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Abstract

Cacao is an economically important commodity in Jamaica. Knowledge of the genetic diversity of Jamaican cacao germplasm is
essential for their conservation and management. In spite of cacao’s economic importance in Jamaica, the crop is under studied,
therefore limiting sound decisions toward improving productivity. Assessment of germplasm and on-farm genetic diversity is
required to assist selecting superior genotypes to propagate and distribute across the island, as well as to use them as parental
clones in breeding programs. Using 94 single nucleotide polymorphism (SNP) markers, 140 Jamaican cacao samples from two
germplasm collections and a farmer’s estate along with 150 reference samples were analyzed. The principal coordinate analysis
demonstrated that the majority of the Jamaican cacao selections were hybrids derived from five original germplasm groups,
including Criollo, Amelonado and three Upper Amazon Forastero groups. Among the Upper Amazon groups, the Bayesian
clustering analysis revealed that the Parinari (PA) ancestral lineage contributed the most (29.9%) to the Jamaican cacao germ-
plasm. The germplasm collections showed greater diversity in terms of ancestral contributions compared to the farmer’s estate.
However, the genetic differentiation between the three collecting sites was small (Fst = 0.036), indicating that samples collected
from the three sites were derived from a common pool of germplasm. The current study supports the historical records and
clarified the ancestry of Jamaican cacao. Although the majority of the cacao genetic groups were observed in the Jamaican cacao
collections, several diversity gaps were found in both germplasm collections and in the farmer’s estate, especially germplasm
with disease resistance to cacao frosty pod rot that was recently found in Jamaica.
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including West Africa, South and Central America, Asia and
the Caribbean where it is a major economic commodity (Wood
and Lass 1985; Becker 1999). The crop is primarily cultivated
for the seeds (referred to as beans) which are used for
manufacturing an assortment of products including cocoa but-
ter, solid chocolate, beverages, confectionaries, pharmaceuti-
cals and cosmetics (Liendoa et al. 1997; Beckett 2000;
Aikpokpodion 2012). Although cacao cultivation is linked to
multibillion-dollar industries, the crop is mainly cultivated by
small scale farmers that provide approximately 80-90% of the
global production (World Cocoa Foundation 2014).

Cacao cultivation in Jamaica dates back to the early seven-
teenth century (Fagan 1984; Higman 2008) with the original
planting materials being predominantly of the Criollo cacao
type (Topper 1979). These were subsequently replaced with
Amelonado cultivars, which were studier and coupled with
other improved traits (Urquhart 1957). In the mid-1940s to
late 1950s, several cacao selections, namely Imperial
College Selections (ICS), Parinari (PA), Iquitos Mixed
Calabacillo (IMC), and Scavina (SCA), were introduced to
Jamaica mainly from Trinidad and St. Vincent (Fagan and
Topper 1988). Most of these planting materials were
established at the Orange River Agricultural Research
Station located in the parish of St. Mary (Fagan and Topper
1988; see Fig. 1 for Orange River Research Station) which
now maintains the majority of the cacao germplasm (Pryce
et al. 2008). Various field trials were conducted and suscepti-
bility of some cultivars to black pod disease was identified,
which limited the use of these clones to breeding materials,
rather than being used directly for commercial cultivation.
From these planting materials, improved local hybrids were
developed and distributed to farmers, including high yielding
hybrid progenies derived from a cross of PA 150 and ICS 60
(Fagan and Topper 1988). Additional germplasms were again
introduced to Jamaica from Trinidad, namely the high yield-
ing black pod resistant Trinidad Select Hybrids (TSH). These
selected TSH clones were established in a new research sta-
tion, Montpelier Agricultural Research Station, in the parish
of St. James (Fagan 1984). Breeding programs continued and
hybrid seedlings with good performance as well as disease
resistance were propagated at both research stations and dis-
tributed to farmers across Jamaica. Subsequently, the majority
of the cacao trees found across Jamaica are a result of hybrid
crosses (Fagan and Topper 1988; Topper 1979).

Cacao is an economically important commaodity in Jamaica
and can now be found growing in almost every parish; how-
ever, the main producing parishes are St. Mary, St. Thomas,
St. Andrew and Clarendon (Jamaica Information Service [JIS]
2013). The beans, when processed, possess unique flavor at-
tributes sought after by the international market.
Consequently, the International Cocoa Council (ICCO)
ranked Jamaica a fine flavored cacao exporting country, pro-
ducing 100% fine and flavored cacao from 2007 to 2014.
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However, the percentage of fine or flavored cacao dropped
slightly to 95% in the 2015 due to panel recommendations
(ICCO 2008, 2016). Cacao production volumes have fluctu-
ated drastically over the past decades in Jamaica; between
1905 to 1925, production numbers were between 2500 and
3500 metric tons (Topper 1979), while in 2010/2011 the pro-
duction volume declined to 216.5 metric tons (JIS 2013), but
then doubled (440 metric tons) during the 2013/2014 cropping
year (JIS 2015). Several factors have contributed to the de-
cline, including low productivity, high labor costs and incon-
sistency in quality. In an effort to increase cacao production,
the Jamaican Government launched a project to rehabilitate
farms and introduce new varieties. The new seedling selec-
tions were deposited in the Ministry’s two research stations:
Orange River and Montpelier Agricultural Research Station,
and seedling materials were made available to farmers
(Ministry of Industry, Commerce, Agriculture and Fisheries
[MICAF] 2012).

Molecular makers have had a considerable impact on cacao
characterization and germplasm management. Over the past
15 years, numerous studies using various molecular markers
have reported on the identification of mislabelled accessions,
assessment of genetic redundancy in germplasm collections,
analysis of genetic diversity and population structure in cacao,
as reviewed by Zhang et al. (2012). Recently, SNPs have been
used to assess the genetic diversity of cacao. The unambigu-
ous nature of these markers allows the use of different
genotyping platforms while maintaining consistency in re-
sults, thereby facilitating comparison and sharing of informa-
tion across genebanks (Livingstone et al. 2010; Takrama et al.
2014). Additionally, the biallelic nature of the marker offers a
very low error rate during allele calling (Rafalski 2002; Vignal
et al. 2002). The use of SNP markers is not limited to
genebanks, but has been extended to research conducted in
farmers’ fields including an island-wide survey carried out in
Puerto Rico (Cosme et al. 2016) as well as in farming com-
munities in Honduras and Nicaragua (Ji et al. 2012).

