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The evolutionary history of Neanderthal and Denisovan Y chromosomes

Ancient DNA has allowed the study of human history in previously unseen detail. However, we lack comprehensive studies of the Y chromosomes of Denisovans and Neanderthals. Sequencing Y chromosomes from two Denisovans and three Neanderthals shows that the Y chromosomes of Denisovans split around 700 thousand years ago from a lineage shared by Neanderthals and modern human Y chromosomes, which diverged from each other around 370 thousand years ago. The phylogenetic relationships of archaic and modern human Y chromosomes differ from the population relationships inferred from the autosomal genomes and mirror mitochondrial DNA phylogenies, indicating replacement of both the mitochondrial and Y chromosomal gene pools in late Neanderthals. This replacement is plausible if the low effective population size of Neanderthals resulted in an increased genetic load in Neanderthals relative to modern humans.

A ncient DNA (aDNA) has transformed our understanding of human evolutionary history, revealing complex patterns of population migration and gene flow, including admixture from archaic humans into modern humans. Particularly important have been analyses of autosomal sequences (1,2), which represent a composite of genealogies of any individual's ancestors. Although mitochondrial DNA (mtDNA) and Y chromosomes only provide information about single maternal and paternal lineages, they offer a distinctive perspective on various aspects of population history such as sex-specific migration, matrilocality and patrilocality, and variance in reproductive success between individuals (3-5). Furthermore, because of their lower effective population size (N e ) compared with that of autosomal loci, coalescent times of mtDNA and Y chromosomes sampled from two populations provide an upper bound for the last time they experienced gene flow.

The mtDNA and autosomal sequences of Neanderthals, Denisovans, and modern humans have revealed puzzling phylogenetic discrepancies. Autosomal genomes show that Neanderthals and Denisovans are sister groups that split from modern humans between 550 thousand and 765 thousand years (ka) ago (6). By contrast, the mtDNAs of Neanderthals and modern humans are more similar to one another [time to the most recent common ancestor (TMRCA) of 360 to 468 ka ago] than to the mtDNAs of Denisovans (7). Notably, ~400-ka-old early Neanderthals from Sima de los Huesos were shown to carry mitochondrial genomes related to Denisovan mtDNAs (8,9). This suggests that Neanderthals originally carried a Denisovan-like mtDNA, which was later completely replaced through ancient gene flow from an early lineage related to modern humans (7,9).

The Y chromosomes of Neanderthals and Denisovans should provide an additional source of information about population splits and gene flow events between archaic and modern humans or populations related to them. However, with the exception of a small amount of Neanderthal Y chromosome coding sequence (118 kb) (10), none of the male Neanderthals or Denisovans studied to date have yielded sufficient amounts of endogenous DNA to allow comprehensive studies of archaic human Y chromosomes.

Previous genetic studies identified two male Denisovans, Denisova 4 (55 to 84 ka old) and Denisova 8 (106 to 136 ka old) [START_REF] Sawyer | Proc. Natl. Acad. Sci. U.S.A[END_REF][START_REF] Douka | [END_REF], and two male late Neanderthals, Spy 94a (38 to 39 ka old) and Mezmaiskaya 2 (43 to 45 ka old) (13) ( F1 Fig. 1A). To enrich for Y chromosome DNA from these individuals, we performed hybridization capture using probes we designed to target ~6.9 Mb of the nonrecombining portion of the human Y chromosome (Fig. 1B) (14). This yielded sequence coverage of 1.4× for Denisova 4, 3.5× for Denisova 8, 0.8× for Spy 94a, and 14.3× for Mezmaiskaya 2 (Fig. 1C and table S2). In addition, we used a capture array designed for modern human Y chromosomes (3) to obtain 7.9× coverage of ~560 kb of the Y chromosome from the ~46-to 53-ka-old El Sidrón 1253 Neanderthal (Fig. 1C and table S2), which has been analyzed previously (15,[START_REF] Castellano | Proc. Natl. Acad. Sci. U.S.A[END_REF].

To call genotypes of the captured archaic human and previously published modern human Y chromosomes (4,[START_REF] Fu | [END_REF]18), we leveraged the haploid nature of the human Y chromosome and implemented a consensus approach that requires at least 90% of the reads observed at each site covered by at least three reads to agree on a single allele (14). This minimizes the impact of aDNA damage on genotyping accuracy while allowing for a small amount of sequencing error or contamination (fig. S8) (14).

