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ARTICLE INFO ABSTRACT

Keywords: The mudskipper Boleophthalmus pectinirostris inhabits intertidal mudflats, exhibiting semilunar reproductive
Boleophthalmus pectinirostris rhythms. To investigate whether melanopsin is possibly involved in the synchronization of the semilunar
Melanopsin

spawning rhythm in the female mudskipper, we first cloned all four melanopsin subtypes (opn4ml, opn4m3,
opn4x1, opn4x2) in B. pectinirostris. Results from RTq-PCR showed that significantly higher transcription levels of
all four melanopsin subtypes were observed in the eyes rather than other tissues. In brain, all four melanopsin
subtypes were also detectable in different regions, including the telencephalon, in which the expression of
melanopsin has not been reported in other teleosts. The transcription levels of opn4dm3 and opn4x1 in the
telencephalon exhibited a daily fluctuation pattern. When females entered the spawning season, opn4ml and
opn4x1 transcript levels increased significantly in the telencephalon. During the spawning season, the transcript
levels of opn4m3 and opn4x1 in the telencephalon appeared to have a cyclic pattern associated with semilunar
periodicity, exhibiting two cycles with a peak around the first or the last lunar quarters. Results from ISH showed
that, opn4x1 mRNA was localized in the medial of dorsal telencephalic area, dorsal nucleus of ventral telence-
phalic area (Vd), ventral nucleus of ventral telencephalic area (Vv), anterior part of parvocellular preoptic nu-
cleus, magnocellular part of the magnocellular preoptic nucleus (PMmc), habenular and ventral zone of
hypothalamus. Intriguingly, gnrh3 mRNA was also located in Vd, Vv and PMmec. Taken together, our results
suggested that melanopsins, e.g. opn4x1, expressed in the telencephalon might mediate semilunar spawning
activity in the female mudskipper.

Semilunar rhythm
Diurnal rhythm
Telencephalon

1. Introduction

Ambient light plays a particularly important role in almost all ani-
mals for mediating their behavior and physiology responses. The
detection of light is responsible for image-forming and non-image-
forming responses. Non-image-forming vision provides a measure of
the ambient luminance for the purposes of synchronizing the animal’s
biological clock, controlling the pupil size, triggering movement and the
seasonal regulation of reproduction (Foster and Hankins, 2002; Perez
et al., 2019). In mammals, eyes mediate both image-forming and non-

image-forming visual functions (Lucas et al., 1999). In contrast, extra-
ocular photoreception, through photosensitive opsin molecules for non-
image-forming, is a particularly common phenomenonin non-
mammalian vertebrates, e.g. birds (Foster et al., 1985), reptiles (Un-
derwood, 1973), amphibians (Fraile et al., 1989), and teleost (Frisch,
1911; Nelson and Zucker, 1981; Perez et al., 2019; Shand and Foster,
1999).

A number of photopigments have been localized to extraocular
photoreceptors for non-image-forming vision, including neuropsin
(Nakane et al., 2010), vertebrate ancient long opsin (Val-Opsin) (Kojima
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et al.,, 2000), parapinopsin (Blackshaw and Snyder, 1997), pinopsin
(Okano et al., 1994), exo-rhodopsin (Mano et al., 1999) and melanopsin
(Chaurasia et al., 2005; Drivenes et al., 2003; Provencio et al., 1998).
Among these photopigments, melanopsin (opn4) was a major compo-
nent of the photoreceptor which was initially discovered in the light-
sensitive dermal melanophores of Xenopus laevis (Provencio et al.,
1998). Since then, related sequences have been identified not only in the
human and mouse, but also in the fish, bird, and lizard genome. The
phylogeny of the melanopsin gene family can be divided into two
evolutionary lineages: opn4m (mammalian-like) and opn4x (Xenopus-
like) (Bellingham et al., 2006). Mammalians possess only the opn4m
ortholog, which is exclusively expressed in a small subset of retinal
ganglion cells (RGCs) of the inner retina that are intrinsically photo-
sensitive (ipRGCs), and which are the exclusive conduits for non-visual
light inputs to the brain (Hattar et al., 2002). Accumulated evidence
from gene ablation studies in mammals shows that melanopsin plays a
critical role in the transduction of light information from ipRGCs to
regulate a multitude of physiological systems (Lucas et al., 2003; Panda
et al., 2002; Ruby et al., 2002). Most non-mammalian vertebrates have
both opn4m and opn4x genes, and both are expressed in many different
tissues, including the eye, brain, gill, pineal gland and skin (Bellingham
et al., 2002; Chaurasia et al., 2005; Davies et al., 2012; Drivenes et al.,
2003; Jenkins et al., 2003; Provencio et al., 1998). Moreover, current
studies demonstrate that the expression of melanopsin genes is detected
in multiple regions of the brain of non-mammalian vertebrates (Filertsen
et al., 2014; Matos-Cruz et al., 2011; Sandbakken et al., 2012). Study in
masu salmon (Oncorhynchus masou masou) demonstrates that opn4,
which it expressed in the saccus vasculosus (SV), may play a role as a
deep-brain photoreceptor to sense photoperiodic information and
further regulate seasonal reproduction (Nakane et al., 2013). Therefore,
it would be interesting to examine potential function of opn4 in medi-
ating light period related spawning rhythm in other teleosts.

