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30 Abstract

31 Genetic maps are fundamental resources for linkage and association studies. A fine-

32 scale genetic map can be constructed by inferring historical recombination events from 

33 the genome-wide structure of linkage disequilibrium�a non-random association of 

34 alleles among loci�by using population-scale sequencing data. We constructed a fine-

35 scale genetic map and identified recombination hotspots from 10,092,573 bi-allelic 

36 high-quality autosomal markers segregating among 150 unrelated Japanese individuals. 

37 These individuals� genotypes were determined by high-coverage (30×) whole-genome 

38 sequencing, and the genotype quality was carefully controlled by using their parents� 

39 and offspring�s genotypes. The pedigree information was also utilized for haplotype 

40 phasing. The resulting genome-wide recombination rate profiles were concordant with 

41 those of the HapMap worldwide population on a broad scale, and the resolution was 

42 much improved. We identified 9487 recombination hotspots and confirmed the 

43 enrichment of previously known motifs in the hotspots. Moreover, we demonstrated 

44 that the Japanese genetic map improved the haplotype phasing and genotype imputation 

45 accuracy for the Japanese population. The construction of a population-specific genetic 

46 map will help make genetics research more accurate.

47

48

49 INTRODUCTION

50 Genetic maps play a pivotal role in human genetic studies [1�3], including association 

51 studies and gene mapping through linkage analysis. They provide relative distances 

52 between genetic markers on chromosomes in terms of meiotic recombination rates. 

53 Meiotic recombination events do not occur evenly across chromosomes; rather, their 

54 occurrences tend to be concentrated in relatively restricted, narrow regions (so-called 

55 recombination hotspots [4]), creating block-like structures called haplotype blocks [5�

56 9]. Genetic maps can be constructed by estimating recombination events in families, 

57 sperm typing, radiation hybrid mapping, or inferring linkage disequilibrium (LD) 

58 through population genotyping [10�12]. LD refers to the non-random association 

59 between alleles at different loci. The LD structure across the genome is shaped by 

60 population genetics forces such as recombination, genetic drift, mutation, selection, and 

61 gene conversion [13]. Here, we estimated the population-scale recombination rate from 

62 the LD structure by assuming an equilibrium between recombination and genetic drift. 

63 Thus, by inspecting the LD structure in a population, we inferred historical 

64 recombination events and constructed a genetic map.

65
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66 The recent advent of next-generation sequencing technologies has enabled population-

67 scale genotyping, which can be used to genotype millions of single nucleotide variant 

68 (SNV) markers for thousands of individuals and thus construct fine-scale genetic maps 

69 [11, 12]. However, because the inferred LD structure is substantially distorted by 

70 mutations and erroneous genotypes mimicking recombination events, quality control 

71 (QC) of the genetic markers is critical. Moreover, because of differences in population 

72 demography, LD structure differs substantially among populations [7, 13, 14]: for 

73 example, the African population has shorter LD blocks and denser recombination 

74 hotspots, whereas European and Asian populations have longer LD blocks and sparser 

75 hotspots.

76

77 Large-scale human population genetic studies have so far been used to construct LD-

78 based fine-scale genetic maps. The HapMap project has constructed a genetic map from 

79 three worldwide populations: Africans, Asians (Japanese + Chinese), and Europeans 

80 [15]. As well as the standard marker QC procedures applicable to unrelated individuals, 

81 including Hardy-Weinberg equilibrium tests, the HapMap genetic map markers were 

82 examined for Mendelian errors in a QC step that utilized pedigree information from 30 

83 European and 30 African trio families. However, no Asian families were collected in 

84 the project. Hence the 90 Asian samples were genotyped at the single nucleotide 

85 polymorphism (SNP) markers that passed the Mendelian error QC of the African and 

86 European family samples. The 1000 Genomes Project (1KGP) has also constructed an 

87 LD-based genetic map for worldwide populations [16]. However, the 1KGP genetic 

88 map was constructed solely by using unrelated individuals and did not utilize pedigree 

89 information for QC. Moreover, the 1KGP samples were sequenced at low coverage 

90 (7.4×). Consequently, there are no fine-scale Japanese genetic maps for which the 

91 marker quality has been ascertained by using pedigree information. Therefore, the 

92 creation of a fine-scale genetic map for the Japanese population by using pedigree-

93 based QC is critical for inferring historical recombination events among entire human 

94 populations and for performing genetic analysis of Japanese populations.

