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Here we use a chromosome-level genome assembly of a prairie rattlesnake (Crotalus viridis), together with Hi-C, RNA-seq, and

whole-genome resequencing data, to study key features of genome biology and evolution in reptiles. We identify the rat-

tlesnake Z Chromosome, including the recombining pseudoautosomal region, and find evidence for partial dosage compen-

sation driven by an evolutionary accumulation of a female-biased up-regulation mechanism. Comparative analyses with

other amniotes provide new insight into the origins, structure, and function of reptile microchromosomes, which we dem-

onstrate have markedly different structure and function compared to macrochromosomes. Snake microchromosomes are

also enriched for venom genes, which we show have evolved through multiple tandem duplication events in multiple gene

families. By overlaying chromatin structure information and gene expression data, we find evidence for venom gene-specific

chromatin contact domains and identify how chromatin structure guides precise expression of multiple venom gene fam-

ilies. Further, we find evidence for venom gland-specific transcription factor activity and characterize a complement of

mechanisms underlying venom production and regulation. Our findings reveal novel and fundamental features of reptile

genome biology, provide insight into the regulation of snake venom, and broadly highlight the biological insight enabled by

chromosome-level genome assemblies.

[Supplemental material is available for this article.]

Squamate reptileshavebecome importantmodels for a broad range
of research, including studies on genome structure (Alföldi et al.
2011), coevolution (Geffeney et al. 2002), development (Cohn
and Tickle 1999), and regenerative biology (Secor and Diamond
1998). Among squamates, snakes represent an enriched system
for studying a number of extreme or unique biological features.
For example, snakes are an emerging model system for studying
sex chromosomeevolution, given their lackof apparent global dos-
age compensation (Vicoso et al. 2013), independent origins of ZW
and XY sex determination systems (Gamble et al. 2017), and wide
range of differentiationbetween sex chromosomes among lineages
(Matsubara et al. 2006). Snakes also possess microchromosomes,
which have been shown in birds to have intriguing and unique ge-
nome biology (Hillier et al. 2004; Backström et al. 2010) but are vir-
tually uncharacterized in reptiles. Snake venom systems are the
most intensely studied feature of snakebiologydue to theirmedical
relevance (Mackessy 2010) and also because they provide a unique
opportunity to study theevolutionof a complexphenotype that re-
quired gene duplication, shifts in gene function and regulation,
and numerous structural and physiological adaptations for venom

storage and delivery. Although numerous studies have character-
ized the composition and activity of snake venoms, progress in un-
derstanding the genomic context for venom evolution and precise
cellular and regulatorymechanisms underlying venom expression
has been severely limited by the fragmentary nature of existing
snake genome assemblies (Bradnam et al. 2013; Castoe et al.
2013; Vonk et al. 2013; Yin et al. 2016).

Here we leverage a chromosome-level assembly of the ge-
nome of the prairie rattlesnake (Crotalus viridis), assembled using
a combination of second-generation sequencing and Hi-C scaf-
folding (Lieberman-Aiden et al. 2009), to study key questions
about reptile and snake genome biology that have been previously
difficult to address due to the fragmentary genome assemblies
available for reptile species. We trace patterns of chromosome-
level synteny and composition across amniotes, specifically ex-
ploring synteny between reptile and avian genomes and testing
hypotheses about the evolution of GC-isochore structure in rep-
tiles.We further characterize genome-wide chromatin contacts us-
ing Hi-C data to demonstrate differences between classes of
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chromosomes and distinctions from patterns observed in mam-
malian data sets. Rattlesnakes have highly differentiated ZW sex
chromosomes (Matsubara et al. 2006), and we use our genome
and additional resequenced genomes to identify the Z Chromo-
some, the pseudoautosomal region of Z and W Chromosomes,
and an evolutionary stratum in the process of degeneration. We
further studied patterns of partial dosage compensation and used
inferred ancestral genome-wide expression levels to characterize
the evolution of dosage compensation in snakes. Lastly, we use a
combination of Hi-C chromatin contact data from the rattlesnake
venom gland, RNA-seq data from diverse tissues, and the chromo-
somal locations of snake venom gene families to identify mecha-
nisms of venom gene regulation in the venom gland.

Results

Genome assembly and annotation

We sequenced and assembled a rattlesnake reference genome from
a male prairie rattlesnake (Crotalus viridis viridis) that was se-
quenced at 1658-fold physical coverage using multiple approach-
es, including the Dovetail Genomics HiRise sequencing and
assembly method (Putnam et al. 2016) that combines Chicago
(Putnam et al. 2016; Rice et al. 2017) and Hi-C (Lieberman-Aiden
et al. 2009) data, yielding a final scaffold length of 1.34 Gbp (Sup-
plemental Fig. S1; Supplemental Tables S1, S2). Our annotation,
which incorporated data from 24 RNA-seq libraries (Supplemental
Table S3), included 17,352 protein-coding genes and an annotated
repeat element content of 39.49% (Supplemental Tables S4, S5).
Macrochromosomes were matched to scaffolds based on scaffold
size and known chromosome-specific markers (Supplemental Ta-
ble S6; Matsubara et al. 2006). Of six chromosomal markers from
Matsubara et al. (2006) that did not map to predicted chromo-
somes in our rattlesnake assembly, we were able to corroborate
the accuracy of our assembly for five using multiple lines of
evidence, including cross-species synteny with Anolis and local
Hi-C contact frequencies (Supplemental Methods; Supplemental
Table S7; Supplemental Fig. S2). We also identified the rattlesnake
Z Chromosome usingmultiple lines of evidence, which we discuss
below. In our preliminary assembly, microchromosomes were
overassembled into a single large scaffold, whichwemanually split
based on multiple lines of evidence (see below and Supplemental
Methods). The refined assembly had microchromosome scaffolds
with lengths matching the predicted sizes of rattlesnake chromo-
somes (Baker et al. 1972). Our chromosome-level scaffolds include
assembled telomeric and centromeric regions, with centromeres
containing an abundant 164-bpmonomer (Supplemental Fig. S3).

