
nature plants

https://doi.org/10.1038/s41477-023-01474-1Article

Genome sequencing reveals the genetic 
architecture of heterostyly and domesti­
cation history of common buckwheat

In the format provided by the 
authors and unedited

https://doi.org/10.1038/s41477-023-01474-1


Supplementary Information1

Contents2

1 Sequencing, assembly, and gene prediction 33

1.1 Constructing pseudomolecules of F. esculentum PL4 . . . . . . 34

1.1.1 Sequencing and obtaining long sca↵olds and contigs . . 35

1.1.2 Linkage analysis . . . . . . . . . . . . . . . . . . . . . . 36

1.1.3 Anchoring sca↵olds to linkage groups . . . . . . . . . . . 47

1.2 Constructing pseudomolecules of F. homotropicum . . . . . . . 78

1.3 Assessing and validating the assemblies . . . . . . . . . . . . . 89

1.3.1 BUSCO and LAI scores . . . . . . . . . . . . . . . . . . 810

1.3.2 Experimental verification by FISH . . . . . . . . . . . . 811

1.3.3 Comparison with published linkage map . . . . . . . . . 912

1.4 Gene prediction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1013

2 Transposable Elements 1114

2.1 Proportion of Transposable Elements in Fagopyrum genomes . 1115

2.2 Amplification dynamics of Transposable Elements in Fagopyrum 1316

2.3 Distribution of Transposable Elements across Fagopyrum genomes 1617

2.4 LTR retrotransposons associated with centromeric regions . . . 1618

3 Collinearity and whole-genome duplications 1819

3.1 Detecting whole-genome duplications in Fagopyrum . . . . . . 1820

1



2 CONTENTS

3.2 Number and timing of whole-genome duplications . . . . . . . . 1921

3.3 Molecular dating of whole-genome duplications . . . . . . . . . 2122

4 Gene family evolution 2223

4.1 Identification of gene families in Fagopyrum . . . . . . . . . . . 2224

4.2 Rutin biosynthesis . . . . . . . . . . . . . . . . . . . . . . . . . 2325

4.3 The first waxy buckwheat ever . . . . . . . . . . . . . . . . . . 2526

4.4 2S albumins: key allergens triggering anaphylaxis . . . . . . . . 2727

5 Genetic architecture of heterostyly and its transition to28

selfing 2929

5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2930

5.2 Determining haplotypes associated with the di↵erent flower31

morphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3132

5.3 Knockout of S-ELF3 results in long homostyle plants . . . . . 3333

5.4 Long homostyle S-ELF3 knockout mutants are self-compatible 3434

5.5 Analyses of F. esculentum PL4 and F. homotropicum genomes 3635

5.6 Evolutionary origin of S-ELF3 . . . . . . . . . . . . . . . . . . 3736

5.7 Genetic architecture of heterostyly and its breakdown . . . . . 3937

6 Population genomic analyses and the domestication of com-38

mon buckwheat 4139

6.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4140

6.2 Resequencing and identifying single nucleotide polymorphisms . 4241

6.3 Genetic relationship between the samples and pattern of poly-42

morphism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4343

6.4 Targets of artificial selection . . . . . . . . . . . . . . . . . . . . 4544



CONTENTS 3

1 Sequencing, assembly, and gene prediction45

1.1 Constructing pseudomolecules of F. esculentum PL446

1.1.1 Sequencing and obtaining long sca↵olds and contigs47

We sequenced and assembled the genome of F. esculentum PL4, a self-48

compatible accession [1], to be used as a reference genome of common49

buckwheat. We generated two types of assemblies. One was based on Illumina50

short reads which have low error rates to use as the main sequence assembly in51

constructing pseudomolecules (referred to as NRG sca↵olds) (Supplementary52

Table 1). The other was based on PacBio HiFi long reads which are suitable53

for obtaining long contigs that were used as supporting information to correct54

misassembled NRG sca↵olds and anchor additional NRG sca↵olds to linkage55

groups (referred to as HiFi contigs) (Supplementary Table 2).56

We first generated Illumina short reads (374-fold genome coverage) and57

constructed an assembly with DenovoMAGIC 3.0 (Supplementary Table 1).58

This resulted in 3,097 sca↵olds with high N50 and N90 (28.8 Mb and 9.1 Mb,59

respectively) (Supplementary Table 3). The total length of the sca↵olds was60

1.27 Gb, which is consistent with the genome size of 1.27 Gb estimated based61

on k -mer distribution (Supplementary Fig. 2). We then generated PacBio HiFi62

long reads (15-fold genome coverage) and assembled the reads with hifiasm [2].63

This resulted in 457 contigs with a total length of 1.24 Gb with an N50 and64

N90 of 16.9 Mb and 3.6 Mb, respectively (Supplementary Table 3).65

1.1.2 Linkage analysis66

Linkage maps have been extensively used in genome assembly since the begin-67

ning of the genomics era [3], and is a very important source of information68

especially for crops for which genetic maps are available or easy to construct.69
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Even in recent years, many tools that help utilize linkage information are still70

being developed (e.g. ALLMAPS [4], Chromonomer [5], Lep-Anchor [6]). For71

instance, linkage maps have been utilized in the recent genome sequencing72

papers of kiwifruit [7], Sphagnum [8], and Linum in which linkage information73

was used to correct misassemblies in the initial assembly that was assembled74

using Hi-C [9].75

To anchor the NRG sca↵olds of PL4 to linkage groups, we constructed76

a linkage map of F. esculentum using targeted amplicon sequencing markers77

from 111 F2 progeny derived from the cross between cv. Kitawasesoba and PL478

(Supplementary Table 4). 8,664 AmpliSeq-derived variable sites were obtained79

using Ion AmpliSeq Targeted Sequencing technology. After various filtering80

steps, 295 SNPs on 59 NRG v1 sca↵olds (1.21 Gb in total) were retained and81

used as AmpliSeq-derived SNP markers. These 295 markers and the flower82

morphology phenotype marker were mapped to linkage groups using AntMap83

[10], resulting in eight linkage groups (Supplementary Figs. 3 and 4, Supple-84

mentary Tables 5 and 6). We also mapped the 295 markers to the HiFi contigs,85

which resulted in 287 anchored to 83 HiFi contigs (1.08 Gbp in total). Thirty-86

six HiFi contigs contained multiple genetic positions on the linkage map to87

which AmpliSeq markers could be mapped and were subsequently anchored to88

eight linkage groups (Supplementary Table 6).89

1.1.3 Anchoring sca↵olds to linkage groups90

We constructed pseudomolecules based on the NRG v1 sca↵olds anchored to91

the linkage groups using the linkage map and HiFi contigs to refine the order92

and direction of the NRG sca↵olds. 46 of the 59 NRG sca↵olds harboring93

at least one AmpliSeq-derived SNP marker had more than one marker that94

mapped to di↵erent genetic map positions. We first used these markers as95
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anchors to determine the direction of the NRG sca↵olds on the eight link-96

age groups. Two (sc0065.1 and sc0529.1) of these 46 sca↵olds had markers97

anchored to di↵erent linkage groups. The markers on sc0065.1 were anchored98

to LG1 and LG4, and those on sc0529.1 were anchored to LG1 and LG7 (Sup-99

plementary Table 6). Judging from the high bootstrap values for the order of100

these markers (72–100%, Supplementary Table 6), sc0065.1 was divided into101

sc0065.2 and sc0065.3, and sc0529.1 was divided into sc0529.2 and sc0529.3102

based on comparison of these two sca↵olds and HiFi contigs using MashMap103

[11].104

We then compared the marker positions on the NRG sca↵olds and HiFi con-105

tigs and found that only one marker, sc0087 05749490 on LG6, did not match.106

sc0087.1 was therefore divided into two sequences, sc0087.2 and sc0087.3. In107

addition, there were discrepancies between the linkage order of the AmpliSeq108

markers and the physical order of the AmpliSeq markers on the NRG sca↵olds109

in three regions on LG1, LG2, and LG7 (Supplementary Figs. 3 - 5 and Sup-110

plementary Table 6). The physical order was judged to be more likely because111

(i) there was no discrepancy between the orders of AmpliSeq markers on the112

NRG sca↵olds and HiFi contigs, and (ii) the linkage order of AmpliSeq markers113

was not supported by high bootstrap values (0–76%, Supplementary Table 6).114

We were able to anchor nine of the 13 NRG sca↵olds with markers repre-115

senting only one genetic position to linkage groups by using HiFi contigs that116

share AmpliSeq markers with multiple NRG sca↵olds as a bridge. For instance,117

NRG sca↵old sc0203.1 had seven AmpliSeq markers with the same map posi-118

tion (50.7 cM) on LG1. As HiFi contig pac001 shared markers with sc0203.1119

as well as NRG sca↵old sc0542.1 that was already anchored to LG1, we were120

able to determine the orientation of sc0203.1 (Supplementary Figs. 3 and 5,121

Supplementary Table 6).122
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While we could not anchor the remaining four NRG sca↵olds harboring123

AmpliSeq markers based on the sharing of markers with HiFi contigs, we124

identified corresponding regions in HiFi contigs by MashMap for NRG sca↵olds125

sc0088.1, sc0089.1, and sc0262.1 (Supplementary Table 7), and by BLASTN126

[12] for a short (471 bp) NRG sca↵old sc1899.1. This allowed us to anchor these127

NRG sca↵olds to the linkage group based on the positions of the corresponding128

HiFi contigs in the linkage map. For instance, NRG sca↵old sc0088.1 had seven129

AmpliSeq markers with the same map position (50.7 cM) on LG1, and shared130

these markers with HiFi contigs pac063, pac096, and pac082. In addition,131

we found that ⇠1.5 Mb at the end of sc0088.1 corresponds to the end of132

pac001, which is linked to LG1, with >99% identity. As such, we were able to133

determine the orientation of sc0088.1 on LG1 (Supplementary Figs. 3 and 5,134

Supplementary Table 7).135

We then attempted to anchor NRG sca↵olds that do not harbour any136

AmpliSeq marker by utilizing the HiFi contigs. For each long NRG v1 scaf-137

fold (>500 kb) without any AmpliSeq marker, we searched for corresponding138

HiFi contigs using MashMap [11]. Seven NRG sca↵olds whose entire length139

overlapped a HiFi contig with >99% identity, and an additional NRG scaf-140

fold (sc0412.1) whose ⇠1.7 Mb region at the 3’-end showed >99% identity to141

a HiFi contig (pac075) were identified (Supplementary Table 7). Based on the142

markers in the corresponding HiFi contigs, these eight NRG sca↵olds could be143

anchored to the linkage group. As a result, we were able to anchor 67 NRG v1144

sca↵olds (including four that were split into two) in total to the eight linkage145

groups (Supplementary Table 8).146

As the NRG v1 sca↵olds may contain some misassemblies, we mapped147

100 kb of the 5’- and 3’-ends of each 67 anchored NRG v1 sca↵olds to the148

HiFi contigs using MashMap. We examined 36 of the end sequences of NRG149
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sca↵olds that show �99.9% identity over more than 95 kb to a HiFi contig and150

detected one discrepancy between the anchored positions on the linkage map151

of the NRG and HiFi contigs. Although sc0010.1 was anchored to LG4 by the152

AmpliSeq marker, its 3’-end sequence mapped to a HiFi contig pac051 on LG1153

(Supplementary Table 9). Thus, sc0010.1 was split into sc0010.2 and sc0010.3154

(Supplementary Table 8). However, this was the only discrepancy detected155

and the pseudomolecules and HiFi assembly showed high collinearity without156

large structural di↵erences.157

As a result of anchoring the NRG v1 sca↵olds to the linkage map with the158

help of HiFi contigs, we obtained eight pseudomolecules, consistent with the159

haploid chromosome number of common buckwheat (Supplementary Table 8).160

The total length of the eight pseudomolecules was 1.22 Gb excluding unidenti-161

fied bases (N), thus covering 96% of the total length of the NRG v1 assembly.162

The final assembly consisting of eight pseudomolecules and 3,033 unanchored163

sca↵olds were designated as FesPL4 r1.1 and used throughout this study (Main164

Table 1).165

1.2 Constructing pseudomolecules of F. homotropicum166

We also sequenced and assembled the genome of F. homotropiucm, a self-167

compatible close relative of F. esculentum by generating PacBio HiFi long168

reads (21-fold genome coverage) and assembling the reads with hifiasm (Sup-169

plementary Table 2). This resulted in 464 contigs with an N50 of 54 Mb, N90170

of 14.7 Mb, and a total length of 1.24 Gb, similar to the estimate of 1.21 Gb171

based on flow cytometry [13] (Supplementary Table 3). Eight pseudomolecules172

with a total of 1.21 Gb (excluding Ns) were constructed by ordering the contigs173

based on the collinearity with the F. esculentum PL4 pseudomolecules (Sup-174

plementary Table 14). The final assembly consisting of eight pseudomolecules175
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and 428 unanchored contigs were designated as Fho r1.0 and used throughout176

this study (Main Table 1).177

1.3 Assessing and validating the assemblies178

1.3.1 BUSCO and LAI scores179

We assessed the completeness of the assemblies of F. esculentum PL4 and F.180

homotorpiucm first by utilizing the 1,640 benchmarking universal single-copy181

orthologs (BUSCO) of embryophyta (BUSCO v5) [14]. The BUSCO com-182

plete scores were 96.9% and 93.3% for the FesPL4 r1.1 assembly with and183

without the unanchored sca↵olds, respectively, and 96.9% for the Fho r1.0184

assembly both with and without the unanchored contigs. These scores are185

comparable to that of the F. tataricum pseudomolecules [15] (95.3%, Supple-186

mentary Table 10). The LTR Assembly Index (LAI) [16] for F. esculentum187

PL4 and F. homotopicum was 15.4 and 18.32, respectively, corresponding to188

‘reference standard’ and higher than that of the F. tataricum genome (7.98,189

Supplementary Table 11).190

1.3.2 Experimental verification by FISH191

Due to the current lack of technology to read chromosomal DNA from start to192

end, genome assemblies are often riddled with gaps and errors due to repeti-193

tive sequences. Fluorescence in situ hybridization (FISH) analysis is a powerful194

method for verifying genome assemblies because it allows direct visualization195

of the correct sequence and orientation of contigs and sca↵olds on chromo-196

somes [17]. Even a high-quality O. pumila genome with only 21 sequence gaps197

constructed using long read sequencing, BioNano analysis, and Hi-C analysis198

required correction based on FISH analysis [18]. Oligo-FISH, which pools short199

and unique sequences to use as probes, was recently developed [19, 20]. This200
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method facilitates the generation of chromosomal markers to validate genome201

