Samoa Cocoa Genotyping 2022-2023

Prepared by: Dr. Vaughan Symonds (Massey University) in collaboration with Seeseei Molimau-
Samasoni (Scientific Research Organisation of Samoa)



INTRODUCTION

Theobroma cacao L. (Malvaceae), or ‘cocoa’, has a long history of global dispersal and cultivation.
The centre of origin for the species are the Orinoco and Amazon basins and the species is largely
believed to be native to the region spanning from Mexico to Peru (Urquhart 1961). Upon discovery
by European explorers, cocoa plants were distributed to all humid tropical regions of the world over
several centuries (Figure 1). The development of the cocoa plantation industry was led by the
Spaniards and was eventually followed by the Dutch, French, British and Germans (Urquhart 1961).
Further movement of cocoa cultivation to Asia and the Pacific rim occurred in the sixteenth and
seventeenth centuries, when cocoa was transported across the Philippines, Sulawesi and Java by
the Dutch and the Spanish conquistadors (Urquhart 1961, Wood 1985, Young 1994). In the early
1800s, the cultivation of cocoa had expanded from Central America to South America and to several
islands in the Caribbean and some areas in the East Indies (Young 1994). It is believed that cocoa
was also introduced to Sri Lanka and India after it was brought to the East Indies (Wood 1985). It
was in the nineteenth century and early twentieth century that Germans started to establish
colonies in the Pacific Islands, which provided opportunities for Germany to pioneer the cocoa

industry in Samoa (Stolberg 2013, Urquhart 1961).

Figure 1. Map showing the timing of cocoa distribution around the globe. Figure lifted from Cilas and Bastide
(2020). We acknowledge that both Samoa and New Zealand are missing from this map, but this was the best
example from the literature for cocoa dispersal around the rest of the world.



Samoan cocoa is the product of a long history of development, cessation, re-introduction and
transplantation of cocoa plant materials. The Criollo cocoa, which purportedly originated from
Venezuela, was the first introduced cocoa variety in Samoa (Eden & Edwards 1952, Urquhart 1952).
Later introductions of cocoa were sourced from Sri Lanka and Indonesia (Urquhart 1952). These
Criollo varieties were introduced by a German company in 1883 (Kozicka et al 2018) as an effort to
establish plantation holdings for tropical fruits (Droessler 2017, Slade 1984). However, when the
cocoa industry in Samoa was still in its initial phase of development, the infestation of canker caused
by the oomycete, Phytophtora palmivora, resulted in the abortion of cocoa cultivation and
production (Eden & Edwards 1952). It was not until 1898 that the more resistant Forastero
(Amelonado) variety from Sri Lanka was introduced to Samoa, as a replacement for the susceptible
Criollo (Eden & Edwards 1952, Slade 1984, Urquhart 1952). It was also during the same period in
the 1880s when the Trinitario cocoa was transplanted in Samoa, after it was re-planted in Sri Lanka
in 1880 (Pohlan & Pérez 2010). In addition, due to mixed plantings of Amelonado and Criollo,
natural hybridisation occurred, resulting in increased numbers of the hybrid-origin Trinitario (which
was termed Samoa Trinitario) (Slade 1984). Currently, the predominant cultivated cocoa in Samoa
are the open-pollinated Trinitario (sometimes called Koko Samoa, a term also used to refer to the
roasted and pounded cocoa paste used for hot beverages), which are planted with Amelonado
(Bourke 1992, Dillon et al 2014). The Amelonado cocoas, however, have been thought to comprise
only about 12% of the total plantings (Bourke 1992). The history of introducing new planting
materials triggered further mixture of the varieties across Samoa. While considerable research has
gone into better resolving the genetic diversity and genetic groupings within T. cacao, resulting in
several classification/naming systems (e.g., (Motamayor et al 2008)), the cocoa industry still largely
utilises the traditional variety names: Forastero, Criollo, and Trinitario. An important note is that
the term Trinitario is a blanket term used to refer to material derived from crosses between
Forastero and Criollo, but the origins/nature of the Forastero and Criollo that have gone into a given
cross, the nature of the cross (human-made or naturally occurring) and the generation of the hybrid
(first generation, later generation, or back-crossed generations) are rarely understood or

distinguished. As such, ‘Trinitario” will refer to a huge range of genetic material, not one uniform



type or variety and likely varies considerably by region based on introduction history and

management.

As of 2018, ~10 million hectares of cocoa farms produced a total global export value of ~USS$15
billion (Kozicka et al 2018) per year. Of course, as with the establishment of any new farming
practice, the establishment of cocoa farms is often associated with habitat destruction (Maney et
al 2022); however, cocoa agroforests can actually maintain a high level of indigenous biodiversity
(Schroth & Harvey 2007) if managed properly. Contemporary cocoa farming and production the
world over face several challenges, many of which are likely to be exacerbated by a changing global

climate (Delgado-Ospina et al 2021).

Given the potential (productivity and financial) gains to be made in cocoa, there is obvious pressure
to enhance productivity (Kozicka et al 2018) wherever cocoa is farmed. In Samoa, cocoa bean
exports remain an important cash crop, with significant room for growth of the industry. While
there are several approaches that can be taken to improve various aspects of crops and their yields
(Cilas & Bastide 2020, Dormatey et al 2020, Gao 2021, Pazhamala et al 2021, Yang et al 2021, Zhang
& Batley 2020), all of them rely on understanding and best utilizing existing diversity. To provide a
better understanding of the genetic diversity of Samoan holdings of cocoa, in this project, three

approaches were taken:

(1) The first approach taken here explores the genetic diversity in cocoa plants from four locations
around Samoa — two on Savai’i and two on Upolu. This follows up on previous work that examined
genetic diversity from four other sites, also two from each of Savai’i and Upolu. This approach not
only assesses genetic diversity in these collections but, importantly, puts this diversity in the context
of recognized cocoa varieties by making comparisons with reference collections from The Tropical
Agricultural Research and Higher Education Center (C.AT.I.E.). Similar approaches have been taken
in other cocoa regions of the world with similar aims (Adenet et al 2020, Gopaulchan et al 2019,
Opoku et al 2007, Whitkus et al 1998, Zhang et al 2006). The results here reinforce the results of a
previous project that examined cocoa genetic diversity in Samoa. Specifically, the analyses
conducted indicate individual plants that have a high genetic proportion of Amelonado, plants that
have a high proportion of Criollo, and a vast mixture of these two varieties. No significant genetic

contributions by other cocoa genetic groups were identified.



