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Abstract

Chromatin configuration is highly dynamic during embryonic development in animals, exerting an important point
of control in transcriptional regulation. Yet there exists remarkably little information about the role of evolutionary
changes in chromatin configuration to the evolution of gene expression and organismal traits. Genome-wide assays
of chromatin configuration, coupled with whole-genome alignments, can help address this gap in knowledge in sev-
eral ways. In this study we present a comparative analysis of regulatory element sequences and accessibility through-
out embryogenesis in three sea urchin species with divergent life histories: a lecithotroph Heliocidaris
erythrogramma, a closely related planktotroph H. tuberculata, and a distantly related planktotroph Lytechinus var-
iegatus. We identified distinct epigenetic and mutational signatures of evolutionary modifications to the function of
putative cis-regulatory elements in H. erythrogramma that have accumulated nonuniformly throughout the genome,
suggesting selection, rather than drift, underlies many modifications associated with the derived life history.
Specifically, regulatory elements composing the sea urchin developmental gene regulatory network are enriched
for signatures of positive selection and accessibility changes which may function to alter binding affinity and access
of developmental transcription factors to these sites. Furthermore, regulatory element changes often correlate with
divergent expression patterns of genes involved in cell type specification, morphogenesis, and development of other
derived traits, suggesting these evolutionary modifications have been consequential for phenotypic evolution in H.
erythrogramma. Collectively, our results demonstrate that selective pressures imposed by changes in developmental
life history rapidly reshape the cis-regulatory landscape of core developmental genes to generate novel traits and
embryonic programs.
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Burg et al. 2020) and color identity (Livraghi et al. 2021)
in butterfly wing patterning, embryonic regulation of gene
expression in a crustacean (Sun and Patel 2021), limb bud
development in chicken and mice (Jhanwar et al. 2021),
and single-cell resolution of Drosophila cell lineages
(Cusanovich et al. 2018). However, direct integration of
large-scale cis-regulatory analysis and transcription in a de-
fined evolutionary-developmental (evo-devo) context is
lacking. In particular, relationships governing divergence in
chromatin and gene expression, the role of such changes
in trait evolution, and the action of natural selection on
these processes remain largely unexplored within an inter-
rogable study system providing resolved phylogenetic rela-
tionships, chromosome-level reference genomes, and
sufficiently recent divergence times that noncoding regions

Introduction

Cis-regulatory elements are significant contributors to
phenotypic evolution and trait diversification by modulat-
ing transcriptional regulation via gene network interactions
(Davidson and Erwin 2006; Wray 2007; Wittkopp and Kalay
2012). Extensive empirical evidence demonstrates that the
function of cis-regulatory elements depends on distinct mo-
lecular characteristics such as the element’s sequence and
epigenetic landscape that collectively provide a dynamic
and heritable genomic substrate affecting interspecific
and intraspecific diversification. Enabled by advances in
genomic technology and reduced sequencing costs, more
recent work has demonstrated the importance of cis-
regulatory elements in diverse biological contexts across a

variety of animal systems at a genome-wide scale; for ex-
ample: origination of human-specific traits (Shibata et al.
2012; Swain-Lenz et al. 2019), convergent evolution of flight
loss in birds (Sackton et al. 2019), population-level adapta-
tion (Lewis and Reed 2019), genetic assimilation (van der

can be aligned with confidence. In this study, we address
these important questions by comparing the function of cis-
regulatory elements in embryonic gene expression of sea ur-
chin species with divergent developmental life history strat-
egies to assess the extent cis-regulatory elements play in the
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evolution of gene expression, developmental systems, and
by extension, trait variation and origination.

Among the most common and well-studied life history
shifts in the animal kingdom is the evolution of feeding or
nonfeeding larval development (Flatt and Heyland 2011).
In marine invertebrates, planktotrophy (feeding larval de-
velopment) is characterized by species that produce many,
relatively small eggs and have a longer planktonic larval
period, whereas lecithotrophic species (nonfeeding larval
development) invest more maternal resources into a fewer
number of large eggs that develop through an abbreviated
larval stage (Strathmann 1985). Importantly, the ecological
circumstances associated with each strategy are predict-
able and well-studied across diverse marine clades
(Vance 1973; Strathmann 1985; Pechenik 1999; Marshall
et al. 2012; Morgan 2020), providing natural systems to
analyze how selection shapes often rapid phenotypic di-
vergence in developmental regulation and physiology.
For example, within echinoderms, lecithotrophy has inde-
pendently evolved from the ancestral planktotrophic state
more than 20 times (Raff 1987; Wray 1996; McEdward and
Miner 2001; Hart 2002), implying that recurring sets of en-
vironmental conditions (e.g, limited availability of phyto-
plankton) and selection can enact evolutionary
modifications to even highly conserved developmental
processes. The consequences include changes throughout
development, ranging from egg composition (Prowse et al.
2009; Falkner et al. 2015; Byrne and Sewell 2019; Davidson
et al. 2019) and zygotic genome activation (Wray and Raff
1990; Israel et al. 2016; Wang et al. 2020), cell type specifi-
cation and embryonic patterning (Wray and Raff 1989;
Love and Raff 2006), to construction of larval structures
such as the skeleton and imaginal adult rudiment (Emlet
1995; Koop et al. 2017). Still, the impact selection exerts
on the evolution of cis-regulatory interactions underlying
alternative developmental programs and contrasting life
history strategies is not known. This gap in knowledge is
manifested more broadly in our current sparse under-
standing of the biological relationships governing regula-
tory element function, evolutionary constraints inherent
to development and gene network architecture, and
phenotypic diversification.

Perhaps the best studied example of the life history
switch from planktotrophic to lecithotrophic develop-
ment is the sea urchin Heliocidaris erythrogramma. Prior
work has found dramatic modifications to morphogenesis
and embryonic patterning in H. erythrogramma relative to
planktotrophic sea urchin species (for reviews see Raff and
Byrne 2006; Wray 2022). For instance, dorso-ventral and
left-right axis establishment occurs considerably earlier in
this species (Henry et al. 1990), concordant with acceler-
ated rudiment development and metamorphosis
(Williams and Anderson 1975). At other embryonic do-
mains, specification of cell lineages such as those respon-
sible for mesenchymal tissue types have been delayed,
lost, or spatially rearranged (Wray and Raff 1990; Klueg
et al. 1997; Wilson, Andrews, Rudolf Turner, et al. 2005;
Davidson et al. 2021). Recent transcriptomic studies have
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shown that expression profiles of key developmental
gene regulatory network (dGRN) genes in this species
have diverged from the highly conserved expression pat-
terns in planktotrophic species (Israel et al. 2016), and
many of these regulatory changes are predicted to be
based in cis (Wang et al. 2020). However, the role of evolu-
tionary changes in the sequence and configuration of cis-
regulatory elements to the rapid evolution of these derived
phenotype in H. erythrogramma is not known.

To address this, we compared chromatin accessibility,
regulatory element sequence, and gene expression
across six developmental stages in three sea urchin
species spanning this life history switch: the lecithotroph
H. erythrogramma, a closely-related (~ 5 my divergence)
planktotroph H. tuberculata, and a distantly-related
(~ 40 my divergence) planktotroph, Lytechinus variegatus
(fig. 1A). Planktotrophic (feeding) larvae represent the an-
cestral life history mode within echinoderms relative to the
derived lecithotrophic state (Strathmann 1978; Raff 1987;
Wray 1996; McEdward and Miner 2001), so recent and dra-
matic changes in developmental phenotypes in H. erythro-
gramma provide an exceptional natural system to analyze
the consequences of strong shifts in selection and life his-
tory on the evolution of gene regulatory mechanisms
(Wray 2022).