Circalunar and circasemilunar reproductive rhythms are widespread
among marine animals including corals, annelid worms, midges, and
fishes, and rely on endogenous oscillators and environmental cues
(Harrison et al., 1984; Zantke et al., 2013). The mudskipper Boleoph-
thalmus pectinirostris, a burrow-dwelling species, is widely distributed in
marine intertidal regions and exhibits amphibious behavior and
numerous physiological and morphological specializations adapted for
amphibious life (Clayton, 1993; Hong et al., 2007; Li et al., 2016). The
spawning season of this species is between May and September each
year, with spawning peaks in May and July (Xie and Zhang, 1990). In
our previous study, we found that B. pectinirostris possesses a semilunar
spawning rhythm (i.e. spawns either around the first or the last lunar
quarters during the spawning season), accompanied by semilunar peri-
odicity variations of steroid hormones in the blood plasma (Wang et al.,
2008). Moreover, the transcript levels of melatonin receptor subtypes in
the diencephalon and ovary displayed two cycles in a lunar month, and
peaked around the first and last lunar quarters, which suggests that
melatonin signals are involved in the regulation of ovary development
(Hong et al., 2014). It is well-known that melatonin is regulated by light.
Therefore, it is possible that the semi-lunar spawning activity of
B. pectinirostris is related to a cyclic change of ambient light. Studies in
Glodlined spinefoot, Siganus guttatus, which spawns synchronously
around the first quarter moon during the reproductive season, indicated
that repetitive moonlight illumination is important for the lunar-phase-
synchronized spawning rhythm, and Cryptochrome3, a deep brain
photoreceptor, could be an internal signal for recognizing external lunar
phase (Takeuchi et al., 2018).

Therefore, our study aimed to investigate whether, in addition to
melatonin signals, melanopsin is involved in the synchronization of the
semilunar spawning rhythm in the female B. pectinirostris. We first
cloned all four subtypes of the melanopsin gene in the mudskipper and
examined their distribution in the different regions of the brain and
peripheral tissues. The diurnal variations of these melanopsin genes in
eyes and brain were analyzed. Moreover, the monthly and semilunar
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variations, localization of melanopsin subtypes in brain were also
examined. Besides, in order to investigate a potential correlation be-
tween melanopsin and reproduction system, we also examine the
localization of gonadotrophin-releasing hormone 3 (GnRH3) neurons,
which has also been implicated in the control of reproductive behavior
in teleost (Okubo and Nagahama, 2008).

2. Materials and methods
2.1. Experimental fish and sampling protocol

Specimens of adult female mudskipper B. pectinirostris were captured
from mudflat of Xiapu, Fujian, China (26°53'N, 120°03E), using trap net
or burrowing. A trap net is 8 m long and consists of several chambers
(length 25 cm x width x 20 cm x height 12 cm) with an opening on the
side. The trap net is placed on the mudflat at low tide. When the fish go
out of the burrow at low tide for food, they randomly enter the chambers
and are caught. Fish were collected from chambers at the next low tide.
Scale rings were used to determine the ages of sampled fish. 2-year-old
females (lengths 107-143 mm and weights 17.0-36.1 g) were selected
from the catch and used in subsequent experiments. Gonadosomatic
index (GSI) was calculated as GSI (%) = [gonad weight (g) / total body
weight (g)] x 100% (GSIL: 0.71-9.79%). All experimental protocols were
reviewed and approved by the Institutional Animal Care and Use
Committee of Xiamen University.

To examine the tissue distribution of the melanopsin mRNAs, gill,
eyes, brain, heart, spleen, intestine, liver, kidney, muscle, skin, and
ovary were collected on April 29, 2015. As previously described, the
whole brain was divided into five portions: telencephalon, dienceph-
alon, optic tectum (mesencephalon), cerebellum, and medulla oblongata
(Hong et al., 2014). We severed the optic nerve and removed the optic
tectum which was weakly connected to other regions. Then, we cut at
the boundary between the telencephalon, diencephalon, cerebellum,
and medulla oblongata (Kawabata et al., 2012). Each time, at least six
female mudskippers were randomly sampled. Female mudskippers were
anesthetized by immersion in seawater containing 0.1% (w/v) MS-222
(Tricaine mesylate, Sigma-Aldrich, Carlsbad, CA, USA) until opercula
movements stopped and then sacrificed. All the samples collected were
immediately dipped into liquid nitrogen and stored at —80 °C. Total
RNA was extracted from the tissue samples using the RNAzol method
(MRC, USA). The same amount of total RNA (1 pg) was treated with
DNase I (Thermo Scientific, USA) to remove genomic DNA. Total RNA
(1 pg) was used for the synthesis of the first strand cDNAs synthesis
primed with oligo(dT) using the ReverAid First Strand cDNA Synthesis
Kit (Thermo Scientific) following the manufacturer’s instructions. Real-
time PCR was performed as described in section 2.4.

To examine the daily variation of melanopsin subtypes mRNA levels
in the telencephalon, diencephalon, and eyes, live female mudskippers
captured were transferred to an outdoor muddy pond under natural
temperature and photoperiod. Samples were collected at 3 h intervals in
a 24 h period from 13:30. Anesthetized and sacrificed method was
conducted as above and the eyes, telencephalon, and diencephalon of
the same fish were collected sequentially. During the dark periods,
samples were collected under dim red light.

