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Developmental phenotypic changes can evolve under selection imposed by age- and
size-related ecological differences. Many of these changes occur through programmed
alterations to gene expression patterns, but the molecular mechanisms and gene-
regulatory networks underlying these adaptive changes remain poorly understood.
Many venomous snakes, including the eastern diamondback rattlesnake (Crotalus
adamanteus), undergo correlated changes in diet and venom expression as snakes grow
larger with age, providing models for identifying mechanisms of timed expression
changes that underlie adaptive life history traits. By combining a highly contiguous,
chromosome-level genome assembly with measures of expression, chromatin acces-
sibility, and histone modifications, we identified cis-regulatory elements and trans-
regulatory factors controlling venom ontogeny in the venom glands of C. adamanteus.
Ontogenetic expression changes were significantly correlated with epigenomic changes
within genes, immediately adjacent to genes (e.g., promoters), and more distant from
genes (e.g., enhancers). We identified 37 candidate transcription factors (TFs), with
the vast majority being up-regulated in adults. The ontogenetic change is largely
driven by an increase in the expression of TFs associated with growth signaling,
transcriptional activation, and circadian rhythm/biological timing systems in adults
with corresponding epigenomic changes near the differentially expressed venom genes.
However, both expression activation and repression contributed to the composition
of both adult and juvenile venoms, demonstrating the complexity and potential
evolvability of gene regulation for this trait. Overall, given that age-based trait variation
is common across the tree of life, we provide a framework for understanding gene-
regulatory-network-driven life-history evolution more broadly.
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Complex phenotypes are produced and maintained through precise temporal, spatial,
and quantitative regulation of the expression of the genes in the regulatory networks
underlying them (1, 2). These expression patterns and the functional properties of the
encoded proteins dictate observable phenotypes, and heritable variation in any of these
characteristics can contribute to adaptive evolution. For nearly 20y (3, 4), studies of
the genetics of adaptation have focused on the relative evolutionary contributions of
mutations changing protein-coding sequences directly and mutations influencing the
expression of proteins by changing the underlying regulatory machinery. Both types
of genetic variation contribute to adaptation (5, 6), but changes to gene-expression
patterns have, in general, been found to explain a disproportionately higher amount
of adaptive phenotypic variation (7-10). As our understanding of gene regulation has
matured and technological advancements have improved the resolution with which we
can characterize the organization and function of gene regulatory networks (11-13), focus
is shifting from determining whether regulatory evolution is important to deciphering the
genetic mechanisms, mutational processes, and adaptive pathways that make regulatory
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evolution so prevalent. The authors declare no competing interest.

Temporal and spatial control of gene expression is determined by interactions among
the genome, the epigenome, and the environment. In terms of heritable variation,
transcription factors (TFs), their expression patterns, and the cis-regulatory elements
(CREs) to which they bind, such as promoters and enhancers, are critical to setting
expression patterns (14). These patterns, however, can be further modulated, as well
as revealed, by epigenomic characteristics such as chromatin states, DNA alterations,
and histone modifications (15). Whether one considers expression changes within an
individual over its lifetime (16) or expression divergence among independently evolving
lineages (17), these same underlying genetic factors are involved.
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Understanding how and why expression evolution contributes
to adaptation and speciation (18) requires uncovering the
prevalent mechanisms contributing to expression changes that
have evolved under selection resulting from the ecology of an
organism. Ontogenetic expression changes are particularly suited
to revealing mechanisms of expression regulation and evolution;
control is accomplished using the same sets of alleles in the same
genomes, allowing for direct observation of how expression is
changed within a single genetic context. Just as regulatory control
occurs in the same genetic background, selection over the lifetime
of an individual is constrained to act on the same genome,
despite specific alleles potentially having different fitness effects
for different age classes (19). Therefore, ontogenetic phenotypic
variation is limited to age-specific variation in gene expression
(16), and characterizing this variation offers a unique opportunity
to reveal the genetic mechanisms through which selection can
tune expression to accommodate the distinct ecological niches
experienced across an organism’s lifespan.

Venom is essential for prey acquisition in venomous snakes,
and gene expression within the venom glands dictates the venom
phenotype (20). Venom composition can change dramatically as
snakes mature, often with functional and medical consequences
(21, 22). Although the tissue-specific transcriptional regulation
of venom production (23-26) and ontogenetic venom shifts in
rattlesnakes have been particularly well studied (27-31), the roles
of individual TFs and CREs dictating age-specific expression of
particular venom-gene paralogs remain unknown.

The eastern diamondback rattlesnake (Crotalus adamanteus),
native to the southeastern United States, is the largest venomous
snake in North America. As C. adamanteus grows, its prey
preference shifts from small mice, to cotton rats, and eventually
to rabbits (31, 32). Shifts in the main prey items are accompanied
by major changes in venom composition (30, 31). In turn,
functional toxicity of venom differs between juvenile and
adult snakes, with juvenile venom being more potent to mice
than adult venom (30), suggesting the ontogenetic shifts in
venom composition are adaptive. The ontogenetic transition in
venom composition is responsible for more proteomic differences
than population-level geographic variation for this species (29),
suggesting that selection along the life-history axis may be
stronger than any geographically varying selective pressures
on venoms. Furthermore, several notable cases of apparent
venom paedomorphosis, whereby adults in one species retain
juvenile characteristics from another, have been described in
other rattlesnake species (33—35), suggesting that ontogenetic
differences can be converted, or at least recapitulated, as species-
level adaptive divergence.

To investigate the mechanisms that give rise to age-related
shifts in rattlesnake venom composition, we generated a
chromosome-level, highly contiguous genome assembly for
C. adamanteus and compared venom gene expression, chromatin
accessibility, and histone modifications related to active promot-
ers and enhancers between adults and juveniles (S7 Appendix,
Figs. S1 and S2). To measure chromatin accessibility, we used
Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq); greater than 75% of chromatin accessible regions
represent enhancers and promoters (36). Previous work in
rattlesnakes (26) showed that venom-gene regions have venom-
gland-specific accessibility. To complement ATAC-seq, we also
used Cleavage Under Targets and Release Using Nuclease
(CUT&RUN) (37) to identify regions associated with modified
histones, specifically targeting Histone 3 Lysine 27 acetylation
(H3K27ac), a mark of active enhancers and promoters (38—40).
Both ATAC-seq and CUT&RUN provide valuable insights into
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the chromatin landscape and the regulation of gene expression,
but they detect different, but presumably correlated, signals.