Recapturing cacao as a lucrative industry in Jamaica re-
quires insight into the genetic diversity, which would comple-
ment phenotypic characterization of available germplasm, in
order to select cacao trees with superior agronomic traits and
quality attributes. Furthermore, the revealed information on
genetic identity, parentage and population membership of
the characterized cacao germplasm will facilitate effective
use of these germplasm for the development of new hybrids
to meet the market needs. The main objectives of this study
were (a) to genetically characterize cacao from the two re-
search stations and from a farmer estate consisting of three
fields in Jamaica using high throughput SNP genotyping; (b)
to assess the level of genetic diversity present at the three
collection sites; and (c) to analyze the ancestral contributions
of the genetic groups to these cacao germplasm. The resultant
information will give insight into the pool of germplasm
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present at the two research stations and improve the efficiency
for managing this cacao collection. It will also facilitate effec-
tive use of these germplasm by Jamaican cacao farmers and
breeders. To our knowledge, this is the first genetic study
conducted on Jamaican cacao and therefore forms the baseline
on which to build, conserve and utilize the Jamaican cacao
germplasm collection.

Materials and Methods
Sample Collection and DNA Extraction

Cacao trees were assessed from the two germplasm stations
(Orange River Agricultural Research Station in the parish of
St. Mary and Montpelier Agricultural Research Station in St.
James) and a farmer’s estate in Bachelor’s Hall district located
in the parish of St. Thomas (Fig. 1). At Orange River Research
Station, cocoa crops are located on seven different fields of
which five were assessed. Also, assessment at the farmer’s
estate was carried out on three different fields. A total of 160
trees were tagged for assessment; 70 at Orange River
Agricultural Research Station, 49 at Montpelier Agricultural
Research Station and 41 at Bachelor’s Hall Estate. Trees were
selected based on the level of productivity, varying pod mor-
phology and the presence of newly expanded young leaves
(various shades of green but soft). Three healthy young leaves
were collected from each individual tree and placed in labelled
zip lock bags prior to being transported on ice to The
University of the West Indies Mona Campus, Biotechnology
Centre. Additionally, each tree was tagged with the corre-
sponding label for potential revisiting.

Total genomic DNA was extracted from leaf tissues using
the Cetyl Trimethyl Ammonium Bromide (CTAB) procedure
described by Shahzadi et al. (2010) with modifications to the
extraction buffer (2.5% CTAB, 0.1 M Tris-ClI [pH 9.5],
0.025 M EDTA, 1.5 M NacCl, 4% PVP-10, 0.5% 2-f3-
mercaptoethanol). Furthermore, to facilitate maximum precip-
itation of DNA, microcentrifuge tubes containing DNA pel-
lets were incubated overnight at 4 °C. DNA presence and
quantity was assessed on 0.8% agarose gel stained with
ethidium bromide then visualized with a UV trans-
illuminator model M-20 (Upland, CA, USA). The DNA sam-
ples were then sent to Sustainable Perennial Crops Laboratory
(SPCL) USDA Beltsville Agricultural Research Center,
Maryland, USA for genotyping.

At the Sustainable Perennial Crops Laboratory, DNA con-
centrations were determined by measuring absorbance at
260 nm, using a NanoDrop spectrophotometer (Thermo
Scientific™, Wilmington, DE, USA). DNA purity was esti-
mated by the 260 : 280 ratio and the 260 : 230 ratio of absor-
bance maximums.

SNP Markers and Genotyping

SNP loci were identified from expressed sequence tags (ESTs)
developed from cDNA sequences obtained from a wide range
of cacao plant parts that displayed a good representation of the
cacao transcriptome (Argout et al. 2008, 2011). The 96 SNP
loci used for this panel were previously reported on by Ji et al.
(2012), Fang et al. (2014) and Lukman et al. (2014). The 96
SNPs, the flanking sequences and their distribution across the
ten cacao chromosomes are listed in the Supplemental
Table 1. The protocol for SNP genotyping of cacao used the
Fluidigm 96.96 Dynamic Array™ (Fluidigm, San Francisco,
CA). Each 96.96 Dynamic Array can run 96 samples against
96 SNP assays generating a total of 9216 data points in a
single experiment. One key feature of this protocol is the in-
clusion of a specific targeted amplification (STA) reaction
(Wang et al. 2009), which allows the enrichment of template
molecules for each individual Integrated Fluidic Circuit®
(IFC) reaction that facilitates the multiplexing during genotyp-
ing. An advantage to STA is that it allows the use of limited or
low-quality DNA samples and reduces bias that may occur
when samples are loaded to the 96 sample wells of the IFC.
Since cacao leaf tissues contain high levels of polysaccharides
and polyphenolic compounds that can potentially inhibit PCR
amplification, the STA step was strongly recommended. The
STA reaction was performed as described in the Fluidigm
SNP Genotyping User Guide, PN 68000098 Rev. I1
(Fluidigm 2013). The STA master mix consisted of 2.5 uL.
of TagMan® Taq polymerase (Life Technologies, Carlsbad,
CA), PreAmp Master Mix (2X), 1.25 uL of Pooled assay mix
(0.2X), and 1.25 pL of genomic DNA for a total reaction
volume of 5.0 pL.

PCR was performed with an initial denaturation step of
95 °C for 10 min, followed by 14 cycles of a 2-step amplifi-
cation profile consisting of 15 s at 95 °C and 4 min at 60 °C.
The resulting amplified DNA was then diluted 1:5 in TE buft-
er in order to reduce the concentration of any remaining PCR
by-products. Samples were then genotyped using the
nanofluidic 96.96 Dynamic Array™ IFC (Integrated Fluidic
Circuit; Fluidigm Corp.). The 96.96 Dynamic Array IFC for
SNP genotyping was described by Wang et al. (2009). End-
point fluorescent images of the 96.96 IFC were acquired on an
EP1™ imager (Fluidigm Corp.). The data was recorded with
Fluidigm Genotyping Analysis Software (Fluidigm, San
Francisco, CA).