To examine the semilunar cycles variation of melanopsin subtypes,
brain samples were collected at 3 days intervals from May 19 to June 18,
2015. To examine the monthly variation of melanopsin subtypes, fishes
were collected at one month intervals from March 1 to July 1, 2016.
After captured from mudflat, female mudskippers were immediately
transported to laboratory within the same day. Before sampling brain
tissue, mudskippers were held in a plastic tank (length 60 cm x width x
30 cm x height 15 cm) filled with 3 cm thick silt and 2 cm of artificial
brackish water (salinity of 15%o) at 26-28 °C. Fish brain samples were
collected from 19:00 to 21:00 on the captured day, and sampling
method was conducted as above.
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2.2. Molecular cloning

Eyes collected from female B. pectinirostris were used for cloning the
melanopsin subtype genes. Total RNA was extracted using RNAzol re-
agent (MRC, Cincinnati, OH, USA) and treated with DNase I (Thermo
Scientific, Madison, WI, USA) to eliminate genomic DNA. Reverse
transcribed into first strand cDNA using a SMARTer®RACE cDNA
Amplification Kit (Clontech, Palo Alto, CA, USA) following the manu-
facturer’s instructions. A similar strategy was used for obtaining the full
cDNA sequences of all four melanopsin subtypes. For example, a partial
opn4ml cDNA sequence was first cloned using primers which were
designed based on the sequences from the genome data of B. pectinirostris
(You et al., 2014), using the software Primer3 plus (http://www.bioi
nformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The PCR amplifi-
cation was carried out in 20 pL volume using recombinant Taq™ DNA
polymerase (Takara, Shuzo, Otsu, Japan) under the following cycling
conditions: 94 °C for 5 min (1 cycle); 94 °C for 30 s, 56 °C for 30 s and
72 °C for 1 min (30 cycles), followed by a final extension step at 72 °C for
10 min. The PCR products with expected size were extracted from
agarose gel following electrophoresis, sub-cloned into vector pMD-19 T
(Takara), and then transformed into Escherichia coli DH5ua (Promega,
Madison, WI, USA). Several positive clones were selected, and
sequenced by Invitrogen Ltd (Guangzhou, China). Based on the partial
cDNA sequence obtained above, gene-specific primers were designed for
further extension by 5'-and 3'-RACE products. The PCR amplification for
5'-or 3'-RACE was performed using a universal primer in the kit and a
gene-specific primer and carried out in a 50 pL volume using the
Advantage®2 PCR Kit (Clontech). The PCR reaction was performed
under the following cycling conditions: 5 cycles of 94 °C for 30's, 72 °C 3
min; 5 cycles of 94 °C for 30 s, 70 °C for 30 s, and 72 °C for 3 min; 25
cycles of 94 °C for 30 s, 68 °C for 30 s, and 72 °C for 3 min. The RACE
products were subcloned and sequenced as previously described. The
primers for cloning are listed in Table 1.

2.3. Sequence and phylogenetic analyses

After obtaining the cDNAs for the mudskipper’s four melanopsin
subtypes, the deduced amino acid sequences were obtained using the
ExPASy Translate Tool (http://www.expasy.ch/tools/dna.html). A ho-
mology search was performed using the BLAST tool at NCBI (http:
//www.ncbi.nlm.nih.gov/BLAST/). The alignment of known melanop-
sin subtypes was performed using the Megalign program of the Laser-
gene software package (DNASTAR, Madison, WI, USA) and the Clustal
W method. Phylogenetic analysis was carried out by constructing a
neighbor-joining tree with a bootstrap value of 1000 trials for each
position and rooted by the B. pectinirostris Rhodopsin (GenBank

Table 1
PCR primers used for cloning four melanopsin subtypes.

Gene Primer Primer sequence (5'—3')
name name
opn4ml Forward GTGGGCAACTTTCTGGTCAT
Reverse CGTCCAATGGGAATAAAGGA
3'-GSP ATCCTATGACACTGACTTCTCTATG
5'-GSP CATGCTGGTGGTGAAGAAGATGGGTGT
opn4m3 Forward TCCCAGACCACGCCCACTACAT
Reverse GGGCCCACGAGATCACGAACAG
3'-GSP CATCATCTTCTGCTACTTCTGCATC
5'-GSP TTTCGCCGAGTCCCTGGTTCCGTGG
opn4x1 Forward ACTGGGAATGCCTTGGTTATGTA
Reverse ATCAACAGACATTCGGGAAAGTG
3'-GSP CTCCATGTCTACATCTGACACACAG
5'-GSP GAGAATCAGTGCTAAGCAGACAGTC
opn4x2 Forward GGAGCTCTCTTTGGCATCAC
Reverse AGGGACAAAAACCTCGTCCT
3'-GSP AGTCCAATCATAGATCCAACCACAG
5'-GSP GGCGAGGGGGATGAAGAAGACGAAG
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accession number: XM_020922320). The four melanopsins identified in
B. pectinirostris were designated following the nomenclature introduced
by Bellingham (Bellingham et al., 2006). We applied TMHMM program
(http://www.cbs.dtu.dk/services/TMHMMY/) to predict transmenbrane
units of the four melanopsins subtypes (Krogh et al., 2001).

2.4. Real-time quantitative PCR (RTq-PCR)

Specific primers for detecting target genes were designed and
examined for their specificity and amplification efficiency on serial di-
lutions of respective target gene plasmid DNA (10° -10% copies/pL)
(Table 2). All RTq-PCRs was conducted on an ABI 7500 fast real-time
PCR System with a 20 pL reaction system using the protocol of SYBR
® Select Master Mix (Applied Biosystems, Foster City, CA, USA). In
detail, the reaction contained 10 pL SYBR ® Select Master Mix (2X), 400
nM Forward primers, 400 nM reverse primers, 100 ng cDNA template,
add RNase-free water to a total volume 20 pL. The thermal cycling
conditions were: 1 cycle of 95 °C for 2 min, and 40 cycles of 95 °C for the
30 s, 60 °C for 30 s and 72 °C for 30 s. Primer amplification efficiency
ranged 81.594 to 104.378 with R?> 0.994. The primers for elongation
factor 1a (efla) were designed based on the B. pectinirostris genome
sequences. (GenBank accession numbers: XM_020921512,
XM_020921310). The efficiency and specificity of primers used for RTq-
PCR were shown in Table 2. The relative abundance of melanopsins
mRNA transcripts was evaluated using the formula: R = 2744C (Livak
and Schmittgen, 2001). The arithmetic mean of the copy number of the
reference gene (efl1a) was used to normalized the expression values. The
reference gene (efla) was stable in multiple brain areas during diurnal,
lunar, and monthly cycles, as well as in diverse tissues (Fig. S3).

