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Analysis of day—night expression profiles of opsin genes in
Japanese eel with different maturation stages under
illumination with various wavelength lights

Seung—Ju Oh

Department of Fisheries Biology, The Graduate School,
Pukyoung National University

Abstract

The Japanese eel, a catadromous species, typically inhabits rivers
and streams for the majority of its life cycle before migrating to the
ocean for reproduction. During this migration, the Japanese eel displays
a behavior of swimming upwards during nighttime and descending to
deeper waters during the daytime. It is interesting to study the
molecular mechanism associated with how the Japanese eel perceives
light and the resulting behavioral changes. Opsins, a class of light—
sensitive G—protein—coupled receptors located in the photoreceptor
cells of the retina, play a crucial role in the visual transduction cascade.
The Japanese eel possesses various types of opsins for visual
perception, such as deep—sea rhodopsin (dso), fresh water rhodopsin
(fwo), rhodopsin—like 2 (rA2), and short wavelength—sensitive opsin
2 (sws2).

This study investigated the adaptation of visual mechanisms in



Japanese eels as they mature and transition through different habitats
and light conditions. We focused on the plasticity of visual opsins during
vertical migration and examined the relationship between light
conditions, opsin gene expression, and light—induced stress responses.

The presence of opsin genes expressed In various tissues of
immature Japanese eels was determined using RT—PCR. Subsequently,
to examine the effect of different wavelengths on opsin expression
patterns, fish were exposed to different light conditions such as blue
(462.5 nm), green (507.5 nm), dark, and white light. The study results
revealed that the eye exhibited the highest expression levels of all
opsins in the entire tissue.

Expression of visual opsin genes (fwo, dso, rh2 and swsZ2) in
Japanese eels following hCG—induced testicular development. It was
found that visual opsin gene expression varies with light conditions and
sexual maturity. In sexually immature eels, swsZ expression increased
under blue and green light during the day, while rod opsins (dso, fwo)
showed higher expression under dark conditions at night. In mature
eels, opsin expression was higher under white light, and swsZ2
expression remained elevated during the day, suggesting a link to
circadian rhythms. The research also highlighted that dark
environments were most effective in reducing cortisol levels, indicating

that light conditions significantly influenced eel physiology. These



findings stress the need for further studies to explore how
environmental changes impact eel biological processes, particularly in

relation to light—induced stress and physiological adaptations.



Figure legends

Figure 1. The fish tank was used for wavelength and day—night expression.

Acclimation under various wavelengths and sampling during the day
(1200h) (A). Acclimation at various wavelengths and sampling at
night (2400h) (B). Green, blue, and dark conditions under 12L.:12D
conditions (a, ¢, and d). Dark conditions under DD (b). The light

was blocked by closing the partition ......ccoooeeeiieiiiiieiiee e 8

Figure 2. RT—PCR analysis of immature Japanese eel visual opsin genes (fwo,

dso, rh2 and swsZ2) expression in the eye, separated brain (fore—
brain, mid—brain, hind—brain, and pituitary), tongue, gill, heart,
kidney, spleen, liver, intestine, testis, muscle and skin. Elongation
factor 1 @ (efl ) mRNA and beta—actin (& —actin) were used as
a control for each ¢cDNA sample. Visual opsin genes amplified were
dso, deep—sea rhodopsin; fwo, fresh water rhodopsin; swsZ, short

wavelength—sensitive opsin 2; and rAZ2, rhodopsin—like 2 .......... 18

Figure 3. Changes in gonadosomatic index (GSI) after artificially inducing

Figure 4.

sexual maturation of male Japanese eel (A). Microphotographs of
histological sections of different stages of eel testis. Immature
testis (B) and mature testis (C). H&E (x400). Scale bar=100 g m.