Data Analysis

Raw data was organized in Microsoft Excel 2007 for each
SNP locus and sample call. The threshold of no call was set
at 10%. Samples with more than 10% no call were excluded
from subsequent data analysis. For duplicate identification,
pairwise multi-locus matching was applied among individual
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Fig. 1 Map of Jamaica showing the locations of the two germplasm stations (Orange River Agricultural Research Station in the parish of St. Mary and
Montpelier Agricultural Research Station in St. James) and the farmer’s estate (Bachelor’s Hall Estate) in the parish of St. Thomas

Jamaican samples using the computer program GenAlEx 6.5
(Peakall and Smouse 2006, 2012). DNA profiles of the
Jamaican samples that were fully matched at all genotyped
SNP loci were declared duplicates or synonymous accessions
(same genotype/clone). One accession from each duplicate
group was retained for subsequent analyses. Additionally,
DNA fingerprint profiles of 150 known cacao samples were
included as reference samples (Supplemental Table 2). These
references were previously generated by USDA SPCL and
have been reported in previous publications (Zhang et al.
2009; Jietal. 2012; Cosme et al. 2016). The samples included
individual genotypes representative of previously defined ca-
cao genetic populations or germplasm. Pairwise multi-locus
matching was also applied between the Jamaican samples and
reference clones to decipher identification using the same
program.

Descriptive statistics measuring informativeness and qual-
ity of the 94 successfully amplified SNP loci were calculated
using the GenAlEx 6.5 program (Peakall and Smouse 2006,
2012). The key descriptive statistics included Shannon’s in-
formation index (I), observed heterozygosity (Hoys), €xpected
heterozygosity (Hgy,,), minor allele frequency (MAF), fixation
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index (F) and inbreeding coefficient within individuals rela-
tive to the population (Fig). For this study, the expected het-
erozygosity was used to estimate the genetic diversity. The
parameters were computed separately for the Jamaican and
reference populations, as well as for the combined data
utilized.

Distance-based multivariate analysis was used to assess the
relationship among the individual Jamaican cacao samples as
well as their relationship with reference samples from interna-
tional cacao genebanks. Pairwise genetic distances were com-
puted using the DISTANCE procedure implemented in
GenAlEx 6.5(Peakall and Smouse 2006). The same program
was then used to perform Principal Coordinates Analysis
(PCoA) based on the pairwise distance matrix, both distance
and covariance were standardized.

A cluster analysis using the neighbour-joining method
was used to further examine the genetic relationship among
the Jamaican (140) and reference (150) cacao populations.
First, the distances between individuals were calculated
using the shared proportion of alleles distance measurement
in the program Microsatellite Analyser (MSA; Dieringer
and Schlotterer 2003) with 100 bootstrapping. The resulting
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Table 1 Duplicates identified by SNP genotyping of 160 cacao trees
sampled from the two research stations and the farmer’s estate in Jamaica

Synonymous group Accession  Collection Site/ Parish

1 ORRS* 51  Orange River germplasm / St. Mary
1 ORRS 52 Orange River germplasm / St. Mary
1 ORRS_55  Orange River germplasm / St. Mary
1 ORRS 56  Orange River germplasm / St. Mary
1 ORRS 62  Orange River germplasm / St. Mary
2 ORRS 22 Orange River germplasm / St. Mary
2 ORRS_ 34  Orange River germplasm / St. Mary
2 ORRS 36  Orange River germplasm / St. Mary
2 ORRS 53  Orange River germplasm / St. Mary
2 ORRS 58  Orange River germplasm / St. Mary
2 ORRS 59  Orange River germplasm / St. Mary
2 ORRS 60  Orange River germplasm / St. Mary
2 ORRS 61  Orange River germplasm / St. Mary
3 ORRS 17  Orange River germplasm / St. Mary
3 ORRS 18  Orange River germplasm / St. Mary
4 ORRS 39  Orange River germplasm / St. Mary
4 ORRS 40  Orange River germplasm / St. Mary
5 ORRS 23  Orange River germplasm / St. Mary
5 ORRS 33  Orange River germplasm / St. Mary
5 ORRS 35  Orange River germplasm / St. Mary
5 ORRS 38  Orange River germplasm / St. Mary
6 ORRS 63  Orange River germplasm / St. Mary
6 ORRS 64  Orange River germplasm / St. Mary
7 MpRS® 024 Montpelier germplasm / St. James

7 MpRS 026 Montpelier germplasm / St. James

7 MpRS 034 Montpelier germplasm / St. James

8 BHE® 052  Bachelor’s Hall Estate / St. Thomas
8 BHE_ 054  Bachelor’s Hall Estate / St. Thomas

*ORRS = Orange River Agricultural Research Station
®MpRS = Montpelier Agricultural Research Station
°BHE = Bachelor’s Hall Estate (farmer owned)

distance matrix was used to generate a dendrogram using
the Neighbour-joining algorithm (Saitou and Nei 1987)
available in the program PHYLIP (Felsenstein 1989).
Thereafter, the dendrogram was visualized using the
FigTree program version 1.3.1 (Rambaut 2009).

The population structure of the Jamaican samples was
determined using model-based Bayesian cluster analysis
software STRUCTURE v2.3.4 (Pritchard et al. 2000).
The analysis included seven distinctive cacao germplasm
groups serving as references. The seven reference groups
were selected based on the known history of cacao germ-
plasm utilization in Central America and the Caribbean
(Bartley 2005; Motamayor et al. 2008; Zhang and Motilal
2016). The full list of cacao accessions representing these
seven groups is presented in Supplemental Table 2. To

ensure that the assignment tests were not affected by the
sample size of the tested accessions, the sample size of
each reference group was brought up to 200 using the
SIMULATION procedure implemented in the computer
program ONCOR (Kalinowski et al. 2007). The simulated
populations were then analyzed together with the 140
Jamaican cacao samples. An admixed model was selected
and the number of clusters (K value) was set to 7 in corre-
spondence to the possible genetic groups contributing to
the Caribbean cacao collection. Ten independent runs were
assessed for each K. All runs were carried out using
200,000 iterations after a burn-in period of 100,000.
From the 10 independent runs, the highest Ln Pr (X|K)
value was chosen and presented as bar plots for each sam-
pling site.

