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Abstract

Background The evolution of opsin genes is of great interest because it can provide insight into the
evolution of light detection and vision. An interesting group in which to study opsins is Cnidaria because
it is a basal phylum sister to Bilateria with much visual diversity within the phylum. Hydra vulgaris ( H.
vulgaris ) is a cnidarian with a plethora of genomic resources to characterize the opsin gene family. This
eyeless cnidarian has a behavioral reaction to light, but it remains unknown which of its many opsins
functions in light detection. Here, we used phylogenetics and RNA-seq to investigate the molecular
evolution of opsin genes and their expression in H. vulgaris . We explored where opsin genes are located
relative to each other in an improved genome assembly and where they belong in a cnidarian opsin
phylogenetic tree. In addition, we used RNA-seq data from different tissues of the H. vulgaris adult body
and different time points during regeneration and budding stages to gain insight into their potential
functions. Results We identified 45 opsin genes in H. vulgaris , many of which were located near each
other suggesting evolution by tandem duplications. Our phylogenetic tree of cnidarian opsin genes
supported previous claims that they are evolving by lineage-specific duplications. We identified two H.
vulgaris genes ( HYOpA1 and HvOpB1 ) that fall outside of the two commonly determined Hydra groups;
these genes possibly have a function in nematocytes and mucous gland cells respectively. We also found
opsin genes that have similar expression patterns to phototransduction genes in H. vulgaris . We propose
a H. vulgaris phototransduction cascade that has components of both ciliary and rhabdomeric
cascades. Conclusions This extensive study provides an in-depth look at the molecular evolution and
expression of H. vulgaris opsin genes. The expression data that we have quantified can be used as a
springboard for additional studies looking into the specific function of opsin genes in this species. Our
phylogeny and expression data are valuable to investigations of opsin gene evolution and cnidarian
biology.

Background

The evolution of opsin genes has been the subject of many studies because opsins play an essential role
in vision and light detection. Much research has focused on deciphering the opsin phylogenetic tree in an
effort to better understand the evolution of eyes and vision [1—-4]. Visual opsin genes often encode G-
protein coupled receptors that initiate the phototransduction cascade, a mechanism by which light
information is converted into an electrical signal to be interpreted by the brain. Visual opsins bind a light-
sensitive retinal chromophore (11-cisretinal in vertebrates) that changes its conformation from 11-cis to
all-trans when activated by light [5]. In addition to light detection, opsin proteins can partake in other roles
supporting vision. For example, vertebrate retinal G protein-coupled receptor (RGR) and squid
retinochrome function in chromophore transport and regeneration by photoisomerizing all-trans retinal to
11-cis-retinal [6—8]. Moreover, opsins have also been found to function in extraocular light detection and
light-independent behavior such as temperature sensation and hearing [9]. Their conservation in animal
species and roles in sensory perception make the opsins an interesting gene family to study.
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A species in which to further investigate opsins is Hydra due to its basal location and role as a
model organism. For over 270 years, Hydra has been used to address questions in multipotency, cell
organization, neurogenesis, and regeneration [10]. The availability of a reference genome has facilitated
studies of molecular evolution, gene expression, and gene functions [11, 12]. Hydra is a fresh-water polyp
with a simple body plan made up of two epithelial layers, the endoderm and ectoderm (Fig. 1A). The
Hydra body consists of a foot used to attach to substrate, body column, tentacles used to catch prey, and
a hypostome (often referred to as the head). Hydra is capable of asexual reproduction by budding, during
which a bud forms from the body column and develops in 10 stages until a small complete animal
detaches from the parent [13]. Moreover, Hydra is of interest due to its ability to regenerate its head and
foot when bisected [14-17]. Interestingly, Hydra can even regenerate from grafts and cell aggregates
[18—-20]. Hydra belongs to the basal animal phylum Cnidaria, which also includes jellyfish, sea anemones,
and corals. Cnidaria is the sister group to Bilateria and also uses opsin-based phototransduction (Fig. 1B)
[21, 22]. Until recently it was believed that Cnidaria was the most ancestral lineage capable of opsin
based phototransduction [21, 23]. However, a recent study found that a ctenophore species possesses
and expresses opsins with a conserved chromophore-binding site and found RNA-seq evidence for
homologs of other components of the phototransduction cascade [24].

Even if Cnidaria is not the most ancestral group to use opsins, it is still a unique group to investigate
opsin molecular evolution and gene expression due to high rates of lineage-specific duplications and the
presence of eyes in the phylum. An early study of cnidarian opsins suggested that opsins had undergone
several duplications in early hydrozoan evolution [25]. Investigation of opsins in a cubozoan genome
found further evidence of rapid lineage- and species-specific duplications [26]. Further, Cnidaria are the
most primitive invertebrates to possess eyes and, unlike bilaterian invertebrates that possess
rhabdomeric photoreceptors, cnidarians have ciliary photoreceptors similar to vertebrates [27, 28]. Some
cnidarians, such as box jellyfish of the class Cubozoa, even have complex camera-type eyes and use
visual cues to navigate [29-31]. Recently, it was discovered that in Cnidaria alone, eyes have evolved
independently a minimum of eight times and visual phototransduction has arisen through co-option of
non-visual opsins [32]. While some cnidarian species have eyes and others do not, opsins are expressed
extraocularly and eyeless cnidarians possess light-detecting abilities [25, 26, 33, 34]. As an example,
corals and sea anemones use light cues for reproductive behaviors [35, 36]. These discoveries highlight
the importance of further understanding the evolution and potential function of opsins in these
gelatinous creatures.

Hydra is an example of a cnidarian species that has many opsins and lacks eyes but has a
behavioral response to light. It has been suggested that opsin studies in Hydra may shed light on the
evolution of visual pigments in more derived animals [33]. An early study of opsins in Cnidaria discovered
63 opsin genes in H. magnipapillatav. 1.0 [25]. Note that the Hydra 2.0 Genome Project found that H.
magnipapillata is the same species as H. vulgaris. While lacking eyes, Hydra undergo a shortening and
lengthening response to light that depends on the light intensity and wavelength [37, 38]. Furthermore,
opsins play an important role in Hydra feeding and defense because an opsin, HmOps2, is responsible for
discharging the cnidocytes [22]. HmOps2 co-localized with a cyclic nucleotide gated (CNG) ion channel
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gene (HMCNG) and an arrestin gene (HmArm) both necessary for the transmission and termination of the
phototransduction cascade in ciliary photoreceptors [21]. Pharmacological inhibition of CNG diminished
the behavioral response of Hydra to bright-light proving that CNG channels play a role in cnidarian
phototransduction and suggest that opsins and CNG were present in the common ancestor of Cnidaria
and Bilateria [22]. In addition, a previous study of Hydra transcriptomics found that genes upregulated in
the hypostome, tentacles, and foot were enriched for functions in G-protein coupled receptors further
suggesting that opsins, which belong to this group, may have crucial functions in Hydra [39].

In this study, we use an improved Hydra reference genome (Hydra 2.0 Genome Project) with augmented
gene models and an ab initio transcriptome to investigate the molecular evolution of opsin genes in H.
vulgaris. We hypothesized that we would find a similar number of previously identified genes and detect
lineage-specific duplications with H. vulgaris opsins forming two groups [25]. We identified 45 opsins in
H. vulgaris and found that many opsin genes are located in tandem. Our phylogeny provides support for
lineage-specific opsin duplications in Cnidaria. However, we also found that two H. vulgaris opsins
(HvOpAT1 and HvOpBT) do not group together in the phylogeny with other opsins. Next, we sought to
explore the expression of opsin genes in the H. vulgaris body map and during regeneration and budding.
We hypothesized that some opsins would have differential expression between tissues and that the
opsins with high expression in adult hypostome and tentacle would undergo an increase during
regeneration and budding. We were indeed able to identify genes that are upregulated in the H. vulgaris
hypostome and tentacle and that increase in expression during budding and regeneration. Interestingly,
HvOpAT is the most highly expressed opsin and is expressed in all samples that we looked at, while
HvOpBT1 is highly expressed in the hypostome and its expression increases during budding and
regeneration. By exploring stem cell trajectories [40] we determined that HvOpA7 and HvOpB71 may have
functions in nematoblasts and mucous gland cells respectively. Furthermore, by incorporating expression
patterns of phototransduction genes, we identified opsins that group together with other
phototransduction genes and imply these opsins may function in the H. vulgaris phototransduction
cascade. We propose a model for phototransduction in H. vulgaris that has ciliary and rhabdomeric
components based on expression patterns of phototransduction genes.

