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Abstract

Standardisation of microsatellite allele profiles between laboratories is of fundamental importance to the
transferability of genetic fingerprint data and the identification of clonal individuals held at multiple sites.
Here we describe two methods of standardisation applied to the microsatellite fingerprinting of 429
Theobroma cacao L. trees representing 345 accessions held in the worlds largest Cocoa Intermediate
Quarantine facility: the use of a partial allelic ladder through the production of 46 cloned and sequenced
allelic standards (AJ748464 to AJ48509), and the use of standard genotypes selected to display a diverse
allelic range. Until now a lack of accurate and transferable identification information has impeded efforts to
genetically improve the cocoa crop. To address this need, a global initiative to fingerprint all international
cocoa germplasm collections using a common set of 15 microsatellite markers is in progress. Data reported
here have been deposited with the International Cocoa Germplasm Database and form the basis of a
searchable resource for clonal identification. To our knowledge, this is the first quarantine facility to be
completely genotyped using microsatellite markers for the purpose of quality control and clonal identifi-
cation. Implications of the results for retrospective tracking of labelling errors are briefly explored.

Introduction

The drive to increase the genetic base of important
crop plants has led to an expansion in the number
of ex situ germplasm repositories. There have been
over 1000 new collections created since 1970 con-
taining in excess of 6 million accessions (Cooper
et al. 2001). The consequences of accession mis-
identification in these collections are profound for
both breeding and research applications, and
ultimately undermine the value of any collection to
its users.

Verification of accession identity is to some ex-
tent reliant upon the structure of the collection:

those based on seed populations must accommo-
date for some variation between individuals within
an accession, whereas accessions within clonal
collections should be genetically invariant. It fol-
lows that the task for ensuring accession fidelity is
considerably simpler for clonal crops.

Cocoa, (Theobroma cacao) is a tree crop of huge
importance to the economies of many developing
world ‘producer’ countries and also to the pre-
dominantly first world and temperate ‘consumer’
countries. Germplasm collections maintain varie-
ties of cacao as clones for distribution as breeding
material. Many of these varieties are barely im-
proved from wild, ancestral lines (Wood and Lass
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1985; Motamayor et al. 2002) and yet are usually
susceptible to a wide range of important pests and
diseases (Wilson 1999). Different geographic re-
gions typically vary in the profile of pests and
diseases that attack the crop. This has led to
growing fears that the movement of diseases could
threaten continuity of cocoa supply on a regional
or even global basis. The identification and dis-
tribution of elite resistant material will provide
valuable insurance against the spread of disease. In
spite of this, a large proportion of the genetic
diversity of Theobroma cacao deposited in germ-
plasm collections has not yet been exploited in
breeding programmes (Eskes 2001). This can be
attributed in part by the need to avoid inadvertent
transmission of disease when potentially useful
germplasm is exchanged between cocoa germ-
plasm collections. For this reason, three interna-
tional cacao quarantine collections were
established at The University of Reading, Reading
(UK), CIRAD, Montpellier (France) and USDA,
Miami (USA) to facilitate transfer of material
whilst minimising the probability of disease pro-
liferation. The University of Reading Intermediate
Cocoa Quarantine Facility maintains individual
type specimens for each genotype it handles and is
by far the largest and most active of these facilities,
representing the major conduit for the distribution
of disease-free stock around the world. Clearly,
there is considerable scope for mislabelling to oc-
cur before, during and after the passage through
quarantine. Such errors have great significance
since they will transfer to the receiving germplasm
and breeder’s collections. Thus, mislabelling
events before or during quarantine will tend to
spread and accumulate. Such events will confound
current efforts to establish replicated field trial
data from sites across the globe. There is therefore
a strong need to establish a reliable system for the
routine screening of material for genetic fidelity
during the quarantine period.

