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Abstract 14 
Background 15 
Marine organisms with sessile adults commonly possess motile larval stages that make 16 
settlement decisions based on integrating environmental sensory cues. Phototaxis, the 17 
movement toward or away from light, is a common behavioral characteristic of aquatic and 18 
marine metazoan larvae, and of algae, protists, and fungi. In cnidarians, behavioral genomic 19 
investigations of motile planulae larvae have been conducted in anthozoans (corals and sea 20 
anemones) and scyphozoans (true jellyfish), but such studies are presently lacking in 21 
hydrozoans. Here, we examined the behavioral genomics of phototaxis in planulae of the 22 
hydrozoan Hydractinia symbiolongicarpus. 23 
Results  24 
A behavioral phototaxis study of day 3 planulae indicated preferential phototaxis to green (523 25 
nm) and blue (470 nm) wavelengths of light, but not red (625 nm) wavelengths. A 26 
developmental transcriptome study where planula larvae were collected from four 27 
developmental time points for RNA-seq revealed that many genes critical to the physiology and 28 
development of ciliary photosensory systems are dynamically expressed in planula 29 
development and correspond to the expression of phototactic behavior. Microscopical 30 
investigations using immunohistochemistry and in situ hybridization demonstrated that several 31 
transcripts with predicted function in photoreceptors, including cnidops class opsin, CNG ion 32 
channel, and CRX-like transcription factor, localize to ciliated bipolar sensory neurons of the 33 
aboral sensory neural plexus, which is associated with the direction of phototaxis and the site 34 
of settlement.   35 
Conclusions  36 
The phototactic preference displayed by planulae is consistent with the shallow sandy marine 37 
habitats they experience in nature. Our genomic investigations add further evidence of 38 
similarities between cnidops-mediated photoreceptors of hydrozoans and other cnidarians and 39 
ciliary photoreceptors as found in the eyes of humans and other bilaterians, suggesting aspects 40 
of their shared evolutionary history. 41 
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Background 45 
Light is a sensory cue of major importance in the marine environment, utilized by a vast 46 
diversity of organisms to tune biological processes. Light cues can dictate when to mate, 47 
movement through the water column, and in the case of sessile marine larvae, when and where 48 
to settle. Phototaxis, the movement toward or away from light, is a common behavioral 49 
characteristic of aquatic and marine metazoan larvae and of algae, protists, and fungi (Randel & 50 
Jékely, 2016).  51 
 52 
Hydractinia symbiolongicarpus is a hydrozoan closely related to Hydra and other hydroids in the 53 
phylum Cnidaria, which occupies a key phylogenetic position in animal phylogeny as the 54 
evolutionary sister to Bilateria (2). The adult phase of H. symbiolongicarpus is sessile and 55 
resides on the shells of gastropods inhabited by hermit crabs in shallow sandy environments. 56 
The larval stage, known as a planula, is the only motile life history stage in this species. The 57 
spindle-shaped H. symbiolongicarpus planula becomes phototactic after day three of 58 
development (72 hours post fertilization), where larvae are competent to settle and undergo 59 
metamorphosis into a primary polyp (3). H. symbiolongicarpus planulae possess a nerve net 60 
that forms a neural plexus comprised of sensory neurons in the blunt, concave, aboral region of 61 
the larva (4,5). During settlement, planulae attach to the substrate at the aboral end, which is 62 
the hypothesized site of sensory integration. Much of the research into H. symbiolongicarpus 63 
planulae has focused on the induction of settlement by neuropeptides and chemical cues, 64 
where neuropeptides like RFamide play a role in relaying photosensory stimuli to epithelial 65 
muscular cells, directing the movement of the photo-response (6,7). However, the specificity of 66 
the phototactic response and its underlying sensory and developmental physiology are poorly 67 
understood. 68 
 69 
Previous work on the sensory physiology of phototaxis in cnidarian planulae has largely focused 70 
on anthozoan species including anemones and corals. Coral planulae express multiple distinct 71 
opsin classes, indicating the possibility of multiple phototransduction systems (8,9). 72 
Additionally, planulae of different coral species may be phototactic to different wavelengths of 73 
light, including red wavelengths, suggesting a role for planula photosensitivity in ecological 74 
niche partitioning (10). However, anthozoan planulae possess several features that distinguish 75 
them from the planulae of hydrozoans and other medusozoans. First, comparative analyses 76 
indicate that anthozoan genomes house an expanded diversity of opsin genes that includes the 77 
cnidarian-specific opsin classes cnidops and anthozoan-specific opsin (ASO), in addition to 78 
ciliary opsin and xenopsins that are also present in bilaterians (8,9,11–14). In contrast, the opsin 79 
palate of hydrozoan genomes examined thus far is restricted to cnidops class genes (12,14–16). 80 
In addition, anthozoan planulae of the order Actinaria, which includes anemones, differ 81 
morphologically from other cnidarian planulae in their possession of a distinct apical tuft organ 82 
located on the aboral end that is thought to be sensory in nature (17–21).  83 
 84 
Here we investigate the photosensory preference of the H. symbiolongicarpus planula and 85 
explore the genetic basis of this behavioral response using phototaxis assays, systems-level 86 
comparative developmental transcriptome analyses, and microscopical investigations of gene 87 
expression. We report that H. symbiolongicarpus planulae are strongly phototactic to green and 88 
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blue wavelengths of light, but not red wavelengths. RNA-seq analyses reveal a significant 89 
increase in gene expression of photosensory genes in larval stages that precede phototaxis, 90 
including those involved in phototransduction, such as opsin, structural components of 91 
photoreceptors, and several developmental factors that have not previously been reported in 92 
cnidarian species. IHC and RNA FISH studies revealed that opsin transcripts localize to bipolar 93 
photoreceptor neurons that occupy the aboral neural plexus of the planula. Surprisingly, we 94 
identify a cnidarian homolog of transcription factor CRX, which is central to rod/cone fate 95 
