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Variation in gene regulation is ubiquitous, yet identifying the
mechanisms producing such variation, especially for complex
traits, is challenging. Snake venoms provide a model system
for studying the phenotypic impacts of regulatory variation in
complex traits because of their genetic tractability. Here, we
sequence the genome of the Tiger Rattlesnake, which possesses
the simplest and most toxic venom of any rattlesnake species,
to determine whether the simple venom phenotype is the result
of a simple genotype through gene loss or a complex genotype
mediated through regulatory mechanisms. We generate the most
contiguous snake-genome assembly to date and use this genome
to show that gene loss, chromatin accessibility, and methyla-
tion levels all contribute to the production of the simplest, most
toxic rattlesnake venom. We provide the most complete charac-
terization of the venom gene-regulatory network to date and
identify key mechanisms mediating phenotypic variation across
a polygenic regulatory network.
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Ithough nearly every cell within a eukaryotic organism pos-

sesses the same genome, variation in gene regulation allows
this single genome to produce different types of cells with unique
functions (1). Divergence in gene regulation is pervasive at
the cellular, organismal, population, and species levels and can
affect phenotypic divergence (2-4). Discerning the phenotypic
impacts of regulatory variation, however, requires understanding
how this variation transmits through gene-regulatory networks to
affect particular traits (5). Although several examples of adaptive
expression variation in natural populations exist for traits with
relatively simple genetic bases (i.e., one to several genes; refs.
6 and 7), most traits are complex products of poorly character-
ized developmental pathways involving many loci (8). As a result,
linking regulatory change to phenotypic divergence in polygenic,
complex traits remains a challenge.

Snake venoms have emerged as a system for studying the
adaptive impacts and phenotypic consequences of regulatory
variation in polygenic traits because of their genetic tractability
(9, 10), contributions to fitness (11, 12), and high evolutionary
rates (13, 14). Snake venoms comprise 5 to 25 toxin-gene families
that show extreme levels of expression divergence among toxin
genes at all phylogenetic scales (15-17). Because venoms are
secretions, no complicating developmental processes are inter-
posed between the expressed genes and their final product (10),
allowing variation in toxin expression to directly alter the venom
phenotype in a tractable manner; differences in toxin expres-
sion have been shown to be correlated with differences in venom
function and toxicity (18-20).

The largest axis of phenotypic variation in rattlesnake ven-
oms is associated with differences in neurotoxic activities across
individuals (18) known as the A-B dichotomy (21). Here, sim-
ple type A venoms have high neurotoxicity resulting from
potent phospholipase A> (PLA2) neurotoxins and low levels
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of tissue-damaging snake-venom metalloproteinases (SVMPs).
More complex type B venoms, on the other hand, lack neu-
rotoxic PLAss (but possess other paralogs) and express high
levels of SVMPs. The A-B dichotomy has been documented
both within (14) and between species (18) and is summarized
in Fig. 14. Recent work in rattlesnake venoms showed that gene
presence—absence explained some, but not all, of this variation,
and variation within venom types was also present (Fig. 14; refs.
22 and 23). Among rattlesnakes, the Tiger Rattlesnake (Crotalus
tigris) possesses the simplest, but most toxic, venom of any species
(venom complexity [VC] estimates are shown in Fig. 14; SI
Appendix, Table S1). Calvete et al. (24) found that four toxic pro-
teins comprised ~93% of the C. tigris venom proteome, whereas
most viper venoms analyzed by similar techniques possessed tens
to hundreds of toxic proteins. Whether this phenotypic simplicity
is the result of a simple genotype through gene loss or a com-
plex genotype mediated through gene-regulatory mechanisms,
however, is unclear.
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Fig. 1. A complex genetic architecture underlies the simple venom phenotype of the Tiger Rattlesnake. (A) Comparative proteomics shows the simplicity of
the Tiger Rattlesnake (C. tigris) venom phenotype. RP-HPLC of whole venoms for eight individuals across six species of rattlesnake. Chromatographic peaks
represent a particular toxic protein or set of proteins. Estimates of VC, our proxy for phenotypic complexity, are shown next to each venom profile, and
the Tiger Rattlesnake (VC = 5.15) possessed a significantly simpler venom than all other rattlesnakes shown here (see S/ Appendix, Table S1 for details). For
species polymorphic for the A-B venom dichotomy, where type A venoms are simple and neurotoxic and type B venoms are complex and hemotoxic, venom
type is listed next to species name. C. tigris possesses a type A venom, whereas Crotalus adamanteus, C. atrox, and C. viridis possess type B venoms. See S/
Appendix, Fig. S4 for transcriptome—-proteome relationship in C. tigris. (B) Circos plot of the RaGOO assembly displaying gene density, repeat content, GC
content, proportion of methylated cytosines in the venom gland, and chromatin accessibility in the venom gland across 100-kb windows at chromosome
scale. Venom toxins that were reliably mapped to chromosome scaffolds are shown as colored vertical lines and labeled accordingly. CRISP, cysteine-rich
secretory protein; HYAL, hyaluronidase; KUN, Kunitz-type toxin; LAAO, L-amino acid oxidase; MYO, myotoxin; NGF, nerve growth factor; NUC, nucleotidase;
PDE, phosphodiesterase; PLB, phospholipase B; VEGF, vascular endothelial growth factor; VF, venom factor. Snake image credits: M.P.H. and Travis Fisher

(photographer).

To characterize the genetic architecture underlying the sim-
plest rattlesnake venom, we sequenced and assembled the Tiger
Rattlesnake genome. We then used this genome, along with
RNA-sequencing (RNA-seq), Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq), and whole-genome
bisulfite sequencing (WGBS), to determine whether 1) the sim-
plest venom phenotype was matched by a simple genetic archi-
tecture or 2) molecular and evolutionary mechanisms mediated
the production of a simple phenotype from a more complex
genotype. Here, an approximate one-to-one mapping of geno-
type to phenotype (i.e., venom gene to venom protein) would
represent a simple genotype. A complex genotype would be char-
acterized by a many-to-one mapping of genotype to phenotype,
where many functional, but silenced, venom genes would be
present in the genome, consistent with definitions from other
systems (reviewed in ref. 25). We found evidence that gene
loss, chromatin accessibility, and methylation levels all con-
tributed to the production of the simplest, most toxic rattlesnake
venom. Although deletion events reduced genomic complexity
in particular toxin-gene tandem arrays, other genomic regions
maintained complexity similar to other rattlesnakes with more
complex venom phenotypes. In these regions, chromatin acces-
sibility and methylation levels were significant predictors of
toxin-gene expression and, therefore, putatively enabled a com-
plex genetic architecture to produce a simple phenotype. Overall,
we provided the most complete genomic characterization of
the venom-gene regulatory network to date and identified key
mechanisms generating phenotypic variation across a polygenic
regulatory network.
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Results

De Novo Genome Assembly and Annotation. We sequenced the
Tiger Rattlesnake genome using PacBio (~ 33x coverage; N50
of 25.73 kb; SI Appendix, Fig. S1) and Illumina (~ 190x cover-
age; 150 paired-end [PE]) sequencing technologies. The hybrid
de novo assembly produced 4,228 scaffolds with a N50 scaf-
fold/contig length of 2.11 Mb. Although the final assembly was
1.61 Gb in size, similar to other venomous snake genome assem-
blies (26-29), the N50 contig length was order(s)-of-magnitude
larger in our assembly relative to other assemblies (Table 1). We
assessed the completeness of the assembly using the BUSCO
(version [v] 3) (30) vertebrata gene set (n =2, 586) and found
that the assembly was ~95.8% complete (93.9% single-copy,
1.9% duplicated, 2.0% fragmented, and 2.2% missing), similar to
other recent squamate genomes (e.g., Komodo Dragon 95.7%;
ref. 31).

