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African clawed frog (Xenopus laevis)
Human (Homo sapiens)

Chimpanzee (Pan troglodytes)

Gorilla (Gorilla gorilla)

Rhesus macaque (Macaca mulatta)
Common marmoset (Callithrix jacchus)
Mouse (Mus musculus)

Rat (Rattus norvegicus)

Dog (Canis lupus)
* Giant Panda (Ailuropoda melanoleuca)
Cat (Felis catus)
Horse (Equus caballus)
Donkey (Equus asinus)
Pig (Sus scrofa)
Cattle (Bos taurus)
—

Gray short-tailed opossum (Monodelphis domestica)

Tammar wallaby (Macropus eugenii)

Platypus (Ornithorhynchus anatinus)

American alligator (Alligator mississippiensis)
::: Emu (Dromaius novaehollandiae)
Ostrich (Struthio camelus)
_._: White-throated tinamou (Tinamus guttatus)
Chilean tinamou (Nothoprocta perdicaria)
Mallard duck (Anas platyrhynchos)
Turkey (Meleagris gallopavo)
Chicken (Gallus gallus)
Anna’s hummingbird (Calypte anna)
Chimney swift (Chaetura pelagica)
Killdeer (Charadrius vociferus)
Brown mesite (Mesitornis unicolor)
White-tailed tropicbird (Phaethon lepturus)
Crested ibis (Nipponia nippon)
prmg=m= Barn owl (Tyto alba)
——= Collared flycatcher (Ficedula albicollis)
Tibetan ground-tit (Pseudopodoces humilis)
Dark-eyed junco (Junco hyemalis)
Medium ground finch (Geospiza fortis)
House sparrow (Passer domesticus)
Atlantic canary (Serinus canaria)
American crow (Corvus brachyrhynchos)
Lawes's parotia (Parotia lawesii)
Magnificent bird-of-paradise (Diphyllodes magnificus)
King bird-of-paradise (Cicinnurus regius)
Raggiana bird-of-paradise (Paradisaea raggiana)
Red bird-of-paradise (Paradisaea rubra)
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Green anole (Anolis carolinensis)

Arafura file snake (Acrochordus arafurae)

Adder (Vipera berus)

Five-pacer viper (Deinagkistrodon acutus)
Taiwan Habu (Protobothrops mucrosquamatus)
Okinawa Habu (Protobothrops flavoviridis)
Pygmy rattlesnake (Sistrurus miliarius)
Timber rattlesnake (Crotalus horridus)
Speckled rattlesnake (Crotalus mitchellii)
Prairie rattlesnake (Crotalus viridis)

Mountain garter snake (Thamnophis elegans)
Eastern garter snake (Thamnophis sirtalis)
Corn snake (Pantherophis guttatus)

Mainland tiger snake (Notechis scutatus)

King cobra (Ophiophagus hannah)

Boa constrictor
r: Burmese python (Python molurus bivittatus)

Therian mammals

Cenophidian snakes

Mammals

Birds

Snakes

Amniotes



Supplemental Figure S1. Phylogenetic tree of selected amniote species.

Phylogenetic tree of amniote species used in this study from TimeTree (Kumar et al.
2017). Species with systematic gene predictions from sex-specific W or Y
chromosomes in bold. Red circles mark branches with evolutionary strata with
defined boundaries. Blue circles mark branches with X-to-Y transposition events
that restored lost ancestral genes to the Y chromosome. Grey circles mark branches
with evolutionary strata inferred from phylogenetic analyses of Z-W pairs in snakes,
with unknown boundaries. See also Supplemental Tables S8-10.
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Supplemental Figure S2. Lineage specific strata in mountain garter snake.

(A) Log2 normalized female/male coverage ratio of mountain garter snake mapped
to the prairie rattlesnake reference genome in 100kb windows. The dashed line at



zero represents expectation for diploid sequence; the dotted line at -1 represents
the expectation of hemizygous sequence. Best supported gene trees from maximum
likelihood and parsimony analysis of (B) SRRMZ2, (C) PPP6R1, and (D) PRF1. Purple,
W-linked homologs; green Z-linked homologs; black, autosomal homologs. Left,
maximum likelihood tree; scale bars represent expected number of nucleotide
substitutions per site along each branch. Right, cladograms to show topology of
short branches. Species abreviations: HSA, human; GGA, chicken; ACA, lizard; BCO,
Boa constrictor; PMO, python; AAR, Arafura file snake; CMI, speckled rattlesnake;
CV], prairie rattlesnake; CHO, timber rattlesnake; SMI, pygmy rattlesnake; PFL,
Okinawa habu; PMU, Taiwan habu; DAC, five-pacer viper; VBE, adder; TEL,
mountain garter snake; TSI, eastern garter snake; PGU, corn snake; NSC, mainland
tiger snake; OHA, king cobra.
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Supplemental Figure S3, Lineage specific strata in pygmy rattlesnake.