We used two independent techniques alongside RNA-seq
with identical statistical approaches to simultaneously identify
changes in gene expression and epigenomic patterns with high
confidence. With these data, we performed differential expression
(DE) and differential accessibility/modification (DA) analyses
and found genomic overlap between age-biased venom gene
expression and age-biased venom gene accessibility and histone
modifications. Guided by differentially expressed venom genes
and TFs, we predicted high probability regulators and compared
distributions of their DNA binding motifs between differentially
accessible/modified venom regions to classify positive and nega-
tive regulators. We further evaluated the epigenomic relationship
of putative ontogenetic regulators among all expressed TFs in the
venom gland using protein-interaction-network map inferences.
To confirm our results, we used comparative genomics to test
our hypothesis that particular CREs control venom ontogeny,
predicting that the loss of identified cis-regulatory elements
would ablate differential expression in the western diamondback
rattlesnake (Crotalus atrox), contributing to its substantially
reduced ontogenetic venom shift.

Results

Complete Resolution of Venom Genomic Architecture. To de-
termine the mechanisms responsible for the ontogenetic venom
shift in C. adamanteus (30), we first generated a complete, chro-
mosome-level genome assembly based on PacBio HiFi reads (S/
Appendix, Table S1) and Hi-C data (S/ Appendix, Table S2). Our
final assembly included 381 contigs with a prescaffold V50 of
67.5 Mb (SI Appendix, Table S3). Hi-C scaffolding resulted in
44 scaffolds with an N50 of 208.9 Mb (Fig. 1A4). Of these 44
scaffolds, 17 were determined to be contaminants of bacterial
origin and were removed. The final consensus genome assembly
consisted of 366 contigs in 27 scaffolds with a final genome size
of 1.7 Gb. We identified scaffolds representing assemblies of all
17 autosomes and the Z sex chromosome (Fig. 1). Because our
genome animal was female (S/ Appendix, Table S4), we were also
able to identify the complete W chromosome based on male—
female read (SI Appendix, Table S5) ratio mapping as previously
described (41). In addition to the complete mitochondrial
genome, only seven small scaffolds (2,606 to 635,894 bp)
remained unassigned to known chromosomes. We compared
our chromosome recovery and identity with the male Crozalus
viridis genome (23) and found strong overall agreement across
all autosomes and the Z chromosome, with no loci matching
to our W chromosome (Fig. 1B), as expected. We recovered
both telomeres for chromosomes 2, 3, 5, 9, 10, 13, 16, and
Z; we also recovered one telomere for chromosomes 6, 7, 11,
12, 14, 15, and 17. Putative centromeres were inferred for all
chromosomes as the longest nontelomeric, high-order repeat
regions (8] Appendix, Figs. S3-S7).

We generated the first complete, paralog-resolved character-
ization of the venom genes of a snake genome, a prerequisite
for studying the intricacies of venom-expression changes. We
identified 21,841 genes in total (SI Appendix, Fig. S8), 134
of which were venom genes, and 1,566 of which were TFs.
We found 124 of the 134 venom genes to occur in tandem
arrays of duplicated genes (Fig. 1C), a pattern previously noted,
but not fully resolved, for other venomous snake genomes
(23, 26, 42, 43). We assembled all venom-gene arrays within
single contigs in our primary assembly (Fig. 1C) except for the
C-type lectin (CTL) array on chromosome 6, which had one
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Reference genome for C. adamanteus and the organization of venom genes. The final assembly consisted of 366 contigs and 27 scaffolds with a contig

N50 of 67.533 Mb and a scaffold N50 of 208.942 Mb. (A) The highly contiguous primary assembly required little scaffolding to assemble all 17 autosomes, as well
as both sex chromosomes. (B) We found broad agreement with the previously published genome for C. viridis (23) on the basis of locations of BUSCO loci. Lines
connect BUSCO loci detected in both genomes. (C) Most chromosomes were assembled from telomere-to-telomere. All venom-gene arrays were assembled
within single contigs in our primary assembly except for the C-type lectin (CTL) array on chromosome 6, which had one break. The CTL array structure was
confirmed by comparison with other assemblies, where the break was fully resolved (S/ Appendix, Table S3 and Fig. S9D). Blue numbers on the left end of the
arrays indicate approximate sizes of the expanded region for each venom-gene array. Venom genes expressed at high levels (average TPM > 500) are indicated
with an asterisk. Abbreviations: 3FTx—Three-finger toxin, BPP—Bradykinin-potentiating peptide, Chrm—Chromosome, CRISP—Cysteine-rich secretory protein,
CTL—C-type lectin, HYAL—Hyaluronidase, KUN—Kunitz-type protease inhibitor, LAAO—L-amino acid oxidase, MYO—Myotoxin, NGF-Nerve growth factor, NUC—
Nucleotidase, PDE—Phosphodiesterase, PLA2—Phospholipase A2, PLB—Phospholipase B, SYMP—Snake venom metalloproteinase, SVSP—Snake venom serine

protease, VEGF—Vascular endothelial growth factor.

Hi-C contig splice between venom paralogs. The CTL array
structure was confirmed by comparison with other assemblies
of these data generated with Canu (44), Peregrine (45), and
alternative versions of hifiasm (S7 Appendix, Table S3), where the
break was fully resolved (SI Appendix, Fig. S9OD). We confirmed
that the scaffolded CTL array did not interrupt any putative exons
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and proceeded with using the scaffolded hifiasm assembly for
analyses. Our venom gene recovery mirrored previous genetic and
proteomic characterizations for C. adamanteus (20), emphasizing
paralogous gene families including 10 CTLs, 23 snake venom
metalloproteinases (SVMPs), 16 snake venom serine proteinase
(SVSPDs), four cysteine-rich secretory proteins (CRISPs), three
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phospholipase A2s (PLA2s), and five myotoxins (MYOs). We
also detected unexpectedly high paralogy for three-finger toxins
(3FTxs), with 32 putatively functional copies, despite only five
paralogs being expressed in the venom glands (Dataset S1).

