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The light spectrum is a vital environmental factor for the culture of fish, and the welfare of
farmed fish is a crucial issue in aquaculture. In this study, Nile tilapia (Oreochromis
niloticus, GIFT strain) juveniles were exposed to full-spectrum (LW), red (LR), yellow (LY),
or blue (LB) light. After the 45-day experiment, growth performance, stress responses,
and aggressive behaviors were evaluated, and transcriptomic analysis was carried out.
The results revealed that LW and LR positively affected growth performance. At the same
time, LY and LB had a negative effect. Light spectrum induced stress responses of juvenile
fish exposed to LY, under which the total antioxidant capacity (T-AOC) and cortisol (COR)
contents were the highest. The activities of a-amylase (AMS), protease (PES), and lipase
(LPS) in the digestive tract showed a similar tendency, indicating that the light spectra
altered the digestive enzyme activities and then affected growth. Behavioral analyses
showed increased chase and bite activities of tilapia juveniles exposed to LW and LY. The
affected functions included the nervous system, muscle morphogenesis, and immune
system-related regulation. Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways include the tryptophan metabolism signaling pathway, protein digestion and
absorption signaling pathway, Jak-STAT signaling pathway, arachidonic acid metabolism
signaling pathway, and alpha-linolenic acid metabolism signaling pathway. Overall, light
spectra influenced the welfare of farmed tilapia juveniles in terms of growth, stress, and
behavior. Our results suggested that LR should be used in juvenile tilapia culture.

Keywords: light spectrum, GIFT tilapia juvenile, growth, stress, behavior, welfare, transcriptomics
1 INTRODUCTION

Aquaculture has grown faster than other modes of food production and currently represents 47% of
global fish production (FAO, 2018). Nevertheless, farmed fish are subject to an unfavorable
environment, such as high stocking densities and lack of control over food and habitat choice.
Like other agricultural animals, such as mammals and birds, fish welfare has received considerable
in.org June 2022 | Volume 9 | Article 9241101
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attention in recent decades (Ashley, 2007; Barreto et al., 2022).
Fish welfare requires freedom from hunger, discomfort, pain,
injury, disease, fear, and distress, as well as the freedom to
express normal behavior (Ashley, 2007). Several environmental
factors relevant to fish welfare have been recognized (Toni et al.,
2017). With advanced breeding technology and facilities,
environmental factors, including temperature, dissolved gasses,
pH, salinity, nitrogen compounds, and artificial chemical
pollutants are maintained within acceptable ranges for cultured
fish. Another environment parameter that requires further
attention for fish welfare is light.

Fishes have color vision (Cheng and Flamarique, 2004), and
light, including the light spectrum, affects the growth,
development, maturation, and other physiological processes of
fish (Karakatsouli et al., 2010; Qiu et al., 2015; Choi et al., 2019).
Providing the ideal light character for farmed aquatic animals
may improve animal welfare. Orange and full-spectrum light
were beneficial to turbot (Scophthalmus maximus) embryo
incubation and survival of larvae (Wu et al., 2019). Giant
freshwater prawn (Macrobrachium rosenbergii) larvae under
green or white light expressed the fastest growth and
metamorphosis (Wei et al., 2021). Green light kept olive
flounder (Paralichthys olivaceus) from oxidative stress and
strengthened its immunity under high density (Choi et al.,
2019). Blue light could protect zebrafish (Danio rerio) against
Cd toxicity (Yuan et al., 2017). At the same time, the preferred
light spectrum of different fish species is varied. Scaled common
carp (Cyprinus carpio) preferred red and blue light when the fish
were reared at low and high stocking density, respectively, while
red or blue light was unsuitable for mirror carp (C. carpio)
(Karakatsouli et al., 2010). Koi carp (C. carpio) cultured under
blue and green light exhibited better growth performance and
improved non-specific immune ability (Bairwa et al., 2017).
Nevertheless, blue light was stressful for rainbow trout
(Oncorhynchus mykiss), and red was stressful for gilthead
seabream (Sparus aurata) (Karakatsouli et al., 2007).

Animal behavior is flexible in response to the light
environment. The red spectrum disturbed endocrine
homeostasis and was associated with aggressive behaviors in
spotted sea bass (Lateolabrax maculatus) culture (Hou et al.,
2019). Higher light intensities and ultraviolet light altered virile
(Faxonius virilis) and rusty (Faxonius rusticus) crayfish social
interactions (Jackson and Moore, 2019). Collector urchins
(Tripneustes gratilla) are highly sensitive to and dislike blue
LED light, exhibiting the most hiding behavior and expressing a
lower level of melanin (Li et al., 2021). Blue and white light could
improve sea urchins’ (Strongylocentrotus intermedius) foraging
and feeding abilities (Yang et al., 2020).

