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SUPPLEMENTARY INFORMATION

1. SUPPLEMENTARY METHODS

1.1 Garter snake genome sequencing

A single adult female Thamnophis sirtalis was obtained from a wild population at Coffin Butte
Road, Benton County, Oregon, USA, 44° 41° 57.02°° N, 123° 13’ 18.06” W, 229 feet elevation
(collected by Brian Gall; field tag: EDBJR-23777). The individual was euthanized and tissues
were preserved under Utah State University approved IACUC protocols (#1008). The specimen
was deposited in the University of Texas at Arlington Amphibian and Reptile Diversity Research
Center collection (voucher accession: UTA R 62823). This individual was used for all complete
genome sequencing. All reads were sequenced on the HiSeq2000 (Software version HCS1.5.15.0
and RTA version 1.13.48.0)

Kmer-based estimates of genome size were generated using the following reads from the
NCBI Sequence Read Archive (SRA): SRR1029946, SRR1029947, SRR2017627, SRR770194,
SRR770253, SRR770448, SRR770501, SRR786677, SRR786678, SRR786680. Reads were
quality trimmed using Trimmomatic v0.33 (Bolger, et al. 2014) with the settings LEADING:10
TRAILING:10 SLIDINGWINDOW:4:15 MINLEN:36. Kmers were extracted using jellyfish
v2.2.4 (Margais and Kingsford 2011), and GCE v1.0.0 (Liu, et al. 2013) was used to estimate

genome size using both 19mers and 23mers.

1.2 Annotation and Characterization of Transposable Elements

Repeat elements were annotated by homology-based and by de novo prediction approaches. De
novo identification was performed on the garter snake and the five-pacer pitviper
(Deinagkistrodon acutus; (Yin, et al. 2016)) genome assemblies in RepeatModeler v.1.0.8 (Smit,
et al. 2014), followed by further classification in CENSOR (Kohany, et al. 2006). The resulting
libraries were then combined with a 12-species snake specific repeat library (Castoe, et al. 2013)
to generate a reference library of repeat elements for use in comparative analyses. For Anolis

carolinensis, we generated a lizard specific library that includes de novo repeat identification for
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the Anolis carolinenesis (Alfoldi, et al. 2011), Gekko japonicas (Liu, et al. 2015), and Pogona
vitticeps (Georges, et al. 2015) genomes. Homology-based repeat element annotation was
performed in RepeatMasker v.4.0.6 (Smit, et al. 2015) using a PCR-validated BovB/CR1 LINE
retrotransposon consensus library (Castoe, et al. 2013), the tetrapoda RepBase library (v.20.11,
07 August 2015), and our snake specific library as references. Output files were post-processed
using a modified implementation of the ProcessRepeat script (RepeatMasker package) to
incorporate summary statistics of TEs prevalent in squamate reptile genomes (i.e. CR1/CR1-L3,

L2).

1.3 Analysis of gene, exon, and intron number and length

To quantify the number and length of genes, exons, and introns in the Thamnophis sirtalis
genome, we compared distributions of gene features (i.e., genes, exons, and introns) from the
garter snake with those from other highly complete vertebrate genomes. We downloaded the
genome feature files (GFF) for the human (GCA _000001405.25), chicken (GCA_000002315.3),
and anole lizard (GCA_000090745.1) from Ensembl. We then parsed each GFF using a Python
script (gff gene_stat.py; https://github.com/drewschield/Comparative-Genomics-
Tools/blob/master/gff gene stat.py) to determine the length of each gene, exon, and intron, and

the numbers of exons and introns per gene across the genome of each species.

1.4 Analyses of positive selection

To infer patterns of positive selection in protein coding genes, we generated orthologous coding
sequence alignments for 27 species from available genomes and transcriptomes, including 18
reptiles and nine mammals (see Supplementary Table S2). Of the 18 reptiles, one species,
Thamnophis elegans, was represented twice for two independent assemblies of two distinct
ecomorphs (meadow and lake; See Supplementary Table S2 for details). For simplicity, hereafter
we refer to these 28 genome/transcriptomes as 28 species. Methods for creating alignments
followed a previous established protocol (McGaugh, et al. 2015), and are based on OrthoMCL
clustering analyses followed by a series of filtering and annotation steps (L1, et al. 2003) and

alignment with MSAprobs (Liu, et al. 2010).
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Since alignments were processed in a high-throughput manner for all genomic data available,
some alignments were missing in some species out of the 28 total that were included in the
OrthoMCL analyses. This is due to either extremely divergent genes or incomplete sequences in
the available transcriptomes and/or genomes. To address this, we required 15 or greater species
to be in a gene’s alignment to include that gene in subsequent analyses. We also required that the
alignments included Lamprophis fuliginosus, Thamnophis sirtalis, Thamnophis couchii, and at
least one of the Thamnophis elegans ecomorphs. In total, we identified 4,639 alignments that met

this inclusion criterion.

Alignments were used to identify evidence for positive selection in the codeml program in
PAML version 4.7 (Yang 2007). We used a likelihood-ratio test (LTR) and three separate
branch-site models to test for evidence of positive selection. The three branch-site models varied
in which branch was placed in the foreground and included: 1) the branch to the colubrid family
Colubridae, 2) the branch to the Thamnophis genus, and 3) the branch to Thamnophis sirtalis.
For each LRT, the test statistic was compared to a 1:1 mixture of %’ distributions with one and
zero degrees of freedom (Goldman and Whelan 2002). Genes with significant LRT identified in
codeml were corrected for multiple testing with sequential Bonferroni (Holm 1979) or false
discovery rate calculations (Benjamini and Hochberg 1995). Results of both approaches resulted
in a nearly identical set of genes. For all genes that were significant with initial branch-site tests,
we hand-corrected alignments (mostly realigning indels) and reran the branch-site tests to ensure
that the signal was not driven by poor alignments. Only results from these hand-corrected
alignments were included in the summary. For additional details on the orthologs, their
annotation, and results of the branch-site tests, see Supplementary Table S3 and Supplementary

File 2.