determination in mammals, that is also strongly expressed in H. symbiolongicarpus 96 
photoreceptors. Together, this study reveals that H. symbiolongicarpus planulae are 97 
differentially capable of perceiving various wavelengths of light, and the photoreceptors upon 98 
which this behavior is based may utilize an ancient molecular toolkit related to the ciliary 99 
photoreceptors of bilaterian animals. Our results diverge from recent findings in anthozoan 100 
planulae, and the molecular and cellular composition of apical tuft organs (19). 101 
 102 
Methods 103 
 104 
Field Collection of H. symbiolongicarpus  105 
Colonies of H. symbiolongicarpus affixed to hermit crabs (Pagurus longicarpus) were collected 106 
at Barnstable Bay, MA (41°42’39’’N 70°16/34’’W) in the spring of 2021. The colonies were 107 
cultured and maintained according to Plickert & Schneider (2004) and Frank, Nicotra, & 108 
Schnitzler (2020) where they were kept in an incubator on a 12/12 L:D cycle at 18°C. Spawning 109 
was induced by placing a single male and a single female colony under bright light in a 110 
dissecting bowl filled with filtered seawater at room temperature. This was done in three 111 
replicates using haphazardly chosen male and female colonies. For each spawning, planulae 112 
were collected and placed in petri dishes in filtered seawater. Planulae were collected for 113 
sequencing at 24-hour intervals over four days. Phototaxis experiments and microscopy were 114 
conducted on day 3 planulae.  115 
 116 
Larval phototaxis study 117 
Phototaxis was studied in planulae larvae on the third day of development (72 hours post 118 
fertilization) when larvae are known to respond to light cues (22). We used a behavioral 119 
apparatus consisting of a raised piece of black acrylic with three 1/8-inch holes spaced 8 inches 120 
apart. Below the acrylic, we placed three small, heatless LED lights tuned to the wavelengths of 121 
470nm, 523nm, and 625nm (SuperBright LEDs: RL5-B12120; RL5-G16120; RL5-R12120 122 
respectively) into the holes. A petri dish containing 25mL of filtered seawater was placed above 123 
each LED light (Fig. 1A). Experiments were conducted in total darkness. Each replicate examined 124 
the three wavelengths of light using three Petri dishes. We performed five replicates. For each 125 
experiment, 100 larvae were added to each petri dish where larvae were spatially randomized 126 
with a pipette before the start of the experiment when ‘before’ photographs were taken (Fig. 127 
1A). The three light stimuli were then applied for eight hours, and an ‘after’ photograph was 128 
taken. Phototaxis was assessed by comparing the number of larvae that had migrated within 1 129 
cm of the LED light to the number of larvae that had not. Experiments were conducted across 130 
three independent genetic crosses from wild-caught individuals. Welch two-sample t-tests were 131 
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implemented for each wavelength to statistically interrogate the number of larvae that 132 
responded to the light stimulus.  133 
 134 
Library preparation, sequencing, and read processing  135 
We collected three replicates of 15-20 larvae for each day of development (days 1-4) and 136 
extracted total RNA using the PureLink RNA Mini Kit (Thermo Fisher Scientific; Cat no. 137 
12183018A) according to the manufacturer’s instructions. Libraries were created using 1000ng 138 
of total RNA with the NEBNext Ultra 2 Directional RNA Library Kit following the Poly(A) mRNA 139 
Magnetic Isolation Module (NEB #E7490) and sequenced on an Illumina Hi-Seq 2000. Reads 140 
were processed following a previously established pipeline (23) and assembled using the Oyster 141 
River Protocol (ORP), which performs read processing (i.e. read trimming, read normalization, 142 
read error correction) and uses multi-kmer and multi-assembler approaches to generate the 143 
reference assembly with TransRate and BUSCO quality metrics (24). 144 
 145 
Gene expression analysis 146 
We used Salmon to quantify transcripts (Patro et al., 2017) and EdgeR to estimate differential 147 
gene expression between all pair-wise comparisons of the four developmental days (26). 148 
Differentially expressed genes were identified at a p-value of 0.0001 using the Benjamin-149 
Hochberg correction. TransDecoder was used to translate transcripts into proteins (27), and cd-150 
hit (28) was used to reduce the number of duplicate protein models. The reduced H. 151 
symbiolongicarpus protein models were used in OrthoFinder (29) with the following taxa from 152 
publicly available data: Homo sapiens (30), Drosophila melanogaster (31), Hydra vulgaris 153 
(https://research.nhgri.nih.gov/hydra/), H. symbiolongicarpus 154 
(https://research.nhgri.nih.gov/hydractinia/), Ectopleura crocea (23), and Nematostella 155 
vectensis (32). Orthogroups were annotated based on human sequences that were present in 156 
gene sets obtained from the Gene Set Enrichment Analysis (GSEA) https://www.gsea-157 
msigdb.org/gsea/index.jsp (33–35), including GO_Sensory_Perception_Of_Light_Stimulus and 158 
GO_Sensory_System_Development. We annotated H. symbiolongicarpus transcripts based on 159 
their shared occupancy in orthogroups with human genes from the above gene sets. 160 
Differentially expressed genes identified from each gene set were analyzed using the STRING 161 
database which includes known and predicted protein-protein interactions (36). For each gene 162 
set, we examined significantly upregulated orthogroup gene symbols across developmental 163 
days, per day, and combined, and created interaction networks using selected Gene Ontology 164 
(GO) terms or Annotated Keywords (UniProt) of interest as annotations. In addition to the 165 
significantly differentially expressed genes, we analyzed all genes expressed in the gene sets 166 
that were not significantly differentially expressed, and the orthogroups present in gene sets 167 
that did not contain H. symbiolongicarpus transcripts. All scripts and workflows can be found on 168 
GitHub: https://github.com/sydney-birch/Hydractinia_phototaxis. 169 
 170 
Immunohistochemistry, RNA fluorescent in situ hybridization (FISH), and confocal microscopy 171 
Planulae were fixed in seawater with 4% paraformaldehyde overnight at 4°C. For 172 
immunohistochemistry, planulae were washed five times with five-minute incubations in 173 
Phosphate Buffered Saline plus 0.01% Tween 20 (PBST), then blocked in PBST plus 20% normal 174 
goat serum (NGS) for two hours. Primary antibodies: mouse monoclonal anti-α-Tubulin (Sigma 175 