We next used RaGOO (32) to scaffold our de novo assembly
to the Prairie Rattlesnake genome assembly (28). The scaf-
folded assembly reduced the total number of scaffolds from
4,228 to 380 (160 new scaffolds and 220 unassigned de novo
scaffolds) and increased the scaffold N50 from 2.11 to 207.72
MB (Table 1), producing a chromosomal-level assembly; all 18
chromosomes (7 macro-, 10 micro-, Z chromosome) identified
in the Prairie Rattlesnake genome assembly (28) were assem-
bled here (Fig. 1B). Genomic content in the Tiger Rattlesnake
genome was comparable to other recent snake genomes. For the
de novo assembly, CG content, repeat content, and gene density
were 39.9% (39.8% RaGOOQO assembly), 42.8% (44.0% RaGOO
assembly), and 1.17 genes per 100 kb (1.13 genes per 100 kb
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Table 1. Tiger Rattlesnake genome assembly statistics and comparisons to other snake genome assemblies

Tiger Rattlesnake Prairie Rattlesnake Five-Pace Viper King Cobra Indian Cobra
Assembly size, Gb 1.61/1.59 1.34 1.47 1.66 1.79
Number of scaffolds 4,228/160 7,043 160,256 296,399 1,897
Scaffold N50, Mb 2.11/207.72 179.89 2.12 0.23 223.35
Number of contigs 4,228 166,667 17,322 816,633 13,066
Contig N50, Mb 2.110 0.015 0.220 0.004 0.300
GC content, % 39.9/39.8 —_ — 40.6 40.5
Protein-coding genes 18,240 17,352 21,194 18,506 23,248
Putative venom protein-coding genes 51 92 262 232 139

For the Tiger Rattlesnake, de novo assembly statistics are shown on the left, and RaGOO assembly statistics are shown on the right
(where appropriate). The 160 RaGOO scaffolds do not include the 220 scaffolds assigned to chromosome 0 (160 RaGOO scaffolds and 220

unassigned de novo scaffolds in chromosome 0; 380 scaffolds total).

RaGOO assembly), respectively. We performed RNA-seq on
25 tissues from the genome individual (SI Appendix, Fig. S2
and Table S2) and used MAKER (33), FGENESH+ (34), and
manual assessment to annotate 18,240 protein-coding genes, 51
of which were homologous to putative toxins from other ven-
omous snake species. To determine the chromosomal location
of the 51 putative toxin genes in the Tiger Rattlesnake genome,
we analyzed the mapping results of the scaffolded assembly
and compared the locations of Tiger Rattlesnake toxin genes
to the locations of orthologous toxin genes in the Prairie Rat-
tlesnake (Fig. 1B; Dataset S1). Most major toxin-gene families
(e.g., PLA and SVMP) shared similar chromosomal locations
in the Tiger and Prairie Rattlesnake (28) genomes, although
other toxin-gene families (e.g., C-type lectins [CTLs] and vas-
cular endothelial growth factor [VEGF]) mapped to different
chromosomal locations (Fig. 1B; Dataset S1).

The Genetic Basis of the Simplest Venom. We identified signifi-
cantly fewer toxin genes in the Tiger Rattlesnake genome (n =
51) than found in the Prairie Rattlesnake genome (n = 92; x* =
11.76,df =1, P < 0.001) and other venomous snake species
(Table 1), indicating that gene loss likely played a role in the
production of the simplest rattlesnake venom. Not all of these
genes, however, were likely to be expressed and directly con-
tribute to the venom phenotype. We next used RNA-seq to
determine which of these 51 genes were actively expressed in
the venom gland of the Tiger Rattlesnake. We identified 20
toxin genes that were highly expressed (transcripts per million
[TPM] >1,000 [1k]) in both venom glands of the genome individ-
ual and an additional six toxin genes with TPM > 500, suggesting
that approximately half of the putative toxin genes identified
in the genome were appreciably expressed in the venom-gland
transcriptome; results were largely consistent across seven indi-
viduals (SI Appendix, Fig. S3 and Dataset S1). Fifteen toxins were
confirmed by quantitative mass spectrometry to be present in the
venom of the genome animal (SI Appendix, Fig. S4), although
proteomic detection thresholds likely precluded the detection of
other toxins (10). Overall, we confirmed that 15 to 26 of the 51
identified putative toxin genes contributed to the venom pheno-
type and, therefore, that 25 to 36 of the identified putative toxin
genes did not.

Gene Loss Contributes to the Evolution of Simple Venoms. To iden-
tify specific toxin-gene losses in the Tiger Rattlesnake, we com-
pared the Tiger Rattlesnake genome to several other rattlesnake
species using the Prairie Rattlesnake genome (28) as well as the
data of Dowell et al. (22, 23); Dowell and colleagues used bac-
terial artificial chromosome cloning to investigate the genetic
architecture of the PLA, and SVMP toxin-gene families across
several species and venom types. We found large deletions on
both microchromosome 7 (PLAss) and microchromosome 1
(SVMPs) in the Tiger Rattlesnake genome (Fig. 2).
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On microchromosome 7, we found an 11-kb deletion in the
Tiger Rattlesnake genome that resulted in the deletion of three
PLA; venom genes: PLA>-CI, PLA3-A1, and PLA-D (Fig. 2).
At least two of these three genes have been found in all other
rattlesnakes examined to date, suggesting that this deletion
event was unique to the Tiger Rattlesnake (although other dele-
tion events in this region were found in other species; e.g.,
PLA,-K; Fig. 2). The mean number of functional PLA> venom
genes across all species in this region was four (range three
to seven), although no single paralog was shared across all
species, reflecting the dynamic evolutionary history of this
genomic region (22). The Tiger Rattlesnake possessed three
PLA;, venom genes: the basic (PLA2-B2-MTXB) and acidic
(PLA2-A2-MTXA) subunits of the defining neurotoxin of type
A venoms (18, 21) and PLA,-C2, which was not expressed.
Although we found less than average genomic complexity and
a large deletion event in the Tiger Rattlesnake genome, PLA;
complexity was not different in the Tiger Rattlesnake relative to
other rattlesnake species with much more complex venoms (e.g.,
Crotalus horridus type B).

On microchromosome 1, we found a large deletion event
(~340 kb) in the Tiger Rattlesnake genome that resulted in the
deletion of 10 SVMP genes. Unlike microchromosome 7, how-
ever, the deletion event on microchromosome 1 was shared with
the Mojave Rattlesnake (Crotalus scutulatus) with type A ven-
oms (Fig. 2); more recent work (not included in Fig. 2) identified
30 SVMP paralogs in the Western Diamondback Rattlesnake
(Crotalus atrox) genome (35). Including these data, the mean
number of functional SVMP venom genes across all rattlesnake
species investigated to date was 13 (range 4 to 30). The Tiger
Rattlesnake possessed five SVMP venom genes, but only two of
these genes, SVMP-234 and SVMP-244, were expressed. Despite
gene deletions playing a larger role in the SVMP genomic region
of the Tiger Rattlesnake genome relative to the PLA> genomic
region, gene loss alone could not completely explain the pro-
duction of the simplest venom phenotype. We found similar
deletion events on both microchromosomes in species with more
complex phenotypes, as well as the retention of functional par-
alogs that were not expressed in the Tiger Rattlesnake genome
(e.g., PLA2-C2 and SVMP-233), indicating that regulatory mech-
anisms were also enabling the production of a simple phenotype
from a more complex genotype.