2.5. Cellular location of opn4x1 and gnrh3 in brain analysis by in situ
hybridization (ISH)

Probes for both sense and antisense digoxigenin-labeled RNA strands
were transcribed in vitro from a linearized pGEM-T-easy plasmid
(Promega) containing partial sequence of opn4x1 and gnrh3 (GenBank
accession numbers: XM_020921310.1) cDNA using the RNA labeling kit
(Roche, Mannheim, Germany). Sense and antisense RNA probes were
transcribed using SP6 and T7 RNA polymerase (Roche), respectively.
The opn4x1 and gnrh3 gene-specific primers for ISH are listed in Table 4.
The freshly dissected brain was fixed in 4% paraformaldehyde (Sigma-
Aldrich) in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C, and then
dehydrated, embedded in paraffin and serially sectioned at 10 pm
thickness. We prepared sections of the whole brain, which were
mounted on glass slides. After deparaffinized, slides were hydrated and
treated with Proteinase K (10 ug/mL) (Roche), then incubated in hy-
bridization buffer with DIG-labeled probe overnight at 55 °C. The slides
were washed with 2X SSC buffer and then incubation anti-digoxigenin
antibody fab fragments conjugated to alkaline phosphatase overnight
at 4 °C. The hybridization signals were detected using NBT/BCIP
(Roche). Photomicrographs were taken in optic microscope (Leica DM
2500) with a digital camera (Leica DFC 7000T, Leica Application Suite
X, software version 3.7.2)

2.6. Statistical analysis

All data are presented as the means + the standard error of the mean
(SEM). The values were analyzed via one-way ANOVA followed by
Tukey’s post hoc test to assess statistically significant differences among
the individual groups. Student’s t-test was also conducted to determine
any significant differences between the two groups. The statistical an-
alyses were performed using the GraphPad Prism8 software package
(San Diego, CA, USA). P < 0.01 and P < 0.05 were considered to be
statistically extremely significant and significant, respectively.
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Table 2
Primers used for the gene expression analyses.
Gene name Primer name Primer sequence (5'—3") Length (bp) GenBank No.
efla Forward TGATCACTGGAACCTCTCAG 283 XM_020932525.1
Reverse ATCCAGAGATGGGCACAAAG MF796241
opn4m1 Forward CACCCACCCGAAGTACAGAATAG 200
Reverse AGACGGAGGAGAGGCGGGACTT MF796240
opn4m3 Forward GCATCTTCAGGGCCATACGACACA 159
Reverse GGGCCCACGAGATCACGAACAG MF796239
opndx1 Forward ATCCGCCATACTAGTAGAGACATA 146
Reverse GGCGACCAGGAAAGCACA MF796242
opndx2 Forward ATCGTGGTTTATGTCCTCTCC TGATGGCGTAGATGAAGGGGTTGT 154
Reverse
3.2. Tissue distribution of melanopsin subtypes in female B. pectinirostris
Table 3
Sequence information of four melanopsin genes in B. pectinirostris. . I . .
d psin & P Tissue distribution using RTq-PCR analysis revealed that all four
Name Predicted ORF  Predicted aalength  cDNAlength  GenBank No. melanopsin subtypes were expressed dominantly in the eyes and brain
opndml 1491 bp 496 aa 1540 bp MF796241 while barely detectable in the skin, muscle, spleen, kidney, gill, heart
opn4m3 1641 bp 546aa 1870 bp MF796240 and ovary (Fig. 3). Importantly, the expression of four melanopsin genes
opndx1 1260 bp 419 aa 1413 bp MF796239 in different regions of the brain was variable. Besides, three melanopsin
opn4x2 1551 bp 516 aa 1758 bp MF796242 . .
subtypes (opn4m1i, opn4x1, opn4x2) were predominantly expressed in
ORF: open reading frame; aa: amino acid. the telencephalon, and the diencephalon was the major expression re-
gion for opn4m1i, opn4m3 and opn4x1.
Table 4 . . . .
Primers used for in situ hybridization. 3.3. Diurnal expression of the melanopsin subtypes in eyes, telencephalon,
- N and diencephalon
Gene Primer Primer sequence (5'—3") Probe GenBank No.
name name length
Since the melanopsin subtypes were expressed mainly in the eyes,
opnéxl  Forward  CCCACTACATTGTCGCCTTT = 871bp  MF796239 telencephalon, and diencephalon, we further examined the diurnal
grh3  Reverse  GTGTCCCTGTATTTCGAATG P g P > v !
Forward ~ ATGGAAGCTAGCAACAGTAG 336bp  XM_020921310.1 expression of those genes in these tissues. In the eyes, the expression
Reverse ~ GGCAGCGTCTTCACTTATCA levels of opn4x2 mRNA were significantly higher (p < 0.05) in the early
afternoon (13:30), decreased significantly and were maintained low in
3. Result the late half of the light phase and the dark phase, and then followed by a
. Results

