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21 Abstract

22 As the source of chocolate, cacao has become one of the most important crops in the
23 world. The identification of molecular markers to understand the demographic history,
24 genetic diversity and population structure plays a pivotal role in cacao breeding programs.
25  Here, we report the use of a modified genotyping-by-sequencing (GBS) approach for large-
26  scale single nucleotide polymorphism (SNP) discovery and allele ancestry mapping. We
27  identified 12,357 bi-allelic SNPs after filtering, of which, 7,009 variants were ancestry
28  informative. The GBS approach proved to be rapid, cost-effective, and highly informative

29  for ancestry assignment in this species.

30

31 Introduction

32 Theobroma cacao L, the tree from which chocolate is confectioned, originated in the
33 Amazonian basin [1] and has become a globally cultivated crop in recent times [2]. There are
34  more than 20 species within the Theobroma genus, which belongs to the Malvaceae family
35  [3]. T. cacao is the only species that is cultivated extensively because it can be manufactured
36 into chocolate, liquors, confections, cosmetics, and animal feed [4,5]. Chemical and
37  archaeological evidence shows that human settlements have been consuming cacao since
38 1,400 BC [6,7]. Since 900 BC T. cacao has been widely cultivated in Mesoamerica, which
39 s considered the center of domestication. Recent genetic work has supported these findings
40  suggesting that domestication of cacao occurred 3.6 Kya [8]. The domestication of cacao has
41  resulted in the development of an important crop that sustains the livelihood of communities

42 throughout Central and South America, Asia, and Africa [1,9,10], and is the principal income
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43 for about six million smallholder farmers globally that produce up to 90% of the world’s
44  cocoa [11].

45

46  Cacao is adiploid species with a chromosome complement of 2n=20 [12]. Recently, genomic
47  resources have been developed to facilitate the study of the species evolutionary history, the
48 inference of the genetic basis of phenotypes of interest, and the development of marker
49  assisted breeding programs. There are two reference genomes that have been sequences from
50  different cultivars, the B97-61/B2 genome (Criollo), with an estimated size of 409 million
51  base pairs (Mbp) [13] and the Matina 1-6 genome (Amelonado), with an estimated genome
52 size of 445 Mbp [14]. In addition, Cornejo et al. 2017 [8], performed whole genome
53 sequencing on 200 cultivars in order to understand the domestication process in this species.
54 Recently, approaches to infer genetic diversity in 7. cacao have been completed using a small
55  panel of single nucleotide polymorphisms (SNPs, ranging from 87 to 6,000) developed with
56  aFluidigm array system [15—17]. Also, using the information generated from a subset of the
57 200 cultivars project, an [lumina Infinity II genotyping array of 13,530 markers was recently
58  developed [18]. However, it is well known that genotyping strategies based on arrays are
59  biased towards the capture of known specific loci in reference populations which introduces
60  ascertainment bias in the genotyping of samples from different origins [19]. There is a
61 growing interest in developing strategies to rapidly genotype accessions at a reduced cost in
62  order to perform extensive association studies and better identify accessions with specific
63  markers that will accelerate assisted breeding programs.