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T8203), and rabbit polyclonal anti-FMRF amide (EDM Millipore, AB15348), were added 176 
overnight at 4°C (1:500 in PBST plus 20% NGS). Primary antibodies were removed, and planulae 177 
were washed five times with five-minute incubations in PBST. Secondary antibodies: 178 
AlexaFlourÔ 546 goat anti-mouse (Invitrogen, A11030), AlexaFlourÔ 633 goat anti-rabbit 179 
(Invitrogen, A21071), and Alexa Fluor™ 488 Phalloidin (1:20), were added overnight at 4°C 180 
(1:500 in PBST plus 20% NGS). Planulae were washed five times with five-minute incubations in 181 
PBST and mounted in ProlongÔ gold antifade plus DAPI (Invitrogen, P36935).  182 
 183 
For RNA fluorescent in situ hybridization, we followed the protocol from (23) for designing RNA 184 
FISH probes of the highest expressed transcripts of interest and for staining. RNA FISH probes 185 
were designed using the Stellaris RNA FISH platform (Biosearch Technologies) with the custom 186 
probe design service. Cnidopsin (Hs_t.88569) riboprobe sets were labeled with FAM (488 nm), 187 
CNG ion channel (Hs_t.35573) riboprobe sets were labeled with TAMARA (561 nm), and CRX 188 
(Hs_t.47300) riboprobe sets were labeled with Quasar670 (635 nm). For samples treated with 189 
FISH probes and IHC antibodies (Fig. 7), we first performed the in situ hybridization protocol 190 
detailed in (23), then refixed samples in 4% PF in PBST for 30 minutes at room temperature. 191 
Samples were washed five times with five-minute incubations in PBST and then incubated 192 
overnight in primary antibody solution containing anti-acetylated alpha-tubulin (1:500; Sigma, 193 
T6793) in PBST plus 20% NGS. Samples were washed five times with five-minute incubations in 194 
PBST and then incubated with secondary antibody (Alexa Flour 546-conjugated anti-mouse IgG, 195 
1:1000; Life Technologies, A11030) overnight at 4°C. Samples were washed five times with five-196 
minute incubations in PBST and then mounted in ProLong antifade mountant with DAPI 197 
(ThermoFisher, P36941). Samples were imaged on a Nikon A1R HD confocal microscope.  198 
 199 
Results 200 
 201 
Planulae are strongly phototactic by developmental day three to green and blue wavelengths 202 
of light. 203 
We examined the phototactic behavioral response of motile, day 3 (72 hours post-fertilization) 204 
H. symbiolongicarpus planulae to blue (470nm), green (523 nm), and red (625 nm) wavelengths 205 
of light by assessing the number of larvae that migrated to within 1 cm of an LED affixed to the 206 
underside of a transparent petri dish after eight hours. Planulae were strongly phototactic 207 
towards green (p=0.01), and blue light (p=0.0015). Conversely, larvae were not phototactically 208 
drawn to red wavelengths of light (p=0.66). Images taken after such experiments show planulae 209 
tightly clustered around green and blue LEDs (Fig 1). In contrast, in the presence of red light, 210 
planulae remained randomly distributed with respect to the light stimulus after eight hours.  211 
 212 
Developmental transcriptomics and orthology analyses  213 
We investigated the genetic basis for phototaxis in H. symbiolongicarpus planula larvae by 214 
performing a developmental transcriptome study. Here RNA-seq data were derived from three 215 
replicates of 15-20 pooled larvae that resulted from a single mating of wild-caught colonies, 216 
collected at each developmental day (1-4). In H. symbiolongicarpus, day-three larvae display 217 
phototaxis, and day-four larvae are competent to settle and metamorphose into a primary 218 
polyp (5,6,22,37). Illumina RNA-seq data included over 298 million reads across three replicates 219 
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of each developmental day, with an average of 24 million reads per replicate. A reference 220 
transcriptome was assembled and contained 92,784 sequences, with a TransRate score of 0.39, 221 
and a BUSCO score of 100. Multidimensional scaling (MDS) of quantitative estimates of 222 
transcript abundance clustered RNA-seq datasets by developmental day (Fig 2A). Pairwise 223 
comparisons indicated the greatest total expression differences between developmental days 224 
one and four, and the weakest total expression differences between developmental days two 225 
and three (Fig 2B). 226 
 227 
The genetic basis for phototaxis in H. symbiolongicarpus planulae was examined by 228 
interrogating orthogroups produced from orthology analyses (29) using previously derived 229 
functional gene sets from the Gene Set Enrichment Analysis (GSEA) database (33–35). Our 230 
approach links specific H. symbiolongicarpus transcripts to human gene symbols based on their 231 
shared occupancy in formally defined orthogroups, which represent groups of homologous 232 
genes derived from a shared last common ancestor (23,29,33,38). Orthology analyses utilized a 233 
dataset including the present data plus an additional five genome-scale protein coding datasets 234 
from cnidarian and bilaterian species, including human. 235 
 236 
Opsin-mediated photobehavior has been described in cnidarians previously 237 
(8,9,44,12,16,23,39–43). We, therefore, identified between-day differentially expressed 238 
transcripts with membership in GSEA gene sets that contained opsin, which included the 239 
sensory perception of light (Fig 3) and sensory systems development (Fig 4) gene sets, the latter 240 
including genes involved in mechanoreception and chemoreception as well.   241 
 242 
Gene expression during planula development mirrors aspects of ciliary photoreceptor 243 
development and function 244 
Analyses over development of significantly differentially expressed genes present in the sensory 245 
perception of light stimulus gene set revealed a pattern of congruence between various aspects 246 
of vertebrate retina development and function, and H. symbiolongicarpus planula development 247 
and the expression of phototaxis (Fig 3). We depict our findings using STRING analyses, which 248 
display graphical linkages between differentially expressed transcripts based on databases of 249 
known protein-protein interactions (45). From the perspective of the sensory perception of light 250 
stimulus gene set, Day 1 of planula development is characterized by the expression of 251 
regulatory factors like SOX and POU transcription factors, nuclear receptors NR2E1 and NR2E3, 252 
and leucine zipper transcription factor NRL (46). Also at peak expression in Day 1 planulae are 253 
signaling components including transducins GNAT1 and GNAT2 (Fig 3C). A shift in the 254 
