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ABSTRACT

Changes in developmental gene regulatory networks (dlGRNs) underlie much of the
diversity of life!, but the evolutionary mechanisms that operate on interactions with these
networks remain poorly understood. Closely related species with extreme phenotypic
divergence provide a valuable window into the genetic and molecular basis for changes in
dGRNs and their relationship to adaptive changes in organismal traits. Here we analyze
genomes, epigenomes, and transcriptomes during early development in two sea urchin
species in the genus Heliocidaris that exhibit highly divergent life histories and in an
outgroup species. Signatures of positive selection and changes in chromatin status within
putative gene regulatory elements are both enriched on the branch leading to the derived
life history, and particularly so near core dGRN genes; in contrast, positive selection within
protein-coding regions have at most a modest enrichment in branch and function. Single-
cell transcriptomes reveal a dramatic delay in cell fate specification in the derived state,
which also has far fewer open chromatin regions, especially near dGRN genes with
conserved roles in cell fate specification. Experimentally perturbing the function of three
key transcription factors reveals profound evolutionary changes in the earliest events that
pattern the embryo, disrupting regulatory interactions previously conserved for ~225
million years. Together, these results demonstrate that natural selection can rapidly
reshape developmental gene expression on a broad scale when selective regimes abruptly
change and that even highly conserved dGRNs and patterning mechanisms in the early

embryo remain evolvable under appropriate ecological circumstances.
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MAIN

The well-defined dGRN of early development in sea urchins? provides a powerful
framework for investigating the evolution of embryonic patterning mechanisms. Interactions
within this dGRN are almost completely conserved among species that diverged ~30-40 million
years (my) ago>*, with some interactions conserved for ~225 my>, ~275 my®, or even ~480
my’8. Although developmental constraints may be responsible, a confound remains untested: the
species with deeply conserved developmental mechanisms all share the same life history mode,
involving low maternal provisioning and an extended feeding larval phase. Species with derived
life histories involving massive maternal provisioning and highly-abbreviated, nonfeeding pre-

metamorphic development have evolved on multiple occasions within sea urchins®!'!

, possibly in
response to lower or more unpredictable food availability'?. These species reveal how conserved
regulatory interactions and patterning mechanisms respond to major shifts in selective regimes.
The Australian sea urchin genus Heliocidaris includes two recently diverged species: H.
tuberculata representing the ancestral life history and H. erythrogramma the derived state'?
(Fig.1a). The shift to nonfeeding development radically alters natural selection on development:
with feeding no longer necessary, high mortality rates in the plankton'# impose strong selection
to decrease time to metamorphosis!®. Numerous anatomical features and gene expression profiles
of early development that are broadly conserved among sea urchins differ markedly between
these closely related species'>'¥(Fig.1b). We sought to learn whether these recently evolved
differences are merely superficial and mask deeply conserved developmental mechanisms, or

whether they are the product of substantive evolutionary changes in early cell fate specification

and dGRN organization.
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Natural selection has sculpted the regulatory landscape of H. erythrogramma

We took advantage of the recent (~5 my) divergence between the two Heliocidaris
species to carry out detailed analyses of orthologous coding and noncoding regions of the
genome, focusing on the transcription factors and regulatory elements that constitute the
backbone of the dGRN and underlie cell fate specification mechanisms. Genomes of H.
erythrogramma and H. tuberculata were each sequenced, assembled into twenty-one full length
chromosomes, and annotated (Fig.1c). Genome sequences were then aligned to one another and
to that of Lytechinus variegatus'®, an outgroup representing the ancestral life history condition
(Fig.1a).

To understand how natural selection altered the genomes of Heliocidaris during the
evolution of nonfeeding development, we began by testing for evidence of branch-specific
positive selection within single-copy protein coding regions. At a genome-wide scale, we found
statistical support for modest enrichment of positive selection along the H. erythrogramma
branch, but not the H. tuberculata branch, when considering the full set of genes (Fisher exact
test, two-sided: p<1.33x10-). Of note, coding sequences of dGRN genes showed no enrichment
of positive selection on either branch (Fig.1d-e). This result provides little support for the idea
that changes in transcription factor structure and function are primarily responsible for the
extensive modifications in development and life history in H. erythrogramma. Scant evidence of
positive selection in the coding sequences of dGRN genes likely reflects pleotropic constraint
imposed by the multiple functions that their encoded transcription factors execute during cell
type specification and differentiation.

Therefore, we hypothesized that functional changes in regulatory elements are instead

largely responsible for these trait changes. We used ATAC-seq to identify 27,322 one-to-one
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85  orthologous open chromatin regions (OCRs) representing putative regulatory elements in
86  blastula-stage embryos of the two Heliocidaris species and of L. variegatus, a time point when
87 initial cell fates have been specified in the ancestral dGRN. We then tested for branch-specific
88  positive selection within these OCRs using an approach?’ analogous to that described above for
89  protein-coding regions. At a global scale, these putative enhancer and promoter regions are
90 enriched for evidence of positive selection on the branch leading to H. erythrogramma (545)
91 relative to H. tuberculata (347) (Fisher exact test, two-sided: p<1.33e-11) (Fig.1f-g). This higher
92  incidence in signatures of positive selection specifically within OCRs on the H. erythrogramma
93  branch is indicative of weak positive selection on regulatory element function that is remarkably
94  widespread within its genome and is consistent with our earlier finding that many expression
95  differences between the two Heliocidaris species are genetically based in cis?'.
96 Strikingly, signals of H. erythrogramma-specific positive selection are even more
97  enriched when only considering OCRs near dGRN genes (Fig.1f-g; difference in median zeta:
98  0.182; Fisher exact test, two-sided: p<5.33e-5). In all, 26 putative regulatory elements located
99  near 23 distinct dGRN genes exhibit evidence of positive selection on the H. erythrogramma
100  branch, as opposed to just four on the H. tuberculata branch (Fig.1c,g). These 23 genes represent
101 17.0% of the total within the defined dGRN with a nearby OCR, a marked enrichment compared
102 with the remainder of the genome, where positive selection is detected in OCRs near just 5.7% of
103 genes (Fisher exact test, two-sided: p<4.92e-4: Fig.2c).
104  Two distinct regulatory mechanisms underlie divergence in transcriptomes
105 We also observed a striking decrease in chromatin accessibility of putative regulatory
106  elements throughout the H. erythrogramma genome relative to both species representing the