In this study, we investigate the potential contribution of
changes in regulatory element accessibility and sequence, as
well as their interactions, on the evolution of developmental
gene expression at a genome-wide scale. We consider our re-
sults in the context of two simple mechanistic models for an
evolutionary change in the function of an individual regula-
tory element during development. (1) local mutation first: a
local mutation alters the recruitment of a transcription fac-
tor, histone remodeler, or other local chromatin modifier
(Clapier and Bradley 2009; Zaret and Carroll 2011), thereby
altering the accessibility of the regulatory element and, in
turn, possibly the transcription of a nearby gene. (2) regula-
tory factor first: a change elsewhere in the genome alters
the expression of a pioneer transcription factor, histone re-
modeler, or other transcription factor that directly alters
the accessibility of regulatory element in question and, in
turn, possibly the transcription of a nearby gene. Both models
accommodate an evolutionary increase or decrease in acces-
sibility, and the accessibility change could alter interactions
with other regulatory proteins, by masking or unmasking
additional existing proteinDNA binding sites. Finally, in
both models, the precipitating mutation(s) could be visible
to selection through their impact on gene expression.

Within this framework, we identify distinct epigenetic
and mutational signatures of evolutionary modifications
in the noncoding genome of H. erythrogramma relative
to species with the ancestral life history. Furthermore,
we find that these changes have accumulated non-
uniformly across the genome, and are notably enriched
near genes with derived expression that are involved in
cell type specification, morphogenesis, and development
of other derived traits. The patterns of cis-regulatory mod-
ifications characterized here highlight the contribution of
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Fic. 1. Global variation in chromatin accessibility between sea urchin embryos is largely driven by developmental stage and life history strategy.
(A) Three focal sea urchin species of this study, including two planktotrophic species representing the ancestral life history (light
green: Lytechinus variegatus; dark green: Heliocidaris tuberculata) and one lecithotrophic species representing the derived life history
(orange: Heliocidaris erythrogrammay). This color scheme is consistent throughout the study. (B) Developmental stages assayed in this study
for each species. The ancestral life history is illustrated above, with corresponding developmental stages of the derived life history below.
Developmental times are shown for Heliocidaris tuberculata at 21 °C. Note, however, samples were collected on the basis of developmental stage,
not hours postfertilization, for all three species. (C-D) Principal component analysis of variation in normalized chromatin accessibility among (C)
all orthologous OCRs and (D) only OCRs near dGRN genes through embryogenesis. OCR: open chromatin region; dGRN: developmental gene

regulatory network.

the epigenome to the evolution of transcriptional regula-
tion and trait evolution more broadly.

Results and Discussion

We performed ATAC-seq on six developmental stages of
H. erythrogramma (He), H. tuberculata (Ht), and L. variega-
tus (Lv) in order to identify open chromatin regions
(OCRs) representing putative cis-regulatory elements
(CREs) during embryogenesis. In this study, we use the
term ‘OCR’ when reporting analysis results because
ATAC-seq is an assay of open chromatin. We apply the
more specific term ‘CRE’ when discussing the biological in-
terpretation of our results because cis-regulatory elements

are the operational units putatively identified within open
chromatin peaks used to understand mechanisms of gene
regulatory evolution. Importantly, however, while OCRs
are known to be enriched for CRE sequences (Thurman
et al. 2012), no strict relationship governs the presence
of CREs based on occurrence of open chromatin peaks
alone. Furthermore, even if an OCR is an authentic CRE,
an evolutionary change in chromatin state may or may
not have impact on the expression of a nearby gene.
Indeed, many OCRs in sea urchin embryos open hours be-
fore any nearby gene is transcribed, including experimen-
tally validated CREs (Shashikant et al. 2018; Arenas-Mena
et al. 2021); this finding suggests that the initial opening
of many OCRs during early development makes a
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permissive rather than determinative contribution to acti-
vation of the zygotic transcriptome.

The developmental stages analyzed here include 4th/
5th, 6th/7th, and 8th/9th mixed cleavage stage embryos,
as well as hatched blastula, mid-gastrula, and early larva
(fig. 1B), enabling characterization of regulatory element
dynamics from the onset of zygotic transcription through
the specification and morphogenesis of complex tissue
types. We then carried out alignments of chromosome-
scale genome assemblies to find evolutionarily conserved
OCRs between species to compare accessibility and se-
quence composition of putative CREs. These analyses pro-
vide a simultaneous comparison of gene regulatory
mechanisms in two ways: (1) availability of CREs to tran-
scription factor binding associated with differential chro-
matin configuration (accessibility) and (2) affinity of
transcription factor binding to CREs via changes in nucleo-
tide sequence, as evidenced by motif analysis and signa-
tures of positive selection. Importantly, the genomes of
these sea urchin species were assembled and annotated
using an identical set of sequencing technology and meth-
odology (Davidson et al. 2020, 2021), minimizing technical
bias and permitting high resolution identification of
changes in regulatory element activity.

Of 42,679 OCRs identified across the three species, we
found 35,788 1:1:1 orthologous, high confidence OCRs
proximal to 11,679 gene models for cross-species compari-
son (fig. 2A). Note that inclusion in this set of 1:1:1 ortho-
logues does not require that chromatin be open in all three
species, but rather that it be open in at least one species at
one time point surveyed and that the orthologous genomic
sequence is present in all three species. This set of ortholo-
gous OCRs forms the basis of most analyses presented here.
In addition to orthologous OCRs, we also identified sets of
species-specific gains or losses of OCRs occurring on entire
genomic segments present or lost in a single species (fig.
2A). Because these indel-based differences in OCRs are
only present in at most two of the three sea urchin species
compared in this study, they are treated as distinct sets of
putative CREs. Although the changes in regulatory element
function examined in this study are not applicable to
species-specific OCRs, it is important to note that many in-
sertions containing species-specific OCR gains occur nearby
genes with differential expression levels in H. erythrogram-
ma, suggesting gain or loss of entire CREs may be an im-
portant component of the evolution of the derived life
history strategy in this species (supplementary fig. 1).

Development and Life History Drive Global Variation
Patterns of Accessibility

First, we assessed which biological factors may significantly
contribute to variation in chromatin accessibility at a gen-
omic scale. Principal component analysis (PCA) suggests
species-level differences (PC 1: 20.3%) and the interaction
of development and life history (PC 2: 18.5%) are the most
important factors explaining variation in chromatin acces-
sibility when all orthologous OCRs are considered (fig. 1C).
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Within each species, chromatin accessibility differences
between stages roughly mirrors developmental progres-
sion as early and late stages cluster more closely to one an-
other. Strikingly, though, there is far greater variation in
accessibility through development in both species with
the ancestral life history relative to He, suggesting the de-
velopmental chromatin landscape of the derived state is
less dynamic during embryogenesis. This finding is consist-
ent with delayed blastomere specification (Wray and Raff
1989) and simplified larval morphology in He (Emlet 1995),
suggesting chromatin state changes normally associated
with establishing cell identity and tissue differentiation
have been modified during the evolution of its derived de-
velopmental life history.