(2) The second approach taken here aims to characterize the genetic change that takes place
between generations of cocoa plants. Specifically, we assessed the degree of genetic similarity
between eight maternal plants and their progeny by genotyping each at 12 microsatellite loci and
directly comparing the compositions of maternal plants and their progeny. The main result of this
part of the project is that each progeny pool is highly variable as is the genetic similarity between
maternal plants and their progeny. Beyond the direct genetic contribution to their progeny, the
extent to which progeny will be more or less similar to the maternal plant will depend on the

paternal gene pool that contributes pollen to the progeny pool.

(3) The thirs part of the project seeks to identify genetic variation in the site collections that is
associated with natural resistance to Phytophthora palmivora, the oomycete pathogen that causes
block pod rot, which continues to be a problem in much of the cocoa-producing world, including
Samoa. Where prevalent, this disease reduces productivity considerably. There is, however,
variation among cocoa plants for resistance/susceptibility to this disease. Here, we sought to
identify molecular markers associated with black pod rot resistance. Over the past two decades,
there have been multiple studies that sought to identify parts of the cocoa genome that are
associated with disease resistance (e.g., see (Barreto et al 2015, Brown et al 2007, Gutiérrez et al
2021)). Such association studies link particular genetic markers with resistance/susceptibility. As
such, identifying markers from the literature is fairly straightforward; however, it is rare that these
published works reveal which marker variants (alleles) are linked to resistance and which are linked
to susceptibility, which can impede the utility of the mapping results. Regardless, several markers
were selected and the plants from the four Samoa sites were genotyped at those loci. The genotype
data reveal variation at all loci analysed, yet identifying which of those variants (if any) are linked
with black pod resistance requires continued work. Details are provided later in the report on how

this can be resolved.



MATERIALS AND METHODS

Plant materials

Site collections

Young leaf material from ~200 cocoa trees was sampled from four sites (50 trees per site) across
Samoa: Aleisa (ALE), Saleimoa Uta (SAL), Siufaga (SIU), and Satupaitea (SAT); these sample
collections were made by staff of the Scientific Research Organisation of Samoa (SROS). From each
tree, leaf material was collected fresh for immediate processing and also dried (in silica gel) for

long-term preservation. These samples are hereafter referred to as the ‘site collections’.

Maternal plant and seedling collections (progeny pools)

From each of eight maternal cocoa plants, five seed from each of five fruits were collected and
germinated by the staff at SROS. Four maternal plants were sourced from Vaisala/Savaii (VAI-01,
VAI-02, VAI-03, and VAI-04) and four from STEC/Upolu (STE-01, STE-02, STE-03, and STE-04). Young
leaf tissue was collected (fresh and silica-dried) from each parent plant (eight) and all progeny (total

of 200) for analysis.
Molecular methods

DNA extraction

For all samples, DNA was extracted from either fresh or silica dried leaf material using the Qiagen
DNeasy Plant Mini Kit (Qiagen, USA). DNA quality was checked on 1% agarose gels through
electrophoresis (see Supplementary Figure 1). The result was obtained by viewing the Ethidium
Bromide-stained gel in a Bio-Rad Gel Documentation system (Bio-Rad, USA). The DNA
concentration was quantified using a NanoDrop™ Spectrophotometer (Thermo Scientific, USA).
High quality DNA samples were diluted at 1:5 with sterile water. The extractions were performed
by the team at SROS in Samoa and posted to the Massey research group in New Zealand upon

completion.

Microsatellite genotyping

Microsatellite markers for assessing genetic diversity in the site collected plants and the maternal-
progeny pools were selected to match previous work on Samoan cocoa material (SCIDI 2018
project; Supplementary Table 1). Those markers were initially selected based on their use in a large

T. cacao genetic diversity study (Motamayor et al 2008). While that study used ~96 markers, our



modelling work identified fifteen markers that captured nearly all of the genetic groups identified
by Motamayor et al (2008), including the Criollo type. All microsatellite primers were ordered from
Integrated DNA Technologies, Inc. Forward primers were 5’-tailed with an M13 tag sequence
(CACGACGTTGTAAAACGAC) (Boutin-Ganache et al 2001). See Figure 2 and Supplementary Figure 1

for images of the molecular lab and examples of the equipment used in this work.

To screen the site collections for the presence of alleles that have been associated with black pod
rot resistance, six microsatellite loci were selected from the literature (Supplementary Table 2).
Plants were genotyped at these loci following the same methods used for the genetic diversity

assessment.

The PCR amplifications were carried out using a Biometra Ti thermal-cycler. The reaction mix
contained 3.7 pL ultrapure water, 1 uL 10x buffer BD, 1 pL MgCl; (4.50 uM), 0.2 uL dNTP (10 uM),
1 pL forward primer (0.20 uM), 1 pL reverse primer (4.50 uM), 1 uL M13 primer (labelled with FAM,
VIC or NED) (4.50 uM), 0.1 uL FirePol Taq Polymerase (5U/ uL) and 1 puL DNA (diluted to 1:5). Two
PCR profiles were used to check the optimum amplification condition for the markers, since the
universal fluorescent primer M13 was also incorporated in the mix. The first PCR profile is a
standard used often utilised for M13-tailed microsatellite PCR. The PCR conditions were: 95°C for
3 mins (initial denaturation), followed by 35 cycles of 95°C for 30 sec (denaturation), 52°C for 40
sec (primer annealing), and 72°C for 40 sec (extension), and 72°C for 20 mins for the final extension.
The second thermal cycling profile (Everaert et al 2017) was: 94°C for 4 mins (initial denaturation),
followed by 35 cycles of 94°C for 30 sec (denaturation), 46°C or 51°C for 1 min (primer annealing),
and 72°C for 1 min (extension), and the final extension at 72°C for 15 mins. The protocol from
Everaert et al (2017) was used for all subsequent runs as it produced more prominent bands during
electrophoresis trials. The PCR products were checked by resolving 5 uL of amplicon and 3 pL of 3X

loading dye in 1.5% agarose gel electrophoresis for 100 minutes at 75 volts.