107  ancestral life history (Fig.2a). Of 2,625 orthologous, differentially accessible OCRs between
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developmental modes, 1,795 sites (68.4%) are significantly less accessible in H. erythrogramma.
Because decreased chromatin accessibility can limit transcription factor access to regulatory
elements and because most regulatory interactions in the early sea urchin embryo involve
activation of transcription??, widespread evolutionary reduction in chromatin accessibility
throughout the genome in H. erythrogramma embryos suggests an important role for
evolutionary changes in chromatin configuration for divergence in gene expression, in this cases
associated with generally decreased or delayed zygotic transcription for many genes. This
interpretation is consistent with indications of a broad delay in embryonic cell fate specification
in this species!’?327,

In a previous study!” we analyzed changes in temporal gene expression profiles during
early development within Heliocidaris and found that the largest changes are concentrated on the
branch leading to H. erythrogramma and are enriched for developmental regulatory genes
generally and dGRN genes specifically. Results reported here suggest that these derived
expression profiles are the product of two distinct molecular mechanisms that alter transcription
factor binding: changes in nucleotide sequence and changes in chromatin configuration (Fig.2c-
d). The former may alter protein:DNA binding while the latter may alter protein access to
regulatory elements. Both modes of regulatory evolution are concentrated near dGRN genes
relative to the rest of the transcriptome in H. erythrogramma (Fig.2c). Notably, accelerated
sequence evolution or altered chromatin state (or both) is present in an OCR near of a
differentially expressed dGRN gene ~3 times more frequently than the rest of the transcriptome
in H. erythrogramma, while no such relationship is evident in H. tuberculata.

The distribution of both mechanisms of regulatory evolution is highly nonrandom within

the genome (enriched near differentially expressed genes and near developmental regulatory
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genes) and phylogenetically (enriched on the H. erythrogramma branch). These departures from
the null expectation of random distribution (i.e., resulting from genetic drift) suggest that many
of the specific changes are adaptive. Adults of the two Heliocidaris species occupy overlapping
habitats and ranges?®, making the suite of derived life history traits that evolved on the H.
erythrogramma branch the most plausible driver for many of the extensive gene regulatory
changes.

The timing of cell fate specification has changed in H. erythrogramma

To understand how changes in the regulation of gene expression in the H. erythrogramma
embryo influenced developmental mechanisms and life history traits, we leveraged information
about the ancestral dGRN to examine embryonic cell fate specification. The earliest zygotic
patterning event in the ancestral state involves specification of skeletogenic and germ cell fates
following two successive unequal cleavages of vegetal blastomeres?®. We focus here on the well-
characterized skeletogenic cell lineage, which rapidly establishes a distinct transcriptional state’’
and, within 24 hours after fertilization, undergoes an epithelial-to-mesenchymal transition, fully
differentiates, and begins to synthesize a complex larval endoskeleton (Fig.1b). Specification and
maintenance of the skeletogenic cell fate is regulated by interactions between ~11 transcription
factors®!' (Fig.4a). These developmental events and most of the underlying dGRN interactions are
conserved across >225 my of sea urchin evolution®.

Morphological development of the skeletogenic cell lineage in H. erythrogramma differs
in several regards from this ancestral state: cleavage divisions are all equal, no cells ingress
before gastrulation, and the larval skeleton is delayed and reduced'® (Fig.1b). To understand
whether underlying developmental mechanisms are conserved despite these overt morphological

differences, we carried out single-cell RNA-sequencing (scRNA-seq) of blastula stage H.
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154 erythrogramma embryos and compared the results with our published scRNA-seq data from L.
155  variegatus®’. In the ancestral condition, several cell clusters express distinct suites of

156  transcription factors predicted by the dGRN, including the skeletogenic cells and germline

157  (Figure 3a), reflecting early cell fate specification and rapid divergence in transcriptional states
158  in L variegatus. These regulatory states are very similar in Strongylocentrotus purpuratus®3,
159  another sea urchin representing the ancestral condition.

160 In H. erythrogramma, fewer distinct cell clusters are apparent at the same resolution and
161  same developmental stage (Fig.3a), indicating a slower diversification of distinct transcriptional
162  states in the early embryo. Further, the clusters do not contain similar suites of transcription

163  factors to those in the ancestral state, and none corresponds to the distinctive skeletogenic cell
164  lineage of L. variegatus and S. purpuratus that is established earlier in their development. These
165  ensemble differences reflect multiple changes in the temporal and spatial expression of key

166  transcription factors that specify the skeletogenic cell fate in the ancestral dGRN. For instance,
167  alxl and delta, which encode two early mesodermal dGRN components (Fig.4a), in the ancestral
168  state are expressed exclusively in the skeletogenic cell population at the blastula stage®*3. In H.
169  erythrogramma, transcription of alx/ is delayed, and the role of delta in mesodermal fate

170  specification appears to be delayed, concordant with a lack of a distinct expression pattern in
171  blastula single-cell transcriptomes (Fig.3b). Furthermore, a composite of skeletogenic cell

172 marker gene expression is localized in a discrete cell population in the ancestral state but is not
173 detected in the H. erythrogramma embryo (Fig.3b). These expression differences suggest

174  evolutionary changes in the roles of key regulators of the skeletogenic cell fate.

175

176
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177  The ancient double negative gate within the dGRN is lost in H. erythrogramma

178 To investigate how these roles might differ in the derived developmental mode, we first
179  experimentally perturbed the function of Alx1, which is both necessary and sufficient for

180  skeletogenic cell fate specification in the ancestral state’* (Fig.4a). Knocking down Alx1 protein
181  with a translation-blocking morpholino antisense oligonucleotide (MASO) in H. erythrogramma
182  eliminates both larval and adult skeleton (Fig.4b), phenocopying the results of prior experiments
183 in sea urchins representing the ancestral condition®*. This concordance suggests that the function
184  of Alx1 in skeletogenic cell fate specification is conserved. Zygotic transcription of alx/'” and
185  skeletogenesis®® are both markedly delayed in H. erythrogramma relative to the ancestral state,
186  but this shift in timing does not by itself indicate a substantive change to the organization of the
187  dGRN.