Interestingly, when considering only OCRs near dGRN
genes, the primary driver of variation in chromatin acces-
sibility shifts to developmental life history rather than
species-level differences (fig. 1D; PC 1: 25.5%), a finding cor-
roborated by variance partitioning of the dataset
(supplementary fig. 2). This result suggests chromatin con-
figuration of critical developmental network genes is asso-
ciated with developmental strategy in these species, as
accessibility of regulatory elements controls the flow and
deployment of embryonic programs, ultimately driving
cell fate specification and morphogenesis. Therefore,
changes in accessibility to CREs have the potential to mod-
ify the function and construction of novel developmental
gene networks via altered regulatory interactions.

Loss of Regulatory Element Accessibility Within the
Ancestral dGRN

We next quantified how the accessibility of 35,788 OCRs
varies between life history strategies in order to better
understand how chromatin configuration at specific
CREs may influence the evolution and function of alterna-
tive embryonic programs. Across each cleavage stage ex-
amined (timepoints spanning 16-cell through ~500-cell
stage embryos), we found an average of 5.7% of OCRs
were differentially accessible between ancestral and de-
rived life histories, including a modest difference in sites
more accessible in Ht and Lv (3.1%) or He (2.6%) (fig. 3A,
B; top). Strikingly, starting at blastula stage, the proportion
of differentially accessible OCRs across the genome rises,
with most sites increasing in accessibility (‘opening’) in
the ancestral life history, but not in He. For example, by
the larval stage, 9.5% of OCRs are differentially accessible
between life histories, nearly three quarters of which
(73.9%) are more accessible in Ht and Lv. Furthermore,
when all OCRs are considered, including both orthologous
and nonorthologous sites across species, a much greater
proportion of the He genome is closed compared with
Ht and Lv, suggesting that, at a genome-wide scale, He is
characterized by zygotic quiescence during early develop-
ment relative to ancestral life history (fig. 2E;
supplementary fig. 3). Our results are consistent with the
prediction that, as embryonic development proceeds,
more regulatory sites open and become available to
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Fic. 2. Summary statistics of regulatory element gains, losses, accessibility, and positive selection. (A) Union set of all OCRs, including structural
differences between species such as lineage-specific gains and losses as well as 35,788 1:1:1 orthologous OCRs shared between all three species.
These orthologous OCRs are the primary focus of this study. Breakdown of (B) OCR differentially accessibility between life history strategies and
(C) OCR distance to gene models for these orthologous sites. (D) Overlap of OCR differential accessibility and evidence of positive selection on

the He, Ht, or both branches. (E) Percentage of each species genome that

is ‘open’ at each stage of development. ‘Open’ is defined as the cu-

mulative portion of the genome represented by all OCRs (orthologous and lineage-specific) with significant levels of accessibility for a given stage
and species (see supplementary fig. 3 for additional information). Error bars indicate standard deviation of % openness across biological repli-
cates for each species and developmental stage. OCR: open chromatin region; He: Heliocidaris erythrogramma; Ht: Heliocidaris tuberculata.

regulatory factor binding as zygotic transcription activates,
cell lineages differentiate, tissue types are specified, and
morphological structures are constructed. However, this
genome ‘awakening’ and reconfiguration of chromatin
state across the embryo unfolds at a much grander scale
in Ht and Lv relative to He. This finding supports the
idea that embryonic fate specification in He is delayed rela-
tive to the ancestral state (Wray and Raff 1989, 1990) and
collectively, is concordant with a morphologically simpli-
fied larva (Williams and Anderson 1975) and derived
gene expression patterning in this species (Wilson,
Andrews, and Raff 2005; Wilson, Andrews, Rudolf Turner,
et al. 2005; Smith et al. 2008; Israel et al. 2016; Koop
et al. 2017).

This delayed zygotic activation hypothesis is further
supported when OCR accessibility of dGRN genes is

compared. Near these critical developmental regulatory
genes, we find a remarkable asymmetry in putative CRE ac-
cessibility between life history modes from the onset of de-
velopment: on average, 0.5% of OCRs near dGRNs are
more accessible in He during development, whereas this
figure ranges from 2.8% (early cleavage) to 15.1% (larva)
for species with the ancestral life history (fig. 3A, B; bot-
tom). Therefore, modifications to CRE accessibility in He
are not uniformly distributed across the genome, as would
be expected of neutral processes such as drift, but instead
are strikingly enriched near dGRN genes (Fisher's exact
test, two-sided: P < 1.31x 10~ ""). An example of possible
CRE activation in the ancestral state that is not found in
He is the chromatin landscape proximal to the gene
patched (ptc) (fig. 4). This gene encodes a receptor of
the Hedgehog ligand; its misexpression results in skeletal
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mental stages. Circle size is proportional to the percentage of each set of OCRs (those near all genes or only dGRN genes) that are differentially
accessible at a given stage for either H. erythrogramma or species with the ancestral developmental mode. OCR: open chromatin region; dGRN:

developmental gene regulatory network.

defects and abnormal mesodermal patterning in the an-
cestral sea urchin developmental program (Walton et al.
2009).

Given that certain ecological conditions likely favor the
evolution of nonfeeding development (Strathmann 1978,
1985; Marshall et al. 2012), the finding that differences in
chromatin accessibility are concentrated around develop-
mental regulatory genes suggests natural selection has
sculpted the epigenetic landscape nearby the sea urchin
dGRN during life history evolution, generating potentially
adaptive changes to transcriptional regulation and expres-
sion patterning during embryogenesis. Furthermore, our
results indicate that the evolutionary changes in putative
CRE accessibility have functional consequences—if they
had no impact on gene expression or some other trait, nat-
ural selection would not influence their status during
development.

Developmental Regulatory Elements Have
Accumulated Mutational Signatures of Positive
Selection

Prior studies have found enrichment of signals of positive
selection in OCRs near genes that are differentially
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expressed between species (Shibata et al. 2012; Edsall
et al. 2019; Swain-Lenz et al. 2019). To test whether a simi-
lar relationship exists in our study clade and whether it was
accentuated during the evolution of lecithotrophy, we
next analyzed sequence evolution of orthologous regula-
tory loci to identify instances of mutational pileup as a sig-
nal of positive selection within these sites. Substitution
rates of 35,788 OCRs on the He and Ht branches (table
S1) were compared with 10 randomly selected neutrally
evolving, noncoding reference sequences, and a likelihood
ratio test was implemented to fit substitution rates across
the tree to a branch-specific positive selection model,
using Lv as the outgroup species (see Methods and
Materials for details). Our goal was to identify cases of
gene regulatory evolution via nucleotide variation within
CRE sequences, potentially acting to modify transcription
factor binding affinity of these elements and associated
changes to gene network expression and connectivity.

In total, we identified 648 OCRs with evidence of posi-
tive selection exclusively in the Ht genome, compared with
512 exclusively in the He genome (fig. 5A: green and orange
points, respectively; see also fig. 2D). This result thus sug-
gests that, whereas the life history of these two sea urchin
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species dramatically differs, many potential changes in
gene regulation associated with other aspects of their biology
have accumulated within each species. At a genome-wide
scale, these putatively adaptive changes have occurred per-
haps even more so in Ht, the species with ancestral develop-
mental life history.

