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14 Abstract 

15 Rice is a staple food for the majority of our world’s growing population. Whereas Asian rice 

16 (Oryza sativa L.) has been extensively studied, the exact origins of African rice (Oryza glaberrima 

17 Steud.) are still contested. Previous studies have supported either a centric or a non-centric origin of 

18 African rice domestication. Here we review the evidence for both scenarios through a critical 

19 reassessment of 206 whole genome sequences of domesticated and wild African rice. While genetic 

20 diversity analyses support a severe bottleneck caused by domestication, signatures of recent and 

21 strong positive selection do not unequivocally point to candidate domestication genes, suggesting that 

22 domestication proceeded differently than in Asian rice – either by selection on different alleles, or 

23 different modes of selection. Population structure analysis revealed five genetic clusters localising to 

24 different geographic regions. Isolation by distance was identified in the coastal populations, which 

25 could account for parallel adaptation in geographically separated demes. Although genome-wide 

26 phylogenetic relationships support an origin in the eastern cultivation range followed by 

27 diversification along the Atlantic coast, further analysis of domestication genes shows distinct 

28 haplotypes in the southwest - suggesting that at least one of several key domestication traits might 

29 have originated there. These findings shed new light on an old controversy concerning plant 

30 domestication in Africa by highlighting the divergent roots of African rice cultivation, including a 

31 separate centre of domestication activity in the Guinea Highlands. We thus suggest that the commonly 

32 accepted centric origin of African rice must be reconsidered in favour of a non-centric or polycentric 

33 view.

34

35 Introduction

36 History and relevance

37 Rice is the world’s most important cereal crop. As a staple food for more than half of the 

38 world’s seven billion people, it is of crucial importance in providing food security for an 

39 exponentially growing population. Like other cereals, rice has been domesticated by humans multiple 
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40 times independently. Yet, unlike other cereal species, these domestication events have origins on 

41 different continents – one in Asia, and one in Africa. Although the exact history of rice in Asia is still 

42 disputed, it is clear that Asian rice (Oryza sativa L.) was domesticated from a single wild species 

43 (Oryza rufipogon Griff.) approximately 9000 years ago [1]. In contrast, African farmers domesticated 

44 rice from another progenitor, Oryza barthii A. Chev., approximately 3000 years ago. This event 

45 resulted in a species that is now recognised as Oryza glaberrima Steud. [2].

46 Asian and African rice have distinct phenotypic characteristics: their grains differ in colour, 

47 size, shape and taste. Whereas Asian rice can be milled mechanically, facilitating large-scale 

48 production, African rice grains break easily and have to be milled manually with a mortar and pestle. 

49 These characteristics have favoured the cultivation of Asian rice over African rice in large parts of the 

50 world. In Africa, O. glaberrima has largely been replaced by Asian rice, even though African rice is 

51 more resistant to abiotic stresses and is often preferred for its taste and its diversity in maturation time 

52 [3]. In addition, African rice continues to survive in a ritual context, used in ritual offerings to honour 

53 the ancestors, rather than for consumption [4].

54 Globalisation places these local cultural traditions and the neglected species associated with 

55 them under threat [5]. In addition, food demand is rising in many African countries as a result of the 

56 growing population, a trend which is reflected in annual rice consumption [6]. Yet, food security is 

57 increasingly under pressure from ongoing land use and climate change, limiting the availability of 

58 suitable crop land [7]. Both processes have accelerated the shift in cultivation from local African 

59 varieties to the more productive Asian varieties. As a result, many traditional landraces of O. 

60 glaberrima are disappearing, or have already disappeared [3].

61 Even though Asian rice has higher yields, the diminishing genetic diversity of African rice 

62 may lead to the loss of other important agronomic traits (such as salt tolerance or blight resistance) 

63 that are not represented in O. sativa [3]. Loss of these traits from the gene pool is irreversible and 

64 limits the capacity of this species to resist a changing climate – and that of breeders to produce more 

65 resilient varieties. An understanding of the evolution of O. glaberrima and its adaptation to different 

66 natural environments is therefore an important step in characterising the agronomic potential of this 
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67 species, the protection of which will be indispensable for sustaining genetic crop diversity and a food 

68 secure future.

69

70 Evolutionary origins

71 Two main competing hypotheses have been proposed concerning the domestication of rice in 

72 Africa. One proposes that plant domestication in Africa occurred in a non-centric manner, over a 

73 protracted period of time [8], and has been called the ‘protracted transition model’. According to this 

74 hypothesis, rice was domesticated in multiple areas of domestication in West Africa, without a 

75 defined moment and centre of origin [8]. The other proposes a single centre of domestication along 

76 the Niger River, followed by two secondary diversification events: one along the coast of what are 

77 now the countries of Senegal and Gambia, and one in the Guinea Highlands [2]. This has been called 

78 the ‘rapid transition model’. According to a particular theory supporting the latter hypothesis, 

79 domestication was triggered at an acute time point when climate change started transforming forests 

80 into savannah around 4000 years ago [9]. The sudden drought meant that the increasing population 

81 could no longer rely on traditional forest products. However, the nature of hunter-gatherer and 

82 pastoral societies in West Africa calls into question whether a definite centre of origin is likely ever to 

83 be found [10]. Human migration may have assisted the exchange of particular rice varieties between 

84 ethnic groups, diminishing the differences between them. In addition, ongoing hybridisation with O. 

85 barthii and later cultivation alongside O. sativa may have caused interspecific gene flow, which 

86 further complicates inferences about domestication origin [11].

87 In addition to the centric and non-centric model, an additional theory about crop 

88 domestication stipulates multiple (usually two) defined centres, as has been observed in both Asian 

89 rice [12] and barley [13]. Such a polycentric origin can explain the existence of two distinct, 

90 geographically separated sub-populations or even sub-species, like O. sativa ssp. indica (which 

91 originated in India) and O. sativa ssp. japonica (which originated in China). These subspecies of rice 

92 have separate origins, although later domestication stages saw extensive gene flow between the two, 
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93 which has been associated with the transfer of domestication alleles [14]. An overview of the various 

94 domestication hypotheses is presented in Fig 1.

95

96 Fig 1. Overview of crop domestication hypotheses. The debate about African plant domestication 

97 has mainly revolved around the non-centric model and centric model. An alternative model is derived 

98 from the idea of domestication centres but holds that there can be more than one. 

99

100 Genetic characteristics

101 Several studies have tried to illuminate the question of how and where African rice originated, 

102 either implicitly or explicitly addressing the domestication hypotheses described above. A study of 14 

103 unlinked nuclear genes in 40 individuals found O. glaberrima to have 70% lower genetic diversity 

104 and hardly any population structure compared to its wild relative, supporting a single origin around 

105 the Inner Niger Delta [15]. In contrast, Semon et al. [16] found five cryptic sub-populations based on 

106 a study of 93 microsatellite markers in 198 O. glaberrima and 9 O. sativa accessions. Two of the sub-

107 populations showing interspecific admixture with O. sativa were later shown to be true O. sativa 

108 varieties [11]. The three other groups were specific to O. glaberrima and associated with different 

109 phenotypic traits, corresponding to the floating, non-floating and upland ecotypes, respectively [16]. 

110 The authors found no isolation by distance and therefore argued that the maintenance of sub-

111 populations was mainly caused by artificial selection and human-mediated gene flow. A study of 

112 genetic diversity based on 235 single nucleotide polymorphisms (SNPs) also found two distinct 

113 populations in 266 O. glaberrima accessions without any correlation to geography – in contrast to 

114 their wild relative, which clustered into three geographically distinct sub-populations [11]. Contrary to 

115 earlier findings, however, this study failed to link population structure to phenotypic traits.

116 A potential shortcoming of these earlier studies is the type and quantity of genetic markers 

117 analysed, which leads to a low resolution of genetic diversity. This limitation is overcome with the 

118 introduction of genome-wide analyses and tools. Nabholz et al. [17] analysed more than 12,000 RNA 

119 transcripts from 10 wild and 9 domesticated African rice individuals and thus confirmed that O. 
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120 glaberrima underwent an extreme genetic bottleneck and is probably the least genetically diverse crop 

121 ever documented. This low level of diversity was confirmed by subsequent genomic studies. In 2014, 

122 Wang et al. [18] published an assembly of the currently only available reference genome of O. 

123 glaberrima (AGI1.1). Whole genome resequencing of 94 O. barthii and 20 O. glaberrima accessions 

124 revealed that domesticated rice consistently clustered with one of five sub-populations of wild rice, 

125 suggesting a single origin in the area of Senegal, Gambia, Guinea and Sierra Leone [18]. A genome-

126 wide association study of 93 additional O. glaberrima accessions fine-tuned this finding by providing 

127 evidence for geographically localised diversification within this region, specifically suggesting that 

128 reduced salt tolerance may have evolved in the tropical south of the western Atlantic coast in response 

129 to higher rainfall and reduced salinity [19]. In addition, this study supports a period of low-intensity 

130 cultivation that may have started as early as 10,000 years before the effective population size reached 

131 a low point around 3000 years ago, when African rice was reputedly domesticated.