For each gene with a significant PAML result, the Ensembl gene identifier for the human
ortholog (or if human not present, mouse) was included in Ingenuity Pathway Analysis (IPA)
Comparison Analysis (Krdamer, et al. 2013) as the knowledge base for IPA contains only human,
mouse, rat, and zebrafish gene identifiers. One gene without an identifier from the 10 genes

significant in the Thamnophis genus branch-site test could not be included in the IPA analyses.
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For all genes, best BLAST hits to the Uniprot database are reported, regardless of whether the

alignment exhibited Ensembl gene identifiers that were annotated in the IPA knowledge base.

1.5 Sex Chromosomes

We chose fragments of six genes that have been shown to have Z and W alleles in caenophidian
snakes: WAC (WW domain containing adaptor with coiled-coil; 1522 bp), CTNNBI1 (beta-
catenin; 691 bp), COMMD3 (COMM domain containing 3; 359 bp), MSL1 (male specific lethal
1 homolog; 454 bp), LSM12 (LSM12 homolog; 4342 bp), and WDR48 (WD repeat domain 48;
349bp) (Laopichienpong, et al. 2017; Matsubara, et al. 2006; Vicoso, et al. 2013). We used
BLAST (Altschul, et al. 1990) to identify 7. sirtalis Z and W scaffolds for each of the six Z-
linked genes. Exons and flanking introns were targeted for phylogenetic analysis although
difficulty aligning non-coding regions limited the length of intronic sequences that we could
analyze. Two assembled female snake genomes on GenBank also included Z and W alleles,
Pantherophis guttatus (GCA_001185365.1) (Ullate-Agote, et al. 2015) and Crotalus horridus
(GCA _001625485.1), and were included in the phylogenetic analyses. We used sequences from
two snake species with XX/XY sex chromosomes, Boa constrictor and Python molurus
bivittatus (Gamble, et al. 2017), and three lizards, Anolis carolinensis, Pogona vitticeps, and
Gekko japonicus, as outgroups (Alfoldi, et al. 2011; Bradnam, et al. 2013; Castoe, et al. 2013;
Georges, et al. 2015; Liu, et al. 2015). Orthologous sequences were not identified for G.
Jjaponicus in three of the genes and P. vitticeps for one of the genes and therefore excluded in

those phylogenetic analyses.

Sequence alignment was conducted using MUSCLE implemented in Geneious 11.0.3 (Edgar
2004; Kearse, et al. 2012). We estimated maximum likelihood trees using RAXML-HPC
BlackBox, version 8.2.10 (Stamatakis, et al. 2008) on the CIPRES (Cyberinfrastructure for
Phylogenetic Research) Science Gateway (Miller, et al. 2010). Nodal support was estimated

using rapid bootstrapping with automatic stopping criterion (Stamatakis, et al. 2008).

W-specific PCR primers were designed based on the alignment of 7. sirtalis Z and W scaffolds
in Geneious 11.0.3 (Edgar 2004; Kearse, et al. 2012). Primers were designed to amplify in the W
allele but not the Z allele following Gamble et al. (In Press). PCR was performed using the
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following PCR profile: an initial 5-min denaturation at 94°C followed by 32 cycles of
denaturation (30 s at 94°C), annealing (45 s at 52—-57°C) and extension (1 min at 72°C), followed
by a final extension of 5 min at 72 °C. See Supplementary Table S2 for locus-specific annealing

temperatures and primer sequences.

Chromosome spreads from a female 7. sirtalis were prepared from fibroblasts established from a
tail clip (Ezaz, et al. 2008; Gamble, et al. 2014). Fibroblasts were grown at 28-31° C in media
containing: DMEM 1X (Invitrogen, Carlsbad, CA) with 4.5 g/L glucose and L-glutamine
without sodium pyruvate; 20% fetal bovine serum; and anti-anti (Invitrogen, Carlsbad, CA),
which contains penicillin, streptomycin, and amphotericin. Cells were arrested in metaphase
using vinblastine sulphate (1 mg/ml), collected after trypsin digestion, and incubated in a 0.07 M
KCI hypotonic solution for 20 min in a 37°C water bath. Cells were fixed and washed in
methanol:acetic acid (3:1). Cell suspensions were then dropped onto clean glass slides, allowed
to air dry, and dehydrated in an ethanol series (70%, 95%, 100%). We assessed the accumulation
of repetitive DNA sequences on the putative sex chromosome by hybridizing a fluorescently
labeled (GATA)n satellite repeat onto metaphase spreads. The GATA satellite repeat, also called
the Bkm satellite repeat, has been shown to accumulate onto the sex chromosomes of multiple
animal species and is a good candidate marker identifying sex chromosomes (Gamble, et al.
2014; Nanda, et al. 1990; O’Meally, et al. 2010; Singh, et al. 1980). (GATA)n probes were
generated by PCR in the absence of template DNA (Ijdo, et al. 1991) using (GATA)7 and
(TATC)7 primers. Probes were labeled via nick translation with Chromatide/Alexa Fluor
fluorescently labeled dUTP 488-5 (Life Technologies). We checked the sizes of the nick
translated fragments by electrophoresis on a 1% TBE gel. Labeled DNA was ethanol precipitated
and resuspended in 100 ul hybridization buffer (Ezaz, et al. 2005), denatured at 72°C for 10
minutes and snap-cooled on ice for five minutes. We added 20 ul of probe to each slide, affixed a
cover slip using rubber cement, heated slides again to 72°C for 5 minutes and incubated
overnight at 37°C. Slides were washed once at 60°C in 0.4%SSC, 0.3% Igepal CA-630 (Sigma
Aldrich) for two minute followed by a second two minute wash in 2%SSC, 0.1% Igepal CA-630
at room temperature. Slides were dehydrated in an ethanol series (70%, 95%, 100%) and air

dried. Slides were stained with 4,6-diamidino-2-phenylindole (DAPI) and mounted with a cover
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slip using Permafluor (Lab Vision). All slides were photographed on a Zeiss Imager Z1

microscope using a Zeiss MRm camera. Images were captured using Zeiss Axiovision software.

