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Abstract

Sustainable food production in the context of climate change necessitates diversification of
agriculture and a more efficient utilization of plant genetic resources. Fonio millet (Digitaria
exilis) is an orphan African cereal crop with a great potential for dryland agriculture. Here, we
established high-quality genomic resources to facilitate fonio improvement through molecular
breeding. These include a chromosome-scale reference assembly and deep re-sequencing of 183
cultivated and wild Digitaria accessions, enabling insights into genetic diversity, population
structure, and domestication. Fonio diversity is shaped by climatic, geographic, and ethnolinguistic
factors. Two genes associated with seed size and shattering showed signatures of selection. Most
known domestication genes from other cereal models however have not experienced strong
selection in fonio, providing direct targets to rapidly improve this crop for agriculture in hot and

dry environments.

Introduction

Humanity faces the unprecedented challenge of having to sustainably produce healthy food for 9-
10 billion people by 2050 in a context of climate change. A more efficient use of plant diversity
and genetic resources in breeding has been recognized as a key priority to diversify and transform
agriculture’®. The Food and Agriculture Organization of the United Nations (FAO) stated that arid
and semi-arid regions are the most vulnerable environments to increasing uncertainties in regional
and global food production®. In most countries of Africa and the Middle East, agricultural
productivity will decline in the near future*, because of climate change, land degradation, and
groundwater depletion®. Agricultural selection, from the early steps of domestication to modern-

day crop breeding, has resulted in a marked decrease in agrobiodiversity®’. Today, three cereal
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crops alone, bread wheat (Triticum aestivum), maize (Zea mays), and rice (Oryza sativa) account
for more than half of the globally consumed calories®.

Many of today’s major cereal crops, including rice and maize, originated in relatively humid
tropical and sub-tropical regions®°. Although plant breeding has adapted the major cereal crops
to a wide range of climates and cultivation practices, there is limited genetic diversity within these
few plant species for cultivation in the most extreme environments. On the other hand, crop wild
relatives and orphan crops are often adapted to extreme environments and their utility to unlock
marginal lands for agriculture has recently regained interest?>®-14 Current technological advances
in genomics and genome editing provide an opportunity to rapidly domesticate wild relatives and
to improve orphan crops'®*6. De novo domestication of wild species or rapid improvement of semi-
domesticated crops can be achieved in less than a decade by targeting a few key genes®.

White fonio (Digitaria exilis (Kippist) Stapf) (Fig. 1) is an indigenous African millet species with
a great potential for agriculture in marginal environments'’*8, Fonio is cultivated under a large
range of environmental conditions, from a tropical monsoon climate in western Guinea to a hot,
arid desert climate (BWh) in the Sahel zone. Some extra-early maturing fonio varieties produce
mature grains in only 70-90 days'®, which makes fonio one of the fastest maturing cereals. Because
of its quick maturation, fonio is often grown to avoid food shortage during the lean season (period
before main harvest), which is why fonio is also referred to as ‘hungry rice’. In addition, fonio is
drought tolerant and adapted to nutrient-poor, sandy soils?°. Despite its local importance, fonio
shows many unfavorable characteristics that resemble undomesticated plants: seed shattering,
lodging, and lower yields than other cereals'® (Supplementary Fig. 1). In the past few years, fonio

has gained in popularity inside and outside of West Africa because of its nutritional qualities.
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78  Here, we present the establishment of a comprehensive set of genomic resources for fonio, which
79  constitutes the first step towards harnessing the potential of this cereal crop for agriculture in harsh
80 environments. These resources include the generation of a high-quality, chromosome-scale
81 reference assembly and the deep re-sequencing of a diversity panel that includes wild and
82 cultivated accessions covering a wide geographic range.

83

84  Results

85  Chromosome-scale fonio reference genome assembly

86  Fonio is a tetraploid species (2n = 4x = 36)' with a high degree of selfing'’. To build a D. exilis
87  reference assembly, we chose an accession from one of the driest regions of fonio cultivation,
88  CMO05836 from the Mopti region in Mali. The size of the CM05836 genome was estimated to be
89 893 Mb/1C by flow cytometry (Supplementary Fig. 2 and 3), which is in line with previous
90 reports®’. The CM05836 genome was sequenced and assembled using deep sequencing of multiple
91  short-read libraries (Supplementary Table 1), including Illumina paired-end (321-fold coverage),
92  mate-pair (241-fold coverage) and linked-read (10x Genomics, 84-fold coverage) sequencing. The
93  raw reads were assembled and scaffolded with the software package DeNovoMAGIC3 (NRGene),
94  which has recently been used to assemble various high-quality plant genomes??-?4. Integration of
95 Hi-C reads (122-fold coverage, Supplementary Table 2) and a Bionano optical map
96  (Supplementary Table 3) resulted in a chromosome-scale assembly with a total length of
97 716,471,022 bp, of which ~91.5% (655,723,161 bp) were assembled in 18 pseudomolecules. A
98 total of 60.75 Mb were unanchored (Table 1). Of 1,440 Embryophyta single copy core genes
99  (BUSCO version 3.0.2), 96.1% were recovered in the CM05836 assembly, 2.9% were missing and

100 1% was fragmented. As no genetic D. exilis map is available, we used chromosome painting to
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101  further assess the quality of the CM05836 assembly. Pools of short oligonucleotides covering each
102  one of the 18 pseudomolecules were designed based on the CM05836 assembly, fluorescently
103 labelled, and hybridized to mitotic metaphase chromosome spreads of CM05836%°. Each of the 18
104 libraries specifically hybridized to only one chromosome pair, confirming that our assembly
105 unambiguously distinguished homoeologous chromosomes (Fig. 2a, Supplementary Fig. 4).
106  Centromeric regions contained a tandem repeat with a 314 bp long unit, which was found in all
107  fonio chromosomes (Supplementary Fig. 5). We also re-assembled all the data with the open-
108 source TRITEX pipeline?® and the two assemblies showed a high degree of collinearity
109  (Supplementary Fig. 6).

