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The MUC19 gene in Denisovans, Neanderthals, and Modern Humans: An Evolutionary History of Recurrent Introgression and Natural Selection

All humans carry a small fraction of archaic ancestry across the genome, the legacy of gene flow from Neanderthals, Denisovans, and other hominids into the ancestors of modern humans. While the effects of Neanderthal ancestry on human fitness and health have been explored more thoroughly, there are fewer examples of adaptive introgression of Denisovan variants. Here, we study the gene MUC19, for which some modern humans carry a Denisovan-like haplotype.

MUC19 is a mucin, a glycoprotein that forms gels with various biological functions, from lubrication to immunity. We find the diagnostic variants for the Denisovan-like MUC19 haplotype at high frequencies in admixed Latin American individuals among global population, and at highest frequency in 23 ancient Indigenous American individuals, all predating population admixture with Europeans and Africans. We find that some Neanderthals--Vindija and Chagyrskaya--carry the Denisovan-like MUC19 haplotype, and that it was likely introgressed into human populations through Neanderthal introgression rather than Denisovan introgression.

Finally, we find that the Denisovan-like MUC19 haplotype carries a higher copy number of a 30 base-pair variable number tandem repeat relative to the Human-like haplotype, and that copy numbers of this repeat are exceedingly high in American populations. Our results suggest that the Denisovan-like MUC19 haplotype served as the raw genetic material for positive selection as American populations adapted to novel environments during their movement from Beringia into North and then South America.

Introduction

It is widely accepted that most modern humans of non-African ancestry carry both Neanderthal and Denisovan genomic variants, and that these variants have been the targets of natural selection [START_REF] Yang | Ancient structure in Africa unlikely to explain neanderthal and non African genetic similarity[END_REF][START_REF] Lohse | Neandertal admixture in eurasia confirmed by maximum-likelihood analysis of three genomes[END_REF]. For the majority of genes found in modern humans, Interbreeding with Neanderthals and Denisovans may have therefore facilitated adaptation to the myriad of novel environments that modern humans encountered [START_REF] Fan | Going global by adapting local: A review of recent human adaptation[END_REF], and several studies have identified signatures of adaptive introgression in Eurasian and Oceanian populations.

Indigenous American populations, however, present the greatest potential for studying local adaptation as they are the descendants of individuals who populated the American continent in a process that started approximately 25,000 years before present [START_REF] Tamm | Beringian standstill and spread of Native American founders[END_REF]]. In the 25,000 years since, these individuals would have encountered manifold novel environments, far different from the environment their ancestral population was adapted to in the Beringian steppe [START_REF] Hylke | Present and future köppen-geiger climate classification maps at 1-km resolution[END_REF].

In a previous study, we computed the Population Branch Statistic (PBS, [START_REF] Yi | Sequencing of 50 human exomes reveals adaptation to high altitude[END_REF] using SNPs within archaic introgressed tracts in admixed populations in the Americas to identify targets of adaptive introgression. We found the region surrounding MUC19 (a gene involved in immunity) harbors several variants with outlier PBS scores in Mexicans (MXL) from the 1000 Genomes Project (TGP), suggesting that the archaic allele was at high frequency in Mexicans [START_REF] Kelsey E Witt | The impact of modern admixture on archaic human ancestry in human populations[END_REF]. Earlier studies had reported that this region has one of the largest densities of Denisovan alleles in Mexicans [START_REF] Racimo | Archaic adaptive introgression in tbx15/wars2[END_REF], and MUC19 was also reported under positive selection in North American Indigenous populations [START_REF] Reynolds | Comparing signals of natural selection between three indigenous North American populations[END_REF].

In this study, we conducted a closer inspection of the MUC19 gene, a candidate for adaptive introgression, to 1) confirm that this region exhibits both signatures of introgression and positive selection in MXL, 2) determine whether other admixed populations have the introgressed segment and 3) the role of recent admixture in diluting this signal. Notably, we find a Denisovan-like haplotype segregating at high frequency in most populations in the American continent, and surprisingly that both the Vindija and Chagyrskaya Neanderthals also harbor the Denisovan-like haplotype, which may suggest introgression from Denisovans into the late Neanderthals. Our analysis also shows that MXL individuals exhibit differences in archaic allele frequency at coding sites in MUC19, and differences in copy number compared to other populations. These results point to a complex pattern of multiple introgression events, one of which may have played a unique role in the evolutionary history of Indigenous American populations.

Results

Signatures of adaptive introgression at MUC19 in admixed populations from the Americas.

We compiled introgressed tracts that overlap by at least one base pair of the NCBI RefSeq coordinates for MUC19 (hg19, Chr12:40787196-40964559). Figure S1 shows the density of introgressed tracts for all non-African populations in the region, using introgression maps from [START_REF] Skov | Detecting archaic introgression using an unadmixed outgroup[END_REF]. All non-African populations harbor the introgressed haplotype, but at much smaller frequencies than the admixed populations from the Americas. Given this, we then took a 748kb window containing the longest introgressed tract found in Mexicans (MXL, hg19, Chr12:40269000-41017000) to compute PBS scores for each SNP in that region (Figure S2).

Figure 1 shows the results for MXL, a population with a large component of Indigenous American ancestry [START_REF] Alicia R Martin | Human demographic history impacts genetic risk prediction across diverse populations[END_REF]. We find that, in MXL, there are many SNPs with statistically significant PBS values in that region (375/2043), all which present values above the 99th percentile of genome-wide PBS values (P-value: 9.413e-4; see Methods).

To test if the signal for positive selection is being driven by the Indigenous American components of ancestry, we took a subset of 29 individuals in the MXL populations harboring more than 50% of Indigenous American ancestry genome-wide [START_REF] Kelsey E Witt | The impact of modern admixture on archaic human ancestry in human populations[END_REF]. We recomputed PBS using the genomes of these individuals and found that PBS values for archaic variants were significantly elevated, suggesting that this region was likely targeted by selection before admixture with European and African populations (Table S1-S2). However, as this pattern can be confounded by heterosis [START_REF] Zhang | The impact of recessive deleterious variation on signals of adaptive introgression in human populations[END_REF], we ran simulations but found that heterosis does not lead to the PBS values observed at this gene region (see Supplement).

