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Abstract
Rapid adaptive evolution may be more likely to occur not only through standing genetic variation but via existing axes 
of genetic variation that have previously been exposed to selection. Ontogenetic variation represents one such axis 
and often evolves under strong selection in snake venoms. Snake venoms are complex cocktails of proteinaceous tox
ins, and ontogenetic shifts in venom expression are frequent and reflect dietary shifts across life history. Here, we used 
morphological, proteomic, transcriptomic, epigenomic, and optical genome mapping data to investigate a well- 
studied island-mainland population pair of eastern diamondback rattlesnakes (Crotalus adamanteus) to determine 
whether rapid adaptive expression divergence across populations occurred through the co-option of the ontogenetic 
regulatory network, population-specific changes independent of ontogeny, or a combination thereof. We found that 
island snakes were significantly smaller than mainland individuals, and venom proteomic data showed that the con
tinuous ontogenetic shift in venom expression in the mainland population was truncated in island snakes. Venom- 
gland RNA-seq showed that island adults exhibited juvenile-like expression patterns at key transcription factors, 
and chromatin accessibility was predictive of venom gene differential expression for ontogenetically co-opted venom 
loci. Overall, rapid adaptation in the island population appears to have predominantly occurred through the co-option 
and truncation of the ontogenetic venom shift, with spatial differentiation playing a secondary role. Comparative tests 
in other systems are needed to determine whether rapid adaptation in general is not only biased toward standing 
genetic variation but toward large pre-existing axes of variation that have or continue to evolve under strong 
selection.
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Introduction
Evolution can occur quite rapidly over ecological time
scales (Orr 2001; Carroll et al. 2007), and such rapid evo
lution is more likely to occur through standing genetic 
variation than de novo mutation (Barrett and Schluter 
2007). Here, segregating beneficial alleles exist at high
er frequencies and are immediately available to selec
tion relative to de novo mutations (Innan and Kim 
2004). Indeed, soft selective sweeps from standing gen
etic variation may be common (Messer and Petrov 
2013), although their frequency in natural populations 
has been more recently questioned (Jensen 2014; 
Harris et al. 2018). Nevertheless, a perhaps underappre
ciated argument in favor of rapid adaptation through 
standing genetic variation is that, because such vari
ation is present in the population, existing alleles may 
have already passed through a selective sieve in previ
ous environments, distinct populations, and/or differ
ent age classes (Rieseberg et al. 2003; Barrett et al. 
2008). As a result, we may expect the genetic mechan
isms underlying rapid adaptation to be biased toward 
existing axes of genetic variation that presumably 
have or continue to evolve under strong selection.

One such axis may be ontogeny. Life history traits can 
evolve rapidly (e.g. Reznick et al. 2019), and because ju
venile traits are subjected to selection earlier than adult 
phenotypes, selection on juveniles could ultimately af
fect traits expressed later in life (Donohue 2013). 
Indeed, evolutionary co-option of age class specific 
traits has led to adaptive evolution through, for ex
ample, pedomorphism (Voss and Shaffer 1997), and 
the added complexity of transitioning phenotypes may 
also provide more genetic source material (i.e. more 
standing genetic variation) upon which selection can 
act (Hogan et al. 2024). If the ecological selective pres
sures distinguishing age class also distinguish popula
tions, we may expect ontogeny to preferentially 
contribute to within-species divergence.

Venoms have arisen independently >100 times 
among diverse animal lineages (Casewell et al. 2011; 

Zancolli and Casewell 2020) and have been shown to ex
hibit extensive variation across life histories (Surm and 
Moran 2021). Snake venoms in particular have emerged 
as a model system for understanding the genetic basis of 
rapid adaptation (Margres et al. 2017; Schield et al. 
2022; Nachtigall et al. 2025), and many snake species 
undergo ontogenetic shifts in venom expression 
(Mackessy 1988; Durban 2013; Hirst et al. 2024; Borja 
et al. 2025). Such shifts in venom expression likely reflect 
dietary shifts across life history (Mackessy et al. 2003); be
cause snakes are gape-limited predators, head and body 
size ultimately constrain the maximum prey size a snake 
can consume (Shine 1991; Greene and Wiseman 2023). 
As a result, ontogenetic dietary shifts in snakes are quite 
common, with juveniles feeding on smaller prey and 
adults transitioning to larger prey (Forsman and Lindell 
1993; Hampton 2018). Consequently, morphology and 
venom frequently evolve in parallel (Strickland et al. 
2018; Schendel et al. 2019; Margres et al. 2021b; Xie 
et al. 2022), particularly across life history, including in 
the eastern diamondback rattlesnake (Crotalus adaman
teus; Margres et al. 2015b).

Crotalus adamanteus is the largest rattlesnake species 
and native to the southeastern United States. Crotalus 
adamanteus has one of the best characterized venoms 
of any species (e.g. Margres et al. 2015a, 2016a, 2017), 
including a chromosome-level genome assembly with 
fully resolved venom-gene arrays (Hogan et al. 2024; 
Nachtigall et al. 2025), complete characterization of 
ontogenetic expression patterns of its venom genes 
(Margres et al. 2015b; Rokyta et al. 2017; Schonour 
et al. 2020), and recent identification of the cis- (CREs) 
and trans-regulatory elements (TREs) involved in its ve
nom production (Hogan et al. 2024). The largest axis 
of variation in venom expression across the entire range 
of C. adamanteus is ontogeny, not population-level geo
graphic differences, with juveniles expressing simpler 
venom phenotypes than adults (Margres et al. 2015b); 
such shifts appear to be fixed (Hogan et al. 2024). 
Adult and juvenile venoms have significantly different 

Significance
Identifying potential biases in how organisms rapidly adapt to novel environments is paramount for both predict
ing evolutionary responses and determining conservation management practices in the Anthropocene. Snake ve
noms evolve quite rapidly, and venomous snakes are often common on barrier islands, providing natural 
experiments in which to understand rapid, adaptive evolution. Here, we integrated multiple data types to inves
tigate biases underlying rapid venom adaptation in a well-studied island population of eastern diamondback rat
tlesnakes. Ultimately, we found that rapid adaptation was biased toward the largest existing axis of venom 
expression variation (i.e. differences between adults and juveniles) across the range. As such, rapid adaptation 
in general may be biased not only toward standing genetic variation as previously proposed, but also toward ex
isting axes of such variation that have evolved or continue to evolve under strong selection.
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functions (Margres et al. 2016b) and toxicities (Rokyta 
et al. 2017) associated with these expression differ
ences, suggesting that the ontogenetic shift in venom 
expression is the product of selection in response to 
dietary changes. Indeed, C. adamanteus has been 
shown to largely consume mice (Peromyscus sp.) and 
cotton rats (Sigmodon hispidus) as juveniles with a sig
nificant shift toward larger prey items, notably rabbits, 
as adults (Means 2017). Different venom phenotypes 
have also been shown to co-vary with morphological 
traits associated with feeding (e.g. head size) in both 
ontogenetic and geographic contexts (Margres et al. 
2015b). Therefore, we may expect that rapid, adaptive 
evolution in venom expression across C. adamanteus po
pulations may be biased toward the co-option of the 
ontogenetic machinery through pedo- (i.e. retention 
of juvenile traits into adulthood) or peramorphosis (i.e. 
development beyond ancestral adult trait). Although 
we have several instances of putative venom pedomor
phosis across (Mackessy et al. 2003; Calvete et al. 2010) 
and even within rattlesnake species (Hirst et al. 2026), 
we lack direct evidence of how the molecular machinery 
governing ontogenetic venom shifts provides the 
requisite substrate for rapid adaptive divergence within 
a single species.