Improper lighting conditions may harm growth and stress
responses and may negatively affect behavior. Red light
disadvantaged giant freshwater prawn larval development (Wei
et al., 2021). The red spectrum disturbed endocrine homeostasis
associated with stress responses, growth, and behavior and so
was unfavorable for spotted sea bass (Hou et al., 2019). It was
found that long wavelengths hurt the growth of turbot larvae and
induced stress responses (Wu et al., 2020). White and red light
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strongly affected the behavioral responses of European sea bass
(Dicentrarchus labrax) larvae (Villamizar et al., 2011b). Sea
urchins under blue light spend more time on righting response
and foraging, and red light significantly inhibits growth in long-
term rearing (Yang et al., 2021).

Tilapias account for 10% of current cultured fish production
(FAO, 2018). The GIFT strain of Nile tilapia (Oreochromis
niloticus) is well known worldwide for its high growth
performance and hardiness and accounted for a significant
proportion of Nile tilapia production (Khaw et al., 2012). It is
necessary to evaluate the welfare of farmed tilapia with increasing
public concern over the welfare of farmed fish. The importance of
water quality parameters and feeding to the welfare of farmed
tilapia has been recognized (Villarroel et al., 2011; Lopez-Luna
et al., 2013). However, little is known about the light conditions
relevant to juvenile tilapia welfare based on metabolic,
behavioral, and physiological indicators (Jin et al., 2019; Toni
et al., 2019). Therefore, the growth performance, stress, and
behavioral responses of Nile tilapia juveniles cultured under
different light spectra were assessed in the current study.

2 MATERIALS AND METHODS

2.1 Juvenile Tilapia and Experiment Design
The juvenile GIFT tilapias (0.02 ± 0.00 g, 1.09 ± 0.04 cm) used in
this research were 15 days post-hatching (dph) before the
experiment and were randomly obtained from the same
parents. The juveniles were placed into twelve glass tanks
(1.0 m in length, 0.5 m in width, 0.5 m in depth,
approximately 200 L of water, and 0.3 juveniles per liter). The
twelve glass tanks were divided into full-spectrum, red (LR, 625–
630 nm), yellow (LY, 590 nm–595 nm), and blue (LB, 450 nm–
455 nm) light groups (three tanks per spectrum). Light-emitting
diodes provided by Shenzhen Fluence Technology PLC
(Shenzhen, China) were placed in the bottom center of the fish
tank. Photosynthetic photon flux density (PPFD) of LW, LR, LY,
and LB were set at 2.67 ± 0.33, 1.97 ± 0.51, 2.18 ± 0.56, and 2.21 ±
0.13 mmol/m2/s, respectively. The photoperiod was set to 12:12 h
according to the natural rhythm, and the light intensity was
measured with a Lighting Analyzer (PLA-20, EVERFINE Photo-
e-info Co., Ltd., Hangzhou, China). The juvenile GIFT tilapias in
all groups were maintained in tanks supplied with a continuous
flow of fresh water. The fish tanks were wrapped with shade cloth
to avoid ambient light interference. During the 45-day
experiment, the juveniles were fed with artemia (Artemia
salina) to apparent satiation twice a day (09:00 and 17:00), and
the water temperature was maintained at 27°C ± 0.5°C. Uneaten
artemia was removed 30 min after feeding by flowing water.

The tilapias used in this research were handled according to
the guidelines of the Laboratory Animal Ethics Committee of the
Pearl River Fisheries Research Institute, Chinese Academy of
Fishery Science.

2.2 Sampling and Behavior Surveillance
After the 45-day experiment, all but ten juveniles’ body weight and
length were measured. The digestive tract and liver of ten juveniles
June 2022 | Volume 9 | Article 924110
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anesthetized by MS-222 were sampled and stored at −80°C. After
sampling, a camera (C6TC, EZVIZ, Hangzhou, China) on top of
each tank was used to capture and track the movements of the ten
remaining juveniles from 10:00 to 16:00. Video recordings were
subsequently replayed, and behavior was quantified. Nine videos
were selected randomly from the complete video recordings
(10 min per video), and the numbers of chase and bite
behaviors in each video were measured. Biting was defined as
mouth contact with lateral body regions, fin, tail, and eyes of other
juveniles, with each time the mouth contacted another fish
counting as one bite. Aggressive behavior was labeled as biting
and chasings. Another thirty juveniles per tank were freeze-dried
using a vacuum freeze dryer (Alpha 1-4/2-4 LD Plus, Martin
Christ, Osterode am Harz, Germany) for moisture, crude protein,
and lipid content quantification.