3.1. Cloning and phylogenetic analyses of melanopsin cDNAs

Full-length ¢cDNAs of the four melanopsins of B. pectinirostris were
cloned from the eyes. The length of cDNA, predicted open reading
frame, the amino acid sequence, and GenBank accession number of the
four melanopsin subtype genes are listed in Table 3. An alignment
(Fig. 1) of the deduced amino acid sequences of the four melanopsin
subtypes in B. pectinirostris together with previously published mela-
nopsin amino acid sequences of Atlantic halibut (Hippoglossus hippo-
glossus) showed that opn4ml, opn4m3, opn4x1 and opn4x2 encode a
seven putative transmembrane o-helical domain (TM 1-7) structure.
The alignment further showed that residues considered as critical for
photoreceptor function were also conserved. Tyrosine in TM3 and glu-
tamic acid between TM4 and TM5 are characteristic of two potential
Schiff base counterions of the melanopsin family (Provencio et al., 1998;
Terakita et al., 2000). The conserved lysine in TM7, which can bind to
11-cis-retinal chromophore via a Schiff base linkage (Menon et al.,
2001), together with the asparagine residue in the TM2 and tripeptide
DRY region at the interface of TM3 and the second intracellular loop
play important roles in the G-protein activation process (Bockaert and
Pin, 1999).

The phylogenetic tree was constructed using the neighbor-joining
method on the basis of deduced amino acid sequences of vertebrate
melanopsin genes. The phylogenetic tree classified all melanopsin into
two clades named as opn4m and opn4x (Fig. 2). The B. pectinirostris
melanopsins were positioned in these two clades and arose from dupli-
cation of melanopsins, which is also present in other teleosts.

significant increase (p < 0.05) in the middle of the morning (10:30). The
expression levels of opn4m1i, opn4m3 and opn4x1 mRNAs displayed the
same pattern that decreased in the dark phase followed by an increase in
the light phase, but without significant differences (Fig. 4a-d).

In the telencephalon, the expression of opn4m3 mRNA reached the
highest level at 13:30, significantly decreased (p < 0.05) at dusk (19:30)
and then maintained at the lower expression in the dark phase and first
half of the light phase. In contrast, the expression of opn4xl mRNA
reached the highest level at dusk (19:30), and showed the lowest level in
the morning (04:30-10:30). No significant diurnal fluctuations of
opn4m1 and opn4x2 mRNA were observed in the telencephalon (Fig. 4e-
h).

However, in the diencephalon, the expression levels of opn4m3 and
opn4x1 mRNA were similar: significantly higher in the afternoon and at
the first half of the dark phase, and significantly lower in the morning
(04:30-10:30). Diurnal fluctuations of opn4m1 and opn4x2 mRNAs were
also observed in the diencephalon. The levels of opn4m1I reached a peak
at dusk (19:30), while a peak of opn4x2 mRNA was observed soon after
midnight (01:30) (Fig. 4i-1).

3.4. Lunar expression of the melanopsin subtypes mRNA in eyes,
telencephalon, and diencephalon

Within one lunar month during the peak spawning period (from May
to June), in the eyes, the expression levels of opn4mI1 mRNA exhibited
one peak at first quarter (May 28) (Fig. 5a). The expression levels of
opn4m3 mRNA started to increase to higher levels around the first lunar
quarter and continuously increased significantly to the highest levels
between the last lunar quarter and the new noon (from June 9 to 15)
(Fig. 5b). The opn4x1 mRNA expression varied slightly throughout the
study period but exhibited an obvious peak on June 9 (the last lunar
quarter) (Fig. 5¢). No significant lunar variations of opn4x2 mRNA were
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opndml (B. pectinirostris).............. MBPNC. . P . i 69
opn4m3 (B. pecLlnlroerls)MDQRLLVGPGIPT SHYDPHRLQDLAPISTTVSTVPSY. . P 4 /e Q1 VIV AT ¢ 110
opndx1(B.pectinirostris).............. /| . K S 70
opn4x2(B.pectinirostris).............. MRAGEGMGPDSAHVKGTF[@N 4 /T ]GV B ATHONRY S NIK[BEN T g 81
opndml (H. hippoglossus) ...t MVPKYTYP yricsv G 1 7 < 7 ] > 71
opn4m3 (H. hippoglossus) MDSRLLIGPGIPTSDPTTRAPWN. ISSTSPQRLVELSPVATTGSTVPSH. . V /(4] Ay 5 4 C S S | > 112
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™1 T™Z
opn4ml (B. pectinirostris)[ 184
opn4m3 (B. pectinirostris) 225
opndx1(B.pectinirostris) 185
opn4x2(B.pectinirostris) QSIENERIN 196
opn4ml (Il. hippoglossus) 186
opn4m3 (H. hippoglossus) 227
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Fig. 1. Alignment of the deduced amino acid sequence of B. pectinirostris melanopsins against previously published melanopsin sequences of Atlantic halibut
(H. hippoglossus). TM1-7 are the seven transmembrane regions; 1 and 3 are the potential Schiff base counterions tyrosine (Y) and glutamic acid (E); 2 is the DRY

tripeptide, and 4 is the retinal attachment site (K).

observed in the eyes (Fig. 5d).

In the telencephalon, the expression levels of opn4m1, opn4m3 and
opn4x] mRNAs displayed the two similarly regular cycle variations
within one lunar month, but only opn4m3 and opn4x1 mRNA exhibited
significant differences (Fig. 5e-h). Each of these three genes exhibited
two peaks in the two regular cycles; the first peak was observed on May
28 (the day between the first lunar quarter and full moon), and the
second one on June 15 (the day between the last lunar quarter and new
moon). The opn4x2 mRNA levels in the telencephalon also showed a
distinct cyclic pattern. The first peak appeared on May 28, the second on
June 6, and the third on June 15. Thus, lunar fluctuated expression
patterns of opn4x1 and opn4m3 showed semilunar rhythm during the
peak spawning period.