Crotalus adamanteus frequently inhabits islands 
throughout its range (Means 2017), and islands have 
long provided natural experiments in which to investi
gate adaptive evolution (Losos et al. 1997; Millien 
2006; Losos and Ricklefs 2009; Hirst et al. 2025). 
Previous work has established ontogenetic variation in 
(Guedouar et al. 2026) as well as rapid venom expres
sion differentiation across several island populations of 
C. adamanteus (Margres et al. 2015a, 2016a, 2017), 
with the best characterized population on Little Saint 
George Island in north Florida (Fig. 1; Margres et al. 
2017). Little Saint George Island lies ∼7 km from the 
mouth of the Apalachicola River Delta in the Gulf of 
Mexico, and recent work estimates the island to be <  
2,000 years old (Yao et al. 2022). Margres et al. (2017)
showed that (1) both island and mainland C. adaman
teus populations were locally adapted to sympatric 
prey, with island venoms ∼3× more toxic to island 
S. hispidus compared to mainland S. hispidus, and (2) 
island-mainland venom genes were significantly differ
ent in expression but not in sequence, demonstrating 
that rapid adaptation proceeded exclusively through ex
pression differentiation. Yet the genetic mechanism(s) 
underlying these regulatory changes has yet to be 
investigated.

In general, gene expression can contribute to diver
gence in complex traits through copy number variation 
(Zhang et al. 2021), alteration of how the loci are regu
lated through CREs and TREs (Halfon 2017; Osada et al. 

2017), and/or epigenetic modifications such as chroma
tin accessibility (Sackton et al. 2019). Here, we used 
proteomic, transcriptomic, epigenomic (ATAC-seq), 
and optical genome mapping data to determine if any 
of these mechanisms contributed to the previously de
scribed venom expression differentiation (Margres 
et al. 2017). Given that the epigenomic bases for 
age-related changes in C. adamanteus venom expres
sion have been previously characterized (Hogan et al. 
2024), we ultimately sought to determine whether ex
pression divergence across island-mainland C. adaman
teus populations occurred through the co-option of 
ontogeny, population-specific changes independent of 
ontogeny, or a combination thereof.

Results
Rapid Changes in Body Size in Island Rattlesnakes
Because body and head size are also critical traits that in
fluence snake feeding ecology (Shine 1991; Margres et al. 
2021c; Greene and Wiseman 2023), particularly in rela
tion to ontogeny (Margres et al. 2015b), we first com
pared snout-vent length (SVL) for mainland (n = 12) and 
island (n = 20) adults (Table S1; Waldron et al. 2013; 
Margres et al. 2015b). We found that mainland adults 
were significantly larger than island adults (p = 0.005). 
Mainland snakes (μ = 117.375 cm, SD = 7.469, 
SE = 2.156) were, on average, ∼7 cm (i.e. ∼6.5% of SVL) 
longer than their island counterparts (μ = 110.250 cm, 
SD = 6.845, SE = 1.531); only two of the 20 island adults 
were > 120 cm SVL whereas seven of the 12 mainland 
adults were > 120 cm SVL (Fig. 2). To ensure these signifi
cant differences in size were not a result of detection 
biases in our field sampling approaches, we compared 
the mainland population to three other island sites 
sampled by the authors using identical methods 
(Margres et al. 2019): Sapelo and Jekyll Islands in 
Georgia, and Caladesi Island in Florida. We found that C. 
adamanteus from Sapelo (μ = 129.255 cm, SD = 14.719, 
SE = 5.204) and Caladesi (μ = 135.429 cm, SD = 21.759, 
SE = 8.224) Islands were significantly larger, not smaller, 
than the focal mainland population from this study 
(0.008 ≤ p ≤ 0.014); Jekyll Island snakes were also larger 
(μ = 121.917 cm, SD = 14.297, SE = 4.127) but not sig
nificantly so (p = 0.170). Collectively, these data showed 
that C. adamanteus from Little St. George Island exhibited 
a significant and rapid reduction in body size.

Truncated Ontogenetic Venom Differentiation in 
Island Rattlesnakes
To test for significant venom expression differentiation 
across populations and age classes, we conducted a non- 
parametric MANOVA on venom protein expression data 
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for 46 individuals and detected significant expression dif
ferentiation across age classes (p < 0.001; R2 = 0.239) 
and populations (p = 0.007; R2 = 0.054; Fig. 3a). The 
interaction term between age class and population was 
also significant (p = 0.034; R2 = 0.037), consistent with 
previous results across the entire range of C. adamanteus 
(Margres et al. 2015b); the significant interaction term 
suggested that differentiation across island and mainland 
snakes differed in degree between juveniles and adults. 
Therefore, we split the data set into four groups: island 
adults (n = 17), island juveniles (n = 5), mainland adults 
(n = 9), and mainland juveniles (n = 15). We re-conducted 
the non-parametric MANOVA and identified significant 
expression differentiation across groups (p < 0.001; 
R2 = 0.330). All pairwise comparisons were significant fol
lowing Bonferroni correction for multiple tests (0.006 
≤ p ≤ 0.030) except for the juvenile-juvenile comparison 
(p = 0.504; Table 1).

Ontogenetic expression variation, although significant 
in both island and mainland populations, was less pro
nounced in island snakes; ontogeny explained ∼40% of 

the variance in the mainland population but only ∼14% 
of the variance in the island population (Table 1). We visua
lized group dispersions and found that island adult venoms 
were intermediate to mainland adult and both juvenile ve
noms (Fig. 3b); we confirmed this pattern by estimating 
group dissimilarity in venom expression (i.e. venom pheno
typic distances between groups; Table 1) as previously de
scribed (Margres et al. 2019). We next performed a linear 
regression of principal coordinate 1 (PCoA1)∼SVL to deter
mine if size was explaining most of the variation in venom 
expression. We found a significant relationship for 
PCoA1∼SVL (p < 0.001; R2 = 0.647; Fig. 3c), suggesting 
that size differences were predictive of venom expression 
differentiation between island and mainland populations.

Venom-gland RNA-seq Identifies Patterns of 
Truncated Ontogeny and Spatial Differentiation in 
Venom Gene Expression
To identify the specific toxins underlying the significant 
venom expression differentiation described above, we 

Fig. 1. Sampling of Crotalus adamanteus. We collected venom, tissues, and/or size data from 34 mainland and 26 island rattlesnakes. See Table S1 for 
details.
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used venom-gland transcriptomics to compare toxin 
gene expression across age classes and populations 
(Fig. 4, Fig. S1). Given our smaller sample sizes (mainland 
juvenile n = 6; mainland adult n = 4; island juvenile 
n = 1; island adult n = 3) relative to the proteomic ana
lyses (n = 46), all toxins that exhibited a log2 fold change 
(LFC) > 1 were considered differentially expressed (DE). 
Note that we consider this smaller venom-gland 
RNA-seq data set as supplementary (albeit with greater, 
locus-specific resolution) to the larger, primary prote
omic data set described above that established signifi
cant, truncated ontogenetic venom differentiation in 
the island population.

We found that island adults (n = 3) upregulated myo
toxin (MYO) 5, β-defensin-03, and two snake venom ser
ine proteases (SVSP-01, 08) relative to mainland adults 
(n = 4) whereas mainland adults upregulated six snake 
venom metalloproteinases (SVMPs) relative to island 
adults (Fig. 4a; Table S4). MYO-5 was also upregulated 
in mainland juveniles (n = 6) relative to mainland adults 
but was not DE between island adults and either juvenile 
population (Fig. 4a; Table S4), suggesting juvenile-like 
MYO-5 expression in island adults. Interestingly, despite 
only SVSP-01 and SVSP-08 exhibiting a LFC > 1 when 
comparing island and mainland adults, all 14 actively ex
pressed SVSP paralogs were biased in expression toward 
island adults relative to mainland adults (Table S4).

Mainland adults upregulated only SVMPs relative to 
island adults (Fig. 4a), but not all 20 actively expressed 

SVMPs were biased toward mainland adults (Table S4), 
differing from the patterns found in SVSPs. Here, 
SVMP-mad-3b was identified as DE in all four compari
sons shown in Fig. 4a; SVMP-mad-3b was always biased 
toward adults (and mainland relative to island adults), 
supporting intermediate expression in island adults 
(Fig. 4a). Conversely, SVMP-mdc-3a was also biased to
ward mainland relative to island adults (Fig. 4a), yet 
Hogan et al. (2024) found that SVMP-mdc-3a was sig
nificantly biased toward juveniles across the range. We 
also found that SVMP-mdc-3a was significantly biased 
toward juveniles relative to adults in both populations 
(Fig. 4a, Fig. S4), suggesting spatial differentiation inde
pendent of the truncated ontogenetic shift.

