also emphasises series resulting from hybridisation and from selections made
in plantations. Included in this case are the Lower Amazon clones selected from
plantations in Brazil (SIC, SIAL, and EEG), a series resulting from selections in
Ecuador (EET), selections in Scavina progenies at CEPEC (called here CESEC), and
the SPA series that results from one cycle of selection from wild material.

Among those series with high values for factor 3 are Scavina hybrids (TSH, TSA,
EES, CESEC) and Amazon types. An alternative factor 3 (referred to as factor 3A) is
obtained directly by weighting the sum of the standardised variables by the factor
loading with values larger than 0.4. Factor 3A eliminates the pressure put on bean yield
by factor 3 and indicates more clearly the predominance of resistance genes among
wild Forasteros including Scavina, CEQEC (six clones of unknown origin of the CEPEC
series), CSUL (Cruzeiro do Sul), CAB, Na, Pound, IMC, Be, Pa, SPEC, and RB.
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In Table 3, averages of important traits are presented for some series of accessions
collected in the centre of diversity or selected in local varieties from different countries
(as indicated in column 2). Each series is represented by 4 to 45 clones (Scavina
includes only two clones because of its importance as a source of resistance to
witches’ broom) with obvious limitations in representation of some groups.
Considerations were made for the groups of series representing more appropriately the
domesticated and wild types  by the group of series forming.

Cluster analysis, using averages for the most important traits, separates the series
of clones listed in Table 3 into two groups. The first group includes all series of wild
materials, except SPA. The second group includes all series with domesticated
material (column 10). It should be pointed out that the accessions of the SPA series are
selections made in a stand from seeds collected in the wild and went through one cycle
of selection. When three clusters are considered, the SPA series forms a separate
group besides the two groups containing series with domesticated and wild accessions
(column 11).
Table 2. Averages of scores for factors (Mean) related to different series of
genotypes from the CEPEC´s germplasm collection and numbers of clones in each
series (N)

Factor 1 Factor 2 Factor 3a
Series Mean N Series Mean N Series Mean N

TSH 1.567 4 EEG 1.1602 13 EES -25.67 5
ICS 1.2654 18 SPA 1.1089 5 Scavina -38.96 2
RIM 1.2328 25 SIC 1.033 41 TSA -40.67 6
UF 1.2127 23 SIAL 0.9674 43 TSH -42.68 4
P 1.0302 5 EET 0.9351 11 CEQEC -45.32 5
IMC 0.8206 7 TSH 0.7256 4 CSUL -62.14 10
SGU 0.7684 6 OC 0.3882 4 CAB -65.31 4
OC 0.733 4 CA 0.2829 9 OC -74.12 4
SC 0.6918 5 RIM 0.2728 25 CESEC -76.77 19
TSA 0.5144 6 P 0.2641 5 NA -84.87 5
CC 0.4641 14 CESEC 0.2415 19 POUND -86.35 11
SPA 0.3388 5 SGU 0.1704 6 IMC -87.52 8
EES* 0.2773 5 CC 0.1684 14 BE -91.29 8
CA 0.2639 9 MOC 0.1052 3 PA -93.16 22
EET 0.2071 11 TSA 0.0988 6 SPEC -96.13 3
GS 0.1872 4 GS 0.0559 4 EET -96.54 11
CAS 0.1407 3 EES 0.0366 5 RB -103.81 18
BE 0.0658 8 SC -0.0264 5 CEPEC -105.43 134
CEPEC 0.0604 134 ICS -0.0416 18 MA -106.94 5
MA -0.0942 5 BE -0.1907 8 CAS -108.91 3
PA -0.1541 22 CEPEC -0.269 134 SC -115.65 5
CESEC** -0.1911 19 MA -0.2774 5 CJ -117.11 7
SPEC -0.1951 3 POUND -0.3631 11 MOC -119.08 3
MOC -0.2478 3 CJ -0.3667 7 ICS -121.98 18
CJ -0.2576 7 CAS -0.4441 3 CA -124.73 9
SIAL -0.4966 43 UF -0.48 23 GS -125.99 4
CAB -0.6584 4 PA -0.5017 22 SIAL -127.29 43
POUND -0.7197 11 IMC -0.5644 7 SGU -128.08 6
EEG -0.7355 13 RB -0.5662 18 EEG -130.49 13
SIC -0.7738 41 CSUL -0.7956 10 CC -138.26 14
CEQEC** -0.8274 5 NA -0.7966 5 SPA -142.04 5
NA -0.8892 5 CAB -0.8831 4 SIC -159.08 41
Scavina -1.1494 2 SPEC -1.2569 3 UF -159.97 23
RB -1.3006 18 Scavina -1.325 2 RIM -185.38 25
CSUL -1.4134 10 CEQEC -1.4701 5 P -192.71 5
MSD 1.5344 MSD 1.6595 MSD 78.515
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MSD is the minimum significant difference, with α = 0.1.
* EES are EET clones descending from Scavina.
** CESEC and CEQEC are, respectively, selections in Scavina progenies at CEPEC and clones
of unknown origin of the CEPEC series.

When four clusters are considered, series from wild material with more resistance to
witches’ broom are distinguished (Scavina, CEQEC, Cruzeiro Sul) (column 12) and
when five groups are considered, series with selections from Ecuador and Bahia
(Brazil) are separated from series selected in those countries further North (column
13).
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Table 3. Type, origin, averages for important traits and cluster analysis (considering 2, 3, 4, and 5, groups) for series of clones from the
germplasm collection at CEPEC, Bahia, Brazil

Series
Type

a Origin

Number of
Vegetative

and Cushion
Brooms

Black Pod
Incidence

(% infected
pods)

Fat
Content

(%)

Yield
(kg/tree)

Dry Bean
Weight
per Pod

(g)

Dry
Bean

Weight
(g)

Cluster Number

   2      3       4       5

Scavina W Peru 0.0 9.9 54.4 0.287 24 0.80 1 1 3 3
C.Sul W Acre, Brazil 4.9 14.4 56.6 0.496 25 0.67 1 1 3 3
CEQEC W Amazon, Brazil 5.1 6.9 53.5 0.221 29 0.78 1 1 3 3

Pound W Peru 28.5 7.9 54.8 0.862 33 0.92 1 1 1 1

CAB W Amazon, Brazil 31.7 1.9 53.6 0.484 34 0.78 1 1 1 1
NA W Peru 31.9 5.3 55.9 0.494 30 0.91 1 1 1 1
IMC W Peru 36.8 13.5 52.5 0.803 50 1.06 1 1 1 1
MA W Amazon, Brazil 40.4 6.0 53.3 0.792 41 1.10 1 1 1 1
BE W Pará, Brazil 40.5 9.2 53.1 0.890 42 1.16 1 1 1 1
PA W Peru 42.2 7.2 54.9 0.738 37 1.11 1 1 1 1
RB W Acre, Brazil 47.3 6.1 54.5 0.591 27 0.81 1 1 1 1
SPA W Colombia 55.6 12.6 56.2 1.377 48 1.16 2 3 4 5
CA W Amazon, Brazil 59.1 4.8 54.0 1.063 46 1.15 1 1 1 1
CJ W Amapá, Brazil 75.2 7.7 54.9 0.827 40 1.11 1 1 1 1
OC D Venezuela 20.5 19.6 52.5 1.104 44 1.60 2 2 2 2
EET D Ecuador 41.7 6.7 52.4 1.325 42 1.30 2 2 2 4
ICS D Trinidad 54.2 16.0 52.2 1.101 51 1.81 2 2 2 2
GS D Grenada 56.0 14.3 52.0 0.980 43 1.30 2 2 2 2
SC D Colombia 61.5 21.8 53.7 0.996 46 1.60 2 2 2 2
SGU D Guatemala 62.6 24.1 52.6 1.035 50 1.50 2 2 2 2
CC D Costa Rica 69.6 16.9 50.6 1.039 45 1.40 2 2 2 2
SIAL D Bahia, Brazil 75.4 13.7 51.8 1.313 38 0.98 2 2 2 4
P D Mexico 78.0 23.4 52.1 1.189 50 1.70 2 2 2 2
UF D Costa Rica 79.0 18.0 52.8 0.893 53 1.84 2 2 2 2
RIM D Mexico 83.5 20.9 53.9 1.162 52 1.75 2 2 2 2

   W = wild , D = domesticated
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Among the 13 series with lower witches’ broom infection averages, only two are of
the domesticated type. Apparently, genotypes more exposed to the disease are less
affected than those that evolved in the absence of the disease. One could argue that
during germplasm collection expeditions, preference was given to resistant plants.
However, the efficiency of this selection is not high because of the relative low
inoculum pressure in the wild. Similarly, for black pod disease among the 12 series with
smaller frequency of pod losses, only one series includes domesticated material. It
should be pointed out that black pod is not a disease specific to the genus Theobroma,
and it is not a problem in wild populations. It is expected that the selection pressure
was larger in domesticated populations. A possible explanation for such results would
be the evolution and adaptation of the pathogen to these varieties. The high uniformity
in these varieties and the loss of resistance alleles by genetic drift could be alternative
explanations for the high infection averages. With respect to uniformity, it can be
reported that the series RIM (domesticated) with 19 clones and RB (wild) with 17
clones had pod losses between 10.3 and 35.7% and between 2.3 and 10.4%,
respectively. Therefore, the reason for the low infection is not the high variability in the
series RB. Practically all RBs had losses smaller than the RIMs suggesting the
occurrence of resistance genes in the wild but not in the domesticated material.

The ten highest values for fat content were observed in wild materials and, in this
case, there was no direct selection in any of the groups (domesticated vs wild). A
possible reason for this result is the negative correlation between this trait and yield
(Pires et al. 1998), such that the selection of high yielding materials could have
reduced the fat content.

As expected, the domesticated materials showed the larger means for single bean
weight, bean weight per pod, and yield. In short, there are two distinct groups. One
group involves domesticated materials (Trinitario, Criollo or Lower Amazon clones) with
high production and large bean and pod sizes. Another group involves wild Amazon
material with high resistance and high fat content. Therefore, hybridisation between
these groups is the obvious option for the development of superior cocoa varieties.
Furthermore, resistance can be combined with good pod characteristics in one
generation, exploiting heterosis for yield (e.g., crossing Scavina 6 with ICS 1).
However, the progeny of genetically very distinct parents will be highly heterozygous,
making the selection of new parents for the next cycles of recurrent selection more
difficult (if the interest is in hybrid varieties propagated by seeds). Crosses do not
always result in gains for important traits (e.g. resistance in the Scavina 6 x ICS 1
progeny is not higher than in Scavina 6 and the bean weight is not as high as in ICS1).
For the Brazilian programme, it is critical to accumulate genes for resistance to witches’
broom in order to get durable resistance; therefore, it is necessary, also, to make
crosses within groups.

Genetic diversity revealed by molecular markers
The analysis of the diversity in the CEPEC collection, based on 133 polymorphic RAPD
markers for 270 accessions of the germplasm collection, is shown in Figure 1
(extracted from Marita 1998; see also Figure 1 in Marita et al. 2000, in which all
genotypes are represented). A similarity matrix is presented between 252 genotypes
and 25 ‘reference’ clones well distributed and also present in other genetic diversity
studies (see other papers presented at this Workshop).

An important point is that the geographic groups are not completely distinct, as
shown in Figure 1. Although there is a clear tendency for grouping of the Lower
Amazon types at the base of the MDS plot, Trinitarios and Criollos to the right, Upper
Amazon types to the left and at the base, and hybrids according to their ascendance,
there is overlap between groups. Therefore, if molecular marker information is ignored,
making crosses between an Upper Amazon with a Lower Amazon, or between two
Upper Amazons, could in fact include genotypes that are either genetically very distant
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or very close. The result would not be definitive. This clearly illustrates the importance
of applying molecular markers to create base populations or inter-crossing groups.

In previous studies, the genetic groups were defined with less overlap between the
groups, but these studies involved smaller sample sizes and included fewer genotypes
from the Brazilian Amazon (N´Goran et al. 1994; Figueira et al. 1994; Laurent et al.
1994). Brazilian materials are very diverse, even if the CEPEC series that involve
mainly hybrids are excluded (Figure 1). Genotypes from Ecuador are also diverse, in
part because they include hybrids (throughout the top centre of the MDS plot) and
some Amazon genotypes (on the left side). However, derivatives from the Nacional
variety from Ecuador are close to each other on the top right. Another very diverse
group is that from Peru (middle-left side from the top to the base).

The large spread of the Upper Amazons indicates that breeding programmes based
purely on materials from that region can exploit the possibility of heterosis and the
variability within this group. Scavina 6 and 12 (the two genotypes from Peru positioned
on the top left of Figure 1) are very distinct genetically from nearly all other genotypes.
This may be one of the reasons why Scavinas are good parental types, as is the case
in crosses with some Trinitarios (ICSs) or Lower Amazons (e.g., SICs and SIALs).
Crosses between local materials from Bahia (SIC, SIAL, EEG) with Trinitarios, not so
genetically distant, also give rise to good performance. However, in this case the
genotypes involved are good clones, and here it is possible that the additive effects are
more important than in the case of Scavina. Finally, the position of genotypes from the
Nacional variety from Ecuador (top right in Figure 1) indicates the possibility of
exploiting heterosis in crosses involving these and Upper or Lower Amazon genotypes.

Use of genetic diversity in breeding for resistance to witches’ broom
An important point that shows up from this study of genetic diversity is the possibility of
accumulation of genes for resistance to witches’ broom (previous studies suggest the
disease is not controlled by a few genes, see Pires et al. 1999). This is illustrated in the
similarity matrix among 252 genotypes (Annex 2) and in Tables 4 and 5. There, some
accessions (bold lettering in the Annex 1) among the 55 that exhibited an infection level
less than 20% of the overall average of the collection are presented (600 accessions
were evaluated from 1995 to 1999 with 178 included in the diversity study). Also
presented are five clones (Amazon 15, CAB 148, CAB 157, MO 20, and U 32) involved
in the marker studies and among the 18 clones selected for witches´ broom resistance
from the 127 new plant introductions in the germplasm collection. These clones were
selected as described above, but involved only three evaluations.

Among the clones selected with a less than 20% infection level, 43 have been cited
as not related to Scavina and several of them are genetically very distinct (Table 4;
note that not all clones were included in the marker analyses). While more uniform
series showed averages of similarities larger than 65% (SIC and SIAL with 78%, GU
with 84% and ICS with 67%), very low values were observed between Scavina 6 and
other genotypes selected as resistant including Upper Amazon genotypes: Cruzeiro do
Sul (C.Sul), Pound, Ucayali (U), Amazon, Nanay (NA), Morona (MO), and MOQ).
Scavina 6 progeny derived from crosses with very distinct genotypes also show a
relatively low level of similarity with Scavina 6 (genotypes TSA, TSH, IAC, EET). These
are identified by the typical distribution of the hybrids (see Figure 1 in Marita et al.
2000).

Molecular data reveal 10 bands unique to Scavina 6 (present only in 8 to 15% out of
the 292 genotypes analysed). Table 4 lists the proportion of these 10 unique bands
present in other clones selected for resistance to witches’ broom. Considering the
proportion of unique bands from Scavina and the similarity information for all
genotypes, different groupings can be observed. The first group includes hybrid
genotypes (TSA, TSH, EET, IAC) with low similarity to Scavina and located in a
position in the MDS plot intermediate to their respective genetic lineage (Marita et al.
2000).
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Table 4. Jaccards´ similarity level (Simi), and proportion of unique bands (UB) of
Scavina 6 for clones selected as resistant to witches´ broom

Clone Simi UB Clone Simi UB

AMAZON15 0.35 0.00 EQX107 0.43 5.00
C87.56 0.28 0.00 IAC1 0.41 3.00
CAB148 0.40 3.00 ICS32 0.33 1.25
CAB157 0.34 1.00 MA16 0.30 1.00
CCN10 0.29 0.00 MO20 0.40 2.00
CCN34 0.32 0.00 MOQ216 0.32 1.00
CCN51 0.35 1.00 NA33 0.39 1.43
CEPEC523 0.35 0.00 OC67 0.31 0.00
CEPEC89 0.48 5.00 POUND4B 0.31 0.00
CEPEC90 0.52 4.00 PLAYAALTA4 0.33 0.00
CEPEC94 0.44 3.00 SCA12 0.98 10.00
CHUAO120 0.30 0.00 SCA6 1.00 10.00
CSUL3 0.38 1.00 TSA516 0.61 9.00
CSUL4 0.57 6.67 TSA641 0.49 5.00
CSUL8 0.42 2.22 TSA644 0.43 4.00
EET376 0.52 3.33 TSA654 0.51 6.00
EET377 0.48 4.44 TSH1188 0.45 5.00
EET390 0.48 6.00 TSH565 0.42 4.00
EET392 0.48 4.00 TSH774 0.41 3.00
EET397 0.43 1.00 U32 0.43 3.33
EET45 0.58 7.78

This group has a high proportion of unique bands from Scavina showing their
descent from this clone. Another group is formed by the Upper Amazon clones, which
are evolutionarily closer to Scavina and show a higher number of Scavina’s unique
bands. However, such a high frequency of Scavina’s unique bands does not
necessarily indicate they have the same resistance genes as Scavina. Another group
includes clones with unclear origin or genealogy. The CCN clones, particularly CCN-10
and CCN-34, show no unique bands from Scavina. Therefore, these hybrid clones
have not have descended from Scavina. This group also includes the CEPEC-523
clone that did not show any of the Scavina’s unique bands.

The genotypes CEPEC 89, 90 and 94 also have unknown origins. These clones
come from pods confiscated by the Sanitation Protection Service. They are situated in
positions intermediate between Upper Amazon and Trinitarios (Marita et al. 2000).
Since they have a high frequency of Scavina´s unique bands, they most likely are
descendants of these clones.

An interesting case is the clone EET 45, supposedly a Nacional type from Ecuador
and with a position on the MDS plot that agrees with this (Marita et al. 2000). This
clone has 7 out of the 9 unique bands from Scavina (one of the 10 markers was not
considered, because the result was doubtful) and is cross-incompatible with Scavina.
This confirms its mislabelling in the collection. EQX-107 has a similar number of unique
bands, similar position on the MDS plot and similar sexual incompatibility, and it is
probably another misidentified descendant of Scavina.

The similarity matrix shows a wide distance among many genotypes selected as
resistant to witches’ broom (summarised in Table 5). Exceptions include genotypes
from Venezuela and Trinidad, which are genetically more similar (C87.56, ICS 32,
Chuao 120, Playa Alta 4). ICS 32, not included in Figure 1, and ICS 95 were the only
ICS clones among the 12 studied, that exhibit the unique bands of Scavina (1 and 3
marks, out of 8 and 9, respectively). Six clones of the GU series included in the marker
studies did not show any of the unique SCA 6 bands. Two GU clones were selected as
resistant (GU 114 and 222), but were not included in the marker studies.
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Table 5. Jaccards´ similarity level for clones selected as resistant to witches´ broom
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C
C

N
10
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M
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M
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O
C
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P
4B

U
32

AMAZON15 1.00 0.50 0.45 0.46 0.40 0.52 0.53 0.45 0.46 0.62
C87.56 0.50 1.00 0.42 0.50 0.37 0.55 0.58 0.73 0.41 0.49
CAB148 0.45 0.42 1.00 0.36 0.48 0.36 0.51 0.38 0.41 0.47
CAB157 0.48 0.40 0.57 0.38 0.41 0.35 0.40 0.38 0.38 0.42
CCN10 0.46 0.50 0.36 1.00 0.40 0.50 0.45 0.41 0.53 0.51
CCN34 0.51 0.51 0.34 0.54 0.36 0.51 0.58 0.56 0.53 0.46
CCN51 0.49 0.44 0.43 0.56 0.40 0.49 0.50 0.45 0.45 0.44
CEPEC523 0.49 0.40 0.37 0.48 0.39 0.51 0.40 0.38 0.46 0.46
CEPEC90 0.45 0.39 0.47 0.36 0.42 0.39 0.50 0.34 0.48 0.51
CHUAO120 0.49 0.64 0.39 0.46 0.32 0.50 0.56 0.68 0.44 0.47
CSUL3 0.36 0.36 0.41 0.39 0.49 0.34 0.42 0.37 0.35 0.36
CSUL4 0.40 0.37 0.48 0.40 1.00 0.46 0.41 0.35 0.44 0.45
CSUL8 0.36 0.31 0.39 0.39 0.55 0.41 0.36 0.34 0.43 0.36
EQX107 0.46 0.52 0.41 0.46 0.37 0.42 0.61 0.52 0.43 0.54
ICS32 0.41 0.62 0.39 0.49 0.38 0.43 0.53 0.63 0.38 0.47
MA16 0.52 0.55 0.36 0.50 0.46 1.00 0.45 0.47 0.50 0.49
MO20 0.53 0.58 0.51 0.45 0.41 0.45 1.00 0.58 0.44 0.59
MOQ216 0.34 0.34 0.26 0.41 0.35 0.37 0.32 0.30 0.37 0.35
NA33 0.45 0.43 0.34 0.46 0.50 0.48 0.43 0.38 0.48 0.50
OC67 0.45 0.73 0.38 0.41 0.35 0.47 0.58 1.00 0.39 0.45
P4B 0.46 0.41 0.41 0.53 0.44 0.50 0.44 0.39 1.00 0.49
PLAYAALTA4 0.53 0.65 0.44 0.51 0.41 0.56 0.55 0.64 0.47 0.49
U32 0.62 0.49 0.47 0.51 0.45 0.49 0.59 0.45 0.49 1.00

Molecular markers offer advantages to cocoa breeders by identifying the range of
genetic diversity present in their base populations. The large number of genotypes
selected specifically for resistance to witches’ broom represent a wide range of genetic
diversity. This information allowed base populations to be established for pyramiding
resistance genes and associating resistance with other traits of agronomic importance
as proposed by Pires et al. (1999a).

Molecular markers can also be important when phenotypic evaluations are not
efficient in the identification of genotypes having resistance genes from both parents.
For example, Scavina 6 is very resistant to witches’ broom in Bahia and this resistance
is dominant. Adding new alleles of resistance may not increase this resistance. As a
result, individuals accumulating alleles from both parents cannot be distinguished from
those receiving favourable alleles only from Scavina. Under these conditions,
pyramiding genes of resistance without the use of molecular markers can be a very
difficult or impossible task. Studies of marker-gene association for each source of
resistance are then essential and form the basis for a marker assisted recurrent
selection.
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Annex 1. Code numbers used in matrix of similarity (in bold: names of witches’
broom resistant clones and numbers of the reference clones for the matrix that are
also identified in Figure 1)