110  We compared the fonio pseudomolecule structure to foxtail millet (Setaria italica; 2n = 2x = 18),
111  a diploid relative with a fully sequenced genome?’. The fonio genome shows a syntenic
112  relationship with the genome of foxtail millet, with two homoeologous sets of nine fonio
113  chromosomes (Supplementary Fig. 7). Without a clear diploid ancestor, we could not directly
114  disentangle the two sub-genomes?®, We thus used a genetic structure approach based on full-length
115 long terminal repeat retrotransposons (fl-LTR-RT). A total of eleven fl-LTR-RT families with
116  more than 30 elements were identified and defined as a ‘populations’, allowing us to apply genetic
117  structure analyses that are often used in population genomics®®. We searched for fl-LTR-RT
118  clusters that only appeared in one of the two homoeologous sub-genomes. Out of the eleven fl-
119 LTR-RT populations analyzed, two allowed us to discriminate the sub-genomes (Fig. 2b,
120  Supplementary Fig. 8). The two families belong to the Gypsy superfamily and dating of insertion
121  time was estimated to be ~1.56 million years ago (MY A) (57 elements, 0.06-4.67 MYA) and ~1.14

122 MYA (36 elements, 0.39-1.96 MYA), respectively. The two putative sub-genomes were
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123 designated A and B and chromosome numbers were assigned based on the synteny with foxtail
124 millet (Supplementary Fig. 7).

125  Gene annotation was performed using the MAKER pipeline (version 3.01.02) with 34.1% of the
126  fonio genome masked as repetitive. Transcript sequences of CM05836 from flag leaves, grains,
127  panicles, and whole above-ground seedlings (Supplementary Table 4) in combination with protein
128  sequences of publicly available plant genomes were used to annotate the CM05836 assembly. This
129  resulted in the annotation of 59,844 protein-coding genes (57,023 on 18 pseudomolecules and
130 2,821 on unanchored chromosome) with an average length of 2.5 kb and an average exon number
131  of 4.6. The analysis of the four CM05836 RNA-seq samples showed that 44,542 protein coding
132 genes (74.3%) were expressed (>0.5 transcripts per million), which is comparable to the annotation
133  of the bread wheat genome (Supplementary Table 5)3°3L,

134

135  Synteny with other cereals

136  Whole genome comparative analyses of the CM05836 genome with other grass species were
137  consistent with the previously established phylogenetic relationships of fonio?°. A comparison of
138 the CM05836 A and B sub-genomes identified a set of 16,514 homoeologous gene pairs that
139  fulfilled the criteria for evolutionary analyses (Fig. 2c and Supplementary data 1). The estimation
140  of synonymous substitution rates (Ks) among homoeologous gene pairs revealed a divergence time
141  of the two sub-genomes of roughly 3 MYA (Supplementary Fig. 9). These results indicate that D.
142  exilis is a recent allotetraploid species. A Ks distribution using orthologous genes revealed that
143  fonio diverged from the other members of the Paniceae tribe (broomcorn millet (Panicum
144 miliaceum), Hall's panicgrass (P. hallii), and foxtail millet (S. italica)) between 14.6 and 16.9

145 MYA, and from the Andropogoneae tribe (sorghum (Sorghum bicolor) and maize (Z. mays))
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146  between 21.5 and 26.9 MYA. Bread wheat (T. aestivum), goatgrass (Aegilops tauschii), barley
147  (Hordeum vulgare), rice (O. sativa), and purple false brome (Brachypodium distachyon) showed
148  adivergence time of 35.3 to 40 MYA (Fig. 2d).

149  The hybridization of two genomes can result in genome instability, extensive gene loss, and
150 reshuffling. As a consequence, one sub-genome may evolve dominancy over the other sub-
151  genome?303234 Using foxtail millet as a reference, the fonio A and B sub-genomes showed
152  similar numbers of orthologous genes: 14,235 and 14,153 respectively. Out of these, 12,541 were
153  retained as duplicates while 1,694 and 1,612 were specific to the A and B sub-genome,
154  respectively. The absence of sub-genome dominance was also supported by similar gene
155  expression levels between homoeologous pairs of genes (Supplementary Fig. 10 and
156  Supplementary data 2).

157

158 Evolutionary history of fonio and its wild relative

159  To get an overview of the diversity and evolution of fonio, we selected 166 D. exilis accessions
160  originating from Guinea, Mali, Benin, Togo, Burkina Faso, Ghana, and Niger and 17 accessions
161  of the proposed wild tetraploid fonio progenitor D. longiflora® from Cameroon, Nigeria, Guinea,
162  Chad, Soudan, Kenya, Gabon, and Congo for whole-genome re-sequencing. The selection was
163  done from a collection of 641 georeferenced D. exilis accessions®® with the aim of maximizing
164  diversity based on bioclimatic data and geographic origin. We obtained short-read sequences with
165 an average of 45-fold coverage for D. exilis (range 36 - 61-fold) and 20-fold coverage for D.
166 longiflora (range 10 - 28-fold) (Supplementary Table 6). The average mapping rates of the raw
167  reads to the CM05836 reference assembly were 85% and 68% for D. exilis and D. longiflora,

168  respectively, with most accessions showing a mapping rate of >80% (Supplementary Table 7).
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169  After filtering, 11,046,501 high quality bi-allelic single nucleotide polymorphisms (SNPs) were
170  retained. Nine D. exilis and three D. longiflora accessions were discarded based on the amount of
171  missing data. The SNPs were evenly distributed across the 18 D. exilis chromosomes, with a
172  tendency toward a lower SNP density at the chromosome ends (Supplementary Fig. 11). Most of
173 the SNPs (84.3%) were located in intergenic regions, 9.5% in introns and 6.2% in exons. Of the
174  exonic SNPs, 354,854 (51.6%) resulted in non-synonymous sequence changes, of which 6,727
175  disrupted the coding sequence (premature stop codon). The remaining 333,296 (48.4%) exonic
176  SNPs represented synonymous variants. Forty-four percent of the total SNPs (4,901,160 SNPs)
177  were rare variants with a minor allele frequency of less than 0.01 (Supplementary Fig. 12). The
178  mean nucleotide diversity (z) was 6.19 x 10* and 3.68 x 107 for D. exilis and D. longiflora,
179  respectively. Genome-wide linkage disequilibrium (LD) analyses revealed a faster LD decay in D.
180 longiflora (r* ~ 0.16 at 70 kb) compared to D. exilis (r>~0.20 at 70 kb) (Supplementary Fig. 13).
181 A PCA showed a clear genetic differentiation between cultivated D. exilis and wild D. longiflora.
182  The D. exilis accessions clustered closely together, while the D. longiflora accessions split into
183  three groups (Fig. 3a). The D. longiflora group that showed the greatest genetic distance from D.
184  exilis contained three accessions originating from Central (Cameroon) and East Africa (South
185  Sudan and Kenya). The geographical projection of the first principal component (which separated
186  wild accessions from the cultivated accessions) revealed that the D. exilis accessions genetically
187  closest to D. longiflora originated from southern Togo and the west of Guinea (Supplementary
188  Fig. 14a).