1.6 Identification and Analysis of microRNA and Associated mRNA Targets

The sequence-specific microRNA prediction (SMIRP) tool was used for the identification of
microRNA that are specific to 7. sirtalis (Peace, et al. 2015). The species-specific positive
training datasets are built using of the miRBase (v.21) database (http://www.mirbase.org).
Clusters were generated using a threshold of 80% sequence similarity, using default CD-hit
parameters. Using the miRBase sequence dataset and the generated sequence clusters, we
developed positive training datasets for microRNA classification, which are targeted toward
arbitrary species. These datasets were developed as follows: For a given positive integer n, the
largest n clusters are chosen from the CD-hit clustering results, then a representative sequence is
chosen from each of these clusters. Each representative sequence is the sequence whose species
is nearest our target species in terms of phylogenetic classification. In the event of multiple
sequences within a cluster whose species are equally close to our target species in terms of
phylogenetic classification, the sequence among these candidate representative sequences whose
length is closest to the mean length of sequences within the cluster is chosen as the representative
sequence for the cluster. Negative training datasets are generated from sequences that resemble

microRNA within the annotated coding regions of the 7. sirtalis genomes.

HeterMirPred was used for feature set generation for the classification of 7. sirtalis microRNA
using the targeted positive and negative training sets. The feature set consists of 20 sequence and
structural features. We then used a support vector machine (SVM) as our classifier as opposed to
the ensemble classifier, due to the ability of a SVM to provide clear probability estimates

along with its determinations of real or pseudo-microRNA.

Mature microRNAs were searched against the 7. sirtalis coding sequences using miRanda

(v.3.3a) (Enright, et al. 2003). To search the predicted microRNA target genes within 7. sirtalis
the miRanda software was used within the following parameters and conditions: a gap opening
penalty of — 9, a gap extension penalty of — 4; match with minimum score threshold 160, target

duplex with maximum threshold free energy — 25 kCal/mol, scaling parameter 4 for
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complementary nucleotide match score, counting from the microRNA 5’ end, and demand strict

5" seed pairing on between 2 and 9 nucleotides.

1.7 Analyses of Visual Gene Loss and Opsin Expression Localization

A set of 119 visual genes were targeted for analysis (Schott et al. 2017). These were extracted
from the Thamnophis sirtalis genome assembly and CDS annotation using BLAST searches
(blastn, discontinuous megablast, megablast, tblastn, and tblastx) using Python and Anolis
mRNA, exon, and protein queries. CDS and BLAST results were manually edited to ensure
proper exon boundaries and corrected with direct parsing of the genomes, as necessary. Visual
genes were additionally obtained from mammals, crocodylians (4lligator mississippiensis, A.
sinensis, Crocodylus porosus, Gavialis gangeticus), and a gecko (Gekko japonicus) from NCBI
GenBank and through BLAST searches of genome assemblies as necessary to confirm loss.
Gene loss was assumed if a sequence could not be found in any of the available genomes. For
mammals, if a sequence was found in monotremes and/or marsupials, but was absent in placental

genomes, it was considered present in mammals, but lost in placentals.

Fixation of garter snake eyes was conducted as previously described (Bhattacharyya et al, 2017).
Briefly, after enucleating 7. sirtalis eyes in the light, they were rinsed in PBS (0.8% NacCl, 0.02%
KCl, 0.144% NaHPO4, and 0.024% KH2PO4, pH 7.4), fixed overnight at 4°C in 4%
paraformaldehyde, infiltrated with increasing concentrations of sucrose (5%, 13%, 18%, 22%,
30%) in PBS, and embedded in a 2:1 solution of 30% sucrose and O.C.T compound (Tissue-Tek,
Burlington, NC, USA) at -20°. The eyes were cryosectioned transversely at -25°C in 20 um
sections using a Leica CM3050 (Wetzlar, Germany) cryostat, placed onto positively charged

microscope slides, and stored at -80°C until use.

Slides were first rehydrated in PBS and then air-dried to ensure adhesion. Sections were rinsed in
PBS with 0.1% Tween-20 (PBT) and fixed in 4% paraformaldehyde PBS. After rinsing in PBT
and PDT (PBT with 0.1% DMSO), the slides were incubated with blocking solution (1% BSA in
PDT with 2% normal goat serum), and then incubated with primary antibody diluted in blocking
solution overnight at 4° in a humidity chamber. Antibodies used were the K20 antibody (Santa

Cruz Biotechnology, Santa Cruz, CA, USA, sc-389, lot#:C1909, dilution: 1:500) and RET-P1
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anti-rhodopsin antibody (Sigma-Aldrich, St. Louis, MO, USA, 0-4886, lot#: 19H4839, dilution:
1:100).

After extensive rinsing and soaking in PDT, secondary antibody was added to the samples and
incubated at 37°C. Secondary antibodies used for the fluorescent staining were the AlexaFluor-
488 anti-rabbit antibody (Life Technologies, Waltham, MA, USA, A11034, lot#: 1298480,
dilution: 1:1000) and the Cy-3 anti-mouse antibody (Jackson ImmunoResearch, West Grove, PA,
USA, 115-165-003, dilution: 1:800). After rinsing with PBS, followed by PDT, sections were
stained with 10 pg/mL Hoechst. The sections were then mounted with ProLong® Gold antifade
reagent (Life technologies, Waltham, MA, USA) and cover-slipped. Sections were visualized via

a Leica SP-8 confocal laser microscope (Wetzlar, Germany).

