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Abstract
Vision is the dominant sensory modality in �sh and critical for the survival of �sh larvae to detect
predators or capture prey. The visual capacity of �sh larvae is determined by the structure of the retina
and the opsins expressed in the retinal and non-retinal photoreceptors. In this study, the retinal structure
and opsin expression patterns during the early development stage of Takifugu rubripes larvae were
investigated. At around two days after hatching days (dah), the yolk sac of T. rubripes disappeared, the
mouth was clearly visible and the larvae started swimming and feeding on rotifers. Histological
examination showed that at 1 dah, six layers were observed in the retina of T. rubripes larva, including the
pigment epithelial layer (RPE), photoreceptor layer (PRos/is), outer nuclear layer (ONL), inner nuclear layer
(INL), inner plexiform layer (IPL) and ganglion cell layer (GCL). At 2 dah, all eight layers were visible in the
retina in T. rubripes larva, including RPE, PRos/is, ONL, outer plexiform layer (OPL), INL, IPL, GCL and
optic �ber layer (OFL). By measuring the thickness of each layer, opposing developmental trends were
found in the thickness of ONL, OPL, INL and IPL, GCL and OFL. The nuclear density of ONL, INL and GCL
and ratio of ONL/INL, ONL/GCL and INL/GCL were also measured and the ratio of ONL/GCL ranged from
1.9 at 2 dah to 3.4 at 8 dah and no signi�cant difference was observed between the different
developmental stages (p > 0.05). No signi�cant difference was observed for the INL/GCL ratio between
the different developmental stages, which ranged from 1.2 at 2 dah to 2.0 at 18 dah (p > 0.05). The
results of quantitative real-time PCR showed that the expression of rhodopsin, LWS, SWS2, green opsin,
rod opsin, opsin3 and opsin5 could be detected from 1 dah. These results suggested that the maturation
of eye of T. rubripes occurred during the period of transition from endogenous to mixed feeding,
explaining the need for vision-based survival skills during the early life stages after hatching and for the
overall ecology and �tness of T. rubripes.

Introduction
In �sh, light was shown to be a key environmental factor that in�uences its growth, survival, development
and reproduction throughout various life stages (Boeuf and Le Bail 1999; García-López et al. 2006;
Villamizar et al. 2006; Villamizar et al. 2011; Stuart 2013; Bonvini et al. 2016; Chi et al. 2017). In the
aquatic habitat, although vision is degraded by the optical properties of water, it is still the dominant
sensory modality in teleosts and plays an important role in information transmission in feeding,
clustering, reproduction and migration (Guthrie and Muntz 1993; Caves et al. 2018).Lighting regimes that
match the larval visual system will increase visual range, decrease search time and ultimately increase
growth and survival in arti�cial breeding setups (Blaxter and Staines 1971; Aksnes and Giske 1993).
Although all components of the eye are vital for perceiving a good image, it is the retina that samples the
visual environment, transforming light energy as an optical image into electrical energy as a neural image
(Evans and Browman 2004; Caves et al. 2018). The mature �sh retina has a structure very similar to that
of the retinas of other vertebrates, which are composed of a retinal pigment epithelium layer (RPE), outer
limiting membrane, photoreceptor layer (PRos/is) excluding the outer nuclear layer (ONL) as the distance
from the outer limit of the RPE to the nearest membrane of the ONL, outer plexiform layer (OPL), inner
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nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL), optic �ber layer (OFL) and the
internal limiting membrane. In the retina, the visual information entering the photoreceptors passes
through bipolar cells and ganglion cells, then through the optic nerve to the optic lobe (Prasad and
Galetta 2001; Jones et al. 2009). The photoreceptor can convert light information into electrical signals.
Like all vertebrates, teleosts have two types of photoreceptors, rods and cones, in their retinas and
different subtypes of cones recognize different light wavelengths, while rods recognize the intensity of
light.