Identification of Differentially Expressed Genes across Age
Classes. We identified age-biased differentially expressed (DE)
venom and TF genes in the venom gland by comparing gene
expression (SI Appendix, Table S6) between adults (2 = 8)
and juveniles (n = 10). We classified animals with a snout—
vent length (SVL) greater than 1 m as adults and those less as
juveniles (46). In total, we identified 24 out of 75 expressed
venom-coding genes that were DE, with 18 biased toward
adult expression (i.e., expressed higher in adults or lower in
juveniles) and six biased toward juvenile expression (Fig. 2).
The adult-biased genes include members of seven different toxin
families, and the juvenile-biased genes included five SVMPs and
a single CTL. The largest subadult (SVL = 880 mm) had an
intermediate venom (87 Appendix, Fig. S9A), consistent with the
gradual transition previously described for C. adamanteus (31).
The largest class-level expression differences for venom genes
based on total relative expression (Fig. 2B) correspond to toxin
classes with differentially expressed tandem paralogs (e.g., CTLs,
PLA2s, SVSPs, and SVMPs). One exception is a bradykinin-
potentiating peptide (BPP), where a single gene on chromosome
5 is dramatically up-regulated in adult C. adamanteus, switching
from a 1% average venom transcript contribution in juveniles
to a 16% average contribution in adults. The overall proportion
of expressed venom genes that were DE (32%) was significantly
higher (y? 155.6; P < 0.00001) than the proportion of
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proportion of nonvenom, non-TF coding genes that were DE
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provided in Dataset SI.
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Fig. 2. Differential venom and transcription factor (TF) gene expression between adults and juveniles. (A) We identified 24 differentially expressed venom
genes (log,-fold change > 1 and FDR < 0.05) using snout-vent length (SVL; adults >1,000 mm) as our proxy for age. The vast majority of age-biased venom
genes showed higher expression in adults relative to juveniles. The largest subadult (SVL = 880 mm) showed an intermediate pattern, consistent with a gradual
transition (31). Heatmap cells are colored based on regularized log (rlog) count differences per gene. (B) The largest class-level expression differences for
venom genes correspond to toxin classes with differentially expressed paralogs (e.g., CTLs, PLA2s, SVSPs, SVMPs). One exception is BPP, where a single gene
on chromosome 5 is up-regulated in adults (S/ Appendix, Fig. S17). Stacked bars represent venom composition based on average transcripts per million (TPM)
for juveniles and adults. (C) We identified 37 differentially expressed putative TFs, with the vast majority being adult biased. (D) A complete visualization of
venom gland expression shows drastic shifts in venom compared to the majority of nonvenom genes. Abbreviations: BPP—Bradykinin-potentiating peptide,
CRISP—Cysteine-rich secretory protein, CTL—C-type lectin, LAAO—L-amino acid oxidase, MYO—Myotoxin, NGF-Nerve growth factor, PLA2—Phospholipase A2,
PLB—Phospholipase B, SYMP—Snake venom metalloproteinase, SVYSP—Snake venom serine protease.
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differential chromatin accessibility and to quantify differences
in H3K27ac modifications, respectively. We mirrored our DE
analysis to detect age-biased differential accessibility and histone
modifications (DA) from ATAC-seq and CUT&RUN data and
found significant signals for age-biased epigenomic patterns with
both approaches (Figs. 3 and 4). Read coverage distributions and
peak calls (87 Appendix, Fig. S11) for ATAC-seq CUT&RUN
for all venom genes are provided in S/ Appendix, Figs. S12—
S19. Both ATAC-seq and CUT&RUN revealed differential
epigenomic patterns (DA) flanking DE venom genes, consis-
tent with enhancer/promoter mediated expression mechanisms
postulated previously for snake venom systems (25). However,
we also observed comparable DA within the gene regions,
primarily overlapping with the introns of SVMPs and SVSPs. We
found that almost all the juvenile-biased venom accessibility is
explained by the two primary SVMP genes (mdc-3a and mad-1a)
responsible for juvenile expression bias. Of the eleven juvenile-
biased venom regions detected with ATAC-seq, four overlap
with these two genes, three flank them, one overlaps with the

gene HYAL-1, and one flanks the nonbiased venom gene MYO-
3. Of the 22 juvenile-biased venom regions detected as DA with
CUT&RUN, 18 of these appear to be associated with the same
two biased SVMPs, including eight overlapping and nine flanking
these genes.

We next tested for an overall association between venom gene
expression and epigenomic ontogenetic patterns. We detected a
significant positive correlation between log,-fold change in gene
expression with both log,-fold changes in chromatin accessibility
and histone modifications at multiple genomic scales (Fig. 5B).
Differentially accessible ATAC-seq peaks exhibited a strong
positive correlation with DE venom genes for peaks within venom
genes ( P < 0.0001; R? = 0.68), 1 kb flanking venom genes
(P < 0.0001; R = 0.80), and 1 to 10 kb flanking venom
genes ( P < 0.0001; R? = 0.61); ATAC-seq peaks from 10 to
100 kb distance of a venom gene did not show a significant
correlation with venom gene DE ( P = 0.23; R? = 0.17;
Fig. 5B). Similarly, DA CUT&RUN peaks exhibited significant