1.8 Phylogenetic Analysis of Olfactory Receptors

Completely intact OR amino acid sequences were preliminarily grouped into known subfamilies
by using a database of know human ORs from the HORDE database (Olender, et al. 2013). We
used BLASTP to group intact ORs into putative subfamilies defined by Glusman, et al. (2000)
and Hayden, et al. (2010). All intact OR sequences were aligned using MUSCLE (Edgar 2004)
and a phylogenetic tree was constructed using a neighbor joining method in MEGAG6 (Tamura, et
al. 2013). Node support was based on 1,000 bootstrap replicates. The resulting phylogenetic tree

was then used to correct preliminary subfamily annotations.

1.9 Venom Gene and Protein Analysis

We used tBLASTX to identify potential venom homologs in the 7. sirtalis genome, based on a
query set of known venom genes from diverse snakes. We inferred orthologous venom genes
using phylogenetic analyses. Putative venom homologs were aligned with additional sequences,
sourced from Genbank and used in previous studies (Junqueira-de-Azevedo, et al. 2016; Reyes-
Velasco, et al. 2014; Vonk, et al. 2013), using MUSCLE v3.5 (Edgar 2004) before best-fit
models of molecular evolution were fit to each gene using PartitionFinder v1.1.1 (Lanfear, et al.
2012). We inferred phylogenies for each gene using MrBayes v3.2.1 (Huelsenbeck and Ronquist
2001) implemented on the CIPRES science gateway server (Miller, et al. 2010), with two
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simultaneous chains run for a total of 10’ generations (sampled every 10° generations). We
confirmed mixing and convergence using Tracer v1.5 (Drummond and Rambaut 2007) and

discarded the first 25% of each run as burn-in.

To examine expression patterns of venom gene orthologs in the Duvernoy’s gland and other
tissues, RNAseq data for eight organs of 7. sirtalis (Duvernoy’s gland, brain, kidney, liver, lung,
ovary, upper digestive tract, and lower digestive tract) were downloaded from NCBI: SRA
SRP018850. STAR v2.4.4a (Dobin, et al. 2013) was used to map RNAseq data to the garter
snake genome and generate read counts. TMM normalization in edgeR (Robinson, et al. 2010)
was used to convert raw counts to normalized counts per million (CPM). Heatmaps of gene

expression across tissues were generated in R.

Analysis of venom protein composition. Snakes were collected from Rio Blanco Co. (Colorado:
Thamnophis elegans vagrans) and Benton Co. (supplied by E. D. Brodie Jr.; Oregon: T. sirtalis
parietalis) and housed at the University of Northern Colorado Animal Resource Facility under
approved animal protocols (#9204). Venom extractions were performed as described previously
(Hill and Mackessy 1997), using doses of 30 pug ketamine-HCL per g body weight and 6.0 pg/g
pilocarpine-HCL. Venom was collected into capillaries, frozen, and lyophilized. One mg of
crude venom was subjected to fractionation on a Jupiter C18 column (250 x 4.6 mm, 5 pum, 300
A pore size) as described previously (Smith and Mackessy 2016). One-minute fractions were
collected, frozen, and lyophilized for analysis by SDS-PAGE and MALDI-TOF mass
spectrometry. Samples were resuspended in 10 pL MilliQ-filtered H>O; 5 pL was added to 5 pL
2X LDS/DTT buffer and electrophoresed on 12% acrylamide NuPage gels (Smith and Mackessy
2016); 20 pug of crude venom (7. s. parietalis and T. e. vagrans) were also analyzed. Bands were
assigned to major protein families based on mass, comparison with transcriptomic data, and
previously published data. Samples for MALDI (1 pL) were mixed with 1 pL sinapinic acid (10
mg/mL in 50% acetonitrile, 0.1% TFA) and spotted onto MALDI target plates. Samples were
analysed on a Bruker Microflex LRF MALDI-TOF mass spectrometer operated in linear mode
(Smith and Mackessy 2016).
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2. SUPPLEMENTARY RESULTS

2.1 Location of SCNA Genes

Although the genome has not yet been assembled into chromosomes, evidence suggests that
patterns of synteny observed in other species (Zakon, et al. 2010) are conserved in 7. sirtalis.
Scaffold 360 contains the paralogs SCN94 (forward strand), SCN1A4 (forward strand), and
SCN2A (reverse strand) in that order, with the genes T7C21B, GALNT3, and CSRNP3 located
between SCNI/A and SCN2A as in other species. Sequence from a fourth paralog that typically
occurs adjacent to these three, SCN34, was found across two different scaffolds with multiple
assembly gaps. Another group of typically syntenic paralogs, SCN11A4, SCN10A, and SCN5A,
were found in their predicted order on scaffold 243. However, the second half of SCN54 was
placed on a separate scaffold. As predicted, SCN44 and SCN8A were not found on scaffolds with
other paralogs. We describe our annotations of each of the genes in turn below, comparing the

sequences found in the current assembly to previous results.

The coding sequence of SCN14 was found beginning at position 367,500 of the forward strand
of scaffold 360 and was annotated by Gnomon as gene LOC106541394. The coding sequence
was identical to that previously described (McGlothlin, et al. 2014) except for 2 bp in exon Sa, 2
bp in exon 9, 1 bp in exon 24, and 2 bp in exon 26. The discrepancies in exon 9 led to amino
acids differences and appear to represent a sequencing error in the previous study, as this
segment of exon 9 was not found in the BAC library and was derived from cDNA. In addition,
one of the differences in exon 5a led to an amino acid difference, which may represent a

segregating polymorphism. The other nucleotide differences were synonymous.

The coding sequence of SCN24 was found beginning at position 141,945 of the reverse strand of
scaffold 360 and was annotated by Gnomon as gene LOC106541399. The coding sequence was
identical to that previously described except for a 34 bp assembly gap in exon 9, a large
assembly gap that affects 29 bp of exon 14 and all of exon 15 (357 bp, including the DII P-loop),
one nonsynonymous difference in exon 19, and 8 bp (2 nonsynonymous, 6 synonymous). As

above, the differences in exons 19 and 26 likely represent sequencing errors in the previous
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study. One of these differences affected the predicted amino acid sequence of the DIV P-loop
(NFETFGNMLCLFQITTSAGWDGLL), but did not occur at a site known to influence TTX
binding (Feldman, et al. 2012). The previous study was also unable to sequence the last 274 bp
of SCN2A4, which are found in the genome.