Previously, the identification of accessions held
in germplasm collections has been achieved using
various approaches including morphological de-
scriptors, andmolecular techniques such as RAPD,
AFLP, ISSR, and microsatellites (also known as
Simple Sequence Repeats or SSR’s). It is vital that
the methodology selected for global use generates
consistent results across all users. Reference to
similar large-scale fingerprinting problems in other
organisms indicates that there has been a broad

consensus among users towards the use of micro-
satellite analysis for this purpose. For example,
microsatellite analysis that has emerged as the
method of choice for the assemblage of genetic
identification profiles for human forensic purposes
(Goldstein and Schlotterer 1999) and have been
extensively used for the identification of small to
modest sized collections of plant species, including
potato (McGregor et al. 2000), maize (Pejic et al.
1998), wheat (Dograr et al. 2000), and clover
(Kolliker et al. 2001). Whilst the methodology is
widely acknowledged to be reproducible, difficulty
can lie in the standardization of profile scoring
between laboratories, particularly when alleles dif-
fer only by one or two bases, as is the case for the
dinucleotide motifs that dominate in studies of
plants. Here, we address this problem by first pre-
senting a comprehensive data set of microsatellite
profiles for all material currently held in The Uni-
versity of Reading Intermediate Cocoa Quarantine
Facility and then presenting a set of allelic and
genotype standards to allow consistent allele
assignment between laboratories. We believe that
this is the first example of the systematic charac-
terisation of an entire quarantine collection using
microsatellite markers, although several other
cacao germplasm collections are currently being
characterised as part of an international effort to
compile a global data set of genetic profiles for
important cocoa germplasm. Once complete, the
information generated will greatly improve the
maintenance and exploitation of ex situ collections
for the improvement of the crop by establishing
records of the genetic identity of material held,
defining the level of redundancy between collec-
tions, and allowing identification and correction of
mislabelled accessions, thereby reducing the likeli-
hood of errors during the transfer of material
through quarantine. We believe that the approach
adopted here is appropriate for the global genetic
characterization of germplasm collections of other
important clonal crops.

Methods

Plant material and DNA isolation

Total genomic DNA was extracted from 429
accessions of Theobroma cacao L. held in The
University of Reading Intermediate Cocoa Quar-
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antine Facility, using the DNeasy 96 Plant Kit
(Qiagen Ltd, UK) according to the manufacturer’s
instructions. DNA was aliquoted and stored at
�20 �C until use. A complete list of accessions
analysed in this study is available at
www.icgd.rdg.ac.uk.

Microsatellite markers

A panel of 17 microsatellite markers were selected
on the basis of polymorphism between genotypes
and yielding products with size ranges that allowed
for multiplex analysis (Table 1). HPLC purified

fluorescently labelled oligonucleotide primers were
supplied by Sigma-genosys and Applied Biosys-
tems.

Polymerase chain reaction and fragment analysis

PCR was performed as described by Lanaud et al.
(1999) with the addition of fluorescent labels to
primers as described in Table 1. PCR amplifica-
tion was performed using a MJ Research PTC 100
thermal cycler in a reaction volume of 20 lL
comprised of: 0.5 U taq polymerase 10 ng genomic
DNA; 2.25 mM MgCl2; 16 mM NH4SO4; 67 mM

Table 1. List of international microsatellite markers for global cacao fingerprinting project.

