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Emergence of novel genomic regulatory regions

associated with light-organ
development in the bobtail squid

Lisa Rouressol,’?4* John Briseno,® Nidhi Vijayan,® Grischa Y. Chen,? Elena A. Ritschard,’* Gustavo Sanchez,”

Spencer V. Nyholm,* Margaret J. McFall-Ngai,”* and Oleg Simakov'*

SUMMARY

Light organs (LO) with symbiotic bioluminescent bacteria are hallmarks of many
bobtail squid species. These organs possess structural and functional features
to modulate light, analogous to those found in coleoid eyes. Previous studies
identified four transcription factors and modulators (SIX, EYA, PAX6, DAC)
associated with both eyes and light organ development, suggesting co-option
of a highly conserved gene regulatory network. Using available topological,
open chromatin, and transcriptomic data, we explore the regulatory landscape
around the four transcription factors as well as genes associated with LO and
shared LO/eye expression. This analysis revealed several closely associated
and putatively co-regulated genes. Comparative genomic analyses identified
distinct evolutionary origins of these putative regulatory associations, with
the DAC locus showing a unique topological and evolutionarily recent organiza-
tion. We discuss different scenarios of modifications to genome topology and
how these changes may have contributed to the evolutionary emergence of
the light organ.

INTRODUCTION

The coleoid cephalopod clade, emerging around 400 million years ago (mya),' (octopus, squid, cuttle-
fish) possesses the largest invertebrate nervous system, a feature associated with extensive
behavioral and camouflage abilities.>* Although certain genomic features have been associated with
morphological innovations in cephalopods,” because of the large genetic distances between cephalo-
pods and other mollusks, as well as the lack of regulatory genomic data in this group; it has been chal-
lenging to identify and reconstruct the genomic innovations within this clade. Only recently, potential
links between large-scale genomic rearrangements in the coleoid ancestor and organismal novelties®™®
were uncovered.

One of the most prominent morphological novelties in the cephalopod clade is the convergent evolution of
the symbiotic light organ (LO) associated with two families, the Sepiolidae (bobtail squid) and Loliginidae
(pencil squid). Although the LO is present in several genera, including Uroteuthis spp. from the Loliginidae
lineage and Euprymna spp. of the Sepiolidae lineage’ (Figures 1A and 1B), its origin remains elusive. '
These cephalopods use their LOs in a nocturnal camouflage behavior called ‘counterillumination’, in which
the animals mask themselves against a background of downwelling moonlight and starlight to avoid pred-
ators.'" One of the most established models in LO symbiosis and evolution research is the Hawaiian bobtail
squid, Euprymna scolopes.'? E. scolopes is easily raised in the laboratory and amenable to experimenta-
tion."” The adult LO that is located in the center of the mantle cavity of E. scolopes comprises a set of tissues
thatis used to modulate light. E. scolopes has been extensively studied due its binary relationship with the
bioluminescent bacterium Vibrio fischeri.'”"® Shortly after hatching, juvenile E. scolopes recruit V. fischeri
from the surrounding environment and house them in the LO in two sets of epithelium-lined crypts, three
on each side of the LO."*'*
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Figure 1. Ancient coleoid cephalopod genome rearrangements and their role in the emergence of novel regulatory neighborhoods

(A) Phylogenetic tree depicting how a series of genomic rearrangements (from left to right) in the coleiod cephalopod clade resulted in development of an
LO in E. scolopes. LO presence (+)/absence (—) in species: E. scolopes (bobtail squid), D. pealeii (longfin squid),O. bimaculoides (two-spot octopus) and

P. maximus (king scallop); the brown dots on the phylogenetic tree represent the novel regulatory gene linkages.
(B) Diagram (left) and photograph (right) of the position of the LO in the mantle cavity of a juvenile E. scolopes.

(C) Left, an ultrastructural depiction of condensed chromatin in a nucleus; middle upper, a Hi-C Map zoomed in; middle lower, a depiction of the chromatin
loops which contribute to TAD formation. Right, the square represents a TAD unit formed by chromatin loop. Inside the TAD, genes clusters may interact
with each other more frequently than with genes outside the TAD. The arrangements suggest that co-regulated LO/EYA gene clusters occur inside the

TADs.

expression of genes from the rhabdomeric and ciliary visual transduction pathways.'® One of the most
crucial insights came from a study that showed that in E. scolopes the genes encoding four transcription
factors (TFs) and modulators: EYA (eyes absent), SIX (sine oculis), PAX6, and DAC (dachshund) are upregu-
lated during both eye and LO development.'”?” The network and interaction of these genes have long
been implicated in various organogenesis processes, most prominently during eye development of
Drosophila®’ and early sensory placode development in vertebrates.”

EYA s a transcriptional modulator, its phosphatase activity has been shown to act on SIX and DACH?® dur-
ing various organogenetic processes, including kidney, branchial arches and general sensory organ (eyes,
ears) development. In mice, EYA is expressed in the eyes, ears, nasal placode, and metanephric mesen-
chyme.”*?® In Drosophila, EYA is expressed in different tissues including eyes and muscle.””"*" In
E. scolopes, EYA is expressed in the eyes, optic lobes, statocysts, olfactory organs, tentacles, mantle, gills

and light organ®’; in worms (Schmidtea polychroa, Dugesia japonica) EYA is expressed in the eyes.””'