Marker pooling was carried out for three microsatellite markers at a time, each labelled with a
different dye in a ratio of 1.75 pL: 1.50 uL: 2.00 pL for markers labelled with FAM:VIC:NED,
respectively. For genotyping, 1 L of the pooled PCR products was then mixed with 9 uL of Hi-Di
formamide mix (Applied Biosystems, California, USA). The Hi-Di mix was prepared by adding 14 uL
of ROX-labelled CASS ladder (3.5 uL each of 100, 200, 300 and 400 bp ladder) (Symonds & Lloyd
2004) and 86 uL of water to 1000 uL of Hi-Di formamide. The prepared genotyping plate was



submitted to the Massey Genome Service (Palmerston North New Zealand) for microsatellite
genotyping through fragment separation (capillary electrophoresis) on an ABI 3730 Genetic

Analyzer (Applied Biosystems).






Figure 2 (previous page). Photos of the spaces and equipment used in the molecular lab: (A) the main lab
where PCR are set up and agarose gels are run; (B) an equipment bay in the lab for making solutions and
incubating samples; (C) a standard set of micropipeters (each researcher has a set for themselves); (D) one
of several thermalcylcers, which are used for temperature cycling of PCR; (E) a gel documentation system
in the lab for observing and photographing DNA gels; (F) one of the ABI genotyping machines in the Massey
Genome Service facility, which is in the same building as the molecular lab. This machine separates DNA
fragments to a resolution of 1 base pair.

Data analysis

Allele calling

The raw genotype data were analysed using GeneMapper 5 Software (Applied Biosystems, USA) for
initial allele calling. Alleles were called and recorded manually and final allele binning was
accomplished by plotting and comparing all allele calls for a given marker to identify natural breaks
in the distribution. The final data sets were assembled and initially analysed using GenAlEx v.6.51b2
software (Peakall & Smouse 2006). Samples with missing genotypes were re-genotyped and
samples that still had more than three missing data points after re-genotyping were removed from

analyses. For analyses that cannot handle missing data, missing genotype data were imputed.

Genetic diversity
The GenAlEx software was used to: examine allele frequencies and observed and expected
heterozygosities, generate summary statistics, produce genetic distances, including Fst (Wright

1949), and to run Principal Coordinate Analyses (PCoA) on the collected samples.

Utilizing cocoa accession controls and previous Samoa cocoa genotyping results
The data from the four site sourced collections were analysed on their own and combined with the
results of the 2018 SCIDI project and with the genotype data for 12 C.AT.I.LE. germplasm reference

collections previously genotyped by our group (Table 1).
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Table 1. T. cacao germplasm samples from C.A.T.L.E. used as controls.

MASSEY Internal IDs C.AT.LE. ID Genotype group represented*
TC-1 Matina-1/6 Amelonado
TC-2 SCA-9 Contamana
TC-3 Criollo-13 Criollo
TC-4 LCTEEN-37 Curaray
TC-5 GU-156-B Guiana
TC-6 IMC-9 Iquiotos
TC-7 PA-188 Maranon
TC-8 UF-20 Nacional
TC-9 NA-232 Nanay
TC-10 LAFI-7 LAFI-7
TC-11 RB-41 Purus
TC-12 PMCT-58 Trinitario

*These samples represent the 10 genetic groups identified by Motamayor et al. (2008) plus a representative
of Trinitario and the Samoan cocoa lineage, LAFI-7.

Population structure analysis

The genetic structure of the ~200 site sourced cocoa samples was analysed with STRUCTURE v.2.3.4
software (Pritchard et al 2000). To obtain results with the broadest context, the ~200 samples from
the current analysis were analysed along with the 2018 SCIDI and germplasm samples. The
STRUCTURE parameters applied were: the admixture model and correlated allele frequencies. Each
run consisted of a burn-in of 100,000 generations and MCMC (Markov chain Monte Carlo) length
of 1,000,000 generations for each value of K (K =1 to K =5) and 10 replicates were run for each K
value. K represents the number of ‘ancestral populations’ or, effectively, the number of distinct
genetic groups. These genetic groups consist of collections of alleles that make up a set of
genotypes that either represent current observations (based on gene flow) or represent historical
collections of genotypes, remnants of which are found in the current samples. To determine the
best value of K, the log likelihood Ln P(D) = L(K) was plotted against the K values. As K approaches
its most likely value, L(K) will start to increase in smaller increments until it plateaus. The best fitting

K value is typically selected based on the inflection point in the data.

STRUCTURE was also used to examine the structure of the progeny pools. For this analysis, all
maternal plants and their progeny were analysed together following the same general parameters
described above. Given the outcrossing nature of the cocoa plants, the expectation was that each

maternal plant and its progeny would form a distinct genetic group. The STRUCTURE analyses are run
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blind and the software does not utilize the sample location information (i.e., it does not know which
individuals are half-sibs or associated with a particular maternal plant). Instead, STRUCTURE simply
seeks to identify collections of genotypes that form good Hardy-Weinberg groups and then assigns

each individual’s genotypes back to one or multiple genetic groups.

Cluster analysis

From the site collections, a pairwise genetic distance matrix using the Provesti model (Prevosti et
al 1975) was created using the poppr package in R (R Core Team 2013) and exported in the nexus
file format using the phangorn package. This data set included individuals identified by the
STRUCTURE analysis to be >80% from a single genetic group. Using this distance matrix, a cluster
analysis was performed using the SplitsTree (v.4.15.1) software (Huson & Bryant 2006), employing
the Neighbor-net distance-based method.

