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Abstract 13 

 14 

After the main out-of-Africa event, humans interbred with Neanderthals leaving 1-2% of 15 

Neanderthal DNA scattered in small fragments in all non-African genomes today1,2. Here we 16 

investigate the size distribution of these fragments in non-African genomes3. We find 17 

consistent differences in fragment length distributions across Eurasia with 11% longer 18 

fragments in East Asians than in West Eurasians. By comparing extant populations and 19 

ancient samples, we show that these differences are due to a different rate of decay in length 20 

by recombination since the Neanderthal admixture. In line with this, we observe a strong 21 

correlation between the average fragment length and the accumulation of derived mutations, 22 

similar to what is expected by changing the ages at reproduction as estimated from trio 23 

studies4. Altogether, our results suggest consistent differences in the generation interval 24 

across Eurasia, by up to 20% (e.g. 25 versus 30 years), over the past 40,000 years. We use 25 

sex-specific accumulations of derived alleles to infer how these changes in generation 26 

intervals between geographical regions could have been mainly driven by shifts in either male 27 

or female age of reproduction, or both. We also find that previously reported variation in the 28 

mutational spectrum5 may be largely explained by changes to the generation interval and not 29 

by changes to the underlying mutational mechanism. We conclude that Neanderthal fragment 30 

lengths provide unique insight into differences of a key demographic parameter among human 31 

populations over the recent history.   32 
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2 

Introduction 33 

 34 

If Neanderthal sequences in all non-Africans stem from a single introgression event, then 35 

differences in Neandertal fragment length distribution across the world would be indicative of 36 

differences in the speed of the recombination clock. Assuming a constant number of 37 

recombinations per generation, this would then imply differences in the number of generations 38 

since the admixture event and consequently differences in generation times among 39 

populations. While recent studies point towards a single gene flow event2, an additional 40 

admixture event private to Asians has also been proposed6,7 because Asian genomes carry 41 

larger amounts of Neanderthal sequence compared to European genomes. However, Asian 42 

genomes will also have more archaic fragments if a single gene flow common to Eurasians 43 

was followed by dilution of Neanderthal content in Europeans due to subsequent admixture 44 

with a population without Neanderthal admixture2,8. 45 

 46 

An independent source of information for estimating differences in generation time is the rate 47 

and spectrum of derived alleles accumulating in genomes over a given amount of time9,10. 48 

Pedigree studies have shown that the yearly mutation rate slightly decreases when the 49 

generation time increases because the mutational burst in the germline before puberty 50 

represents a high proportion of new mutations in young parents4. Moreover, the relative 51 

proportion of different mutational types depends on both the paternal and maternal age at 52 

reproduction. This has been exploited to estimate differences in generation intervals for males 53 

and females between Neanderthals and humans9.   54 

 55 

Here we investigate archaic fragment length distributions among extant non-Africans 56 

genomes from the Simon Genome Diversity Project (SGDP)3 and high coverage ancient 57 

genomes. We report strong evidence for a single Neanderthal admixture event shared by all 58 

Eurasian and American individuals, enabling us to make use of archaic fragment length 59 

distributions as a measure of generation intervals since admixture. Differences in estimated 60 

generation intervals are mirrored by concordant patterns of mutation accumulation, and 61 

suggest significant differences by up to 20% in the generation time interval experienced by 62 

different Eurasian regions since their splits.  63 
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3 

Results 64 

 65 

Neanderthal fragment length distributions differ across Eurasia 66 
 67 

The average archaic fragment lengths in non-African individuals from the SGDP, inferred 68 

using the approach of Skov et al11, differs across Eurasia and America (Fig. 1a, S3, 69 

Data1_archaicfragments.txt). It presents a clear west-east gradient with the lowest mean 70 

fragment length in an individual from the Middle East (S_Jordanian-1, mean = 65.69 kb,  SE 71 

= 2.49 kb, sd = 72.09 kb, S1) and the highest in an individual from China (S_Tujia-1, mean = 72 

88.70 kb, SE = 3.29 kb, sd = 110.62 kb, S1). The pattern is qualitatively very similar when a) 73 

median fragment length instead of mean lengths are used, b) restricting to fragments most 74 

closely related to the Vindija Neanderthal genome, the sequenced Neanderthal that is most 75 

closely related to the introgressing Neanderthal population12 or c) only using high-confidence 76 

fragments inferred by the model (Extended Figure 1a-c, S4). When individuals are grouped 77 

into five main geographical regions, the average archaic fragment length distributions are 78 

significantly different (P value < 1e-5, permutation test, S2) by up to 1.12 fold (Fig. 1b zoom 79 

in, Table S1). These five regions also show significant differences in the number of archaic 80 

fragments and in the amount of archaic sequence inferred per individual (P value < 1e-5 for 81 

both, permutation test, S2, Fig. 1c and d, Table S1), mirroring the mean archaic fragment 82 

length distribution patterns. In agreement with previous reports2,7, we found, for example, that 83 

East Asians have 1.32 fold more archaic sequence inferred per individual compared to West 84 

Eurasians (P value < 1e-5, permutation test, S2, Fig. 1d, Table S1).  85 

 86 

We next investigated whether the larger amount of archaic sequence in East Asians is 87 

explained by having distinct archaic fragments due to a second Neanderthal admixture. We 88 

did this by joining the fragments of the 45 East Asian individuals and comparing them to the 89 

joined fragments of a subsample of 45 West Eurasian individuals (Extended Figure 2a and b, 90 

S6, Extended Figure 3). A total of 916,369 kb of the genome is covered by archaic sequence 91 

in East Asia and 866,945 kb in West Eurasia, with 485,255 kb (53%) of the archaic sequence 92 

overlapping (Fig. 2a, Table S3). Thus, as a group, East Asia has 5% more genomic positions 93 

with archaic introgression evidence. If we further remove fragments with the closest affinity to 94 

the sequenced Denisovan, which East Asians are known to possess more of13, the total 95 

sequence covered by archaic fragments is almost identical (East Asia 853,065 kb, West 96 

Eurasia 850,028 kb, Table S5). When we restrict to fragments with affinity to the Vindija or 97 

Altai Neanderthal, East Asia has a ~7% higher proportion of the genome covered (East Asia 98 

646,710 kb, West Eurasians 604,518 kb, Table S5). We ascribe this  latter difference to the 99 

fact that shorter fragments in Western Eurasians both make them slightly harder to infer by 100 
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the Skov et al11 approach and less likely to carry SNPs that directly classify them as closest 101 

to the Vindija Neanderthal.  102 

To compare shared fragments in terms of length, we only consider fragments in an East Asian 103 

that overlap with regions in the genome of West Eurasians that contain archaic sequence and 104 

vice versa (Extended Figure 1d, Extended Figure 2c, S6). We observe that shared fragments 105 

in East Asian individuals are on the average 1.13 fold longer than in West Eurasians (P value 106 

< 1e-5, permutation test, S2, Fig. 2b, Table S4) as also observed when all fragments were 107 

used.  108 

 109 

Based on these observations, we conclude that the vast majority and possibly all of 110 

Neanderthal ancestry in East Asians and West Eurasians stems from the same Neanderthal 111 

admixture event. The 32% higher total amount of archaic sequence in an East Asian compared 112 

to a West Eurasian individual on average is primarily due to archaic fragments occurring at 113 

higher frequency in East Asians (Fig. 2c, Extended Figure 2d, S6, Extended Figure 3). It is 114 

unlikely that natural selection has acted much more strongly against archaic fragment 115 

frequency in West Eurasia since the purging of Neanderthal introgression is expected to have 116 

acted prior to the split of European and Asian populations14,15. We consider our observations 117 

more compatible with Europeans mixing with a Basal Eurasian population with little or no 118 

archaic content diluting the Neanderthal ancestry as has previously suggested from admixture 119 

modelling using ancient samples8. Such a dilution process should have a negligible effect on 120 

the Neanderthal fragment lengths observed today (Fig. 2b) but would shift the frequency 121 

distribution of Neanderthal fragments as we observe (Fig. 2c). This leaves us with a difference 122 

in the speed of the recombination clock and hence the number of generations since the 123 

common admixture with Neanderthals as the major cause of differences in archaic fragment 124 

length distributions.  125 

 126 

Ancient genomes allow us to look at archaic fragment lengths back in time. We called archaic 127 

fragments in three high-coverage ancient samples included in the SGDP data; Ust’-Ishim 128 

(dated 45,000 BP, equally related to all Eurasians)16, Stuttgart (dated 7,000 BP farmer, West 129 

Eurasian ancestor)17 and Loschbour (dated 8,000 BP hunter-gatherer, West Eurasian 130 

ancestor)17 (S3, Fig. S1, Table S2). As expected, the archaic fragments are much longer for 131 

Ust’-Ishim compared to any of the ancient and extant individuals (Fig. 1b, Fig. S1, Table S2, 132 

see also 16,18). Loschbour’s and Stuttgart’s archaic fragments are on average longer than their 133 

West Eurasian descendants. However, their mean fragment length are very similar to the other 134 

extant populations, particularly East Asian populations (Fig. 1b zoom in) suggesting East 135 

Asians archaic fragments have experienced the same amount of recombination as West 136 