In most vertebrates, light is captured through light-sensitive proteins called opsins, which are expressed in
ciliary photoreceptor cells (c-opsins) and encode for G protein-coupled receptors that bind to a light-
absorbing, vitamin A-derived nonprotein retinal chromophore (Shichida et al. 1998; Palczewski et al. 2000;
Collin et al. 2003; Cortesi et al. 2015; Kasagi et al. 2015). Depending on whether they are directly involved
in visual imaging, opsins can be divided into two categories as visual and non-visual opsins (Terakita et
al. 2005; Gao et al.2016). Visual opsin proteins are further grouped into �ve classes spectrally tuned to
absorb light at different wavelengths based on both phylogenetic and functional relationships, including
medium to long wave-sensitive opsins detecting green to red (MWS or LWS), short wave-sensitive opsins
sensitive to ultraviolet to blue (SWS1) and violet to blue (SWS2), rhodopsin which is only used in scotopic
vision (RH1) and rhodopsin-like opsins that detect blue to green (RH2) (Hargrave et al. 1983; Yokoyama
1997, 2000; Chinen et al. 2003; Matsumoto et al. 2006; Spady et al. 2006; Carleton et al. 2008; Watson et
al. 2011; Escobar-Camacho et al. 2017). Non-visual opsins detect light and perform various non-image
forming functions in the retinal and brain neurons in �sh, such as regulating biological clocks, activity
change, signal transduction and regulation of hormone levels (Jenkins et al. 2003; Nakane et al. 2010;
Guido et al. 2020). Fish non-visual opsins include rod opsin, opsin3, opsin5, tmt-opsin, melanopsin,
pteropsin and RH7 (Jenkins et al. 2003; Nakane et al. 2010; Nakane et al. 2014; Beaudry et al. 2017;
Guido et al. 2020). In aquaculture, it is important to study the development of retina in �sh larvae to
understand their physiological activities and ecological adaptability, which allows the light optimization
of breeding and growth conditions.

The puffer�sh Takifugu rubripes of the order Tetraodontiformes, family Tetraodontidae and genus
Takiugu, also known as Fugu, is one of the most important marine �sh cultured in China, Japan, and
Korea because of its delicious taste and high nutritional value. In China, about 70% of the annual product
of T. rubripes is exported overseas and its domestic consumption is increasing since eating puffer�sh
became legal in China in 2016 (Katamachi et al. 2015; Kim et al. 2016; Zhang et al. 2019). At present, the
scale of breeding of T. rubripes is expanding in the coastal area of China. With increasing customer
demand, the arti�cial breeding of T. rubripes has become particularly important and optimal lighting
regimes for arti�cial environments are needed based on species and developmental phases (Liu et al.
2019). More important for larval rearing, the lighting conditions need to be matched to the visual system
of the target species. Thus, this study investigated the visual system of fugu, including the retinal
development and the visual and non-visual protein expression during the early developmental stage of T.
rubripes.
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Materials And Methods
Larval rearing

The eggs of T. rubripes were obtained from Dalian Tianzheng Industrial Co., LTD in April 2020 and 2400
larvae were randomly distributed equally into three 300-L cylindrical tanks that were 80 cm high. From 2
days after hatching (dah), fugu larvae were fed with rotifer and artemia to satiation. To remove debris,
excess feed, and dead larva and to maintain the quality of the rearing water, the bottom of the tank was
cleaned and the water was renewed twice daily. Nitrites and ammonia were measured weekly, while
temperature, salinity, pH, and dissolved oxygen were monitored daily. Mean values of nitrites and
ammonia were always less than 0.05 mg L−1 and 0.2 mg L−1, respectively. Larva were maintained at a
temperature of 19.0 to 21.0°C, pH was maintained at 7~8 and the oxygen level was maintained above 8
mg L−1.

Histology and retinal morphometric analyses

At 1, 2, 3, 4, 6, 8, 13, 18, and 26 dah, 20 fugu larva were anesthetized on ice and then �xed in Bouin’s �uid
for 24 to 28 h either as the whole �sh at all stages up to 18 dah or just the heads at 26 dah. According to
routine histological techniques, the samples were transferred into 70% ethanol until being prepared for
histological analysis. After dehydration in a graded series of alcohol, the samples were embedded in
para�n. Four to six µm sections were cut and stained with hematoxylin-eosin staining (H&E). Sections
were observed on a microscope (Leica DM4000 B LED, Leica, Wetzlar, GER) and photographed (Leica
DFC450 C, Leica, Wetzlar, GER). Retinal measurements of the sections were made using image analysis
software LAS X (Image Pro Plus, v. 4.5, Media Cybernetics, Inc. Rockville, MD, USA) and involved
measuring the thickness of each layer RPE, PRos/is, ONL, the ONL, OPL, INL, IPL, GCL, OFL, and the nuclei
density of ONL, INL and GCL as the number of ONL nuclei/100 µm, INL nuclei/100 µm, and GCL/100 µm.
For each of these parameters, six measurements were performed in the central, dorsal and ventral regions
of each retina (n = 9/sampling point). The ratio of thickness of each retinal layer to total thickness (TT),
the ratios of number of ONL nuclei to number of INL nuclei, the ratios of number of ONL nuclei to number
of GCL nuclei and the ratios of number of INL nuclei to number of GCL nuclei were further calculated.