Assessing genetic similarity between maternal plants and their progeny

The biological questions being addressed using the progeny data sets utilised some of the same
methods employed above, but also required somewhat different analyses than those used on the
site collections. In short, the genetic similarities between maternal plants and their progeny were
to be assessed; several approaches were taken to achieve this. First, pairwise genetic distance
matrices were generated using Genalex (Nei’s genetic distance (Nei 1987)) and R (Prevosti’s genetic
distance (Prevosti et al 1975)) for each of the eight genotype datasets (a maternal parent plant and
its progeny were treated as a data set in this analysis). Nei’s distance matrix was used to run a
Principal Coordinate Analysis for each of the eight data sets in Genalex. The Prevosti distance

matrices were used to produce Neighbor-nets in Splitstree as described above.

Genetic distance-based metrics (as above) can display the genetic relationships among individuals
(in this case progeny and their maternal parent and to one another), but not how they are similar
or dissimilar. To better understand the nature of the differences between progeny and their
maternal parent, we developed a novel analysis method that characterizes and summarises
genotype similarities between progeny and the maternal parent. This method (Discreet Genotype
Pattern Analysis) compares each individual’s genotype (at each locus) to its maternal parent’s
genotype (at each locus) and then categorises each comparison into one of the patterns described

below (Types 0, 1, 2, and 3). For a given locus (region of the genome), a progeny could be:
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Type O = an individual is identical to the homozygous maternal parent, having received the same
allele from each parent:

Example: Parent genotype: 110/110
Progeny genotype: 110/110

Type 1 = an individual has one copy of the homozygous maternal parent’s allele and another allele
contributed by the paternal parent:

Example: Parent genotype: 110/110
Progeny genotype: 110/120

Type 2 = an individual has two copies of one of the maternal parent’s alleles, but is missing the
other:

Example: Parent genotype: 110/130
Progeny genotype: 110/110

Type 3 =an individual has one copy of one of the maternal parent’s alleles, but is missing the other,
and has a different allele contributed by the paternal parent:

Example: Parent genotype: 110/130
Progeny genotype: 110/120

The proportion of each progeny’s genotypes that fitted the four patterns above were then
tabulated and summarised using stacked bar charts to give an indication of how similar or dissimilar

progeny are from their maternal parent and precisely how they differ.
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RESULTS AND DISCUSSION
GENETIC DIVERSITY IN THE SAMOA SITE SOURCED COLLECTIONS

Descriptive genetic diversity metrics were generated for the 2022 site sourced samples and are
presented alongside the 2018 SCIDI site sourced samples (Table 2). Among the most common
genetic diversity metrics used in population genetic studies are the average number of alleles per
locus and the expected heterozygosity. Considering these two metrics together, the SAT and VS
sites have the lowest and the SAL and STC sites have the greatest genetic diversity. However, the
range of values observed is not wildly variable. The He values observed here (range: 0.39 — 0.52)
are intermediate to those reported for cocoa in other regions; e.g., Java (0.67 (Susilo et al 2011)),
Sulawesi (0.67 (Dinarti et al 2015)), and Aceh (0.37 (Lukman et al 2014)). While extreme variation
in these values is likely to represent real differences in genetic diversity, the use of different
microsatellite markers from one study to another should be expected to underlie some of this

variability.

Having more or less genetic variation can be interpreted in a number of ways. More genetic
diversity tends to mean that a population (site, farm) is potentially more resilient to environmental
change (including new pests or diseases) over the long-term; however having less genetic variation
that is well suited to the current conditions can mean better yields in the short-term. Moving
forward, some balance between these two would need to be struck — particularly once genetic
variation associated with particular beneficial traits (increased yield, cocoa quality, pest and disease

resistance) has been identified.

The fixation index (Fis) is often used to identify populations or groups of individuals that are
undergoing either natural selection for or against particular genotypes or extreme inbreeding or
outbreeding. This metric has a range of -1 to +1. Values close to zero indicate a population or group
of individuals that result from random mating, while negative values indicate an excess of
heterozygotes relative to the expectation under random mating and positive values indicate an
excess of homozygotes relative to the expectation under random mating. While there is some
degree of difference in Fis observed among the collection sites, none are significantly different from
zero, indicating that reproduction from one generation to the next has largely been through
random mating — likely through naturally occurring regeneration, but potentially through breeding

efforts that involved a large number of individuals.
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Table 2. Genetic diversity summary statistics for the current farm sourced samples (ALE, SAL, SAT, SIU)
and from the 2018 SCIDI farm samples (MZ, STC, SV, VS) : N = average number of samples per locus, N, =
average number of alleles per locus, Ho = Observed heterozygosity, He, expected heterozygosity, Fis =
Wright’s fixation index.

Location N Na Ho He Fis
ALE Mean 47.80 4.73 0.41 0.47 0.12
SE 0.14 0.36 0.04 0.04 0.05
SAL Mean 47.00 4.93 0.49 0.51 0.04
SE 0.00 0.56 0.04 0.04 0.03
SAT Mean 49.87 3.60 0.38 0.39 0.00
SE 0.09 0.38 0.03 0.03 0.04
SIU Mean 46.60 4.20 0.41 0.45 0.07
SE 0.24 0.34 0.03 0.04 0.03
MZ Mean 50 4.27 0.40 0.46 0.13
SE 0 0.42 0.03 0.02 0.06
STC Mean 50 4.80 0.48 0.52 0.08
SE 0 0.55 0.04 0.03 0.06
SV Mean 47.67 4.20 0.42 0.46 0.10
SE 0.19 0.39 0.04 0.03 0.06
VS Mean 49 3.07 0.41 0.45 0.07
SE 0 0.30 0.04 0.02 0.07

Patterns of genetic structure in the Samoa site sourced samples

STRUCTURE results

Among the most common analyses for identifying and visualising genetic groupings is the program
STRUCTURE (Pritchard et al 2000). This program uses a maximum likelihood approach to construct
genetic groups based on genotype data from multiple individuals and an analytical model based on
the Hardy-Weinberg equilibrium criterion. In short, hypothetical genetic groups are sought that
best fit a given data set and the allele frequency parameters of those hypothetical genetic
groupings are then used to assign the genotypes of real samples back to one or more of the

identified genetic groups. The genetic assignments for each individual are represented by a stacked
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bar graph where different colours represent the different genetic groups, each showing the
proportion of an individual’s genotypes that are assigned to each genetic grouping. The analysis is
run multiple times, assuming a numerical range of genetic groups. For example, when assuming
two genetic groups, one would be indicated by K=2, three genetic groups would be indicated as
K=3, etc. Importantly, the collection of samples that are analysed can have a large impact on the
results obtained as the hypothetical genetic groups that are identified are based on the samples in

the data set.

