SUPPLEMENTAL MATERIAL

Dosage-sensitive functions in embryonic development drove the
survival of genes on sex-specific chromosomes in snakes, birds,
and mammals

Daniel W. Bellott and David C. Page

SUPPLEMENTAL METHODS ......iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiienieiesnesieesseneissesnasssssnassseenes 2
Reconstructing the ancestral QULOSOIMES. ... uereriennerneessessesssssssesssssssesssssse s sssssss s sssssesssesssesens 2
Ancestral sex-linked genes in cQ@NOPRIAIAN SNAKES ......ceneeeveeereeereersverssrnsersecsssesssssssesssesseessssssesssesssssans 2
PseudoautOSOMAl DOUNAATIES ......ocrvcrreirrsirrssscrsscrnsisssisisssesssisssisssisissssssssssssesassssassssassssssssssssesassessssseans 3
Reconstructing eVolUtiONATY STTAtA ... eereeseesseesseesseessessesssesesssssssssssssssessssssse s ssssss st sssssssssasens 3
PRYIOGENOLIC ANIALYSES correreeererrreraserereeuseesssesssssissssssesssesssssassssssesssessssssssssssssssesssssssssassesssesssssssssassssssesssesssssassssnsessees 3
Caenophidian evolutionary SEratA ANALYSES ........coecomerneeosserssessessnsssssesssesssssssssssesssssssssssssssesssssssssassees 4
AVIAN @VOIULIONATY STTALA evrrreererreeerseersesrisssessesssesssssassssssesssesssssassssssssssessssssssssssesssesssssssssassesssesssssssssassesssessnssans 5
Mammalian eVOIULIONATY SEFALA. ... errerrererecrseersersssessesssesssssssassssssesssssssssassesssesssssssssassssssesssssssssassssssesees 6
Distribution of survivors on ancestral QULOSOMES ........oerereeseeseessseessess s sesssesssssssssssessssssssesess 6
Calculation of SUIrVIVAl fIaACtION e ses s sn s sssessnees 7
EXAMPLE 1: RBMX ANA RBMY ....oeeeeeeereresertsecnseesssesassssssesssesssssasssassssssesssssssssassssssesssesssssassssssesssesssssassssssessnes 7
Example 2: KDM5C ANA KDMB D ..ottt ers s sssssssessssesassssassssissssssssessssssassssisssssssssssssesassesenss 9
SUPPLEMENTAL REFERENCES ......cc.ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiinnisieinisseeenesneissnenassnees 11
SUPPLEMENTAL FIGURES .....cc..oiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiieiniriis i sseneiessesaisssenasnnens 18
Supplemental Figure S1. Phylogenetic tree of selected amniote species. .....ccoureneeereeureeereenens 18
Supplemental Figure S2. A large evolutionary stratum formed after vipers and colubroid
snakes diverged from Arafura file SNake. ... 19
Supplemental Figure S3. Lineage specific strata in mountain garter snake........ccoueeneeeneenees 20
Supplemental Figure S4. Lineage specific strata in pygmy rattlesnake. .......enconeneeneenees 21
Supplemental Figure S5. Additional factors in the survival of caenophidian Z-W gene pairs.
......................................................................................................................................................................................... 22
Supplemental Figure S6. Factors in the survival of amniote X-Y and Z-W gene pairs............. 23
Supplemental Figure S7. Components of ficolin-1-rich granule lumen are dosage-sensitive.
......................................................................................................................................................................................... 24
Supplemental Figure S8. Dosage sensitivity and broad expression make independent
contributions to survival in caenophidian SPECIES. ....wrerererreerreserreesessee e ssssseenns 25
Supplemental Figure S9. Dosage sensitivity and broad expression make independent
contributions to SUrvival in AVIan SPECIES. ... rrerreiererseeseeessessessseesse s s s st sesssssssesssens 26
Supplemental Figure S10. Dosage sensitivity and broad expression make independent
contributions to survival in therian SPECIies. ... ssssssenns 27