Exons 1-3 and 15-26 of SCN34 were found beginning at position 57,110 on the reverse strand of
scaffold 1732 and were annotated by Gnomon as gene LOC106551485. A large assembly gap
occurred after exon 3. Exons 6-13 were found beginning at position 69,150 on the reverse strand
of scaffold 2787 and were annotated by Gnomon as part of gene LOC106554673. Exons 4, 5a,
5b, and 14 could not be located in the genome assembly. Within the exons that were present,
coding sequence was identical to that found in the previous study except for a 1 bp
(nonsynonymous) difference in exon 11. In addition, a large assembly gap was located with exon

26, causing 456 bp (including the DIV P-loop) to be missing from the genome assembly.

The complete coding sequence of SCN4A was found, but was spread across three scaffolds:
exons 1-13 were annotated as gene LOC106557226 beginning at position 1,122,874 of the
reverse strand of scaffold 101, exons 14-25 were annotated as part of gene LOC106551420
beginning at position 137,946 of the forward strand of scaffold 1719, and exon 26 was annotated
as gene LOC106554426 beginning at position 583 on the forward strand of scaffold 583. The

coding sequence was identical to that described in the previous study.

The first 16 exons of SCN5A4 were found in scaffold 243, with the coding sequence of exon 1
beginning at position 711,957 of the reverse strand. A large (63,130 bp) fragment located from
positions 243,186 to 306,315 on the forward strand of scaffold 243 represented an apparent
assembly error. This fragment contained SCN54 exons 5-8 beginning at position 250,855 on the
positive strand and is located between two large assembly gaps. Our annotation of SCN5A4
corrects this apparent error by reversing this segment. Exons 5-8 were automatically annotated
by Gnomon as part of gene LOC106539742, which also contained 4 other misidentified exons.
Exons 1-4 and 9-16 were not annotated by Gnomon. Exons 17-26 are found on the forward
strand of scaffold 774 beginning at position 107,110 and were annotated by Gnomon as part of

gene LOC106545622.

The complete coding sequence of SCNSA was found beginning at position 323,784 of the
forward strand of scaffold 893 and correctly annotated by Gnomon as SCN8A. There were four
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synonymous differences when compared to the sequence from the previous study, one each in

exons 8, 14, 16, and 25.

Most of the coding sequence of SCN94 was found beginning at position 226,516 of the forward
strand of scaffold 360 and annotated by Gnomon as gene LOC106541401. Exons 17-19 were
missing due to an assembly gap; however, exon 18 was placed within exon 26 in an apparent
assembly error. As a consequence, exon 26 was split into two parts including a large gap, and
161 bp were missing, including the DIV P-loop. The rest of the coding sequence was identical to

that from the previous study.

Most of the coding sequence of SCN10A4 was found beginning at position 519,213 of the reverse
strand of scaffold 243. Many assembly gaps were present, and exons 5, 10, and 14 were missing.
Exon 4 was found out of place before exon 2, representing an apparent assembly error. Much of

this gene was annotated by Gnomon as gene LOC106539743.

Some of the coding sequence of SCN114 was found beginning at position 396,886 of the reverse
strand of scaffold 243, although exons 7, 10-12, and 21-23 (DIII P-loop) were missing due to
large assembly gaps. Exons 17 and 18 and a fragment of exon 9 were located out of place and are
reinstated to their proper place in our annotation. Some of this gene was annotated by Gnomon
as gene LOC106539744. We located exons 22-23 beginning at position 33,473 of the positive
strand of scaffold 674.
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3. SUPPLEMENTARY TABLES

Supplementary Table S1. Characterization of the number and length of genes, introns, and

exons in the human, garter snake, anole, and chicken genomes.

Human Garter snake Anole Chicken
Number of genes 21,407 20,186 18,595 18,346
Mean gene length (bp) 62,634.77 24,532.96  35,331.78  24,354.34
Median gene length (bp) 23,247.50 13,384 16,110 8,287
Number of exons 1,199,851 235,641 206,290 323,585
Mean number exons per gene 8.85 9.03 9.94 10.092
Median number exons per gene 6 7 7 8
Mean exon length (bp) 249.22 280.12 260.3 211.62
Median exon length (bp) 128 133 128 128
Number of introns 748,295 202,369 171,351 275,075
Mean number introns per gene 7.85 8.03 8.94 9.092
Median number introns per gene 5 6 6 7
Mean intron length (bp) 6,449.16 3,553 3,675 2,695.47

Median intron length (bp) 1,638 1,439 1,351 777
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Supplementary Table S2. List of species included in ortholog clustering and analyses of

positive selection.

Species Common name Order
Ornithorhynchus anatinus Platypus Monotreme
Monodelphis domestica Opossum Marsupial
Bos taurus Cow Artiodactyl
Canis lupus familiaris Dog Carnivore
Mus musculus Mouse Rodent
Otolemur garnettii Bushbaby Primate
Pongo abelii Orangutan Primate
Homo sapien Human Primate
Pan troglodytes Chimp Primate
Chrysemys picta Painted Turtle Turtle
Pelodiscus sinensis Chinese Softshell Turtle Turtle
Alligator mississippiensis Alligator Crocodile
Anas platyrhynchos Duck Bird
Gallus gallus Chicken Bird
Meleagris gallopavo Turkey Bird
Ficedula albicollis Collared Flycatcher Bird
Taeniopygia guttata Zebra Finch Bird

Pogona vitticeps
Anolis carolinensis
Ophisaurus gracilis
Python vivittatus
Ophiophagus hannah
Agkistrodon piscivorus
Lamprophis fuliginosus
Thamnophis couchii
'Thamnophis elegans
Thamnophis sirtalis

Bearded Dragon

Green Anole

Glass Lizard

Python

Cobra

Cottonmouth

African House Snake

W. Aquatic Garter Snake
W. Terrestrial Garter Snake
Common Garter Snake

Squamate (Iguania)
Squamate (Iguania)
Squamate (Anguimorph)
Squamate (Snake)
Squamate (Snake)
Squamate (Snake)
Squamate (Snake, Colubrid
Squamate (Snake, Colubrid
Squamate (Snake, Colubrid
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Supplementary Table S3. Genes with evidence of positive selection with the branch leading to colubrids, Thamnophis, and
Thamnophis sirtalis placed in the foreground in codeml in PAML. See Supplementary File 2 for additional information on these

orthologs and tests.