95

96 In addition to accurate genotyping, inference of LD structure requires accurate 

97 haplotype phasing information. Although haplotype phasing is possible without 

98 pedigree information, the pedigree information provides more accurate phasing 

99 information. Therefore, it is preferable to use pedigree information for haplotype 

100 phasing, if available.

101
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102 Here, we constructed a fine-scale, high-quality, LD-based genetic map for the Japanese 

103 population from 10 million SNPs of 150 deeply sequenced unrelated individuals; 

104 genotype QC and haplotype phasing were performed by using genotype information 

105 from their parents and offspring. The broadscale recombination rate variation of the 

106 Japanese population resembled that of the HapMap population, and the resolution of the 

107 fine-scale rate variation was much improved. We identified recombination hotspots and 

108 confirmed the enrichment of known sequence characteristics in the hotspots. We also 

109 demonstrate the usefulness of the population-specific genetic map.

110

111

112 MATERIALS AND METHODS

113 Sample selection

114 We selected 1282 Japanese individuals with whole-genome sequencing (WGS) data 

115 from the Tohoku Medical Megabank Project (TMM) BirThree cohort study, a 

116 prospective genomic cohort of individuals including family information in the Tohoku 

117 area in Japan [17, 18]. We excluded individuals for whom the WGS-based family 

118 relationships and recorded relationships were inconsistent. We then excluded an eight-

119 member family that had the highest number of Mendelian errors. We also excluded 132 

120 individuals belonging to families with low read-depth data, as analyzed by using saliva-

121 derived DNA. This filtering retained 1120 individuals, which were then subject to 

122 marker QC. Among the 1120 individuals, we restricted the downstream analyses to 773 

123 individuals analyzed by Illumina NovaSeq 6000 sequencer. Among these 773 

124 individuals, we further excluded eight who appeared to belong to the Chinese 

125 population according to our principal component analysis. We also excluded a seven-

126 member family, in which a member was in cousin relationships with other individuals 

127 in the dataset. The remaining 758 individuals consisted of 23 eight-member three-

128 generation families (184 individuals) and 82 seven-member three-generation families 

129 (574 individuals). We selected all 23 eight-member families and 52 seven-member 

130 families with the least Mendelian errors (Supplementary Fig. 1). From these 75 

131 families, we subjected the 150 individuals of generation II (i.e., fathers and mothers) to 

132 the subsequent analysis.

133

134 Marker QC

135 Marker QC was performed in accordance with the method of Auton et al. [12] where 

136 possible. We excluded the following regions: (1) regions with three or more SNPs 

137 within 10 bp; (2) sites fixed to non-reference alleles for all individuals; (3) sites with 
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138 quality score divided by the sum of read depth of individuals with non-reference 

139 genotypes ≥ 27.0 or ≤ 1.0; and (4) those with an estimated Phred-scaled probability of ≥ 

140 40 that read bases within 10 bp did not have more than two haplotypes. After applying 

141 these filters, we extracted bi-allelic sites. We then defined a cohort of the 1120 

142 individuals mentioned in the �Sample selection� section above and 3315 other unrelated 

143 individuals from the cohort used to build the 3.5KJPNv2 allele frequency panel of 

144 Japanese individuals [18]. This resulted in a total of 4435 individuals. We then excluded 

145 (1) insertion-deletion (indel) sites; (2) SNPs on indel sites; (3) SNP sites with a missing 

146 rate > 5% (also applied in the work of Auton et al. [12]); (4) in-house low-quality 

147 markers; (5) singletons; and (6) sites with a P-value < 0.01 in the Hardy-Weinberg 

148 equilibrium test. After this filtering, we obtained 23,160,390 bi-allelic SNPs across the 

149 1120 individuals for the subsequent analyses.

150

151 We phased the quality-controlled 23,160,390 SNP sites by using SHAPEIT2+duoHMM 

152 (ver. 2.900) software [19], which can improve phasing by using pedigree information. 

153 For phasing, we set the window size to 5 Mb, and the number of hidden Markov model 

154 states to 300. In addition, we used the 1KGP genetic map as the initial value. The 

155 resulting dataset consisted of 10,092,573 variants and 300 haplotypes.

156

157 Construction of an LD-based genetic map

158 We estimated the population-scale historical recombination rates by using 

159 LDhat/interval (ver. 2.2) software [10, 11]. We estimated the rates in chunks of 4000 

160 sites, each with a 200-site overlap. The block penalty to avoid overfitting was set to 5. 