Paxé is a transcription factor that belongs to the highly conserved paired box family (Noll, 1993). In
Drosophila, mice, zebrafish, PAXé is involved in eye morphogenesis and mostly expressed in the optic re-
gion, and brain.**~* In coleoids, it is known that PAXé is expressed in the eyes (Sepia officinalis, Loligo opa-
lescens, E. scolopes, Nautilus pompilius), in the gills (S. officinalis, E. scolopes), in sensory organs, as well as
in olfactory organs (L. opalescens, E. scolopes), arms (S. officinalis, L. opalescens, E. scolopes) and mantle

(L. opalescens, E. scolopes).zoss’38
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SIX is a member of the homeobox family of transcription factors. In Drosophila, it is required for compound
eye formation®”"° and muscle development.”? In vertebrates, SIX genes play critical roles in tissue forma-
tion and organogenesis, such as for the head, ear, retina, nose, brain, skeletal muscle, and I<idney.2é"m'42 In
these tissues, the SIX family of transcription factors function in regulation of progenitor cell maintenance
and differentiation. In jellyfish (Cladonema radiatum), SIX is expressed in the eyes, manubrium, tentacles,
gonads, and umbrella®?; in worms (S. polychroa, D. japonica) SIX is expressed in the eyes.’**" In cephalo-
pods (E. scolopes) SIX is expressed in eyes, optic lobe, statocysts, olfactory organ, tentacles, mantle, gills
and light organ.”®

DAC is a transcription factor involved in the development of the compound eye. In mice, DAC is expressed
in the eyes, optic cup, neural crest, brain, limb, otic vesicle, and genitalia.**~*® In Drosophila, DAC is ex-
pressed in eyes, limbs and muscles.””*” In fish (Oryzias latipes) DAC is expressed in the eyes, central ner-
vous system, pancreas and finbuds.*® In E. scolopes DAC is expressed in eyes, optic lobes, statocysts, ol-
factory organs, tentacles, mantle, gills and light organ® and in S. officinalis, DAC is expressed in the
growing limb.*” In polychaetes, DAC is expressed in eyes.”'

Together with the more recent global transcriptomic findings ([Belcaid et al. ref]), the expression of these
genes in the developing bobtail squid eye and LO suggests a deep evolutionary link between the devel-
opmental programs in these organs and leads to the hypothesis that co-option of the eye regulatory
network may be responsible for the development of the LO.

Of interest, evolutionary tinkering through co-option of these genes in the LO development is an evolution-
arily recent event. Recent studies suggest that the LO first evolved ~50 million years ago (mya) in the ances-
tral sepiolinid."’ To begin investigating the genomic changes leading to the LO emergence, it is crucial to
consider the modality of cephalopod genome evolution. Coleoid cephalopod genomes share several
derived changes relative to other, more ancestral, molluscan genomes. One of the most striking of these
changes is the evolution of a new chromosomal complement.”® Despite the large genome size of coleoid
cephalopods, this chromosomal reorganization did not involve whole genome duplication, unlike in verte-
brates, and is rather a result of a seemingly random combination of ancestral chromosomal fragments. This
pattern indicates a period of large genomic restructuring in the coleoid lineage.”®

Such rearrangements may constitute one of the main drivers behind novel traits emergence within co-
leoids.® A recent study suggested that whole genome rearrangements produced novel local co-regu-
lated gene neighborhoods in both octopus and squid lineages.” Co-regulation occurs either through
common regulatory elements that drive co-expression of neighboring genes, or through regulatory re-
gions found in an intron of one gene that controls expression of a neighboring target gene (genomic
regulatory block, GRB).”® Often, such co-regulated gene neighborhoods are co-localized in the same to-
pological vicinity, known as topologically associated domains (TADs). Over the past several years, TADs
have emerged as units of chromosomal topology, in which the genes located inside the TADs are more
likely to form regulatory interactions between each other, whereas the genes located in neighboring
TADs, separated by insulator elements, are prohibited from coming into the same regulatory vicinity®'*?
(Figure 1C). Coleoid cephalopod genomes were found to be enriched in such novel co-regulated re-
gions, especially of the GRB-type co-regulation,® however their role in specific morphological innova-
tions has not been explored.