Identification of the most likely donor of the introgressed haplotype at MUC19

We compared the distribution of introgressed tracts across all non-African populations (Figure S1). We focused our analyses on two regions. First the region with the highest density of introgressed tracts across individuals-a 72kb region (hg19, Chr12:40758000-40830000) within MUC19 and with some overlap with LRRK2 (see shaded gray region in Figure 1). As the inferred introgressed tracts in MXL all span beyond this region, we also consider a second region containing the longest introgressed tract found in MXL (same as the PBS section above), and encompassing the 72kb region. We compare the haplotypes in these two regions to the sequenced archaic humans to investigate the diversity of haplotypes at MUC19 and to identify the most likely archaic donor. We calculated the sequence divergence-the number of pairwise differences normalized by the effective sequence length-between all haplotypes in the TGP and the diplotypes for one Denisovan, and the three high-coverage Neanderthal individuals (Figure S3, Table S3).

The focal 72kb region exhibits a sharply bimodal distribution of sequence divergences between affinities to the sequenced Denisovan and the Altai Neanderthal, separating all haplotypes into two non-overlapping sets, with the exception of seven recombinant haplotypes (Figure 2, Figure S4).

We infer that non-African populations harbor a Denisovan-like introgressed haplotype at the 72kb region, suggesting that the donor population was more closely related to the sequenced Denisovan than to the Altai Neanderthal. Interestingly, for the Vindija and Chagyrskaya Neanderthals, all haplotypes from the TGP grouped together at intermediate distances (Figure S3). Notably, this 72kb region is an extreme outlier for Denisovan-specific SNP density (Denisovan-specific derived SNPs: 84, P-value: <3.242e-5; Denisovan-specific ancestral SNPs: 65, P-value: <3.242e-5; Figure S5, Table S4) while having a relatively average Neanderthal-specific SNP density (Neanderthalspecific derived SNPs: 5, P-value: 0.59; Neanderthal-specific ancestral SNPs: 0, P-value: >0.99968; Figure S6, Table S5) compared to other similarly-sized regions across the genome.

To formally test for introgression and to identify the source population, we used the D+ statistic S6). When we use other non-African TGP populations as P2, the only other population with a significant and positive D+ value is the Peruvian (PEL) population (Figure S7, Table S6). When the Altai Neanderthal is P3, we observe a negative and significant D+ value in MXL, suggesting the 72 kb region may not be of Neanderthal origin (Figure S8, Table S7). For all other comparisons of non-African populations as P2, involving a Neanderthal as P3, we observe non-significant D+ values (Figures S9-S10, Tables S8-S9). These D+ results confirm that the introgressed haplotypes in MXL-within the 72kb region-share more alleles with the sequenced Denisovan than with Neanderthals.

As the inferred introgressed tracts in MXL individuals are longer than the boundaries of the 72kb region, we also examined the region containing the longest introgressed tract in MXL-a 748kb region (Figure S2). Surprisingly, when we consider the longest introgressed tract, one that encompasses the 72kb region, we find that it is significantly closer exclusively to two Neanderthals than expected from the genomic background (Chagyrskaya sequence divergence: 0.0007, P-value: 0.006; Vindija sequence divergence: 0.0007, P-value: 0.007; Table S10). This result suggests that the donor of this longest introgressed tract likely came from a Neanderthal population that contains a region (72kb) that is more similar to the Denisovans (shaded gray region in Figure 1).

Denisovan-like introgression into Neanderthals and modern humans

To understand why the Vindija and Chagyrskaya Neanderthals are not as distant to the Denisovanlike haplotype present in MXL (Figure S3), we computed the number of heterozygous sites per individual for the 72kb region. We find that individuals carrying exactly one Denisovan-like haplotype present significantly more heterozygous sites at MUC19 compared to the rest of their genome (average number of heterozygous sites: ~218, P-value: 3.242e-5; Figure S11, Table S11) which surpasses that of any African individual (orange crosses in Figure 3). Individuals carrying exactly two Denisovan-like haplotypes present significantly less heterozygous sites than expected at MUC19 relative to the rest of their genome (average number of heterozygous sites: ~3, P-value: 0.001; Figure S11, Table S11), while African individuals harbor an expected number of heterozygous sites (average number of heterozygous sites: ~50, P-value: 0.455; Figure S11, Table S11). Strikingly, we observe that the Vindija and Chagyrskaya Neanderthals also carry an elevated number of heterozygous sites (Vindija: 181, P-value: 0.0004; Chagyrskaya: 182, P-value: 0.0002) that is significantly higher than the Altai Neanderthal (heterozygous sites: 1, P-value: 0.799), the sequenced Denisovan (heterozygous sites: 12, P-value: 0.279), all African individuals, and comparable to modern humans carrying exactly one Denisovan-like haplotype (Figure 3, Figure S12, Table S12). This observation runs opposite to the genome-wide expectation for late-stage Neanderthals, as archaic humans have much lower heterozygosity than modern humans [START_REF] Mafessoni | A high-coverage Neandertal genome from Chagyrskaya cave[END_REF]. The surprisingly high heterozygosity in the Vindija and Chagyrskaya Neanderthals suggest that they may also harbor one Denisovan-like haplotype.

Due to the inability to phase Ancient DNA data, to investigate if the Chagyrskaya and Vindija Neanderthals carry a Denisovan-like haplotype, we developed an approach referred to as Pseudo-Ancestry Painting (PAP, see Methods) to assign the two alleles at a heterozygous sites to two source populations. Specifically, if we use a MXL individual who is homozygous for the Denisovan-like haplotype and a YRI individual who carries no Denisovan-like haplotypes, we find that ~93% of heterozygous sites in the 72kb region (Chagyrskaya: 169/181; Vindija: 168/180) in the Neanderthals are fixed differences between the MXL and YRI individuals. This further supports that both Chagyrskaya and Vindija Neanderthals have the Denisovan-like haplotype that is present in the MXL individuals. We found that using a MXL and a YRI individual maximizes the number of heterozygous sites (in the Chagyrskaya and Vindija Neanderthals) whose alleles are present in the two sources (Figure S13, Table S13).