64

65  The generation of genomic resources in cacao has benefited from advances in sequencing

66  chemistry, cost reductions, and increased computational capacity to analyze data [20]. Yet,
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67  despite the general reduction of costs, the sequencing of complete cacao genomes remains a
68  costly approach for breeders and researchers. Due to the high cost of whole genome
69  sequencing, genotyping arrays are typically used. However, genotyping arrays suffer from
70  the aforementioned issues of ascertainment bias, which hinders the identification of novel
71  untapped genetic variation in the species. It has been shown that genotyping-by-sequencing
72 (GBS) is a cost effective and efficient methodology for the generation of a large number of
73 SNPs, while avoiding ascertainment biases [21,22]. The genetic information generated by
74 GBS has been shown to facilitate robust studies of genetic diversity, population structure,
75  phylogeny, and association in a large number of plant and animal species [23—29] but have
76  never been applied to the study of 7. cacao. The original protocol proposed for the digestion
77  and generation of reduced representation genomic libraries used the ApeKI enzyme [21].
78  However, Cooke et al. (2016) [30], demonstrated that the use of enzymes that cut far from
79  the recognition site, such as BsaXI, increases the diversity of the library and therefore the
80 number and quality of reads sequenced. In the original protocol the restriction enzymes
81  would produce libraries with nearly identical initial sequence causing saturation of the image
82  capture during sequencing. To avoid this issue, the original protocol incorporated the barcode
83  in one of the adapter sequences upstream of the cut-site to introduce variation and minimize
84  the problems associated with saturation [31]. In the proposed protocol (taken from Cooke et
85  al. 2016 [30]), the chosen enzyme generates libraries in which the initial sequence is random
86  due to the fact that the enzyme cuts 14 base pairs (bp) away from its recognition site.

87

88  In this work, we adapt and modify an existing GBS method [30] to generate a large number
89  of ancestry informative SNPs in cacao. We further show that the data generated produced

90 genetic diversity estimates consistent with what has been shown in previous work. We also
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91 provide an estimate of the proportion of novel versus common SNPs (based on the relative
92  frequency of SNPs) that can be generated using the proposed methodology. Due to the lower
93  cost of generating this type of data we propose that this strategy could be widely used to
94  perform genetic diversity analysis on thousands of samples, facilitating association mapping
95  studies aimed at identifying the genetic basis of important agronomic traits in cacao such as
96  disease resistance and bean quality.

97

o8 Methods

99  Plant materials

100 A total of 30 accessions from the germplasm bank from Cocoa Research Centre at the
101 University of West Indies in Trinidad (S1 Table) were included in the analysis. Young leaves
102 from one individual per accession were sampled in Trinidad and sent to the Cornejo Lab at
103 Washington State University. Small strips (100 mg) were cut with sterile scissors (washed
104  with 1% hydrochloric acid and ethanol prior to and in between sample processing), placed in
105 1.5 ml Eppendorf tubes and stored at -80 °C for DNA extraction. Five samples (GU 175/P,
106 ICS 1, IMC 67, M §[SUR], SCA 6) from the 200 genomes project were genotyped in this
107  study in order to compare the concordance between SNPs identified using GBS to those
108  identified using full genome sequencing [8§].

109

110 DNA extraction and GBS library preparation

111  Total DNA was isolated from 100 mg of young leaves collected from each accession using

112 aDNeasy Plant Mini Kit (QIAGEN, Germany) according to manufacturer’s instructions. The
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113 final elution volume was adjusted to 60 pl with 1X TE solution buffer. Integrity of the total
114  DNA was checked on a 0.7% agarose gel. DNA concentration was measured using a Qubit
115  Fluorometer (Life Technologies, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a
116  dsDNA HS Assay Kit (Life Technologies). All samples were normalized to the same volume
117 (50 pl) containing 500 ng of DNA. For each sample, genomic DNA was digested with 2.4
118  units of BsaXI (New England Biolabs, NEB, R0609S) at 37 °C overnight in a 100 pl reaction
119  buffered with Cut Smart NEBuffer (NEB, B7204S). After digestion, we performed a 0.7X
120 size selection using AMPure XP beads to remove any large undigested fragments. The DNA
121  was then prepared for sequencing using an NEBNext Ultra DNA Library Prep Kit for
122 Tllumina (NEB E7370S; version 1.2) with the following modifications. Adapter ligation was
123 followed with a bead clean up without size selection. Library enrichment was accomplished
124 wusing 10 cycles of PCR amplification. Finally, we evaluated the distribution of fragment
125  lengths for each library using an Agilent 2100 BioAnalyzer. Samples were sequenced on an
126  Illumina HiSeq 2500 (Illumina Inc. San Diego, CA), with paired-end 100 bp reads.