The principal aim of the paper is to obtain a better understanding of the emergence of the light organ by
characterizing the regulatory genomic neighborhood and its evolutionary history for the genes involved in
both eye and LO development. Specifically, by reassessing the published information on both develop-
mental and functional identity genes involved in LO development and function, we investigate their evolu-
tionary history in light of what is known about global trends in cephalopod genome evolution. Using avail-
able and newly generated transcriptomic data, we reassess previous findings on transcriptional activity of
genes involved in eye and LO development and function (Peyer et al., 2014)."?° We then take this targeted
approach by examining genes in direct vicinity of these transcription factors to shed light on potential novel
co-regulation. We investigate the expression, regulation, and genome topology of the four proposed tran-
scription factors (EYA, SIX, PAX6, DAC) and other genes that define eye and LO. We also investigate and
reevaluate LO-specific gene signature, revealing that, similar to previous studies, most of them are terminal
functional genes (e.g., crystallins). Neither gene duplication of these four transcription factors nor
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Figure 2. Expression dynamics of shared eye-light organ genes during development and in adult tissues

(A-D) The relative gene expression of four proposed co-opted transcription factors (PAX4, SIX, DAC, EYA) (A) over
developmental stages 14-28 (14 corresponding to day 5 and 28 to day 19 post fertilization) before hatching (around day
21), and (B) expression in adult tissues: light organ central core, optic lobes, central brain, gills, white body, ovaries, ANG
(accessory nidamental gland), and subesophageal lobe. Relative gene expression of eight select eye/LO co-expressed
genes according to new transcriptomic dataset over (C) developmental time course and (D) adult tissues. A Z score
normalization was performed on the normalized read counts across samples for each gene. Z-scores were computed on a
gene-by-gene (row-by-row) basis by subtracting the mean and then dividing by the standard deviation.

enrichment of orphan genes can adequately explain LO emergence.'” Therefore, we test the hypothesis
that, instead, gene co-option through regulatory region modification and formation of novel putatively
functional gene neighborhoods are responsible for LO emergence.

Our study reveals potential novel regulatory interactors and provides for several testable hypotheses
around the four transcription factors implicated in LO and eye development, highlighting potential key
players such as DAC. This study thus lays the foundation for future mechanistic studies of these genes.

RESULTS

Expression of LO and eye genes during embryonic development

To identify gene sets corresponding to eye and/or LO development, we analyzed the embryonic transcrip-
tome datasets from Schmidbaur et al., 2022, covering developmental stages 14, 16, 18, 20, 22, 24, 27, 28 -
hatching day corresponds to stage 30 — described in Lee et al., 2009,'® and two adult transcriptomic data-
sets, the one from Belcaid et al., 2019" and a new adult tissue sampling for this study. We treated the two
datasets separately because of technical biases in their generation (such as extraction and sequencing pro-
cedures), which might have introduced batch effects in our comparisons. We therefore ran analyses sepa-
rately on both transcriptomes and use them to cross-validate each other. One notable distinctive feature is
that Belcaid et al., 2019'” provides transcriptome data for the whole LO tissue, whereas our new data con-
tains transcriptomic data only from the central core of the LO’s.

First we examined the expression of the LO- and eye-specific transcription factors (SIX, EYA, PAXé and
DAC)?° over E. scolopes (1) embryological development (stages 14-28, which represent day 5-19 post
fertilization)'” and (2) in several adult tissues. All LO- and eye-specific transcription factors were most highly
expressed late in development, around stage 24 and stage 27, which is characteristic of eye and optic lobe
development'” (Figure 2A). We found that EYA is expressed not only in eye tissue and the LO but also in the
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ovaries and gills of adults. DAC is expressed predominantly in the LO; PAX6 is expressed in the brain tissue
and eyes, whereas SIX is expressed only in gills (Figure 2B).

Next we identified a total of eleven genes with high expression in both the LO and eye (nine genes accord-
ing to the Belcaid et al., 2019"” dataset) (Figure S1B, Table S1) or LO and optic lobe (two genes according to
the tissue dataset presented here: PNPLA8 and LIM, Figures 2C and 2D). The remaining eight LO- and eye-
specific genes were highly expressed during late embryogenesis, around stage 24, 27 and 28 (Figure 2C)
and most were highly expressed in the LO (Figure 2D). Unlike the strong eye expression in the Belcaid et al.,
2019" dataset, these genes were not highly expressed in the optic lobes (Figure 2D). Several gene cate-
gories were represented, including: a reflectin gene, which contributes to cephalopod dynamic pigmenta-
tion and iridescence”®; the THBS? gene (thrombospondin-2), which mediates cell-to-cell and cell-to-matrix
interactions in humans®*; the KMO gene (kynurenine 3-monooxygenase), involved in the activation of cyto-
kine mediated changes in behavior because of inflammatory stimuli such as infections in mammals®®; the
SLC27A1 gene, which encodes the long-chain fatty acids transport protein®; and, five genes of unknown
function in E. scolopes (no annotation: uncharacterized protein and/or no significant similarity found when
blasting the sequences). Other genes identified only from newly generated adult transcriptomic data (Fig-
ure S2A) include the PNPLA8 gene encoding the protein calcium-independent phospholipase A2-
gamma,”’ and the gene encoding LIM domain-containing protein A isoform X2. The LIM-containing
proteins are involved in diverse biological processes including cytoskeleton organization, cell lineage
specification and organ development.”®