transcriptomic repertoire, from neurogenesis and development on Day 1, to photoreceptor 255 
maintenance and sensory physiology, occurs on Day 2 (Fig 3C) where we observe peak 256 
transcript expression for opsin, multiple semaphorin transcripts (SEMA5B), photoreceptor-257 
specific EF-hand Calcium-binding protein (PPEF2), and multiple Major Intrinsic Protein (MIP) 258 
transcripts. Day 3 differentially expressed planula transcripts include a single H. 259 
symbiolongicarpus transcript homolog of CRX, VSX, and RAX transcription factor paralogs 260 
known from mammalian photoreceptor development (47). Genes involved in photoreceptor 261 
structure and function also have peak expression on Day 3 including adhesion GPCR V1 262 
(ADGRV1) and guanylyl cyclase (GUCY2F, GUCY2D). Day 4 differentially upregulated planula 263 
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transcripts are mostly associated with structural components including the stereociliary 264 
scaffolding proteins usherin (USH1C) and CDH23, of which H. symbiolongicarpus has multiple 265 
transcripts (Fig 3), and myosin III (MYO3B, MYO3A). In addition, we note strong expression of 266 
delta (DLL4) in Day 4, which, together with notch, which is not present in our transcriptome 267 
dataset, has been implicated in repressing cone photoreceptor state (48). Our analysis reveals a 268 
transition from early genes involved in neurogenesis and proliferation (Figure 3C), to more 269 
specialized regulatory, structural, and physiological features of ciliary photoreceptors in later 270 
developmental days (Fig 3C). Protein-protein interaction (PPI) p-values are significant for each 271 
developmental day, which is expected given that our analyses are constrained by gene sets with 272 
known function. However, PPI enrichment is most significant in developmental days 3 and 4. 273 
 274 
Transcripts that are differentially expressed between days may be the basis for the 275 
developmental dynamics observed in planula development. However, other genes, known to 276 
be involved in the sensory perception of light gene set are also expressed in our transcriptome 277 
data but are not significantly differentially expressed between days (supplemental figure 1), 278 
perhaps due to the nature of our bulk RNA-seq dataset. Transcripts of this type include 279 
homologs of alpha, gamma, and zeta lens crystallin (CRYGA, CRYGC, CRYGB, and CRYZ), cyclic 280 
nucleotide-gated ion channel (CNGA3, CNGB3), and phosphodiesterase (PDE). We also 281 
compared the functional interactions of significantly differentially expressed transcripts to 282 
expressed transcripts using enrichment analyses (supplemental figure 1) and found that all the 283 
functional categories involved in development and phototransduction are enriched in the 284 
significantly differentially expressed gene set.  285 
 286 
It is also informative to examine components of the sensory perception of light gene set that 287 
are not present in our dataset (supplemental figure 2). Here, we note several accessory 288 
components that act to modulate phototransduction that are not present in our H. 289 
symbiolongicarpus developmental transcriptome dataset, including RGS9 and RGS16, GRK7, 290 
RGR, and PDE6G among others. Expectedly, several structural genes associated with the lens 291 
are also missing in our transcriptome data including the lens-associated proteoglycan keratocan 292 
(KERA), the beta crystallins (CRYBB1, CRYBB2, CRYBB3, CRYBB4), and the lens-specific gap 293 
junction proteins (GJA8 and GJA3), aligning with the lack of a lens structure in this species.  294 
 295 
Limited correspondence between planula development and other bilaterian sensory systems 296 
Having identified much overlap between a gene set based on the development, structure, and 297 
physiology of ciliary photoreceptors, we next sought to understand what homological linkages 298 
might exist between planula development and the other senses. We examined the sensory 299 
systems development gene set, which includes genes involved in the regulation of the 300 
development of vision and photosensitivity, taste and olfaction, and hearing and 301 
mechanosensitivity (33) (Fig 4). However, only genes with pleiotropic function in 302 
photosensitivity and other sensory modalities (GNB1, GNAT1, GNAT2, USH1C, TBX2) were 303 
recovered from this analysis. In contrast to the sensory system development gene set, PPI 304 
enrichment p-values are most significant at developmental day 1 for the sensory systems 305 
development gene set. 306 
 307 
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As with the previous gene set, many of the transcripts expressed during planula development 308 
have homologs in the sensory system development gene set but are not differentially 309 
expressed. These include homologs of WNT, ATOH7, MITF, and others (supplemental Fig. 3). For 310 
comparison, genes not expressed by H. symbiolongicarpus larvae in the sensory system 311 
development gene set is given in supplemental Fig 4., and genes from the total gene set of 312 
transcription factors is given in supplemental Fig. 5. 313 
 314 
An aboral sensory array is present in phototactic planulae. 315 
The cellular and morphological basis for larval phototaxis in H. symbiolongicarpus planulae was 316 
investigated using immunohistochemistry and confocal microscopy (Fig 5). By developmental 317 
day 3, planulae possess an aboral plexus of anti-acetylated-tubulin-reactive sensory neurons 318 
that correspond to the site of sensory integration and settlement, as previously described 319 
(5,7,49,50) (red; Fig 5, inset, and supplemental video 1). However, FMRFamide 320 
immunoreactivity (magenta; Fig 5) is most intense in the oral end of the planula, the site of the 321 
future mouth in the primary polyp. Ordered musculature, as revealed by phalloidin staining 322 
(green; Fig 5), is mostly confined to the middle latitudinal portion of planulae. Prominent stereo 323 
ciliary projections associated with cnidocytes are mostly confined to the oral end but are also 324 
associated with cnidops-expressing photoreceptors in the aboral end of the planula, where 325 
fewer cnidocytes were observed (Figs 5 and 6). The oral end of the planula resembles an adult 326 
tentacle in morphology (Fig 5 and supplemental video 2).  327 
 328 
Immunohistochemistry and in situ hybridization reveal an opsin-expressing aboral sensory 329 
neural plexus. 330 
We examined the structure of H. symbiolongicarpus planulae using immunohistochemistry, 331 
fluorescent in situ hybridization, and confocal microscopy. We first examined the expression of 332 
