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SUMMARY
Snakes are a remarkable squamate lineage with unique morphological adaptations, especially those
related to the evolution of vertebrate skeletons, organs, and sensory systems. To clarify the genetic under-
pinnings of snake phenotypes, we assembled and analyzed 14 de novo genomes from 12 snake families.
We also investigated the genetic basis of the morphological characteristics of snakes using functional ex-
periments. We identified genes, regulatory elements, and structural variations that have potentially contrib-
uted to the evolution of limb loss, an elongated body plan, asymmetrical lungs, sensory systems, and
digestive adaptations in snakes. We identified some of the genes and regulatory elements that might
have shaped the evolution of vision, the skeletal system and diet in blind snakes, and thermoreception
in infrared-sensitive snakes. Our study provides insights into the evolution and development of snakes
and vertebrates.
INTRODUCTION

Snakes have successfully invaded all continents, except the po-

lar regions,1 and include �4,000 extant species in more than 30

families.2 They are efficient predators and play key roles in main-

taining ecological balances. Since diverging from their burrowing

ancestors, snakes have experienced various evolutionary

changes, such as changes in body form (including an elongated

body plan and asymmetrical lungs), limb loss, changes in

chemoreception and thermoreception, and changes in feeding

behavior that distinguish them from most other squamates (liz-

ards and worm lizards). Some snakes have evolved unique life-

styles andmorphological innovations. For example, blind snakes

have a burrowing lifestyle and a specialized diet (mainly small ar-

thropods, such as chitin-rich ants and termites),3,4 and infrared-

sensitive pythons, boas, and vipers have evolved specialized pit

organs or receptors that enhance their thermoreception.5,6

These unique adaptations make snakes excellent model sys-

tems for developmental biology research and studies of the evo-

lution of complex traits.
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Despite their unique biological features and ecological signifi-

cance, our understanding of snakes, including their diverse phe-

notypes and natural history, remains poor. Furthermore, the ge-

netic mechanisms underlying specific traits have not yet been

clarified because of the limited number of high-quality snake ge-

nomes (vertebrate benchmarking universal single-copy ortholog

[BUSCO] scores R 90%, contig N50 R 1 Mb)7–9 and family

coverage.9–16

To enhance our understanding of snake evolution, we de novo

assembled the genomes of 14 snake species (Figure S1A) in 12

families in the suborder Serpentes; given that these 12 families

contain approximately 84% of all snake species, our set of ge-

nomes is a highly representative sample of the snake tree of

life (Table S1). We also used previously published genomes (11

snakes, six lizards, one turtle, one crocodile, and one bird), along

with our newly sequenced transcriptomes (194 samples from 9

snake species, one lizard, and mouse) (Table S1), to clarify

the genomic evolution of these taxa. In addition to clarifying

the origin and evolution of the squamate lineage and the unique

morphological adaptations of snake species, our results
July 6, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 2959
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Table 1. Genome assembly statistics of 14 snakes

Scientific name English name Abbreviation

Assembled

genome

size (Gb)

Scaffold

N50 (bp)

Contig

N50 (bp) BUSCO (%)

Euprepiophis perlacea Szechwan rat snake Eper 1.64 215,947,938 54,236,136 94.1

Pantherophis guttatus red cornsnake Pgut 1.73 146,850,882 26,650,242 94.2

Calamaria septentrionalis Hong Kong dwarf snake Csep 1.95 249,103,795 13,457,423 91.5

Cylindrophis ruffus red-tailed pipe snake Cruf 1.55 204,348,666 47,299,786 96.1

Eryx tataricus Tartar sand boa Etat 1.53 210,175,343 17,592,297 95.0

Hypsiscopus plumbea plumbeous water snake Hplu 1.51 – 38,336,523 93.9

Psammodynastes

pulverulentus

common mock viper Ppul 1.59 216,958,053 32,196,315 93.9

Boaedon fuliginosus African house snake Bful 1.72 159,198,188 24,942,696 92.4

Leptotyphlops nigroterminus black-tip worm snake Lnig 1.97 – 3,846,211 92.5

Pareas berdmorei keeled slug snake Pber 1.85 144,018,271 13,457,423 93.8

Argyrophis diardii Diard’s blind snake Adia 1.79 265,014,500 25,570,704 93.3

Gloydius shedaoensis Shedao island pitviper Gshe 1.52 191,459,315 6,670,067 95.6

Achalinus jinggangensis Zong’s odd-scaled snake Ajin 1.73 226,357,597 8,252,461 92.7

Xenopeltis unicolor sunbeam snake Xuni 1.42 199,476,799 56,968,228 94.2
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enhance our understanding of the developmental biology of

vertebrates.

RESULTS

Genome sequencing, assembly, and annotation
De novo assembly using long reads (PacBio and Oxford

Nanopore Technology) resulted in 14 draft snake genomes

(Table S1). The assemblies were polished using BGI and Illumina

short reads to obtain high-quality genomes (contig N50: 3.8–56.3

Mb, average: 26.2 Mb) (Table 1). The 12 snake genomes were

further assembled at the chromosome level using Hi-C read

data (Table 1), and the vast majority of karyotypes were consis-

tent with those in previous studies (Table S1). The assembled ge-

nomes were highly complete (BUSCO scores: 91.50%–96.10%)

(Table 1), indicating that all assemblies were of high quality for

downstream comparative analyses.

Among the studied species, the predicted number of coding

genes ranged from 18,301 to 23,299 (Table S1). The average

gene, coding sequence (CDS), and exon lengths were similar

to those reported in previously published snake genomes

(Table S1). A user-friendly, publicly available genome browser

database was established (http://herpmuseum.cib.ac.cn/

snake/) to visualize the genomic and transcriptomic data pre-

sented in this study.

Phylogeny and origin of snakes
Based on the 31-taxon alignment generated by Progressive

Cactus,17 we inferred a genome-wide phylogenetic tree of 25

snakes, four lizards, one turtle, and one crocodile with high-qual-

ity genomes (contig N50R 180 kb or assembled to the chromo-

some level and with a BUSCO score R 94%) were used as the

outgroup taxa. A total of �51 Mb of orthologous sequences

were extracted, yielding a well-supported whole-genome phy-

logeny (Figures 1 and S1B). We also performed additional phylo-
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genetic analyses using 1,980 sets of 1:1 orthologous protein-

coding genes identified in the 31 reptile species, as well as

4-fold degenerate sites in these genes and conserved non-cod-

ing elements (CNEs). Finally, we inferred coalescent species

trees using ASTRAL-III18 with the orthologous sequences and

genes. All resulting topologies were identical to the genome-

wide tree (Figures 1 and S1B–S1G) and consistent with previous

studies examining snake evolutionary relationships.19,20 Ser-

pentes wasmonophyletic and nested within Lacertilia, indicating

that extant snakes originated from lizards. Moreover, the most

recent common ancestor of snakes was sister to the (European

glass lizard + Komodo dragon) clade. Within snakes, the ‘‘Scole-

cophidia’’ clade (blind snakes) comprised (Typhlopidae + Lepto-

typhlopidae), which was the most basal snake clade. Although

the concatenated orthologous sequences and gene trees

receive nearly 100% support and have the same topology as

the species tree, there are a few gene tree discordances in He-

nophidia and Lamprophiidae, respectively (Figures S1F–S1H).

The small differences in the proportions of different topologies

and relatively short branch lengths suggest that the discrep-

ancies could be attributed to incomplete lineage sorting (ILS)

occurring during early species divergence. Furthermore, the

estimated divergence times showed that snakes originated dur-

ing the Early Cretaceous (�117.68 million years ago [mya]) and

rapidly diversified after the Cretaceous-Paleogene (K-Pg, �65

mya) mass extinction21–23 (Figure 1).

Snake genome features and evolution
Chromosomal evolution

We used our newly assembled chromosome-level genomes and

four publicly available chromosome-level genomes (Table S1) to

reconstruct the hypothesized ancestral chromosomes of Ser-

pentes. The ancestral Serpentes genome was �1.56 Gb in

length and comprised 23 chromosomes, including 8 macrochro-

mosomes and 15 microchromosomes (Figures 2A and S2A;

http://herpmuseum.cib.ac.cn/snake/
http://herpmuseum.cib.ac.cn/snake/
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Figure 1. Phylogeny of snakes
Maximum-likelihood phylogenetic tree inferred from whole-genome sequences of 31 species. Divergence times of all nodes were estimated by r8s with whole-

genome sequences using six calibration points (Figures S1I and S1J). All genomes generated in this study are in red. Maps were taken from those in a previous

study.24
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Table S2). The snake Z chromosome may have originated from

lizard autosomes, and at least one break event has occurred.

Although the conservation of the ancestral snake genome was

evident in most snake genomes examined, the highest number

of chromosome fusion and break events appears to have

occurred in the Hong Kong dwarf snake (Figure S2B).

Genome size, GC content, and evolutionary rate

Our snake genome assemblies ranged from 1.42 Gb (sunbeam

snake) to 1.97 Gb (red-tailed pipe snake) in size (Table 1). The

average size was 1.68 Gb, which was similar to the size of the liz-

ard genomes (average: �1.57 Gb),25,26 smaller than the ge-

nomes of the western painted turtle27 and Chinese alligator

(�2.27 Gb),28 and larger than the chicken genome (�1.07

Gb)29 (Figure 2B).

Transposable elements (TEs) comprised 35%–55% of the

snake genomes. Correlation analysis confirmed that TE bursts

have driven the expansion of snake, lizard, turtle, bird, and croc-

odile genomes, with LINE/CR1 and LINE/L2 sequences being

the main drivers of genome expansion (Figure 2B). These results

are in contrast to previous research showing that genome sizes

in Squamata are not strongly correlated with the repeat con-

tent.30 These discrepancies might stem from the previous use

of Illumina short reads in whole-genome analyses, which might

introduce bias into calculations of the repeat content.31
CpG island density and the GC content were lower in the ge-

nomes of all snakes than in the genomes of the outgroups and

the reconstructed reptile ancestor (GC content: 38.14% vs.

40.09%; CpG island density 2.55 counts/kb vs. 3.40 counts/

kb). In addition, CpG island density and the GC content were

higher in basal snakes than in advanced snakes, indicating that

CpG island density and the GC content have decreased over

the evolutionary history of snakes (Figure 2C). These results

are similar to those of Schield et al.,13 showing that the evolu-

tionary patterns of snake genomes (referring to the accumulation

of AT) differ from those in birds32 and mammals.33 We found that

the genome evolutionary rate estimated using r8s34 was nega-

tively correlated with snake body length (Figure S2C). This is

consistent with the results of studies of ruminants showing that

body size is significantly negatively correlated with the rate of

genome evolution.35 These results suggest that relationships be-

tween body size and rates of genome evolution are similar

among vertebrate groups.

Genome structural variation

According to the genome alignment of the 31 taxa, we identified

24,352,060 bp of unique segments and 16,146,509 bp of lost

segments in snake genomes compared with the outgroups (Fig-

ure S2D). Of these, 17,877 insertions and 23,808 deletions

R50 bp in length were identified as snake-specific genome
Cell 186, 2959–2976, July 6, 2023 2961
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Figure 2. Evolutionary features of snake genomes

(A) Chromosome evolution in snakes. A total of 23 proto-chromosomes of Serpentes were reconstructed using four lizards as outgroups (only eight species are

shown here for clarity, with more species listed in Figure S2A).

(B) Genome size, TE size, and TE type content in chicken, non-snake reptiles (four lizards, one turtle, and one crocodile), and snakes.

(C) GC content and CpG island density of snake genomes.
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structural variations (SSSVs). Functional annotation of these

SSSVs revealed that 34.7% were located either within or near

(5-kb region flanking the transcriptional start and end sites) cod-

ing gene regions (Figure S3A; Table S3), including genes associ-

ated with limb, eye, eyelid, somite, and lung development, as

well as respiratory function (Table S3). This suggests that
2962 Cell 186, 2959–2976, July 6, 2023
SSSVs might have contributed to the evolution of snake-specific

traits.

Evolution of coding and non-coding elements

Using the 31-taxon whole-genome alignment, we identified 142

newly evolved coding genes and 156 lost coding genes in

snakes (Table S3). Enrichment analysis indicated that the newly
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evolved and lost genes are enriched in sensory and digestive

system functions. Furthermore, we identified 419 positively

selected genes (PSGs) and 270 rapidly evolving genes (REGs)

in snakes (Table S3). The PSGs are significantly enriched in 79

Mouse Genome Informatics (MGI) terms, including functions

associated with skeletal system, lung, and eye development

(Table S3). The REGs are enriched in skeletal system and lung

development-related functions of MGI terms, taste transduction

(ko04742), and ossification involved in bone maturation

(GO:0043931) (Table S3). Thus, genes involved in skeletal and

sensory systems may have played key roles in snake evolution.

GERP and PhastCons scores indicated that a total of 116,707

CNEs were shared among the 31 species. We identified 1,686

snake-diverged CNEs (SD-CNEs, CNEs that were diverged in

snakes but were still conserved in the outgroup), and the related

genes are enriched in 48 MGI terms involved in snake traits (Fig-

ure S3D). Thus, in addition to limbs,36 changes in other specific

characteristics of snakes might also be attributed to the evolu-

tion of SD-CNEs.

Genomic elements involved in skeletal system evolution
and organ adaptation
The ancestral snake phenotype was likely adapted to a burrow-

ing and crawling lifestyle, and this was followed by the evolution

of other specialized traits.37,38 The specialized body form and

skeletal system (e.g., limb loss, elongated body, and flexible

mandible) of snakes are considered their signature traits. Snakes

have evolved unique organ shapes, including asymmetrical

lungs, to achieve an elongated body plan.39–41 To investigate

the genetic basis of these traits, we conducted comparative an-

alyses using genomic and transcriptomic data.

