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27 Abstract

28

29 Interbreeding between modern humans and archaic hominins, including Neanderthals and 

30 Denisovans, occurred as modern humans migrated outside of Africa. Here, we report on 

31 evidence of introgression from archaic hominins within genomic regions associated with 

32 circadian rhythm and chronotype using 76 worldwide modern human populations from the 

33 Human Genome Diversity Project and 1000 Genomes Project. We calculated the extent of 

34 regions indicative of adaptive introgression across the autosomes and identified regions that are 

35 suggested to be under positive selection. We tested for evidence of a latitudinal cline within 36 

36 core haplotypes along with presenting the likely archaic donor for each of these haplotypes. We 

37 identified 265 independent segments that overlap genes described as having a circadian rhythm 

38 component or contain variants and segments previously identified as being associated with 

39 circadian rhythm or chronotype. Within these segments we found 1,729 archaically derived 

40 variants with allele frequencies of at least 40% intersecting 303 genes and intergenic segments. 

41 Seventeen of these segments show evidence of positive selection, three of which are found 

42 within our core haplotypes. We found that many of our genes are associated with the immune 

43 system or gastrointestinal function. Additionally, variants associated with complex traits such as 

44 schizophrenia and bipolar disorder are present within our adaptively introgressed regions. Lastly, 

45 genes and markers associated with sleep and chronotype phenotypes and serotonin pathways 

46 were also found in our adaptive introgression results, potentially signalling selection on genes 

47 related to seasonal light variation as modern humans migrated into new environments after 

48 leaving Africa. 
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49

50 Author summary

51

52 As modern humans migrated out of Africa, they encountered archaic hominins, the Neanderthals 

53 and Denisovans, and interbred with them. Signatures of these admixture events can be found in 

54 populations across the world. The result of these admixture events has shaped modern human 

55 evolution regarding high altitude adaptation, immune function, and skin and hair colour, to name 

56 a few. However, much of this information has been gathered with a focus on Eurasian 

57 populations using the 1000 Genomes Project samples. Here, we take advantage of newly 

58 published resources from 76 worldwide modern human populations to investigate how strongly a 

59 role admixture played on modern human circadian rhythm genes. Circadian rhythms have been 

60 tied to sleep-wake regulation, immune function, and digestive health. We find evidence for 

61 adaptive introgression in over 300 genes and intergenic segments. Many of these genes, like 

62 AMIGO2, are associated with complex traits such as schizophrenia and bipolar disorder or with 

63 immune system function, like JAK1. Some of these traits have been previously described before 

64 regarding archaic admixture. Interestingly, many of these associated traits are influenced by 

65 circadian rhythm oscillations, providing a new perspective on interpreting these findings.

66

67 Introduction

68
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69 A little over a decade ago, human evolutionary history was completely reshaped by the discovery 

70 that anatomically modern humans interbred with our archaic cousins, the Neanderthals [1], and 

71 their enigmatic sister species, the Denisovans [2]. These were not isolated events, and evidence 

72 has been uncovered that there were several admixture events occurring sporadically over 

73 thousands of years and across diverse geographic areas [3-9]. Signatures of these events are left 

74 in our genome with estimates that every non-African alive today has on average just below 2% 

75 of their DNA shared with Neanderthals [10]. Denisovan signatures in modern humans are 

76 generally lower, on average below 1% [11-12]. However, some Oceanic populations have been 

77 noted to have nearly 5% of their DNA composed of Denisovan-introgressed regions [2, 8, 13].  

78

79 A number of these archaic introgressed regions are believed to have been adaptive and have been 

80 brought to elevated frequencies in modern human populations. Several of the most notable 

81 examples are variants within the EPAS1 gene in Tibetan populations that confer adaptation to 

82 high altitude environments derived from Denisovans [14], immunity and HLA-controlling 

83 regions likely giving rise to disease resistance to modern humans as they expanded into new 

84 territories after leaving Africa [15-18], and the various skin, hair, and keratin linked regions 

85 introgressed from Neanderthals that have been highlighted in a number of studies [4, 19-21]. 

86 While these are often referenced, there are many other introgressed loci that have been 

87 associated with traits such as type 2 diabetes risk [22], height, likelihood of being a smoker, 

88 mood [20], and mental health [23], to name a few. 

89
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90 Recently, the discovery of introgressed variants within genes involved in circadian rhythm and 

91 chronotype expression has become a new area of focus [20-21, 24-26]. Single nucleotide 

92 polymorphisms (SNPs) identified to be associated with chronotype, daytime napping, 

93 narcolepsy, lethargy, willingness to get up in the morning, sleep duration, and insomnia have 

94 been suggested to be the product of introgression from Neanderthals [20]. In a meta-analysis 

95 using previously published genome wide association study (GWAS) data identifying archaic 

96 introgressed loci, modern human genetic variants associated with being a morning person were 

97 shown to be shared with the Altai Neanderthal [21]. Further, analysis of GWAS data from 

98 several biobanks found positive association with archaically identified SNPs related to sleep 

99 traits such as narcolepsy, daytime napping, sleep duration, willingness to get up in the morning, 

100 and chronotype [25]. In a recent analysis using a combination of previously published variants 

101 identified as being archaically-introgressed into modern humans, it was found that modern 

102 humans and archaic hominins differed in their circadian rhythm genes, including alternative 

103 splicing events and regulatory divergence [26]. Additionally, the authors noted that over 3,800 

104 variants were associated with regulation on circadian genes, these variants are more likely to be 

105 expression quantitative trait loci (eQTL) for circadian rhythm genes than by chance, and that 47 

106 circadian genes show evidence of adaptive introgression [26]. Lastly, the authors of that study 

107 state that introgressed variants are associated with having a morningness chronotype and that 

108 some introgressed variants are distributed across a latitudinal cline [26]. 

109

110 The circadian rhythm is the cyclic oscillator of a 24-hour period, which has remained relatively 

111 conserved across most of the animal kingdom [27] and has been proposed to be a core controller 

112 of sleep and wake cycles [28-32]. To do this, the suprachiasmatic nucleus, located in the 
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113 hypothalamus, uses external light stimuli to reset itself along a day-night cycle [31]. Output from 

114 the suprachiasmatic nucleus goes to the ventral subparaventricular zone and regulates this 

115 information into daily cycles of wakefulness and sleep [27, 31], that then falls across the natural 

116 24-hour circadian rhythm. In addition to controlling sleep and wake cycles, several review 

117 articles have highlighted the link between circadian rhythm and gastrointestinal processes [33-

118 34] and immune function [35-37].

119

120 The preference for how late someone stays awake is influenced by chronotype, that is, morning 

121 people who tend to go to bed and rise earlier, and those who show an evening preference and go 

122 to bed and rise later [32, 38]. Three different GWAS datasets have independently identified four 

123 genes that support associations with chronotype, PER2, RGS16, FBXL13, and AK5 [32]. 

124 Additional studies increased the number of chronotype-linked variants which were associated 

125 with previously unidentified genes, such as PER1, CRY1, and ARNTL [39]. Links between 

126 daytime light exposure and chronotype expression in modern humans have also been suggested 

127 on candidate gene ARL14EP [40]. 