To determine the relationships between Denisovan, Neanderthal, and modern human Y chromosomes, we constructed a neighborjoining tree from the Y chromosome genotype calls (14). Unlike the rest of the nuclear genome, which puts Denisovans and Neanderthals as sister groups to modern humans (2), the Denisovan Y chromosomes form a separate lineage that split before Neanderthal and modern human Y chromosomes diverged from each other ( F2 Fig. 2A). Notably, all three late Neanderthal Y chromosomes cluster together and fall outside of the variation of present-day human Y chromosomes [Fig. 2A; (10)].

To estimate the TMRCA of archaic and modern human Y chromosomes, we adapted a previously published method that calculates the archaic-modern human TMRCA as a proportion of the deepest known split in presentday human Y variation (4, 10, 14) and is therefore robust to low coverage and aDNA damage (10) (fig. S8 andtable S2). We first calculated the mutation rate in the 6.9-Mb target region to be 7.34 × 10 S11) (14) for the African A00 lineage and a set of non-African Y chromosomes (4,18). This is consistent with other studies of present-day human Y chromosomes (4,[START_REF] Fu | [END_REF], suggesting that the Y chromosomal regions we sequenced are not unusual in terms of their mutation rate. We then used this A00 divergence time of 249 ka ago to infer TMRCAs between archaic S12) (14). The two Denisovan Y chromosomes split from the modern human lineage around 700 ka ago (Denisova 8: 707 ka ago, CI 607 to 835 ka ago; Denisova 4: 708 ka ago, CI 550 to 932 ka ago) (Fig. 2B and table S12). By contrast, the three Neanderthal Y chromosomes split from the modern human lineage about 350 ka ago: 353 ka ago for Spy 94a (CI 287 to 450 ka ago), 370 ka ago for Mezmaiskaya 2 (CI 326 to 420 ka ago), and 339 ka ago for El Sidrón 1253 (CI 275 to 408 ka ago) (Fig. 2B and table S12). Additionally, we used the proportion of sharing of derived alleles with the high-coverage Mezmaiskaya 2 to estimate the TMRCA of the three Neanderthal Y chromosomes to around 100 ka ago (figs. S25 and S26). We validated the robustness of all TMRCA estimates using filters of varying levels of stringency and different genotype calling methods and also by comparing capture and shotgun sequence results (figs. S19, S21, and S23). Although there was some evidence of capture bias in the data (fig. S7), we observed no consistent differences between capture data and shotgun sequences or between individuals showing different read length distributions, indicating that technical biases do not affect our inferences (fig. S21).

Our estimates of the Neanderthal-modern human TMRCA (Fig. 2B) are younger than the previous estimate of ~588 ka ago from the El Sidrón 1253 individual (10). This older estimate was calculated from ~3× coverage of 118 kb of nuclear exome capture sequence and, because of the limited amount of data, used single-nucleotide polymorphisms supported even by single reads (10,[START_REF] Castellano | Proc. Natl. Acad. Sci. U.S.A[END_REF]. However, this is problematic because it can result in an increased rate of erroneously called genotypes, leading to some shared alleles derived from Neanderthal and modern human being converted to the ancestral state, increasing the apparent TMRCA. When we applied filtering designed to mitigate errors (14) to the original El Sidrón 1253 data, we arrived at TMRCA estimates for El Sidrón 1253 consistent with all other Neanderthals in our study (fig. S22).

The estimates of Denisovan-modern human Y chromosome TMRCA agree with population split times inferred from autosomal sequences, suggesting that the differentiation of Denisovan Y chromosomes from modern humans occurred through a simple population split (19). By contrast, the young TMRCA of Neanderthal and modern human Y chromosomes and mtDNAs suggest that these loci have been replaced in Neanderthals through gene flow from an early lineage closely related to modern humans ( F3 Fig. 3A) (7). Previous work indicates that the rate of gene flow from modern humans into Neanderthals was on the order of only a few percent (20,21). Because the fixation probability of a locus is equal to its initial frequency in a population [START_REF] Crow | An Introduction to Population Genetics Theory[END_REF], the joint probability of both Neanderthal mtDNA and Y chromosomes being replaced by their introgressed modern human counterparts starting from a low initial frequency is even lower. However, owing to their low N e and reduced efficacy of purifying selection, Neanderthals have been shown to have accumulated an excess of deleterious variation compared with modern humans [START_REF] Castellano | Proc. Natl. Acad. Sci. U.S.A[END_REF], and it has been suggested that introgressed DNA was not neutral [START_REF] Harris | [END_REF]24).