SG, spermatogonia; ST, spermatid; SZ, spermatozoa................... 20

Microphotographs of histological sections at different stages and

day—night of eel testis. Sexually immature testis in day (1200h),

Vi



mature testis in day (1200h), immature testis in night (2400h),
mature testis in night (2400h). H&E (xX400). Arrows indicate
pigment—position movement. Scale bar=50 gm (immature), 100
r#m (mature). GL, ganglionic layer; INL, inner nuclear layer; ONL,
outer nuclear layer; PRL, photoreceptor layer; RPE, retinal pigment
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Figure 5. Visual opsin gene expression of sexually immature Japanese eels in
day (1200h) under different wavelength lights (A—D). Visual opsin
gene expression of sexually immature Japanese eels at night
(2400h) under different wavelength lights (E—H). Comparison of
visual opsin gene expression in sexually immature Japanese eels in
day (1200h) and night (2400h) under different wavelength lights
(I-L). Each point represents the mean * standard error of the
mean (SEM). Means represented are significant at =P < 0.05, #xP<
0.01, #5 2 <0.00T wiiiiiiiiiieiiiie ettt 24

Figure 6. Visual opsin gene expression of the sexually mature Japanese eels
in day (1200h) under different wavelength lights (A—D). Visual
opsin gene expression of sexually mature Japanese eels in night
(2400h) under different wavelength lights (E—H). Comparison of
visual opsin gene expression in the sexually mature Japanese eels
in day (1200h) and night (2400h) under different wavelength lights
(I-L). Each point represents the mean * standard error of the
mean (SEM). Means represented are significant at *P < 0.05, #xP<

0.01, #3552 < O.00T wiiiiiiiiiiiie e 26
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Figure 7. Plasma cortisol levels of sexually immature and mature Japanese eel
in day (1200h) and night (2400h) under different wavelength lights,
Fach point represents the mean £ standard error of the mean

(SEM). Means represented are significant at *2 < 0.05 .............. 28
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Analysis of day —night expression profiles of
opsin genes in Japanese eel with different
maturation stages under illumination with

various wavelength lights

I . Introduction

Fish habitats vary, encompassing environments ranging from the
deep ocean to shallow seas, rivers, and ponds. This wide range of
habitats exposes fish to diverse light conditions, spanning near-—
complete darkness in the deep sea to fluctuating light intensities and
spectral compositions in shallow waters (Douglas, 2001). The water
depth and light wavelengths play crucial roles in determining the
distribution and behavior of different fish species across these habitats.
For example, the three—spined stickleback (Gasterosteus aculeatus)
exhibits habitat selection behavior influenced by ultraviolet (UV) light,
with males utilizing UV wavelengths during aggressive encounters.
Considering that UV light is also important for mate selection in both
the females and males of this species (Rick et al. 2006; Rick & Bakker,
2008), it can be inferred that UV signaling is vital for sexual selection

and habitat preference. Light conditions 1in various aquatic



environments can substantially affect the visual systems and
physiological processes of fish. These adaptations may involve
modifications of opsin gene expression, which is essential for light
perception and visual acuity in different light environments (Collin,
2009).

The visual system, particularly photoreceptors, serves as a model for
investigating sensory adaptation. Photoreceptors consist of an opsin
protein coupled with a light—sensitive chromophore, and their
interaction determines the optimal light absorption wavelength for the
visual pigment. Vertebrates possess a fundamental set of five distinct
opsin genes: rhodopsin (747), which is expressed in rod cells for
scotopic vision, and four cone opsin genes responsible for color
perception in photopic conditions. These cone opsin genes include
short—wavelength sensitive 1 (swsZ), short—wavelength sensitive 2
(sws2), rhodopsin—like 2 (rA2), and long—wavelength sensitive (/ws)
(Ebrey et al, 2001). Although this basic set exists in fish species, the
number of cone opsin gene copies within each spectral category varies
considerably across different species owing to gene acquisition and
loss (Davies et al. 2009). This diversity in gene composition reflects
the evolutionary and ecological factors that have influenced the
development of visual systems in various aquatic environments

(Musilova et al, 2021).