Synteny and chromosomal composition

The rattlesnake microchromosomes contain higher and more var-
iableGC content thando themacrochromosomes andhave partic-
ularly high gene density (Welch’s two-sample t-test on 100-kb
windows, P-value<0.00001) and reduced repeat element content
compared to macrochromosomes (Welch’s two-sample t-test, P<
0.00001) (Fig. 1A). These patterns are similar to those in the chick-
en (Supplemental Fig. S4). Rattlesnake chromosomes are highly
syntenic with those from Anolis, except for fusion/separation of
Anolis Chromosome 3 into rattlesnake Chromosomes 4 and 5
(Fig. 1B; Supplemental Fig. S5). Our synteny inferences also con-
firm that AnolisChromosome 6 is homologous to the sex chromo-
somes of rattlesnakes (Srikulnath et al. 2009).

Despite conservation of squamatemicrochromosomehomol-
ogy, patterns of chicken-squamate homology suggest that there
were major shifts between macro- and microchromosome loca-
tions for large syntenic regions early in amniote evolution. We
find evidence for multiple macrochromosomal shifts in synteny
between the chicken and squamate reptiles, some of which appear
quite complex. For example, the chicken Chromosomes 1 and 2
show synteny patterns that are scattered across multiple squamate
macrochromosomes, including the rattlesnake Z Chromosome.
Furthermore, only about half of chicken microchromosomes are
syntenic with squamate microchromosomes (Fig. 1B), while the
rest of chicken microchromosomes share synteny with squamate
macrochromosomes. Despite independent origins of some avian
and squamate microchromosomes, there are broad similarities
among squamate and avian microchromosomes (e.g., GC content
variation, gene density) (Supplemental Fig. S4). Further, the pres-
ence of microchromosomes in most extant diapsids (Olmo 2005;
Organ et al. 2008), the ancestral diapsid genome (O’Connor et
al. 2018), amphibians (Voss et al. 2011), and fish (Braasch et al.
2015) broadly suggest that the majority of vertebrate evolution
has been shaped by the distinctive but poorly understood biology
of microchromosomes.

GC-isochore and repeat element evolution

Squamate reptiles have become importantmodels for studying the
evolution of genomic GC content and isochore structure, due to
the loss of GC isochores in Anolis yet the apparent re-emergence
of isochore structure in snakes (Fujita et al. 2011; Castoe et al.
2013). Comparisons of orthologous genomic regions across 12
squamates demonstrates that there have been two major transi-
tions in genomicGC content, including a reduction inGC content
from lizards to snakes and a further reduction in GC content with-
in the colubroid snake lineage that includes the rattlesnake and co-
bra (Fig. 1C). This suggests that higher genome-wide GC content
was likely the ancestral squamate condition and that snakes have
evolved increased nucleotide composition variation through an
increase in genomic AT content, rather than a buildup of
GC-rich isochores. Based on studies of mammals (Duret and
Galtier 2009), GC isochore structure is thought to be driven main-
ly by GC-biased gene conversion that results in GC-biased allele
substitution in some genomic regions. The negative relationship
between genomic GC content (Fig. 1C) and GC isochore structure
(Fig. 1D; Supplemental Table S8) across squamate evolution indi-
cates that this explanation may not apply to the apparent trends
in snakes. Instead, GC content variation in snakes appears to be
driven by AT-biased processes, including AT-biased substitution
that was suggested by previous comparisons of lizard and snake ge-
nomes (Castoe et al. 2013). Similar to the patterns observed in GC
content variation, genomic repeat element content has also under-
gone a major shift in colubroid snakes, which show substantial in-
creases in transposable elements overall and specific increases in
hAT and Tc1 DNA elements, CR1-L3 LINEs, and simple sequence
repeats (SSRs) (Fig. 1E; Supplemental Fig. S6). It remains an open
question, however, if shifts in GC content and genomic repeat
landscapes are related in colubroid snakes (see also Pasquesi et al.
2018).

Sex chromosome evolution

Snake sex chromosomes have evolved multiple times, apparently
from different autosomal chromosomes (Gamble et al. 2017),
and colubroid Z/W Chromosomes are homologous with Anolis
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Chromosome 6 (Srikulnath et al. 2009; Vicoso et al. 2013). We
identified a single 114-Mb scaffold as the rattlesnake Z Chromo-
some that contains known Z-linked genes (Supplemental Table
S6; Matsubara et al. 2006) and demonstrates roughly half female
(ZW) versusmale (ZZ)mapped genomic read coverage based on ad-
ditional male and female samples we sequenced (Fig. 2A; Supple-
mental Table S9; Supplemental Fig. S7). We also identified the
recombiningpseudoautosomal region (PAR) of the ZChromosome
as the distal 7.2-Mb region that shows equal male-female genomic
read coverage (Fig. 2A). The PAR is GC-rich relative to the genomic
background and the remaining Z Chromosome (42.9%) (Supple-
mental Fig. S8), similar to the PAR of the collard flycatcher (Smeds
et al. 2014), suggesting that commonprocessesmaydrive increased
PAR GC content in independently evolved snake and avian sex

chromosomes. The rattlesnake PAR also exhibits distinctive pat-
ternsof repeat element content (Supplemental Fig. S9) andahigher
density of genes than the remaining ZChromosome (Fisher’s exact
test, P=4.46×10−7) (Supplemental Fig. S10). Adjacent to the PAR,
we identified an evolutionary stratum (“Recent Stratum”) that
shows near-autosomal female genomic read coverage (Fig. 2A,
top panel). We hypothesize that recombination was most recently
suppressed in this region and that substantial homology is retained
between Z andWChromosomes. Consistent with this hypothesis,
we observe elevated nucleotide diversity (π) across this region spe-
cifically in females (Fig. 2A; Supplemental Fig. S11), likely due to
readsmapping to divergent Z- andW-linked gametologs. These re-
sults suggest that a number of W-linked gametologs have either
been retained during Z/W divergence or are still in the process of

