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Introduction

Anatomically modern and archaic humans interbred between 40-60-thousand years ago during the modern human expansion into Eurasia [START_REF] Fu | Genome sequence of a 45,000-year-old modern human from western Siberia[END_REF][START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]. About 1-3% of the genetic ancestry of non-Africans today originates from admixture with Neanderthals (Green, et al. 2010;[START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF], and 3-6% of the genetic ancestry of Oceanians originates from admixture with Denisovans [START_REF] Reich | Genetic history of an archaic hominin group from Denisova Cave in Siberia[END_REF][START_REF] Reich | Denisova admixture and the first modern human dispersals into Southeast Asia and Oceania[END_REF]. However, the proportions of Neanderthal ancestry (NA) and Denisovan ancestry (DA) have been shown to vary across the genomes of present-day non-Africans [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Vernot | Resurrecting surviving Neandertal lineages from modern human genomes[END_REF][START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]. Two studies notably compared the transcriptomes derived from sixteen adult human tissues [START_REF] Derrien | The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and expression[END_REF] with archaic introgression maps that estimate the proportions of NA and DA along the genome [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]. They found that regions of massively reduced NA and DA concentrate in testis-specific genesi.e. genes that are more highly expressed in the testes than in other tissue types -and hypothesized that natural selection to remove Neanderthal and Denisovan alleles that decreased male fertility in hybrids was driving these patterns [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]. The transcriptome analyzed in these studies however was based on the sum of all testicular cellular types. The cellular architecture of the testis being one of the most complex in the body, this made impossible to determine whether specific testicular cell populations were affected by this genome admixture.

Results

To overcome this limitation, we first interrogated a dataset based on human testicular biopsy samples from patients with spermatogenesis arrested at different stages of germ cell development.

Using a subtractive approach we deduced the transcriptome of the different testicular cell populations [START_REF] Chalmel | Global human tissue profiling and protein network analysis reveals distinct levels of transcriptional germline-specificity and identifies target genes for male infertility[END_REF]) and identified thirteen expression clusters (termed C1-C13).

Expression of transcripts in in clusters C1 to C7 was associated with somatic testicular cells while those in clusters C8 to C13 peaked in germ cells: from the mitotic spermatogonia (C8), through the meiotic spermatocytes (C10), up to the postmeiotic haploid spermatids that ultimately metamorphose into spermatozoa (C13).

We compared these expression clusters to the Neanderthal introgression map [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF]) and found that genes with low NA (Supplementary Material) were significantly associated with meiotic spermatocytes (C10: P = 1.7×10 -3 for European individuals, P = 8.5×10 -5 for east-Asian individuals; hypergeometric test) (Figure 1A, table S1 andSupplementary Material). This appeared to be specific to meiosis, as there was no signal associated either with the mitotic phase of spermatogenesis (C8: P = 0.299 for Europeans, P = 0.227 for east-Asians) or with the postmeiotic phase (C13: P = 0.766 for Europeans, P = 0.707 for east-Asians). Despite weaker p-values likely resulting from lower power to infer DA and lower sample size of Oceanian individuals [START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF], we also found the same tendency for DA in Oceanians (C10, P=0.05; C8, P = 0.886; C13, P ≥ 0.999) (Figure 1A and table S1).

A possible concern with this analysis is that the germ cell transcriptomes derived from infertile patients could in principle be atypical. We thus generated another transcriptomic dataset based on enriched populations of five cell types from normal adult human testes (Supplementary Material). This allowed us to define three broad groups of gene transcripts with significant peak expression in testicular somatic cells (P1), meiotic spermatocytes (P2) and early haploid spermatids (P3) (figure S1 and Supplementary Material). Through this experiment, we further demonstrated that only autosomal genes with a meiotic expression pattern (P2) were significantly enriched in regions of low of NA (P = 3.7×10 -8 for European and P = 1.1×10 -9 for East Asian populations) and DA (P = 0.01 for Oceanians populations) (Figure 1B and table S2).

Subsequently, we explored whether similar patterns might also exist in loci expressed in female germ cells. In vertebrates, meiosis is quite different in males and females; whereas it occurs after puberty in males, meiotic prophase I in the ovary initiates in primary oocytes during embryonic development, is then arrested in the diplotene stage, and resumes after puberty, at the time of ovulation [START_REF] Gondos | Initiation of oogenesis in the human fetal ovary: ultrastructural and squash preparation study[END_REF]). We interrogated a transcriptomic dataset in which the transcriptional landmarks of human prenatal germline development was established [START_REF] Gkountela | DNA Demethylation Dynamics in the Human Prenatal Germline[END_REF]. Gkountela and collaborators notably identified 4 modules of co-expression, including modules 1, 16, 24 and 2, which were highly representative of human primitive embryonic stem cells (hESCs), primordial germ cells (PGCs), male advanced germ cells (mAGCs) and female meiotic advanced germ cells (fAGCs), respectively. We found that regions of low NA/DA are significantly associated with autosomal genes belonging to the female meiotic germline module (module 2; NA: P = 1.6×10 -3 for Europeans and P = 6.1×10 -3 for east-Asians; DA: P = 3.8×10 -3 for Oceanians) just as they are for male specific genes (Figure 2 and table S3).