189 A PCA with D. exilis accessions alone revealed three main clusters. The second principal
190 component separated eight accessions from southern Togo from the remaining accessions (Fig.

191  3b). In addition, five accessions from Guinea formed a distinct genetic group in the PCA. The
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192  remaining accessions were spread along the first axis of the PCA, mainly revealing a grouping by
193  geographic location (Fig. 3b). The genetic clustering was confirmed by genetic structure analyses
194  (Fig. 3c and d). The cross-validation error decreased with increasing K and reached a plateau
195  starting from K=6 (Supplementary Fig. 14b). At K=3, the eight South Togo accessions formed a
196  distinct homogenous population. At K=4, the five accessions from Guinea were separated. With
197 increasing K, the admixture plot provided some evidence that natural (climate and geography) and
198  human (ethnicity and language) factors had an effect on shaping the genetic population structure
199  of fonio (Fig. 3c and d, Supplementary Fig. 14c). We observed a significant correlation (Pearson’s
200  correlation; p < 0.05) between the genetic population structure (first principal component of PCA)
201 and climate (i.e. mean temperature and precipitation of the wettest quarters) as well as geography
202  (i.e. latitude, longitude and altitude) (Fig. 3b, Supplementary Fig. 15, Supplementary Table 8). A
203  significant correlation was also observed for ethnic and linguistic groups (fisher test: p-value =
204  0.0005, mantel test: p-value = 0.001). The effect of ethnic groups remained significant (p = 0.045)
205 even when we controlled for geographic and climatic factors (ANCOVA) (Supplementary Table
206  9). Unadmixed populations were mainly found at the geographic extremes of the fonio cultivation
207  area in the north and south, whereas the accessions from the central regions of West Africa tended
208  to show a higher degree of admixture (Supplementary Fig. 16a).

209  Plotting the spatial distribution of private SNPs (i.e., SNPs present only once in a single genotype)
210 revealed a hotspot of rare alleles in Togo, Niger, the western part of Guinea, and southern Mali
211  (Supplementary Fig. 16b and c). Rare allele diversity was lower in the eastern part of Guinea, and
212 in southwest Mali.

213  Inference of the D. exilis effective population size revealed a decline that started more than 10,000

214  years ago and reached a minimum between 2,000 and 1,000 years ago (Fig. 3e). Then, a steep

10
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215 increase of the effective population size occurred to a level that was approximately 100-fold higher
216  compared to the bottleneck.
217

218  Genomic footprints of selection and domestication

219  We used three complementary approaches to detect genomic regions under selection: (i) a
220  composite likelihood-ratio (CLR) test based on site frequency spectrum (SFS)¥, (ii) the nucleotide
221  diversity (r) ratios between D. exilis and D. longiflora over sliding genomic windows, and (iii) the
222  genetic differentiation based on Fsr calculations, again computed over sliding windows. With the
223  CLRtest, 78 regions were identified as candidates for signatures of selection. The genetic diversity
224  ratios and Fsrcalculations revealed 311 and 208 regions, respectively (Fig. 4, Supplementary Data
225  3). We then searched for the presence of orthologs of known domestication genes in the regions
226  under selection. The most striking candidate was one of the two orthologs of the rice grain size
227  GS5 gene® (Dexi3A01G0012320 referred to as DeGS5-3A) that was detected by genetic diversity
228  ratio and Fst based calculations (Fig. 4). GS5 regulates grain width and weight in rice. D. exilis
229  showed a dramatic loss of genetic diversity at the DeGS5-3A gene (Fig. 5a and b). Domestication
230  of fonio is associated with wider grains of D. exilis compared to grains of D. longiflora (Fig. 5c).
231  The region of the GS5 ortholog on chromosome 3B (DeGS5-3B) was not identified as being under
232  selection and showed higher levels of nucleotide diversity than the DeGS5-3A region (Fig. 5a and
233 b). Only the DeGS5-3A but not the DeGS5-3B transcript was detected in the D. exilis RNA-Seq
234  data from grains. This is in agreement with observations made in rice*®, where a dominant mutation
235  resulting in increased GS5 transcript levels affects grain size.

236 Another domestication gene that was detected in the selection scan was an ortholog of the sorghum

237  Shattering 1 (Sh1) gene®. Shl encodes a YABBY transcription factor and the non-shattering

11
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238  phenotype in cultivated sorghum is associated with lower expression levels of Shl (mutations in
239  regulatory regions or introns) or truncated transcripts. Domesticated African rice (O. glaberrima)
240  carries a 45 kb deletion at the orthologous OsSh1 locus compared to its wild relative O. barthii®°.
241  Around 37% of the fonio accessions had a 60 kb deletion similar to O. glaberrima that eliminated
242 the Shl ortholog on chromosome 9A (DeSh1-9A - Dexi9A01G0015055) (Fig 6a). The
243  homoeologous region including DeSh1-9B (Dexi9B01G0013485) on chromosome 9B was intact.
244 Interestingly, accessions with the DeSh1-9A deletion showed a minor (7%) but significant
245  reduction in seed shattering (Fig. 6b) compared to accessions with the intact DeSh1-9A gene.
246  Accessions carrying this deletion were distributed across the whole range of fonio cultivation,
247  which suggests that the deletion is ancient and might have been selected for in certain regions.
248