2.3 Growth Index
Condition factor (CF) and specific growth rate (SGR) were
computed, as follows:

CF  g · cm−3� �
=
W2

L3
� 100 (equation 1)

SGR  % ·d−1
� �

=
lnW2 − lnW1ð Þ

T
� 100 (equation 2)

where W1 and W2 are the initial and final average body weights
(g), respectively. L is the final average body length (cm). T is the
number of days of experiment (days).

2.4 Biochemical Analysis
The activities of a-amylase (AMS), protease (PES), and lipase
(LPS) of the digestive tract, and superoxide dismutase (SOD) of
the liver, as well as total antioxidant capacity (T-AOC) and
cortisol (COR) in the liver, were measured using detection kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
The moisture, crude protein, and crude lipid were quantified by
the drying method (Alpha 1-4/2-4 LD Plus, Martin Christ,
Germany), Kjeldahl method (Kjeltec 2300, Foss, Hillerød,
Denmark), and Soxhlet extraction method (Soxtec 2055, Foss,
Denmark), respectively.

2.5 Transcriptomic Analysis
2.5.1 Total RNA Extraction and Sequencing
The total RNA of ten juveniles per tank was isolated using TRIzol
(Invitrogen, Carlsbad, CA, USA). RNA quality was measured
using Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). RNA
sequence library construction and sequencing were carried out
by LC-Bio (Hangzhou, China), which conducted 2 × 150 bp
paired-end sequencing (PE150) on an Illumina Novaseq™ 6000.

2.5.2 The Analysis of RNA-seq Reads
After quality control using FastQC v0.10.1 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc), low-quality raw
reads and adaptor sequences were removed using Cutadapt-1.9
(https://cutadapt.readthedocs.io/en/stable/) to obtain clean
reads. Clean data were mapped to the O. niloticus reference
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genome (Accession GCA_922820385.1) using Hisat v2-2.0.4
(https://daehwankimlab.github.io/hisat2/) and assembled by
StringTie v1.3.4d (http://ccb.jhu.edu/software/stringtie/). Then,
the transcriptomes were merged to reconstruct a comprehensive
transcriptome using Gffcompare v0.9.8 (http://ccb.jhu.edu/
software/stringtie/gffcompare.shtml). The expression levels of
transcripts were estimated by StringTie and ballgown (http://
www.bioconductor.org/packages/release/bioc/html/ballgown.
html) and calculated by FPKM. Differentially expressed genes
(DEGs) were identified by edgeR (https://bioconductor.org/
packages/release/bioc/html/edgeR.html) with Fold Change > 2
and p < 0.05 used as indicators for significant differences,
followed by an analysis of Gene Ontology (GO) enrichment
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment for DEGs.

2.5.3 RT-qPCR
RT-qPCR was carried out after screening the KEGG pathways to
characterize the genes. A TransScript®One-Step gDNA Removal
and cDNA Synthesis SuperMix (TransGen Biotech, Beijing,
China) was used for reverse transcription of total RNA.
Primers were designed by Primer Premier 5.0 (http://www.
premierbiosoft.com/primerdesign/index.html) (Supplementary
Table 1) and synthesized by Sangon Biotech (Shanghai,
China). RT-qPCR was run on the QuantStudio 3&5 Real-Time
PCR System (Thermo Fisher, Waltham, MA, USA) using the 2×
SG Fast qPCRMaster Mix (High Rox, B639273, BBI, ABI, Foster,
CA, USA) and a standard RT-qPCR amplification procedure
(3 min at 95°C followed by 45 cycles including 5 s at 95°C and
30 s at 60°C).

2.6 Statistical Analysis
The data were analyzed by one-way ANOVA after the
homogeneity of variance test with SPSS v19.0 and expressed as
the mean ± SEM. A significance level of p < 0.05 was used.
3 RESULTS

3.1 Effects of Different Light Spectra on
the Growth and Related Enzyme Activities
of GIFT Tilapia Juveniles
Different light spectra affected the body weight, length, and SGR
of GIFT tilapia juveniles (Table 1). The body weight, length, and
SGR of GIFT tilapia juveniles under LW and LR were
significantly higher than those under LY and LB (p < 0.05,
Table 1). No statistical differences in body weight, length, and
SGR between LW and LR and LY and LB were observed (p >
0.05, Table 1). GIFT tilapia juveniles under LY exhibited a higher
CF than those under LR (p < 0.05), and both groups showed
significantly higher CF than the LW and LB groups (p < 0.05). CF
of GIFT tilapia juveniles in the LW and LB groups showed no
statistical difference (p > 0.05, Table 1).