Here, we analysed the plants from the four 2022 site sourced collections along with the four site
sourced collections from 2018 and 12 germplasm samples from C.AT.l.E. The results identify strong
signals at K=2, K=3, and K=4 (Figure 3). Beyond K=4, there is little support for greater resolution and
the genetic groupings begin to disintegrate. Recall that the hypothetical genetic groups are
represented by different colours in the STRUCTURE outputs. At K=4 most of the reference germplasm
samples, including the Trinitario representative, cluster together (orange), Criollo and LAFI-7 cluster

together (blue), and Amelonado is distinguished from the others (mostly purple).

Collection sites MZ, VS, and to a lesser extent, SV have the greatest proportion of
samples/genotypes that cluster with Criollo/LAFI-7 (Figure 3; panels A and B). This is consistent
with the findings from the SCIDI 2018 project. The genetic group (represented by orange) that most
of the germplasm collections belong to (including Trinitario) has the lowest proportion of all
groupings across collection sites, but is at greatest frequency at the SAL site. The genetic group that
Amelonado clustered with in the 2018 study is essentially split into two overlapping groups with
the wider sampling included here. These are the groups represented by green and purple in all
figures. The genetic group represented by purple is at greatest frequency at the SAT site, while the
genetic group represented by green is at greatest frequency at the SIU site. It is most likely due to
the inclusion of samples from these two sites that this split has occurred. The Amelonado sample
included in this study mostly consists of the purple genetic group, but possesses some proportion
of both the green and blue as well. This is the only germplasm sample to have a significant split in

its genotype and the only one with a significant proportion of the green genetic group represented.
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Figure 3. (A) STRUCTURE results for the data set including samples from all eight Samoa collection sites and the 12 C.AT.IE. germplasm samples.
Each block of samples is labelled by site. The block labelled with an * consists of the germplasm reference samples (from left to right):
Amelonado, LAFI-7, Purus, Trinitario, Contamana, Criollo, Curaray, Guiana, lquiotos, Maranon, Nacional, and Nanay (text colors indicate primary
affiliation at K=4 in panel A). (B) Map of Samoa showing the locations of the eight farm collection sites and the proportions of genotypes at K=4
from the STRUCTURE results. Dark green circles represent the 2018 collection sites and black circles represent the 2022 collection sites. The pie
charts indicate the relative proportion of genotypes from a given collection site that are from each of the four genetic groups identified by
STRUCTURE; the colours match those in panel A.
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Neighbor-net results

The Neighbor-net presented here was generated by including only the samples with >80% affinity
to one of the STRUCTURE-identified genetic groups (at K=4) plus all of the germplasm samples (Figure
4). The result shows essentially three major groups, similar to those identified by STRUCTURE. One of
these groups is comprised of individuals that clustered together in the STRUCTURE blue group, one
consists of individuals in the orange group, and the last one has individuals from a green group with
individuals from the purple group nested within it. This outcome is consistent with the SCIDI report
that identified three major genetic groups, but there is slightly more resolution in the larger data
set. Based on the placement of the germplasm reference samples, we observe that the clusters
seem to coincide with a ‘Criollo” group (blue), an ‘Amelonado’ group (green and purple), and a
group that initially appeared to be a ‘Trinitario’ group (orange); however nearly all other reference
samples also fall into this group, along with very few Samoa samples. This is interesting as the
germplasm samples are meant to best represent genetic diversity within natural populations of T.
cacao. As STRUCTURE can only identify genetic groupings that are sufficiently sampled, one might
conclude that, beyond Amelonado and Criollo, no or little other native genetic groupings are well
represented in the Samoan material examined. Among the ~400 Samoa cocoa plants genotyped,
the vast majority of the gene pool seems to stem from Amelonado and Criollo (ranging from 62-
96% per site). This is different from similar studies on cocoa from Martinique (Adenet et al 2020)
and Vietnam (Everaert et al 2020), where genotypes associated with other reference genetic
groups was seemingly clear. Of course, each geographic region will have its own unique history of
cocoa introduction and management. Potentially, deeper sampling of germplasm material could
yield different results (as STRUCTURE relies on sampling depth to some extent); however, of those
germplasm individuals sampled analysed here, one would expect them to find some affinity with
Samoan genotypes if there was any shared history — as was the result for the Criollo, Amelonado,
and LAFI-7 samples. Also, in a Neighbor-net analysis that included all Samoan samples and all
germplasm samples (not shown), the nine germplasm samples (excluding Criollo, Amelonado, and
LAFI-7) still clustered together. This is significant as the Neighbor-net analysis utilises only genetic
distances and has no reliance on sampling depth, further supporting the supposition that the bulk

of Samoan cocoa stems from the Criollo and Amelonado lineages.
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Figure 4. Neighbor-net of site collection individuals identified as having genotype compositions that are 80%
or greater from a single genetic grouping identified by the STRUCTURE K=4 analysis and the reference
germplasm samples. This approach allows for a more simple visualisation of the individuals that were
identified as predominantly of one genetic type. Splits that differentiate the four groups are highlighted in
blue, orange, green, and purple. Note that most of the germplasm samples (TC#) cluster together along with
very few Samoa samples (the orange grouping).
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ASSESSING GENETIC SIMILARITY BETWEEN MATERNAL PLANTS AND THEIR PROGENY