Methylation Levels Predict Toxin-Gene Expression. We performed
WGBS on three tissues, two venom glands (one milked at
4 d and indicated as “Active,” one milked at >30 d and
indicated as “Resting”) and the pancreas (control; Fig. 3; SI
Appendix, Table S3). We recovered high genome-wide CpG
methylation across all tissues (~77%), consistent with other
vertebrates (36, 37), and found decreased methylation near
transcription start sites (TSSs) for all annotated protein-coding
genes across all samples (SI Appendix, Fig. S5). Methylation
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Fig. 2. Gene losses in two major toxin-gene families partly facilitate the evolution of a simple venom phenotype in the Tiger Rattlesnake (C. tigris). Genomic
position for the PLA, (Upper) and SVMP (Lower) toxin tandem arrays across several rattlesnake species. Toxin genes are shown as black boxes, and toxin-
gene nomenclature is taken from Dowell et al. (22, 23). Flanking nontoxin genes (e.g., OTUD3) are shown as white boxes. The Tiger Rattlesnake genome
has large deletions in both toxin tandem arrays, although deletions do not completely explain the simplest venom phenotype; for example, five functional

SVMP genes are retained in the genome, but only two are expressed. Pll, type Il SVMP; PIlI, type Ill SVMP.

and expression levels were significantly negatively correlated
for all genes across all tissues (P < 0.001), as were toxin-
specific methylation and expression levels in the venom glands
(P =0.012; SI Appendix, Fig. S6). To determine if differences
in methylation predicted differences in gene expression across
venom glands and pancreas, we performed a linear regres-
sion and found significant negative correlations in toxin genes
(P =0.001) and differentially expressed nontoxin genes (P <
0.001), but not in similarly expressed nontoxins (P = 0.280;
Fig. 3B); these results indicated that toxin and nontoxin tran-
scripts that were differentially expressed across pancreas and
venom glands exhibited significant, correlated changes in methy-
lation level, whereas nontoxin transcripts that were similarly
expressed across pancreas and venom glands were also similarly
methylated. Highly expressed toxin genes were demethylated in
the venom gland and heavily methylated in the pancreas (Fig. 3B;
SI Appendix, Fig. S6), as expected, suggesting that methyla-
tion played a role in venom-gene expression. Gene Ontology
(GO)-enrichment analysis of the differentially expressed non-
toxin genes (n=>54) showed that these genes were involved
with protein production, particularly the ribosomal machinery
of the venom-gland cells; roughly a third of the terms were
directly related to ribosomal activity/components (SI Appendix,

40f12 | PNAS
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Fig. S7). Given that these genes were differentially expressed
and differentially methylated across venom glands and pancreas
(Fig. 3B), methylation appeared to also play a role in regulat-
ing the nonvenom components associated with venom transla-
tion/secretion and, therefore, in the overall production of the
simple venom.

Chromatin Accessibility Predicts Toxin-Gene Expression. We per-
formed ATAC-seq on nine tissues, six venom glands (right and
left venom glands from three individuals) and three control tis-
sues (Harderian gland, labial gland, and pancreas; SI Appendix,
Table S4). We found increased chromatin accessibility near
TSS for all nontoxin genes across all control tissues with lit-
tle to no accessibility near toxin TSS (SI Appendix, Fig. S8).
In the venom glands, we found increased chromatin accessibil-
ity near toxin TSSs and transcription end sites (TESs) relative
to nontoxins in the venom gland; this pattern was even more
pronounced for the 20 most highly expressed toxins described
above. Highly expressed toxins exhibited much higher levels
of chromatin accessibility relative to lowly expressed toxins in
the venom glands, where low-expression toxin-gene accessibil-
ity was much more similar to nontoxin-gene accessibility (S/
Appendix, Figs. S8 and S9). Highly expressed toxin genes were
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Fig. 3. Methylation levels and chromatin accessibility jointly regulate gene expression in the venom glands of the Tiger Rattlesnake. (A) Distributions
of methylation levels for pancreas, active venom glands (VG), and resting VGs across venom-gland-specific chromatin-accessible regions (Open), high-
expression toxin-gene TSSs (High TPM Toxin TSS), all toxin-gene TSSs, low-expression (Low TPM) toxin-gene TSSs, entire toxin-genic regions including introns
(Toxin), all nontoxin-gene TSSs, entire nontoxin-genic regions including introns (Nontoxin), intergenic regions, and inaccessible chromatin regions (Closed).
TSS regions included 4500 bp around the estimated start site. High TPM toxins represent the 20 most highly expressed toxins (TPM > 1,000). Low TPM
toxins represent the 32 transcripts with TPM < 1,000. Nontoxin genes represent genes actively expressed in the VGs that do not produce toxic proteins.
Statistical significance was assessed by using t tests. Pie charts represent the proportion of 10,000 bootstrapped t tests that were significant (P < 0.05)
after subsampling; green represents significant tests, and gray represents nonsignificant tests. (B) Difference in methylation level for TSS (+500 bp) across
pancreas and VGs significantly predicts expression differences across the same tissues. Each point represents an individual transcript. Blue points represent
nontoxins that were significantly differentially expressed (DE) across VGs and pancreas (mean TPM > 300; Padj < 0.01). Black points represent nontoxins
that were not significantly DE across VGs and pancreas (mean TPM > 300; Padj > 0.1). Red points represent toxins. The y axis shows the difference in
expression between VGs and pancreas; positive values represent transcripts more highly expressed in the VGs, whereas negative values represent transcripts
more highly expressed in the pancreas. The x axis shows the difference in methylation level between VGs and pancreas; positive values represent transcripts
more highly methylated in the VGs, whereas negative values represent transcripts more highly methylated in the pancreas. Overall, transcripts that exhibit
DE across pancreas and VGs also exhibit differences in methylation levels; transcripts that are more highly expressed in the VGs have reduced methylation
levels in the VG and vice versa. (C and D) Chromatin accessibility and methylation level are significantly negatively correlated across the PLA; (C) and SVMP
(D) genomic regions. The y axis represents log-transformed ATAC-seq mean coverage estimates across 2-kb bins for all three VGs. The x axis represents mean
methylation percentage across 2-kb bins for both VGs sequenced.

also unique in having increased accessibility near TESs in the
venom gland; low-expression toxin genes and nontoxin genes did
not have accessible TESs in any tissue (SI Appendix, Figs. S8 and
S9). Overall, chromatin accessibility, similar to methylation, was
correlated with toxin-gene expression levels.