Evolution of the genetic elements underlying limb loss

Extant snakes have completely lost their forelimbs, and basal

snakes have retained rudimentary hindlimbs that are lacking in

advanced snakes.42,43

To investigate the genetic mechanisms underlying limb loss,

previous studies of limb development have focused on clarifying

the evolution of non-coding regulators, which have diverged in

snakes, suggesting that these elements may have contributed

to limb loss in snakes.44 Here, we focused on the potential con-

tributions of coding genes and structural variation evolution to

snake limb loss. Our results revealed that the forelimb develop-

ment initiator RDH1045 was lost in snakes (Table S3), and

another copy of RDH10 was surrounded by SD-CNEs (Fig-

ure S3D), implying that snake forelimb loss may be controlled

by expression changes of this initiator.

In the sonic hedgehog receptor PTCH1 and cell polarity

effector CPLANE1, we identified three Toxicofera-specific (i.e.,
Figure 3. Genetic basis of skeletal system evolution and organ adapta

PSGs, REGs, WGCNA hub genes, lost genes, SSSV-related genes, newly evolved

represented by rectangles.

(A) Renewal of genomic elements contributing to snake skull development and d

(B) The evolution of genomic elements has potentially facilitated the evolution of

(C) The evolution of genes related to lung development and function. The heatmap

genes in green anole (Acar), keeled slug snake (Pber), and many-banded krait (B

(D) Whole-body X-ray images and relative lengths of the fourth forelimb phalanx a

group, the significance is indicated as *p < 0.05). Mean ± SD is shown by error b
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snakes, anguimorphs, and iguanian lizards) and four snake-spe-

cific amino acid residue deletions, respectively (Figures S4A

and S4B). PTCH1 plays an essential role in embryonic limb

morphogenesis,46,47 and CPLANE1 participates in embryonic

digit morphogenesis.48 We suggest that these deletions may

alter the functions of these genes, which affects snake limb

development. In addition, potential regulatory regions (5-kb re-

gion flanking the transcriptional start and end sites) of eight

known limb development-related genes overlapped the SSSVs

(Table S3). The 17-bp snake-specific deletion of the SHH gene

enhancer (ZRS), which is known to contribute to abnormal limb

development,44 was observed in all newly sequenced snake ge-

nomes (Figure S4G). We also found that advanced snakes lost

nearly the entire ZRS sequence (Figure S4G). Our results indicate

that both coding gene mutations and structural variations may

have also contributed to snake limb loss.

Although we identified an array of candidate genes that might

contribute to snake limb loss, we lacked the evidence needed to

directly infer themechanism linking genes to phenotypes. There-

fore, we investigated how the deletion of one coding gene

(PTCH1) affects limb development using CRISPR-Cas9 technol-

ogy. Within Toxicofera, 65% of species are limbless,2 and we

identified Toxicofera-specific amino acid residue deletions, sug-

gesting that they potentially have limb development-related

functions. These deletions were located in the extracellular topo-

logical domain (Figure S4A). The insertion of a single amino acid

residue in this domain can lead to the abnormal development of

the hands and feet in humans.49 Therefore, we hypothesized that

these deletions may underlie the molecular mechanism respon-

sible for limb loss in Toxicofera.

To investigate the functional effects of these deletions in vivo,

we edited the mouse PTHC1 gene using CRISPR-Cas9 technol-

ogy to obtain PTCH1 mice with the 946–948 bp deleted (subse-

quently referred to asPTCH1-mutatedmicewith snake deletion).

1-week-old PTCH1-mutated mice showed no evident limb de-

fects but had significantly lower relative body mass and shorter

bodies than wild-type (WT) mice (Figure S4C). The 1-week-old

PTCH1-mutated mice also had significantly smaller trabecular

bone volume (BV) and trabecular BV per tissue volume (BV/TV)

(Figure S4D). Furthermore, the fourth forelimb phalanx and third

hindlimb phalanx were significantly shortened in adult PTCH1-

mutated mice (Figures 3D and S4E). These results suggest that

the deletions of this gene inhibit skeletal growth, including the

growth of the limb digits. The limb buds of PTCH1-mutated

mice contained 12 differentially expressed limb development-

related genes (DELGs) in the forelimbs (including SHH, ID4,

HOXD11, and FGF8) and 22 DELGs in the hindlimbs (including

SP9, DLX6, PLXNA2, PITX1, and EN1) compared with WT mice
tion in snakes

genes, and SD-CNE-associated genes are marked in different colors and are

igestion. Related genes are shown in their corresponding regions.

the elongated body plan of snakes.

shows the expression levels of WGCNA hub genes, PSGs, and SSSV-related

mul) (The ‘‘_numbers’’ represents the different copies of a multi-copy gene).

nd third hindlimb phalanx of wild and PTCH1-mutated mice (eight samples per

ar. See also Figure S4 and Table S3.
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(Figure S4F). These results imply that the PTCH1 deletion can

alter its function, which inhibits limb digit growth by altering the

expression of genes in the limb buds. Therefore, we suggest

that deletions within the Toxicofera are involved in the evolution

of the skeletal system and limb loss, and this might represent an

exaptation in snakes and limbless lizards.

Genetic variations related to swallowing and digestion

Given the loss of forelimbs in snakes, they have evolved other

morphological traits to facilitate prey capture and feeding,

such as the independently moving maxillae and mandibles and

the recurved palatal teeth in the skull, which allow snakes to cap-

ture and swallow large prey41 (Figure 3A). Here, 85 SD-CNEs

were associated with 38 coding genes involved in mandibular

morphogenesis (Figure S3D). In addition, several coding genes

functionally related to mandible and maxilla morphogenesis

showed strong signals of selection in snakes (Figure 3A;

Table S3). Among them, LIM domain kinase 2 (LIMK2) andmatrix

metalloproteinase-14 (MMP14) are essential for normal head

growth50 and may play a role in snake head evolution. Homeo-

box protein HOX7 (MSX-1), a key transcriptional repressor

involved in regulating the odontogenesis of dentin-containing

teeth,51,52 has evolved rapidly in snakes (Figure 3A). These re-

sults suggest that the evolution of genes and regulatory factors

may have facilitated the evolution of the unique skull structure

of snakes.

The special features of snake skulls allow them to swallow

whole prey; many consume prey only a few times per year41

and fast for manymonths.53–55 Snakes have thus evolved an effi-

cient digestive system that can shrinkwhen not in use but quickly

expand when food is consumed.56 We found that the appetite-

regulating hormone GHRL and its receptor GHSR, which are

responsible for appetite stimulation in vertebrates,57–60 have

been lost in snakes (Figures 3A and S3F). The bile acid biosyn-

thesis suppressor MALR161 has also been lost in snakes

(Figures 3A and S3F). By contrast, two complement factor Hs

(CFHs) have newly evolved in snakes (Figures 3A and S3E).

Evolutionary analysis revealed that two digestive system-related

genes (non-lysosomal glucosylceramidase [GBA2] and anionic

trypsin-2 [TRYP2]) have experienced positive selection (Fig-

ure 3A), whereas ONECUT1, a pancreatic development regu-

lator,62 evolved rapidly. GBA2 and TRYP2 are responsible for

digestion,63,64 and CFHs respond to dietary excess.65 The turn-

over and renewal of genes may explain why snakes can fast for

long periods and then rapidly digest large prey.

Elongated body plan and asymmetrical lung evolution

Limb loss has a direct effect on locomotion, and snakes have

evolved highly specialized movement systems. As a result, the

snake skeletal system has evolved specific phenotypes,

including an elongated body plan, multiple times.66 In this study,

five PSGs (LOX3B, FOXB1, DLC, MESP1, and FOXC2) are en-

riched in GO terms related to somitogenesis (Figure 3B). DLC,

which evolved rapidly in snakes (Figure 3B), is a key protein

responsible for somite formation, and mutation of this protein

in zebrafish results in somite defects.67,68 FOXC2 is a well-known

gene that contributes to anterior somite development in mice.69

We also identified 16 SD-CNE-associated coding genes signifi-

cantly enriched in somite size change-related MGI terms (Fig-

ure S3D). In addition, 10 HOX genes have experienced relaxed
selection (Table S3), which is similar to the results of a previous

study.9 We found SSSV insertions in the potential regulatory re-

gions of RIPPLY2 and MEOX1, two well-known core genes

involved in somite development and specification70–73

(Table S3). These genes were also found to be expressed in

the pre-ossified vertebral column of Ptyas dhumnades embryos

(40 days post oviposition [dpo]), with FOXB1 showing high

expression compared with other tissues (Figure S4H). These ge-

netic elements may explain the evolution of an elongated body in

snakes.

The evolution of the elongated body of snakes was accompa-

nied by changes in internal organs, including the lungs.41 In

extant snakes, the left lung is absent, residual, or developed

but smaller than the right lung.39,40 We found that one dynein-

coding gene (DNAH11), which plays a key role in the develop-

ment of left-right symmetries,74 was absent in snakes. The

forkhead box protein J1-coding gene (FOXJ1), which affects

left-right asymmetric development75,76 and facilitates lung

development,77 has also been lost in snakes (Figure 3C;

Table S3). Six snake-specific amino acid residue deletions

were detected in AP3B1 (Figure S4I), which controls alveolar

epithelium development.78 SD-CNE-associated genes are

significantly enriched in MGI terms related to abnormal lung

development and morphology and small lung (Figure S3D). We

also identified SSSV insertions in the potential regulatory regions

of the 13 lung development-related genes (e.g., CRISPLD2,

FGF18, TITF1, MAN2A1, GRHL2, SEC24B, NFIB, and PDE4D)

(Table S3). Comparative transcriptome analysis further revealed

2,195 differentially expressed genes between the left and right

lungs in P. dhumnades embryos 40 dpo, including 388 SSSV-

associated genes and 678 genes with SD-CNEs. Some of these

genes, such as FGF18, NFIB, and FOXF1 have been identified as

essential for lung development79,80 (Figure S4J). These differen-

tially expressed genes are enriched in functions including lung

development (GO:0030324), and the top 20 significantly differen-

tially expressed genes are enriched in several GO terms involved

in alveolar development (Table S3). We also noticed that the

differentially expressed genes between left and right lungs in

adults (168 genes) are much fewer than that of embryos, empha-

sizing the importance of differentially expressed patterns of

genes in development stages. Furthermore, we also observed

that the identities (relative to the ancestral sequence) of some

CNEs around the above potential asymmetric genes decreased

with increasing lung asymmetry (Figure S4K). The identification

of differentially expressed genes, associated CNEs, and losses

of symmetric development-related genes provided insights

into the asymmetric development of snake lungs. However,

additional studies are needed to elucidate the underlying

mechanism.

We performed weighted gene co-expression network analysis

(WGCNA), and the results indicated that the genes related to liz-

ard lung function were different from those in snakes. Three hub

genes (SFTPC, CHI3L1, and TITF1) and four lung development-

related genes (SAV1, SEC24B, PDE4D, and WWP1) were differ-

entially expressed in snakes comparedwith the green anole (Fig-

ure 3C). Of these,WWP1was identified as a PSG; SFTPC, which

was highly expressed in snake lung, was associated with SD-

CNEs; and TITF1, SAV1, SEC24B, and PDE4D were identified
Cell 186, 2959–2976, July 6, 2023 2965



A

C

B

(legend on next page)

ll
OPEN ACCESS

2966 Cell 186, 2959–2976, July 6, 2023

Article



ll
OPEN ACCESSArticle
as SSSV-associated genes. The regulatory region of thyroid

transcription factor 1 (TITF1), an important transcription factor

responsible for lung saccule development,81 contained an addi-

tional HOXA5-binding site via an SSSV insertion (Figure S4L).

Furthermore, SAV1 (protein salvador homolog 1) regulates lung

size by restricting lung epithelial cell differentiation,82 and nu-

clear factor I-B (NFIB) can promote ciliated cell differentiation

in the lung.79 In addition, two respiratory gaseous exchange reg-

ulators (NR4A2 and PHX2A) were identified as PSG and REG,

respectively. Thus, the development of asymmetrical lungs

might have led to alterations in the respiratory function of the

lungs of snakes, including the evolution of an enhanced lung

saccule, as well as ciliated and epithelial cell differentiation to

maintain lung function.

Evolution of the sensory system
In addition to limb loss, the ability of snakes to perceive visual

and auditory stimuli has decreased, and these changes are

associated with a fossorial lifestyle.83,84 Snakes are successful

predators and have a keen ability to perceive chemical cues

from their prey through their olfactory system. Snakes occur in

various environments; their lifestyles range from fossorial to

arboreal, and they have evolved various adaptations to enhance

their fitness in diverse environments, such as vision loss and

enhanced thermoreception. Understanding the genetic architec-

ture of these adaptations will enhance our understanding of sen-

sory system evolution in snakes and the processes underlying

the evolution of new traits.

Visual adaptation

All extant snakes have distinct visual systems compared with

other surface-living squamates. Eye reduction during the early

evolution of snakes is similar to that observed in other squa-

mates with reduced visual function.85,86 Compared with lizards,

snake eyes lack the large ciliary muscles, scleral ossicles, and

scleral cartilage, and they have smaller conus papillaris, annular

pads, and anterior pads.86 These changes suggest that snakes

have a weakened ability to focus images on the retina.86 Accord-

ing to the comparative genomic analysis, we found that photore-

ceptor-related coding genes (e.g.,OPN4A,OPN3,OPSP,OPSB,

GUC1A, CRY1, CRY2, and GRK1) have been lost in all investi-

gated snake species (Figure 4A; Table S3). Furthermore, the

excitatory amino acid transporter 2 (SLC1A2) gene, which is

important for the light stimulus response,87 and three beta-crys-

tallin genes (CRBB3, CRBB1, and CRBA1), which are important

for lens development,88 were also absent. The expression of 15

photoreceptor cell maintenance and photoreceptor cell compo-

nent-related genes was significantly up-regulated in snake eyes

comparedwith the eyes of green anoles (Figure 4A). Of these, the

ESRRB gene had two SSSV deletions (Table S3), and six genes
Figure 4. Genome features associated with snake-specific sense organ

associated genes, lost genes, and SSSV-associated genes

(A) Lost and highly expressed genes in snake eyes. Diagram of the snake eye s

normalized).

(B) Diagram of the snake inner ear. Twelve SD-CNE-associated genes and four

(scaled fragments per kilobase per million mapped reads [FPKM]) of sound perce

in circles. Circle size is positively correlated to the expression level.