The effects of light spectra on the nutritional contents of GIFT
tilapia juveniles are shown in Table 2. GIFT tilapia juveniles
under LY had the highest moisture content (p < 0.05), but no
June 2022 | Volume 9 | Article 924110
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statistical difference existed among those under LW, LR, and LB
(p > 0.05, Table 2). There were no statistical differences in crude
protein among the LW, LR, and LB groups (p > 0.05), and all
showed significantly higher crude protein content than the LY
group (p < 0.05, Table 2). No statistical difference existed in
crude lipid between LW and LR and between LY and LB (p >
0.05, Table 2). Nevertheless, the crude lipid contents of juveniles
under LW and LR were higher than those under LY and LB (p <
0.05, Table 2).

The effects of light spectra on the enzymes associated with
digestion are shown in Figure 1. The AMS activities of GIFT
tilapia juveniles under LR were higher than those under LW, LY,
and LB (p < 0.05, Figure 1A). AMS activities of LW and LY were
higher than those of LB (p < 0.05, Figure 1A), yet no statistical
differences in AMS activities existed between the LW and LY
groups (p > 0.05, Figure 1A). The PES activities in the LW group
were higher than those in the LR, LY, and LB groups (p < 0.05),
and significant differences were found between LR and LY, as
well as LR and LB (p < 0.05, Figure 1B). Nevertheless, no
statistical differences in PES activities existed between LY and
LB (p > 0.05, Figure 1B). The LPS activities of fish under LY,
which did not statistically differ from LW and LR (p > 0.05), were
higher than those under LB (p < 0.05, Figure 1C). No statistical
differences in LPS activities existed among the LW, LR, and LB
groups (p > 0.05, Figure 1C).

3.2 Effects of Different Light Spectra on
the Non-Specific Immune Responses and
Stress of GIFT Tilapia Juveniles
The influences of light spectra on the immune and stress
responses of GIFT tilapia juveniles are shown in Figure 2. The
SOD activities of juveniles under LB were higher than those
under LW, LR, and LY (p < 0.05), while no statistical differences
existed among LW, LR, and LY (p > 0.05, Figure 2A). The T-
AOC contents of fish under LY were higher than those under
LW, LR, and LB (p < 0.05, Figure 2B). The T-AOC contents of
Frontiers in Marine Science | www.frontiersin.org 4
fish under LW did not statistically differ from those under LR
(p > 0.05) and were higher than fish under LB (p < 0.05,
Figure 2B). No statistical differences in T-AOC contents were
found between LR and LB (p > 0.05, Figure 2B). The COR
contents of LY were higher than those under LW, LR, and LB (p
< 0.05), while no statistical differences in COR contents existed
among LW, LR, and LB groups (p > 0.05, Figure 2C).

3.3 Effects of Different Light Spectra
on the Behavioral Responses of GIFT
Tilapia Juveniles
As shown in Figure 3, light spectra significantly influenced the
frequency of aggressive behaviors of GIFT tilapia juveniles.
Similar effects of different light spectra on GIFT tilapia
juveniles’ chase and bite behaviors were observed. Fish under
LW and LY exhibited significantly more chase and bite behaviors
than those under LR and LB (p < 0.05), yet no statistical
differences in the chase and bite behaviors were found between
the LW and LY groups, as well as between the LR and LB groups
(p > 0.05, Figures 3A, B).

3.4 Transcriptome Responses of GIFT
Tilapia Juveniles to Different Light Spectra
RNA-seq was carried out to investigate the influences of light
spectra on the expression of key compounds in GIFT tilapia
juveniles. The results showed that 26 (LR vs. LW), 42 (LY vs.
LW), and 24 (LB vs. LW) GO terms were upregulated and 12 (LR
vs. LW), 6 (LY vs. LW), and 9 (LB vs. LW) GO terms were
downregulated (Supplementary Table 2). GO pathway
enrichment was re-analyzed (q-value <0.05, DEGs > 2) to
explore the biological processe (BP), cellular component (CC),
and molecular function (MF) pathways of DEGs, and there were
7, 21, and 7 GO terms related to BP, CC, and MF of LR vs. LW,
LY vs. LW, and LB vs. LW, respectively (Figure 4).