D E

BA

C

Figure 1. Structure and content of the rattlesnake genome. (A) Regional variation in GC content, genomic repeat content, and gene density (for 100-kb
windows) are shown on to-scale chromosomes, with centromere locations represented by circles; values above the genome-wide median are red. GD is
gene density, or the number of genes per 100-kb window; higher density shown in darker red. (B) Synteny between rattlesnake, chicken, and anole ge-
nomes. Colors on chicken and anole chromosomes correspond with homologous rattlesnake sequence. Numbers to the right of chromosomes in the
microchromosome inset represent rattlesnake microchromosomes syntenic with a given chicken or anole chromosomes for >80% of their length.
Divergence times are shown in millions of years (mya). (C) Patterns of GC content from genome alignment of 12 squamate species, with tree branches
colored according to genomic GC content. The heat map to the right depicts GC content in 50-kb windows of aligned sequence, with macro- and micro-
chromosome regions labeled below. (D) Genomic GC isochore structure measured by the standard deviation in GC content among 5-, 20-, and 80-kb
windows. (E) Genomic repeat content among 12 squamate species, with tree branches colored by total genomic repeat content.
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degeneration, as has been suggested for birds (Bellott et al. 2017).
To further understand the evolutionary origins of the Recent Stra-
tum, we compared mappings of female and male resequencing
data for the prairie rattlesnake with those from the pygmy rattle-
snake (Sistrurus catenatus) and five-pacer viper (Deinagkistrodon acu-

tus). Both species exhibit similar patterns of intermediate female
normalized coverage across the Recent Stratum (Supplemental
Fig. S7), suggesting that this evolutionary stratum evolved prior
to the divergence between the prairie rattlesnake and five-pacer vi-
per greater than 30 million years ago (Zheng and Wiens 2016).

A

B

C D

Figure 2. The Z Chromosome of the rattlesnake and the evolution of snake dosage compensation. (A) Normalized (log2) female/male genomic read
coverage, female π, and windowed (30-gene) log2 normalized female/male gene expression. Known Z-linked markers (Matsubara et al. 2006) shown
as blue blocks. In expression plot, red marks represent predicted estrogen response elements (EREs). On each plot, the pseudoautosomal region (PAR)
and Recent Stratum are highlighted in gray and orange, respectively. (B) Normalized (log2) female/male kidney gene expression per gene (black dots)
across the Z shown next to expression on Chromosome 5, a similarly sized autosome (left panels). The red dashed lines are the median ratios, and relative
density is shown to the right of each panel. Gene expression (log2 RPKM) distributions formale and female acrossmacrochromosomes, Z Chromosome, the
PAR, and microchromosomes (center and right panels). Asterisks depict significant differences between autosomal and Z Chromosome expression.
(C ) Density plots of current and inferred ancestral patterns of gene expression (log2 RPKM) in male and female kidney, respectively. Dashed lines represent
the median of each distribution. (D) EREs drive partial dosage compensation. The correlation (red line) between predicted EREs and female/male gene ex-
pression ratios in 100-kb windows (top panel) is shown with evidence for accumulation of EREs on the rattlesnake Z (bottom panel). Each bar shows the
density of EREs found in specific chromosomes (rattlesnake Z and Anolis 6 shown in green) and genome-wide (gray bars). The asterisk depicts a significantly
greater density of EREs on the rattlesnake Z than Anolis Chromosome 6.
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Collectively, the features of the Recent Stratum suggest that recom-
bination suppression and degeneration are ongoing processes in
pit vipers, despite the already high differentiation between Z and
W Chromosomes (Matsubara et al. 2006).

Patterns of gene expression between heterogametic and
homogametic sexes in organisms with differentiated sex chromo-
somes are of broad interest because of the diversity of mechanisms
that can result in dosage compensation (Graves 2016). To investi-
gate dosage compensation in the rattlesnake, we compared female
andmale RNA-seq data from kidney and liver tissues across the rat-
tlesnake Z Chromosome (Supplemental Table S9). We find evi-
dence from both tissues for lower overall expression in the female
(Fig. 2B, left panel; Supplemental Fig. S12), consistent with previ-
ous conclusions that female colubroids lack complete dosage com-
pensation (Vicoso et al. 2013) but also that this ratio is higher than
expected if there were no dosage compensation (i.e., log2 female/
male expression >−1, Wilcoxon signed-rank tests, P-values < 2.2
×10−16). We also find that chromosome-wide gene expression is
higher on the Z than on autosomes for males (Mann–Whitney
U tests, P-values < 0.0002), yet lower on the Z than on autosomes
for females (P-values < 0.02) (Fig. 2B). Consistent with this, the Z
is also enriched for male-biased genes and depauperate in female-
biased genes, relative to autosomes (Fisher’s exact tests, P-values <
2× 10−5) (Supplemental Fig. S13).

To understand howpatterns of gene expression on the Z have
evolved, we compared current Z gene expression in our rattlesnake
samples to inferred ancestral (i.e., proto-Z) expression, based on ex-
pression levels in autosomal orthologs of the rattlesnake Z genes in
the anole and chicken (following Julien et al. 2012; Marin et al.
2017). We find that current male Z expression has not changed
from the inferred male proto-Z expression level (Fig. 2C; Supple-
mental Fig. S12) but that current female Z expression is lower
than ancestral female expression (Mann–Whitney U tests, P-val-
ues < 0.005). This finding suggests that female Z expression dimin-
ished after the establishment of sex chromosomes in the
rattlesnake. Combined with evidence that current male Z expres-
sion is higher than autosomes, these findings raise the question
of whether ancestral expression levels predisposed the proto-Z
(e.g., Anolis Chromosome 6) to become the rattlesnake Z. We ad-
dressed this by comparing inferred ancestral Z and autosomal ex-
pression (Fig. 2C) and find that the ancestor of the rattlesnake Z
shows higher expression in both sexes
than ancestral autosomes (Mann–Whit-
ney U tests, P-values < 0.02). These find-
ings suggest that, due to the enrichment
of male-specific function and the overall
elevated level of expression, characteris-
tics of the rattlesnake Z ancestor may
have favored its transition from auto-
some to sex chromosome.