Using our new dataset, we also identified seventeen genes uniquely expressed in the LO tissue (Fig-
ure S2A and Table S2). The LO-specific genes were mainly expressed in late embryogenesis, in stage
28 (approx. day 19; Figure S2B), which corresponds to the beginning of the formation of the third and
final pair of LO crypts.'*"® The majority of LO-specific genes were halide peroxidase®® (also referred
to as melanogenesis genes) melanin-producing genes and the galaxin gene EsGal1 — which is implicated
in the selection and modulating growth of V. fischeri during symbiosis onset.*” We also found SULT1B1
gene, used to catalyze the sulfation of many hormones and neurotransmitters®’; a selenium-dependent
glutathione peroxidase, belonging to a class of antioxidant enzymes with the capacity to scavenge free
radicals®’; the omega crystallin gene, which encodes structural components of squid and octopus eye
lenses,®**" as well as light-organ lenses®” the Corin gene, which regulates blood volume and pressure
in vertebrates®; and the AGL gene, known for breakdown of glycogen.®” There were also 3 genes of un-
known function in this dataset (no annotation: uncharacterized protein and/or no significant similarity
found when blasting the sequences).

In summary, LO and shared LO/eye-specific genes were expressed during the very late stages of embryo-
genesis, after the earlier peak of the four developmental TFs. This expression suggests that transcriptional
regulation of these LO/eye-specific genes by the DAC, EYA, PAXé, or SIX TFs may be required for LO
organogenesis, though more evidence is needed to validate this hypothesis.

Topological organization of genomic eye/LO loci reveals potentially co-regulated genes

Localization of co-regulated genes in the same genomic vicinity is a key aspect of gene regulation.”'4%¢7

Schmidbaur et al., 2022° provided first insights that topological domains, i.e., TADs, in the E. scolopes
genome contain several co-regulated genes associated with putative regulatory sequences, as profiled
by an assay for transposase accessible chromatin (ATAC). Closely positioned genes often contain regula-
tory regions that control the expression of their neighbors. Topological organization around LO/eye-spe-
cific genes may thus reveal the regulatory landscape and identify a possible convergent evolutionary mech-
anism for their emergence.

Using the available data from chromosomal conformation capture (Hi-C) from Schmidbaur et al., 2022,% we
profiled interaction and insulation scores around the four transcription-factor genes. HiC interaction plots
and insulation score analysis showed that DAC was at the boundary between two compartments
(Figures 3A and 3B) whereas SIX, PAX6, EYA were located centrally in a compartment (Figures S3A, S3B,
S4A, S4B, S5A and S5B).

We annotated interacting genes in the same and neighboring topological vicinity and profiled them
based on their putative co-regulation during development (Table S3). Our conditions for proposing
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Figure 3. Genome topology and putative co-regulated genes around DAC

(A) Hi-C map of the DAC network of a portion of chromosome 3. Genes within the DAC containing TAD are plotted as well
as of the DAC coregulated genes, HAND2 and GLYC.

(B) The calculated insulation score across chromosome 3.

(C) Heatmap of genes within the DAC containing TAD and adjacent gene clusters over developmental stages 14-28.
Coexpressed genes, HAND2 and GLYCO are highlighted in purple. Genes located between HAND2 and DAC are
highlighted in black; genes located between DAC and GLYCO are highlighted in green. We selected HAND2 and GLYCO
that most closely share developmental gene expression profile, as determined by the heatmap clustering. For the
heatmap, a Z score normalization was performed on the normalized read counts across samples for each gene. Z-scores
were computed on a gene-by-gene (row-by-row) basis by subtracting the mean and then dividing by the standard
deviation.
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Genomic comparison of the newly predicted co-regulated genes and the 4 eye/LO specific TFs in E. scolopes (bobtail squid), D. pealeii (longfin squid),
O. bimaculoides (two-spot octopus) and P. maximus (king scallop). Genes are positioned according to their locations within the chromosomes. {DAC} is

represented in magenta, {PAXé} in yellow, {EYA} in purple and {SIX} in blue.

co-regulation are: (1) genomic vicinity within the same or neighboring TAD; and (2) developmental co-
expression. We chose the genes that most closely share developmental gene expression profile, as
determined by the heatmap clustering. For DAC, we found two co-regulated genes: GLYCO, glucosyl-
transferase enzymes that are encoded by members of the GTF gene family,”’ and the HAND2 gene,
which is part of the helix-loop-helix family of transcription factors that play an essential role in cardiac
morphogenesis’’ (Figures 3C and S6A-S6C). We discovered two genes co-regulated with EYA
(Figures S3C and S7A-S7C): SraP, which is a serine-rich adhesin that is hypothesized to mediate ligand
binding and/or cell adhesion of platelets,”” and SMNDC1, which encodes the survival motor-neuron pro-
tein.”® For PAX6 (Figures S4C and S8A-S8C), we found two methylation regulators: SUV420H, which is
responsible for chromatin compaction and gene repression,’” HISTO, which are histone methyltrans-
ferases that have the same function,”* and another unknown/novel gene. Finally, we found that SIX is
co-regulated only with an orphan gene that does not have any similarity to other sequences and is
not associated with repetitive elements (Figures S5C and S9A-S9C). We denote these novel putative
co-regulated interactors with parenthetical brackets respective to their locus, i.e., {EYA}, {DAC]},
{SIX}, {PAX6}.