128

129 For this study we used the gnomAD 1000 Genomes Project (1KGP) and Human Genome 

130 Diversity Project (HGDP) phased callset [41] to identify regions of archaic introgression from an 

131 expanded worldwide population dataset (n=76 populations). Specifically, we used SPrime [7] to 

132 identify genomic regions in these populations with an interest in markers associated with 

133 circadian rhythm and chronotype phenotypic expression that are the result of introgression from 

134 archaic hominins into modern humans. To explore if any of these regions would contain 
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135 signatures of adaptive introgression on genes showing circadian rhythm patterns, we extracted 

136 the modern human genes from the Circadian Genome Database (CGDB) [42]. We also included 

137 in our analysis data from 4 previous studies that discussed chronotype and archaic introgression, 

138 and lastly, included regions from the NHGRI-EBI GWAS Catalogue [43] that were associated 

139 with circadian rhythm, chronotype, and sleep to identify regions of adaptive introgression 

140 associated with these phenotypes found in our dataset. We highlight more than 1,700 variants at 

141 elevated frequencies in our dataset that fall within 265 independent, genome-wide windows in 

142 non-African populations. Our research hypothesised that like prior studies [26], circadian rhythm 

143 and/or chronotype loci at levels suggestive of adaptive introgression will have phenotypic 

144 expressions largely driven by latitude, which we investigated using genome wide data. We 

145 utilised the four high coverage archaic genomes from the Altai Denisovan [2], Altai Neanderthal 

146 [3], Vindija Neanderthal [44], and the Chagyrskaya Neanderthal [45] for our analyses to 

147 determine if sample-specific signatures could be identified and in an attempt to gauge which 

148 archaic group was the likely donor population to core haplotypes found in our data.  

149

150 Prior data has illustrated latitudinal clines with a genetic basis [46-47] and some of these are also 

151 detected within archaically derived segments [24, 26]. For this study, we predict that the 

152 frequency of circadian rhythm and chronotype-related archaic variants will vary with latitude, 

153 with higher latitudes experiencing more extreme seasonal variations in daylight exhibiting a 

154 greater frequency of introgressed variants associated with morningness chronotype and enhanced 

155 light sensitivity. Given the geographic distribution of Neanderthals and Denisovans [2, 48-50] 

156 we further hypothesise that archaic hominins, who inhabited higher latitudes, contributed a 

157 greater number of circadian rhythm and chronotype-related genetic variants to modern humans 
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158 as humans left Africa. This prediction is grounded in the need for adaptations to significant 

159 seasonal light variations in these regions. Additionally, we predict that these archaic groups will 

160 be associated with a higher prevalence of variants that enhance serotonin synthesis, such as 

161 within the DDC gene [51], supporting adaptations to extreme seasonal variations in light. 

162 Variants associated with higher serotonin synthesis will likely correlate with phenotypic traits 

163 such as increased wakefulness during daylight hours and potentially reduced REM sleep. 

164 Accordingly, these variants are predicted to be more pronounced in these populations as this 

165 adaptation might help mitigate seasonal affective disorder (SAD) and maintain stable circadian 

166 rhythms despite fluctuating daylight hours.

167

168 Results

169

170 Introgression 

171

172 Our analysis was able to recover a large number of variants reported in prior studies, showing the 

173 effectiveness of our pipeline (S1 Text). From the Dannemann and Kelso (2017) paper [20] 

174 reporting archaic SNPs found in modern humans, 1,787 variants were recovered in our dataset, 

175 while from Dannemann et al. (2022) [25], 1,415 SNPs were identified as archaically-introgressed 

176 in our dataset. We were able to extract 4,255 variants from the genomic windows associated with 

177 archaic introgression reported in McArthur et al. (2021) [21]. Lastly, from the data reported in 

178 Velazquez-Arcelay et al. (2023) [26] providing archaic-derived circadian and chronotype loci, 

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

The copyright holder for this preprintthis version posted August 12, 2024. ; https://doi.org/10.1101/2024.08.12.607550doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.12.607550
http://creativecommons.org/licenses/by/4.0/


9

179 we were able to recover 9,605 variants in our dataset. In short, our pipeline was successful at 

180 recovering previously reported instances of introgression associated with circadian rhythm and 

181 chronotype. We were also able to recover previously documented introgression patterns, 

182 including both the Chagyrskaya and Vindija Neanderthals being more closely related to the 

183 introgressed Neanderthal DNA in modern humans [44-45], and higher levels of Denisovan 

184 ancestry in Oceanic populations relative to other modern human groups [2] (Fig 1). Next, we 

185 recovered 64,834 putative archaic variants overlapping the genes listed in the CGDB [42]. Our 

186 analysis of the GWAS data [43] for chronotype and sleep-associated traits yielded a very small 

187 number of archaically derived hits, with only 71 markers found in our results. 

188

189 Fig 1. Archaic variant recovery.

190

191 Putative archaic variants recovered in our pipeline. Colours denote map_arch labelling [52] and 

192 are representing the percentage of total recovered variants for the (A) Altai Neanderthal, (B) 

193 Chagyrskaya Neanderthal, (C) Vindija Neanderthal, and (D) Denisovan. The plot was generated 

194 using the ggplot2 package [53] package in R v4.1.2 [54].

195

196 We were first interested in the identification of regions of the modern human genome associated 

197 with circadian rhythm and chronotype with atypically high archaic allele frequencies. We 

198 identified 265 independent, non-overlapping segments in our 62 non-African populations (S1 

199 Table), where each segment overlaps at least one variant or window associated with circadian 

200 rhythm or chronotype, or overlaps the genes listed in the CGDB [42], and the archaic variant has 
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201 an allele frequency ≥ 40% in at least one population within our analysis. Within the Americas, 

202 there are 127 segments that pass these criteria, 123 in East Asia, 44 in Europe, 12 in the Middle 

203 East, 88 in Oceania, and 16 in South Asia (S1 Table). Within these segments, we noted 1,094 

204 independent variants combined between all populations. When we filtered these regions to 

205 include only variants that are the maximum archaic allele frequency in their segment, we found 

206 there are 209 genes and intergenic regions within 131 independent segments (S2 Table). S2 

207 Table also includes the population intersection results and gene information for the circadian 

208 rhythm or chronotype associated variant per population-specific segment. In S3 Table we expand 

209 upon the contents of S2 Table and include all variants with archaic allele frequencies ≥ 40%, 

210 including those that may not be the maximum archaic allele in their respective segment. S3 Table 

211 highlights a total of 1,729 variants that are found within 303 genes and intergenic regions. 

212

213 Core haplotypes and evidence of positive selection

214

215 After generating our core haplotypes (Materials and Methods), we were left with 36 regions of 

216 interest for further exploration (S4 Table). Twenty-four (~67%) of these regions fall within genes 

217 while the remaining 12 (~33%) are intergenic (S4 Table). After running RAiSD [55], 17 of these 

218 regions show evidence of positive selection (S4 Table). However, only three of these regions, 

219 CCR9 in the Indian Telugu in the U.K. (ITU) population, the larger CEACAM1-LIPE-AS1 cluster 

220 in the Papuans, and JAK1 in the Melanesians showed signatures of positive selection within the 

221 core haplotype. The remaining 14 haplotypes had positive selection signatures that fell within the 

222 introgressed population-specific segment, but outside of the core haplotype (S4 Table). After 
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223 filtering for haplotypes of interest (see S1 Text), CCR9 has 59 haplotypes, CEACAM1-LIPE-AS1 

224 has 63 haplotypes, and JAK1 has 68 haplotypes in their core regions, respectively. Haplotype 

225 networks and ancestral recombination graphs (see S1 Text) for CCR9, CEACAM1-LIPE-AS1, 

226 and JAK1 are shown in Figs 2 and 3. The output window from RAiSD [55] where positive 

227 selection was detected can be seen in S4 Table for core haplotypes where selection exists, while 

228 the contour plots [52] for the three main core haplotypes are shown in Fig 4. Additionally, we 

229 identified the most probable archaic donor for each of the 36 core haplotypes, which is provided 

230 in S4 Table. 