161 Rates were estimated by sampling once every 15,000 iterations out of 30,300,000 

162 iterations. We used LDhat/complete software to generate a likelihood lookup table file 

163 for 300 haploids in 900 chunks, assuming that the population mutation rate θ = 0.001 

164 [20]. Summary statistics were obtained by using LDhat/stat software. We set the per-

165 kilobase mean population recombination rate, ρ, to 0 for regions with ρ > 100. We also 

166 set ρ to 0 for regions containing >50 kb gaps and their 50 upstream and 50 downstream 

167 sites. We converted our ρ estimates into per-generation recombination rates, r, given the 

168 effective population size Ne (ρ = 4Ner), by linear regression on the deCODE genetic 

169 map [3] with the lm function in R (ver. 3.5.1) software.

170

171 Identification of recombination hotspots

172 We identified recombination hotspots by using LDhot software (ver. 0.4) [21] from 

173 1000 simulations, setting the background window and the hotspot window to ± 100 kb 
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174 and ± 1 kb of the hotspot center, respectively. Post-processing was performed by using 

175 LDhot summary software. We excluded candidate hotspots with peak rate estimates < 

176 5 or those with width ≥ 5 kb to reduce false positives according to ref. [12].

177

178 Hotspot enrichment analysis

179 Control sets with matched lengths selected from matched chromosomes were prepared 

180 by using BEDTools (ver. 2.29.1) software [22]. Interspersed and tandem repeats were 

181 identified by RepeatMasker (ver. 4.0.7) software [23]. GC% was obtained by using the 

182 seqtk (ver. 1.3) software comp command. Motif enrichment was assessed by using 

183 AME (ver. 5.0.2) software [24] of the MEME suite by comparison with the control 

184 regions described above. We obtained MEME-format motif files by using the 

185 iupac2meme command of the MEME suite, providing CCTCCCT and 

186 CCNCCNTNNCCNC as input for the 7-bp and 13-bp motifs, respectively. Local motif 

187 enrichment within the hotspots was assessed by using CENTRIMO (ver. 5.0.2) software 

188 [25] of the MEME suite. Because CENTRIMO input sequences must be of the same 

189 size, we obtained the central 3000 bp by using fasta-center software of the MEME suite. 

190 CENTRIMO was run with the control regions as the negative control.

191

192 Haplotype phasing to evaluate the utility of our genetic map

193 To assess the accuracy of phasing with our genetic map, we used the WGS data of 104 

194 individuals from the generation II of the TMM BirThree cohort, all of which were 

195 generated by Illumina HiSeq2500 sequencer. Markers on chromosome 10 were used for 

196 the assessment. Marker QC was performed as follows; sites with Mendelian error were 

197 set as missing, sites with MAF ≥ 0.01, call rate ≥ 0.99, and P-value for HWE ≥ 0.00001 

198 were included. The haplotype phasing was performed by using SHAPEIT2 v2.904 [25], 

199 with varying S and W parameters; S was chosen from 100, 200, and 400, and W was 

200 chosen from 0.1, 0.5, 2, and 5. The switch error rate was calculated by using 

201 SHAPEIT5/switch_static v5.1.0 with their parents� information [26].

202

203 Genotype imputation to evaluate the utility of our genetic map

204 The genotype imputations with pre-phasing were performed by using SHAPEIT v2.900 

205 [26] and IMPUTE2 v2.3.2 [28], with either our genetic map or the 1KGP genetic map, 

206 setting the effective population size to 20,000. We then compared the INFO scores 

207 (measures of imputation accuracy).

208

209 HapMap public data
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210 The HapMap genetic map [15] on the GRCh37 coordinate was downloaded from 

211 ftp://ftp.ncbi.nlm.nih.gov/hapmap/recombination/2011-

212 01_phaseII_B37/genetic_map_HapMapII_GRCh37.tar.gz. Hotspot data on the NCBI35 

213 coordinate system were downloaded from 

214 ftp://ftp.ncbi.nlm.nih.gov/hapmap/recombination/2006-

215 10_rel21_phaseI+II/hotspots/hotspots.txt.gz. The hotspot regions were lifted over to the 

216 GRCh37 coordinate system by using liftOver software [29] with the 

217 hg17ToHg19.over.chain file, downloaded from 

218 http://hgdownload.soe.ucsc.edu/downloads.html.