132

133 One or multiple origins?

134 Thus far, no conclusive evidence has been provided in favour of either the non-centric or the 

135 centric domestication hypothesis. Although the first genome study of African rice supported a single 

136 origin of domestication [18], the suggested place of origin is not located along the Inner Niger Delta 

137 as suggested by Portères [2], but rather in what Portères proposes to be the secondary diversification 

138 centre(s) on the Atlantic coast. In contrast, the competing scenario of diversification in this region 

139 makes no claims as to the original centre of domestication, and even provide evidence for the 

140 protracted model [19]. None of the other genetic studies mentioned in the previous section were able 

141 to pinpoint a clear centre of domestication. In addition, evidence regarding population structure is 

142 inconclusive and varies from no observed structure at all [15,17], to clearly differentiated [11,16] and 

143 geographically localised [19] sub-populations. Furthermore, the use of widely divergent types and 

144 quantities of data, including RNA transcripts, microsatellites, gene markers and genome-wide SNPs, 

145 precludes a systematic comparison of the results of these studies.
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146 The available genomic data enable a reinterpretation of previous results and might clarify 

147 some of the present ambiguities regarding the origin and diversification of African rice. Thus, while 

148 many questions concerning the domestication and migration of African rice are still outstanding, the 

149 complete genome sequences of more than a hundred O. glaberrima accessions – and an almost equal 

150 number of O. barthii accessions – provide a wealth of genetic data that can be used to reconstruct the 

151 evolutionary history of African rice, and to compare the genetic diversity of O. glaberrima in its 

152 different localities.

153 In order to elucidate the origin and diversification of O. glaberrima in West Africa, we 

154 performed a critical reassessment of the publicly available whole genome resequencing data of O. 

155 glaberrima and O. barthii accessions from across the species range (S1 Table and S2 Fig). These data 

156 were mapped against the O. glaberrima reference genome and analysed through a combination of 

157 population genetic and phylogenetic approaches, details of which can be found in the Materials and 

158 methods. In short, we wanted to 1) confirm the genetic bottleneck in African rice as a result of 

159 domestication; 2) identify which alleles have been driven to (near) fixation as a result of artificial 

160 selection; 3) discover population structure and differentiation within and between the two species; 4) 

161 assess the influence of geography on the distribution of genetic variation; 5) explore discordances 

162 between the evolutionary histories of candidate domestication genes and the genome-wide species 

163 tree; and 6) predict the functional relevance of gene regions with divergent histories.

164 The first objective was met by quantifying the relative genetic diversity of O. glaberrima and 

165 O. barthii through a variety of statistics. The second objective was met by unfolding the site 

166 frequency spectrum and performing a selection scan. The third objective was met by estimating the 

167 number of ancestral populations to delimit extant populations and calculating the fixation index 

168 between them. The fourth objective was met by mapping a principal components analysis onto known 

169 geographic coordinates and measuring isolation by distance. The fifth objective was met by phasing 

170 gene haplotypes and comparing their relationships with the overall phylogeny based on genomic 

171 distances. Finally, the sixth objective was met by identifying high impact mutations based on 

172 computational analyses and previously published experimental results. These results were 

173 subsequently used to weigh the evidence for local versus global adaptation, discuss the taxonomic 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 23, 2018. ; https://doi.org/10.1101/398693doi: bioRxiv preprint 

https://doi.org/10.1101/398693
http://creativecommons.org/licenses/by/4.0/


8

174 implications for species delimitation, argue for a single or multiple domestication events, and 

175 ultimately to reconsider the dominant domestication hypotheses.

176

177 Results

178 Genetic bottleneck

179 Joint variant calling and quality filtering resulted in a total of 3,923,601 SNPs. Average SNP 

180 density is almost twice as high in O. barthii (9.04 SNPS per kb) as in O. glaberrima (5.00 SNPs per 

181 kb). About half of the polymorphic sites in O. barthii are unique to this species. In contrast, the vast 

182 majority of polymorphic sites in O. glaberrima is shared with O. barthii, suggesting very little 

183 species-specific variation among the domesticated accessions. The ratio of synonymous to non-

184 synonymous substitutions and the relative portion of protein coding variation appear to be roughly the 

185 same (between 0.80-0.85, and less than 10% of the total SNP count, respectively). Both O. barthii and 

186 O. glaberrima are predominantly selfing plants, which is reflected in their low levels of 

187 heterozygosity. Removal of low coverage individuals (< 4X) in both species revealed an even stronger 

188 reduction of heterozygosity in O. glaberrima, consistent with a higher level of inbreeding.   

189 Relative nucleotide diversity between the two species was significantly lower in the cultivated 

190 species (πc = 0.0007) than in the wild species (πw = 0.0013) at p < 1.0E-05. The relative nucleotide 

191 diversity (πw/ πc) was found to be 1.87 across the genome, but was markedly higher in some regions 

192 (S3 Fig). Tajima’s D was significantly different between the two species at p < 1.0E-05, being 

193 predominantly negative in O. glaberrima (-0.6761) and positive in O. barthii (0.5172). The relative 

194 levels of Tajima’s D suggest that large parts of the O. glaberrima genome exhibit an excess of rare 

195 variants as compared to O. barthii. This is compatible with the general trend in π ratio (πw/ πc), which 

196 is usually well above one (S3 Fig) and takes on particularly high values when Tajima’s D is extremely 

197 negative.   

198 The excess of rare variant in O. glaberrima is confirmed by the Minor Allele Frequency 

199 (MAF) spectrum (S3 Fig), where O. glaberrima has a larger spike in low frequency alleles (MAF < 
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200 0.01) than the majority of O. barthii alleles, which are of intermediate frequency (MAF 0.01-0.05). 

201 The low levels of nucleotide diversity and the large number of rare variants found in O. glaberrima 

202 are consistent with a scenario of population expansion following a sudden drop in effective population 

203 size. These results are in congruence with previous findings [17–19] and indicate that a strong 

204 reduction in diversity in O. glaberrima occurred as a result of domestication.

205

206 Artificial selection

207 The previous statistics show a deviation from neutrality that could be caused both by changes 

208 in the effective population size as well as selection. Whereas demographic factors can usually account 

209 for extremely low frequencies of derived alleles, it is very unlikely that genetic drift alone can push 

210 derived alleles to extremely high frequencies. A U-shaped derived allele frequency spectrum is 

211 therefore used as evidence of positive selection, but has not been demonstrated in African rice to date. 

212 In contrast to the expected site frequency spectrum under neutral conditions, a large number 

213 of high frequency derived alleles is observed in both species (Fig 2). Despite this excess of high 

214 frequency derived alleles, O. glaberrima shows a greater excess (35% of total SNPs above 

215 expectation) than O. barthii (27% of total SNPs above expectation) in the far-end of the spectrum (0.7 

216 – 1.0). This excess is also caused by higher frequency classes in O. glaberrima (21% of total SNPs > 

217 0.99) than in O. barthii (18% of total SNPs > 0.95). Over the whole spectrum, the discrepancy 

218 between observed and expected frequencies as observed in an empirical cumulative distribution plot, 

219 is greater in O. glaberrima than in O. barthii (Fig 2). This difference was found to be significant in a 

220 two-sample Kolmogorov-Smirnov test (p < 0.5E-04).  The disproportional skew in favour of high 

221 frequency derived alleles in O. glaberrima suggests that large parts of the genome bear signs of recent 

222 positive selection.

223

224 Fig 2. Derived allele frequency spectrum of non-coding and synonymous substitutions in O. 

225 barthii and O. glaberrima. A. Observed and expected marginal derived allele frequency spectrum of 

226 O. glaberrima. B. Observed and expected marginal derived allele frequency spectra of O. barthii. C. 
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227 Derived allele frequency spectra of O. glaberrima and O. barthii together. D. Empirical cumulative 

228 distribution function of the difference between the expected and observed frequency spectra.

229

230 To further investigate the regions of the genome that might have been under recent and strong 

231 selection, a composite likelihood ratio (CLR) test was conducted (S4 Fig). Overall, the genome-wide 

232 CLR was higher in O. glaberrima (1.12 on average) than in O. barthii (0.93 on average). Barring a 

233 single shared outlier on chromosome 4, there is a remarkable lack of overlap of outliers between the 

234 two species, suggesting that the sweeps found in O. glaberrima are unique to the domesticated 

235 accessions. More surprising, however, is the fact that out of 20 candidate domestication genes, not a 

236 single one shows clear-cut evidence of a recent, strong selective sweep (S5 Fig). This is either 

237 because the chosen selection scan has problems separating the effects of demography from those of 

238 selection, or because the model of a single, hard sweep fails to explain the history of these genes. If 

239 the latter is the case, this calls into question the ‘single origin’ hypothesis and the domestication of O. 