Additionally, we performed four tests for gene flow between the archaic individuals using the D+ statistic for the 72kb regions that provide evidence that the Chagyrskaya and Vindija Neanderthals harbor one copy of the Denisovan-like haplotype at the 72kb MUC19 region. For the first two comparisons, where the Altai Neanderthal is P1, either the Chagyrskaya and Vindija Neanderthals are P2, and the sequenced Denisovan is P3, we observe significant and positive D+ values, supporting gene flow between the Denisovan and the Chagyrskaya and Vindija Neanderthals (Figure S14, Table S14). For the other two comparisons, where the Chagyrskaya Neanderthal is P1, the Vindija Neanderthal is P2, and P3 is either the Altai Neanderthal or Denisovan, we observed D+ values that do not significantly differ from zero (Figure S15, Table S15).

In sum, our analysis suggests that non-Africans have a mosaic region of archaic ancestry, with a small Denisovan haplotype (72kb) embedded in a large Neanderthal haplotype (748kb), that was inherited through Neanderthals, who themselves acquired Denisovan ancestry from an earlier introgression event. This is consistent with the literature, where Denisovan introgression into Neanderthals was rather common [START_REF] Viviane Slon | The genome of the offspring of a Neanderthal mother and a Denisovan father[END_REF]Peter, 2020].

Introgression introduced missense mutations at MUC19

Inspecting the 72kb introgressed region to check the location of archaic alleles reveals that the Denisovan-like haplotype in humans carries six non-synonymous sites where the archaic allele codes for a different amino acid relative to the Human-like haplotype. We then quantified the allele frequencies for these six derived Denisovan-specific missense mutations in present-day populations and in 23 ancient Indigenous American genomes that predate European colonization and the African slave trade (Figure 4, Figure S16, Table S16).

In modern Admixed American populations, we find that the Denisovan-specific missense mutations are segregating at high frequencies with respect to the expectation for archaic ancestry (Figure 4, Table S17). We find the Denisovan-specific missense mutations at varying frequencies, between 0.005 and 0.167 in European, East Asian, and Southeast Asian populations (Table S17).

We additionally confirmed the presence of the Denisovan-like MUC19 haplotype amongst the 15 Papuan individuals (Denisovan-like haplotype frequency: 0.1) present in the Simons Genome Diversity Project (SGDP), a population with a much larger component of Denisovan ancestry, and that the Papuans with the Denisovan-like haplotype have all six Denisovan-specific missense mutations (Table S17).

In the 23 ancient pre-European colonization American individuals, we find that each of the six Denisovan-specific missense mutations are segregating at higher frequencies than in any Admixed American population. When we quantify the frequency of these mutations in 22 Indigenous Americans from the SGDP, we find that all six Denisovan-specific missense are segregating at a frequency of ~0.364, which is similar to the ancient Americans and higher than any Admixed American population in the TGP (Table S17-19). Taken together these results suggest that admixture events have diluted the Denisovan ancestry observed at the 72kb MUC19 region.

To estimate the effect on the protein of these missense substitutions, we relied on Grantham scores [START_REF] Grantham | Amino acid difference formula to help explain protein evolution[END_REF]-a quantification of protein evolution based on predicted chemical qualities.

12 Notably, one of the Denisovan-specific missense mutations found at position 40821871 (rs17467284) results in an amino acid change with score 102, classified as moderately radical in [START_REF] Li | A new method for estimating synonymous and nonsynonymous rates of nucleotide substitution considering the relative likelihood of nucleotide and codon changes[END_REF], and falling within an exon conserved across vertebrates (PhyloP score 5.15, Figure S17, [START_REF] Pollard | Detection of nonneutral substitution rates on mammalian phylogenies[END_REF]. Furthermore, this missense mutation falls between two Von Willebrand factor D domains, which play an important role in the formation of mucin polymers and gel-like matrices [START_REF] Javitt | Assembly mechanism of mucin and von willebrand factor polymers[END_REF]. Our results suggest that this missense mutation is a strong candidate for impacting its translated protein, which may affect the polymerization properties of MUC19 and the viscosity of the mucin matrix.

Admixed individuals exhibit an elevated number of variable number tandem repeats at MUC19

MUC19 is structurally similar to other mucins, containing a variable number tandem repeat with a 30 base-pair repeat motif (Figure S18), which is 46.4kb away from the core 72kb haplotype, but within the larger 748kb introgressed region. To test if the Human-like and Denisovan-like MUC19 haplotypes differ in the number of repeats, we calculated the number of repeat copies of the 30 base-pair motif in the TGP individuals (see Methods). Surprisingly, individuals in American populations carrying the Denisovan-like MUC19 haplotype present an elevated number of repeats relative to most other individuals in the TGP (Figure 5). We found that non-American populations range from an average of 345 to 355 repeats (Table S20). In contrast, admixed individuals from the Americas have on average 417 copies. Furthermore, we find that on average individuals harboring at least one Denisovan-like haplotype have a significantly elevated number of repeat copies, than individuals harboring two Human-like haplotypes (Denisovan-like mean: 446, Human-like mean: 349, Welch's T-test P-value: 6.423e-28). We find that Admixed American populations have a significantly greater proportion of individuals with repeat copies greater than the non-African mean, than all other non-African populations (Fisher's exact test, odds ratio: 2.2, P-value: 4.976e-11; Table S21).

Importantly, these findings were corroborated through analysis of a subset of these samples using long-read sequence data from the Human Pangenome Reference Consortium (HPRC) and Human Genome Structural Variant Consortium (HGSVC), that revealed an extra four copies of a 3,171 bp segment of the MUC19 tandem repeat exclusively in American samples. This structural variant effectively doubles the size of the ~12kb coding exon that harbors the tandem repeat (Figures S19-S20, Tables S22-S23). This suggests that functional differences between the Human-like and Denisovan-like may lie in the elevated number of the 30 base-pair motifs carried in the Denisovanlike haplotype, and that the positive selection detected in American populations may be acting on haplotypes carrying elevated copy numbers of the 30 base-pair motif.

