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Abstract8

Following introgression, Neanderthal DNA was initially purged from non-African genomes, but9
the evolutionary fate of remaining introgressed DNA has not been explored yet. To fill this gap,10
we analyzed 30,780 admixed genomes with African-like ancestry from the All of Us research11
program, in which Neanderthal alleles encountered novel genetic backgrounds during the last12
15 generations. Observed amounts of Neanderthal DNA approximately match expectations13
based on ancestry proportions, suggesting neutral evolution. Nevertheless, we identified genomic14
regions that have significantly less or more Neanderthal ancestry than expected and are associ-15
ated with spermatogenesis, innate immunity, and other biological processes. We also identified16
three novel introgression desert-like regions in recently admixed genomes, whose genetic features17
are compatible with hybrid incompatibilities and intrinsic negative selection. Overall, we find18
that much of the remaining Neanderthal DNA in human genomes is not under strong selection,19
and complex evolutionary dynamics have shaped introgression landscapes in our species.20

Keywords: Neanderthal, Introgression, Admixture, Natural Selection, Hybrid incompatibilities21

1 Introduction22

The sequencing of the Neanderthal genome revealed that modern humans interbred with archaic23

hominins after the out-of-Africa migration ∼50 thousand years ago (kya) (Green et al., 2010; Prüfer24

et al., 2017), leaving present-day non-Africans with ∼1-2% Neanderthal ancestry (Sankararaman25

et al., 2014; Vernot and Akey, 2014; Sankararaman et al., 2016; Vernot et al., 2016; Skov et al.,26

2020; Witt et al., 2023). However, the initial introgression pulse was likely greater than 5% (Har-27

ris and Nielsen, 2016; Iasi et al., 2024), indicating that much of the Neanderthal DNA was purged28
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from modern human genomes. This purging occurred quickly as the amount of Neanderthal ancestry29

remained constant for the last 45,000 years in Europe (Petr et al., 2019; Iasi et al., 2024). Observa-30

tions that this purging was particularly pronounced from functional genomic elements (Dannemann31

et al., 2017; Telis et al., 2020) and that archaic haplotypes do not carry more deleterious vari-32

ants than non-archaic haplotypes in present-day Icelandic genomes (Skov et al., 2020) suggest that33

remaining Neanderthal DNA in extant genomes is evolutionary neutral. However, the evolutionary34

fate of Neanderthal DNA in contemporary populations has yet to be assessed at biobank scale.35

A striking feature of the introgression landscapes in Eurasian populations are large introgression36

deserts, i.e., genomic regions ≥8 Mb significantly depleted of archaic introgression (Sankararaman37

et al., 2014; Vernot and Akey, 2014; Vernot et al., 2016; Sankararaman et al., 2016). However,38

the evolutionary mechanisms behind the introgression deserts are still debated. While some studies39

invoked hybrid incompatibilities as an explanation (Sankararaman et al., 2014, 2016; Harris et al.,40

2023), others argued that intrinsic negative selection against Neanderthal alleles due to their higher41

mutational load is a more parsimonious explanation for introgression deserts (Juric et al., 2016;42

Vernot et al., 2016; Harris and Nielsen, 2016; Kim et al., 2018; Steinrücken et al., 2018; Petr et al.,43

2019). From a theoretical population genetic perspective, both explanations are plausible (Uecker44

et al., 2015; Sachdeva and Barton, 2018a,b; Pfennig and Lachance, 2022).45

Here, we leverage whole-genome sequences of 30,780 recently admixed individuals with pre-46

dominantly African-like and European-like ancestry from the United States in All of Us (All of47

Us Research Program Investigators et al., 2019; Bick et al., 2024) to directly test the evolution-48

ary fate of remaining Neanderthal segments in extant human genomes. Because African genomes49

contain no or only very little Neanderthal ancestry (Chen et al., 2020), many archaic haplotypes50

have only been exposed to an African genetic background during the last 15 generations (Figure51

1). This novel genetic context offers a unique opportunity to infer the evolutionary impact of Nean-52

derthal DNA. Assuming neutrality of the remaining archaic variants, the Neanderthal introgression53

landscape in such admixed genomes only depends on the introgression landscape in the admixing54

populations and recent ancestry patterns. Thus, observing less or more Neanderthal introgressed55

sequence than expected based on ancestry patterns can be indicative of recent negative or positive56

secondary selection in these admixed genomes, respectively. Furthermore, admixed genomes with57

African-like ancestry potentially allow the evolutionary dynamics behind introgression deserts to be58

interrogated. We note that recent selection of Neanderthal DNA in admixed genomes has not yet59

been exhaustively tested, although a recent study by Witt et al. (2023) described the introgression60
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Fig. 1 Secondary contact has brought Neanderthal DNA into novel genomic contexts. (1) Neanderthal DNA intro-
gressed into non-African populations ∼50 kya, leading to an initial purging of Neanderthal ancestry. (2) During the
past 15 generations, recent admixture of individuals with African-like ancestry and European-like ancestry has intro-
duced Neanderthal variants into a novel genetic background, potentially leading to secondary selection.

landscape in admixed populations in the Americas and identified several candidates for adaptive61

introgression using the population branch statistic.62

We first test the evolutionary fate of remaining Neanderthal DNA on a genome level by modeling63

the expected amount of introgressed sequence in these admixed genomes based on recent ancestry64

proportions and average amounts of introgressed sequence in the respective continental reference65

populations. Subsequently, we extend this model to individual genomic regions and identify poten-66

tial target loci of secondary selection in the admixed individuals. Lastly, we provide new insights67

into the evolutionary dynamics of archaic introgression deserts by interrogating novel desert-like68

regions in these recently admixed genomes.69
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2 Results70

We identified 30,780 recently, mostly two-way admixed individuals with predominantly African-71

like and European-like ancestry in All of Us, using previously inferred ancestry proportions (All of72

Us Research Program Investigators et al., 2019; Conley et al., 2023; Bick et al., 2024). To ensure73

that Neanderthal DNA was introduced into novel genetic backgrounds, i.e., African-like ancestry, we74

only included admixed individuals with at least 50% African-like ancestry, at least 10% European-75

like ancestry, and at least 95% African-like + European-like ancestry in our study. On average, the76

analyzed admixed individuals have 80.1% African-like, 18.3% European-like, and 1.6% East Asian/-77

Native American-like ancestry (Figure S1). Furthermore, we constructed continental reference panels78

of Neanderthal introgression landscapes using unadmixed individuals with African-like (1,067 indi-79

viduals), European-like (10,503), and East Asian/Native American-like (575 individuals) ancestry80

from the 1000 genomes project (1KGP) (Auton et al., 2015) and All of Us (All of Us Research81

Program Investigators et al., 2019; Bick et al., 2024). Due to the paucity of Native American-like82

reference genomes and since they have previously been shown to have similar amounts of Nean-83

derthal introgressed sequence as East Asian genomes (Sankararaman et al., 2016), we pooled East84

Asian and Native American genomes into one panel.85

2.1 Inference of Neanderthal introgressed segments in global populations86

Using IBDmix and the Vindija33.19 Neanderthal reference genome (Chen et al., 2020; Prüfer et al.,87

2017), we separately identified Neanderthal introgressed segments in the recently admixed indi-88

viduals and each continental reference subpopulation and used the Denisovan reference genome to89

control for incomplete lineage sorting (ILS) (see Materials and Methods). We refer to this call set of90

