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Spotted scat (Scatophagus argus) is an economically important marine species in
China, with high ornamental and edible value. The effects of dietary
supplementation of Lianjiang red orange peels, a natural carotenoid source, at
0, 3, 6, 9 and 12%, hereafter referred to as GO, G3, G6, G9 and G12, were
measured on color values, carotenoid content, expression of genes such as
cyp2j6, cyplal, hsp70, slc2all, bco2, cyp26cl after 4 weeks. Subsequently, the
different color values (L*, a*, and b*), total carotenoids content, and gene
expression pattern were analyzed. In the groups fed diets containing more
than 9% Lianjiang red orange peels (9% and 12%), the L* value (lightness)
decreased, while the a* value (redness) increased in red skin, and b* value
(yellowness) increased in caudal fin (P < 0.05). Additionally, the total
carotenoids content in red skin of the G9 group and caudal fin of the G12
group was substantially higher than in the other groups (P < 0.05). By
comparative transcriptome analysis of the red skin in GO and G9 groups, 419
differentially expressed genes (DEGs) were identified, of which 237 were
upregulated and 182 were downregulated. Genes involved in carotenoid
deposition (cyp2j6, cyplal) and pigment cell development (hsp70, slc2all)
were significantly upregulated, whereas genes related to carotenoid
decomposition (bco?2) and retinoic acid metabolism (cyp26cl) were
significantly downregulated in the G9 group. These findings suggest that
Lianjiang red orange peels, as a natural carotenoid source, enhance body
coloration by influencing the deposition of carotenoid, pteridine pigments,
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erythrophore development, and inhibiting the oxidative cleavage of carotenoid
and retinoic acid metabolism. This study enhances body coloration by
influencing carotenoid and pteridine pigment deposition, and provides
theoretical guidance for aquaculture practices involving spotted scat.

KEYWORDS

spotted scat, Lianjiang red orange, natural carotenoids source, body color
enhancement, transcriptome analysis

1 Introduction

Animal body coloration is a key characteristic closely linked to
functions such as camouflage, photoprotection, mimicry, and
warning predators (Luo et al., 2021). The orange, red, and yellow
body colors in some vertebrates, like fishes, are determined by the
deposition of carotenoid pigments in feathers and skin, respectively
(Toomey et al., 2017). Carotenoids, which are lipid-soluble
pigments, serve as the main pigment group in aquatic organisms
(Nakano and Wiegertjes, 2020). The chemical structure, dietary
concentration of carotenoids, and the species itself could influence
pigmentation (Pereira Da Costa and Campos Miranda-Filho, 2020).
Nevertheless, aquatic animals are unable to synthesize carotenoids
endogenously and must obtain these essential pigments through
their diet (Torrissen, 1985). In aquaculture, supplementing fish
diets with synthetic carotenoids, such as astaxanthin, lutein, and f3-
carotene, is a prevalent practice to enhance the body coloration of
farmed fish (Besen et al., 2019; Micah et al., 2022; Yi et al., 2016).
Furthermore, the high cost of synthetic carotenoids increases feed
expenses, reducing the economic benefits of aquaculture. Therefore,
finding low-cost alternatives to synthetic carotenoids and reducing
reliance on these supplements is crucial. In nature, carotenoids are
commonly found in the orange-red, yellow, or red pigments of
some archaea, fungi, algae, plants, and animals (Huang et al., 2021a;
Svensson and Wong, 2011). In recent, marigold (Tagetes erecta), bee
pollen extract, and various algae, such as Haematococcus pluvialis,
Chlorella vulgaris, and Chlorella zofingiensis, have been added to
aquatic animal feeds as the natural carotenoid sources to sucessfully
improve the body color of aquatic animals (Jorjani et al., 2019;
Torres Sanchez et al., 2020; Elbahnaswy and Elshopakey, 2024).
Therefore, using natural carotenoid sources as dietary supplements
to enhance the coloration of farmed fish offers both economical and
practical advantages.

Annually, the global food industry generates substantial
amounts of waste and by-products from various sources. These
by-products are rich in nutritional, functional, and bioactive
compounds, which can be incorporated into the diet of farmed
animals to reduce waste and enhance the overall sustainability of
the food system (Ababor et al, 2023; Ratu et al, 2023). Several
studies have demonstrated that adding agricultural by-products
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into feed or replacing some feedstuffs could improve the body
coloration in fish. For instance, the addition of pineapple (Ananas
comosus (L.) Merr.) waste in the diet of Nile tilapia (Oreochromis
niloticus) has been found to increase the redness of the flesh (Anis
Mohamad Sukri et al., 2022). In carp (Cyprinus carpio), the addition
of 5% carrot (Daucus carota var. sativa Hoftm.) powder to feed has
been shown to act as a color enhancer (Jain et al.,, 2019). Similarly,
in jewel cichlid (Hemichromis guttatus), supplementing the diet
with 3% red pepper (Capsicum annuum) peel can also enhances
body color (Yigit et al., 2021). Citrus is one of the most important
economic crops and is widely distributed around the world. Citrus
peel is rich in nutrients and bioactive compounds, such as vitamin
C, minerals, and is an important natural carotenoids source (Kim
et al,, 2021; Rafiq et al., 2016). Studies have shown that adding 600
g/kg of citrus (Citrus reticulate) peels to the diet can significantly
increase the total carotenoid content of gold crucian carp (Carassius
auratus) skin and improve body color (Abbas et al, 2020). In
gilthead sea bream (Sparus aurata) larvae, sweet orange (Citrus
sinensis (L.) Osbeck) peel can improve the antioxidant activity
(Salem et al., 2019). Lianjiang red orange, a renowned variety of
orange, is an important economic agricultural product cultivated in
Zhanjiang City, Guangdong Province, China. In this study,
Lianjiang red orange peels were selected as a natural pigment
source and added to the diets to enhancing the body coloration of
farmed economic ornamental fish.