Discussion

The study of adaptive archaic introgression is in its infancy, but has already illuminated candidate genomic regions that affect the health and overall fitness of global populations. In this study, we pinpointed several aspects of the gene MUC19 that highlight its importance as a candidate to study adaptive introgression: the haplotype that spans this gene in modern humans is likely of Denisovan-like origin; the haplotype introduced six missense mutations that are at high frequency in both Indigenous and Admixed American populations; individuals with the archaic haplotype carry a higher copy number of proline, threonine, and serine (PTS) tandem repeats relative to the non-archaic haplotype, and their functional differences may help explain how mainland Indigenous Americans adapted to their environments, which remains under-explored. To our knowledge, this study provides the first example of natural selection acting on archaic alleles at coding sites and the first example of natural selection acting on VNTRs.

Here, we find the Denisovan-like haplotype of MUC19 segregating at high frequency in most American populations, including representative populations of North, Central, and South America.

Our results are consistent with the Denisovan-like haplotype being responsible for the signals of positive selection at the MUC19 locus in admixed American populations, suggesting that this haplotype is a candidate for adaptation in these populations. The high frequency of the Denisovanlike MUC19 in modern admixed American populations is encouraging, supporting a large fitness role for this haplotype.

A larger implication of our findings is that archaic ancestry could have been a useful source of standing genetic variation as the early Indigenous American populations adapted to new environments, with genes like MUC19 and other mucins possibly mediating important fitness effects [START_REF] Xu | Recent evolution of the salivary mucin MUC7[END_REF]. The variation in the copy number of PTS tandem repeats present in global populations dovetails with this idea. Yet, in American populations, particular haplotypes carrying the most extreme copy numbers were selected and are now very frequent, indicating an adaptive role driven by environmental pressures particular to the Americas. Another implication for living American individuals is that if archaic variants such as the Denisovan-like MUC19 haplotype are adaptive, the depletion of archaic ancestry in the Indigenous component of Latin American genomes by European and African population admixture could carry negative fitness effects. This is a recurring idea in personalized medicine serving admixed individuals, where epistasis between genome elements from diverging ancestries can lead to negative health effects such as, for example, increased incidences of autoimmune conditions [START_REF] Alicia R Martin | Human demographic history impacts genetic risk prediction across diverse populations[END_REF]. This is a complex topic, however, as admixture can also carry positive fitness effects, such as breaking up deleterious gene interactions that are otherwise fixed in a population.

Another interesting aspect of MUC19 is the evolutionary history of the introgressed region. We find that while the 72kb-region that spans MUC19 is most similar to the sequenced Denisovan, it is contained within a much larger introgressed haplotype. The size of the longest introgressed haplotype in MXL is 748kb, and is most likely of Neanderthal origin. While the Altai Neanderthal does not harbor the Denisovan-like haplotype in the 72kb region, the other two late Neanderthals . This knowledge gap is exacerbated by the high cost of performing genomic studies, building infrastructure, and generating scientific capacity in Latin America-but it is a worthwhile investment-as our study shows that leveraging these populations can lead to the identification of exciting candidate loci that can expand our understanding of adaptation from archaic standing variation.

Our study also shows that harnessing methods developed in evolutionary biology are useful for identifying candidate variants underlying a biological function. Future functional and evolutionary studies of the MUC19 region will not only provide insights into the specific mechanisms of how the variation at this gene confers a selective advantage, but may also be informative about specific evolutionary events that occurred in the history of humans.

Data Availability:

The 1,000 Genomes Project Phase III, Simons Genome Diversity Project, highcoverage archaic genomes, Human Pangenome Reference Consortium, and Human Genome Structural Variant Consortium datasets are all publicly available. Ancient American genomes are available after signing data agreements from the original publications. All software used in this study is publicly available and all statistical tests are described in the methods. All the information needed to reproduce the results in this study is described in the methods and supplemental methods, additionally; the original code can be found: https://github.com/David-Peede/MUC19/tree/main.

Methods

Data Processing

Modern human genome data

Sequence data for the MUC19 locus were obtained from a publicly available global reference tandem repeat motif between the Human-like and a Denisovan-like haplotypes" were conducted on the TGP data aligned to the hg38 reference assembly, while all other analyses completed using the hg19 reference which was soft masked for repetitive regions.

Archaic human genome data

The autosomal all-sites VCF files for the four high-coverage archaic genomes were downloaded from https://www.eva.mpg.de/genetics/genome-projects and the ancestral allele calls in fasta format for the hg19 assembly using the Enredo, Pecan, Ortheus (EPO) pipeline was download from http://ftp.ensembl.org/pub/release-74/fasta/ancestral_alleles [Paten et al. 2008a, Paten et al. 2008b[START_REF] Herrero | Ensembl comparative genomics resources[END_REF]]. The autosomal VCF files for the archaic genomes were initially merged using BCFtools v1.13, and after the initial merging the resulting VCF files were filtered to only include sites that were mono-allelic or bi-allelic with an ancestral allele call present and where at least one archaic had a MQ >= 25 and GQ >= 40-archaics that did not meet this threshold were coded as missing data.