188 We next examined HesC, a transcription factor that acts even earlier in the dGRN,

189  repressing transcription of alx/ outside of the skeletogenic cell lineage (Fig.4a). Experimentally
190  eliminating HesC protein in the ancestral dGRN produces a dramatic phenotype, with most cells
191  differentiating as skeletogenic because in the absence of hesC repression, alx/ is broadly

192 transcribed®’. In H. erythrogramma, however, we found that embryos develop normally

193  following HesC knock-down (Fig.4b), suggesting that it no longer acts as a repressor of alx/

194 transcription. This interpretation is consistent with restricted spatial expression of hesC in H.

195  erythrogramma (Figure S1) that would seem to preclude a broad repressive function for HesC
196  outside of the skeletogenic lineage. Altered expression of zesC and lack of an overt knock-down
197  phenotype hint at a more profound evolution change within the dGRN.

198 We therefore turned to Pmar1, another transcriptional repressor that interacts with hesC

199  to form a double-negative logic gate within the dGRN?’: throughout most of the embryo HesC
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200  directly represses transcription of a/x/ and other genes encoding positive regulators of the

201  skeletogenic cell fate, permitting differentiation of other cell types; in the vegetal-most cells of
202  the embryo, however, pmarl is transiently expressed beginning the 16-cell stage where it

203 represses hesC, allowing alx! transcription and thus specification of the skeletogenic cell fate®®
204  (Fig.4a).

205 Pmarl is encoded by a cluster of tandem genes in sea urchins*’. We identified 10 and 20
206  closely linked pmarl orthologs in L. variegatus and H. tuberculata respectively (Table S1). The
207  homeodomain, nuclear localization signal, and two EH1 protein:protein interaction domains are
208  typically well conserved, although a few likely pseudogenes are present in each species (Fig.4c,
209  Figure S2). In H. erythrogramma we identified 11 pmarl orthologs (Table S1). Surprisingly, all
210  of these copies contain numerous substitutions, deletions, and/or frameshifts, in many cases

211  altering over half of the residues within the homeodomain (Fig.4c). In contrast, likely functional
212 orthologs in the other two species differ by 0-3 amino acids out of 60 within the homeodomain.
213 Furthermore, pairwise similarity between pmarl orthologs within a species averages greater than
214 88% for the entire peptide and 93% for the homeodomain in the ancestral state, while H.

215  erythrogramma averages just 71.0 % and 45.3%, respectively (Fig.4d). These sequence

216  comparisons indicate that the integrity of the pmarl gene family has dramatically decayed in H.
217  erythrogramma, raising the question whether these genes with a crucial role in early embryonic
218  patterning have maintained their function in the derived developmental mode.

219 Previous studies demonstrate that microinjecting pmar! mRNA into eggs produces a
220  dramatic phenotype, with the resulting widespread overexpression of Pmar1 protein converting
221  most of the embryo to skeletogenic cells’”#. Here, we utilized this assay to test the repressive

222 function of specific pmarl orthologs. We separately microinjected into L. variegatus embryos
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223 mRNA encoding one pmarl ortholog from L. variegatus and two from H. tuberculata. As

224 expected, these treatments replicated the published phenotype, inducing extensive conversion to
225  the skeletogenic cell fate, as confirmed by widespread expression of the larval spicule matrix
226  protein MSP130 (Fig.4e). We then separately tested the three most intact orthologs of pmarl
227  from H. erythrogramma. At the same and higher concentrations, none was able to produce the
228  specific or any other discernable phenotype. (Fig.4e, Figure S3). These results indicate that the
229  repressive role of Pmarl is retained in H. tuberculata but has been lost in H. erythrogramma.
230 Together, these perturbation experiments and sequence comparisons indicate that both
231  components of the double negative gate near the very top of the dGRN that specifies the

232 skeletogenic cell fate do not function in H. erythrogramma as they do in species with the

233 ancestral life history. Remarkably, this excision does not abort either the specification or

234 subsequent function of skeletogenic cells: the role of Alx1, the component of the skeletogenic
235  subcircuit immediately following the double-negative gate, remains intact (Fig.4b), structural
236  genes characteristic of differentiated skeletogenic cells are transcribed'’, and a simplified larval
237  skeleton is synthesized*®.

238  Discussion

239 Prior work showed that the evolution of nonfeeding development in Heliocidaris was
240  accompanied by overt changes in oogenesis, cleavage geometry, morphogenesis, and larval
241  morphology, with extensive underlying changes in gene expression!> 82!, Whole genome

242 sequence analysis presented here demonstrates that these changes are not merely superficial
243 consequences of amplified maternal provisioning. Although we find evidence for adaptive

244 changes within some coding regions, these are dwarfed by the sheer number and widespread

245  distribution of apparently adaptive changes in the sequences of putative regulatory elements and


https://doi.org/10.1101/2022.03.03.482868
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.03.482868; this version posted March 4, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

available under aCC-BY-NC-ND 4.0 International license.

in the regulation of their chromatin during early development (Fig.1c-g; 2). Both types of
molecular change are strikingly enriched on the branch where nonfeeding development evolved
and are over-represented among differentially expressed genes and especially among dGRN
genes (Fig.1f-g; 2c-d). While the potential for weak selection and changes in chromatin
accessibility to influence trait evolution through changes in gene regulation is widely
appreciated, we are aware of few cases that illustrate the influence of both so extensively at a
genomic scale.

Focusing on transcriptional regulation that patterns the early embryo provides a test of
the idea that evolutionary conservation of early development is the product of intrinsic
constraints. We examined the earliest zygotic patterning event in the sea urchin embryo, where
three transcription factors interact to specify two distinct cell fates and simultaneously establish
the primary signaling center of the embryo. There is arguably no set of interactions within the
dGRN that is more fundamental to patterning the early sea urchin embryo, and they are
conserved among sea urchins that diverged ~225 my ago®. Remarkably, however, Pmarl and
HesC, which interact to form a crucial double-negative logic gate’’, have lost their early
patterning roles in H. erythrogramma (Fig.4b-e). The case of pmarl is particularly striking, as it
is present as a tandem array of genes; uniquely in the genome of H. erythrogramma, numerous
structural and point mutations alter about half of the homeodomain in each of 10 the orthologs,
rendering their proteins nonfunctional (Figure 4c-e).