(C) Diagram of the taste transduction process. Solid lines indicate direct interact
(PDE6G, AGTPBP1, two copies of CLTCs, MKKS, and NXNL1)

were surrounded by SD-CNEs, indicating that regulatory ele-

ments may have evolved to regulate the expression of these

genes in snakes. These findings indicate that early snakes

might have undergone a low-light fossorial period before

invading well-lit terrestrial habitats. If this, indeed, occurred,

the structure and function of the eye must have adapted to

well-lit habitats.

We identified five SSSVs (one insertion and four deletions)

located in the CDSs of five eye development-related genes

(FAT1, TWIST2, CC2D2A, CACNA1C, and FBN1) of which

CC2D2A showed 32 snake-specific amino acid residue dele-

tions (Figure S4M). Knockout of CC2D2A is reported to

result in microphthalmia.89 Here, 30 SSSVs (14 deletions and

16 insertions) were located within the potential regulatory re-

gions of 22 eye development-related genes (e.g., RP1, AKT3,

FRIZZLED-5, KERA, BFSP2, CRYBG3, RORB, SDK2, and

CPAMD8) (Figure S3G; Table S3). We further sequenced the

transcriptome of red cornsnake embryo’s eyes (10, 30, and 50

dpo) and found that five eye development-related genes

(CLIC4, MAN2A1, CRYBG3, GRHL2, and CPAMD8) with

SSSVs are significantly lower expressed in snakes compared

with that of human embryos. It is likely that the SSSVs have

changed the expression of these genes during snake eye devel-

opment (Figure S5A). Furthermore, SD-CNEs located around

coding genes are significantly enriched in MGI terms related to

eye development (Figure S3D). These findings suggest that

SSSVs and SD-CNEs may have played a role in the evolution

of snake eye morphology.

The eyelids protect the eyes of terrestrial vertebrates against

desiccation. In snakes, however, the eyelids are fused into an

immovable transparent scale (i.e., spectacle) over the

cornea,41,86 rendering them incapable of blinking. Our results

showed that SD-CNE-annotated coding genes are enriched in

eyelid development-related MGI terms (Figure S3D). Three

snake-specific amino acid residue deletions and one nearby

SD-CNE were observed in histone-lysine N-methyltransferase

2C (KMT2C), an important regulator of eyelid development

(Figure S5B),90 indicating that functional alterations in this pro-

tein might contribute to the snake-specific features of eyelid

development. These results shed light on the potential genetic

mechanism underpinning the evolution of fused eyelids in

snakes.

Low-frequency hearing

Snakes have lost external ears, middle ears, and tympanums,

which are elaborate structures required to collect and transmit

sound energy. Although snakes are not truly deaf, their sound

frequency range is limited to 50–1,000 Hz,41 which is much

narrower than that of humans (20–20,000 Hz) and lizards
evolution, highlighting PSGs, REGs, newly evolved genes, SD-CNE-

howing lost genes in blue. Heatmap of highly expressed genes (QN, quantile

SSSV-associated genes are involved in ear development. Expression levels

ption-related PSGs and REGs in 10 keeled slug snake (Pber) tissues are shown

ions, and dotted lines indicate indirect interactions. See also Table S3.
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(<100–7,700 Hz).91,92 However, the connection of the middle ear

bone to the jawbone in snakes provides acute sensitivity to sub-

strate vibrations (Figure 4B),93 and the single-hair-cell type in

snakes implies that functional changes in the inner ear have

occurred to enhance their ability to sense vibrations.94,95 Our re-

sults indicated that the rate of evolution of regulators that play

important roles in the development of the ears is increased,

andmany coding genes (e.g., FGFR1,OTX1, andMAFB) are sur-

rounded by SD-CNEs (Figure 4B). We also found that otospiralin

(OTOS), which controls the sensory perception of sound,88 has

been lost in snakes (Table S3). Down-regulation of this protein

causes hair cell degeneration and deafness in humans,96 indi-

cating that its absencemay affect hair cell morphology and hear-

ing. Moreover, the expression levels of three REGs (ASIC2,

POU3F4, and CCDC50) and four PSGs (ASIC2, S26A4, TMIE,

andGRM7) related to the sensory perception of sound are either

up-regulated or normal in the inner ear (Figure 4B). Among all

SSSVs, a total of 31 are located in potential regulatory regions

of ear development-associated genes (e.g., PDZD7, OTOP1,

MYO15A, and MCOLN3) (Table S3). PDZD7 plays a key role in

the development of auditory receptor cells and sound percep-

tion, the loss of which causes hearing loss in mice.97 Here, we

identified an EBF1-binding site in the regulatory region of

PDZD7, which contains an SSSV (Figure S5C). Because EBF1

is an important transcription factor in inner ear development,98

the newly evolved binding site may alter the expression of

PDZD7 during inner ear development in snakes. Our observa-

tions suggest that gene loss and the evolution of new regulators

might contribute to inner ear specialization and low-frequency

hearing.

Olfaction and taste

Despite their poor vision and hearing, snakes are excellent pred-

ators in many habitats because of their well-developed olfactory

system. Enrichment analyses confirmed that many newly

evolved genes in snakes are involved in olfactory receptor activ-

ity (Figure S3E), including VMN2R26, VMN2R1, OR14A16, and

OR14J1 (Table S3). One copy of VMN2R26 shared by snakes,

and the outgroup was a REG (Table S3). The olfactory signal

amplifier UBR399 also showed signs of rapid evolution in snakes.

These genomic innovations may underlie the evolution of the

unique olfactory system of snakes.

Snakes swallow preywhole and consume large prey relative to

their body mass,41 which may have driven the evolution of

their enhanced taste system to detect prey and their efficient

digestive systems to digest large food items. Evolutionary anal-

ysis revealed several REGs involved in taste transduction (i.e.,

TAS2R40, 5HT1A, and GNG13), and 5HT1A is a PSG. A gene
Figure 5. Evolution of blind and infrared-sensitive snakes

(A) Specialized traits of blind snakes.

(B) Gene regression underlies eye degeneration in blind snakes. Lost genes a

expression of genes in blind snake eyes (QN, quantile normalized).

(C) BSD-CNE-associated genes enriched in odontogenesis and bone-developm

(D) Amino acids sequences alignment (left) and enzymatic activity (right) of CHIA. T

represents mean ± SD of enzymatic activity. The enzymatic activity is significant

(E) Infrared sensing-related genes in infrared-sensitive snakes. PSGs, REGs, an

Average expression levels (represented by FPKM) of these genes in seven tissue

and S5.
that regulates purinergic neurotransmission, ENTPD2, which is

partially responsible for salty taste transduction, is a PSG (Fig-

ure 4C). Transcriptomic analysis indicated that all taste genes,

except for TAS2R40, are expressed in the tongue and brain of

at least three different snake families, which suggests that

most of these receptors are still functional (Figure S5D).

PKD2L1, TAS1R2s, and TAS1R3 are also expressed in the

tongues of snakes from two different families (Figure S5D).

Whether snakes have a sense of taste is unclear.100,101 However,

our integrated data analyses suggest that the snake ancestor did

have taste receptors and possibly had an enhanced sense

of taste.

Specialized ant-eating adaptation and infra-red sensing
Ant-eating diet in blind snakes

Blind snakes are highly specialized burrowing snakes with small

narrow heads, substantially reduced eyes and teeth, and a

specialized diet (ant and ant egg).3,4,84,102 According to compar-

ative morphological analyses of the eyes of Diard’s blind snake

with those of two visually oriented predatory species (Asian

vine snake and keeled slug snake), we found that the retina,

lens, cornea, and spectacle of the Diard’s blind snake were

nearly fused, and the lens was loosely organized (Figures 5A

and S5E).

To understand the genetic features that underpin these traits,

we conducted comparative genomic and transcriptomic ana-

lyses and found that 41 genes (e.g., RPGRIP1, RBP3, ABCA4,

and PRDM1) have been lost in the two studied blind snakes (Fig-

ure 5B; Table S4). These genes are significantly enriched in GO

terms related to eye photoreceptor development and visual

perception (Figure 5B; Table S4). Furthermore, the expression

of 12 visual perception-related genes was significantly down-

regulated in Diard’s blind snake compared with that in four

non-blind snake species (Figure 5B).We also found that the blind

snake SD-CNEs (BSD-CNEs) are located in the potential regula-

tory regions of 39 eye development-related genes (Figure S5F).

The gene regression and rapidly evolving regulatory elements

may provide a genetic explanation for the evolution of ‘‘blind-

ness’’ in these snakes.

Although blind snakes have reduced eye function, their well-

developed olfactory systems allow pheromone trail-following

for communication, reproduction, and foraging.103 Evolutionary

analyses revealed that the gene controlling lateral olfactory tract

development (SLIT2)104 is a PSG (Table S4). Furthermore, BSD-

CNE-related genes are enriched in olfactory bulb development

(Figure S5F). These results provide insights into the genetic basis

of blindness-enhanced olfaction.
re shown in green. Heatmap showing the significant down-regulation of the

ent-related GO terms.

he amino acids in red are positively selected sites in blind snakes. The error bar

ly higher in Diard’s blind snake (Student’s t-test p value = 8.78e-09).

d variation-shared genes are indicated in purple, blue, and red, respectively.

s of the brown-spotted pitviper are shown. See also Figure S5 and Tables S4
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Moreover, REGs involved in the growth of multicellular

organisms and BSD-CNE-associated genes enriched in

odontogenesis and bone development-related GO terms,

both of which may explain the small head and reduced teeth

in blind snake (Figure 5C). Regarding to the digestion of ant

chitin, two positively selected sites in the GH18 domain of the

acidic mammalian chitinase (CHIA)-coding gene, which is a

well-known chitin and chitotriose decomposer,105,106 were de-

tected (Figure 5D; Table S4). Further experiments showed that

the enzymatic activity of CHIA is approximately 40% higher in

the Diard’s blind snake than in the Burmese python (Figure 5D),

suggesting that the two substitutions could contribute to

improving the digestion of chitin in ants and ant eggs, as has

been observed in insectivorous mammals.107,108

Convergent evolution of the infrared-sensing in snakes

Three lineages of snakes—pitvipers, pythons, and boas—are

known to possess specialized temperature-sensitive infrared-

sensing organs (e.g., pit organs and labial pits) with a trigeminal

nerve.5 These well-equipped predators perceive infrared radia-

tion, which involves the TRPA1 gene.109 Evolutionary analyses re-

vealed that these three lineages contained several PSGs and

REGs involved in the heat responseandpaindetection (Figure 5E).

In addition to TRPA1, an essential activator of the heat response,

MAP2K7,110 has evolved rapidly in the python, boa, and pitvipers.

Moreover, comparative transcriptome analysis confirmed that

TRPV4was highly expressed in the pit organ of the brown-spotted

pitviper compared with other tissues (Figure S5H). Furthermore,

ISL1 is crucial for trigeminal nerve development,111 and it has

evolved rapidly in both boa constrictor and Burmese python

(Table S5). In addition to coding genes, we further investigated

the evolution of non-coding elements in infrared-sensitive snakes.

Infrared-sensitive SD-CNEs were located around PMP22 and

NFIB (Figure S5I), which were also highly expressed in the pit or-

gans of brown-spotted pitvipers (Figure 5E). PMP22 plays a key

role in cellular responses to heat,112 and NFIB plays a key role in

the principal sensory nucleus of the trigeminal nerve.113 These re-

sults indicate that both coding and non-coding elementsmay play

an important role in infrared perception.

DISCUSSION

The assembly of high-quality snake genomes has the potential to

enhance our understanding of the genetic basis underpinning the

evolution of various snake phenotypes. Our evolutionary and

comparativemulti-omics analyses revealedmanygenetic variants

correlated with specific traits in snakes. In addition, we found

several candidate and target genetic elements for future studies

of developmental biology. Aside from the reference-quality

genomic sequences, the results of our study provide insights

into snake evolution and diversification and enhance our knowl-

edge of reptile biology and developmental biology.

Limitations of the study
Studies aimed at characterizing genetic changes in the genome,

especially in non-model species, such as snakes, facemajor chal-

lenges in determining whether certain changes are directly

responsible for corresponding changes in traits. First, variation

in a trait may be determined by different genetic changes, which
2970 Cell 186, 2959–2976, July 6, 2023
makes it difficult to determine the primary cause. Second,

although functional experiments can narrow down the list of

candidate changes, such experiments are difficult to perform on

snakes and lizards. Althoughwe could have attempted to conduct

experiments by precisely simulating the naturally occurring muta-

tions inmodel organisms using CRISPR-Cas9, these experiments

are either time-consuming, sometimes unreliable, especiallywhen

there are large differences in the genetic backgrounds among

distantly related species, or difficult to perform when the number

of potential changes is large. Despite these limitations, our study

identified several genetic changes thatmight underlie evolutionary

changes in the phenotypes of snakes, and our findings will aid

future studies aimed at clarifying various aspects of the evolution

and development of snakes, reptiles, and vertebrates.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Szechwan rat snake This paper N/A

Red cornsnake This paper N/A

Hong Kong dwarf snake This paper N/A

Red-tailed pipe snake This paper N/A

Tartar sand boa This paper N/A

Plumbeous water snake This paper N/A

Common mock viper This paper N/A

African house snake This paper N/A

Black-tip worm snake This paper N/A

Keeled slug snake This paper N/A

Diard’s blind snake This paper N/A

Shedao island pitviper This paper N/A

Zong’s odd-scaled snake This paper N/A

Sunbeam snake This paper N/A

Ptyas dhumnades This paper N/A

Critical commercial assays

Genomic kit (Cat#13343) QIAGEN N/A

Ultra II End Repair/dA-tailing Kit

(Cat# E7546)

NEBNext N/A

RNeasy Mini Kit QIAGEN N/A

Ultra� RNA Library Prep Kit for Illumina NEBNext N/A

RNA Nano 6000 Assay Kit Illumina N/A

TruSeq PE Cluster Kit v3-cBot-HS Illumina N/A

TRIzol reagent Invitrogen N/A

TRIzol reagent Ambion N/A

T7 Ultra Kit Ambion N/A

MEGAclearTM Kit ThermoFisher Scientific N/A

Chitinase Assay Kit (ADS-302-F) Jiangsu Kete Biotechnology N/A

MEGAshortscript Kit ThermoFisher Scientific N/A

Deposited data

Burmese python (Python bivittatus) genome

assembly

Castoe et al.11 NCBI: GCA_000186305.2

Boa constrictor (Boa constrictor) genome

assembly

Kajitani et al.114 http://platanus.bio.titech.ac.jp/

platanus-assembler/platanus-1-2-1

Xizang hot-spring snake (Thermophis

baileyi) genome assembly

Li et al.12 NCBI: GCA_003457575.1

Xizang hot-spring snake (Thermophis

baileyi) genome assembly

Yan et al.14 National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBJWY00000000

Common garter snake (Thamnophis sirtalis)

genome assembly

Vertebrate Genomes Project NCBI: GCF_009769535.1

Common garter snake (Thamnophis sirtalis)

genome assembly

McGlothlin et al.115 NCBI: GCA_001077635.2
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Asian vine snake (Ahaetulla prasina)

genome assembly

Tang et al.116 NCBI: ASM2864084v1

Shaw’s sea snake (Hydrophis curtus)

genome assembly

Peng et al.16 https://doi.org/10.6084/m9.figshare.