Analysis of molecular variance (AMOVA) implemented in
GenAlEx 6.5 (Peakall and Smouse 2012) was used to assess
the genetic variation of the different collection sites. The co-
dominant allelic distance was calculated, after which the sta-
tistical significance of the variances was tested using 9999
random permutations. The molecular variance was partitioned
into populations within and among individuals.

Results
SNP Genotyping and Duplicate Identification

From the 96-SNP panel chosen for this study, two markers
(TcSNP534 and TcSNP1484) were excluded, as they pro-
duced low repeatability for the internal controls utilized to
check comparability across the plates. The remaining 94
SNP markers successfully fingerprinted the 160 Jamaican
accessions.

Pairwise multilocus matching of the SNP profiles revealed
duplication in the Jamaican cacao population assessed. Based
on the 94 SNP markers, eight synonymous groups were iden-
tified including 28 accessions from the total Jamaican sam-
ples. Accessions assembled into the same synonymous group
share identical SNP profiles at all 94 loci. (Table 1). From each
synonymous group, one accession was selected as having a
unique SNP profile for that group. Therefore, duplicated ac-
cessions amounted to 20 (duplicates accounting for 12.5% of
the total Jamaican cacao samples). Percentage duplication was
assessed for each collection site. Orange River germplasm
collection recorded the highest percentage duplication
(24.3%), while Montpelier germplasm collection recorded
4.1% and the farmer’s collection recorded 2.4%. The remain-
ing 140 accessions, which accounted for 87.5% of the total
samples, possessed unique SNP profiles and will hereafter be
referred to as unique genotypes. Furthermore, none of the
Jamaican samples matched with the reference clones used in
this study.
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Table2  Summary statistics for the 94 SNP loci used in computing genetic
diversity in the 140 Jamaican cacao samples and 150 reference samples

SNP locus I HObs®  HExp® F° MAF¢
TeSNP11 0.389 0311 0.266 -0.146 0.495
TeSNP17 0.407 0.280 0.264 -0.082 0.240
TcSNP19 0.361 0.249 0.238 -0.022 0.376
TeSNP23 0.252 0.192 0.162 -0.148 0.233
TcSNP25 0.132 0.066 0.075 0.042 0.135
TeSNP28 0.109 0.060 0.061 -0.011 0.098
TcSNP32 0.356 0.298 0243 -0.174 0471
TeSNP42 0.517 0.565 0356 —0.480 0499+
TeSNP60 0275 0.174 0.164 -0.063 0211
TeSNP122  0.295 0203 0.200 -0.011 0.281
TeSNP139 0514 0411 0353 -0.141 0.364
TeSNP144  0.465 0.299 0315 0.088 0.427
TeSNPISO  0.373 0323 0.246 -0.273 0.280
TcSNP151 0.403 0.314 0.274 -0.139 0.478
TeSNP160  0.319 0.192 0.199 0.049 0.205
TeSNP172 0515 0.549 0360 -0.497 0416
TeSNP193  0.414 0.299 0.282 0.018 0.498
TeSNP205 0310 0234 0.202 -0.058 0.299
TcSNP242  0.445 0366 0302 -0.176 0412
TeSNP269  0.450 0363 0307 -0.115 0.337
TcSNP277 0.634%* 0.775%* 0.447%* -0.671 0.400
TeSNP309  0.373 0.256 0.256 -0.024 0.269
TeSNP316 0360 0.268 0238 -0.036 0.367
TeSNP372 0274 0.206 0.166 -0.178 0.285
TeSNP389  0.575 0.584 0392 -0.416 0.474
TeSNP395  0.356 0.298 0231 -0.178 0.253
TcSNP413  0.433 0313 0.297 -0.038 0.393
TcSNP418  0.502 0344 0339 0.035 0.428
TeSNP427  0.434 0332 0.291 ~0.064 0.476
TcSNP437 0.106* 0.055% 0.054* -0.016 0.102
TeSNP497 0530 0.484 0359 -0.281 0.334
TeSNPS10  0.434 0341 0302 -0.127 0.454
TeSNP521  0.238 0.118 0.154 0.122 0.402
TcSNP524  0.437 0341 0291 -0.128 0333
TeSNP529 0340 0.256 0236 -0.101 0.310
TeSNP546  0.529 0336 0355 0.088 0.403
TcSNP547  0.396 0304 0276 -0.097 0.442
TeSNP560  0.381 0.245 0.254 0.035 0.434
TeSNP561  0.284 0.201 0.190 -0.060 0.442
TeSNP563  0.307 0.245 0.207 -0.071 0363
TeSNP577 0370 0.230 0.260 0.128 0.478
TcSNP588  0.265 0218 0.165 -0.233 0.291
TeSNP591  0.395 0.298 0.267 -0.101 0.364
TcSNP595  0.382 0242 0.240 0.046 0.245
TeSNP606  0.565 0.456 0.384 -0.167 0.462
TeSNP619  0.373 0252 0.250 -0.017 0473
TeSNP632  0.352 0.288 0.237 -0.163 0.339
TcSNP645 0375 0273 0257 -0.079 0.354
TcSNP653  0.385 0218 0.256 0.170=* 0310
TeSNP674 0310 0221 0.195 -0.081 0.219
TcSNP689 0334 0.255 0.205 -0.170 0.260
TeSNP709  0.508 0523 0346 -0.369 0.443
TcSNP723 0.358 0.221 0.223 0.075 0.237
TeSNP731 0.573 0.509 0387 -0.274 0.462
TeSNP750  0.238 0.186 0.153 -0.164 0.199
TeSNP751  0.448 0.494 0307 -0.490 0.383
TeSNP791  0.244 0.165 0.157 -0.059 0213
TcSNP836 0.206 0.128 0.119 —-0.055 0.239
TeSNP852 0320 0.229 0217 -0.057 0.366
TcSNP872 0.391 0.268 0.265 0.107 0.471
TcSNPS86 0344 0277 0.234 -0.169 0.279
TeSNP89I 0210 0.133 0.128 -0.062 0.268
TcSNP894 0196 0.094 0.113 0.029 0.106
TeSNP9IS  0.365 0.206 0231 0.152 0305
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Table 2 (continued)