219

220

221 RESULTS

222 Construction of an LD-based fine-scale genetic map for the Japanese population

223 To construct an LD-based fine-scale genetic map for the Japanese population, we used a 

224 dataset comprising 300 haploid genomes of 150 genetically unrelated Japanese 

225 individuals. The 150 individuals consisted of 75 males and 75 females in generation II 

226 (e.g., husbands and wives) from 75 three-generation families, which were recruited as 

227 part of a prospective genomic cohort [17] (Supplementary Fig 1). All family members 

228 from generations I to III were genotyped by WGS with a single sequencing platform, 

229 Illumina NovaSeq 6000, and jointly analyzed by using a single bioinformatics pipeline 

230 [18]. These uniform experimental and analytical conditions were expected to be free 

231 from platform bias. The average read depth per individual was 30.8 ± 3.0× (mean ± SD; 

232 n = 150 individuals), an appropriate depth for genome-wide genotyping without 

233 imputation [30].

234

235 Marker quality is critical for inferring LD structure, so we followed the stringent QC 

236 described by Auton et al. [12], where possible (see Materials and Methods). After 

237 applying this QC, we selected autosomal bi-allelic SNP sites that met the following 

238 criteria: the SNP (1) was not a singleton; (2) segregated among a cohort of 1120 

239 individuals of the three-generation families and other cohort members consisting of 

240 3315 unrelated Japanese individuals [18]; (3) was not identified as one of our in-house-

241 defined low-quality markers; and (4) was not on short indel sites. These QC procedures 

242 produced 23,168,174 sites. After the QC application, we excluded 7784 sites with a 

243 ≥1% Mendelian error rate and set individual genotypes to missing for 365,393 sites with 

244 a <1% Mendelian error rate. Applying these filters resulted in 23,160,390 bi-allelic SNP 

245 sites among the 1120 individuals.
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246

247 Next, we phased each allele on these approximately 23 million SNP sites on the basis of 

248 the direct relatives� genotype information. This phasing procedure and selection of the 

249 150 individuals mentioned above resulted in 10,092,573 phased bi-allelic autosomal 

250 SNP sites for the 150 individuals. Thus, we obtained a dataset of approximately 10 

251 million bi-allelic SNP sites and 300 haploids.

252

253 We then assessed the characteristics and qualities of the 10 million SNP sites 

254 (Supplementary Table 1). The genome-wide marker SNP density was 3.76 sites/kb, 

255 which was adequate for detecting a typical hotspot size of 2 kb [31]. The average 

256 variant number per individual was 1,781,147 ± 8499 (mean ± SD; n = 150 individuals), 

257 and that per haploid genome was 1,093,017 ± 6550 (mean ± SD; n = 300 haploids). The 

258 genome-wide transition per transversion ratio of the 10 million SNP sites was 2.16, 

259 which is a generally observed value [32].

260

261 We then used LDhat/interval software [10, 11] to estimate ρ across the autosomes from 

262 the population genetic data described above. We scaled ρ to r by linear regression on 

263 the deCODE genetic map [3] in accordance with the method of Auton et al. [12]. Ne was 

264 11,847, which was more similar to that of the European population (10,040) than that of 

265 the African population (19,064), as estimated by the same procedure [12]. In this way, 

266 we constructed a fine-scale genetic map for the Japanese population.

267

268 Population recombination rate variation

269 We compared the broadscale (binned to 1 Mb) recombination rate variation of our 

270 Japanese genetic map and the HapMap (CEU + YRI + CHB/JPT; Utah residents 

271 (CEPH) with Northern and Western European ancestry; Yoruba in Ibadan, Nigeria; Han 

272 Chinese in Beijing, China / Japanese in Tokyo, Japan) populations (Figure 1a, 1b, and 

273 Supplementary Fig. 2). The broadscale recombination rate variation for the two maps 

274 was nearly identical. Both maps had higher rates in the sub-telomeric and peri-

275 centromeric regions on some chromosomes and lower rates in the other middle regions. 

276 The cosine similarity score�a resemblance measure for the two profiles ranging from �

277 1.0 (dissimilar) to 1.0 (identical)�was as high as 0.984 across the autosomes 

278 (Supplementary Table 2).

279

280 The fine-scale recombination rate variation also resembled that of HapMap in terms of 

281 peak locations, but it differed in peak amplitude (Figure 1c and Supplementary Fig. 
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282 3). Our Japanese genetic map had 8970 sites with a per-generation-scaled 

283 recombination rate > 100 cM/Mb, whereas the HapMap genetic map had only one such 

284 site (Figure 1c). 

