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(10, 11), while enduring uctuations in metabolic rates that are
among the most extreme of any vertebrate (11). At the molecular
level, previous research has shown that they have undergone an
unprecedented degree of evolutionary redesign and accelerated
adaptive evolution across multiple mitochondrial proteins (1, 12).
We hypothesized that the extreme changes in the mitochondrial
proteins were likely to extend to metabolic genes in the nuclear

genome. We also hypothesized that other genes and gene net-
works associated with extreme physiological and phenotypic
adaptations in snakes may also have undergone signi cant evo-
lutionary changes.

To gain insight into the genomic basis of these phenotypes, we
sequenced and annotated the genome of a female Burmese py-
thon (Python molurus bivittatus). The python is the most extreme
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Fig. 1.

Coordinated shifts in physiology and gene expression across organs in pythons after feeding. (A) Rapid increases in organ mass that accompany

feeding in the python. (B) Generalized trends in gene expression that are significantly overrepresented in each organ across time points before and after
feeding in the python. Results are based on cluster analysis of gene expression profiles and identification of statistically overpopulated profiles. The numbers
of genes clustered within each profile are shown above profiles, and trends in the relative magnitude of gene expression for each set of genes are shown in
blue. (C) Heat maps of normalized gene expression levels for the top 300 significantly differentially expressed genes across time points shown for different
tissues and time points before and after feeding. Low expression levels are indicated by pale colors, and high expression levels are indicated by darker blue.
Most time points per tissue have replicates that are indicated at the tops of profiles [labeled by replicate (r) number]; every column per tissue indicates
a different individual. (D) Changes in oxygen consumption indicating changes in oxidative metabolism in fasted and fed pythons. (E) Changes in plasma
triglyceride levels in fasted and fed pythons. (F) Numbers of significantly differentially expressed genes between 0 and 1 DPF in select GO categories in

different tissues.
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Fig. 3. Functional categories of genes under positive selection related to the extreme biology of snakes. (A) Phylogenetic tree of amniotes with branch

lengths estimated by maximum likelihood analysis of aligned Ensembl 1:1 orthologs from a subset of taxa analyzed for positive selection. Branches repre-
senting snake lineages are colored green for ancestral snake lineage, blue for ancestral python lineage, and orange for ancestral cobra lineage. (B) Examples
of genes that have experienced positive selection (P < 0.001) on snake lineages and are related to prominent phenotypic or cellular traits of snakes (colors
correspond to the branches in A). Genes are grouped with phenotypic characteristics based on GO and mouse KO phenotype (MKO) terms associated with
these genes (Datasets S2 and S3), although no claim is made that genes listed directly explain the snake phenotypes that they are associated with per se or
that specific genes shown were selected based on their relative prominence in other literature. (C) Functional clusters of GO and MKO terms that are sta-
tistically enriched (P < 0.05) for positively selected genes (P < 0.001). Numbers on the y axis represent the combined numbers of genes in clustered enriched

categories.

interpretable in light of the unique aspects of snake physiology
and morphology (Fig. 3, Dataset S3, and SI Appendix, Fig. S17).
Genes under positive selection include genes that are function-
ally related to development, the cardiovascular system, signaling
pathways, cell cycle control, and lipid and protein metabolism
(Fig. 3). We also nd a high level of correspondence between
enriched categories of differentially expressed genes involved in
organ remodeling (Figs. 1 and 2) and genes that have experienced
positive selection in snakes, including genes involved in the cell
cycle, development, the heart and circulatory system, and metab-
olism (Fig. 3B).

The ancestral snake lineage shows signi cant enrichment of
positively selected genes in GO and mouse knock out (KO)
phenotype categories related to metabolism, eye structure, spine
and skull shape, and embryonic patterning mechanisms con-
tributing to somite formation and left-right asymmetry (Fig. 3
and Dataset S3). The high number of positively selected nuclear
genes associated with metabolism on this lineage corresponds
well with previous studies indicating substantial mitochondrial
protein selection also occurring early in snake evolution (1, 12).
Other enriched categories correspond well with the major phe-
notypic shifts, including limb loss, trunk elongation and skeletal
changes, associated with the shift to a fossorial lifestyle. On the
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cobra lineage, we found enrichment of categories related to
heart, lung, and neuronal development (Fig. 3 and Dataset S3).
This lineage includes the ancestor of colubroid snakes, many of
which (like the cobra) are highly active foragers, and categories
of positively selected genes may be related to this shift in natural
history. The python lineage showed enrichment in categories
regulating heart and blood vessel development, hematopoiesis,
and cell cycle regulation, which correspond well with the python’s
extreme postfeeding response, and potentially, the use of con-
striction to subdue prey in members of this lineage. These
enriched categories in the python include the angiogenic PDGF
pathway, signaling through the cytoskeletal regulator p-GTPase,
the TGF-p/bone morphogenetic protein signaling pathway, and
categories associated with bone strength and growth (Dataset S3).
Many of the positively selected genes also have prominent
medical signi cance. For example, angiotensin 1 converting
enzyme and endothelin 1 are important therapeutic targets for
cardiovascular disease (26, 27). Similarly, GRB2-associated
binding protein 1, which integrates receptor tyrosine kinase sig-
naling, is known to contribute to breast cancer, melanomas, and
childhood leukemia (28).