Methods

Identification of Hydra opsin genes

An ab initio reference transcriptome for Hydra vulgaris was assembled using RNA-seq data from Murad
et al. [67]. Adapter sequences and low quality base pairs from the paired-ends reads were trimmed using
Trimmomatic v. 0.35 [68] with the following parameters: “PE [read1.fastq] [read2.fastq] pe_read1.fastq.gz
se_read1.fastq.gz pe_read2.fastq.gz se_read2.fastq.gz ILLUMINACLIP:NexteraPE-PE.fa:2:30:8:4:true
LEADING:20 TRAILING:20 SLIDINGWINDOW:4:17 MINLEN:30". The trimmed reads were mapped to the
Hydra 2.0 genome using STAR v. 2.4.2a [69] with the following parameters:

“—outFilterMultimapNmax 20 —-alignSJoverhangMin 8 -alignSJDBoverhangMin 1 -
outFilterMismatchNmax 999 —outFilterMismatchNoverReadLmax 0.04 —-alignintronMin 20 -
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alignintronMax 1000000 —-alignMatesGapMax 1000000 —-outSAMunmapped Within —outFilterType
BySJout —-outSAMattributes NH HI AS NM MD XS —-outSAMstrandField intronMotif -outSAMtype BAM
SortedByCoordinate —sjdbScore 1”. Mapped reads from two biological replicates for each sample were
pooled and ab initio transcripts were assembled using StringTie v. 1.3.4b [70] with the parameters: “-G
[GTF file] -o stringtie.gtf -c 3 -p 12 —A stringtie.abundance.txt”. Assembled transcripts for all samples were
then merged with the Hydra 2.0 gene models to obtain a final reference transcriptome (Supplementary
Table S4). The reference transcriptome was annotated using Blast2GO [71]. BLAST search was done for
the transcripts against NCBI's non-redundant NR database. The transcripts were then annotated with the
gene ontology (GO) terms associated with the BLAST hits using the “Mapping” and “Annotation” of
Blast2GO. The GO terms were further expanded using InterProScan and Annex mapping utilities of
Blast2GO.

We searched the gene annotations for GO terms relating to opsins and extracted their sequences. In
addition, we extracted Hydra opsin sequences from the phylogenetically-informed annotation (PIA)
database [41]. All sequences were aligned to the H. vulgaris reference genome 2.0 [11] using command-
line BLAST [72] for a full list of candidate opsin genes. Blast output allowed us to manually correct
incomplete transcriptome sequences possibly due to misalignments. Manually corrected sequences were
aligned back to the genome for verification. Sequences were visually inspected and a phylogentic tree
was generated in MEGA7 [73] to identify and retain unique Hydra opsin sequences. Opsin genes were
named based on phylogenetic grouping based on (Fig 2) then location on scaffolds (Table S1).

Opsin phylogeny

In addition to the H. vulgaris genes determined above, we extracted opsin sequences for cnidarians
Podocoryna carnea, Cladonema radiatum, Tripedelia cystophora, and Nematostella vectensis from NCBI
GenBank. For a more complete phylogenetic tree, we included opsin sequences for ctenophore
Mnemiopsis leidyi from [24] and sequences for Trichoplax adhaerens, Drosophila melanogaster and
Homo sapiens from [42]. All opsin sequences were aligned in MEGA7 using MUSCLE [74]. The alignment
was visually inspected and manually adjusted. We then found a model that best fit our data by
calculating Bayesian Information Criterion (BIC) values [73, 75]. We used the model LG+G+F with 100
bootstrap replicates to generate a consensus maximum likelihood phylogeny.

Identification of phototransduction genes

Sequences for phototransduction genes in Mnemiopsis leidyi were obtains from NCBI GenBank
according to accession numbers in Table 2 of [24]. These sequences were aligned against our H. vulgaris
StringTie assembly using command-line BLAST [72]. Sequences were extracted and BLAST against
GenBank using Blastx to obtain a top hit. Expression data for these genes was extracted from a TPM
counts matrix and visualized using heatmap3 [76].

RNA-sequencing and Opsin expression
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We obtained RNA-sequencing data from Murad et al. 2019 GEO accession GSE127279. Murad et al.
generated RNA-seq libraries from adult H. vulgaris tentacles, hypostome, body column, and budding zone
[39]. In addition, they also sequenced RNA from a budding and head regeneration time course at stages
S1, S3,S4, S5, S6,S7,S8,S10, and at hours 0, 2, 4, 6, 12, 24 and 48. Adapter sequences and low quality
base pairs from the paired-ends reads were trimmed using Trimmomatic v. 0.35 (see /dentification of
Hydra opsin genes). Trimmed reads were mapped to the reference transcriptome using bowtie v. 1.2 [77]
with the following options: “-X 2000 -a -m 200 -S —-seedlen 25 -n 2 -v 3” and quantified using RSEM v.
1.2.31 [78]. Batch effects were removed from gene expression levels (TPM) using “ComBat” function
from sva packagev. 3.18 [78] in R v. 3.2.3. TPM values were extracted for the opsin genes. TPM values
were smooth quantile normalized using gsmooth package [79] in R. Normalized values were used for
HvOpA1. Expression was visualized by generating bubble plots in ggplot2 [80] and heatmap3 [76].

Differentiation trajectories clustering

To determine in which single cell clusters opsins and phototransduction genes were expressed, we
searched the interactive browser containing data from Siebert et al. [40]. We first used BLAST in the Hydra
2.0 Genome Project Portal https://research.nhgri.nih.gov/hydra/sequenceserver/ to align our sequences
to the Juliano aepLRv2 database. We then used these IDs to visualize the expression of these genes in
different clusters at https://portals.broadinstitute.org/single_cell/study/SCP260/stem-cell-differentiation-
trajectories-in-hydra-resolved-at-single-cell-resolution. Although some of the opsins are expressed in many
clusters, we only listed top matches which are the clusters in which the genes had higher expression and
where expressed in more of the cells in that cluster.

Results

cnidarian opsins are evolving by linage-specific duplications

In order to investigate patterns of molecular evolution of opsins in H. vulgaris we first curated opsin
sequences in the recently released and improved genome, Hydra 2.0 Genome Project (formerly H.
magnipapillata) [11]. By searching a ab initio transcriptome, phylogenetically-informed annotation (PIA)
database [41], and an improved reference genome, we identified 45 opsin genes in H. vulgaris
(Supplemental Table S1-2). This result differed from that of 63 opsin genes found by Suga et al. [25]
using the first genome release. Given the highly fragmented nature of the original assembly, we believe
that the difference in opsin gene number between our studies is due to misalignments or haplotypes in
the original assembly.

Next, we generated a cnidarian opsin phylogeny and included outgroups placozoa, humans, and
Drosophila (Fig. 2). We made placozoa the root of the tree as determined by Feuda et al. [3, 42]. Based on
previous studies, we expected to see lineage-specific duplications of opsins in Cnidaria with Hydra opsins
forming two groups [25, 26] or we expected to see the opsin tree recapitulate the evolutionary history of
the species (Fig. 1B-C). Our phylogenetic tree supported claims that opsins are evolving by lineage-

specific duplications as Hydra, Cladonema, Tripedalia, and Nematostella opsins group together by
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species rather than opsin type (Fig. 2). Generally, the opsin phylogeny reflects the cnidarian cladogram
with Hydra, Cladonema and Podocoryna closer together, next Tripedalia, and Nematostella a little further
away (Fig. 2). Our opsin phylogeny provides support for previous suggested cnidarian opsin phylogenetic
relationships. Similar to previous studies, we found ctenophore opsins Mnemiopsis opsinT and opsin2
grouping together while Mnemiopsis opsin3 branches separately (Fig. 2) [24, 42]. We also found that
Podocoryna opsins do not group together [25] and that both Cladonema and Tripedalia opsins form 2
groups [25, 26].

Interestingly, we discovered some differences from previous studies as to the placing of a N. vectensis
opsin group and two H. vulgaris opsins. Suga et al. and Liegertova et al. found that N. vectensis opsins
cluster into 3 and 4 groups respectively [25, 26]. In Suga et al. one of the opsin groups clusters together
with the other cnidarian opsins while one of the groups is sister to rhabdomeric opsin (R-opsin) and
another is an outgroup [25]. Conversely, Liegertova et al. found that two opsin groups fell within the
cnidopsins, one group was potentially sister to ciliary or rhabdomeric opsin, and they were not able to
place the fourth group [26]. Here, we found that Nematostella opsins formed three groups; group 3
clusters with the cnidopsins, group 2 is outside of ciliary opsins (C-opsin) and cnidopsins, and group 1 is
sister to rhabdomeric opsins (Fig. 2). Regarding Hydra, Suga et al. and Liegertova et al. found that Hydra
opsins cluster into 2 and 3 groups respectively [25, 26]. We found that H. vulgaris opsins clustered into 2
main groups, but we also uncovered that 2 genes fall outside of these two large groups, so we refer to
each of these its own group. HvOpB7 (group B Hydra opsin) falls within Mnemiopsis opsin3 and outside
of a group of cnidopsins and HvOpAT (group A) is sister to a group of Placozoan opsins (Fig. 2).

As a majority of the cnidarian opsin genes form clusters, this suggests that opsin genes are expanding by
linage-specific duplications rather than a large expansion in their common ancestor. In addition, we
named our opsin genes based on location on the genome and found that many H. vulgaris opsin genes
that are in close proximity in the genome are also next to or very close to each other on the phylogeny. As
an example, opsin genes in group C HvOpC17-5 are all on the same scaffold (Table S1) and next to each
other on the phylogeny (Fig. 2). HvOpD1-4 are also on the same scaffold but only HvOpD2-3 group
together. HYOpD5-6 are on the same scaffold and branch together on the phylogeny. Other examples
include HvOpD9-10, HvOpD12-15, HvOpD16-19, and HvOpD22-24. These groupings of genes on same
scaffolds in the opsin phylogenetic tree suggest that H. vulgaris opsins could be expanding by tandem
duplications (Fig. 2).