No mechanisms underlying partial
dosage of genes or regions have been
identified in snakes. The ratio of female/
male gene expression is regionally vari-
able across the rattlesnake Z, suggesting
partial dosage compensation driven by
regional or gene-specific mechanisms
(Fig. 2A, bottom panel). We hypothe-
sized that an inherently female-biased
regulatory mechanism, estrogen re-
sponse elements (EREs), might explain
dosage-compensated regions and tested

for a relationship between the ratio of female/male expression
and the number of predicted EREs in 100-kb windows of the Z
Chromosome. There is a positive relationship between ERE density
and female/male expression for rattlesnakes on the rattlesnake Z
(Fig. 2D), yet we do not find this relationship for the analogous
comparison of Anolis female/male expression and ERE density on
Anolis Chromosome 6 (Supplemental Fig. S14). We also find that
that the rattlesnake Z Chromosome has a much higher density of
EREs than Anolis Chromosome 6 (two-sample Z test, P-value<2.2
×10−16) (Fig. 2D) and is enriched forEREs compared to thegenomic
background (Fisher’s exact test, P-value<2.2 ×10−16), despite a
much higher density of EREs in the Anolis genome overall. To fur-
ther understand if ERE accumulation is a general feature of snake
Z Chromosome evolution, we also analyzed Z Chromosome and
autosomal sequences of the five-pacer viper and find consistent ev-
idence for ERE enrichment on the Z Chromosome compared to
Anolis Chromosome 6 (Fisher’s exact test, P-value=0.00016) (Sup-
plemental Fig. S15). Our results illustrate that the evolution of the
pit viper Z Chromosome has involved regional accumulation of
EREs, whichmay be an importantmechanism underlying regional
dosage compensation.

Hi-C exposes unique microchromosome biology

Our analyses of the first chromatin contact data for a nonmamma-
lian vertebrate (Fig. 3A) demonstrate broad similarities in chroma-
tin structure across vertebrate macrochromosomes, yet unique
features of snake microchromosomes. We find that patterns of in-
tra- and inter-chromosomal chromatin contacts across rattlesnake
macrochromosomes are consistent with patterns observed in
mammals, such that when interchromosomal contact frequencies
are normalized by chromosome length, they show a consistent
negative linear relationship across species (Fig. 3B). Rattlesnake
microchromosomes deviate significantly from this macrochromo-
somal pattern and share disproportionately high frequencies of
contacts with other chromosomes, including other microchromo-
somes (Fig. 3A,B). Indeed, the initial overassembly (Supple-
mental Fig. S16) of microchromosomes into a single scaffold was
likely driven by these unexpected high contact frequencies among
microchromosomes, which significantly exceed assumptions used
for assembly that are based onmammalianmacrochromosomes (t-

BA

Figure 3. Genome-wide chromosomal contacts in the rattlesnake venom gland. (A) 2D heat map of
intrachromosomal (red) and interchromosomal (blue) contacts among rattlesnake chromosomes
(top). Locations of interchromosomal contacts (bottom), where light blue lines are contacts between
macrochromosomes, medium blue lines are micro-to-macrochromosome contacts, and dark blue lines
are contacts between microchromosomes. (B) Comparison of interchromosomal contacts normalized
by chromosome length versus chromosome length for different species from Hi-C data sets. Red lines
depict negative linear relationships for macrochromosomes.
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test, P<0.000001). These findings highlight the uniqueness of
microchromosome interactions within the nucleus of the rattle-
snake venom gland and beg the question of whether distinctive
chromatin contacts are a consistent feature of microchromosomes
in other amniotes.

Venom evolution and regulation

While numerous studies have characterized the diversity of venom
composition among snake species (e.g., Mackessy 2008; Casewell
et al. 2009, 2012; Rokyta et al. 2012), the chromosomal location
of venom genes and mechanisms underlying the regulation of
venom remain poorly understood. Our rattlesnake genome pro-
vides the genomic location and context for snake venom genes
(Fig. 4A; Supplemental Tables S10, S11; Supplemental Fig. S17)
and demonstrates that microchromosomes are enriched for these
genes (i.e., 37% of all venom genes are found on microchromo-
somes which represent 10% of the genome; Fisher’s exact test,
P= 0.0017) (Fig. 4A). Moreover, microchromosome-linked venom
gene families include three of the most abundant and well-charac-
terized components of rattlesnake venom (snake venom metallo-
proteinases, SVMPs; snake venom serine proteinases, SVSPs; and
type IIA phospholipases A2, PLA2s) (Fig. 4A)—each of these fami-
lies is located on a different microchromosome (Fig. 4A; Sup-
plemental Fig. S17). The other major component of prairie
rattlesnake venom, myotoxin (crotamine), is located on Chromo-
some 1 (Fig. 4A). To identify patterns of venom gene family evolu-
tion, we conducted phylogenetic estimates of each of the
microchromosome-linked families listed above (including nonve-
nom paralogs). We inferred that each venom family represents a
distinct set of tandemly duplicated genes derived from a single an-
cestral homolog that gave rise to a monophyletic cluster of venom
paralogs (Supplemental Figs. S18, S19). While this has been pro-
posed previously (Ikeda et al. 2010; Vonk et al. 2013), the contigu-
ity of our genome provides new definitive evidence that this
duplicative mechanism explains the origin of multiple unlinked
snake venom gene clusters.

The depletion of venom is followed by the rapid expression,
synthesis, and storage of proteins in the venom gland lumen over
the course of several days. To investigate the regulation of venom
production, we compared gene expression between venom glands
andbody tissuesand identifieda set of 12 transcription factors (TFs)
with significantly higher expression in the venom gland (Fig. 4B;
Supplemental Table S12; Supplemental Fig. S20). Many of these
TFs were linked to the secretory demands of the venom gland
(e.g., the unfolded protein response of the endoplasmic reticulum:
ATF6 and CREB3L2) or repair of the glandular epithelium (e.g.,
ELF5). While the potential involvement of these TFs in regulating
venomproduction cannot be entirely ruled out,wedid not find ev-
idence of predicted binding sites that would suggest a role in
directly regulating venom genes (Supplemental Table S12). Five
transcription factors, however, stood out as candidates for regulat-
ing venom gene expression based on their known regulatory func-
tions, links to established mechanisms of venom production, and
the proximity of their predicted binding sites to venom genes
(Fig. 4B).