The Japanese eel (Anguilla japonica) and other anguillid species are
renowned for their extensive spawning migrations to pelagic
environments, which commence following the initiation of their
reproductive maturation from autumn to winter. During spawning
migration, eels exhibit distinct vertical swimming patterns. As night
falls, eels ascend to shallower depths; conversely, they descend to
greater depths during daylight hours, possibly to avoid predators,
regulate their body temperature, and conserve energy for the long
journey ahead (Schabetsberger et al., 2013; Watanabe et al., 2016).
These vertical movements are also strongly connected to the daily
fluctuations in light intensity. The visual adaptations of eels to diverse
light conditions may extend beyond opsin gene expression to include
modifications in retinal structure and photoreceptor density (Zhang et
al, 2000). These adaptations could enable eels to optimize their visual
performance across different depths and light intensities during their
complex life cycle.

Research has demonstrated that the expression of visual opsin genes
in eel eyes exhibits changes in correlation with their gonadal
development, manifesting either a decrease or increase In expression
(Byun et al, 2020). Furthermore, sexual maturation was observed to
be associated with an increase in the eye index (Okamura et al, 2007).

Our investigation aims to examine the visual mechanisms to adapt to



eel's light environment as they mature, transitioning through different

habitats and light conditions. In addition, focusing on their plasticity of
visual opsins at various stages of eel development during vertical
migration. We seek to elucidate the relationships between light
conditions, opsin gene transcription, and light—induced stress
responses. This study further examines the interaction between light
and Japanese eels in the context of their sexual maturity. Initially, we
investigated the transcription of visual opsin genes in the eyes of both
sexually immature and mature Japanese eels following exposure to
various light wavelengths. Subsequently, we assessed the impact of
different light conditions on stress responses by analyzing
measurements from the blood plasma of immature and mature Japanese

eels.



. Materials and Methods

1. Fish and experiment procedure

Male Japanese eels in their silver stage (weighing 184 g-346 g) were
obtained from the Freshwater Eel Aquaculture Cooperative located in
Yeongam—gun, South Korea. The specimens were subsequently
transferred to a laboratory and maintained in indoor tanks (1500 L
capacity) with circulating, aerated freshwater. The tanks were kept
under a natural light cycle at a water temperature of 20 1° C until
further experiments were conducted. The experimental procedures
involved measuring the eels' body weight, total length, and testis weight.
Prior to euthanasia by decapitation, the specimens were anesthetized
using 0.01% 2-phenoxyethanol (Sigma—Aldrich, St. Louis, MO, USA).
All experiments were performed in compliance with the Bioethics and
Safety Act guidelines established by Pukyong National University,
Korea.

In the first experiment (Experiment 1), tissue distribution of opsin
genes 1n the immature Japanese eel was confirmed by RT—-PCR
analysis. The fish (n = 3) from the tank were sacrificed by decapitation

at 1200h. Neural tissues (brain and eye) and peripheral tissues (tongue,



gill, heart, liver, head kidney, intestine, spleen, testis, muscle, and skin)
were sampled and preserved in GeneAll RiboEx (GeneAll
Biotechnology, Korea). All tissues were stored at —80° C until analysis.
A subsequent investigation (Experiment 2) examined the influence
of diverse lighting conditions on opsin expression in eels at sexually
immature and matured stages. For each light wavelength, twelve
specimens were placed in indoor tanks equipped with a recirculating
aquaculture system, maintaining a constant water temperature of 20°
C. To induce sexual maturation, the eels were raised for eight weeks
and administered intraperitoneal injections of human chorionic
gonadotropin (n= 6, hCG, 11U/g). The eels were exposed to a 12—hour
light—dark cycle (illuminated from 0600h to 1800h) utilizing three
wavelengths (blue light at A max = 462.5 nm, green light at A max = 507.5
nm, and white light; Fig. 1) and a dark condition for one week. The light

! for all. Following adaptation to the

intensity is set to 4 gmolm™?s-
various light wavelengths, eye, testis and blood samples were collected
from each group (n=6) at day (1200h) and night (2400h). For sampling
during the dark phase, a low—intensity red light (approximately 1.5 Ix,
under 0.01 gmolm 2s ' at 670 nm; KR3, SS Light Co., Seoul, Korea)
was employed. Left eyes were preserved in GeneAll RiboEx (GeneAll

Biotechnology, Korea), while right eyes and testis were stored ina 10%

neutral buffered formalin solution for histology. Blood samples were



centrifuged at 10,000 g for 5 minutes. The resulting blood plasma was

separated and stored at —80° C for subsequent analysis.