Expression patterns of H. vulgaris opsins in the Hydra body, during budding, and during regeneration

Investigating the expression patterns of genes, especially when comparing tissues, can give some
insight into their potential functions. We quantified the expression of the H. vulgaris opsins in the H.
vulgaris body, during budding, and during regeneration [39]. Opsin genes that were expressed more highly
(>2 fold change) in the foot compared to other tissues were HvOpD21, HvOpD27, HvOpD33, HvOpD36,
and HvOpD38 (Fig. 3A; Fig. STA). Interestingly, all of these genes are near each other on the opsin
phylogeny and belong to an opsin gene cluster for which a Podocoryna opsin is an outgroup (Fig. 2). In
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the hypostome, the genes that were more highly expressed (>2 fold change) relative to other tissues were
HvOpB1, HvOpD2, HvOpD11, HYOpD12, HvOpD14, HvOpD15, HvOpD19, HvOpD29, HYOpD32, and
HvOpD37 (Fig. 3A; Fig. S1A). These genes are not all near each other on the phylogeny, however HvOp12,
HvOp14and HvOp15belong to a branch that includes genes located on the same scaffold and they have
similar expression patterns across tissues (Fig. 4A). In the tentacle, opsin genes HvOpC1, HvOpC2,
HvOpC4, HvOpD4, HvOpD8, HvOpD9, HvOpD13, HvOpD22, HvOpD23, and HvOpD24 were expressed more
highly (2x) relative to other tissues (Fig. 3A; Fig. 4A). HvOpC1-2 and HvOpC4, and HvOp22-24 are next to
each other in the genome, have similar sequences based on the opsin phylogeny, and have similar
expression patterns across tissues. This suggests that these genes may have shared functions (Fig. 2,
Fig. STA).

We hypothesized that some of the genes that were expressed more highly in the hypostome and
tentacles relative to other tissues would have expression that increased during budding and regeneration.
For the hypostome, HvOpB1 increases in expression during both budding and regeneration (Fig. STA-C).
HvOpD2 and HvOpD37 increase in expression during regeneration but do not show a temporal trend
during budding (Fig. S1B-C). Conversely, HvOpD14 and HvOpD32 increase in expression during budding
but do not have a directional change during regeneration (Fig. S1B-C). For the tentacle, HvOpD4 increases
during both regeneration and budding. HvOpD13 only increases during budding while HvOpD24 and
HvOpC2Zincrease during regeneration. These findings are interesting because HvOpB1 is one of the most
highly expressed genes in the hypostome and HvOpC2, HvOpD4, and HvOpDZ24 are some of the most
highly expressed genes in the tentacle and these four genes all show trend of increasing either in
budding, regeneration, or both. These genes likely play an important function in the Hydra head. It is
important to note that HvOpABT falls outside of the two H. vulgaris opsin gene groups C and D. Instead,
HvOpBT1 serves as an outgroup to all Hydrazoan opsins and one group of the Tripadelia opsins.

While HvOpB1, HvOpC2, HvOpD4, and HvOpDZ24 are expressed highly in the H. vulgaris head region
and have dynamic expression during budding and regeneration, we found another interesting gene due to
its very high expression in H. vulgaris. HvOpAT is expressed almost 200-fold more than the other opsin
genes (Fig. 4). We did not detect a significant difference in expression between body parts nor during
different stages and times of budding and regeneration. The high expression of this gene throughout the
H. vulgaris body suggests that it is a gene of importance with a general function. Similar to HvOpB17,
HvOpAT does not fall within the H. vulgaris opsin gene clusters. Instead, HvOpAT groups with Placozoan
opsins (Fig. 2).

To increase our power, we also looked at opsin expression across all samples used together (Fig.
5A; Fig. S2). From this analysis we notice three sets of genes that are upregulated in the hypostome,
tentacle or foot. According to gene expression z-scores across all samples HvOpB1, HvOpD3, HvOpD11,
HvOpD15, HYOpD19, HvOpD29, and HvOpD37 have higher expression in the hypostome compared to
other tissue types and also increased during budding. HvOpC1, HvOpC2, HvOpC3, HvOpC4, HvOpC5,
HvOpD1, HvOpD4, HvOpD7, HvOpDS8, HvOpD9, HvOpD10, HvOpD16, HvOpD18, HvOpD22, HvOpD23,
HvOpD24, and HvOpD26 group together as having similar expression patterns and were more highly
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expressed in the tentacles compared to other tissue types and time points in budding and regeneration
(Fig. 5A; Fig. S2). HvOpD21, HvOpD27, HvOpD33, HvOpD36, and HvOpD38 are more highly expressed in
the foot compared to other tissue types and time points in budding and regeneration (Fig. 5A; Fig. S2).
For the most part, an analysis among all samples reflects similar patterns of gene expression as an
analysis between tissue types.

Phototransduction cascade genes in H. vulgaris

In order to detect whether any of these opsins might function similar to vertebrate ciliary or
invertebrate rhabdomeric opsins, we searched the Hydra for phototransduction genes using M. leidyi
sequences following the example of Schnitzler et al. [24]. As mentioned above, cnidarians are of interest
because they are basal invertebrates with ciliary opsins similar to vertebrates, thus we expected to find
evidence of ciliary phototransduction cascade components. Ciliary and rhabdomeric photoreceptors are
similar in that the general transduction pathway is the same beginning with activation by rhodopsin,
transduction via G-protein coupled receptor and ion channels, and finally termination. However, some of
the messenger genes that they employ vary. In Drosophila melanogaster (a model for invertebrate
phototransduction), activation of rhodopsin by light causes the release of Gag which activates
phospholipase C (PLC) [43]. The transduction of the signal is carried out by Ca?*-permeable transient
receptor potential (TRP) channels that cause depolarization of the cell [44, 45]. Finally, phototransduction
is terminated when the activated rhodopsin (metarhodopsin) binds arrestin or is phosphorylated by
rhodopsin kinase [46—48]. In vertebrates, activated rhodopsin works through GTP-binding transducin
which releases Gta and binds guanosine monophosphate phosphodiesterase (GMP-PDE) [49]. Instead of
TRP, opening of cyclic nucleotide gated ion channels (CNG) cause the photoreceptor cell to hyperpolarize
[49]. Similar to ciliary cells, rhodopsin kinase and arrestin terminate the cascade by deactivating
rhodopsin [49]. In addition in vertebrates, G Protein-coupled receptor kinase 1 (GRK1) and regulator of G
protein signaling 9 (RGS9) regulate G protein signaling while recovering inhibits phosphorylation of light-
activated rhodopsin [49].

Light-detecting rhodopsin is comprised of an opsin protein bound to a retinal molecule known as a
chromophore, 11-cis-3-hydroxyretinal in D. melanogaster and 11-cis-retinal in mammals [5]. The
chromophore is transported to the photoreceptor cell by a retinal binding protein, cellular retinaldehyde-
binding protein (CRALBP) in mammals and prolonged depolarization afterpotential is not apparent
(PINTA) in D. melanogaster[50, 51]. The chromophore binds opsins at a conserved retinal-binding lysine
in the seventh transmembrane helix. In order to identify which of the H. vulgaris opsins may function in
phototransduction, we investigated which had the conserved lysine necessary for chromophore binding.
We found that all opsins excluding five have the lysine amino acid necessary for phototransduction. The
five opsins missing the lysine were: HvOpA1, HvOpB1, HvOpD4, HvOpD9, and HvOpD26 (Table S1).

In terms of ciliary components, H. vulgaris differed from M. leidyiin that the top hit to G-alpha-i subunit is
a G-alpha-o subunit (Gao) (Table 1). Although we did not have an exact predicted protein match, Gao and
Gai belong to the same Ga protein subfamily and are expected to have similar functions in signal
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transduction [52]. H. vulgaris also had two genes similar to Transducin G-gamma-t1 which we refer to as
Gty1 and Gty2,two GMP-PDE alpha rod genes (GMP-PDEaT and GMP-PDEa2), only one cyclic nucleotide
gated ion channel (CNG - as opposed to two in M. leidyi), and the top hit to Recoverin is a Neurocalcin-
like gene (Table 1). Neurocalcin is in the same gene family as recoverin and also expressed in the retina
but not in the rods and cones [53]. In addition, the top hit for GRK1 was G protein-coupled receptor kinase
5-like (GRK5-like), the top hit for RGS9-1 was regulator of G-protein signaling 12-like (RGS72-like), and the
top hit for GC1 guanylyl cyclase were two atrial natriuretic peptide receptor 1-like (ANPR17-like and ANPR1-
like2). For the rhabdomeric components, the top hit for TRP-C was an Ankyrin-3-like gene (Table 1). A
reason for this might be that ankyrin repeats are part of TRP channels but H. vulgaris is likely missing a
TRP ortholog [54]. Lastly, for shared components, H. vulgaris differed from M. leidyiin that we found
three Visual G beta genes (GB7, GB2, and GB3) (Table 1).