In the diencephalon, the expression patterns of the four melanopsin
subtypes exhibited obvious variations and did not show clear semilunar
rhythmicity (Fig. 5i-1). Relatively low levels of four melanopsin subtypes
mRNA initially appeared between the new moon and the first lunar
quarter (from May 19 to 25), then increased on May 28, but only opn4x2
exhibited significant changes. The level of opn4m1 was highest on June
6, and relatively high levels of opn4m3 were observed in the period from
June 3 to 9. The second peak of the opn4x1 gene occurred on June 3, and
then it decreased significantly (p < 0.05). Thereafter, it increased again,
reaching the third peak (p < 0.05) on June 9 (around the last quarter).

Compared with the expression pattern of opn4x1, the last two peaks of
opn4x2 mRNA occurred later.

3.5. Monthly expression changes of melanopsin subtypes mRNA in the
telencephalon and diencephalon

The GSI values of female fish were significantly higher in April than
in March and continued to increase significantly in May, reaching the
highest levels in June, and slightly decreased in July (Fig. S1). To
identify whether melanopsin subtypes genes are involved in the syn-
chronization with the peak spawning season, we examine melanopsin
genes monthly fluctuation expression patterns. The opn4m1 transcrip-
tion levels failed to show any significant difference in the diencephalon,
while in the telencephalon the opn4ml gene transcripts were signifi-
cantly up-regulated in May (Fig. 6a, e). The expression of opn4m3 and
opn4x2 did not significantly change in the telencephalon and dien-
cephalon from March to July (Fig. 6b, d, f, h). The expression of onp4x1
significantly increased towards a peak around the spawning season in
the telencephalon and diencephalon (Fig. 6¢, g). However, the patterns
of the opn4x1 gene varied in the telencephalon and diencephalon. The
expression of opn4x1 was low before the spawning season (March) and
significantly up-regulated from April to June in the telencephalon
(Fig. 6¢). In the diencephalon, the opn4x1 transcript levels increased
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Fig. 2. Phylogenetic analysis of melanopsin subtypes in B. pectinirostris. The amino acid sequences of melanopsins of B. pectinirostris and other species (GenBank/
Ensembl accession numbers are included) were aligned using ClustalW and analyzed using the neighbor-joining method. Node values represent an analysis of 1000
bootstrap trials. B. pectinirostris rhodopsin was used as an outgroup for the tree. GenBank/Ensembl accession numbers for sequences are depicted above.

significantly in April, then decreased slightly in the peak spawning hypothalamus (Hv) (Fig. 7u-x) showed positive opn4x1 mRNA signals.
months (May and June), and were raised again in July (Fig. 6g). GnRHs are neuropeptides mainly responsible for reproduction in
both vertebrates and non-vertebrates. Most teleost fishes have three
3.6. Cellular location of opn4x1 and gnrh3 in the telencephalon and GnRH subtypes (GnRH1, GnRH2, and GnRH3). Among them, GnRH3
diencephalon neurons, which are found only in teleosts, are located in the terminal
nerve ganglion near the olfactory bulb and project primarily to the

Only melanopsin subtype opn4x1 gene mRNA levels increased varied telencephalon (Okubo and Nagahama, 2008). GnRH3 performs different

synchronously with the semilunar spawning cycle and its expression functions in different brain regions and plays a key role in gonadal
patterns display two peaks in a lunar period in the telencephalon. develogment, fnaturatlon (Feng et al, 292(.))'.]33’ determining the co-
Therefore, we examined the cellular location of opn4x1 in brain. The €Xpression regions Of opn4'x1 and gnrh3f 1tis 1r1f'erred t'hat opn4 func-
positive signals for opn4x1 mRNA were located in the dorsal nucleus of tions in different brain regions and at different time points. Therefore,
ventral telencephalic area (Vd), ventral nucleus of ventral telencephalic vye further e.xaml.ned the distribution of GnRH3 neurons in the b‘r:fun
area (Vv) (Fig. 7a—d) and medial of dorsal telencephalic area (Dm) tissue, especially in the telencephalon. In the telencephalon, the positive

(Fig. 7e-h). In the diencephalon, anterior part of the parvocellular pre- signals for gnrh3 mRNA were located in glomerular layer (GI) of olfac-
optic nucleus (PPa) of preoptic area (POA) (Fig. 7i-1), magnocellular part tory bulb (Fig. Sa-d), also located in Vd and Vv (Fig. Se-h). In the
of the magnocellular preoptic nucleus (PMmc) of POA (Fig. 7m-p), diencephalon, gnrh3 mRNA were located PMmc (Fig. 8i-1), specifically in
habenular nucleus (Hb) (Fig. 7g-t), and ventral zone of periventricular gigantocellular part of the magnocellular preoptic nucleus (PMgc) of
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Fig. 3. Tissue specific expression of melanopsin subtypes in female B. pectinirostris. The levels of the respective mRNAs in the brain (on the left side of the dashed
line) and peripheral tissues (on the right side of the dashed line) were determined using RTq-PCR and normalized to the reference gene (ef1a). Data are expressed as
the mean + SEM (n = 6). Bars marked with different upper case letters are significantly different among tested brain regions (p < 0.05). Bars marked with different
lower case letters are significantly different among tested peripheral tissues (p < 0.05). ND, not detectable.

POA and parvocellular preotic nucleus posterior part (PPp) of POA
(Fig. 8m-p). No signal was detected using the sense probe for opn4x1 and
gnrh3 in brain sections (Fig. S2).