Bradykinin-potentiating peptide (BPP-1), although 
not DE between island and mainland adults, showed 
intermediate expression in island adults (∼7%) relative 
to mainland adults (∼11%) and both juveniles where it 
was DE (< 1%; Fig. 4b); mainland adult and juvenile 
BPP expression estimates were consistent with previous 
range-wide estimates for C. adamanteus (Hogan et al. 
2024).

Transcription Factor Expression Correlates with Life 
History Truncation in Venoms
We found that island adults upregulated 124 transcrip
tion factors (TFs) and mainland adults upregulated 26 
TFs relative to one another (LFC > 2; Fig. 4a; Table S4). 

Fig. 2. Body size comparison for 12 mainland (upper blue) and 20 Little St. George Island (lower red) adult (≥ 1 m SVL) Crotalus adamanteus. 
Significance was established using a one-tailed t-test comparing snout-vent length (SVL).
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Gene ontology (GO) analyses yielded a single significant 
result and identified that island adult-biased TFs were 
significantly enriched (adjusted p-value and q-value 
<0.001) for DNA binding (GO:0003677); mainland 

adult-biased TFs were not significantly enriched for 
any GO category.

Given that the GO results were limited in scope, we 
looked at specific candidate TFs that were DE across 

(a)

(c)

(b)

Fig. 3. Ontogenetic venom expression differentiation was truncated in island rattlesnakes. a) Reversed-phase high-performance liquid chromatog
raphy venom profiles for an adult and juvenile from each population. Peaks represent toxins, and the area under each peak represents toxin abun
dance. b) A group dispersion plot of venom expression for age class × population. Labels occur at the cluster centroid, line segments connect group 
members to centroid, and axes are principal coordinates. c) A linear regression of PCoA1 from panel B and SVL revealed a significant relationship 
(p < 0.001), indicating size was explaining most of the variation in venom expression across groups. Gray shading indicates confidence limits, 
and colors correspond to panel B. Abbreviations: I-A, island adult; I-J, island juvenile; M-A, mainland adult; M-J, mainland juvenile; SVL, snout-vent 
length. Photo credit: M. Hogan.

Table 1. Pairwise comparisons of venom differentiation across age class × population.

Mainland Mainland Island Island
Adult (MA) Juvenile (MJ) Adult (IA) Juvenile (IJ)

MA X p = 0.006; R2 = 0.403 p = 0.030; R2 = 0.117 p = 0.012; R2 = 0.299
MJ 8.990 X p = 0.006; R2 = 0.278 p = 0.504; R2 = 0.082
IA 7.326 7.430 X p = 0.012; R2 = 0.142
IJ 8.700 5.680 7.170 X

Values above the diagonal represent results of pairwise non-parametric MANOVAs; all p-values were Bonferroni-adjusted. Values below the diagonal represent 
Euclidean distances between groups (i.e. group dissimilarity).
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(a)

(b)

Fig. 4. Venom-gland transcriptomics shows expression differences across island and mainland adults exhibited both spatial and ontogenetic diver
gence patterns. a) Volcano plots depicting venom gland differential expression across mainland juveniles (n = 6) and adults (n = 4), mainland juve
niles and island adults (n = 3), island juveniles (n = 1) and adults, and island and mainland adults. Toxins with a log2 fold change > 1 and 
FDR-adjusted p value (FDR) <0.05 were considered biased (highlighted in green). For the comparison between island and mainland adults, toxins 
were shown as biased if log2 fold change > 1 regardless of FDR. b) Pie charts showing mean transcripts per million (TPM) per toxin class for juveniles 
and adults for each population. Abbreviations: BPP—Bradykinin-potentiating peptide, CFBP –Snaclec coagulation factor IX-binding protein, CRISP— 
Cysteine-rich secretory protein, CTL—C-type lectin, LAAO—L-amino acid oxidase, MYO—Myotoxin, PLA2—Phospholipase A2, SVMP—Snake venom 
metalloproteinase, SVSP—Snake venom serine protease, TF—Transcription factor.
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island and mainland adults. Island adults upregulated 
several Hox paralogs (i.e. four of the top 12 DE TFs in
cluding the top two most DE TFs; Table S2). In total, 13 
Hox paralogs were DE, with 12 biased toward island 
adults and only one upregulated in mainland adults. 
Specifically, Hoxa5 was upregulated in island adult 
snakes, and the overexpression of this specific paralog 
in mice has previously been linked to dwarfism (see 
Discussion; Foucher et al. 2002).

Of the > 1 k putative TFs expressed in C. adamanteus 
venom glands, Hogan et al. (2024) found that 37 TFs 
were DE across age classes range-wide. Of these 37 can
didate ontogenetic TFs, six were identified as DE in our 
data set (Table 2). Lhx6 was the only candidate TF biased 
toward island adults whereas five other candidate TFs 
were biased toward mainland adults. The expression 
of all six TFs was consistent with life history truncation, 
with juvenile-biased TFs being up-regulated in island 
adults and adult-biased TFs being up-regulated in main
land adults (Table 2).

Differential Chromatin Accessibility Predicts 
Differential Expression Across Populations
We analyzed venom-gland ATAC-seq data (mainland 
adults: n = 2; island adults: n = 2) to test for differential 
accessibility (DA) in and near DE venom genes. We first 
tested for an overall association between venom gene 
expression and epigenetic patterns as previously de
scribed (Hogan et al. 2024). DA ATAC-seq peaks 
(Table S5) exhibited a significant positive correlation 
with DE venom genes for peaks within venom genes 
(p < 0.001; R2 = 0.170) as well as within 1 kb 
(p = 0.035; R2 = 0.111) and 10 kb (p < 0.001; 
R2 = 0.540) of venom genes (Fig. S2B); results were ro
bust to multiple filtering strategies as well as the inclu
sion of outliers (Figs. S2, S3).

To identify DA venom genes across island and main
land adults, we required concordant LFC ≥ 1 across 
more than one filter and found seven island adult-biased 
and seven mainland adult-biased DA venom genes (Fig. 5; 

Table S5); these accessibility differences were largely con
cordant with the expression differences described above. 
For example, although MYO-5 was the only island-biased 
DA venom gene that also exhibited island-biased DE with 
a LFC > 1, all seven island-biased DA venom genes were 
more highly expressed in island than mainland adults. 
Of the seven mainland-biased DA venom genes, 
SVMP-mad-3b, SVMP-mdc-3b, and SVMP-mdc-6c exhib
ited mainland-biased DE with a LFC > 1; SVMP-mad-1b 
also showed mainland-biased expression (LFC < 1). The 
other three loci, however, showed island-biased expres
sion despite mainland-based DA; β-defensin-03 exhibited 
island-biased DE with a LFC > 1, and both SVMP-mad-2b 
and SVMP-mdc-7a showed island-biased expression 

Table 2. Differentially expressed candidate ontogenetic 
transcription factors.

TF Expression bias 
this study

Expression bias 
Hogan et al. (2024)

Consistent with 
co-option

Lhx6 Island adult Juvenile Yes
Nfil3 Mainland adult Juvenile Yes (see 

Discussion)
Fosl2 Mainland adult Adult Yes
Csrnp1 Mainland adult Adult Yes
Fosb Mainland adult Adult Yes
Nr4a3 Mainland adult Adult Yes

Abbreviations: TF - transcription factor.

Fig. 5. Venom-gland ATAC-seq shows differential chromatin accessi
bility across island and mainland adults is concordant with differential 
expression. Volcano plot depicting venom gland differential chromatin 
accessibility across mainland (n = 2) and island (n = 2) adults. Log2 fold 
change (LFC) and FDR-adjusted p values (FDR) were calculated as the 
median across the four HTSeq-count filtering schemes (see Materials 
and Methods). Toxins with a LFC > 1 in at least two HTSeq-count filter
ing schemes (regardless of FDR) were considered biased (highlighted 
in red and blue, respectively). Note that genes with LFC > 1 which 
are not indicated as being biased in the plot exhibited LFC > 1 under 
only a single filtering scheme. For each gene, the region (10kb flank, 
1kb flank, or genic) with the greatest LFC is shown. Toxin gene β–de
fensin–3 (mainland biased; LFC = 4.03; − log10 FDR = 7.00) was omit
ted from the plot for visualization purposes; see Fig. S4. Abbreviations: 
CTL—C-type lectin, LAAO—L-amino acid oxidase, MYO—Myotoxin, 
SVMP—Snake venom metalloproteinase, SVSP—Snake venom serine 
protease.
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(LFC < 1). These putatively discordant signals may be 
caused by the genomic organization of these venom 
genes in large tandem arrays (see Discussion). Given 
that these gene-specific DA results were significantly 
more concordant with the DE results than expected by 
chance (χ2 p = 0.034), however, chromatin accessibility 
clearly, at least in part, predicted adaptive differential ve
nom expression across populations.

