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Effects of different LED spectra
on growth and expression of
GH/IGF-I axis and apoptosis
related genes in juvenile
Takifugu rubripes

Songtao Liu™?, Yingying Fang™?, Ying Liu™*, Xin Li*?, Fei Sun™?,
Yanling Wu*?, Zhen Ma'? and He Ma**

Key Laboratory of Environment Controlled Aquaculture (Dalian Ocean University) Ministry of
Education, Dalian, China, ?College of Marine Technology and Environment, Dalian Ocean
University, Dalian, China, *College of Biosystems Engineering and Food Science, Zhejiang
University, Hangzhou, China

Light has long been known to have a profound influence on the growth and
development of fish. The previous studies showed that different spectra had
different effects on the growth of juvenile Takifugu rubripes. Among them,
green light can promote the growth of Takifugu rubripes, but the influence
mechanism is unknown. In this study, how different LED spectrums affect fish
growth from the perspective of GH/IGF-| axis-related genes and apoptosis
genes were deeply explored. In the experiment, juvenile Takifugu rubripes with
an initial body length of (9.01 + 0.70) cm and an initial body weight of (18.05 +
3.17) g were selected as the research objects. 525 Takifugu rubripes juveniles
were selected, cultured and monitored in five different LED spectrum
treatment groups: white light (WL, A 400-780nm), red light (RL, A 625-
630nm), yellow light (YL, A 590-595nm), green light (GL, A 525-530nm) and
blue light (BL, A 450-455nm). The photoperiod was 12L:12D, and the light
intensity was set to 250 mW/m?. The effects of light spectrum on growth,
melatonin synthesis, GH/IGF-I axis and relative expressions of apoptosis-
related genes in juvenile Takifugu rubripes were studied, including
arylalkylamine N-acetyltransferase (AANAT2), growth hormone (GH), growth
hormone receptor type 1 (GHR1), growth hormone releasing hormone (GHRH),
insulin-like growth factor type | (IGF-/), insulin-like growth factor type Il (IGF-1I),
insulin-like growth factor binding protein (IGFBP), Bcl-2 protein family (Bcl-2),
tumor suppressor (p53) and cysteine protease family (caspase 3, caspase 8,
caspase 10) genes. The results showed that the final weight was the highest in
the GL group (29.36 + 3.78 g) and the lowest in the YL group (21.28 + 2.56 g).
The GL indeed promote the growth of Takifugu rubripes. The GHR1, IGF-1, IGF-
Il and IGFBP of juvenile Takifugu rubripes cultured under GL were significantly
higher than those of WL (control group), BL and YL groups. The relative
expression levels of GH and GHRH genes had no difference from those in
the WL control group, and the relative expression levels of apoptosis genes in
the GL group were significantly lower than those in the BL and YL groups.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.1008068/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1008068/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1008068/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1008068/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1008068/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1008068&domain=pdf&date_stamp=2022-10-24
mailto:mahe@dlou.edu.cn
https://doi.org/10.3389/fmars.2022.1008068
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1008068
https://www.frontiersin.org/journals/marine-science

Liu et al.

10.3389/fmars.2022.1008068

Under RL, the relative expression levels of all growth genes on the GH/IGF-I
growth axis were relatively high. But at the same time, the relative expression of
caspase 10 gene in juvenile Takifugu rubripes was high, and the growth state
was inhibited. It is speculated that RL might disturb the endocrine system of the
juvenile Takifugu rubripes, thus impeded its growth and development.
Therefore, different LED spectra can affect the growth of juvenile Takifugu
rubripes by affecting the expressions of GH/IGF-I growth axis and apoptosis-
related genes: GL significantly promotes the growth of Takifugu rubripes,
which may be due to that GL promoted the expressions of growth factors
genes such as GHRI1, IGF-I, and IGF-Il, and decreased the expression of
apoptosis-related genes, while the situation in the YL, BL and WL groups was
on the contrary. RL significantly inhibited the growth of juvenile Takifugu
Rubripes, which may be due to the fact that juvenile Takifugu Rubripes under
RL were in a stressful state and the high expression of growth axis-related
genes was not sufficient to offset the negative effects of the stress response,

resulting in the inhibition of growth performance.
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1 Introduction

As an important and complex ecological environment factor,
light generally includes three elements, namely illuminance,
spectral composition and photoperiod. It can directly or
indirectly influence fish’s feeding, growth and development
and physiological activities. When light travels underwater, the
spectral components of the incident light will change to varying
degrees, and the wavelengths will rapidly decay as the depth
increases. The short wavelengths of the visible spectrum or blue
wavelengths dominate in deep water, while RL can only
penetrate shallow water. Therefore, fishes living in different
water layers also have great differences in their sensitivity to
light. It has been shown that different spectral environments can
affect the stress response, physiological state, and behavior of
fish, thus affecting growth performance, and have significant
species specificity (Karakatsouli et al., 2010). For example, BL is
not benefit to the growth of juvenile rainbow trout
(Oncorhynchus mykiss) and RL is conducive to the growth of
juvenile sea bream (Sparus aurata) (Wang et al., 2013). When
reared under WL, the total length of juvenile European sea bass
(Dicentrarchus labrax) increased significantly (Villamizar et al.,
2009). However, the spectrum has no effect on the growth of
juvenile Atlantic salmon (Salmo salar) and haddock
(Melanogrammus aeglefinus) (Stefansson and Hansen, 1989;
Downing, 2002).