127

128 SNP discovery and data processing

129  Raw sequence reads were demultiplexed and converted to Fastq files by the Spokane
130 Sequencing Core at Washington State University using Casava v1.8.2 (Illumina Inc.). SNP
131  quality control and trimming were conducted using FastQC [32] and Trim Galore v0.5.0[33],
132 respectively. Reads were trimmed to remove 3’ bases with a quality score less than 25. Reads
133 in which complete or partial adapter sequences were identified were trimmed accordingly.
134 Reads less than 60 bp in length after trimming were removed. The trimmed sequences were

135  aligned to the Matina reference genome using BWA v0.17.0 [34] with the default parameters
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136 (except for mismatch penalty -B 6). We performed quality assessment of the BAM files,
137  validation read groups, removal of PCR duplicates, and correction of mapping quality
138  assignment with Picard v2.18.9 [35]. The genome analysis toolkit (GATK) v3.8.1 [36] was
139  used to perform local realignment and base quality recalibration. We performed SNP calling
140  using the unified genotyper module in GATK to facilitate comparison with previous work.
141  Hard filters were applied to the data (quality by depth higher than 2, strand bias FS 60, Root
142 mean square of mapping quality 40.0) and only SNPs that passed the filters were retained.
143

144 For population structure analysis we used VCFtools v0.1.13 [37] to performed additional
145  variant filtering in which only bi-allelic variants with a minimum minor allele frequency
146  (MAF) greater than 0.05 were retained. Coverage statistics were obtained by analyzing these
147  loci with Plink-Seq v0.10 [38]. To analyze the types of mutations we used the program
148  SnpEff with the genome built in database [39]. The R scripts are provided in the GitHub of
149  the project.

150

151  In silico digest

152 In silico digestion of the cacao chromosomes were performed with the 7. cacao cv. Matina
153  reference genome [14]. To identify all restriction cut site positions for BsaXI, the program
154  RESTRICT from the Emboss package v6.5.7.0 was used [40]. Digested fragments were
155  ordered per chromosome and then were summed using two size ranges (200-700 bp and 200-
156 1000 bp). The desired range for the libraries to be sequenced on an Illumina HiSeq is between

157  200-700 bp, however fragments of up to 1000 bp can be sequenced [41]. We report the
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158  distribution of the fragments as a histogram and the location of the in silico digested
159  fragments along the genome.

160

161  To estimate the number of fragments produced from the BsaX/ GBS experiment and to
162  compare them with the in silico predictions, the alignment files were analyzed using
163  INTERSECT included in BEDtools v2.27.0 [42]. Using the output files from this command
164  we estimated the number of BsaX7 fragments for all chromosomes and compared the results
165  with those from the in silico digestion.

166

167 Genetic diversity

168  Observed heterozygosity (Ho), expected heterozygosity (He), and polymorphism
169  information content (PIC) were calculated with Power Marker v1.25 [43]. Tajima’s D was
170  computed with VCFtools v0.1.13. We also estimated allele frequencies using VCFtools for
171  each of the sites that met the following criteria: 1) bi-allelic and ii) no missing data. For each
172 site we used folded site frequency spectrum (SFS) for the cacao GBS dataset, which describes
173  the genetic variation as a distribution of allele frequencies across the genome. The site
174  frequency spectrum was generated in R.

175

176  Admixture and population genetic structure analysis

177  The population analysis was carried out on the filtered set of SNPs. We analyzed the ancestry
178 and admixture patterns for the 30 unrelated accessions using cacao samples recently

179  sequenced [8]. The intersected dataset of MAF filtered SNPs between our cacao GBS dataset

180  (test set) and the 79 individuals from the whole sequence dataset (reference set) consisted of
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181 5,225 SNPs. We ran ADMIXTURE v1.3 [44] in supervised mode assuming ten populations,
182  following Motamayor et al. 2008 [45] and Cornejo et al [8]. Principal component analysis
183  (PCA) was performed with the algorithm implemented in EIGENSOFT [46]. All figures
184  were generated using R version v3.5.1 [47]. The precision of the ancestry analysis was
185  evaluated by obtaining bias and standard error for each ancestry out of a bootstrap with 2000
186  pseudo-replicates in ADMIXTURE v1.3 [44].