positive correlations with DE venom genes at all four levels
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nonbiased venom gene PDE-1, one flanks the nonbiased venom (P < 0.0001; 0.52 < R* < 0.69; Fig. 5B) with the strongest
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Fig. 3. ATAC-seq reveals differential chromatin accessibility between adults and juveniles. (A-C) In parallel with gene-expression patterns, the vast majority
of age-biased peaks showed higher accessibility in adults relative to juveniles. We used the same cutoff for differential accessibility as differential expression
(logy-fold change > 1 and FDR < 0.05). To illustrate the spatial relation of accessible regions and venom genes, we split results based on spatial proximity
to the nearest venom gene: (A) within gene margins, (B) flanking gene to 1 kb, and (C) flanking between 1 and 10 kb. We represented peaks by the name of
the closest gene, with many venom genes having multiple associated peaks. Heatmap cells are colored based on regularized log (rlog) count differences per
peak. For clarity, only peaks associated with DE venom genes are represented in the heatmaps shown. (D) A complete visualization of venom-gland chromatin
accessibility from ATAC-seq suggests that the adult bias is more centered around venom than the juvenile bias. Read coverage distributions for all venom genes
are provided in S/ Appendix, Figs. S12-S19.
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Fig. 4. CUT&RUN reveals differential patterns of H3K27ac histone modification between adults and juveniles. (A-C) We see general agreement with the ATAC-
seq results, where differential H3K27ac modifications occur around differentially expressed venom genes. We analyzed and reported patterns from CUT&RUN
following our ATAC-seq results (Fig. 3). For clarity, only peaks associated with DE venom genes are represented in the heatmaps shown. We represented
peaks by the name of the closest gene, with many venom genes having multiple associated peaks. (D) A visualization of venom-gland H3K27ac patterns from
CUT&RUN suggests that the venom accessibility bias is more comparable between adults and juveniles when compared to our ATAC-seq patterns (Fig. 3D).
Read coverage distributions for all venom genes are provided in S/ Appendiix, Figs. S12-519.

association between histone modifications and venom gene DE
occurring within venom genes ( R? = 0.68) and 1 to 10 kb
flanking venom genes (R* = 0.69).

Because the adult-biased DA was much more complex, and the
relative sizes of DA regions were not uniform, we implemented
a proportional nucleotide-count z-score approach and rated all
DE-DA overlap scenarios for venom ontogeny based on these
scores (Fig. 5). Sites within epigenomic peaks can be classified
on the basis of their location relative to an expressed gene (i.e.,
within the gene, within 1 kb of the gene, or 1 to 10 kb from
the gene), as well as by whether they showed a signal for DA
(i.e., not biased, juvenile biased, or adult biased). We excluded
peaks from 10 to 100 kb flanking venom genes because gene
assignments were less reliable at this distance. The genes with
which these sites associate can also be classified on the basis
of their DE patterns (i.e., not biased, juvenile biased, or adult
biased). If, for example, adult-biased gene expression were driven
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by changes to accessibility of promoters, we would expect to see
a significant enrichment for sites in adult-biased hbixATAC-
seq peaks within 1 kb of adult-biased genes. We identified
juvenile-biased DA within juvenile-biased venom genes as the
most supported DE-DA overlap scenario for both ATAC-seq
and CUT&RUN on the basis of z-scores. This pattern was
followed by the other forms of age-matching DE-DA overlap
scenarios (adult-adult, juvenile-juvenile, nonbiased-nonbiased),
with slightly different z-score rating orders between ATAC-seq
and CUT&RUN (Fig. 5). Mismatching bias DE-DA overlap
scenarios (juvenile-adult, nonbiased-juvenile, nonbiased-adult)
were the least supported scenarios, with nonbiased accessibility
within adult-biased genes having the least support for ATAC-seq,
and nonbiased differential H3K27ac histone modifications flank-
ing adult-biased genes between 1 and 10 kb having the least
support for CUT&RUN. All DE-DA overlap test calculations
are included in Dataset S2.
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Fig. 5. Overlapping ontogenetic biases between venom gene expression and chromatin accessibility and differential H3K27ac histone modifications in
C. adamanteus. Differential gene expression (DE) via RNA-seq and differential peak accessibility and histone modifications (DA) via ATAC-seq and CUT&RUN
between adults (colored red) and juveniles (colored blue). Both DE and DA analyses utilized the same significance threshold (log,-fold change > 1 and FDR
< 0.05). (A) SVMP gene array and accessible peaks colored by significant age bias highlighting DE and DA overlap, with DE gene regions typically overlapping
or flanked by matching DA peaks. The array is oriented with adam28 on the Left and NEFL on the Right. (B) The association between changes in expression
patterns of venom genes and changes in chromatin accessibility and histone modifications (H3K27ac). We performed linear regression analyses of the log,-fold
changes (LFCs) in expression and epigenomic patterns between adults and juveniles. Peaks were binned according to their relationship to their nearest venom
gene in the following four categories: 1) within the gene, 2) outside the gene but within 1 kb, 3) from 1 to 10kb from the gene, and 4) from 10 to 100 kb from the
gene. We found significant positive correlations for all categories for both ATAC-seq and CUT&RUN, except for ATAC-seq peaks 10 to 100 kb from their nearest
venom gene. We found the same pattern of significance when using only the peak with the largest magnitude of change for each gene for each peak category
to address RNA-seq data nonindependence. (C) Proportional z-scores of DE-DA bias agreement from ATAC-seq, ordered from most supported scenario to
least. Positive values represent DE-DA overlap scenarios occurring more than all other venom peak scenarios, and negative values represent DE-DA overlap
scenarios occurring less than all other venom peak scenarios. The highest z-scores reflect a strong preference for matching ontogenetic DE-DA combinations.
Peaks are classified based on positional relation to genes, ontogenetic DE bias of the gene, and ontogenetic DA bias of the peak. Proportions were calculated
using total bp counts for each venom peak classification compared to all other venom peaks. (D) Proportional z-scores of DE-DA bias agreement from CUT&RUN,
mirroring the layout shown in panel C for ATAC-seq. The CUT&RUN z-scores show overall agreement with ATAC-seq, with the highest z-scores depicting a strong

preference for matching ontogenetic DE-DA combinations.

Motif-Based Identification of Ontogeny-Related Transcription
Factors. From the translated coding sequences of differentially
expressed TF genes (FDR < 0.05), we successfully assigned
DNA binding motifs for 31 of 65 searched TFs based on
predicted matches from the JASPAR CORE motif database
(47). We next identified these motif sequences in genomic
regions overlapping with accessible venom peaks using TFBStools
(48) and tested for enrichment by comparing whether the total
number of base pairs occupied by each motif was proportionally
higher or lower for age-biased peaks. Comparisons between
motif distributions spanning ATAC-seq DA venom regions

PNAS 2024 Vol. 121 No. 16 e2313440121

with matching venom gene expression biases (i.e., adult-adult
versus juvenile-juvenile) identified 15 TFs with ontogenetic
motif enrichment using a 90% match cutoff and 13 using a
95% cutoff, where enrichment reflects significance (P <0.05)
from the nucleotide-proportional z-tests comparing motif dis-
tributions between the two age groups. By comparing motif
distributions spanning CUT&RUN DA venom regions with
matching expression biases, we identified 14 TFs with ontoge-
netic motif enrichment using the 90% cutoff (including nine
overlapping with ATAC-seq) and 10 TFs using the 95% cutoff
(including three overlapping with ATAC-seq). We identified
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our top TF candidates (Table 1) by applying an additional
LFC> 1 cutoff.