249  Discussion

250  Here, we established a set of genomic resources that allowed us to comprehensively assess the
251  genetic variation found in fonio, a cereal crop that holds great promises for agriculture in marginal
252  environments. The analysis of fl-LTR-RT revealed two sub-genome specific transposon clusters
253  that experienced a peak of activity around 1.1 - 1.5 MYA, indicating that the two fonio sub-
254 genomes hybridized after this period*. The Ks analysis estimated that the two sub-genomes
255  diverged prior to these transposon bursts~3 MY A, suggesting that fonio is an allotetraploid species.
256  The analysis of effective population size revealed a genetic bottleneck that was most likely
257  associated with human cultivation and domestication. The large increase of effective size for fonio
258  after a period of reduction was most probably due to the development and expansion of fonio
259 cultivation. This expansion appears to be a recent event and occurred during the last millennium.
260 The progression of the effective population size resembles the patterns observed for other

261  domesticated crops, with a protracted period of cultivation followed by a marked bottleneck*>*,

12
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262  In the case of fonio, this potential bottleneck appears to be milder compared to other crops. It has
263  been observed that the effective population size of the wild rice (O. barthii) from West Africa
264  followed a trend similar to the cultivated African rice (O. glaberrima), which has been interpreted
265  as a result of environmental degradation®? rather than human selection. In contrast, no signal of
266  population bottleneck was observed for the proposed wild fonio ancestor D. longiflora, indicating
267  that the bottleneck observed in fonio is associated with human cultivation. We also highlighted the
268  strong impact of geographic, climatic and anthropogenic factors on shaping the genetic diversity
269  of fonio. Even if fonio is not a dominant crop across West Africa, it benefits from cultural
270  embedding and plays a key role in ritual systems in many African cultures**. For example, we
271  observed a striking genetic differentiation between D. exilis accessions collected from northern
272  and southern Togo. This can be attributed to both climatic and cultural differences. While the
273  southern regions of Togo receive high annual rainfalls, the northern parts receive less than 1,000
274 mm annual rainfall and there is a prolonged dry season**. Adoukonou-Sagbadja et al.** also noted
275  that there is no seed exchange between farmers of the two regions because of cultural factors.

276  Despite a genetic bottleneck and the reduction in genetic diversity, fonio still shows many ‘wild’
277  characteristics such as residual seed shattering, lack of apical dominance, and lodging. We show
278  that orthologs of most of the well-characterized domestication genes from other cereals were not
279  under strong selection in fonio. Interestingly, an ortholog of the rice GS5 gene (DeGS5-3A) was
280 identified in a selective sweep. Dominant mutations in the GS5 promoter region were associated
281  with higher GS5 transcript levels and wider and heavier grains in rice®. The DeGS5-3A gene
282  showed a complete loss of diversity in the coding sequence in D. exilis, suggesting a strong
283 artificial selection for larger grains. The hard selective sweep at the DeGS5-3A locus is in contrast

284  to DeSh1-9A, which showed evidence for a partial selective sweep*®. The non-shattering

13
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285  phenotype associated with the Sh1 locus in sorghum is recessive®® and the deletion of a single
286  DeSh1 copy only resulted in a quantitative reduction of shattering that might have been selected
287  forin some but not all regions. Whether the 60 kb deletion including DeSh1-9A represents standing
288  genetic variation or arose after fonio domestication cannot be determined. The deletion was not
289 identified in any of the 14 re-sequenced D. longiflora accessions. Targeting the DeSh1-9B locus
290  onchromosome 9B in accessions that carry the DeSh1-9A deletion through mutagenesis or genome
291  editing could produce a fonio cultivar with significantly reduced seed shattering, which would
292  form afirst important step towards a significant improvement of this crop.
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324

325

326

Table 1. Statistics of the fonio genome assembly and annotation.

CM05836
Length of DeNovoOMAGIC3 assembly (Mb) 701.662
Number of scaffolds 8,457
N50 (Mb) 10.741
N90 (Mb) 1.009
Length of genome assembly (Mb) 716.471Y
Total length of pseudomolecules (Mb) 655.723
Number of anchored contigs 18,026
N50 of anchored contigs (kb) 83.702
Gap size (Mb) 17.001 (2.6%)
Number of genes 57,021
Total length of unanchored chromosomes (Mp) 60.748
Number of unanchored contigs 11,129
N50 of unanchored contigs (kb) 9.191
Gap size (Mb) 2.962 (4.9%)
Number of genes 2,821
BUSCO
Complete (%) 96.1
Duplicated (%) 84.3
Fragmented (%) 1
Missing (%) 2.9

YDeNovoMAGIC3 + Hi-C + optical map
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327