187

188 Results

189  In silico restriction enzyme digestion

190  To determine i) what the expected number of fragments to be sequenced was; and ii) to infer
191  how many of the sequenced fragments matched locations in the genome that were expected
192 from the digestion, we evaluated the distribution of fragments throughout the genome (S1
193 Fig). Those sequenced regions that did not match the locations identified from the in silico
194  digest were considered off target. The in silico digestion was done considering two sets: 1)
195  lengths ranging from 200 to 700 bp generated a total of 5,479,477 bp (Fig 1A) and 2) lengths
196  ranging from 200 to 1000 bp generated a total of 10,217,990 bp (Fig 1B). These represent 1
197  and 3% of the genome, which suggests that BsaXI is an appropriate cutter. We used the larger
198  range to evaluate overlap of sequenced target and predicted target.

199

200  Fig 1. In silico analysis of restriction enzyme sites in the 7. cacao genome. (A) Number
201  of fragments computed in the size range between 200 and 700 bp. (B) Number of fragments
202  computed in the size range between 200 and 1000 bp.

203
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204 The comparison between the predicted fragment-size distribution with the fragments
205  produced through our assay (Fig 2) suggests high variability in the accuracy of sequenced
206  targets across samples. Despite the high variability, 73% of the samples had an overlap of
207  over 57% with the in silico digest, and 53% of samples had an overlap over 76% with the
208  expectation

209

210  Fig 2. Assessment of sequencing on target per sample. The orange bar corresponds to the
211  total number of fragments that are predicted to be digested in silico within the length
212 distribution of 200 to 700 bp. Blue bars correspond to the number of sequenced fragments
213 that meet our callability criteria overlapping with those predicted in silico.

214

215 SNP Discovery

216  We obtained a total of 366 million paired-end 100 bp reads. The number of raw sequence
217  reads per individual ranged from 0.4 million to 52.2 million. After removal of low-quality
218  sequences and adapter trimming, 341 million reads remained. Of these reads, 322 million
219  aligned to the Matina reference genome, and were used for SNP calling. The mean read depth
220  ranged from 8.9 to 160.1. The observed differences in read depth across samples is most
221  likely due to differences in quality and/or variations in barcode efficiencies. Individual data
222 information is shown in Table 1.

223

224 Table 1. Summary statistics of sequenced data per individual.

Reads Reads after Mapping
raw-data trimming reads (and Depth
(Millions) (Millions) percent)

Accession
Number
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CL 10/11 0.53 0.50 0.49 (97.6%) 152
CL 10/3 4.8 4.7 4.5 (96.8%) 67.1

CLM 100 149 14.6 14.2 (97.4%) 131.2
GS 6 14.5 14.1 13.8 (97.8%) 122.9
GS 61 10.2 9.9 9.5 (96.4%) 104.2
GU 175/P_1 53 5.1 5.0 (96.7%) 73.6
GU 175/P 2 1.1 1.04 1.01 (96.6%) 9.0

ICS 1 1 32 3.1 3.0 (96.9%) 52.6
ICS1.2 49 4.7 4.5 (95.6%) 86.7
ICS 28 1.9 1.88 1.82 (96.8%) 26.6
ICS 87 3.1 1.67 1.62 (96.9%) 21.6
IMC 6 7.9 53 5.1 (95.7%) 71.6
IMC 67_1 1.91 1.90 1.83 (96.4%) 26.6
IMC 67 2 04 0.36 0.35 (97.6%) 8.9

LCT EEN23 104 8.3 8.2 (98.2%) 126.6
LCT EEN246 8.2 7.8 7.6 (97.1%) 100.4
LCT EEN31 7.8 6.2 6.0 (96.3%) 74.8
LP 3/29[POU] 74 52 5.0 (96 %) 62.3