The pineal gland of most fish has direct photosensitivity, and
the effect of light on fish will also affect a series of physiological
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activities by affecting the secretion of melatonin (Mohamed
et al, 2007; Migaud et al., 2012). Melatonin (N-acetyl-5-
methoxytryptamine) is synthesized by tryptophan taken up by
pineal cells. Aralkylamine N-acetyltransferase (AANAT) is one
of the major synthases of melatonin, and its secretion level is
consistent with the level of melatonin. The light-induced
reduction of AANAT2 activity and melatonin secretion was a
dose-dependent process. Because this is the process of inhibiting
neurotransmitter release and depends on the spectral
composition (Migaud et al., 2006). The light environment and
melatonin will control the neuroendocrine axis, and the
melatonin in the pineal gland will target the pituitary gland
and surrounding tissues. It regulates the release of growth
hormone (GH) and the possibility of affecting other pituitary
hormones has not been ruled out (Sanchez-Vazquez et al., 2019).
One study found that the expression level of GH mRNA was
significantly higher after melatonin injection than in the control
group and that melatonin played a role in regulating the growth
of Amphiprion clarkii (Shin et al., 2012). It was also found that
melatonin directly promoted the secretion of pituitary growth
hormone (GH) in Oncorhynchus mykiss (Falcon et al., 2003).
Prolonged darkness induces melatonin secretion in Paralichthys
olivaceus, which increases GH mRNA expression and thus
promotes weight gain in this species (Kim et al., 2019).
Therefore, an increase in melatonin within a certain range can
promote fish growth.

Animal growth is mainly regulated by the animal
neuroendocrine system, and the growth axis (GH/IGF-I axis)
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is at the core of this system (Ayson and Takemura, 2006).
Current studies have shown that the endocrine regulation
pattern of teleost growth is similar to that of higher vertebrates
and is mainly regulated by the growth hormone/insulin-like
growth factor axis (GH/IGF-I axis) regulation. Studies have
shown that the relative expression levels of GH and IGF-I in
Megalobrama amblycephala increase with the increase of
lighting time (Tian et al., 2019). And the relative expression of
GH in the larvae and juveniles of Takifugu rubripes under GL is
the highest, which is conducive to their growth and development
(Wei et al., 2019). Another study found that the expression level
of GH mRNA in yellowtail clownfish (Amphiprion clarkii) was
higher in GL and BL conditions than in RL conditions, inducing
faster growth (Shin et al, 2012). It was also found that the
growth of juvenile turbot (Scophthalmus maximus) after
metamorphosis was promoted by BL and the juvenile turbot
exposed to BL had higher body weight and IGF-I mRNA levels
(Wu et al,, 2020). And the expression level of GH gene in the
brain tissue of Takifugu rubripes under different photoperiods
was also significantly different (Wei et al,, 2020). However,
scientific research on the effect of spectrum on the expressions
of GH/IGF-I axis-related genes in juvenile Takifugu rubripes is
not comprehensive enough, and the mechanism is unclear.

Apoptosis is a normal physiological process used to remove
excess, damaged, necrotic or potentially dangerous cells (Xian
et al., 2013). Apoptosis is regulated by a series of signal cascades
and is affected by environmental factors (Guo et al, 2017).
Studies have shown that different environmental temperatures
can cause different expression changes of Bcl-2 in the liver of
zebrafish (Danio rerio) (Ji et al., 2013). And the expression of
apoptosis-related genes in Penaeus vannamei may be up-
regulated under WL and RL, but they are not affected under
BL and GL (Fei et al., 2020a). It was also found that GL
effectively reduced oxidative stress and apoptosis in olive
flounder (Paralichthys olivaceus) induced by temperature,
while RL increased oxidative stress and apoptosis (Kim et al.,
2016a). And BL environment alleviated cold shock-induced
oxidative stress and apoptosis in zebrafish (Danio rerio),
significantly inhibited caspase 3, caspase 8 and caspase 9
activity levels (Peng et al, 2022). Thus, the spectrum would
have a regulatory effect on the expression of apoptotic genes. So
far, there have been few reports on the effects of spectrum
composition on cell apoptosis of juvenile Takifugu rubripes, and
the mechanism of spectrum on cell apoptosis is still unclear.
Therefore, it is necessary to study the changes in the expression
levels of apoptosis-related genes in juvenile Takifugu rubripes,
such as the Bcl-2 protein family (Bcl-2), tumor suppressor (p53)
and cysteine protease family (caspase 3, caspase 8, caspase
10) genes.

Takifugu rubripes belongs to Tetraodontiformers,
Tetraodontoidei, Tetraodontidae, and Takifugu. They live near
the seabed and are warm-temperate, wide-salt, carnivorous
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benthic migratory fish, inhabiting reef areas, sandy mud
bottoms, estuaries, and offshore coasts. They are mainly
distributed along the coasts of China, the Korean Peninsula
and the east and west coasts of Japan (Ma et al., 2021). Takifugu
rubripes has delicious meat and high nutritional value, and it is
one of the important economic fish species in northern China,
especially in the northern sea area. There has been a saying in
China since ancient times that people would die to eat puffer fish.
This fish is very popular among Chinese, even Japanese and
Korean people. The total production of puffer fish mariculture in
2019 is 17,473t (Zhu et al., 2022). At present, the scale of indoor
closed breeding of puffer fish in China is increasing, which
requires the use of artificial light source for production, but the
corresponding light regulation technology is relatively blank,
and relevant research is also urgently needed. (Ma et al., 2014).
Studies on the effect of LED light on Takifugu rubripes have also
been partially carried out. Studies have shown that different light
environments affect many physiological characteristics of
Takifugu rubripes due to the light distribution in the water
column and the characteristics of the fish habitat. For example,
the effect of spectrum (white, blue and yellow light) and
photoperiod on the growth of Takifugu rubripes was studied.
The results showed that at 80 DPH, the growth performance of
WL and YL treatment was better than that of BL with the
photoperiod of 12L:12D (Wu et al, 2022). And the digestive
enzyme activities of juvenile Takifugu rubripes under GL were all
higher than other spectral treatment groups (Liu et al., 2021). It
was also found that light intensity environment of 250-500 mW/
m? could protect cell structure and function of juvenile Takifugu
rubripes from oxidative stress (Li et al., 2022). And
photoperiodic environments of 8L:16D and 24L:0D at 30 DPH
may cause stress to Takifugu rubripes, resulting in elevated
alkaline phosphatase (Ma et al., 2021). Other studies have
shown that light conditions may affect the expression of
GHRH and lead to upregulation of GH gene in juvenile
Takifugu rubripes (Liu et al., 2019).