RNA extraction and Quantitative real-time PCR

At 1, 2, 3, 4, 6, 8, 13, 18, and 26 dah, 20 fugu larva were anesthetized on ice, the whole �sh up to 18 dah
and the heads only at 26 dah were quickly immersed in ice-cold RNAlater RNA stabilization reagent
(Ambion, Austin, TX, USA) and then were immediately transferred to an ultra-low temperature freezer at
−80°C until processed. The RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The concentration and integrity of the RNA were checked
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a NanoDrop ND-
1000 spectrophotometer (Thermo Scienti�c, Wilmington, DE, USA).
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The speci�c primers for reference genes and opsins were designed by primer premier 5.0 software (Table
1). Gene expression studies were performed by qPCR. The Applied Biosystems 7900 HT Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) was used with the SYBR FAST qPCR Kit Master Mix
(2×) Universal system (KAPA Biosystems, Boston, MA, USA), as recommended by the manufacturer.
Brie�y, an aliquot of 1 µg of RNA pretreated with DNase I (37°C, 30 min) was used as a template for cDNA
synthesis with random hexamers according to the user information for 1st Strand cDNA Synthesis Kit
(Takara Bio Inc., Otsu, Japan). Ampli�cation was conducted with an initial denaturation at 95°C for 5 min,
followed by 40 cycles of ampli�cation at 95°C for 3 s and 60°C for 20 s. Melting curves were plotted to
ensure that a single polymerase chain reaction (PCR) product ampli�cation was obtained for each pair of
primers. The stability of T. rubripes was veri�ed using Norm�nder (v 0.953) (17-20) and the results
showed that β-actin was comparatively more stable in the present study. The qPCRs were conducted in
triplicates and the relative gene expression was calculated using 2−ΔΔCT, where ΔCT = cycle threshold
(CT) of the target gene minus the CT of β-actin, and ΔΔCT = ΔCT of any sample minus the calibrator
sample method.

Table 1
Primers used for qPCR in the present study

Gene name Primer Sequence of primer Product length(bp)

Rhodopsin Forward GAACTACGTCCTGCTCAACCTG 148

Reverse CCCTCCTAAAGTGGCAAAGAAT

LWS Forward CAATGTGCGTCTTTGAGGGT 231

Reverse TCTTCAGTCCATGAGGCCAG

SWS2 Forward GGGACACCATTTGATCTGAGAC 106

Reverse AGCGGAACTGTTTATTGAGGAC

green opsin Forward CCGCTGTCAATGGCTACTTC 190

Reverse GTGAAAGCGACTCCAACTGC

Rod opsin Forward GGGGAGAATCACGCAATCA 195

Reverse GAGGAAGTGGCAGACGAACA

Opsin3 Forward CAGCGTCCCAGTCTTTCAGT 190

Reverse TCAGGCGTCTTCTTCCATTT

Opsin5 Forward GACGGTTGAGGAAGGGCTAT 181

Reverse GCTGGCTGTGCTGTCAAGA

beta-actin Forward AACCAAATGCCCAACAACTTC 213

Reverse GATCCCCAGATGCAACAGAAC
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Statistical analysis
One-way ANOVA followed by the Tukey’s test (IBM SPSS statistics version 22.0, IBM, Chicago, IL, USA)
was performed to examine the statistical signi�cance of all data. A p value of < 0.05 was considered
signi�cant.

Results
Morphological observations of larvae in various stages

Hatching occurred over two days and hatching time was not synchronous (Fig. 1). At 1 dah, the brain
appeared very large in lateral views and the larvae displayed the characteristic roundish body shape of a
puffer �sh. The larvae still had plenty of yolk and oil droplets within the yolk sac. The pigmentation of the
larvae by both erythrophores (red), melanophores (black) and xanthophores (yellow) spread and covered
the yolk sac and eye pigmentation emerged. The tail of the larvae was completely pigment free and there
was a sharp margin where the pigmentation ended in front of the tail. Most of the larvae had the mouth
located midventral between the eyes and punctate melanin on the yolk sac. At 2 dah, the tail of the larva
was still completely pigment free, the mouth was clearly visible and the anterior tip of the mouth began
protruding beyond the eyes. The larva seemed to have used up all its maternally supplied nutrients.
Re�ective iridophores became prominent in the eyes and the abdominal pigment gradually accumulated
into stellate in most of the larvae. Most of the larvae started swimming, and feeding on rotifers.
Pigmentation was more intense and extensive than was observed at 1 dah and especially increased at
the dorsal region of the larva. At 3 dah, the dorsal �n bud was clearly observed. At 8 dah, the teeth of
larvae were formed, the air sac appeared and they began to attack each other. The pectoral �ns were well
developed and the caudal �ns were clearly visible. From 18 dah, �lamentous rays were observed on the
caudal �n and the melanophores began to appear in the tail. The �n rays were observed on caudal �ns at
26 dah. Larvae were also very similar to adult T. rubripes at that point (Fig. 1).