231

232 Fig 2. Haplotype networks of main core haplotypes.

233

234 Haplotype networks for (A) CCR9, (B) CEACAM1-LIPE-AS1, and (C) JAK1, our three core 

235 haplotypes with evidence of positive selection within their core region. Red boxes highlight the 

236 location of archaic haplotypes. The number of mutations along each edge between nodes is 

237 shown in brackets. Plots were generated using PopArt v1.7 [56].

238

239 Fig 3. Ancestral recombination graphs of main core haplotypes.

240

241 Ancestral recombination graphs for variants within core haplotypes with evidence of positive 

242 selection that are matches to the archaic allele and show patterns associated with archaic 

243 ancestry. These patterns include origins at least 1,000,000 years ago and long, non-recombining 
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244 branches with recent expansion within modern human populations associated with derived 

245 mutations. (A) rs71327015 inside of the CCR9 core haplotype in South Asian populations and 

246 (B) rs377425962 inside of the JAK1 core haplotype within Oceanic populations, respectively. 

247 (C) rs184528844 inside of the CEACAM1-LIPE-AS1 core haplotype in Oceanic groups, which 

248 shows an archaic-like branching event despite emergence after the split of archaic hominins and 

249 modern humans. Analysis and graphs were generated using Relate v1.2.1 [57].

250

251 Fig 4. Archaic donor population of main core haplotypes.

252

253 Contour plots based on the match/mismatch ratios of each putative archaic segment genome 

254 wide after filtering for authentic segments. The location of the segment containing the gene is 

255 identified by a white crosshair. Heatmap is coloured by the density of segments from both the 

256 Neanderthal and Denisovan samples at each match/mismatch ratio, with the archaic donor 

257 population being the archaic sample with the highest match/mismatch ratio. (A) CCR9’s segment 

258 is most like the Vindija Neanderthal, (B) CEACAM1-LIPE-AS1 is of Neanderthal affinity 

259 generally, and (C) JAK1 is most similar to the Denisovan. Plots were based upon the scripts 

260 provided by Zhou and Browning (2021) [52] using the kde2d function from the MASS library 

261 [58] in R [54].

262

263 SNP annotations

264
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265 We wanted to explore in more detail potential associations of the archaic variants provided in S3 

266 Table to better understand the implications of our results. To do this we used the NHGRI-EBI 

267 GWAS Catalogue [43] and downloaded the association table results and matched the target 

268 SNPs within our identified regions against those found in the catalogue. In total, we identified 37 

269 putative archaic SNPs that were found at frequencies ≥ 40% in our results and had genome-wide 

270 significant p-values in the GWAS catalogue. These variants are provided in S5 Table. We 

271 expanded our annotation analysis to include variant matches that may not reach genome-wide 

272 significant thresholds by exploring variants in our data that matched results found in SNPnexus 

273 [59-60] and the Variant Effect Predictor (VEP) [61]. These results are included in S6 Table. 

274

275 Discussion

276 No evidence of latitude cline within core haplotypes

277

278 Several prior studies have provided evidence that circadian rhythm or chronotype associated 

279 genes and variants will often exhibit a latitudinal cline. Specifically, phenotypes related to 

280 chronotype based on latitude have been identified in modern human populations [46-47] and 

281 have also been described in regions introgressed from archaic populations [24, 26].  The link 

282 between latitude and circadian rhythm has been established in plants, animals, and insects to 

283 varying degrees [62-64]. Considering these claims, we tested if any evidence of a latitudinal 

284 cline could be found in our core haplotypes that displayed evidence of positive selection (S4 

285 Table). We extracted the maximum archaic allele frequency from each population-specific 
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286 segment intersecting our core haplotypes and plotted them based on longitude and latitude. 

287 Interestingly, and contrary to our prediction, we found no clear evidence of a latitude cline (Fig 

288 5; S7 Table; S1-30 Figs). Four of these core haplotypes (CEACAM1-LIPE-AS1, LINC01107-

289 LINC01937, ROR2, TLR1) have significant p-values (p ≤ 0.05) when testing for the relationship 

290 between maximum archaic allele frequency and latitude, but the relationship is not very strong 

291 with r2 values of 0.063541, 0.058346, 0.067914, and 0.23862, respectively (S7 Table). Most of 

292 the relationships are also counter to our hypothesis, where higher latitude groups, such as the 

293 British from England and Scotland (GBR) and Finnish in Finland (FIN) have lower allele 

294 frequencies than many populations from middle and low latitude regions (S7 Table). Only six 

295 core haplotypes (CCR9, ENSG00000286749, LINC01107-LINC01937, RN7SL423P-

296 ENSG00000232337, ROR2, and TLR1) show positive relationships between maximum archaic 

297 allele frequencies and latitude (S2, S4, S8, S10-S11, S15 Figs), however, the CCR9, 

298 ENSG00000286749, LINC01107-LINC01937, and RN7SL423P-ENSG00000232337 

299 relationships are not significant (S7 Table). Further, our haplotype networks and ancestral 

300 recombination graphs also support this with no clear latitude signature displayed for our core 

301 haplotypes with evidence of positive selection within their core region (Figs 2-3; S31, S33, S35 

302 Figs). 

303

304 Despite a lack of a clear latitudinal pattern, we found evidence of geographic grouping of some 

305 core haplotypes. For instance, the CEACAM1-LIPE-AS1 and JAK1 frequency maps show a clear 

306 bias towards Oceania, with allele frequencies being greater than 40%, while these frequencies 

307 are nearly, or entirely, absent in the rest of our populations (Figs 5A-5B). Similar patterning can 

308 be seen in the AMIGO2 frequency map, where elevated allele frequencies are isolated to Asia 
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309 and Oceania (Fig 5C). We document high frequencies within Oceanic and South Asian 

310 populations in the CCR9 frequency map, which also has some moderately elevated allele 

311 frequencies within Europe and some parts of the Americas (Fig 5D), and a South Asia to Europe 

312 band of high-frequency alleles in RN7SL423P-ENSG00000232337 (Fig 5E). Some of these 

313 patterns are made very clear in our haplotype networks, where, for example in the CCR9 

314 network, geographic pockets of haplotypes are noted (Fig 2A). Within this haplotype network, 

315 most of the African haplotypes are separated from the other haplotypes, indicative of separate 

316 evolutionary histories within these putatively introgressed, high frequency regions. Much of the 

317 clustering is based on previously described levels of allele sharing between archaic populations 

318 and modern humans. In the CEACAM1-LIPE-AS1 network (Fig 2B), contrasting to CCR9, the 

319 archaic haplotype shares an African haplotype, and is only one mutation away from two other 

320 African haplotypes. This may suggest that the archaic haplotype in this segment was derived 

321 from modern humans first, a recently discussed hypothesis in other genomic regions [10]. We 

322 would not expect to see many of these described groupings if circadian patterns related to 

323 latitude were solely controlling expression of these phenotypes. Lastly, our ancestral 

324 recombination graphs also support our inference, with edges and nodes shared between 

325 populations with strongly different latitudes (S31, S33, S35 Figs).

326

327 Fig 5. Frequency maps of core haplotypes with evidence of positive selection.

328

329 Frequency distribution maps generated by extracting the maximum archaic allele frequency from 

330 each core haplotype that had evidence of positive selection generally within its putatively 
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331 derived segment. Here we display a subset of these with interesting geographic patterns. Both 

332 (A) CEACAM1-LIPE-AS1 and (B) JAK1 are nearly exclusively found in Oceanic populations. 