The magnitude and extent of modifications to the earliest regulatory interactions within
the sea urchin dGRN in H. erythrogramma demonstrate that some deeply conserved embryonic
patterning mechanisms remain evolvable during substantial shifts in selective regimes. More

broadly, conservation of gene network architecture does not necessarily imply developmental
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269  constraint, but may instead reflect long-term stabilizing selection for performance relative to a
270  particular environment or life history. Abrupt shifts in natural selection provide valuable natural
271  “perturbation experiments” that can reveal in detail how evolutionary mechanisms shape

272 conservation and change in gene regulation and dGRNs organization across the tree of life.
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401

402 METHODS

403 1. Genome Sequencing and Assembly

404 1.1 Tissue Collection

405 Heliocidaris erythrogramma (He) and H. tuberculata (Ht) specimens were collected near
406  Sydney Harbor in Sydney, NSW, Australia and housed in natural sea water at the Sydney

407  Institute of Marine Science in Mosman, NSW, AU. The interpyramidal muscle of Aristotle's

408 lantern (the sea urchin’s feeding apparatus), tube feet, and the ovarian tissue were dissected from
409  asingle female individual, flash-frozen in liquid nitrogen, and stored at -80C until DNA

410  extraction and sequencing.

411 1.2 Genomic DNA Sequencing

412 For each species, a 3rd-generation DNA library was sequenced on a PacBio sequel II

413  CLR platform, generating 90.01 (He) and 89.47 (Ht) Gb of data with an N50 read length of
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414  17.24 (He) and 23.70 (Ht) Kb. DNA from the same individual for each species was also used to
415  construct 10x Genomics linked-reads and Hi-C libraries, which were sequenced on a BGI-SEQ
416 500 platform, generating 194.11 (He) and 199.11 (H¢) Gb and 130.85 (He) and 229.03 Gb (H¥)
417  of data, respectively. Jellyfish v2.2.6' and GenomeScope v1.0.0? were deployed to conduct a k-
418  mer based survey of genome composition using linked-read sequencing data based on 17-mer
419  frequency distribution to estimate the genome size and heterozygosity of both He and Ht (Figure
420  S4 a-b).

421 1.3 Genome Assembly

422 PacBio sequencing data was employed to assemble a de novo contig-level genome

423 assembly using Canu v1.8 (minReadLength=1200; minOverlapLength=1000). Subsequently,
424  HaploMerger2 v3.6* was used to create breakpoints in the contigs where potential misjoins have
425  occurred by aligning allelic contigs via Lastz v1.02.00°. From these fragmented contigs, the

426  longest of each allelic pair was identified and selected using Redundans v0.14a° resulting in a
427  near-haploid level genome assembly. The output of this pipeline was polished using Pilon v1.237
428  with 10X sequencing data to improve assembly quality and accuracy at single base resolution.
429  Lastly, contigs were assembled into scaffolds by mapping Hi-C read pairs to the polished

430  assembly with HiC-Pro®, resulting in approximately 21.95% (He) and 32.10% (H?t) valid Hi-C
431  reads pairs. Juicer v1.5° and 3D-DNA v180419'° were used to correct and finalize the

432 construction of chromosome-length scaffolds for each species. See Figure S4 c-d for HiC contact
433 maps.

434 1.4 Repeat ldentification and Classification

435 Genomic repetitive elements were identified with RepeatModeler v2.01!! to generate

436  species-specific repeat element libraries for each . Repeat families were filtered via BLASTn
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437  v2.3.0'? for significant hits to gene models of the well-studied sea urchin Strongylocentrotus
438  purpuratus (www.echinobase.org) to prevent unintentional masking of genic regions. Repeats
439  were masked from the genome of each species with RepeatMasker v4.1.1 (Smit et al. 2015)

440  using the most sensitive setting (-s) to identify the location of repetitive elements. Long-terminal
441  repeats were also secondarily identified with LTR Finder v1.0.7'!. Outputs of both

442  RepeatMasker and LTR_Finder were then input into RepeatCraft v1.0'* under default parameters
443  to improve repeat element annotation and identification, resulting in a final genome annotation of
444  repetitive elements. Lastly, repeats were broadly classified into functional categories described
445 by their mode of transposition using TEclass'4.

446 1.5 Gene Annotation and Prediction Strategy

447 Previously published paired-end RNA-seq reads from six developmental stages for each
448  Heliocidaris species'> were trimmed using Trimmomatic v0.39'¢ (TruSeq3-PE.fa: 2:30:10;

449  leading: 3; trailing: 3; slidingwindow: 4:15; minlen: 36) and properly paired reads were mapped
450  to their respective genomes using STAR v2.7.2. For each species, these RNA-seq alignments as
451  well as protein models of the S. purpuratus v5.0 genome were input into BRAKER2!7 (--

452  etpmode). This program utilizes a number of additional software as a part of its pipeline

453 including Augustus'8, Genmark-EP+!°, Genemark-ET?°, DIAMOND?!, and Samtools??. Gene
454  models from the BRAKER output for filtered for transposable elements by aligning to a

455  combined database of transposable element sequences from the MAKER gene annotations

456  pipeline?® and the Dfam v3.3 transposable element database®* using BLAST-P'2. Lastly, gene
457  models were improved using the PASA pipeline? by supplementing pre-existing gene models
458  with a de-novo transcriptome retrieved from ref. 15. These gene models were annotated by

459  aligning peptide sequences to three separate databases using BLAST-P v2.3.0'2: 1) S.
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460  purpuratus v4.2 gene models; 2) UniProt KnowledgeBase SwissProt protein models?%; 3)

461  RefSeq invertebrate protein models with S. purpuratus excluded (e-value cutoff: 1e-5)?". The list
462  of sea urchin gene regulatory network (GRN) genes are provided in Data S1.