Combined data set

The autosomal VCF files for each modern human dataset (i.e., TGP and SGDP) and archaic genomes were initially merged using BCFtools v1.13, after the initial merging the resulting VCF files were filtered to only include sites with mono-allelic or bi-allelic SNPs with an ancestral allele call present and where at least one archaic had a MQ >= 25 and GQ >= 40-archaics that did not meet this threshold were coded as missing data. Since the TGP genotypes were imputed and only include information for variable sites-unlike the archaic data which contains information for all sites-any site that was originally absent in the TGP data but present in archaic data we assumed to be homozygous for the reference allele in the TGP data [Huerta-Sánchez et al 2014]. After the final dataset was curated we annotated coding sites using SnpEff v5.1 [START_REF] Cingolani | A program for annotating and predicting the effects of single nucleotide polymorphisms, snpeff: Snps in the genome of drosophila melanogaster strain w1118; iso-2; iso-3[END_REF]. Sequence reads were downloaded in fastq format and converted to bam format using bwa v7.17 [Li and Durbin, 2009]. Reads were then sorted, duplicates were removed, and all non-autosomal chromosomes were removed using Samtools v1.9 [Li et al., 2009]. Using ANGSD v0.92 we further filtered out reads that had a quality score less than 30 and then determined the read depth of the alleles present at the six sites (hg19 Chr12: 40808672, 40808726, 40815060, 40821795, 40821847, 40821871) where the Denisovan is the only archaic who is fixed for the derived allele missense mutation, which is absent in the Altai Neanderthal. Then for each ancient individual, we determined the genotype at each of the six Denisovan-specific missense sites which we had sequencing information for by first considering any allele that had a read depth of two or greater, and then ensured that site was mono-allelic or bi-allelic for only the derived and/or ancestral allele(s).

Pre-Contact Indigenous American Genomes

Positive Selection

We utilized the population branch statistic (PBS) to assess if the Denisovan-like haplotype has been subjected to positive selection in Admixed American populations. PBS uses the logarithmic transformation of pairwise estimates of FST to measure the branch length in the target population since its divergence from the two control populations [START_REF] Yi | Sequencing of 50 human exomes reveals adaptation to high altitude[END_REF]. We chose MXL as target populations-as they harbor the largest number of Denisovan-like haplotypes and are the least- To account for differences in sample sizes we used Hudson's estimator of FST as it has been shown to not only be a conservative estimator, but is also robust to differences in sample sizes [START_REF] Bhatia | Estimating and interpreting fst: the impact of rare variants[END_REF]. We chose this experimental design to assess if the signal of positive selection is elevated in individuals with high proportions of Indigenous American ancestry-as genomic data is scarce for Indigenous American populations-and to assess if recent admixture with European and African populations dilutes the signal of positive selection. For each analysis we used an outlier approach to identify if a given SNP exhibits signatures consistent with positive selection by setting the significance threshold at the genome-wide 99th PBS percentile.

To calculate the P-value for the 748kb longest introgressed tract region we computed the observed mean PBS(MXL:CHB:CEU) value for the longest introgressed tract region and compare the observed mean to a distribution of mean PBS values from the genomic background of 748kb nonoverlapping windows with comparable effective sequence length density-i.e., an effective sequence length of at least 400kb amongst the combined dataset-and determined proportion of windows from the genomic background with a mean PBS value greater than or equal to what we observed at the 748kb region.

Identification of the MUC19 Introgressed Region

To identify the genome coordinates of the introgressed region for the modern human MUC19, we downloaded the inferred introgressed tracts from [START_REF] Skov | Detecting archaic introgression using an unadmixed outgroup[END_REF] for chromosome 12, and only retained inferred tracts that had a posterior probability greater than or equal to 0.8, and only retained inferred tracts that overlapped with at least one base pair of the MUC19 NCBI RefSeq coordinates for the hg19 assembly (Chr12:40787196-40964559). We then identified two distinct regions, the region containing the longest archaic tract in any MXL individual (Chr12:40269000-41017000, in NA19789), and a focal 72kb region (Chr12:40758000-40830000) which has the highest density of inferred introgressed tracts amongst non-African populations in the TGP (see Figure S1-S2).

Archaic SNP Density

To assess if TGP individuals at our focal 72kb MUC19 region harbor more archaic SNPs than expected we computed the number of Denisovan-specific and Neanderthal-specific SNPs. For a SNP to first be considered an archaic allele, we require that an allele must be rare in the African superpopulation (i.e., at a frequency less than 0.01) and present in at least one non-African individual. For the SNP to be considered Denisovan-specific we further required the archaic allele to be fixed in the sequenced Denisovan and not fixed in any of the three high-coverage Neanderthals. Similarly, for a SNP to be considered Neanderthal-specific we further required the archaic allele to be fixed in at least one Neanderthal and not fixed in the sequenced Denisovan. To assess if our 72kb MUC19 region has a higher derived and ancestral allele archaic SNP density than expected, we compared the observed archaic SNP density to a distribution of archaic SNP densities from the genomic background of 72kb non-overlapping windows with comparable effective sequence length density-i.e., an sequence length of at least 40kb amongst the combined dataset. To calculate P-values, we determined the proportion of windows from the genomic background with an archaic SNP density greater than or equal to what we observed at the 72kb MUC19 region. After correcting for two multiple comparisons (i.e., one per allelic state) for both Denisovan-specific and Neanderthal-specific SNPs using the Bonferroni correction, a P-value less than 0.025 is considered significant.

Sequence Divergence

To assess the extent of divergence between MUC19 haplotypes harbored by the various individuals in this study, we calculated sequence divergence which corresponds to number of pairwise differences between chromosomes normalized by the effective sequence length-i.e., the total number of sites that passed quality control. We use the term haplotype to refer to a single chromosome from a phased modern human individual and diplotype to refer to the two chromosomes of an archaic individual for which phasing is not possible.

Identifying the Donor of the Longest Introgressed Tract found in MXL

To determine the most likely archaic source of the 748kb longest introgressed tract (Chr12:40787196-40964559) found in an MXL individual (i.e., NA19789), inferred from Skov et al. [2018] we computed the sequence divergence between each of the NA19789's chromosomes and the four archaic diplotypes. To identify the archaic donor for the 748kb longest introgressed tract, we compared the observed sequence divergence to a distribution of sequence divergence from the genomic background of 748kb non-overlapping windows with comparable effective sequence length density-i.e., an effective sequence length of at least 400kb amongst the combined dataset. To calculate P-values, we determined the proportion of windows from the genomic background with a sequence divergence less than or equal to what we observed at the 748kb region. After correcting for four multiple comparisons per chromosome using the Bonferroni correction, a P-value less than 0.0125 is considered significant.