SUPPLEMENTAL METHODS

Reconstructing the ancestral autosomes

Ancestral sex-linked genes in caenophidian snakes

We downloaded peptide sequences and lists of human, chicken, and lizard orthologs
from Ensembl (release 96)(Yates et al. 2019). To identify snake orthologs, we
aligned these peptides to the reference genome assemblies of prairie rattlesnake
(Schield et al. 2019), mainland tiger snake five-pacer, (Yin et al. 2016), and Boa
constrictor (Bradnam et al. 2013), using blat (Kent 2002) in tblatx mode (-t=dnax -
g=prot), and retained only the best hit for each peptide sequence (Table 1,
Supplemental Table S1).

We seeded our search for the ancestral set of sex-linked genes with 106 genes
previously mapped to the Z or W Chromosomes of caenophidian snakes (Matsubara
etal. 2012, 2016; Vicoso et al. 2013a; Rovatsos et al. 2015; Yin et al. 2016; Perry et
al. 2018) and the orthologous python Y Chromosome (Gamble et al. 2017)
(Supplemental Table S2). Most of these genes have orthologs on human
Chromosomes 3, 7, 10, 17, and 19; chicken Chromosomes 2 and 27; and lizard
Chromosome 6.

We identified genes as sex-linked in the ancestor of caenophidian snakes by looking
for orthologs of human, chicken, and lizard genes that were syntenic with published
sex-linked genes in one or more of the three caenophidian snake genome
assemblies, starting with prairie rattlesnake (the most contiguous). We used
orthologous scaffolds in the Boa constrictor assembly as an outgroup to resolve
whether lineage-specific gains and losses occurred before or after the divergence of
henophidian and caenophidian snakes.

We found that 99 of 106 published snake sex-linked genes mapped to the prairie
rattlesnake Z Chromosome assembly (CM012323.1). Of the seven remaining genes,
five (ARF1, KLF6, MRPL3, MYO1D, and ZBTB47) mapped to autosomes in prairie
rattlesnake, but were found on scaffolds syntenic with other Z-linked genes in tiger
snake and five-pacer viper, and on autosomes orthologous to the Z Chromosome in
outgroup species. The other two (PINX1, TMEM35B) are not syntenic with
caenophidian Z-linked genes or their orthologs in any species, and probably
represent genes acquired by the python Y Chromosome (Supplemental Table S3).

We identified 1648 genes as ancestral to the caenophidian sex chromosomes,
including 1495 genes from the prairie rattlesnake Z Chromosome assembly, and 153
others based on synteny in other species (Supplemental Table S3). This set of
ancestral genes includes 80 published W-linked genes from 13 caenophidian snake
species (Matsubara et al. 2006, 2016; Vicoso et al. 2013a; Yin et al. 2016; Perry et al.
2018)(Supplemental Table S3). We also identified another 41 genes among our
ancestral set that were previously identified as candidate W-linked genes in pygmy



rattlesnake and mountain garter snake (Vicoso et al. 2013a), but were rejected
because their lizard orthologs did not map to lizard Chromosome 6 (Supplemental
Table S5).

Our ancestral set of genes contains 348 members of 8 multi-copy gene families,
including 18 of 41 candidate W-linked genes (Supplemental Table S3). Several of
these gene families, particularly the olfactory receptor, vomeronasal receptor, and
immunoglobulin heavy chain variable region families, form megabase-sized arrays
that likely vary in copy-number between species. We excluded genes from 8 multi-
copy families and restricted our analyses to single-copy genes where we could
confidently assign orthologs across species, yielding a set of 1300 ancestral genes
(Supplemental Table S3).