1 10(P) 64 CAB68 127 GU221C 190 PA4
2 21P(J) 65 CAB94 128 H17 191 PA51
3 22(P) 66 CAS2 129 H28 192 PLAYAALTA4
4 8(P) 67 CAS3 130 H39 193 RB30
5 AB1 68 CC10 131 H7 194 RB36
6 AMAZ15 69 CC11 132 H9 195 RB37
7 AMAZ2-1 70 CC34 133 IAC1 196 RB38
8 AMAZ3-2 71 CC41 134 ICS1 197 RB39
9 APA4 72 CCN10 135 ICS16 198 RB40
10 B082 73 CCN2 136 ICS32 199 RB48
11 BE2 74 CCN34 137 ICS39 200 RIM10
12 BE4 75 CCN51 138 ICS6 201 RIM105
13 BE5 76 CEPEC86 139 ICS60 202 RIM15
14 BE6 77 CEPEC87 140 ICS75 203 RIM52
15 BE8 78 CEPEC89 141 ICS8 204 RIM76
16 C13.5 79 CEPEC90 142 ICS89 205 SA3
17 C87.56 80 CEPEC92 143 ICS9 206 SC10
18 CA1 81 CEPEC94 144 ICS95 207 SC3
19 CA2 82 CEPEC95 145 ICS98 208 SC49
20 CA3 83 CHUAO120 146 IMC27 209 SC5
21 CA5 84 CJ4 147 IMC47 210 SCA12
22 CA6 85 CJ7 148 IMC67 211 SCA2
23 CAB103 86 CJ8 149 IMC76 212 SCA6
24 CAB108 87 COCA3370-5 150 IMC83 213 SGU26
25 CAB121 88 CSUL10 151 JA546 214 SGU50
26 CAB130 89 CSUL2 152 LCTEEN163A 215 SGU54
27 CAB148 90 CSUL3 153 LCTEEN241 216 SIAL169
28 CAB15 91 CSUL4 154 LCTEEN28s1 217 SIAL20
29 CAB155 92 CSUL5 155 LCTEEN37F 218 SIAL283
30 CAB157 93 CSUL7 156 LCTEEN7A 219 SIAL325
31 CAB165 94 CSUL8 157 MA12 220 SIAL407
32 CAB194 95 CSUL9 158 MA13 221 SIAL505
33 CAB2 96 EEG14 159 MA14 222 SIAL512
34 CAB201 97 EEG29 160 MA15 223 SIAL543
35 CAB21 98 EEG50 161 MA16 224 SIAL70
36 CAB223 99 EEG65 162 MO20 225 SIAL84
37 CAB224 100 EET19 163 MO9 226 SIC19
38 CAB231 101 EET228 164 MO95 227 SIC24
39 CAB252 102 EET376 165 MOCO1 228 SIC328
40 CAB262 103 EET377 166 MOQ216 229 SIC662
41 CAB263 104 EET390 167 MOQ417 230 SIC864
42 CAB275 105 EET392 168 NA312 231 SPA12
43 CAB283 106 EET397 169 NA33 232 SPA17
44 CAB299 107 EET399 170 NA727 233 SPA5
45 CAB305 108 EET45 171 OB52 234 SPA7
46 CAB312 109 EET53 172 OC66 235 SPEC138-8
47 CAB353 110 EET58 173 OC67 236 SPEC160.9
48 CAB36 111 EET59 174 OC77 237 SPEC54-1
49 CAB380 112 EET61 175 P11 238 TSA516
50 CAB382 113 EET62 176 P12 239 TSA641
51 CAB389 114 EET94 177 P16 240 TSA644
52 CAB4 115 EQX107 178 P18 241 TSA654
53 CAB414 116 EQXZ 179 P19 242 TSH1188
54 CAB44 117 GNV111 180 P32 243 TSH565
55 CAB460 118 GNV225 181 P4B 244 TSH774
56 CAB486 119 GNV31 182 P5C 245 U14
57 CAB5003-23 120 GS29 183 P7 246 U2
58 CAB505 121 GS36 184 PA13 247 U32
59 CAB520 122 GU121 185 PA148 248 UF12
60 CAB53 123 GU125C 186 PA150 249 UF221
61 CAB531 124 GU133C 187 PA169 250 UF296
62 CAB61 125 GU136H 188 PA175 251 UF667
63 CAB65 126 GU154C 189 PA285 252 UF677
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Annex 2. Matrix of similarity; clones in the columns are identified in Figure 1
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1 .55 .46 .93 .52 .57 .45 .52 .46 .41 .73 .42 .41 .58 .52 .73 .54 .43 .48 .44 .35 .93 .3 .55 .51 .44
2 .55 .46 .97 .56 .58 .45 .54 .49 .4 .74 .43 .39 .6 .52 .76 .53 .44 .49 .45 .38 1 .32 .55 .49 .48
3 .56 .46 .95 .55 .58 .47 .53 .48 .41 .73 .42 .41 .64 .51 .75 .52 .42 .46 .44 .38 .95 .29 .54 .48 .46
4 .54 .45 .96 .55 .57 .44 .53 .48 .4 .73 .44 .4 .61 .51 .77 .52 .43 .48 .44 .38 .99 .31 .54 .48 .47
5 .44 .43 .4 .4 .43 .36 .43 .38 .35 .36 .37 .32 .41 .32 .38 .45 .43 .44 .46 .38 .4 .34 .37 .39 .44
6 1 .55 .56 .51 .46 .42 .43 .58 .57 .53 .49 .37 .53 .5 .43 .56 .54 .48 .46 .36 .54 .35 .48 .46 .52
7 .48 .59 .53 .6 .47 .42 .57 .49 .45 .41 .49 .39 .43 .49 .47 .59 .5 .56 .5 .44 .53 .3 .46 .44 .61
8 .47 .53 .49 .55 .46 .4 .52 .43 .41 .41 .44 .38 .44 .47 .44 .56 .47 .52 .47 .42 .5 .31 .44 .43 .58
9 .51 .54 .57 .65 .45 .39 .46 .53 .43 .63 .39 .35 .51 .79 .48 .5 .52 .61 .49 .32 .55 .3 .65 .56 .52
10 .36 .31 .53 .29 .41 .41 .39 .34 .29 .4 .34 .38 .42 .21 .49 .36 .27 .3 .37 .38 .54 .43 .3 .29 .37
11 .5 .51 .54 .56 .48 .35 .44 .52 .49 .5 .44 .35 .49 .6 .46 .56 .49 .5 .49 .27 .51 .34 .76 .73 .56
12 .47 .44 .54 .71 .43 .35 .45 .47 .35 .58 .4 .3 .47 .77 .47 .47 .43 .56 .46 .32 .53 .3 .6 .57 .55
13 .47 .52 .53 .66 .46 .37 .43 .49 .41 .56 .39 .37 .47 .83 .45 .51 .5 .59 .48 .3 .52 .27 .63 .56 .55
14 .49 .41 .53 .73 .43 .34 .45 .47 .36 .59 .41 .28 .46 .82 .47 .43 .44 .54 .44 .28 .53 .27 .61 .58 .52
15 .52 .53 .52 .65 .45 .34 .42 .51 .41 .57 .41 .33 .44 .77 .45 .51 .53 .63 .46 .31 .5 .26 .57 .58 .63
16 .51 .47 .89 .57 .58 .47 .53 .48 .39 .74 .4 .41 .61 .55 .72 .54 .45 .51 .46 .39 .91 .29 .54 .49 .49
17 .5 .43 .72 .53 .53 .41 .48 .47 .36 .63 .37 .32 .58 .57 .56 .48 .4 .46 .46 .32 .71 .28 .56 .49 .43
18 .53 .35 .58 .45 .45 .46 .52 .44 .41 .5 .47 .35 .62 .45 .51 .46 .43 .42 .59 .4 .58 .5 .48 .45 .45
19 .44 .53 .48 .56 .37 .31 .48 .48 .43 .49 .42 .38 .41 .58 .39 .53 .47 .58 .4 .32 .47 .29 .49 .5 .64
20 .58 .63 .52 .58 .47 .39 .48 .59 .43 .51 .51 .39 .46 .58 .46 .56 .64 .64 .56 .4 .5 .34 .53 .52 .64
21 .53 .58 .47 .53 .35 .33 .42 .53 .47 .45 .47 .35 .42 .52 .39 .5 .53 .58 .37 .34 .45 .3 .42 .45 .6
22 .48 .61 .53 .65 .46 .38 .49 .58 .47 .56 .44 .4 .49 .74 .5 .52 .57 .67 .51 .33 .51 .3 .62 .58 .59
23 .41 .43 .3 .34 .38 .38 .33 .4 .37 .31 .32 .38 .38 .27 .33 .44 .35 .37 .39 .47 .3 .32 .28 .29 .41
24 .51 .48 .49 .36 .44 .43 .45 .49 .36 .39 .43 .39 .45 .36 .39 .48 .36 .4 .55 .53 .47 .37 .36 .38 .43
25 .59 .78 .47 .44 .44 .35 .39 .6 .55 .42 .45 .37 .46 .47 .39 .57 .62 .64 .51 .38 .44 .35 .44 .46 .54
26 .46 .43 .4 .36 .4 .37 .34 .45 .4 .37 .35 .45 .44 .38 .35 .49 .48 .36 .45 .5 .4 .33 .38 .4 .44
27 .45 .43 .44 .29 .34 .45 .35 .47 .39 .37 .39 .36 .51 .34 .37 .43 .4 .35 .44 .48 .41 .4 .35 .36 .44
28 .46 .52 .55 .6 .43 .38 .46 .52 .36 .56 .43 .35 .49 .64 .49 .51 .53 .54 .52 .39 .54 .27 .55 .49 .57
29 .44 .39 .42 .34 .41 .43 .39 .41 .32 .39 .32 .36 .41 .35 .38 .47 .32 .35 .49 .52 .43 .36 .32 .34 .41
30 .48 .43 .41 .33 .4 .34 .34 .44 .36 .33 .34 .36 .4 .34 .31 .47 .31 .31 .41 .47 .4 .34 .31 .32 .39
31 .45 .45 .44 .31 .39 .41 .36 .47 .36 .39 .35 .41 .45 .34 .34 .47 .36 .37 .48 .53 .42 .37 .33 .35 .44
32 .45 .48 .48 .36 .45 .4 .37 .52 .37 .4 .35 .38 .51 .35 .45 .47 .38 .33 .54 .49 .46 .34 .36 .41 .39
33 .48 .65 .48 .45 .4 .36 .4 .48 .51 .41 .46 .36 .42 .41 .37 .58 .59 .58 .47 .32 .44 .28 .46 .47 .52
34 .43 .39 .36 .35 .37 .36 .34 .46 .35 .29 .37 .42 .37 .3 .35 .41 .37 .29 .44 .46 .34 .41 .29 .3 .42
35 .6 .58 .57 .63 .56 .35 .41 .53 .52 .58 .39 .4 .54 .69 .48 .54 .57 .59 .49 .28 .55 .27 .64 .59 .52
36 .67 .51 .57 .58 .53 .4 .48 .56 .48 .56 .45 .43 .68 .62 .48 .55 .5 .47 .55 .33 .54 .43 .63 .59 .49
37 .45 .42 .39 .3 .39 .29 .28 .53 .38 .35 .38 .36 .4 .39 .28 .39 .4 .35 .41 .26 .38 .24 .39 .41 .41
38 .41 .37 .37 .3 .37 .28 .3 .48 .31 .34 .37 .31 .39 .38 .29 .33 .34 .29 .41 .25 .36 .27 .4 .4 .36
39 .55 .51 .49 .39 .48 .31 .36 .66 .39 .41 .44 .37 .46 .42 .38 .46 .46 .37 .51 .35 .47 .28 .46 .48 .47
40 .59 .78 .54 .49 .47 .37 .39 .58 .59 .5 .41 .43 .51 .49 .46 .56 .63 .6 .47 .39 .52 .33 .51 .5 .53
41 .55 1 .49 .47 .44 .38 .37 .56 .53 .46 .44 .43 .44 .46 .44 .57 .62 .65 .51 .39 .46 .33 .47 .48 .54
42 .54 .7 .52 .43 .45 .4 .37 .46 .55 .49 .37 .41 .46 .44 .44 .55 .58 .63 .43 .32 .49 .31 .44 .42 .48
43 .6 .72 .47 .49 .48 .34 .41 .53 .65 .43 .43 .43 .49 .48 .4 .58 .65 .63 .46 .31 .44 .3 .52 .45 .55
44 .57 .69 .43 .43 .47 .33 .4 .54 .57 .41 .48 .41 .44 .44 .39 .61 .6 .54 .48 .31 .4 .3 .48 .54 .54
45 .61 .56 .59 .51 .55 .35 .45 .66 .47 .53 .45 .41 .54 .57 .47 .56 .54 .51 .54 .32 .56 .32 .6 .58 .53
46 .61 .73 .51 .47 .46 .35 .37 .58 .56 .45 .46 .39 .45 .49 .4 .61 .59 .66 .47 .34 .48 .29 .46 .46 .57
47 .51 .53 .54 .48 .48 .43 .45 .53 .49 .44 .46 .45 .55 .41 .49 .6 .49 .47 .58 .38 .52 .32 .43 .42 .51
48 .51 .52 .55 .66 .44 .39 .44 .47 .47 .55 .45 .38 .51 .68 .5 .5 .54 .58 .46 .37 .54 .28 .55 .52 .59
49 .44 .44 .4 .3 .38 .31 .32 .55 .35 .34 .41 .34 .4 .35 .34 .39 .37 .34 .45 .29 .38 .34 .4 .41 .37
50 .59 .73 .46 .46 .42 .39 .38 .52 .58 .46 .44 .39 .47 .47 .34 .51 .56 .61 .45 .35 .42 .3 .43 .44 .51
51 .4 .42 .36 .3 .34 .27 .24 .53 .32 .33 .33 .29 .36 .35 .31 .34 .38 .32 .42 .26 .35 .3 .33 .35 .36
52 .49 .69 .45 .47 .43 .4 .48 .51 .5 .45 .44 .39 .46 .46 .43 .55 .58 .63 .49 .43 .44 .31 .43 .43 .57
53 .46 .52 .45 .36 .45 .39 .39 .56 .38 .4 .46 .38 .47 .38 .41 .43 .44 .35 .56 .33 .44 .33 .46 .5 .4
54 .43 .53 .45 .39 .47 .38 .39 .56 .36 .37 .4 .37 .42 .46 .41 .45 .41 .4 .51 .35 .43 .32 .46 .51 .39
55 .59 .46 .47 .37 .43 .3 .36 .64 .44 .4 .45 .41 .46 .44 .34 .46 .46 .35 .48 .35 .45 .28 .44 .46 .47
56 .52 .65 .48 .47 .43 .34 .37 .58 .4 .41 .41 .35 .45 .48 .43 .55 .54 .64 .47 .41 .46 .33 .44 .42 .57
57 .46 .51 .52 .57 .45 .36 .48 .49 .34 .53 .41 .35 .49 .63 .45 .45 .46 .51 .48 .36 .51 .32 .51 .51 .51
58 .49 .59 .46 .43 .44 .32 .41 .55 .5 .42 .46 .4 .45 .45 .43 .57 .54 .51 .49 .34 .45 .27 .44 .45 .59
59 .56 .81 .52 .51 .49 .38 .41 .59 .57 .49 .45 .45 .51 .5 .46 .59 .58 .63 .5 .39 .49 .3 .49 .49 .53
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60 .58 .43 .61 .44 .51 .42 .42 .49 .41 .56 .39 .45 .62 .47 .5 .49 .44 .45 .53 .38 .58 .38 .49 .44 .43
61 .45 .61 .45 .44 .45 .32 .4 .52 .44 .41 .44 .41 .44 .44 .4 .6 .54 .48 .43 .33 .44 .27 .44 .47 .54
62 .63 .58 .62 .63 .55 .38 .51 .66 .46 .6 .49 .43 .59 .68 .48 .59 .53 .52 .58 .35 .59 .33 .66 .6 .52
63 .47 .42 .42 .32 .38 .47 .37 .45 .39 .33 .42 .4 .44 .31 .31 .5 .34 .38 .46 .47 .4 .37 .31 .31 .43
64 .41 .48 .38 .34 .37 .32 .31 .47 .37 .33 .36 .43 .37 .35 .28 .49 .41 .4 .43 .43 .35 .28 .36 .4 .43
65 .38 .46 .39 .32 .36 .35 .38 .36 .35 .34 .28 .38 .45 .31 .31 .43 .36 .4 .35 .41 .39 .32 .32 .33 .36
66 .56 .53 .56 .7 .44 .35 .47 .52 .4 .55 .43 .35 .49 .67 .48 .5 .53 .59 .48 .37 .55 .3 .59 .51 .57
67 .47 .54 .43 .56 .41 .36 .44 .59 .38 .48 .42 .39 .46 .6 .4 .47 .51 .51 .48 .35 .42 .3 .45 .52 .54
68 .56 .49 1 .57 .57 .42 .53 .51 .42 .72 .46 .4 .63 .53 .74 .54 .45 .48 .47 .37 .97 .31 .58 .52 .49
69 .54 .46 .96 .56 .57 .44 .56 .49 .4 .73 .43 .39 .59 .51 .75 .53 .44 .51 .45 .38 .99 .32 .54 .49 .48
70 .48 .43 .6 .67 .64 .45 .61 .41 .33 .63 .37 .36 .48 .59 .58 .5 .39 .58 .49 .33 .6 .28 .5 .45 .48
71 .51 .47 .57 1 .58 .45 .59 .42 .4 .58 .45 .33 .52 .69 .53 .51 .47 .58 .49 .33 .56 .28 .61 .55 .57
72 .46 .39 .5 .58 .53 .43 .49 .41 .38 .42 .51 .33 .45 .45 .53 .45 .38 .51 .53 .34 .52 .29 .43 .41 .47
73 .49 .46 .53 .46 .46 .42 .49 .46 .42 .39 .52 .37 .48 .49 .48 .56 .38 .41 .52 .37 .51 .35 .46 .44 .51
74 .51 .46 .56 .7 .59 .51 .67 .45 .36 .54 .47 .38 .58 .57 .53 .51 .41 .52 .51 .35 .58 .32 .51 .48 .51
75 .49 .49 .53 .5 .51 .41 .5 .44 .41 .43 .52 .32 .5 .52 .52 .52 .44 .42 .53 .33 .53 .35 .53 .53 .49
76 .5 .44 .52 .46 .51 .47 .54 .45 .37 .48 .41 .38 .53 .39 .45 .52 .43 .45 .49 .49 .49 .4 .43 .44 .48
77 .47 .41 .4 .37 .44 .5 .42 .39 .36 .34 .45 .41 .37 .34 .38 .51 .29 .32 .53 .41 .38 .49 .38 .39 .43
78 .51 .39 .47 .45 .4 .47 .49 .42 .38 .4 .53 .35 .44 .45 .41 .5 .36 .36 .53 .38 .46 .48 .44 .46 .51
79 .45 .41 .4 .39 .36 .46 .46 .37 .37 .39 .47 .35 .5 .42 .37 .45 .41 .42 .47 .34 .39 .52 .39 .38 .44
80 .4 .4 .4 .43 .39 .4 .42 .4 .36 .32 .49 .42 .46 .37 .37 .49 .33 .38 .42 .35 .4 .55 .41 .42 .43
81 .52 .41 .47 .47 .41 .48 .51 .39 .41 .43 .52 .41 .46 .49 .44 .53 .37 .41 .51 .33 .45 .44 .47 .45 .49
82 .52 .55 .59 .67 .52 .33 .42 .53 .41 .56 .38 .37 .54 .76 .47 .51 .52 .54 .5 .26 .56 .26 .71 .62 .49
83 .49 .43 .75 .48 .49 .36 .44 .46 .39 .66 .35 .36 .56 .52 .63 .41 .39 .39 .39 .35 .72 .3 .47 .44 .37
84 .54 .5 .54 .6 .51 .39 .53 .59 .43 .53 .48 .38 .5 .63 .46 .51 .44 .51 .55 .37 .54 .35 .56 .55 .54
85 .55 .54 .52 .61 .49 .33 .49 .59 .44 .55 .42 .34 .47 .64 .46 .53 .52 .54 .51 .36 .53 .34 .61 .66 .59
86 .57 .59 .54 .6 .5 .44 .48 .62 .43 .56 .49 .4 .49 .66 .47 .57 .54 .57 .6 .38 .53 .29 .56 .6 .65
87 .94 .51 .53 .45 .43 .41 .41 .54 .59 .48 .48 .39 .52 .44 .42 .52 .5 .45 .43 .34 .51 .32 .44 .42 .47
88 .29 .33 .27 .24 .34 .45 .3 .3 .3 .19 .38 .4 .32 .22 .24 .32 .27 .28 .37 .31 .26 .32 .26 .24 .33
89 .39 .35 .33 .33 .31 .45 .39 .38 .3 .32 .36 .38 .4 .29 .31 .39 .27 .33 .44 .42 .33 .45 .28 .28 .44
90 .36 .37 .42 .31 .35 .48 .37 .3 .27 .33 .37 .35 .42 .27 .34 .38 .35 .33 .44 .38 .42 .38 .29 .27 .44
91 .4 .46 .44 .38 .37 .49 .42 .41 .32 .34 .41 .46 .41 .33 .43 .49 .38 .38 .51 .43 .43 .57 .39 .37 .51
92 .43 .38 .4 .35 .36 .48 .38 .38 .3 .38 .36 .39 .41 .37 .33 .37 .34 .38 .47 .36 .39 .44 .33 .29 .44
93 .46 .44 .4 .38 .43 .53 .43 .38 .35 .39 .39 .43 .41 .37 .37 .5 .43 .4 .5 .42 .41 .44 .36 .37 .5
94 .36 .36 .43 .31 .36 .4 .42 .33 .22 .33 .39 .37 .36 .27 .35 .4 .31 .31 .46 .45 .43 .42 .28 .29 .43
95 .52 .47 .53 .7 .46 .36 .47 .47 .4 .61 .41 .32 .49 .89 .45 .47 .51 .59 .5 .29 .52 .25 .66 .59 .54
96 .51 .46 .53 .69 .47 .37 .49 .49 .38 .6 .4 .32 .49 1 .46 .47 .48 .55 .49 .26 .51 .27 .65 .67 .53
97 .53 .45 .56 .77 .47 .37 .54 .49 .38 .62 .45 .32 .5 .87 .49 .49 .48 .55 .49 .3 .55 .31 .66 .62 .58
98 .51 .49 .58 .71 .5 .35 .51 .5 .39 .59 .43 .35 .54 .82 .51 .47 .48 .54 .54 .31 .57 .32 .68 .64 .55
99 .52 .48 .55 .72 .47 .36 .49 .51 .4 .61 .42 .35 .49 .87 .46 .5 .54 .61 .49 .29 .53 .26 .65 .58 .57
100 .46 .44 .57 .58 1 .49 .61 .44 .4 .51 .34 .44 .52 .47 .53 .55 .42 .41 .54 .3 .58 .33 .58 .53 .4
101 .47 .45 .52 .69 .71 .5 .71 .43 .41 .5 .48 .41 .51 .58 .5 .58 .45 .52 .6 .31 .53 .35 .58 .54 .51
102 .34 .36 .34 .42 .45 .64 .51 .34 .29 .32 .35 .38 .39 .32 .35 .36 .28 .33 .45 .34 .34 .52 .35 .34 .34
103 .36 .33 .36 .36 .46 .59 .49 .32 .3 .34 .34 .39 .43 .31 .37 .32 .31 .32 .41 .3 .36 .48 .32 .29 .32
104 .48 .4 .62 .46 .53 .53 .53 .42 .35 .53 .39 .38 .6 .43 .53 .43 .35 .39 .46 .39 .64 .48 .4 .38 .42
105 .3 .32 .36 .29 .38 .45 .4 .39 .3 .32 .41 .39 .39 .31 .32 .42 .29 .3 .49 .31 .34 .48 .33 .32 .35
106 .42 .38 .42 .45 .49 1 .56 .34 .36 .41 .41 .4 .47 .37 .43 .44 .29 .4 .49 .35 .44 .43 .36 .32 .37
107 .48 .51 .49 .53 .46 .42 .45 .42 .42 .47 .44 .4 .47 .49 .44 .49 .51 .51 .48 .33 .49 .34 .41 .39 .55
108 .46 .37 .57 .45 .53 .46 .51 .39 .34 .48 .33 .41 .57 .38 .54 .4 .34 .35 .45 .39 .58 .58 .39 .38 .36
109 .46 .43 .55 .59 .67 .57 .83 .4 .38 .51 .45 .41 .53 .5 .53 .53 .42 .45 .54 .33 .55 .35 .51 .51 .44
110 .55 .53 .49 .47 .55 .42 .48 .52 .51 .38 .48 .46 .46 .41 .44 .56 .51 .54 .52 .35 .47 .36 .43 .41 .57
111 .43 .37 .53 .59 .61 .56 1 .4 .33 .46 .49 .43 .51 .48 .51 .52 .38 .45 .56 .37 .55 .37 .5 .49 .51
112 .55 .46 .95 .54 .59 .46 .53 .49 .41 .74 .41 .41 .64 .52 .76 .53 .43 .47 .45 .37 .95 .31 .55 .49 .45
113 .43 .36 .54 .61 .6 .57 .9 .35 .37 .47 .46 .38 .49 .49 .51 .49 .36 .47 .51 .32 .56 .33 .49 .46 .47
114 .46 .43 .55 .6 .66 .59 .86 .41 .38 .51 .46 .4 .53 .51 .54 .53 .42 .47 .57 .34 .54 .35 .51 .51 .46
115 .46 .39 .59 .49 .54 .49 .48 .44 .41 .57 .35 .36 .61 .52 .52 .44 .42 .41 .5 .26 .59 .43 .51 .46 .39
116 .51 .43 .53 .38 .43 .51 .45 .4 .47 .45 .41 .41 .7 .42 .42 .47 .37 .36 .43 .33 .5 .43 .46 .45 .39
117 .55 .47 .47 .39 .41 .46 .36 .43 .46 .38 .47 .42 .51 .34 .39 .49 .38 .36 .44 .29 .44 .48 .43 .39 .41
118 .47 .52 .48 .39 .44 .53 .44 .48 .51 .39 .47 .51 .59 .35 .43 .52 .41 .45 .51 .35 .46 .43 .43 .4 .43
119 .56 .57 .53 .49 .51 .45 .44 .54 .45 .49 .4 .47 .61 .45 .43 .5 .56 .53 .54 .39 .51 .47 .49 .48 .49
120 .53 .45 .86 .58 .55 .39 .52 .44 .39 .69 .43 .36 .58 .48 .74 .47 .4 .44 .42 .41 .88 .3 .52 .46 .47
121 .49 .42 .82 .47 .52 .4 .48 .43 .37 .63 .37 .35 .59 .44 .7 .45 .37 .4 .38 .37 .84 .27 .46 .4 .43
122 .56 .52 .52 .44 .47 .35 .4 .88 .43 .47 .4 .44 .47 .53 .46 .49 .48 .43 .54 .36 .5 .38 .49 .51 .44
123 .48 .5 .53 .41 .48 .35 .37 .78 .4 .49 .38 .42 .47 .49 .49 .5 .46 .42 .53 .32 .51 .34 .47 .49 .45
124 .5 .51 .51 .44 .46 .35 .4 .84 .38 .44 .41 .4 .46 .54 .44 .48 .43 .44 .52 .34 .49 .34 .47 .46 .44
125 .5 .51 .49 .44 .47 .34 .37 .84 .4 .44 .38 .42 .48 .49 .47 .48 .47 .4 .54 .37 .47 .36 .48 .5 .43
126 .58 .56 .51 .42 .44 .34 .4 1 .46 .43 .45 .42 .48 .48 .44 .54 .52 .46 .52 .41 .48 .35 .46 .5 .51
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127 .53 .53 .53 .42 .46 .37 .39 .82 .41 .48 .4 .44 .47 .51 .45 .51 .45 .44 .59 .37 .5 .32 .48 .49 .46
128 .53 .56 .48 .41 .45 .43 .39 .5 .68 .42 .53 .44 .52 .42 .43 .58 .48 .41 .46 .29 .44 .35 .44 .43 .45
129 .56 .62 .52 .52 .47 .37 .4 .52 .71 .45 .45 .44 .49 .48 .42 .6 .59 .62 .45 .26 .49 .27 .51 .49 .58
130 .56 .56 .58 .66 .55 .34 .42 .57 .47 .62 .38 .42 .57 .76 .47 .54 .57 .56 .51 .26 .55 .26 .72 .66 .52
131 .51 .55 .44 .39 .46 .41 .4 .48 .64 .33 .53 .45 .45 .36 .37 .57 .47 .45 .51 .3 .41 .34 .41 .38 .53
132 .57 .53 .42 .4 .4 .36 .33 .46 1 .36 .49 .42 .45 .38 .37 .51 .51 .5 .37 .26 .39 .31 .43 .41 .46
133 .45 .41 .64 .5 .49 .51 .5 .41 .37 .55 .42 .34 .51 .44 .6 .48 .38 .45 .47 .35 .64 .41 .47 .42 .45
134 .48 .42 .67 .56 .47 .37 .42 .41 .31 .59 .39 .3 .56 .56 .53 .41 .35 .44 .39 .35 .67 .28 .51 .44 .44
135 .53 .46 .72 .58 .51 .41 .46 .43 .36 1 .34 .35 .53 .6 .69 .44 .45 .49 .4 .29 .74 .29 .54 .49 .41
136 .41 .39 .64 .46 .51 .36 .45 .46 .36 .51 .33 .35 .53 .41 .61 .38 .37 .39 .43 .38 .62 .33 .44 .43 .4
137 .56 .46 .93 .52 .54 .46 .54 .44 .39 .72 .44 .39 .64 .49 .73 .52 .42 .45 .42 .39 .96 .34 .53 .46 .47
138 .56 .45 .76 .58 .49 .45 .51 .46 .43 .71 .45 .34 .63 .56 .65 .49 .43 .49 .41 .33 .76 .28 .51 .46 .48
139 .53 .5 .65 .59 .53 .39 .49 .52 .39 .68 .39 .33 .59 .69 .5 .51 .47 .52 .49 .28 .61 .3 .63 .56 .47
140 .53 .43 .83 .54 .57 .48 .56 .46 .42 .65 .43 .38 .64 .51 .68 .51 .4 .46 .43 .36 .83 .29 .53 .46 .44
141 .55 .45 .92 .51 .57 .46 .5 .46 .41 .71 .42 .41 .65 .49 .76 .52 .4 .44 .44 .39 .92 .31 .52 .46 .43
142 .52 .45 .88 .49 .56 .44 .49 .44 .4 .7 .4 .38 .65 .47 .75 .49 .4 .43 .41 .38 .88 .3 .49 .43 .4
143 .5 .45 .8 .53 .49 .41 .47 .42 .35 .77 .36 .33 .53 .52 .69 .48 .43 .47 .42 .35 .82 .26 .49 .45 .43
144 .43 .37 .68 .4 .49 .33 .45 .38 .34 .5 .33 .31 .52 .33 .58 .38 .34 .36 .37 .35 .66 .36 .39 .37 .38
145 .47 .4 .76 .54 .58 .42 .48 .43 .35 .7 .35 .35 .55 .53 .67 .44 .38 .44 .44 .35 .76 .3 .54 .47 .4
146 .5 .51 .43 .5 .37 .37 .47 .45 .43 .34 .62 .4 .37 .38 .32 .63 .39 .49 .46 .35 .42 .26 .4 .41 .63
147 .53 .52 .48 .51 .45 .47 .54 .51 .5 .4 .66 .42 .42 .42 .4 .64 .46 .51 .51 .41 .48 .36 .46 .45 .61
148 .49 .44 .46 .45 .34 .41 .49 .45 .49 .34 1 .37 .42 .39 .36 .58 .39 .42 .48 .32 .42 .28 .42 .44 .6
149 .58 .5 .53 .5 .39 .46 .48 .51 .49 .43 .75 .42 .47 .48 .41 .61 .44 .5 .5 .36 .51 .34 .45 .44 .58
150 .68 .63 .54 .46 .47 .39 .45 .59 .57 .45 .58 .48 .49 .44 .41 .64 .53 .46 .53 .36 .5 .32 .48 .49 .51
151 .47 .41 .54 .58 .49 .41 .5 .43 .35 .59 .41 .31 .48 .63 .49 .42 .38 .54 .43 .25 .53 .25 .51 .48 .43
152 .34 .36 .4 .32 .42 .42 .41 .4 .36 .35 .38 .39 .43 .26 .42 .47 .38 .32 .48 .3 .4 .43 .41 .38 .36
153 .37 .43 .46 .36 .47 .41 .37 .46 .38 .35 .39 .46 .41 .31 .42 .54 .33 .35 .45 .31 .45 .33 .37 .37 .41
154 .56 .68 .54 .48 .46 .38 .4 .6 .64 .43 .44 .49 .54 .46 .46 .53 .61 .58 .5 .37 .51 .31 .52 .49 .53
155 .37 .43 .4 .33 .44 .4 .43 .42 .42 .35 .37 1 .41 .31 .37 .49 .37 .33 .42 .31 .4 .37 .36 .35 .4
156 .48 .44 .52 .4 .56 .49 .51 .49 .41 .41 .49 .62 .48 .39 .45 .54 .39 .42 .56 .33 .52 .41 .43 .4 .46
157 .57 .63 .57 .6 .49 .38 .49 .51 .52 .5 .49 .4 .48 .57 .49 .64 .54 .61 .49 .31 .54 .35 .67 .64 .6
158 .51 .65 .58 .65 .5 .41 .5 .55 .47 .5 .49 .45 .53 .64 .55 .57 .55 .58 .57 .37 .56 .37 .59 .61 .63
159 .51 .58 .52 .56 .48 .37 .45 .5 .54 .45 .43 .4 .47 .51 .43 .56 .53 .55 .48 .36 .49 .35 .62 .6 .54
160 .53 .61 .59 .6 .46 .4 .5 .59 .47 .51 .51 .45 .51 .6 .54 .53 .55 .61 .54 .39 .59 .39 .54 .53 .63
161 .52 .57 .6 .68 .45 .35 .46 .49 .42 .58 .46 .35 .45 .64 .51 .53 .53 .62 .48 .34 .58 .3 .59 .54 .59
162 .53 .44 .63 .52 .52 .47 .51 .48 .45 .53 .42 .41 1 .49 .52 .46 .43 .39 .46 .37 .6 .4 .5 .46 .4
163 .5 .46 .53 .69 .47 .37 .48 .48 .38 .6 .39 .31 .49 1 .46 .46 .47 .55 .49 .25 .51 .26 .65 .67 .52
164 .47 .53 .41 .45 .4 .33 .43 .47 .47 .36 .57 .38 .43 .4 .32 .6 .5 .48 .44 .28 .4 .33 .45 .46 .57
165 .58 .6 .51 .6 .49 .38 .47 .58 .44 .51 .46 .37 .44 .6 .5 .54 .55 .57 .59 .39 .51 .4 .55 .57 .59
166 .34 .3 .33 .48 .53 .45 .66 .37 .28 .32 .45 .41 .32 .38 .33 .43 .29 .31 .51 .26 .35 .32 .42 .43 .47
167 .56 .46 .66 .45 .54 .48 .57 .45 .41 .53 .48 .35 .57 .46 .56 .51 .48 .47 .63 .39 .65 .37 .48 .46 .48
168 .54 .46 .47 .43 .47 .39 .46 .52 .39 .43 .47 .35 .45 .42 .38 .47 .51 .41 .6 .35 .45 .4 .48 .52 .46
169 .45 .45 .51 .55 .44 .41 .5 .51 .46 .45 .43 .4 .43 .47 .44 .44 .5 .54 .57 .32 .5 .39 .46 .46 .54
170 .43 .56 .46 .57 .37 .32 .45 .51 .4 .44 .46 .35 .41 .55 .37 .46 .71 .64 .45 .37 .44 .27 .47 .44 .63
171 .49 .52 .58 .66 .46 .37 .44 .52 .44 .59 .43 .34 .49 .77 .49 .51 .5 .65 .48 .3 .56 .27 .6 .55 .53
172 .46 .41 .75 .46 .55 .36 .49 .47 .33 .6 .35 .33 .54 .44 .71 .44 .39 .38 .47 .38 .77 .32 .46 .43 .4
173 .45 .41 .78 .47 .55 .4 .46 .43 .34 .64 .34 .33 .58 .44 .65 .46 .37 .39 .38 .31 .78 .31 .48 .42 .37
174 .43 .44 .74 .53 .53 .43 .51 .44 .37 .69 .36 .37 .52 .46 1 .45 .38 .44 .48 .39 .76 .35 .48 .44 .4
175 .48 .57 .46 .51 .4 .34 .43 .51 .49 .39 .47 .37 .45 .47 .41 .48 .48 .53 .45 .33 .44 .35 .47 .46 .49
176 .39 .49 .42 .37 .36 .38 .44 .4 .52 .3 .51 .39 .39 .31 .37 .46 .43 .46 .4 .3 .39 .38 .36 .35 .49
177 .47 .6 .51 .57 .4 .38 .44 .48 .58 .47 .47 .35 .46 .58 .45 .51 .6 .76 .44 .28 .49 .23 .48 .46 .64
178 .56 .57 .54 .51 .55 .44 .52 .54 .51 .44 .58 .49 .46 .46 .45 1 .51 .53 .54 .35 .53 .33 .56 .57 .68
179 .49 .42 .51 .52 .46 .42 .54 .46 .41 .4 .5 .39 .44 .42 .48 .5 .47 .44 .49 .4 .49 .32 .42 .43 .54
180 .44 .52 .44 .55 .44 .33 .48 .48 .44 .4 .41 .41 .41 .49 .39 .47 .58 .54 .53 .32 .42 .32 .5 .49 .58
181 .46 .52 .48 .59 .46 .45 .51 .44 .42 .48 .44 .39 .44 .48 .46 .48 .46 .56 .48 .4 .48 .31 .46 .44 .59
182 .54 .62 .45 .47 .42 .29 .38 .52 .51 .45 .39 .37 .43 .47 .38 .51 1 .6 .49 .32 .44 .27 .46 .48 .56
183 .48 .65 .48 .58 .41 .4 .45 .46 .5 .49 .42 .33 .39 .55 .44 .53 .6 1 .46 .32 .48 .28 .45 .43 .6
184 .46 .51 .47 .49 .54 .49 .56 .52 .37 .4 .48 .42 .46 .49 .48 .54 .49 .46 1 .41 .45 .44 .52 .53 .51
185 .51 .51 .54 .53 .46 .44 .53 .62 .38 .5 .49 .37 .52 .55 .48 .51 .55 .48 .6 .42 .54 .37 .51 .53 .55
186 .57 .55 .55 .63 .49 .41 .53 .58 .43 .53 .48 .42 .47 .63 .51 .5 .49 .54 .58 .43 .54 .36 .58 .54 .56
187 .5 .51 .53 .52 .4 .37 .47 .62 .35 .49 .44 .36 .48 .54 .44 .44 .53 .5 .55 .42 .52 .36 .46 .46 .53
188 .55 .51 .56 .49 .5 .36 .46 .63 .43 .54 .42 .39 .53 .51 .44 .53 .54 .48 .51 .31 .52 .31 .57 .53 .49
189 .43 .47 .47 .45 .48 .39 .53 .52 .38 .38 .44 .43 .43 .46 .42 .48 .4 .4 .6 .32 .44 .38 .45 .49 .45
190 .46 .45 .42 .42 .39 .37 .38 .59 .33 .4 .39 .37 .42 .51 .38 .4 .44 .45 .57 .39 .41 .34 .41 .45 .45
191 .51 .51 .54 .59 .46 .36 .51 .52 .44 .51 .49 .4 .45 .6 .47 .52 .54 .55 .6 .37 .52 .36 .59 .58 .62
192 .53 .47 .71 .54 .51 .46 .49 .55 .43 .66 .42 .35 .55 .56 .68 .51 .41 .53 .49 .32 .71 .33 .53 .46 .47
193 .39 .36 .37 .3 .32 .39 .37 .4 .3 .36 .34 .29 .39 .33 .39 .35 .35 .33 .45 .61 .36 .38 .29 .33 .39
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194 .36 .39 .36 .31 .29 .4 .33 .4 .3 .29 .35 .34 .36 .25 .37 .39 .31 .35 .39 .64 .36 .32 .2 .25 .41
195 .36 .39 .37 .33 .3 .35 .37 .41 .26 .29 .32 .31 .37 .25 .39 .35 .32 .32 .41 1 .37 .41 .24 .25 .38
196 .47 .44 .6 .46 .48 .44 .53 .46 .36 .54 .43 .41 .56 .46 .49 .49 .41 .44 .54 .45 .59 .36 .45 .44 .49
197 .42 .47 .48 .38 .35 .43 .45 .43 .3 .39 .36 .33 .44 .35 .43 .43 .39 .42 .46 .74 .48 .41 .3 .33 .51
198 .46 .49 .41 .36 .41 .41 .39 .42 .36 .39 .38 .33 .43 .37 .34 .51 .42 .43 .49 .38 .38 .34 .37 .42 .47
199 .4 .42 .34 .34 .4 .39 .38 .32 .28 .34 .34 .29 .35 .28 .32 .46 .38 .4 .45 .41 .32 .38 .38 .39 .37
200 .55 .47 .95 .55 .6 .46 .53 .49 .4 .75 .4 .42 .64 .52 .78 .52 .43 .46 .46 .38 .95 .32 .55 .49 .44
201 .51 .43 .89 .52 .57 .46 .53 .42 .36 .74 .4 .4 .59 .51 .69 .52 .38 .44 .41 .35 .89 .31 .54 .49 .39
202 .54 .46 .96 .56 .57 .46 .54 .48 .41 .73 .43 .39 .61 .51 .78 .52 .44 .48 .45 .37 .99 .32 .54 .48 .48
203 .54 .46 .96 .56 .57 .46 .54 .48 .41 .73 .43 .39 .61 .51 .78 .52 .44 .48 .45 .37 .99 .32 .54 .48 .48
204 .54 .46 .97 .56 .58 .44 .55 .48 .39 .74 .42 .4 .6 .51 .76 .53 .44 .48 .45 .37 1 .31 .54 .48 .48
205 .58 .57 .53 .45 .47 .46 .44 .54 .47 .44 .57 .46 .52 .41 .41 .66 .51 .45 .59 .4 .5 .45 .43 .45 .52
206 .4 .41 .41 .33 .42 .46 .42 .46 .46 .33 .46 .46 .46 .29 .42 .51 .36 .34 .45 .31 .39 .43 .38 .35 .39
207 .4 .4 .41 .35 .45 .51 .43 .43 .45 .35 .4 .51 .45 .28 .43 .51 .35 .37 .48 .34 .4 .42 .35 .33 .37
208 .5 .43 .86 .49 .5 .4 .45 .44 .39 .63 .43 .37 .58 .44 .69 .48 .37 .43 .39 .37 .86 .29 .46 .43 .44
209 .58 .47 .88 .54 .53 .42 .47 .47 .42 .74 .43 .37 .59 .51 .68 .5 .39 .45 .42 .37 .88 .31 .51 .44 .44
210 .35 .33 .31 .28 .33 .45 .36 .34 .32 .28 .28 .37 .41 .26 .36 .32 .27 .28 .43 .4 .31 .98 .32 .31 .28
211 .44 .39 .38 .37 .45 .5 .36 .42 .39 .34 .34 .48 .5 .31 .37 .42 .37 .34 .46 .4 .37 .55 .38 .34 .3
212 .35 .33 .31 .28 .33 .43 .37 .35 .31 .29 .28 .37 .4 .26 .35 .33 .27 .28 .44 .41 .31 1 .33 .32 .28
213 .42 .35 .76 .41 .49 .41 .47 .41 .3 .56 .35 .41 .49 .36 .6 .43 .3 .3 .33 .31 .79 .29 .42 .38 .35
214 .54 .44 .94 .53 .54 .45 .51 .46 .4 .71 .43 .39 .61 .47 .75 .51 .4 .46 .43 .39 .97 .31 .51 .45 .44
215 .49 .48 .56 .58 .49 .49 .46 .48 .46 .45 .58 .36 .52 .54 .47 .52 .43 .48 .53 .36 .52 .31 .49 .46 .53
216 .47 .45 .56 .63 .53 .38 .51 .44 .41 .54 .42 .36 .52 .65 .46 .53 .49 .48 .51 .22 .52 .35 .89 .81 .51
217 .51 .48 .54 .67 .48 .36 .49 .47 .38 .62 .42 .35 .49 .91 .48 .47 .51 .56 .51 .27 .53 .27 .63 .64 .55
218 .52 .48 .55 .67 .49 .39 .5 .52 .38 .6 .41 .35 .51 .95 .48 .51 .49 .55 .53 .29 .53 .3 .67 .66 .55
219 .48 .47 .58 .61 .58 .36 .5 .46 .43 .54 .42 .36 .5 .65 .48 .56 .46 .45 .52 .24 .54 .33 1 .83 .49
220 .52 .48 .55 .69 .47 .37 .48 .48 .4 .63 .42 .33 .51 .95 .46 .46 .49 .58 .49 .27 .53 .26 .65 .64 .55
221 .52 .49 .55 .7 .48 .38 .47 .49 .41 .61 .4 .34 .51 .89 .47 .49 .5 .59 .49 .29 .54 .27 .69 .59 .53
222 .54 .49 .55 .71 .51 .4 .5 .5 .4 .65 .41 .34 .51 .95 .48 .5 .5 .57 .51 .26 .53 .29 .7 .65 .55
223 .52 .48 .53 .7 .47 .37 .5 .49 .41 .59 .42 .34 .49 .83 .47 .49 .54 .63 .49 .29 .52 .26 .63 .56 .56
224 .5 .46 .58 .75 .45 .33 .5 .5 .35 .62 .44 .32 .49 .84 .49 .48 .48 .56 .47 .29 .56 .27 .63 .6 .58
225 .54 .45 .67 .73 .49 .4 .56 .5 .35 .65 .42 .31 .54 .73 .57 .47 .46 .57 .49 .37 .67 .32 .58 .55 .57
226 .47 .45 .53 .72 .5 .36 .49 .46 .37 .58 .39 .33 .47 .89 .47 .52 .52 .57 .49 .26 .53 .25 .64 .63 .55
227 .49 .45 .55 .79 .46 .35 .49 .49 .36 .59 .41 .32 .47 .79 .51 .51 .48 .57 .48 .3 .54 .29 .66 .56 .55
228 .52 .45 .52 .67 .47 .39 .49 .48 .39 .59 .41 .33 .5 .91 .47 .48 .49 .54 .52 .29 .51 .28 .63 .62 .54
229 .49 .45 .56 .8 .47 .35 .5 .48 .38 .6 .42 .31 .48 .85 .49 .49 .48 .59 .46 .29 .55 .28 .67 .6 .56
230 .46 .48 .52 .55 .53 .32 .49 .5 .41 .49 .44 .35 .46 .67 .44 .57 .48 .43 .53 .25 .48 .32 .83 1 .55
231 .52 .54 .49 .57 .4 .37 .51 .51 .46 .41 .6 .4 .4 .52 .4 .68 .56 .6 .51 .38 .48 .28 .49 .55 1
232 .55 .56 .52 .59 .43 .41 .52 .53 .47 .44 .61 .41 .41 .54 .44 .69 .56 .61 .54 .4 .51 .3 .5 .55 .97
233 .49 .45 .67 .52 .44 .38 .43 .46 .42 .54 .45 .33 .5 .47 .51 .52 .45 .48 .4 .36 .68 .27 .47 .46 .49
234 .51 .49 .61 .52 .47 .47 .51 .48 .49 .52 .49 .42 .51 .47 .5 .71 .46 .54 .53 .33 .61 .34 .51 .47 .59
235 .43 .39 .72 .51 .5 .39 .5 .43 .35 .61 .36 .38 .57 .51 .66 .41 .41 .39 .42 .37 .74 .3 .49 .44 .42
236 .51 .43 .77 .49 .61 .4 .48 .45 .4 .59 .38 .39 .59 .49 .61 .54 .37 .4 .39 .31 .78 .28 .57 .49 .4
237 .47 .56 .49 .59 .42 .34 .44 .44 .41 .47 .39 .36 .42 .57 .38 .55 .47 .54 .43 .34 .48 .32 .53 .52 .58
238 .48 .4 .55 .49 .45 .48 .5 .44 .41 .44 .4 .36 .59 .45 .57 .45 .39 .43 .55 .43 .55 .61 .47 .44 .43
239 .47 .41 .48 .44 .42 .41 .43 .54 .36 .4 .42 .41 .47 .48 .4 .42 .43 .42 .53 .38 .48 .49 .44 .43 .43
240 .39 .35 .43 .49 .41 .45 .47 .43 .31 .4 .43 .38 .5 .48 .41 .4 .39 .42 .5 .38 .43 .43 .41 .4 .42
241 .46 .4 .41 .37 .36 .52 .44 .34 .44 .35 .54 .39 .47 .31 .37 .43 .35 .36 .47 .35 .41 .51 .34 .33 .42
242 .53 .44 .6 .51 .47 .49 .58 .49 .42 .46 .53 .37 .56 .47 .52 .6 .46 .47 .6 .42 .59 .45 .49 .5 .59
243 .46 .42 .51 .54 .48 .5 .47 .46 .41 .44 .46 .38 .55 .52 .47 .47 .38 .44 .5 .32 .51 .42 .51 .46 .49
244 .48 .38 .51 .42 .42 .46 .49 .46 .33 .51 .38 .32 .54 .48 .49 .42 .35 .41 .46 .39 .53 .41 .41 .39 .38
245 .45 .48 .42 .38 .45 .46 .42 .47 .43 .38 .38 .57 .51 .36 .42 .47 .38 .32 .46 .38 .4 .48 .41 .37 .37
246 .39 .37 .34 .34 .36 .47 .35 .36 .31 .33 .35 .43 .44 .31 .3 .36 .35 .29 .43 .35 .34 .53 .34 .27 .27
247 .62 .54 .53 .51 .51 .45 .47 .49 .59 .49 .49 .43 .59 .44 .45 .52 .58 .57 .52 .34 .49 .43 .43 .43 .51
248 .53 .45 .93 .54 .58 .45 .52 .47 .42 .73 .42 .42 .65 .51 .77 .52 .42 .46 .43 .37 .93 .29 .54 .48 .45
249 .49 .45 .77 .5 .55 .42 .52 .44 .41 .62 .39 .41 .56 .49 .7 .49 .46 .47 .46 .37 .75 .34 .54 .49 .46
250 .53 .47 .59 .68 .72 .54 .72 .45 .44 .53 .5 .43 .57 .59 .48 .59 .46 .52 .6 .33 .56 .34 .6 .53 .54
251 .55 .45 .95 .54 .58 .46 .54 .47 .39 .72 .44 .4 .61 .5 .75 .53 .43 .47 .44 .39 .97 .32 .53 .47 .48
252 .54 .45 .89 .55 .59 .49 .55 .44 .4 .68 .43 .37 .62 .49 .76 .55 .42 .46 .44 .38 .91 .34 .55 .5 .48
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Abstract

The genetic diversity of cocoa has been studied using morphological, enzymatic and molecular
descriptors.  It has often proved difficult to obtain a clear classification due to factors including
the significant genetic mixing that has occurred over the past three centuries, bias in the
samples analysed (e.g. the limited number of Forastero samples collected in Peru for Witches’
broom resistance), the uncertain origin of some accessions (e.g. some early studies were based
on material believed to be Criollo, but which was in fact of hybrid origin), different populations
have been used in different studies.  Breeding has been hampered by a lack of knowledge of
the genetic diversity and level of heterozygosity of the accessions.

The main results of the diversity studies are:
• In Forastero populations there is significant diversity between and within populations, with

continuous variation between them.  The greatest diversity was observed among
Ecuadorian LCTEEN populations, and the least among a few populations such as Peruvian
NA or GU from French Guiana.  However, the Ecuadorian populations studied by Allen
were collected from a larger number of trees and from a wider area than those collected by
Pound, and very few Colombian and Brazilian samples were used in these studies.

• Almost completely homozygous “ancestral” Criollo and Nacional genotypes that were
probably at the origin of “modern” Criollo and Nacional varieties were identified.  Modern
Criollo and Nacional varieties are hybrid types resulting from introgression of a few Lower
Amazon Forastero genotypes into ancestral Criollo, and of Trinitario into ancestral Nacional
varieties, respectively.

• The specificity of some populations or varieties has been recognised, for example wild
French Guiana, ancient Criollo and Nacional varieties.  The founder effect or refuge areas
may be responsible for the differences between these populations.

• The narrow genetic base of cocoa genotypes used in breeding programs is well known.
• The level of heterozygosity of several hundreds of clones has recently been established

(data presented here) and this new information may be very useful to breeders.
Many breeding programmes have only used a limited number of Upper Amazon Forastero

types collected by Pound.  Genotypes from other populations have been used very little or not
at all (e.g. wild French Guiana, LCT EEN, Colombian EBC types, etc).  It would be particularly
interesting to set up prospective trials of crosses between genotypes from these different
populations.  This would exploit the diversity of natural T. cacao populations that have not
previously been used and may result in new heterotic combinations.  Secondly, the genetic
diversity studies have given useful information for population breeding approaches, such as
reciprocal recurrent selection.  Thirdly, the narrow genetic basis used in many cocoa breeding
programmes to date is favourable for the exploitation of the expected linkage disequilibria within
such populations.  QTL mapping is generally done on a few specific progenies, and the results
only relate to the clones involved.  It is possible to enlarge such studies to analyse the degree to
which genetic linkage between markers and traits of interest has been maintained during the
evolution and domestication processes in genetic groups such as IMC, SCA and MO, Forastero,
Criollo, Trinitario or Nacional.

Introduction

A few reminders on the history of cocoa 
Cocoa was domesticated thousands of years ago by the Mayas and Aztecs (Paradis
1979).  Even before the Spanish conquest, cocoa travelled along the trade routes used
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by the Mayas, Aztecs, and also the Pipil-Nicaraos (Young 1994; Coe and Coe 1996).
Criollo types then spread to Central America, and to a large number of Caribbean
islands, including Trinidad in 1525 and thereafter to Jamaica.  Cocoa introductions into
Venezuela from Central America, particularly Costa Rica, were made by the Spanish
(Pittier 1933), but it is also possible that cocoa may have been grown before the
Spanish Conquest in the south-west of the country (Pittier 1933; Bergman 1969).  The
French planted cocoa in Martinique and Haiti, and the Portuguese planted it in Belem
and Bahia around 1750, using Lower Amazon (Forastero) populations.