Eurasian ancestors, represented as Loschbour, 8,000 years ago. This corresponds to around 137 
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275 fewer generations in East Asia than in West Eurasian populations (assuming an average 138 

generation time of 29 years) over the approximately 40,000 years since the split of European 139 

and Asian populations2,19–21. Another way of stating this is that the 8,000 fewer years of 140 

recombination over 40,000 years corresponds to a difference in generation time of about 20% 141 

across Eurasia.  142 

 143 

Mutations accumulated differently across Eurasia 144 
 145 

The number of de novo mutations (DNM) transmitted to a child depends on the sex and the 146 

age of the parents4. Thus, a change in generation time during recent human evolutionary 147 

history, as suggested above, should leave a detectable pattern in the total number of 148 

mutations accumulated. To test this, we estimated the number of derived alleles accumulated 149 

in each individual's autosomes since the split of African and non-Afrcan populations (S7, 150 

Data2_mutationspectrum.txt). This was done by first removing all derived alleles observed in 151 

the Sub Saharan Africa outgroup, excluding those individuals with detectable West Eurasian 152 

ancestry3. Furthermore, we masked all genomic regions with evidence of archaic introgression 153 

in any individual since archaic variants would not be found in Sub-Saharan genomes and they 154 

would affect our results because they accumulated under a different mutational process9. 155 

Masking those regions also ensures that this analysis is independent of the archaic fragment 156 

length analysis above. After these procedures, we were left with ~20% of the callable genome 157 

(S7).  158 

 159 

Fig. 3a shows that the rate of accumulation of derived alleles is significantly different among 160 

groups (P value = 2.8e-4, permutation test, S2, Table S6). West Eurasia has accumulated 161 

1.09% more derived alleles than East Asia (P value = 1.18e-3, permutation test, S2) since the 162 

Out-of-Africa event. However, this difference in the accumulation of derived alleles could only 163 

have happened when West Eurasia and East Asia were separated, which is only a part of the 164 

time since the Out-of-Africa (Fig. S3). If we assume >60,000 years for the out-of-Africa and a 165 

West Eurasia/East Asia split of <40,000 years2,19–21 the difference in the rate of derived allele 166 

accumulation is at least 60,000/40,000*1.09%=1.64% while West-Eurasia and East Asia were 167 

apart (SI8). Using the pedigree-based estimate of the relationships between mean parental 168 

age and mutation rate per generation4 (SI8), we estimate that this difference corresponds to a 169 

2.68 or 3.39 years shorter generation interval in West Eurasia if East Asian mean generation 170 

time was 28 or 32 years respectively (SI8). These are lower bounds of the inferred differences 171 

in generation intervals since the difference between out-of-Africa and population split times is 172 

minimized. 173 

 174 
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The age of parents at conception, and hence generation time, also impacts the frequency of 175 

which types of single nucleotide mutations occur4. Thus, a shift in generation time is predicted 176 

to change the spectrum of new mutations9,10 and partially explain differences in mutation 177 

spectrum described among human populations5,22,23. We calculated the relative frequencies 178 

of the six different types of single nucleotide mutations depending on their ancestral and 179 

derived allele (S7, Fig. S2, Table S7) and related that to the average Neanderthal fragment 180 

length for each individual (Fig. 3b). We observe significant associations with average archaic 181 

fragment lengths for all six types (Table S8). We further subdivide C>T mutations in three 182 

types: CpG>TpG which present a distinct mutational process24 (Fig. S2, Table S7), TCC>TTC, 183 

which is in great excess in European genomes and has been studied as a population-specific 184 

mutational signature5,22 (Fig. S2, Table S7) and the rest, denoted as C>T’ (Fig. 3b, Table S8). 185 

We find that the frequency of CpG>TpG transitions depends the least on fragment length.  186 

 187 

To investigate whether these correlations could be due to differences in generation time 188 

between geographical regions, we reanalysed the proportion of DNM mutation types as a 189 

function of mean parental ages in the deCODE trio data set4,25 (Fig. 3b inserts, S9, Table S8). 190 

Comparing the correlations from the SGDP data with the deCODE data we see a strong 191 

correspondence for most mutational types: in all mutation types where correlations with either 192 

dataset are significant, the direction of the effects are concordant (Figure 3b, Fig. S6). The 193 

deCODE dataset has a slight bias towards probands having older fathers than mothers (mean 194 

= 2.77 years, sd = 4.25, Fig. S5), and this could affect the response of mutation type fraction 195 

depending on mean parental age. However, no major change in the correlation coefficients 196 

was observed when only probands with similar parental ages were analysed (S9, Fig. S6). 197 

 198 

Since there is no a priori reason to expect a relationship between archaic fragment lengths 199 

and derived allele accumulation, we consider it likely that the same underlying factor has 200 

affected both. The general correspondence of these correlations with those expected from 201 

DNM studies supports our hypotheses that this causal element is a change in generation time. 202 

More specifically, the matching decreasing correlation with parental age of TCC>TTC mutation 203 

indicates that this mutation signature will increase when the mean parental age decreases. 204 

Thus a considerable reduction in mean generation time in West Eurasians, as suggested in 205 

this study, offers an alternative explanation to the excess of TCC>TTC mutations in that region 206 

compared to the rest of the world5,26.  207 

 208 

An increase in the mean generation interval can be due to an increase in paternal or maternal 209 

age, or both. Anthropological studies suggest that males have generally been older than 210 

females at reproduction, but that the age gap is twice as large in hunter-gatherers compared 211 
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with sedentary populations27. To gain insight into sex-specific changes to generation time 212 

intervals we first compared the accumulation of derived mutations between autosomes, which 213 

spend the same amount of evolutionary time in both sexes, and X chromosomes, which spend 214 

⅔ of the time in females while ⅓ in males (S10). Thus, an increase of the male-to-female 215 

generation interval is expected to increase the X chromosome to autosomes (X-to-A) mutation 216 

accumulation ratio28, although other factors such as reproductive variance and changes in 217 

population size can also influence the ratio. Fig. 4a shows the X-to-A ratio of derived alleles 218 

accumulated per base pair as a function of the mean archaic fragment length, as mean 219 

generation time proxy, for the females in the SGDP data (S10). We observe that the X-to-A 220 

ratio is significantly different among regions (P value = 3.6e-4, permutation test, S2). East 221 

Asians have a higher X-to-A ratio compared to American and Central Asia and Siberia, with 222 

similar Neanderthal fragment sizes, and higher than West Eurasians, with smaller Neanderthal 223 

fragment sizes. This result is compatible with East Asians having a higher mean generation 224 

time than West Eurasians primarily due to an increased paternal age at reproduction as 225 

compared to Americans and Central Asia and Siberia where the age at reproduction of both 226 

sexes are inferred to have increased similarly.  227 

Another sex-specific mutation signature are C>G mutations in genomic regions with 228 

clustered de novo mutations in old mothers4,29. This signature can be explored to compare 229 

maternal ages among groups9. We estimated the proportion of derived C>G alleles to other 230 

derived allele types in these genomic regions and contrasted it to the same ratio for the rest 231 

of the genome, for each individual (S10). When samples are grouped in the 5 main regions, 232 

the C>G ratio in DNM clusters differs significantly (P value = 2.77e-3, permutation test, S2), 233 

increasing with increasing Neanderthal fragment length (Fig. 4b). Notably, America has a 234 

higher ratio than Central Asia and Siberians for similar Neanderthal fragment lengths, 235 

suggesting a relatively larger impact of old mothers to the overall mean generation time 236 

throughout their history. This is in line with the X chromosome analysis in that longer 237 

generation times in America were more driven by older mothers as compared to older fathers 238 

in East Asia with an intermediate increase of both parental ages in Central Asia and Siberia.  239 

Finally, the Y chromosome is also expected to accumulate more derived alleles in 240 

populations with younger fathers, similarly to the autosomes, about 0.4-0.5% per year 241 

difference in generation time between two populations. We observe a point estimate of 1.19% 242 

larger accumulation between West Eurasia and East Asia (Fig. S7, Table S10) but this is not 243 

significant with the limited data available for the Y chromosome (P value = 0.66, permutation 244 

test, S2).   245 
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Discussion 246 

 247 

We have shown that the length of Neanderthal fragments in modern human genomes can be 248 

used to obtain meaningful information about a fundamental demographic parameter, the mean 249 

generation interval. We estimate surprisingly large differences across eurasian and american 250 

groups suggesting stable differences over tens of thousands of years. Our approach depends 251 

on the assumption that archaic fragments trace back to a single Neanderthal admixture event 252 

shared by all non-African populations, for which we provide further evidence. Consistent with 253 

these results, the number of derived mutations accumulated in the geographic regions studied 254 

here follow the expectations of the difference in generation time estimated from the fragment 255 

lengths. The agreement between the recombination and the mutation clock signatures argues 256 

against confounding factors. For example, a potential bias would be expected if the African 257 

outgroup, here used to find archaic fragments in the other individuals, had experienced some 258 

ancient gene flow from West Eurasia that we have not been able to detect. Such a scenario 259 

would shorten and remove archaic fragments in West Eurasians, explaining the observed 260 

gradient. However, it would also decrease the number of derived alleles in West Eurasia 261 

compared to East Asia, which is the opposite to what we report.  262 

 263 

Differences in generation intervals of the magnitude and duration that we estimate can account 264 

for observed variation in the mutation spectrum of human populations without an underlying 265 

change to the mutational repair system. An example of this is the increased frequency of the 266 