The Venn diagram (Figure 5) shows that the GO BP terms of
LR vs. LW are mainly related to cell growth and apoptosis,
TABLE 2 | Effects of different light spectra on the composition of GIFT tilapia juveniles.

Light spectra Moisture (%) Crude protein (%) Crude lipid (%)

LW 81.94 ± 0.13b 13.04 ± 0.09a 1.22 ± 0.09a

LR 81.67 ± 0.11b 13.08 ± 0.24a 1.22 ± 0.06a

LY 84.17 ± 0.26a 11.06 ± 0.05b 0.87 ± 0.05b

LB 82.25 ± 0.28b 13.11 ± 0.19a 0.89 ± 0.07b
June 2022 | Volume 9
Different superscript letters indicate significant differences (p < 0.05).
LW, full-spectrum light; LR, red light; LY, yellow light; LB, blue light.
TABLE 1 | Growth indices of GIFT tilapia juveniles cultured under different light spectra.

Light spectra Body weight (g) Body length (cm) SGR (%·d−1) CF (g·cm−3)

LW 0.44 ± 0.01a 2.46 ± 0.02a 7.48 ± 0.16a 2.98 ± 0.06c

LR 0.43 ± 0.01a 2.42 ± 0.01a 7.42 ± 0.06a 3.05 ± 0.09b

LY 0.39 ± 0.01b 2.32 ± 0.01b 7.21 ± 0.04b 3.13 ± 0.06a

LB 0.39 ± 0.01b 2.36 ± 0.01b 7.18 ± 0.09b 2.95 ± 0.02c
| A
Different superscript letters indicate significant differences (p < 0.05).
LW, full-spectrum light; LR, red light; LY, yellow light; LB, blue light; SGR, specific growth rate; CF, condition factor.
rticle 924110

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Yi et al. Tilapia Welfare Under Different Spectra
A

B

C

FIGURE 1 | Related digestive enzyme activities of GIFT tilapia juveniles cultured under different light spectra. (A) The a-amylase (AMS) activities of GIFT tilapia
juveniles under four light spectra. (B) The protease (PES) activities of GIFT tilapia juveniles under four light spectra. (C) The lipase (LPS) activities of GIFT tilapia
juveniles under four light spectra. Different letters implies statistical differences (p < 0.05).
Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 9241105
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A

B

C

FIGURE 2 | Related non-specific immune enzyme activities of GIFT tilapia juveniles cultured under different light spectra. (A) The superoxide dismutase (SOD)
activities of GIFT tilapia juveniles under four light spectra. (B) The total antioxidant capacity (T-AOC) content of GIFT tilapia juveniles under four light spectra. (C) The
cortisol (COR) content of GIFT tilapia juveniles under four light spectra. Different letters implies statistical differences (p < 0.05).
Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 9241106
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protein localization, DNA damage and repair, energy generation,
neurotransmitter transport, sensory perception, immune and
stress responses, and proteometabolism. GO BP terms of LY
vs. LW are mainly related to immune and stress responses,
proteometabolism, protein localization, DNA damage and
repair, energy generation, the JAK-STAT cascade, sensory
perception, neurodevelopment, osteogenesis, muscle
morphogenesis, and the cytokine-mediated signaling pathway.
GO BP terms of LB vs. LW are mainly related to immune and
stress responses, cell growth and apoptosis, proteometabolism,
DNA damage and repair, neurodevelopment, lipid metabolism,
Frontiers in Marine Science | www.frontiersin.org 7
glycometabolism, the JAK-STAT cascade, and smoothened
signaling pathway.

KEGG results showed that the tryptophan metabolism
signaling pathway, protein digestion and absorption signaling
pathway, Jak-STAT signaling pathway, arachidonic acid
metabolism signaling pathway, and alpha-linolenic acid
metabolism signaling pathway were enriched (Supplementary
Table 3). These signaling pathways play a significant role in
teleost fishes’ behavior, growth, and immunology. We further
verified the expression of three genes (Ccyp1a, Cyp1b1, and
Cyp1c1) of the tryptophan metabolism signaling pathway, two
A

B

FIGURE 3 | The aggressive behaviors of GIFT tilapia juveniles under different light spectra. (A) The chase behavior number of GIFT tilapia juveniles under different light
spectra per 10 min. (B) The bite behavior number of GIFT tilapia juveniles under different light spectra per 10 min. Different letters implies statistical differences (p < 0.05).
June 2022 | Volume 9 | Article 924110
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FIGURE 4 | Enriched GO terms of biological processes (BPs; red), cellular components (CCs; green), and molecular functions (MFs; blue) between treatment
groups and LW. The dots’ size represents the number of genes involved in a function. GO, Gene Ontology; LW, full-spectrum light.
A