opsin transcript Hs_t.88569 together with immunohistochemical staining with anti-acetylated 333 
Tubulin (Fig 6). Hs_t.88569 is the most prominently expressed opsin transcript in our dataset 334 
(Figs 3 and 4) and is a member of the cnidops family of opsins (15) (supplemental figure 6). As 335 
expected, Hs_t.88569 transcripts strongly localize to the cilia of bipolar sensory neurons that 336 
comprise the aboral neural plexus (Fig 6B). H. symbiolongicarpus transcripts localize specifically 337 
to ciliary projections of apical neurons that we interpret as photoreceptors. Optical sections 338 
also reveal a subnetwork of neurites connecting bipolar sensory neurons, which form an array 339 
around the aboral end of the planula. 340 
 341 
Ciliary-like gene expression in planula photoreceptors. 342 
In addition to cnidopsin (Hs_t.88569), we also examined the expression of other transcripts 343 
including CNG ion channel (Hs_t.35573) and CRX (Hs_t.47300) that were detected in our 344 
transcriptome screens, using multiplex fluorescent in situ hybridization (Fig 7). Homologs of 345 
each of these transcripts have been implicated in vertebrate photoreceptor development and 346 
function (51,52), and CNG ion channels are thought to function in cnidops-mediated 347 
phototransduction (16,39,40). All transcripts showed elevated staining in the aboral region, the 348 
site of settlement, with little detectable staining in the oral region. Higher resolution 349 
examination reveals that each of these transcripts localize specifically to opsin-expressing 350 
bipolar photoreceptor neurons that comprise the aboral sensory plexus (Fig. 7 A and B). 351 
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 352 
Discussion 353 
 354 
Phototaxis and dispersal in cnidarian planulae 355 
Larval phototaxis is widespread in the marine environment and has been implicated as a 356 
strategy for predator avoidance, dispersal, diel vertical migrations, and larval settlement (1,53–357 
56). H. symbiolongicarpus planulae are phototactic and neuropeptides including RFamide play a 358 
role in relaying photosensory stimuli to epithelial muscular cells, directing the movement of the 359 
photoresponse (6,7). Our phototaxis experiment demonstrates that H. symbiolongicarpus 360 
planulae respond specifically to green and blue wavelengths of light, where larvae have the 361 
strongest sensitivity to green wavelengths (Fig 1). This phototactic response differs from 362 
anthozoan planulae that have been examined. Depending on the species, coral planulae may be 363 
positively phototactic to red wavelengths of light (41), or other wavelengths (10), indicating 364 
that they are tuned to light cues that provide information about species-specific niches (57). 365 
Together with previous studies, hydrozoans seem to show the strongest sensitivity to light in 366 
the blue-green spectrum irrespective of life history stage (16,23,58). 367 
 368 
Phototaxis in H. symbiolongicarpus has been linked to identifying a substrate for attachment. H. 369 
symbiolongicarpus colonies typically reside on gastropod shells inhabited by hermit crabs which 370 
are found in shallow, sandy environments (37). Larvae attach to hermit crab shells by first 371 
attaching to an elevated structure (grain of sand or a stone) with their aboral blunt end. They 372 
then are thought to wait for an object to pass them and attach at their tapered oral end using 373 
atrichous isorhizas and desmoneme nematocytes (37). Vertical-facing surfaces are 374 
predominately illuminated by blue-green light (10). Therefore, the photo behavior observed 375 
here is consistent with larvae seeking suitable surfaces for which to capture moving hermit crab 376 
targets for settlement. Additionally, green sensitivity is also consistent with larvae migrating to 377 
the shallow depths where hermit crabs reside.  378 
 379 
In Hydractinia echinata, a species closely related to H. symbiolongicarpus where the adult stage 380 
also resides on hermit crab shells and planulae are also phototactic, phototaxis was interrupted 381 
in the presence of hermit crabs (59). Thus, a sensory mechanism other than phototaxis, likely 382 
involving the perception of chemical and/or mechanical cues, is required for settlement on the 383 
proper substrate. Similarly, we recently described the interaction between light, chemical, and 384 
mechanical cues in larval settlement in another hydrozoan species Ectopleura crocea (23), 385 
furthering the idea that the integration of multiple sensory cues may be a common mechanism 386 
for larval settlement (60–62).  387 
 388 
Developmental transcriptomics implicate photosensation and set the stage for 389 
metamorphosis 390 
Our research strategy uses previously determined gene sets and developmental transcriptome 391 
analyses as a lens to explore sensory function in developing planulae. This approach is likely to 392 
identify copious overlap between differentially expressed genes and genes from selected 393 
sensory gene sets because many of the underlying processes including neurogenesis and cell 394 
proliferation, are present in planula development; and cnidarian genomes share many cellular 395 
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and genetic homologs with vertebrates and other model species (63,64), from which functional 396 
gene sets were obtained (33). While the simple feature of being differentially expressed 397 
between days does not directly implicate such transcripts in phototaxis or sensory function, the 398 
observed patterns suggest hypotheses on the genetic modules associated with phototaxis in H. 399 
symbiolongicarpus, and their possible evolutionary histories.  400 
 401 
Several homologs of key regulators of retinal progenitor cells and retinal cell type specification 402 
are differentially expressed in planula development (Fig. 3). For example, proliferation in retinal 403 
progenitor cells and early neurogenesis in planulae both utilize SOX transcription factors. In 404 
vertebrates, SOX transcription factors are also important regulators of retinal progenitor cell 405 
differentiation in developing retinae, where different paralogs influence proliferation and cell 406 
fate determination in a diversity of retinal cell types, including rods and cone photoreceptors 407 
(65). Cnidarian SOXB transcription factors have been previously investigated in H. 408 
symbiolongicarpus (66) and in the anthozoan Nematostella vectensis (67) where SOXB helps 409 
specify neural progenitors and their differentiation, however planulae have not been 410 