Pseudoautosomal boundaries

We used the published boundary of the pseudoautosomal region for five-pacer
viper (Schield et al. 2019). To locate the pseudoautosomal boundaries in pygmy
rattlesnake and mountain garter snake, we mapped male and female reads of pygmy
rattlesnake (Vicoso et al. 2013a) to the prairie rattlesnake genome, and male and
female reads from mountain garter snake (Vicoso et al. 2013a) to the eastern garter
snake genome (Thamnophis sirtalis)(Perry et al. 2018) using bowtie2 (version
2.3.4.1)(Langmead et al. 2009) (Supplemental Table S1). We aligned the eastern
garter snake genome with the prairie rattlesnake genome using LAST (version
992)(Kielbasa et al. 2011) to generate a chain file, which we filtered with chainSort,
chainNet, and netChainSubset from the UCSC genome browser tools (version 0.0.3-
1)(Haeussler et al. 2019). We converted read alignments into a coverage bedGraph
using bedtools (version 2.26.0)(Quinlan and Hall 2010), and then used 1iftOver
from the UCSC genome browser tools to map coordinates from eastern garter snake
to the more contiguous prairie rattlesnake assembly. We plotted the base 2
logarithm of the ratio of normalized female to normalized male coverage across the
Z Chromosome in 100 kilobase windows, to visualize the transition from equal read
depth in both sexes in the pseudoautosomal region to lower coverage in females in
the younger evolutionary strata on the Z Chromosome (Supplemental Figures S3
and S4). We note that read coverage in ancestral arrays of multicopy gene families
was greater in mountain garter snake females than in males, but we cannot
distinguish between extreme polymorphism in array size on the Z Chromosome
between individuals, or expansion of these arrays on the W Chromosome.

Reconstructing evolutionary strata

Phylogenetic analyses

For cross-species phylogenetic analyses, we generated multiple alignments using
Clustal Omega (version 1.2.4)(Sievers et al. 2011) and PAL2ZNAL (version
14)(Suyama et al. 2006) (Supplemental Data S2). For each alignment, we generated
a set of phylogenetic trees based on the species trees from TimeTree (Kumar et al.



2017) (Supplemental Fig. S1), allowing for stratum formation events in the common
ancestor, or in later lineages. We used TreePuzzle (version 5.2)(Schmidt et al. 2002)
to estimate the gamma distribution parameter and transition-transversion ratio. We
used TreePuzzle together with DNAML and DNAPARS in PHYLIP (version
3.696)(Felsenstein 1989) to evaluate which trees were most consistent with the
multiple alignment, using the Shimodaira-Hasegawa test (Shimodaira and Hasegawa
1999).

Caenophidian evolutionary strata analyses

We seeded our search for homologs of ancestral ZW pairs with coding sequences of
the longest isoforms of human, chicken, and lizard orthologs from Ensembl. To
expand our temporal resolution in the caenophidian lineage, we used exonerate
(version 2.2.0)(Slater and Birney 2005) to predict coding sequences from genomic
reference sequences in Boa constrictor (Bradnam et al. 2013), Burmese python
(Python molurus bivittatus) (Castoe et al. 2013), speckled rattlesnake (Crotalus
mitchellii)(Gilbert et al. 2014), prairie rattlesnake (Schield et al. 2019), timber
rattlesnake (Crotalus horridus) (Sanders, et al. Unpublished), Taiwan habu
(Protobothrops mucrosquamatus)(Aird et al. 2017), Okinawa habu (Protobothrops
flavoviridis) (Shibata et al. 2018), five-pacer viper, adder (Vipera berus berus) (Liu, et
al. Unpublished), eastern garter snake (Thamnophis sirtalis) (Perry et al. 2018), corn
snake (Pantherophis guttatus) (Ullate-Agote et al. 2014), mainland tiger snake, and
king cobra (Ophiophagus hannah) (Vonk et al. 2013), and from genomic reads from
pygmy rattlesnake and mountain garter snake (Vicoso et al. 2013a) (Supplemental
Table S1 and Supplemental Data S1).