LZ 33 8,0 6.2 6.0 (97.4%) 66.3

M8 [SUR]_1 4.6 34 3.3 (96.6%) 52.1

M8 [SUR]_2 15.2 14.8 14.4 (97.4%) 125.9
NA 189 7.2 52 5.1 (96.9%) 724
NA 26 12,0 11.7 11.2 (95.9%) 128.5
NA 68 6.6 6.4 6.2 (96.7%) 86.6
RIM 113[MEX] 10.8 10.5 10.1 (96.1%) 399
SCA 6.1 2.6 2.5 2.4 (96.4%) 399
SCA 6 2 8.4 8.1 7.9 (96.6%) 101.2
SL.C 18 139 13.1 12.7 (97.1%) 123.9
SL.C 8 20.6 19.5 18.8 (96.6%) 141.9
UF 38 522 50.9 49.05 (96.2%) 160.1

225

226 A total of 12,357 SNPs were identified in the collection. The SNPs were classified into
227  transitions (Ti) and transversions (Tv) based on nucleotide substitution. The number of
228  A/G transitions was very similar to the number of C/T transitions. The numbers of A/C
229 and A/T transversions were relatively higher than the C/G and similar to G/T

230  transversions. Transitions are the most common type of nucleotide substitutions [48]. In
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231  this dataset 62.7% of the base changes were transitions and 37.3% were transversions

232 (Table 2).

233
234 Table 2. Summary of polymorphisms identified in cacao dataset.
Total number of polymorphisms
SNPs 12,357 100%
Transition
A/G 3,856 31.2%
C/T 3,894 31.5%
Transversion
A/C 1,243 10.1%
A/T 1,403 11.3%
C/G 758 6.2%
G/T 1,203 9.7%
Ti/Tv ratio 1.79
235

236 Genetic diversity analysis

237  The dataset was reduced to 7,009 SNPs after excluding markers showing: 1) more than 20%
238  missing data, 2) a MAF =< 0.05, 3) multi-allelic sites, 4) insertions and deletions. Expected
239  heterozygosity (He) (mean 0.272), Ho (mean 0.200) and PIC (mean 0.226) values estimated
240  per position are listed in S2 Table. He, Ho and PIC ranged from 0.117 to 0.500, from O to
241  0.437, and from 0.374 to 0.375, respectively. Tajima’s D was 0.458, indicating an excess of
242  intermediate frequency alleles that could result from demographic processes such as
243 population bottlenecks, population subdivision or migration. The SFS showed a significantly
244 high proportion of rare alleles (45.3% of identified alleles). These results quantitatively show

245  the proportion of rare variants that would be missed if genotyping arrays were employed for


https://doi.org/10.1101/407387
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/407387; this version posted September 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

246  detecting and characterizing genetic variation (Fig 3). The SFS shows a variable pattern of
247  frequencies of alleles at intermediate minor allele counts, which is consistent with
248  unaccounted for population structure.

249

250  Fig 3. The site frequency spectrum of 7. cacao samples used in the study. The orange
251 bars correspond to alleles found in one, two or three chromosomes in the sample, considered
252 to be low frequency in this study. The green bars correspond to alleles with a minor allele
253 count of 4 or more and are considered common variants for the purpose of this experiment.
254  Conservative estimates suggest that nearly 50% of the SNPs are rare and would be missed if
255  an array were used to genotype these accessions.