Observation of retinal microstructures at various stages

At 1 dah, six layers were observed in the retina in T. rubripes larva, including RPE, PRos/is, ONL, INL, IPL
and GCL. At 2 dah, all eight layers were observed in the retina in T. rubripes larva, including RPE, PRos/is,
ONL, OPL, INL, IPL, GCL and OFL (Fig. 2). The thickness of each layer was shown in Table 2, where the
thickness of the RPE increased gradually from 9.3 ± 0.8 µm at 1 dah to a maximum value at 26 dah of
20.0 ±1.5 µm. At 1, 2, 3, 4, 6, and 8 dah, no signi�cant differences were observed in the thickness of the
RPE (p > 0.05). The thickness of the PRos/is also signi�cantly increased from 3.6 µm at 13 dah (p  0.05),
reaching a maximum value of 10 µm at 26 dah. No signi�cant difference was observed at 13, 18 and 26
dah (p > 0.05). The thickness of the ONL slightly increased initially, reached a maximum value 7.9 µm at
2 dah, then slightly decreased, reaching a minimum value of 4.5 µm at 13 dah. Subsequently, the value
increased from 18 dah. The OPL was detected from 2 dah, with its thickness increasing gradually from
2.2 ± 0.3 µm at 2 dah, to a maximum of 5.2 µm at 26 dah. At 1 dah, the thickness of INL was 30.1 ± 1.2
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µm, then the value decreased from 3 dah, reaching a minimum value of 18.9 µm at 8 dah, but
signi�cantly increasing again between 13 and 26 dah. The thickness of IPL increased gradually from 1
dah, reaching a maximum value of 28.6 µm at 26 dah. The thickness of GCL initially increased slightly to
30.7 µm at 2 dah, then decreased gradually to a minimum value of 13.9 µm at 18 dah. The OFL was
observed from 2 dah and then gradually increased to a maximum of 9.4 µm at 26 dah. The total
thickness of retina also gradually increased from 78.4 ± 4.1 µm at 1 dah, reaching a maximum value of
120.8 µm at 26 dah.

Table 2
Relative changes in the thickness of retinal layers (µm) in each growth stage of Takifugu rubripes

  RPE PRos/is ONL OPL INL IPL GCL OFL TT

1 dah (n
= 9)

9.3 ±
0.8ab

3.6 ±
0.0a

6.2 ±
0.2ab

— 30.1 ±
1.2d

3.8 ±
0.2a

29.9 ±
0.4de

— 78.4 ±
4.1a

2 dah (n
= 9)

8.1 ±
0.4a

4.5 ±
0.1a

7.9 ±
0.7b

2.2 ±
0.3b

29.8 ±
0.7d

10.1 ±
2.5ab

30.7 ±
0.4e

3.2 ±
0.3b

97.1 ±
5.4b

3 dah (n
= 9)

11.3 ±
0.4abc

5.0 ±
0.2ab

6.3 ±
0.1ab

3.2 ±
0.4bc

24.8 ±
1.0bc

19.4 ±
1.5cde

25.0 ±
1.6cd

4.9 ±
1.1b

100.7
± 2.0b

4 dah (n
= 9)

11.4 ±
0.5abc

5.7 ±
0.3abc

5.1 ±
0.3a

2.9 ±
0.2bc

20.6 ±
0.5ab

16.0 ±
0.4bc

20.5 ±
1.3bc

4.9 ±
1.1b

90.1 ±
3.5ab

6 dah (n
= 9)

12.4 ±
0.5bc

5.9 ±
0.5abc

4.6 ±
0.4a

2.8 ±
0.2bc

19.5 ±
0.8a

17.3 ±
1.9cd

16.2 ±
0.6ab

4.4 ±
0.4b

86.5 ±
0.4ab

8 dah (n
= 9)

11.5 ±
0.4abc

4.4 ±
0.3a

4.8 ±
0.5a

3.2 ±
0.6bc

18.9 ±
0.3a

22.8 ±
0.7cdef

17.9 ±
1.9ab

7.1 ±
0.9bc

86.1 ±
6.1ab

13 dah
(n = 9)

12.6 ±
0.7bc

7.4 ±
1.0bcd

4.5 ±
0.4a

3.0 ±
0.1bc

19.1 ±
0.5a

23.1 ±
1.4def

15.0 ±
0.6a

5.3 ±
0.8bc

90.4 ±
2.2ab

18 dah
(n = 9)

14.4 ±
0.9c

8.3 ±
0.8cd

5.5 ±
0.4ab

4.2 ±
0.4cd

20.0 ±
0.7a

25.9 ±
0.9ef

13.9 ±
0.6a

5.0 ±
0.3b

97.5 ±
3.6b

26 dah
(n = 9)