Marker Primer sequence 5¢ fi 3¢ Tm (�C) Dye Range

mTcCIR1 GCAGGGCAGGCTCAGTGAAGCA 51 NED 110–155

TGGGCAACCAGAAAACGAT

mTcCIR6 TTCCCTCTAAACTACCCTAAAT 46 NED 225–255

TAAAGCAAAGCAATCTAACATA

mTcCIR7 ATGCGAATGACAACTGGT 51 NED 145–170

GCTTTCAGTCCTTTGCTT

mTcCIR8 CTAGTTTCCCATTTACCA 46 HEX 275–315

TCCTCAGCATTTTCTTTC

mTcCIR11 TTTGGTGATTATTAGCAG 46 NED 280–325

GATTCGATTTGATGTGAG

mTcCIR12 TCTGACCCCAAACCTGTA 46 FAM 160–265

ATTCCAGTTAAAGCACAT

mTcCIR15 CAGCCGCCTCTTGTTAG 46 HEX 225–268

TATTTGGGATTCTTGATG

mTcCIR17* AAGGATGAAGGATGTAAGAGAG 51 FAM 256–296

CCCATACGAGCTGTGAGT

mTcCIR18 GATAGCTAAGGGGATTGAGGA 51 FAM 330–375

GGTAATTCAATCATTTGAGGATA

mTcCIR22 ATTCTCGCAAAAACTTAG 46 NED 251–301

GATGGAAGGAGTGTAAATAG

mTcCIR24 TTTGGGGTGATTTCTTCTGA 46 NED 170–215

TCTGTCTCGTCTTTTGGTGA

mTcCIR25* CTTCGTAGTGAATGTAGGAG 46 HEX 124–170

TTAGGTAGGTAGGGTTATCT

mTcCIR26 GCATTCATCAATACATTC 46 FAM 275–315

GCACTCAAAGTTCATACTAC

mTcCIR33 TGGGTTGAAGATTTGGT 51 NED 268–349

CAACAATGAAAATAGGCA

mTcCIR37 CTGGGTGCTGATAGATAAT 46 FAM 130–190

ATTTGTGTGGAGGGTATT

mTcCIR40 AATCCGACAGTCTTTAATC 51 HEX 247–287

CTTAAATGTTATGTGTATGC

mTcCIR60 CTTAAATGTTATGTGTATGC 51 NED 188–214

AGAGCAACCATCACTAATCA

Primer sequences and map positions reported by Lanaud et al. (1999) and Risterucci et al. (2000). Tm, annealing temperature (�C);
Dye, florescent label used in this study; Range, corrected size range of alleles in bp. * markers additional to the international agreed set

for cacao.
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Tris–HCl pH 8.8 @ 25 �C; 0.4 mM dNTP mix.
The thermal cycling protocol consisted of 2 min at
96 �C followed by 35 cycles of 15 s at 96 �C, 15 s at
either 46 or 51 �C and an elongation time of 2 min
at 72 �C. A final elongation of 5 min at 72 �C
preceded cooling to 10 �C for 10 min.

Amplified microsatellite products were diluted
(1:100) using HPLC grade water (Aldrich) and
fractionated on an ABI PRISM 3100 genetic analy-
ser. Fragment sizes were determined relative to the
500-ROX internal size standard (Applied Biosys-
tems) by the local southern method using Geno-
typer version 3.7 (Applied Biosystems). Allele
binning was achieved by the method of Idury and
Cardon (1997).

Cloning and sequencing of microsatellite alleles

Microsatellite products were amplified from
genomic DNA using unlabelled primers, purified
using Nucleofast 96 PCR clean-up plates
(Macherey–Nagel) and cloned into pDrive vector
as recommended by the manufacturer (Qiagen
Ltd, UK). Single colonies were removed from LB
plates, supplemented with 100 lg mL�1 ampicil-
lin, and transferred into 10 lL sterile water.
Aliquots of the resulting suspension (5 lL) were
used to inoculate 5.0 mL LB supplemented with
100 lg mL�1 kanamycin, and grown overnight at
37 �C with 225 rpm orbital shaking. Plasmid DNA
was then harvested from 3.0 mL of the culture
using QIAprep kit (Qiagen Ltd, UK). The
remaining 5 lL of cell suspension was subjected to
PCR using the appropriately labelled primers and
fractionated by capillary electrophoresis on a ABI
3100 genetic analyser (Applied Biosystems) to
select clones containing microsatellite alleles of
known size. The culture corresponding to these
clones were harvested and the plasmid sequenced
on both strands from the universal forward and
reverse primer binding sites of pDRIVE using dye
terminator cycle sequencing (Applied Biosystems).
Sequence data was viewed using the Chromas
software (Technelysium Pty Ltd, Queensland,
Australia). The identity of cloned fragments was
verified by BLASTn (Altschul et al. 1990) and
alignments against other representatives of the
same microsatellite marker produced using clustalw
software (Higgins et al. 1994). Allele sizes as
inferred from capillary fractionation (Genescan

and Genotyper software, Applied Biosystems),
were adjusted by comparison to allele sizes derived
directly from the sequencing of cloned fragments.

Data analysis

Corrected allele sizes were recorded in a binary,
presence/absence, notation and transformed to
yield Jaccards coefficient. This was plotted using
UPGMA to give a graphical representation of the
data using MSVP software (version 3.11 h,
Kovach Computing Services, Anglesey, Wales,
UK). Allele frequencies (Supplementary Table 1,
http://www.personal.rdg.ac.uk/�abs00ncc/cacao/
Supplementary_Table1.htm) were reported by
Cervus software (Marshall et al. 1998).