STRUCTURE results

STRUCTURE analyses were run on the maternal/progeny pool data set assuming from 1- 9 genetic
groupings. The number of groupings with the greatest likelihood score (best fit to the data) was
seven (shown in Figure 5). For most of the samples, the progeny and maternal parent for a given
pool clustered together, which was the expectation as these should constitute groupings that fit
the Hardy-Weinberg criterion used by STRUCTURE. While there are a few individuals that show
affiliations with groups other than their progeny group, some missing data might account for this;
however, they tend to be samples that best match groupings from the same island, which suggests
that there may be some gene flow taking place among sites (e.g., in pools 5 and 6). The surprise
result is progeny pool 3 (VAIO3), which shows a very broad mixture of genotypes from other
progeny pools. Even at higher K values (not shown), this progeny pool never resolves as a distinct
grouping. It is not entirely clear why this grouping does not form a good genetic group. This progeny
pool does have the highest genetic diversity of the four VAl pools, but some of the STE pools have
greater diversity yet still cluster as distinct groups. This outcome may be due to two factors:
potentially a broader set of paternal genotypes that are similar to those present at other locations
have contributed to this progeny pool and (2) the maternal parent for VAIO3 has a genotype that
matches the VAIO4 genetic group. In sum, this means that this progeny pool does not form a
genetically unique grouping, which is an interesting result that indicates that this pool has a genetic
history that is somehow different from the other pools.

1.00
0.80
0.60

0.40

0.20

0.00

Figure 5. STRUCTURE result for K=7 showing the genetic composition of individual samples and progeny pools.
Each block (1-8) consists of the progeny from a single maternal plant and the maternal plant is the last
individual in each of the eight blocks. The blocks are: VAIO1 (1), VAIO2 (2), VAIO3 (3), VAIO4 (4), STEO1 (5),
STEOQ2 (6), STEO3 (7), STEO4 (8). Note that a different colour scheme was used here relative to the STRUCTURE
results in Figure 3 to make it clear that these results are not related to or comparable to those results.
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PCoA results

Among the most common ways of determining genetic similarity among individuals is to use
multilocus genotype data to generate a pairwise genetic distance matrix. In essence, this sums up
the genotypes that are in common among all pairs of individuals. Such a matrix is then analysed to
produce a figure that best displays those relationships. While there are several methods available,
here we have chosen a traditional approach (Principal Coordinate Analysis (PCoA)) and an

alternative method that helps discern genetic relationships among individuals (Neighbor-nets).

Figure 6 shows the PCoA results for each maternal plant and its progeny, where the physical
distance between plot points reflects genetic distance. Perhaps the first thing to point out is that
progeny are not genetically identical to the maternal plant. If they were, their plot points would sit
directly on top of the maternal individual’s plot point (indicated in red in each graph). Of course,
this is to be expected as cocoa plants do not clonally reproduce; instead, they undergo sexual
reproduction. But even when cocoa plants self-pollinate, their progeny are not expected to have
identical genotypes to the maternal plant as segregation and recombination will produce a wide
array of genetic variability. The second note here is that the dispersion of points varies from one
progeny pool to another. This also is to be expected as each set of progeny samples is a random
collection of many possible genotypes. Finally, it is clear that some progeny are more genetically
similar to their respective maternal plant than others (as reflected by their proximity to the red plot
point in each graph). This is because some progeny will receive alleles from their paternal parent
that are more similar (or not) to the maternal plant. This is discussed further in a later section that

explores how progeny differ from their maternal parent plant.
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Figure 6. PCoA of each maternal parent plant (STEO1 (A), STEO2 (B), STEO3 (C), STEO4 (D), VAIO1 (E), VAIO2
(F), VAIO3 (G), and VAIO4 (H)) and its progeny based on pairwise genetic distances (Nei’s distance). Each
maternal parent individual is plotted in red. The position of each plot point indicates the genetic similarity

among samples, where the greater the plot distance, the greater the genetic variation between samples.
Note that some samples were removed from analyses due to missing data.
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Neighbor-net results

Another common method for visualizing the genetic relationships among samples is the use of a
Neighbor-net analysis to generate network plots. For this data set, each progeny pool and their
maternal parent plant were analysed together and the results are shown in Figure 7. Neighbor-nets
attempt to reflect as many pairwise relationships as possible in two dimensions. In each graph, a
series of parallel lines are referred to as a ‘split’. In effect, there is information in the data that
separates individuals on one side of a split from individuals on the other side. The length of a split

reflects how much support there is in the data for that particular division.

Independent analyses such as PCoA and Neighbor-nets often (but don’t always) reveal similar
patterns. Discordant results between different approaches can arise due to the use of different
genetic distance metrics prior to final analysis and the ways that each analysis handles data. For
example, a PCoA seeks the greatest variation in a data set and assigns that to axis (coord.) 1 and
then takes the same approach to determine axis 2; however further variation in the data set may
be partitioned to subsequent axes (3, 4, etc.), which are not plotted in the two-dimensional PCoA.
Such variation may be better identified and represented in other analyses though and result in

different relationships being revealed.

It is often useful then to make comparisons across different analysis methods. For example, the
Neighbor-net in Figure 7 shows a clear affiliation between individuals STEQ1-17 and STEQ1-21; they
are differentiated from other samples by a long split in the graph. If we look at the PCoA plot in
Figure 6, we see that these two individuals cluster together in one corner of the plot, thus
corroborating the Neighbor-net results. Similarly, individuals STE01-08 and STEO01-15 appear
together as do STE01-05, STEOQ1-13, and STE01-18 in both analyses. Such concordant examples can

be found in each progeny data set.

One interesting, though potentially frustrating result is that the maternal plants often appear at the
base of Neighbor-net plots and toward the center of PCoA plots. Given the obvious relationship
between maternal plants and all of their progeny, the average genetic distance between them and
progeny is lower than the average genetic distance among all pairs of progeny. As a result, the
maternal plants tend to appear more central in the plots relative to the progeny, thus somewhat

obscuring the relative similarities between maternal plants and their progeny.
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Figure 7 (previous page). Neighbor-net graphs for each maternal parent (STEO1 (A), STEO2 (B), STEO3 (C),
STEO4 (D), VAIO1 (E), VAIO2 (F), VAIO3 (G), and VAIO4 (H)) and its progeny based on pairwise genetic
distances. Each maternal parent individual is highlighted with a red oval. Each panel shows a Neighbor-net
graph depicting the genetic similarity among maternal plants and their progeny.