20.0 ±
1.5d

10.0 ±
0.7d

7.9 ±
1.2b

5.2 ±
0.3d

25.9 ±
1.7cd

28.6 ±
1.2f

14.4 ±
1.1a

9.4 ±
1.2c

120.8
± 2.2c

The ratio of each layer thickness relative to the total thickness was also calculated in Fig. 3. The RPE/TT
and PRos/is/TT gradually increased from 2 dah. The value of ONL/TT initially decreased from 2 dah and
then increased from 18 dah. The value of OPL/TT increased from 2 dah and reached a value of 5% at 18
dah. The value of INL/TT decreased from 0.38 at 1 dah and reached a value of 20% at 18 dah. Like the
value of OPL/TT, the value of IPL/TT increased at 1 dah (8%). Like INL/TT, the value of GCL/TT
increased from 1 dah, with a minimum value of 12% at 26 dah. The value of OFL/TT increased from 3%
at 2 dah and reached a maximum value of 8% at 26 dah. The nuclear density of ONL, INL and GCL, and
the ratios of ONL/INL, ONL/GCL and INL/GCL are shown in Table 3. The nuclear density of ONL
increased gradually from 2 dah, attained a maximum value of 213460 at 13 dah and then decreased
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slightly subsequently. The nuclear density of INL and GCL also increased gradually from 1 dah. The
ONL/INL ratio increased to 1.7 ± 0.1 from 1 dah and then decreased from 13 dah when it had reached 2.3
± 0.1. The ratio of ONL/GCL ranged from 1.9 at 2 dah to 3.4 at 8 dah and no signi�cant difference was
observed among the different sampling points. Like the ratio of ONL/GCL, no signi�cant difference was
observed among the different sampling points for the INL/GCL ratio, which ranged from 1.2 at 2 dah to
2.0 at 18 dah.

Table 3
Nuclear density (mm−2/100 µm) of ONL, INL and GCL, and ratio of ONL/INL, ONL/GCL and INL/GCL at

different sampling point

  ONL INL GCL ONL/INL ONL/GCL INL/GCL

1 dah (n =
9)

89958 ± 7376a 54235 ±
1320a

36448 ± 612a 1.7 ±
0.1ab

2.5 ± 0.2a 1.5±
0.0ab

2 dah (n =
9)

89506 ±
15753a

55999 ±
3906ab

45706 ±
1666ab

1.6 ±
0.2ab

1.9 ± 0.3a 1.2 ±
0.1a

3 dah (n =
9)

160573 ±
10284ab

76957 ±
2899abc

59826 ±
3702bc

2.1 ±
0.1ab

2.7 ± 0.1a 1.3 ±
0.1a

4 dah (n =
9)

200462 ±
16766b

81877 ±
3030abc

55366 ±
3317abc

2.5 ±
0.2b

3.7 ± 0.4a 1.5±
0.0ab

6 dah (n =
9)

206584 ±
24091b

85075 ±
2814bcd

70805 ±
2279c

2.4 ±
0.2b

2.9 ± 0.4a 1.2 ±
0.1a

8 dah (n =
9)

205943 ±
27561b

102339 ±
4509cd

62998 ±
6039bc

2.0 ±
0.3ab

3.4 ± 0.7a 1.7 ±
0.1ab

13 dah (n
= 9)

213460 ±
18285b

92423 ±
3468cd

71367 ±
4897c

2.3 ±
0.3b

3.0 ± 0.2a 1.3 ±
0.1a

18 dah (n
= 9)

189536 ±
20458b

144007 ±
8867e

71381 ±
3927c

1.3 ±
0.2a

2.7 ± 0.4a 2.0 ±
0.1b

26 dah (n
= 9)

144339 ±
7996ab

114206 ±
13507de

67727 ±
6526c

1.3 ±
0.1a

2.2 ± 0.1a 1.7 ±
0.2ab

Expression of retinal related genes

The results of qPCR showed that the expression of rhodopsin, LWS, SWS2, green opsin, rod opsin, opsin3
and opsin5 could be detected from 1 dah, as seen in Fig. 4. No signi�cant difference was observed in the
expression of rhodopsin from 1 to 4 dah, then the expression increased till 13 dah and then subsequently
decreased. It again increased from 18 dah to a maximum at 26 dah (p  0.05). The gene expression of
LWS increased gradually from 1 dah and reached at the maximum value at 26 dah. The gene expression
of SWS2 initially increased from 1 dah, decreased from 4 and �nally increased from 18 dah. The gene
expression of green opsin initially increased from 1 dah and then decreased from 8 dah. The expression



Page 9/23

of rod opsin gradually increased from 1 dah, reached at the maximum value at 26 dah and no signi�cant
difference was observed from 1 to 8 dah (p > 0.05). No signi�cant difference was observed in the
expression of opsin3 from 1 to 13 dah (p > 0.05), with the maximum at 18 dah, which was signi�cantly
higher than other sampling points (p  0.05) and then decreased from 18 to 26 dah. The gene expression
of Opsin5 increased from two dah and then decreased at 8 dah, and then increased from 13 dah again.