Though neither TFs nor transcriptional mechanisms regulat-
ing venom production have been precisely identified, there is evi-
dence that following venom depletion, venom production is
triggered by a1-adrenoceptors that activate the ERK signaling path-
way (Kerchove et al. 2008). One of the venom-gland up-regulated
TF geneswasGRHL1, which is known to function in epidermal bar-

rier formation and repair (Ting et al. 2005) and is regulated directly
by ERK (Kim and McGinnis 2011). We also identified a set of four
Nuclear Factor 1 (NFI) TFs, all of which share the same predicted
binding site and are classified as RNA polymerase II core promoter
binding TFs. NFI TFs are known to drive tissue-specific expression
(Gronostajski 2000) and function in chromatin remodeling and
transactivation (Fane et al. 2017). Predicted binding sites of
GRHL1 tend to occur in close proximity to venom genes (average
within 79 kb of a venom gene), and predicted NFI binding sites
are present in the promoter regions of a large proportion (∼72%)
of venom genes (Fig. 4C; Supplemental Tables S12, S13; Supple-
mental Fig. S19).We also found that genes flanking venomclusters
(and lacking venom-specific expression) lacked NFI binding sites
and were, on average, further (86 kb) away from the nearest
GRHL1 binding site; binding sites for either set of TFs were not,
however, statistically enriched in venom gene regions compared
to the genomic background (Supplemental Table S13; Supplemen-
tal Methods). The up-regulation of GRHL1 and NFI TFs upon ven-
om depletion and the presence of their predicted binding sites in
venom gene clusters suggests these TFs may play a direct role in
the regulationof venom, although thedistributionof their binding
sites does not entirely explain variation in venom gene expression
(e.g., Fig. 4C), suggesting that other TFs and potentially other
mechanisms also contribute to venom regulation.

Because our results indicated that the specificity of venom
gene expression is not fully explained by venom-specific TF activ-
ity, we tested for evidence that venom is also regulated by specific
chromatin structure and organization. We performed Hi-C se-
quencing of a 1-d post-extraction venom gland, which enabled
us to capture chromatin contacts associated with venom produc-
tion. Genomic regions containing venom clusters show a specific
structure within discrete high-frequency chromatin contact re-
gions, representing venom-specific topologically associated chro-
matin domains (TADs) (Fig. 4D; Supplemental Fig. S21; Dixon
et al. 2016). These “venomTADs” are flanked by predicted binding
sites of CTCF, which coordinates DNA looping and insulates tran-
scriptional activity. Consistent with our chromatin data, we find
that genes flanking venomTADs exhibit varied expression profiles
across tissues, while genes within venom TADs show high venom
gland specificity (Fig. 4C,D), indicating a strong insulating regula-
tory effect of TAD boundaries surrounding venom cluster regions.
Collectively, these findings suggest that venom gene regulation is
driven by synergistic interactions between tightly regulated chro-
matin structure and highly expressed TFs that are responsive to
venom depletion.

Discussion

Our results provide new perspectives on the structure and function
of amniote genomes, mechanisms and evolution of dosage com-
pensation, and the biology and regulation of snake venom. These
findings further demonstrate the potential for a new generation
of well-assembled genomes to facilitate advances in our under-
standingof thediversityof genomebiologyacrossotherwisepoorly
characterized lineages of the tree of life. Much of what is known
about reptile genome biology comes from studies of lizards and
birds (e.g., Hillier et al. 2004; Warren et al. 2010; Alföldi et al.
2011), thus aprimarymotivationof this studywas touse thehighly
contiguous rattlesnake genome to compare and contrast aspects of
snake genome biology with those of other reptiles and amniotes.
For example, studies of bird genomeshave shown that avianmicro-
chromosomes are gene-rich and therefore functionally important.
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Despite the semi-independent origins of microchromosomes in
squamate reptiles and birds, snake microchromosomes exhibit
many of the same compositional patterns (i.e., gene density, GC
and repeat content) as microchromosomes in birds (Fig. 1).
Moreover, as the first species withmicrochromosomes to be exam-
ined using Hi-C, we find that rattlesnake microchromosomes ex-
hibit fundamentally different patterns of chromatin contact,
with proportionally higher inter-chromosomal contact frequen-
cies than macrochromosomes in snakes or mammals (Fig. 3;
Lieberman-Aiden et al. 2009; Rao et al. 2014; Darrow et al. 2016).

This discovery highlights the unique structure and function of
microchromosomesand raises thequestionofwhether theunique-
ness of snake microchromosome chromatin structure is a feature
common to all amniote vertebrate microchromosomes. Future
analyses using Hi-C or other data to compare microchromosome
structure and nuclear contact patterns will be key to address the
generality of links betweenmicrochromosome structure, organiza-
tion, and function across vertebrate lineages.

A major goal of comparative genomics is to understand the
patterns and mechanisms that lead to the observed variation in

B

A

C

D

Figure 4. Genomic context for venom gene regulation and production. (A) Pie chart of the venom proteome with relative abundance of venom families
(redrawn from Saviola et al. 2015). Chromosomal location of venom gene families (right); colored labels correspond to families from the proteome chart.
(B) Gene expression across tissues of transcription factors (TFs) significantly up-regulated in the venom gland. (C) Heat maps of gene expression across
tissues for venom genes in each of the three focal venom gene families and the genes immediately flanking (i.e., outside of) each venom cluster (labeled
in gray). Vertical lines above each gene represent their promoters, with predicted NFI binding sites shown in red. Predicted GRHL1 binding sites in venom
clusters are shown as turquoise squares. (D) Hi-C heat maps showing contact domains (black dashed boxes), for the SVMP, SVSP, and PLA2 venom genes
(solid black boxes). Blue squares are predicted CTCF binding sites. Values to the left of heat maps are start and end coordinates (in Mb) of each region,
visualized at 5-kb resolution.
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genome structure and function across species. Previous compara-
tive analyses have demonstrated unique patterns of genome struc-
ture and content in squamate reptiles that are distinct from those
observed in other major amniote lineages (i.e., birds and mam-
mals) (Alföldi et al. 2011; Fujita et al. 2011; Pasquesi et al. 2018).
Our comparative analyses of 12 squamate genomes provide new
insight and context for understanding the evolution of unique ge-
nomic features of squamates (Fig. 1C–E). For example, our results
indicate that snakes have re-evolved genomic GC-isochore struc-
ture while also evolving reduced overall genomic GC content.
The confluence of these patterns raises the intriguing possibility
that snake isochore structure has evolved not through an accumu-
lation ofGC content (i.e., GC-biased gene conversion), as observed
inmammals and birds (Duret andGaltier 2009;Weber et al. 2014),
but through the accumulation of AT content via AT-biased substi-
tutions (Castoe et al. 2013) or othermechanisms. This observation
in snakes, togetherwith the extremely variedGC landscapes across
squamates (Fig. 1C,D; Fujita et al. 2011; Castoe et al. 2013), raises a
number of questions, including whether mechanisms outside of
GC-biased gene conversion contribute to GC isochore structure
in vertebrates and whether GC-biased gene conversion plays ama-
jor role in squamate genome evolution.