SNP locus I HObs®  HExp® F° MAF!
TeSNPO17 0381 0.250 0253 0.002 0.428
TcSNP929 0.298 0.251 0.201 -0.131 0.240
TcSNP944  0.295 0.195 0.187 -0.058 0.244
TeSNP953  0.176 0.126 0.107 -0.151 0.229
TcSNP994 0363 0.269 0.244 -0.091 0433
TeSNP996  0.448 0339 0.295 -0.112 0.308
TcSNP998 0.441 0.310 0.297 —0.043 0.259
TeSNP999  0.467 0.390 0317 -0.169 0.269
TcSNP1034  0.255 0224 0.166 -0.272 0.205
TeSNP1060  0.402 0308 0.270 -0.120 0.292
TeSNP1062  0.396 0.329 0.269 -0.076 0.486
TeSNP1069  0.196 0.098 0.102 0.031 0.224
TeSNP1075  0.123 0.073 0.071 -0.028 0.141
TeSNP1096  0.462 0.600 0325 -0.775%  0.482
TcSNP1108  0.249 0210 0.168 -0.236 0223
TcSNP1126 0.308 0.201 0.200 0.027 0.249
TeSNP1136  0.339 0.262 0227 -0.084 0.348
TcSNP1149 0.282 0.203 0.178 —0.090 0.251
TeSNP1159 0354 0.265 0.226 -0.078 0213
TcSNP1165 0451 0335 0303 -0.036 0.359
TeSNP1175  0.369 0.292 0251 -0.138 0.476
TcSNP1194  0.388 0381 0.268 -0.406 0.231
TcSNP1253 0.413 0.295 0.285 —0.040 0.418
TeSNP1270 0300 0.194 0.204 0.067 0.459
TcSNP1350  0.343 0221 0234 0.048 0.443
TcSNP1383  0.224 0.146 0.142 —0.044 0.097
TcSNP1392  0.168 0.104 0.103 -0.029 0.078*
TcSNP1414  0.372 0305 0.248 -0.203 0323
TcSNP1439  0.507 0.440 0347 -0.228 0.332
TcSNP1442  0.377 0.262 0.266 0.010 0.383
Mean 0.360 0.280 0.240 -0.114 0.330

(*) minimum and (**) maximum values for the statistical measures

#I = Shannon Information Index

® Hops = Observed heterozygosity and; Hgyp = Expected heterozygosity
¢F = Fixation Index

9MAF = Minor allele frequency

Descriptive Statistics

The 140 Jamaican samples and 150 reference clones were used
to compute the summary statistics for the 94 SNP markers and
the results are presented in Table 2. The mean value for
Shannon’s information index was 0.360, ranging from 0.106
for TcSNP437 locus to 0.634 for TcSNP277 locus. The mean
observed heterozygosity (Hoyp,s) was 0.280, ranging from 0.555
for TcSNP437 locus to 0.775 for TcSNP277 locus. The mean
genetic diversity (expected heterozygosity) was slightly lower
than Hqy,s. The analysis revealed a mean genetic diversity of
0.240, ranging from 0.054 for TcSNP437 to 0.447 for
TcSNP277. Of the 94 markers, 73 (78%) revealed negative
fixation index values, while 21 showed low positive values.
Consequently, the mean fixation index (F) was negative
(=0.114), ranging from —0.775 for TcSNP1096 locus to 0.170
for TcSNP653 locus due to the excess of heterozygotes ob-
served. The mean minor allele frequency was 0.330, ranging
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from 0.078 for TcSNP1392 locus to 0.499 for TcSNP42 locus.
The Jamaican population had higher observed heterozygosity
(0.477) and genetic diversity (0.385) and a much lower inbreed-
ing coefficient (—0.214) compared to the reference accessions
(Hops = 0.206, Hgyp, = 0.185, Fig =—0.080; Table 3) suggesting
that the Jamaican cacao collection consists of mainly hybrids
(mixing of populations). Comparison between the levels of
diversity among the three collection sites revealed that Orange
River germplasm collection (Hgy, = 0.406) was the most genet-
ically diverse, while the farmer’s collection was the least diverse
(0.373). The Montpelier germplasm collection had a similar
level of genetic diversity (0.378) to that of the farmer’s collec-
tion (Supplemental Table 3).

Genetic Relationship among Jamaican Accessions
and Reference Clones

The genetic relationship among the Jamaican cacao samples
and the reference accessions were presented in the principal
coordinates analyses (PCoA) plots (Fig. 2a-c). The three main
PCoA axes, which accounted for 48.4% of the total variation,
grouped the 150 reference accessions into seven clusters
representing six genetic groups and one hybrid group. The first
cluster consisted exclusively of reference samples from the pure
Criollo group. The second cluster is the SCA group, which is
comprised of wild Peruvian trees mainly from the Ucayali pop-
ulation and includes SCA 6 and SCA 24. The third cluster
comprised of the Nacional accessions, which are not widely
distributed and produce a unique “Arriba” flavour distinct to
Ecuador cacao beans (Loor et al. 2009). The fourth cluster is a
combination of genetic groups NA and PA which are a part of
the Pound collection of natural populations originally collected
from the Marafion river basin in Peru (Bartley 2005; Zhang
etal. 2009). The fifth cluster also consists of Peruvian wild trees
from the Pound collection but, belonged to the genetic group
IMC. The sixth group comprised the Amelonado accessions
and the final group consisted of the Trinitario hybrids. Most
of the Jamaican samples were dispersed among the reference
groups indicating admixed ancestral backgrounds for these
samples. Most of the Jamaican samples overlapped with PA,
NA, IMC and Trinitario clusters. They were also distributed
near the Amelonado and SCA clusters. No Jamaican samples

Table 3 Comparison of genetic diversity between Jamaican samples
and reference samples based on information index, observed
heterozygosity, expected heterozygosity and the inbreeding coefficient

Populations I Hobs Heyp Fis

Jamaica selections (n = 140) Mean 0.564 0477 0.385 -0.214
SE 0.009 0.013 0.008 0.026

Reference selections (n=150) Mean 0.284 0.206 0.185 —0.080
SE 0.010 0.009 0.007 0.021

were found near the Criollo and Nacional groups, which includ-
ed mostly homozygous genotypes (Fig. 2a-c).