Neanderthal introgressed segments as the “unfiltered” call set. Note that we only considered autoso-91

mal data. Individuals with East Asian/Native American-like and European-like ancestry show the92

highest amount of Neanderthal ancestry with, on average, 54.2 and 48.7 Mb per individual, respec-93

tively, while individuals with African-like ancestry have, on average, 12.9 Mb putatively Neanderthal94

introgressed sequence per individual. Admixed genomes with recent African-like and European-like95

ancestry contain intermediate amounts of Neanderthal ancestry, i.e., on average, 23.1 Mb per indi-96

vidual (Figure 2A). The amounts of Neanderthal ancestry in the admixed genomes are negatively97

correlated with recent African-like ancestry and positively correlated with recent European-like98

ancestry (Figure 2B - C). Due to our sampling scheme they are only weakly correlated with the99
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Fig. 2 Amounts of Neanderthal ancestry in global populations and correlations with recent ancestry proportions in
30,780 admixed individuals from All of Us. A) Inferred amounts of Neanderthal ancestry in Mb per individual for
different continental reference subpopulations, using IBDmix. East Asian/Native American populations (green) show
the highest amounts of Neanderthal ancestry, immediately followed by European populations (blue). African popu-
lations (red) have the lowest amounts of inferred Neanderthal ancestry. Admixed genomes (purple; AOU-Admixed)
contain intermediate amounts of Neanderthal ancestry. The whiskers indicate 1.5 times the inter-quartile range. See
also Figure S2 for amounts of introgressed sequence per individual after applying the African mask B) The amount
of Neanderthal ancestry in admixed genomes is negatively correlated with the African-like (AFR-like) ancestry pro-
portion and C) positively correlated with the European-like (EUR-like) ancestry proportion. D) Due to our inclusion
criteria, there is only a weak correlation between the amount of Neanderthal ancestry and the amount of East Asian/-
Native American-like (EAS/NA-like) ancestry in the admixed genomes. The p-value (p) and Pearson’s correlation
coefficient (r) for separate linear regressions are given in the respective panels. See also Figure S3.

recent East Asian/Native American-like ancestry (Figure 2D). Furthermore, predicted Neanderthal100

segments in admixed genomes are also enriched in regions with recent European-like ancestry, as101

opposed to African-like ancestry (Figure S3).102

2.2 No evidence for polygenic selection of Neanderthal ancestry on a103

genome level since admixture104

Using the introgression landscape in African, European, and East Asian/Native American reference105

populations and estimated ancestry proportions, we modeled the expected amounts of Neanderthal106

introgressed sequence in recently admixed genomes as a linear mixture of the continental reference107
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populations (Equation 1, see Materials and Methods). If Neanderthal ancestry is effectively neu-108

tral in extant genomes, as indirectly suggested by previous studies (Harris and Nielsen, 2016; Petr109

et al., 2019; Skov et al., 2020; Wei et al., 2023), one would observe as much Neanderthal intro-110

gressed sequence as expected based on recent ancestry patterns in the admixed genomes and average111

amounts of introgressed sequence from continental reference populations. Whereas, if Neanderthal112

ancestry is selected against or for, one would expect to see less or more Neanderthal ancestry in113

recently admixed genomes than expected, respectively. Within European-like and African-like con-114

tinental ancestry groups, individuals from different populations show similar amounts of inferred115

Neanderthal introgressed sequence (e.g., compare AOU-EUR and 1KGP-EUR reference popula-116

tions in Figure 2A), suggesting little confounding in our modeling from continental heterogeneity117

in the admixing African and European populations and not knowing the exact genetic ancestry of118

the admixing populations 15 generations ago. By contrast, individuals with Native American-like119

ancestry from All of Us (AOU-NA) have less introgressed sequence than East Asian 1KGP refer-120

ence populations (Figure 2A), although a previous study found that they have similar amounts of121

Neanderthal DNA (Sankararaman et al., 2016). However, potential differences in the introgression122

landscapes between East Asian and Native American populations should also not bias subsequent123

analyses as we limited our analysis to individuals with less than 5% recent East Asian/Native124

American-like ancestry and there is only a weak correlation of Neanderthal introgression amounts125

and recent East Asian/Native American-like ancestry proportions in the admixed individuals ana-126

lyzed here (Figure 2D).127

We found that expected and observed amounts of Neanderthal ancestry per individual are128

strongly correlated (p ≤ 10−6; Pearson’s correlation r = 0.85). Despite this pattern, we observed129

more Neanderthal ancestry in the recently admixed genomes than expected (Figure S4A). However,130

we also observed this pattern in neutral coalescent simulations under a plausible demographic model131

(Figure S4B). Although this enrichment is robust to variation in recombination rate (Figure S5),132

we show below that this enrichment is the result of ILS and false positive predictions.133

To account for remaining biases from ILS and false positive predictions, we removed any intro-134

gressed segment that overlapped with a predicted segment in African reference genomes for all135

subsequent analyses. This was done for two reasons. First, despite including Argweaver-D pre-136

dicted human-to-Neanderthal introgressed regions in the mask for IBDmix (Hubisz et al., 2020)137

and using the Denisovan reference genome to control for ILS (see Materials and Methods), IBD-138

mix still predicts Neanderthal introgressed segments with a higher “false-positive” rate in African139
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Fig. 3 Observed amounts of Neanderthal ancestry per individual are largely compatible with neutral evolution
in 30,780 admixed genomes from All of Us after correcting for incomplete lineage sorting and false positives by
removing segments that overlapped with putative Neanderthal segments in African reference genomes. A) Slightly
more Neanderthal ancestry is observed than expected, but the slope of the regression line is close to one (m=1.05,
95%CI: 1.04 - 1.05), and the y-intercept is close to zero (b=0.22, 95% CI:0.19 - 0.24). The p-value (p) and Pearson’s
correlation coefficient (r) of the regression line are given in the panel. B) Differences in expected and observed
Neanderthal admixture fractions are centered near zero for empirical data (purple) and data from neutral coalescence
simulations (gray). The mean difference in the Neanderthal admixture fraction in the empirical data is 0.34 Mb
(0.012% of the entire genome). See also Figures S4, S5, S6, and S7.

genomes due to earlier human-to-Neanderthal introgression events (Harris et al., 2023; Li et al.,140

2024). Indeed, introgressed segments removed using this “African mask” show characteristics of false141

positive predictions. They are shorter (Mann-Whitney U p ≤ 10−6; Figure S6A), have lower LOD142

scores (Mann-Whitney U p ≤ 10−6; Figure S6B), and are in regions with lower recombination rates143

(Mann-Whitney U p ≤ 10−6; Figure S6C). Second, regardless of whether introgressed segments in144

African reference genomes are true or false positive predictions, we are only interested in the evolu-145

tionary dynamics of Neanderthal haplotypes that were not present in an African genetic background146

before admixture 15 generations ago. Only the fitness of these Neanderthal haplotypes has been147

truly re-assessed in the admixed genomes. After removing Neanderthal segments overlapping with148

introgressed segments in African reference genomes, European and East Asian/Native American149

reference genomes contain, on average, 12.6 Mb and 21.7 Mb introgressed Neanderthal sequence,150

respectively, and the average amount of Neanderthal ancestry per admixed genome is reduced to,151

on average, 3.0 Mb (Figure S2).152

When focusing on introgressed segments that were mostly contributed by European ancestors and153

modeling expected amounts of introgressed sequence per individual based on this African masked154

call set (Equation 1), we still observe a strong correlation between expected and observed amounts155
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of Neanderthal introgressed sequence per admixed individual (p ≤ 10−6; r = 0.79). However, we156

observed only slightly more Neanderthal ancestry than expected in the admixed individuals (Figure157

3A). The differences between expected and observed admixture fractions are significantly reduced158

and centered near zero with a mean difference of 0.34 Mb (0.012% of the entire genome). Analyz-159

ing simulated data in the same way removed the initially observed Neanderthal enrichment (Figure160

3B), indicating that previously observed biases from ILS and false positive predictions are corrected161

by applying the African mask. Thus, despite the initially observed enrichment, there is no evidence162

for strong, polygenic selection of Neanderthal introgressed segments that were newly introduced163

into an African genetic background 15 generations ago on a genome level in admixed individuals164

with recent African-like and European-like ancestry. We replicated these results on a smaller test165

dataset consisting of 93 admixed individuals from 1KGP-ACB and 1KGP-ASW as well as using the166

other two available high-quality Neanderthal reference genomes (i.e., Altai and Chagyrskaya) (see167

Supplemental Information, Figure S7).168

2.3 Regions with significantly less or more Neanderthal ancestry than169

expected affect known Neanderthal phenotypes170

Despite not finding evidence for strong, polygenic selection of remaining Neanderthal ancestry on a171

genome level, individual regions may still be under selection. To identify regions with significantly172

less or more Neanderthal ancestry than expected, we first painted local ancestry using FLARE173

(Browning et al., 2023), i.e., we identified whether genomic segments in admixed genomes had recent174