TCC>TTC mutation in West Eurasians. The differences in generation time, inferred here from 267 

archaic fragment lengths, explain more than half of the total variation among individuals 268 

(adjusted R2 = 55.53%).  269 

 270 

Our results have direct implications for previous investigations of demographic human 271 

parameters, which have typically assumed that the generation interval was shared and 272 

constant for distinct human populations. Thus, future investigations should take variation in 273 

the generation time under consideration. We do not have an explanation for the underlying 274 

causes of large generation interval differences, but it is plausible that both low population 275 

densities and harsh environmental conditions increase generation time, whereas agriculture 276 

decreases mean generation times and reduces generation time differences between sexes. 277 

With an increasing number of sequenced ancient and modern genomes we anticipate that the 278 

approach we present here can be used to obtain a fine-grained picture of shifts in generation 279 

interval during the last 40,000 years that can be directly related to changes in population 280 

densities, climate and culture.  281 
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Methods 282 

 283 

A description of all analyses performed in this study is detailed in the Supplementary 284 

Information.  285 

 286 

Data availability 287 

 288 

The archaic fragments and their basic statistics are provided in Data1_archaicfragments.txt; 289 

the counts of the 96 mutation types per individual per chromosome are provided in 290 

Data2_mutationspectrum.txt (S11). 291 

 292 

Code availability 293 

The scripts coded to produce data and tables, perform statistical analysis and plot figures for 294 

this manuscript are accessible on Github 295 

(https://github.com/MoiColl/TheGenerationTimeProject). 296 
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 317 
Fig. 1. Archaic fragment statistics distributions around the world and in ancient 318 

samples. a) World map showing the samples from SGDP used in this study coloured according to the 319 
mean archaic fragment length. b) Mean archaic fragment length of extant geographical regions and 320 
ancient samples. Ust’-Ishim, Loschbour and Stuttgart mean archaic fragment length are shown as black 321 
points with specific shapes with their corresponding 95%CI as error bars. The average of the mean archaic 322 
fragment length among all individuals in each of the 5 main regions are shown as points (colour-coded). 323 
The zoom-in shows the mean archaic fragment length distribution per region (colour coded) as a violin 324 
plot. Individual values are shown as dots. The median is shown as a horizontal line in each violin plot. The 325 
mean and its 95%CI of each distribution is shown as a coloured square with their corresponding error 326 
bars. Loschbour and Stuttgart mean length are also shown for comparison. c) and d) the number of 327 
archaic fragments and the archaic sequence distributions respectively per region (colour coded) as violin 328 
plot. Individual values are shown as dots. The median is shown as a horizontal line in each violin plot. The 329 
mean and its 95%CI of each distribution is shown as a coloured square with their corresponding error 330 
bars. (width = 18cm)  331 
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 332 
Fig. 2. West Eurasia and East Asia archaic fragments comparison. a) Joined archaic 333 

sequence in both geographic regions (colour coded). The portion of the bar painted in plain 334 

colour shows the shared amount between the regions. The rest of the column shows the 335 

sequence private of each region. The numbers in each section denote the corresponding 336 

archaic sequence in Mb. b) The mean archaic fragment length distributions of individual 337 

shared fragments among regions per region (colour coded) as violin plot. Individual values are 338 

shown as dots. The median is shown as a horizontal line in each violin plot. The mean and its 339 

95%CI of each distribution is shown as a coloured square with their corresponding error bars. 340 

c) The number of 1 kb genomic windows (y-axis) in which an archaic fragment has been found 341 

in a certain amount of individuals (x-axis) for each region. The insert shows the high-frequency 342 

bins. Vertical lines show the mean (plain lines) and median (dashed lines) for each region.  343 

(width = 9cm)  344 
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Fig. 3. Derived allele accumulation distributions and their mutation spectrum. a) 346 

Distribution of the derived allele accumulation (y-axis) per region (colour coded) as violin plot. 347 

Individual values are shown as dots. The median is shown as a horizontal line in each violin 348 

plot. The mean and its 95%CI of each distribution is shown as a coloured square with their 349 

corresponding error bars. b) Correlation between the derived allele proportion (y-axis) with the 350 

mean archaic fragment length (x-axis) for 9 mutation types. Each dot represents an individual 351 

coloured according to the region they belong to. For each region, The mean and its 95%CI of 352 

both axes is shown as a coloured square with their corresponding error bars. Linear 353 

regressions (black lines) are shown with their corresponding SE (shaded area). For each 354 

mutation, the linear regression and corresponding SE between the fraction of DNM and mean 355 

parental age per proband of the deCODE data (S9) is shown as an insert. Note that the total 356 

span of the y-axis is the same for all panels and inserts but centred at the mean value 357 

specifically in each panel and insert. Asterisk on the left and right side of each mutation type 358 

indicates that the slope of the linear regression is significantly different from 0 for the SGDP 359 

and the deCODE data respectively. (width = 18cm)  360 
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 361 
Fig. 4. Sex-specific mutation patterns. a) Scatterplot of the X chromosome vs Autosome 362 

derived allele accumulation ratio (y-axis) and the mean Neanderthal fragment length (x-axis) 363 

for each region (colour coded). Each dot represents an individual in the corresponding 364 

population. The mean for each population for each axis is shown in squares and their 95%CI 365 

are denoted by the error bars. Only females were used to produce this plot. b) The same as 366 

in a, but the ratio between the proportions of C>G derived alleles in cDNM and the rest of the 367 

genome (S10). All samples were used to produce this plot. (width = 9cm)  368 
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Extended Figure 1. Archaic fragment length distribution around the world with specific 370 

filters. World map with samples from SGDP used in this study coloured according to the mean 371 

or median average archaic fragment length applying filters to the data. a) Median archaic 372 

fragment length is plotted instead of the mean. b) Only fragments with more SNPs shared with 373 

the Vindjia genome than the Denisova or the Altai genomes are used c) Only high confidence 374 

archaic fragments (posterior probability >= 90%) are used. d) Only shared individual fragments 375 

(Extended Figure 2, S6) between East Asians and West Eurasians.  376 
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 377 
Extended Figure 2. West Eurasia and East Asia fragment comparison methods. Diagram 378 

showing the different methods to compare archaic fragments between West Eurasians and 379 

East Asians (S6). Each horizontal line represents a genome. Wide bands on each genome 380 

represent archaic sequences. East Asia is represented in green colours and West Eurasia in 381 

blue. Grey colours are used when sequences are shared by both. Plain colours denote joined 382 

sequence and transparent colours show individual sequences. Vertical dashed lines are 383 

mainly used to point to genomic windows of interest.  a) Joined region fragments. b) Shared 384 

and private joined region sequence. c) Shared and private individual fragments. d) Archaic 385 

frequency in 10 kb windows represented as the vertical grey lines intervals (note that in the 386 

main text, 1 kb windows are used instead).  387 
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 388 
Extended Figure 3. The archaic landscape across the West Eurasian and East Asian 389 

genomes. Each horizontal rectangle represents a chromosome (hg19). In each chromosome, 390 

it is shown the joined region fragments for West Eurasia (blue upper bands) and East Asia 391 

(green lower bands). The shared joined region fragments are shown as black bands in the 392 

middle of each chromosome. For each region, the number of individuals that have an archaic 393 

fragment in a particular 1kb window are represented as lines (maximum number of individuals 394 

is 45 for each region). Grey bands on the chromosomes show the non-callable portions of the 395 

genome (hg19).  396 
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Supplementary Information 397 

 398 

1 - Confidence Interval calculation 399 

 400 

The mean and its confidence intervals (CI) for any statistic are calculated using the mean and 401 

standard deviations of the 100,000 bootstrap sampling distribution of the observed statistic. 402 

The code to compute them is provided on the GitHub page. 403 

 404 

2 - Statistical significance assessment by permutation test  405 

 406 

The statistical significance of a statistic to compare different groups is assessed by contrasting 407 

the observed statistic with a non-parametric null distribution. The null distribution is generated 408 

by permuting 100,000 the original data and calculating the statistic in each permutation. 409 

P values are then calculated as the fraction of permutations which yield a value as extreme or 410 

more extreme than what is observed in the data. If no such event is observed in all 411 

permutations, we considered the fraction to be < 1/100,000 = 1e-5. The significance level (𝛼) 412 

in all tests is considered to be 0.05.   413 

 414 

To test if there are differences between two groups for a statistic (for example, average archaic 415 

fragment length), we subtract the means of each group. In this case, since this test is a two-416 

tailed hypothesis test, we multiply the obtained P value by two. When we test differences for 417 

multiple populations, we compute the F statistic. 418 

 419 

The code to compute the statistical significance is provided on the GitHub page.  420 
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3 - Identification of archaic fragments in non-African individuals and ancient samples 421 