(a) (b) (c) (d)

(A)

Figure 1. The fish tank was used for wavelength and day—night
expression. Acclimation under various wavelengths and sampling
during the day (1200h) (A). Acclimation at various wavelengths and
sampling at night (2400h) (B). Green, blue, and dark conditions under
121.:12D conditions (a, ¢, and d). Dark conditions under DD (b). The

light was blocked by closing the partition.



2. Total RNA extraction and complementary DNA

(cDNA) synthesis

Total RNA from tissue was isolated utilizing GeneAll RiboEx in
accordance with the manufacturer's protocol. Following total RNA
1solation, the quantity of total RNA was assessed using an ASP—2680
spectrophotometer (ACTGene, Piscataway, NJ, USA) at 260 and 280
nm. Samples were reverse—transcribed employing PrimeScript RT
Reagent Kit with gDNA Eraser (Perfect Real Time) (Takara Korea

Biomedical Inc, South Korea).



3. Reverse—transcription polymerase chain reaction

(RT-PCR)

The cDNAs for tissue distribution were subjected to polymerase

chain reaction (PCR) amplification utilizing a specific primer (Table 1).

Each PCR reaction mixture (20 #L) comprised 50% Emerald Amp®

PCR Master Mix (Takara Korea Biomedical Inc, South Korea), 10 M
of each forward and reverse primer, and cDNA template. The reverse
transcription (RT) —PCR conditions set as predenaturation (3 min at 95°
C); then 32 cycles of denaturation (30 s at 95° C), annealing (30 s at
95° C), and extension (1 min at 72° C); followed by a final extension
(5 min at 72° C). Subsequently, the PCR products were subjected to

electrophoresis in 2% agarose gel containing ethidium bromide.

10



Table 1. Primer sets for RT—PCR

Primer

Sequence

Accession no.

gPCR primer
fwo—Forward
fwo—Reverse
dso—Forward
dso—Reverse
rhZ2—Forward
rh2—Reverse
swsZ—Forward
swsZ—Reverse

4 —actin—Forward
4 —actin—Reverse
efl #—Forward

efl # —Reverse

5/

5/

5/

5/

5/

5/

5/

5/

5/

5/

5/

5/

—CGATGTACACCTCCATGCAC-3’

—CATGATGGCATGGTTCTCAC=3’

—TCACCATCGAGCACAAGAAG—3’

—AACCAGAGACCAGAGCGAAA-3

—CACCCAGAAAGCAGAGAAGG-3’

—ACGCTGAGCTCTTGGAGAAG-3’

—CAGATACTTCGTCCTCGGGC—-3’

ACCTGGTTATCTGCAAGCCC-3’

—CGACATCCGTAAGGACCTGT -3’

—ACATCTGCTGGAAGGTGGAC-3’

—TCACCCTGGGAGTAAAGCAG-3’

—TCCATCCCTTGAACCAGGAC-3’

LC464071

LC464070

LC464063

LC464065

GU001950

MHO020210.1

11



4. Real—time quantitative polymerase chain reaction

(gqPCR)

The Applied Biosystems™ StepOnePlus™ Real—Time PCR System

(Applied Biosystems, USA) was employed for conducting real—time
gPCR experiments. Table 1 presents the gene—specific primers for
gPCR, which were designed utilizing Primer3 plus (Primer Biosoft).
The PCR reaction mixture comprised 50% TB Green Premix Ex Taq II
(Tli RNaseH Plus), 0.2 #L of ROX Reference Dye, 0.2 ¢ M of forward
and reverse primers each, and 50 ng of cDNA template diluted with
nuclease—free water. The PCR protocol commenced with a 10—minute
initial denaturation, followed by 40 cycles of 15—second denaturation
at 95° C and 1—minute annealing and extension at 60° C. To verify
PCR amplicon specificity, a melting curve analysis was performed by
incrementally increasing the sample temperature from 60° C to 95" C
in the final step. The primers were validated using various Japanese
eel cDNA samples, ensuring that each primer amplified a single product,
as evidenced by a single peak in the melting curve analysis. Target
gene relative mRNA expression levels were determined using the
delta—delta Ct method, with the reference gene defined as the average

of the threshold cycles (Ct) for efl .