Partitioning OCR selection results by the function of the
nearest gene reveals only limited enrichment of positive
selection within the putative regulatory elements of
most functional classes of genes (fig. 5B, supplementary
fig. 4). A prominent exception to this finding involves
OCRs near genes in the sea urchin dGRN or near genes en-
coding other transcription factors. In these cases, approxi-
mately twice as many OCRs exhibit evidence of positive
selection on the He branch relative to Ht. This result is es-
pecially striking considering Ht has 26.3% more OCRs with
branch-specific evidence of positive selection across the
entire genome (previous paragraph and fig. 5B).
Moreover, nucleotide sequences of the 23 dGRN OCRs un-
der selection in He are highly enriched for binding motifs of

critical developmental transcription factors, including
three SOX, three zinc finger, and one homeobox protein
(fig. 5C). The SOX binding motifs are interesting because
many transcription factors in this family act as ‘pioneer fac-
tors’ that are capable of initiating chromatin opening
(Zaret and Carroll 2011). Another interesting example in-
volves NRF2: the binding motif for this transcription factor
is overrepresented in OCRs under selection in He (fig. 5C)
and the gene is expressed at much higher levels in He em-
bryos relative to those in the ancestral life history (fig. 5D).
This protein has gene regulatory functions in diverse bio-
logical contexts ranging from antioxidant response and
cellular defense to metabolism and stem cell quiescence
(Tonelli et al. 2018), which in this case, could be related
to derived embryonic detoxification and physiological sys-
tems (Tsushima et al. 1995; Davidson et al. 2019) or early
cell lineage specification programs (Wray and Raff 1989,
1990; Davidson et al. 2021) of He.

Taken together, putative regulatory elements tasked
with wiring the ancestral sea urchin dGRN have
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gene regulatory network.

accumulated a disproportionate number of mutations on
the He branch. These likely play a significant role in regu-
lation of divergent gene expression patterns and its highly
derived developmental program. However, determining
which mutations drive the signal of positive selection
and their contribution to gained or lost transcription fac-
tor binding motifs remains a challenge. More broadly, our
results provide strong evidence that natural selection can
efficiently generate heritable changes concentrated within
the cis-regulatory landscape of specific subsets of genes or
gene networks to rapidly produce changes in transcrip-
tional regulation.

Overlap of Evolutionary Changes in Regulatory
Element Accessibility and Sequence

The previous two sections describe how two distinct mod-
ifications to regulatory element function, namely accessi-
bility and sequence, have accumulated across the He
genome, and particularly so near critical developmental
network genes. We next asked whether there exists any
interaction between these two evolutionary changes to
better understand the extent to which both epigenetic
and sequence changes affect the same regulatory element.

8

At all three postcleavage stages, we found that differential-
ly accessible OCRs contain a significantly greater propor-
tion of sites with evidence of selection on the He branch
relative to nondifferentially accessible OCRs, including as
much as an ~50% proportional increase at the blastula
stage (Fisher’s exact test, two-sided: P <5 X 107°) (fig 6A:
top). This same trend is observed at early cleavage (16/
32-cell embryos), although not statistically significant. In
contrast, we detected no statistical enrichment for positive
selection within differentially accessible OCRs in the Ht
genome; at early cleavage this relationship does approach
significance, but no such trend exists at the later develop-
mental stages (fig. 6A: bottom) (Fisher’s exact test, two-
sided: P> 0.05).

Significant overlap in differential accessibility and posi-
tive selection in the He genome suggests a possible bio-
logical interaction between the two evolutionary
mechanisms that may operate in tandem to alter regula-
tory function. It therefore becomes useful to consider
the order in which these molecular events could take place
(fig. 7). Measuring chromatin accessibility in hybrids pro-
vides a way to distinguish cis from trans genetic contribu-
tions to differences in individual OCRs (Connelly et al.
2014), using an approach originally developed for
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DA: differentially accessible (OCRs).

investigating the genetic basis for evolutionary changes in
transcription (Wittkopp et al. 2008; Crowley et al. 2015). In
the present case, the disproportionate occurrence of posi-
tive selection within differentially accessible OCRs only in
the He genome suggests a potentially synergistic set of
gene regulatory processes may operate to drive develop-
mental change during the evolution of its derived life his-
tory. Because the tests for positive selection identify
regions containing multiple derived mutations, additional
cis mutations likely accumulated after the accessibility
change, regardless of which molecular mechanism original-
ly opened the region (fig. 7, t =3). The observation that
this association is restricted to the He branch suggests
that this interaction may often produce adaptive changes
in transcription during development. More broadly, tan-
dem accessibility and mutational changes may be a com-
mon gene regulatory method to efficiently modify gene
expression for organismal adaptation and innovation
across organismal lineages.

Relationship of Evolutionary Regulatory Mechanisms
Between Proximal and Distal Elements

Next, we asked whether evolutionary changes in OCR se-
quence and chromatin accessibility differ between core
promoters and more distal elements such as enhancers.
We quantified changes in proximal (<500 bp to transla-
tional start site of a gene) and distal (>500 bp to transla-
tional start site of a gene) OCRs to test if either change
covaries with promoter or enhancer evolution between
species. Although the transcription start site would be a
more appropriate genomic reference for defining putative
promoter regions, the reference genomes of these species
currently lack annotation of 5’ untranslated regions for all
genes. Thus, the translation start site was used instead to
provide a consistent, albeit less sensitive, reference point
of comparison of all genes for each species. Although
many proximal and distal OCRs show evidence of positive
selection on the Ht and He branches, we found no

9
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Fic. 7. Mechanistic models for the evolutionary origin of an open chromatin region. Three distinct evolutionary time slices are illustrated: t =1
prior to the appearance of the open chromatin region (OCR), t =2 the event that precipitates local chromatin opening, and t =3 many gen-
erations after the origin of the OCR. Two general molecular processes could transform a given region of the genome from a relatively closed to a
relatively open region of chromatin, based on the location of the genetic basis: cis or local and trans or distant. We illustrate this distinction based
on a pioneer transcription factor, a class of proteins capable of sequence-specific binding to DNA in closed chromatin causing a local opening,
typically on the scale of 1-2 nucleosomes (Zaret and Carroll 2011). Note, however, that several other specific molecular mechanisms are also
possible, involving chromatin remodeling complexes, histone acetylase/deacetylases, histone methylase/demethylases, and other proteins cap-
able of acting to modify local chromatin configuration. (Left) ‘cis mutation first’ model. Here, the precipitating event is a local mutation (yellow;
adjacent to the lightning bolt) that allows a pioneer transcription factor (purple protein) to bind to relatively closed chromatin. This pioneer
factor was already present in the nucleus (see t = 1), but can only bind locally following the new mutation that creates a binding site for it (t = 2).
Because pioneer factors can convert closed to open chromatin, other transcription factors also present in the nucleus (teal protein) may gain
access to DNA within the newly opened region without the need for any additional mutations. (Right) ‘trans factor first’ model. Here, the pioneer
factor is not originally present (t = 1) in the nucleus at the developmental stage of interest. A mutation elsewhere in the genome (t = 2) results in
expression of the pioneer factor transcription factor, which can bind locally due to a preexisting recognition site and thus without the require-
ment for a local mutation. Once present, the pioneer factor can open the local DNA, potentially allowing other transcription factors (teal pro-
tein) to bind without the need for any local mutations. Any impact on the transcription of a local gene could be susceptible to natural selection,
since it has a genetic basis and a trait consequence. Over extended evolutionary timescales, additional mutations could accumulate within the
OCR (t =3), potentially altering the suite of interacting transcription factors (for example, green protein now binds, purple protein no longer
binds). In exceptional cases, natural selection may favor fixation of several new mutations within the OCR that alter gene expression. This figure
illustrates the evolutionary origin of an OCR, but the evolutionary loss of an OCR could similarly occur through distinct molecular mechanisms
based on the location of the genetic basis: for example, loss of a binding site for a transcription factor or loss of expression of a pioneer factor.

significant enrichment between the two categories of pu-
tative CREs (fig. 6B). This finding suggests mutations in
both enhancers and promoters are likely important contri-
butors in driving gene expression change, via altered bind-
ing and recruitment of regulatory factors and
transcriptional machinery.