investigated. POU transcription factors are also identified in our analyses. POU transcription 411 
factors cooperate to control cone photoreceptor specification in developing mouse retinae, and 412 
inactivation of human paralog Pou2f2 which leads to the expression of rod-inducing NRL (68). 413 
Our analyses indicate that both POU and NRL peak in expression in day 1 planulae. POU 414 
transcription factors are ancient (69) and have been implicated in stem cell regulation in H. 415 
symbiolongicarpus (70) and in the specification of hair cells in N. vectensis (71). Also highly 416 
differentially expressed in day 1 planulae are single transcripts corresponding to human 417 
paralogs NR2E1 and NR2E3, and CRX, VSX, and RAX (Fig 3), respectively. In mammalian retinae, 418 
the nuclear receptor NR2E3 works with the cone-rod homeobox protein CRX and NRL to 419 
activate rod-specific gene expression (72,73). Therefore, the core components of the rod-cone 420 
differentiation network (47) are among the differentially expressed genes in planulae 421 
development in H. symbiolongicarpus.   422 
 423 
Genes involved in photoreceptor structure and function peak in their expression at 424 
developmental day 2, prior to the onset of phototaxis. Such genes include cadherin (CDH23) 425 
and usherin (USH1C), which function as tip links (74) and ankle links, respectively, in stereocilia. 426 
Both proteins are structural components of photoreceptors (74–76) and mechanoreceptive hair 427 
cells in mammals (77). In cnidarians, CDH23 (74,78,79) and USCH1C (80) have been investigated 428 
in N. vectensis, where they are expressed in hair cells. In addition, we recovered multiple 429 
semaphorin transcripts involved in axon guidance (SEMA5B) (81), transducins GNAT1 and 430 
GNAT2 (82), and opsin of the cnidops family (14,15). Adhesion GPCR V1 (ADGRV1), associated 431 
with nervous system development (83), and myosin III (MYO3B, MYO3A) an actin-based motor 432 
protein with kinase activity present in photoreceptors and stereocilia in general, are also 433 
differentially expressed (84–86). The involvement of structural and physiological loci in the 434 
development of phototactic planulae suggests that many of these components were present in 435 
ciliated photosensory, or multisensory neurons in the ancestor of cnidarians and bilaterians 436 
(23,87). Our STRING analyses also show that protein-protein interactions are most enriched in 437 
developmental days 3 and 4, consistent with the expression of phototaxis behavior, and that 438 
the foundation for sensory integration is laid early in development. 439 
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 440 
Some genes that have been suggested to play a role in phototransduction, but presently lack 441 
conclusive functional evidence are also among the differentially expressed genes, including 442 
PPEF2, the serine/threonine phosphatase/EF-hand calcium-binding protein (88). Interestingly, 443 
this gene is homologous to the retinal degeneration C (rdgC) gene from Drosophila 444 
melanogaster where it may function in the Ca+-dependent modulation of phototransduction by 445 
catalyzing the dephosphorylation of opsin (89,90). The presence of homologs of PPEF2 in ciliary, 446 
rhabdomeric, and possibly cnidops photoreceptors would indicate an ancestral mechanism for 447 
modulating photoreception that may have predated the split between cnidarians and 448 
bilaterians and also the divergence of rhabdomeric and ciliary phototransduction cascades and 449 
cell types (13).  450 
 451 
It is also interesting to consider the genes present in the sensory perception of light gene set 452 
that were not recovered in our analyses. Here, missing are a set of genes that function to 453 
attenuate phototransduction including RGS9 and RGS16 (91,92), GTPase activating proteins 454 
that accelerate the deactivation of G proteins (91), GRK7, a GPCR kinase involved in the 455 
deactivation of opsin signaling (93), and RGR, the retinal G protein receptor and putative 456 
photoisomerase (94). The existence of a cnidarian photoisomerase was interpreted based on 457 
immunohistochemistry data in the camera eyes of the box jelly Tripedalia (95), but RGR 458 
retinochromes of the type present in deuterostomes and protostomes are so far absent in 459 
cnidarian genomes (11). 460 
 461 
The current model for cnidops-mediated phototransduction begins with the activation of a Gs 462 
G-protein, which activates adenylate cyclase (AC), which in turn catalyzes the production of 463 
cAMP, leading to the opening a CNG ion channel (9,16,39,40,96,97). The gene sets used in the 464 
annotation of orthogroups were derived from studies in mostly vertebrate model organisms, 465 
which use a different mode of ciliary phototransduction. Therefore not all components of 466 
cnidops-mediated phototransduction are present in the gene set annotations we used to 467 
interrogate our data. However, additional searches revealed AC expression in our 468 
transcriptome data. Ciliary phototransduction in mammals is driven by the activation of the G-469 
protein transducin (Gt), which activates phosphodiesterase (PDE6). Activated PDE6 hydrolyzes 470 
the secondary messenger cGMP to non-cyclic conformations, which leads to the closing of CNG 471 
ion channels (51,98). The activation of PDE6 by Gt G-proteins involves the displacement of its 472 
subunit, PDE6 gamma (PDE6G), an intrinsically disordered protein that remains bound to PDE6 473 
while inactive. The rapid release of inhibition of PDE6 by PDE6G is thought to provide the fast 474 
cascade dynamics required for image-forming vision in the mammalian retina (99), but this is an 475 
unlikely requirement of most cnidarian photosystems including H. symbiolongicarpus planulae 476 
(53,100). In fact, cnidops-mediated phototransduction bears similarity to olfactory transduction 477 
in mammals, where cascade dynamics are much slower than ciliary photoreceptor dynamics 478 
(39). PDE6 gamma was not recovered in our data but was weakly suggested in earlier analyses 479 
of the eyes of the box jelly Tripedalia crystophora (101).  480 
 481 
Other sensory systems 482 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 1, 2024. ; https://doi.org/10.1101/2024.03.28.585045doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.28.585045
http://creativecommons.org/licenses/by/4.0/


 12 

In addition to phototaxis, H. symbiolongicarpus planulae also integrate information from the 483 
chemical and mechanical environments (102) into settlement behavior. We screened 484 
differentially expressed planula transcripts using the sensory systems development gene set 485 