333 (C) AMIGO2 and (D) CCR9 exhibit higher frequencies within Asia and Oceania. (E) 

334 RN7SL423P-ENSG00000232337 shows a band across South Asia into Europe of high-frequency 

335 variants. Our analysis displays no clear latitudinal cline within our core haplotypes with evidence 

336 of positive selection. Plots were generated with the rnaturalearth [65], sf [66-67], and ggplot2 

337 [53] packages in R [54].

338

339 Serotonin associated genes with evidence of adaptive introgression

340

341 We found mixed results supporting the hypothesis that archaic populations contributed 

342 serotonin-associated variants to modern humans due to differing exposure to seasonal light 

343 variation, and further, that these variants will likely have higher instances of chronotype, mood, 

344 and sleep associated phenotypes. We downloaded from GeneCards [68] 375 genes that were 

345 associated with serotonin and intersected these against our list of 303 genes overlapping variants 

346 with archaic allele frequencies ≥ 40% (S3 Table). Four genes and intergenic regions, CHST11, 

347 ENSG00000276064-HTR1B, MECOM, and TBC1D1 that have been previously linked with 

348 serotonin also have signatures of adaptive introgression in modern humans within our dataset (S3 

349 Table). One of these genes, CHST11, is one of our core haplotypes without evidence of positive 

350 selection (S4 Table). Within these genes, there is no signature found regarding chronotype or 

351 sleep phenotypes according to our annotation results (S8 Table). However, CHST11 has been 

352 associated with schizophrenia and bipolar disorder [69], celiac disease [70], and red blood cell 
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353 levels [71]. In patients with schizophrenia and bipolar disorder, reduced serotonin levels were 

354 seen in both disorders [72-73], further, altered circadian rhythms are believed to play a role in 

355 schizophrenia and bipolar disorder development [74]. Circadian rhythms and serotonin levels 

356 have both been discussed in relation to gut health [33-34, 75] and in patients with celiac disease, 

357 elevated levels of serotonin were described [76]. Additionally, celiac disease has been associated 

358 with mood disorders [77]. Prior studies demonstrated that serotonin-deficient mice had reduced 

359 red blood cell counts and an anaemia phenotype [78], that human red blood cells were likely 

360 influenced by circadian rhythms as they reacted to environmental stimuli [79], and lastly, 

361 patients with depression showed lower levels of red blood cell counts and higher instances of 

362 anaemia [80]. 

363

364 We also found evidence of two genes in our dataset within the Gene Ontology (GO) Catalogue 

365 [81-82] that have been described regarding serotonin (S8 Table). ABCC4 is involved in platelet 

366 degranulation (GO:0002576; Reactome:R-HSA-114608), while the variant rs12209650 is 

367 intergenic between ENSG00000276064 and HTR1B, where HTR1B has been found to enable 

368 serotonin receptor activity (GO:0004993; GO_REF:0000033) and binding (GO:0051378; 

369 GO_REF:0000107) [83]. HTR1B is also involved in the adenylate cyclase-inhibiting serotonin 

370 receptor signalling pathway (GO:0007198; GO_REF:0000033) [83] and negative regulation of 

371 serotonin secretion (GO:0014063) (S8 Table). Taken together, our results show that 83% of the 

372 serotonin genes we found in our results are likely adaptively introgressed and being the 

373 maximum archaic allele within their respective segment (S2 Table), highlighting the importance 

374 of serotonin and its links to circadian rhythms within modern humans. Therefore, while overt 

375 contributions to sleep and wake cycles because of archaic admixture are not found in genes 
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376 linked with serotonin in our adaptive introgression results reported here, underlying mechanisms 

377 due to archaic admixture related to mood disorders and biological processes that are impacted by 

378 both circadian rhythm oscillations and serotonin levels are evident in our results. However, we 

379 also note extensive evidence of genes associated with immune function within our results, 

380 making it unclear if the association with serotonin is the driving selection event in these regions 

381 (see Gene association and function), or a combination of other processes.

382

383 Significant GWAS associations 

384

385 Two SNPs within our core haplotypes have significant GWAS associations. The DNAAF10 core 

386 haplotype is found in the CDX at chr2:68342443-68503920 and did not display any signals of 

387 positive selection (S4 Table). The intronic variant rs6757906 has previously been linked with 

388 systolic blood pressure readings [84] (S5 Table) and is found within a gene described in the 

389 CGDB [42] as having a circadian component (S2 Table). While rs6757906 was found in 

390 frequencies over 60% in the Lahu population, it is seen predominantly in populations from the 

391 Americas, East Asia, and South Asia at frequencies over 25% (S2 Table). This marker was only 

392 seen at high frequencies in the Chagyrskaya dataset (S2 Table) and has the highest match rating 

393 to the Chagyrskaya Neanderthal within the core haplotype (S4 Table). Within the CHB 

394 population, the intronic variant rs66819621 overlaps a gene listed in the CGDB [42] and is 

395 within the same segment as the TLR1 core haplotype (S4 Table). The variant is found in 

396 frequencies over 54% in the CHB population from the 1KGP but has worldwide allele 

397 frequencies over 15% in many 1KGP and HGDP populations (S2 Table). The archaic donor 
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398 population for this region is non-specific as all three Neanderthal samples have similar 

399 match/mismatch ratios (S4 Table). This variant has been previously associated with allergic 

400 rhinitis by a study examining data from the UK Biobank [85] (S5 Table). 

401

402 We identified three SNPs in our analysis that were also found at genome-wide significance in 

403 GWAS studies focused on chronotype. The intronic variant rs72799142 is found in LINC01470 

404 at elevated frequencies in the Brahui, Kalash, Makrani, and Sindhi populations (S2 Table). While 

405 this variant has not been reported in prior analyses specifically discussing adaptive introgression 

406 and chronotype phenotypes, the haplotypes presented in Jagoda et al. (2018) [86] do overlap 

407 with rs72799142. Prior GWAS analysis linked this marker with being a morning person [39] (S5 

408 Table). The variant rs723427 is found in the LINC01933-ENSG00000286749 intergenic region 

409 within the Surui at an allele frequency of 43.75% (S2 Table) and is also associated with being a 

410 morning person according to GWAS analysis [39] (S5 Table). McArthur et al. (2021) [21] 

411 previously identified a haplotype that overlapped rs723427 while Velazquez-Arcelay and 

412 colleagues (2023) [26] identified this SNP as a non-circadian variant. On the segment 

413 chr7:50426534-5089919, the intronic variant rs2190500 intersects GRB10 in the Tu population. 

414 This SNP has also been associated with morningness [87] (S5 Table), has been highlighted 

415 previously within a gene published in the CGDB [42], and overlaps the published datasets of 

416 many studies examining archaic introgression [7, 21, 26, 86, 88]. We would also like to highlight 

417 that we found links between archaically inherited SNPs with genome-wide significant GWAS p-

418 values with a variety of other traits (S5 Table) but are outside of the focus of this paper. 

419
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420 Gene association and function

421 Some of the archaic variants intersecting circadian rhythm genes or showcasing circadian rhythm 

422 or chronotype traits have multiple other associated effects. For instance, the segment 

423 chr12:27534234-27967385 in the Cambodian population overlaps MRPS35, and the missense 

424 variant rs1127787 was discussed as being significantly linked with chronotype by Dannemann 

425 and Kelso (2017) [20] (S2 Table). However, the results from the GWAS Catalogue [43] show 

426 links with blood protein levels [89], mitochondrial DNA copy number [90-91], and type-2 

427 diabetes [92] (S5 Table). Our results illustrate clear pleiotropy in a number of these positions 

428 (S5, S6 Tables). In this section we discuss briefly a few select association themes that are seen 

429 repeatedly throughout our annotation results (S6 Table).