In contrast, accessibility changes show a much greater
asymmetry between proximal and distal elements
(fig. 6C). Although accessibility distributions are compar-
able at early cleavage (16/32-cell embryos), many more ac-
cessibility differences accumulate in proximal OCRs
relative to distal ones later in development, after zygotic
activation and tissue specification has commenced. For ex-
ample, by the gastrula and larval stages, more than 20% of
proximal elements are significantly more accessible in Lv
and Ht, whereas this figure is ~5% for distal elements.

There are several possible biological and technical expla-
nations for this result. Unlike enhancers, whose activity is
often restricted to a single tissue or stage (Thurman
et al. 2012), promoters need to be accessible whenever
the gene is transcribed, regardless of space and time.
This has important implications for interpreting

10

differences in chromatin configuration among species. At
a biological level, greater promoter accessibility in the em-
bryos of species with the ancestral life history (Ht and Lv)
may merely reflect overall greater transcriptional activity
and more changes in expression during development
(fig. 1, 3; supplementary fig. 5) (Israel et al. 2016; Wang
et al. 2020). Secondly, for a given gene, the accessibility
of a promoter region is normally greater than that of near-
by enhancers (Thurman et al. 2012), which may lend in-
creased statistical power in detecting accessibility
differences between species and contribute to an apparent
enrichment of promoter accessibility changes. In addition,
these chromatin configuration data were collected from
whole embryos, so cell or lineage-specific differences in ac-
cessibility will be averaged within the sample, a technical
factor that may be especially important for detecting ac-
cessibility changes of enhancer elements with tissue-
specific dynamics. Lastly, promoter accessibility changes
may simply be more often selected for when large changes
in transcription are favored, at least for some genes.
Adjusting enhancer accessibility can certainly induce
changes in gene expression, but activating or shutting
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down a promoter may be a much more potent mechanism
for large-scale changes in transcriptional regulation, such
as those involved in rapid developmental evolution.

Relationships Between Magnitude of Gene Expression
and Chromatin Accessibility Changes

Multiple lines of evidence presented above suggest that
changes in the sequence or accessibility of cis-regulatory
elements contributed to the evolution of development
in He. The association between these changes and diver-
gence in gene expression, however, is unclear. To under-
stand this relationship, we compared mRNA expression
fold-change of genes with accessibility fold-change of near-
by OCRs at four developmental stages to measure in-
stances of correlated changes in the magnitude of
expression and chromatin configuration. A diagram of
possible relationships between OCR accessibility and
gene expression differences is provided in fig. 6D, to which
datapoints are mapped and shown as density plots in
fig. 6E. We partitioned the data into three categories: (1)
all OCRs and genes (no filtering), (2) only differentially ex-
pressed genes and their nearby OCRs, and (3) differentially
expressed genes and their nearby differentially accessible
OCRs.

When all genes and OCRs are considered (fig. 6E: top
row), there is no correlation between the magnitude and
direction of accessibility and expression differences across
developmental life histories. This result is not surprising at
a global scale, given that expression levels and accessibility
are conserved between species for most genes and OCRs,
respectively. However, a notable set of proximal sites
have greater accessibility in species with the ancestral life
history at the blastula, gastrula, and larval stages, consist-
ent with overall greater promoter accessibility in Ht and
Lv (see previous section). A similar result occurs when
only differentially expressed genes and nearby OCRs are
considered (fig. 6E: middle row). One possible explanation
for the lack of an obvious relationship is that, whereas only
genes that are differentially expressed between life histor-
ies are plotted, each of these genes has an average of 3.1
OCRs assigned to it (based on proximity). Each of these
OCRs may not be active at a given stage of development,
or they may function antagonistically to one another
(i.e., regulatory elements can enhance or repress transcrip-
tion), thereby collectively dampening a correlative signal
between gene expression and accessibility.

Lastly, we considered only differentially expressed genes
and nearby OCRs with differential accessibility. This ana-
lysis reveals interesting relationships between transcrip-
tion and chromatin configuration (fig. 6E: bottom row).
As development progress, the relatively diffuse relation-
ship between OCR accessibility and gene expression quick-
ly tightens (compare 16/32-cell stage with larva). This likely
reflects synchronization of zygotic genome activation with
the embryo’s cis-regulatory landscape as maternal mRNA
reserves are depleted and nascent transcription and cell
differentiation commences. Greater accessibility at the

majority of proximal sites in Ht and Lv is still found in
this subset of genes and OCRs, though smaller sets of pu-
tative promoters with greater accessibility in He and corre-
sponding expression increases are detected (faint gray
spots). Among distal elements, we observed a considerably
more diffuse relationship between accessibility, expression,
and life history, possibly reflecting the potential activating
or repressive functions of enhancers and downstream gene
network interactions. At each developmental stage, the
most common relationship was increased gene expression
and accessibility in Ht and Lv, consistent with the pre-
ponderances of activating (as opposed to repressive) inter-
actions within the ancestral dGRN.

Despite these relationships, our results highlight the dif-
ficulty in measuring correlations between the magnitude
of cross-species changes in gene expression and regulatory
element accessibility at a genomic scale. Prior studies have
also reported a weak relationship between evolutionary
changes in OCR accessibility and the expression of nearby
genes between species (Shibata et al. 2012; Pizzollo et al.
2018). Several factors likely contribute a weak correlation,
including: (1) a change in chromatin accessibility is just
one of several possible molecular mechanisms that can
change a gene’s expression; (2) individual CREs can have
antagonistic effects on transcriptional regulation as activa-
tors or repressors, thus canceling out effects; and (3) CRE
accessibility is permissive rather than directive of regula-
tory factor binding and downstream gene expression,
such that ‘openness’ does not necessarily indicate the
CRE is actively regulating transcription.

Developmental Trajectories of Chromatin
Configuration and Gene Expression Have Evolved
Most Frequently Along the H. erythrogramma Branch
To address the challenges associated with understanding
the relationship between expression and accessibility
changes of putative regulatory elements, we applied the
‘jump score’ method to measure the magnitude of evolu-
tionary changes in developmental trajectories, which are
represented as distance in principal component space
(Israel et al. 2016). This metric is particularly useful because
the jump score summarizes patterns of conservation or di-
vergence in gene expression across development, rather
than considering only a single stage. Here we apply this ap-
proach to evolutionary changes in the accessibility of
putative CREs, as well as expression of genes, across devel-
opmental trajectories (fig. 8).