Joint analyses of motif enrichment, DA, and DE yielded
predictions of specific TF roles for regulating venom production
in rattlesnakes. If expression increased when a TF motif became
accessible, we considered it a putative expression enhancer.
If expression decreased, we considered it a putative repressor.
We found that seven TFs likely enhance venom gene expres-
sion in adults, five likely repress expression in adults, two
likely enhance expression in juveniles, and two likely repress
expression in juveniles (Table 1; Dataset S3). By comparing
motif enrichment across DA venom regions, we independently
predicted general regulatory functions which correctly matched
prior characterizations for several top candidate TFs in other
systems: Foxb2 is a transcriptional activator (49), Sox8 is an
early-life positive transcriptional regulator (50), Tfab2 is an early
life growth repressor (51), KIf15 inhibits RNA polymerase II
binding (52) and interacts directly with PPAR-family genes
driving circadian rhythmicity (53), and Bhlhe40 is a late-life

negative transcriptional regulator (54, 55).

Interaction Network and the Epigenomics of Venom Ontogeny.
To assess our candidate venom ontogeny regulators in a broader
gene-regulatory context, we modeled a protein-interaction-
network map for 204 TFs expressed in rattlesnake venom glands
(DESeq2 baseMean > 30; S/ Appendix, Fig. S20). Integrating our
venom ontogeny findings into the protein-interaction network
allowed us to identify several key clusters of TFs representing
general regulatory or developmental pathways that are likely
important for regulating venom production. One cluster, which
includes the SMAD subunits, Runx1, Itf8, Tfap2b, and the AP-1
activation subunits, is involved in growth signaling and may
play a role in the development and maturation of venom glands.
Another cluster, which includes the RNA polymerase II subunits,
Egrl, Nr4al, Ppard, and Itf6 is involved in transcriptional
activation and may be important for turning venom genes
on and off. A third cluster, which includes internal time-
keeping components such as CLOCK, Arntl, and two of our

top candidate venom ontogeny TFs, Bhlhe40 and KIf15, is
involved in maintaining the biological clock and controls timing
interactions.

Comparative Genomics Establishes the Roles of Bhlhe40 and
KIf15 in Venom Ontogeny. To test our hypothesis that specific
cis-regulators control venom ontogeny and that a loss of these fac-
tors would ablate age-biased differential expression, we compared
venom gene expression and motif distributions with the western
diamondback rattlesnake (C. arrox; SI Appendix, Table S11),
a species that shows a substantially diminished ontogenetic
venom shift (87 Appendix, Figs. S22 and S23). For C. atrox,
the SVMP gene array on chromosome 9 was fully resolved
by Giorgianni et al. (42). We generated venom gland RNA-
seq data for nine adult and six juvenile C. atrox (SI Appendix,
Table S12) and detected significant DE for conserved venom
orthologs across the two species (S Appendix, Figs. S22 and S23).
Only nine venom genes were differentially expressed across adults
and juveniles for C. atrox, and these were comprised entirely of
SVMP genes (SI Appendix, Fig. S224). Additionally, eight of
the nine biased SVMPs were biased toward juveniles in C. arrox,
presenting a stark contrast to the adult-skewed pattern in C.
adamanteus. Venom in C. adamanteus appears to transition from
a simpler SVMP makeup in juveniles to a more complex SVMP
makeup in adults, but venom in C. atrox transitions from a more
complex SVMP makeup in juveniles to a simpler SVMP makeup
in adults (87 Appendix, Fig. $23). We also determined that the
only age-biased TFs shared between species were juvenile biased,
including Sox8, Crebl1, Sytl5, and Barx2 (S/ Appendix, Fig. S22).

To understand the overall lack of TF expression bias overlap,
we conducted a motif comparison between the two species using
the same 31 TF motifs evaluated earlier in C. adamanteus (Fig. 6).
Because only the SVMP gene array and no epigenomic data were
available for C. atrox, we modeled motifs spanning the entire
SVMP gene array in both species (S/ Appendix, Figs. S24-S34)
and compared orthologous regions (S Appendix, Table S13).
Binding motifs can be lost or gained through point mutations
and indels (e.g., Fig. 6), leading to altered expression patterns and

Table 1. Top candidate venom ontogeny regulators and supporting evidence from expression bias and

sequence-based motif inference

Transcription Expression  Motif enrichment Predicted
factor bias 90% 95% expression effect Generalized functional context HGNC #

Foxb2 Adult C&R - Enhance adult Activator; DNA binding; forkhead family 23315
Nr4da1l Adult C&R ATAC Enhance adult Stress-response; hormone-retinoid receptor 7980
Fosl2 Adult - Both Repress adult Leucine zipper; AP-1 complex 3798
Fos Adult - Both Repress adult Leucine zipper; AP-1 complex 3798
Etv1 Adult Both C&R Enhance adult Translocations; ETS family 3490
Bhlhe40 Adult Both ATAC Repress adult  Circadian rhythm repressor; block E-box binding 1046
Egr1 Adult Both C&R Enhance adult Growth; zinc-finger family 3238
Snai3 Adult C&R - Enhance adult Growth; snail family 18411
Spi1 Adult ATAC ATAC Enhance adult Activator; ETS family 11241
Fosb Adult - ATAC Repress adult Leucine zipper; AP-1 complex 3798
Nr4a3 Adult C&R ATAC Enhance adult Activator; hormone-retinoid receptor 7982
Tead1 Adult Both C&R Repress adult Activator and repressor; TEA family 11714
Barx2 Juvenile C&R C&R Enhance juvenile Growth; homeobox family 956
Sox8 Juvenile  ATAC ATAC Enhance juvenile Embryonic activator; SOX family 11203
Tfap2b Juvenile Both Both Repress juvenile Embryonic repressor; AP-2 family 11743
KIf15 Juvenile Both C&R Repress juvenile DNA binding; circadian rhythm repressor 14536