12



5. Histological observation using hematoxylin and eosin

(H&E) staining

The eel's eye and testis were preserved in a 10% neutral buffered
formalin solution. The preserved specimens underwent dehydration
using a series of ethanol concentrations, ranging from 70% to 100%.
Following dehydration, the tissues were embedded in paraffin with a
56° C melting point (Surgipath Paraplast; Leica Biosystems, Nussloch,
Germany), utilizing xylene as an intermediary medium. Sections
measuring 5 micrometers in thickness were stained with hematoxylin

and eosin to facilitate microscopic observation.

13



6. Cortisol measurement

To determine whether different light wavelengths cause stress in
eels, cortisol was measured in eel plasma. Cortisol levels in blood
plasma were measured using Fish Cortisol ELISA kit (CusaBio, USA)

following the manufacturer's instructions. This assay offers a detection

range spanning 3.12-200 ng/mL with a sensitivity of 1.56 ng/mL. The

cortisol antibody—containing samples (50 gL each) were added in
duplicate to the antigen—coated wells according to the plate layout. The
plate was incubated at 37° C for 40 minutes to facilitate binding. After
incubation, unbound antibodies were removed by washing each well
three times with 200 gL of Wash Buffer, ensuring complete removal
of liquid at each step. Subsequently, 100 ¢ L of horseradish peroxidase
(HRP) —conjugate was added to each well, and the plate was incubated
at 37° C for 30 minutes. Following incubation, the wells were washed
five times with 200 pL of Wash Buffer to thoroughly remove any
unbound HRP—conjugate. Tetramethylbenzidine (TMB) substrate (90
1 L) was then added to each well, and the plate was incubated at 37°

C for 20 minutes, protected from light to ensure optimal color
development. Finally, 50 gL of Stop Solution was added to halt the

reaction, and the plate was gently agitated to ensure thorough mixing

14



of the contents. The cortisol level was determined by measuring the
optical density at 450 nm with reference reading to 540 nm using
AMR—-100 Microplate reader (Allsheng, Hangzhou). A standard curve
was calculated using eight standards, and the plasma concentration was

extrapolated from this curve with r?=0.999.

15



7. Statistical analysis

All data are presented as the means * standard error of the mean.

GSI and day—night expression patterns of opsins (dso, fwo, sws’2, and

rh2) were compared utilizing Student's t—test and the Mann—-Whitney

U test, respectively. Transcript levels of opsin gene (dso, fwo, swsZ,
and rA2) mRNA under different light conditions during day and night,
as well as cortisol levels from blood plasma, were analyzed by one—
way analysis of variance (ANOVA) followed by Tukey's HSD multiple
comparison test. The Statistics Resource Pack software (Minpack
Copyright Notice, University of Chicago, Chicago, IL, USA) was

employed for statistical analysis.

16



III. Results

1. Tissue distribution of visual opsin genes

Gel electrophoresis was utilized to verify the expression of opsin
genes (dso, fwo, sws2 and rh2) in various tissues following RT—PCR
(Fig. 2). The dso gene demonstrated robust transcription in multiple
organs, including the eye, forebrain, midbrain, hindbrain, gill, and heart,
with lower levels detected in the intestine, testis, tongue, and skin. The
fwo gene exhibited high expression in the eye and minimal expression
in the pituitary, gill, and heart. The swsZ gene displayed high
expression in the eye, followed by decreasing levels in the hindbrain,
midbrain, forebrain, and testis. For the rAZ gene, elevated expression
was observed in the eye, moderate levels in the tongue, liver, testis,

and skin, and low levels in the heart and muscle.