328  Figure 1. Phenotype of fonio (Digitaria exilis). a, Field of cultivated fonio in Guinea. b, Grains
329  of maize, wheat, rice, and fonio (from left to right). c, Plants of the fonio accession CM05836.
330
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332  Figure 2. Fonio genome features. a, Representative example of oligo painting FISH on mitotic
333  metaphase chromosomes. Shown are probes designed from pseudomolecules 9A (red) and 9B
334  (green) of the CM05836 assembly. b, Principal Component Analysis (PCA) of the transposable
335 element cluster RLG_Loris (upper panel) that allowed discrimination of the two sub-genomes.
336  Blue dots represent elements found on the A sub-genome; pink triangles represent elements from
337  the B sub-genome; black squares represent elements present on chromosome unanchored. PCA of
338  the transposable element cluster RLG_Elodie (lower panel) that was specific to the B sub-genome.
339 ¢, Synteny and distribution of genome features. (I) Number and length of the pseudomolecules.
340 The grey and black colours represent the two sub-genomes. (1, I11) Density of genes and repeats
341 along each pseudomolecule, respectively. Lines in the inner circle represent the homoeologous
342  relationships. d, Maximum likehood tree of eleven Poaceae species based on 30 orthologous gene
343  groups. Topologies are supported by 1,000 bootstrap replicates. Colors indicate the different
344  clades.
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346  Figure 3. Genetic diversity and structure of D. exilis and D. longiflora diversity panel. a,
347  Principal component analysis (PCA) of 157 D. exilis and 14 D. longiflora accessions using whole-
348 genome single nucleotide polymorphisms (SNPs). D. exilis samples (circles), D. longiflora
349  (triangles). b, PCA of D. exilis accessions alone. Colors indicate the country of origin. c,
350  Population structure (from K=3 to K=6) of D. exilis accessions estimated with SNMF. Each bar
351  represents an accession and the bars are filled by colors representing the likelihood of membership
352  to each ancestry. Accessions are ordered from west to east; Guinea (Gu), Mali (M), Burkina Faso
353 (B.F), Ghana (Gh), Togo (T), Benin (B), and Niger (N). d, Geographic distribution of ancestry
354  proportions of D. exilis accessions obtained from the structure analysis. The colors represent the
355 maximal local contribution of an ancestry. Black dots represent the coordinates of D. exilis
356  accessions. e, Effective population size history of D. exilis groups based on K=6 and D. longiflora
357  (in black).
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360  Figure 4. Detection of selection in fonio. Manhattan plots showing detection of selection along
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362  genes of major seed shattering and plant architecture genes are indicated in the Manhattan plots.
363  The black dashed lines indicate the 1% threshold. Some extreme outliers in the « ratio plot are not
364  shown.
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366  Figure 5. Selective sweep at the GS5 locus in fonio. a, Smoothed representation of nucleotide
367  diversity (m) in D. exilis in a 100 kb window surrounding the ortholog of the rice GS5 gene. The
368  green curve shows m around DeGS5-3A on chromosome 3A and the blue curve © around DeGS5-
369 3B on chromosome 3B. The dashed vertical red lines represent the location of the GS5 genes. The
370  nucleotide diversity was calculated in overlapping 100 bp windows every 25 bp. b, Schematic
371  representation of the annotated genes in the GS5 regions and the orthologous gene relationships
372  between chromosomes 3A (green) and 3B (blue). UF, = protein of unknown function, E3 = E3
373  ubiquitin ligase; SCP (GS5) = serine carboxypeptidase (Dexi3A01G0012320); GAOX =
374  gibberellin 2-beta-dioxygenase; ECH = golgi apparatus membrane protein. DeGS5-3A and
375 DeGS5-3B are indicated in red. The numbers in blue above and below the GS5 orthologs show
376  their respective expression in transcripts per million (TPM) in grain tissue. ¢, Two grains of D.
377  exilis (top) and D. longiflora (bottom).
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380  Figure 6. Selective sweep at the Sh1 locus in fonio. a, Schematic representation of genes in the
381  orthologous regions of the sorghum Sh1 gene. The top most panel shows the region on fonio
382  chromosome 9A with the 60 kb deletion as it is found in 37% of all D. exilis accessions. The lower
383  panel shows the genes in accessions without the deletion. The Sh1 ortholog DeSh1-9A is shown in
384  red. b, The Shl ortholog DeSh1-9B on chromosome 9B is present in all D. exilis accessions. The
385  dashed lines represent orthologous relationships between the two sub-genomes. UF = protein of
386  unknown function; CDK = cyclin-dependent kinase; Shl = ortholog of sorghum Shattering 1
387  (Shl); ST = sulfate transporter; NT5C3B = 7-methylguanosine phosphate-specific 5'-nucleotidase;
388 MBD = methyl-CpG-binding domain. ¢, Seed shattering in accessions carrying the DeSh1-9A
389  deletion (ADeSh1-9A) compared to accessions with an intact DeSh1-9A. Mean seed shattering was
390  45% in ADeSh1-9A (£ 0.18 s.d.) and 52% in DeSh1-9A (£ 0.22 s.d.). (n = Three individual panicles
391  of 43 ADeSh1-9A accessions and 39 DeSh-9A accessions, respectively).
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393  Methods

394  Plant material

395  The plant material used in this study comprised a collection of 641 D. exilis accessions maintained
396 at the French National Research Institute for Development (IRD), Montpellier, France3%4’. The
397  collection was established from 1977 to 1988. For genome re-sequencing, a panel of 166
398  accessions (Supplementary Table 8) was selected based on geographic and bioclimatic data. One
399 plant per accession was chosen for DNA extraction and sequencing. Inflorescences of sequenced
400 D. exilis plants were covered with bags to prevent outcrossing. Grains of sequenced plants were
401  collected and kept for further analyses. In addition, 17 accessions of D. longiflora were collected
402  from specimens stored at the National Museum of Natural History of Paris (Paris, France), [IFAN
403  Ch. A. Diop (Dakar, Senegal), National Herbarium of The Netherlands (Leiden, Netherlands), and
404  Cirad (Montpellier, France) (Supplementary Table 10)

405

406  Flow cytometry for genome size estimation

407  The amount of nuclear DNA in fonio was measured by flow-cytometry*®. In brief, six different
408 individual plants representing accession CM05836 were measured three times on three different
409  days using a CyFlow® Space flow cytometer (Sysmex Partec GmbH, Gérlitz, Germany) equipped
410  with a 532 nm green laser. Soybean (Glycine max cultivar Polanka; 2C = 2.5 pg) was used as an
411  internal reference standard. 2C DNA contents (in pg) were calculated from the mean G1 peak

412  (interphase nuclei in G1 phase) positions by applying the formula:

413
(sample G1 peak mean) X (standard 2C DNA content)
414 2C nuclear DNAcontent =
(standard G1 peak mean)
415
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416  DNA contents in pg were converted to genome sizes in bp using the conversion factor 1 pg DNA
417 =0.978 Gb*.
418

419  Genome sequencing and assembly

420  High molecular weight (HMW) genomic DNA was isolated from a single CM05836 plant with a
421  dark-treatment of 48 hours before harvesting tissue from young leaves. Two paired-end and three
422  mate-pair libraries were constructed with different insert sizes ranging from 450 bp to 10 kb. The
423 450 bp paired-end library was sequenced on a lllumina Hi-Seq 2500 instrument. The other libraries
424 were sequenced on a lllumina NovaSeq 6000 instrument. In addition, one 10x linked read library
425 was constructed and sequenced with a Illumina NovaSeq 6000 instrument, yielding 75-fold
426  coverage. A de novo whole genome assembly (WGA) was performed with the DeNovoMAGIC3
427  software (NRGene).

