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            Abstract
The human X and Y chromosomes evolved from an ordinary pair of autosomes, but millions of years ago genetic decay ravaged the Y chromosome, and only three per cent of its ancestral genes survived. We reconstructed the evolution of the Y chromosome across eight mammals to identify biases in gene content and the selective pressures that preserved the surviving ancestral genes. Our findings indicate that survival was nonrandom, and in two cases, convergent across placental and marsupial mammals. We conclude that the gene content of the Y chromosome became specialized through selection to maintain the ancestral dosage of homologous X–Y gene pairs that function as broadly expressed regulators of transcription, translation and protein stability. We propose that beyond its roles in testis determination and spermatogenesis, the Y chromosome is essential for male viability, and has unappreciated roles in Turner’s syndrome and in phenotypic differences between the sexes in health and disease.
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                    Figure 1: Ancestral Y-linked genes by species and human X homologue location.


Figure 2: Regulatory annotations of X–Y pair genes.


Figure 3: Reconstruction of human sex chromosome evolution.


Figure 4: Decay of Y-linked genes to a baseline level.


Figure 5: Factors in the survival of Y-linked genes.
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Extended data figures and tables

Extended Data Figure 1 Annotated sequence contigs from the MSY of five species.
All sequence features and BACs drawn to scale. a–e, Marmoset MSY. f–j, Mouse MSY. k–o, Rat MSY. p–t, Bull MSY. u–y, Opossum MSY. a, f, k, p, u, Schematic representation of assembled contigs and sequence classes: X-degenerate (yellow); ampliconic (blue); pseudoautosomal (green); heterochromatic (pink). Gaps shown in white. b, g, l, q, v, Positions of all intact, actively transcribed genes. Plus (+) strand above, minus (−) strand below. c, h, m, r, w, G + C content (%) calculated in a 100-kb sliding window with 1-kb steps. d, i, n, s, x, Alu (red), LINE (green), and endogenous retrovirus (blue) content (%) calculated in a 200-kb sliding window with 1-kb steps. e, j, o, t, y, Sequenced MSY BACs. Each bar represents the size and position of one BAC clone, labelled with the library identifier. e, BAC clones with no prefix are from the CHORI-259 library; BAC clones with “A” prefix are from the MARMAEX (Amplicon Express) library. j, All BAC clones are from the RPCI-24 library. o, BAC clones without prefix are from the RNAEX library; BAC clones with “E” prefix are from the RNECO library (both from Amplicon Express). t, BAC clones without prefix are from the CHORI-240 library; BAC clones with “E” prefix are from the BTDAEX library (both from Amplicon Express). y, BAC clones with no prefix are from the VMRC6 library; BAC clones with “A” prefix are from the MDAEX (Amplicon Express) library.


Extended Data Figure 2 Expression of Y-linked genes across tissues and species.
Within each species, the relative expression of each Y-linked gene is shown as a heat map normalized to the male tissue with the highest level of expression of that gene. Expression was calculated from RNA-seq data as reads per kilobase of transcript per million mapped reads. For each gene and species, tissues are arranged in alphabetical order from left to right: brain, cerebellum, colon, heart, kidney, liver, lung, skeletal muscle, spleen and testis. Most single-copy genes (red) are broadly expressed across male tissues, whereas Y-linked genes in multi-copy families (blue) are predominantly or exclusively expressed in testes.


Extended Data Figure 3 Dot plot of human X orthologues in opossum and chicken.
Rectangular dot plots show chromosomal locations of X-orthologous genes in other species. The human X chromosome is composed of a conserved region, orthologous to the opossum X chromosome and a region of chicken chromosome 4, as well as an added region, orthologous to chicken chromosome 1, which has broken in two in the opossum lineage.


Extended Data Figure 4 Phylogenetic analysis of stratum one and stratum two genes.
Consensus phylogenies reconstructed by DNAML with 100 bootstrap replicates; scale bars represent the expected number of nucleotide substitutions per site along each branch. Phylogenies for ancestral X–Y pair genes from the X-conserved region, shared between placental and marsupial mammals are shown. Adjacent to each tree, pink and light blue bars highlight the positions of the X and Y homologues, respectively; red and dark blue bars highlight the position of placental and marsupial homologues, respectively. Among the three gene pairs from stratum one (SOX3/SRY, RBMX/RBMY, and HSFX/HSFY), Y-linked genes are more closely related to each other than their X-linked orthologues. Among the other gene pairs (KDM5C/KDM5D and UBE1X/UBE1Y), marsupial X–Y pairs are more closely related to each other than they are to placental orthologues, suggesting that a second stratum formed independently in the placental and marsupial ineages. Species abreviations: HAS, human; PTR, chimpanzee; MAQ, rhesus; CJA, marmoset; MUS, mouse; RNO, rat; BTA, bull; MDO, opossum; and GGA, chicken.