Discreet Genotype Pattern Analysis results

Genetic distance-based metrics (as above) can display the genetic relationships among individuals
(in this case progeny and their maternal parent and to one another), but not how they are similar
or dissimilar. To better understand the nature of the differences between progeny and their
maternal parent, we developed a novel analysis method that characterizes and summarises the

nature of genotype similarities between progeny and the maternal parent.

Progeny pools represent a complicated mixture of (1) individuals that result from self-pollination,
which does not generate progeny that are identical to the maternal parent, but an array of
combinations of the parent’s genotype and (2) individuals that result from outcrossing events
(receiving pollen from another individual), which may deliver the same or different alleles to
progeny relative to the maternal parent. As most reproduction in cocoa requires outcrossing, we

would expect progeny to largely be the result of sexual reproduction with other individuals.

Ultimately, how similar or dissimilar progeny will be to the maternal parent depends on the paternal
contribution. Progeny will always have at least 50% similarity to the maternal genotype (based on
the genetic contribution by the egg cell), but if the paternal genotype(s) are genetically quite
different from the maternal genotype, then the progeny will display more differentiation from the
maternal parent’s genotype (closer to 50% than 100% similarity). If, however, the paternal
genotype(s) are similar to the maternal genotype (due to shared ancestry), then the progeny will
receive more alleles from the paternal parent that are in common with the maternal parent. In
effect, this is inbreeding. The more genetically similar the parents are, the more likely it is that the
progeny will receive the same alleles (copies of a gene or locus) from both parents and, as such,
would have a genotype that is more similar to the maternal parent’s genotype. To assess this, we
developed an analysis that compares each individual’s genotype (at each locus) to its maternal
parent’s genotype (at each locus) and then categorises each comparison into one of four patterns

(Types 0, 1, 2, and 3 described in the Methods section).
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Types 1 and 3 patterns can only result from outcrossing as the progeny possess alleles not present
in the maternal parent. Technically, these could represent new mutations, but, as mutation rates
are relatively low per generation, it is far more likely that they are the result of outcrossing events,
which is the most common form of reproduction in cocoa. As nearly all progeny examined revealed
multiple loci with Type 1 and Type 3 patterns, it is clear that the vast majority of (if not all) progeny

are produced through outcrossing, which is not surprising.

Figure 8 shows the summary results of this analysis for each progeny pool. In these graphs, the
proportion of loci fitting the Type O, 1, 2, or 3 pattern is plotted for each of the progeny and the
maternal parent. The maternal parent was included as a control for the analysis method; because
the characterizations are relative to the maternal parent, the genotype at all of each of the maternal

parent’s loci should be Type 0 (‘identical’ to the respective maternal parent).
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Figure 8. Histograms showing the proportion of loci that fit the Type 0-3 patterns described in the text for
multiple progeny from each of eight maternal cocoa plants. Results for the maternal parent individual is
plotted at the far right of each graph; all other individuals are the progeny. The average proportion of loci
that are classified as Type 0 (exact matches of the maternal plant’s genotype) across all progeny from a given
maternal plant (e.g., from STEO1) is indicated at the bottom left of each graph and the observed
heterozygosity (Ho) of the maternal plant is shown at bottom right of each graph.
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So how do we interpret these results? As a predominantly outcrossing species, the genetic
similarity of individuals to the maternal plant will largely depend on the extent of similarity of the
paternal parent(s) to the maternal parent. As it is likely that pollinators are delivering pollen from
multiple plants to any one cocoa plant, there could be considerable variation among progeny (half-
sibs) from the same maternal plant. A good example of this can be seen in the progeny of VAIO3
where the proportion of genotypes that are identical to the maternal plant ranges from 0.08 to
0.83.Thisis a lot of variation from individual to individual among the progeny. The range of variation
among progeny is even clearer when we sort by the proportion of loci that conform to the Type O
pattern (loci that have an identical genotype to the maternal parent) as in Figure 9. Recall that the
VAIO3 progeny pool also stood out in the STRUCTURE results, showing a composition that appeared

to be more broad than that of the other pools of individuals.

One of the somewhat surprising results was that the progeny of VAIO1 displayed no loci conforming
to the Type 3 pattern. Although at least some progeny in seven of the eight progeny pools had such
a result, the VAIO1 progeny pool was extreme. Upon closer examination, it was discovered that the
maternal parent of this pool had the lowest observed heterozygosity (Ho = 0.33) of all maternal
plants examined. As the Type 3 pattern consists of genotypes that only have one of the two alleles
of the maternal plant (plus a different allele contributed by the paternal parent), it makes sense
that the maternal parent with the lowest heterozygosity would produce offspring with the lowest
proportion of Type 3 loci. In this vein, it makes sense that this pool also has the lowest proportion

of loci with the Type 2 pattern, which also depends on maternal heterozygosity.

In conclusion, there is considerable variation both among progeny pools and within progeny pools.
Given the nature of open pollination typically observed in T. cacao, this should not be surprising.
While basic genetic principles allow us to predict patterns of inheritance, the genetic changes
observed between maternal plants and their progeny will depend heavily on (1) the nature of the
genotype(s) of the maternal plant (homozygous vs heterozygous) and (2) the genotypes of the

pollen donors (i.e. the gene pool of individuals within the range of pollen dispersal).
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Figure 9. Histograms showing the proportion of loci that fit the Type 0-3 patterns described in the text for
multiple progeny from each of eight maternal cocoa plants. These are the same plots as those presented in
Figure 8, but are sorted from the highest to lowest frequency of Type 0 loci, which puts the maternal plant
at the far left. Note that the numbers on the x-axis in this plot do not indicate sample ID.
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GENOTYPING THE SITE COLLECTIONS FOR MARKERS LINKED TO BLACK POD ROT

Based on association mapping results from the literature, we identified six candidate microsatellite
markers to trial that had been reported to be genetically linked to black pod rot
resistance/susceptibility in cocoa. The ~200 plants from the four sites were genotyped for those
markers; however, it has been difficult to obtain the raw genotype data from the authors of the
mapping studies. While the original publications provide information on which loci (markers) are
associated with disease resistance, they typically do not indicate which alleles at each locus are
linked with resistance and which alleles are linked with susceptibility. As this point, we have only
had feedback from one author for one marker. While transparency should be forthcoming, it has

been exceedingly slow up to this point. We will continue to press those authors for transparency.