463 2. Whole Genome Alignment

464 Prior to whole genome alignment, each genome was soft-masked for repetitive elements
465  using each species repeat element library. An optimal scoring matrix for whole genome

466  alignment between each set of species was inferred using the lastz D Wrapper.pl script of

467  HaploMerger2 v3.6* Next whole genome alignment between each species pair was performed in
468  both directions following UCSC guidelines outlined in the runLastzChain.sh and

469  doBlastzChainNet.pl (https://github.com/ucscGenomeBrowser/kent) to produce .psl, .lav, .chain,

470  and finally liftOver files for each whole genome alignment. In addition, .maf files were

471  generated for H. erythrogramma, H. tuberculata, and L. variegatus for each chromosome using
472 H. erythrogramma as the reference genome using Multiz and TBA?S,

473 3. ATAC-seq

474 3.1 Sample Preparation

475 For each sea urchin species (H. erythrogramma, H. tuberculata, and Lytechinus

476  variegatus), adult animals were induced to spawn via injection of 0.5 M KCI solution into the
477  coelom. For each species, three unique male-female pairs were crossed to produce three

478  biologically-independent replicates of sea urchin embryos. Each culture was reared in large glass
479  dishes supplied with 20 mm filtered sea water (FSW) that was changed every six hours. Because
480 these species exhibit different developmental rates, a conspicuous developmental milestone,

481  shedding of the fertilization envelope at hatched blastula-stage, was selected to maximize

482  developmental synchrony within cultures and across species for comparison. Once a culture
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483  reached the blastula stage, live embryos were collected and processed immediately for nuclei
484  preparation and transposase treatment as a part of the ATAC-seq protocol.

485 3.2 ATAC-seq Protocol and Sequencing

486 ATAC sample preparation was carried out according to the Omni-ATAC-seq protocol®.
487  For each replicate, embryos were washed once in 1 mm FSW, lysed, and 50,000 nuclei were
488  isolated for the transposition reaction as described in the Omni-ATAC-seq protocol using the
489  Illumina TDE1 enzyme and tagmentation (TD) buffer (Cat. No. 20034197 and 20034198) (San
490  Diego, CA, USA). Sequencing libraries for each replicate were generated via qPCR and

491  sequencing libraries were purified and size selected using Ampure XP Beads at a 1.8:1 bead
492 volume: library volume (Beckman Coulter, Brea, CA, USA). Library quality and transposition
493  efficiency was accessed using a Fragment Analyzer and PROSize 2.0 (Agilent). H.

494 erythrogramma and L. variegatus libraries were sequenced on an Illumina HiSeq 4000

495  instrument using 50 bp SE sequencing at an average of 41.9 million and 37.3 million reads per
496  sample, respectively. H. tuberculata libraries were sequenced on an Illumina NovaSeq 6000
497  instrument using 50 bp PE sequencing (only SE were used for data analysis) at an average of
498  31.4 million reads per sample.

499 3.3 ATAC-seq Data Analysis

500 Raw ATAC-seq reads were trimmed for quality and sequencing adapters using cutadapt®®
501  v2.3 with the following parameters: -a CTGTCTCTTATACACATCT -q 20 --trim-n -m 40.
502  Trimmed reads were then aligned to each species’ respective genome using stampy?' v.1.0.28
503  using the “--sensitive” set of parameters. ATAC-seq alignments were filtered for mitochondrial

504  sequences and required an alignment quality score of at least 5 using samtools v1.9?2,
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505 In this study, we aimed to compare evolution of orthologous non-coding sites. To

506  accomplish this, we performed a series of liftOvers* to convert ATAC-seq alignments between
507  genomic coordinates of each sea urchin species (see previous section for esription of genome
508 alignments). We took an iterative, reciprocal liftOver strategy described below to minimize

509  possible reference bias associated with converting between genome assemblies: 1) H.

510  erythrogramma: He > Lv = He; 2) H. tuberculata: Ht = Lv > He; 3) L. variegatus: Lv = He
511 > Lv - He. After filtering and coordinate conversion, all ATAC-seq alignments were

512 referenced to the H. erythrogramma genome with average of 5.9 million alignments per sample
513  to orthologous genomic loci.

514 Following filtering and coordinate conversion, peaks were called from these alignments
515  using the MACS2 v2.1.233 callpeak function (parameters: —nomodel, —keep-dup=auto, —shift
516 100, —extsize 200) for each species separately. Peak coordinates were merged using the

517  bedtools** v2.25 merge function requiring a peak overlap of at least 200 bp to be merged into a
518  single peak. Lastly, for each sample, accessibility of each peak was measured with the bedtools*
519 v2.25 multiBamCov function.

520 3.4 Tests for positive selection within OCRs

521 In order to test for evidence of positive selection, a neutral genomic reference across all
522 species was assembled. To do this, the genome was first masked repetitive elements, coding
523  sequence, untranslated genic sequence, non-coding RNAs (including microRNAs, ribosomal
524  RNAs, small nuclear RNAs, and transfer RNAs) and ATAC-seq open chromatin regions (OCRs)
525  (see below) in the genome. The remaining, putatively neutrally evolving genome was then

526  divided into 300 bp windows, orthologous regions retrieved from each species’ genome, and

2935

527  filtered using the filtering.py and pruning.py scripts of the “adaptiphy”-> program
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(https://github.com/wodanaz/adaptiPhy). Next, branch lengths of each of these neutral sites was

estimated using phyloFit*¢ (--subst-mod HKY 85), highly-conserved sites removed (Figure S5),
relative branch lengths calculated, and sites falling within the middle 50% of relative branch
lengths in the H. erythrogramma genome were selected as the neutral reference (88,004 sites;
Data S2).

To measure branch-specific signatures of positive selection in the non-coding genome,

the “adaptiPhy”3 pipeline (https://github.com/wodanaz/adaptiPhy) for global tests of natural

selection was followed. First, orthologous sequences for non-coding sites of interest were
selected from each species’ genome into FASTA format. Sequences were trimmed to include
only contiguous DNA sequence using the prunning.py script and filtered using the filtering.py
script, requiring a minimum alignment length of 75 bases. These trimmed and filtered alignments
serve as ‘“query” sequences of tests for selection. To generate a neutral reference for
comparison, ten neutral sites were randomly selected (see above) and concatenated into a single
neutral reference sequence. In addition, for each OCR, tests for positive selection were repeated
10 times against a unique putatively neutral reference. For each query site replicate, substitution
rates of both the query and randomly concatenated neutral reference were estimated using
phyloFit*®, 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* pipeline using
HyPhy?”. P-values and substitution rates for all query and neutral sites were then imported in R
v4.0.2 for analysis (Data S3).