Due to the independent origins of distinct sex determination
systems (Gamble et al. 2017) and variation in differentiation be-
tween sex chromosomes among lineages (Matsubara et al. 2006;
Vicoso et al. 2013), snakes have become an important model sys-
tem for investigating sex chromosome evolution. Through our
analyses of the rattlesnake Z Chromosome, we identified the re-
combining pseudoautosomal region of the highly differentiated
Z and W Chromosomes and an evolutionary stratum bearing the
hallmarks of recombination suppression and degeneration on
the W Chromosome. These findings indicate that even through
the rattlesnake Z andW are highly differentiated, further differen-
tiation and recombination suppression between the Z and W are
ongoing (Fig. 2). Despite the independent origins of Z/W
Chromosomes in rattlesnakes and birds, there are similarities in
the patterns of GC-richness of the pseudoautosomal regions of
sex chromosomes in both lineages, suggesting that common pro-
cesses may drive increased pseudoautosomal region GC content
across divergent amniote lineages.

Although previous studies have found evidence of a lack of
global dosage compensation on the Z Chromosome in females
(Vicoso et al. 2013; Yin et al. 2016), the evolution of gene ex-
pression and incomplete dosage compensation as the snake Z
Chromosome evolved has not been studied. Our comparison of fe-
male and male Z Chromosome expression with inferred ancestral
expression provides new evidence that, in comparison to the an-
cestral proto-Z autosome, male expression has remained largely
constant, while female expressionhas become reduced after the es-
tablishment of the sex chromosomes (Fig. 2C).We also found that
chromosome-wide gene expression on the proto-Z was higher in
both sexes than onother autosomes, raising the possibility that au-
tosomes with these expression characteristics may be more likely
(e.g., predisposed) to become sex chromosomes. We further dem-
onstrated high gene-specific or regional variation in dosage com-
pensation in the rattlesnake and provide the first report that a
female-biased transcriptional regulatory mechanism that modu-
lates expression in other reptiles (Rice et al. 2017), estrogen re-
sponse elements, does explain some of the variation in dosage
compensation across the Z Chromosome. Specifically, we found
that the density of estrogen response elements positively correlates
with female gene expression across the Z Chromosome (Fig. 2D)

and that these elements have accumulated on the Z Chromosome
following its divergence from its autosomal homolog (Chromo-
some 6) in the anole lizard. Evidence for ERE accumulation on
the Z Chromosome of the rattlesnake and the five-pacer viper fur-
ther indicates that ERE accumulation occurred early in the evolu-
tion of the snake Z Chromosome and provides evidence for the
potential role of EREs in dosage compensation in ZW systems.

Despite venom representing themost intensively studied fea-
ture of snake biology, previous fragmentary snake genome assem-
blies have provided limited genomic context for snake venom
evolution and regulation. Leveraging the first chromosome-level
genome assembly for a snake, our precise chromosomal localiza-
tion of genome genes revealed that numerous important compo-
nents of snake venom (Mackessy 2008) are located on snake
microchromosomes (Fig. 4A), further underscoring the functional
importance of snake microchromosomes. Our integrated analysis
of venom systems provides new evidence for a role of GRHL1 in
venom gene regulation, thereby linking a transcriptional regulato-
rymechanism to a previously known regulatory stimulus (ERK sig-
naling) (Kim and McGinnis 2011) shown to trigger venom
production (Kerchove et al. 2008). Analyses of Hi-C chromatin
contact information from recently depleted venom glands provid-
ed new evidence for the tight regulation of chromatin in and
around venom gene clusters, to the extent that venom genes occu-
py venom-specific topologically associated domains (venom
TADs) bounded by CTCF binding sites, and genes within versus
outside the boundaries of these venomTADs show distinct expres-
sion profiles (Fig. 4). Collectively, our results provide new evidence
for the coordinated roles of chromatin organization and transcrip-
tion factor activity in the process of venom gene regulation.

Methods

Genome assembly and annotation

Animal procedures were conducted with approved and registered
IACUC protocols. Chicago and Hi-C libraries were constructed
from genomic DNA from the liver and venom gland of a single
male Crotalus viridis viridis, and assembly was performed using
the Dovetail Genomics HiRise v2.1.3-59a1db48d61f assembler.
A previous version of this assembler (Putnam et al. 2016) is avail-
able as an open-source distribution at https://github.com/
DovetailGenomics/HiRise_July2015_GR; however, Dovetail Ge-
nomics has not made the HiRise version used on this assembly
available as open source software at this time. Chicago and Hi-C
data were used to improve an existing fragmentary assembly (Cro-
Vir2.0; NCBI accession SAMN07738522) (Supplemental Tables S1,
S2), which was constructed using multiple short-read sequencing
libraries in combination with long-insert mate-pair libraries (Sup-
plemental Table S1). Information about input assembly breaks and
Chicago assembly scaffold joins can be found in SupplementalMa-
terial 2. Genomic DNA for these libraries was extracted from snap-
frozen liver tissue using standard phenol-chloroform-isoamyl
DNA extraction methods. We generated 24 transcriptomic librar-
ies from 16 different tissue types (Supplemental Table S3) to gener-
ate a de novo rattlesnake transcriptome,whichwe assembledusing
Trinity v.20140717 (Grabherr et al. 2011) with default settings. De
novo transcriptome assembly resulted in 801,342 transcripts, in-
cluding 677,921 Trinity-annotated genes, with an average length
of 559 bp and N50 length of 718 bp.