Phylogenetic analyses of ZW gene pairs reveal that mountain garter snake, five-
pacer viper and pygmy rattlesnake share a common evolutionary stratum,
containing 979 ancestral single-copy genes. This stratum formed after these three
species diverged from the Arafura file snake, but before they diverged from each
other, between 76 and 61.7 MYA (Fig. 1A, Supplemental Figs. S1 and S2,
Supplemental Tables S3 and S6). We infer that one or more parallel strata including
WAC and CTNNB1 formed on the lineage leading to arafura file snake (Supplemental
Figs. S1 and S2).

The most distal Z homologs of W-linked genes in this old stratum lie near an array of
olfactory receptor genes (Supplemental Table S3). Similar arrays exist on the
orthologous autosomes in chicken and human, indicating that this array is an
ancestral feature of the amniote genome. This array is not fully resolved in the green
anole lizard genome, and the lizard orthologs of more distal Z-linked genes are in
unassigned scaffolds. Because W-linked genes were only predicted for orthologs of
lizard Chromosome 6 (Yin et al 2016), SNRNP70 from this stratum is the most distal
Z-W pair predicted for five-pacer viper. However, the pseudoautosomal boundary
of five-pacer viper maps to a much more distal location in prairie rattlesnake
(Schield et al. 2019), so we infer that one or more additional strata must have
formed in the lineage leading to five-pacer viper (Supplemental Fig. S1).



In mountain garter snake, 64 ancestral single-copy genes including SRRMZ and
PTPRH belong to a stratum that formed in the common ancestor of corn snake and
mainland tiger snake (Supplemental Figs. S1 and S3, Supplemental Tables S3 and
S6), around 51 MYA. Subsequently, around 48 MYA, a stratum containing 195
ancestral single-copy genes, including PPP6R1 and PRF1, formed in the ancestor of
mountain garter snake and corn snake (Supplemental Figs. S1 and S3, Supplemental
Table S3). The remaining 62 single-copy genes map to the opposite side of an array
of vomeronasal receptor genes and appear to be pseudoautosomal (Supplemental
Fig, S3, Supplemental Tables S3 and S6). A parallel stratum, including PPP6R1,
formed independently in the lineage leading to mainland tiger snake, but we could
not resolve whether this predates the divergence with king cobra (Supplemental
Figs. S1 and S3).

A stratum containing 214 genes, including RASIP1 and RPL18, formed in the
common ancestor of the pygmy rattlesnake and snakes from the Crotalus and
Protobothrops genera (Supplemental Figs. S1 and S4, Supplemental Tables S3 and
S6), around 29.5 MYA. This was followed by a stratum containing 45 genes,
including FLT3LG, in the common ancestor of pygmy rattlesnake and timber
rattlesnake (Supplemental Fig. S4, Supplemental Table S3), about 12.5 MYA. We
infer that a parallel stratum containing FLT3LG formed in the common ancestor of
Taiwan habu and Okinawa habu (Supplemental Figs. S1 and S4). Pygmy rattlesnake
shares a common pseudoautosomal region boundary with the five-pacer viper and
the prairie rattlesnake (Schield et al. 2019), near the same array of vomeronasal
receptor genes as in garter snake. This suggests that this array of genes may
participate in recurrent structural rearrangements that initiate stratum formation
(Supplemental Fig. S4, Supplemental Tables S3 and S6).

Avian evolutionary strata

We reconciled published stratum assignments in birds (Handley et al. 2004; Vicoso
et al. 2013b; Wright et al. 2014; Zhou et al. 2014; Xu et al. 2019a; Wang et al. 2019)
with our new reconstruction of the ancestral gene order on the avian Z
Chromosome (Supplemental Table S7 and S14).