3.5 ATAC-seq Peak Filtering
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550 After accessibility and rates of selection were calculated for each ATAC-seq peak, herein
551  referred to as an “open chromatin region” (OCR), a series of filtering and quality control metrics
552 were carried out to ensure only high confidence and quality peaks were compared between

553  species. These filtering steps are as follows: 1) each OCR is required to have at least 75bp of
554  contiguous, single copy sequence (see Section 3.4) for accurate estimations of selection; 2) for
555  each species, a local composition complexity (LCC)*® value of 1.9 or more was required for the
556  OCR to remove repetitive or other low-complexity sequences that may generate inaccurate

557  estimations of selection (module: biopython.org/docs/1.75/api/Bio.SeqUtils.lcc.html); 3) a CPM
558  of 3 or more was required in at least 2 (of the 9) samples to remove OCRs with extremely low
559  accessibility; 4) the midpoint of the OCR must lie within 25kb (in either direction) of the

560 translational start site of a gene model; 5) the gene nearest to an OCR must be the same gene in
561  each of the species’ genomes —in other words, for each OCR and its nearest gene in the H.

562  erythrogramma, the orthologous region in the H. tuberculata and L. variegatus genome must
563  also be closest to a gene model that is orthologous (determined by annotation) to the same gene
564  inthe H. erythrogramma genome. Given nearly no prior knowledge is known of the cis-

565 regulatory landscape for these sea urchin species, these stringent filtering methods were carried
566  out in order to maximize confidence in comparisons of non-coding sequence evolution and

567  function. This method resulted in a final set 27,322 high-confidence OCRs for cross-species
568 analysis (Data S4).

569 3.6 ATAC-seq Statistical Analysis

570 Raw counts of the filtered OCRs were loaded into DESeq2* v1.30 to calculate

571  differential accessibility between sample groups. For life history strategy comparisons, H.

572 tuberculata and L. variegatus were treated as single group. Differentially accessible sites were
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573  classified as having a 2-fold accessibility difference between sample groups and supported by an
574  FDR of 10%. Significant levels of positive selection were classified as having a median zeta
575  value greater than 1.5 and supported by a median false-discovery rate less than 10% across 10
576  replicates for each query site. Branch-specific evidence of positive selection met these criteria for
577  one species, but failed to meet these criteria in the other, as evidenced by a zeta score < 1.5.

578 4. Coding Selection Analyses

579 Single-copy orthologs between H. erythrogramma, H. tuberculata, L. variegatus, and an
580  unpublished of gene models of Echinometra lucunter were identified using OrthoFinder®.

581  Evidence of episodic positive selection was queried on both the H. erythrogramma branch and
582  H. tuberculata branch under default parameters using BUSTED*!, by specifying either branch as
583  the “foreground” branch. P-values from these analyses are available in Data S5. Genes with

584  significant evidence of episodic positive selection were supported by a p-value <= 10% by the
585  likelihood ratio test.

586 5. Bulk RNA-sequencing Analysis

587 Raw RNA-seq reads from blastula stage embryos of He, Ht, and Lv were retrieved from
588  ref !5, trimmed and filtered for low quality bases and reads with Trimmomatic'®, and aligned to
589  each species respective genomes and gene models with STAR*?. From these alignments, mRNA
590  expression was estimated with Salmon*} and loaded to R for statistical analysis. Read counts for
591  summed to each gene’s best match to the S. purpuratus v4.2 gene models to generate a common
592  reference for expression comparisons between species as described in ref 3. Differentially

593  expressed genes between life histories were called as having a fold-change in expression > 2 and
594  supported by an FDR of 10% or less between He and both planktotrophic species (in the same

595  direction), and not DE between Ht and Lv (Data S6).
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596 6. Single-cell RNA-Sequencing

597 6.1 H. erythrogramma embryo culturing

598 Female H. erythrogramma individuals were spawned via intracoelomic injection of 0.5ml
599  of 0.5M KCI. Unfertilized eggs were washed three times in 100um filtered natural sea water
600 (FSW). Eggs were fertilized by 2ul of concentrated sperm in .02g Para-Amino Benzoic Acid
601 (PABA)/100 ml FSW. Following fertilization, eggs were washed three additional times in FSW
602  to remove residual sperm and PABA. Fertilized embryos were then cultured at 22-23 °C. At 6
603  hours post fertilization (hpf) embryos were sampled for microscopy and dissociation, then fixed
604  for scRNA-seq.

605 6.2 Embryo Dissociation and Fixation

606 Once embryos developed to the appropriate stage, a portion of the co-culture was taken,
607  and washed one time in Calcium-Free Artificial SeaWater (CFASW). After washing embryos
608  with CFASW, 3ml of embryos were added to 7ml of dissociation buffer made (1.0M Glycine
609 and 0.25mM EDTA, pH 8.0) at 4 °C, and gently rocked on a rocker for 10 minutes. Following
610 incubation, embryos were gently triturated 15-20 times to increase disassociation, then 10ml ice
611  cold 100% methanol was added, and cells were incubated for 10 minutes and on the rocker.

612  Following incubation, cells were triturated again 15-20x times, and then add another 30ml ice
613  cold 100% methanol. Following dissociation, cells were resuspended and fixed at a final

614  concentration of 80% Methanol for 1 hour at 4 °C. Lastly, cells were stored at -20 °C until

615  library preparation. °C

616 6.3 Rehydration of Single Cells, Library Preparation, and Sequencing

617 Cells were centrifuged at 50xg, supernatant was discarded, and fixed cells were washed

618  twice and rehydrated in a Sigma 3x Saline Sodium Citrate (SSC) buffer (SKU SRE0068) before
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619  cell count and library preparation. Single cell libraries were prepared using the 10x Genomics 3’
620  v3 gene expression kit and the 10x Chromium platform to encapsulate single cells within

621  droplets. Library quality was verified using the Agilent 2100 Bioanalyzer. Libraries were pooled
622  and Duke Genomics and Computational Biology Core facility sequenced samples on two

623  NovaSeq6000 S1 flow cells with 28 x 8 x 91 bp sequencing performed.

624 6.4 FastQ Generation, Genome Indexing, and Quantification of scRNA-seq

625 Following sequencing, we used Cellranger v3.1.0 to convert [llumina-generated BCL
626 files to fastq files using the Cellranger “mkfastq” command. scRNA-seq data for blastula stage
627  embryos of Lytechinus variegatus were retrieved from a published scRNA-seq developmental
628  time course of the species**. We then applied the “mkref” command to index the most recent
629  Lv3.0 genome® (for the Lytechinus data) and the H. erythrogramma genome assembled in this
630  study. The “count” command was used to demultiplex and count reads mapping to the respective
631  reference Lv or He genome. The “mat2csv” command was used to obtain CSV RNA count

632  matrix files for each sample for further downstream analysis.