Extended Data Figure 5 Phylogenetic tree showing X–Y gene conversion in AMELX/AMELY and ZFX/ZFY.
Consensus phylogenies reconstructed by DNAML with 100 bootstrap replicates; scale bars represent the expected number of nucleotide substitutions per site along each branch. Phylogenies of three ancestral X–Y pair genes from the placental-specific X-added region within stratum 2/3 (USP9X/USP9Y, AMELX/AMELY and ZFX/ZFY) are shown. Within each tree, pink and light blue branches highlight the positions of the X and Y homologues, respectively. USP9X/USP9Y is a typical stratum 2/3 gene pair; all USP9Y genes are more closely related to each other than to any USP9X gene. AMELX/AMELY and ZFX/ZFY show more complex histories. For example, bull AMELY is more closely related to bull AMELX than to any other AMELY orthologue. X–Y gene conversion occurred after stratum formation in multiple lineages. Species abreviations: HAS, human; PTR, chimpanzee; MAQ, rhesus; CJA, marmoset; MUS, mouse; RNO, rat; BTA, bull; MDO, opossum; GGA, chicken; and XTR, Xenopus tropicalis.


Extended Data Figure 6 Y–Y gene conversion within multi-copy gene families.
Consensus phylogenies reconstructed by DNAML with 100 bootstrap replicates; scale bars represent the expected number of nucleotide substitutions per site along each branch. Phylogenies for ancestral X–Y pair genes from the X-conserved region, shared between placental and marsupial mammals are shown. Adjacent to each tree, light blue bars highlight the positions of Y-linked genes with high within-species identity and across-species divergence, indicating that gene conversion is more frequent than mutation. a-g, TSPY, RBMY, SRY, HSFY, DDX3Y, UBE1Y and EIF1AY show signs of Y–Y gene conversion; in the species where they are present in multiple copies, they are clustered in arrays of genes. h, i, RPS4Y and ZFY do not show signs of recent Y–Y gene conversion; in the species where they are present in two copies, they are dispersed on the Y chromosome. a, TSPY is present as a multi-copy gene family on the human, chimpanzee, rhesus, marmoset and bull Y chromosomes. Note that 2 distinct families of TSPY emerged in bull. b, RBMY is present as a multi-copy gene family on the human, chimpanzee, marmoset, mouse and bull Y chromosomes. c, SRY is present as a multi-copy gene family on the rat Y chromosome. d, HSFY is present as a multi-copy gene family on the human, rhesus, and bull Y chromosomes. e, DDX3Y is present as a multi-copy gene family on the marmoset Y chromosome. f, UBE1Y is present as a multi-copy gene family on the rat Y chromosome. g, EIF1AY is present as a multi-copy gene family on the marmoset Y chromosome. h, RPS4Y is present is present as a multi-copy gene family on the human, chimpanzee and rhesus Y chromosomes. RPS4Y genes appear to have split into two distinct families before the divergence of primate species, which have not engaged in subsequent gene conversion within each species. i, ZFY is present as a multi-copy gene family on the mouse Y chromosome. Although ZFY participated in multiple independent X–Y gene conversion events after the divergence of placental mammals, there is no evidence of recent Y–Y gene conversion in mouse. Mouse Zfy1 and Zfy2 genes are more divergent than human and chimpanzee ZFY. Species abbreviations: HAS, human; PTR, chimpanzee; MAQ, rhesus; CJA, marmoset; MUS, mouse; RNO, rat; BTA, bull; MDO, opossum; GGA, chicken; MFA, Macaca fascicularis; and XTR, Xenopus tropicalis.


Extended Data Figure 7 Viable structually variant sex chromosomes in humans.
The presence of the 12 broadly expressed, dosage-sensitive X–Y pair genes and other chromosomal features on structurally variant sex chromosomes are indicated by filled circles. a, Viable non-mosaic deletions of X–Y pair genes from the human Y chromosome. The human Y chromosome is susceptible to structural rearrangements due to homology mediated crossing-over between repeated sequences. Crossing-over between tandem repeats creates interstitial deletions, whereas crossing-over in palindrome arms causes the formation of isodicentric chromosomes and isochromosomes. Each Y-linked member of the 12, broadly expressed, dosage-sensitive X–Y gene pairs is deleted in one or more variants, thus no single X–Y pair gene is haplolethal. b, Viable deletions of X–Y pair genes from the human X chromosome in females are shown. Reported cases of X chromosome deletions in females are consistent with a collective haplolethality for all 12 broadly expressed, dosage-sensitive X–Y gene pairs in humans. Familial cases, where a variant X chromosome has been transmitted from mother to daughter, are unlikely to be mosaic. The most extensive deletion among familial cases eliminates 7 of 12 genes. The most extensive de novo deletion variants eliminate 11 of 12 genes, but mosaicism for 46,XX cells cannot be excluded. No variants remove RPS4X because of viability effects mediated by its position between the centromere (CEN) and X-inactivation centre (XIC) on the long arm, rather than haplolethality of RPS4X alone.


Extended Data Table 1 PANTHER statistical over-representation resultsFull size table


Extended Data Table 2 Accession numbers of mouse pseudoautosomal region genesFull size table


Extended Data Table 3 Patients with structurally variant X and Y chromosomesFull size table
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