Discussion
Before �rst feeding, the yolk is utilized for embryo development in most marine �sh. As yolk reserves are
gradually exhausted, larvae undergo the di�cult transition from endogenous to mixed feeding period to
obtain energy and required nutrients to support growth and development (Ma et al. 2010; Yúfera et al.
2014). Changes in the behavior of marine �sh larvae are closely related to the development of the
sensory organs, especially the visual system, which is crucial for feeding and predator defense in larval
survival (Lim and Mukai 2014). It is very important for larvae to complete the differentiation of retinal
functional cells and mouth-opening before the yolk sac is depleted because food intake requires
coordination of food searching, detection, attract, capture and ingestion (Rønnestad et al. 2013, Lim and
Mukai 2014, Hu et al. 2018). In this study, the yolk sac of T. rubripes disappeared and the larvae were
mouth opening and feeding on rotifers at 2 dah. Histological observation showed that all the ten retinal
layers were visible in T. rubripes from 2 dah, indicating that the well-developed visual system provided the
necessary conditions for larval feeding. This result is consistent with other reports in teleosts, such as
Danio rerio, where the iridophores are scattered over the retina, where the iris will develop and mouth is
opening and feeding at 2 dah (Kimmel et al. 1995). In Epinephelus akaara larvae, yolk absorption was
complete at 3 dah, and the mouth had opened at 4 dah. Hatched larvae had ONL, INL, and GCL starting
from 2 to 3 dah, the retina was differentiated into PRE, PRos/is, ONL, OPL, INL, IPL, GCL and the choroid
membrane was pigmented at 4 dah (Kim et al. 2013; Kim et al. 2019). In Engraulis anchoita, the eyes
were pigmented and the GCL and the PR were visible in the retina, towards the end of yolk sac stage,
when the larvae were 4 mm in length. This stage of acquisition of functionality coincided with the
absorption of yolk and the beginning of exogenous feeding (Miranda et al. 2020). In Sparus aurata, the
maturation of eye also occurred at 3 to 4 dah and it underwent profound anatomical and physiological
alterations, such as the opening of the mouth and anus, the resorption of the yolk sac and functional
differentiation of the alimentary canal, liver and pancreas (Parry et al. 2005; Yúfera et al. 2014; Pavón-
Muñoz et al. 2016). In contrast, for precocial �sh species, such as Hippocampus reidi, Iago omanensis
(Triakidae), Chiloscyllium punctatum and Scyliorhinus canicular, the retina was fully developed prior to
birth (Fishelson and Baranes 1999; Sánchez-Farías and Candal et al. 2005, 2008; Ferreiro-Galve et al.
2008, 2010a, b, 2012; Harahush et al. 2009; Bejarano-Escobar et al. 2012, 2013; Sánchez-Farías and
Candal 2015, 2016; Novelli et al. 2015; Álvarez-Hernán et al. 2019), so the degree of maturation at
hatching in the retina of �shes is different in altricial and precocial �sh species. And, for the most
primitive vertebrates, such as sea lamprey Petromyzon marinus, begin retinal development during
embryogenesis but do not complete differentiation until metamorphosis, occurring well after birth at �ve
or more years of age (De Miguel and Anadón 1987; Rodicio et al. 1995; Harahush et al. 2009).
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The RPE layer and the PRos/is layer can be observed early from 1 dah in T. rubripes. Although the teleost
eye is very similar to the mammalian eye, it is characterized by several unique structures, such as teleost
eyes lake eyelids except for the nictitating membranes of certain sharks and most teleost cannot alter the
size of their pupil (Kusmic and Gualtieri 2000; Reckel et al. 2002), so the �sh retina is more susceptible to
potential light-induced damage as they are continuously exposed to intense light. Consequently,
alternative protective strategies have developed to cope with high light intensities, including migration of
melanin granules and photoreceptor mobility. Acting as an anti-oxidant adjacent to the outer segments of
photoreceptor cells, ocular melanin protects the retina against light-induced cell toxicity (Sanyal and
Zeilmaker 1988), by migrating in an apical direction in response to light within processes of the RPE and
enshroud photoreceptors compared to higher vertebrate (Allen and Hallows 1997). These photoreceptors
can move into or out of the deep recesses of the RPE, so the RPE layer develops earlier in T. rubripes,
which may be critical to protects the retina against light-induced cell toxicity. The results are consistent
with some previous studies in other teleost. For example, in Acanthopagrus latus, Mugil cephalus and
Alosa sapidissima, before the retina developed, a thin layer of RPE containing a few melanin particles
was clearly observed at the edge of the retina (He et al. 1985; Xu et al. 1988, Gao et al. 2016). In this
study, opposing developmental trends were found in the thickness of ONL and OPL, INL and IPL, GCL and
OFL in T. takifugu. In teleost, the ONL is composed of the cell bodies of the cones and rods. The OPL
contains the processes and synaptic terminals of rods, cones, horizontal cells and bipolar cells. The
nuclei of the bipolar cells, amacrine cells, horizontal cells and Müller cells are found in the INL and the IPL
consists of the connections between bipolar, amacrine and ganglion cells. The nuclei of ganglion cells
form the GCL and the OFL contains the axons of ganglion cells as they collect to form the optic nerve
(Fernald 1990; Kolb 2011; Ferreiro-Galve et al. 2008, 2010a, b, 2012; Bejarano-Escobar et al. 2014;
Musilova et al. 2019). Cell body and synaptic differentiation becomes more obvious, resulting in a
continuous decrease in the thickness of ONL and an increasing thickness of OPL (Ali and Anctil 1977;
Kolb 2011). Similarly, with the extension of axons and the continuous branching of dendrites, the
thickness of INL decreases and the thickness of IPL increases (Ali and Anctil 1977; Kolb 2011). With the
extension of axons and dendrites, the thickness of GCL decreases and the thickness of OFL increases (Ali
and Anctil 1977; Kolb 2011). The results obtained in the present study re�ect the differentiation process
of the retina during the early developmental stage of T. rubripes. The emergence of the plexiform layers
occurs almost simultaneously, as have been described in other fast-developing teleost (Parry et al. 2005;
Bejarano-Escobar et al. 2012, 2013; Pavón-Muñoz et al. 2016). In contrast, studies conducted in slow-
developing species such as elasmobranchs and Sparus trutta have shown that the IPL evolves earlier
than the OPL (Ferreiro-Galve et al. 2008, 2010a, b, 2012; Harahush et al. 2009; Bejarano-Escobar et al.
2012; Sánchez-Farías and Candal et al. 2005, 2008).