17



Figure 2. RT—PCR analysis of immature Japanese eel visual opsin
genes (fwo, dso, rh2 and sws’2) expression in the eye, separated brain
(fore—brain, mid—brain, hind—brain, and pituitary), tongue, gill, heart,
kidney, spleen, liver, intestine, testis, muscle and skin. Elongation
factor 1 a (efl #) mRNA and beta—actin (& —actin) were used as a
control for each ¢cDNA sample. Visual opsin genes amplified were dso,
deep—sea rhodopsin; fwo, fresh water rhodopsin; swsZ, short

wavelength—sensitive opsin 2; and rA2, rhodopsin—like 2.



2. Classification of eel according to their sexual maturity

Figure 3 (A) illustrates the gonadosomatic index (GSI) and testicular
histology following human chorionic gonadotropin (hCG) hormone
administration. The immature phase, characterized by a GSI of 0.22 =
0.03, exhibited the presence of spermatogonia (Fig. 3B). Conversely,
the sexually mature stage (GSI = 14.07 £ 6.45) demonstrated
spermatogenic ducts that were emptying, accompanied by a high

concentration of spermatozoa (Fig. 3C).

19



(A) ‘6, P <0.001

Gonadosomatic index (GSI)

Immature Mature

Immature

Figure 3. Changes in gonadosomatic index (GSI) after artificially
inducing sexual maturation of male Japanese eel (A). Microphotographs
of histological sections of different stages of eel testis. Immature testis
(B) and mature testis (C). H&E (x400). Scale bar=100 gm. SG,

spermatogonia; ST, spermatid; SZ, spermatozoa.
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3. Histological observation of the retina during day and
night

Histological observation of the retina of Japanese eel was determined
using H&E staining.
No differences were found according to wavelength and maturity stages.
Regardless of the maturity stage of the eel, there were consistent day —
night differences. The highlighted area represents the photoreceptor
layer (PRL) (Fig. 4). The PRL layer tended to elongate during the day

and contract at night.
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Figure 4. Microphotographs of histological sections at different stages
and day—night of eel testis. Sexually immature testis in day (1200h),
mature testis in day (1200h), immature testis in night (2400h), mature
testis in night (2400h). H&E (xX400). Arrows indicate pigment—
position movement. Scale bar=50 gm (immature), 100 zm (mature).
GL, ganglionic layer; INL, inner nuclear layer; ONL, outer nuclear layer;

PRL, photoreceptor layer; RPE, retinal pigment epithelium.
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4. Day—night expression pattern of opsins under
different light wavelength in the sexual immature eel

The transcript levels of the visual opsin genes in the eye were
measured at day (1200h) and night (2400h).

At day (1200h), only swsZ2 were significantly high under blue and
green condition (Fig. 5C). No significant differences in Fig. 5A, B and
C.

At night (2400h), the transcript levels of visual opsin genes dso and
fwo increased under dark condition (Fig. 5E and F). SwsZ2 and rAZ2
increased under green wavelength (Fig. 5G and H).

The day—night difference of the eye dso, fwo, rhZ, and swsZ
transcript levels in the immature Japanese eel could be seen in Fig.5I—
L. The mRNA levels of dso, fwo, and swsZ were increased at day
(1200h) under green, white, white and green each other (Fig. 51, J and
K). On the other hand, rAZ2 transcript levels with significant peak at

night (2400h) under green wavelength (Fig. 5L).

23
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Figure 5. Visual opsin gene expression of sexually immature Japanese

eels in day (1200h) under different wavelength lights (A—D). Visual

opsin gene expression of sexually immature Japanese eels at night

(2400h) under different wavelength lights (E—H). Comparison of visual

opsin gene expression in sexually immature Japanese eels in day

(1200h) and night (2400h) under different wavelength lights (I-L).

Each point represents the mean * standard error of the mean (SEM).

Means represented are significant at * < 0.05, ** < 0.01, =+ /< 0.001.
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5. Day—night expression pattern of opsins in the mature
eel

At day (1200h), dso were significantly high under white and dark
condition (Fig. 6A). SwsZ2 increased under dark condition (Fig. 6C).
RAZ increased under white and dark condition (Fig. 6D). The levels of
fwo showed no significant difference (Fig. 6B).

At night (2400h), the transcript levels of visual opsin genes dso and
rh2 increased under white condition (Fig. 6E and H). Fwo and swsZ2
showed no significant difference (Fig. 6F and G).