Results

The 17 microsatellite loci used generated 359 un-
ique profiles from the 429 trees and 345 accession
names held in The University of Reading Inter-
mediate Cocoa Quarantine Facility. There was
considerable redundancy between microsatellites
in their ability to distinguish clones held. Indeed, it
was possible to affect the same number of identi-
fications on the basis of just 13 of the 17 poly-
morphic loci used. An exact match search function
for the internationally agreed core 15 markers
(Table 1) was created to allow new profiles to
be compared to existing data at www.icgd.rdg.
ac.uk/public_html/microsat_search_index.htm.
Allele frequency data and corrected sizes of
recorded alleles are reported in supplementary
Table 1. Several microsatellite loci used in this
study were complex and comprised of two or more
repeat motifs. Sequence analysis confirmed the
presence of more than one variable repeat motif
contributed to the polymorphism in locus size. As
it is not possible to derive which repeat unit is
variable from capillary fractionation, we report
the actual size of each locus rather than attempting
to derive the repeat number from this value.

Cloned allele standard

The calling of allele sizes is hindered by an offset
inherent to capillary electrophoresis and by
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non-integer changes in measured allele size. Allele
sizes have been corrected by reference to standard
cloned alleles of known size for each marker, in
addition to the internal ROX size standard
(Applied Biosystems). The sequences of these
cloned standards have been submitted to EMBL
(Accession numbers AJ748464 to AJ48509). These
standards act as exact size markers to assist with
the allele calling of unknown material. This refer-
ence material is freely available upon request.

Allele calling

For some microsatellite markers, increases in locus
size when estimated from capillary electrophoresis
run time did not correspond exactly to associated
increments in repeat number. Thus, there is po-
tential for the miscalling of some alleles when a
simple offset is used against the ROX size standard
alone. This problem has been overcome by the use
of several alleles of known size, which act as a
calibration series when used in combination with

the ROX size standards. Application of this ap-
proach allowed all genotypes to be distinguished
without anomalies between replicate fractionation
events. Such accuracy is essential in allowing
datasets produced on different platforms and at
distant locations to be compatible, and is also a
prerequisite for accurate fingerprinting of the base
collection held in the quarantine facility.

Standard genotype DNA standard

Genotype standards offer a less expensive alter-
native to the cloned standards and if used with the
cloned standards, broaden the allele range of the
reference standards. The allele sizes of all micro-
satellites across a selection of proposed standard
genotypes are shown in (Table 2). Clearly, it is
important that material used as a genotype stan-
dard is not taken from a mislabelled tree and so
DNA or plant material from all genotype stan-
dards is also available upon request.

Table 2. Microsatellite allele sizes of selected CFC/ICCO/IPGRI clones.

Accession RUQ mTc-

CIR11

mTc-

CIR12

mTc-

CIR15

mTc-

CIR17

mTc-

CIR18

mTc-

CIR22

mTc-

CIR33

mTc-

CIR40

mTc-

CIR60

Linkage group 1–5 (Risterucci et al. 2000)

AMAZ 15-15 1 307 307 199 211 234 234 272 272 340 340 287 287 297 297 273 273 195 197

APA 4 843 317 317 250 252 234 234 272 272 344 344 289 289 297 297 266 266 212 212

CATIE 1000 844 287 317 203 252 234 234 272 272 344 354 287 287 297 297 266 266 195 212

eet 59 791 287 315 203 211 234 234 272 272 335 344 279 287 295 303 278 284 193 193

IMC 47 849 287 307 199 203 250 250 270 272 333 335 287 287 295 295 284 284 193 210

MAN 15-2 86 293 317 199 207 250 250 272 272 333 346 279 287 295 297 278 278 212 212

P 7 851 307 315 199 211 250 250 272 272 333 333 279 287 295 297 278 284 208 210

PA 120 852 315 315 199 199 201 252 272 272 337 344 279 287 303 305 278 279 191 212

PA 150 853 293 309 199 199 234 250 272 274 344 344 279 287 303 303 278 281 189 189

PLAYA ALTA 2 232 299 315 187 250 234 234 274 282 331 344 279 287 303 303 278 280 199 212

SNK 413 854 315 315 187 250 234 234 272 272 344 344 279 287 297 303 271 271 193 212

T 85/799 855 307 307 201 203 250 252 272 272 333 354 279 287 303 303 278 278 210 210

Linkage group 6–10 (Risterucci et al. 2000)