We next looked at the expression patterns of phototransduction genes to see whether they have
similar expressions to the opsins. Interestingly, we identified a group of genes that contained most of the
necessary components of the phototransduction cascade and two opsins (Fig. S3). This group had genes
with high expression in the tentacle and hypostome and increasing expression during budding. This
group included ANPRT-like2, GMP-PDEaZ2, Gaq, Gtai, GB1, SEC14-like, Arrestin, Neurocalcin-like, Gas,
GRK5-like, GMP-PDES, PLC, GMP-PDEa1, ANPR1-like, and Rh kinase (Fig. 5B). When visualized together
with the opsins, two opsins HvOpC5 and HvOpD1 have similar expression patterns to these genes (Fig.
S3). If similar expression patterns in these genes means that they are expressed together then these
results imply that H. vulgaris is using components from both ciliary and rhabdomeric receptors to
transduce a signal (see Discussion).

Differentiation trajectories clustering

To further detect in which cells opsins and phototransduction genes are likely expressed in, we
looked at which gene clusters they belong to in a stem cell differentiation trajectories clustering by Siebert
et al. [40]. We expected to see phototransduction genes and one or more opsins expressed in similar cell
clusters. We did not find unique matches for all of our opsin genes, but we were able to determine in
which clusters 19 of them are expressed (Table 3). We only listed the top clusters, which we selected
based on higher expression and expression in more cells in a cluster. We found that most opsins
clustered as cells of the neuronal cells of the interstitial lineage in the endoderm or ectoderm (Table 3).
HvOpAT and HvOpB1 again were expressed in many more cells and cell clusters. HvOpAT had the
densest expression in clusters of the nematocyte and nematoblast of the interstitial cell lineage (Table 3).
HvOpB1 was expressed more heavily in granular mucous gland cells and spumous mucous gland cells of
the interstitial lineage (Table 3). Unlike the opsins, most phototransduction genes were expressed in all
cell clusters (Table S3). Two of the genes that were not expressed in all clusters were CNG and GMP-
PDEa7 which were expressed in neuronal ectoderm and endoderm cells of the interstitial cell lineage
similar to HvOpC5 and HvOpD1 which we predict might be functioning together in phototransduction (Fig.
6; Table 3; Table S3).
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Discussion

We present a study in which we characterize the number, location, and expression of opsin genes in the H.
vulagris body map, during regeneration and during budding. By using an improved genome assembly, we
found that many H. vulgaris opsins are located near each other implying some evolution by tandem
duplications. In addition, improved gene models and corrected sequences allowed us to generate a new
cnidarian opsin phylogeny that supported previous claims that these genes are evolving by lineage-
specific duplications. RNA-seq data for different adult tissues and time points during budding and
regeneration revealed absolute and relative expression patterns for all opsins for the first time.
Furthermore, by incorporating phototransduction-related genes to our opsin study, we were able to
determine which genes might be involved in transducing a signal of activated opsins.

H. vulgaris opsin evolution by tandem duplication

The rise of new genes, gene duplications and rapid gene expansions are often driven by tandem
duplications, retrotranspositions, or chromosomal to whole genome duplications [55, 56]. Many of the
genes that arise through these mechanisms acquire mutations and become pseudogenes, which are
silenced, deleted, or occasionally acquire a new function [56]. Some gene copies each share the
responsibility of the original gene via subfunctionalization or the new copy can perform a new function
due to neofunctionalization [56]. Opsin phylogenies often group genes based on opsin type (thabdomeric
R-opsin, ciliary C-opsin, retinal G protein-coupled receptor RGR, etc.) or predicted wavelength detected
(short-, medium-, and long-wavelength) [1, 3]. In the case of cnidarians, previous studies suggested that
opsins are evolving by lineage-specific duplications because opsins group together by species [25, 26]. By
generating a phylogenetic tree with curated H. vulgaris sequences, we found support for this claim. We
found that opsins in the cnidarians that we included formed groups by species.

As we have access to an improved genome assembly and expanded gene models, we were able to
investigate where the opsin genes are located on scaffolds. In this way, we discovered that many are near
each other on the genome as well as branch near each other on the phylogeny, which implies similarity in
sequences. These findings suggest that some opsin genes in H. vulgaris are evolving by tandem
duplications. Moreover, as the assembly we used is improved but still lacks a chromosome-level
contiguity, it is possible that more of the genes are close together if the scaffolds map near each other on
chromosomes. It is not surprising that we see variation in the number of opsins between cnidarian
species because opsins are among the phototransduction genes that have many gains and losses
between clades [57]. Interestingly, tandem duplications are the main mechanism by which opsin genes
have evolved in ray-finned fish [58]. It would be interesting to investigate whether opsins in the other
cnidarians are evolving by similar mechanisms. Specifically, in Nematostella and Tripadelia (which have
a reference genome assembly) opsin gene accession consecutive numbers group next to or near each
other. If these opsin genes in other cnidarians are located in close proximity it would provide support that
opsin genes are rapidly evolving by lineage-specific tandem duplications.

Ctenophore or Placozoa as root of tree
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One of the major discussions in determining opsin gene evolution is what to use as an outgroup or
where to root the tree. It was recently discovered that ctenophores, which are more basal than cnidarians
(Fig. 1B), possess opsins [24]. Prior to these findings, it was believed that cnidarians were the most basal
group to have opsin-based phototransduction [21]. Although these new findings would make ctenophore
opsins a good choice for outgroup, Feuda et al. argue that Placozoa opsins (placopsins) make a better
outgroup [42]. Placopsins were found to be sister to all other animal opsins [3]. We generated trees using
ctenophore opsin Mnemiopsis opsin3 and Placozoa opsins as the root of the tree. We found that the tree
using Placozoa opsins as root was a better option in visualizing the H. vulgaris opsins. By using
placopsins as the root, we were able to detect the grouping of ciliary, rhabdomeric and Go/RGR opsins,
and the grouping of cnidarian opsins that had been previously described [25, 26, 42].

Location and expression of HmOps2

H. magnipapillata opsin 2 (HmOps2) here referred to as HvOpD5, based on sequence in Plachetzki et al.
[23], has been shown to be of great importance because it mediates cnidocyte discharge in Hydra [22].
Cnidocytes are complex cells specific to cnidarians that expel a cnidae which entwines, pierces or sticks
to a target [59]. Hydra uses cnidocytes to immobilize prey, for movement, and as a defense against
predation [59]. Hydra tentacles have structures called battery complexes that contain cnidocytes and
sensory neurons together [22]. /n situ hybridization studies found that HmOps2, CNG, and Arrestin co-
localize in these battery complexes [22]. In addition, light was found to have an effect on how many
cnidocytes are fired [22]. These results suggest that cnidocytes are firing by opsin-based
phototransduction [22]. Based on these results, we expected HvOpD5 and other phototransduction
cascade genes to be upregulated in the tentacles. HvOpD5'is located in group D in our phylogeny which is
the most numerous group of H. vulgaris opsins. However, in terms of TPM, we did not find expression for
this gene in any of our samples. It is possible that this gene is expressed at very low levels and that is
why we do not detect its expression even if there is in situ evidence of its existence, location and function.

HvOpAT and HvOpB1

In this paper, we discovered two H. vulgaris opsin genes that group outside of what is expected. We had
expected all opsins to form two groups as was found in previous studies [25, 26]. The two genes that we
found outside of the predicted clustering (groups C and D) were named HvOpA7 and HvOpB1. HvOpA1
groups together with placozoan opsins and is the most highly expressed opsin gene in H. vulgaris (Fig. 1;
Fig. 2). HYOpAT is expressed more highly in the body column and budding zone relative to other tissues
(Fig. 4; Fig S1). In terms of phototransduction cascade genes, we found that GB2, GB3, and GMP-PDE9A-
like are expressed in similar patterns to HvOpAT (Fig. S3). This was interesting because one of the
differences between H. vulgaris and M. leidyi was that H. vulgaris had 3 visual G beta genes rather than
1. Due to their expression, it is possible that HvOpAT functions through the actions of GB2 and/or GB3
and the signal is continued by GMP-PDE9A-like. However, since HvOpAT is highly expressed throughout
the H. vulgaris body this implies that the gene may have a general function. Moreover, placozoa opsins,
which this gene has a similar sequence to, have yet to be characterized but are believed not to function in
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light detection because they lack a retinal-binding lysine [3]. As mentioned above, HYOpAT also lacks the
chromophore-binding lysine so likely does not function in light-detection. Stem cell differentiation
trajectories clustering suggests that this gene might have a function in the nematoblast and nematocyte.

Similarly, HvOpB1 is found outside of the two main opsin groups and is one of the more highly expressed
opsin genes (Fig. 1; Fig. 3). HvOpB1 is located outside of the Hydrozoan opsins but within what could be
considered the cnidopsins [26]. As a sister to other Hydrozoan opsins and its placement next to
Mnemiopsis opsin3 suggests that HvOpBT may be a more ancestrally derived gene and that its function
may be conserved in orthologous genes in other species. HYOpB1 is upregulated in the hypostome and
increases in expression during budding. This implies that this gene has a potential role in the H. vulgaris
head (Fig. 3; Fig. S1). Again, HvOpB1 also lacks the conserved retinal-binding lysine (table S1). Stem cell
differentiation trajectories clustering suggests that this gene might have a function in mucous gland
cells. As we know that opsins can take on roles in other types of sensory perception such as heat and
sound [9], it is possible that HvOpB17 may function in detecting something other than light. If HvOpB1
functions in sensory perception it may be used to detect prey, or it may function in digestive enzyme
secretion near the H. vulgaris mouth. Future studies should investigate the function of HvOpAT7 and
HvOpB1 through in situs or knockout experiments.