Chromatin Accessibility and Methylation Jointly Allow a Complex
Genotype to Produce a Simple Venom Phenotype. To assess the
relationship between chromatin accessibility and methylation,
as well as their potential joint role in co-regulating toxin-gene
expression, we compared the distributions of methylation lev-
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els for pancreas and both venom glands across the following
genomic regions: 1) venom-gland-specific chromatin-accessible
regions (Open; see Materials and Methods for details), 2) high-
expression toxin gene (High TPM Toxin) TSSs, 3) all toxin-gene
TSSs, 4) low-expression (Low TPM) toxin-gene TSSs, 5) entire
toxin-genic regions including introns (Toxin), 6) all nontoxin-
gene TSSs, 7) entire nontoxin-genic regions including introns
(Nontoxin), 8) intergenic regions, and 9) inaccessible chromatin
regions (Closed; Fig. 34; SI Appendix, Fig. S10). We found
significant reductions in venom-gland methylation levels rela-
tive to the pancreas for at least one comparison across the
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Fig. 4. Regulatory landscape for the PLA; toxin-gene family in the Tiger Rattlesnake. Chromatin accessibility and methylation levels regulate the expression
of PLA,; toxin genes with increased accessibility and reduced methylation near active genes (i.e., PLA;-B2 and -A2) and reduced accessibility and increased
methylation near silenced genes. Rows from top to bottom: right venom-gland (RVG) transcriptome, RVG ATAC-seq, left venom-gland (LVG) transcriptome,
LVG ATAC-seq, venom-gland specific ATAC-seq peaks identified by Genrich, venom-gland specific ATAC-seq peaks identified by MACS2, and methylation
percentage. RNA-seq y axes represent venom-gland expression levels scaled by the most highly expressed transcript in that genomic region. Red, blue,
and orange colors in the RNA-seq and ATAC-seq plots represent the three individuals sequenced, respectively; colors are overlaid, and not all may be
visible. Genrich-estimated signalValues represent the area under the peak; MACS2-estimated signalValues represent fold change in coverage at the peak
summit. For the methylation track, gray shading represents methylation levels in 2-kb bins in the pancreas (control), whereas red shading represents
methylation levels in 2-kb bins in the venom gland. Gene annotations are shown under tracks where appropriate; PLA;-B2, -C2, and -A2 are toxin genes. Max.,

maximum.

Open (P < 0.001; see right tails of distributions), High TPM
Toxin TSSs (0.001< P < 0.009), All Toxin TSSs (P =0.013),
and Toxin (0.011< P < 0.038) regions, indicating that chromatin
accessibility and methylation were significantly and negatively
correlated; both putatively contributed, in tandem, to the regu-
lation of toxin-gene expression in the Tiger Rattlesnake. Indeed,
chromatin accessibility and methylation level were significantly
negatively correlated across both the PLA» (Fig. 3C) and SVMP
(Fig. 3D) genomic regions (P < 0.001). Intergenic regions were
also significantly different (P < 0.001), although our bootstrap-
ping analysis showed less confidence in this result (Fig. 34; SI
Appendix, Fig S10). For nontoxin TSSs, methylation was signif-
icantly greater in the active venom gland relative to both the
pancreas and resting venom gland (P < 0.001). Low TPM Toxin
TSSs (0.440 < P < 0.910), Nontoxins (0.083 < P < 0.160), and
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Closed (0.120 < P < 0.950) regions were not significantly dif-
ferent in methylation level across pancreas and either venom
gland (Fig. 34), as expected. The significant result in High TPM
Toxin TSS regions and nonsignificant result in Low TPM Toxin
TSS regions showed that chromatin accessibility and methylation
were directly related to toxin-gene expression level (Fig. 34; ST
Appendix, Fig. S8).

We next investigated venom-gland-specific chromatin-
accessible regions (which represent putative venom-specific
promoters and enhancers; see Materials and Methods for details),
methylation levels, and expression levels for all genomic regions
containing toxin genes, regardless of expression level (Figs. 4
and 5; SI Appendix, Figs. S11-S29). For the PLA, region on
microchromosome 7, the Tiger Rattlesnake possessed three
PLA, venom genes: the basic (PLA2-B2-MTXB) and acidic
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Fig.5. Regulatory landscape for the SVMP toxin-gene family in the Tiger Rattlesnake. Chromatin accessibility and methylation levels regulate the expression
of SVMP toxin genes with increased accessibility and reduced methylation near active genes (i.e., SYMP-234 and SVMP-244) and reduced accessibility and
increased methylation near silenced genes. Rows from top to bottom: right venom-gland (RVG) transcriptome, RVG ATAC-seq, left venom-gland (LVG)
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Red, blue, and orange colors in the RNA-seq and ATAC-seq plots represent the three individuals sequenced, respectively; colors are overlaid, and not all
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244, and SVMP-2442 are toxin genes. Max., maximum.

(PLA2-A2-MTXA) neurotoxin subunits, which were the most
highly expressed toxin genes in the venom-gland transcriptome,
and PLA,-C2, which was not expressed (Fig. 2; SI Appendix,
Fig. S3). We found increased accessibility and reduced methyla-
tion near PLA>-B2-MTXB and PLA2-A2-MTXA and reduced
accessibility and increased methylation near PLA,-C2 (Fig. 4).
Venom-gland-specific chromatin-accessible regions were identi-
fied near the active genes, but not PLA»-C2, as expected, and
these results were largely consistent across all toxin genes (S
Appendix, Figs. S11-29).

For the SVMP region on microchromosome 1, the Tiger Rat-
tlesnake possessed five SVMP venom genes: SVMP-232, SVMP-
233, SVMP-234, SVMP-244, and SVMP-2442; only SVMP-234
and SVMP-244 were expressed (Fig. 2; SI Appendix, Fig. S3).
We again found increased accessibility and reduced methylation
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near the two expressed paralogs and reduced accessibility and
increased methylation near the three silenced paralogs (Fig. 5).
Venom-gland-specific chromatin-accessible regions were mostly
identified near the active genes, but not the three silenced par-
alogs, although several accessible regions were found in the
introns of SVMP-2442, which was not expressed (Fig. 5).

Venom-Gene Regulatory Network. To identify regulatory elements
significantly enriched in the venom-gland-specific chromatin-
accessible regions described above, we performed a motif discov-
ery analysis using HOMER (38) on both the Genrich (39) and
MACS?2 (40) datasets independently (see Materials and Meth-
ods for details). Using the Genrich dataset, we identified 8
de novo and 13 known motifs that were significantly enriched
in venom-gland-specific chromatin-accessible regions; these 21
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motifs represented ~ 17 different transcription factors (TFs;
Datasets S2 and S3). Using the MACS2 dataset, we identified
24 de novo and 30 known motifs that were significantly enriched
in venom-gland-specific chromatin-accessible regions; these 54
motifs represented ~ 47 different TFs (Datasets S4 and S95).
Motifs for ~ 10 TFs were shared among the two datasets: seven
members of the forkhead class (FOX) of DNA-binding proteins,
multiple motifs for the Nuclear Factor I (NFI) family, GRHL?2,
and SMAD3 (although SMAD3 motifs were not identified in any
toxin promotor/TSS; see below).

We identified a full-length NFIC motif and a half-site NFI
motif in the promoter/TSS regions of both PLA,-B2-MTXB and
PLA2-A2-MTXA (Datasets S6 and S7), suggesting that these par-
alogs were co-regulated by the NFI family. Similarly, a FOXA2
motif was identified in the promoter/TSS region of SVMP-
234, and a FOXAI motif was identified in the promoter/TSS
region of SVMP-244 (although other motifs were identified in
the untranslated region). A GRHL2 motif and a half-site NFI
motif were consistently identified across multiple snake venom
serine proteinase (SVSP) paralogs. Overall, our motif analysis
suggested that 1) paralogs within a toxin-gene family were likely
co-regulated by the same (set of) TF(s); and 2) TFs were shared
across different toxin-gene families.