Putative Regulatory Variants in Chromatin Accessible 
Genomic Regions May Contribute to Expression 
Variation Independent of Ontogeny
We next explored sequence variation in ATAC-seq peaks 
within and flanking venom genes across island (n = 2) 
and mainland (n = 6) snakes to identify putative variants 
associated with venom DE. Because of our small sample 
sizes, we focused on fixed differences and unique alleles 
in the island population; note here that we also included 
mainland juveniles in the analyses (see Materials and 
Methods).

We identified a single fixed difference for Vespryn-1. 
Vespryn-1 did exhibit mainland adult-biased DA under 
one filter and was more highly expressed in mainland rela
tive to island adults, although not significantly so (LFC < 1). 
We also identified 12 unique alleles in the island popula
tion: four alleles also associated with Vespryn-1, one allele 
each for Kun-1, CTL-snaclec-subunit-gamma-1, CTL-sna
clec-subunit-beta-3, and SVSP-15, and two alleles each 
for SVMP-mdc-1 and SVSP-16. Kun-1, CTL-snaclec-sub
unit-gamma-1, and CTL-snaclec-subunit-beta-3 were not 
DE or DA between island and mainland adults, suggesting 
these variants may not have a regulatory effect or affect the 
regulation of other genes. SVMP-mdc-1, however, was DE 
(LFC > 3.5) and biased toward mainland adults (Fig. 4a; 
Table S4). Additionally, although neither SVSP-15 or 
SVSP-16 were individually identified as DE or DA, the entire 
SVSP gene family exhibited greater expression levels in is
land than mainland adults as stated above (Table S4).

Structural Variants in Large Venom Gene Families 
May Contribute to Venom Differentiation 
Independent of Co-option
Lastly, because structural variants (SVs) can affect gene 
expression independent of life history (i.e. genes are 
not duplicated or deleted within the same genome as 
an animal ages), we used the Bionano optical genome 
mapping rare-variant analysis (RVA) pipeline to identify 
large SVs in a single island animal relative to the publicly 
available mainland reference genome (Hogan et al. 
2024); evidence of SVs altering venom regions that 
were DE would support spatial differentiation inde
pendent of life history rather than co-option. We identi
fied 18,907 total SVs that passed filters: 10,510 

deletions, 8,105 insertions, 63 duplications, 166 inver
sions, 48 interchromosomal translocations, and 15 intra
chromosomal duplications (Table S6). Of these, 33 SVs 
overlapped genomic regions containing venom genes: 
29 deletions, two duplications, and two inversions. 
Most major venom gene families displayed evidence 
of deletion and duplication events between mainland 
and island populations, including the three most DE ve
nom gene families (SVSP, SVMP, and MYO).

In particular, we found evidence for two specific SVs 
that may contribute directly to the venom DE described 
above. First, the RVA analysis detected a substantial 
number of overlapping deletion, duplication, and inver
sion events in the MYO region of chromosome 2, indi
cating a complex and dynamic genomic architecture, 
consistent with previous work in this system (Margres 
et al. 2017). Second, a deletion event was identified in 
an intergenic region between SVMP-mad-1a and 
SVMP-mdc-3a. Both loci were more highly expressed 
in mainland than island adults (SVMP-mdc-3a with a 
LFC > 1), and the deletion overlapped an accessible 
ATAC-seq peak present in all sequenced adults (n = 4).

Discussion
Rapid Changes in Body in Response to Putative 
Dietary Shifts in Island Rattlesnakes
We found that island adults were significantly smaller 
than their mainland counterparts (Fig. 2). Changes in 
body size following island colonization is a common 
phenomena (Foster 1964; Van Valen 1973). Larger spe
cies often become dwarfed, and smaller species often 
exhibit gigantism due to changes in resource availabil
ity, competition, predation, and/or other ecological fac
tors and developmental constraints (Lomolino 2005). 
Although snakes have been shown to exhibit examples 
of both insular dwarfism and gigantism (Iverson 1986; 
Boback and Guyer 2003; Lillywhite and Martins 2019; 
Vanek and Burke 2020), the predictability of such 
changes in snakes appears reduced relative to mam
mals. Such equivocal results have been proposed to be 
the result of food availability/quality playing a larger 
role in snakes (Forsman 1991; Keogh et al. 2005). The 
optimal body size for any island population is at least 
partially, if not predominantly, a product of food avail
ability (Case 1978), with reductions in size being the 
product of food scarcity and increases in body size being 
the product of food abundance. Indeed, congener C. or
eganus has been shown to exhibit dwarfism on Anaho 
Island in Pyramid Lake in Nevada (Keehn et al. 2013), 
and such reductions in body size were predicted to be 
the result of dietary changes from mammals to lizards; 
small mammals have been shown to have greater 
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nutritional value than lizards (Zuffi et al. 2010), support
ing resource quality as an important metric in determin
ing insular snake size.

Crotalus adamanteus is a small mammal specialist 
(Means 2017). Previous trapping by the authors revealed 
that S. hispidus was largely the only available prey source 
on Little St. George Island (except for a few gray squirrels 
[Sciurus carolinensis] limited to the immediate vicinity of 
an old homestead) whereas multiple prey species, includ
ing larger prey items such as rabbits (Sylvilagus sp.) and 
woodrats (Neotoma sp.), were available on the mainland 
(Margres et al. 2017; Means 2017). Schonour et al. (2020)
summarized the data of Means Means (2017) and 
showed that mainland snakes exclusively consumed 
mice (Peromyscus sp.) and S. hispidus at smaller sizes 
(i.e. <80 cm) with a significant shift toward larger prey 
items, notably rabbits, once the snakes exceeded 132  
cm SVL. Of the 20 adults collected from Little 
St. George Island, none exceeded 132 cm SVL (Fig. 2), per
haps, at least partially, because rabbits were not avail
able. Rabbits have been documented to occur on the 
other three islands where C. adamanteus were larger 
than the focal mainland population (pers. obs. M.J.M). 
Rabbit presence-absence and, therefore, prey size/qual
ity may play an important role in determining insular C. 
adamanteus body size, consistent with other venomous 
snake populations (Forsman 1991; Keogh et al. 2005).

Whether the significant size reduction in island 
snakes was a heritable change in body size due to selec
tion (i.e. evolution) or environmentally-induced (i.e. 
plasticity) because of differences in resource availability 
was unclear with the current data. Indeed, the data 
were consistent with both plasticity in body size driven 
by changes in prey quality as well as local adaptation 
for different body size optima across populations. 
Distinguishing between these different processes 
would require common garden experiments that were 
beyond the scope of the current study; we discuss this 
in more detail below. Additionally, we note that size di
morphism does exist among most rattlesnake species 
(e.g. Gibbons 1972), and the population differences in 
body size could result from differences in sex ratios 
among the sampled individuals. Unfortunately, we did 
not possess sex information for enough individuals to 
perform a statistical analysis; as a result, we cannot elim
inate sex bias as a confounding variable underlying dif
ferences in population body size, although we have no 
reason to believe such a bias would exist in our data.