Potential phototransduction cascade in Hydra

When looking for the phototransduction cascade genes in H. vulgaris, we noticed that one of the
differences between this species and M. leidyi was that some of the genes had more copies in H.
vulgaris. Genes that have two or more copies might have related function in transduction via
subfunctionalization or may have new functions due to neofunctionalization [55]. We expected to find
ciliary components because cnidarian opsins are similar to vertebrate ciliary opsins, yet we found
homologs of both rhabdomeric and ciliary components (Table 1). The only gene that we did not find a
homolog to was TRP and instead we found only one copy of CNG, which is the ion channel that cnidarian
opsins should function by [21].

Interestingly many of the phototransduction-like genes that we identified grouped together as having
similar expression patterns (Fig. 5B). These genes have similar expression patterns to HvOpC5 and
HvOpD1 which are more highly expressed in the hypostome and tentacle relative to other tissues and
increase in expression at later stages of budding and regeneration (Fig. S1; Fig. S2). Since these opsin
genes are expressed at similar patterns to other phototransduction cascade-like genes, it is possible that
these opsins function in light detection. Under the assumption that similar expression patterns imply that
these genes work together, we have come up with a potential phototransduction cascade in H. vulgaris
(Fig. 6). H. vulgaris SEC14-like transports the chromophore to bind opsins (HvOpC5 and/or HvOpD1) and
become inactive rhodopsin to be activated by light. Activation of rhodopsin to metarhodopsin proceeds
by actions of Gaq or Gtai that forms a complex with Gas and GB1. Gtai binds GMP-PDEa1 or
GMP-PDEa2 to transduce the signal while Gaq activates PLC. Although not grouping with these genes,
CNG likely causes the cell to hyperpolarize. Cyclic GMP (cGMP) is bound to CNG maintaining the channel
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open. GMP-PDEa1 and/or GMP-PDEa2 convert cGMP to GMP which closes the CNG ion channel.
Conversely, ANPR1-like and ANPR1-like2 [60, 61] convert GTP to cGMP helping to regulate the opening
and closing of CNG. Finally, transduction is terminated by arrestin deactivating metarhodopsin and
phosphorylation of metarhodopsin by Rh kinase and GRK5-like. Deactivation of metarhodopsin is also
regulated by neurocalcin-like which inhibits phosphorylation of light-activated rhodopsin [62] and
GMP-PDES which activates GKR5-like [63]. In our model we find that gene paralogs seem to be taking on
the role of phototransduction, this has been shown to also occur in butterflies [64, 65]. It is also important
to note that our hypothetical H. vulgaris phototransduction cascade includes aspects of both
rhabdomeric and ciliary receptors. We base this off of evidence that these genes are being expressed in
similar tissues and patterns. It is possible that the opsin transduction cascade in basal lineages use
components that were later specialized with some loss in rhabdomeric and ciliary opsins through co-
option [66]. Some support for this comes from Mnemiopsis leidyihaving RNA evidence for rhadomeric
and ciliary phototransduction components and Nematostella opsin group 1 branching together with
rhabdomeric opsins while we would expect cnidarian opsins to be closer to ciliary.

Conclusions

We provide the first study to characterize opsin genes in H. vulgaris using RNA-seq data for different
tissues and time points during regeneration and budding. Previous studies have focused on
reconstruction of the opsin gene phylogeny but did not explore the expression patterns of these genes.
Gene expression can give us an insight into the potential function of some of these genes that are rapidly
evolving. While our phylogenetic tree was very similar to those of previous studies, we discovered two H.
vulgaris opsins that were outside of the typical two groups of opsins. One of these genes was the most
highly expressed opsin in H. vulgaris and the other was highly expressed in the hypostome and increased
in expression during budding. By using the improved genome assembly (v2.0) and new gene models, we
found that opsin genes in H. vulgaris are likely evolving by tandem duplications. These results can be
combined with opsin gene mapping in other cnidarians to see if opsin genes might be evolving by the
same mechanism in the entire phylum which would explain the linage-specific duplications. Furthermore,
by combining opsin expression data with that of phototransduction-related genes, we were able to
generate a model for phototransduction in H. vulgaris. Future work will focus on the morphological and
behavioral effects of turning off some of these candidate genes.

Our results are of interest to the fields of genome evolution, cnidarian biology and evolution of
vision. For one, we find a sensory gene family that is likely evolving by tandem duplications. The
evolution of opsin genes has been of particular interest and we provide a suggested mechanism for gene
expansions. In cnidarian biology, the function of the opsin genes is only known for HmOps2 (HvOpD5),
which is involved in cnidocyte firing. Yet, although Hydra lack eyes, they respond to light so it is possible
that one or more of the opsins function in phototransduction. Opsins have also been shown to have
functions in other sensory detection such as heat or sound and the number of opsins in Hydra make it a
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possibility that some of the genes may have other sensory functions. Thus our general characterization
of molecular evolution and gene expression should serve as a foundation for future studies of non-ocular
cnidarian opsin gene functions.

Abbreviations

HvOp: Hydra vulgaris opsin; CNG: cyclic nucleotide gated ion channel; Gaq: G-alpha-g; TRP: transient
receptor potential channel; GTP: Guanosine triphosphate; GMP: guanosine monophosphate; cGMP: cyclic
GMP; GMP-PDE: GMP phosphodiesterase; GRK: G Protein-coupled receptor kinase; RGS: regulator of G
protein signaling 9; Gas: G-alpha-s; Gtai: transducin G-alpha-i; Gtll: transducin G-gamma; ANPR1-like:
atrial natriuretic peptide receptor 1-like; GB: visual G beta; Rh: rhodopsin; r-opsin: rhabdomeric opsin; c-
opsin: ciliary opsin; Go/RGR: Go-coupled, retinal G protein-coupled receptor; TPM: Transcripts per million.

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication

Not applicable

Availability of data and materials

Opsin sequences have been deposited in GenBank under accession numbers XXXX-XXXX. Other datasets
are included in the text and supplementary materials.

Competing interests
The authors declare that they have no competing interests.
Funding

This work was supported in part by a George E. Hewitt Foundation for Medical research fellowship to
AM.M.

Authors' contributions

AMM and AM conceived the study and its design. RM performed the experiments and generated the data.
AMM analyzed the data with substantial input from AM and RM. AMM and AM interpreted the results.
AMM wrote the manuscript with substantial input from AM and RM. All authors read and approved the
final manuscript.

Page 15/33



Acknowledgements

We thank Robert E. Steele for supplying Hydra, for access to the Hydra 0.2 genome, and advice on
experimental design. We also thank Ashley Wong and Xinyi Ma for help with the original data collection.

References

1.
2.

12.

13.

14.

15.

Terakita A. The opsins. Genome Biol. 2005;6:213. doi:10.1186/gb-2005-6-3-213.

Shichida Y, Matsuyama T. Evolution of opsins and phototransduction. Philos Trans R Soc B Biol Sci.
2009;364:2881-95. doi:10.1098/rsth.2009.0051.

. Feuda R, Hamilton SC, MclInerney JO, Pisani D. Metazoan opsin evolution reveals a simple route to

animal vision. Proc Natl Acad Sci. 2012;109:18868-18872.

. Ramirez MD, Pairett AN, Pankey MS, Serb JM, Speiser DI, Swafford AJ, et al. The last common

ancestor of most bilaterian animals possessed at least nine opsins. Genome Biol Evol. 2016;8:3640—
52.

.von Lintig J, Kiser PD, Golczak M, Palczewski K. The biochemical and structural basis for trans-to-cis

isomerization of retinoids in the chemistry of vision. Trends Biochem Sci. 2010;35:400—-10.
doi:10.1016/j.tibs.2010.01.005.

. Hao W, Fong HKW. The endogenous chromophore of retinal G protein-coupled receptor opsin from

the pigment epithelium. J Biol Chem. 1999;274:6085-90.

. Sperling L, Hubbard R. Squid retinochrome. J Gen Physiol. 1975;65:235-51.

doi:10.1085/jgp.65.2.235.

. Terakita A, Hara R, Hara T. Retinal-binding protein as a shuttle for retinal in the rhodopsin-

retinochrome system of the squid visual cells. Vision Res. 1989;29:639—-52.

. Leung NY, Montell C. Unconventional roles of opsins. Annu Rev Cell Dev Biol. 2017;33:241-64.
10.
11.

Galliot B. Hydra, a fruitful model system for 270 years. Int J Dev Biol. 2012;56:411-23.

Chapman JA, Kirkness EF, Simakov O, Hampson SE, Mitros T, Weinmaier T, et al. The dynamic
genome of Hydra. Nature. 2010;464:592-6. doi:10.1038/nature08830.

Steele RE. The Hydra genome: insights, puzzles and opportunities for developmental biologists. Int J
Dev Biol. 2012;56:535-42.