 422 

We called archaic fragments in individuals of the Simon Genome Diversity Project (SGDP) 423 

from West Eurasia, South Asia, America, Central Asia Siberia and East Asia regions as 424 

described in 9,11 - a step by step tutorial is also available at 425 

https://github.com/LauritsSkov/Introgression-detection.  426 

 427 

In short, the method first removes a set of variants (SNPs) which are present in an outgroup 428 

with no presumed archaic admixture (Sub-Saharan African populations) from the samples in 429 

which we want to detect archaic fragments (non-Africans). Then, taking into account window-430 

specific mutation rate and callability, the method classifies non-overlapping windows into 431 

archaic ancestry and non-archaic ancestry depending on the derived allele density.  432 

 433 

Outgroup variants set, window mutation rate and callability and derived allele polarization 434 

 435 

To generate the set of variants in the outgroup, we merged all variants from the following 436 

populations:  437 

 438 

1. All Sub-Saharan Africans (populations: YRI, MSL, ESN) from the 1000 Genomes 439 

Project 30 and  440 

2. All Sub-Saharan African populations from SGDP (this excludes Sharawi and Mozabite 441 

populations from the African supergroup) 3 except individuals from the Masai and 442 

Somali populations because they are reported to have some West Eurasian genetic 443 

component. 444 

 445 

We determine the background mutation rate as the SNP density in the outgroup samples in 446 

windows of 100 kb.  447 

 448 

To generate the callability regions, we merged the following files: 449 

 450 

1. 1000 Genomes Project Callability file (hg19) 451 

 452 

ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/supporting/accessible_genome_453 

masks/StrictMask/ 454 

 455 

2. Repeatmask file (hg19) 456 

 457 
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hgdownload.cse.ucsc.edu/goldenpath/hg19/bigZips/chromFaMasked.tar.gz 458 

 459 

To polarize alleles into ancestral and derived alleles we used the following file: 460 

 461 

http://web.corral.tacc.utexas.edu/WGSAdownload/resources/human_ancestor_GRCh37_e7462 

1/ 463 

 464 

Training the Hidden Markov model and decoding archaic fragments in each sample 465 

 466 

For each extant non-African individual and 3 ancient samples (Stuttgart, Loschbour and Ust-467 

ishim) from the SGDP, we filtered out all sites where the derived variant is found in our 468 

outgroup population and sites that are not in our callable regions.  469 

 470 

Then we trained the HMM and found the best fitting emission and transition values. Finally we 471 

identified tracks of archaic introgression in the whole genome of each individual 472 

(Data1_archaicfragments.txt). The archaic fragments in Stuttgart, Loschbour and Ust-ishim 473 

are visualized in Fig. S1. 474 
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 475 
Fig. S1. Archaic fragments in Ust ‘Ishim, Loschbour and Stuttgart ancient samples. 476 
Each horizontal rectangle represents a chromosome (hg19). In each chromosome, it is shown 477 
the archaic fragments found in Ust ‘Ishim, Loschbour and Stuttgart ancient samples (colour 478 
coded). Wide grey bands on the chromosomes show the non-callable portions of the genome 479 
(hg19).  480 
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4 - Archaic fragment length gradient around the world is consistent to multiple filters 481 

 482 

We studied the robustness of the difference in mean archaic fragment length among the 5 483 

geographical groups studied applying multiple filters. 484 

 485 

1) Median instead of mean 486 

 487 

The mean is very sensitive to outliers. In our case, very long archaic fragments, for example 488 

in East Asians, could increase the mean and thus show an unrealistic pattern among regions. 489 

To avoid that, we use median instead because it is more robust to outliers. 490 

 491 

2) Vindija genome-like fragments 492 

 493 
The method used in this study is able to find archaic fragments whose variation is not fully 494 

captured by the sequenced archaic individuals 11. The difference in archaic fragment length 495 

can potentially be affected if there is a distinct archaic content among the extant populations 496 

studied here - for example, a greater and more recent Denisova component in Asia 31.  497 

 498 

It is known that the majority of the archaic component in Eurasia and America is from a 499 

Neanderthal population closely related to the Vindija genome 12. Thus, we restrict fragments 500 

used in this analysis to share more variation with the Vindija Neanderthal genome than the 501 

Altai Neanderthal genome or the Denisovan genome.  502 

 503 

3) High confidence archaic fragments 504 

 505 

The method used in this study, returns the archaic fragments found in a genome with an 506 

associated mean posterior probability. We restricted archaic fragments compared to be of a 507 

high confidence (mean posterior probability >= 0.9). 508 

 509 

When we study the archaic fragment difference among individuals in Eurasia and America 510 

applying the multiple filters explained above, we can see that the pattern observed using all 511 

fragments holds (Extended Figure 1). We conclude that the difference in archaic fragment 512 

length is genuine and not depending on the factors exposed above.  513 
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5 - Archaic fragment summary statistics per individual per region in extant populations 514 

and ancient samples 515 

 516 

 
Region 

 
Number 

of 
samples 

Number archaic 
fragments 

Archaic seq (bp) Mean archaic fragment length 
(bp) 

mean SE mean SE mean SE 

West Eurasia 71 980.92 6.93 72,134,504.74 747,098.22 73,449.52 375.37 

South Asia 39 1,122.99 11.29 84,561,986.37 1,127,788.19 75,221.52 410.92 

America 20 1,078.87 10.25 86,322,668.28 803,716.12 80,057.38 561.94 

Central Asia Siberia 27 1,133.28 8.86 92,424,440.59 946,306.77 81,548.03 460.74 

EastAsia 45 1,161.58 6.65 95,552,691.46 712,217.98 82,258.79 402.10 

 517 
Table S1. Archaic fragment summary statistics per individual per region. Summary 518 
statistics of the fragments found among the individuals of the 5 main regions. For each statistic, 519 
the mean and the of SE (S1) is provided. 520 
 521 

Ancient samples Number archaic 
fragments 

Archaic seq (bp) Archaic fragment length (bp) 

mean SE 

Ust ‘Ishim 763 134,360,000 176,100.09 12,464.19 

Loschbour 921 75,757,000 82,190.02 3,087.97 

Stuttgart 1,101 85,950,000 78,070.12 2,705.90 

 522 
Table S2. Archaic fragment summary statistics per ancient sample. Summary statistics 523 
of the fragments found in the three ancient samples. For the archaic fragment length, the mean 524 
and the of SE (S1) is provided.   525 
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6 - West Eurasia and East Asia fragment comparison 526 

 527 
In this study, we compare fragments in West Eurasians and East Asians. The more individuals 528 
used to recover archaic fragments, the more undiscovered fragments can be found 9. Thus, 529 
the imbalance in the number of individuals in each region in the SGDP data (71 West 530 
Eurasians and 45 East Asians) can potentially affect any comparison between the two regions. 531 
Therefore, we downsample the number of individuals used in West Eurasians to 45 randomly 532 
chosen individuals to make comparisons fair.  533 
 534 
First, we join all overlapping fragments for each region, hereby “joined region fragments” 535 
(Extended Figure 2). To do that, we used bedtools software 32 with the following command: 536 
 537 
bedtools merge -i ind1_regx.bed ind2_regx.bed … indN_regx.bed > joined_regx.bed 538 
 539 
where x denotes either West Eurasia or East Asia regions and N denotes the number of 540 
individuals in the corresponding region.  541 
 542 
Then, we compared how much archaic sequence the two regions share (Extended Figure 2). 543 
For that, we call the intercept between the two joined sets of fragments. We refer to it as the 544 
“shared joined region sequence”. We use the following command: 545 
 546 
bedtools intercept -a joined_regx.bed -b joined_regy.bed > shared_joined.bed 547 
 548 
where x denotes either West Eurasia or East Asia and y denotes the other region different 549 
than x. 550 
 551 
It follows that the rest of the fragments not included in this set are the “private joined region 552 

sequence”. 553 

 554 

The amount of sequence for shared, private and total joined region fragments are provided in 555 

Table S3. 556 

 557 
For each individual, we classified the fragments as shared depending upon if there was an 558 
overlapping fragment in the other joined region fragments (Extended Figure 2). We name 559 
these fragments as “shared individual fragments”. To get them, we ran the following command:  560 
 561 
beedtools intercept -u -a indn_regx.bed -b joined_regy.bed > shared_indn_regx.bed 562 
 563 

It follows that the rest of the fragments not included in this set are the “private individual 564 

fragments”. 565 

 566 

Summary statistics for shared and private individual fragments are provided in Table S4. 567 

 568 

Finally, we calculated the number of individuals that have an overlapping archaic fragment in 569 

a certain 1kb window in the genome. This way, we calculate the archaic frequency. For that, 570 
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we first divided each fragment in the joined region fragments into 1 kb segments 571 

(joined_regx_1kb.bed). Then, we counted the number of individuals with an overlapping 572 

archaic fragment for each 1kb segment with the following command:  573 

 574 
bedtools intersect -c -a joined_regx_1kb.bed -b ind1_regx.bed ind2_regx.bed … indN_regx.bed > 575 
freq_regx.bed 576 
 577 

Extended Figure 3 shows a summary of the joined region fragments, shared joined region 578 

sequence and the archaic frequency for each region. 579 
  580 
 581 
Shared joined region fragments filtering by archaic affinity 582 
 583 