Co-option of Ontogenetic Venom Expression 
Underlies Rapid Adaptation in Island Rattlesnakes
We found significant venom protein expression differ
entiation across age classes and populations (Fig. 3), 

consistent with previous work (Margres et al. 2017). 
The expression patterns here, however, showed for 
the first time that the continuous ontogenetic venom 
shift in the mainland population (Schonour et al. 
2020) was truncated in the island population. 
Schonour et al. (2020) argued that dietary shifts in ven
omous snakes should predict the tempo of ontogenetic 
variation in venom expression. Given that island snakes 
never attained sizes where mainland snakes were 
switching to rabbits (Means 2017), truncation of life his
tory as evidenced through suspended venom ontogeny 
would likely be advantageous. Indeed, previous work 
showed that island adult venoms were ∼3× more toxic 
to island S. hispidus than to mainland S. hispidus 
(Margres et al. 2017), indicating the venom expression 
differences described here were adaptive. Our results 
suggested that altered predator-prey interactions in 
the island population underlay the rapid morphological 
and venom expression divergence evident between 
mainland and island adult snakes.

Although life history was truncated regarding island 
venom expression, this was not an example of true ped
omorphism as island snakes still exhibited a significant 
(p = 0.012), albeit reduced (R2 = 0.142), ontogenetic 
shift in venom expression relative to the mainland popu
lation (R2 = 0.403). Although whether changes in body 
size were the result of plasticity or distinct genotypes 
across populations was unknown as discussed above, 
prior work in C. adamanteus (Margres et al. 2015b) 
and other rattlesnakes (Gibbs et al. 2009) has shown ve
nom expression to not be plastic. With that said, ultim
ately confirming that venom expression divergence 
was the result of evolutionary change rather than plas
ticity would require translocation experiments to deter
mine if island snakes would reach larger sizes and 
achieve the terminal adult venom phenotype on the 
mainland (and vice versa); such experiments are not cur
rently possible. Regardless, we collectively showed here 
and elsewhere (Margres et al. 2017) that the truncation 
of the ontogenetic venom shift in the island population 
significantly increased toxicity to island prey and was, 
therefore, adaptive.

RNA-seq Identifies Evidence of Both Life History 
Co-option and Independent Spatial Differentiation in 
Venom Expression
Although our proteomic data indicated a clear trunca
tion of the ontogenetic venom shift at the trait-level 
as described above, the resolution of these data pre
vented the identification of specific DE loci and, there
fore, comparisons to previous characterizations of 
range-wide ontogenetic venom expression patterns 
(Hogan et al. 2024). We used venom-gland RNA seq to 
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explore locus-specific signals of ontogenetic co-option 
and spatial differentiation independent of ontogeny 
and found evidence of each in island snakes. For ex
ample, island adults exhibited juvenile-like MYO-5 expres
sion, consistent with the truncation of the ontogenetic 
shift. Similarly, BPP-1 showed intermediate expression in 
island adults relative to mainland adults and both juve
niles. Hogan et al. (2024) found that BPP upregulation in 
adults corresponded to the largest gene family-level onto
genetic expression change across all toxin genes, with 
range-wide mean BPP adult expression of ∼16%. Yet we 
found that upregulation to be truncated in island adults 
relative to their mainland counterparts (Fig. 4b) as well 
as range-wide (Hogan et al. 2024), supporting truncated 
ontogenetic venom differentiation in the island popula
tion. Island adults, however, also showed an up-regulation 
of the entire SVSP gene family which was not associated 
with ontogeny; juvenile venoms were characterized by re
duced SVSP expression relative to adult venoms in both 
populations (Fig. 4b). All 14 actively expressed SVSP para
logs were biased in expression toward island adults rela
tive to mainland adults (Table S4); such consistent 
expression suggested either concordant regulatory evolu
tion across the entire gene family or that paralog sequence 
similarity prevented unique read mapping. The 14 ex
pressed SVSP paralogs exhibited substantial sequence di
vergence, however, with 91 unique comparisons yielding 
a mean pairwise identity of 81.47%, ranging from 
65.30%–98.60%, suggesting complete biased expression 
of the SVSP gene family toward island adult snakes. 
Conversely, mainland adults were characterized by an up
regulation of SVMPs. While SVSPs exhibited concordant, 
gene-family wide changes supporting spatial differenti
ation independent of ontogeny, the SVMP gene family ex
hibited paralog-specific expression changes indicative of 
both life history truncation (e.g. SVMP-mad-3b) and spatial 
differentiation (e.g. SVMP-mdc-3a). Although the expres
sion of SVMP-mdc-3a was not consistent with ontogenetic 
co-option (Hogan et al. 2024), the downregulation of 
SVMPs in island adults was consistent with a truncated 
life history. SVMPs have long been proposed to aid in 
prey digestion given the tissue necrosis and damage their 
activities cause (Mackessy 1988, 2010) and may not be re
quired to effectively digest smaller prey (Margres et al. 
2015b). Given that smaller rodents are the only available 
prey on Little St. George Island, the down-regulation of 
these six SVMPs in island adults was consistent with the 
life history changes described above.

Pedomorphic-like TF Expression in Island Adult Snakes 
Likely Contributed to Truncated Venom Ontogeny
We found clear evidence of pedomorphic-like expression 
in island adult snakes at key, previously described 

candidate TFs (Table 2; Hogan et al. 2024). Lhx6 was the 
only candidate TF biased toward island adults whereas 
Nfil3, Fosl2, Csrnp1, Fosb, and Nr4a3 were biased toward 
mainland adults. Lhx6 was classified as juvenile-biased 
by Hogan et al. (2024), consistent with our adult-juvenile 
comparisons across both island and mainland populations 
and, therefore, life history truncation. Four of the five 
mainland-biased candidate TFs were biased toward adults 
in Hogan et al. (2024); the only exception was Nfil3 which 
was upregulated in mainland adults here but juvenile- 
biased range-wide. Nfil3 was, however, adult-biased in 
our study when comparing mainland adults and juveniles 
(and not DE across island adults and juveniles), indicating 
(1) geographic variation in the contributions of TFs to 
ontogenetic shifts across the range, and (2) consistency 
with life history truncation. Overall, these patterns support 
pedomorphic-like TF expression in island adult snakes that 
likely contributed to truncated venom ontogeny.

We also found a number of Hox genes that were island 
adult-biased in expression. Hox genes are master regula
tors of animal development (Krumlauf 1994; Mallo and 
Alonso 2013), including in reptiles (Martín-del Campo 
et al. 2019) and specifically snakes (Di-Poi et al. 2010; 
Head and Polly 2015). Although Hox genes are often the 
focus of studies on embryonic development (e.g. limb for
mation and body plan variation; reviewed in Mallo 2018), 
their expression and functional roles may often persist into 
adulthood (Rux and Wellik 2017). Here, we found that 
Hoxa5 was upregulated in island adult snakes, and the 
overexpression of this specific paralog in mice has previ
ously been linked to dwarfism (Foucher et al. 2002). 
Hoxa5 was DE and biased toward island adults in all com
parisons but was not DE in any comparison excluding is
land adults (Table S2), suggesting this particular TF may 
be contributing to life history truncation and/or changes 
in body size. Future functional work validating the role of 
this TF in snakes and specifically its expression in venom 
glands relative to other tissues is required to further ex
plore any broader relationship with body size variation.

Given the timescale of divergence in island snakes (i.e. 
<2,000 years Yao et al. 2022), simple, singular molecular 
switches may be enabling rapid ontogenetically-biased ex
pression changes in the venom phenotype; such switches 
would highlight how the genetic architecture of the ve
nom system (i.e. tandem arrays) may allow few molecular 
changes to cause large phenotypic effects over very short 
timescales. TFs may provide such a mechanism.

Differential Chromatin Accessibility Contributes to 
Differential Venom Expression Across Populations
We found that chromatin accessibility predicted adap
tive differential venom expression across populations, 
consistent with prior work in venoms (Margres et al. 
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2021a; Perry et al. 2022; Gopalan et al. 2024; Hogan 
et al. 2024) and other systems (Lewis and Reed 2018; 
Xin et al. 2020). As described above, Hogan et al. 
(2024) showed that DA played a deterministic role in 
C. adamanteus venom ontogeny. Here, we showed 
that DA predicted DE for venom genes associated with 
both truncation of the ontogenetic shift (e.g. MYO-5, 
SVMP-mad-3b, SVMP-mdc-6c) as well as spatial differen
tiation independent of ontogeny (e.g. SVMP-mdc-3a, 
SVSP-11). Chromatin accessibility, therefore, appears 
capable of playing a major role in governing adaptive ve
nom expression differences over ontogeny (Hogan et al. 
2024), through the co-option of ontogeny across popu
lations, as well as across populations independent of 
ontogeny (at least in C. adamanteus) over exceptionally 
short timescales. As ATAC-seq and other techniques 
become more accessible in non-models (Erdoğan et al. 
2025), we may come to realize that DA and other 
epigenomic mechanisms play a much larger role in rapid, 
adaptive evolution than previously understood.