We used ANGES (version 1.01) (Jones et al. 2012) to reconstruct the order of
chicken orthologs on the ancestral autosome that evolved into the avian Z and W sex
Chromosomes. We aligned the peptide sequences of chicken Z-linked genes from
Ensembl (release 96)(Yates et al. 2019) to the reference genome assemblies of
chicken (Hillier et al. 2004; Bellott et al. 2010), turkey (Meleagris gallopavo) (Dalloul
et al. 2010), duck (Anas platyrhynchos) (Zhang et al. 2014), Anna’s hummingbird
(Calypte anna) (Zhang et al. 2014), great tit (Parus major) (Laine et al. 2016),
common canary (Serinus canaria) (Frankl-Vilches et al. 2015), dark-eyed junco
(Junco hyemalis) (Friis et al. 2018), ostrich (Struthio camelus australis) (Zhang et al.
2014), cassowary (Casuarius casuarius) (Sackton et al. 2019), emu (Dromaius
novaehollandiae) (Sackton et al. 2019), white-throated tinamou (Tinamus guttatus)
(Zhang et al. 2014), and Chilean tinamou (Nothoprocta perdicaria) (Sackton et al.
2019)], as well as the assemblies of American alligator (Alligator mississippiensis) (St



John et al. 2012), green anole lizard (Alf6ldi et al. 2011), and human (International
Human Genome Sequencing Consortium 2004) genomes as outgroups
(Supplemental Table S1). We recovered seven contiguous ancestral regions in the
ancestor of birds.

The largest contiguous ancestral region contains 472 genes and stretches from the
boundary between stratum 0 and stratum 1 to the pseudoautosomal region, and
provides sufficient information to reconstruct all lineage-specific strata in birds
(Supplemental Table S7 and S14). All other contiguous ancestral regions reside
within stratum 0, which formed in the common ancestor of all birds and has been
subject to extensive lineage-specific rearrangments on the Z Chromosome (Zhou et
al. 2014). We made our best effort to reconstruct the ancestral gene order based on
outgroup species within stratum 0, but our downstream analyses do not depend on
the exact order of genes within this stratum.

Mammalian evolutionary strata

In mammals, we relied on published Y Chromosome sequence assemblies and
reconstructions of evolutionary strata (Supplemental Table S15) (Lahn and Page
1999; Skaletsky et al. 2003; Ferrante et al. 2003; Murphy et al. 2007; Van Laere et al.
2008; Chang et al. 2011; Li et al. 2013; Bellott et al. 2014; Skinner et al. 2016;
Janecka et al. 2018).

Distribution of survivors on ancestral autosomes

Out of 324 surviving ancestral genes on present-day W- and Y-Chromosomes, 118
survive alongside one or more neighbors from the ancestral autosome
(Supplemental Table S7 & S16).

For each stratum in each species, we tallied the number of ancestral genes (g), and
the number of survivor genes (s) that we observed adjacent to other survivors on
the ancestral autosome (0.), or isolated from other survivors (0;). We calculated the

expected number of isolated survivors (e;) by:

ei=round(s x (1 - (s/g))?)

and the expected number of adjacent survivors (ea) by:

€a=S-6€



For all 107 species-stratum pairs with more than 2 survivors, we tested whether we
observed significantly more adjacent survivors than expected by chance using a
one-tailed Fisher’s exact test on a 2x2 contingency table of the form:

Observed Expected
Adjacent 0a €a
Isolated Oi ei

Twelve species-stratum pairs were nominally significant at « = 0.05, but none were

significant after applying Bonferroni correction for multiple testing (Supplemental
Table S17).

Calculation of survival fraction

We calculated a gene-wise ‘survival fraction’ to fairly compare the longevity of
surviving ancestral genes across X-Y and Z-W systems in different lineages with
different numbers of sampled species and evolutionary strata of different ages.