11391606.v5

Eastern brown snake (Pseudonaja textilis)

genome assembly

University of New South Wales NCBI: GCA_900518735.1

Indian cobra (Naja naja) genome assembly Suryamohan et al.15 NCBI: GCA_009733165.1

King cobra (Ophiophagus hannah) genome

assembly

Vonk et al.10 NCBI: GCA_000516915.1

Mainland tiger snake (Notechis scutatus)

genome assembly

University of New South Wales NCBI: GCA_900518725.1

Western rattlesnake (Crotalus viridis viridis)

genome assembly

Schield et al.13 NCBI: GCA_003400415.2

Brown spotted pitviper (Protobothrops

mucrosquamatus) genome assembly

Aird et al.117 NCBI: GCA_001527695.3

Many-banded krait (Bungarus multicinctus)

genome assembly

Zhang et al.118 China National GeneBank DataBase:

CNA0045869

Five-pacer viper (Deinagkistrodon acutus)

genome assembly

Yin et al.9 https://ftp.cngb.org/pub/gigadb/pub/10.

5524/100001_101000/100196/

Argentine giant tegu (Salvator merianae)

genome assembly

Roscito et al.25 https://bds.mpi-cbg.de/hillerlab/

TeguGenomeData/

Yangtze alligator (Alligator sinensis)

genome assembly

Wan et al.28 NCBI: GCA_000455745.1

European glass lizard (Pseudopus apodus)

genome assembly

Wang et al.119 China National GeneBank DataBase:

CNP0003553

Komodo dragon (Varanus komodoensis)

genome assembly

Lind et al.26 https://figshare.com/projects/Data_for_

Komodo_dragon_genome_paper/61271

Common wall lizard (Podarcis muralis)

genome assembly

Andrade et al.120 NCBI: GCA_004329235.1

Painted turtle (Chrysemys picta bellii)

genome assembly

Shaffer et al.27 NCBI: GCA_000241765.2

Viviparous lizard (Zootoca vivipara) genome

assembly

University of Glasgow NCBI: GCA_011800845.1

Sand lizard (Lacerta agilis) genome

assembly

Vertebrate Genomes Project NCBI: GCA_009819535.1

Green anole (Anolis carolinensis) genome

assembly

Alfoldi et al.121 NCBI: GCA_000090745.2

Anan’s Rock Agama (Laudakia sacra)

genome assembly

Yan et al.122 National Genomic Data Center (https://

bigd.big.ac.cn/gwh/): PRJCA010949

Chicken (Gallus gallus) genome assembly Hillier et al.29 NCBI: GCA_000002315.5

Human (Homo sapiens) genome assembly Ensembl Ensembl: GRCh38

Szechwan rat snake (Euprepiophis

perlacea) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBOZS00000000.

Red cornsnake (Pantherophis guttatus)

genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBOZR00000000.

Hong Kong dwarf snake (Calamaria

septentrionalis) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDL00000000.

Red-tailed pipe snake (Cylindrophis ruffus)

genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDM00000000.

(Continued on next page)
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Tartar sand boa (Eryx tataricus) genome

assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDN00000000.

Many-banded krait (Bungarus multicinctus)

genome assembly

This paper CNGBdb: CNA0045869.

Plumbeous water snake (Hypsiscopus

plumbea) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDO00000000.

Common mock viper (Psammodynastes

pulverulentus) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDP00000000.

African house snake (Boaedon fuliginosus)

genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDQ00000000.

Black-tip worm snake (Leptotyphlops

nigroterminus) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDR00000000.

Keeled slug snake (Pareas berdmorei)

genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDS00000000.

Diard’s blind snake (Argyrophis diardii)

genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDT00000000.

Shedao island pitviper (Gloydius

shedaoensis) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDU00000000.

Zong’s odd-scaled snake (Achalinus

jinggangensis) genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDV00000000.

Sunbeam snake (Xenopeltis unicolor)

genome assembly

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/):

GWHBWDW00000000.

Human embryonic eye transcriptome data Mellough et al.123 NCBI: PRJNA384924

Transcriptome data used for annotation and

analysis

This paper National Genomic Data Center (https://

bigd.big.ac.cn/gwh/): PRJCA012991

Software and algorithms

fastp v0.19.4 Chen et al.124 https://github.com/OpenGene/fastp

fastp v0.23.1 Chen et al.124 https://github.com/OpenGene/fastp

smrtlink v7.0 Pacbio https://www.pacb.com/support/

software-downloads/

Guppy v3.2.2+9fe0a78 Oxford Nanopore Technology https://github.com/nanoporetech/taiyaki

Jellyfish v2.2.10 Marçais and Kingsford125 https://www.cbcb.umd.edu/software/

jellyfish/

GCE v1.02 Liu et al.126 https://github.com/fanagislab/GCE

findGSE v1.94 Git-hub https://github.com/

schneebergerlab/findGSE/

GenomeScope Vurture et al.127 http://qb.cshl.edu/genomescope/

Platanus v1.2.4 Kajitani et al.114 http://platanus.bio.titech.ac.jp/

platanus-assembler/platanus-1-2-4

DBG2OLC Ye et al.128 https://github.com/yechengxi/DBG2OLC

Bowtie2 v2.3.2 Langmead and Salzberg129 https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Bowtie2 v2.3.4.3 Langmead and Salzberg129 https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml
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BWA v0.7.17-r1188 Li and Durbin130 https://github.com/lh3/bwa

NextDenovo v1.0 Hu et al.131 https://github.com/Nextomics/

NextDenovo

NextPolish v1.01 Hu et al.132 https://github.com/Nextomics/NextPolish

wtdbg2 v2.3 Ruan and Li133 https://github.com/ruanjue/wtdbg2

HiC-Pro v2.8.0 Servant et al.134 https://github.com/nservant/HiC-Pro/

Juicebox Durand et al.135 https://github.com/aidenlab/Juicebox

Juicer v1.5 Durand et al.135 https://github.com/aidenlab/juicer

3D-DNA v180922 Dudchenko et al.136 https://github.com/aidenlab/3d-dna

LACHESIS Burton et al.137 https://github.com/shendurelab/

LACHESIS

BUSCO v3.1.0 Simão et al.138 https://busco.ezlab.org/v3

RepeatModeler v1.0.11 Flynn et al.139 http://www.repeatmasker.org/

RepeatMasker v1.331 Tarailo-Graovac and Chen140 http://www.repeatmasker.org/

AUGUSTUS v3.3.1 Stanke et al.141 http://bioinf.uni-greifswald.de/augustus/

GeMoMa v1.6.1 Keilwagen et al.142 http://www.jstacs.de/index.php/GeMoMa

StringTie v1.3.4 Kovaka et al.143 https://ccb.jhu.edu/software/stringtie/

StringTie v2.0.4 Kovaka et al.143 https://ccb.jhu.edu/software/stringtie/

STAR v2.6.1d Dobin et al.144 https://github.com/alexdobin/STAR/

PASA v2.3.3 Haas et al.145 https://github.com/PASApipeline/

PASApipeline/releases

GeneMark-ST 5.1 March 2014 Tang et al.146 http://exon.gatech.edu/GeneMark/

EVidenceModeler v1.1.1 Haas et al.145 http://evidencemodeler.github.io/

TransposonPSI v1.0.0 Urasaki et al.147 http://transposonpsi.sourceforge.net/

BLAST v2.7.1+ Zhang et al.148 https://blast.ncbi.nlm.nih.gov/Blast.cgi

DESCHRAMBLER Kim et al.149 https://github.com/jkimlab/

DESCHRAMBLER

Circos v0.69-9 Krzywinski et al.150 http://circos.ca/

Progressive Cactus v1.0.0 Armstrong et al.17 https://github.com/

ComparativeGenomicsToolkit/cactus/

OrthoFinder v2.2.7 Emms and Kelly151 https://github.com/davidemms/

OrthoFinder

PhastCons v1.3 N/A http://compgen.cshl.edu/phast/

phastCons-HOWTO.html

GERP N/A http://mendel.stanford.edu/SidowLab/

downloads/gerp/index.html

BEDTools v2.25.0 Quinlan and Hall152 https://BEDTools.readthedocs.io/en/latest/

ImageGP Cheng et al.153 https://416h86i955.zicp.fun/

Cloud_Platform/front/#/

ggplot2 v3.3.5 Wickham154 https://ggplot2.tidyverse.org/

phyper v3.6.0 https://www.r-project.org/

ASTRAL-III v5.6.3 Zhang et al.18 https://github.com/smirarab/ASTRAL

trimAl v1.4.rev22 Capella-Gutiérrez et al.155 http://trimal.cgenomics.org

IQ-TREE v1.6.8 Nguyen et al.156 http://www.iqtree.org/

prank v.150803 Löytynoja and Goldman157 http://wasabiapp.org/software/prank/

r8s v1.71 Sanderson34 https://sourceforge.net/projects/r8s/

PAML 4.9i Yang158 http://abacus.gene.ucl.ac.uk/software/

paml.html

DiscoVista Sayyari159 https://github.com/HeJian151004/

DiscoVista

PoSSuM v1.3 Beckstette et al.160 https://possum.cbrc.pj.aist.go.jp/PoSSuM/
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HISAT2 v2-2.1.0 Kim et al.161 https://daehwankimlab.github.io/hisat2/

preprocessCore v1.48.0 Ben Bolstad http://www.bioconductor.org/packages/3.

10/bioc/html/preprocessCore.html

WGCNA v1.70.3 Langfelder and Horvath162 https://horvath.genetics.ucla.edu/html/

CoexpressionNetwork/

Rpackages/WGCNA/

REVIGO Supek et al.163 http://revigo.irb.hr/

Forward Genomics Hiller et al.164 https://github.com/hillerlab/

ForwardGenomics

RSEM v1.2.8 Li and Dewey165 https://lilab-bcb.github.io/software/

provean v1.1.5 Choi et al.166 https://www.jcvi.org/research/provean

TransDecoder v3.0.1 Brian Haas https://github.com/TransDecoder/

TransDecoder/

DETONATE v1.11 Li et al.167 https://deweylab.biostat.wisc.edu/

detonate/

DESeq2 v1.26.0 Michael et al.168 http://bioconductor.org/packages/release/

bioc/html/DESeq2.html

edgeR v3.28.1 Smyth169 http://www.bioconductor.org/packages/

release/bioc/html/edgeR.html

Trinity v2.8.5 Grabherr et al.170 http://trinityrnaseq.github.io

CD-HIT v4.6 Li and Godzik171 http://cd-hit.org

HyPhy v2.5.20 Kosakovsky et al.172 http://www.hyphy.org/

Other

Snake Multiomic Database This paper http://herpmuseum.cib.ac.cn/snake/

Custom scripts This paper https://github.com/bioinformaticspcj/

Coding_gene_function_annotation; https://

github.com/bioinformaticspcj/

Genomic_tools_for_snake_phylogenomics
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Jia-Tang Li

(lijt@cib.ac.cn).

Materials availability
No new unique reagents were generated in this study.

Data and code availability
All the assemblies and raw sequencing data generated in this study are available in the National Genomics Data Center under

the BioProject number PRJCA012991. The data are publicly available as of the date of publication. The assemblies and the

corresponding annotations are also available in our Snake Multiomic Database. The custom codes are available on GitHub

(https://github.com/bioinformaticspcj/Coding_gene_function_annotation, https://github.com/bioinformaticspcj/Genomic_tools_for_

snake_phylogenomics). Any additional information required to reanalyze the data reported in this paper is available from the lead con-

tact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Source organisms
All animal samples were collected legally and in accordance with the policy of the Animal Research and Ethics Committee of

Chengdu Institute of Biology, Chinese Academy of Sciences. All animal experiments were approved by the Animal Research and

Ethics Committee of Chengdu Institute of Biology, Chinese Academy of Sciences (under NO. CIBDWLL2018030). Adult male
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individuals of six snakes (Szechwan rat snake, tartar sand boa, plumbeous water snake, common mock viper, African house snake,

and keeled slug snake) and adult female individuals of seven snakes (red cornsnake, Hong Kong dwarf snake, red-tailed pipe snake,

Diard’s blind snake, Shedao island pitviper, Zong’s odd-scaled snake, and Sunbeam snake) were used for genome sequencing

(Table S1). Of these, nine snakes (Szechwan rat snake, tartar sand boa, plumbeous water snake, African house snake, keeled

slug snake, red cornsnake, Diard’s blind snake, Shedao island pitviper, and sunbeam snake) were also used for transcriptome

sequencing (Table S1). One adult individual of black-tip worm snake (gender is unknown as only tissue is available) was used for

genome sequencing. Adult RNA samples from eight snakes (Diard’s blind snake, keeled slug snake, brown spotted pitviper, plumb-

eous water snake, Sichuan hot-spring keel-back, Asian vine snake, P. dhumnades, and sunbeam snake) and one lizard (green anole)

were collected for RNA-seq. Embryos (10, 30, and 50 days post oviposition) from red cornsnake and embryos (40 days post ovipo-

sition) from P. dhumnades were also collected for RNA-seq (Table S1). PTCH1 CRISPR/Cas9 editing was performed in wild-type

mice (Mus musculus, strain: C57BL/6) (Table S1). Mouse embryos at stage E11.5 were used for limb bud transcriptomic analyses.