Transcriptome technology has been widely used to study gene
expression patterns and mechanisms of fish body coloration. In red
tilapia (Oreochromis spp.), transcriptome sequencing analyses have
been performed to identify key genes involved in the four typical body
color phenotypes, including those associated with melanin synthesis,
transport and deposition of carotenoids, lipid metabolism,
and xanthophore synthesis (Fang et al., 2022). Similarly, in Taiwan
loach (Paramisgurnus dabryanus ssp. Taiwan), transcriptome
sequencing analysis was conducted to explore the difference in skin
phenotypes between wild-type and mutant individuals (golden red
albinism), revealing traits such as golden pink eyes and golden red
body (Huang et al., 2021c). Dietary supplementation with
synthetic astaxanthin significantly enhanced the body coloration of
blood parrot (Vieja melanurusQ xAmphilophus citrinellus?).
Transcriptome analysis further identified genes related to
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astaxanthin absorption and transport, such as lipoprotein lipase (Ipl),
phospholipid transfer protein (pltp), and StAR related lipid transfer
domain containing 7 (stard7). Additionally, genes involved in retinoid
metabolism, including alcohol dehydrogenase 1 (adhl), cytochrome
P450 family 26 subfamily B member 1 (cyp26b1), cytochrome P450
family 27 subfamily C member 1 (cyp27cI), and retinol dehydrogenase
12, like (rdhi2I), as well as genes linked to lipid metabolism and
carotenoid deposition, such as apolipoprotein Al (apoalb) and
apolipoprotein B (apodb), were also identified by transcriptome
sequencing analysis (Micah et al., 2022). In spotted scat (Scatophagus
argus), erythrophores, which are responsible for red coloration, appear
in embryos before hatching. Transcriptome sequencing analysis has
identified the expression profile of several key genes involved in
carotenoid metabolism, including scavenger receptor class B
member 1 (scarbl), perilipin 6 (plin6), perilipin 2 (plin2),
apolipoprotein A (apoda), beta-carotene oxygenase 1 (bcol), and
retinoid isomerohydrolase family 65 (rep65a). Additionally, genes
associated with chromatophore differentiation, such as solute carrier
family 2 member 15b (slc2a15b) and colony stimulating factor 1
receptor, a (csflra), were also identified (Liao et al., 2023). However,
the detailed mechanisms of body red coloration require
further elucidation.

Spotted scat is widely distributed across the Indo-Pacific waters,
including the coasts of Guangxi, Taiwan, and Guangdong in China.
It is recognized as an economically important aquaculture species in
the southeastern coastal regions of China, valued for its high
nutritional content, palatable flavor, strong adaptability, notable
resistance to diseases and environmental stressors, vibrant
coloration, low feeding costs, and high market value (Zhang et al.,
2018; Huang et al, 2021b; Liao et al., 2023). However, under
artificial farming conditions, black spots are not concentrated in
spotted scat skins, and the red spots become pale, significantly
diminishing the ornamental value. This study investigated the effect
of different dosages of Lianjiang red orange peels on enhancing red
coloration in spotted scat. The colorimetric values and total
carotenoids in different skin regions and fins were measured,
while also analyzing the expression of key genes regulating the
body coloration using transcriptome sequencing and real-time
fluorescence quantitative PCR (qRT-PCR). The findings in this
study could help to understand the molecular mechanism of body
red coloration in fish and offer guidance for improving and
optimizing feed formulation in spotted scat artificial farming.

2 Materials and methods

2.1 Preparation of Lianjiang red
orange peel

Lianjiang red oranges were purchased from Haida Basket
(Zhanjiang, China), and washed with running water. The orange
peels were collected, vacuum freeze-dried, and then crushed into
powder. The powder was filled into the plastic sealing bags and
stored at -20°C for further use. The primary nutrient composition of
the Lianjiang red orange peels (% of dry matter) and carotenoid
levels (mg kg™') were analyzed, with the results presented in Table 1.
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2.2 Preparation of the experimental diets
containing different dosages of Lianjiang
red orange peels and primary nutrition
composition measurement

In this study, fishmeal, wheatmeal, and soya bean meal were
employed as the primary protein sources in the experimental diets,
with fish oil as the lipid source, and wheat meal as the carbohydrate
source. Lianjiang red orange peels were then added to the diets, with
the different dosages of 0, 3, 6, 9, and 12%. The ingredients and
compositions of these experimental diets are detailed in Table 2.
Each raw material was crushed through a 60-mesh sieve by a
grinder and mixed using a step-by-step expansion method.
Soybean lecithin and fish oil were then added sequentially. After
screening, an appropriate amount of water was added and the
mixture was thoroughly blended again. Subsequently, the diets were
processed into pellets with a diameter of 1.50 mm by a screw
extruder, air-dried, and stored in a refrigerator at -20°C.

Then, 200 g experimental diets were oven-dried at 105°C until a
constant weight was reached, after which the moisture content was
measured. Crude protein content was analyzed by kjeldahl method
(Haineng K1100), crude fat content was determined by soxhlet
extraction method (Fiber SZC101), and ash content in feed was
measured by muffle furnace at 550°C (KSW-12-12) (Wang et al., 2020).

2.3 Experimental animals and design

Spotted scat, used in this study, was reared at Donghai Island
Cultivation Base, the Marine Biological Base of Guangdong Ocean
University (Zhanjiang, Guangdong, China). To prevent stress, all fish
underwent a seven-day acclimatization period, during which they were
fed commerecial pellets (Guangdong Yuequn Ocean Biotechnology Co.
Ltd,, Jieyang, China), containing at least 48% crude protein and 5% fat.
The experiment was approved by the Institutional Animal Care and
Use Committee (IA-CUS) of Guangdong Ocean University and
conducted in accordance with the laws of China and the regulations
on biological research. Prior to sampling, all fish were anesthetized
with eugenol (1:10,000) (Shanghai Reagent Corp., China).