240 glaberrima might have resulted from more complex processes than simple selection scans are able to 

241 detect. Since these scans presume that a variant under selection swept through an entire population, 

242 the possibility that part of the population escaped the sweep, either due to different selection pressures 

243 or due to population substructure, remains unexplored.

244

245 Ancestral and extant populations

246 To investigate to what extent population substructure in O. glaberrima and O. barthii could 

247 disqualify the hard sweep model, we re-examined the variation in both species. A joint ADMIXTURE 

248 analysis was performed to infer which ancestor fractions are shared between the species and which are 

249 unique. Cross-validation error estimates shows that model fit was optimised for both species at K=8 

250 and at K=5 when either O. glaberrima or O. barthii was considered by themselves (S6 Fig). Two of 

251 the eight ancestral populations were predominantly found in O. barthii alone, and three others almost 

252 exclusively in O. glaberrima (Fig 3A). 

253
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254 Fig 3. Structure and geographic clustering of genetic variation in O. barthii and O. glaberrima.  

255 A. Admixture analysis with K = 8 ancestral populations of wild and domesticated rice accessions 

256 combined. B. Admixture analysis with K = 5 ancestral populations of domesticated rice accessions 

257 only and their corresponding collections sites. Accessions were assigned to a cluster according to their 

258 genetic background, with the colour of each sample representing the ancestral population (K = 5) that 

259 accounted for the majority (>50%) of pruned SNPs in that accession. C. PCA of all geo-referenced 

260 accessions of O. glaberrima (dots, filled) and O. barthii (triangles, open) together. The first principal 

261 component is correlated significantly with latitude and the second principal component is correlated 

262 significantly with longitude. D. PCA of all geo-referenced O. glaberrima accessions separately. The 

263 first principal component is correlated significantly with longitude and the second principal 

264 component is correlated significantly with latitude.

265

266 Based on these results, the two species were subdivided in roughly evenly sized sub-

267 populations, depending on the dominant ancestor fraction in each individual: O. barthii in sub-

268 populations OB-A through OB-D, and O. glaberrima in OG-I through OG-V, respectively (Fig 3). 

269 Interestingly, OB-C and OB-D represent the individuals that were previously found to form a clade 

270 with O. glaberrima [18]. This makes sense in light of the observation that these individuals contain 

271 ancestor fractions that are also found in O. glaberrima, in contrast to the individuals from populations 

272 OB-A and OB-B. The only domesticated populations that do not appear to share ancestry with any of 

273 the wild populations, are OG-II and OG-III. A large number of individuals in these populations 

274 contain substantial fractions of both ancestries, making these populations less readily distinguishable. 

275 The collection sites of OG accessions suggest that the observed population structure has a 

276 strong geographic component (Fig 3B). Whereas most of the coastal accessions belong to either OG-I, 

277 OG-II or OG-III, the majority if accessions sampled inland belong to OG-IV and OG-V. Geographic 

278 populations of O. glaberrima have been proposed before by Meyer et al. [19], who separated African 

279 rice into groups based on a 11°N and the 6°W cline. Association of the coordinates of collection sites 

280 with genetic variation was tested on the basis of a principal component analysis (PCA), conducted for 

281 both species together and separately. We were unable to detect any such association in O. barthii 
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282 alone. This may be due to the low number of geo-referenced individuals, a lack of geographic 

283 structure or both. When both species were pooled together (Fig 3C) or O. glaberrima was taken alone 

284 (Fig 3D), however, latitude and longitude were found to be significantly correlated with either of the 

285 top two principal components. This confirms that genetic variation is partially explained by the site of 

286 collection, at least in the domesticated species.

287

288 Geographic distribution of genetic variation

289 To determine the degree of genetic differentiation between the geographic regions, the 

290 fixation index (FST) was calculated between individuals separated by the 11°N and the 6°W cline, 

291 respectively. Genetic differentiation between O. glaberrima and O. barthii was calculated as a 

292 reference point for within O. glaberrima comparisons (Table 1). While O. glaberrima and O. barthii 

293 are differentiated greatly (FST > 0.15), the western and eastern groups were differentiated moderately 

294 (FST = 0.10) and the northern and southern groups were differentiated only a by a small degree (FST < 

295 0.05). This is in line with previous results, proposing an early split between the eastern and western 

296 cultivation range, followed by a later split between the northern and southern diversification centres 

297 [19].

298

299 Table 1. Fixation index (FST) between species and between geographic clusters. 

Population 1 Population 2 Weighted FST Degree of differentiationa

O. barthii (all) O. glaberrima (all) 0.181 Great (0.15 – 0.25)

East O. glaberrima West O. glaberrima 0.100 Moderate (0.05 – 0.15)

North O. glaberrima South O. glaberrima 0.042 Little (< 0.05)

300 a The degree of differentiation is based on the mean weighted FST, and interpreted using the 

301 classification by  Hartl & Clark [20].

302

303 Genetic differentiation from O. barthii for all five O. glaberrima populations was found to be 

304 large (FST > 0.15), but relatively larger for the three coastal populations (FST > 0.25) than for the two 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 23, 2018. ; https://doi.org/10.1101/398693doi: bioRxiv preprint 

https://doi.org/10.1101/398693
http://creativecommons.org/licenses/by/4.0/


13

305 inland populations (FST 0.15 – 0.25). Genetic differentiation from O. barthii is the smallest for OG-IV 

306 and the largest for OG-II (Table 2). This pattern is mirrored by the number of segregating sites 

307 remaining in each population after removing monomorphic SNPs, which is again the largest for OG-II 

308 and the smallest for OG-IV (Table 2). The opposite trend can be seen for average nucleotide diversity, 

309 which is smaller in the coastal populations (π < 1.0/kb) than in the inland populations (π > 1.0/kb). 

310 We thus observe that, even though the total number of polymorphic sites in larger in OG-I through 

311 OG-III, the average number of pairwise differences between these individuals is lower. This suggests 

312 that a smaller number of individuals carries a larger fraction of the polymorphic sites, which is 

313 consistent with a population expansion scenario, as explained before.

314

315 Table 2. Genetic attributes of five genetic O. glaberrima populations. Columns show relative 

316 sample size, degree of polymorphism and genetic differentiation from O. barthii. Fixation index (FST) 

317 reflects the differentiation between a subset of individuals (n = 15) from each population and an equal 

318 number of O. barthii.

319 a The degree of differentiation is based on the mean weighted FST, and interpreted using the 

320 classification by  Hartl & Clark [20].

321

322 The combined evidence of the previous sections suggests that the increase in genetic 

323 differentiation from the inland to the coastal populations may be linked to geographic range 

324 expansion. To test whether the observed population structure could be the result of geography, 

325 isolation by distance (IBD) was assessed among all West African accessions. Genetic IBD is 

326 explained by the accumulation of genetic differences by dispersal [21]. We evaluated genetic IBD as 

Population Accessions Segregating sites π/kb Weighted FST Degree of differentiationa

OG-I 22 1,443,290 0.9905 0.25641 Very great (> 0.25)

OG-II 30 1,550,660 0.7504 0.30894 Very great (> 0.25)

OG-III 19 1,646,372 0.9166 0.27588 Very great (> 0.25)

OG-IV 21 1,236,010 1.179 0.20514 Great (0.15 – 0.25)

OG-V 20 1,324,300 1.076 0.24287 Great (0.15 – 0.25)
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327 the correlation between pairwise relatedness, measured by the kinship coefficient (φ), and pairwise 

328 geographic distance, measured by the shortest distance between the collection sites of two accessions 

329 in kilometres. Genetic IBD was discernible among the coastal populations with a correlation 

330 coefficient (r) of -0.35 (Fig 4). This correlation was stronger than the observed correlation within any 

331 single population, or in all populations pooled together (S7 Fig). In contrast, there was hardly any IBD 

332 among the inland populations, with a correlation coefficient (r) of only 0.02 (Fig 4F). This suggests 

333 that, whereas in the inland regions geographic distance seems to be a very poor indicator of 

334 relatedness, some of the population structure observed along the coast can indeed be explained by 

335 geographic distance. This would correspond to the accrual of mutations as O. glaberrima dispersed 

336 throughout the coastal range.

337

338 Fig 4. Genetic isolation by distance in O. glaberrima. A. Distribution of the pairwise geographic 

339 distances between individuals in kilometres, grouped per population. B. Distribution of the kinship 

340 coefficients between individuals, grouped per population. C. Isolation by distance among the coastal 

341 populations (OG-I, OG-II and OG-III). Outliers (separated by more than 1500 km) were omitted. D. 