Hybridisations between Criollo and Forastero types in the 18th Century resulted in
Trinitario types.  It is not well known how this hybrid group initially formed.  According to
Pound (1945), the two populations could have met and hybridised on the islands of the
Orinoco delta, including Trinidad and the Orinoco valley.  This could have involved the
cultivated Criollo population from Venezuela and the Amelonado type Forastero from
Guyana, and was probably linked to exchanges between Venezuela and Trinidad.
Cheesman (1944) reported that, in 1727, the “Blast”, perhaps a cyclone or an
epidemic, destroyed the Criollo plantations in Trinidad.  Plantations were reconstituted
using seeds from the Orinoco valley, in Eastern Venezuela (Ciudad Bolivar).
According to Cheesman, there is still some doubt as to the nature of these
introductions, which may have been either Amelonado type Forastero, or already
hybrid Trinitario forms.  Other varieties, such as those grown on the Venezuelan coast,
may also have been introduced (Bartley, pers. comm.).  Hybrids were produced by
open pollination, and their superiority in agronomic terms and better resistance to
diseases and pests favoured their use in Trinidad as a replacement for Criollo types.
Trinitario material was distributed from Trinidad 70 years later, particularly into
Venezuela.

According to Bartley (pers. comm.), the formation of hybrid populations following the
introduction of Forastero types into original Criollo plantations may correspond to four
main waves of introductions, possibly involving different genotypes.  In addition to the
introductions described above between Trinidad and Venezuela, there may also have
been introductions of Ecuadorian cocoa into Mexico, introductions of varieties grown at
the mouth of the Amazon into Central America, and of Amazon varieties into
Colombian Criollo plantations in the 19th Century.

Selections were made in Trinidad among the Trinitario population and large
numbers of clones (ICS, for Imperial College Selection) were distributed world-wide.
The current plantations in Central America and Venezuela, which are very
heterogeneous, often comprise a population of hybrids of varying degrees of
introgression between Forastero and Criollo.  The terms Criollo and Forastero originally
came from Venezuela, where a distinction was made between traditionally grown local
varieties (Criollo) and foreign trees (Forastero) introduced later from Trinidad, which
were also known as Trinitario referring to the country from which they were introduced.

The Ecuadorian Nacional cocoa became an important variety in the second half of
the 19th Century following the increase in cocoa consumption.  According to Pound
(1945), the “Nacional” type is probably indigenous to Eastern Ecuador.   He refers to
the existence of groups of very old wild cocoa trees resembling the Nacional type,
known as "amacigales", in primary forest areas cleared for new crops.  Nacional cocoa
differed from the wild cocoa trees found in the Amazon Valley.  Some Nacional traits
have more resemblance to Criollo than Forastero types, but Nacional also has
characteristics that distinguish it from both groups.  One such characteristic is that
Nacional cocoa has the specific ‘Arriba’ flavour (Enríquez 1993).  Venezuelan cocoa
types were introduced into Ecuador around 1890, via a few pods from Trinidad, where
they had been introduced previously (Pound 1945).  This material was particularly
vigorous and precocious, even on poor soils, and most planters took seedlings from
these trees to add to their original Nacional plantings.  As a result, there was significant
genetic mixing between the different origins, and pure types gradually disappeared
(Soria 1970 a and b).
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Cocoa was introduced into Africa more recently.  It was first brought by Spanish or
Portuguese seafarers, to São Tomé in 1822 and Fernando Po in 1855 (Burle 1952).
Swiss missionaries then made other introductions, from Suriname, and the first cocoa
seeds were sown on the African mainland in 1857.  The first material planted in West
Africa, particularly Ghana, was Lower Amazon (Amelonado) type but this was followed
by introductions of hybrid Trinitario and Criollo types from 1920 (Toxopeus 1972) which
formed hybrids with original  Amelonado type.  However, each introduction comprised
only a very limited number of genotypes, and the genetic basis of the cocoa
populations initially grown in West Africa was very narrow.  Moreover, the origin of the
material is unclear.

Cocoa was introduced in the 16th century into Asia and the Pacific (Wood 1991;
Young 1994).  In 1560, Venezuelan Criollo trees were introduced into Celebes by the
Dutch, who later also introduced this type into Java.  In addition, the Spanish
introduced Criollo types from Mexico into the Philippines in 1614.  In 1798, cocoa was
taken by the British to Madras, India from the island of Amboina, and it was introduced
into Ceylon (now Sri Lanka) from Trinidad at about the same time.  From Ceylon,
cocoa was subsequently transferred to Singapore and Fiji (1880), Samoa (1883),
Queensland (1886), and Bombay and Zanzibar (1887).  Cocoa was also grown in
Malaysia as early as in 1778 and in Hawai by 1831.

Classification of cocoa
The species Theobroma cacao  (2n = 2x = 20) comprises a large number of highly
morphologically variable populations, which can all be crossed with each other.
Populations may be mostly autogamous or allogamous, depending on their genetic
origin.  A system of gametophytic-sporophytic self-incompatibility studied by several
authors (Knight and Rogers 1955; Bouharmont 1960; Cope 1962; Glendinning 1962)
increases the allogamy of certain populations.

Morris (1882) was the first botanist to propose classification of cocoa populations
into two groups: Criollo and Forastero.  His classification was taken up by Pittier
(1933), who designated each group as a different species: T. leiocarpum for Forastero
and T. cacao for Criollo.  However, all cocoa populations are inter-fertile, which in fact
justifies the designation of a single species covering all wild and cultivated cocoa
populations.  Cuatrecasas (1964) proposed two sub-species: T. cacao subsp. cacao for
Criollo and T. cacao subsp. sphaerocarpum for Forastero.  A third group, Trinitario,
contains hybrids between these two sub-species.  This overall classification into two
morpho-geographic groups, Criollo and Forastero, has been and is still in widespread
use.

Classification of cocoa is difficult as it is affected by the history of cocoa
domestication and by the substantial genetic mixing that has occurred, mainly over the
last three centuries.  The classifications proposed for the species T. cacao have
therefore never been fully satisfactory.  For example, according to some authors
(Cheesman 1944; Soria 1970a and b) Nacional is an Upper Amazon Forastero, while
for Enríquez (1993), some of its technological characteristics make it resemble a Criollo
type.

Numerous hypotheses have also been put forward about the origin of the Criollo
group (Cheesman 1944; Mora Urpi 1958; Cuatrecasas 1964; Purseglove 1968,
Whitkus et al. 1998).  The most widely held are those of Cheesman and Cuatrecasas.
Based on Vavilov’s principle, Cheesman (1944) considered the Upper Amazon as the
centre of origin of Criollo and Forastero, given that it is in this region that the greatest
morphological diversity is observed.  Cheesman suggested that the spread of Criollo
throughout Central America began from a small population in the upper reaches of the
Amazon, which may have crossed the Andes with the help of man, and then formed
differentiated populations as it spread.  Cuatrecasas (1964), on the other hand,
suggested that the species was indigenous from the Amazon region to Mexico.
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Cuatrecasas backed up his hypotheses with observations of supposedly wild cocoa
trees in the Lacandona forest near Chiapas, Mexico (Cuatrecasas 1964).

Study of the genetic structure of T. cacao

Many authors have participated in genetic diversity studies of T. cacao with
morphological, enzymatic or molecular markers (for a recent review see Lanaud et al.
1999b).  We report here some of the main results that have a direct bearing on cocoa
genetic improvement.  We firstly report on the level of heterozygosity as observed with
isozymes, RFLP and microsatellite markers in the CIRAD laboratory at Montpellier.

Degree of heterozygosity of cocoa accessions
The data reported in Annex 1 are derived from the following sources: isozymes studies
carried out by Lanaud (1987), RFLP studies carried out by Laurent et al. (1994) and by
Risterucci, Motamayor, Raboin and Lanaud (unpublished data), and microsatellite
studies carried out by Motamayor (also unpublished data).

The hybrid forms between Criollo and Forastero are called ‘Trinitario” in Annex 1
even if they correspond to “modern Criollo” varieties that correspond in fact to ancient
Criollo more or less introgressed by Forastero genes as demonstrated by Motamayor
et al. (2000a and b).

The results show that most of Trinitario clones (e.g. UF, ICS, UIT) are very
heterozygous, which is in agreement with their hybrid origin.  Some other populations
displayed a higher degree of homozygosity, for instance wild Forastero from French
Guiana (GU), Amelonado and Catongo Forastero (C361) varieties and certain Criollo
clones (LAN, COL, Guasare, POR, PSL), corresponding to ancient cultivars.  Certain
Upper Amazon Forastero types also appeared to have a relatively high degree of
homozygosity, for instance the EBC clones collected in Colombia, certain Ecuadorian
LCTEEN clones and SCA 6.

These results are very valuable to cocoa breeders since they can be used to
determine the clones most likely to create uniform hybrid progenies or to determine
homozygous genotypes belonging to different genetic groups which could be crossed
to exploit possible hybrid vigour.

The origin and diversity of Nacional, Criollo and Trinitario varieties
Criollo and Trinitario varieties.  The origin and diversity of Criollo and Trinitario have
been studied by Motamayor et al. (2000a and b).  For this study, plant material was
collected from the oldest plantings in Venezuela, irrespective of agronomic criteria, and
in the Lacandona Forest, Mexico, near Maya archaeological sites where there are sub-
spontaneous cocoa trees that probably descend from the cocoa trees grown by the
Mayas.  Samples were also taken in Yucatan.  These representatives of pure Criollo
varieties grown in the past have different pod shapes: oval with smooth surface, like
those of Porcelana, or elongated with a very rough surface, like those of Pentagona.
The analysis of this material was supplemented with that of so-called ‘current’ Criollo
and Trinitario varieties obtained from representative collections in Venezuela, Mexico
and Costa Rica.

The analyses revealed a very small proportion of polymorphic loci among the
individuals of ancient Criollo varieties.  Moreover, within the group, hardly any
molecular differences were observed, despite the highly contrasting morphotypes
collected from Mexico to Venezuela, such as the Venezuelan Porcelana, Pentagona
and Guasare, and the Criollo from the Lacandona Forest in Mexico.

The Criollo clones taken from collections generally appeared to be much more
heterozygous.  These clones had been originally selected not only for bean quality
characters but also for agronomic characteristics (vigour, production or disease
resistance).  A Factorial Correspondence Analysis showed that the diversity of current
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Criollo overlapped with that of the Trinitario clones studied.  The more vigorous Criollo
types may therefore correspond to ancestral Criollo forms into which Forastero genes
have been introgressed to varying degrees.

Furthermore, the origin of the Forastero parents at the origin of modern Criollo and
Trinitario was analysed.  Around 90% of modern Criollo and Trinitario types apparently
result from hybridisation and subsequent introgression between two genetically uniform
types: homozygous Lower Amazon Forastero on one side and homozygous ancient
Criollo on the other side.  This is why in most cases only the same two alleles are
found on each locus in the modern Criollo/Trinitario hybrid groups.  Genotypes
belonging to these groups would therefore represent different levels of recombinations
of the Criollo and Lower Amazon Forastero parental genomes.

Ecuadorian Nacional. Lerceteau et al. (1997) used RFLP markers to study the
Ecuadorian Nacional types which are grown today.  A highly homozygous Nacional
type was identified in old plantings in south-eastern and north-eastern Ecuador.  These
trees probably represent the homozygous ancestor at the origin of all the current hybrid
varieties, (also called ‘Nacional’ types in collections), that result from Trinitario
introgressions into this ancestral type with its extremely limited genetic base.

The diversity of Forastero populations. The Forastero group comprises a large number
of wild populations and cultivated varieties originating from South America, which are
found from Ecuador to the Guyanas.  It includes vigorous trees and numerous sources
of disease resistance.  Significant genetic variability has been identified among these
populations (e.g. Pound 1938 and 1945; Allen and Lass 1983).  Certain Upper Amazon
populations or geographic groups, such as LCTEEN and IMC, seem to be the most
variable (Sounigo et al. 1996, see also this Proceedings), and there is continuous
variation between them.  Substantial within-population diversity has also been detected
inside these populations, particularly those from Ecuador.  Russel et al. (1993) showed
that within-population diversity was greater than between population diversity for three
Peruvian and Ecuadorian populations (IMC, PA, LCTEEN).  Using enzymatic markers,
the GU types from French Guiana, on the other hand, do not seem to vary much and
have a relatively high level of homozygosity (Lanaud 1987) although significant
morphological diversity has been observed in terms of pod shape (Lachenaud and
Sallée 1993).

However, it is difficult to compare the degree of diversity among these different
populations.  In effect, not all the populations were sampled or represented in the same
way.  The surveys made by Allen in Ecuador were not based on any strict criteria and
covered a very large area in which material was taken from a large number of trees.
Pound’s Peruvian clone samples, on the contrary, were taken for a precise purpose:
witches’ broom resistance.  The material, which was taken from a limited number of
trees is, therefore, not necessarily representative of the genetic diversity found in such
area.  Likewise, there was little material from clones from Colombia or from the
Brazilian middle or upper Amazon in the material collected by Pound.  Despite these
often very biased samples, the genetic diversity (morphological, agronomical and by
markers) observed was consistently substantial and greater than that found among the
populations sampled in French Guiana or along the Orinoco in Venezuela.

The specificity of certain populations.  Several populations or varieties seem to be
clearly differentiated from the other morphogeographic groups identified for the
species:
• French Guianan Forastero (GU clones) differ clearly from other Forastero

populations for several molecular markers while their chloroplastic DNA is similar to
that of most Forasteros.  However, their rDNA is also original compared to that of
all the other cocoa populations, with three types of unit per genome, and two units
(9 and 12) that are not found in other populations (Laurent et al., 1993b).  This
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originality was also found in RAPD studies by Sounigo et al. (1996) and by
Lerceteau et al. (1997).  In RFLP studies, they seemed to be more closely related
to certain Upper Amazon Forastero than to Lower Amazon cultivated forms.
However, the RAPD study made by N'Goran et al. (1994), which revealed different
RAPD bands to those found by Lerceteau et al. (1997), showed Guianan cocoa
trees to be better related similar to certain trees found in Brazil.

• The distinctiveness of the clones of the Ecuadorian pure Nacional varieties in
relation to the other populations of the species was observed by Lerceteau et al.
(1997), who thus also demonstrated their dissimilarity to Criollo.

• Several analyses have also shown the Criollos to form a distinct group (Laurent et
al. 1993a, 1993b and 1994 ), particularly those corresponding to the populations
cultivated in the past (Motamayor et al. 2000a).  Analyses of genome size, using
flow cytometry, have also shown that the Criollo genome size is smaller than that of
Forastero (Lanaud et al., unpublished data).  Despite this marked difference, the
genetic difference between Criollo with regard to certain Colombian and Ecuadorian
accessions are as large as the latter accessions in relation to other Forastero
populations (e.g. French Guianan or Peruvian populations), which would be in
agreement with a South American origin of ancient Criollo (Motamayor et al.
2000a).

The narrow genetic base of the cocoa trees currently grown and used in improvement
programmes.  Genetic marker studies have shown the extremely narrow genetic basis
of the Criollo, Trinitario, Nacional and Amelonado varieties, which account for almost all
the traditional cocoa trees grown world-wide.  From 1950 onwards, the Upper Amazon
Forastero types collected by Pound started to be incorporated into cocoa improvement
programmes.  However, only a small part of the genetic diversity of the Pound
collections has so far been used.  In effect, it was somewhat by accident that some of
them were distributed to a large number of producing countries (Lockwood and End
1993).  Pods from nine of these clones, produced by Posnette in 1944 in an experiment
on incompatibility designed for students, were sent to Ghana.  The progenies were
then spread throughout West Africa and later to Malaysia.  Genetic improvement
programmes have largely been, and continue to be, based on this Upper Amazon
Forastero material.  The material was generally hybridised with local Amelonado or
Trinitario material, and later inter-Amazon crosses were also made.  It is concluded
therefore that only a small share of the genetic diversity of the species has been
exploited, in terms of both traditional varieties and breeding programmes.

Consequences for cocoa genetic improvement

The first conclusion for cocoa breeding is that there is a large scope to increase the
genetic bases for cocoa breeding.  Certain Forastero types, such as GU clones,
Ecuadorian LCTEEN clones and Colombian EBC clones have not yet been used for
breeding purposes.  Moreover, these genetic diversity analyses have also
demonstrated the significant diversity of certain Upper Amazon populations, despite the
fact that some samples were small or collected with precise criteria, such as the
surveys made by Pound.  This means that surveys of wild material should be continued
in certain Upper Amazon regions such as Peru or Colombia, where there is substantial
diversity that has not yet been sampled to any real extent.

Modern Criollo/Trinitario type varieties apparently result primarily from
hybridization between two or three homozygous genotypes, and likewise, Nacional
varieties apparently derive from a very small number of genotypes.  This situation
opens up a wide range of possibilities for improving these varieties, which produce an
aromatic cocoa highly sought after for fine chocolate production.  They could be
improved for certain traits (like yielding capacity and precocity) by using existing or new
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hybrid combinations, with other genetic groups, selecting for favourable recombinants
(e.g. combining good quality with good yield and disease resistance).

The possibilities for exploiting new types of hybrids are not limited to the
improvement of Criollo or Nacional varieties, but are open to all cocoa breeding
populations including hybrids between different Forastero populations.  The hybrid
vigour observed so far in many breeding programmes between Upper Amazon
Forastero from Peru and Lower Amazon Forastero or Criollo could also exist, or be
even more important, in many other hybrid combinations which have not yet been
tested.

The new insights into the genetic structure of cocoa also have significant
consequences for the choice and management of populations used in reciprocal
recurrent selection strategies.  In effect, sufficient genetic variability has to be
maintained in the genetically different base populations to enable continuous genetic
progress.

The narrow genetic base of the cocoa trees currently grown or being used for
breeding purposes also favours exploitation of linkage disequilibria that may have been
maintained between molecular markers and interesting traits during the genome
evolution process.  This phenomenon could enable greater use of the data acquired on
the genome.  For instance, in the case of the current Trinitario/Criollo, which have a
very small number of parental genotypes, there have been very few generations of
recombinations (probably six or seven at the most) between the first hybrids and
current varieties.  The close genetic linkages detected in some Trinitario clones
between certain markers and genes of interest (Lanaud et al. 1999a; Lanaud et al.
2000; Clément et al. 2000; Paulin et al. 2000) may have been maintained for most of
this population.  If this is the case, this will allow greater screening possibilities and
exploitation of the Criollo/Trinitario group using the markers close to those genes.

As explained above, this situation could be similar for the “new” Nacional varieties,
i.e. the “pure” Nacional varieties which have received genes from certain Trinitario
types.  The small number of generations of recombinations has probably resulted in the
maintenance of most of the close genetic linkages between markers and traits of
interest, and should again enable screening of the varieties using those markers.

However, optimum use of the genetic resources of the species means clearly
characterising all available accessions for morphological, agronomic, molecular,
technological and sensorial traits.  This comprehensive evaluation is highly complex
but could be carried out firstly on a limited sample, as representative as possible of the
diversity of the species using all available information (geographic, molecular and also
morphological data).

One promising way for the future, with respect to a complete evaluation of cocoa
genetic resources in terms of traits of interest, involves identification of the genes
involved in the expression of those characters.  This approach could be based on
genome mapping, positional cloning and searching for candidate genes and would be
associated with the use of high scale genome analyses.  It would then be both easy
and quick to look at the allele variations of the target gene within the species, identify
original types and monitor the introgression of the character during breeding operations
using a marker associated to the gene.  This approach would thus facilitate the true
exploitation of genetic diversity.
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Annex 1. Heterozygosity levels revealed by Isozyme (Lanaud 1987), RFLP
(Laurent et al. 1994; Risterucci, Motamayor, Raboin and Lanaud, non published
data), or microsatellite markers (Motamayor, non published data) in 412 wild and
cultivated genotypes
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ACT2-11 Trinidad
6 29

CNRA Trinitario

ACU85 Ghana 4 9 14 26 CNRA
Trinitario introduced from

Venezuela
Aguacarte B Belize

1 16
CRU

ALV1 Aragua/Ven
11 33

Chuao/Trinitario

ALV4 Aragua/Ven
11 33

Chuao/Trinitario

ALV-0 Aragua/Ven
10 33

Chuao/Trinitario

Amazon2-1 Peru
8 33 5 16

Loreto

Amazon
15-15 Peru 3 19 CNRA Loreto
AT5 Chuao/Ven

11 33
Chuao/Trinitario

Atelier Nicaragua
8 15

Amelonado

BAN1 Tabasco/Mex
14 25

INIFAP, Finca El Danubio Trinitario

BC3 Belize
0 25 1 16

CRU Criollo/BC3D+BC3F

BEN1 Merida/Ven
0 25

Criollo/Zea

BEN2 Merida/Ven
0 25 0 16

Criollo/Zea

BEN5 Merida/Ven
0 24

Criollo/ZeaZea

Cacao 1 Yucatan/Mex
0 25 0 16

Criollo/Chechmil, Yucatan

Cacao 2 Yucatan/Mex
0 25 0 16

Criollo/Chechmil, Yucatan

Cacao 3 Yucatan/Mex
0 25 0 16

Criollo/Chechmil, Yucatan

CAS5 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

BO204 Venezuela
0 2

FONAIAP Bocadillos

BOC210 Venezuela
4 24

FONAIAP Bocadillos

CATA201 Aragua/Ven
2 7

FONAIAP Cata

CATA209 Aragua/Ven
14 33

FONAIAP Trinitario/Cata

CATA211 Aragua/Ven
14 29

FONAIAP Trinitario/Cata

CC10 Costa Rica 4 15 CNRA
dl Matina?  or Matina x

Trinitario
CC39 Costa Rica

14 30
CNRA dl UF668

CEC1 Aragua/Ven
6 20

Trinitario/Cuyagua

CEC2 Aragua/Ven
16 33

Trinitario/Cuyagua

CHA5 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

CHA13 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

CHA18 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

CHA20 Chiapas/Mex
0 25 0 16

INIFAP, Finca El Danubio Criollo,  Lacandona rainforest

CHO28 Aragua/Ven
11 33

FONAIAP Trinitario

CHO31 Aragua/Ven
14 33

FONAIAP Trinitario

CHO36 Aragua/Ven
13 33

FONAIAP Trinitario

CHO41 Aragua/Ven
12 33

FONAIAP Trinitario

CHO42 Aragua/Ven
24 33 16 16

FONAIAP Trinitario
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CHO94 Aragua/Ven
10 33

FONAIAP Trinitario

CHO131 Aragua/Ven
6 33

FONAIAP Trinitario

CHO174 Aragua/Ven
13 33

FONAIAP Trinitario

CHOS201/12 Aragua/Ven
11 32

FONAIAP Trinitario

CHOS205/34 Aragua/Ven
12 33

FONAIAP Trinitario

CHOS205/37 Aragua/Ven
13 33

FONAIAP Trinitario

CHOS217/18 Aragua/Ven
10 32

FONAIAP Trinitario

CHUAO24 Aragua/Ven
10 28

FONAIAP Trinitario

CHUAO49 Aragua/Ven
3 20

FONAIAP Trinitario

CHUAO120 Aragua/Ven
16 33 7 16

FONAIAP Trinitario

CHUAO202 Aragua/Ven
15 33

FONAIAP Trinitario

CHUAO211 Aragua/Ven
4 14

FONAIAP Trinitario

CNS22 Mexico
4 15

CATIE Trinitario

CNS23 Mexico
1 6

CATIE Trinitario

COL11 Magdalena
Colombia 0 25

Centro de Investigacion
Caribia

Criollo

COL2 Magdalena
Colombia 0 25

Centro de Investigacion
Caribia

Criollo

COL3 Magdalena
Colombia 0 25

Centro de Investigacion
Caribia

Criollo

COL4 Magdalena
Colombia 0 25 0 16

Centro de Investigacion
Caribia

Criollo

COL5 Magdalena
Colombia 0 25

Centro de Investigacion
Caribia

Criollo

COL7 Magdalena
Colombia 0 25

Centro de Investigacion
Caribia

Criollo

COL8 Magdalena
Colombia 0 25

Centro de Investigacion
Caribia

Criollo

COL9 Magdalena
Colombia 8 25

Centro de Investigacion
Caribia

Criollo

CL10 Magdalena
Colombia 0 25 0 16

Centro de Investigacion
Caribia

Criollo

Comun tipico Brazil
3 21

CATIE Amelonado selection

CPC1 Aragua/Ven
17 33

FONAIAP Trinitario

Criollo 5 Nicaragua
6 25 8 16

CATIE Trinitario

Criollo 12 Panama
11 24 7 16

CATIE Trinitario

Criollo 37 Nicaragua
6 25 3 16

CATIE Trinitario

Criollo 216 Costa Rica
7 15

CATIE Trinitario

CRP2 Aragua/Ven
15 33

FONAIAP Trinitario/Cuyagua

CS1 Sucre/Ven
11 33

Trinitario

CS2 Sucre/Ven
12 33

Trinitario

CS3 Sucre/Ven
13 32

Trinitario

CS5 Sucre/Ven
18 33

Trinitario

CS7 Sucre/Ven
8 33

Trinitario

CS9 Sucre/Ven
7 33

Trinitario

CUM209 Cumboto/Ven
8 9

FONAIAP Trinitario

CUM214 Cumboto/Ven
1 9

FONAIAP Trinitario

DR1 Indonesia
10 27 11 16

CNRA Java Trinitario

E1J92/70 Ghana
2 8 16 28

CNRA local Trinitario

EBC5 Colombia
0 28 9 16

CIRAD/MPL

EBC6 Colombia
3 29 3 16

CIRAD/MPL

EBC10 Colombia
3 29 6 16

CIRAD/MPL

ECH1 Tabasco/Mex
19 25

Trinitario
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ECH2 Tabasco/Mex
19 25 15 16

Trinitario

ECNR ecuador
3 16

CRU Ecuador Cacao Nacional
Refractario

EET59 ecuador
4 18

CEPEC San Javier cacao nacional

EQX27 ecuador
12 23

CNRA EET59XEET62

EQX94 ecuador
9 26

CNRA

EQX100 ecuador
2 4

CNRA

EQX107 ecuador
4 15

CNRA

ERJOH1 Brazil
2 20

CEPEC Caco

ERJOH2 Brazil
2 16

CEPEC Purus

ERJOH3 Brazil
4 17

CEPEC Envira

ERJOH4 Brazil
2 9

CEPEC Jaranca

ERJOH5 Brazil
2 20

CEPEC Jurua

ERJOH6 Brazil
2 9

CEPEC Curuça

ERJOH7 Brazil
4 14

CEPEC Iça

ERJOH8 Brazil
8 19

CEPEC Solimoes

ERJOH9 Brazil
0 6

CEPEC Branco

ERJOH10 Brazil
0 6

CEPEC Balbina

ERJOH11 Brazil
7 21

CEPEC Alenquer

ERJOH12 Brazil
8 30 3 16

CEPEC Ariquemes

ERJOH13 Brazil
7 15

CEPEC Altamira

ERJOH14 Brazil
3 11

CEPEC Bonevides

ERJOH15 Brazil
5 25 5 14

CEPEC Japira

G8 Indonesia
3 8 8 24

Trinitario/CNRA Trinitario

G23 Indonesia
6 28 8 16

Trinitario/CATIE Trinitario

GAL2 Zulia/Ven
3 25

Trinitario

GS29 Granada
6 9 6 13

Trinitario/CNRA Trinitario

GS36 Granada
6 9 17 29

Trinitario/CNRA Trinitario

GU144 Guyane Fr.
1 29 4 16

CIRAD/MPL wild Cam. 7

GU154 Guyane Fr.
0 30 0 16

CIRAD/MPL wildCam. 8

GU346 Guyane Fr.
2 30 4 16

CIRAD/MPL wildCam. 13

GU349 Guyane Fr.
1 29 0 16

CIRAD/MPL wildCam. 3

Guasare1 Guasare/Ven
1 33

Criollo Criollo

Guasare2 Guasare/Ven
1 33

Criollo Criollo

Guasare3 Guasare/Ven
1 33

Criollo Criollo

Habillal1 Michoacan/Mex
0 16

Criollo

HE2 Tachira/Ven
11 33

Trinitario

HE3 Tachira/Ven
14 33

Trinitario

HE4 Tachira/Ven
2 33 0 16

Criollo

HE5 Tachira/Ven
8 33

Trinitario

HE6 Tachira/Ven
12 33

Trinitario

HE201 Tachira/Ven
12 33

Trinitario

Hernandez
212 Tachira/Ven 4 28 FONAIAP Trinitario
I059 Tabasco/Mex

19 25
INIFAP, Finca El Danubio Trinitario

ICS1 Trinidad
3 9

CNRA Trinitario

ICS6 Trinidad
3 9 12 30

CNRA Trinitario

ICS16 Trinidad
4 8 11 29 10 16

CNRA Trinitario
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ICS39 Nicaragua
5 9 12 23

CNRA Trinitario

ICS40 Nicaragua
6 9 16 27 14 15

CNRA Trinitario

ICS46 Trinidad
5 9 17 30

CNRA Trinitario

ICS48 Nicaragua
18 29

CRU Trinitario

ICS53 Trinidad
3 9 11 30 8 14

CNRA Trinitario

ICS60 Nicaragua
5 9 25 38 15 16

CNRA Trinitario

ICS75 Trinidad
5 9 14 28

CNRA Trinitario

ICS84 Trinidad
4 9 15 30

CNRA Trinitario

ICS89 Trinidad
2 8 18 29 15 15

CNRA Trinitario

ICS95 Trinidad
3 9 7 12 13 16

CEPEC Trinitario

ICS98 Trinidad
9 17

CEPEC Trinitario

ICS100 Nicaragua
2 8 14 39 6 16

CNRA Trinitario

IFC1 Côte d’Ivoire
0 9 3 23

CNRA Amenolado local selection

IFC2 Côte d’Ivoire
0 9 0 27

CNRA Amenolado local selection

IFC4 Côte d’Ivoire
1 9 9 29 7 16

CNRA Trinitario local selection

IFC5 Côte d’Ivoire
2 9 7 30 6 16

CNRA Trinitario local selection

IFC6 Côte d' Ivoire
3 9 10 28

CNRA Trinitario local selection

IFC7 Côte d' Ivoire
3 9 6 30

CNRA Trinitario local selection

IFC11 Côte d' Ivoire
2 9 10 30 6 16

CNRA Trinitario local selection

IFC15 Côte d’Ivoire
3 9 8 30

CNRA Trinitario local selection

IFC19 Côte d' Ivoire
3 9 11 30 7 16

CNRA Trinitario local selection

IFC361
(Catongo)

Brazil
0 9 0 30

CNRA Bahia selection

IFC413 Côte d' Ivoire
10 29

CNRA dlR15

IFC414 Ghana
8 26

CNRA dl IFC307

IFC420 Côte d' Ivoire
6 27

CNRA dlR15

IFC422 Côte d' Ivoire
0 29

CNRA dlE1

IFC 1212 Côte d' Ivoire
7 25

CNRA PA150xIFC5

IFC 1213 Côte d' Ivoire
8 25

CNRA PA150xIFC6

IMC5 Peru
3 9 9 27 8 15

CNRA

IMC6 Peru
4 9

CNRA

IMC14 Peru
7 20

CRU

IMC23 Peru
3 9 9 31

CNRA

IMC31 Peru
3 9 5 18

CNRA

IMC47 Peru
9 31 10 15

CIRAD/MPL

IM57 Peru
5 9 5 16

CNRA

IMC67 Peru
3 9 9 29

CNRA

IMC78 Peru
2 8 6 22

CNRA

IMC85 Peru
7 20

CRU

IMC105 Peru
11 26

CRU

JS201 Yaracuy/Ven
6 11

FONAIAP Trinitario/Jobal Zaragoza

JS202 Yaracuy/Ven
12 29

FONAIAP Trinitario/Jobal Zaragoza

JS206 Yaracuy/Ven
14 28

FONAIAP Trinitario/Jobal Zaragoza

JS210 Yaracuy/Ven
14 28

FONAIAP Trinitario/Jobal Zaragoza

JS211/21 Yaracuy/Ven
14 33

FONAIAP Trinitario/Jobal Zaragoza

K5
(IFC305) Ghana 1 9 7 30 CNRA

Trinitario local selection
(axil spot)

LaEsmida Mexico 8 30 CATIE Trinitario
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LAN1 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LAN2 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LAN3 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LAN4 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LAN6 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LAN7 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LAN8 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LAN9 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA10 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA11 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA12 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA13 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA14 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LA16 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA17 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LA18 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA19 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LA21 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LA22 Chiapas/Mex
0 25

INIFAP, Finca El Danubio Criollo,  Lacandona rainforest

LA23 Chiapas/Mex
0 25

INIFAP, Finca El Danubio Criollo,  Lacandona rainforest

LA24 Chiapas/Mex
0 16

INIFAP, Finca El Danubio Criollo,  Lacandona rainforest

LA26 Chiapas/Mex
0 25

INIFAP, Finca El Danubio Criollo,  Lacandona rainforest

LA27 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LAN28 Chiapas/Mex
0 25 0 16

Criollo,  Lacandona rainforest

LAN29 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LAN30 Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

LAF1 Costa Rica
13 28

CATIE Trinitario

LAF2 Costa Rica
8 23

CNRA Trinitario

LAF3 Costa Rica
3 16

CATIE Trinitario

LAFI/7 Samoa
7 24

Trinitario

LCTEEN37 Ecuador
5 30 5 16

CIRAD/MPL Napo

LCTEEN84 Ecuador
2 9

CRU Zamora

LCTEEN109 Ecuador
0 2

CRU Napo

LCTEEN127 Ecuador
1 17

CRU

LCTEEN167 Ecuador
2 8

CIRAD/MPL

LCTEEN202 Ecuador
1 10

CRU Napo

LCTEEN295 Ecuador
3 11

CRU Morona

LCTEEN325 Ecuador
3 21

CRU Napo

LCTEEN326 Ecuador
3 22

CRU

LCTEEN355 Ecuador
2 30 7 16

CIRAD/MPL Morona

LCTEEN371 Ecuador
1 3

CIRAD/MPL Pastaza

LIB1 Nicaragua
0 25 0 16

INTA Criollo

LIB2 Nicaragua
0 25 0 16

INTA Criollo

LIB3 Nicaragua
0 25 0 16

INTA Criollo

LIMON Michoacan/Mex
0 16

Criollo

LMD1 Aragua/Ven
8 32

FONAIAP Trinitario/Chuao
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LMD4 Aragua/Ven
6 33

FONAIAP Trinitario/Chuao

LMD5 Aragua/Ven
10 33

FONAIAP Trinitario/Chuao

LPM2 Michoacan/Mex
13 25

Universidad de Chapingo Trinitario

LPM3 Michoacan/Mex
14 25

Universidad de Chapingo Trinitario

LPM4 Michoacan/Mex
11 25

Universidad de Chapingo Trinitario

LPM6 Michoacan/Mex
12 25

Universidad de Chapingo Trinitario

LV0 Aragua/Ven
11 33

FONAIAP Trinitario/Chuao

LV1 Aragua/Ven
13 33

FONAIAP Trinitario/Chuao

LV2 Aragua/Ven
12 32

FONAIAP Trinitario/Chuao

LV3 Aragua/Ven
10 33

FONAIAP Trinitario/Chuao

LV4 Aragua/Ven
8 33

FONAIAP Trinitario/Chuao

LV6 Aragua/Ven
21 33

FONAIAP Trinitario/Chuao

LV00 Aragua/Ven
7 33

FONAIAP Trinitario/Chuao

LV13 Aragua/Ven
4 33

FONAIAP Trinitario/Chuao

LV14 Aragua/Ven
12 33

FONAIAP Trinitario/Chuao

MAT1-6 Costa Rica
0 30 0 16

CNRA Matina

MAT1-9 Costa Rica
1 9

CNRA Matina

MO9 Peru
3 9 8 30 6 16

CNRA Morona

MO81 Peru
3 9 4 13

CNRA Morona

MO98 Peru
9 27 9 14

CNRA Morona

MOQ122 Ecuador
1 14

CRU local selection

MOQ216 Ecuador
6 30

CNRA local selection

MOQ413 Ecuador
2 8 2 8

CNRA local selection

MOQ647 Ecuador
3 9 7 22

CNRA local selection

MOQ663 Ecuador
1 13

CRU local selection

MT1 Honduras/Guat
8 25

CATIE

N38 Nigeria
1 9 0 14

CNRA dl ICS93

NA2 Peru
4 9

CNRA

NA27 Peru
4 9

CNRA

NA32 Peru
4 9 5 23

CNRA Nanay

NA33 Peru
8 15

CRU Nanay

NA58 Peru
1 9

CNRA

NA79 Peru
1 9 1 2

CNRA Nanay

NA95 Peru
1 9

CNRA

NA691 Peru
3 8

CNRA

Nacional Ecuador
11 27

CATIE arriba flavor

NR1 Chuao/Ven
17 33

Trinitario

NOVC5 Tachira/Ven
0 16

FONAIAP Criollo/Novillero

NV29 Tachira/Ven
8 25 10 15

FONAIAP Trinitario/Novillero

OC60 Aragua/Ven
23 33

FONAIAP Trinitario/Ocumare

OC61 Aragua/Ven
17 33

FONAIAP Trinitario/Ocumare

OC61dl Aragua/Ven
1 24

CIRAD/MPL Trinitario/Ocumare

OC63 Aragua/Ven
14 32

FONAIAP Trinitario/Ocumare

OC66 Aragua/Ven
17 33

FONAIAP Trinitario/Ocumare

OC73 Aragua/Ven
14 33

FONAIAP Trinitario/Ocumare

OC77 Aragua/Ven
9 29

FONAIAP Trinitario/Ocumare
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OS02 Chiapas/Mex
19 25