A total of 450 spotted scat (average body weight 6.12 + 0.26 g)
were randomly divided into five groups. The fish were reared in 60 L
oblong tank, with three tanks per group, serving as the biological
replicates, and 30 fish per tank. The groups, labeled Con (control),
G3, G6, G9, and G12, were fed diets containing 0%, 3%, 6%, 9%, and
12% Lianjiang red orange peels for 4 weeks, respectively. All fish

TABLE 1 Primary nutrient composition of the Lianjiang red orange peels
(% of dry matter) and carotenoid levels (mg kg-1).

Ingredients Concentration

Crude protein (%) 4.95
Crude lipid (%) 1.6
Moisture (%) 9.2

Total carotenoid (mg/kg) 1281.33
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TABLE 2 Primary nutrient composition and content of experimental diets (dry matter basis) %.

Group
Ingredient
0% (con) 3% (G3) 6% (G6) r(er) 12% (G12)
Fish meal® 30 30 30 30 30
Vital wheat gluten 6 6 6 6 6
Soybean meal® 26 26 26 26 26
Wheat flour 183 17 15.7 143 13
Soybean lecithin 2 2 2 2 2
Fish oil 8 8 8 8 8
Ca(H,PO,), 1.5 1.5 1.5 1.5 15
Choline 0.5 0.5 0.5 0.5 0.5
Fish vitamin mixture and 1 1 1 1 1
mineral mixture”
Microcrystalline cellulose 6.7 5 33 1.7 0
Lanjiang orange peel 0 3 6 9 12
Total 100 100 100 100 100
Nutrient composition
Crude protein 43.72 43.41 43.78 43.82 42,95
Crude lipid 1391 14.03 14.47 14.51 14.66
Moisture 5.99 6.56 6.06 6.38 6.35
Ash 8.80 9.07 9.12 9.22 9.33
Total carotenoids (mg/kg) 193.33 493.33 673.33 926.67 1193.33

“Fish meal: crude protein 74.60% dry matter, crude lipid 9.20% dry matter; soybean meal: crude protein 48.42% dry matter, crude lipid 0.98% dry matter.
®Vitamin mixture and mineral mixture supplied the following (g/kg diet): 1,000,000 IU vitamin A; 500000 IU vitamin D3; 6000 IU vitamin E; 1350mg vitamin k3; 900 mg vitamin B1; 900 mg
vitamin B2; 2700 mg vitamin B6; 3 mg vitamin B12; 15 mg biotin; 3000 mg D-pantothenic acid; 450 mg folic acid; 5000 mg nicotinamide; 9000 mg vitamin C; 8000 mg inositol; 14000 mg iron;

350 mg copper; 1500 mg manganese; 4000 mg zinc; 50 mg iodine; 30 mg selenium.

were fed with the experimental diets twice daily at 09:00 and 17:00.
One hour after feeding, the residual feed and feces were siphoned
out. The temperature of the seawater was maintained at 32 + 1°C,
with a pH range of 7.5-8.0, the ammonia nitrogen levels were kept
between 0.4 and 0.6 mg/L, and the dissolved oxygen levels were
maintained at 6.4 + 0.2 mg/L. The water was changed twice daily.

Nine fish were randomly selected for sampling the red skin,
dorsal fin, and caudal fin of spotted scat from each group. The body
weight and colorimetric values of six different body regions
(Figure 1A) were measured for each fish. The sampled tissues of
spotted scat were immediately frozen in liquid nitrogen and
subsequently transferred to -80°C for RNA extraction, sequencing,
and measurement of total carotenoids.

2.4 Colorimetric value measurements

The colorimetric values of four different red skin regions, dorsal
and caudal fins were measured using a Konica Minolta CR-400
(Minolta Camera Co. Ltd., Asaka, Japan). Before measurement,
each fish was swabbed dry and the white board of the colorimeter
was calibrated. For each region, measurements were taken twice.
The probe was rotated 180° between the first and second

Frontiers in Marine Science

04

measurements to ensure accuracy, and the colorimetric value was
recorded as follows: a: red, -a: green; b: yellow, -b: blue; L: lightness,
100 L: white, 0 L: black.

2.5 Measurement of total carotenoids in
different skin regions, fins and
experimental diets

The dried Lianjiang red orange peels (purchased from Haida
Basket and vacuum freeze-dried into dried orange peels) and
experimental diets were crushed into powder using a grinder,
while the skin tissues of spotted scat were crushed in liquid
nitrogen. A total of 0.1g of peel, skin tissues (with 0.01g of
anhydrous sodium sulfate), and experimental diets were placed
in three different 2 mL centrifuge tubes. Three biological replicates
were prepared for peels, skin tissues (with three fish tissue samples
per replicate), and experiment diets. Total carotenoids of
Lianjiang red orange peels and experiment diets were measured
before the feeding experiment in this study. Then, 2 mL of
pigment extract solution (n-hexane: acetone: ethanol absolute =
2: 1: 1, containing 0.01% 2,6-Di-tert-butyl-4-methylphenol) was
added into each centrifuge tube. The mixture was homogenized
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for 10 min and then transferred to a new 15 mL centrifuge tube.  tube. The supernatant was washed three times with saturated
The solution was adjusted to 10 mL and placed in a refrigerator at ~ NaCl solution until neutral. Finally, the absorbance value of the
4 °C for 24 h. The next day, the solution was centrifuged at 4 ‘C,  pigment extracts was measured using a UV spectrophotometer at
6000 r/min for 10 min. The upper layer of pigment-containing  the maximum absorption peak to calculate the total content of
solution was collected and transferred to a new 15 mL centrifuge  carotenoids. The calculation formula was depicted as follows:

A
B
100, = G0 B9 G3 [ G6 Em G9 @z G12
]
C

=8 G0 = G3 I G6 E= G9 &2 G12

=8 G0 == G3 =3 G6 E= GY =@ G12

FIGURE 1

L*, a* and b* colorimetric values in spotted scat fed with diets containing different dosages of Lianjiang red orange peels. (A) Sample of skin region
for measuring L*, a* and b* colorimetric values in spotted scat. Numbers 1, 2, 3, 4, 5, and 6 represent anterior end, base of the first dorsal fin, the
joint of the first and second dorsal fin, the joint of second dorsal and caudal fin, dorsal fin and caudal fin, respectively. The comparative analysis (B)
L*, (C) a* and (D) b* value in spotted scat. Date were expressed as mean + SE (n=3), the different superscript letters above error bar represent the
significant difference between different groups (P < 0.05).
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C=AxKxW/ExM

where C is the carotenoid content (mg/kg), A is the absorbance
value, K is a constant (10%), W is the volume of extract (mL), E is the
molar extinction coefficient (2500), and M is the weight of the
sample (g).