We next investigated topological organization around genes expressed in eyes and LO. We found that 5
out of 8 such genes were located at the TAD boundaries (Figure S10), whereas the remaining 3 were in-
side a TAD. For the LO specific genes, 12 out of 17 were found inside a TAD and 5 were at the TAD
boundaries (Figure S11). We also found varying gene density, especially in the regions of low gene den-
sity, presence of ATAC peaks indicating putative regulatory elements. Although gene regulation within
TADs has been reported in E. scolopes,® the finding that some of the genes, most prominently DAC, can
be located at the TAD boundaries has not been reported. Such arrangement may have been instru-
mental in LO evolution, as co-option between eye and LO regulatory cascades were driven not only
through addition of novel regulatory elements, but through bridging available and neighboring regula-
tory units (TADs).

Evolutionary emergence of the LO-eye co-regulated loci

To assess the evolutionary emergence of {PAX6}, {DAC}, {SIX}, {EYA} loci, we conducted genomic compar-
isons between the available genomes of squids (E. scolopes, Doryteuthis pealeii), the octopus Octopus bi-
maculoides and the scallop Pecten maximus (Figure 4 and Table 54).”"° We found that DAC clustering with
GLYCO and HAND2 genes was present only in E. scolopes, suggesting that the emergence of its unique
topological organization also correlates with the emergence of the LO in this clade. For {EYA} and {PAX6}
loci, we found the associated genes in the same genomic vicinity only in E. scolopes and D. pealeii, but not
in O. bimaculoides or P. maximus where they were located on different chromosomes. These data indicate
ancient chromosomal translocations at the stem of the squid lineage that brought the co-expressed and
putatively co-regulated {EYA} and {PAX6} genes together. These translocations occurred on top of the
conserved local gene neighborhood of those genes, such as the otoferlin gene linkages with EYA and
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scavenger-receptor like gene linkage with PAXé that exist broadly across more deeply branching metazoan
species,® indicating ongoing evolutionary process of bringing new genes into local co-regulatory vicinity.
Finally, {SIX} neighborhood is unique as it occupies the center of an 4Mb TAD of almost no coding gene
content. Without more genomes of closely related species, it is currently not possible to infer whether
this large gene desert is shared across LO-containing bobtail squids. An indication that this expansion
may be a novelty can be seen in the presence of one putative Euprymna-specific orphan and SIX co-ex-
pressed gene (Figure S3). The different evolutionary origin of these associations highlights the iterative
process of regulatory modifications and, together with topological data, may point to the different mech-
anisms at play during LO evolution.

DISCUSSION
The mode of symbiotic organ evolution inferred from squid genome

The genomic changes associated with the origin and evolution of novel organs are often difficult to
discern, as there are several paths to generate complex gene regulation, including, but not limited to:
novel genes, gene duplication, and evolution of noncoding regulatory elements.®> A recent genomic
study'’ pointed to divergent modes of symbiotic organ evolution in the bobtail squid. Of interest, the
light organ, which is present only in some species of the squid lineages, did not show any transcriptomic
evidence of duplicated gene families or novel genes. The major genomic driving force behind its evolu-
tion has thus been elusive.

In this study we explore the hypothesis that LO evolution has been associated with the expansion
and novel regulatory associations of the core eye gene regulation network.”® Our paper discusses
the transcriptomic complement across adult tissues and developmental time of LO-specific genes,
LO/eye-shared genes, and the four developmental transcription factors (DAC, EYE, PAX6, SIX), previ-
ously proposed to be co-opted in both LO and eye development.”” We show that the four transcription
factors are co-regulated at later developmental stages, followed by the activation of the LO and LO/eye-
shared genes. The LO and LO/eye shared genes have specific functional categories represented,
involved in basic LO and eye functionality. Of interest, LO-only genes had similar predicted functional
categories, indicating that similar sets of genes are involved in both LO and eye differentiation and
functionality.”®

The gene expression related to functionality is established at very late developmental stages, coinciding
with the development of the final (third) crypt pair of the LO. In total, we predict that 42 genes are tran-
scriptionally involved in LO development (Tables S1, S2, and S3). Although our methods rely on several
published and newly available transcriptomes of adult tissues, further validation using in situ expression
or broader transcriptomic sampling is needed to validate these claims and tissue specificity.

Modification to the topological organization as a driving force behind gene co-option

To test whether local gene regulation may have been impacted during the evolution of the LO, we further-
more investigated topological organization around the developmental transcription factors and the LO/
eye genes using published HiC data.® We found that, unlike most cephalopod genes investigated,®
some of the LO/eye genes and at least one of the four proposed TFs were often located toward the bound-
aries of topological domains. Such localization may have been crucial in extending regulatory interactions
in the local vicinity beyond a single topologically associating domain. To this end, we found several closely
positioned putatively co-regulated interactors, such as GLYCO and HAND?2 in the vicinity of DAC. Such
novel interactors may form the core developmental cassette required for LO emergence (Figure 4). In
this context, the recent origin of the {DAC} association (Figure 4) is striking and may indicate a key event
that enabled LO evolution. On the contrary, the {SIX} genomic vicinity (shared with non-cephalopod mol-
lusks) occupies a central position in a TAD (Figure S5A). We thus find specific modification to the regulatory
regions of some of the involved LO/eye TFs.