Otto JJ, Campbell RD. Budding in Hydra attenuata: bud stages and fate map. J Exp Zool.
1977;200:417-28.

Lengfeld T, Watanabe H, Simakov O, Lindgens D, Gee L, Law L, et al. Multiple Wnts are involved in
Hydra organizer formation and regeneration. Dev Biol. 2009;330:186-99.
doi:10.1016/j.ydbio.2009.02.004.

Minder S, Tischer S, Grundhuber M, Biichels N, Bruckmeier N, Eckert S, et al. Notch-signalling is

required for head regeneration and tentacle patterning in Hydra. Dev Biol. 2013;383:146—57.
doi:10.1016/j.ydbio.2013.08.022.

Page 16/33



16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Miljkovic-Licina M, Chera S, Ghila L, Galliot B. Head regeneration in wild-type Hydra requires de novo
neurogenesis. Development. 2007;134:1191-201. doi:10.1242/dev.02804.

Bode HR. Head regeneration in Hydra. Dev Dyn. 2003;226:225-36.

Gierer A, Berking S, Bode H, David CN, Flick K, Hansmann G, et al. Regeneration of Hydra from
reaggregated cells. Nature. 1972;239:98-101. doi:10.1038/239500a0.

Browne EN. The production of new hydranths in Hydra by the insertion of small grafts. J Exp Zool.
1909;7:1-23.

Technau U, Cramer von Laue C, Rentzsch F, Luft S, Hobmayer B, Bode HR, et al. Parameters of self-

organization in Hydra aggregates. Proc Natl Acad Sci. 2000;97:12127-31.
doi:10.1073/pnas.97.22.12127.

Plachetzki DC, Fong CR, Oakley TH. The evolution of phototransduction from an ancestral cyclic
nucleotide gated pathway. Proc R Soc B Biol Sci. 2010;277:1963-9. doi:10.1098/rspb.2009.1797.
Plachetzki DC, Fong CR, Oakley TH. Cnidocyte discharge is regulated by light and opsin-mediated
phototransduction. BMC Biol. 2012;10:17. doi:10.1186/1741-7007-10-17.

Plachetzki DC, Degnan BM, Oakley TH. The origins of novel protein interactions during animal opsin
evolution. PLoS One. 2007;2:e1054.

Schnitzler CE, Pang K, Powers ML, Reitzel AM, Ryan JF, Simmons D, et al. Genomic organization,
evolution, and expression of photoprotein and opsin genes in Mnemiopsis leidyi. a new view of
ctenophore photocytes. BMC Biol. 2012;10:107.

Suga H, Schmid V, Gehring WJ. Evolution and functional diversity of jellyfish opsins. Curr Biol.
2008;18:51-5.

Liegertova M, Pergner J, Kozmikova |, Fabian P Pombinho AR, Strnad H, et al. Cubozoan genome
illuminates functional diversification of opsins and photoreceptor evolution. Sci Rep. 2015;5:11885.
doi:10.1038/srep11885.

Martin VJ. Photoreceptors of cnidarians. Can J Zool. 2002;80:1703-22. doi:10.1139/z02-136.
Arendt D. Evolution of eyes and photoreceptor cell types. Int J Dev Biol. 2003;47:563-71.

Parkefelt L, Skogh C, Nilsson DE, Ekstkom P. Bilateral symmetric organization of neural elements in
the visual system of a coelenterate, Tripedalia cystophora (Cubozoa). J Comp Neurol.
2005;492:251-62.

Nilsson DE, Gislen L, Coates MM, Skogh C, Garm A. Advanced optics in a jellyfish eye. Nature.
2005;435:201-5.

Lawley JW, Ames CL, Bentlage B, Yanagihara A, Goodwill R, Kayal E, et al. Box jellyfish Alatina alata
has a circumtropical distribution. Biol Bull. 2016;231:152-69. doi:10.1086/690095.

Picciani N, Kerlin JR, Sierra N, Swafford AJM, Ramirez MD, Roberts NG, et al. Prolific origination of
eyes in Cnidaria with co-option of non-visual opsins. Curr Biol. 2018;28:2413-2419.e4.
doi:10.1016/j.cub.2018.05.055.

Page 17/33



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Santillo S, Orlando P, De Petrocellis L, Cristino L, Guglielmotti V, Musio C. Evolving visual pigments:
hints from the opsin-based proteins in a phylogenetically old “eyeless” invertebrate. BioSystems.
2006;86:3-17.

Bielecki J, Zaharoff AK, Leung NY, Garm A, Oakley TH. Ocular and extraocular expression of opsins in
the rhopalium of Tripedalia cystophora (Cnidaria: Cubozoa). PLoS One. 2014;9:e98870.

Levy O, Appelbaum L, Leggat W, Gothlif Y, Hayward DC, Miller DJ, et al. Light-responsive
cryptochromes from a simple multicellular animal, the coral Acropora millepora. Science.
2007;318:467-70. doi:10.1126/science.1145432.

Fritzenwanker JH, Technau U. Induction of gametogenesis in the basal cnidarian Nematostella
vectensis (Anthozoa). Dev Genes Evol. 2002;212:99-103.

Passano LM, McCullough CB. The light response and the rhythmic potentials of Hydra. Proc Natl
Acad SciUS A. 1962;48:1376—82.

Taddei-Ferretti C, Musio C, Santillo S, Cotugno A. The photobiology of Hydra's periodic activity.
Hydrobiologia. 2004;530/531:129-34.

Murad R, Macias-Mufioz A, Wong A, Ma X, Mortazavi A. Integrative analysis of Hydra head
regeneration reveals activation of distal enhancer-like elements. bioRxiv. 2019;:544049.
doi:10.1101/544049.

Siebert S, Farrell JA, Cazet JF, Abeykoon YL, Primack AS, Schnitzler CE, et al. Stem cell differentiation
trajectories in Hydra resolved at single-cell resolution. Science. 2019;365:eaav9314.
doi:10.1101/460154.

Speiser DI, Pankey M, Zaharoff AK, Battelle BA, Bracken-Grissom HD, Breinholt JW, et al. Using
phylogenetically-informed annotation (PIA) to search for light-interacting genes in transcriptomes
from non-model organisms. BMC Bioinformatics. 2014;15:350. doi:10.1186/s12859-014-0350-x.

Feuda R, Rota-Stabelli O, Oakley TH, Pisani D. The comb jelly opsins and the origins of animal
phototransduction. Genome Biol Evol. 2014;6:1964-71.

Bloomquist BT, Shortridge RD, Schneuwly S, Perdew M, Montell C, Steller H, et al. Isolation of a
putative phospholipase C gene of Drosophila, norpA, and its role in phototransduction. Cell.
1988;54:723-33.

Montell C, Rubin GM. Molecular characterization of the Drosophila trp locus: a putative integral
membrane protein required for phototransduction. Neuron. 1989;2:1313-23.

Hardie RC, Minke B. The trp gene is essential for a light-activated Ca2+ channel in Drosophila
photoreceptors. Neuron. 1992;8:643-51.

Dolph PJ, Ranganathan R, Colley NJ, Hardy RW, Socolich M, Zuker CS. Arrestin function in
inactivation of G protein-coupled receptor rhodopsin in vivo. Science. 1993;260:1910-6.
doi:10.1126/science.8316831.

Stavenga DG, Hardie RC. Metarhodopsin control by arrestin, light-filtering screening pigments, and

visual pigment turnover in invertebrate microvillar photoreceptors. J Comp Physiol A Neuroethol

Sensory, Neural, Behav Physiol. 2011;197:227-41.
Page 18/33



48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hardie RC. Phototransduction in Drosophila melanogaster. J Exp Biol. 2001;204:3403-9.

Hisatomi O, Tokunaga F. Molecular evolution of proteins involved in vertebrate phototransduction.
Comp Biochem Physiol - B Biochem Mol Biol. 2002;133:509-22.

Wu Z, Bhattacharya SK, Jin Z, Bonilha VL, Liu T, Nawrot M, et al. CRALBP ligand and protein
interactions. In: Hollyfield J.G., Anderson R.E., LaVail M.M. Retinal degenerative diseases. Advances
in experimental medicine and biology. 2006. p. 477-83.

Wang T, Montell C. Rhodopsin formation in Drosophila is dependent on the PINTA retinoid-binding
protein. J Neurosci. 2005;25:5187-94.

Wilkie TM, Gilbert DJ, Olsen AS, Chen X, Amatruda TT, Korenberg JR, et al. Evolution of the
mammalian family G protein a subunit multigene family. Nat Genet. 1992;1:85-91.

Larhammar D, Nordstrom K, Larsson TA. Evolution of vertebrate rod and cone phototransduction
genes. Philos Trans R Soc Lond B Biol Sci. 2009;364:2867-80.

Gaudet R. A primer on ankyrin repeat function in TRP channels and beyond. Mol Biosyst.
2008;4:372-9.

Long M, Betran E, Thornton K, Wang W. The origin of new genes: glimpses from the young and old.
Nat Rev Genet. 2003;4:865-75.

Zhang J. Evolution by gene duplication: an update. Trends Ecol Evol. 2003;18:292-8.