B

FIGURE 5 | The number of different GO terms upregulated (A) and downregulated (B) in each treatment vs. LW of GIFT tilapia juveniles. The DEGs common to
different groups were represented as overlapped regions, and those unique to each group were represented as non-overlapped regions. GO, Gene Ontology; LW,
full-spectrum light; DEGs, differentially expressed genes.
Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 9241108
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genes (Slc7a6 and Kcnj13) of the protein digestion and
absorption signaling pathway, four genes (Socs1b, Smtla, Prl,
and Gh1) of the Jak-STAT signaling pathway, three genes (Cbr1,
Pla2g1b, and Ggt1b) of the arachidonic acid metabolism
signaling pathway, and Pla2g1b of the alpha-linolenic acid
metabolism signaling pathway by RT-qPCR. A significant
positive correlation between RNA-seq and RT-qPCR was
shown by a principal component analysis (PCA) (r = 0.569,
p < 0.0001; Figure 6), supporting the reliability of the RNA-
seq data.
4 DISCUSSION

Light influences fish through light intensity, spectra, and
photoperiod (Karakatsouli et al., 2010; Qiu et al., 2015; Wei
et al., 2021). Teleost fishes have different preferred spectral
environments and exhibit different responses, including growth
performance, stress responses, or behavior (Hou et al., 2019; Jin
et al., 2019). The ideal light spectrum for farmed fish should be
reflected in production efficiency and animal welfare. Moreover,
the welfare of farmed fish should be assessed through several
endpoints, such as metabolic, performance, anatomical,
behavioral, and physiological indicators (Toni et al., 2019).
Unfortunately, relatively few studies have shed light on farmed
fishes’ welfare under different light spectra. In this study, the
growth, stress, and behavioral responses of GIFT tilapia juveniles
cultured in different light spectra were assessed.
Frontiers in Marine Science | www.frontiersin.org 9
More and more evidence indicates that the light spectrum
influences the growth of teleost fishes (Bairwa et al., 2017;
Wu et al., 2020). Body weight, body length, and SGR are
growth parameters commonly used (Du and Turchini, 2021),
and crude protein and lipid contents of an organism can be used
to measure the compositional status of fish (Shioya et al., 2012).
Our results indicated that the light spectrum affected the growth
of GIFT tilapia juveniles. GIFT tilapia juveniles showed higher
growth performance, measured as body weight, length, SGR, and
crude protein and lipid contents under LW and LR. These
findings are consistent with results on European sea bass larvae
and common carp. The total length of European sea bass larvae
was significantly larger when reared under white light
(Villamizar et al., 2009). Common carp showed higher body
weight, total length, CF, and SGR under red than under white
and blue lights (Karakatsouli et al., 2010). Nevertheless, the
influence of the light spectrum on fish growth varied with fish
species or growth and developmental stage (Karakatsouli et al.,
2007; Villamizar et al., 2009; Karakatsouli et al., 2010). Turbot
larval growth performance was affected by the light spectrum,
and the influence was stage-specific (Wu et al., 2020). Spotted sea
bass juveniles had the highest growth performance under blue
light, while red seriously hurt their growth (Hou et al., 2019).
Blue and green lights accelerated the growth of koi carp (Bairwa
et al., 2017). This study with the GIFT strain of Nile tilapia
achieved higher body weight and SGR of fish under LW and LR
in terms of higher crude protein, crude lipids, and body length.
Furthermore, the lower CF of fish under LW and LR may be due
to the relatively fast development of body length. Digestive
enzymes play an essential role in digesting nutrients, such as
starch, fat, and protein of feed (Garcıá-Meilán et al., 2016).
Absorption capacities are affected by environmental factors
such as photoperiod, stocking density, and biotic factors such
as species and diet (Espinosa-Chaurand et al., 2017; Garcıá-
Meilán et al., 2020; Hernández-López et al., 2021; Upadhyay
et al., 2022). AMS, PES, and LPS activities of GIFT tilapia
juveniles under LW and LR were higher, compared with LY
and LB. We explain this as increased digestive enzyme activities
inducing GIFT tilapia juveniles’ higher crude protein and lipid
contents under LW and LR.