African-like, European-like, or East Asian/Native American-like ancestry. We calculated local ances-175

try and Neanderthal introgression frequencies for overlapping 50 kb windows (10 kb strides). Using176

these local ancestry and introgression frequencies from our African masked call set, we modeled177

the expected number of Neanderthal haplotypes as independent binomial draws from all reference178

populations, i.e., a multinomial distribution (Equation 2; see Materials and Methods). As before,179

on a genome level, we observe a strong correlation between expected and observed introgression180

frequencies (p ≤ 10−6; r = 0.94; Figure S8A), and the differences between expected and observed181

introgression frequencies are centered near zero, indicating that our modeling approach is not inher-182

ently biased (Figure S8B).183

Using neutral simulations, we found that probabilistic modeling under the above-described184

model was not well calibrated to identify windows with significantly less or more Neanderthal ances-185

try than expected (Equation 3 and Equation S1 in Supplemental Information), and in particular,186
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Fig. 4 Spectra of expected vs. observed Neanderthal introgression frequencies in 50 kb windows after applying the
African mask for empirical and simulated data. That is, we removed any Neanderthal segment that overlapped with
a predicted segment in African reference genomes. A) and B) show expected vs observed introgression frequencies
in the 30,780 admixed individuals from All of Us and aggregated simulated data, respectively. C) shows the positive
residuals when panel B is subtracted from panel A. Two regions in the spectrum were identified in which the empirical
data had significantly more windows with significantly less (lower ellipse) and more (upper ellipse) Neanderthal
ancestry than expected. Only windows with an expected introgression frequency greater than zero, less than 50%
masked sites, intermediate recombination rate (i.e., ≥0.65 cm/Mb and ≤1.52 cM/Mb), and that have at least 50%
African-like, at least 10% European-like, and less than 5% East Asian/Native American-like ancestry were included
in these analyses. Densities and residuals were normalized to a range between 0 and 1. See also Figures S8 and S9.

regions with significantly more Neanderthal ancestry than expected appeared to be false positives187

(Figure S9). To be more conservative in identifying outliers and accounting for genetic drift, we,188

therefore, conditioned our analysis of 50 kb genomic windows on the aggregated results of neutral189

coalescence simulations (Figure 4A & B). We subtracted the simulated joint spectrum of expected190

and observed introgression frequencies from the empirical joint spectrum and searched for peaks191

in the residual spectrum, using the Watershed algorithm (see Materials and Methods). That is, we192
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Fig. 5 Expected and observed Neanderthal introgression frequencies as well as the localization of protein-coding
genes within 500 kb in regions with significantly less (A-D) and more (E-G) Neanderthal ancestry than expected.
Expected and observed introgression frequencies were calculated based on the African masked call set. Positions of
the genomic regions with significantly less or more Neanderthal DNA than expected are shown in each panel. Gene
locations were taken from GENCODE v46 (Frankish et al., 2023), and genomic positions are in hg38. See also Table
S1.

identified regions with a higher density of windows with specific expected and observed introgres-193

sion frequencies in the empirical spectrum than could be expected under neutral evolution and a194

plausible demographic model. Using this approach, we identified two peaks in the empirical joint195

spectrum with windows depleted and enriched for Neanderthal ancestry relative to expectations,196

respectively (ellipses in Figure 4C). These windows formed four and three independent genomic197

regions with significantly less and more Neanderthal ancestry than expected, respectively (Figure198

5; Table S1). Notably, all of these regions were also identified using probabilistic modeling assuming199

binomial inheritance (Equation 3 and Equation S1 in Supplemental Information).200

The region with significantly less Neanderthal ancestry than expected on chromosome 2 overlaps201

with ETAA1 (Figure 5A), which encodes a stress response protein that promotes DNA replication202
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fork progression and integrity (Bass et al., 2016) and is active during mitosis and meiosis (Sal-203

divar et al., 2018; Pereira et al., 2020). The depleted region on chromosome 4 is approximately 300204

kb downstream of FSTL5 (Figure 5B). The calcium ion-binding protein encoded by this gene is205

expressed in the brain (Lonsdale et al., 2013) and is associated with cancer (Remke et al., 2011;206

Zhang et al., 2015) but also obsessive-compulsive personality disorder (Lisboa et al., 2019). The207

depleted region on chromosome 8 overlaps with the NRG1 (Figure 5C), encoding a glycoprotein that208

mediates cell-cell signaling, among others. NRG1 is more ubiquitously expressed (Lonsdale et al.,209

2013) and has been implicated in schizophrenia (Stefansson et al., 2002). Furthermore, the depleted210

region on chromosome 14 is approximately 170 kb downstream of FSCB (Figure 5D). FSCB encodes211

a fibrous sheath CABYR-binding protein that is involved in spermatogenesis (Li et al., 2007). While212

the regions with significantly more Neanderthal ancestry than expected on chromosome 4 and chro-213

mosome 5 overlap with multiple genes (Figure 5E & F), the enriched region on chromosome 6 is not214

in the proximity of a protein-coding gene (Figure 5G). The enriched region on chromosome 4 over-215

laps with ECMN (also known as MUC14 ) and is approximately 125 kb downstream of PPP3CA216

(Figure 5E). ECMN inhibits cell adhesion and cell interactions with extracellular matrix (Kinoshita217

et al., 2001). The enriched region on chromosome 5 overlaps with JAKMIP2, which is part of the218

Golgi apparatus and expressed in brain tissues (Lonsdale et al., 2013), but it is also in proximity to219

several other genes (Figure 5F), including members of the SPINK gene family that are involved in220

innate immunity (Rimphanitchayakit and Tassanakajon, 2010).221

We also compared expected and observed introgression frequencies in the 30,780 admixed indi-222

viduals for 93 previously identified candidate loci of adaptive Neanderthal introgression in European223

populations (Racimo et al., 2017) (see Materials and Methods). These loci did not overlap with224

identified outlier regions in this study as they generally had introgression frequencies that matched225

expectations based on local ancestry patterns and introgression frequencies in the reference pop-226

ulations. However, three loci have a higher Neanderthal introgression frequency than would be227

expected after 15 generations of drift: chr5:168,652,996-168,692,995, chr9:16,800,003-16,840,002, and228

chr18:53,993,631-54,033,630. The region on chromosome 5 overlaps with SLIT3, and the region on229

chromosome 9 overlaps with BNC2. SLIT3 is associated with tumor suppression (Marlow et al.,230

2008), while BNC2 is the classical example of adaptive introgression and is associated with skin231

pigmentation, among others (Reilly et al., 2022).232
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2.4 Hybrid incompatibilities and intrinsic negative selection have shaped233

introgression landscapes234

Previously, large introgression deserts have been described in Eurasian populations (Sankararaman235

et al., 2014; Vernot and Akey, 2014; Vernot et al., 2016; Sankararaman et al., 2016; Chen et al.,236

2020). However, the evolutionary mechanisms leading to these deserts are still debated with hybrid237

incompatibilities (Sankararaman et al., 2014, 2016; Harris et al., 2023) and intrinsic negative selec-238

tion (Juric et al., 2016; Vernot et al., 2016; Harris and Nielsen, 2016; Kim et al., 2018; Steinrücken239

et al., 2018; Petr et al., 2019) as non-mutually exclusive explanations. With respect to hybrid incom-240

patibilities being the cause, it has been hypothesized that genetic incompatibilities reduced hybrid241

fertility (Jégou et al., 2017). If there are novel desert-like regions in admixed individuals, their evo-242

lutionary genetics may allow disentangling of these hypotheses.243

To identify novel introgression desert-like regions, we searched for large genomic regions (i.e., ≥8244

Mb) that contain significantly less Neanderthal DNA than expected using the African masked call245

set of Neanderthal introgressed segments (Equation 3). We identified four emerging deserts on chro-246

mosomes 2, 7, 10, and 17. The novel desert-like region on chromosome 7 overlapped with a known247

Neanderthal introgression desert (Vernot et al., 2016; Chen et al., 2020), and for this reason, was248

excluded from subsequent analyses (Figure 6A; Table S2). We note that we did not observe any249

novel desert-like regions in simulations. To confirm that the three novel desert-like regions are under250

background selection, we evaluated B-statistics (McVicker et al., 2009). Indeed, we found that the251

three novel desert-like regions have lower B-statistics compared to the genome-wide background and252

previously known deserts (Mann-Whitney U p ≤ 10−6 and p ≤ 10−6, respectively; Figure 6B; Table253