This subset includes 16 differentially expressed TFs with motif enrichment detected in differentially accessible venom peaks flanking or overlapping with differentially expressed toxin

genes. Motif enrichment support via TFBStools is shown for two separate runs, one using a 9

0% minimum sequence identity match and the other using 95%. Functional predictions

relating to age-biased venom gene expression were assigned based on motif bias agreement or disagreement with TF gene DE, venom gene DE, and venom peak DA.
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Fig. 6. Presence and absence of Bhlhe40 binding motifs in two rattlesnake
species. (A) Crotalus atrox does not show a drastic ontogenetic shift in venom
phenotype as does C. adamanteus (S| Appendix, Figs. S22 and S23). Comparing
binding motif presence and absence between the two species supports our
hypothesis that Bhlhe40 functions as a transcriptional repressor for SYMP
gene mdc-3a in adult C. adamanteus. (B) An example of apparent Bhlhe40
motif loss/gain by means of five nucleotide changes.

Crotalus atrox

changes to ontogenetic control. Proportional motif contributions
surrounding SVMP mdc-1a were found to be significantly higher
in C. adamanteus for Etv1, Bhlhe40, Egrl, and Tead1 compared
to C. atrox. Although both species shared the juvenile expression
bias for mdc-1a, the shift is much larger in C. adamanteus (log,-
fold change = —5.8) than in C. atrox (log,-fold change = —3.8).
We also found motif contributions surrounding SVMP gene
mdc-7 are significantly higher in C. adamanteus for Ewv1, Egrl,
Spil, Tfap2b, and KIf15 compared to C. atrox. The ontogenetic
expression bias for mdc-7 is opposite between the two species,
with the C. adamanteus ortholog biased toward adults (log,-fold
change = 6.5) and the C. atrox version biased toward juveniles
(log,-fold change = —2.4). For our last motif comparison, we
compared proportional abundances across the entire SVMP array
and found significantly higher motif contributions of Foxb2,
Etvl, Bhlhe40, Egrl, Tfap2b, and KlIf15 in C. adamanteus.
The Sox8 motif is more abundant in the C. azrox SVMP array
than the C. adamanteus array (z = —2.01), which together
with the juvenile expression bias suggest this particular TF has
a higher importance in regulating C. atrox SVMPs than in
C. adamanteus. The high density of TF-binding motifs near large
venom-gene arrays such as the SVMPs (S Appendix, Figs. S24—
S34) is consistent with their broader regions of accessibility with
corresponding H3K27ac enrichment (e.g., ST Appendix, Fig. S14)
relative to nonvenom regions (e.g., SI Appendix, Fig. S12),
suggesting that these regions are actively being bound by TFs.

Discussion

Our work substantially expands our understanding of snake
venom-gene expression by focusing on the previously unexplored
basis for changes to expression leading to functional venom
differences between adult and juvenile snakes (30). Previous
work examined baseline control of venom-gene expression in
adult ractlesnakes from the species Crotalus viridis (23, 25), as
well as the housekeeping genes involved in venom production
on a broader taxonomic scale (56). We confirm key regulators
through matched detection, including TFs involved in the
MAPK/ERK growth signaling pathway (e.g., Ehf and Fos), the
unfolded protein response (e.g., Ddit3, Creb3l1), and several
biological timing regulators (e.g., CLOCK). Our genome-wide
TF scanning using DeepTFactor (57) also predicted putative
TF genes that have no detectable homology with previously
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described TFs, suggesting that novel regulatory mechanisms
may be employed in the regulation of venom-gene expression.
Finally, our strongest candidate venom ontogeny TFs include
seven adult expression enhancers, five adult expression repressors,
two juvenile expression enhancers, and two juvenile expression
repressors (Table 1). Both repression and activation therefore
play major roles in regulating expression ontogeny. We found no
signal for a master ontogeny switch for rattlesnake venom, but
instead subtle and varied control structures.

By splitting our putative cis-regulatory elements (CREs) into
classes on the basis of their proximity to their nearest venom gene,
we defined the relationships between differential expression and
differential epigenomic patterns and established the importance
of intragenic CREs in venom-gene expression. Our strongest
signals for epigenomic control of expression levels for both
ATAC-seq and H3K27ac CUT&RUN fell within the gene
bodies of venom genes themselves (Fig. 5); CREs within introns
of venom genes have been previously noted in snakes (58) and are
generally associated with tissue-specific expression (59). Although
this signal for chromatin accessibility may, in part, result simply
from high levels of expression and the resulting high occupancy of
RNA polymerase 1I, the consistency across techniques suggests
this pattern reflects true CREs within the gene bodies. Such
an organization may facilitate the evolution of venom genes
into tandemly arrayed duplicates with high paralogy (Fig. 1). If
required CREs are contained within gene bodies, the duplication
of the gene itself is certain to include its necessary CREs. We also
showed strong support for the involvement of promoters (i.e.,
1 kb flanking genes) and CREs outside the genes bodies (1 to
10 kb flanking genes) in the control of venom ontogeny. The
latter results assume that CREs can be assigned to genes on the
basis of linear genomic proximity rather than three-dimensional
proximity, which is not an optimal assignment criterion (60),
and further work using techniques such as promoter-capture
Hi-C (61) or HiChIP (62) will be required to fully resolve these
relationships.