We compared the expression jump score of 9,423 genes
and the mean jump score of nearby OCRs to test how devel-
opmental changes in transcriptional regulation and chroma-
tin status are distributed along the He and Ht branches. For
example, expression of insm, a transcription factor involved
in neurogenesis in sea urchins (McClay et al. 2018), is con-
served across He, Ht, and Lv (fig. 8A). This is reflected by a
low difference in jump scores between He-Lv and Ht-Lv,
and tight clustering of expression profiles in principal com-
ponent space (fig. 8B). Similar expression profiles are
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Fic. 8. Quantifying developmental expression and accessibility changes in principal component space predicts divergent patterns of gene regu-
lation. (A-D) An example of conserved developmental gene expression and chromatin accessibility for the gene insm. (A) Developmental mRNA
expression profile of insm for each sea urchin species and (B) their coordinates in PCA space. (C) Coordinates in PCA space of developmental
accessibility of orthologous OCRs near insm and (D) normalized chromatin accessibility coverage of these same OCRs through embryogenesis for
each species. (E-H) An example of divergent developmental gene expression and chromatin accessibility associated with life history for the gene
brn 1/2/4. (E) Developmental mRNA expression profile of brn 1/2/4 for each sea urchin species and (F) their coordinates in PCA space.
(G) Coordinates in PCA space of developmental accessibility of orthologous OCRs near brn 1/2/4 and (H) normalized chromatin accessibility
coverage of these same OCRs through embryogenesis for each species. See Supplementary Figure 6 for a summary figure of PCA distances for all
genes and OCRs. OCR: open chromatin region; PCA: principal component analysis.
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Fic. 9. Evolutionary changes to cis-regulatory element function associated with life history evolution in sea urchins and expression changes of
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distinguished as having at least one nearby OCR with (A) differential accessibility or (B) evidence of lineage-specific positive selection. OCR: open
chromatin region. Values above brackets indicate the percent change in proportion of genes that are differentially expressed between categories.

accompanied by conserved cis-regulatory landscape dynam-
ics through development in each species, exemplified by a
near-zero mean OCR jump score difference and accessibility
profile of ten nearby OCRs (fig. 8C, D). In contrast, brn 1/2/4,
a regulator of midgut patterning (Yuh et al. 2005), has a di-
vergent developmental gene expression trajectory in He rela-
tive to the ancestral state and large jump score differences in
He-Lv and Ht-Lv branch comparisons (fig. 8E, F). This large
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expression change is accompanied by significant reduction
in chromatin accessibility at the blastula through larval
stages in He, represented by a large mean difference in
OCR jump scores along the He branch (fig. 8G, H). This locus
is especially interesting considering He larvae do not feed and
have lost development of a functional through-gut.

Given the highly derived developmental program of He
relative to the ancestral life history, we predicted that the
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most frequent changes in transcriptional regulation would
occur along the He branch. Indeed, comparing jump scores
of all genes and OCRs identifies concerted modifications to
OCR accessibility and gene expression profiles during He
development as the most frequent set of changes among
genes and OCRs with divergent expression and chromatin
accessibility trajectories (1,582 genes) (supplementary fig. 6;
Data S7). Furthermore, the least common combination of
changes includes both expression and accessibility changes
occurring on the Ht branch (1,114 genes), consistent with
an overall more conserved embryonic gene expression pro-
gram in this species. Thus, we find that local patterns of CRE
accessibility have evolved in concert with divergent devel-
opmental expression patterns during life history evolution
in He. Collectively, our results suggest that modified tran-
scription factor access to regulatory elements is associated
with rapid and adaptive evolutionary changes to gene ex-
pression, and by extension, dGRN functionality. However,
it remains to be determined which changes evolved as a
cause or consequence (or neither) of life history evolution
in He—a challenge potentially addressable via empirical val-
idation of candidate enhancer function.

Distinct cis-regulatory Modifications Differentially
Effect Evolution of Gene Expression
Lastly, we tested whether changes in nucleotide sequence
and accessibility within OCRs are distributed near genes
that are differentially expressed between developmental
life histories. We found a small, though insignificant, in-
crease in differential expression of genes with nearby differ-
entially accessible OCRs relative to genes lacking
differentially accessible OCRs at blastula, gastrula and lar-
val stages (+6.2-9.9% change). No such increase exists dur-
ing early cleavage (-1.8% change), which may be expected
given the transcriptome is composed almost entirely of
maternally-derived transcripts during early cleavage
(Fisher’s exact test, two-sided: P > 0.05) (fig. 9A).
Similarly, we detected no significant difference in the
proportion of differentially expressed genes and the pres-
ence of positive selection within OCRs of He when com-
pared with OCRs lacking evidence of positive selection
or OCRs with evidence of positive selection in Ht at each
developmental stage (Fisher’s exact test, two-sided: P>
0.05) (fig. 9B). Still, we note that throughout development,
incidences of differential expression are higher when there
exists one or more nearby OCRs with evidence of positive
selection relative to OCRs lacking evidence of positive se-
lection (+5.7-11.5% change; fig. 9B: orange and gray bars)
or OCRs with evidence of positive selection in Ht (+14.0—
27.0% change; fig. 9B: orange and green bars). This finding
is concordant with our predictions of evolutionary me-
chanisms of gene expression change, as selective changes
in CRE sequences in He are most often coupled with con-
cordant divergence in developmental gene expression pos-
sibly associated with their derived life history strategy.
Positive selection within CRE sequences of Ht, on the other
hand, are less often linked to changes in gene expression

associated with life history, as Ht has retained the ancestral
sea urchin developmental program. Lastly, whereas the ab-
solute number of accessibility changes between develop-
mental life histories is typically greater than detected
instances of positive selection (figs. 3, 5), mutations within
putative CRE sequences are more often associated with
changes in gene regulation and expression relative to a no-
change state (mean +9.3% change) than changes in acces-
sibility (mean +5.3% change).

These results may reflect distinct characteristics of the mo-
lecular mechanisms that modify cis-regulatory function. In
particular, an evolutionary change in the chromatin accessibil-
ity of CRE might only manifest at certain developmental
stages or in certain cell types, whereas a change in the DNA
sequence of a CRE is present throughout development and
in every cell type. For this reason, mutations that influence
chromatin status might in general have lower pleiotropy
than mutations within OCRs. This possibility is an extension
of the idea that mutations in CREs that drive tissue-specific
expression may have lower pleiotropy than those in CREs
that influence expression throughout development and in
all cell types (Wray et al. 2003; Stern 2010; Singh and Yi
2021; but see Preger-Ben Noon et al. 2018). Evolutionary
changes in chromatin configuration are an additional molecu-
lar mechanism with the potential to limit pleiotropy, by phys-
ically masking a mutation within a CRE such that it can only
exert an effect on transcription when chromatin is open.

Conversely, opening chromatin in a larger range of condi-
tions could expose cryptic genetic variation to natural selec-
tion. Although there is good empirical evidence that cryptic
genetic variation exists within natural populations (Gibson
and Dworkin 2004; Paaby and Rockman 2014), it is less clear
how it becomes visible. One possibility (among others) is that
mutations accumulate within a cell type-specific CRE that
have no consequence because they do not influence interac-
tions with any of the trans-acting factors in that particular
cell type. An evolutionary change that opens the local chro-
matin in a different cell type might, however, expose those
new mutations to a different suite of trans-acting factors, po-
tentially altering their interactions with the CRE and thus
transcription. Deconvolving the interplay and evolutionary
consequences of epigenetic and sequence changes within
CREs remains an important challenge for understanding
the evolution of transcriptional regulation.