S2), indicating stronger background selection.254

To test whether the evolution of desert-like regions is driven by hybrid incompatibilities or255

intrinsic negative selection, we interrogated these novel desert-like regions and previously known256

deserts from Vernot et al. (2016) and Chen et al. (2020) (Table S2) for several evolutionary genetic257

statistics. First, we compared the allele ages of Neanderthal-derived variants in these regions, i.e.,258

variants present in one or more Neanderthal reference genomes but absent from the Denisovan259

genomes and African reference genomes. Neanderthal-derived variants in novel desert-like regions260

and previously known deserts are modestly younger than the genomic background (Mann-Whitney261

U p = 6.47 × 10−4 and p = 8.15 × 10−6, respectively; Figure 6C; see Supplemental Information),262

making them more likely to be epistatically incompatible in a human genetic background (see263
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Fig. 6 The localization and evolutionary genetics of novel introgression desert-like regions and previously known
deserts. A) The genome-wide distribution of African masked Neanderthal haplotypes (purple) and the localization of
novel desert-like regions (red) and previously known introgression deserts (orange) (Vernot et al., 2016; Chen et al.,
2020). Genomic positions are in hg38. B) Novel introgression desert-like regions are subject to stronger background
selection (lower B-statistic) than the genome-wide background and previously known deserts (Mann-Whitney U
p ≤ 10−6 and p ≤ 10−6). Previously known deserts are also subject to stronger background selection than the genome-
wide background (Mann-Whitney U p ≤ 10−6). C) Neanderthal-derived alleles in novel introgression desert-like
regions and previously known introgression are younger than expected by chance (Mann-Whitney U p = 6.47× 10−4

and p = 8.15× 10−6). D) Genes overlapping the novel desert-like regions and previously known deserts interact with
slightly more proteins than random genes (p = 2.05×10−3 and p = 1.37×10−3) when considering medium confidence
protein-protein interactions in STRING (i.e., score > 400). E) The shifts for genes with more interactions disappear
when only considering high-confidence interaction in STRING (score > 700; p = 0.28 and p = 0.42). F) Novel
introgression desert-like regions and previously known deserts show a small shift towards greater phastCons scores
compared to the genome-wide background (Mann-Whitney U p ≤ 10−6 and p ≤ 10−6). See also Tables S2 and S3.

Discussion). Furthermore, genes overlapping these novel desert-like regions and previously known264

deserts also interact with slightly more proteins than random genes when considering all interac-265

tions with at least medium confidence (Mann-Whitney U p = 2.05 × 10−3 and p = 1.37 × 10−3,266

respectively; Figure 6D) but do not have more interaction partners than random genes when only267

considering high-confidence interactions (Mann-Whitney U p = 0.28 and p = 0.42, respectively;268

Figure 6E). A gene set enrichment analysis also revealed that the three novel desert-like regions are269
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nominally enriched for genes associated with reproductive processes (GO:0022414; FDR-controlled270

p = 0.052), among others (Table S3). However, we also observed a small but statistically significant271

shift towards larger phastCons scores (Siepel et al., 2005) in novel desert-like regions and known272

introgression deserts compared to the genome-wide background (Mann-Whitney U p ≤ 10−6 and273

p ≤ 10−6, respectively; Figure 6F), indicating greater evolutionary conservation and that intrinsic274

negative selection is more likely to remove Neanderthal DNA from these regions. Thus, both hybrid275

incompatibilities and intrinsic negative selection may have shaped introgression deserts in modern276

human genomes.277

3 Discussion278

Leveraging 30,780 admixed genomes with predominantly recent African-like and European-like279

ancestry, we found no evidence for strong, polygenic selection of Neanderthal introgressed seg-280

ments that were brought into an African genetic background during the past 15 generations since281

admixture. When focusing on Neanderthal segments mostly contributed by European-like ances-282

tors, admixed genomes contain approximately as much Neanderthal ancestry as expected based on283

continental ancestry proportions and average amounts of Neanderthal DNA in each of these source284

ancestries (Figure 3). This is consistent with previous studies showing that the amount of Nean-285

derthal ancestry in modern human genomes has been constant for the past 45,000 years and that286

archaic haplotypes do not carry more deleterious variants than non-archaic haplotypes (Harris and287

Nielsen, 2016; Dannemann et al., 2017; Petr et al., 2019; Telis et al., 2020; Skov et al., 2020).288

Yet, Neanderthal ancestry may still be under selection in local genomic regions. After account-289

ing for drift by conditioning on the simulated joint spectrum of expected and observed introgression290

frequencies in 50 kb windows, we identified four and three independent genomic regions with sig-291

nificantly less and more Neanderthal ancestry than expected, respectively (Figure 5; Table S1). We292

note that by looking for less or more Neanderthal ancestry within recent European-like ancestry293

tracts our evolutionary analysis in admixed populations is complementary to previous work that294

examined local ancestry proportions to infer whether there was evidence of strong natural selection295

following the middle passage (Bhatia et al., 2014) and searched for signatures of adaptive intro-296

gression in Eurasian populations (Racimo et al., 2017; Gittelman et al., 2016). Previously identified297

candidate loci of adaptive introgression in European populations had introgression frequencies that298

matched expectations in admixed individuals (Racimo et al., 2017), suggesting that they have not299

been under strong positive selection during the last 15 generations. Furthermore, genetic features of300
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significant outlier regions in our study are consistent with earlier findings that some of the strongest301

signals of adaptive introgression are in genes related to immunity (Reilly et al., 2022; Zeberg et al.,302

2024). For example, one of the identified regions with significantly more Neanderthal ancestry than303

expected in this study (chr5:147,670,000-147,800,000) is in the proximity of several members of the304

SPINK gene family that are associated with innate immunity (Figure 5F; Table S1). We point out305

that this region has a complex evolutionary history with a 2 million-year-old deletion in the nearby306

STK32A gene and a >1.5 million-year-old inversion in SPINK14 that have recently been identi-307

fied as candidates of selective pressures on the lineage leading to modern humans (Aqil et al., 2023;308

Giner-Delgado et al., 2019).309

Another longstanding question of Neanderthal introgression is whether hybrid incompatibilities310

or intrinsic negative selection against Neanderthal ancestry led to the formation of large intro-311

gression deserts (Sánchez-Quinto and Lalueza-Fox, 2015; Reilly et al., 2022). To disentangle the312

hypotheses of hybrid incompatibilities and intrinsic negative selection, we compared evolutionary313

genetic statistics of three newly identified desert-like regions and previously known deserts (Figure314

6; Table S2), including estimated ages of Neanderthal-derived variants. Hybrid incompatibilities can315

arise from multiple mutations on the same lineage, i.e., ancestral-derived incompatibilities (Wang316

et al., 2013). Due to the snowball effect (Orr, 1995), one would expect mutations on the Neanderthal317

branch that occurred long after the human-Neanderthal split, i.e., younger Neanderthal-derived318

alleles, to be more likely to result in ancestral-derived hybrid incompatibilities. Indeed, we found319

that Neanderthal-derived variants in introgression desert-like regions and known deserts are younger320

than in other parts of the genomes (Figure 6C), and their potential to be genetically incompatible321

is further compounded by the colocalization with connected genes in these regions (Figure 6D &322

E). Furthermore, we found that these desert-like regions are nominally enriched for genes involved323

in reproductive processes (Table S3). Given that we identified short regions with significantly less324

Neanderthal ancestry than expected in the proximity of genes involved in spermatogenesis (FSCB)325

and mitosis/meiosis (ETAA1 ), among others, the depletion of Neanderthal ancestry around repro-326

ductively important genes appears to be a general pattern. Such a depletion pattern fits with the327

hypothesis that genetic incompatibilities in reproductively relevant genes reduced hybrid fertility328

(Sankararaman et al., 2014, 2016; Jégou et al., 2017). However, hybrid incompatibilities are not329

mutually exclusive from intrinsic negative selection against Neanderthal ancestry in these regions.330