Colubrids EMC7 ER membrane protein complex subunit 7 19.40887 0.004896
WNT9A Wnt family member 9A 46.897616 4.34E-09
PICK1 protein interacting with PRKCA 1 49.796718 1.32E-09
STK40 serine/threonine kinase 40 104.224818 2.10E-21
Thamnophis RBPMS RNA binding protein with multiple splicing 13.577426 0.048282
DYHC1 dynein cytoplasmic 1 heavy chain 1 14.79828 0.027758
GBF1 golgi brefeldin A resistant guanine nucleotide exchange factor 1 14.978168 0.027758
TBCD tubulin folding cofactor D 16.97549 0.010981
URB2 NA 17.813104 0.008077
RPAB3 RNA polymerase Il subunit H 25.046968 0.000216
SULF2 sulfatase 2 34.134766 2.39E-06
EXT2 exostosin glycosyltransferase 2 99.703774 1.03E-20
K1161 myogenesis regulating glycosidase (putative) 105.038932 9.26E-22
P5CS aldehyde dehydrogenase 18 family member Al 137.724304 9.71E-29
T. sirtalis MLTK mitogen-activated protein kinase kinase kinase 20 14.599276 0.034276
Al6L1 autophagy related 16 like 1 22.55583 0.000592
TMCO4 transmembrane and coiled-coil domains 4 28.889262 2.54E-05
ANOS5 anoctamin 5 32.078458 5.73E-06
PCSK7 proprotein convertase subtilisin/kexin type 7 33.467668 3.36E-06
PR40A pre-mRNA processing factor 40 homolog A 39.019608 2.43E-07
PK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta 62.293054 2.29E-12

MED24 mediator complex subunit 24 65.653098 6.24E-13
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Supplementary Table S4. Table showing the prior calibration settings for the 9 interior nodes
used for divergence dating and four-fold degenerate substitution rate estimation. The mean and
standard deviations were designed using the estimates and confidence intervals available on the

TimeTree database (Kumar, et al. 2017).

Clade Cllower Clupper Distribution Mean Sigma
Human-Chimp 6.23 7.07 Normal 6.4 1
Cobra-Thamnophis 44 59 Normal 51 4
Human-Chimp-Mouse 85 94 Normal 88 2
Pogona-Anole 138 177 Normal 148 6
Root 297 326 Normal 321.3 4
Snakes 72 92 Normal 86 5
Squamates 155 179 Normal 158 4
Pogona-Anole-GlassLizard 152 178 Normal 157 4
Cobra-CottonMouth-Thamno 49 74 Normal 62 5
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Supplementary Table S5. PCR primers that amplify W alleles for six Thamnophis sirtalis genes. Primers are written 5’ to 3°.
Primer PCR
Gene Z scaffold W scaffold Forward primer sequence Reverse primer sequence size  annealling
names o
(bp)  temp (°C)
COMMD-W-
COMMD3 NW_013657999 NW_013658453 F/R GCTGCTCTCCATTTCCCTGT TTAAGGGGCAGACGTTCTCG 434 56
CTNNB1-W-
CTNNB1 NW_013659367 NW_013658577 F2/R2 ACTGTGTTTTAAAAACATCCCAGA CTCAAAGCAAGGCCAATYCC 309 52
WDR48-W-
WDR48 NW_013657923 NW_013658244 F/R TCCAGATGTGAGGAAGGGGT CCTCCAGCCTCCCCAAAAAT 266 57
WAC NW_013657751 NW_013657718 WAC-W-F/R GTGAACCTATGGCATGCGTG GCACACAAGGTTGCAGTCAG 394 56
LSM12 NW_013661471 NW_102658438 LSM::;:SW i GTTGGTGGTGTGAATTCGCC GGGCGTACCACACCCATTAT 499 56
MSL1 NW_013657752 NW_013658736 MSL1- ACAGCAGGGTTTCAAAGGCT TCAAAAGGACCTGTGTGCCA 339 56

WF2/WR2
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Supplementary Table S6. Number of annotated olfactory receptors in each genome.

Species Intact Pseudogenes Partial
Green anole* 108 33 1
Bearded dragon 180 65 43
Boa constrictor 441 137 242
Burmese python* 481 319 598
King cobra 368 189 46
Garter snake 306 130 54

* Annotations from Vandewege et al. (2016)
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Supplementary Table S7: Amino acid sequences of P-loops in Na,1.5, Na, 1.8, and Na,1.9 across sampled taxa. TTX-resistance
substitutions are color-coded by their predicted resistance, with warmer colors signifying higher TTX resistance. (Green = 2-10%;
yellow = 10-100%; orange = 100-1000%; red => 1000%. See references for experimentally verified substitutions; the predicted
contributions of untested substitutions are based on the effects of other tested substitutions at the same sites). Protein names are
similarly color-coded, with warmer colors representing channels with higher predicted TTX resistance.