We finally considered the possibility that our finding could be an artefact of the fact that not all gene classes are subject to the same evolutionary constraints; for example, genes involved in reproduction, notably testis-expressed genes, are known to be subject to intense adaptive selection [START_REF] Wyckoff | Rapid evolution of male reproductive genes in the descent of man[END_REF][START_REF] Swanson | The rapid evolution of reproductive proteins[END_REF][START_REF] Khaitovich | Parallel patterns of evolution in the genomes and transcriptomes of humans and chimpanzees[END_REF]. For the present analysis, we were specifically concerned that meiotic genes might be more subject to linked natural selection to remove deleterious variation than most other genes in the genome, a process that profoundly shaped the distribution of archaic ancestry in modern humans [START_REF] Juric | The Strength of Selection Against Neanderthal Introgression[END_REF][START_REF] Harris | The Genetic Cost of Neanderthal Introgression[END_REF]. To address this issue, we measured the polymorphism rate in each gene in the genome in sub-Saharan Africans without archaic admixture, which should be sensitive to linked selection. We then repeated our enrichment statistics within a logistic regression framework after controlling for the rate of polymorphism within a gene in sub-Saharan Africans as a surrogated for linked selection (Supplementary Material). The deficiency in archaic ancestry associated with meiotic prophase (P2 expression pattern) actually became stronger after this control (p-values of 3.3x10 -9 for NA in 1000 Genomes Europeans, 5.0x10 -11 for NA in 1000 Genomes East Asians, 9.7x10 -8 for NA for mainland Eurasians in the Simons Genome Diversity Project (SGDP) and 9.9x10 -4 for DA inferred from Oceanians individuals in SGDP) (figure S1).

We also replicated this result after controlling for a B-statistic which measures the strength of background selection within a gene (figure S1 and Supplementary Material).

Discussion

We have shown that testis-specific loci which are found to be enriched in genomic regions with a reduced frequency in archaic hominin alleles [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]) are actually expressed during prophase I of meiosis, when genetic recombination occurs thanks to exchange of genetic material between homologous chromosomes. We never detect such an association with either the mitotic phase of spermatogenesis, or even with the postmeiotic phase, when spermatids metamorphose into spermatozoa [START_REF] Jegou | The Sertoli-germ cell communication network in mammals[END_REF][START_REF] Wassarman | A profile of fertilization in mammals[END_REF]. This is noteworthy since these haploid germ cells account for about two-thirds of the testis-specific expression program [START_REF] Chalmel | Global human tissue profiling and protein network analysis reveals distinct levels of transcriptional germline-specificity and identifies target genes for male infertility[END_REF]. Furthermore, we demonstrated that enrichment of meiotic genes in regions with reduced archaic ancestry is actually not restricted to spermatogenesis but also applies to oogenesis, suggesting that natural selection likely worked to remove deleterious archaic-derived alleles from genes directly involved in prophase I of meiosis in humans, both in male and female germ cells. Our results therefore highlight the fact that meiosis constitutes a specific biological obstacle to population mixture, possibly because of the involvement of a high number of speciation genes during this cellular process [START_REF] Mihola | A mouse speciation gene encodes a meiotic histone H3 methyltransferase[END_REF][START_REF] Nosil | The genes underlying the process of speciation[END_REF]. These results are also consistent with the suggestion that the reproductive fitness of archaic-modern human hybrids was probably marginal, as in hybrids of genetically divergent lineages in other taxa [START_REF] Rhymer | Extinction by Hybridization and Introgression[END_REF][START_REF] Corbett-Detig | Genetic incompatibilities are widespread within species[END_REF][START_REF] Banes | Reintroduction of confiscated and displaced mammals risks outbreeding and introgression in natural populations, as evidenced by orang-utans of divergent subspecies[END_REF]. According to our results it is possible that reduced hybrid fertility was not restricted to males but also affected females. It is noteworthy that if according to the "Haldane's Rule" hybrid infertility tends to arise first in the heterogametic sex (males in humans [START_REF] Coyne | The genetic basis of Haldane's rule[END_REF]), it can also occur in the homogametic sex [START_REF] Barbash | A novel system of fertility rescue in Drosophila hybrids reveals a link between hybrid lethality and female sterility[END_REF] including in the early stages of speciation in rodents [START_REF] Suzuki | Speciation and reduced hybrid female fertility in house mice[END_REF].

As the gene sets expressed in male and female meiotic cell types are correlated, we cannot rule out the possibility that the reduced fertility was all in one sex. This hybrid reduced fertility is plausibly due to "Dobzhansky-Muller incompatibilities", i.e. combinations of alleles on meiotic genes that have never previously been exposed to each other. These incompatibilities can result in perturbation of meiosis in both primary spermatocytes and oocytes through abnormal chromosomal behaviour interfering with gamete production and quality, as well as with embryonic development [START_REF] Martin | Meiotic chromosome abnormalities in human spermatogenesis[END_REF][START_REF] Handyside | Molecular origin of female meiotic aneuploidies[END_REF]).