Reactive oxygen species (ROS) are easily induced during the
oxidative decomposition of organic matter. The antioxidant
defense system can scavenge ROS and protect against oxidative
stress; T-AOC and SOD are important indicators for evaluating
the antioxidant capacity of aquatic animals (Kong et al., 2021).
Oxidative stress occurs when there is an imbalance between ROS
production and the ability of the antioxidant defense system.
Furthermore, COR is an important indicator of stress (Samaras
et al., 2021). In this study, SOD activities of GIFT tilapia juveniles
under LB, and T-AOC and COR content of fish under LY were
the highest. These results indicated that tilapia juveniles reared
under LY and LB suffered oxidative stress. Previous studies have
reported that the light spectrum could influence the antioxidant
defense system of teleost fishes. Green wavelength light could
prevent oxidative stress of the olive flounder under high density
(Choi et al., 2019). Nevertheless, unsuitable light spectrum
FIGURE 6 | Correlation between RNA-seq and RT-qPCR determination of
gene expression (r = 0.569, p < 0.0001). Green, comparisons between LR
and LW (LR vs. LW). Blue, comparisons between LY and LW (LY vs. LW).
Red, comparisons between LB and LW (LB vs. LW). LR, red light; LW, full-
spectrum light; LY, yellow light; LB, blue light.
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conditions can cause oxidative stress. The SOD activity of
zebrafish under blue light-emitting diodes was higher than that
under white fluorescent bulbs (Yuan et al., 2017). A higher COR
level of snubnose pompano Trachinotus blochii (Lacépède, 1801)
larvae under yellow light was observed (Mapunda et al., 2021).
These results support our interpretation that LY and LB induced
oxidative stress in tilapia juveniles.

Individual behavior is the comprehensive reflection of the
external environment and internal factors. It has considerable
practical significance for understanding the behavioral ecology
and improving breeding protocols for fish, so the behavior
should be considered when assessing fish welfare (Barreto
et al., 2022). The light spectrum is an external environmental
factor affecting farmed fish behavior (Li et al., 2021). Lighting
conditions strongly affected the behavioral responses of
European sea bass larvae (Villamizar et al., 2011b). In this
research, GIFT tilapia juveniles under LW and LY exhibited
more aggressive chase and bite behaviors than fish under LR and
LB, indicating that juvenile fish under LW and LY experienced
poor welfare. Previous research also showed that an unsuitable
light spectrum induced discomfort or abnormal animal behavior.
The red spectrum, disturbing endocrine homeostasis associated
with aggressive behaviors, induced stress responses, while blue
light was beneficial for spotted sea bass culture (Hou et al., 2019).
Exposure to ultraviolet light affected the behavior of virile (F.
virilis) and rusty (F. rusticus) crayfishes, and the duration of time
spent fighting and the number of fights significantly increased
(Jackson andMoore, 2019). Collector urchins are highly sensitive
to and dislike blue LED light, exhibiting the most hiding
behavior with a lower level of melanin expression (Li et al.,
2021). These results indicate that aquatic animals exhibit
different preferred light spectra and that preferred light spectra
for different species at different developmental stages should be
determined and provided in culture systems. In the wild, Nile
tilapia prefers to live in shallow waters and the upper, middle, or
near surface of the water during the daytime, where the spectral
composition is varied including the long wavelengths (Villamizar
et al., 2011a). In the current study, GIFT tilapia juveniles under
LR exhibited faster growth performance, fewer stress responses,
and more aggressive behaviors as compared with those under
LW, LY, and LB. Therefore, red light is the preferred light spectra
for GIFT tilapia juveniles.

Results of this study suggested that the light spectrum had
growth, stress, and behavioral influences on GIFT tilapia
juveniles. Furthermore, the results of previous studies support
our findings (Villamizar et al., 2009; Bairwa et al., 2017; Yang
et al., 2021). Therefore, RNA-seq was carried out to investigate
potential molecular pathways. Results of the GO BP revealed
that the component of the nervous system associated with
behavior (GO:0006836 neurotransmitter transport and
GO:0005332~gamma-aminobutyric acid:sodium symporter
activity) was significantly affected by LR, leading to decreased
aggression behaviors, such as chase and bite. GIFT tilapia
juveniles under LY showed that muscle morphogenesis
(GO:0007517 muscle organ development and GO:0021904:
dorsal/ventral neural tube patterning) and immune system
Frontiers in Marine Science | www.frontiersin.org 10
(GO: 0002376 immune system process) functions associated
with the growth and immune responses were significantly
affected, resulting in decreased growth performance and more
stress. Juvenile fish exposed to blue light showed that nervous
system development and lipid metabolic processes changed
significantly, resulting in decreased growth performance and
aggressive behaviors.