The collapsed East Asian archaic sequence (916,369,000 bp) is 1,06 fold greater than the 584 

collapsed West Eurasian archaic sequence (866,945,000 bp) and more than half of the 585 

sequence is shared between the two (485,255,000 bp, Table S5).  We partially attribute this 586 

difference to the fact that East Asians have a higher Denisova component than West 587 

Eurasians 31. To study that we repeated the analysis above filtering archaic fragments in each 588 

individual (before collapsing) depending on which of the three archaic genomes (Vindija 589 

Neanderthal genome 12, Altai Neanderthal genome 33, Denisova genome 34) share the most 590 

variants to (below), following the methods in 9. Some fragments do not share variants with any 591 

of the 3 sequenced archaic genomes, and thus we classify them as unknown. There are also 592 

instances in which an archaic fragment does not share more SNPs with one of the archaic 593 

genomes but multiple, so we can’t classify the affinity of the fragments; these fragments are 594 

called ambiguous fragments.  595 

 596 

1) Denisova fragments 597 
 598 

We only include archaic fragments which share more variants to Denisova genome than any 599 

of the two Neanderthal genomes.  600 

 601 
2) nonDenisova fragments 602 

 603 
In this analysis we exclude fragments used above from all the fragments. Thus, we include 604 

Vindija-like, Altai-like, ambiguous and unknown.  605 

 606 

3) Neanderthal fragments 607 

 608 
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We only include archaic fragments that share more variants with either the Altai Neanderthal 609 

or the Vindija Neanderthal genomes than the Denisova genome. Neanderthal ambiguous 610 

fragments, fragments that share the same number of SNPs with Vindija or Altai but this number 611 

is higher than what is shared with the Denisova, are also included.   612 

 613 

All results for the different filters are shown in Table S5. The Denisova content is 3 times 614 

greater in East Asia than in West Eurasia (Denisova fragments filter). When this unequal 615 

component is removed (non-Denisova fragments filter), we can see that the collapsed archaic 616 

sequence is very similar between the two regions.  617 

 618 

The analysis was repeated with fragments that share more variation with Neanderthal than 619 

with Denisova (Neanderthal fragments). In this case, we observe a 1.07 fold higher 620 

Neanderthal content in the East Asian group. We attribute this to the fact that since West 621 

Eurasia archaic fragments tend to be shorter, they do not contain enough SNPs to classify 622 

them to the category that they belong to. Thus, they are going to be more often classified as 623 

unknown compared to fragments in East Asia. Furthermore, the 11 method has higher false 624 

negative rate with short fragments, which will artificially decrease the total number of 625 

fragments in that region.   626 
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Region Number of samples Type Archaic Sequence (kb) 

West Eurasia 
 
 
 

45 
 

 
 
 
 

Shared 
485,255 

(55,97%) 

Private 
381,690 

(44,03%) 

All 
866,945 
(100%) 

East Asia 
 
 
 

45 
 
 

 
 
 

Shared 
485,255 

(52,95%) 

Private 
431,114 

(47,05%) 

All 
916,369 
(100%) 

 627 
Table S3. Summary table of shared, private and total joined archaic sequence of West Eurasia 628 
and EastAsia regions. Percent in respect of the total are shown in parenthesis. 629 
 630 

 
Region 

 
Number 

of 
samples 

Type  Number archaic fragments Archaic seq (bp) Archaic fragment length 
(bp) 

mean SE mean SE mean SE 

 

West 

Eurasia 

45 Shared 756.17 9.43 59,867,254.64 945,255.36 79,060.32 473.90 

Private 221.48 2.83 11,477,725.85 239,923.71 51,722.32 737.11 

All 977.85 9.83 71,357,270.60 988,585.16 72,879.08 447.28 

 
East Asia 

45 
 

Shared 913.80 5.04 81,720,490.56 586,860.89 89,448.78 473.32 

Private 247.80 3.72 13,824,416.74 249,255.72 55,785.00 573.58 

All 1161.57 6.76 95,555,705.32 704,807.56 82,258.99 400.50 

 631 
Table S4. Summary statistics of the shared, private and total individual archaic fragments of 632 
West Eurasians and East Asians. For each statistic, the mean and the of SE (S1) is provided. 633 
 634 

 635 
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 Joined East 
Asia archaic 
sequence 
(kb) 

Joined West 
Eurasia 
archaic 
sequence 
(kp) 

Fold 
diff 

Shared 
joined 
archaic 
sequence 
(kb) 

East 
Asia 
shared 
(%) 

West 
Eurasia 
shared 
(%) 

All fragments 916,369 866,945 1.06 485,255 52.95 55.97 

Denisova 
fragments 

107,695 36,850 2.92 16,004 14.86 43.43 

nonDenisova 
fragments 

853,065 850,028 1.003 460,490 53.98 54.17 

Neanderthal 
fragments 

646,710 604,518 1.07 309,043 47.79 51.12 

 636 

Table S5. Joined archaic sequence in East Asia and West Eurasia and comparative statistics 637 
for different subsamples of archaic fragments (S6).  638 
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7 - Derived alleles call outside regions with evidence of archaic introgression and acquired 639 

after the Out of Africa in SGDP samples 640 

 641 

We retrieved the genotypes of all polymorphic loci for each individual in the 5 main regions 642 

and African samples using the cpoly script from the Ctools software3 for chromosomes 1 - 22. 643 

In the parameter file, we specified the minimum quality to be 1 (as recommended by3) and 644 

alleles to be polarized with the chimpanzee reference genome (PanTro2) provided with the 645 

SGDP data.  646 

 647 

Next, we masked repetitive regions and regions of the genome in which there is some 648 

evidence of archaic introgression. 649 

 650 

1) Neandertal introgressed regions 651 

 652 

Neanderthals had a different mutation profile than modern humans9. Thus, differences in 653 

Neanderthal content per individual could influence those analyses that explore the mutation 654 

spectrum differences among populations. Also, by removing these regions, we will base the 655 

mutation analysis on regions of the genome that we haven’t explored in the archaic fragment 656 

length part of the study. Thus, the tests are going to be independent of each other. 657 

 658 

To do that, we disregarded any polymorphism localized in a region with evidence of archaic 659 

introgression in any of the individuals analyzed in this study (S3). For that, we joined all archaic 660 

fragments called in any individual included in this study using this command: 661 

 662 
bedtools merge -i ind1.bed ind2.bed … indN.bed > joined.bed 663 
 664 
where N denotes the total number of individuals.  665 
 666 
In total, the joined archaic region adds up to 1,632,776,000 bp. 667 

 668 

2) Repeats 669 

 670 

We also excluded repetitive regions in which sequencing errors are expected to be more 671 

prevalent. For that, we downloaded the human reference genome by using the following 672 

command: 673 

  674 
for chr in `seq 1 22` X Y;  675 
do  676 
rsync -avzP 677 
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rsync://hgdownload.cse.ucsc.edu/goldenPath/hg19/chromosomes/chr${chr}.fa.gz .;  678 
done 679 
 680 

from which we created a bed file with the coordinates of the repeats from RepeatMasker and 681 

Tandem Repeats Finder (represented in the reference genomes fastas as lowercase letters 682 

in the fasta file).  683 

 684 

These regions add up to 1,431,504,380 bp in total. 685 

 686 

The intersection between the repetitive regions and the archaic regions correspond to 687 

806,042,777 bp, which corresponds to 56.31% of the total repetitive regions sequence and 688 

49.37% of the archaic sequence. Together, these regions add up to 2,258,237,603 bp. If we 689 

consider only the callable fraction - instead of the total genomic length of 3,036,303,846 bp - 690 

of the human genome (2,835,673,565 bp), 577,435,962 bp remain after masking by archaic 691 

and repetitive regions (20.36%). 692 

 693 

Other filters on the SNP level were imposed for each polymorphism: 694 

 695 

1) The SNP must be biallelic 696 

2) The contiguous 5’ and 3’ base pairs of the focal SNP (context) must be called in the 697 

human reference genome (hg19) 698 

3) 20% of the individuals have to be called  699 

4) The chimpanzee reference genome in human coordinates must have the homologous 700 

base pair called for that position 701 

5) No Sub Saharan African (which excludes S_Mozabite-1, S_Mozabite-2, S_Saharawi-702 

1 and S_Saharawi-2 samples from the African supergroup) samples can have the 703 

derived allele 704 

 705 

The latter filter ensures that the polymorphisms investigated most probably arose after the Out 706 

of Africa expansion. S_Masai-1, S_Masai-2 and S_Somali-1 samples are not included in the 707 

Sub Saharan African group because they are reported to have some West Eurasian genetic 708 

component in 3, which would affect our results. If African genomes with West Eurasian 709 

components are included in the African set, then, by the 5) filter, we are going to more likely 710 

remove derived alleles private to West Eurasia than other regions.  711 

Homozygous locus for the derived allele count as 2 mutations and individuals heterozygous 712 

count as 1 for a given individual. The distribution of derived allele accumulation per region is 713 
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shown in Fig. 3 and the mean derived allele accumulation counts per region are provided in 714 