4. Discussion

In this study, we cloned, from B. pectinirostris, four melanopsin sub-
type genes which belong to the two distinct groups of melanopsin, i.e.
opn4m and opn4x. In agreement with previous publications on other
teleosts (Davies et al., 2011; Drivenes et al., 2003; Eilertsen et al., 2014;
Sandbakken et al., 2012), there were two B. pectinirostris melanopsins in
each group, due to a whole-genome duplication event early in the
evolution of ray-finned fish (Eilertsen et al., 2014). The deduced amino
acid sequences of these genes showed that all four melanopsin subtypes
were encoding elements essential for opsin function, suggesting that
they were functional photopigments. All melanopsin subtype genes were
expressed mainly in B. pectinirostris eyes and brains, and opn4m3 and
opn4x2 transcripts were found in a wide range of tissues with lower but

detectable levels. The wide expression of melanopsins in peripheral
tissues suggested that they might be involved in the regulation of mul-
tiple light-dependent physiologies in B. pectinirostris.

Similar to other vertebrates, the highest expression levels of all
melanopsin subtype genes were observed in B. pectinirostris eyes.
Moreover, all four melanopsin mRNAs showed a similar daily fluctua-
tion pattern, i.e. decrease in the dark phase followed by an increase in
the light phase, where only opn4x2 exhibited a statistically significant
difference. Interestingly, it was worth noting that the opn4m3 mRNAs
displayed the different trends in the telencephalon and diencephalon
and that opn4m3 in the telencephalon exhibited a daily fluctuation
pattern as same as all four melanopsin genes in the eyes. A few studies
showed that the expression of melanopsin genes is regulated by light.
Thus, during the photophase, melatonin suppresses opn4m and opn4x
mRNAs in vitro from embryonic X. laevis melanophores (Moraes et al.,
2014); in white leghorn chickens (Gallus domesticus), melanopsin mRNA
levels are highest at night in both the pineal and retinal photoreceptors,
and light exposure at night suppresses the increase of melanopsin mRNA
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Fig. 4. Diurnal expression of the four melanopsin subtypes mRNA in the eyes (a to d), telencephalon (e to h) and diencephalon (i to 1) of female B. pectinirostris. Solid
and open bars along the X-axis represent the dark phase and the light phase. The expression level was normalized using the reference gene efla. Data are expressed as
the mean + SEM (n = 6) relative to the respective transcript levels of the time point at 13:30. Values marked with different letters are significantly different from each
other (p < 0.05).
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Fig. 5. Semilunar expression of the four melanopsin subtypes in the eyes (a to d), telencephalon (e to h), and diencephalon (i to 1) of female B. pectinirostris. Lunar
phases are indicated with the following symbols: @ new moon; @ first lunar quarter; o full moon; and @ last lunar quarter. The expression level was normalized using
the reference gene efla. Data are expressed as the mean + SEM (n = 6) relative to the respective transcript levels of the date on May 19. Values marked with different
letters are significantly different from each other (p < 0.05).
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Fig. 7. Cellular location of opn4xl in
female B. pectinirostris telencephalon and
diencephalon by in situ hybridization. a,
e, i, m, q, u: Nissl-stained transverse
sections (right) at the equivalent level of
opn4x1 positive cells illustrated by pur-
ple dots are shown to the left patterns.
opn4x1 positive cell populations with a
lower magnification (b, f, j, n, r, v).
opn4x1 positive cell populations with a
higher magnification (c, g, k, o, s, w).
Nissl-stained cell populations of interest
with a higher magnification at the same
level and the same high magnification
(d, h, L, p, t, x). a-d: Expression in dorsal
nucleus of ventral telencephalic area
(Vd) and ventral nucleus of ventral
telencephalic area (Vv). e-h: Expression
in medial of dorsal telencephalic area
(Dm). i-l: Expression in the parvocellular
preotic nucleus anterior part (PPa). m-p
magnocellular part of the magnocellular
preoptic nucleus (PMmc). g-t Expression
in habenular nucleus (Hb). u-x: Expres-
sion in the ventral zone of the hypo-
thalamus (Hv). Scale bar = 100 pm.
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Fig. 8. Cellular location of gnrh3 in female B. pectinirostris telencephalon and diencephalon by in situ hybridization. a, e, i, m: Nissl-stained transverse sections (right)
at the equivalent level of gnrh3 positive cells illustrated by purple dots are shown to the left patterns. gnrh3 positive cell populations with a lower magnification (b, f,
j, n). gnrh3 positive cell populations with a higher magnification (c, g, k, o). Nissl-stained cell populations of interest with a higher magnification at the same level and
the same high magnification (d, h, 1, p). a-d: Expression in glomerular layer of olfactory bulb (Gl). e-h: Expression in Vd and Vv. i-l: Expression in PMmc. m-p
Expression in gigantocellular part of the magnocellular preoptic nucleus (PMgc) and the parvocellular preotic nucleus posterior part (PPp). Scale bar = 100 pm.

in the pineal gland, but not in the retina (Chaurasia et al., 2005); and in
the African cichlid fish (Astatotilapia burtoni), where light is essential for
daily up-regulation of retinal opn4 mRNA, opn4 mRNA levels in the
retina fluctuate significantly, but do not fluctuate significantly in the
brain (Grone et al., 2007). Further study is necessary to investigate the
expression in the eyes of melanopsin genes regulated by light.