256

257 Admixture and population genetic structure analysis

258  The filtered set of SNPs was used for admixture and population structure analysis. The 30
259  accessions were compared with ten reference populations that are related to the cacao groups
260  previously defined [45]. Fifty percent of analyzed individuals were assigned to unique
261 ancestry in the Curaray, Nanay, Contamana, Amelonado, Nacional, Guianna and Iquitos
262  populations. The other half of the individuals presented a variety of mixed ancestries (Fig 4).
263  The analysis of bias and error supports a high level of precision in the assignment of ancestry
264  for the majority of the samples (S2 Fig A). For the most part, bias in the assignment was
265 lower than 5%. However, LCTEEN23 presented a relatively higher bias (10%) in the
266  assignment to Nacional ancestry (S2 Fig B). Standard error (SE) is relatively low overall
267  with the majority being below 0.05. Sample LCTEEN23 presented a relatively higher SE in

268  the assignment of Nacional ancestry (S2 Fig C).
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269  Fig 4. Supervised ADMIXTURE using ten reference populations. Each bar corresponds
270  to an individual and the height to the proportion of ancestry explained by one of the 10
271  previously described populations. The first uniformly colored 79 columns correspond to
272 individuals in the reference set. The remaining 30 columns show the proportions of ancestry
273  assignment for each one of the newly sequenced cacao samples with our GBS approach.
274

275  In addition, pairwise allele (SNP) sharing distances were computed between all samples and
276  reference populations and PCA was used to illustrate the resulting pairwise distances (Fig 5).
277  Plotting the two first axes showed that they capture the previously described genetic groups
278  with distinct clusters reflecting the different origin in cacao today. The first principal
279  component (13.74% of the variation) showed a clear relationship between the samples and
280  the Criollo and Amelonado ancestral populations whereas the remaining populations
281 (Curaray, Nanay, Contamana, Maranon, Nacional, Gianna, Iquitos, and Purus) separated
282  along the second principal component (11.77% of the variation).

283

284  Fig 5. Principal component analysis of reference and cacao GBS samples. PCA plots of
285  the same cacao collection according to subgroups, as identified by ADMIXTURE software.
286  Although reference samples are closer together, the newly sequenced individuals are placed
287  close to other individuals showing similar ancestry. Admixed individuals in the new cacao
288 GBS set are more variable and overdispersed when compared to the reference set.

289

200 Discussion
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291  Marker assisted breeding in cacao currently faces a great challenge in the development of
292  alternative fast, cheap, and accurate genotyping strategies for a large number of accessions.
293  The need for inexpensive and accurate genotyping strategies is especially true when
294  considering that most cacao producers are located in developing countries with limited
295  resources. Some of the technologies developed for array genotyping, which have been
296  advanced by us and others, work well for the identification of known variants but are limited
297 in the ability to discover new and potentially informative variants. Genotyping-by-
298  sequencing is a high-throughput, low-cost technology, which is useful for wvariant
299  identification in diverse species and populations and allows for the discovery of previously
300  unidentified variants [21,49]. In this work, we have adapted and modified a GBS genotyping
301  assay for cacao. The most important changes to the library preparation are: 1) the use of the
302 restriction enzyme BsaXI that cut 14 bp away from the recognition motif [30], 2) the use of
303  the Illumina Y-adapters allowing for PCR incorporation of dual-indexed barcodes, which
304 facilitates large-scale, inexpensive multiplexing, and 3) the efficient cleaning of non-ligated
305  adapter excess and PCR duplicates using cleaning beads, which is a widely used technique
306 already employed in previous work [8].

307

308  There was variation across samples in the number of mapped reads that overlapped with the
309  fragments predicted from the in silico digestion. The performance of our genotyping in on-
310  target regions is similar to other studies [21], while we produced a large number of reads per
311  sample (0.5 M — 14.3 M reads), only a fraction overlapped with predicted regions for a
312  number of samples. The lack of overlap for some samples suggests that a large number of
313 fragments sequenced were off target. For example, GU 175.2 had a low percent of overlap

314 (5%), whereas UF 38 had 95% overlap with the in silico digest (Fig 2). The number of
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315  sequenced fragments overlapping with in silico predicted regions is likely explained by
316  variations in DNA quality that result from fragmentation during DNA extraction, prior to the

317  digestion.