Trinitario/In a plantation

P4/9 Peru
3 26

P1 Peru
1 8 1 29

CNRA Nanay

P2 Peru
1 9 0 28 1 15

CNRA Nanay

P 7 Peru
4 9 6 25

CNRA

P13B Peru
1 9

CNRA

P16 Peru
8 28 8 15

CNRA Nanay

P19A Peru
5 9

CNRA

P32A Peru
1 9 1 25

CNRA Nanay

PA4 Peru
0 9 0 1

CNRA

PA7 Peru
4 9 5 19

CNRA

PA13 Peru
2 7 14 39 9 16

CNRA

PA20 Peru
4 11

CRU

PA76 Peru
8 32 7 15

CRU

PA107 Peru
8 31 7 16

CRU

PA121 Peru
2 9 6 19

CNRA

PA150 Peru
2 9 0 9

CNRA

PA300 Peru
7 19

CRU

Para Brazil
1 23

CATIE Bahia selection

PC1 Zulia/Ven
1 33

Criollo

Pentagona
16

Mexico
14 25 6 16

CATIE Trinitario

Peres 2 Magdalena/Colom
b 0 25 0 16

Criollo/Tayrona Park

POR Zulia/Ven
6 8

CNRA Trinitario

POB Zulia/Ven
4 7 11 21

CNRA Trinitario

POC Zulia/Ven
5 8 5 16

CNRA Trinitario

POR210 Zulia/Ven
3 15

FONAIAP Trinitario

POR211 Zulia/Ven
3 11

FONAIAP Trinitario

POR215/A Zulia/Ven
1 33

FONAIAP Criollo

POR215/B Zulia/Ven
1 33

FONAIAP Criollo

Porcelana3 Zulia/Ven
6 18

CATIE Trinitario

Porcelana
Rojo Zulia/Ven 3 27 FONAIAP Criollo

PR01 Zulia/Ven 11 25 FONAIAP
Trinitario/Porcelana

Plantations
Providencia

201 Venezuela 5 22 FONAIAP Trinitario
PSL1 Zulia/Ven

1 33
Criollo/Porcelana Plantations

PSL2 Zulia/Ven
1 30

Criollo/Porcelana Plantations

PSL3 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PSL4 Zulia/Ven
1 31

Criollo/Porcelana Plantations

PSL5 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PSL6 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PSL7 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PSL8 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PSL9 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PSL10 Zulia/Ven
1 33

Criollo/Porcelana Plantations

PV2 Zulia/Ven
9 29

CATIE Trinitario

PV4 Zulia/Ven
5 8

CATIE Trinitario
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PV6 Zulia/Ven
1 24

CATIE

Q7 Ghana
1 7 3 27

CNRA

RANCHITO1 Michoacan/Mex
0 25 0 16

Criollo

RIM8 Mexico
12 26

CATIE Trinitario/type Soconusco

RIM15 Mexico
3 9 11 23

CATIE Trinitario/type Soconusco

RIM19 Mexico
5 16

CATIE Trinitario/type Soconusco

RM68 Mexico
13 24 6 16

Trinitario

RIM76, Mexico
6 16

CATIE Trinitario/type Soconusco

RIM105 Mexico
9 20

CATIE Trinitario/type Soconusco

RIM113 Mexico
11 21 16 16

CATIE Trinitario/type Soconusco

R189 Mexico
11 22 6 15

Trinitario

STAMARIA2 Michoacan/Mex
0 25

Criollo

S52 Sao Tomé
1 9 14 24

CNRA Trinitario

S84 Ghana
0 9 7 33

Trinitario

SAL2 Merida/Ven
7 33

Amelonado

SAUCITO1 Michoacan/Mex
0 25

Criollo

SC5 Colombia
15 26

CATIE

SC6 Colombia
1 26

CATIE

SCA6 Ecuador
1 9 3 29 10 16

CNRA Scavina

SCA9 Ecuador
9 38 6 14

CNRA Scavina

SCA12 Ecuador
8 24

CNRA Scavina

SF23 Côte d’Ivoire
11 25

CNRA Amenolado local selection

SJU1 Guasare/Ven
0 25 0 16

Criollo/From Guasare region

SJU3 Guasare/Ven
0 25

Criollo/From Guasare region

SJU6 Guasare/Ven
0 25

Criollo/From Guasare region

SIAL42 Brazil 13 27
CATIE Selections made from farms

specially in the South of Bahia

SIAL70 Brazil 2 30 0 16
CATIE Selections made from farms

specially in the South of Bahia

SIAL325 Brazil 2 19
CATIE Selections made from farms

specially in the South of Bahia

SIC864 Brazil 1 30 0 15
CIRAD

Montpellier
Selection from a Catongo

population
SN10 Cameroun

11 25 7 16
IRAD Trinitario local selection

SNK12 Cameroun
3 8 8 26

IRAD Trinitario local selection

SN64 Cameroun
5 25

IRAD Trinitario local selection

SNK109 Cameroun
3 8 5 22

IRAD Trinitario local selection

SNK413 Cameroun
11 25

IRAD Trinitario local selection

SNK625 Cameroun
6 25

IRAD Trinitario local selection

SP1 Zulia/Ven 2 33 0 16
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations

SP2 Zulia/Ven 3 33 0 16
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations
SP3 Zulia/Ven

1 33
FONAIAP, EL Chama Criollo/Porcelana Plantations

SP4 Zulia/Ven 2 33
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations

SP5 Zulia/Ven 1 32
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations

SP6 Zulia/Ven 1 32
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations

SP7 Zulia/Ven 1 33
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations

SP8 Zulia/Ven 1 32
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations
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SP9 Zulia/Ven 3 33
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations

SP10 Zulia/Ven 1 32 0 16
FONAIAP, Estacion EL

Chama
Criollo/Porcelana

Plantations
SPA5 Colombia

5 14
CATIE Oriente Ecuador

SPA11 Colombia
5 17

CATIE Oriente Ecuador

SPA17 Colombia
5 16

CATIE

SPEC54-2 Colombia
0 26

CNRA

SPEC138-8 Colombia
14 29

CNRA

SPEC160-9 Colombia
15 30

CNRA

SPEC185-4 Colombia
2 25

CNRA

ST1 Belize
0 25 0 16

CRU Pool of ST1 progenies

STA1 Nicaragua
9 16

Amelonado

STA2 Nicaragua
10 15

Amelonado

T16/613 Ghana
1 9

CNRA

T60/887 Ghana
2 7 8 20

CNRA PA7xNA32

T63/967 Ghana
8 24

CNRA Pa35xNa32

T79/416 Ghana
4 9 1 9

CNRA NA32xPA7

T79/501 Ghana
4 11

CNRA NA32xPA7

T85/799 Ghana
5 9 5 14

CNRA IMC60xNA34

TAP12 Peru
5 32

Tapiche river

THCA Chiapas/Mex
0 25

Criollo,  Lacandona rainforest

T5 Yucatan/Mex
0 25

Tixcacaltuyub, Mexico

TJ1 Honduras/Guat
5 26

CATIE Trinitario

T1077 Trinidad
14 24 12 15

UF10 Costa Rica
15 26

CATIE Trinitario

UF168 Panama
17 30 16 16

CATIE Trinitario

UF221 Costa Rica
6 9 14 26

CNRA Trinitario

UF296 Costa Rica
10 22

CEPEC Trinitario

UF667 Costa Rica
6 9 16 29 13 13

CNRA Trinitario

UF676 Costa Rica
6 8 17 29 14 14

CNRA Trinitario

UIT1 Malaysia
16 19

Trinitario/Sabah

UIT2 Malaysia
17 21

Trinitario/Sabah

UIT3 Malaysia
18 21

Trinitario/Sabah

UIT4 Malaysia
17 20

Trinitario/Sabah

UIT5 Malaysia
24 33

Trinitario/Sabah

UPA134 Cameroun
9 25

IRAD

UPA401 Côte d'Ivoire
5 18

CNRA (IMC60xNA34)

UPA402 Côte d'Ivoire
0 8

CNRA

UPA409 Côte d'Ivoire
0 6

CNRA

UPA413 Côte d'Ivoire 4 8 6 24 CNRA (IMC60xNA34)

UPA603 Côte d'Ivoire 1 8 6 24 CNRA
T79xT72 =

(NA32xPA7)x(NA32xIMC60)

UPA608 Côte d'Ivoire 2 6 3 10 CNRA
T79xT72 =

(NA32xPA7)x(NA32xIMC60)

UPA620 Côte d'Ivoire 2 8 0 4 CNRA
T79xT72 =

(NA32xPA7)x(NA32xIMC60)

VENC1 Venezuela 1 22 CIRAD/MPL
VENC4 Venezuela

5 38 3 15
CIRAD/MPL

VENC5 Venezuela
1 25

CIRAD/MPL wild
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VENC11 Venezuela
1 29 2 15

CIRAD/MPL wild

VENC15 Venezuela
1 19

CIRAD/MPL Forastero/orinoco

VENC20 Venezuela
0 23 0 15

CIRAD/MPL Forastero/orinoco

VENC31 Venezuela
0 3

CIRAD/MPL Forastero/orinoco

W41 Ghana
3 9

CNRA

WA40 Java
5 9 0 28

CNRA G8xDR8 ou DR1xDR32

Y1 Yucatan/Mex
0 25 0 16

INIFAP, Finca El Danubio Criollo/Yaxcaba, Mexico

Y2 Yucatan/Mex
0 25 0 16

INIFAP, Finca El Danubio Criollo/Yaxcaba, Mexico

Y3 Yucatan/Mex
0 25 0 16

INIFAP, Finca El Danubio Criollo/Yaxcaba, Mexico

ZEA1 Merida/Ven
2 33

FONAIAP Criollo

ZEA2 Merida/Ven
2 33

FONAIAP Criollo

ZEA3 Merida/Ven
4 33

FONAIAP Criollo

ZEA4 Merida/Ven
2 33 0 16

FONAIAP Criollo

ZEA206 Merida/Ven
3 27

FONAIAP Criollo

Key to the terms used:
• ‘Isozyme hetero’, ‘RFLP hetero’ or ‘microsat hetero’ = number of heterozygous loci

revealed by isozyme, RFLP or microsatellite markers respectively.
• ‘Isozyme total’, ‘RFLP total’ or ‘microsatellite total’ = total number of isozyme, RFLP or

microsatellite loci studied.
‘Mex’ = Mexico, ‘Ven’ = Venezuela, ‘Colomb’ = Colombia, ‘Guyane FR’ = French Guiana and
‘Guat’ = Guatemala
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Abstract

Living germplasm collections of Theobroma cacao genotypes are maintained in several
international collections scattered throughout Central and South America as well as in selected
Caribbean Islands such as Puerto Rico and Trinidad and Tobago.  These living germplasm
collections predate the current curators and the scope of the genetic diversity within these
collections has never been determined in detail.  Preliminary molecular studies on a large
international collection in Trinidad and Tobago indicate that as much as 20-30% of the collection
may be mislabelled or labelled with different names.  The United States Department of
Agriculture has begun a programme to identify and describe the genetic diversity of these
collections using state-of-the-art molecular fingerprinting techniques.  Two separate molecular
analysis techniques, Amplified Fragment Length Polymorphism (AFLP) DNA analyses and
Simple Sequence Repeats (SSR or microsatellite) DNA analysis were performed on populations
of trees in T. cacao germplasm collections to evaluate the utility of these procedures for DNA
fingerprinting of this tree crop.  DNA fragments were selectively amplified, labelled with
fluorescent dyes and separated by capillary electrophoresis using two different models of DNA
analysers (an ABI/Perkin Elmer 310 single capillary injector and a Beckman CEQ 2000 eight
channel capillary DNA analyser).  Using either procedure, electropherogrammes of DNA
fragment patterns were reproducible and consistent within a common genotype, while
differentiating separate genotypes.  Similarity dendrograms were based on the combined cluster
analysis of AFLP primer sets of polymorphic peaks or from SSR primers selectively amplified
with PCR technology.  Based on this study, 15 primers for SSR markers have been selected as
an international standard technique for T. cacao molecular characterisation.  Molecular
fingerprinting defines individual accessions, identifies duplications of genotypes within
germplasm collections, corrects mislabelling of accessions and establishes genetic similarity of
breeding lines for potential crosses.  This will help also to select for germplasm stocks to be
used in breeding Theobroma cacao cultivars with improved tolerance/resistance to diseases.

Introduction

In the last 15 years, the rapid spread of three major fungal diseases affecting
Theobroma cacao, together with unstable prices for cocoa beans, has reduced
production of the commodity in Central and South America and nearby Caribbean
Islands by more than 75% of former values.  The three most important diseases that
threaten cocoa production in the Americas are Witches’ Broom disease caused by
Crinipellis perniciosa, Frosty Pod Rot caused by Moniliophthora roreri and Black Pod
Rot caused by several species of Phytophthora.  The development of genetically
resistant T. cacao is one technique that is being employed to help combat this problem.
However, the germplasm collections available as genetic resources are comprised of
cocoa accessions which have never been fully characterised, and the information
about the genetic diversity within each collection is lacking.  Furthermore, it seems
likely that many identical accessions in the collections have been given different names
due to the dates and conditions of collection.  In a preliminary study in Trinidad and
Tobago, using RAPD molecular markers, it was estimated that up to 20% of the plots
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could contain misidentified material due to errors during germplasm transfer or long-
term maintenance (Christopher et al. 1999).
To assist in the development of genetically resistant cultivars to these diseases in
Theobroma cacao, the United States Department of Agriculture (USDA) has begun a
multi-faceted genomics programme focused on T. cacao.  The programme is
comprised of integrated efforts at three USDA locations that include:
The molecular characterisation and DNA fingerprinting of all major cocoa germplasm
collections within the Americas willing to participate in international exchange of
germplasm.  The USDA International Cocoa DNA Fingerprinting Center is equipped
with state-of-the-art multi-channel capillary electrophoretic DNA fragment analysers
and is located at the Beltsville Agricultural Research Center, Beltsville, MD, USA.
Initiation of quarantine facilities and an International USDA Cocoa Core Germplasm
collection to aid in the exchange of disease-free cocoa germplasm.  The cocoa
quarantine centre is located at the Subtropical Horticultural Research Station, Miami,
Florida, and the USDA Cocoa Core Germplasm collection is located at the Tropical
Agricultural Research Station in Mayaguez, Puerto Rico.  A small scale breeding
programme will also be conducted at the USDA facilities in Puerto Rico.
An in-depth molecular mapping and gene discovery programme in cocoa aimed at
identifying genes of resistance to major cocoa diseases.  This effort will be centered at
the Subtropical Horticultural Research Station in Miami, Florida with close collaboration
and support from the cocoa programme at the Beltsville Agricultural Research Center
in Beltsville, MD.
This report will focus on the establishment of the International Cocoa Molecular
Identification Centre in Beltsville, and the activities of this programme on the
characterisation of T. cacao germplasm collections by DNA fingerprinting procedures.

Material and methods

DNA isolation
DNA isolations were performed on 100 mg samples of frozen leaf tissue from T. cacao
accessions collected from either the USDA Tropical Agricultural Research Station in
Mayaguez, Puerto Rico or the CEPLAC Research Institute, Itabuna, Bahia, Brazil.
Tissue disruption was accomplished with one 40-second shaking regime on a Bio101
FastPrep (Carlsbad, CA) rapid oscillating shaker fitted with 2 ml tubes containing
garnet and a single 550 mg ceramic bead.  For lack of a better name this
“shaker/basher” produces a fine homogenate of leaf material by the abrasive actions of
the garnet and ceramic bead striking against the leaf material while the assembly is
being rapidly shaken in the presence of extraction buffer.  This procedure has the
distinct advantage over grinding with a mortar and pestle in that 12 samples can be
processed simultaneously with no possibility of cross contamination of leaf material
since the samples are completely contained within labelled, disposable tubes.  Purified
DNA samples were isolated from this material using a modified Dneasy Plant Mini DNA
isolation kit by Qiagen (Hilden, Germany).  Double stranded DNA was quantified by the
PicoGreen fluorescence technique (Molecular Probes, Inc., Eugene, OR) using a
Fluoroskan Ascent (Labsystems, Helsinki, Finland) microplate reader equipped with
485/538 excitation/emission filter settings.

AFLP DNA analysis
Techniques for the AFLP analysis of T. cacao were adapted and modified from those
published previously (Lin et al. 1996; Saunders et al. 2000, in press).  The
modifications consisted of the use of fluorescent dyes linked to primers in place of 32P,
and the use of capillary electrophoresis for DNA size fragment separation.  Two
different capillary electrophoresis systems were used to evaluate the DNA fragment
analysis.  These systems consist of either an ABI Prism Perkin Elmer 310 single-
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channel capillary Genetic Analyser (PE Applied Biosystems, Foster City, CA) used for
AFLP DNA analysis or a Beckman CEQ2000 eight-channel capillary DNA Analysis
System (Beckman Coulter, Fullerton, CA) used for SSR DNA analysis.

For the ABI PE 310 capillary DNA fragment analyser, 5.5_l containing 50-200 ng of
genomic DNA from each sample was digested overnight at room temperature and
ligated to adaptor pairs of known sequence following manufacturer’s instructions from
the AFLP Plant Mapping Kit (PE Applied Biosystems, Foster City, CA).  The ligation
pairs and digestive enzymes were contained within an additional 5.5µ l of reagent
mixture of 1 unit/µl EcoRI and 1 unit/µl of MseI restriction enzymes, 50 mM Tris-HCl pH
7.5, 10 mM MgCl2, 10 mM dithiothreitol, 1 mM ATP, 25 µg/ml BSA, 60 Units of T4 DNA
ligase (New England Biolabs, Beverly, MA), 1 µl of each EcoRI and MseI adaptor pairs
(AFLP Plant Mapping Kit, PE Applied Biosystems, Foster City, CA), 0.05 M NaCl and
0.6 µl sterile distilled water.  After the restriction-ligation of the DNA, the samples were
diluted 18-fold with 15 mM tris-HCL pH 8.0 containing 0.1 mM EDTA.  PCR pre-
selective amplification was performed on the samples with a GeneAmp 9700 PCR
system (PE Applied Biosystems, Foster City, CA), in a 20 µl reaction containing 4 µl of
the restriction/ligated DNA and 16 µl of a mixture containing 1 µ l of EcoRI and MseI
AFLP preselective primers (PE Applied Biosystems) and 15 µl of AFLP core mix (PE
Applied Biosystems).  The PCR amplification protocol consisted of 72ºC for 3 minutes
followed by 20 cycles of the following profile: 94ºC for 20s, 56ºC for 30s and 72ºC for 2
min with a final 60ºC hold for 30 min.  The amplified product was diluted 20-fold using
15 mM tris-HCl buffer pH 8.0 containing 0.1 mM EDTA.

For selective amplification of restriction fragments, seven sets of AFLP selective
EcoRI and MseI primer pairs (PE Biosystems) were used.  The reaction mixture for
each selective amplification contained 15 µl AFLP core mix, 1 µl of AFLP EcoRI dye-
labelled primer with three additional user selected nucleotides and 1 µl AFLP MseI
unlabelled primer with three additional user-selected nucleotides.  The PCR profile for
the selected amplification consisted of an initial warm-up at 94ºC for two minutes then
one cycle of 94ºC for 20s, 66ºC for 30s and 72ºC for 2 min, followed by ten subsequent
cycles each with 1ºC lowering of the annealing temperature and finally 25 cycles of
94ºC for 20s, 56ºC for 30s and 72ºC for 2 min with a final hold of 60ºC for 30 min.
Following PCR amplification, 1 µl of reaction products, 24 µl of deionised formamide,
and 0.5 µl Genescan-400 size standard were mixed, heated at 95ºC for 5 min, and
stored at 4ºC.  DNA fragment sizes between 50 and 400 bp were separated and
determined on an ABI Perkin Elmer 310 single-channel capillary genetic analyser.

SSR DNA analysis
Primer sequences for SSR analysis were described by Lanaud et al.(1999).  For PCR
amplification of the SSR primers in Theobroma cacao genomic DNA, five primer sets
were synthesised at Research Genetics, Inc.  (Huntsville, Alabama).  The 5’forward
primers end-labelled with WellRed TM fluorescent dyes were supplied and used
according to manufacturer’s instructions (Beckman Coulter Inc., Fullerton, CA, USA).
The reaction mixtures contained 3 µl genomic DNA (≈100 ng), 1 µl of both forward and
reverse primers (final concentration of 0.5 µl , and 15 µ l  of PCR Super Mix (Life
Technologies Inc., Gaithersburg, MD).  The PCR reaction was performed in a Gene
Amp 9700 PCR system with the temperature profile of 94ºC for 4 min followed by 40
cycles of following profile: 94ºC for 30s, 46ºC or 51ºC for 1min and 72ºC for 2 min with
a final 60ºC hold for 30 min.  The individual samples were run on a Beckman CEQ2000
eight channel capillary DNA Analysis system to determine the size of the amplified
DNA fragments from each accession of Theobroma cacao.  The capillary injection
consisted of a 30 second electrophoresis at 2.0 kV from a 40 µ l mixture of 0.5 µ l
CEQ2000 DNA size standard-400 (Beckman Coulter P/N 608098), 0.5 µl of PCR
amplification mixture and 39 µl sample loading solution containing deionised formamide
(SLS Beckman Coulter P/N 608083).  The CEQ 2000 Frag-3 profile was used for the
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running conditions that were: capillary temperature 50ºC, denaturation temperature
90ºC for 120s, and separation voltage 6.0 kV for a run time of 35min.  Data analysis
was performed using the CEQ 2000 Fragment Analysis software according to
manufacturer’s recommendations (Beckman Coulter Inc., Fullerton, CA, USA).

Results and discussion

Selection of DNA fingerprinting techniques
Multiple techniques are available for the molecular characterisation of plant germplasm
collections with refinements, updates and modifications of these procedures being
introduced at an astounding pace.  Several researchers have evaluated the use of
Random Amplified Polymorphic  DNA (RAPD) and Restriction Fragment Length
Polymorphism (RFLP) DNA analyses for diversity studies on T. cacao with mixed
results (e.g. Wilde et al. 1992; Gilmour 1994; Laurent et al. 1994; N’Goran et al. 1994
and D. Butler Cocoa Research Unit, Trinidad And Tobago, personal communication).
Although both of these molecular analysis techniques produce molecular markers,
neither is suitable for the high throughput analysis necessary for the molecular
characterisation of the estimated 8,000 – 10,000 T. cacao accessions held in present
collections within the Americas.  In addition, there are questions of consistency and
repeatability under the conditions necessary for large-scale projects using RAPD.  To
address some of these issues, we evaluated two of the more recent DNA analytical
procedures, Amplified Fragment Length Polymorphism’s (AFLP) and Simple Sequence
Repeats (SSR also termed microsatellite analysis) for their utility as DNA fingerprinting
procedures for T. cacao germplasm collections.  Since the size of the population which
is being evaluated was also a factor in the utility of the molecular procedure that is
used, we looked at two different T. cacao populations, a small sample of 14 T. cacao
accessions from Brazil and a larger population of approximately 125 T. cacao
accessions collected from Central and South America.  These samples were subjected
to DNA analysis using both AFLP and SSR protocols to evaluate the utility of the
techniques.

AFLP DNA analysis
The use of AFLP DNA analysis on T. cacao involves five basic steps for molecular
analysis.  First the genomic DNA is isolated from the plant leaf and thoroughly
fragmented using the frequent cutting restriction enzymes EcoRI and MseI.  These
restriction enzymes completely digest the genomic DNA into fragments of
approximately 50 – 1000 bp during a complete overnight digestion.  The fragmented
DNA is then ligated with a small segment of known DNA and selected fragments of the
DNA are copied by PCR amplification.  In the third step of the process, further
specificity is achieved by a second, selective amplification in which the PCR primers
are modified to amplify only a fraction of the genome.  In the fourth step of the process,
these fragments must be separated to produce the actual fingerprint upon which
subsequent analysis is accomplished.  At present, either electrophoresis on slab gels
or capillary systems are used for the separation of the DNA fragments.  The final step
in the AFLP process is the scoring and data analysis of the DNA fragments.  The
scoring of the DNA fragments is linked to the separation system and involves the need
to visualise the DNA fragments by staining, fluorescent dyes, or with radioactive
isotope markers.  Each of these DNA visualisation procedures brings its own set of
criteria for accurate scoring and analysis of the data that is unique to that DNA marker.

One of the main advantages of the AFLP DNA analysis technique is that it is not
necessary for the researcher to have previous knowledge about the genome being
tested in order to achieve results capable of differentiating between genotypes.  Having
said that, however, all AFLP primers do not produce equally valuable information about
the nature of the DNA being tested.  Many AFLP primers work better in some plants
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than in others.  To optimise AFLP techniques for T. cacao, we evaluated the
performance of 36 different combinations of AFLP primers from EcoRI and MseI double
restriction enzyme digests having three selected base pairs on each primer.  From
these primer combinations the seven primers shown in Table 1 were used to generate
singular and composite comparative dendrograms for two differently sized populations
of T. cacao containing 14 and 125 accessions respectively.  These two population
sizes were chosen to evaluate the usefulness of the AFLP DNA analysis technique on
different sample sizes.  There are several parameters that would define optimal primers
for use by the AFLP analysis techniques.  Optimal primers produce easily scorable
DNA fragments that show reproducibility between samples and a high number of
polymorphic bands to elucidate diversity and discriminate between samples.

AFLP DNA analysis produces 70 to 90 DNA fragments per primer for each
accession of T. cacao tested.  Although many of these bands are conserved in nature,
that is they are present in all of the samples that are analysed, a large number of the
bands are polymorphic in comparison to the rest of the sample in the population being
tested.  In our hands, we declared a band polymorphic if it was absent in at least one of
the other accessions being evaluated in that population and could be reliably separated
and scored as a single band.  Thus the number of polymorphic bands recorded in
Table 1 is a conservative estimate of the total number of polymorphic bands produced.
However, these could be repeatedly scored with accuracy.  On average, there were
usually 20-30 polymorphic bands per accession using the primers that we selected for
optimal performance.

Table 1. AFLP 3+ primers selected for characterisation of T. cacao populations

EcoRI/MseI Primer
Polymorphic bands in 14

T. cacao accessions
Polymorphic bands in 125

T. cacao accessions

E-ACT/M-CAT 19 21
E-AAC/M-CTC 30 32
E-ACA/M-CAA 30 n.d.
E-AAC/M-CAC 15 17
E-ACA/M-CAT 21 26
E-AAG/M-CTA 21 26
E-ACC/M-CTA 21 21

n.d. = not determined

As Table 1 shows, the number of polymorphic bands is also related to the genetic
diversity of the population being examined and the number of samples in the
population.  In all but one primer, the number of polymorphic bands increased with the
sample size, and thus the diversity of the samples increased.  The number of scorable
bands for AFLP is quite high in comparison to RAPD and RFLP procedures where 1-4
bands per probe would be considered substantial (see Lin et al. 1996).

The question arises as to how many primers are sufficient to adequately predict the
genetic diversity of a population.  If the population is very small, and the goal of the
analysis is to determine if the samples are closely related, then one or two primers may
be sufficient to predict the relationships among the samples.  Larger populations of
samples may require more in-depth analysis with higher numbers of primer pairs.  To
determine the optimal number for any population size, a dendrogram was produced
after the analysis of each primer pair and composite dendrograms were complied in a
stepwise fashion for each primer to determine the degree of reliability of the data with
additional primer analyses.  When additional primers did not significantly change the
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pattern of the dendrogram, then a sufficient number of analyses had been done for that
sample size.

SSR DNA analysis
SSR or microsatellite DNA analysis makes use of specific sequences within the
genome of T. cacao with a di-, tri-, or tetra-nucleotide repeating unit (Rogstad 1993;
Cregan et al. 1994; Wang et al. 1994; Cregan and Quigley 1997).  In almost all cases,
these regions of the genome are non-coding in nature and as such are regions of high
genetic variability that are inherited.  These areas of repeating nucleotides of the
genomic DNA are identified through a variety of sequencing procedures.  They can be
used for DNA fingerprinting by designing PCR primers based on nucleotide sequence
from flanking regions of the genomic DNA.  Due to the ease of separation of relatively
small fragments of DNA, SSR fragments that range in size from 100 – 350 bp in length
are the most useful for DNA fingerprinting.  SSR DNA analysis has several advantages
over AFLP DNA analysis since each sample is expected to display a maximum of two
peaks or alleles for each unique SSR primer used.  These alleles are the result of
maternal and paternal inheritance patterns and the size of the alleles and their
frequency within a population of plant accessions demonstrate diversity in germplasm
being examined.  Variability in the size of the fragment occurs due to deletions or
insertions in the SSR region of the genomic DNA.  It is possible to sometimes get more
than two SSR peaks per sample if the DNA is copied in another region of the genome,
however with the proper selection of PCR primers these situations can be avoided.
Another distinct advantage of SSR DNA fingerprinting is that the quantity and quality of
the DNA for analysis is a great deal more forgiving for SSR analysis compared to AFLP
procedures.  This is primarily due to the fact that the restriction digestion step of the
AFLP process is eliminated in the SSR procedure.  One distinct disadvantage to SSR
fingerprinting is that considerable research has to be accomplished to identify and
sequence SSR primers compared to AFLP procedures.

Table 2. Analysis of SSR primers from samples of T. cacao

From Lanaud et al.
(1999)

EMBL #
Marker
Name

Chromo-
some

Annealing
Temp.

Range of
Alleles

Allele#
Sample

#
Size Allele# Sample#

Y16983 mTcCIR9 6 51ºC 230-299 7 7 274 4 18

Y16988 mTcCIR15 1 46ºC 191-275 12 14 254 10 24

Y16994 mTcCIR21 3 46ºC 156-206 4 11 157 6 18

Y16996 mTcCIR24 9 46ºC 191-207 6 9 198 4 18

Y16997 mTcCIR25 6 46ºC 146-157 10 14 153 13 24

Table 2 shows the data obtained from an examination of five SSR primers selected
from four different chromosomes across the cocoa genome.  A population of up to 14
T. cacao accessions was subjected to PCR amplification based on these primers and
the numbers of individual allelic markers were recorded for each of the primers.  These
data closely parallel previously published reports of Lanaud et al. (1999) using different
T. cacao accessions.  This close correlation demonstrates the utility of various
laboratories using SSR primers as reproducible markers for DNA fingerprinting studies
of this type.  The results also show that these SSR loci have a high degree of variability
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associated with this population of plant samples, allowing for assignment of a unique
molecular description of each of the samples with three to four SSR primers.

Conclusions

We have examined two different molecular analytical systems, namely AFLP and SSR
DNA analysis, for their utility as a procedure for the molecular characterisation of
international germplasm collections of T. cacao.  Both techniques are useful and can
be used to clearly define the genetic identity and diversity of these valuable resources.
Due to the ease of data analysis, reproducibility, and simplicity of the procedural
operations, the use of SSR DNA analysis has been recommended as an international
standard for T. cacao.  Further, 15 specific SSR primers will be selected as the
international standard primers for SSR analysis of T. cacao so that international
agreement of nomenclature can be applied uniformly throughout the global cocoa
community.
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Use of QTL Detected for Resistance to Phytophthora  in
Theobroma Cacao L.

Claire Lanaud

Cirad-Amis, TA 40/03, Avenue Agropolis, 34398 Montpellier Cedex 5, France

Abstract*

In the framework of a CAOBISCO sponsored project the genetic bases of resistance to several
species of Phytophthora have been studied.  Different significant QTL identified make it possible
to accumulate various genes to improve varietal resistance.  Markers closely linked to QTL
could allow to control at early stages the presence of resistance alleles in progenies.  Several
applications or strategies using QTL analyses could be considered to improve the resistance
level.
• Creation of genotypes homozygous for resistance alleles.  The most resistant clones, as
SCA6 and SNK413, could have the resistance genes in a homozygous condition.  The
identification of a QTL means a heterozygous condition of the resistance gene identified in the
parent studied.  By selfing the genotypes and using Marker Assisted Selection (MAS) it is
possible to produce and screen selfed progenies for plants that are homozygous for the
resistance alleles.  These clones will have a higher resistance level and a better combining
ability to produce resistant hybrids.
• Accumulation of various resistance genes and other genes of interest.  Various resistance
genes could be accumulated using MAS by crossing clones for which different QTL of
resistance have been identified.  It is also possible to use MAS to break linkage between
favourable and unfavourable alleles located in the same chromosome region.
• Early selection for resistance and other traits.  Increased selection efficiency in pre-
breeding, at the nursery stage, would be possible by applying MAS on a limited number of
resistance QTL (the stronger QTL, QTL for resistance to several Phytophthora species…) and
to have available more plants to apply selection for other traits of interest in the field.
• Combined use of marker information and phenotypic selection to constitute a selection
index.  Information on a larger number of QTL could be combined with phenotypic selection
related to resistance traits (e.g. intrinsic resistance revealed by leaf tests) or other traits of
interest to constitute a selection index.
• Application of MAS at other sites than those where QTL have been identified.   It is possible
to accumulate QTL identified at different sites for resistance to diseases not present in the
country (examples: screening in Montpellier for resistance to P. palmivora, P. megakarya,
P. capsici or possible selection of field resistance to P. megakarya on the basis of QTL identified
in Cameroon).

The first results obtained in the CAOBISCO project allow to put in place several experiments
to test different MAS strategies (selfing clones to fix resistance genes in homozygous condition,
accumulating various resistance genes).  However the identification of QTL in important other
resistant clones has to be continued to identify all major sources of resistance to Phytophthora
in cocoa.

* This is the summary of the paper presented by Claire Lanaud at the INGENIC
Workshop. For the full paper of Claire Lanaud et al. on QTL detection for resistance to
Phytophthora, please consult the Proceedings of the 13th International Cocoa Research
Conference.
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Use of QTLs for Witches’ Broom Resistance in Cocoa Breeding
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Abstract

Witches' broom disease, caused by Crinipellis perniciosa, is the most devastating cocoa pest in
the American continent. The fungus attacks meristematic tissues such as young pods, flower
cushions, vegetative shoots, and leaves causing reduced production and damage to the plant.
Herein we report the results of a QTL study for resistance to witches’ broom and show how
these findings can help to accelerate breeding for resistance.  For the study, we used 82 F2

plants derived from the cross ICS 1 (susceptible parent) and SCA 6 (resistant parent), evaluated
for witches’ broom resistance over two years at the CEPEC/CEPLAC research centre in
Itabuna, Bahia, and 193 DNA markers (124 RAPD and 69 AFLP). Interval and composite
interval mapping models identified one major genomic region (covering 27cM) associated with
witches’ broom resistance on the SCA 6 linkage group. These results are in accordance with the
pattern of segregation observed in the field for SCA 6 progenies and may be used in a marker-
assisted selection process for gene pyramidisation.

Introduction

Witches’ broom disease, caused by the fungus Crinipellis perniciosa, is one of the most
devastating cocoa pests in the American continent threatening the cocoa industry in
almost all producing countries in that region. The fungus attacks meristematic tissues
such as young pods, flower cushions, vegetative shoots, and leaves causing reduced
production and damage to the plant. The disease is responsible for 18% of the global
cocoa losses (Van der Vossen 1999) and can reduce yield by more than 50% at the
farm level. Disease control is based on the removal of infected tissues from the trees,
application of copper fungicides to protect the young pods and use of resistant
genotypes. Genetic resistance, the most efficient method of C. perniciosa control, has
been used since the first outbreak of the fungus in Ecuador in 1918 (Stell 1934).
According to this author, the Ecuadorian farmers established new plantations with the
resistant genotypes called ‘refractarios’. However this has not solved the problem in
Ecuador, possibly due to the fact that farmers have used seeds derived from out-
crossed ‘refractarios’ and these, according to the literature, are heterozygous
genotypes.

The Scavina (SCA) selections are the most important sources of resistance, and
have been widely used in the Brazilian cocoa breeding programme (Ahnert and Pires
2000). Other sources of resistance are available (Pires et al. 1999; Reyes 1999;
Fonseca et al. 1999), and these are also being incorporated into the breeding
programme. Resistance to C. perniciosa has a polygenic inheritance but in the case of
SCA 6 it has been suggested that only a few genes may be responsible for disease
control (Bartley 1977; Pires et al. 1999).

To study the inheritance of SCA 6 resistance for C. perniciosa, we used an F2

population of 82 plants, derived through self-pollination of the clone TSH 516. This
clone is a selection derived from the cross SCA 6 X ICS 1. The F2 plants were grown at
the CEPEC/CEPLAC research centre in Itabuna, Bahia, and were six years old when
field evaluation was initiated. Evaluation was carried out over two years, 1988 and
1999, by removing vegetative brooms four times per year and counting them.  Each F2

plant, the parental clones SCA 6 and ICS 1, and the F1 clone TSH 516 were evaluated.
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For these latter three clones, ten plants of each were evaluated in the germplasm
collection. DNA was extracted from each F2 plant, from the F1 plant and from the
parents. The following molecular markers were collected: Randomly Amplified
Polymorphic DNA (RAPD) and Amplified Fragment Length Polymorphism (AFLP). A
genetic linkage map was constructed using the software MAPMAKER 3.0 and QTLs
were mapped using the software QTL Cartographer.

CEPLAC/CEPEC, Universidade Federal de Viçosa (UFV/BIOAGRO), Universidade
Estadual de Santa Cruz (UESC) and Universidade Estadual Norte Fluminense (UENF)
carried out the QTL mapping study. The data were used for a Master’s degree thesis
by T.V. Queiroz at UFV/BIOAGRO, Viçosa, Brazil. Herein, we will discuss the use of
SCA 6 QTLs for resistance breeding. The complete manuscript showing the QTL
mapping is under preparation.

Results and discussion

Phenotypic data and QTL mapping
Most of the F2 plants showed the same level of field resistance as SCA 6, with
approximately one vegetative broom/plant/removal. A few plants had more than ten
brooms/plant/removal, and thus they resembled the susceptible genotype ICS1, which
had more than 50 brooms/plant/removal. These findings suggest a trend towards a
segregation rate of 3:1, expected for a single dominant gene. They are in accordance
with earlier findings that a single dominant allele controls SCA 6 resistance (Bartley
1977).

A total of 193 DNA markers (124 RAPD and 69 AFLP) were mapped along 25
linkage groups covering 1,713cM. One major QTL was mapped on linkage group 11,
linked to a SCA 6 marker, and explained approximately 36% of the phenotypic variation
for resistance (Queiroz et al. 2000). A more detailed study of this region using a larger
number of F2 plants, candidate resistance genes as markers, and cloning and
sequencing may help to reveal further details of the genetics behind SCA 6 resistance.
This major SCA 6 QTL, with a dominant pattern of inheritance, can be used for rapid
genetic gain in a breeding programme. Due to this feature and the good general
combining ability of SCA 6, this clone is already widely used in the Brazilian breeding
populations in Bahia and in the Amazon region.

Use of SCA 6 genes for resistance breeding
When SCA 6 and SCA 12 progenies were first tested for resistance to C. perniciosa in
Trinidad and Ecuador, SCA’s resistance was not considered to be durable (Bartley
1977).  According to this author, initially the progenies had low levels of infection but as
the experiment progressed, infection increased. Similar results were observed for the
SCA progenies in hybrid trials in the Amazon (State of Rondônia). We believe that one
of the major reasons for this is the increase in inoculum pressure in the field resulting
from infections on susceptible plants from other crosses in the experiment and in the
neighbourhood. It seems that as the level of inoculum gets higher, infection levels
increase as well.  Another reason may be the evolution of races of the fungus that can
overcome the SCA resistance genes.