In a previous study, the ONL/INL ratio was used to estimate the degree of spatial summation of visual
information at the �rst synapse in the retina and compared to crepuscular at 1.4 to 1.7 or nocturnal 2.7 to
3.5 foraging species, diurnal feeding �shes were shown to have a lower summation ratio of 0.5 to 1.4
(Munz and McFarland 1973; Schieber et al. 2012). In nocturnal �shes, the higher ratio increases visual
sensitivity by pooling the signals from many photoreceptors, at the expense of spatial resolving power,
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which re�ects the adaptation to dim conditions (Munz and McFarland 1973). In the present study, the
ONL/INL ratio of T. rubripes was 1.3 to 2.5 during the early developmental stage, suggesting that the fugu
larvae have higher visual sensitivity. As reported previously, the female T. rubripes lays demersal,
adhesive eggs in coastal waters at a depth of 10 to 50 m during spring, and juveniles remain in nursery
ground areas near the main spawning grounds from spring to summer, and then enter wider areas
(Katamachi et al. 2015; Kim et al. 2016; Zhang et al. 2019). The higher ratio of the ONL/INL in T. rubripes
re�ects an adaptation to their surrounding light conditions. However, Schieber et al. (2012) examined the
retinal anatomy of four elasmobranch species with differing ecologies, including Port Jackson shark
Heterodontus portusjacksoni, the bull shark Carcharhinus leucas, pink whipray Himantura fai, and the
epaulette shark Hemiscyllium ocellatum and found that the ONL:INL ratio may be a less robust indicator
of diel activity patterns in elasmobranchs. The ratio of the nucleus number of the ONL layer to the GCL
layer re�ects the degree of retina network convergence (Xu et al. 1998), and this re�ects the degree of
visual sensitivity and light sensitivity of �sh (Ma et al. 2010). Higher visual sensitivity helps them to
distinguish small aquatic organisms such as zooplankton in motion providing the possibility of
successful predation (Ma et al. 2010). In this study, no signi�cant difference was observed among the
different sampling points, which ranged from 1.9 to 3.7, which suggested that T. rubripes may acquire
high visual sensitivity before the larvae open their mouths.