430

431 Several variants in our annotation results are associated with sleep phenotypes. Variants within 

432 ASB13, DAPK1, MIR378A, PPARGC1B, and SALL2 have all been previously tied to narcolepsy 

433 [93-94] (S6 Table). Within these, there is evidence of regional associations as the genes and trait 

434 loci, except ASB13 found at high frequencies in Oceanic groups, are predominantly found within 

435 American populations (S3 Table). One variant, rs144380014 overlapping PTCH1, found only in 

436 the Melanesians, Papuans, and Naxi, (S3 Table) has associations with obstructive sleep apnea 

437 (S6 Table) in American populations [95]. Two genes, GRB10 and TLR1, show evidence of 

438 generalised sleep phenotypes [96] (S6 Table), where variants associated with these genes are 

439 dispersed more generally throughout our sample populations (S3 Table). Interestingly, both 

440 genes have been associated previously with Neanderthal introgression regarding immunity-

441 linked haplotypes [17, 21]. 
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442

443 Links between circadian rhythm oscillations and immune function have been described 

444 previously [35-37]. In our analysis, we identified 57 genes with annotations describing immune 

445 function (S6 Table), which is over 25% of the genes found in our entire maximum allele 

446 frequency dataset (S2 Table). Six of these genes, CCR9, CHST11, GLP1R, JAK1, KCNH7, and 

447 TLR1 were identified as core haplotypes, where all of them except CHST11 and GLP1R had 

448 evidence of positive selection (S4 Table). All these genes have been linked with multiple traits 

449 (S6 Table) and have also been described previously in relation to archaic introgression [17, 97-

450 103]. For example, a CCR9 haplotype introgressed from Neanderthals conferred a susceptibility 

451 to severe COVID-19 [104], while JAK1 has been identified with a host of other immune-

452 response genes due to archaic admixture [105]. 

453

454 The connection between circadian rhythm and mental health disorders such as schizophrenia and 

455 bipolar disorder have been discussed before [74, 106]. Previous research found enrichment for 

456 schizophrenia-associated loci in Neanderthal-introgressed regions [23], however, this association 

457 has been contested when two recent studies described they found no such connection [21, 25]. 

458 Our results highlight 46 genes and two intergenic regions that have associations with 

459 schizophrenia (S6 Table). Five of these genes are found in our core haplotypes, and include 

460 AMIGO2, CHST11, DNM1L, ENSG00000257643, and TSPAN11, of which, only AMIGO2 

461 shows evidence of positive selection (S4 Table). Our maximum archaic alleles in AMIGO2 

462 (rs142658135), DNM1L (rs190280601), and TSPAN11 (rs2241322 and rs76693329) have been 

463 associated with schizophrenia and bipolar disorder [69] (S6 Table). We found that four genes in 

464 our analysis were linked with depression (GAD1, COX6CP1, ENSG00000275666, and KCNQ1) 
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465 [107-108], although none of these were core haplotypes. We also detect instances of other 

466 complex traits within our analysis, that include, but are not limited to, multiple sclerosis, 

467 Parkinson’s disease, amyotrophic lateral sclerosis (ALS/Lou Gehrig’s Disease), and Alzheimer's 

468 (S6 Table). However, discussions regarding these are outside of the scope of this paper. Despite 

469 some contention previously regarding the archaically derived nature of some complex traits as 

470 noted above, our results show clear elevated allele frequencies at variants associated with these 

471 traits across multiple loci (S6 Table), where further research may clarify the extent of these 

472 connections. 

473

474 Limitations

475

476 Our study has several limitations. First, is that SPrime’s accuracy drops when a population has 

477 less than 15 samples for analysis [7]. This is unfortunately the case for many of the populations 

478 within the HGDP sample set. A consequence of this is that some of our windows may represent 

479 false positives. Additionally, due to the small sample size, elevated allele frequencies at many 

480 variants within these populations are seen, where other geographically similar populations with 

481 adequate sample sizes, such as in the 1KGP populations, do not show such high frequencies. We 

482 detected several introgressed variants that are either at, or nearly at, fixation (allele frequencies = 

483 100%) in our dataset (S2 Table). For example, rs16822674 (overlapping U3) and rs17051049 

484 (overlapping intergenic region GAPDHP56-ENSG00000280059) in the Surui are both fixed (S2 

485 Table). However, these variants are also seen in populations with sample sizes over 15 and at 

486 allele frequencies greater than the typical introgressed archaic background frequencies [109] 
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487 suggesting that the introgressed segment is correct. Further, these regions also passed our filters 

488 regarding authenticating segments and reducing instances of false positives (Materials and 

489 methods). It is possible that in some populations with small effective population sizes, such as 

490 the Surui, the effect of drift has driven archaic alleles to very high frequencies. Overall, it is 

491 important to be cautious about the interpretation of the archaic allele frequencies of some of the 

492 HGDP samples due to their very small sample sizes. A second limitation is SPrime’s masking of 

493 modern human segments found in an African reference panel [7], which has been shown to limit 

494 the detection power of archaic sequences in populations outside of the reference [88]. Therefore, 

495 we may be removing variants that may have passed our filters due to being shared with our 

496 reference population, the Yoruba in Ibadan, Nigeria (YRI). An extension of this is our filtering 

497 thresholds were quite stringent. Since we were looking for signatures of adaptive introgression, 

498 all the variants discussed here are common (40% or greater allele frequency), which means most 

499 archaic alleles will fail this filtration step. On the one hand, we can clearly exhibit instances of 

500 adaptive introgression regarding circadian rhythm and chronotype-associated variants in modern 

501 humans due to admixture with archaic hominins, on the other hand, we also removed many other 

502 very interesting segments worth exploring that may have elevated allele frequencies relative to 

503 typical archaically-introgressed levels. Future analysis should explore these limitations to help 

504 resolve some of the questions our results leave. These include utilising adequate sample sizes 

505 from more diverse human populations, exploring the effects of software on the recovery of 

506 segments with signals of adaptive introgression, investigating in detail serotonin and complex 

507 trait relationships in modern humans due to archaic introgression, deeper research into latitude 

508 clines in archaically derived regions, and lastly, examining variants with differing frequency 

509 cutoffs to see if other interesting patterns may emerge.
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510

511 Conclusions

512

513 Our paper has documented over 300 genes and intergenic segments that fall within 265 

514 independent windows within global non-African populations. Many of these gene and intergenic 

515 segments have been described in prior studies discussing either adaptive introgression into 

516 modern humans from archaic populations or in relation to circadian rhythm and chronotype 

517 phenotypes in modern humans due to archaic introgression, confirming our results. We were able 

518 to expand on these previous analyses by investigating the extent of adaptive introgression within 

519 circadian rhythm- and chronotype-associated genomic regions within 76 worldwide populations, 

520 where previous studies have focused mostly on Eurasian populations from the 1KGP. Many of 

521 our reported genes show well documented signatures of introgression from archaic samples into 

522 modern humans, including an abundance of immunity-associated loci, complex traits including 

523 schizophrenia and bipolar disorder, and sleep associated phenotypes. Our results show clear 

524 pleiotropy, and we report in some instances the first time these regions have been described in 

525 relation with circadian rhythms and archaic introgression. Within these regions, we identified 

526 over 1,700 variants that have allele frequencies of at least 40%, and are directly matched to an 

527 archaic allele, of which, 37 genome-wide significant SNPs based on GWAS analysis were found 

528 in our dataset. Three of these GWAS variants were found to influence chronotype and the 

529 likelihood of being a morning person. In addition to these, we note that many of these significant 

530 variants were found to influence health-specific phenotypes. 