2.6 Total RNA extraction, library
construction, and sequencing

Total RNA was extracted from the red skin of spotted scat using
Trizol reagent (Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Six individuals were sampled in
each group, and all samples of four red skin regions (Figure 1A)
from two spotted scat were pooled per tube, with three tubes per
group, encompassing both the G9 feeding and control groups. The
quality of the RNA samples was evaluated using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, Santa Clara, CA,
USA) and 1% agarose gel electrophoresis. Only total RNA
samples with an RNA integrity number (RIN) score of seven or
above were chosen for sequencing.

Six sequencing libraries were constructed using the NEBNext
Ultra RNA Library Prep Kit for Iumina® (NEB, Ipswich, MA, USA)
in accordance with the manufacturer’s instructions. The Ribo-Zero
magnetic kit (Epicentre, Madison, WI, USA) was employed to remove
ribosomal RNA from the total RNA, while the Oligo (dT) magnetic
bead (Illumina, San Diego, CA, USA) enrichment method was utilized
to enrich eukaryotic mRNA. The fragmentation buffer was then used
to fragment the enriched mRNA into short fragments, and the mRNA
was reverse transcribed into cDNA using the NEBNext Ultra RNA
Library Prep Kit for Illumina sequencing (NEB, New England Biolabs,
Ipswich, MA, USA). After performing end-repair and A base
insertion, the purified double-stranded ¢cDNA fragments were
ligated to Illumina sequencing adapters. With agarose gel
electrophoresis, the 200 bp ligation products were chosen. The
fragments were amplified, purified, and then used for sequencing by
Gene Denovo Biotechnology Co. (Guangzhou, China) using the
Ilumina NovaSeq 6000 platform to generate 150-bp paired-end reads.

2.7 Transcriptome assembly, gene function
annotation and differential
expression analysis

To obtain high-quality clean reads, raw reads were filtered and
stored using Fastp (version 0.18.0) (Fan et al., 2023). The following
parameters were applied: first, reads containing adapters were
removed; second, reads with more than 10% unknown
nucleotides (N) were discarded; and third, low-quality reads with
over 50% low-quality (Q-value < 20) bases were eliminated. We
examined the clean data’s Q20, Q30, GC content, and sequence
duplication levels. All downstream analyses were performed with
clean, high-quality data. Next, using HISAT2 tools soft (Version
2.2.4), clean reads from each library were mapped to the spotted
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TABLE 3 Primers used for qRT-PCR of selected genes.

Primer A Accession
Sequence (5'-3")
name number
dhrs13-F GGCAAGACCGTCATCATCACAG
XM_046413857.1
dhrs13-R GCAGCGGATGGACTTGAGACT
cyp2j6-F CTCTCCACACACTCCGAAACTTTG
XM_046390571.1
¢yp2j6-R AACACCAGGCAGCAGATGACA
bco2-F CCAAGTCAAGGAAGAACATCAACCA
XM_046388389.1
bco2-R TGCAGAAGAGCCATGCCATCA
cyp26¢1-F CATTCCGCATCGCCGTCAAG
XM_046402721.1
cyp26c1-R ATGTAGTCGAAGGCATCGCAGTA
slc2all-F GGAGCGTTACCAGACAGACATATCG
XM_046387314.1
sle2all-R CCCAACAGCAGAGCAGCCATT
cyplal-F GGTTCATCAACGACGGCAAGAG
XM_046409628.1
cyplal-R GAGACAACAATGTGGCGGAAGG
myc-F CTTCCTCCAGTCCTTCATCATCCA
XM_046409301.1
myc-R TCTTGCTCGGCGTGCTGTAA
hsp70-F AACAAGATCACCATCACCAACGACAA
XM_046414428.1
hsp70-R CTCACACTTCTCAACCAGCTTCTTCTT
B-actin-F GAGAGGTTCCGTTGCCCAGAG
XM_046414348.1
B-actin-R CAGACAGCACAGTGTTGGCGT

scat reference genome sequence (https://bigd.big.ac.cn/gwh;
accession number GWHAOSK00000000.1). All sequencing data
from clean libraries were submitted to the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA)
with a Bioproject number: PRINA1121255.

Gene functions were annotated using the NCBI non-redundant
protein database (NR; ftp://ftp.ncbi.nih.gov/blast/db/, accessed on
25 April 2024) through the BLASTx program (version 2.2.26)
(https://blast.ncbinlm.nih.gov/) with an E-value threshold of 1 x
107, Swiss-Prot (http://www.uniprot.org/, accessed on 25 April
2024), Kyoto Encyclopedia of Genes and Genomes (KEGG; http://
www.genome.jp/kegg/, accessed on 25 April 2024), and Gene
Ontology (GO; http://www.geneontology.org/, accessed on 25
April 2024) databases using BLASTx (v. 2.2.26; https://
blast.ncbi.nlm.nih.gov/, accessed on 25 April 2024) with an E-
value threshold of 1 x 107,

The String Tie software (version 2.2.0) was used to calculate the
FPKM value. The R program DESeq2 (1.16.1) was utilized to
determine the difference in genes between the G9 and control
groups. DESeq2 uses a model based on the negative binomial
distribution to provide statistical methods for identifying
differential expression in digital gene expression data. The DEG
threshold for significance was set to P < 0.05 and [log,FoldChange|
> 1. After performing GO and KEGG pathway enrichment analysis
on DEGs, a statistically significant result was defined as P < 0.05.
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2.8 Validation of gene expression by real-
time PCR analysis (QRT-PCR)