(33), which includes regulatory factors involved in the development of vision and 486 
photosensitivity, taste and olfaction, and hearing and mechanosensitivity (Fig 4). Annotations of 487 
differentially expressed transcripts throughout the developmental time course mostly 488 
represent neurogenesis, sensory system development, and specific photoreceptor functions, 489 
and show much overlap with the sensory perception of light gene set (Fig 3). Most of the genes 490 
recovered by this analysis are pleiotropic across sensory systems including the G-protein beta 491 
subunits GNB1, GNAT1, and GNAT2, which are involved in the perception of both light and 492 
chemical cues. Similarly, USH1C is a component of both mechanoreceptors and photoreceptors 493 
(86,103). In mammals, TBX2 is best known as a master regulator of inner vs. outer hair cell 494 
specification (104), however, it was recently identified as a factor controlling cone 495 
photoreceptor cell differentiation in Danio rerio as well (105). The lack of overlap between the 496 
differentially expressed genes in planula and non-photosensory modalities in the sensory 497 
systems development gene set may reflect both, a lack of conservation in modes of chemo- and 498 
mechano-sensation between cnidarians and mammals, and our lack of understanding of the 499 
functional components of these modalities. In contrast to the sensory perception of light gene 500 
set, PPI enrichment p-values are highest in day 1 for the sensory systems development gene set, 501 
suggesting that most of its correspondence with H. symbiolongicarpus planula development 502 
involves protein-protein interactions involved in foundational developmental processes.  503 
 504 
In addition, many genes included in the sensory systems development gene set are of general 505 
importance in nervous system development and are expressed during H. symbiolongicarpus 506 
planula development, but not significantly differentially expressed across days. Often, such 507 
genes are pleiotropic and may be associated with non-sensory-cell-specific expression. 508 
Interestingly, functional categories that are significantly enriched among differentially 509 
expressed transcripts, compared to transcripts that are expressed but not differentially so, 510 
include phototransduction, sensory perception of light stimulus, and sensory perception of 511 
taste, the latter of which is driven by the expression of transducins, which function in both 512 
photoreception and olfaction (Fig 4; supplemental figure 3).  513 
 514 
The aboral sensory array as the site of sensory integration 515 
Our bulk transcriptome analyses highlight the shared expression of transcripts involved in 516 
planula development in H. symbiolongicarpus planulae and ciliary photoreceptor development 517 
and function. We used fluorescent in situ hybridization to examine whether this functional 518 
overlap is constrained spatially in planulae, or in a cell type-specific manner. By developmental 519 
day 3, planulae show an aboral density of neural cells that are stained by the anti-acetylated 520 
tubulin antibody (Figs 5-6). In contrast, most FMRFamide immunoreactivity is confined to the 521 
oral end of planulae, and to a subpopulation of neurons (Fig 5). In H. symbiolongicarpus, the 522 
oral end of the planula is associated with the future mouth of the primary polyp. Thus, the 523 
FMRFamide immunoreactivity we observe could be associated with neurons destined for the 524 
adult nervous system. FMRFamide is also associated with a subpopulation of sensory neurons 525 
in the planulae of N. vectensis (106) and the scyphozoan Aurelia aurita (107), and in both cases 526 
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is confined to the aboral end of the planulae, in contrast to our observations in H. 527 
symbiolongicarpus.  528 
 529 
The aboral end of H. symbiolongicarpus has long been viewed as the site of sensory integration 530 
(37), however, our data add new insights into its structure and function. First, our microscopical 531 
data indicate greater neuronal organization in this region than previously described, indicating 532 
an array of bipolar sensory neurons that project outward across the entire aboral region, clearly 533 
visible in cross-sections (Figs 5-7, supplemental video 1). This bipolar neuron array is also 534 
connected by ganglion cells (Fig 6). Suggestions of this aboral neural plexus were indicated 535 
previously (4,5,114,6,49,108–113). Second, aboral bipolar sensory neurons express cnidops-536 
class opsin and other genes involved in ciliary phototransduction and photoreceptors (e.g., CNG 537 
ion channels, opsin, and CRX-like transcription factors) (Fig 6 and 7). The expression domains of 538 
these ciliary photoreceptor transcripts roughly localize to the aboral half of the planulae and 539 
are strongly co-expressed in the ciliary regions of bipolar neurons (Fig 6 and 7). Subcellular 540 
localization of functional transcripts including opsins has also been described in larval 541 
photoreceptors of another hydrozoan species, Ectopleura crocea (23), and in mammalian cones 542 
(115). Together, our data indicate that the aboral end of planulae corresponds to a 543 
developmental field enriched for photoreceptor structure and function, but the expression of 544 
other sensory modalities in this region remains to be explored.  545 
 546 
Conclusions 547 
Light is a sensory cue of major importance in the marine environment, utilized by a vast 548 
diversity of organisms to tune biological processes. We combined a larval phototaxis study with 549 
developmental transcriptomics, immunohistochemistry, and in situ hybridization to better 550 
understand the molecular determinants of phototaxis in H. symbiolongicarpus planulae. 551 
Analyses of differentially expressed transcripts indicated much overlap between functional 552 
modules associated with ciliary photoreceptors including development, morphogenesis, and 553 
phototransduction, and the onset of phototaxis in H. symbiolongicarpus planulae. Shared 554 
utilization of components of the rod/cone developmental differentiation network in both 555 
hydrozoan planulae and vertebrate retinae suggests it may have evolved prior to the split 556 
between cnidarians and bilaterians. Portions of gene sets that are not captured in our dataset 557 
also provide clues on the evolution of more specialized and sensitive photosensory systems in 558 
bilaterians. In addition, microscopical investigations reveal the aboral sensory neural plexus as 559 