342 Isolation by distance among the inland populations (OG-IV and OG-V). Outliers (separated by more 

343 than 3500 km) were omitted. Each dot symbolises a unique pair of individuals within in each group. 

344 Whereas N denotes the number of accessions included in each analysis, the number of pairwise 

345 comparison equals N! and is therefore markedly higher.

346

347 Whole-genome and candidate gene trees

348 The progressive differentiation of O. glaberrima from O. barthii in an east to west direction, 

349 is reflected in a genome-wide neighbour-joining (NJ) tree of all accessions (Fig 5). Almost all the 

350 coastal accessions (OG-I, OG-II and OG-III) appear to form a clade that do not include any O. barthii 

351 or any of the inland accessions (OG-IV an OG-V). In contrast, the closest wild relatives of O. 

352 glaberrima (OB-C and OB-B) cluster primarily among the inland accessions, whereas OB-A and OB-

353 B together form a monophyletic clade with much longer branches than the other O. barthii. This 
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354 clustering of O. glaberrima and O. barthii populations is largely confirmed by PCA and multi-

355 dimensional scaling of the genetic variation in both species, where the distinct nature of OB-A and 

356 OB-B is visible in its large distance from the other accessions.

357

358 Fig 5. Neighbour Joining (NJ) tree of O. barthii and O. glaberrima whole genome sequences, 

359 based on 3,923,601 genome-wide SNPs. A. NJ tree with all O. barthii (OB) and O. glaberrima (OG) 

360 accessions. Accessions are labelled by species and coloured according to their genetic cluster (K = 8). 

361 The grey bar labelled ‘OB-V and OG’ indicates the smallest monophyletic clade containing all O. 

362 glaberrima and its nearest wild relatives. B. Pruned NJ tree with only OB-V and OG accessions, 

363 representing the smallest monophyletic clade that contains all O. glaberrima and its nearest wild 

364 relatives. Branches are coloured according to genetic cluster (K = 8) and are labelled by country. OB-

365 V accessions labels have a grey background. The dashed blue line surrounds the largest clade that 

366 contains only OG and no wild relatives

367

368 The clustering of inland samples with O. barthii implies that they share a common pool of 

369 genetic variation from which O. glaberrima was domesticated, and that the coastal lineages branched 

370 off at a later point in time. The smaller nucleotide diversity in the coastal populations, indicative of 

371 recovery from a genetic bottleneck, seems to support this scenario. Assuming that the sampling 

372 locations of the present accessions reflect their historical origins, this suggests that the origin of 

373 domestication lies east of the 6°W cline, and that O. glaberrima subsequently migrated westward. 

374 This is consistent with the TreeMix analysis performed by Meyer et al. [19], and with the 

375 domestication hypothesis proposed by Portères [2].

376 To assess whether certain domestication traits of O. glaberrima could have had multiple 

377 origins, NJ trees were constructed for several domestication genes known from recent rice genetics 

378 literature [18,22], a list of which can be found in S8 Table. We labelled the five most common 

379 haplotypes per gene and then annotated the trees based on population structure, to see which of the O. 

380 glaberrima subpopulations segregate into different haplotypes and whether they cluster with the 

381 expected OB-C and OB-D accessions. 
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382 Eight of the twenty genes clearly deviate from the genome-wide phylogenetic signal (S9 

383 Table). In these genes, a subset of O. glaberrima from a single subpopulation cluster together in 

384 smaller clades that are far removed from the larger O. glaberrima clade. In four of those (Sd1, qSh1, 

385 OsLG1 and Sh4), the segregating haplotype that is farthest removed from the major clade in these 

386 genes is composed O. glaberrima individuals that are exclusively from the OG-II population (Table 

387 3). A closer inspection of the neighbouring O. barthii accessions reveals that their closest relatives all 

388 belong to the OB-B subpopulation, rather than the expected OB-C and OB-D populations (Fig 6). A 

389 re-examination of the other trees subsequently shows that some of the OG-II accessions also cluster 

390 with OB-B in other genes (Table 3), although their numbers did not warrant their inclusion as one of 

391 the five largest haplotypes. This recurrent pattern stands in stark contrast with the genome-wide 

392 phylogeny, where the OB-B population is genetically most distant from O. glaberrima (Fig 5). 

393

394 Fig 6. Separation of OG-II haplotype in multiple domestication genes. The five (or in case of 

395 equal haplotype counts, six) largest haplotypes are labelled. The most common haplotypes, containing 

396 accessions from multiple sub-populations O. glaberrima, are collapsed into orange nodes. Haplotypes 

397 that consist exclusively of O. barthii are collapsed into blue nodes. Remaining haplotypes, consisting 

398 of a mix O. barthii and O. glaberrima accessions from a single subpopulation, are expanded with 

399 branch colours reflecting their population of origin of the O. glaberrima accessions

400

401 Table 3. OG-II accessions possessing a different haplotype than the main O. glaberrima clade in 

402 multiple domestication genes. All these accessions have in common that they cluster with OB-B 

403 rather than OB-C and OB-D and share a single haplotype with other O. glaberrima individuals for the 

404 genes that are marked with an ‘x’.  

Accession qSh1 Sd1 OsNAC6 OsLG1 Sh4 GW2 COLD1 Phr1 Rc Country

IRGC103937 x x x x x Liberia

IRGC103946 x x Liberia

IRGC103949 x x x x Liberia
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IRGC103953 x x x x x Sierra Leone

IRGC103988 x x x x Sierra Leone

IRGC104035 x x x x x Cote d'Ivoire

IRGC104036 x x x x x Cote d'Ivoire

IRGC104165 x x x x Guinea

IRGC105048 x x x x x Liberia

IRGC105049 x x x x Liberia

TOG6203 x x x x x Guinea

405

406 Haplotypes restricted to a single subpopulation are also observable in a number of other genes 

407 (S10 Fig). Most notably, accessions from the OG-IV subpopulation do not only cluster separately in 

408 qSh1 and OsLG1, but are also part of smaller haplotypes in Phr1, MOC1, Rc and Ipa1 (Table 4). 

409 Although these accessions are exclusively surrounded by O. barthii accessions sharing the same 

410 ancestry, the fact that they frequently form a distant clade provides further support for the separate 

411 roots of domestication in the coastal and inland regions of West Africa.  

412

413 Table 4. OG-IV accessions possessing a different haplotype than the main O. glaberrima clade in 

414 multiple domestication genes. All these accessions have in common that they cluster with O. barthii 

415 accessions of similar ancestry and share a single haplotype with other O. glaberrima individuals for 

416 the genes that are marked with an ‘x’

Accession qSh1 OsLG1 Phr1 MOC1 Rc Ipa1 Country

IRGC103592 x x Cameroon

IRGC103599 x x Cameroon

IRGC103922 x x x x x x Nigeria

IRGC103963 x x x x x x Senegal

IRGC103982 x x Nigeria

IRGC104024 x x x x x x Guinea-Bissau

IRGC104044 x x Chad
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IRGC104047 x x Cameroon

IRGC104533 x Nigeria

IRGC104904 x x Nigeria

TOG5467 x Nigeria

417

418 Functional characteristics of haplotypes

419 To see what phenotypes might be associated with the segregating haplotypes in these genes, 

420 we evaluated the impact of the responsible substitutions using variant prediction software. No high-

421 impact substitutions were detected apart from a variant in Sh4 (a shattering gene), which encodes a 

422 premature stop codon in almost all domesticated accessions. Polarisation of this SNP against O. 

423 meridionalis as an outgroup demonstrated that the variant responsible for truncation of the protein is 

424 derived, and the variant encoding the intact protein is ancestral. The ancestral variant was found to be 

425 represented exclusively in the OG-II haplotype. Since the non-shattering phenotype is a crucial trait in 

426 the domestication syndrome, the ancestral state of this substitution in a limited number of OG-II 

427 accessions presupposes that another variant – either in the same gene or in a different gene – might be 

428 causing the same phenotype. This has recently been confirmed by functional characterisation of 

429 another gene, called Sh3, that is on its own responsible for a non-shattering phenotype in African rice 

430 [23]. 

431 Although the functional relevance of these genetic differences has been demonstrated for one 

432 gene (Sh4), both in silico and in vitro, the phenotypic consequences of differentiation in the other 

433 genes remain to be determined. Considering the extensive LD in O. glaberrima and the fact that 

434 strong candidates for high impact substitutions could not be identified, it cannot be excluded that 

435 associated functional mutations lie outside the intervals included in our phylogenetic analyses and that 

436 the gene haplotypes identified here may have hitchhiked on the selection of a different genomic 

437 feature altogether. Any claims regarding the adaptive significance of these phylogenetic patterns will 

438 therefore have to be complemented by experimental evidence. 
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439 Interestingly, screening of homologs of additional agronomically important genes reveals that 

440 the NAC transcription factor OsNAC6 is located less than 15kb away from Sd1. OsNAC6 has been  

441 identified as a key regulator of rice stress responses and has been shown to enhance drought and 

442 salinity tolerance [24]. Phylogenetic analysis shows that the exact same OG-II accessions form a 

443 separate haplotype in this gene as in Sd1 (Table 3). A genome-wide association study of O. 