To determine if the venom-gland-specific expression of toxin
genes occurred through venom-gland-specific TFs, we tested for
significant differential expression across venom glands and all
other tissues for the 1) ~10 candidate TFs described above,
and 2) ~12 candidate TFs previously identified in the Prairie
Rattlesnake (28). Schield et al. (28) identified a set of 12 TFs
that were significantly up-regulated in the Prairie Rattlesnake
venom gland relative to other tissues, but did not identify
specific binding sites to suggest a role in directly regulating
venom genes (see Discussion). We found 10 TFs that were signif-
icantly differentially expressed across Tiger Rattlesnake venom
glands and other tissues. NFI4A (P < 0.001), GRHLI (P <
0.001), and NR4A2 (P = 0.008), all candidates from the previous
study, were significantly overexpressed in the Tiger Rattlesnake
venom gland relative to all other tissues. FOXA2 (P =0.001),
FOXA3 (P < 0.001), FOXD3 (P < 0.001), FOXO3 (P < 0.001),
NFI (P < 0.001), NFIC (P < 0.001), and SMAD3 (P < 0.001)
were significantly underexpressed in the venom gland; all other
candidates were not differentially expressed across tissue types
(Dataset S8).

Discussion

A central question in evolutionary biology is whether major phe-
notypic differences are largely the result of variation in gene
number, gene sequence, or regulation (22, 41, 42). We sequenced
and assembled a high-quality genome for the Tiger Rattlesnake
to determine whether gene loss or specific regulatory mech-
anisms produced the simplest rattlesnake venom. The most
contiguous snake-genome assembly to date, in terms of contig
N50, provided the critical sequence information necessary to
infer gene loss (43) and characterize regulatory landscapes
across the genome. We used the assembled genome, RNA-seq,
ATAC-seq, and WGBS to show that gene deletions, chromatin
accessibility, methylation, and specific TFs all contributed to the
production of a simple trait from a complex genotype.

Our comparative genomic analyses showed significant reduc-
tions in the total number of toxin genes present in the Tiger
Rattlesnake genome relative to other rattlesnake species both
across the entire genome (28) as well as in specific genomic
regions (22, 23, 35). On microchromosome 7, we found a 11-kb
deletion in the Tiger Rattlesnake genome that resulted in the
deletion of three PLA> venom genes, and this deletion event
coincided with the location of a known transposable element
(TE). Dowell et al. (22) proposed that the TE clusters between
genes could facilitate gene duplications and deletions through

80of12 | PNAS
https://doi.org/10.1073/pnas.2014634118

nonallelic homologous recombination, and our data further sup-
port this hypothesis. Evidence of gene duplications and deletions
was widespread across the genome. For example, with 15 func-
tional paralogs, SVSPs were the largest toxin-gene family in
the Tiger Rattlesnake genome (Dataset S1). Similar to previ-
ous work in other toxin genes (29, 35), we found evidence of
multiple pseudogenes and orphaned exons on microchromo-
some 2 (SI Appendix, Figs. S11 and S12), suggesting that past
duplications and deletions played a role in generating the cur-
rent set of SVSP paralogs in the Tiger Rattlesnake genome.
Although we found substantial evidence for gene loss, gene dele-
tions alone could not completely explain the simplest venom
phenotype, as only half of the identified toxins were expressed
at appreciable levels in the venom gland and confirmed in
the venom.

To identify regulatory mechanisms governing the expression
(or lack thereof) of these genes, we investigated the roles of
methylation and chromatin accessibility in toxin-gene regula-
tion. Methylation level and chromatin accessibility were both
significant predictors of toxin-gene expression within the venom
gland (i.e., high- versus low-expression toxin genes) as well as
across tissues, suggesting that each mechanism played a role
(perhaps jointly) in the production of the simplest venom pheno-
type. The demethylation of accessible, venom-specific promoter
and enhancer regions was expected; transcription cannot take
place unless a gene is both accessible and free of methylation.
The redundancy of methylating inaccessible regions, however,
was less clear (44, 45). Previous research suggested that methy-
lation was a passive process, by which methyl groups were
added following the removal of TFs (44). More recent work,
however, has suggested that methylation assists in maintaining
chromatin accessibility by facilitating TF binding (46-48). Here,
unmethylated sites would recruit methyl-minus TFs to bind and,
therefore, prevent chromatin from innately closing. Without the
removal of methyl groups, transcription factors could not bind,
and chromatin would then rapidly become inaccessible (46-48);
this inaccessibility could play a critical role in the prevention
of spurious transcription of nearby genes (49), although not all
demethylated toxin genes were accessible. For example, toxin
genes showed minimal expression in the pancreas despite a
range of methylation levels (although the correlation between
methylation and expression remained significant; P =0.047; SI
Appendix, Fig. S6). Toxin genes, however, were not accessible
in the pancreas (SI Appendix, Figs. S8 and S9), indicating that
methylation level and chromatin accessibility were not always
redundant.

Conservative estimates suggest that, in vertebrates, tandemly
arrayed genes represent ~14% of all genes and ~25% of all
gene-duplication events, yet little is known about their regula-
tion (50). Toxin genes are known to occur in large tandem arrays
(22, 23, 26, 29, 35), and chromatin accessibility can span thou-
sands of base pairs. For example, the two Genrich-identified
PLA, peaks are ~2.9 kb and ~3.6 kb, respectively (Fig. 4).
Chromatin-accessible regions containing tandemly arrayed genes
could, therefore, contain multiple loci, TSSs, and/or TESs (e.g.,
the broad accessibility of the CTL tandem array; SI Appendix,
Fig. S14). High-expression toxin genes were unique in having
increased accessibility near both TSSs and TESs. In tandem
arrays, TESs and TSSs will often be adjacent, and 72 to 94%
of tandemly arrayed genes in vertebrate genomes have been
shown to be in parallel transcription orientation (i.e., on the same
strand; ref. 50). We found similar patterns in the two largest
toxin-gene families here (Fig. 5; SI Appendix, Figs. S11 and
S12). Given that toxin paralogs often shared TF binding sites,
methylation may have prevented the transcription of nearby,
accessible genes that did not need to be expressed in the same
array; other highly expressed toxin genes not located in tandem
arrays, however, also exhibited increased chromatin accessibility
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near both TSSs and TESs (SI Appendix, Figs. S15 and S16).
To our knowledge, accessible TESs have only been identified
once before (51). Further comparative work is required to deter-
mine if accessible TSSs and TESs are a signature of highly
expressed genes, highly expressed genes in tandem arrays, or
venom genes.