the site of photosensory transcript expression making it the likely site of sensory integration. 560 
Our approach is sufficient for generating hypotheses on the determinants of planula 561 
development and sensory function and offers a useful comparison to the motile larvae of other 562 
species. 563 
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Figure Captions 596 
Figure 1. The wavelength-dependent phototactic response of H. symbiolongicarpus planulae. 597 
(A) We measured phototaxis in day 3 (72hpf) H. symbiolongicarpus planulae using heatless LEDs 598 
of known wavelengths in behavioral arenas kept in darkness. Planulae were placed in petri 599 
dishes above the LEDs and spatially randomized when ‘before’ photographs were taken. Light 600 
of a specific wavelength was then applied for eight hours and an “after” photograph was taken. 601 
Images from one replicate are shown. (B) For each light condition, we compared the number of 602 
respondent (phototactic) larvae to the number of non-respondent larvae using the Welch two-603 
sample t-test. Larvae of H. symbiolongicarpus are strongly sensitive to green and blue light, but 604 
no significant difference was observed between the number of respondent and non-605 
respondent planulae in red trials. At least 5 separate trials were conducted for each light 606 
condition. ** p ≤ 0.01; *** p ≤ 0.001 607 
 608 
Figure 2. Differential gene expression during planula development. (A) Multidimensional scaling 609 
(MDS) of 12 RNAseq replicates indicates clustering by developmental day. Red = day 1 (24hpf), 610 
yellow = day 2 (48hpf), blue = day 3 (72hpf), and green = day 4 (96hpf). (B) Pairwise comparison 611 
of the number of differentially expressed (DE) transcripts for each developmental day. Most DE 612 
transcripts occur between days 1 and 3, and days 1 and 4, while the lowest number of DE 613 
transcripts occur between days 2 and 3. 614 
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 615 
Figure 3. Differential gene expression over development in the sensory perception of light 616 
stimulus gene set. (A) Differentially expressed genes over four days of development examining 617 
the sensory perception of light stimulus gene set derived from the GSEA (33). Each row is a 618 
single transcript labeled by the human gene symbols that are present in the same orthogroup 619 
as the planula transcript. High expression is yellow and low is light blue. Grey panels contain 620 
abbreviated descriptions of gene functions from UniProt (116). (B-D) STRING networks showing 621 
significantly differentially expressed genes across four days of development where (B) contains 622 
all DE genes from all four days, and (C) contains subnetworks of DE genes by day. STRING is a 623 
database of known and predicted protein-protein interactions (36). In each interaction map, 624 
line thickness indicates the strength of data support. Gene symbols are shaded by biological 625 
processes (Gene Ontology) or Annotated Keywords (UniProt). (D) Node and edge information 626 
for each network that includes the PPI enrichment p-values. PPI enrichment p-values double in 627 
days 3 and 4, consistent with the expression of phototaxis behavior. 628 
 629 
Figure 4. Differential gene expression over development in the sensory system development 630 
gene set. (A) Differentially expressed genes over four days of development examining the 631 
sensory system development gene set derived from the GSEA (33). Each row is a single 632 
transcript labeled by the human gene symbols that are present in the same orthogroup as the 633 
planula transcript. High expression is yellow and low is light blue. Grey panels contain 634 
abbreviated descriptions of gene functions from UniProt (116). (B-D) STRING networks of 635 
significantly differentially expressed genes across four days of development where (B) contains 636 
all DE genes from all four days, and (C) contains subnetworks of DE genes by day. In each 637 
interaction map, line thickness indicates the strength of data support. Gene symbols are shaded 638 
by biological processes (Gene Ontology) or Annotated Keywords (UniProt). (D) Node and edge 639 
information for each network that includes the PPI enrichment p-values. In contrast to analyses 640 
based on the sensory perception of light stimulus gene set above, PPI enrichment p-values for 641 
the sensory system development gene set are highest in day 1, indicating greater functional 642 
interactions among genes expressed early in development.  643 
 644 
Figure 5. Immunohistochemistry of the nervous system and FMRFamide expression in an H. 645 
symbiolongicarpus planula larvae. Immunohistochemistry staining of a Day 3 larva (72hpf) 646 
where red staining corresponds to acetylated alpha-tubulin of neural cells, magenta 647 
corresponds to RFamide, a neurotransmitter involved in relaying photosensory information, 648 
green corresponds to F-actin in contractile muscle, and blue corresponds to DAPI staining of 649 
nuclei. (A) Depicts the whole larva with different merges of the four channels. (B) Depicts the 650 
zoomed-in view of the aboral plexus which is the site of sensory integration and settlement. 651 
 652 
Figure 6. Cnidopsin expressing bipolar neurons comprise the aboral neural plexus in H. 653 
symbiolongicarpus planula. (A-D) Day 3 (72hpf) larva labeled by RNA fluorescent in situ 654 
hybridization of cnidopsin (green; Hs_t.88569) combined with immunohistochemical staining of 655 
neural cells with anti-acetylated alpha-tubulin (red). Nuclear staining is by DAPI (blue). Box in 656 
(A) depicts section shown in panel (B) of the larval H. symbiolongicarpus neural plexus where 657 
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opsin localizes to ciliary regions of bipolar sensory cells, which connect with ganglion neurons to 658 
form a plexus. Scale bars = 10um.  659 
 660 
Figure 7. Colocalization of photosensory transcripts in the aboral region of the planula. 661 
Multiplexed RNA Fluorescent in situ hybridization (FISH) of photosensory transcripts including: 662 
cnidopsin (green, Hs_t.88569), CNG (red, Hs_t.35573), CRX (magenta, Hs_t.47300), and DAPI 663 
(Blue). (A) Merged Z-Stack of all channels. (B) Each combination of individual transcript 664 
expression in single optical slice of a whole mount specimen. (C-I) Higher magnification of the 665 
aboral region with a focus on the bipolar sensory neurons of the aboral neural plexus. 666 
Cnidopsin, CNG ion channels, and CRX strongly localize to the ciliated region of bipolar sensory 667 
neurons.  668 
 669 
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