The extreme phenotypes that characterize snakes can also be
linked to changes in multigene families. A prominent feature of
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snakes is a long forked tongue used to enhance chemoreception.
Genes encoding vomeronasal receptors, olfactory receptors, and
ephrin-like receptors all show major expansions in the ancestral
snake lineage as well as the cobra and python, indicating that
expansions in these gene families may also contribute to en-
hanced chemoreception in snakes (SI Appendix, Figs. S18-S20).
It is hypothesized that ancestral snakes were fossorial (6), which
reduced selection for light perception. Supporting this fossorial
snake ancestor hypothesis, we found that 10 visual and nonvisual
opsin genes were lost in snakes but are otherwise present in
squamates, including RH2, SWS2, PIN, PPIN, PARIE, MEL1,
NEUR2, NEUR3, TMT2, and TMTa (S| Appendix, Fig. S21 and
Table S11). The absence of these genes was veri ed using tBlastx
searches for these opsins in the cobra and python annotated gene
sets as well as genome assemblies and cDNA assemblies.

As with the mitochondrial genome (1, 22, 23), snake nuclear
genomes have evolved substantial changes in structure and pat-
terns of molecular evolution relative to other vertebrate genomes.
To compare repeat element content among partially sequenced
and fully assembled snake genomes, we used a single multispecies
combined repeat element library for analysis of repeat content (SI
Appendix, Supplementary Methods). Despite low variance in snake
genome size (SI Appendix, Fig. S21), repeat library-based anno-
tations of genome samples from 10 additional snake species show
surprisingly high variance in genomic repeat content but a rela-
tively constant diversity of repeat types (Fig. 4 and SI Appendix,
Tables S5-S8) (29). Exceptions are the peculiar families of snakel
(L3) CR1 LINEs that tend to contain microsatellite repeats at
their 3’ end (30), which we nd to have expanded almost exclu-
sively in colubroid snakes, such as the King Cobra, the Western
Diamondback Rattlesnake and Copperhead, and the Garter snake
(Fig. 4B). An unexpected result from the analysis of the Anolis
lizard genome was that it lacked the GC isochore structure present
in mammalian and avian genomes (31, 32). The GC isochore
structures of snakes, however, are intermediate between the lack
of isochores in Anolis and the clear isochore structure in turtles,
birds, and mammals (Fig. 4). These differences in isochore struc-
ture raise the intriguing possibility that snakes reevolved GC iso-
chore structure or that the Anolis (or an ancestral squamate)
lineage lost GC isochore structure. Trends in GC content at third
codon position across amniotes indicate a shift to higher AT
content in snakes and based on equilibrium GC content at third
codon position calculations, a continued erosion of GC content in
king cobra and an increase of GC content in python (SI Appendix,
Fig. S24). We also used whole-genome pairwise alignments among
Anolis, python, and king cobra to examine how GC content varies
among squamates, and we found that both snake species had
similar GC pro les to each other but lower GC content than lizard
when comparing across aligned genomic sites (SI Appendix, Fig.
$25). This inference of dynamic GC content evolution is consistent
with a shift in isochore structure in reptile genomes.

Rates of molecular evolution also differ substantially across
reptile lineages (33). Although turtle genes evolve slowly com-
pared with other sequenced amniotes (34), we nd snake genes
have evolved rapidly compared to other amniotes (Fig. 3A). Based
on a subset of 10,000 aligned codons sampled from orthologous
gene alignments, snake lineages experienced relatively high rates of
evolution compared with the turtle and other amniote lineages (SI
Appendix, Fig. S26). Analysis of the full set of 62,817 fourfold de-
generate third codon positions from the orthologous gene set
indicates that snake neutral substitution rates are also accelerated
relative to other reptilian lineages (SI Appendix, Fig. S27). Addi-
tional analyses of 44 nuclear genes for >150 squamate reptile species
(from a previous phylogenetic study) (35) indicate accelerated neu-
tral evolution in the ancestral lineages of squamate reptiles, snakes,
and colubroid snakes (SI Appendix, Fig. S28).