We also observed a higher evolutionary constraint in these regions (Figure 6D), which makes negative331

selection more likely to remove Neanderthal-derived variants. The desert-like region on chromosome332
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10 overlaps with BICC1, a gene that was previously identified as a candidate for positive selection333

in early modern humans (Green et al., 2010). This indicates that the evolutionary dynamics in these334

regions may be heterogeneous, and different evolutionary forces may have acted on them. Therefore,335

these regions require further study to fully understand their evolutionary histories.336

Our study is not without limitations. Since admixture occurred only 15 generations ago, selec-337

tion on Neanderthal haplotypes would have had to be strong for us to be able to detect it. We338

found that null expectations from our probabilistic modeling of expected Neanderthal introgression339

frequencies in 50 kb windows were not well calibrated to identify windows with significantly less or340

more Neanderthal ancestry than expected in the admixed genomes, despite efforts to account for 15341

generations of drift (Equation 3 and Supplemental Information; Figure S9). This is possibly because342

our model does not capture effects from deeper population history, e.g., the out-of-Africa bottle-343

neck. For this reason, we took a more conservative approach and conditioned our identification of344

short regions with significantly less and more Neanderthal ancestry than expected on the simulated345

joint spectrum of expected and observed introgression frequencies. Furthermore, we do not know346

the exact ancestry composition of the admixing populations 15 generations ago. However, as total347

amounts of Neanderthal ancestry (Figure 2A) and Neanderthal introgression frequencies per 50 kb348

windows (Figure S11) are very similar across populations from the same continental ancestry group,349

it is unlikely that this is a significant confounder. Nevertheless, identified regions that are putatively350

under selection require further validation.351

In summary, we showed that the remaining Neanderthal ancestry appears to be largely evolu-352

tionary neutral in contemporary genomes, that is, we did not find evidence for strong, polygenic353

selection of Neanderthal ancestry in admixed genomes with African-like ancestry. Furthermore, we354

uncovered additional evidence for the potential involvement of hybrid incompatibilities in shaping355

the introgression landscapes of our species.356

4 Materials and Methods357

4.1 Materials availability358

This study did not generate new unique reagents.359
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4.2 Data and code availability360

This study used data from the All of Us Research Program’s Controlled Tier Dataset v7.1, which361

is available to authorized users on the Researcher Workbench and publicly available data from the362

1000 genomes project phase 3. All analyses described above have been implemented in a Snake-363

make workflow (Mölder et al., 2021). All code used and computed introgression and local ancestry364

frequencies are available from https://github.com/LachanceLab/introgression in admixed genomes.365

4.3 Method Details366

4.3.1 Dataset description367

Ethics statement368

All study participants in the All of Us Research Program provided written consent in accordance369

with the Declaration of Helsinki and the U.S. Common Rule. As per Georgia Institute of Technol-370

ogy IRB protocol H15385, all genomic data analyzed in this study was deidentified. The authors371

declare no conflicts of interest.372

Modern human samples373

Using previously estimated ancestry proportions (Conley et al., 2023; All of Us Research Pro-374

gram Investigators et al., 2019; Bick et al., 2024), we identified 30,780 unrelated recently admixed375

individuals who had at least 50% African-like ancestry, at least 10% European-like ancestry, and376

at most 5% East Asian/Native American-like ancestry and for whom short-read whole-genome377

sequences are available in All of Us v7.1 (All of Us Research Program Investigators et al., 2019; Bick378

et al., 2024). As we considered continental ancestry proportions, we aggregated inferred East Asian-379

like and Native American-like ancestry proportions. By limiting the analyses to mostly two-way380

admixed individuals, we aimed to improve the interpretability of the empirical dynamics. For com-381

putational reasons, we then used the ACAF v7.1 genotype call set that only includes variants that382

have a population-specific allele frequency ≥100 or a population-specific allele count ≥100 in any383

All of Us computed ancestry group. This call set contains 48,314,438 variable sites and 99,250,816384

variants. For all analyses described below, we only considered autosomal data.385

We constructed continental reference panels of introgression landscapes using 1000 genomes386

project (1KGP) phase 3 (Auton et al., 2015) and All of Us v7.1 (All of Us Research Program Inves-387

tigators et al., 2019; Bick et al., 2024). Specifically, we used 1KGP populations that are assigned to388
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African (504 individuals, i.e., excluding admixed ACB & ASW), European (503 individuals), and389

East Asian (504 individuals) superpopulations. 1KGP populations assigned to the East Asian super-390

population were used as a proxy to characterize the introgression landscape in Native American391

genomes, which were previously shown to have similar levels of Neanderthal introgressed sequence392

per individual (Sankararaman et al., 2016). 1KGP genotype calls were lifted over from hg19 to393

hg38 coordinates using CrossMap v0.6.5 (Zhao et al., 2013). To obtain more granular estimates of394

introgression frequency, we added 563 unrelated individuals with ≥ 99% African-like ancestry (AOU-395

AFR), 10,000 random, unrelated (i.e., no first- or second-degree relatives) individuals with ≥ 99%396

European-like ancestry (AOU-EUR), and 71 unrelated individuals with ≥ 99% Native American-397

like ancestry (AOU-NA) from All of Us using previously estimated continental ancestry proportions398

(Conley et al., 2023; All of Us Research Program Investigators et al., 2019; Bick et al., 2024). In399

sum, the reference panels included 1,067 individuals with African-like ancestry, 10,503 individuals400

with European-like ancestry, and 575 individuals with East Asian/Native American-like ancestry.401

Archaic hominin reference genomes402

We used all three high-quality Neanderthal reference genomes available to date, i.e., the Altai, Vin-403

dija33.19, and Chagyrskaya individual (Prüfer et al., 2013, 2017; Mafessoni et al., 2020), as well as404

the Denisovan reference genome (Meyer et al., 2012). In the main text, we focus on results using405

the Vindija33.19 individual because its genome is the closest to the introgressing Neanderthal lin-406

eage (Prüfer et al., 2017; Mafessoni et al., 2020). However, we note that all available Neanderthal407

reference genomes yield qualitatively similar results on a smaller test set of 93 admixed individuals408

from 1KGP-ACB & 1KGP-ASW (see Supplemental Information and Figure S7). All genotype calls409

and filters were lifted over from hg19 to hg38 human reference genome using CrossMap v0.6.5 (Zhao410

et al., 2013).411

4.3.2 Detection of Neanderthal introgressed tracts412

We chose IBDmix v1.0.1 to detect introgressed segments (Chen et al., 2020). Note that IBDmix413

does not require an unadmixed reference panel. We followed the procedure described in the original414

publication but applied a more stringent mask. Specifically, we applied the following filters when415

calling introgressed segments:416
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• Recommended minimal filter mask for the respective archaic genome (Meyer et al., 2012; Prüfer417

et al., 2013, 2017; Mafessoni et al., 2020). The masks were downloaded from http://cdna.eva.mpg.418

de/neandertal/.419

• We determined mappable regions, i.e., the majority of 35-mers are mapped uniquely without 1-420

mismatch to the hg38 reference genome (i.e., Heng Li’s SNPable regions mask) (Li and Durbin,421

2011).422

• We excluded regions that were predicted to be introgressed from modern humans into Nean-423

derthals with 90% probability by ArgWeaver-D (Hubisz et al., 2020).424

• We removed segmental duplications, repetitive regions, and gaps in the hg38 assembly. These files425

were downloaded from the USCS Table Browser (Karolchik et al., 2004).426

• We excluded sites inaccessible in 1KGP data and sites within 5 bp of indels in 1KGP data (Auton427

et al., 2015).428

• We removed CpG sites as per Vernot and Akey (2014) using African 1KGP reference population429

as well as chimpanzee (panTro6), bonobo (ponAbe3), and rhesus macaque (rheMac10) reference430

genomes.431

Applying the above mask, introgressed segments were then separately called for each popula-432

tion, i.e., reference subpopulations and admixed individuals, to avoid confounding from population433

structure. Following Chen et al. (2020), we only retained introgressed segments that were at least 50434

kb long and had a LOD score of at least 4.0. To account for ILS, we then refined Neanderthal call435

sets by filtering out segments that overlapped with a Denisovan introgressed segment in an African436

reference individual by at least 1 bp using bedtools v2.30.0 (Quinlan and Hall, 2010). We refer to437

this call set as the “unfiltered” call set.438

To account for remaining biases from ILS and false positive predictions, we filtered out addi-439

tional Neanderthal introgressed segments. First, we additionally removed any introgressed segments440

that overlapped with a predicted segment in an African reference genome by at least 1 bp, i.e.,441

an “African mask”. The reasoning for this is twofold: i) despite including ArgWeaver-D predicted442

human-to-Neanderthal introgressed regions in the mask (Hubisz et al., 2020) and using the Deniso-443

van genome to control for ILS, IBDmix still has a higher false-positive rate in an African genetic444

background due to earlier human-to-Neanderthal introgression events (Harris et al., 2023; Li et al.,445