For qRT-PCR analysis, eight DEGs (P < 0.05 and |log,FC| > 1)
involved in carotenoid metabolism and deposition, including
cytochrome P450, family 2, subfamily j, polypeptide 6 (cyp2j6),
cytochrome P450 family 1 subfamily A member 1 (cyplal),
pigment cells development (heat shock protein 70 (hsp70), solute
carrier family 2 member 11 (slc2all)), carotenoids decomposition
(9°,10’-B-carotene oxygenase (bco2)), retinoic acid metabolism
(cytochrome P450 family 26 subfamily C member 1 (cyp26cl),
dehydrogenase/reductase 13 (dhrs13)), and randomly selected gene
(myelocytomatosis oncogene (myc)), were chosen to confirm the
accuracy of the transcriptome data. In addition, the expression of
four key genes, cyplal, sic2all, beo2, and cyp26¢l, was detected by
qRT-PCR to further evaluate the effect of feeding Lianjiang red
orange peels at different dosages on improving coloration. Primer
6.0 software was used to design primers. The primers used in this
study are shown in Table 3. Reverse transcription was carried out to
synthesize cDNA using TransScript® Uni All-in-One First-Strand
cDNA Synthesis Super Mix (TransGen, Beijing, China). qRT-PCR
was performed using PerfectStart® Green qRT-PCR SuperMix
(TransGenTrans, Beijing, China) on the Roche LightCycler® 96
System (Roche Diagnostics, Basel, Switzerland). The qRT-PCR
program consists of an initial denaturation at 94°C for 30 s,
succeeded by 40 cycles of 94°C for 5 s, 59°C for 15 s, and 72°C
for 10 s. Additionally, S-actin was used as a reference gene to
normalize the expression values. Each group consisted of three
biological replicates, and each sample in the qRT-PCR reaction was
analyzed with three technical replicates. The relative gene
expression levels were determined using the 274" method. The
mean values (m-values) of 2724 for each sample were calculated

FIGURE 2

Body color of spotted scat fed with diets containing different dosages of Lianjiang red orange peels. The side (A—E) and frontal (F-J) views of the
red body regions in spotted scat. The background of the (F-J) diagram of the front view is filled with blue using Photoshop CC 2019 (version 20.x).

10.3389/fmars.2024.1515751

by averaging the three technical replicates. Subsequently, the mean
for the m-values for gene expression levels of the three samples in
GO group was calculated to normalize the fold changes (FC). The
FC values or each sample in the G9 group were then computed
using the formula: FC = m-values of 274" (for the G9 group)/
Means of m-values (for the GO groups), and then the Log,(FC)
values were calculated. The data expressed as means + standard
error (SE) (n = 3). The graphical representation of the data was
generated using GraphPad Prism 9.0 software (GraphPad Software
Inc., San Diego, CA, USA).

2.9 Data calculation and analysis

+

The total carotenoids of fish skin are expressed as means
standard error (SE) (n = 3). The data were analyzed by one-way
ANOVA and Duncan’s Multiple Range test. Statistical analysis was
performed using SPSS Version 25 at a significance level of 0.05.

3 Results
3.1 Colorimetric value evaluation

After being fed diets containing Lianjiang red orange peels for
four weeks, the body color of spotted scat was photographed
(Figure 2). Measurements indicated that the L* value of skins at
the base of the first dorsal fin and at the joint of the first and second
dorsal fins gradually decreased with increasing dosages of orange
peel in the diets, showing significant differences among control and
G6, G9, G12 group (P < 0.05) (Figure 1B). The a* value of the
erythema at the joint of the first and second dorsal fin in the G9
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group was significantly higher than that of the control group (P <
0.05), while no any statistical differences were observed in other
groups or in other body regions among different groups (P > 0.05)
(Figure 1C). In the G12 group, the b* value of the caudal fin was
significantly higher (P < 0.05), while the b* value at the joint of
second dorsal and caudal fin was significantly lower (P < 0.05),
compared to the control group (Figure 1D).

3.2 Total carotenoid content

No significant differences were observed in the total carotenoid
content of the dorsal fin among all groups (P > 0.05). However, the
total carotenoid content in the red spot skin (RS) of spotted scat
significantly increased when the dosage of Lianjiang red orange
peels reached 9%, compared to other groups, except for the G12
group. In the caudal fin, the total carotenoid content in both the G9
and G12 group were significantly higher than that in control group
(P < 0.05) (Figure 3). Compared to the control and other dosage
Lianjiang red orange peels fedding groups, the significant changes
of colorimetric values in the red skin region and total carotenoid
content of spotted scat from G9 group were observed, indicating a
more pronounced enhancement of skin coloration in the G9 group.

3.3 lllumina sequencing and gene
annotation, functional enrichment analyses
of DEGs

Based on the body coloration enhancement in G9 group,
transcriptome sequencing of the red skin from the G9 and
control groups was carried out to assess the molecular
mechanism of dietary Lianjiang red orange peels on coloration

10.3389/fmars.2024.1515751

enhancement. After quality control of sequencing data for six
cDNA libraries, constructed using red skin samples from spotted
scat in both the control and G9 group, a total of 34,185,768,758
clean reads were obtained. The Q20 and Q30 values exceeded 98%
and 94%, respectively. The GC content was above 48% (Table 4),
indicating high-quality sequencing data suitable for further analysis.

The principal component analysis showed that the control and
G9 groups clustered together, while different treatments were
clearly separated. The first and second principal components
explained 80% and 11% of the total variance, respectively
(Figure 4A). Transcriptome analysis revealed a total of 419 DEGs
between the G9-RS and the control group, using the criterion
[log,FC| = 1 and P < 0.05. Of these, 237 DEGs were upregulated
genes, and 182 DEGs were downregulated genes (Figure 4B).