As many of the black pod resistance alleles have been discovered in the Pound-7 T. cacao accession,
we are working to obtain tissue from that line from the C.AT.I.E. germplasm center in Costa Rica;
however, communication response times here too are remarkably slow and we cannot predict
when that material will be made available to us. Once obtained, we would then be able to
determine which of the Samoan plants examined carry the resistance alleles identified in Pound-7.
There is the possibility though that the genetic diversity (alleles) linked to black pod resistance in
the literature have not part of the history of cocoa introductions to Samoa. We point this out here
as the analyses of genetic diversity from site collections indicate potentially narrower genetic
diversity in Samoa relative to other locations. This is not to say that genetic diversity for resistance

doesn’t exist in Samoa, but it could be distinct from that identified elsewhere.

In summary, the molecular work for this part of the project is complete; however, the interpretation
of the results is not possible until the acquisition of either the relevant genotype data or the Pound-
7 plant material from the germplasm center (which we would genotype upon arrival. To this end,
we will continue to pursue (1) the researchers responsible for the association mapping work to

acquire genotype data and (2) the germplasm center for Pound-7 leaf material.
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Supplementary Table 1. Genetic parameters and primer details for Theobroma cacao L. screened microsatellite loci.

Marker EMBL  Acc. . . Size Repeat CHCEEERY
Name r:cmuls)er / Primer sequence (5'-3') Chr T,(°C) (bp) B — . Ho He selected Source
1 2 3 4
mTcCIRT® ~ Y16883 ?ggggffégfemggﬁfem 51 143 (CT)a 3 050 062 1,2,3
micCIRe™  Y16980 mgzmﬁgxfcii;ﬁl 6 46 231 (TG);(GA:s 8,7 054 057 T2l
mTcCIR7* — ¥16981 gg??gg?égm%g? 7 51 160 (GA)n 6,4 042 075 ’ 1,2,3
micCIR8™  Y16982 %é?&?ggﬁ%ﬁ% 9 46 301 (TTT(;)E(ITT)FC)W 56 033 055 1,2,3
mIcCIR10  Y16984 éiﬁgéﬁ%%gﬁ%%% 5 46 208 (TG)13 4 056 071 1
mTcCIR11* ~ ¥16985 gﬁﬁéﬁﬁ@:ﬁ&%ﬁ% 2 46 298 (TC)13 9,11 046 081 1,2,3
mTcCIR12*  Y16986 ;ﬂgéig%m%iL%A 4 46 188 E%)TGAM N 1011 062 ogr " l , 2, 3,
mIcCIR15™  Y16988 ?:SSGCGGSACTTT%TTTT%TATTAS 1 46 254 (TC)o 10,11,13 062 o084 l’ 23,
mTcCIR22* ~ ¥16995 g;%g&%%m "G 1 46 289 Eg;z Nisw 4 g 029 043 ’ 1,2,3
mTcCIR24% - ¥16996 E%?gggfggﬂ;ggﬁ 9 46 198 (AG)13 4,5,9 035 031 t l’ 23,
mIcCIR33™  AJ271826 I;GAGAgLLCT;gAAiﬁETA%%TC A 4 51 265-348 (TG, 12 0.82 0.69 ’ 2,3
mlcCIR37"  AJ271942 ﬂ?ﬁfgggggﬁ;ﬁg’m 10 46 136-187 (GThs 13 0.83 073 2,3
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mTcCIR40*  AJ271943 AATCCGACAGTCTTTAATC

CCTAGGCCAGAGAATTGA 3 51 262-288 (AC)is 10 0.71 0.65 2,3
mTcCIR60*  AJ271958 CGCTACTAACAAACATCAAA
AOAGCAACOATCACTANTOA 2 51 190-218  (CT);(CA)z 9 0.80 0.80 2,3

Genetic Parameters: N, number of alleles, H, observed heterozygosity, H. expected heterozygosity;

Sources: (1) Lanaud et al (1999); (2) Saunders et al (2004); (3) Everaert et al (2017); (4) Aikpokpodion et al (2009);

* Screened and selected primers (from the cited literatures) with high quality profiles and polymorphism.
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Supplementary Table 2. Genetic parameters and primer details for Theobroma cacao L. screened microsatellite loci.

Marker Name Primer sequence (5'-3') Reported effect Repeat structure Source
mTcCIR61 GCAGTCTGAAACAAGATAA
0,
TGACTATAATATAAGGCGAA 23% Brown etal. 2007
mtcCIR168 GGTAGTATTGAGGTGCGTAT
0,
GTGAATGAATGGATGTG 8.7% Brown et al. 2007
mTcCIR200 GCCAATTTCTGACCCA
0,
CTT. TAAGCCC TAC 7.3% Brown et al. 2007
mTcCIR225 AAGACAAAGGGAAGAAGA 7 39
AGGGGAAGAGCAAATC o
mTcCIR236 GAAGTCAAAGGAAAGTCAA
TCAGAAAACGCAAATAAA
mTcCIR280 ATTTGTCATTTGTTGTTGT Motilal et al
GCCTTGGTATTGACTGT )
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Supplementary Figure 1. Scenes from the Massey University molecular lab. (A) One of the lab technicians loads cocoa DNA samples in
an agarose gel for visual analysis. (B) This image shows the agarose gel while running —the power pack at right applies an electrical charge
to the gel, which forces the DNA fragments to migrate through the gel and separate according to size. The gel is later stained with an
intercalating dye that fluoresces under UV light allowing for visualization of the DNA.
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