Table S6. 715 

 716 

Finally, we classified loci in different mutation types depending on the derived allele nucleotide, 717 

the ancestral allele nucleotide and their 5’ and 3’ nucleotide context. For example, as shown 718 

by the diagram below, a derived allele T that had an ancestral allele C with the context G and 719 

A (5’ and 3’ respectively) would be denoted as GCA>T. Because we do not make distinction 720 

of the strand in which the mutation occurred, we collapsed strand-symmetric mutations. This 721 

is the same as saying that GCA>T is equivalent to TGC>A. This way, we end up with 96 722 

mutation types.  723 

 724 

T 725 

* 726 
5’-GCA-3’ 727 

3’-CGT-5’ 728 

* 729 

A 730 

 731 

Data2_mutationspectrum.txt provides the resulting counts of each individual for each mutation 732 

type in each chromosome. 733 

 734 

The mutation types investigated in this study are the 9: 735 

- 6 mutation types in which only the ancestral and derived allele nucleotides were taken 736 

into account and C and T were used as ancestral (T>A, T>C, T>G, C>A, C>T, C>G) 737 

- C>T mutations were further divided into 3 mutation types: 738 

- CpG>TpG mutations which are shown to evolve in a more clock like manner24. 739 

- TCC>TTC mutations which are in excess in Europeans compared to other 740 

human populations5,22.  741 

- C>T’ mutations which contain the rest of C>T mutations not included in the 742 

previous 2 types. 743 

 744 

The distribution of derived allele accumulation per region is shown in Fig. S2 and the mean 745 

derived allele accumulation counts per region are provided in Table S7.  746 
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 747 
Fig. S2. Mean derived allele accumulation of the 9-mutation types per region. a) The 748 
mean number of derived alleles of each mutation type accumulated among individuals of the 749 
5 regions (colour coded). The 95%CI of each mean is shown as error bars. b) The number of 750 
derived alleles of each mutation type per region (colour coded) as violin plot. Individual values 751 
are shown as dots. The median is shown as a horizontal line in each violin plot. The mean and 752 
its 95%CI of each distribution is shown as a coloured square with their corresponding error 753 
bars.  754 
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Region Number of samples Derived allele accumulation 

mean SE 

West Eurasia 71 31,408.54 62.61 

South Asia 39 31,418.28 56.07 

America 20 31,417.64 83.31 

Central Asia Siberia 27 31,074.21 88.53 

EastAsia 45 31,069.77 80.99 
 755 

Table S6. Derived allele accumulation per region. Summary statistics of the derived allele 756 
accumulation per region (S7). For each region, the mean and the of SE (S1) is provided.  757 
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Region 

T 

T>A T>C T>G 

mean SE mean SE mean SE 

West 
Eurasia 2,121.02 8.11 8,944.94 18.57 2,238.91 15.64 

South Asia 2,178.71 10.37 9,052.32 18.91 2,249.05 10.88 

America 2,279.45 13.67 9,073.85 22.37 2,340.34 37.02 

Central 
Asia 
Siberia 

2,237.11 12.33 8,997.90 30.43 2,257.22 31.10 

EastAsia 2,263.41 10.86 9,009.86 25.46 2,305.85 17.52 
 758 

 
Region 

C 

C>A C>T C>G 

mean SE mean SE mean SE 

West 
Eurasia 2,812.88 7.93 12,597.01 27.81 2,693.51 6.96 

South Asia 2,876.76 8.80 12,333.87 31.10 2,727.42 8.86 

America 2,909.30 14.36 12,077.68 27.39 2,737.04 9.47 

Central 
Asia 
Siberia 

2,851.11 13.00 12,047.72 46.23 2,683.31 8.42 

EastAsia 2,891.90 11.58 11,911.38 34.26 2,687.80 10.43 
 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 
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Region 

C 

CpG>TpG T>C’ TCC>TTC 

mean SE mean SE mean SE 

West 
Eurasia 4,094.57 11.82 7,684.86 17.14 817.35 4.42 

South Asia 4,103.80 11.75 7,528.27 19.06 701.81 8.40 

America 4,094.27 14.91 7,353.29 18.45 629.95 4.81 

Central 
Asia 
Siberia 

4,064.23 19.55 7,341.42 28.09 642.05 10.48 

EastAsia 4,067.34 16.60 7,252.96 19.80 591.16 4.48 
 768 

Table S7. Derived allele accumulation per region stratified per mutation type. Summary 769 
statistics of the derived allele accumulation per region for each mutation type (S7). For each 770 
region and mutation type, the mean and the of SE (S1) is provided.  771 

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

The copyright holder for thisthis version posted February 25, 2021. ; https://doi.org/10.1101/2021.02.25.432907doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.25.432907
http://creativecommons.org/licenses/by/4.0/


37 

8 - Estimation of the different parental generation time in West Eurasia and East Asia 772 

  773 

As described in the main text, West Eurasia individuals have accumulated 1.09% more derived 774 

alleles than East Asians since the split with Africans (Out of Africa). Because we are only 775 

interested in the proportion of derived alleles accumulated after the split of West Eurasians 776 

and East Asians, we need to correct for the span of time since the Out of Africa event until the 777 

split of the two Eurasian populations (Fig. S3). Thus, we need to assume dates for the split 778 

between Africans and non-Africans and the split between Eurasians. 779 

 780 

We note that in the literature dating the Out of Africa is widely discussed and controversial, 781 

since it was not a clean split between non-Africans and Africans. Instead, from MCMC results 782 

and cros coalescence rate analysis in 2,19 the authors note that there might have been a 783 

gradual separation among African populations and between Africans and non-Africans. They 784 

suggest that this process created population structure between 200,000 - 100,000 years ago 785 

within Africa and that the non-African group had more gene flow with certain African groups 786 

(i.e., Yorubans) than others (i.e., San). After that, the rate increased, indicative of an 787 

accelerated split between Africans and non-Africans which has the median divergence point 788 

between 80,000 - 60,000 years ago. Similarly, the split among Eurasians was not clean either. 789 

All splits started around 70,000 years ago with a median divergence point between 40,000 790 

and 20,000 years ago for East Asians and West Eurasians. Nonetheless, studies of ancient 791 

DNA show that around 40,000 years ago East Asians and West Eurasians were already 792 

diverging: the ancient human sample of Kostenki (36,000 year old sample) presents higher 793 

affinity to present day West Eurasians 21 and Tianyuan (40,000 year old sample) to East 794 

Asians 20.  795 

 796 

In this analysis, we assume that the split between Africans and non-Africans happened 60,000 797 

years ago and that the split between West Eurasians and East Asians happened 40,000 years 798 

ago. This is because if the proportion of time the West Eurasians and East Asians were apart 799 

decreases in respect of the time since both splited from Africans (i.e., out of Africa happening 800 

80,000 instead of 60,000 years ago), the rate at which mutations should have accumulated 801 

would have been higher. Thus, a conservative measurement will be assuming a lower bound 802 

for the out of Africa.  803 

 804 

In consequence, the excess of derived alleles accumulated in West Eurasians compared to 805 

East Asia is: 806 

 807 
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1.09%	 · 	
60,000
40,000

	= 	1.64% 808 

 809 

In 4 a poisson regression is derived for the number of mutations transmitted in each generation 810 

from trio data for each parental lineage depending on their age at reproduction: 811 

 �̂�!,# = 	6.05	 + 	1.51𝑎!   (1) 

 �̂�$,# = 	3.61	 + 	0.37𝑎$ (2) 

Where subscripts 𝑓 and 𝑚 denote paternal and maternal respectively, �̂� is the estimation of 812 

the mean mutation rate per generation (𝑔) and 𝑎 is the mean parental age. Thus, assuming 813 

the same mean parental age for both progenitors (𝑎! = 𝑎$ = 𝑎) we get that the total mutation 814 

rate per generation is calculated by the equation 3 and the yearly (𝑦) rate by equation 4. 815 

 �̂�# =	 �̂�!,# + �̂�$,# = 9.66	 + 	1.88𝑎   (3) 

 �̂�% =	 �̂�#/𝑎 (4) 

 816 

Then, to compare the mutation rate per year in two different populations (𝑥 and 𝑧) with different 817 

mean parental ages, we get that 818 

 819 

 &'𝑦𝑥
𝜇(𝑦𝑧
=

9.66	
𝑎𝑥 +	1.88
9.66	
𝑎𝑧 +	1.88

   
(5) 

The number of derived alleles accumulated in a genome during a period of time (𝑑) depends 820 

on the mutation rate per year and the time span (𝑇) 821 

 𝑑	 = 𝜇%𝑇 (6) 

However, the ratio of 𝑑 between two populations, will only depend on their mutation rate 822 

because 𝑇 has been the same for both 823 

 824 

 𝑑𝑥
𝑑𝑦
= 𝜇(𝑔𝑥

𝜇(𝑔𝑦
   (7) 

 825 

Thus, we can estimate the 𝑎)if 𝑎*and the 𝑑)/𝑑*are known  826 

 827 
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�̂�!"
�̂�!#

=
𝑑"
𝑑#
	= 	

9.66	
𝑎"

+ 	1.88

9.66	
𝑎#

+ 	1.88
 

 

 𝑎" 	=
9.66	

𝑑"
𝑑#
-9.66𝑎#

+ 1.88. − 1.88
 (8) 