By comparing the C. adamanteus regulatory architecture with
that of C. atrox, we found evidence that the absence of specific
CREs ablates age-biased differential expression in orthologous
SVMPs (Fig. 6). Predicted binding affinity of 10 candidate
TFs differed significantly between the two species, including
two noteworthy negative regulators, Bhlhe40 and KIf15. Unlike
the other candidate TFs, the protein—protein interactions of
Bhlhe40 and KIf15 directly overlap with one another, with
both linked to the same key biological timing factors, CLOCK
and Arntl (SI Appendix, Fig. S20). In C. adamanteus, Bhlhe40
is expressed higher in adults, and KIf15 is expressed higher
in juveniles, while neither are DE in C. arrox. Since Bhlhe40
and KIf15 were only age-biased in C. adamanteus, we expect
selection to favor enrichment of the corresponding CREs (i.e.,
binding motifs) around age-biased venom genes in C. adamanteus
compared to C. atrox, which was confirmed to be the case.
We found significantly more Bhlhe40 and KIf15 binding motifs
associated with SVMPs in C. adamanteus than C. atrox, and the
distribution of these CREs was consistent with repressive activity
in C. adamanteus. Prior functional characterizations reported
Bhlhe40 as an important regulatory repressor (54, 55), which
is consistent with our interpretation of this TF repressing venom
gene expression in rattlesnakes (Table 1). These findings, in
particular, yield a set of highly supported genetic regulatory
targets for future hypothesis testing. For example, the roles of
these TFs in ontogeny in C. adamanteus or other pitviper species
could be functionally tested by means of RNA interference
(RNAI) (63) targeting these TFs. Analyses similar to ours in
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additional rattlesnake species could not only allow estimation
of the timing of regulatory component co-option for venom
ontogeny, but also begin to relate the genetic architecture of
ontogenetic regulation to across-species variation in the nature
of the ontogenetic change and venom composition in general.

The ontogenetic shift in venom composition and venom-
gland gene expression for C. adamanteus was found to be one
of overall increasing complexity in adults relative to juveniles.
Five SVMPs and a single CTL highly expressed early in life
were down-regulated in adults, along with the concomitant
upregulation in adults of 18 venom genes, including five SVMPs
and seven SVSPs (Fig. 2). Previous work (64, 65) linked
increasingly complex venom to increasingly diverse diets across
rattlesnake species, but with an explicit focus on adult venoms
and adult diets. As C. adamanteus grows larger, its diet grows
more phylogenetically diverse. Whereas small snakes feed solely
on mice and rats (Rodentia: Cricetidae), larger snakes add
squirrels and chipmunks (Rodentia: Sciuridae), and eventually
rabbits (Lagomorpha: Leporidae) to their diets. Hence, we show
here how an increasingly diverse diet (31) is mirrored by an
increasingly complex venom as these snakes grow, underpinned
by a complex but tractable suite of regulatory changes. The
remarkable levels of functional, medically significant variation
in snake venoms among species may emerge in part from initial
divergent selection within snake lifetimes linked to life-history
change.

Beneath the overall pattern of increasing venom complexity
with age lies a sophisticated regulatory architecture involving
both juvenile- and adult-biased upregulation (Fig. 2). Expression
changes for each age class are controlled by both expression
suppression and enhancement (Table 1), often mediated by
multiple CREs for each affected gene (Figs. 3 and 4). Previous
work by Schonour et al. (31) showed proteomically that for both
C. adamanteus and Crotalus horridus, the ontogentic change is
multifaceted, with some venom components changing gradually
and others changing abruptly. Such patterns suggest diverse gene-
regulatory mechanisms are involved, a pattern confirmed and
elaborated upon by our results.

Regulatory complexity may be critical to these snakes if, like for
C. adamanteus (29), selection associated with life-history patterns
is as strong as, or even stronger than, selection across geography.
Variation in the toxins involved in rattlesnake ontogenetic
venom changes appears to be widespread; we showed, for ex-
ample, significant differences in the ontogenetic change between
C. adamanteus and C. atrox, although these differences were
largely restricted to changes in expression among SVMP paralogs.
Other rattlesnake species emphasize other toxin classes in their
ontogentic changes. For example, Crotalus molossus showed a
strong bias toward myotoxins and SVSPs in juveniles (66). Such
variation likely reflects a modular regulatory architecture (67)
with the capacity for mutation to affect changes to individual
genes, correlated sets of genes, or even the presence of an
ontogenetic change altogether.

We have revealed the requisite regulatory structure, including
both associated TFs and CREs, that may lend evolutionary
lability to this trait. In addition, because populations within
species often vary along the same compositional axes as adults and
juveniles of other species (33—35), this regulatory control may
be subject to co-option as a means of phenotypic integration,
enacting correlated changes among venom components that
have already been screened by natural selection (29). As a
result, venom evolution may be predictable, and the ontogenetic
regulatory network identified here may allow us to explore
the repeatability of the genetic architecture underlying adaptive
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phenotypic convergence among populations. For example, given
that some islands in the southeastern United States inhabited
by C. adamanteus lack the large prey items (e.g., rabbits) typical
of adult diets (68, 69), we may expect suppression of the adult
venom phenotype through, for instance, Bhlhe40 regulation.
Although putative venom paedomorphism has been described
in pitvipers previously (33-35, 70), the mechanisms underlying
such changes were entirely unknown. Some subspecies of the
South American rattlesnake (Crotalus durissus) do not undergo
ontogenetic changes, retaining their juvenile phenotypes, whereas
other subspecies show dramatic venom shifts (34). The common
lancehead (Bothrops atrox), the leading cause of reptile-induced
fatalities in South America, shows venom ontogeny in Colombia
and Venezuela, but paedomorphic venoms in Brazil (70). More
generally, paedomorphism has been implicated in major evolu-
tionary transitions in, for example, birds (71), mammals (72), and
salamanders (73). Our results not only enable predictions about
mechanisms of adaptive divergence across ages, populations, and
species, but also, by partitioning coding and regulatory sequences
by age class, will allow for direct sequence-based comparisons of
patterns of variation resulting from life-history-based selection
on expression versus protein sequences.

Materials and Methods

Genome Sequencing and Assembly. High-molecular-weight(HMW)DNAwas
extracted from blood stored in 95% ethanol at —80 °C using phenol-chloroform
extraction from an adultfemale C. adamanteus (DRR0105) from the Apalachicola
National Forest in the Florida panhandle (S/ Appendix, Table S4 and Fig. S1).
Two flowcells of PacBio HiFi reads were generated using PacBio Sequel II
sequencers. Hi-C data were generated from blood collected from an adult
female C. adamanteus (MM0114), following previously described procedures
(61). HiFi reads from both flowcells were assembled using hifiasm (74) v0.13
(r308), followed by purge_dups (75) v1.2.5. For Hi-C scaffolding, we used the
juicer pipeline v1.6 (76), 3d-DNA (77), and Juicebox Assembly Tools v1.11.08
(78). Additional details are provided in S/ Appendix.