285

286 These differences in the number and amplitude of the peaks may have been due to the 

287 finer resolution of our Japanese genetic map. Indeed, the number of SNP markers was 

288 10,092,573 for the Japanese map and 3,303,922 for the HapMap genetic map across the 

289 genome. To evaluate the degree of recombination site concentration, we plotted the 

290 proportion of the sequence versus the proportion of recombination (Figure 1d). The 

291 Japanese recombination was more concentrated than that of the HapMap population. 

292 For example, 90% of recombination occurred in 20.5% of the Japanese autosomes but 

293 in 25.5% of HapMap, and 80% of recombination occurred in 10.8% of the Japanese 

294 autosomes but in 13.0% of HapMap. This accumulation of recombination was plausibly 

295 due to the denser resolution of the Japanese genetic map.

296

297 Recombination hotspots

298 From the recombination rate variation, we identified 9487 recombination hotspots with 

299 a maximum rate estimate ≥ 5 cM/Mb and size ≤ 5 kb (Supplementary Table 3). The 

300 average length of the hotspots was 3.9 kb after the filtering described above. The 

301 hotspot density ranged from 3.08 to 4.61 hotspots/Mb, and the average density was 3.53 

302 hotspots/Mb across the autosomes. The number of hotspots from the HapMap genetic 

303 map was 34,012�much larger than the number from our map. This discrepancy was 

304 likely due to differences in the detection algorithms, filtering conditions, and definition 

305 of hotspots used, all of which make direct comparison difficult. More recent estimates 

306 using a software version close to our method have shown more similar values, namely 

307 11,910 and 15,471 hotspots for European and African populations, respectively [12].

308

309 Recombination hotspots are associated with several sequence characteristics, such as the 

310 presence of a specific class of long terminal repeat transposon sequences called THE1A 

311 and THE1B, high GC%, and specific recombinogenic motifs, namely the 7-bp core 

312 motif, CCTCCCT [33], and the 13-bp extended motif, CCNCCNTNNCCNC [34]. To 

313 examine whether the 9487 hotspots had these characteristics, we prepared 10 control 

314 sets of 9487 randomly selected sequences of matched lengths from matched 

315 chromosomes. We confirmed the THE1A/B enrichment in the hotspots (Table 1). We 

316 also examined other classes of repetitive sequences and found results consistent with 

317 previous findings (Table 1). The GC% was higher in the hotspots than in the controls 
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318 (42.5% vs. 41.0% ± 0.06%). Next, we examined whether the 7-bp and 13-bp motifs 

319 were enriched in the 9487 hotspots (Figure 2). We found that both motifs were 

320 significantly enriched (P = 8.33 × 10�45 to 2.69 × 10�59 and P = 7.4×10�69 to 2.1 × 10�55 

321 for the 7-bp and 13-bp motifs, respectively; Fisher�s exact test with Bonferroni 

322 correction), and both motifs were localized at the center of the hotspots (P = 2.5 × 10�65 

323 and P = 1.7 × 10�19 for the 7-bp and 13-bp motif, respectively; Fisher�s exact test with 

324 Bonferroni correction).

325

326 Haplotype phasing and genotype imputation by using the genetic map

327 To examine the usefulness of the Japanese genetic map, we performed haplotype 

328 phasing using our genetic map and examined the accuracy. We used the WGS data of a 

329 cohort of 104 individuals of generation II from the TMM BirThree cohort, and 

330 performed phasing by using the Japanese genetic map or the 1KGP phase3 genetic map. 

331 The individuals used for the verification did not overlap with those used for the 

332 construction of the genetic mapping. The ground truth dataset was generated by 

333 performing phase-by-transmission with the parents� WGS data. Then, we measured the 

334 switch error rate under 12 conditions. We found that the switch error rate was slightly 

335 lower with the Japanese genetic map in 10/12 conditions (Table 2).

336

337 We also performed a genotype imputation by using the Japanese genetic map and 

338 examined the accuracy. A cohort of 4768 Japanese subjects from the TMM BirThree 

339 cohort [17] was genotyped with SNP arrays. The 4768 samples were confirmed to be 

340 unrelated to each other and unrelated to the samples subjected to the genetic map 

341 construction. Their genotypes were then imputed with the Japanese haplotype reference 

342 panel (3.5KJPNv2) [18] by using either the Japanese genetic map or a conventional 

343 (1KGP) genetic map. We compared the INFO scores for each MAF (minor allele 

344 frequency) range in the 3.5KJPNv2 reference panel (Table 3). We found that the INFO 

345 scores in the imputed variants were higher when we used the Japanese genetic map 