2024), and ii) regardless of whether a predicted introgressed segment in an African genome is a446

true or false positive prediction, we are most interested in segments not previously found in African447

genomes. This is because only the evolutionary fate of those segments has been assessed in an African448

19

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 25, 2024. ; https://doi.org/10.1101/2024.07.25.605203doi: bioRxiv preprint 

http://cdna.eva.mpg.de/neandertal/
http://cdna.eva.mpg.de/neandertal/
http://cdna.eva.mpg.de/neandertal/
https://doi.org/10.1101/2024.07.25.605203
http://creativecommons.org/licenses/by-nc-nd/4.0/


genetic background in the admixed genomes during the last 15 generations. All analyses are based449

on this African masked call set of Neanderthal introgressed segments. Furthermore, to account for450

potential effects from recombination rate variation along the genome, we applied a recombination451

mask (Figure S5). That is, following Harris et al. (2023), we calculated the average recombination452

rate in non-overlapping 300 kb windows using the hg38 HapMap recombination map (Frazer et al.,453

2007). We then only retained windows with intermediate recombination rates, i.e., a recombination454

rate ≥0.65 cm/Mb (33rd percentile) and ≤ 1.52 cm/Mb (66th percentile). Finally, we only retained455

segments/50 kb windows that were fully covered by retained 300 kb windows using bedtools v2.30.0456

(Quinlan and Hall, 2010).457

4.3.3 Local ancestry inference458

We first phased genotype calls for the 30,780 recently admixed individuals using Beagle v5.4 with459

default parameters (Browning et al., 2021) and subsequently inferred local ancestry using FLARE460

v0.5.1 (Browning et al., 2023). As recommended by the authors, FLARE was trained on chromosome461

1 using the above-mentioned 1KGP continental reference populations, i.e., 1KGP-AFR, 1KGP-462

EUR, and 1KGP-EAS superpopulations, and the trained model was subsequently used to infer local463

ancestries on the remaining autosomes. For each chromosome, we used the respective HapMap hg38464

recombination map (Frazer et al., 2007). Figure S12 shows that genome-wide ancestry estimates by465

FLARE are highly concordant with the previously inferred ancestry proportions (Conley et al., 2023;466

All of Us Research Program Investigators et al., 2019; Bick et al., 2024); with Pearson’s correlations467

of r = 0.99 for recent African-like and European-like ancestry estimates. For both phases, local468

ancestry tracts were then extracted from the obtained output VCF files. Given a set of consecutive469

variants with the same assigned local ancestry, we defined a local ancestry track as the genomic470

region delimited by the positions of the first and last such variant.471

4.3.4 Genome-wide modeling of expected amounts of Neanderthal472

introgressed sequence per individual473

All Neanderthal introgressed sequences found in the 30,780 admixed individuals must have passed474

through one of the admixing populations. Therefore, the introgression landscape in the admixed475

individuals is a function of recent ancestry patterns and introgression landscapes in the admixing476

populations, assuming random inheritance and neutrality. Due to the lack of a sufficiently sized477

Native American reference panel, we modeled the contribution of Neanderthal ancestry from the478
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Native American-like component to the admixed individuals using the summed inferred East Asian-479

like and Native American-like ancestry proportions and the combined introgression landscape in480

East Asian and Native African reference genomes from 1KGP and All of Us, respectively. For com-481

pleteness, we always describe the models for three-way admixed individuals (i.e., an African-like,482

European-like, and East Asian/Native American-like component), but for analyses of the African483

masked call set of Neanderthal introgressed segments, the term for the African-like component is484

omitted.485

Under neutrality, the expected amount of Neanderthal introgressed sequence per individual inher-486

ited from admixing population j is proportional to the admixture proportion (Qj) times the average487

amount of Neanderthal introgressed sequence per individual (N̂eaj) in the respective admixing pop-488

ulation. Thus, for the admixed individuals with African-like (AFR), European-like (EUR), and East489

Asian/Native American-like (EAS/NA) ancestry, the expected amount of Neanderthal introgressed490

sequence per individual is given by:491

E [Nea] = QAFR × ̂NeaAFR +QEUR × ̂NeaEUR +QEAS/NA × ̂NeaEAS/NA (1)492

To test for a general depletion/enrichment of Neanderthal ancestry in admixed genomes, we fitted493

a linear least-square regression to the expected and observed amounts using the implementation494

in scipy v1.10.1 (Virtanen et al., 2020). Under neutrality, one would expect a slope of one and a495

y-intercept of zero.496

4.3.5 Modeling of expected Neanderthal introgression frequencies in 50 kb497

windows498

To calculate expected introgression frequencies in the admixed individuals, we model the expected499

number of Neanderthal introgression haplotypes in the admixed population as binomial draws of500

Neanderthal haplotypes from the source populations. First, we segmented the genome into overlap-501

ping 50 kb windows (step size 10 kb) and computed local ancestry frequencies, i.e., frequencies of502

African-, European-, and East Asian/Native American-like haplotypes, in each window by calculat-503

ing the average fraction of base pairs per window that are covered by tracts with a given ancestry504

across all admixed individuals and both phases, using bedtools v2.30.0 (Quinlan and Hall, 2010).505

Similarly, we calculated introgression frequencies for each source population in each window using506

the African masked call set of Neanderthal introgressed segments (qi,j). Second, to allow binomial507
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sampling, we converted the frequency of tracts with recent ancestry j in window i (ni,j) to discrete508

numbers by multiplying them with the number of admixed individuals (NAdm). We imposed the509

constraint that the total number of local ancestry tracts must sum up to the number of admixed510

individuals, i.e.,
∑

j∈{AFR, EUR, EAS/NA} [ni,jNAdm] = NAdm because we deal with pseudo-haploid511

genomes since IBDmix does not provide phase information. Third, to account for sampling error512

in observed Neanderthal introgression frequencies, we calculated binomial proportion confidence513

intervals according to Agresti-Coull (i.e., qi ∼ N

(
q′i,

√
q′i(1−q′i)

N+4

)
, where q′i =

qi∗N+2
N+4 ) (Agresti and514

Coull, 1998). Finally, assuming random inheritance and neutrality and by integrating over the 99%515

Agresti-Coull binomial proportion confidence intervals of introgression frequencies for each ancestry516

component, the expected number of introgressed haplotypes overlapping window i in the admixed517

individuals (Xi,Adm) is given by the following multinomial distribution:518

E [Xi,Adm] =

∫
Ni,AFRPr(qi,AFR) dqi,AFR ×∫
Ni,EURPr(qi,EUR) dqi,EUR ×∫
Ni,EAS/NAPr(qi,EAS/NA) dqi,EAS/NA

= Ni,AFRq
′
i,AFR +Ni,EURq

′
i,EUR +Ni,EAS/NAq

′
i,EAS/NA

(2)519

where Ni,j is the number of haplotypes of recent ancestry j (i.e., ni,j ×NAdm), qi,j is the estimated520

introgression frequency in admixing population j, and q′i,j is the center-point adjusted Agresti-Coull521

estimate of the introgression frequency in admixing population j in window i.522

4.3.6 Probabilistic identification of 50 kb windows with significantly less and523

more Neanderthal ancestry than expected524

The above-described model for the expected number of introgressed haplotypes (Equation 2) also525

allows calculating probabilities of observed frequencies being significantly lower or higher than526

expected in the admixed genomes. We first calculated the 95% Agresti-Coull binomial propor-527

tion confidence interval of introgression frequencies in the admixed genomes for each window i as528

described above. We then converted this confidence interval of introgression frequencies to a range of529

discrete numbers of Neanderthal introgressed haplotypes in the admixed individuals by multiplying530

them with the number of admixed individuals and taking the floor (i.e., Xi,Adm = ⌊qi,AdmNAdm⌋).531
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Note that taking the ceiling yields qualitatively similar results. For windows with a lower Nean-532

derthal introgression frequency than expected, we calculated the probability of observing a lower533