The dendrogram (Fig. 3) separated the Jamaican cacao and
reference samples into two main clusters. The first cluster
exclusively consisted of the Nacional and SCA reference
groups. The second cluster consisted of all the Jamaican sam-
ples along with the other reference populations (Amelonado,
Criollo and Trinitario) and three of the Peruvian wild cacao
groups (NA, IMC and PA). Like the PCoA, the dendrogram
revealed the reference group Nacional had no relationship to
the Jamaican samples when compared to the other reference
groups, as no Jamaican samples were found near this clade.

Inference of Ancestral Background and Population
Differentiation of Jamaican Accessions

The Bayesian clustering analysis separated the reference clones
into the 7 respective genetic groups: IMC, NA, SCA, PA,
Nacional, Amelonado and Criollo. The seven clusters
represented all of the possible genetic populations that most
likely contributed to the early introductions of cacao to
Jamaica. Within the population structure analysis, Trinitario
was not considered a distinct reference group as its genetic
background is an admixture of Criollo and Amelonado.
Furthermore, the new classification of the cacao genetic
groups by Motamayor et al. (2008) excluded Trinitario. The
bar plots (Fig. 4) and the PCoA (Fig. 2) results validated that
most of the Jamaican cacao accessions are hybrid genotypes. In
this study, genotypes were classified as having a single ancestral
origin (belonging to a single genetic group) if the Q value was
>0.75 for a specific genetic group and no single remaining
genetic group possess a Q value of 0.25. If the above occurred,
the genotype would be considered as having single ancestral
origin with significant contributions from the latter genetic
group. Meanwhile, genotypes with a Q value below 0.75 for
any genetic group were denoted as hybrids having ancestral
contributions from two or more genetic groups. Among the
140 different Jamaican genotypes identified, only 11 could be
classified as having a single ancestral origin. The 11 clones
were distributed among the 3 sites with § belonging to the
Parinari reference group (ORRS 16, ORRS 70, MpRS 014,
MpRS 025, MpRS 028, MpRS 040, BHE 067, and
BHE 080) and 3 to the IMC group (ORRS 3, ORRS 24,
ORRS 44). The remaining 129 genotypes were classified as
admixed individuals or inter-population hybrids with their an-
cestral contribution ranging from two to seven of the reference
genetic groups (Figs. 2 and 4). Among the 129 hybrid plants,
13.2% can be classified as an admixture of Amelonado and
Criollo (classical Trinitario type), of which 10.8% (14) was
found in the Orange River germplasm collection while the
Montpelier germplasm collection and the farmer’s collection
constituted 1.6% (2) and 0.78% (1), respectively (Figs. 2 and 4).
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Fig. 2 Principal coordinate analysis plots for the 140 Jamaican cacao
samples and 150 reference accessions. The first axis represents 22.78%
of the total information, the second 18.63% and the third 6.99%. a depicts

The Orange River germplasm collection and the Montpelier
germplasm collection revealed a larger ancestral genetic range
(predominantly five genetic groups) than that of the farmer’s
collection, which showed predominantly three genetic groups
contributing to the background of the hybrids (Table 4).
Overall, the Jamaican accessions were predominantly of
Parinari lincage with an average population membership (Q
value) of 29.9% (Fig. 5). The second largest ancestral contribu-
tion came from the Amelonado group, which accounted for
25.9% followed by the Criollo (17.0%) and IMC (13.2%)
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Parinari + Scavina

samples belonging to Orange River Agricultural Research Station, b
depicts samples from Montpelier Agricultural Research Station and (c)
depicts samples from the farmer’s estate in Bachelor’s Hall District

groups. The other 3 genetic groups: SCA, NA and Nacional
contributed the least, 9.3%, 3.7% and 1.0% respectively, of their
ancestry to the Jamaican accessions (Fig. 5). It should be noted
that even though the PCoA revealed more samples overlapping
with the NA than the SCA genetic group, SCA contributed
more (9.3%) to the ancestral background of the Jamaican
samples.

A small but significantly (p =0.001) low level of genetic
differentiation (Fst=0.036) was observed among the
collecting sites. The AMOVA indicated that majority of the
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Fig. 3 Neighbour-joining dendrogram depicting the relationships
between and among the Jamaican cacao (140) and reference accessions
(150). The first cluster exclusively consisted of the Nacional and SCA
reference groups. The second cluster consisted of all the Jamaican

genetic differentiation was attributed to individuals within the
population (97%) while 3% variation occurred among collec-
tion sites. No variation was present among individuals within
the different collection sites (Fig. 6).

Discussion

Genetic characterization and the presence of variation are key
steps towards successful breeding and conservation of cacao
cultivars. This is because morphological traits by themselves
are insufficient to distinguish closely related samples and, as
such, the precise variation that exists among genotypes may
not be realized. The current study genetically characterized a
fraction of the cacao genotypes present in Jamaica. From this

[ | Criollo
. Trinitario

1 123sND

Amelonado TUNA

Il Jamaica samples
samples along with the other reference populations (Amelonado,
Criollo and Trinitario) and three of the Peruvian wild cacao groups

(NA, IMC and PA). Colored branches and codes correspond to the
reference samples while the Jamaican samples are displayed in black

information, an indication of the genetic diversity of the island’s
cacao was revealed. Furthermore, quantifying and understand-
ing the genetic groups which harbor important agronomic and
disease resistant characteristics in the Jamaican cacao collection
will prove useful for future breeding programs, since Jamaica’s
cocoa industry now faces new disease challenges.