The day—night differences in the transcript levels of eye dso, fwo,
rhZ2, and swsZ in mature Japanese eels are shown in Fig. 6I—L. In the
case of dso levels increased at night (2400h) under white and green
wavelengths (Fig. 61). Correspondingly, 42 levels increased at night
(2400h) under white, blue, and green conditions (Fig. 6L). However,
swsZ2 levels increased during the day (1200h) under blue and green
wavelengths and at nighttime under white conditions (Fig. 6K). Fwo

levels showed no significant differences (Fig. 6J).
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Figure 6. Visual opsin gene expression of the sexually mature Japanese

eels in day (1200h) under different wavelength lights (A—D). Visual

opsin gene expression of sexually mature Japanese eels in night

(2400h) under different wavelength lights (E—H). Comparison of visual

opsin gene expression in the sexually mature Japanese eels in day

(1200h) and night (2400h) under different wavelength lights (I-1).

Each point represents the mean * standard error of the mean (SEM).

Means represented are significant at *P < 0.05, #*P <0.01, **+P < (0.001.

26



6. Cortisol level

The cortisol concentration showed a significant decrease in the dark
group (537.80 ng/mL) compared to the green (3330.15 ng/mL) in
mature eels at night (2400h). The dark group (DD) showed particularly

low cortisol levels.
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Figure 7. Plasma cortisol levels of sexually immature and mature
Japanese eel in day (1200h) and night (2400h) under different
wavelength lights, Each point represents the mean = standard error of

the mean (SEM). Means represented are significant at *2 < 0.05.
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IV. Discussion

This study examined the expression levels of visual opsin genes (fwo,
dso, rh2, swsZ2) in male Japanese eel eyes following weekly human
chorionic gonadotropin (hCG) injections into the peritoneal cavity. The
repeated hCG treatments effectively stimulated testicular development,
as evidenced by the increased sperm content in the testes and the
elevation in gonadosomatic index (GSI) from immature to mature eel
stages. PCR amplification revealed that all four opsin genes were
predominantly expressed in the eyes under natural light conditions,
with limited expression in non—ocular tissues. This tissue—specific
distribution highlights the central role of these genes in
phototransduction and visual adaptation. Through analysis of opsin
gene expression under various light conditions and comparison of
structural differences in RPE morphology, the study demonstrates that
sexual maturation and circadian rhythms synergistically influence
visual physiology. These findings provide insights into the mechanisms
underlying ecological adaptations specific to different life stages in eels,
particularly the observed shift in visual opsin dominance from fwo In
immature eels to dso in mature eels, which corresponds to their

changing visual requirements across different habitats.
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To assess the tissue—specific expression of opsin genes (fwo, dso,

rh2, sws2) in immature Japanese eels, PCR amplification was
performed. The results revealed that all four opsin genes were
expressed in the eyes, with varying levels of expression across other
tissues. The bands corresponding to dso, rAZ and swsZ were most
prominent in the retinal tissue, reflecting their primary role in
phototransduction. Expression of fwo was detected in the eyes as well,
but its signal was weaker in non—retinal tissues. This pattern suggests
that the opsin genes are primarily localized to ocular tissues, consistent
with their function in light detection and vision. These findings align
with previous studies indicating that opsin genes are predominantly
expressed in the retina but may have low—level expression in
extraocular tissues due to evolutionary or developmental factors
(Evans and Fernald. 1993). This tissue—specific expression supports
the role of visual opsins in adapting to ecological and environmental
light conditions during the eel's immature life stage.