TFs also play a central role in transcriptional regulation (52)
and phenotypic evolution (53). Although Schield et al. (28)
recently found evidence for NFI TF binding sites near ~ 72%
of venom genes in the Prairie Rattlesnake genome, suggesting
that these TFs may play a role in venom regulation, they did not
identify significant enrichment for binding sites associated with
any of these TFs in toxin-gene regions (28). Using our ATAC-seq
data, we were able to identify a set of regulatory elements signifi-
cantly enriched in the venom-gland-specific chromatin-accessible
regions that corresponded to ~10 TFs. Eight of the 10 candi-
date TFs identified belonged to the FOX or NFI TF families.
FOX DNA-binding proteins have been shown to directly inter-
act with chromatin and can also be regulated by members of
the NFI family (54), and NFI members have also been shown
to affect chromatin structure and activation (55). These results
suggest that, for example, the NFI TF family may regulate PLA,
expression in the Tiger Rattlesnake through chromatin remod-
eling. Although we identified significant enrichment for these
~10 TFs in putative toxin promoter/enhancer regions, none
of these TFs were significantly up-regulated in venom glands
relative to other tissues in the Tiger Rattlesnake. We did, how-
ever, identify three TFs from the Prairie Rattlesnake candidate
list that were overexpressed in the venom glands. Our candi-
date TFs were based on significant enrichment for motifs in
venom-gland-specific chromatin-accessible regions, suggesting a
regulatory role in toxin-gene expression, whereas the Schield et
al. (28) candidate TFs were identified based on expression and
lacked significant enrichment for binding sites near toxin genes.
Therefore, we propose that the TFs that we identified, such as
FOXA1, play a role in directly regulating venom genes while also
maintaining important regulatory roles in other tissues, explain-
ing the lack of differential expression across tissue types. The
TFs that were overexpressed in the venom gland, on the other
hand, may be linked to regulating the nonvenom components
associated with venom translation/secretion. Venom production,
rather than toxin-gene expression, appears to be linked to a few
key venom-specific TFs. Overall, we showed that toxin-gene reg-
ulation and venom production were predicted by interactions
between chromatin structure, methylation level, and specific sets
of TFs.

Structural/copy-number variants, chromatin structure, DNA
modifications such as methylation, and TFs have been shown
here and elsewhere to play key roles in the generation of complex
trait variation, yet other mechanisms, including single nucleotide
polymorphisms (SNPs), noncoding RNAs, and posttranscrip-
tional modifications, may also be involved (reviewed in ref. 25).
Posttranscriptional modifications have been proposed as a major
source of phenotypic variation in snake venoms (56), but more
recent work showed, at best, a minor role for such mechanisms
(10). microRNAs (miRNAs) have similarly been proposed to
underlie differences in venom expression across age classes in
rattlesnakes (57), but ontogenetic variation has not been docu-
mented in the Tiger Rattlesnake (all individuals included in this
study were also adults; Materials and Methods). For any post-
transcriptional modifications, including miRNAs, to play a role
in generating the simple Tiger Rattlesnake venom, the transcrip-
tome and proteome would need to be discordant. For example, if
miRNAs were modulating venom-protein production, the tran-
scriptome and proteome would need to show very different
expression levels between toxin transcript and final toxin-protein
product. As shown in SI Appendix, Fig. S4, however, this was not
observed, suggesting that posttranscriptional modifications did
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not play a key role in the production of the venom phenotype.
SNPs, particularly in the enhancer and promoter regions, on
the other hand, likely contribute to the generation of regulatory
variation across complex regulatory networks. Unfortunately, a
limited sample size (n = 3) precluded us from addressing SNPs
in this study, but determining how sequence variation affects
venom regulation across populations and species is central to
understanding the evolution of complex regulatory networks; the
putative promoters and enhancers we identified should aid in
that goal.

The architecture of the genotype—phenotype map can directly
influence the rate of adaptation, robustness, and evolvability
for a particular trait (58-60). Here, approximately half of the
identified venom genes contributed to the venom phenotype.
Why half of the venom genes were not expressed and have
not undergone pseudogenization, however, was less clear. Sim-
ulation studies have suggested that robustness and evolvability
can actually increase with the number of genes in a genotype,
suggesting that more complex genotype—phenotype maps could
be advantageous (61), contrary to cost of complexity theory
(62). The SVSP tandem array in the Tiger Rattlesnake genome
showed how common pseudogenization can be in tandem gene
arrays, further highlighting that functional, but inactive, toxin
genes were most likely being maintained by selection. Giorgianni
et al. (35) found a similar pattern when examining SVMPs in the
Western Diamondback Rattlesnake and posited that functional,
but inactive, venom genes may be expressed in other individuals
(perhaps in different populations), at different life stages, or in
different tissues. We posit an additional hypothesis that some of
these paralogs may be retained because of shared/co-opted reg-
ulatory elements. For example, SVMP-2442 was not expressed
in any of the seven venom-gland transcriptomes sequenced (S/
Appendix, Fig. S3), but was retained as a functional paralog in
the genome. Giorgianni et al. (35) described this paralog (mndc-
1 in their manuscript) as the most likely immediate ancestor of
SVMP genes; the locus was also retained, but not expressed,
in the Western Diamondback Rattlesnake. We found several
venom-specific chromatin-accessible regions in the introns of
this gene in the Tiger Rattlesnake genome. These regions likely
represented venom-specific enhancer elements (63), suggest-
ing that the maintenance of SVMP-2442 and other functional,
but inactive, genes may be the result of purifying selection on
shared regulatory elements; recent work has shown that >95%
of chromatin-accessible regions likely interact with at least one
other regulatory element in the genome (64). Further compar-
ative and functional genomic work will show what role selec-
tion on gene-regulatory networks plays in the maintenance of
silenced paralogs and genomic complexity.

Conclusion

Although variation in gene expression is ubiquitous, identifying
the mechanisms producing such variation, especially for complex
phenotypes, is challenging (8). By using the genetic tractability
of the venom system, we were able to simultaneously assess the
relative contributions of two key mechanisms to the production
of the overall phenotype, as well as link these regulatory mecha-
nisms at particular genes to phenotypic divergence in a polygenic
trait. Previous work showed that modular regulatory architec-
tures allowed a simple genotype to produce a complex phenotype
(2). We show that this modularity may extend to complex geno-
types and simple traits, highlighting the potential evolvability of
the genotype—phenotype map.

Materials and Methods

High-Molecular-Weight DNA Isolation and PacBio Sequencing. Blood was
extracted from the caudal vein of an adult male C. tigris (52 cm snout-
vent length, 56.5 cm total length) collected from Santa Cruz County, Ari-
zona. High-molecular-weight (HMW) genomic DNA (gDNA) was extracted
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by using a pipette-free protocol (S/ Appendix). Single-molecule real-time
(SMRT) Cell Sequencing (Sequel) was performed at the University of
Delaware Sequencing and Genotyping Center. HMW DNA was sequenced
across six SMRT cells and resulted in 3,540,291 filtered subreads (total
sequence length of 53,096,151,594 bp; ~ 33x coverage), N50 of 25.73 kb,
and a maximum subread length of 164.84 kb (SI Appendix, Fig. S1).

DNA Isolation and Illumina Sequencing. Blood was extracted from the
caudal vein of the adult male C. tigris genome animal. gDNA was extracted
for short-read genome-library construction following a standard phenol-
chloroform extraction protocol. Approximately 25 uL of whole blood was
added to 700 pL of lysis buffer, 35 uL of 10 mg/mL proteinase K, and 1 uL
of 20 mg/mL ribonuclease A; the solution was incubated at 55 °C for 2 h.
One milliliter of phenol-chloroform was added, and the solution was cen-
trifuged at 13,000 rpm for 5 min. The aqueous phase containing DNA was
added to 1 mL of chloroform-isoamyl, and the solution was centrifuged
at 13,000 rpm for 3 min. Six hundred microliters of the aqueous phase
was removed, and 60 uL of 3 M sodium acetate and 1,200 uL of ice-cold
ethanol were added. The solution was placed at —20 °C overnight to allow
DNA to precipitate. Precipitate DNA was washed with 70% ethanol and
resuspended in 100 L of 10 mM Tris buffer. The genome library was pre-
pared by using the TruSeq DNA PCR-Free Library Prep and sequenced 150
PE on a NovaSeq 6000 at the Translational Science Laboratory in the Col-
lege of Medicine at Florida State University. Sequencing resulted in ~ 190x
coverage.