428  For the super-scaffolding, one Hi-C library was generated using the Dovetail™ Hi-C Library
429  Preparation Kit and sequenced on one lane of a lllumina HiSeq 4000 instrument, yielding a ~128-
430 fold coverage. The assembly to Hi-C super-scaffolds was performed with the HiRise™ software.
431  This generated 18 large super-scaffolds with a size between 25.5 Mb and 49.1 Mb (total size =
432  642.8 Mb with N50 = 39.9 Mb), while the 19" longest super-scaffold was only 1.5 Mb in size,
433 indicating that the 18 longest super-scaffolds correspond to the 18 D. exilis chromosomes.

434  To generate a BioNano optical map, ultra HMW DNA was isolated using the QIAGEN Genomic-
435  tip 500/G kit (Cat No./ID: 10262) from plants grown in a greenhouse with a dark treatment applied
436  during 48 h prior to collecting leaf tissue. Labeling and staining of the HMW DNA were performed
437  according to the Bionano Prep Direct Label and Stain (DLS) protocol (30206 - Bionano Genomics)

438 and then loaded on one Saphyr chip. The optical map was generated using the Bionano Genomics
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439  Saphyr System according the Saphyr System User Guide (30247 - Bionano Genomics). A total of
440  1,114.6 Gb of data were generated, but only 210.6 Gb of data corresponding to molecules with a
441  size larger than 150 kb were retained. Hybrid scaffolding between the WGA and the optical maps
442  was done with the hybridScaffold pipeline (with the Bionano Access default parameters). In total,
443 39 hybrid scaffolds ranging from 550 kb to 40.9 Mb (total length 657.3 Mb with N50 = 22.6 Mb)
444 were obtained (Supplementary Table 3).

445  To construct the final chromosome-scale assembly, we integrated the Hi-C super-scaffolds and the
446  hybrid scaffold manually. The 39 hybrid scaffolds generated with the optical map were aligned to
447  the 18 Hi-C super-scaffolds produced by HiRise (Supplementary Table 11). The hybrid scaffolds
448  detected two chimeric DeNovoMAGIC3 scafflods that most likely arose from wrong connections
449  in the putative centromeres. The final chromosome-level assembly was constructed as follows: (i)
450  We used the hybrid assembly to break the two chimeric DeNovoMAGIC3 scaffolds, (ii) merged
451  and oriented the hybrid scaffolds using the Hi-C super scaffolds, and (iii) merged the remaining
452  contigs and scaffolds into an unanchored chromosome.

453 A second genome assembly was produced using the TRITEX pipeline?®. Briefly, the initial step
454 wusing Illumina sequencing data (pre-processing of paired-end and mate-pair reads, unitig
455  assembly, scaffolding and gap closing) was done according the instructions of the TRITEX

456  pipeline (https://tritexassembly.bitbucket.io/). Integration of 10x and Hi-C reads was done

457  differently. For the 10x scaffolding, we used tigmint v1.1.2% to detect and cut sequences at
458  positions with few spanning molecules, arks v1.0.3°! to generate graphs of scaffolds with
459  connection evidence, and LINKS®? for a second step of scaffolding. For the Hi-C data, we used
460 BWA® to map the reads against the previous scaffolds and juicer tools v1.5>* for the super-

461  scaffolding.
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462

463  Preparation of FISH probes and cytogenetic analyses

464  Libraries of 45 bp long oligomers specific for each fonio pseudomolecule were designed using the
465  Chorus software (https://github.com/forrestzhang/Chorus) following the criteria of Han, et al.?®.
466  The number of oligomers per pseudomolecule was adjusted to ensure uniform fluorescent signals
467  along the entire chromosomes after fluorescence in situ hybridization (FISH). In total, 310,484
468  oligomers were selected (between 12,647 and 20,000 oligomers per library) and were synthesized
469 by Arbor Biosciences (Ann Arbor, MI, USA). To prepare chromosome painting probes for FISH,
470  the oligomer libraries were labeled directly using 6-FAM or CY 3, or indirectly using digoxigenin
471  or biotin. A tandem repeat CL10 with a 314 bp long repetitive unit (155 bp long subunit) was
472  identified after the analysis of fonio DNA repeats with the RepeatExplorer software®. A 20 bp
473  oligomer was designed based on the CL10 sequence using the Primer3 software>® labeled by CY3
474 and used for FISH.

475  Mitotic metaphase chromosome spreads were prepared from actively growing roots (~1 cm long)
476  of fonio accession CMO05836 according to Simonikova et al.%”. FISH was done with the
477  chromosome painting probes and a probe for the CL10 tandem repeat following the protocol of
478  Simonikova et al.%”. Digoxigenin- and biotin-labeled probes were detected using anti-digoxigenin-
479  FITC (Roche Applied Science) and streptavidin-Cy3 (ThermoFisher Scientific/Invitrogen),
480  respectively. The preparations were mounted in Vectashield with DAPI (Vector laboratories, Ltd.,
481  Peterborough, UK) to counterstain the chromosomes and the slides were examined with an Axio
482  Imager Z.2 Zeiss microscope (Zeiss, Oberkochen, Germany) equipped with a Cool Cube 1 camera

483  (Metasystems, Altlussheim, Germany) and appropriate optical filters. The capture of fluorescence
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484  signals and measure of chromosome lengths were done using the ISIS software 5.4.7
485  (Metasystems) and final image adjustment was done in Adobe Photoshop CS5.
486

487  Analysis of full-length long terminal repeat retrotransposons (fl-LTR-RT)

488  fl-LTR-RT were identified using both LTRharvest® (-minlenltr 100 -maxlenltr 40000 -mintsd 4 -
489  maxtsd 6 -motif TGCA -motifmis 1 -similar 85 -vic 10 -seed 20 -seqids yes) and LTR_finder®® (-
490 D 40000 -d 100 -L 9000 -I 50 -p 20 -C -M 0.9). Then, the candidate LTRs were filtered using
491  LTR retriever®,

492  fl-LTRs were classified into families using a clustering approach using MeShClust25 with default
493  parameters and manually curated with dotter® to discard wrongly assigned LTRs. Only LTR-RT
494  families with at least 30 intact copies were considered in genetics analyses, where different
495  families represented ‘populations’ and each fl-LTR-RT copy of a family was considered as an
496 individual. A multiple sequence alignment was performed within each family using Clustal
497  Omega®® and the polymorphic sites were identified and converted into Variant Call Format (\VCF)

498  using msa2vcf.jar (https://github.com/lindenb/jvarkit). A principal component analysis (PCA) was

499  performed for each fl-LTR-RT family using the R packages vcfR v.1.8.0%4 and adegenet v.2.1.1.
500 Results were visualized with ggplot2%®.