531
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532 We explored in detail 36 regions that we consider to be core haplotypes based on the highest 

533 allele frequency variants within these introgressed regions matching archaic alleles, having allele 

534 frequencies greater than or equal to 40%, and directly matching or falling within a region 

535 previously described as being associated with circadian rhythm or chronotype. From these, we 

536 found that 17 of these segments displayed evidence of positive selection within modern human 

537 populations, with three of these segments having evidence of positive selection in windows 

538 within 5% of the maximum archaic allele frequency variant, providing leverage to the idea that 

539 these specific regions were direct targets of adaptive introgression. We did not find definitive 

540 evidence of latitude-based clines within our core haplotype regions, instead finding clearer 

541 signals that these regions cluster more closely based on geographic similarities and previously 

542 described archaic ancestry patterns. 

543

544 This study significantly advances our understanding of how archaic introgression has influenced 

545 modern human circadian rhythms and sleep patterns. By identifying a broad array of introgressed 

546 genes and intergenic segments linked to circadian functions across diverse global populations, 

547 we provide new insights into the evolutionary pressures that shaped these traits. The clear 

548 evidence of positive selection in several of these regions underscores their adaptive value. Yet, 

549 this work also suggests future, hypothesis driven work is needed to disentangle the role clinal 

550 adaptation has played in the evolution of circadian rhythms in the human lineage. This research 

551 paves the way for future studies to explore the intricate connections between circadian rhythms, 

552 mental health, and immune function, potentially leading to innovative approaches in 

553 chronomedicine and personalised healthcare.

554
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555 Materials and methods

556

557 Modern human, Neanderthal, and Denisovan VCF files

558

559 Our modern human samples came from the previously published, phased gnomAD 1KGP + 

560 HGDP callset [41]. This unique dataset compiles the high-resolution data from the Human 

561 Genome Diversity Project (n=51 populations) and 1000 Genomes Project (n=25 populations) all 

562 mapped to GRCh38 (hg38) coordinates. Following the SPrime protocol [52], we used the YRI 

563 population from the 1KGP (n=108) as the outgroup for our analyses and combined them with 

564 each target population. We removed any non-biallelic SNPs using BCFtools v1.13 [110]. We 

565 updated all known variant IDs using the dbSNP database [111] annotation files for matching 

566 abilities in downstream analyses. Any variants with blank IDs were manually tagged with the 

567 chromosome:position:reference_alternative naming convention (i.e. chr1:15364:G_A). The 

568 archaic VCFs and their associated mask files were downloaded from the hosting sites listed in 

569 their publications. Duplicated variants were removed using PLINK2 [112].

570

571 Introgression identification and matching to archaic sequences

572

573 To identify variants that are likely due to admixture between archaic hominins and modern 

574 humans, we used SPrime [7] with all recommended settings according to the original paper. 
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575 SPrime is an archaic-reference-free software that uses a scoring parameter to identify segments 

576 in modern humans considered to be introgressed from archaic hominins. These segments are kept 

577 by the software if they are above the recommended scoring threshold of 150,000 [7]. Because the 

578 modern human genomes are mapped to hg38 coordinates and the Neanderthal and Denisovan 

579 genomes are mapped to GRCh37 (hg19), we lifted over the SPrime output files using the UCSC 

580 LiftOver Linux executable [113] to hg19. To ensure that the LiftOver [113] had not mapped any 

581 variants incorrectly, we discarded any variants that had jumped chromosomes. We used a 

582 secondary software, map_arch [52], to match our results to the archaic alleles. This software 

583 takes the SPrime output file, an archaic VCF, and the associated archaic mask file to create a 

584 new file showcasing whether the modern human variant identified by SPrime matches, 

585 mismatches, or is not comparable with the archaic genome of interest. Next, we used BCFtools 

586 [110] to generate allele frequencies for each of the modern human populations and merged these 

587 with our output using the dplyr package [114] in R [54]. We extracted the putatively introgressed 

588 segments identified in our analysis from each population, combined them together with 

589 populations from the same region according to the gnomAD sample metatable, and reduced them 

590 to the minimum number of non-overlapping segments using the GenomicRanges package v3.19 

591 [115] in R [54].

592

593 Chronotype and circadian rhythm datasets

594

595 We were interested in identifying if regions associated with circadian rhythm and chronotype in 

596 modern humans had any signatures of introgression from archaic hominins. Our analysis focused 
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597 on compiling genes and variants linked with circadian rhythm or chronotype expression from 

598 previously reported datasets to test for these signatures. The CGDB contains over 70,000 

599 circadian related genes identified in eukaryotic organisms [42]. We downloaded the genes found 

600 on modern human autosomes (n=1,236) from the CGDB [42] along with variants and 

601 introgressed segments published by Dannemann & Kelso (2017) [20], McArthur et al. (2021) 

602 [21], Dannemann et al. (2022) [25], and Velazquez-Arcelay et al. (2023) [26], all of which 

603 connected with circadian rhythms and chronotype expression because of archaic introgression. 

604 Additionally, we extracted all hits from the NHGRI-EBI GWAS Catalogue [43] associated with 

605 chronotype, circadian rhythm, or sleep phenotypes that had reached genome-wide significant p-

606 values of p=5x10-8 or less. Since some studies will report windows suggestive of introgressed 

607 haplotypes, and others focus on just reporting variants, we opted to normalise our analysis by 

608 extracting either previously reported variants or variants found within previously described 

609 windows. Additionally, since some studies used in our analyses use different genome builds 

610 (hg19 vs. hg38), we report all our results in hg19 format to match that of the archaic samples. 

611 We extracted these variants from our results by matching the variant rsIDs using the dplyr 

612 package [114] in R [54].

613

614 Adaptive introgression, core haplotypes, and candidates of positive 

615 selection

616

617 We were interested in identifying if any archaic variants present in the modern human genome 

618 were brought to elevated frequencies due to adaptive introgression, focusing on circadian rhythm 
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619 or chronotype-associated genes. SPrime is sensitive enough to detect adaptive introgression in 

620 the human genome [7]. To test for this, we followed Browning and colleagues (2018) 

621 recommendations of selecting identified archaic segments that have 30 or more markers in the 

622 identified segment and have a match/mismatch ratio (number of matches divided by the total 

623 number of matches and mismatches) of >50% for the Neanderthals and >40% for the Denisovan 

624 [7]. After filtering out segments that failed this step, we used SnpEff [116] to annotate our VCFs 

625 and then merged this information with our population files using the rsIDs. Next, we used 

626 BEDTools [117] to intersect our population files with every other population to identify regional 

627 signatures and repeated this for each population for each archaic. 