Modern Human Haplotype-Archaic Diplotype Divergence

To determine the haplotype identity for the 72kb MUC19 region in TGP individuals, we calculated the sequence divergence for all pairwise possibilities between each TGP chromosome and each archaic diplotype. We then characterized a TGP haplotype as being Denisovan-like if the sequence divergence to the sequenced Denisovan was less than 0.00156 (or 80.5 pairwise differences between a single TGP chromosome and the two archaic chromosomes), corresponding to the valley of the bimodal distribution in Figure 2. Seven TGP chromosomes exhibited intermediary sequence divergence levels with respect to the sequenced Denisovan between 0.00157 and 0.00252 and were determined to be recombinant haplotypes (see Figure S4) and all TGP chromosomes with a sequence divergence larger than 0.00252 include all African chromosomes and were considered to be Human-like haplotypes. Additionally, we computed sequence divergence between all chromosomes for the 15 Papuan individuals from the SGDP dataset and each archaic diplotype and using the same sequence divergence threshold as was done for the TGP dataset identified three Denisovan-like haplotypes and 27 Human-like haplotypes amongst the Papuans. divergence from the genomic background of 72kb windows with comparable effective sequence length density-i.e., an effective sequence length of at least 40kb. To calculate P-values, we determined the proportion of windows from the genomic background with an average sequence divergence less than or equal to what we observed at the 72kb region. After correcting for four multiple comparisons per haplotype group using the Bonferroni correction, a P-value less than 0.0125 is considered significant.

Denisovan-Neanderthal Diplotype Divergence

To assess the extent of sequence divergence between the sequenced Denisovan and Neanderthal diplotypes, we calculated the sequence divergence for the 72kb MUC19 region between all highcoverage Neanderthal diplotypes and the sequenced Denisovan diplotype. To assess if the 72kb MUC19 region is significantly more diverged than expected among a pair of archaic individuals, we compared the observed sequence divergence to a distribution of sequence divergence from the genomic background of 72kb non-overlapping windows with comparable effective sequence length density-i.e., an effective sequence length of at least 40kb amongst the four archaic individuals. To calculate P-values, we determined the proportion of windows from the genomic background with a sequence divergence greater than or equal to what we observed at the 72kb MUC19 region. After correcting for three comparisons using the Bonferroni correction, a P-value less than 0.0167 is considered significant. 

Site Patterns Tests of Introgression

Gene Flow from Denisovans into non-African modern humans

We calculated D+ for the 72kb MUC19 region for all non-African TGP populations to test for introgression from the archaic humans. To test hypotheses about introgression on a population level we also calculated D+ for all combinations of P1 = {YRI}, P2 = {all non-African populations}, and P3 = {Denisovan, Altai Neanderthal, Chagyrskaya Neanderthal, Vindija Neanderthal}. To assess significance, we calculated D+ values from the genomic background of 72kb windows with comparable effective sequence length-i.e., an effective sequence length of at least 40kb amongst the combined dataset. After correcting for 19 multiple comparisons per P3 using the Bonferroni correction, a P-value less than 0.00263 is considered significant.

Gene Flow from Denisovans into Late Neanderthals

Lastly, we wanted to assess the possibility of an introgression event from the Denisovan population into the ancestral population of two late Neanderthals. To test this hypothesis we calculated D+ for our 72kb MUC19 region for the for two sets of configurations ((P1, P2), P3)): 1) ((Altai Neanderthal, Chagyrskaya Neanderthal), Denisovan)) and ((Altai Neanderthal, Vindija Neanderthal), Denisovan)), 2) ((Chagyrskaya Neanderthal, Vindija Neanderthal), Denisovan)), and ((Chagyrskaya Neanderthal, Vindija Neanderthal), Altai Neanderthal)). To assess significance, we calculated D+ values from the genomic background of 72kb windows with comparable effective sequence length-i.e., an effective sequence length of at least 40kb amongst the four archaic individuals. After correcting for two multiple comparison per set of configurations-i.e., set one where P1 is the Altai Neanderthal and P3 is the sequenced Denisovan and set two where P1 is the Chagyrskaya Neanderthal and P2 is the Vindija Neanderthal-using the Bonferroni correction, a P-value less than 0.025 is considered significant.

Heterozygosity in the Archaics and TGP

To understand if the 72kb MUC19 region is an outlier for heterozygosity in the four archaic genomes we counted the number of heterozygous sites for the 72kb MUC19 region and compared the observed number of heterozygous sites to a distribution of heterozygous site counts from the genomic background of 72kb windows with comparable effective sequence length density-i.e., an effective sequence length of at least 40kb amongst the four archaic individuals. To calculate Pvalues, we determined the proportion of windows from the genomic background where the number of heterozygous sites is greater than or equal to what we observed at the 72kb MUC19 region.

After correcting for four multiple comparisons using the Bonferroni correction, a P-value less than 0.0125 is considered significant. Additionally, we were interested in understanding if African individuals and individuals carrying the Denisovan-like haplotype are also outliers for heterozygosity in our focal 72kb MUC19 region. To do so we computed the average number of heterozygous sites amongst all African individuals (n = 504), heterozygous individuals (n = 255) who carry exactly one copy of the Denisovan-like haplotype, and homozygous individuals (n = 16) who carry two copies of the Denisovan-like haplotype for the 72kb MUC19 region, and compared our observed values to distributions of average heterozygous site counts from the genomic background of 72kb windows with comparable effective sequence length density-i.e., an effective sequence length of at least 40kb amongst the combined dataset. To calculate P-values for the African and heterozygous individuals, we determine the proportion of windows from the genomic background with an average number of heterozygous sites greater than or equal to what is observed at the 72kb MUC19 region, and to calculate P-values for homozygous individuals we determine the proportion of windows from the genomic background with an average number of heterozygous sites less than or equal to what is observed at the 72kb MUC19 region. After accounting for three multiple-comparisons using the Bonferroni correction, a P-value less than 0.0167 is considered significant.