Preliminary studies have proved that different LED spectra
could affect the growth of somatic cells in the juvenile Takifugu
rubripes (Kim et al,, 2016b; Liu et al., 2021). The results showed
that GL can promote the growth and development of juvenile
Takifugu rubripes. Compared with RL, the juvenile Takifugu
rubripes raised under GL has a higher survival rate, better
feeding performance and growth status. Current studies on the
effects of light environment on Takifugu rubripes mainly involve
morphological traits, growth and feeding, digestion and
metabolism, antioxidant and immunity, as well as the
expression of GH and IGF-I genes. However, the GH/IGF-I
growth axis contains multiple genes, and it is uncertain whether
GL promotes fish growth through the GH/IGF-I growth axis and
apoptosis. Therefore, the effects of different LED spectra (GL,
BL, YL, RL and WL) on GH/IGF-I axis related genes and
apoptosis related genes of juvenile Takifugu rubripes were
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investigated, in order to reveal the reasons for the effects of
different LED spectra on the growth and development of juvenile
Takifugu rubripes.

2 Material and methods

2.1 Fish breeding

The juvenile Takifugu rubripes used in the experiment
originated from Dalian Tianzheng Industrial Co., Ltd. After
the juveniles are transported to the laboratory, they are cultured
in aquarium barrels (diameter: 80 cm, inner height: 60 cm,
effective water volume: 250 L), and domesticated for a week.
During the domestication period, commercial buoyant feeds
were used for feeding, and they were fed twice a day at 08:30
in the morning and 15:30 in the afternoon. One week later, 525
well-balanced and healthy juvenile Takifugu rubripes were
selected for the experiment.

2.2 Experimental design

The light sources used in this experiment are LED lamps
(model: GK5A; designed by the Institute of Semiconductors,
Chinese Academy of Sciences, produced by Shenzhen
Overclocking Technology Co., Ltd.). There were 5 LED lights
in different colors, including GL (A525~530 nm), BL (A450~455
nm), YL (A590~595 nm), RL (A625~630 nm) and WL
(A400~780 nm). The light source is installed 1 m directly
above the water surface.

The experiments were carried out in a shaded compartment
with shading cloth to cover the different treatment groups to
avoid cross-contamination of the light source among the
treatment groups. Five spectral treatment groups were set up
in this experiment, which were green light (GL), blue light (BL),
yellow light (YL), red light (RL) and white light (WL) treatment
groups. There were 3 repetitions in each treatment group. The
breeding barrels are cylindrical barrels made of off-white PE
material with a diameter of 80 cm and an inner height of 60 cm.
At the beginning of the experiment, 35 domesticated Takifugu
rubripes juveniles were placed in each breeding bucket, with
body length of (9.01 + 0.70) cm and body weight of (18.05 +
3.17) g. The experiment period was 30 days. During the
experiment, each breeding bucket was continuously aerated
with an aeration pump. The experimental light intensity was
set at (250 + 20) mW/m®. The light intensity of four points was
averaged and calibrated at 1 cm above the water surface of each
barrel using an SRI 2000 UV spectral illuminance meter
(Shangze Co., Ltd.) at 8:30 am daily. The photoperiod was set
to 12L:12D controlled by an electronic timer. The fish were feed
twice a day at 08:30 am and 15:30 pm. The daily feed weight was
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calculated based on 2% of the total mass of the fish in each
breeding barrel. The remaining bait collected 30 min after
feeding, dry it and weigh it. Replace 50% of the volume of
water every 2 days.

2.3 Sample collection

2.3.1 Growth experiment

Before the start of the experiment, 3 juvenile fish were
randomly taken from each breeding bucket for the initial
juvenile fish length and weight measurements. During the
experiment, fish body length and fish weight measurement
work was performed once every 10 d. At the end of the
experiment, 3 fish were randomly selected from each culture
bucket, and a total of 9 fish (whole fish) were selected from each
treatment for the determination of fish length and fish weight at
the end of the experiment.

2.3.1 Collection of visceral tissue samples

The fish were stopped feeding 24 hours at the end of the
experiment. Then 3 juveniles were randomly selected from each
repeated treatment group and anesthetized with anesthetic (MS-
222). The fish were placed on an ice tray, dissected, and their
liver, intestine, and brain tissues were taken out. After the tissue
was rapidly rinsed with precooled normal saline, the water was
sucked dry with absorbent paper and put into the refrigeration
tube. Later the tissues were first frozen in liquid nitrogen and
then stored in - 80 °C refrigerator for later determination of
related gene expressions.

2.4Measurement and analysis of samples

2.4.1 Growth performance measurement

The body length specific growth rate (SGRy) and body
weight specific growth rate (SGRy) were calculated according
to the formula listed below.

SGR; =100 x (1nL, — 1nL)/(T, = T}) H

SGR,, = 100 x (1nW, — 1nW})/(T, - T) ;

In the formula, L; and W are the fish body length (cm) and
fish weight (g) at the beginning of the experiment; L, and W, are
fish body length (cm) and fish weight (g) at the end of the
experiment; T is the start time of the experiment (d); T is the
end time of the experiment (d).