The vertebrate visual opsin genes are expressed in the retina and are responsible for facilitating visual
perception. The expression of visual genes like rhodopsin, LWS, SWS2 and green opsin, and non-visual
genes like opsin3 and opsin5 in T. rubripes were detected early from 1 dah, suggesting the fugu larvae
may be able to detect different wavelength spectra, especially detecting the short wavelength light could
increase the contrast of prey against the water background (Hargrave et al. 1983; Loew et al. 1993;
Browman et al. 1994). A similar pattern was also observed in most �sh species, including Clupea pallasi,
(Sandy and Blaxter 1980), Pseudopleuronectes americanus (Mader and Cameron 2004), and
Oncorhynchus nerka (Flamarique and Hawryshyn 1996). Previous studies have shown that the SWS,
including ultraviolet/violet or short-wavelength sensitive type 1 cone opsins (SWS1; approx. 360–430 nm)
and blue or short-wavelength sensitive type 2 cone opsins (SWS2; approx. 430– 460 nm) (Jacobs et al.
1996; Van et al. 2006). The light-sensitive pigments of SWS1 can absorb the maximum spectral range of
incident light within the spectrum of ultraviolet, which plays a signi�cant role in foraging, communication
and mate selection. The SWS1 genes have been isolated from a surprisingly wide range of vertebrates,
including lampreys, teleosts, amphibians, reptiles, birds, and mammals (Van et al.2006). However,
previous studies have shown that no sequence related to the SWS1 gene was found in the transcriptome
of T. rubripes eyeball tissue, indicating that this gene was lost in a common Tetraodontiform ancestor
after the Percomorph radiation (Neafsey et al. 2005). Fish possess SWS2 opsin, which is absent in most
mammals, including humans, except for a few marsupials and monotreme species. The expression levels
of the �sh non-vision genes, rod opsin, opsin3 and opsin5 were measured. Rod opsin can restore visual
functions in retinal degeneration and mutations in rod opsin cause neurodegenerative blindness retinitis
pigmentosa (Athanasiou et al. 2012; Rennison et al. 2012). Rod opsin-treated mice can detect visual
stimuli in a dimly lit room, including a �icker at a range of frequencies (up to 10Hz), differences in
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luminance commonly encountered in visual scenes (Jasmina et al. 2015). In this study, rod opsin was
expressed from 1 dah in T. rubripes and gradually increased, which suggested that the protection function
of the retina in T. rubripes was gradually increasing. The opsin3, also known as cerebral opsin or
panopsin, is a protein encoded by the opsin3 gene in humans (Jiao et al. 2012) and may confer
photosensitivity in extraocular tissues that are considered light-insensitive in vertebrates (Sugihara et al.
2018). The opsin5 is a new type of short-wavelength sensitive photopigment in the brain of �sh (Nakane
et al. 2010) and as a photoreceptor, it can regulate seasonal changes in physiological behavior (Nakane
et al. 2014). In T. rubripes larvae, opsin3 and opsin5 were expressed from 1 dah, implying that although
vision seems to be the primary sense playing a key role in foraging activity and feeding, non-retinal
photoreceptors such as the pineal organ and deep brain photoreceptors and non-visual opsins may be
involved in fugu larval growth and development. Previous studies also have shown that the non-visual
opsins opsin3 and opsin5 are expressed in inner retinal cells of chick retina at early phases of
development and remain expressed in the mature retina at post-natal day 1 and 10 (Rios et al. 2019).
Similarly, non-visual opsins including opsin4a, tmtopsa, tmtopsb, and opsin3 are broadly expressed in the
zebra�sh larva central nervous system (Fernandes et al. 2013; Hang et al. 2016). TMT -opsin, opsin4 and
other non-visual opsins expression were detected in the telencephalon (rostral forebrain) of Oryzias
latipes (Fischer et al. 2013). How these light-sensitive structures mediate photoperiodic signals and
entrain key physiological events needs to be further clari�ed in �sh.

In conclusion, the results obtained here suggest that the maturation of the eye of T. rubripes occurred
during the transition period from endogenous to mixed feeding. The �ndings obtained here will provide
implications for vision-based survival skills during the early life stages after hatching, and for the overall
ecology and �tness of T. rubripes.
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Figure 1
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Photographs of Takifugu rubripes during different sampling points. dah, days after hatching. br, brain; cf,
caudal �n; ery, erythrophores; fb, �n buds; fr, �lamentous rays; iri, iridiophores; is, iris; jw, jaws; mel,
melanophores; pf, pectoral �n; pm, pigment margin; sb, swim bladder; tee, teeth; xan, xanthophore; ys, yolk
sac. 

Figure 2

Histological sections of retina of T. rubripes larvae at different developmental stages. RPE, retinal
pigment epithelium layer; PRos/is, photoreceptor layer (including RPE, PRos, and PRis); ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer; OFL, optic �ber layer. Scale bar = 50 μm 



Page 22/23

Figure 3

The ratio of the thickness of each layer to the total thickness of the retina of T. rubripes larvae at different
developmental stages. Data are expressed as the means ± SEM (n=9). Different lowercase letters indicate
statistically signi�cant differences between each treatment (one-way ANOVA, P<0.05, n=3)
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Figure 4

The relative mRNA expression levels of green opsin, SWS2, LWS, rod opsin, rhodopsin, opsin3 and opsin5
in T. rubripes at different developmental stages. Data are expressed as the means ± SEM (n=9). Different
lowercase letters indicate statistically signi�cant differences between each treatment (one-way ANOVA,
P<0.05, n=3)