We did not identify the sex of samples used for transcriptomic analyses.

METHOD DETAILS

Selection of species
We analyzed 28 snake genomes, of which 14were newly assembled (Table S1) and 14were previously published, including genomes

for the Burmese python,11 boa constrictor,114 king cobra,10 eastern brown snake, Indian cobra,15 Shaw’s sea snake,16 mainland tiger

snake, western rattlesnake,13 Xizang hot-spring snake,12,14 five-pacer viper,9 brown-spotted pitviper,117 common garter snake,115

many-banded krait,118 and Asian vine snake.116 These snakes (covering basal and advanced snakes) were interspersed across

the snake tree according to a previous study173 (Figure S1A). Species samples as well as their sources are listed in Table S1.

Genome sequencing
Tissue sampleswere collected from 14 snake species (Table S1), and DNAwas extracted using aQIAGEN�Genomic kit (Cat#13343,

QIAGEN) for regular sequencing following the manufacturer’s instructions. The sodium dodecyl sulfate method (as described in a

previous study174) was used to extract ultra-long DNA without performing the purification step to maintain the length of DNA. The

degradation and contamination of the extracted DNA were assessed on a 1% agarose gel. DNA purity was detected using a

NanoDrop� One UV-Vis spectrophotometer (Thermo Fisher Scientific, USA); the OD260/280 ratio ranged from 1.8 to 2.0, and the

OD260/230 ratio ranged from 2.0 to 2.2. The DNA concentration was measured using a Qubit� 4.0 Fluorometer (Invitrogen, USA).

For Oxford Nanopore Technology (ONT) library preparation and sequencing, a total of 3–4 mg of DNA per sample was used as input

material. After the sample was qualified, the PippinHT system (Sage Science, USA) was used to size-select long DNA fragments.

Next, DNA end-repair and dA-ligation reactions were conducted using the NEBNext Ultra II End Repair/dA-tailing Kit (Cat#

E7546). The adapters in the SQK-LSK109 Kit (Oxford Nanopore Technology, UK) were used for further ligation reactions, and the

concentration of the DNA library was measured using a Qubit� 4.0 Fluorometer (Invitrogen, USA). The DNA library (ca. 700 ng)

was sequenced using a Nanopore PromethION sequencer instrument (Oxford Nanopore Technology, UK) at the Genome Center

of Grandomics (Wuhan, China).

For Pacbio (Continuous Long Reads, CLR) library preparation and sequencing, genomic DNA extracted from liver and muscle

(Table S1) was sheared into 20-kb fragments using a g-TUBE device (Covaris, Woburn, MA). The sheared DNA was further purified

and concentrated using AmpureXP beads (Agencourt, Beverly, MA). The resulting DNA was used to construct a read library with an

insert size of 20 kb; it was then sequenced on a Sequel II SMRT cell.

For short-read library preparation and sequencing (Illumina reads), whole-genome shotgun sequencing of a paired-end library with

an insert size of 350 bp was conducted for each snake sample. The libraries were sequenced using the Illumina NovaSeq 6000 plat-

form following the standard manufacturer’s protocol (San Diego). For BGI-Shenzhen reads sequencing, genome DNA was broken

into segments. DNA segments with lengths R 200 bp and % 400 bp were then used to construct libraries. Sequencing of these li-

braries was performed on a MGISEQ-2000 platform according to the standard protocol.

To conduct quality control analyses of ONT reads, all fast5 files were converted to fastq format using Guppy v3.2.2+9fe0a78 with ‘‘-c

dna_r9.4.1_450bps_fast.cfg’’. The reads were filtered using Guppy v3.2.2+9fe0a78 with mean_qscore_template > 7. After removing

sequences containing bases of low quality and errors, the clean reads were used for genome assembly. For Pacbio reads, the Sequel

raw BAM files were converted into subreads in FASTA format using PacBio smrtlink v7.0 software with default parameters. For Illumina

and MGI data, fastp v0.19.4124 was used to remove low-quality reads and reads with adapters using default parameters.

To obtain Hi-C raw reads, each sample (Table S1) was used for Hi-C library construction following the method described in a pre-

vious study,175 which includes crosslinking, chromatin digestion with the DpnII restriction enzyme, DNA end-marking and ligation,

purification, shearing, and a biotin pull-down assay. Constructed Hi-C libraries were then 150-bp paired-end sequenced on the Illu-

mina NovaSeq 6000 platform.

Genome size estimation and assembly
We estimated the size of each genome using a K-mer frequency-based method. The K-mers were counted using Jellyfish v2.2.10125

with the parameters ‘‘-C -m 51 -s 10000000000 -t 50.’’ The results were used as input for GenomeScope127 and findGSE v1.94
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(https://github.com/schneebergerlab/findGSE/) to estimate the genome size. To assemble the genomes, the genome assembler

NextDenovo v1.0131 was used for the self-correction of ONT long reads with the parameters ‘‘read_cuoff = 1k, seed_cutoff =

25k’’. Next, the corrected reads were assembled using wtdbg2133 with default parameters. The resulting contigs were polished using

NextPolish v1.01132 software with default parameters. Three rounds of alignment with long reads and four rounds of alignment with

short reads were conducted in this step. Next, the Hi-C short reads (if available) were filtered using fastp v0.19.4 to remove low-qual-

ity sequences (quality score% 15), adapter sequences, and sequences shorter than 30 bp. The remaining reads were input into HiC-

Pro v2.8.0134 and Bowtie2 v2.3.2129 to obtain uniquely mapped valid reads. Finally, the clustering, ordering, and anchoring of the

polished contigs were performed using LACHESIS (CLUSTER MIN RE SITES = 100; CLUSTER MAX LINK DENSITY = 2.5;

CLUSTER NONINFORMATIVE RATIO = 1.4; ORDER MIN N RES IN TRUNK = 60; ORDER MIN N RES IN SHREDS = 60)137 with

the valid Hi-C data to obtain the chromosome-level assembly.

For the assembly of the Diard’s blind snake genome, we first used Genomic Character Estimator (GCE) v1.02126 to estimate the

genome size with Illumina short reads. Next, we used a hybrid method as described in our previous study for genome assembly.118

Briefly, Platanus v1.2.4114 was used to construct contigs with Illumina short reads. DBG2OLC128 was then used to extend the contigs

with Pacbio long reads. Finally, the consensus contigs were obtained and used to assemble the chromosome-scale genomewith the

Hi-C data using HiC-Pro v2.8.0,134 Juicer v1.5,135 and 3D-DNA v180922.136 Assembly errors detected during the Hi-C scaffolding

were further corrected visually using Juicebox.135

Genome quality evaluation
To evaluate the quality of our genome assemblies, we used benchmarking universal single-copy orthologs (BUSCO) v3.1 in genome

mode with vertebrate lineage data (vertebrata_odb9)138 (Table S1).

RNA extraction and sequencing
To obtain transcriptomic evidence for genome annotation, we collected 36 samples (Table S1) of the newly sequenced species for

RNA sequencing. RNA was extracted using TRlzol (Invitrogen) and subsequently purified using an RNeasy Mini Kit (QIAGEN). The

purified RNA was then used to construct PolyA RNA-sequencing libraries with the NEBNext� Ultra� RNA Library Prep Kit for Illu-

mina� (NEB, USA) following themanufacturer’s recommendations. Finally, RNA sequencingwas conducted using the IlluminaHiSeq

2000 platform.

To investigate the expression levels of genes in different species, we collected 194 samples from different tissues of the green

anole (which is phylogenetically closely related to snakes23), keeled slug snakes, P. dhumnades, red corn snake, Asian vine snake,

sunbeam snake, Diard’s blind snake, Sichuan hot-spring keelback, brown-spotted pitviper, and mouse. Detailed information is pro-

vided in Table S1.

The total RNA of all samples was extracted using Trizol (Ambin, USA), according to the manufacturer’s instructions. RNA degra-

dation and contamination were assessed on a 1% agarose gel. A NanoPhotometer� spectrophotometer (IMPLEN, CA, USA) was

used to determine RNA purity, and RNA integrity was determined using an Agilent Bioanalyzer 2100 system with an RNA Nano

6000 Assay Kit (Agilent Technologies, CA, USA). The qualified total RNA was used to construct libraries with the NEBNext� Ultra�
RNA Library Prep Kit for Illumina� (NEBNext, USA) following the manufacturer’s recommendations (Novogene Company, Beijing,

China). Index-coded samples were clustered on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS

(Illumina) according to the manufacturer’s instructions. All cDNA libraries were 150-bp paired-end sequenced on a NovaSeq 6000

platform.

Genome annotation
For coding gene structural annotation, all repeats were annotated using both homology-based and de novo predictions.

RepeatModeler v1.0.11139 was used to construct the de novo transposable element library. All constructed libraries together with

repeats from Repbase (20170127) were integrated into one library, which was used as the input for RepeatMasker v1.331140 to pre-

dict repeats. The same protocol was also used to annotate repeats in the genomes of outgroup species (Figure 2).

We then annotated protein-coding genes in the repeat-masked assemblies by de novo-based, homology-based, and transcrip-

tome-based (if available, Table S1) methods. AUGUSTUS v3.3.1141 software was used for de novo predictions with the parameters

‘‘–gff3=on –hintsfile=hints.gff –extrinsicCfgFile=extrinsic.cfg –allow_hinted_splicesites=gcag,atac –min_intron_len=30 –softmask-

ing=1’’. Whole proteomes from king cobra, Burmese python, common garter snake, brown-spotted pitviper, eastern brown snake,

and Xizang spring snake were input into GeMoMa v1.6.1142 to perform homologous gene structure prediction. For transcript-based

gene prediction, RNA-seq readsweremapped to the assemblies using STAR v2.6.1d144; StringTie v1.3.4143 was then used to identify

the transcript position in the genome assemblies, and transcript sequenceswere extracted. Next, the extracted transcript sequences

were mapped to the genomes using PASA v2.3.3145 to obtain gene predictions. GeneMark-ST146 was also used to generate gene

predictions using PASA-extracted transcripts. Gene predictions from the three methods were integrated using EVidenceModeler

v1.1.1145 (weights for each: Augustus: 1; GeMoMa: 5; PASA: 10; GeneMark-ST: 10) with the parameters: ‘‘–segmentSize 1000000

–overlapSize 100000’’. The final gene predictions were obtained by removing genes with transposon insertions identified by

TransposonPSI v1.0.0147 (Table S1).
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To annotate the functions of the coding genes of our newly assembled genomes, we used blastp v2.7.1+148 to conduct searches

(E-value% 1e�5) against the non-redundant (NR) database in the National Center for Biotechnology Information (version:20190401),

SwissProt database (version:20200709), and Kyoto Encyclopedia of Genes andGenomes (KEGG) database (version:20200712). The

results of the blastp v2.7.1+ searches against SwissProt were processed using our in-house Perl script to retrieve associated GO

terms from idmapping.tb.gz (ftp://ftp.pir.georgetown.edu/databases/idmapping/, version:20200709) (Table S1).

Chromosome evolution analysis
To investigate the evolution of chromosomes in snakes, we selected genomes of four lizards (used as outgroups) and 16 snakes (Fig-

ure S2A) to conduct a k-based synteny analysis following Shield et al.13 First, we divided the 19 genomes into potential 100-bp

markers and aligned each marker against the Diard’s blind snake genome using blastn v2.7.1+. The best hit with an alignment length

of at least 50 bp was retained. These markers were processed on each chromosome by requiring at least five consecutive markers

supporting homology to the same Diard’s blind snake chromosome. Each group of five or more consecutive markers was merged

into one confirmed marker. Second, we used DESCHRAMBLER149 to re-construct the karyotype of the common ancestor of Ser-

pentes using the confirmed markers (Figures 2 and S2A; Table S2). Finally, the synteny between the chromosomes of selected spe-

cies and the re-constructed snake ancestor was visualized using Circos v0.69-9.150

Progressive Cactus alignment
Progressive Cactus v1.0.0, a reference-free whole-genome alignment software,17 has been used to align bird17 and mammal176 ge-

nomes.We aligned the genomes of 25 snakes and six outgroup species using Progressive Cactus v1.0.0 to obtain thewhole-genome

alignment (WGA). The guide tree was generated from the 4-fold degenerate third codon (4d) positions of selected species (see

‘‘phylogenetic tree construction’’ section). Progressive Cactus v1.0.0 software was run on the Rongjian bioinformatics big data

computing cloud service platform with the parameters: ‘‘–binariesMode local –disableCaching –disableHotDeployment’’ to obtain

the final hal file. The hal2maf command (–onlyOrthologs) implemented in the Progressive Cactus package was used to produce

the raw 31-taxon genome alignment in multiple alignment format (MAF) file format. Finally, two other commands, mafDuplicateFilter

and mafFilter, in the Progressive Cactus package, were applied to the MAF file to obtain the final 31-taxon alignment with default

parameters.

Analysis of conserved non-coding elements (CNEs)
We used both PhastCons v1.3 (http://compgen.cshl.edu/phast/phastCons-HOWTO.html) (parameters: ‘‘expected length = 45,

target coverage = 0.3, rho = 0.3’’) and GERP (parameters: ‘‘-d 0.01’’) (http://mendel.stanford.edu/SidowLab/downloads/gerp/

index.html) to identify evolutionarily conserved elements in the 31-taxon alignment. The 4d-site tree (see details in the ‘‘phylogenetic

tree construction’’ section) was used as input for phyloFit (PhastCons v1.3 package; parameters: –EM –precision HIGH –subst-mod

REV) to estimate neutral branch lengths required by PhastCons. The results fromPhastCons andGERPwere combined by BEDTools

v2.25.0152 (parameters: ‘‘-d 10’’). To obtain reliable CNEs, we rigorously filtered the elements with conserved areas that overlapped

annotated coding regions using a custom Perl script and BEDTools v2.25.0. To identify CNEs of the 31 species, annotated coding

regions in the painted turtle genome were used; to identify CNEs of 25 snake species, the coding region annotations of Diard’s blind

snake were used. Finally, CNEs with lengths R 30 bp were retained for subsequent analyses.