501 The approximate insertion dates of the fl-LTR-RTs were calculated using the evolutionary distance
502  between two LTR sequences with the formula T=K/2p, where K is the divergence rate
503  approximated by percent identity and p is the neutral mutation rate. The mutation rate used was
504 p=1.3 x 10® mutations per bp per year®’.

505

506  Gene annotation
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507 A combination of homology-based and de novo approaches was used for repeat annotation using

508 the RepeatModeler software (http://www.repeatmasker.org/RepeatModeler/) and the

509 RepeatExplorer software®. The results of RepeatModeler, RepeatExplorer and LTR_retriever
510  were merged into a comprehensive de novo repeat library using USEARCH v.11% with default
511  parameters (-id 0.9). The final repeats were classified using the RepeatClassifier module with the
512  NCBI engine and then used to mask the CM05836 assembly.

513 The protein coding genes were predicted on the masked genome using MAKER (version
514  3.01.02)%. Transcriptome reads from flag leaf, grain, panicle and above-ground seedlings were
515 filtered for ribosomal RNA using SortMeRNA v2.17° and for adaptor sequences, quality and length
516  using trimmomatic v0.38". Filtered reads were mapped to the reference sequence using STAR
517 v.2.7.0d"® and the alignments were assembled with StringTie v.1.3.5” to further be used as
518  transcript evidence. Protein sequences from Arabidopsis thaliana’, Setaria italica?’, Sorghum
519  bicolor’™, Zea mays’® and Oryza sativa’’ were compared with BLASTX™® to the masked
520  pseudomolecules of CM05836 and alignments were filtered with Exonerate v.2.2.07° to search for
521  the accurately spliced alignments. A de novo prediction was performed using ab initio softwares
522  GeneMark-ES v.3.54% SNAP v.2006-07-28%! and Augustus v.2.5.5%. Three successive iterations
523  of the pipeline MAKER were performed in order to improve the inference of the gene models and
524  to integrate the final consensus genes. Finally, the putative gene functions were assigned using the

525  UniProt/SwissProt database (Release 2019 08 - https://www.uniprot.org/).

526

527  Synteny and comparative genome analysis

528 BLASTP (E-value 1x10®°) and MCScanX® (-s 10) were used to identify homoeologous

529 relationships between the two sub-genomes of fonio accession CM05836 and orthologous
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530 relationships between CMO05836 and Setaria italica®’, Panicum miliaceum®*, Panicum hallii®,
531  Sorghum bicolor™, Zea mays’®, Oryza sativa’’, Brachypodium distachyon®, Hordeum vulgare®,
532  Triticum aestivum®® and Aegilops tauschii®’. For all the comparisons, fonio sub-genomes A and B
533  were analysed independently and only 1:1 and 1:2 relationships were retained according to the
534  ploidy of the compared genomes.

535 To estimate the divergence time, we calculated the synonymous substitution rates (Ks) for each
536  homoeologous and orthologous pair. Briefly, nucleotide sequences were aligned with clustal\Ww®8
537  and the Ks were calculated using the CODEML program in PAML®. Then, time of divergence
538  events was calculated using T = Ks/2A, based on the clock-(}) estimated for grasses of 6.5 x 10~°
539 % To analyse genome dominance, the quantification of transcript abundance and expression were
540 calculated using RSEM v1.3.1% and genes were considered as expressed when expression was
541 >0.5 TPM in at least one tissue. To study the homoeolog expression bias, we standardize the
542  relative expression of the A and B gene pairs according to Ramirez-Gonzalez et al®.

543

544  Mapping of re-sequencing data and variant calling

545  For quality control of each sample, raw sequence reads were analyzed with the fastqQC tool-
546  v0.11.7 and low quality reads were filtered with trimmomatic-v0.38"* using the following criteria:
547  LEADING:20; TRAILING:20; SLIDINGWINDOW:5:20 and MINLEN:50. The filtered paired-
548  end reads were then aligned for each sample individually against the CM05836 reference assembly
549  using BWA-MEM (v0.7.17-r1188)% followed by sorting and indexing using samtools (v1.6)%.
550  Alignment summary, base quality score and insert size metrics were collected and duplicated reads
551 were marked and read groups were assigned using the Picard tools

552  (http://broadinstitute.github.io/picard/). Variants were identified with GATK-v3.8% using the —
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553 emitRefConfidence function of the HaplotypeCaller algorithm to call SNPs and InDels for each
554  accession followed by a joint genotyping step performed by GenotypeGVCFs. To obtain high
555  confidence variants, we excluded SNPs and InDels with the VariantFiltration function of GATK
556  with the criteria: QD < 2.0; FS > 60.0; MQ < 40.0; MQRankSum < -12.5; ReadPosRankSum < -
557 8.0and SOR > 4.0. The complete automated pipeline has been compiled and is available on github
558  (https://github.com/IBEXCluster/IBEX-SNPcaller).

559 A total of 36.5 million variants were called. Raw variants were filtered using GATK-v3.8%3% and
560 VCFtools v0.1.17%. Variants located on chromosome unanchored, InDels, ‘SNP clusters’ defined
561  asthree or more SNPs located within 10 bp, missing data >10%, low and high average SNP depth
562 (14 < DP > 42), and accessions having more than 33% of missing data were discarded. Only
563 biallelic SNPs were retained to perform further analyses representing a final VCF file of
564 11,046,501 SNPs (Supplementary Table 12). These variants were annotated using snpEff v4.3%
565  with the CM05836 gene models.