Histological analysis highlighted significant diurnal variations in RPE
morphology across all groups. During the day (1200h), RPE pigment
granules migrated toward the photoreceptor layer (PRL), likely
mitigating photo—oxidative stress by absorbing excessive light. At
night (2400h), these granules retracted, optimizing light capture and

facilitating metabolic interactions for photoreceptor maintenance. Such
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adaptive RPE responses, consistent across teleosts and corals, are
crucial for photoreceptor longevity and efficient visual function
(Strauss 2005; Levy et al. 2011). Importantly, no differences were
observed in RPE morphology across maturity stages or light
wavelengths, suggesting that circadian mechanisms, rather than
developmental factors, predominantly govern these structural changes.
Research on Japanese eels revealed light and stage dependent
alterations in opsin expression. Immature eels showed increased swsZ2
expression during the day (1200h) under blue and green light,
indicating adaptation to shallow freshwater habitats where these
wavelengths predominate. At night (2400h), rod opsins (fwo, dso)
were upregulated in dark conditions, supporting nocturnal feeding and
predator avoidance in dim—light environments. This pattern aligns with
other aquatic species, where photoreceptors adapt to diurnal and
nocturnal activity based on environmental light (Stieb et al. 2016; Shi
et al. 2024). Mature eels consistently showed high expression of dso
and rAZ under white light, indicating broad—spectrum light adaptation
for deep—sea migration. The reduction in fwo expression with

maturation reflects the restructuring of visual pathways for long—

distance ocean travel, similar to migratory fish species (Lups$e et al.

2021). These findings underscore the ecological flexibility of Japanese

eels, with immature eels prioritizing spectral sensitivity to blue and
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green light during the day, and nocturnal rod opsin expression aiding
vision in low-—light environments. In contrast, mature eels optimize
broad—spectrum light detection to navigate and reproduce iIn
environments with limited light, similar to other aquatic animals that
adapt their vision based on underwater light conditions (Seiko et al.
2020; Terai et al. 2023). Similarly, previous studies on cichlids have
shown that species in murky waters adapt their vision with yellow
corneas and lens filters, losing opsins for shorter wavelengths. In
contrast, species in clear waters maintain opsins for broader light
detection (Muntz 1973; Escobar—Camacho et al. 2017, 2019). The
present study suggests that mature eels have evolved a similar ability
to detect a wide range of light, even in dark environments, facilitating
navigation and survival in the deep sea.

Sexual mature eel exposed to varying illumination conditions exhibited
significant wvariations in cortisol levels. Specimens maintained in
complete darkness (DD) demonstrated substantially lower cortisol
concentrations (537.80 ng/mL) compared to those under green light
(3330.15 ng/mlL), indicating that darkness significantly attenuates
stress. This observation suggests that limited light exposure decreases
physiological stress, a factor crucial for metabolic and behavioral
homeostasis in deep—sea environments. The influence of light condition

on cortisol secretion has been examined across various fish species.
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For instance, research involving rainbow trout (Oncorhynchus mykiss)
revealed that individuals raised in a blue light environment did not
exhibit an increase in plasma cortisol levels following exposure to
stress, indicating that blue light may have a potential role in alleviating
stress responses (Heydarnejad et al., 2013). Furthermore,
investigations conducted on the tench (77nca tinca) demonstrated that
the light spectrum significantly impacts both cortisol levels and
behavioral responses (Owen et al., 2010). Conversely, immature eels
did not exhibit significant cortisol differences across light conditions,
suggesting that sensitivity to light—induced stress develops with
maturity. This aligns with research demonstrating that hormonal
responses, such as cortisol release, increase during reproductive
stages to meet elevated metabolic demands (Kubokawa et al., 2001;
Shankar and Kulkarni, 2005). The significant cortisol reduction in
darkness underscores the importance of low stress levels during
nocturnal activities, particularly for mature eels preparing for migration
and reproduction.

In conclusion, this study elucidates the complex interactions among
sexual maturation, circadian rhythms, and environmental light
conditions that influence the visual and physiological adaptations of
Japanese eels (Anguilla japonica). The stage—dependent expression of

visual opsin genes and dynamic morphological alterations in the RPE
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demonstrate how these eels optimize their visual capabilities to meet
ecological demands across various life stages and habitats. Moreover,
the significant reduction in cortisol levels in mature eels under dark
conditions underscores the critical role of light exposure in stress
regulation, facilitating metabolic and behavioral homeostasis during
migration and reproduction. These findings provide valuable insights
into the evolutionary and ecological strategies employed by migratory
aquatic species, emphasizing the importance of circadian regulation in
maintaining visual and physiological performance in diverse

environments.
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