Accession RUQ mTc-

CIR1

mTc-

CIR6

mTc-

CIR7

mTc-

CIR8

mTc-

CIR24

mTc-

CIR25

mTc-

CIR26

mTc-

CIR37

AMAZ 15-15 1 127 140 239 239 155 161 287 291 185 201 131 131 294 300 155 161

APA 4 843 140 140 249 249 161 161 289 289 185 185 163 163 288 288 157 157

CATIE 1000 844 140 140 249 256 155 161 287 289 185 201 157 157 288 294 157 164

EET 59 791 140 140 247 251 155 159 287 295 185 201 140 146 294 296 153 164

IMC 47 849 140 140 231 237 148 159 287 287 185 201 132 145 294 296 146 158

MAN 15-2 86 127 140 241 251 161 161 287 293 197 197 146 159 296 298 139 146

P 7 851 127 140 241 249 159 161 287 289 185 185 131 137 294 296 139 146

PA 120 852 140 140 253 253 155 159 315 315 185 185 129 148 300 303 139 160

PA 150 853 140 140 243 243 159 159 287 287 185 185 146 146 296 296 144 144

PLAYA ALTA 2 232 127 140 233 233 157 161 287 287 185 185 151 159 296 303 164 176

SNK 413 854 127 140 249 251 155 157 287 304 185 185 146 146 296 296 164 176

T 85/799 855 127 140 233 237 159 161 287 287 185 201 131 133 294 303 151 153
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Cluster analysis

As expected, UPGMAdendrogram of aNei genetic
distance (Nei 1978) for thematerial analysed largely
confirmed the genetic affinities of material listed as
closely related (e.g. siblings and half-siblings or
parents and offspring) and clearly distinguished
potentially duplicated accessions (Supplementary
Figure 1 http://www. personal.rdg.ac.uk/�abs00ncc/
cacao/Supplementary_ Figure1.htm). A probabil-
ity threshold of p = 0.01 was set to define
genotype duplication among trees sharing the
same profile using CERVUS software. Possible
duplications were then verified by manually
inspecting the relevant data.

Mislabelled material

Some trees sharing identical clone names never-
theless produced microsatellite profiles that were
dissimilar and so deemed to include mislabelled
material. In such circumstances, the assignment of
a name to the appropriate tree or trees was usually
achieved by reference to passport data, to micro-
satellite profiles of clones known to be related (e.g.
parents or siblings) and when there were many

representatives with the same name, to the trees
sharing the most common profile. A list of material
thereby identified as mislabelled is given in Table 3.

There were several interesting anomalies. For
instance, clone IMC 67 is reported to possess
resistance to Phytophthora, Vascular Streak Die-
back, and Cocoa Swollen Shoot Virus (Wadsworth
et al. 2003) and has been extensively requested from
the quarantine collection. This clone is held in
triplicate, with two introductions originating from
the International Cocoa Genebank (ICG), Trini-
dad, in 2000 and a third tree donated by Royal
Botanic Gardens (RBG), Kew, UK in 1985. Whilst
the two trees from Trinidad produce identical mi-
crosatellite profiles, the individual from RBG pro-
duced a widely divergent profile. However,
reference to the passport information of this
accession revealed that the IMC clones were origi-
nally deposited in ICG and so the material received
from RBG was presumed to be mislabelled. Addi-
tional information on allele frequency distribution
within related groups of accessions support the
designation of IMC 67 (RUQ 13) as being misla-
belled (Motamayor pers. com.). Where uncertainty
over any clone identity exists, both genotypes are
designated mislabelled according to an interna-
tionally agreed protocol (Turnbull et al. 2004). This

Table 3. Duplicated accessions with dissimilar microsatellite profiles.

Accession RUQ Source Outcome

ICS 46 967 ICG, T Comparison with samples from other sources remains ongoing

938 ICG,T

IMC 20 985 ICG,T RUQ 985 matches further ICG, T samples and is considered true to type. RUQ 10 remains

unidentified

10 KEW, UK

IMC 67 1056 ICG, T RUQ 1056 and RUQ 1078 are identical. RUQ 13 is distinct and considered an off-type.

1078 ICG, T

13 KEW, UK

NA 149 801 ICG, T Comparison with samples from other sources remains ongoing.

652 ICG, T

PA 137 1081 ICG, T Comparison with samples from other sources remains ongoing.

36 KEW, UK

SCA 19 1065 ICG, T Both Genotypes have corresponding plants of the same name in ICG, T. Ambiguity remains

over the identification of the true type.