GO annotation analysis showed that DEGs were enriched in 51
GO classifications, including 24 related to Biological Process (BP), 9
to Molecular Function (MF), and 18 to Cellular Component (CC).
In BP, DEGs were associated with processes such as single-
organism process (GO: 0044699), cellular process (GO: 0009987),
biological regulation (GO: 0065007), metabolic process (GO:
0008152), and other processes. Notably, the retinoid metabolic
process (GO: 0001523), carotene metabolic process (GO:
0016119), and response to low-density lipoprotein particle (GO:
0055098) were significantly enriched and correlated with carotenoid
metabolism and absorption. In MF, DEGs were enriched in binding
(GO: 0005488), catalytic activity (GO: 0003824), molecular
transducer activity (GO: 0060089), transporter activity (GO:
0005215), and nucleic acid binding transcription factor activity
(GO: 0001071). In CC, DEGs were enriched in cell part (GO:
0044464), cell (GO: 0005623), membrane (GO: 0016020), organelle
(GO: 0043226), and membrane part (GO: 0044425) (Figure 5).

KEGG enrichment analysis revealed that DEGs were mainly
enriched in pathways related to antigen processing and
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FIGURE 3

Total carotenoids content in different skin regions and fins of spotted scat. Date were expressed as mean + SE (n=3), the different superscript letters
above error bar represent the significant difference between different groups (P < 0.05)
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TABLE 4 Statistics analysis of RNA sequencing data.

10.3389/fmars.2024.1515751

Sample Raw Data Clean Data Q 20 (%) Q 30 (%) GC (%)
Con-RS-1 5,454,395,700 5,392,906,878 98.14 9459 4813
Con-RS-2 5,683,445,100 5,621,350,016 98.15 9459 48.36
Con-RS-3 6,397,822,200 6,328,341,197 98.08 9451 48.56
G9-RS-1 5,663,617,200 5,605,546,900 98.14 94.63 4843
G9-RS-2 5,455,438,200 5,394,796,773 98.22 9471 48.14
G9-RS-3 5,904,681,900 5,842,826,994 98.01 9430 4811

Con and G9-RS represent the red skin of spotted scat in control and G9 group, respectively.

presentation, estrogen signaling, IL-17 signaling, viral protein
interaction with cytokine and cytokine receptor, and bladder
cancer, etc. Notably, pathways associated with fat digestion and
absorption, MAPK signaling, and ether lipid metabolism were
found to be related to carotenoid metabolism (Figure 6).

3.4 Validation of RNA-Seq data using
gRT-PCR

To verify the accuracy of the transcriptome data, eight DEGs,
including dhrs13, hsp70, cyplal, slc2all, cyp2j6, beo2, cyp26¢l, and
myc, were selected for validation through qRT-PCR. These genes
are involved in carotenoid metabolism, deposition, pigment cell
development, retinoic acid metabolism, and red coloration. The
expression patterns of the above DEGs were consistent with the
RNA-Seq results, indicating the reliability and accuracy of
transcriptome data (Figure 7).

The expression of genes involved in carotenoid and retinoic
acid metabolisms was analyzed using qRT-PCR. The mRNA
expression of bco2 was significantly lower in all groups treated
with different dosages of Lianjiang red orange peels compared to the
control group (P < 0.05), with no significant difference observed
among the above treatment groups. Similarly, the mRNA
expression of cyp26cl was also significantly lower in the

treatment groups than in the control group, showing a dosage-
dependent manner. In contrast, the mRNA expression of slc2all in
the G9 group was significantly higher than that in the other groups.
Additionally, the mRNA expression of cyplal was significantly
higher in the G3 and G9 groups than in control, G6, and GI12
groups (P < 0.05) (Figure 8).

4 Discussion

4.1 Improvement of fish body color
through diets supplemented with natural
carotenoid additives

Previous studies have demonstrated that incorporating natural
carotenoid sources, such as red pepper (Capsicum annuum) peels,
rose (Rosa indica) petals (with a carotenoid content of 50 mg/kg),
carrot powder (carotenoid content of 164.5 mg/kg), marigold
(Calendula officinalis) powder (carotenoid content of 40.47 mg/
kg), marigold petals and sweet orange peels, crude palm oil, into
diets can significantly increase the a* and b* values, as well as the
total carotenoid content in the skin or muscle of jewel cichlid, koi
carp (Cyprinus carpio L.), blue gourami (Trichogaster trichopterus),
queen loach (Botia dario), gold crucian carp and giant fresh water
prawn (Macrobrachium rosenbergii) (Yigit et al., 2021; Jain and
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Kaur, 2016; Jain et al., 2019; Jorjani et al., 2019; Tripathy et al., 2019;
Abbas et al., 2020; Kim et al., 2012). As a result, when the carotenoid
content in the feed reached 40 mg/kg, these fish species exhibited
more vivid and vibrant body coloration. In this study, the total
carotenoid content in Lianjiang red orange peels was reached to
1281.33 mg/kg, which is significantly higher than that of other
natural plant sources. After a 4-week feeding period with diets
containing 9% Lianjiang red orange peels (carotenoid content of
926.67 mg/kg), the a* value (redness) at the joint of the first and
second dorsal fins of spotted scat increased significantly. Moreover,
the addition of 12% Lianjiang red orange peels (carotenoid content
of 1193.33 mg/kg) led to a significant increase in the b* value

Frontiers in Marine Science
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(yellowness) of the caudal fin, and at the joint of the second dorsal
and caudal fins of spotted scat. Consistent with the observed deeper
coloration in the red spots on the skin and caudal fin, the total
carotenoid content significantly increased after feeding diets
containing 9% and 12% Lianjiang red orange peels. However, no
significant differences were observed in the b* value or total
carotenoid content in the dorsal fin of spotted scat, regardless of
the dosage of Lianjiang red orange peels. These findings indicate
that adding an appropriate amount of Lianjiang red orange
peels in the diet can enhance carotenoid content and improve
body coloration, specifically in the red skin and caudal fin,
demonstrating tissue-specific enhancement.
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4.2 Molecular mechanism of Lianjiang red
orange peels in improving body color in
spotted scat