We calculate the denominator by taking the total length, in millions of years, of all
branches in the species tree (Supplemental Figure S1) where a gene could have been
present on a sex-specific chromosome, taking into account the age of all
evolutionary strata and X-to-Y transposition events (Supplemental Tables S18-23).
For the numerator, we took the total length of the most parsimonious set of
branches required to account for the survival of the gene in present-day species.
The survival faction ranges from 0 (lost in all lineages) to 1 (survival in every
possible lineage) (Supplemental Tables S7). In snakes, we chose to include prior
information about the survival of RAB5A, WDR48, LSM12, COMMD3, MSL1, WAC,
and CTNNB1 from species beyond five-pacer viper, pygmy rattlesnake, and
mountain garter snake in our calculations (Supplemental Tables S2, S4 and S19-21).
We illustrate the calculation of survival fraction with two selected examples from
therian mammals.

Example 1: RBMX and RBMY

RBMX and RBMY began to diverge after the formation of therian stratum S1 about
159 million years ago (Supplemental Figure S1, Supplemental Tables S7, S15, and
S23), and thus had the potential to survive in all therian mammals. Therefore the
denominator is the sum of:

6.7  (human to human-chimp ancestor)

6.7  (chimp to human-chimp ancestor)

1.9  (human-chimp ancestor to human-gorilla ancestor)

8.6  (gorilla to human-gorilla ancestor)

20.84 (human-gorilla ancestor to human-rhesus ancestor)
29.44 (rhesus to human-rhesus ancestor)

13.76 (human-rhesus ancestor to human-marmoset ancestor)




43.2 (marmoset to human-marmoset ancestor)

46.8 (human-marmoset ancestor to human-mouse ancestor)
20.9 (mouse to mouse-rat ancestor)

20.9 (ratto mouse-rat ancestor)

69.1 (mouse-rat ancestor to human-mouse ancestor)

6 (human-mouse ancestor to human-cattle ancestor)
55 (dog to dog-cat ancestor)

55 (cat to dog-cat ancestor)

22 (dog-cat ancestor to dog-horse ancestor)

77 (horse to dog-horse ancestor)

1 (dog-horse ancestor to dog-cattle ancestor)

62 (cattle to cattle-pig ancestor)
62 (pig to cattle-pig ancestor)

16 (cattle-pig ancestor to dog-cattle ancestor)

18 (dog-cattle ancestor to human-cattle ancestor)

63 (human-cattle ancestor to human-opossum ancestor)

82 (opossum to opossum-wallaby ancestor)

82 (wallaby to opossum-wallaby ancestor)

77 (opossum-wallaby ancestor to human-opossum ancestor)
Or a total of 966.84 MY.

RBMY survives in 13 of these 14 species, but was lost in cat. Therefore we calculate
the numerator by taking the sum of:

6.7  (human to human-chimp ancestor)

6.7  (chimp to human-chimp ancestor)

1.9  (human-chimp ancestor to human-gorilla ancestor)

8.6  (gorilla to human-gorilla ancestor)

20.84 (human-gorilla ancestor to human-rhesus ancestor)
29.44 (rhesus to human-rhesus ancestor)

13.76 (human-rhesus ancestor to human-marmoset ancestor)
43.2 (marmoset to human-marmoset ancestor)

46.8 (human-marmoset ancestor to human-mouse ancestor)
20.9 (mouse to mouse-rat ancestor)

20.9 (ratto mouse-rat ancestor)

69.1 (mouse-rat ancestor to human-mouse ancestor)

6 (human-mouse ancestor to human-cattle ancestor)
55 (dog to dog-cat ancestor)

22 (dog-cat ancestor to dog-horse ancestor)

77 (horse to dog-horse ancestor)

1 (dog-horse ancestor to dog-cattle ancestor)

62 (cattle to cattle-pig ancestor)

62 (pig to cattle-pig ancestor)

16 (cattle-pig ancestor to dog-cattle ancestor)

18 (dog-cattle ancestor to human-cattle ancestor)



63 (human-cattle ancestor to human-opossum ancestor)

82 (opossum to opossum-wallaby ancestor)
82 (wallaby to opossum-wallaby ancestor)
77 (opossum-wallaby ancestor to human-opossum ancestor)

or a total 0f 911.84 MY, giving a survival fraction 0f 911.84/966.84 or 0.943113649.