2.4.2 Total RNA extraction and cDNA reverse
Animal tissue total RNA extraction kit (SteadyPure Universal
RNA Extraction Kit), reverse transcription kit (Evo M-MLV RT
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Kit), gPCR kit (SYBR Green Premix Pro Tag HS qPCR Kit), GL
DNA Marker 2000 were purchased from Hunan Accurate
Biological Engineering Co., Ltd; 6XxXDNA Loading Buffer was
purchased from G-CLONE (Beijing) Biotechnology Co., Ltd,;
GoldView I type nucleic acid stain was purchased from Beijing
Solarbio Technology Co., Ltd.; fluorescent quantitative PCR
primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd.

According to the instructions of the Total RNA Extraction Kit
from Animal Tissues of Hunan Accurate Bioengineering Co., Ltd.,
the total RNA was extracted from the tissues of juvenile Takifugu
rubripes under different LED spectrum treatments. The integrity of
RNA was detected by taking 3 pL for 1.0% (W/V) agarose gel
electrophoresis; 1 uL was taken for micro spectrophotometer
(Shanghai Spectrometer Co., Ltd. 754) to determine the
concentration. OD,5/OD,g, ratio RNA within the range of 1.9~2.1
can done reverse transcription reaction. According to the instructions
of the Evo M-MLV RT Kit (Hunan Accurate Bioengineering Co.,
Ltd.), the first strand of cDNA was synthesized by reverse
transcription reaction of 1 ug total RNA with a 20 pL system, and
the conditions were 37°C, 15 mins, and 85°C, 5 s. After the reaction,
the cDNA was aliquoted and stored at —20°C.

2.4 Real-time quantitative PCR
Real-time quantitative PCR experiments were performed

using LightCycler® 96 (BBI, Roche, Germany) instrument and

TABLE 1 The sequences of primers for real-time PCR.

10.3389/fmars.2022.1008068

SYBR Green Premix Pro Taq HS qPCR Kit (Hunan Eco
Bioengineering Co., Ltd.). According to GenBank’s existing
redfin puffer GH, GHR1, GHRH, IGF-I, IGF-II, IGFBP, Bcl-2,
P53, caspase 3, caspase 8, caspase 10 and B-actin gene sequence,
the primer sequences were designed by Primer 5 software, and
the primers are shown in Table 1. After multiple determinations,
the expression of B-actin was relatively stable, so it was selected
as an internal reference gene. The PCR reaction conditions were
set as follows: 95°C pre-denaturation for 3 mins, 95°C
denaturation for 3s, 60 °C annealing/extension for 30 s, a total
of 45 cycles. At the end of the experiment, the melting curves
were analyzed. In all PCR processes, there were 3 biological
samples in parallel, and each RNA sample had 3 replicates. By
using B-actin as the internal reference, the Ct values of each
sample were normalized, and the gene expression level of the
WL group was used as the benchmark, and the relative gene
expressions were calculated by RT-PCR (2724€Y  relative
fluorescence quantification method.

2.5 Data analysis
All statistical analyses were performed in SPSS 22.0 (SPSS

Inc., Chicago, IL, USA). In summary, data were expressed as
means + standard deviations (SD) of the mean, with differences

Genes Sequence (5’~3’) GenBank accession No.

AANAT2 F:CTGCAGTACCTGCGCTGTAT XM_011604114.2
R:GGGCCTCTCTCTTTGAAGCC

GH F:CTCATCAAGGCCAGTCAGGAT XM_003968318
R:CTCCACCTTGTGCATGTCCT

GHR1 FTTGGGTCAACACGGACTTCT XM_011615550.1
R:CTTCAGGATCTTTTGCCTTCTT

GHRH F:ACAGCGTCATCTGCTCACCT DQ65933
R:CTGCGTGTCTTTCCGTTCTT

IGF-I F:GGCAAACAGCGTGAATGAG AB465576.1
R-TCAACACGGAAGCCAGGA

IGF-II F:GACCGTGAAGCATTCCAAAT XM_003967358.3
R:GCTTTGATCTTCTCCGCTTG

IGFBP F:TCCAGAGAGCGTTAGACCGA NM_001146062.1
R:ATGTGGAAGTCGCCGTTCTT

Bdl-2 F:GAGGTTCGCGGAGGTGATAG XM_029830403.1
R:CAGCTGTTCAGGGACCCATT

p53 F:ACGATCCCAACAACGAGCTT XM_003966884.3
RTCTCCTGGGTAATCGGTGGT

caspase 3 F:GAGGCATTGAAACCGACAGC NM_001032699.1
R:CGCGTCAAGATGTGCTGAAG

caspase 8 FE:TTCTACCGGGTGCAAACCTC XM_011616711.2
R:AGACCACCAAGGCATCTTCG

caspase 10 F:-TCACGCGCTGAAAACAACAG XM_011609433.2
RTCGCTGCGGTCATGAGATAC

B-actin F:AGAGGGAAATCGTGCGTGAC XM_003964421.2

R:GAGGAAGGAAGGCTGGAAAAG
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TABLE 2 Growth indexes of juvenile Takifugu rubripes under different spectral conditions (Liu et al., 2021) n=9; +SD.

Growth index

Light spectrum treatment groups

GL BL YL RL WL
body length/cm L 10.63 + 0.46* 9.88 + 0.57%" 9.43 +0.15" 932 +0.17° 10.27 + 0.80°
body weight/g W 29.36 + 3.78" 25.42 + 4.09 21.28 + 2.56° 2233 + 3.61™ 24.79 + 3.05"
body length specific growth rate/% SGRy, 0.55 £ 0.14* 0.30 + 0.19" 0.15 + 0.05" 0.12 + 0.06" 0.43 + 0.26"
body weight specific growth rate/% SGRw 1.60 + 0.41° 1.10 + 0.52° 0.53 + 0.39° 0.67 + 0.56 1.04 + 0.40°

In the same row, values with same small letter superscripts or no letter superscripts mean no significant differences (P>0.05), different small letter superscripts mean significant differences (P<0.05).

among treatments tested using one-way analysis of variance
(ANOVA). Data with difference level at P< 0.05 were considered
statistically significant. Origin 2017 (Hampton, MA, USA) was
used to generate charts.