Similar organization, i.e., positioning at a TAD boundary, has been famously observed for the hoxD cluster
of vertebrates involved in limb and digit development through sequential activation of either telomeric or
centromeric TAD.4%¢/778 Dyring vertebrate development, first one and then another TAD is active and
results in different hox gene expression. According to this regulatory model, we propose that a similar sce-
nario may be the case for DAC and other genes involved in LO and eye development (Figure 5A); each of
the TADs around the shared LO-eye genes would harness regulatory sequences and co-regulated genes
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Figure 5. Scenarios of genome topology changes associated with gene co-option for both LO and eye development, their testability across
species and molecular approaches

(A) The three main scenarios of genome topology around LO/eye genes, including (1) conservation of the original (molluscan) regulation (e.g., in {SIX}), (2)
positioning at the TAD boundary (e.g, {DACY}), (3) or expansion of the non-coding regions within the same TAD (e.g., {EYA}, {PAX6}).

(B) A general cladogram showing the relationship between some of the main squid lineages or species and their ventral light organ (LO). Pink dots indicate
species with symbiotic and bilobed LO; the yellow dot shows species possessing symbiotic and rounded LO; brown dot indicate the species present
autogenic LO; blue dots indicate the species with no LO. Orange dots show lineages without LO or autogenic LO in locations other than the ventral side.
(C) Future directions and emerging methodology to study LO development.

responsible for either LO or eye development. Hox clusters are also genomically unique in vertebrates,
compared to other locally conserved gene clusters, in that they also show significantly higher gene density
than the average genomic gene density in those genomes.”” Similar changes in gene densities are
observed around the {DAC]} cluster. However, as we do not yet have tissue-resolved ATAC-seq or RNA-
seq during embryonic development, we cannot fully test this hypothesis. The initial investigation of the
genes in the upstream or downstream TAD of the regions remains inconclusive (Figure S10).

In our study, as other genes show locations well within their respective TADs, it is also possible that a com-
bination of different evolutionary modalities was involved, such as an expansion of the non-coding regions
around the genes and evolution of novel enhancer elements. This latter scenario is likely for the case of EYA
with atleast 2 Mb space lacking any coding genes until the closest putatively co-regulated gene (Figure S3).
To this end, other modes of regulatory innovations may have contributed to the LO emergence, e.g.,
through expansion of the regulatory regions and presence of extensive gene deserts/regulatory regions,
as is the case for {EYA} and {PAX6} (Figure 5A).
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Toward an LO evolutionary genomic “profile”

These observations, both from an evolutionary and regulatory genomics perspective, allow us to formulate
a possible genomic profile for the development and evolution of the LO. As such, the rearranged nature of
coleoid cephalopod genomes sets the stage for the exploration of novel local gene linkages and their
eventual co-regulation. As genes that were previously on separate chromosomes were brought together
through fusion of chromosomal parts, the newly formed chromosomes began exploring novel combina-
tions of co-regulation of neighboring genes. We thus propose that genome rearrangements have been
a lasting signature of coleoid cephalopod genomes and they may have contributed to clade-specific inno-
vations that appeared only later in coleoid evolution, including emergence of the LO.

The testable signature of LO emergence could comprise the following (Figure 5A): (1) localization of genes
toward TAD boundaries, (2) co-regulation of genes both in a left and right TAD, and/or (3) expansion of
regulatory vicinity with extra DNA that comprises “gene deserts” and harbors regulatory elements (as iden-
tified by open chromatin profiling). An alternative scenario for co-option may include genes with faster
evolutionary rates or local (tandem) duplication of regulatory regions. In that case, however, the genes
would still be expected to be found within the same original topological domain vicinity.

To test this hypothesis, we also would expect to find LO or eye specific regulatory regions in left or right
TADs. Loss of function studies® could then target such regions and should result in ablation of the LO
or eye phenotype or development.

Finally, several modes of evolution and resulting genomic “profiles” could complement each other in LO
evolution: although we do not find signatures of gene duplication behind the proposed key transcription
factors and, rather an expansion of their regulatory regions, genes expressed at later developmental stages
may be more affected by gene duplication processes and sub-functionalization. Such gene families in both
LO-specific and LO/eye gene lists, include crystallins, reflectins, and so on. The ongoing sequencing of
multiple closely related bobtail squid species as a part of the Aquatic Symbiosis Genomics consortium®'
(https://www.aquaticsymbiosisgenomics.org/) (Figure 5B), will be crucial in testing the proposed evolu-
tionary model as well as identifying currently undetectable conserved regulatory regions.