Among and within SCA progenies, some plants are usually more resistant than
others, indicating that more than one gene is involved in resistance. For example, the
clone TSH 1188 is one of the most witches’ broom resistant clones in Bahia.  It may
have the SCA QTL plus some minor genes from ICS 1 and IMC 67 that increase
resistance.

Studies of witches’ broom resistance in Brazil were initiated in the 1960’s when
CEPLAC started field trials in the Amazon to evaluate crosses between clones (F1

hybrids). Soon it became evident that the different hybrid combinations reacted
differently to the attack of the fungus.  It was observed that progenies derived from
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SCA 6 and SCA 12, PA 150, IMC 67, Cruzeiro do Sul and RB suffered less pod loss
and infection than all the other hybrids (Ahnert et al. 1991). Based on this information,
we decided to eliminate all highly susceptible clones from the Amazon cocoa breeding
programme, leaving only the more resistant clones for hybrid seed production. So, the
cultivars released to farmers from the 1990’s onwards in that region have been a
mixture of medium to highly witches’ broom resistant hybrids. This degree of genetic
control, associated with phytosanitary removal of brooms in the dry season, has helped
to ensure relatively low yield losses caused by witches’ broom in the Amazon.

C. perniciosa reached the cocoa plantations in Bahia in 1989.  This provided the first
opportunity for a very good field evaluation for witches’ broom resistance since there
were many germplasm and hybrid trials at CEPEC that were uniformly established in
the field with plants being at least eight years old. Initially, with a low to medium level of
inoculum pressure, genotypes with different patterns of resistance could be identified
(Pires et al. 1999).

According to Van der Vossen (1999), a cultivar is considered to have durable
resistance when it is grown for a long time in an environment considered favourable to
the disease and the resistance remains effective. Having this concept in mind, 15
selected resistant clones (mostly SCA 6 derived ones) have been released recently by
CEPLAC to growers in Bahia. Local farmers have often selected other resistant plants
in their own farms (many apparently also derived from SCA clones), and are currently
using these as well as the 15 officially recommended clones to renew their plantations.

Marker assisted breeding
The identification of the major QTL of SCA 6 for resistance and the knowledge that
other genes for resistance contribute to increased resistance, opens the possibility of
gene pyramidisation via Marker Assisted Selection (MAS). Since the SCA 6 major QTL
has such a large effect, the presence of any other resistance genes in the same plant
can easily be masked in the phenotypic evaluation. However, if markers can be
developed which are closely linked to these other genes, MAS can be used to detect
those plants which possess these other resistance genes in addition to the SCA 6 QTL.
If suitable markers can be developed, MAS can be carried out at the seedling stage,
thus accelerating the breeding process. Seedlings derived from double, triple or higher
level crosses from different sources of resistance could be screened for the presence
of markers linked to QTL and grafted onto old rootstocks for phenotypic selection.
Grafting onto rootstocks would accelerate evaluation and, hence the breeding cycle.
MAS would eliminate the need for phenotypic screening in the greenhouse and
facilitate gene pyramidisation.

Even though resistance provided by this major SCA 6 QTL may have lost some of
its efficiency in Ecuador and Rondônia (Brazil), it is still very effective in Trinidad and in
Bahia. In combination with other genes, it could provide durable resistance to local
strains of C. perniciosa.
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Abstract

An F2 population, obtained by selfing an Ecuadorian hybrid cocoa genotype with Arriba flavour,
was the basis for a genetic study on agronomic, technological and qualitative traits.  Genetic
analyses using RFLP and microsatellite markers indicated that this Ecuadorian hybrid cocoa
was the result of a cross between a highly homozygous Nacional genotype and an unknown
genotype that probably came from Venezuela.  A genetic map was obtained from 171 trees of
the F2 segregating population with 113 loci including RFLP and microsatellite markers and
covering 815 cM.  The average distance between two adjacent loci is about 8.4 cM.  A major
QTL for general agronomic value was found that explained 27.1% of the total phenotypic
variation and was co-localised with a QTL for early flowering and trunk diameter.  Pleiotropic
and epistatic effects were both detected for these traits.  QTL for technological traits such as the
weight of 100 cocoa beans were found on the genetic map at different locations to the QTL for
agronomic traits suggesting that these traits could be selected independently.  The majority of
the QTL for agronomic and technological traits are favoured by the alleles coming from the
Venezuelan parent.  Sensory evaluation was initiated on the segregating progeny in order to
evaluate the range of variation and the main components of Arriba flavour.

Introduction

In order to select for Arriba flavour it is important to accumulate knowledge on the
genetic components involved in agronomic, technological and sensory characteristics.
Even if the technological and sensory traits are the most important from the
manufacturer’s point of view, agronomic traits must be taken into account for the
selection of elite Arriba clones.

Field and sensory data on one hand and molecular analyses (Lerceteau et al. 1997)
on the other hand indicated that the Nacional cocoa types are at the origin of the Arriba
flavour.  However, their resistance to disease and yield performance are unsatisfactory.
Consequently, breeders have introduced accessions from Venezuela and Trinidad to
create hybrids with the Nacional type in order to increase productivity.  Today these
hybrids are predominant in Ecuador but the qualitative aspect of the Arriba flavour has
not been taken into consideration in such selection programmes.

Recent developments in bean sample fermentation on a small scale coupled to
sensory analysis have supported the observation that flavour potential is a heritable
function of the genotype (Lockwood and Eskes 1995).  So far, commercial fine flavour
cocoas have only been found in Nacional, true Criollos and in some Trinitario
genotypes that are often poor yielding and susceptible to diseases.  The inheritance of
flavour was investigated by Clapperton et al. (1994) who found flavour components to
be significantly heritable indicating that sensory traits can be manipulated in a
conventional breeding programme.

The main objectives of this study are to estimate the genetic influence on Arriba
flavour in conjunction with agronomic traits in a supposed hybrid (Nacional x
Venezolano).  QTL analysis could be used to assess the number of genes involved in



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 125

flavour determination and allow better management of the development of further elite
Arriba clones.

Material and methods

Segregating population
An individual cocoa tree, which was identified as a cross between Nacional and
Venezolano Amarillo parents, was selected for its high Arriba flavour score and high
heterozygosity level.  This cocoa tree was selfed and an F2 progeny was obtained
consisting of 171 individuals planted in 1995 at Nestlé, Quevedo (Ecuador).

Quantitative traits analysed
Three characteristics were selected to estimate the agronomic value of the segregating
progeny:
• Trunk diameter was recorded from 1996 to 1999 and is considered a yield

predictor.
• Number of days before flowering; this is important to estimate the precocity of

production for the future elite Arriba clones.
The general agronomic value, scored on a scale from 1 (bad) to 10 (excellent) for

each segregating tree.  This trait shows significant correlation with the two other
agronomic traits previously studied.  In addition, the number of beans per 100 grams
was studied in 1997, 1999 and 2000.  Sensory analysis has been initiated on sub-
samples of the segregating progeny in order to estimate the range of variation for
Arriba flavour.

Molecular markers, genetic mapping and QTL detection
A total of 113 loci (78 RFLP markers and 35 microsatellites) were used.  The RFLP
probes named gTcCIR or cTcCIR and the microsatellites mTcCIR were kindly provided
by CIRAD (France).  The cocoa genetic map consisting of 113 loci was constructed
using the software package MAPMAKER 2.0 (Lander et al. 1987).  QTL mapping was
carried out using the approach of ANOVA with the software QGENE 2.24 (Nelson
1997).  A p <0.01 value was used as the threshold for the QTL detection.  The method
of interval mapping (Lander and Botsein 1989) with MAPMAKER/QTL software was
also used with a LOD score of 2.  The code number of each linkage group was given
as described by Lanaud et al. (1995).

Results

Genetic map and Nacional allele identification
The genetic map obtained from the F2 population type comprised 113 loci covering 815
cM on ten linkage groups (Figure 1).  The average distance between two adjacent
markers is 8.4 cM.  This marker density is sufficient for the QTL study.

Skewed segregation was detected for seven loci (6.2%), five being significant at a
threshold of p = 0.05 and two at p = 0.01.  They are located on linkage groups 1, 2, 3, 6
and 7, five of them are situated in the distal part of the linkage group (Figure 1).
Generally at these seven loci the Venezolano Amarillo allele predominates.

Due to the genetic status of the parental F1 clone (Nacional X Venezolano Amarillo)
and due to the genetic specificity of Nacional clones (Crouzillat et al. 2000), it was
possible to assess Nacional alleles on 50 of the 113 loci mapped.  For all these loci
covering the ten linkage groups, the Nacional alleles were always in the same coupling
phase suggesting that the Nacional parent was highly homozygous.  This allelic
identification allowed the determination of the genetic effect for each QTL analysed.
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Figure 1. Genetic cacao map and QTL locations
Genetic distances (cM) are indicated on the left of the figure. The 35 microsatellites loci are underlined. Loci order with ripple value<-2 are highlighted by the
symbol *, and markers showing skewed segregation at p=0.05 and p=0.01 were indicated by symbols # or ##, respectively. QTL (LOD>2) are located on the
linkage groups by the different symbols shown at the edge of this figure.
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QTL study
The objective of the QTL analysis was to study the agronomic and technological traits
of interest.  Analysis of trunk diameter, assessed annually between 1996 and 1999,
allowed the detection of three QTL for 1996, two for 1997 and one QTL for 1998 and
1999 (Table 1).  The QTL located on chromosome 1 was found for all four years and
the other three QTL detected on linkage groups 3 and 10 only once.  The two QTL
detected on chromosome 10 in 1996 and 1997 are not considered as the same
because their map locations and their genetic effects are different.  The QTL detected
on the linkage group 3 in 1996 appeared to be related to the Nacional allele which
appears to be favourable for this trait (Table 1).  These results indicate that only the
QTL on chromosome 1 detected in each of the four years studied has a significant and
durable effect on trunk diameter.  Two QTL for early flowering were detected on linkage
groups 2 and 10 and each explained 6.6 and 6%, respectively, of the phenotypic
variance.

One major QTL was found for general agronomic value on linkage group 10,
explaining 27.1% of the phenotypic variance.  In this case, the favourable allele comes
from the Venezolano parent.  This QTL appears to be the major component of the
agronomic value for this cross.  It is significantly correlated with early flowering (r =
0.28, p<0.01) and trunk diameter assessed in 1997 (r = 0.64) explaining the
overlapping of these three QTL on chromosome 10.

One technological trait, the number of beans per 100 g, was analysed in 1997, 1999
and 2000.  Two QTL for this trait were detected each year.  These QTL were at
different map locations, except for a shared QTL detected on chromosome 3 for 1997
and 2000 as shown in Table 2.  These five different QTL do not overlap with other
agronomic QTL and the Venezolano alleles were generally found to be favourable for
this trait.

Pleiotropic and epistatic effects
The map location coincidence of QTL for early flowering, trunk diameter in 1997 and
general agronomic value on chromosome 10 could be considered as pleiotropy since
the Venezolano allele is found to be favourable for the three traits and because the
same genetic effect (dominance) was detected (Table 1).

An epistatic effect was found for the QTL detected on chromosome 10 for general
agronomic value.  The ANOVA study indicated that the region near the locus CCG
1328 on chromosome 6 (Figure 1) has a highly significant (p=0.000005) impact on the
QTL detected on chromosome 10.  The favourable alleles are coming from the
Venezolano parent for these two loci (Table 3), indicating the influence of the genetic
background on QTL expression.

Discussion

Field performance, including disease resistance and yield, is the major trait of interest
to cocoa farmers and breeders.  As 90% of the world’s cocoa is produced by
smallholders and trade is by country of origin and bean weight, most individual growers
have, however, only a limited opportunity to add value through quality.

Cocoa trees are faced with a wide spectrum of climatic conditions during their
lifetime.  Modifications in QTL expression over diverse environments have been
reported in crop plants (Paterson et al. 1991; Hayes et al. 1993).  More recently QTL
analyses were performed on fruit trees (Asins et al. 1994) and on forest trees such as
poplar (Bradshaw and Stettler 1995), pine (Plomion et al. 1996) and Eucalyptus
(Verhaegen et al. 1997) indicating an influence of environmental effects on the stability
of QTL expression.  In our study, according to the year analysed, several different QTL
were found for trunk diameter and average bean weight.  These data suggest a
possible influence of environment on QTL expression.  Nevertheless, a cocoa yield
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study over 15 years (Crouzillat et al. 2000) permitted the identification of some major
QTL, consistently detected over the years, that could be useful in a breeding
programme.  With regard to the present data, the QTL detected on chromosome 10 for
general agronomic performance appears to be a major component of this trait.

The average bean weight is considered to be partly under the influence of the
environment (Toxopeus and Wessel 1970).  Diallel crosses in Costa Rica (Engels
1985) and factorial mating designs (Tan 1990; Lockwood and Pang 1995) have
demonstrated high broad sense heritability of bean weight and a large additive
component of the genotypic variance.  The data obtained on this trait in our study
demonstrated that only one common QTL was found for two of the three years studied.
Consequently, further confirmation of these QTL is required before possible use in
selection.

In parallel to these agronomic and technological analyses, the sensory evaluation of
this segregating population has started.  A detailed protocol has been described from
bean harvest to liquor tasting using single tree sampling (Bucheli et al. 2000).  The first
sensory data obtained indicate that a range of variability for Arriba flavour exists.
Further quantitative studies are necessary to estimate the role of environmental factors,
the fermentation process and sensory evaluation on the determination of Arriba flavour.
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Table 1. QTL for agronomic traits

Trait No.
Chromos

ome
Associated

marker
P R2 (%) LOD Favourable allele Genetic effect

General agronomic value 166 10 CCG2164 <0.0001 27.1 12.0 Venezolano Dominant
Trunk diameter (1996) 87 1 C55   0.0056 11.6 2.4 Heterosis

168 3 CCG1334   0.0013 7.7 4.0 Nacional Recessive
154 10 CCG1321   0.0005 9.6 3.5 Venezolano Recessive

Trunk diameter (1997) 163 1 CCG1502   0.0007 8.6 3.6 Venezolano Dominant
166 10 CCG2164   0.0001 10.8 5.3 Venezolano Dominant

Trunk diameter (1998) 144 1 CCG1919   0.0053 7.2 2.4 Venezolano Dominant
Trunk diameter (1999) 144 1 CCG1919   0.0096 6.4 2.2 Venezolano Dominant
Early flowering 169 2 CCG1285   0.0036 6.6 2.9 Heterosis

168 10 CCG2164   0.0062 6.0 2.5 Venezolano Dominant

Table 2. QTL for technological traits

Trait No.
Chromos

ome
Associated marker P R2 (%) LOD Favourable allele Genetic effect

128 3 CCG1696   0.013 6.7 2.3 Venezolano RecessiveNo. Beans/100g (1997)
124 10 CCG1429   0.0038 8.8 2.4 Venezolano Dominant
119 4 CCG2041   0.0089 7.8 2.1 Venezolano Recessive
117 7 cTcCIR255   0.0027 9.9 2.6 Venezolano Recessive
72 2 CCG1424   0.02 10.6 2.3 Nacional Recessive

No. Beans/100g (1999)

No. Beans/100g (2000)
80 3 CCG1696   0.004 13.2 3.1 Venezolano Recessive
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Table 3. Detection of epistasis for agronomic value QTL between CCG2164 marker (A) on chromosome 10 and CCG1328 locus (B)
located on linkage group 6. The Nacional allele for each locus is coded as 1 and the Venezolano allele as 2

CCG2164/ Chrom.10 A1A1 A2A2 A1A2

Average score
(No. of plants)

4.71
(49)

6.62
(34)

6.54
(83)

CCG1328/Chr 6 A1A1/
B2B2

A1A1/
B1B2

A1A1/
B1B1

A2A2/
B2B2

A2A2/
B1B2

A2A2/
B1B1

A1A2/
B2B2

A1A2/
B1B2

A1A2/
B1B1

Average score
(No. of plants)

4.36
(14)

4.6
(20)

5.14
(14)

7.44
(9)

6.63
(19)

5.33
(6)

6.89
(18)

6.35
(40)

6.68
(22)
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Abstract

Theobroma cacao is mainly cultivated by small growers, especially in the main production area
in West Africa.  The sustainability of cocoa cultivation will be improved if farmers have access to
new planting material with improved agronomic traits such as yield, vigour, pest, and disease
resistance.  Progress in breeding programmes to accumulate favourable alleles for these traits
can be accelerated using molecular marker techniques which allow more direct access to the
genome. The technology has developed rapidly and over the last ten years studies have been
carried out to map QTLs for agronomic traits in several plant species. In cocoa, a number of
progenies have been mapped and several QTL related to resistance to Phytophthora spp. and
to yield components have been detected. The comparison of the different linkage maps of
cocoa is possible through specific markers (RFLP and microsatellites) mapped on to a
reference map containing 473 markers. The purpose of this paper is to analyse available results
on the detection of QTL for yield and vigour traits and the co-location of the QTL identified in
different parental genotypes. Methodological approaches to the detection of QTL are also
presented. Perspectives for further research on mapping of yield and vigour traits and the
possible use of molecular markers in the selection for these traits in cocoa are discussed.

Introduction

Most cocoa is produced by small holders who cultivate the trees in addition to food
crops for family consumption.  The income they gain from cocoa is often saved to
support them in later life. Africa supplies nearly 70% of the world’s production of cocoa
with Côte d'Ivoire as the principal producer. Improved planting material, better adapted
to the local environment, and disease conditions, can be produced through breeding
programmes designed to accumulate favourable alleles for the main agronomic traits.
In cocoa, the selection cycle normally requires 6 to 8 years of observations. Therefore
the development of effective early screening methods to accelerate progress is of great
interest. Cocoa breeders are also investigating the use of successive cycles of
selection, for example a recurrent selection program has been initiated in Côte d'Ivoire
to improve lower Amazon Forastero and upper Amazon Forastero populations by
successive cycles of selection inside each population (Clément et al. 1994; Eskes et al.
1995).

Recent progress in molecular marker technology now allows more direct access to
the genotype and the use of molecular markers in the genetic mapping of the main
agronomic traits has been considerably developed in recent years. A new field of
research in cocoa breeding has opened. The first cocoa linkage map was presented by
Lanaud et al. (1995) from a progeny resulting from the Côte d'Ivoire cocoa breeding
programme and a high density linkage map was established recently by Risterucci et
al. (2000). Genetic mapping of agronomic traits (disease resistance and yield
components) was carried out with this reference progeny by Lanaud et al. (1999) and
with other progenies by Flament et al. (2000), by Crouzillat et al. (1996, 2000) and by
Clément et al. (2000).

In the present paper we report the main results of studies to detect QTL related to
yield components, to attack by black pod disease and to vigour traits. Furthermore,
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comparisons with results from other studies are made and perspectives for the use of
molecular markers in cocoa selection programmes discussed.

Material and methods

Plant material
The progenies used for the QTL studies compared in this paper and the references of
the publications related to these studies are presented in Table 1. Pound 12, IMC 78,
T 60/887, and UPA 402 are Upper Amazon Forastero genotypes. Pound 12 and
IMC 78 are genotypes collected by Pound (1938, 1943), UPA 402 is a result of sib-
crossing between two genotypes of the T 87 progeny (NA 34 x IMC 60), and T 60/887
is a progeny of PA 7 x NA 32. UF 676, DR 1, and S 52 are Trinitario clones. IFC 1 and
IFC 5 are Lower Amazon Forastero selections from Côte d’Ivoire; IFC 5 has probably
received some introgression of genes from African Trinitario. Catongo is a highly
homozygous Lower Amazon Forastero selected in the Bahia State in Brazil. The
number of trees observed in each progeny varied between 55 and 181.

Table 1. Cocoa progenies used in QTL studies for agronomic traits

Progenies Countries
Number of

trees
References

UPA402 x UF676 Côte d'Ivoire 181 Lanaud et al. (1995)
Risterucci et al. (2000)

Catongo x Pound12 Costa Rica 55 Crouzillat et al. (1999)
T60/887 x (IFC5 IFC1) Côte d'Ivoire 112 Flament et al. (2000)
DR1 x Catongo Côte d'Ivoire 107 Clément et al. (2000)
S52 x Catongo Côte d'Ivoire 101 Clément et al. (2000)
IMC78 x Catongo Côte d'Ivoire 128 Clément et al. (2000)

Quantitative traits
Yield and vigour data were obtained over several years during the juvenile production
phase (first seven years of production), during the mature phase or during both phases
(Table 2). The following traits were analysed in the different studies:
Yield (mean wet bean weight per tree);
The average weight of one pod or the pod index (these two traits are similar);
Vigour observed on all adult trees (trunk diameter-TD-, trunk circumference-TC-, or
canopy width-CW). Early vigour was measured only for the DR 1, S 52, and IMC 78
progenies two years after the planting (stem diameter-SD).

Mapping analysis and QTL detection
A total of 473 markers were used for the genetic mapping of UPA 402 x UF 676,
currently the most saturated map of the cocoa genome. RFLP probes and
microsatellites were used as co-dominant markers and AFLP and RAPD as dominant
markers. Genetic maps built from progenies with heterozygous parents (double pseudo
test cross) such as UPA 402 x UF 676, were made generally using Joinmap version
1.4 (Stam 1993). A genetic map of Catongo x Pound 12 (Crouzillat et al. 1996) was
established with MAPMAKER (Lander et al. 1987). For all these maps, the Kosambi
mapping function was used.

RFLP and microsatellite markers allowed linkage groups to be identified with
individual chromosomes in UPA 402 x UF 676 (Lanaud et al. 1995). However the
genetic map of Catongo x Pound 12, established by Crouzillat et al. (1996), uses a
different chromosome numbering system to that established by Lanaud et al. (1995).
Exchanges of RFLP and microsatellite markers has allowed the correspondence



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 134

between the two chromosome numbering systems to be established and this
correspondence is shown in Table 3. In this present study, the UPA 402 x UF 676 map
was used as consensus map for locating the QTL identified in the different parental
genotypes.

Table 2. Yield and vigour traits observed in the different studies

Juvenile phase Mature phase

Yield UPA402 x UF676 4 years -
Pound12 7 years 8 years
T60/887 2 years
DR1 - 9 years
S52 - 9 years
IMC78 - 9 years

Vigour UPA402 x UF676 - TC
Pound12 - TC and CW
T60/887 - TC and CW
DR1 SD TC and CW
S52 SD TC and CW
IMC78 SD

SD: stem diameter
TC: trunk circumference
CW: canopy width

QTL mapping was carried out using the Simple Interval Mapping (SIM) technique
proposed by Lander and Botstein (1989). Composite Interval Mapping (CIM),
developed by Zeng (1994), was applied only for QTL identified in the DR 1, S 52, and
IMC 78 parents (Clément et al. 2000). A LOD threshold value of 2 was generally
applied to declare that a specific QTL was significant. In the study of Clément et al.
(2000) the LOD threshold values were fixed by the Churchill and Doerge method
(1994).

Table 3. Correspondences between UPA402 x UF676 and Catongo x Pound12
maps

UPA402 x UF676 (1) Catongo x P12 (2)

Chromosome 1 Chromosome 3
Chromosome 2 Chromosome 4
Chromosome 3 Chromosome 6
Chromosome 4 Chromosome 5
Chromosome 5 Chromosome 9
Chromosome 6 Chromosome 7
Chromosome 7 Chromosome 1
Chromosome 8 Chromosome 8
Chromosome 9 Chromosome 2
Chromosome 10 Chromosome 10

(1) Lanaud et al. 1995
(2) Crouzillat et al. 1996

Comparison of results
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Phenotypic correlation
A strong significant correlation between yield and vigour for adult trees was found in
the different studies (Table 4). This is to be expected since competition will have had its
effect by the time the trees reach this adult stage. Except for the S 52 x Catongo
progeny, the correlation between yield and vigour at a young age was not significant. In
general, early vigour is more significantly correlated with the first years of production
than with production in later years (Eskes et al. 1995).

Table 4. Phenotypic correlation between yield and vigour traits

Vigour
Parents Stem diameter Trunk circumference Canopy width

DR1 NS            0.71***        0.47**
S52 0.38**            0.79**        0.42**
IMC78 NS            0.66**        0.48**
Pound12

Y
ie

ld

(no data)            0.56***     (no data)

Pearson coefficient correlation: significant at p<0.01 ** and p<0.001***

Genetic maps
For crosses with Catongo (highly homozygous), the markers reflect only the
heterozygosity of the parents: Pound 12, DR 1, S 52, and IMC 78. This is also broadly
the case with T 60/887, IFC 1, and IFC 5 which are all fairly homozygous. For the
UPA 402 x UF 676 map, the marker segregation mainly reflects the high level of
heterozygosity of UF 676. The characteristics of each of the maps are shown in
Table 5.

Table 5. Genetic maps characteristics

Number of
markers

LG Map length in cM
Average distance

between 2 markers

UPA402 x UF676 473 10 887 1.9
Pound12 158 10 772 4.8
T60/887 184 11 793 4.3
DR1 192 9 653 3.4
S52 138 11 589 4.8
IMC78 x 223 10 721 3.2

QTL detection
SIM and CIM analyses were carried out for QTL detection with DR 1, S 52, and IMC 78
(Clément et al. 2000). In the other studies, QTL analyses were carried out using SIM
only. The comparison of results obtained using SIM and CIM showed differences in
power (LOD score of the peak) and efficiency (estimation of the R_). In some cases the
percentage of the phenotypic variation explained by the QTL (R_ values) estimated in
CIM analyses were higher than those obtained using SIM, but lower in others (Clément
et al. 2000).

QTL related to yield, average weight of one pod and vigour traits
The most significant QTL for yield, average weight of one pod and vigour traits were
mainly detected on chromosomes 1, 4, and 5 in the different heterozygous parents.
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Figure 1. QTL involved in yield components and vigour traits, detected on
chromosomes 1, 4 and 5

The results are illustrated in Figure 1, based on the consensus map of UPA 402 x
UF 676.
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QTL related to yield were detected in the same region of chromosome 1 (around
mTcCIR15) for two Trinitario genotypes (UF 676 and S 52). QTL related to yield for two
Upper Amazon Forastero genotypes (POUND 12 and IMC 78) were also identified in
the same regions, but of chromosomes 4 and 5.

QTL related to the average weight of one pod have been identified in the same
region as QTL for yield (Figure 1). In the case of chromosome 4, QTL related to the
average weight of one pod were detected in the same region for T 60/887 and IMC 78.
A QTL was detected close to this region in DR 1. The QTL located in IMC 78 explained
43.5% of the phenotypic variation; it might therefore involve a major gene (Clément et
al. 2000).

On chromosome 4; several QTL for yield components and vigour traits were
detected in the same region (Figure 1)

Discussion

Methods
Genetic mapping of yield, its components and other agronomic traits must be carried
out using data gathered from field trials over several years. Most of the progenies
analysed were planted in existing hybrid variety trials. This implies that, in most cases,
the statistical analysis has been carried out using data from less than 100 trees. It is
considered now that QTL analyses require observations on progenies with at least 200
individuals.

QTL studies based on the analysis of several progenies sharing common parental
genotypes require fewer individuals for each progeny. This method is interesting
because it allows the stability of the QTL in different genetic backgrounds to be
estimated. Simulation studies on poplar showed that better results could be expected
using progenies with common parents (e.g. factorial mating designs) than using
unrelated progenies (Muranty et al. 1996).

Different chromosome numbering systems are currently being used in the two
genetic maps of cocoa. It is suggested that the numbering system established for the
UPA 402 x UF 676 progeny should be universally adopted (Risterucci et al. 2000).

Microsatellite markers reveal a higher level of polymorphism than RFLP markers
(Risterucci et al. 2000; Clément et al. 2000). They also require less DNA and some of
the analyses can be automated. The microsatellite technology appears to be currently
the most appropriate method for genetic mapping and QTL analyses in cocoa. Indeed,
microsatellite markers allow easy identification of the linkage groups and comparison of
maps from different progenies. They have also been used in genetic diversity studies
and to confirm the identity of clones and seedling progeny. Moreover, microsatellite
marker technology will be easily transferable to laboratories in tropical countries (since
the technique does not involve the use of radioactivity) and applied to Marked Assisted
Selection (MAS).

The Simple Interval Mapping (SIM) technique proposed by Lander and Botstein
(1989) has been the detection method generally used for the detection of QTL in
cocoa. However, the Composite Interval Mapping (CIM) approach increases detection
power and improves the estimation of the phenotypic variation explained by the QTL.
With CIM analyses, 5 to 10 markers, given by the forward, and backward regression
(co-factors added to the model), are generally used. This method is being increasingly
applied in QTL mapping analyses.

QTL identified
Genetic diversity studies on the Trinitario group have shown that this group resulted
from hybridisation between almost homozygous Criollo and Forastero individuals
(Motamayor et al. 2000). In this situation, we can suppose that a linkage disequilibrium
between molecular markers and agronomic traits may have been maintained. Indeed,
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common QTLs related to yield components have been found in different Trinitario
clones (DR 1, S 52, and UF 676). This could mean that there is a good chance that the
QTL identified in one Trinitario type will also apply to other Trinitario genotypes.

For the Pound 12 and IMC 78 progenies, yield was observed over several years in
Costa Rica and Côte d’Ivoire, respectively. The co-localised QTL for yield of these two
Forasteros were the ones which were also the most stable in time. This co-location of
QTLs between IMC 78 and POUND 12 could possibly also be due to the similar
genetic origin of these genotypes. Indeed, according to Pound (1943), the genotypes
collected on the Nanay river (as POUND 12) grew not far from the area where the IMC
(Iquitos Mixed Calabacillo) trees were collected. Recent diversity studies on Upper
Amazon Forastero genotypes showed that the genetic distance between Nanay (NA)
and IMC clones was relatively low (Sounigo et al. 2000). Therefore, a genetic linkage
disequilibrium may have been maintained between markers and genes involved in yield
components between IMC and NA genotypes.

The QTL for the average pod weight with the IMC 78 parent was detected on
chromosome 4 and explained 43.5% of the phenotypic variation. Close to it, a QTL
related to the same trait was identified in DR 1 (R_=22). Studies on the genetic control
of fruit traits (weight and size) have been carried out on other species such as tomato
(Grandillo et al. 1999; Ku et al. 1999). An example is given by Ku et al. (1999) on the
genetic control of fruit length and the constriction at the stem end of the fruit. We can
suggest a similar situation concerning genes involved in the genetic control of pod form
(weight, shape) in cocoa especially for the QTL located in the common region of
chromosome 4 of these two types. Research to establish a candidate gene for this
yield component could be envisaged.

Perspectives

Molecular markers have opened a new era of more efficient selection for quantitative
traits. In this study, QTLs involved in important traits for breeding were identified. The
co-localisation of some of them in progenies from parents belonging to the either the
same or different genetic groups confirms the stability of some of the QTL identified.
This is a favourable situation to consider marker assisted selection (MAS).

MAS allows breeders to follow two main approaches. The first approach consists of
monitoring the accumulation of favourable genes in one genotype in back-cross
progenies (Marked Assisted Back-Cross). The second allows for better assessment of
the genotypic value of individuals from the marker genotype, allowing for Marker
Assisted Recurrent Selection (MARS). This second approach seems more appropriate
for the use of molecular markers in cocoa breeding programmes. Various applications
of MARS were recently developed by Gallais et al. (2000).

The advantage of selection based only on markers is that the selection cycle can be
considerably shortened. In order to use all sources of genetic variability from marked
and unmarked QTLs it seems, however, better to use Marker Assisted Selection,
combining molecular score and phenotypic value in an index, such as that defined by
Lande and Thompson (1990).
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Abstract

Theobroma cacao is an economically important tropical tree crop whose seeds are used to
produce cocoa and chocolate. Many commercial cultivars are susceptible to major diseases and
pests. Thus, the potential for crop loss due to disease or even pandemic is a real concern to
cocoa producers. This situation is currently exemplified by the drastic reduction in cocoa
production in Brazil due to infection with Witches’ Broom Disease (Crinipellis perniciosa).
Breeding of tree crops for disease resistance requires large populations segregating for the
desired character and an effective means of assaying disease resistance. If trees cannot be
assayed until they produce pods, this could delay assay for up to five years. Thus, molecular
markers are sought that could speed the selection and propagation of disease resistant
cultivars. A normal molecular genetic approach to this problem would be to screen hundreds of
genetic markers (RFLP, SSR, allozymes, AFLP) for segregation with the desired phenotype. We
are proposing a shortcut to this approach by looking for resistance gene homologues (RGHs).

RGHs have been identified for many plant species by using degenerate PCR primers
designed to a highly conserved region of the nucleotide binding site of plant resistance genes
(Shen et al. 1988; Aarts et al. 1988). The RGHs map to the same location as known resistance
genes in Arabidopsis and lettuce. Thus, RGHs may make better molecular markers for disease
resistance in cocoa because resistance genes are often physically clustered in plants. By
identifying putative members of the clusters, we may be able to rapidly identify useful genetic
markers which will show a stronger linkage to the disease resistance phenotype.

Introduction

Cocoa is an important agronomic crop but, because it is a tree crop, it has a number of
problems with regard to improvement through traditional breeding methods;
• Trees raised from seed may not produce fruit until they are three to five years old.
• Many cultivars are self-incompatible, which makes it difficult to produce F2

populations.
• Large areas are needed to plant thousands of trees.
• Because of the length of time and large areas needed for such breeding

experiments, maintenance of families can be affected by political and programmatic
changes.

• Even the hybrid cocoa grown today has been reproduced in seed gardens and its
pedigree and genotype may be uncertain or unknown.

• An obstacle to disease resistance breeding is the inability to study different races of
the pathogens in commercial production areas due to limitations on movement of
the pathogens into these areas.

• Many of the  existing F1 families have been produced to study segregation of
agronomic characters, rather than disease resistance.

• Finally, disease resistance in T. cacao may be multigenic, making discovery of
individual genes responsible for resistance unlikely.

Marker assisted breeding is meant to overcome some of these concerns by
developing molecular markers associated with the desired phenotype, in this case,
disease resistance. These markers can be used to preselect material for assay of
disease resistance or for breeding before the phenotype is expressed. For example, by
identifying a molecular marker associated with pod rot, one could identify material for
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breeding without having to wait until it had actually produced pods for assay of disease
resistance. Such measures should speed up selection of agronomically useful clones
for assay or propagation.

A number of disease resistance genes have been isolated from plants by traditional
genetic means. Sequencing of these genes revealed that most of the products of
resistance genes are involved in pathogen recognition and signal transduction.
Comparison of resistance gene sequences from a number of plant sources has
identified a few highly conserved sequence motifs, such as the nucleotide binding site
(NBS) usually toward the 5’ end of the gene and a leucine rich repeat (LRR) toward the
3’ end of the gene. In addition, mapping experiments in Arabidopsis and lettuce have
shown that resistance genes are clustered physically on the chromosomes, apparently
without regard to the type of pathogen. Thus, a gene for resistance to nematodes could
be adjacent to a gene for resistance to rust. Finally, by analysing EST libraries of
Arabidopsis for the presence of sequences similar to the known NBS motif, it has been
estimated that 1% of all Arabidopsis genes (approximately 200 of 21 000) are disease
resistance genes.

Based on these facts, it seems possible to identify portions of resistance gene
homologues using primers to the conserved NBS site in T. cacao. If these RGHs are
polymorphic, they should allow mapping of resistance gene clusters in T. cacao. Even
if the RGHs are not the actual genes for resistance to a particular disease, they may be
closely linked due to resistance gene clustering. Identification of RGHs associated with
a specific disease resistance will depend on the availability of large enough families
segregating for disease resistance.

Materials and methods

Degenerate primers were designed from highly conserved regions in the nucleotide
binding site (NBS) domain from known plant disease resistance genes by Shen et al.
(1998) and Aarts et al. (1998). Aarts et al. (1998) designed RG1
(GGIATGGGIGGIGTIGGIAARACNACN)  (GMGGVGKTT)  and  RG2
(ICCIAGIACYTTIARIGCIARIGGIARWCC) (GLPLALKVLG). Shen et al. (1998)
designed PLOOPGA (GAATTCGGNGTNGGNAAAGACAAC) (EFGVGKTT) and
GLPL6 (GTCGACAANGCCAANGGCAATCC) (GLPLALS). The primer sets were
similar as can be seen by the amino acid translations but differed in their degeneracy.
RG1 was 1024 fold degenerate and RG2 was 8192 fold degenerate, assuming two fold
degeneracy for each I. PLOOPGA was 64 fold degenerate and GLPL6 was 16 fold
degenerate. We used both sets of primers to amplify genomic DNA from seven
different cultivars: SCA6, EET400, P12, GS46, Amelonado, 106Rand IMC67xSCA12, a
clonal selection from a hybrid family. Amplicons from all amplification reactions were
mixed and cloned into the pCR-4Topo plasmid (Invitrogen). Plasmid DNA was isolated
from each of the 650 colonies and, initially, 40 candidates were sequenced.

Results and discussion

Nucleotide sequences were compared against the non-redundant GenBank databases
using BLAST (Altschul et al 1997) at the NIH-NCBI website (www.ncbi.nlm.nih.gov). Of
the first 40 sequences, 18 had a 350 bp insert that was identical to chloroplast DNA. All
650 colonies were grown on LB agar in a matrix and screened by colony hybridisation
with the chloroplast sequence as a probe. Colonies hybridising to the probe were not
further analysed. The 350 remaining colonies were amplified individually using the M13
forward and reverse primers and categorised by size by agarose gel electrophoresis.

Shen et al. (1998) and Aarts et al. (1998) had observed that inserts of approximately
530 nucleotides in length that contained a continuous open reading frame which
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included the two primers were usually RGH sequences. Thus, we sequenced 64
amplicons of approximately that size and compared their nucleotide sequences to the
GenBank database. Typical results for a clone are shown in Table 1.