assemblies in non-model organisms that do not have BAC libraries etc.202

Here, we designed 24 probes (12 red probes and 12 green probes) and syn-203

thesized oligos prelabeled with myTags technology based on the DNA sequence204

of F. homotropicum pseudomolecules (Supplementary Table 12). At least one205

probe was designed for each arm of the chromosome so that we can verify that206

the entire pseudomolecule crossing the centromere with many repeats are cor-207

rectly assembled. Using these probes, we performed oligo-FISH painting on208

each chromosome of F. esculentum PL4, F. homotropicum, and F. escluentum209

cv. Harunoibuki. The pattern of oligo-FISH signals was in perfect agreement210

with its design and consistent between each homologous chromosome of F.211

esculentum PL4, F. homotropicum, and F. escluentum cv. Harunoibuki (Main212

Fig. 1d and Supplementary Fig. 6). These results suggest that the pseudo-213

molecules of F. esculentum PL4 and F. homotropicum are in general correctly214

assembled.215

1.3.3 Comparison with published linkage map216

To further verify the assembly of the F. esculentum PL4 pseudomolecules, we217

examined the positions of previously published linkage markers of F. escu-218

lentum [21] on the PL4 pseudomolecules. These linkage markers, which were219

designed on contigs obtained from Illumina short reads, comprise nine linkage220

groups and include the phenotypic marker S locus. These contigs were mapped221

to the PL4 pseudomolecules by BLASTN and 568 contigs mapping to a single222

locus and 625 mapping to multiple loci were identified. Following various fil-223

tering steps, we obtained 291 contigs (24.4%) that map to chromosomes 1 to224

8 of the PL4 pseudomolecules (Supplementary Table 13 and Supplementary225

Fig. 7). Comparison of the previously published linkage map and the PL4 pseu-226

domolecules using these markers showed that the order of markers is largely227
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consistent between the pseudomolecules and the linkage map, providing further228

support for our assembly (Extended Data Fig. 1). Together with the linkage229

map constructed in this study consisting of 296 markers, the assembly of the230

PL4 pseudomolecules is therefore supported by one marker every 2-2.5 Mb on231

average distributed across each chromosome. Thus, while oligo-FISH provides232

visual verification of each assembled pseudomolecule at a large-scale, the two233

linkage maps provide a much finer-scale verification of our PL4 assembly.234

Although our assemblies are supported by various sources of information235

as we described in this section, we note that there are still assembly gaps and236

uncalled bases in the pseudomolecules and sca↵olds that could not be anchored237

to the pseudomolecules. As the sequencing and assembly technologies continue238

to improve, especially with long-read sequencing, our assemblies should serve239

as important materials to facilitate buckwheat research and the construction240

of more complete assemblies in the future.241

1.4 Gene prediction242

Protein-coding genes in the genomes of F. esculentum PL4 and F. homotrop-243

icum were predicted by combining ab initio prediction and protein homology244

using BRAKER2 [22]. For F. esculentum PL4, RNA-Seq data were generated245

to identify high-confidence gene models. The initial prediction of BRAKER2246

resulted in 224,148 and 238,445 gene models in F. esculentum PL4 and F.247

homotropicum, respectively (Supplementary Table 18). After filtering gene248

models that are likely to be Transposable Elements (TEs), we obtained 40,446249

and 35,350 gene models in F. esculentum PL4 and F. homotropicum, respec-250

tively. These gene models were further examined and based on the degree of251

transcript and homology support, 30,608 and 31,961 gene models in F. esculen-252

tum PL4 and F. homotropicum, respectively, were assigned as high-confidence253
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(HC) gene models to be used throughout this study (Supplementary Table 18).254

These numbers are comparable to the 31,869 gene loci annotated in F. tatar-255

icum [15]. We note that the number of predicted protein-coding genes reported256

in F. tataricum (33,666) includes multiple transcripts from the same loci.257

97% (29,831) and 94% (30,115) of the F. esculentum PL4 and F. homotrop-258

icum HC gene models, respectively, were supported by homology to genes in259

UniprotKB, NR database of NCBI, or A. thaliana (Araport11) or transcript260

evidence based on RNA-Seq (Supplementary Table 18). The average number261

and length of CDS, introns, and coding exons were all similar between the262

two species (Supplementary Table 18). BUSCO analysis based on the 1,640263

embryophyta genes showed that 88.3% and 87.4% of the HC genes were covered264

in F. esculentum PL4 and F. homotropicum, similar to that of F. tataricum265

(89.5%, Supplementary Table 10).266

2 Transposable Elements267

2.1 Proportion of Transposable Elements in Fagopyrum268

genomes269

TEs are major determinants of the genome size variation in flowering plants270

[23]. By combining ab initio and similarity-based methods, we annotated 960271

Mb and 938 Mb as TEs in the genomes of F. esculentum and F. homotrop-272

icum, respectively (Supplementary Table 15). LTR retrotransposons were the273

most abundant, comprising 940 Mb and 908 Mb of F. esculentum and F.274

homotropicum, respectively. In particular, Gypsy-type LTR retrotransposons275

comprised 826 Mb of F. esculentum and 798 Mb of F. homotropicum. These276

included 24,656 full-length copies that accounted for 266 Mb in F. esculentum277

and 24,426 that accounted for 260 Mb in F. homotropicum (Supplementary278
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Table 16). A much higher proportion ofGypsy elements compared to Copia ele-279

ments is consistent with previous analyses based on fragmented draft genomes280

of F. esculentum [24, 25], and has also been reported for the F. tataricum281

genome [15] and many other species such as co↵ee [26], sunflower [27], durian282

[28], and broomcorn millet [29] (also see [18]).283

To ensure direct comparison and to use in further analyses, we also anno-284

tated TEs in the genome of F. tataricum using exactly the same procedure.285

This resulted in 202 Mb being annotated as TEs, including 185 Mb of LTR286

retrotransposons of which 148 Mb were Gypsy-type LTR retrotransposons287

(Supplementary Table 15). 5,485 full-length LTR retrotransposons compris-288

ing 45 Mb were identified, including 4,392 Gypsy elements comprising 37 Mb289

(Supplementary Table 16). These numbers, especially those of LTR retro-290

transposons, were highly similar with the genome sequencing study of F.291

tataricum [15] which annotated 224 Mb as TEs, including 189 Mb of LTR292

retrotransposons of which 149 Mb were Gypsy elements.293

Our results show that the di↵erences in the total lengths of LTR retro-294

transposons, especially of Gypsy elements, largely explains the much larger295

genome size of F. esculentum and F. homotropicum compared to F. tataricum.296

The total lengths of the genome assemblies of F. esculentum, F. homotrop-297

icum, and F. tataricum used in this study were 1,267 Mb, 1,245 Mb, and 451298

Mb [15], respectively, meaning that the di↵erences in genome size between F.299

esculentum and F. tataricum, and between F. homotropicum and F. tataricum300

were 816 Mb and 794 Mb, respectively. Of these di↵erences in genome size, all301

LTR retrotransposons accounted for 755 Mb between F. esculentum and F.302

tataricum, and 723 Mb between F. homotropicum and F. tataricum, whereas303

Gypsy-type LTR retrotransposons alone accounted for 678 Mb between F.304

esculentum and F. tataricum, and 650 Mb between F. homotropicum and F.305

tataricum.306
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2.2 Amplification dynamics of Transposable Elements in307

Fagopyrum308

The nucleotide divergence between the flanking LTRs of a given copy corre-309

sponds to the time since the insertion of that copy [30]. As such, we examined310

the past amplification dynamics of LTR retrotransposons in the three Fagopy-311

rum species by calculating the nucleotide divergence between the LTRs of each312

full-length LTR retrotransposon of each species. We found that the majority313

of the full-length Gypsy elements in F. esculentum and F. homotropicum have314

inserted very recently, suggesting an ongoing active retrotransposition in both315

species (Extended Data Fig. 3). By contrast, there were very few recent inser-316

tions in F. tataricum and the activity seems to have decreased in the recent317

years. A similar pattern was observed for the Copia elements (Extended Data318

Fig. 3). We note that the mode of the divergence of synonymous sites (Ks)319

between the orthologous protein-coding genes of F. esculentum and F. tatar-320

icum was ⇠0.11 (Extended Data Fig. 5), indicating that almost all full-length321

LTR retrotransposons analyzed most probably inserted after the divergence322

of F. esculentum and F. tataricum. By contrast, the mode of Ks between323

the orthologous protein-coding genes of F. esculentum and F. homotropicum324

was ⇠0.01-0.02 (Extended Data Fig. 5), suggesting that F. esculentum and325

F. homotropicum both contain many full-length LTR retrotransposons that326

inserted before and after the divergence of the two species.327

Considering that Gypsy elements are by far the most abundant type of328

TEs in the three species and the major determinants of the genome size dif-329

ferences, we focused on the comparison of Gypsy elements and whether their330

much higher activity in F. esculentum and F. homotropicum was due to the331

amplification of specific lineages. We performed clustering based on sequence332

similarity using CD-HIT [31, 32] with the nucleotide sequences of the reverse333
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transcriptase domain for 13,327, 13,705, and 2,472 full-length Gypsy elements334

in F. esculentum, F. homotropicum, and F. tataricum, respectively for which335

reverse transcriptase domains could be identified. Many clusters reported by336

CD-HIT contained much larger number of copies of F. esculentum and F.337

homotropicum compared to F. tataricum, while there were also a few clusters338

where F. tataricum had a lot more copies than the other two species (Supple-339

mentary Table 17). Two clusters in particular (Clusters 18 and 11), one with340

no copies and the other with a low copy number (54) in F. tataricum, appear341

to have expanded in F. esculentum and F. homotropicum and make up 40%342

and 45% of the full-length Gypsy elements analyzed in F. esculentum and F.343

homotropicum, respectively. We did not observe any clusters where the copy344

numbers of F. esculentum and F. homotropicum were largely di↵erent from345

each other.346

We then performed phylogenetic analysis in order to understand the rela-347

tionship between each cluster and also with Gypsy elements from other plant348

species. A previous study identified seven Gypsy clades in angiosperms, namely349

Tekay, Reina, Galadriel, CRM, Athila, Retand, and Ogre, and constructed a350

database, REXdb with sequences from various species of each clade [33]. We351

obtained 10 randomly selected sequences from eudicot species of each clade in352

REXdb and constructed a phylogenetic tree together with the representative353

sequence reported by CD-HIT of each Fagopyrum cluster containing at least354

100 sequences. The resulting tree showed that most of the Gypsy elements in355

Fagopyrum species are from the Athlia, CRM, and Tekay families (Supple-356

mentary Fig. 12). Multiple lineages from the Athila clade have expanded in357

F. esculentum and F. homotropicum, whereas many of the clusters with high358

copy numbers in F. tataricum were from the Tekay clade.359
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We assigned each full-length Gypsy elements in clusters containing at least360

100 sequences to Athlia, CRM, or Tekay according to the phylogenetic tree361

(Supplementary Fig. 12 and Supplementary Table 17), and then obtained the362

distribution of the nucleotide divergence between the flanking LTRs for the363

Athila, CRM, and Tekay families in each of the three species and for the364

two largest subfamilies (Clusters 18 and 11). The distributions of all Athila365

elements and the two largest clusters were both similar to the distribution of366

all Gypsy elements, indicating very high recent activity of the Athila elements,367

especially of two subfamilies in F. esculentum and F. homotropicum (Extended368

Data Fig. 3 and Supplementary Fig. 11). We also constructed phylogenetic369

trees for the two largest subfamilies (Supplementary Fig. 13). There were no370

large, well-supported clades specific to F. esculentum or F. homotropicum in371

either subfamily, whereas all the F. tataricum sequences in Cluster 11 formed372

a species-specific, well-supported clade. By contrast, the distribution of the373

Tekay clade showed that Tekay underwent a slightly older amplification burst374

in F. tataricum and that its recent activity has decreased.375

A recent study that sequenced the genome of F. esculentum and con-376

structed a draft genome assembly also reported a much higher amount of Athila377

elements in F. esculentum compared to F. tataricum, and that the Tekay ele-378

ments are abundant in F. tataricum [25], consistent with our results. However,379

they did not report any di↵erence in the recent activity of Athila elements380

between F. esculentum and F. tataricum, although they found that some Copia381

families showed much higher recent activity in F. esculentum compared to F.382

tataricum. Our results clearly demonstrate that Athila elements show a much383

higher recent activity in F. escluentum and F. homotropicum, and that two384

subfamilies in particular have recently expanded in both F. esculentum and385

F. homotropicum but not in F. tataricum.386
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2.3 Distribution of Transposable Elements across387

Fagopyrum genomes388

We then examined the distribution of TEs across each chromosome in the three389

Fagopyrum species. We found that the density of TE is low in the distal ends390

of some chromosomes but high in the rest of the genome in F. esculentum,391

F. homotropiucm, and to a lesser extent, in F. tataricum. These distal ends392

of chromosomes with low TE density showed a very high density of protein-393

coding genes compared to the rest of the genome and low GC content in each394

species (Supplementary Fig. 8). The uneven TE density across the genome395

mostly reflects the distribution of Gypsy elements, in particular of the recently396

expanded Athila subfamilies in F. esculentum and F. homotropicum. By con-397

trast, the density of Copia elements and other classes of TEs such as DNA398

transposons and LINEs was higher in the distal ends of chromosomes and399

lower in the rest of the genome (Extended Data Fig. 4, Supplementary Figs. 9400

and 10). Similar observations of high density of protein-coding genes, low den-401

sity of Gypsy elements, and low GC content in the distal regions, and di↵erent402

density across the genome for di↵erent TE families have been reported for403

many other plant species such as barley [34].404

2.4 LTR retrotransposons associated with centromeric405

regions406

We found that some, but not all subfamilies of the CRM clade were highly407

enriched at specific regions of each chromosome of F. esculentum and F.408

homotropicum, but not F. tataricum (Extended Data Fig. 4, Supplementary409

Figs. 9 and 10). For instance, full-length copies of Clusters 3, 8, 9, 15, and410

16 tightly clustered within a small genomic region of each chromosome in F.411

esculentum and F. homotropicum.412
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The CRM clade has its name derived from Centromeric Retrotranspo-413

son of Maize, and due to the presence of a targeting domain in the integrase414

C-terminus, some lineages of this clade are known to preferentially accumu-415

late in centromeric regions in a wide range of plant species [35]. It has been416

suggested that the presence of these CRM elements in centromeric regions417

contributes to the correct functioning of centromeres [35]. We therefore per-418

formed FISH analysis in F. esculentum and F. homotropicum using probes419

with sequences from the CRM clade and confirmed that these regions cor-420

respond to centromeric regions with the primary constriction (Main Fig. 1e421

and Supplementary Fig. 15). Although the exact delineation of centromeric or422

peri-centromeric region is di�cult, we will here refer to the CRM -rich regions423

of F. esculentum and F. homotropicum as centromeric regions and refer to the424

copies in two species in the Clusters 3, 8, 9, 15, and 16 as FeCEN.425

The five CRM subfamilies associated with centromeric regions, i.e., FeCEN426

showed reduced recent activity and most copies had a slightly older insertion427

age compared to the most active Athila subfamilies (Supplemntary Fig. 11).428

The peak of the insertion ages of these subfamilies was much younger than the429

Ks between the orthologs of F. tataricum and the other two species (⇠0.11),430

and similar to that of the Ks between the orthologs of F. esculentum and F.431

homotropicum (⇠0.01-0.02). By contrast, two other subfamilies of the CRM432

clade, Clusters 44 and 88 did not cluster in centromeric regions and were433

distributed across the genome in both F. esculentum and F. homotropicum and434

showed high recent activity in both species. In F. tataricum, although Cluster435