46 KEW, UK

IMC 11 1077 ICG, T Comparison with samples from other sources remains ongoing.

8 KEW, UK

Seven accessions relating to 15 plants were identified as ambiguously labelled. Efforts to determine the true identity of the plants is

detailed. Accession, ICGD preferred name for clone. RUQ, Unique identification number for plants held in the University of Reading

Intermediate Quarantine Facility; Source, ICG,T, International Cocoa Genebank, Trinidad, KEW, UK, Royal Botanic Garden, Kew,

UK.
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rule has been applied to all clones showing dissim-
ilar profiles for duplicate entries.

Previous inspection of the Reading collection by
specialist consultants (Bartley pers. com.) cast
doubt on the naming of 32 accessions based on
their atypical morphology. In these instances, dif-
ficulty rests with the possibility that abnormal
growth characteristics could also arise from the
local environment in which the trees were grown.
For this reason, microsatellite profiles from these
plants were compared with those of authentic
material taken from the original source collection
(Cocoa Research Unit, Trinidad). In this way, 14
clones held in RUQ were identified as off-types but
a further five found to be morphological atypical
representatives of the named clone (Table 4).
There are still thirteen comparisons instances
where morphological characterisation suggests
mislabelling but where it has not been possible to
source suitable reference material.

Discussion

Standard reference material

Two types of standard reference material to aid
allele calling have been produced to allow

harmonisation of the interpretation of cocoa
microsatellite data in the continuing efforts to
fingerprint all of the world’s ex situ cacao germ-
plasm.

Cloned standard alleles

The use of conventional internal size standards
for microsatellite allele calling has value in
ensuring reproducibility within laboratories but
can lead to inconsistencies in the assignment of
allele size when applied across different labora-
tories (Rossouw et al. 2002). It is therefore good
practice when attempting to assemble interna-
tionally transferable microsatellite fingerprint
profiles to use cloned amplicons to calibrate the
size of microsatellite alleles. The distribution of
the allelic standards generated by this study
should therefore allow all cocoa microsatellite
data produced using this internationally agreed
set of markers to be directly comparable
regardless of which platform is used to generate,
resolve or analyse genotypes. The validity and
robustness of this strategy has been long-estab-
lished for human forensic applications (Leclair
et al. 2004)

Table 4. Clones identified as off-types based on morphology.

Clone name RUQ Received Donor Match to CRU, T

AMAZ 15/15 [CHA] RUQ 1 1985 Kew, UK Yes

CBO 177 [VEN] RUQ 681 1996 ICG, T Yes

EET 58 [ECU] RUQ 383 1993 ICG, T No

EET 272 [ECU] RUQ 6 1985 Kew, UK No

ICS 27 RUQ 143 1988 ICG, T No

IMC 14 RUQ 9 1985 Kew, UK No

IMC 20 RUQ 10 1985 Kew, UK No

IMC 67 RUQ 13 1985 Kew, UK No

IMC 96 RUQ 16 1985 Kew, UK No

MO 20 RUQ 233 1989 ICG, T No

PA 88 [PER] RUQ 34 1985 Kew, UK Yes

POUND 4/A [POU] RUQ 22 1985 Kew, UK No

SC 1 [?] RUQ 41 1985 Kew, UK Yes

SC 3 [?] RUQ 42 1985 Kew, UK No

SC 4 [?] RUQ 43 1985 Kew, UK No

SPA 4 [COL] RUQ 341 1993 ICG, T Yes

SPA 9 [COL] RUQ 235 1989 ICG, T No

UF 705 RUQ 57 1985 Kew, UK No

A comparison of microsatellite profiles for clones identified as displaying atypical morphology against verified accessions obtained

from CRU, T. RUQ, Reading unique accession number; CRU, T., Cocoa Research Unit, Trinidad; KEW, UK, Royal Botanic

Garden, Kew, UK.
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Genotype standards

Larger numbers of cocoa microsatellite markers
are now available (Clement et al. 2004; Kuhn
et al. 2003; Pugh et al. 2004) for use in finger-
printing, QTL studies and Marker Assisted
Breeding (MAB) programmes. Whilst allele
standards are the method of choice for finger-
printing applications, it is often impractical to
produce sufficient cloned and sequenced allele
standards for QTL and MAB purposes. In these
cases, it is generally regarded as sufficient to have
standard DNA from well-characterised cacao
clones. Selecting standard DNA from the CFC/
ICCO/IPGRI clone list that were given priority
for movement through quarantine (Eskes et al.
1998) provides a source of material that is already
widely distributed and known to be true to type.
The allele sizes of the 15 reference microsatellite
loci for these genotypes have been calculated
using the allelic standards generated above and
are freely available. When used in combination
with the allelic standards, this allows local sour-
ces of standard trees to be verified prior to use as
a standard for additional loci.