633 6.5 Filtering and normalization

634 CSV RNA count matrix files were uploaded to R and a seurat object was generated for
635  each sample. All seurat objects were then merged to undergo uniform quality control,

636  normalization and data exploration with all samples. The merged object was then filtered to

637  remove low quality cells with nFeature RNA > 200, nFeature RNA < 5500. “SCTransform”, a r
638  egularized negative binomial regression method that stabilizes variance across samples, was then
639  applied to the merged filtered object to perform normalization and removal of technical

640  variation*®, while preserving biological variation (Data S7).

641 6.6 Dimensionality reduction, visualization, and clustering
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We next performed Principal Component Analysis on the SCTransformed seurat object
file of raw gene expression counts, and found the nearest neighbors using 10 PC dimensions of
variable gene space. UMAP (Uniform Manifold Approximation and Projection)*’” was applied to
multi-dimensional scRNA-seq data to visualize the cells in a two-dimensional space. Finally,
clustering was performed using graph-based Louvain Clustering with resolution, res=0.5,
resulting in 11 clusters. The 11 clusters were annotated using dGRN genes and published in situ
hybridization patterns as markers.

7. H. erythrogramma microinjection and in-situ hybridization
7.1 MASO design and microinjection

Morpholino antisense oligos (MASOs) were constructed to target the translation start site
of alx] (ATCAATTCGGAGTTAAGTCTCGGCA) and hesC
(ATCCAGATGTGTTAAGCATGGTTGC) and synthesized by Gene Tools (Philomath, OR,
USA). Control morpholinos included a standard negative control morpholino recommended by
the manufacturer (CCTCTTACCTCAGTTACAATTTATA) and a scrambled morpholino for
HesC (ATCGACATCTGTTAACCATCGTTGC). Fertilized eggs of H. erythrogramma were
injected as described in ref *® at a concentration of 100 pM for alx/ and 500 uM for hesC, then
reared at 22 °C in pasteurized, 0.22-micron filtered seawater + penicillin (100 unit/mL) and
streptomycin sulfate (0.1 mg/mL) (Sigma P4333A).

7.2 Fixation and ISH

H. erythrogramma embryos were fixed for in-situ hybridization (ISH) for ~16 hrs

overnight at 4 °C in 4% paraformaldehyde (Sigma 158127) + 20 mM EPPS (Sigma E1894) in

FSW, washed 3x in FSW, and dehydrated step-wise into 100% MeOH and stored at -20 °C. The

full-length HesC coding sequence was synthesized in vitro by GenScript (Piscataway, NJ, USA)
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665  and subcloned (NCBI insert number: MK749159), and used as template to make antisense RNA
666  probes for ISH. ISH of H. erythrogramma was performed according to previously published
667  methods*. Hybridizations were carried out at 65 °C and stringency washed at 0.1% SSC.

668 7.3 Imaging

669 Fixed H. erythrogramma embryos were washed with 100% EtOH, cleared and mounted
670 in 2:1 (v/v) benzyl benzoate: benzyl alcohol (BB:BA). DIC or polarized light (PL) micrographs
671  were taken on Olympus BX60 upright microscope with an Olympus DP73 camera. ISH images
672  were taken on a Zeiss Upright Axiolmager with a Zeiss MRm camera using ZEN Pro 2012

673  software.

674 8. Pmarl mRNA overexpression assays

675 8.1 mRNA Synthesis

676 Sequences of pmarl orthologs were retrieved from each species respective genome

677  annotations (Lv**, He and Ht, this study) (Table S2). One Lv ortholog (LVA 25833.t1) was

678  selected for overexpression assays as it represents the ortholog tested in previous overexpression
679  assays?’, while two Ht (HTU 11636.t1 and HTU 11625.t1) and three He (HER 770.t1,

680 HER 761.t1, and HER 775.t1) were selected for overexpression assays as they represent

681  orthologs with the highest identity to the species’ consensus sequence, and therefore predicted as
682  genes most likely to be functional. Construct templates for each ortholog were ordered from

683  Twist Biosciences (San Francisco, CA, USA) and mRNA was synthesized from these constructs
684  with a ThermoFisher MEGAshortscript T7 Transcript Kit (AM1354).

685 8.2 Overexpression experiments

686 Female L. variegatus individuals were spawned via intracelomic injection of 0.5M

687  KCI, washed in FSW, and fertilized with 1 uL of concentrated sperm in 100 ml
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688  FSW. Lv constructs were injected at a concentration of 250ng/uL. Ht constructs were injected at
689  a concentration of 1200ng/uL, and He constructs were injected at 1500ng/uL. Higher

690  concentrations of Heliocidaris constructs were used to reproducibly obtain the PMC conversion
691  phenotype, and reduced sensitivity of these assays may be attributable to less optimal cross-

692  species interactions of Pmarl in regulating the L. variegatus genome. Following injection,

693  embryos were incubated at 23 °C and imaged at 24 hpf.

694 8.3 Imaging and Immunostaining

695 At 24 hpf, live embryos from each experiment were mounted on slides and imaged using
696  DIC microscopy. Embryos were imaged on a Zeiss Axioplan II upright microscope controlled by
697  Zen software.

698 Also at 24 hpf selected embryos were fixed in 100% ice cold methanol. Immunostaining
699  was carried out as described in ref °° to mark expression of Msp130 protein. Blocking and

700  incubation of the secondary antibody was increased to 1 hr. Incubation of the primary antibody
701  was set to 48 hours. A Zeiss 880 inverted confocal Airyscan microscope controlled by Zen

702  software was used to take Z-stack images of stained embryos.