88 had amplified recently, the other CRM subfamilies were only present at436

low-copy and none of them clustered together at specific chromosomal regions.437

The non full-length copies of Clusters 3, 8, 9, 15, and 16 were also enriched438

in the centromeric regions of F. esculentum and F. homotropicum, although439
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they were also observed at low copies in other parts the genome (Supple-440

mentary Figs. 14). No preferential accumulation of the Clusters 3, 8, 9, 15,441

and 16 in any specific region in F. tataricum was observed even when all the442

non full-length copies were considered, apart from a slight enrichment in a443

region of Chr 6 (Supplementary Fig. 14). We could not identify any other LTR444

retrotransposon lineage that tightly cluster at specific genomic regions of F.445

tataricum. These results suggest that the accumulation of certain CRM sub-446

families around centromeric regions is a feature that evolved in F. esculentum447

and F. homotropicum after the divergence of their common ancestor from the448

lineage of F. tataricum.449

3 Collinearity and whole-genome duplications450

3.1 Detecting whole-genome duplications in Fagopyrum451

Whole-genome duplications (WGDs) have played a crucial role in the evolu-452

tion of angiosperms [36]. In particular, it is known that most eudicot lineages453

share a hexaploidy event that occurred in their common ancestor [37, 38].454

Fagopyrum is within Polygonaceae, an early branching family of Caryophyl-455

lales. A previous genome analysis of F. tataricum reported a WGD specific to456

F. tataricum 64.42-70.77 million years ago (mya) that is not shared with Beta457

vulgaris, a core Caryophyllales species [15]. Another recent study that ana-458

lyzed the transcriptomes and genomes of 168 Caryophyllales species reported459

26 WGDs in Caryophyllales, including one that is shared by all Polygonaceae460

species investigated including Fagopyrum and Rumex but not shared by other461

non-core Caryophyllales families [39].462

Here, we first detected collinearity between the genomes of the three463

Fagopyrum species using MCScanX [40] (Main Fig. 2 and Supplementary464
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Fig. 16). High collinearity was maintained between the genomes of F. escu-465

lentum and F. homotropicum, although several rearrangements were observed466

between F. tataricum and the other two species. This is expected consider-467

ing the much closer phylogenetic relationship between F. esculentum and F.468

homotropicum than with F. tataricum [41], and given that the F. homotopicum469

pseudomolecules were assembled based on collinearity with F. esculentum PL4.470

In addition to the orthologous regions, we detected several collinear duplicated471

blocks where one region of a species was collinear to multiple regions of the472

other species, consistent with a WGD shared by the three Fagopyrum species.473

3.2 Number and timing of whole-genome duplications474

If there were a single WGD in the common ancestor of Fagopyrum after its475

divergence from core Caryophyllales species as previously suggested, one would476

expect most regions of one species to be collinear to two regions of the other477

species even if a small number of regions may be collinear to more than two478

regions due to the ancestral hexaploidy event [37]. Instead, we found several479

regions collinear to more than two, and in many cases four other regions of480

the other species. A single WGD cannot explain this pattern of collinearity,481

suggesting that two WGDs may have occurred in the common ancestor of482

Fagopyrum. We therefore examined the collinearity between each Fagopyrum483

spceies against B. vulgaris [42], a reference species of core Caryophyllales,484

and against Vitis vinifera (grapevine) [37] and Prunus persica (peach) [43],485

two genomes that have undergone few rearrangements since the ancestral486

hexaploidy and are often used as reference genomes for comparative genomics487

[44]. Indeed, we found that several Fagopyrum regions are collinear to four488

regions of the genomes of B. vulgaris, V. vinifera, and P. persica, suggesting489
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that two WGDs likely occurred in Fagopyrum since the ancestral hexaploidy490

(Main Fig. 2, Supplementary Figs. 16 and 17).491

To further determine the exact number and timing of WGDs in Fagopyrum,492

we constructed gene families with OrthoFinder [45] using the three Fagopyrum493

species, Rumex hastatulus [46] which also belongs to Polygonaceae, Aldrovanda494

vesiculosa which is another non-core Caryophyllales species of Droseraceae495

[47], and four core Caryophyllales species to serve as an outgroup, namely496

Portulaca amilis [48], B. vulgaris [42], Chenopodium quinoa [49], and Amaran-497

thus hypochondriacus [50]. We then extracted gene families (i.e., hierarichical498

orthologous groups) containing at least two pairs (three genes) of collinear499

duplicates, representing two WGDs, in one of the Fagopyrum species and con-500

structed phylogenetic trees. We were able to determine the timing of two or501

more duplications relative to the divergence between Fagopyrum and Rumex,502

Aldrovanda, and core Caryophyllales for 159 gene families, of which 116 were503

consistent with two duplications being shared with Fagopyrum and Rumex but504

not with Aldrovanda (Extended Data Fig. 5 and Supplementary Fig. 18). In505

addition, the mode of Ks between the WGD-derived paralogs of F. esculentum506

was slightly larger than the mode of Ks between the orthologs of F. esculen-507

tum and R. hastatulus and much smaller than that between the orthologs of508

F. esculentum and A. vesiculosa (Extended Data Fig. 5). While collinearity-509

based analysis with the genomes of Rumex and Aldrovanda would be desirable510

to confirm, we note that only limited collinearity could be detected between511

the genomes of R. hastatulus and A. vesiculosa and any of the other genomes,512

which may be due to many lineage-specific rearrangements and/or the quality513

of the assembly. Nevertheless, our results suggest that the most probable sce-514

nario is two WGDs having occurred in Polygonaceae in the common ancestor515

of Fagopyrum and Rumex after its divergence from the lineage of Aldrovanda.516
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3.3 Molecular dating of whole-genome duplications517

We then performed phylogenetic dating of the 116 gene trees with nodes cor-518

responding to two WGDs shared with Fagopyrum and Rumex but not with519

Aldrovanda following a previously described Bayesian framework [51, 52] using520

BEAST v2 [53]. As there were no fossil records suitable to apply as age con-521

straints, we used the results of previous molecular dating studies. We applied522

a normal distribution prior with a mean of 100 mya and standard deviation523

(SD) of 1 million years to the divergence between Fagopyrum and Aldrovanda524

to use as a main age calibration following the results of a previous large-scale525

molecular dating study of angiosperms [54]. In addition, we applied a normal526

distribution with a mean of 60 mya and SD of 3 million years to the diver-527

gence between Fagopyrum and Rumex, and a normal distribution with a mean528

of 16 mya and SD of 5 million years to the divergence between F. esculentum529

and F. tataricum as secondary calibrations following a recent molecular dating530

study of Caryophyllales [55] (Supplementary Table 20). As a result, we esti-531

mated the ages of the two WGDs to be 71 mya (95% high posterior density:532

59.8-86.6 mya) and 85.7 mya (71.3-96.9 mya) (Extended Data Fig. 5). Thus,533

the younger WGD is close to, albeit slightly older than the time period around534

the Cretaceaous-Plaeogene extinction event (⇠65 mya) in which many other535

angiosperm lineages have undergone independent WGDs [51, 56].536

We also performed dating without either or both of the secondary calibra-537

tions to examine their e↵ects (Supplementary Fig. 19). The ages of the two538

WGDs were 65.8 mya (39.2-87.5 mya) and 84.4 mya (59.2-97.7 mya) without539

both secondary calibrations, 71.7 mya (60.1-87.2 mya) and 86.5 mya (71.4-540

97.4 mya) without the constraints on the divergence between F. esculentum541

and F. tataricum, and 63.4 mya (37.8-86.4 mya) and 83.7 mya (58.1-97.1 mya)542

without the constraints on the divergence between Fagopyrum and Rumex543
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(Supplementary Tables 20 and 21). Thus, while the constraint applied to the544

divergence between Fagopyrum and Rumex does lead to a slightly older age545

estimates of the WGDs, the di↵erence is at most ⇠7-8 mya.546

4 Gene family evolution547

4.1 Identification of gene families in Fagopyrum548

We studied the evolution of gene families using the results of OrthoFinder549

described above based on nine Caryophyllales species including the three550

Fagopyrum species. Using the hierarchical orthologous groups reported by551

OrthoFinder of all nine species, we examined the shared and unique gene fami-552

lies in Fagopyrum, core Caryophyllales species, R. hastatulus, and A. vesiculosa553

(Supplementary Fig. 20a). We also determined shared and unique gene fami-554

lies in F. esculentum, F. homotropicum, F. tataricum, and R. hastatulus based555

on the hierarchical orthologous groups of these four species (Supplementary556

Fig. 20b). A larger number of gene families were shared between F. esculentum557

and F. homotropicum (18,209) than between F. esculentum and F. tataricum558

(16,580) or between F. homotropicum and F. tataricum (16,258), reflecting559

the closer relationship between F. escluentum and F. homotropicum.560

As we were especially interested in genes responsible for phenotypic di↵er-561

ences between F. esculentum and the other Fagopyrum species, we extracted562

354 gene families (782 genes) unique to F. esculentum, and 1,849 gene fam-563

ilies (2,529 genes in F. esculentum) shared between F. esculentum and F.564

homotropicum but not with F. tataricum or R. hastatulus based on the hier-565

archical orthologous groups of the four species (Supplementary Tables 22 and566

23). We also extracted 208 gene families shared between F. homotropicum, F.567

tataricum, and R. hastatulus but not F. esculentum, which likely represent568

gene losses in F. esculentum (Supplementary Table 24).569
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We then searched for gene duplications that occurred in F. esculentum570

after its divergence from F. homotropicum, and those that occurred in the571

common ancestor of F. esculentum and F. homotropicum after its divergence572

from F. tataricum. Based on the duplications reported by OrthoFinder in the573

two branches of interest, we retained those within gene families shared with at574

least one core Caryophyllales species and either R. hastatulus or A. vesiculosa.575

In addition, only gene families containing orthologs of F. esculentum and F.576

homotropicum and orthologs of F. esculentum and F. tataricum as reported577

by OrthoFinder were retained. As a result, we identified 563 gene families with578

gene duplications in F. esculentum after its divergence from F. homotropicum,579

and 851 with gene duplications in the common ancestor of F. esculentum and580

F. homotropicum after its divergence from F. tataricum. Lists of F. esculentum581

genes in gene families described above (F. homotropicum for gene families not582

shared with F. esculentum) and their best hits by similarity searches against583

NR database of NCBI (DIAMOND search [57], more sensitive mode) and584

A. thaliana proteins (BLASTP search [12]) are provided in Supplementary585

Tables 22- 26. Although such di↵erences in gene families between species may586

also result from problems in the assembly or annotation, these lists should587

serve as useful information in studying the genetic basis of the phenotypic588

variation in Fagopyrum species.589

4.2 Rutin biosynthesis590

Fagopyrum species are known for their very high content of rutin, which is a591

kind of flavonoid. In particular, previous studies have reported that the rutin592

content of F. tataricum is much higher than that of F. esculentum and F.593

homotropicum [58]. We examined the rutin content in PL4 and its hybrid594

parents, F. escluentum cv. Kitawasesoba and F. homotropicum C9255 and595



24 CONTENTS

confirmed that their rutin contents were much lower than that of F. tataricum596

(Supplementary Table 27).597

The previous genome analysis of F. tataricum identified several genes in598

F. tataricum involved in the biosynthetic pathway of flavonoids such as rutin599

and reported that some of these gene families expanded by gene duplication in600

F. tataricum compared to Arabidopsis [15]. Here, we identified gene families601

involved in phenylpropanoid synthesis, namely phenylalanine ammonia-lyase602

(PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), chal-603

cone synthase (CHS), chalcone isomerase (CHI), flavanone-3-hydroxylase604

(F3H), flavonoid-3’-hydroxylase (F3’H), flavonoid-3’-5’-hydroxylase (F3’5’H),605

flavonol synthase (FLS), and glycosyltransferase (GTR) based on F. tataricum606

genes in each gene family that were previously reported [15]. We found 15 gene607

families altogether, each containing one or more genes of all three Fagopyrum608

species (Supplementary Table 28). Note that here a gene family corresponds to609

a hierarchical orthologous group of Caryophyllales, meaning that duplications610

predating the origin of Caryophyllales would represent multiple gene families.611

As such, multiple gene families are reported for 4CL, CHS, F3H, and GTR.612

Ten gene families encoding for PAL, C4H, CHS, CHI, FLS, GTR, F3’H613

and F3’5’H had two or more genes in each Fagopyrum species (Supplemen-614

tary Table 28). We performed phylogenetic analyses for these 10 gene families615

and confirmed that all 10 underwent gene duplications that are shared with616

Fagopyrum and Rumex, and/or specific to Fagopyrum (Supplementary Figs. 21617

- 23). In addition, WGDs shared by Fagopyrum and Rumex had contributed618

to the increase of genes in PAL, C4H, CHS, and FLS whereas tandem gene619

duplications specific to Fagopyrum had contributed to the expansion of PAL,620

C4H, CHS, CHI, GTR, and F3’5’H gene families. In particular, F3’5’H genes621

had greatly increased in Fagopyrum by several tandem duplications, with 13,622
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16, and 14 genes identified in F. tataricum, F. esculentum, and F. homotrop-623

icum, compared to two in R. hastatulus, one in A. vesiculosa, and none in the624

core Caryophyllales species, although it is unclear if this enzyme is involved in625

the formation of rutin from quercetin. Likewise, the number of genes encoding626

for GTR, which is involved in the formation of flavonoid glycosides including627

rutin, had also greatly increased in Fagopyrum.628

Thus, our study shows that genes involved in the pathway of rutin biosyn-629

thesis have increased in Fagopyrum, suggesting that some of these duplications630

may have contributed to the high rutin content of Fagopyrum species. On the631

other hand, it is worth noting that despite the much higher rutin content of632

F. tataricum, the number of genes involved in rutin biosynthesis pathway is633

similar in the three Fagopyrum species, with many of the duplications having634

occurred in the common ancestor of the three species.635

4.3 The first waxy buckwheat ever636

Granule-bound starch synthase (GBSS) plays an important role in the pro-637

cess of amylose synthesis in plants, catalysing the elongation of the amylose638

molecule using ADP-glucose [59, 60]. In cereals, ratio of amylose to amy-639

lopectin in the seed a↵ects the texture of the grain and their dough-based food640

products. The seed storage starch from mutants that have lost GBSS activity641

does not contain any linear polysaccharides (i.e., amylose), but only a highly642

branched polysaccharide (i.e., amylopectin), resulting in the so-called waxy643

phenotype [61–63]. This phenotype imparts a sticky (or glutinous) quality to644

the grain. The waxy and non-waxy phenotypes can be distinguished by iodine645

staining, in which waxy endosperms are stained brownish red, whereas non-646

waxy starch endosperms are stained dark blue. Although the waxy type has647

been used in various cereals and pseudo-cereals [61–63], no practically useful648
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waxy common or tartary buckwheat has been identified to date ([64], reviewed649