444 glaberrima has provided evidence for geographical divergence of salt tolerance traits in the SW 

445 coastal population and suggested two other candidate genes OsHAK5 and OsHAK6 that were linked to 

446 a significant SNP on the far-end (position 30698514) of chromosome 1 [19]. This gives further 

447 credibility to the idea that the segregating haplotypes in these genomic regions may underlie 

448 functional differentiation of the coastal OG-II accessions.

449

450 Discussion

451 Modes of adaptation

452 This is the first time that the data sets of two large scale genomic studies on African rice 

453 [18,19] have been combined and comprehensively reanalysed, allowing for several important new 

454 insights into the domestication history of O. glaberrima. The sample sizes of both O. glaberrima and 

455 O. barthii, in combination with the genomic nature of the data, confer an advantage to the analyses 

456 presented here that previous studies did not have.

457 The diversity measures reported in this study are consistent with previous reports [18,19] and 

458 provide strong evidence for a large reduction in diversity in the genome of O. glaberrima as a result 

459 of domestication. This reduction in diversity is most likely caused by a combination of selection, 

460 favouring a small number of preferred alleles, and demographic history, causing a large drop in 

461 effective population size (Ne). 

462 Both the negative values of Tajima’s D and the skewed MAF distribution in favour of rare 

463 alleles support the notion that O. glaberrima underwent population expansion following a severe 

464 bottleneck. While this demographic scenario can account for the large number of rare derived alleles, 
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465 it is unlikely to account for the large number rare ancestral alleles. The fact that O. glaberrima shows 

466 a larger excess of high frequency derived alleles than O. barthii, as evidenced by their empirical 

467 cumulative distribution functions, is an indication that it at least underwent stronger positive selection 

468 than its wild relative. 

469 Despite this evidence, the identification of exact regions in the genome that have been under 

470 positive selection is notoriously difficult due to the confounding effects of demographic history, 

471 which are known to produce local reductions in genetic diversity that can look remarkably like 

472 selective sweeps [25]. None of the currently available selection scans have been tested for their 

473 robustness under simulations of a very extreme and rapid bottleneck, as encountered in domestication 

474 events. Without additional modelling, therefore, we cannot be sure that demographic history of 

475 African rice did not interfere with the CLR test presented here. In addition, this test does not consider 

476 alternative forms of selection, such as balancing selection or diversifying selection. In recent years, 

477 more studies have focused on the existence of ‘soft’ selective sweeps, which are caused by positive 

478 selection on either pre-existing variants or multiple de novo mutation. we did not explore alternative 

479 models of selection in this study, because the existence of several haplotypes due to multiple novel 

480 mutations or standing variation renders the detection of soft sweeps exceedingly complex.

481 Perhaps the most compelling argument that can be made against the hard sweep model in O. 

482 glaberrima, is the population subdivision. A recent study of the AfricaRice gene bank collection also 

483 revealed exactly five genetic clusters based on a study of 27,560 SNPs across 2,179 accessions. These 

484 clusters are linked strongly to country of origin, but less so to ecotype [26] . 

485 The geographic component of population structure can prevent instances of position selection 

486 from sweeping through the entire population in multiple ways. Firstly, isolation by distance delays the 

487 migration of a beneficial allele, thus diminishing the effect of genetic hitchhiking that is observed in a 

488 hard sweep [27]. In addition, population structure can cause parallel adaptation to a global selection 

489 pressure in geographically separated demes [28], resulting in a soft sweep rather than a hard sweep. 

490 Geographically separated populations may also undergo local adaptation due to geographically 

491 localised selection. This has been observed in the case of drought tolerance in the coastal populations 
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492 of O. glaberrima [19]. Hence, it is not unlikely that population substructure further complicates the 

493 detection of sites that are universally under positive selection throughout the entire species.

494

495 Species delimitation

496 The population structure of African rice further sheds light on the geography of its 

497 domestication. Interestingly, all the accessions that originate from the proposed primary domestication 

498 centre of African rice, around the Inner Niger Delta, belong to a single genetic cluster (OG-V). This 

499 cluster is also found in Guinea, where it coincides with one of the coastal populations (OG-III) and 

500 where the species splits into two other populations: OG-I to the north and OG-II to the south. The 

501 geographic ranges of the latter populations roughly correspond with the proposed secondary 

502 domestication centres in what used to be Senegambia and in the Guinea Highlands, respectively. In 

503 contrast, OG-IV is restricted to the inland areas and is located primarily south and east of OG-V. The 

504 fact that OG-IV and OG-V appear to be the most genetically diverse and least genetically 

505 differentiated from O. barthii, while the reverse can be seen in the coastal populations, seems to 

506 suggest that the population bottleneck occurred in an east to west direction, followed by 

507 differentiation between the north and south in the coastal region. We therefore see strong evidence of 

508 Portères’ domestication theory in our population structure analysis.

509 The fact that O. glaberrima does not form a monophyletic clade, however, calls into question 

510 the assumption that it speciated through a discrete domestication event. A possible explanation could 

511 be the rewilding of ancient O. glaberrima landraces, which have ‘gone feral’ and are now classified as 

512 the wild species. This would explain the shorter branch lengths of some of these closely related O. 

513 barthii accessions. Alternatively, one might be tempted to conclude that the paraphyletic nature of this 

514 group disproves its taxonomic status as a separate species, and that O. glaberrima and O. barthii are 

515 genetically indistinguishable. Indeed, O. glaberrima and O. barthii diverged so recently that 

516 hybridisation is still considered possible – if difficult – and that admixture between O. barthii and O. 

517 glaberrima even now should not be excluded. In fact, ‘weedy’ rice, which is a genetic mix between 
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518 the wild and cultivated species, can result from interspecific crosses and has been observed in the case 

519 of African rice in both Mali and Cameroon [11].

520 Another explanation for the observed phylogenetic patterns might be that the time that has 

521 passed since domestication (roughly 3000 years ago) has not been sufficient to establish complete 

522 lineage sorting. This could mean that O. glaberrima still contains a part of the ancestral variation that 

523 is observed in O. barthii. For this reason, gene trees may not correspond to the overall genomic tree. 

524 Indeed, it is a widely observed phenomenon that incomplete lineage causes mixed phylogenetic 

525 signals [29]. 

526 However, the recurrent pattern of gene haplotypes that are restricted to OG-II accessions from 

527 the Guinea Highlands suggests that domestication may have followed a different path in this area, 

528 possibly through local introgression from wild rice. This could have led to the observed genetic 

529 differences in various parts of the genome. Specifically, the ancestral character of a functionally 

530 important SNP in Sh4 has been confirmed independently and proposed to “support the deep and 

531 separate roots of domestication practices in the west versus the eastern cultivation range” [30]. The 

532 existence of another locus that explains the loss of shattering in these accessions points to the 

533 independent selection of multiple variants affecting the same trait in different sub-populations of O. 

534 glaberrima and is consistent with parallel adaptation.

535

536 Origins of domestication

537 The results discussed so far thus shed new light on an old controversy concerning the process 

538 of plant domestication in Africa, in which two models have traditionally been competing: the rapid 

539 transition model proposed by [2] and the non-centric protracted transition model proposed by [8]. 

540 Whereas the work by Portères promotes the idea of a primary domestication centre followed by 

541 secondary centres where later improvement occurred, Harlan’s model implies diffuse domestication 

542 over a long period of time, with multiple centres or no centres at all. Previous studies that have 

543 employed genomic data, have supported both sides of this controversy: Wang et al. [18] found 
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544 evidence for centric domestication, thereby supporting Portères’ hypothesis, whereas Meyer et al. [19] 

545 found evidence for the protracted transition model advocated by Harlan.

546 This study has aimed to resolve some of the confusion introduced in this debate. First of all, it 

547 is clear that the previous genomic studies address different aspects of the controversy: Wang et al. 

548 [18] merely propose that domestication was centric, but make no claims regarding the rapidity, and 

549 Meyer et al. [19] do the opposite; they propose that domestication was protracted, but not necessarily 

550 non-centric. Although the present study does not deal with the time scale of domestication, a few 

551 remarks about the potential centre(s) of origin can be made.

552 Based on the sampling origins of O. glaberrima, the results are strongly suggestive of an early 

553 domestication event in the eastern cultivation range, with subsequent genetic differentiation towards 

554 the west. The geographic origin of the closest wild relatives of O. glaberrima, however, correspond 

555 mostly with the Senegambian and Guinean forest regions. If we assume that these relatives are 

556 genuinely O. barthii and not ‘rewilded’ or intermediate forms, there are two plausible scenarios. 