Conclusions

In this study, we leveraged a recent life history switch in sea
urchins that was accompanied by elevated rates of adaptive
changes in developmental gene expression (Israel et al. 2016;
Wang et al. 2020; Wray 2022) to investigate how evolutionary
mechanisms act on mechanisms of transcriptional regulation
and embryonic gene expression. In particular, we distinguish
two distinct molecular mechanisms within cis-regulatory ele-
ments that could alter gene expression: sequence changes
that might influence transcription factorDNA interactions
and epigenetic changes that might limit access of transcrip-
tion factors to DNA. We find that evolutionary changes in
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chromatin are common near differentially expressed genes,
especially on the branch leading to the derived life history
and especially so near critical developmental gene regulatory
network (dGRN) genes (fig. 10, left column). Elevated accu-
mulation of mutations within OCRs indicative of positive se-
lection is not enriched on the branch leading to the derived
life history when considering all genes, but strikingly enriched
near dGRN genes specifically (fig. 10, central column). These
distinct molecular mechanisms may also act synergistically,
as seen by enrichment for both changes within putative
dGRN CREs on the branch leading to the derived life history
(fig. 10, right column). Although extensive prior evidence in-
dicates that changes in protein:DNA binding contributes to
the evolution of gene expression, much less empirical support
exists regarding the contribution of epigenetic changes. Our
results suggest that evolutionary changes in local chromatin
configuration during early development can contribute to
the evolution of embryonic gene expression, whereas branch-
and dGRN-specific enrichments suggest that many of these
changes are adaptive and may be tied to the evolution of
the derived life history. More broadly, the comparative ap-
proaches developed in this study offer new ways to analyze
multimodal functional genomic datasets to investigate the
evolutionary mechanisms that operate on cis-regulatory ele-
ments and their consequences for gene expression and organ-
ismal traits.

Materials and Methods

Embryo Rearing and Sample Preparation
H. erythrogramma and H. tuberculata adult animals were
collected near Sydney, NSW, Australia and maintained at
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21 °C in aquaria with circulating natural seawater. L. varie-
gatus individuals were collected near the Duke University
Marine Lab in Beaufort, NC, USA and maintained at 23 °C
in aquaria at Duke University, Durham, NC, USA. Each sea
urchin species was induced to spawn via injection of 0.5 M
KCl solution into the coelom. Eggs were washed twice in
20 um filtered seawater (FSW). Sperm was collected dry
and stored at 4 °C until usage. Washed eggs were fertilized
with 1 pL of sperm, and after 10 minutes, were washed
three times in FSW. For each species, three unique male-
female pairs were «crossed to produce three
biologically-independent replicates of sea urchin embryos.
Embryos were reared at 23 °C in large glass culture dishes
supplied with FSW, and water was changed every six hours.
Because these species exhibit different developmental
rates, developmental milestones, rather than absolute de-
velopmental time, were selected to maximize develop-
mental synchrony within cultures and between species
for comparison. These stages include 1) 4th/5th (EC),
2) 6th/7th (MC), and 3) 8th/9th (LC) cleavage stage em-
bryos, as well as 4) hatched blastula (B), 5) midgastrula
(G), and 6) early larva (L) (two-armed pluteus for H. tuber-
culata and L. variegatus; 32 hours postfertilization for H. er-
ythrogramma). Quickly distinguishing embryonic stages is
difficult for cleavage stage embryos, so we closely moni-
tored development of each culture and used known div-
ision rates for each species and water temperature to
estimate when the culture would be most enriched for
the targeted developmental stage. Once a culture reached
the appropriate stage, a subset of the culture was retrieved
for processing, stage confirmed by visual inspection, ar-
rested or delayed embryos removed by hand, and the re-
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Fic. 10. Chromatin accessibility changes, mutational signatures of positive selection, and the coincidence of both evolutionary changes are abun-
dant in the H. erythrogramma genome, especially nearby dGRN genes. Enrichment of regulatory modifications to OCRs near dGRN genes sug-
gests selective pressures imposed by changes in developmental life history can rapidly modify cis-regulatory interactions underlying
developmental processes. Tandem accessibility and mutational changes may act as a common gene regulatory method to efficiently modify
gene expression for organismal adaptation and innovation. Branch lengths scaled to relative number of changes between Heliocidaris branches

for each set of modifications.
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maining embryos transferred into a 1.5 mL Eppendorf tube
for ATAC-seq processing. Microscopic examination con-
firmed that most embryos had reached the target stage.

ATAC-seq Protocol and Sequencing

ATAC sample preparation was carried out according to
the Omni-ATAC-seq protocol (Corces et al. 2017). For
each replicate, embryos were washed once in 1 um filtered
seawater, lysed, and ~50,000 nuclei were isolated for the
transposition reaction using the lllumina TDE1 enzyme
and tagmentation (TD) buffer (Cat. No. 20034197 and
20034198) (San Diego, CA, USA). Sequencing libraries for
each replicate were amplified via PCR after separately de-
termining the optimal number of amplification cycles for
each sample using qPCR as described in (Buenrostro
et al. 2015), and libraries were purified and size selected
using Ampure XP Beads at a 1.8:1 bead volume:library vol-
ume (Beckman Coulter, Brea, CA, USA). Library quality and
transposition efficiency was accessed using a Fragment
Analyzer and PROSize 2.0 (Agilent, Santa Clara, CA) at
the Duke University Center for Genomic and
Computational Biology. H. erythrogramma and L. variega-
tus libraries were sequenced on an Illlumina HiSeq 4000 in-
strument using 50 bp SE sequencing. H. tuberculata
libraries were sequenced on an Illlumina NovaSeq 6000 in-
strument using 50 bp PE sequencing (only SE were used for
data analysis).

ATAC-seq Data Analysis

Raw ATAC-seq reads were trimmed for quality and se-
quencing adapters using ‘cutadapt’ (Martin 2011) v2.3
with the following parameters: -a CTGTCTCT
TATACACATCT -q 20 —trim-n -m 40. Trimmed reads
were then aligned to each species’ respective genome via
‘stampy’ (Lunter and Goodson 2011) v.1.0.28 using the
‘—sensitive’ set of parameters. The Lv genome was re-
trieved from Davidson et al. 2020 (NCBI BioProject:
PRINAG657258). The Heliocidaris genome assembles were
retrieved from Davidson et al. 2021 (NCBI BioProject:
He- PRJNA827916; Ht- PRJNA827769). ATAC-seq align-
ments were filtered for mitochondrial sequences and re-
quired an alignment quality score of at least 5 using
‘samtools’ (Li et al. 2009) v.1.9. Filtered alignments are
available in BAM and Bedgraph format (see ‘Data
Availability’ below).

In this study, we aimed to compare evolution of ortho-
logous regulatory elements so to accomplish this, we per-
formed a series of liftOvers (Hinrichs et al. 2006) to convert
ATAC-seq alignments between genomic coordinates of
each sea urchin species. We took an iterative, reciprocal
strategy described below to minimize possible reference
bias associated with converting between genome assem-
blies, requiring a minMatch of 0.75 when lifting alignments
between species pairs: 1) H. erythrogramma: He — Lv —
He; 2) H. tuberculata: Ht — Lv — He; 3) L. variegatus: Lv
— He — Lv — He. At the end of filtering and coordinate
conversion, all ATAC-seq alignments were referenced to

the H. erythrogramma genome. LiftOver files are available
in (Davidson et al. 2021).

ATAC-seq peaks were called from these filtered, con-
verted alignments using the ‘'MACS2’ v2.1.2 (Zhang et al.
2008) callpeak function (parameters: —nomodel, -
keep-dup = auto, —shift 100, —extsize 200) for each devel-
opmental stage separately at an FDR threshold of 5%. Peak
coordinates were merged using the ‘bedtools’ (Quinlan
and Hall 2010) v2.25 merge function requiring a peak over-
lap of at least 200 bp to be merged into a single peak.
Lastly, for each sample, accessibility of each peak was mea-
sured with the ‘bedtools’ multiBamCov function and im-
ported into R v4.0.2 for statistical analysis (Data S1).
Although not a primary focus of this study, all ATAC-seq
peaks and raw accessibility counts for each species, inde-
pendent of sequence conservation between species, is add-
itionally provided in Data S8, as are ATAC-seq peaks
specific to Lv (not found in Heliocidaris).