We do note, however, that several loci (e.g. SVMP- 
mad-2b) exhibited putatively discordant DA-DE signals 
that may be the result of venom genomic architecture. 
SVMPs and other venom gene families occur in large 
tandem arrays in rattlesnakes (Schield et al. 2019; 
Margres et al. 2021a; Hirst et al. 2024; Hogan et al. 
2024); here, a peak we associated with one paralog 
based on linear distance may actually contribute to 
the regulation of a different paralog in the array. 
Hogan et al. (2024) found broader regions of accessibil
ity and higher densities of TF-binding motifs near large 
venom-gene arrays in comparison to non-venom gen
omic regions, and three-dimensional proximity has 
been shown to provide more robust regulatory element 
associations than linear proximity (Schoenfelder et al. 
2018). Both MYOs (including β-defensins) and SVMPs 
occur in large tandem arrays in the C. adamanteus 
genome (Hogan et al. 2024; Nachtigall et al. 2025), 
suggesting this putative discordance was likely the 
result of paralog misassignment rather than DA not 
explaining DE. Future work incorporating techniques 
such as Hi-C Coupled chromatin cleavage and 
Tagmentation (HiCuT; Sati et al. 2022) will be necessary 
to assign regulatory elements such as enhancers to spe
cific target genes and resolve such discordance.

Putative Regulatory Variants in Chromatin Accessible 
Genomic Regions May Contribute to Expression 
Variation Independent of Ontogeny
Given that (1) regulatory variants have been shown to 
exhibit significant enrichment in promoters and enhan
cers (Wang et al. 2013; Das et al. 2015; Wen et al. 2016; 
GTEx Consortium 2017), and (2) > 75% of chromatin 

accessible regions represent enhancers and promoters 
(Yan et al. 2020), we explored sequence variation in 
ATAC-seq peaks within and flanking venom genes 
across populations. Despite small sample sizes, we 
identified several putative regulatory variants that may 
contribute to venom expression variation across popula
tions. As expected, the top three candidate SNPs all oc
curred in/near venom genes not associated with 
ontogenetic co-option (SVMP-mdc-1, SVSP-15, 16). 
Because selection on ontogenetic traits is constrained 
to act on a singular genome (Kawajiri et al. 2014), onto
genetic trait variation is limited to age-specific expres
sion variation. We, therefore, did not expect allelic 
variation in putative regulatory regions to contribute 
to ontogenetic co-option. Here, our results instead sug
gest evidence of geographically-variable selection on 
putative regulatory variants altering expression of spe
cific venom loci independent of ontogenetic co-option. 
Ultimately, larger sample sizes and functional genomic 
work are needed to further explore the role of these pu
tative candidate alleles, and additional demographic 
models could explore the relationship between local 
adaptation and gene flow. Prior work in the system ex
plored migration rates between island and mainland 
populations using > 250 loci and > 420 k sites (Margres 
et al. 2017) and found that panmixia was the best model 
under a coalescent framework (Beerli 2008), indicating 
either (a) the rapidity of adaptation and the lack of 
time for neutral differentiation to occur in the absence 
of gene flow, or (b) adaptation in the face of gene 
flow. Additional SNP data are needed to disentangle 
these hypotheses and further evaluate the variation 
in putative CREs identified here in the context of 
migration-selection balance.

Structural Variants in Venom Tandem Arrays Likely 
Contribute to Venom Differentiation Independent of 
Ontogenetic Co-option
We used Bionano optical genome mapping and identi
fied thousands of SVs across one island and one main
land adult (Table S6), including evidence for two 
specific SVs that potentially contributed to the venom 
DE across populations. First, we identified multiple over
lapping SVs in the MYO region of chromosome 2. Prior 
work showed that MYO SVs were common across the 
range of C. adamanteus, including in these two popula
tions (Margres et al. 2017), and MYO variability is not 
unique to C. adamanteus (Cameron and Tu 1978; 
Strickland et al. 2018; Smith et al. 2023) and may be 
linked to its mammal-specific toxicity (Mackessy and 
Saviola 2016). The data here provide additional evi
dence and support for extensive variation in the region, 
but the exact structure of the rearrangement was too 
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complex to resolve with the Bionano optical genome 
mapping data (n = 1) alone. Long-read sequencing 
data for multiple individuals for each population could 
likely resolve the structure of the rearrangement, but 
such data were outside the scope of the current study.

Second, we found a deletion in an intergenic region be
tween two mainland-biased DE SVMPs (SVMP-mad-1a, 
SVMP-mdc-3a). Importantly, the deletion overlapped an 
accessible ATAC-seq peak present in all sequenced adults 
(n = 4), suggesting a deletion of a putative regulatory 
element. The deletion of a CRE governing the expression 
of these DE venom genes would certainly impact expres
sion, but additional techniques (e.g. HiCuT) and larger sam
ple sizes would again be necessary to assign CREs to their 
target genes; we again leave this for future work.

Similar to allelic variation in putative regulatory re
gions, we did not expect SVs to contribute to ontogen
etic co-option but only spatial differentiation 
independent of life history. Although the DE and DA 
of MYOs was consistent with ontogenetic co-option as 
described above, the unresolved yet clear, significant 
signal of SVs in that region suggest that multiple me
chanisms may enable rapid, adaptive expression differ
entiation within a single gene family. Conversely, as 
mentioned above, the DE of SVMP-mdc-3a was indica
tive of geographically-variable selection independent 
of the truncated ontogenetic shift, indicating that SVs, 
particularly in this gene family (Nachtigall et al. 2025), 
can occur over very short timescales and contribute to 
rapid adaptation. Given that these analyses were limited 
by only comparing one individual from each population, 
additional SVs in venom regions may be frequent (but 
not fixed) in either population and affect venom func
tion; additional data and approaches (e.g. pangenomes; 
Fang and Edwards 2024) are needed to comprehensive
ly address the role of SVs in population divergence.

Conclusion
We sought to determine whether rapid, adaptive ex
pression divergence across island-mainland C. adaman
teus populations occurred through the co-option of 
ontogeny, population-specific changes independent of 
ontogeny, or a combination thereof. Overall, rapid 
adaptation in the island population appears to have 
predominantly occurred through the co-option of the 
ontogenetic venom shift, the largest axis of venom vari
ation in the species (Margres et al. 2015b), with spatial 
differentiation playing an important but secondary 
role. Venom proteomic expression data strongly indi
cated ontogenetic co-option, yet higher resolution 
venom-gland RNA-seq data provided evidence of both 
co-option and population-specific changes independ
ent of ontogeny at the individual gene level. 

Interestingly, the same RNA-seq data showed that TF ex
pression was unequivocally supportive of co-option as 
island adults exhibited juvenile-like TF expression pat
terns. Epigenomic data showed that chromatin accessi
bility was predictive of DE regardless of whether 
co-option was involved, suggesting that both ontogen
etic and population-specific expression patterns may be 
mediated by chromatin accessibility. Together, our data 
suggest that rapid adaptation across populations oc
curred through the co-option and truncation of the ve
nom ontogeny regulatory network mediated by TF 
expression. We may therefore expect that rapid adapta
tion in other systems to not only be biased toward 
standing genetic variation (Barrett et al. 2008) but per
haps existing axes of variation that have already been 
exposed to selection (Rieseberg et al. 2003), especially 
if those axes of variation are regulated by key TFs.