Xenopus

Homo Na,1.5
Chrysemys Na,1.5
Gallus Na,1.5
Anolis Na,1.5
Ophisaurus Na,1.5
Boa Na,1.5

Python Na,1.5
Cobra Na,1.5
Thamnophis Na,1.5

Homo Na,1.8
Chrysemys Na,1.8
Gallus Na,1.8

Ophisaurus Na,1.8
Boa Na,1.8
Python Na,1.8
Cobra Na,1.8

Homo Na,1.9
Chrysemys Na,1.9
Gallus Na,1.9
Anolis Na,1.9
Ophisaurus Na,1.9
Boa Na,1.9

Python Na,1.9
Cobra Na,1.9
Thamnophis Na,1.9

SFDTFGWAFLSLFRLMTQDYWENL

SFDSFAWAFLALFRLMTQDCWERL
SFDTFGWAFLSLFRLMTQDCWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDSFGWAFLSLFRLMTQDCWERL
SFDTFGWAFLSLFRLMTQDCWERL
SFDTFGWAFLSLFRLMTQDCWERL
SFDTFGWAFLSLFRLMTQDCWERL
SFDTFGWAFLSLFRLMTQDCWERL

SFDSFAWAFLSLFRLMTQDSWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDNWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDYWERL
SFDTFGWAFLSLFRLMTQDYWERL

NFDNFGWSFLAMFRLMTQDSWEKL
SFDHFGWAFLSVFRLMTQDNWERL
SFDHFGWAFLSLFRLMTQDSWERL
):0:0:0:9:9:0:9:0:0:0:0:0.9.9.9.9.9:9:9:0:0.0:0:¢
SFDHFGWAFLSLFRLMTQDSWERL
SFDHLGWAFLSLFRLMTQDSWERL
SFDHLGWAFLSLFRLMTQDSWECL
SFDHLGWAFLSLFRLMTQDSWEGL
SFDHLGWAFLSLFRLMTQDSWERL

WHMHDFFHSFLIVFRVLCGEWIETMWDCME

WHMMDFFHAFLIIFRILCGEWIETMWDCME
WHMNDFFHSFLIIFRILCGEWIETMWDCME
WHMNDFFHSFLIIFRILCGEWIETMWDCME
WHMKDFFHSFLIIFRILCGEWIETMWDCMR
WHMHDFFHSFLIIFRILCGEWIETMWDCML
WHMKDFFHSFLIIFRILCGEWIETMWDCMK
WHMKDFFHSFLIIFRILCGEWIETMWDCMK
WHMKDFFHSFLIIFRILCGEWIETMWDCMK
WHMKDFFHSFLIIFRILCGEWIETMWDCMK

WHMHDFFHSFLIVFRILCGEWIENMWACME
WHEMDFFHSFLIIFRILCGEWIETMWGCMV
WHMMDFFHSFLVIFRILCGEWIETMWDCMV
WHMEDFFHSFLVIFRILCGEWIETMWGCMV
WHMQDFFHSFLIIFRILCGEWIETMWGCMV
WHMEDFFHSFLIIFRILCGEWIETMWQCMV
WHMEDFFHSFLIIFRILCGEWIETMWHCMV
WHMEDFFHSFLIIFRILCGEWIETMWHCMV
WHMEDFFHSFLIIFRILCGEWIETMWHCMV

WHMGDFWHSFLVVFRILCGEWIENMWECMQ
WHMIDFFHSFLIIFRILCGEWIETLWGCME
WHMKDFYHSFLVIFRILCGEWIETMWECME
WHMEDFFHSFLIIFRILCGEWIETMWGCME
WHMKDFLHSFLIIFRILCGEWIDTMMGCMQ
WHMKDFLHSFLIIFRILCGEWISTMWECME
WHMKDFLHSFLIIFRILCGEWISTMWECMQ
WHMKDFLHSFLIIFRILCGEWISTMWECMQ
WHMKDFLHSFLIIFRILCGEWISTMWECMQ

NEFDNVGAGYLALLQVATFKGWMDIMYA

NEFDNVGAGYLALLQVATFKGWMDIMYA
NEFDNVGAGYLALLQVATFKGWMDIMYA
NEFDNVGAGYLALLQVATFKGWMDIMYA
NEFDNVGAGYLALLQVATFKGWMEIMYA
NEFDNVGAGYLALLEVATFKGW EIMYA
NEFDNVGAGYLALLQVATFKGWMEIMYA
NEFDNVGAGYLALLQVATFKGWMQIMYA
NEFDNVGAGYLALLQVATFKGWMSIMYA
NEFDNVGAGYLALLQVATFKGWMSIMYA

NEFDNVAMGYLALLQVATFKGWMDIMYA
NEFDNVGSGYLALLQVATFKGWMDIMYA
NEFDNVGSGYLALLQVATFKGWMEIMYA
NEFDNVGSGYLSLLQVATFKGWMDIMYA
NEFDNVGSGYLALLQVATFKGWMDIMYA
NEFDNVGSGYLALLQVATFKGWMDIMYA
NEFDNVGLGYLALLQVATFKGWMDIMYA
NEFDNVGLGYLALLQVATFKGWMDIMYA
NEFDNVGLGYLALLQVATFKGW DIMYA

NEFDNVGNAYLALLQVATFKGWMDIIYA
TFDHVGMGYLALLQVATFKGWMDIMYA
NFDHVGMGYLALLQVATFKGWMDIMYA
NEFDNIMKGYLALLQVATFKGWMEIMYA
NEFDNVWKGYLALLQVATFKGWMQIMYA
NFDHVGKGYLALLQVATFKGWLDIMYA
NFDHVGIGYLALLQVATFKGW DIMYA
NFDHVGNGYLALLQVATFKGWMDIMYA
XXXXXXXKXXXXXXXXATFKGWMDIMYA

NFTFGNSMICLFQITTSAGWDGLL

NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFQITTSAGW! AL
NFETFANSMLCLFQITTSAGWDGL
NFETFANSMLCLFQITTSAGWDGL
NFETFANSMLCLFQITTSAGWDGL

NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFQITTSAGWDGL
NFQTFANSMLCLFEITTSAGWDGL
NFKTFGNSMLCLFQITTSAGWAEL
NFETFGNSMLCLFEITTSAGWDGL
NFETFGNSMLCLFQITTSAGWDGL
NFETFGNSMLCLFQITTSAGWDGL
NFETFGNSMLCLFQITTSAGWDGL
NFETFGNSMLCLFQITTSAGWDGL