3 Results

3.1 Growth performance of juvenile
Takifugu rubripes under different LED
spectra

The growth-related indexes of juvenile Takifugu rubripes
under five LED spectrum conditions are shown in Table 2. The
juvenile Takifugu rubripes in the GL group was the longest,
which was (10.63 + 0.46) cm. The body length of the juvenile
puffer fish in the RL group was the shortest, which was (9.32 +
0.17) cm. The specific growth rates of body length in the YL
group and RL group were significantly lower than those in GL
group and WL group (P< 0.05). The body weight of juvenile
Takifugu rubripes in the GL group was the largest, which was
(29.36 + 3.78) g, while that in the YL group was the smallest,
which was (21.28 + 2.56) g. The specific growth rate of body
weight in YL group was significantly lower than those in other

groups except RL group (P< 0.05), while that in the GL group
was significantly higher than those in other groups (P< 0.05).

3.2 Expression of GH/IGF-I axis-related
genes and AANATZ in juvenile Takifugu
rubripes under different LED spectra

The expression levels of GH/IGF-I axis-related genes in the
brain tissue of Takifugu rubripes juvenile under five LED
spectrum conditions are shown in Figures 1, 2. From
Figure 1A, it can be seen that different spectra have a
significant impact on the relative expression of GH gene.
Under RL, the relative expression of GH gene was significantly
higher than those of the other groups (P<0.05). There was no
significant difference among the expressions of the GL, BL, YL
and WL groups (Figure 1A). For the GHRH gene, the relative
expression of GHRH gene in RL group was the highest and
significantly higher than those in other groups (P<0.05), but
there was no significant difference in the expression level among
the GL and WL group, BL and RL groups. The relative
expressions of GHRH genes in the GL and the WL groups
were significantly higher than those in BL and RL groups
(P<0.05) (Figure 1B).
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Figure 2A showed that the different spectra have a greater
impact on the relative expression of the GHRI gene. The relative
expression of GHRI gene in the GL group was the highest, which
was significantly higher than those of the other treatment groups
(P<0.05). The relative expression of GHRI gene in the WL group
was the lowest, which was not significantly different from that in
the YL group. But it was significantly lower than those in the GL,
BL and RL groups (P<0.05). As shown in Figure 2B, the relative
expression of IGF-I gene of juvenile Takifugu rubripes was not
significantly different under the GL and RL groups but was
significantly higher than under the other treatment groups
(P<0.05). The relative expression of IGF-I gene in the YL
group was the lowest and significantly lower than that in the
other treatment groups (P<0.05). As shown in Figure 2C, the
relative expression of IGF-II gene in the RL group was
significantly lower than that in the GL group (P<0.05), and
was significantly higher than those in the BL, YL and WL groups
(P<0.05). There was no significant difference in the relative
expression of IGF-II gene between the BL and YL groups. It
can be seen from Figure 2D that the relative expression of IGFBP
gene under different light treatments is in the order of RL >GL
>BL >YL >WL. There was no significant difference in the
expression levels of the GL and RL groups. The expression

Frontiers in Marine Science

07

levels of IGFBP gene in BL and YL groups were significantly
higher than that in WL group (P<0.05).

The expression levels of melatonin-related AANAT?2 gene in
the brain of juvenile Takifugu rubripes under five LED spectrum
conditions are shown in Figure 3. The result showed that
different spectra have significant effects on the relative
expression of AANAT2 gene. Under RL, the relative expression
of AANAT?2 gene was the highest and significantly higher than
those under other groups (P<0.05). There was no significant
difference in the expressions of the BL, YL and WL groups. The
relative gene expression of AANAT?Z in GL group was the lowest
and significantly lower than that in the other groups (P<0.05).

3.3 Expression of apoptosis-related
genes in juvenile Takifugu rubripes under
different LED spectra

The relative expression levels of apoptosis-related genes in
the liver tissue of juvenile Takifugu rubripes under the five LED
spectrum conditions are shown in Figures 4A-E. There are
significant differences in the relative expression of Bcl-2 gene
in the liver of juvenile Takifugu rubripes under different spectral
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conditions (as shown in Figure 4A). Under the RL group, the
relative expression of Bcl-2 gene was the lowest, which was not
significantly different from that under the GL group and
significantly lower than those under the BL and WL groups
(P<0.05). The relative expression of Bcl-2 gene in the YL group
was the highest and was significantly higher than those in the
other treatment groups (P<0.05). As shown in Figure 4B, the
relative expression of p53 gene between the RL and YL groups
have a little difference but no significant difference. The relative
expression level of p53 gene in juvenile Takifugu rubripes in the
BL group was the highest. And it was significantly higher than
the other treatment groups (P<0.05). The relative expression of
P53 gene in juvenile Takifugu rubripes in the WL group was the
lowest and significantly lower than the other treatment groups
(P<0.05). The relative expression of caspase 3 gene in the liver
tissue of juvenile Takifugu rubripes also has significant
differences under different spectral conditions (Figure 4C).
Among them, under the BL irradiation, the relative expression
of caspase 3 gene was the highest and significantly higher than
those under other light groups (P<0.05). There was no
significant difference in the relative expressions of caspase 3
gene among the GL, RL and WL groups. The relative expression
of caspase 3 gene in the WL group was the lowest and
significantly lower than those in other treatment groups
(P<0.05). Figure 4D showed that the relative expression of
caspase 8 gene of Takifugu rubripes in the BL group was
significantly higher than those in the other treatment groups.
Moreover, the relative expression of caspase 8 gene among the
three treatment groups of the GL, YL and WL were relatively
small, and there was no significant difference. The relative
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expression of caspase 8 gene in the RL group was not
significantly different from the WL group and significantly
higher than those in the GL and YL groups (P<0.05). The
influence of different LED spectra on the relative expression of
caspase 10 gene is shown in Figure 4E, in the order of YL >RL
>BL >GL >WL. There were significant differences between each
light groups (P<0.05). The relative expression of caspase 10 gene
of Takifugu rubripes in the YL group was the highest and
significantly higher than those in the other treatment groups
(P<0.05). The relative expression of caspase 10 gene in the WL
group was the lowest and significantly lower than those in the
other treatment groups (P<0.05).