 828 

In this study, we find that the ratio of the mean derived allele accumulation in West Eurasia 829 

(𝑊𝐸) vs East Asia (𝐸𝐴, 𝑑+,/𝑑,-) is 1.0164 (1.64%). With formula (8), we check for reasonable 830 

𝑎,-values between 28 and 32 years and found that the values of 𝑎+,ranged between 25.32 831 

and 28.59 respectively. Thus, we estimate that generation times in East Asians have been 832 

2.68 to 3.39 years longer than in West Eurasians since the split of the two populations. This 833 

corresponds to West Eurasians having had approx. 150 generations more than East Asians.   834 
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 835 

 836 
 837 
Fig. S3. Mutation rate difference between West Eurasia and East Asia. This diagram 838 
shows conceptually that the mutation rate could only be different after the split between East 839 
Asians and West Eurasians (blue and green terminal branches). However, the difference in 840 
derived allele accumulation is calculated since the split with Africans for each group (cyan and 841 
blue, cyan and green).    842 
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9 - Mutation spectrum correlation with mean parental age 843 

 844 
The germline mutation spectrum is dependent on the parental sex and age at conception 4. In 845 

this study, we observe differences in the abundance of derived alleles accumulated after the 846 

out of Africa event when stratified by mutation type (Fig. S2, Table S7). Here, we study to 847 

which extent these differences can be explained by changes in generation time in the 5 848 

regions. For that, we compare the mutational patterns of de novo mutations (DNM) depending 849 

on parental age in trio studies 4,25 (deCODE dataset) with the differences in mutation spectrum 850 

of extant populations with the mean archaic fragment length as a proxy of mean generation 851 

time (SGDP dataset). 852 

 853 

SGDP dataset 854 

 855 

We classified the derived alleles found in the autosomes of each individual into 6 mutation 856 

types depending on the ancestral and derived allele as explained in S7. C>T mutations were 857 

also classified in 3 subtypes: TCC>TTC, CpG>TpG and the rest (C>T’). In total, we divide all 858 

mutations into 9 types. In order to obtain the fraction of each mutation type per individual, we 859 

divided the number of each mutation type by the total amount of derived alleles. C>T mutations 860 

are duplicated since we subdivide them into 3 extra categories (TCC>TTC, CpG>TpG and 861 

C>T’). Thus, the total amount of derived alleles do not consider these 3 types. We correlated 862 

the fraction of derived alleles of each type with the mean archaic fragment length as a proxy 863 

of mean generation time (Fig. 3b). We obtained the linear model of such correlation for each 864 

mutation type using the following R function (Table S8). 865 

 866 
lm(mutation_fraction~mean_fragment_length) 867 

 868 

deCODE dataset 869 

 870 

We downloaded the set of DNM called in 25 and the additional proband information from the 871 

supplementary data provided in the publication. We join both in order to compute the mean 872 

parental age for each DNM for each proband. Indels are filtered out. Following the 873 

methodology in a similar test in 4, we aggregate all mutation counts for each of the 9 types of 874 

all probands with the same mean parental age. We then compute the fraction of each mutation 875 

type. In other words, for each mutation type and mean parental age we have a single mutation 876 

fraction value. Those data points that were obtained aggregating information from less than 2 877 

probands were discarded. We obtained linear models for each mutation type using the 878 

following R function (Table S8). 879 
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 880 
lm(mutation_fraction~mean_parental_age, weights = n_probands) 881 

 882 

The correlations between the slopes of both datasets is shown in Fig. S4. 883 

 884 

The probands of the deCODE dataset have a bias towards fathers being older than mothers, 885 

with a mean of 2.77 years and the largest difference of more than 40 years (Fig. S5a). To 886 

study if the correlation of mutation spectrum with the mean parental age is affected by the 887 

mentioned bias, we rerun the correlation test with the deCODE dataset with only probands 888 

that have parents with an age difference of less than 4 years.  This way, we retaining more 889 

than 50% of the data (Fig. S5b) and reduce the bias (mean = 0.94 differences in years, 890 

Fig. S5c). We then compared the slopes of the linear models calculated in the original 891 

deCODE dataset and when we impose the parental age difference filter explained above 892 

(Fig. S6). We don’t observe qualitative changes in the slopes when comparing the two and 893 

thus, we used all probands for our analysis.  894 

 895 
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 896 
Fig. S4. Slope coefficient correlation between SGDP data and deCODE data linear 897 
models. Dot plot graph illustrating the correlation between linear model slope coefficients 898 
derived from the SGDP data (x-axis) and deCODE data (y-axis) for each mutation type (color 899 
code). 95%CI for each estimate are shown as error bars. The 1-to-1 correspondence is 900 
denoted by the gray dashed diagonal line.   901 
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 902 
Fig. S5. Parental age difference in the deCODE data. a) Histogram of the number of 903 
probands with a certain parental age difference. The mean is shown as a vertical gray line and 904 
annotated as a numeric figure. b) Histogram of the number of probands with a certain absolute 905 
parental age difference. The cumulative distribution of provands is denoted by red dots. The 906 
horizontal gray line shows the 50% data threshold. c) Histogram of the number of probands 907 
with a certain parental age difference with less than 4 years difference. The mean is shown 908 
as a vertical gray line and annotated as a numeric figure.  909 
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 910 
Fig. S6. Slope coefficient correlation between linear models of deCODE data and 911 
deCODE data when only using probands with parental age difference less than 4 years. 912 
Dot plot graph illustrating the correlation between linear model slope coefficients derived from 913 
the deCODE data (y-axis) and the deCODE data when only using probands with parental age 914 
difference less than 4 (x-axis) for each mutation type (color code). 95%CI for each estimate 915 
are shown as error bars. The 1-to-1 correspondence is denoted by the gray dashed diagonal 916 
line.   917 
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Mutation Dataset Intercept SE t vauel P vauel 

T>A 

deCODE 6.72e-2 2.86e-3 23.47 9.70e-34 

SGDP 3.71e-2 2.34e-3 15.85 3.40e-37 

T>C 

deCODE 2.46e-1 4.33e-3 56.79 9.27e-58 

SGDP 2.58e-1 3.63e-3 71.00 8.39e-144 

T>G 

deCODE 5.34e-2 2.33e-3 22.98 3.34e-33 

SGDP 5.64e-2 4.22e-3 13.36 1.66e-29 

C>A 

deCODE 8.79e-2 2.63e-3 33.43 4.26e-43 

SGDP 7.61e-2 2.29e-3 33.19 2.77e-83 

C>T 

deCODE 4.69e-1 4.62e-3 101.48 3.35e-74 

SGDP 4.90e-1 6.92e-3 70.86 1.22e-143 

C>G 

deCODE 7.70e-2 2.83e-3 27.21 1.37e-37 

SGDP 8.25e-2 1.83e-3 45.16 7.19e-107 

CpG>TpG 

deCODE 1.82e-1 3.71e-3 48.96 1.32e-53 

SGDP 1.29e-1 2.62e-3 49.30 7.50e-114 

C>T' 

deCODE 2.65e-1 4.27e-3 62.02 3.08e-60 

SGDP 3.01e-1 4.52e-3 66.54 2.14e-138 

TCC>TTC 

deCODE 2.19e-2 1.25e-3 17.54 1.55e-26 

SGDP 6.05e-2 2.41e-3 25.13 8.48e-64 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 
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Mutation Dataset Slope SE t vaue P vaue 

T>A 

deCODE -3.92e-5 9.52e-5 -0.41 6.82e-1 

SGDP 4.26e-4 3.02e-5 14.13 7.04e-32 

T>C 

deCODE 5.30e-4 1.44e-4 3.69 4.61e-4 

SGDP 3.86e-4 4.68e-5 8.27 1.91e-14 

T>G 

deCODE 3.32e-4 7.73e-5 4.30 5.77e-5 

SGDP 2.08e-4 5.44e-5 3.82 1.78e-4 

C>A 

deCODE 5.55e-5 8.74e-5 0.63 5.28e-1 

SGDP 1.97e-4 2.95e-5 6.66 2.60e-10 

C>T 

deCODE -1.45e-3 1.54e-4 -9.43 7.52e-14 

SGDP -1.27e-3 8.91e-5 -14.21 3.85e-32 

C>G 

deCODE 5.69e-4 9.41e-5 6.05 7.66e-8 

SGDP 4.92e-5 2.35e-5 2.09 3.77e-2 

CpG>TpG 

deCODE -2.14e-4 1.23e-4 -1.73 8.82e-2 

SGDP 2.07e-5 3.37e-5 0.61 5.41e-1 

C>T' 

deCODE -1.14e-3 1.42e-4 -8.01 2.58e-11 

SGDP -7.96e-4 5.82e-5 -13.67 1.81e-30 

TCC>TTC 

deCODE -9.72e-5 4.15e-5 -2.34 2.22e-2 

SGDP -4.91e-4 3.10e-5 -15.84 3.79e-37 

 926 

Table S8. Linear models between mutation type fraction and mean generation time 927 
estimate in the SGDP and deCODE data sets. Two separate tables are given for the 928 
intercept and the slope of the linear models. For each mutation type and data set, the 929 
coefficients estimate the SE, t value and the associated P value are provided.   930 
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10 - Sex Specific mutational patterns 931 