in [65]).650

The previous draft genome of F. esculentum contained three GBSS genes651

[24]. Using one of these genes (Fes sc0005258.1.g000004) as query in a simi-652

larity search against the predicted genes of F. esculentum PL4, we identified653

five homologous genes in the F. esculentum PL4 genome (Supplementary654

Table 29). These five genes were in two di↵erent gene families (hierarchical655

orthologous groups) reported by OrthoFinder with the nine Caryophyllales656

species, which included five genes each of F. homotropicum and F. tataricum.657

We merged these two gene families and constructed a phylogenetic tree. The658

GBSS genes of the three Fagopyrum species formed five phylogenetic groups,659

each containing one GBSS gene from each three species (Main Fig. 3a). Thus,660

the copy number of GBSS genes had already increased to five before the661

divergence of these three Fagopyrum species. While the oldest duplication pre-662

dates the divergence of Fagopyrum and core Caryophyllales, the other three663

duplications correspond to the two WGDs in the lineage of Fagopyrum. RNA-664

Seq analysis showed that two genes, FeGBSS1 and FeGBSS2, were highly665

expressed in the endosperm of buckwheat. The TPM (transcripts per million)666

values of these two genes accounted for 99.9% of the total TPM values of the667

five FeGBSS genes (Supplemntary Table 30).668

We therefore hypothesized that a double recessive homozygous mutant of669

these two genes should exhibit a waxy trait. To test this hypothesis, we first670

screened plants with knockout mutations in FeGBSS1 and FeGBSS2 from the671

EMS-induced mutant population using NGS-TILLING [66] and obtained two672

plants, one with a nonsense mutation in the third exon of FeGBSS1 and the673

other with a nonsense mutation in the fourth exon of FeGBSS2. Although the674

wild type protein of GBSS has two large domains at the N- and C-termini,675
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which form a rigid structure shown by X-ray structural analysis [67], both676

mutants lacked the entire domain at the C-terminal (Supplementary Fig. 24).677

As the two nonsense mutations were heterozygous, we obtained plants678

homozygous for the nonsense mutation in FeGBSS1 and plants homozygous679

for the nonsense mutation in FeGBSS2 by crossing. We further obtained plants680

carrying both knockout mutations as homozygous by crossbreeding. The seeds681

of each mutant were stained with iodine solution, and while the endosperms682

of the single recessive homozygous mutants of both FeGBSS1 and FeGBSS2683

displayed a purple staining, similar to that of the wild type, the endosperm684

of the double recessive homozygous mutant displayed a brownish red stain-685

ing (Main Fig. 3b). Because common buckwheat is an outcrossing plant, it is686

di�cult to maintain double recessive homozygotes, which is probably one of687

the reasons why no waxy common buckwheat plants had been identified to688

date. As a sticky grain quality is often preferred in Asian countries [61], the689

first waxy common buckwheat in the world obtained in this study will be an690

important breeding material for the future.691

4.4 2S albumins: key allergens triggering anaphylaxis692

Allergies to common buckwheat pose serious health problems in East Asian693

countries, including Japan, Korea and buckwheat consuming areas of China694

[68], and are becoming an issue in Western countries [69] where buckwheat695

consumption has increased due to it being a gluten-free food. Several buck-696

wheat allergens such as Fag e 1 (� polypeptide of 13S globulin), Fag e 2 (2S697

albumin) and Fag e 3 (7S globulin) have been identified in common buckwheat698

(Reviewed in [70]). Among them, Fag e 2 is considered to be the causative699

allergen of anaphylaxis of common buckwheat [71, 72].700
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We previously identified Fag e 2 and three conserved homologues within701

a 108 kb genomic region in the draft genome of F. esculentum [24]. Using702

one of these genes (Fes sc0000087.1.g000014) as query in a similarity search703

against the predicted genes of F. esculentum PL4, we identified four genes704

within a 123.4 kb genomic region on Chr 3 of F. esculentum PL4. These four705

genes were in the same gene family reported by OrthoFinder using the nine706

Caryophyllales species, which included four F. homotropicum genes in a 108.4707

kb region on Chr 3 of F. homotropicum, and four F. tataricum genes in a 121.8708

kb region on Chr 7 (Ft7) of F. tataricum (Supplementary Table 31, Extended709

Data Fig. 6a, and Supplementary Fig. 25). The physical order of these four710

genes was conserved among the three Fagopyrum species, indicating that the711

duplication events giving rise to these 2S albumin genes had occurred in the712

common ancestor of these species. 2S albumins are important seed storage713

proteins generally encoded by multigene families that have been reported as714

major food allergens in seeds of many plants [73, 74]. The duplication and715

retention of these genes in Fagopyrum may be related to the fact that albumin716

is one of the major storage proteins of buckwheat seeds, accounting for ⇠25%717

of their total seed storage proteins [75].718

We performed phylogenetic analysis and found that Fagopyrum 2S albu-719

mins fall into three phylogenetic groups (Extended Data Fig. 6b). Fag e 2720

was included in Group I together with Fag t 2, a known allergen of F. tatar-721

icum [76]. The eight cysteine residues important for the conformation of the722

2S albumin structure [77, 78] were conserved in all four sequences of the three723

species. However, the amino acid sequences were highly variable (Extended724

Data Fig. 6a, b). Notably, the epitope sequence (EGVRDLKE) [72], i.e., the725

part of the antigen recognized by the immune system, was highly variable726
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among the three groups (Extended Data Fig. 6c). Previous work on alanine-727

scanning mutagenesis [72] has shown that substitution of even one amino acid728

of the epitope sequence with alanine results in weak IgE-binding activity, sug-729

gesting that 2S albumins in Group II and III are associated with less severe730

anaphylaxis. Considering the importance of a non-functional Fag e 2 in estab-731

lishing non-anaphylactic buckwheat, we aimed to produce a non-functional732

Fag e 2 by EMS mutagenesis and detected one nonsense mutant allele (fag733

e 2 m1 ) by NGS-TILLING [66]. fag e 2 m1 has a stop codon at the 245th734

position (upstream of epitope sequence), and six of the eight conserved cys-735

teine residues were not included in this mutant allele (Extended Data Fig. 6d).736

Given that the encoded protein does not contain the epitope sequence, this737

mutant should be an important material for developing non-/low-allergenic738

buckwheat in the future.739

5 Genetic architecture of heterostyly and its740

transition to selfing741

5.1 Background742

Around 200 or more angiosperm genera including Fagopyrum exhibit het-743

erostylous or heteromorphic self-incompatiblity (SI), in which plants with744

“pin” (or L-morph) flowers which have long styles and short stamens and745

those with “thrum” (or S-morph) flowers which have short styles and long sta-746

mens coexist within the population and successful mating only occurs between747

thrum and pin plants (Main Fig. 1) (reviewed in [79]). The breakdown of het-748

erostylous SI involves not only the transition of SI to selfing but also changes749

in flower morphology leading to the transition of heterostyly to homostyly,750

in which all plants within the population exhibit similar style lengths. For751
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instance, breakdown of heterostylous SI has occurred independently in many752

Fagopyrum species including F. tataricum and F. homotropicum [80, 81]. Both753

these species are self-compatible and the stigma and anther of all individuals754

occupy similar heights. In Primula species, it has been reported that almost all755

self-compatible plants have long homostyle flowers with long style and long sta-756

mens [82]. Likewise, F. esculentum PL4, a self-compatible accession originating757

from a cross between a self-incompatible F. esculentum accession and the self-758

compatible F. homotropicum, exhibits long homostyle flowers [1, 83]. Note759

that the term “homostyle” is also used for individuals within a heterostylous760

population in which heterostyly has broken down.761

Heterostylous SI is thought to be regulated by a single genetic locus called762

S locus [79]. Under the classical model originally proposed in Primula [84], it763

used to be thought that thrum plants are heterozygous and possess the domi-764

nant S haplotype and recessive s haplotype, pin plants are homozygous of the765

recessive s haplotype, whereas the long homostyle self-compatible phenotype is766

conferred by the Sh haplotype that is dominant to the s haplotype and reces-767

sive to the S haplotype. Indeed, it has been proposed that F. homotropicum768

has the Sh haplotype [85] and that the long homostyle and self-compatible769

phenotype of F. esculentum PL4 is due to the introduction of the Sh haplotype770

from F. homotropicum [83]. On the basis that heterostyly involves the com-771

plete association of mating compatibility and morphology of both the female772

(i.e., style) and male (i.e., stamen) organs, the classical model has assumed773

that the S locus consists of five tightly linked genes regulating the style length774

(G), style incompatibility (IS), pollen incompatibility (IP ), pollen size (P )775

(thrum plants have larger pollens), and anther height (A) [84].776

However, recent studies in Primula [86–88], Turnera [89, 90], Linum [9],777

and Fagopyrum [81] have all shown that the dominant S haplotype consists of a778
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hemizygous region that is absent from the s haplotype. Moreover, it was shown779

in Primula that inactivation of a single gene converts short thrum styles into780

long styles with the same compatibility behavior as pin styles, suggesting that781

the transition of heterostyly to selfing long homostyle plants can be achieved782

by a single mutation, instead of recombination between the S and s haplotypes783

as suggested by the classical heterozygous model [82, 86].784

In F. esculentum, a protein-coding gene S-ELF3 was previously identified785

by screening genes di↵erentially expressed in pistils of short and long-styled786

flowers [81]. The region containing this gene was specific to thrum plants787

and absent from pin plants, meaning that thrum plants are hemizygous and788

pin plants are null homozygous. Moreover, S-ELF3 was disrupted in self-789

compatible species F. tataricum and F. homotropicum, indicating that it is790

likely involved in heterostyly [81]. As the self-compatible F. esculentum PL4791

should not have the S haplotype and our previous draft assembly of a self-792

incompatible F. esculentum [24] was too fragmented, we generated a phased793

genome assembly of a self-incompatible F. esculentum line GS1 [91] to deter-794

mine the S and s haplotypes and to understand the genetic architecture of795

heterostyly and its breakdown in PL4 by comparison with the PL4 genome.796

5.2 Determining haplotypes associated with the di↵erent797

flower morphs798

To determine the two di↵erent haplotypes, i.e. S haplotype and s haplotype,799

we assembled phased sca↵olds of a thrum plant (Ss) of F. esculentum GS1.800

We generated a total of 581.1 Gb Illumina reads (480-fold genome coverage)801

and obtained phased genome sequences using DenovoMAGIC (Supplementary802

Table 1). This resulted in 42,256 sca↵olds with an N50 of 2.83 Mb (Supple-803

mentary Table 3), which is much lower than that of PL4 (28.7 Mb), but much804
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higher than the two previously published draft genomes (25 kb [24] and 180 kb805

[25]). The total length of the sca↵olds was 2.32 Gb, which is close to two times806

the length of the PL4 genome (1.27 Gb) (Supplementary Table 3). We then807

compared the assembled genome of GS1 and the PL4 pseudomolecules by min-808

imap2 [92] and found that many regions of the PL4 chromosomes correspond809

to two regions of the GS1 assembly (Supplementary Fig. 26). BUSCO analysis810

[14] against the GS1 assembly showed that 97% of the embryophyta genes were811

covered including 84.7% duplicated (Supplementary Table 10). These results812

confirm that the GS1 assembly is largely a diploid assembly covering most of813

the F. esculentum genome, suggesting that it should be su�cient to examine814

the two haplotypes of S locus.815

We therefore searched for the S haplotype region in the GS1 assembly816

by performing BLASTN using a previously identified sequence of S-ELF3817

(AB641416.1 [81]) as query. Only one sca↵old, sca↵old 2156 contained S-ELF3,818

indicating that this sca↵old contains the S haplotype region. We then searched819

for allelic sequences of sca↵old 2156 by performing minimap2 with sca↵old820

2156 as query against the GS1 assembly. A large part of both ends of sca↵olds821

2156 and 21180 was highly similar to each other, although a region contain-822

ing S-ELF3 in the middle of sca↵old 2156 was absent from sca↵old 21180823

(Extended Data Fig. 7a).824

Collinearity at the gene level between sca↵olds 2156 and 21180 was con-825

firmed by mapping the CDS sequences of the predicted protein-coding genes826

of F. esculentum PL4 to the GS1 assembly using GMAP [93]. Forty PL4827

genes were mapped to sca↵old 2156 and most PL4 genes that mapped to 1.3-828

11.4 Mb of sca↵old 2156 also mapped to sca↵old 21180, indicating that these829

two sca↵olds are allelic (Supplementary Table 32). Furthermore, a genomic830
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region of ⇠2.8 Mb around 6.5-9.3 Mb of sca↵old 2156 contained genes spe-831

cific to sca↵old 2156, including S-ELF3 (Extended Data Fig. 7b). Thus, we832

concluded that sca↵old 2156 and sca↵old 21180 contain the S haplotype and833

s haplotype regions, respectively, in which the S haplotype has a ⇠2.8 Mb834

hemizygous region. No genes expressed specifically in the flowers of pin plants835

were detected in the s haplotype region of sca↵old 21180 by RNA-Seq analysis836

and the expression pattern of this region was similar between pin and thrum837

flowers (Supplementary Fig. 27). Although it is di�cult to entirely rule out838

the possibility that there are unidentified genes with pin-specific functions in839

the s haplotype, these results suggest that the s haplotype does not contain840

any genes controlling the floral morphology and compatibility of pin plants.841

89% of both sca↵olds were comprised of TEs, of which Gypsy-type LTR retro-842

transposons made up of ⇠80%. The TE proportion (92%) of the hemizygous843

region was similar to the rest of sca↵old 2156 (88%) and sca↵old 21180 (89%)844

(Supplementary Table 33).845

5.3 Knockout of S-ELF3 results in long homostyle plants846

To determine the exact role of S-ELF3 in heterostylous SI, we screened for847

a dysfunctional S-ELF3 gene from the EMS-induced mutant population of848

5,801 plants and identified a mutant with the splice acceptor site of the fourth849

intron disrupted (AG to AA) (Supplementary Fig. 28b). Abnormal splicing of850

S-ELF3 was confirmed by electrophoresis of the RT-PCR products and subse-851

quent Sanger sequencing (Supplementary Fig. 28b). M1 plants displayed long852

homostyle flowers with long styles and long stamens, i.e., the same morphology853

as the flowers of PL4 (Supplementary Fig. 29a,b).854

To minimize the possibility that the long homostyle phenotype of the855

knockout mutant is due to o↵-target e↵ects of other mutations elsewhere in856
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the genome, we back-crossed the long homostyle mutant (s-elf3- 2/s) with857

pin plants (s/s) of F. esculentum cv. Harunoibuki. A long homostyle F1 plant858

(s-elf3- 2/s) obtained by this cross was back-crossed with pin plants (s/s)859

and a long homostyle F2 plant (s-elf3- 2/s) obtained was back-crossed again860

with four pin plants (s/s), which resulted in 13 long homostyle and 28 pin861

BC3 plants. We confirmed by PCR that all long homostyle plants have the862

s-elf3- 2 allele but the pin plants do not.863

These results indicate that S-ELF3 controls the style length, whereas genes864

controlling the stamen are likely present elsewhere in the hemizygous region.865

Seven other predicted protein-coding genes of F. esculentum PL4 mapped to866

the hemizygous region (Supplementary Table 32). One of these genes or other867

unidentified protein-coding genes with short ORFs or RNA genes in this region868

may be involved in the regulation of the male functions.869

5.4 Long homostyle S-ELF3 knockout mutants are870

self-compatible871

To test the mating compatibility of the knockout mutants with long homostyle872

flowers, we self-pollinated the BC3 long homostyle plants obtained by back-873

cross using wild type pin plants as recurrent parents. 56 BC3S1 seeds874

were obtained, which yielded 37 long homostyle and 19 pin plants. Self-875

pollination of these 37 long homostyle plants yielded 10.54 seeds on aver-876

age per plant, whereas self-pollination of the pin plants yielded only 0.53877

seeds on average per plant (p=8.23⇥10�9, two-sided permutation test using878

the perm.test function of the R exactRankTests package, https://cran.r-879

project.org/web/packages/exactRankTests/). This demonstrates that the S-880

ELF3 knockout mutants exhibiting long homostyle flowers are self-compatible881

(Supplementary Fig. 29a).882
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We then investigated the cross compatibility of the long homostyle mutants883

with wild type pin and thrum plants to determine whether the self-fertility of884

these mutants is due to the conversion of the pistil incompatiblity trait from the885

thrum to pin type as observed in long homostyle mutants of Primula [82]. We886

first hand-pollinated the pollen of BC3 long homostyle mutants to the styles887

of F. esculentum cv. Harunoibuki pin and thrum plants. Results showed that888

the pollen of long homostyle mutants is compatible with the style of pin plants889

but incompatible with the style of thrum plants (Supplementary Fig. 29b).890

This is expected considering that the pollen of long homostyle mutants is of891

the thrum-type and that the knockout of S-ELF3 should only a↵ect the style.892

We next hand-pollinated the pollen of F. esculentum cv. Harunoibuki pin and893

thrum plants to the styles of BC3 long homostyle mutants. Results showed that894

the style of long homostyle mutants is compatible with the pollen of thrum895

plants but incompatible with the pollen of pin plants (Supplementary Fig. 29c).896