4 Discussion

4.1 Effects of different LED spectra on
growth, AANAT2 and GH/IGF-I axis-
related genes in juvenile

Takifugu rubripes

The effect of spectra on the growth and development of fish
varies depending on the spectral composition and fish species.
For example, GL was found to have a stimulatory effect on
somatic cell growth in striped starry flounder (Verasper moseri),
while RL had an inhibitory effect (Ji et al., 2013); Senegalese sole
(Solea senegalensis) juveniles have better growth status under BL
conditions (Fei et al, 2020a); The juveniles of Dicentrarchus
labrax grew best in the RL group and worst in the BL group (Liu
et al, 2021). The results of our previous study showed that
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different LED spectra had different degrees of influence on the
growth and development of juvenile Takifugu rubripes. The
body weight and SGR,, of the fish under GL were the highest
and significantly higher than all other treatment groups,
followed by BL, YL and WL, while the mean values of various
growth indicators of juvenile Takifugu rubripes under RL were
the lowest. This result is in general agreement with the finding of
Kim et al. (2016b) that the Takifugu rubripes grew well under GL
and slowly under RL. It has been shown that the reactive oxygen
species induced by the red spectrum can oxidatively damage the
cellular components of fish target organs such as muscles. For
example, RL can induce oxidative stress in the tissues of
Amphiprion clarkii, which in turn causes oxidative damage to
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the tissues and leads to the inhibition of growth performance
(Shin et al., 2011). Therefore, the juvenile Takifugu rubripes did
not grow well under the RL environment, which may also be
caused by the stress response of the fish under the RL.

The effect of light on fish also affects a range of physiological
activities by influencing the secretion of melatonin. Melatonin
has many physiological functions, including scavenging free
radicals, improving immunity, and inhibiting the oxidation of
biomolecules (Wu and Swaab, 2005). Melatonin can be
converted into many antioxidant compounds during the
oxidation process (Reiter et al., 1997). Therefore, melatonin is
considered a broad-spectrum antioxidant and is more effective
than other antioxidants in protecting cell membranes. Moreover,
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arylalkylamine N-acetyltransferase 2 (AANAT?2), a precursor of
melatonin, is the rate-limiting enzyme for melatonin synthesis,
and its secretion level is consistent with the level of melatonin
(Shin et al,, 2011). In this study, the increase of AANAT?2 gene
expression indicates the increase of melatonin secretion was
believed. The relative gene expression of AANAT2 in the GL
group was significantly lower than that in the other treatment
groups (P<0.05); there was no significant difference in the
relative gene expression of AANAT2 between the BL, YL and
WL groups, and all of them were significantly lower than that in
the RL group (P<0.05); the relative gene expression of AANAT2
in the RL group was significantly higher than those in the other
treatment groups (P<0.05) (Figure 3 and Table 3). This is similar
to the findings of Shin et al. (2011) that red LED spectroscopy
produced a stress response in Amphiprion clarkii, with more
melatonin production and significantly higher AANAT2 mRNA
expression than other spectra treatment groups. Therefore, the
higher expression of AANAT2 in the RL group in this
experiment may be due to the RL environment induced stress
response in juvenile Takifugu rubripes, which led to the elevated
expression of AANAT2 gene and then promoted the synthesis of
melatonin in response to oxidative stress. Further studies are
needed to confirm the exact cause.

The growth of fish is mainly regulated by the GH/IGF-I
growth axis (Li and Lin, 2010). The main factors in this axis
include: GH, GHRH, GHRI, IGF-I, IGF-II, IGEFBP. It has been
shown that the light environment and melatonin affect the
neuroendocrine axis and that melatonin in the pineal gland
will act on the hypothalamus, pituitary and surrounding tissues
to regulate the synthesis and release of growth hormone-
releasing hormone (GHRH) and growth hormone (GH), either

10.3389/fmars.2022.1008068

directly or indirectly (Max and Menaker, 1992). The
hypothalamus produces the neuroendocrine factor GHRH that
stimulates the synthesis and release of GH from the pituitary
gland (Sanchez-Vazquez et al,, 2019). Thus, melatonin has an
important regulatory role for GHRH and GH. In the present
study, as shown in Table 3, the relative expression of GHRH
genes was significantly higher in the RL group than in the other
treatment groups (P<0.05), followed by the BL, YL, and WL
groups, and significantly lower in the GL group than in the other
treatment groups (P<0.05). Also, the relative expression of
pituitary GH gene was significantly higher in the RL group
than in the other light groups (P<0.05), and there was no
significant difference in the expression of GH among the
remaining four groups. This is similar to the findings of Zhang
et al. (2016) that melatonin plays a key role in the GL
environment to enhance GH secretion in chicks by increasing
GHRH expression in the hypothalamus. It has also been shown
that the pituitary gland of in vitro cultured rainbow trout releases
increasing amounts of GH when stimulated by certain
physiological concentrations of melatonin (Falcon et al., 2003).
And carp (Cyprinus carpio) GHRH stimulates the pituitary to
synthesize and release GH in a dose-dependent manner
(McRory et al., 1995). It was also found that the growth
hormone releasing hormone (fGHRH-28) of Paralichthys
olivaceus can induce the expression of GH mRNA in the
embryonic cell line HINAE (Nam et al., 2011). Therefore, each
treatment group may promote the expression of GHRH and GH
in the hypothalamus and pituitary by promoting the release
of melatonin.