Dissecting LO functionality

The most immediate research direction would be to investigate the expression, via HCR (In situ hybridiza-
tion chain reaction,® Figure 5C), the new EYA, DAC, PAX6 and SIX co-regulated genes to validate their
expression domain during development. Our study also has identified novel candidate genes specific to
the LO, including the largely expanded omega crystallin gene family, reflectin, and halide peroxidase,
that were expressed in the LO, with their paralogs expressed in the eyes. Furthermore, tissue-resolved
ATAC-seq, HiC (e.g., micro-C), and similar approaches will be required to test for proposed topological
and regulatory changes during LO development (Figure 5C).

We furthermore found several previously unreported genes in the LO transcriptomes. For example, we
found that a gene with homology to SraP, so far only reported in Staphylococcus aureus association
with platelet cells,”” which is co-regulated with EYA during development and expressed in the eye, optic
lobe, and central core in adults. The function of this gene in those tissues is largely unknown. Similarly, we
found corin, reported to be involved in the cardiac morphogenesis in humans,®**
only in the LO.

as a gene expressed

The discovery of the adult LO genes expressed at very late embryonic developmental stages, coinciding
with the appearance of the final (third) crypt pair of the LO may suggest their key role in crypt 3 functionality.
Indeed, crypt 3is distinguished from crypt 1 and 2 in that it is smaller,®® and has a different symbiont venting
frequency.®® Since the other two crypts appear earlier in embryonic development, they may be associated
with genes with broader expression that have undergone similar evolutionary co-option as the four tran-
scription factors involved in LO and eye development.

Taken together, our analyses provide a first glimpse into the regulatory and evolutionary context of key

developmental transcription factors and functional genes that are involved in LO and eye development.
The observed different modalities of regulatory evolution around these loci provide for several testable
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predictions that will help in the understanding how novel organs evolve in bobtail squids and potentially
other animal lineages.

Limitations of the study

The insights into LO development and evolution rely on the known reported and co-opted transcription
factors. Our study aimed to extend this finding by (1) assessing transcriptomic profiles of LO and eye genes
using newly available data, (2) characterizing the regulatory interactions in the vicinity of these genes, and
(3) their evolutionary emergence. Our data provides glimpses into possible co-regulated genes and their
activity during development. A major obstacle is still the understanding of whether and how co-localized
genes are co-regulated in cephalopods. Higher resolution HiC (micro-C) data will be required to reveal
local regulatory interactions. Our study also provides a set of candidates that further can be tested via
gene expression and gene knock-out studies.®” Furthermore, availability of chromosomal-scale genomes®'
of other cephalopods and bobtail squids in particular, will become crucial in validating our hypothesis
about the recent DAC locus emergence.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Euprymna scolopes Oahu, Hawaii N/A
Deposited data

E. scolopes whole genome and transcriptome (Belcaid et al., 2019)"’ PRINA470951
sequence data

E. scolopes adult transcriptomic data This paper PRINAS07048
E. scolopes genome assembly, annotation NCBI, (Schmidbaur et al., 2022)° PRINA661684
report and Hi-C data

O. bimaculoides reference genome NCBI PRJNA305125
D. pealeii reference genome NCBI PRINA641326
P. maximus reference genome NCBI PRJEB35330
Accession code This paper https://bitbucket.org/viemet/public/src/

master/LO_topology

Software and algorithms

RStudio

STAR aligner
FeatureCounts

Pheatmap package

HiCPlotter biotool

RStudio 2021.09.2 Build

382 software ©

2009-2022

RStudio, PBC, R version 4.2.1 (2022-06-23)
(Team, 2013)’

(Dobin et al., 2013)%¢
(Liao et al., 2014)*”
(Kolde et al., 2019)"°

(Akdemir & Chin, 2015)”"

https://posit.co/download/rstudio-desktop/

https://github.com/alexdo bin/STAR
https://subread.sourcefor.ge.net/

https://cran.r-project.org/web/packages/
pheatmap/index.html

https://github.com/akdemi rlab/HiCPlotter

UniProt (The UniProt Consortium, 2021)7? https://www.uniprot.org/blast

BLAST NCBI (Altschul et al., 1990)” https://blast.ncbi.nlm.nih.g.ov/Blast.cgi

Euprymna Genome Browser N/A http://metazoa.csb.univie.ac.at:8000/
euprymna/query

Reagents

Microcentrifuge bead-beating tubes Fisher Scientific 02-682-558

0.1mm Zirconia/Silica beads BioSpec 110791012

RNeasy Mini kit Qiagen 74104

TURBO DNA-free™ Kit ThermoFisher Scientific AM1907

TRIzol™ Reagent Invitrogen 15596026

RESOURCE AVAILABILITY

All the resources are available with this manuscript.

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead con-
tact: Lisa Rouressol (lisa.rouressol@univie.ac.at) and by the corresponding authors: Lisa Rouressol (lisa.
rouressol@univie.ac.at), Margaret McFall-Ngai (mcfallng@hawaii.edu), and Oleg Simakov (oleg.

simakov@univie.ac.at).
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Materials availability

There are no restrictions to the availability of newly generated materials in this study.

Data and code availability

® RNA seq used in the study has been published or deposited at NCBI (see STAR Methods) and will be
publicly available as of the date of publication except for transcriptomic data under temporary embargo.
Accession numbers are listed in the key resources table.

e All original code has been deposited in bitbucket: https://bitbucket.org/viemet/public/src/master/
LO_topology and is publicly available as of the date of publication.