Furthermore, we confirmed that the growth of pin pollen tubes was arrested897

in the long styles of the mutant, whereas the thrum pollen tubes reached the898

ovule, indicating that the long pistils of the long homostyle mutants exhibit899

the incompatibility trait of pin plants (Extended Data Fig. 8b). These results900

demonstrate that the knockout of S-ELF3 did not abolish the incompatibil-901

ity trait of the thrum style such that it is compatible with both pin-type902

and thrum-type pollen. Instead, it resulted in the conversion of a thrum-type903

short style to a pin-type long style. Thus, the long homostyle mutants are904

self-compatible, i.e., are able to self-fertilize, because they have pin-type styles905

and thrum-type stamens (Supplementary Fig. 29d). This cross compatibil-906

ity behavior is consistent with that of F. esculentum PL4 [1] and the long907

homostyle mutants of Primula [82].908
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5.5 Analyses of F. esculentum PL4 and F.909

homotropicum genomes910

We then determined regions homologous to the S and s haplotype in F.911

esculentum PL4 and F. homotropicum based on the results of minimap2912

between F. esculentum PL4 and GS1 and the gene-based collinearity detected913

by MCScanX between F. esculentum PL4 and F. homotropicum. While S-914

ELF3 and other neighboring genes on the S haplotype of sca↵old 2156 were915

homologous to genes on Chr 1 of F. esculentum PL4, genes further up- and916

downstream of sca↵old 2156 and genes on sca↵old 21180 were homologous to917

Chr 6 of F. esculentum PL4, indicating a translocation involving the S hap-918

lotype region between Chr 6 and Chr 1 in PL4 (Extended Data Fig. 7b). This919

is consistent with the comparison of PL4 pseudomolecules and the previously920

developed linkage map (Extended Data Fig. 1). Considering that the alleles921

of a few genes on PL4 Chr 1 that mapped to the region flaking the hemizy-922

gous region on sca↵old 2156 were present on sca↵old 21180, translocation from923

Chr 6 to Chr 1 seems to be the more parsimonious scenario (Extended Data924

Fig. 7c).925

Gene-based collinearity between F. esculentum PL4 and F. homotropicum926

detected by MCScanX showed that the s haplotype homologous region of PL4927

Chr 6 is collinear to Chr 6 of F. homotropicum, whereas the S haplotype928

homologous region of PL4 Chr 1 is collinear to Chr 1 of F. homotropicum (Sup-929

plementary Fig. 30). This region collinear to S haplotype on PL4 Chr 1 was930

within a 31 Mb region whose sequence is almost identical to F. homotropicum931

(Supplementary Fig. 30). Moreover, homologues of S-ELF3 in this region of932

F. homotropicum and PL4 both had identical frameshift mutations (Supple-933

mentary Fig. 28a). Thus, F. esculentum PL4 has inherited the S haplotype934

homologous region from F. homotropicum in which S-ELF3 is disrupted, i.e.,935
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the Sh haplotype. These results indicate that the translocation involving the936

S haplotype region did not occur during the tissue-culture mediated breeding937

procedure in which PL4 was established, but instead occurred in nature.938

To further confirm that the Sh haplotype in F. esculentum PL4 is indepen-939

dent of S locus and that it confers the long homostyle phenotype, we conducted940

allelism test crosses. F1 thrum plants were obtained by a cross between F.941

esculentum PL4 and thrum plants of F. esculentum cv. Harunoibuki (S/s).942

These F1 thrum plants were back-crossed with pin plants of Harunoibuki (s/s)943

and the flower morphology of the descendants was observed. If the Sh and S944

haplotypes are allelic and of a single locus, the segregation ration in BC1F1945

should be “thrum:long homostyle:pin = 1:1:0”. However, the observed segre-946

gation ratio was “thrum:long homestyle:pin = 44:18:20 (⇡ 2:1:1, p = 0.765;947

chi-square test, df = 2)”, indicating that the Sh haplotype is independent of948

the S haplotype (Supplementary Fig. 31). These results are also consistent949

with the Sh haplotype being recessive to the S haplotype but dominant to950

the s haplotype and confirm that the Sh haplotype is responsible for the long951

homostyle phenotype of F. esculentum PL4.952

5.6 Evolutionary origin of S-ELF3953

Many Fagopyrum species other than F. esculentum exhibit heterostylous SI954

[41]. It was previously shown that S-ELF3 is likely associated with heterosty-955

lous SI in F. cymosum, a close relative of F. tataricum, and F. urophyllum, a956

distantly related species that is sister to F. esculentum and F. tataricum [81].957

Thus, heterostyly and the role of S-ELF3 in heterostylous SI likely evolved958

in the common ancestor of most, if not all Fagopyrum species. Although959
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heterostyly is observed in species of other genera in Polygonaceae such as Poly-960

gonum [94] and Persicaria [95], it is not clear whether they share a common961

origin or evolved independently.962

It was also previously reported that S-ELF3 is a homologue of early963

flowering 3 (ELF3 ) of A. thaliana and that F. esculentum contains another964

homologue that is more closely related to ELF3 of A. thaliana compared to965

S-ELF3 [81]. Here, we found that F. esculentum PL4 contains two additional966

paralogs of S-ELF3 that were duplicated by the Polygonaceae WGD (Main967

Fig. 2d), although it is not clear whether it corresponds to the younger or older968

WGD. No orthologs of S-ELF3 or the other two paralogs were identified by969

OrthoFinder in the other Caryophyllales species used for gene family analyses970

including R. hastatulus, another Polygonaceae species.971

We then performed molecular evolutionary analysis using the S-ELF3972

genes previously identified in F. esculentum, F. cymosum, F. urophyllum,973

and the paralogs identified in this study. Phylogenetic analysis suggested974

that S-ELF3 likely originated by duplication after the WGD, but before the975

divergence of F. esculentum and F. urophyllum, although we cannot deter-976

mine whether this was a WGD or a single-gene duplication (Extended Data977

Fig. 9). The Ks between S-ELF3 and its closest paralog in F. esculentum978

(FesPL4 r1.1 Chr4.g236220.1) was ⇠0.64-0.67, which is similar to the peak of979

orthologs between F. esculentum and R. hastatulus (⇠0.7) (Extended Data980

Fig. 5), and considerably larger than the Ks between S-ELF3 of F. esculentum981

and F. urophyllum (0.36) (Extended Data Fig. 9). Thus, although orthologs982

of S-ELF3 could not be identified in R. hastatulus, the timing of the duplica-983

tion should be close to the divergence of Fagopyrum and Rumex, a genus that984

likely diverged from Fagopyrum ⇠60 mya [55] and contains hermaphroditic,985

polygamous, gynodioecious, monoecious, and dioecious species [96]. It should986
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therefore be worth investigating the role of this duplication in the evolution of987

heterostyly and its timing in relation to the divergence of other Polygonaceae988

genera containing heterostylous species.989

5.7 Genetic architecture of heterostyly and its breakdown990

Based on our findings, the genetic architecture of heterostyly in F. esculentum991

can be summarized as follows (see also Main Fig. 4). First, thrum plants have992

a ⇠2.8 Mb hemizygous region containing a locus required for the control of993

heterostylous SI (Main Fig. 4 and Extended Data Fig. 7). Plants that have994

this locus as a single copy, i.e., hemizygous, exhibit thrum flowers with short995

styles and long stamens, whereas plants that do not have this locus, i.e., null996

homozygous, exhibit pin flowers with long styles and short stamens. This locus997

contains a protein-coding gene S-ELF3, which has a dual role in regulating the998

style length and female compatibility. Additional gene(s) controlling the male999

morphology and compatibility may be present within the hemizygous region1000

that we have not identified yet. We note that other genes outside of the S locus,1001

such as the polygalacturonase protein (FePG1) that is expressed specifically1002

in short styles (i.e., thrum-specific), may also be involved in heterostylous SI1003

by functioning downstream of the S locus [97].1004

Plants with an intact S-ELF3 gene therefore exhibit short styles that are1005

compatible with short stamens of pin flowers, whereas plants with putative1006

male gene(s) exhibit long stamens that are compatible with long styles of pin1007

flowers. Thus, plants with both an intact S-ELF3 and male gene(s) exhibit1008

short styles and long stamens, whereas plants with neither an intact S-ELF3 or1009

male gene(s) exhibit long styles and short stamens. On the other hand, plants1010

that do not have an intact S-ELF3 but have the male gene(s) exhibit long1011

styles of pin flowers and long stamens of thrum flowers, i.e., self-compatible1012
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long homostyle flowers as observed in F. esculentum PL4 and the EMS mutant1013

with a nonsense mutation in S-ELF3. We note that F. esculentum PL4 and the1014

EMS mutant both show the same phenotype even though the region containing1015

the putative male gene(s) is homozygous on Chr 1 of F. esculentum PL4 and1016

hemizygous on Chr 6 of the EMS mutant of F. esculentum GS1.1017

Our findings highlight interesting parallels with plant genera in which1018

heterostyly evolved independently. As previously reported, the S locus is hem-1019

izygous in Priumula [86–88], Turnera [89, 90], and Linum [9], although the1020

hemizygous region in F. esculentum is ⇠2.8 Mb and much larger than that of1021

P. vulgaris (⇠280 kb) [86], T. subulata (⇠250 kb) [89], and L. tenue (⇠260 kb)1022

[9]. In addition, similar to the dual role of S-ELF3 in F. esculentum, the style1023

length and female compatibility have been suggested to be jointly regulated by1024

a single gene in both Primula (CYP734A50, also referred as CYPT ) [86, 87]1025

and Turnera (TsBAHD) [90, 98]. These results show that nonhomologous1026

genes have been recruited to perform similar dual functions in three indepen-1027

dently evolved heterostylous systems. Moreover, a single nonsense mutation in1028

this gene appears to be a common pathway to the breakdown of heterostyly1029

to self-compatible long homostyle plants in Fagopyrum and Primula [82]. It1030

is also interesting to note that CYP734A50 in Primula [99, 100] and S-ELF31031

in Fagopyrum both originated by duplication of a gene outside the S locus1032

before the divergence of the di↵erent heterostylous species in each genera.1033

A gene likely regulating the anther position in Primula (GLOBOSA2, also1034

referred to as GLOT ) also originated by duplication of a gene outside the S1035

locus [86, 99, 100]. It is therefore tempting to speculate that the acquisition of1036

the dual female functions in these genes following gene duplication may have1037

facilitated the evolution of heterostylus SI in both groups of species.1038
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6 Population genomic analyses and the1039

domestication of common buckwheat1040

6.1 Background1041

Although the geographical origin and the wild progenitor of cultivated com-1042

mon buckwheat remained unknown until the 1980s, numerous sampling e↵orts1043

and genetic analyses by Ohnishi and colleagues established that a wild species1044

(F. esculentum ssp. ancestrale) currently distributed in southwest China, i.e.,1045

Yunnan and Sichuan provinces and east Tibet, is the wild progenitor [101, 102].1046

Nevertheless, questions remain regarding the process of domestication includ-1047

ing the exact timing and geographical location. Genetic studies based on1048

AFLP, SSR, and allozyme markers have shown that wild populations from1049

around the border of Yunnan and Sichuan are most closely related to the cul-1050

tivated population [103–105]. On the other hand, analysis of archaeobotanical1051

data in China has indicated that the earliest archaeobotanical evidence of com-1052

mon buckwheat cultivation may come from the north and northwest of China1053

and thus outside the current distribution of the wild progenitor species [106].1054