Rivera AS, Pankey MS, Plachetzki DC, Villacorta C, Syme AE, Serb JM, et al. Gene duplication and the
origins of morphological complexity in pancrustacean eyes, a genomic approach. BMC Evol Biol.
2010;10:123. doi:10.1186/1471-2148-10-123.

Rennison DJ, Owens GL, Taylor JS. Opsin gene duplication and divergence in ray-finned fish. Mol
Phylogenet Evol. 2012;62:986—-1008. doi:10.1016/j.ympev.2011.11.030.

Kass-Simon G, Scappaticci, Jr. AA. The behavioral and developmental physiology of nematocysts.
Can J Zool. 2002;80:1772-94. doi:10.1139/z02-135.

Lowe DG, Chang MS, Hellmiss R, Chen E, Singh S, Garbers DL, et al. Human atrial natriuretic peptide
receptor defines a new paradigm for second messenger signal transduction. EMBO J. 1989;8:1377—-
84.

Rehkamp A, Tanzler D, lacobucci C, Golbik RP, Ihling CH, Sinz A. Molecular details of retinal guanylyl
cyclase 1/GCAP-2 interaction. Front Mol Neurosci. 2018;11:330.

Faurobert E, Chen CK, Hurley JB, Teng DHF. Drosophila neurocalcin, a fatty acylated, Ca2+-binding
protein that associates with membranes and inhibits in vitro phosphorylation of bovine rhodopsin. J
Biol Chem. 1996;271:10256-62.

Zhang H, Liu XH, Zhang K, Chen CK, Frederick JM, Prestwich GD, et al. Photoreceptor cGMP
phosphodiesterase 6 subunit (PDES) functions as a prenyl-binding protein. J Biol Chem.
2004,279:407-13.

Macias-Mufioz A, McCulloch KJ, Briscoe AD. Copy number variation and expression analysis reveals
a non-orthologous pinta gene family member involved in butterfly vision. Genome Biol Evol.

Page 19/33



65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.
81.

82.

83.

2017;9:3398-412. doi:10.1093/gbe/evx230.

Macias-Mufioz A, Rangel Olguin AG, Briscoe AD. Evolution of phototransduction genes in
Lepidoptera. Genome Biol Evol. 2019;11:2107-24.

Plachetzki DC, Oakley TH. Key transitions during the evolution of animal phototransduction: novelty,
“tree-thinking,” co-option, and co-duplication. Integr Comp Biol. 2007;47:759-69.

Murad R. Functional genomic analyses of development in mouse and regeneration in Hydra. 2018.
Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data.
Bioinformatics. 2014;30:2114-20.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013;29:15-21.

Pertea M, Pertea GM, Antonescu CM, Chang T-C, Mendell JT, Salzberg SL. StringTie enables improved
reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol. 2015;33:290-295.

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M. Blast2GO: A universal tool for
annotation, visualization and analysis in functional genomics research. Bioinformatics.
2005;21:3674-6.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture and
applications. BMC Bioinformatics. 2009;10:421.

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics analysis version 7.0 for
bigger datasets. Mol Biol Evol. 2016;33:1870-4.

Edgar RC. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004;32:1792-7.

Schwarz G. Estimating the dimension of a model. Ann Stat. 1978;6:461-4.

Zhao S, Guo Y, Sheng Q, Shyr Y. Advanced heat map and clustering analysis using heatmap3.
Biomed Res Int. 2014;2014:€986048.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol. 2009;10.

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a
reference genome. BMC Bioinformatics. 2011;12:323. doi:10.1186/1471-2105-12-323.

Hicks SC, Okrah K, Paulson JN, Quackenbush J, Irizarry RA, Bravo HC. Smooth quantile
normalization. Biostatistics. 2018;19:185—-98.

Wickham H. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag; 2016.

Pisani D, Pett W, Dohrmann M, Feuda R, Rota-Stabelli O, Philippe H, et al. Genomic data do not
support comb jellies as the sister group to all other animals. Proc Natl Acad Sci. 2015;112:15402-7.
Kayal E, Roure B, Philippe H, Collins AG, Lavrov D V. cnidarian phylogenetic relationships as revealed
by mitogenomics. BMC Evol Biol. 2013;13:5. doi:10.1186/1471-2148-13-5.

Kayal E, Bentlage B, Sabrina Pankey M, Ohdera AH, Medina M, Plachetzki DC, et al. Phylogenomics
provides a robust topology of the major cnidarian lineages and insights on the origins of key

Page 20/33



organismal traits. BMC Evol Biol. 2018;18:68.

Tables

Table 1. BLAST results for phototransduction genes.
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Protein name and e- Hydra gene | reciprocal BLAST top query | Reciprocal Accession
query accession value | name Fig 5 BLAST e-
value

Ciliary components
G-alpha-s subunit 7.00E- | Gas G protein a subunit 1, partial | 6.00E-178 | BAA81693.1
JX564543 125 [Hydra vulgaris]
G-alpha-i subunit 4.00E- | Gao PREDICTED: guanine 0.0 XP_002164313.3
JQ724654 137 nucleotide-binding protein

G(0) subunit alpha-like

[Hydra vulgaris]
Transducin G-alpha- | 2.00E- | Gtai PREDICTED: guanine 0.0 XP_012557495.1
t1 JX564546 134 nucleotide-binding protein

G(i) subunit alpha [Hydra

vulgaris] XP_012557495.1
Transducin G- 3.00E- | Gti1 PREDICTED: guanine 4.00E-50 XP_012561332.1
gamma-tl JX564547 | 03 nucleotide-binding protein

subunit gamma-like [Hydra

vulgaris]
Transducin G- 1.10E- | Gto2 PREDICTED: guanine 5.00E-48 XP_002160496.1
gamma-tl JX564547 | 02 nucleotide-binding protein

subunit gamma-like [Hydra

vulgaris]
GRK1 G protein- 1.00E- | GRKb5-like PREDICTED: G protein- 0.0 XP_002170698.2
coupled receptor 161 coupled receptor kinase 5-
kinase 1 JX564550 like [Hydra vulgaris]
GMP-PDE alpha rod 4.00E- | GMP-PDE«a1 | PREDICTED: dual 3',5'- 0.0 XP_012556304.1
JX564548 119 cyclic-AMP and -GMP

phosphodiesterase 11A-like

[Hydra vulgaris]
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GMP-PDE alpha rod | 8.00E- | GMP-PDE«a2 | PREDICTED: dual 3',5'- 0.0 XP_012559729.1
JX564548 115 cyclic-AMP and -GMP

phosphodiesterase 11-like

[Hydra vulgaris]
GMP-PDE beta rod 6.00E- | GMP-PDEP PREDICTED: cGMP-specific 0.0 XP_012566186.2
P23440.3 101 3',5'-cyclic

phosphodiesterase-like

[Hydra vulgaris]
GMP-PDE delta 9.00E- | GMP-PDEG6 PREDICTED: retinal rod 6.00E-85 XP_012566625.1
JX564549 57 rhodopsin-sensitive cGMP

3',5'-cyclic

phosphodiesterase subunit

delta-like [Hydra vulgaris]
Phosphodiesterase 4.00E- | GMP- PREDICTED: high affinity 0.0 XP_002164570.3
JQ724657 106 PDE9A-like cGMP-specific 3',5'-cyclic

phosphodiesterase 9A-like,

partial [Hydra vulgaris]
Cyclic nucleotide 6.00E- | CNG PREDICTED: cyclic 0.0 XP_012555740.1
gated ion channel 77 nucleotide-gated cation
JX564544 channel alpha-3-like isoform

X1 [Hydra vulgaris]
Cyclic nucleotide 6.00E- | CNG PREDICTED: cyclic 0.0 XP_012555740.1
gated ion channel 77 nucleotide-gated cation
JX564545 channel alpha-3-like isoform

X1 [Hydra vulgaris]
RGS9-1 regulator of | 8.00E- | RGS12-like | PREDICTED: regulator of G- | 0.0 XP_012555234.1
G-protein signaling 9 | 23 protein signaling 12-like
isoform 1 JX564552 [Hydra vulgaris]
GC1 guanylyl cyclase | 0.0 ANPRI1-like | PREDICTED: atrial 0.0 XP_004209910.2

GC-E precursor

natriuretic peptide receptor
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JX564553 1-like isoform X1 [Hydra

vulgaris]
GC1 guanylyl cyclase | 5.00E- | ANPR1-like2 | PREDICTED: atrial 0.0 XP_012560931.1
GC-E precursor 156 natriuretic peptide receptor
JX564553 1-like [Hydra vulgaris]
Recoverin JX564551 | 2.00E- | Neurocalcin- | PREDICTED: neurocalcin 1.00E-137 | XP_002159500.2

121 like homolog [Hydra vulgaris]

Rhabdomeric components
G-alpha-q subunit 6.00E- | Gaq PREDICTED: guanine 0.0 XP_012554580.1
JQ724653 128 nucleotide-binding protein