Germplasm management

The microsatellite characterisation of The Uni-
versity of Reading Intermediate Cocoa Quarantine
Facility has allowed for better management of the
material held in this facility. Forty-four accessions
were identified as being held in duplicate or trip-
licate. Where trees of the same accession have
identical microsatellite profiles, the provision of
microsatellite fingerprints has consequently al-
lowed for duplicates to be removed, thereby
reducing the redundancy of the collection. In this
way, space is created for the acquisition of fresh
material and so the genetic diversity (and therefore
usefulness) of the collection is improved without
incurring costs for additional infrastructure. In-
deed, overall, there were 28 accessions (6.65% of
the collection) found to have more than one copy
represented in the collection but that produced
identical microsatellite profiles. Such rationalisa-
tions are of huge importance for clonal collections
of trees, where growing space usually limits col-
lection size.

Morphological off-types

The majority of clones putatively identified as
morphological ‘off types’ by specialist consultants
were also found to exhibit divergent microsatellite
profiles from authentic material from CRU. On
the one hand, this finding confirms the value of
morphological assessment as a provisional screen
for the provisional identification of mislabelling.
On the other, the limitation of morphological
assessment is clearly illustrated by the fact that
trees with matching microsatellite profiles com-
monly exhibited unusual phenotypes (e.g. AMAZ
15/15) and that several genetically divergent trees
were not identified as being morphologically unu-
sual for the assigned name (e.g. NA 149). Never-
theless, in the absence of an international reference
database of microsatellite profiles, morphological
assessment of material currently represents the
only means of ensuring external consistency in the
naming of clones.

Distribution of mislabelled clones

The distribution of incorrectly labelled material
has profound implications for the breeding of
improved cacao based on the selection of breeding
material with desirable traits. In spite of careful
management, however, mislabelled accessions
have nevertheless been distributed from The Uni-
versity of Reading Intermediate Cocoa Quarantine
Facility (Table 5). Our study has shown that at
least 13 incorrectly labelled trees have been his-
torically distributed from the collection. Whilst
this is obviously a matter of some concern, the
establishment of definitive fingerprint profiles for
all material currently being handled by the facility,
provides a useful tool with which to manage the
problem in future. On the other hand, it is perhaps
encouraging to note that in the vast majority of
cases of documented duplication (on the basis of
passport data) microsatellite profiles indicated
trueness to type, at least internally within the col-
lection. The true problem lies in labelling incon-
gruence between sites. In the longer term, the
establishment and comparison of reference mi-
crosatellite profiles of all genotypes and from all
repositories will address this problem.

A striking example of the problems inherent to
the distribution of misidentified clones is given by
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SCA 6, probably the most important cocoa clone in
breeding for resistance to Crinipellis perniciosa:
being held in 39 national and international collec-
tions; father to 77 clones; mother to 105 clones.
(Wadsworth et al. 2003). The original genotype is
known to be located at Trinidad, Reading, and
CEPEC/CEPLAC, whereas off-types are reported
at Miami (Kuhn et al. 2003) and Penn State uni-
versity (data not shown). Unusual shaped pods are
also reported at Papua New Guinea that may indi-
cate a mislabelled clone (Wadsworth et al. 2003).
This uncertainty undermines the selection of specific
clones based on their desirable characteristics.

Concluding remarks

We believe that this is the first systematic micro-
satellite fingerprinting of an entire international
quarantine collection. Furthermore, the provision
of a set of allelic size standards and genotype
standards represents an important advance
towards the ultimate goal of establishing a global
database of microsatellite fingerprints of cocoa
germplasm held in ex situ collections. Such a
facility will eventually improve maintenance of
collections and enable quality assurance proce-
dures to be established to ensure the efficient
exchange of material between breeding efforts
across the world. Furthermore, the approach
adopted here for cocoa is equally well suited for
clonal collections of other tree crops.
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