To detect SD-CNEs, we followed the methods described in our previous study16 to estimate the sequence identity between the

aligned ancestral sequences and the CNE sequences of each species. Next, we calculated the global Z-scores following themethod

described in Roscito et al.36 SD-CNEs were defined as those with global Z-scores < 0 (Figure S3C).

We associated the SD-CNEs to potential target genes for functional annotation using the regulatory domain concept of GREAT.177

We defined a basal (promoter-associated) domain, which was 5 kb upstream and 1 kb downstream of the transcription start site. We

also defined a distal domain that extended the basal domain up to the basal domain of the next gene or at most 300 kb in either di-

rection. An in-house R script was used to obtain significantly enriched Gene Ontology (GO) or Mouse Genome Informatics (MGI)

phenotype ontology terms for the potential target genes of CNEs’ through a hypergeometric test (using the phyper v3.6.0 (https://

www.r-project.org/) function with lower.tail = F). The p values were corrected using the ‘‘Benjamini and Hochberg’’ method imple-

mented in the R v3.6.0 p.adjust function, and the threshold for significant enrichment was adjusted p value < 0.05 (Figure S3D).

Phylogenetic tree construction
To infer the whole-genome evolutionary tree, orthologous genomic segments from the 31-taxon alignment of each species were

concatenated into one sequence using an in-house Perl script and trimmed using trimAl v1.4.rev22 (http://trimal.cgenomics.org).

A total of 51,302,441 sites were used to construct the maximum likelihood (ML) phylogenetic tree with IQ-TREE v1.6.8156,178,179 soft-

ware using the parameters: ‘‘–alrt 3000 –bb 3000 –bnni’’ (Figure S1B). For the tree constructed using CNEs, the CNE sequences of

each species were concatenated and trimmed using the same procedures to build the whole-genome tree. IQ-TREE v1.6.8 software

was then used to infer the tree with the parameters ‘‘–alrt 5000 –bb 5000 –bnni’’ (Figure S1E).

To construct the orthologous gene tree, we first used OrthoFinder v2.2.7151 (with default parameters) to identify one-to-one ortho-

logs shared by 25 snakes; four lizards (common wall lizard120 European glass lizard, Komodo dragon,26 and Argentine giant tegu25;

painted turtle27; and Yangtze alligator.28 A total of 1,980 1:1 single-copy gene families were selected. Coding sequences (CDSs) of
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each family were translated to proteins and then aligned using prank v.150803.157 After trimming ambiguous sites, the alignments

were back-translated to corresponding CDS alignments using our in-house Perl script. The CDS of each gene family was concate-

nated to generate a supergene sequence for tree construction using IQ-TREE v1.6.8 with the parameters: ‘‘-alrt 10000 -bb 10000 -

bnni’’ (Figure S1C). To construct the tree on the basis of the 4d sites, we extracted the 4d sites of the 1,980 single-copy genes using

an in-house Perl script. A total of 135,405 sites were concatenated and used to build the ML phylogenetic tree with IQ-TREE v1.6.8

software with the parameters ‘‘-alrt 10000 -bb 10000 -bnni’’ (Figure S1D).

Although most of the nodes in concatenated trees (Figures S1B–S1E) were well supported, two nodes in the whole-genome tree,

4d-site tree, and CNE tree were not 100% supported. To investigate phylogenetic discordance across genomic regions, we ex-

tracted 51,302 1-kb independent windows from the aligned genomes to infer the coalescent phylogenetic trees on the basis of

the whole genome. We also constructed the phylogenetic trees using each single-copy gene. These trees were all inferred and con-

structed using ASTRAL-III v5.6.318 with default parameters.

Approximately 94.40% and 93.49% of the topologies of the genomic orthologous segment trees and gene trees, respectively,

were consistent with the concatenated trees. DiscoVista159 was used to summarize the discordances using the ASTRAL-III coales-

cent gene tree.

Divergence time estimation
We first used the whole-genome tree (constructed from the WGA dataset) of the 31 species to estimate the divergence times using

r8s v1.71.34 Six time points obtained from Timetree (http://www.timetree.org/) were used to calibrate the tree using the Langley-Fitch

method in r8s v1.71 (Figure S1I). Next, we inferred the divergence times using MCMCTREE in PAML v4.9i.158 The HKY85 model was

used with 100,000 iterations and a burn-in of 10,000 iterations. We ran the program twice to check for convergence of the stationary

distribution and confirmed the results (Figure S1J).

Using the 31-taxon whole-genome alignment, we estimated DNA evolutionary rates for each snake lineage, the common ancestor

of snakes, and six outgroup taxa using r8s v1.71. After taking the body length of each snake (which was used as a dependent

variable), we log-transformed each value and found that snake body length was negatively correlated with DNA evolutionary rates

(R2 = -0.57; P < 0.03) (Figure S2C).

Identification of structural variants
To identify snake-specific structural variants (SSSVs) in the most recent common ancestor (MRCA) of snakes, we extracted lineage-

specific sequences of the snake and outgroup MRCA from the 31-taxon alignment using the findRegionsExclusivelyInGroup pro-

gram in the Progressive Cactus package. The program defines lineage-specific sequences as sequences that 1) can only be found

in the target lineage, 2) do not align to the non-target lineages, and 3) are located in the reconstructed genome of the MRCA of the

target lineage.17

We defined snake lineage-specific genome sequences (R 50 bp) as snake-specific genome insertions and outgroup lineage-spe-

cific genome sequences (R 50 bp) as snake-specific genome deletions (Figure S2D). These insertions and deletions are all SSSVs

(Figure S3A). We defined genes with regulator regions (5 kb flanking the transcriptional start and end sites) or CDSs overlapped with

the SSSVs as SSSV-associated genes (Table S3). Protein-coding genes withR 100-bp overlap with SSSVs were considered lost or

newly evolved genes and used in subsequent analyses. The three-dimensional structure of CC2D2A was predicted using the

AlphaFold2 package.180 The binding sites conveyed by SSSV insertions of TITF1 and PDZD7 were predicted by PoSSuM Search

v1.3160 using binding position-specific scoring matrix (PSSM) of green anole. The regulatory potential (RP) scores were calculated

by Cistrome Data Browser.181

Orthologous gene identification
To avoid the negative effects of low-quality genome annotations on the orthologous gene analysis and reduce the computational

time, we only conducted analyses of orthologous genes using genomes of the wall lizard, European glass lizard, Komodo dragon,

Argentine giant tegu, viviparous lizard, and sand lizard, as well as 21 snake genomes (with BUSCO scoresR 87%). The orthologous

gene set was established using the reciprocal best hit (RBH) method to obtain more reliable orthogroups. Proteins of these snakes,

the wall lizard, Komodo dragon, Argentine giant tegu, viviparous lizard, and sand lizard were aligned to those of European glass lizard

with an E-value % 1e�5. We extracted the longest transcript (LT) of each coding gene from all selected species to represent each

gene. The LT sequences were then translated into proteins. The best hits (E-value % 1e�5) for each gene pair were obtained, and

gene families of the European glass lizard sharedwith at least three lizards and 10 snakeswere retained. A total of 17,015 orthologous

gene families were obtained with �14,926.81 families per species (Figure S3H).

Identification of newly evolved genes
To detect newly evolved genes in the ancestral branch of snakes, we first selected genes with CDSs that overlapped with snake line-

age-specific sequences longer than 100 bp on the basis of the annotation of the Xizang hot-spring snake genome. We then removed

all orthologous genes found in the outgroup lineages. Raw Illumina short reads (303 coverage) of four randomly selected snakes

(Zong’s odd-scaled snake, keeled slug snake, red corn snake, and sunbeam snake) and six randomly selected lizards (Komodo

dragon, European glass lizard, green anole, Anan’s rock agama, European wall lizard, and viviparous lizard) were mapped to the
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Xizang hot-spring snake genome using Burrows-Wheeler Aligner (BWA) v0.7.17-r1188130 with default parameters. We defined snake

newly evolved genes as genes that met the following two criteria: 1) less than 30% of the length of a gene’s CDS was covered by at

least 33 reads in all lizards, and 2) more than 50% of the length of a gene’s CDS was covered by at least 33 reads in at least three

snakes. A total of 142 genes met these criteria (Table S3).

Lost gene identification
To identify genes specifically lost in the snake ancestor, we selected genes in which the CDS overlapped at least 100 bp of the out-

group lineage-specific sequences according to the annotations of the European glass lizard genome. Genes with any orthologs in

snakes were removed according to the orthologous gene set obtained in the ‘‘orthologous gene identification’’ section. We then

aligned the amino acid sequences of the lost genes in European wall lizard (the outgroup species) to all 25 selected snake genomes

with tblastn v2.7.1+. Geneswith alignment length coveringR 60%of their sequence and having identityR 70%were removed. Next,

candidate genes were rechecked using the raw Illumina short reads of five lizards (green anole, Anan’s rock agama, European wall

lizard, Komodo dragon, and viviparous lizard) and 14 newly sequenced snakes (Table S1). Readsweremapped to the European glass

lizard using BWA v0.7.17-r1188130 with default parameters, and the coverage depth was calculated using BEDTools v2.25.0 (Fig-

ure S3B). Snake-specific lost genes were genes that met one of the two following sets of criteria. The first group of snake-specific

lost genes comprised genes with 1) more than 30% of the length of a gene’s CDS covered by at least 23 reads in at least two lizards,

and 2) 100% of the length of a genes CDS covered by 03 reads in all snakes. The second group of snake-specific lost genes

comprised genes with 1) more than 30% of the length of a gene’s CDS covered by at least 23 reads in at least two lizards, and 2)

more than 50% of the length of a gene’s CDS covered by 03 reads in at least 13 snakes. Overall, 156 genes were considered

lost in the MRCA of snakes (Table S3).

Enrichment analyses of snake-specific newly evolved and lost genes were conducted respectively using a hypergeometric test via

an in-house R script as described in ‘‘Analysis of conserved non-coding elements (CNEs)’’ (Figures S3E and S3F).

Positively selected gene (PSG) identification
We ran the codeml program in the PAML package v4.9i with the branch-site model for each of the 17,015 gene families to identify

potential PSGs in the ancestral branch of the snake lineage. First, we used OrthoFinder v2.2.7 to generate single-copy genes and IQ-

TREE v1.6.8 to construct the phylogenetic tree of the 27 species for PAML v4.9i. Next, we conducted a likelihood ratio test (LRT) to

compare the alternative model that allowed sites to be selected positively on the foreground branch with the null model where sites

were subjected to either neutral or purifying selection. The p values were calculated on the basis of Chi-square statistics with one

degree of freedom. PSGs with p value % 0.05 and with at least one positive site were selected (Table S3). Enriched MGI, GO,

and KEGG terms were obtained using hypergeometric tests as described above (see the ‘‘analysis of conserved non-coding ele-

ments (CNEs)’’ section) (Table S3).

Rapidly evolving gene (REG) identification
REGs were detected using the same orthologous gene set and tree topology used for PSG identification. We used the branch model

in PAML v4.9i, which assumes a null model (model=0, NSsites=0) in which all branches evolve at the same rate, and an alternative

model (model=2, NSsites=0), in which the foreground branch has a different rate of evolution. The two models were discriminated

using a LRT (df = 1) to obtain the p values. Genes with dS (the rate of synonymous substitution) > 3 or u0 > 5182 were removed,

and the remaining with p values < 0.05 were considered REGs in the foreground branch. We detected REGs at the same branches

as PSGs (see above). Identified REGs and enriched MGI, GO, and KEGG terms identified by hypergeometric tests (see the ‘‘analysis

of conserved non-coding elements (CNEs)’’ section) are listed in Table S3.

Relaxed selection analysis
HOX genes were selected from the orthologous gene set used for PSG identification. We identified genes under relaxed selection

using HyPhy v2.5.20172,183 with default parameters and the tree topology used for the identification of PSGs. The p value for each

gene was corrected using the ‘‘Benjamini and Hochberg’’ method, and genes under significantly relaxed selection were those

with adjusted p value < 0.05.

Transcriptomic analysis of genes related to snake traits
For transcriptomic comparisons with reference genomes, raw RNA-seq reads were filtered using fastp v0.23.1 with the parameters:

‘‘-g -q 5 -u 50 -n 15 -l 150 –min_trim_length 10 –overlap_diff_limit 1 –overlap_diff_percent_limit 10’’. High-quality reads were mapped

to the corresponding reference genomes with HISAT2 v2-2.1.0161 (default parameters). Mapped read counts and fragments per kilo-

base per million mapped reads (FPKM) were computed using StringTie v2.0.4 (default parameters). To compare gene expression

differences across species, the FPKM was quantile-normalized using the R package preprocessCore v1.48.0. Differentially ex-

pressed genes (DEGs) were defined as those with fold-change > 2 and Student’s t-test p value < 0.05. We also conducted

WGCNA to identify the most significantly associated genes among the selected samples (including 21 RNA samples (covering seven

tissues) in a previous study of many-banded kraits118). The quantile-normalized FPKMs were input into the WGCNA R package

v1.70.3.162 Candidate genes were identified using the following criteria: Pearson correlations between module eigengenes (ME)
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and gene-expression values (module membership, MM)R 0.8 and correlations between gene-expression values and samples (gene

significance, GS) R 0.8.

For transcriptomic analyses of lung and vertebral column development in P. dhumnades, raw RNA-seq reads were filtered using

fastp v0.23.1 as described above (see the ‘‘RNA extraction and sequencing’’ section). The clean reads were de novo-assembled us-

ing Trinity v2.8.5170 with the parameters ‘‘-group_pairs_distance 230 –min_contig_length 350 –min_glue 4’’. The raw Trinity tran-

scripts were filtered using DETONATE v1.11167 with contig_impact_score > 0. CD-HIT v4.6 (http://cd-hit.org) was then used to re-

move redundancies in the remaining transcripts with the parameter -c 0.90. To quantify the expression profiles of unigenes, we

used the align_and_estimate_abundance.pl script of Trinity v2.8.5 with bowtie2 v2.3.4.3129 and RSEM v1.2.8165 to obtain the read

counts and FPKM values. DEGs were identified using edgeR v3.28.1.169

Comparative transcriptomic analysis of the embryonic eye in red corn snake (10, 30, and 50 days post oviposition) and human em-

bryos 4.7 to 8 weeks post-conception (Table S1) was conducted as described above. We used eight housekeeping genes (PSMB4,

VCP, CHMP2A, RAB7A, EMC7, GPI, PSMB2, and VPS29) recommended in a previous study184 to normalize the FPKM values and

compare gene expression levels across distantly related species (red corn snake vs. human).