566

567  Genetic diversity and population structure

568  Genetic diversity and population structure analyses were performed using D. exilis and D.
569 longiflora accessions together, or with D. exilis accessions alone. PCA and individual ancestry
570  coefficients estimation were performed using the R package LEA®’. The projections of the first
571  PCA axis to geographic maps were performed following Cubry et al.*® and visualized using the
572  Kriging package in R%. For ancestry coefficients analyses, the snmf function was used with ten
573  independent runs for each K from K = 2 to K = 10. The optimal K, indicating the most likely
574  number of ancestral populations, was determined with the cross-validation error rate. For the two

575  analyses, we considered only SNPs present in at least two accessions. We also studied geographic
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576  distribution of private SNPs® (i.e. SNP present only once in a single accession). Genome-wide
577  pairwise linkage disequilibrium (LD) was estimated independently for D. exilis (2,617,322 SNPs)
578 and D. longiflora (9,839,152 SNPs). Linkage disequilibrium (LD) decay (r?) was calculated using
579  the PopLDdecay v.3.40 tool*® in a 500 kb distance and plotted using the ggplot2 package in R®.
580

581  Association of climate, geography and social factors with the population genetics structure

582  Natural (i.e., climate, geography) and human (i.e., ethnic and linguistic) factors were tested for an
583  association with the genetic structure of D. exilis accessions. Bioclimate data and ethnic and
584  linguistic data were extracted for each of the 166 re-sequenced D. exilis accessions from
585  WorldClim version 2%, passport data (ethnic groups), and Ethnologue version 16 (language,
586  https://www.ethnologue.com/). The associations between the genetic structure and different
587  factors were evaluated statistically using Pearson's correlation coefficient test for the bioclimatic
588 and geographic data with the R package devtools (https://devtools.r-lib.org/) (function cor). For
589 the associations of social factors, two-sided Mantel tests (ecodist package -

590 https://rdrr.io/cran/ecodist/) were performed between the genetic distance matrix of D. exilis and

591 the dissimilarity matrix of social factors as inputs. Fisher’s exact tests (Stat R package) were
592  performed with the structure data at K=6 and accessions having ancestry thresholds of >70% as
593 input. We used analysis of covariance (ANCOVA) to test for the impact of ethnolinguistic factors
594  on the first PCA coordinates while controlling for other covariates: climatic and geographic
595  variables.

596

597 Demographic history reconstruction

31


https://www.ethnologue.com/
https://rdrr.io/cran/ecodist/
https://doi.org/10.1101/2020.04.11.037671

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.11.037671,; this version posted April 13, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

598 A Sequentially Markovian Coalescent based approach®>1% was used to infer past evolution of the
599  effective population size of D. exilis and D. longiflora. This analysis was made with the smc++14

600 software and additional customized scripts (https://github.com/Africrop/fonio_smcpp). We

601 excluded SNPs that were not usable according to msmc-tools advices
602  (https://github.com/stschiff/msmc-tools). In order to assess the impact of population structure on
603  our results, additional analyses were done with all nine individuals from the genetically closest
604  group of D. longiflora and also with the six groups of D. exilis based on the genetic structure. The
605 smc++ vcf2smc tools was used to generate the input file and smc++ inference was performed for
606 the different sets of genotypes using the smc++ cv command, considering 200 and 25,000
607  generations lower and upper time points boundaries respectively. All other options were set to
608  default. We considered a generation time of one year and a mutation rate of 6.5 x 10°. Different
609 sets of distinguished lineages were considered for the different sets of individuals. For the random
610 samples of D. exilis accessions, we randomly selected 20 lineages as distinguished ones, while for
611 the other sets, all the samples were considered as distinguished. Graphical representation was made
612  using the ggplot2%® package for R.

613

614  Genome scanning for selection signals

615  Detection of selection was performed independently with three different methods: (1) Weir and
616  Cockerham Fst; (2) nucleotide diversity ratio (m) were calculated between D. exilis and D.
617 longiflora using VCFtools version 0.1.17% with sliding windows of 50 kb every 10 kb; (3) SweeD
618  version 3.3.1%" was used on D. exilis to detect signatures of selective sweeps based on the
619  composite likelihood ratio (CLR) test within non-overlapping intervals of 3,000 bp along each

620 chromosome. We grouped CLR peak positions into one common window if two or several peaks
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621  were less than 100 kb apart. Candidate genomic regions were selected for each method based on
622  top 1% values. A list comprising 34 well characterized domestication genes (Supplementary data
623  3) from major crops was selected and compared by BLAST against gene models and the genome
624  assembly of D. exilis accession CM05836. Each putative orthologous gene was validated by local
625  alignment using ClustalW!%. We considered the genes as orthologous when > 70% of the coding
626  sequence (CDS) length hit the genomic sequence of D. exilis with at least 70% identity. Validated
627  orthologous genes were crossed with genomic regions under selection using bedtools v2.26.0%,
628 To assess the effect of ADeShl on seeds shattering, fonio panicles with three racemes were
629  collected from mature plants and placed in 15ml tubes. Individual tubes were shaken using a Geno
630  Grinder tissue homogenizer (SPEX SamplePrep, Metuchen, NJ ) at 1,350 rpm for 20 seconds and
631 the percentage of shattering was calculated. ANOVA test was performed with the MVApp
632  (https://mvapp.kaust.edu.sa/)*%’.

633

634  Data availability

635 The raw sequencing data used for de novo whole-genome assembly, the raw bionano map, the
636 CMO05836 genome assembly, the RNA-seq data for the annotation and the 183 re-sequenced
637  accessions of D. exilis and D. longiflora for the population genomics analysis are available on
638  EBI-ENA under the study number PRJEB36539.

639  The annotation of the CM05836 genome, the Tritex assembly and the VVCF file are available on
640 the DRYAD database under the doi:10.5061/dryad.2v6wwpz]O0.

641
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