Table 1. BLAST scores for the nucleotide sequence of Clone 544

Score      E
Sequences producing significant alignments (bits)    Value

gb|AF107294.1|AF107294 Zea mays rust resistance protein RP1. 56 1e-05
gb|AF222877.1|AF222877 Glycine max clone NBS class J diseas… 50 9e-04
gb|AF197922.1|AF197922 Elaeis guineensis resistance protein… 50 9e-04
gb|AF107293.1|AF107293 Zea mays rust resistance protein (Rp… 48 0.003
gb|AF118127.1|AF118127 Lycopersicon esculentum disease resi… 48 0.003
gb|AF222879.1|AF222879 Glycine max clone R14 disease resist… 44 0.054
gb|AF084026.1|AF084026 Phaseolus vulgaris NBS type putative… 44 0.054
gb|AF060192.1|AF060192 Glycine max putative resistance prot… 44 0.054
gb|AE003564.1|AE003564 Drosophila melanogaster genomic scaf… 42 0.21
gb|AF186640.1|AF186640 Sorghum bicolor clone Sor1 unknown gene… 42 0.21
gb|AF186634.1|AF186634 Cajanus cajan clone PP1 unknown gene… 42 0.21
gb|AF032682.1|AF032682 Hordeum vulgare NBS-LRR type resista… 42 0.21
dbj|AB020485.1|AB020485 Vigna unguiculata DNA, nucleotide-b… 42 0.21
gb|AF265555.1|AF265555 Homo sapiens ubiquitin-conjugating B… 40 0.84
gb|AC010072.5|AC010072 Homo sapiens chromosome 14q31 clone… 40 0.84
gb|AF186637.1|AF186637 Cajanus cajan clone PP4 unknown gene… 40 0.84
gb|AF072168.1|AF072168 Phaseolus vulgaris clone PRLJ1 putat… 40 0.84
emb|Z69637.1|CEF35G2 Caenorhabditis elegans cosmid F35G2, c… 40 0.84
emb|AL133243.1|CNS01DU BAC sequence from the SPG4 candidat… 40 0.84
emb|AL031682.1|HS873P14 Human DNA sequence from clone 873P1… 40 0.84

The largest fragments that produced a match at the nucleotide level were 50-80
nucleotides long or only 10-15% of the total length of the query sequence. E values,
calculated to indicate the probability of producing a match due to chance, were not that
small (1e-05) considering the shortness of the match sequence and the vast size of the
GenBank database. Although the top matches were indeed for plant disease resistance
genes, high scores were also found for sequences from humans.

Nucleotide sequences of putative RGHs were translated into amino acid sequences
and used as the query sequence for a blastp search of the nonredundant (nr) GenBank
database. This search compares the predicted protein sequence of the query against
the predicted protein sequence in all possible frames of all nucleotide sequences in the
database. Typical results are shown in Table 2.

The fragments matched along their entire length (173 amino acids). The E values
reflect the very small likelihood that such matches occurred by chance. All 100 of the
top matches were for plant disease resistance genes or RGHs from other plants with
the highest E value at 8e-11. Thus, we believe we have identified RGHs from T. cacao.
BLAST analysis of the 64 amplicons identified 51 as RGHs. Alignment of the nucleotide
sequences using PileUp (GCG) identified 10 sequence clusters with only two of the 51
sequences identical. Five of the clusters contained between 6 and 11 sequences and
five clusters contained between 1 and 3 sequences. Variation among sequences within
a cluster may be due to differences between cultivars or differences between
homologues within a cultivar. Such sequence differences are being analysed to design
PCR primers that will allow us to distinguish between categories of RGH by length
differences. Thus, we hope to analyse the RGHs in cocoa populations in a manner
similar to SSR markers.
Table 2. BLAST scores for the predicted amino acid sequence of Clone 544.
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  Score       E
Sequences producing significant alignments:

  (bits)    Value

gb|AAF36345.1|AF186637_1 (AF186637) unknown [Cajanus cajan]
143 8e-34

pir||T06404 resistance complex protein I2C-2 - tomato >gi|2…
139 2e-32

gb|AAD27815.1|AF118127_1 (AF118127) disease resistance prot…
133 1e-30

gb|AAD34880.1| (AF141011) disease resistance protein homolo…
133 1e-30

gb|AAF36342.1|AF186634_1 (AF186634) unknown [Cajanus cajan]…
130 8e-30

pir||T02213 NBS-LRR type resistance protein - rice (fragmen…
129 1e-29

pir||T06403 resistance complex protein I2C-1 - tomato >gi|2…
128 3e-29

gb|AAF43652.1| (AF220733) NBS-LRR-like protein [Oryza sativ…
128 4e-29

pir||T04389 NBS-LRR type resistance protein - barley (fragm…
127 7e-29

gb|AAF43648.1| (AF220728) NBS-LRR-like protein [Oryza sativ…
127 9e-29

gb|AAF43665.1| (AF220746) NBS-LRR-like protein [Oryza sativ…
125 3e-28

gb|AAD52718.1|AF123702_1 (AF123702) putative NBS-LRR type d…
125 3e-28

gb|AAF43661.1| (AF220742) NBS-LRR-like protein [Oryza sativ…
125 3e-28

pir||T02230 NBS-LRR type resistance protein - rice (fragmen…
123 7e-28

gb|AAC02202.1| (AF017751) resistance protein candidate [Lac…
122 2e-27

gb|AAC71767.1| (AF087519) resistance protein [Triticum aest…
122 3e-27

pir||T10838 probable resistance protein, NBS type (clone CP…
121 4e-27

gb|AAF43679.1|AF227003_1 (AF227003) NBS-LRR-like protein [O…
121 5e-27

gb|AAF43655.1|AF220736_1 (AF220736) NBS-LRR-like protein [O …
117 7e-26

gb|AAF36346.1|AF186638_1 (AF186638) unknown [Cajanus cajan]
117 7e-26

gb|AAD52712.1|AF123696_1 (AF123696) putative NBS-LRR type d…
114 6e-25

The successful development of the RGHs as markers for disease resistance
gene clusters requires families of trees that can be analysed. At the USDA National
Germplasm Repository (NGR) facility in Mayaguez, Puerto Rico, four families of trees
planted in 1989 are available for mapping of RGH. In each family, there are 10 tree
genotypes per replication, eight replications per location and two locations to give a
total of 160 trees per family. The four crosses are UF658 x P7, IMC67 x UF613,
EET400 x SCA12, and SCA6 x EET62. SCA12 and SCA6 are both resistant to witches’
broom disease while EET400 and EET62 are susceptible. Although disease resistance
data have not been collected for the families because they are planted in the NGR,
other agronomic data have been collected. The parents of these families will be
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analysed for presence of specific RGH categories and inheritance of RGH genes will
be mapped to linkage groups by analysis of co-segregation of SSR markers.
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Proposal for a Cocoa Gene Expression Microarray Consortium

Mark Guiltinan
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Background

Microarrays are miniaturised systems which allow the simultaneous measurement of
the expression levels of thousands of genes.  This is a modernised version of northern
blots or dot blots, where RNA or various gene fragments are immobilised and then
hybridised to labelled probes, to measure gene expression levels.  With the advent of
robotic printing and processing systems, 10,000 or more spots of DNA, each
representing a different gene, can be placed on a microscope slide in a space the size
of a postage stamp.  The microarray can then be hybridised to fluorescently labelled
cDNA probes, revealing gene expression levels for each of the genes in a few hours.
This is equivalent to years of work by molecular biologists using conventional methods.
These methods open whole new worlds of possibilities for molecular researchers,
enabling monitoring of gene expression profiles in a global sense (all or many genes)
during growth and development and in response to biotic and abiotic stresses.  This
can provide leads to understanding basic molecular mechanisms, for example which
pathways are up regulated in response to a pathogen, and which are turned off.
Microarrays can also be used to assess differences in gene expression between
individuals in a population, different genotypes, or even different cell types.  For
example, it has been shown that different types of cancer cell lines can be
differentiated on the basis of expression profiles.  In turn, this type of research may
lead to identification of potential candidate genes, i.e. genes that are potentially
causative of a trait such as cancer or in plants, disease resistance.  Identification of
such genes can then lead to enhanced breeding through molecular markers or genetic
engineering.  To learn more about how microarrays are made, hybridised and
analysed, you can go to the excellent web site by Alan Robinson (1).

An example of microarray gene expression profiling is the work of Nancy Eckardt
and Nina Federoff at The Pennsylvania State University.  The full text of this work can
be viewed at (2).  In this study, these researchers examined the effects of ozone
treatment on gene expression profiles of Arabidopsis plants, during the time course of
exposure.  Plants were exposed to ozone in growth chambers and leaf samples were
periodically taken for RNA analysis.  At each time point, a no ozone control was also
taken.  Then the expression patterns of several hundred Arabidopsis genes were
measured by hybridising the fluorescently labelled RNAs to the microarrays containing
the various genes (Figure1).  The raw data were processed using sophisticated
software, to reveal the patterns of gene expression over time (Figure 2), red
representing gene induction, and green, gene repression.  The genes were then
clustered according to the pattern of expression.  A number of interesting genes were
induced by ozone, and thus these are candidate genes for mechanisms of ozone
resistance.  For example, two kinases were turned on in response to ozone, and these
are amongst a family of known signal transduction molecules involved in signalling
within and between cells.  Also, a transcription factor erebp-1 thought to be involved in
the activation of genes during stress responses is also activated by ozone.
Subsequent detailed studies on these putative candidate genes are now underway by
these researchers.  They hope to understand the mechanisms of ozone response, in
an effort to protect plants from ozone in the future.
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The need for collaborative network

To date, only very few cocoa genes have been isolated, so there has not been a need
for a cocoa microarray effort, however, this picture is changing rapidly.  Several groups
are beginning to isolate genes at an accelerating pace, and several major efforts are
now underway or being planned in multiple laboratories.  Microarray analysis will
clearly be an important technology to the future of cocoa research.  However, with
limited resources, it is also clear that we can proceed most effectively by working
together to build a microarray consortium.  The consortium would work together to
combine all cocoa genes isolated into a large core collection, to produce microarrays
and provide them to cocoa researchers worldwide.  In this way, each lab could test a
larger number of genes, and all the datasets would be comparable.  Eventually a large
publicly available data set would begin to accrue.  Similar datasets are already
available for other species, combining data from many laboratories and used by even
more (3).  Besides the fact that this consortium would save resources, it would also put
the technology within reach of cocoa laboratories which otherwise could not use it.
This is particularly important for a plant like cocoa, which is grown in areas which often
do not have sufficient resources to use cutting edge technologies, but which have so
much to contribute to cocoa research.  It is exactly this type of synergy between cutting
edge technology and breeders and researchers in producing countries that will move
cocoa research ahead most rapidly.

A proposal

An organising centre could be formed which would have the responsibility to co-
ordinate the consortium activities. The consortium will be open to all cocoa researchers
worldwide, all results will be released to the public domain. The proposal also includes:

• Participating groups submit all cocoa cDNAs and genes to co-ordinating facility.

•  The co-ordinating facility will conduct microarray fabrication using all clones in
replicate, with controls.  New versions will be developed over time as new clones
come in.

• Microarray distribution will be at cost.

• Hybridisation and detection services will be provided upon request at cost.

• Training and hosting of visiting scientists, to learn methods or carry out research
will be made available as space and time permit, at cost.
One potential centre is at The Pennsylvania State University.  Our University has

invested in the development of a service facility for researchers campus wide (4).  It is
University subsidised, and is run by a director and technician.  The facility already has
a proven track record, fabricating and using microarrays from yeast, human,
Arabidopsis etc.  The facility can provide all the services mentioned above, at very low
costs (5).  Finally, because The Pennsylvania State University Cacao program is also
located near the facility, it could act as a facilitator for the access of the resource to the
cocoa research community.  Our programme is permanently funded through an
industry endowment, and thus can commit to a long-term support role of this effort with
existing funds.

Interested?  You are invited to contact Mark Guiltinan via email, mjg9@psu.edu.
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References on the Internet

1) http://industry.ebi.ac.uk/~alan/MicroArray/IntroMicroArrayTalk/sld001.htm
2) http://sgio2.biotec.psu.edu/indexpage.html
3) http://genome-www4.stanford.edu/MicroArray/SMD/.
4) http://sgio2.biotec.psu.edu/
5) http://sgio2.biotec.psu.edu/pricelist.htm

Figure 1. Expression patterns of several hundred Arabidopsis genes measured by
hybridization of fluorescently labeled cDNAs to microarrays containing the
various genes. Signal intensity represents gene expression, white representing high
levels of gene expression
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Figure 2. Patterns of gene expression in Arabidopsis over time during ozone
treatment, white spots mainly at the middle/ upper-left side in the left picture,
representing gene induction and dark representing no change in expression, light
spots mainly at lower left corner represent gene repression. A close up of a portion
of the image, (right side) shows several of the genes which are induced by ozone
and their names on the right side
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Introduction

Biotechnology can provide a powerful set of tools for improving the yield of cocoa trees
and the quality of beans. Basic tools encompass tissue culture, genetics, and
molecular biology. Some of the benefits for cocoa improvement that can be provided by
biotechnology include:
• Mass propagating of superior trees.
• Rapidly selecting seedlings that will mature into trees with high yield, disease

resistance, and beans with excellent flavour.
• Creating trees that drop their fruit in order to reduce harvesting costs.
• Developing safe and environmentally sound methods to control insect pests –

especially cocoa pod borer.

Propagation by somatic embryogenesis

Objective

•  To adapt somatic embryogenesis and plant regeneration procedures for clones
commonly used by Malaysian farmers and breeders

Materials and methods
Primary somatic embryogenesis. Staminodes – often with the base of filaments
attached - from large but unopened flower buds were placed on induction media
containing either DKW minerals or one derived from a cocoa hydroponic mix, glucose,
MS vitamins, organic supplements, 1.0-2.0 mg/l 2,4-D, and 0.1 mg/l 2iP. After 3 - 4
weeks, calli were transferred to expression media containing minerals, sucrose or
maltose, MS vitamins, and organic supplements, but no growth regulators.

Secondary somatic embryogenesis. Primary somatic embryos were placed on
expression media containing a cytokinin for several weeks, then transferred to similar
media without growth regulators.

Embryo maturation. Embryos were allowed to grow on maturation media containing
minerals, sucrose, and vitamins until they were developed enough to transfer to
conversion media. Maturing embryos have also been transferred to similar media
containing ABA for 3 - 6 weeks.

Embryo germination. Large embryos were placed on germination media containing
GA3 for 3 - 6 weeks.

Embryo conversion. After embryos produced primary and sometimes secondary roots
and are several centimeters long, they were transferred to conversion media with
reduced salt concentrations, sucrose, and vitamins and placed in the light room.
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Results and discussion
Primary somatic embryogenesis. Overall the two most important factors influencing
embryogenesis frequencies are the cocoa clone and the induction media. Regardless
of the medium, staminodes from some clones either produce abundant callus or grow
poorly. In either case, few or no embryos are produced. The only organic supplement
we have found that may promote embryogenesis is glutamine in the induction media
(Figure 1). Other supplements such as coconut water, malt extract, and yeast extract
often either lowered embryogenesis frequencies or resulted in translucent and
deformed embryos. Sucrose and maltose in the expression media resulted in
approximately the same embryogenesis frequencies.

Secondary somatic embryogenesis. After several weeks on minimal media (sugar,
minerals, vitamins) containing 0.1 mg/l 2iP and several more weeks on minimal media
with no growth regulators, secondary somatic embryos appear (Figure 2).

Embryo maturation and germination.  ABA in maturation media along with GA3 in
germination media improves embryo rooting (Figures 3 and 4).

Embryo conversion. After the maturation and germination phases, when embryos have
produced at least primary roots and are several centimetres long, they are transferred
to media containing a reduced mineral concentration, sucrose, and vitamins and placed
in the light room in order to stimulate development of true leaves (conversion into
plantlets). Problems were encountered, however. Hypocotyls often turned brown and
embryos failed to develop leaves. Embryos persisted for several months without
showing any sign of further development. Most eventually died.

Several changes were subsequently made in conversion media and culture
conditions. The gelling agent was changed from Phytagel to agarose because Phytagel
binds bivalent cations such as calcium. Lights were changed from sunlight-balanced to
a combination of cool-white fluorescent and incandescent. Light intensity was reduced
and the temperature in the light room was lowered by a few degrees, to 24 – 25o C.

We have not investigated any of these changes individually. However, our
conversion frequencies have improved considerably.  Thirty-six (36) somatic embryos
began to convert into plantlets since these changes were made. Seventeen (17) were
discarded, usually due to contamination. Of the 19 remaining ones, 5 are producing
normal true leaves (Figure 5), 5 have been transferred to pots (Figure 6) and 9 are
producing deformed true leaves.

Figure 1. Primary somatic embryos
from clone MX-75-3 on expression
medium with hydroponic minerals and
sucrose. Induction medium contained
hydroponic minerals and glutamine, in
addition to glucose, 2,4-D and 2iP (7
weeks after experiment initiation)

Figure 2. Secondary somatic embryos
on hypocotyl of primary somatic
embryo from clone KKM-25. Primary
embryos were placed on expression
medium with 2iP for 9 weeks before
transferring to a similar medium
without growth regulators (7 months
after experiment initiation)
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Micropropagation

Objective
• To mass propagate trees by axillary bud proliferation.
• To conserve germplasm in vitro.

Materials and methods
Growth regulators and nutrients are being manipulated to promote shoot multiplication
and rooting. An automated procedure for liquid media is also being developed.

Results and discussion
The project has only recently been initiated. Media to promote rooting (Figure 7) are
being tested, as well as simple multiplication procedures (Figure 8).

Figure 3. Developing embryos from
clone MX-75-3 on maturation medium
with no growth regulators (5 months
after experiment initiation)

Figure 4. Embryo from clone PBC-154
on germination medium with GA3.
Previous media contained ABA (8
months after experiment initiation)

Figure 5. Converting somatic embryo
from clone PBC-154 (14 _ months
after experiment initiation)

Figure 6. Regenerated plant from
clone PBC-154 (18 months after
experiment initiation)
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Molecular marker-assisted breeding

Objective
• To identify molecular markers associated with loci contributing to yield, bean size,

precocity, and resistance to Phytophthora pod rot and vascular streak dieback
(VSD) disease.

Materials and methods
The segregating population consists of one hundred 10-year-old trees from a UIT2 X
NA33 cross in Tawau, Sabah. Amplified fragment length polymorphic (AFLP) DNA
markers are being generated using a kit from Gibco BRL.

Results
Trees in the segregating population have already been scored for yield, bean size,
precocity, and resistance to Phytophthora pod rot and VSD disease. DNA has been
extracted from all of these trees as well as their parents. No map has been produced
yet. AFLP markers are still being generated (Figure 9).

Figure 9. AFLP markers from cocoa

Figure 7. Rooting of explants on
simple media

Figure 8. Shoot multiplication from
cotyledonary nodes
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Artificial diet for cocoa pod borer (Conopomorpha cramerella Snellen)

Objective

• To develop an artificial diet for cocoa pod borer (CPB), the most serious insect pest
of cocoa in South East Asia, in order to test the toxicity of experimental compounds
to larvae.

Materials and methods
Three diets are being tested: 1) multi-order, 2) cocoa pulp-based, and 3) cocoa pulp
juice-based. Adult moths were collected with nets in the early morning, and females
were allowed to lay eggs on detached pods. Ten eggs were transferred with a fine
brush to Petri-dishes containing 30 ml media.

Figure 10. Pod with CPB eggs
(circled areas)

Figure 11. Interior of infested pod

Figure 12. CPB egg on surface of pod Figure 13. Petri dish with artificial diet
composed of cocoa pulp juice and agar

Figure 14. Nine-day old larva growing
on a pulp juice diet. Pulp- and pulp
juice-based diets work equally well;
larvae thrive for at least 11 days

Figure 15. A portion of the feeding
trail made after 9 days on a pulp juice
diet. The larva can be seen (arrow)
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Results
A diet composed of cocoa pulp juice or cocoa pulp sustains CPB larvae at least 11
days (Figures 10 to 15).  Experiments were stopped afterwards due to contamination.

Abscission zone formation in pods

Objectives
• To make interspecific hybrids between T. grandiflorum and cocoa in order to

eventually incorporate a fruit abscission zone from T. grandiflorum into cocoa.
• To study the expression in T. grandiflorum and cocoa of four genes involved in

abscission zone formation: cellulase, polygalacturonase, ethylene receptor, and
especially the jointless abscission zone regulatory gene.

Results
This is a new project. RNA is still being extracted from cocoa pods, flowers, and other
tissues. PCR primers have been synthesised for the cellulase and jointless genes.
Although the jointless PCR primers were designed from the tomato gene, a single band
has been produced with cocoa DNA using moderately stringent conditions. This band
will be sequenced, and if it is the cocoa jointless homologue it will be used as a probe
to isolate the corresponding cocoa gene.
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Abstract

Cocoa swollen shoot virus disease (CSSVD) is one of the most enduring features of cocoa
production in Ghana in particular, and West Africa in general.  First recorded in 1938 in the
Eastern region of the then Gold Coast, CSSVD is now present in virtually all cocoa growing
areas of Ghana, as well as in neighbouring Togo, Nigeria, Cameroon and, possibly, in Côte
d'Ivoire.  The virus is indigenous to West Africa, present in forest trees and appears to have
transferred to cocoa following the introduction of the crop.  Crop losses due to the disease have
affected the economies of countries like Ghana for which cocoa is an import export commodity.
It has caused changes to the way of life of whole communities as they are forced to migrate,
and the environment as forests are cleared for new farms.  The prime control practice has been
based on a "zero tolerance" philosophy which required that all infected trees and those in
contact with them be removed.  In Ghana, this has resulted in the destruction of millions of trees
during the last 50 years, and many millions more are awaiting removal.  With new farms getting
rapidly infected, breeding for disease resistance has become imperative.  Developments in
biotechnology research have provided new tools to aid cacao breeders.  These include the use
of micropropagation techniques, particularly somatic embryogenesis, to produce large numbers
of plants with identical genetic background, coupled with transformation protocols for cocoa
transformation.  Another is the development of new methods of virus inoculation and diagnosis,
prerequisites for resistance screening.  Molecular cloning methods have enabled the isolation of
full-length infectious clones of severe isolates from Togo and Ghana.  Mild isolates of the virus
with potential uses in cross-protection have been isolated by the same method which enables
researchers to overcome the low virus concentrations and/or low infectivity associated with
them.  These have been used to infect cocoa beans and young seedlings by particle
bombardment and/or Agrobacterium-mediated micro-injection.  With these tools, it is now
possible to quantify virus inoculum used in challenging new cultivars in virus disease resistance
breeding programmes.  New CSSV-specific primers have been designed for disease indexing
by polymerase chain reaction (PCR).  Cloned virus DNA or cloned virus-coded PCR DNA
products have also been used in virus disease indexing as labelled probes for DNA detection by
Southern (1975) or dot blot hybridisation analysis.  Ultimately, it is anticipated that the
combination of new methods for generating large numbers of plants for inoculum delivery and
virus detection will facilitate the development of new pest and disease resistant varieties for
sustainable cocoa production.

Importance and spread of the disease

Cocoa swollen shoot virus disease (CSSVD) was first reported in the 1930s in the
eastern region of the country known then as Gold Coast, now as Ghana (Anonymous
1936a and b).  Since then, it has grown in importance, constituting perhaps the single
most enduring feature of cocoa production, especially in the Eastern region, previously
the leading producing area in Ghana (Thresh 1991).  The disease also occurs with
varying degrees of severity in all cocoa producing areas of Ghana.  Along the West
African region, CSSVD occurs with varying degrees of importance in the Republic of
Togo, Nigeria, Cameroon and Côte d’Ivoire.

In West Africa, swollen shot disease is characterised by an array of host responses
including transient red vein banding in very young leaves, systemic yellow mosaic,
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round pods (with few deformed beans), and the stem swelling from which the disease
derives its name.  Severe isolates often cause death of infected trees.

Virus diseases of cocoa have also been reported from other parts of the world,
including Tanzania (Zanzibar) in East Africa; Sabah Province of Malaysia, Sri Lanka,
Java and Sumatra in Asia; Costa Rica, the Dominican Republic and Trinidad and
Tobago in the Americas.

This paper however, is about the disease caused by a bullet shaped virus isolated
from infected tissue in Ghana and the Republic of Togo.  Cocoa swollen shoot virus
(CSSV) was proposed as a member of the Badnavirus group (Lockhart 1990) because
of its non-enveloped bacilliform particles (Brunt et al., 1964), and its double stranded
DNA genome (Lot et al. 1990).  Infectious clones of Togolese and Ghanaian isolates
(Hagen et al. 1993; Sackey et al. 1995) have demonstrated that the red vein banding,
systemic mosaic and stem swelling symptoms of CSSVD are due to this Badnavirus.  It
is reasonable to assume that the root swelling, the round pods and eventual death
associated with severe CSSVD are also due to this virus, but this remains to be
demonstrated.

Swollen shoot disease is a classic case of the consequences of introducing a non-
native crop species, which entails risk of exposing these species to unknown local
pests and diseases that were previously of no importance.  Cocoa was introduced from
South America during the middle to late 19th century into the forested areas of West
Africa.  Cocoa cultivation rapidly expanded resulting in vast, almost continuous stands
beneath the remaining trees of selectively thinned forests.  Early in the 20th century,
vulnerability to swollen shoot virus, which the crop had never encountered before,
became apparent.  Infection, together with the mealybug vector came from naturally
infected, widespread woody forest trees belonging to the families Bombaceae,
Sterculaceae and Tiliaceae, such as baobab (Adansonia digitata), silk cotton tree
(Ceiba petandra) and especially, Cola chlamydanta.  In these wild indigenous hosts,
there were no symptoms/disease probably because of a long association with the
virus/viruses (Thresh 1980; Thresh and Owusu 1986; Thresh et al. 1988).  Once the
virus had established itself and becomes prevalent in cocoa, the wild host became of
limited importance in further epidemic development.

In West Africa, the worst affected area has been Ghana.  Following a “zero
tolerance” policy, the British colonial government launched an eradication programme
and by 1965 had destroyed over 100 million trees.  The programme was re-designated
“cutting out” as a control practice, perhaps in recognition of the futility of “eradication”,
and by 1982, 185.5 million trees had been removed, all in the Eastern region.  It was
estimated at that time that there were a further 31 million trees waiting to be removed
(Ollennu et al. 1989).  A large area of the region was designated an “area of mass
infection” (AMI).  It was also estimated that only 23% of all infected trees in a new
outbreak were identified because many of the infected trees are not noticed or are in a
latent stage (Ollennu et al. 1989).

The disease and its eradication programme have been costly, both in monetary
terms, and through the impact on the environment and the farming communities.
Economic losses were incurred by the country in terms of foreign exchange revenue,
as well as the cost of implementation (labour, compensation to farmers and loss of
income).  The destruction of the equivalent of some 200,000 hectares of cocoa farms
left many farmers destitute.  In response, more resilient farmers simply moved on into
new forests, leading to loss of forest cover.  Abandoned farms were often victims of
climatic degradation.

Disease control measures

Attempts were made to control the mealy bug vectors using contact and systemic
insecticides, as well as biological control agents.  So far, these efforts have yielded few
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returns perhaps because of the paucity of basic information on these insects.  It is
known that as many as 16 species of mealybugs are involved in the transmission of
CSSV, and thus biological control, for example, would require detailed studies on each.
These studies are ongoing.

The World Bank in conjunction with the Government of Ghana launched two Cocoa
Rehabilitation Projects in which cutting out was combined with block plantings using
new cocoa introductions from the CRIG breeding programmes.  The results of these
initiatives have been presented elsewhere, but generally are dependent on co-
operation of farmers, availability of improved (disease resistant/tolerant) planting
material, and financial resources to implement the programmes.

The most persistent effort has, however, been the resistance breeding programmes
in different producing countries, particularly, Ghana and Togo.  Since CSSV is not
present in the centre of origin of the species, there is unlikely to be any specific CSSV
resistance to be exploited in the wild germplasm. This means that breeding for
resistance, at best, is an attempt to bring together the properties inherent in different
cocoa genotypes that might create a barrier between the vector and host, or inhibit the
infection process of the virus.  These are often physiological characteristics of the
clone, including such properties as plant tissue or sap palatability to the vector, and
presence of components associated with host response (phytoalexins) to invasion by
foreign substances.  The main elements of the breeding programmes are therefore:

• Screening new cultivars for the relative impact of swollen shoot virus.
• Crossing cultivars by hand pollination.
• Screening progenies for relative impact of virus.
• Combining better performing, “resistant/tolerant” parents.

In practice, breeding requires an efficient method of inoculum delivery and methods
of disease indexing.  Its success is dependent on access to a wide variety of clones for
screening.  There are questions for which breeders need answers.  For example, how
do you know that if new promising genotypes are being introduced, that they are really
different and that a significant reduction in virus impact can be obtained at farmer’s
level?  Could newly introduced accessions harbour some unknown pathogen that
would be released into your environment? How do you challenge the new clones with
the pathogen/pest of interest, and evaluate their impact in a systemic manner?

Fortunately, there are many new technologies, which can be applied to assist
breeders to answer these and many other questions.  These include technologies for
disease indexing, and virus inoculum delivery in resistance screening for breeders.

Disease indexing

The role of the intermediary quarantine facilities is to reduce the risk of transferring
pests and diseases as germplasm is exchanged between breeding programmes.  For
CSSV, there have been several methods of disease indexing which still have
relevance.  They include:
• grafting,
• serological methods such as ELISA) and ISEM (Adomako et al. 1983; Sagemann et

al. 1983 and 1985; Hughes and Ollennu 1993); and, more recently,
• DNA hybridisation,
• polymerase chain reaction (PCR), and
• immuno capture polymerase chain reaction (ICPCR) (Sackey et al. 1990 and 1998;

Hoffmann et al. 1997).
Increasingly, time is of essence and it is important to have definitive evidence of the

disease status of plant tissue.  Enzyme linked immunosorbent assay and related
serological techniques have been used, with monoclonal and polyclonal antisera
developed in collaborative research between the Cocoa Research Institute of Ghana
and the Institute for Biochemistry and Plant Virology in Brauschweig, Germany.
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Though serological methods proved useful for disease diagnosis, the antisera available
were based on the severe CSSV 1A from the Eastern region of Ghana as immunogen,
thus limiting them to detection of related isolates.

Over the last few years, polymerase chain reaction (PCR) has been developed for
the detection of CSSV.  The main thrust of this development is the detection of sub-
picogram quantities of all bacilliform DNA viruses in tissues associated with infections,
including latent infections.  Initially, primers were designed based on nucleotide
sequences derived from the severe 1A isolate, and these have been used to detect
several isolates of the virus in leaf tissue (Hoffmann et al. 1997; Sackey et al. 1990 and
1998).  The current approach is to develop primers that detect a wide range of
Badnaviruses, including those from bananas, plantains (BSV), sugarcanes (ScBV) and
commelina (CoYMV), all of which are plant species often found in association with
cocoa.

Based on this philosophy, a project was designed in which a database of nucleotide
sequences from a conserved region, spanning nucleotides 5300 to 7000, of the virus
genome was to be used for the design of new primers.  Thirty-six isolates of CSSV
from the CRIG virus museum were used in the study in which universal Badna primers
designed by Lockhart and Olszewski (1993) were used to amplify virus DNA.  Cloned
PCR DNA amplification products were then sequenced and the data used to generate
new primers.  The first of the two primers incorporated sequences from severe CSSV
isolates (1A, DaBV, CoYMV, BSV, KTSV) and the second was based on sequences
from other severe isolates (CSSV 1A and Nsaba from the central region of Ghana,
CoYMV, BSV, ScBV, KTSV and DaBV).

These primers are being screened and in early experiments have produced the
expected 600-bp amplification product from 34 of the 36 isolates tested (Table 1 and
Figure 1).  The virus DNA samples were extracted from leaves obtained from mature
trees, and many of the leaves had no symptoms of infection at the time of sampling.

Figure 1. PCR products from CSSV isolates using new, improved Badna primers

Table 1. PCR amplification of CSSV isolates using primer 1A+4*

M   1   2  3   4  5  6   7   8  9
M

     M   10 11 12 13 14 15 16 17 18
M

600bp

600bp
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Isolate Description Products with 1A+4

SS167 Group A1 Mild +ve
SS365B “ +ve
Worawora “ +ve
Anibil Group A2 Severe +ve
Nkawkaw “ +ve
Nkrankwanta “ +ve
Techimantia “ -ve
Amafie “ +ve
New Juaben Group A3 Severe +ve
Kofi Pare “ +ve
Bosomtwe Amakom “ +ve
Bosomtwe “ +ve
Oyimoso Agogo “ +ve
Sankore Group  A4 Severe +ve
Miaso “ +ve
Nsaba “ +ve
Okerikrom “ +ve
Djinji “ +ve
Kwakoko-Juansa “ +ve
Enchi “ +ve
Oyimso Agogo Group  B Mild +ve
Donkorkrom “ +ve
AD14 Group C severe +ve
AD 75 “ Nt
Mampong “ -ve
AD 7 “ +ve
AD 135 “ +ve
Peki Group E mild +ve
Bobiriso “ +ve

*DNA from all the isolates had been previously used for PCR with the Badna primers of
Lockhart and Olszewski (1993) and produced amplification products.

A field survey has been planned to screen these primers further.  However, these
primers could be made more universal if sequence data from CSSV isolates from other
countries could be incorporated.  It must be pointed out also that these primers only
detect the bacilliform, double stranded DNA genome, and would not detect infections
by virus such as the spherical cocoa necrosis virus described by Adomako et al.
(1974).  The main objective of these studies is to provide a sensitive, specific
diagnostic system for CSSV indexing.

Inoculation systems

Application of virus inoculum for challenging new progenies is a critical part of the
resistance-breeding programme.  The objective is to apply the same amount of the
pathogen to the seeds/seedlings in order to evaluate the relative impact on them.  For
CSSV, the current methods include grafting, mealybug transmission and mechanical
inoculation using virus purified from infected tissue.  Regarding the first two methods,
the amount of inoculum applied cannot be determined.  While mechanical inoculation is
predisposed to being more empirical, the infectivity of highly purified virus tends to be
erratic.  Consequently, there remains a need for quantitative methods for inoculum
delivery.
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One of the approaches being currently developed is the use of full-length infectious
clones.  Infectious virus DNA inoculum can be delivered, using a gene gun/biolistic
system, or by Agrobacterium-mediated transfection of seedlings.  Both approaches
have been successfully applied in two main initiatives, at CIRAD/INRA in France, and
at CRIG, Tafo, in Ghana.  In Ghana, the preferred method is particle bombardment in a
biolistic system, which does not require a biological safety and control facility for
monitoring Agrobacterium.  Currently, several full-length clones of both severe and mild
isolates are being evaluated.  One mild strain and one severe strain have been shown
to be infectious (Figure 2).  The latter has been compared to the native virus from
which it was cloned, and shown to be identical in its properties: particle composition,
symptoms induced, disease severity and transmission by Planococcoides njalensis, the
preferred vector.

Figure 2. Symptoms induced in Amelonado cocoa infected by particle
bombardment with full length infectious clone of severe CSSV 1A

The use of infectious full-length clones for screening for disease resistance has a
number of advantages:
• cloned virus and therefore unlimited supply of virus DNA;
• inoculum concentration can be predetermined and varied as required;
• settings for the biolistic system can be standardised to ensure reproducibility of

results of inoculum delivery to target plant tissue; and

uninfected

       infected
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• inoculum can be customised, i.e. different inocula representing the predominant
severe isolates in different cocoa areas for screening cultivars suitable to those
areas.

The current CRIG programme in this respect is therefore to clone as many isolates
as possible from different cocoa growing districts.  These would be compared by RFLP
and nucleotide sequencing to determine the relationships between them.  Their
biological effect on the Amelonado host, the susceptible positive control, would also be
evaluated before use.  Virus clones can, in theory, be selected for screening of cocoa
progenies for different areas based on the predominant virus form in those areas.

Tissue culture

Another technology that could benefit breeders in this regard is tissue culture,
particularly somatic embryogenesis.  Tissue culture potentially can provide breeders
with the means to rapidly multiply suitable cocoa clones.  It can also be combined with
new methods for inoculum delivery (particle bombardment and Agrobacterium
mediated transfection) to screen progenies or clones.  When beans/seedlings are
screened, the number of samples and space required can be limiting.  Screening of
somatic embryos eliminates these limitations, allowing for large numbers of clones and
replicates to be screened.  It is furthermore of interest to study the possibility, as with
zygotic embryos, that the virus might be eliminated in the somatic embryogenesis
process.  This would be very useful to facilitate intermediate quarantine procedures.

Conclusion

In conclusion, there are many new emerging technologies that may be applied to
various breeding programmes for cocoa improvement.  The key to current research is
increased collaboration between institutions and scientists.  Such collaboration, among
other benefits, results in a wider range of pathotypes for the development of assay
systems and sharing of information related to new techniques.  Thus, for example,
access to CSSV isolates from other countries in the West African sub-region would
enable development of universal diagnostic system for detection of all Badnaviruses of
cocoa in the region where that pathogen is endemic.
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Abstract

An efficient in-vitro clonal propagation method for cocoa has been developed (somatic
embryogenesis, SE) through the efforts of an international group of cocoa researchers.  The
intent of this manuscript is not to cover all aspects of the field or its history, but to review recent
results.  This review includes information from papers presented at the 3rd INGENIC Workshop
and the 13th International Cocoa Research Conference, both of which were held in Kota
Kinabalu, Malaysia in October 2000.  Recent progress has shown that while primary somatic
embryos arise from a multi-cellular pathway, secondary somatic embryos arise predominantly
from single cells.  Secondary somatic embryos also exhibit a higher quality and conversion rate
compared to primary somatic embryos as well as a higher production rate for most genotypes.
Variations in hormonal and other treatments were reported, and significant differences in
genotypic response observed.  It was estimated that about 100 different genotypes have been
successfully propagated via somatic embryogenesis, in approximately nine laboratories
worldwide.  Several reports discussed the development of low cost, SE-coupled downstream
propagation systems, including mini-cuttings and bentwood gardens, capable of multiplying the
SE plants and producing orthotropic rooted cuttings.  These systems hold great potential for
research and production, however full validation of such plants awaits the results of long-term
field-testing now underway.

Introduction

Since the early work of cocoa researchers, vegetative propagation systems have been
an important tool, enabling the multiplication of wild or selected genotypes for
germplasm collection, distribution and for production of clonal materials for replicate
performance trials. While traditional rooted cutting and grafting systems have been
used throughout the world for propagation of cocoa, to date, a vast majority of
production stock is grown from seed. Due to the high heterozygosity of most cocoa
genotypes, this results in a large degree of yield and resistance variation, bringing the
mean yield well below that of individual, high yielding and/or disease resistant
individuals. For example, over a four-year survey period of yield data from Costa Rican
hybrid varieties, Irizarry and Rivera (1998) showed that 3% of the plants produced over
60% of the yield. In the past, researchers and nurserymen turned to rooted cuttings
and grafting techniques to develop clonal propagation systems. These systems use
predominantly plagiotropic cuttings, since this type of material is much more abundant
in the field, but these cuttings do not grow orthotropically, nor will they produce a
taproot. In some cases, this may present problems with water deficit and anchorage
during drought or in high winds, especially during plantlet establishment.