346 (0.5471 ± 0.3739 vs. 0.5480 ± 0.3745 for conventional vs. Japanese map; n = 

347 52,878,913 intersected variants; P = 1.46 × 10�37; Welch�s t test). Moreover, the INFO 

348 score improved for each MAF range (Table 3). Moreover, the number of sites with 

349 INFO scores above or equal to 0.8 increased from 19,934,605 to 20,042,021 when we 

350 changed from the conventional genetic map to the Japanese genetic map. Furthermore, 

351 among the 52,878,913 imputed variant sites, the INFO score increased for 47% of the 

352 sites, remained the same for 13%, and decreased for 40% when we used the Japanese 
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353 genetic map. These results suggest that the use of population-specific genetic maps can 

354 improve the imputation accuracy for specific populations.

355

356

357 DISCUSSION

358 We constructed a fine-scale genetic map for the Japanese population. The genetic map 

359 was constructed from 300 haploid genomes and 10 million SNP markers, the quality of 

360 which was carefully controlled, especially by the use of pedigree information. Pedigree 

361 information was also used for accurate haplotype phasing. The broadscale 

362 recombination rate variation was concordant with that of the HapMap genetic map, 

363 whereas the resolution was much improved. Moreover, across the autosomes, we 

364 identified 9487 hotspots that harbored sequence characteristics concordant with those in 

365 previous studies. We also demonstrated the use of the genetic map for genotype 

366 imputation.

367

368 Pedigree information, including genotype QC and haplotype phasing data, played a 

369 pivotal role in this study. Recombination rate variation can be inferred, in principle, 

370 from the genotypes of unrelated individuals [31]. However, because genotyping errors 

371 can mimic mutations and, in some cases, recombination events, genetic marker QC is 

372 critical for precisely inferring historical recombination events. Because the mutation 

373 rate for SNVs is substantially low (of the order of 10�8 per site per generation), most 

374 genotype calls inconsistent with Mendelian inheritance are presumably errors. We 

375 utilized the genotypes of parents and offspring, as determined by using the same 

376 experimental and bioinformatics pipelines for each, to keep the genotype quality high. 

377 Similarly, haplotype phasing is less prone to switch errors when direct relatives� 

378 information is used than when a haplotype reference panel is used. Therefore, our 

379 strategy is suited to constructing high-quality genetic maps.

380

381 Population-specific genetic maps, along with other genetic resources, are set to become 

382 important population-specific genetic resources. To date, large-scale human genetic 

383 resources have been heavily biased toward European populations, with only a few 

384 analyses of other populations�especially Asian ones [35]. To address this deficiency, 

385 Asian population-specific genetic resources, such as haplotype reference panels [18, 36, 

386 37] and reference genome sequences [38�41], are in active development. Although the 

387 improvement in imputation accuracy brought about by the use of our Japanese genetic 

388 map was minimal, genetic maps can be used for various genetic analyses, such as 
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389 linkage mapping, haplotype phasing, genotype imputation, and genome-wide 

390 association studies. Therefore, the creation of population-specific genetic maps will 

391 help to establish more accurate statistical genetic analyses of underrepresented 

392 populations.

393

394

395 DATA AVAILABILITY

396 The Japanese genetic map is available from the jMorp website 

397 (https://jmorp.megabank.tohoku.ac.jp/downloads/#genetic_map).

398
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524 FIGURE LEGENDS

525 Figure 1. Linkage-disequilibrium-based genetic map for the Japanese population. 

526 a Broadscale concordance between the genetic map for the Japanese population and the 

527 HapMap2 (CEU + YRI + CHB/JPT) population. Rate, recombination rate. Numerals 

528 above the plot represent the chromosome (chr) number. b Concordance of the two 

529 genetic maps of chromosome 2, as an example. c Fine-scale recombination rate 

530 variation. Higher peaks were observed in our Japanese genetic map. d Recombination 

531 concentration analysis. The plot of proportion of sequence versus proportion of 

532 recombination showed more concentrated recombination in the Japanese population 

533 compared with the HapMap2 population.

534

535

536

537 Figure 2. Enrichment of known motifs in hotspots. The 13-bp extended motif (a) and 

538 the 7-bp core motif (b) were enriched in the central regions of the identified hotspots. 

539 Solid lines in red or blue indicate enrichment in the hotspots, whereas dotted lines in 

540 gray indicate that in controls. Data were subjected to 500-bp-window moving average 

541 smoothing.

542

543
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