In aquatic animals, dietary carotenoids are typically absorbed in
the intestines and subsequently transported to target tissues, such as
the skin and muscle, where they are deposited to contribute to
coloration (Chatzifotis et al., 2005; Fang et al., 2022). Since
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carotenoids are fat-soluble and highly hydrophobic, their
transport is widely recognized as being closely linked to the
circulation associated with lipoproteins (Rodriguez-Bernaldo De
Quiros and Costa, 2006; Sakudoh et al., 2013). Specifically, the
binding of carotenoids to certain lipoproteins or apolipoproteins is
crucial for their effective transport to designated tissues for
deposition (Li et al., 2024). In blood parrotfish and leopard
coral grouper (Plectropomus leopardus), after being fed diets
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supplemented with synthetic astaxanthin (Carophyll® pink
powder) and natural astaxanthin from Haematococcus pluvialis,
transcriptome analysis revealed that DEGs were enriched in
pathways related to fatty acid degradation, o-linolenic acid
metabolism, and the MAPK and PPAR signaling pathways
(Zhang et al.,, 2023; Micah et al., 2022). Similarly, in spotted scat,
DEGs in red skin were enriched in pathways associated with fat
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Additionally, several key genes have been identified and shown
to be involved in carotenoid transport, deposition, metabolism, and
red coloration, including fatty acid binding protein 2 (fabp2),
stard7, apoalb, apodb, bcol, beta-carotene 15, 15-dioxygenase 2-
like (bco2l), solute carrier family 7 member 11 (slc7all), paired box
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mRNA transcripts was detected by gRT-PCR and evaluated using the formula, R = 274, Data are presented as mean + SE (n = 3), f-actin was used
as the reference gene to normalized genes expression. The different superscript letters above error bar represent the significant difference between
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7 (pax7), hsp70, and stard5. The bco2 gene encodes a carotene lyase
enzyme, which catalyzes the oxidative cleavage of colored
carotenoids derived from the diet into colorless apocarotenoids, a
crucial step in carotenoid degradation. A previous study have
shown that mutations in bco2 lead to the accumulation of
carotenoids in the adipose tissue of Norwegian sheep (Ovis aries)
(Vage and Boman, 2010), similar to findings in mice and chickens
(Li et al., 2014; Fallahshahroudi et al., 2019). These studies suggest
that disruption of bco2 can result in carotenoid accumulation. In
ridgetail white prawn (Exopalaemon carinicauda), bco2 mutants
displayed a more pronounced yellow body color than the wild-type
(Sun et al, 2020). Similarly, in East African cichlid fish (Tropheus
duboisi “Maswa”), bco2 was highly expressed in the white skin areas,
compared to the yellow skin regions, which aligns with the lack of
colored carotenoids (Ahi et al, 2020). In malabar snapper, the
expression of bco2-I in the skin and caudal fin was downregulated
after dietary astaxanthin supplementation (Poon et al., 2023). In line
with these findings, the supplementation of more than 9% Lianjiang
red orange peels in the diets of spotted scat significantly downregulated
bco2 mRNA expression, leading to an increase in carotenoid content in
the red skin of the fish. Therefore, the downregulation of bco2 may be
responsible for the enhanced carotenoid deposition and improved
coloration in the skin of spotted scat.

Hsp70, a member of the heat shock protein (HSP) family, plays
a crucial role in various cellular processes, including cell
proliferation, differentiation, apoptosis, signal transduction,
protein homeostasis, and protein folding (Belenichev et al., 2023;
Shrestha and Young, 2016). Recently, few recent studies found that
Hsp70 seems to involve in body coloration. Under heat stress and
bacterial challenge, it was found that the expression of CnHSP70
was up-regulated in the same tissue of golden and brown noble
scallops (Chlamys nobilis), but the expression levels were different,
and this difference may be related to their different carotenoid
content (Cheng et al.,, 2019). It has been reported that Hsp70 family
member binding immunoglobulin protein facilitates post-
translational modification of tyrosinase (TYR), thus promoting
melanin synthesis (Wang et al., 2005). Human heat shock protein
70 member 1A (HSP70-1A) may play a role in regulating the rate of
melanin synthesis by chaperoning melanogenic enzymes such as
TYR in melanocytes, as well as regulating autophagic activity that
degrades pigment-containing melanosomes in keratinocytes and
autophagic melanosome degradation in keratinocytes (Murase
et al,, 2016). During the body color transition from gray to red in
adult red crucian carp (Carassius auratus red var.), the expression
of hsp70 mRNA was significantly upregulated (Zhang et al., 2017).
Similarly, in Malabar snapper, hsp70 mRNA expression, one of the
key genes involved in red coloration enhancement, was highly
expressed in the skin after feeding on astaxanthin (Poon et al,
2023). In line with these findings, the expression of hsp70 mRNA
was induced in the skin of spotted scat in the group fed with 9%
Lianjiang red orange peels, further confirming its potential role in
enhancing red coloration.

The solute carrier (SLC) transporter family, the second-largest
group of membrane proteins, mediates a wide range of solute
transport across biological membranes (Zhang et al., 2019). Some
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SLC members have been identified as candidate genes influencing
tissue pigmentation (Gan et al., 2021; Jiang et al,, 2014), including
slc2all, solute carrier family 2 member 15 (slc2al5), and solute
carrier family 24 member 5 (slc24a5). In pigeons (Columba livia),
solute carrier family 2 member 11b (slc2a11b) is essential for pterin-
based pigmentation in the iris; a point mutation leads to decreased
slc2allb expression and the absence of xanthophores (Andrade
etal., 2021). In fish, the slc2all gene is known to be critical for skin
pigmentation and chromatophore differentiation. For example, in
medaka (Oryzias latipes), mutations in the slc2all gene lead to
defects in xanthophore differentiation, while overexpression of the
slc2all gene promotes xanthophore deposition (Kimura et al,
2014). In rainbow trout (Oncorhynchus mykiss), slc2all
expression was significantly upregulated in the skin of yellow
mutants compared to wild-type individuals (Wu et al,, 2021,
2022). In the present study, the expression of slc2all in spotted
scat fed a diet containing 9% Lianjiang red orange peels was
markedly enhanced, potentially facilitating xanthophore
deposition and improving skin coloration.