RNA-seq. Total mRNA was extracted using the NEBNext Poly(A) mRNA Magnetic
Isolation Module (New England Biolabs), and libraries were prepared for
150 nucleotide paired-end Illumina sequencing using NEBNext Ultra RNA-
seq kits. Libraries were visualized and assessed for size and quality using
a Bioanalyzer with a High-sensitivity DNA Kit (Aligent Technologies) and
amplifiable concentrations were determined using a NGS Library Quantification
Kit (KAPA Biosystems) performed at the Florida State University Biological Core
Facilities. Individual libraries were pooled and sequenced with 150 nucleotide
paired-end reads at the Florida State University College of Medicine Translational
Science Laboratory on an lllumina HiSeq 2500 or NovaSeq 6000 or at Clemson
University on an Illumina NextSeq (S/ Appendix, Tables S6, S12, and S14). For
some individuals, leftand right glands were processed separately using unique
indexes and later combined for all analyses. Read quantity and quality was
assessed with FastQC v0.11.9. We performed adapter and quality trimming
using Trim Galore! v0.6.6 (79) with settings -length 50 -q 10 -stringency 1 -e
0.1. Reads were aligned to the reference genome using hisat2 v2.2.1(80) with
parameters -no-unal -max-intronlen 25000 -dta and sorted using samtools (81)
v1.12.

ATAC-seq. Venom-gland tissues were collected and used immediately for nuclei
isolation and library preparation for either standard ATAC-seq (26) or Omni-
ATAC-seq (82), with some modifications. Approximately 30 to 100 mg of
venom-gland tissue was sheared with a razor blade and washed twice with
ice-cold phosphate-buffered saline. For standard ATAC-seq samples, nuclei
extraction and tagmentation were performed exactly as described (26). For
Omni-ATAC-seq, the supernatant was discarded, samples were 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
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as previously described (82). Nuclei were counted using hemocytometer chips,
and approximately 50,000 to 60,000 intact nuclei were transposed using the
[llumina Tagment DNA TDE1 Enzyme and Buffer Kit. Following tagmentation,
the reaction was cleaned with a Zymo DNA Clean and Concentrator-5 kit.
Transposed DNA was PCR amplified for five to six cycles. A gPCR side reaction
was performed to determine the number of PCR cycles needed for effective
amplification of each sample without oversaturation. The PCRs were purified
with Agencourt AMPure XP beads (Beckman Coulter) and quantified using a
Qubit Fluorometer (ThermoFisher Scientific). Library traces were quality checked
usingaD1000 ScreenTape and Tapestation (Agilent). Amplifiable concentrations
were determined via KAPA PCR before being sequenced onan Illumina NovaSeq
6000; sequencing depths are summarized in S/ Appendix, Tables S7 and S8.
Read quantityand qualitywasassessed with FastQCv0.11.9. One sample(four
replicates) was sequenced with single-end 101 nt lllumina reads (S/ Appendix,
Table S8). Reads were trimmed with Cutadapt v3.4 (83) with options -¢ 0.1 -0
3 -m 20. Reads were aligned with bowtie2 (84) v2.4.2 with options -no-unal
-very-sensitive and sorted using samtools (81) v1.12. Duplicate removal was
performed using Picard. All remaining samples were sequenced with paired-end
150 ntllluminareads(S/Appendix, Table S7). Reads were trimmed with Cutadapt
v3.4(83)with options-e 0.1-0 3-m 20. Reads were aligned with bowtie2 v2.4.2
(84) with options -no-unal -X 2000 -very-sensitive and sorted using samtools
(81) v1.12. Duplicate removal was performed again using Picard. Peaks were
called with MACS2 v2.2.7.1 (85). Our peak filtering and classification protocols
are described in detail in S Appendix. Our filtering strategy was based on the
approach previously described (86) and is outlined in S/ Appendix, Fig. S11.

CUT&RUN. Venom-gland tissues were collected and used immediately for
nuclei isolation and library preparation. For nuclei isolation, venom-gland tissue
was suspended in ice-cold lysis buffer (10 mM Tris-HCL, 10 mM NaCl, 3 mM
MgCl2, and 0.1% IGEPAL-360) and then placed in a petri-dish on ice and
sliced repeatedly with a razor blade or 219 needle followed by mixing through
pipetting up and down with a p200 pipet tip to break up the tissue. Cells were
counted using a hemocytometer, and intact nuclei were DAPI (4,6-diamidino-2-
phenylindole) stained and visualized under a fluorescent microscope. For each
library, approximately 50,000 cells containing intact nuclei were isolated and
bound to ConA magnetic beads. CUT&RUN was performed as described (87)
using anti-H3K27ac (cat no. ab4729) antibody and pA-MNase supplied by the
Henikoff Lab. Library DNA was prepared using the NEBNext Ultra kit (#£60409)
and sequenced as 150 bp paired-end reads on an Illumina NovaSeq 6000.

Read quantity and quality was assessed with FastQC v0.11.9. Reads were
trimmed with Cutadapt v3.4 (83) with options -e 0.1 -0 3 -m 20. Reads were
aligned with bowtie2 (84) v2.4.2 with options -local -very-sensitive-local -
no-unal -no-mixed -no-discordant - 10 -X 700, sorted using samtools (81)
v1.12., and duplicate removal was performed using Picard. Sequencing depth
is summarized in S/ Appendix, Table S9. Peaks were called MACS2 v2.2.7.1
(85). Our peak filtering and classification protocols are described in detail in S/
Appendix. Our filtering strategy is outlined in S/ Appendix, Fig. S11.

Differential Expression, Accessibility, and Histone Modification Analy-
ses. We performed parallel analyses of differential expression (DE), differential
accessibility, and differential H3K27ac modifications (DA) using our RNA-seq,
ATAC-seq, and CUT&RUN data, respectively. We estimated read counts on
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fold change > 1and FDR < 0.05, and significant genes/peaks were classified
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