G(q) subunit alpha [Hydra

vulgaris]
Phospholipase C 0.0 PLC PREDICTED: 1- 0.0 XP_012559691.1
JQ724649 phosphatidylinositol 4,5-

bisphosphate

phosphodiesterase classes I

and II-like [Hydra vulgaris]
Trp-C protein 7.00E- | Ankyrin-3- PREDICTED: ankyrin-3-like, 0.0 XP_004208115.1
JQ724656 17 like partial [Hydra vulgaris]
Shared components
Visual G beta 0.0 GBp1 PREDICTED: guanine 0.0 XP_004209643.2
JQ724652 nucleotide-binding protein

G(I)/G(S)/G(T) subunit beta-

1 [Hydra vulgaris]
Visual G beta 0.0 Gp2 PREDICTED: guanine 0.0 XP_002164667.1
JQ724652 nucleotide-binding protein

G(D)/G(S)/G(T) subunit beta-

1-like [Hydra vulgaris]
Visual G beta 5.00E- | GB3 PREDICTED: guanine 0.0 XP_002158484.1
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JQ724652 135 nucleotide-binding protein

G(I)/G(S)/G(T) subunit beta-

1-like [Hydra vulgaris]
Rhodopsin kinase 2.00E- | Rh kinase PREDICTED: beta- 0.0 XP_012559801.1
JQ724650 92 adrenergic receptor kinase

2-like [Hydra vulgaris]
Arrestin JQ724651 5.00E- | Arrestin PREDICTED: beta-arrestin-1- | 0.0 XP_002158192.2

98 like [Hydra vulgaris]

Retinal-binding 9.00E- | SEC14-like PREDICTED: SEC14-like 0.0 XP_012563299.1
protein JQ724655 100 protein 5 [Hydra vulgaris]

Table 2. Differentiation trajectories clustering®
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Opsin
HvOpAl

Juliano aepLRv2 ID

t29274aep

Cluster
i nb2,i nb3,i nb4, i nbb, ecEp bd, i nem

HvOpB1

t21413aep

i_smgcl, i smgc2,i gmgc,i n_en2

HvOpC1

t26793aep

inecl,inec3inecd

HvOpC2

t24044aep

i n ecl, ecEp_ nem

HvOpC3

t10575aep

inecl,inec3in ecS

HvOpC4

no match*

HvOpC5

t24564aep

inecl,inecd

HvOpD1

t36346aep

inecl,inec3,inenl,inen2

HvOpD2

no match

HvOpD3

no match

HvOpD4

t37969aep

inecl,inec3ienlinen2

HvOpD5

t29512aep

in ecl,in ec3, inc prog

HvOpD6

no match

HvOpD7

no match

HvOpD8

t36136aep

inecl,inec3

HvOpD9

no match

HvOpD10

no match

HvOpD11

no match

HvOpD12

no match

HvOpD13

no match

HvOpD14

t33805aep

inecl,inec3inecd

HvOpD15

no match

HvOpD16

no match

HvOpD17

t27882aep

i_gmgc,in ec3,in en3, i nc_gc_prog, i smgcl, i_smgc2, i_zmgl, i zmg3

HvOpD18

no match

HvOpD19

no match

HvOpD20

no match

HvOpD21

no match

HvOpD22

no match

HvOpD23

no match

HvOpD24

t32881aep

i_fmgl1l, i_smgc3

HvOpD25

t36280aep

in ec3

HvOpD26

t25412aep

inecl,inec3,inec4,inec5inenl

HvOpD27

no match

HvOpD28

no match

HvOpD29

t2106aep

inecl,inec3 inen2

HvOpD30

t20043aep

in ec2

HvOpD31

no match

HvOpD32

no match

HvOpD33

no match

HvOpD34

no match

HvOpD35

£t29959aep

ecEp nb, ecEp nem, ecEp SC1, ecEp SC2, ecEp bd, enEp foot

HvOpD36

no match

HvOpD37

no match

HvOpD38

t27688aep

i_nem
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TClustering according to data from Siebert et al. [40] derived using the interactive tool at
https://portals.broadinstitute.org/single_cell/study/SCP260/stem-cell-differentiation-trajectories-in-hydra-
resolved-at-single-cell-resolution

*no match means no unique match to the Seibert et al. transcriptome. The top BLASt hit to these genes was a
better match to another HvOp gene.

Cluster Label Abbreviation Key: bat: battery cell, bd: basal disk, db: doublet cluster, ec: ectoderm, ecEP:
ectodermal epithelial cell, en: endoderm, enEP: endodermal epithelial cell, fmgl: female germ-line, gc: gland cell,
gmgc: granular mucous gland cell, i: cell of the interstitial lineage, id: integration doublet, mgl: male germline,
mp: multiplet, nb: nematoblast, n: neuronal cell, nem: nematocyte, pd: suspected phagocytosis doublet, prog:

progenitor, SC: stem cell, smgc: spumous mucous gland cell, tent: tentacle, zmg: zymogen gland cell
Figures

A hypostome B Cc
e Ctenophora Nematostella

Placozoa Tripedalia

ICnidaria Podocoryna
Bilateria )

Cladonema

Hydra

Figure 1

H. vulgaris body plan and cladograms. (A) Diagram depicting the H. vulgaris body plan which consists of
the hypostome, tentacles, body column and foot. The H. vulgaris body is made up of two epithelial layers,
the endoderm (light orange) and the ectoderm (bright pink). (B) Animal cladogram adopted from [81]. (C)
Cnidaria cladogram inferred from [82, 83] to include only the species we used in this study, this is not a
complete tree.
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Cladonema radiatum (Cnidaria: Hydrozoa) ® Bootstrap support >B0%
Drosophils melanogaster {Arthropoda)
Homo sapiens (Chordata)
Hydra vulgaris (Cnidaria: Hydrozoa)
IMnemiapsis keidyi {Ctenophora)

Nematostells wectensis (Cnidana: Anthozoa)
Podocoryna carmea (Cnidaria: Hydrozoa)
Trichopiax adhaerens (Placozoa)

Tripedalia cystophora (Cnidaria: Cubozoa)

Figure 2

cnidarian opsin phylogeny. Opsin phylogenetic tree generated using amino acid sequences for Hydra
vulgaris, Podocoryna carnea, Cladonema radiatum, Tripedelia cystophora, Nematostella vectensis,
Mnemiopsis leidyi, Trichoplax adhaerens, Drosophila melanogaster and Homo sapiens. Maximum-
likelihood tree was generated using a LG+G+F model and 100 boostrap support.
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Figure 3

Opsin expression in the H. vulgaris body map, during budding, and during regeneration. (A) RNA-seq
expression of opsins in H. vulgaris body column, budding zone, foot, hypostome, and tentacles measured
in transcripts per million (TPM). (B) RNA-seq expression during H. vulgaris budding (asexual
reproduction) at stages 1, 3, 4, 6, 7, 8, and 10 measured in transcripts per million (TPM). (C) RNA-seq
expression during H. vulgaris head regeneration at times 0 hr, 2 hr, 4 hr, 6 hr, 12 hr, 24 hr,and 48 hr
measured in transcripts per million (TPM).
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HvOpAT1 expression in the H. vulgaris body map, during budding, and during regeneration. (A) RNA-seq
expression of opsin gene HvOpAT1 in H. vulgaris body column, budding zone, foot, hypostome, and
tentacles measured in transcripts per million (TPM). (B) RNA-seq expression of opsin gene HvOpA1
during H. vulgaris budding (asexual reproduction) at stages 1, 3, 4, 6, 7, 8, and 10 measured in transcripts
per million (TPM). (C) RNA-seq expression of opsin gene HvOpA1 during H. vulgaris head regeneration at
stages 0 hr, 2 hr, 4 hr, 6 hr, 12 hr, 24 hr, and 48 hr measured in transcripts per million (TPM).
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Figure 5

Opsin and phototransduction gene expression across all samples. (A) Heatmap showing RNA-seq row z-
scores for opsin genes across all samples used in this study. Ohr-48hr represent samples of head tissue
during different time points in regeneration; tentacle, hypostome, body column and foot are adult tissues;
stage 1-10 are stages of budding during asexual reproduction. HvOpD5 and HvOpD25 are missing
because they are not expressed in any of the samples. (B) Heatmap showing RNA-seq row z-scores for
phototransduction genes across all samples used in this study.
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rhodopsin Metarhodopsin*

GTP

ANPR1-like
ANPR1-like2

GMP

- Neurocalcin-like

Proposed model of H. vulgaris phototransduction cascade. 1) SEC14-like transports a chromophore
molecule (represented by a hexagon) to the opsin protein. 2) Light causes a conformational change in the
chromophore structure converting rhodopsin to activated metarhodopsin. 3) Gtai and Gaq activate
GMP-PDEa1 or GMP-PDEa2 and PLC, respectively. 4) GMP-PDEa1 and/or GMP-PDEa2 convert cGMP
to GMP while ANPR1-like and ANPR1-like2 convert GTP to cGMP. 5) Decrease of cGMP cause the CNG

ion channel to close. Conversely, helping to regulate the opening and closing of CNG. 6) Metarhodopsin is
deactivated by arrestin or phosphorylation by Rh kinase and GRK5-like. GMP-PDES has a positive
interaction with GKR5-like but neurocalcin-like inhibits phosphorylation and deactivation of
metarhodopsin. All genes in this figure are expressed in similar patterns. Blue arrows denote positive
interactions or activation while pink lines with flat endings represent inhibition.

Figure 6
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