557 Either African rice was first domesticated along the coast and subsequently migrated east. In that case, 

558 the coastal landraces must have undergone substantial differentiation in order to explain their larger 

559 genetic distance from O. barthii. Alternatively, the geographic separation of the inland populations 

560 and their wild relatives can be explained by domestication in the eastern cultivation range and a 

561 subsequent range shift of the wild progenitor from the east to the west. 

562 To ascertain which of the two scenarios (eastern centre of origin and westward migration, or 

563 western centre of origin and eastward migration) eventually holds out, more knowledge is needed 

564 about the extent to which O. glaberrima and O. barthii migrated in the past and whether the present 

565 sampling locations truly reflect historical populations. In addition, while the sampling locations of the 

566 analysed O. glaberrima accessions are quite precise, for most O. barthii only the country was known 

567 and detailed coordinates were not available. This not only prevented accurate knowledge of the 

568 collection sites of these accessions, but also the detection of isolation by distance.

569 Despite these limitations, the marked population structure observed in O. glaberrima points to 

570 geographic differentiation during or following domestication. The presence of separate OG-II 

571 haplotypes in multiple domestication genes might mean that the segregating landraces acquired 
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572 domestication traits independently of the majority of O. glaberrima. Regardless of whether this 

573 happened at the onset of domestication or during a secondary wave, the phylogenetic clustering of 

574 these haplotypes with different O. barthii accessions provides evidence for a separate genetic origin 

575 that may have been caused by introgression or domestication from this otherwise seemingly unrelated 

576 wild population.

577

578 Conclusions

579 In light of the findings presented, we can now with some confidence assert that the centric 

580 hypothesis of African rice domestication is incorrect, or at least has some serious shortcomings. The 

581 diversity analyses unequivocally demonstrate that O. glaberrima underwent an extreme bottleneck. 

582 To the best of our knowledge, this bottleneck was most probably associated with domestication, thus 

583 supporting the rapid transition model. Although there are some indications of positive selection in 

584 terms of an excess of high frequency derived alleles, conclusive evidence of hard selective sweeps – 

585 especially in relation to known domestication traits – has been elusive. Whether this stems from 

586 methodological issues or from the population structure observed in O. glaberrima can only be 

587 demonstrated with improved knowledge of the demographic history of O. glaberrima and additional 

588 modelling. 

589 Although it has been shown that cultivated African rice is much less genetically diverse than 

590 wild African rice, the ADMIXTURE analysis shows that O. glaberrima is all but homogeneous, even 

591 compared to O. barthii. The subdivision of the species in coastal and inland populations is suggestive 

592 of geographic structure, as is the differentiation along a north-south gradient on the coast. Contrary to 

593 expectation, moderate isolation by distance was observed in three out of five genetic sub-populations. 

594 Due to data limitations, isolation by distance could not be assessed in O. barthii.

595 Phylogenetic results confirm the clustering of O. glaberrima within O. barthii but shed new 

596 light on the relationships between sub-populations of the wild and domesticated species. O. 

597 glaberrima indeed shares characteristics with a subset of O. barthii individuals; however, the majority 

598 of the coastal accessions form a monophyletic clade that does not contain any wild relatives. This 
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599 pattern breaks down when considering phylogenies at the level of individual genes; there we see that 

600 some landraces are far removed from the majority of O. glaberrima and cluster with a different O. 

601 barthii sub-population instead. These separate haplotypes demonstrate the divergent evolutionary 

602 trajectories among distant sub-populations, most notably the accessions from the Guinean forest 

603 region and the Middle and Lower Niger basin.

604 Whereas this study provides compelling evidence for the origin of African rice in the eastern 

605 cultivation range and its diversification along the Atlantic coast of West Africa, the overarching 

606 hypothesis that O. glaberrima was domesticated in a single and discrete event has to be rejected. The 

607 observed population structure is partially consistent with Portères proposed primary and secondary 

608 domestication centres. However, evidence of persisting ancestral variation and multiple gene 

609 haplotypes among different sub-populations of O. glaberrima suggests that important functional traits 

610 may have arisen out of parallel evolution or local adaption, rather than single selective sweeps. This is 

611 corroborated by the effect of geographic distance on genetic relatedness and by experimental evidence 

612 confirming the phenotypic consequences of spatially restricted genetic variation [19,23,30]. Hence, it 

613 can be concluded that the centric, rapid transition model of domestication does not tell the whole story 

614 of the evolution of O. glaberrima. The protracted transition model with multiple domestication 

615 centres, or alternatively a polycentric view, might offer a valuable alternative perspective on the 

616 observed geographic distribution of genetic variation found in African rice.

617

618 Future directions

619 Future research into the origins of African rice should investigate the possibility that the 

620 closest wild relatives of O. glaberrima are in fact hybrids or rewilded ancient landraces. A closer 

621 examination of the genetic diversity and signatures of selection of the hypothetical ancestor 

622 population in comparison to other O. barthii and O. glaberrima accessions might elucidate whether 

623 they are more similar to the domesticated or to the wild species. These genetic analyses will have to 

624 be balanced with suitable morphological evidence. Uncertainty in species delimitation could be 
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625 further examined through phylogenetic networks and introgression analyses. This will aid our 

626 understanding of the precise evolutionary relationships between O. glaberrima and O. barthii.  

627 In addition, focus should be given to more even sampling across the geographic range of both 

628 species, especially in the eastern range for O. glaberrima and in the western range for O. barthii, 

629 where collections of these species are presently scarce. Larger sample sizes will also increase the 

630 sensitivity of genome-wide association studies, which enable the identification of SNPs that are 

631 associated with traits of interest. While genome-wide data have already been used to explore the 

632 mutations associated with drought tolerance [19], these data have not yet been mined for other signs 

633 of ecological adaptation. 

634 Lastly, more functional analyses are needed to improve the annotation of the African rice 

635 genome, which is still lacking in many ways in comparison to the Asian rice genome. This will help 

636 to predict the phenotypic consequences of gene haplotypes and in linking phylogenetic patterns to the 

637 evolution of functionally significant traits. The complementation of computational studies with 

638 experimental data will be indispensable in the future – not just for understanding the broad patterns of 

639 evolution and domestication of African rice, but also to provide insights into the emergence of local 

640 adaptive traits connected with the diversification of this crop in its different geographic contexts.

641

642 Materials and Methods

643 Whole genome alignment and variant discovery

644 This study used publicly available whole genome data of 111 O. glaberrima and 94 O. barthii 

645 accessions. A list of all used accessions and their metadata can be found in S1 Table. Variants were 

646 called relative to the O. glaberrima (AGI1.1) reference genome and subsequently filtered to remove 

647 false positives. The O. glaberrima reference genome [18] was retrieved from Ensembl Genomes 

648 (release 33). Variant discovery was performed following the Genome Analysis Tool Kit (GATK) Best 

649 Practices [31]. Untrimmed reads were mapped to the reference genome using the BWA-MEM 

650 algorithm [32] of the Burrows-Wheeler Aligner (v0.7.13). Duplicate reads were flagged with Picard 
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651 (v1.129) MarkDuplicates [33]. Local realignment was performed around indels with GATK (v3.6.0) 

652 RealignerTargetCreator and IndelRealigner [34]. The resulting BAM files were indexed and validated 

653 with Picard (v1.129). Individual genotypes were called using GATK (v3.6.0) HaplotypeCaller on 

654 reads with a minimum mapping quality score of 30. GVCFs were combined into a single VCF with 

655 GATK (v3.6.0) GenotypeGVCFs. Only biallelic SNPs were retained for analysis.

656

657 Quality filtering

658 Hard filters were applied to the raw SNPs by removing SNPs falling outside the quality 

659 thresholds of several common annotations: DP, QD, MQ, MQRankSum, ReadPosRankSum and FS 

660 (for an explanation, see S11 Table). In addition, we used the no-call rate divided by the number of 

661 samples as a measure of missing data. We did not filter for heterozygous sites, because both species 

662 are primarily inbreeding and therefore exhibit low levels of heterozygosity. Filter thresholds were 

663 determined based on their effect on the Transition:Transversion ratio (Ts:Tv). Although the true 

664 Ts:Tv ratio is unknown and varies along the genome, it is known that functional constraints generally 

665 favour transitions over transversions [35], leading to ‘transition bias’. SNPs with a higher Ts:Tv are 

666 thus likely to be enriched for true SNPs, while SNPs with a lower Ts:Tv will contain more false 

667 positives. SNPs were binned along the range of a given annotation. For each interval, SNP count and 

668 Ts:Tv were calculated and plotted in R (v3.3.2) [36]. Intervals were removed in order to increase 

669 Ts:Tv while retaining a reasonable number of SNPs. Based on previous studies, call sets between 2 

670 and 4 million SNPs were deemed reasonable. 