In the 1950’s and 1960’s, plant tissue culture methods were developed for the
propagation of a wide variety of species, but were not applied to cocoa until the late
1970’s and even then with only limited success. Recently, research conducted at a
number of laboratories worldwide has led to the development of efficient methods for
somatic embryogenesis (SE) of cocoa. The first report of cocoa SE by Esan (1975)
described a method using immature zygotic embryo tissue explants, similar methods
were henceforth reported by others (Pence, et al. 1979, Villalobos and Aguilar 1990).
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However, while a step forward, these methods do not reproduce clonal plants.
Subsequent efforts were directed towards the development of tissue culture systems
via different sporophytic tissues including leaves (Litz 1986), nucellus (Chatelet et al.
1992; Figueira and Janick 1993; Sondahl et al. 1993) and floral explants including
petals and staminodes (López-Baez et al. 1993, Alemanno et al. 1996a, Alemanno, et
al. 1996b, Alemanno et al. 1997). However, these systems were limited by genotypic
variability and low plant conversion rates. More recently an efficient SE system using
staminode and petal explants, which is capable of propagating a wide variety of cocoa
genotypes with high efficiency, was reported (Li et al. 1998).

In addition to somatic embryogenesis, a number of related in vitro, and ex vitro
propagation systems have also been developed, combining the power of tissue culture
with the simplicity of rooted cuttings. The intent of this manuscript is not to cover all
aspects of this field of research nor its history, but to review recent advances in cocoa
tissue culture, ex vitro performance, and multiplication of plants produced by this
method.  This review includes information from papers presented at the 3rd INGENIC
Workshop and at the 13th International Cocoa Research Conference held in October
2000, Kota Kinabalu, Malaysia. Apologies are extended to those left out, if any.

But first a precautionary note. While the propagation methods reviewed here
are potentially very powerful, it should be noted that they are relatively new
technologies that have yet to be fully evaluated in the field. Although early field and
greenhouse tests have been very promising, the use of somatic embryo derived plants
for large-scale propagation and production must clearly await full validation through
multi-locational field trails with multiple genotypes. Such trials are now underway in
several countries, but until fully evaluated, we must regard these new technologies as
research tools.

Recent advances in cocoa embryogenesis

During the past two years, researchers at the Penn State Cocoa Molecular Biology
Laboratory have continued to refine the somatic embryogenesis procedure developed
in 1998, and to investigate the cellular origins and developmental pathways operative
in this system. We have developed a secondary embryogenesis system, in which
explants from primary somatic embryos are re-cultured on induction media, and
secondary embryos are formed (Maximova et al. 2000). The morphological and
ultrastructural changes occurring over time during both primary and secondary cocoa
somatic embryogenesis were studied by Dr. Siela Maximova of Penn State in
collaboration with Dr. Laurence Alemanno of CIRAD, using a combination of electron
and light microscopy for the genotype Scavina 6 (Alemanno et al. 2000).  This analysis
showed that primary embryos arise predominantly from clusters of cells which co-
operatively form embryonic nodules perhaps resulting from complex interactions of
hundreds of cells. Interestingly, secondary embryos usually arise from the division of
single epidermal cells, in a pathway reminiscent of zygotic embryogenesis. Thus, the
two types of embryos originate through pathways that differ in the number and location
of the cells contributing to embryo formation. One manifestation of these two
developmental pathways is the resulting conformity of embryo morphology. In both
systems, not all embryos formed are "normal" shaped with a single well-defined axis
and balanced root/shoot symmetry. Sometimes fused embryos or embryos with other
abnormalities are observed. However, as might be predicted in retrospect, secondary
embryos, which arise from a uni-cellular origin, exhibit a higher rate of normal embryo
conformity (approximately 85%) than do primary embryos (approximately 18%).
Another striking difference reported was the number of embryos produced per explant
in each of the systems. Secondary embryos were produced at a much higher rate
(average 70 per cotyledon explant) than were primary embryos (average 17 per
staminode explant). Secondary embryos also performed better than primary embryos
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during the conversion step, when embryos begin to grow into plantlets capable of
autotrophic growth in soil, with approximately 55% success compared to a rate of 32%
for primary embryos.

The influence of genotype on efficiency and conformity was also examined, and
shown to have a strong influence, with up to ten-fold differences in embryogenic
potential between genotypes observed. However, this research has shown that nearly
every genotype tested to date has produced at least a minimal number of somatic
embryos, and that these can then be used for secondary embryogenesis to scale up
production. Another contrast in the cellular morphology observed between the two
pathways was the difference in plasmodesmatal frequency. Epidermal cells within
staminodes (the tissue explants for primary embryogenesis) have more
plasmodesmata than do epidermal cells of cotyledons from primary embryos (the
source of tissue for secondary embryo production). It is possible that the higher level of
intercellular connections seen in staminode tissues is in part responsible for the higher
degree of cellular co-ordination seen in primary embryogenesis as compared to
secondary embryogenesis, but this hypothesis awaits experimental testing.  This study
concluded that, despite the losses due to abnormal embryos and during the conversion
procedure, it is theoretically possible to produce over 4,000 secondary embryo derived
plants from a single flower in approximately one year (using Scavina 6).

This method of producing plants is currently estimated to cost approximately
$10 per plant, using US based labour costs. One possibility to reduce this high cost
would be to couple the tissue culture based systems to downstream, greenhouse or
field based, low cost classical propagation systems. One such system presented by
these authors utilises the concept of ‘Bentwood Gardens’ (Guiltinan et al. 2000a;
Guiltinan et al. 2000b). In this system, the stems of juvenile somatic embryo plants,
approximately 3-4 feet in height, are bent and secured in a horizontal position. This
releases the strong apical dominance normally exhibited by cocoa plants and results in
the outgrowth of the previously dormant meristems in the lower portion of the plant,
typically resulting in the growth of approximately five shoots per plant. After about two
months, each shoot can be excised, and about ten nodal cuttings produced and rooted
using well-known conventional methods in a greenhouse. The bent plant will then
continue to produce more shoots, which can be harvested repeatedly for long periods
of time. The rooted cutting will grow with the orthotropic architecture of a normal
seedling plant.  Importantly, these plants also exhibit a strong dominant root, or
perhaps two, which grow straight down in a similar way to a taproot. This is quite
different from rooted cuttings developed from plagiotropic or fan branch materials,
which form shallow, fibrous root systems without a taproot.  Using this system, nearly
250 plants can be produced from each somatic embryo plant per year, greatly reducing
the cost per plant compared to use of tissue culture alone.  The development of plants
produced by this method is still under evaluation.

Smilija Lambert of Mars Inc.  presented work performed at the Almirante Centre
for Cocoa Studies in collaboration with researchers from Penn State (Lambert et al.
2000). She described a system for downstream propagation of somatic embryo plants
referred to as mini-cuttings. In these experiments, the team used small tissue cultured
plantlets, acclimated to greenhouse conditions, as sources of apical cuttings which
were then rooted and grown in the greenhouse for three to four months after which
they were ready for transfer to the field. Very high success rates were obtained. Similar
to the Bentwood technique described above, the original stock plants continue to
produce orthotropic shoots from which additional cuttings can be made. This is another
system that provides a rapid way to produce large numbers of orthotropic plantlets at a
lower cost than tissue culture alone.

During the 3rd INGENIC workshop, Dr. Lopez Baez from the State University of
Chiapas, Mexico presented the results of recent work using modified MS salts based
me dia (López-Baez et al. 2000).  Differing from the hormonal system used by the
Penn State method, 2,4-D or 2,4,6-T (1 mg/l) and kinetin (0.26 mg/l) were used for
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induction of embryogenesis, and this system successfully produced embryos from
twelve different genotypes with success rates varying between 20% and 41%.  Glucose
and sucrose concentrations used were between 50 mg/l and 80 mg/l.  A cold shock
treatment of the flowers prior to culture, consisting of exposure to 0°C for 15 or 20 min
and 5°C for 120 min, was shown to enhance embryogenesis efficiency.

Dr. Douglas Furtek presented research conducted at the Malaysian Cocoa
Board which also examined the different factors affecting somatic embryogenesis of
cocoa (Furtek et al. 2000; Tan et al. 2000).  This group tested interactions between
different genotypes, carbon sources, basal media and plant growth regulators.  Thirty
clones were evaluated for their potential to produce somatic embryos.  The percentage
of calli producing embryos ranged from 0% to 18.2%.  It was determined that different
clones vary in their response to given carbohydrate sources, plant growth regulators or
basal media.  The results indicated that it may be necessary to optimise the procedure
for the individual genotype of interest in order to obtain the highest success rates.
Similar to the results reported by other researchers, normal and abnormal embryos
were also observed using this procedure.  Seven different clones produced 18 embryos
of normal appearance that have been converted into plantlets and transferred to pots.

The research group in the University of Yaounde, Cameroon, investigated the
differences between embryogenic and non-embryogenic callus at the biochemical level
(Niemenak et al. 2000).  The results presented by Dr. Niemenak at the 13th

International Cocoa Research Conference demonstrated levels of activities of
peroxidase and IAA-oxidase three to five times higher in embryogenic callus compared
to non-embryogenic callus.  The highest peroxidase activity was detected in the soluble
fractions and the highest IAA-oxidase activity was detected in the ionic enzymatic
fraction.  The tissue culture media used in the course of this study were: MS/2 and 2,4-
D/Kinetin (2/0,5 mg/l)for callus induction with 57% success and MS/2 and IBA at 2 mg/l
for embryo development, with 25% success.

Technology transfer and field test establishment

Beginning in March of 2000, a Penn State research associate, living in Africa, has
worked to establish the cocoa embryogenesis system in Ghana and Ivory Coast.  The
work, although initially hindered by some difficult conditions and malfunctioning
equipment, has been successful, and the first plants propagated via somatic
embryogenesis and micropropagation have been produced and acclimated, and will
soon be planted in the field in both countries.  At the end of the first year, there were
more than 800 somatic embryos produced in Ivory Coast and more than 400 embryos
in Ghana.  With support from Sustainable Tree Crop Program, USAID during 2001, the
technology will also be also transferred to scientists in Cameroon and Nigeria.  Field
test sites have also been established in St. Lucia and Brazil, and are planned for other
countries.  Scientists from over eight different countries have participated in technology
transfer workshops.

Conclusion

Systems for cocoa somatic embryogenesis have now been well developed in a number
of laboratories worldwide, and technology transfer will ensure the spread of the
technique to producing countries in the future. The two basic systems for
embryogenesis induction in use (one 2,4-D based and the second TDZ based), result
in embryo production but some differences in efficiencies are apparent. The DKW
basal salts media appears to be superior to MS media for cocoa tissue culture, and
although modifications of MS have given adequate results, most laboratories have now
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switched to DKW based media. Downstream variants of rooted cutting systems have
been developed, which offer the possibility of cost reductions on a per plant basis. Field
tests of plants produced by these methods are necessary to fully validate the systems
for use in large-scale propagation systems. These methods hold great promise for the
future of cocoa genetic improvement and production by contributing to the ability to
propagate elite genotypes rapidly for research and production. The tissue culture
system may also be further developed to include disease indexing, useful for
production of clean stock, for international germplasm exchange, for cryopreservation
and for germplasm conservation.
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Resumen

El cacao es uno de los cultivos que está íntimamente ligado a la tradición y la cultura Mexicana
y es uno de los productos domesticados por los antiguos habitantes de México.  Las técnicas
de propagación son importantes en este cultivo ya que de estas depende el éxito o el fracaso
de la productividad de las plantaciones.  El mejoramiento de la propagación vegetativa de esta
especie es de gran importancia debido a que las técnicas hortícolas actualmente disponibles no
alcanzan a cubrir la demanda de plantas requeridas para la renovación de las plantaciones
establecidas.  Dado el potencial que representa la embriogénesis somática para la clonación
del cacao, en diversos centros de investigación del mundo se desarrollan experiencias
tendientes a su perfeccionamiento.  En esta comunicación se presentan resultados de
experiencias desarrolladas con la finalidad de adaptar un protolo previamente desarrollado a la
clonación de genotipos seleccionados en México.  Los factores estudiados fueron el efecto de
reguladores del crecimiento auxinas y citoquininas, azúcares, sales minerales y pretratamientos
a bajas temperaturas de explantes antes de la siembra.  Como explantes se utilizaron piezas
florales (pétalos, estaminodios, filamentos de anteras) que fueron tratados y cultivados de
acuerdo a un protocolo desarrollado previamente.  Los mejores resultados de inducción de
tejido embriogénico se obtuvieron en explantes cultivados en el medio nutritivo “MS”
modificado, enriquecido con glucosa 50g/l y ajustandose a un pH de 5,5.  La mejor composición
hormonal favorable a la inducción en el medio de inducción primario resultó de las
combinaciones de 2,4,5-T (1mg/l) o 2,4-D (1mg/l) + kinetina (0,25mg/l) durante 3 semanas.  En
el medio secundario para la expresión de la embriogénesis se determinó que la presencia de
reguladores de crecimiento no es necesaria para la obtención de tejido embriogénico.  Los
pretratamientos de bajas temperaturas a los botones florales antes de la siembra que
resultaron favorables al proceso de embriogénesis fueron una incubación durante 15 a 20 min
a una temperatura de 0 oC y de 30 y 120 min a una temperatura de 5 oC.  El protocolo
modificado fue aplicado al cultivo de explantes de 12 genotipos Mexicanos, algunos de ellos
considerados recalcitrantes, los resultados obtenidos fueron positivos ya que se logró la
inducción de tejido embriogénico en todos los genotipos evaluados, con una tasa de
embriogénesis que varió de 1,09% al 41%.  De estas experiencias se concluye que la
capacidad embriogénica es el resultado de la interacción del genotipo del explante, del balance
hormonal y de la composición mineral y energética del medio de cultivo en el medio primario de
inducción de la embriogénesis.

Advances in Cocoa - Theobroma cacao - Propagation by
Somatic Embryogenesis in Mexico

Abstract

Cocoa is one of the crops that it is intimately linked to Mexican tradition and culture.  It is one of
the products that was domesticated by the ancient inhabitants of Mexico.  Propagation
techniques are important in cocoa cultivation since success or failure of the plantations is
dependent on such techniques.  The improvement of micropropagation is of great importance
due to the fact that the currently available horticultural techniques do not cover the demand
required for the renovation of the established plantations.  In this communication, we present
results from a series of modifications to a previously developed protocol for regeneration
through somatic embryogenesis, and the application of the improved protocol to selected
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genotypes in Mexico.  Explants were derived from floral parts (petals, staminodes and anther
filaments) that had been treated and cultivated according to the previously developed protocol.
The control culture medium, known to give good results for the induction of embryogenic calli,
was a modified MS medium enriched with glucose 50 g/l and with the pH adjusted to 5.5.  This
culture medium was modified to include various carbohydrate sources, minerals and growth
hormones to investigate their effect on the induction of embryogenic calli.  Glucose at
concentrations of 50 and 60g/l and saccharose to 80g/l resulted in the highest frequency of
embryogenic calli.  Auxins (2,4,5-T or 2,4-D at 1mg/l) and kinetin (0,25mg/l) also increased the
frequency of somatic embryogenic calli.  However, it was established that the presence of
growth regulators is not necessary for embryogenesis expression in the secondary medium.
The pretreatment of floral explants before the in vitro culture at temperatures of 0oC for 15 or 20
minutes, or at 5 oC for 120 minutes resulted in a increase in the percentage of embryogenic calli
formed.  These results allowed us to modify the original protocol for embryogenesis and test this
modified version on explants from 12 genotypes, some of which are considered as recalcitrant.
The rates of embryogenesis obtained varied between 1 and 41%.  We conclude that
embryogenic capacity is a result of the interaction between the genotype of the explant, the
hormonal balance and the mineral and carbohydrate composition of the primary culture medium
used to induce embryogenesis.

Introducción

El cacao es un cultivo perenne, alógamo y tropical, del cual en México son cultivadas
90 000 ha distribuidas 60 000 en Tabasco y 30 000 en Chiapas, la producción anual se
estima en 43 000 ton de cacao seco.  De este cultivo se benefician de manera directa
35 000 familias de las que 12 000 se encuentran en Chiapas y 23 000 en Tabasco.

Entre los factores que limitan la producción del cacao en México destacan:
• la presencia de la enfermedad “mancha negra” del fruto (Phytophthora palmivora),
• el cultivo de variedades de bajo potencial productivo,
• la edad avanzada de las plantaciones, ya que se estima que aproximadamente el

80% tienen más de 40 años y el deficiente manejo agronómico de las mismas.
Como resultado de investigaciones en el mejoramiento genético, existe material

seleccionado con rendimientos superiores a una ton/ha de cacao seco y de alta
resistencia a la mancha negra; este material constituye la base del programa de
renovación de plantaciones emprendido por el gobierno mexicano desde 1996.  Para
la producción masiva de plantas de clones mejorados de cacao, actualmente se
aplican las técnicas de injertado en plántula y el enraizamiento de ramas; sin embargo,
a pesar de la eficiencia de estas técnicas, no se alcanza a cubrir la demanda de
plantas requeridas para la renovación de las plantaciones, que tan solo para el estado
de Chiapas son del orden de cinco millones de plantas al año.

En el ámbito agronómico, se reconoce que el cacao es una especie difícil de
propagar vegetativamente; esta dificultad no es exclusiva de la cacaocultura mexicana,
ya que la clonación del cacao es reconocida como una limitante a nivel mundial por lo
que las investigaciones que se desarrollan en diferentes centros de investigación se
orientan al perfeccionamiento de las técnicas de clonamiento ya disponibles como son:
el injertado convencional, el enraizado de ramas, el microinjertado en plántula y la
aplicación de nuevas tecnologías como la propagación mediante el cultivo de tejidos in
vitro (Aguilar et al. 1993; Yow y Lim 1994; Flores y Vera 1995; López 1997).

La embriogénesis somática in vitro como via de propagación es el
procedimiento que permite la obtención de embriones a partir de tejido somático, es
decir, sin la intervención de células gameticas.  Los embriones obtenidos por esta vía
llamados “somáticos” presentan una morfología y un desarrollo similares a los
embriones obtenidos por la fecundación, pero contrariamente a estos, tienen la
particularidad de presentar una estructura genética idéntica a la de la planta de origen
(López 1996).  En el caso del cacao, desde hace ya algunos años, se han venido
desarrollando investigaciones concernientes a la propagación in vitro.  La primera
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obtención de embriones somáticos aunque sin la obtención de plantas de cacao fue
reportada por Esan (1977) a partir de explantes de embriones cigoticos inmaduros;
esta aptitud fue posteriormente confirmada por otros autores (Kononowicz et al. 1984;
Adu-Ampomah et al.1988; Lizt 1986; Sondahl et al. 1988, Chatelet et al. 1992; Pence
et al. 1989).  Con sus investigaciones, demostraron la potencialidad de diferentes
explantes somáticos como las hojas, las nucelas, el tegumento interno del ovario y de
los pétalos.

Los resultados obtenidos por López y colaboradores (1993; 1996) mostraron la
posibilidad de inducción de tejido con aptitud embriogénica asi como el desarrollo de
los embriones somáticos y de plantas aptas al cultivo, a partir del cultivo in vitro de
pétalos, estaminodios y filamentos de anteras; una consideración a tomar en cuenta es
que este protocolo fue desarrollado trabajando con genotipos del grupo genético
Forastero.  La inducción de embriogénesis es efectuada en un medio sólido
complementado con los reguladores del crecimiento 2,4-D y kinetina seguida de una
fase de expresión en un medio sin reguladores.  Para su desarrollo, los embriones
somáticos son sucesivamente cultivados en medios de maduración, germinación y de
conversión de plántulas, después del cual son transferidos a invernadero para
aclimatación.  La eficiencia de este protocolo ha sido superior tanto en cantidad como
en calidad de la embriogénesis, a los reportados anteriormente para cacao.

La conformidad genética ex vitro de las plantas obtenidas por esta vía ha sido
evaluada por López et al. (1996) a través del estudio del nivel de ploidia del ADN
nuclear de plantas regeneradas por embriogénesis somática con el protocolo
anteriormente señalado; los resultados obtenidos indican que no hubo modificación del
nivel de ploidia y del contenido de ADN nuclear en el proceso de embriogénesis
somática.  El hábito de crecimiento y de desarrollo de las plantas obtenidas parece
normal y el comportamiento reproductivo de las plantas es similar a las obtenidas de
semilla.

No obstante, la reproducción de este protocolo bajo condiciones de países
productores de cacao y con genotipos diferentes ha resultado difícil (Alemanno 1995;
López et al. 1997a) por lo que debido al enorme interés que representa la aplicación a
gran escala de esta vía a la propagación del cacao se ha considerado de vital
importancia desarrollar investigaciones para su perfeccionamiento y adecuación a las
condiciones y genotipos, como es el caso de México y de otros centros de
investigación.

De lo expuesto anteriormente se deduce que a pesar de que existen técnicas de
clonación actualmente disponibles para la producción masiva de plantas de cacao,
estas no son suficientes para abastecer la demanda; y a nivel mundial se reconoce la
necesidad de desarrollar técnicas más eficientes para la propagación masiva de
árboles de cacao de alto valor agronómico e industrial.

Por otra parte, desde el punto de vista del mejoramiento genético, la clonación del
cacao se considera la próxima etapa necesaria para optimizar la explotación de los
beneficios directos de un genotipo seleccionado o creado para responder a
necesidades diversas como son la resistencia a parásitos, altos rendimientos, alta
calidad chocolatera (López 1996).

En el caso particular de México, existe el interés por desarrollar a nivel comercial la
propagación in vitro, ya que de acuerdo a la experiencia de otros cultivos, esta
presenta un potencial mayor para la multiplicación de genotipos seleccionados.  Los
avances obtenidos al presente en la obtención de tejido embriogénico y el desarrollo
de plantas a partir de este tejido, permiten disponer de un protocolo de propagación a
nivel experimental de embriogénesis somática que necesita ser adecuado a los
genotipos de interés asi como perfeccionado en sus diferentes etapas a fin de que
pueda ser aplicado a la escala comercial.  Tomando en cuenta los puntos anteriores,
en esta comunicación se presentan resultados obtenidos en la extrapolación a
genotipos de interés comercial; un mejoramiento de la inducción de tejido
embriogénico primario, asi como el desarrollo de embriones y conversión a plántulas.
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Materiales y métodos

Material vegetal
Como material vegetal para el estudio se utilizaron botones florales de dos clones por
cada experimento, posteriormente tomando en cuenta los resultados obtenidos en los
diversos ensayos, se hizo una evaluación de genotipos considerando los clones
siguientes: RIM-24, RIM-44, RIM-56, RIM-88, RIM-105, H-12, H-13, H-16, H-20, H-31,
seleccionados para el estado de Chiapas.

Protocolo experimental
La inducción de tejido embriogénico se realizó a partir de explantes de piezas florales
(pétalos, estaminodios y filamentos de anteras) tomados de botones antes de la
apertura de acuerdo al protocolo técnico desarrollado por López (1994).  Los botones
florales fueron desinfectados por inmersión en cloralex al 80% durante 13 min y
enjuagados tres veces en agua destilada estéril.  Una vez esterilizados, los botones
florales fueron disectados y los explantes (pétalos, filamentos de las anteras y
estaminodios) puestos en cultivo en cajas de Petri de 5,5 cm de diámetro que
contenían los medios de cultivo con los diferentes tratamientos de estudio.  Como
medio básico nutricional se utilizó la formulación del medio denominado “MS” y “MS”
modificado que corresponde a una modificación en la concentración de los
macroelementos y microelementos del medio de Murashige y Skoog (Ammirato 1989;
Carman 1990), complementado con glucosa 50g/l, gelrite 2,5g/l y el pH ajustado a 5,5
Anexo 1).

La esterilización de los medios de cultivo fue realizada en autoclaves de presión de
vapor a 12oC durante 15 min  Una vez sembrados los explantes, los cultivos fueron
incubados en salas de cultivo en condiciones de obscuridad y a una temperatura
media de 25oC.

Factores estudiados
Los factores de estudio evaluados fueron:
• La importancia de la composición mineral del medio de cultivo.
• El efecto de la fuente de carbono.
• El efecto hormonal dado por la composición hormonal en el medio primario de

inducción y el medio secundario de expresión.
• El efecto de pretratamientos a bajas temperaturas de los botones florales antes de

la siembra.
• El efecto del genotipo.
Las variables de respuesta cuantificadas en esta investigación fueron:
• Explantes oxidados sin reacción: Se tomaron como explantes oxidados aquellos

que presentaron una coloración café marrón sin la formación de callo.
• Frecuencia de aparición de callos embriogénicos: como callos embriogénicos se

consideraron aquellos de color cremoso, de forma acuosa y con estructuras
nodulares proembrionarias visibles al microscopio.

• Calidad de la embriogénesis obtenida, describiendose la aparición de embriones
anormales.

Las lecturas para toma de datos fueron realizadas entre la sexta y octava semana
después de la puesta en cultivo.  Todas las observaciones y tomas de datos se
realizaron con la ayuda de un microscopio estereoscopio a 2,5 X.

Los tratamientos fueron distribuidos en base a un diseño completamente al azar,
donde cada unidad experimental estuvo representada por una caja de Petri de 5,5 cm
de diámetro con dos botones florales; cada uno de los tratamientos estuvo
representado por 10 repeticiones.  La eficiencia de cada tratamiento fue evaluada
mediante la prueba de independencia de medias de Chi cuadrado al 5% (Dagnelie
1975).
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Resultados y discusión

Importancia de la fuente de carbono
En el Cuadro 1 se presentan los resultados obtenidos de la evaluación de tres fuentes
de carbono a tres concentraciones, tomando como referencia la reacción de explantes
de los genotipos H 20 y RIM 88.

En el genotipo H 20, la mejor inducción de tejido con aptitud embriogénica se
obtuvo en los tratamientos de sacarosa 60g/l (12,8%), sacarosa 80g/l (16,7%), glucosa
60g/l (12,7%) y glucosa 50g/l con un porcentaje de 16,9% de inducción de tejido
embriogénico.  En el genotipo RIM 88, la mejor inducción fué cuantificada cuando el
medio se complementó con glucosa a 50 y 60g/l y sacarosa a 80g/l con respuestas de
2,1%, 1,0% y 2,0%.  La respuesta más baja, fue observada en los tratamientos a base
de maltosa en sus tres concentraciones.

Por otra parte, se observó que en ambos genotipos, tanto la sacarosa como la
glucosa a las concentraciones evaluadas, provocaron una fuerte callogenesis primaria;
mientras que la maltosa en concentraciones de 40 y 80g/l no indujo ninguna
callogénesis.

En lo que corresponde al porcentaje de explantes muertos se cuantificó que la
mayor cantidad de mortalidad ocurrió con el tratamiento maltosa en sus tres
concentraciones, obteniendose por el contrario el menor porcentaje de mortalidad de
explantes con glucosa a 50 y 60g/l ambos con un porcentaje de 3,0%.

Cuadro 1. Efecto de la concentración y de la fuente de carbono sobre la inducción
de embriogénesis somática

Fuente de carbono H 20 RIM 88

Sacarosa 40            6.6         0.96
Sacarosa 60          12.8         0
Sacarosa 80          16.7         2.0
Glucosa 40            9.0         0.9
Glucosa 60          12.7         1.0
Glucosa 80            8.2          0
Maltosa 40            0          0
Maltosa 60           2.0          0
Maltosa 80            0          0

Testigo (glucosa 50)          16.9          2.1

Efecto de la composición nutricional del medio de cultivo
En el Cuadro 2 se presenta la respuesta cuantificada en inducción de callogenesis
primaria y la mortalidad de explantes de los genotipos H 20 y RIM 56 según cuatro
medios de cultivo (composición indicada en el Anexo 1).  Se observa que la
callogénesis es generalizada y similar en los medios evaluados.  Una respuesta similar
en ambos genotipos se observa en la variable mortalidad de explantes al inicio del
cultivo.  De manera general se observa que la menor tasa de mortalidad de explantes
ocurre en el medio MS-4.
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Cuadro 2. Efecto de la composición nutricional del medio sobre la inducción de
callogénesis y mortalidad de explantes de dos genotipos

Genotipo
Composición del medio

(Anexo 1)

Inducción de
callogénesis (%)

Mortalidad de
explantes (%)

H 20
MS-1
MS-2
MS-3
MS-4

72,52
65,68
73,00
81,05

25,20
29,41
23,00
14,73

RIM 56
MS-1
MS-2
MS-3
MS-4

69,30
71,71
69,36
79,48

28,71
27,55
27,02
13,67

Nota: La composición básica es la del medio de Murashige y Skoog.

En cuanto a la inducción de callos embriogénicos, los resultados obtenidos
presentados en la Cuadro 3 muestran que en todos los medios evaluados fué posible
la obtención de callos embriogénicos, independientemente del genotipo del explante.
En el caso del genotipo H 20 la respuesta cuantificada resultó similar en los medios
MS-2, MS-3 y MS-4; en el caso del clon RIM 56 la mejor inducción de embriogénesis
se observó a partir de explantes cultivados en los medios MS-3 y MS-4.  En ambos
genotipos se observa que el medio MS-1, que corresponde a la formulación original de
Murashige y Skoog, resulta poco favorable para la inducción de embriogénesis.

Cuadro 3. Efecto de la composición nutricional del medio sobre la inducción de
embriogénesis somática en dos genotipos

Medio de cultivo H 20 RIM 56

MS – 1 2,12 1,98
MS – 2 3,92 1,01
MS – 3 4,00 3,60
MS - 4 4,21 6,83

Importancia de la composición hormonal del medio de inducción
En el Cuadro 4 se presentan los resultados obtenidos de la evaluación de las auxinas
2,4-D y 2,4,5-T evaluadas en combinación con las citoquininas kinetina y 2iP en
explantes de los genotipos H-20 y H-31.  Se observa que todas las combinaciones
hormonales provocaron un efecto de inducción de callos embriogénicos.  Los
explantes cultivados en un medio sin reguladores de crecimiento no formaron en
ningún caso callos embriogénicos.

En cuanto a la reacción de los explantes del genotipo H 20, las mejores tasas de
inducción fueron obtenidas con la combinación 2,4-D con kinetina y 2iP, y 2,4,5-T con
2iP; en el caso del clon H-31 la combinación del 2,4-D con las citoquininas resultó en
un efecto similar.  En cuanto a la auxina 2,4,5-T la mejor respuesta fue observada
cuando esta se combinó con 2iP.
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Cuadro 4. Efecto de las auxinas (2,4-D y 2,4,5-T) y de citoquininas (kinetina y 2iP)
incorporadas al medio primario de inducción sobre la formación de callos
embriogénicos en dos clones de cacao

Explantes embriogénicos (%)
Auxina Citoquinina

H 20 H 31

2,4-D (1mg/l) Kinetina (0,25mg/l)
2iP (0,25mg/l)

58
40

       30
       31

2,4,5-T (1mg/l) Kinetina (0,25mg/l)
2iP (0,25mg/l)

39
48

      35
      37,5

Testigo sin hormona Testigo sin hormona 0         0

Cuando la auxina 2,4-D fue utilizada, la mejor respuesta fue cuantificada cuando esta
se complementó con la kinetina; en el caso especifico del clon H-20 se observó un
58% de inducción de tejido embriogénico.  De acuerdo a la respuesta obtenida en el
tratamiento testigo, se observó que los explantes no mostraron en este tratamiento
ningun desarrollo ni reacción de embriogénesis.  Los resultados anteriores indican
entonces que se requiere de la presencia de los reguladores de crecimiento en el
medio de cultivo para la obtención de tejido con aptitud embriogenica.

Sobre la base de estos resultados y con la finalidad de determinar el efecto
hormonal en la fase de expresión, es decir en el medio secundario de embriogénesis,
se evaluó el efecto de las citoquininas kinetina y BAP en la expresión de la
embriogénesis; como testigo se utilizó el medio nutritivo sin ningun regulador de
crecimiento.

En el Cuadro 5 son presentados los resultados obtenidos de esta prueba, en donde
se observa que independientemente del medio primario, la presencia de citoquininas
en el medio secundario no es necesaria para la obtención de tejido embriogénico; y
según el genotipo del tejido cultivado las citoquininas indujeron efectos negativos en la
expresión de la embriogénesis.

Las proporciones cuantificadas en la producción de callos embriogénicos en los
diversos medios resultaron variables y no muestran una tendencia generalizada hacia
el mejoramiento de la respuesta en embriogénesis y en el caso particular del clon H 31
la respuesta cuantificada en casi todas las situaciones resultó inferior a la cuantificada
en el testigo sin ninguna citoquinina.

Efecto de pretratamientos de botones florales a bajas temperaturas
Con la finalidad de determinar el efecto de pretratamientos de los botones florales a
bajas temperaturas, previo a la siembra, se evaluaron diferentes periodos de
incubación a las temperaturas de 0 y 5oC.  Según puede observarse en los resultados
presentados en el Cuadro 6, la incubación a 0oC muestra un efecto positivo sobre la
inducción de la embriogénesis cuando los botones son pretratados por un tiempo de
15 y 20 min, ya que se observa que la proporción de callos embriogénicos es superior
a la cuantificada en el testigo.  Tratamientos de mayor duración en tiempo no
resultaron favorables a la embriogénesis.

Cuadro 5. Efecto de la presencia de citoquininas en el medio de expresión sobre la
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respuesta de explantes embriogénicos en dos clones dde cacao

Callos embriogénicos (%)
Medio primario

Citoquininas   en
medio secundario

Clon H 20 Clon H 31

2,4-D + kinetina Kinetina (0,4mg/l)
BAP (0,4mg/l)
Sin hormona

10
25
17

       0
       0
      20

2,4-D + 2iP Kinetina (0,4mg/l)
BAP (0,4mg/l)
Sin hormona

19
16
16

      20
       0
       8,3

2,4,5-T + kinetina Kinetina (0,4mg/l)
BAP (0,4mg/l)
Sin hormona

41
33
19

       0
       0
      18

2,4,5-T + 2iP Kinetina (0,4mg/l)
BAP (0,4mg/l)
Sin hormona

18
18
13

      16
       0
      16

La incubación de botones florales a 5oC resultó en una mejora de la inducción
embriogénica cuando estos fueron tratados durante 30 y 120 min, el resto de los
tratamientos dió como resultado valores inferiores al testigo.

Cuadro 6. Efecto de pretratamientos de botones florales a bajas temperaturas en la
inducción de callos embriogénicos. Genotipo H 16

Tratamiento y tiempo Callos embriogénicos (%) Oxidación de explantes (%)

0 0C    5 min 9,1 38,0
0 0C  15 min 24,0 33,0
0 0C  20 min 25,0 41,0
0 0C  25 min 18,0 43,0
0 0C  30 min 22,5 42,0
0 0C  60 min 19,0 40,0
5 0C  30 min 20,0 33,0
5 0C  60 min 12,0 40,0
5 0C  90 min 12,0 37,0
5 0C 120 min 26,0 25,0
5 0C 150 min 17,0 22,0
5 0C 180 min 15,0 30,0
Testigo sin ningún
pretratamiento 16,0 29,0

Respuesta de 12 genotipos a la inducción de embriogénesis
Tomando como base los resultados obtenidos en los ensayos presentados
anteriormente se realizaron modificaciones al protocolo de inducción, y posteriormente
fue aplicado al cultivo de explantes de 12 clones algunos de ellos considerados
recalcitrantes a la propagación in vitro (López 1996; López et al. 1997a).

Los resultados obtenidos se presentan en el Cuadro 7 donde se observa que la
induccón de callos embriogénicos fue posible en todos los genotipos estudiados.
Destacan por la mayor proporción de callos embriogénicos los genotipos RIM 68 y RIM
56; el RIM 88 presenta una respuesta considerada intermedia y la respuesta mas baja
fue observada en los clones H 31 y H 16.  Es de hacer notar que los clones RIM 68 y
RIM 76A pertenecen al tipo genético Criollo y que se consideran difíciles a la
propagación hortícola convencional por enraizado de estacas e injertado.
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Las tasas de explantes embriogénicos obtenidos en este estudio son comparables
a los reportados por López et al. (1993) y López (1994), quien reportó valores
comprendidos entre 1,3 y 18,0%, y a los obtenidos por Alemanno (1995) quien reporta
una inducción del 4,9 al 11,6% de embriogénesis.  Es necesario precisar que los
estudios anteriormente citados se desarrollaron utilizando explantes de genotipos
Forasteros.

Dentro del grupo de genotipos evaluados por Alemanno (1995) se incluyeron los
clones Mexicanos RIM 43 y RIM 106 en los cuales no fue posible la inducción de tejido
embriogénico, por lo que fueron clasificados por este autor como recalcitrantes a la
embriogénesis somática.

Cuadro 7. Reacción de 12 genotipos a la inducción de embriogénesis somática

Genotipo Embriogénesis (%)

H 12 11,5
H 13 6,8
H 16 5,5
H 20 7,14
H 31 1,09
RIM 24 10,3
RIM 44 10,3
RIM 56 35,0
RIM 88 27,0
RIM 105 10,5
RIM 68 41,0
RIM 76ª 20,0

En este estudio, el protocolo desarrollado fue aplicado al cultivo de explantes de 12
clones Mexicanos (RIM 24, RIM 88, RIM 56, RIM 68, RIM 76A) los cuales
reaccionaron positivamente obteniéndose callos embriogénicos en todos los
genotipos, haciéndose notar que los tres primeros pertenecen al grupo genético
Trinitario y los dos últimos al grupo genético Criollo.

El éxito de la embriogénesis somática in vitro como via de propagación esta
grandemente influenciado, entre otros factores por la naturaleza del medio de cultivo
empleado, del efecto de los reguladores del crecimiento y del genotipo.

Así, durante las fases de inducción y expresión de la embriogénesis diferentes
secuencias de medios de cultivos pueden ser necesarios, acorde con los
requerimientos nutricionales de cada especie y de los tejidos o células en cultivo
(Ammirato 1989 y 1993).

El medio de cultivo contiene básicamente: las sales minerales clasificadas como
macro y microelementos, las substancias orgánicas (vitaminas, azúcares y
aminoácidos), los reguladores de crecimiento y los productos complejos como la
caseína hidrolizada, el extracto de malta, el agua de coco, y el carbón activado.
Eventualmente otros productos pueden ser agregados al medio, como por ejemplo
antioxidantes o inhibidores de acción de efectos tóxicos generados por moléculas o
compuestos que son excretadas por las mismas células.

El medio de Murashige y Skoog “MS” ha sido ampliamente reportado para la
embriogénesis en numerosas especies vegetales; y fué reportado inicialmente por
López et al. (1993) y Alemanno (1995) como adecuado para el proceso de
embriogénesis en cacao, los resultados obtenidos en este trabajo confirman estos
reportes.  Sin embargo, dada la diversidad de genotipos seleccionados en diversos
centros de investigación del mundo, es innegable que para la inducción de
embriogénesis somática en otros genotipos, se requeriran de adaptaciones al mismo,
especialmente para el cultivo de explantes de genotipos considerados recalcitrantes.
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En base a la totipotencialidad de la célula vegetal, todas las partes de una planta
son aptas a formar embriones somáticos, sin embargo, en la práctica se ha
demostrado que los tejidos más adecuados son en general los más juveniles y menos
diferenciados (Ammirato 1993; Carman 1990); aunque también ha sido reportado el
efecto inductor de pretratamientos a los tejidos antes de la siembra.