318

319  We identified a large number of variants, 12,357 SNPs, that were retained after filtering.
320  Estimates of genetic variability are comparable with those estimated in previous studies of
321  cacao [18]. Enhanced SNP discovery, SNP quality, production steps, and optimization of
322 parameters improved the SNP detection when compared to those obtained from 96 SNPs
323  from small Fluidigm arrays or the 6K SNP array previously reported [15—17]; or even from
324  the 15K SNP arrays considering the fact that a large proportion of SNPs cannot be identified
325  with array systems. According to Romay et al. 2013 [50], one important advantage of GBS
326  over the SNP array systems, is the MAF distribution. We are interested in the identification
327  ofnovel genetic variation that might prove to be useful in the identification of traits of interest
328 and much of this genetic variation may not be captured with genetic arrays. The allele
329  frequency distribution of variants identified using GBS followed an expected pattern with an
330  excess of rare variants (Fig 3). More than 45% of bi-allelic variants were rare and the
331  distribution of intermediate variants revealed signatures of population structure.

332

333  The mean expected heterozygosity value was higher than the observed heterozygosity,
334  indicating a deficit of heterozygotes. Compared with recent published genetic diversity
335  studies in cacao [16,17,51], our results present slightly lower values of He, Ho and PIC,
336  probably due to the high presence of homozygous genotypes of the Criollo and Amelonado

337  populations and the impact of a well-known effect of allelic dropout in GBS datasets [30,52].
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338  The pattern of population structure was further validated when ancestry and structure were
339  analyzed together with the reference panel set. To study the ancestry of the newly sequenced
340  samples 5,225 bi-allelic SNPs were successfully intersected with a reference panel, which
341  consisted of 79 fully sequenced genomes. The samples used for the reference set were
342  recently sequenced [8] and represent the 10 different genetic groups from the Upper Amazon,
343  Lower Amazon, Orinoco, and Guyana [45]. Our ancestry characterization of the newly
344  sequenced 30 samples was consistent with the known passport data for the accessions (S1
345  Table). More specifically, accessions NA 26 and NA 189 were successfully assigned to the
346  Nanay group and both SCA 6 accessions were correctly assigned to Contamana, showing
347  that the procedure allows us to correctly identify their population of provenance. In the case
348  of admixed individuals, we could correctly assign ancestry to individuals with known
349  admixture patterns. For example, for ICS or UF individuals which are known to be a mix
350  between Criollo and Amelonado. These results make us confident that the generated data and
351  procedure could be used to disentangle more complex patterns of genetic admixture like those
352  obtained for previously uncharacterized individuals such as LCT EEN 246. The accession
353  LCT EEN 246 is comprised of Criollo, Marafon, Iquitos, and Contamana ancestry, which
354  could open new possibilities for studying traits of interest.

355

356  Overall, the observed patterns of ancestry are consistent with a known history of the
357  hybridization process in cacao breeding programs and natural hybridization [8]. Studies with
358 alimited set of markers have already hinted at the possibility of further substructure within
359  the ten main populations described for cacao [45,53]. Our results show the usefulness of GBS

360 to address these questions.
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361  Conclusions

362  We have shown the increased potential for the identification of ancestry informative and
363  novel variants, which are useful for addressing questions about population demographic
364  history and genomic variation in Theobroma cacao. We were able to identify 12,357 SNPs
365  markers from only 30 samples, out of which 7,009 could be used for ancestry determination.
366  There is a need to increase our knowledge about cacao accessions throughout the world to
367 produce high yielding and disease resistance genotypes. Our results have practical
368  implications for the development of strategies for genotyping large numbers of accessions
369  with the aim of performing association mapping studies. In our future work, the GBS
370  technique will be refined to include a two digestion enzymes protocol to genotype larger
371  cacao collections and increase the number of common targets/SNPs identified with the
372 method.
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383  Raw sequence reads (data to SRA) is available at NCBI Bioproject ID No. PRINA486150.

384  The scripts are available at GitHub repository (https://github.com/jaog224/cacao_gbs).
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