Example 2: KDM5C and KDM5D

Many genes belong to multiple evolutionary strata that arose independently in
different lineages. In this case, we sum the branch lengths from each independent
stratum before taking the quotient. For example, KDM5D diverged from KDM5C
independently in eutherian stratum 2/3 and metatherian stratum 2, about 96 and
82 million years ago, respectively (Supplemental Figure S1, Supplemental Tables S7,
S15, and S23). In this case, we calculate the denominator by adding the lengths of
the branches in the eutherian species tree, back to the human-cattle ancestor, to
those in the metatherian species tree, back to the opossum-wallaby ancestor.

6.7  (human to human-chimp ancestor)

6.7  (chimp to human-chimp ancestor)

1.9  (human-chimp ancestor to human-gorilla ancestor)

8.6  (gorilla to human-gorilla ancestor)

20.84 (human-gorilla ancestor to human-rhesus ancestor)
29.44 (rhesus to human-rhesus ancestor)

13.76 (human-rhesus ancestor to human-marmoset ancestor)
43.2 (marmoset to human-marmoset ancestor)

46.8 (human-marmoset ancestor to human-mouse ancestor)
20.9 (mouse to mouse-rat ancestor)

20.9 (ratto mouse-rat ancestor)

69.1 (mouse-rat ancestor to human-mouse ancestor)

6 (human-mouse ancestor to human-cattle ancestor)
55 (dog to dog-cat ancestor)

22 (dog-cat ancestor to dog-horse ancestor)

1 (dog-horse ancestor to dog-cattle ancestor)

62 (cattle to cattle-pig ancestor)
62 (pig to cattle-pig ancestor)

16 (cattle-pig ancestor to dog-cattle ancestor)

18 (dog-cattle ancestor to human-cattle ancestor)
and

82 (opossum to opossum-wallaby ancestor)

82 (wallaby to opossum-wallaby ancestor)



for a total 0of 826.74 MY in the denominator.

KDM5D survived in 12 of these 14 species, but is absent from cattle and is a
transcribed unprocessed pseudogene in pig. We infer that KDM5D was no longer
functional after these two species diverged from dog, cat, and horse, but before they
diverged from each other. Therefore, we calculate the numerator by taking the sum

of:

6.7
6.7
1.9
8.6
20.84
29.44
13.76
43.2
46.8
20.9
20.9
69.1
6

55

22

1

18

and

82
82

(human to human-chimp ancestor)

(chimp to human-chimp ancestor)

(human-chimp ancestor to human-gorilla ancestor)
(gorilla to human-gorilla ancestor)

(human-gorilla ancestor to human-rhesus ancestor)
(rhesus to human-rhesus ancestor)

(human-rhesus ancestor to human-marmoset ancestor)
(marmoset to human-marmoset ancestor)
(human-marmoset ancestor to human-mouse ancestor)
(mouse to mouse-rat ancestor)

(rat to mouse-rat ancestor)

(mouse-rat ancestor to human-mouse ancestor)
(human-mouse ancestor to human-cattle ancestor)
(dog to dog-cat ancestor)

(dog-cat ancestor to dog-horse ancestor)

(dog-horse ancestor to dog-cattle ancestor)

(dog-cattle ancestor to human-cattle ancestor)

(opossum to opossum-wallaby ancestor)
(wallaby to opossum-wallaby ancestor)

for a total of 686.74 MY, giving a survival fraction of 686.74/826.74 or

0.830660183.
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150 100 50 Million years ago

= Donkey (Equus asinus)

African clawed frog (Xenopus laevis)
Human (Homo sapiens)
Chimpanzee (Pan troglodytes)
Gorilla (Gorilla gorilla)
Rhesus macaque (Macaca mulatta)
—g COmmon marmoset (Callithrix jacchus)

E Mouse (Mus musculus)

Rat (Rattus norvegicus)