After GH combines with GHR1 on the liver surface, it
stimulates liver cells to synthesize and secrete IGFs. Therefore,

TABLE 3 mRNA level of genes associated with GH/IGF-I axis and apoptosis in juvenile Takifugu rubripes exposed to different light spectra in

comparison with WL.

Genes Light spectrum treatment groups

GL BL YL RL WL
AANAT2 () 1(b) 1(b) 11(a) -(b)
GH 1(b) 1(b) 1(b) 1) -(b)
GHRH 1(b) () 1) 11() -(b)
GHRI1 () 11(c) 1cd) 1(b) -(d)
IGF-I () 11(b) 1(d) 11() (o)
IGF-II () 1) 1) 1(b) -(d)
IGFBP 11(a) 11(b) 1) 11(a) -(d)
Bcl-2 1(ed) Ube) 1) L) -(b)
p33 1(e) 11(a) 11(b) 11(b) ~(d)
caspase 3 1) 1) 11(b) 1) -(9)
caspase 8 He) 11(a) e 1(b) ~(be)
caspase 10 T1(d) () (@) 11(b) -(e)
The symbol: “-”: control group. “”: lower but not significant. “||”: significantly lower. “1”: higher but not significant. “11”: significantly higher. “a”, “b”, “c”, “d”, “e”: signif. codes.
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GH has an important regulatory effect on IGFs, and its
expression level can reflect the growth status of animals to
some extent (Reinecke, 2010). IGF binds to IGFBP in the liver
and reaches the target cells via the endocrine pathway, and the
adducts act on the IGFR (insulin-like growth factor receptor) on
the surface of the target cells to promote the proliferation and
growth of the target cells, thereby promoting the growth of the
organism (Li et al., 2017). Studies have shown that IGFBPs not
only have an IGF-dependent effect but can also act as a carrier of
IGF or a regulator of the effectiveness and activity of IGF. During
the embryonic and gonadal development of carp (Cyprinus
carpio), IGFBP may play an important role in their growth
and development by regulating the role of IGF in reproduction
and embryonic growth (Chen et al., 2009). In the present study,
it can be seen from Table 3 that the relative expression of GHRI
and IGF-II genes was significantly higher in the GL group than
in the other treatment groups (P<0.05), and the relative
expression of IGF-I and IGFBP genes was significantly higher
in the GL and RL groups than in the other treatment groups
(P<0.05). Meanwhile, the relative expression of GHRI, IGF-I and
IGF-II genes in the RL group was significantly higher than those
in the BL, YL and WL groups (P<0.05). This is similar to the
findings of Chen et al. (2022) that the relative expression of
GHR, IGF-I and IGFBP genes was significantly higher in
Oncorhynchus mykiss than in each of the remaining treatment
groups under light conditions that mimic the light color changes
in the natural underwater environment. It has been shown that
GH promotes growth through the synergistic action of hepatic
GHR, IGF-I and IGFBP, which play a central link in the GH/
IGF-T axis (Zou et al., 2022). Therefore, we speculate that the GL
group may promote the synthesis and secretion of IGF in the
liver by promoting the binding of GH and GHRI in the liver,
and promote cell mitosis and differentiation by promoting the
binding of IGF and IGFBP in the liver, thus promoting the
growth of juvenile Takifug rubripes.

Interestingly, the growth status of fish under normal
environmental conditions is usually positively correlated with
the expression levels of GH/IGF-I axis-related genes in vivo, and
GH/IGF-I axis-related genes can directly affect growth of fish by
stimulating cell differentiation. It has been shown that the
expressions of GHRI mRNA, GHR2 mRNA and IGF mRNA
in the liver of juvenile ocellaris clownfish (Amphiprion ocellaris)
treated with different light photoperiods are similar to their
average body length and weight gains (Li et al., 2017). However,
the growth status of fish under certain stress conditions may also
be negatively correlated with plasma GH levels or GH gene
expression levels. For example, the body weight and specific
growth rate of Mozambique tilapia (Oreochromis mossambicus)
after 4 weeks of fasting were significantly reduced, but the
plasma GH level and pituitary GH mRNA were significantly
increased (Fox et al., 2006); Monocrotophos pesticide exposure
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to Nile tilapia (Oreochromis niloticus) for 3 weeks significantly
inhibited their growth. However, its GH level was significantly
increased, this is probably due to the negative feedback
regulation mechanism of liver IGF-I (Cheng et al, 2002). In
the present study, the relative expressions of GHRH and GH
genes were at low levels in the GL group, whereas the relative
expressions of IGF-I and IGF-II genes were at high levels.
Meanwhile, previous studies have shown that overexpression
of IGF-I gene can suppress GH gene expression in tilapia (Cheng
et al., 2002). It has also been shown that GH gene can promote
the expression of IGF-I and IGF-II genes, and that there is a
negative feedback regulation mechanism among GH, GHRH
and IGF-I (Chen et al., 2016). Therefore, we hypothesized that
the low expression of GHRH and GH genes in the GL group was
due to the activation of the negative feedback regulatory
mechanism of the GH/IGF-I axis by the overexpression of
IGF-I genes in the liver. In contrast, the relative expression of
each growth gene in the RL group was at a high level, but this
was not consistent with the trend of growth performance of
juvenile Takifugu rubripes in the RL group. We speculate that
this may be due to the fact that juvenile Takifugu rubripes under
RL are in a stressful state and the high expression of growth axis-
related genes is not sufficient to counteract the negative effects of
the stress response, which in turn affects their normal growth.
The above is just a speculation, and the true reason needs to be
confirmed by more research.