NFKTFASSMLCLFQISTSAGWD:L
NFQTFGGSMLCLFQITTSAGWDGL
NFQTFDSSILCLFQITTSAGWD
NFQTFGGSMLCLFEITTSAGW
NFQTFGSSMLCLFQITTSAGWD
NFQTFGNSMLCLFQIMTSAGW
NFQTFGNSMLCLFQITTSAGW
NFQTFGNSMLCLFQITTSAGWD
NFQTFGNSMLCLFQVTTSAGWD

ol e e e e 5 I

References: (Backx, et al. 1992; Choudhary, et al. 2003; Geffeney, et al. 2005; Jost, et al. 2008; Leffler, et al. 2005; Penzotti, et al.
1998; Terlau, et al. 1991)
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genome and 5 other squamate reptile genomes.
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Figure S3. Species-specific microRNA precursor structure. (a) tsi-miR-novell, (b) tsi-miR-
novel2, (c) tsi-miR-novel3, (d) tsi-miR-novel4-1 and tsi-miR-novel4-2, (e) tsi-miR-novel5, (f) tsi-
miR-novel6, (g) tsi-miR-novel7, (h) tsi-miR-novel8, (1) tsi-miR-novel9, (j) tsi-miR-novell0, (k)
tsi-miR-novell 1, and (1) tsi-miR-novell2-1 and tsi-miR-novell2-2.
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Figure S6. The cysteine-rich secretory protein (CRISP) gene family. The venom clade is

25

indicated with a red arrow, and Thamnophis sirtalis venom gene orthologs are indicated with red

dotted lines.
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Figure S7. The cystatin gene family. The venom clade is indicated with a red arrow, and

Thamnophis sirtalis venom gene orthologs are indicated with red dotted lines.



Garter Snake Genome Supplementary Information 27

— Danio_rerio_123703072

Anolis_carolinensis_327265744
—':C‘ Ophiophagus_hannah_03
Thamnophis_sirtalis_106550552_GenelD_HYAL1
[ Anolis_carolinensis_327265740
! [ Ophiophagus_hannah_02
Thamnophis_sirtalis_106550543_GenelD_HYAL3
 — Anolis_carolinensis_327265868
i K Ophiophagus_hannah_05
Python_bivitattus_04
I Salmo_salar_209148015
! 1 I Xenopus_tropicalis_187607883
1 Gallus_gallus_118112382
1 Anolis_carolinensis_327265746
1 Python_bivittatus_02
Ophiophagus_hannah_04
Thamnophis_sirtalis_106550551_GenelD_HYAL2

Anolis_carolinensis_327273198
_EL_‘ Ophiophagus_hannah_s1163_1
Python_bivitattus_03
Monodelphis_domestica_126340736
1 Equus_caballus_149705827
Oryctolagus_cuniculus_291391182
Rattus_norvegicus_213688328
Callithrix_jacchus_296210740
: Pongo_abelii_297681389
Homo_sapiens_85396870
Pan_troglodytes_332868495
Xenopus_tropicalis_148234653
Gallus_gallus_118082225
— oss—L Taeniopygia_guttata_224093516
Anolis_carolinensis_327273200
Anolis_carolinensis_327273202
Python_bivittatus_01
Ophiophagus_hannah_s1163_2
Thamnophis_sirtalis_106554387_GenelD_LOC106554387
Bothrops_neuwiedi_224579038
Bitis_arietans_113203680
Echis_ocellatus_113203666
Echis_carinatus_113203692
Cerastes_cerastes_113203668
Cerastes_cerastes_113203672
Echis_pyramidum_113203674

0.99

Figure S8. The hyaluronidase gene family. The venom clade is indicated with a red arrow, and

Thamnophis sirtalis venom gene orthologs are indicated with red dotted lines.
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Figure S9. The L-amino acid oxidase (LAAQO) gene family. The venom clade is indicated with a

red arrow, and Thamnophis sirtalis venom gene orthologs are indicated with red dotted lines.
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Figure S10. The phospholipase A, (PLA;) gene family. The venom clades are indicated with a

red arrow, and Thamnophis sirtalis venom gene orthologs are indicated with red dotted lines.
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Figure S11. The snake venom serine protease (SVSP) gene family. The venom clade is indicated
with a red arrow, and Thamnophis sirtalis venom gene orthologs are indicated with red dotted

lines.
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Figure S12. The snake venom metalloproteinase (SVMP) gene family. The venom clade is
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indicated with a red arrow, and Thamnophis sirtalis venom gene orthologs are indicated with red

dotted lines.
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Figure S13. Total number of cystatin, CRISP, and SVMP toxin family genes identified in the
genomes of the garter snake (Thamnophis sirtalis), two front-fanged venomous snakes, the five-
pace viper (Deinagistrodon acutus) and king cobra (Ophiophagus hannah), two nonvenomous
snakes, the Burmese python (Python molurus) and Boa constrictor, and one nonvenomous lizard,
the green anole (4nolis carolinensis). Red bars indicate the number of genes in the garter snake
genome that clustered with known snake venom toxins in phylogenetic reconstructions,
indicative of a role in venom. Numbers for all species other than the garter snake are derived

from (Yin, et al. 2016).
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Figure S14. A) RP-HPLC fractionation of 1.0 mg Thamnophis sirtalis parietalis (Oregon - EB)
on a Jupiter C18 column. 1.0 mL/min — 18 Jan 2016. Note that CriSP and SVMP P-III
metalloproteinases dominate. B) adjusted Y-axis. Inset is a 12% acrylamide NuPAGE SDS-

PAGE gel of major fractions, indicating major protein families represented.
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Figure S15. MALDI-TOF mass spectrum of RP-HPLC fraction 40 - LAAO monomer —
59,258.9 Da. 0.76% of total protein.
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