Dog (Canis lupus)
Giant Panda (Ailuropoda melanoleuca)
Cat (Felis catus)
Horse (Equus caballus)

Therian mammals
Mammals

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)
pr——gm——— Barn owl (Tyto alba)

Collared flycatcher (Ficedula albicollis)

e 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)

Birds
Amniotes

Magnificent bird-of-paradise (Diphyllodes magnificus)
King bird-of-paradise (Cicinnurus regius)

Raggiana bird-of-paradise (Paradisaea raggiana)
Red bird-of-paradise (Paradisaea rubra)

Green anole (Anolis carolinensis)

Boa constrictor
r: Burmese python (Python molurus bivittatus)

Snakes

Speckled rattlesnake (Crotalus mitchellii)
Prairie rattlesnake (Crotalus viridis)

Mountain garter snake (Thamnophis elegans)
! ? Eastern garter snake (Thamnophis sirtalis)

= Arafura file snake (Acrochordus arafurae)
Adder (Vipera berus)

«== Five-pacer viper (Deinagkistrodon acutus)

. 'E Taiwan Habu (Protobothrops mucrosquamatus)
Okinawa Habu (Protobothrops flavoviridis)
Pygmy rattlesnake (Sistrurus miliarius)
Timber rattlesnake (Crotalus horridus)

Cenophidian snakes

Corn snake (Pantherophis guttatus)
Mainland tiger snake (Notechis scutatus)
King cobra (Ophiophagus hannah)

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 S6, S14, & S15.
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Supplemental Figure S2. 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) CTNNBI, and (C) TRIM?28. 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; CVI, 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 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) SRRM2, (C) PPP6RI, 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; CVI, 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. 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) RASIPI, (C) RPLIS8, 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; CVI, 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 S5. 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 ances-
tral 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 d, /d ratios compared to orthologs of other ancestral Z genes in alignments between (F) chicken
and zebra finch orthologs, and (G) human and mouse orthologs.
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Supplemental Figure S6. 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 (A) 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 d, /d 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 (O) human and mouse orthologs.
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Supplemental Figure S7. 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 S8. Dosage sensitivity and broad expression make independent contributions to
survival in caenophidian species. A statistical summary of survival factors from 1238 ancestral caenophidi-
an Z genes based on principal component axis one (PC1) and axis two (PC2). Points represent individual
genes, colored by their survival fraction from green (no survival) to purple (survival in all possible lineages)
(See Supplemental Tables S7 and S18-S21). Arrows show the contribution of each factor to the variation in
survival of ancestral genes on sex-specific chromosomes. Dosage sensitivity and breadth of expression make
roughly orthogonal contributions, while strength of purifying selection is closely aligned with survival.
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Supplemental Figure S9. Dosage sensitivity and broad expression make independent contributions to
survival in avian species. A statistical summary of survival factors from 691 ancestral avian Z genes based
on principal component axis one (PC1) and axis two (PC2). Points represent individual genes, colored by
their survival fraction from yellow(no survival) to pink (survival in all possible lineages) (See Supplemental
Tables S7 and S22). Arrows show the contribution of each factor to the variation in survival of ancestral
genes on sex-specific chromosomes. Dosage sensitivity and breadth of expression make roughly orthogonal
contributions, while strength of purifying selection is closely aligned with survival.
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Supplemental Figure S10. Dosage sensitivity and broad expression make independent contributions to
survival in therian species. A statistical summary of survival factors from 635 ancestral therian X genes
based on principal component axis one (PC1) and axis two (PC2). Points represent individual genes, colored
by their survival fraction from cyan(no survival) to blue(survival in all possible lineages) (See Supplemental
Tables S7 and S21). Arrows show the contribution of each factor to the variation in survival of ancestral
genes on sex-specific chromosomes. Dosage sensitivity and breadth of expression make roughly orthogonal
contributions, while strength of purifying selection is closely aligned with survival.
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