Neanderthal introgression frequency than given by the upper bound of the 95% Agresti-Coull inter-534

val (P (X97.5%
i,Adm ≤ E [Xi,Adm])). In contrast, for windows with a higher Neanderthal introgression535

frequency than expected, we calculated the probability of observing a higher Neanderthal intro-536

gression frequency than given by the lower bound of the 95% Agresti-Coull interval (P (X2.5%
i,Adm ≥537

E [Xi,Adm])). For example, the probability of observing a lower Neanderthal introgression frequency538

than expected is given by:539

P (X97.5%
i,Adm < E [Xi,Adm]) =

X97.5%
i,Adm∑
X=0

X∑
k=0

∫
Pr(k,Ni,AFR, qi,AFR)Pr(qi,AFR) dqi,AFR ×

X−k∑
l=0

∫
Pr(l, Ni,EUR, qi,EUR)Pr(qi,EUR) dqi,EUR ×

X−k−l∑
m=0

∫
Pr(m,Ni,EAS/NA, qi,EAS/NA)Pr(qi,EAS/NA) dqi,EAS/NA

(3)

540

where the outer sum accounts for contributions less than or equal to X97.5%
i,Adm, the inner sums account541

for all possible combinations of Neanderthal haplotype contributions from the different admixing542

populations that add up to X, and the integrals account for uncertainties in the estimated intro-543

gression frequency in the respective reference populations. Similarly, P (X2.5%
i,Adm > E [Xi,Adm]) is544

calculated for windows that show higher introgression frequencies than expected by setting the lim-545

its of the outer sum to X2.5%
i,Adm and NAdm, respectively. That is, given the data, we calculated the546

probability of the weakest plausible depletion or enrichment, respectively.547

We note that we found Equation 3 identifies numerous false positive 50 kb windows with sig-548

nificantly less or more Neanderthal ancestry than expected based on local ancestry patterns and549

introgression frequencies in the reference populations despite attempts to account for 15 generations550

of drift (see Supplemental Information; Figure S9). However, we found that Equation 3 is well cali-551

brated for identifying large genomic regions (≥ 8 Mb) with significantly less Neanderthal ancestry552

than expected (see below).553
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4.3.7 Identifying genomic 50 kb windows with significantly less or more554

Neanderthal ancestry than expected under neutral evolution555

We found that probabilistic modeling under the approved described model of binomial inheritance556

was not well calibrated to identify windows with significantly less or more Neanderthal ancestry than557

expected as numerous significant windows were identified in neutral simulations (see Equation 3 and558

Supplemental Information; Figure S9). For this reason, we took an alternative, more conservative559

approach and controlled for genetic drift by conditioning on the simulated joint spectrum of expected560

and observed introgression frequencies (see below for details on the simulations). We calculated the561

joint spectrum of expected and observed introgression frequency based on windows with expected562

introgression frequency greater than zero, less than 50% masked sites, intermediate recombination563

rate (i.e., 0.65 cm/Mb ≤ recombination rate ≤ 1.52 cm/Mb; see above), and that have at least 50%564

African-like, at least 10% European-like, and less than 5% East Asian/Native American-like ancestry.565

We binned the windows into 0.002 frequency bins, and calculated the fraction of windows falling into566

a given bin for the empirical data and aggregated the data from all simulation replicates. We then567

subtracted the simulated joint spectrum from the empirical joint spectrum and applied a Gaussian568

smoothing filter (σ = 2 and radius = 6 bins) to the resulting residual spectrum. Subsequently, we569

calculated the Euclidean distance of the smoothed residuals to the background level and identified570

local maxima with a minimum intensity of 10−5. The identified local maxima were used to seed571

the Watershed algorithm for detecting peaks in the residual spectrum. Finally, we only considered572

windows with significantly less or more Neanderthal ancestry than expected falling into identified573

peak regions and merged windows within 50 kb from each other using bedtools v2.30.0 (Quinlan574

and Hall, 2010). All peak detection steps were implemented using scikit-image v0.23.2 (Walt et al.,575

2014).576

4.3.8 Characterizing previously identified candidate loci of adaptive577

introgression in the admixed population578

A previous scan for adaptive Neanderthal introgression by Racimo et al. (2017) identified several579

candidate loci for adaptive introgression (Table S3 in Racimo et al. (2017)). We selected all loci that580

were identified as candidate loci for adaptive introgression from Neanderthals or Neanderthals and581

Denisovans in individual European populations, a European continental target panel, or a Eurasian582

target panel, yielding 370 candidate loci. The coordinates of these candidate loci were lifted over583

from hg19 to hg38 coordinate system using CrossMap v0.6.5 (Zhao et al., 2013). These regions584

24

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 25, 2024. ; https://doi.org/10.1101/2024.07.25.605203doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.25.605203
http://creativecommons.org/licenses/by-nc-nd/4.0/


were then intersected with 50 kb windows that had evidence of Neanderthal introgression in the585

admixed individuals after applying the African mask, i.e., after removing Neanderthal introgressed586

segments overlapping with an introgressed segment in African reference genomes, using bedtools587

v2.30.0 (Quinlan and Hall, 2010). 93 out of 370 candidate loci overlapped with 50 kb windows588

had introgression frequencies greater than zero in the admixed using the African masked call set589

of Neanderthal introgressed segments. Finally, we intersect these 93 regions with identified outlier590

regions in this study and compared expected and observed introgression frequencies in the admixed591

individuals.592

4.3.9 Identifying novel Neanderthal introgression desert-like regions593

Previous studies characterizing the Neanderthal introgression landscape in modern Eurasian594

genomes identified large genomic regions (≥ 8 Mb) that are significantly depleted for Neanderthal595

DNA, so-called introgression deserts (Sankararaman et al., 2014; Skov et al., 2020; Chen et al., 2020).596

Taking a similar approach as Chen et al. (2020), we searched for large genomic regions with signifi-597

cantly less Neanderthal ancestry than expected in the admixed genomes by segmenting the genome598

into overlapping windows of various sizes (8− 15 Mb), using a step size of 100 kb. For each window,599

we first quantified the amount of introgression by summing the number of base pairs of overlapping600

introgressed segments across all individuals and normalizing by the window size, excluding win-601

dows in which ≥ 50% of the sites were masked. We then only searched for emerging introgression602

desert-like regions to windows with introgression frequencies in the bottom 5th percentile in admixed603

genomes for each window size and identified windows that are significantly depleted for Neanderthal604

ancestry in the admixed population relative to the reference populations at a Bonferroni corrected605

significance level of 0.05, using Equation 3. Equation 3 is well calibrated for this purpose since we did606

not identify any large genomic regions with significantly less Neanderthal ancestry than expected607

in neutral simulations. Finally, overlapping windows were merged using bedtools v2.30.0.608

To disentangle different hypotheses for the evolutionary origin of these deserts, we annotated609

newly emerging introgression desert-like regions with various evolutionary statistics. Identified intro-610

gression desert-like regions and previously known introgression desert in Eurasian genomes (Vernot611

et al., 2016; Chen et al., 2020) were annotated with B-statistics (McVicker et al., 2009), phastCons612

scores (Siepel et al., 2005), estimated allele ages of non-CpG Neanderthal-derived variants (see Sup-613

plemental Information), and number of protein-protein interactions in the STRING database v11.5614

of overlapping genes (Szklarczyk et al., 2019). We analyzed the number of interaction partners in615
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STRING using two confidence score cutoffs for interactions: i) medium confidence (score >400) and616

ii) high confidence (score >700). With respect to these summary statistics novel desert-like regions617

and previously known deserts were then compared to the genomic background, and statistical signif-618

icance was assessed using a Mann-Whitney U test, as implemented in scipy v1.10.1 (Virtanen et al.,619