Blind snake adaptive evolution analysis
Comparative morphological analyses of the eyes were conducted to understand differences between Diard’s blind snake and non-

blind snakes (Asian vine snake and keeled slug snake) using paraffin sections (Figure S5E).

To explore the genetic basis underlying these adaptive phenotypes, we investigated the evolution of both coding and non-coding

elements in the two genomes. We extracted gene families that contained orthologs shared by Diard’s blind snake and the slender

blind snake from the orthologous gene families obtained in the ‘‘orthologous gene identification’’ section. The PSGs and REGs of

the most common ancestor of the two snakes were identified using the same methods described in ‘‘positively selected gene

(PSG) identification’’ and ‘‘rapidly evolving gene (REG) identification.’’ A total of 171 genes were determined to have undergone sig-

nificant positive selection, and 432 genes in the blind snake ancestor were REGs (Table S4). Significantly enriched GO terms (p

value < 0.01) of the REGs were obtained using hypergeometric tests in our custom R script as described above in ‘‘analysis of

conserved non-coding elements (CNEs)’’ and then clustered using REVIGO163 (Figure S5G). According to the methods described

in ‘‘newly evolved and lost gene identification’’, we scanned themost common ancestor genome of blind snakes to identify potentially

lost coding genes (Table S4). Genes showing CDS overlap of at least 100 bp with lineage-specific sequences (identified by Progres-

sive Cactus) of 29 non-blind reptiles (including 23 snakes, four lizards, the Yangtze alligator, and the painted turtle from the 31-taxon

alignment) according to Xizang hot-spring snake genome annotations and that were lost in both blind snakes according to the ‘‘or-

thologous gene identification’’ were considered candidate-specific lost genes in blind snakes. We then aligned the amino acid se-

quences of the blind snake lost genes in Xizang hot-spring snake to the two blind snake genomes with tblastn v2.7.1+. Genes with

alignment length covering R 60% of their sequence and having identity R 70% were removed. The raw Illumina short reads of the

two blind snakes were further mapped to the genome of the Xizang hot-spring snake to confirm that the remained genes had been

lost using BWA v0.7.17-r1188130 with default parameters. We defined blind snake-specific lost genes as genes that met one of the

two following criteria: 1) more than 50% of the length of the CDSs covered by 03 reads in both blind snakes, and 2) less than 20% of

the length of the CDSs covered by at least 23 reads in both blind snakes (Table S4). Blind snake lineage-diverged CNEs were de-

tected using the ‘‘Forward Genomics’’ branchmethod164 with a p value < 1e�5. Thesewere associated with potential target genes as

described in ‘‘analysis of conserved non-coding elements (CNEs)’’ (Figure S5F).

We used eye RNA samples of five snake species (Diard’s blind snake, Asian vine snake, keeled slug snake, Xizang hot-spring

snake, and western rattlesnake), with at least three biological replicates for each species (Table S1), to explore the functional reduc-

tion of the eyes in blind snakes. RNA isolation, library construction, and sequencing were performed by Novogene Company (China).

Reference-based transcript assembly was conducted using Bowtie2 v2.3.4.3129 and the gene expression profiles were determined

using RSEM v1.2.8.165 To identify DEGs, we first built a set of 9,579 single-copy genes using RBH and quantile-normalized the FPKM

values of all genes. These genes in Diard’s blind snake were compared with those in other snakes using Student’s t-tests (p

value < 0.05). Genes with down-regulated expression in all four comparisons were retained.

Evolutionary analysis of infrared sensing
Pitvipers, pythons, and some infrared-sensitive boas possess pit organs or infrared receptors and are thus capable of sensing

infrared signals.185 To investigate the genetic mechanism underpinning these specific phenotypes, we first identified 220 tempera-

ture-sensing related and 14 trigeminal development-related genes from the orthologous gene set obtained in the ‘‘orthologous gene

identification’’ section according to the GO database. The most common ancestor of the pitviper, the Burmese python, and the boa

constrictor branches were tested to identify PSGs and REGs (Table S5) among genes using the branch-site model and branchmodel

(as described in the ‘‘positively selected gene (PSG) identification’’ and ‘‘rapidly evolving gene (REG) identification’’ sections, respec-

tively). The ancestral protein sequences of all species were constructed using prank v.150803.157 The genes with convergent amino

acid sites in pitvipers (Shedao pitviper, five-pacer viper), Burmese python, and boa constrictor were selected using an in-house Perl

script. We defined convergent sites on the basis of the following criteria: 1) the sites were the same in the target species but different

in other species and the most recent common ancestor of all species and 2) sites had PROVEAN scores < -1.7. We identified the

TRPA1 gene, which contained at least one such convergent amino acid site. Using the ‘‘Forward Genomics’’ branch method,164
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we conducted evolutionary analyses of CNEs to identify diverged CNEs (p value < 5e–3); We then conducted an enrichment analysis

as described in ‘‘Analysis of conserved non-coding elements (CNEs)’’. To further investigate the function of the pit organs, we con-

ducted a comparative transcriptomics analysis on the tissues of seven brown-spotted pitvipers (Table S1). Total RNA extraction,

sequencing, and quantitation were performed following the methods described in the ‘‘RNA extraction and sequencing’’ and ‘‘tran-

scriptomic analysis of genes related to snake traits’’ sections using the brown-spotted pitviper genome as a reference. The DEGs

were identified using the following criteria in DESeq2 v1.26.0168: log2-transformed fold change > 2 and adjusted p value < 0.05.

Functional experiment of the PTCH1 gene
Point mutated mice with R946del-L947del-R948del mutations of murine PTCH1 were designed and generated by the Shanghai

Model Organisms Center, Inc. (Shanghai, China). Briefly, Cas9 mRNA was in vitro transcribed using the mMESSAGE mMACHINE

T7 Ultra Kit (Ambion, TX, USA) according to the manufacturer’s instructions; the mRNA was then purified using the MEGAclear�
Kit (ThermoFisher, USA). The 50-GGCTGAGAAGTAAGTAGCAC-30 sequencewas selected as theCas9-targeted guide RNA (sgRNA),

in vitro transcribed using the MEGAshortscript Kit (ThermoFisher, USA), and subsequently purified using the MEGAclear� Kit. The

transcribed Cas9 mRNA and sgRNA, as well as a 120-bp single-stranded oligodeoxynucleotide (ssODN) were co-injected into zy-

gotes of C57BL/6J mice. Obtained F0 mice (C57) were validated by PCR and sequenced using the following primer pairs: F1,

50-CGCCCTGAATGACCTCTGTT-30; R1, 50-GGAAGAGGAGAGCACGGATG-30. F0 mice with expected point mutations were cross-

bred with wild-type (WT) C57BL/6J mice to produce F1 mice. The genotypes of F1 mice were identified by PCR and confirmed by

sequencing. The ssODN sequence used for point mutation mice generation was 50-AACATCCGGCCTCACCGGCCGGAGTGGGTC

CATGACAAAGCCGACTACATGCCAGAGACCAGTAAGTAGCACTCCCATCCTGAGAGGCTGGGAGCTCTTGGAGGCTCCTTCAGTC

ACTGC-30.
1-week-old PTCH1WTmice (n = 13) and PTCH1-mutated mice with the snake deletion (n = 13) were randomly selected. The rela-

tive body mass and length (from neck to tail root) of each mouse were measured and then normalized by dividing by the averages.

Independent Student’s t-tests were conducted to compare the values between theWTmice and the PTCH1-mutatedmice. The rela-

tive body mass of the two groups of eight-week-old mice (n = 6) was also measured using the same method.

After sacrificing the mice, the shin bone of WT and PTCH1-mutated mice (n = 4) was collected and fixed in 10% neutral-buffered

formalin for 24 h, and the excess soft tissue was removed. The shin bone was scanned using a Skyscan1276 micro-CT instrument

(BrukermicroCT, Kontich, Belgium) with the following settings: source voltage, 55 kV; source current, 200 mA; AI, 0.25 mm filter; pixel

size, 6 mm; and rotation step, 0.3 degrees. The images were then reconstructed using NRecon software (Bruker microCT, Kontich,

Belgium) with the following settings: ring artifact correction, 5; smoothing, 3; and beam hardening correction, 30%. Trabecular bone

volume (BV), tissue volume (TV), bone volume per tissue volume (BV/TV), trabecular number (Tb.N), and trabecular thickness (Tb.Th)

were analyzed using the program CTAn (BrukermicroCT, Kontich, Belgium).

Adult (approximately 9 weeks old) WT PTCH1mice (n = 8) and PTCH1-mutated mice (n = 8) were anesthetized using 10% chloral

hydrate (0.04ml/10 g). X-ray images of the whole body of both groups of mice (n = 8) were acquired using high-resolution in vivo x-ray

micro-tomography (SkyScan 1276, Bruker, Germany). ImageJ software (version v1.53k; National Institutes of Health, USA) was used

to obtain the followingmeasurements: body length (from nose to tail root), tail length, phalanx length of all digits on the right limbs, and

right limb length. We tookmeasurements of each sample three times, and the average value was obtained. The average values of the

tail length, phalanx length, and right limb length were divided by corresponding body lengths to obtain the relative values.

To investigate whether the expressions of the genes of the mutated mice were altered during limb development, we sequenced

forelimb and hindlimb buds of the embryo at E11.5 in both WT and mutated mice (three for each) to obtain transcriptomic data.

RNA extraction, sequencing, and quantitation were performed as described in the ‘‘RNA extraction and sequencing’’ and ‘‘transcrip-

tomic analysis of genes related to snake traits’’ sections using the mm10 mouse genome as a reference. The DESeq2 v1.26.0 pack-

age168 was used to identify DEGs.

Chitinase enzymatic activity measurement
The CDSs of theCHIA gene in Diard’s blind snake and Burmese python were codon-optimized using Escherichia coli; they were then

chemically synthesized and sub-cloned into the pET-28a (+) plasmid using the NdeI–XhoI restriction sites. The N-terminal HIS target

was then added to the sequence to indicate its expression.

The recombinant expression plasmids were transformed into E. coli BL21 (DE3), and the cells were spread on Luria broth agar

plates containing 30 mg/ml ampicillin; they were then incubated upside down at 37�C overnight. Next, the cells were harvested

via centrifugation for 20 min at 6,000 rpm and 4�C, and the cell pellets were collected for further purification. The pellets were resus-

pended in lysis buffer, followed by disruption using an ultrasonic homogenizer. The lysates were centrifuged for 30min at 12,000 rpm

and 4�C. The supernatant was collected and incubated at 80�C for 30 min, followed by centrifugation at 12,000 rpm for 30 min and

4�C to remove denatured protein. The supernatant was applied to nickel-charged (Ni-NTA) beads for affinity purification. The column

was washed twice with two column volumes of wash buffer (8 M urea, 50 mM Tris, 300 mM NaCl, 20/50 mM imidazole, pH 8.0), fol-

lowed by one column volume of elution buffer to recover the target protein. Proteins were then purified by gel filtration, dialyzed into a

storage buffer (50 mM Tris, 300 mM NaCl, 0.1% sarkosyl, 2 mM DTT, pH 8.0), and lyophilized.

The chitinase enzymatic activities of the snakes were measured using a Chitinase Assay Kit (ADS-302-F, Jiangsu Kote Biotech-

nology Co., China) using the purified chitinase proteins according to the standard protocol. Measurements of the chitinase enzymatic
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activity of each snake were taken five times. Differences in chitinase activity between groups were evaluated using Student’s t-tests

(Figure 5D).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical methods used in this study are indicated in the figures, figure legends, and methods. Statistical analyses were per-

formed using R software v3.6.0 and the DEseq2 v1.26.0 and edgeR v3.28.1 packages.
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Figure S1. Phylogenetic and divergent time tree of snakes, related to Figure 1

(A) Phylogenetic tree distributions of selected snake species, topology inferred from a previous study.173

(B) Maximum likelihood (ML) phylogenetic tree inferred from the 31-taxon whole-genome alignments. Ultrafast bootstraps were repeated 3,000 times, with NNI

UFBoot tree optimization and SH-like approximate likelihood ratio test (SH-aLRT) performed. SH-aLRT support rate/ultrafast bootstrap support rate is indicated

at each node.

(C) Inferred ML phylogenetic tree using orthologous genes. 1,980 1:1 orthologous genes were concatenated to a super gene sequence for constructing the ML

phylogenetic tree using IQ-TREE. 10,000 ultrafast bootstraps were carried out and the two support rates were marked at each node.

(D) ML phylogenetic tree inferred from 4d sites. 4d sites were extracted from the orthologous genes and taken as input for IQ-TREE to infer the ML phylogenetic

tree. The two supports were computed by 10,000 ultrafast bootstraps and SH-aLRT.

(E) Inferred ML phylogenetic tree of conserved non-coding elements (CNEs). All CNEs were identified and concatenated into a single sequence for the ML

phylogenetic tree inferred using 5,000 ultrafast bootstraps and SH-aLRT.

(F) Coalescent phylogenetic tree inferred from 51,302 1-kb orthologous genomic segments using ASTRAL-III.

(G) Coalescent phylogenetic tree inferred from 1,980 1:1 orthologous genes using ASTRAL-III. The poorly supported nodes are indicated in red.

(H) DicoVista gene tree topologies frequency analysis. The frequency of three topologies (t1–t3) is shown, and the red is the main topology. The divergence time

(million years ago [mya]) of the species is estimated using r8s and the incongruent clades are in red.

(I) Divergence time of the 31 species. r8s estimated divergence time using the whole-genome alignments. The estimated divergence time (million years ago [mya])

is labeled on each node and 6 calibrating nodes used are marked.