628

629 Browning and colleagues (2018) [7] identified two highly probable regions of adaptive 

630 introgression per population by first removing all variants with frequencies below 30% followed 

631 by additionally removing variants with allele frequencies 20% or more below the maximum 

632 allele frequency per segment. We applied a similar methodology, but wanted to identify possible 

633 targets of adaptive introgression in each modern human autosome that were related to circadian 

634 rhythm or chronotype. For each modern human population, we took our intersected population 

635 file and removed any putative archaic variants with allele frequencies below 40%. Next, we 

636 identified the archaic variant with the maximum archaic allele frequency per segment. Following 

637 this we then removed all variants with archaic allele frequencies more than 5% below the 

638 maximum archaic allele frequency directly upstream and downstream of that variant. We 

639 repeated this analysis for all variants that were both the maximum frequency archaic variant in 

640 their respective segment, had an allele frequency of at least 0.40, matched the archaic allele, and 

641 were either previously linked with circadian rhythm or chronotype expression or overlapped 
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642 segments suggesting these signatures. This allowed us to identify what we believe are core 

643 haplotypes introgressed from archaic populations. Due to oftentimes small sample size and the 

644 effects of drift, we focused our analysis of the core haplotypes from the 1KGP populations only, 

645 along with the Papuan and Melanesian samples from the HGDP, to test for signatures of 

646 Denisovan ancestry. To give additional weight to our analysis, we also used RAiSD [55] with 

647 standard input parameters to detect evidence of positive selection within the population-specific 

648 segment containing a core haplotype. Variants determined to be in positive selection were those 

649 at the top 0.5% threshold for that chromosome, as suggested by the RAiSD documentation [55]. 

650

651 Archaic donor populations

652

653 The ratio of the number of matches and mismatches can be compared to identify whether 

654 introgressed segments are from Neanderthals or Denisovans [7, 52]. We tested for this by taking 

655 segments with 30 or more variants where segments that are believed to be of Neanderthal affinity 

656 will have match/mismatch ratios greater than 60% to a Neanderthal sample coinciding with a 

657 match/mismatch ratio below 40% for the Denisovan [7]. Similarly, segments likely of Denisovan 

658 origin will have a match/mismatch ratio more than 40% to the Denisovan and below 30% with 

659 the Neanderthals [7]. We first excluded segments that did not pass our adaptive introgression 

660 thresholds for each population relative to each archaic sample, and then identified which of these 

661 segments are clearly introgressed from one archaic sample relative to the others. When a 

662 segment passed the donor thresholds and had a segment match/mismatch ratio more than 5% 

663 higher relative to the other three archaic samples, we inferred that the putative archaic donor is 
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664 closest to that archaic population. If the match/mismatch ratio is within 5% relative to the other 

665 archaic samples, we consider that to be inconclusive and is of archaic affinity generally. We 

666 applied these calculations to our core haplotypes. To visualise these affinities, we generated 

667 contour plots based on the scripts provided by Zhou and Browning (2021) [52] in R [54] using 

668 the kde2d function from MASS [58] for core haplotypes with evidence of positive selection.

669

670 Gene and Variant Phenotype Associations

671

672 For all genes described in our results we attempted to attribute a phenotypic association. Variant 

673 analysis was done using the GRCh37 search in SNPnexus [59-60] and in VEP for the GRCh37 

674 Release 112 [61]. Gene ontology information was compiled from the GO Consortium data [81-

675 82] on genes downloaded from BioMart in the GRCh37 Release 112 [61].

676
677
678
679
680
681
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1085 BioMart [61]. The table is in alphabetical order based on the gene name. Missing data based on 
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1087 S1 Fig. AMIGO2 linear regression graph. Comparison of maximum archaic allele frequency 

1088 (x-axis) against absolute latitude (y-axis) for the AMIGO2 core haplotype. There was no 

1089 significant relationship (p=0.13896) with a low coefficient of determination (r2 = 0.029348). The 

1090 line of best fit is sloped negatively. The plot and summary statistics were generated using PAST 

1091 [118]. (TIF)

1092 S2 Fig. CCR9 linear regression graph. Comparison of maximum archaic allele frequency (x-

1093 axis) against absolute latitude (y-axis) for the CCR9 core haplotype. There was no significant 

1094 relationship (p=0.10945) with a low coefficient of determination (r2 = 0.034256). The line of best 

1095 fit is sloped positively. The plot and summary statistics were generated using PAST [118]. (TIF)

1096 S3 Fig. CEACAM1-LIPE-AS1 linear regression graph. Comparison of maximum archaic 

1097 allele frequency (x-axis) against absolute latitude (y-axis) for the CEACAM1-LIPE-AS1 core 

1098 haplotype. There was a significant relationship (p=0.028042) with a low coefficient of 

1099 determination (r2 = 0.063541). The line of best fit is sloped negatively. The plot and summary 

1100 statistics were generated using PAST [118]. (TIF)

1101 S4 Fig. ENSG00000286749 linear regression graph. Comparison of maximum archaic allele 

1102 frequency (x-axis) against absolute latitude (y-axis) for the ENSG00000286749 core haplotype. 

1103 There was no significant relationship (p=0.29001) with a low coefficient of determination (r2 = 
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1104 0.015117). The line of best is sloped positively. The plot and summary statistics were generated 

1105 using PAST [118]. (TIF)

1106 S5 Fig. ENSG00000279193-ENSG00000276122 linear regression graph. Comparison of 

1107 maximum archaic allele frequency (x-axis) against absolute latitude (y-axis) for the 

1108 ENSG00000279193-ENSG00000276122 core haplotype. There was no significant relationship 

1109 (p=0.16315) with a low coefficient of determination (r2 = 0.026111). The line of best is sloped 

1110 negatively. The plot and summary statistics were generated using PAST [118]. (TIF)

1111 S6 Fig. JAK1 linear regression graph. Comparison of maximum archaic allele frequency (x-

1112 axis) against absolute latitude (y-axis) for the JAK1 core haplotype. There was no significant 

1113 relationship (p=0.06091) with a low coefficient of determination (r2 = 0.046662). The line of best 

1114 is sloped negatively. The plot and summary statistics were generated using PAST [118]. (TIF)

1115 S7 Fig. KCNH7 linear regression graph. Comparison of maximum archaic allele frequency (x-

1116 axis) against absolute latitude (y-axis) for the KCNH7 core haplotype. There was no significant 

1117 relationship (p=0.31644) with a low coefficient of determination (r2 = 0.013561). The line of best 

1118 is sloped negatively. The plot and summary statistics were generated using PAST [118]. (TIF)

1119 S8 Fig. LINC01107-LINC01937 linear regression graph. Comparison of maximum archaic 

1120 allele frequency (x-axis) against absolute latitude (y-axis) for the LINC01107-LINC01937 core 

1121 haplotype. There was a significant relationship (p=0.035543) with a low coefficient of 

1122 determination (r2 = 0.058346). The line of best is sloped positively. The plot and summary 

1123 statistics were generated using PAST [118]. (TIF)

1124 S9 Fig. MIER3 linear regression graph. Comparison of maximum archaic allele frequency (x-

1125 axis) against absolute latitude (y-axis) for the MIER3 core haplotype. There was no significant 
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1126 relationship (p=0.075055) with a low coefficient of determination (r2 = 0.042196). The line of 

1127 best is sloped negatively. The plot and summary statistics were generated using PAST [118]. 

1128 (TIF)

1129 S10 Fig. RN7SL423P-ENSG00000232337 linear regression graph. Comparison of maximum 

1130 archaic allele frequency (x-axis) against absolute latitude (y-axis) for the RN7SL423P-

1131 RNSG00000232337 core haplotype. There was no significant relationship (p=0.098013) with a 

1132 low coefficient of determination (r2 = 0.036559). The line of best is sloped positively. The plot 

1133 and summary statistics were generated using PAST [118]. (TIF)

1134 S11 Fig. ROR2 linear regression graph. Comparison of maximum archaic allele frequency (x-

1135 axis) against absolute latitude (y-axis) for the ROR2 core haplotype. There was a significant 

1136 relationship (p=0.022986) with a low coefficient of determination (r2 = 0.067914). The line of 

1137 best is sloped positively. The plot and summary statistics were generated using PAST [118]. 