Materials and Methods
Sampling
We collected venom, tissues, and/or size information 
from 34 mainland (n = 13 adults, n = 21 juveniles) and 
27 island (n = 22 adults, n = 5 juveniles) C. adamanteus 
(Table S1). Age class assignment was based on length 
(i.e. adults ≥ 1 m SVL) as previously described 
(Waldron et al. 2013; Margres et al. 2015b). Island C. 
adamanteus were collected from Little St. George 
Island, and mainland C. adamanteus were collected 
from the adjacent mainland region as previously de
scribed (Margres et al. 2017). All samples were collected 
under Florida Fish and Wildlife Conservation 
Commission permits LSSC-13-00004, LSSC-09-0399, 
LSSC-12-00071A, and LSSC-20-00037A. All animal pro
cedures were approved by the Institutional Animal 
Care and Use Committees (IACUC) at Florida State 
University (#0924, #1333) and the University of South 
Florida (IS00008815, IS00009536). Table S1 indicates 
which individuals were included in each analysis de
scribed below.

Testing for Differences in Body Size
To determine whether island snakes were significantly 
smaller than mainland snakes, we used a one-tailed 
t-test to compare SVL for 12 mainland and 20 island C. 
adamanteus that were ≥ 1 m SVL. Previous work has 
shown that C. adamanteus reaches sexual maturity at 
∼1 m SVL (Waldron et al. 2013), and ontogenetic shifts 
in venom expression also occur near this threshold 
(Margres et al. 2015b; Schonour et al. 2020; Hogan 
et al. 2024). We restricted our analyses to adults to ac
count for known sampling biases across age classes 
and populations. For example, many more juvenile 
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snakes (i.e. <1 m SVL) were collected from the mainland 
population, and including these individuals in the ana
lysis would have biased the mainland population to
ward a smaller mean size. Analyses were also 
restricted to wild-caught adults with size information 
at time of capture (Table S1). To ensure comparisons 
across Little St. George Island and the adjacent main
land region were not biased by differences in field sam
pling methods (e.g. predominantly driving roadways on 
the mainland versus hiking suitable habitat on the is
land), we compared the mainland population to three 
other island sites sampled by the authors using identical 
methods from a previous study (Margres et al. 2019): 
Sapelo and Jekyll Islands in Georgia, and Caladesi 
Island in Florida. All metadata associated with those in
dividuals can be found in Margres et al. (2019).

Estimating Venom Protein Expression Differentiation
To characterize venom protein expression for all sam
ples, we quantified 25 reverse-phase high-performance 
liquid chromatography (RP-HPLC) peaks for each venom 
sample as previously described (Margres et al. 2014, 
2017). Raw data are in Table S2. To test for significant 
expression differentiation across populations and age 
classes, we followed the statistical approach of 
Margres et al. (2015a, 2017). Briefly, we first used a 
multiplicative replacement strategy (Martin-Fernandez 
et al. 2003) assuming a detecting threshold of 0.01% 
to remove zeros from the raw data. We next used the 
isometric log-ratio (ilr) transformation (Egozcue et al. 
2003) to transform the data using the 
robCompositions package (Templ et al. 2011) in R. To 
test for significant expression differentiation across 
groups, we performed a non-parametric MANOVA 
using the adonis function from the vegan package 
(Oksanen et al. 2013) in R on the ilr-transformed data 
using Euclidean distances as previously described 
(Margres et al. 2015a). Data were visualized via multi
variate homogeneity of group dispersions using the be
tadisper function from the vegan package (Oksanen 
et al. 2013) in R. Finally, group dissimilarity in venom ex
pression was estimated using Euclidean distances in the 
dist and meandist functions in R as previously described 
(Margres et al. 2019).

Venom-gland RNA-seq Library Preparation, 
Sequencing, and Processing
We sequenced venom-gland transcriptomes for two is
land adult C. adamanteus and downloaded 12 publicly 
available C. adamanteus venom-gland transcriptomes 
from NCBI SRA (PRJNA88989; Table S1; Rokyta et al. 
2017; Hogan et al. 2024); the complete dataset con
tained mainland juveniles (n = 6), mainland adults 

(n = 4), island juveniles (n = 1), and island adults 
(n = 3). For each individual, venom was extracted four 
days prior to euthanasia to allow maximum transcrip
tion upon venom gland extraction (Rotenberg et al. 
1971). At four days, snakes were euthanized and dis
sected, and left and right venom glands were placed 
in RNALater. We extracted RNA from the left and right 
venom glands separately using the TRIzol extraction 
method outlined in Rokyta et al. (2017). We sequenced 
left and right venom glands independently except for 
one mainland juvenile for which glands were combined 
prior to sequencing (Table S1) as previously described 
(Hogan et al. 2024); right and left glands have been 
shown to exhibit nearly identical expression profiles 
Rokyta et al. (2015). RNA libraries were generated using 
the NEBNext Ultra II RNA Library Prep Kit for Illumina 
(New England Biolabs) following the NEBNext Poly(A) 
mRNA Magnetic Isolation Module and sequenced at 
the Florida State University DNA Sequencing Facility 
on a NovaSeq 6000 with 150 paired-end sequencing. 
The number of read pairs per library ranged from 
1,861,314 to 25,668,566 (Table S3).

We trimmed all reads using Trim Galore! with default 
parameters (Krueger 2015) and assessed read quality 
with FastQC (Leggett et al. 2013). We used Hisat2 
(Kim et al. 2019) with parameters -k 10 and –dta to 
map each transcriptome to the reference genome 
Cadamanteus_3dDNAHiC_1.2 (Hogan et al. 2024). For 
all individuals except for the single mainland juvenile 
described above, mapped left and right venom gland 
transcriptomes were merged using samtools merge 
(Danecek et al. 2021). We then estimated read counts 
for genes using HTSeq-count with –minaqual 10 
(Anders et al. 2015; Putri et al. 2022) to remove reads 
with >10% probability of multiple alignments, and cal
culated transcript–per–million (TPM) of each gene using 
Stringtie2 (Pertea et al. 2015).

Characterizing Venom-gland Transcriptome 
Expression Differentiation
To identify specific venom genes and TFs that were DE 
across populations and/or age classes, we used 
DESeq2 (Love et al. 2014) on raw, unnormalized counts 
from our venom-gland transcriptome data (n = 14). We 
conducted all six pairwise comparisons across the four 
groups: mainland juveniles (n = 6), mainland adults 
(n = 4), island juveniles (n = 1), and island adults 
(n = 3); significance in differential expression was calcu
lated using the false-discovery rate (FDR)–adjusted 
p-value and LFC ≥ 1. We recognize that LFC ≥ 2 is 
more often used for identifying DE transcripts, but given 
(1) that we were confirming and investigating at greater 
resolution the expression differentiation identified in 
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our larger proteomic data set (n = 46) and previous 
work (Margres et al. 2017), and (2) our relatively small 
RNA-seq sample sizes (particularly with a single island 
juvenile), we elected to use a less stringent cut-off. To 
visualize the differential expression results, a volcano 
plot was created using the EnhancedVolcano package 
in R (v1.24; Blighe et al. 2024). To assess the degree of 
nucleotide similarity among paralogous SVSP toxin 
genes in the reference genome, we first extracted cod
ing sequences (CDS) for each gene family using gffread 
(Pertea and Pertea 2020) with the -x flag. Pairwise nu
cleotide alignments were performed using EMBOSS: 
needleall with a gap opening penalty of 10 and a gap 
extension penalty of 0.5. Pairwise percent identities 
were parsed from the alignment output and summar
ized across all gene pairs for each family.

For DE TFs, GO terms were assigned to protein se
quences using InterProScan (v5.72-103.0; Jones et al. 
2014). GO annotations were extracted from the 
InterProScan results, and redundant rows and invalid 
entries were removed to create a cleaned GO annota
tion dataset. GO enrichment analysis was conducted 
using the clusterProfiler package in R (v4.14.4; Wu 
et al. 2021). The enricher function was applied to iden
tify overrepresented GO terms in the DE TF list relative 
to a background set of all TFs. The input consisted of a 
list of DE TFs from the venom gland dataset, background 
genes containing all TFs with associated GO terms ac
tively expressed in the venom glands, and a two-column 
data frame mapping GO terms to corresponding gene 
IDs. Enrichment was assessed using the hypergeometric 
test, with FDR-adjusted p-values. GO terms with FDR va
lues <0.05 were considered significantly enriched.