(A) Log2 normalized female/male coverage ratio of pygmy rattlesnake mapped to
the prairie rattlesnake reference genome in 100kb windows. The dashed line at zero
represents expectation for diploid sequence; the dotted line at -1 represents the
expectation of hemizygous sequence. Best supported gene trees from maximum
likelihood and parsimony analysis of (B) RASIP1, (C) RPL18, and (D) FLT3LG. Purple,
W-linked homologs; green Z-linked homologs; black, autosomal homologs. Left,
maximum likelihood tree; scale bars represent expected number of nucleotide
substitutions per site along each branch. Right, cladograms to show topology of
short branches. Species abreviations: HSA, human; GGA, chicken; ACA, lizard; BCO,
Boa constrictor; PMO, python; AAR, Arafura file snake; CMI, speckled rattlesnake;
CV], prairie rattlesnake; CHO, timber rattlesnake; SMI, pygmy rattlesnake; PFL,
Okinawa habu; PMU, Taiwan habu; DAC, five-pacer viper; VBE, adder; TEL,
mountain garter snake; TSI, eastern garter snake; PGU, corn snake; NSC, mainland
tiger snake; OHA, king cobra.
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Supplemental Figure S4. Additional factors in the survival of caenophidian
Z-W gene pairs.

(**)P<0.01, (**) P <0.001. Cumulative distribution plot, showing human
orthologs of ancestral caenophidian Z-W gene pairs have greater (A) PCT scores
across all gene-miRNA interactions involving human orthologs of ancestral Z-W
gene pairs (purple) than the remainder of ancestral Z genes (green) (two-sided
Kolmogorov-Smirnov test). Violin plots, with the median (white circle) and
interquartile range (white bar) indicated, compare annotations of ancestral Z-W
gene pairs identified in 3 species (purple) to annotations for the remainder of
ancestral Z genes (green). P values obtained using one-tailed Mann-Whitney U tests.
See Methods and Supplemental Table 5. Human orthologs of ancestral Z-W gene
pairs have more miRNA sites conserved between 3’ UTRs of (B) human and chicken
orthologs and (C) human and lizard orthologs than do other ancestral Z genes.
Orthologs of ancestral Z-W gene pairs are more broadly expressed than orthologs of
other ancestral Z genes (D) in a panel of eight adult chicken tissues, and (E) in a
panel of eight adult human tissues. Orthologs of ancestral Z-W gene pairs have
reduced dN/dS ratios compared to orthologs of other ancestral Z genes in



alignments between (F) chicken and zebra finch orthologs, and (¢) human and
mouse orthologs.
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Supplemental Figure S5. Factors in the survival of amniote X-Y and Z-W
gene pairs.

Violin plots, with the median (white circle) and interquartile range (white bar)
indicated, compare annotations of surviving ancestral X-Y and Z-W gene pairs
identified in 41 amniote species (red) to annotations for the remainder of ancestral
X or Z genes (orange). (**) P < 0.01, (***) P < 0.001. Unless otherwise noted, P values
were obtained using one-tailed Mann-Whitney U tests. See Methods and
Supplemental Table 5. Human orthologs of survivors have greater (4) probability of
haploinsufficiency, (B) deletion intolerance scores, (C) duplication intolerance
scores, and (D) mean probabilities of conserved targeting (PCT) than non-survivors.
(E) PCT score distributions of all gene-miRNA interactions involving human
orthologs of survivors (red) and non-survivors (orange) (two-sided Kolmogorov-
Smirnov test). Human orthologs of survivors have more miRNA sites conserved
between 3’ UTRs of (F) human and chicken orthologs, and (G) human and lizard
orthologs than do other ancestral Z genes. Orthologs of survivors are more broadly
expressed than the orthologs of non-survivors (H) in a panel of seven adult eastern
garter snake tissues, (I) in a panel of eight adult chicken tissues, and (J) in a panel of
eight adult human tissues. Orthologs of survivors are more highly expressed than
the orthologs of non-survivors (K) in chicken blastocysts, and (L) in human
preimplantaion embryos. Orthologs of survivors have reduced dN/dS ratios
compared to orthologs of non-survivors in alignments between (M) tiger snake and
green anole lizard orthologs, (N) chicken and zebra finch orthologs, and (0) human
and mouse orthologs.
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Supplemental Figure $6. Components of ficolin-1-rich granule lumen are
dosage-sensitive.

Violin plot, with the median (white circle) and interquartile range (white bar)
indicated, compares haploinsufficiency of components of ficolin-1-rich granule
lumen (blue) to the remainder of genes in the human genome (grey). Components of
ficolin-1-rich granule lumen have a greater probability of haploinsufficiency than
other human genes (***) P < 0.001, one-tailed Mann-Whitney U test.
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Supplemental Figure S7. A large evolutionary stratum formed after vipers
and colubroid snakes diverged from Arafura file snake.

Best supported gene trees from maximum likelihood and parsimony analysis of
representative genes (A) WAC, (B) CTNNB1, and (C) TRIMZ28. Purple, W-linked
homologs; green Z-linked homologs; black, autosomal homologs. Left, maximum
likelihood tree; scale bars represent expected number of nucleotide substitutions
per site along each branch. Right, cladograms to show topology of short branches.
Species abbreviations: HSA, human; GGA, chicken; ACA, lizard; BCO, Boa constrictor;
PMO, python; AAR, Arafura file snake; CMI, speckled rattlesnake; CV]I, prairie
rattlesnake; CHO, timber rattlesnake; SMI, pygmy rattlesnake; PFL, Okinawa habu;
PMU, Taiwan habu; DAC, five-pacer viper; VBE, adder; TEL, mountain garter snake;
TSI, eastern garter snake; PGU, corn snake; NSC, mainland tiger snake; OHA, king
cobra.