1138 (TIF)

1139 S12 Fig. RPSAP11-ENSG00000261572 linear regression graph. Comparison of maximum 

1140 archaic allele frequency (x-axis) against absolute latitude (y-axis) for the RPSAP11-

1141 ENSG00000261572 core haplotype. There was no significant relationship (p=0.84219) with a 

1142 low coefficient of determination (r2 = 0.0005391). The line of best is sloped negatively. The plot 

1143 and summary statistics were generated using PAST [118]. (TIF)

1144 S13 Fig. SUSD1 linear regression graph. Comparison of maximum archaic allele frequency (x-

1145 axis) against absolute latitude (y-axis) for the SUSD1 core haplotype. There was no significant 

1146 relationship (p=0.4878) with a low coefficient of determination (r2 = 0.00652766). The line of 
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1147 best is sloped negatively. The plot and summary statistics were generated using PAST [118]. 

1148 (TIF)

1149 S14 Fig. TIAM2 linear regression graph. Comparison of maximum archaic allele frequency (x-

1150 axis) against absolute latitude (y-axis) for the TIAM2 core haplotype. There was no significant 

1151 relationship (p=0.59898) with a low coefficient of determination (r2 = 0.0037553). The line of 

1152 best is sloped negatively. The plot and summary statistics were generated using PAST [118]. 

1153 (TIF)

1154 S15 Fig. TLR1 linear regression graph. Comparison of maximum archaic allele frequency (x-

1155 axis) against absolute latitude (y-axis) for the TLR1 core haplotype. There was a significant 

1156 relationship (p=0.00000758) with a low coefficient of determination (r2 = 0.23862). The line of 

1157 best is sloped positively. The plot and summary statistics were generated using PAST [118]. 

1158 (TIF)

1159 S16 Fig. AMIGO2 maximum archaic allele frequency map. The maximum archaic allele 

1160 frequency of each population in our analysis for AMIGO2 plotted using rnaturalearth [65], sf 

1161 [66-67], and ggplot2 [53] in R [54].

1162 S17 Fig. CCR9 maximum archaic allele frequency map. The maximum archaic allele 

1163 frequency of each population in our analysis for CCR9 plotted using rnaturalearth [65], sf [66-

1164 67], and ggplot2 [53] in R [54].

1165 S18 Fig. CEACAM1-LIPE-AS1 maximum archaic allele frequency map. The maximum 

1166 archaic allele frequency of each population in our analysis for CEACAM1-LIPE- plotted using 

1167 rnaturalearth [65], sf [66-67], and ggplot2 [53] in R [54].
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1168 S19 Fig. ENSG00000286749 maximum archaic allele frequency map. The maximum archaic 

1169 allele frequency of each population in our analysis for ENSG00000286749 plotted using 

1170 rnaturalearth [65], sf [66-67], and ggplot2 [53] in R [54].

1171 S20 Fig. ENSG00000279193-ENSG00000276122 maximum archaic allele frequency map. 

1172 The maximum archaic allele frequency of each population in our analysis for 

1173 ENSG00000279192-ENSG00000276122 plotted using rnaturalearth [65], sf [66-67], and ggplot2 

1174 [53] in R [54].

1175 S21 Fig. JAK1 maximum archaic allele frequency map. The maximum archaic allele 

1176 frequency of each population in our analysis for JAK1 plotted using rnaturalearth [65], sf [66-

1177 67], and ggplot2 [53] in R [54].

1178 S22 Fig. KCNH7 maximum archaic allele frequency map. The maximum archaic allele 

1179 frequency of each population in our analysis for KCNH7 plotted using rnaturalearth [65], sf [66-

1180 67], and ggplot2 [53] in R [54].

1181 S23 Fig. LINC01107-LINC01937 maximum archaic allele frequency map. The maximum 

1182 archaic allele frequency of each population in our analysis for LINC01107-LINC01937 plotted 

1183 using rnaturalearth [65], sf [66-67], and ggplot2 [53] in R [54].

1184 S24 Fig. MIER3 maximum archaic allele frequency map. The maximum archaic allele 

1185 frequency of each population in our analysis for MIER3 plotted using rnaturalearth [65], sf [66-

1186 67], and ggplot2 [53] in R [54].

1187 S25 Fig. RN7SL432P-ENSG00000232337 maximum archaic allele frequency map. The 

1188 maximum archaic allele frequency of each population in our analysis for RN7SL432P-

1189 ENSG00000232337 plotted using rnaturalearth [65], sf [66-67], and ggplot2 [53] in R [54].
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1190 S26 Fig. ROR2 maximum archaic allele frequency map. The maximum archaic allele 

1191 frequency of each population in our analysis for ROR2 plotted using rnaturalearth [65], sf [66-

1192 67], and ggplot2 [53] in R [54].

1193 S27 Fig. RPSAP11-ENSG00000261572 maximum archaic allele frequency map. The 

1194 maximum archaic allele frequency of each population in our analysis for RPSAP11-

1195 ENSG00000261572 plotted using rnaturalearth [65], sf [66-67], and ggplot2 [53] in R [54].

1196 S28 Fig. SUSD1 maximum archaic allele frequency map. The maximum archaic allele 

1197 frequency of each population in our analysis for SUSD1 plotted using rnaturalearth [65], sf [66-

1198 67], and ggplot2 [53] in R [54].

1199 S29 Fig. TIAM2 maximum archaic allele frequency map. The maximum archaic allele 

1200 frequency of each population in our analysis for TIAM2 plotted using rnaturalearth [65], sf [66-

1201 67], and ggplot2 [53] in R [54].

1202 S30 Fig. TLR1 maximum archaic allele frequency map. The maximum archaic allele 

1203 frequency of each population in our analysis for TLR1 plotted using rnaturalearth [65], sf [66-

1204 67], and ggplot2 [53] in R [54].

1205 S31 Fig. CEACAM1-LIPE-AS1 global ancestral recombination graph. Ancestral 

1206 recombination graph for rs184528844 inside of CEACAM1-LIPE-AS1 for the Oceanic 

1207 populations plotted against all non-African populations from the 1KGP with the YRI as a proxy 

1208 for sub-Saharan African populations. The plot was generated using Relate [57]. (TIF)

1209 S32 Fig. CEACAM1-LIPE-AS1 regional ancestral recombination graph. Ancestral 

1210 recombination graph for rs184528844 inside of CEACAM1-LIPE-AS1 for the Oceanic 

1211 populations plotted against just the YRI. The plot was generated using Relate [57].  (TIF)
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1212 S33 Fig. CCR9 global ancestral recombination graph. Ancestral recombination graph for 

1213 rs71327015 inside of CCR9 for the South Asian populations plotted against all non-African 

1214 populations from the 1KGP with the YRI as a proxy for sub-Saharan African populations. The 

1215 plot was generated using Relate [57].  (TIF)

1216 S34 Fig. CCR9 regional ancestral recombination graph. Ancestral recombination graph for 

1217 rs71327015 inside of CCR9 for the South Asian populations plotted against just the YRI. The 

1218 plot was generated using Relate [57].  (TIF)

1219 S35 Fig. JAK1 global ancestral recombination graph. Ancestral recombination graph for 

1220 rs377425962 inside of JAK1 for the Oceanic populations plotted against all non-African 

1221 populations from the 1KGP with the YRI as a proxy for sub-Saharan African populations. The 

1222 plot was generated using Relate [57].  (TIF)

1223 S36 Fig. JAK1 regional ancestral recombination graph. Ancestral recombination graph for 

1224 rs377425962 inside of JAK1 for the South Asian populations plotted against just the YRI. The 

1225 plot was generated using Relate [57].  (TIF)

1226

1227

1228

1229

1230

1231

1232
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