Limitations of previous genetic studies such as (i) failure to sample the culti-1055

vated taxon from outside southwest China, and (ii) use of genetic markers that1056

are now outdated have been cited as possible reasons that may explain this1057

potential discrepancy between the genetic and archaeobotanical data [106].1058

Thus, whole-genome sequencing of cultivated and wild accessions utilizing the1059

pseudomolecules constructed in this study as a reference genome should allow1060

us to better understand the domestication process of common buckwheat.1061
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6.2 Resequencing and identifying single nucleotide1062

polymorphisms1063

Here, we sequenced the genomes of 47 wild and 57 cultivated accessions.1064

All wild accessions were sampled from sites in southwest China around Yun-1065

nan, Sichuan, and Tibet provinces covering the distribution range of the1066

natural population of this species. The cultivated accessions were mainly1067

from southwest China where the wild species is distributed, and also some1068

from neighboring countries such as Nepal, India, and Bhutan (Supplementary1069

Fig. 32 and Supplementary Table 34). We obtained on average 61 million 1501070

bp Illumina paired-end read pairs per sample. After cleaning the raw reads1071

with Trimmomatic [107], the remaining paired reads were mapped to the F.1072

esculentum PL4 genome assembly using BWA [108]. On average, 89% of the1073

read pairs were mapped as properly paired, resulting in 86% of the genome1074

being covered on average per sample. We then performed variant calling using1075

bcftools [109] and identified single nucleotide polymorphisms (SNPs). After fil-1076

tering regions identified as Transposable Elements or simple repeats and sites1077

with ambiguous calls (see Methods), we identified ⇠47 million called sites on1078

average per sample with an average depth of ⇥10.84 that were used for further1079

population genetic analyses (Supplementary Table 35).1080

The proportion of called sites was higher in some of the distal ends of the1081

chromosome which are gene-rich and TE-poor (Supplementary Fig. 33). We1082

note that while the F. esculentum PL4 genome assembly contains a few regions1083

derived from F. homotropicum, the proportion of called sites in these regions1084

was similar to those of the surrounding regions, suggesting that variant calling1085

can also be performed for these regions. Thus, while the linkage around this1086

region may be disrupted, other analyses should not be a↵ected by including1087

these regions. We therefore excluded these regions when performing phasing1088
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and estimating the decay of linkage disequilibrium (LD), but included them in1089

the remaining analyses. In total, we obtained 858,604 single nucleotide poly-1090

morphisms (SNPs) of high confidence with a minor allele frequency (MAF) of1091

�5% in all accessions, 615,106 SNPs with >5% MAF in all cultivated acces-1092

sions, and 821,638 SNPs with >5% MAF in all wild accessions (Supplementary1093

Table 36). Note that as common buckwheat is an outcrossing species, heterozy-1094

gous calls were retained, meaning that the actual number of haploid genomes1095

analyzed is twice the number of accessions.1096

6.3 Genetic relationship between the samples and1097

pattern of polymorphism1098

We then examined the genetic relationship between the di↵erent accessions.1099

We used 49,526 unlinked SNPs to perform principal component analysis (PCA)1100

[110, 111], ADMIXTURE [112], and phylogenetic analysis using the Neighbor-1101

Joining method [113]. Each result showed that the cultivated accessions are1102

separated from the wild accessions, and that the wild accessions form four1103

di↵erent clusters which roughly correspond to their geographic locations, which1104

we refer to as Wild Shg, Wild Sic, Wild Tib, and Wild Yun (Main Fig. 5a-d and1105

Supplementary Figs. 34 - 36). In particular, the Wild Tib population close to1106

the border of Yunnan, Sichuan, and Tibet (referred to as southeast Tibet) was1107

most closely related to the cultivated accessions, confirming previous results1108

that were based on AFLP, SSR, and allozyme markers [103–105] using genome-1109

wide SNP data with a much wider sampling of cultivated accessions. These1110

results address concerns that were raised previously [106] and suggest that the1111

cited discrepancy between the genetic and archaeobotanical data is unlikely to1112

be due to limitations of genetic data.1113
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All the cultivated accessions, which include accessions from various regions1114

of Yunnan, Sichuan, Tibet, India, Nepal, and Bhutan clustered together and1115

were distinguished from the southeast Tibet wild population by each analysis.1116

These results suggest that the close relationship between the southeast Tibet1117

wild population and the cultivated population cannot be explained simply by1118

recent gene flow or some cultivated accessions having escaped to the wild in the1119

recent past, which should lead to the southeast Tibet wild population cluster-1120

ing together with specific cultivated accessions close to southeast Tibet. The1121

cultivated accessions of Nepal were separated from the remaining cultivated1122

accessions at K=6 of ADMIXTURE (Supplementary Fig. 35).1123

We estimated various summary statistics to better understand the popu-1124

lation structure of the cultivated and wild accessions. The nucleotide diversity1125

⇡ [114] of the cultivated population was lower than the wild population when1126

all the wild accessions were grouped together, but slightly higher than the1127

Wild Tib population and similar to the Wild Sic population (Supplementary1128

Table 36). F ST [115] between the cultivated population and the Wild Tib1129

population was much lower than the F ST between the cultivated population1130

and the other wild populations (Supplementary Table 38), consistent with the1131

results of PCA, ADMIXTURE, and phylogenetic analyses.1132

Minor allele frequency spectrum of synonymous and nonsynonymous muta-1133

tions of each population showed a typical heavy-tailed distribution, with1134

nonsynonymous mutations showing a higher proportion of singletons compared1135

to those of synonymous mutations, as expected (Supplementary Fig. 37). We1136

also examined the pattern of the decay of linkage disequilibrium against the1137

physical distance in each population (Supplementary Fig. 38). The linkage1138

measured by r2 [116] of the cultivated population between sites within ⇠251139

kb was higher than the Wild Shg and Wild Yun population but slightly lower1140



CONTENTS 45

than the Wild Sic population and much lower than the Wild Tib population.1141

Linkage equilibrium was reached by ⇠50 kb in each population.1142

We then examined the spatial pattern of polymorphisms across each chro-1143

mosome. The nucleotide diversity ⇡ of each population tended to be lower1144

around the pericentromeric regions compared to the distal regions of each1145

chromosome (Main Fig. 2, Supplementary Figs. 39 and 40). By contrast, F ST1146

between each population was high around the pericentromeric regions and low1147

in the distal regions of most chromosomes (Main Fig. 2 and Supplementary1148

Figs. 41 - 43). These suggest that the di↵erentiation between each population1149

is high around the pericentromeric regions although the diversity within each1150

population is low. As a result, when ⇡ is calculated for all wild accessions as one1151

population, ⇡ around the pericentromeric region ends up being much higher1152

than ⇡ of each wild population. We also calculated the genetic divergence dxy1153

between the cultivated and each wild population across each chromosome. The1154

pattern was similar to that of F ST and the divergence between the cultivated1155

and the Wild Tib population was lower than between the cultivated and the1156

other wild populations across each chromosome as expected (Supplementary1157

Fig. 44).1158

6.4 Targets of artificial selection1159

We next searched for signatures of selection in the cultivated population. Popu-1160

lation genetics theory predicts that selection during domestication should leave1161

signatures around the target genomic region such as reduced nucleotide diver-1162

sity, change in allele frequency, or extended haplotype homozygosity compared1163

to the wild population [117]. On the other hand, factors including the popula-1164

tion structure can also produce similar misleading patterns of polymorphisms.1165

Indeed, while ⇡ of the cultivated population is much lower than that of the1166
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entire wild population around some pericentromeric regions, this is likely to1167

be due to high di↵erentiation between the wild populations rather than selec-1168

tive sweep in the cultivated population (Main Fig. 2a, Supplementary Figs. 421169

and 43).1170

In particular, we must consider that the cultivated population is much more1171

closely related to the Wild Tib population compared to the other wild popu-1172

lations. For instance, comparing the cultivated population against the entire1173

wild population would fail to take into account the genetic distance between1174

the Wild Tib population and the other wild populations. This may result in1175

false positives where the cultivated population is highly di↵erentiated from the1176

other wild populations but similar to the Wild Tib population, as observed1177

around some of the pericentromeric regions (Main Fig. 2a, Supplementary1178

Figs. 39 and 41). On the other hand, comparing the cultivated population only1179

against the Wild Tib population cannot distinguish between changes in allele1180

frequencies that occurred in the cultivated population and in the Wild Tib1181

population.1182

We therefore used Population Branch Statistic (PBS) as a summary statis-1183

tic to detect signatures of selection within the cultivated population. PBS1184

uses an F ST-based distance between three populations to estimate the branch1185

length leading to the population of interest [118]. Regions showing exception-1186

ally large PBS values, which indicate much longer branches leading to the1187

population of interest compared to other genomic regions, can be interpreted1188

as candidate target regions of selection. We first calculated the F ST-based1189

distance between the cultivated population, Wild Tib population, and the1190

remaining wild population for each genomic region, and then estimated PBS1191

for the branch leading to the cultivated population. This method allows us to1192
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detect regions showing high di↵erentiation between the cultivated and Wild1193

Tib population due to changes in allele frequency in the cultivated population.1194

Clustering of large PBS values was observed around 50-60 Mb of Chr 1,1195

indicating that this region contains an allele that was targeted by selection1196

during the domestication process (Main Fig. 5e). This region in fact contained1197

two peaks, one around 52-53 Mb and another around 56-57 Mb in which ⇡1198

of the cultivated population was much lower than that of the Wild Tib popu-1199

lation and the remaining wild populations (Extended Data Fig. 10). Further1200

inspection of a region within 52-53 Mb where almost no variation is present1201

within the cultivated population revealed that many alleles present at low fre-1202

quency in the Wild Tib population but absent from the other wild populations1203

have reached fixation in the cultivated population (Main Fig. 5f).1204

Examining the phased dataset showed that a haplotype identical to the1205

reference PL4 genome shared by all cultivated accessions is present at low fre-1206

quency in the Wild Tib population but not in the other wild populations. We1207

note that if the length of this haplotype in the Wild Tib population is longer1208

than or of similar length to the cultivated population, a recent introgression1209

of the haplotype from the cultivated population to the Wild Tib population1210

may be inferred. Instead, the length of haplotype homozygosity is much longer1211

in the cultivated population (Extended Data Fig. 10). Thus, the most likely1212

scenario to explain the pattern of polymorphisms in this region should be a1213

selective sweep in the cultivated population of a haplotype that originated in1214

the ancestral Wild Tib population. It is also worth pointing out that many1215

sites of the Wild Tib population in this genomic region contained alleles that1216

are shared with the other wild populations but not present in the cultivated1217

population, consistent with the Wild Tib population being a genuine wild pop-1218

ulation. These results, together with the close genetic relationship of the Wild1219
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Tib population and the cultivated population, suggest that the wild population1220

around southeast Tibet made a significant contribution to cultivated common1221

buckwheat.1222

We report the top 10 regions showing the highest PBS values together with1223

the predicted protein-coding genes in each region (Supplementary Table 39).1224

Note that the p-values of each top 10 window following a permutation test were1225

p <0.0001 and that neighboring overlapping windows with p <0.0001 were1226

merged. The 500 kb region (52.3-52.8 Mb of Chr 1) showing the highest PBS1227

value contained four predicted protein-coding genes (Supplementary Table 39).1228

One of these genes, FesPL4 r1.1 Chr1.g091000.1, is a homologue of SNF1-1229

related protein kinase 2 (SnRK2 ). SnRK2s play an important role in osmotic1230

stress and abscisic acid signalling and some genes in Arabidopsis thaliana are1231

essential for the control of seed development and dormancy [119, 120]. Nev-1232

ertheless, the amino acid sequences of the SnRK2-like gene of F. esculentum1233

PL4 is identical to the ortholog of F. homotropicum (Fho r1.0 Chr1.g089790.1)1234

and none of the SNPs identified overlapping this gene was nonsynonymous,1235

although a few SNPs were present in the upstream region and introns. Thus,1236

the target could be a mutation a↵ecting the expression of this gene, or one1237

of the other three genes in this 500 kb region or in a neighboring linked1238

region. The functional annotation based on SnpE↵ of each SNP in this 5001239

kb region is shown in Supplementary Table 40. Further experiments will be1240

required to determine the actual target of selection. Other regions with high1241

PBS values may also contain targets of artificial selection, although careful1242

inspection of the inferred candidate regions should be required as other fac-1243

tors such as the population structure and genetic linkage may also result in1244

high PBS values. Nevertheless, this list should aid further e↵orts in identifying1245

domestication-related genes.1246
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[54] Magallón, S., Gómez-Acevedo, S., Sánchez-Reyes, L. L. & Hernández-1395

Hernández, T. A metacalibrated time-tree documents the early rise of1396

flowering plant phylogenetic diversity. New Phytol. 207, 437–453 (2015).1397

[55] Yao, G. et al. Plastid phylogenomic insights into the evolution of1398

Caryophyllales. Mol. Phylogenet. Evol. 134, 74–86 (2019).1399

[56] Fawcett, J. A., Maere, S. & Van de Peer, Y. Plants with double genomes1400

might have had a better chance to survive the Cretaceous-Tertiary1401

extinction event. Proc. Natl. Acad. Sci. U S A 106, 5737–5742 (2009).1402

[57] Buchfink, B., Xie, C. & Huson, D. H. Fast and sensitive protein1403

alignment using DIAMOND. Nat. Methods 12, 59–60 (2015).1404

[58] Jiang, P. et al. Rutin and flavonoid contents in three buckwheat species1405

Fagopyrum esculentum, F. tataricum, and F. homotropicum and their1406



56 CONTENTS

protective e↵ects against lipid peroxidation. Food Res. Int. 40, 356–3641407

(2007).1408

[59] Jobling, S. Improving starch for food and industrial applications. Curr.1409

Opin. Plant Biol. 7, 210–218 (2004).1410

[60] Seung, D. Amylose in starch: Towards an understanding of biosynthesis,1411

structure and function. New Phytol. 228, 1490–1504 (2020).1412

[61] Sakamoto, S. Glutinous-endosperm starch food culture specific to Eastern1413

and Southeastern Asia, 215–231 (Oxford: Berg, 1996).1414

[62] Hunt, H. V., Denyer, K., Packman, L. C., Jones, M. K. & Howe, C. J.1415

Molecular basis of the waxy endosperm starch phenotype in broomcorn1416

millet (Panicum miliaceum L.). Mol. Biol. Evol. 27, 1478–1494 (2010).1417

[63] Hunt, H. V. et al. Waxy phenotype evolution in the allotetraploid cereal1418

broomcorn millet: mutations at the GBSSI locus in their functional and1419

phylogenetic context. Mol. Biol. Evol. 30, 109–122 (2013).1420

[64] Gregori, M. & Kreft, I. Breakable starch granules in a low-amylose1421

buckwheat (Fagopyrum esculentum Moench) mutant. J. Food Agric.1422

Environ 10, 258–262 (2012).1423

[65] Kreft, I. et al. Breeding buckwheat for nutritional quality. Breed. Sci.1424