Duplication (genetic redundancy) of germplasm accessions is
a serious problem found in many cacao collections worldwide. It
not only hinders the effective management of germplasm col-
lections but also limits the genotype diversity available for utili-
zation (Zhang et al. 2006, 2009). From the current study, a
considerable amount of duplication was present at the Orange
River Agricultural Research Station (24.3% duplication). This
suggests that there has been substantial amount of clonal multi-
plication (vegetative propagation) in the propagation of
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Fig. 4 Population structure for Jamaican cacao accessions and reference
clones using STRUCTURE, where k="7. a Bar plot of reference groups
from which Jamaican cacao are descendants of. Each color represents a
distinct ancestral genetic group. Bar plots depicting the inferred ancestry
of cacao samples belonging to (b) Orange River Agricultural Research
Station, ¢ Montpelier Agricultural Research Station and (d) farmer
collection from Bachelor’s Hall District. Codes on the x-axis represents

materials at the research station. Clonal multiplication is rare in
farmer fields, but is commonly practiced in the research station.
However, it is the unrecognized duplication that poses an issue
because some materials were mistakenly maintained as different
germplasm accessions. The result also demonstrates that previ-
ous identification techniques based on morphological descrip-
tors are not sufficient for accurate genotype identification. The
above percentage duplication is comparable with other studies,
which reported 19.6% duplication in CATIE germplasm (Zhang
et al. 2009), 20.1% in TARS germplasm (Irish et al. 2010) and
14.4% in the International Cocoa Genebank, Trinidad (Motilal
et al. 2011) even though, their sample size was larger. On the

Parinari Criollo

individual genotypes, and the probability (Q value) of each genotype
belonging to a subpopulation(s) is plotted on the y-axis. Each vertical
bar represents one genotype. Each color represents a specific ancestral
population to which the genotypes most likely belong. The length of the
color segments in each bar indicate the proportion of the inferred genetic
group to that individual genotype. Genotypes with multiple colors are
denoted as admixed genotypes or inter-group hybrids

other hand, Montpelier Agricultural Research Station recorded
only 4.1% duplication in its germplasm collection. However, it
should be noted that the amount of duplication recorded in this
study could be greater (not smaller). This is because genotyping
error (missing data at loci) at a small number of loci may indicate
that duplicate samples are different if there are missing data at a
locus for one sample and data is present at the same locus for the
other sample (Zhang et al. 2006).

A small percentage (2.4%) of duplication was present in
the farmer’s collection. Similar findings were reported on
farms surveyed in Honduras and Nicaragua (8.6%) (Ji et al.
2012). Although both farm collections gave comparable

Table 4 Average population
membership (Q-value) based on
the inferred genetic groups for
each collection site

Collection Sites

Percentage Population membership

MC NA SCA  Nacional Criollo Amelonado  PA
Orange River germplasm (n=53) 20 4 12 1 18 31 14
Montpelier germplasm (n =47) 14 3 11 1 12 22 37
Farmer’s collection (n = 40) 4 4 3 1 21 24 43
Overall Sites 13.2 3.7 9.3 1.0 17.0 259 29.9
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Fig. 5 The ancestral contributions of the genetic groups to the Jamaica
cacao population based on average coefficient of memberships (Q- value)

percentage duplication, the farmer’s collection in Jamaica
consisted of 40 accessions, while the study by Ji et al.
(2012) consisted of 115 accessions. Farms are generally com-
posed of a mixture of materials from local germplasm and
unknown origins. This is because, farmers tend to plant seeds
selected from their own field based on trees identified as hav-
ing desirable agronomic traits. This practice results in the gen-
eration of trees with varying genotypic and phenotypic char-
acteristics due to the outcrossing nature of cacao. Nonetheless,
duplication in the farmer’s fields is not completely unexpect-
ed as the farmer may have received cuttings of the same clone
from different sources and/or at different times.

Among the three sites assessed, the farmer’s estate had least
gene diversity (Hgy, = 0.373) while Orange River germplasm
collection had the highest gene diversity (Hgy, = 0.406). This
was expected as breeders practice intense recombination

Percentages of Molecular Variance

Among Pops
3% Among Indiv
0%

Within Indiv
97%

Fst=10.036; P=0.001

Fig.6 Analysis of molecular variance pie chart for the 140 cacao samples
from the three collection sites in Jamaica

through hybridization to achieve new varieties for agronomic
purposes therefore, high rate of gene flow occurring. This
result coincides with previous studies by Padi et al. (2015)
comparing farmers’ open pollinated trees (0.245) with
breeders’ accessions (0.346). Conversely Efombagn et al.
(2008) detected slightly higher gene diversity on farm (0.50)
than in Genebank (0.49) collection in Cameroon.

A foundation for breeding cacao in Jamaica was created by
planting materials that were imported from Trinidad.
Traditionally, introduction and distribution of planting mate-
rials in Jamaica were by rooted cuttings or budding. Materials
introduced to Jamaica included Trinitario selections (hybrids of
Criollo and Amelonado), IMC, SCA and PA selections, among
others. However, in the late 1950s, research carried out in
Trinidad and Ghana prompted the need to distribute hybrid
seedlings obtained from crosses of Amelonado and Trinitario
varieties, as well as crosses including wild accessions from the
“Pound Collection”(Anonymous 1977 in Fagan and Topper
1988). These hybrid seedlings were considered sturdier and
more vigorous than the traditional rooted cuttings and
budwoods (Topper 1979; Anonymous 1977 in Fagan and
Topper 1988). Consequently, hybrid seedlings became the larg-
est proportion of materials distributed across Jamaica (Topper
1979; Fagan and Topper 1988). This suggests that alleles from
external populations have been contributing to the gene flow,
leading to the formation of hybrid materials in Jamaica.

Since the change in planting materials from rooted cuttings
and budwoods to hybrid seedlings (resulting from Upper
Amazon Forastero crossed with Amelonado or Trinitario),
many hybrid seeds were introduced from Trinidad with admix-
tures of IMC, PA, ICS, and SCA genetic groups. Additionally,
breeders in Jamaica began to produce local hybrid seeds
through open and hand pollination. By 1961, an appreciable
number of hybrid seedlings were developed in Jamaica reduc-
ing the importation of planting materials from Trinidad (Fagan
1979; Fagan and Topper 1988). The present study is in accor-
dance with the breeding history of cacao in Jamaica, as the
PCoA revealed that the Jamaican samples were distributed
among most of the reference groups indicating a mixed ances-
tral background. The Jamaican cacao samples were scattered
among three of the Upper Amazon Forastero groups (NA, PA
and IMC), and among or between the Trinitario and Amelonado
clusters. The Trinitario group is formed from natural hybridiza-
tion of the two “varieties” Amelonado and Criollo (Motamayor
et al. 2003) and possesses improved agronomic and flavour
attributes of both groups. Although the PCoA explained a small
percentage (48.4%) of the total variation, the results reveal sim-
ilar patterns in the Bayesian clustering analysis and the dendro-
gram. All analyses demonstrated that the majority of the
Jamaican samples were derived from multiple genetic groups,
resulting in plants of high admixed ancestry. This further indi-
cates that there is no distinct genetic structure in the cacao pop-
ulation assessed. Of the 140 samples assessed, 92% (129
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samples) were classified as admixed individuals (using the
threshold of Q < 0.75) with their ancestral contribution ranging
from two to six of the reference genetic groups, while the other
8% indicated single ancestral origin from PA and IMC. The
presence of significant amount of admixture in germplasm col-
lections and on farmers’ fields was also evident in studies con-
ducted in the Dominican Republic (Boza et al. 2013),
Cameroon (Efombagn et al. 2008), Ghana (Padi et al. 2015),
Peru (Zhang et al. 2011) and Indonesia (Lukman et al. 2014;
Dinarti et al. 2015). From the above studies and current
findings, cacao hybrids are common on farms and can be
attributed to the fact that hybrid plants are more vigorous and
studier. According to Topper (1979) crosses between Upper
Amazon germplasm and Trinidad Selections exhibit high yield
and vigour. As a result, hybrid seedlings were the largest pro-
portion of planting material distributed across Jamaica.