 932 

X-to-A ratio 933 
 934 

Due to the inheritance pattern of the X chromosome - 2 copies transmitted in females while 935 

only 1 in males - compared to autosomes - 2 copies in both females and males -, it is expected 936 

that the X chromosome has ¾ the diversity of the autosomes. However, this can be altered if 937 

the mutation rate changes disproportionately between females and males due to shifts in 938 

generation time between sexes. For example, an increase in the male mean generation time 939 

will decrease the yearly mutation rate in males and thus, proportionally less mutations are 940 

going to be accumulated in autosomes compared the X chromosomes 28. Therefore, the ratio 941 

of derived allele accumulation between the X chromosome and the autosomes will reflect 942 

variation on the generation time between males and females: higher values of the X-to-A ratio 943 

will be indicative of longer generation times in males compared to females and vice versa. 944 

Although here we only consider generation time differences to affect the ratio, there are other 945 

factors that can perturbe this ratio such as reproductive variance between sexes 35, 946 

demographic events 36 or differences in selection 37. 947 

 948 

To investigate that, we obtained the number of derived alleles in the autosomes and X 949 

chromosomes of the females of the SGDP data (Table S9), as described in S7 (included in 950 

Data2_mutationspectrum.txt), and computed the X-to-A ratio as:  951 

 952 

𝑑𝑋
𝐿𝑋
	/	𝑑𝐴𝐿𝐴

 953 

 954 

where 𝑑 denotes the number of derived alleles, 𝐿 the number of callable base pairs in either 955 

𝑋(X chromosome) or 𝐴(autosomes). We then correlated the ratio with the mean archaic 956 

fragment length for each individual obtained in S3 (Fig. 4a). 957 

 958 

C>G maternaly enriched regions 959 
 960 

As described in 4, there are regions of the genome in which DNM are clustered (cDNM). Those 961 

regions appear to be enriched in C>G mutations which originate in the maternal lineage. They 962 

also show that these clusters increase in number more rapidly with maternal than paternal age 963 

at conception.  964 

 965 
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Here we explore if there is a difference on the number of C>G segregating sites in cDNM 966 

genomic windows among the 5 regions.  967 

 968 

For that we compute the number of derived alleles that are C>G and non-C>G along the 969 

genome in windows of 1Mb. We join this information with the annotation of 1Mb-window of the 970 

genome as cDNM or non-cDNM provided in 4. Then, for each individual we compute the 971 

following: 972 

 973 

𝑝	 =
𝑑234

𝑑5657234
 974 

 975 

where 𝑑 denotes the number of derived alleles of C>G or non-C>G. Thus, p is the ratio 976 

between the two quantities. Then, to compare this ratio between cDNM and non-cDNM 977 

regions we compute the mean 𝑝 (𝑝) over all regions and compute the following ratio 978 

 979 

𝑟	 =
�̅�234

�̅�5657234
 980 

 981 

If 𝑟 = 1, it shows that there are a similar number of C>G mutations in cDNM regions compared 982 

to the rest of the genome. If 𝑟 > 1, then there is an excess and if 𝑟 < 1, then there is a depletion. 983 

Nonetheless, we are not interested in the actual ratio, but the comparison among regions on 984 

this quantity. We then correlated the ratio with the mean archaic fragment length for each 985 

individual obtained in S3 (Fig. 4b). 986 

 987 

Y chromosome 988 
 989 

Male individuals with shorter generation time are predicted to increase the mutation rate per 990 

year. Thus, Y chromosomes are expected to accumulate more derived alleles in individuals 991 

with a historically shorter mean generation time compared to others with longer ones.  992 

 993 

To investigate that, we followed a similar procedure as in S7, changing certain steps and filters 994 

listed below: 995 

 996 

1. We only used males in SGDP data 997 

2. Alleles were polarized using the Chimp sequence in human coordinates. Since the 998 

chimpanzee Y chromosome is not provided with the SGDP data, this was achieved by 999 
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taking the chimpanzee sequence from the hg19-panTro6 alignment into a fasta file 1000 

with the human coordinates. The alignment can be downloaded from the following link:  1001 

 1002 

http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsPanTro6/reciprocalBest/axtRBestNet/hg1003 

19.panTro6.rbest.axt 1004 

 1005 

3. No archaic regions were masked since there is no evidence of archaic sequence in 1006 

the modern human Y chromosome 1007 

4. Only polymorphisms in the X degenerate regions are considered (coordinates from 38) 1008 

and no further filters regarding repetitive regions were imposed 1009 

5. Individuals S_Finnish-2, S_Finnish-3, S_Palestinian-2, S_Mansi-1 and S_Masai-2 were 1010 
discarded from the analysis because they didn’t yield any callable polymorphism 1011 

6.  For each individual, all heterozygous sites were classified as non callable sites 1012 
7. Only African individuals with Y haplogroups A and B (metadata provided in 3, A: 1013 

S_Ju_hoan_North-2, S_Dinka-2; B: S_Biaka-1, S_Biaka-2, S_Mbuti-3, S_Ju_hoan_North-1014 
3, S_Ju_hoan_North-1) were used as the outgroup. If polymorphisms were found to be 1015 
segregating in these individuals, they were filtered out from this analysis 1016 

8. We didn’t require the 5’ and 3’ contiguous base pairs (context) of a polymorphic site to be 1017 
callable 1018 

 1019 
The accumulation of derived alleles in the Y chromosome per geographical region is shown in 1020 
Fig. S7 (included in Data2_mutationspectrum.txt) and in Table S10.  1021 
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 1022 

 1023 
 1024 
Fig. S7. Mean derived allele accumulation of the 7-mutation types per region in the Y 1025 
Chromosome. a) The mean number of derived alleles of each mutation type accumulated 1026 
among individuals of the 5 regions (colour coded). The 95%CI of each mean is shown as error 1027 
bars. b) The number of derived alleles of each mutation type per region (colour coded) as 1028 
violin plot. Individual values are shown as dots. The median is shown as a horizontal line in 1029 
each violin plot. The mean and its 95%CI of each distribution is shown as a coloured square 1030 
with their corresponding error bars.  1031 
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Region 

 
Number of 
samples 

Derived allele accumulation (X 
chromosome) 

mean SE 

West Eurasia 23 2,820.21 21.17 

South Asia 8 2,911.41 26.69 

America 13 2,839.21 21.73 

Central Asia Siberia 16 2,818.77 18.56 

East Asia 20 2,900.35 17.46 
 1032 
Table S9. Derived allele accumulation per region for the X chromosome in female 1033 
individuals. Summary statistics of the derived allele accumulation per region on the X 1034 
chromosome of females. For each region, the mean and the of SE (S1) is provided. 1035 
 1036 

 1037 

 
Region 

 
Number of 
samples 

Derived allele accumulation (Y 
chromosome) 

mean SE 

West Eurasia 45 164.95 1.35 

South Asia 31 164.17 1.74 

America 7 160.28 1.87 

Central Asia Siberia 10 166.20 1.60 

East Asia 25 165.20 1.43 
 1038 
Table S10. Derived allele accumulation per region for the Y chromosome in male 1039 
individuals. Summary statistics of the derived allele accumulation per region on the X 1040 
chromosome of males. For each region, the mean and the of SE (S1) is provided.  1041 
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11 - Datasets 1042 

 1043 
Data1_archaicfragments.txt: Archaic fragments found in individuals from the 5 main 1044 

geographical regions and ancient samples in the SGDP investigated in this study. Each line 1045 

is a fragment with the following attributes: 1046 

 1047 

1. name: individual the fragment belongs to. 1048 

2. region: region that the individual belongs to as defined by 3. 1049 

3. chrom: chromosome in which the fragment is located. 1050 

4. start: starting fragment position in hg19 coordinates. 1051 

5. end: ending fragment position in hg19 coordinates. 1052 

6. length: fragment length (end - start). 1053 

7. MeanProb: mean posterior probability for the fragment outputted by the 11 method. 1054 

8. snps: number of SNPs found in the fragment that are not segregating in any of the Sub 1055 

Saharan African genomes (S3). 1056 

9. Altai: number of SNPs found in the fragment that are shared with the Altai Neanderthal 1057 
33.  1058 

10. Denisova: number of SNPs found in the fragment that are shared with the Denisova 1059 
34.  1060 

11. Vindija: number of SNPs found in the fragment that are shared with Vindija 1061 

Neanderthal 12.  1062 

 1063 

Data2_mutationspectrum.txt: Counts of derived alleles classified into the 96 mutation types 1064 

for the extant samples of the SGDP, per chromosome. Each line has the following attributes: 1065 

1. ind: individual identifier  1066 

2. reg: region that the individual belongs to as defined by 3. 1067 

3. sex: individual sex defined by 3. M = male, F = female. 1068 

4. chrom: chromosome which the counts belong to. 1069 

5. fiv: contiguous 5’ base pair of the focal SNP 1070 

6. anc: ancestral allele of the mutation  1071 

7. thr: contiguous 3’ base pair of the focal SNP 1072 

8. der: ancestral allele of the mutation 1073 

9. counts: number of mutation types found 1074 

  1075 
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