671 Filtering criteria with different levels of strictness were applied (S12 Table). This resulted in 

672 two call sets. The first call set contained a full set of SNPs considered to adhere to a minimum 

673 standard of quality. The second call set contained fewer SNPs that adhere to a higher standard of 

674 quality. Both call sets were used; a choice between the two was made depending on the amount and 

675 quality of SNPs needed for each analysis. Relative diversity estimates, selection scans and detection 

676 of population structure require fewer SNPs; for those analysis, the reduced call set was used. In order 

677 to obtain pairwise genomic distances and differentiate between gene haplotypes, a higher density of 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 23, 2018. ; https://doi.org/10.1101/398693doi: bioRxiv preprint 

https://doi.org/10.1101/398693
http://creativecommons.org/licenses/by/4.0/


28

678 SNPs was desired; for these analyses, the complete call set was used, so as to maximise the number of 

679 segregating sites. The effect of filtering on Ts:Tv ratio was quantified with VCFTools (v0.1.14) [37]. 

680 Filter classes and their thresholds can be found in S13 Fig.

681

682 Variant statistics

683 Mean depth of coverage, fraction of missing data and mean variant quality per SNP were 

684 calculated in 100 kb sliding windows along the entire genome in order to assess the distribution and 

685 quality of SNPs. These statistics were computed using VCFtools (v0.1.14) for both call sets. Large 

686 problematic regions were not detected. In order to make an informed decision as to which version of 

687 call set to use and whether or not to adjust the filtering parameters, we calculated additional statistics. 

688 Following the method of [22], both call sets were compared with respect to their patterns of 

689 nucleotide diversity (π) and genetic differentiation (FST). The fixation index (FST) between O. 

690 glaberrima and O. barthii is based on the implementation of [38] and calculated as: 𝐹𝑆𝑇 =
𝜎2

𝑆

𝜎2
𝑇
 =  

691 , where p is the allele frequency in the total population, σ2
T is the variance in allele frequency 

𝜎2
𝑆

𝑝(1 ‒ 𝑝)

692 in the total population, and σ2
S is the variance in allele frequency between the two sub-populations. 

693 Relative nucleotide diversity was calculated as the ratio of π in O. glaberrima to π in O. barthii, 

694 where π defined as:

695  (1)  𝜋 =  ∑𝑖𝑗𝑥𝑖𝑥𝑗𝜋𝑖𝑗 = 2 ∗  ∑𝑛
𝑖 = 2

∑𝑖 ‒ 1
𝑗 = 1𝑥𝑖𝑥𝑗𝜋𝑖𝑗

696 Here πij is the number of differences per site between sequences i and j, xi is the frequency of sequence 

697 i, xj is the frequency of sequence j and n is the total number of sequences in the data set. The results 

698 were deemed sufficiently comparable to proceed with both call sets (S14 Fig). In addition, site depth, 

699 call rate and mean heterozygosity per individual were calculated for all accessions using VCFtools 

700 (v0.1.14). An overview of these statistics and the number and types of SNPs in the two sets can be 

701 found in S15 Table.
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702 In order to estimate the genetic diversity in O. barthii and O. glaberrima separately, variants 

703 were split into two populations based on species identification. Monomorphic sites were removed. A 

704 total of 2,580,362 and 1,419,601 SNPs were used to calculate SNP density, π, and Tajima’s D in O. 

705 barthii and O. glaberrima, respectively, where Tajima’s D is defined according to [39] and measures 

706 the difference between two estimators of ϴ (the scaled mutation rate), namely the average number of 

707 differences between two sequences (π) as per Equation (1) and the expected number of segregating 

708 sites between two sequences under neutral theory according to Watterson’s estimator ϴω ( ), 𝑀 =  𝑆 𝑎1

709 where S is the total number of segregating sites in the population, , and i is the ith 𝑎1 =  ∑𝑛 ‒ 1
𝑖 = 1

1
𝑖

710 sequence in a total of n sequences. When population size is constant and there is no selection on the 

711 genome (so-called neutral conditions), the two estimators should equal each other and Tajima’s D 

712 equals 0. These statistics were computed in 100 kb regions with VCFtools (v0.1.14). Genome-wide 

713 average statistics were compared using the Kruskal-Wallis test. Minor allele frequencies were 

714 calculated using VCFtools (v0.1.14) in combination with a custom R script and plotted in R (v.3.3.2).

715

716 Derived allele frequency spectrum

717 Oryza is a large genus and many reference genomes of related species are available. Three 

718 potential outgroups were identified to polarise SNPs, in order of decreasing genetic distance to O. 

719 glaberrima: Oryza punctata, Oryza meridionalis, and Oryza longistaminata A. Chev. & Roehr. (S16 

720 Table). These outgroups were determined based on known divergence times and genomic distances to 

721 O. sativa ssp. japonica which, as a sister taxon, is supposed to be equidistant to the outgroup as 

722 compared to O. glaberrima. For the genetic distances reported to the candidate species, saturation 

723 analyses show a good fit between the corrected pairwise divergence and the uncorrected P-distance 

724 [40]. For this reason, homoplasy was considered unlikely and correction for multiple substitutions was 

725 not applied. A closely related outgroup offers a better alignment but carries the risk of incomplete 

726 lineage sorting and therefore incorrectly assigned ancestral alleles. A distantly related outgroup 

727 circumvents this problem but is more difficult to align, and hence will cause larger loss of data. Oryza 
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728 longistaminata was rejected because of its low genomic divergence from O. glaberrima (~2%). Oryza 

729 punctata was rejected because of its high genomic divergence (>5%) and associated data loss. Hence, 

730 we chose O. meridionalis as an outgroup.

731 SNPs were polarised with reference to the O. meridionalis (v1.3) genome [41] with a custom 

732 R script. The O. meridionalis x O. glaberrima multiple alignment was retrieved from Ensembl 

733 Genomes (release 33) and parsed with mafTools [42]. For each biallelic SNP, the corresponding 

734 position and five flanking bases were extracted from the alignment using a custom perl script. 

735 Positions that did not map to the outgroup, positions with gaps within 5 bp of the SNP, and SNPs that 

736 mapped to multiple regions of the O. meridionalis genome were discarded. A total of 3,923,601 

737 variants were screened, of which 2,332,467 either did not align to the outgroup species or did not pass 

738 the alignment quality filter. The derived allele frequency spectrum was calculated for all synonymous 

739 and noncoding variants of the remaining 1,591,134 SNPs.

740 Synonymous and non-coding SNPs were extracted using SnpSift (v4.0) [43]. For these SNPs, 

741 the derived allele frequency spectra and cumulative densities were plotted using the R (v3.3.2). 

742 Because of the low genomic divergence (<5%), homoplasy was considered unlikely and correction for 

743 multiple substitutions was not applied. The expected site frequency spectrum under a neutral model of 

744 evolution was calculated using the estimation of the population scaled mutation rate [39]. Deviation 

745 from neutrality of the observed site frequency spectra of the two populations was compared using a 

746 two-sample Kolmogorov-Smirnov test.

747

748 Selection scans

749 Several CLR tests that are widely used for detecting ‘hard’ sweeps are available as open 

750 source software, including OmegaPlus [44], SweeD [45] and SweepFinder [46]. These CLR methods 

751 are superior to more common neutrality tests such as Tajima’s D, because they measure deviations of 

752 the site frequency spectrum (SFS) against the genomic ‘background’ SFS. Since the background has 

753 been partly shaped by demographic history, these scans thereby each to some extent control for the 

754 confounding effect of past fluctuations in population size. In comparative analyses of a number of 
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755 these CLR methods using simulated data, SweeD and OmegaPlus were shown to outperform other 

756 tests [47]. While SweeD is capable of taking into account the polarisation of alleles in the so-called 

757 ‘unfolded’ SFS, this has the disadvantage that limiting the analyses to only unfolded SNPs causes a 

758 significant loss of data. OmegaPlus has no feature to distinguish between ancestral and derived 

759 alleles, but has the added advantage of explicitly taking into account patterns of Linkage 

760 Disequilibrium (LD). Extensive LD is observed in the O. glaberrima genome, with r2 reaching half its 

761 maximum value at a distance of 175 kb and approaching baseline at 300 kb [19]. For these reasons, 

762 OmegaPlus was chosen as the preferred method.

763 The ω test statistic is calculated as: 

764 (2)𝜔 =  
(( 𝑙

2) +  (𝑊 ‒ 𝑙
2 )) ‒ 1

 (∑
𝑖,𝑗 ∈ 𝐿𝑟2

𝑖𝑗 +   ∑𝑖,𝑗 ∈ 𝑅𝑟2
𝑖𝑗)

(𝑙(𝑊 ‒ 𝑙)) ‒ 1 ∑𝑖 ∈ 𝐿,𝑗 ∈ 𝑅𝑟2
𝑖𝑗 

765 Here W is the number of segregating sites, divided into two groups:  one from the first to the th 𝑙

766 polymorphic site on the left and the other from the (l + 1)th to the last polymorphic site on the right. L 

767 and R represent the left and right set of polymorphic sites, respectively, and r2
ij is r2, a common 

768 measure of LD [48], between the ith and the jth site. The value of l that maximises ω defines the test 

769 statistic. (Note: LD is defined by Hill and Robertson [48] as , where p1 and p2 are the 𝑟2 = 𝐷 𝑝1𝑝2𝑞1𝑞2

770 allele frequencies of SNP1, q1 and q2 are the allele frequencies of SNP2, and D measures the absolute 

771 difference between the observed and the expected haplotype frequencies p1q1, p2q1, p1q2 and p2q2 

772 respectively.)