Genome Assembly. A hybrid genome assembly was performed by using
the Illumina and PacBio data with MaSuRCA (v3.2.8) (65) and default
settings on the Clemson University Palmetto Cluster. Genome assembly com-
pleteness was assessed by using the BUSCO (v3) (30) vertebrata gene set
(n =2, 586). Genome scaffolding was performed by using RaGOO (32); the
de novo-assembled genome and the raw lllumina data were provided as
input. The Prairie Rattlesnake genome (28) served as the reference. All
other parameters were default. For both the de novo and the scaffolded
RaGOO assemblies, we calculated gene density, GC content, and repeat
content across 100-kb regions using custom python scripts (https:/github.
com/masonaj157/Ctigris.genome_scripts). For the RaGOO scaffolded assem-
bly, the proportion of methylated cytosines was calculated from the venom-
gland WGBS library from the genome individual. For ATAC-seq coverage,
venom-gland libraries for the genome individual were aligned to the
RaGOO assembly using Bowtie2 (66) as described below. Summary statis-
tics for the RaGOO assembly shown in Fig. 1B were visualized in R using the
circlize package (67). See SI Appendix for details.

RNA-Seq. Total RNA was extracted from 39 individual tissues by using a
standard TRIzol method (68); these tissues represent 24 different tissue
types across seven individuals (S/ Appendix, Table S2). To avoid poten-
tially confounding ontogenetic differences in venom expression common
in rattlesnakes (e.g., ref. 16), all individuals sampled were adults (onto-
genetic venom variation has also not been documented in C. tigris). To
investigate how dependent venom expression was on the last date of
venom expulsion, we tested three different stimulation timepoints prior
to gland removal: 1) five individuals at 4 d following gland stimulation
(standard practice; ref. 69), 2) one individual at 1 d (active state), and 3)
one individual >30 d (resting state). Venom expression has also repeat-
edly been shown to be under genetic, rather than plastic, control (16,
70). Libraries were sequenced 150 PE on a NovaSeq 6000 at the Trans-
lational Science Laboratory in the College of Medicine at Florida State
University or on a NextSeq 550 at the Clemson University Genomics and
Bioinformatics Facility. Low-quality bases were trimmed with Trim Galore!
(v0.4.5) (71).

Genome Annotation. We annotated repeat elements in the de novo-
assembled genome using RepeatModeler (72). We then de novo-assembled
25 individual transcriptomes (representing 24 distinct tissues) from the adult
male C. tigris genome animal as described (73). We then used MAKER
(v2.31.8) (33) to annotate coding sequences in the de novo-assembled
genome using the 309,105 de novo-assembled transcripts (S/ Appendix),
the species-specific repeat library described above, and all protein-coding
genes from Anolis carolinensis (n =19, 108) (74) and Ophiophagus hannah
(n =18, 504) (26). After our initial MAKER run, we used BUSCO (v3) (30)
and our de novo genome assembly to iteratively train AUGUSTUS (75);
three iterations of training were performed. Following the final MAKER
iteration, gene IDs were ascribed based on homology, as described (28).
Briefly, we used blastp with an e-value threshold of 1e % to search a custom
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UniProt database containing all protein-coding genes from A. carolinensis
(n=19, 108) (74), O. hannah (n =18, 504) (26), and Crotalus (n=11,799).
Because venom-gene families are known to occur in large tandem arrays
and MAKER can underestimate the number of paralogs in particular gene
families (28), we performed additional annotation steps for venom genes
in the C. tigris genome. We used a combination of empirical annotation in
FGENESH+ (34) as described (22, 28), as well as manual annotation using
RNA-seq alignments in HiSat2 (v2.1.0) (76); the former identified all genes
regardless of expression, whereas the latter was used to explicitly identify
expressed toxin genes.

Genomic Alignments. We used published genome sequences to compare the
PLA; and SVMP toxin arrays across all rattlesnake species investigated to
date. For the PLA; genomic region, we aligned sequences from C. tigris (this
study), Crotalus viridis (28), and six individuals from Dowell et al. (22): type
A and type B C. horridus, type A and type B C. scutulatus, C. atrox, and
Crotalus adamanteus. For the SVMP genomic region, we aligned sequences
from C. tigris (this study), C. viridis (28), and four individuals from Dowell
et al. (23): type A and type B C. horridus and type A and type B C. scutu-
latus. Alignments were conducted by using MAFFT (v7.407) (77). Given the
high rate of gene loss in these regions leading to large differences in length
across species, we first anchored the alignments by using the flanking non-
toxin genes on either side of the toxin-gene arrays. For the PLA; region, we
used OTUD3 and MULT1. For the SVMP region, we used ADAM28 and NEFM.
We then performed pairwise alignments of each pair of sequences (rather
than aligning all at once) to account for the variation in these regions and
produce a tractable alignment.

RNA-Seq Analyses. Transcriptomes were assembled by using the “new
Tuxedo” package (78). Trimmed reads were aligned to the de novo-
assembled genome by using HiSat2 (v2.1.0) (76). Transcripts were assembled,
and expression was quantified by using StringTie (v1.3.4) (79). edgeR (80)
was used to calculate differential expression by comparing tissues with repli-
cates (i.e., venom gland, vomeronasal organ, muscle, liver, pancreas, and
testes) to the expression of all other tissues. Briefly, we used StringTie and
edgeR to measure expression in counts per million (CPM). Only genes with a
CPM > 5 in two or more samples were used in downstream analyses. Cover-
age data were then normalized in edgeR by using default Trimmed Mean of
M-values. Genes with a false-discovery rate of <1% and a log-fold change
of >2 were considered significantly different. Differentially expressed genes
were visualized by using pheatmap in R across all 36 samples (left and
right venom-gland transcriptomes were combined for three individuals
for plotting) using log2-transformed CPM (SI Appendix, Fig. S2). The 51
putative toxin genes were visualized across all venom-gland samples (S/
Appendix, Fig. S3).