La obtención de tejidos embriogénicos a partir de piezas florales ha sido reportada
en varias especies como por ejemplo: Hemerocallis citrina (Zhou et al. 1984), Secale
cereale (Linacero y Vazquez 1990), Punica granatum (Mahishi 1992).

En el caso especifico del cacao, el potencial embriogénico de las piezas florales
(pétalos, estaminodios y filamentos de anteras) como explante inicial para la formación
de la embriogénesis, ya había sido reportado anteriormente por (López et al. 1993;
López 1994 y 1996) y Alemanno (1995) el cual es confirmado por los valores
registrados en las tasas de inducción de tejido embriogénico obtenidos en este
estudio.

Por otra parte, los reguladores del crecimiento desempeñan un papel determinante
en la inducción de la embriogénesis, destacando el tipo de hormona, la concentración
en el medio de cultivo y la duración de la fase de inducción.  Estos reguladores actúan
de manera específica sobre el comportamiento celular, como por ejemplo, la
estimulación de la división celular y la orientación de las células hacia la
desdiferenciación.  De manera general el proceso de embriogénesis se inicia en un
medio de cultivo que contiene principalmente auxinas y citocininas, solas o
combinadas.

López et al. (1993), López (1994) y Alemanno (1995) reportan que la embriogénesis
somática a partir de piezas florales de cacao es posible en un medio enriquecido con
el balance hormonal 2,4-D (1mg/l) + kinetina (0,25mg/l), datos que se confirman con
los cuantificados en esta investigación.  Aunque es de hacer notar que en esta
investigación se reporta por primera vez el efecto positivo sobre la inducción de
embriogénesis de la auxina 2,4,5-T en concentración de 1mg/l, no existén reportes
previos que indiquen la aplicación de este regulador del crecimiento en la inducción de
embriogénesis somática en Theobroma cacao.

En cuanto al efecto inductor de bajas temperaturas en la embriogénesis a partir de
tejidos somáticos, este ha sido reportado en diversas especies, es importante hacer
notar que no existen reportes bibliograficos previos en cacao que permitan establecer
una comparación con los resultados obtenidos en esta investigación.  No obstante, los
resultados observados ponen en evidencia el efecto mejorador de la embriogénesis de
pretratamientos de los botones florales antes de la puesta en cultivo a temperaturas de
0 y 5 grados centigrados.

Debido a la importancia de los reguladores de crecimiento en el proceso de
embriogénesis, se confirma la necesidad de estos en el medio de cultivo inicial para
inducir la reacción embriogénica; sin embargo en el medio secundario de expresión las
citoquininas no son necesarias.  Lo anterior indica que para que el proceso de
embriogénesis se desarrolle es necesario un protocolo de inducción – expresión, en el
cual los reguladores de crecimiento solo estarían presentes en el medio primario para
provocar la inducción, posteriormente las hormonas se suprimen para favorecer la
expresión.  La eficiencia de este protocolo es corroborada por la buena calidad de la
embriogénesis obtenida como se aprecia en la Figura 1 ya que los embriones
obtenidos fueron capaces de desarrollarse hasta plantas en condiciones de
invernadero, lo cual indica entonces que estos tienen la capacidad para el desarrollo
posterior sin que ocurra ninguna malformación ni el bloqueo de estos.  El crecimiento
observado en las plantas regeneradas por esta vía es similar al de una planta
originada de semilla.
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Figura 1. Callos embriogénicos, embriones somáticos y plántulas regeneradas a
partir del cultivo de explantes de piezas florales

Protocolos similares de inducción – expresión han sido reportados en diversas
especies entre las que es posible citar la alfalfa Medicago sativa (Walker y Sato 1981),
la zanahoria Daucus carota (Gorst et al. 1987) y la soya Glycine max (Parrot et al.
1988), en las cuales unas pocas semanas de cultivo en un medio complementado con
hormonas es suficiente para inducir la reacción de embriogénesis.  Un cultivo
prolongado de los explantes en presencia de hormonas provoca una morfogénesis
anormal que se traduce en malformaciones y bloqueos en el desarrollo posterior de los
embriones obtenidos.
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De acuerdo con López et al. (1997a) los clones de la serie RIM seleccionados en el
CE Rosario Izapa, constituyen una población bastante homogénea y emparentada, por
lo que puede preveerse una respuesta similar en estos materiales.

Este estudio muestra entonces, que adaptaciones a la composición nutricional y
hormonal del medio desarrollado por López et al. (1993) resultaron favorables para la
obtención de tejido embriogénico en genotipos considerados reclacitrantes.  Si bien es
cierto que la respuesta embriogénica es variable según el genotipo, los resultados
obtenidos indican la factibilidad de aplicación de esta vía de propagación a clones de
interés industrial por su alta calidad como son los genotipos Criollos, que en general
son considerados de difícil propagación por las técnicas hortícolas convencionales
(Enríquez 1985; León 1987; Flores y Vera 1995).

Sin embargo, este estudio no permite concluir de manera definitiva a cerca de la
respuesta embriogénica y el genotipo del material (Criollos, Trinitarios y Forasteros)
definidos en cacao (Cope 1984; León 1987), los resultados obtenidos son indicadores
de que el potencial embriogénico existe en genotipos de estos grupos genéticos y que
para desarrollar este se requieren adaptaciones o adecuaciones al protocolo.

Potencial de la propagación de Theobroma cacao por embriogénesis somatica
La forma de perpetuarse de el cultivo de cacao es mediante la propagación ya sea
sexual o asexual (Enríquez 1985; León 1987).  Sin embargo, debido a la naturaleza
alogama del cultivo no se recomienda realizarse vía sexual ya que las plantas
obtenidas presentan alta variación genética.

La propagación de plantas de cacao es una limitante a nivel mundial por lo que las
investigaciones que se desarrollan en diferentes partes del mundo se encaminan hacia
el perfeccionamiento de las técnicas de clonamiento ya disponibles como son: el
injertado convencional, el enraizado de ramas, el microinjertado en plántula y las
nuevas tecnologías de cultivo de tejidos como la embriogénesis somática (Yow y Lim
1994; Flores y Vera 1995; López 1996; Furtek et al. 1994).

Debido a que Las técnicas disponibles de propagación clonal no son suficientes
para cubrir la demanda de plantas requeridas para poder renovar las plantaciones,
como ejemplo se tiene que para el caso del estado de Chiapas en México se necesitan
40 000 000 de plantas para renovar las 30 000 ha que existen, a una densidad de
plantado de 1100 árboles por ha, de manera que los estudios hacia la optimización del
proceso de embriogénesis somática han cobrado mayor interés.

Los resultados obtenidos en este trabajo de investigación indican, que la inducción
de la embriogénesis somática es factible desarrollarla en genotipos denominados
recalcitrantes, y que además tiene aplicación inmediata para poder optimizar el
proceso.

Tomando en cuenta el potencial que ofrece esta técnica hay necesidad de
perfeccionarla para poder aplicarla a la escala comercial.

La embriogénesis somática ya desarrollada permitiría aplicar otras técnicas de
biotecnología como son la ingeniería genética y la fusión de protoplastos, técnicas que
permitirían desarrollar en un tiempo relativamente corto (3 – 4 años) nuevos clones, a
diferencia del mejoramiento convencional que requiere de 20 a 30 años para
obtenerlas.

La optimización del proceso de embriogénesis somática en medio liquido, por
ejemplo en bioreactores, será de gran importancia económica ya que permitirá la
producción a gran escala y con un costo reducido de grandes cantidades de plantas
de una variedad determinada.  Estas plantas podrán ser utilizadas de manera directa
para el establecimiento de cultivos o bien conservarse.

Conclusiones y perspectivas

La composición mineral del medio MS-4, que corresponde a una modificafión de la
formulación original, resultó la mas adecuada para desarrollar el proceso de
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embriogénesis somática a partir de explantes de piezas florales de cacao en genotipos
seleccionados en México.

Las composiciones hormonales a base de 2,4,5-T (1mg/l) o 2,4-D (1mg/l) y kinetina
(0,25mg/l) en el medio primario, resultaron las mas adecuadas para la inducción de
tejido embriogénico.  La glucosa en concentraciones de 50 y 60g/l y sacarosa a 80g/l
resultaron las fuentes de carbono mas adecuadas para la inducción de explantes
embriogénicos.  En el medio secundario de expresión de la embriogénesis no es
necesaria la presencia de citocininas para la obtención de tejido embriogénico.  El
pretratamiento de botones florales antes de la siembra a temperatura de 0oC durante
15 y 20 min, 0 a 5oC durante 120 min inducen una mejora en la proporción de tejido
embriogénico formado.

Los resultados obtenidos permitieron integrar modificaciones al protocolo de
embriogénesis previamente desarrollado, el cual mostró su eficiencia ya que fue
posible la inducción de tejido embriogénico en explantes de 12 genotipos, algunos de
ellos considerados recalcitrantes.

Los resultados obtenidos indicarian que la obtención de tejido con aptitud
embriogénica es una resultante de la interacción del genotipo del explante, del balance
hormonal y de la composición mineral y energética presente en el medio primario de
inducción.
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Anexo 1. Composición mineral de los medios de cultivo

Componentes
(mg/l)

MS-1 MS-2 MS-3 MS-4

Macroelementos
KNO3

NH4NO3

K2SO4

MgSO4.7H2O
KH2PO4

Ca (NO3)2.4 H2O
CaCl2,2 H2O

     1900
     1650
          0
       370
       170
          0
       440

        950
        825
           0
        185
          85
           0
       220

          0
      394
      990
      370
      170
      385
      127

           0
     1416
         15
       740
       265
     1900
       150

Microelementos
Zn(NO3)26 H2O
MnSO4.5 H2O
CuSO4.5 H2O
H3BO3

Na2Mo04.2 H2O
NiSO4.6 H2O
KI
CoCl2, 6 H2O
ZnSO4.5 H2O

          0
        16,9
          0,025
          6,2
          0,25
          0
          0,83
          0,025
        10,6

           0
           8,45
           0,0125
           3,1
           0,125
           0
           0,415
           0,0125
           5,3

          0
        16,9
          0,025
          6,2
          0,25
          0
          0,83
          0,025
        10,6

         17
         33,5
           0,25
           4,8
           0,39
           0,005
           0
           0
           0

Aminoácidos
L-aginina
L-leucina
L-lisina
Triptofano

          0,4
          0,4
          0,4
          0,2

           0,2
           0,2
           0,2
           0,1

          0,4
          0,4
          0,4
          0,2

           0,4
           0,4
           0,4
           0,2

Vitaminas
Tiamina
Piridoxina
Ac. nicotínico
Meso-inositol

          0,5
          0,5
          0,5
      100

           0,5
           0,5
           0,5
       100

          0,5
          0,5
          0,5
      100

           0,5
           0,5
           0,5
       100

FeSO4.7 H2O
Na2EDTA

        27,8
        37,3

         27,8
         37,3

       27,8
       37,3

         27,8
         37,3

Gelrite (g/l)
PH

    3
    5,5

           3
           5,5

         3
         5,5

           3
           5,5
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Abstract

To give the necessary support to the programme of rehabilitation of cocoa plantations in Bahia,
the State and Federal authorities together with the producer’s co-operatives (CREDICOOGRAP
and COOGRAP) decided to create the ‘Instituto Biofábrica de Cacau’. This organisation is in
charge of the mass multiplication of witches’ broom resistant clonal varieties selected and
recommended by CEPLAC for replanting old cocoa farms and for the establishment of new
plantings. The details of the functioning of this unit are given as well the protocol for raising the
rooted cuttings.

Introduction

The cocoa plantations of the State of Bahia have suffered badly due to the severity of
the witches’ broom disease, caused by Crinipellis perniciosa Stahel. The disease was
first identified in these cocoa areas in 1989.  The cocoa economy of the area, already
badly affected by low productivity in the mid-1980’s and the current cocoa price crisis,
suffered further with the spread of witches’ broom disease and this has been a major
factor in the process of regional impoverishment. Since then, an ambitious programme
for the rehabilitation of the cocoa plantations was implemented involving both clonal
and seminal resistant varieties. The project of the ‘Instituto Biofábrica de Cacau’
(hereafter identified as ‘Biofábrica’) was initiated to fulfil the farmers urgent need for
resistant varieties to accelerate this programme of rehabilitation.

Given the highly favourable conditions for the spread and development of the
fungus, the disease soon reached epidemic proportions in almost all of the cocoa
plantations, causing plant debilitation, a significant drop in production and death of
trees. Because of the lack of an efficient means to control the disease, many rural
properties were abandoned. Many cocoa growers are investing in other agricultural
activities. This has been leading to the degradation of the natural resources in the
remaining areas of the Atlantic Forest, causing alterations and imbalance in the
ecosystems.

For all these reasons, the Agriculture Bureau of the State of Bahia and the Federal
Government, represented by CEPLAC, formed an alliance with the co-operatives of
producers (CREDICOOGRAP and COOGRAP) for technical, managerial and financial
co-operation to give effective support to the rehabilitation programme for the cocoa
plantations. The setting-up phase of the Biofábrica project began in December 1997
and ended in October 1999. It has as its objective the mass multiplication and
distribution to cocoa growers of the witches’ broom resistant cocoa clones
recommended by CEPLAC. The overall cost for the implementation of Biofábrica was
around two million US dollars. The rooting house and nurseries have the capacity for a
daily production of 50,000 rooted cuttings but at present a shortage of cuttings is
restricting the daily production to approximately 10,000 rooted cuttings (see Table 1).
The price of one budstick, with three buds, for grafting is currently about 5 US$ cents
whereas the rooted cuttings cost 15 US$ cents (the latter still being subsidised).
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Table 1. Operational output of the Biofábrica (production per man per day) and
inputs required

1. Outputs for different activities
Quantity

(man/day)

Production of grafts for grafting
• Collection of propagules (graftsticks) 1,000
• Transport of propagules 5,000
• Dispatch and control of propagules 2,000

Production of rooted cuttings
• Collection of propagules (sticks) 1,000
• Transport of propagules 5,000
• Selection of propagules 10,000
• Preparation of the cuttings 2,000
• Moistening of propagules 10,000
• Planting of cuttings 5,000

2. Inputs (consumables) Quantity

Items
• 6 g of indolebutyric acid (IBA) 18,000 cuttings
• 1 kg of industrial talc 18,000 cuttings
• 125 l of substrate mixture 432 tubes
• 300 g of two fertilisers (OSMOCOTE and PG-MIX) 432 tubes

The State Ordinance of November 16, 1999 gave the Instituto Biofábrica de Cacau the
administrative autonomy and flexibility to allow it take on a political role and to act as a
catalyst for government actions for the cocoa sector as well as for other crops. As part
of the programme for the year 2001, the institute intends to continue to exploit the
current facilities of Biofábrica and to open a new site for multiplication of improved
cocoa clones in an area located in the southern part of the State. This facility would
contain another 100 hectares of multiplication gardens to be filled with other clones
recommended by CEPLAC.

The technical details of the functioning of Biofábrica

The technical procedures adopted in the different phases of the productive process as
well as the necessary work routines for the operation of Biofábrica are summarised in
Figure 1 and presented in detail hereafter.

Source of propagules supply to Biofábrica
The sources of propagules are the clone gardens established in an area of 50 hectares
divided in to 17 blocks. Seventy percent of the area is planted with the clones TSH 516,
TSH 565, TSH 1188, EET 397 and CEPEC 42 and the remaining 30% with TSH 774,
TSA 654, TSA 656, TSA 792 as well as some other resistant clones selected by
CEPLAC from various cocoa farms. The first clone gardens were planted in May 1998,
usually by grafting on basal chupons. Currently, 200,000 budsticks are collected from
these clone gardens per month for distribution to growers (mainly used to graft onto
adult trees on their farms). The same numbers of softwood cuttings are collected each
month for production of rooted cuttings at the Biofábrica area.



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 186

Figure 1. Flow chart of production of cuttings and grafts

Besides the clonal gardens, the Biofábrica institute contains offices for administration,
facilities for preparation of rooted cuttings and 20 nurseries irrigated by an automated
system of intermittent atomisation with the capacity to produce four million rooted
cuttings per year. The primary operational cost of the clone gardens and facilities at
Biofábrica is approximately US$ 600 thousand dollars/year.

This year, the Bureau of Agriculture of the Bahia State is financing the planting of
another 100 hectares of clone gardens for the multiplication of new resistant clones
deployed by CEPLAC. These clone gardens are expected to start providing propagules
from 2001 onwards.

Working procedure for production of rooted cuttings
The method for production of rooted cuttings was developed by the researchers at
CEPLAC in collaboration with the Veracel Celulose S. A. and with the operational and
technical support of Biofábrica (Fagundes 2000; Palácios 2000). After several
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adjustments, this procedure has been improved substantially resulting in an increase in
“take” from 55 to 80%.

The procedure has been standardised for the utilisation of the non-woody portion of
plagiotropic fan branches only, cut at 30 cm from the terminal apices. The cuttings
were originally prepared so that the final cutting had 1/3 of the leaf blade and no
terminal bud. Nowadays, they are prepared so that the cutting retains 2/3 of the leaf
blades and the terminal bud.

Once collected, the material is put inside polystyrene boxes, hydrated and then
transported to the rooting house where the cuttings are prepared (with five buds and
with 2/3 of leaf blades). During preparation, the cuttings are continuously hydrated.
Before planting the cuttings into tubes containing 288 ml of rooting mixture, the base of
the cutting is treated with an indolebutyric acid (IBA) solution at 6,000 ppm. The rooting
mixture used in the tubes is composed of 50% commercial product containing
vermiculite, perlita and pine tree husk powder, and 50% of ground coconut fibre. To
this mixture are added 300 g of each of two fertilisers (10-06-20 and 14-16-18 of NPK,
respectively). The tubes are placed on trays with 54 units in each.

The cuttings, once planted in the tubes, are transferred to the nurseries where they
are shaded by a 70% sunscreen. They are generally maintained under a regime of
irrigation, consisting of atomising for 30s at intervals of 4 to 5 min, over a period of
approximately 60 days.  At the end of this period the roots can normally be seen
growing out of the tubes. At this point the cuttings enter a seven day acclimatisation
stage where the irrigation interval is changed to every 10 minutes. After that, the
frequency of watering continues to be reduced progressively until the plants are only
irrigated three times per day. The scheme of irrigation may however vary according to
the prevailing climatic conditions. To produce a rooted cutting ready for field planting
takes on average four to five months, depending on the clone and the climate. The
operational output of rooted cutting production by this procedure currently varies from
2,000 to 2,500 cuttings/day.

From 2001 onwards, Biofábrica will investigate the re-rooting of primary branches
derived from these rooted cuttings during the acclimatisation stage in order to increase
the number of propagules.  At present, the net take for producing these secondary
rooted cuttings is around 60%. Studies are underway to improve the success rates and
efficiency of the procedure for obtaining secondary rooted cuttings. The cuttings
obtained from this source take from 10 to 12 months in total to achieve the ideal level
of development for field planting.

Operational process for the production of rooted cuttings on a semi-
industrial scale

The production process described hereafter involves all the stages from the collection
of the propagules in the clone gardens to the distribution of grafts and cuttings to the
final consumer.

Collection of propagules
The collection of propagules in the clone gardens begins at 05:30 in the morning.  Fan
branches are cut with the aid of pruning scissors. The branches are selected according
to their diameter; those with diameters between 15 and 20 mm are destined for
grafting, while those with diameters between 3 and 5 mm are used for rooted cuttings.
Special care is taken to ensure that the clone gardens are maintained so that they can
provide an abundant supply of high quality propagules. Branches are collected from
each clone individually and these batches of branches are carefully labelled.
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Transport of the propagules
Stems with larger diameters are transported to the distribution shed, while the others
are sent to the rooted cutting preparation house. As stated above, it is essential to keep
the material properly hydrated to ensure good success rates in the rooting phase.

Substrate preparation and filling of the tubes
This operation is done in a unit that is subdivided as follows: a) room for preparation of
cuttings (180m2); b) room for the preparation of the substrate (56m2); c) stock room
(48m2); and d) toilets (8m2). In preparing the substrate for filling the tubes, 150 l of a
commercial organic compost mix is added to the same amount of powdered coconut
fibre. Three hundred grams of each of the two chemical fertilisers are then added. The
substrate is initially dry-mixed, with the help of a cement mixer, to provide good
homogenisation and, after that 50 l of water is added.

Cleaning of trays and tubes
The cleaning and asepsis of the trays and tubes is done before the tubes are filled, by
washing with jets of water at 80ºC for 10 seconds.

The filling of tubes
The tubes are placed in appropriate trays and filled with the humidified substrate.
During this operation the trays and their tubes are submitted to a vibration treatment for
eight seconds to guarantee an adequate compactness of the substrate. Once this is
completed, the trays are transferred to the room where the planting of the cuttings will
be accomplished.

Reception and preparation of the propagules for rooting
Branches of smaller diameter collected in the clonal gardens are taken to the reception
room, where they are kept humid. These branches are distributed over several tables
adapted for the preparation of the cuttings. The trained workers begin the preparation
of the cuttings by cutting them, with aid of special scissors, in to segments with four to
five axillary buds and leaving three leaves with 2/3 of each leaf blade. In this phase,
any branch that does not meet that quality standard set by Biofábrica is discarded. The
prepared cuttings are placed in the upright position inside a small plastic box containing
30 mm of water. The root induction treatment and the planting of the cuttings will
normally take place on the same day as the propagules are collected. However, when
it is not possible to treat all the material collected on one day, any remaining
propagules are wetted and maintained inside the reception room in polystyrene boxes.
On the following day, these will be the first materials to be prepared. It is known that
the success rates for rooting these materials will be lower. All discarded materials are
taken back to the clonal gardens and spread in the area.

Cleaning of the environment and asepsis of the tools
At the end of the day, the working rooms are swept and are more thoroughly cleaned at
the end of every week. The working tools used in the preparation of the cuttings, as
well as the boxes used for storage of the propagules, are disinfected at the end of each
day, by immersion and washing in a chlorine solution at 0.2%.

Planting of the cuttings
Once the cuttings are prepared, they are treated with a root inducing compound
(indolebutyric acid 6,000ppm mixed in neutral talc). The cuttings are planted in the
centre of the tubes and the substrate is compressed to provide the right firmness. Once
the planting is completed, the trays are transferred to the nursery.
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The nurseries
The treated cuttings will stay in the nurseries during the whole period of root formation
and acclimatisation. The first phase, involving the development of roots and of primary
branches, takes approximately 60 days. During this period, the cuttings are humidified
under a regime of intermittent water atomisation in such a way that the humidity at the
leaf surface is constantly 100% and that of the nursery environment between 60 and
70%. The average temperature inside the nurseries is approximately 25°C and the light
intensity is approximately 70% of full daylight. After 60 days, the frequency of
atomisation is decreased progressively as the cuttings enter the acclimatisation stage.
Thus, in the first week, the wetting interval increases to 10 minutes and in the second
week to 20 minutes, with each irrigation event lasting 2 to 3 minutes. After this, the
plants are irrigated for 5 minutes every 3 hours and, finally, for 5 minutes every 6
hours. On rainy days the irrigation regime may be modified.

Fertilisation of the cuttings
The fertilisers are mixed together in appropriate proportions and quantities in a plastic
box in the machinery house that controls the irrigation of all the nurseries. The initial
application of both macro- and micro-nutrient fertilisers is made to the cuttings via the
irrigation system after 50 or 60 days.  Thereafter the fertilisation is repeated every 10
days.

Cleaning and pest/disease control in the nurseries
The cleaning operation involves the removal of dead leaves, as well as the removal of
the tubes containing cuttings that failed to root. The aim is to eliminate possible pest
and disease sources. The waste materials are discarded and the tubes and trays sent
to the wash section for cleaning with hot water jets. Insecticides and fungicides, applied
via irrigation at the end of the day, are applied weekly to control and prevent pests and
diseases. Additional pest and disease control is carried out as required. The nurseries
are disinfected after all the cuttings have been dispatched by the application of a
solution of chlorine and fungicides. The treated nursery is isolated with plastic curtains.
The treatment is made during the weekends to reduce staff exposure to the chemicals
and prevent interruption of the other activities. Cleaning of the drains is done at
intervals of 25 days, to ensure free drainage of the water and other debris.

Dispatch of cuttings
The cuttings are generally ready to be transplanted to the field at the age of 120 days.
In order to be dispatched, they must meet the quality standards defined by the State
Authorities related to the Secretary of Agriculture. Any that do not meet these
standards will be maintained longer in the nursery until they are suitable for dispatch to
the farms. The cuttings are dispatched within the tubes in their respective trays (54
tubes per tray).

Transportation of the cuttings
The rooted cuttings are transported in covered trucks to protect against sunshine and
winds. The trays are accommodated in such a way that the risks of damage to the
cuttings during the transportation are minimal.

Preparation and packing of branches for on-farm grafting

The branches collected for grafting purpose are maintained with leaves and cut in such
a way that each fan branch supplies two to three grafts, each with five axillary buds.
The extremities are treated with paraffin wax and then the stem segments are wrapped
in moistened newspapers and placed in polystyrene boxes for transport to the place
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where they will be used. The recommended procedure at the farm level is grafting onto
basal chupons by using one or two grafts on each chupon.
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• Biotechnology research at the Malaysian Cocoa Board (D. Furtek)
• Novel technologies for cocoa swollen shoot virus indexing and resistance breeding

(S. Sackey)

Session 6: Propagation methods
Chairperson: S. Maximova; Secretary: L. Alemanno
• Integrated system for the propagation of cocoa: tissue culture, bentwood gardens

and rooted cuttings (M.J. Guiltinan)
• Advances in cocoa (Theobroma cacao) propagation by somatic embryogenesis in

Mexico (O. López-Baez)
• Mass multiplication of cocoa clones on a semi-industrial scale by tube rooted

cuttings in Brazil (J.B. Palacios)

Session 7: General discussions and conclusions
Chairperson: D. Ahnert; Secretary: M. End
Formulation of conclusions and recommendations (based on presentations by the
chairpersons of each session)

Closing Session



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 193

LIST OF PARTICIPANTS

Name Organisation / Address Tel / Fax / E-mail

Andrea Cattaruzza Mars Confectionery, Division of
Mars U.K. Ltd, Dundee
Road, Slough, SL1 4JX,
United Kingdom

Tel. +44 1753 514369
Fax. +44 1753 514811
andrea.cattaruzza
@eu.effem.com

Ange Marie
Risterucci

Cirad-Amis, TA 40/03, Av.
Agropolis, 34398
Montpellier Cedex 5, France

Tel. +33 4 67 61 56 94
Fax. +33 4 67 6156 05
ange.risterucci@cirad.f

r
Antonio Figueira Av. Centenario 303, CP-96,

Piracicaba SP
    13400-970, Brazil

Tel. +55 194294814
Fax. +55 194294610
figueira@cena.usp.br

Ayoola Fasina Cocoa Research Institute of
Nigeria, KM 14,  Ibadan-
Ijebu-Uda Road, PMB 5244,
Ibadan, Nigeria

Tel. +234 22410040
Fax. +234 22413121
walyin@skannet.com.n

g
Azhar Mohammed Malaysian Cocoa Board, 5th &

6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
azhar@koko.gov.my

Albertus Eskes Cirad-Cp, TA 80/02, Av.
Agropolis, 34398
Montpellier Cedex 5, France

Tel. +33 4 67 61 56 10
Fax. +33 4 67 61 57 93
b.eskes@cgiar.org

Boamah Adomako Cocoa Research Institute of
Ghana, P. O. Box 8, Tafo-
Akim, Ghana

Tel. +233 27609900
Fax. +233 27609901
crig@africaonline.com.

gh
Carol Knight 128 N. Wildcat Run Court,

Advance, NC 27006, United
States of America

Tel. +1 336 9403492
Fax. +1 336 9403393
cknight@acri-

cocoa.org
Caroline Ford University of Reading, School

of Plant Sciences,
Whiteknights, P. O. Box
221, Reading, RG6 2AS,
United Kingdom

Tel. +44 118 9318071
Fax. +44 118 9750630
c.s.ford@reading.ac.uk

Chong Tan Chun Agriculture Research Station,
Quoin Hill, P.O. Box 324,
91007 Tawau, Sabah,
Malaysia

Tel. +60 89-915011
Fax. +60 89-915914

Claire Lanaud Cirad-Amis, TA 40/03, Av.
Agropolis, 34398
Montpellier Cedex 5, France

Tel. +33 4 67 61 56 94
Fax. +33 4 67 6156 05
claire.lanaud@cirad.fr

Dario Ahnert Universidade Estadual de
Santa Cruz, Prs-Reitorio de
Pesquisa e Pss-Graduagco,
Km 16, Rodovia Ilheus-
Itabuna, CEP: 45650-000
Brazil

Tel. +55 736805010
darioa@uesc.br
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David  Lim P. O. Box 298, 91007 Tawau,
Sabah, Malaysia

Tel. +60 88-75747
Fax. +60 89-914363
dalim@tm.net.my

David Iwaro Cocoa Research Unit,
University of Indies, St.
Augustine, Trinidad &
Tobago

Tel. +1 809 6624996
Fax. +1 809 6624996
cru@cablenett.net

Didier Clément Cirad-Cp, TA 80/02, Av.
Agropolis, 34398
Montpellier Cedex 5, France

Tel. +33 4 67 61 71 13
Fax. +33 4 67 61 57 93
didier.clement@cirad.fr

Didier Paulin Cirad-Cp, TA 80/02, Av.
Agropolis, 34398
Montpellier Cedex 5, France

Tel. +33 4 67 61 71 13
Fax. +33 4 67 61 57 93
didier.paulin@cirad.fr

Dominique Crouzillat Nestlé, Centre de
Biotechnologie
Végétale,101 Av. Gustave-
Eiffel, Notre-Dame d'Oe, B.
P. 9716, 37097 Tours,
Cedex 2, France

Tel. +33 2 47 62 83 83
Fax. +33 2 47 49 14 14
dominique.crouzillat@
rdto.nestle.com

Douglas Furtek Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
dbf@pc.jaring.my

Francis Aloysius Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
francis@koko.gov.my

Hiroyuki Utsunomiya Meiji Seika Kaisha, Ltd Food
R&D Laboratories, 5-3-1
Chiyoda; Sakado Shi
Saitama Ken, Japan

Tel. +81 492 5617
Fax. +81 492-840088
hiroyuki_utsunomiya
@meiji.co.jp

Hong Ngit Ming P. O. Box 33, 91007 Tawau,
Sabah, Malaysia

Tel. +60 89-761180
Fax. +60 89-761052
hongnm@pd.jaring.my

Juan Carlos
Motamayor

Cirad, TA 40/03, Av. Agropolis,
34398 Montpellier Cedex 5,
France

Tel. +33 4 67 61 55 01
Fax. +33 4 67 61 56 05
motamayor@cirad.fr

James Saunders USDA, Bldg 50, Room 100,
Beltsville, MD 20705, United
States of America

Tel. +1 301 5047477
Fax. +1 301 5046478
saund10449@aol.com

Jeanne N'Goran Central Centre National de
Recherche Agricole, 01 BP
1827, Bingerville, Abidjan
01, Côte d'Ivoire

Tel. +225 23 45 31 16
Fax. +225 23 45 33 05

Julie Flood CAB International, Dept.
Horticulture and Plantation
Crops, Wallingford, Oxon,
OX 10 8DE, United
Kingdom

Tel. +44 1491 829000
Fax. +44 1491 829100
j.flood@cabi.org

Keith Chapman Plant Production Officer,
Industrial Crops, FAO/RAP,
39 Phra Artit Rd.,
Banglambu, 10200
Bangkok, Thailand

Tel. +66 22 817844 ext
306

Fax. +66 2 2800445
keith.chapman@fao.or

g
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Kelvin Lamin Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
kelvin@koko.gov.my

Laurence Alemanno Cirad-Cp TA 80/02, Av.
Agropolis, 34398
Montpellier Cedex 5, France

Tel. +33 4 67 61 7107
Fax. +33 4 67 61 57 93
laurence.alemanno@ci

rad.fr

Lee Ming Tong Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
leemt@koko.gov.my

Mark Guiltinan 516 Wartik Laboratory, ACRI
Molecular Biology, The
Pennsylvania State
University, PA 16802,
United States of America

Tel. +1 814 8637286
Fax. +1 814 8636139
mjg9@psu.edu

Martin Aitken Almirante Centro de Estudos
de Cacau, Caixa Postal 55-
45630, Itajuipe, Bahia,
Brazil

Tel. +55 732111001
Fax. +55 732111673
martin.aitken@effem.c

om
Martin Gilmour Mars Confectionery, Division of

Mars U.K. Ltd, Dundee
Road, Slough, SL1 4JX,
United Kingdom

Tel. +44 175 3514369
Fax. +44 175 3514811
martin.gilmour@eu.effe

m.com
Michelle End BCCCA, 37-41 Bedford Row,

London WC1R 4JH, United
Kingdom

Tel. +44 20 74049111
Fax. +44 20 74049110
michelle.end@bccca.or

g.uk
Mike Wilkinson University of Reading, School

of Plant Sciences,
Whiteknights, P. O. Box
221, Reading, RG6 2AS,
United Kingdom

Tel. +44 118 9318075
Fax. +44 118 9316577
m.j.wilkinson@reading.

ac.uk

Mohd Yusoff Abd.
Samad

Malaysian Cocoa Board,
Research Centre and
Management of Cocoa
Quality, P.O. Box 60237,
91012 Tawau, Sabah,
Malaysia

Tel. +60 89-915605 / 4
Fax. +60 89-915646
yusoff@koko.gov.my

Nguyen Lam Sou 32 bis Nguyen Van Mai Dist 3
HCM City, Vietnam

Tel. +84 8-
9300557/8114994

Fax. +84 8-9300558
maikhoi@saigonnet.vn

Nguyen Manh
Thong

32 bis Nguyen Von Mai, Dist. 3
HCM City, Vietnam

Tel. +84-8-
8231164/9300557

Fax. +84 8-9300558
maikhoi@saigonnet.vn

Nguyen Thi My
Nguyet

University of Agriculture &
Forestry of HCM City,
Vietnam

Tel. +84 8-8891351
phdphuoc@hcm.vnm.v

n

Nguyen Vinh
Phuoc

114A, Tran Quang Khai St.,
Dist, 1, HCM City, Vietnam

Tel. +84 8
8484292/9300557

Fax. +84 8 9300558
makhoi@saigonnet.vn



16 – 17 October 2000, Kota Kinabalu, Sabah, Malaysia 196

Niemenak Nicolas University of Yaounde I, Higher
Teacher’s Training College,
BP47, Yaounde, Cameroon

Tel. +237 222836
niemenak@uycok.unin

et.cm

Nik Aziz Nik Mat Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575

Orlando López-
Baez

Universidad Autonoma De
Chiapas. Fac. De Ciencias
Agricola. Apdo Postal No.
34, Tapachula, Chiapas,
37000 Mexico

Fax. +52 962 70128

Olivier Deheuvels c/o Délégation du Cirad, 01 BP
6483, Abidjan 01, Côte
d'Ivoire

Tel. +225 20 21 16 25
Tel. +225 20 22 18 69
Fax. +225 20 21 43 68
olivier.deheuvels@cira

d.fr

Olivier Sounigo Cocoa Research Unit,
University of the West
Indies, St. Augustine,
Trinidad & Tobago

Tel. +1 868 662 87 88
Fax. +1 868 662 87 88
cru@cablenet.net

Osman Yusof Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +6088-

253037/239575

Peter Epaina Cocoa Breeder, PNG Cocoa &
Coconut Research Institute,
P. O. Box 1846, Rabaul,
Papua New Guinea

Tel. +675 9839131
Fax. +675 9839115
ccri@datec.com.pg

Pham Hong Duc
Phuoc

181/493A Q10, Tan Phuoc,
HCM City, Vietnam

Tel. +84 8 8966946
Fax. +84 8 8960713
phdphuoc@hcm.vnm.v

n
Philippe Bastide CP 375 São Tomé, R. D. São

Tomé é Príncipe, France
Tel. +239 12 23 342
Fax. +239 12 23 343
philippe.bastide@cirad.

fr
Rosmin Kasran Malaysian Cocoa Board, 5th &

6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
rosmin@koko.gov.my

Salomon Nyassé IRAD, B. P. 2067, Yaoundé,
Cameroon

Tel. +237 237 436
Fax. +237 237 436
nyasse@iccnet.cm

Sammy Sackey Dept. of Biochemistry
University of Ghana
Legon, Accra, Ghana

Tel. +233 21500300
sams@ug.edu.gh

Sapiyah Hj. Subali Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
sapiyah@koko.gov.my
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Siela Maximova 113 Tyson, ACRI Molecular
Biology, The Pennsylvania
State University, PA 16802,
United States of America

Tel. +1 814 8637286
Fax. +1 814 8636139
snm104@psu.edu

Steven Brown USDA, Subtropical Horticulture
Research Station, 13601
Old Cutler Road, Miami,
Florida 33158, United
States of America

Tel. +1 305 254 3611
jsbrown@saa.ars.usda.

gov

Tan Chia Lock Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
ctan@koko.gov.my

Tony Lass Cadburys International Ltd., P.
O. Box 122, Bournville,
Birmingham, B30 2LU,
United Kingdom

Tel. +44 121 4514560
Fax. +44 121 6984949
tony.lass@csplc.com

Trinh Duc Minh International Cooperation
Department Hoa Thang,
Buon Ma Thuot City, Dak
Lace Province, Vietnam

Tel. +84 50862845
Fax. +84 50862600
viennlnt@dng.vna.vn

Vic Hartney Malaysian Cocoa Board, 5th &
6th Floor, Wisma SEDCO,
Locked Bag 211, 88999
Kota Kinabalu, Sabah,
Malaysia

Tel. +60 88-252572
Fax. +60 88-

253037/239575
hartney@koko.gov.my

Wilbert Phillips Ap. 7170, CATIE, Turrialba,
Costa Rica

Tel. +506 5566440
Fax. +506 556 1533
wphillip@catie.ac.cr

Yaw Adu-Ampomah Plant Breeding, Cocoa
Research Institute of
Ghana, Private Mail Bag,
International Airport, Accra,
Ghana

Tel. +233 27609900
Fax. +233 27609901
crig@africaonline.com.

gh