2020). As B-statistics and phastCons scores are calculated for short intervals, we weighted them by620

overlap with the regions of interest. Furthermore, we conducted a gene set enrichment analysis of621

genes overlapping novel introgression desert-like regions using DAVID (Sherman et al., 2022). The622

Functional Annotation Tool was used to identify enriched GO terms, and the false discovery rate623

was controlled using Benjamini-Hochberg.624

4.3.10 Neutral simulations of ancient introgression and recent admixture625

We performed neutral coalescence simulations, using msprime v1.2.0 (Baumdicker et al., 2021), to626

ensure that our above-described approaches for testing for secondary selection of Neanderthal alleles627

are well calibrated.628

We extended the three populations out-of-African (OOA) model by Gravel et al. (2011) to include629

archaic introgression and recent admixture in the Americas (Figure S13). Specifically, assuming a630

generation time of 25 years, we simulated an ancestral population with an effective population size631

(Ne) of 7,310, from which a Neanderthal population split off 28,000 generations ago. Subsequently,632

a Denisovan population split off from the Neanderthal population 20,000 generations ago. Ne for633

the Neanderthal was set to 2,800 and Ne for the Denisovan populations was set to 2,600. With the634

emergence of anatomically modern humans 5,920 generations ago, the Ne of the African population635

was expanded to 14,474. We simulated the OOA migration 2,040 generations ago, and the OOA636

population experienced a bottleneck with a Ne of 1,861. We simulated symmetric migration between637

the African population and the OOA population at a rate of 1.5× 10−4 per generation. The OOA638

population then received a 5% Neanderthal introgression pulse 1,500 generations ago, prior to the639

split of the European and East Asian populations. This split was simulated to have occurred 920640

generations ago. The European and East Asian populations experienced an additional bottleneck641

with a Ne of 1,032 for the European population and a Ne of 554 for the East Asian populations, but642

then they grew exponentially with rates of 3.8×10−3 and 4.8×10−3 per generation, respectively. We643

simulated symmetric migration between the African and the European and East populations at rates644

of 2.5×10−5 and 7.8×10−6 per generation, respectively. Symmetric migration between the European645

and the East Asian populations was simulated at a rate of 3.11 × 10−5 per generation. Lastly, we646
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simulated American admixture 15 generations ago with the following admixture proportions for647

African, European, and East Asian-like ancestry: 0.8, 0.19, and 0.1, respectively. Following Browning648

et al. (2018), the initial Ne of the admixed population was set to 30,000, and post admixture, the649

admixed population was simulated to grow with a rate of 0.05 per generation (see Figure S13).650

We simulated genomes with ten chromosomes each of which used hg38 HapMap recombination651

map for chromosome 16 (Frazer et al., 2007) and a mutation rate of 2.36× 10−8 per base pair per652

generation. We performed ten replicate simulations, sampling the same number of reference and653

admixed individuals as considered in the empirical analyses (i.e., 1,067 African, 10,503 European,654

575 Native American, and 30,780 admixed individuals). We used the discrete-time Wright-Fisher655

model (i.e., dtwf ) in msprime to obtain realistic long-range genetic correlation and reduce the bias656

from the coalescent when sampling a large number of individuals (Nelson et al., 2020; Baumdicker657

et al., 2021).658

The simulated data was written to VCF files. To estimate genome-wide ancestry proportions,659

we first computed the top 20 principal components based on LD-pruned biallelic SNPs with a660

minor allele frequency ≥0.01 for 504 African, 503 European, and 504 East Asian/Native American661

individuals using plink and plink2 (Chang et al., 2015). We then projected the admixed samples662

onto the reference principal component space and inferred global ancestry proportions using Rye663

v0.1 (Conley et al., 2023). When calling introgressed segments with IBDmix, we masked the low664

recombination rate region around the centromere (positions: 31,000,000 - 47,000,000) as this region665

led to the prediction of unreasonable long introgressed haplotypes (> 10 Mb). In all other aspects,666

the simulated data was analyzed using the same workflow as for the empirical data.667
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4.4 Key Resources Table668

REAGENT OR
RESOURCE

SOURCE IDENTIFIER

Software and algorithms
IBDmix v1.0.1 Chen et al. (2020) https://github.com/PrincetonUniversity/IBDmix
FLARE v0.5.1 Browning et al. (2018) https://github.com/browning-lab/flare
Rye v0.1 Conley et al. (2023) https://github.com/healthdisparities/rye
CrossMap v0.6.5 Zhao et al. (2013) https://crossmap.sourceforge.net/
Beagle v5.4 Browning et al. (2021) https://faculty.washington.edu/browning/beagle/beagle.

html
bedtools v2.30.0 Quinlan and Hall (2010) https://bedtools.readthedocs.io/en/latest/index.html
plink v1.90b6.21 & v2.00a3.3 Chang et al. (2015) https://www.cog-genomics.org/plink/
Ensembl Compara Perl API Yates et al. (2014) https://www.ensembl.org/info/docs/api/compara/
tsinfer v0.3.0 Kelleher et al. (2019) https://tskit.dev/software/tsinfer.html
tsdate v0.1.5 Wohns et al. (2022) https://tskit.dev/software/tsdate.html
msprime v1.2.0 Baumdicker et al. (2021) https://tskit.dev/software/msprime.html
scipy v1.10.1 Virtanen et al. (2020) https://docs.scipy.org/doc/scipy/
scikit-image v0.23.2 Walt et al. (2014) https://scikit-image.org/
DAVID Sherman et al. (2022) https://david.ncifcrf.gov/home.jsp
Deposited data
All of Us v7.1 All of Us Research Pro-

gram Investigators et al.
(2019)

https://www.researchallofus.org/

1KGP phase3 data Auton et al. (2015) ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/
20130502/

Altai Neanderthal Prüfer et al. (2013) http://ftp.eva.mpg.de/neandertal/Vindija/VCF/Altai/
Vindija33.19 Neanderthal Prüfer et al. (2017) http://ftp.eva.mpg.de/neandertal/Vindija/VCF/

Vindija33.19/
Chagyrskaya Neanderthal Mafessoni et al. (2020) http://ftp.eva.mpg.de/neandertal/Vindija/VCF/

Denisova/
Altai Denisovan Meyer et al. (2012) http://ftp.eva.mpg.de/neandertal/Vindija/VCF/

Denisova/
Human reference genome
(hg38)

UCSC Table Browser
(Karolchik et al., 2004)

http://hgdownload.cse.ucsc.edu/goldenpath/hg38/
bigZips/hg38.fa.gz

Gaps in current reference
assembly

UCSC Table Browser
(Karolchik et al., 2004)

https://hgdownload.soe.ucsc.edu/goldenPath/hg38/
database/gap.txt.gz

Segmental duplications UCSC Table Browser
(Karolchik et al., 2004)

https://hgdownload.soe.ucsc.edu/goldenPath/hg38/
database/genomicSuperDups.txt.gz

Simple repeats UCSC Table Browser
(Karolchik et al., 2004)

http://hgdownload.soe.ucsc.edu/goldenPath/hg38/
database/simpleRepeat.txt.gz

Human primate alignments UCSC Table Browser
(Karolchik et al., 2004)

https://hgdownload.soe.ucsc.edu/goldenPath/hg38/
vs<speciesUpper>/hg38.<species>.net.axt.gz

HapMap recombination maps
(plink)

Xiaowen Tian https://bochet.gcc.biostat.washington.edu/beagle/
genetic maps/plink.GRCh38.map.zip

phastCons scores Siepel et al. (2005) http://hgdownload.soe.ucsc.edu/goldenPath/hg38/
database/phastCons100way.txt.gz

B-statistics Priya Moorjani https://www.dropbox.com/sh/93jeh51ezz0xkyz/
AABTQYYTMR2GqnL5x6so qsBa/hg38/hg38/
bstat hg38.txt?dl=0

GENCODE v46 Frankish et al. (2023) https://ftp.ebi.ac.uk/pub/databases/gencode/
Gencode human/release 46/gencode.v46.annotation.gtf.gz

GTEx v8 Lonsdale et al. (2013) https://gtexportal.org/home/
STRING v11.5 Szklarczyk et al. (2019) https://stringdb-static.org/download/protein.links.v11.5/

9606.protein.links.v11.5.txt.gz
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