ATAC-seq Library Preparation, Sequencing, and 
Processing
We performed venom-gland ATAC-seq for two island 
adult individuals and downloaded venom-gland 
ATAC-seq data for six additional mainland individuals 
(PRJNA868880; Table S1; Hogan et al. 2024); the com
plete dataset contained mainland juveniles (n = 4), main
land adults (n = 2), and island adults (n = 2). We also 
conducted ATAC-seq on liver, muscle, and spleen for 
one island adult (MM0372; Table S1). ATAC-seq was con
ducted following the Omni-ATAC-seq protocol (Corces 
et al. 2017) with modifications outlined in Hogan et al. 
(2024). Briefly, we collected tissue from freshly dissected 
venom-glands, liver, muscle, and spleen and proceeded 
immediately to nuclei isolation and library preparation. 
We sheared 30 − 100 mg of tissue and washed with 
ice-cold phosphate-buffered saline. Samples were then 
resuspended in ice-cold ATAC-resuspension buffer 
(10 mM Tris-HCL, 10 mM NaCl, 3 mM MgCl2, 0.01% 

digitonin, 0.1% Tween-20, and 0.1% NP40), and nuclei 
were extracted (Corces et al. 2017). We counted nuclei 
using hemocytometer chips, and ∼ 50, 000to60, 000 in
tact nuclei were transposed using the Illumina Tagment 
DNA TDE1 Enzyme and Buffer Kit. We then cleaned the 
reaction using a Zymo DNA Clean and Concentrator-5 
kit. Transposed DNA was PCR amplified for five to six 
cycles. We used qPCR to determine the number of PCR 
cycles needed for effective amplification of each sample 
without oversaturation. The PCR amplified libraries 
were then purified with Agencourt AMPure XP beads 
(Beckman Coulter). We used KAPA PCR to determine 
amplifiable concentrations and sequenced the 
libraries on an Illumina NovaSeq 6000 at the Florida 
State University DNA Sequencing Facility. The number 
of read pairs per library ranged from 10,691,848 to 
110,972,116 (Table S3).

We trimmed ATAC-seq reads using Trim Galore! 
v0.4.4 (Krueger and Andrews 2011) using –quality 23 
and all other parameters at default. Read quality was as
sessed with FastQC (Leggett et al. 2013). We used 
Bowtie2 v2.4.2 (Langmead and Salzberg 2012) at default 
settings to align the trimmed reads to the reference gen
ome Cadamanteus_3dDNAHiC_1.2 (Hogan et al. 2024) 
and removed all reads aligning to mitochondrial DNA. 
We then used Picard MarkDuplicates v2.25.4 to remove 
optical and PCR duplicate reads and merged reads from 
the left and right venom glands with Samtools merge. 
Next, we called ATAC-seq peaks with MACS2 version 
2.2.6 (Zhang et al. 2008) with a p-value cutoff of 0.01 
on the aligned BAM files. To identify venom-specific re
gions of accessibility, peaks within venom glands that 
overlapped with a control, non-venom tissue (i.e. liver, 
muscle, or spleen) were removed with bedtools subtract 
with the following parameters: -A, -f 0.50, and -r; such an 
approach removed entire venom peaks reciprocally over
lapping with control peaks by at least 50% as previously 
described (Margres et al. 2021a).

Estimating Differential Chromatin Accessibility in 
Venom Genes
Using the ATAC-seq data, we determined the DA of ve
nom genes in venom glands between mainland juve
niles (n = 4), mainland adults (n = 2), and island adults 
(n = 2). For each of the samples, only venom-specific 
ATAC-seq peaks within 10 kb of a venom gene were re
tained. We then classified the remaining peaks based on 
proximity to the closest venom gene as 10 kb upstream/ 
downstream, 1 kb upstream/downstream, or within the 
venom gene, consistent with previous work (Hogan 
et al. 2024). Any peak overlapping two categories was 
classified based on the closer categorization (e.g. a 
peak overlapping 10 kb upstream/downstream and 1  
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kb upstream/downstream was considered 1 kb up
stream/downstream). We then counted reads within 
the identified venom peaks with HT-seq count, using 
the venom peak file generated for each sample as a ref
erence to ensure read counts were generated only for 
accessible genomic regions (i.e. those possessing a 
peak) within or nearby an annotated venom gene. We 
ran HT-seq count under the following four filtering 
schemes: –nonunique=none, –minaqual 10 and –nonu
nique=all, –minaqual=0, 10, or 20. –nonunique=all re
tains reads overlapping multiple regions whereas – 
nonunique=none removes such reads. For example, if 
a peak overlapped with both a 1 kb and 10 kb region 
upstream from a venom gene, a read within the peak 
may overlap both regions. –nonunique=all would in
crease the count of both regions for such an overlapping 
read, and –nonunique=none would not count the read. 
Because venom peaks often overlapped with two 
venom regions, most of our filters retained reads over
lapping multiple regions (i.e. –nonunique=all). To deter
mine the overall accessibility of a genic region, we 
summed all venom peak read counts within each genic 
region (e.g. within a 10 kb upstream region) and then 
summed counts across equivalent upstream and down
stream regions (e.g. 10 kb upstream and 10 kb down
stream). To identify DA of specific venom ATAC-seq 
peaks and venom genes, we used DESeq2 (Love et al. 
2014) as previously described (Hogan et al. 2024). Due 
to the low number of replicates (n = 2 each for island 
and mainland adults), we considered a region DA if it 
had a LFC ≥ 1. Venom genes were considered DA if 
they had (1) at least one region with LFC ≥ 1 across 
more than one filter and (2) no conflicting bias (e.g. a 
single region was island biased under one filter but 
mainland biased under another, or an upstream region 
was island biased but a downstream region was main
land biased would be removed).

Exploring Sequence Variation in Chromatin 
Accessible Venom Regions
To determine if sequence variation was present in 
ATAC-seq peak regions within and flanking venom genes, 
we called SNPs on the aligned, de-duplicated reads (see 
above). We followed the GATK pipeline (version 4.2.0.0; 
Poplin et al. 2018), first using HaplotypeCaller with the 
“-ERC GVCF” and “-do-not-run-physical-phasing” flags on 
each sample. To generate jointly genotyped SNPs and 
indels, we combined sample-level SNP calls with 
GenomicsDBImport and used GenotypeGVCFs to extract 
variants. We next used SelectVariants to obtain only 
SNPs and ran VariantFiltration with filters QD <2.0, FS >  
60.0, MQ < 40.0, MQRanksSum < − 12.5, and 
ReadPosRankSum < 8.0 as recommended by GATK 

developers. Finally, we used VCFtools (Danecek et al. 
2011) to retain SNPs found within ATAC-seq peaks. We 
further filtered this final set of SNPs by (1) separating island 
from mainland snakes, (2) using –minGQ 5 (i.e. probability 
of an incorrect genotype call < 10%), and (3) removing var
iants where fewer than two island or mainland snakes pos
sessed genotypes.

Identifying Structural Variants through BioNano 
Optical Mapping
To identify large SVs (i.e. >500 bp) in the island popula
tion compared to the mainland population, we used 
Bionano optical mapping. A single blood sample from 
an island adult (KW1729; Table S1) was sent to 
Bionano Genomics (San Diego, CA) where high- 
molecular weight DNA was extracted, flourescently- 
tagged with DLE1 (i.e. CTTAAG motifs), and imaged on 
a Saphyr system resulting in > 12 million optically 
mapped molecules. After filtering (molecules ≥ 150
kbp with ≥ 9 labeled sites), a total of 1.49 Tbp of DNA 
(N50 of 294.38 kbp) resulted in ∼ 928× optical mapping 
genome coverage.

Data were processed using Bionano Solves (v3.7) Rare 
Variant Analysis (RVA) pipeline. The RVA pipeline de
tects SVs via “split-read” and copy-number variant ana
lyses. The “split-read” analysis identifies SVs by analyzing 
molecule alignments and looking for clusters of mole
cules with internal alignment gaps and multiple align
ments. The copy number analysis detects SVs by 
finding regions of the genome with significantly in
creased or decreased coverage. See here for details: 
https://bionanogenomics.com/wp-content/uploads/ 
2018/04/30110-Bionano-Solve-Theory-of-Operation- 
Structural-Variant-Calling.pdf.

Supplementary Material
Supplementary material is available at Genome Biology 
and Evolution online.
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