Psuedo-Ancestry Painting (PAP) in the late Neanderthals As phasing is not currently possible for archaic genomes, we calculated pseudo-ancestry painting (PAP) scores in order to assign alleles from a target heterozygous individual to haplotypes with fixed differences from two source individuals. Specifically, for every heterozygous site in the Vindija and Chagyrskaya Neanderthals we asked if a pairing of source individuals can explain the observed heterozygous site-one source individual is fixed for the ancestral alleles and the other is fixed for the derived allele. The PAP score then corresponds to the number of heterozygous sites that can be explained by the two source individuals, normalized over the total number of heterozygous sites. We aimed to explain the excess of heterozygosity in the Chagyrskaya and Vindija Neanderthals by calculating PAP scores using a pairing of the Altai Neanderthal and Denisovan as sources, as well as a pairing of an MXL individual (i.e., NA19664) who is homozygous for the Denisovan-like haplotype and an YRI individual (i.e., NA19190) who is homozygous for the Human-like haplotype.

Copy number polymorphism of a 30bp tandem repeat motif between the Human-like and a

Denisovan-like haplotypes

Repeat counts from short read data

We utilized previously employed methods to estimate repeat length from short-read data [START_REF] Meredith M Course | Characterizing nucleotide variation and expansion dynamics in human-specific variable number tandem repeats[END_REF]. The Samtools v1.9 view command was used to extract and count reads from TGP sample .cram files that map to hg38 Chr12:40482139-40491565. The process was repeated for two non-repetitive regions of the human genome (Chr7:5500000-5600000 and Chr12:6490000-6590000) to calculate average read density for each sample. The fraction of enrichment or depletion of reads was used to calculate the estimated repeat length compared to the reference human genome, which contains 287.5 copies of the 30bp repeat.

To assess if Admixed American populations exhibit an elevated proportion of individuals whose repeat copies exceed the non-African average than all other non-African populations, we computed the proportion of non-African individuals who have repeat copies greater than or equal to the non-African average (~365 repeat copies) amongst all Admixed American populations and amongst all non-African populations excluding the Admixed American population. We then performed a Fisher's exact test and computed the odds ratio and corresponding P-value using the scipy.stats.fisher_exact function implemented in scipy v1.7.2 [START_REF] Virtanen | Scipy 1.0: fundamental algorithms for scientific computing in python[END_REF].

Additionally, to assess if on average individuals who carry at least one Denisovan-like haplotype exhibit significantly elevated number repeat copies than individuals who carry no Denisovan-like haplotypes we performed a Welch's T-test and calculated the corresponding P-value using the scipy.stats.ttest_ind function implemented in scipy v1.7.2 [START_REF] Virtanen | Scipy 1.0: fundamental algorithms for scientific computing in python[END_REF].

Repeat counts from long read data

Phased long-read genomes were obtained from the HPRC and HGSVC. A region corresponding to hg38 Chr12:40482543-40491249 was extracted from each of the .fasta files and used to report repeat length for each allele. The repeat length was divided by 30 and then averaged between the two haplotypes for each individual to calculate an estimated repeat length.

To ensure that the repeat copies inferred from long read data was comparable to our inferences from short read data we computed both Pearson's and Spearman's correlation coefficients and their corresponding P-values for the TGP individuals who had both type of sequencing data available, using the scipy.stats.pearsonr and scipy.stats.spearmanr functions implemented in scipy v1.7.2 [START_REF] Virtanen | Scipy 1.0: fundamental algorithms for scientific computing in python[END_REF]. 

  archaic variants appear to have been removed from the gene pool by purifying natural selection due to a lower historical effective population size in archaic populations [Sankararaman et al., 2016; Petr et al., 2019; Zhang et al., 2020]. However, a handful of archaic variants have risen to high frequency in modern humans through positive linked selection, which previous studies have concluded is a result of natural selection acting on introgressed variants [Racimo et al., 2015; Zhang et al., 2023]. In populations exposed to novel or changing environments, introgressed variants have been implicated as the genetic source for unique adaptations, and several Neanderthal variants that may have facilitated human adaptations have been identified [Mendez et al. 2012; Sankararaman et al., 2014; Vernot and Akey, 2014; Gittelman et al., 2016; Sams et al., 2016; Dannemann and Kelso, 2017; Marnetto, et al. 2017]. In contrast, the study of Denisovan introgression has identified far fewer candidate genes, outside of the lipid metabolism locus TBX15/WARS2 in Inuit from Greenland and Native Americans, and the case of high-altitude adaptation in Tibetans primarily driven by the EPAS1 gene [Huerta-Sánchez et al. 2014; Racimo et al. 2017; Zhang et al., 2021].

[

  Lopez-Fang et al., 2022; Peede et al., 2022]. We performed D+ (P1, P2; P3, Outgroup) tests with the following configurations: Yorubans (YRI) as P1; MXL as P2; and one of the four archaic genomes as P3 For comparisons involving the sequenced Denisovan as P3, we find a positive and significant D+ value for MXL suggesting more allele sharing with Denisovans compared to other global populations (Figure S7, Table