4.2 Effects of different LED spectra on
apoptosis-related genes in juvenile
Takifugu rubripes

Vertebrate cell apoptosis is the programmed cell death
controlled by a variety of genes. It is necessary to maintain the
body’s homeostasis, immune defense, and growth and
development. The Bcl-2 protein family is an important
regulator of cell apoptosis. The Bcl-2 gene is a gene that
inhibits cell apoptosis and is located in the endoplasmic
reticulum. Its expression directly or indirectly affects the
release of Ca®" from the endoplasmic reticulum and inhibits
apoptosis, thereby protecting cells from apoptosis (Borghetti
et al,, 2015). In this study, the relative expression of the Bcl-2
gene in the BL, YL and WL groups was significantly higher than
those in the GL and RL groups, and the relative gene expression
of Bcl-2 in the RL group was the lowest (Figure 4 and Table 3).
Studies have shown that different environmental temperatures
can cause different transcriptional changes of Bcl-2 in the liver of
zebrafish (Danio rerio) (Ji et al., 2013); the expression level of
Bcl-2 in the hepatopancreas of Litopenaeus vannamei in the full
spectrum + UVB (310 nm) group was significantly lower than
those in other spectral treatment groups, and the level of
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apoptosis inhibition was weaker, resulting in poorer growth
performance of shrimp in this spectral treatment group (Fei
et al., 2020b). Therefore, the level of apoptosis inhibition was
weakest in the RL group, resulting in the highest level of
apoptosis in juvenile fish in this group, which in turn led to
the inhibition of their growth and development.

p53 is a tumor suppressor, and its product has a regulatory
effect on a variety of downstream genes (Yuan et al., 2017). It
acts as a transcription factor in regulating the complex DNA
damage system. DNA damage will cause an increase in the
expression of p53, and its product will activate the downstream
inhibition of cyclin-dependent kinase activity, thereby
inhibiting the progress of the cell cycle (Huang et al., 2020).
In this study, it can be seen from Table 3 that when the juvenile
Takifugu rubripes is exposed to BL, YL and RL, the
transcription of the p53 gene in the liver is upregulated. The
expression level of p53 in the GL group was significantly lower
than the BL group, YL group and RL group (P<0.05). The study
showed that the transcript levels of p53 in the hepatopancreas
of Litopenaeus vannamei in the dark group were higher than
those in the other treatment groups, and the growth
performance of shrimp in this group was poorer (Fei et al.,
2020b); When Penaeus vannamei were exposed to WL and RL,
the p53 gene transcription was upregulated in the
hepatopancreas, while the expression level of p53 was lower
in the GL group than in the other groups. Shrimp in the GL
group grew well (Fei et al., 2020b). Therefore, the expression of
p53 is influenced by spectral composition and may trigger
apoptosis of hepatocytes in juvenile Takifugu rubripes,
resulting in impaired liver tissue function and reduced ability
to cope with stress responses in juvenile fish, which in turn
inhibits their growth and development.

Caspase is a cysteine protease involved in cell apoptosis. Its
family members directly or indirectly cause the appearance of
the structural features of cell apoptosis and are at the core of the
apoptosis pathway. It plays a key role in the entire process of cell
apoptosis by initiating the exogenous apoptosis pathway and
indirectly initiating the endogenous apoptosis pathway (Sakata
et al, 2007). The exogenous apoptosis pathway is regulated by
extracellular signals, and extracellular signals can recruit caspase
8 and caspase 10 related proteins. Among them, caspase 3 is an
apoptotic protease that is frequently activated and catalyzes the
specific cleavage of many key cellular proteins. The activation of
caspase 8 and caspase 10 may directly or indirectly activate
caspase 3. It was shown that under low temperature stress, the
liver of Epinephelus coioides activated its apoptotic pathway and
induced changes in the expression of the caspase family, Bcl-2,
bax and other apoptotic genes, which in turn inhibited the
growth and development of Epinephelus coioides (Sun et al.,
2019); expression of caspase 3 and caspase 8 in the
hepatopancreas of Penaeus vannamei was higher in the full-
spectrum and RL groups and lower in the BL and GL groups,
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and growth performance of Penaeus vannamei was inhibited in
the full-spectrum and RL groups (Fei et al., 2020a). Therefore,
the BL, YL and RL groups may put juvenile Takifugu rubripes in
an unfavorable environment, inducing upregulation of caspase
family-related gene expression, exacerbating apoptosis, and thus
inhibiting their growth. In contrast, juvenile Takifugu rubripes in
the GL group were in a favorable environment with down-
regulated expression of caspase family-related genes, which
alleviated apoptosis and thus promoted the growth and
development of juvenile fish.

Therefore, unfavorable light environmental conditions may
increase the expression of apoptotic genes, intensify apoptosis
and cause liver tissue damage, thus inhibiting the growth of
juvenile Takifugu rubripes. The relative expressions of the five
apoptotic genes were lower in the GL environment, indicating
that a favorable light environment can reduce the expression of
apoptotic genes and slow down the apoptotic process, which is
beneficial to the growth of juvenile Takifugu rubripes.

5 Conclusion

In summary, under an environment with a photoperiod of
12L:12D and an illuminance of (250 + 20) mW/m?, five different
LED spectra have a certain degree of influence on growth and the
expressions of GH/IGF-I growth axis and apoptosis-related genes
in the juvenile stage of Takifugu rubripes. The better growth
performance of juvenile Takifugu rubripes cultured under GL was
related to the GH/IGF-I growth axis and apoptosis genes. GL
significantly promotes the growth of Takifugu rubripes, which
may be due to that GL promoted the expressions of growth factors
such as GHRI, IGF-I, and IGF-II, and decreased the expressions of
apoptosis-related genes, while the situation in the YL, BL and WL
groups was on the contrary. The RL group significantly inhibited
the growth of juvenile Takifugu rubripes, which may be due to the
fact that juvenile Takifugu rubripes under RL environment were in
a stressful state and the high expression of growth axis-related
genes was not sufficient to offset the negative effects of stress
response, resulting in the inhibition of growth performance.
Further studies are needed to confirm.
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