All four melanopsin subtypes were clearly detected in different re-
gions of the B. pectinirostris brain and were expressed mainly in the
telencephalon and diencephalon. In order to better understand the po-
tential function of melanopsin in the female neuroendocrine reproduc-
tive system, we further examined the monthly expression patterns of the
four subtypes in the telencephalon and diencephalon before and during
peak spawning periods. The results showed that, in both telencephalon
and diencephalon, the levels of opn4x1 increased during the peak
spawning periods. In addition, the opn4m1 mRNA was significantly up-
regulated during May in the telencephalon, but not in the diencephalon.
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Moreover, ISH results showed opn4xI transcripts were expressed in
ventral zone of hypothalamus. In birds, the hypothalamus is considered
to be a major photoreceptive brain region, since it contains multiple
deep brain opsins, i.e. VA-opsin, melanopsin, and Opsin5 (Halford et al.,
2009; Kang et al., 2010; Nakane and Yoshimura, 2010), which are
proposed to play a role in the control of seasonal reproduction. One
recent study in masu salmon demonstrates that the SV, which expresses
several opsins including opn4, is involved in the regulation of seasonal
gonad development (Nakane et al., 2013). The lineages of opn4m and
opn4x are accompanied by gene-specific duplications. In mammals, the
opn4x gene has been lost over the course of evolution (Bellingham et al.,
2006; Pires et al., 2007), which might suggest that opn4x1 may have
some conserved functions in non-mammalian species. Therefore, the
opn4x1 expressed in the diencephalon might be involved in the regu-
lation of ovary development in female B. pectinirostris.

The major focus of this study was to investigate whether melanopsin
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is involved in the synchronization of the semilunar spawning periodicity
in the female B. pectinirostris. One interesting result in the present study
is that melanopsin genes are expressed in the telencephalon of
B. pectinirostris, which has not been reported in other teleostes (Davies
et al., 2012; Drivenes et al., 2003; Eilertsen et al., 2014; Eilertsen et al.,
2018; Fernandes et al., 2012; Moore et al., 2014; Nakane et al., 2013;
Sandbakken et al., 2012), but has been reported in the ruin lizard
(Podarcis sicula) (Frigato et al., 2006). More interestingly, the transcript
levels of opn4m3 and opn4x1 melanopsin genes in the B. pectinirostris
telencephalon displayed semilunar fluctuation pattern closely related
with semilunar spawning rhythm. Until 1930, the telencephalon of
teleost fish was considered as an olfactory brain part. However, since
1930, many experiments clearly indicated the importance of the telen-
cephalon for schooling, learning, and reproductive and aggressive
behavior. Study in hime salmon (Oncorhynchus nerka) suggested that
sexual behavior is integrated in specific parts of the telencephalon and
POA (Satou et al., 1984). The localization of opn4x1 in brain suggested
that light could be detected by opn4x1 positive neurons in both telen-
cephalon and diencephalon. However, photons of longer wavelengths
penetrate approximately 1000 times more effectively into deep brain
area than photons of shorter wavelengths (Hartwig and Van Veen,
1979). Study in mouse showed that melanopsin forms a functional short-
wavelength photopigment which was activated most efficiently by light
in the mid-blue range (420-440 nm) (Newman et al., 2003). Therefore,
it is reasonable for subpallial structure of telencephalon to be a major
brain area to detect ambient light penetrated through the overlying
tissue (e.g. the pineal window) without dramatic decrease of light
transmission and spectral absorption by brain substance.

Our ISH results showed that opn4x1 transcripts expressed in the Dm,
Vd, and Vv of telencephalon in B. pectinirostris. Previous study in
zebrafish demonstrated that, the telencephalic Dm and Vd in teleost are
proposed homologs of mammalian striatum (Rink and Wullimann,
2002; Wullimann and Mueller, 2004), and is involved in light avoidance
behavior and specifically, the Dm plays a critical role in mediating
behavioral choices (Lau et al., 2011). Selective tracing experiments in
the weakly electric fish Eigenmannia virescens showed that Vv, the teleost
homologue to the basal forebrain nuclei of other vertebrates, has strong
interconnections with the medial hypothalamus and POA (Wong, 1997).
The POA has been implicated in sexual behavior across vertebrates, and
the expression of ptgfr mRNA in this region is consistent with a role in
spawning behavior (Juntti et al., 2016). Interestingly, we also observed
opn4x1 transcripts express in POA, which may suggest that opn4x1 plays
a role in female B. pectinirostris spawning behavior. In vertebrates, The
GnRH has also been implicated in reproductive behavior (Okubo and
Nagahama, 2008). The paralogous GnRH genes (GnRH1, GnRH2 and
GnRH3) have undergone subfunctionalization during the evolution of
vertebrates (Fernald and White, 1999; Kah et al., 2007). GnRH3 has
been identified only in the teleost lineage, and several evidences showed
GnRH3 would have functioned as neuromodulators, affecting repro-
ductive behavior (Abraham et al., 2008; Zohar et al., 2010). The results
in the present study showed that gnrh3 mRNA was co-distributed in the
same brain region with opn4x1 mRNA in the Vd, and Vv of telenceph-
alon. Moreover, in POA, both gnrh3 and opn4x1 mRNAs were located in
PMmc. These results suggested opn4x1 positive neurons in Vd, Vv and
PMmc may sense light cues and further regulate the activity of GnRH3
neuron. Taken together, it is possible that opn4x1 in brain may has a role
in the neural control of reproductive behavior in the mudskipper.

In conclusion, this study reported the cloning of four melanopsin
subtypes, i.e., opn4dm1, opn4m3, opn4x1 and opn4x2 in B. pectinirostris.
For the first time, we reported the expression of melanopsin genes in the
telencephalon of teleost species. In the telencephalon, opn4x1 mRNA
levels increased during the peak spawning periods, and displayed a
semilunar fluctuation pattern. Moreover, expression areas of opn4x1 and
gnrh3 mRNAs were highly overlapped in the telencephalon and POA.
Our results suggested that opn4x1 appears to be one of the deep brain
photoreceptive molecules that synchronizes semilunar spawning
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rhythm in the mudskipper B. pectinirostris. This unique neurophysio-
logical mechanism seems to be an evolutionary adaptation for
B. pectinirostris that exhibits amphibian and burrow-dwelling habits in
intertidal mudflats.
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