® All bioinformatic analyses were conducted with published protocols (see key resources table) and any
additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal material

All adult animal experiments were conducted in compliance with protocol number A18-029 approved by
the Institutional Animal Care and Use Committee, University of Connecticut. Adult Hawaiian bobtail squid
were collected from Maunalua Bay, Oahu, Hawaii (21°16'51.42"N, 157°43'33.07"W), and were transported
to the University of Connecticut where they were maintained in recirculating artificial seawater. Animals

were euthanized and tissues were sampled for RNA as described below. Generation of RNA data from em-
bryonic stages is described in Schmidbaur et al., 2022 and data is deposited under PRINA903148.

METHOD DETAILS

RNA-extraction methods

Animals were anesthetized in 2% ethanol and organs (central brain, subesophageal, brain lobes, optic
lobes, white bodies, arms, tentacles, skin, mantle, ovaries, testes, hectocotylus) ANGs, central cores,
and gills were dissected, and either placed in a cryotube and flash frozen in liquid nitrogen or submerged
in 1 mL of TRIzol within a freestanding 2 mL bead-beating tube with 0.1mm Zirconia/Silica beads. The RNA
from ANGs, central cores and gills were extracted with Qiagen Rneasy mini kit as per manufacturer’s in-
structions. The remaining samples were processed for RNA extraction following the TRIzol manufacturer’s
protocol.”” The samples were first homogenized with a Qiagen PowerLyzer at settings: 4500 rpm for 35 s.
The final RNA pellet was washed three times with 75% ethanol at 4°C and resuspended in 30 plL of nuclease-
free water. Samples were then treated with Ambion’s Turbo DNA-free kit and quality controlled with an
Agilent 4200 TapeStation Automated Electrophoresis system. Libraries were prepared with polyA selec-
tion and sequenced using NovaSeq S4 PE150 mode at Vienna Core Facility.

RNA-extraction in embryos

Animals for RNA-seq were all collected from the same clutch. Five embryos were used per replicate and
three replicates per stage were sampled. As much of the seawater as possible was removed, 50uL of TRIzol
Reagent (Life Technologies, Carlsbad, California, United States) was added and embryos were flash frozen
in liquid nitrogen and kept at —80°C until library preparation. Method described in Schmidbaur et al,,
2022.°

Genomic and transcriptomic analysis

The genome and transcriptome sequencing of E. scolopes has been deposited in the Sequence Read
Archive under the Bioproject PRINA470951, published in Belcaid et al., 2019."" New transcriptomic data
from adult tissues has been deposited in Sequence Read Archive under the Bioproject (PRINA907048); Bri-
seno, Vijayan et al., pers. comm. The reads were mapped with STAR aligner® and counts were obtained
with featureCounts tools from subread package® against the annotated chromosomal reference
genome.”® For chromatin conformation analysis, and HiC maps for E. scolopes we used the HiCPlotter bio-
tool”' and the Hi-C data are deposited under the Bioproject PRINA661684 and published in Schmidbaur
et al., 2022.° For genomic comparison to other species, for P. maximus we used the NCBI Annotation
Release ID:100 of xPecMax1.1, under the Bioproject PRIEB35330. For D. pealeii we used the NCBI Anno-
tation, under the Bioproject PRINA641326. For O. bimaculoides we used the NCBI Annotation, under the
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Bioproject PRINA305125. For E. scolopes, D. pealeii and O. sinensis, we also used the Euprymna Genome
Browser Blast Tool; D. pealeii: =http://metazoa.csb.univie.ac.at:4570/?seldb = dorPea; O. sinensis: http://
metazoa.csb.univie.ac.at:4570/?seldb=0ct_sinensis. We used the Eupryma Genome Browser (http://
metazoa.csb.univie.ac.at:8000/euprymna/query) to identify, find, the genes and localize their position in
the genome.

Genes annotations

For genes annotations, we used the NCBI's blast, Tblastn tool,”® the UniProt website”” and the EggNOG
Database.”

Visualization

The statistical analyzes and the production of the heatmap graphs were carried out using the RStudio
2021.09.2 Build 382 software © 2009-2022 RStudio, PBC, R version 4.2.1 (2022-06-23)®” and the pheatmap
package.””

QUANTIFICATION AND STATISTICAL ANALYSIS

For the RNA data on embryological development, the samples were taken from eight time points repre-
senting development stages 14-28, with 3 replicates for each; for the final figures we used the average
of the replicates. For RNA expression analysis in adult tissues, 4 biological replicates per organ were
used. Tissue-specific expression in a given set of tissues were identified using cutoffs (TPM>20). Such cut-
offs were previously employed in Belcaid et al., 2019'” and used for comparison across datasets to obtain
the initial list of candidate genes. For the heatmaps, a Zscore normalization was performed on the normal-
ized read counts across samples for each gene. Z-scores were computed on a gene-by-gene (row-by-row)
basis by subtracting the mean and then dividing by the standard deviation.
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