Moreover, we analyzed the potential mechanisms of the
spectrum on the growth, stress, and behavior of GIFT tilapia
juveniles through the KEGG pathway. Tryptophan (Trp) is a
precursor of crucial compounds related to immune and nerve
development and social behavior. Disturbance of Trp metabolic
pathways, as well as the content of Trp or its derivatives, can
induce behavioral and neuropsychiatric disorders (Galley et al.,
2021). Studies show that Cyp1a1 and Cyp1b1 of this pathway
regulated Trp/5-HT metabolism and transport (Galley et al.,
2021). Moreover, aberrant metabolism and transport of Trp/5-
HT can affect normal neurodevelopment and behavior (Connors
et al., 2014; Herculano andMaximo, 2014; Barreiro-Iglesias et al.,
2015). In this study, the tryptophan metabolism signaling
pathway of GIFT tilapia juveniles under different light spectra
was enriched, and the behavior of fish exposed to LR and LB
changed significantly as compared with fish under LW.

The JAK-STAT signal pathway is crucial to cellular
proliferation, differentiation, and immunomodulation. In
medaka (Oryzias melastigma), the JAK-STAT signaling
pathway regulates hepcidin1 expression, which exerts an
important role associated with pathogen infection or
inflammation (Wrighting and Andrews, 2006; Cui et al., 2019).
In our study, GIFT tilapia juveniles exposed to LY underwent
stress, reflected by the increased T-AOC and COR contents.
There are reports that long wavelengths of light can induce stress
and immune responses in turbot larvae (Wu et al., 2020), which
is consistent with our results. Moreover, the transcriptomic
analysis revealed that the JAK-STAT signaling pathway
associated with immunomodulator was enriched in tilapia
juveniles under LY. Thus, we believe that the light spectrum
regulated the JAK-STAT signaling pathway, inducing the stress
responses of juvenile fish exposed to LY.

The protein digestion and absorption pathway regulate the
hydrolysis and transport of proteins, peptides, and amino acids.
Metabolism of protein and lipid in the diet directly influences
fish growth, such as weight gain, protein content, trypsin, and
chymotrypsin specific activities (Ma et al., 2019). Dietary
nutrition regulated protein digestion of large yellow croaker
(Larimichthys crocea) larvae through the transcription of
peptide transporter 1, cholecystokinin, and trypsin, and growth
performance was influenced (Cai et al., 2015). Choline deficiency
impeded the absorption of intestinal amino acids in juvenile
grass carp (Ctenopharyngodon idella), which might be related to
the expression of the corresponding transporters, including
SLC7A6 associated with protein digestion and absorption
pathway (Yuan et al., 2020). Fatty acids (FAs), especially
arachidonic acid and alpha-linolenic acid, are among the most
important nutritional factors for successful fish production
(Norambuena et al., 2013; Magalhães et al., 2021). Dietary
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arachidonic acid could regulate lipid metabolism and accelerate
the growth of striped bass (Morone saxatilis) juveniles (Araújo
et al., 2021). Dietary linoleic acid affected the growth and FA
composition of rabbitfish (Siganus canaliculatus) (Xie et al.,
2018), and both the growth and gonadal development of the
juvenile common carp were altered (Ma et al., 2020). The main
FA constituents significantly affected pike perch (Sander
lucioperca) larvae tissue FA content (Lund et al., 2019). In the
current research, GIFT tilapia juveniles under LY and LB
exhibited poor growth performance. Considering the vital role
of these signal pathways on fish growth, we believe that light
spectra regulated protein digestion and absorption, arachidonic
acid metabolism, and alpha-linolenic acid metabolism pathways,
inducing poor growth of juvenile fish exposed to LY and LB.
5 CONCLUSIONS

This study confirmed that light spectra significantly affected the
welfare of GIFT tilapia juveniles in terms of growth performance,
stress responses, and behavior. LW and LR positively affected the
growth performance of tilapia juveniles, while LY could induce a
stress response in juvenile fish. Moreover, tilapia juveniles
exposed to LW and LY exhibited more aggressive behaviors
than fish under LR and LB. The transcriptomic analysis
demonstrated that different light spectra could regulate
signaling pathways associated with the tilapia juveniles’
growth, stress, and behavior. In terms of growth performance,
stress responses, and behavior, the optimal light spectrum for the
welfare of GIFT tilapia juveniles is LR.
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