ATAC-Seq, Peak Calling, and Motif Analyses. Nine tissues from three individu-
als (S Appendix, Table S4) were dissected immediately following euthanasia
and individually prepped for ATAC-seq as described (81) with minor modifi-
cations. Approximately 50,000 cells per tissue (i.e., ~50 k intact nuclei) were
isolated for each library, and nuclei isolation, preparation, and cleanup were
carried out as described (81). The Tn5 transposase (Nextera DNA Library
Preparation Kit, Illumina) was used for transposition. Libraries were then
sequenced 150 PE on a NovaSeq 6000 at the Translational Science Labora-
tory in the College of Medicine at Florida State University; sequencing depth
is summarized in S/ Appendix, Table S4. Low-quality bases were trimmed
with Trim Galore! (v0.4.5) (71). Overall alignment rates varied from 81.68
to 98.79%. Peaks were independently called for each library by using Gen-
rich (39) and MACS2 (40). To identify venom-gland-specific ATAC-seq peaks,
BEDTools (82) was used to 1) identify peaks shared across all six venom-
gland libraries (13,655 Genrich peaks and 27,509 MACS2 peaks) and 2)
remove any peak identified in a non-venom-gland tissue (pancreas, labial
gland, or harderian gland) that overlapped >50% with a peak from the
shared venom-gland peak set in (1). This filtering step was performed
for the Genrich and MACS2 peak datasets independently and resulted in
2,446 and 5,919 venom-specific peaks in the Genrich and MACS2 datasets,
respectively. pyGenomeTracks (83) was used to visualize ATAC-seq data and
peak calls. To identify regulatory elements significantly enriched in the
venom-specific ATAC-seq peaks relative to the genomic background, we per-
formed a motif-discovery analysis using HOMER (38); analyses were run for
the Genrich and MACS2 peak datasets independently. Discovery analyses
were run by using “-size 200" and “-mset vertebrates” parameters. Enrich-
ment P values < 1e~>° were considered significant, as suggested by the
HOMER documentation. Peaks were annotated by using a custom motif file
containing all significant de novo and known motifs from either the Genrich
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or MACS2 run, respectively. To determine if candidate TFs were up-regulated
in the venom gland compared to other body tissues, we used DESeq2 (84)
to test for significant differential expression. See S/ Appendix for details.

WGBS. Three tissues from two individuals (S Appendix, Table S4) were dis-
sected immediately following euthanasia and stored in 95% EtOH at 4 °C
(85). DNA was extracted 14 d after dissection by using a standard phenol-
chloroform procedure, as described above. Library preps were performed 5
to 6 d later by using the Zymo Pico Methyl-Seq Library Prep Kit. Libraries
were sequenced 150 PE on a NovaSeq 6000 at the Translational Science
Laboratory in the College of Medicine at Florida State University with a tar-
geted sequencing coverage of 20x (86). Low-quality bases were trimmed
with Trim Galore! (v0.4.5) (71) with a minimum Phred score of 20. To reduce
methylation bias at the 3’ and 5’ ends of reads, we clipped 10 bp on
each end from all reads. Using Bismark (87), reads were then mapped to
the de novo-assembled genome (-non_directional), and methylation calls
were extracted with a minimum observation of 10 methylation states at a
given site (-cutoff 10). Non-CpG methylation sites were merged, and the
resulting CpG methylation levels were used in downstream analyses. Bis-
mark reports were used to check for M-bias (88) and overall alignment
success. BEDTools (82) was used to calculate 1) mean methylation of the
two venom glands and 2) mean methylation in 2-kb windows across the
de novo-assembled genome for both the venom glands and pancreas.
pyGenomeTracks (83) was used to visualize methylation levels (0 to 100%)
across particular genomic regions. deepTools (89) was used to plot methyla-
tion across all genes as well as 3 kb upstream and downstream of gene start
and stop sites. To determine if methylation differed between tissue types in
different regions of the genome, we calculated mean methylation of open
regions, 1-kb regions around toxin and nontoxin TSS, toxin genes, nontoxin
genes, intergenic regions, and closed regions. We used ggpubr and t tests to
test for significant differences between the three tissues. To provide confi-
dence in significance estimates, we performed 10,000 bootstrap replicated t
tests, subsampling 50 observations (~ number of toxin genes) with replace-
ment for each replicate. Finally, to assess the relationship between gene
expression, chromatin accessibility, and methylation level, we estimated the
degree of correlation between each using ggpubr. To determine if increased
methylation resulted in lower gene expression, we measured methylation
level of 1-kb regions around TSS and estimated gene expression in TPM
with StringTie (78), as described above. We calculated the difference in
methylation and gene expression between venom glands and pancreas. We
tested three groups of genes for this analysis: toxins, differentially expressed
nontoxins (adjusted P [Padj] < 0.01), and nondifferentially expressed non-
toxins (P > 0.1). All nontoxins tested had an average TPM greater than 300
across pancreas and venom gland tissues. Differential expression was esti-
mated with DESeq2 (84). To search for enriched GO terms among these
differentially expressed nontoxin genes, we used ShinyGO (90) using the
Gallus gallus and Rattus norvegicus genomes and a false-discovery rate of
0.05. To determine if chromatin accessibility was correlated with methyla-
tion, we calculated mean ATAC-seq coverage in 2-kb windows across the

1. J. Slack, Metaplasia and transdifferentiation: From pure biology to the clinic. Nat.
Rev. Mol. Cell Biol. 8, 369-378 (2007).

2. S. Van Belleghem et al., Complex modular architecture around a simple toolkit of
wing pattern genes. Nat. Ecol. Evol. 1, 0052 (2017).

3. J. Lewis, R. Reed, Genome-wide regulatory adaptation shapes population-level
genomic landscapes in Heliconius. Mol. Biol. Evol. 36, 159-173 (2018).

4. T.Sackton et al., Convergent regulatory evolution and loss of flight in paleognathous
birds. Science 364, 74-78 (2019).

5. M. Halfon, Perspectives on gene regulatory network evolution. Trends Genet. 33,
436-447 (2017).

6. S. Lamichhaney et al., A beak size locus in Darwin’s finches facilitated character
displacement during a drought. Science 353, 470-474 (2016).

7. L. Zhang, R. Reed, Genome editing in butterflies reveals that spalt promotes and
Distal-less represses eyespot color patterns. Nat. Commun. 7, 11769 (2016).

8. 0. Savolainen, M. Lascoux, J. Merila, Ecological genomics of local adaptation. Nat.
Rev. Genet. 14, 807-820 (2013).

9. M. Margres et al., Linking the transcriptome and proteome to characterize the venom
of the eastern diamondback rattlesnake (Crotalus adamanteus). J. Proteomics 96,
145-158 (2014).

10. D. Rokyta, M. Margres, K. Calvin, Post-transcriptional mechanisms contribute little to
phenotypic variation in snake venoms. G35, 2375-2382 (2015).

11. M. Holding, J. Biardi, H. Gibbs, Coevolution of venom function and venom resis-
tance in a rattlesnake predator and its squirrel prey. Proc. R. Soc. B 283, 20152841
(2016).

12. M. Margres et al., Quantity, not quality: Rapid adaptation in a polygenic trait pro-
ceeded exclusively through expression differentiation. Mol. Biol. Evol. 34, 3099-3110
(2017).

Margres et al.

The Tiger Rattlesnake genome reveals a complex genotype underlying a simple venom phenotype

genome to match previously calculated methylation windows. After log-
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details

Venom Reversed-Phase High-Performance Liquid Chromatography. Reversed-
phase high-performance liquid chromatography (RP-HPLC) was performed
on the eight venom samples shown in Fig. 1a. Distinct peaks were identi-
fied, Shannon’s diversity index (H) was calculated, and diversity indices were
corrected to obtain the effective number of peaks. The 95% Cls were cal-
culated for the effective number of peak estimates for all samples except
C. tigris. To determine whether C. tigris possessed a significantly simpler
venom phenotype, we determined whether the effective number of peaks
for C. tigris fell outside the 95% Cl of the distribution. See S/ Appendix for
details.

Quantitative Venom Proteomics We used quantitative mass spectrometry
to determine which toxins identified in the genome were present in the
venom of the genome individual as described (10). See SI Appendix for
details.
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