An investigation on recent changes in the human genome identified that chromosomal rearrangements between modern humans and Neanderthals (although not Denisovans) also occurred preferentially in the vicinity of testis-specific genes, consistent with the hypothesis of hybrid infertility [START_REF] Rogers | Chromosomal Rearrangements as Barriers to Genetic Homogenization between Archaic and Modern Humans[END_REF]. In addition, a comparison of the Neanderthal and modern human Y chromosomes has shown that all three genes with functional missense mutations that differentiate Neanderthals from modern humans are malespecific minor histocompatibility genes, providing some additional evidence of reproductive isolation between the two groups [START_REF] Mendez | The Divergence of Neandertal and Modern Human Y Chromosomes[END_REF]. We note that hybridization between modern and archaic humans was not only deleterious; it also had positive consequences for certain classes of genes, probably helping modern humans to expand into environments to which the archaic humans were already adapted due to hundreds of thousands of years of local evolution [START_REF] Racimo | Evidence for archaic adaptive introgression in humans[END_REF]. Understanding the relative importance of positive and negative selection on archaic alleles segregating in non-African people today that is, in successful populations that emerged from the Neanderthal-modern hybridization eventsis an important direction for future research.

Materials and Methods

Detailed descriptions of materials and methods are provided in Supplementary Material.

Identification of genes depleted in the archaic ancestries.

To assess whether a gene is depleted for each of the archaic ancestries, we used previously published maps of Neanderthal and Denisovan ancestries [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF][START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]). As defined in these studies, we declared a gene as depleted in Neanderthal (Denisovan) ancestry if all SNPs across all individuals were assigned a marginal probability of Neanderthal (Denisovan) ancestry ≤10% [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF]). We derived sets of genes depleted in archaic ancestry from four maps: maps of Neanderthal ancestry inferred from Europeans and East Asians in the 1000 Genomes Project [START_REF] Sankararaman | The genomic landscape of Neanderthal ancestry in present-day humans[END_REF], a map of Neanderthal ancestry inferred from mainland Eurasians in the Simons Genome Diversity Project (SGDP) data [START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF]) and a map of Denisovan ancestry in Oceanians also inferred from the SGDP data [START_REF] Sankararaman | The Combined Landscape of Denisovan and Neanderthal Ancestry in Present-Day Humans[END_REF].

Testing the relationship between archaic ancestry and testicular cell populations

We wanted to test if archaic ancestry is reduced in genes that are highly expressed in a given testicular cell population while accounting for potential differences in the strength of linked selection across these sets of genes. To do so, we set up three distinct statistical tests (Gaussian hypergeometric test, heterozygosity, B-statistics, c.f. Supplementary Material) for each cell population where the response is whether a gene is depleted in archaic ancestry and the covariates consist of i) whether the gene is expressed in the chosen cell population and ii) a statistic that measures the strength of linked selection near the gene. We restricted the statistical analysis to all autosomal genes that are found to be differentially expressed in the dataset analyzed. Reported is the one-sided p-value associated with the cell population of the test under the null hypothesis that archaic ancestry is not depleted in genes that are expressed in that cell population. primordial germ cells (module 16, PGCs), male advanced germ cells (module 24, mAGCs) and female advanced germ cells (fAGCs, module 2). As in Figure 1, P-values corresponding to enrichment of autosomal genes belonging to each of those four modules are calculated for each genomic region of reduced archaic ancestry using the Gaussian Hypergeometric Test. 
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 1 Figure 1. Enrichment of meiotic expression genes in regions deficient in Neanderthal or Denisovan ancestry using a logistic regression with the local heterozygosity as a covariate. (A), Chalmel et al. defined a set of 11 expression clusters (termed C1-11) associated with peak expression in the different testicular cell types (top row). Clusters C1 to C7 correspond to genes expressed in somatic testicular cells including prepubertal somatic cells (C1), steroidogenic Leydig cells (LC, C2-4) and Sertoli cells (SC, C5-7). Clusters C8 to C13 are gradually associated with loci preferentially expressed in germ cells: the mitotic spermatogonia (C8 and C9), meiotic spermatocytes (C10) and postmeiotic haploid spermatids (C13). (B), analysis of the transcriptional landscape of testicular cell populations yields three broad expression patterns associated with peak expression in somatic cells (P1), meiotic spermatocytes (P2) and postmeiotic spermatids (P3) (top row). (A and B), enrichment of autosomal genes belonging to each cluster is evaluated for each region deficient in NA and DA by calculating the Fisher exact probability, using the Gaussian Hypergeometric Test. Results are given for the Neanderthal introgression map inferred from the genomes of present-day European and east-Asian (from 1000 Genomes project) individuals and for the Denisovan introgression map in the genome of present-day Oceanian individuals (Simons Genome Diversity Project, SGDP). Associated P values are given within rectangles that are color-coded in red for enriched and blue for depleted associations.
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 2 Figure 2. Enrichment of genes expressed in human prenatal germline cells in regions deficient in
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