The comparative systems genomics approach that we have
taken to study snake genomes has provided hundreds of candidate
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Fig. 4. Variation and uniqueness of snake genome content and structure.
(A) Amounts and types of readily identified repeat elements in snake com-
plete and sampled genomes. Estimates in Top and Middle show abundance
of genomic repeat elements across 10 snake species based on sampled ge-
nome sequences, except for the python and cobra, which are based on
complete genomes. Bottom shows genomic density of snake1 CR1 LINE
elements for subfamilies that tend to contain microsatellite repeats at their
3’ tails in snake genomes and genome samples. (B) Evidence for shifts in
genomic GC isochore structure in squamate reptiles. The y axis is the standard
variation of GC content when examining the genome at nonoverlapping
window sizes (from 5- to 320-kb windows log-transformed on the x axis).
Larger values indicate greater among-window GC content heterogeneity. For
example, at all spatial scales, mammals have the greatest GC heterogeneity,
and squamate reptiles have the least GC heterogeneity. The right side of the
graph (GC SD at a window size of 320 kb) shows GC heterogeneity at a spatial
scale on the order of isochore structure; the low GC heterogeneity of squa-
mate reptiles indicates a reduced representation of GC-rich isochores com-
pared with the other taxa. LTR, long terminal repeat; PLE, Penelope-like
element; SINE, short interspersed nuclear element.

genes to study the process by which genes and gene networks
coevolve to produce phenotypic diversity in vertebrates. The
degree to which the physiological, morphological, and metabolic
changes in the snakes coincide with molecular changes is re-
markable. It has been hypothesized that major morphological
changes are primarily driven by changes in gene expression (36).
Snakes provide an alternative vertebrate model system, in which
the extensive system-wide evolutionary coordination of protein
adaptation, gene expression, and changes in the structure and
organization of the genome itself seem to have driven phenotypic
novelty. Although there are examples of such types of changes
in other vertebrates (37), we expect that the genomic changes
seen in snakes and documented here are exceptional in their
number and magnitude. There have been suf cient vertebrate
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mitochondrial genomes sampled to make a convincing case that
the adaptive changes observed in snake mitochondrial genomes
are truly exceptional (1, 22, 23), and among the 60+ currently
published vertebrate nuclear genomes, the degree of change
observed in snakes is exceptional as well. The python genome,
together with the genome of the king cobra (8), will accelerate
understanding of the genomic features that underlie the phe-
notypic uniqueness of snakes.

Materials and Methods

Burmese Python Genome Sequencing. All animal procedures were conducted
with registered Institutional Animal Care and Use Committee (University of
Texas, Arlington, TX) protocols. Python genome sequencing libraries were
constructed from a single P. molurus bivittatus female obtained commer-
cially. We created and sequenced multiple whole-genome shotgun libraries
on an lllumina Genome Analyzer lIx, an lllumina HiSeq 2000, and a 454 FLX
sequencer. In total, we generated 73.8 Gbp ( 49x genome coverage) for
python genome assembly and scaffolding, which included data generated
for a previous draft assembly (38). The genome was assembled using
SOAPdenovo (39) and Newbler (Roche), and alternate assemblies were
merged (40). Details are provided in S/ Appendix, Supplementary Methods.

Annotation and Gene Prediction. The genome assembly was annotated using
the MAKER annotation pipeline (41). All available RNAseq data from multiple
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organs and fasted/fed time points were used in developing gene model
predictions, and repeat element libraries from both complete snake genomes
and the snake genome sampling were used to annotate repeat elements in
the python (S/ Appendix, Supplementary Methods and SI Appendix, Tables
S5-510). The annotated genome assembly is available under the National
Center for Biotechnology Information Bioproject PRINA61234 (GenBank ac-
cession no. AEQU00000000).

Comparative and Evolutionary Analyses. Ortholog sets were assembled by
addition of our python and cobra gene coding DNA sequences (CDSs) sets to
the Ensembl Compara v70 1:1 vertebrate ortholog set (24, 42). Analyses in-
cluded filtering likely gene duplicates in snakes, quality control steps, and
alignment. Alignments were analyzed using a maximum likelihood branch
site test for sites that were uniquely positively selected on the python, cobra,
or ancestral snake lineages (S/ Appendix, Supplementary Methods).
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