We annotated repeat elements present in the improved ge-
nome assembly using libraries from complete squamate genomes
(Supplemental Methods) constructed using RepeatModeler
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v.1.0.9 (Smit andHubley 2015). Denovo andhomology-based pre-
dictions were then performed using RepeatMasker v.4.0.6 (Smit
et al. 2015). We used MAKER v.2.31.8 (Cantarel et al. 2008) to an-
notate protein-coding genes using empirical evidence for gene pre-
diction from our de novo transcriptome assembly detailed above
and protein data sets of all annotated protein-coding genes for
Anolis carolinensis (Alföldi et al. 2011), Python molurus bivittatus
(Castoe et al. 2013), Thamnophis sirtalis (Perry et al. 2018),
Ophiophagus Hannah (Vonk et al. 2013), andDeinagkistrodon acutus
(Yin et al. 2016). Prior to runningMAKER, we used BUSCO v. 2.0.1
(Simão et al. 2015) and the full C. viridis genome assembly to iter-
atively train AUGUSTUS v. 3.2.3 (Stanke and Morgenstern 2005)
HMM models based on 3950 tetrapod vertebrate benchmarking
universal single-copy orthologs (BUSCOs) (Supplemental Table
S4). The resulting annotation consisted of 17,486 genes, andwe as-
cribed gene IDs based on homology using reciprocal best-BLAST
(with e-value thresholds of 1 × 10−5) and stringent one-way
BLAST (with an e-value threshold of 1 ×10−8) searches against pro-
tein sequences from NCBI for Anolis, Python, and Thamnophis.

Hi-C sequencing and analysis

Wedissected the venom glands from the genome animal 1 d and 3
d after venomwas initially extracted in order to track a time-series
of venom production. A subsample of the 1-d venom gland was
sent to Dovetail Genomics, where DNAwas extracted and replicate
Hi-C sequencing libraries were prepared according to their proto-
col (see above). We also extracted total RNA from both 1-d and
3-d venom gland samples, along with tongue and pancreas tissue
from the Hi-C genome animal. mRNA-seq libraries were generated
and sequenced at Novogene on two separate lanes of the Illumina
HiSeq 4000 platformusing 150-bp paired-end reads (Supplemental
Table S3).

Raw Illumina paired-end reads were mapped and processed
using the Juicer pipeline (Durand et al. 2016) to produce Hi-C
maps binned at multiple resolutions, as low as 5-kb resolution,
and for the annotation of contact domains. All contact matrices
used for further analysis were KR-normalized in Juicer. Topologi-
cally associated chromatin domains (TADs) were called using Juic-
er’s Arrowhead algorithm for finding contact domains at various
resolutions (5-kb, 10-kb, 25-kb, 50-kb, and 100-kb) with default
settings (Durand et al. 2016). One hundred seventy-five TADs
were identified at 5-kb resolution, 16 at 10-kb, 53 at 25-kb, 175
at 50-kb, and 126 at 100-kb. Additionally, TADs were annotated
at 20-kb resolution using the HiCExplorer software (Ramírez
et al. 2018). Raw reads were mapped and processed separately
through HiCExplorer, and 1262 TADs were called at 20-kb resolu-
tion using the default settings with the P-value set to 0.05.We fur-
ther identified TADs by eye at finer-scale (i.e., 5-kb) resolution.

We compared intra- and interchromosomal contact frequen-
cies in the rattlesnake venom gland to the following mammalian
Hi-C data sets: human lymphoblastoma cells (Rao et al. 2014)
and human retinal epithelial cells, mouse kidney, and rhesus ma-
caque tissue (Darrow et al. 2016).

Chromosome identification and synteny analysis

Wedetermined the identity of chromosomes using a BLAST search
of the chromosome-specificmarkers linked to snake chromosomes
from Matsubara et al. (2006), downloaded from NCBI (accessions
SAMN00177542 and SAMN00152474). We kept the best align-
ment per cDNA marker as its genomic location in the C. viridis
genome, except when a marker hit two high-similarity matches
on different chromosomes. The vast majority of markers linked
to a specific macrochromosome (i.e., Chromosomes 1–7)

(Supplemental Tables S6, S7) in Elaphe quadrivirgata mapped to a
single genomic scaffold.

We identified a single 114-Mb scaffold corresponding to the Z
Chromosome, as 10 out of 11 Z-linked markers mapped to this
scaffold. To further vet this as the Z-linked region of the genome,
we mapped reads from male and female C. viridis (Supplemental
Table S8) to the genome using BWA (Li and Durbin 2009) with de-
fault settings, quantified coverage in 100-kb windows, and nor-
malized windowed coverage by the median autosomal value per
sex. The female exhibited roughly half the coverage of the male
for much of the candidate Z Chromosome and nowhere else in
the genome (Supplemental Fig. S7).

To explore broad-scale structural evolution across reptiles, we
used the rattlesnake genome to perform in silico painting of the
chicken (Gallus gallus version 5) and green anole (Anolis carolinen-
sis version 2) genomes. Briefly, we divided the rattlesnake genome
into 2.02millionpotential 100-bpmarkers. For each of thesemark-
ers, we used BLAST to record the single best hit in the target ge-
nome requiring an alignment length of at least 50 bp. This
resulted in 41,644 potential markers in Gallus and 103,801 poten-
tialmarkers inAnolis.We then processedmarkers on each chromo-
some by requiring at least five consecutive markers supporting
homology to the same rattlesnake chromosome. We consolidated
each group of five consecutive potential markers as one confirmed
marker. We also performed a traditional gene-based synteny
analysis for comparison (Supplemental Methods; Supplemental
Fig. S5), which yielded results consistent with our k-mer-based
approach.