70, 67–73 (2020).1425

[66] Tsai, H. et al. Discovery of rare mutations in populations: TILLING by1426

sequencing. Plant Phys. 156, 1257–1268 (2011).1427

[67] Momma, M. & Fujimoto, Z. Interdomain disulfide bridge in the rice1428

granule bound starch synthase I catalytic domain as elucidated by X-ray1429



CONTENTS 57

structure analysis. Biosci. Biotechnol. Biochem. 76, 1591–1595 (2012).1430
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Supplementary Fig. 1 World production and yield of common buckwheat. The
bar chart shows the world’s top 10 producing countries of common buckwheat, arranged in
order of decreasing total production from left to right. The total production and yield (i.e.,
production per unit area of land) are indicated by dark and light grey bars, respectively.
The production and yield values are averages over 2015 to 2019 obtained from FAOSTAT
(http://www.fao.org/faostat/en/#home). Values for France are averages over three years
(2017 to 2019) as data for 2015 and 2016 were not available. Inset shows heat map of all
producing countries of common buckwheat, coloured according to their production levels
(Countries with no confirmed production are in gray).
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Supplementary Fig. 2 k-mer frequency distribution of F. esculentum PL4. The
distribution of k-mer values was obtained from the paired-end short reads. The genome size
and coverage were estimated by Jellyfish [121] using the peak value of the k-mer distribution
corresponding to a multiplicity of 113.
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Supplementary Fig. 3 Correspondence between the linkage maps, pseudo-
molecules, and HiFi contigs of F. esculentum PL4 chromosomes 1 to 4. The left bar
shows the linkage map of F. esculentum chromosomes constructed using AmpliSeq markers.
The map positions are indicated on the left of the bar. Pseudomolecules based on the NRG
sca↵olds are shown in the middle and HiFi contigs are shown in the right. The colours of each
NRG sca↵old are alternated and the HiFi contigs are coloured to match the corresponding
NRG sca↵olds. Asterisks indicate sca↵olds in reverse orientation.
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Supplementary Fig. 4 Correspondence between the linkage maps, pseudo-
molecules, and HiFi contigs of F. esculentum PL4 chromosomes 5 to 8. The left bar
shows the linkage map of F. esculentum chromosomes constructed using AmpliSeq markers.
The map positions are indicated on the left of the bar. Pseudomolecules based on the NRG
sca↵olds are shown in the middle and HiFi contigs are shown in the right. The colours of each
NRG sca↵old are alternated and the HiFi contigs are coloured to match the corresponding
NRG sca↵olds. Asterisks indicate sca↵olds in reverse orientation.
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Supplementary Fig. 5 Example of a region on Chr 1 showing how NRG sca↵olds
were anchored to linkage groups by utilizing HiFi contigs. FesPL4 r1.1 indicates
the pseudomolecule constructed by assembling the NRG sca↵olds (e.g. sc0088.1). AmpliSeq
markers mapped to NRG and HiFi contigs are connected by thin coloured lines. Regions with
>99% similarity between the NRG sca↵olds and HiFi contigs that were used to determine the
orientation of the NRG sca↵olds are connected by thick coloured lines. Note the discrepancy
between the linkage order and physical order of the AmpliSeq markers on sc0542.1. The
physical order was judged to be more likely because the physical order was consistent between
the NRG and HiFi contigs, whereas the bootstrap support of the linkage order was low
(Supplementary Table 6). See also Supplementary Fig. 3.
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PL4 esc homo PL4 esc homo PL4 esc homo PL4 esc homo

PL4 esc homo PL4 esc homo PL4 esc homo PL4 esc homo

Chr. 1 Chr. 2 Chr. 3 Chr. 4

Chr. 5 Chr. 6 Chr. 7 Chr. 8

Supplementary Fig. 6 Comparative karyotyping using oligo-FISH probes. PL4,
esc, and homo correspond to chromosomes of F. esculentum PL4, F. esculentum cv.
Harunoibuki, and F. homotropicum, respectively.
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Map contigs to the pseudomolecules by BLASTN

625 multiple-hit contigs filtered 
with high stringency options

(42 markers retained)

568 single-hit contigs filtered with 
low stringency options
(261 markers retained)

291 out of 1193 markers (24.4%) mapped to pseudomolecules

Exclude contigs not 
mapped to Chr 1-8

(257 markers retained)

Select contigs of at least 80 bp
(1,193 markers in total)

Exclude contigs not 
mapped to Chr 1-8

(34 markers retained)

Supplementary Fig. 7 Procedure for mapping previously published linkage
markers to F. esculentum PL4 pseudomolecules. Linkage markers are from [21].
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Supplementary Fig. 8 Circos plots of various components of the genomes of (a)
F. esculentum, (b) F. homotropicum, and (c) F. tataricum. The heatmaps represents
densities per Mb with the colour scale ranging from blue (low) to red (high). Grey blocks in
a indicate regions derived from F. homotropicum. (i) GC content (35-45%) (ii) Gene density
(0-180 genes). (iii) TE density (0-100%). (vi) Density of Gypsy-type LTR retrotransposons
(0-100%). (v) Density of Copia-type LTR retrotransposons (0-20%). (vi) Density of DNA
transposons (0-4%).
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Supplementary Fig. 9 Distribution of various types of Transposable Elements
across the F. homotropicum genome. For LTR retrotransposons, only full-length LTR
retrotransposons whose nucleotide divergence could be calculated with an alignment length
of �100 nucleotides are shown and the colour represents the nucleotide divergence between
the flanking LTRs. The divergence corresponds to those shown in Extended Data Fig. 3
and Supplementary Fig. 11. Those with divergence >0.1 are shown as 0.1. Athila 11 and
Athila 18 are the two largest Gypsy-type subfamilies. CRM 44 and CRM 88 are Gypsy-type
subfamilies of the CRM clade not associated with centromeric regions in F. esculentum
and F. homotropicum, whereas the remaining CRM subfamilies (i.e. other) are associated
with centromeric regions in F. esculentum and F. homotropicum. The numbers 11, 18, 44,
and 88 correspond to the ClusterIDs of Supplementary Table 17 (see also Supplementary
Fig. 12). Number of elements plotted are as follows - Copia: n = 2,700, Athila 18: n =
3,399, Athila 11: n = 2,722, Athila other: n = 4,268, Tekay: n = 1,197, CRM 44: n = 206,
CRM 88: n = 215, CRM other: n = 652, LINE/SINE: n = 5,525, Helitron: n = 801.
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Supplementary Fig. 10 Distribution of various types of Transposable Elements
across the F. tataricum genome. For LTR retrotransposons, only full-length LTR retro-
transposons whose nucleotide divergence could be calculated with an alignment length of
�100 nucleotides are shown and the colour represents the nucleotide divergence between
the flanking LTRs. The divergence corresponds to those shown in Extended Data Fig. 3
and Supplementary Fig. 11. Those with divergence >0.1 are shown as 0.1. Athila 11 and
Athila 18 are the two largest Gypsy-type subfamilies. CRM 44 and CRM 88 are Gypsy-type
subfamilies of the CRM clade not associated with centromeric regions in F. esculentum and
F. homotropicum, whereas the remaining CRM subfamilies (i.e. other) are associated with
centromeric regions in F. esculentum and F. homotropicum. The numbers 11, 18, 44, and 88
correspond to the ClusterIDs of Supplementary Table 17 (see also Supplementary Fig. 12).
Number of elements plotted are as follows - Copia: n = 1,028, Athila 18: n = 0, Athila 11:
n = 53, Athila other: n = 372, Tekay: n = 1,427, CRM 44: n = 13, CRM 88: n = 116,
CRM other: n = 37, LINE/SINE: n = 6,930, Helitron: n = 370.
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Supplementary Fig. 11 Nucleotide divergence between the flanking LTRs of
subfamilies of full-length Gypsy-type LTR retrotransposons of the three Fagopy-
rum species. a, Two largest subfamilies in F. esculentum and F. homotropicum that have
amplified recently in the two species, Cluster 11 (F. esculentum: n = 2,603, F. homotrop-
icum: n = 2,722, F. tataricum: n =53) and Cluster 18 (F. esculentum: n = 2,712, F.
homotropicum: n = 3,399, F. tataricum: n = 0). b, CRM subfamilies, Cluster 3 (F. escu-
lentum: n = 62, F. homotropicum: n = 68, F. tataricum: n = 0), Cluster 8 (F. esculentum:
n = 186, F. homotropicum: n = 208, F. tataricum: n = 1), Cluster 9 (F. esculentum: n =
216, F. homotropicum: n = 224, F. tataricum: n = 14), Cluster 15 (F. esculentum: n =
68, F. homotropicum: n = 55, F. tataricum: n = 4), Cluster 16 (F. esculentum: n = 100,
F. homotropicum: n = 97, F. tataricum: n = 18), Cluster 44 (F. esculentum: n = 201, F.
homotropicum: n = 206, F. tataricum: n = 13), and Cluster 88 (F. esculentum: n = 321,
F. homotropicum: n = 215, F. tataricum: n = 116). Clusters 3, 8, 9, 15, and 16 (referred
to as FeCEN ) are associated with centromeric regions in F. esculentum and F. homotrop-
icum and their insertion ages are generally older compared to Clusters 44 and 88 that are of
the same CRM clade but not associated with centromeric regions in all three species. Only
those whose alignment length was �100 nucleotides are shown.
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Supplementary Fig. 12 Phylogenetic relationship of Gypsy elements in Fagopy-
rum and Gypsy elements from other eudicot species. Representative sequence of
each Fagopyrum subfamily with 100 or more sequences are shown in red. The sequence IDs
correspond to the ClusterIDs in Supplementary Table 17. Black diamonds indicate the two
largest subfamilies shown in Supplementary Fig. 11, and the black dots indicate subfami-
lies associated with centromeric regions in F. esculentum and F. homotropicum (FeCEN ).
Ten randomly selected sequences of each clade from various other eudicot species present in
REXdb are shown in black. The relationship between each clade and the placement of the
Fagopyrum species were consistent across trees constructed using di↵erent sets of randomly
selected sequences. Phylogenetic tree was inferred by maximum likelihood with IQ-TREE
[122] using the amino acid sequences of the reverse transcriptase domain and is unrooted.
Bootstrap values of nodes with �80% bootstrap support are indicated. Scale bar indicates
branch length.
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Supplementary Fig. 13 Phylogenetic tree of the two largest subfamilies of
Gypsy-type LTR retrotransposons in F. esculentum and F. homotropicum. a, Phy-
logenetic tree of 500 randomly chosen sequences of the largest subfamily (Cluster 18). b,
Phylogenetic tree of all 54 sequences of F. tataricum and 446 randomly chosen sequences
of the remaining two species of the second largest subfamily (Cluster 11). Clusters 18 and
11 correspond to those shown in Supplementary Table 17. Sequences of F. esculentum, F.
homotropicum, and F. tataricum (only present in b) are shown in red, green, and blue,
respectively. Phylogenetic trees were inferred by maximum likelihood with IQ-TREE using
the nucleotide sequences of the reverse transcriptase domain and is unrooted. Bootstrap
values of nodes with �80% bootstrap support are indicated.
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Supplementary Fig. 14 Distribution of non full-length FeCEN LTR retrotrans-
posons across the F. esculentum, F. homotropicum, and F. tataricum genomes.
7,451, 7,075, and 455 copies of F. esculentum, F. homotropicum, and F. tataricum,
respectively, are plotted.
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DNA cen Gypsy LTR DNA
cen Gypsy LTR