Numerous cytochrome P450 (CYP) enzymes typically catalyze
mono-oxygenase processes using molecular oxygen and an
equivalent amount of electrons, mediating the metabolism of
endogenous substrates such as steroids, fatty acids, vitamins, and
prostanoids (Bishop-Bailey et al., 2014; Uno et al., 2012; Wang et al.,
2007). Previous studies have demonstrated that CYP genes also play
a role in erythrophore formation, as well as in the metabolism and
deposition of carotenoids (Lopes et al., 2016; Mundy et al., 2016).
For instance, in birds, cytochrome P450, family 2, subfamily J,
polypeptide 19 (cyp2j19) has been identified as a candidate gene for
carotenoid ketolase, which could convert yellow dietary carotenoids
into red ketocarotenoids (Emerling, 2017; Kirschel et al., 2020),
contributing to yellow and red coloration in beaks and feathers
(Lopes et al., 2016; Toomey et al, 2022). In zebrafish (Danio
albolineatus), the homolog of avian cyp2j19 is identified as
cytochrome P450, family 2, subfamily AE, polypeptide 2
(cyp2ae2), which works in conjunction with 3-hydroxybutyrate
dehydrogenase type la (bdhla) to convert dietary carotenoids
into ketocarotenoids, thereby mediating red coloration and
maintaining ketocarotenoids. Mutations in cyp2ae2 and bdhla
result in the loss of erythrophores in the fin region and a
significant decrease in astaxanthin content (Huang et al., 2021a).
However, in this study, the expression of cyp2ae2 in spotted scat
showed no significant difference between the control group and the
group fed with 9% Lianjiang red orange peels. Instead, three other
cytochrome P450 family members - cyp2j6, cyplal, and cyp26¢cI-
were identified. In yesso scallop (Patinopecten yessoensis), the
expression of cyp2j6 was positively correlated with the
concentrations of pectenolone and pectenoxanthin (Wang et al,
2022). In crimson snapper (Lutjanus erythropterus), the expression
of the carotene oxidation gene cyp2j6 was upregulated in juveniles at
3 days post-hatching (dph), a key developmental stage for
pigmentation during which xanthophores gradually appear,
indicating the involvement of cyp2j6 in xanthophore deposition
(Xu et al,, 2023). In the present study, cyp2j6 mRNA expression was
upregulated in spotted scat fed a diet containing 9% Lianjiang red
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orange peels, coinciding with the improvement in body coloration
and increased carotenoid content. These results suggest that cyp2j6
may be involved in carotenoid metabolism, xanthophore
deposition, and skin coloration.

Another member of the CYP gene family, cyplal, encodes a
monooxygenase that metabolizes both exogenous and endogenous
substrates (Mescher and Haarmann-Stemmann, 2018). In the liver
of ungulates (deer, cattle, and horses) and mice, the content of 3-
carotene has been positively correlated with cyplal protein
expression (Darwish et al, 2010). In rats (Rattus norvegicus),
astaxanthin extracted from Haematococcus pluvialis could induce
high cyplal mRNA expression in liver cancer cells (Ohno et al.,
2012). In this study, cyplal mRNA expression was significantly
upregulated in spotted scat fed with 9% Lianjiang red orange peels.
These results suggest that natural carotenoids can induce high
cyplal mRNA expression, which is correlated with the content of
endogenous carotenoids.

In addition, dietary carotenoids are commonly found in fruits
and vegetables. Among them, B-carotene, o-carotene, and B-
cryptoxanthin are referred to as pro-vitamin A carotenoids, as
they can be converted into retinol (vitamin A) (Zhong et al,
2018). It is well known that retinol can be further converted into
retinoic acid. Therefore, diets rich in carotenoids may influence
retinoic acid metabolism. For instance, cytochrome P450 family 26
enzymes, including Cyp26al (cytochrome P450 family 26 subfamily
A member 1), Cyp26bl (subfamily B member 1), and Cyp26cl
(subfamily C member 1), are responsible for retinoic acid
metabolism (Isoherranen and Zhong, 2019). In blood parrots, the
addition of astaxanthin to the diet significantly reduced the
expression of the cyp26bl gene in the skin (Micah et al., 2022).
Similarly, in the present study, cyp26cl expression was significantly
decreased in the group fed with Lianjiang red orange peels.
Moreover, a previous study showed that B-apocarotenoids
significantly inhibited retinoic acid-induced Cyp26al expression
in HEPG2 cells (Harrison, 2022). Thus, feeding Lianjiang red
orange peels may affect the conversion of carotenoids to retinoic
acid in spotted scat. Collectively, these findings suggest that diets
incorporating Lianjiang red orange peels influence the expression of
genes associated with carotenoid absorption, metabolism, and
deposition, leading to increased carotenoid content and enhanced
red coloration in spotted scat.

5 Conclusion

The results of the study demonstrate that supplementing feed
with Lianjiang red orange peels as a carotenoid source
significantly increases the a* and b* values and content of
carotenoids in the red skin and fins of spotted scat, likely due to
a higher carotenoid content in these areas. Comparative
transcriptome analysis of the red skin revealed that DEGs were
enriched in o-linoleic acid metabolism and MAPK signaling
pathway, both of which are involved in the deposition of red
pigments. The upregulation of Cytochrome P450 gene family
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members (cyp2j6 and cyplal) and pigment-related genes (hsp70
and slc2all) could promote the deposition of carotenoids and
pteridine pigments after feeding diets with 9% orange peels. The
downregulation of bco2 and cyp26¢1 could enhance the body red
color in spotted scat by inhibiting the oxidative cleavage of
carotenoids and retinoic acid metabolism. These findings
suggest that Lianjiang red orange peels have significant potential
as a natural carotenoid source for enhancing fish coloration.
Future studies should explore the effects of incorporating
Lianjiang red orange peel into the diets to feed various sizes of
fish and the prolonged feeding time on coloration enhancement.
Additionally, the mechanism of Lianjiang red orange peels
on the enhancement of red pigmentation in fish should be
further explored.
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