703 9. Data Availability

704 Sequencing reads used to assemble the Heliocidaris genomes, genome assemblies, and
705  annotation results will be made available via the National Center for Biotechnology Information
706  (NCBI) and Chinese National GeneBank (CNGB) upon manuscript acceptance for publication
707  (accession numbers pending). Gene models are available as Data S8. Sequencing reads and

708  alignments from the functional genomics experiments including ATAC-seq and scRNA-seq will

709  be made available on NCBI, and results from whole-genome alignments experiments will be
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710  made available on Dryad (accession numbers pending). Result files from these functional

711  genomic analyses are available as Supplementary Data in this submission.
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846  Figure 1. Evolution of life history and genomes. a, Feeding larval development
847  (planktotrophy: green) represents the ancient and ancestral life history in sea urchins (seastar P.
848  miniata represents the outgroup)'!. Non-feeding larval development (lecithotrophy: orange) has
849  evolved on multiple occasions, including recently within the genus Heliocidaris (arrowhead)’. b,
850  Evolution of non-feeding development in H. erythrogramma (bottom) included dramatic
851  modifications to otherwise broadly conserved developmental mechanisms, including changes in
852  cleavage geometry, cell fate specification, and morphogenesis'®!3. ¢, Chromosome-scale genome
853  assemblies of H. tuberculata (green) and H. erythrogramma (orange). Outer ring: repetitive
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854  element content; middle ring: gene content, inner ring: zeta values in OCRs. Colored points

855 indicate statistically elevated zeta values (indicative of positive selection) within in a single OCR
856  on the branch leading to H. tuberculata (green) or H. erythrogramma (orange). Blue points

857  indicate highly conserved OCRs (top 10% of phastCon scores). Triangles denote OCRs with

858  signature of branch-specific positive selection located near dGRN genes. d, Signatures of

859  positive selection in protein-coding sequences (CDS) of 84 dGRN and 3,6999 non-dGRN single-
860  copy orthologs. Evidence of selection is slightly enriched on the H. erythrogramma branch, but
861  dGRN genes show no difference between branches. e, P-values of likelihood ratio test for

862  positive selection in CDS on the branch leading to each species (color indicates significant p-
863  values; squares indicate dGRN genes). f, Signatures of positive selection within single-copy

864  OCRs near dGRN (n = 1069) and non-dGRN (n = 26,253) genes are overall much higher on the
865  H. erythrogramma branch. For OCRs near dGRN genes, this difference is notably amplified:

866  signatures of positive selection are depleted relative to non-dGRN genes on the H. tuberculata
867  branch but substantially elevated on the H. erythrogramma branch. g, P-values of likelihood ratio
868 test for positive selection in OCRs on the branch leading to each species. Fisher exact test, two-
869  sided- *: p-value < Se-2; ***: p-value < 5e-4. OCR: open chromatin region; dGRN:

870  developmental gene regulatory network; CDS: coding sequence.

871
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873  Figure 2. Evolution of open chromatin landscape. a, Density and volcano plots of
874  significantly differentially accessible orthologous OCRs between developmental life histories
875  (green = more open in H. tuberculata and L. variegatus, orange = more open in H.
876  erythrogramma). b, Examples of conservation (foxA4) and change (hesC) in chromatin
877  accessibility landscape near dGRN genes. ¢, Relationship between chromatin, positive selection,
878  and gene expression. Percentage of all genes (top) and differentially expressed genes (bottom)
879  with at least one OCR nearby that is differentially accessible (DA), has evidence of positive
880  selection on the H. erythrogramma (H.e.) or H. tuberculata (H.t.)-branch, or is both DA and has
881  evidence of positive selection on the H.e. or H.t. branch. d, Number of differentially accessible
882  OCRs and OCRs with evidence of positive selection in H. erythrogramma for a given gene.
883  Fisher exact test, two-sided-*: p-value < 5e-2; *** p-value < 5e-4. OCR: open chromatin region;
884  dGRN: developmental gene regulatory network.
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Figure 3. Evolution of transcriptomes. a, Single cell RNA sequencing of blastula stage
embryos from H. erythrogramma (left) and L. variegatus (right) with cells plotted into a single
UMAP space. Colors indicate inferred cell lineages based on expression of marker genes; inset
embryo cartoons indicate approximate spatial distribution. H. erythrogramma shows fewer
distinct transcriptional states, reflecting a broad delay in cell fate specification. b, Expression of
genes specific to skeletogenic cells: alx/, delta, and composite of 11 marker genes. The earliest
specification event in the ancestral dGRN, that of the skeletogenic cell lineage, takes place
during early cleavage®. Note expression of lineage-specific markers has still not occurred by

blastula stage in H. erythrogramma.
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896  Figure 4. Evolutionary change at the “top” of a conserved developmental dGRN. a,

897  Schematic of the ancestral dGRN that specifies skeletogenic cell fate: HesC suppresses this fate

898  in most of the embryo (blue) but Pmarl suppresses /esC in the precursors of the skeletogenic
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899  cells (magenta), where Alx1 then activates a differentiation program. b, Control and MASO
900  knock-down of Alx1 and HesC in H. erythrogramma (early larva; scale bar 100um). Polarized
901  light (PL) illuminates skeletal elements. Knockdown of alx/ expression eliminates skeleton
902  formation in H. erythrogramma, as in the ancestral dGRN>*, In contrast, HesC knockdown
903  shows no phenotype, a dramatic change from the ancestral dGRN?’. ¢, Alignment of

904 homeodomain (DNA-binding) and RP domains (protein:protein interaction) from pmarl

905  orthologs. Green = likely functional copy, red = predicted non-functional copy, asterisks =
906  orthologs whose function was experimentally validated. d, Within-species pairwise sequence
907  similarity of pmarl orthologs. Note rapid sequence divergence among paralogs in H.

908  erythrogramma, and particularly within the homeodomain. Center line = median pairwise

909  similarity; dots = outliers e, Overexpression assays of control and pmar! mRNA (prism stage;
910  skeletogenic cells labeled with antibody that recognizes cell surface protein MSP130). DIC and
911  fluorescent images demonstrate that mRNA of Pmarl orthologs from L. variegatus and H.
912  tuberculata convert most of the embryo to skeletogenic cells, whereas even the most intact H.
913  erythrogramma orthologs show no such phenotype, indicating loss of function. dGRN:

914  developmental gene regulatory network; MASO: morpholino antisense oligonucleotide; DIC:

915 differential interference contrast; RP: repeated peptides.


https://doi.org/10.1101/2022.03.03.482868
http://creativecommons.org/licenses/by-nc-nd/4.0/