Estimates of Positive Selection

To measure branch-specific signatures of positive selection
in the noncoding genome, the ‘adaptiPhy’ (Berrio et al.
2020) pipeline (https://github.com/wodanaz/adaptiPhy)
for global tests of natural selection was followed. First,
orthologous sequences for noncoding sites of interest
(ATAC-seq peaks) were extracted from each species’ gen-
ome into FASTA format. Sequences were trimmed to in-
clude only contiguous DNA sequence using the
prunning.py script and filtered using the filtering.py script,
requiring a minimum alignment length of 75 base pairs.
These trimmed and filtered alignments serve as ‘query’ se-
quences of tests for selection. To generate a neutral refer-
ence for comparison, ten orthologous, neutral sites were
randomly selected from a curated set of ~88,000 putative-
ly neutral sequences (Davidson et al. 2021) (Data S2) and
concatenated into a single neutral reference sequence. A
global neutral reference, rather than a local reference,
was implemented to more conservatively estimate signa-
tures of positive selection as recent work has demon-
strated a local neutral reference may more likely
overestimate positive selection—an especially acute issue
in smaller, gene-dense genomes (Berrio et al. 2020).
Then, substitution rates of both the query and randomly
concatenated neutral reference were estimated using
phyloFit (Siepel and Haussler 2004), and the zeta score
was calculated as the ratio of the query substitution rate
to the neutral reference substitution rate. In addition,
P-values of likelihood ratio tests for significant levels of
branch-specific positive selection were calculated with
adaptiPhy (Berrio et al. 2020) pipeline using HyPhy
(Pond et al. 2005). For each query site, tests for positive se-
lection were repeated 10 times against a unique neutral
reference to ensure reproducible estimates of zeta and sig-
nificance values for each noncoding site of interest.
P-values and substitution rates for all query and neutral
sites were then imported in R v4.0.2. For each query site,
the median zeta score and P-value for each test of positive
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selection across the ten replicate calculations were used
for downstream analyses.

OCR Filtering

After accessibility and estimates of positive selection were
calculated for each ATAC-seq peak, herein referred to as
an ‘open chromatin region’ (OCR), a series of filtering
and quality control metrics were carried out to ensure
only high confidence and quality peaks were compared be-
tween species. These filtering steps are as follows: 1) each
OCR is required to have at least 75 bp of contiguous, single
copy sequence (see previous section) for accurate estima-
tions of selection; 2) a local composition complexity (LCC)
(https://biopython.org/docs/1.75/api/Bio.SeqUstils.Icc.html)
value of 1.9 or more was required of the OCR for each
species to remove repetitive or other low-complexity
sequences that may generate inaccurate estimations
of selection (module: biopython.org/docs/1.75/api/
Bio.SeqUtils.Icc.html); 3) a CPM of 3 or more was required
in at least 9 samples to remove OCRs with extremely low
accessibility across samples; 4) the midpoint of the OCR
must lie within 25 Kb (in either direction) of the transla-
tional start site of a gene model. The 25 Kb window for as-
signing OCRs to genes was selected on the basis that the
median and mean intergenic distance within the He gen-
ome are 214Kb and 31.9Kb, respectively. See
Supplementary Table 1 for a summary of these filtering
steps and resulting number of OCRs. Given nearly no prior
knowledge is known of the cis-regulatory landscape for
these sea urchin species, these stringent filtering methods
were carried out in order to maximize confidence in com-
parisons of noncoding sequence evolution and function.
This resulted in a final set 35,788 high-confidence OCRs
for cross-species analysis (Data S3).

ATAC-seq Statistical Analysis

Principal component analysis and variance partitioning
was performed on the regularized log-transformed (rlog)
data (Love et al. 2014) of filtered OCR accessibility counts
via the prcomp function and the ‘variancePartition’ v1.18.3
package (Hoffman and Schadt 2016) in R using the for-
mula: ~ (1 | Stage) + (1 | Species) + (1 | Life History) + (1
| Genus) + (1 | Stage: Life History). Raw accessibility counts
of the filtered OCRs were loaded into DESeq2 (Love et al.
2014) v1.30 to calculate differential accessibility between
sample groups. Differentially accessible sites between life
history strategies were classified as having a 2-fold accessi-
bility difference and supported by an FDR of 10% in He vs
Ht and well as He vs Lv comparisons (including the sign of
the accessibility difference being in the same direction)
(see supplementary fig. 7 for all significance cutoff combi-
nations of differential accessibility results). For graphical
purposes, the average fold-change in the He vs Ht and
He vs Lv comparisons is displayed within figures.
Significant levels of positive selection in either the He or
Ht branch were classified as OCRs having a zeta value
>1.25 and supported by a median false-discovery rate
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<10% in one species, and failing to meet both criteria in
the other. Motif enrichment analyses were carried out
with ‘Homer’ v4.11 (Heinz et al. 2010) via the
findMotifsGenome.pl script using all OCRs as the back-
ground set and regions size of 200 bp. Sea urchin GRN
genes are provided in Data S4, retrieved from the
Biotapestry project of the Institute of Systems Biology,
Seattle, WA, USA (www.biotapestry.org: accessed June
27, 2017).

RNA-seq Expression Analyses

Raw RNA-seq reads from eggs, 4-cell, 16-cell + 32-cell (col-
lectively EE), blastula (B), gastrula (G), and early larva (L)
stage embryos of He, Ht, and Lv were retrieved from
(Israel et al. 2016), trimmed and filtered for low quality
bases and reads with Trimmomatic (Bolger et al. 2014),
and aligned to each species respective genomes and
gene models with STAR (Dobin et al. 2013). From these
alignments, mRNA expression was estimated with
Salmon (Patro et al. 2017) and loaded to R for statistical
analysis. Read counts for summed to each gene’s best
match to the S. purpuratus v4.2 gene models to generate
a common reference for expression comparisons between
species as described in (Israel et al. 2016) (Data S5).
Differentially expressed genes between life histories were
called as having a fold-change in expression >2 and sup-
ported by an FDR of 10% or less in He vs Ht and well as
He vs Lv comparisons (including the sign of the accessibil-
ity difference being in the same direction) (Data S6). These
criteria were chosen to make RNA and ATAC-seq analyses
between species comparable as possible.

Principal Component Distances of Developmental
Profile

To identify OCRs and genes whose developmental regula-
tory profiles diverged in H. erythrogramma or H. tuberculata,
we calculated principal component distances of chromatin
accessibility and gene expression profile shapes between
species throughout development as described in (lsrael
et al. 2016). In this method, developmental time course
data is plotted onto principal component space for each
species, and pairwise distances between species are calcu-
lated for each gene or OCR (see below). Large differences
in these distances provide evidence that the shape of the
developmental trajectory for a given gene or OCR has chan-
ged in one of the species (the species with the larger pair-
wise distance). Mean accessibility and expression profiles
of regularized log-transformed (rlog) OCR and genes counts
were standardized using the standardize function of the
‘mfuzz’ v2.48.0 package (Kumar and Futschik 2007). From
these data, scaled distance measures (jump scores’) be-
tween orthologous noncoding sites or genes were calcu-
lated using loadings of the first two principal components
(Data 57): dHeLv = \/PC1 (XLV - XHe)2 + Pcz(yLv - yHe)2 ;
dyn, = \/PC1 (Xt = Xue)® + PC2(yL, — yhe)® - A significant
change in the developmental trajectory of gene expression
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or OCR accessibility was determined to have a jump score
difference of at 0.15 on one branch over the other.

Supplementary Materials

Supplementary material is available at Molecular Biology
And Evolution online.
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