(J) MCMCTree estimated divergence time of the 31 species using 4d sites. Six calibrating nodes used aremarked and the estimated divergence time represented

in million years is labeled.
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Figure S2. Snake genome features, related to Figure 2

(A) Evolution of chromosomes in snakes. In total, 23 proto-chromosomes of Serpentes were reconstructed using four lizards as outgroup.

(B) Circos plots showing conserved synteny between the hypothesized Serpentes ancestor: Serpentes (red) and Hong Kong dwarf snake (Csep-blue).

(C) Snake body lengths were significantly negatively correlated with the genome evolutionary rate (correlation coefficient = �0.50, p value = 0.011).

(D) Length distribution of snake ancestor gain and lost genome segments. Length distribution of snake ancestor unique genome segments (left). Length dis-

tribution of snake ancestor lost genome segments (right).

ll
OPEN ACCESSArticle



0.0

0.1

0.2

0.3

−40 −20 0 20
Z-score

D
en

si
ty

Cutoff Z-score=0

Absorption of visible light
All-trans-retinol 13,14-reductase activity

ATPase-coupled xenobiotic transmembrane transporter activity
Biotin transmembrane transporter activity

Biotin transport
Blue light photoreceptor activity

Blue light signaling pathway
Cellular response to light stimulus

Cholesterol homeostasis
Efflux transmembrane transporter activity
G protein-coupled photoreceptor activity

Lens development in camera-type eye
Negative regulation of bile acid biosynthetic process

Negative regulation of circadian rhythm
Negative regulation of glucocorticoid receptor signaling pathway

Negative regulation of interleukin-1 beta production
Negative regulation of interleukin-6 production

Negative regulation of tumor necrosis factor biosynthetic process
Peripheral nervous system axon regeneration

Photoreceptor activity
Photoreceptor outer segment

Phototransduction
Positive regulation of appetite
Protein-chromophore linkage

Regulation of DNA damage checkpoint
Regulation of presynaptic cytosolic calcium ion concentration

Retinol metabolic process
Riboflavin transport

Structural constituent of eye lens
Urate salt excretion

Urate transmembrane transporter activity
Visual perception

0.25 0.50 0.75 1.00
GeneRatio

5.0
7.5
10.0

Gene number
5
10
15

Log10(adjusted P value)

Abnormal ear pigmentation_5/6
Micrognathia_27/72

Absent Meckel’s cartilage_5/6
Abnormal enteric neural crest cell migration_5/6

Absent hindlimb buds_5/6
Absent middle ear ossicles_6/8

Abnormal palatine bone horizontal plate morphology_6/8
Abnormal pulmonary alveolus morphology_45/134

Abnormal myotome development_9/15
Abnormal eye development_31/84
Abnormal lens development_17/38

Abnormal midbrain morphology_23/57
Failure of eyelid fusion_12/23

Abnormal frontal bone morphology_19/44
Abnormal mandible morphology_27/70

Incomplete embryo turning_27/70
Absent eyelids_8/12

Abnormal lung vasculature morphology_24/59
Abnormal incus morphology_10/17

Abnormal hindlimb morphology_29/75
Abnormal dorsal aorta morphology_26/65

Abnormal ear shape_7/9
Absent tympanic ring_10/16

Early eyelid opening_7/9
Abnormal medial nasal prominence morphology_7/9

Abnormal cornea morphology_44/124
Short mandible_33/86

Abnormal respiration_17/35
Abnormal limb bone morphology_21/47

Abnormal otic vesicle development_12/21
Decreased somite size_16/32

Abnormal limb development_25/59
Embryonic lethality prior to tooth bud stage_77/242

Midface hypoplasia_9/13
Abnormal inner ear morphology_22/49

Absent vestibular hair cells_7/8
Abnormal somite development_40/104

Abnormal long bone morphology_31/72
Abnormal limb morphology_41/104

Abnormal sternum morphology_38/94
Impaired limb coordination_31/71

Atelectasis_36/86
Anophthalmia_51/135

Abnormal cochlea morphology_30/65
Abnormal lung development_45/111

Eyelids open at birth_34/75
Impaired lung alveolus development_24/45

Abnormal eye morphology_81/225

−300 0 300 600 900Kb

SD-CNEs

Com
mon

 w
all

 liz
ard

   

14793
151511536215720

12821

16082
15181

17015

14985 1514615525
15030 14872

1521815068
15587

15187 15162
14747

15208 15292
16212

15028
14131

16218

1488414932

0

5000

10000

15000

Vivip
aro

us
 liz

ard

San
d l

iza
rd

Cen
tra

l b
ea

rde
d d

rag
on

  

Kom
od

o d
rag

on
   

Euro
pe

an
 gl

as
s l

iza
rd 

  

Diar
d’s

 bl
ind

 sn
ak

e  
 

Blac
k-t

ip 
worm

 sn
ak

e

Red
-ta

ile
d p

ipe
 sn

ak
e

Boa
 co

ns
tric

tor

Tart
ar 

sa
nd

 bo
a

Sun
be

am
 sn

ak
e

Burm
es

e p
yth

on

Zon
g’s

 od
d-s

ca
led

 sn
ak

e  
 

Kee
led

 sl
ug

 sn
ak

e 

Five
-pa

ce
r v

ipe
r 

She
da

o i
sla

nd
 pi

tvi
pe

r 

Plum
be

ou
s w

ate
r s

na
ke

Com
mon

 m
oc

k v
ipe

r

Afric
an

 ho
us

e s
na

ke

Eas
ter

n b
row

n s
na

ke

Sha
w’s 

se
a s

na
ke

 

Xiza
ng

 ho
t-s

pri
ng

 sn
ak

e

Hon
g K

on
g d

warf
 sn

ak
e

Sze
ch

wan
 ra

t s
na

ke
 

Red
 co

rns
na

ke

Asia
n v

ine
 sn

ak
e

H

Cpic
Asin
Pmur
Smer
Papo
Vkom
Lnig
Etat
Bcon
Pbiv
Xuni
Ajin
Cvir
Dacu
Gshe
Hcur
Ppul
Bful
Nnaj
Nscu
Ohan
Ptex
Pgut
Csep
Tbai
Eper
Apra

-ACTGCTATAGCAACGGCTCATTTTAAAGAAGTAACTCATATCTGAGTGATAAAAATATTCAACTGTTAACTGTTGCCCCAGATGGCTCAAACTTAAACAAAGAGTGTCATTCCAGGGGCATAGGA--------------------------------------------------
AACTGCTGTAGCAACTGCCCATTCTAAAGGAGTGACTCATACTTGAATGATAAAAATACTCAGCTGTTAACTGTTGTCCCATATGGCTCAAACTTAAACAAAGAGTGTCATTCAAGGGGCCCTGGA--------------------------------------------------

AACTGTTGTAGCAACTTAATATTTTAATAGAGTGACTCACACATGAATGATAAAAATATTC---TGCTAAGCATTGTCCTCTCTGGC--AAATCTTAACAAAGAGTGTCATTCAAAGGGCACAGGTTGGTGAAATCACAAAAAAT-TAGTTCAAAAGCTCCATGGACTTCCATTTT
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Figure S3. Snake-specific genome structural variations (SSSVs), snake-diverged conserved non-coding elements (SD-CNEs that were

diverged in snakes but were still conserved in the outgroup) (SD-CNEs), and orthologous genes used for evolutionary analysis, related to

Figure 3 and STAR Methods

(A) SSSVs distribution in different genome regions.

(B) Genomic reads coverage of the snake-specific lost geneGHRL across four lizards (green anole [Acar], Anan’s rock agama [Lsac], Komodo dragon [Vkom], and

viviparous lizard [Zviv]), and 14 newly sequenced snakes.

(C) Z-score cut off of SD-CNEs.

(D) The enriched MGI terms that related to snake phenotypes for genes with SD-CNE (adjusted p value < 0.05). SD-CNEs (dots) are located around the tran-

scription start site of the genes enriched in eye, eyelid, ear, lung, mandible, maxillary, sternum, and tooth development-related terms.

(E) Enriched GO terms (adjusted p value < 0.05) for the newly evolved coding genes in snakes. Those related to dietary excess, protein digestion, and olfactory

receptor activity were colored in red, blue, and brown, respectively.

(F) Enriched GO terms (adjusted p value < 0.05) for snake-specific coding genes that were lost. Red, blue, orange, and green were used to indicate the terms

involved in vision, lens development, appetite, and bile acid biosynthetic process, respectively.

(G) SSSV deletion in the potential regulatory region of RP1.

(H) Counts of orthologous genes used for evolutionary analysis among 27 selected species.
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Figure S4. Genetic bases of snake limb loss, body elongation, lung asymmetry, and eye structure simplification, related to Figures 3 and 4

(A) Multiple alignments of PTCH1. Fish, mammals, frogs, birds, crocodiles, turtles, lizards, and snakes are indicated in different colors.

(B) CPLANE1 multiple alignments. The gene structure is outlined by the black line with yellow blocks representing CDSs. The position span is obtained based on

the European glass lizard reference genome. The ‘‘378–381’’ and ‘‘473’’ show the positions of snake-specific missing amino acids. The ‘‘His472Try’’ and

‘‘Gln474Glu’’ indicate the two snake-specific amino acid mutations.

(C) Relative body mass and relative body length of WT mice and PTCH1-mutated mice with snake deletion. Mean ± SD is shown by error bar.

(D) Microstructural characteristics of the proximal shinbone (colored in red) in 1-week-oldWTmice and PTCH1-mutated mice with snake deletion. The trabecular

bone volume (BV) and bone volume per tissue volume (BV/TV) ofWT type andPTCH1-mutatedmice. Significantly smaller *p < 0.05 (independent Student’s t test).

Mean ± SD is shown by error bar.

(E) Statistics of phalanx relative length (absolute length divided by body length) in WT mice and PTCH1-mutated mice with snake deletion. Mutated mice had

significantly shorter fourth forelimb phalanx (n = 8, *p < 0.05, independent Student’s t test) and third hindlimb phalanx (n = 8, *p < 0.05, independent Student’s t

test). Mean ± SD is shown by error bar.

(F) Expressions of genes related to limb development in stage E11.5 forelimb bud (left) and hindlimb (right) of WT mice and PTCH1-mutated mice with snake

deletion.

(G) The 17-bp deletion of snake ZRS enhancer in our newly sequenced snakes.

(H) Expression levels of somite development-related genes (under positive selection) in P. dhumnades (40 days post oviposition).

(I) AP3B1 multiple alignments of snakes and outgroup. The gene structure is outlined by the black line with orange sticks representing CDSs and the numbers

indicating the position span according to the European glass lizard reference genome. The positions of snake lost amino acids residues are indicated by the

interval number ‘‘796–800.’’and number "802".

(J) Example of differentially expressed genes (DEGs) between embryonic left and right lungs (40 days post oviposition) of P. dhumnades. The significance is

indicated as *p < 0.05, **p < 0.01, or ***p < 0.001. Mean ± SD is shown by error bar.

(K) The SD-CNE located at�13 kb downstreamof YAP1. The identities (compared with the 31 reptile species ancestor sequence) of the SD-CNEwere decreasing

along the evolution of snakes.

(L) A SSSV inserted to the 5 kb upstream of the TITF1 transcriptional start site. The SSSV was predicted to have one binding site of HOXA5 transcription factor.

Heatmap (left) displays the expressions (log10(quantiled FPKMs)) of HOXA5 and TITF1 in lung, liver, heart, and muscle of green anole (Acar), keeled slug snake

(Pber), and many-banded krait (Bmul). TITF1 and HOXA5were highly expressed in the lung of all species but the expressions of TITF1were significantly higher in

the two snakes than in green anole (Student’s t test p values: 0.0048 [Pber] and 0.0077 [Bmul]).

(M) Snake-specific amino acid residues loss of CC2D2A. The black line layouts the gene structure with blue sticks representing CDSs and the numbers indicating

the position span based on the European glass lizard reference genome. The interval number ‘‘41–74’’ points out the sites of lost amino acid residues in CC2D2A

based on European glass lizard sequence. The lost amino acid residues were indicated in red on 3D structure.
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Figure S5. Genome evolution of snake sensory system, related to Figures 4 and 5

(A) Expression patterns of genes associated with eye development in human embryos at different embryonic stages (4.7–8 weeks post conception [wpc]) and red

cornsnake embryos at 10, 30, and 50 days post oviposition (dpo).

(B) KMT2C specific amino acids residue lost in snakes and its associated snakes divergent CNE (SD-CNE). The black line portrays gene structure with blue blocks

representing CDSs and the numbers indicate the exact positions on the European glass lizard reference genome. Three segments of snake-specific amino acid

residue loss are manifested by internal numbers ‘‘4002–4004,’’ ‘‘2110–2112,’’ and ‘‘1983–1987.’’ One SD-CNE located at 30 regulate region of KMT2C is marked

by a red block.

(C) Alignment of SSSV that inserted into the 5 kb upstream of PDZD7 transcription start site. This SSSV conveys a new EBF1 binding site with a regulatory

potential (RP) score: 0.78.

(D) Taste transduction involved genes were expressed in tongue and brain of three snakes (plumbeous water snake [Hplu], keeled slug snake [Pber], and Asian

vine snake [Apra]). The numbers in cells indicate the scaled FPKM values.

(E) Comparison of eye structures between Diard’s blind snake and Asian vine snake, keeled slug snake. The magnifications were marked as ‘‘*3’’ at the bottom-

right corner of each histological sections.

(F) GOChord plot (produced by GOplot package) of blind snake divergent CNEs involved coding gene-enriched GO terms (p value < 0.05). Left half of GOChord

displayed genes of different GO terms and the right showed the GO term descriptions. Each gene was linked to a GO term by the colored bands.

(G) REVIGO clusters of significantly overrepresented (p value < 0.01) GO terms for blind snake REGs.

(H) Expression levels of TRPV4 and TRPA1 in seven tissues of brown spotted pitviper.

(I) Genome locations of pitviper diverged conserved non-coding elements (PVD-CNEs), and the infrared-sensitive python and boa divergent conserved non-

coding elements (ISPBD-CNEs) in PMP22 and NFIB.
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