Sex chromosome analyses

The Z Chromosome was identified using the methods above, and
the pseudoautosomal region (PAR) was identified based on an
equal ratio of female:male genomic read coverage. The ‘Recent
Stratum’was identified using a comparison of female andmale nu-
cleotide diversity (π). To quantify gene expression on the rattle-
snake Z Chromosome and across the genome, we prepared RNA-
seq libraries from liver and kidney tissue from two males and fe-
males and sequenced them on an Illumina HiSeq using 100-bp
paired-end reads (Supplemental Table S9). Per gene female-to-
male (F/M) ratios of expression on the Z Chromosome were nor-
malized by taking the log2 of the ratio of female andmale Z expres-
sion values, each scaled first to the median expression level of
autosomal genes in female and male, respectively. To explore re-
gional variation in the current F/M gene expression ratio across
the Z Chromosome, we performed a sliding window analysis of
the log2 F/M expression ratio with a window size of 30 genes and
a step size of one gene. Comparisons of current gene expression
to inferred ancestral autosomal expression were performed using
kidney and liver RNA-seq data fromanole lizard and chickenmales
and females, following previously described methods (Julien et al.
2012; Marin et al. 2017). Additional details of these analyses are
provided in the Supplemental Methods.

We predicted estrogen response elements (EREs; i.e., ESR1
binding sites) using the conserved ESR1 position weight matrix
and binding site prediction using PoSSuM Search (Beckstette
et al. 2006). We quantified the number of predicted EREs and
the average current F/M gene expression ratio (see above) along
the Z Chromosome in 100-kb windows and tested for a relation-
ship between these variables using a Pearson’s correlation coeffi-
cient. We also quantified the number of predicted EREs in the
entire genome, as well as the entire Anolis genome. We then com-
pared the density of EREs (i.e., number of EREs divided by total
scaffold length) between the rattlesnake and Anolis genomes,
and between the rattlesnake Z Chromosome and Anolis
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Chromosome 6, specifically. We tested for ERE enrichment on the
Z Chromosome compared to Anolis Chromosome 6 using a
Fisher’s exact test.

Venom analyses

Venom homologs in the rattlesnake genome were identified and
annotated using representatives from 38 known venom gene
families (Supplemental Methods; Supplemental Table S10).
Three venom gene families that are especially abundant, both in
terms of presence in the venom proteome (Fig. 4A) and in copy
number, in the venom of C. viridis are phospholipases A2, snake
venom metalloproteinases, and snake venom serine proteases.
Rattlesnakes possess multiple members of each of these gene fam-
ilies, and the steps taken above appeared to underestimate the total
number of copies in the C. viridis genome. Therefore, for each of
these families, we performed an empirical annotation using the
Fgenesh++ (Solovyev et al. 2006) protein similarity search.

To detect potential tandemduplication events in venomgene
families, we used LASTZ (Harris 2007) to align the genomic regions
containing PLA2, SVMP, and SVSP genes to themselves. We used
program defaults, with the exception of the “hspthresh” com-
mand, which we set to 8000. This was done to only return very
high similarity matches between compared sequences. We then
performed Bayesian phylogenetic analyses to further evaluate evi-
dence of tandem duplication and monophyly among members of
the PLA2, SVMP, and SVSP venom gene families. We generated
protein alignments of venom genes with their most similar homo-
logs, which we identified using tBLASTx searches between venom
genes and our whole gene set using MUSCLE (Edgar 2004) with
default parameters, with minor manual edits to the alignment to
remove any poorly aligned regions, and analyzed protein align-
ments using BEAST2 (Bouckaert et al. 2014).

Gene expression of annotated genes was compared between
the venom gland and multiple body tissues. To test for significant
expression differences between venom gland and body tissues, we
performed pairwise comparisons between combined venom gland
(i.e., 1-d venom gland, 3-d venom gland, and unextracted venom
gland) and body (all other tissues, except for accessory venom
gland) tissue sets using an exact test of the binomial distribution
estimated in edgeR, integrating tagwise dispersion (Robinson
and Oshlack 2010). Genes with differential expression at an FDR
value≤0.05 were considered significant.

To identify candidate transcription factors regulating venom
gene expression, we searched the genome annotation for all genes
included on the UniProt (http://www.uniprot.org) reviewed hu-
man transcription factor database. Twelve candidate transcription
factors included in this list were found to be significantly up-regu-
lated in the venom gland (Supplemental Tables S12, S13). Because
four transcription factors of the NFI family each showed evidence
of venom gland-specificity, we tested that their bindingmotifs are
also upstream of venom genes by quantifying the number of pre-
dicted NFI binding sites using predictive searches analogous to
those used for ESR1 (detailed above) in the 1-kb upstream region
of each venom gene. We also searched for proximity of GRHL1
binding sites to venom gene regions, as well as all nonvenom
genes. Here, we did not confine our search only to promoter re-
gions. To test for enrichment of NFI binding sites in the upstream
regions of venom genes, we divided the number of predicted bind-
ing sites upstream of venom genes by the total length of upstream
regions and compared this value to the analogous proportion for
upstream regions of all nonvenom genes using a Fisher’s exact
test (Supplemental Table S13). We performed a similar analysis
for GRHL1 at each interval size, again comparing the density of

predicted GRHL1 binding sites within intervals of venom genes
to nonvenom genes (Supplemental Table S13).

Venom gene contact domains were identified using contact
frequency heat maps from venom gland Hi-C, and CTCF binding
sites were again predicted using the PoSSuM Search approach de-
tailed above, using the conserved vertebrate CTCF position weight
matrix. Because each PSSM has a different probability distribution
based on the relative frequencies of observed binding and the
length of the element, we precalculated the complete probability
distribution for each PSSMusing PoSSuMdist.We then used the re-
sulting distribution in conjunction with relative base frequencies
for the genome calculated using PoSSuMfreqs to identify putative
binding sites exceeding a significance threshold. This threshold
necessarily varied for different PSSMs but was never higher than
P<1×10−5.

Data access

The genome assembly has been deposited at DDBJ/ENA/Genbank
(https://www.ncbi.nlm.nih.gov/nuccore/PDHV00000000) under
accession number PDHV02000000. The Chicago and Hi-C data
generated in this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/)
under accession number PRJNA413201. This database also con-
tains the previously published genome assembly (CroVir2.0) pub-
lished in Pasquesi et al. (2018). The genome resequencing data
generated in this study have been submitted to the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/)
under accessionnumber PRJNA476794. The RNA-seqdata generat-
ed in this study have been submitted to the NCBI BioProject data-
base (https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRJNA477004.
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