To explore the dynamics of modern human Y chromosomes introgressed into Neanderthals, we simulated introgression of a nonrecombining, uniparental locus under purifying selection (14, 25). We considered a range of values deleterious mutations on each simulated chromosome ( 14). This allows us to make a general statement about the probability of replacement in terms of the difference in fitness between Neanderthal and modern human Y chromosomes while abstracting over other factors that affect reproductive fitness but are currently impossible to simulate accurately (26). For example, assuming 5% gene flow from modern humans, we found that even a 1% reduction in Neanderthal Y chromosome fitness increases the probability of replacement after 50 ka to ~25%, and a 2% reduction in fitness increases this probability to ~50% (Fig. 3B). However, the rate of gene flow as well as any factor that contributes to the difference in fitness between Neanderthal and modern human Y chromosomes will have a pronounced effect on the replacement probability (figs. S27 to S32). Given the crucial role of the Y chromosome in reproduction and fertility and its haploid nature, it is possible that deleterious mutations or structural variants on the Y chromosome have a larger impact on fitness than considered in our simulations. We therefore refrain from making predictions about the specific process of replacement, because we lack information about the frequencies of introgressed Y chromosomes in older Neanderthals, potential sex bias in the gene flow, and the fitness effects of single-nucleotide and structural variants on the Y chromosome (26). Nevertheless, our models are a proof-ofprinciple demonstration that even a simple difference in the efficacy of purifying selection between two lineages can markedly affect introgression dynamics of nonrecombining, uniparental DNA.

We conclude that the Y chromosomes of late Neandertals represent an extinct lineage closely related to modern human Y chromosomes that introgressed into Neanderthals between ~370 and ~100 ka ago. The presence of this Y chromosome lineage in all late Nean-derthals makes it unlikely that genetic changes that accumulated in Neanderthal and modern human Y chromosomes before the introgression led to incompatibilities between these groups (10). Furthermore, we predict that the ~400-ka-old Sima de los Huesos Neanderthals should carry a Y chromosome lineage more similar to that of Denisovans than to that of later Neanderthals (8,9). Although the amount of modern human gene flow into Neanderthals appears to have been limited (13,20,21), we demonstrate that the replacement of mtDNA and Y chromosomes in Neanderthals is highly plausible, given the higher genetic load in Neanderthals compared with that in modern humans. Our results imply that differences in genetic load in uniparental loci between two hybridizing populations is a plausible driver for the replacements observed in other hybridization events (27)(28)(29).
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Fig. 1 .

 1 Fig. 1. Overview of male archaic humans in our study. (A) Archaeological site locations. Ages of specimens are shown as an inset (12, 13, 15). (B) Portion of the human Y chromosome targeted for capture [legend on right, coordinates of genomic regions are from (30)]. Thin black vertical lines show individual target capture regions. (C) (Left) Spatial distribution of sequencing coverage along the ~6.9 Mb of capture target regions. The heights of the thin vertical bars represent average coverage in each target region. Coordinates are aligned to match the chromosome shown in (B). (Right) Coverage across all target sites for each individual to the left.

Fig. 3 .

 3 Fig. 3. Proposed model for the replacement of Neanderthal Y chromosomes and mtDNA. (A) Relationships between archaic and modern human mtDNA and Y chromosomes. The semitransparent Neanderthal lineage indicates a (as yet unsampled) hypothetical Y chromosome replaced by an early lineage related to modern human Y chromosomes. Most recent common ancestors with modern human lineages are shown for mtDNA (circles) and Y chromosomes (triangles). The inset shows TMRCAs for the four nodes in the diagram: Y chromosome TMRCAs as estimated by our study and mtDNA TMRCA estimates from the literature (7, 8). The red shaded area highlights the 95% CI for the population split time between archaic and modern humans, shown as the dotted red horizontal line (6). (B) Probability of replacement of a nonrecombining, uniparental Neanderthal locus over time, assuming a given level of fitness burden relative to its modern human counterpart. Trajectories are based on forward simulations across a grid of parameters (figs. S27 to S29) (14), with N e of modern humans and Neanderthals fixed at 10,000 and 1000, respectively. Modern human introgression was simulated in a single pulse at 5%. Replacement probabilities from a wider range of model parameters are shown in fig. S31.

2 SFig. 2 .

 22 Fig. 2. Phylogenetic relationships between archaic and modern human Y chromosomes. (A) Neighbor-joining tree estimated from the Y chromosome genotype calls, excluding C-to-T and G-to-A polymorphisms, rooted with a chimpanzee as the outgroup (14). Numbers show bootstrap support out of 100 bootstrap replicates. Terminal branch lengths are not informative about the ages of specimens (Fig.1A), owing to differences in sequence quality.
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