773 Values of ω were log-transformed, prior to creating Manhattan plots in R (v3.3.2) using the 

774 ‘qqman’ package [49]. Windows containing domestication genes with previous evidence for positive 

775 selection were highlighted. Positions within the top 0.5% values were considered candidate regions. 

776 To verify whether these candidate regions show other characteristic signatures of selection, the ω-

777 statistic was plotted against overlapping 25 kb windows of π and Tajima’s D, respectively (S5 Fig). 

778 Since common outliers were rare and would require lowering the threshold for OmegaPlus, we did not 

779 report any common outliers as candidate regions, but rather chose OmegaPlus as the leading test. 

780 Candidate regions were screened for potential causative mutations by examining related SNP 

781 content and genomic features. Variants were annotated using SnpEff (v4.0) [43]. Genomic features 
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782 were retrieved from the general feature format (GFF) file of the O. glaberrima reference genome on 

783 Ensembl (release 33). Genomic features containing putative moderate to high impact mutations within 

784 close proximity (< 25 kb) of candidate regions were extracted for closer inspection using a custom R 

785 script. Candidate sweeps (OmegaPlus outliers) and their associated genes harbouring high impact 

786 mutations can be found in S17-S19 Tables.

787

788 Population structure

789 Population structure was determined with ADMIXTURE (v1.3.0) [50]. In order to minimise 

790 the confounding effect of linkage disequilibrium, SNPs with a correlation coefficient of r2 > 0.25 were 

791 pruned with PLINK (v2.0) in sliding windows of 500 SNPs, with a step size of 50 SNPs [51]. A total 

792 of 70,873 SNPs were retained for analysis. ADMIXTURE was subsequently run with varying levels 

793 of K and cross-validation to improve model fit. An optimal number of ancestral populations was 

794 selected by choosing the level of K with the lowest cross-validation error. This analysis was repeated 

795 for O. glaberrima and O. barthii separately.  Cross-validation error estimates of all three analyses can 

796 be found in S6 Fig. The resulting ancestry fractions were plotted as stacked bar charts in R (v3.3.2). 

797 The O. glaberrima population was subsequently divided into five populations based on the ancestral 

798 population contributing the highest fraction of genetic variation. 

799 The geographic distribution of these populations in West Africa was visualised by plotting the 

800 coordinates of all West African accessions using the R packages ‘rworldmap’ and ‘raster’ [52,53]. 

801 The top 20 principal components were calculated for both species together and for both species 

802 separately using PLINK (v1.9). The correlation of the top two principal components with longitude 

803 and latitude was calculated for all accessions collected from West Africa with known coordinates. The 

804 significance of the correlation coefficient was assessed by conducting a two-sided t-test, under the 

805 null hypothesis that the top two principal components are not significantly correlated with either 

806 latitude or longitude.

807
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808 Geographic differentiation 

809 Based on the results by Meyer et al. [19], four geographic sub-populations were identified, 

810 separating the arid and tropical populations by the 11° N cline and coastal and inland populations by 

811 the 6° W cline, respectively. Allelic differentiation between these populations was measured using 

812 Weir and Cockerham’s [38] definition of FST, as implemented in VCFtools (v0.1.14). FST between O. 

813 glaberrima and O. barthii was included as a baseline. To account for uneven sample sizes of these 

814 populations, an equal number of individuals (n=15) was selected for each of the five sub-populations 

815 as identified with ADMIXTURE. To minimise the effect of missing data, an equal number of 

816 individuals (n=15) that were sequenced at high coverage were selected from the O. barthii population. 

817 Pairwise FST and π were calculated between all six groups to obtain a more balanced estimate of 

818 allelic differentiation, taking uneven sampling and sequencing depth into account.

819 Isolation by distance (IBD) was assessed by comparing the relatedness of individuals with the 

820 geographic distance separating their sites of collection. Kinship coefficients were estimated based on 

821 1,419,601 SNPs, using the KING robust relationship inference method [54] as implemented in PLINK 

822 (v2.0) [51]. Pairwise geographic distances were calculated in R (v3.3.2) using the package 

823 ‘geosphere’ [55], as the shortest distance between two points according to the Haversine function, 

824 assuming a spherical Earth with a radius of 6,378 km. Box and whisker plots of the resulting distances 

825 and kinships were grouped per genetic cluster and visualised in R (v3.3.2). The relation between 

826 kinship and geographic distance was quantified by fitting a linear model to the data points. To reflect 

827 the geographic range of the majority of each genetic population, outliers were omitted. A pair was 

828 considered an outlier when the distance separating them fell outside the interquartile range (IQR) by 

829 more than 1.5*IQR. On average, outliers comprised less than 4% of the data. Linear models and 

830 correlation coefficients were estimated in R (v3.3.2). Kinship by distance graphs for each population 

831 separately and all populations combined can be found in S7 Fig.

832

833 Phylogenetic analyses
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834 To confirm the clustering of O. glaberrima within O. barthii, a whole genome phylogenetic 

835 tree was constructed based on 3,923,601 genome-wide SNPs. To avoid distortion of branch lengths, 

836 no outgroup was used. Pairwise genomic distances between all accessions were calculated using a 

837 custom perl script, implementing the method described in S3.2 of [56]. The divergence between two 

838 genomes X and Y was calculated as: 

839 (3)𝑑(𝑋,𝑌) =
1
𝐿 ∑𝐿

𝑖 = 1[1 ‒
1
2max (𝛿𝑎𝑖,𝑐𝑖 +  𝛿𝑏𝑖𝑑𝑖 , 𝛿𝑎𝑖,𝑑𝑖 +  𝛿𝑏𝑖𝑐𝑖

)] 

840 Here aibi is the genotype at position i in X, and cidi is the genotype at position i in Y. The resulting 

841 distance matrix was used to construct an unrooted neighbour joining (NJ) tree, using the BioNJ 

842 algorithm of FastME (v2.0) with subtree pruning and regrafting (SPR) [57]. Trees were pruned and 

843 annotated in Interactive Tree Of Life (iTOL v3) [58].

844 Gene trees were constructed of salient domestication genes that have been proposed to play a 

845 role in rice evolution [18,22]. These genes were identified according to criteria published in Meyer & 

846 Purugganan [59]. The selected domestication genes and their proposed functions are listed in S8 

847 Table. Because the African rice genome is poorly annotated, their putative location in the O. 

848 glaberrima genome was determined using the O. sativa reference genome as a guide. O. sativa 

849 protein sequences were retrieved from the Rice Annotation Project Database (RAP-DB) and 

850 compared against the Ensembl Genomes O. glaberrima reference protein FASTA using BLAST+ 

851 (v2.6) [60,61]. Genes were considered homologous when protein sequence similarity was higher than 

852 or equal to 95%. Based on this criterion, 19 out of 25 genes could be used for analysis. Gene 

853 coordinates were retrieved from the GFF file of the O. glaberrima reference genome on Ensembl 

854 (release 33). Gene structures of these genes were retrieved from Ensembl Plants (release 37).

855 To ensure sufficient phylogenetic signal, gene intervals were extended with 5 kb flanking 

856 regions on either side using bedtools slop (v2.26.0) [62]. Larger intervals were not used, to minimise 

857 the influence of LD decay. The SNPs within the selected genomic coordinates were phased with 

858 PHASE (v2.1.1) [63,64], using the general model for recombination rate variation as found in Li & 

859 Stephens [65]. Output was converted to FASTA format with a custom perl script. The resulting 

860 multiple alignments each contained 412 nucleotide sequences. Evolutionary histories were inferred 
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861 using the NJ algorithm [66] as implemented in MEGA7 [67]. Both coding and noncoding positions 

862 were used. Evolutionary distances were calculated using the p-distance method of Nei & Kumar [68]. 

863 Ambiguous positions were removed for each sequence pair. All trees were annotated in Interactive 

864 Tree Of Life (iTOL v3) [58]. The five most common haplotypes for each gene were identified using 

865 the PHASE output. Putative effects of segregating SNPs were predicted using SnpEff (v4.0). Tree and 

866 haplotype statistics of all genes are summarised in S9 Table.
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