Germplasm collections serve as the principal source of plant
genetic resources and therefore, should consist of the greatest
possible variability. Among the three localities, the two germ-
plasm stations revealed a wider range of ancestral contributions
across the genetic groups compared to the farmer’s collection.
This, therefore, reflects their greater variability in germplasm
than that of farmer’s collection. Five of the seven genetic
groups corresponding to PA, Amelonado, Criollo, SCA and
IMC were represented principally at the germplasm stations.
However, on the farmer’s estate, only three of the seven genetic
groups corresponding to PA, Amelonado and Criollo made
ancestral contributions to the farmer’s selections. This narrow
ancestral background may be due to limited access to diverse
planting materials. Also, as previously mentioned, farmers ex-
pand their farms using their own seeds, therefore limiting the
introduction of new genetic groups into their fields. It may also
be due to the farmer’s selections, whereby trees consisting of
the three genetic groups produce large pods and favorable bean
size catering to economic gains.

Overall, the Parinari lineage made the greatest ancestral con-
tribution to the Jamaican population, followed by Amelonado
and Criollo. The Parinari group is known for its diverse mor-
phological features, which accounts for the important agronom-
ic and economic traits present within the population. Desirable
features within this population include high yield potential,
favourable level of resistance to witches’ broom and black
pod diseases, large beans and favourable pod index value
(Fagan 1979; Sounigo et al. 2005; Bekele et al. 2008).
Consequently, this germplasm group has been widely used as
a parent genotype in breeding programs worldwide. Such is the
case in Jamaica, where the Parinari group is among the most
important female parent material used in the production of
high-yielding local hybrids (Fagan and Topper 1988).
Similarly, it was the largest ancestral contributor to farms in
West Africa (Aikpokpodion 2010) and Indonesia (Lukman
et al. 2014). Conversely, studies conducted in neighbouring
islands of the Dominican Republic and Cuba revealed
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Amelonado lineage as the predominant genetic group contrib-
uting to their cacao collections (Boza et al. 2013; Martinez et al.
2015). The greater contribution of Amelonado than Criollo to
the Jamaican ancestral background is expected since
Amelonado is more widely distributed in the Caribbean than
the Criollo (Bartley 2005; Zhang and Motilal 2016).

The Nacional genetic group utilized in the reference collection
consisted of pure Nacional samples which are highly homozy-
gous. This native Nacional group found in Peru and Ecuador is
known for its unique “arriba” flavour constituting various char-
acteristics including low acidity and bitterness along with its
floral and fruit taste (Deheuvels et al. 2004; Eskes et al. 2007).
This group was not widely distributed in comparison with other
Upper Amazon Forastero populations, and similar findings were
reported in Cuba (Martinez et al. 2015), Dominican Republic
(Boza et al. 2013) and Indonesia (Lukman et al. 2014).
However, some Nacional type germplasm (e.g. UF 712, UF
273 and UF 12) has been used as key progenitors for breeding
resistance to Frosty pod rot disease (caused by Moniliophthora
roreri) in Costa Rica (Phillips-Mora et al. 2009). Given the recent
occurrence of Frosty pod rot disease in Jamaica, the introduction
of these germplasm accessions could be utilized to incorporate
host resistance into the Jamaican cacao germplasm.

The Jamaican cocoa samples were collected from three dif-
ferent sites which possess different microclimates. However,
there was a small but significantly low genetic differentiation
among the three sites (Fst=0.036). Nevertheless, the results
indicate that most of the diversity resided among individuals
rather than sites. This suggests that planting materials from the
three sites were derived from a common pool of germplasm or
same seed garden reservoir. This agrees with Fagan and Topper
(1988), which reported that the majority of Jamaica’s planting
materials were from Trinidad’s germplasm collection and dis-
tribution of the materials were in the two germplasm stations.
Thereafter, local crosses were developed which showed disease
resistance and good yield potential. Additionally, farmers re-
ceive planting materials from germplasm collections and there-
after use seeds from fiuits of trees they consider to be superior
trees to expand their farms. Consequently, many crosses oc-
curred among different individual trees accounting for the high
diversity among individuals.

In summary, the use of 94 SNP markers was useful and
adequate to genetically characterize and assess the ancestral
background of the existing cacao diversity in the two germ-
plasm collections and the farmer’s collection in Jamaica. The
study demonstrated that most of the Jamaican accessions sam-
pled were hybrids consisting of PA, IMC, SCA, Amelonado
and Criollo genetic groups. Additionally, the study quantified
the ancestral background of the samples to each genetic group.
The information obtained from the genetic diversity of each
site provides insight regarding where new materials should be
introduced, so as to increase diversity. Increasing diversity
will enable disease resistant genes, along with economic traits,
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to be sustained in the Jamaican population. With the advent of
Frosty pod rot disease to the island since last year (JIS 2016),
the genotypes identified should now be evaluated for resis-
tance, and breeders should introduce new varieties with dis-
ease resistance from other countries. This would broaden the
genetic diversity of the Jamaican cacao collection and ensure
sustainability in production for the country.
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