(

  Vindija and Chagyrskaya) do. Our results suggest that late Neanderthals experienced introgression from a Denisovan-like population before Neanderthals introgressed into modern humans. Another striking feature of the introgressed haplotype in the 72kb region is that the sequenced Denisovan is highly divergent from both the Altai Neanderthal and modern Africans, which is one of the signatures expected under a model of super-divergent introgression. Simulating under a demographic model with parameters inferred in Hubisz et al.,[2020] cannot explain the summary statistics observed for this region (see Supplement). This in turn may suggest that these two highly divergent haplotypes were maintained in archaic populations via balancing selection[START_REF] Henriques Viscardi | Searching for ancient balanced polymorphisms shared between neanderthals and modern humans[END_REF]. Balancing selection in the form of heterozygous advantage may also explain why the Denisovan-like haplotype is found at high frequencies in American populations yet did not reach fixation in any sampled population. More generally, the evolutionary history of this regions suggests a complex history that involves recurrent introgression and natural selection, and it parallels findings from other regions of the genome (Neanderthal mtDNA, Y chromosome, andKNL1spindle gene [Posth et al., 2017; Petr et al., 2019; Peyrégne et al., 2022]). Perhaps the largest knowledge gap in why the Denisovan-like haplotype of MUC19 would be under positive selection is determining its underlying function. Mucins are secreted glycoproteins responsible for the gel-like properties and the viscosity of the mucus [Pajic et al., 2022]. MUC19 is associated with gland function in humans, which can be important components of immune response, in particular its role in mucus formation in tracheal submucosal glands in preventing pathogenic infections [Chen et al., 2004; Zhu et al., 2011; Reynolds et al., 2019]. The differences in copy numbers of the 30bp PTS tandem repeat domains carried by individuals harboring the Human-like and Denisovan-like haplotypes certainly suggests MUC19 variants differ in function as a consequence of different molecular binding affinities between variants. This is the case in other mucins, such as MUC7, where variants carrying different numbers of PTS repeats exhibit different microbe-binding properties [Xu et al., 2016; Xu et al., 2017]. If the two variants of MUC19 also present differential binding properties, this would lend support towards why positive selection would increase the frequency of the Denisovan-like haplotype in American populations. As there is limited medical literature associating variation in MUC19 with human fitness, further experimental validation investigating how VNTRs or the Denisovan-specific missense mutations affect function, is necessary to understand the role the Denisovan-like haplotype may exert on the translated MUC19 protein, and how it modifies its function during the formation of mucin polymers. Finally, beyond improving our understanding of how archaic variants facilitated adaptation in novel environments, our findings also highlight the importance of studying archaic introgression in understudied populations, such as admixed Latin Americans [Villanea and Witt, 2022]. Genetic variation in American populations is less well-characterized than other global populations, due to the difficulties in deconvoluting Indigenous ancestries from European and African ancestries, and to a lesser extent Southeast Asian ancestry, following 500 years of European colonization [Martin et al., 2017]

  panel, the 1,000 Genomes Project Phase III (TGP), which contains a diverse set of individuals from multiple populations [1000 Genomes Project Consortium, 2015]. The autosomal variant sites from the integrated callset VCF files for the TGP were downloaded from http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502. Data for MUC19 in the Papuan and present day Indigenous American individuals was obtained from the Simons Genome Diversity Project (SGDP) [Wong et al., 2020]. The autosomal variant sites VCF files for the SGDP were downloaded from https://sharehost.hms.harvard.edu/genetics/reich_lab/sgdp/phased_data2021. It should be noted here, that the analyses in the section "Copy number polymorphism of a 30bp

  Fuente et al., 2018], one from Alaska [Moreno-Mayar et al., 2018], one from Montana [Rasmussen

  admixed populations [Martin et al., 2017]-and CEU and CHB as our control populations. To assess if the PBS values SNPs in the 748kb longest introgressed tract region are elevated in Indigenous American individuals we conducted three separate PBS analyses on the MXL target population: 1) with all 64 MXL individuals, 2) only for the 29 MXL individuals with 50% or more Indigenous American ancestry as defined by [Martin et al., 2017], and 3) only for the 35 MXL individuals with less than 50% Indigenous American ancestry as defined by [Martin et al., 2017].

2 [

 2 To further corroborate claims of introgression based on our sequence divergence results we used the D+ statistic to formally test hypotheses about introgression [Lopez-Fang et al., 2022; Peede et al., 2022]. The D+ statistic utilizes observed site patterns from three populations and an outgroup-Newick format: (((P1, P2), P3), O); site pattern format: (P1's allelic state, P2's allelic state, P3's allelic state, O's allelic state)-as a proxy for gene tree frequencies, where P1 and P2 represent potential recipients of introgression from P3 and an outgroup is used to polarize the ancestral states. D+ specifically utilizes four site patterns: ABBA, BABA, BAAA, and ABAA (where an A denotes the ancestral allele and B denotes the derived allele) to test for asymmetries in site pattern frequencies. Under a scenario of no gene flow the D+ statistic is expected to be zero, a significant and positive D+ value indicates that P2 and P3 share more derived and ancestral alleles than expected, and a significant and negative D+ statistic indicates that P1 and P3 share more derived and ancestral alleles than expected. For all D+ tests we used the ancestral allele calls from the six primate alignment inferred from EPO pipeline to polarize ancestral states [Paten et al., 2008a; Paten et al., 2008b; Herrero et al., 2016]. Since the D+ statistic is normally distributed, to assess if observed D+ values significantly differed from zero for each test we constructed zdistributions of D+ values from 72kb windows of comparable effective sequence length and computed P-values using the scipy.stats.norm.sf function implemented in scipy v1.7.Virtanen et al., 2020].
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 3 Figure 3. Number of heterozygous sites per individual across the MUC19 72kb introgressed region
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 4 Figure 4. Heatmap depicting the frequency of six Denisovan-specific derived missense mutations
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African and Denisovan-like Individuals-Archaic Diplotype Divergence

To understand if African individuals and individuals carrying the Denisovan-like haplotypes are on average more or less divergent than expected with the sequenced Denisovan we calculated the average sequence divergence for all African individuals (n = 504), heterozygous individuals (n = 255) who carry one copy of the Denisovan-like haplotype, and homozygous individuals (n = 16) who carry two copies of the Denisovan-like haplotype for the focal 72kb MUC19 region. To assess significance, we compared the observed average sequence divergence to a distribution of average sequence divergence from the genomic background of 72kb windows with comparable effective sequence length density-i.e., an effective sequence length of at least 40kb. To calculate P-values for the African and heterozygous individuals, we determine the proportion of non-overlapping windows with an average sequence divergence greater than or equal to what is observed at the 72kb MUC19 region, and for homozygous individuals the P-value represents the proportion of windows with an average sequence divergence less than or equal to what is observed at the 72kb MUC19 region. After accounting for three multiple-comparisons using the Bonferroni correction, a P-value less than 0.0167 is considered significant.

Haplotype-Archaic Diplotype Divergence

We next wanted to assess if the 72kb MUC19 region is on average less divergent than expected between the two focal haplotype groups-i.e., Denisovan-like haplotypes (n = 287) and Humanlike haplotypes (n = 4407)-and the four high-coverage archaic diplotypes. To do so, we calculated the average sequence divergence between each haplotype group and the archaic diplotypes for the 72kb MUC19 region. To assess significance, we compared it to a distribution of average sequence