Supplementary Fig. 15 FISH analysis probed with FeCEN LTR retrotranspo-
son to the mitotic chromosomes of F. homotropicum. Signals derived from the probe
of FeCEN can be observed at the centromeric regions (including the primary constriction)
of all F. homotropicum chromosomes. Scale bar = 5µm.
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Supplementary Fig. 16 Genome-wide collinear dot plots between each Fagopy-
rum species and between Fagopyrum and sugarbeet. a, F. esculentum vs F.
homotropicum (26,227 collinear gene pairs). b, F. homotropicum vs F. tataricum (22,789
collinear gene pairs). c, F. esculentum vs B. vulgaris (7,545 collinear gene pairs). d, F.
tataricum vs B. vulgaris (7,207 collinear gene pairs). Each dot represents a collinear gene
pair identified by MCScanX and the colour represents the Ks between the gene pair. Ks of
>2 are coloured grey.
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Supplementary Fig. 17 Genome-wide collinear dot plots between Fagopyrum
and grapevine and peach. a, F. esculentum vs V. vinifera (8,994 collinear gene pairs).
b, F. tataricum vs V. vinifera (8,503 collinear gene pairs). c, F. esculentum vs P. persica
(9,804 collinear gene pairs). d, F. tataricum vs P. persica (9,407 collinear gene pairs). Each
dot represents a collinear gene pair identified by MCScanX and the colour represents the
Ks between the gene pair. Ks of >2 are are coloured grey.
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Supplementary Fig. 18 Example of a phylogenetic tree of a gene family with two
whole-genome duplications (WGDs) in Fagopyrum shared with Rumex but not
with Aldrovanda. Phylogenetic tree was inferred by maximum likelihood with IQ-TREE.
Tree is unrooted and bootstrap values supporting each node are shown. Nodes corresponding
to WGDs containing at least one collinear gene pair are indicated by magenta dots. Scale
bar indicates branch length.
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Supplementary Fig. 19 E↵ect of prior age constraints on phylogenetic dating
results. Age estimates based on phylogenetic dating analysis of gene families with two
WGDs in Fagopyrum shared with Rumex but not with Aldroranda. Bar plots indicate
the median age estimates of each gene family and the line plots are based on all ages
of the MCMC analyses combined. Bar plots are shown only for nodes where prior age
constraints were not applied. Prior and posterior age estimates are shown in Supplementary
Table 20. a, Results without prior age constraints on the nodes F. esculentum-F. tataricum
and Fagopyrum-Rumex (Setting 2 of Supplementary Table 20). Number of data points
for bar plots are - F. esculentum-F. tataricum: n = 243, Fagopyrum-Rumex : n = 141,
younger WGD: n = 103, older WGD: n = 95. Number of data points for line plots are - F.
esculentum-F. tataricum: n = 2,187,243, Fagopyrum-Rumex : n = 1,269,141, younger WGD:
n = 927,103, older WGD: n = 855,095. b, Results without prior age constraints on the node
F. esculentum-F. tataricum (Setting 3 of Supplementary Table 20). Number of data points
for bar plots are - F. esculentum-F. tataricum: n = 253, younger WGD: n = 101, older
WGD: n = 98. Number of data points for line plots are - F. esculentum-F. tataricum: n =
2,277,253, Fagopyrum-Rumex : n = 1,332,148, younger WGD: n = 909,101, older WGD: n =
882,098. c, Results without prior age constraints on the node Fagopyrum-Rumex (Setting 4
of Supplementary Table 20). Number of data points for bar plots are - Fagopyrum-Rumex : n
= 146, younger WGD: n = 104, older WGD: n = 96. Number of data points for line plots are
- F. esculentum-F. tataricum: n = 2,268,252, Fagopyrum-Rumex : n = 1,314,146, younger
WGD: n = 936,104, older WGD: n = 864,096. d, Results run with only the priors and no
sequence data (Setting 1 (no data) of Supplementary Table 20). Number of data points for
bar plots are - younger WGD: n = 93, older WGD: n = 90. Number of data points for line
plots are - F. esculentum-F. tataricum: n = 2,682,298, Fagopyrum-Rumex : n = 1,593,177,
younger WGD: n = 837,093, older WGD: n = 810,090.
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Supplementary Fig. 20 Number of gene families identified by OrthoFinder.
a, Venn diagram showing shared and unique gene families in Fagopyrum (F. esculentum,
F. homotropicum, and F. tataricum), R. hastatulus, A. vesiculosa, core Caryophyllales (P.
amilis, B. vulgaris, C. quinoa, and A. hypochondriacus) based on the hierarchical ortholo-
gous groups of all nine species identified by OrthoFinder. b, Venn diagram showing shared
and unique gene families in F. esculentum, F. homotropicum, F. tataricum, and R. has-
tatulus based on the hierarchical orthologous groups of these four species identified by
OrthoFinder.
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Supplementary Fig. 21 Phylogenetic trees of gene families related to rutin
biosynthesis (PAL, C4H, CHI, and FLS). a, PAL (phenylalanine ammonia-lyase) gene
family. b, C4H (cinnamate-4-hydroxylase) gene family. c, CHI (chalcone isomerase) gene
family. d, FLS (flavonol synthase) gene family. Phylogenetic trees were inferred by maximum
likelihood with IQ-TREE. Trees are unrooted and bootstrap values for nodes with �80%
bootstrap support are shown. Scale bars indicate branch length. Nodes corresponding to
WGDs containing at least one collinear gene pair are indicated by magenta dots, and nodes
corresponding to tandem duplications with at least one gene pair with five or less intervening
genes are indicated by blue diamonds. Each gene family corresponds to the gene families
shown in Supplementary Table 28.
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Supplementary Fig. 22 Phylogenetic trees of gene families related to rutin
biosynthesis (CHS and GTR). a, CHS (chalcone synthase) gene families. Trees to the
left and right correspond to CHS-1 and CHS-2 of Supplementary Table 28, respectively. b,
GTR (glycosyltransferase) gene families. Trees to the left and right correspond to GTR-2
and GTR-3 of Supplementary Table 28, respectively. Phylogenetic trees were inferred by
maximum likelihood with IQ-TREE. Trees are unrooted and bootstrap values for nodes with
�80% bootstrap support are shown. Scale bars indicate branch length. Nodes corresponding
to WGDs containing at least one collinear gene pair are indicated by magenta dots, and
nodes corresponding to tandem duplications with at least one gene pair with five or less
intervening genes are indicated by blue diamonds.
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Supplementary Fig. 23 Phylogenetic trees of gene families related to rutin
biosynthesis (F3’H and F3’5’H). a, F3’H (flavonoid-3’-hydroxylase) gene family. b,
F3’5’H (flavonoid-3’-5’-hydroxylase) gene family. Phylogenetic trees were inferred by max-
imum likelihood with IQ-TREE. Trees are unrooted and bootstrap values for nodes with
�80% bootstrap support are shown. Scale bars indicate branch length. Nodes corresponding
to tandem duplications with at least one gene pair with five or less intervening genes are indi-
cated by blue diamonds. Both gene families corresponds to those shown in Supplementary
Table 28.
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Supplementary Fig. 24 Diagrams of FeGBSS1 and FeGBSS2 genes with EMS-
induced nonsense mutations. Both genes consist of 12 exons (thick black lines of E1-
E12). Two domains identified by searching InterPro (https://www.ebi.ac.uk/interpro/) [123]
using the full-length amino acid sequences of the two genes as queries are displayed in
orange (Glyco transf 5) and green (Glyco transf 1). The electopherogram traces from Sanger
sequencing and the nucleotide and amino acid sequences are also presented for the wild type
of FeGBSS1 and FeGBSS2.
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Supplementary Fig. 25 Genomic locations of Fag e 2 (2S albumin) gene and its
homologues in the three Fagopyrum species. Fag e 2 and its orthologous genes (Fag
h 2 and Fag t 2 ) are shown in red. Arrows indicate the orientation of the genes.
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Supplementary Fig. 26 Dotplot between F. esculentum PL4 pseudomolecules
and F. esculentum GS1 sca↵olds. Dotplot analysis was conducted by minimap with
the options ‘-H -k 27’. The paf-formatted result was visualized by the D-GENIES platform
(https://dgenies.toulouse.inra.fr). Only F. esculentum GS1 sca↵olds of over 100 kb were
used. Sca↵olds and chromosomes are separated by dashed lines. The colours correspond to
the identity calculated by D-GENIES.
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Supplementary Fig. 27 Genomic structure and RNA-Seq analysis of the s hap-
lotype region. a, Depth of RNA-Seq reads of the flowers of three pin and three thrum
plants mapped to the s haplotype region of sca↵old 21180 by HISAT2 [124] No expres-
sion specific to pin flowers is observed and the expression pattern is similar between pin
and thrum flowers, suggesting that the s haplotype does not contain any genes with pin-
specific functions. The dark blue horizontal bars represent TEs detected by RepeatMasker
(www.repeatmasker.org) using the library of TEs constructed in F. esculentum PL4. Red
arrowheads labelled t1-t9 indicate positions of transcripts identified by Stringtie [125] and
the IDs correspond to those shown in b. The two genes Chr6.g152150.1 and Chr6.g153610.1
correspond to the border genes squared by the same colours shown in Extended Data Fig. 7b
and were identified by mapping the CDS sequences of the genes predicted in F. esculentum
PL4 by GMAP. As identifying genes based on GMAP may be too conservative, we performed
BLASTN with the CDS sequences of the seven genes predicted between the two border
genes in F. esculentum PL4 Chr 6 as queries against sca↵old 21180. Homologous sequences
of all seven genes could be identified in sca↵old 21180 with >99% nucleotide identity. b,
Transcript per million (TPM) values of each transcript in pin and thrum plants calculated
by Stringtie. The average (AVE) and standard deviation (SD) of the three pin flowers and
three thrum flowers, and the ratio of the average of pin and thrum flowers are also shown.
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Supplementary Fig. 28 Mutants of S-ELF3. a, Nucleotide and amino acid sequences
of S-ELF3 of F. esculentum GS1 and F. esculentum PL4 around the 5th exon in which PL4
contains a 1 bp deletion leading to a frameshift. F. homotropicum has an identical sequence
including the 1 bp deletion and stop codon to that of F. esculentum PL4. b, Left panel
shows the nucleotide and amino acid sequences of S-ELF3 of F. esculentum GS1 and the
EMS mutant around the 4th and 5th exon. The EMS mutant contains a splice site mutation
which generates a nonsense mutation due to the read-through of intron. Right panel shows
the results of RT-PCR and the positions of primers used to confirm the presence of aberrant
transcripts in which the 4th intron is not spliced out.
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Supplementary Fig. 29 Self and cross compatibility of long homostyle flowers
of S-ELF3 knockout plants. a, Self compatibility between the pollen and pistil of long
homostyle mutants and the pollen and pistil of pin plants. The box plot shows the number of
seeds yielded per plant for 37 long homostyle plants and 19 pin plants after self-pollination.
The box covers the first and third quartiles with the line corresponding to the median and the
whiskers extending to 1.5 times the inter-quartile range. b, Compatibility between the pollen
of long homostyle mutants and the pistils of wild type thrum and pin plants. The pollen of
long homostyle flowers are incompatible with the pistil of thrum flowers (0/28 = 0%) but
compatible with the pistil of pin flowers (12/28 = 42.9%). c, Cross compatibility between
the pollen of wild type thrum and pin plants and the pistil of long homostyle mutants. The
pollen of thrum flowers are compatible with the pistil of long homostyle flowers (9/21 =
42.9%) whereas the pollen of pin flowers are incompatible with the pistil of long homostyle
flowers (1/21 = 4.8%). All wild type plants used here are F. esculentum cv. Harunoibuki. d,
Expected genotypes of pin plants, thrum plants, and the long homostyle EMS mutants under
the model assumed in Main Fig. 4a,c and whether the style (pistil) and pollen (stamen) are
of pin-type or thrum-type plants.
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Supplementary Fig. 30 Characterization of regions homologous to S and s
haplotypes in F. esculentum PL4. a, Gene-based collinearity between F. esculentum
PL4 and F. homotropicum detected by MCScanX around 95-135 Mb of F. esculentum PL4
Chr 1. b, Gene-based collinearity between F. esculentum PL4 and F. homotropicum around
70-110 Mb of F. esculentum PL4 Chr 6. c, Nucleotide divergence, i.e., the average number
of di↵erences per site, between F. esculentum PL4 and F. homotropicum around 95-135 Mb
of F. esculentum PL4 Chr 1. d, Nucleotide divergence between F. esculentum PL4 and F.
homotropicum around 70-110 Mb of F. esculentum PL4 Chr 6. The genome-wide plot of the
gene-based collinearity is shown and described in Supplementary Fig. 16 and the genome-
wide plot of the divergence between F. esculentum PL4 and F. homotropicum is shown
and described in Extended Data Fig. 2. Homologue of S-ELF3 in F. esculentum PL4 which
has a nonsense mutation is indicated by magenta diamonds in a and c. The region in F.
esculentum PL4 Chr 1 that is collinear to sca↵old 2156 (S haplotype) of F. esculentum GS1
and the region in F. esculentum PL4 Chr 6 that is collinear to sca↵old 21180 (s haplotype)
as depicted in Extended Data Fig. 7b are indicated by grey shades in a and c, and b and
d, respectively.
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Supplementary Fig. 31 Expected segregation of flower types in the single locus
and two locus models and results of allelism test crosses. a, Upper squares illustrate
the allelic relationship of S, Sh, s in the two models. S, s, and Sh are alleles in the single
locus model, whereas Sh is not an allele of S or s and located on a di↵erent chromosome
in the two locus model. The lower squares show the crossing scheme for the allelism test
cross. The expected segregation ratio of the phenotypes following the allelism test cross is
shown in the dashed squares. Thr, Pin, and LH indicate plants with thrum, pin, and long
homostyle flowers, respectively. A cross between thrum and pin plants is expected to produce
thrum and long homostyle plants at a 1:1 ratio (no pin plants) under the single locus model
and thrum, long homostyle, and pin plants at a 2:1:1 ratio under the two locus model. b,
Results of the allelism test cross. 18 F1 plants were obtained, of which three thrum flower
plants were back-crossed with pin flower plants of cv. Harunoibuki. The ratio in parentheses
indicate the number of observed phenotypes.
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Supplementary Fig. 32 Geographic origin of cultivated accessions used for
population genetic analyses. Red dots indicate the geographic origin of each cultivated
accession shown in Supplementary Table 34. The map was drawn using the R rnaturalearth
package (https://github.com/ropensci/rnaturalearth).
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Supplementary Fig. 33 Proportion of high-confidence called sites per region
retained for population genetic analyses. Called sites consist of sites where the geno-
types of �80% of the accessions were called. Distribution is based on a sliding window of 1
Mb with a step of 200 kb and only windows with �1,000 called sites are plotted. Regions
likely derived from F. homotropicum are indicated by grey shades.
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Supplementary Fig. 34 PC1 vs PC3 and PC2 vs PC3 of Principal Component
Analysis. Results of PC1 vs PC2 are shown in Main Fig. 5.
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Supplementary Fig. 35 Results of ADMIXTURE analysis of K=2⇠6. Detailed
figure based on the same results shown in Main Fig. 5 with the ID and derived region/country
of each accession shown. Nepal, India, Bhutan, and China represent cultivated samples from
each country. IDs of each accession correspond to those in Supplementary Table 34. Cross
validation error for each K is shown in Supplementary Table 37.



100 CONTENTS

es
c_
47es

c_
46

es
c_
34

es
c_
33

es
c_
57

es
c_
53

es
c_
49

es
c_
51

es
c_
56

es
c_
50

es
c_
55

es
c_
52

es
c_
54

esc
_44esc

_2
6

esc
_40

esc
_35esc

_36

esc_
09

esc_3
0esc_

31

esc_42
esc_07

esc_08
esc_16

anc_15
anc_14

anc_13

anc_36

anc_46
anc_40

anc_39

anc_37

anc_38

anc_42

anc_41
anc_44anc_43

anc_47anc_45

anc_34

anc_32

anc_28

anc_35

anc_27anc_30
anc_33
anc_26
anc_25anc_29

anc_31

esc_17
esc_18
esc_37

esc_06

esc_15

esc_48

esc_45

esc_38

esc_0
4esc_01

esc_02

esc_24

esc_19
esc_13
esc_41

esc_43

esc_23

esc_20esc_25

esc_39

esc_03esc_21esc_11

esc_27esc_10esc_28

esc_14

esc_32

esc_29
esc_12

esc_22

esc_05

an
c_
16

an
c_
17

an
c_
18

an
c_
19

an
c_
20an
c_
21

an
c_
22

an
c_
24

an
c_
23

an
c_
08

an
c_
09

an
c_
10an
c_
07

an
c_0
3

an
c_
11anc

_02
anc

_05

anc
_04

anc
_06anc_
12anc_
01

100

100

100

100

100
100

100
100

100

100
100 100

100

100
100 100

100

100

100 10
0
10
0

10
0

100

100
100

100

10
0

10
0

10
0

10
0

10
0

99

98

97

97

97

97

96

96

95

93

88

88

85

82

81

81

Supplementary Fig. 36 Consensus phylogenetic tree constructed with all cul-
tivated and wild accessions. Consensus tree of 1,000 bootstrap replicates of the tree
shown in Main Fig. 5. Tree is unrooted and was inferred using the Neighbor-Joining method
with the neighbor program of PHYLIP (https://evolution.genetics.washington.edu/phylip).
Bootstrap replicates were generated with the SEQBOOT program of PHYLIP and the con-
sensus tree was generated with the consense program of PHYLIP. Bootstrap values of �80%
are indicated by each node. IDs of each accession correspond to those in Supplementary
Table 34. Colours of each population follow Main Fig. 5.
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Supplementary Fig. 37 Minor allele frequency spectrum of synonymous and
nonsynonymous sites of each population. Only codons where all three positions were
retained and one of the three positions was bi-allelic were used.
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are plotted.
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Supplementary Fig. 39 Distribution of nucleotide diversity ⇡ of the cultivated
and Wild Tib populations across each chromosome. Average ⇡ was calculated for
each sliding window of 2 Mb with a step of 400 kb. Windows with average values based on
<10,000 sites are not shown.



104 CONTENTS

Chr 7 Chr 8

Chr 5 Chr 6

Chr 3 Chr 4

Chr 1 Chr 2

0 50 100 150 0 50 100 150

0.0000

0.0025

0.0050

0.0075

0.0100

0.0000

0.0025

0.0050

0.0075

0.0100

0.0000

0.0025

0.0050

0.0075

0.0100

0.0000

0.0025

0.0050

0.0075

0.0100

Position (Mb)

N
uc

le
ot

id
e 

di
ve

rs
ity

Wild (Shg)
Wild (Sic)
Wild (Yun)

Supplementary Fig. 40 Distribution of nucleotide diversity ⇡ of the Wild Shg,
Sic, and Yun populations across each chromosome. Average ⇡ was calculated for
each sliding window of 2 Mb with a step of 400 kb. Windows with average values based on
<10,000 sites are not shown.
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Supplementary Fig. 41 Distribution of FST between the cultivated and each
wild population across each chromosome. Average FST was calculated for each sliding
window of 2 Mb with a step of 400 kb. Windows with average values based on <100 sites
are not shown.



106 CONTENTS

Chr 7 Chr 8

Chr 5 Chr 6

Chr 3 Chr 4

Chr 1 Chr 2

0 50 100 150 0 50 100 150

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

Position (Mb)

F
S
T

vs Shg
vs Sic
vs Yun

Supplementary Fig. 42 Distribution of FST between the Wild Tib and the
other wild populations across each chromosome. Average FST was calculated for
each sliding window of 2 Mb with a step of 400 kb. Windows with average values based on
<100 sites are not shown.
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Supplementary Fig. 43 Distribution of FST between each wild populations
apart from the Wild Tib population across each chromosome. Average FST was
calculated for each sliding window of 2 Mb with a step of 400 kb. Windows with average
values based on <100 sites are not shown.
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Supplementary Fig. 44 Distribution of genetic divergence dxy between the
cultivated and each wild population across each chromosome. Average dxy was cal-
culated for each sliding window of 2 Mb with a step of 400 kb. Windows with average values
based on <3,000 sites are not shown.
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